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ABSTRACT

The thesis presents an experimental and theoretical investigation
of 3-dimensional discrete hole cooling processes. The extensive
experimental programme undertaken for various cooling geometries
(single hole, single row and double row) was aimed at obtaining details
of the flow and mixing in the vicinity of the injection holes,
including the upstream region. These regions have been omitted, or
received only slight attention in earlier studies of discrete-hole
cooling processes. The experimental study sheds light on the comparative
efficiency of the various cooling geometries and the effect of the
parameters, boundary layer thickness, blowing rate and angle of
injection on film cooling effectiveness. The study shows the existence
of a blowing ratio (Mopt) which gives maximum cooling coverage, and is
a function of the boundary-layer thickness and cooling geometry. For
blowing ratios less than Mopt the injected jet remains attached to the
surface, provoking considerable pressure and velocity disturbances and
giving rise to increasing effectiveness as M is increased. At values

of M greater than Mo the jet lifts off the surface, allowing

pt’ }
penetration of the mainstream fluid beneath it. As a consequence the
effectiveness now diminishes as M is augmented, as are the surface
pressure disturbances and a complex structure is produced. A further
conclusion: is that a double row of holes geometry performs better
than a single row one with the same amount éf coolant injected into
the boundary layer.

The theoretical part of the thesis describes the application of

a 3-dimensional finite-difference precedure to the problem of
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predicting the flow and thermal fields arising in discrete-hole
cooling c0nfigurations} The developed prediction procedure is
validated against experimental data obtained in the preseﬁt'experi—
mental study and by other workers. The procedure predicts very
satisfactorily the flow field in discrete-hole cooling geometries.

The numerical scheme employed in the solution of the
3-dimensional parabolic equations is of the semi-elliptic type: this
entails that, while the pressure field is held in 3-dimensional arrays,
the velocity field is stored only 2-dimensionally, the velocities of"
the whole flow field being obtained by marching in the streamwise
direction,

The present work proposed and employed a non-isotropic (k - €)
turbulence model in which the diffusioncoefficients in the two
directions on the cross-stream planes are proportional to the corres-
ponding normal stresses,

Finally a specific treatment has been developed for incorporating
reverse flow regions within the framework of semi-elliptic type of
flows and an improvement of this treatment is suggested for solving
flow fields predominantly parabolic which contain small regions of

strong reverse flow.
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CHAPTER 1

INTRODUCTION

l.1 Background .

In recent years there has been growing interest in the behaviour
of jets of fluid discharged obliquely into a ﬁéinstream flow. The
basic flow configuration is to be found in such practical situations as
the dispersion of effluent from chimney stacks, ﬁhe discharge of hot
water from power stations into lakes or rivers, the injection of
secondary air into combustion chambers and the cooling of leading
stages of gas turbine rotors and stators. In the first two examples,
the desired outcome is the dispersion of the jet fluid as rapidly and
completely as possible into the mainstream. 1In the last example
however ,- that of turbine blade cooling - the opposite outcome is
sought, the main requirement being that the jets should not penetrate
into the mainstream but stay as close as possible to the blade surface
for thermal protection.

The demand for cooling the turbine blades arises from continuous
increase of the turbine entry temperature in order to achieve higher
specific thrust (engine thrust per unit of mass air flow) in the civil
and military aero gas turbine engines; however the material of the
blade cannot withstand such high temperatures and has to be cooled in
order to achieve the required life under the operational centrifugal
and thermal stress levels, Figure 1, taken from Fullagar's study (1),
shows the turbine entry temperature for a series of Rolls-Royce engines.
It is seen that over a period of 25 years the level of turbine entry
temperature has almost doubled and that for temperatures above about
1000 K the blades require cooling. The doubling of the entry

temperature over this period was accomplished by employing more
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complicated and more efficient blade cooling methods in conjunction
with improvements in the high-temperature properties of the materials
of the blade,

Fullagar (1) gives the following indicative design piéture for

the appropriate cooling system versus turbine entry temperature:

Up to 1200 K No cooling is ﬁecessary

Between 1200~K and 1450 K Conventional intérnal convective
systems will generally suffice

Between 1450 K and 1600 K Conventional convective systems
augmented by rows of film cooling are
adequate

Between 1600 K and 2000 K Advanced (conventional and impinge-
ment) convective systems are required
which must be augmented by extensive
use of film cooling

Above 2000 K ' Some form of transpiration cooling
with cooled cooling air will be

necessary

The remarkable increase in the turbine entry temperature has been
achieved by employing mainly three modes of cooling i.e. convection
cooling, impingement cooling and (or) film cooling. Bayley and Turnerxr
(2)lmention nine possible modes of blade cooling which in order of
cooling efficiency are as follows
(1) Simple internal convection cocling
(2)- Impingement (i.e. enhanced convection) cooling

(3) Film cooling by localised injection through slots or holes
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(4) Distributed injection through drilled sheet

(5) Distributed injection through course wire structures

(6) Distributed injection through multiply drilled sheets

(7) Distributed injection through fine wire structure

(8) Distributed injection through unifromly porous materials, manufactured
by techniques of powder metallurgy.

(9) Distributed injection through porous materials with two-
dimensional . (e.g. chordwise and spanwise) variations of porosity
and hence controlled distribution of cooling air-flow.

Fullagar's (1) design picture as well as Bayley's and Turner's (2)

list of cooling methods can be put in perspective by Helms and

Emmerson's study (3), from which figuré 2 is taken. It is seen from

this figure that of all the cooling systems, transpiration cooling

provides the most effective mean of cooling turbine blades. However,
it also presents some formidable practical problems, mainly because
the cooling air contains dust and oil particles (the cooling air is
usually by passed the combustion chamber) which block the pores of the
transpired blades; ° consequently the cooling efficiency of the
system gradually decreases with the blockage of the pores. Also the
transpiring materials (usually sintered wire composites) have low
strength at high temperature, low modulus of elasticity and poor
oxidation resistance, characteristics which are not desirable for the
construction of stator or rotor blades. For the above reasons
transpiration cooling, despite its superiority as a cooling method
over all the other methods, has not been widely applied in practical
situations.

The method of f£ilm cooling in which the coolant is ejected along

the surface of the blade into the boundary layer of the flow may be
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considered to produce an insulating layer (film) between the wall to
be protected and the hot gas stream flowing over it. The method of
ejecting the coolant through slots arranged on the surface of the
blade was applied as early as 1944. However, this methodtfoo has the
practical disadvantage that it reduces considerably the mechanical
strength of the blade and hence of the blade life. This is the
reason why slot cooling has not been applied on blades but it has
been extensively applied in other situations where there is not a
severe strain loading on the component to be protected (e.g. combustion
chambers) .

For the last ten years attention has been given to a different
~ mode of film cooling: that from discrete holes in which the cooling
air is ejected into the flow over the blade through discrete holes
arranged on the surface of the blade. This mode of cooling is inferior
both to transpiration cooling and to film cooling.through slots as far
as cooling efficiency is concerned but it possesses the practical
advantage (over slot cooling) of retaining in large measure the
mechanical strength of the blade, The efficiency of this mode of
cooling, however, is more dependent on the cooling geometry (number of
holes, arrangement and shape of holes etc) than for slot cooling.

Some formidable practical problems were encountered in the early
stages of development of this system in drilling the holes at the proper
locations over the blade with the pfoper size and orientation. A con-
siderable step towards the wide application of discrete-hole cooling
method was recently achieved by adopting electrical—discharge machining
in "drilling" the discrete holes over the blade. This process removes
the blade material by multiple spark discharge action at the end of

a special electrode. By controlling the processing parameters, very
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accurate, smooth holes can be produced down to 1.5 mm in diameter with
low residual stress levels. By changing the shape of the electrode
many shapes of holes may be obtained., Figure 3, taken from (3}, shows
an experimental turbine blade, The holes were drilled by'the electrical
discharge machininé° Three rows of 2 mm diameter holes were produced
in the leading edge area while a row of slots 0.25 x 2.5 mm2 provide
cooling air discharge near the trailing edge on the pressure side of
the blade.

With the discrete-hole cooling system there are some associated
operational shortcomings.’ As the turbine entry temperature is
increased the quantity of cooling air requires also to be increased;
consequently for a given discrete-~hole area the injectant velocity
of the cooling air is raised considerably. This has as an immediate
consequence the reduction of the turbine efficiency due to the aero-
dynamic losses arising from the mixing process of the cooling air with
the mainstream air over the blade. Hence the relation between turbine
entry temperature apd turbine efficiency has to be constantly in mind
as regards the mode and amount of blowing through the discrete-~holes.

The discrete~hole cooling system is in operation in many civilian
and military aero turbine engines. An example is the Rolls-Royce
RB211 engine which powers the Lockheed TRISTAR aircraft. During the
development of the RB211 engine, this cooling system had undergone
considerable testing and the progress achieved is shown in figure 4,
taken from Eltis and Wilde (4), It is particularly noticeable how
turbine entry temperatures and thrust have been increased while, at
.the same #ime the turbine-blade metal temperatures have been
reduced by more effective distribution of cooling air and the

application of film cooling especially to the leading edge and



pressure surface of the blade.

From the above discussion one may conclude that film cooling
from discrete-~holes is the most promising technique for cocoling
turbine blades. The cooling efficiency of the system howé&er, is
seen to depend crucially on the discrete-hole gecmetry (number of
holes, shape and orientation etc) as well as on the operation
parameters (amount and distribution of blowing, turbulence level,
acceleration parameters etc). Consequently, the present study has
aimed to supplement and extend the existing knowledge of discrete-
hole cooling systems by studying both:experimentally and theoretically the
effect of the major parameters on the cooling efficiency of the system.
In the following paragraphs the relevant work on the subject is
reviewed and the specific tasks undertaken in the present study are

stated in more detail.

1.2 A review of previous studies

This review of previous studies considers three main categories
" of study:
(i) Jets interacting with a cross—-flow.
(ii) Correlation formulae for film cooling effectiveness and
(iii) Experimental studies of discrete hole cooling processes.
Attention is mainly given to the experimental studies because, as
it will be seen, the analytical methods are primarilyvapplicable to
blowing rates greater than unity; they are consequently not of
immediate interest to blade cooling, while the correlation formulae,
despite the success they have achieved within the limits of their
applicability, require extensive empirical information about the flow

field in which they are going to be applied.



1.2.1 Interaction of a jet with a cross-flow

(1) Analytical studies

The interaction of a turbulent jet discharging into a stream has
been studied analytically by many workers, primarily for Siowing rates
greater than unity. Platten and Keffer (5) present a mathematical
model for the round turbulent jet interacting with a mainstream flow
in a wide range of interaction angles and for high injection rates.
Integral conservation equations in two dimensions (along the symmetry
plane bisecting the jet) for mass and momentum are derived and the
extra unknown quantities (apart from the velocity and the inclination
of the jet trajectory) are eliminated on the assumption that:

(a) the shape of the cross-section of the jet remains self similar
{(this was found by Keffer and Baines (6) for the normal jet for
the region beyond the potential core) and

(k) the entrainment velocity consists of the entrainment due to
ordinary mixing (which occurs because of the difference in
relative velocities) and that due to the counter-rotating vortex
pair existing downstream of the jet.

The above assumptions introduce into analysis empirical coeffic-
ients which are optimised by reference to existing experimental data
éoncerning the jet trajectory. The model proves to be successful in
predicting the jet trajectory in the initial region of the developed
flow i.e. the section immediately downstream of the potential core;
however, further downstream the character of the flow changes as the
jet gets absorbed in the cross flow and the model ceases to be
‘éuccessful. Figure 5,taken from (5), shows a comparison between the

predicted jet trajectory and the experimental data.
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Margason (7) carried out a flow-visualization study to
determine the trajectory of a jet directed at large angles to a subsonic
‘free stream. The experimental results of the study were compared with
available analytical solutions for the jet trajeétories aﬁé an
assessment for the capability of these methods was made. He presented
an empirical equation for the experimental results which correlated the
data successfully. He concluded that the main variables determing the
jet trajectory from a particular nozzle are the deflection angle of
the nozzle exit and the effective velocity ratio.

Chan (8) presented an account of existing theoretical models and
concluded that the jet development could not be based on a model
applicable throughout the flow fiéld; instead each region of a jet
development (initial potential core, the developed region and the
far downstream region) had to be treated by involving different
assumptions regarding the shape of the jet cross-section, the mode
and strength of the entraimment and the importancé of the pressure
field.

The above theoretical analyses are of interest because they
present a fairly accurate description of the jet trajectory for high
blowing rates; however, they do not give a clear picture of the rate
ét which the jet is diluted by the mainstream flow. We could of course
argue that the rate at which the jet grows is an indication of its
dispersion; nevertheless no attempt has been made to compare the rate
of jet dilution with experimental data.

(2) The static pressure distribution around a normal jet to a cross flow

The static pressure field induced by a circular jet issuing
normally from a plane wall into an airstream has been studied by Vogler

(9), Bradbury and Wood (10) and Chan (8). Vogler (9) carried out an
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investigation to determine the pressure distribution on the surface of
a flat plate with a jet issuing perpendicularly to the free stream for
blowing rates (1l<M<5) that might be encountered in the operation of
VIOL aircraft in transition flight. The results'indicate‘£hat the jet
produces a region of positive pressure upstream, a maximum pressure
coefficient near the upstream edge of the jet of around Cp = 0.5, and
a larger region of negative pressures laterally and downstream of the
jet. The negative downstreaﬁ pressure field on the plate is stronger
and more extensive than the positive field upstream (Cp is typically
about-1.5 at the downstream edge region of the jet). Thg negative
pressures field extend 8 to 10 jet diameters behind the jet and its
strength increases with the blowing rate. The pressure field
produced on the plate by the jet and that produced by replacing the
jet with a rod shows close similarity upstream of the jet but
differences downstream partly because the jet is bent by the mainstream
and mainstream fluid is entrained into it.

Bradbury and Wood (10) investigated the wall static pressure
distribution in connexion with the lift losses observed in models of
direct Jjet 1ift aircraft. Thelr conclusions were similar to Vogler's
(9); a comparison between fheir measurements and predictions based on
é model of flow around a cylinder with distributed suction around the
periphery to simulate the entraimment into the jet was not particularly
successful.

Chan (8) carried out a similar investigation for blowing rates
M>1 and found that the pressure coefficient Cp falls to the value of
Cp = ~0.1 within 3 jet diameters downstream of the jet. For high
blowing rates he confirmed Vogler's (9) finding that the pressure

field around the upstream periphery of the jet was similar to that



- 10 -
around the periphery of a cylinder in a cross-flow. Figure 6, taken
from (8),shows the static pressure distribution for a blowing rate,

M of 2.26

1.2.,2 Correlation formulae for the effectiveness of discrete hole

cooling systems

For two-dimensional cooling systems (injection through slots or
through porous surfaces) a number of formulae have been proposed for
correlating the experimental data. These formulae are results either
of semi empirical analyses or fitting curves to>experimental data.

The theoretical formulae are based on energy balance within the
boundary layer, the best known of these being quoted by_Goldsteih*
(11). 1In addition there are some empirical correlation formulae which
have been proven successful in a number of cases, for example those of
Wieghardt (12) and Spalding (13) based on 2D flow field analyses.

For discrete-hole-cooling geometries, however, the above formulae
are not applicable. They usually overpredict the wall film cooling
effectiveness, because the character of the flow is now three -
rather than two-dimensional. Some studies have reported correlations
for discrete hole cooling geometries which achieve some success mainly
for low blowing rates (M<O0.2 for which the jet stays within the boundary
layer and in touch with the surface) provided the holes are not too
close together (S/D > 3.0, so that the individual jets emerging from
each injection hole do not strongly interact with each other). Almost
all the derived correlation formulae are based on a theoretical model
proposed by Eckert (14). The basic approach of Eckert's model is

described in (15); the injection through the discrete hole is simulated

*
Raference (11) provides a survey on film cooling developments and it
should be consulted for a:complete introduction to the field.
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by a point heat source moving with constant velocity 6n a straight line
along an adiabatic surface. The dilution of the coolant at any
distance x behind the source is given by:

T(x,y.2) _ exp[_ 'Esl:(;%)z N (gﬂ (1.1)

T(x,0,2)

where the Peclet number is defined as Pe = Eg and a is the effective
thermal diffusivity. The temperature difference on the plate surface

is given by

= 9
T(x,o,z) 2anCpax (1.2)
where q =Cpm (TC—Tm)

.

and m is the mass injected, pc the density of the injected fluid and
Cp its specific heat,

Obviously T(x,0,2z) represents the wall film cooling effectiveness.
The model needs empirical information for the effective thermal
diffusivity a. Eckert (14) chose a to fit experimental data at some
point in the flow. Once the value of diffusivity was chosen, the
model predicted successfully the downstream variation of the film
cooling effectiveness for low blowing rates. Figure 7, taken from
(14) .illustrates the capabilities of this simple model.

Mayle and Camerate (16) applied a generalisation of Eckert's (14)
point source model suggested by Eriksen et al (17), to correlate
their experimental data for singie row and multi-row hole arrangements:
for spanwise averaged film cooling effectiveness. The model of (17)
-glves the following relation for the adiabatic wall cooling effectiveness.

nix,z) = % DiEe exp -lz%ljx2+z2 - x:l (1.4)
x“+z
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which is equivalent to (11) for small values of z/x (z/x<<1l). The
variatioh of average film cooling effectiveness with downstream
distance was found by determining the spanwise-averaged film-cooling
effectiveness for all the coolant jets in a single row ana'then super-
imposing the results for each row. For a single row of holes Mayie's

and Camerate's results were well approximated by the relation

= _ Vm /D ' Ly
n= = (E) M (Pe/(x/D)) (1.5)

which states that the average film cooling effectiveness downstream
of a single row of holes is proportional to the fractional coverage,
D/S, and the mass flux ratio, The streamwise variation of the mean
film effectiveness was found by superimposing the effectiveness of
the individual rows in the multihole pattern. A linear superposition
of the average effectiveness was tried firstly but was unsuccessful.
The streamwise variation was then found by using the "additive film"
method of superposition which says that the gas temperature used to
determine the film effectiveness downsﬁream of an injection location
should be the adiabatic film temperature due to all injections upstream
of that locations. The final expression for a multirow hole coverage

for the spanwise averaged film cooling'effectiveness is

' v-1
ﬁ- = 1 - exp _@(1_;_) M \/;;Zkzo (x/D—ka/D)—O'5

1.6)
where Sx is the streamwise hole pitch and v the number of rows.
Figure 8, taken from (16), shows the performance of the derived
~correlations. Pedersen (18) and Kadotani (19) introduced into the
model of (17) a directional heat transport effect by assuming that the

thermal diffusivities in the y and z directions were not equal. The



- 13 -

refined model as applied in (19) had the form

2 2 2 ) 2
A —— (X 0 czy’ (1.7)
n(x,z) = 4a_x expl - Ta_x (B—> exp Za_x 5) :

Obviously additonal empirical information is required to éﬁply the
above relation since apart from dy, the diffusivity iny direction,
values are mlso needed for aé and Yo, the latter denoting some
effective height above the surface of the point source.

By choosing these unkndwns appropriately Kadotani (19) found

that equation (lJ) could correlate his experimental data successfuily.

1.2.3 Experimental studies of discrete-hole cooling phenomena

Before we proceed to show the importance and the effect of the
various parameters on the cooling performance we shall briefly present
the experimental methods which different workers applied in their
research,

(1) Experimental Techniques

Two techniques were mainly used to measure the wall film cooling
effectiveness. The work at the Univefsity of Minnesota, Mech. Eng.
Dept. has used a heated secondary jet with thermocouples arranged on
the surface of the plate, for measuring the wall temperature and from
which the film-cooling effectiveness could be deduced. The same
‘technique was also applied by Liess (20), Liess and Carnel_(2l); Mayle
and Camarate (16) among others.

The second technique, based on the Mass Transfer analogy, was
applied by Launder and York (22), Le Brocqg et al (23) and, Pedersen
(18) . The technique consists in mixing with the secondary jet a
Atracer gas, (studies (22) and (23) used 100% mixture), usually He, and
measuring downstream of the jet the concentration of the tracer gas in

the flow. From these concentration values an equivalent film cooling
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effectiveness can be deduced.

Smith et al (24) applied a short duration-shock tunnel, used as
injectant nitrogen and measured by thermocouples the heatlflux with
and without injection. The ratio of the two fluxes can again be
related to adiabatic film cooling effectiveness.

The study of the effect of the width of the boundary layer on
film éooling was accomplishgd by Liess (20); the effective origin of
the boundary layer was varied by employing different lengths of test
plate upstream of injection.

' The effect of streamwise pressure gradient was usually accomplished by
varying the position of the top wall of the wind tunnel, Launder and

York (22) and Jabbari (25) among others.

(2) Experimental Studies

Before we proceed in the critical review of the experimental studies
on discrete-hole cooling systems we present them, in summary, on Table 1
with indication of the parameters examined in each study and the
prevailied experimental conditions.

In this review the parameters which affect the performance of the
discrete-hole cooling systems have been categorized in two; .as operational
(M,0 , dp/dx, Tu etc) and as geometrical (S/D ,shape of hole, etc.). The
effect of each parameter on the performance of the cdoling system is
presented as it is revealed from the various experimental studies. This
mode of presentation has the benefit of making clear the importance of
each parameter on the efficiency of the cooling system while in the

same time it discloses the areas which need further investigation.



Table 1 : Summary of experimental studies.

.. -15-
o 5 "l ub ¥ du
Ref G t M ; —_ T —
eference| Geometry c/% l/D 5 s/b u? 3 Tu Comments
(16) Multiple | 30°| o.5 1.1 0.32 3600 [8,10 0.0 - {45° 1lateral
row - 14 injection
l.o n —
l- 5 n i n
2.0 "
__________ e - v —— [P SHN G PE——— S—— P—— P PN SRS
(18) Row of °l o.21 .5-4,2 0.156 | 19800 (3.0 | 0.0 |0.4%
holes 0.40 .5-4,2 0.163 | 11000 0.3% n
0.52 | .75-4.2 t
0.76 .76-4.2
1.05 .74-4.2
1.50 .75-4.2
1.96 .74-4.2
(19) Row of °l 0.2 0.85 | 0.245 |11000|3.0 | 0.0 lo.4%
holes 0.35 0.207 22000
0.50 0.175 | 44000
1.00 n
150 )
0.2 0.06
0.35 0.19 22000 (3.0 0.0 up
0.50 to
1.00 .30
1.50
(20) Row of 0.16 0.79 | 0.171 3.0 o.0 n
holes ©.34 Mach number
©.91 0.3-0.9
1.43 ) :
1.98
0.31-0.43 "0.79 0.05-0.6 3.0 0.0
0.58 - - .
1.06 75mm.H.g
1.53 cm
0.52 The diameter of
1.10 - 1 50mm Hg the injection hol:
1.54 cm as well as the
working pressure
are not given
____________________ O St USROS ENSNSUSS ISP SPRP SIS S FN
(21) Row of 35 0.85 0.71 - - 2.22 0.0
holes 0.85 3.33 Mach number
0.85 4.00 0.4-0.6
1.11 2.22
0.65 2,22
(22) |Multiple 0.1-0.65 1.5 6.4 3200 | 8 0.0_ 10.5% Staggered geometry
row 0.1-0.65 1.5 6.4 3200 | 8 210_10.5%|  Sx/D = 8
0.1-0.65 1.5 6.4 3200 8 210 6%
———————————————————— R T e S T upuenpi P JpSSprpay SISy (R R e e ke
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0 5 | u,D v r:lum
Reference| Geometry| g M c/ /D |—— |s/D|.2 — | Tu Comments
8 1 v u, dx
(23) Multiple 90°| 0.54 1.0 6.4 2150 8 0.0 0.3% |Staggered geometry
row 45° 0.54 1.0 s /D =8
45°| o.54 4.25 %
45°|up' to 1.0/ 1.0-4.25 .
(24) | Row of | 902} 0.5-6.0| - - p.s10ld 2.5| o.0, ~
holes 30 1.510 n
Double 90° 0.5-6.0 2.5/
30° 2.2
(25) powble | 359 0.2 0.84 . 177 p.110*|3.0 | 0.0 Jo.as 5,/D = 2.6
Yow 0.35
0.50
0.65
1.0
4
0.35 0.231 | 10
0.50 :
0.65 .
1.00
1.50
4 -6
0.35 0.196 |1.110 0.4510
0.50
0.65
1.00
1.50
Double 0.35 0.84 0.171 | 10* [3.0]1.0501690.5%
row 0.50 ’
0.65
1.00
1.50
(26) Single | 35°] 0.1 0.84 0.05 f0.87, 0.0 |0.54
hole 0.5 10
1.0
) n
1.5 0.057 |0.44,
2.0 10
(27) single | 35°[ o.s 0.84 0.44, " 0.0 |o.59
: hole 1.0 10
2.0
. n
0.5 0.225 ' . ¢ -
1.0 10
2.0 -
Row of 0.5 0.124 0.225 3.0
holes 1.0 10
1.5 . : :
2.0 .
: 0.5 0.124 |0.22.13.0 | 15° lateral
1.0 J 10 J ] injection
_______________ - [OPREIN RN UDUQU U SPUPUQINII PO P SEUUUUIION SIS SN
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o 5 umU v dum )
Reference| Geometr M c D | — i J—
. Y| a /ppo l/ ” s/D R Tu Comments
(28) Single 35°[ o.s 0.85 0.124 |0.22, 0.0 [0.5%
hole 0.75 10
1.0 .
1.5 ‘
2.0
0.5 0.116 0.445 .
0.75 10
1.0
1.5
2.0 n
Row of 0.1 0.114 0.445 3.0
holes 0.2 10
0.5 0.124 0.225
1.0 10
1.5
2.0
(29) Single [90° 0.1 0.85 0.058 | 0.83, 0.0 |o.5%
hole 0.2 10
0.5
1.0
0.2 0.067 | 0.45
) 5
0.5 10 n
1.0
1.5
2.0
Row of (35°] o.2 0.149 | 0.44.]3.0
holes 0.5 10
1.0
_______________________________________________________ f—_—_—______“_——--“~~_- _____ﬁ%j_-________
(30) Raow. of 3s° 0.52 0.84 0.159 1.774 3.0 0.0
holes 10
1.04 0.158 1.83 round holes
4 .
10 .
2.20 0.183 | 0.87,
10
0.53 0.158 1.73
107
1.0l 0.151 | 1.91, - shaped holes
10
2.04 0.180 0.91
107}
(31) single {90° 0.1 0.85 0.03 |o0.87, b. 5%
hole 10
0.5 0.038 | 0.44,
10
1.0
2.0 n
35° 1.0 0.06 | 0.44,
J 2.0 10
———————————————————— TS PEPTEE. iy SIS SIEPEIppIPES Y SIS ARy 3 - ] s - — —
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1
o 6 u D Yodu, -
Reference| Geometry| , M c/‘?’n l/D - s/D "15 5| T Comments
(32) single {30°| o0.37 1.3 0.25-05 - [2.5] o.0 - n
row 0.66
- 1.6
-1.84
2.93
0.17 5.0
1.45
2.28
. .
90 0.924 2.5
1.82
o
Double 30 0.17
row 0.45
2.08
(33) | Dpouble |90°| 0.46 1.3 0.2-0.5 2.5| 0.0 n
row 1.75
2.59
(34) | Multiple | 90° o.1} 1.0 0.27 {3200 |4a.8| 0.0 |22 n
0.2 staggered geometry
0.1 . ) in line
. 0.2 geometry
———————————————————— B A Ay S [, L T TUNie N, —_——— -—— ———
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Operational parameters

(a) Effect of blowing rate on wall film cooling effectiveness:

The effect of blowing rate on the wall film cooling effectiveness
has been studied by many research workers (16), (18), (19), (20), (21),
(22), (24), (25), (26), (27), (28), (29), (30), (31) and (32) for various
angles of injection a= 900, 45o and 300. The major conclusion from all
studies is that the wall effectiveness is strongly dependent on the
blowing rate. 'For a single hole and a row of holes the wall effective-
ness increases with the blowing rate up to injection ratios around Mdpt
of 0.5 (the value of M, pt depends on the particular §&/D, a ,%i ) and

then decreases for higher blowing rates. The increase of wall effective-

is attributed to the enthalpy decrease of

ness for blowing rates M <M
opt

the hot mainstream gas due £o the mixing process with a progressively
greater amount of coolant injected into the boundary layer; at such

low injection rates the secondary jet is bent over by the mainstream

flow and remains in touch with the surface to be protected.

For values of M higher than MOPt however, the secondary jet,
having significant vertical momentﬁm, lifts off the surface and penetrates
into the mainstream flow. For a given injection ratio the film cooling
effectiveness @ecreases monotonically with increasing axial distance
for lateral positions on or near the centre line of the jet. At
sufficiently large lateral distances the effectiveness is seen to
increase rather thén decrease with increasing axial distance. These
positions are beyond the edge of the incoming jet, theref&re, at small
values of x/D the jet has not spread to those lateral positions. As
the jet progresses downstream it spreads laterally, thereby causing the
effectiveness to rise. If we take 5% wall-effectiveness contour as

representing the effective lateral spread of the jet emerging from a
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single hole, one may conclude that for 90o injection the jet does not
spread laterall& fyrther than 1.75 hole diémeters and for 35o injection
not greater than 1.30 hole diameters ((26),(27)). For the.latter case
it is obvious that for a row of holes, a hole spacing greater than 2.6
diameters would yield effectiveness results almost,identical with those
for a single hole under the same experimental conditions, since the
individﬁal jets emerging from the holes do not interact with each other
for at least 20 hole diameters downstream of the injection hole, Goldstein
et al (27).

Velocity measurements taken by Ramsey and Goldstein (31) for 900,
single-hole injection show that, for M=1.0, there exists a region of
low velocity behind the hole near the wall; above this region the
velocity increases reaching a maximum which is greater than the free-stream
velocity and then decreases to the free-stream value. In fact flow
visualisation studies by Ramsey and Goldstein (31) show that for normal
injection there is a region of reverse flow behind the hole. The hot
wire anemometry technique used in the same study does not distinguish
backward-from forward-moving fluid‘and consequently their measurements
behind the Lnjection hole show the resultant of the (weak) reserve flow
and the vertical velocity to ke high approximately 30% of the free-stream

velocity

(b) Effect of angle of injection.

A second parameter significantly affecting the wall effectiveness
is the angle of injection to the mainstream flow. Most of the studies
have been for injection angles of 90° or 35° and a few for 450. The
general conclusions of the experimental studies for normal and inclined
injection are that for the same blowing rate there is less penetration

into the external mainstream (i.e. less vertical and lateral spread) for
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the angled injection. The reason for the smaller verﬁical spread lies
in the fact that the jet, emerging from an angled hole, has smaller
vertical momentum than if it had been issued from a normal hole. The
lateral spread of the jet is mainly controlled by diffusion process.
Normal injection creates greater mixing than inclined injection because
it produces greater mean rates of strain at the edge of the jet and
consequently greater effective diffusion coefficients. The following
example helps quantify the position. Measurements for 90° and 35o
injection for an injection ratio of M=1.0 by Ramsey and Goldstein (31)
sﬁow that for angled injection the 5% effectiveness at location x/D=12.0
and z/D=0.0 lies 1.8 hole diameters above the wall compared with 2.5
hole diameters for normal injection. However the lateral spread for
the inclined injection is much smaller, the 5% wall effectiveness at
x/D=12.0 being at 0.75 hole diameters laterally compared with 1.5
hole diameters for normal injection.

Comparison of measurements of Eriksen (28) for injection ratio
M=0.2 for normal injection (single hole) and 35° (row of holes with
s/D=3.0) shows that at a downstream location of x/D=12.0 the centre-line
effectiveness for inlcined injection is approximately 15% higher than
for normal injection, while the 5% wall effectiveness is at lateral
l&cation 1.4 hole diameters for inclined injection in contrast to 1.8

‘hole diameters for normal injection. Figures 9(a,b), taken from

Eriksen's study (29), reinforce the above arguments.

For a "full covefage" cooling geometry LeBrocq et al (23) studied
the effect of varying the angle of injection (90° ana 450) on cooling
effectiveness. The conclusions drawn were in line with the results
mentioned above: namely, that the advantage, arising from inclined

injection, of higher effectiveness near the centre line is at least
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partly offset by the smaller lateral spreaa.

Goldstein et al (28) compared the laterally averaged film cooling
effectiveness for normal and inclined injection and concluded that the
mean effectiveness is higher for inclined injection (350);for blowing
rates for which the jet stays in touch with the surface (M<0.5); for an
injection ratio of M=1.0, however, where in both cases the jet lifts off
the surface, normal injection gives somewhat higher mean effectiveness
than the inclined one. The‘overall levél of mean effectiveness for M=1.0

is lower than the corresponding one for M=0.5, however.

(c) Effect of boundary layer thickness

The wall film cooling effectiveness decreases as width of the
boundary layer increases. An explanation for this behaviour lies in
the fact that the thinner the boundary layer, the higher the velocity of the
near-wall mainstream fluid and consequently the greater the force acting
on the jet emerging from the héle; the jet is thus forced to stay in
touch with the wall resulting in higher wall effectiveness.

Quantiﬁatively the effect has been studied in (19), (20), (28),
(29), (30), (32). In the work of University of Minnesota group (19),
(28), (29), (30), the study covered the range 0.05<161/D<:O.25. Over
this range of displacement thickness and for angled injection of 35°
they reported that for all the injection ratios (OJ?:M.<I2.5)‘except
M=0.5, the boundary layer thickness had only a small effect on the
effectiveness (5-10%), the effect being smaller at larger 5l/D, while
for M=0.5 the boundary layer thickness did have significant effect. 1In
particular they found that by doubling the displacement thickness
the centre liné effectiveness was reduced by 30% for M=0.5, - -

For 90? injection the boundary layer

thickness was found not to be a significant parameter.
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Liess (20) studied the effect of boundary layer thickness covering
a much wider range of displacement thicknesses (O.OS<:§1/D < 0.65) than
in the University of Minnesota study. He concluded that for a displace-
ment thickness 61/D<:O.2 and for the studied injection ratiés M= 0,3-0.4
(G=350), the boundary layer thickness had small influence on film
cooling effectiveness (in line with the conclusions of the Minnesota::
group). For 5l/D:>O.2 he found that the effeétiveness décreased con-
siderably with increasing béundary layer\thickness. In particular for
a location x/D=12 for 61/D=0.1 the centre-line effectiveness was measured
as QE=O.23 while at the same location for 5l/D=O;65 the effectiveneés
was n@u= 0,10 a decrease of hore than 50%. He concluded that the
displacement thickness is of more importanée than the shape of the
velocity profile itself. This effect can be plainly seen on figure
10:, taken from (20).

Kadotani (19) studied the effect of the boundary layer thickness
on the off centre-line and laterally averaged cooling effectiveness
as well. He concluded that the effect of boundary layer thickness is
pronounced on the region near the injection hole and then diminishes
with distance downstream. The effectiveness at lateral locations
increases with increasing boundary layer thickness because the jet
pénetrates more into the mainstream and consequently higher interaction
results; thus as discussed above with.reference to normal injection
higher effective transport coefficients are produced. The laterally
averaged effectiveness was found to increase slightly ( 5%) as the
boundary layer thickness was reduced, the smaller 7 __ for greater 5l/D

being nearly offset by the greater lateral spread.
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(d) Effect of density ratio of coolant to mainstream

In practical situations the coolant, being at a lower temperature
than the mainstream, will be denser than the mainstream bx a factor of
about 1.5. The simulation of the denser secondary jet in laboratory
experiments has usually been achieved by using carbon dioxide (QC/Q:i.S)
or Freon (Dc/ef=4,0) or mixtures of these gases with air for different
density ratios. An extensiye study on wall effectiveness of this
particular parameter has been made by éedersen (18) as well as by
Goldstein et al (30) and Le Brocq et al (23)

The results suggest that the dense¥ coolant gives a higher levél of
film cooling effectiveness mainly for injection ratios M>0.5 (for which
region the jet lifts off the surface and penetrates into fhe,mainstream).
The reason for this behaviour is that the coolant being denser has
smaller injection velocity for the same mass flux, thus smaller vertical
momentum; it is thus more easily bent by the mainstream flow and
remains closer to the surface. For injection ratios lower than M=0.5
however, where the jet (for pc/poézl.o) would remain attached even when
there was no apprecaiéble density difference there is no signficant™
effect of Dc/pooon the film cooling effectiveness.

Pedersen (18) also reports mean spanwise effectiveness as a
function of the density ratio. from which study figure 11 is taken. The
results suggest that by increasing the ratio of coolant to mainstream
densities the mean effectiveness-increases substantially mainly for
blowing rates greater than M=0.5. For pc/p§3=l'5 {close to that which would
occur in practice) the results show that the optimum injection ratio
Ki.e. that giving maximum spanwise averaged effectiveness) at x/D=12
is around M=0.5 while at x/D=41 is M=1.0. However, for the latter case

the curve is flat (nvsM), and the maximum is barely 10% more than obtained



- 25 -
for M=0.5. Thus one may conclude that for oc/oaa=l'5 and s/D=3.0,
M=0.5 is an optimum value for this cooling geometry, the same as

with Dc /Do3 =1.0.

(e) Effect of lateral injection

It was mentioned earlier that by reducing the angle of injection
the central recion effectiveness near the centre is increased but the
lateral spread of the jet is decreased thus requiring smaller hole
spacing for an adequate protection of the surface. However the addition
of more holes adversely affects : the strength of the blade and increases
its cost. One way of increasin§ the lateral spread of the jet is to
inject the coolant laterally at an angle to the mainstream flow.

Goldstein et al (27) studied a case where the coolant was injected
35O to.the surface making a zero angle with the streamwise direction and
15O and 35O to the surface making an angle of 90O with the mainstream.
It was found thatbfor an injection ratio of M=0.5 for which the jet
stays on the surface the lateral injection widened the protected area
but reduced ﬁhe maximum effectiveness. The reason for this behaviour
can probably be attributed to the stronger interaction .between the jet
and the‘mainstream, due to the lateral injection.

For injection ratio M=1.0, for which the jet penetrates into the
mainstream flow, the lateral injection results both in wider fegion of
protection and higher effectiveness; meaning that the lateral injection
holds the jet closer to the wall and is more effective from the film

cooling point of view.

(f) Effect of streamwise pressure gradient

In practical situations there will be favourable streamwise pressure

- gradient over the blade. The effect of pressure gradient on film cooling
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effectiveness has been studied by many workers, (19), (20), (22) and
(25).

Launder and York (22) reported that a moderate acceleration parameter

&, du.
ug dax

= 2.1076) produces substantially higher film cooiing effectiveness
than a zero pressure gradient while Kadotani (19) concludes that an
acceleration parameter up to 10—6 reduces averaged film cooling effective-
'ness by approx. . °~ 5%, mainly well downstream from the injection holes.
Liess (20) has likewise reported that a favourable pressure gradient
reduce§ slightly the film cooling effectiveness, Jabbari (25) studied

the effect of streamwise pressure gradiient on effectiveness for a double

row of staggered holes(s/D=3.0, S¥/D=2.6) with a turbulent secondary jet.

His conclusions were that for the range of acceleration parameters studied

v~ duy
uZ dax

(-3

=O—10-6, an accelerating flow causes only a slight reduction in
effectiveness along the centre-lineé downstream of the hole. The same
effect is also noticed on laterally averaged effectiveness.

The difference in the effect of streamwise pressure gradients in
the studies of (22) and those of (19), (20) and (25) lies in the fact
that in the former study the secondary jet is laminar while in all the
other cases it is turbulent. Thus in Launder and York's work (22) éhe
reason for the higher film effectiveness is that the acceleration tends to
diminish turbulent mixing in the external boundary layer and offers a
stabilizing environment to the laminar jet emerging from the hole. 1In
these conditions the jet undergoes transition to turbulent flow much less
rapidly than it does in parallel flow; the streamwise dilution rate is
thus reduced and thé lateral spread is decreased.

In the studies of Liess (20), Kadotani (19) and Jabbari (25) the

secondary jet is turbulent and one expects that a favourable pressure
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gradienf would result in higher effectiveness by reducing the turbulent
mixing between the secondary jet and the mainstream. Liess (20) reports
that the reduction of the film cooling effectiveness is associated with
the suppression of the streamwise vortices behind the injeéfion hole

by the favourable pressure gradient. (A possible explaﬁation for this
behaviour is that the favourable pressure gradient suppresses the upward
" movement of the vortices and forces them to stay nearer to the surface
and consequently to augmentfhe dilution). Of course the same mechanism
is present when the secondary jet is laminar but it seems the mechanism
of delaying the transition of laminar jet to turbulent is more effective

than the action of the vortices.

(g) Effect of free stream turbulencelevel and turbulence length-scale

Launder and York (22) and Kadatoni (19) have studied the effect of
turbulence level on wall film-cooling effectiveness. Launder and York
(22) draw the conclusion that the presence of free-stream turbulence
intensities of about 4 per cent reduce the wall film cooling effectiveness
by typically 1O per cent in the case of a favourable pressure gradient
but have negligible influence for parallel flows. The above behaviour
is related to the fact that the secondary jet of the study was laminar
and the behaviour is not similar if the jet were turbulent.

Kadotani (19) using a turbulent secondary jet studied the effect
of a free-stream turbulenee (0.3% - 20.6%) and free stream turbulence
scale (0.06 - 0.33 hole diameters) on cooling effectiveness. The effect
of free-stream turbulence scale on the wall effectiveness is very large.
.The author concluded that when the length scale of turbuleﬁce is small
the effectiveness is high and wall effectiveness contours stretch in
the downstream direction; When the length scale of turbulence is large

the contours do not stretch downstream but spread more laterally (for
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quantitative details see (19)). The effect of the free-stream turbulence
depends on the blowing rate. For small blowing rates (M=0.2-—0.35) the
turbulence intensity is very influential on the wall effectiveness. Near
to the injection (x/D <7.0) for a blowing rate of M=0.2 it Qas found
that a change of Tu from 2.7% to 20.6% brought a 27% reduction on the
centre-line effectiveness. The effect on the laterally averaged
" effectiveness ie similar but weaker. TFor medium biowing fates
(M=0.5) the centre-line effectiveness slightly increases for large scale
turbulence and decreases for small scale turbulence with increase of
turbulence level. For large blowing rates (M>1.0) the injected fluid
generates very high turbulence and effectiveness while becoming
relatively insensitive to the turbulence level, actﬁally iecreases with
-increasing turbulence level.

Generally from the study it may be concluded that the turbulence
scale has a greater effect on the effectiveness' than the turbulence
intensity due to the direct effect of the length scale on'the magnitude

and strength of the vortex motion.

(h) Effect of Mach number

The effect of the free-stream Mach number on the cooling effectiveness
is difficult to estimate (independently of the other parameters) because.
by varying the free-stream velocity, the thickness of the boundary layer
at the point of injection is changed and consequently the effect of ucg
on N can not be isolated from the effect of‘6 onn . However, Liess (20)
reported a study of the effect of U, ©on N keeping the thickness constat.
This was accomplished by varying the effective origin of the boundary
layer. For the range of Mach numbers Ma = 0.3~ 0.9 and for mass flux

ratios M =0.4 he reported that U has no effect on the wall effectiveness

(discrepancies within the experimentailuncertainty 1%).. Goldstein
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et al (28) and Eriksen (29) reported similar conclusions based on the
stpdy of the combined effects of & and gx)on film cooling effectiveness.
This conclusion is of particular interest since it shows that laboratory
experimental fesults for low free stream velocities are applicable to

high free stream velocities occuring in most practical situations.

(i) Effect of the secondary jet velocity profile

Goldstein et al (30) studied the effect on film cooling effectiveness
of the secondary jet profile. In particularly ﬁwo arrangements were
tried. In the first one the secondary air was supplied to the wind
tunnel through a long circular pipe so a well established turbulent pipe
flow velocity profile would prevail at the exit of the injection hole
while in the second arrangement the length of the pipe was very short
56 the injected fluid would have a uniform velocity profile. The study
concluded that there was no influence on film cooiing effectiveness of
the secondary profile. |

Geometrical parameters

(3) Effect of hole spacing

The effect of hole spacing on the film cooling effectiveness was
studied by Goldstein et al (30) and Liess and Carnel (21).

Goldstein et al (30) examined how well the "shéped" hole (round
hole widening lOo) would function for hole spacings greater than 3D.
The holes were spaced 6 diameters apart and the results show that the
width of the film-cooled region downstream of the holes was not
significantly greater than for 3D hole spacing, indicating that if such
‘a wide spacing were used there would be a large region between the

holes which would not be directly protected by the coolant.
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Liess and Carnel (21) studied three .cooling arraﬂgements, those
of s/D=2.2, s/D=3.3 and s/d=4.0 results of which study are presented in
figure 12 for injection ratios M=0.65, 0.85 and M=1.1l. The conclusions
are that by increasing the hole spacing the film-cooling efféctiveness
decreases considerably (especially for sA)=2.2 to s4§=3.3) for the
high blowing rates studied, suggesting that there is a strong interaction
between the jets. For a hole spacing (54)=2.2) the flow is almost 2-
dimensional beyond 13 diameters behind the hole at least for the wall

adiabatic effectiveness .

(k) Effect of hole geometry

Goldstein et al (30) have studied the effect on film cooling effect-
iveness of the geometry of the injection hole. Experiments were carried
out for a round injection hole‘and a "shaped" hole (a hole which had
been widened at each side by an angle of 10 degreés). The results
suggest that the "shaped hole" gives higher film cooling effectiveness
and higher averaged effectiveness too. The higher lateral cooling
@verage is a consequence of the lateral widening of the injection hole,
while the greater effective area of the injection hole reduces the
injection velocity (for the same amount of coolant) and causes the jet
to remain closer to the surface (for M>>0.5) resulting in higher levels

of effectiveness.

(1) Effect of a slit located behind the injection hole

In the study by Krusse (32) a slit was located at the downstream
edge of the injection hole through which 5% of the total secondary flow
rate was injected into the boundary layer. The surprising result was
that for blowing rates higher than M=0.5 the existence of the slit

improved the central line region effectiveness considerably,moinw for
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blowing rates @> 1.0 . The effect of the slit reducea as the injection
ratio was decreased below M=O.5; Preliminary results by Brown (33)
confirm the above findings for Blowing rates M>0.5.

The reaéon for this behaviour lies in the 1lifting off ;f the jet
for blowing rates higher than M=0.5, thus the extra coolant from the
slit fills in the "stagnant" region (mainly mainstream fluid) behind
the holé. Obviously the effeét of the slit is reduced for injection

ratios lower than M=0.5 since the jet then stays attached to the

surface.

(m) Effect of multiple rows

Due to the small lateral spréad of the jeps and to the fact that
structural reasons do not permit small hole spacings, it is almost
certain that in future multihole coverage (i.e. two or more rows of
holes) will be employed.

This cooling geometry has been experiméntally studied by many
workers (16), (22), (23), (25). The basic finding of all the studies
is that for the same amount of coolant injected .into the boundary layer
the multi hole arrangements are far superior to a single row of holes.
There are also aerodynamic advantages with multi-row coverage in
comparison with single row for which no assessment has been made at
the moment. The main findings can be summarised as‘follows.

(1) a staggered pattern of holes is far superior to an in-line

arrangement, Le Brocqg et al (23)

(ii) The lateral spacing between holes should be less than eight diameters

(about five diameters appears adequate for multiple row coverage

(23)) in order to prevent the appearance of "hot" spots.

(iii)Mayle and Camerate (16) found that for all hole spacings considered

and for low to moderate blowing rates, wall effectiveness rises
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quite rapidly‘near the upstream end of the blowing region, but the
rate of increase gradually diminishes with streamwise distance as
if approaching an equilibrium within the film cooling array.

In particular Jabbari (25) conducted an experimental study for a
double row of staggered holes with lateral spacing‘S/cf3.0 and streamwise
spacing ‘sx/D=2.6. He concluded that the effectiveness along the centre-—
line decreases continuougly with the distance downstream. The general
level of wall effectiveness increases with the blowing rate up to M=1.0
and remains almost constant for M=1.5. This continuous increase of
effectiveness with blowing rate contrasts with the single row data undexr
similar experimental conditions (for which the effectiveness for M=1.0
is lower than for M=0.5) indicating that there is strong interaction
between the jets of the two rows of holes which result in the Jjets
remaining attached to the surface. He also confirmed the finding of Le
Brocq et al (23) that injection through a staggered row of holes is
superior than an in line row and this superioriﬁy is most pronounced at
higher values of blowing rates,

Injection through a staggered row of holes over the suction surface
oan turbine vane has been investigated by Lander et al (35). Injection
angles of 35O and 32° for upstream holes and 45O and 42O for downstream
holes were used in this study with a lateral hole spacing of a 2.78 hole
diameter. Results indicate that thebmaximum effectiveness occurs for
blowing rates M=0.5-0.6 at short distances downstream from the injection
point. At locations far downstream however, the effectiveness increases

monotonically with increasing blowing rate.
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1.3 Outline of the present study

1.3.1 Objectives of the present research program

The previous review of the work on discrete-hold blade-cooling
systems disclosed areas which need clarification or furthe; investiga-
tion. The studies have all been predominantly experimental and the
few analytical attempts (in the form of correlation equations for film-
cooling effectivenesé) achieve only limited success in view of the

empirical inputs required.

To solve the governing differential equations of the flow field
in such a complex system has hitherto not been practicable because the
flow field is three-dimensional and turbulent.* However, with the
épplication of three-dimensional numerical procedures'to some simpler
flows (e.g. McGuirk(38), ‘Patankar et al (39)) we felt it would be
appropriately challenging to tackle this flow problem. - Consequently
the first objective of this study was to provide a numerical scheme and
a computer program** which was flexible (as regards the initial, boundary

conditions and cooling geometry), easy to handle and of course providing

accurate predictions which could be used for design purposes.

For two-dimensional flow fields arising from transpiration cooling
theoretical treatments such as those of Baker and Launder (36) and

Bayley et al. (37) are available.

The starting point for the development of the computer code would be

the TEACH 3-dimensional fully elliptic program developed by Gosman,

Humphrey and Vlachos.
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To validate such a numerical procedure theré is need for
detailed, well documented, experimental data, for both the hydrodynamic
and temperature fields. As the review of experimental studies has
shown, however, previous experiments have'been primarily concerned with
measurements of film cooling effectiveness; indeed, apart from some
measurements by (20) and (31) few have reported velocity measurements
or any other hydrodynamic ;haracteristic of the flow field. Moreover,
all workers have focused attention on the region several diameters
downstream from the injection hole rather than around the injection hole
or over the hole itself. Consequently, the available experimental
data are not enough to validate the numerical procedure.  In view of
these limitations an ex£énsive experimental programme was formulated
with the primary purpose of studyiﬁg experimentally flow situations which
could be used as test cases for theielucidation of the numerical procedure.
Particular emphasis was placed on:

. Detailed investigation of the flow field around and far

downstream of the injection hole.

. Detailed study of the effect of boundary layer thickness on
the efficiency of the cooling system so as to extend the
region of boundary layer thickness studied by the Minnescta
group.

. Detailed investigation of the flow field created by injection
through a double row of holes and in particular the region
between the two rows in which ref. (32) indicated the existence

of a minimum of effectiveness.

1.3.2 Layout of the thesis

The thesis is organised into six chapters.
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Chapter 1 has introduced the practical relevance of discrete-
hole cooling systems, reviewed the available studies on the

subject and outlined the objectives of the present. research.

Chapter 2 describes the apparatus and experimental techniques

used in the study and evaluates the accuracy of the measurements.

Chapter 3 presents and discusses in detail the experimental

results of the study.

Chapter 4, which contains the mathematical and physical model

of the calculation procedure, is divided into three sections.

In the first, the mathematical foundation of the problem and

the differential equations governing the flow and temperature
field are presented, In section 2 the mathematical modelling

of turbulence is discussed, and finally in section 3 the numerical

procedure for solving the differential equationsis described.

Chapter 5 presents the results obtained by the use of the developed

numerical procedure and makes comparison with experimental data.

Finally, Chapter 6 summarises the achievements of the work,
outlines areas of potential use of the prediction method and

stresses the areas which need further investigation.
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"CHAPTER 2

APPARATUS AND MEASUREMENT TECHNIQUES

2.1 'Introductory remarks

In this chapter we describe in some detail the apparatus and
the measurement techniques employed in the present experimental study,
as well as the experimental uncertainty, reproducibility and sensitivity

associated with the measurements.

Thé measurements are such as to give a clear, quantitative
picture of the flow field associated with discrete-hole cooling systems,
particularly in the vicinity of the injection hole. Consequently,
detailed velocity and static pressure measurements are taken in the flow
field. Moreover, to reinforce the picture of the jet dilution with
the mainstream, a fracer gas (He) is mixed with the jet and its concentra-
tion is measured in the flow near the injection hole as well as further

downstream.

In table 2 there is a summary of the experimental conditions

which prevailed in the present study.

2.2 Apparatus

2.,2.1 The Wind Tunnel

The measurements were conducted in the open-circuit wind tunnel
shown in figure 13. The mainstream air was drawn from the laboratory
) via a 15 hp blower and was introduced via a carefully designed diffuser
into thé settling chamber (equipped with screens) and then via a high
contraction ratio nozzle to the test section of the tunnel. The entrance
to the test section (figure 14) wés specifically designed to bleed
off the boundary layer which was created on the bottom wall of the

nozzle and thereby supply a uniform-velocity stream of air of nominal

velocity 26m/s.
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TABLE 2: Summary of the Experimental Conditions of the Present Study
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The side walls of the test section were constructed from
perspex to facilitate flow visualisation. The angle of inclination
of the flat roof of the test section was adjustable to allow for
adjustment of the streamwise pressure gradient, within limits. For
most of the studies a zero streamwise pressure gradient was desired and
the roof was therefore adjusted to slightly diverging so as to compensate
for the pressure gradient which would otherwise be created by the
development of the boundary layers on the side walls of the test section,

and by the injection process.

2.2'2 The Secondary Air Supply System

The secondary air for injection was obtained from the laboratory
compressed air system whose supply pressure was around 6 atm. The
pressure was reduced and controlled by three pressure regulators
cori ected in parallel, as illustrated in figure 15. The air from the
supply‘lines was fed into a plenum chamber of side 0.25m, from which
the secondary air was led to the injection pipes. The internél diameter
of the injection pipes was D = 22.22mm for the 90o injection and
D = 19.05mm for the 30o studies. The length of the injection pipes
downstream from the orifice plate was at least 50 hole diameters.

. Each injection pipe had its own needle valve for independent control

of the flow rate.

2,2.3 The Test Plates

In the present study three different test plates were used
for the following purposes:
(a) single hole injection normal to the mainstream
-

(b) single hole or single row of holes inclined at 30°

(c) double row of holes inclined at 30o
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‘The test plates were constructed from perspex and around
each injeétion hole were drilled, wherever constructional limitations
ailowed, static pressure tappings of diameter O.79mm. These were also
used to measure the wall concehtration of the tracer gas. Figures
16 {a-¢c) contain photographs of the various test plates, in which the
location of the static pressure tappings can be seen. The precise

locations will be given later.

A strip of sand paper was fixed to the upstream edge of the
test section in order to promote turbulent flow. The dimensions of
this strip as well as those of the test sections are given in figures

17 (a-d) for the various experimental cases.

2.3 Measurement techniques

Qualitative as well as quantitative information was obtained
for the flow field during the present study. = The former was acquired
by various flow visualisation techniques while the latter employed a

variety of measurement techniques.

2.3.1 Flow visualisation techniques

Two methods were used to obtain qualitative information about
£he flow field. In the first method, the jet emerging from the injection
hole was made visible by introducing into the secondary flow a mixture
of carbon dioxide and vaporised oil created by a smoke generator and
then the jet was photographed. The second technique was aimed at
revealing information about the flow field near the plate surface
"to be protected"”, and two different methods were employed. In the

first the test-plate surface is coated with a solution of saturn yellow

‘pigment with white spirit and kerosene and is exposed in the test
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section for about five minutes with the mainstream and secondary jet
turned on. As the plate dries, the great majority of the powder is
blown downstream; the residue leaves, on the surface, a clear
impression of the streamline pattern in the immediate vicinity»of

the injection hole.

The second method is applied to reveal local information
about the surface flow pattern mainly around the injection hole and
it consists of spfeading in localised areas of the test plate black
lubrication o0il and turning the mainstream and secondary flow on.

The pattern which is formed as the o0il is moving is photographed.

2.3.2 'Quantitative measurements

The following quantites were measured in the present study:
. flow rates of secondary air;
. distributions of static and dynamic pressure within the flow;
. surface static pressure;
. velocity and turbulence intensity at jet entry and

. surface concentration.

Details of the measurement techniques for these will now

be given.

(1) Secondary flow rate measurements

The mass rate to each injection pipe was measured by an

yr

orifice plate of nominal diameter ‘5 (for blowing ratios M20.2) and
1w '

‘i (for Mg0.2}. The orifice meter was contructed according to
British Standard BS1042 with D/2 and D tappings. The calibration

of the orifice plate was tested by comparing the flow rate calculated

from the standard orifice formula and the measured pressure drop with
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the value obtained by measuring the outlet velocity distribution for
normal injection in the absence of mainstream flow, using a hot wire
anemometry. The agreement between the two methods was better than

1%,

(2) Dynamic and static pressure measurements

Measurements of the distribution of static and dynamic
pressure within the flow, excluding the region immediately above the
injection hole, were obtained with the aid of pitot-static probes of
the two sizes shown in figure 18(a-b). When these were employed in
regions where appreciable variations in static pressure were observed
to occur, the dynamic and static heads were measured separately, at
corresponding locations. The probes were aligned with the x
direction 6f the flow (streamwise) and not with the local velocity
vector. Consequently, small errors are introduced in the measurements
of the velocity which are estimated in the Appendix A. The pitot-
static probe of figure 18a was constructed according to NPL standards
(40). The smaller one in figure 18b was constructed from thin hypo-
dermic tube and was employed for measuring in off centre-line locations.
It was calibrated.agaiﬁst the NPL pitot-static probe by measuring the
'dynamic and static pressure in the wind tunnel without injection;
both gave identical results. The pitot-static probes were mounted on
a vertical traversing mechanism, shown in figure 18c, which could
slide along the test section. The zero vertical positioning of the
probes was estimated when the probe coincided with its mirror image
on the test plate surface. Repeated estimates of the zero location

were in agreement to within about O.OS5mm.
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The pressures registered by the probes and the pressure
tappings were determined by the use of an electronic digital micro-
manometer capable of measuring pressure differences from 0.001-2000mm

O.
H2

(3) Velocity and turbulence intensity measurements in secondary jet

For these measurements a hot-wire anemometer coupled to an
ancillary on-line signal processing equipment was used. This éet—up,
shown in figure 1B8d, extensively used by Ribeiro(4l1),consisted of:

. the anemometer
. a lineariser
. an analogue to digital converter

. and a PDP computer with its teletype.

Ribeiro(41) gives complete details of this assembly.
Briefly the circuit is .as follows. | The signal from the hot wire was
transmitted to the anemometer, to the lineariser and to the digital
converter. The digital converter output was fed to the PDP computer.
Approximately 10,000 instantaneous values were taken by the computer
over a period of 10 seconds and the output from the signal processing
unit in the form of mean velocity and turbulence intensity was printed

out on the on-line teletype.

The hot-wire probe was calibrated in the potential core of
a jet with a nozzle diameter of 25.4mm emerging from a low turbulence
(0.2%) wind tunnel specifically designed for calibration purposes.
The jet exit velocity could be varied from 3 m/s to 35 m/s. A
specially designed gear allowed rotation of the hot-wire probe up to

180°. The values of the velocities calculated from an NPL pitot
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tube measuring at the same location the jet with the hot-wire probe
were used in determining the constantsof the response equation of the
probe. Further details of the measurement technique are. given in

ref. (41).

(4) Concentration measurements

It is known that the adiabatic wall effectiveness is equal
to the impervious wall effectiveness for turbulent flows because the
Lewis number is unity. The above argument was experimentally verified
by Pedersen(18). In the present study this mass-transfer analogy was
used to measure the wall effectiveness, because it is easier to satisfy
the experimental condition of an impervious to massthan impervious to
heat (adiabatic) wall. Consequently, a small quantity of a tracer
gas (He) was mixed with the secondary stream (approximately 0.5% by
_ volume) upstream of the plenum chamber. The concentration of helium
on the surface of the test plate, from which the effectiveness was
deduced, was obtained by withdrawing samples of the air: helium mixture
through the_static pressure taps and pass.ing them through an on-line
conductivity cell. The conductivity cell, which was kept in an oven
at SOO, consisted of two chambers containing platinum filaments and

Which formed the two resistances of a Wheatstone bridge.

The principle of the technique is as follows: the sample
and a reference sample (pure air) at the same flow rate (100 ml/min)
were introduced into the two chambers of the conductivity cell.

The different thermal conductivities of the two samples change
'unequally the temperatures of the two filaments (hence their resist-—
ance) of the cell, thereby creating an imbalance in the Wheatstone

bridge. The imbalance of the bridge is related to the amount of
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the tracer gas existing in the sample and the effectiveness is obtained

-as
n = w/ (2.1) ..
inj

where Cw and C_lnj are the concentrations of He at the surface (at
the measuring location) and within the injection pipe respectively.
The measurement of Cw and Cinj are accurate only within limits of the
sampling rate and the amount of He mixed with the secondary air.
The numbers quoted earlier, that of the sampling rate 100 ml/min and
He mixed with air, 0.5% per volume, were determined such that values
around these do not have any effect on the measured values of Cw and
c- >-!

inj .

The calibration of the measuring equipment was carried out

by previousAworkers, Rastogi(42) and Baker(43).

2.4 ‘Accuracy of the measurements

An accuracy estimate of the measurements is included in

Appendix A. The results are given below.

The pressure difference measurements were estimated to be
accurate to 0.2%. However, the accuracy of the velocity profiles
deduced from the total and static pressure readings after allowance
for the errors associated with yaw and turbulence was estimated to be
‘of the order of 2% in all regions apart from the zone immediately
downstream of the injection hole, where, as shown in Appendix A, the

disturbances provoked by injection give rise to high errors.

The error in the measurement of the wall static pressure

distribution was mainly due to small departures from the nominally



—45-

zero streamwise pressure. It is estimated that such departure
affects the measured Cp ranging from zero at the upstream row of holes
to about 10% of the recorded values at the. downstream row and this

for the small blowing rate (M = 0.1).

The Accuracy in the measurements of the velocity and
turbulence intensity at the exit of the 90° injection is, according
to the error analysis of Ribeiro and Whitelaw(44), in the absence of
the mainstream flow, expected to be 1% and 8% respectively. However,
the presence of the main flow, with the attendant distortion of the
streamlines and generation of high turbulence levels prevented a
meaningful estimation of the accuracy of the measurements for those

circumstances.

The accuracy of the film cooling effectiveness measurements
is estimated to be at best 2% (for n > 0.80) and at worst 20% (for

n < 0.05).

2.5 'Reproducibility of the measurements

Velocity profiles measurements were periodically repeated
in order to test the repeatability of the measurements. In all cases
the velocity measurements were repeated within 3% even in the region

behind the injection hole.

Also periodical tests were performed for checking the thick-
ness and lateral uniformity of the boundary layer on the test plate
in the absence of the secondary flow. Samples of film cooling
.effectiveness measurements were repeated and the statistical spread

of most of the measurements was 5%.
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2.6 Operating procedures and experimental conditions

2.6.1 Operating procedures

Prior to the final measurements the following operating
procedures were performed.
(i) The main and secondary flows were set in operation for

approximately 15 minutes.

(ii) The roof of the test section was then adjusted so as to

reduce the streamwise pressure gradient to a minimum value.

(1ii) The electrical instruments were switched on for sufficient
time to reach a steady state condition (the oven of the conductivity

cell was switched on one hour prior to the measurements).

2,6.2 Experimental conditions

All the experiments were carried out for a free-stream
velocity of about 26 m/s and density ratio of the injectant fluid
to the mainstream pc/pm, of unit. A summary of the various
experimental conditions with the studied parameters is shown in

table 2.

The development of the boundary layer velocity profile along
fhe test plate, with the injection holes covered by thin tapes, was
recorded and i1s shown in figure 19a for the case of the single hole 30°
injection test plate; the inferred non-dimensional displacement
thickness variation is plotted in figure 19b for the same case.

The displacement thickness lateral variation was found to be uniform

"within 0.2% throughout the experimental study.



- 47 -
‘CHAPTER 3

PRESENTATION "AND DISCUSSION OF THE MEASUREMENTS

3.1 Injection through a single hole

3.1.1 1Injection though a single hole normal to the mainstream flow*

Figure l6a shows a photograph of the test plate while a summary
of the prevailing experimental conditions in the present study is
included in table 2, chapter 2.

(1) Flow visualisation

Let us start with the visual observations of the flow for they
provide a clear, albeit qualitative, view of the flow strucfure.
Figure 20 shows a plan and side view of the jet for an injectant ratio
of 0.24. The jet is made visible by introducing into the secondary
jet a mixture of carbon dioxide and vaporised oil. From the side view
it is evident that the jet is very rapidly bent over. On the downstream
side of the hole, however, there is a region where the jet lifts a little
away from the surface, evidenced by the greyish patch behind the hole.
The width of the jet increases rapidly at first, then rather more gradually.
At a distance of 3 diameters behind the hole the total width of the jet
is approximately 2.5 hole diameters. It should be borne in mind that when
viewing the jet in plan view, the perceived width is the maximum width
of the jet and not necessarily the width at the surface.

"Figure 21 provides photographs of the test plate surface after
coating it with a solution of saturn yellow pigment with white spirit
and kerosene. Figure 2la shows the flow pattern obtained when the jet
velocity is 10% of the mainstream. Clearly visible is the development
of a wake downstream from the hole. The two lobes adjacent to the
downstream side of the injection hole mark a region of separated flow
extending approximately half a diameter downstream. A similar pattern

is displayed for M=0.046  (not shown) though the two.lobes then .extend

* Part of the present results have been reported by Bergeles et al (45)
however, they are included here for completeness.
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only 0.3D behind the hole. The corresponaing distribufion for a
dimensionless blowing rate of 0.24 is shown in Fig. 21b. Several

features are the same as before: the spread of the wake dpwnstream of

the hole and the two separated flow lobes abutting the downstream side

of the hole. The region of separated flow has, not unexpectedly, lengthened.
To some extent the injectant fluid affects the méin flow rather as a

blister attached to the surface* . The greater the normalised injection
rate the blunter the "equivalent" bligter and hence the more extensive

the recirculation zone.

A feature of Fig. 21b that could hardly be seen at the lower injection
rate is the deflection of the flow upstream of the hole and the associated
bending of the vortex lines around the hole. It is entirely expected
that this vortex should become more pronounced as the blowing rate is
increased since then, as explained above, the.injectant stream acts as
a progressively blunter obstacle in the path of the external stream.

There is just perceptible on Fig. 21b a "pinching" in of the vortex
downstream of the hole. The behaviour can be seen more clearly in
Fig. 21lc. Hére the injection rate was the same as Fig. 21b but the
white spirit/kerosene mixture was coated only in a patch upstream of
the injection hole. The character of the near-surface flow structure
iﬁdicated by these photographs is quite different from that found by
similar surface-visualisation techniques when M is well in exéess of
unity, Margason and Fearn (L6) and McMahon and Mosher (47). In that
case, the jgt does not reattach, there is strong entrainment of the
primary flow inta the jet on all sides and the boundaries of the wake

region behind the jet are much sharper than in the present study.

= -
The analogy is not compléete however for it allows no recognition of the
streamwise vorticity added to the flow by injection.
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Finally, figs 21d and 2le show two photographs of the coated test
plate for the case where the solution was initially spread only downstream
of the hole. Figure 2le shows the final pattern after 5 minutes; it is
virtually identical to that .in Fig. 21b. Figure 21d shows the pattern
at an intermediate timé; ‘from this photograph it is evident that the -
reverse flow region in fact extends further downstream than the limits
of the two lobes suggest. A number of different runs were made with the
coating beginning at different positions behind the hole; these indicated
éhat for a normalised injection rate of 0.24 the region of reverse flow
extended approximately 2 diameters downstream frém the hole, with a
lateral width of one diameter. |

(2) Surface static pressure distribution

Figure 22 shows the distributions of static pressure in the
vicinity of the injection hole for values of injection ratio M=0.1l, 0.24
and 1.0 plotted as contours of the pressure coefficient Cp, which is

defined as

Cp = (P-Pre £

) /126 uoovj

~ where p is the local pressure and Pr

of is its value in the undisturbed

region far upstream of the hole.

The reason for this choice was that it brings the contours for the ‘
twé lower blowing rates into close agreement - certainly much closer
than if the jet velocity or the free-stream velocity alone has been used¥*.
The shapes of the contours have a similar qualitative appearance to those
presented by Vogler (9) for blowing rates in the range 1.0-5.0. Figure
'22c shows also comparison between present measurements and those by Vogler
(9) for M=1.0. It is seen that downstream of the hole the agreement

between the two sets of measurements is very good, however upstream of

*
In the limit however, as M becomes very large the surface pressure field

may be expected to become independent of v.; the isobars normalised by
pmui should then by independent of M.
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the hole Vogler's measurements suggest a higher upstreaﬁ pressure
transmission; this difference can be attributed to the difference
in boundary layer thickness if Vogler's experiments were for a thicker
boundary layer (the boundary layer thickness was not reportea).

As regards the present results and taking as the smallest signifiéant
value of the pressure coefficient 0.1 it may be concluded that:

(i) the effects of injection extend approximately 1% diameters upstream;

(ii) the maximum value of the pressure coefficient is aéproximately 1.0
in each case. | |

(iii)negative values of pressure coefficient as low as -2 .occur around
the downstream‘edge of the hole (for the two lower blowing rates).

(iv) the rate of pressure recovery downstream is substantially more
gradual than the rise upstream*,

(v) lateral effects of the pressure field are more substantial on the
downstream side of the hole, the contour of Cp=-0.1 extending
approximately 2% diameters off .the centre line.

The above behaviour may be expiained by regarding the jet as an
"obstaéle" attached to the surface, which obstructs the upstream flow
causing the pressure there to rise; the leQel of Cp then falls,
becoming negative as the deflected fluid accelerates around the hole.
Evéntually in the downstream region there is a gradual recovery of
pressure as the flow reverts back to a normal boundary layer.

Of course the present "obstacle" is a rather special one, whose
shape and other characteristics are functions of the injection rate; for
example, the emerging jet shears the ﬁainstream flow in a direction
opposed to the sense of rotation of a vortex created by the bending of

the boundary layer vorticity lines around a blunt object. It is therefore

The pinching in of the main stream fluid behind the hole noted in fig 21b

may be interpreted as a gradual filling-in of the low pressure region behind
the hole; or, (equivalently) as a necessary consequence of the diffusion of
intense patch of streamwise vorticity associated with the injection itself.
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not surprising that the surface pressure distribution tﬁrns out to be a
function of M. It is however interesting to note that for the two lower
blowing rates, the distributions are quite similar when sc§led byvf}uwvj;
this -seems to be a general characteristic of discrete jets when they remain
substantially attached to the surface, for, as will be seen later, similar
behaviour is observed for the case of inclined injection through a hole.
It is presumably connected with the fact that f}umvj is proportional to

the streamwise momentum deficit of the injected fluid.

(3) Velocity measurements

The distribution of mean velocity in the turbulent boundary layer
onvthe plate is shown in Figs 23 and 24, Figure 23 (a-e) show the different
kinds of boundary layer measured at five positions along a line parallel
with the main flow passing through the hole centre. At M=0.l1l, Fig. 23b
there is a large wake-like region behind the hole that gradually fills in
with distance downstream. At the higher injection rates shown in Fig. 23
(c-e) the behaviour, is similar except that feverse flow is present
(i.e. at x/D=2.50 for M=0.24). This behaviour bears out the earlier
comment that the reverse flow region extends somewhat further downstream
than is indicated by the two lobe-shapted patched in Fig. 2lb. Measurements
for M=0,1 and 0.24 have also been taken along a line parallel with the
main flow but 0.64 diameters displaced from the hole centre. Figure 24a
shows the near-wall profiles for M=0.24., The flow close to the wall is
progressively decelerated from far upstream to about the mid-hole position;
from 0.5<x/D<1.4 however the near-wall flow is accelerated. This behaviour
is consistent with the contours of surface static pressure in Fig. 22b along
the liné z/D=0.64 the pressure rises from zero far upstream to a maximum
at x/D=0.4; there is then a sharp fall in pressure to x/D=1.4 and
thereafter a gentle rise back to atmospheric pressure. The same qualitative

behaviour is exhibited in the profiles of mean velocity for M=0.1l, fig. 24b
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as well for M=0.046, Fig 24c though the effects are less pronounced than
for M=0.24,

The final flow field data refer to the velocity of efflux from the
injection hole. Our presumption at the start of the study héd'been that the
mean velocity profile from the injection tube would resemble nearly
fully-developed axisymmetric turbuleht pipe flow. The very severe pressure
gradients around the hole however had suggested that this conjecture might
be some way from the truth. Accordingly a hot-wire traverse was made of
the flow leaving the injection hole. For M=0.10 and 0.24 the profiles,
shown in FIg. 25, displayed great non-uniformity. For the lower injection
ratio the average velocity over thé upstream half of the hole was barely
one half that over the downstream half; for the higher injection rate
the ratio had fallen to one quarter. It should perhaps be said that the
values of velocity plotted in Fig. 25 refer to the total value; this
comprises both horizontal and vertical components which we did not attempt
to separate. However for M=0.24, profile traverses were made at various
depths in the hole and these are also shown in Fig. 25. Evidently most
of the adjustment in the velocity profile in the tube takes place in the
last half diameter prior to discharge. The discover of the great non-
uniformity in the discharge velocity has implicétions for when one attempts
to calculate the flow be%aviour. |

Turbulence intensity profiles were also measured in the hole for
M=0.1 and 0.24, with relative turbulence intensities in excess of 50%
receorded over the leading half. Although.such high turbulencé levelé
the accuracy of the measurements is quite uncertain. They are nonetheless
shown here in Figs 26 (a-b). A turbulence intensity profiles with the
primary air turned off are also included in the figures; the pipe flow
Reynolds number is about 3,500. The profile is typical of those found
in developing turbulent pipe flows. It thus appears reasonable to draw

direct comparison with measurements by other workers at higher Reynolds
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numbers since, provided transition has taken place, the flow structure

will be only weakly Reynolds—number dependent.

(4) Wall effectiveness

'

The distribution of wall film-cooling effectivenessm is shown in
figure 27 for all the different injection rates studied at four values
of z/D., At the smallest injection rate (M=0.046) the wall concentrations
fall monotonically with increésing x/D and z/D. For M=0.l the general
concentration levels are higher and just behind the discharge hole higher
values of n are recorded off the centre line than at z/D=0. This behaviour
becomes more pronounced at the higher blowing rates shown in figures 27c¢,
27d, 27e. 1In these cases, even for z/D=0, there is an increéase in n'
with x for the first 0.5-1.0 diameter behind the hole. The peak values
of effectiveness measured in this immediate neighbourhood of the hole
occurred along the line 0.36 diameters displaced from the hole centre.
This general behaviour is consistent with the diétortion of the jet to
a kidney shape by the streamwise Vqrtices induced by injection, see
Bergeles et al (48); the centre of the jet is lifted away from the surface
but the sides are drawn down in two lobes by the vortex action.
Comparison may be made with measurements obtained in the Heat Transfer
laboratory of tﬁe University of Minnesota - investigations that were mainly
coﬁcerned with the far-field region. Agreement with the present results
is close for M=0.5 to M=1.0 and also at other blowing rates for positions
along z/D=0O. However, for M=0.l the present data along z/D=0.64 lie 20-30%
below those of Ramsey and Goldstein (31) and for M=0.24 about 10% below‘
(making allowances for the fact that the Minneéota test was for M=0.20).
One possibly important difference between the experiments was that Ramsey
and Goldstein (31) studied heat transfer, not mass transfer. Thus heat
conduction in the wall could lead to too high levels of noff the centre

line contributing to some extent to the disagreement with the present results.
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(5) Conclusions
The main conclusions to emerge from the study of 90° single-hole
injectién are:

. Even at injection rates of only 5% of that of the free stream the
jet induceé a reverse flow region on the downstream side of the hole.
extending about 0.3 diameters beyond the downstream end of the hole.

. Surface static pressure measurements éhow the pressure field to be
distorted by the injection approximately 1% diameters upstream of the
hole and 2% diameters downstream.

. Thelstatic pressure disturbances created by the jet is almost independent
of injection rate in the range M=0.l and 0.24 when normalised by Pjvjq”"
at least for the conditions of the present study.

. The acceleration and deceleration of the mainstream flow caused by the
secondary jet appear to be consistent with the surface static pressure
contours.

. The velocity of ejection is substantially non-uniform due to the rapid
variation of static pressure around the hole. For M=0.24 only about
25% of the injectant leaves from the leading half of the hole.

. For injection ratios 0.24 or above the peak effectiveness immediately
downstream of discharge occurs off the centreline and increases for a
vtime with x. This pattern is consistent with the jet taking on a
kidney shape as it is bent over by the external stream.

. Where the two studieg overlap, very close agreement is obtained with
Ramsey and Goldstein data for M=0.5 and M=1.0 . Certain differences
emerge, however, in the off-centreline values at lower injection rates,

 particularly for M=0.1l.
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3.1.2 Injection through a single hole at 30O

Figure 16b shows a photograph of the test plate (all the injection
holes except the :center one are covered for these tests by thin transparent
tape) .while a summary of the prévailing experimental conditions is

included in table 2, chapter 2.

(1) Flow visualisation A

As with 90° injection, we first examine some gqualitative information
about the flow obtained by spreading upstream of the hole the mixture
of yellow pigment and kerosene and then turning on the air supplies.

The Photograph in Fig. 28a reveals, for M=0.2, the surface "streamline"
pattern which emerged when the liquid spreads and then evaborates,
‘leaving the yellow pigment. Evidently, the upstream flow is scarcely
affected by the injection (presuméblyjbecause the jet is directed
downstream: recall that when the injection angle is'9oo, appreciable
upstream effects are observed Figs ZD, while downstream there exists

a clear region where the jet remains susbstantially attached to the
surface. Fig. 28b shows the pattern for M=0.3: the behaviour is similar
but the lateral extent of the uncovered region has diminished, because
although the jet is still attached to the surface, it is straining to
1lift off. In the light of this behaviour it is not surprising that :the
fléw visualisation photographs for M=0.5 and greater (not shown) reveal
total coverage of the surface by the pigment, indicating that the jet
has lifted off.

Tests with a tracer fluid (black lubrication oil) introduced at
varying distances downstream of the hole indicate the presence, for all
M, of a small zone of recirculation 0.5D wide and 0.3D in length (approximate
dimensions), which was fed by upstream air entering from the sides. The
extent of the recirculation was far smaller than that observed for normal

injection at comparable M.
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Figures 28c shows some of the results obtained for a blowing rate
M of unity. There are evident the reverse flow region ftwo top left-hand
photographg and the inward-moving fluid towards the downstream edge of
the hole (three bottom left-hand photographs) and in the t&é bottom right
hand photographs, the upstream deflection of the mainstream fluid due
to the injection.

Finally, the secondary jet was made visible by intorducing into it
a mixture of carbon dioxide and vaporised oil. Figures 29 (a—-c) show plan
views of the jet for injection ratio M=0.2, O.5vand 1.0. It should be
borne in mind that when observing the jet in plan view, that the percieved
width is the maximum width of the jet and not necessarily the width at
the surface. The common characterisfics of all figures 29(&—5) is the
small lateral spread of the jet, the maximum width being around 2.5-hole
diameters,; the blowing ratio of M=0.5 gives the maximum perceived lateral
spread of fhe jet.

Some quantitative information about these and other facets 6f the flow
behaviour on the velocity, pressure and concentration fields will now be
given.

(2) Surface static pressure distribution

Figures 30 (a-c) show the distribution of static pressure in the
viéihity of the hole for various values of injection ratio M in the range
0.2-1.0, plotted as ¢ontours of the pressure coefficient Cp.

Certain features are common to all plofs; thus there is a region of
positive pressure starting some distance along the hole and extending
laterally and upstream, the distribution suggesting that the peak value
of Cp occurs near the leading edge of the hole, Proceeding downstream from
this region the pressure rapidly falls to a minimum negative value neér
the downstream end of the hole and recovers thereafter. The zone of

negative Cp also extends laterally and its total extent is generally
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greater than the upstream one, if we take thelcp| = O.i contour as a
measure.

The comparable levels of the pressure coefficients for 30° and 900
injectionsjrmainly for low blowing rates, figures 30- (a-b) and figures
22 (a-b), indicates the success of the choice of the normalising |
parameter,-‘ﬂumvj.

The departure from similarity of the pressure contours downstream ‘
of injection hole for blowing rates M>0.5 is attributed tothe fact that
the jet possesses adequate vertical momentum and penetrates into the
mainstream¥*,

(3) Streamwise velocity distribution

The next series of figures display the development of the étreamwise
velocity on the centér, and in some cases off-center, planes. Typical of
the results for the low injection ratios are the data in Fig. 31 for
M=0.2 (the solid line in this and the remaining figures is the velocity
profile which would prevail in the absence of injection, provided fbr
comparison). Referring to the centre-plane development in Fig. 3la, we
sée that the uéstream flow at x/D =-0.33 and O. is mildly retarded by the
adverse pressure gradient, while immediately downstfeam of the hole at
x/D=2.60 the slow-moving near-wall fluid is that which has just emerged
frém the injection hole**, Further downstream the action of shear stresses:
causes the momentum of this fluid to increase (at the expense of that of
the surroudning fluid), despite the prevailing adverse pressure gradient.
Figs. 31 (b~d) reveal similar, but diminishing effects on planes increasingly
remote from the center, due to the smaller amounts of injected fluid which
are present there. The disturbance barely extends to the plane at z/D=0.8,

which is beyond the edge of the hole. As M is increased to 0.3 only slight

- . .
Note that similar behaviour is exhibited the jet for M=1.0 at 90o to the
‘mainstream.

L k% .

For the present injection angle, the streamwise velocity of the injected
fluid is about 0.9Mu
s
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differences are observed, as is shown in Fig. 32. The complete set of
measurements are presented later in chapter 5, where they are compared
with the predicted values of the developed numerical procedure.

Not surprisingly, the streamwise velocity distributions for M=0.5, i.O
and 1.5 (Figs 33, 34, 35) are different from those for lower M, due to
the phenomenon of lift-off (althouéh those for M=0.5 share some features
with both groups and could thereforé.be regarded as representing a
transitional state), but within themselves they again exhibit strong
similarities. Fig. 34 for M=1.0 is representative of this group,.
revealing insignificant upstream effects (because the injection velbcity
is very nearly that of the boundary layer) and a rather complex downstream
structure, initiallylconsisting of three distinct regions identified as
the disturbed outer portion of the boundary layer, the detached jet
(signalled first at x/D=2.33 by the presence of the inner maximum in
the velocity préfile) and the layer of near-wall fluid beneath the jet.
It is interesting to note that although the layer underneath the jet is
initially retarded (presumably for the same reasons as at lower M) it
subsequently appears to "accelerate" beyond the velocity of the jet,
thereby producing another maximum (see x/D=2.60 et seq). The reason for
this is not obvious (recall that the near-wall pressure gradient is
small and in any case adverse) but it may be due to the action of the
familiar conter-rotating vortices known to exist in such flows, see Bergeles
et al (48), bringing in high velocity fluid from outer layers*. Eventually
the layers merge,.but the profiles remain far from the undisturbed one
even at the further downstream station. At off-center planes the three-
léyer structure initially persists (z/D=0.27) and theﬁ reverts fo a simpler

pattern. The disturbances have essentially disappeared by z/D=0.8 (not shown),

*
This argument is reinforced by the observation that the peak velocity
measured in this region occurs off-center, at z/D=0.27,
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The centre-plane profiles for M=0.5 (fig. 33) and 1.5 (Fig. 35)
differ from those above in only minor respects: for example, in the
latter case the streamwise velocity of the injected fluid is greater
than the free-stream velocity of the boundary layer, hence'tﬁe occurence
of the maximum velocity within the layer.

(4) Wall film cooling effectiveness measurements

Measured distributions of film-cooling effectiveness are shown for
different blowing rates in Figs 36(a-f). The effectiveness is plotted
against the downstream distance (x/D) at various lateral- locations. The
general trend at the two lower blowing rates M=0.1 and 0.2 (Figs. 36a and
36b respectively) is for the effectiveness to decay along lines passing
through the hole, and to rise and fall along lines passing nearby: both
effects are due to the spreading of the jet and mixing with the méinstream
fluid (including that entering the recirculation zone behind the hole).
Comparison of the two figures reveals that at this level of blowing,
the effect of increasing M is to increase the level and extent of
coverage.,

Also shown in the above mentioned plots are data drawn from other
sources (26, 29) for conditions similar to, but not identical with, the
present experiments (cf Table’l). The small discrepancies which aré
observed may be plausibly attributed to these differenoes: for example,
the tendancy for thé data of (26) to lie above the present measurements
in Fig. 36a is probably due to the lower density ratio and displacement
thickness of the former, since in (18)** and (29) it is shown that

increases with a reduction in either of these parameters.

*
The position of some of these, it should be noted, shifts between x/D=6.5
and 8, due to constraints in the construction of the apparatus. ’

* %k
These data pertain to a row of holes-but the spacing:diameter ratio was

sufficiently large (3:1) that adjacent jets would not be expected to interact
in the region examined here.
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The results in Fig. 36c for M=0.3 seem at first sight to be similar
to those for the lower blowing ratios, but closer inspection reveals‘the
existence of small maxima near the hole for z/D=0.0, 0.27. These are
presumably a consequence of increased entrainment into the ;écirculation
zone, coupled with ke partial lifting off of the jet, which allows more
extensive mixing with the mainstream fluid. The maxima may be regarded
as‘defining the points at which the spreading of the jet has allowed it
to 'réattach' té the surface, but it must be emphasised that in this
instance the 'reattachment line' does not delineate the zone of recirculation.
The level and extent of coverage has continued to increase.

As the blowing rate is further raised to M=0.5 and beyond, the average
level of effectiveness goes through a maximum at M=0.5 and then falls,
while for the higher‘blowing rates the local maxima in . the profiles become
more pronounced and shift downstream. This behaviour is of course the
result of the ever-increasing length of the jet trajectory before it
reattaches and the consequent dilution of the region beneath by the
mainstream fluid. It is also noticeable that, even at M=0.50, the off-
centre values of n are in some regions equal to or slightly smaller than
those for M=0.3, indicating that the lateral spread of the jet is no
longer increasing: this is caused by the smaller relative velocity between
the jet and adjacent fluid, resulting in reduced mixing.

Figs. 36 (d-f) also contain data from other sources, namely (18) (26),
(28), .- The agreement with the present measurements is generally
- good, the discrepancies being attributable to differences in experimental
conditions, notably the upstream boundary layer thickness and the density
ratio. 1In particular, it should be noted that the effect of the former
paraméter diminishes as M increases, which is in conformity with the

findings of the Minnesota group (18, 26, 27, 29, 31).
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(5) Practical implications

The practical implications.of the present study are perhaps best
perceived from Figs. 37a and 37b where the data for all blowing rates

have been assembled. Fig.37q contains the data for the cenfér—line

effectiveness which suggest, in agreement with earlier studies, (27, 29)

the existence of an optimum value of M of about 0.5 (this assessment

only applied, of course to the particular values of pressure gradient,

boundary layer thickness etc. employed in those studies). Fig. 37 b

shows that this value also yields the maximum lateral coverage, as measured

by the paths of the contours of 20% effectiveness. ’Further, the width

of the 20% region is about 1.4 hole diameters, suggesting that the

maximum effective spacing between holes should not exceed about 2.8D

if total coverage is to be achieved.

(6) Conclusions

The main conclusions of the 30° single-hole study may be summarised
as follows:

l. The injection process gives rise to appreciable disturbances to the
flow field at all injection rates, but, in contrast with 90O injection,
the effects are mainly downstream of the hole. Impoftant features of

~these disturbances are large lateral variations in the streamwise
pressure gradient and streamwise recirculation, which are not allowed
in conventional analytical and numerical methods of boundary layer
analysis.

2. 'Two modes of‘behaviour are observed, according to the magnitude of M.
For values of about 0.3 and less, the injected jet remains essentially
attached to the surface, producing strong surface pressure disturbances
which are proportional to.the momentum deficit of the injected fluid,
as characterised by the quantity % @vjum, and yielding effectiveness

values which rise when M is increased.
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3. When M is about 0.5 or above, the jet completely liffs off the
surface, allowing penetration of the mainstream fluid beneath, and
the length of the trajectory goes up with M. As a consequence the
effectiveness now decreases with increasing M, the surface pressure
tends to become more uniform and a complex flow structure is
produced downstream of the hole.

4. The present results are in good agreement with measurements from
other sources and in conformity with earlier find;ngs suggest that
fér the particular conditions of these measurements the optimum

injection rate is about 0.5.

3.2 Injection through a single row of holes at 30°

3.2J] Presentation and discusssion of results

(1) Flow visualisation

We again start with the flow visualisation studies. Figure 38 shows
for M=0.5 the test section in plan view, with two adjacent jets, made
visible by the injection of smoke as in the single hole tests. It is
seen that.the lateral spread of the jets is very small so that in the
near-hole region the shape of the jets is almost identical to that dis—‘
played by the singie jet in fig.29c¢ . Further downstream however at
about x/D=10, the jets start interacting with each other. The above
findings are in agreement with similar tests performed by Mayle and
Camarate (16) (with a larger hole spacing of 8), who found that the
integrity of the individual jets is preserved for tens of hole diameters

downstream of injection before they interfere with each’ other.

(2) sStatic pressure and velocity measurements
| Figure 39 shows the distribution of the wall static pressure for
blowing rates M=0.2 and M=1.0.
On the same figure also have been plotted (dotted line) the

corresponding measurements for the single hole case, under identical
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experimental conditions. Comparison between the two sefs of measurements

reveals that:

(i) the level of the pressure coefficients is comparable to single row
and single hole cases;

(ii) injection through a row of holes creates higher pressure upstream
of the holes than a single hole case due to the increased blockage
of the row of the jets to the mainstream flow;

(iii) the pressure recovery downstream of the holes is less rapid for the
case of a row of holes,‘the pressure contour for Cp=-01 extending
up to x/D=7.0 downstream in contrast to x/D=5.0 for a single hole.
The measured profiles of streamwise velocity for blowing rates

M=0.5 and 1.0 are shown in figures 40 { a-d) along the two planes z/D=0.0

and z/D=0.53. The general behaviour is similar to that for the single

hole case which has been discussed at length earlier. The important

new features introduced by the presence of adjacent jets is, for M=0.5,

as follows:

+ At corresponding streamwise locations along thé centre line the
velocity profiles are closely similar for distances above the surface
y/D greater than 0.2; however , in the near-wall region (y/D<D.2)
the fluid emerging from the single row of holes moves faster than
‘that emerging from a single hole (for example at x/D=3.40* and y/D=0.07
the difference in streamwise velocity is about 20%). The difference
diminishes with distance downstream.

e« Along the z/D=0.53 line there are only slight differences in the

velocity profiles for single-row and single-hole angled injection, the

* fluid from the row of holes always moving slightly faster.

Similar behaviour is found for the higher blowing rate M=1.0 as can

t

*

These observations must be regarded as qualitative, due to the high
uncertainties in the velocity measurements in the area immediately
downstream of the hole.
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be seen in figures 40 (c-d).

The general pattern of the velocity development is in agreement
with the measﬁred pressure distribution where it was found that injection
from a row of holes creates greater blockage of the upstream flow. This
will result in an increased force on the injected fluid which will force
it to stay closer to the wall and to move faster.

(3) Film cooling effectiveness measurements

Wall film cooling effectiveness measurements were taken for blowing
rates M=O;25, 0.50, 0.75, 1.0 and 1.50 and for two different boundary
layer displacement thickness 61/D=O.O78 and %/D=0.095 values most likely
to be found in strongly accelerating flows over turbine blades. Liess
(20) has also studied a similar range of displacement thickness but he
mainly reports averaged film cooling effectiveness measurements, as
opposed to the local values which are reported here.

In order to explain the behaviourvof the measured wall effectiveness
it is helpful to recall the mechanisms, (suggestedby the previously
reported velocity measurements) by which the injected fluid is diluted
by its interaction with the mainstream fluid:

(i)‘ mixing between injected fluid and mainstream fluid passing over the
injection hole or entering from the sides .downstream of the hole

(the rate of mixing depends on the‘blowing rate).

(ii)-entrainmeht of mainstream fluid into the jet by viscous action.

The rate of mixing here depends on the level of the rates of strain

at the mixing interface, which is in turn a function of the relative

velocities of jet and main stream fluid.
(iii) transport of low concentration mainstream fluid into the jet by the
streamwise vortex pair, whose action is to introduce this fluid

into the near-wall region beneath the jet, thereby reducing the

effectiveness there.
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Let us now examine the film-cooling effectiveness heasurements for
a'displacement thickness 51/D=O.O95. As for the inclined-injection single-
hole measureménts of the present study, the data can be divided into
two categories, némely those for blowing ratio M<Q.5 and tho;e for M>0.5,
as is evident by the distinctly different behaviour of the centre-line
effectiveness downstream of the injection hole for the two cases.

Figure 4la and 41b show the megsurements for blowing ratios M=0.25
and M=0.50. At and near thé centre-line, the effectiveness is seen to
decrease gradually with downstream distance while at lateral locations
for which z/D>0.8 the effectiveness increases very slowly. Immediately
downstream of fhe injection hole the centre-line effectiveness decreases
rapidly for blowing rate M=0.25 than for M=0.50. The lower values for
M=0.25 are attributed to the smaller amount of coolant introduced into
the boundary layer'while the increased level of effectiveness for M=0.50
at z/D>0.8 is due to the higher rates of strain (i.e. mixing) at these
lateral locations.

For blowing ratios.grater than M of 0.5 the centre-line effectiveness
as well as the lateral spread both decrease with increasing blowing rate.
The reason for the decrease of the centre-line effectiveness lies in the
penetration of the jet into the mainstream flow while the decrease in
the lateral spread is explained by the reduction of the rates of strain
between jet and mainstream flow. Flow blowing rates greater than 0.5
the effectiveness immediately downstream of the injection hole and on
the centre-line region initially increases with downstream distance,
reaches a maximum and then decreases. This phenomenon, which was
explained in section 3.1.2, for the single hole case is associated with
the lift-off of the jet and the penetration of mainstream fluid beneath
it in conjunction with:

(1) the existence of the local regions of recirculation just downstream
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of the hole and
(ii) the actions of the streamwise vortex pairs.

Another éonsequence of the vortex mechanism is that effectiveness
along the z/D=0.27 line is higher than z/D=OfO. Similar behaviour was
noticed for the single-hole angled—-injection measurements. For blowing
rates M=1.0 and 1.50 the overall level of effectiveness decreases in
comparison with M=0.75 due to the greater penetration of the injected
fluid into the mainstream flow. Figure 42 shows the variation of the
span—average film-cooling effectiveness with downstream distance for
different blowing rates® It is seen that in the region downstream of
the injection hole,a blowing rate of M=0.5 is the optimum value,
resulting as it does in the highest averaged film cooling effectiveness.

(4) Effect of boundary layer thickness on film cooling effectiveness

The effectiveness measurements for a boundary layer displacement
thickness 61/D=O.O95 presented above were repeated with.a smaller
displacement thickness 51/D=O.O78 in order to study the effect of this
parameter.

To avoid repetition and since the general behaviour of the measured
effectiveness is similar to that for 5l/D=0.095 the presentation and
discussion of the ﬁain body of the results will be much abbreviated;
thé measurements however are shown in figures 43 (a-4d).

Let us consider first the qualitative effect of the boundary layer
thickness on the effectiveness. In a thinner boundary layer the near-
wall fluid possesses higher momentum than the fluid in a thicker boundary
layer at the same distance from the wall. Consequently the higher near-
wall momentum of the thin boundary layer presses the jet to the surface,
thereby increasing the effectiveness.

Figure 44a shows the quantitative effect of &/D oﬁ the effectiveness

along the z/D=0.0, z/D=0.8 and z/D=1.33 lines for blowing rate M=0.25.

* | was calculated from n assuming a stepwise lateral variation.
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It is seen that the effect is rather small, the smaller boundary layer'
thickness résults in slightly higher effectiveness along z/D=0.0 and
slightly smaller values along z/D=1.33; the reason for this is that
for both boundary layer thicknesses the jet remains attached to the
surface. When the blowing rate is iﬁcreased td M=0.5 the effect of Gl/D
on n becomes more pronounced; for 61/D=O,O95 the jet attempts to lift
off (this is evident by the small effectiveness maximum behind the hole)
whilst for the thinner boundary layer, 51/D=O.O78, the jet is forced to
stay in téuch with the surface, the effectiveness maximum behind the hole
having disappeared; On the same figure there have been plotted the
measurements reported for the single hole, where 51/D=O.l22. It is seen
that the effectiveness along z/D=0.0 is lower than for §1/D=6.095 while
along z/D=1.33 is almost the same with than for the.single row. The
latter feature is coincidental, for it happens that the effect of jet
iteraction, which would increase n , is offset by the effect of the smaller
boundary layer thickness of the single row measurements. Also on the
same figure have been plotted measurements of other workers. It is seen
that the present measurements for EH/D=0.078 are slightly lower than those
obtained by Goldstein et al (26) for 5l/D=O.06, whilst Kadotani's (19)
measurements for a thicker boundary layer are lower than the present ones:
thﬁs there is general qualitative and quantitative agreement. A conclusion
which emerges from this figure is therefore that the displacement thickness
exerts an important influence on the effectiveness.

'For the higher blowing rate M=0.75, figure 44c, it is seén that
immediately behind the hole the thinner boundary layer results in
sub§tantially increased effectiveness while at lateral locations its
effect is rather small. Finally for M=1.0, figure 444, the level of
effectiveness along z/D=0.0 is higher for the thinner boundary layer while

the thicker boundafy layer results in higher values along z/D=1.33.
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Also, - - the present measurements along z/D=0.0 comparea with the

singie hole ones of the present study for a single hole, 5l/D=O.122,

are considerably higher, showing that the jet 61/D=O.122 has’penetrated

substantially further into the mainstream than for 51/D=O.O95 or 51/Dﬁ0.078.

In figure 45 the spanwise—averéged effectiveness has been plotted for
different blowing rates for f&/D:0.0?B. It can be seen that the blowing Y
rate M=0.75 performs better than M=0.50 for x/D>8.0 while for 5l/D=O.O95‘
it was found that M=0.50 was the optimum value. It is also appropriate
to quote here Kadotani's (19) finding that M=0.35 was the optimum blowing
rate in his study for displacement thickness of'ﬁi/D=O.l75. We may
therefore conclude that the optimum blowing rate depends crﬁciélly on
the thickness of the boundary layér and it decreases as the boundary
layer thickness increases.

Finally figure 46 compares Liess's (20) measurements for averaged
effectiveness for E1/D=O.087 with corresponding data of the present study.
The two sets of measurements are in close agreement .

3.2.2 Conclusions
The main conclusions which may be drawn from the single-row

measurements are:

(i) the upstream pressure effects are sl}ghtly higher for a single row
than fo;_a single hole, while the pressure recovery downstream of
the row of holes is less rapid;

(ii) thé level of effectiveness increases with the blowing rate, reaching
a maximum and then it decreases due to the penetration of the jets
into tﬁe mainstream flow;

(iii) for the hole spacing examined here s/D=2.667, the level of
effectiveness along z/D=1.33 for a single row and that from a single
hole is the same, which provides indirect indication that there is

no significant interaction between adjacent jets, at least for x/D<<lO.
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(iv) decreasing the boundary layer thickness causes the‘centre—line
effectiveness to increase, the off centre-line value to slightly
decrease and the laterally-averaged value to increase;

(v) the boundary-layer thickness significantly affects the Qall

v effectiveness, especially for blowing rates for which the jet
is about to lift off from the surfacg;

(vi) the optimum blowing rate depends on the boundary layer thickness
and increaées as the boundary layer thickness decreases (for 51/D=0}095,
M=0.5 vhile for & /D=0.078, Moptimg 075
Comparison between present measurements and those from 6ther workers

reveals good agreement.

3.3 Injectidn through a double row of lioles at 30°

3.3.1l Presenatation and discussion of results

(1) Flow visualisation

We commence by re-examining figure 38 which shows a plan view of
the jets emerging from a single row of holes for blowing rate M¥0.5.
Clearly the region between the injection holes extending downstream to
about x/D=10 would be insufficiently protected in practical turbine-blade
cooling situations. Figure 47 shows a plan view of the jets emerging
from the double row of holes for blowing rate M=0.5 in which three of
the jets were made visible by introducing smoke into their supply lines as
in the previous studies. Evidently the jet emerging from the first row
of holes retainé its identity up to x/D=4.50 (the half-distance to the
second row of holes) where there it contracts slightly and then, at
x/D=5.50, merges with the jets issuing from the second row, thus resulting
in'complete coverage of the test plate at locations downstream therefrom.
Thus, the jets from the first row of holes cover the region which other-
wise would remain unprotected if only a single row of holes had been

employed.
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(2) Velocity measurements

Figures 48 (a-d) show velocity measurements taken along lines
z/D=1.33 (centre-line of the second row of holes), 1.07, 0.80 and 0.53.
The general behaviour is almost the same with that from a siﬁgle row of
‘holes: however, there are some differences thch are»described below.

Along the centre-line>of the downstream row of holes (z/D=1.33) the
velocities are 5% higher than those from a single row of holes especially
near the wall.l The reason for this behaviour lies in the acceleration
of the mainstream fluid along this line due to the blockage effect of
the first row of holes (observe the favourable pre;sure gradient along
z/D=1,33 in figure 39) and consequently the boundary layer approaching
the second row of hole has a higher momentum resulting in greater bending
of the injected fluid. Along the other lines, z/D=1.07, 0.80 the 4diff-
erences become smaller and in fact along the z/D=O;80 line the near~wall
fiuid moves 5% slower than if only the downstream row of holes existed.
This is because, now, the boundary layer approaching the second row of
holes has already been decelerated by the injection from the first row
of holes., Figure 484 shows more clearly the development of the velocity
profiles along the z/D=0.53 line and the interaction of the two rows of
holes. It is seen that up to x/D=3.20 the injection from the second row
of holes does not affect the velocity profiles, since they are identical
to those if only the first row of holes existed (dotted lines). Further
downs tream (x/D>3.2) the injection from the downstream row of holes
affects the velocity profiles and the near-wall fluid starts to accelerate.
It is seen that at x/D=4.50 the velocity of the near wall fluid is nearly
that which would prevail if only the second row of holes existed (solid
line on figure 48d), showing plainly that the second row exerts the

predominant influence in this region.
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(3) Effectiveness measurements

Effectiveness measurements were taken for blowing rates M=0.25,

0.5, 0.75 and 1.0 for two different boundary layer thicknessgs, 51/D=O.O78
and GE/D=0.095t These conditions are identical to those for the single
‘row of holes experiments allowing comparisons to be made.

Figure 49 shows the film cooling effectiveness for a blowing rate
M=0.50 and\boundary layer thickness 61/D=O.095u(the dotted lines on this
and subsequent figures represent the effectiveness under identical
experimental conditibns for a single row of holes). Let us focus our
attention first on the measurements along lines z/D=0.0 and z/D=0.53.
Along the line z/D=0.0 the effectiveness decreases at a much higher
rate than if the second row of holes did not exist. This characteristic
is more pronounced as we move ldterally i.e. along the z/D=0.53 line the
effectiveness drops at a greaﬁer rate, reaches a minimum value at about
x/D=4.50 and recovers fairly quickly obtaining a value which is slightly
higher than along z/D=0.27 line. The explanation for this behaviour lies
in the effect of the second row of holes on the development of jets
emerging from the first row; in particular the sideways defleétion of the
mainstream fluid approaching the second row of holes is responsible for
the existence of the effectiveness minimum along z/D=0.53 line and the
coﬁséquent mixing of the second row jets with those from the first row
explains the quick rec o very of the effectiveness for x/D>’4.50 along
z/D=0.,53 line. This mechanism is consistent with the observation that

_the maximum effect occurs near z/D=0.53 line and is smaller along z/D=0.0;
it also explains the narrowing in the flow visualisation photographs of the
jet issuing from the first row of holes in the vicnity of x/D=4.50. Also
of note in figure 49 is the dotted line which indicates the effectiveness
variation along z/D=1.33 which would occur if only the second row of holes

existed. It is evident that the two sets of measurements coincide at least

*These values of 81/D prevail at the upstream edge of the second row of holes.
The corresponding values at the upstream edge of the first row are 9% smaller.
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in the immediate vicinity of the downstream hole, which'is an
indication that the upstream row does not significantly influence the
" jets emerging from the downstream row, at least for M=0.50 and §/D=0.095‘
The mixing between the jets from the two rows proceeds withj£he downstream
-distance, and almost uniform effectiveness is achieved at about 2( hole
diameters downstream.

The discovery of a region of minimum effectiveness between the
injection hole§ is an unwelcome one because of its practical implications;
for on a turbine blade this region would be a hot spot which would create
considerable-thermal stresses and thereby affecting the life of the blade.

Figure 50 shows the effectiveness measurements for a blowing rate
M=0.25. The general characteristics to those for M=0.5. The main
differences are that the effects of the second row on the first row are
smaller since the lower blowing rate gives rise to sﬁaller upstream
disturbances.Also the jets themselves have smaller lateral spread;
consequently the minimum value of effectiveness along z/D=0.53 is higher
than for M=0.50, the effect on centre-line effectiveness z/D=0.0 is
smaller, and the rate of recovery along z/D=0.53 is less.

For higher blowing rate, M=1.0 (figure 51), the effect of the
second row on the effectiveness along z/D=0.53 is as expected higher
since the upstream effects, are stronger. However, fhere is no
appreciable effect on the effectiveness along z/D=0.0 (in contrast with
the behaviour for M=0.5), while, the first row of hqles does now exert
significant influence on the second row. The reason for this new effect
lies in the different behaviour . of the individual jets for this blowing
rate. Thus, the single-row experiments showed that the jets emerging
from the holes 1lift off the surface and penetrate into the main stream,
the level of effectiveness near the center line (z/D=0.0) being controlled

by diffusion from jet fluid above the surface (jet "reattachment"). 1In



- 72 -
the double row case the jets from the first row presumébly lift off the
surface and fofce the jets emerging from the second, to remain nearer
to the surface thus resulting in higher effectiveness. This effect is
expected to be more pronounced at the lateral location z/D=0.80 and less
-pronounced on z/D=1.33 as is confirmed in figure 51 . Due to the intense
mixing, lateral uniformity is almost achieved 20 hole diameters downstream
of the second row.

Figure 52\shows the variation of the laterally-averaged éffectiveness
with downstream distance for the various blowing rates (the averaged
éffectiveness was calcﬁlated from the present measureﬁents in the manner
éescribed earlier)., Evidently in the immediate wvicinity of the downstream
row of holes M=0.5 yields higher effeqtiveness, than M=0.25 of M=1.0;
however further downstream (x/@>9.o) M=1.0 provides maximum effectiveness.
This result, which is a consequénée of reduced penetration into the
mainstream of the second row of jets, may be contrasted wi£h the conclusion
drawn from the single row injection study that a blowing rate of M=0.50
performed better than M=1.0 under identical experimental conditions. On
the same figure 52 are also plotted for comaprison results obtained from
the single row study. Evidently the staggered double row geometry results
in better film cooling for.a given mass flow of coolant than the single
row geometry: this can be seen from comparison of the averaged effective-
ness for M=0.50 for the single row with that for M=0.25 for the double
row (the amount of coolant introduced into the boundary layer heing the
same in the two cases). The same conclusion is drawn if we compare the
curve for M=1.0 for the single row with that for the double row for M=0.50.

(4) Effect of boundary layer thickness

We will now examine the data for a displacement thickness 5L/D=O.O78

which is 18% smaller than that of the experiments described above.
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Figure 53 shows the measurements for a blowing rate M=0.50. The
following are the main differences between these data and these for
51/D=O.095 (figure 49). There is hardly any effect along z/D=0.0 of
the second row of holes (the dotted line representes correspending
measurements for single row); likewise, along z/D=1.33 there is
scarcely any influence of the first row. The minimum effectiveness along
z/D=O.53‘is higher for the thinner boundary layer due to the smaller
lateral deflection of the mainstream fluid by the second row. The
behaviour ef the effectiveness for the lower blowing rate M=0.25 is
similar to the above but smaller differences along the z/D=0.53 occur for
the two boundary layer thickness, figure 54. For a blowing rate M=1.0,
figure 55, the jets from the second row are ferced to stay closer to the
surface resulting in higher levels of effectiveness (the solid line
represents the corresponding measurements for the thicker‘bouhdary layer
Bl/D=0.095).

The laterally-averaged film cooling effectiveness is shown on figure
' 56 for the different blowing rates for both displacement thickness. It is
clear that the blowing rate M=1.0 performs better than M=0.25 or M=0.50.
Comparing the averaged effectiveness for the two different displacement
thickness it is concluded that for blowing rates M=0.25 and M=1.0 the
effectiveness are almost the same for the two thickness while for M=0.5
the thinner boundary layer gives on the average 10% higher mean effective-
ness.
3.32 conclusions

To summarise, the main conclusions of the double row study:
(i) the presence of the second row of holes causes the appearance of a

region of minimum effectiveness located betWeen the centrxelines of

the two rows of holes, just downstream of the leading edge of the

second row of holes (x/D=4.50 and z/D=0.53).
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(ii) for blowing rate M=1.0 the jets emerging from the second row are
forced by the jets from the first row to stay nearer ﬁo the surface,
thus resulting invhigher effectiveness. ,

(iii) the blowing rate M=1.0 yields higher overall effectiveness than
M=0.25 and M=0.50.

(iv) the double row cooling geometry is superior to a single row for a
given mass flow of coolant.

(v) decreasing the boundary layer thickness only slightly affects the
mean effectiveness for M=0.25 and M=1.0 whilst for M=0.5 is‘
increased by an average of 10%.

(vi) almost uniform wall effectiveness prevails for all blowing rates by

about 20 hole diameters downstream of injection.

3.4 Conclusions of the present experimental study

Below are the main overall conclusions to be drawn from the present
experimental study (strictly wvalid, it should be emphasised, only for
the conditions of these experiments).

3.4.1 Hydrodynamic field

(1) In all cases the pressure field created by injection spreads approximately
1% hole diameters upstream of the hole and extends a greater distance
(3—-5 diameters) downstream (the actual distance depending on the
geometry) .

(2) For a given angle of injection, the pressuré field becomes almost
similar for various blowing rates (especially for those for which the
jet remains attached to the surface) if non-dimensionalised with the
product of injection and free-stream velocities.

(3) The secondary velocity profile at the exit’of the hole is highly

distorted by the mainstream flow, with in some circumstances more then
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(5)

(6)
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half'of the secondary mass flow emerging from the downstream quarter
of the hole (this conclusion holds for M=0.24, a=900, the actual jet
velocity profilé depends on the blowing rate M); .
Behind the hole there is a region of reverse flow whose dimensions depend
on the anglebof injection and the blowing rate. For inclined injection
at a=300, this region is very small indeed, being approximately
0.3D in length, 0.5D in width and 0.05D in height and attached té the
downstream edge of the hole).
There is a blowing rate above which the jet lifts off the surface and
mainstream fluid penetrates underneath it; the lift-off value depends
on the fhickness of the boundary layer and for a=30° is: M=0.3 for
8 /p=0.122, M=0.5 for 8,/D=0.095 and M=0.75 for & /D=0.078.
The existence of the vortex pair behind the hole results in mainstream

fluid being transported beneath the jet with results that the near wall

fluid may move faster than the jet itself.

3.4.2 Concentration field

(1)

(2)

(3)

(4)

For a hole spacing of S/D=2.667 and a =3OO there is no significant
interaction between adjacent jets up to x/D =10,

The existence of the counter-rotating vortex pair behind the hole
causes the maximum effectivness to occur at an off —centre~line location
(i.e. at z/D=0.27 for 300).

The effectiveness increases with the blowing rate up to a maximum
M0ptimum) and then decreases for higher blowing rates, this behaviour

being associated with the 1lift off the jet.

Normal injection results in higher level of effectiveness at lateral

locations beyond z/D- 0.6 but gives smaller levels in the region of

centre-line.
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(5) The boundary layer thickness is a significant parémeter in film
cooling: decreasing it results in increased centre-~line and
laterally-averaged effectiveness.

(6) The optimum blowing rate depends on the boundary layer'thickness
and increases as the boundary layer thickness decreases.

(7) A double-row cooling geometry results in better film cooling
coverage than a single row for the same amount of mass coolant
injected into the mainstream flow.

(8) The optimum blowing rate for a double row is higher than the
corresponding one for a single row, because of the effect of the
first row of holes in forcing the jets from the second row, to
remain closer to the surface.

(9) The presence of the second row of holes causes the appearance of a
region of minimum effectiveness located between the centre linés of
the two rows of holes just downstream of the leading edge of the
second row.

(10) Almost unform wall effectiveness prevails for all blowing rates by
about 20 hole diameters downstream of injection.

(11) The present results with measurements from the other sources are in

good quantitative agreement.,
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CHAPTER 4

THEORETICAL STUDY

4.1 The Mathematical foundation Gf the problem

4.1.1 Introduction

This section presents a mathematical statement of the physical
laws which govern the flow field created by the interaction of discrete
jets with a mainstream flow. The form of the equations for general three
dimensional flows is presented first and then the special simplified
equations are derived which are held to characterise the class of
discrete jéts under study here. The section also sets out the inlet and
boundary conditions of the flow field.

4.1.2 The Equations

The physical laws governing the flow field are the conservation
principles of mass, momentum and energy; the mathematical form of these

laws expressed in Cartesian tensor form notation, is, (Batchelor (49)):

Do 3 2 N
Dt +p 3% o (continuity) (4.1)
J
Du .
i aP ]
P =7 + =— (ue,.) (momentum, (4.2)
S T T i=1,2,3)
Dh 3 3T ]
—— = _— + — .
P ot = ax, K ax.) o, (uu e, 4) (energy) (4.3)
where:
(i) u, is the instantaneous veloc¢ity
(ii) eij is the rate of strain tensor equal to
du. du, 3
e = —L+ 4.3 _2 x 8, . (4.4)
ij 9x, Ix, 3 39x ij
Jj i k

(iii) h is the toéal specific energy defined as:

h = +
href ./E CpdT +% ujuj

Tref
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(iv) Cp is the specifié heat of fluid under constant pressure

(v) 6ij is the kronecker delta
~(vi) D , . . .
e is the total derivative defined as
D 8 3 9 J 0 4 2
— = + = —— 4 —— 4 < 4 —_— 4,
Dt ot uj ox ot U TV ay Y 5z (4.6)

The density of the fluid is obtained from the equation‘of state
p = p (P,T) ' (4.7)

Equations (4.1) - (4.3) and (4.7) form a closed set of six elliptic
differential equations with six unknowns, the three velocities (u,v,w)
the pressure, the temperature and the density of the fluid. The
co-ordinate system is shown in figure 57g.

Despite the simplicity of the physical laws, their mathematical
expfessions are very -complicated and hence the equations are very
difficult to solve. This is due to the non-linear character of the

-of the convection part of the equations (4.2) (the left hand side of that
equation expressing the acceleration of the fluid element) and also to the
strong coupling among the equations.

4.1.3 The equations for a quasi-orthogonal co-ordinate system

In the discrete-~hole cooling (DHC) geomefry the mainstream fluid is
déflected upwards and sideways as it approaches the injection holes;
consequently the streamlines are bent and effect of injection spreads
gradually outwards into the mainstream flow. Thus it seems that a quasi-
orthogonal co¥ordinate system that would expand so as to conform approximately
with the development of the boundary layer profile would be suitable for
the study of the present problem (such a coordinate system minimises the
number of the required grid nodes and the false diffusion associated with
the numerical solution of the equations).

In the (§ .n,r)curvilinear system adopted, figure 57b/, the n,g

directions are mutually orthogonal, the (n,g) plane being defined as normal
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to the surface and form é rectilinear system, while the.third co-ordinate
g is allowed to depart from orthogonality with the (n,7) planes to within
specified limits, so as to align more closely with the flow‘field.

The co-ordinates § ,n,f are related to the Cartesian coordinates

(X,y,z)by
2. 3 % 9 8n 3 9
5 3E 3x T dnadx Tz 3
] 3 a& 3 9N 3 9n
_—_— e =2 4 =2 20 4.8
3y 3 oy an dy 3z 9y @.8)
9 2 98 3¢ , 3 3n 3 3%
9z 9 23z oan 9z 9C 0z
wherein
€ = xfcos8,n = x/ﬁ(x), L= z (4.9)

and 6§ (x) is the local height of the domain of integration, taken as
constant in the spanwise direction.

From relations (4.9) we obtain,

%i = 1 2l sin 8 32- én _ _ X—'gg
9 x cos O 2 n 3x 'ox 2 dx
cos © Y
%ﬁ_ = sin B %ﬁm,%ﬂ_= %~1§£-= 1 (4.10)
Y cos 6 Y Y z

If we assume that:

%%- = O (8) (order of magnitude 8)
36 _ 1

5y o (8).0 (6)

38 _

e O (8)

equations (4.10) become after ignoring terms of 0(62):
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ax To9dx 2 dx
. )
(4.11)
1S on 1 oC
— =0 —_— = -, — =
oy "3y § 3z 1

where the substitution of cos § =1 sets an upper limit to the rate of

grid expansion of

o= 18° (4.12)

dictated by the requirement that cos emax = 1 to within 5% accuracy.

Consequently relations (4.8) may now be written as

3 - 3 _ 1 asd_

3% 9t 1 5 ax 9n

2 .13

3. ra 4.
oy §d 3n ( 13)
9. _ 9

0z 9T

It is evident from the relations (4.13) that in transforming (4.1),

(4.2) and (4.3) into the (g}n,c) coordinate system éxtra terms would :appear
For brevity, the presentation of the form of equations (4.1), (4.2) and
(4.3) for the (g,n,r) coordinate system will be deferred until certain
simplifications are made which will be explained below.

4.1.4 Some simplifications for the DHC geometry

(1) The time dependency of the equations

The time dependent character of the flow is due to its turbulent nature;
that is to the existence of eddies which rotate at various frequencies and
are convected and diffused in the flow field. The time scale involved in
these velocity changes is much smaller than the time scales which the
engineer is concerned in practical situation. The time mean values of the
velocity and thermal fields usually suffice for practical engineering design;
consequently equations (4.1), (4.2) and (4.3) are usually time integrated and

reducad to a less complex steady state form.
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This practice will be followed here.

(2)  Importance of compressibility effects

In many practical situations the rate at which the density of a material
element changes is often negligibly small; - in these circumstances the mass

conservation equation (4.1) reduces to

-2 - o (4.14)

and the rate of strain tensor to the simplified form

ou, ou.-

i )
e.= — + —= .
5% TR (4.15)
3 i

For flow over a turbine blade, however, the density of the fluid
changes appreciably because of pressure and temperature gradients along
the surface‘of the blade and across the blade boundary layer, the latter
due namely to the temperature differences between the injected coolant
and mainstream fluid. The above simplifications are not therefore
appropriate in the present circumstances; however, the maximum Mach
number examined in the present study was about 0.4; so it is justified to
neglect pressure effects' on density.

The contribution'of the shear work in the equation for conservation
of energy (4.3), was neglected because the maximum Eckert number occurred
in the present study was of the order of 0.15; likewise the kinetic energy
of the fluid was omitted from the enthalpy equation.

It should be emphasised that the solution procedure to be described
is capable of handling all of the above phenomena, should it prove to be
necessary.

(3) Boundary layer assumptions

As was mentioned in chapter 1 the aim of DHC is for the jets emerging
from the injection holes to remain in touch with the surface to be
protected. To achieve this aim requires that either that the velocity of

the jets be kept low or that they must emerge from the holes obliquely to
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to the mainstream. In either case, it initially appeared reasonable to
assume- that there was no region of reverse flow within the flow field under
investigation¥*.
This basic assumption of the existence of a predominantlfiow direction
(PFD) in conjunction with the assumption that the Reynolds number based
on u, and § is large (which is valid in practical situations) allows a boundary-
layer type of analysis.
The usual assumptions associated with a boundary-layer flow are, (50):
(i) There ié a predominant flow direction in the flow field ftaken here to
be the xl direction)
(ii) The rate of change of diffusion fluxes of momentum and energy along the
PFD are negldgible and
(iii) The downstream pressure field has negligible influence on the upstream

flow conditions.

Mathematically, assumptions (i) and (ii) are expressed as

9
u. > 0; —_—
1

Bxk

(T =0 (4.16)

2
$ Bxg
where ¢ stands for,ui or T, eithexr of the indeces k and £ equals 1 and F¢
is the diffusim coefficient for the ¢ variable.

Td examine the conditions under which assumption (iii) is valid let us
stuay the Poisson equation for pressure in an incompressible flow which is

obtained by taking the divergence of the u, momentum, equation (4.2), and

rearranging. The result is:

°r L, & w,  —= (4.17)

*Within the course of the investigation, however, it was determined that this
assumption was not entirely correct and weak reverse flow did occur. Consequently
a special treatment was developed to handle the weak reverse flow region within
the framework of a boundary layer equations.
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Assumption (iii) above is valid if the seconds derivative in the PFD
are negligible in equation (4.17), in which case,equation (4.17) becomes

parabolic in the x

1 direction*. From the right hand side of equation (4.17)

we deduce that assumption (iii) is correct if**

d-u 9 u a u
1 <« 2 —2 et (4.18)
X 2 9x 3%13%
9%y (9%
and on dimensional grounds
u u
—-% << —2— (4.19)
D é :

where D is a typical length in the Xy direction.

For thin shear flows and in the absence of injection (e.g. flow over

' -0. 0.2
flat plate) condition (4.19) applies, because u,, z 0O(D © 8) and §=0(D )
Ref (50). Consequently equation (4.18) is valid and downstream flow
effects do not transmit upstream. However for the case of:-injection through

discrete holes and in the vicinity of the injection hole,

u, ih O(ul) and § = 0O(D)
Consequently relation (4.18) is not valid and the assumption that upstream
conditions are not influenced by downstream pressure events is not justified.
However at some distanée downstream of the location of injection it may be

expected that the pressure equation will take on a parabolic character.

4.1.5 The simplified form of the equations on the (£,n,r) coordinate system

By introducing the earlier assumptions into the set of equations (4.1),
(4.2) and (4.3) expressed in the (§,n,f) coordinate system we obtain the
following equations (where u,v,w,p,T are now time mean values)

*
Also if ap/axl is constant at each cross-stream plane and known,

* %
Relation (4.18) is one possible sufficient condition for equation (4.17) to

be parabolic.
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coefficients for momentum and heat defined later in the section on turbulence

where u are effective diffusion exchange

modelling and C is a non-dimensional variable for temperature defined as

C=(cp T - chTm)/(chTj - cpr;) (4.23)
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Equations (4.20), (4.21), (4.22) with the equation of state and the
equations calculating the exchange coefficients reff and r'eff are solved
14 z

in the present study with the following initial and boundary conditions.

4.1.6 Initial and boundary conditions

For the  full specificatjon of the Mathematical problem, bounaary as well
as initial conditions are required. They are summarisedvin table 3, below
for thé case of jets émerging from a row of discrete holes. The domain of
integration is shown in figureg5y:; it is supposed ;hat the downstream
boundary is a region where the flow has reverted back to a parabolic

character, or nearly so.

bdundary u Vv W p C
bottom(plcte) ,
face 0 | O 0 _ §5=0
dt nole u=const'v=const
exit u=linear:v=linear 0 - 1
| Pi=const
top(free stream ,
face uz=u(x) - 0 R (x) 0
upstream | '
P face u=uly) | v=v(y) 0 - 0
downstream - ’ 3PA=0
face - - — 3% = 0 —
U _ DV _ oP _ dC _
edges 57 =0 5, =0 0 37 ° =0

Table 3: Summary of initial and boundary conditions
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As seen in the tablé various boundary conditions weie applied over
the injection hole. The reason is that in practical situations the
secondary flow is supplied through a pipe and the interaction with the
mainstream flow is bound to create a non—uniform'distributién’of static
pressure over the injection hole which will affect the velocity distribution
in the fluid emerging from the hole. Consequently, the velocity profile of
the secondary flow will not in fact be uniform as boundary condition (i)
of table 3 supposes*. Indeed the profile will probably be distorted to a

degree which will depend on the blowing rate as measurements of in let plane

)
velocity profiles reported in chapter 3 suggest; consequently boundary
conditions (ii) and (iii) were also applied as alternatives to (i) over

the injection hole.

At the top face (free stream) the streamwise velocity is prescribed as
well the pressure while at the upstream face a 2-dimensional turbulent
boundary layer velocity profile is assumed hence the'streamwise and
vertical velocities are prescribed.

Since the pressure field in the vicinity of the injection hole is
elliptic, there is need to apply bouhdary conditions for pressure at the

downstream boundary of the calculation domain., Two conditions were tried

at this location

' 2
(1) 8°p/ax% = 0

(ii) dp/ox o
while both conditions led to almost the same results for low blowing rates,

boundary condition (ii) was foumd to be superior for high blowing rates.

*
A fully turbulent pipe flow velocity profile would to the same extent deviate
from the real velocity profile.
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In the region well downstream from the hole the perssuré equation may be
regarded as parabolic and no downstream boundary condition on the pressure
is required.

Finally the wall is assumed to be adiabatic, consequently the heat

. O.

flux throughout is zero, 3;

4.2 Mathematical modelling of Turbulence

4.2.1 Introductory remarks

We start the presentation of the work on mathematical modelling of
Turbulence with a definition quoted from the text book by Bradshaw (51).

"Turbulence is a three dimensional time dependent motion

in which vortex stretching causes velocity fluctuations

to spread to all wave lengths between a minimum determined
by viscous forces and a maximum deﬁermined by the boundary
conditions of the flow".

In view of this feature, it is evident that turbulent flow is
represented by the time-dependent 3-dimensional form of the Navier-Stokes
continuity and enexgy equations, (4.1), (4.2) and (4.3).

In principle, it is possible to devise a numerical algorithm to solve
equations (4.1) - (4.3) by digital computer. However a difficulty arises
because of the limited storage capabilities of the present day computers
(or'even those of the next generation). The unsteady character of the
turbulent flow is mainly due to the existence of rotating eddies most of
which have dimensions an order of magnitude or more smaller than any typical
length of the geometry of the flow field. For an adequate numerical
representation of these eddies the nﬁmber of grid points for which equations
(4;1) - (4.3) would require to be descretized and solved is very large,

indeed well beyond the storage capacity of existing computers.
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This difficulty has led to the application of statistical representations
of turbulent flows. The main concept in this approach is that the time
dependent flow can be represented by a mean flow upon whichl;s superimposed
a time dependent velocity field whose time mean velocity at each point of
the flow field is by definition zero.

From the engineering point of view the quantities of the flow field
which are of interest are the mean guantities (i.e. mean velocity, mean
pressure, mean heat transfer rate etc). Consequently in this section we
are concerned with methods of substituting time-dependent Navier Stokes
equations by ones that are suitable for calculating the steady state flow

field.

4.2.2 The steady-state momentum energy and continuity equations for

turbulent flow

Formalising the above remarks, the instantaneous velocity, and pressure
are expressed as:
U, = u, + u' = + p!
i i i’ P=p+p

where o
ui =J ui dat, p = f P dt (4.24)
t=0 (@]

t=

1]
u, dt = o, ﬁp'dt=0
—[;o . =0

where u, s p are the mean values of the flow field and ui and p' are the

and

flcutatuing ones.

Substituting equations (4.2¢) into (4.1), (4.2) and time averaging

we obtain:

2 (puy) =0 (continuity)  (4.25)
ax, PYy ‘
.
9 = _ 3R 3 . (uE - e TiaT
e (puiuj) = % + ax_(“eij puiuj) (4.26)
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where the overbars imply time averaged quantities. The'extra terms
-pﬁiﬁ??lwhich have been introduced in equations (4.26), by the time
averaging process, are called the "Reynolds stresses" and represent
transport of momentum by turbﬁlent motions.
By a similar process we obtain for the energy equations (4.3) in éir—

cumstances giving assﬁmptidns of low Mach and Eckert numbers.

(o4

~ pT{J!—c') (4.27)

|
%]

‘ (Py c) = . (%5—;_
3 j 3

ke

where c' are the fluctuations of non-dimensionalised temperature.

4.23 The closure problem

The mean momentum equations for turbulent flows contain the six
unknown Reynolds-stresses elements and, in ordér therefore to render the
set of momentﬁm equations solvable welhave to connect the Reynolds stresses
with the mean hydrodynamic properties of the flow field. There are many
ways of relating the Reynolds stresses to the mean hydrodynamic quantities
(a discipline that is called modelling of turbulence); either by algebraic
expressionsor by, more complicated (and hopefully more realistic) partial
differeﬁtial equations.

It is possible to derive transport equations for the Reynolds stressés
themselves: this is done by multiplying equation {4.2) byljk and then
tiﬁe averaging, Hinze (52). This, however, does not solve the problem

since it introduces new unknowné of thé form DGZGlag-which are triple

correlations of the fluctuating components of velocity and they too have

to be modelled either algebraically or by another set of transport equations.
The triple correlations it is assuméd that are of small influence

in practical flow situations and consequently there is usually no justification

for devising transport equations for their rate of change. Thus it would

seen that the turbulence model which would be most suitable in the present

study would calculate up to the level of the double correlations of the

fluctuating velocities (i.e. the Reynolds stresses).
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4.2.4 The modelling of the Reynolds stresses

"It can be argued that the pressure field created by the injection
is sufficiently strong that the Reynolds-stress terms in (4.26) will have
little direct effect on the mean velocity field in the immediate vicinity
of the hole. Downstream of injection however, it is the turbulent
stress field which causes the flow field to re&ert towards atwg-dimensional
form. For the relatively low injection'rates of the present study,

a(puiué)/axz.is the largest of the stress gradients, (just as in a two-
dimensional flat-plate boundary layer), with 3(pEIE;)/ax3 (which acts to
accelerate the slow moving fluid behind the hole) the nexﬁ most important.

Now in wall-generated tﬁrbulent sheér flows, transport effects are known
to be of minor importance and tﬁe turbulence structure is essentially in
equilibrium. The injection process Qill, of course, locally distort this
equilibrium, however because of the low levels of injection, it appeared
that the assumption of local equilibrium was a reasonable starting point in
approximating the Reynolds-stresses - particularly in view of the considerable
simplification it brings. Thus by discarding transport effects from the

stress closures of Rodi (53) and Launder (54) the following simple formula

for the turbulent stress field is obtained

B 2
L1 _ = = - =
( " 3 Gijk) 0.27 (Pij 3 6ijP)/E (4.28)
.._.5. au]i 2
where k E%di, € = Vag ! and the quantities Pij and P are
J _
respectively the local generation rates of u;ug and k, given by:
ou, du
P = —-f u'u' —= + u'u' -—:L
ij % ox 3 o,
Ju,
1
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On neglecting gradients with respect to xl the shear components of

the Reynolds stress tensor emerge from (4.28) as:

— ou au
T k 21 = 1 .
u:'Lu2 = 0.27 c (u2 e + uéué . (4.29)
2 3
—5 du du,
"t = - & |2 _.i. LY __.1'_
ulu3 = 0.27 = (u3 e + u3u2 ™ (4.30)
2 3
[ . u all :
WUy o~ _ou27 Kt 2aw? 3 (4.31)
£ 3 3x3 2 sz

In the present study the velocity gradients in the X, = Xj plane are

at least an order of magnitude smaller than those involving the streamwise

Equations (4.29) - (4.31) suggest therefore that ulu! is

velocity u Y3

1

at least an order of magnitude less than uiué and uiué. In fact, as we

discuss later, equation (4.39) tends to uhderestimate the anisotrbpy of the

stress components like uéué in which direct generation is small, Nevertheless

we proceed on the basis that uéué is sufficiently small that the second
terms in (4.29) and (4.30) may be neglected; this is a useful simplification

to the task of numerical solution of the equations (4.25) - (4.26).

Consequently the two main shear stresses are presented by:

_ Bul du ’
- 1n'y! = —_ - u'u' = ———
- uju; Vo B ujug vy 5% (4.32)
*2 *3
2
where v, = 0.27k d;/e(no summationonindex i) that is the

shear stresses are proportional to the mean strain but the
turbulent "viscosities" in the lateral and normal directions are

proportional to the normal stresses in these directions.

4,2.5 The modelling of the turbulent heat fluxes
Launder (55) has developed the heat-transfer counterpart of equation
(4.28) to study stably stratified shear layers. For the case of negligible

buoyant influence the following expression for the heat fluxes is obtained:
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. 1.

k i
- el = . 1! —— 4+ 'ec! — .
uic 0.31 g_r-(uiuk % 5 ukc axk) (4 3?)

Again, since we limit attention to cases where the streamwise
velocity is much larger than those in the Xy and X4 directions the second
term on the right of (4.33) may be neglected in the equations, for the

lateral and normal to the wall heat fluxes. We then have:

|2 30 1 ] 1 — E ] Bc
5 sz, u3c = 0.31 - uy ij (4.34)

thus if we denote by r, the turbulent diffusion coefficient in the direction
normal to the wall (i.e. r,= - uéc'/(ac/axz)) and define F3 correspondingly

it follows that

/ué (4.35)

thus for the diffusive transport of both momentum and heat, the present
proposals suggest that for low injection rates the ratio of the turbulent
diffusivities is directly proportional to that of the normal stresses

in the respective directions. This should be contrasted with the usual
practice of the kind r3 = rz; i.e. assuming isotropy.

4.2.6 Assessment of the turbulence model proposed for the present study

We know of no reported measurements of v3/v2 or P3/ Pz

in developing
bouﬁdary layers, consequently we are not able to check the validity of the
above theoretical arguments. However for fully developed pipe flow (for
which ;gE};;E varies in a similar manner to that in a boundary layer) an
early paper by Black and Sparrow (57) concluded that F3 had to be
considerably greater than rz to explain the measured near-wall temperature
profiles. More recently Quarmby and Quirk (58) (59) have reported extensive

date on r3/ Ty from measurements of asymmetric gaseous diffusion in a pipe.

In a recent survey of heat and mass transfer data, reported by Launder (60)
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we concluded that equation (4.32) provides a reasonable fit to these data
considering their scatter; the diffusivities, however, éppear to displéy
somewhat greater anisotropy than the normal stresses. In the_present work
in order to simplify the numerical work involved we adopted the following

fit to the Quarmby~Quirk data;

v T

—3=—5=1+'3;5(1—x/A),x<A
v T 2 2
2 2 ;
. (4L.36)
v
V_3. =-I‘—3- =l.o ’ x2>A
2 2

where A is the local height above the surface at which ul/ulcn reaches

0.95.

' 2
At present in addition to k and € the quantity u'

5 appears in

equations (4.32) and (4.34) for v, and F2. Partly to simplify further

2
the numerical solution we replace ué\ by k/3 which provides a good mean

fit over the inner 50% of the boundary layer; thus we obtain:

v, = 0.09 k2/e ; 1‘2 = 0.10 k2/e (4.37)

The other reason for eliminating d2

5 as indicated is that the resultant

formula for Vo and F2 are then in agreement with those adopted in the k-&
turbulence model - a closure that has been used with considerable success

by numerous workers in predicting two-dimensional flows (;ee, for example;

Launder and Spalding (61) for-a review). As in that model, the turbulence

energy and its rate of dissipation are obtained from the solution of the following

pair of transport equations (here expressed in the £,n,{ coordinate system).
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d as 2

5 1

3 (puk) + 3'(33 (pvk) - n(a;) g(puk)) + 3E (pwk) =

19 K% 1 % d Vi ok x

3 m ((u + 0.09p = )'3'3;) + 3z ((u+ 0.05p — = ) 32) + p (P-¢g) (4.38)

a |
7z (ue) + 5 Co (v - (D 2otpuen) + L qpu) =

an 8&
' _ 4L.39)
3 2 vy k2 X (4.2

1 o, _a.E +._._ +oo7 — Ly S
3.?ﬂ'((u + O. O7p ) 3- ) 3z ((p v2 . ) 88

p 2

e _ £
]..44pk l.’9pk

4.2.7 The inlet and boundary conditions for K, €

No attempt was made to extend the numerical computations into the
region immediately adjacent ;o the wall where viscous éffects are important.
Although a version of the k-¢ model has been devised for this region by
Jones and Launder (62), it has been tested only for two-dimensional
boundary layers, the fine mesh required to resolve the immediate near;wall
region adequately would have increased the present computing times by at
least a factor of three - an increase which we felt coouid not be justified.

The study therefore makes use_of "wall functions" to obviate the need
to place a great number of grid nodes in the near wall region. Details of
the treatment of this region will be deferred until the solution procedure

_ is described; as.inlet_conditions for K and € the following relations
Qere used, applicable for 2—dihensional'boundary layer typé of flows :
(for more details see ref. (61))

k=T/p,[<, =12(du/dy)2/\/cD

€=Kl'5/L=CD775 Kl's/l

v
’

where 1 is Prandtl's mixing length, 1=0.4ly (lmax=cD 5)
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“and L is the turbulence length scale.

4.2.8 Summary

Summarised below are the main points made in this section on the

modelling of turbulence.

(1)

(ii)

The time averaging procedure of the Navier Stokes equation and energy
equation introduces into the set of equation additional unknowns, in
the form of the Reynolds stresses énd the turbulent heat fluxes.

The strgss closure of Rodi (53) and Launder (54) and Launder's (55)
closure for the heat transfer counterpart of the stresses are used to
model the Reynolds stresses and the turbulent heat fluxes, with

simplifications allowed by the particular circumstances of the DHC flow.

(iii)It has been shown that the diffusivities of momentum and heat in the

(iv)

(v)

lateral direction are much larger than in the normal direction and,
in particular, that they are proportional to the corresponding.normal
stresses.

The ' turbulence energy and scale are obtained from the k-£ equations
appropriately modified to account for the non-isotropic character of
the diffusivities.

The set of equations of the model here employed comprises equations,

(4.38) (4.39) (4.36)
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4.3 The numerical solution of the equations

4.3.1 Introduction

The mathematical formulation of the problem showed that the conservation
equations governing the flow field are'difficult to solve anaiytically due
to their complexity. With the advent of digital computeré however, it has
been possible to solve the three-dimensional Navier-Stokes equations by
the application of numerical integration techniques.

Since 1967 a number of‘numerica; procedures have been reported for
solving the fhree dimensional boundary layer form of the Navier-Stokes
equations.

The first step in the,aevelopment of a numerical procedure for solving
the differential equations is to superimpose over the flow domain a grid
distribution and to discretize the differential equations on all the grid
points of the flow fieid and to obtain "equivalent" algebraic expressions
called finite difference equations (fde). The accuracy‘of the set of the
finite difference equations which approximates the partial differential
equations is very much dependent on the formulation of the fde's and on
the number of the grid nodes which map the flow field.

Basically three different approaches have been followed to obtaining
finite difference equations from the differential equations;

(i). by Taylor-series expansion and the Trancation of the series;

(ii) integration over finite elements employing some variational principle;

(iii)by integration of the differential equations over small control volumes
~surrounding each grid node.

The second method, that of applying a variational principle, is associated
with the finite element technique and a éritical examination of the resultant
finite difference equatioﬁs using methods (ii) and (iii) shows refis (63)
and (64), that in mbst cases the resultant equations are the same. As regards
the method of expansion in Taylor series, the method is less general than

(ii) and (iii) because apart from offering less physical insight in the
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derivation of the fde's the reciprocity requirement for the fluxes at
locations midway between grid points usually leads to the central
.difference formulation which is 1inaccurate representation of'the fluxes
at high Peclet numbersi
Patankar (65) in 1971 reviewed the then available calculation procedures

for 3D parabolic flows and he concluded that most of them have assumed that

() ® . 4, P - g ang
)4 92
. (4.40)
P T =
(ii) 2x 0
and some othersneglect the terms
(1ii) v 2 ana v X (4.41)
oY )4

from the momentum equations and thus are restricted to small cross-stream
velocities. However in the present flow_situation none of the above
assumption can be regarded as valid since the cross stream velocities are
not small (because of injection) and the shear gtress 1éx is of the same
order of importance as Tyx. Consequently it was decided to employ the
numerical solution procedure which was developed by Patankar and Spalding
(66) as the most general of all the available procedures without being
restricted by any other assumptions except those of the boundary layer type
mentioned in section 4.1.3.

Before we proceed in the presentation of the numerical scheme it is
helpful to note that all the conservation equations may be cast into the

same fdorm

d_ 1.9 48 3 i -

3T (Pug) + 3 (an (pve) -n o an (pugp)) + 5% (pwyp) =

13 1 . 3 94

s Tlaem tw O, 50 S, (@.42)

where ¢ stands for any of the dependent variables, u,v,w,k,e,T. S, is

¢
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a "source" term which for each conservation equation takes the value

shown in table 4; is the turbulent effective diffusion

T or T
nr$ ¢
coefficient for ¢ also defined on table 4 (note that the numerical

procedure is not restricted by the particular form of T',)
N ¥

4,3.2 The procedure for discretizing the differential equations

(1) Outline of the procedure

Here the procedure by which the partial differential equations are
discretized to givé the finite difference equations is presented. The
analysis appiies both to parabolic and semi-elliptic procedures while
their differences in the solution procedure itself is outlined at a latter
stage. The sequence of discretization of the equations is as follows:

(a) The domain of interest is divided into a set of non-overlapping
sﬁb—domains by drawing surfaces of constant £,n and ¢, figure%7d . This
division is arbitrary and the greater the number of éub-domains (called
cells or control volumes) the more accurate is the representation of the
differential equations by the fde's.

(b) The locations of the dependent variables differs according to the
quantity in questions. In the "SIMPLE" golution algorithm of Patankar

and Spalding (66) ("SIMPLE" starnds for Semi - Implicit - Method - for Pressure
- Linked - Equations) the quantities P, T, K and € are calculated at the
intersection of the grid lines (grid nodes) while the velocity components
u,v,w are located at locations halfway between the grid nodes. Chorin and
Harlow (67) invented this arrangment. It is used because the velocities
depend on pressure differences and not on pressures. The location for each
dependent variable is shown on figure 57d .

(c) Then the partial differential equations are integrated with the aid
of approximations over the appropriate cont:ol volumes. There are

the following points to be noticed:



*
r

e

S - 89—

equation Ty Source term S¢
I' = p+qogpKie
u e ’ oP _1_ _(!_5. .B_P_
. 2 d¢ & ' dx  9dn
I}: #0088 rpK/E
4y
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Table 4+ Sgand 1y for each dependent

variable ¢

equals

V3/ vy

relation (4.36)
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(i) The location of the velocities is such that they lie at the inter-
faces of the control volume for the continuity equation, where they are
needed for the calculation of the mass fluxes. . |
(ii) The interface densities are evaiuated as arithmetic means of the
neighbour nodal values; e.g. P =k (pE + pP)
(iii) The equations can be integrated once over the control volume and
the resulting surface integrals are approximated by the use of the mean

value theorem.

(2) The derivation of the finite difference equations

The integration of the differential equations follows a sequence
suggested by Gosman (68).

(a) The finite difference equation for the continuity

The partial differential equation (p.d.e) (4.20) is integrated over
the control volume shown in figureS7e ‘. The result is

‘/ﬁ(p.d.e) dv = (pu) , (6AnAz ). - (pu) (SAnAz ) +
A a a u u

as | as.
(pv) - (D e Jwean) - (ew, - (0 ﬁ)g (pw) _ Jagaz) _
+(pw), (8ANAE ), - (pw)  (8AmAE) = O ‘ (4.43)

(b) The finite difference equation for T,k and ¢

The partial differential equation for temperature, turbulent kinetic
energy and its dissipation rate, equation (4.42) is integrated over a control
volume surrounding the grid node under consideration, figure S7%.

(1) Integration of the fluxes

The combined flux in, say, n direction comprising both convection and

diffusion flux is integrated as follows:
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f 1 @ 2 1290, -
vals Gr ) -0 o o= (Puxb))-T nt Sa| &=
X as ' 1 9¢.
%((pv(p)n (n dx)n(puxb)n) T 5 oy ‘dﬁdC)
das 1
% (pwp) = (0 ZP o () - = 51 £ (df;dc)

With the basic assumptions stated earlier in the outline of the procedure,

the above equation is transformed to

-~

as
,/(fl Yav = (AEAZ) (V) - (0 =) (pu)) (£ + (1-£ ) D)
v . “p O axh P p 0% n N

- (AEAC)S (Pv) - (n E;é ﬂnﬂs (fS ¢S + (l*fs)¢ P) (4.44)

where £ and fS are weighting factors, to be calculated in the next

paragraph.
Similarly the finite difference approximation for the combined fluxes

in the ¢ and £ direction* are expressions (4.45) and (4.46)

(flux) dv = (AEAMR) (Pw) (fe¢,.3-‘-+ (l~fe>¢E Y-

<

$
(AESA\/I)W (pw) (£ 7 + (L=£) ¢) - ' (4.45)

(flux) dv = (A;Xm)d (Pu) g (£407 + (1-fd)¢D ) -
P

<
ey

(AN (pu) ) (£.6, + (1-£)¢ ) (4.46)

(1i) Calculation of the weighting factor fi

In deriving expression (4.44) for the combined flux in the y direction
the value of the dependent variable ¢n at the north face p of the control

volume was approximated as aweighting mean of the values of ¢ at the N and P

grid nodes

*
The formulation of (4.46) is general, as if the diffusion fluxes in streamwise
direction were not zero.
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¢n =gn by + (1—g-]) o5 ' (4.47)
The weighting factor %1 is calculated on the assumption that the variation
of the dependent variable ¢ along the normal to the face ) (along the PN
line, fig.57t ) is given by the solution of the one-dimensional c‘ounterpartv

of the combined flux, i.e.

1 - as. ' 9¢ _ 1 3 196, _
5 ((pv) (n dX) (pu))n n 5 an (Fn’¢ 3 ) = 0 (4.48)

The solution of the above equation is given by
¢ = GOyt (1-8 ¢, (4.49)

where g= (exp (Pen(n-np)/(nN—nP)) -1 )/(exp (Pen)—l) (4.50)

and the Peclet number Pen is defined as
Pe =p (v -n g u) 8(n, -n_)/T (4.51)
n n a p N TR e '

From the above analysis, the weighting factor gn, used in equation (4.47)

is calculated as:
gn = (exp (% Pen) - l)/(exp(Pen)—l) , | (4.52)

Siirxilarly we obtain the values of the weighting factor ge’ gd etc.

Use of expression (4.47) with the approximation that

. - O
Q, _r P [
l"n,(p;t; = 10,0 (4,53?
& (ny=np)
leads to expression (4.44) where
£=1-g +% 5
n. ~ 9n " Pe (4.54)
n
. 1
f=1-g + =
s- s Pe_ (4.55)
1
f=1-g+ =
a 79" Pe (4.56)

d
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(iii) The upwind formulation of the streamwise flux

The employed, in the present study, set of equations is parabolic,
hence it is assumed that the diffusion fluxes in the streamwise direction

are zero, consequently it is taken that

r =0 - (4.57
£od (4-57)
Mathematically equation (4.5¢) has the limit of 1. as Fg ¢
’
tends to zero. Hence for parabolic type of flOWSfd equals 1, and
consequently the previous analysis leads to
= ‘ and o= (4.58)
$q = 9, 0=, |

This approximation of ¢d and %J by their "upwind" values is also
called the upwind difference formula and, as seen this is a particular
case of the general formulation (4.44) for high local Peclet numbers.,

(iv) The hybrid flux expression

Because exponentials are expensive to compute the exact expression
for the welghting factor f is approximated, with little loss of accuracy,

by the following expression.ref (69).

2 .
£= 4501+ 5 if |pe| <2 (4.59)
£=1 if Pe >2 . (4.60)
£=0 if Pe <=2 (4.61)

Expressions (4.60 ) and (4.61) evidently are associated with the
"upwind" formulation of the fluxes for high Peclet numbers, Pe >2| while

expression (4.59) leads to the central difference one.
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(v) Integration of the source expression

Generally the integral of the source term is expressed in linearised form

as ~/”
s¢dV = b ¢P + c

v
where b and ¢ may be functions of ¢.

(vi) Assmebly of the finite-difference eguation :

Using the previously derived expressions for the fluxes and source we
obtain, with the use of the continuity equation, the following finite

difference equation for the ¢ dependent variable

¢

(a’ - b¢)¢P = AgepE + A$¢w + Agh t Agdps + A$¢U + cq’ (4.62)

Y -s

where

oW (GAnAE)e{fé_1}

we

¢ as . . { }

A = - - AEA: f - 4.63
N ((PV)n (n : )n(Pu)n)( 13 C)n n 1 ( )
. 4

AU i_(Pth (GAnAc)u, etc and
9 _ a0 ) ) 9 )

AP = AE + AW + AN + As + Aj (4.64)

(c) The finite difference equations for u,v and w

Following a similar path to that outlined in some detail earlier we
obtain the fde's for the u,v and w variables by integrating the
corresponding momentum equations on control volumes shown in figures57d,57§

The resulting fde's are similar to (4.62)

u u u u u u u
- = + + + +
(Ap b )uP 'AEuE + Awuw ANuN AsuS AUuU

(84mAL) ; (P,~P) +C" - (4.65)
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v v v v v v v
- = v_ + V_+ AV _ + A +
(AP .b ) v AE E AW W AV + v

N N S S uu

(EaL) g (P -P,) + c’ (4.66)

W W W w W, W w
- b AW +Aw +AW +Aw +A +
(Ap ) vp E'E ww o OONN Cs's vy

W
(AEGAn)W (PW - PP) + C (4.67)
where in all cases
I I
AP AE + Aw + AN + AS + AU

4.3.3 The "SIMPLE" algorithm

The "SIMPLE" algorithm of Patankér and Spalding (66) is a guess—and-
corréct procedure along the lines of the earlier methods of Chorin and
Amsdent-Harlow. The main idea is that if the pressure field were known
the finite difference equations for the momentum components could be
solved; consequently a guess of the pressure field is made, say é* (for
parabolic flows the pressure field is guessed only on the cross-stream planes
in question, while for semi-elliptic flows p* is estimated for the whole
flow field). With fhe guessed pressure field p* the fde (4.65) - (4.67)
are solved. The velocity field thus obtained, u*, v* and w*, based on p*
does not generally satisfy the continuity equation (4.43) and the mass

imbalance thﬁs calculated for each control volume

* = (pu* - * *) - ds .y A
mg (pu*) ; 6Anar )4 — (Pu )u (GAnAz;)u + ((pv )n (n dx)l'l (pu )n)(Ag g)n
- ((pv*), = ( 44 (pu*)_) (AEAL)  + (pw*)  (8AnAE) -
PV™s n“dxs PU™s s P e e

(pw*), (GAnAE)w (4.68)

is used to derive corrections of the guessed pressure field, p', so these

mass imbalances are reduced to zero.
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Another basic characteristic of the "SIMPLE" algorithm is the use of
a linearised momentum equation for the velocities. If we assume that u

velocity is a function of pressure only
u = u(p)

then we derive

Ju
~u* A
u~u* + 5 (Ap%) Ap* | (4.69)

where Ap* is the driving pressure difference.
Now, if we also take that the guessed pressure field is corrected by

local amounts p', then the above relation gives

Ju
- * — [ ] PR
u = u* + 3 (p%—p7%) (pP pD) and similarly
P-*D
v = v* + _______3V (p'—p') (4.70)
3(p*-p*) P *s
P °S
ow
W=W*+_—.¥ﬁ (pl_pl)
B(pP pw) P W

The coefficients etc. in equation (4.70) are obtained from the

]
H__ Ky
3(pP pD)

finite difference momentum equations, (4.65)-(4.67). Thus:

DU = Ju - (8AnAL ) 4
3 (pg-Pp) (3, - b))
av (AEAT) o
DV = - (4.71)
3 (pg-pg) (A; N
ow (AESAND ).,
DW = = v
3 (pgpy) @ - ")

 Finally we get the following relations:



- 107 -

u = u* - Dlj(pé - pé)
v = v*¥ - DV (pl': - pé) (4.72)
W= w* ~ DVV(pé - p&)

The above u,v,w velocities, equation (4.72), are required to satisfy
the continuity equation (4.43). " Substitution of (4.72) into (4.43)

and after rearrangement result in the following pressure correction equation;

Pl'= P, P_, P, L P, *
APy AEpE + Awpw + ANpN + Asps + ADpD + mp (4.73)
where
2’ = (esan) DW
E L URIN
AP =

wAnA;)d DU, etc.
m; taken from equation (4.68) andv

P
af = af + AP + AP 4 A 4 AP
) E W N S D

4.3.4 The treatment of the pressure field

In the mathematical foundation of the problem it was stated that the
set of equations (4.20)-(4.22) was regarded as parabolic or semi-elliptic
set depending on the nature of the Poisson equation for the pressure. Below
we outline the differences in the calculation procedure for parabolic and
semi-elliptic flows.

(1) Parabolic flows

The treatment of the pressure field is particular in the Patankar-
Spalding procedure (66). The fact that the Poisson equation for the pressure
is. elliptic only on cross-stream planes and parabolic in the streamwise
direction allows in principle a marching integration technique to be applied
for the solution of the governing differential equatiorf. The transformation
of the Poisson equation to be elliptic only on cross-stream planes is

achieved by decoupling the streamwise pressure gradient from those on cross-
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stream planes. The value of the streamwise pressure gradient is:
(a) For unconfined flows, taken to be equal to the streamwise pressure

gradient at the free surface, which is specified;

0 - (& - &g

3& (dg mean = 9f’e’

(b) For confined flows, is calculated from the requirement of
satisfaction of over-all mass balance within each cross-stream.
section. Consequently, for parabolic flows, the term expressing the
streamwiée pressure gradient in the u momentum fde, (4.65),

. - d
(GAnAc)d (pD—pP) is known and equal to - (AEGAnAC)d (agﬁw

(2) Semi-elliptic flows

If the decoupling of the streamwise pressure gradient is not justified,
then the entire 3D pressure field has to be computed simultaneously with the
other unknown variables.

4.3.5 The pressure correction equation for parabolic and semi-elliptic

flows

(1) Parabolic flows

For parabolic type external flows the streamwise pressure gradient is
known. Consequently in the solution procedure we do not make guess of any

streamwise pressure gradient, hence relation (4.71) implies that

DU= 0O (4.74)

Consequently in the pressure correction equation, (4.73) the coefficient

p

AD is equal to zero.

A‘]‘DD =0 (4.75)
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(2) Semi-elliptic flows

For semi-elliptic flows the guessed pressure field p* applies in all

three directions and consequently in this case;

LU0 and Ag + 0 (4.76)

However in the solution of the pressure correction equation not only
the values of p' on the cross-stream plane (pé, pé, p&, pé) are unknown
but also those on éhe downstream plane, pé. In order to adopt a marchipg
integration technique we assume that pﬁ is zero which,.evidently will
eventually be correct as the guessed pressure field converges towards the
correct pressure field; the question is whether it is satisfactory
practice to invoke before convergence.

The above proposals for semi-elliptic flows that
Ag % O and

py =0
were originally suggested by Spalding, and were incorporated in Pratap's

work (70). However, if we employ this practice assuming pﬁ zero, then

relation (4.72, becomes

u=u* + Dupé
and during;the course of the present work it was found that this relation
sométimes prohibits convergence since it contradicts with the phyéical
'reality. The reason is that it implies, for a situation where the pressure
.field-is building up (e.g. upstream of the injection hole) the the fluid

*
accelerates (u>u ), since p'5> 0 and DU O,
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This contradiction is a consequence of assuming that pﬁ = 0, whereas

physical reality suggests that

) 'l>
pD>pP 0.

In the present study since pB is unknown we retained the pé =0

assumption but did not subsequently use equation (4.72) to correct the

streamwise velocity: the correction was effectively applied when the

newly-adjusted pressures were used in the next iteration on u velocity.

4.3.6 Summary of the SIMPLE algorithm

Below it is presented in summary the sequence in which the finite

difference equations (4.65) - (4.67), (4.62) are solVéd, using the

"SIMPLE" algorithm for parabolic flows.

(1)

(2)

(3)

(4)

(5)

(6)

A pressure field is guessed, p; on cross~stream planes.

The coefficients of the finite—differehce equations for the u momentum
are calculated, based on upstream or inlet values of the velocity
field, and the finite difference equation for u velocity (4.65) is
solved by the tridiagonal matrix algorithm (TDMA) .

The above step is repeated for the lateral, v and w, velocities,
equations (4.66) and (4.67).

The mass imbalances are calculated for each cell using the calculated
u*, v*, w* velocities (4.68). The coefficients of the pressure
correction equation are calculated and the equation (4.73) is solved.
Thé lateral velocities are now corrected using the calculated pressure
corrections and relations (4.72) and a new pressure field is obtained
(p=p*+p').

Then the finite difference equations for k,e or T (4.62), afe solved
(the coefficients of fde are calculate&‘using the newly obtained

velocity field).
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(7) Thus the velocity and temperature field have been 6btained on the
cross-stream plane under consideration and then the procedure marches
downstream to the next plane for integration. This cycle (1) - (7)
is repeated until the wholé flow field is scanned.

For semi-elliptic flows the guessed pressure field in step (1) is‘
for the whole flow field, p*=p* (£ ,n,;) and the sequence of calculations

- follows exactly the steps (1) - (7). However, when the whole flow field

is scanned the sequence of calculations is repeated using as new guess of

the pressure field the one calculated from the previous solution of the
flow field, until a converged soiution of the pressure field is achieved.

(4.3.7) The wall numerical boundary conditions.

In the near wall region there are very steep gradients of the
dependent variables. Consequently for an adequate representation of this
-region an excessive amount of grid nodes would be required with result to
increase the computer storage requirement as well as the computer time.
Instead the practice of representing this region by_the so called wall
functions (71) has been adopted. The feature of the method is to locate
~all the finite-difference grid nodes‘in the fully turbulent region. Tﬁus
the near wall point P, figureS57g, is located sufficiently far from the
wall for the local turbulent Reynolds number (pk:yp/u) to be much greater
thén unity.

It is known that in the near wall region the velocity préfiles as well
as the structure of turbulence exhibit some univeral characteristics, mainly
that:

(1) The velocity profile obeys the logarithm law (in the region y+ >35)

u 1
v o (9 u y, p/w ta.77)
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where uT is the friction velocity.
(2) Generation of turbulence is equal its dissipation rate and,
(3) this region is a constant shear stress region.

Relation (4.77) is applied as boundary condition for the velocity
components parallel to and adjacent to wall boundaries of the flow.

Assumptions (2) énd (3) with the employed form of the k equation lead
to relation (4.78)

u = 0.09% ° (4.78)
T P

for the friction velocity u, which is used in relation (4.77) where kp
is the turbulent kinetic energy at location P.
The rate of dissipatién of kinetic energy near the wall is fixed
by the requirement that the length scale varies linearly with tﬁe distance
from the wall; the expression for ep is

. 15
e, = 0.09%° 7% xp > Jo.41 v, (4.79).

Finally the quantity kp is calculated from the limiting form of its
conservation equation assuming that the turbulent kinetic energy diffusion

to the wall being equal to zero,

ok .
Gy'valr = © (4.80)

4.3.8 The relative merits of the parabolic and semi-elliptic procedures

The basic difference between the parabolic and semi-elliptic procedures
is that the latter iterates in the streamwise direction, consequently
repeating the parabolic procedure many times until the pressure field has
sufficiently converged (as indicated by the smallness of the mass sources).
Hence the semi-elliptic procedure is more expensive in computer time than

the parabolic one. However the flow field solved by a semi-elliptic
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procedure can not be handled by a parabolic but only by‘a fully élliptic

one. Such a procedure, however, which in principle wouldvoperate in the

same way as a semi-elliptic one, would require 3 dimensional storage for
all the dependent vériables (u,v,w,p,k,e,T,p) and not merely for the
pressure as the semi-elliptic requires. Hence it is evident the
considerable economy of tﬁe sémi—elliptic procedure as regards computer

Astorage, a factor which is wvery short in the today computers.

The question arises how much more expensive in computer time is'the
semi-elliptic brocgdure in compafison with the parabolic one. Calculations
performed in the present study indicate that:

(1) For the present problem with an employed grid 20 x 20 and 50 axial
steps a fully converged solution of the semi-elliptic procedure
required around 70 iterations (in the streamwise direction).

(2) The forward integration step allowed by a semi-elliptic procedure
is 5-10 times greater than the corresponding step required by a
parabolic procedure (due to the iterative character of the former).

As a result of the above findings it is concluded that with the
employed grids the semi-~elliptic procedure is about 10 times more expensive
than the parabolic procedure .and requires less than guarter of the

computer storage needed for a fuliy elliptic treatment.

4.3.9 Some other aspects of the numerical procedure

The toéics of convergence of the solution procedure, stability and
details of the triagonal matrix algorithm are not presented here for reasons
of brevity of the thesis. They can be found in the works of.Tatéhell (72)
and Pratap (70).

Some particular numerical aspects related to the treatment of the
reverse flow region, the free bouﬁdary etc are discussed in Appendix B.
Tests for grid dependency are reported in next chapter. The final

grid distribution employed was 20 x 20 on the cross-stream planes, with
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50 axial steps (100 steps for the double row case). The time involved
was 0.03 seconds per iteration - per equation for each cross-stream plane

on the IBM 360 computer.
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CHAPTER 5

VALIDATION OF THE NUMERICAL PROCEDURE

5.1 Introductory remarks

The main aim of the present section is to enable an impression to
be formed of the accuracy and width of applicability of the calcul-
ation procedure. For this purpose predictions are compared with well-
documented experimental»data. The successes and failures of the
procedure are appraised and conclusions drawn for improving the physical
or mathematical (numerical) assumptions incorporated into the
procedure. In making comparisons with exéeriment, we must ﬁear in mind
the uncertainty which is associated with each set of measurements
against which predictions are compared.

In addition to making comparisons with experiment some further
calculated-quantities are presented (for which no corresponding
measurements are avéilable) to provide a more complete picture of the
‘flow field.

It was mentioned in Chapter 4 that an initial attempt to treat
the near field region as parabolic was not successful since the
generated solution of the flow field was not realistic. Examination of
the solutions obtained showed that the fajlure was associated with
some of the assumptions of the parabolic procedure, mainly:

(i) . that the streamwise pressure gradient is known and equal to
the free-stream one, and

(ii) there is no upstream travel of pressure effects.

While assumption (ii) neglects any upstream effect which the
injection is having on the oncoming'mainstream flow (in reality the

injection would deflect the near wall mainstream fluid upwards and
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and sideways), assumption (i) is totally unrealistic because by

taking the streamwise pressure gradient as known (in the cases
examined, zero) we do not permit the mainstream fluid above the hole
to accelerate; consequently, the parabolic numerical procedure creates
unrealistic high lateral pressure gradients which (for reasons of
satisfying the continuity equation) create excessively high lateral
velocities (much higher than the injection velocity itself). This
unrealistic velocity field on the cross-stream plane creates. unreasonably
high lateral spread of the jet, which is not in qualitative agreement
with physical reasoning nor with simple prediction models, i.e. the
point-source model.

Consequantly woik was undertaken to apply a semi-elliptic
treatment to the same flow field for which unrealistic solution was
obtained with the parabolic procedure. The results obtained with the
two distinct methods are selectively compared in Appendix C. From the
semi-ellipticd treatment solution it becomes apparent that the injection
creates streamwise pressure gradients which are

(i) by far non uniform over the cross-stream plane

(ii) of the same order of magnitude as the lateral ones.

Aftef the evidence that the near the injection hole flow field is
indeed of the semi-elliptic type, work was undertaken to apply the
developed numerical semi-elliptic procedure to various discrete-hole
cooling geometries for laminar flow (laminar flow can indeed occur over
the blades of modern turbines due to severe streamwise pressure
gradients). The results of this inﬁestigation have been published,
ﬁergeles et al (48) and it was demonstrated there that the procedure
was predicting successfully the flow field for the test cases it

was applied (a copy of ref (48) is provided as Appendix D).
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The study to be presented in this chapter is concerned with a
more difficult case ﬁamely that of turbulent flow.

The discrete-hole flow field of the present investigation was
calculated in two steps. The region near the injecting hole was
predicted treating it as a semi-elliptic region while that far from
the injection hole was predicted treating it as a parabolic region
(using as initial conditions the flow field calculated at the last
cross—stream plane of the semi-elliptic region). The location of the
change over from the semi-elliptic to parabolic region was found by
making preliminary computer runs to discover how far behind the hole
the streamwise pressure gradient became almost uniform over the cross-
section (the pressure being less than 0.05 of that prevailing at the
upstream edge of the hole plane). The conclusion from these preliminary
runs was that beyond apbroximately five hole diameters from the upstream
edge of the injection hole the pressure field became almost uniform on
cross~stream planes.

.The work presented in this chapter is organised in three main
parts.

(i) Validation of the procedure for injecting through a single
hole;

(ii) Validation of the procedure for injection through a
row of holes; and finally

(iii) Validation of the procedure for injection through a double

row of holes.
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5.2 Preliminary calculations

5.2.1 Grid dependenc? tests

A preliminary investigation was carried out to explore the
grid-dependence of the predicted solutions. Flow conditions
corresponding to the experiment of Ramsey and Goldstein (31) for a
blowing rate M = 0.1, o = 90° were selected for this purpose.
Figure 58a shows typical results for three different grid distributions,
10 x 10, 15 x 15 and 19 x 19 grid nodes in the vertical and lateral
(y, z) directions respectively; the forward step in all these cases
was 0.1 hole diameters. The location of the second grid node in the
y direction was fixed at the same position for all the grid distributions
(y+ = 60 at y/D = 0.08) while the grid spacing in both vertical and
1étera1 directions was non-uniform as shown in Figure 58b. From
Figure 58a it can be seen that while a 10 x 10 grid gave an almost grid
indepehdent solution for the streamwise velocity profiles, a 19 x 19
grid was required for the lateral velocities.

The effect of the forward step size on predictions emerges from
Figure 58c. Predictions are shown for the three different forward
step lengths employed 0.05, 0.1 and 0.2 of a hole diameter. It is
seen that forward step lengths of 0.1 and 0.05 of the hole diametér
give identical results, differing slightly from those obtained with a

forward step length of 0.2 D.

5.2.2 Effect of the velocity boundary condition over the hole

In view of the experimental finding in the present work that the
secondary injection profile is highly distorted (Section 3.1.1)

numerical exploration was undertaken to examine the effect of the
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secondary velocity profile in the predicted flow field. Figure 58d
shows the secondary injection profiles employed in the numerical
exploration and Figure 58e shows their effect on the streamwise
velocity profile downstream of the injection hole along the center-
line (z/D = 0.0). Evidently the actual secondary injection profile
for this particular blowing rate and ¢/D does have an influence of up
to 20% on the. predicted flow field immediately behind the injection

hole.

5.2.3 Effect of the non-isotropic viscosity model

The final numerical exploration was associated with the turbulence
model employed. In the standard form of the k & € model there is the
assumption that the turbulent viscosity is’ isotropic. On applying
this form, the predictions showed(in comparison with experimental data)
that the fluid in the centre-line region behind the hole was not
accelerating fast enough and also that the fluid off the centre-line
at lateral locations was insufficiently ;ffected by injection. In
the  central region too high levels of effectiveness were predicted
while the lateral spread was substantially too low. The above
behaviour threw doubt on the adequacy of the isotropic viscosity
assumption; subsequently theoretical work was undertaken to analyse the
"non-isotropic character of viscosity which led to the non-isotropic
viscosity formula referred to in Section 4.2.

Figure 59a shows the substantial effect which the non-isotropic
viscosity assumption has on the velocity profile while Figure 59b shows
£he effect on the film cooling effectiveness; the flow is that |

investigated by Ramsey and Goldstein (31).
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5.3 Some computational characteristics of the semi-elliptic procedure

5.3.1 The rate of convergence

The semi-elliptic procedure is of the iteratiye type.  Thus
criteria for convergence must be set out. Various checks were made
as iteration proceeded. Mainly they were the sum of the absolute
values of the mass imbalances for each computational éell for the
whole flow domain, the level of the pressure corrections in comparison
with the pressure prevailing at the-same location and the values of
the velocity and temperatures field at monitoring locations. With
the mass imbalance criterion the solution was regarded as converged when
the imbalances had fallen to about 1% of the total flow rate.

Figure 60 shows the typical pattern of convergence of the mass
sources (0 = 300, M = 0.3, d{D = 0.122, flow conditions those of thg
present study, single hole) when the initial guess of the pressure
field was p = O. Between 70 and 100 iterations in the axial direction
were needed for full cdnvergenCem However it waé discovered during
the experimental part of the present study that the surface pressure
fields induced by injection for various blowing rates are almost
similar if non-dimensionalised with the mean product of the injection
velocity and the free stream velocity. This facilitated obtaining
better initial guess for the pressure field. In particular the pressure
field which was obtained for a studied case was used, appropriately
modified by a scaling factor, (the ratio (vj U, )new/(v} u_ J)old)
as the initial guess for the pressure field of the new test case.

This technique reduced the number of iterationSrequired for a converged
solution by a factor of 2.

On Figure 60 is also shown the rate of convergence for a test
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case (similar to that mentioned earlieﬁ but for blowing rate M =.O.5
in which the pressure field of the M = O.3>case was used as initial
conditioﬁ for the higher blowing rate.case M = 0.5. Evidehtly the
number of iterations reqﬁired for converged solution was halved, as

was likewise the computing time.

5,4 Presentation of the computations - Injection through a single hole

5.4.1 Injection through a single hole 90° to the mainstream flow

In this section the predicted behaviour‘of the flow field created
by the interaction of single jet at 90° to a mainstream is compared
against experimentally documented flow fields. The ekperiments which
form the basis ofvthis cbmparison are those obtained in the present
study, (hereafter referred to as the IC measurements) as well as some

of those obtained by Ramsey and Goldstein (31).

(L) IC measurements: o = 900, M = 0.046, &/D = 0.048, Re_ = 3.85104

Let us start with a comparison shown in Figure 6la of the
predicted and meésured velocity pfofiles along the center line down-
stream of the injection hole as well as along a line parallel to it at
2/D = 0,36, The behéviour of fluid near the wall initially decelerating
and subsequently accelerating is very accurately predicted, the
maximum descrepency occurring at x/D- = 5.28. Above the wall at
location Y¥/D > 0.2 the predictions show that the effect of injection
spreads more slowly towards the external layer of fluid than experiments
sugéest. However, the maximum discrepency between prediction and
and measurements is less than 8%. The error analysis of the

measurements shows that the accuracy of the measurements is approximately
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2-5%; thus the discrepency is not substantially larger than the
experimental uncertainty.

The face that the near—wall'fluiﬁ velocity is consiéténtly
slightly underpredicted might suggest that the momentum diffusion
coefficient in this region (turbulent viscosify) is slightly under-
estimated by the turbulence model which diminishes tﬁe rate of spread
of the jet above the plate, and conseéuently reduces the rate at which
the near wall fluid gains momentum at the expense of the external
layer fluid.

Figure 61b shows comparison betweén the predicted values of
effectiveness and the measufed ones. The comparison suggests that at
lateral location z/D = 0,64 and at x/D =>l.4 there is a discrepency
between prediction and measurements of about 20% while at ali the other
locations the predicted values are in very good agréement with the
measurements., The reason for thié discrepency is not clear since the
error analysis of the effectiveness measurements indicate that for a
level of effectiveness of about 5% the unéertainty 6f the measurements
is as high as 20% (coﬁparable to the discrepency observed above) .

The success of predicting the flow field and in particular the
effectiveness field is an indication that the non-isotropic k - €
model has aquitted itself successfully in this test case.

o} 4

(2) IC measurements: o = 90 . M = 0.1, §/D = 0.048, Re_ = 3.85 10

Figure 62a shows the predicted and measured values of the surface
static pressure distribution. From the numerical point of view the
pressure is the most sensitive of the hydrodynamic variables to the

\

grid distribution and to the level of convergence (i.e. with the employed
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criterion of convergence . . the velocity field 1is not expected to
change more than 0.5% in the last 10 iterations. At this level of
convergénce the pressure fieid can be expected to change up to 5% if
the iterations were continued. If as criterion of convergence was
required 1% accuracy in the pressure field, this might increase the
computer time more than twice!) The level of agreement between the
predicted pressure field and the measured one can be regarded as
satisfactory if we recall the error associated with thé pressure
measureménts and the fact that the contours are formed from the
measurements by interpolation of the pressures taken at the pressure
tappings.

Figure 62b shows streamwise velocity profiles along 2/D = 0.0
and Z/D = 0.64 lines. It can'Be seen that the predicted velocity field
is in very good agreement with the experiments, the maximum discrepency
being less than 5% of the local velocity. Again it is clear that the
injection does not spread out as much as the experiments suggest in
accordance with the obéerved behaviour for lower blowing rate, in the
previous case.

However the procedure is less successful in predicting the
effectiveness as shown in Figure 62c. While along lateral locations
z/D = 0,36 and Z/D = 0.64 the predicted effectiveness coincides with.the
measured-ones; ﬁear the centre line (2/D = 0.0 and 2/D = 0.18) and
immediately behind the hole the effectiveness is over predicted. Indeed,
in contrast to the measurements the predictiops fail to display any
rggion where nz/D =o0.18 ~ nz/D = 0.36"
The reason for this lies in the treatment of the flow as

predominantly one way; this does not allow the presence of any reverse
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flow in the streamwise»directibn. The measurements ha&e shown

(Chapter 3} that behind the injection hole there is reverse flow.

The calculation procedure also indicates the presence of reverse flow

behind the hole bﬁt since this feature is not allowed by the procedure,

(as explained in Section 4:1.1) this back flow region is patched over

by effectively substituting an almost stagnant region. 1In reality; the
fluid

reverse flow region brings low effectiveness/from downstream towards

the downstream edge of the injection hole; this reduces the level of

effectiveness behind the hole. This mechanism is supp;essed by the semi-

elliptic procedure thch explaiﬁs why the effectiveness behing the

injection hole is overpredicted.

Further downstream fhe agreement between predictions and
measurements is satisfactory, suggesting éhat the reverse flow has only
a localised effect on the flow field.

The existence of reverse flow for M = 0.1 and © = 90° poses a
serious limitation to the width of applicability of the developed
numerical procedure, since for blowing rates greater than 0.1 a fully
elliptic treatment is required for the region behind the injection hole.

This matter will be discussed further in the final chapter of the thesis.

(3) Measurements by Ramsey and Goldstein (31): ¢ = 90, M = 0.1,

§/D =003 , Re_=08710°

While the cases presented previously were a test of the procedure
in the immediate viéinity of the injection hole, the data by Ramsey
and Goldstein (31) extend far downstream from the injection hole; these
ﬁeasurements therefore provide a test of both the semi-elliptic and

parabolic procedures. Computations with the semi-elliptic procedure
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extended up to x/D = 5 while the region beyond this was treated with
the parabolic scheme.

‘ Figure 63 (a-b) shows detailed effeétiveness measurements by
Ramsey and Goldétein (31). and predictions of the present procedure
for several locations in the flow field. It is evident that on the
centre—liﬁe region (for z/D up to 0.375) the level of the wall
effectiveness is very accurately predicted, as is the vertical spread
of the jet. For z/D ~ 0.5 it is seen that while the vertical spread
of the jet is again accurately predicted the wall effectiveness is
underpredicted. One basic fact which gave us doubts about the accuracy
of the measured wall effectiveness in this region is the steep wall
temperature gradient adjacent to what was nominally an adiabatic plate;
one would expect to find a zero wall temperature gradient. A second
fact which suggests indirectly that the test plate of (31) was not
‘perfectly adiabatic (and'hence-that conduction errors were present in
the measurements), is that, in comparison with the present mass transfer
data (Section 3.1 ) the reported film cooling effectiveness of (31)
is much higher. Consequently no assessment of the predictions can be
made in this region. It should also be noticed that this difference
between predictions and measurements near the wall is a maximum near the
injection hole and reduces gradually downstream.

Figure 63c compares the wall film cooling effectiveness

predictions with the measurements for the far downstream of the injection -
.hole flow field which was treated as parabolic. The agreement is very
satisfactory; it may be recalled from this figure as well as from
Figure 59b, that the satisfactory‘agreement achieved is due in large

measure to the use of a non-isotropic viscosity.
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Some further characteristics of the flow field

¥

We now examine some predicted characteristics of the flow
field for which there are no experimental data available and which
help to explain features of the flow already presented.

'The existence of a secondary vortex behind the injection hole
has been detected experimentally for high blowing rates but not for
low values because the secondary motions are very weak. Let us now
examine the flow field on planes cross—stream to the flow direction with
the downstream distance, to see if these vortices exist.

Figure 64 (a-b) shows the flow patterns upstream of and over the
hole for 90° injection and M = 0.1. It is evident that due to the
injection, the upstream fluid at x/D = ~0.2 is pushed upwards and,
principally, sideways: this is clear evidence of the'semi-elliptic
character. Further downstream at x/D = 0.4 (which is located over the
injection hole) can be seen the movement of the injected fluid as it
spreads upwards and sideways, the maximum velocity being equal to the
injection one, At x/D = 1.4 the beginning of the formation of é vortex
is evident, signalled by the inward movement of the near wall fluid*.
By x/D = 2.0 the vortex has been completely formed, however the
sideways moving fluid has greater velocity than the fluid within the
vortex. Further downstream, x/D = 2,65 and x/D = 3.40, the velocity of
the sideways moving fluid is decreased while the dimensions of the
Vortex increase as well as the fluid velocity within it. At locations
further downstream the vortex décreases in size and the fluid velocity

becomes weaker and weaker.

* The symbol z over the velocity vector on the figures indicates that

the length of the vector is out of scale.
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At a location x/D = 2.65 and z/D = 0.4 the inward moving
near-wall fluid has a lateral velocity of 0.04u_ and a streamwise
one of about 0.3110° . Consequehtly the low effectiveness fluid
located at x/D =»2.65 and z/D = 0.4 will be brought to the centre-
line region by the action of vortex where it ﬁill contribute to the
dilutién of the jet over a streamwise distance of, 0.4D O.3um,

. 0.04u

i.e. approximately equal to 3 hole diameters; it may thus be concluded
that immediately downstream of the hole the high rate of dilution of

the centre-line region of the jet is due to the mixing of the jet with
mainstream fluid which has passed over the injection hole (and also to
" the backward moving fluid in the region of recirculation). Further
downstream the vortex contributes to the jet dilution. It is expected
that, as the blowing rate increases, the centre—line‘streamwise velocity
behind the hole will decrease, the strength of the vortex will increase
(due to higher vorticity added into the flow from injection)and hence

the dilution of the jet due to the.vortex action will start much earlier
and will be stronger.

Now let us examine some turbulence characteristics of the flow
field. Figure 65a shows the turbulence intensity distribution on
cross-stream planes at various downstream distances. The dotted lines
on the figures represent the locations of 0.05 and 0.005 turbulence
intensity for the undisturbed mainstream fluid. As-seen f;om the
figures, the injection generates turbulence and at location x/D = 0.4
the maximum turbulence intensity, which is located at the edge of the
jet emerging out of the hole, has iﬁcreased to 20%. The turbulence
intensity reaches a maximum level of 30% at x/D = 1.4  and then

decreases further downstream, the high level intensity contours
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shrinking andimoving towards the centre-line region of the jet while
the 0.05 intensity contour spreads upwards and sideways as the
injection spreads over a broader region. Figure 65b shows more
clearly the effect of blowing on the turbulence intensities on the
symmetry plane; the region behind the injection hole being a region

of very high levels of turbulence.

5.4,2° Injectioh through a single hole at 30°*

(1) IC measurements: O = 300, M= 0.1,'0.2, 0.3, 0.5 and 1.0

Figures 66 (a-e) show the predicted streamwise velocity profiles
compared with the measured ones for various blowing rates and at

various locations in the flow field. For the two 1o&er blowing rates
M =0.1 and M = 0.2, the agreement between predictiors and measurements
is very satisfactory at all downstream and lateral locations. As the
blowing rate is increased however to M = 0.3 and M = 0.5 the agreement
is less satisfactory, the maximum discrepencies occurring at location
y/D = 0.4 above the wall.

It can be seen in the figures that in the region y/D ==d.4 the
fluid velocity for z/D < 0.53 is consistently underpredicted for all the
blowing rates and overpredicted at lateral locations.for whigh z/D > 0.53,
This behaviour suggests that the calculated lateral transport of
streamwise momentum is too small with the result that the rate of
transport of‘streamwise momentum from the faster moving fluid (at large

to .
z/D)/the center-line region fluid behind the hole is likewise too low.

* For 30° injection the hole extends from x/D = 0.0 to x/D = 2.0
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- The success of any nﬁmerical procedure for predicting turbulent

flows lies mainly on how wéll the physical process of turbulence
is represented by the turbulence modelling. It may be recalled that
in tﬁe present study non-isotropic k - & model is applied for the
first time and the equation expressing this non-isotropicity has been
»derived in Section4+l.2 on ﬁhe following assumptions

(i) There is local equilibrium (production of k equals e)

(ii) The only significant velocity gradients occurring in the

flow are gg_and du
ay 9z

For blowing rates M > 0.3 both experiments and predictions
" suggest that the jet emeréing from the hole pénetrates into the main-
stream. Consequently it is expected, as the blowing rates increase,
the correctness of the above assumptions will progressively deteriorate.
Consequently for more accurate prediction of the flow field a more
general non-isotropic k - € modei should be used, by employing
approXimate forms of the normal stresses and calculating the ratio
Ié /Ia instead of adopting the simplified form (4.36). Throughout the
present study however the same non-isotropic k - ¢ turbulence model was
employed. The reason for doing so was to obtain a thorough impression
of the range over which the formula (4.36) was applicable; and as shown
by the predictions even for blowing rate M = 1.0 the simple relation
is performing fairly satisfactorily, the maximum-discrepency being
around 15% in the region where y/D = 0.5.

Figure 67 shows the predicted values of the wall fi;m cooling
effectiveness compared with the measurements for blowing rates M = 0.1,
0.2, 0.3, 0.5 and 1.0. For the two lower blowing rates, M = 0.1 and

M = 0.2, the agreement can be regarded as satisfactory except at the
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lateral location z/D = 0.80. For levels of effectiveness of around
10% the experimental uncertainty of thé measurement is quite high
(around 15%); the observed maximum difference between measurement
and prediction is about 20%, i.e. a roughly comparable level. When
the blowing rate is increased tq M= 0.3 (as well as for M = 0.5 and
1.0) the effectiveness in the center-line region just behind the hole
is Qverpredicted. Behind the injection hole for blowing rates
M > O.3'experiménts (Chapter 3) and the present predictions suggest
that the jet lifts off the surface and mainstream fluid penetrates
beneath it. Just behind the injection hole there is a very small region
of recirculation, which becomes stronger for higher blowing rates.
This region is very émall in length and height (length = 0.2 D,
height = 0.02 D): its existence is predicted by the procedure but as
. was explained earlier its effects are not accurately simulated. The
height of this region corresponds to a value of y+ = 10; consequently
apart from the fact that the procedure employed in the study does not
rigorously compute the reverse flow region, the version of the (k - £)
turbulence model used does not allow the near-wall node to be located
closer to the wall than y+ = 35 éso the grid node is in the fully
turbulent region) and hence by locating the near-wall grid node at

not
y+ = 35 (y/D = 0.06) the numerical procedure can/resolve the region of
-recirculation which reduces substantially .the level of effectiveness
just behind the injection hole. (Up to M .= 0.5 the effect of reverse
flow is small and agreement is reasonable.) For a blowing rate M = 0.5
it is seen that the effectiveness at ;/D =”=O.53 is ;nde;predicted by

10%. This is consistent with the lateral transport of momentum being
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slightly underestimated by the solution procedure.

| Figure 67b shows the predicted wall effectiveness for M = 1.0.
It is seen that the neglect by the procedure éf the reversexflow
region behind the hole results in a substantial overprediction of the
wall effectiveness in this region. _Laterally {(where there is no
reverse flow) the agreement between predicted and measured values is
very satisfactory; Also on the figure is shown computations, for the
purpose of demonstration only, where the distance of the near wall grid
point was small (y/D = 0.03, y+ ='10); in this case the procedure
did predict reverse flow behind the hole which however was patched
over as described in the Appendix B. Just behind the injection hole
the level of the predicted wall effectiveness has dropped substantially,
in qualitative agreement with the measurements. Flow field predictions
were made further downstream for M = 1.0 using the parabolic'procedure
and setting y+ = 35. The predicted values of the wall effectiveness
at z/D = 0.45 and z/D = 0.90 are in good agreement with the measured
one excépt at the center-line region where the effectiveness is

underpredicted, the maximum discrepency being about 10% (this is a

further consequence of the béd‘predictions in the semi-elliptic region).

Some further characteristics of the flow field for blowing rate M = 0.5

=

Figure 68 shows the predicted pressure field on various cross-—
stream planes. At location %/D = -0,2 the injection creates a pressure
build~up upstream of the injection hole, the maximum pressure coefficient
Cpmax being located on the centre line and equal to 0.72. Over the
injection hole at x/D = 0.40 the pressure close to .the hole continues
.to increase, with CpmaX reaching the value 1.0 while at the near-wall

lateral locations the pressure drops as the fluid, having been
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initially retarded, starts to accelerate. At a location x/D =

0.90 the pressure contours change drastically, the maximum pressure
coefficient being only 0.26 and located above the wall. This is the
result of the considerable acceleration which the near-wall fluid is-
experiencing due to the streamwise momentum which the injected fluid
possesses. At locations x{D = 1.4 and x/D = 2.0 further downstream
the negative pressure field spreads outwards as the mainstream fluid
is acceierating, the minimum pressure coefficient taking the value of
~1.30. Further downstream x/D > 2;0 the pressure recovers slowly as
the flow reverts to a boundary layer type. At location x/D = 4.10
the pressure coefficient has minimum value Cp = -.27 while the Cp =
—-0.20 pressure contour has taken up a kidney shape.

Figure 69 shows the vector field on cross-stream planes at
several locations through and.downstream at the hole. At location
x/D = 0;90 the injected fluid is seen to spread upwards and sideways
into the mainstream. At x/D = 2.0, just at the end of the hole, it is
seen that whilst the fluid near the centre line has significant upward
movement, a vortex pair of émall dimensions has already been created
behind the injection hole. Further downstream, x/D = 3.4, the size
of the vortex has significantly increased as has also thé velocity
associated with it, while the vortex itself is moving upwards. At
x/D = 5.9 the dimensions of the vortex have increased whilst the
velocity has decreased. Apparently the presence of the vortex pair
contributes significantly to the faster dilution of the jet especially
in the near-wall region since its movement brings into the centre line

region of the jet fluid from the top and sides of low effectiveness.
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Figure 70 shows the effectiveness contours on planes normal
to main flow direction. As the injectant enters into the mainstream
it spreads laterally as well as vertically. Moving downstréam, at
x/D = 2.0, the level éf effectiveness increases due to the continuous
injection of coolant, while the jet spreads outwards. Howevef, the
rate of spread in the vertical direction is faster than in the lateral
one while'a new feature appears: the inward shrink of the n = 0.75
and‘O.SO éffectiveness contours near-the wall and at z/D = 0.5. This
characteristic which is more pronounced at x/D = 3.40 is due to the
presence of the vortex pair discussed earlier. At location x/D = 3.40
the maximum effectiveness occurs above the wall; an indication that
the fluid carried by the vortex has penetrated beneath the jet as the
jeﬁ has lifted off the surface. At location x/D = 4.10 the trend is
the same with the vortex ' contributing to further dilution of theAjet.

On Figure 70 some effectiveness contours for blowing rate

M

il

0.3 have also been plotted in broken lines. It is seen that for
the latter case the maximum effectiveness lies almost on the surface,
indicating that due to the lower blowing rate (lower vertical momentum)
thé jet is more quickly bent bf the mainstream and remains in touch
with the wall. At x/D = 4.10 in particular it can be seen that the
vertical spread §f the jet is considerably smaller than that for M= 0.5,
with a slightly increased lateral spread.

Finally, we make comparison of the effect which the various
blowing rates have on the hydrodynamic and effectiveness fields.
Figures 71 (a-b) show the n = 50% and n = 10% contours on the z/D = 0.0
plane. It is apparent that the higher the blowing rate the more the

jet tends to penetrate into the mainstream. Figure 71c shows the



- 134 -

contour of maximum effectiveness which can be associated with the

jet trajectory. Evidently for blowing rates M = 0.1 and 0.2 the jet

is bent staying in touch with the surface while for M = 0.3 it lifts off
“though reattachingAquickly to the surface. For a blowing rate of

M= O.s.the jet penetrates into the mainstream, still residing within
the boundary layer while for M = 1.0 it has penetrated well into the
mainstream flow.

Figures 72 (a-b) show the wall film cooling effectiveness.

Evidently blowing rates M = 0.2 and M = 0.3 give almost the same

lateral spread; however M 0.3 results in a higher level of effective-
ness in the centre-line region, while for a blowing rate of M = 0.5
the coverage of the surface is not as complete as with M = 0.3,

Figure 73 shows comparison of the momentum ]ggsey (expressed by
i the
the change of momentum thickness) associated with/fluid near the centre
line of the jet. Normal injection M = 0.1 blowing rate,produces the
highest momentum losses for all the blowingorates (of the inclined injec-

o = 30

tion) while a blowing rate of M = 0.5/in fact adds momentum into the
mainstream flow.

The fact that the momentum losses are high for normal injection

is very important since aerodynamic losses decrease the attainable

efficiency of the turbine.
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5.5 1Injection through a.single row of holes

The numerical procedure is here validated for the single
‘row arrangement by comparing the predicted flow field against ex-
perimentally documented flows of Eriksen (29), Pedersen (18) and

those from the present study.

5.5.1 Measurements by Eriksen (29) 0=35° , M=0.2, s/D=30, 81/D=0.149
- —

Re’=q44lo
D

All the measurements taken by Eriksen (29) refer to adiabatic
wall film cooling effectiveness for the region far downstream of the

injection hole (x/D>5.0).

Figure 74 shows the predicted values of the wall film cooling
effectiveness for the parabolic region compared with measurements.
It is seen from the figure that for x/0>15.0, the predicted values
agree very well with the measured ones. At downstream locations x/D<15
the effectiveness along the centre line, z/D=0.0, is underpredicted by
about 5%. The experimental uncertainty of the measurements given by
Eriksén is around 2% and the centre line effectiveness measurements
have been corrected for errors due to wall conduction. At lateral
location however (z/D>1.0) the effectiveness is underpredicted by
approximately 20%. Because of the low level of effectiveness at
these lateral locations however the accuracy of these measurements
is questionable, certainly it is not + 2%. 'Moreover, the existence
of heat conduction within the test plate méy have contributed to
" higher values of effectiveness at z/@)l.o and lower values at z/D=0.0
(which are corrected by Eriksen). Thea

tendency to underpredict the effectiveness at lateral location was

also found for the similar experiments for a single hole a=90°
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. by Ramsey and Goldstein (31), section 5.4.1. Further downstream
where we may expect conduction in the test plate not to affect

significantly the measurements, the agreement is satisfactory.

i

5.5.2 Measurements by Eriksen (29),'0;350, M=0.5, s/D=3, 51/D=O.14§,

“R_ =0.44 lO5
e

D

Figure 75 provides a comparison between the predicted and
the measﬁred wall film cooling effectiveness for a higher flowing rate
of 0.5. For the flow field far downstream, x/D>20.0, the agreement
between calculations and experiments is satisfactory, however for
x/D<é0.0, particularly for z/@>l.0, the predicted values of wall
effectiveness lie below the measurements. It must be noted that the
same behaviour was found for a blowing rate of M=0.2 and the des-
crepency is probably due to heat conduction iﬁ the test plate of

Eriksen's experiment.

A characteristic of the measurements which is confirmed by
the predictions is the fact that beyond x/D=40.0 the effectiveness at
lateral locations start to become greater than the values on the centre
line. The reason for this behaviour will emerge when the flow fieid‘

on cross stream planes is presented later.

5.5.3. Measurements of Pedersen (18), for non-unityv density ratio

a=35°, M=0.5, pc/0,=2.0

Pedersen (18) in his stu@y used mass transfer unalogy to

~measure the film-cooling effectiveness. Obviously his measurements

are free from heat conduction errors. The chosen test case for the
validation of the numerical procedure has a density ratio of %‘/EL =2.0,

which is close to the value which would be found in practical situations.
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As in the Eriksen's experiment, Pedersen's measurements are for the

far field and the computation again proceeds in two steps.

Figure 76a shows a comparison between predicted'centre-line
and laterally averaged wall effectiveness with measured ones. ‘It is
seen that the agreement is very satisfactory throughout the flow field.
Figure 76b shows alcomparison for the lateral variation of wall effecti-
veness for various downstream locations. It may be noted that at
x/D=12.0 and at off-centre locations the agreement between prediction
and measurements for Eriksen's flow was unsatisfactory in contrast

with the present case.

5.5.4 IC measurements, a=30", M=0.25, s/D=2.667, 81/D=0.095

Figure 77 shows predicted values of wall film cooling effecti-
veness compared with measured ones at various lateral and downstream
locations. The procedure predicts accurately the wall effectiveness:
for the far downstream flow field. 1In the immediate vicinity of the
injection hole however the effectiveness at z/D=0.53 is slightly under-
piedicted, whilst at z/D=0.8 it is underpredicted by approximately
10%, this is comparable with the experimental uncertainty in this

"region. The fact that the effectiveness near the centre_line is
slightly overpredicted while at z/D=0.53 it is slightly‘underpredicted
might suggest that the exchange diffusion coefficients (viscosity

or mass diffussivity) are slightly undercalculated.

A second possible explanation for these small descrepencies
might be the uncertainty in the secondary injection velocity profile
which becomes greater as the boundary layer thickness decreases (a

topic to be taken up in the next paragraph) .
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5.5.5 IC measurements, a;300, M=0.5, s/D=2.667, 81/D=0.095

ﬁigure 78a provides a compafison between prgdicted values of
wall effectiveness and measurements for the semi—elliptiﬁ‘region of
the flow field. The injection velocity over the hole is érescribed
as uniform in the predictions as was the practice for all the single-
row calculations. kFrom the figure it is_evident‘that the effectiveness
~is satisfaétorily predicted at lateral locations z/D=0.8 and z/D=1.07

but that it is highly underpredicted in the region z/D<.53.

Comparison of the present predictions (61/D=0.095) with
those obtained for injection through a single hole with thicker
boundary layer (51/D=0.122);reveals but little changes in the effecti—
veness, in contrast tovthe experiments which indicate substantial
differences (Section 3.2). This means that the effect of the thinner
boundary is not properly accounted for by the numerical procedure. It
may be récalled.from the predictions for a single 90° hole (Section
5.1) that numerical exploration showed how the actual shape of the
velocity profile df the jet influenced the flow field downstream of

the injection hole.

However} for the flowing rate examined there, M=0.1, the
influence was not particularly strong for that boundary layer thickness.
A similar numerical exploration was undertaken in the present study
to study the effect of the injection velocity profile on the flow
field, in an effort to trace the reason for the high descrepencies

between measurements and predictions.

On figure 78a there is also plotted the prediction obtained
assuming that over the injection hole the velocity profile of the

jet is a trapezoid, shown in figure 78c (with the jet still emerging
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froﬁ the-ﬁole at 300). It can be seen that while the effectiveness
is not influenced well off'centre line, there is substantial effect
~along the centre line itself. Next the assumption that the jet
emerging from the injection hole at_30O was questioned;figﬁre 78b
containing the same data, shows results obtained with two different

injection profiles defined in figure 78c.

Evidently the injection velocity profile for a =2OO,

1
velocity profile 3 , results in a much higher level of centre line
region effectiveness, in accord with experiments, with some reduction
of the lateral spread of the jet;whilst injection profile 4 gives

almost the correct levels of lateral effectiveness but still predicts

higher centre line effectiveness than profiles | and 2 , figure 78c.

In conclusion, from this numerical exploration, it becomes
evident that the velocity profile of the jet does have significant
effect on the flow field immediately after the hole, the effect de-
creasing Qith the downstream distance. This suggests that the effect
of boundary layer thickness on the flow field comes mainly through

altering the velocity profile of the emerging jet.

Figure 784 shows the predicted values of the effectiveness
for the parabolic region of the far field, where the initial conditions
used were those obtained with the velocity profile 4 , figure 78c.

The agreement can be regarded as still satisfactory except at the
beginning of the computations where uncertainties in the initial

conditions have a significant effect,

5.5.6 'Some further characteristics of the flow field

To provide a better understanding of the flow field we shall
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present below some further predicted characteristics.

- Experiments reported in chapter 3, revealed that while the
velocity profile of the secondary jet is highly distorted, on examination
it appears that the total pressure of the secondary jet over the hole is

almost constant. 1In the present study one of the various boundary

conditions applied over thé'injection hole was that % i is constant,
o
2
p =p* + R (MU, )
tot s 7.0®
The above relation is used to calculate the resultant injection velo-

city over the hole VJ =J{(;;Ot _E;.hole )/(2/p)} and hence the ueand v,

distribution.

Applying this boundary condition, the velocity of the jet is
no-longer constant but highly distorted. Figure 79 shows the resultant
profile for the IC measurements at M=0.25. It is seen that most of the
jet emerges from the downstream half of the injectioh hole, whilst the
minimum of vélocity occurs along the centre line of the hole. This
behaviour is in qualitative agreement with the measurements of the
present study repdrted in chapter 3 as well with similar
measurements by Gosman and Simitoviec (73) for a jet emerging from a

square hole into a cross flow,

Figure 80 shows predicted streamwise velocity contours on
cross~stream planes at various downstream locations for the Eriksen
flow, M=0.5. At x/D=-0.2, upstream of the injection hole, the main-
stream fluid is slightly decelerated;over the injection hole and near

- the hole, the fluid is further decelerated whilst fluid at a greater

* P, is such that the integral of the resultant injection velocity times area

over the hole gives the correct amount of coolant injected into the flow.
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height above the hole is accelerated as can be seen by the position
of the u/U, =1 contouf, the maximum velocity cbntour being 1.04. For
z/D>0.5 the fluid is strongly accelerated. Behind the holé, at
x/D=3,40, the centre line region fluid has been strongly decelerated,
the velocity minimum being located off the surface. This behaviour,
which was also brought out by the experimental study, is associated
with the vortex pair existing behind the hole as discussed below.‘
Further downstream the fluid near the centre line starts accelerating
at the expense of the momentum of adjacent layers of fluid and then

reverts for x/D>25, to a boundary layer velocity profile.

The development of the Qortex pair is shown in figure 81.
Upstream of injection hole at x/D=—6.2, the mainstream fluid is de-
flected upwards and sideways. The figure should be contrasted with
the corresponding figure 64 for the single-hole case. The’ﬁresence
of the adjacent injection holes here causes the sideways movement of
the fluid to be traﬁsformed to an upward motion. Over the injection
hole, the emeréing jet spreads into the mainstream fluid, while at
x/D=3.4 and x/D=5.2 the familiar vortex has already been formed
behind the injection hole. This vortex brings high momentum fluid
from the region between the holes to the centre line region thereby
causing the near wall fluid there to acquire higher momentum than
“the fluid above it. As a result, the minimum velocity behind the
hole exists away from the wall, as shown in figure. However, this
"pumping" action of the vortex also brings to the centre line region
fluid of low effectiveness with the result to contribute to faster
dilution of the emerging jet. The circulatory motion of the vortex

persists further downstream up to x/D=40, where the motion starts to
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become - disordered commencing from the centre line region. At location
x/D=53'is seen that while an inward movement of the fluid from the sides
still exists, the movement is now such that the fluid froﬁ fﬁe top layers
of the centre line region is brought downwards to the wall. This will
have as a result, since the near wall fluid has achieved the same effecti-
veness by this location, figure 75, to decrease the centre line wall

effectiveness to values lower than the adjacent ones, i.e.
N <
z /D=0 z/D>0

Finally, figure 8é shows effectiveness contours on cross-—
stream planes at various downstream locations. At x/D=0.90 the effecti-
veness contours spread roughly evenly in the y and z directions, while
.at x/D=3.4 and x/D=5.2 the upward spread of the contours continues, but
the lateral spread, which from the practical point of view is the most
important (since it determines the lateral extent of coverage has
considerably decreased due to the action of the vortex pair. At .
x/D=5.2 it is clearly seen that the effectiveness maximum lies off the
wall, Thése are indicating that the fact that the jet lifts off the
surface. Also shown are some effectiveness contours for the same
bloWing rate, but for Pedersen's flow where the density ratio is 2.

The denser jet remains closer to the surface, the upwards spread of
the effectiveness contour being reduced, while its lateral spread is

increased due to the weaker vortex pair behind the injection hole.

5.6 1Injection through a double row of holes

5.6.1 Introductory remarks

From the presentation of the results of the validation

studies for the single hole and single row of holes DHC arrangements
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it may be concluded that the numerical procedure here devéloped can
be safely used as deéign tool for such cooling geometry. In practice
however in the near future it may not be possible to meetyﬁhe cooling
requirements of the blade with these DHC arrangements; a double row
of holes arrangement might be necessary or might, in any case, be

judged desirable.

If the st;eamwise spacing of the two row of holes is large
enough, i.e. Sx/D=l0.0, then the jets from the second row of holes would
have scarcely any effect on the jets froﬁ the first row; consequently
the procedure, could safely be used in calculating the flow in stépwise
manner, by first computing the flow field from the first row of hoies
and then carrying the solution further doantream to cover the second

row.

On the other hand, for small spacing between the two rows,
the injection from the second row affects the flow field of the first
and consequently the calculation of the flow field should prbceed over
a region‘which would include both rows, treating the entire region
as semi-elliptic. At sufficiently large distances downstream from the

second row of holes the flow will of course become parabolic.

In the present study the procedure has been tested for the
more complex flows, where the spacing between the two rows is small,
using for the validation the experimentally documented flow fields

of Jabbari (25) and the present study.

'5.6.2 Measurements by Jabbari (25), M=0.334, s/D=3.0, S_/D=2.6

Figure 83a shows the distribution of film cooling effecti-

‘veness in the semi-elliptic region of the double row. The effectiveness
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along the two centre lines (z/D=0.0 and z/D=1.50) reduces uniformly
with downstream distance; the séme behaviour takes place along the line
z/D=1.0 up to distance x/D=8.0 after which the effectiveness slightly
increases due to the mixing of the jets from the two rows. An important
feature of figure 83a is the effectiveness distribution along z/D=0.50,
for thé rate of decrease of £he effectiveness here is substantially
higher than that which would prevail along the same line if the second
row of holes was absent. The effectiveness albng z/D=O;50 reaches_aA
minimum around x/D=3.8, which is almost midway to second row of hoies,
and then';ecovers very quickly downstream. The explanation for this
behaviour will be given latér: it is the result of an influence of

the downstream row of holes on the upstream one.

Jabbari's (25) méasurements refer to the far-downstream flow
field which was'here calculated using the parabolic procedure. Figure
83b presents a comparison of the predicted values of effectiveness with
the.measured ones. Along the line z/D=1.50 the predicted and the
measured values agree satisfactorily; along the other lines slight
differences occur, the maximum overall dscrepency being about 8%, which
is comﬁarable with thé experimental uncertainty of thé measurements. A
boint to notice is that for the region x/ﬁ<14 the predicted value of
effectiveness along z/D=0.50 is lower than along z/D=0.0, in contrast
to the measurements, suggesting that the predicted recovery of effecti-
veness along z/D=0,50 should be slightly faster. It is seen that near

tWwo dimensionality occurs by x/D=30,

5.6.3 Measurements by Jabbari (25), M=0.45, s/D=3.0, Sx/D=2.6

When the flowing rate is increased from M=0.334 to M=0.47

the general behaviour of the flow field is similar to that described
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above. In particular, figure 84a shows the predicted wall film coocling
effectiveness for the semi-elliptic region. The level of effectiveness
along z/D=0, 1.0 and-1l.50 has increased in comparison to.M=0.334 except
along the z/D=0.50 line, where the minimum effectiveness, occurring at
x/D=3,5, is lower than the corresponding cne for M=0.334, this indicating
that the upstream effect of the second row of holes is stronger.
Jabbari's measurements of wall effectiveness again refer to the region
x/@>lo which was computed using the parabolic procedure. The predicted
effectiveness is compared with the measurements on figure 84b. The
level of agreement is generally very satisfactory, small discrepencies
which are comparable with the experimental uncertainty of the measure-

ment occurring as for the lower‘blOWing rate, at x/D¥1.0.

Finally, figure 85 shows predicted and measured laterally
averaged wall film cooling effectiveness for the .two blowing rates,
M=0.334 and M=0,47;the agreement is good, slight discrepencies occuring

in the region x/D=10.

From these calculations it is concluded that the procedure
predicts correctly the wall film cooling effectiveness in the region
far from the holes; however up to now there is no direct evidence
‘about its performance in the immediate vicinity of the holes. Below
some of the measurements taken in the present study, and reported in
chapter 3, will be used for the validation of the (semi-elliptic)

procedure in this region.

5.6.4 IC measurements, GF3OO, M=0.25, s/D=2.667, S,/D=3.5

Figure 86a shows the predicted wall film cooling effecti-
veness along the lines z/D=0.0, 0.53 and z/D=1.33, It is seen that

the effectiveness along z/D=0.0 and 1.33 is satisfactorily predicted
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but that along z/D=0.53 recovers much more guickly than the experiments
suggest. As will be seen later, in this region, x/D=4.50 and z/D=0.53,
the lateral velocities (on the cross-stream plane)‘afe almost zero,
hence the lateral spread of the jet is predominantly controlled by
diffusion. The fasﬁ recovery of the effectiveness along z/D=0.53 line
suggests that the effecti?e diffusion coefficients in the z direction
are overestimated. The conclusion is that whilst for the single row

of holes.geometry it was shown that the diffusion coefficients in both
y and z directions were accurately calculated, in the present case,.
due to the stronger interaction between the jets (mainly from the

first and second rows), the level of non-isotopy of viscosity in the
vand z directions is reduced, hence resulting in smaller lateral

diffusion.

Also shown in figure 86a are predictions where an isotropic
viscosity was assumed. I£ is seen that when this is done recovery of
thé effectiveness along z/D=0.53 is substantially reduced, which accords
with the experiments. However, the level of effectiveness aloﬂg the
z/D=0.0 and z/D=1.33 locations, is oVerpredicted. The above character-
istics suggest that the viscosity along the 2z/D=0.0 and z/D=1.33 remains
non-isotropic, as for the single row geometry, while as the region
x/D=4.50 and z/D=0.53 is approached the flow develops a rather less

non-isotropic character.

Figure 86b shows the predictions obtained with
the "standard"” non-isotropic version of the (K-£) model for the semi-

elliptic and parabolic far downstream regions of the flow field.
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5.6.5 Some further characteristics of the flow field

Below are presented some further éredicted characteristics of

the flow for the conditions M=0.47 of the Jabbari's experiments.

2

Figure 87 shows contours of streamwise velocity {(expressed
as uA1, ) on cross-stream planes at various downstream distances. At
x/D=-020, just upstréam of the first row of holes, the mainstream fluid
is decelerated and the region of deceleration spreads laterally as the
flow proceeds over the injection hole to x/D=0.90. However, at this
location the off centre line fluid (z/ﬁ)uS) is strongly accelerated
as can be seen from the 0.80 and 1.0 velocity contours. At x/D=2.40
(2 plane downstream of the first row of holes but just -0.2D upstream
of the leading edge of the second row) thenearwall fluid along z/D=0
is further decelerated because of the adverse pressure gradient behind
the hole. The same behaviour occurs albng z/D=1.50 because of the
injection from the second row of holes. However, the fluid in the
region 0.5<z/D<1.0 is substantially accelerated as can be more clearly
seen at x/D=3.4O (plane over the second row of holes);this is simply a
consequence of mass conservation. At the latter plane the fluid along
z/D=0,0 starts to accelerate (the 0.3 velocity contour having dis-~
appeared) while the fluid along z/D=1,50 keeps decelerating due to

the injection from the second row of holes,

At the plane x/D=4.90 the behaviour is very similar to that
for x/D=3.40 with the difference that region of the fastest moving fluid
at z/D=0.8 has shifted towards z/D=0.50 region, indicating that the
fluid is deflected sideways by the pressure field provoked by the down-
stream injection. Further downstream beyond the second row at x/D=8.40
the fluid along z/D=1.50 line, accelerates at the expense of the

momentum of the fast moving fluid near z/D=0.5, which is gradually
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decelerating.

The interaction between the two rows of holes already

evidenced can be more cleafly perceived by figure 88, which shows the

vector fields on cross~stream planes at various downstream distances.

Figure 88a shows the velocities in the plane of the cross-
section at x/D=—Q.2 (just upstream of the first row of holes). It is
clear that the now-familiar sideways deflection of the mainstream fluid
occurs due to the upstream effects of injection, the maximum lateral
velocity created being aroung 0.04 of the free stream velocity. At
x/D=0.9, figure 88b, the injected fluid from the first row of holes
spreads upwards and sideways into the mainstream fluid (note the
similarity with figure 81 for injection through a single row). At
x/D=2,40 ( 0.66 hole diameters after the first row of holes and -0.2
hole diameters upstream of the second row) the familiar vortex has been
formated as in the single hole and single row situations, but there is
here an additional characteristic at the z/D=1.50 location; that of the
sideways deflection of the mainstream fluid due to the upstream influence
of the second row of holes. Comparison of the magnitade of the maximum
near wall velocity in the vortex with the minimum velocity for a single
row (shown in figure 81 ) reveals that the former is twice as high as
the latter because of the abovementionéd effect of the second row. ‘How-
ever, the width of the vortex is smaller in the present case, because
the downwash movement of the vortex has been reduced by the opposing

upwards movement of the deflected fluid in front of the downstream holes.

At the plane x/D=3.40, through the downstream holes, it can
be seen that, due to the injection of fluid with vorticity of an opposite

sign the vortex attacked to the first row of holes has almost been
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destroyed. Another noteworthy feature of figure is the strong lateral
movement of the near-wall fluid, which is mainly of low effectiveness
and will therefore promote the dilution of the jets from the upstream
row. Further downstream beyond the second row the following features

are noteworthy :

(15 A_second vortex has been formed, attached to the second
row of holes

(ii) The vortex attached to the first row of holes which was
almost erased at x/D=3.40 persists, but is much weéker than the second

vortex.

Further downstream, for x/D> 5.9 the strength of the second-
row vortex is reduced to a level nearer to that of the first-row éne,
whose strength is also diminishing. The rate at which the vortex motion
weakens is faster than in the éingle row case due to the opposite sense

of rotation of these two vortices.

Finally, figure 89 shows the effectiveness contours on cross-
stream planes. At plane x/D=0.90 the jet spreads evenly laterally and
upward in the same way as for'the case of single row, figure 82, while
at x/D=2.40 the level of wall effectiveness is much smaller than the
levels, at corresponding locations, for a single row. This behaviour
is due to the sideways deflection of the low effectiveness mainstream

fluid by the downstream row of jets.

At location x/D=3.40 it is seen that maximum effectiveness
occurs above the surface, indicating that the jet from the first row
of holes has clearly penetrated into the mainstream; the jet emerging
from the second row of holes spreads outwards and the fluid in the

region. z/D=0.8 (which was shown in figure 87 to have the maximum
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‘acceleration) has the smallest effectiveness. Further downstream,
beyond the holes at x/D=5.40, the effectiveness contours at z/D=1.50
start to develop a shape similar to that at x/D=2.40 (z/D;0.0) due to
the development of the vortex pair attached to the second row, while
the effectiveness level at z/D=0.80 has increased to around 0.25.
Further downstream the jets are gragually diluted and by x/D=39.1 the

effectiveness field is almost two dimensional.

5.7 Concluding remarks

The computational procedure developed in the present study
has been extensively validated against experimentally documented flow
fields from various sources. From the overall performance of the.
procedure it can be concluded that it predicts successfully the rather
complex flow field arising in the DHC single row and double row con-
figurations and it can therefore be used as a design tool in engineer-

ing practice.

During the investigation however, it became apparent that
the procedure failed to predict some details of the flow field. ‘In
the discussion which follows the areas and the reasons of failufe are
identified while chapter 6 outlines some possible ways of removing

the deficiencies.

The computational procedure was validated against experimental
data for laminar flows (for which there is no uncertainty about the
calculation of the viscosity) and against experimentally documented

turbulent flows.

The validation of the procedure for laminar flows was carried

out and the results are reported in Bergeles ef al(48).The main conclusion
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from that validation were :

(i) the performance of the procedure in predicting an ex-
perimentally documented DHC flow for 30° injection under turbine

conditions was very satisfactoxy;

(ii) for blowing at 90° the procedure indicated
negative u velocities behind the hole whichviolates one of the simplify—
ing assumptions embodied in the procedure. A épecial treatment of this
region was developed within the framework of the sgmi-elliptic equatioﬁs,
which allowed predictions to be made for blowing r;ates up to M=0.1 but
not beyond. Consequently a limitation of the procedure became apparent

for normal injection.

The validation study for turbulent flow presented in this

chapter revealed the following major problems :

(i) existence of reverse flow region behind the hole;
(1ii) uncertainty of the velocity boundary condition over
the hole, mainly for small boundary layer thicknesses; and

(iii) directional character of the effective viscosity.

The first éroblem, that of.the existence of reverse flow
region behind the hoie was tackled in the same way as for laminar flow.
Nevertheless, it poses a limitation on the width of applicability of
the numerical procedure; for normal injection the maximum blowing rate

was M=0.1, while for injection at 30° M=1.0.

The second problem, that of the uncertainty in the entry
profile of the secondary jet, was identified during the study when
attempts were made to predict the present measurements of single row

for M=0.5 and 81/D=0.095. A numerical exploration of the effect of the
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jet velocity profile on the predicted flow field behind the hole revealed
that the actual shape of the profile does héve a significant effect 2-3
hqle diameters behind the héle, the effect diminishing a few diameters
further downstream. Consequently whilst for the major part of the theo-
retical study (where the employed boundary layer thicknesses 81/D were
greater than 0.120) the assumption of uniform exit velocity seems to be
reasonably accurate, this is not the case for 61/D<<b.095 since it seems

the jet velocity profile is highly distorted.

Fortunately, the uniform velocity assumption can still be
applied even for thin boundary layers without significant loss of accuracy

for the far downstream the hole flow field, x/D>1O.

The third problem arises from the necessarily approximate
representation of turbulence by a turbulence model. 1Indeed a major con-
clusion of the present investigation is that the non-isotropic version
of the (K-€) model here developed proved to be reasonably successful in
representing the turbulence structure of‘the DHC flow field. However,

the model proved to be deficient on two occasions, namely :

(i) at high blowing rates, for which the jet lifts off the
surface, and
(ii) for the double row DHC geometry, especially in the

region between the two rows of holes.

The probable reason for the first deficiency has been already

pointed out; the assumption that Buq and QU4 are the only significant
8x2 8x3

velocity gradients in the flow field. Apparently this assumption becomes

invalid for high blowing rates because other velocity gradients become

significant, i.e. §E2. Consequently the neglected velocity gradients
9x
3
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should be incorporated into’ the proposed non-isotropic (K-€) model, how-

ever rendering the model move complicated.

A numerical exploration for the double row DHC case revealed
that in the region between the tow rows and downstream of the seconci
row the diffusion coefficents tend to be nearly isotropic, while in. the
computations 1':‘3/1"2 is assumed to be a function only of distance from the
wall divided by boundary layer thickness. It seems, however, that the
interactionof the jets from the two rows tends to equalize the lateral

transverse fluctuations (i.e. u'g zl«lg ), and hence 1"3 = F2.

Further downstream of the second row of holes the relations
r /1"2 reverts back to the non-isotropic form adopted throughout as the
3

model for numerical computations.

In conclusion to the work presented in the chapter it can be

stated that the developed procedure is

(i) flexible as regards boundary conditions and cooling

geometry;

(ii) economical; and

(iii) xreasonably reliable.

However there remain some improvements to be made.
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CHAPTER 6

CONCLUDING REMARKS

6.1 Introduction

The purpose of this chapter is to summarise the work presented
in this thesis, to assess the successes and the failures of the work

and to outline areas which need further investigation.

6.2 A summary and assessment of the present investigation

The review of the previous studies of Chapter 1 revealed the
absence of any prediction procedure for discrete hole.cooling processes.
Hence the main objective of the present work was to develop and
validate such a prediction procedure. For the validation of the
procedure however, there is need for experimentally documented flow
fields, especially in the region near the injection hole. The review
of the previous work however élso showed tﬁat there was a lack of
experimental data for the near-hole region; moreover nearly all the
experimental studiés were concerned with the wall film cooling
effectiveness in the field. Hence in order to achieve the first
objective, it was seén as necessary to take as a second objective of

the study to investigate experimentally the near field region.

6,.2.1 Experimental investigation

The detailed experimental measurements reported in Chapter 3,
examined various discrete hole-cooling arrangements, i.e. injection
through a single hole (90O and 300) and single and double rows (300)

for various blowing rates and boundary layer thicknesses. The study
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has shed light on various aspects of DHC systems which had not
hitherto received attention.

The particular conclusions of each experimental study case
were reported in Chapter 3 while a summary interlinking the drawn
conclusions for the whole experimental study was presented at the

end of Chapter 3, page 74.

6.2,2 Theoretical investigation

The extensive experimental study of the various DHC geometries
was used in the validation‘of the prediction procedure. The theoretical
work undertaken for the development of the procedure and the various
contributions of the present study can be summarised as follows.

The major conclusion of the work presented in Chapter 5 was
that the developed numerical procedﬁre can predict very satisfactorily
the hydrodynamic and temperature fields arising in practical situations
of discrete-hole cooling processes. The development and the validation
of such a prediction procedure was the main objective of the present
work.

In particular the computational procedure predicted successfully
a variety of experimentally documented flow fields for single hole
normal and inclined injection and single row for a variety of blowing
"rates, hole spacings and density ratios (density of coolant to the
mainstream). Finally the procedure was also tested successfully in
predicting more complex flow dields, that of a double row cooling
geometry and single row one under typical turbine blade operating

conditions,
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The predictive ability of the developed procedure depended
crucially on hQQ accuratély

(i) the turbulence was mathematically represented by the
turbulence model,

(ii) the mean flow field was represented by the approkimated
governing equations, and

(1ii) the numerical solution procedure was solvind the governing
equations.

Below we assess in some more detail the achievemernts of the work

on each of the above subjects.

(a) Theoretical contribution on the turbulence modelling

The main theoretical contribution of the present study was the proposal
for approximating the Reynolds stresses and turbulent heat
fluxes by a non-isotropic turbulence model. The non-isotropic (k - ¢)

medel adopted is expressed by equations (4.38), (4.39) and (4.36).

(b) Theoretical contribution on the governing equations

Firstly the equations governing the flow field were derived for
a quasi-orthogonal co-ordinate system, which is particularly convenient
for DHC calculations. The recommended form of thelequations is
expected to be accurate for rates of grid expansion up to 180, above
which the neglected terms become significant. These equations may be
useful in predicting certain classes of flows, i.e. flow in rectangular
diffusers.

Secondly an attempt was made to classify mathematically the

practically important class of semi-elliptic flows. Despite the fact
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that a mathematically necessary and sufficient condition for such a
classification was not derived the present analysis does allow the

distinction to be made between semi-elliptic or parabolic. flows.

- {¢) Theoretical contribution on the numerical solution procedure

There are threenotable contributions to the numerical solution
procedure from the present study. The first one'refers to the reverse
flow region for which a special treatment was developed so it could
be treated within the framework of the semi-elliptic procedure. The
treatment was based on the assumptions that this region is small on
extent and influence, assumptions which are valid for low blowing
rates and low angles of injection. These restrictions however do pose
limitations on the width of applicability of the procedure.

A second contribution was the development of a treatment for
tackling free boundaries of the flow field in conjunction with the
development of an entrainment law for the calculation of the rate of
expansion of the free boundary.

Finally, a notable contribution of the present work was the
development of a set of general computer codes for pérabolic and semi-
vglliptic flows, named TEACH-3P and TEACH-3S respectively. ’These were
based‘on the TEACH-3E code for 3-dimensional elliptic flows which had
been developed earlier by Gosman-Humphrey and Vlachos.

During the validationlof the procedure two main reasons emerged
on why the predictions generated by the procedure were sometimes
unsatisfactory.. They are:

(1) uncertainty in the jet velocity profile at the exit of the
hole (this uncertainty is very crucial for boundary layer thickness

61/D < 0.09),
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(2) the existence of regions of strong reverse flow.
These limitations on the procedure however can be removed by the

methods outlined below.

6.3 Recommendations for future work

The areaé.recommended for further study are the féllowing:

(1) Improvement to the computational procedure;

(2) Improvement to the turbulence modelling;

(3) Application of the developed procedure to other DHC
geometries

(4) Extension of the experimental programme.

These topics will now be individually discussed.

6.3.1 Improvements to the computational procedure

(1) Calculation of the coolant velocity profile at the hole exit

As was reported earlier, the computational procedure failed to
predict successfully the flow and concentration fields‘a few diameters
behind the hole for conditions of small boundary layer thickness. The
failure was attributed to the lack of knowledge of the coclant velocity
profile at the hole exit. A method will now be outlined of calculating
this velocity profile and so removing the above mentioned uncertainty.

The profile becomes highly distorted due to the pressure
distrubances resulting from the interactién of the jet with the
mainstream flow, an effect which cannot be simulated by a calculation
procedure which requires the exit profile as input information. The
new approach here proposed is to alsoc calculate the flow field within

the secondary pipe, coupling the external and internal fields through
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the common pressure which prevails at the hole exit. The Ho@

in the secondary pipe is itself semi-elliptic since the pressure

field at the hole exit disturbs the flow upstream as was shown in

the measurements described in Chapter ‘3. Cdnsequently it is proposed
the following procedure. Firstly an approximate solution of the
external flow field would be obtained (i.e. by makihg a few iterations)
for a guessed distribution of velocity over the hole. Then the semi-
elliptic flow field in the secondary pipe would be calculated using as
boundary conditions at the exit plane the pressure distribution from
the calculation. This combined solution of both flow fields should
give, afiter repeated applications convergence, the right velocity
distribution at the hole exit.

It should however be noted that whilst for normal injection the
solution on the secondary pipe is straightforward, some care must be
taken for the inclined injection case to arrange that the marching
~procedure will have as its last calculation plane, the plate surface,

which is now a plane inclined to the axis of the pipe.

(2) Treatment of the reverse flow region within the framework of a

semi-elliptic procedure

The treatment proposed here which is the result of a discussion
with A.D. Gosman (74), would be able to handle flows which are
predominantly semi-elliptic but which include regions of recirculation.
The main idea is based on allowing downstream effects to travel upstream
through both convection and diffusion fluxes. (However, for simplicity

and for the initial stages of the work, diffusion fluxes in the
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streamwise direction could be ignored).‘ The idea can be made
practical by treating the reverse flow regions as fully elliptic

and hence storing the hydrodynamic and temperature field quantities
of this region in 3-dimensional arrays. The numerical consequence of
the above proposals is that an extra "source" term representing

downstream influences is introduced into the set of equations of the

pu - |pa } ¢
=\ /P D
Su 5 (area)dl
- I UI (6.1)
P i p (area)d
Sp = 2
One possible way the treatment is proposed to work

is as follows:

- A preliminary run of a few iterations would be made with the
standard semi-elliptic procedure for the purpose of determining the
dimensions of the reverse-flow region,

- Next special 3-dimensional arrays would be created for the
storage of all variables in this region and the difference equations
for the cells therein would be modified as described above,

— The hybrid semi-elliptic/elliptic procedure would then be
employed to solve for the flow field with possible readjustﬁent of
the boundaries of the elliptic region, if necessary.

The advantage of the proposed treatment over a fully elliptic
one is the considerable saving of computer storage since the
3-dimensional storage employed is only for a small region of the flow

field and not the entire field as is conventionally done.
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(3) The rate of convergernce of‘ﬁhé‘procéduré

A matter which needs urgent investigation is the rate of
convergence of the semi-elliptic procedufe. Despite the fact that
the procedure has many advantages, for the problems for which it is
intended, over a fully elliptic procedure‘there is considerable room
for improving its economy, by reducing the number of iterations

~required., In this regard, there are three areas which need reappraisal.

(i) The assumption needs reconsideration that the changes in the
pressures in a particular cross~stream plane affect only the
Streamwise velocities downstream of it and not the upstream ones since
it is basically physically unrealistic. At least if, for computational
reasons, the effect of the pressure changes on the upstream velocities
cannot be taken into account, there should be developed a scheme
which adjusts the entire upstream pressure field as each integration
is visited.

(ii) = The current practice of underelaxing the pressure field and
not the velocities should be reviewed. 1In fact, since the slowest
converging of all the quantities is the pressure field, this suggests
that the pressure field should not bé underrélaxed but a form of
underrelaxation should be imposed on the velocity field. It should be
noted that it would be necessary to remove the underrelaxation with
increasing number of iterations, otherwise it would influence the
final solution.

(iii) The slow rate of convergence of the solution procedure is
due mainly to the pressure field. Hence, this suggests that even

though the use of the linearised momentum for correcting the velocity
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field is adequate, the calculation of the pressure field from the
addition on the pre&ailing pressure distribution of the calculated
pressure corrections is not adequate. Consequently, another means
is required for extracting a better pressure field distribution by
using the corrected velocity field, or By solving a Poisson equation

for the pressure itself and not for the pressure correction.

6.3.2 Improvements to the turbulence model

(1) Improving the proposed non-isotropic (k - ¢) model

During the validation of the prediction procedure it emerged
that the proposed non-isotropic turbulence model was not representing
accurately the level of non-isotropy of the diffusion coefficients for
circumstances of high blowing rates and double row of holes geometry.

The inadequacy of the model is attributed to the neglect of the
velocity gradients, except those involQing wvelocity, in the derivation
of the non-isotropic model and also possibly to the adopted simplified
relation [3/ F2 based on a fit to experimental data for pipe flow. It
is likely that the model can be extended to cover these situations by
incorporating into the analysis the neglected velocity gradients and

2 2
employing a realistic modelling of the normal stresses u'3 and u'2

from which the ratio r3/ 2 can be calculated (rather than the

presented variation of I3/ 2 adopted at present).

(2) A model for representing a turbulent jet in a laminar stream

In many practical situations, the flow field exhibits a mixed
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laminar/turbulent character, i.e. the external {low over the blade is
sometimes laminar but the jet issuing from the hole is fully
turbulent. Such type of flows cannot be handled by the present form
of the procedure since the turbulence model assumes fully turbulent .
mainstream and secondary flow.

Hence theoretical work should be undertaken for modifying the

present (k - e) model, so as to handle such mixed flows.

6.3.3 Future applications of the computational procedure

The present computational procedure can be used to examine in
detail the influence of the various parameters on the cooling
performance of various DHC configurations. 1In particular the following
are suggested:

(1) An operational'parametric study, i.e. determination of
effects of o, M, dp/dx, Tu' fé4% etc.

(2) A geometrical parametric study (effects of s/D, shape of
holes, elc)

(3) For the double row of holes geometry the effect of the
streamwise hole spacing, Sx/D’ should be examined as well as the
effect of having slits at locations between the two rows of holes in
order to reduce the hot spots known to exist in these regions.

(4) A mode of injection whose behaviour was not examined in the
present study was the effect on cooling performance of lateral
injection. This arrangement in which the jets are directed laterally
“to the mainstream when viewed from above, so as to produce higher

lateral spread, could be investigated with the computational procedure.
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(5) Apart from the aieas outlined above, the procedure could
be employed in the prediction of the coéling, via discrete holes, of
the discs of turbine blades (an area which urgently needs'in§estigation)
as well as the cooling of combustion chambers (particularly after
suggestion 6.3.1 is introduced into the procedure).

(6) Throﬁghout the present study, it was assumed that the blade
surface Qas adiabatic. In practice, however, this is not the case
because there is heat flux to the blade. The developéd procedure
is able to predictialso these situations where there is non zeroc heat

flux from the external stream to the blade.

6.3,4 Extension of the experimental study

On the basis of the work reviewed in Chapter 1 and that performed
in the present study it can be suggested that the subject of discrete
hole cooling for a single row of holes has been adequately covered by
experiments. There are however a few areas which need experimental
investigation, namely:

(1) lateral injection, and '’

(2) double row geometry.

For the first subject area there is no detailed experimental
investigation (ref (27) is concerned with a single hole, while in
ref (23) the hole spacing was very big so the individual jets were not
interacting). As regards the dQouble row geometry, this area needs
more detailed investigation. In particular,

(a) Measurements are needed to establish the optimum hole spacing
(in the lateral and streamwise direction) for particular circumstances.

(b) To examine the optimum hole arrangement fstaggered or in line).

(c) To explore an optimum arrangement of slits in the hot spot

region of the rows and generally.



- 165 -

(d) To investigate optimum conditions for achieving maximum

cooling effectiveness with minimum aerodynamic losses.
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NOMENCLATURE

ssure fficient = (P - P . /2
pressure coefficien Cp ( ref)/(DJ u_ vj/ )
specific heat at constant pressure
concentration of tracer gas or non-dimensionalised temperature

coefficient in the turbulence model, CD=O.09

‘hole diameter

rate of strain tensor

welghting factor

turbulent energy (k=% u' i )
total enthalpy

. . . M=O. V.
injection ratio ( DJ J/QOO uoo)

static pressure

Peclet number

D
Reynolds number (R = X
e v
d @
lateral hole spacing
streamwise yow spacing
temper;ture of fluid T - T
: _ @
non-dimensionalised temperature (T = —————r0u V)
T.- T
J @

turbulence intensity (Tu = —%——)
time
friction velocity

X, X, direction velocity (streamwise)

1
Y %, direction velocity
mean resultant injection velocity
mean injection velocity

Z, X, direction velocity

3
streamwise direction (x=0 at the upstream edge of the upstream

row of holes)

normal to the surface direction (y=0 at the surface)

defined as y+ = pqr v/n

lateral direction (?FO at the centre line bisecting a héle of

the upstream row of holes)
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GREEK SYMBOLS

angle of injection

diffusion coefficient for ® variable
boundary layer thickness
displacement thickness

dissipation rate of k

wall film cooling effectiveness

n = (cp T - ¢ Too)/(cp Tj - c TOD

v Pa: j P

spanwise average wall effectiveness
angle of grid expanéion

laminar dynamic viscosity

density

Prandtl number

Shear stress

curvilinear co-ordinate system
streamwise direction

normal to the surface direction (0n 1)

lateral direction

SUBSCRIPTS

centre line

line parallel to the G,
fluid |

reference point

total

injection

conditions at the hole exit
conditions at the wall
conditions at the free stream
coolant

X, direction or y direction
Xy direction or z direction
x direction

y direction

))
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Appendix A

Error abalysis of the velocity measurements downstream of the injection

hole using total and static pressure probes

Al Introductory remarks

The errors occuring during the measurements of the velocity profiles
using a pitot and a static tube can be attributed to the following:
(1) uncertainties in the flow rates;
(2) 1inaccuracies in the measuring probe;
(3) inaccuracies in the recording apparatus;
(4) the experimentalist.
Below is estimated the error due to each of the above factors and
from these the total error in the measured near-wall streamwise velocity.
The measurement location chosen for this analysis is the one nearest
and behind the hole, where it is expected that the maximum error will occur.

A2 Error due to determination of the flow rates

The secondary flow rate was measured by an orifice plate. The pressure
drop across the orifice was kept constant to within 2% of the accurate value
during the measurements (suggesting that the secondary flow rate was kept
constant to within'l%). It is assumed that the influence on the total head
and static pressure of the flow at the location considered behind the
injection hole is of the same order of magnigude.

| The change of the total head of the free stream was changiﬁg within 1%
of the nominal "wind tunnel” value during the experimental study.

A3 Error due to Measuring instrument

There are numerous possible sources of error, due mainly to:
(i) Non-alignment of the probe with the flow;
(ii) viscous effects;
(iii)high turbulence le&els;

For each of the above cases the estimated error is as follows:
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A3.1 Non-alignment of the probe with the flow

The inaccuracies in the estimated total and static pressures are/functions
of the yaw angle between the probe and the main flow, displayed in Figure ALl
(taken from (75)). The non-alignment of the probe with the,f;ow is
estimated from the corresponding computer predictions for these cases and the
angles so determined, as well the calculated turbulence levels are tabulated
in tablé Al for various cases.

Of course the predictions are themselves subject to errors; however,
this was the only feasible means to proceed.

A3.2 Viscous effects

According to reference (75) the viscous effects on the measurements of

total and static pressure depend on the local Reynolds number Re_ (defined

d
with characteristic length the diameter of the probe) and these
effects are negligible for Re&) 10. 1In all the present measurements Red> 200,

~ then viscous effects are unimportant.

A3.3 High turbulence levels

High turbulence levels cause the probes to overestimate the total pressure,
but there is no significant effect on the measurement of static pressure,
according to ref (75). Ref (75) gives the relation between the non-

dimensional total pressure and the turbulence level as:

E -~ P
ot k
W— = 1 + ;2 (Al)

where p is the static pressure,
Ptot is the total pressure
k is the kinetic energy of turbulence.
The turbulence level immediately downstream of the hole is very high

and according to Table Al, it is this source of error which makes the most

significant contribution to the velocity inaccuracy.
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A3.4 Presence of the wall

Due to the presence of the wall, the probe reading is greater than
the total pressure of the undisturbed flow at the geometrical centre of
the tube. As explainedin ref (75) this error can be compensa£ed for by an
outward displacement of the effective centre of the probe for the poin£

nearest to the wall by an amount
Ay = 0.15d (a2)

A3.5 The recording instrument

The recording instrument used for the total and static pressure was a
-3
digital differential pressure anemometer capable of measuring up to 10 mm WG.
The high sensitivity of the instrument makes the uncertainties due to the

recording instrument generally negligible.

A36 The experimentalist
The preésure was recorded by the instrument to three digits.
Iist behind the hole the reading of the digital manometer was fluctuéting and
it is estimatedvthat an error of 3% in the mean value was resulted from this.
In the analysis and accompanying table below the errors attributed to
each source are summarised and the total maximum error in the measurement
of the near-wall velocity is calculated for each case. The calculations are

based on the following relations

. 5 5
Total error i\R(Partial error of source 1) + (partial error of source 2) + ..
(A3)
The velocity is calculated from the relation
- 24)
wa e -8 (ad)
and the errxor in u is equal to
(Error in Ptot + Errxor in P)
Fractional error in u~ 1+ - (A5)
P - P
tot

(Ptot = total head, P = static pressure
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A.4 The experimental uncertainty of the measurements

Table 1 below summarises the errors

in the measurements due to various sources.

fabte A1: Estimation of the experimental errors

1 2 3 e%¢or 5 erlor HuZtuaL 8 er:ir 10 " . 12 13 14
- err I
tase estimated | ui/ow bur bulence tduek HOO?W r7or cuetolas 9 total errorin error | ToTAL
. o U =Nt
single {*/0 yaw level on rate on u }experin due to | ERRT
hale L 2 | P P P P PP |IN u
angle kiu tot l"ot to? ict
o =80 : ] .
N=0046 | 1.4 4 0 0 0.09 009 002 002 003 0.03 362 | 003 [Merk:) coxn
oot |25 1s o | 0| 013 013 | 002 | oo2 | o003 |oo3 | o122 |-c03 joor oo
('zli:;.? 2.5 10 0005 0025 021 021 0.02 0.02 co3 003 0212 0039} 0CS9 | CDS
e = 38. . [ I NG O‘. j
M =02 25 17 ‘00C8 | 003 0.30 0340 002 .02 003 003 0.3C2 0.044 ot 53
31335. 25 | 18 004|007 | 035 035 | 002 o002 | 003 | 003 | o035 | 0077|125 }1387]

For blowing rates higher than M= 0.30 there is reverse flow behind

the hole, hence the estimated uncertainty is very high for this case.

It

should be mentioned that however the measurements at these locations of

high uncertainty were at least reproducable to within 5-10%.

A.5 Error analysis of the wall film cooling effectiveness measurements

The wall film cooling effectiveness was deduced from the measurements

of the concentration of the tracer gas in the flow and in the secondary pipe -

using the relation

N

C
Cw/ i

nj

(A6)

From the above relation we can deduce an estimate of the accuracy of the

wall effectiveness

where Cw and C

An

n

{4 2

le )

£}

2

due to’'the fluctuations mainly of

. secondzry flow rete

(A7)

*

The experiments show a reverse flow region behind the hole at the location

of measurements.
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sampliﬁg rate (fluctuation of the pump vacuum)
Inserting in relation (A.7) typical values of Cw, (}, ACw and A(%we deduce
that the accuracy of the effectiveness depends on its level ‘and iﬁ
2%, while for n <5% the inaccuracy

particular for n > BO% the inaccuracy is

on n rises to around 20%.

H stagnation P '
" vomeasured

HeHa
5 pu*
~0.05}

-010¢

I 47D
Rl

- 015
‘angle of yaw

| o ,
P/h? /./

0 10 30
angle of yaw

Fig. Al : Influence of angle of yaw on total and

static pressure /taken from (75)/.
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Appendix B

Some detailed features of the computational procedure

B1 Introductory remarks

In Appendix B we describe some novel aspects of the developed
computational procedure; namely:

(1) "the treatment of reverse flow within the framework of semi elliptic

transport equations;

(2) the treatment of the free boundary;

(3) the entrainment law"

B.2 The treatment of reverse flow

. B.21 The need for a treatment of the reverse flow region

Oge of the main assumptions by which the Navier-Stokes equations are
transformed to parabolic form is that there is a predominant flow
direction along which no flow reversel occurs. For the particular problem
examined in.this study the numerical procedure predicts reverse flow in
the supposed predominant direction, thereby contradicting the foregoing
assumption. Since in this case the flow field become in fact elliptic and
should be treated as such or procedure for solving the parabolic equations

should if possible either be altered to accommodate such regions.

ILZZDescription of the mechanism which causes the failure of the semi-elliptic .

procedure

In the first stages of the work the treatment adopted for the reverse
flow region was to simﬁly replace the negative velocities by small near-
zero positive values; this practive however did not suffice as it led to
divergence of the semi-elliptic procedure. Explorations to determine the
reasons for the divergence revealed the following: 1In the cdmputational
cells located within the region of reverse flow and for which the above

practice was adopted, high mass imbalances were calculated (typical values

R U



-179-

10-20 times greater than mass imbalances in the cells outside the reverse
flow region). These high cell mass imbalances provoked through the
pressure correction equation, high pressuie corrections and consequently
unrealistic lateral velocities. The distorted cross-stream velocity field
affected the calculation procedure but not so as to cause divergence. The
divergence of the procedure eomes through the pressure field which, when
used in the next iteration of ﬁhe semi-elliptic procedure amplifies the
distortion of the pressure and éo on.

B.23 The cure

The treatment adopted was based on the knowledge that the reverse
flow region is small in dimensions and weak in strength: consequently
it can bé replaced by an essentially stagnant region. Since the divergence
of the numerical procedure was caused by the high residual mass sources
in the cell in this region, it was thought that the reduction of these
sources would be the solution to the problem.

One solution to the problem might be to insert in the pressure
correction equation the calcﬁlated negative velocities: this is not
however a certain cure because the velocities are themselves wrong *, since
there is no link with the downstream planes in the u momentum equation. This

procedure was not therefore tried: instead the assumtpion was made that in

theée cells local continuity was satisfied and thuscell mass imbalances "gio,
eguation (4Jiﬂ. The assumption can be justified if the reverse flow region
is small and weak.

The incorporation of the above modification prevented divergence but
still did ;ot bring complete convergence since the sum of the absolute values
of all the residual mass sources did not reduce below a level of 5% of

the nominal flow rate.
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B.24 Extension of the assumptioh of cell mass balance

A closer examination of the causes of non-convergence of the above

practice revealed that high pressure corrections were again calculated,

:

but now in the downstream cells, adjacent to the region of reverse floW.
Cbviously this should be expected because in these cells we use an upsfream
mainstream velocity which is wrong {because the negative u-velocity was

set to zero). Extension of the specific treatment to the downstream cells
(that isun; = 0) brought complete convergence of the solution procedure.

B.3 The treatment of the free boundary

At the early stages of the calculations the entrainment v, velocity
at the edge of the boundary layer was calculated by solving finite
difference form of the v momentum equation for the cell located at the
free boundary. Whilst this treatment was satisfactory and gave correct
results (compared with existing analytical solutions for laminar and
turbulent = flow over flat plate and laminar flow over a flat plate with
suction) required considerable modification to the solution procedure for the
.v momentum equation. At a later stage in the work the above treatment was
replaced by a substantially simplified one proposed by Gosman (76), which
consisted of not modifying the existing treatment of the v‘momentum equation
(consequently not solving for v_ but assuming((%g)m = 0) and taking that,

the gradient (gﬁbm is also zero, hence pzw 1 O (because p_ is specified).

)=
The proposed treatment of the free boundary produces identical results
with the earlier adopted one but it is far superior due to its simplicity

in its application into the computational procedure.

B.4 The entrainment law

The rate of expansion of the computational grid in the y direction
(and correspondingly in the z direction) was calculated by a form of
entrainment law. The expansion formula derived by a momentum integral

balance inthe streamwise direction for a control volume located at the
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free boundary as shown in figure B1l.

free stream

free surface

Fig. Bl: Control volume for the entrainment law

The momentum balance may be written:
- pv_u, 8x + pv.u Sy - pv.u 8y + pu_u Sy = _U(EE) 8x

u

sy puz (1 - uF*/u?) = u 5x{ o v - oy E 4 U(Bu/Dy)E},
® *® ® E u, u,,
. u C =1 ‘ u -1
.§l= - u U(BU.,"B ) _F_ !} - ..E
- pv, - pv, E + -——-Xu E 1+ = [1 / pu,
u © (2] 00
«©
V.
- B X F, -1 _u(3u/3y)E w 1+ 5
= pvo‘,(l—V —) (1 - ) + ~ pY "
U, u u,, 1 v
* ® ¢ B o
Voo
" Assuming that:
v u
£~ 1, quuEandl‘--—Fc_-O.l
v u

We finally get the rate of expansidn of the grid in the y direction as:

A p(3u/3y)
5X pvco + 0.1 u E / 1.9 pum

00
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AEEendix C

The prediction of discrete—hdle cooling with the parabolic computational

procedure

'

C.1 Introductory remarks

It was mentioned in chapter 4 ﬁhat early attempts to treat the near-
hole region as parabolic failed because the solutions were physically
unrealistic;i The reason for the failure of the parabolic treatment was
traced to the assumptions regarding the streamwise pressure gradient.

It is an inevitable consequence of a strictly parabolic treatment that

the streamwise pressure gradient must be uniform over tﬁe cross—-section,

with its value either prescribed as a function of x (for external flows)

or calculated from the overall continuity requirement (internal flows).

Below is summarised the various attempts to specify the streamwise

pressure gradient and the solutions generated therefrom. For more details

on our experiences using a parabolic and "semi~elliptid' versions of the developed

numerical scheme, see Bergeles et al (77).

C.2 Specification of the streamwise pressure gradient - flow behaviour

C.2.1 External flow prescribed pressure gradient (a = 900)

When the pressure gradient was prescribed as being everywhere zero,
the computed flow behaviour was both unrealistic and, in some cases
unstable. In particular, at the start of injection hole large normal
velocities were predicted across the whole height of the boundary layer
and these subsequently caused divergence in some instances. This practice

was therefore discarded.

.22 Application of a confined-flow procedure (a = 900)

In order to suppress the large normal velocities, the flow over the hole
was treated as "confined". The method was to locate the outer boundary far
from the wall, where undisturbed two~dimensional flow could be expected to
prevail. This boundary was represented as a frictionless porous wall, with

a prescribed suction velocity through it comparable with the value of v,
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. predicted from 2Dbboundary—1ayer theory. The usual confined-flow'procedure
was then used to determine dp/dx oconsidering either the whole cross-section
or simply that portion of it occupied by fluid that had eminated from the
jet (determined by a particle-path method). The pressure gradient was then
applied either over the whole or a part of the cross section as appropfiate*.
The above practice indeed reduced the magnitude of the normal velocities
but still the solutions exhibited implausible features. At every station
over an injection hole the pressur-gradient correction dp/dx was negative
and hence, the fluid to which the correction was applied was accelerated.

In practice, however, over the injection zone, the streamwise velocity close
to the wall is very low because the jet fluid enters with zero streamwise
momentum. The solutions also exhibited a faster rate of lateral dispersion
than anticipated, the wall concentration along the centre line remote from
the injection hole reaching its maximum value before the end of the hole
(i.e. at x/D> 1).

c.23 Local pressure gradient from streamline curvature

The above experiences led to the conclusion that the assumption of
a uniform 3p/3x across the cross-section must be abandoned; in some
regions of flow we neejed dp/dx taking both negative and positive values
in the same plane.

Our first practice was to make an a posteriori estimate of 9p/dx by
assuming radial equilibrium normal to the streamlines (the streamline
curvature being estimated from the stored values of velocities at the two
calculation planes immediately upstream). This practice brought some

improvement over that described in C.22; at least regions of both positive

*
The reason for applying the streamwise pressure gradient to just a portion

of the cross section was that the predicted behaviour then became virtually
independent of the arbitrary choice of the position of the imaginary top
wall. Moreover the steepest streamline curvature (which is associated with
steep pressure gradients) occurs near the hole.
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and negétive pressure gradient were present. However, because the pressure
gradient was calculated from the curvature of upstream streamlines, the
méthod could not produce the smooth deflection of the mainstream around

the jef depicted in figure ét A further cause of dissatisfaction was the
high lateral rate of spread that was still present. From figureg¢2it is
seen that the peak concentration along z = S/2 (i.e. the blane fu?thest
from the injection holé) occurs at x/D=1. By contrast the "point-source"
model outlined in chapter 1 predicts the off-centre-line peak to occur at
about 5 diaheters downstream. Now, although the point-source model is not
an exact theory, for iaminar flow its predictions should lie within a few tens
of per cent of the exact solution.

C.2.4 Upstream pressure field from potentional flow theory

Although real flows are not inviscid, the direct effects of viscosity
on the pressure field are arguably weak. For example, in regions where the
effective viscosity 1s uniform the Poisson equation for pressure, obtained
by taking the divergence of the momentum equations, does not contain any
viscous terms at all. Thus the possibility arises of using a solution to
the simpler inviscid equations to provide values of the pressure over some
of the flow. The region where such an approach would seem.especially‘
beneficial is that upstream of the point of injection.‘ In fact; potential
floﬁ theory yields a simple analytical solution for the interaction of a
uniform-velocity field with a point source.

As the sketches in figure Ctsuggest, thé streamline pattern in this
flow appeared much the same as in the discrete-jet upstream of injection.
We therefore made some computations in which the practice for finding 9p/9x

described in .23 above was replaced by the pressure field given by the
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the potential flow solution for the .reaion upstream of an inijection hole,
This had the desired effect of éausinq the streamlines to deflect ahead of
the discharge. Thexe was however, the problem of relatioh‘l%ot to uoo' A
value of upot=0.5lloo producéd such severe pressure aradients near the wall‘
as to provoke separatién in front of the jet but too weak values of OP/9x
furthexr from the surface. No single value gave satisfactory effecté both
near to and some distance remote from the wall. Evidently, despite the
encouraging appearance, the flow field resulting from the point-source
uniform—flow.superposition did not, in fact, provide a useful approximatioﬂ
of the time pressure field. Further exploration of this approach was not

pursued because it was felt that a semi-elliptic treatment of the flow

field was most appropriate,

C. 3 Some characteristic results using the semi-elliptic procedure.

The flow field which was attempted to be calculated with the

parabolic procedure was studied with the semi-elliptic one.

Perhaps the most striking evidence of the need for an elliptic
treatment is provided by figure C3. It shows the computed variation with
x of the static pressure along the wall for z=0 and for z=S/2, that is
along the edges of the computational domain., Pressure differences are
normalised by the dynamic head of the jet stream. Not only is there
substantial pressure variation upstream of the hole; the computed variation
of p over the hole itself and downstream therefrom is markedly different
for the two paths, in severe contrast to the usual assumption of parabolic

. flows of uniform streamwise pressuxre gradient over the cross—-stream planes.

The predicted behaviour of the wall film cooling effectiveness
is shown in figure C4 along the 2z=0 and z=s/2 lines. Notice .that here,
unlike the predicted behaviour with the parabolic procedure the off-centre
line behaviour is generally similar to that predicted by the point source

model,
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Fig. Cl : Streamline pattern.
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'The P;'ediction of Three-Dimensional
Discrete-Hole Cooling Processes:

I-Laminar Flow

G. BERGELES A.D.GOSMAN

ABSTRACT

The paper describes the application of a 3-dimensional finite-
difference procedure to the problem of predicting the flow and ther-
mal fields arising from the injection of fluid in discrete jets through
a wall past which an extemal stream is flowing. The numerical
scheme is of the “partially-parabolic” type vriginated by D.B.
Spalding; this entails that, while the pressure ficld is held in three-
dimensional arrays, the vclocity field is storcd only two-dimension-
ally, the velocities of the whole ficld being obtained by marching in
the streamwise direction. This approach is substantially more
economical of computer core than a fully 3-dimensional treatment.
Earlier experiences with using a strictly 3-diineasional boundary-
layer procedure (in which no variable is stored three dimensionally
and computation procceds without iteration in the direction of flow)
had shown this approach to be incapable of handling the flow in the
vicinity of the discharge hole, due to neglect of upstream trans-
mission of pressure effccts,

Predictions of mean velocity and temperature for laminar [low
are provided for the cascs of a single row of holes inclined at 90°,
45° and 35° to the plate surface and for a surface with multiple rows
of holes in a staggered array. The above are for a uniform density
flow and a uniform vclocity external strcam. A [inal example is pre-
sented, simulating typical operating conditions for a gas turbine
blade cooled with a single row of holes aligned at 30° to the blade
surface. Strong streamwise accelerations and density gradients are
present. The results show, what has been observed experimentally,
that due to the strong acccleration the-tuteral rate of spread is dim-
inished. Moreover a counter-rotating vortex pair is created down-
stream from the hole which shifts the minimum cffectiveness away
from the midplane between the holes.

NOMENCLATURE

Symbols

pressure coefficient, (p — p, )% g u.
specific heat at constant pressure

hole diameter

diffusion flux of heat

injection rativ (p;1;/pnu.)

static pressure

reference static pressure far upstream of injection
streamwisc pitch

lateral pitch

temperature

normalised temperature, (T — TO/(T; — T.)
streamwise velocity

vertical velocily

lateral velocity

streamwisc velacity at exit of the hole
vertical velocity at exi1 of the hole

FEETE NaERYY RSN

B. E. LAUNDER

Vi resultant coolant velocity at exit of the hole
U free stream velocity

x streamwise direction

y vertical direction

z lateral direction

Greek Symbols

a angle of injection

] boundary layer thickness

n film-cooling effectivencss, (T, — T)NT; — T.)
A thermal diffusivity of coolant

) dynamic viscosity of 1the mixed stream
» kinematic viscosity of the mixed stream
'] density of the mixed stream

Ty shear stress

Subscripts

w wall value

7 conditions at hole exit

L undisturbed [ree-stream value

1. INTRODUCTION

In recent years there has been growing interest in the behaviour of
jets of fluid discharged obliqucly into a mainstreum flow. The basic
flow configuration is to be found in such practical problems as the
dispersion of ¢ffluents from chimacy stacks, the discharge of sewage
(or hot water from power stations) into lakes ur rivers, the injection
of secondary air into combustion chamhers and the cooling of lead-
ing stages o f gas turbinc rotors and stators. In the first two examples,
the desircd outcome is the dispersion of the jet fluid as rupidly and
completely as possible into the main strcam. The last example - that
of turbine blade cooling - is the one that has motivated the present
study, however. Here the intention is to arrange for jets, which emerge
through holes in the blade surface, to form a “blanke1” of cool fluid

- between the hot outer stream and the blade. These considerations
make it desirable that the jet velocity should be but a small fraction
of the mainstream velocity and that, where technically possible, the
jet axis should be pointed downstrcam at an acute angle with the sur.
face. In a large proportion ol well-designed discrete-hole cooling sys-
tems the jet will, therefore, be stiongly deflected immediately on dis-
charge and cither remain in contact with the surface or reattach so
quickly that there will be negligible streamwise recirculation.

The flow field generated by discrete-hole injection is a three:
dimensional one but, because of the speciat character of the flaw
noted above, numerical prediction schemes can make some simplifi-
cation of the camplete, three-dimensional clliptic equations of m‘olion.
Perhaps the obvivus approach is to invoke the boundary Jayer assump-
tions, in which the streamwise ditfusion terms arc discarded and the
strcamwisc pressurc grittient in any plane normal to the main Now is
taken as uniform and known. When this is done, the equations become

e e -+ pememn e~ eymmave et g g e o e e e
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parabolic in respect of the main fow direction, and velocities and
pressurcs on any cross-stream plane becarme fonmally uninflucneed
by those on paralle] planes downsircam, Thus, to obtain numsrical
solutions of this type of 3-dimensional flow it is possible to use a
forward-marching proceduse in which velocities are ealeulated and
stored at cacl plane in 2-dimensional arrays which are then suc.
cessively overwritten as the computations proceed downstream.
There now cxist several tinite-difference procedures ol 1his kind, the
most general of which is the seheme of Patankar and Spalding [1].

Earlier work by the present authors [2] using the procedure of
[1] has hawever shown that the flow in the vicinity of the discharge
holes could not be correctly resolved by a conventional boundary-
layer treutmient. The problem lics mainly in the behaviour of the
pressure ficld, and Lo a lesser extent in the velacity field in the wake
of the hole. Thus, even where the injection velocity is only 10% of
the external-streum velocity, the jet nevertheless causes important
modifications to the static pressure upstream of the hole, and pro-
vokes streamwise recirculation immediately downstream, “Lhe tatter
feature can, by approximate means, be accommodated by . boundary
layer procedure, pravided that the recicculation is stall in exient and
influence. The upsiream pressure cffects, however, introduce an ele-
ment of ellipticity which precludes the use of a forward-marching
procedure, and nccessitates the storage of the complete (3-dimen-
sional) pressure ficld,

Fortunately Pratap and Spalding [3) have reeently devised an
algorithm capable of solving problems of this kind - which they term
partially-parabolic” - and have applicd it to flows in strongly -
curved dncts [4]. The new procedure, though obviously requiring
more computer time and storage than a conventional boundary-laver
treatment, achicves significant savings both in computing time and
in the amount of core storage required over that of 2 diseretisation
of the complete three-dimensional equations of motion. Some fur-
ther details will be given below.

The present contribution reports our work in obtaining numerical
predictions of various discrete-hole-couling configurations employing
the purtially-parabolic procedure. Section 2 helow outlines the essen-

. tial features of the analysis while Section 3 presents and discusses

physical aspects of the solutions. The present computations relate
entirely to laminar flow. Besides being both computationally and
physically simpler than turbulent flow, laminar llow predictions

have at least some practical relevance for flow over turbine blades
because the very strong accelerations which oceur over the blade
prevent or delay the boundary tayer becoming turbulent. The authors
are currently engaged in obtaining predictions for turbulent flow
which will appear in a later publication. The configurations studied
in the present work are a single row of holes, where the hole axis
makes angles of 90°, 45° and 35° with the surface and a multiple-
row arrangement for 90° injection. Most of the camputations relate
to a low of uniform density with a uniform-vetocity external stream.
For illustration, however, one run is presented where a strongly
favorable pressure gradient exists and where {luid property vaniations
representative of engine conditions are included.

2, METHOD OF ANALYSIS

21 Deseription of the Problem

The class of problems considered in the present investigation is
depicted in Fig.2.1. The geometry is that of a Nat plate, drillcd with
holes of diameter D whose axcs mitke an angle a of between 0 and
90 degrees with the surface and are arranged in a single row or a
staggered array, as show in the disgram. The fow is laminar, and
the pressure far from the surface is preseribed. Fluid is injected
through the holes with uniform velodity V; and temperature 7j.
To be caleulated arc the distributions of velocity, pressure and tem-
perature within the ficlds of influence of injection. The wall is
assumed adiabatic and frictional heating negbected: of partieular
intercst thercfore is the distribution of fiin-cooling effectiveness,
1, downstream {rom the holes.

2
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Fig. 2.1(b) Boundary conditions and domain of integration

2.2 Mathematical Description

The Cartesiun directions x, y and z are identified (Fig.2.1) with
the streamwise, vertical and spanwise directions respectively, and the
corresponding vclocity components are designated u, v and w;the
cquations of motion and enthalpy within the frainework of partially-
parabolic Mlows, take the form:
Direction-x momentum

E) 3 ) 3 3 du, d du
= (ouu) + E(pvu) +aT (‘.m-u) = - 55 + -a—;(u a—y‘) *3z (r E) 2.1

Direction-y momentum

3 3 3 p O a7,

35 (ouv) +a—y(pvu) +35lpwr) = — —5$+ a—yﬂ- + azy' (2.2)
Dircction:z momentum ‘

[ [ ) ap 07 ar,

5 (ouw) + 5 (prw) + 3 (pwne) = — Ef*a_yﬂ*a_;g (2.3)
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Continuity

) 3 F) :

3alpu) + 35 (o) + 57 ow) = 0 (2.4)
Enthalpy

3 ) N2 : ) )

35 (PucyT) * 3y e T) 451 (wgT) = = 50Uy} — 57 Un) (2.5)

where in tensor notation

du; du;
= et ) (2:6)
Ji = - arx; 2.7)

and p, g and X are the density, viscosity and thermal conductivity,
respectively. Note the absence of streamwise diffusion terms und the
requirement that (strictly) u must be everywhere positive.
Solutions of the foregoing equations wpuld typically be sought
over the region shown cross-haiched in Fig.2.1(b) which depicts a
row of inclined holes. The luieral boundaries are located at planes
of symmetry, and the upsircam and ourer-edge boundaries are
located in regions of undisturbed flow. In the present examples, the
upstreany boundary is located 1.5 didmeters upstream of injection,
the flow being prescribed as two dimensional. The boundary-layer
velacity profile is given by:

2

where u_ and & arc the [ree-stream velocity and boundary-layer
thickness, respectively. Equation (2.8) is known to [it elosely the
exact solution to the laminar boundary in zero pressure gradient.
The velocity components u, and v, of the fluid existing from the
hole are calculated from:

u, = Vjcosa
(2.9)
v, = Vjsina

where ¥; is the injection velocity. The dimensioniess temperature
T is sct equal to unity in the injected fluid and zero in the [ree

stream.

2.3 Numerical Solution Procedure

The main elements of the partially-parabolic finite-dillerence
procedurc (of which [ull details are given in [3]) may be summarized
as follows:
L. The dependent variables u, v, w, p and T are computed on
grids superimposcd on the domain of solution, and arranged such
that, while prcssure and concentration share the same locations, the
velocity components lic mid-way between thie pressures which drive
them. The grid is nominally Cartesian, but may expand or contract
in the vertical dircetion to conform with the boundary-layer profile.
2. Finite-dilference equations ([de’s) are derived for u, v, w and
T: these relate cachrvariable at a point to its nearest neighbours in
the same cross-stream plane and ta the adjucent upstreum (but not
downstream) ncighbour. In the cuse of the velocity equations, the
neighbouring pressures in the direction of the component in question
appear as well. .
3. Pressure is obtained from its own equation, derived by combining
the fde’s for momentum and continuity. Unlike the other memhiers
of the set, this equativn relares 1o the nearest grid neighbours in aff
directions, including downstream.
4. Starting from initial guesses (or the velocity, pressure and tem-
perature fields, the procedure operates by scanning the cross-strearn
planes one by one, begiuning from the upstrcam end and solving at
each plane for all variables, on the assumption that the values on
neighbouring planes are known. I[n the case of the velocities, which
do not depend on values at downstream plunes, the latter supposition

e e bt i+ Al d L e o 4t S P VDU SO  m— e e

Boundary u v w r L T
Tar_
bottom {plate) |. 0 0 0 - Oy 0
face i
at hole exit 4, ve 0 - ¢ 7
|
top (free stream) | v = u_ (x) - 0l p_(x) I
face '
upstream u=u(y/8)l v=0v(y/8)| O - [
face i
downstream - - — | extra- ( =
face polation ;
"
du v _ o ,aT_
edges 5‘1‘=0 il 0 az=01a:—0

Table 2.1 Summary of boundary conditions

is a reasonable one (likewise for tempcrature), Thus provided that the
pressures were correetly specified, one scan of the ficld would secure

“the sofulion to the problem (this of course is preciscly the way eon-

ventional boundary-layer methods operate). In practice, the effects
of injection will necessitate that adjustmments be made to the pressures
and hence the velocities: thus, the scanning procedure is repeated in
an iterative [ashion using the pressure field of the previous iteration
until a satisfactory solution is achicved.
5. The procedure therefore preserves as far as possible the limited-
storage requireinents of boundary-layer methods, requiring only that
the static pressure, whose influence is transmitted in all directiuns,
be stored 3-dimensionally.

A summary of the boundary conditions applied is provided in
Table 2.1. The results which are presented in the next scction were
obtained, alter grid-refinement tests, with grids which typically com-
prised 70, 18 and 17 planesin the ¥, y and : dircctions respectively,
spaced so as to be concentrated in regions of steep gradients, Com-
puting times per run and storage requirements on a CDC 6600 machine
were about 14 min and 50 K respectively.

3. RESULTS

. 3.1 Single row of loles, 90° injection

For this series of calculutions normal injection was simulated
through a single row of holes with pitch # equal 10 2. The up-
stream boundary wus located 1.50 from the leading edge of the hole,
and the initial conditions were specified as & = 5.50 and
R (=, 8/v) = 690. Results will be presented for values of the injec-
tion ratio M (= p;Vi/pa ua) of 0.1 and 0.2. For these and subsequent
examples the Prandtf number was 0.70,

An immediate impression of the importance of elliptic pressure
cffects may be gained from Fig.3.1(a), which shows for M = 0.2 sur-
face contours of the pressure cocflicient €, the reference pressure
is that in the undisturbed flow far away [rom the holes. (Yt may be
remarked that the choice of pu u. as the normalising quantity was
made on the basis of experiments in twrhuleut flow [5] where this
practiee was found nearly to collapse the data for the two injection
ratios onto identical curves.) Evidently there is an appreciable up-
stream effect even for the smaller of the injection ratios: the 10%
contour extends to about one diameter. Also evident arc appreciable
lateral and downstream variations, with the latter pensisting for longer
distances than upstream, and revealing the presence of adverse press-
ure gradients in the region immediately downstream of the hole, Over
the hole itself there exist strong favorable pressurc gradients.

The predicted flow pattem for M = 0.2 is conveyed by Figs.3.1
{b), (c) and (i). The first of these shows the velocity vectors in the

R I T o tieppl s esoee e @ s



-192-

. Mpaao

30

(T~ =]

¥Ipe-10 'S B A 11 20

Fig.3.1(b) Velocity dircctions in the symmetry plane

K

..‘/\\mm;/,.-.

0:023uee

0001ues 0-002ue

WK YRR L A

‘

RS R E L1 e

s e A LIV N . .

30

u)unln )

PR YT N N
0008y s

R e N

e *{{‘.&Jf P anmee s St solnasr e

B L I ey

i 15
- B
P A S A S R I A O N A AT R RN T B R R B A
‘\JOW- \OUZu-
R Y | NN S S PR
0-S .

0

Sawam WG S e .
SN 0023um
R A e P

o apm

RN )

R e Tl

RS SR ELIEN gl
BRI B LI S P

2 00 )

Fig.3.1(c) Velocity vector field in cross-stream plane

Y

) !

20 0:50

oo

; Fig.3.1(d) Contours of u velocity in cross-stream plancs

e oy e e 5 5 o e < e vy e e

¢ e e 3 e e s e e 5

Fig.3.1(¢) Normalised isotherms in cross-strcam plancs

symmetry plane which bisccts the hole: the action of the pressure
ficld in deflecting upwards the oncoming stream can be clearly secn
(it is worth recalling that a conventional boundary-layer procedure
is incapable of simulating this effect), as can the further deflection
over the hole provoked by the injected fluid. Immediately downstream
is a small zone of backwards {low which, although strictly not ullowed
by ‘the procedure, can be patched over by replacing the calculated
small negative values by zero; this practice does not appreciably affect
the results elsewhere. Fig.3.1.(c) shows projections of the velocity
vectors into cross-strcam planes at various locations, starting from the
upstrcam edge of the hole (x/D = 0.0) and proceeding downstream.
The symbol z marked across a vector line denotes that it has been
drawn at less than (ull scale to avoid cross-over of the lines. The first
two plots merely serve to confirm the statements made carlier about
the initial upward deflection of the flow: the remaining ones however
reveal a new, but expected, feature; namely, the formation of the
familiar streamwise vortex pair in the wake of the hole, which is a
manifestation of the vorticity added to the flow by the fluid injection.
The remaining set of velocity plots in Fig.3.1(d) show contours of the
streamwise component at various cross-stream planes, in which the
dashed fincs represent the contours which would prevail in the ub-
sence of injection. The contours conlirm the expected retardation of
the flow at the leading edge, the acceleration over the hole itself, and
the deceleration in the downstream wake. Also shown is the tendency
for the lateral variations to diminish with distance from the holes. The
general hydrodynamic behaviour for M = 0.1, although not shown,
is qualitatively similar, but the disturbances produced by the jet are
of course less pronounced.

Figure 3.1(¢) displays contours of T in cross-stream planes for
M =0.2. These show how the thermal field spreads initially in an
almost radially symmetrical fashion and is subscquently distorted by
the velocity field and the interaction with neighbouring holes. Of par-
ticular interest are the centre panels, which iliustrate the action of the
streamwise vortices in bringing fluid of low normalised temperature in
from the sides, thereby causing “pinching” of the contours near the
plate, and the displucement of the maximum value of T from the
surface.
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Fig.3.2 Wall flilm-cooling effectiveness for M =0.1 and M =0.2
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Fig.3.4 Effect of injection angle on surface effeciiveness along
symmetry lincs. Single row, !’z =20, M=0.2

Figure 3.2 shows the wall film-cooling cffeciiveness far M= 0.1
and 0.2. Here we note the rather rapid lateral spread around the
hole which secims to be a consequence of the strong lateral motions
induced by the jet, and the comparatively low velocity of the Muid
layers fed by these imotions. The effect of increasing M s to raise

‘the effectiveness, This behaviour is to be expected at the low vatues

of M considered in the present study where the jet fluid reattaches
to the surface a short distance behind the hole.

3.2 Single Row of Holes, Various Injection Angles, M = 0.2

Figure 3.3 shows the effect on the temperature field of varying
the angle of injection, with all other conditions held constant and
M =0.2. The upper sequence of panels contains results for a = 35°,
and the lower st for @ = 45°. Comparisons of these predictions, and
those for @ =90 in Fig.3.1(c) shows that as the angle is reduced, the
rate of vertical spread is diminished.

An impression of the effect ol injertion angle on surface effective-
ness may be seen in Fig.3.4, which displays the variuion along lines
passing through the hole axis and mid-way between adjacent holes,
for a=35% 45% and Y0°. It is seen that reducing the angle of injee-
tion {rom 90° to 45° reduces the streamwise rate of decay of 1
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Fig.3.5(a) Film-cooling effectiveness for multi-row hole geometry
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Fig.3.5(b) Film-cooling effcctiveness along and mid-way between
. symmetry planes -

(qualitatively in agreement with experimental data of turbulent {low
[6}) but that reducing the angle further to 35° has relatively litle
cffect. (The broken lines show the rate of decay along the 2 = 0 line;
there has been a shift ol onigin of the x axis to muke the downstream
end of the hole oceur at the same position for all three angles of in-
jection.) It is seen that immediately behind the hole, the elfectivencss
along z/D = 1.0 decreases as injection angle is reduced. This is atui-
butuble to changes in the flow field: the smaller the injection angle
the less the disturbance created by the jet; in particular the stiic
pressure variation around the hole is reduced. As a result w velodities
are weaker and the displacement thickness of the wake is considerably
less. Further dosnstream, however, concentration levels become sig-
nificantly higher along z/D =1 the smaller the injection angle
implying a fuster lateral spreading rate. This behaviour is qualitatively
different from that observed in wrbulent flow experiments. There is
not neeessarily uny conflict in these results, however. In turbulent
flow the effective transport coefficients are barge wherever the mean
rates of strain are large (as indicated, for exumple, by the mixing-leagth
hypothesis). [t is thus quite passible that in a turbulent flow the re-
duction in strain rates that occurs as the angle of injection is pro-
gressively decreased reduces the transport coefficients sulliciently for
the lateral race of spread to full. 1t is noted that the present results ull
show a tendency to approach two-dimensional behaviour at about the
same rate, .
3.3 Multi-row Injection: 90° Holes

When only a single row of cooling holes is used most blade-cuoling
applications will require higher injection rates than are considered in
the present paper. Rudsing the level of M, however, tends to make the
Jetlift away fram the surface promoting increased mixing (aud hence
hastening the rate of dilution of the cootunt) and adversely afTecring
1the aerodynamic characteristics of the blade. For this reason atication
is being given to cooling systems employing more than one row of -,
holes: hy this means sufficient coolunt can be introduced to the blade
surface while keeping injection velocities at acceptably low levels.
Figures 3.5 and 3.6 provide dlustrations of the caleulated behaviour
of a nudti-row injection system for M= 0.1, As before, the bowndary-
layer thickness is taken as 5.50 but naw the faterad piteh hetween
holes is 4.0 with successive rows being staggered and repeated rows
vceurring every 3 dianeters downstream. The results shown in these
figures have been obtained by nuaking a number ol computinions in
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a2

Fig.3.6 Contours of normalised isotherms in cross-stream planes
for multi-row geometry

which the finite-differcnce grid covered only a portion of the total
Mow domain, the grid being successively moved downstream until
the region shown in Fig.3.5 had been covered.

Surface effectiveness contours are shown in plan view in Fig.3.5
{a) while the variation of clfectiveness along the two luteral edges of
the flow domain and along the line midway between the edges is
shown in Fig.3.5(b). In addition, an impression of the temperature
field in the boundary layer is provided by the normalised isotherms
at various y-z plancs shown in Fig.3.6. It may be seen that iinme-
diately behind the leading hole the normalised temperature falls off
more rapidly than for the single row test displayed in Fig.3.2. This
seems to be mainly due to the greater lateral spacing between holes
in the same row. Overall, however, the multi-hole arrungement is

Yo T
121
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08
06
041
021

superior to the single-row configuration. For example, afler the
sceond row, Lthe amount of injected fluid is the same as'for the single
ruw test with M = 0.1 the minimum concentration level at

x/1 =29 (i.c. just upstream of the third rosw) is 0.29 in Fig.3.5 com-
pared with 0.26 in Fig.3.2. Correspondingly, after the fourth row of
holes the amount of coolant is the same as Tor the single row test
with M = 0.2, Now, in the Lter case, computations extended only )
three diameters behind the injection holes (/D = 4). From Fig.3.4
it is scen that at that station the minimum concentration tevel of
31%is considerably less than the 44% at (x/D ) = 5.9 for the mulli-
hole injection. There will also be acrodynamic advantages to the
multi-hole geometry that we do not attempt to quantily in the present
P(.IPCr.

3.4 Single-row Injection with Density Gradient and Frece-stream
Acecleratian

The final example relates to conditions appraximating more closely,
than the examples considered above, the kind of situation which
might be encountered under actual operating conditions. The cootant
is injected through a single row of 30° holes, the mass velocity ratio,
M, being 0.26 and the ratio of lateraf piteh to hole diamcter being
2.5. The ratio of injectant to main-siream densities is approximately
1.4:1 aud the streamwise velocity gradient du,, /dx is virtually con-
stant, the initial value of (v/u? )du,, /dx bcing equal 1o 0.5 x 1078,
The viscosity is assumed to be uniform. In this example computations
with the partiully-parabolic procedure extended from 2 diameters
upstream of the hole to 7.0 diameters downstream; the incoming
boundary layer was now taken as 0.2 hole-diameters thick which
again secmed closce to probable values met in practice. The Pohihausen
4th-order polynomial was used to prescribe the distribution of vel-
ocity in the boundary laycr. The variation of free-stream velocity
implied by the acceleration parameter was applied at the free stream
cdge of the flow domain. In practical computations, the finite-
difference calculations would need to extend tens of hole diameters
downstream rather than just a few. One could proceed in the same
way as with the multi-row computations, covering a smull strip of the
flow at a time. This would be an unneccssunly expensive practice,

00

25-0

02 10 02

Fig.3.7(a) Streamwise velocity profiles in the symmetry plane through a hole. Single row, a = 30°, non-uniform density, free-strcam aceeleration.
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Fig.3.7(b) Streamwise velocity profiles on planes parallel to the
symmetry plane; z/D =05

however, since the cruss-stream pressure variations beeome very
small a few hole diameiers downstream. Instead we have employed
the orthodox 3-dimensional parabolic treaument of Patankar and
Spalding {1] beginning the computation 5 diameters downstream
from the teading edge of the injeciion holes using, as initial profiles,
the values given ar that section by the parntially-parabolic method.
The computation praceeds dawnstream in a non-iterative marching
fashion with the streamwise pressure gradient being treated as uni-
form at any section in the x-momentum cquation.

The development of the streamwise velocity profile along a plane
through the hole centre and for z/0=0.5 is shown in Figs 3.7,

For reference the mean velocity profile at the upstream station

(x/D = — 2.0) is shown by a broken linc on all figures. The curves
are normalised by the local frec-stream velocity. Referring to Fig
8.7(a), there is only a small displacement of the boundury layer up-
sticam of the hole but a substantial displacement of the profile over
the hole itself.* Note that the profile at x/D = 0.8 displuys a slip
velocity at y/D =0 due to the streamwise component of velocity of
the injected stream. Behind the hole a large wake in the boundary
layer is evident, The jet itself lifts away (rom the surface but has re-
attached by x/D = 5.2 as evidenced by the small peak in velocity
close to the wall. As the shear flow develops downstream the vel-
acity maximum disappears feaving a patch of slow moving, virtually
uniform-velacity fluid close to the wall. With (urther development
downstream this patch accelerates more rapidly than the free stream
fluid as required by Bernoulli’s equation) and a “new” boundary
layer may be seen developing bencath it,

The off-centre line behaviour in the vicinity of the hole is shown
in Fig.3.7(b). For ¢/ = 0.5 the flow development upstream and
around the hole appears similar to thatalong 2/0 = 0 discussed
above, The profile at x/D = 4.0 is, however, strikingly different from
the correspanding profile in Fig.3.7(b). The flow ncar the wall has
been strongly accclerated by the “blockage’ effect of the injectant
and consequently is moving faster than the initial boundary layer
fluid, The clfect dics off rapidly at greater distances from the hole
centre line and at z/0) = 1.25, which is the mid-planc between adja-
cent hales, the change in velocity from that of the initial profile is
barely significant.

The variation of film-cooling cffectiveness along a number of con-
stant-z/D lines is shown in Figs 3.8(a) and (b), which relate to the
partiall y-parabolic and the parabolic regions ol computation respect-
ively. In the former, the main points to note are the rather surprising
dip alang the axis immediawely behind the hole and the steep rise
in normalised temperature at points ol f the centre-line. The first
elfectis due to the jet lifting off the surface and then reattaching,
discussed earlier. The second is caused mainly by the strong laeral
motions around the jet (the static pressure being higher alonyg
2/D =0 for x/D <I).The downstream region shown in Fig.3.8(h)
displays a gradual decay of effectiveness with distance. An interesting

101
Ip=00
1 05
05
075
01
10 20 30 40 50 60 X,

(a) The near-field partially parabolic region

{b) The far-field parabolic region
F‘ig,S.S Wall film-cooling effectiveness

feature is the fact that for values of x/D greater than about 12 the
minimum ¢ffcetiveness occurs not along the biscctor of the injection
holes but at 2/D = 0.75. The cause of this behaviour may be inferred
from Fig.3.9 which shows computer-drawn velocity vectors in the

y-z planeat x/D = 32. Injecting fluid through the holes creates two
cddies rotating in the -z plane (i.e. with axes in the x-direction).
One of these, induced directly by the injection, rotates clockwvise
(viewed from the upstrecam side) and is located in the left-hand half
of the section shown in Fig.3.9. The second vortex may be thought
of as being an indirect consequence of the jet;it is the so-called
“horseshoc” vortex in which the vortex lines in the boundary tayer
upstream of the hole behd around the jet giving an cxtra component
to the streamwise vorticity. This vortex rotates counter clockwise and
is located in the right-hand half of Fig.3.9. It is evident from this
figure that the right-hand member of this countcr-rotating vortex pair
is very much weaker than the left-hand one. Nevertheless, together
their action is to bring high temperature fluid down towards the sur-
face displacing the cooler fluid to each side.* This patiem of develop-
ment may clearly be seen in Fig.3.10 which shows normalised tempera-
ture contours inthe y-z planc at different stations. A further item to

* The hole extends from x/D =0 10 x/D= 2.0 since the holes are aligned at
30° with the surface.

Pap—— srmm et

* A teferec bas commented that his turbulent flow measurements exhibit the
same qualitative behaviour.
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Fig.3.10  Normalised isotherms in cross-stream planes

be noted from this figure is that the peak normalised temperature at
any section occurs at some distance away from the wall. This is due,
at first to the fact that the jet lifts away from the suiface inime-
diately behind the slot; further downsiream the phenomenon may
be attributed to the counter-rotaiing vortices discussed above. It may
be questioned why the secondary vortex should be present in this
flow but not apparently in the other examples of single row injec-
tion discussed eatlier {for example there is no sign of a secondary
vortex in Fig.3.1{c)). The most probablc explunation scems to be
that, in the earlier examples, the upstream boundary layer was much
thicker relative to the hole diameter than in the fast case. Consequently
most of the boundary-layer vorticity would have passed over the top
of the injection hole without the vortex lines beiug significantly
bent,

The flow conditions for this final test carresponded with those
of some measurements undertaken by Rolls Royce (1971) Lid. of
flow over aciual blades. In Fig.3.11 comparison is made between the
span-wise averaged values of effectiveness measured in that study and
the present predictions, It is scen that though the measured vadues
are consistently a little higher than the caleulated ones the general
levet of agreement may be regurded as satisfactory.

040 # Measurements (Rolls Royca)
030 —Present  Predictions
0-20
010
Y0 20 30 40 | so
Xn
Fig.3.11 Span-wisc averaged cooling cffectiveness: comparison with
cxperiment.

4. CONCLUDING REMARKS

The present study has successfully applicd a 3-dimensional, finite-
difference procedurc to the computation of discrete-hole injection
processes, Through the use of the partially-parabolic scheme (3] eal-
culations of the complex flow structure around the injection holcs
have bcen made without the need for unateractively large computer
core storage.

The present work is a first step towards providing a tested com-
putational scheme for turbulent flows of this kind, We have been un-
able here to draw comparisons with expcriment for no flow field
data of laminar, discrete hole injection are known to us. This might
be an arca where a well-documented experimental investigation would
be extremely valuable.

A number of interesting phenomena have been thrown to light by
the computation, in particular it is suggested that the thickness of

.the boundary layer upstream of the hole has a sirong influence an

the character of the {low downstream, If this proves to be the case,

it suggests that designers should be rather cautivus in using gcometric
and velocity ratio criteria alone in estimating the cooling eifectiveness
of a given configuration of holes.
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Fig. 13 : The open circuit wind tunnel.
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Fig. 16b : The test plate for the single hole,

single row, a;3o°, study.

Fig. 16c : The test plate for the double row, a=30°, study.



-207-

MAIN
FLOwW

PAPER [D=22272

dimensions in mm
’ ADJUSTABLE
ROOF :

SECONDARY
FLOW

Fig. 17a : Dimensions of the test section for

a=90°, single hole, study.

ADJUSTABLE
ROOF

DIMENSIONS IN mm

Fig. 17b : Dimensions of the test section for

0;300, single hole, study.



-208-

from entrance 244D,

— N
——

=
o ‘ —— e ZD=133
flow w0 pA _
::> S 7 N =
-2. 0) 2. 4. 6. 8 x/D &
direction . -
D=19.05 @
mm 7D
Fig. 17c : Dimensions of the test section for-

0.=30°, single row, study.

244 D

. . ¥z _ o .
: .@_ . ) ] —
- gl —

2667 |

flow ) i '
> _@_ . z/D=133
— e,
directio - : 3f5 5@ 7E 110- XD

DZ190§E££-62§Z> 7z . | | -———--__i

Fig. .17d : Dimensions of the test section for

0,=30°, double row, study.



-209-

|
| £ | | (a)
G Y c
e~ &4 static pressure E 4 holes 05mm
" holes Q4mm N
U Bo) |
| Y A— R
12d 12d 0.5mm
- S - 81d 181d b4mm
Fig. 18 : Dimensions of the Pilot-static probes.

Fig. 18d : The hot-wire anemometry set up.
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Region of reverse flow (intermediate

time) .

Region of reverse flow (final pattexrn).
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Plan view of the jet
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Fig.36b: Wall film cooling effectiveness, M=0.,2
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Fig.36d . Wall film cooling effectiveness, M=0.5
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Fig. 37a : Centrxe-line effectiveness, effect of M.
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Fig. 37b : Lateral spread of the jet, effect of M.
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Fig. 41: Wall film cooling effectiveness, Row of holes
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