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ABSTRACT -

A finite-difference %terhnique hes been developzd for
the prediction of the off-design peffbrnence of multi-stagsa
axial-flow compressors, '-The equations governing the-
turbulent and compressible flow were'solqu £Ogether'with a
: coﬂsideration.of the necessary ca;cade cp;rc}etion. :Inclusion

of the turbulent siress terms in the theoretical equations

was. effected by the introduction of a.simplé definition of _
effective viscosity.

Detailed hot-wire tests were conducted to obtain a
further insight into the siructure of the shear flor bétween
the blade rows of a three stage axial-flor compressor, A
specialihot~wire probe for opzration in é lowr speed
coﬁpressor was designed and used., It wes arranged to carry
en inclined wire vhich could operate fres from the prong
wake-interference effects in three orientations relative
to the direction of local resultant velocity. Some useful
results for the radial distribution of turtulent shear
and effective viscosity were obtained dowmstresm of a rotor
blade_row. The accuracy of the shear measurement within
the compreésor was established by the ability of the szme
hot wire to measure shear stress within iS% for a fully
developed pipe~flow, | -

The computer programme developed to predict the flow-
distribution in axial-flow compressors was arranged to be
quite general and the various steps in.the solution

procedure were executed in sepesrate subroutines; this

O



arrsngenent was selected to allow further scope in daveleping
the prograrme, Isportant featurcs developed specifically
for this comizu’aer prograrme were the subdivision of the flov
field inko a quasi-orthogonal network aid an effective field

scanning procedure,

The programae was tested and found satisfactory for
the rela_tivelz; simple cases of devéloping flow through circular
Pipes and parallecl annuli. Further test runs with the data
of the three~stage axial-flow compressor and a comparison
with the experimental measurements of the development of

ai:iai velocity profile through the blade rows indicated

rcasonable succass with the solution procedure.
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PREFACE

The references in the text are designated by the
nane of ths first author mentioned in the title and the
yvear pf publication. The bibliography in alphabetical
order is given after the main text. .

A c':onsis‘oent nomenclature has been used through;
out and a 1list of notation is appended'fol.lm-ring tﬁe
bibliography.

The equations and' sketches arc nubered for each

chapter whercas the tables and figures are placed after

thz appendices and numbered consecutively.
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CHAPTER 1

JIWTRODUCTION

The gradual improvement in the perfonn;nce of
turbomachines has generally come aboubt as a result of
improvements in the theoretical ﬁodel of fluid flov in
the machine.. The flow througzh the bléding of turbo-
machines is an extremely complicated three-dimensional
phenonenon. The flow parametérs in compressors have
strong gradients in ceach of the three dimensions.

In view of this complexity it is necessary to
make several simplifying assumptions to represent the
flow by a theoretical model. In compressors as in other
problems of fluid flow the major assumption is'usually
that the flow is inviscid,

The performance of both the axial-flow and
centrifugal compressors.is sensitive to the accuracy of
blade settings; this sensitivity increasing with lMach
number. The achievement of the accurate settings of
the blades depends upon the ability to analyse the flow
pattern in the bladed passage for a wide rangé of
operating conditions. The analysis or the pfediction
of the fluid flow in a compressor is, in bturn, based
upon ﬁhe solution of the most complete theoretical
medel of the flow,. |

In the past, the flow nodels in axial-flow
compressors have been inadequate in the regions close

to the walls. This weakness has always been reconciled
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by‘empioying enpirical valueé of a "york done factor®
and a "boundary layer blockage parameter® for prediction
techniques using theoretical models with experimental
results. Correction factors for stagnation-temperature
rise and stégnation pressure rise have also bezn used in
addition to tﬁe weight-flow blockage factor. The growth
of the boundary layers close to the hub and casing walls
of the compressor must be taken into account for greater
accuracy in the prediction of the flow pattem.

ore recently attempts have been made to apply
boundary layer techniques to predict the growth of the
boundary layers on the walls of axial-flow compréssors.
These analyses are discussed in the réview of the
. literature and it is noted that values of the gross
correction factors leading to realistic results can
‘be determined.

The complexity of flow through compressors
requires the development qf a théoretical model which
can account for the turbulent structure of the flow close
to the compressor walls. It was expected that the |
development of such a theoretical moael would provide a
better understanding of the flow in axial-flouv compressors
and, at the same time, that a more accurate method for
predicting the design and off-design performance of
axial~flow compressors would be made available.

The literature is first reviewed, the theoretical
model 1s presented §nd a computer programme to provide

solutions of the theoretical model is described in the



thesis. Experinental data necessary to describe the
turbulent structure of the flow were obtained and finally
the results obtained from the computer programme are

presented and analysed.

12,
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CHAPTER 2

SURVEY OF PREVIOUS WORK

Historical Survey

As has béen pointed out in the Introduction
(Chapter 1) the prediction of off-design performance is
an essential phase of a successful design process; the
history of the prediction techniques is as old as the
design itself. Although one of the first axial-flow
compfessors was conceived and developzd by Sir. C.A.
Parsons towards the end of.the ]gth century, the Easic
aero-thermodynamic requirementsirere not established
until shortly before and during World War IT. Following
the early studies undertaken at the Royal Aircraft
Establishhent in 1936, technical reports by Howell (1942,
1945), Constant (1945) and Carter (1948) presenbing
design information on blading appeared. In Germany,
during World War II, similar research led to the develop-
ment of turbojet engines (Jumo 004 and B 003). In
the United Stétes, a first multisﬁage axial-flow compressor
designed on the basis of aerofeil theory was reported by--
Sinnette (1943) of the then National Advisory Committee
for Aeronautics.

Attempts were made in some of the early axial-
flow compressors to satisfy the equations of motion by
using the simple radial equilibrium condition, 'A mnore
accurate representation was provided by the actuator

disc theory first reported by Ruden (1944) and later



developed by Hawthorne (1952) and Horlock (1952).

Horlock ('1958) provided a complete review of the .
literature on axial-flow compressors and in the supplenment,
Horlock (1966), the more recent developments were presented.

A new era of design and development of Turbo-
machinery‘begén with the advent of high speed digital
corputers, For axial-flow compressoré advanced sglution
techniques have been published by Swan (1961), Serovy (1963),
Rowe (1965), Harsh (1966), Jansen (1967) and Novak (1967).
Computerised methods have been established at the National
CGas Turbine Establismment in Britain, at the National
Aeronautics and Space Administration in the Unbed States
and at leading gas-turbine companies throughout the
world. .

Calculation of blade losses and fluid deflections
which form an essential phase of the present day analysis
techniques has been studied by various authors since the
earliest correlations suggested by Howell (1942) and
Carter (1950). An analybtical approach pub forward 5y
Schlichting (1955) was based upon the main assumptions
of two-dimensionality and incompressibility'but the
results did not compare well with.experiment.- Iieblein
(1959, 1963) correlated experimental data and provided
loss énd deviation curves which could be used at both

design and off-design incidence.



Classification of the Prediction Techniq&xeé

ore recent procedures. for solution .of the -flow

are achieved .in two phases; determination of flow in the S - %

meridional plane and a b;ade—to-blade solutioﬁ; A
theoretical solution for flow between blade rews,:
referred to by blade-to-blade solution, is not-available:
at present and available cascade correlations are
usually used instead. In addition, assumption of
axisymetry simplifies the problern; Determination of
the flow pattern in the meridional plane is, therefore,
a major analysis problem. Three practical ways of
achieving this have been in. use: The first of~th“e'3“e‘is
a 'Simple Radial Equilibriun' method where a simplified
form of radial momentum equation with only the pressura
and whirl velocity terms as non zero governs the flow.
This method was later extended to include more 1.:ems in
the radial equilibrium equation (3.27) and two new solution
procedures have bec_:ome commonly accepted, namely the
1Streamline Curvature! procedure and t'Finite-Differsnce!
technique. The basis and success of these two methods

is outlined in ths following sections.-

Streamline Curvature lethod

Thi:S method for determining the radial distribution
of flow properties from hub to tip b§ employs the radial
equilibriun equation, energy equation and continuity
condition fér a number of axial stations. It :i:s :

necessary, however, that these distributions, obtained



16,

separately at each station should be consistent from
station to stabion and the radial acceleration of fluid
particles be accounted for., This is achieved by
predicting shapes for the r&eridional streamlines
consistent with the continuiiy condition at each
station and expressing the rad:Lal accelerat:.on in tems
of streamline slope and curvature. A successive improve-
ment of the streamliﬁe pattern is obta:.ned. This
general scheme was first proposed by Traupel (1942) but
later independently conceived by many other analysts.
An approach by Novak (1967) spec:.f::.cal]y

developed for axial compressors for use :Ln Jet engines
.employed a typical streamline curvature method. In
_his metﬁod, the radial equilibrium equations was.’re-
arranged by replacing the static-pressure gradient with
‘its equivalent in terms of sta_\gnation enthalpj and
entrépy. The_radius of curvature, 3, , of the

meridional projection of a streamlines was defined by

Lo op/om ~ vee(2.1)

vhere g = tan” C./C, and m is the meridional direétion.

The rearranged radial equilibrium equation was expressed.

as
where
P(3) = 2[_ ngf aai;: Cc's¢ + _:_;_.(_él_.é;f,)]. vee(2:3)

Tr) = a[é. 2(Ha) _ G %;Tce) - %(é %%)] eee(2.4)
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For mechanised computational procedure equation

(2.2) -was expressed in a form,

aC,,, =[% T(a)]/c,,.. [P Cm eee(2.5)

This form is useful both for the design and off-design
problems., Howevgr, for the off-design case, an alternative
form of relations (2.3) and (2.4) are preferred for
convenience in using cascade correlations; The alternative

fom is

T(é.)- 2 503 ’ﬁm[’ UL, 28 iy é%ﬂ)] cee(2.6)

P(ﬁ).—..z'sm‘ﬁ,,,[__swg Eﬁw c_as_g + csc’/:’,..(/gg

+

4 2cetBny Cotﬁm +22 c°t/3,,,] ee(227)
here gn = tan”| o /M, .

’ Equations (2.6) and (2.7) reduce to simplér forn
(with I=H, o = 0, B, = tan"| G,/C;) for stationary blade
-rows. The solution of equation (2.2) with su'bsidiarj"'
relations (2.6) and (2.7) was iterative in nature, starting
with ass{med streamlines and using correlated cascade
information.

In the initial stages of development, the streamliﬁe |
curvature method éuffered from the problems of non-convergence
and instability but the problems have since been overcome and
the method has become widely accepted in industry. Further
investigation for handling cascade charactedstics for use

with this method was made by Jansen (1965), A study of the
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streamline curvature method for supersonic flows is being .

conducted by Bindon (1968).

Finite Difference App_rbach

. This scheme of design and off-design analysis employs
the basic laws of fluid flow and thermodynamics in a more
direct manner. The general approach consists of ﬁriting
the equations governing the flow in terms of the strean
function in each of the three zones: upstream of the
blades, m.thln the bladed passage and downstream of the
blades. The equations are then arranged in an appropriate
finite-difference form. The field is subdivided into a
net worﬁ or grid system and a distributic;n of the principai
varizbles is assumed at the grid points; the appropriate
boundary conditions are specified. A numerical solution
to the set of equations is then sought.

_This procedure is essentially directed towards
obtaining a meridional solution which must be supplemented
by a blade-to-blade solutipn or a reliable cascade correlation.

For subsonic flow, the principle partial differential
equation (considered in Chapter 3) appears in-an eJJiptié
~ form, solvable as a boundary value problem, but for supersonie
flows the principal equation is hyperbolic and requires a
different solution procedure.

Marsh (1966) developed a computer programme to
calculate the "through flow soluticn" for a turbomachine
using finite-difference method. The equati:ons provided
" by Wu (1952) for inviscid flow were written in a form that
could be used for mixed-ﬂo.w and axial-flow turbomachines,

both within and between the blade rows. A finite-difference
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form of these equations was- solve@ by a standard matrix
inversion procedure.

Although the programme demonstrated the possibility of
a finite-difference solution by the matrix method, a great
deal remains to be done. The use of inviécid flow equations
and neglect oi‘ cascade data are considered to be responsible
for the discrepancy observed between the calculated and
experimental velocity profiles especia]ly in the hub and
tip regions. '

The programme did not lead to a. converged solution
when either the absolute or the relative Mach number
approached wnity. This difficulty was mainly due to the
misleading results offered by the matrix inversion method
-of solving the set of algebraic equations.

Another difficulty inherent with the procedure was ‘
.that_ the curved boundaries were dealt with by special
unequal-grid formulae by using higher degree interpolations.
In order to achieve more a:ccurate solutions, the network
may be made finer but the compuber time for matrix inversion
would increase scriously. In such cases vhere curvedk
boundaries are unavoidable and the time facto:f' and convergence
are important considerai;ions, alternative solution techniques
nust be exploréd. In most cases vhere the diagonal terms
in the matrix predominate and a large number of nul'!. terms

appear, sone iterative techniques may be usefully employed.
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Comparison of Streamline Curvatui‘e and Finite-Difference Techniques

The finite difference approach is, in principle, more
general than the streamline curfature nethod described earlier.
The approach has greater scope for more exact splutioné
éttainable by_reducing the number of éssumptions in the
equations and by improving the solution technique.

Accuracy of the finite-difference form of the equations may

.be improved by using a large number of grid points in the

flow field, the upper limit being provided.by the consideration
of round-off error and the memory locations in the digital
conputer. _ .

At Mach numbers approaching unity, the streamline
curvature method often. encounters convergence problems
which are difficult to overcome. In the finite-difference.
method, the convergence problems are not serious since
these can be overcome by employing alternative numerical
techniques and by exercising more control over the iterative
solution. '

These consid erations led to the selection of the
finite~-difference approach for developing.a general
programme for the analysis of flow through axial;flow
compressors. Alternative numerical methods associated

with this apppach are discussed in the following section.

Solution of Simultaneous Algebraic Equations

The finite difference approach described earlier
provides -one linear algebraic equation for each grid point,
thus reducing the problems to that of finding a solution

for a set of simultaneous linear algebraic equationé.
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Two methods are of interest; the matrix method and the

iterative method,

Matrix Hethod,

The set of difference equations may be solved by
an exact, matrix inversion method. Writing these equations

ass:

[Al[X]=[R]  eee(229)

vhere
[A] is a square matrix of the order of the number of equations‘
n and [ and [R] are the column matrice-s with n elements
in each. . .
1¢ [477, the inverse of matrix [A] is known,

then on multiplying each temm in Equation (2.8) by [4] -1,'

[x]={A]" [R] o n(2:9)

which represents a solﬁtio’n of the set of equationse.

Standard matrix-im;ersion techniques are available
in the computer library.

The main limitation of the matrix method is the fact
that the computer time can .be excessive for a large number of
grid points. In addition fhere is a possibility of a singluar
or a near singular matrix during the iteration procedure and

this can lead to erroneous results.

Tterative Techniques

An alternative approach to solving a set of linear

<
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algebraic equations which does not suffer from the draw=

backs.of the matrix inversion method is to follow a suitable
iterative technique. A variety of procedures are'available
such as the Gauss-Reduction, Crout!s, Jacobi!s, extrapolated
Iicbmann's or Gauss-Seidel's approach. The procedures may
also be classified as the stationary gradient methods and
1ineétly accelerated ones. Selection of a @echnique depends
primarily upon.the system of equations and their convergence-'
criteria. The Géuss-Seidel method is genefally'oonsideréd
to be superior io-any other in the solutiop of stress analysis,
heat flow and other potential flow problems. Thé distinctive
feature lies in the successive improvement of the value of eagh
of the sought quantities. for example, given x:,,x;,..,.xi:
one may computes 7 _

xf = (b, - a12x; ......a1nxg)/%11

xg = (b2 - az1x? ......aénxg)/ézz

X2 - (bn - a

. 2 cresend x2. . «0o(2.9)

n11 n,n-1"n- )/énn

The technique outlined above may be expressed in matrix
equation for further consideration. As before, writing the

set of difference equations as:

[a] . [x] = (R] | oea(2.70)

and splitting [A]into [B] and - [¢] »
(8] (x" = [o] [x]* + [r] (2

which represents a !'stationary process!.
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Mternatively, let

[A] = [D] "'[Il] hd [U] 000(2.12)
in terms of diagonal, lower and upper trigpgular

mat;'iceé. The Gauss-Seidel method is a particular case when

(8] = [0] ana [c] = [1] * [U] ee(2013)
If instead, [B] = [D]'/co- [z] eea(2.14)
then, [€] = [U]+ (1-a)/o [§,0=>0 .e(2.15)

This case represents a successive overrclaxation process as

an improvement over the basic Gauss-Seidel method.

Convergence Problem in Iterative Techniques

'The iterative techniques yield a convew.?ged solution
for a boundary value problem provided certain co.nvergence
_criteria are satisfied., From equation (2.11) it follows that
(8] ¢ [x] ¥ - [x])= [e] ([x]¥ - [x] ) and ...(2.16)
x]® o x] = [8]7M el ([x]F-[x]) = (3]

.. [e]¥ ([x]° - tx]) C eea(2.17)

If [X] °. [X] is expanded as a; u; * a, u,. cesq U «ee(2.18)

where Ugs Uy eseoll are the eigenvectors and principal vector

2
of [B]m‘l [c] s corresponding to eigenvalues Ap Ay eeed, then
[x] K. [x] = 1’ 8 19 * azkguz + ""‘GnaKun eee(2.19)

The progress of iteration depends therefore upon € ( [B]"‘l [G] )y
the spectral radius of [B]'1 [c] . The spectral radius is
the name given to the modulus of the largest eigenvalue.. It
has been established by Forsyth (1960) i:hat for convergence

@ < 1. The smaller the value of @, the quicker the



convergence process.  Splitting ’[A]into [B] and - [c] is
thus an important task in achieving a rapidly converging '
process. This problem of spectral radius and of criteria of
convergence has been the subject of Young (1960), Varga (1962)
and others.

The relaxation method is an effective mode of solution
particularly suited to cha'.gital compubtation. A 'molecular
representbion! ;af the partial differential equation is used
in sequence at each grid point and the residual is minimized
by successively imi:rov:ing the field values., Expressing’ [B]
and [Clin tems of [D] , [L], [U] and © as in Equations
(2.14) and (2.15) f;ar an.accelerated Gauss-Seidel process -
and substituting in Equation (2.17) Fox (1962) obtained the
relation .'
det. [(x«w- 1) [I] - %% [E.] -0 [F] } = 0 eee(2.20)
for the eigenvalues A of iteration matrix M which is given by

(1] = [1] =0 [D]77 [2]7) {(0) [Z]* o[D][U] ,.ea(2e20)
(] = [0]7" [z] , [¢] = [0]7" [v] cer(2022)
and [I] is an identity matrix. |

Using the "property A" as first defined by Young- (1954),
it is showm thaf, '
det. [(xua -1 [1] - w[B] - Ao [F] } = 0 «o(2.23)

Further, if p are ths eigenvalues of ( [E] + [F] )

det. (u [2] - [E] - [F]) = o0 vee(2.28)
Comparing these two sets od deteminants
szp.z =(\+to- n% e £ 0, Af -0 eer(2.25)

~ It may be stated that 'property A! used above is an essential
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feature of a matrix of linear equations but does not impoée
serious limitations on the tybe of problem in hand.
The choise of optimum value of w, the extrapolation
factor depends upon a knéwiedge of p, the eigenvalues.
For matrix [A] syrmetric and diagonally dominant, the
eigenvalues are all real and less than unity in modulﬁs,
optimun © may be expressed in.terms of T, the eigenvalue
of largest modulus as | ‘ .
w=2/1+V (1 -5 C eee(2.26)
This is, however, the éimplest case, Studies héve been |
made by Forsyth (1960) and Fox (1962) for cases of matrix
A without “property A" and for over relaxation by lines. -
The convefgence criteria, in general, have not yet been
" established and some trial and er;or is required for the
_particular type éf equations being considered. The
availahility of high speed digital computers permits the
‘over relaxation factor to be established for a clgss of
problens by analysing the effect of different choices of
for a simpler case. |
The relaxation procedure for solving the finite-
difference equations was considered superior to the matrix _'
inversion method and to alternative matrix methods and was
selected as a humerical procedure in the computer solution
to predict the off~design performance of the axial-flow

CONpPTEessors.

Assumption of Axisynmetry

As has been noted, the assumptién of axisymmetry is
cormon to most of the analyses reported.' The significance

of this assumption is discussed below.
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Axisymmetry is equivalent to assuming that the three
dimensional flow tﬁougﬁ a blade row can be represented, faifly
accurately by a circumferential average of the flow conditions
at each r#dial point. A majdr mathematical simplification
is achieved by considering that Jaa= 0. . In the first
1nstance ‘this assumption enables a streamfunction to be defined
from the continuity equation and second_y it reduces the eqpations
governing the flow to a simpler form readily amenable to a
solution. An axially symmetric flow may be considered‘as ﬁhe_
one restricted té hypothetiéal surfaces formed when the number
of blades tend to infinity'such~that the blade thickness to
spacing ratio remains the same. The total circulation
associated with the blades thus remains constant. = The blades
may still be assumed to retain their turning effeét in
accordance with the normal blade-element theory. For stafions
within the blade rows, the action of the blades is computed
by fepresenting the blades by a distribution of forces in the ‘

flow equations.

Two Dimensional Cascade Correlations

Use of cascade information for design and off-design
prediction problems was recognised in the earlier stages of

development offhe compressor.
N.G.T.E, Correlations

One of the earliest correlations was made by Howell

(1942) using an arbitrary definition of 'Stall! as the
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condition whers loss becomes tiwice the minimum loss and of
'Nominal! condition where deflection = 0.8% stall-deflection.

The deviation, defined by Constant's rule, was expressed as

é= mgV(—S/—c) . ' ) -o-(2.27)

vhere m was a function of the maximum camber (= .26) and
o= ;::am'ber angle.

Howell produced a correlation for nominal dei‘lectioﬁ .
with nominal outlet angle, presented Reynolds-number and
spaée/chord correction factors and also suggested a methord
of calculating deflection for a given incidence. .

Carter (1950) prepared a correlation for !optimum!
conditions where 1lift/drag ratio was highest. The optimum
deviation was expressed as

§ = m o Yf(%)
where m was a i‘uncj:.ion of stagger. _
| Optimum incidence was plotf.ed against 8 at different
values of S/C and outlet angle Boe
Cartert's su.ggestibn. for an off-design correlation

was similar to that of Howell,

N.,A.C.A, Conzlations

Another series of correlated cascade data were
reported by Iieblein (1959) at N.A.C.A, These correlations
were based upon a large mumber of cascade tests-with wall-
suction to eliminate boundai'y layer effects. Correlations
for desim conditions and off-aesign prediction were prepared
in a set of curves. Further studies in stagnation pre.ssu-re

loss evaluation were made and correlations using 'Equivalent -
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Diffusion Factor! were proposed by ILieblein (1965). More

details. of Iieblein's correlations are given in Chaptér 3e
Serovy (1957, 1963) used the Iieblein correlation

in his computer programme based upon simple radial equilibrium

equations. Swan (1961) extended the Iicblein's correlat‘ionsA

for transonic axial-flow compressorse.

Recent Studies in Turbulent Boundary layers

Some advances have been made, in recent years, in the
prediction of compressible turbulent boundary layers. .
Stratford (1967) has presented a method of calculating the
growth of the annulus boundary layers and estimating the Blockagé
factor which has not, until recently, been calculable. This
was achieved by considering an axial momentum balance in the
mainstrean and ano’cherraxial momentun balance in the boundary
layer. With the assumption thaff the static pressure and the
blade force were constant in fhe boundary layer and neglecting‘ '
the effects of tip clearance, the growth in axial momentunm

thickness was given by

S(2eCkoe) =2T.6x —% Sf‘eéx(gcx) ' eee(2.28)

Numerical integration of this equation along the length of the
compressor v-:as pfoposed so as to include it within the overall
iterative solution procudure. Iocél values of @ , Cx and p
were used and the axial skin friction component T was
approximately determined i‘_rom a cons:;deration of flow.on a flat

plate,



Althouéh this simplified biockage calcwiation technique -
appears to be a preliminary representation of the compléx.
annulus boundary layers, it is reported to yield results
camparable with experimex.]t. and with some correiations
previously proposed‘by Stratford (1961),

. Another report describing thg mechanics of boundary
layers associated with blades and side walls in turbomachinery -
was published by Schlichting (1959). The importance of
intﬁnate synthesis of theory and experiment'to analyse
the real flow in cascades has been emphasized, and some §f
the results for 1ift, drag and loss coefficient have been
ach.;?.eved. Further developments in this direction may
provide‘ﬁore useful resulis. t

Some basic studies in turbulent flows have been in
. progress at Imperial College, London. Spalding's (1967-68) _ )
recent meonograph on turbulent boundary 1ayefs have revealed
.a possibility'of analysing complex flows. Formﬁlation of
the primary and secondary conservation laws and conseqnén#
simplification by introducing convenient and justifiaﬁle
concepts of effective exchange éoefricients‘have-beenA
published. The initial progress in confined turbulent
flous such as developing flows in straight circular pipes
and diffusers.was based upon the boundary layer solution |
procedure develoPed earlier and with an assumption for the
axial pressure gradient dp/dx. Fuarther work in turbulent
flous suggested that a more exact model of turbulence. from
a basic theoretical concept'is~nepessary in order to achieve
reliable predictioﬁs and such work is now in progress.

A finite-difference integration procedure for the

prediction of flow and mixing patterns in a confined steady,

L ]
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turbulent, axisymmetric diffusion fleme in combustion chambers
has been published by Spalding and Pun (1967). The equaticns
governing the flow were considered in turbulent form and

were linked together by awdliary relations from the
themodynamiss of flow and by intuitive guessﬁqork about the .
effective tra.nsport properties of the _turbulent flow. In

| general, 'i’c. was suggested that the effective viscosity should

be expressible in terms of local fluid variables, such as,

./Mq& g 9[(.

ORCANCONC) N

but this relation was not used in the analysis. However,

for simplicity it was assﬁmed that,

M=K (D) (W E(hct))® 2o (2.50)
where D and W are charﬁber dimensions and m = mass flow rate
of gas..

The flowfield was divided into a rectangular network
and iterative solutions i‘s_r some practical cases were
obtained. The predictions were plausible only in their
qualitative features since the distribution of effective
viscosity was obtained by trial aﬁd error in selectin;g a
reasonable value of K in Equation (2.30). A theoretical
basis for the effective-viscosity hypothesis must, therefore,
be establn.shed before the solution prodedure is extended to

deal with more compln.cated flows as in axial flow compressors.
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Furthermore, an extension of this theoretical approach to
the compressor problem would alse require a complete
idealisation of the blades, éeéondary flows and losses which,
as pointed out earlier, is difficult at present. Spalding's
approach has, however, scope for future application to such

more complex flowfields,

Eot THre leasurements

Although hot wire anemometry has gdined wide
popﬁlarity in the field of aerodynamics and in 'bhe'studies
of boundary layers, its use has been very restric;bed as far
as the analysis of the strﬁctur;a of flow within a turbomachine .
is concerned. Hot-wire transducers have been used for time
indication during stall propagation in compressors and cagcgde '
wind tunnels by Carmichael (1958). The trace from this *
i)robe indicated the presence of a stall cell by a large
emplitude trace of random fluctuations dué to thé tﬁrhlence
dﬁring separation; The probe was considered effective since
the beginning and end of separation were well defined.
Measurement of the turbulence intensity in three
turbomachinery wind tunnels and in a single stage axial
flow 6ompressor have been reported bSr Shaw (1964)., A
DISA constant temperature anemometer, with external potentiometer -
and galvan.ometer.for accurate measurement 'oi‘ wire voltage, was
used., Level of turbulence in the wind tunnel was recorded
between 0.3 and 0.5% in all cases whereas the level at spaces

between the blade rows of the compressor was reported as
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4 to 5%, at diffuser exit 10 to 11%, and outside the cémpressor
approximately 50%. Higher turbulence intensity at diffuser
exit and outside the compressor is mainly due to lower mean

velocity which enter ‘ohe definition of the intensity as

1/%(&+C3C25[U‘1"° %#. Another Treason for higher

atmospheric turbulence was established as being due to the narrow
return passage for air in tﬁe small room hou-sing' the compressor
assembly. It was also reported that a fine gauze installed
at inlet tov the compressor redﬁced the intensity 6f turbulénce‘ ‘
by about 40% at locations upstream of the I.G.V.-and by 20%
at spaces between the blade rows. .. -

The results on the compressor in the above measuraménig
were not considered conclusive since the level of turbulence.
. .dropped. with the flow through the blades and a qheck' showed that’
the atmospheric turbulence near the entry was excessive due t;.o -
the unsteady flow in the return air éircui’c in the small rbom;
.Confinna'cion was obtained by the authors by an analyéis of the
frequency spectrum, showing that very long frequency turbul enc~e'
occurred in the re’curﬁ air circuit aﬁd very high frequency
turbulence existed ixmnediétely downstream of the stator row..

Ref:orts are also available about the use of a '_ho'c w1re
in supersonic flow. It may be remarked that no attempts
have been reported elsewhere rega.rding the neasurement of the
appardent shear stresses and effabive viscos;i.ty within a
tur‘t;omachinery. However, a large amount of work on this
technique in boundary iayer problen.ls is available, chiefly
due to Laufer (1951), Newzﬁan (1951), Sandborn (1955) énd:

Ferris (1966).
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thouch these authors were referred to, a sumary
of literature on hot wire anemometry is considered beyond
the scope of this preéentation. This is because little
information of dirsct appliéation to the present measurements
was made availaliz, Development of a specigl‘prdbe,
calibration and the measuremsnt techni@uerare discussed in

Chapter 5.

Optical Flow Studies

Optical techniques for the measurement of three '
dimensional flow patterns have met with certain success.
The basic advantage lies in obtéining a.qpalitative and
quantitative information without disturbing the fluid.
This approach is particularly useful in visualising a flow
relative to the rotor (by rotating the camera at the same
speed) and for separated and circulating flows where
conventional means fail to operate. The technique requires
essentially a transparent inspection window and provisions to
illuminate the tracer particles by a beam of light at right
angles to the direction of observation. Arrangements must
also be made to obtain a series of pictures at intervals of
a fraction of a millisecond (usually 0.5 msec.)

The path Lines show up as dotted lines on the £ilm,
and the sense of the velocity vector is guessed easily. The
magnitude of the velocities may be worked out by the length

of the dotted lines and the spaces between them. Colour



phdtography offers zn intercesting approach in the measurec-
rents of thé three components of velocify. . Here, parellel
beans of different éoloured lightlare projected into the
passage and a particle would eppear as a definite colour
when approaching or recediné awvay ffom the cahera. The
scheme can work very well if the velocity in liﬁe with

the optiéal axis of the camera is small. The lengths

of the streaks_on the film yield information about the
velocities in a plane perpendicular to the optical axis.
Photographic studies have been rcported by Young (1955) and

Simpson and Cinnamond (1964).

Taser Flow Studies

Recent studies in utilizing the Dopler Shift of
scattered laser radiation for turbulent flow measurements
by Coldstein (1967) and Yeh (19645 have revealed that
sﬁch a technique could provide ar alternative to the hot
wire method.

A typical apparatus would consist of a source
of monochromatic light (He-le laser), a splitier plate to
divide the beam into two and a set of mirrors to reunite
the beams to focus at the same point in thc test section.
The reference beam is passed directly to the photo~cathode
whereas a fraction of light from the other beam that is
scattered in the direction of the photomultiplier cormbines
<rith it. The resulting beat signal is assessed by a
spectrun analyser and a heterodyne, to give the Doppler

shift. The intensity of the beat signal at a given



i‘rcq}zency bears a proportionality with the fra cfion of
time at which the fluid is at the velocity corresponding
to that. Doppler frequency. ' In a turbulen flow this
would correspond to the prob'alﬂity function for the
turbulent velocity. Asswiing the Gaussian velocity
probabil‘:‘.ty-i‘mction to represent the line profile for
turbulent flow, relations may be established to evaluate
the r.m.s. values of turbulent intensities,

The successful experiments performed thus far have
only considered the flow of water with the light scattering
produced by 0.61 or smaller polystrene particles, 1:30000
by volume concentration. No success has yet been reported
in the measurement of turbulent shear stress and other
correlations., This method promiscs scone for future
measurements, especially in separated and recirculating

flows.,.
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CHAPTER 3

SQUATLONS AND CASCADE CCRRELATICHS FOR FLOW THROUGH

TURBOIACHINES

The purpose of this chapter is two-fold;

1) to present thes basic equations of fluid flow in
terms of selected vériables and in a form convenient
for the preseni problem and

2) to discuss the informstion required to define ﬁhe
blade element performance.

Tﬁe chanter has, thersfors, been split into two
sections, A - Consicderation of the basic eguations and

B - Cascade correlations. The computer programme uses

the equations derived in secticn A togethesr with ths corr-

fde

elations of ssciion = to provide the basis for predicting
the off-design performence of axial-flow compressors. The
method, in principle, is a2lso valid for studying the
development of flow in a passage. An adeptation of the

tecknique for analysising the flow through circular pipes

and parallel annuli is also dascribed.

SECTION A

CONSIDSRATICN OF THE BASIC EQUATIONS GOVERWING THE FIOW,

In generzl, the threc-dimensional compressible
g > 3
turbulent flow of a viscous fluid, is zeverned by the basiec

laws of aero-thermodynemics 2s follows:

Te Iaw of conservetion of mass (Continuity equation)
2. Howton's second law of motion (liomentum equation)
Se First law of Thermodynemics (Energy equation).

The three independent equations obtzined from the
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‘basic lews define the flow of a gas through a turbomachine '
completely; that is they provide a sufficient numnber of
relations for the eveluation of the velocity vector and two
thei’modynamic properties of the gas.

' Since the basic equations do not relate the came
variables in the original form, it is necessary to invoke more
relations in order that more than five variables ére

introduced. The additional relations are as follows:

P=efgRT (perfect gas law) eeo(3a1)
U=CyT (internal enerzy for perfect gas) «ee(3.2)
blf¥=c. . (reversible adiabatic process) eee(3.3)
H=w+p/egr (definition of specific enthalpy) ees(3.4)
Tds = dH~— dP/eg'a' (definition of entropy) " vee(3.5)
H, = H+ Cz/z?. s (stagnation enthalpy) 0ee(3.6)
R=(G-Go)T (gas constant) . eee(3.7)
Y= C/cs (index of adiabatic process) ees(3.8)

The purpose of this section is to list the basic

equations and to express them in a more useful form.

Selection of the Variables

In the following sections, the egquations have been set
up and rearranged .in terms of Y’, C,,,Ho and s as the basic
variables. Other variszbles weré Yinked together using the
additional relations (3.1) to (3.8).

The use of Stoke's streamfunction ¥ in preference
to two varialles Cx and Cr resulted in the reduction of basic

unlmo:m variables znd the governing eguations by one. The

equilibrium equation for inviscid flow is reduced to elliptic
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form in terns of Y. TFor 2 turbulent flow, the eguations
are nors complicatad but ellipticity hes still been essumed
to hold by expressiné Bouation (3.27) in a2 form (2.I.1)

for 2 numericel colution. . Introducticn of ¥, hovever,
incresased the numbaer of totzl unknowmns by-one and the nunber
of total cquaﬁions also increased by one since the continuity
equation was replacad by two relgtions arisinz from ths
definition of Y.

The thaermodynanic variables F and s vere introduced
in 2 convantional manner to eliminste the pressure terms fronm
the momentum equations, The snergy sddition in a rotor blade
oV appears as Hb while it is convenient to express thae

stagnature pressure losses in the form of entropy rise.

Contvinuity Lquetion

Thz lair of conscrvation of mess spplisd to a
compressible ficoe with axdsymnesry unue* steady states leads

to the centinuity squation,

-é-%(?'c’t' I,_) —,——g——x(e CX) = 0. cc-(3.9)

Hor turbulent flovs, the instenteneous quantitiss may be

split into meen snd fluctuating components. Thus,

Cx=Ci+Cx » Ca=0+Ch » e=F+¢ .ee(3.10)

convinuity cquastion beccomes,

-

.
ine sversged

£ 3(62) +-5(FC)+H€Ch 2) +52(¢°CH) e (3.17)

This cquestion shows the the mezn v2locityr end density <o not
setisfy the simple continuity equation. Hoyrever, since the
Censity snd velociiy fluctustions srz small compsrad to the

ege veluss, the lsst to terms, followinz convention,are



A stream function V/ associated with the meridional

velocity components may be defined by

-e

? QQC £ omd. %\-‘;="?)&C5f ' ‘ eee(312)

such t.ha.t the equation of continuity is identically satisfied

and replaced by these relations. The introduction of an

afbitrary factor f makes it possible to specify ¥= 0 and

W = 100 at the inner and ouber boundaries respectively.
Although the streamfunction has been defined in terms

of instantaneous velocities, it was assumed to hold good for

the terporal mean velocity components in a turbulent flow,.

From the definition of ¥ (3.12), it follows that

1 4 1 acx
1ol T Al s R VA
or
aC _y _a¥ s, 3alne
0~ % = ST 9% (x+ 22 ) : vee(3.13) .
and sim:L’Larly,
- 3Cy _ TV _ ¥ s3alne eee(3.
exf a:: = 9z=* T o= ( FES ) (3.14)

These réations have been used in the reorganisation of the
nonmentun equations at a2 later stage and elsevhere. It may,
houever, be noted that for the incompressible case, realtions

d— G‘ —_— a" L X J L]
(3.13) and (3.14) reduce to Pafd& _2¥ ~p2f3G ~3¥ (3.15)

az = 342‘:. ?
and for the special case of irrotationality,

vhen, Lo (2C)-3Ci/z =0 . es2(3.18)

relations (3.15) may be combined into 2 single equation,

€

a?.

P 4 /I Y _ veo(3.17
3 + -T% =0 ( )

o x?

%



The flow rate through the compressor annulus was
estimated as follows, by rei‘err;ing to an axial position with .
unifom axial velocity:

VYo ofCxfrdr . =pf G % +K
Specifying 'z?== 0 at the r‘:;tor wall, r = Rin and Y= 100

at the casing, r = Rout,

and the weight flow rate is given by

09, Cx (Rout — Rim) = ?3:‘2‘? . g, - eee(3.19)

Momentum Equations.

Newton's second law of motion when applied to the
equilibriwn of an elementary fluid mass in axisymmetric flow
of a compressible and variable-viscosity fluid results in the

following three equations of motions

o(B - G) =[4(BR) + Torn + 3] +F +++(3-20)
P(%%—" _,_C,_‘_}LQ){ (%ﬁf G))+337.§cx}+fg amd eee(3.21)
0 DG =(L£-33(2 Na) + 32 W) + 6 eeu(3.22)

where the stress components are,
Tan =M (2:9C /54 — %_(v.é)) -

Too = M(2. Cafr — 345(-E)) —p
o= M(2.3Ce/02e = 5(7-C)) — b
ow (ol =)
T = M(3Cx/31 + 2Cu/ax).

Tro=M. 3C/3 . | ' | e e(3.23)



and TJ-C = é‘gi (2Cy) + é/a,c' Cx  for axisymmetric flow,

For turbulent fiow, relations such as (3.10) may be
invoked and substitubion in the equations of motion and temporsl
averaging would lead to valid equations. This procedure would
‘result in a large number of double 2nd triple correlations
among the velocity components, density and their flucfuations,
as has been shown in Appendix ITX. An analys'is in respect
of the Grder of magnitude of those correlation temms is
unlikely due to lack of experimental information and hence,
this procedure is not used.

Alternatively, gross assumptions regarding the
existence of an 'effective riscosity' and other exchange
coefficients are necessary. Such assumptions are also
needed in simplifying the energy and entropy equations and
these have been trcated scparately (Equations 3.51) in this
chapter,

With the inbroduction of exchange coefficients the

stress terms in the radial equation, % L a—fﬁ") ax. -7-:3_-9
are replaced by  £(H(-p2+ Z/M_ — Gt )

LM(3e+ ) Clc)+ 5 -2 G +§-c?

!

- 36.+T§5,(2/ﬁu<}1. 2 aC%) + B:c(/{"‘u% a%)

&

In terms of the streamfunction, assuming that this term is

uneffected by compressibility, it reduces to

_a__(//n%_(éil" ~ _l_éi‘_V.)) ~¢f QE] | | ve+(3.24a)



In a similar way, the stress terms in the axial and

circuaferentizl equilibrium equations eppear as

ax(zﬂmg )+ a,,_(/‘JM <‘g eso(3.24b)
and, : :

a:r_(/vzecjg ax,) + 335,(/{94. A %) : e .(3.24'0)
respectively. o

It was considered more convenieﬁt from the point of
view of a solubion that the momentum equations be transformed
in terms of ¥, Ho and 3. as the basic variables. Some other
variables, comnected to these by algebraic relations were,
however, retained. From equation (3.6),

1 ] N o 1 A 1 VR )

Combining this with the definition of entropy (3.5),

DH T§§+((‘,—E+Cxac‘ Co DC9+C DCs)/gJ. v+ 2(5.25)

Eliminating 2FAabetween this and (3.20),

(QC\, D )+3J3Q -7 T% . %e_ 33(266) +

.-& az(/qm.e]{ 2. %. ac") + g—;c(ﬂxq,g‘#‘ %—%—) «s+(3.26)

Erxpressing it is terms of \f/and rearranging,

(9_‘%_’%§L+9V’_g_a_€), . vee(3.27)
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.&his_constitutes the principal equation and has sometimes'
been referrcd to as the transformed radial-equilibrium equation.
Solution of this eqpapion requires a simultaneous consideration
of the other equations governing the flow. It is the
purpose of the following pages to establish other relations
in a convenient form.

The axial equilibrium equation, on trénsformatiqns
as above, appéars similar to (3.27) excepting that the stress

term is

S ALIOPES DR IWER D) (5

and in tangential direction,

%\% 2(2Go) a\,U a(fzce),,_;_x(/qw” 3C°)+ (/‘/194( aa—% —o...(W)

9%

Energy Equsation

In a familiar form, the cnergy equation appearé as,

:DH. Q+_+.La%+c[;:+ [vc+l (v.E:’)}+

Y291 +HH X(vxE) - He- D) (W] e (3:50)
for compressible, time unsteady, viscous flow in threz dimensions.
The equation reduces with proper upits to,
3,<T%g3= 3. 7(Cx aH,+C QH) F.C+Q «ee(3.31)
for the special cases of steady, axially symmetric flow of.a
non-viscous fluid. TFurther, in sn inviscid flow, the blade

force must be normal to the surface of the blade, and



concsequently to the relative velocity of the gas; that is

F-(E-—U) -_—__-o. 000(3032).
or FC=FU=FRCAHRC.+KEC, =FR.2W,
Rewriting the circumferentisl equilibrium equation (3.21)
~
o =[G 28 4 ¢, 22CA)), 4 2(G)
Ath these relations, the energy equation becomes:
goy%ge_ =Q + W :b('iCG ' . .o s(B33)

Assuming the flow of gas as an adiababic process,

3.«7%%' =W *%%—C‘i) or, e o(3.34)
4, A 2G.G)
1o(c. B + ) = o[ 248 1 oy D)

If Cr ~ 0, then it reduces to

LT3 = %92 ves(3.55)

which is, as stated across a blade row,

3_J‘(H°,_— Ho,) = w('ﬁzCBZ"‘ 2, Ce,) .....(s.se)

It has been shoun by Wu (1950) that the energy
relation Z.J %—E”:- W. 'P—%—bq‘i) can also be derived for a
" viscous fluid under the same flow conditions as before.
This however, involves an additional asswmuption that the
heat generatéd 'by the frictional work (as the gas particles
do swork azeinst the viscous forces cxerted by the surrounding

particles) is added back to the same gas stream, thus



nllifying Fhe negative work in overcoming viscous forces.
liore general forms of energy equations are also obtainable
but the success.of a form lies in its usefulness in dealing
with turbulent flows. Hence, with the simplified enérgy
equation cbtained above, it was thought satisfactory to proceed
as followss
Assuming that an effective viscosity p,pp 2nd

effective Prandtl number Preff cah be defined by (3.51) to
(3.53) as to represent the heat transfer by molecular and
turbulent trénsport processes and assuming further that the
effective exchange coefficients for-turbuleﬁt flow replace
the molecular munterparts in laminar flov, the radial and

axial components of the effective heat flux vector are

given by —/’f% /gtcjl-' 3.%, %é./; and y‘h[{/@,’;‘ ‘-?—'?-‘-T%% respectively.

Expressing the heat flux vector analogous to the conduction

temms in laminar flow, the cnergy equation may be written

Ain a form
3J‘(Cx dH, +Cy af/o) _ ( xa(@Ce) + G, 2(» 2)
2o (27 3) + 27 3)) o520

Simplification of this equation for flow through axial flow
compressors can be achieved by assuming that Cr = O and
dHo/y,=0. Under such conditions, the energy equation

reduces to

o. ; J < vgl/’
9.7 gf_olc _ g;acca) + gc ;x(ﬁf %) v oo (3.38)



The last temn in equation (3.38) is only one approx:ima"ce form
of the contribution by burbulence depending mainly upon the
assumptions made and on the definition of effective exchange

- coeificients.

Entropy Equation

Choice‘of entropy as a thermodynamic variablga
necessitates the formulation of an enbtropy eguation. This’
has been obtained from the statement of the first law of
tﬁemodynamics and equilibrium considerations as follows:

According to the first law,

.%{(%4._(2:}4-&)9]+:D,-1,,[(H+_gf+s)é]=H,, vee(3.39)
where u = specific internal energy = H - f)/(;g.g-

-and & = specific potential energy of the fluid, the other
variables being with usual robtation.

For time-steady process in theabsence of body forces, 1t

reduces to Div. (H.G) =H, . e2+(3.40)
Considering the net heat transfer per unit volume due only to-
conduction, that is - Div —9? where, ¢= heat cnnduction vector
=k %—}___ 4> k%—'g for a}déynmetric case, the external work
done per wiit volwume as a consequence of the motion of the

points of application of the shear stresses is = :D.'v( C,;’T,;).

.The inflow of enthalpy per wnit volume resulting i‘romfthe

dii‘i‘usive‘trénsfér may be expressed as Div( H,G) s hence

Ha= = Din{ § + = DivCint) + Din(H. &)

For turbulent flow, invoking relations as ‘

- ~ — /, 7 ’ ~ %
He A+H, H=HtH = (+H% R4k’ + E 1)
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and on temporal averaging, the first lais become.s
Din(H,&) = - Div (§ + H/E + AEL - =(Ci T))

- If Q, is defined as Ez’-,«-H,’ G + HGy , then ‘the energy equation

is writt ten as

Div(H, &) = —Din(Q. - =(C ) A es(3.43)
Using tﬁe exchénge coefficients (3.51 a to d), .
Din (£ &Ts) = Divr(Cr Ten+ CoTos)

L
=S (/qxt.{( a»s,(c"‘/z)) bref. af,(c"/z) +”£’/(1xu/! 25 G )
BNy 35 (Ge) - £ 2(G M) er(3.60)

M Qu=-SMo oy /Py %—g-ﬂm,{a/&/{ % f"(5'45’

With these terms and writing§,TH= §,TH.~k- Gi/y~Ces, the

first law, applied to axisymetric flow is rearranged as

9.7(0 Cx 3o +06,3) = (/(’megicra”)

E5(C ) + H Mg Gl py, 2GR . (3.06)

Assuming that the contribution by turbulence in the principal
equation (3.27), other than through the entropy term, is small
and that the contributions in the axial and circumferential
equations (3.28,‘ 3.29) are only through %(ﬂxﬁ&&_% and
oot , S  reumfernsi
a’z.( el 377) respectively: the axial and cirvecumferntial

cquations nay be combined to result in,

aG\. C‘), +3JDH° jJ-T-")S_I_gg_CS_Q('Z 2

2 G 3an
+%f—-§1(/‘49u/( aﬁ.) + 5% (/L{m,e‘g 31)
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Hultiplying each term of this equation by Cx 2nd cquation

(3.27) by Cr, adding and rearranging, |
,7(C 3 v ) = 9.97(0 22 + 0 22)
~Co %(/Jau/g. %%) ~ Cx g@(ﬂw{{; %%‘) = ‘5- cee(347)
From equations (3.46) and (3.47)" .
09, T T(G 35+ Cn3%) = Co (g 3+ G Moy 35)+
9T G (Mo 3E) ~ £2(C Moy ) +

g 2260 g 205509) o

This is an entropy equation for axi-symetric, turbulenb
and sﬁeady'flow. Validity of this equation to compressible
flow depends largely on the appropriate definition of the
effective erchange coefficients, Even in this fofm, number
of terms on r.h.s. is rather large and following additional
assumptions have been made at this stags.

(a) s eff=uér T = effective viscosity
along the direction of resulbatnt velocity = Hop eff'

(b) The R.H.S. of Equation (3.48) expands to:

¥ >*C W, Co G
/%q-[Ce %—%"' Cr s +3"ng‘ - % _9_":,_'{'% %%']
2 ) A 2
+2 [yl 32+ 6 3% + g7 38 - &

It is assumed that this may be epproximated by:

2 (M. %%‘)‘*‘ é%,(/ve/{ 3°"7'/Cc. 2%) ...(3;49)

This appczrs to be adequate since it still 2llows the entropy

cradient to be related to the momenbum transport, energy
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production and the effective viscosity along the direction of

the velocity vector.

(¢) = The a)d.al-gradient of entropy at a 'loca’c.io.n outside
the blzde rows is due only to the irreversibilities along

the flow in non-bladed passage. This is negligible compared
to the raciial gradient of entropy at the Same place which is A
due to the cumulative frictional effects of the blade-passages

and secondary flows, etc. Hence the entropy equation, in its -

simplified form may be stated as

9.TT 5% = aw/ax[at(/u{/{ ) (/L’elt/cc aH, veo(3.50)

This entropy relation (3..50) and the more general
form (3.48) are derived by the author for dealing with flc;_w‘
within an axial-flow compressor. The form of.these relations
is, however, not unique since the definition of effective
viscosity and other simplifying assxﬁnp_tuions couid be made in -
alternative ways.. For inviscid flow, equation (3.48) ‘reduces -

to

] 000(305%)
Equation (3.502) has been used by Marsh (1966) in his ceomputer-

prediction technique.

Effective Exchange Coefficients
It is well known that the shear stresses due to
turbulence in a flow can be expressed as being analogous to

the viscous shear in a laminar flow, that is.(— (c CJ- )
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.may be grouped togéther with ( '7{j ) in the momentun equati&n.
Similarly it is also well established that the turbulent
energy-transfer vector (—6 C;-I-—I') can be considered as the
turbul ent counterpart of ( k/c)(, 3”’ Yo -

An extension of the analogy 1eads one to an

assumption that the fluxes in exchange processes in turbulent
flow are proportional to the gradienfs of the relevant
fluid prop.erty in the same way as they az;é in laminar flow.
Such an assumption wéqld reduce the turbulent flow equations '
to a form similar to that for laminar égse. In general, ”

the fluxes of an exchange process vary in different di.recti;o:ps,
and hence the effective exchange coefficients have to be
defined appropriately. The effe:ctive viscosit;ies in axial

and circumferential directions may be defined aé:

'/qu/ﬁ _m/(:;cx) «++(3.51a)
and, ' ' .

/'1%4{' z/(@ D(QC") va(3.51D)

Similarly, the effective exhange coefficient for energy flux

is defined as

oy =~/ (38) veo(Ba52)

and by analogy, for turbulent kinetic energy exchange,

Teeg. = -Qm/(%/é),: e o(5.53)

In the absence of any detailed informztion to the
contrary, a further simplifying assumption that the ratio

of some of the effective exchange coefficients is unity.'
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Assumad hereﬂjn particular, is that B off = Eon of £ = Bore
and that /Ty opp = burbilent Prandtl number slso equals
unity. Such assumptions have been made by other .authors
e.g. Spalding (1967) and are felt justifisble at this'stage,
There is no published information on the distribution
of effective-viscosity in axial-flow compreésors or indeed
in othef types of turbomachinery. It was, therefore,
impérative to determine experimentally the'distributiop of

effective viscosity in a representative compressor. This

has been carried out and is described in Chapters 5 and 6.

Iosses in Axial-Flow Compressors -

- It is well knowm that thé loss mechadsms at the ends
of compressor blades is very complex. lMany empifical felations
have been developed %o predict.these losses énd these havé
been reviewed by Horlock (1963) and by Hansen (1965). In‘
the present study only two forms of losses have beeﬁ
coﬂsidered, profile loss and secondari losses. The secondary
losses are defined here as the total loss over blade row less
the profile loss. The profile loss has been accounted for
by correlation of bléde element loss and appears in Eqpation
(3.57) as entropy rise while the secondary losses have been
associated with the distribubtion of effective viscosity the
measurement of which is described in Chapters 5 and 6.
Correlation of profile loss is presented later in this

chapter.
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Iimitation of the Equations

The equations of motion neglecting the body forces
deécribénfﬁé‘fiéﬁ ohlj at the stations intermediate betireen
the adjacent blade rows. Hence the grid points were fixed .
at these intermediate locations. From a theoretical view-
point, this restriction also imposes a 1imitatiqn on the
validity of terms involving axial gradiénts; These are
determined by guﬁerical techniques using the values at grid
points beyond adjacent blade rovs uéstréam and doimstream.
In practice, such terms are usually small compared with the
others, when dealing with the transformed radial—equilibfium
equation and no se;ious inaccuracies would occur in the
present procedure, This is an assumption also made by many
other authors,

’ A second limitation is gssociated with the inzbility
to express the exact nature of turbulent flow by using
simplifiéd equations. The basic equatvions for viscous
flow have been transformed by replacing the instantaneous
quantities by a sum of mean and fluctuating components and

by the introduction of arbitrarily defined effective exchange

coefficients,

SECTION B
The finite difference approach for analysing the flow
in axial-flov compressors provided.eariier in this chapter
requires blade information in the form of fluid exit angle
‘and profile loss as a function of incidence., This informafion

has been derived from Iieblein's correlations (1959, 1965).
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Altérnative correlations are briefly surveyed in Chapter 2,
but Iieblein}s ted@niqué has been considered superior sincé
his corre1a£ions were based upén considerable déta iﬁcluding
information from annular and rotating cascades.

Exit angle correlations and the profile loss correlations

are discussed separately in the following pages.

Iiesblein!s Correlation for Deviation

Iieblein's (1959) basic deviation and basic profile
loss are determined at the minimum-loss incidence. Correction
factors are applied to'account for differéncqs between the
actual incidence and the minimﬁm loss incidence. The
determination of minimum;loss incidence is therefore an
important step towards finding the deviation and ﬁrofilé loss
used in the prediction computer-programme. ' .

Iicblein (1959) provided a detailed description of
his method of determining minimum-loss incidence and deviation.
In'a later report, Iieblein (1965), a.method fo; determining |
the profile losses was given. A brief description of

liebleints correlation is giwven below.

Minimum-Ioss Incidence and Deviation .

The methods for determining both the minimum incidence;
ier. and the deviation at minimum loss, Sréf. are very
similar. A zero camber incidence or deviation is first
‘determined from curves given by Iieblein and corrections for

blade pfofile, shape, thickness, camber anci other geometrical

features are a@plied.



At v:glues of incidence other than that for minimum

loss, Iieblein provided a method for determining the

deviation. The expression for this deviation is

$= Saq.ﬁ'-(i—iuz.)'(%é‘)w_ ee(3:54)

rof. is a function of inlet angle, 51 » and

where ( —i—‘%—)
solidity, o provided in graphical form by Iieblein.

Correlation for Profile Loss Coefficlent

The procedure consisted of caleculation of an
equivalent diffusion factor Deé. due to Iieblein (1959), an
estimation of the wake momentum thickness @ and the evaluatic;n
of the stagnation pressure loss coefficient for an assumec_l ‘
form factor Hz. The equivalent diffusion facfor associatgd
with the extent of diffusion of the velocity on the blade surfaces'

is given by

= s s 1.43
Deq. = cosB.'/cos[?2 [ 1.12 + a(i - lrei‘)

+ 0.61 coszB1/c'5(tan§.31 - tanpz)] e e(3.55)

where a = 0.007 for British C-4 section blades,

a = 0,0117 for NACA-65 103 blades. ‘
BBy = Relative inlet and exit air angles for the blade element.
The stagnation pressure loss coefficient @ depends

upon the béundary layer growth and breakaway on the blade
surfaces. Hence, @ has been_ related to the wake momentum
thickness to ch;:;rd ratio, e/c which is a direct consequence of

boundary layer growth, separation and mixing. Blade
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solidity o has a pronounced effect of ©; @ is very high for
low and high solidity but it has an optimum value at a medium
solidity. Iieblein (1953) provided the fﬁllowing expression
which related the profile loss coefficient @, to &/C and |

blade conditions:

W

2 3,
2@ Zr (5 1ok T55 ] (s2)

— -APQ/ (i_ecz) -.-(3.56)

The value' of shape factor Hz suggested by ILieblein was 1.6
and this was used in the computer prograrme. '
Relationship between the profile loss and entropy
rise can be determined from the ther:modn-mamic relations.
Iieblein (1953) gave the following expression for the change

of entropy.

(Sn=5)T/R = Ln( —%)YIH/({:—"))

L

I

— Y- |
- .ﬂ_ - _1_.__... ° e 3 . 57
=4 PJ./P-)M“L[I (77 r) (5.57)

where ( /Z,f / P., )id eal = Ideal total pressure ratio across

' the blade row.

V-1,

= [ I+ %Lrgjzr (1' %:—‘)]

ees(3.58)

-U being the circumferential velocity of the blade element = r.w.
Also along the assumed stream surface, the density

across a blade row is given by

o TIR(Sy=S) .
L0 = ?(:,,— - € .
. -
_ e[!-/on—- Cn/25.7). o 7R(Sn™S)
o — C 24,7

ees(3.59)
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Equations (3.57), (3.58) and (3.59) have been used

in computer programme.

ADAPTATICN OF THE PRESENT. METHOD TO DEAL WITH THZ PROBIEMS OF

DEVELOPANG PLPE AND ANHULUS FLO¥S. -

Conéideration of a.developing flow through an annulus
or a pipe is a special case of the general compressor prograﬁme, .
An adaptation of the general procedure to deal with such |
cases was desired with the viewpoint of testing the compufér
prograrme and invéstigating the effect of a downstream
boundary condition.

For the sake of completeness, it is shown in the
following sections how the problem of a fully developed pipe
or annulus flowlcan be handled and how a developing flow may

be solved based upon the present technique.'

. Fully Developed Flow

An inspection of the transformed equilibrium equations
(3.27), (3.28) and (3.295 shows that each term in the axial
aﬁd circunferential Qirection equations vanishes identically
for a steédy; axisyrmetric, potential flow with Cr = CG =0,

From the transformed radial equilibrium equation (3.27)

! 93& _ 7 3s vee(3.60
S dr T D% ( )
Tt is also assumed, in writing Equation (3.60), that
the viscous term in the radial equilibrium equation (3.27)
is negligible. However, it is riot negligible in the axial
momentunm equation. It follows from this analysis that

Fquation (3.60) is the governing equation in the present
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technique corresponding to the familiar equation obtained

from axial equilibrium,

25 =/.\(3>ch + 4 "”CX) o coo(B.61)

= ol

In équation (3.60) the radial gradient of entropy
.;s different from zero even though the radialAvériafions in
static pressure do not exist. The most trivial case of
sero entropy gradient-wéuld correspond‘with zero radial
gradient of axial velocity, that is plug flow. Enbtropy may
nov be expressed in terms of stagnaﬁion pfessure and temperature
conditions for adiabatic flor referred to an assumcd value of

entropy at a reference state.

sy BL ) 1 (£) (5.6

For a reference point at the inlet or within the passage, the‘

stagnation temperature ratio is unity and hence

33 =-£(L.p) oo (3.63)

which is a valid relationship for viscous and inviscid fluids.

The variations of static temperature are given by

T=T - Ce/(24.7C) | eer(3.64)

WHth these subsidiary relations (3.63) and (3.64), Equation (3.60)

becomes

or,

+es(3.65)
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Cn integration,

2 | (I-;Y)/Y )
[n(T G 8T~ F)=Lalf )+ constant.

...(s.eé)

and P = P » hence cveluating the

At r = Thaf? Cx = Cx ore

ref

above constant and rearranging,

2 ’ 2 (I—.Y)/Y o
(Ho- _C‘/zg,a-) = (He— Gay /2203‘)'(5,4) e s (3.67)

This cquation may be interpl;eted as a relation
comnecting the axial velocity with the stagnation pressure
which, in turn, depends upon the value of P, at entry on the
sane strezmline minus the stagnation pressure loss over the
distance from entry. The loss :i.s necessarily a cumulative
effect of viscosity, turbulence and surface roughness. I1‘;
is evident that, at any axial staticn, Po is less nearer the
'Waf!_l than in the core region.

For a pipe flow, a convenient reference point is at

the centreline vhere ere

omax’

g = Ox ma.x, and Poref =P

Hence,
(H,— &/23.3') =(Ho"6<mau< /7—?0‘7-) *(R'/'evmax)r «ee(3.68)

It may, however, be noted that the 1-rail, Cx = 0 and

2 hi ' '
P = @m*[Ho ’f?w/?-a‘T]"' e o(3.69)

In order to obtain the velocity distribution using

" equation (3.68), it is necessary to evaluate Po at each point.



‘ This is achieved by an iterative process using
Equations (3.61) and (3.68) together with the con’cinui’c;y
equation implied by the definition of Y , Equztion (3.12)
starting with an assumed P0 distribution,

_ It may be. stated that, in this procedure, the radial
distributioﬂ of axial velocity av an axial station is goverﬁed
by the principal radial-equilibrium equa.tion (3.68)‘ and
the distribution of stagnation pressure is obtained from loss

considerations.

Developing Flow

In this case Cr # 0 and 3/sx# 0 and the radial

momentun equation appears as

aCz P Cx s
CX( ax o )—3°J_ 5% =0. 000(3.70)
viscosity terms being negligible and the axial equilibrium’

equation reducecs to

' J ;3G
CXQ_C(__’_C’&QE{_ = L’ﬁ +/'g'( a)_’-+7§_ DQ) -..(5.71)

The former (3.70), in temms of \f/.is written as

(H"'zyv)é—,gf e o(3.72)

and the later (3.71) can be expressed as

b . 1 oy Y Sy, Y 1 oy
?To_e“(,-;)c)( 2% aa.asc,‘*'ay:; af‘ 2 a's,)

Y - aV’) a—(f’ %) oo (3.73)

* eq;c(a'zs"f’a st T 3%
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¥ith these two equations established, a procedure
similar to that used for fully developed flow is used to
relex for ¥ in equation (3.72), obtsining P iteratively
from equation (3.73). The procedure is the same for the
pipe andnannulus problens, .
Sumery

"The basic equationsifor axisymﬁetric campreésible flow:
in axial-flow turbomachines have been developed inclﬁding
terms expressing the effects of turbulent shear stresses.

The equations are

Te the definition of stream functlon, Equation (3.12),
2. - the principal radial cquilibrium equation, (3.27),
3. the energy equation, (3.36),

4, the entropy equation (3.50), and

5. various thermodynsanic relations.

It was observed that the distribution of eddy-viscosity
in axial-flow compressors necessary bo solve the above equations
was not available in the published literature. Exﬁenﬁnents
described in Chapters 5 and 6 were designed to provide some
basic results,

The cascade performance data required in the basiec
equations were obtained from the correlations due to Iiéblein
for deviation aﬁd profile loss. The entropy change due to
profile loss is given in Equation (3.57).

A procedure for analysing developing and fully developea
flowr in pipes énd annuli is presented. The basic equatidns
for fwlly developed flow are (3.12), (3.61) and (3.68) and for

tha developing flow are (3.12), (3.72) and (3.73).
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CHAPTZR 4

THZ DEVELOPIENT OF THZ COMPUTER PROGRAMME

In the previous chapter, the squations applicable
to the fion in axial—floé conpressors have been developed
and correlations of cascadz data have been disqussgd. The
‘neﬁt step was to arrange these equations and correlations
in a suitable form for the computer solution and t&
deveclop the optimum solution procgdure which are described
in this chepter. |

The problems associated with the boundaries of the
flow ficld are first discussed, the convergence problems are
next considered and the solution procedure is then described.
Finally, test runs for simple developing flows are
prasented.

Hathematical details and block diagrams for the cemﬁuter
programme are given in Appendix II.

The field-scanning formula used in the computer

prograrme 1s presented in Appendix I.

Problens Associated with the Boundaries of ‘the Flou-IField

There ars, in general, three types of problem in

this contbext:

1. ) The spécificetion of the boundary conditions.

2e The occurrence of large gradients in verious field
values.

3 Curved and sharp edged boundaries, which presenﬁ

additional problems in the solution of the equations.
Bach of these aspects is discussed in the following

pages.



Boundary Conditions

Tﬁe specification of tha boundéry condibions
requires a physical kno"1e ge of the flow at the boundaries
of ‘ths dom;in. The number of boundary conditions Tor '
zach dnpendcnt variable depends upon the tenus of the
hizghe Su ordor for the variable. Vhen the Llrnest order
is ¥/ suyr, n boundary conditions are req cd at the
ji:iti. values of y;+ If another highost tern 5"“7332
occurs in the same egquation, then n further boundary

conditions at the bounds of Yo rust also be specified,

oy, for the solution of Bquation (A.I.1), that is

Sy -1~ Bl W)

R 99<=' eea(2.7)

for B(;¢q) predeternined at each grid point, onc boundary
condition at each of r = Tyy TE T, X T X, end x = X, is
required, Specification oi ¥ = const. = 0 2% the inner
boundary T W= const. = 100 at the outsr boundary T

would be correct if larze gradients did not occur near thess,.

boundaries; +this aspect is discussed in the noxt paragraph.

=

t inlet to the compressor, x =‘xi, all flow conditions are
given but av the exit, x = xg, it was assumed that the axial
gradients in ¥, Hb, Cé, «.. vonish. The boundary condition
at the exit from the corpressor is not wnduly weak but it has

2 marked influence on the convergcnce problem and is discussed

later,.
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Ierge Gradients

then large gradients in the field function occur.
close to a boundary, this leads to gross inaccuraéies if
a coarse network is enbloyed; The problem is further
aggfavated if the grid points do not lie on the bowndary.
An obvious solution is to construct a fine—mesh in the flow
field. A larger number of mesh points will require more
computer.time for rélakation or matrix inversion and the
méximum sizc of the array is 1imited by the computer sbrage.
One possible sqlutioﬁ is to devisé a.coarser grid in the core
region of flow end a finer ﬁesh near the boundary, providea
the steep gradients do not occur in thé flow of the core
region, However, the number of grid points sroruld still be
increased resulting in compubter dorage probléﬁ and excessivg_
computer time, 7 - ' o

The progranme adapted here was to keep the grid size
uniform in tﬁe radial direction and to overcome the problem-
of large gradients close to fhe walis by the introduction‘
of flase or 'slip! values at the boupdaries. A slip value
of velocity at the wall, u, is defined as the one which,
when used in conjunction with the velocity at the grid boiﬁt
nexb to the yall, results in the correct value of the
velocity and gradient of velocity at a point miduay between
the boundary and the next grid point. This procedufe is

illustrated in Sketch (S.4.1)..
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The correct slopé and value of the velocity at the point

mid::afy‘ betrreen the boundary and the next grid point were .
obtained from a form of the mi*reréél wall-function.

| For the present c.ase, it was required t‘o establish

the slip values for the stream function at the hub and tip of
the compressér. These ‘were obtained.by assuming a velocity

distribution, u = KyS, neer a wall. Fron the definition

of slip wvaluszss, : ) ' \

kyf‘—' kﬁyrf-{ﬁm4 Wg

o .o o(4.2) |
~ vhence, Ws =(1-—ﬁ) /(1-}-/3) e 5, Up= 24_73. WUz K
ana (3%) = 22 (39)- &y e (4.3)

Replacing Equation (4.3) by a finite difference form results
in

~

Y= (-2 0.8/ (2 —2a(t68))
eeo(2.4)

Nmigr
k
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Value of 8 used in Equetion (4.2) is obtained from. -
a suiteble drag law; the form used here due to van Driest

(1956) is as followss

-1 --4s5 -3 ~18
Sw = Re = 0-1561 Re "+ 0:08723 Ru- +0:0371 Re ,, (4.5)

where
Se= SIk®* = T; 242
V K /(R0 - e.s(4.6)
k = constant er/wz{g= sz’g(z %—g

ana Ry = R kz = -QU'y kz/ﬂ . ) ' '00(40.7) ..

In using Equation (4.5), the pressure gradient
factor has been nezlacted following cgnvention and for the.
sake of simplicity.

V£

/3 "[(S'H:)m} /k

vee(2.8)

ki

Curved Boundaries

The presence of curved boundaries poses some further
problems. For a rectangular network used in the field, the
functions at the grid points adjacent to the boundary have
to be cveluated separately using an amended relaxation fouﬁine,
or by a process of suitsble extfafolation from the known
valucs at other points. In addition, a rzsctangular grid
system is particularly unsuitable where the number of points
in the intzsrior of a fggion at a certain cross section becomes.

too feu, this is likely to occur towards the exit of a high

" pressure-ratio axial-flow compressor. Further subdivision

of the rectangular grid in such zones may provide a solution
but 2 network of variable size along the flow makes the

compuber programme more cumbersome and discontinuities may

L
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result in the solution at the section where the grid is
changed, dues to 2 change in the relative accuracy of thz finite:
difference form of the equations.

ternatively, 2 curvéd grid system mzy be preferreﬁ
to a rectanzwlar one. One way of achieving this is by the
trans formation of eguations with a change of co-ordinate
system. Another method, which was used in the present
study, consists of dividing the field into a _quasi—érthogonal
net. The grid points along the flow wers arra'nged to
foﬁo*.-r approxinate streamlines while thé grid 'éoints across
the i".'Low vere on true radial lines, as illustrated in Sketch.

(5.4.2).

"—'——> BLADED REGION == ~
I

CASING

HUB

FLOW-FIELD, THE BOUNDARIES AND
THE GRID POINTS

SKETCH (s..l:.z)
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This is particularly suitable far regions with inner and
outer cufvéa boundaries. The radial lines across the

flow were.drawn_ét locations interm=diate betreen the blade
rows, each line was divided into equal nuiber of parts,

and the corrasponding pointé were joined to éonstruct the
quasi-o;thégonal mesh, For each point P in the region,
values.oflﬂz and HR, the distances of transverse iines on
its left and right and G, the fransverse interval were noted.
A finite difference formn of’the field equatiqn was arranged
to form a 'molecule' to apply at each point in the field.
The details are given in Appendix I. The molecule appears

as ’ .
Yonew = (1— ‘LO) ‘)Up + %P(MA Ya +.M8 Ve + Mu Yo+ Moo "‘BP)

with the symbols also explained in the appendii. DA, Mb ces
are, in generzl, Ffunctions of the grid size and shape and ®

is a relaxation parameter governing the rate of convergence.

Convergence Considerations

A molecule representing the finite-differenpé form
of the principsl partial differential eéuation (3.27) is
applied at esach point in the flow ficld in order to obtain
an improved value of stresm function. An arbitrary initial
distribution of the stresmfunction, Y , may belselected
although the number of iterations could be reduced by selecting
a realistié‘distribution.( The main problens associated with
the iteration technique were those of instability and

convergence. Problems of instability mey occur when the

.computer prozrarre is opera%ed'ﬁith high Hach-number flows
but in the development of the corputer prosramme for iow speed

flows no problems associated with instability were encountered.
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The simplified prozrarme was that for a potentisl ilow
i.e, when B in Equation (4.I.1) was zero. The diagzonal
of the matrix of the algebraic equations so‘set up was predom- -
inant, a condition that often leads to tﬁe stability of the
solution by an iterative technique of successive over-
relaxation using the Gauss-Seidel approach. This technique
is most promising since it uses an implicit iterative routine
assuning the successively improvéd values of the wnknowm at-
each point and it make uses of the . fact that most of the
terms in the mét?ix éfe zero. With the simplified computer-
programme the following investigations vere made.

(1) Bffect of values of O.R'S (over-relaxation paramcter o) -
and of varying O.R, in successive iterations. ‘

(2) the influence of different field scamnning techniques.

Over-Relaxation

Optimwa 0.R. was obtained for the annulus geometry
of the three stage coppressor described in Chapter 5 by
plottiné the meximum field residual against the numger of
iterations for difference percentages 6f over-relaxation as
shovn in Fig., 1. It was'nated that the relaxation to achieve
a particular convergence with O.R. = 1 may be as mugh as ten :
times that with a 607 over-requation. It was also observed
from the curves on Fig. 1 that a higher over-relaxation is
more effective in the initial iterations and less userful

thereafter. This fact led to a-consideration of differential
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_ O.R., that is o high O.R. used in the initial stages,
gradually decreasing to a lower velue. Use of O.R. equal to
1.9 for the initial iteration and gradually reducing to 1.4 .
achieved a 103 reductiﬁn in convergence time compared with a
constant over-reiéxation of 1.6. It was considered that

the complexity associated with differential over-relaxation
was not warrznted in view Qf the comparatively small reduction
in compufer time. Hence a constant vaiﬁe of O.R. = i.s was

selected for the'exial-compressor conputer programme.

Field-Scanning

" The conversence of the solution results from updating
. < (=]

the field values to satisfy thé governing equations. This is,

in turn, achieved by sweeping the errérs at field points'
tqwards the boundary where the error is reduced to-a miniﬁuﬁ.‘
It was thus considered that a sequence of scenning so as to -
communicate with the boundaries frequently would be the
quickest. . In fact, Fox (1962) suggested the use of vertical
and horigontai oscillations. | |

Various scanning procedurés vere considefed but it
vas found that the most suitable scheme for the a¥i§1~flow
compressor geometry was to scan the fizld from inlet to exit,
from hub to tip and from tip to hub in successive iterations.

( -
Deseription of the Cumputational Process

The computcr prozramme was arranged to carry out the

following operations, -

- o



70,

Te Froa: the input geometry of the compressor and the
blades, the flow field, the boundaries and thz net work were
debefmined.
2. . A sterting distribution of ¥ '.-;as.assmned and the
boundary conditions were specified,
3. Initial values of the velocity components were
deternmined consistent with the assuﬁéd V’distribu%ion.
4, The value of B for Equation (4.I.1) was determined
for each grid point sﬁarting from ths compreésor inlet. After
each stator biade row, the cascade eorrelation was used to
find the outlet angle and the entropy terms. After each
rotor, the velocity triangle rela?ionship together with the -
cascade correlation were uscd to obtéin thé valuse of oﬁtlet
angles and cntroﬁy terms., The radial gradients of Hb, e
énd rCg and the constituents of the B-term dovnstream the
blade row were evaluated.l The terms due to turbulence in
the equilibriun equétion and in the entropy equatioﬁ were
calculatéd for the specified distribution of effective
viscosity.
5, The values of B were inédrpofated in the finite-
difference molecﬁle at each grid pqint éﬁd‘the scanning
procedure to relax for ¥ was carried out. This scanning
procedure was continued until the residuals at each grid point
were below the tolerances
7. This cycle, from 4 to 5,.was repeated until the
maximum change in velo;i£y at any point in the field over
one iteration was less than a specified p;rcentage of the
maximum axiai velocity.h |
'S. Then the converged solution was obtained, the final

values of all fluid angles, velocity components and stream
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function were printed out end the computation was stopped.

Iteration Control

The overall solution proccdure, as outlined in the
preceding section was iterative in nature. Starting with
an arbitrary distribution of the field ﬁariables, one
cdmplete cycle comprised calculations for newer estimation
of the constitutent terms in th;r) and a ralaxation of the
field for an improved VLdistributiéh. Contrpis were, therefore
necessary on the overall cycles of calculation as well as on
the field scanning for Y. distribution.

The overall cycles of calculation.were repcated until
th2 axi2l velocity at any point chenged by less than 0.5%
of the maxdimwn axdial velocity in successive cycles. A
termination limit such as this was arbitrafily Tixed but was
observed to be cffective since other variables like C, ana‘y
also converged to nearly the same exbtent as Cx; An upper
1imit to the mumber of cycles of overall iteration was fixed
at 10,

During the relaxation ?rscedure, the greatest residual
in the ficld eas dsternined and the procedurc was repeated
until the gréatest residual anyvhere wes below the tolerance
rhich was set at 0.005, If the desired convergence was not
schievced within a specified number of cycles, the procedure
was terminated. The tolerance limit referred to sbove was
compared.with the mumerical difference betieen the present
and updated values of ¥ rather than on any percentage basis
tthich has been used by some otﬁer authors. This was important
from the point of view of achicving same absolute accuracy

in difference velues of ¥ and hence resuliing in a more
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accurate determination of the velocity ficld.

Simnle Test Cases

A simplified version of thes general computer
prosrarme vas vritien, on the basis of relations (3.60) to
(3.73), to .solve the problens of flow thouzh an ann,ul‘us and
through a pipe. The simplification was achieved by the
removal of the subroutines and statements associated with
cascade corrclations and calculations across the blade rows,

Tests were 'conducted to establish the validity of the
general computing technique for simpler problems and to investigate
the effect of a downstream boundary condition on the
convergence with a view to incorporating suitzble boundary
conditions both downstream of the blade rows and at the exit

planc of the axial-flow COmpressor.

Pipe Flow

The computer programme was run for fully developed
flow at entry assuming laminar viscosity .only.. It was found
that the solution converged rapidly to the parabolic velocity
profilc at every axial station in the pipe.

The computer programme was ru with developing flow
again essuming laminar viscous effects only. The results
are shown in Fig. 2 vhere it can be seen that the progranme
vields realistic results,

Ho%%ever, it was felt that the comparatively coarse
grid used in the computer programne for the relatively thin,

groring boundary layer at the entrance of the pipe would not

produce accurate results,
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Parallel Annuwlus Flow

Test runs i‘of fully developed annulus-flows were
conducted assuming lsminar viscosity and a plausble
distribution of effzctive viscosity. For the laminar
viscosity éase, the solution converged to give the fully
daveloped vzlocity profile at ev'ery a:'i;l station. For the
turbulent eddy-viscosity example, th= cxperimental fully
developed velocity-profile was put as an entry condition and
the converged solution was only slightly different at exit
comparsd with the entry profile, Fig. 3. The slight
discrepancy betwcen the inlet and e;dtﬁ velocity perhaps arose
from the eddy viscosity distribution used in the computer
prograrme which has been based on the compressor results
Siven in Chapter 6. ‘

The problém of developing turbulent flow through"
an amulus was analysed. The effective viscosity wvariation
was assuned te be the same as that in the sxial-flow compressof.
No experimentel results were available to;compare with the |
conputed solution but the reéults appear credible, as shown in
Fig. 4. However, as in the case of developing pipe flow the
grid was relatively coarse comparcd with the boundary layer

thiclkness so that accurate results wrere not expected.

Conclusions from the Simple Tests Cgyses

The general computing technique was found to be
perfectly adequates since accurate results were obtailned for
fully developed flows and plausible results for the developing

flowus,



There wers no computing difficulties associated with
the specification of the exit bﬁundary condition ( ®¥/ax=0)
both for the developing and fully developed flow cases.
Hbreover, the mumber of iterations was not excessive in

obtaining convergence to reasonable limits.
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CHAPTER 5

DEVEIOPMENT OF EXPERIMENTAL APPARATUS AND TECHNIQUS

Objective of the Experimental Work

It has been shown in Chapter 3. that there is a
need to conduct detailed tests on the flow through an axial-
flow compressor in order to obtain a realistic pictﬁre of
~ the Structuire of turbulence and the distribution of
effective viscosity. The model of flow for the compubterised
prediction of the off-design performance of the compressor
may be then improved to include the effect of turbulent
shear flows in addition to the effect of blade losses.
However, there are many experimental difficulties assoclated
with the determination of the distribution of effective
viscosity in an axial-flow compressor.

In two dimensional boundary layer flows, the
constant stress region derives its supply of turbulent
energy almost exclusively from the interaction of the
turbulent shear stress and the mean velocity gradient
within itself. The energy transfer from the turbulent
flow outsidethe region and due to mean pressure gradients
in the axial direction is small and hence various
simplifying assumptions can be Justified. The boundary
layers within turbomachinery are nore complex because
there is an alternating eﬁergising and cie-energising
of the boundary-layer by work input from the rotor
blades and frictional resistance oi‘fereél by the passage.

In addition, there are centrifugal forces and radial

pressure gradients causing radial shift of flow.
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In view of the complexify of the problem and the
amount of information needed on the one hand and the
relatively undeveloped state of the transducer (hot wire)
for such measurements on the other hand, it was not
expected that all thé'desired information would be obtained -
from the experimental studies described hgre but the intention

can be summed up as follows:-

1. To explore the use of the suitable transducers,
2. To develop a practical technique, '
Se To procure necessary information,

4, To interpret results, and
5. To express the results in a form useful for the

general prediction computer-prograrmes.

The measurements within the ccmpressor necessary
to determine the dstribution of effective viscosity are
the turbulent shear stresses and the radial velocibty
gradients. The development of the test technique is

described in the following pages.

The Iaboratory Compressor Test Facility

A compressor with three identicai stages preceded -
by a set of inlet guide vanes was used for the tests.
The blades were of free vortex design with 50% reaction
at the mean diameter and had C-4 circular-arc camber-
line aerofoils with a constant hub tip ratio of 0.7.
Hore details of the blading and the compressor are given

in Table A,
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The compressor rotor was of drum construction and
the extension shafts at either end were supported in ball
and roller bearings fixed in the inlet and outlet stator
casings through six webs which also served to straighten
the flow at entry to the guide vanes and at exit from
the last stator row as shown in the accompanying sketch
(55.1). The stator blades were held in half-riﬁgs located
in positiecn by'adjustable spacers. .

_ The compressor was coupled to a 200 Volt D,G.
compound motor developing 15 h.p. at 3000 r.p.m. The
speed was controlled in coarse sfeps of about 100 r.p.m.
by a rheostat in series with the amature. Fine
regulation of speed was achicved through the adjustment

of smaller rheostates in the ammature field circuits at
lower (lesé than 2000 r.p.n.) and higher speeds respectively. -
A tacho-generator was uséd to measure the speed. The
torque measurements could be made through the reaction on
the rotor casing designed to swing freely in air bearings.

On discharge from the last stator, the air was
passed through two lengths of straighteners, a converging
passage with a venturimeter at the throat followed by a -
5% diffuser with a throttle piate at the exit end. The
mass flow was varied by adjusting the throttle plate and
wﬁs referred to by the number of revolutions of the
throttle plate from-an arbitrary zero at the minimum

possible opening.
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Measuring statlons were provided m:u.dxray between the
blade rows,  at inlet to the I.G.V. and/e;cx.t from the
iast stator. The circumferential positions of each of
the'stator rows and of the I.G.V. could be adjusted through
1% blade pluches relative to the probe so that the whole
area between the pitches could be explored. There were
static tappings at four circumferential places between
- each row of blades so as to provide an avérage static
pressure for each station. All pressures were measured

on a 24-tube sloping manometer.

Compressor Inlet and Throttle Modifications

The inlet of the compressor needed some modifications
for three reasons:
1. To make the air enter a:d.symm_.efrically and to
eliminate the disturbing influence due to the motor casing,
coupling and the supporting table etc.
2 To filter the air in order to protect the hot
wire transducer.
3e To facilitate velocity measurements.

The changes made to achieve ﬁhese objectives are

shown in Sketch (S.5.2). Also shown in the sketch is a

INLET TOTAL HEAD PROBE
INLET WIRE GAUVZE

SHEET- METAL FRAME

F“ COUPLING COVER
/’/é {

LOCK NUT
THROTTLE PLATE

M

| l WoeopenN BAsSE Rsmov&'b
o Y FrRomM HERE

| 1 INLET

SKETCH(S.5.2)
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means of securing the throttle plate at exit end by
introducing a lock nut, and a spécial spanner was made to
tighten the lock nut.

The calibrabion of the inlet total head tube is

shown in Fig. 5.

Hot Wire Equipment

It was considered that a constant ’ﬁwperature
hot wire transducer would offer the most satisfactory
approach to the measurement of the mean velocity together
with the r.m.s. values of the fluctuating components and
the correlation tems and hence a standard set of DISA
equirment was procured. A brief description of the
circult has been given in Appendix VI, -

The selection of the shape of hot‘wire probe was
governed by the limitations imposed by the compressor.
The sflort gap between the blade rows did not permit the
use of a standard hot wire with the stem facing upstrean
as is used in the wind tunnel and boundary layer measure;-
ments. Oniy a straight probe with a wire attached to
the tips of the prongs could be used. The wire, however;, -
could be placed at inclination with the probe axis,

In order to compute the components of the mean velocity
as well as the structure of turbulence, it was necessary
to obtain the D.C, and A.C. voltage response of the same

or similar wires in different orientations., Cross
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wires (X—prébes) were ruled out because parts of~oﬁe or
both the wires operate in the wake of the prongé and

cause mutual interference effects. Repeated‘traverses
with one or mora single wire probes was the obvious method
to use. However, this introduced additional problems

of running fhe compressor at a constant speed énd relocating -
the‘probe at the same place in different runs. The problem
of maintaining a éﬁnstant speed was overcome by measuring
the inlet velocity heéd by a micromanometer to maintain

a constant Reynold!s number. Accuracy in probe locations
'wﬁs achieved by designing a suitable traverse gear.

The wire material used in the hot wire anemometer
was the wual platinum plated tungsten because it was
necessary to have adequate mechanical strength, high
temperature coefficient of resistance, high specific
resistance and its ability to function at elevated
teméeratures. The specifications of the hot wire probe
are listed in Table B and those of the'anemometer in

Table C.

The Pipe Apparatus

In order to become familiar‘with the technique of
hot wire measurement and with the intentions of developing
a suitable probe{ a pipe apparatus was constructed. This
consisted of a cast acrylic pipe of sufficient 1ength
to ensure fully developed turbulent flow at the test section.
The total length of 18 £t was made up of three equal
 pieces flanged together, the ends being matched as to

minimize the size of the steps between sections. The
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Pipes were Aéir.cul'ar within a maximum discrepancy of 0,004
inch in 3,150 inches nominal diameter. The steps between
the lengths were less than 0.065 inch each,

At the inlet of the pipe, a smooth contra'_ction
in aluminium was followed by a fine wire mesh to serve
both as a dust filter and to minimize distrubances due
to dréughts. A suction fan driven by a D.C. mo‘o&r (with
an accompanying transformer and rectifier) was suitably
Joined by a flange to the dowmstream end of the pipe.

‘ The test station for the hot wire calibration and
shear traverse was fixed at 60 diameters from the entrance.
Provision was made to insert a total head pitob tube fram
a location 6" downstream of the hot wire station, the
pitot head 1lying in the- transverse plane containing the
wire, For calibration purposes the wire and the pitot
end were placed in close proximity at the centre of the
pip_e.' Twro horizontal static tappings were used to
measure the static pressure.

The calibration of the hot wire for velocity
' measurement was achieved by a direct comparison with the
' pitot tubes The measured velocify profile was also compared--
with a standard fully developed turbulent profile.
Shear stress ét the wall was estimated by extrapolation of
the apparant turbulent .shear measurements at various
radial locations, Comparisons were made with the alternative
methods of wall shear determination by momenitum balance, by |
reference to stanqard friction diagrams, (auser Flots and

by certain empirical relations.
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Hot-THre Calibration Tunnel

A calibration tunnel was used to calibrate the
probes to be inserted into the compressor because the range
of velocities in the compressor was gi‘eater than that in
the pipe-appéra_tus.

The tunnel consisted of a centrifugal blower
passing air through a ducting turned twice at right angles
and a receiving chamber which discharged it through a .
sharp edged orifice. The centrifugal fan was mechanically
isolated from the rest of the equipment to prevent the
whole system from vibrating.

The fan speed was controlled by a regulator but
it was not adequate to cover the whole range of velocities
* required, Throttling at the inlet of the fan by
covering it in parts was used as an additional means to
regulate the velocity.

The probe was held in the traverse gear which was
in turn held in a clamp stand in front of the orifice.

A pitot tube and an inclined manometer were used for the

velocity measurement,

The Probe Traverse Gear

A traverse gear was manufactured with the intended
functions of accurate radial and angular locations and
quick 45%-settings. A front view is given in Sketch (S.5.4).
The assémﬁly is capable of being‘mounted on the
compressor body or the Pipe-apparatus by two bolts AA,

The probe support is held by a tap screw in a bush which
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.«fbrms a part of the device for rotation and linear movement.
The linear traverse was measured by a counter correct to
0.001 inch and the angular settings could be secured within
one sixth of a degree.

A distinctive feature of the gear is its capabilify
to reset the probe at intervals of 45° from any arbitrary
reference position. This is achieved by locking the
knob (7) in the reference position, unscrewing (10) which
results in pulling out of pin (11) from the gear, and
turning the brass plate assembly (4) wtil the pin drops
into the next hole. The knob (10) is then screwed with
the pin pushed in the new position. The main gear (5)
has eighf accurately drilled and reamed holes at 45°
intervals. This feature was incorporated to save time
in reorienting the wire with short leg facing and long
leg facing positions once the normal wire position and
yaw angle are determined.

A sliding brass bush (9) was lowered to block
the hole vhen the probe was lowered into the compressor.,

It also helped in reducing the probe 'wobble®" to a
ninimm. In oder to eliminate the vertical play,

unidirection traverses were used.
Iist of the Main Components of the Traverse Gear
1. Supporting frame with a guide slot in it.

2. Threaded bar 3/8" B.S.F,

3. Movable plate carrying the probe holder
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I's

4, Brass plate with éngular scale on top of it and

vernier on the right.

5. lain gear attached to the probe.

G Brush with the probe support clamped in. -
7. Knurled knob to change the angular setting.
‘8. Probe holder with probe at the bottom.,

9, ' Sliding bush to seal the compressor-wall hole.

10,  Knob for rapid 45° settings. o
1. Steel pin running through the brass piece and gear.
12. Circlips to keep the assembly intact.

_ 13, Knurled knob to raise or lower the probe.

14, Cyclometer reading in 0.001 inch.

15. Zero setting knob for the cyclometer.

Problems Encountered with the Probe

Probe Bnd Effects

A difficul.ty with many types of instruments when
'thé probe axis is perpendicular to the direction of
velocity is assoclated with the wake behind the probe .
being blown into the measuring device. This problenm
was encountered with the hob wire tests when it was observed
that the r.m.s. voltage increased with tﬁne.l The
increase in the reading occurred gradually at first and.
then increased suddently. Over the same period of time
the D.C. voltage would not vary by a measurable amount.
The phenomenén wag observed to occur for all orientations
of the wire to a greater or lesser degree. Examination

of the output on an oscilloscope sﬁowed that there exists,
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over and above the fluctuating component of velocity,

a source of disturbance of the order of 150 cycles/second.
The ini’cial grédual rise in A.C, r.m.s, reading was due
to the deveiopment of the source of disturbance anci

the latter jup maff be attributed to a condition of
resonance so created. -

Attempts_were then made to determine the source of
trouble and some possible remedies, It was suspected
that the induced vibrations of the wire, or probe wake
interference sometimes referred to as the "Telegraph Pole®
effect could have caused the erroneous response of the
instrument. The wire was checked under an optical
projector with a high (x 100) magnification and it did
not seem likely that the wire or prongs could vibrate in
the low-speed tests.

In order to establish the cause and as a trial
for a possible remedy, a plane cardboard disc with its
diameter three times that of the stem of the probe was
fitted on the probe immediately above the prongs holding
the wire. Tests on the pipe under similar conditions as
before showed that the time unsteady effects and the
jump in r.m.s. reading now _v'anished; The diagnosis -
was thus confirmed by the ~remedy and it was adopted as
a staﬁdard practice to fix a thin machined brass disc

on every probe made theréafter.
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Wire Orientations

: The flow at the pipe test s.ection was one dimensional
and hence output from two wires or from the same wire in
x~r plane at +0 and -8 to the direction of velocity could.-
be used to determine the shear- stress. A straight probe
with a single inclined wire could be used to operate
freé from prong-wake effects only in one of the above -
orientations. Use of a 90° adapter was impracticable
from the point of view of later measurements with the
compressor., Two a1ternative<means of overcoming the
~ problem were suggested:

1. To select a number of wake-~free orientations wl}ich
may, in general, contain the contribution by all the six
components of the apparent turbulent shear tensor. ‘

2. To modify tﬁe probe prongs in such a way as to
allow wake free operation of the wire in the desired
orientations.

Although the second alternative turned out to be
more promising, possibilities were explored of analysing
the six sets of wire traverse data necessary to obtain
the required shear-stress information. Based upon the
assumption of low level of turbulenée, a set of six
equations were set up in terms of the six unknowns and a
computer program was developed to evaluate the mean
velocity components, the coefficients for the six equations
and to solve the set of equations. The solution frequently
resulted in absurd conclusicms such as 'negative Z: !

and !'random change in sign for the shear stress'. The
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" serious discrepancies were attributed to a number of
possible sources of error. The most serious of which
were associated with the fact that the important velocity
componénts and correlating factors were obtained by
processes involving small differences between large
numbers., .

The second alternative calling for a modification
of the probe-design was considered. The prongs of a ‘
DISA straight probe 55-A-22 were bent with one prong cub
short to make a 45° inclined wire to operate in clear
stream of air. A disc was necessary to isolate the wire
from the stem-wake effects. Tests for the velocity and
shear distribution in the pipe confirmed that the wire
behaved reascnably well and that such a wire could be
relied upon for measurements within the compresscr.

A first series of tests were conducted on the
compressor and the analysis of the results showed that the
velocity and turbulence distribution were measured
inaccurately. This was explained by the fact that the
wire on the crooked prongs was too close to the disc and
the stem, and the disturbance created by the disc
affected the wire fesponse appreciably. The adverse
effects were larger at higher velocities within the
compressor than at low velocities in the pipe. A
straight-forward solution was to procure a probe with extra
long prongs and. to redesign it. The special-probe

was constructed as explained in the next section.
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The Speclal Probe

A straight long;legged hot wire probe was adapted -
for a wake-~free operation in the three desired ordientations.
It was decided to bend the prongs in semicircular arcs of
such diameters as to result in the line joining'fhe tips
to be at 45° with thé probe axis and the distance apart
was adjusted to keep the length of the wire close to
1.2 mm. This limitiﬁo the wire length was necessary -
since a longer wire would have a higher resistance and
the corresponding operating resistance for an overheat
ratio of 1.8 could fall outside the range of anemometer
Bridge. .

A jig was constructed to facilitate bending the
probes t6 the required diameters. Sketch (S.5.5) shows
the long-pronged probe as it was delivered and the final
probe. An examination of the probe under the optical
projector with a high magnification showed that a desired
wake~-free operation was possiblef A circular-brass disc
was attached with epoxy cement "Araldite" on the stem of
the probe to minimize the effects described earlier.

The calibration curves for the probe were satisfactory.
The angular response, although it was systematic and better —
than before, it was not the same for the wire placed at
+@ and -0 to the mainstream. The prengs did not have
a direct interference but there éould be boundary layers
descending the prongs and sweeping over the wire in one
or both of these positions. There was a possibility of
such a phenomenon in view of the bent prongs. In order

to impove the response, the prongs were slightly re-adjusted
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near the tips 2nd a new wire was welded and tested. The
discrepancy in angular response still persisted, |

A check was made on the turbulence re’sponse.of
the wire in a near-potential homogeneous isotropic flow
available near the inlet end of the pipe-apparatus when
the wire gaﬁze was removed with the flared entry plece in.
place. A constant low r.m.s. reading (4nV) in each
angular setting of the wire showed fhe absence of the
interference encountered with earlier probes.

The discrepancy in angular response described
above was allowed for by considering the probe as three
different probes for its use in three orientations. This
consideration introduced the necessity of different partial
responsg-factors (:t‘i and fz) in the hot-t-:i;;'e equations ‘ | :
(A.IV.23a and b) and the data analysié technique was
accordingly adjusted.

The special probe was now used for a set of

measurements within the axial-flow compressor. i

Calibraﬁion of the Hot~Wire

In principle, a hot wire Aprobe is a thin finite
electrically heated cylinder with end supports placed in
a stream of fluid., Radiation and free convection effects
being negligible it loses heat mainly to the i‘low!}i)"ox;ced
convection apd to the supports by canduction., VWith the
additional assumptions of steady, uniform and isothermal
flow, a dimensional analysis leads to N=f(f Re, 5': E,iﬂ,o()

where N, Pr and Re are the Nusselt, Prandtl and the



Reynolds numbers respectively. For constant~temperature
‘anemometry, N = £(Pr, Re o f) where the effective Reynolds

nurber Re_,. includes the effect of a and Y/d. The

£f
functional form may be expressed by a semi-empirical
equatioﬁ and the rate of heat lost by the wire may'be
equated to the rate of electrical heating for the
equilibrium state., The feedback bridge voltage E may

be expressed as
” .
E° = A + B(P eee(5.1)

This equation is slightly more general than the
King's Iaw, (1914) where p = 0.5, | Although some more
complicated relations have also been proposed by some
authors s Equation(5.1) was assumed to be adequate for the
present analysis.

The calibration of the Im‘.re, ‘thus required the
evaluation of the constants A, B and p. 1In the first
instance, it may appear to consist of a simple process of
recording E and U for a range of flow conditions but in
practice, it is complicated by the considerations
described belows
1. A least square fit to the da-ta may result in a
wrong set of constants if one or two points fall outside
the smooth trend formed by the rest of the points. This
is chiefly due to the relative insensitivity of the
residual with the index p. Inaccuracies in the index
may severely effect the reliability of shear measurements.
A programme was written .(details are given in Appendix VII)

to perform the least squares fit and to indicate the standard



97.

deviation and the residual in the solution of indicial
equation.‘ As shown.in Fig. 10, the standard deviation
was minimum at p = 0444 but the residual in the indicial
equation was not the minimum. Such a discrepancy was
observed with the da;a of different wires and it was
later noted that such a fit gives misleading results for
shear stress in a fully developed pipe flow. In view
of this problen, it was considered to be better to select
a value of p consistent with the expected results in the
pipe flow and use the same value for compressor
measurements. The constants A and B were again determined
by a least square fit.
2 The measurements in the compressor requires the
wire resbonse to be found in three orientations:
The wire 'normal! to the flow, the wire with
short leg facing the flow (S.ﬂ.F.) making +0
with the velocity and the wire with long leg
facing (L.L.F.), making -6 with the velocity.
On theoretical grounds only one calibration
~with the wire 'nommal! to the flow should be
adequate but experimental results described
earlier showed that the cosine cooling law
was inadequate and that the additive or deficit:
cooling for short leg forward (S.L.F.) and
long leg forward (L.L.F.) positions could be
approximated by the introduction of partial
response factors f1 and fz respectively, as
shovm in Equations (A4.IV.23a and b). It was,
therefore, considered necessary to calibrate the
wire in egch of the three orientations required

for subsequent measurements.
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3. | The calibration constants are effeéted by the
level of turb(zlence at. the calibration station. It was
verified that the turbulence vas low both at the centre .of
the pipé and at the exdit of thg orifice of the calibration
tunnel.

4. It has 'been observed that for a tentative value
of p, a rélationship of the type E2 = A + BUP does not
hold .good for the entire range of vélocitieé. In |
general, A and B showed dependence on the magnitude of
velocity but linear fits between E2 and W are quite

~ valid for a short range of velocities. At higher
velocities, A is higher and B is less than the
corresponding values at lower velocities. A typical
response corresponding to a set of calibration curves

-

shown in Fig. 6 suggests: :

A B ' P
34.5 6.4 for 5-25 ft/sec 0.5
37.5 6.0  for 25-90 ftfsec 0.5

This behaviour of the wire conforms with a still
lower zero-velocity voltage squared of 31.5 in this case.
5, Because of the variations of the wire response
t-rith time due to dust collection, ageing of the wire and
the change in ambient conditions, it is necessary to
calibrate the wire frequently. Efforts were made to
establish a célibration station before the inlet guide

vanes but unfortunately the direction of velocity was
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found to deviate from the axial direction due to the
interference of the six webs supporting the casing.

~ For practical reasons, it was decided to conduct
a series of tests in a consecutive order without loss of
time and to recalibrate the wire only towards the end of
the series. A&erage values of the constants were used

for the analysis of the data,

Yaw Sensitivity and Stem Inclination Effects

It was realised that a single wire does nolt possess
good angular response especially when placed normal to the
flow. -

Considering a wire whose normal makes an angle 9
with the direction of uniform velocity U, The effective
cooling velocity is made up of the normal component and
a small fraction of the component parallel to the wire.
Hence, Uiff = Ugcoszo + £20%sin’e eea(5e2)

From the relation, E° = A + BJU__., diffeventiating

w.r.t 0, 2E dE/de = B - de (Uypp) ves(5.3)
Substituting Uef.f from above, and simplifying,
G _ BIU 3 5ing , ;2 4 - sin®9
—— 2 -—-- - f Slng —.-‘_ﬂ"— ...(5.4)
de JcosO Scosze
For a typical case, A = 30, B= 5, £ = .2,
U = 60 ft/sec, B = 7.8, %LC~25 and & = 1,25 S0° sing +

JcosG

: -
01 S_inG ’4"-. S;.;n 9

0-.(505)
8 cos ;29
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Fig. 8 shows that %% is very small as @ >0 for a.
normal. wire. ’

The altermative of using a parallel wire for the
indication of the direction of velocity by a sudden rise
in the turbulence level dus to prong interference vas
explored but it was not found to be successful.

In a publication by Delleur (1966) a technique
has been presented which doubles the angular response by
using a cross probe. Additional electronic equipment
is necessary to render the probe insensitive to the
variations in mean welocity and extra-sensitive to the
directional variations. This method cannot be used in
the compres;of since the use of cross wires is ruled out.

liore tests were conducted in order to assess the
effect of the inclination /B of the stem axis with the
direction of velocity. TVith the wire maintained normal
to the flow (by observing maximum D.C. rcading), in the
exit plane of the free jet of the calibration tunnel, it
was observed that the D.C. voltage was highest when the
probe axis was normal to the flow and least when the
probe axis was in line with the flow. The test was
then extended to observe the veriations in the volitmeter
reading with/3 varied in steps of 15°. It was thus

established that the response of the wire under such conditions
—could differ by as much as 15% in the measurement of '
velocity.

The above.test ﬁas repeated with the wire now kept
at +45° and -45° with the direction of velocity -and a

similar variation in the response was seen to occur with

Varyingﬁ .
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The conclusion of this test, therefore, 1-743
that the probe should be calibrated in the same orientation
relative to the velocity as it is intended to be used.
In view of these results the probes for the axial-flow
c'ompressor tests were always calibrated with the s_tem

axis perpendicular to the direction of flow.

Yavmeter Probe and Traversing Mechanism

A combination yaw, static and total pressure probe.
primarily intended to measure the inclination of the
~ velocity with the axial direction was made in the laboratory.
It was not a standard type but was designed to be small
enough to be used in the gaps between the blade rows and
still retain the qualities of a good probe., As shown in
Sketch (S.5.7) it was a small wedge shaped element with a
hole drilled in the front and one perpendicular to each

of the two side surfaces.

|
Ar-=
rj

l<0.06>

COMBINATION YAW , STATIC
AND TOTAL PRESSURE _PRQBE

SKETCH (5.57)
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Extreme care was taken in drilling ﬁhe holes. The tappings
were brought up by drilling three holes from the upper
surface, Half inch lengths of hypodermic tube (outside
dimaeter 0,025", inside diameter 0.,012") with their edges
cut at 45° were fixed in the top holes (each 0,026" dia.).
Twro feet 1engtﬁs of hypodermic tube (outside dia. 0.05",
inside 0;03") were joined to the smaller tubes by silver
soldering. The larger diameter tubes were used for
greater lengths to ensure quick response time and to
impart rigidity to the set of three tubes which were
considerably long. »

The traversing mechanism was capable of recording
linear distances with an accuracy of 0,005" on the sliding
vernier scale and ;bo within hali‘.a degree in the angular
setting.

In order to use the probe for pressure and
veloclty measurements, it was calibrated in a uniform
free streaﬁ for these in addition to the angular scale
calibration which was, of course, hecessary. The
calibration proved very useful since a single traverse
in the compressor resulted in a great deal of information.

The calibrations is given in Fig. 9.

Velocity Gradient Probe

Although sufficient confidence was placed in the

observations by hot wire probe for the determination
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of mean velocity and turbulence, it did not provide any
direct means of measuring, the velocity gradient. Data
smoothing and !best curve fit! techniques were used to
obtain the velocity gradient. For the purpose of
comparison,'teghniques offering direct measurement of the
gradient were explored. The probe selected for this
purpose consisted of a pair of flattened-end total heqd
pitot tubes placed close to each other. ' The overall
shape of the probe and its dimensions were go?erned by
the gap between the blade rows. Tﬁe size of the tubes
were so chosen to be small enough as not to create undué
disturbance and large enough to have a reasonably low
response timé and free from blocking tourbles. Altﬁough
the tubes were flattened at the end, the opening was adjusted
to be slightly wider in front than the rest of it., If |
the tubes were placed too close together or touching

each other, the pair might act as a stagnation point

and no velocity gradienf would be observed; on the

otﬁer hand, increased distance between the tubes would
result in errors in the velocity gradient. In view of
these contradictory requirements, it was decided to

kesp the tubes 2 {o 4 external diameters apart. The pair
of tﬁbes was placed together with an epoxy cement "Araldite"
and connecfed to larger size tubes, The completed |

instrument is shown in Sketch (S 5.ga).
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Performance of the Velocity Gradient Probe

For the case of fully defeloped pipe flow, the
mean velocities computed from the readings the upper tube
were close to the vélociﬁy obtained by hot wiré»traversé.
The dimensions of tﬁe probe limit the minimum distance
from the wall to 0.070". The measurements of the
velocity gradient from the differential pitot reading
were observed to be erroneous and, in genéral, much
higher than those obtained graphically from the velocity
distribution or computed by short-range polynomial-fit
to the velocities indicated by the hot wire.

The velocity sgnsed by the upper tube was generally'
5-7% less in comparison with the hot wire results and the
velocity gradients were too high by a factor of 3 or so.

An important step in the use of this instrument
was to calibrate it in a uniform flow. The differential
reading did not vanish for reasons of slight inaccuracies
in the fabrication and the development of a flow-pattern
in the ficinity of the probe. An adjustment of the
probe was made to indicate a minimun differential reading
for zero velocity gradient, and it was obsefved that the
differential total head was proportional to the velocity
squared. The upper pitot reading was calibrated against
a true pitot placed close to the probe in order to
facilitate the measurement of the velocity gradient and
the velocity in a single traverse. The calibration
curves and the results obtained with the instrument are

given in Figs, 10 and 11.
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Explanation of its Erroneous Bzhaviour

The n.eed to calibrate the proba arises from the
fact that a uniform flow intended to be measured is dis-;
torted by the presence of the probe. Vhen the probe is
piaced in a stream of fluid with a certain velocity
gradient, the flow pattem near the probe is further .
compiicated by a radial shift of the streamlines as
sketched in (s.;s.sb,c).' This shift depends upon the
velocity gradient, magnitude of velocity and the size
and shape of the probe. The shift is really a
consequence of the vortex lines in a viscous flow gebting
strétched round the obstruction. The stretching of the
vortex lines and changes in area are accompanied by
differential increase in vorticity by Kelvin's Theorem.
This, in t(:rn, results in a cross flow in the &irection
of decreasing velocity.

Experimental studies by Young and Hoss (1937)
aﬁd other investigators for different sizes and shapes
of the pitot tubes showed that §/d =~ 0.16 to 0.18.
Theoretical investigations by Lighthill (1957) revealed
that 6/d should increase with a parameter (d-dG/dr/>G).
No such information is availablk for a pair of pitot tubes
placed a short distance apart. The resulting flow
pattern when the probe approaches a wall is still more
complex; Therefore, the probe cannot be relied upon to
measure the ‘velocity gradient of an oncoming flow. In
brief, it suffers from the defect oi'. *creating its own

flow pattern and measuring it!.
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Another problem associated with the velocity
gradient probe was the measurement of very small differential
readiqgs.. A micromancneter was employed to do this bub
an error of only 0.002" in 0.04" corresponds to an ervor
in velocity gradient of 10%, the resulfs could not be
expected to be‘very accurate. Development of this device

was, therefore, terminated.

Contact Indication

Although the cyclometer on the probe gear-functioned -
satisfactorily it was thought advisable to make a check
on the measurement of the distances from the rotor. A -
simple electrical contact circuit was devised to indicate ‘
when the yawmeter or velocity gradient probe just touched
the rotor. Due to a layer of insulating'dust adhering
to the rotor surface, the circuit indicated a very high -
resistance of 20 M. and with a 4.5 volt battefy the
.current was 0,25 pamps. This was too.small to show up
on the microammeter and hence an 0.C. 71 general purpose
transistor was employed 1o boost the meter current. -
This increased the meter current to 20 pamps and the
meter deflection on contact was quite noticable. The
measurements subsequently confirmed that ths cyclometer

was accurate to 0.,001%,

The circuit is shown in Sketch (S5.59).
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Spot Weldingz of Wire on Probes

In view of the odd shape of the probe prongs the
task of welding the wire on it called for special care.
It was decided to repair the wires u'sing a DISA precision
micromanipulator and sport welding unit. This process
also resulted in saving time and expenditure in the event
of a wire breakage during a series of tests on the
COMpressor,

The special probe could not be held in any of the
standard holders and an alternative holding technique was
developed. Care was taken to clean the prongs, the

electrode and the wire before each weld., The contact
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pressure be‘cween the probe and the electrode with the
wire held in between was optimized. The:capaciténce
for the power-supply-capacitors was kept betwe-env4000 pF
and 6000 yF with 5-7 volts across the open circuit for
clean and point welding. Extra wire on either side was.
burnt off with a high capécitance setting (8000 ApF)
and a h:n.gh voltage across them,

As soon as a wire was welded, the probe was
re-examined under a high powered optical projector
(magnification x 50) for any defects in welding and the

inclination of the wire with the probe, 0 was measured.
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T~ CHAPTER 6

THE COMPRESSOR TESTS AND THE ANALYSIS OF DATA

The compressor inlet modification and the traverse
gear manufacture have beendsscribed in the previous chapter.
The problems associated with the response of hot wire probe
and the development of a speciél probe have also been -
outlined, Héving overcome the initial difficulties,
three series of tests were conducted on the compressor and
with the help of relevant hot wire relations derived in
Appendix IV, the data were analyzed. Although only
'1imited success was achieved by the first two series, a
brief description has been included and the sources of
error are discussed. The third series of tests which
resulted in more uséful information have been described
in greater detail and the implications of the results

are discussed,

Selection of the Operating Conditions for the Test

The operating conditions were defined by the
Reynolds Number and the £low function Cx/U (sometimes
referred to by the number of turns of the throttle
opening). The Reynolds Number Re for an axial flow
cbmpressor is usually denoted in terms of the blade chord
as a charactersitic length and the mid-annulus inlet
relative veldéity at design conditions as a characteristic

Speed. ThUS, Re = !’Il.co e/p.o .. . 000(601)
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From the velocity diagran, W.l = U/(Sin [31 +
cos B.] tanaz) 000(6013)

and for conditions of reference minimum loss incidence
for the three stage compressor it was found that
B 1 = 53.2° a

Considering the slight variation of viscosity with

= 32° ¢ = .1 ft. Then Re = 0,00505 N/u.

temperature
n= (28 + 0.18T)y 10”7 1bm/ft.sec.

and from the perfect gas law €= p/(RxT).
Then, i

Re = 37200141/ (460+) /(616+t) eee(6.2)
wvhere N = compressor speed in r.p.m.

.H = Barometer reading in inches of mercury.

t = Ambient temperature in °F, T in °F Absolute.

Atcarpet plot! depicting the selection oi‘. the
compressor speed N for a desired Reynolds Number and the
recorded ambient conditions (H and t) was prepared as
showm in Fig. 12 and kept near the compressor control-
panel. for ready reference.

The. maximum attainable Reynolds number was between
85000 and 90000 at 3000 r.p.m. compressor speed. The
highest operating Re was fixed at 80000 so as not to
require an over-speed for the range of anticipated ambient:
coﬁditions. The minimum operating Reynolds number was
fixed at 50,000,

Control of the number of turns of the exdt throttle
referred to an arbitrary zero (maximum closure) controlled

the mass flow. For the three stage cdnpressor, 8 turns
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refer to the design flow, 6 for near-stall and 14 for.

a high mass flow.

First Series of Tests

To Determine the Complete Stress Tensor.

The first series of tests was undertaken using
a stfaight wire, an' inclined wire and a yavmeter. In
~order to obtain the necessary data at each station, the
traverses were repeated with each of the above instruments.
The fesponse of the straight wire in three orientations
and of the inclined wire in another three angular positions
showm in Sketch (S.6.1) was recorded at each point.

The three components of the velocity may be
estimated by an analysis of the D.C. voltages recorded
for three different inclinations of the hot wire,

preferably in one traverse. The evaluation of

Jeg ar 4@t , ol G o andaz'_f,
the six-~independent components of the turbulent;stress
tensor may similarly be evaluated from an anélysis of
the r.m.s. response of the wire in six independent
positions. Three of these six orientations may
preferably be the same as used for finding the velocity
components.

With this approach in mind, a set of equations
wvere derived_from consideration of the effective cooling
velocities and the elecﬁrical response relations, A
computer programme was developed to solve a set of threa

simultaneous equations for the velocity compenents and
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gﬁé 8ix more-complicated equations for the stresses.
The latter set was more involved as the velocity ccmponents
formerly obtained and stored formed a part of the
coefficients of the stress terms in the equations.

The calculated mean axial and tangential velocities
were within 5% of the measurements-with a pitol probe,

but the‘rgdial velocity measurements were incorrect. A

' manual check on ‘the wire-responée revealed that an error
in the second decimal place in recordning the D.C. voltage
(= 0.2%) could cause as much as 5% error in the resultant
axial and tangential velocities and many times more in
the radial component. Heasurement of the voltages by
a more accurate digital voltmeter was the obvious step
but unfortunately fluctuations in readings occurred and
no marked improvement in accuracy was noted. More
details of the errors iﬁvolved in the measurements have
been given in Appendix V.

The results for the turbuient quantities were

obviously incorrect since the solution of the

simultaneous equations resulted in a negative value of one’
or more of the tems &{° , C.° and Co ..

The following factors account for the misleading
results in the above procedure.
1e The aata wés obtained from two separate traverses
by two different hot wire probes and grouped bogetheﬁ to .
solve a set of-eqﬁations. This is unsatisfactory since
the location of wires at coincident ppints in space is very

difficult, and the running of the compressor at exactly

the same operating conditions presented a problem.
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2. A relatively small error in only one reading in

a set could result in an absurd solution of the equations.

3 As it has been mentioned earlier, the probe

response was subject to an error due to the closeness of
the disc and thé wire.

4, The hof wire analysis relations were based upon

thg assumption of low level of turbulence and combleté

wake-free operation. The equations were re-examined-

and it was noticed that the solution of the equaﬁions was

sensitive to a slight change in the constant 8 and index p
in addition to the random errors in the bridge D.C. and

| r.n.S. voltages,

An attempt to improve the above brocedure could
be made by sebting up more th;n six equations and solving
them for the six unknowns By an optimization technique.
This, however, would involve the use of more than two
wires which would tend to introduce further problems.,

The procedure adopted in the first series of
measurements was abandoned and the idea of using more

than one wire was given up.

Second Series of Tests.

To Determine the Effective Viscosity Distribution

The second series of tests on the compressor were
performed with the special probe and the yawmeter. One
traverse of the special probe in three orientations
preceded by a yavmeter traverse was sufficient to obtain

the required data., Although the flow is in general
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three dimensional, the radial velocim-r was assumed small‘
compared with the resultant velocity. The direction of
the resultant velocity was established with a yaumeter
and the wire, placed in the X-R plane, was oriented in .-
three positions relative to the mean flow, that is nowmal,
at +45° and at -45° to it. These positions are _
referred to as normal, short leg facing (S.I.F.) and long
leg facing (L.L.F.)e -

The traverses were conducted at the exit plane of
each of the three rotors for six opérating conditions
obtained by varying the Reynolds mmber (60,000 and
80,000) and by adjusting the exit throttle plate to give
maximum, desi'gned and near-stall flow (14, 8 and 6 turns
open, referred to an arbitrary closing). The set of
data included the reading on the traverse gear, three
D.C. voltages, three root mean square of the'fluctuating
hot wire voltages and the yaw angle.

The analysis of the data '}Jas made with the help
of a computer programme described in Appendix VII.
Variation of shear stress across the annulus was incorrect
since the sign of evaluated shear sﬁress changed randomly.
The velocity profile was, however, realistic. It was
also observed that the same hot wire, with the same
angular settings, yielded satisfactory results in the
pipe test. It was, therefore, thought that the hot wire
might have been sﬁbjected to adverse conditions of
operation and thét the flow did not possess an established

pattern. The rotor wakes passing downstream were
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considered as a2 likely source of error since the probe
placed dowmstream closs to thé rotor could thus be
subjectad to a flow where thc structurs of turbulence
was not yet estoblished. | |

The probiem, thérefore, was reduced to eliminate
the undesirable random wake-effects snd still be able to
measure the turbulent shear stress distribution.

One of the alternatives was to‘dbtain a frequency .
anelysis of the signal, to diétinguish thosz frequencies |
contributed by the rotor wske éffects from thoée arising
from the turbulent mofion of the fluid and to filter out
the former. This procedure seems sound in theory but
it would pose many practical problems even if 2 frequency
enalyser and other related equipment wefe available, |

The velue of the results so cbtained would be -
questioneble to the same extent as the frequency snalysis

and filtering process. A sscond alternative described

below was therefore adopted to overcome the problem.

Third Series of Tests.

For Effective Viscosity Distribution with a Single Rotor
Sines the major causz of diécrepancy was considered
to be the closeness of the messuring station %o the rotor,
it was thought that if tests were cgnducted some distance
do:mstrezm of the rotor, better results may be obtained.
The experimental compressor hed the provision to vary fhe

distence between the blade rows from 3/8" to 7/6" only.
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The only way to be able to set up measuring stations at
reasonabie distances from the rotor row was to disman’c.le' :
“the compressor and remove the blade rows after the first
rotor,

The compressor was subsequently dismantled and all
the blade rows except the I.G.V., first rotor blade-row
and the last stator blade-row, were removéd. Care wés
taken to cover the holes left by the removal of the
blades. This was achisved by cleaning the surfaces
and wrapping adhesive tape on them, special care being
taken to secure the ends properly with a thin layer of
epoxy cement "Araldite",

Stations 1 to 5 could now be used to test at -
var'y:ing'distances frem the rotor. A single tests at
station 5 at an arbitrary running conc_iition revealed
that the resulbs were realistic. The effective viscosity
was seen to be positive at each radial point and the
distribution in the radial direction appeared satisfactory.

A new wire was spot-~welded to the probe in order
to achieve ‘thg maximu accuracy with the results and
examined under a high-magnification optical projector,

In accordance with the procedure followed in the previous
tests, the wire ‘probe was calibrated both on the
calibration tunnel and in the pipe-experiment. The
calibration curves are shown in Fig. 6. The apparent
turbulent shear stress distribution at the test station

in the pipe apparatus was measured with the hot wire and
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extrépolated to obtain the total wall shear as showm in

Fig. 13. Tﬁe calibration constants A, ﬁ and p for

equation (5.1) were then selegted as outlined in Chapter 5.
The tests on the pipe apparatgs wvere poncluded.with the |
determination of effective viscosity distribution.as

plotted in Fiés. 14 and 15.

Before starting the third series of tests it was
intended to investigate the effect of dispersion of the
blade-wakes on the reéponse of the hot wire. The probe
was placed in the Station 1 and the compressor was run ab
low speed (760 r.p.m.). The number of blades being 38,
the frequency of the blade wakes was 760 x 38/60 =480 c.p.s.
It was observed on the oscilloscope that on a scale of
1 millisec/cm the wavelength was 2.1 cm., which corresponds
to a frequency of 1000/2.1 =480 c.p.s. The probe was
then mounted at stations3 and 5 and for the éompressor
under the same conditions, no overall wavefom of the
t&pe observed at station 1 was debected. A repetition
of the test at higher rotational speed confirmed the
above feature.

The preliminary tests had been successful and,
therefore a third series of tests were undertaken. It
was realised, however, that the near-stall, design and
the high mass flow conditions previously obtainable at
6, 8 and 14 turns throttle open were now possible at
11.5, 18 and 28 turns respectively.

The data obtained in the final series of tests

was analyzed with the help of a computer programe, details
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of which are given in Appendix VII.

A Note on the Reliability of the lMeasurement

The results computed for turbulence, shear stress
and velocity distribution from the data of hot wire
traverses can be deemed as reasonably reliable for the
following reasons:
1e The calibration of the wire was satisfactory in
‘the beginning of the test and a recalibration of the wire
towards the end of the test did not differ appreéiably
from the first. An error of 5% could result from the
change in the calibration constants due to change in
its cold resistance by dust accumulation and ageing.

2. The distribution of velocity, shear and effective
viscosity in the fully developed pipe flow was measured
within =5% of the expected results. The same wire being
used to measure the same quantities in the compressor is
liable to an additional error due only to:

(a) slightly higher level of turbulence at

stations 3 and 5, though appreciably higher

level of turbul ence exists at station 1

:i.mmedia“l;el:,'r downstream the rotor blades,

(b). three dimensional flow effects which

could be high for high radial velocities.

. 3. The wire was adequately protected against the
1telegraph poie éffect" and the wake interference from
the probes. Furthermore, the wire was used in the same

orientations as it was calibrated.
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4, The distances from the rotor wall were measured
accurately. Checks with the depth micrometer and careful -
initialisation of the wire at entry into the compressof
ensuréd an accuracy within : 0.002 inch. The unidirectional
traverses with a cycloﬁetef-type revolution counter enable
the relative distances to be measured within = 0.001 inch
and thus the velocity gradients could be relied uﬁon.

- It was consldered adequate to adjust the anguiar
position of the hot wire exactiy only to a degree on the
mainscale sincs the wire sensitivity to yaw did not
demand finer adjﬁstment.

5, The resulbs for the tests conducted at various
operatihg conditions possess even betbter comparative
value since the same wire transducer was used in the ﬁhole:
set of observations. On theoretical grounds, different
wires, properly calibrated, should vield the same results
and it has indeed been experimentally verified that the -
different wires indicate the same shear and velocity
distribution in the pipe flow and the same order of
effective viscosity in the compressor. However,
practical difficulties of rewelding the wire at precisely
the same position on the tips of the prongs, chopping off -
the extra wire exactlyy"calibrating and orienting the probe,
the comparative value of the results could have been
lessened or lost if more than one wire was used for the
complete seb. - |

It may be mentioned that the wire was lost after
15 runs when the compressor was being run at near-stalled

conditions at 11.5 throttle turns open. This did not



123.

jeopardise the results since the major parv of the
eaperimeﬁt was already performed, A

6. Inaccuracies in recording A.C. and D.C, voltmeter
readings result in fandqm error, An error analysis has

- - been included in Appendix V.

Jmplication and Discussion of the Results

Almost all the useful resulté were obtained from
the analysis of the data of the third series of tests
performed on the reassembled compréssor with only the
'I.G.V., first roﬁor blade row and the last stator blade
roﬁ. The resulis are given in Figs. 16 to 23. The
following statements suﬁmarise the inferences made from
a criti;al'study and comparison of the results for the -
gseries of tests.
1a Just dovmstream of the rotor, negative values of
effective viscosity'were observed due to both the incorrect
shear measurements and the arbitrary basis of the effective
viscosity hypothesis. The D.C, voltages were not as much
in error as the r.m.s. voltage output, This was mainly
due to the‘cyclic interference of the wakes from the
rotor blades and only partly due to a higher level of
turbulence. The presence of the wakes did not permit
the measurement of the turbulent shear even with the
special hot wire probe.

2. The magnitude and the direction of velocity did
not change by more than 5% at stations 2 to 5 downstream
of the rotor.. The level of turbulence dropped with
distance from the rotor. The level at station 1 was

- 40% higher and that at station 3 was 20% higher than

that at station 5.  qpege figures suggest a possible
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éxplanation of the discrepancies in measurements .close
to the rotor.
3 Frequency analysis of the signal showed that the
wake effects died out as the flow progressed from station 1
to 5, The distribution of the effective viscosity and
the shear distribution indicated more systematic and
interpretéble results at station 5 than at station 3, where
more scatter ﬁas observed., It is inferred that the.
structure of turbulence was better established and the
wakes lost their identity in the course of fluid flow from
the rotor exit to station 5. It is assumed that the
‘measurements at station 5 were an indication of those
as fat the rotor exit' since the turbulent shear is a
consequence of the microstructure of turbulence which
did not change significantly over the distance.
4, Examination of the results at station 5 showed
that:
(a) Whatever the Reynolds' mumber and whatever
the flow rate, the effective viscosity is of the
same order as the molecular viscosity near the
rotor wall,‘it rises steeply to a maxima at 153
blade height, drops toﬁérds the centre of the
annulus with a defined minimum in some cases
and increases again. The trend could not be
established beyond 1.7" from the rotor due to
the casing hole effects and the geometry of the

special probe.
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(b) The resultant velocity Cc was always observed

to be the highest near the rotor drum and least

at the casing vhile the velocity gradient, always

negative, were highest near the wall and.decreased
towards the core region.

(e) At high Reynolds' numbers of operation, the

peak values of and shear stress were

tio
higher than those at lower Reynolds! number. '

(d) At a fixed Reynolds' number, the peak and
miﬁimum values of the shear and Reatio VET®

the least at medium throttle opening (16 turns)
rising slowly with further opening and rising
sharply as the compressor ran under partial or
fully stalled conditions.

(e) The minima of shear and i pp distributions
pccurred near the centre of the annuwlus for medium
throttle opening but they were shifted towards

the rotor wéll at other throttle settings. This
was a consequence of the character of the velocity
profile and the level of turbulence. The
possibility of three dimensional flow effects to

a varying degree to have caused the shift should
not be ruled out. It was also noted that the
location of the shear and Meatio maxima was
unaltered with either the Reynolds’lnumber or

the throttle opening.
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(£) The observation that the 'least overall
'_values' of shear and Moagio OCCUTTEd ab a certain
Reynolds! number and for a certain throttle
opening relates itself to the fact that the
phe_nomena of waké effects, c_x‘oss-ﬂoxwé, secondary
effects etc.. are least significant near the
cormpressor design conditions. At off-desigm
running conditions, the shear stress and the -
effective viscosity were more unevenly distributed
in that the curves were more peaky.
5. A comparison of the results at station 3 with those
at station 5 revealed certain similarities but the fact
that turbulence level and scatter is greater at station 3
rules out any further interpretation of the data.
6. An average valye of Mpgtio ¥aS Seen to be of the
order of 50-~70 and the peak values were as high as 120.
Since no experimental. or theoretical. results for such
flows ére available in literature, no comparisons of the
magnitude were possible. However, reference may be made

to the measurcments of g by Jonsson.and Sparrow

tio
(1966) in turbulent flows through concentric and eccentric
annuli’' s+ The radial distribution of shear stress was
dé‘bemined by the measurement of axial pressure gradient

and using the momentum equation, that is T=-—% dx'l 2-2 /2]
The vzlocity gradient was obtained by the pitot traverse.

It was seen that for the diameter ratio of 0.7 and Re =

80,000, average value of Peatio Va5 around 50 and a maximun

of 70. The corresponding results from the compressor were,
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géﬁever, 30 to 50% higher. Although the flow ﬁithin
an axial-flow compressor is more complicated than that
in a simple annulus, a comparison showed that the
values of eddy viscosity'wére not very different.
Conclusions from such a comparison are limited by the
difference in the definitions of effective viscosity -

in the two cases.

Conclusion from the Experimental Studies

The distribution of within the axial-flow

ratio
compressor varied with the speed, the ambient conditions
p 3

and the mass flow through it. The typical values so
obtained indicated trends regarding the radial distribution
and an idealisation have been made to simplify natters

for input to a programme designed to use Berrective®

Assuming that the variations were linear and the Matio

diagram was as shown in Sketch (S.6.2), it is tentatively

suggested that the relations for g in the four

tio
regions of the annulus could be expressed as

6V1
1 Mratio . H T
N . |
2e u‘ratio v1 h (v‘] Vm) (r h/s) ooo(6-1b)
= 3
3. Mratio - 'm © h (VZ—Vh)(r~h/2) «ee(6.12)
6V2 5h

4- [J.ratio =. V2 - "‘h“ (I‘ - "é"‘) -oo(6|1d)

ees(Be1a)
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|
e A/g—t b/s rl < Al -t ﬂ/sai
HvB Tie

IDEALISED RADIAL DISTRIBUTION OF Mratio
SkeTcH (5.6.2)

‘ - ’
Further, it is also tentatively suggested that
: V1, Vh and VZ may be considered as double linear-functions

of Reynolds' number Re and flow function Cx/U, as follows:

V, =55 + A(Cx/U - 0.55) + B (Re - 60,000) ...(s.z)‘

Vo154 C(Cx/U -~ 0.55) + D (Re - 60,000) ,,.(6.3)

V. 21,5V

2 1 cee(6.4)

vhere,

A =70, B= 0,00135, C = 25, D = 0,00115
for flow functions higher than the design value (= 0.55).
For flow functions less then the design value, the data
was not adequate to establish these constants, but from

a knowledge of the trends, it is suggested that double
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the above listed values of A, B, C and D should be used
close to stall.
The experimental results obtained and arranged
in the form of equations (6.71a to 6.4) were valid only.
dovmstream of the first rotor blade row. Since no
uséfui results for the distribution of effective
viscosity dovmstream of other blade rows were obtained,
it was assumed, for the purpose of inpuﬁ to the Prediction
-programme, that the radial distribution of Bore did not .
change apprecliably across successive blade rows.
Furthermore, until. experiments are conducted on
other compressors, it can only be assumed that the magnitude
and distribﬁtion of effective viscosity for any axial-
flow compressor are given by the correlating equations:

glven above,
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CHAPTER 7

THT PREDICTION OF CO{PRESSOR PERFORIANCE

The theoretical equationé end cascade corrclations
describing the flow of fluid in axial-flow compressors have
been estsblished, Development of the computer prograhme to
analyse the fluid flov in the compressors has been described
and test runs for sinple floﬁs throngh pipeé end annuli have
showed that the programme yields converged and plausible
results. In addition, the distribution of effectiveAviscosity
in axial-flow compressors has been messured from the seriés
of tests on a comprsssor. The computer programie was now
available to predict the off-design performence of axial-flow

compressors.

Predicted Results for the Three Staze Compressor

The prediction computer-programme was tested for several
operating conditions for the data of the three stage compressor.
In each case, thg ambient tempersature and pressure, the
compressor speed in r.p.m., the average flow function Cx/U and
the profile of exial wvelocity at entry to the compressor were
supplied.azs input to the computer pfogramme. The inlebt passage
of the .laboratory compressor had been desigzned for accelerating
flow and hence it was consicaed reasonable to assume a uniform
velocivy profile upstrean of the inlet zuide wonaess, ~ The
maxinum running speed of the compressor wes 3000 r.p.m. but in
order not ‘o exceced the speed wnder sny smbient conditions,

ths experirental tests wers conductzd 2t & maximum Reynolds
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numbeg of 80;000 which corresponded to a spsed between 2500
and 2800 r.p.m. Tie computer programe vas therefore tested
for the ssme value of Reynolds number. The desigzn flow
. function was 0,55 and zn adjustment of the throttle at exit
of the conpressor had enabled the compressor to run at off-
design flov rétes giving flow functions of 0.45 for stable
opération close to stall and 6.63 for.a high mass-flow
condition. - |

The results of the predietion computer programme .
showing the axial velocity profiles after the various blade
rows are presented in Figs., 24 to 27. The pradicted
distributions of axial velocity exhibit the trend observed in
axlal-flow corpressors with a growth of wall boundary léyer
in succcssive stages. The predicted Boundafyhlayer growth

on the outside wall is greater than on the hub.

Comparison of the Prediction with Experiment

The experimental results fromﬂthe lsboratory tests
obtained by the suthor and also by Elscy (1966) were plotted
to show the comparison with predicted results. The non-
dimensional velocity Cx/Cx were obtained with reference to the
average axisl velocity Cx at esch blade row.

The comparison between the computer-predicted and
experimental resulis shown in Figs. 24, 25 and 26 shows quite
good agreement at 21l conditions.. The axial velocity

~distribution close to the compressor walls wes not determined
experimentally because of the difficulty end uncertainty of

measurenents in the regions of the walls.
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Test Runs to Determine the Effect of Inlet Velocity Profile

'Th_e computer programme was also used to e;:amine the
effect of a non-uniform inlet velocity profile; the results
. for the design mass ﬂ&r are shovm in Fig. 27, It is observed
that tﬁe predicted axial velocity profile dovmnstream of the
first stage is more wniform than the inlet profile. Theres
are growths of boundar;y layei's on the walls in subsequent
stages.  There wes no experimentel confirmstion of these
results.

A comparison of the develépment of the a:dal—veloéity
profile through s compressor for'a uniform inlet profile and
the non-uniform entry profile is also shovm in Fig. 27. It
can be seen that the influence of the non-uniform inlet -
profile remains efter three compressor stages but the difference
between the two axisl-velocity profiles after the third stage
is smaller than the initial di.fferenAce in axial velocity .

distributions.

Discussion.

It appears thst the computer progremme developed
for the ofif-design prediction of the performence of the
- multistage axisl-flow compressors provides realistic results
fbr the test cases., The predictions are superior to those
fron other methods, vhich do not include thz effects of

turbulent shesr in the flow,
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Compila;r{ion and Computation-’l‘imé

The programne, written in FTORTRAU IV, was ru'ﬁ on an
I.B,%. 7094 Computer. - The_cé_nﬁral orocessor of the
co-puter took 2.8, 5.6 and 8.4 micréseconds for floasting
point acddition, multiplication apd di*dsionopgrations
- respectively. The card reader was cepsble of reading
1200 cards/ninute 2nd the line printer could print 1100 1ines/ \
minute.

The compilztion time teken by the peripheral units was
1.2 ninutes for the cards punched in FORTRAN IV bub the time
dropped to 1.0 minute for binary decks.

The c'omputational tims taken to achieve a solution to
a tolerance in axial velocity set at 0.5% of the maximum axial
velocity over successive cycles vwas 2,0 minﬁtas. The solution
of the flm-f within the three stage axisl~flow compressor | .\
referred to ghove was obtained by sub-dividing the flow field

into a 15 x 17 network. .
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CHAPTER 8

CONCLUSICHS AWD RECC:ZENDATICHS FOR FURTHER WORK

Conclusions

A nodel of the'axisymmetric.flcw in axiel-flow
compressors taking account of ¢ form of the turbulent shear
' terns wes developed. The model is valid for the entire’
ranée of subsonic flow. _

It wes found -that the simplest model for turbulent
floy required a knowledge of the variation in effective ;
viscosity within én axial-flow cbmpressor., Ths distribution -
of effective viscosity was determined by a.special hot-wire
technique, This technique was developed-in order to'ﬁeasure
the structure of turbulence between the blade rows of a
nultistage compressor, .

. The problem of wake interfercnce in the measurements
immediately dovmstresm of the blade rows was overcomelby
removing the intermediste rows. By doing so it wes possible
to set up 2 measuring station far dornstream of the first
rotor row. Plausible results were cbtained from a series of
measurenents conducted on the compressor operating at different
conditions.

The distributions of mezn velocities dotmsbtream of each
blade row of the three-stage compressor predicted from the
ccnputer programmé, based upon the model of flow, were in good
agrecment with the measured results. The present iﬁvestigation
was, hoiever, limited to lov speed subsonic floi's, At IMach

numbers epprosching unity, it is possible thz%t - achievement
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of rapid convergence may requira a revision of the over-relaxation

parameter used in thz present case.

Recormandations for Furthar Work

The results of the authof's measuremnents havs
provided en inéight into the structure ofAiﬁrbulence within an
exiél—flow conpressor, Thzs conclusions and the idealisation
of the distribubion of pratio pre;ented in Chapter 6 are based
upon a limited numbef of tests. A further generslisation would
require an claborate series of tzsts conducted on different
compressors. The tests should be directed 6 determine the
variation of the pprgtio with Reynolds number, stage flcﬁ-function,
liach number, hub-tip ratio, the type of blading and other
paremeﬁers.

Since the meaningful experimental resulis were obtained
with oﬁly one rotor in the compressoé, the change in pratio
over successive blade rows could not be found. An attempt to .
overcome the difficult;es associlated with the measurements close
to and dormstresm of each blade row in a muliistsge comprassor
would be a useful step., An axdal-flow compressor irith large
axial gaps between the blade rows, designed specially for this
purpose, may facilitate such measﬁfements; An alternative.
apﬁroach can be to obtzin a spectral anslysis of the shear
stress at ecach point, to recognise the undesirsble frequency
range and to filter it oubt. Additional electronic cquipment
is needed for this spproach.

Tt is suggested that turbulence messurements within the

blade rois may also be maﬁe. Ths information so obtained may
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enable further refinemenf of the model of {low.
The —trends in Hopr based upon the shear -CZ_E: and

the radisl gradient of the resultant velocity Ce do not provide
E] complete- description 1 of the.turbulent flow. Further studies
to develop hot-irire technlques and to measure the shear stresses
CiCi  end CeCi both betveen and within the blades should
be undertaken, .Ythen a knowledge of 2ll the turbulent

cérrélations'is, availsble then improvements to thé model of

flow and prediction method will undoubtedly come about.
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The Symﬁols hold the following mesnincs unless othervise

stated in the text,.

B, B(x,r)

C,C4

Cx
Cr

Co

Ce

Cxen, Cx

? 4 r
CxacilcQ

Yeening

A celibration constznt for
the hot wire, equation (5.1)

A constant for the blade-
form, ecuation (3.5.5)

Field variable on the r.h.s.
of equation (4.I.1)

A calibration constant for
the hot wire, equation (5.1)

Blade chord

Velocity vector and
conponents, ft/sec.

Axial velocity

Radial velocity
Circunferential velocity
Resultant of Cx and CO

Uhiform velocity at entry to
the compressor

Effective cooling velocity
for the hot wire

Temporal mesn axiel, rsdial
and circumferentisl
wveloclities

Instantaneous fluctusztions
in axdal, radisl end
cireunferential velocities

Specific hest at constent
pressure (BTU/°F 1bm)

Diameter

Diffusion factor

Computer~Hotation

B(I,J)

BC(J)

c(I,d)
CX (I,)
CR(T, J) Y
cu(I,J)
ce(T,d)

CXEH

[ B v



Bcuivelent Diffusion Factor,
Equation (3.55)

Degree of raaction

D.C. Bridzc voltzge for the
hot wire probe -

“A.C. r.m,s. recading

Tip clsarsnce .
Blade Torce vector

Axial, rsdisl znd circumferen-
tial components of ¥

A constant in the definition of
W, equation (3.12)

An arbitrery function,
equation (4.I.2) etc.

Partial response factor for
the frzetion of ccoling of
hot wire caused by tsngeniisl
componant of wvelocity,
equation (A.IV.23)

Grid spacing in the radial
direction ’

Vass velocity vector (=€C)

Acceleration cue to

gravity (£t lbn/lbf sec®)

Radial grid spacings above
end below the grid point
Form factor, equation (3.56)

Static znd stegnation
enthalpy

Axial grid sbacings on
left and right of the
grid point

Blade height

Reletive stegnetion
enthalpy (=H°—m.r.cg)

Incidence anzle

Zero-cember incidence anzle
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DEQ

FC

G(T)

AG

GU, GD, (1)

H2

H(I,J), HO(I,J)

HL(I), HR(I)

BH(I)

ATHC(J)



R, K

Ksno Xt

Iy

M

psP

Tndex for field point in
axial 2nd radizl directions

Joulats consiant
(£t 1bf/BTU)

Tnstanteneous Kinetic -
energy of turbulence

Mean and fluctuszting
components of klnctlc cnergy
of turbulence

A constent, equation (2.33)

Correlation factors in

Iicblein's correlation

Mixing length, proportionel
to the size of passage

Meridional direction

1486,

1,J

AJ

FKSH, FKT

Nurber of field points in radisl

direction

HMach number

Slope factors in Lieblein's
correlation, equations

(3.52, 3.53)

Rotational speed of the
compressor in r,p.m.

Number of grid points
in the axial direction

Fumber of simultansous
difference equations

Ihember of grid points
with the field

Static pressure

Percentage over-relaxation,
equation (A4.I.13a)

Index in the hot wire.
calibration, equation (5.1)

Stagnation pressure

M

AM(I,d)

ASFM, ASFN

S~

RPM

N

P(I,J)

PO(I,d)
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Praft » Effective Prandtl number
for turbulent flows

P, , Stagnation pressure loss
zcross a blade row

Q Entropy function =
/%
Q Heat exchenge between the

fluid and sur-oundings,
equation (3.30)

d Conductive heat flux
. vector -
R Gas constant -
- (£t 1b£/OF tbm) . AR

Re Reynolds! number of

Operation REY
r Radial distance from the

exis of rotation
Tsn? Tout Radius of the rotor drum

and compressor casing ) RIN, ROUT
T Radiel direction, radius R(I,dJ)
8 Specing between blades S
S Specific entropy '

(BTU/CF 1bm) S(,J)
S Residual st 2 grid point,

: equation (A.I.12) BIGD

S Stren;’c}{ of a vortex
t/c Blade thickness to chord

ratio TBYC (J)
t Time
U Blade peripheral velccity,

equetion (6.1a) CBU(I, J)
U Uniform stream velocity CXEN
Ueff Effective cooling velocity

for the hot-wrirs probe
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u ©  Specific intemnsl energzy

W L Relative veloé:i‘éy

Additionel Notation for the Computer Prozrarme

Control Flags XKEQ, KVEL, KCOiP, KA cte. as defined in

the llS‘blne. (Appendix VIII)

Munber of iberation” in progress  ITN

Meximum nurber of 1{feratlons . MAXIT .

Nfon , W/ - DSIDR(I,J), DSIDX(I,)

ITumber of points for POLYFT NP

Order of Polynomial KOR

Coefficlents of the polynomial €0, ¢(K)

Referznce incidence end deviation REFI(J), REFD(J)

Wiber of blades on I.0.V., rotor ond stabor NBG, NBR and NBS .
Inner end ouber radii et entry  RINI, ROUTI S

Imer and outer radii at exit RINO, ROUTO -~

Greelt Symbols HMeenin
a,al Absolute air and blade angle,

respechively ATFA, ALFD -
B, B! Relative air and blade angle,

respectively BETA, BETD
Y Stagger angle ' . - CAMA(J)

Al). blade anglss measured with x-;a:vcis,
as shown in Sketch (4).

Y " Ratio of specific heats, o
(Co/C,) GAMA
T Effective Exchanze Coefxlc:lent,
equatlon (3.51)
5 Devistion angle  ADEV(J)
5 Boundary layer thickness

& - Displacement thickness



BLADE ANGLES

AIR ANGLES

STAGGER ANGLE
CAMBER ANGLE

INCIDENCE

DEVIATION

INLET 5
EXIT

INLET| A
EXITC| /3,

ROTODR |STATOR
cu

’ O(;

Bl oo
«I

xl

eg 93
AN
S| &

3 }
/’ Cx

of-11%

(y—l, )|

w,/. ’
™~
cy
/ cav
74
7 :
. 2
/ =
/ 23
X |«
( ~
1° R
a% o
X|ITE b N
AXIAL
VELOCITY
BLADES NOMENCLATURE

STATOR

SPAN-S

TWISTED BLADES

SkertcH (A)




S M

Ropp

Fratio

a

b

€ ™ s 8

Potential enerzy of the fluid/

unit mess, equation (3.41)

Haximun permissible residuel
in relaxation -

Substitutions as defined in
Appendix IV

Axial momentum thlaness,
equation (2.28)

Yake momentun thlckH“SS,
eoustion (3.56)

Eigen value of a matrix,
equation (2.19)

- P
Dwmenic viscosity tbf.sec/ft”

Effective (apparent +
dynamic) viscosity in
turbulent flow

Effective/Dynamic v130031ty
ratio

Density of the fluid

Blade solidity (chord/
spacing ratio¥

Shear stress, lbf'/ft2
Hall shéar—stress

ten ! Cr/Cx

Flov function Tx/U

Stoke's Stream function,
equation (3,12)

Over-relaxstion factor 1 +
p/100, equation (A.I.13a)

Compressor speced, radians
per second

Stegnation pressure loss-
coefficient, equation (3.56)
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EPS

EMEWR(T, J)
ROW(I,d) ",

SIGUB(T, J)

SHEAR(J)

u(T,9)

OECA

OfECAD
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Iiscellancous Hotation Used

1‘ .

+

<f

o)
3foxdy 5 OYoxr
D/pt (s)

det.A

v.-Z,

v C

=

ZCTt

Subscripts
1,2

1,2

0]

av

b

c

A,B;P,U or D
ef?

h

i

Tinme averaged velue of A ’

Vectorial addition-

Vector C = Cx + Cr +— Co

Partial Differentistion T-.;.I‘.‘b. X only
Second Partial Derivatives

Total Differentiation of S

Determinent of matrix A

3 vors rE 13y 2
Divergence of C, L 3(2.Cy)+ —a%
for axisymmetric flow

Cx__ +C 7, for axisymetric flow
X xr e 6r

Apparent Turbulent Shear Stressss
Nafural lozarithm

-

Matrix A, A(T,J) \

Heaning

at inlet/ggd exit from the blade, for
relocities end angles.

in inclined positions equelly inclined

to the normel position on either side of it,
for voltagzss end partisl response factors.
zaro camber value, equations (3.52),(3.53)
averazed magnitude

Tor the blades

resultent of axial and tangentiagl components
et points A, B, P, U or D in Sketch (S.A.I.1)
offective velue

energy flux, equetion (3.51c)

components in the coordinatz directions



Superseripts

¥s

(%)
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locztion in x and r directions

kinetic snerry of tﬁrbulence, equation (3.51d)
in meridional plane

a2t neen diameter

ria:dmm value

ninimun value

2% nexs dovmsiresm station, equetions (3.57 to 3.59)
never csleulated value, equation (4.1.13)
stagnation value

at boint (T, 9)

along radiel directionv

14efe;'snce rininun stagnation loss value
refercnce Eondition, equa‘c.:';.on (3.82)

aleng axdizl direction

in a plane perpendiculsr to x and in r-direction,
equation (3.51a)

along circuaferentizl direction

for an oricntation when the flor makes & with .
the normal wire, equetion (4.IV.24b) -

lleaning
for design condition
Kth estimste
instentancous fluctuation of

relative to rotor ’ Ty
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APPSIDIX T

DETAILS OF THS QUASI-ORTHOGONAL COPUTATIONAL

HOIECULRE

From the considerations of curved boundariss discussed
in Chapter 4, it was decided to adopt a qﬁasi—orthogonal grid v'.
system in the flow field. A finite-difforence representation |
and tbe consequent numerical model of the equation termed as
'computational molecule! were then considered. A general

molecule shown in sketch (S.A.I.1) was made for the principal

equation.
dY IV g '
sxrt o T2 T B(><.%Y¥) ' SPICTR2Y)

vhere B (>c,2¥) is a group of non-linear terms as seen
in Equation (3.27), also involving unknowms other than ¥ no
which were evaluated by using other equations governing the
flow, ‘

The grid spacing in either direction could be non
uniform as shown in Sketch (S.A.I.1). By Taylor's Expansion

Theorem applied to a function f(x,r) in this field,

1) = £(P) - a2 + ur'f 2D veo(AIL2).
$(8) = 5P+ 1 AL L ucfa TED e r(A.1.3)
F(u)= JC(P) + GU —a%(g—?) -+ GUZ/z ‘-9:;’(—6—‘({2 eee(A I.4)

- (D)= f(P)~6GD f;_uiﬁ’_)' + 53’/2. %’gg’) | ....(A.I.s)



2 O_HbHR
AarHRa\! T HLFAR

*[Y.{EH, rt (R.z;,a' =Rz

2 (,_eu-eb )_ /
GU*+GD*\' GU+GD (GU+GD)R» AT

U

|

G

— — Hb

"'HL=+HR= Yo,
- éD
) Seea]
* 0T ) IV T, T
‘1D
/l
2 GU-6D / ]
u‘+an=(’+ 6U+GD) (GU-!—GD)R;-‘,T \/é,a:/

2 {I+(HL-HR)1
H3+RHRAR | . HL+HR
A

: *[Wr-{,a"‘ (er-f,a--Rz,.r) %‘f-z_,ﬂ,.] ‘

HR

COMPUTATIONAL .MOLECULE FOR 2 Vyxr +3 Yoy =% 3%, = B(>1.¥)

IN QUASI-ORTHQGONAL NET'—NORK

SkeTeH (S.A-J;-i)
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From Equations (A4.I.2) and (A.I1.3),

2f(P) f(B) £¢a) eggutmg_(mz —Hi2) 3F |, (A.T.8a)

ox HR+HL 2x?

and smaller terms., Similarly,

2F(P) _ FW)-£(D) vee(A.I.6b)
o% GU+GD

-

there HR = HL and GU = GD, the above representations assume
better accuracy since the coefficients of second order error
terms vanish,

Also from (A.X.2) and (A.I.3), on addition.
3£CP)

dxc?k

FA) +£(BY = 2.£(P) +(HL-1r) UL +(HR=HL) /2t

and substituting for .9_;;(?"’)_ from (A.I.6a) and on transposing

terms, '

ff0?=fﬂuHm0+Hd+£m)HM@wa—szfav
gt

oo (4.1.7)
where
2 HL—- HR '
Hm—mz M HF = m— u-o(AoIo'?a)
Similarly,

Ffp o Jccp) Gm(I+GF)+f(U)GMO-GF) ~-2.6M.£(P)

DQ’— ooo(AoIcB)

with

GM= 2
GU*+GD* GU+GD -
. : D «er(A.I.82)

For equal axial and radial intervals, the relations
(A.I.7) and (A.I.8) assume a more conventional simpler fomm.
Equation (A.I.1) was thus replaced by a finite

difference form,
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Wi(t+HE)Hm + Y, (1-HE) M + ) [(I—G—F)GM —,{.—Gs-]

+ %{(1+GF)GM+R Gs}

~(zHm+2.6M) ¥, = B,
' vee (A I.9)
whare GS = QU + GL |
For thg grid system adopted here, points U and D must
be the upper and 10wér grid poin.ts for P whereas A and B may
or may not coincide with the grid points on the right and
left of P, An extra step of calculating Y and Y from an
interpolation was thus necessary. This, however, did not
entail excessive work since the distribﬁtion of 9V/fscand
9%¥/5s had to be calculated and stored for other purposes.
The interpolates appear as,
Ya = I-l T (g’l{:)z-l T (RI'I,J"'RI,J) ) ves(A.I.10)
and,
Vo= Yeuo +(3D),..» *(Rzr= Rzpa) )
It was thus possible to replace the. principle parﬁial .
-differential equation (A.I.1) by a finite difference form ab .
each grid point,
MaWa+Ma s + M, W, + Mo~ Mo = B =0
: es+(4.1.12)
where M [y MB.... were appropriate multipliers. o
Starting with an arbitrary distribution of (;U, the

terms on the left hand side of this equation add up to make a
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- residual S, The purpose of the relaxation technique is to

minimise the residual at each point. TFor a straight

relaxation, S was set equal to zero and \{/t-ras updated as

%W = %F(MALVA',‘ Me‘*)ua'l'MullU(; "‘MD‘P‘D "BP) (A T 13)
For faster convergence, it was required to over-relax,

that is reduce and reverse the sizn of the residual. For

P? over relaxation, the over-rclaxation o is said to be -

(1 + p/100), 2nd the over-relaxed residusl = = s(w - 1) ...(A.I.13a)

Thus,

=5 (®-1) =—(MaWa+ Mg Wa + MvWo + Mz > = Mp Yp -—Bp)

= (MaWa +MaWa +MuWWut Mo Wo~Mp Yomaw —Bp) . .(A.T.13b)

whence,

.-

Fonewr=(1-29) Vo o+ T (Ma Yt Moot Moot Moo —8e) ) 3 Loy

For the present case of uniform radial grid spacing

G(I), this expression, written for computer use, appears as: ]

Y, =(1-w) ¥r,o + 2/(2HM+2/cm)?) o

newr

* [( 1+HF)H M-[ Vet o '(%%)z-l,a'*(’ez'" T RI“")}

' -{-(1-HF).HM.[ Wies, s +( %%);_;Laﬂ(R e -qu,:r)] | e

(L4 E I S W
+ (l.jl‘,a’-k.l '(G(I)" 2.@0@;)-‘. L{{7-3'7'-’(6(1')" +2-R-G(I)) .BI”T
veo(A.TI.15)

This was incorporated in the computer programme to relax for ‘)U .
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APPENDIX IT

OUTLINES OF THE COIPUTER PROGRAILE FOR THE OFF-DESIGN

PERFORMANCE PREDICTION

»The'overall flow diagram of the programme isvshqwn
in Sketch (S.A.II.1). This indicates the order of execution
of the main programme and the subroutines, and the purpose of
each of thém. A brief description of each subﬁrogramme'is

given below.

HATN

The main programme starts the c&mputation and controls
the sequence of operations. It specifies an iteration
control, convergence parameter and termination limits. It .
calls in appropriate subroutines to deal with the flow acfoss
the I.G.V., rotor and stator blades rovs. It also decides
the extent of printout required from each subroutine. ~The
execution is stopped if the convergence criterion is éatisfiea
or a specified number of iterations have been made. A block

diagram is given in Sketch (S.A.II.2).

TPUT

| This is_to read data of fhe compressor geonetry and
blades. In addition, input of the blade correlation curves
and their mathematical representation are provided_hére with
the help of subroutines POLYIN, POLYFT, and CUPALI. From
the specification of grid spacings, a qpasi—drthogonal net
.work 1s set up and the location of rotor and stator blades

is identified,



INPUT
Compressar Ges
S g o 1oy
COY(cLaiLmv GAJU)/{.S
Net - work

\

— {CALL CUPALD

- — = = ——-

(cacLt /NPUT)
D A\

POLYIN

Fits best rials £ the

< {(cALL POLYFT
— YET)

—
Mm
X
3
0O

[——CCALL sueer

(eaic rocyn)

- —— - - - - .. e ee. - e-—— -

ENTEX
Ewb\ﬂ Cavwl.(,t(;dhs

RKRunrin S‘f*(f-cl_
Startig distus bution of Ha

L ___INPUT OF DATA '

field varcables

CALL EXITC

(cace ENTE)D
1

| _BOUNDARY CONDITIONS _

SCAN
S%S e ;mu.fw‘f’w'ﬁ’\

{CALL SCAN)

gwer B- n~s

SUBIN
SW afﬂi(. rmolecule

: FIELD SCANNING i

e e —— - — - —— - — — — ———

CALTU

—CCALL CAL MR)

IGVv RoTor\ R
OR STATOR !

Loy, CALL CALBR

b; B = t.‘umsi

CALMR
Assumes o plawsible
O‘A&bu.sutcaw "é elﬁcc//n

V\’&Cd‘ N %

]
: M. DIsTRIBUTION

s et =l e e e T S e e

| s f

l QALL sss@-——

l CC_/LLL CALBS | _ .L‘fﬁ‘

l_—@—ﬂ v
sloas 8- tiams

l (cacc saMPLa '

| - - ! B-TERMS [

i Mo s s st _.j_ — | e 1ol
- ' - {ALL cacru) 5

| CALER

l

—— jv_.
OVERALL
ITERATION
CoNTROL

PR;N ! v

STOP

‘ END
]

PROGRAMME :

CALBS
Evaluatis the ‘wdoodb(

vecton and ohien freld

vaniables across the sow
4 blades

r

( cALL IDcs H

i -

(CA LeL DEQO@‘ -

r <
Corns t«. b./.(ﬂvt

&‘LM for B.

{
GALL Rowz@——

]

CC AlLL ROTE.RD——‘

Evalu..a.tus the V"Cr[ou%
B-tiams across Ha rolor
6&4&-’2040‘ b} ca«uvwg,
CORRI , CORRD, I DCR,
DeEQoMG , ROWENT, CALGR]
CALGRD, Ssss efe, i

1
QALL Coaa——/
CCA(_L fCORS:@_ -czfugrv C:vch

| Y

|

IDcCs CORSD CORS1I
of{- Calewlabis the Colewlatis the
devialions corr- imeidences for e
amd exit GM?&.& -esponding b Ge blode rows.
Keg — known iweidence .
CALL DBLK = - L CALE
Q ) (CALL CMGRQ_ —@ L CALGRI
, d§ :
Obiains (G et i
and  calewlates CALGRD CALGRI
$ L @ lomosd, Calewlales Axf- Calewlates
-errmce devialion -RAeMNCL MM invimuma
! K=3, k=4 Loss imciderce .
; K=l, Ka2
| G:ALL DBLK)’* GALL DBLK)
| Y 1 [ |
| DBLK |
[ Function Su,blb'rc’w ’
-mme foa double |
| inbapolatlions. |
| k=1 1, A, & e
, k=2 n, «,¢ . '
k=3 §. «, & |
’ A t"' ”"'»i" s |
T =5 J-z,aé,g ]
L CASCADE CORRELATIONS FOR i AND § ']

DEQOMG

d."{gu..siaw -fwctss, DU}.., and
covrelates S b Loss para-

-meter .

CCA LL POLYF B

as e somilar b
that i~ CALSBS,
B
CUPALI
Pc_mgcvrws cubic, PW/LOL}Q ov

11

rurmber of poirts.

lirvear &wa\,POIAtCW fovr a j'"mv

ROWENT

Caleulotes oll/ns[tj and %Uuﬁy
J,OWWSW 4 6&&4‘; Aows.

ROTERM

EMMS #\L Cm‘)&t‘d‘ v
6} o&ms/bl venialion to B-ltirm

POLYFT

OVERALL BLOCK DIAGRAM FOR THE

Fils o least. squancd fit
Potg—r\om&al o o given ovoler
#\rouql\, a givew mumber o foofm-‘/'s,
and  Acturnms the coefficients.

S$SSS

| INTERPOLATION AND EXTRAPOLATION |

PREDICTION COMPUTER PROGRAMME.

SKETCH (S.A-IT- 1)
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ENTEX

The subroutine ENTEX is intended to supply the
entry conditions for the fluid and the compressor running
conditiops. It also sets up an initial distribution of

various quantities in the flow field and at the exit end.

EXIIC

' The purpose of the subroutine EXITC .is po estimate
‘the distribution of ¥ and Cx at the exit station for a
fully developed ﬁurbulent flow or a fully devélpped Jaminar
flow according as an index KVEL is specified = 1 or 2
respectively. ‘lodified’ trapezoidal rule is used in the -

integration process.

SCAN
The task of scanning or relaxing the field by a oo S
'computational molecule is performed in the subroutine SCAN,
The scanning procedure consisting of marching from inlet
end to exit, from hub to tip and tip to hub is organised'in
this subroutine. The exit boundary conditions are also
'implemented during the scanning operation. The subroutine .o
incorporates an iteration control procedure and when the
convergence criterion i#éatisfieé, evaiﬁation of 9SY/3a,

%/ ax , Cx and Cr is also carried out.

SUBIN
The subroutine SUBILN supplies a sequence of operations
to update the value of ¥ at a gird point according to

Equation (A.I.15). This subroutine represents the computational
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BLOCK DIAGRAM
—MAIN PROGRAMME _FOR THE PREDICTION TECHNIQUE —

READ "’
. CONTRoL INDIC

1

CREN= ?

PRINT
u(z,7)
ex(z,T)

T

NCYZLE=?
KPc =1

s

(catL scan)

~ ; KPC7NCYcLED '

CC ALL CA LT’U

 §

: 66

SKETCH (S.AI[.2) contd...
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TR2 OR IR3

——{ CALL CALBID

|

s gm cALB)

8 (£7)=8(z4,3)

Ho(z,3)=Ho(z-1,T)
bo(z,T)=PO(Z~1,T) !
Row (a3 =Row(z-1,T) .

78 ‘
o3

SKETCH (S-AIL-2) contd....
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A | | @
| kPe=kpest ‘ -

t

PRINT
TITLES.

|

RE(T8)=R(x,TB+3)
BF(J8)=8(z,T8+3)

l :
OR=3,

MP =xM~-5,
1

C CALL PoLYFTD

B(Z,3) = Value from PolyFT

[6(z,9 =8¢-1,7) |

Y

[WFLowW=200. 7 g/ Ec.]
NFLOW.

®

.SKETCH (S.A-TL. 2) . (concluded),
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molecule for the partial differential equation governing -

the flow: It is called only in subroutine SCAN.

| SDHPIE

This subroutine is called by the main pméramme
when it is required to deal with the bladeless passage
before the guide vanes. Its purpose is to calculate
the distribution of B(]f, J) for the .assumed entry conditions
specit‘:;Lcd by ENTEX. Effect of updating the quantities in
the bladed region is propagated to the( bladeless entrj Mregion

through the execuation of this subroutine.

CALBS

The subroutine CALBS is designed to determine the
flow across a stator row and to calculate the value of B v
at points downstream of the row, It deals with I.G.V's
instead when required. Air angle, temperature, velocity
vector and other conditions at inlet to the row are
assumed known and the calculation of reference incidence,
reference. deviation and the air outie’o angle are made by
calling the subroutines CORSI, CORSD and IDCS. Having
established the flow conditions at the exit of the row,

. fon > Y/ s Ce/,z, %Q(QQ) are evaluated.

The loss paramef;er ® is obtained from DEQQIG éubrouiine aﬂd
ﬁsed in ROWENT subroutine to determine ths density énd |
entropy rise across the blade row. An esbimate of the
radial gradient in entropy is made in subroutine SSSS by
assuming a plausible cdistribution of effective viscosity in

subroutine CAIMR,
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Contribution to B by the turbﬁleﬁt terms is made Sy the
subroutine CAILTU. Finally an addition of constituent
terms to make the field function B, given by R.H.S. of
Equation (3.27) is achieved and thé value of B at each

grid point is stored.

CORST, CALGRI

These subroutines work out the r=ference minimum
loss incidences and the corrssponding air angle for the

given blades and solidity.

CROSD, CALGRD

The reference deviation corresponding to the
reference minimum loss incidence is correlated by these

two subroutines. i

108
Corresponding to an incidenqe i on the blade, the
deviation angle & is obtained from the relation 6 =Jhl_'f'(i'j_;‘_)§{;f' "

and the exit air angle is then determined. |

»

CALBR

Calculations concerned with the flow across the rotor
Hade row and evaluation of B term dcwnstream the row are made
in the subroutine CAIBR in conjunction with the svbroutines

CORRT, CORRD, CAI(RI, CALGRD and IDCR similar to those -3C'0~r

flow through a row of stators.
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The purffose of the subroutine CAIMR is to calculate
a reaiistic distribution of effeétive viscosit‘y corresponding
to the running conditions of tha compressor., The information
supplied to this subroutine ié based upon the limited experi-

mental findings on the laboratory compressor.

CALTU
The terms associated with the effective viscosity in
the calucation of B at each point are calculated and supplied-

By this subroutine,

DEQOG

From the knowledge of inlet and exit air angles for _
a blade row, the calculation of equivalent diffusion factor X
-Deq. and the stagnation pressure loss coefficient o is
performed in the DEQXMG subroutine. Corrections are made

in o for Mach number from the published correltions.

ROWENT

The function of this subroutine is to work out, from
a knoiledge of the thermodynamic relations, the variations
in deénsity and entropy over a step along the flow. The .
values so obtaix;ed are stored for further use in all other

subroutines.

ROWTERB
| This subroutine is devised to calculate the

contribution of compressibility term, that is the last tern
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in Equation (3.27). This contribution is, howrever, small

at low subsonic speeds.

SSS8

This subroutine calcuiates the value of enﬁrqpy and. the
radial gradient of entropy at each radial point for évery axial
position. The calailations are based upon a simplified forn
of the entrqpy'equation (3.50) after the magnitude of entropy -
at the centré of the annulus‘across a blade-row is obtained

by ROWENT subroutine.

POLYIN

The correlation data rsad in INPUT subroutine is
'passed on to subroutine POLYIN where the data is rearranged
and expressed in terms of polynomials by calling subroutine
DBIK, The coefficients of these polynomials are then

returned to the calling subroutine for cascade correlations. -

DUMP
This subroutine; called in case of unrecognizable
execution errors, dumps out the information in the core of

the computer, which can be helpful for diagnosis.

CUPALT
The subroutine CUPALL derives its name from its
capability to perform a cubic, parabolic or linear inter-
polation as required. This subroutine is used to calculate.
fhe blade angles, camber, etc; at a larger number of radial
positi?ns when the specifications are availbbvle only at thres

or four radial points.
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POLYFT

The subroutine POLYFT is capable of performing a
'least-séueres' polynomial fit .oi‘ a specified order thréugh
a given number of points. The subroutine returns the values
of CO and C(I) such that B
Y = 0O+ C(A)HX + C(2)HX2 + uuvnnn
This subroutine is called, i‘oi' data smoothing, for fitting

best curves and for detemining the gradient dY/dX by various

subroutines.

KEWALL

The function subprograrme KPWALL extrapolates
linearly or parabolically the value of a function f at a

wall from a known distribution close to ite

DBIK

This function subprogramme evelues the ordinate '
DBIK for a given set of values XX and YY from a chart of
Z(ordinate) versus X for vary:fng y by a double interpolation
procedure, A second order !'best' polynomial fit through
each curve, Yy = constant result.s in a sét of equations,

Z=a1n+a x+a nx2 withn =1, 2, 3eeee
Assuming again that_ each of a1,, Aoy A3y
by second order polynor&ials such that

a1=b.|"'b2y_'l'b3]r2
az=b4+b5y+b6y2

2
= +
b7 bay x bgy

can be approﬁméted

and 33
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Then, DBLK, the ordinate for a given XX and YY is expressed as

DBIX = by * b¥Y + b ¥Y* + (by + bg¥Y + b YT7) X

| 2
+ (b, *+ bOYY + b T¥?)sx”,
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APPENDIX ITI

EQUATTONS FOR TURBUIEﬂT FLOW

A transxormatlon of the r.h.s. of Equation (3.20) for

turbulent flow 1s denonstrated below,

2
p(g—?— &)=p(c- 3 +GL5‘Q+-°—G‘—Q2-) e++(ATIT.1)
By continuity, % 2(p2C) = — (e &) oo o(A.IIT.2)

"and by replacing the instantaneous quantities by a sum of
nean values and fluctuating components,
P=P+0", Cx=G+Cr , Ci=CotCr , Co=Cot Co . +.0u(3.10)

it is possible to carry out the transformation.

Expression (A.III.1) reduces to

(%&”T)“’[dm IDG" Cg]”’"

/7

— td /
e‘?ﬁ—c’--ﬁe’ac’“ Co + 622 G~ S+
3G 26 o
e’ _5__. .__3: + Cucple, coaﬁml, Lion, Liroms.,
OQO(A.IIIQS)
Equation (A.ITI.2) yields
SG, r 30", eca 'aG - de’
e'2% + ¢ 2+ + =o.
7 2 ' o oo o(A.IIT.4)

Combining (A.III.3) and (A.III.4) and using the continuity

condition,

o2 ce,z)s(?(cx - G2

\
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oo o(AJIL.5)
triple correlation terms.

For incompresible flow, (A.III.3) reduces to

|

Y
N

Z ’a r . : , 7. )
P(%_" - %) +e(& a% +6/ 5% - 2 «e.(A.ITI.6)

and this is further simplified by the cbntinuity condition for
incompressible flow, that is

oCr 4, G Ge _
S+ P +Lx =0

Thence by multiplying throughout by Cr and ﬁsing relation (3.10)

i

Adding it to cquation (A.III.6).

?[(%—%"‘ %2')"‘?12‘593(% dz)+§3‘c G - %,'2] eso(A.1T1.7)

Equation (A.ILI.5) has been referred to in the text -
as the one with large number of correlations and thus further
analysis has been made in simplified terms, introducing the

assumption of incompressibility. -
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APPENDIX IV

v ;NALXSIS OF THE HOT WIRE RESPONSE

For an inclined wire piaced at an angle 6 with
the probe axis, designed to operate free from disturbing
effects in three positions shorm in Sketch (S.IV.1), relztions
have béen established to estimate the shear stress 62753 3
the ievel qf tﬁrbﬂgnce and other turbulence parameters. ~ The
main assumptions are the low'le;el of turbulence, negligible
radial velocity and the consideration of axisyrmetry.

From the experiment, the cosine law was considered
inadequate and tangential-velocity coolihg correction
and f_, were used for angﬁlér response of the hot

1 2"
wire on either side of the 'normal' position. The analysis

factas, f

is also general as far as the angle 6 betwesn the wire an@
the probe axis is concerned. There is no restriction on %h;
choice of the index p of the velocity in. the calibration
equation E2 = A+ BUP, This is an important consideration
as it has been shown elsewhere that a small change in p doss
not appreciably change the velocity calibration and yet the
shear distribution may be severely in error. The selection
of p was therefore governed by the co;rect measurenents of
velocity and shear distribution in the pipe test and used for
the compressor data analysis. The value of index p was close
to 0.5 for most cases. |

Assuming at the first instance that all the velocity

components and the fluctuations exist, then from the knowledge



WIRE NORMAL To THE RESULTANT

' VELOCITY Ce AND AT AN INCLINATION

OF ANGLE & WITH THE RADIAL
DIRECTION.

WIRE WITH THE SHORT
SUPPORTING LEG FACI/IN &
THE FLOW (S.L.F.)

WIRE WITH THE LONG SUPPORTING
LEG FACING THE FLOW (L.L-F)
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WIRE ORIENTATIONS FOR THE

SECOND AND THIRD SERIES OF TESTS

A
SKETCH(S.DZ.1)




of the wire placed in relation to the flow field expressions
for the effective cooling velocity and its fluctuations may
be szt up as follows:

For position 1 as shown in Sketch (S.A.IV.1),

Cefps = Co+C, (it 0 + fCos™a) - e oo (AIV, 1)
d , . N _
. =[cl.2E+ch 2B (503 0+ cos™0 )] /2.5y
. Cé"[ + C,:'S o
where o
7= Cc /Cc&i
d ~ 2 2 ._
> 1= Gz_(S!’nvG'f‘szaS 9)/&({1
and hence —

s2 oz PR Vv <
Cefpz = Ce T+ GuS+2.8G 78 | (a1v.2)
For po.sition 2
2. 2 2
Celf, = (Ce co50+Cy Semd) +f; (CoSim®~Co e0) ™,
=C:(Ccs‘e +ﬁz§é~‘6)+ Glsera+fesy) . -(A-IV-f’i)
+2.C-Cy Sind Cess8 (1-5£%)
whence ’ , ) _ . . .
Cello=[CC: 2 B0 4> 5im20) + G - 2 Cu(5i0 + £ Cov'D)
+ G- 2 C(1-£7) Siwo €536 + G, 2 Ce Sima Co36-

*O—ﬁ‘)]/z-é'e:(z = C, + G T,

vhere _ . : .

N=[Ce(Cr*e +fi 5t 6)+ G, Simo coso[i-£* Y Cppa
and ¢={C(Cs*0-f+50k0)+ Ce Simo casoli-£}/Eeppn
and hence

Cfpe= CE + Qg +20Cg v oo (AIV.4)
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Similérly for position 3,

Cefls = Co )+ Cigi+2.Cl ¢l 14 v oo (AIV.5)

where : ,
N={Ce(Cos’0 +£7si8 6) = Cy, Simo caso(i~£")/Cefs
— ’ 2 ' — ’ ) - ’
and 2={ Cu(Sibo+f c«s‘e).. Ce Sowe caso(1-£")/ Cefts
For Cr = O as is nearly the case in a8 COmMpressor,

the following set of equations is applicsble.

C:gg1= Co Céjgl = oo (A.IV.6)

Cedpa= Co(cos™o +fse o)

2 —3 . 2 .. ., 2 .o Cus’e ({_f’;)z :
— St 0
Ceffa= Ci(Cose +1i . )+ G 2T .

+ CLCL-2 Sowe Case(I-£) -

oo o(AIV.7)
2 2 . 2
Ce\%3 = CQ(CO’SZQ +_f$vwz 9)
2
2 ’2 2 .. 7 S0 cose (I-127)
Cos Ce( % ) o S A T
- C. G . 2. Sowe cos 6 (1-1£")
“ ...(A.IV.S)
How, from the hot wire relation
' 1
| A
B2 = A + BCP C .. = (b (AIV.9)
- ef'f g eff B re *
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pBCp"'1

off o eee(A.IV.10)

1 2 e
ande._. g Lee

. DB p  lese
~ o
25 Teff ‘Cei‘f
1
Ceff - 2B

or A T e e' - . ooo(AoIVQ11)
Cerr  p(E2-a) B,

On squaring each side and rearranging,

2t

2 E (E —A) 2
Cf![ C"& [ BYP ] J ]
7-
or, /2 2E (EZ—A) 2 <3

Cell =53] ¢

L] Q(A .’IV. 12)

provides a useful expression to serve as the right-hand side

of each of the equations for the wire respoﬁse.

Ay

Thus, in terms of the dectrical outputs, the equations

may be written as follows:

2, (& “‘A)!;P
"[ PY ] e

(cos' +5 simte) Cé.z + 2. Sume caso (1) G Ca
-p

4 Side ca’e UFY GF [ 26 (=M | 7 e
Cs3*0 +f, *Sude P B*
Q!D(A.IV'13)
and, (Co‘se+£ sme)c -2 §vw9 cso (-57) C.Ca
L _,_g
+ Senie cas*e (I-£) 'z_____[ 2. Es (Es -A) ] el
Cos*e+ £ sus @
eee(2.IV,14)

These relations constitute a set of linear algebraic
equations vwhich were solved to analyse the data. of the second

and the third series of tests.
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If the radial component of velocity Cr was not
negligible, the set would then consist of linear algebraic

equations on terms of more camplicated coefficients,

) 2k
Ty 7 , 2 NP 1277
12” CC - 2. 7” -gn C(,a -+ g [ Z'PEI <§;/PA> ] e:z L) (-A .IV.15)

—_— — 2 z '—ﬁLz—-———
a 2 7z 7 ,_ Z’EZ (E A)
71"&#-{-2"2“4:’”(2,0&"'5,,,6*—[. p e a*p ] "'(A IV'16)

2-p 2

A) Pl
7 27 T ¢ Q+gznci“ 2 Es (EJ,
TG [ 8% ] vio(A, IV.17)

whera

,?m = 7?1 . E{gl ’ 7,., = ?Z' Ee&

and 1) ,%., 5, , &, being sinilarly defined.

‘On the other hand, if Cr = 0 and, £ = fz'i‘or symetrical

.
]

angular response of the wire, i’;ﬁs obvious that

AT (C’:ﬁa - C,c{{z) )
CCy = % some cmo G-T 9 ...(A.IV..'IS)

and the shear stress is @ times this value. Introducing

the d.ectrical output relations as mentioned earlier,

b =P

—— NP 2 2 2 P2 42
o -0 [2Es(Ei-A) ] & —[2E(EA) Te

YT pre% 4. 5yn8 Cos © (—F3)
e .(A.IV.19) e
If now, in addition, p = .5 and © = 45°
E,=E,=E

then,

eeo(A.I7.20)
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For ‘calibration index p = .5, Cr = 0, i‘,l =f, =1 and

E, =E, = E,

ool =plasle ) M ~

For the simplest case of f; = £, =f, p= .5, Cr=20, 0= 45°,
E.l = Ez = E and Cg = 0, the relation reduces to a commonly

used form

oc ol - BECEEN (& &)

oo (A.IV,22)

f-Factors and Their Evaluation

The procecdure to calculate the f-fdctors for a wire
is outlined here. }

Assuming that the cross components of flow did nott ,
exdist at the calibration station, the effective cooling
2 <l

2 Cxand for

velocity for a normal wire is given by C
eff,

a wire whose normal maskes © with the dirsction of velocity C,,

Ce = Cx(cos®e +f§§»5 o) veo(A.IV.23)

From the dlectrical output relations,

E2 =A+B cP for tﬁe Tnormal! wire and
n ei‘fn
224 + g c P
Eg = A + B, cpﬁ.g A+ By Cei‘fn
= A + B_(cos?0 + £%sin?q)P/2 ¢ P
n effn
2 '
EL - A B
g = (00529 + £° s:lnzo)p/2 2 -59
En - A . : n
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. Bb.a/p 2
and - f = (—ﬁ-) - cos“@
: n

i

eos(A,IV.24)

sin ?O

where Bb and Bn were the slopes of the linear plots of Eg

2 £3 P
and E - respectively v/s Cop £ -

4 2 .
2 (B8¢/By) — Cos'@
f = e/szh,ze .-Q(AQIV|24—Q)

For P = 0.5,
and for a special case of the wire placed at 45° to the
probe axis 2 .
f=2(8/8n)-1 veo(A.IV.240)
For a wire possessing unequal angular response on either |

side of the normal setting, it is assumed that the introduction

of f1 and fz factors as follows overcomes the problem:

c

2 = g2 2 2 .2 , . :
foe+ Cx (COS g + f1 sin Q)+ . ) eee \A.I1f.2§a)
and,

2 = Nl 2 2 . 2

ceffe..; = C, (cos™@ + £, sin 0)_ | vee(AIV.23D)

The evaluation of £, and £, is similar to that shown in

Eguation (A,IV.24) above. '
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APPENDIX V

ERROR ANALYSIS FOR HOT WIRE MEASUREMENTS

BEstimates of‘ error 1n the measurement of mean
velocity dué to an error in recording the bridgs D.C. voltage,
in orienting the wire ét an angle with the /flow and due to
.high turbulence level are pmsented here. = Extent of errors
in the measurement of turhience due to a faulty- record of
.D.C, voltage and due to the assumption of 11ow turbulencet

are also included.

(1) B° = 4 + B'|/ U e ond for small changes in E and U

eff?
1 -3
ZESEJ =z .B.(Ueff) - ﬁUeff ...(A.V.1)
2
. Uepr | ZEL o
For a wire normal to flow, ] = Eg-A T
eff -
. -2 | '

or u'/Ueff = 4Be! /(E°-A) eee(AV.2)

Differentiating each side w.r.t. E and rearranging,

da(u /U _...) 2
—tf . (B tA & eeo(AV.3)
| u'/Ueff E° - A

If it is intended to eveluate the errvor in u'/U,
then writing w' /UG = /Ueff 3 I{'eﬁ/UG, it is evident that -
S(L) Uell. a(u./ugg SE + /gy agufg/uez SE

Us s eeo(A.V,4)

and hence, 5(Us)/ ;)___ z+2 SE 4 45; SEE

= [5 Ez"A"] /(EZ-A) ‘ %— .o .(A.VGS)
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For an example, considering a typical set of valuess:
A=235 B=6, E=29.,5 volis
U pp= 85 ft/sac.

_SU_Q_H,.-_—_- . .S_E.
g T E ;

5(u'/U‘f£)=—2.23 SE  and
‘w'/uzl[ £

§(U/VUe) _ f.,7 SE
wW/Us £

Thus, under such circumstances 13 error in B would

result in 6 to 7% error in the mean velocity and 4 to 4,5%
error in the turbulent fluctuations of the velocity. |
(2) It has been shown in the consideration of yaw-
sensitivity of the hot wire ip Chapter 5 that the angular
response 1s not very good especially when the wire is normel -
to the flow, A small deviation of the wire from its
intended inclination with the velocity will, therefore,
cause no noticezble change in the readings énd the errors
ip the measurement of shear stresses are kept to a minimum.
(8) - For a wire placed normal to C;, the resultant of
C, and.Ce, asswing the radial velocity as negligible, the
effective cooling velocity is given by CZ[] =(Ce+ C;) +ci’

and
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© is necessary to assume, at this stage, what B

reslly corresponds to:
E-A+8f& or E*~A+ BY.

There is hardly any justification in favour of the former or
latter. However, the second relation appears to be better
since it implies that the wire senses tha instantaneous

velocity. Then,rewriting it,

72 72
E=A+8/C (1- 4 & +4 2 TR (A.7.7)

- (A.V.8)
€= —-E +|/R
=—E+(4+8 C"")IZ["*zBA%BJG){% g_:’
3 CC::':*‘% G oo H (A.V.9)

Substituting for (A + BY T;) from the assuiption made
abovey; and taking r.m.s. of each side should provide an
expression for the r.m.s. measured voltage. As a first

approximation, neglecting the temms of higher orders,

Ver - A V&a(1+4 So-+%)

4 & &
& .ol
1 —_ >
teE T & ] (A.7.10)
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On the obther hand, assumption of 'low level of -

turbulence! implies that

VEZ/;=1/Z- amxi . (A.V.11a)

4E & i g (A.7.11b)

which are associated with errors of

_(g‘- 2¢t ) x too ¢ .(A.V.‘IZa)

— and
4G
1 G b & Ve £ B/ | raoot
[4 G rEtE /G —% sz/Cc]*.i""?-' (A.7.12b)
respectively.

The crror in the velocity measurement should be zero
if g: =2.C . TFor isotropic turbulence, there is a
" small error and for a region close to the wall sz = 2 to
5 tines Ci and the error is again small. A
(4) Another error that arises from the finite length of
the wire is concerned chiei‘ly_ with the determination of
the gradient of wvelocity. TUhen the wire is placed in a
£low with stecp velocity gradients, it is subjected to
differential cooling alons its length, and the boundary
Jayexr flow -along the prongs may tend to assume importance.
Under these conditions, the wirz.a nay only neasure a weighted

average velocity and the superimposcd pronz-disturbances..

Numericzl estinmates of such errors are difficult to obtain.
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APPENDIX VI

DETATLS OF THE EIECTRONIC EQUIFIENT

The electronic equipment used in conjunction with
the hot ﬁiré transducep consisted of two cgnstant terperature
anamometers (DISA 55-A-01), a random signal indicator ana-
correlator (DISA 55-A-06), a digital voltmeter (SOLARTRON
I 902.2)-and a siﬁgle beam oscilloscope (IBTROVICK - 360).
A brief description of each of these componeﬁts is given
belows

The anemometer embodied a bridge circuit, one arm of

-which was the transducer and the other variable am consisted

of three resistance decades., The bridgg was fed by an’
amplifier whose inpub ﬁoltage was controlled by the bridgg
unbalance. The resulting loop system constituted a nuliJ
seeking device,

The resistance decades were adjusted to an operating:
resistance corresponding to a pre-determined operating '
temperature of the hot wire. For cauilibrium, the transducer
resistance must be equal to. the preset adjustaeble bridge arm- .
resistance. If the two are wequal, a voltage will be
present across the output terminals of the bridge and hence
across the amplifier input. Tﬁis voltage undergoes a large
ampliciation in the D.C. preamplifier and in D.C. outpub
emplifiers and is fed back to the bridge as supply voltage.

As the effective cooling velocity indreases, it
results in additional cooling or a temperature drop and hence
the transducer rosistance drops. The amplifiers were so

wired as bo increase the bridze voltage, causing the bridge

current to increase resulting in heating of the probe , The
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increasec in témuerature and resistance of the wire reduced
the original aﬁount of bridge unbalance.

Because of a hizh loop gain, the electronic fead
back operated to obtain 2 qondition of balance corrcsponding to
the the alterations in the effective cooling velocity. The
a%erage flow velocity was thus related to the indicated
bridze D.C. voltage.

A calibrated r.m.s. indicator consisting of an A.C.
amplifier and 2 thermocouple waS also connecﬁcd across tha
bridge terminals via 2 set of adjustable low-pass and high-
pass filters and tiro cathode followers. The instrunent provided
the r.n.s, value indications of the bridge voltage fluctuations
reduced by approximately 4% by the cathode followers. The
r.n.s. millivoltmeter reading formed an indication of a
correlation of turbulent velocitics dependihg upon the placement
of the wire relative to the direction of velocity. ;

The technical data of the anemometor has becn
swimmarised in Table D.

The signal. indicator and correlator ¥as designed to

measure the r.m.s. value of two electrical input signals A

and B and their correlations such as (A + B), (A ~ B),

T = dt s (/B)and (X ¥ B)/(A - B). Thg correlator is a
useful equipment if a cross wire or two or more single wire
probes are used simulfaneously. This was ued when a cross- .
wire was employed inthqéarly stages bﬁt the unsuitability of
an X-wire eliminated its use.

In principle, it is only an analogue:computer with

Limited function to perform.’
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ts nmain specifications are givén belows
Frequency responsa 3 ¢/s - 200,000 c/s.
Voltage ranges 0-10, 0-31,5, 0-100, 0-315 nV,
0-1, 0-3.15, 0-10, 0-31.5, 0-100 V.
Noise level less than 50 ¢V r.m.s. ‘
Trro aamping positions, and meter selector switches.

The oscilloscope used was a single beam gensral
purpose version. It was included in the circuit to make a
visual check for the operation of the wire and to examine
the existence of the undesirable fregquencies sich as those
of the stem vortices in the pipe apparatus and the blade
wakes in the compressor. -

On X scale, the range was from 3 microseconds/cm
to 10 milliseconds/em and on the Y scale from 1 volt/cm
to 100 volts/cm. | - .

A Solartron Digital Vollmeter was employed atvtim;s.
to obtain a more accurate reading of the D.C. voltage.
Although it could rcad accurately up to the third decimal
place, the reading was not steady cnough to be recorded.

The dead zone units of 2 and 4 were switched in so as te

- get a rezsonably steaéy reading. A mental averaging
proceéé and later, recorded averaging method were used to
nake a record. This! therefore, did not result in improved
accuracy but pfbvided a check on the anemometer readings,

and offered:itself as an alternative digital device free from

parralax crrors and capable of being read from longer distences. -
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APPENDIX VIT

DETATLS OF THE COMPUTER PROCRAIZE FOR THE FOT WIRE

DATA AWALYSIS .

(a) Description |
The compuber prograrme for the analysis of the data
has been organised ;i.n three sections. Scction A deals with
the celibration of the wire, including the dcterminatidn
of f1_and fz factors., The calibration constants are
orleed out by -the least-square;fit considerations. If, insfead,
it is preferred to determine the constants graphically,
these may be supplied as input.
Section B covers the scthinz up and the solution of
three cquations in éi? ’ éza and éZEZ. It provides
the distribution of shear stress, the turbulent kinetic energy,
level of turbulence and the shear to K.E.ratio. The -,
calmlations of the velocity profilé, velocity gradient,
offective viscosity and the ratio of effective to molecular
viscosity are performed in Section C.
Provision was made to permit the programme to be
used for any of the following tasks:
1. To calculate thé wire constants only.
2. To determine the shear stress and effective viscosity
distributions only.
3. To calibrate the wire as well as to compute the
| distribution of shear stress, and effective viscosity.
This wras achieved by a suitable indicator in the

prograrme input. TFurther, the calibration section can be
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used gor calibrating the wire either in only the normal
position, or in inclined positions or in all the three
positions. For index KCOIP set equal to unity, the controls
are transferred to deal with mcasﬁrements on the compressor,
otherwise the data is assumed to refer to the pipe

measurenents.

(c) Determination of .the Calibration Constant and Optimisation

of ths Fit,

For a set of data and other relevant infomation,
values of velocity corresponding to the D.C. voltageé are
first computed. 1In ofder to £it a straight line

Ez =A+B Cp, by the least-square-method

®5/34 =0 5 9S/38 =o. (A.VII.1)

wheré . _
s=) (e~ [A+8cP] )z . (ATE.2)

On simplification, the conditions require that

N.A-sSe*+ BcP=o and

p

B=c*—-se*ct+rascfPF=0

From these two cquations,

=e*=c?- =cf =(e'ct)
N =0 - (= cf’)z (A.VII.S)

A=
and,

N=(e*ChH)-=e*=ct

(A.VII.4)
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Determination of A and B in this manner for the
Hormal, SIF and LIF wire has beesn incorporated in the
first section of the Daté-Anaiysis Prograrme. Theoretically_~
all positions of a wire riust have a cormon constant A
due only to conduction loss which is iﬁdependent,of the
velocity. In nost practical cases, an averaged value
of A was assuned upless A's differed appreciably where
a manual check was called for..

The calibration described 2bove was adequate to
determine A and B constants, p being an assumed index close
to 0.5, based upon theoretical grounds. This calibration
technique formed section 'A' of the Hot lHre Pfogramme.

For the present case, index p was seleccted to result in
satisfactory:wall shear stress in the ﬁipe flow end this
wvas gensrally closs to 0,5. o

Alternatively, if another cquation is set up by using
the condition 956p= 0 and the set of ‘threc cquations may
be solved uniduely for A, B and p. Ubfortunétely; this.
‘condition lcads to a non-lincar cquation with p both in the
coefficient and in the index. An alternative approach with
the folloving stcps was preferrcd,

Te | The data was divided into threc groups.

2. Residusls in the solution of p-equations in cach
group were cvaluated. |

Se Tor a given valuz of p, the three equatons constituted
by the groups vere solved to get A aﬁd B.

4, Step 3 was repeated for different valuss of p, and

overall residuals vere calculated.
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(d)'OPERATION—DIAGRAM FOR HOT-WIRE PROGRAMME
- T0 OPTIMISI:;THE CALIBRATION CONSTANTS
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. Vo, es,
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Calewnlot, G cmstw mulﬂ,b&'.m Consy.
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Y
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—
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Solve the bhaee %Suﬂdwg_. e.;zMAA:ay\sf\W‘/q and, 8,
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] Find, also the Sgann o the Aesidual . .

PRINT
AJ B’)b
AND ALL

Decrease p iw slips of 002 and
oul as ahove wurlil p=02,
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5. The data was regrouped into differcnt-grdups and steps
‘1 to 4 were repeated. -

5. . The results were ploﬁted and 4, B and p for minimum
overall residual weré considered as a ‘'best solutiont.

Ths procecurz outlined above was nob adopted as a
standard practice as an estimate of a 'bes%' seb 6f constants
from an exanination of the plots of residulas was not always
possible. loreover, the .earlier adopted practice of
estimating A and B from tﬁe calibration curves with a value

of p to yield correct wall shear stress in the pipe tests

" was considered more realistic and hence better,
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