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ABSTRACT

The present study examines the characteristics of the flow inside gas turbine
combustors. Only non-reacting flows, but possibly non-isothermal, are considered.
The work, both experimental and numerical, had the main objectives of: (i) providing
experimental data to assist the development of mathematical models and (ii) assessing
the ability of presently available numerical techniques and a two-equation turbulence
model (k-¢) to calculate efficiently and accurately this type of flow.

Experiments were performed in a water model of a can-type gas turbine
combustor. The model and the experimental conditions were typical of those found in
realistic combustor geometries. Velocity measurements were taken by laser Doppler
velocimetry. An extensive flow visualization study, using laser induced fluorescence
and high speed photography, was also made; firstly to make sure that the mean flow
pattern was similar to that found in a similar but combusting flow and secondly to
observe the mixing phenomena inside the combustor and the dynamic behaviour of the
jets. The low frequency characteristics and turbulence structure of the primary jet
impingement, confirmed by both the flow visualization and spectral analysis, account
for the high turbulence intensity and anisotropy measured in this region. A feasibility
study of a quantitative application of laser induced fluorescence with the objective of
measuring the concentration of a passive scalar inside the combustor was also
performed.

The numerical work comprised the appraisal of both the computational
efficiency of several alternative formulations of the pressure-velocity coupling
(SIMPLE, SIMPLEC, SIMPLER, PISO and AVPI) and the ability of the k-e¢ turbulence
model to predict accurately the characteristics of the non-reacting flow inside gas
turbine combustors. Two test cases were used in the study of computational efficiency
and both showed that the overall rate of convergence of the calculations was dominated
by the convergence of the turbulence model equations. The use of more elaborate
pressure velocity algorithms, requiring more than one pressure equation, led to a
marginal reduction of the CPU time at the expense of increased memory requirements
and the present test cases do not support the use of such algorithms.

A detailed comparison between predictions and experiments is also
presented with attention paid to numerical accuracy, boundary condition sensitivity
and validation of the turbulence model. Two combustor geometries were used: the
dilution zone system of an annular combustor and the water model of a can-type
combustor as in the experimental work. In the first case, the calculations evidenced
lower levels of mixing compared to the experiments, and this resulted in the
underprediction of the overall temperature distribution factor by 100%, even with a



reduction of the turbulent Prandtl number from 0.9 to 0.5. In case of the water model
calculations, the complexity of the flow near the primary jet impingement led to the
underprediction of the maximum negative axial velocity and turbulence kinetic energy
in the primary region by 30% and 40%, respectively. The present work shows that
numerically accurate solutions of realistic combustor flows are possible and the
reasons for discrepancies observed in the primary region should be sought in the
turbulence model. These deficiencies, however do not preclude the use of the model for
designh purposes, given the agreement between the numerical and experimental results
in other regions of the combustor and the correct prediction of the main features of the
combustor flow.
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CHAPTER 1
INTRODUCTION

1.1 REASONS FOR THE THESIS TITLE

The history of the gas_turbine engine is the history of a constant search for more
efficient and economical solutions to engine design. Efficiency of the engine depends
above all on the efficiency of the thermodynamic operating cycle and the development of
the gas turbine engine has followed a trend of increasing temperature of the gases at the
turbine inlet. Following recent restrictions on pollution control, this trend has had to
be accompanied by a reduction of the emission of pollutants. To achieve these objectives
successfully clearly requires a detailed knowledge of the processes occurring inside the
combustor -- the engine component this work is concerned with.

The study of the flow inside the gas turbine combustor in its most general
form involves an enormous variety of topics dispersed among such subjects as
aerodynamics, thermodynamics and combustion. A complete study is far beyond the
scope of the present work and attention has been given to aerodynamics phenomena
under pon-reacting conditions only. This methodological approach is justified by the
important role aerodynamics plays in the combustor, guaranteeing a region of low
velocities for flame stabilization and the appropriate mixing, either of fuel and air
before combustion or products of combustion and air after combustion.

1.2 THE MOTIVATION BEHIND RESEARCH ON GAS TURBINE
COMBUSTOR FLOWS

Recent design requirements for gas turbine combustors include the need to reduce the
emission of pollutants (e.g. smoke, CO, NOy) and design costs. Future combustors
should be able to sustain higher temperatures at lower emission levels through a wider
range of operating conditions and without impairing favourable features already
achieved by current designs, Bahr [1987]. This is a difficult task because there are
conflicting requirements to be satisfied which may require radical changes of existing
combustor geometries, Jones [1978]. The successful design of new combustors
requires an increased knowledge of the phenomena inside the combustor, particularly
in the complex primary zone, where most of the combustion takes place.
Unfortunately, in the past, attention has been restricted to the outlet of the combustor,
not only because this is the region in which the designer is basically interested but,
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undoubtedly also due to the difficulty of performing measurements in such a hostile
environment as that prevailing inside the combustor. The current methodology of
design, Lefebvre [1983], is therefore the result of a judicious blend of knowledge
derived from the study of simpler flow constituents of the combustor flow, from
previous designs and from semi-empirical correlations, all culminating in rig and
engine tests. This is é well established, but costly, practice, able to produce
combustors with good characteristics of, for instance, durability and high efficiency
and stability of combustion. The main motivation behind research on gas turbine
combustor flows is then to increase the understanding of this type of flow, with the
objective of reducing both the emission of pollutants and above all the time and costs of
design .

To facilitate the study of complex combustor flow, simplifications are often
made. This has usually led to the use of simplified combustor geometries, for instance
axisymmetric swirling flows, or isothermal models, as in the present work. As
mentioned above, a main area of interest is the study of the mixing processes inside the
combustor, and this is an area where isothermal experiments can play a vital role. The
information given by isothermal models is limited to the fluid mechanics aspects of the
combustor flow; however because many aspects of combustion depend strongly on
mixing, controlled mainly by turbulent diffusion, isothermal models become
particularly suitable since mixing can be studied without the additional complexities
implied by, for instance, variable gas densities, turbulence/combustion interaction
and spray/droplet dynamics.

Computational fluid dynamics (CFD) is already contributing to the
reduction of design cost of new combustors by reducing rig testing time. This
contribution is expected to increase due to the availability of more powerful computers
and the confidence gained in the calculation of simpler laboratory flows. The progress
in computing systems is likely to continue at the same rate for at least the next 10 or
15 years (Peled [1987]), but even so the cost of performing combustor flow
calculations cannot be ignored and improved numerical techniques with higher
numerical accuracy and faster convergence rate are clearly to be sought. Nevertheless,
if the computational methods are to contribute to further reduction of design costs,
more general and reliable mathematical models should also emerge and their
capabilities and limitations should be fully assessed. This calls for both experimental
and computational research programmes and if possible they should be closely linked —
this view has influenced the present work.
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1.3 THE CONTRIBUTION OF THE PRESENT WORK

The contribution of the present work is centred on the study of combustor flows in the
absence of chemical reaction. Both experiments and calculations will be described. The
work had the main objectives of providing experimental data to assist the development
of mathematical models and asséssing the ability of presently available numerical
techniques to predict accurately and efficiently gas-turbine combustor flows.
Emphasis was placed on realistic combustor geometries and realistic combustor flow
patterns.

The experimental work involved both velocity measurements and flow
visualization of the flow inside a water model of a can-type combustor. The model
geometry is representative of currently available combustors and all the main features
are represented apart from the wall cooling flows. The measurements were taken by
laser Doppler velocimetry and the flow visualization involved the use of high speed
photography and laser induced fluorescence techniques; the visualization was made to
illustrate the process of mixing inside the combustor, particularly at the plane of the
inflowing jets, which as will be described below dominate the combustor flow pattern.
The application of this technique, laser induced fluorescence, for quantitative
measurements of scalar concentration was also initiated.

A corresponding set of predictions of the flow above was made and the
limitations of the turbulence model assessed. From a strictly numerical point of view
the computational efficiency of several algorithms for solution of the fluid flow
equations was tested and the nature of the coupling between the equations highlighted
via two basic test cases: the flow over an obstacle attached to a flat plate and the flow in
the dilution zone system of an annular combustor. The latter, because based on a full
scale experiment, also provided the opportunity to assess the ability of the model to
predict the overall mixing parameters.

1.4 REVIEW OF PREVIOUS WORK

The changing needs of engine manufacturers, the advent of more powerful computer
systems and the development of advanced experimental techniques appropriate for
recirculating flows have all given rise in recent years to a growth in literature of
potential interest to the study of gas turbine combustors. The articles listed in the
following table, by chronological order, are examples of this body of work, with
Lefebvre [1983] being the most comprehensive text on traditional design methods for
gas-turbine combustors.
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TABLE 1.1 - Books and review papers of significance to the study of

gas turbine combustor flows in general (background literature)

AUTHOR(S)
YEAR

TITLE

REMARKS

Lefebvre [1965]

Jones [1978]

Jones [1979]

McDonald [1979]

Libby and
Williams [1980],

Patankar [1980]

Durst, Melling and
Whitelaw [1981]

Jones and
Whitelaw [1982]

Lefebvre [1983]

'Progress and problems in
gas turbine combustion’

'Gas turbine engine
emissions-problems,
progress and future'

‘Models for turbulent
flows with variable
density and combustion'

‘Combustion modelling in
two and three dimensions
- some numerical
considerations’

Turbulent Reacting Flows'

‘Numerical Heat Transfer
and Fluid Flow'

‘Principles and Practice of
Laser-Doppler Velocimetry'

'Calculation methods for

reacting turbulent flows:
a review'

'Gas Turbine Combustion'

A useful overview of the requirements of
gas turbine combustors in the era before
optical experimental techniques and CFD
(historical interest mainly).

Discussion of constraints imposed on
combustor design due to pollution

control. Detailed description of research
programmes aimed at reduction of engine
emissions.

Review and derivation of turbulence and
combustion models for reacting flows.
Discussion concentrates on the physical
assumptions supporting the derivation
of the models.

An assessment of the numerical
techniques available (1979) for
combustor flow calculations. Emphasis on
problems encountered in calculations of
practical combustion systems.

Research monograph on the interaction
between turbulence and combustion.

A textbook containing a practical
description of the numerical methods
incorporated in the finite difference
computer programmes used in most of the
calculations of combustor flows.

A textbook on laser-Doppler
velocimetry (LDV).

A review made in the context of gas
turbine combustor flows. It is concluded
that although calculations of real
combustors show deficiencies of the
numerical techniques, failures can also be
attributed to physical models, especially
the modelling of turbulent diffusion.

A fundamental textbook on standard
methods for gas-turbine combustor
design.
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TABLE 1.1 - continued

AUTHOR(S) TITLE REMARKS
YEAR
Gupta,Lilley and ‘Swirl Flows' A detailed treatment of swirl flows
Syred [1984] with emphasis on engineering
applications.
Gupta and Lilley ‘Flowfield Modelling and A complement of Gupta, Lilley and Syred
[1985] Diagnostics' (1984] oriented towards numerical
techniques.
Williams [1985] ‘Combustion Theory' A fundamental textbook for study of
2nd edition reacting flows.
Sloan, Smith and 'Modeling of swirl in Evaluation of the k-e model and
Smoot [1986] turbulent flow systems' algebraic stress models for prediction

of swirl flows ( both reacting and non-
reacting). Importance of numerical
techniques demonstrated once more.
Improved turbulence models

recommended.
Odgers and '‘Gas Turbine Fuels and The evaluation of a large range of fuels
Kretschmer (1986] | Their Influence on as potential heat sources for gas turbine
Combustion' combustion systems.
Eckbreth [1987] ‘Laser Diagnostics for A book on laser based techniques (e.g.

Temperature and Species' | CARS-coherent anti-Stokes Raman
spectroscopy, LIFS-laser induced
fluorescence spectroscopy) for
measurements of scalar quantities.

By sampling from this list, the reader can acquire an overview of the most
recent work in all areas relevant to combustors. However, the objectives stated in the
previous section require a few areas to be addressed in much more detail. This is
achieved in subsections 1.4.1, 1.4.2 and 1.4.3 which are more selective and review
the previous work in the context of each topic. Initially however, because the trends in
research on gas turbine combustors are mainly set by the needs of the engine
manufacturers it is informative first to see how the main companies are proceeding
and use this context to guide the more detailed reviews. Attention will be given to the
work originating from the main companies: General Electric, Pratt and Whitney,
General Motors (Allison) and Rolls-Royce. It may be stated right away, that the need
for joint experimental and computational research programmes is not reflected by the
works originating from these companies and available in the open literature: emphasis
has been put exclusively onto computational work, probably in the expectation that
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computational fluid dynamics can reduce (in a very short time) the development costs

of new engines. Table 1.2 lists the most significant work from each company.

TABLE 1.2 - Studies originating from the main engine manufacturers

AUTHOR(S)
YEAR-COMPANY

TITLE

REMARKS

Bruce, Mongia and
Reynolds [1975]
Mongia,

Reynolds, Coleman
and Bruce [1979]
Srinivasan,
Reynolds, Ball,
Johnson and Mongia
[1983]-General
Motors (Allison)

Sturgess [1986] -
Pratt and Whitney

Shyy, Correa and
Braaten [1986],
Correa and Shyy
1987] or Burrus,
Shyy and Braaten
[1987]-General
Electric

Priddin and
Coupland [1986]
Rolls-Royce

‘Combustor design criteria
validation'-Vol. i
and Vol. I

‘Aerothermal modelling
program. Phase I- final
report’

'Calculations of aerospace
propulsion combustors:
a view from industry’

‘Computational models for
gas turbine combustors’,
'Computational models and
methods for continuous
gaseous turbulent
combustion’ or
'Numerical modsls for
analytical predictions of
combustor aerothermal
performance
characteristics'

'Impact of numerical
methods on gas turbine
combustor design and
development'

Reports of development programmes of
gas turbine combustors supported by
CFD, experimentation and empirical
correlations.

A long list of calculations performed in
very simple flows relevant to g-t
combustor flows. A short version of this
report is available in Mongia et al.
[1986].

A very pragmatic view with applications
of fairly well established numerical
techniques and mathematical models
with emphasis given to the need for

an increased availability of the
software.

Review papers containing short
introductions to the mathematical models
relevant to gas turbine combustors.
Description of software capabilities with
some original contributions as, for
instance the generation of a versatile grid
to simulate the dilution holes and the

film cooling slots.

A list of practical applications of
numerical methods in gas turbine
combustor like flows.

Pratt and Whitney has concentrated on the use of straightforward
applications of the TEACH code (Gosman and lderiah [1976]) in simplified geometries
(e.g. Syed and Sturgess [1980]; Sturgess, Syed and Sepulveda [1981]). There was also
some time spent in searching for that chimera that is the "perfect” numerical scheme
(Syed and Chiappetta [1985]) and in speculation about the impact of large scale
coherent structures on the calculation of combustor flowfields (Sturgess [1984]).

These latter two studies, can obviously not be considered as reflecting an objective need
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of an engine manufacturer, but rather reflecting the influence upon the manufacturer
of the main trend of research in CFD and of a line of thought that has had some impact in
experimental fluid mechanics during the last years. More recently, Sturgess [1986],
work seems to have concentrated on improving the "user-friendliness" of the codes and
making a more extensive use of graphic facilities.

General Motors (Allison) has presented a very ambitious programme,
Mongia and Reider [1985], from which some work on sprays has emerged (see Mongia
[1987] for references). The objectives of this programme are very wide ranging and
are practically identical to the objectives of combustion research in general. Little
published work has originated from this company directly. Mostly, it has been carried
out and published by university teams sub-contracted by GM; hence it is not possible
to identify the specific philosophy underlying GM's approach.

General Electric and Rolls-Royce seem to have set their priorities on a
much longer term basis and their research shows a more consistent trend. General
Electric has spent some time on the development of numerical meshes able to resolve
the geometrical features of a real combustor and this has produced some original work,
summarized in Shyy, Correa and Braaten [1986], Burrus, Shyy and Braaten [1987]
or Correa and Shyy [1987]. Rolls-Royce has, from the early papers by Jones,
Clifford, Priddin and Chair [1977] to the more recent one by Coupland and Priddin
[1987] followed a different route from that adopted by the two first companies above,
little use has been made of very simplified geometries and they appear to be the first of
these companies to have used CFD.

The impact of CFD within the main engine manufacturers is now a well
established fact. Of the four companies above, all, except General Motors (Allison),
seem to have adopted a pragmatic approach. Rather than being involved in research at a
very fundamental level they are more concerned with increasing the availability and
use of their computer programs as design tools. Geometric flexibility has for example
been an overriding concern. This tendency to increase the realism of the calculations
by firstly being able to reproduce the correct geometric shape of the real combustor
may be expected to be valid also for experimental research. The recent trend is
certainly to perform measurements under conditions and in geometries closer related
to gas turbine combustor than the common axisymmetric flows of the past. This has
become possible in the numerical field for the reasons stated above but, also in the
experimental field new techniques are available (e.g. Durst, Melling and Whitelaw
[1981]; Eckbreth [1987]) which are capable of accurate measurements, and under
more difficult conditions than were possible before. The following subsection reviews
relevant work on combustors in both experimental and computational branches.

.
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1.4.1 Studies of gas turbine combustor geometries: experiments and
calculations

The work published in the gas turbine combustor field is now examined. Only studies
using geometries typical of gas-turbine combustors are reviewed and a few reacting
studies are included. Table 1.3 provides a short description and summarizes the main
findings of the most relevant work. The following text discusses the requirements of
experimental data suitable for computer modelling and, without being exhaustive,
describes the current status and identifies areas where development is still needed.

Two-dimensional, axisymmetric combustor geometries are not considered.
A main characteristic of a typical gas-turbine combustor flow is the existence of
radially injected jets and this is missing in most of the simpler flows used in the past,
mainly to allow the use of two dimensional computer modeis. It has become possible to
deal with more complex flows and there are recent examples (Amhed and So [1987]
and Cameron, Brower, Wood and Samuelsen [1988]) where, by the simple expedient of
drilling holes in the walls of previous cylindrical research combustors, the authors
claim to have created a typical gas turbine combustor flow. This is, sadly, often not the
case. Amhed and So [1987] used a single jet radially injected into a confined swirling
flow with a high swirl number of 2.25. Not surprisingly, they discovered that the jet
followed a spiral trajectory depending on the relative intensity of swirler and jet flow
and limited by the tube walls. This type of flow is completely irrelevant. In practice,
swirlers used in gas-turbine combustors are usually of a much lower swirl number
and the interaction between one or several sets of circumferentially distributed jets
(not a single jet) and the swirler is of prime importance. Cameron, Brown, Wood and
Samuelsen [1988] recognized this and used two rows of four jets to simulate the
primary and dilution holes of a can-type combustor. Now however, the momentum flux
ratio between the jets and the crossflow was so high (425 and 140 in the first and
second row of jets, respectively) compared to a typical gas-turbine combustor (about
20 according to Cox [1976]) that once again the practical interest of their experiment
is very little. Even worse, such strong jets made the adjustment of the relative
intensity of the opposite jets so critical that the deviations from cyclic symmetry were
significant, which effectively precluded the numerical calculation of the flow.

The main problem in the simulation of a realistic combustor geometry is to
simplify the real combustion system as little as possible but still allow the use of
presently available experimental and computer techniques. Experiments in real
combustion systems have only provided very limited data and are difficult to control in
order to provide the type of flow adequate for numerical calculations. This is the case
with the work of Goldstein, Lau and Leung [1983] where, due to experimental
limitations, the measurements of velocity and temperature were restricted to the
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outlet section of the can combustors. In addition, because of likely nonuniformities of
the flow through the dilution holes the expected cyclic pattern of the temperature
distribution was destroyed. Heitor and Whitelaw [1986] and Tse [1988] have traced
one further cause of this phenomenon as the fuel injector: an asymmetric injection of
fuel causes an asymmetric temperature pattern which the radial injection of primary
and dilution flows cannot correct. It should also be mentioned that the exact simulation
of the combusting system in a laboratory scale is not possible, because the strict
obedience of the similarity laws imposes too many conflicting requirements (Spalding
[1963]). Compromises have to be made and this adds to the practical difficulties
mentioned above and increases the difficulties of performing experiments directly
relevant to gas turbine combustors. Table 1.3 reviews the work considered to satisfy
the appropriate requirements.

TABLE 1.3 - Studies of gas turbine combustor geometries

AUTHOR(S)
YEAR

THEME REMARKS

Jones, Clifford,
Priddin and Chair
(1977]

Experimental / Numerical
A cylindrical combustor

with a 20 degree swirler
and six dilution holes.

Underpenetration of the fuel into the
swirler air stream likely to be caused by
insufficient number of grid nodes with
implications on the concentration of the
various species. The need for a more
versatile system of coordinates
emphasized.

Numerical.
Geometry as above.

Jones and Priddin
[1978]

Larger discrepancies in the proximity of
the swirler with longer recirculation and
underpredicted mixing and higher levels
of CO and UHC. Beta and Double delta
PDF functions give similar results.

Limited measurements were available but
the qualitative features of the

combustor flow were all predicted. The
use of more sophisticated models
precluded by computer limitations.
Results of the finite-difference
calculations used to set-up a network of
well stirred and plug flow reactors for
prediction of combustion efficiency and
poliutants emission.

Swithenbank, Turan
and Felton [1978]

Cylindrical combustor with
three sets of holes and a
swirler with a swirl
number of 0.6.

Jones and McGuirk
[1979]

Numerical.
Coaxial jets with or

Slow rate of mixing because of turbulence
model. Inadequacy of the combustion

without swirler discharging
into a sudden expansion and
cylindrical combustor with
a 30 degree swirler and
eight rows of holes.

model was established and improvements
suggested with allowance for the finite
rate oxidation of CO. Lack of detailed
experiments precludes model
improvements.
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AUTHOR(S)
YEAR

THEME

REMARKS

Serag-Eldin and
Spalding [1979]

Creen and Whitslaw
[1983]

Koutmos [1985]

Heitor and Whitelaw
[1986]

Bicen and Jones
[19886]

Coupland and
Priddin [1987]

Wild, Boysan and
Swithenbank
[1987]

Experimental / Numerical.
Cylindrical combustor with
45 degree swirler and six
dilution holes.

Experimantal / Numerical.
2 geometries: fiow
downstream of a baffle
with either 1) 4 equally
spaced jets fed from an
annulus or 2) 2 rows of 4
equally spaced jets fed
from an annulus radially
discharging into it.

Numerical / Experimental.
Water model of a can-type
combustor with a 45 degree
swirler and 2 rows of holes

Experimental (reacting and
non-reacting).

Scale model of a can-type
combustor with a 45 degree
swirler and 2 rows of holes

Experimental (reacting and
non-reacting).
Geometry as above.

Numerical.

A production gas-turbine
combustor with swirler,

3 rows of holes and cooling
flows

Numerical / Experimental.
2 geometries: a cylindrical
combustor with 3 rows of
holes and a sector of a
commercial annular
combustor.

Good qualitative results on the study of
influence of radially injected air. Main
deficiencies aftributed to the neglect of
chemical kinetics on the rate of reaction.

Deeper penetration in case of geometry
1). Discrepancies between measurements
and calculations attributed to numerical
errors. It is concluded that calculation
methods are of qualitative use only.

Measurements and calculations of the
water flow inside a can combustor.
Agreement between calculations and
measurements in the primary region
improves as the swirler to primary flow
ratio increases.

Discussion of results pointing towards the
numerical modslling of the flow with
comments on the validity of the
assumptions of currently available
models. Ability of the k-e model to predict
the primary region strongly questioned.

Extension of Heitor and Whitelaw [1986]
to assess the effects of Reynolds number,
fuel injection and transply flows.

k-¢ turbulence mode! and fast-kinetics
assumption give acceptable results for
engineering calculations. Disagreement on
the value of turbulent Prandtl number to
be used. Orthogonal grid system.

k-e used together with an ASM model.
The integration domain was split into
two. Discrepancies between
measurements and predictions attributed
to the stepped wall approximation of the
combustor head.
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TABLE 1.3 - continued

AUTHOR(S) THEME REMARKS
YEAR

Wittig, Bauer and | Numerical / Experimental. | Application of a non-orthogonal grid.
Noll [1987] 2 geometries: a dilution
zone system and an annular
combustor including the

nozzle.
lkeda, Nakajima Experimental / Numerical. | k- with corrections increased the
Matsumoto, Cylindrical combustor with | discrepancies between measurements and
Yamazaki and four holes and a 45 degree | calculations. Influence of the boundary
Horikawa [1987] |swirler. conditions at the dilution jet entry.

Underprediction of the jet penetration
without certainty about its cause.

Jones, Clifford, Priddin and Chair [1977] provided one of the first
applications of computational fluid dynamics to prediction of a genuine gas turbine
combustor flowfield. A density weighted version of the k-e turbulence model was used
together with a combustion model which solved equations for the mean mass fraction
and variance of mixture fraction and carbon dioxide. A double delta PDF function was
taken as representative of the two locally instantaneous extreme situations of fuel rich
and lean mixtures. The numerical methods involved the use of the hybrid differencing
scheme with the SIMPLE algorithm and a cylindrical polar system of coordinates. They
concluded that the model was capable of predicting the main features quite well and that
some deficiencies might have been caused by innacurate treatment of the swirler wake
region since the initial mixing of the fuel and air strongly affects the distribution of
the various products of combustion. Other studies have followed using the same solution
procedure but with either additional physical models or slight variations. Jones and
Priddin {1978] used a beta PDF function and allowed for liquid fuel and NOy
calculations; they concluded that there was a need for handling more complicated
geometries and for more accurate measurements. Jones and McGuirk [1979] predicted
a two dimensional axisymmetric and a three dimensional combustor and suggested the
use of more sophisticated combustion models with the abandonment of the fast kinetics
assumption and inclusion of a two dimensional joint PDF. Examples of the same
calculation procedure used in more realistic applications can also be found in Priddin
and Coupland [1986] and Coupland and Priddin {1987] where a body fitted orthogonal
system of coordinates was used but the main physical assumptions were unaltered.

Serag-E Idin and Spalding [1979] predicted the reacting flow and made
temperature measurements in a cylindrical combustor. They used the k-¢ model in
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Reynolds averaged form and assumed fast chemical reaction with a prescribed
instantaneous distribution of concentration. Good qualitative agreement was obtained
and the neglect of chemical kinetics was indicated as the most likely cause of
disagreement.

Green and Whitelaw [1'983] predicted and measured various water flows in
simplified geometries of can combustors without a swirler. The need to resolve the
high pressure gradient regions generated by the penetration of radial flows precluded
arid independent solutions and they abstained from comments on the performance of the
turbulence model (k-g). Heitor and Whitelaw [1986] presented a set of measurements
including both isothermal and combusting cases in a scaled model of a can type
combustor. The work, dealing mainly with reacting flow, discusses in detail how the
physical models included in the standard calculation procedures are likely to perform.
In case of combusting flow, the application of the k-¢ model in the primary region is
questioned on the basis of production of turbulence by counter-gradient mechanisms.
Koutmos [1985] predicted and measured the water flow model in a geometry similar to
Heitor and Whitelaw [1986]; he showed that increasing the swirler to primary flow
ratio reduces the primary jet penetration and the size of the primary zone vortex. The
agreement between measurements and predictions in the primary region improved as
the swirler to primary flow ratio increased from 0.29 to 0.88; underestimation of the
turbulence kinetic energy by 40% in the least favourable case was attributed to the
high turbulence anisotropy created by the primary jet impingement. Bicen and Jones
[1986] in the same test facility used by Heitor and Whitelaw [1986] made velocity
measurements for a wider range of conditions and showed the effects of increased fuel
flow rate under isothermal and combusting conditions, transply flows and Reynolds
number. Striking effects due to the fuel injection were reported, suggesting different
flow patterns in the primary region due to fuel injection. The works of Heitor and
Whitelaw [1986], Bicen and Jones [1986] and Koutmos [1985] being the
predecessors of the present work will be referred to in more detail throughout the
current thesis.

The k-¢ model and the hybrid finite difference scheme have been used in all
the above calculations involving combustor geometries. Wild, Boysan, Swithenbank and
Lu [1987] tried to remove the eddy viscosity assumption and used an algebraic stress
model of the Reynolds stresses, but concluded that its superiority was not clearly
demonstrated. lkeda, Nakajima, Matsumoto, Yamazaki and Horikawa [1987] tried k-¢
with a Richardson number correction: the agreement with measurements was worse
than using the standard k-g¢; however, they also made measurements inside the
combustor which showed that the boundary conditions used may have been the main
source of error and this immediately invalidates their conclusions on the turbulence
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modelling. Sloan, Smith and Smoot [1986] reviewed calculations of simplified
combustor flows with swirl; they concluded that the k-e model, either standard or with
corrections, and algebraic stress models usually fail to predict the correct size of the
toroidal reverse region created by the swirling flow and tend to show larger regions of
forced vortex flow compared with the experiments. They also emphasized the
importance of the boundary conditions and numerical accuracy and recommended the
use of higher order closures. At the present stage, the use of higher order closures, e.g.
Reynolds stress models, may be premature, because the larger number of equations,
will in turn preclude the use of finer grids and consequently reduce the numerical
accuracy — one may gain in sophistication of the physical model but lose on numerical
accuracy.

The need for versatile grid systems has been stressed since the first
applications of CFD to realistic combustor geometries. In aeronautical applications of
CFD this need has given rise to a fruitful area of research (see, for instance, Thompson
and Steger [1988]). Coupland and Priddin [1987] and Shyy, Braaten and Sober
[1987] are two recent examples of calculations of gas-turbine combustors using grid
generation techniques similar to those developed in the aeronautical field. Coupland and
Priddin [1987] rotated an orthogonal two dimensional mesh around the axis of the
engine to create a three dimensional grid for resolution of an annular combustor
geometry. Shyy, Braaten and Sober [1987] used a non-orthogonal grid system which
could simulate the shape of the liner holes. Simulation of smaller geometrical details is
precluded by the limits of computer storage available and may require the splitting of
the integration domain. With this need satisfied, further attention can be given to other
areas also requiring improvements as, for instance the limitations of the physical
models embedded in the calculation procedures; this will certainly increase the demand
for detailed and accurate experimental data. These demands are less difficult to fulfil
under non-reacting conditions and this is an area where water model experiments may
be useful by providing information on the velocity and concentration fields of passive
scalars.

More specific aspects of the calculations and experiments in gas turbine
combustor flows are considered in the following subsection in the context of studies of
dilution zone systems.

1.4.2 Studies of Dilution Zone Systems (Row(s) of Jets Injected into
a Crossflow)

Although there has been an interest in the phenomena occurring in the primary region

in recent years, the need to provide a suitable temperature distribution at the

combustor outlet has always been one of the major parameters of design. The main
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feature of a dilution system is the perpendicular injection of cold air, through row(s)
of holes in the combustor walls, to be mixed with the hot combustion gases. Other
applications exist with a similar arrangement and the flow of a single jet injected
perpendicularly into a cross-stream has been the subject of many studies in the past
(e.g. Crabb, Durao and Whitelaw [1981]; Andreopoulos and Rodi [1984]). Here,
attention will be mainly focused on studies containing a row of holes and with a
moderate ratio between the jet and the crossflow velocity (1< Vratio< 5). Applications
related either to film cooling flows or V/STOL (vertical/short take-off and landing)
are outside this range and therefore are not included. Table 1.4 includes a brief

description and conclusions of the work found to be more relevant.

TABLE 1.4 - Review of dilution zone studies

AUTHOR(S)
YEAR

TESTCASE

REMARKS

Holdeman and
Walker [1977]

Crabb and Whitelaw
[1979]

Sugiyama and
Usami [1979]

Khan and Whitelaw
[1980]

Shaw [1981]

Experimental.

A row of jets.

(2< S/D<6; 4< H/D <«16;
6< Mraﬂo<60).

Experimental.
Row of jets (Vratio=2.3).

Experimental.

A single and a row of jets.

(S/D=3; H/D=2.5;
Vratio=1.96).

Experimental.

Row of opposed jets (also
staggered) (Vratio=2.3;
H/D=4; S/D=2 and 4)

Experimental.

A full annular dilution
system with 48 equally
spaced jets (Vratio=6.5).

Probe measurements. The momentum

flux ratio is the most important
parameter influencing the penetration and
mixing.

Probe measurements. The effect in the
mean velocity and concentration fields
of unequal spacing between jets. The two
nearest jets tend to merge and increase
the blockage to the crossflow.

Probe measurements and flow
visualization. A comparative study
between the flow induced by an isolated
jet and a jet in a row of jets. The latter
cannot be created by a superposition of
modules of a single jet.

Probe measurements. A complement

of Crabb and Whitelaw [1979].
Symmetrically opposed and axially
transversely staggered jets studied
together with the effect of geometrical
asymmetries which are more relevant at
the lower pitch to diameter ratio.

Probe measurements. Experiments
in a geometry similar to a real
combustor.
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AUTHOR(S)
YEAR

TEST CASE

REMARKS

Khan, McGuirk and
Whitelaw [1981]

Atkinson, Khan and
Whitelaw [1982]

Chleboun, Craig,
Sebbowa and
Sheppard [1982]

Demuren [1983]

Holdeman,
Srinivasan and
Berenfeld [1984]

Wittig, Elbahar and
Noll [1984]

Demuren [1986]

Experimental / Numerical.
Row of jets (Vratio=2.3;
S/D=2 and 4; H/D=2, 4
and 8).

Experimental.

Row of opposed jets
(S/D=2, 4 and oo;
Vratio=1 and 1.8; H/D=4).

Experimental / Numerical.
Model of an annular
combustor (Vratio=1, 4.4
and 5.3).

Numerical.
Row of jets (S/D=3;
H/D=2.5; Vratio=1.96).

Experimental.

Single row and also opposed
row of holes with jets and
mainstream at a different
temperature (S/D=2 and 4;
H/D=4 and 8; Vratio=3.6,
5.5 and 6.5; 5.3< Mratio
<102).

Experimental.

Single row and also opposed
row of holes with jets and
mainstream at different
temperatures (S/D=2.5,
and 5; H/D=12.5 and 15.5;
8.9< Mratjn<60.24).

Review.

Probe measurements. Numarical
inaccuracy still evident, but the influence
of jet spacing and tunnel height correctly
predicted. Two types of boundary
conditions tested in the inlet plane of the
jots.

Hot-wire and probe measurements.
Reduced impingement of the jets for
Vratio less than 1. The vertical
trajectory of the jets increases as

the Viatio increases and S/D decreases,
but at S/D=2 the free stream penetrates
between opposed jets and inhibits
mixing.

Probe measurements. Both concentration
measurements and streakline views
show the existence of a backward flow
region upstream created by the
impingement of opposed dilution jets.

Both hybrid and QUICK differencing
schemes used in the calculations.
Two boundary conditions tested at
the inlet plane of the jets. Emphasis
on the errors introduced by the
numerics.

Measurements of temperature for a
large range of conditions to study

the effect of flow and geometric
variations. The momentum flux ratio is
the most significant flow parameter.

A convergent nozzle improves the
mixing relative to a situation

without nozzle.

Probe measurements. A limited
comparison between experimental and
empirical correlations to conclude that
they are not applicable to high momentum
flux ratio.

Review on the modelling of jets in
crossflow (empirical, integral and
numerical methods included).
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TABLE 1.4 - continued

AUTHOR(S) TESTCASE REMARKS

YEAR

Sivasegaram and Experimental (visualization)] The effect of angular and axial

Whitelaw [1986] | Row of opposed jets misalignment of the jets results in large
without crossflow flow asymmetries. The effect of opposed
(S/D=2 and 4; H/D=4). jets with unequal strength is magnified at

the larger pitch to diameter ratio.

Breidenthal, Tong, | Experimental. Flow visualization in the transversal

Wong, Hamerquist | Row of opposed staggered | planes showing the formation of the

and Landry [1986] | jets (S/D=1). vortices in between the jets.

D - jet diameter; H - tunnel height; S/D - pitch to diameter ratio
M - ratio between the the jet and cross stream momentum fluxes

The main flow parameter governing the penetration and mixing of the jets is
the momentum flux ratio between jets and cross-stream (e.g. Holdeman and Walker
[1977]). In applications such as the dilution zone of a gas turbine combustor, this
assumes values usually in the range between 5 and 60. The geometrical parameters of
design are the number of holes, their diameter, D, and the spacing between the holes in
jet diameters, S/D (pitch to diameter ratio). Other geometrical variables, such as the
angle of injection and the convergence of the walls, are also important, but are not
included in the semi-empirical correlations (e.g. Holdeman and Walker [1977];
Holdeman, Srinivasan and Berenfeld [1984]; Kamotani and Greber [1982]) used in
these types of flow. This seriously limits their applicability and reinforces the
interest in the use and development of more versatile numerical models.

Khan, McGuirk and Whitelaw [1981] discuss the results of an application
of CFD to a row of jets. They found that some discrepancies between the experimental
and numerical results gave strong evidence of numerical errors, caused by the
coarseness of the grid; nevertheless, the effect of the tunnel height and jet spacing
could be predicted by the model. Problems associated with the numerical models are the
need for fine grids to improve the numerical accuracy, the influence of the boundary
condition used at the inlet plane of the jets and the appropriateness of the turbulence
model. The first point has been addressed, in the context of a single jet in crossflow, by
many authors (e.g. Jones and McGuirk [1979]; White [1980]; Claus [1983]; Marquis
[1986]); Claus [1983], for instance stated that calculations with grids of 90 x 40 x
22 (79200 grid nodes) were still grid-dependent. This problem, however, is less
critical in calculations of rows of jets, because only half of one jet is needed on the
grounds of symmetry conditions. There are some difficulties in setting up a laboratory
experiment where the flow pattern repeats transversely every half jet and these
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conditions can be observed. It is even questionable whether it can even exist inside a
gas turbine combustor; the reason being that, if two jets in the row are closer to each
other, they tend to merge, increasing the blockage of the crossflow and giving rise to a
wake region larger than that which is found in a single jet. Crabb and Whitelaw
[1979], Khan and Whitelaw [1980] and Sivasegaram and Whitelaw [1986] are all a
variation on this theme. They also concluded that stringent tolerances are needed in
laboratory experiments to ensure that a symmetric flow pattern exists downstream of
the plane of the jets; this becomes more critical as the momentum flux ratio increases.
In the case of rows of opposed jets without crossflow (cf. Sivasegaram and Whitelaw
[1986]), geometrical asymmetries are more influential than the uneven feeding of the
jets.

The simplest boundary condition to use in the inlet plane of the jet is to
assume a constant velocity profile; this is known to be incorrect, especially for low
velocity ratios of 0.5 where the cross-stream distorts the velocity profile not only at
the inlet plane of the jet, but also at a certain distance upstream (e.g. Andreopoulos
[1982]). White [1980], Demuren [1983] and McGuirk, Khan and Whitelaw [1981]
tested various boundary conditions in calculations with either a row of jets or a single
jet configuration: plug flow profile, constant total pressure, and coupling between two
sets of calculations (one inside the jet feed tube and the other with the actual jet in
crossflow). White [1980] strongly favours coupling between the two sets of
calculations, but the complexity of this approach has led investigators to prefer the
constant total pressure boundary condition, or simply a plug flow velocity. This
problem is more critical in real combustor geometries, since the dilution holes are fed
through an annulus and deviations from the plug flow assumption are likely to occur.
This was the reason why Chleboun, Craig, Sebbowa and Sheppard [1982] in their
experiment, fed a dilution zone model through annular gaps to simulate a real dilution
system. This implies that calculations of real combustors might have to be done in a
domain of integration incorporating both the interior of the combustor and the annular
passages feeding the holes in the combustor walls, as made in Green and Whitelaw
[1983] and Manners [1988].

Many authors have commented on limitations of the turbulence model in this
type of flow (ihe k-e model is generally used), but the importance of the problems
mentioned above has hindered progress in this area. Two aspects of the turbulence
model need to be distinguished here: the modelling of the turbulent transport of
momentum and the modelling of the turbulent transport of scalars, the scalar flux
model. The latter directly affects the prediction of the mixing parameters; particularly
in flows without chemical reaction, since the equation of conservation of a passive
scalar is simply a balance between convection and diffusion, i.e. turbulent transport
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(see Chapter 2 for the actual equations). In a manner consistent with the eddy viscosity
concept, the scalar diffusion is also approximated by a gradient hypothesis; the
respective coefficient is related to its counterpart in the momentum equations by the
turbulent Prandtl number. This js presumed known beforehand and is a major
parameter of the model. Controversy exists on the correct value of the turbulent
Prandtl number (see further comments in subsection 2.2.1) and at the present the
simple expedient of reducing its value for a better agreement with the experimental
resuiis has been often used (e.g. Siurgess, Syed and McManus [1583]; Coupland and
Priddin [1987]).

1.4.3 The Numerical Solution of the Fluid Flow Equations

Any fluid mechanics problem may be reduced to the solution of a set of strongly coupled
partial differential equations (momentum and continuity). Combustor flows are ones
where the Mach number is low and are normally treated as incompressible flows. In
this case, pressure is a variable for which there is no explicit conservation equation
and this is usually circumvented by creating an equation for the pressure by
manipulation of the momentum and continuity equations (the pressure-velocity, or
primitive variables, formulation). The vorticity-stream function formulation is no
longer in use (see Roache [1972] for a discussion on the relative merits of each
formulation).

Because of the coupling and nonlinearity of the equations, the solution is
usually sought in a sequential or segregated approach (according to the terminology
used by Van Doormaal and Raithby [1985]). The momentum and the pressure
correction (or continuity) equations are solved in a sequential fashion and tend to the
final simultaneous solution by a sequence of steps that alternately satisfy principles of
momentum and mass conservation. The solution of the momentum equations (the
predictor step) is usually achieved by iterative methods for solution of the systems of
linear algebraic equations. This followed by a step (the corrector step) using explicit
formulae whereby the velocity fields satisfying continuity are re-established and the
pressure field is changed by an amount proportional to the local mass inbalance.
Efforts to improve the rate of convergence have concentrated on such aspects as (i)
efficiency of the numerical technique used to solve each equation (the solver), and (ii)
how the pressure-velocity coupling is addressed. Here, only studies concerned with the
second aspect are reviewed. Table 2.5 reviews the work published concerned with this
aspect.

The algorithm designated SIMPLE has been used in all the combustor flow
calculations mentioned above and is the one incorporated in most computer programs to
solve the elliptic flow equations. SIMPLE was first presented by Patankar and Spalding
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[1972] but a clearer description of this algorithm and the coupling between velocity
and pressure is provided by Patankar [1980]. The algorithms suggested by Harlow and
Welch [1965] and Chorin [1967] (designated as the MAC and artificial
compressibility methods, respectively) preceded SIMPLE. The main differences
between SIMPLE and the other two are the use of a pressure correction equation and an
implicit steady-state formulation rather than a pressure equation and an explicit
time-dependent formulation; the greater popularity of the SIMPLE algorithm is
probably due to the stringent limitations on the time step associated with the explicit
time dependent formulation.

TABLE 1.5 - Solution of the elliptic fluid flow equations

AUTHOR(S) TEST CASE REMARKS
YEAR (geometry, regime, grid)
Harlow and Welch | Flow under a fully or The original paper of the MAC method.
[1965] partially open sluice gate
(laminar).
Chorin [1967] Flow in cavities (two- The artificial compressibility method.

dimensional and three-
dimensional) heated from

below.
Patankar and Duct of square cross- The SIMPLE algorithm and an application
Spalding [1972] saction with a laterally in a three-dimensional parabolic flow.
moving wall (laminar). Clearer discussion of SIMPLE in
Patankar{1980].
Harlow and Amsden| Cylindrically symmetric An extension of the MAC method to
[1971] explosion. enable the calculation of flows for all
Mach numbers.
Raithby and Flow in rectangular and Tests with SIMPLE, SIMPLER (PUP)
Schneider [1979] | square boxes with the entry] and others. Various ways of treating
and outlet sections and the velocity-pressure coupling and
perpendicularly oriented to | equations for the velocity correction
each other (laminar) - emerged and were evaluated.
10 x 10.
Benodekar, Flow over a surface An early paper with comparative tests
Goddard, Gosman mounted thin rib (turbulent)] of PISO and SIMPLE. No optimization of
and Issa [1983] - 36 x 33 and 49 x 47. numerical parameters.

Van Doormaal and | Backward facing step and Discussion of the convergence of SIMPLE
Raithby[1984] flow in a rectangular box and of some modifications as SIMPLEC.
with the entry and outlet Performance tests using the two
sections perpendicular to algorithms above and SIMPLER showed
each other (laminar). superiority of SIMPLEC.
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AUTHOR(S)
YEAR

TESTCASE
(geometry, regime, grid)

REMARKS

Zedan and Schneider]
[1983,1985]

Galpin,
and Van Doormaal
and Raithby [1985]

Latimer and Pollard
[1985]

Connel and Stow
[1985]

Issa [1986] and
Issa, Gosman and
Watkins [1986]

Jang, Jetli and
Acharya [1986]

Wilkes, Thompson,
Hightley, Jones and
Burns [1986]

Driven cavity and
rectangular box with entry
and outlet sections
perpendicularly oriented to
each other (laminar)

- 18 x 18.

Backward facing step.
Rectangular box with entry
inlet and outlet sections
perpendicularly oriented.

Sudden expansion in a

duct - 14 x 14,

Driven cavity - 14 x 14.
Plane duct with a porous
wall - 18 x 18. All laminar.

Driven cavity (laminar) -
15 x 15.

Flow in a duct with a sudden
expansion with a time
dependent boundary
condition at the inlet and
the downstream end closed
for compressible test case
(laminar)- 20 x 20.

Sudden expansion in a plane
channel (laminar) - 7 x 12
and 20 x 20.

Annular flow in a duct

with a contraction at the
outlet (turbulent)-20 x 20.
Swirling flow in an
axisymmetric furnace
{reacting and turbulent)-
7 x 12, 20 x 20.

Rectangular box with inlet
and outlet of different
dimension facing each
other - 20 x 20 x 20
(reacting, turbulent).
Natural convection in an
enclosure (laminar)

-20 x 20.

Presentation of a coupled strongly
procedure (CSIP). Compared with
SIMPLE and claimed to be superior.

Presentation of a coupled equation line
solver (CELS) and comparisons against
SIMPLER and SIMPLEC.

Tests with SIMPLE, SIMPLEC and
SIMPLER.

Tests with SIMPLE, PISO and others.
No optimization of the numerical
parameters.

The PISO algorithm and a companion
paper with test cases and results in
favour of PISO. Comparisons against
SIMPLE.

Performance tests of SIMPLE, SIMPLER
and PISO. Tests with both steady and
time-dependent formulation. There is
no consistent superiority of any
algorithm in all the test cases tested.

SIMPLE and PISO were used.
Comparison between line relaxation
and conjugate gradients. Results
show that SIMPLE and line

relaxation techniques are as good as
the others.
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TABLE 1.5 - continued

AUTHOR(S) TEST CASE REMARKS
YEAR (geometry, regime, grid)
Galpin and Raithby | Natural convection in a polar|Tests with SIMPLEC, SIMPLER and
[1986] annulus - 22 x 22, 82 x 82 | ST-CELS ( a simultaneous solution

and 62 x 62. method). ST-CELS found to be

insensitive to the time step.

Van Doormaal and | Drivan cavity (laminar ) - | Tests with SIMPLE, SIMPLEC,
Raithby [1985] 14 x 14 and 25 x 25. SIMPLER and SIMPLEX. A clear discussion

on the influence of flow and numerical
parameters on convergence and pressure-
velocity coupling.

New algorithms have appeared, as alternatives or modifications of SIMPLE.
SIMPLER (Patankar [1980]) and SIMPLEC (Van Doormaal and Raithby [1984])
followed directly from SIMPLE. The PISO algorithm is in Issa [1986] and a fourth
algorithm, AVPI, was suggested by Jones [1984] and is described in detail in
subsection 2.3.1. All the above claim to improve the convergence rate of SIMPLE and
are therefore candidates for inclusion in a more efficient combustor code.

In order to maintain the pressure cell coupled only to its immediate
neighbours and lead to a matrix of coefficients with the minimum number of diagonals
(four in a two-dimensional flow and six in a three-dimensional flow), the
velocity/pressure linking formula has to be simplified in the derivation of the
pressure correction equation (see subsection 2.3.1 for details). It is usually thought
that this simplification is mainly responsible for the convergence rate and suggestions
have been made to modify it. Van Doormaal and Raithby [1984] presented one of these
suggestions, designated by SIMPLEC, which they claimed to be superior to both SIMPLE
and SIMPLER. They also experienced difficulties with SIMPLER and preferred to use it
in a version with a pressure correction equation (the original SIMPLER version used a
pressure equation, Patankar [1980]). However, as Van Doormaal and Raithby [1984]
noticed themselves, SIMPLEC can in many circumstances be converted to SIMPLE
provided a certain relationship (see subsection 2.3.1 for details) between the under-
relaxation factors of velocity and pressure is obeyed. The lesson to learn from the
performance tests of Van Doormaal and Raithby [1984] is that SIMPLE can actually be
superior to SIMPLER, depending on the under-relaxation factors being used.

The PISO algorithm has been described by Issa [1986], but an earlier
application of PISO had been reported by Benodekar, Goddard, Gosman and Issa [1983]
where limited comparisons against SIMPLE showed that PISO was faster by a factor of
6. Gosman, Watkins and Issa [1986], the companion paper of Issa [1986], is intended
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to show the superiority of PISO by comparing PISO in time-dependent formulation
against SIMPLE in steady-state formulation. This is incorrect because the two
formulations may have different rates of convergence (as can be observed in, for
instance, Jang, Jetli and Acharya [1986]). However, their purposes seem to have been
achieved and they concluded the superiority of PISO.

SIMPLEC and both SIMPLER and PISO are two different strategies to
improve the rate of convergence of SIMPLE. SIMPLEC uses one pressure correction
equation with different coefficients. SIMPLER and PISO maintain the same pressure
correction as SIMPLE, but include an extra pressure or pressure correction equation;
this leads to an increased CPU time per iteration, may or may not reduce the total
number of iterations, but will usually allow higher under-relaxation factors, i.e. a
more robust algorithm. Robustness can usually be improved by increasing the number
of diagonals of the matrix of the coefficients of the pressure correction equation
(Connel and Stow [1986], and Raithby and Schneider [1979]), or, in PISO, improved
even further by increasing the number of pressure correction equations; however,
these techniques require a more accurate solution of the pressure correction
equation(s) (Connel and Stow [1986], Issa [1986]) and this may also add tv an
increased CPU time per iteration, stretching the need for an even more reduced
number of iterations if any advantage is to be taken. There is no guarantee that the
increase of complexity relative to SIMPLE will lead to a more robust algorithm.
Latimer and Pollard [1985] suggested another technique where the velocity predictor
step is solved in an implicit manner; their figures showed that this technique required
lower under-relaxation factors and converged in twice the time of SIMPLER, but
nevertheless they concluded that the results were similar.

Tests of performance of the four algorithms mentioned above in turbulent
flows have been reported by Jang, Jetli and Acharya [1986] and Wilkes, Thompson,
Hightley, Jones and Borns [1986]. None of the algorithms emerged as superior in
terms of the CPU time needed to reach convergence. Wilkes, Thompson, Hightley, Jones
and Borns calculated the flow inside an industrial furnace using SIMPLE and PISO;
their results did not show any advantages of PISO. Nevertheless, it is possible that the
performance of these algorithms is to some extent flow dependent and how they would
perform in a combustor like flow has not yet been established.

There are alternatives to the segregated algorithms described above, where
a stronger coupling between velocity and pressure is sought by a direct solution of
momentum and continuity as, for instance, in Vanka [1985] and Galpin, Van Doormaal
and Raithby [1985]. These methods usually allow higher under-relaxation factors;
their use is justifiable only when simpler techniques fail to converge, as in Galpin and
Raithby [1986]. Some authors overemphasize the increased robustness of this type of
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algorithm to claim their superiority relative to the segregated approach, even when
the algorithms they propose are ‘scandalously’ slower (e.g. Zedan and Schneider
[1985]).

The picture that emerges from the above remarks is that it is difficult to
ascertain the superiority of any algorithm. What is important? The CPU time needed to
achieve convergence, the robustness, the computer storage requirements, or the
simplicity of the method? There is no fully representative test case and the rate of
convergence, apart from depending on the flow characteristics, can also be influenced
by the boundary conditions, grid size and grid distribution. In addition, some of the
previous tests of performance have been made without optimization of the under-
relaxation factors and authors tend to claim the superiority of the methods they
propose on insufficient evidence. It is thus clear from this literature survey that one
cannot with certainty draw conclusions on the superiority of any of these algorithms
relative to the others. To reach a conclusion specific to the calculation of combustor
flows, tests have to be made and this was therefore one of the tasks selected for study
here.

1.5 OUTLINE OF THE THESIS
The bulk of the work is contained in chapters 2, 3, 4 and 5. Chapters 1 and 6 are a
short introduction and a list of the main conclusions of the current work, respectively.

Chapter 2 describes the mathematical model and assesses the performance
of various algorithms for solving the fluid flow equations using primitive variables
formulation and a two equation model of turbulence, k-e. The SIMPLE algorithm
provided the reference against which others had to be judged; two variations of
SIMPLE, SIMPLEC and SIMPLER, were assessed together with PISO and AVPI. Detailed
discussions of the similarities between the algorithms and aspects that can contribute
to the rate of convergence are presented. The two dimensional flow over an obstacle
attached to a flat plate was used as a test case believed to be representative of many
recirculating flows.

Chapter 3 includes the calculation of the flow inside a dilution zone system
of an annular combustor. The first part of the chapter deals with a convergence study
for this flow to confirm the conclusions reached for the two-dimensional test problem
of Chapter 2. The second part is concerned with the ability of the mathematical model to
predict accurately the mixing parameters at the outlet of the combustor; two basic sets
of predictions are included with constant and variable density calculations.

Chapter 4 contains an experimental study of the flow inside a water model of
a can-type combustor. This includes flow visualization and detailed velocity
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measurements. The main part of the work is preceded by two studies: (i) to evaluate
experimentally the swirl number of the swirlers to be used in the combustor model
and (ii) to establish the operating conditions of the water rig in order to closely
simulate the flow pattern observed in a geometrically similar but combusting rig. The
velocity data covers flows with different swirl intensities and with or without the
simulation of the fuel injection.

The numerical prediction of the flow studied in Chapter 4 is the subject of
Chapter 5. The effect of the numerical simplifications is fully investigated, for
instance the difficulty of prescribing the boundary conditions in regions where
measurements were not possible and the level of grid refinement needed to resolve this
type of flow. Only then was the assessment of the limitations of the turbulence model
possible and this is the subject of the last part of the chapter with the comparison
between the numerical and experimental results of various operating conditions.

Chapter 6 contains a summary of the conclusions and suggestions for future
work.

Two appendices are included which deal with the application of a laser
induced fluorescence technique and an intrusive probe (designated the Lucas dye probe)
with the objective of measuring the concentration in the combustor model. Further
development is needed before the data provided by these two techniques can be used for
model validation and the main objective of these two appendices is the description of the
difficulties experienced and suggestions for improvements.
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CHAPTER 2
THE MATHEMATICAL MODEL AND
THE PRESSURE-CORRECTION APPROACH

2.1 INTRODUCTION

2.1.1 Objectives and Outline of the Chapter

The objectives of this chapter are threefold: (i) to introduce the governing equations
for the calculation of non-reacting turbulent flows, (ii) to describe the numerical
techniques used to solve these equations in the present work and (iii) to examine
closely one part of the overall numerical procedure, the pressure correction
formulation, and to assess the performance of five of its variants.

Section 2.2 deals with the mathematical model; both the exact and the
modelled equations are presented (subsection 2.2.1) together with the finite difference
techniques (subsection 2.2.2). The calculation procedure is described in Section 2.3;
the algorithms (SIMPLE, SIMPLEC, SIMPLER, PISO and AVPI) used in the current
work are treated in separate subsections, followed by a discussion on the influence of
numerical and flow parameters on the rate of convergence. Section 2.4 discusses the
convergence of calculations for the first test case shown: the two dimensional flow over
an obstacle. Section 2.5 is a summary of the main conclusions.

2.2 MATHEMATICAL MODEL

2.2.1 Exact Equations

The equations governing the fluid motion of an incompressible, constant property,
Newtonian fluid are, in an Eulerian description (cf. Hinze [1975]):

Continuity equation:

oU.
—i -0
oX,

! [2.1]

Momentum (or Navier-Stokes) equation:

e ST I I P WY P

Dt dx., dX. X,  ox ‘

i j ! ' [2.2]
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The equation of transport of a scalar is:

pC _ 9 (I‘aC)+I?-‘

Dt E)xi Bxi C

[2.3]
It is well known that, in the majority of flows of engineering interest, the solution of
these equations is not possible. There is in general no analytical solution and, at the
high Reynolds numbers found in practice, the range of time and length scales present in
these flows is so wide that, were the equations to be solved numerically, the required
computer storage and time (Saffmann [1978], Rogallo and Moin [1984]) would far
exceed the limits of what is available in today's computers. Therefore, equations [2.1]
to [2.3] are usually converted into their averaged form — the Reynolds-averaged
Navier-Stokes equations. The instantaneous quantities are decomposed into mean
(upper case) and fluctuating (lower case) contributions:

U=U+u
to+T
The time-average mean velocity is usually defined as: U=_lim 1?'[0 dt, which is
— o0 to
independent of t,. Equations [2.1] to [2.3] then become:
Continuity:
an 0
ox.
! [2.4]
Momentum equation:
DU. U dU S
p—i =P 9 ly(—s—h-puul+F
Dt ox. dXx, ax. 0dX P i
i j I ! [2.5]
The equation of transport of a scalar is:
P _ 9+l T F
Dt  ox. ( ax. Pl )+ Fe
i i [2.6]

These equations are not a closed set; new terms, PUT; and pT;C have been
introduced and extra equations are needed. This is designated the closure problem and
constitutes the main objective of turbulence modelling. Transport equations can be
derived for the double correlations pU;U; and pTC, but this introduces correlations of
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higher order, which still need to be closed, and more than doubles the number of
equations to be solved. Here, a simpler approach is followed, in which the turbulent
fluxes, the double correlations above, are found by gradient diffusion hypothesis from
two extra equations accounting for the transport of turbulence kinetic energy, k, and
its rate of dissipation, €. For closure of the above equations, following an analogy with
laminar flows, the Reynolds stresses, pujUj, are related to the local strain rate through

the Boussinesq eddy viscosity concept:

o <5 an ouU.
puu =§-p ij'”t(a_x+_Lax.)
i ! [2.7]

The momentum equation [2.5] then reverts to a form analogous to equation [2.2]:

Dt ox,  ax, [ e ax;ox, i

[2.8]
where Weff = L + [Lt. The turbulent eddy viscosity, |it, a scalar, is defined according to:

2

_c ok
booe [2.9]

The turbulence kinetic energy and its rate of dissipation are determined

Hy

from the following transport equations, modelled forms of the exact equations (Jones
and Launder [1972]):

Dk 9 M ook, — 9Y,
_— () u — -
P Dt o9x. (c ax.) Py, i ax. P e
i ki J [2.10]
De o M Jdey, & — an 82
- ~ECpuu — -Cp &
Pot T ax G o kP UY 3r TGP
| £ | | [211]

where C,, Cy, Cp, Ok and og (in table 2.1) are empirical constants determined by

calibration of the model against experiments in simpler flows (e.g. Rodi [1984)).

These equations, [2.10] and [2.11], and the set of constants in table 2.1 are valid only
for high turbulence Reynolds number, Ri=pk2/iLe, and constitute the standard k-e

turbulence model.
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TABLE 2.1 — Standard constants of the k-¢ model

C

(1 C1 C2 Ok O¢

0.09 1.44 1.92 1.0 1.3

The double correlation pTic is approximated in the same manner as the

Reynolds stress by a gradient transport assumption:

uc =T &
pue =T 0X.
! [2.12]
Leading to the eddy-diffusivity:
ro- o
' o
! [2.13]

where, Ois designated as the turbulent Prandtl number. The modelled transport

equation for the scalar quantity is then:

DC 0 aC
P= = =— (T ) +F
Dt axi ( off axi) e

[2.14]
where I'eff = I’ + I't. This closes the set of equations formed by [2.4], [2.8], [2.10],

[2.11] and [2.14], which can now be solved.

Turbulence modelling
Because for many aspects of the flow in a gas turbine combustor we may consider the
flow to be largely driven by the pressure forces, it is usually argued (e.g. Green and
Whitelaw [1983]; Coupland and Priddin [1987]) that no turbulence model of a level
of closure higher than the k-¢ model is necessary, at least to predict the mean motion
characteristics. In the current work, the use of the k-¢e model was used because at
present, it still offers the best compromise between accuracy and computer
requirements. The development of turbulence models was not an objective of the
present work; but, in spite of that, let us briefly see what other options are available
and review the main criticisms of the k-e model; these remarks may then be borne in
mind when we come to the comparisons between numerical and experimental results,
in Chapter 5.

For a review of turbulence models based on the Reynolds average form of the
fluid flow equations see Rodi [1984], and for a detailed account of the state of the art in
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turbulence modelling before 1980 see the Proceedings of the Stanford Conference on
Complex Flows (Kline, Cantwell and Lilley [1981]).

Turbulence models simpler than the k-e model, zero or one-equation
models (Hinze [1975], Reynolds [1976]) have performed well in boundary layer type
flows, but are inadequate for recirculating flows because of the need to prescribe the
characteristic turbulent scales. The k-e¢ model removes such a need and therefore has a
wider range of applicability. However, it still suffers from some limitations, of which,
in common to zero and one-equation models, the most often mentioned ones are: the
assumption of a scalar (isotropic) eddy viscosity and a diffusive turbulent transport of
the gradient type. This isotropy and alignment of the principal axis of the stress tensor
and the mean rate of strain are the causes of the inherent inability of the model to
predict secondary flows in ducts of non-circular cross-section (for example, Speziale
[1987]) and the displacement of the location of the zero shear stress relative to the
zero mean gradient in wall jets (e.g. Eskinazi and Erian [1969]; Hinze [1970]).
Corrsin [1974] has reviewed the conditions under which gradient transport is valid;
Sreenivasan, Tavoularis and Corrsin [1982] showed why the principle sometimes
works well even in flows where such conditions are violated. These violations, though
important, are sometimes restricted to a local region of the flow and do not preclude
good results elsewhere in the domain.

Improvements of the k-e model have been suggested, mainly through the
alteration of the constants (in table 2.1) or the source term of the dissipation
equation, to enable the application of the model or to improve its performance in, for
instance, low turbulence Reynolds number regions (Jones and Launder [1972,1973],
Bernard [1986]), curvature and swirling flows (Militzer, Nicoll and Alpay [1977],
Launder, Priddin and Sharma [1977], Leschziner and Rodi [1981], Aupoix, Cousteix
and Liandret [1983]), and flows with buoyancy (Gibson and Launder [1976]).

The Reynolds Stress Transport (RST) models (cf. Launder, Reece and Rodi
[1975]) represent the level of closure immediately above the k-g; transport

equations are provided for each of the components of the Reynolds stress tensor, pUIG;,
and the scalar fluxes, pUiC, i.e. nine extra equations in general. The subsequent

increased computer requirements, together with the problems arising due to the
accuracy of the finite difference scheme, have hindered the development and application
of these models to three dimensional combustor flows.

The algebraic stress type of models (ASM) is derived from the RST
equations, either by dropping the convection and diffusion terms (Launder [1977]) or
by replacing them by terms which do not involve stress gradients (Rodi [1972]).
These models have a complexity only apparently between the RST and the k-¢; there
are numerical difficulties associated with the nonlinear algebraic equations of the ASM
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and these models are not a general realistic alternative to the k-e model. Their use may
be restricted to simpler flows or as a means of deriving more elaborate versions of the
k-¢ model, as, for instance, in Gibson and Launder [1976]. At an intermediate level of
closure between the standard k-¢ and the RST, probably the nonlinear k-¢ of Speziale
[1987] is now a more realistic alternative.

Deficiencies of the turbulence model are also made evident through the
scalar field. In the momentum equation, the relative contribution of the turbulent
diffusion may be reduced by the pressure gradient term, but no such compensating
mechanism occurs in a conserved scalar equation. The correct prediction of the scalar
field, i.e. the mixing process, is very important in the calculation of combustor flows;
poor predictions may be a consequence of an inaccurate mixture fraction prediction
rather than a failure of the combustion model (Jones and Whitelaw [1982]). It has
often been argued that the turbulent transport of momentum and scalar quantities may
occur through two different mechanisms (e.g. Hinze [1975]); however, the use of the
analogy between the two has been of great usefulness for modelling purposes (Reynolds
analogy). In the present model, this analogy is not used to its full extent; turbulent
transport of momentum and scalars are both modelled by gradient diffusion (equations
[2.9] and [2.12]), though with different coefficients. The ratio between their
respective coefficients of diffusion, the turbulent Prandtl number, Gy, is here assumed
to be 0.9 and this is the value usually accepted as valid in boundary layer flows; values
have been suggested in a range between 0.2 and 1.0 (Launder [1978]) and there is
some uncertainty about what is the most appropriate value. The acceptance of lower
turbulent Prandtl numbers for recirculating flows implies that the model as it stands
tends to underpredict the levels of scalar mixing.

Comparison of equations [2.7] and [2.12] with the equations of transport of
the Reynolds stresses, pUU;] (Bradshaw [1978]), and the turbulent fluxes, pujC
(Launder [1978]), show the variety of phenomena neglected and lumped into such

simple formulae. In an attempt to consider some of these phenomena, more elaborate
definitions of oy have been derived (for example, Gibson and Launder [1976]) which,

in accordance with experimental evidence (Antonia and Browne [1987]), result in Oy
being a function of location within the flow. In the three-dimensional flow inside a gas
turbine combustor, the assumptions supporting such derivations are not valid and the
use of turbulence models accounting for the individual components pU;C appears to be
the most consistent alternative, in spite of the likely computational cost.

Other approaches are available where the fluid flow equations are no longer
used in the Reynolds averaged form, as, for instance, the direct (DS) and the large eddy
simulation (LES) (cf. Rogallo and Moin [1984]). The direct, or full Navier-Stokes,
simulation solves the fluid flow equations in their exact form (equations [2.1] to
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[2.3]) and, as stated earlier, only low Reynolds number flows can be calculated. Large
eddy simulation provides for modelling of the finer scales and this enables the
calculation of more realistic flows. These methods, because of the computing
requirements and Reynolds number limitations, have been used mainly in fundamental
studies of turbulence and in the generation of turbulence data, difficult to achieve
experimentally, to assist with the development of turbulence models of a lower level
(see Hunt [1988]).

Turbulence models based on probability density functions, the PDF
approach (Pope [1985]), and on the modelling of turbulence by vortex elements
(Leonard [1985]) should also be mentioned. The former has become increasingly
popular in the calculation of reacting flows; the vortex methods are particularly
adequate in flows where vortex shedding phenomena are observed. More general
applications of these models may be precluded by the complexity of their mathematical
formulation (as in Pope [1975]) and programming, especially in three-dimensional
flows.

More complex and elaborate turbulence models tend to be more general and,
in principle, should be able to predict a wider variety of flows. But the question is,
why have a complex model when in some regions simple models work as well as the
most complex ones. This naturally leads to the concept of zonal modelling (Kline
[1981]), where the flow domain is split into zones according to the type of turbulence
models they require.

2.2.2 Finite Difference Discretisation
The following methodology for numerical solution of the gaverning equations has been
incorporated into a computer program originally written by Jones [1975] and used in
modified form for the predictions described elsewhere in this thesis. In all aspects, it
is similar to that described in detail by Patankar [1980] and therefore only a brief de-
scription is given here.

All the transport equations above can be cast into the general form:

9% . 9 (,su - 9 90, ., g°
Pt ax.(p ) ax.(¢8x.)
i i i [2.15]
transient term convection term gradient diffusion source term

where the diffusivity, Ty, and the source term, S,, depend on the variable ¢ being

considered. The source term can also accommodate terms from the original transport
equation which do not fit into any of the other terms of the equation above.
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The discretisation of equation [2.15] is accomplished using finite difference
techniques, which are actually applied to its integral form (equation [2.16]) (i.e. the
control volume approach, as described by Patankar [1980]). The equation to be
discretised is, in steady formulation and using a cartesian system of coordinates in one
dimension for simplicity:

(p, U o -p U9 = (rq)ﬁ%lr—r‘b g%’l) +8' [2.16]

See Figure 2.1 for meaning of the various terms. The variables Uy and Uj
are equivalent to UR and Up but this is a consequence of the use of staggered grids,
where velocity and scalars are located in different locations in the grid, in a manner
usually referenced as first used by Harlow and Welsh [1965]. The diffusion terms are
always approximated by central differencing:

do; _ %%
dx'r AX
R [2.17]

and the convective terms by either central differencing:

0, = 5 (0 +0p)

[2.18]
upwind differencing:
¢r = ¢P (for U,>0) (2.19]
or quadratic upwind differencing:
0, = & (05 +0g) -2 (0, + 0 - 20,) (or U, >0)
[2.20]

The latter is called QUICK and has been suggested by Leonard [1979a]. In the three-
dimensional calculations, central and upwind differencing were used together (the so-
called hybrid differencing scheme), with the latter used for cells with a mesh Reynolds
number, Re(Axj) = |Uj| Axj/T’, greater than 2; in the two-dimensional calculations,
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the combination of quadratic and upwind differencing could also be used, but the
limiting mesh Reynolds number was previously selected for each variable and was kept
as high as the convergence of the calculations allowed.

The final discretised form of equation [2.16], obtained by using the finite
difference formulae above, is generalized to three-dimensional flows as follows:

o 0 ¢
AP¢P = Z Anb¢nb+ S
nb [2.21]

where the source term has been linearized, Sq) + Sg 0p: and Ag= ZAn‘f) - Sg_The
nb

summation term extends over a number of neighbours which is a function of the dimen-
sion of the problem and the finite difference scheme used for discretisation. The latter
may not be influential since, to reduce the number of diagonals of the matrix of
coefficients A, the terms involving other terms than the immediate neighbours in each
direction are usually explicitly discretised and lumped into the source term. Finally,
when iterative methods are used for the solution of the equation above it is also under-
relaxed:

1A% =2A¢ o +S¢+1-aA¢¢o
o PP b nb "nb o PP
n [2.22]

The under-relaxation is also needed, because of the coupling and nonlinearities of the
equations, to secure the convergence of the algorithm. In the current work, the well
known ftri-diagonal matrix algorithm (TDMA) was used to solve the algebraic equations
with a number of iterations that depended on the variable ¢. These iterations shall be
designated by ‘sweeps' in order to distinguish them from the iterations of the global

algorithm, to be introduced later.

Numerical Accuracy
Assuming that ¢ and its derivatives are single valued, finite and continuous functions of
X, then the value of ¢ at points P and R (Figure 2.1) is, by Taylor series analysis:

2 3
-0 - do, , 1 2d o, _ 1 8d ¢
0p =0, A, dxlr + | (AxPr) dler 31 (AxPr) dxalr +
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2 3
_ do, .1 edo, . 1. 3d ¢
¢R - ¢r + AXrR dxlr + 21 (AxrR) dler + 31 (AXrR) dx3|r e

[2.24]

At this stage, let us also assume that the grid is uniformly spaced (i.e.
AXp=AX,g=AX/2, where AX = AX| =AXR). Then, it can be seen that equation [2.23]
is identical to equation [2.19] if the derivative terms are neglected; also, by adding the
two equations above and dividing by two, an equation similar to [2.18] is obtained if
the terms of order (AX)2 and higher are neglected. The truncation error of the upwind
and central are O(AX) and O(AX)2, respectively. This is a very simple analysis, it
only sets the maximum possible global accuracy and shows that the finite difference
equations (FDE) exist only as an asymptotic form (as AX goes to zero) of the partial
differential equations (PDE); other factors, such as the treatment of the boundary
conditions and the source terms, can reduce the global accuracy of the solutions (e.g.
Blottner [1982]). The magnitude of the truncation error is usually referred to as the
formal order of accuracy of the calculations. The QUICK formula [2.20] is derived by
fitting a parabola through three upstream weighted nodes (Leonard [1979a]) and,
according with Leonard's own definition, is 3!d order accurate. There are differences
between this definition and the definition above based on the order of the truncated
terms of the Taylor series; for our purpose here let us simply say that the QUICK
scheme is at least as accurate as the central differencing scheme.

The use of the upwind scheme (the scheme with lowest accuracy) is
justified only for stability reasons and its low accuracy has been a major cause of
concern. The problem of the numerical accuracy evolves around the truncation error of
the convective term and this subject has dominated recent literature in this field.
There is a viewpoint which states that this low accuracy is the price to pay if one
wishes to obtain solutions for a wide variety of situations on coarse meshes. Spalding
[1872) has justified the upwind approach on the grounds that it is the asymptotic
solution (high Reynolds number) of the one-dimensional convection-diffusion
problem. Leonard [1979a,1979b] has strongly criticized these points of view and
suggested a more accurate scheme, QUICK. However, this is not completely free from
problems and, like every finite difference scheme of an order higher than the first
(Roache [1972]), may fail to converge or give rise to physically unrealistic
solutions, with spatial oscillations. There are two ways to remedy this: by reverting to
lower order schemes (Chapman [1981]), or by refining the grid (Gresho and Lee
[1979]).

The discussion above has concentrated on the increase of accuracy by includ-
ing higher order terms into the finite difference approximations, but there are other
strategies. The first truncated term of the upwind approximation is diffusive-like and
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gives rise to solutions with too much diffusion (numerical diffusion). However, the
effects of the truncation error are larger if the vector is not aligned with the grid lines
(e.g. Wolfshtein [1968]; De Vahl Davis and Mallinson [1976]; Raithby [1976a]) and
this is the argument supporting the derivation of the skew differencing schemes
(Raithby [1976 b}]), where the orientation of the velocity vector is taken into account.

Given the computer storage limitations, since the grid cannot be equally fine
everywhere, the alternative is to concentrate it in regions of high gradients — a non-
uniformly spaced grid. This reduces the formal order ot accuracy of the central
differencing scheme (and of any scheme of an order higher than 2), because the sum of
the two first order terms in equations [2.23] and [2.24] is not zero. From a strictly
theoretical analysis this seems to bring no benefits (Roache [1972], Rivas [1972],
‘Crowder and Dalton [1971]). However, the gradient term may be reduced and the
magnitude of the truncation terms may be lower, provided the ratio of the spacing
between consecutive nodes is not much higher than 1 (Sundqvist and Veronis [1970]).
The extension of this concept leads to the use of self-adapting grids, where the grid
evolves during the calculation procedure as the variable field is updated (Thompson and
Steger [1988]). Greater freedom in the arrangement of the grid is achieved by the use
of more versatile coordinate systems, such as, for instance, the most recent curvi-
linear non-orthogonal system, referred to in subsection 1.4.1.

Refining the grid is a relatively simple method to improve numerical
accuracy, and this is valid, irrespective of the order of the scheme; halving the grid
spacing reduces the truncation error of the upwind, central and upwind-quadratic
schemes by a factor of 2, 4 and 8, respectively. (Note that the grid refinement becomes
more effective as the order of the scheme increases.) Also, the accuracy of the other
terms in the discretised equations (for instance, the source term) is improved. The
normal practice is to compare the solutions obtained by progressively refined grids
until the difference is found negligible — a grid independent solution. However, the
computer storage poses a limit to this and, in some problems, solutions independent of
the grid may currently not be possible.

The contribution of the truncated terms to the final solution can also be
assessed by comparing their magnitude relative to the magnitude of the real terms in
the transport equation. This can be made in two ways. The first is based on the ratio
between the coefficients of numerical and physical viscosity, which, obviously, should
be less than 1; formulae have been given for the numerical viscosity coefficient by
Wolfshtein [1968], De Vahl Davis and Mallinson [1976] and Leschziner [1979] for
two-dimensional flows, and Demuren [1985] for three-dimensional flows. The second
method is to recalculate the convection terms using a finite difference scheme of an
order higher than that used to obtain the solutions; this, reintroduced into the
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equations gives rise to a residual term (the difference of the convection terms using
two finite differences of different orders) which should be small compared with the
remaining terms in the equation (McGuirk and Rodi [1978]). The two approaches
above can also be used as criteria to guide the grid refinement. They are both not free
from criticisms (Castro [1982]) and should be considered as only qualitative.

2.3 CALCULATION PROCEDURE

The procedure previously described may be used to solve all transport equations. The
pressure, however, requires a special practice. For incompressible flows, the
pressure correction approach has proved very successful and is also used in this work.
The objective here is to examine several alternatives suggestéd to the SIMPLE
algorithm in recent years (see review in subsection 1.4.3), and see whether they
would be beneficial (reduction of the computing time) in the calculation of combustor-
type flows. The derivation of SIMPLE and other algorithms (SIMPLEC, SIMPLER, PISO
and AVPI) is presented here in its shortest and simplest form; it has been restricted to
what was thought to be strictly necessary in the context of the present work. For more
details and also lengthier introductions the reader should refer to the original works.

2.3.1 Alternative Formulations of the Pressure-Velocity Coupling

SIMPLE
The discretised momentum equation at the velocity node, Up (see Figure 2.1), with the

pressure gradient term extracted from the source term, is:

U U U
P P P
AP UP = au% Anb Unb+ ozUS +oa (PL - PP) +
U
P,0
+(1-a)A U
( “) p P [2.25]

where "a" is the cell area perpendicular to the velocity Up, the area on which the
pressure gradient acts. This variable is included here in order not to preclude the
validity of the present derivation for two and three-dimensional situations, since in
the strict context of a one-dimensional case "a" may be set equal to 1.

An equation similar to [2.25], but based on guessed velocity and pressure
fields, U™ and P, is:
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U U U
p P P -
AU, = ocu% APU +os raalP -Po)+
U
P 0
+(1-a)A_ U
(T-e) A Uy [2.26]
By subtraction of the two above:
o u u
. u P P,
Up = Up-Up = - (Zn,( Ao Yo 2 Ao Yo +
r hd no
Ap
o a ..
T (PL'PP)'(PL'PP)]
P
A
P [2.27]

and neglecting the first term on the right hand side (the difference between the sum-
mation terms), the velocity correction formula may be derived:

= =Y -
Up = U, (P -Pp)
A
P [2.28]
where:
U=U4+U [229]
and:
P=P+F [2.30]

Similar formulae can be derived for other velocities. Substituting all such relations
for velocities which surround a given pressure node into the discretised continuity

equation, the pressure correction equation becomes:

5 aa aa o aa 5 ao T
p ( Up+ UR)' L(UP)-R(UR) = U,- Yy
Ap  Ap Ap Ap

[2.31]

The complete set of equations are thus solved in the following sequence:

make initial guesses for velocity and pressure fields
assemble coefficients of momentum equations [2.25]
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solve momentum equations
assemble coefficients of pressure correction equation [2.31]
solve pressure correction equation
correct velocities (update velocity U by adding U' from [2.29]
correct pressure (update pressure P by adding P' from [2.31]
assemble coefficients of any other transport equation(s) affecting the flowfield
solve equation(s) above
convergence test

The test of convergence is usually based on a non-dimensional form of the term on the
right hand side of equation [2.31]. This term represents the local imbalance in the
continuity equation present in the current velocity field (mass source); it is zero
under conditions of fully converged calculations. The neglect of the difference between
the summation terms in deriving equation [2.27], leading to the velocity correction
formula [2.28], is the major step in the derivation of the SIMPLE pressure correction
equation and is thought to be the reason for slow convergence. Note that the momentum
equations [2.25] and [2.26], from which the derivation started, contain terms
involving Ug and U (in & Anp Upp) and, if this simplification had not been made, the
final pressure correction equation, [2.31], would depend on more than the central node
and its immediate neighbours. To avoid divergence of the calculations, because it is
argued that this simplification causes an overprediction of the pressure, the under-
relaxation of equation [2.30] is recommended (Patankar [1980]), i.e.

1

P=P+a_ P
P [2.32]

SIMPLEC
Van Doormaal and Raithby [1984] argue that it is not consistent to neglect the term:

U U, -«
%‘ An; Unb ) Z\b: Ant: Urb

U ' U
(i.e. Z,Ant‘)D U,) when a term of similar magnitude, the left hand side of [2.27], A PP
nb

' U U
Up, is retained, since A" P = >A P. They have proposed that:
P o N
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U
z P
Anb UP
nb

be subtracted from both sides of equation [2.27]:

APP ) AUP TR AUP U= AUP )
(a T Lt nb) p = LRy Vg LRy Vpt
u nb nb nb
+ra(P -P)

and only now is it, they say, justifiable to neglect the difference between the
summation terms. The final velocity correction formula becomes:

g AP Py
P UP
A U
P P
¥y
u [2.33]

U u u
P P_a"Pit vi .
or because A p = %Anl S P it yields:

t ]

o a(P- PP)

Y U

- U
P P
Z A, (1-a)-S,

o " . [2.34]
This is the only difference between the SIMPLEC algorithm and the SIMPLE algorithm
presented previously. The pressure correction equation of SIMPLEC has the same form
as the pressure correction equations of SIMPLE, [2.31], but with re-defined

coefficients.

SIMPLER
To circumvent the probable inaccuracy of the pressure correction equation as a means
of evaluating the pressure, Patankar [1980] proposed the calculation of the pressure
via another equation. This equation is derived by substituting the momentum equation
[2.25] and a similar equation for UR into the continuity equation; in our one-

dimensional example, this yields:
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ao, ao ao ao
Po A 5 UR)-P,_( UP)-PR( UR)=
AP AP AP AP
Uy Ug y y
_QZM@_OCZM@+ WS 48"
" u U u U u U u u
nb AP nb AR AP AH
P P P P [2.35]

The sequence of operations with this method includes the calculation of the pressure
using the above equation before the calculation of the velocity field. Note that the only
difference between this equation and the pressure correction equation [2.31] is the
right hand side; the two equations lead to a similar matrix of coefficients. The SIMPLER
algorithm therefore looks like:

make initial guesses for velocity and pressure fields

assemble and store coefficients of momentum equations [2.25]

assemble and store coefficients of pressure equation [2.31]

solve pressure equation [2.35]
solve momentum equations
calculate source term of pressure correction equation [2.31]
solve pressure correction equation [2.31]
correct velocities (update velocity U by adding U' from [2.28])
assemble coefficients of any other transport equation(s) affecting the flowfield
solve equation(s) above
convergence test

The introduction of an extra equation will increase the computational effort
involved in one cycle of this algorithm, so that if an overall benefit is to be obtained,
the convergence rate must improve by at least as much to compensate for this extra
effort.

PISO
PISO (Issa [1986]) may follow directly from SIMPLE; it adds another step to the
SIMPLE sequence of operations. The first pressure correction equation of PISO is
identical to that used in SIMPLE, [2.31]. PISO, as SIMPLER, needs an extra pressure,
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or better pressure correction equation, which is derived in the following manner.
Given the momentum equations:

U . U Up A U,
A, Up=au%Anb Up*aS +oalP - P+ (1o,) AU,

Us o

o P
P+ (e ) AU

Up o z Up » Up
AP UP =« nbAnbUrb+auS +aua(P

*w

L

where the asterisks indicate variables calculated at different stages of the calculation;
by subtraction and neglect of the difference between the source terms, the velocity
correction formula is found:

U .
UoU U au%Anb(Urb- Unb) 2% prp
=Yp T = U, HEETA (P-Pp)

A A
P P [2.36]

where P"= P**-P*. Again, by continuity, but using the new velocity correction above,

and because U" - U = U, the pressure correction equation becomes:

P aau aau P aao P aocu
gt PG - P ) -
AP AP AP AP
Up UR '
0LUELAnbUrb auZAnbUrb . .
- nb - nb + (U - U )
Up UR P R
A A
P P [2.37]

This new equation and the corresponding corrector steps for velocity
(equation [2.36]) and pressure are introduced in the SIMPLE sequence of operations
after the correction of the pressure. The only difference between the equation above and
both the pressure correction of SIMPLE, [2.31], (also the first pressure correction of
this algorithm here) and the pressure equation of SIMPLER, [2.35], is in the source
term. The equations [2.31], [2.35] and [2.37] all have a similar matrix of
coefficients. The sequence of operations is the following:
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make initial guesses for velocity and pressure
assemble and store coefficients of momentum equations [2.25]
solve momentum equations
assemble and store coefficients of first pressure correction equation [2.31]
solve first pressure correction equation
correct velocities (update velocity U by adding U' from [2.28])
correct pressure {update pressure P by adding P' from [2.31])
calculate source term of second pressure correction equation [2.37]
solve second pressure correction equation
correct velocities (update velocity U by adding U" from [2.36])
correct pressure (update pressure P by adding P" from [2.37])
assemble coefficients of any other transport equation(s) affecting the flowfield
solve equation(s) above
convergence test
AVPI
The AVPI algorithm (Jones [1984]) described here, differs from the previous ones in
that it must be used within a time-dependent formulation. The momentum equations at
two different instants of time (t + A2 and t + At) may be written as:

Ut+At/2 Ut u,
P " ¥p t+At/2 t+A1/2 t+A1/2
p AV (E— )+ AU ZAbu + 8
t t
+a (PL - PP)
t+At 1 U
P “p P teav2 U t+At/2 t+A1/2
p AV (—-——-—At ) + AP UP = 2 Anb Unb + SU +
nb
t+At t+At
afP -P.)

Subtracting the two equations above, the velocity correction formula becomes:

Ut Ut+At/2 aAt (P '

= P.)
P P oAV P [2.38]
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t+At At

P = PP

Again, the velocity correction formulae are substituted in the continuity equation to

yield:
p (2At a At p'a Aty p' @ Aty _yirav2 a2
P(pAV+pAV) L(pAV) R(pAV) P R
[2.39]

The coefficients of this pressure correction equation do not depend on the coefficients of
the momentum equation and this is a major difference. The sequence of operations is the
same as in SIMPLE (apart from requiring a time-dependent formulation).

2.3.2 Details of the Calculation Procedure

The superior behaviour of any of the above pressure-velocity formulations relative to
the others can only be revealed by comparative tests. The different formulations for
the pressure-velocity coupling result from the belief that the pressure-velocity
coupling carries the main responsibility for the rate of convergence. This may be true,
especially in laminar flows, but other factors can also affect the rate of convergence.
Before embarking on the actual tests of convergence, let us first briefly review the
algorithms above and reveal subtle details of the calculation procedure, likely to affect
not only the convergence of the calculations but also the selection of any of these
algorithms as the most appropriate for the combustor flow calculations.

The sequence of operations presented together with the derivation of the
various pressure correction equations shows what is called a global iterative cycle, or
just iteration. The need for this iterative process is a consequence of the linearization
of the coefficients. There are two basic steps for each discretised transport equation:
the assembly of the coefficients and the solution of the algebraic equations using
repeated applications of the TDMA method, mentioned earlier. The solution of the
pressure correction equation(s) is(are) followed by the correction of the velocity, to
establish a velocity field satisfying continuity, and updating of the pressure (except in
SIMPLER).

Algorithms like PISO and SIMPLER, apart from the extra CPU time per
iteration compared to the other three, also require extra storage, as a consequence of
the need to use the coefficients of the momentum equations in later stages within the
same global cycle. This extra storage requirement is ostensibly ignored by the
literature reporting favourable comments on these algorithms. However, in the context
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of our fully three dimensional combustor flow, storage has to be provided for four sets
of coefficients (each containing eight three dimensional arrays of the same size as the
total number of grid nodes) instead of only one set and this extra storage cannot be
ighored when evaluating the relative merits of the various algorithms. In SIMPLE,
SIMPLEC, SIMPLER and PISO, the coefficients of the pressure correction equation are
assembled at the same time as the coefficients of each momentum equation, because they
depend on the velocity; whereas in AVPI, because the coefficients of the pressure
correction equation are only geometric functions, they may be assembled outside the
global iterative cycle, and only once during the calculation, reducing the computing
time per iteration. These details are features that can strongly influence the selection
of the algorithm in any given problem.

The convergence of the calculations
If a solution exists, on simultaneous solution of the whole set of equations, the residual
of all the equations should be negligible and there has to be some quantitative means of
evaluating this. The main parameter used to assess the convergence of the calculations
is the mass residual, i.e. the summation over the solution domain of the absolute values
of the local mass continuity error (source term of the pressure correction equation).
Residuals were also defined for the other equations, as below:

o ¢ o
%Anb Op*S - Ap q>Pl
o =
s ¢max ) q)min max

where ¢max and ¢min are the maximum and minimum values of ¢ in the field. The
emphasis given to the mass residual results from the fact that if the pressure and
velocity fields used to evaluate the coefficients are not solutions of the momentum equa-
tion, this produces a velocity field not satisfying continuity. The use of the mass
residual as the exclusive criterion of convergence implies the acceptance that
convergence can never occur through a sequence of steps satisfying continuity. The
mass residual is appropriate to assess the convergence of both velocity and pressure
fields but, in the case of a scalar variable, especially if it has a little influence on the
momentum equations, it seems obvious that a fully converged solution can only be
achieved after the velocity fields have been established.

The use of the difference between the variables at consecutive iterations as a
criterion for convergence is not very reliable, because it may be merely implying a
slow convergence. There are cases in the literature where the authors strongly under-
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relax some variables to secure convergence; this practice must be carried out with
some care, since it may result in apparently converged solutions. The most reliabie
technique is the observation of the convergence pattern (Roache {1972]) and this has
been used initially as a means of establishing a sufficiently low mass residual to be
used later as the convergence criterion.

Steady and unsteady formulations
The algorithms above have been derived assuming a steady-state formulation, but they
can easily be extended to time-dependent problems. The discretised form of the
transient term in equation [2.15], assuming a forward Euler integration in time, is:

_g pA t+At _
P (¢ o)

For an explicit transient formulation, the analogue of equation [2.22] is:

_AV t+At pAV A0y .t
Py At z Anb nb (At AP) ¢P
exp oxp [2.41]

where, for stability reasons:

AV o
> A
P At P
exp
i.e.
At < p AV or At ™ 2 DAV
exp Ag exp Ai

[2.42]

For an implicit transient formulation, the analogue of equation [2.22] is:

t
(LAY 4 A% oot = D, A ety 80 DAY ot
At e At
imp imp [2.43]

This is the formulation usually preferred. The new velocity correction formulae
derived on the basis of the equation above are:
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For SIMPLE:
L a L !
UP = (PL PP)
APP+Q__A_\._/.
t.
A imp [2.44]
and for SIMPLEC:
' —_ a 1] - v
T (P - Pp)
g P,pAV
P At .
'mp [2.45]

The coefficients of the pressure and pressure correction equations of SIMPLER and
PISO are the same as those used in the pressure correction equation of SIMPLE, as
before.

Equation [2.43] is exactly identical to equation [2.22] if:

At P«
imp
i.e., using [2.40]:
At =Atmax-L or a =_._1_.
imp exp 1 - Atmax
exp
1+
At

imp [2.46]
The relationship above shows that the steady-state formulation is equivalent to an
unsteady implicit formulation with a time-step equal to the maximum of the time-step
of an unsteady explicit formulation multiplied by the factor a/(1-a). The steady-
state formulation is equivalent to an unsteady formulation where the time-step varies
from one point to another (distorted time); the time-step, as can be seen from equation
[2.42], depends on the dimensions of the finite difference cell and the local value of the
velocity (the coefficient Ap contains terms depending on the velocity, originated from
the convection term of the discretised momentum equation), which may also be
changing from one global iteration to the next. The equivalence between steady and
unsteady formulations also depends on the equation; solving the fluid flow equations in
steady-state formulations is like advancing in time in a manner that differs from one
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variable to another. This different speed of convergence of the variables can be
questioned, since one of the variables may be converging at such a slow rate that the
calculations are assumed as fully converged.

In heat conduction problems, distorted time techniques are very common,
particularly the implicit unsteady'formulation, because they remove the limitation of
the maximum time-step, i.e. unconditionally stable. This is usually used as an
argument to justify the utilization of the steady-state formulation also in fluid flow
problems, and to abandon the explicit unsteady formulation on the grounds that the
criterion of stability (equation [2.42]) is too restrictive. But equation [2.46] shows
that, if advantage is to be taken from the use of steady-state relative to the unsteady

explicit formulation, the under-relaxation factor has to be. higher than 0.5 and this is
in contrast to the normal practice, since a = 0.5 is generally recommended and thought

to be the optimum value (Patankar [1980]). A value of oo = 1 (infinite time-step) is
equivalent to a calculation with only one iterative step, i.e. a direct calculation and no
under-relaxation at all, but this is clearly not feasible.

The conclusion is that the computational superiority of the steady-state
formulation relative to unsteady-state formulations cannot be taken for granted,
especially when the under-relaxation factors are less than 0.5. Also, the correctness
of the steady-state formulation may sometimes be questioned because it assumes the
existence of a steady-state solution (Roache [1972]), an assumption that only
experiments can confirm. Crocco [1965] argues that the steady-state formulation is a
mathematical abstraction with no physical counterpart, since in nature, the steady-
state exists only asymptotically and as a sequence of phenomena taking place
simultaneously in time; here, these phenomena are still simultaneous, though
represented by equations which have been split and are solved in a sequential
procedure for computational convenience only

The nature of the pressure-velocity coupling
The nature of the pressure correction equation is Poisson-like and the factor
multiplying the pressure gradient in the velocity correction formula can be seen as a
‘diffusivity of pressure’, Ip. For a given flow imbalance, the product of the pressure
correction gradient across the cell multiplied by the diffusivity of the pressure is
equal to the flow imbalance. Three basic proposals (in Table 2.2) can be identified

among the five algorithms described previously.
The definition of I, proposed by SIMPLEC in unsteady formulation and AVPI

are similar if the source term is zero. SIMPLE, SIMPLER and PISO use the same Tp
which, because the terms in the denominator are positive quantities, is also the
smallest, i.e. for an identical flow imbalance the pressure correction being generated
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. . U
by these three algorithms is the highest. Because X Ay, Unp (and Sp at a lower extent)
depends on the state of convergence, all the algorithms, except AVPI, propose a
diffusivity varying as the calculation proceeds.

TABLE 2.2 _— Coefficient of "Diffusivity for the Pressure” (l"p)

Algorithm Steady-State Unsteady State
SIMPLE Uy U,
SIMPLER allp AV/At + 8, al(A, +%At¥)
PISO
SIMPLEGC P - F Pes P
aal[ LA (1-0)+8 1 |a,a (X A +S")
nb nb
AVPI ———— - aAt/pAV

The diffusivity of the pressure indicates the terms in the momentum
equation through which the pressure correction and the momentum equations are
actually linked: the Ip of SIMPLE, for instance, involves the totality of the terms,
whereas in AVPI the link is made exclusively through the transient term. The former
may be more exact but this does not necessarily imply a superior convergence of the
algorithm, it may happen that these terms are also paths for transmission of
instabilities (originating in other equations) to the pressure correction equation,
which subsequently leads to deterioration of the pressure convergence and probably the
convergence of the whole procedure.

Although the diffusivity coefficients are identical between SIMPLE,
SIMPLER and PISO, the entire equation for P' or P" are different and this certainly
influences performance. Among the various pressure and pressure correction
equations, the pressure equation of SIMPLER, [2.35]}, is the most accurate (neither
the App terms nor the source term of the momentum equations have been neglected).
The SIMPLER method contains in both the coefficients of the Poisson equation and the
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right hand side contributions from both convective and diffusive effects. In the
derivation of the pressure correction equations (except the 204 pressure correction of
PISO, [2.37]), the neglect of the difference between the summation terms transforms
the right hand side into a mass balance emanating from convective effects only. The
diffusivity however remains as in SIMPLER. This seems to be inconsistent and the
pressure diffusivity should perhaps also only be influenced by convection.

It was mentioned earlier that the neglect of the summation terms X A, Upp
was required for numerical convenience reasons. Taking the derivation of SIMPLE as an
example, if this simplification had not been made, and each of the velocities appearing
in the  App Unp (in equations [2.25] and [2.26]) replaced by the corresponding
momentum equation one would have ended up with a pressure correction equation
involving all the pressure cells in the integration domain. This is how the pressure
transfers the information and demonstrates its elliptic nature. In the present case,
where the £ A, Uyp terms are discarded, the elliptic nature of the pressure still
appears since a system of equations simultaneously involving all the cells is solved;
however this "ellipticity" is reduced since the coupling between each pressure cell is
made only through its closest neighbours and the pressure acquires a local character,
rather than being extended over the whole integration domain. The pressure correction
of PISO (equation [2.37]) improves this by calculating the £ A,p U,p terms, including
them in the source term, but in an explicit fashion, again for numerical convenience.
To summarize, we conclude that the neglect of the summation terms reduces the elliptic
nature of the pressure, and coupling between the pressure cells, and transforms what
would otherwise have been a difference between two Poisson equations for the pressure
into a local requirement of conservation of mass emanating from convective effects
only.

The under-relaxation factor (and the time-step)

Usually, under-relaxation is only said to be necessary to reduce the rate of updating
the variables and secure convergence, due to the nonlinearity and coupling between the
equations. This, immediately suggests that to speed up convergence, the under-
relaxation factor should be as high as the convergence allows. However, higher under-
relaxation factors may require more sweeps and this may result in increased
computing time. The actual mechanism through which the under-relaxation works can
be observed in the equation below (analogue to [2.22]).

N 0 o i 6.0
AP¢P—a(§,Anb¢nb+ ST )+(1-0) AP 05



Chapter 2 50

The under-relaxation reduces the contribution of the neighbouring values, ¢,p: the
domain of influence is restricted and the new value of ¢ p tends to be more a function of

the old and local gp than a function of its neighbouring values, as o decreases.

Recalling the previous derivation of the pressure correction equations, an
interesting and important point émerges, this time related to the pressure-velocity
coupling. It can be seen that the validity of neglecting terms such as X A, U in the
pressure correction equations is a function of the under-relaxation factor of the
velocities, oy; the approximate pressure correction equations tend to be more in
"error" as oLy increases, since the relative weight of the neglected terms increases
with oy. Therefore, it is not surprising if algorithms with more accurate pressure
correction formulations (as PISO and SIMPLER) can sustain higher values of o,. Note
that SIMPLER and PISO consider X A, Upp. although in an explicit manner. A similar
line of reasoning can be followed to conclude that the AVPI formulation is less in error
at low At values. Patankar [1980] has recommended the under-relaxation of the
pressure but the above arguments show that this may be needed only at high oy, as an

adifice to avoid the collapse of the pressure-velocity formulation. Algorithms such as
SIMPLER and PISO will still need it, though at higher under-relaxation factors of the
velocity. Further, it is expected that as oy increases, the pressure will need to be
more under-relaxed and this roughly agrees with the arguments of Van Doormaal and
Raithby [1984] supporting the derivation of the SIMPLEC algorithm and the
conclusion of Peric [1986] that in SIMPLE the best convergence is obtained using

P u [2.48]
Note how the contribution of £ A, Upp is reduced as oy increases in the velocity
correction formula of SIMPLEC (equation [2.34]) and this is why the need to under-
relax the pressure in its updating stage in this algorithm is removed.

The discussion above has focussed on the difference between the summation
terms of the momentum equations, but there are a variety of conditions where the
difference between the source terms of the momentum equations may be significant and
this simplification may also be responsible for a slow convergence. For instance, it has
been mentioned that the source term may be used as a receptacle for other terms in the
original partial differential equations. Some of these terms are, for example: the
centrifugal forces of the momentum equations in polar coordinates, the extra diagonals
of the matrix of coefficients generated by th'e QUICK differencing scheme or even the
boundary conditions can also be introduced through the source term. The conditions
above can also impair the accuracy of the pressure correction equation and the
arguments used to justify the under-relaxation, if repeated here, lead to the conclusion
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that even the second pressure correction of PISO is in "error" and under-relaxation of
the pressure may still be required. These arguments contradict those presented in the
original paper of PISO (Issa [1986]).

From a strictly numerical point of view and leaving aside the accuracy of
the pressure-velocity formulation, it is a sufficient condition for convergence of the
TDMA algorithm (Patankar [1980]) that:

1Al > Z|Anb|

i.e. for an under-relaxed equation:

Al> a ZlAnbl

and the condition for convergence of the TDMA becomes more true by reducing the
under-relaxation factor. Also in the case of Ap =X A,p, the need for o < 1 is
reinforced. The same arguments can be extended to the case of an implicit unsteady
formulation, to show that the reduction of the time-step can be used as a means of re-
establishing the diagonal dominance of the matrix of coefficients. Or better still, every

argument under the present heading is expected to hold for unsteady formulations with
the role of a played by the time-step, At.

The solver (TDMA)
in a single global iteration, a considerable portion of time is spent solving the
equations. This time depends on the number of sweeps of the TDMA, which is a function
of the level of accuracy required. This is the result of a compromise, because why solve
the equations to a very high accuracy within a global cycle when the coefficients will be
changed in the next cycle? A minimum level of accuracy (particularly in the pressure
equations) may have to be achieved to secure convergence, but beyond that more
accurate solutions will be unnecessary. The minimum level of accuracy seems to
depend on the algorithm, since more elaborate pressure-velocity formulations appear
to require more accurate intermediate solutions. For instance, Issa [1986] noticed
that the success of PISO depended on the accuracy to which the pressure correction
equations were solved, and Van Doormaal and Raithby [1984] attributed the problems
of convergence with SIMPLER to the computer round-off. Further, if a minimum level
of accuracy has to be achieved the number of sweeps required in TDMA will depend on
how good the initial field is as a guess; this depends on the rate of updating of the
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coefficients (i.e. the rate of updating of the variables) which is set in the first instance
by the under-relaxation factors and as the under-relaxation factor increases, more
sweeps are likely to be needed. The advantage of more efficient solvers may only show
at high under-relaxation factors and with more elaborate pressure-velocity
formulations, when the proportion of time spent solving the equations increases. In the
present work, the actual level of minimum accuracy required was evaluated by first
performing calculations with a variable number of sweeps in TDMA.

The influence of some parameters on the convergence of the calculations has
ben discussed. The study of convergence by analytical means is impossible and this has
been a qualitative discussion. The only way to confirm the trends and relationships
mentioned above is via humerical experimentation, i.e. to change the parameters and
see how they actually affect the convergence. This is the objective of the following
section, which deals with one of the test cases used in the current work.

2.4 THE CONVERGENCE OF THE CALCULATION PROCEDURE

(Case Study 1 - Two-Dimensional Flow Over an Obstacle)

The flow over an obstacle attached to a flat plate was selected as representative of re-
circulating flows in general; the existence of a recirculation region with a separation
point not dependent on the Reynolds number is one of the reasons why this geometry
and the simpler backward facing step are the more common geometries used in studies
of separated flows (see Simpson [1985] for a review). A second test case (three-
dimensional) was also used to assess the performance of the various pressure-velocity
formulations but this is included in the following chapter, Chapter 3.

This section is made up of three subsections. Subsection 2.4.1 specifies the
test case, including the domain of integration, the numerical grid and the boundary
conditions; the set of equations to be solved has been presented in Section 2.2. The
presentation and discussion of the results are included in subsections 2.4.2 and 2.4.3,
which deal with results obtained with the QUICK and the HYBRID schemes,
respectively.

2.4.1 Solution Domain and Boundary Conditions

The flow conditions to be simulated are those corresponding to the experimental work
of Crabb, Durdo and Whitelaw [1981]. The domain of integration is shown in Figure
2.2. The distance downstream of the obstacle was such that the length of the
recirculation region in the wake of the obstacle was not influenced by the boundary
conditions used at the outlet section (d¢/dx = 0). The inlet section was located at a

position where the pressure coefficient along the bottom wall was not affected by the
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presence of the obstacle; the precise location was based on the experiments of Good and

Joubert [1968] in a similar flow.

Inlet and outlet boundary conditions
At the inlet, a boundary layer with a thickness of & = 0.55 h was specified. The free
stream values of mean longitudinal velocity and turbulence intensity were 18 ms-! and
0.6%. The precise inlet conditions (see Table 2.3) follow from an assumption of a
1/7th power law for the boundary layer profile (Schlichting [1968]) and local

equilibrium of the turbulence.

TABLE 2.3 — Boundary conditions at the inlet section

Y <3 Y>3
v 4177
U .
Yol 5] %
[ 21/7
v lulX] 0
0] 5(x)] 10x
2 U 2/7 _
2
K m ____0_6 %Ui( L;JU)
/cu 78(x) Y o
3/2 3/2
¢ 34 k Kk
woo H
m

Im = mixing length {

x = longitudinal distance measured from the boundary layer origin:

8(x) = O.

A zero axial gradient was specified at the outlet section for all the

variables.

UX _1/5
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Walls
For cells adjacent to the walls, the so-called wall function approach (Launder and
Spalding [1974]) was used; this removed the need for very fine grids to resolve the
high gradients of this region. Further, the version of the turbulence model used (see
Section 2.2) does not account for‘the low turbulence Reynolds number characteristics
of the wall regions. The diffusive flux of momentum in the direction perpendicular to
the walls (i.e. the wall shear stress) is calculated via a modified form of the viscosity:

U
« P
T, =W, —
w W
YP
where:
1/4 | 1/2
oo pCu kP KYP
W 1/4  1/2
EY C k
In( P u P )
v [2.49]

This latter treatment assumes that the node adjacent to the wall is in the fully
turbulent region (log-law region (Schlichting [1978]) of the boundary layer and the
turbulence is in equilibrium. The constants E and x were given values of 9.0 and 0.43

appropriate to smooth walls. The subscript P refers to the value of the variables in the
node adjacent to the walls.

For the turbulence quantities k and &, the wall function relations used were:

1/2
b pkp UP Cu
k EY C1/4 k‘l/2
YP In ( P_u P )
v [2.50]
and:
C:3/4 k3/2
£ = — P
xY
P [2.51]

Equation [2.50] replaces the production term in the transport equation for k and the
value of £ was set according to equation [2.51].

Since the obstacle protruded into the solution domain, all variables in cells
covered by the obstacle were set to zero. Because of the staggering of the grid, the
boundaries of the velocity cells do not lie along the limits of the obstacle (see Figure
2.3); a gap (the shaded area in Figure 2.3) exists along the vertical and top walls of
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the obstacle in the case of U and V velocity cells, respectively. These gaps were
accounted for by considering them as an increase of the area of the cells still inside the
domain. The influence of this treatment was not assessed, but previous studies (e.g.
Castro [1979], McDonald [1979]) reported that the neglect of this effect may lead to
considerable errors, particularly near the corners of the obstacle.

Numerical grids
A grid of 25 x 22 grid nodes was used in the present calculations. As the majority of
the grids included in this thesis, it was generated by the formula below, from
Sundqvist and Veronis [1970]:

h = h [1 a(L'Xi)Bh]
= h +& (—H" h
S N [2.52]

where h is the spacing between nodes, L is the distance along which the grid is
distributed, x is the location of the node, and o and B are parameters to control the
expansion of the grid. The use of this formula follows from the considerations about the
use of non-uniformly spaced grids, in subsection 2.2.2; this equation was used
because, unlike the common geometric expansion, it enabled the control of the
maximum spacing between nodes.

2.4.2 Results with the Upwind Quadratic (QUICK) Scheme

Previous experience with the QUICK differencing scheme (Han, Humphrey and Launder
[1986], and Papadimitriou [1986]) has shown that, in some cases, especially with
coarse grids, convergence is not possible. Because of this, in the present calculations,
QUICK was used only in the inner cells of the integration domain and, in the case of k
and e, only in cells with a Peclet number less than two; the upwind scheme was used in
the rest of the domain. Also, to secure the convergence of the TDMA algorithm, the
negative coefficients of the discretised transport equations using QUICK were written
in an explicit form and stored in the source term. The possible implications of this
technique on the convergence of the calculations has been referred to in the previous
section.

Other numerical parameters of the calculations in this subsection were: a
criterion of convergence based on a mass residual of 10-4, a fixed number of sweeps of
the TDMA algorithm [2 sweeps in the momentum, k and & equations; 20 sweeps for all
the pressure correction, or pressure, equations), and under-relaxation factors for k -
€ and pressure fixed at 0.25 and 0.5. The high number of sweeps for the pressure
equation was used to ensure a very accurate solution of the pressure at each iteration.
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Figure 2.4 shows thé predicted streamline pattern. The main feature is the
presence of a large separated flow, in the wake of the obstacle,bounded by a curved
shear layer, features found in many confined turbulent recirculating flows, including
those observed in combustors.

Table 2.4 shows a samble set of results obtained under the conditions above.

TABLE 2.4 — Convergence tests with the Quadratic Upwind (QUICK)

finite difference scheme - number of iterations

Oy,0y SIMPLE SIMPLEC  SIMPLER PISO AVPI
At[sec.]
0.4 268 (197) 291 (197) 273 _
0.0005 332
0.5 251 (183) 305 (187) 235 277
0.001 238
0.6 _— 346 (178) —— 287
0.002 240
0.7 278 (165) 390 (171) 276 314
CPU/lteratipn 0.610 0.610 0.839 0.839 0.610

*

Values within brackets are the number of iterations needed to obtain a pressure field
similar to the final pressure field by less than 0.5%, whereas the other values correspond
to a criterion of convergence based on a maximum mass residual of 10-4.

The most important features of these results are:

1. The number of iterations needed to achieve convergence is very similar;
according to some authors (see review in Chapter 1), differences by more
than a factor of two were expected. There is a maximum difference of only
56 iterations between the optimum values of each algorithm (i.e. a
variation of about 22% relative to an average value of 259).

2. Because a fixed number of sweeps was used, the total CPU time varies
linearly with the number of iterations, and SIMPLER and PISO are the most
expensive in terms of computing time.

A second convergence criterion (from Van Doormaal and Raithby [1984])
was also used here (the results within brackets in table 2.4). This criterion was less
stringent than that based on the mass residual and calculations were assumed as
converged in less iterations, but these results also underline the similarity between
the number of iterations to reach convergence in all these algorithms.

Figure 2.5 shows the mass residual of the SIMPLE calculations as a function
of the number of iterations. Sudden and large variations of the residual are seen to
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occur quite late in the convergence pattern, when one might have expected a monotonic
behaviour. These large variations were found to be caused by the switching between the
two finite difference schemes (QUICK and upwind) in the & equation, which
subsequently affected the mass residual via the momentum equations. This pattern was
removed by using the hybrid scheme in all equations (Figure 2.6). All further tests, in
the following subsection, were performed under these conditions; the convergence of
the various pressure convection algorithms was of main interest here and not the
numerical accuracy of the predictions so the abandonment of QUICK in these tests was
not crucial.

The use of an unsteady formulation can help but may not fully remove this
behaviour, as can be seen in Figure 2.7b. Figure 2.7 shows the continuity error at
three different stages of the AVPI algorithm for two values of At: after each of the
momentum equations (the two curves at higher DSUM values) and after the velocity
correction (the curve at the bottom). At the beginning of each time-step, or global
iteration, (i.e. after the velocity correction), the continuity error is minimum (the
bottom line) and then increases as the U and V momentum equations are solved until the
new velocity correction step; this is how the calculations proceed, with the continuity
error after the momentum equations being reduced until continuity can be satisfied at
any stage of the algorithm. In Figure 2.7b with the lowest At (At = 0.001 sec), the
three curves agree within the computer round-off error, but in Figure 2.7a (At =
0.002 sec) a small difference persists between the curves. This suggests that some
inconsistency exists due to the splitting of the velocity and pressure; this
inconsistency increases with the time-step and eventually results in divergence.
Figure 2.8 is the extension of Figure 2.7a but with calculations in double precision; it
shows that the level of the residuals at 2 x 10-8 in Figure 2.7 is the actual limit of
accuracy of the computer in single precision.

A detailed analysis of graphs like the ones presented above should give some
insight into the mechanisms of convergence and coupling between the equations.
Further work in this direction was begun but was later discontinued because it deviated
from the initial objective of testing the performance of alternative pressure-velocity
formulations. This work is not reported here, but posed some interesting questions and
is believed to be an area worthy of further research.

2.4.3 Results with the Hybrid Scheme - Comparison of PISO and
SIMPLE

As mentioned above, further calculations were restricted to the hybrid scheme. There
was interest in comparing the computational efficiency of both steady-state and
unsteady formulations and, to reduce the number of cases tested, the algorithms
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SIMPLER and SIMPLEC were not used further. PISO and SIMPLE were selected as
representative of algorithms with one or two pressure equations, respectively.

PISO and SIMPLE in unsteady formulations
Figure 2.9 shows the results of PISO and SIMPLE in unsteady formulation. The
pressure correction equations were solved with a variable number of sweeps until the
residual was less than 10% of its initial value; a fixed number of sweeps (2) was used
for all other equations. PISO enables higher time-steps before divergence occurs and,
comparing the optimum values, it is faster than SIMPLE by 40%. The pressure was
under-relaxed by 0.5 in both algorithms; this being the optimum value according to
the results of Figure 2.10 performed at a constant At (see below).

It has been recommended (Issa [1986]) that the pressure correction equa-
tions be solved to a minimum tolerance of 10%, as above, to ensure that the
coefficients of the discretised equations satisfy continuity and the calculations do not
diverge. However, Figure 2.11 does not support these arguments. The top curve is the
same as in Figure 2.9, obtained with a variable number of sweeps for the pressure to
reduce the residual to a level below 10% of the initial residual, whereas the bottom
curve corresponds to a calculation with only 2 sweeps for the pressure. In this case,
though a few more iterations are required (see number of iterations near the lines),
because the time for solving the pressure is substantially reduced, the overall CPU
time is also reduced. These results also raise doubts on the need for more efficient
methods to replace the TDMA algorithm for solving the pressure equation as a means of
reducing the global computing time.

The following calculations, therefore, were all made with 2 sweeps for the
pressure correction equations.

PISO and SIMPLE in steady-state formulations
Figure 2.12 shows how SIMPLE and PISO behave in steady-state formulation with
varying under-relaxation factors in the transport equations. The under-relaxation
factor for the pressure was 0.5. PISO can sustain higher values of o without diverging
and is eventually 12% faster than SIMPLE. If all the under-relaxation factors are
changed (including that for pressure (Figure 2.13)), the convergence of PISO is
improved and PISO is 30% faster than SIMPLE. This value is very similar to the best
obtained with unsteady formulations and this shows the equivalence between the two
formulations also in terms of the computational efficiency. Results obtained with
QUICK are also shown in the Figure 2.13 as an example of the restricted range of o

where convergence can be obtained.
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All the previous reported work (see review in Chapter 1) has tested the
robustness of the algorithm by varying the under-relaxation factors, but whether with
a fixed or varying under-relaxation of the pressure; is not usually mentioned. Here,
the joint influence of the two under-relaxation parameters is shown in the form of
contour maps (Figures 2.14 and 2.15). Tests were performed by changing the under-
relaxation of the pressure (the horizontal scale) and the under-relaxation of all the
other equations (the vertical scale) independently in steps of 0.1; the contours indicate
the number of iterations needed to obtain convergence. It is evident in Figure 2.15,
with SIMPLE tests , that as o increases, to secure faster convergence, the under-

relaxation factor of the pressure has to decrease, this fully supports the arguments in
subsection 2.3.2. Although not strictly following the relationship op = 1 - oy, this is

a good rule of thumb. In the case of PISO (Figures 2.14) there does not seem to be any
obvious relationship between oy and ap and the area where divergence occurs is
smaller which proves its higher robustness. Both algorithms, SIMPLE and PISO,
required the under-relaxation of the pressure.

2.4.4 Conclusions

Calculations with the upwind quadratic scheme showed that, for the present problem
SIMPLE, SIMPLEC, SIMPLER, PISO and AVPI all converged in a similar number of
iterations. .

In tests with the hybrid scheme, using PISO and SIMPLE, the steady and
unsteady formulations were found to be equivalent in terms of computational
efficiency. PISO is more robust than SIMPLE and can sustain both higher time-steps
and under-relaxation factors; this suggests that the beneficial effect of the second
pressure correction of PISO occurs only after SIMPLE has diverged. The advantages of
PISO are shown only under these conditions and its best result was about 30% faster
than SIMPLE. Previous claims of improvements of PISO relative to SIMPLE by a factor
of 6, as in Benodekar, Goddard, Gosman and Issa [1984], may have resulted from non-
optimization of the numerical parameters and should not be considered as
representative.

In the region where both algorithms can converge, the number of iterations
is identical. A minimum number of global iterations is needed at each time-step and the
accuracy of the pressure correction equation alters this very little; updating of the
coefficients is basically what is needed, and the nonlinearity and coupling of the
equations are the main reasons for delayed convergence.
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2.5 SUMMARY

The fundamentals of the mathematical models and numerical techniques to be used for
the calculation of the non-reacting flow inside gas turbine combustors were introduced
and accompanied by brief discussions of the limitations of both the turbulence model
and the numerical procedure.

The calculation procedure was described, and the nature of the coupling
between the continuity and momentum equations (pressure and velocity) discussed in
detail. Various alternatives for the treatment of this coupling were discussed and their
computational performance assessed via a case study: the two-dimensional flow over an
obstacle attached to a flat plate. Results obtained with five different algorithms
(SIMPLE, SIMPLEC, SIMPLER, PISO and AVPI) and a quadratic upwind finite difference
scheme revealed that all the algorithms required a similar number of iterations to
converge. More detailed tests, restricted only to PISO and SIMPLE, and the hybrid
finite difference scheme, showed that PISO could sustain higher under-relaxation
factors and time-steps before diverging; a maximum improvement of 30% in terms of
CPU time relative to SIMPLE could then be achieved. Before concluding that the
performance described here is generally applicable it requires confirmation in three-
dimensional flows typical of those found in combustors; this is one of the topics of the
following chapter.
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FIGURE 2.1 — Control volume for one dimension.
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FIGURE 2.2 — Domain of Integration.
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FIGURE 2.4 — Streamline pattern in the proximity of the obstacle.
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CHAPTER 3
CALCULATIONS OF THE DILUTION SYSTEM IN AN
ANNULAR COMBUSTOR GEOMETRY

3.1 INTRODUCTION

3.1.1 Objectives and Outline of the Chapter

The work in this chapter, the calculation of the flow in a dilution zone system, is a
consequence of the previous studies of Koutmos [1985] and McGuirk [1984]. Koutmos
observed, in his calculation of a can-type combustor flow, better results (compared
with experiments) in the combustor primary zone than in the dilution zone; similarly,
the results of preliminary calculations (McGuirk [1984]) of an isolated dilution zone
system failed to show the correct location of the hot spots at the outlet section. An
important question arises of whether there are some problems specific to the
prediction of dilution zones; any successful calculation procedure clearly has to predict
correctly the main features at the outlet of the combustor and this chapter addresses
this important issue. A second objective of the study discussed here was to follow up the
work presented in Chapter 2 on the relative performance of numerical algorithms for
solution of the fluid flow equations. It is important that checks are made in realistic
three-dimensional flows to ensure that the conclusions drawn from tests in a two-
dimensional geometry are valid also for combustor type flows.

The mathematical model and the calculation procedure have been previously
described (in Chapter 2) and in this chapter only the results of the calculations of the
flow inside an annular dilution zone system are presented. The chapter is made up of
two main sections. Section 3.2 includes the results of convergence tests using the
SIMPLE, PISO and AVPI algorithms. Section 3.3 is more concerned with the physics of
the problem and discusses the results of both constant and variable density
calculations; some restricted comparisons with measurements are also made. The
chapter ends with a short section, Section 3.4, containing the main conclusions.

The following subsection describes the geometry and the boundary
conditions used.

3.1.2 Domain of integration

The experimental geometry (Shaw [1981]), Figure 3.1, consisted of an annular duct
followed by a convergent nozzle. The annulus contained a total of 48 equally spaced
directly opposed holes (equally divided between outer and inner wall). For numerical
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simulation, a cylindrical polar system of coordinates was used with the longitudinal
axis aligned with the engine axis, and depending on the boundary conditions, the domain
of integration was extended over a circumferential sector of either 15° or 7.5°.

Holes and nozzle
The holes were approximated by cells of rectangular shape (see Figure 3.2). The fluid
density for the cells inside the hole was multiplied by the ratio between the area of the
hole and the total area of the cells inside the hole, to guarantee similar numerical and
experimental flow rates. An initial procedure, where only the density of the cells on
the edges of the hole was corrected, produced erroneous values in the region near the
holes and was abandoned.

The sloped walls of the nozzle, like the holes, could not be followed by the
present system of coordinates and were simulated in a castellated (staircase) fashion.
In this approximation, the gaps between the velocity cells and the actual boundary of
the staircase approximation, set by the scalar cells, have been neglected, contrary to
subsection 2.4.1. "

3.1.3 Boundary Conditions
The experiments of Shaw [1981] provided information on the flow rate and mean
temperature of the flow in both annulus and hole flows (see Figure 3.3); this enabled
the evaluation of the normal velocities. In the first predictions made, the other
components of velocity were set to zero. The turbulence kinetic energy and its
dissipation were set to 1.75 x 10-2 m2s-2 and 7.694 x 10-3 m2s-3, respectively. For
these conditions, a circumferential sector of 7.5° was used with symmetry conditions
on the two extreme constant 6 planes (case 1 in Table 3.1). The measurements of Shaw
indicated, however, that the above conditions are probably too simplistic; in
particular, the measurements showed an inclination of the jets with respect to the hole
geometric axis. Averaging of the measurements of these jet angles leads to the values
shown in Figure 3.3, which enabled the use of more accurate boundary conditions in
the holes, with both axial and swirl velocities specified as well as the radial inflow
component. In this case (cases 2 and 4 in Table 3.1), a 15° sector was needed, limited
by the two longitudinal planes halfway between the jets; cyclic boundary conditions
were now implemented on these planes. For both the above cases calculations were
carried out assuming constant density. Cases 3 and 4 in Table 3.1 correspond to case 2
but now consider the variation of density.

The simplicity of the boundary conditions in the holes, with constant values
specified in the hole surface for all the variables, contrasts with more elaborate
treatments used in some calculations of jets in crossflow geometries (see review in
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subsection 1.4.2 and the hole boundary conditions used in the case of the calculations of
the flow inside a can-type combustor in Chapter 5), however in the present
application this was considered as satisfactory, since the values were based as far as

possible on experimental information.

TABLE 3.1

- Boundary conditions of the annular dilution system and

momentum flux and velocity ratio between the jets and the annular flow

Annulus Inner Jet Quter Jet

Case Uu VW U Vv 2\ U Vv Wl Mratio Vratio

1 10.88 0 0 0 67.22 0 0 -75.53 0(l|42.7 6.5
p=1.1774 p=1.1774 p=1.1774

2 110.88 0 0| 13.29 67.22 -0.90}20.93 -73.53 1.80{|42.7 6.5
p=1.1774 p=1.1774 p=1.1774

3 132.42 00 0 90.84 0 0 90.19 0l/18.6 2.8
p=0.3871 p=0.8711 p=0.9599

4 132.42 0 0|-17.96 90.84 -1.27}25.31 90.19 2.20((|18.6 2.8
p=0.3871 p=0.8711 p=0.9599

« All runs with k = 1.750 x 1002 m2s'2 and ¢ = 7.694 x 10-3 m2s-3
Tannulus = 900 K, Tijqner = 363 K and Tgyter = 400 K.

M atio - momentum flux ratio between the jets and the crossflow
Viatio - Velocity ratio between the jets and the crossflow

The cells adjacent to the plane walls were treated by the wall functions in
the same manner as described in subsection 2.4.1. The boundary conditions in cells
along the staircase approximation were zero convective and diffusive fluxes without
using wall functions.

At the outlet section, a zero axial gradient was used as the boundary
condition for all the variables and this led, relative to the experimental rig, to a plane
extension duct at the nozzle exit to avoid the propagation of this ‘artificial' boundary
condition into the internal flow.

3.1.4
Four numerical grids (Figure 3.4 and Table 3.2) were used. The grids were non-

Numerical Meshes

uniform along all the directions and were generated according to [2.52]. The coarsest
grid, 17 x 11 x 6, was used to set up the boundary conditions, in the tests of

convergence and later to illustrate the effects of insufficient numerical resolution. The
two grids, 40 x 30 x 15 and 40 x 30 x 30, were the standard ones; the latter was used

for calculations over a 15° sector to maintain a numerical resolution similar to the
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case of calculations in a 7.5° sector. The finest grid, 70 x 40 x 25, occupied all the
memory available on the computer hardware and was used only as a check on the
numerical accuracy of the standard mesh predictions.

TABLE 3.2 - Numerical grids

N. GRIDSIZE  N.OF N.OF CELLS L/Nz R/INR T/NT

INzx Ngx Ny] NODES | HOLES NOZZLET %TOTAL | [mm] [mm] [degr]
1 17x11x 6 1122 19 192 17 14.7 10.2 1.3
2 40 x30x 15 18000 121 2250 13 6.3 3.7 0.5
3 |40%x30x30 36000 228 4500 13 6.3 3.7 0.5
4 70x40x 25 70000 282 9525 14 4.0 2.8 0.3

t - number of cells outside the domain
Nz, NR, NT - number of nodes along the axial, radial and circumferential directions
L, R, T - dimensions of the integration domain along the three directions above

3.2 THE CONVERGENCE OF THE CALCULATION PROCEDURE
(Case Study 2 - The Dilution System of an Annular-Type
Combustor)
The conclusions drawn in Chapter 2 with respect to the convergence behaviour of the
pressure correction algorithms, although important, emerged from a particular two-
dimensional study. To ensure that they are in fact more general, a similar study of the
convergence of the dilution zone calculations was also carried out.

3.2.1 Conditions of the Test and Presentation of Results
Three algorithms were used: SIMPLE, PISO and AVPI. The boundary conditions
corresponded to case 1 in Table 3.1 and grid 1, in Table 3.2, was used.

The convergence criterion assumed the calculations as converged when the
usual normalized mass source residual was less than 5 x 10-4. The TDMA algorithm
was used with five sweeps on the pressure correction equation(s) and two sweeps on all
other equations. Preliminary tests showed that 5 sweeps were sufficient to reduce the
residual of the pressure correction equation to negligible levels.

Discussion of the results is provided in three main parts. Subsection 3.2.2
compares PISO, SIMPLE and AVPI, and shows the influence of the under-relaxation
factors and time step on the rate of convergence. Calculations with a more stringent
convergence criterion are presented in subsection 3.2.3. Subsequently, because the
convergence of the k and ¢ equations emerged as controlling the overall rate of

convergence, tests were repeated in subsection 3.2.4 without solving the equations of
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the turbulence model; a more comprehensive study of the three algorithms is then
presented under these conditions, including unsteady formulation of SIMPLE and PISO
for a direct comparison with AVPI.

3.2.2 The Convergence of the Complete Set of Equations
3.2.2.1 Relative performance of SIMPLE and PISO

The under-relaxation of all the variables
As a first test, the under-relaxation factors of all variables (atg)), including the
pressure, were raised from 0.1 until divergence of the calculations occurred. These
results are summarized in Figure 3.5. Let us first concentrate on the part of the curve
for values of o)) higher than 0.3. For the same under-relaxation factor, both
algorithms, SIMPLE and PISO, need a similar number of iterations to converge (see
numbers near the lines in Figure 3.5) and, because of the extra pressure correction
equation, PISO therefore takes longer to converge; its superiority is revealed only for

under-relaxation factors above 0.65, when SIMPLE can no longer converge.
Ultimately, PISO (og = 0.88) converges in half the number of iterations and in 68%

of the CPU time of the best SIMPLE calculation (o) = 0.65). The computing time for

both algorithms is shown in Table 3.3.

TABLE 3.3 - CPU time per iteration (sec)

Total Assembling % Total Solving  %Total Solving/
Coefficients Equations Assembling

PISO [0.322 | 3.997 x 1012 12.4 0.282 87.6 7.1
SIMPLE |0.253 3.497 x 1002 13.8 0.218 86.2 6.2

Note that more than 80% of the time is spent in solving the equations.
The total CPU time of SIMPLE and PISO is given by:

CPUS"\J‘IPLE = 0.253 NS

CPU,., = 0322N, [3.1]

where Ns and Np are the number of iterations in SIMPLE and PISO. The total CPU time

is a linear function of the number of iterations and PISO can be faster than SIMPLE
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only if the number of iterations, Np, is less than 79% of the number of iterations of
SIMPLE, Ng.

The convergence of the absolute sum of the mass residuals nondimensioned

by the total inlet flow rate (DSUM) and the maximum mass residual (DMAX) are
shown in Figure 3.6 for various values of o). There is a striking difference between

the convergence of calculations with o) higher than 0.4 and a4 equal to 0.1; the
latter shows a fairly smooth decay of the residuals in contrast to the cases with o

higher than 0.4, which display a spiky trend and a sudden drop of the residual in the
last iterations. Identical behaviour is revealed by SIMPLE (Figure 3.7). The
calculations with an under-relaxation factor of 0.2 did not converge in less than 6000
iterations and were stopped. There seems to be two different routes to convergence with
a transition depending on the under-relaxation factor; this is evidenced either by the
convergence pattern in Figures 3.6 and 3.7 or the number of iterations as a function of
aganin Figure 3.5. The convergence of the calculations with o) lower than 0.3 will be

readdressed in subsection 3.2.3.

The under-relaxation of the pressure
The above test is a little artificial since it is not usual to use the same under-
relaxation factor for all variables, particularly for the pressure. Calculations were
thus made by changing the under-relaxation factor of the pressure only; the relaxation
of the other equations was kept constant and at its maximum according to the results
above, i.e. oo = 0.65 and a = 0.88 for SIMPLE and PISO, respectively. The effect of

changing the under-relaxation of the pressure (Figure 3.8) is, however, minimal; in
SIMPLE (neglecting the first two points at otp = 0.1 and ap = 0.2) there is a reduction
of 3% on the CPU time, whereas PISO experiences a reduction of 14%. Both algorithms
diverge for under-relaxation of the pressure above the under-relaxation of other
equations. The condition [2.48] is therefore not confirmed in these tests.

The under-relaxation of the turbulence kinetic energy and

its dissipation
Similar to the tests above, the under-relaxation of all variables was kept constant
(0.65 and 0.88 for SIMPLE and PISO, respectively), while the under-relaxation of the
turbulence quantities, k and &, changed (Figure 3.9). The results for SIMPLE could be
improved compared to the previous tests (Figure 3.5), where all the as were changed

simultaneously: a maximum value of 0.65 had been possible, but here by maintaining
that value and increasing oy ¢ up to 0.80, SIMPLE could even be as fast as PISO, which,

although converging in less iterations (551) and sustaining a higher under-relaxation
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factor (0.88) required the same CPU time. As in the case when all the under-
relaxation factors were changed, convergence could not be achieved when oy . = 0.2.

Figure 3.10 shows the rates of convergence of all the equations. There are
three different figures for each run which include, from left to right: the convergence
of the mass residuals, the velocity, and then the residual of the turbulence quantities.
It can be seen that the two regimes of convergence previously noticed also exist here,
controlled solely by the under-relaxation of the equations of the turbulence model. As
O ¢ is increased, the residuals of the turbulence kinetic energy and its dissipation also
reach lower levels. It seems possible that the runs with lower under-relaxation
factors were stopped before complete convergence of the turbulence field. This explains
the lack of convergence at 0511 = 0.2 and why convergence is possible at oy = 0.1. The
latter is like reducing the variations of the turbulence field so much that, because its
influence on the velocity field is reduced, the velocity and pressure fields can converge
- a phenomenon mentioned as possible in subsection 2.3.2. This shows how dangerous
is the use of very low under-relaxation factors.

The results of Figures 3.5 and 3.9 are plotted on logarithmic scales in
Figure 3.11. In the present case there is a very close linear relationship between the
under-relaxation factor and the number of iterations to converge:

log N =2.66-1.93 log o

ITER

If the procedure is repeated in the case where all the under-relaxation factors are
changed simultaneously, the same equation is obtained (the rate of decay is -1.94
rather than -1.93) and this is the best proof that the global convergence is set by the
convergence of the turbulence kinetic energy and its dissipation. The conclusions here
also agree with those of Correa and Shyy [1987] who found that the coupling between
pressure and velocity was not a key factor in the overall convergence rate.

3.2.2.2 The performance of AVPI

The CPU time as a function of the time step with this algorithm is shown in Figure
3.12. A range of time steps covering three orders of magnitude was tried (Atg was
0.001 sec). The curve of convergence is fairly flat, except when approaching
divergence for At > 0.001; time steps below 105 sec were not tried because they were
too small compared with the residence time (1000 times smaller). The number of
runs may be insufficient, but, at least within this range, the curve of convergence does
not suggest the existence of two different regimes, as in the case of SIMPLE and PISO.
The fastest run converged in 541 iterations, 134 sec, and this is an improvement in
CPU time of 20% and 27% relative to SIMPLE and PISO.
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The trends of convergence for this algorithm (Figure 3.13) are much
smoother and the erratic behaviour shown during the first iterations of SIMPLE and
PISO was eliminated; a much better defined trend of convergence now exists right from
the first iteration. The different formulation of the pressure correction in AVPI, where
the ‘coefficient of diffusion' of the pressure does not depend on the state of convergence,
may have contributed to the elimination of the ‘disorganized' convergence of the first
iterations. The plot of the residuals of k and g, as in the case of SIMPLE and PISO, show
that the final solutions, although satisfying the mass residual, correspond to different
levels of convergence of the turbulence quantities: lower residuals of k and ¢ are
achieved as the time step increases (as in the case of SIMPLE and PISO, when the
under-relaxation factors increase).

3.2.2.3 Conclusions
The main conclusions of this study are:

1 - |If all the under-relaxation factors are changed simultaneously, PISO can
sustain higher under-relaxation and is twice as fast as SIMPLE.

2 - The under-relaxation of the pressure should be as high as possible.

3 - The convergence is very dependent on the convergence of the turbulence
field, and if the under-relaxation of the turbulence kinetic energy and its
dissipation are changed while the others are kept constant, both algorithms,
SIMPLE and PISO, reach convergence in similar CPU times.

4 - The best result is obtained with AVPI; this is about 20% faster than SIMPLE
and PISO. The convergence of AVPI is much better behaved.

If the three algorithms are judged only in terms of the optimum CPU time,
the order is: AVPI, PISO and SIMPLE. However, the differences are so small (less than
30%) that this order is irrelevant and other reasons may prevail. The value of these
tests to assess the performance of the algorithms may be questioned, since the global
rate of convergence is dominated by the convergence of k and € and the level of the
residuals of these quantities is not the same in all the runs; the criterion of
convergence should be more stringent or the convergence of the turbulence quantities
decoupled from the other variables.

3.2.3 The ‘Exact’' Solution of the Complete Set of Equations

The calculations of the previous section may have been stopped before the turbulence
equations were fully converged; to examine this, calculations were repeated with all
residuals brought down to the levels of round-off accuracy of the computer. The
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history of convergence is shown in Figure 3.14 for all the algorithms being used. The
common feature in these plots is the similarity between the trends of the residuals.
Between SIMPLE and PISO, this occurs right from the first iteration, but, after the
mass residual (DSUM) has reached a minimum level, all the curves have the same
trend. They show that, regardless of the pressure correction equation, all algorithms

follow a similar route of convergence. This last part of the curve, where DSUM, in
AVPI for instance, after reaching 2 x 10-4, goes up and down and only after attaining a

constant level of 5 x 10-3, could not be suspected from the previous calculations. The
drop of the residuals, especially in SIMPLE and PISO, was so drastic that it was thought
that a criterion of 5 x 10-4 would be stringent enough; with the exception of AVPI with
At = 0.002 (Figure 3.13c), all the previous plots (in Figures 3.6, 3.7 and 3.10 ) did
not show this last part of the curves. This calculation, referring back to Figure 3.12,

is the one that took longer to converge and is already on the ascending part of the curve.
Observing Figure 3.13c (AVPI, At = 0.002) in more detail, it can be seen that the

same pattern is there but somehow the inflexion point of the DSUM curve (about
iteration 800) did not satisfy the criterion DSUM < 1 x 10-4 and the calculations
proceeded.

These plots illustrate the difficulty of selecting a single parameter
representative of the convergence of the calculations and the need for monitoring the
residuals of all the equations.

3.2.4 The Convergence of the Velocities and Pressure Isolated from
the Turbulence Model Equations
The tests of convergence of the complete set of equations (velocities, pressure and.
turbulence model equations) may not evidence the superiority of different pressure-
velocity formulation, and this is basically what the algorithms are all about. The
following tests repeat the calculations of subsection 3.2.2 but without solving the
equations for k and ¢; the values of these quantities were obtained from a previous run
converged to machine accuracy.

A global mass error of less than 5 x 10°® (10 times smaller than in
subsection 3.2.2) was set as the criterion of convergence. All the other conditions of
the test were unaltered.

3.2.4.1 Relative performance of SIMPLE and PISO
The under-relaxation of the velocities and pressure

Figure 3.15, the analogue of Figure 3.5, shows the influence of the under-relaxation of
the velocities and pressure. We observe now a monotonic trend, the CPU time decreases
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as o increases, with no evidence of the two regime situation, and the CPU time has been

reduced by a factor of about 10 relative to the results in Figure 3.5 as a consequence of
starting the calculations with the final values of k and €. When both converge, SIMPLE
and PISO, as in the previous test, require an identical number of iterations and the rate
of convergence (in Figure 3.16 on logarithmic scales) obeys the relationship:

log N = 1.726 - 1.093 log o

ITER

A minimum of 53 iterations is needed on the assumption of a converged solution with o
= 1.0. PISO gets closer to that limit and takes, with o = 0.80, 66 iterations to
converge, but is slower than SIMPLE which needs 80 iterations for o = 0.65.

The convergence behaviour is now monotonic (Figure 3.17) and it is
obvious that the wiggling behaviour observed in the previous tests in 3.2.2 was caused
by the turbulence model equations.

The under-relaxation of the pressure

The influence of the under-relaxation of the pressure is shown in Figures 3.18. The
conclusion is again that op should be as high as possible, similar to the previous tests.

However, there are practical limits to this in the case of SIMPLE, whereas PISO still
converges with ap = 1.0, i.e. no under-relaxation. At low under-relaxation factors,
the curve is characterized by a sudden increase of the number of iterations. The
criterion op = 1 - o, as the relationship for optimum convergence does not hold. Since
this is a two-variable (o, otp) problem, as discussed in subsection 2.3.2, extensive
tests were again made, in case of SIMPLE, for a complete range of values between 0.1
and 1.0. The results are presented on a convergence map (Figure 3.19) as before. The

shaded area covers the combinations where divergence occurred and, below that area,
two main regions limited by o, = 0.5 seem to exist. In the region of o, lower than 0.5,

the number of iterations can be reduced by a factor of 3 by increasing the o, from 0.1
to 0.5; whereas the ap, which can even be equal to 1.0 (i.e. no under-relaxation of the
pressure), hardly influences the convergence. For o higher than 0.5, the range of
possible values of op is reduced: low op values cause a sudden increase of the number
of iterations, for instance the combination (o, = 0.8, cp = 0.1) needed 550
iterations, and high ap values lead to divergence; the upper limit of the ap range is
reduced as o, increases. The best result was obtained with (o, = 0.7, o.p = 0.6), but,
if advantage has to be taken of under-relaxation above 0.5, a correct tuning of o.p has

to be made. Recalling the analogy with the time-dependent formulation, in subsection
2.3.2, values of a > 0.5 correspond to time steps higher than the maximum allowed by

an explicit time-dependent formulation.
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This need to reduce ap as 0, is increased to secure convergence fully agrees

with the arguments presented in subsection 2.3.2 under the heading " The under-
relaxation factor (and the time step)" and with the results of the two dimensional test
case.

3.2.4.2 Relative performance of SIMPLE and PISO (both in time-
dependent formulation) and AVPI

An apparent superiority has been shown by AVPI in the previous sections, but, because
AVP| uses a time-dependent formulation, for a correct appraisal of the three
algorithms, SIMPLE and PISO were also used in unsteady formulation and compared
with AVPI.

The range of time steps for which AVPI could satisfy the criterion of
convergence was smaller (Figure 3.20) compared to the previous tests in Figure 3.12.
This is an indication that the ‘solution' of AVP| obtained at small time steps in
subsection 3.2.2.2 were not representative and were probably also the result of
slowing the convergence of K and € as in the case of SIMPLE and PISO with o = 0.1. The
curves of convergence of SIMPLE and PISO are in Figure 3.21. The three algorithms
need a similar number of iterations, or time steps, in the region where they all
converge. However, comparing only the optimum results, AVPI is actually the worst;
SIMPLE and PISO are faster by 30% and 70%, respectively. The difference is a
consequence of the size of the time step they can sustain without diverging; PISO in its
optimum needs only 52 iterations and thus gives the best result of all (note that this is
also in excellent agreement with the minimum of 53 iterations predicted by
extrapolation of the rate of convergence for the limit case of o = 1.0 in subsection

3.2.4.1).

3.2.4.3 Summary
A tenfold reduction of the CPU time was obtained in the calculations, starting from the
final fields of turbulence kinetic energy and its dissipation.

PISO sustained higher under-relaxation factors of the velocities but the
number of iterations could not be lowered to levels where the highef CPU time per
iteration was compensated and PISO was slower than SIMPLE.

The under-relaxation of the pressure in SIMPLE should be as high as
possible but its influence is minimal, except if under-relaxation factors of the
velocities higher than 0.5 are used.

The unsteady formulation was particularly advantageous for PISO when
optimized. Although the best results of all were obtained by PISO in time-dependent
formulation, it should not be taken as proof that this should be the preferred
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combination. It is very unlikely that the optimization of the time step may always be
made in a normal calculation and the use of steady-state formulation may still be
preferred.

3.2.5 Conclusions of the Study of Convergence of the Calculation
Procedure

To bring to an end the study of various pressure correction formulations in this

chapter and in the previous chapter too, the main conclusions and recommendations of

this study should be summarized.

1 - The computational efficiency of the algorithms SIMPLE, SIMPLEC,
SIMPLER PISO and AVPI was assessed by performing calculations of two test
cases, both turbulent and recirculating flows.

2 - Initial calculations using the five algorithms above and the QUICK
differencing scheme showed that all the algorithms required a similar
number of iterations to converge. This was thought to be a consequence of
the treatment of the extra terms arising from the finite-difference
discretisation and further calculations were performed using hybrid
differencing scheme and restricted to three algorithms (SIMPLE, PISO and
AVPI).

3 - No major differences continued to occur between the number of iterations
and SIMPLE and PISO were even similar in terms of the convergence rate.
Whenever both algorithms converged the plots of the residuals as a function
of the number of iterations showed identical patterns.

4 - The convergence rate is dominated by the convergence of the turbulence
quantities (k and €) and the under-relaxation factors are the main
parameters controlling convergence.

5 - The mechanism of convergence and coupling between the equations are such
that all the under-relaxation factors, particularly those of the turbulence
quantities should be as high as possible. In both SIMPLE and PISO, the
under-relaxation factor of the pressure should be decreased as those of the
velocities increase to avoid the breakdown of the pressure-velocity
formulation. In PISO this need occurred for higher under-relaxation factors
compared to SIMPLE.

6 - PISO, because of a stronger coupling between pressure and velocity
sustained higher under-relaxation factors (or time steps) and under such
circumstances could reach convergence in less iterations. However, because
of the increased CPU time per iteration, this does not necessarily imply a
reduced global CPU time. The increased robustness of PISO is obtained at the
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expense of higher storage requirements and this should also be considered as
an argument against this algorithm. This robustness may be more
advantageous in the case of an increased number of coupled equations
compared to the present one, where SIMPLE and AVPI fail to converge or
require too small under-relaxation factors (or time steps).

7 - The AVPI algorithm showed a well behaved pattern of convergence due to the
uncoupling of the turbulence quantities, the coefficients of the pressure
correction equation being geometrical functions only. Advantage can be taken
of this to reduce the CPU time per iteration.

8 - The probable advantages of algorithms like PISO, SIMPLER, SIMPLEC and
AVPI, compared to the SIMPLE algorithm are not enough to recommend the
alteration of presently available computer codes with the SIMPLE algorithm
already incorporated. Strong arguments in favour of algorithms suggested as
alternatives to SIMPLE are not supported by the present tests.

3.3 DISCUSSION OF RESULTS

3.3.1 Presentation of Results

Because of the complexity of the flow the numerical results are shown mainly as
surface views. The velocity and scalar fields are illustrated by streakline and contour
plots, respectively.

The computer program to plot the streaklines was originally written by Ho
[1985]. The program basically tracks and plots the trajectory of particles released at
selected locations in the flow. Because the velocity normal to the plane is not
considered, the final result is similar to flow visualization obtained by illumination
with a sheet of light (for instance, a water flow with particles in suspension) and the
total tracking time here is analogous to the shutter speed of the camera (see subsection
4.1.4 for a discussion on flow visualization techniques). The contour plots were made
by a software plotting package publicly available at the Imperial College Computer
Centre (Dipple and Raby [1987]). The contours of a function are approximated on the
basis of its local value and gradient calculated on a square mesh; because this
approximation is made by piecewise quadratic functions with continuous
differentiability across the boundaries of the elements of the mesh, the contours are
piecewise continuous conical sections.

The presentation of the results forms three main subsections. The
numerical accuracy is assessed first (subsection 3.3.2) by comparing the results
obtained with grids of variable resolution to find the level of grid refinement needed.
Subsection 3.3.3 discusses the results of the two basic sets of boundary conditions with
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inclined and non-inclined jets, both assuming a constant density. The results in
subsection 3.3.4 consider the variations of density as a local function of temperature.
Finally, different turbulent Prandtl numbers are tried in an attempt to examine the
sensitivity of the predicted results to the part of the turbulence model which directly
affects scalar mixing.

The experimental values of the integral parameters of mixing, provided at
the outlet section (Shaw [1981]), were used to assess the mathematical model. These
parameters were defined as:

Overall temperature distribution factor (OTDF):

OTDF = Tmax mean
T

mean jet

where Tpax is the maximum temperature, Tyean iS the mean exit temperature, and
Tjet is the mean inlet temperature of the jets (the mass weighted average of the
temperature of the two jets).

Radial temperature distribution factor (RTDF):

radial
RTDF = Tmax _Tmean
Tmean ) jet

where 1’,",‘,‘23' is the maximum circumferential mean temperature. This and the overall
temperature distribution factor are the parameters most often used to characterize the
mixing by combustor designers.

Mixedness parameter (h):

n = (1-—-99% 100%

8
max

Unmixedness parameter ¥':

l_ o annulus jet
20 T -T

max mean jet
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where o is the standard deviation, and Tynnuius iS the mean inlet temperature of the

annulus flow:
172
2
[2} (T- Tmean)
C = —
N ( -T )
mean jet
m.
c = (T -T ) = et
max jet annulus” m -m
annulus jet

The transport equation for temperature used in the calculations in
subsection 3.3.4 is identical to the equation used in subsection 3.3.3 for the transport
of a passive scalar, ®@. In 3.3.3 the solution of the scalar equation could not feed back
into the velocity equations, via the density whereas in 3.3.4, this was allowed to
happen. In both cases the results are presented as contours, nondimensioned as follows:
O* = (P-Pannulus)(Pjet-Pannulus) and T* = (T-Tannutus)/(Tjet-Tannulus).
where the meaning of the subscripts is the same as above.

3.3.2 Constant Density Calculations
3.3.2.1 Grid resolution - numerical accuracy

Figures 3.22 to 3.24 show the streaklines along the streamwise direction in the two
extreme O planes: 6 = 7.5°, the plane containing the axis of the holes (referred to

below as the centre plane), and 8 = 0°, halfway between the holes (referred to below
as the mid plane). These figures include results from calculations using three
numerical grids with different levels of refinement. The coarsest grid (grid 1 in Table
3.2) in Figure 3.22 shows, compared with Figure 3.23, higher numerical diffusion
(smoother trajectory of the particles) and, because of the reduced number of nodes at
mid height, is unable to capture the small recirculation zone upstream of the
impingement region of the jets (see Figure 3.23). The coarsest grid is clearly
unsuitable to calculate this flow.

The pattern in Figure 3.24 corresponds to the finest grid (grid 4 in Table
3.2) with 16 and 4 times more nodes than the grids used in the calculations of Figures
3.22 and 3.23, respectively. The longitudinal flow pattern (Figures 3.23 and 3.24)
and the passive scalar fields (Figures 3.25 and 3.26) predicted by the two finer grids
are very similar. Central differencing was used, in the case of the grid 70 x 40 x 25,
over a large part of the integration domain: the higher Peclet numbers (above 10) are
concentrated at the edges and upstream of the jets for the radial and axial directions,
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respectively (Figure 3.27); similarity between the scalar fields of the two finer grids
shows that the Peclet number distribution is similar in both grids.

The calculations in the finest grid required about 40 hours of CPU time to
converge and this, considering also the small differences between the results of the two
grids, discouraged any further calculations on this grid and led to the acceptance of the
grid 40 x 30 x 15 as accurate enough.

The calculations with inclined jets (case 2 in Table 3.1) were initially
made on a grid of 40 x 30 x 15, which reduced the numerical resolution along the
angular direction, because the integration domain extended over a 15° instead of a 7.5°
sector. The streaklines of this calculation (in Figure 3.28), have two salient features
relative to the case with non-inclined jets (Figure 3.23): a steeper penetration of the
bottom jet and, in its wake, a recirculation zone which extends over the whole sector
(Figure 3.28b). The different trajectory of the jets is a consequence of their
misalignment in the longitudinal plane (Figure 3.3), the bottom and top jets have
upstream and downstream components, respectively; however, there seems to be no
reason for the vortex in the wake of the bottom jet. To see whether this could be caused
by the increased spacing between the nodes in the angular direction, calculations were
made with non-inclined jets, symmetry boundary conditions, in a sector of 15°, twice
of what was actually needed — a condition designated by double symmetry.

In the absence of effects caused by the grid distribution, both symmetry and
double symmetry conditions should give strictly identical results. However, Figures
3.23 and 3.29 clearly indicate that they do not. The vortex in the wake of the bottom
jet reappears in the case of double symmetry conditions and this leads to a more
uniform distribution of the passive scalar, as can be seen by comparing Figures 3.30
and 3.25.

The transverse cross-sectional views for both conditions (Figures 3.31 and
3.32) provide an explanation for this phenomenon. Note that the cross-sectional views
were magnified by 4 along the angular direction for the purposes of plotting and the
7.5° and 15° sectors, therefore, appear as 30° and 60° sectors. The striking feature of
these figures is the region of streamwise vorticity in the upper half of the annulus
created by the spanwise deflection of the jets. The particles were released at every
angular location and it is clear that, in the case of double symmetry conditions (Figure
3.32), there are not enough grid lines to resolve the vortex formed between the mid
plane and the edges of the bottom jet (compare Figures 3.31a and 3.32a, the cross-
sectional view containing the axis of the holes). Further downstream, there is a
tangential flow along the inner wall directed towards the centre plane, whose magnitude
is reduced in the case of the double symmetry conditions (Figure 3.32b), where the
particles mainly follow a radially outward trajectory. The magnitude of the azimuthal
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component of velocity is generally lower over most of this plane and this is considered
evidence of artificial diffusion, responsible for a higher decay rate of the secondary
flows. Closer to the nozzle, the symmetry conditions, Figure 3.31c shows a radially
outward flow, but this is reversed in the case of the double symmetry (Figure 3.32c)
(this location corresponds to the downstream end of the jet wake).

As proof of the correctness of the program, observe the trajectory of the
particles released on the axis of the holes (centre plane; Figure 3.32): all the
particles follow an exact radial trajectory with no lateral deflection and the two halves
of the figures are mirror images of each other. The boundary conditions at the
longitudinal planes of symmetry consist of setting to zero the normal gradients of the
scalar quantities and velocity components parallel to the plane; the component of
velocity normal to the plane, the azimuthal component in the present case, is also set to
zero. The existence of this boundary condition can equally be seen on the mid plane, the
® = 0° location, and there (Figures 3.32a and 3.32b) it is responsible in the upper
half, for a sharper trajectory of the particles compared to Figure 3.31b. Near the
inner wall, because the number of grid lines between the mid plane and the edges of the
jet is small (only 2), the vortex is simply destroyed, the flow is mainly radial,
because of the condition W = 0. The fluid which, by flowing around the base of the jet
should fill the low pressure region in the wake of the bottom jet, is diverted to outer
radial locations, forcing the jet fiuid to be recirculated. This can be confirmed by the
longitudinal contour plots through the relatively high scalar value of 0.5 in the wake of
the jet (Figure 3.30 compared to the symmetry conditions (Figure 3.25)).

The trajectory of the particles near the edges of the sector is sharper, as
opposed to what would be expected from a solution with higher numerical diffusion. The
ability of the jets to penetrate deeper through the cross-stream in the double
symmetry calculations corresponds to an increase of the jet to cross-stream
momentum ratio. Referring back to the results of the coarsest grid, 17 x 11 x 6 in
Figure 3.22, the situation was the opposite: there, because the results are dominated
by the numerical diffusion, the flow pattern in the longitudinal planes corresponds to a
reduction of the jet to cross-stream momentum ratio and the effect of the longitudinal
conditions of symmetry is not perceptible.

The main conclusions of this section are the proof that satisfactory accuracy
can be achieved with grids of 40 x 30 x 15 and 40 x 30 x 30 to resolve the 7.5° and
15° sectors, respectively. The consequences of an insufficient number of nodes can
show either through the inability of the grid to resolve small scale features of the flow
or through the lower magnitude of the azimuthal component of velocity which,
associated with the boundary conditions in the longitudinal planes of symmetry, may
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lead to the appearance of spanwise vorticity in the wake of the jets and promote their
coalescence.

3.3.2.2 Inclined and non-inclined jets

The main objective of this subsection is to discuss the flow in more detail and observe
the differences between inclined and non-inclined jets (cases 1 and 2 in Table 3.1).
Following the conclusions above, the calculations with inclined jets were made in a grid
of 40 x 30 x 30.

The flow pattern in the longitudinal planes (Figure 3.33), resulting from
calculations with inclined jets using the new grid of 40 x 30 x 30, confirms the
steeper penetration of the inner jet and the vortex motion in the wake of the inner jet;
this extends over the 15° of the sector, but is of a smaller size than that predicted by
similar calculations on a coarser grid, 40 x 30 x 15 (Figure 3.28). The effect of this
region is to produce a more uniform distribution of the passive scalar (Figure 3.34)
compared with the case of non-inclined jets (Figure 3.25). This lateral coalescence of
the neighbouring jets leading to an enlarged jet wake has been observed experimentally
by for instance Crabb and Whitelaw [1979].

The highest values of turbulence kinetic energy (Figure 3.35) (associated
with the regions of maximum strain rate) occur in the impingement region of the jets,
in the downstream edge of the bottom jet and along the nozzle walls, especially at the
downstream end. In this region, the simulation of the nozzle by steps may have
contributed to the high values. _

The cross-sectional views of the flow pattern produced by the inclined jets
are shown in Figure 3.36. Broadly speaking, the figures are similar to the ones
corresponding to the case of non-inclined jets (Figure 3.31). The non-perpendicular
orientation of the jets is noticed by the impingement closer to the outer wall, as in the
case of the longitudinal views, and the location of the centre of the top vortices biased
anticlockwise and at a higher radial location. In the plane of the hole axis (Figure
3.36a), there is, in the case of the inclined jets, a more dominant radial trajectory of
the particles. Further downstream, in Figure 3.36b, the tangential flow along the
inner wall is stronger compared with the case of insufficient numerical resolution.
This tangential motion along the inner wall is formed mainly by cross stream fluid.
This penetrates between the jets in the regions near the walls (note the areas limited
by the 0.1 contour in Figures 3.25b and 3.37b for symmetry conditions, or Figures
3.34b and 3.38a for inclined jets). It then flows around the jets and fills the wake
region, being entrained by the jet fluid and following a radial trajectory along the axis
of the jets. This explains why the low value contours, corresponding to the cross
stream fluid, occur at a higher distance from the walls and in the longitudinal plane of
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the holes (Figures 3.37 and 3.38). It is believed that the failure to resolve the
sequence above was the reason why the preliminary calculations of McGuirk [1984]
did not show the correct location of the fluid originating from the cross-stream at the
outlet section.

The vortex motion in the upper half of the annulus should also appear in the
lower half. This does not happen because: i) the smaller gap (pitch to diameter ratio)
between jets on the inner wall, reducing the spanwise curvature of the jets and ii) the
blockage effect caused by the nozzle, creating an upward motion of the flow over most of
the inner half of the annulus. This can explain the fairly uniform concentration in the
lower half (in Figure 3.37b and 3.37d) which is even more uniform in the case of
inclined jets (Figure 3.38b and 3.38d).

At the outlet section (Figures 3.37d and 3.38d), the concentration contours
show a pattern where the higher concentration fluid, originating from the jets, spreads
along the inner wall and between the jets in the mid longitudinal plane, whereas the
annulus fluid remains aligned with the holes.

The sensitivity of the results to a slight inclination of the jets, which in
practice can be caused by manufacturing imperfections, is a proof of the accuracy of
the calculations and an example of the role that computational fluid dynamics can play
in the design of combustors. The appraisal of turbulence models on this type of
geometry requires very detailed and accurate measurements of the inlet conditions
(since small alterations of the boundary conditions may produce alterations of the flow
higher than the ones caused by the modifications of the turbulence model). In the
calculation of real combustor flows, the accuracy of the calculations is valid only under
the assumption of some ideal boundary conditions and the need for more sophisticated
turbulence models may be questioned.

3.3.3 Variable Density Calculations
In an attempt for a closer simulation of the experiments, the density was evaluated, at
every point, from the equation of state of an ideal gas. The variations of density caused
by the temperature were ignored in the previous calculations. The effect of fluctuations
on mean density are still ignored.

The boundary conditions of the present calculations are included in Table
3.1, case 3. The normal velocities at every entry of the combustor were calculated
using the air density corresponding to the temperature of the respective stream in
order to maintain the same mass flow rate as the experiments. This also guarantees the
same mass flow rate as in case 1 in Table 3.1 but leads to a momentum flux ratio
between the jets and the crossflow of 18.6 compared to 42.7 in case of constant density
calculations.
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The longitudinal flow pattern is shown in Figure 3.39 and, relative to the
previous calculation with constant density (Figure 3.23), the most important features
are: the absence of the small recirculation zone upstream of the jets and the increased
downstream bending of the jets. The latter can be seen in the transverse views (Figure
3.40) where a larger vortex structure is observed between the jets near the inner
wall, Figure 3.40c compared to Figure 3.31c. The temperature contours (Figures
3.41 and 3.42) show a lower coalescence between the jets in comparison to the
corresponding figures with constant density calculations (Figure 3.37); note, for
instance, in Figure 3.42 b the predominantly vertical orientation of the contours
between the jets at the mid longitudinal plane, and the isolated region of 0.6 at the
outlet section (Figure 3.42 d). The pattern factor at the outlet section is 40.6%. In
case of constant density calculations, the inclined jets gave rise to a more uniform
distribution with a pattern factor of 36.2% as opposed to 47.1% for the case of
perpendicular impingement, note however that the experimental value was 18.4%
(Table 3.4).

3.3.3.2 Comparison with experiments. The turbulent Prandtl number
The final calculation (case 4 in Table 3.1) is the one that simulates most closely the
experiments: the variation of the density with the temperature and the inclination of
the jets have both been taken into account.

Figure 3.43 shows the streakline plots. There is hardly any difference
between these views and Figure 3.39, the variable density case without inclined jets;
the inclination of the jets was more important in the case of constant density (see
subsection 3.3.2.2) which may be a consequence of the lower momentum flux ratio of
the variable density calculations. The flow visualization, in Figure 3.44, although of
poor quality, enables us to confirm the correct penetration of the jets and the absence
of the small recirculation zone upstream of the impingement, predicted in the case of
the constant density calculations. The cross-sectional views (Figure 3.45) show the
effect of the anticlockwise swirl component introduced by the inclination of the jets:
the vortices on the right hand side are larger and the flow pattern, similar to the case
without inclined jets (Figure 3.40), is simply shifted towards the left.

The longitudinal radially averaged temperature contours are shown in a
dimensional form in Figure 3.46. The larger pitch to diameter ratio of the top jets is
evidenced by the higher temperatures near the outer wall and the absence of the
protruding shape of the contour that, for instance in the region near the inner wall,
enables us to identify the path of the jet. The central core of the flow is formed by
colder air, mainly originating from the jets. The sequence in Figure 3.47 (the
transverse contours) shows the process of formation of the two ‘pockets' of higher
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concentration (jet fluid, i.e. lower temperature) in the mid longitudinal planes,
resulting from the splitting of the top jet before the merging of the two opposed jets
has occurred (Figure 3.47c). For a comparison with the experimental values (Figure
3.48), the temperature at the outlet section is also plotted in a dimensional form
(Figure 3.49): the underprediction of the diffusion is evident and the overall
temperature distribution factor is 44.5%, whereas the experimental value is 18.4%.

Calculations were made with a lower turbulent Prandtl number (0.5), but
even that was not enough (Figure 3.49b and Table 3.4). The pattern factor was reduced
(35.8%), but is still too high by a factor of 2. The underprediction of the levels of
mixing compared to the measurements is quantified through the mixing parameters in
Table 3.4 and previously defined in subsection 3.3.1.

TABLE 3.4 _ Integral parameters of mixing

OTDF RTDF n Y Tmax
Experimental 18.4 3.2 93.2 0.06 719
Variable Density ot = 0.9 44.5 27.9 77.2 0.22 760
(Tilted) or =05 35.8 19.2 81.6 0.18 740
Constant Density 47 1 9.9 80.3 0.19 765
(Symmetry)

The overall shape of the distribution is not altered by a reduction of the
turbulent Prandtl number (compare Figures 3.49a and 3.49b) and the range of
temperatures shown by the calculations (between 560 and 740 K) is still too high
compared to the measurements (between 650 and 719 K). There are also points of
disagreement between the calculated and measured temperatures that suggest the
existence of a different flow pattern. For instance, the lowest temperature near the
outer wall shown by the measurements can only be caused by a stronger radial outward
flow than predicted, which could be caused either by a stronger penetration of the
bottom jet or an enhanced effect of the nozzle inner wall, promoting a stronger radially
outward flow. This cannot be confirmed through the total pressure contours (in
Figures 3.50 and 3.51) and detailed velocity measurements are required.

If the simple empirical formula below, from Lefebvre [1983], is used

OTDF=1-exp[-oos_L_(Eiﬂ)"']'1
" AD Uref
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(where L and AD are the length and size of the annular gap; and Ujet and Uref are the

jet velocity and the mean velocity of the cross stream) the overprediction of the
mixing parameters is even higher. In this case an OTDF of 76% is predicted. However,
this may not be surprising since the effect of the nozzle has been ignored. This
illustrates one of the main limitations of empirical correlations in the design of
combustors and shows that the present calculations, although producing results
different from the experimental values can perform better than empirical
correlations.

3.3.4 Conclusions
The following conclusions can be drawn:

1 - The lack of numerical resolution along the circumferential direction causes
an underprediction of the streamwise vorticity and could particularly
influence the flow in the wake of the jets — this is relevant for any jet in
crossflow geometry.

2 - The flow structure at the outlet section was mainly dominated by the outer
jet, due to the radial location and steeper inclination of the inner wall of the
nozzle.

3 - The effect of the inclination of the jets is almost negligible in variable
density calculations because of the lower momentum flux ratio compared to
the constant density case.

4 - The calculations evidence a lower level of diffusion relative to the
measurements, which the reduction of the turbulent Prandtl number could
not correct. The experimental temperature distribution suggests that the
experimental flow pattern at the outlet section may differ from the
calculated one.

3.4 SUMMARY
A numerical study of the non-reacting flow inside a dilution system of annular gas
turbine combustor was presented in this chapter. This study comprised of two main
parts. In the first part the relative performance of the algorithms SIMPLE, PISO and
AVPI| was evaluated. The second part assessed the capabilities of the model for the
prediction of the overall parameters of mixing at the outlet section.

The performance tests showed that the overall convergence of the
calculations was set by the convergence of the turbulence quantities. Algorithms like
PISO, because allowing higher under-relaxation factors (or time steps) could under
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such circumstances converge in less iterations but not necessarily in a reduced global
CPU time because of the increased CPU time per iteration. There seems to be no reason
to replace the SIMPLE algorithm by alternative algorithms in the calculation of gas-
turbine combustor flows.

The agreement between experimental flow visualization along the centre
plane and the streakline plots of the predicted flow, the use of accurate numerical grids
and boundary conditions taking into account the misalignment of the jets, are reasons to
believe that the mean flow pattern inside the dilution zone has been adequately
predicted by the model. However, there is a consistent underprediction of the levels of
mixing, leading to an OTDF twice as large as the experimental one (even after a
reduction of the turbulent Prandtl number from 0.9 to 0.5). Differences between the
shape of the numerical and experimental temperature contours at the outlet section
suggested that a stronger penetration of the inner jet may exist in reality and this may
have also contributed to an OTDF too high relative to the measurements. More accurate
and detailed measurements, and not restricted to the outlet section are required.
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FIGURE 3.17 - The reduction of the mass residual (DSUM) in PISO for various
under-relaxation factors oy,v,w,p from 0.1 to 0.8 changed in steps of 0.1 (k-e
fields obtained from a previous run converged to machine accuracy)
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PISO, k-¢ fields obtained from a previous run converged to machine accuracy).
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FIGURE 3.22 - Streakline plots: longitudinal views (grid 17 x11 x6) (case 1):
a) centre plane b ) mid plane.
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FIGURE 3.23 - Streakline plots: longitudinal views (grid 40 x 30 x 15) (case
1): a) centre plane b ) mid plane.
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FIGURE 3.24 - Streakline plots: longitudinal views (grid 70 x 40 x 25) (case
1): a) centre plane b ) mid plane.
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FIGURE 3.25 - Longitudinal contours of d* (grid 40 x 30 x 15) (case 1):
a) centre plane b ) mid plane.
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FIGURE 3.26 - Longitudinal contours of ®* (grid 70 x 40 x 25) (case 1):
a) centre plane b ) mid plane.
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a) axial direction

FIGURE 3.27 - Peclet number contours on centre plane (grid 70 x 40 x 25)

(case 1).
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FIGURE 3.28 - Streakline plots: longitudinal views (grid 40 x 30 x 15)-
inclined jets: a) centre plane
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FIGURE 3.28 (continued)- Streakline plots: longitudinal views (grid 40 x 30
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FIGURE 3.29 - Streakline plots: longitudinal views (grid 40 x 30 x 15)- double
symmetry: a) centre plane b ) mid plane.
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FIGURE 3.30 - Longitudinal contours of @ (grid 40 x 30 x 15)- double
symmetry: a) centre plane
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c) Z= 147.6 mm

FIGURE 3.31 - Streakline plots: cross-sectional views (grid 40 x 30 x 15)-

symmetry (case 1).
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a) Z = 100 mm

b) Z = 123.6 mm

€) Z = 147.6 mm

d)
FIGURE 3.32 - Streakline plots: cros
double symmetry.

s-sectional views (grid 40 x 30 x 15)-
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FIGURE 3.33 - Streakline plots: longitudinal views (grid 40 x 30 x 30)-
inclined jets (case 2): a) centre plane b ) mid plane.
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a) centre plane b ) mid plane.

FIGURE 3.34 - Longitudinal contours of ®* (grid 40 x 30 x 30)- inclined jets
(case 2).
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FIGURE 3.35 - Longitudinal contours of turbulence kinetic energy (grid 40 x 30
x 15) (case 1): centre plane

FIGURE 3.36 - Streakline plots: cross-sectional views (grid 40 x 30 x 30)-
inclined jets (case 2).
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FIGURE 3.39 - Streakline plots: longitudinal views (grid 40 x 30 x 15)-
variable density calculations (case 3): a) centre plane b ) mid plane.

c)Z = 147.6 mm

FIQURE 3.40 - Streakline plots: cross-sectional views (grid 40 x 30 x 15)-
variable density calculations (case 3)
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FIGURE 3.43 - Streakline plots: longitudinal views (grid 40 x 30 x 30)-
variable density calculations, inclined jets (case 4): centre plane

a) Z =100 mm

b) Z = 123.6 mm

FIGURE 3.45 - Streakline plots: cross-sectional views (grid 40 x 30 x 30)-
variable density calculations, inclined jets (case 4).
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I CENTRE LINE OF
' DILUTION PORTS

FIGURE 3.48 - Experimental temperature contours at the outlet section (from
Shaw [1981]).

a) turbulent Prandtl number equal to 0.9 b) turbulent Prandtl number equal to 0.5.

FIGURE 3.49 - Temperature contours at the outlet section (grid 40 x 30 x 30) -
variable density calculations, inclined jets (case 4).
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FIGURE 3.50 - Experimental total pressure contours at the outlet section (from
Shaw [1981]).

FIGURE 3.51 - Total pressure contours at the outlet
section (grid 40 x 30 x 30) - variable density

//’x‘f:: calculations, inclined jets (case 4), turbulent Prandtl
— !

number equal to 0.9.
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CHAPTER 4
EXPERIMENTS IN A WATER MODEL OF A
CAN-TYPE GAS TURBINE COMBUSTOR

4.1 INTRODUCTION

4.1.1 Objectives and Outline of the Chapter

The following chapter includes the main experimental contribution of the present
work. The objective was the simulation, in a water model, of the internal flow pattern
typical of a can-type gas turbine combustor and the generation of experimental data to
assist the validation and development of mathematical models for such flows. Flow
visualization and measurements of the physical variables of major importance, mean
and fluctuating velocities, have been made. The use of water flow rather than air allows
smalier model dimensions and lower velocities for similar Reynolds number, due to the
higher viscosity of water. This choice facilitates flow visualization and, when using
laser Doppler velocimetry (LDV) as in the present work, alleviates the seeding
problems, since the naturally occurring particles in water are very efficient light
scattering centres. The application of a non-intrusive technique, laser induced
fluorescence (LIF), to measure the mean and fluctuating concentration was also
initiated, but this is described in Appendix A.

This introductory section, Section 4.1, continues with a description of the
water rig and geometry used, together with the experimental techniques and the
corresponding error analysis. Before the measurements inside the model combustor
are presented, two preliminary studies are described in Section 4.2: the first
evaluates (experimentally) the swirl number of the swirler to be used in the
combustor, the second describes the efforts made to ensure that the experimental
conditions of the main experiment lead to a realistic simulation. The bulk of the results
are then included in Section 4.3. Finally, the most important conclusions of the
current chapter are summarized in Section 4.4.

4.1.2 Experimental Set Up and Geometry

The water rig, shown schematically in Figure 4.1, was operated either as a closed
circuit, for velocity measurements, or as an open circuit, for concentration
measurements and flow visualization; in the open circuit version, tank C discharged
directly into the drain. The swirler flow was driven by the constant head tank B, while
tank A fed the fue! injector, the primary holes and the dilution holes, all through
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independent circuits. The maximum flow rates were set by the levels in tanks A and B
with respect to tank C, but a higher fuel flow rate could be provided by pump 3 if
desired. Pumps 1 and 2 fed tanks B and A, respectively. The circuit constituted by tank
D and pump 4 was used for injection of dye through the fuel injector, for concentration
measurements and fluid visualization studies. The four independent entry routes into
the combustor were concentrically arranged and Figure 4.2 shows the dimensions of
the various tubes. The outermost tube was surrounded at the measuring region by a
plane walled box filled with water to minimize refraction of the laser beam.

The combustor model (Figure 4.2) was made up of three different parts: the
head, the barrel and the nozzle, all machined from single plexiglass pieces of larger
dimensions to guarantee high accuracy. The swirlers (Figure 4.3) and the fuel injector
(Figure 4.4), a cone with 10 equally spaced holes of 1.7 mm diameter, were inserted
at the centre of the hemispherical head. Two swirlers were used, both with 18 curved
vanes but of different angles (30° and 45°) which provided swirl numbers of 0.46 and
0.56, respectively (see subsection 4.2.1). The barrel contained six 10 mm primary
and six 20 mm dilution holes, 80 mm apart and staggered by half a pitch with respect
to each other, but otherwise equally spaced around the cylindrical barrel; this could be
terminated either by a circular to rectangular or by a conical nozzle.The conical nozzle
was used to enable access for an intrusive optical probe used for mean concentration
measurements (described in Appendix B). Velocity measurements upstream of the
dilution holes indicated no differences between the two nozzles, as far as the internal
flow patterns were concerned. The photographs in plate 1 provide a clearer view of the
combustor model in the rig and assembled with the non-conical nozzle.

The present model is a plexiglass replica of a metal transply model used for
combusting studies by Tse [1988] and differs from that used by Koutmos [1985] and
Heitor and Whitelaw [1986] in number and size of dilution holes and swirler size.
These changes have been made in order to simulate more closely the primary zone
configuration of modern can combustor designs, such as found in the Rolls-Royce Tay
engine. This required a reduction of the air fuel ratio (AFR) in the primary zone from
20 to 9, which results in a swirler flow of only some 7% of the total, compared to
25% in the model of Heitor and Whitelaw [1986]. The AFR of the primary zone is
usually calculated according to

+m +05m
ad p

AFR = r.nsw he
PZ A

fuel

Figure 4.5 shows values for these various inflow components, including: (i) flow
splits typical of modern can combustors, (i) the values chosen for the model



Chapter 4 122

combustor of Tse [1988], and (iii) the corresponding values chosen for the water
model. The reason behind these latter figures is given in subsection 4.2.2.

4.1.3 Measurement Techniques and Post-Processing of Data

The LDV arrangement
The LDV system, shown schematically in Figure 4.6, was operated in differential
forward scatter mode. The fundamentals of this technique have been discussed in detalil
(e.g. Drain [1980]; Durst, Melling and Whitelaw [1981]) and only the
characteristics and limitations of the present experimental arrangement are included
here.

The emitting part of the optics consisted of a 15 mW He-Ne laser (Spectra
Physics model 120S), a lens, Ly, of 150 mm focal length, a grating disc, G, and two

lenses, Ly and Lg, both with a focal length of 300 mm. The rotating grating module (the
grating disc and its motor) and lenses L, and L3 were all part of an integrated optical
unit which, by rotation of the grating module, enabled the measurements of two
perpendicular components of velocity without realignment. The lens Ly was mounted on
the laser head and focused the beam onto the grating disc. Focusing of the beam was
necessary for two reasons: firstly, to ensure, after incidence upon the grating, split
beams of circular cross-section; and, secondly, to guarantee that the waists of the two
crossing beams emerging from Lg coincide at the intersection region (Oldengarm,
Krieken and Raterink [1976]). The radial grating (model type R-H, manufactured by
Technisch Physische Dienst TNO-TH, Delft, The Netherlands) had an outer diameter of
35 mm and a total of 16384 etched line pairs in the first track. The shifting of the
light was provided through the rotation of the disc, either clockwise or anti-clockwise,
by a high speed brushless DC motor (Siemens 1AD 2001 OA); this could rotate at
velocities between 1710 and 14500 rpm with a long term stability of 0.1% or short
term stability of 0.6% rms, 0.3% rms and 0.1% rms at speeds of 1710, 3000 and
14500 rpm, respectively. According to the following equation:

Hz) = 2p Nf
f, (Hz) = 2P NE, [4.1]

(where fg is the frequency shift, p is the order of diffraction of the beams, N is the
total number of line pairs, and f, is the speed of rotation of the grating), frequency

shifts were available through the first order diffracted beams from + 0.944 MHz up to
+ 7.9 MHz. The lens L, made parallel the two first order beams and finally lens Lz

with a focal length of 300 mm, formed the measuring volume by intersecting the two
beams. A second L3 lens with a longer focal length of 500 mm reduced the angle of
intersection and allowed a complete radial traverse along the axis of the primary holes
without interfering with the edges of the holes, but resulted in a reduced sensitivity,
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an increased transfer constant, and a longer control volume; a lens of 200 mm focal
length could not be used because of the short distance between the intersecting point and
the optical unit. The spatial resolution of the system is set by the largest dimension of

the control volume (George and Lumley [1973]) and an estimate of the Kolmogorov
microscale length (1 = (v3/€)1/4, from Tennekes and Lumley [1972]) assuming

u=Up (€ =u2/2Rc) shows that its measurement is beyond the capabilities of the
present system; A, the Taylor microscale ( A/n = 151/4 RA1/2) is just within the
limitations of the system.

The receiving optics consisted of an imaging lens, L4, of 200 mm focal
length, which focused the scattered light onto the pinhole of a photomultiplier. The
diameter of the beams at the intersection region is given by

b _ 4 A f1 f3

T b0 f2
(where A is the laser wavelength in vacuum; f{, fo and f3 are the focal lengths of the
lenses L4, Lo and Lz, and bg is the diameter of the laser beam originating from the
laser at 1/e2 intensity points), from which the length of the major and minor axes of

the ellipsoidal control volume follows:

b =—2
X COS a
b —_Nb_
y sin o

where M is the refractive index of the water and a is the angle in air between the two
intersecting laser béams. The measured half angle of intersection in air was 5.82°
within £ 0.01°. The main characteristics of the LDV system are summarized in table
4.1.

The photomultiplier tube (E.M.l. 9558), was powered by a power supply
(Brandenburg model 2475R), and its electric signal was high pass filtered by a
Khron-Hite filter model 3200 and then analysed by a digital counter processing
system. The counter was a model 2 counter, custom made in the Fluids Section,
Imperial College (Heitor, Laker, Taylor and Vafidis [1984]), containing a 250 MHz
clock and able to perform measurements over 8 or 16 cycles of frequencies from
31.25 KHz up to 15 MHz at a rate of one sample every 40 us (i.e. a sampling
frequency of 25 KHz). The remote control of the counter and processing of the data
were made by an Apple lle microcomputer which, through the minimum representable
frequency in floating format of an 11-bit mantissa, set the minimum measurable
frequency and the resolution of the system; this was always less than 0.1% of the
measured frequency and varied from 30 Hz up to 4 KHz. The maximum measurable
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frequency was set by the circuitry response of the counter and was well beyond the
range of values of the present application. The statistical quantities were found from
direct ensemble averaging over a maximum block size of 8064 individual samples,
which required the total of the memory available (32 Kbytes)

TABLE 4.1 Characteristics of the Laser-Doppler anemometer

Characteristics of the beam originating from the He-Ne laser:

Nominal power 15 mW
Wavelength in vacuum 632.8 nm
Diameter of 1/e2 intensity region 0.8 mm

Characteristics of the lenses (nominal focal lengths):

Imaging lens from laser to grating (L4) 150 mm
Collimating lens after grating (L) 300 mm
Imaging lens to form measuring volume (L3) 300 mm
Imaging lens to collect scattered light (L4) 200 mm

Characteristics of the measuring volume:
Half-angle of intersection in air(measured) 5.82°

Half-angle of intersection in water(calculated) 4.37°
Minor axis of region within 1/e2 intensity, b, in water (calculated) 0.152 mm

Major axis of region within 1/e2 intensity, by in water (calculated) 1.981 mm

Number of fringes (calculated) 48
Fringe spacing, di (calculated) 3.120 um
Velocimeter transfer constant 0.321 MHz/(ms™1)
Shift frequency 0.944 MHz; 2.411 MHz

Spectral measurements were made with a Solartron/Schlumberger 1200
signal processor to which the analogue output of a frequency tracker/demodulator
(Cambridge Consultants CC08 Processor) was input. The signal processor, with a
frequency range from 0 up to 30 KHz, first digitised the signal and then produced the
time series analysis by using FFT algorithms. Most of the signal occurred within a
range of 4 Hz up to 1000 Hz, as was found through a previous sweep over the full
range of the instrument; this was operated on a broadband analysis, log scale for
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frequency, with a minimum value of 1 Hz. The sweeping time depended on the
particular value of the frequency range being scanned and the spectral analysis was
made with a fixed number of preselected averages. Spectral measurements were made
to ascertain the turbulent nature of low frequency phenomena observed around the
primary jet impingement. The inherent high frequency limitations of the LDV
technique, affecting the measurement of the full turbulence spectra (e.g. George and
Lumley {1973]; Buchave, George and Lumley [1979]) are irrelevant for the present
purpose.

The optical set up was firmly attached to a manually operated traversing
table. Figure 4.2 indicates the coordinate system used to describe the internal
combustor flow, together with its orientation with respect to the vertical. The axial (Z
direction), U, and azimuthal (6 direction), W, components were measured by moving
the beams along a horizontal diameter with orthogonal rotation of the plane of the
beams; the radial (R direction), V, component was measured with the beams oriented
as for W (i.e. in a vertical plane) but moving along a vertical diameter. The
measurements were made by moving the traversing table in steps of 2 mm or 1 mm
and, because of refraction phenomena, the radial locations do not exactly coincide for
all the normal stresses. The turbulence kinetic energy was found by linear
interpolation between nodes; taking the location of U as datum points the values of W
and V at the same datum locations were found by linear interpolation. The traversing
table was positionable within £0.1 mm. However, the reference location was found by
positioning the control volume on the wall and a displacement error of +1 mm can
occur. Measurements at different angular locations (6) were made by rotation of the
whole combustor After rotation of the combustor a slight readjustment of the table was
needed to re-establish the parallelism between the test section and the laser beam; the
0 = 15° location precluded this adjustment, forcing reliance on the accuracy of the
rotation of the flange, which was believed to be accurate within +1°,

Corrections due to refraction effects (Bicen [1982]) were also made;
corrections were needed to the location of the control volume and, in the case of the
swirl component, also to the velocimeter transfer constant. These corrections did not
exceed 1% in the case of profiles along the barrel or 2% for the combustor head. The
low magnitude of these corrections, although corresponding to the worst situation (the
locations close to the walls), is a consequence of the small thickness of the combustor
wall compared to the diameter. Also because of refraction effects some measurements of
radial velocity close to the walls were deleted on the grounds of unreliability.

Because of the low Doppler frequency characteristics of this flow,
frequency light shifting was required (regardless of the need to resolve the directional
ambiguity), due to the low frequency limitations of the counter system. The minimum
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shift frequency available was 0.944 MHz and this centred the signal in a range of
frequencies where the resolution of the counter was 0.49 KHz (0.0015 m/s) and the

accuracy was 0.025%. The use of the shift requires its careful determination because
of the low magnitude of the Doppler frequency, fp, compared with the shifting

frequency, fs. The velocity is evaluated through the formula U = cte(fp-fs), where cte
is the transfer constant, and slight variations of the shift frequency may lead to drastic
alterations of the mean velocity. This was particularly critical when measuring the
velocities in the primary annulus where a deviation of 1% of the shift frequency could
be responsible for a deviation of 30% on the velocity. A satisfactory and more accurate
procedure was found by actually measuring the shift frequency, mean and rms, rather
than using equation [4.1]. Higher shifting frequency, though increasing the relative
magnitude of fp and fg even further and deteriorating the resolution of the counter,
improves the short term stability of the grating. Two values of shift frequency were
used: 0.944 MHz and 2.41 MHz. The latter was restricted to high turbulence locations
which, unfortunately, were also locations of nearly zero velocity; nevertheless the
resolution of the counter was always only 1.9 KHz and the accuracy 0.1%. At some
stage, an attempt was made to use a frequency tracker (Cambridge Consultants CC08
Processor) but here the needs of higher dynamic response led to the use of the highest
frequency range of the instrument, 16 MHz, with an inherent accuracy of + 0.5%, 8
KHz (i.e. 0.25 m/s), and it was abandoned; similar problems have been reported by
Founti, Vafidis and Whitelaw [1985].

The error associated with velocity-gradient broadening effects is of main
concern in the measurements of rms values (Durst, Melling and Whitelaw [1981]).
Gradient broadening can lead to overestimations of up to 5% in regions of very steep
gradients, but, in most parts of the combustor, the maximum error in the rms values
is less than 2% for the size of measuring volume used in the experiments. Other
possible sources of error, e.g. velocity bias (McLaughlin and Tiedermann [1973]
Edwards [1987]) were neglected; statistical errors due to finite sample size are
considered below.

All the data were input to a CDC computer for post processing and plotting
by a purpose written FORTRAN program. The following features and the refraction
corrections mentioned above, have been incorporated into this program.

Larger sample sizes were needed to extend the total sampling time and
obtain converged statistical values, especially in regions with a high energy content at
low frequencies. This problem becomes particularly evident in the case of higher order
moments presented in subsection 4.3.4. The program allowed an increase of sample
size by merging the statistics of various data blocks (when available) corresponding to
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a single location. For example, consider two data blocks of sample size M and N,
respectively, taken at the same point.
Mean of separate blocks:

TR
X = 4 . X =
M i M N5 N

The overall statistical parameters of merged blocks are:
mean

el % Max
xMN_M+N(xMM+xNN)

variance:

-2 -2
VarMN =[(VarN+xN) N + (VarM+xM) M/ (M + N) -

LR M X N) /(M N)T

third order moment:

- -3 - =3
FSMN = [(F3M+ SXMVarM+ XM)M + (F3N+ 3XNVarN + XN)N VM + N)

X 8%V
"X T 2w @ N

fourth order moment:

-2 - -4
F4MN = [(F4M + 6xMVarM + 4xM F3M + XM) M+

-2 - -4
+ (F4, +6x Var, +4x  F3 +x)N]/(M+N)-

-4 - -2
-x - 4x FSMN - 6xMN VarwIN
Although samples of any size could then be obtained, in practice, no more
than four sets of 8064 samples (i.e. a maximum of 32256 individual samples) were
taken, restricted to the regions around the primary jet impingement.

Statistical error analysis up to the 4th order moment
A statistical error analysis of the mean and rms measurements has been carried out,
based on Yanta and Smith [1973]. It is important to note that this analysis is valid only
under the assumption of Gaussian turbulence; in the present study, the measurements
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of skewness and flatness provide a check on the validity of assumption. The absolute
statistical error is:

Mean: U=2z-Y

Instantaneous: U zZ -4

REY 4.2]

where Z. is a parameter known from the normal distribution and depends on the
confidence level. In the case of the turbulence kinetic energy, it was assumed that the
statistical error was the sum of the statistical errors of the three individual normal
stresses. These errors are represented in the graphs with an error bar for a 99%
confidence level and in all the cases but the turbulence energy the error bar is of a size
smaller than the actual size of the symbols.

The data points of the mean and rms values were joined by straight lines;
however, in the case of the higher order statistical moments, because of the scatter in
the results, curve fitting was carried out before plotting. The numerical techniques
used to perform the curve fitting and to evaluate the experimental random error
involved in these quantities are presented below, since this has apparently not
previously been used as a means of estimating the experimental error of higher order
moments.

Firstly, since the measurements were made along the whole combustor
diameter, in order to take advantage of the symmetry properties of the flow (i.e
symmetric distributions of the flatness and skewness of the U component and anti-
symmetric distribution of the skewness of the W and V components), data from the two

halves of the combustor were first converted into a single half, thereby increasing the
resolution. The curve fitting was performed in a domain [0 <r/R¢<1], whereas the

original data originated from a domain [-1 < r/R¢<1]. A polynomial curve was then
fitted to the data points. Once the coefficients of the polynomial were found, the
previously converted half could easily be recovered.

The polynomial was represented by a Chebyshev series form

f(x) = %ao To(x) +a, T1 (x) + a, T2(x) +oo+a Tk(x)

(where Tj(x) is the Chebyshev polynomial of the first kind of degree i).
With minimization of the I> norm,
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l, = \/ Y y, - f)1°
i=1

a least squares fit could be performed; y; is the experimental value, and f(x;) is the

fitted value, either skewness or flatness. The use of the | norm is consistent with the
assumption that the distribution of the random error in y; is normal; a practical
advantage of the use of the l> norm as a criterion for minimization is the speed of
calculation, this being a consequence of the linearity of the system of equations (Conte
and Boor [1980]).

Within the same profile, an absolute accuracy was attributed to each point,
depending on the size of the sample from which it was derived. If the variable to be
fitted was the mean or the variance, the absolute accuracy would be proportional to
1N and 142N respectively, according to the statistical error (equations [4.2]). In
the absence of a similar analysis for the third and fourth order moments, the absolute

error was considered to be some function of 1/YN and a weighting factor was
attributed to each point. This weighting factor, Wj , was defined as VNi/YNpax, where

Nmax is the biggest sample within the profile. The Ip norm is then redefined as:

l, = \/ > by, - 117 W,
i=1

whose value the fitting subroutine minimized.

With the fitting points already known, the average experimental error of
the whole profile could be estimated by comparison with the experimental values. Four
possible definitions were used:

> Ly, - 101/ N
i=1

i
¥ /N

i { [y, - f(x)] /7 f(x)
i=1 [4.3]
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> ly, - <) 1/N

i=1

y, - fx)
ﬁi IFy N
=1 i [4.4]

The first two, [4.3], are based on the root mean square of the distance between the
fitted and the experimental value, defined either in absolute or in relative terms; the
other two, [4.4], are alternative definitions where the average distance between the
fitted and the experimental value was used as the definition of the error. Moffat
[1988] has mentioned both of these approaches, especially the use of a mean deviation
between experimental data and curve fitting, as very simple techniques which provide
only an indication of the scatter of the results; the use of Moffat's alternative
methodology has not been considered since it was uncovered only after completion of the
present work. From the last two possible definitions, [4.4] (which lead to the highest
value) the error is about 20% and 10% with a mean absolute error of around 0.1 and
0.2 for the skewness and the flatness, respectively. The values provided by the first
two definitions seem to be unrealistically low. The error was evaluated using the
fotality of points in the profile; no experimental point was rejected on the basis of its
distance from the fitting curve. In some cases, the relative errors of the skewness
attain values greater than 100% , due to the proximity of the fitting curve to a zero
value.

4.1.4 Flow Visualization

Various techniques are available for visualization in water flows, see Clayton and
Massey [1967] or, more recently, Mueller [1983] and Merzkirch [1987]. The
generation of hydrogen bubbles, certainly the most popular, gives results very similar
to the injection of particles, with interrupted streaklines corresponding to the travel
of a single particle, or bubble, along the plane of illumination. Neither of these two
techniques was used in the present work to avoid alterations to the test section for the
introduction of the electrodes and scratching of the plexiglass surfaces by the impact of
the particles. Further their efficiency in highly turbulent flows is questionable,
although good results, even quantitative ones, have been obtained under low velocity
conditions (Ellis and Stefan [1986] and Schraub, Kline, Henry, Runstadler and Littell
[1965]). In combustor flows the difficulties in obtaining good quality photographs has
often led to the presentation of schematic views of the flow pattern based on
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observation (e.g., Clarke, Gerrard and Holliday [1963], Coupland and Priddin
[1987]).

For mixing studies, the injection of dyes is most appropriate since different
colours, or different intensities of the same colour, are associated with different
degrees of mixing and the path of the marked stream. Two types of dye can be found
(conventional and fluorescent) and both were used in the present work. Conventional
dyes were used initially to identify the mean trajectory of the primary and dilution
jets and set the experimental conditions (see Section 4.2.2), whereas for a more
detailed study of the mixing process, fluorescent dyes were selected instead. The
principal disadvantage of conventional dyes (i.e. writing ink and other water soluble
materials™) in recirculating flows is the loss of transparency caused by the
accumulation of dye. Unless the injection of dye is made periodically or in regions of
the flow where it is not recirculated, continuous observation of the flow is difficult.
Fluorescent dyes do not suffer from this problem, since the absorption of light is much
reduced. The flow never loses its transparency and because the dye only fluoresces
when and where illuminated by the appropriate light wavelength, a much higher image
definition, or spatial resolution, can be achieved compared to conventional dyes.
Further advantages are that water containing fluorescent dye scatters light with an
intensity proportional to the concentration of dye (see Appendix A), and at a different
wavelength to the incident light and light scattered from regions of pure water and
reflecting surfaces, i.e. frequency shift is present. If the concentration is high enough,
the intensity of fluorescent light overshadows any other contribution, an intensity
shift. Hence, the definition of the image can be further improved by eliminating the
non-fluorescent contributions either by using an optical filter tuned with the
fluorescent emission (frequency filtering) or by under-exposure of the photographic
film (intensity filtering). The latter was preferred because frequency filtering also
reduces the total amount of light and consequently the maximum shutter speed and
frame rate possible. The physical processes behind the phenomena described above are
described in Appendix A, in the context of the development of a non-intrusive technique
for concentration measurements.

Photographic and visualization techniques
For conventional dye studies, a solution of nigrosine (BDH Chemicals Limited, Ref. C.1.
50420) diluted in water was injected through the fuel injector or through a small
tube located at the centre of the primary and dilution holes. A 35 mm photographic

* Visualization by some dye-producing reaction or pH indicators (Merzkirch [1987]) may also
be classified as a conventional dye, since they affect the entire flowfield and are not
restricted to the region of illumination.
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reflex camera, Minolta XM, with a zoom lens (Vivitar Series 1, 70 - 210 mm) was
used; the camera was capable of shutter speeds up to 1/2000 sec. The illumination of
the test section was made by spot lamps directed towards the regions of interest and
orientated to reduce reflections upon the camera lens. Various colour reversal films
and shutter speeds were tested. High shutter speeds of 1/1000 sec were made possible
by using the maximum lens aperture (f = 2.8) and forced processing (at a rate of
1600 ASA) of a Kodak Ektachrome P800/1600 colour reversal film 5020. Two things
resulted: the photographs were downgraded by the appearance of grain and, because the
shutter speed was too high, the trajectory of the primary jets was not consistent,
precluding the identification of a mean trajectory. Lower shutter speeds (1/60,
1/125) were preferred, together with more powerful light sources which allowed the
use of films of lower sensitivity (Kodak Kodachrome 64 and Kodak Ektachrome 160
(tungsten)) and a smaller lens aperture (f = 8), resulting in pictures of higher
quality. The photos in plate 1, accompanying the discussion in subsection 4.2.2, are
black and white reproductions of slides obtained from the last two films.

For fluorescent dye studies, a solution of rhodamine B diluted in water to a
concentration of 1.3 mg/l was injected through the fuel injector. The use of rhodamine
B was a consequence of its use for concentration measurements (see Appendix A): for
visualization purposes other fluorescent dyes may work as well. The illumination of
the test section was provided by an argon-ion laser (Spectra Physics model 164, tuned
at 514 mm and with a maximum power of 1.2W). A sheet of light was created by a
cylindrical lens and the plane of light was either perpendicular to the axis of the
combustor, for visualization of the cross-sectional planes, or parallel, for
visualization of the longitudinal plane. In principle, any light source emitting within
the absorption spectrum of the dye can be used but the laser offers some advantages due
to the easy manipulation and creation of a very thin sheet of light.

Still and high speed photography were made. It is obvious that full advantage
cannot be made of the films here, but some frames of the high speed film, in plate 5,
are included; these were obtained by direct printing of some frames on photographic
paper by the "Cibachrome" process. The photographic equipment was the same as
above; two different films were used — Kodak Ektachrome 400 (daylight) colour
reversal film, and a Kodak TMY black and white negative film. The cine camera was a
Photec IV, model 164, 16 mm high speed motion camera (manufactured by Photonic
Systems, Inc., USA); this is a rotating prism camera capable of speeds up to 20 000
frames per second in the configuration used where the standard 16 mm frame was split
in two. A Mamiya-Sekor C lens (80 mm) with a maximum aperture of 2.8 was used
throughout this work. Only one type of film was used — 7250 Eastman Ektachrome
Video news film high speed (tungsten). The ability to film at high speeds depends, in
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the first instance, on the amount of light available, the film sensitivity and the lens
aperture. Without forced processing, 400 ASA, a maximum speed of 400 fps was
possible when filming the cross-sectional views; the longitudinal views required
forced processing at 1600 ASA , even at speeds of 200 fps, and this resulted in a slight
deterioration of the image due to increased grain and blurring. It is worth noting that
the ability to obtain good results at such relatively low frame rates of 200 and 400 fps
is a consequence of the low velocities typical of water flows; higher velocities, as for
instance in air flows would have required higher frame rates and, consequently, higher
levels of illumination which could not be achieved under the present arrangement. This
advantage and those already mentioned in the introductory subsection 4.1.1 reinforce
the points made in Chapter 1 on the usefulness of water flow experiments in combustor
studies.

A video film was also made but did not add new elements to the discussion,
the quality of the image was poor compared to the still or high speed photography, and
the ability to follow the fluctuations of the flow was diminished due to the low frame
rate of 50 frames per second — 8 and 4 times lower than the high speed camera. The
image recorded on the film is averaged during the time the shutter is open and this also
sets a limit on the time resolution and spatial resolution, because a particle moving
during that time will produce a blurred image which precludes the exact determination
of its location. Spatial resolution (or definition of the image in photographic terms) is
also set by the grain of the film which increases with the sensitivity and forced
processing of the film, reducing spatial resolution. For video systems, the spatial
resolution is set by the resolution of the screen. However, more sensitive films and
forced processing allow higher shutter speeds, enabling higher frequency resolution
(but only if there is enough light to impress the film). For a movie camera with a fully
open shutter, the exposure duration is the inverse of the frame rate and, for a given
amount of light, this set a limit on the highest frame rate possible. Arnold [1984]
defends the use of the Hz as terminology as opposed to the “cumbersome frames per
second" and this is certainly preferable, given the analogy between frame rate and
sampling frequency; a movie film is like a digital system of data (image) acquisition
with a sampling frequency of the frame rate. According to the Nyquist criterion
(Bendat and Piersol [1986]) no phenomenon with a frequency higher than half the
frequency of the film will be properly resolved.

4.1.5 Experimental Conditions

The experimental conditions under which the rig was used are summarized in Table
4.2. Case 1, the standard case, simulates the swirler/primary and dilution/cross flow
ratios as in Tse's [1988] combusting experiment. A preliminary experiment to
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confirm that these conditions provide a correct simulation of the flow pattern observed
in the combusting experiment is presented in subsection 4.2.2. Case 2 differs from
case 1 only in the type of swirler. Case 3 is similar to case 2 apart from the injection
of "fuel". Water was injected through the fuel injector such that the ratio between the
momentum flux of the swirler and the fuel injector flow was similar in both water and
analogous combusting experiment. This condition, expressed in terms of mass flow
rate, m, reads (because the swirler and the fuel injector are geometrically similar in
both rigs):

- water - air
fuel = fuel pair
. water - air p
m m fuel
sw sw [4.5]

Propane was the fuel used in the combusting experiment (Tse [1988])
(Ppropane, T=310K = 1.678 kg m-3) and the ratio between the mass flow rates of the
fuel injector and swirler under combusting and isothermal conditions should be
proportional to the square root of the density ratio between air and propane (0.88).
The swirler flow rate in the combusting experiment was 6.9 x 10-3 kg s*1, and the
maximum possible fuel flow rate in the water rig, 8.33 x 102 kg s-1, corresponds to
an air to fuel ratio, AFRpz, of 83. Lower AFRpz can be simulated only if the swirler
flow rate is reduced and that is not possible without changing the ratio between the
swirler and the primary flow. Case 4 examines the dilution flow and cases 5, 6 and 7
allow the effect of the swirler to be quantified. None of these cases will be covered as
extensively as the standard case (e.g. no measurements of radial velocity have been
made); the measurements were such as to allow the influence of the selected
parameters to be assessed.

According to Bicen and Jones [1986], no significant Reynolds number
dependence of the flow is expected at the values of Reynolds number (based on the
combustor diameter and bulk velocity) of the present experiment. The swirler and fuel
flow rates were monitored by rotameter and are accurate within + 2%. The swirler
rotameter was calibrated by integration of the velocity profiles inside the swirler
entry tube. The fuel rotameter accuracy is that stated by the manufacturer, KDG
Flowmeters. The primary and dilution flows, on the other hand, were found by
integration of measured velocity profiles in the annular region of the corresponding
supply tubes at some distance upstream of the combustor. No better than 10% accuracy
could be achieved due to the uncertainty associated with the exact dimensions of the
plexiglass tubes. The consequences of a 10% variation of the prirﬁary flow are
examined further in Chapter 5.
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TABLE 4.2 _ Operating conditions of water rig

Miyel Mpr My

N. [0 |Mmsw Miuel Mpr Mgy Mot | Upuk  Repuik — "
Msw_ Msw Meross

i ]459 0.543 - 1.04 1.60 3.19 | 0.741 4.896x10% 0 i.92 1.01
[17] - [33] [50]

2130 0.543 - 1.04 1.60 3.19| 0.741 4.896x104 0 1.92 1.01
[17] - [33] [50]

3 130°1 0.543 0.083 1.04 1.60 3.27 | 0.760 5.023x104 0.153 1.92 0.96
(17] (2] [32] [49]
with fuel injection (AFRpz=83)

4 |45°| 0.543 - 1.04 - 1.59 | 0.369 2.438x10% 0 1.92 0
[34] - [66] -

without dilution flow

5| - - - 1.04 1.60 2.64 | 0.615 4.062x10%4 0 ) 1.53
- - [40] [60]

without swirler flow

6 |30°] 0.797 - 1.04 1.60 3.44 | 0.800 5.286x10% 0 1.31 0.87
[23] - [30] [47]

higher swirler flow

7 |30°]| 0.543 - - . 0.543 | 0.126 5.286x10%4 0 0 0
[100] . . -

swirler flow only

[m] = Kg/s; [Upuik] = m/s
mass flow rate as percentage of the total within brackets

Mcross = Mgw + Miyel + Mpy
0 — swirler vane angle
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4.2 TWO PRELIMINARY STUDIES

The two studies in this section preceded the main experiment described in Section 4.3.
The first was necessary to evaluate the precise swirl number of the swirlers to be used
in the combustor model. The second was the result of a need to check that a proper
simulation of the flow pattern existing in the geometrically similar but burning
combustor experiment of Tse [1988] had been achieved.

4.2.1 Swirl Number Evaluation - Assessment of the Axisymmetry of
the Swirler Flow

The swirl number, S, is defined (cf. Beer and Chigier [1972], Gupta, Lilley and Syred
[1984]) as the ratio between the axial flux of angular momentum and the axial flux of
axial momentum divided by a characteristic radial dimension, R (the outer radius of
the swirler was selected in the present study). This is the parameter most commonly
used for characterisation of swirl flows and neglecting the turbulent stresses and
pressure terms it may be written as:

o0

2
quw rdr
S =
2
RIpU rdr
0 [4.6]
Alternatively, a more simplified version is possible, assuming constant

radial profiles of U and W, where the swirl number becomes a function of geometrical
parameters only:

d
int ext [4.7]

where 6 is the vane angle, and djqt and dgxt the internal and external diameters of the
swirler. Good results from the equation above are expected for low levels of swirl and
moderate curvature of the vanes; a situation where the shape of the velocity profiles is
almost constant over the radius and the efficiency of the vanes is close to 100%. In the
present work, in order to find a more accurate value, velocity measurements were
made allowing an experimental evaluation of the swirl number. Additional objectives of
this preliminary study included i) the evaluation of the discharge coefficient and ii)
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the assessment of the symmetry of the flow and the range of Reynolds number
independence. The measurement of the discharge coefficient was made due to needs
imposed only by the combusting experiment which used the same swirlers and will not
be shown here; they have been previously reported (Bicen and Palma [1986]). The
work of Tober [1988] showed significant angular variations of the velocity profiles at
swirler exit and cast serious doubts on the ability of guide vane swirlers to generate
axisymmetric flows, therefore this had to be confirmed for the present swirlers.

The rig described in detail in subsection 4.1.2 was used in a simplified
version. Only the swirler feed system was used and the test section comprised a
straight pipe extension of the swirler feed tube. The outer tube and the top of the
trough surrounding it were removed, enabling the tube containing the swirler to be
rotated, without the need to dismantle the test section; measurements could therefore
be made at different angular locations relative to the swirler vanes.

The optical characteristics of the LDV set-up were given in Table 4.1. A
different data acquisition system was used here: it consisted of a band pass filter and a
counter, FS1 model, interfaced to an Apple microcomputer. A sample size of about
1000 individual samples was used throughout the experimental programme and
statistical errors of about 2% in the mean and 4% in the turbulence intensity
measurements were expected. The magnitudes of these errors are considered to be
small and do not influence the conclusions reached on the basis of results presented in
the following section. Refraction corrections were performed and the maximum
correction was 3%. The bulk velocity and the internal diameter of the tube were used
as the characteristic scales.

Results

Figure 4.7 shows the mean axial velocity one diameter downstream of the swirler. The
maximum velocity is located at 2/3 of the radius with a relative difference of 8%
between peaks on each side of the centreline. On the centreline, a slight negative
velocity occurs. Further downstream (Figure 4.8), the symmetry of the flow has
improved: two different orientations 120° apart relative to the vanes are shown, and
the maximum difference between peaks, even involving profiles at two different
orientations, gives rise to a deviation of only 5%. Measurements of the swirl
component under similar conditions (Figure 4.9) show closely anti-symmetric
behaviour and acceptable angular repeatability. Integration of the velocity profiles in
previous figures, according to equation [4.6] led to a swirl number of 0.47, in very
close agreement with the value of 0.46 predicted by equation [4.7]. The Reynolds
number independence is confirmed by velocity measurements (Figure 4.10) for two
Reynolds numbers, 16.7 x 103 and 25.5 x 103.



Chapter 4 138

A similar test was performed for the 45° swirler. The measurements of
mean axial and azimuthal velocities, two diameters downstream of the swirler, showed,
as in the case of the 30° swirler, that where departures from symmetry occur, they
were larger in the axial component (10% difference between peaks) than in the swirl
component (0.2%). A swirl number of 0.56 was found from the integration of the
velocity profiles, as opposed to 0.79, according to equation [4.7]. Different
experimental and theoretical values were expected for a swirler with larger vane
curvature, but a more complete assessment of why this can happen is possible from
measurements in close proximity to the swirler. Because of the distribution of the
vanes (not diametrically opposite), a complete traverse very close to the swirler
would not necessarily be symmetric. Attention was restricted to half of the diameter
and the middle of the vane passage. Figure 4.11 presents the axial and swirl component
3 mm downstream of the swirler and shows the existence of a constant W and a linear
variation of axial velocity, except for a region very close to the wall and in the wake of
the swirler hub. Equation [4.7] was derived on the basis of constant axial and
azimuthal velocities. Also, the swirl number at this location was similar, within the
experimental uncertainty, to the one corresponding to the further downstream
stations, proving that the neglect of the turbulent stress and pressure terms in
equation [4.6] was acceptable and that no swirl number increase occurred due to the
expansion of the flow leaving the swirler.

To conclude, the velocity measurements in a straight pipe of the flow
generated by the swirlers enabled the evaluation of the swirl number, 0.46 and 0.56,
for the 30 and 45 degrees swirler, respectively. The symmetry of the flow was
considered to be acceptable with maximum deviations of 10% on the maximum axial
velocity.

4.2.2 Matching reacting and non-reacting conditions

This subsection discusses the experimental conditions resulting from the flow split
shown in Figure 4.12. An extended version of this work has been reported by Bicen,
McGuirk and Palma [1987].

In the first flow split considered (flow split 1) the flow through the
swirler was initially fixed at around 7% (Figure 4.12a) of the total flow to
correspond to that in Tse's [1988] combusting experiment (Figure 4.5b). The flow
through the primary and dilution holes, fed from a common constant-head tank, divided
according to the hole area ratio of 1:4. With this flow split, the swirler flow was exact
and the primary/swirler flow ratio approximately comparable to that in the hot flow
model, the dilution flow was necessarily high (around 75%) since no consideration
was given to the wall cooling (transply) flow in the hot model, but its ratio to the
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primary flow was the same as in the combusting experiment. The total mass flow rate
resulted in a Reynolds numbers of 7.4 x 104 based on the combustor barrel diameter
and total flow rate.

Velocity measurements were obtained by LDV as above, but the
characteristics of the measuring volume were different and are given in Table 4.3,
below.

TABLE 4.3 - Principal characteristics of the Laser-Doppler
anemometer

Characteristics of the measuring volume:
Half-angle of intersection in air(measured) 6.10°

Half-angle of intersection in water(calculated) 4.58°
Minor axis of region within 1/e2 intensity, b, in water (calculated) 0.152 mm

Major axis of region within 1/e2 intensity, by in water (calculated) 1.981 mm

Number of fringes (calculated) 48
Fringe spacing, d; (calculated) 3.167 um
Velocimeter transfer constant 0.335 MHz/(ms-1)
Shift frequency 0.944 MHz; 2.411 MHz

No corrections to the velocity measurements due to refraction effects were
made, but according to the analysis of Bicen [1982] the associated error is not likely
to be more than 1% inside the barrel and 2% near the head of the combustor, as
mentioned in Section 4.1.3. The statistical error in the mean velocity was of the order
of 2% for the minimum sample size of 1000 used during the measurements and in the
region where turbulence intensity was around 30%; the corresponding error for the
rms value was about 4%.

Results
Measurements of mean axial and azimuthal velocities, U and W are shown at the mid-
horizontal plane AA' of Figure 4.2; this plane passes through primary hole axes but is
mid-way between the dilution holes. The results are provided in dimensional form and
plotted as radial profiles and axial variations along the combustor centreline. In
addition to the LDV measurement, flow visualization pictures are also included in order
to illustrate the flow pattern prevailing inside the combustor.
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Figure 4.13 shows the mean axial and azimuthal velocities 8 mm
downstream of the swirler. This was the closest location to the swirler that could be
measured. The central region of negative axial velocity corresponds to an azimuthal
velocity close to zero. Most of the rotating fluid is transported near to the walls and
rotates in an anticlockwise fashion, viewed from the swirler towards the exit nozzle. In
what follows, the swirl velocity is displayed as positive (upward velocity) on the right
hand side (looking downstream) and negative (downward velocity) on the left hand side
of the centreline. A slight asymmetry about the centreline may be observed in the peak
positive axial velocities, but this trend is much stronger in the swirl velocity
component with maximum positive and negative velocities of 0.4 and -0.1 m/s,
respectively. 42 mm further downstream, along the axis of the primary holes (Figure
4.14), the negative axial velocity has increased and the unbalanced trend of the swirl
component still persists, although now much reduced. This trend, apart from casting
serious doubts on the performance of the swirler/primary jet combination (which
should produce symmetric U and anti-symmetric W profiles in this plane), makes this
flow pattern unsuitable for computer code validation purposes: a calculation domain
consisting of the complete combustor cross-section would be necessary, which would
clearly stretch the capabilities of current computers.

The deviation from the cyclical repeatability of these measurements,
particularly of the swirl component, suggests a poor swirler performance. The
measurements in subsection 4.2.1 had, however, shown reasonable velocity profiles
for the swirler operated in isolation. A test was therefore performed with the swirler
flow switched off and the corresponding results are shown in Figures 4.15 and 4.16.
Figure 4.15a shows that switching off the swirler flow leads to a slight weakening of
the backflow near the head (central recirculation is now produced solely by the
impinging primary jets), but, most surprisingly, Figure 4.15b indicates strong
positive W velocities on both sides of the centreline. Superimposing an anti-
symmetric swirl velocity on this profile would clearly lead to the profile observed in
Figure 4.13b. Note that the W component should be identically zerg on this plane for no
input swirl momentum. Measurements of the W velocity further downstream at Z = 50
mm (Figure 4.16) confirmed the poor behaviour of the combustor under this flow
split condition, since again a finite W component was measured without the swirler
flow. This time, however, negative W velocities were obtained, suggesting an
overpenetration of the primary jets in the upper half of the combustor.

The cause of the above problems was revealed when measurements were
made further downstream at Z = 130 mm, corresponding to the position of the dilution
hole plane. These show (Figure 4.17) that the large fraction of the total flow entering
through these holes enables the dilution jets to impinge on each other and create a
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strong backflow directed from the dilution zone towards the primary zone, as shown in
Figure 4.17a. The close proximity of the nozzle downstream of these jets creates a
strong upward velocity component which, after superimposing the swirl component,
leads to a clearly non-anti-symmetric distribution (Figure 4.17b). These features
are communicated upstream into the primaiy zone by the strong backflow; the extent
of this is quantified in Figure 4.18 which shows the axial variation of the U velocity
along the centreline. This then destroys the cyclical behaviour over the whole
combustor, breaking down the cyclical nature of the primary flow pattern. Tests with
the dilution jets blocked off confirmed these findings and resulted, as expected, in
negligibly small W velocities in the primary zone under no swirler flow conditions.

The above measurements demonstrated that, for this combustor geometry at
least, the basis of modelling used in flow split 1 was unsuitable. It was known from
temperature measurements made in the same combustor geometry under burning
conditions (Tse [1988]) that good cyclical repeatability was obtained, especially in
the primary zone. It was clearly necessary to simulate the dilution jet penetration
more accurately to prevent the strong jet impingement. This could only be achieved by
a reduction of the dilution flow independently to the primary flow. This therefore
required separate feed systems for the primary and dilution holes. Alterations to the
initially available water rig (as in Koutmos [1985]) resulted in the final
experimental set-up described in subsection 4.1.2. In the new flow split (case 1 in
Table 4.2) the relative intensities between the jets and the cross flows is the same as
in the hot model.

immediate confirmation that these new conditions did not suffer from the
backflow problems associated with the dilution jets was obtained using dye flow
visualization, as shown in plate 1. The dilution jets bend noticeably downstream
towards the nozzle with a radial penetration much reduced compared to that of the
primary jets. The observed trajectories of both primary and dilution jets were found
to be in close agreement with those inferred from the combusting flow temperature
measurements of Tse [1988]. The measurements obtained under these conditions (flow
case 1 in Table 4.2) were accepted as providing an adequate simulation and are fully
described in the following section.

4.3 FLOW INSIDE A MODEL CAN-TYPE GAS TURBINE COMBUSTOR
The results below are now plotted in non-dimensional form; Uy is the bulk velocity

inside the combustor for standard conditions (case 1) and R is the internal radius of
the combustor. In the case of different experimental conditions (for instance, when
blocking the swirler flow), the actual bulk velocity will be different, but to facilitate
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comparisons between different conditions, it was not changed and a constant non-
dimensional velocity of 0.741 m/s was used. Measurements were taken along a
diameter of the combustor and are presented in that form to allow a check on the
expected cyclical repeatability of the flow. The system of coordinates being used is
included in Figure 4.2. Negative values of radial velocity, V, correspond to flow moving
radially towards the centreline. The swirler flow rotates anti-clockwise, if viewed
from the swirler towards the nozzle, and the same sign convention is adopted as in the
previous subsection.

The skewness and flatness values generated by the fitted polynomials as
described in subsection 4.1.3 were joined by spline curves and no attempt was made to
avoid the fluctuations shown by the curves near the ends of the domain used for curve
fitting (/Rg = -1, 0 and +1). These fluctuations are known to be a characteristic of
polynomial fitting and to become worse with the order of the polynomial. Here they are
also due to two additional effects. Firstly, the reduction of the population size near the
walls, reflecting an incomplete convergence of the higher order moments, and secondly
a consequence of assuming anti-symmetric radial distributions for the skewness of the
mean tangential component (Z = 50 mm, 6 = 15°), an assumption that is not valid in
the case of non-swirl flow. The four possible definitions of error in [4.3] and [4.4],
together with the order of the polynomial, are shown on the top of every graph of the
skewness and the flatness; the left hand values correspond to the skewness and the right
hand ones to the flatness. The error values according to the first two definitions, in
[4.3], are the left and right top ones, respectively. The degree of the polynomial was
approximately YN, where N is the number of points of the profile; the final value
resulted from the observation of the fitting curves for various values of N. In some
cases an attempt was made to fit the flatness by a polynomial of one order above the
polynomial used to fit the skewness data, which is consistent with turbulence models of
gradient transport.

The results are presented in three subsections. Firstly, in subsection
4.3.1, the flow outside the combustor and in planes tangential to the surface of the
holes is addressed. Subsection 4.3.2 deals with the flow pattern corresponding to the
standard case; the flow is described starting from the swirler and moving towards the
nozzle. The parametric study in subsection 4.3.3 shows how the flow is altered by
changing the magnitude of parameters such as the Swirl number and the flow rates
through the swirler, the primary or the dilution holes. Subsection 4.3.4 includes a
study on the stability of the flow in particular in the region around the primary jets
impingement; the discussion centres on the PDF distributions of velocity and higher
order moments of the statistics. The effect of the simulated injection of fuel is
quantified in subsection 4.3.5. The results end with the flow visualization study, in
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4.3.6; photos and frames from the high speed film are used to illustrate the mixing
process inside the combustor.

4.3.1 Flow in the External Annulus

In this section, the flow outside the combustor is addressed. Measurements in the
annular gaps feeding the combustor are needed to evaluate the primary and dilution
flow rates. Further, measurements in the plane of the primary and dilution holes
should provide information to guide the boundary conditions for use in numerical
calculations in chapter 5; a "guide" only is possible, because the flow in the entry
planes of the combustor is strongly dependent on location and a detailed mapping of
these planes is not possible, due to the interference of the laser beams with the hole
edges. Only measurements with a refractive index-matching technique (Edwards and
Dybbs [1984]) would circumvent this problem.

Figure 4.19 shows the measurements 65 mm upstream of the swirler in
the annular gap feeding the primary holes. The primary flow rate was evaluated
through the numerical integration of this profile; a primary flow rate of 1.044 kg/s
was found which corresponds to a bulk velocity in the annulus of 0.117 m/s and a
velocity through the primary holes of 2.215 m/s (i.e. a Reynolds number of 2 x 104
based on the diameter of the primary hole). Measurements with various swirler flow
rates in the combustor led to differences in this profile well within the experimental
uncertainty. Figure 4.20 shows measurements further downstream, between the outer
tube of the primary annulus and the combustor barrel, 10 mm upstream of the
primary holes axis and in a plane rotated by 30°. Measurements of the azimuthal
velocity in these two locations, not presented here, showed zero mean values and
turbulence intensities similar to the axial one.

Figure 4.21 shows the radial velocity (or the jet "axial" velocity in the
coordinates of the hole) 3 mm above the outer surface of the combustor along a
primary hole diameter; a steeper profile on the downstream edge of the hole is
evidenced implying a slight inclination of the jet flow. This was the closest possible
location to the inner surface of the combustor, i.e. the surface of the boundary
conditions; the evaluation of the primary flow rate using these measurements is less
accurate than using the measurements in the annulus because of the uncertainty of the
area over which the numerical integration should be done and the asymmetry of the
profile with respect to the axis of the hole. Measurements of the axial and azimuthal
components were possible on the inner surface of the combustor and are presented in
Figure 4.22. The axial velocity shows the confluence of the flow towards the centre of

the hole; this is not however symmetric with respect to the axis of the hole. The edges
of the jet, /Ry < 0.2 and /Ry > 0.7, show to what extent the cross flow disturbs the
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jet profile in this region (there is a decay of the axial velocity and the swirl component
increases to the values of the cross flow). The axial and azimuthal turbulence
intensities are very similar and are, on average, twice the value of the radial
component in Figure 4.21.

The dilution flow rate of 1.6 kg/s was found from an integration of
measurements in the dilution annulus, 90 mm upstream of the axis of the dilution
holes (Figure 4.23); the corresponding jet velocity is 0.849 m/s (i.e. a Reynolds
number based on the hole diameter of 1.5 x 104).

At the plane of the dilution holes the radial velocity could be measured,
because of the larger size of the holes, along the outer surface of the combustor (Figure
4.24) and shows slightly higher values on the downstream end of the hole due to the
effect of the cross flow. The ratio between the dilution and the cross flow rate is 1,
rather than 1.9 as the primary to cross flow ratio, and the effects of the cross flow are
stronger in the dilution hole, as can be seen from the U and W measurements along the
inner surface of the combustor (Figure 4.24b): the axial velocity is always positive
(the jet is bent towards the nozzle) and reaches a maximum at r/Rp = 0.25, whereas
the swirl component shows a monotonic distribution always decreasing downstream as
the entry angle of the jet increases and the influence of the cross flow is reduced. The
need for a different jet to cross flow ratio is a consequence of the different roles the
primary and dilution jets play in the combustor: the role of the dilution jets is to
decrease the bulk temperature and ensure an appropriate shape for the temperature
profile at the inlet of the turbine. Consequently there is no need for such strong
impingement as to cause upstream recirculation. This different distortion of the
velocity profiles observed at the primary and dilution holes as a function of the jet to
cross flow ratio is well known and has been referred to in subsection 1.4.2 in the
context of previous work related to dilution zone studies.

4.3.2 Standard Case (45° Swirler)

Some features of the flow pattern inside the combustor have already been revealed. A
brief overall picture is given at this point to provide a framework for presentation of
the detailed measurements in this section. Schematic views of the flow based on
observations (but not photographically documented for reasons discussed in subsection
4.1.4) are first described.

Figure 4.25 shows views in longitudinal planes containing the axis of the
primary (a) and dilution holes (b). The primary and the dilution jets have different
trajectories as shown in plate 1. The primary jets penetrate almost radially into the
combustor and give rise to a toroidal central recirculation zone, zone A, in the head of
the combustor. The main features of this region are set by the strength of the jets
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relative to the cross flow. The swirler flow rate has been used to characterize the cross
flow in the present work. Zone A is a prerequisite for stable combustion and, depending
on the ratio between the two, the primary region is said to be driven either by the
primary jets or by the swirler flow (Lefebvre [1983]). There are gas turbine
combustor geometries without sv;/irlers; however, all seem to have jets discharging
through the combustor walls, probably because of the critical stability characteristics
of swirling flows, either under isothermal conditions (e.g. Escudier and Zehnder
[1982]) or under combusting conditions (e.g. Syred and Beer [1974]). A so-called
precessing vortex core (PVC) in the case of gas-turbine combustor geometries can
give rise to an undesirable central core of unmixed fluid throughout the combustor
(Koutmos [1985]). Other regions with negative axial velocity are: zone B, near the
combustor head, and zone C, in the wake of the primary jets. The former is a
consequence of the sudden expansion of the flow leaving the swirler. Its size depends on
the precise head geometry, but also the characteristics of both the swirler flow
(higher swirl number may reduce it, e.g. So and Ahmed [1986]) and the primary flow
(in the limit of no swirler flow this region does not exist and the central toroidal
recirculation zone completely fills the combustor head, see latter). Region C is typical
of flows involving jets in crossflow as in Chapter 3. Neither region B nor region C are
requirements of design and region C is usually referred to as undesirable since it may
provide an extra region for flame anchorage but now with damaging consequences on the
combustor wall (Bhangu, Snape and Eardley [1983]).

The crosls-sectional view in Figure 4.26a, shows the flow in the primary
jet cross-sectional plane for a situation of low swirl momentum. There are two
counter-rotating vortices between each pair of jets, i.e. a total of 12 vortices in the
present case. Through the effect of the swirling flow these rotate and may eventually
disappear, since one of these vortices rotates in a direction opposite to the rotation of
the swirler flow. The dilution jets, Figure 4.26b on the basis of Plate 1 and
measurements in the previous subsection are expected to bend according to the
direction of the swirler flow  ( clockwise when viewed from downstream).

Recalling the introduction in Chapter 1, the flow modules mentioned as
constituents of the combustor flow may now be identified. The variety of flow patterns
that may be set up as the relative strength of these modules varies is the reason for the
extreme complexity of the present flow. Flow visualization later in this section and
calculations of the present flow in Chapter 5 will add some new points to the
description above, but this is sufficient to provide a visual aid for understanding the
following velocity measurements.

At Z = 8 mm (Figure 4.27) the influence of the swirler flow is evident
from the positive values of the axial component of velocity for /Rg > 0.3 and the two
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peaks on the swirl component with values of 1.1; both axial and swirl turbulence

intensity are fairly constant over the radius. The profiles further downstream, Z = 40
mm, 10 mm before the primary holes, are given for two circumferential planes, 6=0°

(Figure 4.28) and 0=30° (Figure 4.29). A non-symmetric shape is observed in the
mean radial component (Figure 4.28c), for which no explanation can be found; the
negative radial velocity (flow moving towards the centreline) is due to the entrainment
of the jet flow and sense of rotation of the central toroidal vortex. The region of
negative axial velocity extends up to r/Rg = +0.7 (Figures 4.28a and 4.29a).
Measurements along the centreline (Figure 4.30) show that this negative velocity
prevails up to the impingement point of the primary jets with a maximum in the
transition region between the head and the barrel of the combustor. At Z = 40 mm, the
inner core of the flow is moving towards the swirler rotating in a solid body fashion up
to mid radius (Figures 4.28b and 4.29b); the normal stresses show a feature typical
of the region surrounding the primary jet impingement, i.e. the centreline values of
the radial and azimuthal component are twice the axial component.

The high anisotropy of the flow is most evident at Z = 50 mm (Figures 4.31
to 4.33), where the absolute magnitude of the normal stresses is higher.
Measurements of the radial velocity along the axis of the primary holes (Figure
4.31c) show a value of four times the bulk velocity with a linear deceleration between
r/fRg = 0.5 and the centreline; the skewness is similar in shape to the previous
location (10 mm upstream) in Figure 4.28¢, but the flatness shows an inflexion point
at mid radius, related to the deceleration of the jet, and increases up to a value of about
6 as the radial location increases and the distance to the primary holes decreases. No
measurements of radial velocity were made for different flow conditions, but it is
expected that the location of the inflexion point above is strongly dependent on the

relative strength of the jet and cross flow.
In the case of the axial and swirl components at 8 = 0° and the swirl

component only at 6 = 15° (still at Z=50 mm) a complete traverse was not possible
due to interference of the laser beams with the edges of the holes. Little swirl motion
has been imparted to the jets (Figure 4.31b) and a negative axial velocity on the

centreline (Figure 4.31a) shows the upstream deflection of part of the jets. By
comparing the profiles at 8 = 0°, 15° and 30° (Figures 4.31a, 4.32a and 4.33a,

respectively), one can see that only the region between the jets for r/Rg > 0.7 shows
positive axial velocity; further, this is the only region where the rotation of the flow
agrees with the rotation imparted by the swirler, showing that the swirler flow is
mainly transported near the walls due to the blockage caused by the primary jet
impingement. The swirl component in the inner region, r/Rg < 0.7, is dominated by

the flow resulting from impingement and is strongly dependent on the angular location;
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at 0 = 15° (Figure 4.32b), the failure of the assumption of anti-symmetric profiles

of skewness to calculate the fitting curves is evidenced by the wiggles near the
centreline. The central region of low flatness values of the azimuthal component is
wider in the planes not oriented with the axis of the holes; in some locations in these
planes between the jets, bimodal PDF distributions of the swirl velocity were found
(see Figure 4.33b) and the conditions leading to their formation are discussed in
subsection 4.3.4.

Compared to the measurements along the axis of the primary holes, there is
a dramatic decrease of the radial component at Z = 60 mm (Figure 4.34c) just one hole
diameter further downstream; a maximum value of 0.3 was measured. Also, the
turbulence levels of all components and the angular variations of the azimuthal
component (Figures 4.34b 4.35b and 4.36b) are much reduced. The axial component
reaches its maximum positive value on the centreline in this axial location (see also
Figure 4.30) and becomes negative in the wake of the jets (Figure 4.34a), although
not in the immediate vicinity of the wall; this is the region labelled as zone C in the
introductory notes above.

Further downstream at Z = 70 mm, as the flow readjusts from the
centreline towards the low pressure region behind the jets, the radial velocity becomes
positive (Figure 4.37c) and the axial velocity increases near the wall (Figures 4.37a,
4.38a and 4.39a). The swirl component is nearly zero up to r/Rg = 0.4 at all three
angular locations, and as the identity of each jet is lost, the turbulence approaches
isotropy and all the flow seems to rotate via the effect of the enveloping swirler flow.
All these characteristics are preserved until Z = 85 mm (see Figure 4.40).

Primary and dilution jets have different mass flow ratios compared with
their respective cross flows (1.9 and 1, respectively) and this fact shows clearly in
the velocity profiles. For instance, the centreline value of the axial component at the
plane of the dilution jets (Figure 4.30) shows an acceleration of the flow due to the
partial blockage caused by the dilution jets; no jet on jet impingement occurs, as was
shown by the flow visualization in plate 1. Compare the measurements along the
centreline under the present flow conditions, in Figure 4.30, with the measurements
in Figure 4.19 under the initial flow conditions; Figure 4.30 provides quantitative
evidence of the much improved dilution jet behaviour compared to the flow split
initially attempted in section 4.2.2. The absence of any backflow region near the
centreline is the expected feature of a well-behaved dilution jet system. Note that the
dilution holes are not aligned with the primary holes and that the location 6 = 30°

corresponds to the axis of the dilution holes. The comparison between the two planes
containing the dilution hole axis and midway between the hole axis, 6 = 30° and 6 = 0°,

in Figures 4.41 and 4.42, shows that the cross flow accelerates near the wall as it goes
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around the jets and that the swirl component is similar in both planes. The higher
order moments show Gaussian characteristics for /Rg < 0.4 with the exception of the
skewness of the axial velocity which is positive in this region whereas it was zero in
all the previous figures; this was observed under all the experimental conditions being
measured (even in the absence of the dilution flow) and is believed to be caused by the
longitudinal acceleration of the flow caused by the nozzle proximity. Virtually zero
radial velocities were measured over the entire combustor diameter (Figure 4.42c) in
the plane midway between the dilution jets.

4.3.3 Parametric Study

In the previous section, the results of the standard case with the 45° swirler were
presented and the main features of the combustor flow introduced. Here, a study of the
influence of some flow parameters is made by varying their relative strength:

»  First, the effect of the swirl number is investigated (angular momentum
changes, i.e. the study of the same flow with lower levels of rotation being
imparted to it). These results correspond to case 2; the flow splits are the
same as case 1 but the 30° swirler is used instead.

» Next, the effect of the primary to swirler flow ratio is altered by:
(i) reducing the swirler flow to zero (lhpr/ Mgw = °°, case 5), i.e. the flow
inside the combustor is set up only by the primary and the dilution jets; or
(ii) increasing the swirler flow to the maximum possible in the present
rig (mpe/ Mgy = 1.31, case 6) corresponding to a 30% decrease in
primary to swirler flow ratio compared to case 2; or
(iii) blocking both the primary and dilution holes (mp/ msw=0, case 7,

i.e. the flow inside the combustor is set by the swirler flow only

+ Finally, the effect of the dilution to cross flow ratio is examined by
blocking the dilution holes (case 4).

At Z = 40 mm, comparing Figures 4.28 and 4.43, little difference can be
seen between the measurements with the 45° and the 30° swirler; this is proof that
under the present flow split, the flow in the primary region is dominated by the
primary jets. However, measurements in the absence of swirler flow, case 5, in
Figure 4.44 show that the swirler flow has certainly contributed to an increased
negative axial velocity between r/Rg = 0.2 and r/Rg = 0.5, which makes the profile

shape wider and increases the backward flow rate; this is one of the advantages of the



Chapter 4 149

swirler flow. It is interesting to note that the turbulence levels are practically
unchanged when swirl is introduced.

In the case of no swirler flow the mean azimuthal component should be zero
in the longitudinal planes aligned with the axis of the holes (6 = 0°) and midway

between the axis of the holes (0 = 30°) for symmetry reasons. Figure 4.44b violates
this condition in a region close to the centreline and this is believed to be related to a
small misalignment of the jet impingement, as Figure 4.45b further downstream
seems to show. This misalignment is attenuated for the 30° swirler (Figure 4.43b)
and is certainly not visible in the case of the 45° swirler (Figure 4.28b). Similarly,
with the 30° swirler, it does not show either for higher levels of swirler flow,
(Figure 4.46b), or in the case of swirler flow only (Figure 4.47).

The sketches in Figure 4.26 of the cross sectional views of the mean flow
pattern with six jets impinging on the centreline and two equal sized vortices between
jets were idealized sketches. The location of the impingement point exactly on the
centreline is difficult to achieve experimentally. Work made in the context of so-called
side-dump ramjet combustors (e.g. Edelman and Harsha [1978], Nosseir and Behar
[1986], Nosseir, Peled and Hildebrand [1987]) has shown that the jets tend to
oscillate due to jet on jet impingement and this can give rise to an asymmetric mean
flow pattern; the case of a stalled diffuser is another classical example of an
asymmetric mean flow pattern generated by a symmetric geometry with apparently
symmetric flow conditions. Sivasegaram and Whitelaw [1986] in a flow visualization
study concluded that opposed jets in geometries without cross flow become more
sensitive to small geometric or flow asymmetries. The above measurements indicate
therefore another important role of the swirler flow under the present flow
conditions, i.e. to help re-establish the symmetry of the mean flow pattern and reduce
the sensitivity of the internal flow to small jet misalignement.

If we restrict our attention to the axial location Z = 50 mm, the plane
containing the primary holes axis, Figures 4.45, 4.48, 4.46 and 4.47 show the
influence of the swirler flow in an angular location midway between the jets, starting
from no swirler flow (case 5), Figures 4.45, to the situation with swirler flow only
(case 7) Figures 4.47. It becomes obvious that the high and unequal values of the
normal stresses are due to the primary jet impingement; both axial and azimuthal
turbulence intensities are higher if there is no swirler flow. Figure 4.47 (swirler
flow only) shows similar and constant values of axial and azimuthal turbulence
intensities across the combustor, whereas in Figure 4.45 (no swirler fiow) the
azimuthal turbulence intensity is 10 times higher than in the case of swirler flow only
and is about two times higher than the axial turbulence intensity; these differences are
reduced as the primary to swirler flow ratio decreases. A detailed discussion on the
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influence of swirler flow on the shapes of velocity PDF and higher order moments is
the subject of the following section. The profiles of axial velocity in these four figures
all show a positive region for /Rg > 0.7 but the negative centreline value in Figure
4.47a (swirler flow only) is known from measurements not included here to prevail
throughout the combustor, whereas, in any of the other cases, the region of negative
velocity is terminated by the primary jet impingement. The higher negative axial
velocity on the centreline for the case with the highest swirler flow rate (Figure
4.46a) is due to the increased bending of the jets towards the nozzle and consequently
an increase of the length of the toroidal vortex in the head of the combustor rather than
any bending of the jets towards the swirler caused by the swirl motion. This was
confirmed by flow visualization. As the primary flow rate decreases relative to the
swirler flow, the jets, rather than impinging on each other, will tend to bend more and
more towards the nozzle and follow a helical motion imparted by the swirling cross
flow. As the ratio of the primary to swirler flow increases, the radial distribution of
normal stresses and flatness becomes steeper near the centreline and, in the case of no
swirler flow (Figure 4.46), no line can be fitted through the points with a high
flatness value at mid radius unless the order of the polynomial is increased and wiggles
appear. This steeper gradient can also be observed along the axis of the primary holes
(Figure 4.49), but located closer to the centreline at r/Rg = +0.3. The negative axial
velocity all across the combustor in the case of no swirler flow (Figure 4.49a) shows
that the jets bend towards the combustor head but, nevertheless, with a lower
integrated mass flow rate at this station compared to any of the cases with swirler
flow.

Comparing measurements along the primary hole axis for the 45° and 30°
swirlers (Figures 4.31 and 4.50, respectively), one can see that the only differences
occur around the centreline where higher negative axial velocity and solid body
rotation can be observed in the case of the 45° swirler.

Figure 4.51 (without swirler flow), 10 mm downstream of the primary
jets and at an angular location rotated by 15° relative to the axis of the primary holes,
should confirm the existence of the two counter-rotating vortices between the jets, but
this was precluded by the low mean azimuthal velocity. The misalignment of the
impingement mentioned above may also have changed the relative size of these vortices,
in which case the 15° plane does not correspond to the centre of the vortices. However,
the measurements with the 30° swirler (Figure 4.52b) do show the existence of the
two counter rotating vortices between the jets very clearly; note the two peaks in the
azimuthal velocity on each side of the centreline with a rotation gpposite to the rotation
of the swirling flow (the latter is restricted to the near wall regions), and in the same
axial location of Figure 4.51, but at 0°, i.e. aligned with the primary hole axis. The
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same trend exists at Z = 70 mm (Figure 4.53b) and Z = 85 mm (Figure 4.54b),
although the strength of both mean swirl component and turbulence intensities reduce
as the axial coordinate increases.

Figures at the same locations as above for the case of the 45° swirler (for
instance Figures 4.34b and 4.37b) showed an identical pattern, but with the magnitude
of the secondary flows around the centreline much reduced. These are created by the
primary jet impingenﬁent and the higher levels of angular momentum imparted to the
jets for a swirler with a higher Swirl number simply reduces the strength of the
impingement. Previous work in gas turbine combustor geometries (e.g. Clarke,
Gerrard and Holliday [1963], Lefebvre [1983]) or the studies related to the current
work, e.g. Heitor and Whitelaw [1986] or Koutmos [1985], showed the intermediate
region of the combustor more like a mass of fluid rotating in a vortex fashion upon
which radial opposing jets penetrate and are compelled to follow a helical path.
However the velocity measurements above show that this is not the case under the
present conditions. The present flow should rather be viewed as a set of 12 similar
sectors each of 30 degrees with a slightly rotating cross flow unable to impart much
rotation to the jets and escaping in the gaps between them.

The swirl motion in the centre of the combustor is virtually zero at Z =
110 mm and the skewness of the axial velocity shows positive values on the centreline
(Figure 4.56); a feature that can also be seen at Z = 130 mm, between the dilution
holes, in Figure 4.57 and was already noticed in the case of the 45° swirler.

A more complete picture of the mean flow pattern can now be given on the
basis of the results in the two previous subsections:

. the dilution jets do not penetrate as much as the primary jets and, due
to blockage, only cause an acceleration of the cross flow in between the jets
and along the centre of the combustor;

» the primary jet fluid dominates the centre of the combustor and most
of the swirler flow is transported near the walls;

- for high primary to swirler flow ratios (mp/mgy = 1.92), two
counter-rotating vortices are set up in between the jets, a motion that
gradually disappears with distance from primary jet impingement;

- for lower primary to swirler flow ratios (M, /Mg, = 1.31), a solid

body rotation is shown in the centre of the combustor;
«  for purely swirling flows with no jets a backward axial flow was set
up throughout the combustor length;
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4.3.4 PDFs and Higher Order Moments

PDFs of the axial and azimuthal components have been included in the figures presented
so far, but only at selected locations, mainly around the primary jet impingement. The
maximum block size of 8064 samples was used in all these distributions, where the
horizontal axis, ranging from 0 to 5 MHz, represents the Doppler frequencies found
and the vertical axis the probability associated with each frequency. The vertical line
across each figure corresponds to the shift frequency, or zero mean velocity.

Figure 4.33b shows the PDFs of the azimuthal component of velocity in the
mid longitudinal plane between the primary jets for the case of the 45° swirler (case
1). A bimodal shape is observed on both sides of the centreline. Other locations,
although also possessing low flatness values, do not show this double peak structure so
clearly. Further downstream in the combustor along the axis of the dilution holes, the
PDF is far different (Figure 4.41b) and much more Gaussian shaped.

Distributions of probability with bimodal shape are associated with the
coexistence of two phenomena of distinct frequencies, e.g. a low frequency phenomenon
with superimposed high frequency turbulence. If this occurs inside combustors, there
is cause for concern about the low frequency, intermittent, behaviour since it may
affect the performance of the combustor, being a source of noise, flame instability and
eventually also structural vibration. Further analysis of the data was undertaken in
order to try to understand the reasons for the observed PDF shape.

A comparison between Figures 4.33b and 4.45b shows that the
discrimination between the two modes of the PDF was enhanced on removal of the swirl
flow. Moving from the centreline in Figure 4.45b (no swirler flow) towards the wall,
there is a weakening of one of the peaks, accompanied by a smoothing and ‘squeezing' of
the distribution, leading to lower rms, turbulence levels and flatness values in excess
of 3 for r/Rg > 0.5.

Figure 4.49b shows the results along the axis of the primary holes and,
here, the distribution becomes flatter in a much narrower region near the centreline;
this can also be seen on the radial profiles of Fyy. Other locations, 10 mm upstream of
the jets in Figure 4.44b or 10 mm downstream of the jets at an angular location
rotated by 15° with respect to the axis of the combustor in Figure 4.51b, show no
bimodal distributions. It is therefore clear that the bimodal distributions of the
azimuthal component of velocity are restricted to the mid longitudinal plane between
the primary jets, although flatness values of 2.2 and high W, values persist in a
region around the primary jet impingement.

It is very likely that these distributions are related to the two contra-
rotating vortices formed between the jets. Each peak is associated with a different jet
(or vortex) and the reduced discrimination between the peaks and their eventual
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merging as the distance from the jet axis increases is nothing but an indication of the
rate of the mixing between the two jet streams. An increase of the swirler flow rate or
the swirl number will reduce the penetration of the primary jets by simultaneously
imparting rotation to the jets and forcing their downstream bending. This will reduce
the strength of the vortices generated by the jet impingement and for low swirler flow
rates will merely rotate the plane of the PDF bimodal shape; higher levels of swirl
should give rise to different flow patterns. This influence of the swirler flow is not
surprising since the observed instability is mainly an azimuthal instability which the
swirler removes by imparting a preferred rotation to the cross flow.

To illustrate in more detail the influence of the primary to swirler flow
ratio, attention shall be restricted to the diameter midway between the primary holes.
Figure 4.48b shows a complete sequence of PDFs for the case of the 30° swirler (case
2). The general pattern is analogous to what had been found in the two previous
conditions, the 45° swirler and no swirler flow; here, the two peaks are not as distinct
as in the case of no swirler flow (Figure 4.45b) but are certainly more distinct than
in the case of the 45° swirler (Figure 4.33b). Closer to the centreline, the
distribution is nearly symmetric, as in the case of no swirler flow, but at locations
corresponding to maxima points in the radial distribution of mean swirl velocity the
shapes of the distribution are like mirror images of each other; anti-symmetrical
images are a consequence of the swirler flow. This can prevail over a larger region if
the swirler flow is increased to 0.797 kg/s (case 6). A complete traverse including
the PDF of the axial component was made in this case and one can see (Figure 4.46b) a
nearly symmetric distribution, becoming progressively more skewed towards the
negative side, anticipating the change of sign of the mean velocity to occur at r/R¢g =
0.65; a process consolidated closer to centreline with the distribution returning to
symmetry but still with a flatness value below Gaussian. The width of the PDFs of the
azimuthal component still increases towards the centreline, but to the lowest rms level
of all the cases. The anti-symmetric shape of the distribution, mentioned above as
typical of swirling flow, is evident and can also be observed in the radial profiles of the
skewness. A flatness value below Gaussian can still be measured on the centreline but
the radial distance over which this low value can spread is much restricted compared
to any of the other experimental conditions with a lower swirler flow rate.

Once the location and probable cause of the bimodal behaviour had been
confirmed, the question can be posed as to whether the low frequency contribution
arises at a discrete frequency of the spectrum. Spectral measurements on the
centreline at the primary jet impingement (Z = 50 mm) for the case of no swirler
flow did not show any dominant frequency but a broad range of frequencies between 10
and 150 Hz with a maximum at about 60 Hz (Figure 4.58). The broad range nature of



Chapter 4 154

the spectrum becomes more clear if the spectrum is taken over a longer sampling time
(Figure 4.59) and removes any doubts about the turbulent nature of the phenomenon.
For a swirler flow of 0.797 kg/s (case 6, lhp,/ mew = 1.31), the energy content of
this range of frequencies is reduced (Figure 4.60), but a discrete frequency now
appears at 10 Hz. This feature is not associated with the contra-rotating vortices as
described above, since these weaken as the swirler flow rate increases, it is most
likely associated with the precessing vortex core of the swirler flow, as observed by
Koutmos [1985].

Implications for the jet impingement process
The arguments above are consistent with the present measurements in the sense that if
the swirler flow increases, since this is mainly transported near the walls and
between the jets, the between jet vortices will be weakened and the jéts will be more
stable. However, if the instability is associated with the interface between the
vortices, why does it show only in the region around the centreline ? If one assumes
that the jets penetrate into the combustor with negligible expansion, i.e. as a uniform
inviscid column of fluid, it can be seen by simple geometrical relationships that the
jets all meet at 10 mm from the centreline. This cylindrical region, concentric with
the combustor axis, is precisely the region where bimodal distributions were detected
and it is thus most likely that the bi-stable behaviour is a side-effect of the
interactions between the jets themselves.

Because there is no region of constant velocity (in the coordinates of the
jet), it is difficult to define a "developing region" for the present jets. Nevertheless,
given that the turbulent structure of the jet edge shear layers in the "developing
region” is characterized by large eddies, it is not surprising that, in the present case,
the merger of the two jet flows is accompanied by very wide distributions of
probability. Another conceptual model, equally appealing, is to think of the jet as a
cylindrical bar under compression, showing transversal deformations. In this case the
low frequencies would not only be caused by the merger of the shear layers of the jet
but by vibration of the jet column. Both of these aspects, shear layer and jet column
instability, are known in the literature (Becker and Massaro [1968] refer to the first
reported studies in 1858 by Leconte). The shear layer type of instability shows as
ripples on the surface of the jet and scales with the boundary layer thickness at the jet
nozzle. The jet column instability is evidenced at low Reynolds number as sinusoidal
oscillations of the jet, but for jet Reynolds numbers above 104 as in the range of the
present work, it assumes the shape of axisymmetric vortex rings. The latter, although
with a broad range frequency spectrum, peaks around a preferential frequency.
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Crow and Champagne [1971], by externally exciting a round free jet,
showed that every perturbation is linearly amplified until a saturation level is
reached. This saturation reaches its maximum for a jet perturbation with a
dimensionless frequency, Strouhal number (St = (f Djgt)/Ujet) of 0.30 and occurs
3.7 diameters downstream with a wavelength of 2.38 jet diameters. In the present
case, the 60 Hz of the frequency spectrum in Figure 4.58 if non-dimensionalised with
the jet diameter, corresponds to a Strouhal number of 0.27, the distance between the
hole and the centreline being the distance for maximum amplification found by Crow
and Champagne, and the distance between the hole and the point where the bimodal
starts being the wavelength of the most unstable mode of a free jet. The improved
discrimination between the peaks of the bimodal PDF on the edges of the jet rather than
on the centreline also agrees with the free jet characteristics because, as Crow and
Champagne showed, the energy content of the amplified perturbations is higher in the
jet shear layer.

Given the difference between the current geometry and the single jet
experiment of Crow and Champagne, the agreement between the results is excellent and
suggests that the stability characteristics of a free jet are not significantly altered by
the impingement. The bimodal PDF on the centreline shows that the ‘bi-stable' nature
of a single jet is altered neither by impingement nor by the interaction between the six
jets; there is no destructive interference and the whole system is organised around the
most unstable mode of a free jet. This point has already been made by Crow and
Champagne to justify the relevance of their experiment to unexcited jets (“.. the
structure of the big eddies can be expected to pull in around the mode at St = 0.30,
which attains the highest possible amplitude under non-linear saturation...”). It has
been further reinforced by Ho and Nosseir [1982]; they found that, if a plate is
positioned in the potential core (x/Djet < 7.5) of a high speed jet (Mach number >
0.7), the reflection of the pressure wave by the normally opposing plate provides the
jet with its own source of excitation (positive feedback phenomenon). The resonance
frequency is found to be such that an integer number of waves is contained in the
distance between the jet and the plate, but again with a Strouhal number around 0.3.
This model is also consistent with the present measurements because the increasing
swirler flow, besides imparting rotation to the jets, also forces their bending and
reduces the axial momentum. Irrespective of the physical model, the measurements
clearly showed the existence of turbulent structures with a scale which invalidates
assumptions inherent to gradient transport models.

It has been shown that by increasing the swirler flow strength with respect
to the primary jets (rhp,/ mew = 1.92), the jet impingement is made weaker and the

flow acquires a more stable behaviour; however, if this process is "overdone”, too high
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swirler flow rates (mp./ Mgy = 1.31) also give rise to an instability, this time a
single frequency attributed to a precessing vortex core. Geometrical alterations which
may also lead to improved stability of the flow, now through the reduction of the
momentum flux of the jet, include an increase in the number or size of the primary
holes. Any procedure to improve the stability of the flow will lead to a lower level of
turbulence intensity. This, in turn, will improve the mixing process and consequently
the combustion efficiency of the combustor. Usually higher turbulence intensity is
associated with higher mixing, but this may not be so in the present case where the
high values of measured fluctuations are rather associated with the existence of large
eddies whose scales are much bigger than would be desirable for an intimate mixing of
fuel and air. For improved mixing, what is really needed is the break-up of these large
eddies in the shortest time and space available. This argument may seem conceptually
wrong because if the diffusivity due to turbulence is proportional to the rms amplitude
of the velocity fluctuations times the characteristic length scale of the eddies
(Tennekes and Lumley [1972]), the situation of no swirler flow is the most
favourable. However, in the present case, the existence of high rms values and large
length scales, especially on the centreline, is due to the convective transport of parcels
of fluid (large eddies of a maximum size of the order of the primary jet diameter or
combustor radius) which are not mixed with the cross flow. These eddies, in the case of
increased swirler flow, no longer appear because their stretching and destruction has
occurred due to the shear forces caused by the increased angular momentum and
consequent acceleration of the process of decay. The description above will become
clearer through the visualization study in subsection 4.3.6.

4.3.5 The Transport of Fuel

The fuel injector (Figure 4.5) is similar to the fuel injector used in the combusting
experiment of Tse [1988]. The following measurements, made to quantify the effects of
the fuel injection, correspond to case 3.

Figure 4.61 shows the measurements at Z = 8 mm with and without fuel
injection. The present measurements were made as close to the fuel injector as
possible. These measurements are likely to depend on the orientation relative to the
injector holes and to the swirler vane passages, but no attempt was made to quantify
this. In the case of fuel injection, there is an increase of the mean axial velocities, the
maximum positive values are higher, the profile becomes steeper and the zero axial
velocities occur nearer the centreline. This longitudinal acceleration of the flow, can
also be observed in the mean swirl profile and especially in the turbulence intensities
whose peaks are more evident and occur closer to the centreline; the axial acceleration
of the flow is expected to contribute to a larger recirculation region attached to the
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wall of the combustor just downstream of the swirler (zone B in Figure 4.25) and the
two data points at r/Rc = -0.7 and -0.6 seem to confirm this. This region also exists
in case of the 459 swirler but is already ended at the first measurement station.

The centreline measurements in Figure 4.62 show how small the
differences are between the situation with and without fuel injection. At Z = 8 mm, the
fuel injection increases the centreline negative axial velocity (as in Figure 4.61), but
further downstream the opposite occurs; this seems to be similar to the effect seen in
subsection 4.3.3, where it was shown that higher swirler flow rates reduce the
centreline velocity. However, all these differences of an order of 3% may be too close
to the experimental error to be considered as significant. Nevertheless, there does
seem to be evidence that the fuel flow is rapidly entrained by the swirler flow and
contributes (in regions corresponding to the swirler flow) to a global increase of the
mean velocities, mainly the axial velocity, without noticeably altering the flow pattern
in the case of no fuel injection. Differences between situations with and without fuel
injection are noticed only near the fuel injector, and measurements even closer to the
injector are not possible due to the head curvature. This is another region of the
combustor where the use of refractive index matching techniques would be useful.

4.3.6 Flow Visualization and Mixing

The photographs to be presented include photos with various flow conditions and
camera shutter speeds. The photographs at the longer exposure times (less than 1/125
sec) agree well with the image one would normally expect, given the present geometry
and flow conditions. These photographs are usually of low quality with low definition
(high image blurring) and a uniform light pattern over most of the combustor, giving
the impression of a nearly uniform mixture. This effect is caused by too long an
exposure, enabling the movement of the subject and the overshadowing of regions of
lower light intensity by neighbouring regions of higher light intensity. Shorter
exposure times revealed finer structures of the flow and produced some striking
images. The cross-sectional views were illuminated by a sheet of laser light
perpendicular to the combustor axis and the angle of observation of the camera was at
30° to the combustor axis, producing an ellipsoid shape with the major axis oriented
along the vertical and emphasizing the trajectory of the two top and two bottom jets.
The two opposing horizontal jets appear shorter because of the viewing angle. The view
of the dilution holes is partially blocked by the metallic flange ending the primary
annulus. The longitudinal views were obtained with a sheet of laser originating from
below the test section and with the camera orthogonal to the plane of light. The photos
are mounted such that different shutter speeds are shown along columns, whereas
different flow conditions are shown along rows.
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in the black and white photographs, plate 2, the white regions correspond to
fluorescing dye (orange) and the black regions to pure water (green). The longitudinal
views are shown in two sets, comprising the primary and the dilution holes. The
vertical lines across the photographs were caused by blocking of the light by
impurities accumulated on the bottom surface of the outer annulus and small air
bubbles attached to the walls (these bubbles can be seen in the case of the dilution
holes). Some attenuation of light also occurs from bottom to top and this effect,
together with the blockage caused by air bubbles and impurities, is of exireme
importance for quantitative applications of laser-induced fluorescence (see Appendix
A).

Let us turn attention to the four photos of the primary zone first (the set of
four photos on the top of plate 2). The top two exposures in the right column
correspond to case 6 (i.e. with the highest swirler flow rate). In this case the
penetration of the fuel jets has increased, due to the entrainment by the fluid
originating from the swirler. The swirler flow itself is evidenced by the dark (green)
region near the wall (region B in Figure 4.25). Other regions of similar low levels of
concentration are the wake of the fuel injector and the entry of the primary jets. It the
swirler flow is off (column on the left), the preferential transport of ‘fuel' near the
walls and the lower levels of mixing are clearer. Readdressing the coupling between
turbulent stresses and mixing, it has been noted in subsection 4.3.4 that, although the
turbulent stresses in the impingement region of the primary jets increase as the
swirler flow rate decreases, overall rates of mixing decrease. This reduced mixing can
be seen through: i) the central core of the flow, mainly formed by low concentration
fluid emerging from the primary holes and ii) the bigger turbulent structures shown
in the photos at higher shutter speeds; the photo at the higher shutter speed even shows
the impact of the lateral jets on the centre plane as two craters.

The dilution jets, in the second set of photos, are staggered by half a pitch
with respect to the primary jets and the vertical plane photographed here is midway
between the dilution jets. Comparing swirler flow (right) with no swirler flow (left),
in case of swirler flow the central core is much more uniform and the dilution jets
show up as a region of pure water further downstream of the injection with a reduced
radial penetration. If there is no swirler flow, they appear at inner radial locations
after the expansion and merging of the neighbouring jets has occurred, and with
different angles with respect to the crossflow. The photo at the top left shows a front of
dyed fluid moving along the centre. This occurs due to the blockage caused by the
dilution jets, forcing the dye moving along the wall to be driven towards the centre of
the can and mixing with the fluid originating from the primary jets.
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The colour plates are all cross section views. Plate 3 shows in the first row
a plane close to the swirler and tangential to the tip of the fuel injector whereas the
rest of the photos are in the plane containing the axis of the primary holes. Plate 4 is a
view containing the dilution holes axis. Plate 5 are selected frames from the high speed
film. The combustor is vertically oriented in these views and the direction of the flow
is from the top to the bottom. Three columns are included this time; the first column
corresponds to no swirler flow, the central column corresponds to case 1 and the
column on the right corresponds to case 6, with the highest swirler flow rate.

In plate 3 moving along the first row the effect of the swirler flow in a
transverse plane tangential to the tip of the fuel injector is shown. As the swirler flow
rate increases (from left to right) the flow through the vanes draws a petal like
pattern corresponding to alternate regions of lower and higher concentrate fluid.

In the plane of the primary jets the penetration is reduced as the swirler
flow rate increases and this is accompanied by a more uniform colour pattern
associated with more uniform mixing.

The views of the dilution jets are in plate 4. Only the under-exposed photos
could resolve the finer structure of the flow. The photo in the bottom in case of no
swirler flow (with the higher shutter speeds) is able to resolve a structure observed
before in single jets issuing into stagnant surroundings, but this structure is most
evident in frames obtained from the high speed film. These views, in plate 5, should be
read from the top to bottom in order to follow the right sequence of events.
Concentrating first on the views of the dilution jets on the right, and in the dilution jet
shown on the right of the images, one can see that the jet progressively increases its
penetration into the combustor and develops a mushroom shape at its front. The same
shape is observed in the photo on the bottom left corner of plate 4. This reduction of the
jet diameter is terminated later by the breakdown of the jet front end which develops
into an isolated vortex ring later distorted and convected by the cross stream fluid. The
jet is again at its lowest penetration into the combustor and this is the end of the cycle.
Most surprisingly, the jet in the left hand side of the frames follows the same cycle but
out of phase with the jet in the right; this was most evident from the projection of the
films and showed that when one of the jets is moving radially inwards (and initiating
the cycle) the neighbouring jet is on its return stage towards the wall. This cycle
seems to occur at a constant frequency, judging from the projection of the films but no
spectral analysis has been made in this region and this remains an unresolved question.
However a rough estimate from these 30 frames shot at a frame rate of 200 Hz yields a
frequency of the cycle at about 7 Hz.

There is nothing new about the structure observed at the front of the jet and
the development of the two lateral vortices in the jet shear layer, creating the
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appearance of a mushroom shape. Good pictures of the same phenomenon can be seen for
instance in figure 1.8 of Hinze [1975] or in Chapter 5 of Van Dyke [1982] in case of
single jets discharging into stagnant surroundings. The surprising and new thing here
is the interaction and the apparent out of phase between the behaviour of two
neighbouring jets. Spectral analysis in the plane of the dilution jets should be made in
the future. The frames corresponding to the primary holes do not suggest the existence
of a phenomenon similar to that observed in the dilution hole plane. A random pattern
seems to prevail in agreement with the spectral analysis performed in subsection
4.3.4.

4.4 CONCLUSIONS

An experimental study of the flow inside a water model of a gas turbine combustor was
presented in this chépter. The model was a geometrical replica of a combusting model
intended to simulate can type combustors which are currently commercially available.
It was found that for a good similarity between isothermal and combusting flow
patterns the matching should be made in terms of the ratios between primary and
swirler flow and between dilution and cross flow.

The flow inside the combustor was dominated by the primary jet
impingement. The six primary opposed jets penetrate almost radially into the
combustor, impinge on each other at the centreline and split giving rise to a toroidal
recirculation zone in the head of the combustor.

The main characteristics of the region of impingement were:

A strong anisotropy of turbulence with an azimuthal component
with a flatness value of around 2.2 and a normal stress twice as large as
the axial normal stresses.

The anisotropy was characterized by the existence of large scales
of turbulence (low frequency) revealed by flow visualization and bimodal
PDFs in the plane between the jets.

Spectral analysis confirmed the turbulent nature of this low
frequency which occurred in a broad range of frequencies between 10 Hz
and 150 Hz with a maximum at 60 Hz. These are values in the range of
frequencies found in single jets experiments and the origin of the
phenomenon was attributed to the merger of the shear layers of
neighbouring jets.

Improved levels of stability and mixing can be achieved if the
swirler flow rate is increased but only to a level where it does not give
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rise to a precessing vortex core in the centre of the combustor, otherwise
a second type of dominant frequency begins to appear.

Because of the strong backflow created by the primary jet impingement the
swirler flow was transported near the walls and between the primary jets throughout
the combustor until the plane of the dilution jets. The swirler flow creates a small
recirculation region near the combustor head.

The fuel flow, for the same reason as above did not disturb the flow pattern,
was entrained by the swirler flow and followed a similar path.

The dilution jets penetrate less than the primary jets and did not impinge on
each other.

Because staggered relative to the primary jets, the dilution jets blocked the
upstream flow near the wall and force it to mix with the central core, mainly formed
by the flow resulting from the primary jet impingement.

The penetration of neighbouring dilution jets occurred alternately and high
speed film suggested a cyclic behaviour with a frequency of about 7 Hz.

Enormous differences were found between flows with and without the
primary jets (swirler flow only) and this casts doubts on the usefulness of idealized
geometries incorporating only swirler and/or coaxial jets to model the primary region
of gas turbine combustors. Complete models such as that used in the current
experiment are believed to be an absolute necessity.
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MEAN VELOCITY (U/Up, V/Up, W/Up)
TURBULENCE INTENSITY (Vu2/Up, VWw2/Up,YW2/Up )
TURBULENCE KINETIC ENERGY (vk /Up)
FLATNESS (Fy, Fy, Fw)

>3~ 4O

SKEWNESS (S, Sy, Sw)

values on the left refer to the order
of the polynomial used for fitting of
the skewness values and evaluation
of the experimental uncertainty
according to equations [4.3] and
[4.4]

values on the right are similar to
those on the left but refer to the
flatness

LEFT

ORDER OF THE POLYNOMIAL

EXPERIMENTAL UNCERTAINTY ACCORDING TO [4.3]
the average root mean square of the distance between
the fitted (f(x;)) and experimental value (y;) defined
either in absolute terms (the value on the left) or in
relative terms (the value on the right)

EXPERIMENTAL UNCERTAINTY ACCORDING TO [4.4]
the average distance between the fitted (f(x;)) and
experimental value (y;) defined either in absolute

terms (the value on the left) or in relative terms
(the value on the right)



Chapter 4
3.0 . I 3.0 T T
| |
2.0 | 3 2.0 E
1.0F ! E 1.0F ! E
\/uz/uu \/wz/ub ] i
0.0 i . 0.0F----- ®.
usu, | w/u, |
-1.0F | 3 -1.0f , 3
-2.0F . 3 -2.0F E 3
-3.0 keei’ 3 -3.0f I 3
| |
TS oo T o o B O B S e W —
r/Re r/R.
a) axial component b) azimuthal component
0.01 - 1% 0.03 - 1%
4 0.06 - 47 S 0.14 - 47
3.0 | T 1.0 6.0
1
2.0F
A 0.5 Is.0
r.0fF 3
sz/Lh | “‘~ S
0.0 R
v/u, & | 0.0
-1.0f : 3
-2.0 | 1 os
W]
TR T o o HPeTTEE o0 o 100
I’/Rc r/Rr:

c) radial component

.0

171

1.5t 4
Vk/U,

0.0 0.5 1.0
r/Re
d) turbulence kinetic energy

°:P3 o5

FIGURE 4.28 - Measurements at Z = 40 mm, 6 = 0° (case 1).

7

0.01 -

0.04 -

1%
47 7

1.0

0.03 14

0.13 47
T 6.0
45.0

.0 -0.5 0.0 0.5 1.0
r/Re
a) axial component.

FIGURE 4.29 - Measurements at Z = 40 mm, 6 = 30° (case 1).



Chapter 4 172

-4.0 L L . .0
-1.0  -0.5 0.0 0.5 1.0 -t.o -0.5 0.0 0.5 .

/R b) azimuthal component /R
FIGURE 4.29 (continued)- Measurements at Z = 40 mm, 0 = 30° (case 1).

8% CICRR s 7.0 75 3.0 3.5 4.0 4.5
z/Re
FIGURE 4.30 - Centreline mean axial velocity and turbulence intensity (case 1).

9.0 - 37 0.02 - 1%
S 0.03 - 8% 6 0.05 -~ 2%
3.0 ; I : 1.0 6.0
{
2.0} | E
| 0.5 5.0
S.
0.0 4.0
Fu
-0.5 --4{3.0
. -1.0 .0
5T %s 00 6.5 1.0 T, 3

r/R.
a) axial component

FIGURE 4.31 - Measurements at Z = 50 mm, 6 = 0° (case 1).



Chapter 4 173

0.02 - 4% 0.03 - 1%
6 0.06 -12%Z S 0.10 - 4%
3.0 T ] T 1.0 6.0
1
2.0 E
0.5 5.0
S.
' 0.0H 4.0
-1.0F ! 3
| h
-2.0 3
! -0.5 3.0
-3.0F | E
|
T o T 1.0 ST s T s T.5°°
r/Re b) azimuthal component /R
7
7
2.0 T T 6.0 2.5 T | T
l\ \
1.0 4
2.0}F ' E
P S 15-0 / !
Wi/, I
1.5F ~
-1.0F ! - |
v/u, | —me feig-- 4.0 vk /U, | \
-2.0f | b |
| S DA ‘
-3.0F ' - 3.0 )
I 0.5} | i
-4.0F 3
[} [}
B T S W — 1.0 50 0 s 00 oS 1.0
r/Re r/R.
¢) radial component d) turbulence kinetic energy

FIGURE 4.31 (continued)- Measurements at Z = 50 mm, 0 = 0° (case 1).

0.01 -85 % 0.04 - 17
4 0.06 -110%4 4 0.16 - 4%
1.0 T | T 6.0
1
0.5 | 45-0
s. |
o a )

PG5 os oo 0.5 1.0

a) axial component

FIGURE 4.32 - Measurements at Z = 50 mm, 8 = 15° (case 1).



Chapter 4 174

0.0s -24 % 0.08 - 3%
4 0.13 -457 4 0.27 -12°%
3.0 T T 1.0 T T 6.0
!
2.0F 3 a

|
|
|
L.

0.5 1.0

":?.o -ofs

r/Re
b) azimuthal component

FIGURE 4.32 (continued) - Measurements at Z = 50 mm, 0 = 15° (case 1).

G.01 - 87% 0.04 - 17
S 6.Cs -267% S 0.13 - 57
1.0 rrr l T 6.0
|
0.5t \ +45.0
S. i S
1

]
0.5 1.0 P os "o oS 750
a) axial component r/Re
6.02 - 8%

6 0.07 -18 % S

b) azimuthal component

FIGURE 4.33 - Measurements at Z = 50 mm, 8 = 30° (case 1).



Chapter 4 175
0.02 57 0.03 - t%
S 0.G07 127 6 g.12 - 32
3.0 . I : 1.0 r [ : 6.0
!
I
[}
I
4 1
I f
-1.0¢ t =
I ]
-2.0} . 3 ,
w1 |
-4.0 L I L -1 1 I 1 0
‘1.0 -0.5 0.0 0.5 1.0 S I 0.0 0.5 1.5
r/R. @) axial component r/Re
0.0t - 7% 0.04 - 1%
1 0.06 -19 7% 6 0.15 - 5%
1.0 T I T 6.0
|
| o
0.5Fn \ Js.o
s, I
1
0.0 H~d - -y H4.0
F.
A
-0.5FAfmmmm e 13.0
4P, -0.5 0.0 0.5 1.0 B SO o.Io oo .50
T/Rc r/Rc
b) azimuthal component
0.02 -11 7% 0.04 - 17
5 0.07 -287% 5 0.16 - 57
3.0 T T .0 T T 6.0 2.5 T T
| ' I I
2ok ! 3 ) !
| | 2.0} | ]
1 [}
I I
1.5+ N
1
) ' f vk/U, |
! 1.0} ! 4
t 1
l 0.5} I 4
1 i
S D U N B
e oo o 1.0 P os 0.0 0.5 .50 B e N R S
r/R: r'/Rc l"/R.;

FIGURE 4.34 - Measurements at Z = 60 mm, 0 = 0° (case 1).

¢) radial component

d) turbulence kinetic energy



Chapter 4

0.02 0.03 17
5 0.07 17 [ 0.11 47
3.0 . l 1 9 1.0 6.0
0.5 5.0
S,
0.0 4.0
-0.5 3.0
- -1. L .0
AN ST 0.0 0.5 1.0 95 0s K
/R a) axial component
YA
Z
6.0
5.0
| 4.0
I
-2.0F . E 3.0
. I 0
403 -o.xs 0.0 n.'s 1.0 K

r/Re
b) azimuthal component

FIGURE 4.35 - Measurements at Z = 60 mm, 6 = 15° (case 1).

.0 %

. A 0.03 -
4 0.09 -167Z 7 0.12 - 4y

.6.0

a) axial component

6.0

176



Chapter 4

. 3
-1.0 -0.5 0.0 0.5 1.0

/R b) azimuthal component /%

FIGURE 4.36 - Measurements at Z

60 mm, 6 = 30° (case 1):

0.0 ~ 1% 0.07 - 2%
s 0.06 - S%Z S 0.22 - 7%
3.0 . | . 1.0 6.0
0.5 5.0
S,
0.0f-mmmmmmmm~—m A e
u/u, | 0.0 4.0
-1.0F | 3
| "
-2.0¢ J
1 -0.5 3.0
T s 00 oS 1.0 -Lp, 50
r/R. @) axial component r/Re
0.01 12 7 0.03 - 1%
5 0.06 29 7 4 0.11 - 4%
3.0 1.0 6.0
2.0
0.5 5.0
1.0
\/w’/U. S
0.0 Bob 5
w/u, ] 0.0 4.0
-1.0 i
| -
-2.0} 3
! 3 -0.5 3.0
-3-0f Il E I
—-4. l 1 -1. I .
TS T 0 1o T SR W R W
r/Rc r/R,

b) azimuthal component

177



Chapter 4

178

1

3.0 . i . 2.5
i
2.0t 3
| 2.0]
1.0k ! 3
\/Vz/uh w"”" i ‘1“"”
..... sk
0.0 S o2 3 1
v/U, | Vk/U,
-i1.0f ) - 1ol
1
|
-2.0F \ 3
| o.s}
-3.0k 3
] |
T o o o T T T o s R 6-P.5

/R
¢) radial component

FIGURE 4.37 - Measurements at Z = 70 mm, 6 = 0° (case 1).
0.02 - 3% 0.05 - 4
S 0.07 -12 %4 § 0.19 -13

-0.5

NN

o
o

0.5 5.0
S,
0.0 4.0
F,
-0.5 3.0
T T e o o TS 0 Tos e
r/Re  a) axial component r/Re
0.02 -76 % 0.02 ~ 1%
5 0.10 -108%Z S g.10 - 37
3.0 . I : 1.0 - | - 6.0
i
1 ] 1
| : |
. o.s} | 45.0
| |
S. .
|

-2_0 - -:1
3 0.5
-s.0f ;
3 i
T s oo o 1o B X R S R "
r/R. r/Re

b) azimuthal component

FIGURE 4.38 - Measurements at Z = 70 mm, 6 = 15° (case 1).

0

|

1

I

|

|
0.0 0

r/Re

-5

1

-0

d) turbulence kinetic energy



Chapter 4 179

3.0 T T
T
2.0F ﬁefea 4
1.0t ! 3
\/uz/U. E ""TVV'vv
C.Cpmmmmmmmmm——— J QPR
u/u, l
-1.0F \ E
-2.0¢r | E
| -
1
ST T T 00 s .o
r/Re a) axial component r/Re
0.01 -30 % 6.03 - 1%
S 0.06 -S8 % S 0.13 - 5%
1.0 T i T 6.0
t
l ]
0.5+ | 45.0
s. N |
Y | .
0.0 S (/=) N 4.0
a mﬂ] aa - 1
0o | o / F.
jul | 7 1
-0.5} - A 5-73-0
o
1
A0 B0 0.5 1.0 s T T 00 o .60
r/Rc r/Rc
b) azimuthal component
FIGURE 4.39 - Measurements at Z = 70 mm, 0 = 30° (case 1).
0.01 - Y4 0.03 - 17
& o.06 - 47 6 0.13 - 47

. ] R S S N RS .50
r/Re "/Rc
a) axial component

FIGURE 4.40 - Measurements at Z = 85 mm, 6 = 0° (case 1).



Chapter 4

180

B T SR TS s oo o 1.8’
r/R. ) r/R.
b) azimuthal component
0.0 - 2% 0.02 - 1%
4 0.0 - 57 6 0.09 - 3%
3.0 T ~—| T 6 . 2.5 Y —[ T
1 |
2.0F l : '
2.6F -
1.0¢ ! 3 !
\/Vz/Ub M ‘
1.5+ .
0.0 [ee® BE,a02 Soag l
v/uU, l vk/U, l ]
] ]
-1.0F || 1.0k i 4
-2.0f \ E
| o.sf m ]
-3.0} . 3 , 1
TR o0 3G To PTTTos oo G .50 0P %5 6.0 o5 1.0
r/R. r/Re r/Re

FIGURE 4.40

c) radial component

(continued) - Measurements at Z =

d) turbulence kinetic energy

85 mm, 6 = 0° (case 1):

.02 -
100 -

0.08 -~ 2%
0.27 -~ &7
6

T

a) axial component

FIGURE 4.41 - Measurements at Z = 130 mm, @ = 30° (case 1):



Chapter 4 181

0.04 - 7% 6.0
5 0.16 -257%7 3 0.2

~

- 1%
- 6%

6
6

~

@
o

l
l
l

| -\
L X SSRGS . MU Pl 3.0 -
3-0F l E 1 ] -
l ‘ ‘
- s L 3 | .,—\l/’/ll/
ST TToe o o T s T 0 T os 1.0
/R b) azimuthal component /R
0.0z - 67 0.02 - (7%
3 €.67 -20 7 4 0.09 - 37
3.0 s I T } 1.0 T ﬁﬂ——r-v——v*ﬁ—v—v—v—v—-s.o 2.5 T l T
2.0 ' !
] 2.0r l 7
1.0F ! 3 1 ]
WU, | l ]
- Ro— L5k 3
0.0F~ S R0 - !
v/u, | Vk/U, |
-1.0f 1 7 1.0k I i
| 3 l
-2.0¢ 1 E !
’ E 0.5t E
-3.0} \ 3 . !
[ L DU N
T Y T oo s 1o MMTTTHE TR s e 0P 505 0.0 0.5 1.0
r'/Rc r/Rc r/Rc
c¢) radial component ~d) turbulence kinetic enerav
3.0 . .
I
f
2.0 | 4
Lo*m ]
Vu?/U,
D.0F--mmmmm e B .
u/u, l
-1.0% ' 3
-2.0F | E
-3.0} : 3
8 SO

r/Re

a )axial component
FIGURE 4.42 - Measurements at Z = 130 mm, 6 = 0° (case 1).



Chapter 4

0.03 -65 %
4 0.13 - 1447 5

@ N
o NN

b)

FIGURE 4.42 (continued)- Measurements at Z

1.0
vw? /U,

0.0
w/u,

r/Re

azimuthal component

= 130 mm, O = 0° (case 1).

b) azimuthal component

a) axial component r/Re
0.01 -22 7 0.6z -~ 17
S 0.04 -51 74 & 0.67 - 3%
T T - 1.0 T —T 6.0
L 1 l
3 ] E !
A |
,," ' \,~ 0.5+ | 5.0
T e
antl | @@9 Q%gé&) l
! PV S |
e, { |
LR
| ]
1 ' :
_ | ]
i j |
L. o S B 0
0 -0 0.0 S 1.0 ~-1.0 -0.5 0.0 0.5 1.%
r/Re r/Re

FIGURE 4.43 - Measurements at Z = 40 mm, 6 = 0° (case 2, conditions as
Figure 4.28 but with a 30° swirler).

182



Chapter 4

0.0
r/Re

FIGURE 4.44 - Measurements at Z = 40 mm, 6 = 0° (case 5,

Figure 4.28 but without swirler flow).

|

|
VUt /U, ‘E.a"'" | ]
0.0~ cceeee TR S

= |

|

]

|

_4‘0 1 J

1
-1.0 -0.5 0.0 0.5 1.0

r/Re

conditions as in

a )axial component

FIGURE 4.45 - Measurements at Z = 50 mm, 0 =

Figure 4.33 but without swirler flow).

30° (case 5, conditions as in

183

b) azimuthal component



Chapter 4 184

0.03 -18 % 6.14 - B
4 0.10 -60% S 0.55 -29

3
-4. ! -1. T /- .0
‘1.0 -0.5 0.0 0.5 1.0 SR Uo.oU 0.5 3

/R b) azimuthal component /%

-1.0 -0.5 0.0 0.5 1.0
r/Re

FIGURE 4.45 (continued)- Measurements at Z = 50 mm, 6 = 30° (case 5,
conditions as in Figure 4.33 but without swirler flow).



Chapter 4

™oNN

|
!

185

“T.0

FIGURE 4.46 - Measurements at Z = 50 mm, 0 = 30° (case 6, conditions as in

Figure 4.33 but with higher swirler flow rate).



Chapter 4 186

v
o
IS
-

TN

YIRS

Q.0
L/u,

-1.0

b L

B T S S R W3 1.0 Ao v o T
r/Re a) axial component r/R
.02 - 27 .04 - 1%
S 0.06 - 9% S 0.15 - 5%
1.0 — ' T 6.0
|
0.5p | 45.0
i

-1.0¢ f 3
-2.0}F X 41
-3.0F l E
| ]
e L U DU B o
-1.0 -0.5 0.0 0.5 1.0 -1.0  -p.5 0.0 0.5 1.

r/R. b)) azimuthal component r/r.

FIGURE 4.47 - Measurements at Z = 50 mm, 6 = 30° (case 7, swirler flow
only).

-2.0¢

saraiand

l
I
|
|
|
l
|

1

.6 -0.5 0.0 0.5 1.0
r/Re

-4.0 L
I

axial component

FIGURE 4.48 - Measurements at Z = 50 mm, 0 = 30° (case 2, conditions as in
Figure 4.33 but with a 30° swirler).



Chapter 4 187

l
I
i
|

-4. '
-1.0 -0.5 0.0 0.5 1.0

r/Re

azimuthal component

T T R T Y |
FIGURE 4.48 (continued)- Measurements at Z = 50 mm, 6 = 30° (case 2,
conditions as in Figure 4.33 but with a 30° swirler). '

TR T e s e TS o o o Cf.
r/R. r/R.
a) axial component b) azimuthal component

FIGURE 4.49 - Measurements at Z = 50 mm, 6 = 0° (case 4, conditions as in
Figure 4.31 but without swirler flow).



Chapter 4 188

6.02 - 3% 0.04 - 1%
4 0.07 -107% 4 0.16 - 5%
1.0 . T . 6.0
|
1
0.5} 1 —45.0
s, |
1
0.0
!
I -0.5
-3.0F l
|
- .D 1 I 1 - .
B ST RN 0.0 0.5 1.0 B RO 0.0 0.5 750
r/Re a) axial component r/Re
0.02 -18 7 0.06 - 27
5 0.09 -56 7 4 0.24 - B
3.0 ™ . 1.0 l . 60
|
o l j
0.5t g \ 5.0
s. |
1
] 6.0 o~} 140
-1.0F | 3 F
-2.0¢ t 3 0.5k ] 3.0
, 1
-3.0F 3
t
| ; . {
BN S 0.0 0. 1.0 [ T S a— 0.5 .50

r/Re b) azimuthal component /R

FIGURE 4.50 - Measurements at Z = 50 mm, 6 = 0° (case 2, conditions as in
Figure 4.31 but with a 30° swirler).

|
|
|
| |
|
|

_4. i L
A-P.D -0.5 0.0 0.5 1.0

r/R.

a) axial component

FIGURE 4.51 - Measurements at Z = 60 mm, 6 = 15° (case 5, conditions as in
Figure 4.35 but without swirler flow).



Chapter 4 189

02 7% 0.05 - 1%
7 0.10 -26% 7 ©0.18 - §7%
3.0 . ; 1.0 T I—.—. ¥ 6.0

2.0L — P
0.5 .0
1.0 3
vu/u, S
g.0F--®fa______ l-——--—-o-——-—i
u/u, | 3 0.0 .0
-1.0} | 3
| i
-2.0}F . E o o
-3.0} I E
| <4
| ]
T T o o o e s T o 1.0
r/R. @) axial component r/Re

b) azimuthal component

FIGURE 4.52 - Measurements at Z = 60 mm, 6 = 0° (case 2, conditions as in
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FIGURE 4.56 - Measurements at Z = 110 mm, 0 = 0° (case 2, with a 30°
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CHAPTER 5
CALCULATION OF THE ISOTHERMAL
FLOW INSIDE A GAS TURBINE COMBUSTOR

5.1 . INTRODUCTION

5.1.1 Objectives and Outline of the Chapter

The main objective of this chapter is the appraisal of a mathematical model for the
calculation of gas turbine combustor flows under isothermal conditions. The
mathematical model has been introduced in Chapter 2 and a basis for this study is
provided by the measurements of the flow inside a water model of a can-type
combustor, presented in Chapter 4.

There are five sections in this chapter. This section, Section 5.1, introduces
the domain of integration (subsection 5.1.2), the boundary conditions (subsection
5.1.3) and the numerical grids used in the present calculations (subsection 5.1.4).
Section 5.2 discusses some questions arising from an initial set of calculations. Section
5.3 considers the use of and prediction sensitivity to alternative boundary conditions.
Before conclusions may be drawn on the adequacy of the physical models, it is
important that every aspect influencing the numerical accuracy of the results be
addressed and the two sections above attempt to achieve this task. The actual validation
of the k-¢ turbulence model for this flow is made in Section 5.4, which includes
comparisons with the flow cases studied in the experiments. The chapter ends with a
summary of the conclusions in Section 5.5.

5.1.2 Domain of Integration
A cylindrical polar system of coordinates with the longitudinal direction aligned with
the axis of the combustor was used. The calculations were restricted to a 60° sector of
the flow inside the combustor and the length of the domain was set about one combustor
radius downstream of the dilution holes. The annulus and the nozzle were not included,
and the hemispherical head and the primary and dilution holes were approximated by
rectangular castellations in the same manner as described in 3.1.2. Figure 5.1 shows
the domain of integration and several mesh systems used in the present calculations.
The exclusion of the nozzle was partially because there was little interest in
the flow at the combustor outlet in the present work, but also because it was known
from the measurements that the presence of the nozzle was not felt upstream of the
dilution holes. Further, calculations with the combustor nozzle would have had to cover
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the entire 360° of the combustor, regardless of the existence of swirler flow or not,
whereas neglecting the nozzle meant that a 60° sector could be used and when there was
no swirler flow a small sector (only 30°) was used.

The crude representation of the combustor head and the primary and
dilution holes is due to limitations of the present system of coordinates. These
limitations are critical in the case of real combustor geometries and more flexible grid
systems have been used (see review in subsection 1.4.1). In the current geometry,
because less complicated, the limitations of a cylindrical polar system of coordinates
are not expected to be as critical as in the calculations of real combustors; this aspect
is readdressed in forthcoming sections.

5.1.3 Boundary Conditions

The boundary conditions described below are the simplest used in the current work and
correspond to what has been used in the previous calculations of combustor flows by
Green and Whitelaw [1983] and Koutmos [1985]. In the present work particular
attention has been given to this aspect and the set of boundary conditions used in the
final calculations will emerge only after the study in Section 5.3.

The swirler was simulated by an annular gap of the same height as the
swirler vanes. The dimensions of this gap and the swirler flow rate, together with plug
flow assumptions, set the axial velocity. The swirl velocity was then found from the
integration of the swirl number definition, equation [4.6], also assuming a constant
radial distribution; this guaranteed that experiments and calculations had the same
swirl number. The swirl velocity calculated as the product of the axial velocity and the
tangent of the vane angle is higher compared to the values derived from the swirl
number definition, which were preferred, since they were based on measurements. The
radial velocity was set to zero. The turbulence kinetic energy and its dissipation were
found by assuming isotropic turbulence with a turbulence intensity of 13%, based on
the measurements presented in subsection 4.2.1, and a typical eddy length equal to the
height of the annular gap.

Axial and swirl velocities could be measured (subsection 4.3.1) in the
plane of both primary and dilution holes. For these boundary conditions, the
measurements were assumed constant over the hole. The radial velocity designated by
Vplug followed from plug flow assumptions, given the hole diameter and the
experimental flow rates. Turbulence kinetic energy and dissipation were again
determined as above. A typical eddy length equal to the hole diameter was assumed, and
the axial, radial and azimuthal turbulence intensities were, based on the measurements
in subsection 4.3.1 (14%, 3% and 11% for the primary holes; 12%, 6%, and 6% for
the dilution holes).



Chapter 5 197

The boundary conditions at the combustor inlets are summarized in the
table below.

TABLE 5.1 - Boundary conditions (45° swirler, case 1 of Table 4.2).

Axial Swirl Radial Turbulence Dissipation
Velocity Velocity Velocity Kinetic Energy
[ms-1] [ms-1] [ms-1) [m2s-2] [m2s-3]
Swirler 1.25 0.95 0.00 1.50 x10-2 3.06 x101
Primary 0.00 0.08 2.22 1.24 x 10-1 4.37
Dilution 0.20 0.00 0.85 112 x 1002 5.96 x10-2

A zero axial gradient was prescribed at the outlet section for all the
variables.

The longitudinal side boundaries were planes of cyclic (periodic) or
symmetry boundary conditions for swirling and no swirling flow, respectively. The
wall regions were treated in the manner described in subsection 2.4.1.

5.1.4 Numerical Grids

The four numerical grids used in sections 5.2 and 5.3 are shown in Figure 5.1. A target
value of about 35000 grid nodes was established on the basis of the dilution zone
calculation in Chapter 3. A grid of this size occupied half of the computer memory
available, allowing validation by significant refinement. The grid in the axial and
radial directions was generated by using [2.52] and in such a way that a higher
concentration of nodes occurred near the holes and the swirler. In the azimuthal
direction, the grid was regular except around the axis of the holes and on the edges of
the domain. The importance of the resolution in the circumferential direction has been
established in Chapter 3 and, here, an average spacing of 3° between vertical planes
was found acceptable. This resulted in a final mesh of 60 x 30 x 22 (axial, radial,
circumferential), with 39600 nodes (Figure 5.1); this mesh is hereafter designated
as the standard grid.

The coarsest grid, 33 x 17 x 13, with 7293 nodes was obtained from the
standard grid by doubling the spacing between nodes, i.e. the truncation error of an
upwind scheme would increase by a factor of 2. A refinement of the standard mesh was
made by doubling the total number of nodes to 70 x 36 x 30 (75600 nodes), the
maximum possible within the current limitations of computer memory. Finally, a
fourth mesh of 46 x 24 x 20 (22080 nodes) is shown in Figure 5.1, resulting from a
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50% reduction of the number of nodes of the finest grid in each direction. This
reduction affected all the regions of the domain equally and was obtained by increasing
the expansion ratios of [2.52]. The four grids are illustrated in Figure 5.2 and the
first four entries in Table 5.2 summarize their characteristics. A more complete
information about the resolution of each grid in Table 5.2 includes parameters such as
the number of cells simulating the various combustor entries and the average spacing
between nodes in every direction.

TABLE 5.2 Numerical grids

N. GRID SIZE N.OF N. OF CELLS L/Nz R/NR T/NT
[Nzx Nrx NT] NODES PRIM. DIL. HEADt SWIR.|[[mm] [mm] [deg.]
1 33x17x 13 7293 10 24 247 39 5.2 2.2 4.6
2 60 x 30 x 22 39600 40 79 1100 132 | 2.8 1.2 2.7
3 70 x 36 x 30 75600 67 100 2700 150 | 2.4 1.0 2.0
4 46 x 24 x 20 22080 21 61 580 120 | 3.7 1.5 3.0
5 60 x 53 x 22 69960 40 79 2420 88@| 2.8 1.2 2.7
6 60 x 30 x 42 75600 60 145 2100 126@| 2.8 0.7 1.4
7 96 x 30 x 22 63360 51 79 2728 66@| 1.8 1.2 2.7
8 114 x 30 x 22 75240 51 100 2728 e66@| 1.5 1.2 2.7

1 - number of cells outside the domain

@ - after reduction of the swirler size accounting for vane blockage

Nz, NR, NT - number of nodes along the axial, radial and circumferential directions
L, R, T - dimensions of the integration domain along the three directions above

For validation of the final calculations , in Section 5.4, the two finest grids
above (numbers 2 and 3) were retained and four other grids numbered from 5 to 8
were also used. These grids, shown in Figure 5.3, all originated from the standard grid
following the methodology illustrated by the tree structure in Figure 5.4. Refinements
were made in each direction by adding regularly spaced nodes to avoid the deterioration
of the formal order of accuracy as discussed in subsection 2.2.2.

The emphasis given to the grid refinement in the present calculations
results for several reasons. Firstly, due to the complexity of the flow: it is therefore
even more important to avoid the situation experienced in Chapter 3, where simply
because of an insufficient number of nodes the grid may be unable to resolve small flow
structures. Secondly, when using the hybrid-differencing scheme very fine grids are
needed to reduce the truncation error to negligible levels. Finally, because grid
refinement was used as a means of assessing the numerical accuracy of the calculations
rather than any of the methods mentioned in subsection 2.2.2.
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In geometries similar to the present one (or more complicated), Coupland
and Priddin [1987] used a grid of 58 x 21 x 29 (35322 nodes), although calculations
with a finer grid (44330 nodes) showed some differences. Koutmos [1985] found a
grid of 34 x 14 x 12 (5712 nodes) acceptable in comparison with finer ones, a level of
refinement which Green and Whitelaw [1983] could not even reach because of the
computer limitation at that time.

5.1.5 Presentation of the Results

The predicted results include the three components of velocity and turbulence kinetic
energy; they are presented as radial and axial (centreline) profiles, streakline and
contour plots. Experimental results are also shown, when available. Given the large
amount of data to be scrutinized, an interactive plotting program was written, which
could, in a single run, read and plot experimental and numerical results in any location
in the combustor, irrespective of the grid distribution and size. The results of four
numerical grids could be processed simultaneously (more than 106 values!) and
plotted as radial and centreline distributions. The programs used for the streakline and
contour plots were the same as used in Chapter 3.

5.2 PRELIMINARY CALCULATIONS: SOME FUNDAMENTAL QUESTIONS
In this section, the objective is: (i) to assess the convergence of the calculations, (ii)
to assess the level of grid resolution needed to resolve the flow inside the combustor
and (iii) to test an improved boundary condition in the primary hole. Each aspect is
considered in separate subsections below.

5.2.1 The convergence pattern

Following the conclusions of the convergence studies in Chapters 2 and 3, special care
was taken to ensure the convergence of the present calculations. Figure 5.5 shows the
residuals of all the equations as a function of real time (the AVPI algorithm, described
in subsection 2.3.1, was used in these calculations). The convergence pattern is shown
for all the grids but the finest. It can be seen that the residuals reached levels close to
machine round-off error; this is most evident in the plots corresponding to the grid 60
x 30 x 22, particularly through the residuals of k and «.

The calculations on the two coarsest grids were accepted as converged when
the nondimensional mass residual (DSUM) fell below 2 x 10-4. It can be seen that,
though the ratio between the total number of nodes of the two grids is 3, the total CPU
time has increased by a ratio of 4.7. Calculations on finer grids were considered as
converged only when the integrated flux of a passive scalar was the same (within 2%)
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at every transverse cross section; this is a more stringent criterion (found necessary
due to the slower convergence of the scalar field) and contributed even further to an
increase of the total CPU time of the calculations on the finer grids. The fine grid
solutions were produced by starting from previous runs and no attempt was made to
quantify the total CPU time they required.

5.2.2 Results with four different grids
The following results were obtained with the boundary conditions exactly as in Table
5.1 and using the first four grids of Table 5.2.

A centreline plot is given in Figure 5.6. The maximum negative velocity is
underpredicted by at least a factor of 2. For finer grids, as the positive peak increases,
approaching the experimental value, worst results are obtained in the dilution region,
Z = 130 mm, because the downstream decay rate is the same for all the grids. This does
not affect the turbulence kinetic energy whose agreement is excellent in locations
beyond Z = 80 mm, even for the coarsest grid, although the peak value at primary jet
impingement is grossly underpredicted. From this figure there seems to be a need for
even finer grids, at least in the primary region, where significant changes are still
obtained.

Figure 5.7 shows the radial profiles at Z = 8 mm. As mentioned in Chapter
4, this is the nearest measured location to the swirler and, in the present calculations,
there is a maximum of 6 grid lines upstream of the plane examined (only 4 in the case
of the coarsest grid). The radial velocity (not measured) is the most sensitive to the
grid refinement. The axial and azimuthal velocities are of similar magnitude compared
with the measurements but are shifted towards the centreline; this persists for all
finer grids.

The same features can be observed further downstream, Z = 40 mm, in
Figure 5.8. The radial and azimuthal velocities are almost insensitive to the grid
refinement, but for the axial velocity a better agreement with the measurements
occurs as the grid is refined. In spite of this improvement, the values on the centreline
and near the wall are still underpredicted by a factor of 2 and 3, respectively. In the
case of the grids 33 x 17 x 13 and 60 x 30 x 22, the increase of the turbulence kinetic
energy for r/Rc > 0.5 is neither confirmed by the measurements nor by the results of
the other two grids. A greater confidence exists in the results of the finest mesh (70 x
36 x 30) and there the discrepancy between measurements and predictions increases
towards the centreline; a location where the four meshes predict nearly the same
value. The reason for the anomalous behaviour observed in grids 33 x 17 x 13 and 60 x
30 x 22 is the coarseness of the grid distribution in the region between the castellated
head and the upstream edge of the hole.
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The distribution' of the turbulence kinetic energy predicted by the coarsest
mesh at Z = 40 mm is still evident at Z = 50 mm (Figure 5.9) where a constant radial
profile is shown. In terms of the shape, the finer grids produce better results, but
quantitatively the agreement between predictions and measurements for is even worse
than at the previous location. The predicted values of the finer grids show a higher
radial velocity in the inner half of the combustor, but near the hole and for all grids
this is always lower than the measured velocity. In this location (Z = 50 mm, 6 = 0),
because it is aligned with the axis of the primary holes, calculated and measured values
should agree at r/Rg = 1 if the correct hole boundary conditions are being used.
However, it is clear from Figure 5.9 that the radial velocity differs from the
measurements by some 25%. This suggests that the simple boundary condition
treatment outlined above is insufficient; some of the above discrepancies are
undoubtedly related to this, and before making conclusive statements on grid
dependence or more comprehensive comparisons with experiments attention is turned
to this point in the following subsection.

5.2.3 The radial velocity boundary condition at the primary hole

A value of 10% has been quoted (subsection 4.1.5) as the experimental uncertainty in
the primary flow rate. The first obvious test is to see whether an increase of the
primary flow rate from 1.044 to 1.146 kg/s (the highest possible within the range of
experimental uncertainty) can explain the differences between the measurements and
the calculations of the radial velocity along the axis of the primary hole. Figures 5.10
and 5.11 show that the better agreement with the measurements is marginal, although
in the right direction. The improvements affected mainly the regions around the
centreline and the deficiencies noticed above, e.g. the centreline axial velocity
upstream of the primary jets, were still present.

There are circumstances where a higher radial velocity on the primary hole
may occur, without increasing the primary flow rate. We can recognize immediately
that no attention has been given to the hole discharge coefficient and this can increase
the radial velocity through the reduction of the effective area of the hole. In the present
case, the availability of measurements of radial velocity just above the hole, Figure
4.21, allows this aspect to be quantified quite precisely. A new boundary condition was
introduced where the shape of the experimental curve in Figure 4.21 was assumed to
prevail in the plane of the hole. This shape was approximated by a piecewise linear
approximation, symmetric relative to the axis of the hole, and then scaled to give the
same primary flow rate as in the experiments. The radial velocity in each individual
cell on the hole surface was then prescribed from these data rather than using a
constant radial velocity as in table 5.1. All the other conditions were kept constant.
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The results along the axis of the primary hole with this new boundary
condition, designated Vexpt, are shown in Figure 5.12: the agreement is excellent
between calculated and measured values for the radial velocity. It can be seen that the
change to this new boundary condition is much more effective in bringing the calculated
values of the radial velocity closer to the experiments than the increase of the primary
flow rate (also shown in the figure). The axial velocity did not change but the swirl
velocity was slightly reduced and the turbulence kinetic energy increased, both trends
leading to an improved agreement with measurements. Other locations, not shown,
reinforced the appropriateness of this boundary condition. As in the case of the
increased primary flow rate, the central part of the combustor is the most affected.

The discussion above agrees with the experimental results of Phipps
[1981], who found that a jet with a peaked velocity profile penetrates deeper into the
crossflow than a jet with a similar momentum flux but a constant velocity profile.

5.2.4 Conclusions

Two major conclusions emerged from these preliminary results on grids of variable
density and using three boundary conditions for the primary hole. Firstly, that the
primary region shows the larger discrepancies between numerical and experimental
results; these discrepancies are reduced as the mesh is refined up to the limits of the
computer memory available (= 7 Mbytes) and finer grids still seem to be needed.
Secondly, that the details of the radial velocity profile in the primary hole were very
important. An increase of the primary flow, within the experimental range of
uncertainty using a plug flow profile did not explain the differences between
measurements and calculations. The improvements obtained by using an improved
boundary condition in the primary hole based on experimental data indicates a need to
look more carefully at boundary conditions generally, and this is the subject of the
following section.

5.3 BOUNDARY CONDITION STUDY

The previous section, apart from raising doubts on the grid independence of the current
calculations, also called attention to the influence of the boundary conditions; definitive
conclusion about the grid size cannot be made without first selecting the most
appropriate set of boundary conditions and this is the objective of this section.

Various boundary conditions are possible due to the incomplete information
provided by the measurements and limitations of the numerical model. This section
discusses and presents the results of calculations using some of these boundary
conditions: the swirler (subsection 5.3.2), the primary and dilution holes (subsection
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5.3.3) and the fuel injector (subsection 5.3.4) were considered in sequence. A final
set of boundary conditions emerged as optimum by comparison between the numerical
and experimental data.

The previous calculations to assess the effect of various boundary conditions
in the primary hole (in subsection 5.2.3 ) were made on the finest grid, 70 x 36 x 30.
The results in subsection 5.2.2 had shown the need for this level of grid refinement.
However, due to current computer limitations, it was not realistic to carry out an
extensive study of the boundary conditions using this grid and it was decided to use a
coarser one. First, it is demonstrated that this mesh is accurate enough for the present
purpose.

5.3.1 Choice of Grid for Boundary Condition Study
Calculations similar to the ones presented in subsection 5.2.3 were repeated on the
standard grid of 60 x 30 x 22. Figure 5.13 shows a sample of these results with the
shape of the V profile in the primary hole taken from the measurements, as before
designated by Vexpt. The resuits of two other calculations using a radial plug flow,
Vplug, and the Vexpt condition, but in the finest grid of 70 x 36 x 30, are also included.
It can be seen from the figures that both grids predict similar results for all the
variables when the hole boundary condition based on the experiments is used, and
differ markedly from the plug flow results. There is even an apparent superiority of
the coarser grid which shows slightly higher (closer to the measurements) values of
turbulence kinetic energy. This may be caused by a higher radial velocity near the hole
evidenced by the coarser grid, as a consequence of a different area of the cells in the
primary holes, and reinforces the need for an appropriate simulation of the hole.

From these tests, it appears that the standard mesh can certainly be used in
a study of boundary conditions.

5.3.2 Swirler

The main objection to the boundary conditions for the swirler, discussed in subsection
5.1.3, is the simulation of the swirler by an annulus of the same inner and outer
diameter as the real swirler, not accounting for the blockage of the flow caused by the
swirler vanes. The cross-sectional area of the vanes is by no means negligible (41% of
the total in the 45° swirler and 27% in the 30° swirler) and should be considered. As
an attempt to compensate for this effect, the area of the annulus was reduced by the
same amount as the area occupied by the vanes in the real swirler. This alteration was
made in two ways: (i) by increasing the inner diameter and reducing the outer
diameter by the same amount (method 1), and (ii) by increasing the inner diameter
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only (method 2). Further area reductions would be needed if the discharge coefficient
of the swirler were to be considered, but this was not done.

Constant radial distributions of axial and swirl velocities were assumed in
subsection 5.1.3, but, in the absence of any experimental evidence, different
combinations of the shape of the profiles seem to be equally valid. There are a total of
12 possible boundary conditions for the swirler if all these options (reduced or
constant area and shape of the profiles, either uniform or linear) are combined, but
not all of them are reasonable. The conditions accounting for vane blockage and linear
profiles of axial velocity lead to a maximum axial velocity which is believed to be too
high.

The large number of possible boundary conditions results also from the fact
that different velocity profiles can exist with identical swirl number. This has been
noticed before (e.g. Sloan, Smith and Smoot [1986]) and given the importance of the
boundary conditions and the previous calculations of simple swirling flows made in the
past, unanimity would be expected on what type of the boundary condition should be
used at the outlet of the swirler. Sloan, Smith and Smoot [1986] collected a variety of
formulae used by vérious authors to estimate the dissipation of the turbulence kinetic
energy; however, even being a boundary condition of minor importance in confined
swirling flows, this is the only boundary condition of which they mention a preferred
formulation. Apart from Abujelala and Lilley [1983], no calculations of swirling flows
could be found where the adequacy of the swirler boundary conditions had been tested.
These authors strongly recommended the use of velocity profiles obtained from
measurements. This recommendation could not be followed in the present calculations.

Constant or linear (radial) profiles of azimuthal velocity and
blockage of the vanes (method 1)
Figure 5.14 shows the results of four boundary conditions: axial plug velocity and
either constant or linear (solid body) swirl velocity combined with non-blockage or
blockage (method 1;) of the vanes. The boundary condition in the primary hole is a
constant profile of radial velocity, Vpiug. The blockage of the vanes (i.e. reduction of the
annular gap) turns out to be the most important assumption of all due to the
longitudinal acceleration of the flow and consequent increase of the turbulence kinetic
energy. The solid body rotation affects the swirl component and shifts the profile
towards the wall which is a desirable trend as was noticed in subsection 5.2.2. The
solid body rotation profile is a characteristic to be maintained. The centreline plot in
Figure 5.15 shows that the effect of the different swirler boundary conditions affects
mainly the axial velocity and at locations Z < 20 mm, but is able, for options with a
smaller annular gap, to reduce the positive and negative peaks of the axial velocity on
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the centreline: contrary to what is desirable for a better agreement between
calculations and experiments.

The location closer to the centreline of the calculated values of axial
velocity, noticed above in 5.2.2, is not altered by these boundary conditions. Causes
that can contribute to this behaviour are:

(i) These results were obtained with a Vpjug boundary condition on the
' primary hole. The Vexpt condition leading to higher negative axial

velocities might shift the profiles towards the wall.

(ii) The use of method 1 for accounting for the vane blockage.

(iii) A zero radial velocity at the outlet of the swirler.

(iv) Reduction of the effective cross-section of the combustor due to the
approximation of the head by castellations.

(v) The non-simulation of the conical shape of the fuel injector
protruding from the swirler.

The effect of the first three causes is assessed below. Causes iv) and v),
because they are limitations inherent to the present system of coordinates are
addressed in subsection 5.4.1.

The effect of the boundary conditions on the primary hole

The results of three sets of boundary conditions are shown in Figures 5.16 and 5.17:
(iy the reference case of constant radial and axial velocities, (ii) the case with
constant axial, linear swirl velocity and area reduction using method 1, and (iii) as
for (ii) but with a Vexpt boundary condition in the primary hole. At Z = 8 mm, Figure
5.16, the latter condition reduces the maximum positive axial velocity. All the profiles
are shifted radially outwards and, apart from the axial velocity, the maximum values
are increased with the turbulence kinetic energy being nearly doubled for locations
beyond 1/R. > 0.4. This figure shows that at Z = 8 mm the results are influenced by
the boundary condition used in the primary hole and at Z = 40 mm, Figure 5.17, the
effect of the swirler boundary condition is minimal.

The blockage of the vanes (method 2)
The area of the swirler annular gap was altered by increasing only its inner diameter,
method 2. In terms of the increase of the maximum axial velocity, the effect is the
same as method 1, since the reduction of area is similar but, here, the boundary
conditions are set at an increased radial location.
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The effect of this boundary condition is shown at Z = 8 mm in Figure 5.18.
An increased radial shifting of the profiles is noticed in comparison with Figure 5.14.
Lower axial velocities and turbulence kinetic energy occur on the centreline and a
higher angular momentum is evident. It is difficult to justify the use of this boundary
condition on the basis of an improved agreement with the measurements, but its use is
preferred to method 1 on the grounds that the effectiveness of the vane blockage
increases towards the centre of the swirler, as the spacing between the vanes is
reduced.

The radial velocity
To test the influence of the radial velocity at the outlet of the swirler, a constant value
of 0.4 times the axial velocity was selected.

The results in Figure 5.19 show that, in the previous calculations, the
failure to predict the axial velocity near the wall is likely to be a consequence of a zero
radial velocity. However, the better results near the wall, in the present calculation,
were accompanied by a reduction of the peak value which suggests that this boundary
condition should be accompanied by a further increase of the axial velocity at the
swirler outlet, which would have been justifiable as an inclusion of the effect of the
swirler discharge coefficient. However, this was not done. Without experimental
results nearer to the swirler, it is not worthwhile to proceed with testing further
combinations of boundary conditions for the swirler, also because the results above
demonstrated that the swirler boundary conditions had a small influence on the
predicted flow pattern. This however did not preclude the identification of a set of
boundary conditions found to be more appropriate. The main conclusions are:

1. Good agreement with the measurements is possible at Z = 8 mm in the
inner region of the profiles by using (i) a profile of the radial
velocity in the primary hole taken from the measurements and (ii)
the simulation of the swirler by an annular gap of the same area as the
effective area of the swirler.

2. The region near the wall depends on the radial velocity at the outlet of
the swirler.

3. The reduction of the size of the annular gap results in a slightly
weaker primary jet impingement.

4. Swirler boundary conditions may be more critical under flow
conditions with a higher swirler to primary flow ratio.



Chapter 5 207

5.3.3 Primary and Dilution Holes
The results in subsection 5.2.3 clearly showed the inadequacy of a plug flow
assumption as a boundary condition of the primary hole. Previous calculations and
measurements of jets in crossflow have already shown that this is an unrealistic
assumption, especially at momentum flux ratios between the jet and the crossflow of
less than 1 (see review in subsection 1.4.2). The ideal would be to have a boundary
condition based on the measurements, but, in case this is not possible, a more practical
solution to account for the discharge coefficient is found by reducing the hole diameter,
increasing the radial velocity. Coupland and Priddin [1987] used this approach and
emphasized its importance.

Other alternatives are possible and were also tested in the current study,
however, before describing them, let us re-iterate the alternatives already tested in
subsection 5.2.3 and give them a number for later reference:

Condition 1: A plug flow profile and a hole of 10 mm diameter (the same
diameter as the real hole). This has been designated by Vpjug boundary
condition.

Condition 2: A shape of the velocity profile taken from the measurements
and scaled in order to give the prescribed primary flow rate. This
condition has been referred to as the Vexpt boundary condition.

Condition 3: ldentical to condition 1 above, but with a higher primary flow
rate still within the range of experimental uncertainty.

The results to be presented correspond to the following boundary conditions:

Condition 4: A plug flow profile, with the same velocity as the maximum
velocity of condition 2 but a hole of 8.6 mm diameter.

Condition 5: A plug flow profile with the same velocity as the maximum
velocity of condition 2, but with a hole of 10 mm diameter.

The maximum velocity found from the procedure used in condition 2 and
then used as the plug flow velocity of condition 4 was 3 m/s, which, given the primary
flow rate of 1.044 kg/s, resulted in a hole of 8.6 mm diameter, corresponding to a
discharge coefficient of 0.74. The maximum value referred to by Lefebvre [1983] for
a discharge coefficient is 0.6 and 0.84 for plain and plunged holes, respectively. In
condition 5 because the hole diameter was not reduced, this resulted in a primary flow
rate of 1.414 kg/s, outside the range of experimental uncertainty. Summarizing,
conditions 1, 2 and 4 have the same primary flow rate (lower than conditions 3 and 5)
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and conditions 2, 4 and 5 all have a similar radial velocity on the axis of the primary
hole (higher than conditions 1 and 3). All the conditions above affect only the radial
velocity, the other variables were kept constant across the hole surface and were as in
Table 5.1.3. Here, the boundary conditions of the swirler were unaltered and
corresponded to the set recommended in the previous section.

Reduction of hole diameter and increase in primary flow rate
The results of calculations with conditions 1, 2, 4 and 5 are discussed here.

At Z = 8 mm (Figure 5.20), the effect of the various primary hole
boundary conditions relative to the reference case (condition 1), as seen above, is to
decrease the maximum axial velocity and shift the profile towards the wall, more in
agreement with the measurements. This, as discussed in subsection 5.3.2, can also be
promoted by a non-zero radial velocity at the outlet of the swirler. In the present
calculations, the radial velocity at the outlet of the swirler was zero. The turbulence
kinetic energy nearlthe centreline (Figure 5.20) is very sensitive to the specification
of the radial velocity in the primary hole and increases by about 50% between
conditions 1 and 5, increasing the difference from the experimental value.

It was concluded in subsection 5.2.2 that the inflection of the profile of
turbulence kinetic energy for r/Rc > 0.5 at Z = 40 mm, 8 = 0° (not in accord with the
measurements) was due to the grid distribution. Here, Figure 5.21 where the results
all correspond to the same grid, that behaviour is only observed in conditions 1 and 5,
using a plug flow assumption for a primary hole of 10 mm diameter. Conditions 2 and
4, with the experimental shape of the profile and a reduced hole diameter,
respectively, do not evidence this behaviour which shows that it also depends on the
velocity distribution at the edges of the hole.

Along the axis of the primary holes (Figure 5.22), the radial velocity
agrees with the measurements, except in condition 1. Higher values of the turbulence
kinetic energy are predicted by changing from conditions 1 to 5, which improves the
agreement with the measurements.

Apart from enabling the selection of a more realistic boundary condition the
calculations above allowed the evaluation of how much and which regions in the
combustor are likely to be affected by a variation of the primary flow rate. The
calculations showed that the good agreement between the measurements and predictions
of the radial velocity along the axis of the primary hole is not exclusive to a boundary
condition based on the shape of the profile taken from the measurements. Different
peak values of the radial velocity in the hole (either by different distributions or
higher primary flow rates) affect mainly the central part of the combustor by
promoting a stronger penetration of the jets. Conditions based on assumptions of plug

!
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flow through a hole of diameter similar to the real diameter are not recommended. An
artifice such as the reduction of the hole diameter by 14 % (Cp = 0.74) seems to be a

good compromise in case no reasonable guess can be made about the shape of the profile.

The dilution flow rate
There are experimental uncertainties associated with the dilution flow rate also.

Results of calculations with and without dilution flow are shown. In terms of
the centreline values of the axial velocity (Figure 5.23), the dilution jets cause an
acceleration of the flow beyond Z = 120 mm, the location corresponding to the edges of
the dilution holes. This fully agrees with the measurements discussed in subsection
4.3.3. The higher values of axial velocity predicted in the plane of the dilution jets are
a genuine failure of the calculation rather than an incorrect specification of the
dilution flow rate, which does not influence the upstream flow. The small influence of
the dilution jets in the regions upstream also show the negligible effects of the outlet
boundary condition with the axial gradient set to zero.

The need to specify the boundary conditions in the planes of the holes may be
removed either through a single calculation where the domain of integration includes
both the annulus and the combustor (e.g. Green and Whitelaw [1983]) or by two
separate calculations with the holes as common boundaries. This solution may bring
other problems. A similar difficulty has been encountered in predictions of the flow
inside IC reciprocating engines and calculations comprising both the inlet manifold and
the cylinder, though removing the need to prescribe the boundary conditions at the
cylinder inlets became extremely dependent on the accuracy of the calculations in the
manifold (Begleris [1986]).

} i

5.3.4 The Injection of Fuel

Three of the boundary conditions considered for simulation of the fuel injection are
included here. They all used point sources located in the first column of the grid to
simulate the injection of fuel and differed only in the annular distribution of the fuel
cells. These were located at the radial location of the holes in the real injector, between
the combustor axis and the swirler. The sources of axial and radial momentum were
similar to guarantee a 45° injection, as in the experiments. The azimuthal momentum
source was set to zero. A value of 1.50 x 10-2 m2s-2 (identical to the swirler) was
assumed for the turbulence kinetic energy and the dissipation followed assuming an
eddy size as the diameter of the fuel injector holes.

Option 1: The fuel cells were spread over a ring with an aperture of 60°.
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The fuel injector contains a total of 10 holes. Therefore, in the integration
domain (a 60° sector) there are 1 + 2/3 holes. These holes occupied half of the
angular aperture of the sector and the next two options tried to account for the effect of
a non-continuous arrangement of fuel cells (see Figure 5.24).

Option 2: The cells were restricted to a central annular ring with an
angular aperture of 30°.

Option 3: The fuel cells were split into two sets of 15° angular aperture
each and located on the edges of the calculation domain.

Neither of these boundary conditions simulated the conical shape of the fuel
injector, but because the fuel cells are located in the first column of the grid they may
produce an effect similar to the fuel injector, by protruding into the combustor. The
effect of the fuel injector is assessed by a calculation with a castellated approximation
of the injector in subsection 5.4.1.

5.3.5 Conclusions

The results of the calculations with various options of the velocity profiles in the

combustor entries enabled, by comparison with the measurements, the choice of an

optimum set of boundary conditions. The flow in the combustor, in the primary region

in particular, is very dependent on the radial velocity specified in the primary hole.
The final set of boundary conditions for each combustor entry are:

Swirler: Axial plug flow, zero radial velocity and solid body rotation with
the area of the annular gap simulating the swirler as the effective area
of the swirler by increasing the hub radius.

Primary hole: Constant axial and azimuthal velocities, and radial velocity

taken from the measurements.

Dilution_hole: Constant values for all components of velocity. Calculations
without dilution flow showed no upstream influence of the dilution
jets.

Fuel injector: Point sources distributed along half of the angular aperture
of the sector.

5.4 DISCUSSION OF RESULTS
The previous section showed the effects of various possible alternatives to the
boundary conditions and enabled the selection of a set of boundary conditions by looking
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at the results in some locations in the combustor. Here, a more detailed evaluation of
the mathematical model is made by concentrating on other possible causes that may
explain discrepancies between the numerical and experimental results, i.e. the
turbulence model. This section starts (subsection 5.4.1) with the study of the
influence of geometrical simplifications such as the castellated head and the holes of the
combustor, and the shape of the fuel injector. The numerical accuracy is assessed
(subsection 5.4.2) by grid refinement extended to the limits of the computer memory
available and by evaluation of the mesh Peclet number. The actual discussion of the
results and validation of the turbulence model is in subsections 5.4.3 to 5.4.5 and has
been split into calculations of (i) combustor flow with swirler (subsection 5.4.3),
(i) combustor flows without swirler (subsection 5.4.4), and (iii) combustor flow
with swirler and "fuel" injection (subsection 5.4.5).

5.4.1 The Importance of Some Geometrical Simplifications

Geometrical simplifications of the combustor shape that may have contributed to the
predictions in the primary region were: (i) the castellated approximation of the
hemispherical head and the primary and dilution holes, and (ii) the neglect of the fuel
injector. The objective of this subsection is to see to what extent these simplifications
may have affected the results. This can be made only approximately since for a
complete assessment of these effects the results here should be compared against
results obtained by a system of coordinates where these limitations are completely
removed.

The castellated head may influence the results, for instance through the
reduction of the effective area of the combustor cross-section. Three different.
locations of the castellated head were tried: (1) the length of the straight section (the
combustor barrel) upstream of the primary hole was shorter than the real one by 3
mm; (2) the upstream barrel length was made the same as the real one; and (3) the
castellations were set one cell radially outwards relative to case 2.

8 mm downstream of the swirler (Figure 5.25), the differences between
these three options are very small: there is a slight increase of the radial velocity and
turbulence kinetic energy. At Z = 40 mm (Figure 5.26), conditions 2 and 3 increase
the negative axial \(elocity on the centreline and the positive axial velocity near the
wall; the turbulence kinetic energy decreases instead and this agrees with Koutmos and
McGuirk [1985], who found that a castellated approximation promotes turbulence
through the extra roughness and retards the flow along the downstream flat walls. The
centreline plot (Figure 5.27) shows that the better agreement in the primary region
does not affect the downstream regions.

Figure 5.28 shows the effect of the area correction factors of the cells on
the upstream edge of the primary hole: there is an increase of the turbulence kinetic
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energy whereas the other variables are as before. It was noticed that the propagation of
this effect to regions further away from the hole is a function of the grid distribution
(subsection 5.2.2) and the shape of the radial velocity profile in the plane of the holes
(subsection 5.3.3). Here, the effect is more localized; it does not affect the results
along the hole axis but shows again on the downstream edge (Figure 5.29).

The injector protrudes about 5 mm from the surface of the swirler into the
combustor and this has now been included. The results, in Figures 5.30 and 5.31, of
calculations with a castellated approximation of the injector show that the region of
influence of the injector at Z = 8 mm extends over a central region of radius r/R¢ =
0.2 and axially along the centreline for locations at a distance less than 20 mm from
the swirler.

These results show approximately what the improvements would be, had a
more flexible grid system been used. However, none of the geometrical simplifications
discussed above can explain the differences between calculations and experiments found
in previous sections. The neglect of the injector shape and the area correction factor in
cells in the holes cause localized effects of minor importance. The castellated
approximation of the head can cause an underprediction of the axial velocity near the
walls (and as a consequence also the underprediction of the negative axial velocity in
the centreline) and the use of more versatile system of coordinates is encouraged.
Given the regular shape of the combustor head the use of an orthogonal system seems to
be appropriate. A non-orthogonal grid system (e.g. Shyy, Braaten and Sober [1987]),
though more flexible, would increase the complexity and storage requirements of the
program and does not seem to be necessary; this also because the present treatment of
the holes appears to be satisfactory.

5.4.2 The Numerical Accuracy

Systematic grid refinement and the cell Peclet number distribution were used as means
of assessing the numerical accuracy of the calculations on the standard grid, 60 x 30 x
22. The main characteristics of the grids used for this purpose have been described in
subsection 5.1.4. The refinements were made starting from the standard grid and in
each direction independently, because the computer storage limitations did not allow a
uniform refinement in every direction. However, by proceeding this way the directions
and areas where grid resolution was more important could be identified.

Systematic grid refinement: global and grid refinement in
independent directions
There is no need to show the results of these calculations in their full extent. The
major alterations were caused by the grid refinement in the axial direction. Refining
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the grid along the angular direction (60 x 30 x 42) did not reveal any phenomena
similar to those observed in Chapter 3.

The main differences between the results of the six grids occur on the
centreline and are shown in Figure 5.32; the standard grid gave the same results as the
grid refined along the angular direction (60 x 30 x 42) and the results of the two grids
refined in the axial direction differed only in the region upstream of the primary
holes. The turbulence kinetic energy of only one grid is plotted so as not to impair the
clarity of the figure. The grid 96 x 30 x 22 produces better agreement with the
experimental results in the primary region, relative to the standard mesh (Figure
5.32), this is a consequence of the higher radial velocity along the axis of the primary
holes (Figure 5.33) where values even higher than the experimental ones are
predicted. The improved agreement of the centreline velocity in the primary region
(higher positive and negative peaks) results in vélues in excess of the experimental
results further downstream, so that the better agreement in the primary region is
obtained at the expense of the dilution region, since the decay rate (underpredicted by
the calculations) is constant irrespective of the level of grid refinement. Calculations
on the 114 x 30 x 22 grid (similar to 90 x 30 x 22, but with additional nodes in the
axial direction between the jets) were made to see whether an increase in the number
of nodes in the intermediate region altered the decay rate; the results were identical to
those obtained in the grid 90 x 30 x 22. The results in subsection 5.2.3 and 5.3.3 with
much coarser grids and different boundary conditions in the primary hole had
exhibited the same behaviour and this is believed to be a limitation of the turbulence
model.

Comparing Figures 5.32 and 5.6 one can see that the relative improvement
introduced by the grid refinement has been reduced. These improvements are a function
of the boundary conditions as could also have been concluded from the results in
subsection 5.3.1. The use of a higher radial velocity in the primary hole, as in Vexpt
boundary condition leads to an increase of the turbulence kinetic energy and turbulent
viscosity reducing the relative magnitude of numerical viscosity effects, therefore
reducing the sensitivity of the results to grid refinement.

Peclet Inumber
The Peclet number along the three coordinate directions was also evaluated for the
transport of a passive scalar. It is shown as contour plots in the most significant planes
in the combustor.

The Peclet number in the longitudinal direction, Pez, in the centre and mid
longitudinal planes (Figure 5.34) is generally low; the maximum value of about 10 is
restricted to the dilution and wall regions. The use of central differencing occurs over a
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significant part of the integration domain which includes the impingement region and
the shear layer of the flow emerging from the swirler gap. The shaded areas in the
figure are regions where switching to upwind differencing took place. Similar plots,
but for the finer grid 70 x 36 x 30 (Figure 5.35), obviously show even larger regions
of low Pe values.

The Peclet numbers in the radial, Per, and angular, Pet, directions (Figure
5.36) are much lower than Pez and this explains why the grid refinements in these
two directions changed the results so little. Per and PeT are less than 0.5 in most of the
integration domain. PeT is greater than 2 only in a very narrow region near the wall,
between the primary and dilution jets, and PeR in the combustor head and in the core of
the primary and dilution jets.

The low Peclet numbers that have been found confirm that the predictions
are relatively free from numerical diffusion and show that, within the current
computer limitations, it is already possible to obtain accurate solutions of combustor
flows. Suspicions often stated that numerically accurate solutions of three dimensional
recirculating flows would not be possible (e.g. Jones and McGuirk [1979], Claus
[1983]) probably need to be reassessed. In this case, the low Peclet numbers are not
only a consequence of the fine grids being used, but also a consequence of the high levels
of turbulence generated in the flow. The use of higher order differencing schemes in
this flow seems unnecessary, at least if the use of an eddy viscosity model is to be
retained.

Following the results of the grid refinement and the evaluation of the Peclet
numbers (also after all the previous tests), it can be confidently stated the results of
these tests confirmed the accuracy of the grid 60 x 30 x 22. Further reasons for the

|
deficiencies of the calculations should be sought in the turbulence modelling.

5.4.3 Combustor Flow With Swirler
Comparisons between the numerical and experimental results are shown here in a
greater detail than in previous sections.

Standard case (45° swirler)
The numerical resuits corresponding to case 1 of Table 4.2 are presented in Figures
5.37 to 5.52. Figures 5.37 and 5.38 show longitudinal and cross sectional views of the
predicted flow pattern. These figures, if viewed together with the experimental flow
visualization in subsection 4.3.6 and accompanied by the introductory text in
subsection 4.3.2 give a very detailed and comprehensive picture of the mean flow
pattern prevailing in' the combustor under the present conditions. A description of the
flow pattern seems unnecessary at this stage.
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The largest discrepancies between the numerical and the experimental
results occur in the region around primary jet impingement; the agreement in the
furthest downstream and upstream stations (Figures 5.39 and 5.52) is excellent. In
spite of the good agreement of the radial velocity along the axis of the primary holes
(Figure 5.42), the calculations show a weaker toroidal vortex in the combustor head
(Figures 5.40 and 5.41). Lower recirculated mass flow, i.e. lower axial velocities,
and lower turbulence levels compared with the measurements are features of this
region which extends about 20 mm downstream of the primary holes. The centreline
piot in Figure 5.32 shows that a difference of 30% occurs between the maximum
negative values of the axial velocity.

The underprediction of the axial velocity near the walls at Z = 40 mm,
Figures 5.40 and 5.41 can either be caused by the castellated approximation of the
combustor head, the wall functions or simply a consequence of the reduced backflow
rate predicted by the calculations. This underprediction of the axial velocity near the
walls affects all the downstream stations. The lower axial velocities near the wall and
on the centreline are strongly related and improvements in one region influence the
other as the tests in previous sections have showed.

At Z = 50 mm and halfway between the jets at 6 = 30° (Figure 5.44), the
minimum value of the axial velocity at mid radius and the maximum near the wall are
not predicted, and this then affects the shape of the profile downstream of the jets
(Figures 5.46 and 5.47). In the 6 = 0° plane, the agreement improves as the distance
from the primary holes increases (Figures 5.45, 5.48, 5.51 and 5.52). The correct
shape of the turbulence kinetic energy distribution is shown across the combustor,
although with underpredicted levels except at the further downstream stations where
good agreement is achieved in the regions around the centreline.

The good agreement obtained for the axial velocity in the intermediate
locations Z = 70 mm and Z = 85 mm, in Figures 5.48 to 5.51, is somewhat fortuitous
and corresponds to the region where, in the centreline plots (Figure 5.32), the
experimental and numerical curve cross each other. This level of agreement is never
obtained in the azimuthal component of velocity.

The calculations, by underpredicting the strength of the toroidal vortex in
the combustor head, overpredict the strength of the swirler flow and show the central
core usually rotating as the swirling flow. Features exhibited in the measurements and
strongly connected to the primary jets, are not shown so obviously by the calculations;
this becomes clear in the azimuthal velocity around the centreline, in the intermediate
stations. Only in Figl;ure 5.43, at the plane of the primary holes halfway between the
jets do the calculations show the positive values of the azimuthal velocity. The
downstream stations fail to show the correct shape of the azimuthal velocity profile and
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evidence higher levels of radial diffusion compared with the measurements. The high
values of W in regions around the centreline in the downstream stations are then
responsible for the lower values predicted near the combustor walls. This dominance of
the swirler flow partly explains why lower levels of turbulence are predicted in the
impingement region; as the measurements showed, higher levels of swirler reduce the
turbulence intensity in the centre of the combustor.

Calculations without swirler flow predicted higher values of turbulence
kinetic energy and étronger backflow but never as high as the measured values with
swirler flow. The boundary conditions tests showed that better results could be
obtained as the distribution of the radial velocity along the axis of the primary holes
approached the measured values; this dependence of the turbulence kinetic energy on
the radial gradient of the radial velocity is expected to be extended to a dependence also
on the axial gradient of the axial velocity along the centreline, which the calculations
largely underpredict and may explain the lower levels of turbulence. The existence of
other mechanisms contributing to the high experimental values of turbulence, and not
accounted for by the present turbulence model, should not be fully discarded. The
contribution that may have occurred due to the low frequencies associated with the jet
shear layer instability, discussed in Chapter 4 are not supposed to be accounted for by
the turbulence model. The characteristic time (1/60 Hz, i.e 0.017 sec) and length
scale of the phenomenon above are higher than the time step (At = 0.004 sec) and the
average dimensions of the grid cells at the primary jet impingement (about 2 mm) and
the present mathematical model in principle should be able to predict such
phenomenon. This, however may have been precluded by the symmetry (cyclic)
boundary conditions of the present calculations; full three-dimensional calculations,
covering the whole 360° of the combustor may be needed since instantaneously the
assumptions of symmetry are not valid.

The contour plots in Figure 5.53 and 5.54 give an overview of the
turbulence kinetic energy field. The maximum values exist around the primary jet,
especially near the impingement point and in the upstream shear layer of the jet. Note
also the order of magnitude difference between these and the values near the walls, a
difference that the measurements do not confirm. The calculations consistently show
lower values of turbulence kinetic energy near the walls, even in regions (e.g. Z = 85
mm, Figure 5.51) where good agreement of the axial velocity is obtained, which
suggests that these lower values may be a consequence of the azimuthal velocity whose
magnitude near the walls is also underpredicted.

In general, the calculations show a higher level of diffusion compared with
the measurements. This is known to be a typical feature of the k-e model in

recirculating flows, whose variants usually involve a reduction of the eddy viscosity
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(e.g. Leschziner and Rodi [1981]) either through the alteration of the constant Cp or
the inclusion of extra terms in the equation of dissipation of the turbulence kinetic
energy.

The calculations obtained with the 30 degree swirler under similar
experimental conditions (case 2 of Table 4.2) evidenced identical features and are not
worth including. Results with the 30 degree swirler but a higher swirler flow rate are
shown below.

Higher swirler flow rate (30° swirler)

Calculations with an increased swirler flow rate (primary to swirler flow ratio of
1.31, case 6 in Table 4.2) were made. Figure 5.55 shows the flow pattern in the
centre and mid longitudinal planes; the swirler flow penetrates axially deep into the
primary zone, rather than being restricted to the region near the wall by the toroidal
vortex resulting from primary jet impingement (as in Figure 5.37, corresponding to
a primary to swirler flow ratio of 1.92). Three vortices can be identified in the
combustor head: a large one with an anticlockwise rotation, which can be understood as
an enlarged version of the region identified as B in Figure 4.25; two smaller vortices
trapped below the swirler flow stream, one in the wake of the swirler hub and the
other closer to the primary hole axis. Both seem to be part of a larger vortex limited
by the shear layer of the swirler flow and the combustor centreline. (A much smaller
vortex structure exists on the upstream edge of the primary holes near the wall but
the number of ‘particles' released in this region is not enough to resolve it.) The
longitudinal views in the planes between and including the jets, show the axisymmetry
of the flow pattern in much of the combustor head implying that the flow is now
dominated by the swirler rather than the primary jet flow.

Cross-sectional views in the plane of the primary hole axis, viewing the
flow from the downstream end towards the swirler are shown in Figure 5.56b; two
vortices can be seen, one on each side of the jet. The swirler flow rotates clockwise and
the vortex on the right hand side, being on the low pressure side of the jet, is larger
and can even rotate in a direction opposite to the swirler flow; compare this with
Figure 5.55a, 10 mm upstream of the jets. In the plane of the dilution hole axis
(Figure 5.55c), there is a structure similar to the one observed in the plane of the
primary holes, although it is not so clear because of the increased bending of the jets.

The restricted measurements of axial and azimuthal velocities, at only one
station between the primary jets (Figure 5.57) are not enough to confirm or deny the
existence of this flow pattern. The acceleration of the flow on the centreline, relative to
the standard situation, was thought in Chapter 4 1o be caused only by a downstream
shift of the impingement point and a longer primary vortex; no major alteration of the
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flow pattern was expected. However, given the level of agreement between the
calculated and experimental results in the previous subsection, the pattern shown
above is believed to be generally correct. Here, the swirler boundary conditions are
likely to be more critical than in the previous case and the radial velocity at the outlet
of the swirler, for instance, may have to be specified. If the underprediction of the
negative axial velocity on the centreline is repeated here, then the impingement of the
swirler flow on the combustor wall in reality occurs further upstream and the
recirculation region near the centreline is larger at the expense of a reduction of the
upper vortex near the wall. The flow pattern being predicted may actually happen for
higher swirler flow rates, if the tendency to overpredict the strength of the swirler
flow also persists.

The swirler flow rate was, in this calculation, 30% of the total flow and
this is similar to the experimental conditions of Heitor and Whitelaw [1986] and
Bicen and Jones [1986]. The pattern predicted here is likely to be similar to that in
existence in their experiments; note, for instance, the radial distribution of
turbulence kinetic energy in Heitor and Whitelaw [1986] with a peak at mid radius,
which, according to the present calculations (Figure 5.58), seems to be associated
with the impingement of the swirler "jet" on the primary jet (Figure 5.55). Their
maximum turbulence kinetic energy on the centreline is associated with the precessing
vortex core of the swirler flow and obviously cannot be predicted by the present
calculations. Also, the striking and unexplained influence of the fuel flow rate upon the
axial velocity on the axis of the primary holes in Bicen and Jones [1986] may be
explained through the contribution of the fuel to increase the swirler flow rate and the
vortex near the centreline in the plane of the primary holes.

5.4.4 Combustor Flow Without Swirl

Following the measurements without swirler flow presented in the previous chapter,
calculations were also made to assess the performance of the turbulence model in the
absence of swirler flow. Two calculations were made: (1) with no flow through the
annular gap simulating the swirler (both the azimuthal and axial velocities were set to
zero) and (2) with only the azimuthal velocity set to zero. The domain of integration
was halved, a 30° sector limited by longitudinal planes of symmetry was used. The
number of nodes in the azimuthal direction was also halved (a grid of 60 x 30 x 11) to
maintain a similar grid resolution.

Figures 5.59 and 5.60 show the longitudinal streakline plots for the two
flow conditions mentioned above. In condition 1, Figures 5.59, there is a single vortex
in the head, which is set exclusively by the primary jet impingement. With flow
through the annular gap simulating the swirler (Figure 5.60) region B, in the upper
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left corner, can be seen; the size of this region is larger than in case of swirling flow
and agrees with the introductory remarks in subsection 4.3.2.

In the intermediate region there is another toroidal vortex (Figure 5.59),
which is eliminated if there is flow through the swirler, either without (Figures
5.60) or with swirl component (Figures 5.37). This is simply because this flow
increases the axial momentum near the walls, downstream of the primary jets. The
measurements confirm the existence of this structure, but it is somehow smaller as
can be concluded from comparison with measured axial velocities at Z = 85 mm in
Figure 5.65. This is a consequence of a lower predicted recirculated flow rate, as the
measurements and calculations 10 mm upstream of the primary jets show (Figure
5.61). In realistic combustor geometries, the probability of this structure occurring
is reduced by including extra holes (smaller) between the primary and dilution holes.
Further downstream, in the wake of the dilution jets (Figures 5.59 and 5.60), a
similar phenomenon re-occurs and is eliminated only if there is swirling flow (Figure
5.37).

The cross-sectional views in the plane of the primary holes (Figure 5.67)
show the vortex generated by the impingement of the jets and restricted to the outer
region of the combustor. The jet is slightly wider in the case of the injection of fluid
through the annular gap of the swirler. Note the differences between the flow pattern
here (rhp/ msw = ) and the flow pattern obtained with conditions from case 1,
(mp/msw = 1.92) (Figure 5.38a), and case 6 (Figure 5.56b) with a decreased
primary to swirler flow ratio (mp/msw = 1.31). Recalling the discussion on the
bimodal PDFs of W velocity (in subsection 4.3.4), it can be seen in Figure 5.67a that
the inner radial half of the combustor corresponds to the merger of the two
neighbouring jets, rather than to the boundary of the two vortices formed between the
jets (these vortices are actually restricted to the outer half of the combustor, where
there was no evidence of bimodal PDFs). The arguments presented in subsection 4.3.4
(under the heading " Implications for the jet impingement process") are consistent
with these streakline views.

Quantitative differences between the flow conditions (1) and (2) are better
seen in Figures 5.60 to 5.65. The main differences occur near the wall where the
extra swirler flow shows either by increasing the axial velocity, upstream of the
dilution jets, or near the centreline downstream of the dilution jets (Figure 5.66).
The higher negative centreline velocity in Z = 50 mm (Figure 5.62) is caused by a
slight downstream bending of the primary jets.

In general, the level of agreement between the experimental and numerical
results is the same as in the previous situation with swirling flow; for instance, the
underprediction of the axial velocity and turbulence kinetic energy on the centreline
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(Figures 5.66). The comments made above are also valid for this condition and show
that the deficiencies of the turbulence model are associated with the prediction of the
impingement region irrespective of the existence of swirler flow. The poor
performance of the model in the intermediate region appears to be more a consequence
of the poor results upstream in the combustor and the use of higher order closure
turbulence models, though perhaps necessary to improve the predictions in the
primary region may not be needed for the downstream regions.

5.4.5 The Transport of Fuel

Figures 5.68 to 5.70 include the results of the simulation of fuel injection. The flow
conditions correspond to case 3 in Table 4.2. Figures 5.68 and 5.69 show the radial
profiles at two angular locations. Apart from a small lump near the centreline where
there is the reverse of the relative position between conditions 2 and 3, consequence of
the orientation relative to the fuel cells, there are no major differences between the
various geometrical arrangements of the fuel cells. The centreline plot (Figure 5.70)
agrees with the measurements in the case of conditions 3 and 4; the measurements also
showed this reverse of the relative position of the curves with and without injection.
Beyond Z = 30 mm, there is no influence of the fuel injection on the centreline.

The transport of fuel near the combustor walls was noticed in the flow
visualization study (subsection 4.3.6) and is illustrated here also by the contour plots
of mixture fraction (values in per cent) in Figures 5.72 to 5.76. Values of fuel
fraction above 10% occur only within the first 10 mm of the combustor (Figure
5.72). The effect of the geometrical arrangement of the fuel cells is evident 8 mm
downstream of the swirler (compare Figures 5.72, 5.73 and 5.74), but, at 30 mm,
the axisymmetry of the flow is re-established and the three arrangements of the fuel
cells give identical results. The fuel jet, unable to penetrate the recirculated flow
created by the primary jet impingement, mixes with the swirler flow and escapes
between the primary jets, being transported near the wall with reduced mixing with
the central core of the flow, formed mainly by primary jet fluid. In the dilution
region, the jets, because of their weaker penetration drive the fuel towards the
centreline (Figure 5.71). This was also the picture built on the basis of the flow
visualization study, which supports the calculations. However, this particular pattern
is a consequence of the primary to swirler flow ratio and is by no means the only one
possible in gas turbine combustors; the calculations of Coupland and Priddin [1987]
show, for instance and the experimental results of Bicen and Jones [1986] suggest,
that the fuel can mix with the central core (swirler flow) throughout the combustor.
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Scalar mixing — the turbulent Prandtl number

Predictions have been carried out with various values of turbulent Prandtl number.
Calculations with values of 0.7 and 0.4 show, as expected, smoother distributions as
the turbulent Prandtl number is reduced. In the plane of the primary jets, Z = 50 mm
in Figures 5.73, 5.75 and 5.76, it appears, due to the increased diffusion, as if the
penetration of the primary jet has been reduced, as opposed to a higher penetration of
the fuelled fluid between the jets, leading to higher values of the fuel fraction on the
centreline. This agrees with the restricted set of measurements made with an intrusive
concentration probe, in Appendix B, and may support the use of a turbulent Prandtl
number lower than 0.9, as has been suggested by various authors (see remarks in
Chapter 2). The need to increase the diffusion of a passive scalar for better agreement
with the measurements, contrasts with another common suggestion to reduce the value
of the constant Cp in the model which contributes to the reduction of the diffusion of
momentum. A more detailed study of the concentration field inside the combustor should
await detailed measurements, depending on the development of the techniques described
in Appendices A and B.

5.5 CONCLUSIONS
Discrepancies between the numerical and experimental results were found
to be due to numerical or turbulence modelling reasons.

From a numerical point of view, the main conclusions of this chapter are:

1. Fine numerical grids are needed to resolve the flow in the combustor.
The level of refinement depends to some extent on the boundary
conditions and, provided the correct boundary conditions are specified,
grids of about 30000 nodes offer a good compromise between accuracy
and computer run time.

2. In the limits of computer memory available (about 7 Mbytes),
solutions are possible with central differencing scheme in a
substantial part of the integration domain, demonstrating that
numerically accurate solutions are possible in a flow of engineering
interest.

3. The grid resolution is most critical in the axial direction, especially
in the combustor head.

4. Of the boundary conditions, the radial velocity in the primary hole is
determinant and can influence the flow pattern in all of the combustor.
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Other boundary conditions at different entries of the combustor may
be equally or more important in the case of different flow splits.

From a turbulence modelling point of view:

1.

The calculated results exhibit, in general, higher levels of diffusion,
which show, for instance, in the axial centreline velocity through the
underprediction (30%) of the maximum negative value and a decay
rate lower than measured.

No qualitative agreement with the azimuthal velocity in the region
downstream of the primary jets could be achieved.

From a design point of view:

1.

The model gives acceptably good results and proved to be a very
powerful design tool, especially if one is interested mainly in
qualitative answers. For higher confidence on the results under flow
conditions'.differing from the present ones a cautious use of the model
is recommended and at least, tests of sensitivity to the boundary
conditions should be performed.
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FIGURE 5.6 - Axial velocity and turbulence kinetic energy along the combustor

centreline using four different grids: —-—-—  grid 33 x17 x13
---------- grid 46 x24 x20 grid 60 x30 x22 ——~grid 70 x36 x30.
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FIGURE 5.7 - Results at Z = 8 mm, 6 = 0° using four different grids - key as in
Figure 5.6.
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FIGURE 5.8 - Results at Z = 40 mm, 6 = 0° using four different grids - key as in
Figure 5.6.
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FIGURE 5.9 - Results at Z = 50 mm,
Figure 5.6.
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FIGURE 5.10 - Results at Z = 50 mm, 6 = 0° using two primary flow rates:
———— Mmp = 1.044 kg/s — -—-——- mp = 1.146 kg/s.
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FIGURE 5.11 - Axial velocity and turbulence kinetic energy along the combustor
centreline for two primary flow rates:

rhp = 1.044 kg/s ———-—rhp = 1.146 kg/s.
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FIGURE 5.12 - Results at Z = 50 mm, 6 = 0° using three alternative boundary
conditions for the radial velocity on the primary hole: ------ Vplug (mp = 1.044 kg/s

Vexpt (Mp = 1.044 kg/s) —-—-—-— Vplug (Mp = 1.146 kg/s
. *—'—'——vﬂ—'**-l 2-5—v—~—v~—r—v—v—v-|

“f.o -0.5

0.0
r/R.
FIGURE 5.13 - Results at Z = 50 mm, 0 = 0°, using three alternative boundary
conditions for the radial velocity on the primary hole:

—————————— Vplug (grid 60 x30 x 22) —-—-—-—Vexpt (grid 70 x36 x 30)
Vexp{ (grid 60 X30 X 22).
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FIGURE 5.14 - Results at Z = 8 mm, © = 0° using four alternative boundary
conditions for the swirler: ——— Upjug, Wete; -~ ------- Uplug, Wsolid body;

_____ Uplug: Wete + vane blockage(method 1);
——————— Uplug, Wsolid body + vane blockage(method 1).
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FIGURE 5.15 - Axial velocity and turbulence kinetic energy along the combustor
centreline with four alternative boundary conditions for the swirler - key as in
Figure 5.14.

FIGURE 5.16 - Results at Z = 8 mm, 6 = 0° using two alternative boundary
conditions for the swirler and two alternative boundary conditions for the primary
hole: — Up]ug, Wcte;

ERRSEEEEEEE R Uplug, Wsolid body + Vplug in primary hole;

——-—- Uplug: Wsolid body + Vexpt in primary hole.

R

FIGURE 5.17 - As above but at Z = 40 mm, 0 = 0°.
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FIGURE 5.18 - Results at Z = 8 mm , 6 = 0° using three alternative boundary
conditions for the swirler: ——— Upjug, Wetes

—-—-—Uplug: Wcte + vane blockage(method 2);
--------- Uplug, Wsolid body + vane blockage(method 2).
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FIGURE 5.19 - The influence of the radial velocity at the outlet of the swirler.
Results at Z = 8 mm , 8 = 0°: —— Uplug, Wsolid body + Vvane blockage(method 2)+ Vexpt
---------- similar conditions, but with V=0.4 U at the swirler outlet also.
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FIGURE 5.20 - Results at Z = 8 mm , 6 = 0° using four alternative boundary
conditions for the radial velocity in the primary hole:

Vplug (Mp = 1.044 kg/s - condition 1) ... Vexpt (Mp = 1.044 kg/s - condition 2)
— -—-—Vplug but smaller hole (mp = 1.044 kg/s - condition 4)

______ Vplug (Mp = 1.414 kg/s - condition 5)
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FIGURE 5.23 - Axial velocity along the combustor centreline with and without
dilution flow: ¢ —— with dilution flow » ------ without dilution flow,
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FIGURE 5.24 - Arrangement of cells simulating the injection of fuel.
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FIGURE 5.25 - Results from calculations with three different castellations to
simulate the hemispherical head of the combustor:
case 1 case 2 —-—-— case3

/R R /R
FIGURE 5.26 - Similar to Figure 5.25 but at Z = 40 mm, 6 = 0°.
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FIGURE 5.27 - Axial velocity and turbulence kinetic energy along the combustor

centreline - see key in Figure 5.25.
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FIGURE 5.28 - Results from calculations with and without area  FIGURE 5.29 - Similar to
correction factors for the primary holes: Figure 5.28 but at Z = 55 mm,
with correction factors; -.--------. without correction factors. 0 = 0°.
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FIGURE 5.30 - Results from calculations with and without a castellated
approximation of the fuel injector shape at Z = 8 mm, 6 = 0°:
-------- with castellations; ——— without castellations.
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FIGURE 5.31 - Axial velocity and turbulence kinetic energy along the combustor
centreline - see key in Figure 5.30.
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FIGURE 5.32 - Axial velocity and turbulence kinetic energy along the combustor
centreline with four different grids: —_—— grid 70 x 36 x 30:
————-grid 60 x 53 x22;—— grid 96 x 30 x 22;—-—-— grid 60 x 30 x 42.
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FIGURE 5.33 - As in Figure 5.32, but at Z = 50 mm 6 = Q°,
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FIGURE 5.34 - Peclet number along the axial direction (Pe;) in the longitudinal

plane (grid 60 x 30 x 22).
? \NKTh
5 ' &\ \
.5 —:‘%)}4' '
.:u.cc " :‘25““ t1[’.!:/ f “3‘,

FIGURE 5.35 - Peclet number along the axial direction (Pe;) in the longitudinal
plane containing the axis of the primary hole (grid 70 x 36 x 30).

PeRr

FIGURE 5.36 - Peclet numbers along the radial (Peﬂ)énd angular (Pey)

directions in the longitudinal plane containing the axis of the holes (grid 60 x 30 x
22).
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FIGURE 5.37 - Streakline plots corresponding to case 1 - views in the
longitudinal planes containing the axis of the holes.

FIGURE 5.38 - As in Figure 5.37, but views in the cross-sectional planes
containing the axis of the primary and dilution holes.
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FIGURE 5.39 - Results
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FIGURE 5.41 - Results corresponding to case 1 at Z = 40 mm, 6 = 30°.
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FIGURE 5.45 - Results corresponding to case 1 at Z = 60 mm, 6 = 0°.
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FIGURE 5.46 - Results corresponding to case 1 at Z = 60 mm, 6 = 15°.
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FIGURE 5.47 - Results corresponding to case 1 at Z = 60 mm, 6 = 30°.
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corresponding to case 1 at Z = 70 mm, 6 = 30°.
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FIGURE 5.53 - Contour plots of turbulence kinetic energy (vk/Up) in the
longitudinal planes containing the axis of the holes.
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Z =130 mm

FIGURE 5.54 - Contour plots of turbulence kinetic energy (Vk/Up) in the

transverse cross-sectional planes.

- views in the

FIGURE 5.55 - Streakline plots corresponding to case 6

longitudinal planes containing the axis of the holes.
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Z =130 mm

FIGURE 5.56 - As in Figure 5.55 but views in the cross-sectional planes.
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FIGURE 5.57 - Results corresponding to case 6 at Z = 50 6 = 30°,
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FIGURE 5.58 - Results at Z = 50, 8 = 0°, from two flow conditions with
different primary to swirler flow ratio:
: case 1 - mp /mg= 1.92 —---------case 6- Mp/mg = 1.31.

FIGURE 5.59 - Streakline plots corresponding to case 5 (without swirler flow)
- views in the longitudinal planes containing the axis of the holes.
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FIGURE 5.60 - Streakline plots from calculations with flow through the swirler
gap without  swirl component of velocity - views in the longitudinal planes
containing the axis of the holes.
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FIGURE 5.61 - Experimental data from case 5 (without swirler flow).
Numerical results from calculations without swirler fow ( ——— ) and flow
through the swirler gap with no azimuthal component of velocity (----------------22) .
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FIGURE 5.63 - Results at Z = 50, 6 = 30°, corresponding to case 5.
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FIGURE 5.64 - Resulis at

FIGURE 5.65 - Results
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FIGURE 5.66 - As in 5.61 to 5.65 but along the combustor centreline.
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combustor flow
with azimuthal

component of
velocity through the
swirler set to zero

combustor flow
without swirler (case 5)

FIGURE 5.67 - Streakline plots from calculations in the planes containing the
axis of the primary hole.
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FIGURE 5.68 - Results at Z = 8, 8 = 15°, corresponding to case 3 (with
simulation of fuel injection).
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FIGURE 5.69 - As in Figure 5.68 but at Z = 8, 6 = 30
no fuel injection
.. opton 1 —-—-— option 2 — ———— option 3.
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oy FIGURE 5.70 - As in Figure 5.65 but along the centreline.
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FIGURE 5.72 - As in Figure 5.69 but cross-sectional views.
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Z =50 mm

A FIGURE 5.72 (continued).

80

FIGURE 5.73 - Fuel fraction field in the cross sectional planes (option 2).
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Z =50 mm

FIGURE 5.75 - As in Figure 5.73 but for a turbulent Prandtl number of 0.7.
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FIGURE 5.76 - As in Figure 5.73 but for a turbulent Prandtl number of 0.4.
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CHAPTER 6
CLOSURE

The objective of this chapter is to summarize the main conclusions of the
present work and provide suggestions for future work.

6.1 CONCLUSIONS

Experimental
The experimental work demonstrated firstly that a flow pattern similar to that
inferred from temperature measurements inside a similar but combusting rig could be
obtained under isothermal conditions, provided the ratio between the primary and the
swirler flow and the ratio between the dilution and the cross flow were similar in both
experiments. The bulk of the velocity measurements were then obtained under these
conditions. These measurements showed that the flow in the primary region was mainly
set by the impingement of the primary jets. The swirler flow was restricted to the
region near the outer wall of the combustor and the region between the primary jets.

The primary jet impingement gave rise to a region of high anisotropy of
turbulence where the azimuthal normal stress was twice as large as the axial normal
stress. Other characteristics of the azimuthal velocity in this region included a flatness
value of around 2.2 and the existence of bimodal PDFs between the primary holes
attributed to the merging of the jet shear layers. Spectral analysis confirmed the
turbulent nature of this phenomenon with a broad range of frequencies between 10 Hz
and 150 Hz with a maximum at 60 Hz.

Flow visualization using high speed photography and laser induced
fluorescence revealed the presence of large turbulent eddies originating from the jet
flow, which were most evident in case of combustor flow without swirl. The breaking
up of these eddies increased with the distance from the primary jets. The flow
visualization also supported the statement that, in case of no swirl flow the higher
turbulence intensity measured in the region of impingement corresponds to lower
mixing compared to the case with swirl flow .

Although the laser induced fluorescence has proven to be excellent for flow
visualization purposes, a feasibility study of this technique for measurements of
concentration evidenced some difficulties to be overcome in future work. Rhodamine B
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was selected as the most appropriate dye for quantitative applications of the laser
induced fluorescence on the basis of its characteristics of stability.

Numerical
The performance tests of the several pressure-velocity coupling algorithms showed
that the overall convergence of the calculation procedure is dominated by the
convergence of the turbulence model equations. More elaborate pressure velocity
formulations, e.g. PISO, are beneficial mainly because they allow the use of higher
under-relaxation factors and under such circumstances convergence can be achieved in
less iterations but not necessarily less CPU time. The higher robustness of this type of
algorithms may be more important in situations with an increased number of
equations; however under the present conditions the replacement of algorithms with
only one pressure correction equation (e.g. SIMPLE) is not recommended.

A large proportion of the CPU time per iteration is spent solving the set of
simultaneous linear equations. Reduction of the global CPU time was obtained by
reducing the number of sweeps in TDMA, i.e. solving the equations to a less stringent
criterion of convergence. This would sometimes result in a higher number of global
iterations but the global computing time was still reduced. This showed that the
coupling and the nonlinearity between the equations is the factor delaying convergence,
not the accuracy to which the equations are solved at each global iteration. The
usefulness or the need for better algebraic solver techniques as a means of reducing the
computing time is thus questionable, since they will always be more time consuming
than the simple TDMA, used in the present tests.

The calculations of the flow inside the water model showed that the boundary
conditions in the plane of the primary holes were determinant, particularly the radial
velocity. The fine grid calculations led to the use of central differencing in a large
proportion of the integration domain and a study could be made of the effect of the
boundary conditions and other geometrical simplifications imposed by the use of a
cylindrical polar system of coordinates. The remaining discrepancies between the
numerical and experimental results are believed to be caused by deficiencies inherent
to the turbulence model k-€. These were, in summary, an underprediction of the levels
of turbulence in the primary region and a solid body rotation type of flow throughout
the combustor. The high levels of diffusion of momentum observed through the
smoother velocity profiles compared to the measurements contrasts with the lower
diffusion observed in the calculations of the dilution zone system of the annular
combustor. In this case the overall temperature pattern factor at the outlet of the
combustor was underpredicted by 100%, even with a reduction of the turbulent
Prandtl number from 0.9 to 0.5.
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The real possibility of obtaining numerically accurate solutions of gas
turbine combustor like flows is a major conclusion of the present work and opens the
way to further development and calculations with more elaborate turbulence models.

6.2 SUGGESTIONS FOR FUTURE WORK

Numerical
Efforts should be made towards the development of a more accurate modelling of the
mixing processes inside the combustor. This can only be achieved using a higher order
turbulence closure, i.e. Reynolds stress and scalar flux modelling, which may also be
the right direction to move given the difficulties of predicting the primary region set
by the primary jet impingement. This should be preceded by real time dependent
calculations involving the whole 360° of the combustor to asses the validity of the
symmetry boundary conditions and ascertain the probable capability of the present
mathematical model to predict the jet impingement behaviour.

The higher complexity of the turbulence model and probably the extension
of the integration domain to include the annular flow will cause an increase of the
storage requirements and may deteriorate the spatial resolution relatively to that
achieved in the present calculations. This, however may be alleviated by calculating the
combustor flow in separate modules where the system of coordinates and the
turbulence model may vary according to the region to be resolved. Such approach is not
possible in case of the time dependent calculations mentioned above and this may reduce
the spatial resolution of the grid to a level where the jet behaviour cannot be resolved.

Reductions of the computing time involved in the calculation of combustor
flows may occur through algorithms providing a stronger coupling between the
complete set of equations (momentum, pressure and turbulence model), not only
between the pressure and the velocity, and probably enabling a more frequent update of
the coefficients or even the abandonment of their linearization, which are ultimately
responsible for the convergence of the calculations. The current knowledge and
numerical techniques are based on calculations with a single equation of transport (not
a set of coupled transport equations). If more efficient numerical techniques to solve
the fluid flow equations have to be found, a fundamental study of the relationships
between the equations has to be made. This of course can only be made by numerical
experimentation and the conclusions may be restricted to the test case selected.
Although such study is needed it is however very unlikely to bring, at least in a short
term basis more benefits than the rewriting of the available software for calculations
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in parallel computing machines. This undoubtedly has to happen at some stage to follow
the present trends of computer hardware development.

Experimental
On the experimental side the water rig should be redesigned with provision for
monitoring of each flow entry to the combustor and a new injection system enabling the
injection of very small amounts of dye as required for the laser induced fluorescence
technique. The calculations showed the importance of the boundary conditions,
particularly in the inlet plane of the primary jets, and to enable measurements in
these planes and also measurements of shear stresses the new rig should be designed by
keeping in mind the possible future use of a refractive index matching technique.

There seems to be no detailed experimental study able to assist the
development and test of scalar flux models in gas-turbine combustor geometries and an
experimental program should be undertaken for which the development of the
techniques for measuring concentration initiated in the current work should also be
continued. A simpler geometry compared to the combustor used in the present work
should be used for development of these techniques.

As mentioned in the Introduction in Chapter 1, developments are needed in
many areas for an increased understanding of the phenomena occurring inside gas
turbine combustors. The aspects mentioned above suggest some of the possible
directions to be followed.
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APPENDIX A
A FEASIBILITY STUDY OF LASER-INDUCED FLUORESCENCE (LIF)

A.1 INTRODUCTION

The main objective of this appendix is to describe the present status of development of
the laser induced fluorescence (LIF) technique and to assess its potential for scalar
field measurements in water model combustor flows. Preliminary results using this
technique were obtained in a very simple configuration which enabled identification of
not only the potential, but also the main difficulties of using LIF. These difficulties
were then confirmed in an attempt to use the technique in the combustor model; the
completion of this feasibility study allowed suggestions to be made for the development
of the system to enable its future application to combustor flows.

The appendix contains five main sections. Firstly, in Sections A.2 and A.3, a
brief review of the previous related work and basic principles of fluorescence is made.
Section A.4 discuss the experimental results, followed by the conclusions and
recommendations for future work in Section A.5.

A.2 REVIEW OF PREVIOUS WORK

Measurements of concentration by induced fluorescence effects is a common technique
in the analytical chemistry field, where it is referred to as fluorescence spectroscopy.
For an introduction to the physics of the technique, several textbooks are available:
Parker [1968] deals with photoluminescence in general, and Guilbault [1973] and,
more recently, Lakowicz [1983] deal with fluorescence only. For a collection of
experimental procedures, see Miller [1981]. In the fluid mechanics context, the first
quantitative application of this technique was presented by Owen [1976], who
measured the concentration and velocity of two coaxial jets discharging into a sudden
expansion; this flow was also studied by Johnson and Bennett [1981]. Roback and
Johnson [1983] used a similar geometry but with an outer swirling jet. In all of these
works, laser-induced fluorescence is presented as a relatively simple technique and no
considerations were given to complications due to effects such as undesirable light
absorption or curved surfaces. Durst and Schmitt [1984] were the first to address
these experimental difficulties and discuss the need to match laser power and dye
concentration. Other works include Dimotakis, Miake-Lye and Papantoniou [1983],
Koochesfahani and Dimotakis [1985] and Papanicolaou and List [1984]. From the
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various works mentioned, no unanimous choice has emerged on which dye is most
appropriate, nor at what range of concentration a particular dye should be used. The
question of selecting a dye seems to have been largely ignored except by Stevenson,
Santos and Mettler [1976], who made some tests on the relative fluorescence intensity
and stability of various combinations of dye and solvent. Fluorescein is the most
commonly used dye, but Owen [1976], Johnson and Bennett [1981] and Durst and
Schmitt [1984] have used it in absolute concentrations of 0.4 mg/l, 2 mg/l and 0.001
mg/l, respectively. In terms of optical considerations, Durst and Schmitt [1984]
considered the absorption of light across the test section caused by fluorescence and
introduced a second photomultiplier to monitor this, while all the others seem to have
ignored this problem. Clearly, the absorption of incident light is a function of the
optical path length and transmissivity of the medium, but if corrections due to
absorption have to be made because of high concentrations of fluorescent material, then
the characteristics of the fluorescence technique, and its main advantage (the linear
response of intensity of fluorescent light to concentration) relative to any absorption-
based technique, is lost. Also, all the books on fluorescence spectrometry quoted above,
point out that it is always possible to bring the levels of concentration to values where
the absorption can be made negligible. Disagreement on the levels of concentration is
expected, given the differences in geometries, instrumentation and instrument
settings. Usually, the laser power used, efficiency of the optics and voltage of the
photomultiplier supply are never mentioned and, as shown below these are very
important determinants of the signal intensity.

A.3 BASIC PRINCIPLES OF FLUORESCENCE

The fluorescence phenomenon involves a molecular process with a transition between
different electronic states and is a non-elastic process: the frequency of the emitted
light is different from the frequency of the absorbed light. Photoluminescence
phenomena are classified into three different types: fluorescence, phosphorescence and
delayed fluorescence. The energy diagram, in Figure A.1, provides the basis for a
differentiation of these three.

The electronic state of an electron is defined by its spin, S, which is +1/2
or -1/2, and the orbital momentum of a given electronic state is defined by: M=2S+1,
where M is the multiplicity. For an electronic state with two paired electrons (spins of
+1/2 and -1/2), the multiplicity is 1: a singlet state. For an electronic state with two
unpaired electrons (e.g. spins of +1/2 and +1/2), the multiplicity is 3: a triplet
state, T.
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If the molecule is excited by a photon of light, a transition with absorption
of light energy can occur from the singlet ground state, Sp, the highly populated state,
to any of the various vibrational levels associated with any of the singlet excited
electronic states (transition from the ground to a triplet state is, from a quantum
mechanics point of view, ‘forbidden’ or highly improbable). Once in a higher energy
level, the molecule will tend to reduce its energy by internal conversion, moving to
lower energetic states in the same singlet state: a radiationless process with a lifetime
of about 10-12 s and less than necessary for a return to the ground state again. The
time between the excitation of the molecule and the return to the ground state is called
the fluorescence lifetime and is of the order of 10-8 s. This return to the ground state
So is accompanied by a radiation process -fluorescence -, which occurs at longer
wavelengths due to the absorption of energy in the transition between the different
vibrational levels: an inelastic phenomenon. The type of fluorescence described above
is the so-called Stokes fluorescence; two other types can occur where the emitted light
can either be of the same wavelength as the absorbed light (resonance fluorescence) or
even lower (anti-Stokes fluorescence). Neither of these two occurs in liquid solutions
and shall be ignored; in the text, fluorescence refers to Stokes fluorescence.

Transition to states of lower energy can also occur via a reversal of the
electron spin, a radiationless process, from a singlet to a triplet state of lower energy
(inter-system crossihg) and then to the ground state. Triplet states can be populated in
this way; only by electrons coming from higher energy levels. This phenomenon, with
a transition time of 10°4 s, is called phosphorescence and is possible with
substances involved in a rigid medium. If the molecule acquires some extra energy, a
transition from a triplet to the ground state via a higher energetic singlet state can
happen and is called delayed fluorescence. Its lifetime is of the same order of
magnitude of the phosphorescence lifetime (10-4 s) and can be incorrectly assumed as
such.

The properties discussed above can be observed in Figure A.2, where the
emission and absorption spectra of various fluorescent substances are shown. The shift
of the emission spectrum to longer wavelengths (Stokes shift) is due to the transition
within the various vibrational levels of the singlet excited state prior to the
fluorescence. The mirror image of the emission spectrum occurs because each
absorption band to the first electronic state will have a corresponding emission, or
fluorescence, band. The different intensities of the spectrum at different wavelengths,
its shape, the length of the overlapping region, the location and number of peaks, etc.,
depend on the substance and are some of the reasons why this technique is so common in
chemical analysis. The highest quantum efficiency,® , defined as the ratio between the

total of emitted energy and the total of absorbed energy, occurs for a wavelength equal
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to the peak of the absorption spectrum; it is a property of the substance and is always
less than 1 due to the Stokes shift.

The basic equation defining the relationship between fluorescence intensity,
I, and liquid dye concentration, ¢, is (e.g. Guilbault [1973}):

-ebc

If=<I>IO(1—e ) [A1]

where lg is the incident radiation power, € is the molar absorptivity and b is the
absorption path length. The equation above, in terms of ¢ assumes a form usually
designated as the Beer-Lambert law:

For very dilute concentrations, only the first two terms of the power series expansion
of the exponential are retained and equation [A.1] reduces to:

If=2.3 d)loz-:bc

and shows one of the main advantages of the fluorescence-based techniques: a linear
response to concentration for constant light sources. Guilbault [1973] states that, for
a linear response of fluorescence with respect to concentration, no more than 5% of
the exciting light should be absorbed. The absorption of light increases with the
concentration and, depending on the dye properties, with the extent of the respective
overlapping tails of the spectra. However, other factors in addition to high
concentration can also affect the linear response and require some careful
experimental procedures. Reduction of the intensity of fluorescence is referred to as
‘quenching’' and can also occur because of, for instance, temperature increase, or
chemical or photochemical decomposition. The last is of major concern and can be
avoided by using lower intensities of light, longer wavelengths (less energetic
photons) for excitation, and reducing the time of exposure of the solution to exciting
light.
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A.4 EXPERIMENTAL RESULTS

The results are presented under two headings. In the first a fluorescent dye is selected
from a set of three on the basis of characteristics such as, for instance the stability of
the solution. In the second the results in the combustor model are reported.

Selection of the Fluorescent Dye
A variety of fluorescent substances is available (Berlman [1971]) but not all are of
interest to the present application. The selection must be made according to
considerations such as:
+ soluble in water
« availability and cost
« absorption and emission spectra in the range of wavelengths measurable by the
instrumentation available
e low toxicity
« a relatively high quantum efficiency to provide a high signal to noise ratio
e a large Stokes shift to decrease the overlap between the absorption and emission
spectrum
¢ minimal susceptibility to environmental factors (oxygen, concentration,
temperature) affecting the quantum efficiency, quenching
Three of the most common fluorescent dyes were used in the present study:
fluorescein, rhodamine B and rhodamine 6G. Table A.1 summarises the characteristics
of the three dyes - fluorescein, rhodamine 6G and rhodamine B - whose spectra have
previously been shown in Figure A.2

TABLE A.1 Spectral Characteristics of Fluorescein, Rhodamine B and
Rhodamine 6G

Absorption Spectrum  Emission Spectrum  Extent of the

Overlapping
Lower Upper Max Lower Upper Max StokesShift Region
Fluorescein 430 520 490 490 600 510 20 30
RhodamineB | 460 590 550 550 680 590 40 40
Rhodamine 6G | 460 560 530 540 660 560 30 20
* wavelength above in nanometer
Fluorescein: Chemical formula = Cog H1g Os No. Available from Fison under the trade

name of Fluorescein Sodium, Ref. F/1300.
Rhodamine B: Chemical formula = Cog H31 N2 O3 Cl. Available from BDH under the same
trade name, Ref. Cl.45170.
Rhodamine 6G:  Chemical formula not known. Available from BDH under the same trade
name, Ref. Cl.45160.
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The main objectives of this study were to assess the stability of the
mixtures, to find suitable operating ranges of the instrumentation (laser power, PM
voltage, etc.) and to identify the range of concentration where linear response could be
found. Only one dye should be considered for later use.

The experimental set-up used in these preliminary studies is shown in
Figure A.3. An argon-ion laser (Spectra Physics model 164) and a photomultiplier
(DISA-RCA-4526) were used as source and light detector, respectively. The laser was
operated in light mode at 488 nm or 514 nm, depending on the dye under investigation
(fluorescein 483 nm, and rhodamine B and 6G 514 nm). Both wavelengths are still
within the absorption spectra of the three dyes, and the tuning of the laser light
according to the dye was made only for a higher quantum efficiency. The linear
response of the photomultiplier to intensity of light was previously confirmed for a
range of 0.10 to 0.42 W of laser power, at a constant power supply voltage, and a
signal level between 20 and 86 mV. The focusing optics consisted of a polariser and a
bi-convex lens of 500 mm focal length which decreased the radius of the beam from
1.5 mm to 0.2 mm. Before collection, the light was filtered by a sharp cut-off filter
(Melles Griot OGSQO) in the case of rhodamine B and rhodamine 6G, or by a band pass
filter (Melles Griot 03 FIX044) in the case of the fluorescein. The signal from the
photomultiplier, powered by a power supply Brandenburg (model 2475R) was fed to a
voltmeter (Thurbly, model 1905A) and viewed in an oscilloscope.

Concentrate solutions were prepared in a proportion of 0.1 g per 1 litre of
tap water, and then progressively diluted by the addition of water. The solution was
contained in a cubic vessel (150 x 150 x 150 mm) with glass walls of 5 mm thickness
and traversed by a single laser beam (Figure A.3) at the mid-width of the vessel. The
light was collected at 90° and the vessel moved along the beam to avoid refocusing of the
photomultiplier.

Initial measurements showed poor repeatability with significant scattering;
this was reduced by stirring the solution while measuring, but repeated measurements
of the same sample showed a consistent decrease of signal level and this cast doubts on
the stability of the solution. Figure A.4 shows the intensity of the signal over a total of
95 min, from a solution of fluorescein at a concentration of 0.04 mg/l for a laser
power of 0.2 and 0.4 W. Higher laser power increases the rate of deterioration of the
sample, although it is desirable to reduce the electronic shot noise of the
photomdltiplier (e.g. Becker [1977]). This reduction of the fluorescence intensity
could actually be seen by simple observation of a still solution crossed by a laser beam:
spots of lower intensity of light along the beam were evident, which, after illumination
of the vessel with a plane of light, were revealed to be thin sheets whose cause could
either be insolubility or photo-decomposition. Miller [1981] says that the rate of
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photo-decomposition may be reduced if the solution is stirred during the
measurements and this explains the relative improvement found by stirring the
solution. However, according to Durst and Schmitt [1984], for a calculated beam waist
diameter of 218 pm, the maximum permissible concentrations to avoid photo-
decomposition were 22 and 44 mg/l for 0.2 and 0.4 W, respectively. The
concentration in Figure A.4 is at least 55 times lower than the limit value
recommended by Durst and Schmitt. The methodology followed by these authors
(monitoring of the distortion of the Gaussian radial profile of the laser beam) does not
correspond to the most obvious nor the most common practice in photo-decomposition
measurements (to measure the rate of decay of the fluorescence intensity (Miller
[1981]). Also according to Miller and in contrast to Durst and Schmitt, the effect of
photodecomposition is much less in concentrated than in dilute solutions; what the
latter designated by photochemical decomposition is perhaps some other phenomenon.
For instance, Stevenson, Santos and Mettler [1976] noted that, although fluorescein
could easily be dissolved in water, it required the addition of a liquid detergent to
reduce the tendency of binding of the fluorescein molecules (dimerisation) and
consequent reduction of the fluorescence intensity (quenching). Johnson and Bennet
[1981] used alcohol for no stated reason and Durst and Schmitt [1984] did not use any
additive. No attempts were made to find a conclusive explanation for this behaviour; it
is likely to be caused by chemical phenomena which are beyond the scope of the present
work. Further, the fluorescein dyes used by other workers were slightly different in

composition:
Durst and Schmitt Coo H10 05
Johnson and Bennet Cop H10 Os Nap
The present work Coo H1o Os N2

and this probably explains why this behaviour has not been reported.

A further reason for neglecting these effects is that the behaviour of
solutions of rhodamine B and rhodamine 6G was found to be stable (Figure A.5), and
rhodamine B was the dye finally selected (also because of its low price).

As the concentration of rhodamine B is reduced (Figure A.6), one can see
how the intensity of the signal becomes independent of the optical path length, reaching
a situation where no absorption occurs at a concentration of 0.08 mg/l. At 0.32 mg/l,
a reduction of 20% is evidenced. Figure A.7 shows a set of measurements for
concentrations between 0.0018 mg/l and 0.005 mg/l to demonstrate the absence of
absorption, and Figure A.8 shows the linear relationship between concentration and
fluorescence intensity for this range of concentrations and laser power.
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Difficulties of Using the Technique in the Combustor Model
Following the selection of the dye, calibration tests were made with an experimental
arrangement more adequate for experiments in the water rig.

An argon-ion laser (Spectra Physics model 164) was used as the light
source. The laser with a small optical unit attached to its head provided a beam of light
of 514.5 nm with a mean and rms power stability of 0.5% and 0.2%, respectively. The
optical unit consisted of a 3x beam expander, a polariser and a focusing lens with a
focal length of 200 mm. The collecting optics, oriented at 90° to the laser beam,
comprised a focusing lens of 150 mm focal length, an optical high pass filter (Melles
Griot 0G590), two slits on the top of each other to form a rectangular window of 1 mm
by 0.1 mm, and a lens with a focal length of 25.4 mm to image the slit onto the pinhole
(50 um diameter) of a photomultiplier. For a higher photon amplification, the
photomultiplier (EMI 9816B, S20 cathode) consisted of 14 dynodes; a Brandenburg
power supply (model 2475-R) was used. The electric signal was filtered by a Kron-
Hite filter (model 3200) amplified 50x and digitised. An Apple lle micro-computer
sampled the data at a frequency of 25 KHz and processed it in blocks of a maximum size
of 1280 values. The instrumentation used here, with the exception of the optical filter,
was developed for Rayleigh scattering measurements and, for more details, refer to
Arcoumanis and Laker [1984].

The use of instrumentation different from the previous section required the
repetition of some static calibration tests already performed, but now with only one
dye: rhodamine B. A concentrate solution of 0.1 g (+ 0.00001g) of rhodamine B in 0.5
| of water was first prepared. Figure A.9 shows the result of one of these tests where
the amount of dye in 2 litres of tap water was increased by successive addition of 0.1
ml of the concentrate solution above. The laser power and photomultiplier supply
voltage were set at 0.8 W and 1000 V, respectively. An excellent linear increase of the
signal intensity with concentration is shown. The first attempts to repeat the results of
this very simple test showed differences of an order of 20% and considerable care was
needed in the preparation of the solutions before repeatability of the calibration curves
could be achieved within 5%.

Figure A.‘10 shows the response to different laser powers. The straight lines
have been found by linear regression. The decreased slope of the lines is noted as the
laser power is reduced; this slope should decrease in the same ratio as the laser power
if the fluorescent intensity is proportional to the incident light intensity. Locally, the
fluorescent intensity should also fall to zero in the case of zero concentration, but all
the curves originate from a single value of about 200 mV - the background light
intensity. The use of lower laser power reduces the sensitivity of the system and, for
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this range of concentrations, does not take advantage of the full 5.12 V scale of the
micro-computer. The highest laser intensity should be used. Figure A.11 shows the
influence of the photomultiplier voltage supply. The intensity of the signal is shown to
increase with the photomultiplier voltage and advantage can also be taken of this in case
of low laser power available.

One of the objectives of the optical unit in front of the laser is to reduce the
radius of the laser beam and increase the spatial resolution and intensity of the
incident light. From Gaussian optics, it is known that the minimum beam radius occurs
at the focal point of the lens, if the light travels in a medium with a constant refractive
index and the lens is free from aberrations. This approximately sets the distance
between the front lens, L, and the axis of the light collecting system. Finer adjustment
is obviously needed. In the present situation, the light emerging from the laser travels
through three media, all of different refractive index, and the location of the beam
waist depends on the distance between the vessel and the lens, L. If one considers a very

simple situation illustrated in Figure A.12 where the light beam focused by a lens of
nominal focal length, f, crosses two media of refractive indices, n{ and np, with an
angle o9 at the interface (nqsinaq=nasinop) of negligible thickness. The angle oy is
the angle of convergence of the beam, which is altered to o as the beam goes across the

interface, and the deviation of the effective focal length of the lens is given by:

in - sin o
sin o, s .

Af=d (1-4)— _
0 f sin a_sin o

Where | is the distance between the interface and the lens L and dg is the beam
diameter. The equation above shows that there is no deviation in the case of only one
medium (n1=n2) and, if the refractive indices are different, the deviation depends on
the distance between the lens and the interface and increases as the focal length of the
lens decreases.

In the case of the combustor geometry, if the laser is moved along the
combustor axis, the number of interfaces (Perspex walls) crossed by the laser beam
depends on the axial location; if the laser moves towards the combustor, for a radial
traverse, the distance between the laser and the model changes. In either of these
situations, light will be collected from a point on the beam other than the waist, if the
photomultiplier is not readjusted. However, that readjustment may result in collecting
light from somewhere else in the flow, still along the beam. In geometries with curved
surfaces and single beam arrangements due to refraction effects, it is impossible to be
sure from where the light is being collected since there is no reference point along the
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beam. In LDV measurements, because the signal is only originated from the control
volume, this problem is alleviated and the question is to know the location of the
control volume. A cross beam configuration should be preferred in geometries with
curved surface since the crossing of the beams provides a spot of much higher light
intensity with respect to which the collecting optics can be readjusted. Even better is a
backward scattering unit: fluorescent emission, unlike Rayleigh scattering, is not
directional dependent and the refocusing of the collecting optics is not needed since the
focusing and collecting lenses are the same. Johnson and Bennett [1981] used this
arrangement.

Figure A.13 shows the centreline values of two sets of measurements
(curves A and B), corresponding to the flow conditions as in case 3 of Table 4.2. For
the reasons described above, only measurements along the centreline of the combustor
were made. The dye was injected through the fuel injector with a concentration of 1.3
mg/l of water. This concentration was such that after mixing with the swirler and the
primary jet flow the levels of dye concentration were similar to those for which the
system had been previously calibrated. The trend of curve A indicates a sudden drop in
the first 20 mm with a kink about the primary jet impingement point and slow
recovery afterwards. Similar measurements with initial higher concentration of the
dye showed complete random patterns; measurements made at the same location,
without touching the optics, showed values different by a factor of six or seven and this
was attributed to the injection system. An attempt to reproduce the results of curve A,
in Figure A.13, a couple of days later with realignment of the optical system resulted
in curve B.

A.5 CONCLUSIONS

Some of the experimental difficulties encountered with this technique are common to
all intensity-based techniques (Becker [1977]) where the extreme sensitivity, if
advantageous in some circumstances, usually requires a very close monitoring of the
experimental conditions. Special attention is needed to make sure of the stability of the
solution, and photomultiplier and laser power supplies. Localised imperfections in
surfaces, incomplete focusing of the optical system, ambient factors (e.g. temperature
and artificial illumination), attenuation of the laser beam and drift of the electronics
can be other sources of error. A discussion of these sources of error is premature, but
their importance should be assessed in future applications of LIF; the works by Becker
[1977], Becker, Hottel and Williams [1967] and Shaughnessy and Morton [1977] in
the context of measurements of concentration by Mie sccatering provide a detailed
discussion on this type of errors of relevance to the present technique too.
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It is clear that, although some confidence could be achieved in static
applications of laser induced fluorescence, its use in the presently available water rig
is impossible: the rig requires more accurate methods to control and monitor the
various flows and provide a fuel injector flow with constant concentration. Also, the
LIF itself needs further development, for preference in much simpler flows where the
levels of uncertainty can be assessed. The main conclusions of this work were:

e No satisfactory stability of solutions of fluorescein could be found and
its future use was abandoned in favour of rhodamine B.

e A linear response of fluorescence to the incident light is possible for
concentrations of rhodamine B less than 0.08 mg/l.

e Special care is needed to guarantee repeatability of measurements.
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APPENDIX B
THE LUCAS DYE TRACER TECHNIQUE

Lucas Aerospace Limited has developed an intrusive optical probe, designated here as
the ‘Lucas dye tracer technique', for mixing studies inside water models of combustor
geometries (Stevens [1985]). As in all probe based measurements, flow disturbance
is a constant worry, consequently the probe used in this work is a copy of the Lucas
probe but in a smaller size; its redesign was undertaken by Shalloe [1987] and only
the main characteristics of the probe and data acquisition system will be described
here.

The probe, shown in Figure B.1, consists basically of a diode emitting near
infrared wavelength light(Ref. TIL24, Texas Instruments) in one end of a metallic tube
and a sensor (Ref. LS600, Texas Instruments) in the opposite end with a slot between
them. The amount of light reaching the sensor depends on the absorption of the emitted
light over the slot. This is determined by the local concentration of dyed water present
in the slot at any instant of time. Dyed water of fixed concentration was injected into
the combustor as "fuel" and was diluted by the undyed water entering the combustor
through the swirler and the primary and dilution holes. The relationship between light
intensity and concentration of dye is found by calibration of the probe in solutions of a
known concentration. The probe, which could be moved in any direction, was introduced
from the downstream end of the combustor with the slot facing the axial flow direction.
The electronic signal from the light sensor was amplified and digitised through an A/D
converter which was interfaced to a BBC micro-computer. This sampled the data at a
maximum frequency of 200 Hz and processed it. The dye used was Pelikan drawing ink
but any other material soluble in water and containing carbon particles (responsible
for the infrared absorption) can be used. Figure B.2 shows the calibration curve with a
working range between 100 and 1000 ppm of dye in water, i.e. a factor of 10 between
the lowest and highest measurable value. Two types of Pelikan ink (drawing and Indian
inks) give slightly different calibration curves and both are shown in Figure B.2 The
principal problem encountered was the sealing of the electronic components and
corresponding circuits inside the probe. Initial prototypes could not even resist the
calibration tests. Various methods of fabrication were tried, but immersion of the
probe in water for long periods was difficult and the only measurements made follow
below.
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The measurements shown in Figure B.3 correspond to four angular locations
50 mm downstream of the swirler, i.e. the plane of the primary hole axis. Pelikan
drawing ink mixed with water to a concentration of 2000 ppm was injected through the
fuel injector and the results are presented normalized by this maximum concentration
to represent the fuel fraction. The trend is correct and shows a decrease of the
concentration of fuel towards the centreline at angular locations not aligned with the
hole axis. All four angular profiles converge to a single value on the centreline, as they
should. The results from numerical calculations (described in Chapter 5) in Figure
B.3 agree with the measurements in terms of shapes and trends, although the value of
the centreline is underpredicted. However, detailed comparisons between predictions
and measurements must wait for further development and evaluation of the technique.

Finally, there seems to be no advantage in the inclusion of the electronic
components in the probe itself: this poses severe problems of sealing against water
ingress and is an obstacle to miniaturization of the probe which increases the blockage
and perturbation of the flow. Furthermore, it is doubtful that this technique can give
more accurate results than the suction probes used in reacting flows. A new design is
proposed with the electronic elements not immersed in water and samples of water
collected through a small pitot tube. The development of this technique should be
pursued simultaneously with the LIF technique described in the previous Appendix to
provide a cross-check between the two.
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PLATE 1 - Flow visualization (still photography) by injection of a solution of
nigrosine diluted in water through a small tube located at the centre of the
primary (top) and dilution hole (bottom) - flow conditions corresponding to
case 1 in Table 4.2. Flow from left to right rotating anticlockwise if viewed
from the swirler towards the nozzle.







PLATE 2 - Flow visualization (still photography) by injection of a solution of
rhodamine B diluted in water through the fuel injector - flow conditions
corresponding to cases 5 and 6 in Table 4.2. lllumination obtained by a
vertlcal Iaser sheet ahgned with the combustor axns containing the primary

> shutter speed = 1/500 sec. shutter speed = 1/500 sec.

shutter speed = 1/1000 sec. shutter speed = 1/1000 sec.
CASE 5 - Combustor flow CASE 6 - Combustor flow
with no flow through the with the highest swirler flow
swirler. rate used in the present
experiment. B

shutter speed = 1/500 sec.

shutter speed = 1/1000 sec. shutter speed = 1/1000 sec.






PLATE 3 - Flow visualization (still photography) by injection of a solution of
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rhodamine B diluted in water through the fuel injector - flow conditions
corresponding to cases 1, 5 and 6 in Table 4.2. lllumination obtained by a
vertical laser sheet perpendicular to the combustor axis at two different
axial locations in the combustor. The photos were rotated by 90° relative to
the photos in the two previous plates and the flow is now from top to bottom
and, in case of combustor flow with swirl rotates anticlockwise if viewed
from the top. Different flow conditions along columns and different shutter
speeds along rows.

|

shutter speed = 1/125 sec.

shutter speed = 1/ 60 sec.

shutter speed = 1/125 sec.
{ \
shutter speed = 1/250 sec.

e I

shutter speed = 1/500 sec.

7~

CASE 5 - Combustor flow CASE 1 - Combustor fiow  CASE 6 - Combustor flow

with no flow through the with standard conditions. with the highest swirler

swirler flow rate used in the
present experiment.






PLATE 4 - Flow visualization (still photography) by injection of a solution of
rhodamine B diluted in water through the fuel injector - flow conditions
corresponding to cases 1, 5 and 6 in Table 4.2. lllumination obtained by a
vertical laser sheet perpendicular to the combustor axis and containing the
dilution hole axis. See caption in previous plate also.

shutter speed = 1/ 60 sec.
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CASE 5 - Combustor flow CASE 1 - Combustor flow CASE 6 - Combustor flow

with no flow through the with standard conditions. with the highest swirler

swirler flow rate used in the
: present experiment.
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