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 STMMARY

~ Low sﬁeed tests have been carried out on a hranched annular

diffuser system having a geometry similar {to that employed in some gas
turbine.engine combustion systems. The system comprised a straight
walled pre-diffuser followed Ey a sudden area expension in which the
flow was divided Eetween two concentric annuli‘separated by a bluff
body simulating a combustion chamber. The overall géometric area ratio
 was maintained at 2.0 and ail tests were cérfied out with fuily developed
‘flow at inlet. The design flow split between the outer and inner annuli
was 2.15:1.. The system was tested with five different pre-diffuser
geometries.to show the effect of increasing the area ratio, increasing
the included.angle and canting ihe préudiffuser. For each pre-diffuser
géometry the influence of varying the flow split and the axial distanéé
between pre—diffﬁser outlet and combustion chamber head (dump gap) were
investigated. In addition to determining the overall performance |
charactéristics, the pressure losses for the inner and outer flow fields
were célculated and the losses further sub-divided in order to identify
regiong of high lgss. |

When operating at the deéign flow.split fhere was an esymmetric
growth_of the boundary layers along the inﬁer and outer walls of tﬁé
symﬁetrical pre-diffusers. This resultied in separation.occurfing on
the inner wall when the pre—diffuser area ratio was increased beyond -
..i;é.".An initiaiﬁétteméfuéf dﬁfimisingrthe geoﬁeté& wéé_made by cahting.”".
“the ﬁre~diffﬁser. This resulted in improvements in both the pre-
diffuser flow stability and the overall system perqumance;

The effect of iﬁcreasing the pre—diffusgr area ratio for a constant
included angle of 12° was to improve the overall performance at the
t expense of increasing the system length an&.décréasihg the pre-diffuser
oﬁtiet flow stability. Increasing.the'iﬁcluded angle from 12° to 18°

for a constant pre-diffuser area ratio of 1.8 resulted in a significant




- (a1)

_decrease in overall performance and préudiffuser flow stability.

The optimum dump gaps for thg various pre-diffuser geometries have
_been established and these are in reasonable agreement with the non-
dimensional value (D/hz) of 1.1 often used in practice. The results
indicate that decreasing the dump gap leads to an improvement in pre-
diffuser flow stability, however, iﬁ ié not pessible to reduce the dump
.gap much bélow the optimum value becaus; of thé rapid decrease in
overall performance.

Analysis of the pressure losses in the system showed that the
majority of the overall loss occurred in the region downstream of the
plané bf maiimum velocity over the combustion chamber head.' Thig was

attributed to the strong local acceleration and subsequent diffusion

of the flow as it passed over the head.




e et R "B’—-J"‘E;;;: 3

: (1i1) .

ACKNOWLEDGEMENTS

The work reported in this thesis was carried out in the Department
of Transport Technology under the financial support{ of the Ministry

of Isfence.

The author vishes to thank Dr. 8.J. Stevens for the interest and
encouragement shown in the work and for the many useful dlsoussions held
in relation to it. The invaluable asslstance given by Mr. V.H. Brooks

in connection with the experimental facility is gratefully aeknowledged.

Thanks are also due to the staff of the Loughborough University

. Conputer Centre for their advice on the use of the graph plotting

facilities and to Mrs. E. Churney for making such a nagnificent job

of the f{yping.

Al



Chapter

Summary
Acknowledgenents

List of Contents _ |

(iv)

LIST OF CONTENTS

Title

List of Figures

Ligt of Tables i ' E

Iist of Symbols

INTRODUCTION
1-1 Diffusers and Diffuser Systenms
-2 Characteristics of Combustion Chamber Diffuser
Systems
1-3 Performance Parameters
- 1«4 Boundary Layer and Velocity Profile Parameters
1-5 PFactors Influencing Diffuser System Performance
1-6 Review of Previous Work Relating to Combustion
. Chamber Diffuser Performance
1-7 Choice of Diffuser System to be Invesfigated
1-8 Objectives and Scope of Investigatibn-

EXPERIMENTAL FACILITY

2-1

2-2

Design of Basic Facility

Method of Contrelling "Design" Variables

'2-3 Choice of Pre-diffuser Geometries

2-4

3

Instrumentation

FXPERIMENTAL WORK

3-1

32

3-3
3-4
3-5

Scope of Tests

ExPérimentél Technique -

Reduction of Data and Computational MethodS=
Accuracy

Calibration Tests

Page
(1) N
(iii) f
)
(vii) o
(xt) ;

(xii)

12

15

22

25

26
36
37
38

50
52
54
55
57




3-6 Inlet Condibions

PRESENTATTON AND DISCUSSION OF RESULTS

4-1 Performance Characteristics
4-2 Pre-diffuser Outlet Conditions
4-3 Settling-Length flow Conditions
4-4 Static Pressure Distributions
4-5 Sumary of Overall Performance

FURTHER ANALYSIS OF LOSSES

51 Method and Scope of Analysis
5-2 Presentation of Data
5-3 Discussion of Resulis

CONCLUSIONS AWEL RECOMMERDATIONS

 6-1 Conclusions
6-2 Topics for Future Research

REFERENCES

v58

63 -
67
82
83
87 -

131
133
135

158
160

162




» =1 On

10

)

APPENDICES -

Title

SYSTEM AND PRE-DIFFUSER GEOMETRIES

CALIBRATIONS

A2-1 Inlet Conditions

A2-2 Pressure Probe Calibrations
A2-3 -Pre—diffuserrOutlet Conditions
A2-4 Bettling Length Conditions

SAMPLE READINGS AND RELUGCTION OF DATA

A3-1 DPre-diffuser Outlet Profiles
A3-2 Head Rake Data

A3-57‘Sett1ing Length Velocity Profiles
A3-4 Static Pressures

A3-5 Preparation of Data for Computer Analysis

CARALTSTS OF DATA BY COMPUTER PROGRAM

A4-1 Main Performance Analysis Program (P1)
44-2 Head Rake Data Analysis Program (P4)
A4-3  Performance Contour Map Analysis Program (P5)

PRE-DIFFUSER OUTLET PROFILES

HEAD STATIC PRESSURE AND VELOCITY PROFILES

- SETTLING LENGTH VELOCITY PROFILES

COMBUSTION CHAMBER STATIC PRESSURB DISTRIBUTION
PLOTS : ,

SUMMARY OF BOUNDARY LAYER AND VELOCITY PROFILE

ARAMETFRS

SUMMARY OF PERFORMAKCE PARAMETERS

‘Page

165
167

167

167
169
169
175
175
175
176
176
176
184
18{
185
166
204
219

229

241

247
. 2h2




Table No.

1-4

2-3-1

Table No.

A3-1

A3-2

A3-3
A3-4
43-3

(x15 1

LIST OF TABLES

Title

Boundary Layer and Ve1001ty Prcflle Parameter
Definitions

PreQDiffuaer'Geometries

Pressure Probe Measurements

Summary of Tests Carried Out

Influence of Test Varlables on Outlet Veloclty
Proflle

Comparison of Optimum Overall Performance

APPERDICES

Title

PreQdiffﬁser Outlet Traverse Data for Test
3-0718/A

Pre-diffuser Qutlet Static Pressure Traverse
Data for Test 3-0718/A

Head Rake Data for Test 3-0718/A

Settling Length Traverse Data for Test 3-0?13{A

‘Key Static Pressures at Stations 2 & 4 for

Test 3-0718/A

list of Principal Variables in Main Performance
Ana1y51s Program

Listing of Maln Performance Ana1y51s Program
Sample Calculations for Test 3-0718/4

Main Performance Analysis Program Cutput
Listing for Test 3 0718/A

Program P4 Output Listing for Test 3-0718/A

- Summary of Boundary layer and Velocmty Profile

Parameters

Summary of Performence Parameters.

Page

35
37
40
62
13
89

180
180

181
181

189
190
196

198
202

- 247/251
252/256



|
4I:‘" ol - -

=

W o

(9
e

e
= E#! Eg Hoo o 1

]

at)

B -

LIST OF PRINGIPAL SYMBOLS

area of cross-section

blocked area

“area ratio

effecvive area ratic for a branched system (defiﬁed‘iﬁ the text)
blocked area fraction, Aﬁ/A

pressure rec.overy soefficient based on % % (3 1_.112

ideal pressure recovery coefficient (defined in the text)

locus of maximum pressure recovery for a given non-dimensional length
dump gap;'diameter

effective area fraction, (1 - B)

annulus height -

width of.combustion chamber; ﬁcundary layer shape parzmeter, 8*/8

length of a simple diffuser {e.g. a pre-diffuser)

variable length of dump diffuser system, (I + D)/h

 mass flow, Pﬁ A

static pressure
total pressure

rass weighted mean total pressure loss

dynamic pressure

nean dynamic pressure based on mass derived velocity, %-fzﬁz
mass weighted_ nean dyn@c P;‘essu;‘e, o-c% (3 '13.2

volune flow |

radius

velocity profile radial distortion factor (defined in the texﬁ)._

radius at which the axial velocity is at a maximum

~radius of stagnation streamline

flow split ratio for branched system, (mo/m.i)4

flow split giving maximum effectivéness

. flow split giving maximum pressure recovery




(=)
Sy flow split g_i\fing minimum-loss coefficient
| s design flow‘ split
| u veloeity )
S ﬁass derived mean velocity, m/(.wA
v -ma.ximwn velocity in cross-section

,(u'z> r.o.s. velocity fluctuation in axial direction

y distance out from wall
- A .

. . . y | - lj u g
ot velocity profile kinetic energy flux coefficient, Y (-ﬁ—) da
¥ aerodynamic stability parameter (defined in the text)

& boundary layer displacement thickness
E can‘l; angle of a diffuser
&  diffuser effectiveness, cp/ci
o boundary layer momentum thickness
’5\ loss coefficient
h% kinematic viscosity
P fluid density
) diffuger wall angle
‘Superscripts : ' ni

area mean or mass derived quantity (e.g. velocity, u = -1,0: n.dA)

~ mass welghted mean quantity (e.g. total pressure,

R
I
B
C— :
J

Subscripts

i  inner wall or inmer annulus

o | outer Walllof outer annulus

W ‘ value at wall

H | valﬁe on combustion chamber head -

II quantities based on two-dimensional definitions




diffuser or diffuser system inlet station

diffuser or pre-diffuser outlet station

station in plane of maximum velocity. over combustion chamber head

branched diffuser system outlet station




Fi e No.

1-2-1

2-1-1
2-1-2
2-2-1

2-3-1-

(vii) |

LIST OF FIGURES

Title

Typical Modern Gas Turbine with "Faired"
Combustion Chamber Diffuser System

Geometric Characteristics of a Rectilinear
Amnular Diffuser 1

Types of Annular.Diffusér
Typical Dump Diffuser System
Simple Annular Dump Diffuser System

Influence of Inlet B%oskage on Diffuser Performance
after Sovran & Klomp 1

Variation of Diffuser Effectiveness with Inlet
Blockage Fraction . _ -

Influence of Entry Swirl on Loss Coefficient for
Constant(%sner Core Annular Diffusers after

. Gurevich

Total Pressure Contours in Ammwlar Diffusers -
Data of Hoadley reported by Horlock 11 :

Annular D}ffuser Performance Chart after Sovran

& Klomp(l

Influence of Flow Split on Branched Diffuser
Performance .

Performance of a Wide %ngle Ammular Diffuser
after Stevens & Fry 14

Performance of a Wide Angle Arnmular Diffuse

‘with ¥ree Surface Expansion after Fishendenfls)

Performance of a Wide Angle Annular Diffuser
with Internal Struts - DaE%OSf Fishenden and

"Brown reported by Stevens

Static Pressure Recovery Charattgsistic of a
Branched Diffuser after Enrich\}®)

Ll

Layout of Test Facility
Experimental Facility .

Settling Length Throttle and Traverse Mechanism

Pre-diffuser Geometries,in Relation to Performance
Chart of Sovran & Klomp(l

28
29
29
29

30
51
31
32
22
.33J

33

34

34

43

45

45




2-4-1

mfm?
2-4-3
2-4-4
2-4-5
2-4-6

2-4-7

311

3-6-1
3-6-2
3-6-3

3-6-4

4-1-1

4-1-2

4-1-3/7

4-1-8

4-1-9

4-2-1

| 4e2-2

4-2-3/5

4-2-6/8
4-2-9

 4-2-10

4-2-11

4-2-12

(viil) ;

Stations and Location of Instrumentation
Combustion Chamber Head Rakes

Location of Static Pressure Tappings
Settling Léngth Traverse Probe

Traverse Mechanism and Pitot Probe
Wedge Stat.ic Probe -

Pitot-Wedge Static Combination Probe

Range of Tests for each Pre-diffuser
Comparison of Original and Modified Intakes
Inlet Velocity Profile

Influence of Pipe Roughness on Fully Deve%o?ed
Velocity Profile after Bradley & Cockrell &

Experimental Axial Turbulence Intensity
Distribution at Inlet

Variation of Ideal Overall Pressure Recovery
with Flow Split

Variation of Effective Overall Area Ratio with
Flow Split

Pre—Diffuser and QOverall Performance Cprves
Combined Dump Region and Settling Length Losses

Typical Variation of Pressure Recovery with Dump
Gap

Symmetry of Pre-Diffuser Outlet Velocity Profiles
Example of Detailed Measurements near Wall
Pre-Diffuser dﬁtlef Profiles {Diffuser 3)
Pre-Diffuser Outlet Boundar&.Layer Shape Factors

Pre-Diffuser Cutlet Veloclty Profile Radial

Distortion Factors

. Pre-Diffuser Outlet Profile Energy Coefficients’

Variation of Pre-Diffuser Outlet Effective Area
Fraction with Geometry for Optimum Flow Split

Relationship between Energy Coefficient and
Blockage Fraction for Pre-Diffuser Qutlet Flows

»
46
47

48
48
49
49

59 -
59
60

61

61

93

93
94/98
99

99
100

100

101/103
" 104/106

107'

108 |
109

109



- 4-2-13

4-2-14
4-3-1/3
4-3-4

4-4-1/8

4-5-1/5
4-5-6

4-5-7
5-1-1
5-1-2
5-1-3
5n2-1

5~2-2/4
5-2-5
5-2-6/8
o-3-1

~3-2

>~3-3

9~3-5

5-3-6

(1x)

Flow Regimes after Carlson & Johnston(IY)
Pre-Diffuser Outlet Flow Separation Limits
Settling Length_Veloéity Préfiles (Diffuser 3) .
Settling Length Energy Coefficients

Static Pressure Distributions (various tests)
gverall Performance Contour.Mapé

Variation of Overall Effectiveness with Varisble
Length at Overall Design Flow Split

Optimum Geometry for a Given Length

Divigion of Losses
Analysis of Head Rake Data
Typical Flow Pattern in Dump Region

Head Static Pressure and Velocity Profiles for
Test Series 3-12

Overail Flow Field Loss versus Flow
Comparison of Net Diffusicn in each Flow Field
Local Flow Field Loss versus Flow

Comparigon of Flow Conditions in Dump Reglon

for Small and Large Dump Gaps

Division of Local Losses in the Outer Settling
Length Annulus

Settling Length Velocity Profiles and Division
of Losses (Tests 3-1223 & 3-1208)

Settling Length Losses.versus Flow, in terms of -

Local Entry Dynamic Pressure

Typical Overall Pressure Recovery versus Flow

. Characteristics (Diffuser 3)

Typical Variation in Overall Stability Margin
with Dump Gap (Piffuser 3)

210
111
112/114
115
116/125
124/128
129
130
144
145
145
146
147/149
150
151/153

154

155 -
156 -
157

157



’ Figge NO.

Al-1

A2-1
42-2
A2-3

A2-4
A2-5
A2-6

43-1

A3-2

CA5-1/3

45-4/15

(x)

APPENDICES

Title

‘Diffuser System Geometry

Pre-diffuser Geometries

Comparison of Inlet Dynamic Pressure Fluctuations
Effect of Flow Split on Inlet Velocity Profile.
Wedge Static Probe Calibrations

Comparison of Head Rake Measurements with
Traverse Data '

Comparison of Pre-diffuser Outlet Profiles

using Varioug Methods

Symmetry of Settling Length Velocity Profiles

Pre-diffuser Qutlet Profiles for Test 3-0718/A

Settling Length Velocity Profiles for Test
3~0718/4 |

Main Functions of Computer Programs used for

Data Analysis :

46-1/10

A7-1/12

AB-1

18-2/6

Flow Diagram for Main Performance Analysis
Program ‘

Flow Diagram for Head Rake Data Analysis Program

Method of-Analysiﬁg Performance Contour Maps

 Pre-diffuser Outlet Velocity Profiles for
rCT" Tests .

Pre-diffuser Oﬁtlet Profiles

Head Static Pressure and Velocity Profiles

Settling Length Veloecity Profiles

kby to Static Pressure Distribution Plots

‘Combustion Chamber Static Préssure Distributions

Page
165

166

17
171
172

72

173
174 -

182

183

187

188

201

203

204/206

207/218

-219/228

1229/240

241 |
242/246



CHAPTER 1. INTRCDUCTION.

1-1 DIFFUSERS AND DIFFUSER SYSTEMS

In meny internal fluid flow sysfems it is desirable to reduce the
velocity level or to increase the static pressure of the flow at some stage.
In either case the conversioﬁ of kinetic energy into pressure eﬁergy is
involved and this can Be achieved by allowing the fluid to pass through a
duct of increasing cross—sectional'area, referred to as a diffuser,

The diffuéer is however, limited in its ability to produce the required
conversion of energy. Theradverse pressure gradient causes the boundary
layers to thicken, and if the pressure gradient is too severe, separation
ocours allowing some of the fluid to flow back in the direction of

decreasing pressvre. In this case the main flow does not fill the whole

of the diffuser and further useful conversion of energy may be inkibited.

In addition, the formation of eddies in the separated region results in

. scme kinetic energy being converted into random energy, thus reducing the
amount ;f energy available for conversion. In order to avoid separation

the rate of velocity decrease and consequent pressure rise must be carefully
controlled.

In many applications a diffuser is empioyed to reduce the velocity of
the fluid entering a component in order to avold excessive losses. One
such application is in the design of closed circuit wind tunnels where a
diffuser is placed upstream of the return circuit. Another'similar example
is in gas turbine engine design where a diffuser is iﬁtéfposéa”béfﬁeen.fhe
~ compressor and combustion chamber. In this case the object is to reduce
the pressure loss occurring in the combustion chamber.

In addition to the performance characteristics, the diffuser exit
velocity distribution and flow stability can be equally important in cases
where the component immediately downstream is sensitive to inlet flow .

conditions., Typical examples are the subsonic intake diffuser prior to



a gas turbine compressor, and the diffuser prior to the combustion
chamber. In both cases serious loss in performance may arise dﬁe to

flow instability. |

| In many applications diffusion ﬁay not be confined to a simple duct,
but may be distribnted between a number of ducts arranged in parallel or
in series. 4n example of such a case is the type of compressor exit or
combﬁstion chamber diffuser system in which the diffusing flow is divided
into three streams which feed the cbmbustion chamber. This type of system

is discussed in more detail in the next section.

1-2 CHARACTERISTICS OF COMBUSTION CHAMBER DIFFUSER SYSTEMS

A typical modern gas turbine engine combustion system is shown in.
Fig. 1-2-1. The combustion chamber is annular and has a discrete number
of fuel injectors which are linked to an external fuel supply manifold.
The compressor supplies high pressure air at an axial velocity corresponding
~ to a Mach No. of typically 0.30. This air passes through an initial
diffuser (&) and is then distributed between the diffusers (B), (C) and (D).
The flow passing through (B) is a relatively small proportion (15 to 20%)
of the total and is usesd to achieve approximately étoichiometric conditions
in the primary zone of the combustion chamber. The remainder of the flow
is divided into two streams passing through diffusers {C) and (D), the -
proportions of which will depend upon the combustion chamber design. The
flow then passes into the chamber via several rdws of dilution holes,
- where it mixes with the gaées from the prima:y zone, thus reducing the
exit temperature to an acceptable level.

It will be seen that diffusers (A) and (B) are parallel to the engine
axis, whereas (C) and (D) are inclined %o the axis. Howéver, all four

diffusers have straight walls and may be classed as rectilinear annular

diffusers.




1-2-1 Rectilinear Annular Diffusers

The geometric characteristics of a typical rectilinear annular diffuser
are shown in Fig, 1-2-2. The line a-a represents the centre-line of the
diffuser cross-section. The geometfy cen be described by fbur non-dimensional
parameters;

(i) the ratio of inlet annulus height to mean rédius covns hl/'f{l

. (4i) the ratio of mean lenéth to inlet amnulus height ..... ti/hl
~(1ii) the inclination of the diffuser to the 8X1S sessesees E
and (iv) the wall angle relative to the diffuser cross-section
centré-line'(a—a) ceseneses P

It méy be noted that the above parameters differ from those commonly '
found in the literature. They were chosen partly for convenience, but
also becanse they can be used to describe diffusers ranging from axial to
radial flow with no 1635 of generality; As an example, i/hl is considered
a more appropriate form of non-dimensional léngth than the ratio iﬁﬂRl
used by Sovran & Klomp(l) since the latter parameter tends to infinity as
& approaches 90°.

Innular diffusers may be classified in ferms of their inclinstion %o
the axis as shown in Fig. 1-2-3. Referring to Fig. 1-2-1 it is seen that
(¢) and (D) are wide angle diffusers having 1€l> ¢ , whereas (A) and (B)
are symmetrical (€ = 0)., Under certéin circumstances it may be necessary
to offset the cross-section centre-line of (A) or (B) thus giving a canted
diffuser. It is convenient to identify canted diffusers as being those
for which l&l « ¢.

Two important factors in diffuser deéign are fhe amount of diffusion
and the rate of diffusion which are to be attempted. The area ratio,

AR = Az/Al, is a measure of the amount of diffusion and can be expressed

as,

. -
BR=|1+2 (-hlJl—) tang |} 1 +(~L‘—) (-ﬁl) sing 1-2-1




Symmetrical diffusers are a special case for which the above expression

reduces 1o,

AR =1 42 (hi) tan ¢ 1-2-2
1

The rate of diffusion is generally assessed in terms of the area ratio

and non-dimensional length (i/hl) of the diffuser. One parameter which
‘offers a measure of the rate of diffusion is the ratio, (é%7;~l). It will
1

be seen from Egqn. 1-2-2 that this is equal to (2 tan¢) for symmetrical
diffusers and it may be noted that ¢ (or 2¢, the included angle) is often
used as a measure of the rate of diffusion for this class of diffuser.

In general, however, the rate of diffusion can be expressed as,

h ks h
(%i—) =2 tand + (ﬁi;) sin€ + Q(EI-JI) (-:ﬁi;) tan¢d sin€ 1-2-3

‘It is interesting to note that canting a diffuser (i.e. increasing
l&] ) whilst mainteining the same area ratio necessitates changing the
" included angle, 2¢.

1-2-2 Linking of Diffusers in Combustion Chamber Systems

Although it is important t¢ investigate the characteristics of single
diffusers, it is equally imporiant to investigate the characteristics of
the diffuser system and the interactions between the various components.

The two wide angle diffusers shown in PFig. 1-2-1 are linked to the
axial diffuser by smoofh bends. These are necessary in order to avoid
severe distortion of the flow since this would have an adverse effect
upon performance. The performance of the syétem caﬁ aléb 5e affected by
the proportion of flow passing through each ¢iffuser. ‘Furthermore, the
ianner in which the flow divides prior to the branch can influence local
conditions at entry to diffusers (B), (C) and (D). For.exampie, if the
flow in one branch is in excess of the design value this may cause the

splitters to operate at incidence, with the attendant possibility of

separation.



Attempts have been made to develop an alternative system which has
a simpie gecmetry as well as being less sensitive to the divisidn of flow.
Such a system is described in the following section.

1-2-3%3 The Dump Diffuser System

A tﬁpigal duﬁp—type combustion chamber diffuser system is shown in
Fig. 1-2-4. It is so called because the compressor exit flow is "dumped"
into what appears as a duct of very much larger cross-section area. The
system has four compenents in which.diffusion takes place. These are .
labelled (4), (B), (C) and (D) and can be_compare& directly with those in
Fig., 1-2-1. The flow is forced to séparéte at exit from the initial
diffuser and follows the streamline, s-5. This boundary of the flow is
often referred to as a "free surface”; The remaining volume pf the dump
reéion is filled by two standing vortices,

It may be noted that the sharp edged splitters shown in Fig. 1-2-1
have been replaced by the blunt hemitroidal head of the combustion chamber.
This agrangement is thought to render the system less sensitive to
variations in the division of flow. In additicn it can be appreciated
that fhe dump system is geometrically more simple and has fewer critieal
dimensions which would be subject to close manufacturing tolerances.

The present work represents an initial invgstigation of the
performance characteristics of a simple dump diffuser system as shouwn in
Fig. 1-2-5., It may be noted that.no provision is made for flow into thé
combustion chamber and this considerably simplifies the discussion contained

in the following sections.

1-3 PERFORMANCE PARAMETERS

In general the performance of a diffuser can be assessed using three
guantitative parsmeters, the relative importance of which will depend upon

the application being considered. These parameters are:



(i) the static pressure rise achieved by the diffuser,
(ii) the effectivehess of the diffuser in achieving the above rise
in static pressure, |
end (iii) - the total pressure'loss ocourring in the diffuser.

Each parameter is normally represented by a non-dimensional coefficient.

Before considering the definition of these coefficients it is important to.

note that the flow in a diffuser will generally have a non-uniform velocity
distribution, and possibly a non-umiform static pressure distribution
resulfing from streamline curvature. With non-wuniform inlet flow the
kinetic energy flux entering the diffuser is greater than it would be for
the same mass flow entering under uniform conditions. The kinetic energy
flox céntained in a non-uniform flow is considered in the following section
end this leads to the_definition of équi#élent meén flow quantities.
Throughout the presént work the flow is assumed to be incompressible.

1-3-1 Bguivalent Mean Flow Quantities

The kinetic energy flux of a non-uniform incompressible flow is

obtained by integrating the velocity profile as shown below.

dA = 2ﬂRdR}
dn1=pudA

-

The kinetis energy entering the elemental area, d4, in unit time is

(u2 dm/2) and the total flux is therefore,

A A |
%J W = %J‘ (uz)(:vudA | - 1-3-1



It is often convenient to express the kinétic energy flux for a non-
unifofm flow in terms of that which would be obtained for the equivalént
uniform_fléw (i.e. having the same integrated mass flow). Under uniform
conditions the velocity would be, u - m/(m- (termed the mass-derived

-

velocity) and the kinetic energy flux,

i =2 1.,=3 | o
smu” = 2‘3Au - 1-3-2

Comparing Egns. 1—5—1/2 leads to the definition of the kinefic energy

flux coefficient, o« given s,

L., 3 A
. 2(3A 0

o« . 2 y =.2Lf (%)M | 1-3-3

This definition may also be writlten in terms of dynamic preésures as,

A
OC:-]:'J g‘dﬂl:
m q

where g =f)ﬁe/2, and ¢ is the mass-weighted mean dynamic pressure

FYIEY!

1-3-4

defined,
A

1-3-5
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‘The energy coefficient, < has a value of 1.0 for uniform flow and
rises above unity as the flow distortion or non-uniformity increases. The

flux in kinetic energy for a non-uniform flow may now be written as,

%J’Auz_&n:m% -2 ((g) -~ ;5((!32) . 1-3-6

- The flux in potential energy (i.e. static pressure energy) is

gimilarly obtaired as,

A
TR B

where p is the mass-mean static pressure defined,

3-1

T Henceforward referred to simply as the "energy coefficient'.
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A | o ‘ o
72 dm o 1-3-8
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Finally, the total flux in energy is obtained from Eqns. 1-3-6/7 as,

§F+wget) - §G+7) - §F 1-3-9

¢

It may be noted that the mass-mean pressures, P, p and § are the
equivalent mean flow quantities for a non-uniform flow, derived on an
energy basis.

1-3-2 Performance Parameters for Simple Diffusers

The pressure recovery coefficient, Eé relates the actual static
2
pressure rise to the maximum attainable with an infinite area ratio.
With non-uniform inlet flow the maximum energy which can be converted into

pressure energy is (o %f?ﬁi) per unit volume flow (see Eqn. 1-3-6). The

pressure recovery coefficient is therefore defined,

w1e

2

1l _ w?
0y

Fard

¢ 1
Py

1-3-10

I-‘R i*d?

Since a diffuser has a finite area rafio the pressure recovery
coefficient will always be less than unity. Diffuser effectiveness relates
the actual static pressﬁxe rise to the maximum achievable in the diffuser
with ideal flow (i.e. with no pressure losses). The maximum conversion of

kinetic energy is achieved with uniform outlet flow (e, = 1.0) thus,

~ 1 “2 =2 1l =2 (.  _1
(o) - 7p) = P9 8 -1y) = o FpYy (1 y 2)
. | AR
Py - ¥ '
and, Cl = —& 2 . (1- L 2) 1-3-11
Ti.-
2 1 2[3111 0<1AR

1-3-12
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The maximum value for effectiveness'is, by definition,‘unity. It.
ﬁay be noted that this is not true of the form of effectifeness'oftén
encountered in the literature. This is because the pressure reccvery is
commonly defined in terms of a two-diﬁensional reference process (i.e.
one with uniform flow at inlet and outlet). The resulting definitions

for pressure recovery and effectiveness are,

Py, - P Py = P
e, = 5 -2} and E‘:‘2 =1 —22 : 1
m 20 Togew (- o)

Commenting on this approach, Sovran.& Klqmp(l) sfafe that "A more
convenient, though possibly less meaningful reference process can be
 defined on the basis of uniform flow conditions. 'Livesey(z), however,
has reported a cgnsistent sef ofldefinitions that are not subject to
gualification and the present definitions are in line with these.

For a diffuser flow in which pressure losses occur the energy equation

mzy be writien as,

~ 1. -2 ~ 1l -2 .=
Py v 30 = Py X P +AR - 1-3-13
where A?i_z ig the mass-mean total pressure loss.
The loss coeffiecient, "5\1_2 is defined as,
~ AP
A, = —E 1-3-14
1-2 o 1 = 2
120™

Re-arranging Eqn. 1-3-13 and dividing by (% %-(a 5,°) we obtain

o —1_ 0{2 -AA)
2 3 AR
N <, - 1 Y
or, C =11 - -—-l-g iy g 5] - Al-Z 1-3-15
Po ol AR ¢ IR

1
The first term on the left hand side of Egn. 1-3-15 represents the

ideal pressure recovery (Egn. 1-3-11). The value of sz - 1) is a mezsure
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of the distortion of the outlet flow and the second term therefore
represents the reduction in pressure recovery due to excess kiné‘tio
energy at the outlet plane. The pressure recovery may therefore be
reduced by insufficient diffusion as .represented by the second term, or
5y inefficient diffusion as represented by the loss coefficient.

1-3-3 Performance Parameters for Branched Sysiems

In essence jthe performance parameters for branched systems are definea
in the same way as for simple diffusers. The defining equations are,
however, complicated because of the need to alldﬁ for variations in thé
division of flow. The present work isg restricted to consideration of the

simple branched system shown below.

. 4o
) l . mﬁ-o::‘(aAlt-oG’fo Q
my= ALY o

@ /

m(ﬁm(JA[sz]% @

System centre-line - -

For this system it is necessary to write the energy equation in terms

of total energy flux rather than energy flux per unit veolume flow as in

Eqn. 1-3-13,
' n m
R N R S N
G 1 1’ (" 4.,

~ [e] ~ ~ ml A
: Y ———— +-q, 4 = AP L 1-5—16....._
Lt q4i) + e (p4o q%) + APy

Dividing by (ml E'l/(:), re-arranging and substituting g =x%(bﬁz, we

have m, oo, B° +m o« uZ° ~
P 41 41 41 40 40 40 A
p " 1- 2 T Meg 1-3-11
4 m) %y
~ Bg, Py, Ty Py " Py 5, - D |
i M4 o ‘o 4. 1 .
where, Cp = 1 3 = T, 1-3-18
=% et ol T
4 ml‘xlzt)ul 12[3111
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and A - APy

14 4 1-3-19
1

l -2
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In order to define effectiveness for the branched system we regquire

the ideal pressure recovery, Cﬁ

LA ’4
)1_4 =0 and & =g = 1.0,

1 o

and this is given by Egn. 1-3-17 with

-2 -2
m, u,° +m, ®
4, 4 44 4y
2
1 -

i.e. ! = 1 -

p -
4 mlxlu

1-3-20

s

The effectiveness, 54 is defined as (65 /6} } and from Egns. 1-3-18

. 4 Pq
and 1-3-20 it can be seen that this is a complicated exprgssion. In

particular it may be noted that it is aifficult to simplify Egn. 1-3-20
by introducing an area ratio as was done in Egn. 1-3-11 of the previous

section. The following approach is therefore adopted. Firstly, we define

the flow split ratio, S as

s = (n/fo,), = -0 A") 1-3-21
. o/ i74 Uy Ai 4

Since my = m4 + m, by continuity, the mass flow and velocity. ratios

i 4o
in Egn. 1-3-20 may be expreased:

”‘4i/ fy = (1 }r s) d m4o/ ™= (T‘%’g) 1-3-22
and | %, fo, = (—-1—)(%-1-) i, /4 =( S )(i) | 1-3-23
- 4,17 \T+s A4i’ 4,/ T\T s A40

Substitutiﬁg the above identities in Egn. 1-3-20 and simplifying

gives,
g 3 3
~ 1 1 1 S
G- 1 —( ) N 1-3-24
Py %\ + 5] {2 gr 2)
1 [4)
where, AR, = (4 41/Al) and | AR = (A4O/Al) 1-3-25

It is now convenient 1o define an effective area ratio, AR for the

| branched system such that,




Cr = 1-—pf | | 1-3-26

Comparing Eqns. 1-3-24 and 1-3-26 sghows that,

' 3 3 |
1 1 1 8
7 = (1 " s) w2t ARz) 1-3-21
e i ]

AR

The effectiveness of a branched diffuser system may now be expressed

in the simplified form, 1

s

P -
54 = 41 1-3-28
R 4
5
( ai ARe )

It may be noted that the effective area ratio and ideal pressure

recovery are functions of both the system geometry and the flow split

ratio. The division of flow therefore has a direct influence on system
perfbrmance and this may be assessed by considering the changes in effective
area ratic with varying flow splif. The influence of flow split is

discussed in Sect., 1-5-3.

1-4 BOUNDARY LAYER AND VELOCITY PROFILE PARAMETERS

1-4-1 Boundary Layer Parameters

In the present work boundary layer parameters are used to describe
the state of development of a boundary layex and the characteriétics of
the correspcending velocity profile. The generally accepted axi-symmetric
definitions have been adopted and these are given in Table 1-4.

The definition of displacement thickness, &% arises from considering

the mass flow deficit in the boundary layer as compared with a uniform flow

of velocity U,

i}

R
m
thus, (U 2wR, §* [{ (U - u) 2« R4R

R
w
ij uy, R
and §¥ = (1 -%) 5=4R 1-4-1
' R U R,

where RW is the wall radive and Rm the radius at the edge of the
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boundary layer. Comparison of Eqn. l-4-1 with the two-dimensional

y:S
SII =j\ (1“‘%) dy

o

definition,

shows that $% — §% as R —oo. However, it should be noted that
the concept of wall displacement valid for two-dimensional boundary layers
(implicit in the definition of S?I) is not applicable for axi-symmetric

flows,

. R , )
ie. - 2n uRAR # Urr[Rm - (Rw+s*)]

The shape parameter, ﬁ = 8*/6 is of particular interest from the
point df %iew of describing boundary layer velocity profiles since.it may
be used to indicate how close a particular profile is to separation.
Separation criteria are by no means accurate, however values of H Between
2.4 and 2.6 are commonly found to correspond with the onset of separation.

1-4-2 Velocity Profile Parameters

In most diffuser applications the flow can be characterised as having
a non-uniform velocity profile with a single point of maximum velocity in
any one cross-section. The location of this point of maximum velodity and
the magnitude of the velocity depend largely upon the pressure gradients
to which the two wall béundary layers are subjected. In the context of the
present work it ié important to distinguish between two characteristics
relating to the shape of velocity profiles, namely peakiness and radial
distortion. These are illustrated in the diagrem over. -

If the.adverse pressure gradients are appreciable (as in a diffuser)
but equal in magnitude for both boundary layers, a symmetrical peaked profile
is formed. If, however, one boundary layer is subjected to a higher pressure
gradient than the other, the boundary iayer growth is unequal and the peak
position is displaced from the centre of the‘duct. The resulting velocity

profile is said to be radially distorted.
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Whereas peakiness and radial distortion are related to each other, they
are dealt with separately here.

(i) Profile Peskiness

Most of the commonly used profile peakiness parameters derive from
the blocked ares concept suggested by Sovran & Klomp(l) for evaluating

inlet profile effects on various diffuser geometries. The blocked area,

AB is given by
. A _

u u

Ay = Q-5 aa=20-%

o
The blocked ai‘ea fraction, B and the effective area fraction, B are
then obtained as,'
* %
u Rwi T RWo ° )
B=(1-3% -0 - E)= 2 O : 1-4-2

These parameters are particularly convenient since, knowing the mass

flow and cross-section area, they may be caloulated from a gingle measurement

of the maximum velocity. The blocked area fraction has been widely adopted

for use in éorrelating the effects of inlet prefile variations on diffuser

performance.

The energy coefficient, o¢ (see Sect. 1-3-1) is a further parameter
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whiéh relates to the peakiness of a velocity profile. In view of its
importance in determining diffuser performance the energy coefficient is.
a logical choice of parameter for representing profile peakiness. It is
however, necessary to have detailed velocity profile data in order to
evaluate ., |

(i1) Radial Distortion

One obvious choice of parameter for describing radial éistortion is
the distance of the profile peak from the centre of the duct (expressed as
a fraction of the annulus height). However, this is not very satisfactory
for‘making quantitative comparisons of velocity profiles since the peak
position cannot always be determined ac¢ufately. Radial distortion is
therefore usually assessed by comparing &%, 6 and B for the inmer and outer
wall boundary layers. Taking this approach'one step further it is possidle
to define specific parameters which relate directly to radial distortion.
As an example, the difference in displacement thickness (5? - ng between
the inner and outer boundary layers may be used in formulating = radial

distortion factor, RD, of the form
55 = 8,
- (5—:3' 1-4-3
i (0
Although arbitrarily defined, such a factor can be expected to provide
a good quantitative measure of radial distortion. It may be noted that

ndn—dimensionalising with respect to (8; + Sg) hag the effect of making RD

essentially independent of profile peakiness.

1-5 FACTORS INFLUENCING DIFFUSER SYSTEM PERFORMANCE

The factors which influence the performance of branched diffuser systems
can be considered under three headings; inlet conditions, system geometry,
and division of flow. The influences of inlet conditions and geometry on
the performance of simple diffusers have been dealt with at length in the

literature. Compared with simple diffuseré the geometric and flow variables
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for branched systems are much larger in number. The influence of each
variable will not therefore be discussed in detail, except in the case of
variables which are peculiar to branched systems.

1-5-1 Inlet Conditicns

(i) Mach Number and Reynolds Number

Tests carried out by Little & Wilbur(5) on conical diffusers indicate
that pressure recovery is essentially independent of Mach number below a
critical value at which local sonié conditions are‘obtained near the inlet
" corner. McDonald & Fﬁx(4), again working with cénical diffusers, have
shown that performance is not sensitive to Reymolds nuﬁbers above T x 104.
In relation to annuvlar diffusers, Gurevich(5) has shown that the loss
coefficient is insensitive o Mach numbers between 0.25 and 0.7 for
diffuéers operating with low entry swirl. It is assumed that these results
will also apply in the case of branched systems.

(i1) The Inlet Velocity Profile and its Characteristics

A large amount of work has been reported on the effects of inlet
velgcity profile variation uvpon diffuser performance. Whersas profile
shape and turbulent mixing are generally regarded as the main factors
influencing performance, it has remained d;fficult to isolate the effects
of each. For this reason much of the literature relates to experiments in
which the inlet profile distortion was varied without controlling the
turbulent mixing.

In correlating the effects of inlet profile variation on diffuser
performance Sovran & Klomp(l) have used the inlet bhlockage fraction,.Bl as
a measure of profile distortion. In their investigation they were able to
show that the outlet effective area fraction, E2 correlated with the inlet
blockage fraction and area ratio as shown in Fig. 1—5—1; Using this
correlation the appropriate value of Ez may be substituted in the indicated

equation to obtain the effectiveness, EII of a given diffuser.
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1-5-1

1
R
where E1 = 1 - Blf
A representative variastion oi‘gII with Bi has been deduced from
| ' Fig. 1-5-1 fogether with additional data due to Wolf & Johnston(6) and
Tyler & Wizliamson(7) {see Fig. 1—5-2). It can be seen that EII falls
significently as Bl is iﬁcreaséd. It may be noféd that the two-dimensional
definition of E&I takes no asccount of the increase in available energy as
B, is increased (i.e. the increase in«, is not accounted for). Therefore,
in terms of the present definition (Eqn. 1-3-12), the effectiveness,g would
decrease more rapidly with increased inlet distortion than is indicated in
Fig., 1-5-2.

Although the importance of inlet turbulence has long been appreciated,
it is only recently that experiménts have beeﬁ conducted to show iis
independent influence on diffuser performance. By using an artificial
velocity profile generator Bradley & Cockrell(s) were able to generate a
high turbulence flow at entry.to a conical ﬁiffuser ﬁhilst maintaining the
same velocity profile as that given by a long smooth entry pipe. The axial
turbulence intensity produced by the profile generator was approximately
twice that obtained with fully developeé pipe flow, This increase in
Yurbulence intensity was shown to produce an_improvement in pressure
recovery of between 10 and 12%. .Williams(lo) also observed similar.
improvements in the pressure recovery of three annular diffusers when the
inlet turbulgnce was raised by placing a coarse grid upstream of the inlet
plane. In this case it is interesting to note that the loss coefficients
weré not significantly altered and that the improvements in performance

were solely attributable to reducticns in outlet profile distortion.

Tt is thus apparent that turbulent mixing and inlet profile distortion

ﬁ-III------::;;_____________________4f o




have opposing influences on diffuser performance. Since ﬁost methods of
producing distortéd:velocity profiles also produce high turbulence levels
it is feasonable to suggest that the independent influence of‘profile
distortion is more severe than that indicated in Fig. 1-5-2. The effect
of radial distortion of the inlet profile has not been dealt with
specifically, however on physical grounds it can be érgued that inlet
.radial distortion will be accentuated by the diffuser, thus rendering the
flow on‘one wall more prone to separation than would have been the case
with “symmetrical“ inlet flow. |
(iii) Entry Swirl

A.gobd symptomatic agsessment of the influence of entry swirl on the
performance of annular diffusers may be obtained by reference to the work
of Gurevich(5). As an example, the influence of swirl angle on loss
coefficient for constant inner core diffusers is shown in Fig. 1-5-3.
Data has been selécted to cover a range of wall angles. Uhder zero swirl
conditions, the loss coefficient increases with increasing wall angle as
would be expected. The influence of swirl is generally to increase the
loss coefficient, however, small amounts of swirl are seen 1o have a
beneficial effect, particularly for the higher wall angles. This effect
can be explained by reference to the total pressure contours repofted by
Horlock(ll) for a constant imner core annular diffuser operating with and
without swirl (see Fig. 1-5-4). For zero swirl the flow is distorted and
separation occurs on the outer wall near the exit plane, When swirl is
intrﬁduced, the situation is reversed and separation occurs on the inner
wall, At some intermediate stage, separation will be eliminated and this
is thought to correspond with the minimum loss conditions shown in Fig.
1-5-3,

1-5-2 Diffuser System Geometry

(1) Pre-diffuser

One major variable of the diffuser system (see Fig. 1-2-5) is the




amount of diffusion attempted in the pre-diffuser. As the area ratio of
the pre-diffuser is increased the mean velocity at exit is reduced, thus
implying a lower loss in the remainder of the system. At the same tinme,
however, the pre-diffuser outlet velocity profile becomes more distorted
and this may be accompanied by flow sepaiation.' The problem is illustrated
in Fig., 1-5-5 which shows the main features of the anﬁular diffuser
performance chart due to Sovran & Klomp(l). Three lines have been added

. to the performance chaft:

(a) A line.denoted C; which defines the area ratio producing maximum
| pressure recovery for a given non-dimensional 1ength; '
(b) & line denoted C;* which defines the non~dimensional length
producing maximum pressure recovery.fo? a given area ratio. .
(¢) A line of first stall due to Howard, Henseler & ThorntonnTrump(lz).
For practical purposes, tfe‘C; line is the more important cof the two
optimum lines and is often used in determining minimum length geometries
for low area ratio diffusers. However, for area ratios above approximately
1.7.it becomes necessary to increase the non-dimensional length beyond that
speéified by the C; line, in order to avoid flow separation (stall).
In the case of the arrangement being considered, the above effects
will be modified by the downstream geometry, in particular the proximity
of the combusticn chamber headT; In connection with this, Henderson(la)
found that target plates placed dowﬁstream of a conical diffusef had the
_efféct_of improving the performance and flow stability. It was,_howéver,
found that losses around the plate far outweighed the improvement in

performance of the diffuser.

(ii) Downstream Section

Four important geometric variables may be identified for the downstream
section of the dump diffuser system. These are the area ratio, the ratic of

ounter to inner annnlus areas, the distance of the head from the pre-diffuser

T Hereafter referred to as "the head®




exit plane (dump gap) and the width of the combustion chamber in relation
to the pre-diffuser outlet annulus height: ¥or a gi%en appiication the
ove;all area ratio will be fixed, therefore the area ratioc of the dowmstireanm ’
section is determined by that 0hosen for the pre~diffuser. The outer to
inngr annulus area ratio does not have a direct influence on performance,
however it is imporfant'when considering the division-of flow between the
anmuli surrounding the combustion chamber. This is d%scussed in the next
éection.
\

The width and axial location of the combustion chamber can be expressed
in terms of the non-dimensional parameters, B/h, and D/h, (see Fig. 1-2-5).
The value of H/h2 specifies the amount by which the flow must be displaced
radiaslly, and the dunp gap (D/hz) specifies the distance over which the floﬁ
can turn in order to negotiate the combustion chamber. By analogy with flow
conditions around bluff bodies in a free siream, it can be appreciated that
fhere will be a local acceleration and subseguent diffusion of the flow as
it passes around the head and into the parallel walled annpuli. For a
decrease in Q/hz and/or an increase in H/hz, it can te argued that the
local acceleration will increase with attendant penalties in performance.
In a similar way, the shape of the head can also be expected to have an
influence on the performance.

1-5-% Division of Flow

Branched combustion chamber diffuser systems are usually designéd
- such that the mean velocities are equal in the two annuli surrounding the
combustion chamber. It is, however, important o consider flow split
ratios other than the design value implied by 1340 = a4i. Qualitatively it
can be appreciated that the division of flow determines the pressure recovery
achieved in each annulus. If energy lossés are neglected, the pressure
recovery will be proportional to fhe netl reduction of velocity in each

annulus. Thus, for annulus flows greater than design, the pressure recovery

will be low, and vice-verss for flows which are higher than design. The
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effect on overall performance will now bé demonstrated bjrreference to the
equations of Sect. 1-3.
Let us consider a simple two-dimensional branched system of area ratio
2.0, for which the downstream annulus areas are equal and the inlet flow

is uniform (see Fig. 1-5-6). The inner and outer area ratios, ABi and’ARo

(seé Eqn. 1-3-25) are both equal to 1,0 and the expression for the oversll

pressure recovery (Eqn. 1-3-24) therefore reduces %o,

. 3 :
' - - -
cp "1(1+s) (1 +87) 1-5-2
4 .
where Cﬁ is the ideal mass-mean pressure recovery and S is the flow
4
split ratio. The design flow split, SZ is defined as the flow gplit for

which the inner and‘outer anmilus velocities are equal. Thus, for the
system being considered, S} = (AO/Ai)4 = 1.0, The variation of ideal
pressure recovery.with flow split, given by Egn. 1-5-2, is shown in Fig.
1-5-6(a). It can be seen that the pressure recovery is reduced when the
flqw split departs from the design value, SZ. It is interesting‘to consider
this in terms of the effective area ratio, ARe as defined by Egn. 1-3-27.

In this case, Egn. 1-3-27 reduces to

1 Y 3
Iﬁgz(l+3) @ +s87) 1-5-3
e
For the design flow split, S = Sz, we find that AR = 2.0 (i.e. the
effective area ratio is equal to the geometric area ratio, (A4 + Ay )/A)
i 0

For other flow splits the effective area ratio is lower than the geometric
area ratio (see Fig. 1-5-6(b)). It may Ye noted that AR = AR, for § = O
and ARe = ARO for 8 =00,
To gumnmarise, three poinits are to be noted;
(i) The ideal pressure recovery of a branched system depends upon the
flow split at which it operates.
(ii) The maximum ideal pressure recovery is only obtained at the flow
split for which the mean velocities are equal in the two branches

(i.e. the design flow split).



when the system opergtes at the design flow split.
In addition to its influence on overall performance, the flow split
will also influence conditions at exit from the pre-diffuser. The static
pressures associated with a disproportionate amount of flow passing down
one annulus are such as to imply changes in boundary layer development in
- the pre-diffuser. It is therefore apparent thgt the flow split will inflﬁence

the performance of the pre-diffuser.

'1-6 REVIEW OF PREVIOUS WORK RELATING TO COMBUSTION CHAMBER DIFFUSERS
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(iii) The effective area ratio is only equal to the geometric area ratio '

Whereas a large amount of work has been reported on the performance

. . |

of simple diffusers, little attention has been paid to more complicated
geometries. In particular, there is little published information available
on combustion chamber diffuser systems, even though a considerable amount of
knowledge must have been gained in the development of modern gas turbine
engines. Considerable design problems arise due to difficulties concernihg
the flow characteristics of the compressor exii enviromment and the

necessarily complex geometry of the ducts themselves. Experimental

evidence of the influence of flow characteristics on the performance of

limited information available on more complex diffuser system geometries is

1
simple diffusers has been dealt with in the -foregoing sections. The
now briefly reviewed.

1-6-1 Investigations of the Performance of a Wide Angle

CAnnular Diffuser

A variety of tests have been carried‘out at Loughborough(zo) on a wide
angle diffuser having a geometry typical of that employed in the "faired"
type of combustion chamber diffuser system shown in Fig., 1-2-1. In additibn
to investigating the basic performance and flow behavicur, the penalties |
associated with the‘addition of internal struts and the effect of replacing

the outlet bend by a free surface expansion were studied.
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(1) ﬁasic Performance after Stevens & Fry(l4)

| The basic geomeiry comprised a wide angle annular diffuser (AR =-2.0,
L/h2 = 6.2, € = 40°) interposed between two constant area bends connecting

it with the parallel inlet and outlet annuli. The geémetry and corresponding
performance are given in Fig. 1-6-1. Comparing the results with those for

a constant inner core diffusef (AR = 2.0, L/hl = 5.0) showed.that the.loss
coefficient for the wide angle diffuser was very much higher (0.165‘compared
with 0.055)-- This.increase in loss was considered to be due to the higher
turbulgnce level of the flow ffom.the inlet bend increasing thé enexrgy
dissipation._ The high turbulent mixing was, however, confinéd to the flow
adjacent tg thé inmer wall and the initial radial distortion of the flow

in the inlet bend was accentuated by the adverse pfessure gradient in fhe |
diffuser to the extent that intermittent transitory stalling occurred on

the outer wall just upstréam of the outlet bend, In the outlet bénd, radial |
momentum {ransfer reduced the velocity profile distortion and a significant

recovery of static pressure was achieved.

(ii) Effect of Replacing Outlet Bend by Free Surface Expansion
In an attempt to stabilise the point of separation in the diffuser,

(15)

tests were carried out by the author on a modified geométry in which
the outlet bend was replaced by a free surface expsnsion (see Fig. 1-6-2).
The amounts of diffusion attempted in the diffuser and the free surface

expansion region were varied (by "cutting back" the diffuser) whilst the

overall area ratio was'maintained at 2.0.- -The results indicate that the

performance penalty was small for a free surface expansion ratio, ARf of 1.0,
. ‘ 5

‘but that the penalty inéreased as the length of the diffuser was decreased.
The loss occurring in the diffuser was not significantly affected by the
change in downstream geometry, therefore the increased energy loss was
attributed to the energy required to sustain the vortex sysitem, and that

dissipated by. turbulent mixing as the highly sheared velocity profile at
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diffuser exit was transformed to almost uniform conditions in the settling

length.

(iii) Influence ‘of Internal Struts .

Two preliminary tests were carried out to assess the infiuence of
internal struts on the performance of the.widé angle @ifquer. The struts
ran'the entire iength of the diffuser, with the posifioﬁ of maximum
thickness situated in the diffuser exit plane-(seé Fig. 1-6-3). In the
first téét, struts:were inéorporated in the existing rig (Fig. 1-6—1) and
this effectively reduced the diffuse? areé ratib to 1.7. The results '
indicated an increase in loss coefficient of 0.03 without ény gserious
separatioﬁ on fhe outer wall of the diffuser. In the second test the
diffuser was modified to restore the area ratio to 2.0 and'the'increase in
loss coefficient due to the strﬁts was found to 5e épﬁroximafely 0.05.

Due to the increased pressure gradient in the modified diffuser, separation
took place on the outer wall at diffuser exit. It is interesting to note
that the incresases in loss coefficient were of the same order as those

{5)

measured by Gurevich in a constant immer core annular diffuser (AR = 2.0)
having struts whose chord was approximately half the length of the diffuser.

1-6-2 Aerodynamic Stability of Branched Diffuser Systems

Although no experimental work has been published on the performance

(16)

of branched diffuser systems, Ehrich has carried out a theoretical

investigation of the aerocdynamic stability of such systems and suggests

that stability will be maintained provided that,

a2C Ity
pa pb

SB T 3B
a b

Xz

< O ‘ 1-6-1 -

where the subscripts ta' and 'b' refer to the two branches and Ba and
B, are the flow fractions in each branch (see Fig. 1-6-4). With ideal,
one-dimensional flow the pressure feoovery in. each branch would iﬁcrease

with decreasing flow (i.e. QcpﬂaB always negative), however these ideal
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consideraiions are modified by the occurrence of preséure losses and
separated flow. At low flow fractions separation is likely to ocour and
IBCP/BB will then be positive as;indicgted in Pig. 1-6-4. TUnder cértain
conditions the stabilityrparameter,a’ can therefore become positive and
the system become unstable with oécillations in fiow between the two |

branches.

1-7 CROICE OF DIFFUSER SYSTEM TO BE INVESTIGATED

In view of the lack of data on dump diffuser systems, the primary
objective of the present.investigation was to obtain a fundamentél
understanding.of theixr opération and to assess the influence of some of
the main variables. From the outset it was considered important to 1iﬁit
the number of variables studied and to maintain an indepehdént control over
each one. In view of this it was decided that no attempt should be made .
{0 simulate the flow into the combustion chamber. Instead, the system was
designed with two constant area ducts, or settling lengths, surrounding the
comﬁustion chamber {as shown in Fig. 1-2-5).

Current thinking suggested that two-dimensional and annular segment
rigs weré to be avoided because of the uncertainty associated with the
three-dimensional effects inevitably encountered when using end walls.
Despite the manufscturing complexity, it wag decided that the test rig
should be fully anuler.

Tﬁé choice of geometry represented a compromise between itwo objectives,
namely, that the system should be representative of current designs and |
that the annulus heights should be sufficient to carry out detailed
measurements, The geometric details are sﬁmmarised in the feollowing

table.
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Geometry chosen for the present investisgation

Current Design Values | Chosen Value

Inlet Radius Ratio, . 0.84 - 0.90 0.85

(/R )
1
Overall Area Ratio, _ 1.8 - 2.5 2.0

(o, +4, )/A
4y 4,771

Combustion Chamber 3.3 = 3.9 3.5
vsize", H/h; '
Degign Flow Split . Yarious 2.15

Design flow gplits for combustion systems vary considerably depending
wpon the design philosophy eﬁployed. For convenience, it was decided to
make the settling length annulws heights equal, and thisg, in conjunction
with a typical combustion chamber size, gave a design flow split.of 2.15.

The test rig was manufactured entirely from perspex to facilitate
flow visualisation, and provisionslwere made for:

(i) varying the pre-diffuser geometry,
(ii) varying the axial location of the combustion chaﬁber,(i.e. the
dump gap), |
and (iii) varying the division of flow between the two annuli (i.e. the
flow split ratio, S).

Fully Qeveloped flow was chosen as the pre-diffuser inlet condition,
since this was considered to be more representafive of cémpressor'exit flow
than the thin inlet boundary layer con&iﬁion‘frequently vsed in diffuser

research.

1-8 OBJECTIVES AND SCOPE OF INVESTIGATION

The general objective of the work was o obtain a fundamental




“27-

~

understanding of the fluid mechanic bebaviour of a simple dump diffusér
system. The specific objectives are summarised as follows.
(i) To investigate the influence of flow split and dump gap on the overall
performance'for each of five pre-8iffuser geometries. The pre-~diffuser
_geométries.were to be consistent with demonsirating,
.-(a) the influence of increasing the area ratio for a constant
ineluded angle,
(b)  the influence of increasing the included angle for a constant
ayea ratio, ' . |
end (c¢) the effect of canting the pre-diffuser.
(ii) For each set of test conditions, to measure:
(a) the velocity profiles at pre-diffuser outlet and in thé settling
length annuli, paying particular attention to flow stability,
(b) the static pressure profile at pre—diffuser exit’and the wall
static pressure distribution throughout the systenm,
end (¢) the velocity and static pressure variation in planes perpendicular
to the head'surféce, this to be carried out in the region of
maximum velocity over the head.
(iii) To estimate the energy losses occurring in each component of the

system and thereby to identify regions of high loss.

Chapters 2 and 3 describe the experimental facility, the choice of
test gedmetries and flow conditidns; and the experimental techniéues
“employed. Chapter 4 gives détéils of the experimental results. A further
enalysis of the energy losses is presented in Chapter 5 and conclusions

relevant to the whole investigation are given in Chapter 6,
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Fig.1-2-1 TYPICAL MODERN GAS TURBINE WITH “FAIRED" COMBUSTION
CHAMBER DIFFUSER SYSTEM.

| Compressor . | Combustion l Turbincsl
: » : System

SPLITTERS

Fig.1-2-2 GEOMETRIC CHARACTERISTICS OF A RECTILINEAR
ANNULAR DIFFUSER




Fig.1-2-3 TYPES OF ANNULAR DIFFUSER.
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Fig. -5 INFLUENCE OF INLET BLOCKAGE ON DIFFUSER
PER FORMANCE AFTER SOVRAN & KLOMAD
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Fig.1-5-3 INFLUENCE OF ENTRY SWIRL ON LOSS COEFFICIENT
FOR CONSTANT INNER CORE ANNULAR DIFFUSERS AFTER

GUREVICH(D)
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Fig. 1-5-5 ANNULAR DIFFUSER PERFORMANCE CHART
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Fig.1-6-1 PERFORMANCE OF A WIDE ANGLE ANNULAR DIFFUSER
AFTER STEVENS & FRY(14),
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Fig.1-6-3 PERFORMANCE OF WIDE ANGLE DIFFUSER WITH STRUTS.
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Fig1-6-4 STATIC PRESSURE RECOVERY CHARACTERISTIC OF A
BRANCHED DIFFUSER AFTER EHRICH(16).
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Table 1-4 BOUNDARY LAYER AND VELOCITY PROFILE

PARAMETER DEFINITIONS,

PARAMETER SYMBOL | GENERALISED'AXI-SYMMETRIC DEFINITION
~ R .
DI SPLACEMENT g* J R u) R dr
THICKNESS R U/R, o
W Ll v
‘ zm
. R ~ i
MOMENT UM 0. ”( __u_)_u__R_ 4R x>
THICKNESS U/U Ry <
Ry o %
=
- . S e
SHAPE H $70 &
FACTOR |
. Ro
MASS-DERIVED (U) 2 u\ R dr "
o =i () 3
MEAN VELOCITY (R2- R2) . z o
O i
(-
Ro S
 ENERGY o 2 (_!.) R dR >3
- U -
COEFFICIENT (Ro— RJ( /U) Ry o <
O o
|
L
RADIAL gx _§¥ ”
DISTORTION RD (——‘-——-—--‘—’_)
X »*
FAC TOR §i + &g

TRmis radius at peint of maximum velocity

Ry is appropriate wall radius (inner or outer)
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CHAPTER 2. EXPERIMENTAL FACTLITY

2-1 DESIGN OF BASIC FACILITY

As stated in Chapter 1, it was decided that the test rig was to be'fully
annular. The layoul of the test facility is shown in Figs. 2-1-1 and 2~1-2,
A suction system was chosen in order to avoid uncertainty regarding the inlet
turbulence structure.and flow sgymmetry presented by a "blown" system. The
‘choice of a vertical layout reduced the number of inlet éupport struts required
and thus ensured that strut wake effects were minimised. Concentricity of the
fubes was ensured-by a flanged aﬁd spigotted method of construction; the
manufacturing tolerances were typically 500.00 + 0.07 mm. The majority of the
rig components were fabricatéd from perspex allowing ease of flow visualisation
and "setting up" of instrumentation. |

The air intake was designéd with an internal contraction of 8:1 in oxrder
- 10 minimise the effects_of large scale atmospheric turbulence. A Dufaylite
honeycomb screen was also incorporated. The inner core of the inlet length
was positioned by means of three aerofoil struts in the intake throat. Stable
‘transition to turbulent flow was ensured by trip wires on the inner and outer
walls just downstream of the intake throat. An entry length of approximately
-24 hydraulic diameters was provided in order to give conditions substantially
consistent with fully developed flow at inlet to the diffuser system.

After passing through the working section the flow was discharged into a

plenun chamber, from which it was extracted by a Keith Blackman 25135 centrifugal

fan. The drive was provided by an electric motor with a resistive speed
control. To dvoid recirculation problems, waste air was discharged 1o

atmosphere via a duct terminating outside the laboratory.

2-2 METHOD OF CONTROLLING "DESIGN" VARIABLES

2-2-1 Dump Gap

The inner core of the test rig was supported by & hollow wooden pillar
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secured to the bise of the plenum chamber (see Fig. 2-1-1). The combustion
charber assembly was mounted on four struts joined té a central boss located
on a lead screw passing down the centre of the pillar., Adjustment of the
axial position of the combustion chamber was achieved by rotating a graduated
wheel fixed to the lower end of the lead screw. .In this way the dump gap (D)
could be set to any desired value within the range 0 té'ZOO mm, with an
accuracy of + 0,10 mm. Concentricity of the combustion chamber with the inner
end outer tubes was maintainéd at the lo%er end by six stfuts spaced at 60°
intervals around each of the annuii, and at the upper end by three equi-séaced

aerofoil struts fixed to the outer wall of the combustion chachel,

2-2-2 Flow Split
| The quantity of flow passing down the outer annulus was controlled by
means of a ring throttle (see Fig. 2-2-1). To exténd the range of flow split
7 ratios obtainable, a perforated blockage ring was provided for the inner
annulus. This gave an area blockage of 55% and was only fitted when a high

flow in the outer annwlus was required.

-3 CHOICE OF PRE-DIFFUSER GEOMETRIES

The geometric details of the five pre-diffusers used in the investigation

are given in Table 2-3-1. (Further details are given in Appendix 1).

Table 2-3-1  Pre-diffuser Geometries

Retorence Mambez | WA, | A% | T | €le) | 24 (eee)
1 . 0.1622 1.4 1.6G0 0 12.0
2 " 1.6 2.850 0 12.0
3 " 1.8 3.805 0 12.0
4 " 1.8 2.525 0 18,0
5 " 1.608 2.850 3.333 11.33
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It is to be noted that more than one georetric pérameter is reguired to
identify a particular diffuser. For this Teason the-diffusers are referred
to by their reference numbers throughout. The geometry of the pre-diffusers
is shown in relation to the performance chart of Sovran & Klomp(l) in Fig. 2”5fi'
Diffusers 1, 2 and 3 were "symmetrical", having area ratibs.of 1.4, 1.6 and 1.8
respectively, and constant included angle (2 §). 4n included angle of 12° was
chosén a8 this placed all three diffusers close 1o the optimum CP* line of
. Sovran & Xl omp.

In view of the stabilising effect of .the combustion chamber head, it was
considered that a higher rate of diffusion could be accepted in the pre-diffuser
without a serious loss in performance. To test this hypothesis, Diffuser 4-Was
designed with the same area ratio as Diffuser 3 (1.8}, but with an included
angle of 18°, .

Diffuser 5 represented an initial oPtimisation of the geometry, thé design
being based vpon data obtained from tests with the first four diffusers. 'The
main feature was a change in inclination angle (E), thus giving a "canted"
diffuser. In order %o assess any change in performance and/or flow stability
the diffuser was designed with the.same area ratic and nonfdimensional length
(i/hl) as Diffuser 2. In this way the same rate of diffusion was maintained.
The included angle was reduced frem 12° to 11.33° in accordance with Equation

1-2-1 (Section 1-2-1).

 2-4 INSTRUMENTATION

The test programme called fér meésuréﬁent of the velocity profiles and

~static pressures at six stations as shown in Fig., 2-4-1. These were:

Station 1  Pre-diffuser "“Inlet" - two ammulus héights upstream of the
actual inlet plane.

Station 2 Pre~diffuser "Outlet" - 2.5 mm upsiream of the actual outlet

plane.




Stations Bi’ 30 Combustion chamber head - two planes 120° apart, in the

region of maximum velocity over the head.

Stations 4., 4 Settling Length ~ two planes six annulus heights
i’ %o

dewnstream of the beginning of the parallel walled
arnuli. -

Iﬁ addition, the static pressure distribution was required for all surfaces
of the working section. The pressuré variation around the head was considered
particularly important. Static pressure tappings and traverse locafions were
provided in three radial planes spaced circumferentially 120° apart (denoted

~ Red, Blue and Green as shown in Fig. 2-4-1). Special items of instrumentation
. were provided at other circumferential locations, the majofify being in the
120° segment between "Blue" and "Red". |

Three sfatic pregsure tappings 0.7 mm in diameter were provided at each
of the six stations described above and at intermediate positions along the
internal surfaces as shown in Fig. 2-4-3. Additional tappings were provided
along the walls of Diffusers 2, 5,l4 and 5 in one radial plane (Blue). In
order to prevent contamination by ingested dust all tappings were blanked off

when not in use.

2-4-1 Measurement of Static Pressure and Velocity Profiles

The test rig geomefry and flow conditioné were -such- that different methods
had to be employed for measuring static pressure and velocity profiles at each

station. These are described in Table 2-4-1 over.
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Table 2-4-1  Pressure Probe Measurements

Station Method of Measurement
1 Pitot probe traverse + wall static pressure measurement.
2 {i) Separate pitot and wedge static probe traverses

‘or (ii) Pitot/wedge static combination probe traverse.

3.4 3 Fixed Rakes: 4 pitot + 1 wedge static probe each.

4.y 4 Pitot probe traverse using special probe and

traverse gear + wall static pressure measurement.

Traverses at stations 1 and 2 were carried out using the traverse mechanism i
.shown_in'Fig. 2-4-5. The radial position of .each probe could be set to within
+ 0.05 mm., The pitot probes had flattened heads which were angled slightly to
ensure contact with the wall when "setting up". At station 1 the static pressure
was constant across the annulus and egual to the adjacent wall value. At
station 2, however, the static pressure was non-uniform and traverses had to be
carried out in order to determine the radial distribution. Previcus experience@5$
indicated that wedge static probes were well suited to this purpose because of
their iﬁsensitivity to flow direction in therplane of the wedge. Two probes
were constructed as follows. o N
(i) A miniature wedge static probe (see Fig. 2-4-6), the measurements
from which could be used, together with those from separate pitob
probes, for determining dynamic pressure.
(ii) A pitot/wedge static combination probe which could be used directly

to measure static pressure and dynamic pregsure to a reasonable

accuracy (see Fig. 2-4-7).
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The length of the test programme diptated that pitot and static tfaverses
could not be carried outrat'each of the three circumferential positions for
every test. In the majority of tests a single traverse of the combination

.pfobe—was therefore used fto measﬁre the velocity and static pressure profiles.

In view of the variable head position and inaccessibility of the inner
anmilus, it was-not possible to carry out fraverses at stations Bi and 50.

A fixed rake was therefore mounted on each of the inner and outer surfaceé of
the head as ghown in Fig{ 2-4~2.

At stations 41 and 40, in the settling lengths, the flow ﬁas in
equilibrium and the static fressures were assumed equal to the adjacent wall
values in eéch armulus. A special pitot probe and traverse mechanism were
provided in order to overcome the difficulty in traversing the immer annulus
(see Figs. 2-2-1 and 2-4-4). This instrumentation-was used fo traverse from
the inner and outer walls of both annuli at one circumferential position. Im
addition two rakes, each comprising three pitoi tubes, were mounted in the:

- inner anmulus approximately 120° from the traverse plane. ‘;

A1 pressure measurements were taken on a D.I.S5.A. Digital Volimeter (Type
55D 30) connected to a Furness Controls Micromanometer., Details of pressure
probe calibrations are given in Appendix 2.

2-4-2 Additional Measurements

(i) Approximate Flow Split Ratio

A gimple method was devised for "setting up" the required flow split for
'-eacﬁ.téét.. Two transverse cylinder probes, each having three forward facing
interconnected tappings were used to obtain the "mean" total pressure, Pm,‘in
each seftling length anmmulus. The approximate flow split was obtained from two

measuremnents of "mean" dynamic pressure (qm =P - pw) as,

W
=t

Ay

O qu
—2! - 2,15 |— 2-4-1

qﬂl

i

3

A

-2
A,

S =




(i1) Inlet Turbulence Intensity

For comparison purposes‘the axial turbulence intensity was measured at
inlet (station 1), using D.I.S.A. constant temperature hot wire anemometer
equipment.

(iii) Flow Visuslisation

Wool tufts (mounted on lengths of hypodermic tubing) were employed for

determining the position of local stagnation points (as for example on the

combustion chamber head) and for investigating possible regions of separation.
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Fig.2-1-1 LAYOUT OF TEST FACILITY.
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Fig 2-1-2 EXPERIMENTAL FACILITY.
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Fig.22-1 SETTLING LENGTH THROTTLE & TRAVERSE MECHANISM,
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Fig.2-4-1 STATIONS AND LOCATION OF INSTRUMENTATION,

INNER

|

@
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Fig.2-4-3 LOCATION OF STATIC PRESSURE TAPPINGS.
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Fig. 2-4-4 Settling Length Traverse Probe.
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Figs. 2-4-6 & 2-4-7.
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Fig 2-4-6 Wedge Static Probe.
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Fig 2-4-7 Pitot-Wedge Static Combination Probe.




CHAPTER 3. EXPERIMENTAL WORK

. 3-1 SCOPE OF TESTS

. In carrying out the expérimental frogramme it was considered essential
that the effects of each variable should be-isolated,.‘The_gedmetric and
flow parameters were therefore varied'independently. The five.pre—diffusers
were chosen so that the following parameters couid be varied in a systemafic
manner. | |

_ (i) 1Increasing the area ratio for a constant included angle
(ii) Inéréasing the included angle fcr a constant area ratio
(iii) Canting the pre-diffuser whilst retaining the same area ratio and
non-dimensional length.
The range of tests carried out with each pre-diffuser is summarised in
Fig., 3-1-1. Three values of dump gap were chosen and for each of these a
- minimum of three tests were carried out at varyirg flow split ratios. On
average 11l tests were carried out with each pre—diffusei. The feollowing

convention has been adopted to indicate the scope and nature of each test.

CT - "Complete Teat®

Measurement of the following items:-

(i) The velocity and static pressure profiles at pre-diffuser outlét
(Stn. 2) by means of three total pressure traverses and at least
cne static pressure fraverse.

(ii) The velocity profiles in the settling lengths (Stns. 4, and 4 )
at one circumferential position and confirmatory checks at cother
positions.

(iii) The complete static pressure distribution at one circumferential
- position (Blue).
(iv) The velocity and static pressure profiles in the plane of each

head rake (Stns. 3, end 30).




(v) "Key" static pressures on the inner and outer walls (Stns. 2, 4,

and 40) for each circumferential position.

A - "Mxiliary Test!

Measurement of the following items:-

(i) The velocity and static pressure profiles at pre-diffuser outlet

by means of a combination probe traverse (Blue only).

(ii) The settling length velocity profiles at one circumferential

position. -
(iii) The static pressure distribution, at least over the combustion
chamber head.

Items (iv) and (v)raﬁove..

For convenienée cach téét is identified by a Test Number and this
provides information on the geometry and flow conditiens employed. The
numbersg are used extensively in the text where it is necessary to refer to
‘a particular test.. The numbéring system is explained by means of the

example below.

TEST No. 3-0712/CT

N~

Diffuser Reference Non-dimensional Approximate Type of
Number Dump Gap ¥Flow Split Ratio Test |
(Diffuser 3) (D/h2 = 0.7) (s = 1.2)

- In addition it is ofteﬁ-useful.to refer to a particular series of tests
carried out with a certain pre—diffuser and dump gap. In this case the first
part of the.test number is used. As an example, "Test Serieg 3-07" would
refer to the series of tests at various flow splits, carried oﬁt with
Diffuser 3 (AR = 1.8, 2 ﬁ = 12°) and a non-dimensional dump gap of 0.7.

A summary of the configurations tested is given in Table 3-1. The

choice of flow gplit for the first few tests was somewhat arbitrary. The
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results of these tests indicated that the optimum performance was likely
to be achieved for a flow split ratio lower than the design value of 2.15
(i.e. with more flow passing down the inner annulus). In order to confirm
this the majority of tests weré carried out at flow split ratios in the
range'O.B to 2.3. The optimum position for the combusfion chamber was
found to vary depending upon the pre-diffuser area ratio. Values of dumpr
gap Were-therefore chosen to cover the most useful range of combustion |
_chambér positions for each diffuser. In the case of diffusers havipg the
éamé area ratio (2 and 5; 3 dnd_4), tests were.cérried out for the same
three positions of the combustion chamber. This meant that the values of
D/hé for tests with Diffuser 5 were slightly diffefent‘to those ﬁor Diffuéer
2. For the sake of clarity thé values will be éuoted as 955, 0.8 and 1.5,
Throughout the test programme the inlet conditions were maintained

approximately constant. Typical conditions were as follows:-

Mean inlet velocity (ﬁl) e et st e s e e e e . 26 mfsec

(2, - Di))

Y

. ﬁl 5
Inlet Reynolds No. c et e e e e e e e 1.6x10

3-2 EXPERIMENTAL TECHNIQUE

3%-2-1 "Setting up"

The Micromanometer and Digital Voltmeter wefe switched on and allo%ed
to warm up for a minimum period of 1 hour. During this time the combustion
chamber was set to the required position and the ring throttle adjusted to
approximately . the correct 0pening;(as dictated by experience). If necessary
the inner aﬁnulus-blockage ring was fitted. |

Towards the end of the warm up period the fan was started énd its speed
adjusted to give a maximum inlet dynamic pressure (PU12/2) of between 45 and
55 mm w.g. This was measured by a pitot probe located midway across the

annulus. The flow split was set to the required value by means of
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successive measurements from the transverse cylinder probes and adjustmentis

of the ring throttle (see Sect. 2-4-2). At this point the inlet conditions

" were checked and the fan speed adjusted as necessary.

3-2-2 Velocity and Static Pressure Profile Traverses

The inlet velocity profile was assumed constant throughout the tests
and equal to that obtained during calibration. The inlet reference dynamic

pressure (PU12/2) was recorded before and after each traverse or series of

measurements.

In the case of "CT" Tests, three pitot probes were traversed

| simultaneously at pre-diffuser outlet. The technique adopted was to

traverse out from the inner wall for approximately 80% of the annulus
height and then to traverse from the outer wall for sufficient distance to
obtain an overlap in the total pressure readings. All the total pressures

were recorded relative to the outer wall static pressure. A similar

technique was employed with the combination probe ("A" Tests) but in this

case the local dynamic preésure was recorded, A pitot probe was ffaversed
from the outer wall in order to provide additional measurements close to
the wall. The static pressure profilés were oﬁtained by traversing either
of the available wedge probés; the readings were also referenced to the
cuter wall static pressure.

Traverses from the immer and outer walls of each settling length were

carried out using the special probe and traverse mechanism. The total

 pressures wers referenced to the adjacent Wall'static'tapping.

3.2~3 Static Pressure Distribution and other Mesasurements

The static pressure at esch point was measured as a differential
relative to the inlet plane static pressure. Any significant fluctuation
in the static pressure readings was noted. An independent check was made

of the key static pressures at pre-diffuser outlet and in the settling

. length for each of the three circumferential positions.
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The head rake total and static pressures were recorded relative to
the adjacent static pressure tappings on fhe surface of the head.
Investigations with wool tufts were used to determine the following:-

(i) the extent of separation in the pre-diffuser (where appropriate)

(i) the stégnation point on the head
and (1ii) the stagnation points on the hubd and caging walls, as between

the main flow and the re-cireulating vortex. flow.

3-3 REDUCTION OF DATA AND COMPUTATIONAL METHODS

3~3.1. Velocity and Static Pressure Profile Data

The velocity profile data was non-dimensionalised in terms of the
maximum velocity to give values qf (u/U). These values were then plotied
versus non-dimensional distance from the inner wall (yi/h). In the case .
of pre-diffuser outlet profile data, dynamic pressure (and hence velocity)
was obtéined as the difference between the measured total and static
‘pressures at successive radial positions. Mean curves were drawn for the
static pressure and velocity profiies and from these data was tabuléted
ready for analysis by computer program. A sample set Qf readings and
calculations is given in Appendix 3.

3-3-2 Analysis by Computer Program

Extensive use was made of the University I.C.T. 1905 digital computer
facilities. One main program waz used for initisl analysis of tﬁe majority
‘of the data. FEmbodied in the program were calculation procedures for the
following:~ | '

(i) boundary layer and velocity profile parameters

(ii) overall performance parameters
(iii) pre-diffuser performance parameters

(iv) volume flow rates at each station

and (v) - detailed performance data suitable for subsequent analysis of

local pressure losses,




—55—

A separate program was used for.analysis of the head rake data.
Curve fitting techniques were employed to make thé best use of the data
available. In adédition to printed results the velocity and static preésure
profiles were output in graphical fo;m. Other programs were used in the
correlation of performance parametefs, the analysis of static pressure
distributions, and the plotting of graphs. Relevant aetails of the programs

and calculation procedures are giveh in Appendix 4,

3-4 ACCURACY

3-4-)  Experimental Accuracy

Measurements were made with pitot and wedge static pressure probes
under conditions ranging from steady fully developed flow to separated
flow. The accuracy_of these measurements depended largely upon local flow
coﬁditions. A general assessment of the experimental accuracy is afforded -
by considering the integrated volume flows at each station. The results
‘are summarised in terms of the inlet volume flow, Ql’ as follows. .

Pre-diffuser Outlet:

Q2 = Ql jg% (mean for all tests, Q + 3.3%)

Settling lengths:

Q = (Q4i + QAO) =Q +é% (megn for all tests, Q + 2.1%)

In view of the complexity of the measurements these results are verf
good. It may be noted that the error in pre-diffuser outlet flow is
consistent with the higher level of turbulence at that plane. Pressuré
probe calibratioﬁ details are given in Appendix 2.

Wall static pressures could be read to an accuracy of + 0.2 mm w.g.
On average this represented + 0.5% of the inlet mass weighted dynamic
preésure lef>ﬁlz/2).

3-4~-2 Accuracy of Calculated Parameters

In common with most work based on large numbers of experimental



measurements, it is difficult to make an accurate assessment of the
maximam possible errors involved. This is particﬁlarly true in ?elation
to the integral parameters upon which_most of the present work is based,
Realistic estimates of the meximum likely errors in the more important

performance parameters are given in the table below.

Pre-diffuser . Overall
Parameter Typical Error Typical Error
Value Yalue

Pressure 3 0.500 + 0.025 0.500 + 0.015
Recovery p (+ 5%) (+ 3%)
. = . + 0,050 + 0.020
Effectiveness&{| 0.850 (+ 6%0 0.700 (i.5%)
Loss 5| 0.080% + 0.0%0 0.250 + 0,025
Coefficient  A{ “* (4 40%) : T+ 10%)

*Note: Absolute values are quoted here to avoid confusion with

percentage errors; elsewhere in the text values of

Effectiveness and Loss Coefficient are quoted as percentages.
It ﬁay be noted that the errors quoted.for the pre-diffuser parameters
" are larger than for the overall parameters, this being because of the non-
uniformity of static pressure in the cutlei plane. The comparatively large
errors asscciated with the loss coefficients arise becéuse each loss
coefficient is calculated as the difference between two large quantities.
It should also be noted that the percentage errors in loss coefficient
increase as the loss decreases towards zero.

Generally speaking, scatter

and inconeistencies in the results are small and tend to suggest that the

errors listed above are, if anything, pessimistic.
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3.5 CALIBRATION TESTS

Initial calibration tests were carried out uéing Diffuser'l, since
the floﬁ in this diffuser was exPected to be free from separation. The
results of these tests are given in Appendix 2 ahd the main conclusions
sumrarised below.

(i) Excellent symmetry of flow was observed at fhe pre-diffuser

inlet station.
(ii) Within experimental error, the inlet velocity profile was shown
. to be independent of downstream conditions (notably flow splif).
(iii) Good symmetry of flow was observed at pre-diffuser cutlet and in
the settling lengths.
(iv) The circumferential variation in wall static pressures was

within experimental errcr.

3-6 INLET CONDITIONS

Preliminary running of the test rig was carried out with a simple
bell-mouth intake flare fitted as shown in Fig. 3—6ul(a). During initizl
tests, low frequency fluctuations (0.2 to 1 Bz) in flow were observed'
throughout the rig., These were eventually tfaced to the effects of large
scale turbvlence within the laboratory. In order to ;liminate the undesired
fluctuations the intake was modified to include a Dufaylite honeycomb scféen
followed by an 8:1 area contraction as shown in Fig. 3-6-1(b). This reduced
the velocity fluctuations from i.Z% to i.%% with a circumferential asyﬁmetry
of + 1% in velocity. All subsequeﬁt testing was carried out using the
modified intake.

The inlet velocity profile is shown in Fig. 3-6-2, It is peakier than
that measured by Stevens(s)(for a similar Reynolds number and inlet radius
ratio) and has a value of «i = 1,062 compared with 1.045 for that due to

Stevens. The original intake gave an inlet profile very similar to that of

Stevens. It is therefore thought that the increasea turbulence presented




by the honeycomb screen was responsible for the change in profile when
the modified intake was fitted. It may be noted that the change in profile
is similar to that observed by Bradley & Cockrell(8 ) when using smooth and
rough pipes to generate fully-developed flow (see Fig. 3—6-3)..

The inlet furbulenca intensity distribution is shown in Fig, 3—6—4.
It can be seen that the results are in good agreement with those of Stevens.

It is concluded that the inlet conditions were consistent with fully-

developed flow.
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Fig,3—1—1' 'RANGE OF TESTS FOR EACH PRE-DIFFUSER.
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Fig. 3-6-3 INFLUENCE OF P|PE ROUGHNESS ON FULLY-
DEVELOPED VELOCITY PROFILE AFTER BRADLEY & COCKRE (8).
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CHAPTER 4. PRESENTATION AND DISCU3SION OF RESULTS

| In tﬂis chapter the fluid dynamic behaviour and performance
characteristics of each system are presented. The influence of the méjor
variablés, namely flow split, dump gap and pre-diffuser geometry, is
discussed. The fluid dynamic.characteristics are iliustrated by means of
typical examples; the ﬁajority of the velocity profiles and static pressure
distributions are given in Aﬁpendices 5, 6, 7T and 8. The data is summarised
graphically by means of suitable parameters whose physical significance is

d¢iscussed in the text where appropriate.

4-]1 PERFORMANCE CEARACTERISTICS - )

The vaiiation of ideal pfessure recovery,_ag' and effective area ratio,
ARe (see Sect. 1~5-5) with flow split ratio, 5 are shown in Figs. 4—1-1/2.
The ideal pressure recovery is that which would be achieved with zero
losses and uniform outlet fldw; ARe is the equivalent area ratio of a
sinple diffuser having the same ideal pressure recovery as the branched
system operating at a given flow split. These are basic characteristics

of the system and form a basis for the discussion of results. The

performance characteristics of each system and its corresponding pre-diffuser

are shown in Figs. 4-1-3 to 4-1-7. The graphs show the variation in loss

L s o~

coefficient,ﬁm, pressure recovery, CP’ and effectiveness, £ with flow split
for each non-dimensional dump £aD, D/hz. The overall design flow split,
5 = 2.15 is indicated on each figure and dotted lines have been added to

indicate the range of optimum flow splits.

4-1-1 Influence of Flow Split
The curves for aét and AR, (Figs. 4~1-1/2) show that the net diffusion
4
is reduced as the flow split is moved away from the overall design value.

In such cases the system is said 1o be operating "off-design". Much of the

discussion in this section centres upon the relationship of optimum flow
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split to design flow split., In crder to aveid unnecessary repetition
the optimum flow splits are referred to using the following convgntion.
Sy « .« + « flow split giving minimum loss
S% KRR flow split giving maximum pressure recovery
Sg .+« « .+ flow split giving meximum effectiveness.
" The suffices (2) and (4) are used to denote values for the pre-
diffuser and overall system respectively.

It can be seen that the performance curves (Figs. 4-1-5/7) are

adequately defined by the experimental data. There is a striking

characteristics of each system are fundamentally the same.

o~

The overall loss coefficient, A

1-4
and dump gep. The value of 834 is generally lower than design, Si} and

is seen to depend upon flow split

similarity between each family of curves, thus indicating that the
decreases as the dump gap is decreased. Taking Diffuser 1 as an example,
it is seen that 8;4 drops from approximately 1.7 to 1.0 as'D/h2 is
decreased from 2.0 to 0.5. In addition, the sensitivity to flow split
increases a&s D/h2 is reduced; at the lérge dump gap the variation in loss
is barely significant. It may be noted that the overali loss curves bear
little relationship to that for effective area ratio (Fig. 4-1-2}, i.e. as
the amount of diffusion decreases the loss does not decrease as might have
been expected.
On comparing the pre-diffuser and overall losses it is apparent that
. the pre-diffuser has a strong influence on the fariation of 3&_4 with flow
split. Although 51_2 is generally low (a typical value being 7%), the

variation is significant, The influence of the pre-diffuser can be

demonstrated by considering the dump plus settling length loss,

~

- =D«1_4 - 9\1_2 ( g i

essentiélly idependent of flow split except in the case of small dump gaps.

see Fig, 4-1-8). It can be seen that 3\2_

It may therefore be said that the pre-diffuser characteristics are of majoxr

importance in determining S4, . In all cases except Diffuser 1, D/h, = 0.5,
g 2



it can be seen that values of 5, correspond closely with those of P

o

The curves of overall pressure recovery, Cp are of similar form to
~ 4
that for Cp' (Fig. 4-1-1), however the optimum flow split, Sep, is seen
4 ’ ;
to drop from Qz'as Q/hz is reduced. To assist in explaining this, the

overall pressure recovery may be written (see Eqns. 1—3-17/25) in the form,

3
o o 8 N
E:l—o%'(ll )3 4i + 40 -1
7 1 VB 2 ABo2_ 1-4

1t ﬁas found that the velocity pfofile distortion in the settling

" lengths did not vary significently with S, values of o< (innmer and oﬁter)
being between 1.025 and 1.040. Thus, neglecting any losses, 6;4 would be
very nearly equal to 6;; (see Eqn. 1-3-24). The shift in Scp, from design
is therefore due mainly to energy'losses, i.e. due to inefficient rather
than insufficient diffusion at design conditions.

Whereas 534 and SCM- are both "off-design, the values do not correspond
and i1t is difficult to identify a single optipum flow split. The overali
effectiveness, éﬁ has been defined in such a way that it shows the reduction
in pressure recovery arising from outlet flow distortion and pressure loss,
relative to a fixed datum, namely 100% (for uniform outlet flow and zero
loss). By definition, 554 represents the most "effective” operating
condition for the system; It may be noted that SE# is generally betweeh
55, and Sc, . Teking Diffuser 2, D/h, = 0.5 as an example,

S) = 1125’ qu. = l-5 and SCPI‘_ = ln?..

&

It is suggested that 824 represents a suitéble compromise betﬁéen
conditions giving minimum loss and maximum pressure recovery. 854 is
therefore taken to be the optimum flow split for the system. It should be
emphasised that this is, in general, an "off-design® flow gplit for which
the effective area ratio is somewhat less than the maximum.

The characteristics of the pre-diffusers are considerably easier to

analyée since the ideal pressure recovery does not vary with flow split.



The optimum flow splits, S*z’ ScPa and Sg, aré essentially equgl; The
error associated with?&_g is relatively large (see Sect. 3-4~2) and values
ofISAZ are considered less reliable jhan Sc?a and SEZ' The optimum flow
split, SEz varies between 1.2 and 1.4 for the symmetric pre-diffusers
(Nos. 1, 2, 3 & 4) whereas the values are between 1.5 and 2.0 for the
canted pre-diffuser (No. 5). The latter prejdiffusei was in fact,
designed with the objective of achieving Just such a change in SEa' It
can be seen that this‘also had the effect of shiﬁtiﬁg the overall optimum
" flow split, 554 towards the“design value. It can be appreciatéd that the
large displacement of SE4L from design for the symmetric pre-diffusers has
resulted from a mis-match between the pre-diffuser and downstream section
genometries. The importance of careful component métching was not fully
realised at the beginning of the research programmé. Therefore, the
introduction of the canted pre—difquér'(5) should be regarded as a
development based on experience gained in testing with the first four

pre-diffusers.

4-1-2 Influence of Dump Gap

The performance curves (Figs. 4—1-5/7) show that initial increases
in dump gap have a beneficial effect upon performance, but thai beyond a
certain value the effect is minimal. In the case of Diffuser 4 (Fig. 4~1-6)},
the results indicate that an increase in D/h, from 0.7 to 1.2 resulted in
a decrease in performance for S = 1.3. This trend.is indicated by the
results for the other diffusers, however it is not specifically shown.

The trend is more readily demonstrated by plotting the performance parameters

versus D/h2 for constant flow split. An example of the variation in 6;
' 4
with dump gap is given in Fig, 4-1-9 for Diffuser 3. It is seen that Cp
4

increases rapidly as IJ/'h2 is increased from 0.4 to 1.0 and reaches a
maximum in the region of D/h, # 1.0. Further increase in D/h, results in
a slow decrease in Ep « Similar results were obtained with the other

diffusers and it was shown that 31 and 54 exhibit the same characteristics.

-4
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Careful examiﬁation of the performance curvés-shows that the optimum dump
gap varies with flow sﬁlit. The optimum dump gap and flow split for
each system afe fully established and discussed in Sect. 4-5. Before
discussing the overall performanceliﬁ more détaif it is necessary to

consider the fluid dynamic behaviour of the system.

4-2 PRE-DIFFUSER OUTLET CONDITIONS

| In fhe previous section it has been shown thét the variation in
pre-diffuser performance is an important facter in determining the optimum
flow split for each system. In this section it will be shown that chaﬁges
in pre-diffuser performance are associated with changes in b&th the outlet
velocity and static pressure profiles. The characteristic variationé of
these profiles with flow spli£ and dump gap are illustrated using typical
examplés_for oﬁe pre-diffuser. In this connection, the results for
Diffuser 3 have been chosen since they provide good examples of flow
séparation.

4-2-1 Qutlet Flow Axi-symmetry

Generally speaking, the velocity profiles measured at pre-diffuser
ocutlet exhibited excellent symmetry of flow at the three circumferentially
spaced measuring planes. Two sample sets of profiles are shown in Fig.
4-2-1. The profiles for Diffuser 1 (Test 1-1026/CT)T exhibit excellent
symmétry of flow whereas agreement betﬁeen those for Diffuser 4 (Test
4-0422/CT) can only be considered as "fair", These results illustrate
- the range of symmetry obtained with the five pre-diffusers; results for
Diffusers 2, 3 & 5 lay between the two.extremes indicated in Fig. 4-2-1.
Data for oéher CT Testst is given in Appendix 5.

For CT Tests the mean velocity profiles were used in obtaining pre-

diffuser performance parameters, whereas profiles measured at the BLUE

T See Sect. 3-1 for description of the test numbering system.



—G8

position only were used in the case of A Tests. As far as consisiency of
resulis is concerned, it is not considered that any serious error was
intreduced by using this approach.

-4-2=2 DPresentation of Data

The outlet conditions for Diffuser 3 are shown in Figs., 4-2-3/5.
Each figure shows the velocity and static pressure profiles measured at
constaﬁt dump gap for various flow splits (i.e. for each "Test Series").
Similar profiles for_biffusers 1, 2, 4 & 5 are given in‘Appendix 5. The
graphs were drawn by computer and the following comments relate to the
method of presentation.

(i) The curves were drawn using the mean profile data supplied to
the main performance analysis program (see Appendices 3&4); the
experimental data was specified separately. The graphs therefore provided
s convenient method of checking that no errors were present in the main
program input data,

(ii) In some cases (e.g. Test 3-0708/4, outer boundary layer) it cen

be seen that the velocity profile curves do not pass through the experimental

data close to the wgll. In such cases the curves were defined using
additional data as illustirated in Fig. 4—212, The additional dats is that
@éduced from total preésures recorded with low instrument damping (i.e.
from fluctuating readings).

(iii) 1In the case of CT Tests, only the mean prdfiles are shown.
- The experimental data has been omitted for the sake of clarity, but it is
given in Appendix B.

The influence of the test variablesAon the outlet velocity profile
is summarised in Figs. 4-2-6/10, The first three figures show the
variations in H2; and H2 with flow split for each category of dump gap.
Whereas the shapé factor: provide useful information on the boundary layer

growth in the pre-diffuser, it is also interesting to consider the changes

in peakiness and radial distortion of the velocity profile that are implied.
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The outlet profile peakiness is described by means of the energy coefficient,
A (see Fig. 4-2-9). Radial distortion is described by means of the

arbi%rarily defined radial distortion factor, RDE-(see Sect. 1-4-2) where,

. (5;’{ - s:;)

= * %

2 Si * 85/

It may be noted that this factor is essentially independent of profile

peakiness. The variations in RD2 with ithe test variables are shown in Fig.

. 4-2-10. The values of RD2 are to be interpreted as follows.

RD2-= 0 Profile distorted toward the inner wall
RD2 =0 "Symmetrical™ profile
.RD2:> 0 Profile distorted toward the outer wall

A complete summary of the boundary layer parameter data is given in
Appendix 9.

£.2-3 Discussion of Outlet Velocity Profiles

Téking the ocutlet velocity profiles for Diffuser 3 (Figs. 4—2-3/5) as
typical examples, it is seen thgt variations in flow split give rise to
consistent changes in profile shape. As S is increased at constant dump
gap the point of maximum velocity moves toward the outer wall and the inner
boundary layer moves nearer to separation (i.e. the momentum near the wall
is decreased). Conversely, the outer wall boundary iayer moves further
away from separation ags S is increased. . At all three dump gaps separation
ig clearly indicated on the inner wall for flow splits clese to the overall
design valﬁe,'sz'='2.15. It may further be noted that the velocity
profiles are almost_"symmetrical" for flow splits close to thelpre-diffuser
optimum value (Sg, = 1.2 as shown in Fig. 4-1-5).

Comparison of velocity profiles for approximately the same flow split
shows that increasing the dump gap gives rise to an increase in profile

peakiness, This is typified by the reduction in momentum near the walls

"and is due to the decreasing influence of the downstream blockage presented
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by the head.

The overall trends for all the pre-diffusers. are more conveniently
discussed in terms of‘the boundary layer and velocity profile parameters
shown in Figs. 4-2-6/10. The discussion cenfres upon comparison of the
parameters at the two flowlsplité, Sea'and SZ (a; indicated on each group
of curves).

Influence of Flow Split

Referring first to the outlet shape factor curves (Figs. 4-2-6/8) it

can he seen that H2 = H2 (indicating a rearly symmetrical profile) at
: i 0 ‘ :
SEz' As the flow split is increased toward SZ, H2 increases and H2
: i o
decreases. The radial distortion of the velocity profiles (as represented

by the difference in the inner and outer shape factors) is appreciable at }

‘ ) |
5%.
4

quantitative manner by the curves of RD2 (Fig. 4—2—9), It can be seen

The variations in radial distortion are demonstrated in a more

that RD2== 0 at SEz and that values increase (in most cases linearly)
toward'Sz. The changes in outlet profile radial distortion are brought
about by changes in the pressure gradients to which the.inher and outer
wall boundary layers are subjected. It ig via this mechanism that the
flow eplit exerts such a strong influence on boundary layer development
in the pre-diffuser.

The curves of a% (Fig. 4-2-10) show that increases in radial
distortion are accompanied by increases in peakiness of the outlet profile.
The minimum peakiness is ébtained at'SEa where it can be noted that the
profiles are essentially symmetrical (RD2<2 0). The combination of
increasing radial distortion and peakiness represents a strong trend toward
separalion on the inner wall for S::-Sga, and on the outer wall for S-c:SEZ._
Pre-diffuser flow separation is discussed in detail -in Sect. 4-2-5, however

*

it is worth noting that separation was observed on the inner wall at S4

for Diffusers 2, 3 and 4.
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Influence of Dump Gap

Referring to Fig. 4-2-10 it can be seen that dﬁ generally increases
with dﬁmp gap at constant flow splits. This is due to a decreasing
tendency for the presence of the head to inhibit boundary layer growth in
the pre-diffuser, At small dump gaps the downstfeam blockage presented by
the head bauses the flow to decelerate more evenly aéross the annulus, thus
producing a less peaky profile.

The variation in &, over the range of flow split (for a fixed D/hz)

2
'decreases with increasing dump gap. In a similar way the rate of change

in RD2 with flow split also decreasés with increasing IV%Q. These trends
indicate that the ihfluence of flow split on boundary layer development in
the pre-diffuser decreases as D/hz'is.inﬁfeased. This can be explained by
considering the dump region as a fluid "accumulator" which tends to isclate
the pre-diffuser from downstream influences when its volume becomes large
(i.e. when the dump gap is large). On physical grounds it can be argued
that the influence of flow split on the pre-diffuser becomes negligible as

1)/112 tends to infinity.

Influence of Pre-diffuser Geometry

The influence of pre-diffuser geometry on the outlet velocity profile
was as expected in that the profile peakiness increased with both increasing
area ratio and included angle., ?ﬁis can be seen by comparing valpes ofcxz
for similar dump gaps (Fig. 4~2-10). A more direct comparison of outlet
profile peakiness for the five pre-diffusers is shown in Fig, 4-2-11, in
which peakiness is presented in terms of the outlet effective area fraction,
(1)

E,. Tor cdﬁparison purposes the correlation due to Sovran & Klomp has

2
been added and it may be noted that this represents the case of D/h2 = 00,
The comparison is made in terms of values of E2 obtained at the optimum

flow split, SE;‘ The experimental data has been interpolated to give

curves of E, for constent values of D/h,.
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It can be seen that the D/h2 = 1.5 curve (Diffuseré 1, 2 & 3) is
parallel to thaf of Sovran & Klomp, but that values of E2 are approximately
0.05 higher. The closeness of the D/h2 = 1.5 and 1.0 curves suggests that
little increase in peakiness gesults from further increase in duvmp gap.

It can be seen that the variation in E2 with area ratio is similar to that
for simple'diffuéers (as represented by the correlatibn) but that valueé

of E2 rigse as thz_is decreased, Furthermore, increasing the included

angle (and thereby the mean rate of diffusion)‘whilst maintaining the same
area ratio resulté in a decreése in E2, representing an increase in

profile peakiﬁess.

| The comparison of'ou£1et profiles for-Diffusers 2 & 5 is of particular

interest. It can be seen from Figs. 4-2-6/10 that the profiles oftaihe&l

at 5% have been much improved by canting the pre-diffuser. At Ith = 0.8,

4

for example, HQ' has been reduced from 2.5 to 2.12 with a corresponding
decrease in szlfrom C.52 to 0.3; Similarly,<xz has decreased froﬁ 1.535
t0 1.295 and it msy be noted that séparation on the inmer wall has been
eliminated by canting the pre-diffuser. The main reason for the improvement
is the relative displacement of the head from the diffuser exit centre-line.
The decreased gap between the head and the inner wall at exit gives rise
$o a reduction in static pressure. The momentum of the flow adjacent to
the inner wall is therefore maintained at a higher level than that in the
syrmetrical pre-diffuser and separation is avoided.

The independent influencé of each test variable on the ocutlet velocity
profile is summarised in Table 4-2 over. The length of the diffusing
system is represented by the total "variable length™, (T + D)/hl.

In the context of correlations of prbfile parameters with diffuser
geometry and performence, it may be noted that the present results provide
a good basis for comparing the blockage fraction, B with ot (see Fig. 4-2-12).

The significance of « is demonstrated by the performance equations of Sect.

1-3, however B has been used almost universally in correlation work. The
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results shown in Fig. 4-2-12 cover a wide range of flow conditions

(including separation) and it can be seen that there is a strong

relationship between the two parameters. This tends to substantiate

the case for using B in performance correlation work, particularly since

it may be measured with relative ease.

Table 4-2 Influence of Test Variables on Outlet Velocity Profile
Action BEffect(s) System Length
(L + D) /hl
Increase Decrease mean outlet velocity. Increase
AR Increase profile peakiness.
Increase Increase profile peakiness, Decrease
2¢ Increase max. outlet velocity.
Cant Shift optimum flow split. Negligible
Pre-diffuser Minimal change in outlet velocity change
profile at optimum flow split,Sg,
Increase Increase profile peakiness. Increase
D/h2 Increase max. outlet velocity.
Radial distortion of profile for
Vary Flow S ¢ Sg., accompanied by increase No change
Split in peakiness.
Increase max. outlet velocity.

4-2-4 Discussion of Static Pressure Profiles

The following.disCuséion relates mainly to-the outlet static-pressure.
profiles for Diffuser % (Figs. 4-2-3/5), these being typical of the changes
that occur in all the preadiffuéefs. A striking feature of these profiles
is the large vafiation in pressure across the annulus.,  This is a feature
not usually encountered in diffuser research and resulted in the necessity
for integrating the static pressure on a mass-weighted basis in order to
obtain meaningful pressure recovery coefficients. As with the outlet

velocity profileg, the influences of dump gap and flow split are




inter-related; the influence of flow split decreasing as the dump gap is
increased.

Influence of Flow Split

It may be seen that the pressure difference between the inner znd

outer walls is small at the optiﬁum flow split, ng, of approximately 1.2.

At other flow splits the wall pressures are unequa1§ the inner wall

pressure increases and the outer wall pressure decreases as § is increased.
. The increased adverse pressure gradient along the immer wall causes more

, ;fapid growth of the boundary layer and vice-versa fdr the outer wall.

Influence of Dump Gap

Comﬁaring Figs. 4-2-3/5 it can be seen that close Proxiﬁity of ‘the

“head to the outlet plane gives rise to a "hump" in the static pfessure
profiles. This can be attributed to the influence of the high pfessure
essociated with the stagnation regionrclose 1o the head. The radial
pressure gradients provide the forces_required to turn each stresm of flow
around: the head. Since the outlet static pressure zlso dictates the axial
pressure gradient (at least in the latter part of the pre-diffuser), the
‘outlet velocity profile is the result of a complicated talance between the
momentum and pressure forces in each flow field. At small dump gaps the
rapid deceleration aésociated with flow stagnation extends into the pre-
diffuser with the effect of reducing the velocity profile peazkiness.

4-2-5 Pre-Diffuser Separation limits

Several examples of pre-diffuser outlet flow separation are shown for
Diffuser 3 in Figs. 4—2—3/5 and these are now discussed alcng with the
results for the othef pre-diffugers., Wool tufts were used to ipvestigafe
the flow in cases where dynamic pressure measurements indicated that
separation was likely. The flow regimes of Carlson & Johnston(17) (see
Fig. 4-2-13) were used as a ﬁasis for interpreting the tuft behaviour.

It was found that the "Intermittent Transitory Stall" regime of Carlson &




Johnston corresponded closely with conditions at which the indicated wall
velocity became sensibly zero. A typical example of this is shown in Fig.
4-2-4 for § = 1.82 (innér boundary layer). "Incipient Transitory Stall"
and "Unsteady Flow" were found to be associated with indicafed valges of

k u/U near the wall of up to approximately 0.1 (e.g. Fig. 4-2-4, S = 0.77,
outer boundary layer). It is interesting to note th#t tuft behaviour
indicating "Fixed Stall" was not observed although zero values of u/U were
cbtained at distances from the wall of up to 9 mm or yi/h2 = 0.13,for
Diffuser 4 (see Appendix 5). In such situations the proximity of the
vortex in the dump region is considered to have had some influence upon
the naturé of flow in the separated region. The diagrams below show three
possible flow patterns and the information available would tend to suggest

that (b) is the most appropriate.

(a) Opposing Vortices (b) "Dead Air" Region (c) Extension
o of Standing

“Yortex

Main
Flow

For thé purpose of defining separation limits it was found convenient
to use the criterion of zero indicated wall velocity, corresponding with
intermittent transitory stall. This approach had the advantage that
results could be interpolated (in respect of flow split) to give reasonadly

well defined limits beyond which separation could be said to occur.
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_ Separation limits (based on the above criteria) are shown in Fig.
4-2-14., It can be seen that separation occurred on the inner wall at
SZ for Diffusers 2, 3 &'4. The range of flow splits over which relatively
steady flow was obtained decreased with inéreasing area ratio (Diffusers
1, 2 & 3) and also with increasing included angle (Diffuser 4). As would
be expected, the most steady flow was obtained at S=¥ 1.2 for the
symmétricai'pre-diffusers. Comparing Diffusers 2 and 5 shows that
canting had the effect of eliminating separation at SZ and shifting fhe
‘optimum flow splif to approximately 1.7. The objectives and results of
canting the pre-diffuser are discussed in more detail in Sect. 4-?—7.

Values of shape factor, H, of aPproximately 2,6 are generally
agsociated with the onset of separation and it is interesting to note
that.the intermittentltransitory stall limits of Fig. 4-2-14 corfespond
with vaiues between 2.4 and 2.8 (see Figs. 4-2-6/8). It can be appreciated
that the widening of the limits at small dump gaps is due to the decreased
profile peakiness as discussed in Sect. 4-2-3.

Refe?rihg back to Fig. 4-2-1, it is interesting to note that the
velocity profiles for Test 4-0422/CT indicate that the separation was not
asymmetric as is often the case in annular diffuser flows (see Appendix 5
for other CT-Test results). %t is therefore considered that the presence
of the head had a stabilising influence in so far that no serious threeQ
dimensionality in the flow was cbserved.

4-2-6  TDiscussion of Outlet Conditions in Relation to Pre-Diffuser .

Performance
In this sgction the relationship between outlet conditions and pre-
diffuser performance is discussed. Reference is made to the performance
curves {Figs. 4-1-3/8) and the corresponding outlet profile data (Figs.
4—2~6/10). For a given pre-diffuser, operating at a particular dump gap,
it has been shown that the maximum pressure recovery and minimum energy

loss is obtained at a-flow split giving an essentially symmetrical outlet
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velocity profile. The pressure recovery coefficient for a simple diffuser

" (Eqn. 1-3-15) may be written,

H
N
'_.I
1
n
1
N2

4-2-1

Comparison of the terms ( 5 and )1 5

o& AR
splits covered by the tests shows that changes in the outlet energy

over the range of flow

coefficient,cx2 are responsible for approximately 70% of any given change
in pressure recovery with chaﬁging flow split. The majority of the
'reduction in pressure recovery at flow splits other than ng is therefore
due to the increase in outlet kinetic energy flux associated with distortion
of the fléw (i.e. dve to insufficient diffusion). Similar remarks also
apply in respect of changes in pressure recovery for varying dump_gap ang
constant flow split.

Whereas vériations in 652 are maiﬁly related to changes incxz, no clear

correlation between energy loss and outlet profile distortion is evident.

This ié illustrated by the examples for Diffuser 2 given in the table below.

Comparison of Performance for Various Outlet Conditions
(Diffuser 2)

@

D/h2 5 o, RD, |2y, %

1.5 1,20 1.34 0.10 7.3 0.420
0.8 " 1.26 0 5.3 0.470
'075' ] - '—1.12 0110 6.5 0-514

0.5 2.48 1.32 0.77 10.3 0.399

It may be noted that no significant change in loss coefficient has
resulted from the increase in “@ from 1.12 to 1.34 for increasing dump gap
at constent flow split., However, the combination of increasing radial

distortion and peskiness (as represented by RD,, andcxz) gave an increase

in loss coefficient from 6.5 to 10.%% at constant dump gap. The independent
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influence of radial distortion may be assessed by comparing the performance
at conditions giving the same outlet profile peakiness sz). Three typical

examples are given in the table below.

Influence of Radizl Distortion on Pre-diffuser Performance

e D/n, 5 *2 KD, 5S-2 % EZ %
0.8 1.2 1,265 o | 5.3 75.5

] 0.5 2.3 " 0.74 9.4 68.0
0.7 1.1 1.521 -0.14 7.8 | 66.9

: 0.4 2.35 " 0.82 11.5 62.5
0.8 1.7 1.285 0.11 7.4 1.2

’ 0.5 3.5 " 0.72 12.0 63.0

It may be scen that radial distortion (RD2:> 0) causes the loss
coefficient to rise by approximately 4% with a corresponding drop in
effectiveness for the same value ofcac2 (i.e. for the same net reduction in
kinetic energy, diffusion becomes less efficient when the flow is radially
distortéd). This implies that the increased loss associated with the near
separated boundary lsyer outweighs any decrease in loss associated with
the other boundary layer. The results.suggest that some form of radial
distortion parameter could be used to advantage in correlating diffuser
~ performence with flow conditions and geometry.

Generally speaking the loss coefficient does not vary significantly
with dunmp éap even though the outlet profile peakiness increases rapidly
with increasing dump gap over most of the flow split range (see Fig. 4-2-10).
Thus, for the particular case of constant preQdiffuser geometry, it appears
that energy losses are not directly related with profile peakiness. This
is a somewhat surprising result since losses are generally considered to

arise from high turbulent mixing such as occurs in regions of near separated
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fldw (i.e. with high peakiness profiles). A more detailed investigation
of the turbulence structure of the flow within the pre-diffuser would no
doubt give some insight into this apparent_anomaly. In the absence of
more detailed infofmation,'it is suggested that the highef reduction in
kinetic energy achieved at small dump gaps causes proportionately more
loss fo be generated in the core region of tﬁe flow énd that this is
equivalent to the loss generated in the near-separated regions at large
dump_gaps (i.e. the losses are substantially the same but generated in
‘different regions of the flow).

4~2-7 Pre-diffuser Degign Flow Split Ratios

It has been noted in the foregoing sections that the optimum pre-

\

\

\

|

\

\

\

\

\

\

\

\
diffuser performance is not generally obtained at the overall design flow ‘
split, Sz = 2.15. The symmetrical pre-diffusers were not in fact designed ‘
to satisfy any particular'objective as regards giving optimum performance ‘
at SZ. The appropriate “design" flow spiit for these pre-diffusers is ‘
considered in the light of the experimental results and the criterion used
ir designing the canted diffuser is discussed. In view of the need to ‘
- minimise.system length, attention is focused on results for small and ‘
intermediate dump gaps. | ‘
In the case of Diffusers 2, 3 & 4 the optimum flow split is approximately ‘

1.2 whereas it is nearer 1.4 for Diffuser 1. Having regard to the outlet \
\

velocity profile parameters and separation limits it is reasonable to define

2

the symmetrical diffusers operating at small to intermediate dump gaps.

- a pre-diffuser "design" flow split, 8% equal to 1.2 as being applicable for

At this flow split the following design objectives are, in the main
achieved:

(i) optimum perfoimance in terms of E; and A

’
P 1-2

(ii) maximum net reduction in velocity giving minimum kinetic
energy at entry to the dump section
and (iii) operating point midway between the inner and outer boundary

layer separation limits (i.e. optimum outlet flow stabilit
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The design objective can therefore be expressed in ferms of a
requirement to obtain a Vsymmetrical' outlet velocity profile at the
design'fiow split chosen for the system as a whole, Some insight into
ways of satisfying this objectiﬁe can Be gained by considering the pre-

diffuser and dump region geometry'shown below.

<evecsee. Stagnation Streamline

The pre-diffuser and combustion chamber head are on the same local
centre-line and it is assumed that the stagnation streamline is coincident

with this centre-line in the dump region. The design flow spiit is given

by, -
) u Ao : _ ' . -
* — —— — s
53 =\ ‘& 4-2-2
i tilp

Substituting typical values of (ﬁo/ﬁi)zﬁf 0.97 for a symmetrical
outlet profile and (AO/Ai)zfz 1,14 in Egn. 4-2-2 gives an estimated design
flow split of S§ = L.1. The Qiscrepancy between this and the value of 1.2
guoted above is due to the assumption that the flow divides along the
centre-line. Experimental results show that the stagnation streamline ié
typibally 48% of the annulus height from the inner wall.

In the abgence of any suitable theory the above approach was used as
a basis for designing the canted diffuser. The cobjective was to obtain
a pre-diffuser giving a symmetrical outlet profile for S = Sz and D/h2 = 0.8.

An iterative process was used to obtain the combination of wall angles




=81

giving S; 2~ 2:15 by Eqn. 4-2-2. The area ratio and non-dimensional length
were to be the same as for Diffuser 2. Values of (u /u,), were obtained
by integrating a typical symmetrical profile using the assumption that the

_ flow would divide along the head centre-line.

Q=68-3%

Q= 31 7%

CANTED PRE-DIFFUSER,S = s}: =2.15

The final choice of geometry corresponded to:
(4,/4;), = 1.75, (8,/8; ), = 1.25 and S = 2.18

The experimental results indicate that a realistic value of Sé is 1.7
(D/h2 = 0.8, Fig. 4-1-7). The discrepancy between this and the estimated
value is again due to the assumption concerning the stagnation streamline.
This was approximately 44% of the annulus height from the inner wail as
against the 38% initially assumed. However, it may be noted that a flow
split of approximately 2.0 was required to induce symmetrical flow at
D/h2 = 1.5, this being in reasonable agreement with the estimated value.
It is therefore apparent that the optimum inclination or "cant" angle,e
(defined in Fig. 1-2-2) depends upon the dump gap chosen (i.e. higher &
for small dump gaps, lower £ for large dump gaps). This is due to the
decreased influence of flow split at the larger dump gaps. It is therefore
difficult to arrive at a general rule for determining SE ané hence to
predict optimum pre-diffuser geometries. The simple method described above
was partially successful, however a more rigorous approach is cleariy

required, The present results form a basis for further testing of canted
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pre-diffusers and this would no doubt lead to the establishment.of better
criteria for matching pre-diffuser geometry with downstream geometry.

In order to simplify the discussion in the following sections,
"design" flow splits will be used for reference purposes instead of the

optimum flow splits unsed earlier.' Appropriate values are:

Symmetrical Diffusers (Wos. 1, 2, 3&4) + « « « « . 5% = 1.2
Canted Diffuser (No. 5) . . O S B

2

Whereas these values are only strictly applicable for intermediate
'dump gaps, it is not considered that any serious error ﬁill be incurred

by their use for other dump gaps.

4-%3 SETTLING LENGTH FLOW CONDITIONS

The velocity'profiles measuréd at Station 4 (six annulus heights
downstream of the béginning of the parallel walled settling length annuli)
ave given in Figs. 4-3-1/3 for Diffuser 3. Profiles for the other tests
are given in Appendix 7. The experimental data has been émitted for the
sake o£ clarity but sample data is given in Appending. The static pressure
difference between the inner and outer walls of each annulus was in all
cases negligible. ’

-~ "It can be seen that the_velocity profiies are ﬁlose to uniform with
u/U:> 0.9 over approximately 80% of each annulus; There is no significant
change in profile with varying dump gap for a fixed flow split, however a
@gfiniﬁe trend is shown with varying flow splif. This is best considered
in terms of the flow passing doﬁn eaéh-anﬁulus; at high fiowrfractions the
profile peak is biased toward the combustion chamber wall and vice-versa
at low flow fractions., The profiles tend to be symmetrical for the pre-
diffuser design flow split, S; (1.2 for Diffuser 3). These trends are
repeated for all five diffusers (see Appendix T). Changes in radial distortion

of the settling length profiles are related to changes in flow pattern in

the dump region. Due to the complexity of flow conditions in the dump
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region, discussion of these changes in profile is deferred to a later
section (see Chapter 5).
The inner and outer annulus energy coefficients (all tests) are

plottéd in Fig. 4-3-4. It can be seen that the values of aﬁ and aﬁ vary
i o]
very little with pre-diffuser geometry, dump gap and flow split. A typical

value is 1.03. The equation for overall pressure recovery (Eqn. 1-3-17)

may be written in the form, .
E =1 - 1 4i+S 40...
o 2 - 1-4

Y o 3 2
4 l(1+s) AR/ AR

and from this it is clear that the small changes in the energy coefficients

are not responsible for any significant variation in overall pressure

recovery. Reductions in C  relative to the ideal value, 6;' (see Fig. 4-1-1)
4

are therefore due mainly to inefficient diffusion (i.e. pressure loss) rather

than to excess kinetic energy flux at Station 4.

4-4 STATIC PRESSURE DISTRIBUTICNS

4-4-1 Examples of the Complete Static Pressure Distribution

For each test the wall static pressures wefe'measured throughout the
diffuser system (see Fig. 2-4-3). Typical examples of the static pressure
distributions are given in Figs. 4-4-1/8. The foliowing points should be
noted.

(i) Each figure represents é cross-section of the diffuser system in

diagrammatic form. The vertical (i.e. axial) dimensions are scaled

from the appropfiate tééf_geométry, however the horizontal dimensions
are arbitrary. The inner and outer walls of the system are represented
by straight lines and the pre-diffuser inlet and outlet planes are
identified by chain dotted lines.

(ii) The two upper scales (Cp )} relate to the static pressure

W
coefficients for the inner and outer walls whereas the two lower

scales (Cp ) relate to the static pressure coefficients for the
i
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combustion chamber. The distribution on the head is plotted in polar

co~ordinates. Negative values of C_  appear inside the semi-circle y

fepresenting the head. !

ihe figpres have been'chose'té illustrate particular features of the
static pressure distribution and fhese are now discussed in turn.

(1) [TEST 1-0522 (Fig. 4-4-1)

This demonstrates the features of a particularly bad pressure
distribution obtained at the overall design flow splif and a small dump
éap. At pre-diffuser outlet the fressure on the inner wall is higher than
that on the outer wall, This pressure differential‘persists throughout
the systeﬁ and the final preésure recovery in the outer annulus is 0.207

compared with 0.436 in the inner annulus. The mean velocities in each

annulus are equal (u /ﬁ4 = 1.023) and without losses the pressure recovery

4

o i
would be similar in each annulus. The lower pressure recovery achieved in

the outer annulus is therefore due to a high total pressure loss and this
is confirmed by the further analysis of losses presented in Chapter 5.

The pressure distribution on the head shows that the flow accelerates
from the.stagnation point to about two thirds of the way round the head
before diffusing into the surrounding annuli. The minimuﬁ value of CPH on
the outer surface of the head is -1.09 compared with 0.05 on the inner
surface. The severe adverse pressure gradient on the outer surface did not
cause local separation, however, a large pressure loss was undoubtedly
generated in the adjacent fegion of rapidly diffusing flow. Although the
pressure gradients around the head are high and indicate rapid changes in
flow velocity, the wall ﬁressures in the outer annulus quickly equalise and
little change in static pressure occurs in the last two thirds of the

settling length., In the inner annulus the wall pressures are nearly constant

throughout the settling length.

g AT IR AP T
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(ii) TEST 2-0812 (Fig. 4-4-~2)

This demonstrates the features of a relatively good distriﬁution
-obtainéd at the pre-diffuser "design" flow split (1.2) and an intermediate
dump gap. Compared with Test 1-0522 the pressure gradients throughout the
' - system are iess severe. The pTGSSuré recovery is similar along both walls
of the pre-diffuser and there is no rapid change in pfessure at entry to
the dump region. The pressure recovery in tﬁe outer annulus is higﬁer than
in the inner,'mainly because of the difference in mean flow %eiocitiés

‘(ﬁ4 /54' = 0.562), It is of interest tp ﬁote'that the pressure difference
betzeenlthe inner and outer flow_fields does not become significant until
the flow enters the parallel walled setfling length annuli, This.suggests
that conditions near the head are influenced more by the pre-diffuser
gepmetry and outlet conditions than by theldownstream geometry.

(iii) TESTS 3-0408 and 3-0423 (Figs. 4-4-3/4)

These show the effects of varying the flow split at constant dump gap.
A rapid acceleration and diffusion of flow cccurs in the innef annulus near
the head for 5 = 0.8 and in the cuter amnulus for S = 2.3%. In the first
case both the pre-diffuser and the downstream section operate off-design
and the pressure distribution is completely asymmetric. In the second case
the downstream section operates close to design (S = SE) aﬁd the settling
length annulus pressure recoveries are similar. The pressure distribution
in the pre-diffuser and dump region is, however, asymmetric since the pre-
-diffuser operates. off-design. It is interesting to note that the change
in flow split from 0.8 to 2.3 does not significantly affect the pressure
recovery in the first half of the pre—diffuser and that large differences
in pressure are confined to a region near the cutlet plane.

Comparing the diétributions for Tests 1-0522 and 3-0423 indicates that
increasing the pre-diffuser area ratio frbm 1.4 to 1.8 has the effect of
reducing the amount of local diffusion downstream of the minimum pressure

points on the head. This is associated with the lower mean velocity at
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entry to the dump region and is considered an important factor leading to
the reduction in overall loss coefficient from 47.8 to 32.1%.

(iv) TESTS 3-0412 and 3-1214 (Figs. 4-4-5 and 4-4-6)

These show the effects of increésing the dump gap at flow splits close
to pre-diffuser design. It can be seen that the local diffusion near the
head is lower for D/h2 = 1.2 and that the final Pressuré recovery in each
annulué is higher. The increase in dump gap therefore produces an
improvement in overall performance (E# rises from 62.4 to 70.7%}, even
“though the pre~diffuser outlet floﬁ kinetic energy is increased By reason
of the increased outlet profile psakiness. This is considered to be due

to the overriding influence of the decrease in flow turning angle‘in_the

dump region.

(v) TESTS 2-0822 and 5-0822 (Fig. 4-4~7) .

The distribution arocund the head for Test 5-0822 has been added to
the plot for Test 2-0822 to show the effect of canting the pre-diffuser,
The point of maximum pressure on the head has been shifted outwards and
the minimum pressures are both higher than for Teét 2-0822. Performance

parameters for the twe tests sre compared in the table below.

Comparison of Performance for Tests 2-0822 and 5-0822

Test No. S cp4- CP4 Mg ® E, P
1 4]

2-0821 2.12 0.435 0.553 24.3 67.4

5-0822 2,24 0.450 0.577 21.9 70.4

The improvement in overall performance is considered to be due to the
reduction in local diffusion near the head, this being linked with the
reduction in pre-diffuser outlet'profile distortion. In addition, the

increase in pre-diffuser outer wall angle from 6° to 9° (relative to the

rig axis) tends to reduce the turning angle of the outer flow field in the




dump region.
(vi) TEST 5-06817 (Fig. 4-4-8)

_ This shows the complete distribution obtained with the canted pre-
diffuser operating close to design (SE = 1.7). The pre-diffuser and head
static pressure distribution compares favourably with that obtained for
Diffuser 2 operating near design (Test 2-0812, Fig. 4-4-2). It may be
noted that the pressure recovery in the outer annuluvs is similar in both
-cases,.whereas that achieved in the inner annulus is higher with the canted
-pre-diffuser. It can therefore be stated that canting the pre-diffuser
facilitated running at a higher flow split without adversely affecting
the pressure distribution on the head or the ultimate pressure Qecovery
achieved in the outer settling length annulus. |

4-4-2 Combustion Chamber Statie Pressure Distributions

It has not been possible to present the complete static pressure
distributions for all the tests carried out. However, for completeness,
the static pressure distributions around thg combustion chamber have been
plotted by computer and these are given in Appendix 8. The changes in
distribution are consistent between the five diffusers and the trends

illustrated by the examples of the previous section are confirmed.

4-5 SUMMARY OF OVERALL PERFCEMANCE

This section is intended to provide a summary of important results
relating to overall syslem performance and to indicate the relative merits
‘of each pre~diffuser. The results of Sect. 4-1 are presented in a more
general way by means of performance contour maps and each system is assessed
in terms of its overall performance, length and flow stability.

4-5-1 Overall Performance Contour Maps

The overall performance of each system is summarised by the contour

naps shown in Figs. 4—5w1/5. Two maps are given for each system, one of

overall loss ceoefficient, 31_4 and one of overall effectiveness, 24°




| Contours of constant performance are plotied against flow split and dump

| gap and the following lines have been added.

(1)
(i1)

(iii)

(iv)

A chain dotted line showing the overall design flow split, 5%
n optimum dump ‘gap line (labdelled [D]), this being the locus

of points defining the bptimum dump gap for any given flow split.
An optimum flow split line (labelled (S)), this being the locus
of points defining theroptimum flow split for any given dump gap.
Dotted lines showing thé pre-diffuser separation limits as in

Fig. 4-2-14.

The maps were derived from the results given in Figs. 4~1—5/7 using.
‘en analytical method based on curve fitting techniques. This approach was
chosen in order to avoid inconsistencies which would have arisen from curve
fitting "by eye". Whilst the contour maps are the result of a considerable
amount of interpolation, the performanbe figures indicated are considered
to be within the limits of experimental error. A more detailed description

of the.method used in constructing the contour maps is given in Appendix 4,

The contour naps serve to illustrate the sensitivity of each system

to changes in flow split and dump gap and the following points may be noted

(see Figs. 4-5-1/5).

(1)

(1)

(iii)

(iv)

The optimum performance is not achieved at the design flow split

'except in the case of Diffuser 5.

The optimum flow split decreases toward the pre-diffuser design
flow split, S; as the dump gap is decreased. The difference
between optimum and design flow split performence increases as
the dump gap is decfeased.

The minimum loss coefficient is obtained at a flow split somewhat
lower than that for maximum effectiveness except in the case of
Diffuser 5 where both are achieved close to design;

There is a limited range of conditions for which the performance

of each system is insensitive to changes in flow split and dump
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Zap. Oﬁtside this range the_performance drbps rapidl& with
changing flow split and decreasing dump gap. |

(v) Whereas the flow split range giving staﬁle pre-diffuser flow
increases with decreasing dump gap,'this beneficial influence on
flow stability is offset by the deterioration in overall
performance.

4-5-2 Comparison of Optimum Performance for each System

It was suggested iﬁ'Section 4-1-1 that 8&4 (the flow split giving
- maximum effectiveness) represents a suitable compromise between conditions
giving maximum pressure recovery and minimum loss. In terms of performance
the optimum operating conditicns are taken to be those for whiéh the
maximum overall effectiveness is achieved. The performance achieved by

each system under these conditions is compared in Table 4-5.

Table 4~5 Comparison of Optimum QOverall Performance

DIFFUSER ARQ 2¢>¢ D/hz. S }1 . £4 o Pre-diffusexr

No. - P4 | Flow Stability

1 1.4 | 12 1.74 | 2.02 | 22.7 | 69.6 | 0.531 Good

Close to
2 1.6 | 12 1.20 | 1.76 | 21.2 | 71.4 | 0.540 soparation
3 | 1.8 | 12 1.06 | 1.82 | 19.9 | 73.3 | 0.556 Just
T ) ) e ) ’ separated

4 1.8 | 18 0.85 | 1.70 | 23.0 | 69.2 | 0.523 | Separated

(CAgTED) 1.6 | 11.%3 | 1.22 }2.22 | 20,6 | 72.1 | 0.551 Good

The effects of varying the pre-diffuser geometry on the overall
performence can be summarised as follows.
(i) Increasing the area ratio produced a gain in performance but this

was accompanied by an increased tendency toward separation in the

pre-diffuser. The optimum dump gap decreased with increasing
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_ pre~diffuser area ratio.
(ii) Increasing the included angle, 2¢ (and thus reducing thé non-
| dimensional length) produce@ a decrease in performance as well
as an increased tendency toward pre-~diffuser separation. The
optimum dump gap decreased with increasing included angle.

- " (iii) Canting the pre-diffuser produced a marginal gain in performance
and a large improvement in pre~diffuser flow stability at flow
splits close to design. The optimum flow split was shifted to
the design value but the optimum dump gap was not significantly
altered.

On the basis of performance alone;‘Diffuser %3 would appear to give
the best results, however the pre-diffuser operated with separated flow at
the optimum performance point and also at the overall design flow split.
Since separation did not appear to produce any general instability in the
flow it ig difficult to judge how serious the effects might be in an engine
environment., It is nevertheless recommended that separation should be
avoided.

The results obtained for the canted pre-diffuser are very encouraging
and suggest that gains in performance and flow stability could be obtained
by re-designing all the symmetrical pre-diffusers. Whereas canting-the
pre-diffuser is clearly desirable for systems having high overall design
flow splits, the choice of pre-diffuser area ratio ahd length depends very
muchrupon the trade-off between system length snd performance. This aspect
of system design is discussed in the following section.

4=5-3 Compérison of Performance on the Basis of Length

In the cases under consideration there are two independent variables
which influence the system length, namely, the pre-diffuser length and the
dump gap. It is therefore appropriate to compare the performance of each

system on the basis of "variable length", Lv’ def'ined,

L, = (E+D)/h
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The overall effectiveness obtained at the design flow gplit is plotted
versus L  for each system in Fig. 4-5-6.

(i) Increasing Area Ratio L

It can be seen in Fig. 4-5-6 thét the improvement in performance
|

obtained byrincreasing the pre-diffuser area ratio from 1.4vto 1.8 is ‘
associated with an increase in LV of nearly 50%; This represents. an increase
in éystem length of approximately 1.7 inlet annulus heights - for an increase
‘in overall effectiveness of 3.7% (equivalent to a decrease in.loss coefficient
of 2.8%). It may be noted that a straight line can be drawﬁ which is tangent
to the three curves for Diffusers 1 to 3. This line defines the limit of
pexformance for systems with symmetrical pre-diffusers of 12° included aﬁgle.
Following this approach it is possible.to define the optimum dump gap and
pré—diffuser area ratioc for & givern length as shown in Fig. 4-5-7. The
curves are neceséarily approximate because of the method of derivation
however they do provide a gcod guide to optimum design. It is of some
interest to note that values on the optimum dump gap (D/h2).curve compare
favourably with the value of 1.1 often used in practice. So far as'preé
diffuser flow stability is concerned, the results indicate that separation
is likely for values of.Lv greater than 4.5.
(ii) Centing

It can be seen that the canted pre-diffuser gave a significant

improvement in performance compared with Diffuser 2 over the whole range

of Lv' It would be reasonable.to guppose thatra similar imprqvement in _
performance could be achieved for other area ratios but this would need to

be confirmed by further tests. In the case studied (1.6 area ratio), canting
gave an improvement in effectiveness of 1.8% for the same length or a
reduction in length of 0.4 inlet annulus heights for the same performance.
Pre-diffuser flow stability was much improved and results suggest that the
separation 1limit could be extended beyond Lv = 6,0 for higher area ratio

canted pre-diffusers of the same included angle.
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(iii) Increasing Included Angle

Comparing Diffusers 3 and 4 on Fig. 4-5-6 shows that increasing the
included angle (constant area ratio) significanfly reduced the system
length and performance. An important point is that the performance and

pre-diffuser flow stability was inferior to that attainable with a 12°

- symmetrical pre-diffuser for a particular length (e.8. Lv = 4.0). The
optimum included angle would need to be established by further experimental

work (preferably using canted pre-diffusers) but it is clearly lower than

18°.
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Fig.4-1-1 VARIATION OF IDEAL OVERALL PRESSURE
RECOVERY WITH FLOW SPLIT.
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Fig.4-1-3 PRE-DIFFUSER AND OVERALL PERFORMANCE CURVES.
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- Fig.4-1-4 PRE-DIFFUSER AND OVERALL PERFORMANCE CURVES,

- DIFFUSER 2,AR=16,2¢=12°

—&— D/h=05 _
—&—— D/h,= 0-8 creveree oyt

Overall Design Flow Sptit—S;re

tocus of optimum flow split
o D/h,= 15 for each parameter

OVERALL PERFORMANCE PRE-D]FFUSER PERFORMANCE

FLOW SPLIT -5

FLOW SPLIT —S

80 100
70 4/" J?\ 20 .
T CE ;
/ 2 2l s 1 /’-é\ !
0eo e I - 080 TS
84/0 { :\ E2 b ~ N
50 ' 70 AL
] :V’—T.-EE—*""\
A 1 . M
40 ¥ 60
30 ! 50 |
l |
i |
20 : 40
06 0810 1.5 2 3 4 5 06 0810 15 2 3 4 5
50 | 25 '
40 20
~r ZS/ - o I
. ?\1—4% ‘NI Argh i
30 : I 15
Nl AT e
20 D ==ty 10 > -
\.' . //
I it 4 /om,___
10 5 m.%-.. £y
| |
0 | O |
06 0810 15 2 3 4 5 06 0B10 15 2 3 4 5
08 E; 08
Gy b o
0-7 e A 07 i
/ N
N
, X
0-6 _ N 0-6 i
] ,;’.'_"ZSEL : !
P 0‘5 2 ." - v 0'5 M
C, A o K ko]
o4 / TR N 2 0a 478 e Y
ATy | TS
03 i 03 |
AN 1
0-2 02
0-1 O
O . I 0 ]
06 0810 15 2 3 4 5 06 0810 15 2 3 4 5



. . _96_ ) .
Fig. 4-1-5 PRE-DIFFUSER AND OVERALL PERFORMANCE CURVES.
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Fig. 4-1-6' PRE-DIFFUSER AND OVERALL PERFORMANCE CURVES,

. DIFFUSER 4,AR=18,2¢=18°
~t— DIh=04 ~ Overall Design Flow Split—S,
—o— Dlh,=07 vereesisseees Locus of optimum flow split
& D/h,= 1-2 ' - for each parameter
OVERALL PERFORMANCE PRE-DIFFUSER PERFORMANCE
80 100~
70 i 90
60 //{?—-'*\& ! 80 y /J—ﬁ-\.’ 1
~ > ~N ~~ / } \\
&% “ \ &% A
4 ) 2 Kt Al
50 ¢[ - 70 ] '5 1
40 i 60 o3 /q“hi\ﬁ\
] - % P
30 i 50 _
20 | 40 '
- 06 0810 1.5 2 3 4 5 06 0810 5 2. 3 4 5
50 | 25
. 40 . 20 '
0 i 4 0,
3‘1—4 :/:o N, 9‘1-"{‘;r
~ol Nt 21 R
5 iﬁg‘%—-——@ ¥ !
20 . ' 10 ﬁ\\m\ A
. _ ] \\g J Al
10 5 e ;/\"Z -
0 I 0 i
06 08 10 5 2 3 4 5 06 08 10 5 2 3 4 5
08 Cé _ 08
4 T
07 pt \\ 07 T
i. ™ !l !
A \ L] 1 !
0'6 . 0'6 D ¥
~ 05 T‘& ~ O5 £ _?éx_l__
C Aﬁ‘:’fh C A G ] ___\‘t)g\__
Z TR P2 e R
0-4 A 0-4 L] LI Ml b
/ / ! Y o |‘5’\\
/ g i
03 ,f 0-3 I
o - |
! 1
0-2 . 02
J o .
.01 01
1 - - 1]
0 | 0 {
06 0810 15 2 3 4 5 . 060810 15 2 3 4 5

FLOW SPLIT—S - . FLOW SPLIT =S



—~98-

Fig. 4-1-7 FRE-DIFFUSER AND OVERALL PERFORMANCE CURVES,
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Fig.4-1-8 COMBINED DUMP REGION AND SETTLING LENGTH LOSSES.
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Fig.4-1-9 TYPICAL VARIATION OF PRESSURE RECOVERY WITH
DUMP GAP.
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Fig.4-2-1 SYMMETRY OF PRE-DIFFUSER OUTLET VELOCITY PROFILES,

1’0~ﬁ1' RN i L Lu)phf:’(“f ! sl i
AR N R TS
M DIFFUSER 1 8y A 5 AN SN RR S
U e s P S s S e e
O e et e
sT 1~ RN SN Al ; i
~«"eHi+ Hﬁ/'jér NEEE NN B N
0-8[ L*“—:l I o R *; :EL) ,“'A.q‘;si@ 10
I X L INg
EERNRYe A N “R ] (Ll
Ty TOTEST YT
A TN |
BRNE LJ__:L 7| T)F‘_“H il T E ; i{: i -
T PR RARE R SEemLenl
06 YA N R 08
T ) EEwNEREw H *‘;%
REENENT A L 1 ;
i e A EaN o
B /; Ry DIFFUSER 4 1 ! \ﬁ
TR (ar=1-8,290=18%) [ | -+
O-4 % 4 Test 4-0422/CT. 06
"J"”"'_S,/ ! f‘— ‘E_ ’__.1}_ !
T ‘1? ] M) Il L I
a i ! : a
+— L
:2.4 J“'"I‘%L/‘:x BESE ug LT T T |
02 EmaEE=S | 0.4
Mﬁ f ; 1 —IH—{ _z+lil%_}72 i'J I
SN SR KEY |
4 ‘;’ Jl'j/“" | E i
-+ Ei.‘/ f ﬂ—'_‘—‘ﬂ_ﬁ—““ i
ST t )
A aRa! !
O : ] w Jl; 0'2
[/aREeE 1 Hi
N R R oo T
/i amm | —— MEAN PROFILE  [ti1o—
ST ' N CE I ddg i1
RN SEasen A A I
T B P AP P ]
0 - 02 04 0-6 08 10

Non-dimensional Distance from Inner Wall ~¥/h,

Fig.4-2-2 EXAMPLE OF DETAILED MEASUREMENTS NEAR WALL.
(Test 3-0708,0uter Boundary Layer-Fig.4-2-4)

NOTE: Significant fluctuations were only observed for separated and near-

’ﬁr

separated boundary lavers.

— A~— Upper limit of fluctuating value

— v — lower limit of fluctuating value

o] Mean recorded value

Mean profile




—101—

 Fig. 4-2-3 PRE-DIFFUSER OUTLET PROFILES
:  FOR TEST SERIES 3-04.
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Fig. 4-2-4 PRE-DIFFUSER OUTLET PROFILES
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Fig. 4-2-5 PRE-DIFFUSER OQUTLET PROFILES

FOR TEST SERIES 3-12.
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Fig. 4-2-6 PRE—DIFFUSER'OUTLET BOUNDARY LAYER SHAPE FACTORS.
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. Fig.4-2-7 PRE-DIFFUSER OUTLET BOUNDARY LAYER SHAPE FACTORS.
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Fig 4-2-8 PRE-DIFFUSER CUTLET BOUNDARY LAYER SHAPE FACTORS.
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Fig. 4-2-9 PRE-DIFFUSER OUTLET VELOCITY PROFILE RADIAL

DISTORTION FACTORS.
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FlgA -2- 11 VARIATION OF PRE-DIFFUSER QUTLET EFFECTIVE AREA
FRACTION WITH GEOMETRY FOR OPTIMUM FLOW SPLUIT.
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Fig. 4-2-13

Pig. 4-2-13 FLOW REGINES AFTER CARLSON & JOmNsrom'll)
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Fig.4-2-14 PRE—DIFFUSER OUTLET FLOW SEPARATION LIMITS.
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Fig4-3-1 SETTLING LENGTH VELOCITY PROFILES
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Fig.4-3-2 SETTLING LENGTH VELOCITY PROFILES
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._ Fig4-3-3 SETTLING LENGTH VELOCITY PROFILES
' FOR TEST SERIES 3-12. "—
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Fig.b3-4 SETTLING LENGTH ENERGY COEFFICIENTS.
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STRTIC PRESSURE DISTRIZBUTION Fig.4-4-1
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- STRTIC PRESSURE. DISTRIBUTION
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STATIC PRESSURE DISTRIBUTICN
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STAT1C PRESSURE DISTRIBUTION
FOR TEST  3-0412

Fig.4-4-5

CPH . [/Pu
o o025 0.5 0.75 g.7 0.9 0.5 O
T 1 I T
*.-
]
=
=
o
L
)
=
s - C
- o
,
! y %
! / o]
7 7 )
/ !
/ / %
! { T
]
3
| ]
)
] | i =
o 2
-
Ll £ D
| =
=
B =
o I &
L [ sl
Z £ i
= ¢ 5
[ o [
[ &)
i -]
T oy T | [T R
a.79%5 0.5 0.25 0 g 0,49 {‘1:5 5.75
T =Py

S.P, 0, M 3.




—121~.
STATIC PRESSURE DISTRIBUTION Fig.4-4-6
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STATIC PRESSURE DISTRIBUTION
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Fig.4-4-8
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Fig.4-5-1 OVERALL PERFORMANCE CONTOUR MAPS
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Fig.4-5-2 OVERALL PERFORMANCE CONTOUR MAPS
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Fig.4-5-3 OVERALL PERFORMANCE CONTOUR MAPS
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Fig.4—5—4 OVERALL PERFORMANCE CONTOUR MAPS
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Fig.4-5-5 OVERALL PERFORMANCE CONTOUR MAPS
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Fig.4-5-6 VARIATION OF OVERALL EFFECTIVENESS WITH

VARIABLE LENGTH AT OVERALL DESIGN FLOW SPLIT.
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Fig-4-5-7 OPTIMUM GEOMETRY FOR A GIVEN LENGTH
(Symmetrical pre-diffusers,2¢=12° Overall design flow split)
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CHAPTER 5. FURTHER ANALYSTS OF LOSSES

This cﬁapter is intended to provide more detailed analysis of the
energy losses that occur in the diffuser systeﬁ.. The overall energy loss
is sub-divided iﬁ order to aséist,in identifying regions of high loss.

The influence.df each "design" variable on the generation of local losses
is discussed and conclusions are drawn which provide the basis for a better
understanding of the fluid mechanic'behaviour of.the bfanched diffuser

system.

5-1 METHOD AND SCOPE OF ANALYSIS

H«l=-1 Division of Losses

The first step in calcuiating the local losses was to divide the flow
into two fields separated by the stagnation streamline in the pre-diffuser
as shown in Fig; 5-1-1. The proportions of flow passing down the inner
and outer annuli at Station 4 were used to locate the position.of the

stagnation streamline within the pre-diffuser; such that

R
°(u/U) R dR

Rs . %
R = 9 = a;' 5-1-1

S(u/U) R dR y

By

where Rs ig the stagnation streamline radius. 4n iteratife process
was use& to SOIVe for Rs in Eqns 5-1-1 for the pre-diffuser inlet and
outlet floﬁs. 7Froﬁ this.point on, thé stagnatioﬁ.streamline was tréated
as a solid boundary and the inner and outer flow fields considered
separately. Bach flow field was divided into sections (see Fig. 5-1-1)
and the local energy loss calculated for each. The sections are as followss

(i) Pre-diffuser (stations 1 to 2) |

(ii) "Dump” Regibn (stations 2 to 3)

- (iii) Settling Length (stations 3 to 4)

The flow in each settling length was further sub-divided into‘tﬁo
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regioﬁs, each-comprising 50% of the énnulus flow. Energy losses were then
cglculated for each region to indicate whether fhe majority of loss was
geneiated near the'cambustion chambeflwall or the casing wall, A crude
attenpt was also made to estimate the energy dissipated in the vortex
region of the dump section. A comprehensivé knowledge of the flow
coﬁditions‘at Stations 1, 2 and 4 énabled the pre-diffuser and overall
losses fqr each flow field to bevcaléulated with reasonable confidence (to
an accuracy of better than'i-0.0ﬁ on loss coefficient). Analysis of fhé
flow conditions in the plane of the head rakes (Stn. 3) was rendered
difficult by the complexity of the flow in.the dump regioﬁ.' Also, the
meésuremeﬁts afforded by the rakes weré very limited. The method used in
analysing the head rake data_is dealt with in the following section.

5-1-2 Analysis of Head Rake Data

Fach head rake provided one static and four total pressure measurements

which were supplemented by two measurements from wail pressure tappings.

A typical set of data is shown in Fig. 5-1-2(a). The static pressure
profile was obltained from the three measured values using a‘curve fit
based_on more detailed calibration data (see Appendix 2). Local values of
dynamic pressure were calculated using interpolated static pressures and

the measured totals. Parzbolic curve fitting techniqﬁes were then used to
obtain the maximum dynamic pressure and hence values of u/ﬁ. These values

were extrapolated to zero to complete the non-dimensional velocity profile

-

(Fig, 5-1-2(b)). u o o |
A typical example of the'flow patterﬂ in the dump region is illustrated
in Fig. 5-1-3. The streamline indicates the boundary separating the main
flow to the settling length from the re-circulating flow in the vortex
region; Eﬁergy is transported to the vortex region by the turbulent motion
. of the fluid,_such that at Stn. 3 there is a discrete volume flow whose
kinetic energy has been draWn from the main stream. The boundary of the

vortex regioﬁ at Stn. 3 was caleulated using an iterative method to obtain
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-the distance from the head up to which the integrated main flow was equal
to that in the settling length. The static pressure and velocity of the

L

flow in the main st;eam were then intggrated and the loss coefficient, 35_3
calculated. A e¢rude estimate of the énérgy.lpss'in the vortex region was
made on the assumption that the kinetic energy contained in the vortex flow
.at Stn. 3 was totally dissipated. lIt should be noted that 3&_3 includes
the loss attributable to the vortex region since most of the energy reguired
to sustain the vortex is transferred upstream of Stn. 3.

VIt may be noted that no continuity check could be made at Stn. 3. In
the majority of cases the total indicated flow (discounting the reverse
flow near the casing wall) was in exceés of that in the settling length,
thus indicating a positivé vortex flow adjacent to the main stre&m. In the
remaining cases the to%al flow was less than that in the settling length,

thus indicating an error in the measurements. These cases are commented -

on later.

5-2 PRESENTATION OF DATA

5-2-1 Head Rake Data

A.typical set of velocity and static pressure profilesg for Stn._} are
shown in Fig., 5-2~1. The remainder of the éurves are given in Appendix 6; :
The head rakes were not fitted until tests with Diffuser 2 were ﬁnder Way,
therefore no data is available for tesis withrDiffuser 1 or-for Test Sers.
2-05. The following general cémments épply in rélatiﬁn to the results;

(i) The veloeity profiles do not vary significantly with pre-diffuser
georetry or dump gap for a ﬁarticular flow split.

(ii) There is a consistent change in velocity profile with flow split.
.The profiles become more peaky {i.e. concave in shape) as the annulus flow
is decreased. | o

(i1i) The static pressure difference across the annulus increases with

flow as does the peak velocity near the head.
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'(iv).'Tﬁe static pressure difference and peak velocity tend to decrease

with increasing dump.gap'and pre-diffuser afea ratio. |

The integrated flows in the oute; annulus were consistent with there
béing a éignificant vortex flow (equifalenﬁ to typically 10%.6f the main
stréam floﬁ in the annulus). In the}inner énﬁulus the‘flows'were, in a
number of éases,.lower than those ﬁeasured in the setfling length (indicating
zero vortex flow) even though significant #ortex.flows were confirmed by
wool tuft observatibns. In these cases it is considered,that'the apprbpriate
‘valueé of 52_3 have been over—estimated and those of 53_4 under-estimated.
Results for the inner annulus must therefore be treated with caution. For
this reason attention is focused on thé analysis of local losses for the

outer snnulus (see Sect. 5-3;2 onward).

5.2=-2 Flow Field and Local Losses

The experimental flow field loss coefficients are given in graphical
form as follows.
Figs. 5~2~2/4 Overall flow field loss versus flow for small,

intermediate and large dump gaps.

Fig, 5-2-6 | Pre-diffuser local loss versus flow.
Fig. 5-2-T Dump region local loss versus flow.
Fig. 5-2-6 Settling length local loss versus flow.

fhe above curves are plotted versus annuluslflow (as a percentage of
the total inlet flow) since this is more meaningful thaﬁ-flow split ratio
when considering individual flow'fields. The annulusrflowsrequivalent to
the overall design flow split of 2,15 are,'. |
68.3%

Inner annulus flow, Q = 31.7%.

Quter annulus flow, Q,0

A1l the local losses are presented in terms of the same reference

pressure, namely the mass-mean inlet dynamic pressure.

i.e. A

t

Al

A : '
Local . . k .5-2-1

Local o L1 ,= 2
12"

~{
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This method of presentation was chosen since it facilitates direct
comparison of the energy losses occurring in different regions of the flow.
. Taking a more specific example, the inner flow field pre-diffuser loss

coefficient has been defined,

~ N - \2
(i ) (Apl-z)i | "‘1:.L ‘_111) RN - |
= = = . 1 -— = - C 5"2"2
1-2/. . s 1 -2 o, \u o u D
o =
| i S P 1 \%1 1, \"1, 2,

It should be noted that the local losses can be added to obtain the

overall flow field loss (i.e. A e A, + )\ ¥ )\ 4 for either flow

field) and that the mean loss for any given section is the mass-mean of

the two flow field lossés, |

1% (Al_z)i' v, )
1-27 (g + Q)

O

e.g. for the pre-diffuser, 5-2-3

5-3 DISCUSSION OF RESULTS

5-3-1 Overall Flow Field losses (Figs. 5-2-2/4)

. Phe ovépall flow field losses tend to decrease with increasing pre-
diffuser area ratio and increase with increasing angle (i.e. the trends are
substantially the same as for the mean overall losses as discussed in
Chapter 4). The reéults for Diffuéers 2 and 5 are particularly interesting

~since they show that canting the pre-diffuser leads to a re-distribution of
loss between the two flow fields, This is most proncunced at the small
duﬁp gap (D/h2 = 0.5, Fig. 5-2-2) for which it can be seen that the outer
flow field loss has decreaged for a particular flow fraction whilst that-
for the inner has increased. The decrease in outer flow field loss is
mainly due to itwo factors; the decrease in turping angle in the dump region
and the decrease in dynamic pressure at exit from the pre-diffuser
(associated with ‘th_e reduced outlet ;}rofile distortion). It may be noted
that both these factors lead to a lower velocity near the head at Stn. 3.
As stated in Chapter 4, the net effect of canting tﬁe pre-diffuser is to |

reduce the mean overall_loss. This is because the decrease in ocuter flow
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field loss outweighs the increase in loss in the innér filow field.
Due to the dominant influence of dump gap and flow split any deeper

:understanding'of the system performance must étart frdm a consideration

of these factors. Taking each category of dump gap in turn (Figs. 5-2-2/4)
it can be seen that the loss versus flow curves are similar in form for
all pre-diffuser geometries and thét the chéracteristics for the inner and
outer flow fields are essentiall& the same. The moét striking feature of
the curves is that the gradients change sigpificantly wi;h dump gap. The>
loss generally increases with flow at small dump gaps whereas it decreases
with flow at large dump gaps. The characterisiic for intermediate dump
.gaps can be seen as a cross between these two extremes as indicated in the

diagrams below.

Typical variations in overall flow field loss with flow

Small Dump Gaps Intermediate Dump Gaps lLarge Dump Gaps

LOSS =
LOSS ——pm

S~ i

T 1LOSS —a

Flow — Flow ——+- Flow ——

In view of the reversal in trend with increasing dump gap it is
difficult to isolate any one common factor as being responsible for the
change in loss with flow. The.net reduction in kinetic energy (i.e. the
amount of diffusion) oécurring in each flow field decreases with increasing
annulus flow as shown in Fig. 5-2-5. Since the loss also decreases with
flow for large dump gaps one might postulate that the loss is dependent
~ upen the amount of diffusion; This ﬁay well be true for lafge dump gaps,
however it is clear that such a relationship does not apply for small dump

gaps since the loss increases with decreasing diffusion. Similar
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difficulties“are encountered when considering the possible influence of

- other variables (e.g. the dynamic pressure levels in the dump region) and
this leads to the.conclusion that different factors influence the generation
" of losses at different dump gaps. The analysis of local losses is intended
4o assist in explaining these trends. |

5=3-2 General Fegtures relating to Local lLosses

The local losses for the pré-diffuser, dump, and settling lengﬁh
regions of each flow fiéld are given in Figs. 5—276/8. In view of the
largé number of results, no attempt is maae in'this.section.to distinguish
between those for each diffuser. Observations are restricted to the
following bonsiderations; firstly the level of loss as a percentage of the
- overall flow field loss, and secondly the variation in loss with flow.

(i) Pre-diffuser Loss (Fig. 5-2-6)

The energy loss occurring in the pre-diffuser is relatively smali in-
relation to the amount of diffusion achieved. It represents typicallj 25%
(i.e. one guarter) of the overall flow field loss, however the proportion
does vary somewhat with dump gep ané annulug floﬁ. The level of loss and
its variation with flow are substaniially the same for each flow field.
Initially the loss decreases té a minimom in the mid-flow range and then
increases with increasing flow, The variation is more pronounced for small
dump gaps and in this respect the characteristics are similar to those for
the mean pre-diffuser loss given in Chapter 4.

(i1) Dump Region loss (Fig. 5-2-7)

There is a relatively high degree of scatfer in the loss coefficients
quoted for the dump'region and furthermoré there appears to be littlé
similarity between the curves for the inner and outex flow fields. . The
outer flow field loss is relatively low as would be expected for a region
of predominantly acceierating flow (see Fig. 5-1-3). Some results for the
inner flow field also support this supposition (i.e. those for the higher

flows), however others are unexpectedly high. - Analysis of the integrated
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volume flows indicates that the "high logs" results are of.dubious
accuracy and should be discounted. 'It can therefore Se stated that in
general the dump region only accbunts‘for a small proportion of the
overall loss.

Concentrating atténtion onrtﬁg results for the outer-flqw field,
it.can be seen that there is a tendency for the loss to decrease with

flow for large dump gaps and to increase with fiow for small dump gaps.

At the design flow (68.3%) the trend is for the loss to decrease with

increasing dump gap.

(1ii) Settling Length Loss‘ (Fig. 5-2-8)

The ﬁost significant feature of the results is that they show the
settling length loss to account for the majority_(typically 60%) of the
overall flow field loss. 4As with the dump region losses, some results are

of dubious accuracy and are to be discounted (i.e. those showing low losses

in the inner flow field). The trends with flow are not very clearly

defined but for small dump gaps the loss does appeér to increase with flow.

5-3-3 Tiscussion of Pre-diffuser Losses

The variations in mass-mean pre-diffuser loss and ocutlet flow
conditions have been discussed fully in Sect.l4-é. It ié however, of
interest to discuss the variation of the flow field losses with flow (Fig.
5-2-6). Since the boundary layer,contéined in each flow field moves
toward separation as the‘flow is reduced (see Figs. 4-2-6/8) it is reasonable
to exéect the loss to incféase.with decreasing flow. The results indicate
that this indeed is the case for the lower half of the flow range, but
that the loss increases again at higher flows where the boundary léyer‘on
the opposing wall moves toward separation. In most cases the loss in the
fléw field containing a "near;separated" boundary iayer is somewhat higher

than that for the other flow field but both flow field losses are higher

than those for which neither boundary layer is close to separation (i.e.
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- when the outlet profile is "symmetrical"™). This confirms that losses are
associated with radial distortion of-flow in the pre-diffuser. Integration
of the boundary layer flows at inlet and outlet shows that under extreme
conditions {e.g. a high flow split aombined with a small dump gap) up to
20% of the outer boundary layer flow is trensferred to the inner boundary
layer. The situation is reversed at low flow splits and in both caseé
it is thé near-separated boundar& layer that accumulates flow, - There is
therefore a considerable interchange 6f turbulent energy under these
conditions and it is this that leads to the high loss throughout the.flow.
It would appear that the relatively localised effect of separation Goes
A not, in iféélf, strongly influence the loss.

Comparison of the curves in Figs. 5-2-6 and 5-2-2/4 indicates that
the pre-diffuser loss has only a small influence on the behaviour of the
overall loss with changing flow. The reversal in slope of the overall loss
curves with changing dump gap (noted in Sect. 5-3-1) is therefore not
directly attributable to variations in pre-diffuser loss.

$-3-4 Discussion of Dump Region losses

In so far as the trends of dump region loss with flow can be
established (Fig., 5-2-7), they do appeér to follow those for the overall
loss {i.e. a decrease with flow for large dump gaps énd vice-versa for
small dump gaps). Some appreciation of the loss characteristics can.be
obtained by considering the flow conditions in the dump region. For small
dump gaps there is a strong acceleration over the head and the experimental
results indicate that at the design flow, the mean velocity in the outer
flow field atlstn. 3 rises to a value approximately equal to that at pre-
diffuser inlet, TUnder these conditions there is a high radial velocity
gradient near the wall at pre-diffuser outlet and this implies a high
enérgy transfer to the vortex region (see Fig. 5-3-1(a)). Estimates of

the energy dissipated in the vortex indicate that up to half the'dump
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regioﬁ loss (3 to 4%) can be attributed to the energy required.in.
sustaining the vortéx and that this increases as tﬁe annulus flow
increases., This factor, combined with the increased dynamic pressure at
the highér flows, accounts for the increase in loss.with flow for small
dump Zaps. |

For iarge dump gaps the flow Eonditions are modified due to the
increased volume of the dump region (see Fig. 5-3-1(b)). The flow continues
to diffuse downstream of the pre-diffuser and only subsequently accelerates
over the head. .It is ieaéonable to assume that the amount of diffusion
inereases as the flow décreases. The associated increase in furbulent
mixing is considered to account for thé increase in loss with decreasing
flow. When expressed as a function of local entry conditions {i.e, as
(Aﬁ';_s)n/d?_o%(a Uy ) the outer flow field loss coefficients are increased by
g factor varying between 2.5 at low flows and 1.5 at high flows. Expressed
in this way the loss coefficients show a predoﬁinant trend of decreasing
with increasing flow. Thus, at low flows, the increase in diffusion |
coupled with the inferior outlet condiftions from the pre-diffuser combine
to produce an increase in dump region losses.

5-3-5 Discussion of Settling Length Losses

The experimental results (Fig. 5-2-8) indicate that a large proportion
‘of the overall flow field loss occurs in the settling-léngth. In bro#d
terms this can be attributed to the high dynamic pressures at Stn. 3 and
the large amount of diffusion and associatéd rixing that occurs as the.flow.
turns into the parallel walled section. The increase in loss with flow for-
small dump gaps can be attributed to these effécts. There are no marked
trends with flow for the intermediate and large dump geps and it is therefore
concluded that variations in overall Jloss are related more fo the changes
in dump region and pre-diffuser loss at the larger dump gaps.

© Typical results for the further division of losses in the settling

"length are given in Fig. 9-3-2. There is clear evidence to show that the
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majority of loss is attributable to the 50% of flow édjacent tc the
combustion chamber wall. - Some results show gains in total pressure for

the casing wall flow of up to 9%, thus indicating that enefgy is transferred
to this region froﬁ the flow adjacent to the combustion chamber wall. The
velocity profiles at Stns. 3 and 4 (see Figs. 4~3-l/5 & 5-2-1 for examples)
indicated that the amount of diffuéion is far-greater.near the combusfion
chamber wall than the casing wall. This is supported by the static

pressure distributions given in Figs. 4~471/8. The rapid lecal diffusion
and radisl energy transfer therefore combine tﬁ'produCe a.-high loss in

the flow adjacent to the combustion chamber.

5-3.6 Stability of Settling Length Flows

(i) Local Instability

Iﬁ certain cases where the annulus flow was low, significant
fluctuations in total pressure were observed in the flow at Stn. 3. To
assist in‘assessing the significance of this, the velocity profile was
measured during two tests.(3—1223 and 3-1208) at a plane approximately
nidway between Stns. 3 & 4. This permitted a further breakdown of losses
and the results are given in Fig. 5=-3-3, It can be seen that the bulk of
loss occurs in the initial region of rapid diffusion and that litfle loss
occurs in the downstream section where the change in velocity profile is

‘small. In the two low flow cases (3~1223 inner annulus, 3-1208 outer
annulus) the peak velocity shifts from the combustion chamber wall to near
the casing wall, whereas in the other two cases éll three profiles show a
steady progression toward more uniform flow. This suggests that the flow
near the head becomes unstable under certain conditions and a rapid re-
distribution of flow occurs. In agsessing this, a suitable criterion for
the stability of a velocity profile in a radial field is thgt due to
wattendorf(18). This states that wistable flow is likely to ocour if

d(uR)/dR <O. Applying this criterion to the profiles measured at Stn. 3
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indicates that they are potentially unstable under all conditions.
However, the profiles obtained at low_flowé are more prone to instability
as demonstrated by the following examples..

Test 3-1208, outer (low flow): d(%-R)/&R

~1.95

Pest 3-1223, outer (high flow): a@R)/R = -0.7
The profiles shown in Fig., 5-3-3 suggest that the effect of such | '
instability'only becomessignificént at low flows where.the corresponding _ |
' preQdiffuéer outlgt'boundary layer is separated. The-observed fluctuations
 in total pressure at Stn. 3 indicate that the instability manifests itéelf
as an increase in large scale turbulent mixing. It may be nofed that the _
flow at Stn. 4 is not affected-except_in that the profile pesk is shifted 1
towards the casing ﬁall. In view of the trends in radial distoftiﬁn of |
. the settling length velocity profiles- (see Sect. 4-3 and Appendix T) it
can reasonably be assumed that the local instability described above also’
oocuﬁs at low flows for the smaller dump gaps. | | | |
Having established the mammer iﬁ which cénditions change with flow,

it is now appropriate to consider the settling length losses as a function
of the dynamic pressure at Stn. 3. Results for the oufer flow field are
given in Fig. 5-3-4, where the loss éoéfficient is defined,

. : o AP

Br), - (z257) - 2

° \%2fPY%/ 4

'It.can be seen that there is a predominant trend of decreasing loss

o

coefficient with iﬁcieﬁéiﬁg flow. Caicﬁlationé.éhow fhaf the mean velocity N
reduction (and hepce by confinuity the area ratio, A4/13) does not chaﬁge
significantly with flow_for a particulér dump gap. Thus, the increase in
loss coefficient-(Eqn. 5-3-2) at low flows can be attributed'to the increése
in profile deformétion (i.e.'radial trénsfer of momentum) and the inereased

turbulent.mixing'associated with local instability of the flow near the head.
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-(11) General Instablllyy

Mo general instability of the syatem (e.g. oscillations of hlgh and
low flow in the settllng lengths) was observed during any of the tests
cafried‘out. It is;.however,'of interést to consider ths "ﬁargin" of

. stability for the system. In order to obtain a symptomatic assessment of
this, the stability parameter put forward by Enrichl! 6) (see Sect. 1-6)

may be used in the form,

dC. - dcC
Py, B,

R ROV Owiy

“where ¥ is negativéPfor 2 ‘stable system and positive for an unstasle
system. Typical curves of_pressure recovery versus flow are given in Fig.
5-3-5. Tt mey be noted that the slopes of the curves for the inner and
outer annuli are both negative over most of the flow range. The pressurel
Tecovery versus.floﬁ characteristics havs.been analysed and values of ¥
determined for a variety of cases. The mosf significant result of”this
anaiysis‘is that the stability margin decreases with increasing dump gap.
An example of the variation in ¥ With dump gap is given in Fig. 5—5—6.

The decrease in mergin at large_dump gaps is conaidered to be due to the

‘ change in fhe loss versus flow sharactéristics noted in Sect. 5-3-1. For

© small dump‘gaps the flow field loss increases with flsw thus giving

_ relatively'high negative valﬁes of BC /3Q. However, for large dunp gaps
the loss decreases with flow and values of 30p4/éQ are therefore less
negative., In order to gain the maximum margin of stability, systems should

therefore be designed with the minimun dump gap consistent with achieving

the required performancs;
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. Fig.5-1-1 DIVISION OF LOSSES.
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Fig 5-1-2 ANALYSIS OF HEAD RAKE DATA.
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Fig.5-2-1 HEAD STATIC PRESSURE AND VELOCITY PROFILES
| " FOR TEST SERIES 4-12. |

DIFFUSER 4 (AR=1-8, 26=18"), D/h=12 .

SIS = Vortex boundary streamline position.

UR/U1 = (U,/U,) = Ratio of max. velocity over head to max. intet velocity.
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Fig.5-2-4 OVERALL FLOW FIELD LOSS versus FLOW
| LARGE DUMP GAPS
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‘_ - Fig.5-2-56 COMPARISON OF NET DIFFUSION IN EACH FLOW FIELD.

o

TYPICAL VARIATION FOR ALL PRE-DIFFUSER GEOMETRIES AND DUMP GAPS. ‘
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Fig.5-2-8
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Fig-5-3-1 COMPARISON OF FLOW CONDITIONS IN DUMP REGION |
. FOR SMALL AND LARGE DUMP GAPS.
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Fig.5-3-3 SETTLING LENGTH VELOCITY PROFILES AND
| DIVISION OF LOSSES (Tests 3-1223 & 3-1208)
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Fig.5-3-4 SETTLING LENGTH LOSSES VERSUS FLOW IN TERMS OF
LOCAL ENTRY DYNAMIC PRESSURE.
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' Fig.5-3-5 TYPICAL OVERALL PRESSURE RECOVERY VERSUS
FLOW CHARACTERISTICS (Diffuser 3).
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CHAPTER 6  CONCLUSIONS AND RECOMMENDATIONS

B 6-1 CONCLUSIONS

| Low speed tgsts have been carried'out to investigate the performance
of a dump diffuser system of overall geometric area ratio 2.0, having
fully developed flow at inlet. The system was testedlwith five different
pre-diffuser geometries to show fhereffect of increasing the area ratio,
increasing the included angle and canting the prefdiffuser. lFor'each
pre-diffuser geometry the influences of varying the flow split and dump
gap were investigated. In addition to considering the overall performance
characteriétics, the pfessure losses for the inner and outer flow fields
have been determinéd and the losses further sub-divided in order to
identify regions of high loss.

6-1-1 Overall Performance

The influences of flow split and dump gap on the overall performéhce
of the system have been established and the optimum operating conditions
for each of the pre-diffuser geometries have been defined. It was found
that the symmetrical pre-~diffusers produced severely distorted ocutlet
velocity profiles when the system was operated at the design flow split and
this was accompanied by separation on the inner wall for the 1.6 and 1.8
area ratlio pre—diffuséfs. This was atiributed to bad matching of the pre-
diffuser and downstream section geometries. The overall performance and
pre-diffuser flow stability were improved by canting the pre-diffuser and
these results have highlighted the need for careful component_matching.

The main conclusions relating to the influence of pre-diffuser geometry
are summariséd as follows.

(1) Increasing the area ratio for a constant included angle of 12°

produced improvements in the overall performance at the expense of increasing
the system length and decreasing the pre-diffuser outlet flow stability.

(ii) Increasing the inecluded angle for a fixed area ratio of 1.8 resulted

: C ': 7 |



in a significant décrease in overall performance and pré-diffuéer flow
stability. ‘For the same overall system length the performance and flow
stability was, uﬁder_all conditions, inferior to that obtained with the

1.4 area ratio, 12° included angie-pre-diffuser.

(iii) Canting the pre-diffuser resulted in a significant improvement in

~ flow stability for flow splits closé to design and a médest improvemenﬁ in
overall performence. It should be noted here that canting the pre-diffusex
is only advantageous in cases where the overall design flow split of the
system is significantly different from unity.

The upper limit of performance for systems having 12° symmetfical
pre-diffusérs has been-eétablished and data has been provided which enables
the optimum dump gap and pre-diffuser area ratio to be obtained for any
given length of system. The improvement in overall pexrformance obtained
by inéreasing the system length is relatively small and may in practice be
offset by the tendency toward separation in the pre-diffuser. I{ has been
.shown that the pre-diffuser flow stability can be improved by decreasing
the dump gap, however this is not felt to be of very great practical
importance since it in?olves a serious penalty in overall performance.

6-1-2 Division of Losses

It has been demonstrated that the majority of the overall pressure loss
can be attributed to the region of local diffusion downstream of the plane
of maximum velocity over the combustion chamber head. Generally speaking
the overall loss can be divided between the components of the system on a
percentage basis as follows.

Pre-diffUSeT cveceesasccssccacsassvosassansaes 25%
DUDD TEELONM eervesvossasssaserssssarancerssas 15%
Annuli surrounding combustion chamber ....... 60%

The analysis of losses further showed that the variation in flow field

loss with flow fraction was dependent upon dump gap. For small dump gaps

the loss in each flow field increased with increasing flow fraction and
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vice~vérsa.for large dgmp gaps. Using the stébility criterion of Eﬁrich(16)
it was shéwn that the stability margin for the éystem decreases as the'duﬁp
gap is increased. This is directly attributable to the change in loss
versus:flow characteristics with increasing dump gap.
| in byoad‘terms the results have shown that the critical part of the
' system is the dump region. It is in this.région that fhe-flow accelerates |
over the head, thus causing a sﬁbsequent local diffuéion and the géneration
of a large proportion of the overall loss. Any attempt to design a low loss
éystem must therefore begin with an investigatidn into methods of reducing

* the acceleration of flow over the combustion chamber head.

6-2 TOPICS FOR FUTURE RESEARCH

The present work represents a detailed investigation of the performance
charécteristica of a-simplé dump diffuser system geometry. However, there
‘are many factors'influencing performance that have not been dealt with in
the present investigation. The main topics for future research are listed
below.

(i) The influence of compressor exit conditions on performance.

(ii) The ihflﬁence of head porosity on performance and flow stability.
(iii) Further investigation of ‘canted pré—diffusers.for the present
| high design fiow split system.
A(iv). Deterﬁination of the optimum included angle for pre-diffusers.

(v) The effect of using curved rather than straight walled pre-

" Items (111), (iv) and (v) would be extensions of the present work.
Although these are important, it is recommended that further testing of
different pre=diffuser geometries should-bg delayed until a beﬁter.
understanding of the influence of inlet condifions_and head porosity has
been established. Initially, therefo:e, the majority of future research

should be concentrated on items (1) and (ii).




There are‘three aspects of compressor. exit condi tions wﬁich néed to
be investigated in relation to diffuser system performance, namely, radial
distortion of the velocity profile, tuibulence intensity and stator blade
wake effects, Of these, radial distortion is likely to have the most
critical effect upon.performance and flow stability. 4n investigatiﬁn into

these effects is already.under way ét Lougﬁborough.r

The bleeding off of primary air into the combustion chamber will
effectively feduce the blockage effect of the head and this should maké i%
possible to re&uce the dump gap below the optimum values_determined by the
present investigation. Howevey, primary air holes are usuelly spaced at
intervals around the combustion chamber'head and this will lead to some
three-dimensionality in the flow and the possibility of pockets of
separated flow forming in the pre-diffuser. In view of the GOmmon.
occuryence of staﬁility problems in engine combustion systems it is
recommended that a detailed investigation be made of the flow conditions

in the vicinity of a porous head.
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~ APPENDIX 1.

SYSTEM AND PRE-DIFFUSER GEOMETRIES -

Fig.AT~1 DIFFUSER SYSTEM GEOMETRY.

-
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ot —————— g

DIMENSIONS IN MM,
(Dimensions in INCHES are
given in parentheses)
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\
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' Fig. A1-2 PRE-DIFFUSER GEOMETRIES .

BLEND RADIUS OF 50 mm |
AT INLET FOR ALL PRE-DIFFUSERS

AR= 14

2 = 120 |+ STATIC PRESSURE TAPPINGS

AR=1-6 o ‘ AR=1.6 ]
2¢p=129 2¢ =11-3°_|

©) O,

AR=1.8 : AR =1-8

| .
2¢ =12° 2¢ =18° .
|
—_— - " NOTE: Sth.2 located 2:5mm upstream

of pre-diffuser outlet plane.

- TABLE OF DIMENSIONS (MM)

mﬁ:?ser B! Poutiet Tict] Ooet| A A
1 72.49 | 53.34 | 208.28 | 261.62 | 6,00 | 6.00 | O
2 108.76 | 60.96 | 204.47 | 265.43 | 6,00 | 6,00 | © |
3 145,01 | 68,58 | 200.66 | 269.24 | 6,00 | 6,00 | ©
4 . 96,22 | 68,58 | 200,66 | 269,24 | 9,00 | 9,00 | © .
5 108,56 | 59,72 | 211.48 | 271,20 | 2,33 | 9,00 | 3.33
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APPENDIX 2  CALIBRATIONS

A2-] IKLET CONDITIONS

(i) Velocity Fluctuations

‘During'pre;iminary running of'the test rig loﬁ frequency fluctuations
in fiow werelobsérved at the inlet station. The fluctuations were reduced
1o an acceptéble level by modifying the intake fiare. Typical dynamic
pressure traces obtained with the original and modified:intakes are shown
in Fig. A2-1. The velocity fluctuations were reduced from approximately

.+ 2% to + % and the circumferential symmetry improved from + 3% to + 1%.

(ii) Influence of Downstream Conditions

Two tests were carried out to assess the influence of flow split oﬁ
the inlet velocity profile upder extréme conditions (see Fig. 42-2). The
variétibn in profile was considered to be within exPérimental exTOoT. Yo
- detectable difference in stafic.pressure between the iﬁner and outer wall
tappings was observed under either condition and it was concluded that the

inlet conditions were effectively independent of downstream conditions.

A2-2 PRESSURE FROBE CALTBRATIONS

(i) Pitot Probes

The pitot probes were calibrafed against én N.P.L. standard pitot-
static probe in a low speed wipd.tunnel.. The probes were found to be
accurate to within E%_df free stream dynamic pressure at zera incidence
and to'ﬁithin'3% at an incidence ofAlod (considered. to be'fhé maximum which
would be encountered at pre-diffuser exit). |

(ii) Wedge Static Probes

The miniature wedge static and pitot/wedge static combination probes
were constructed according to designs developed by Girerd & Gumenne( )
and Mbrrls( 1) respectively. The wedge statics were assumed insensitive
to changes in flow direction in the plane of the wedge but were calibrated

for changes in incidence perpendicular to the wedge (see Fig. A2-3),




q%r In view of the small

3
errors and the likelihood that high turbulence in the pre-diffuser exit

‘ ‘o ' " +
4+ 3° and over this range the maximum error was __

piane would produce higher reéﬁings; no corrections were applied.to-the
' experimental measurements. | - | |
(iii) Head Rokes

The accuracy‘df the'oufer‘annulus head.rake ﬁrobes Waélchecked by
comparingureadings with those taken froﬁ pifot and wedgé.static probes
'traﬁersed in'the séﬁe plané.] A Saﬁpie set of data is given in Fig. A2-4
.from which it can be seen that the measurements are in gdod agreement.
The statié pressure-traverée measurements were used as a-basis for

determining a suitabie curve fit for obtaining the static pressure profile

from the three static pressures normally measured.

10 - |
Apy
| ('Zf—f)
o5k I APre | L
1] AP .
! Ap= Pwo" Bu -
0 - 021 . 1+0

N-D DISTANCE FROM HEAD yyhy

A suitable equation for non-dimensional static pressure difference

(see diagram above) was found to be;

Ap - \ S
—L _ 1.(1- n . -
el 1-(1 yH/h3) _ . h2-l

~168-—
It was considered that the probes could be aligned with the flow to within :
where the index, n is determined from the wedge static pressure

reading, Ap,, such that,

' AP .
n = log (1 - A:E‘_')/l'og (a) ©A2=2

where a =. (1 - y&e/hj) = 0.79
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The static pressure profile calculated from Eqns. A2-1/2 is shown
~in Fig, A2-4 and it can be seen that it agrees'closely‘with'the traverse

data.

A2-3% PRE-DIFFUSER OUTLET CONDITIONS

Comparative measurements of the outlet veloeity ﬁrofile were carried

out for Test 1-1026/CT using three differénﬁ methodss
(i) separate pitot and wedge static probe tfaﬁerses j
- (ii) pitot/wedge static combination pfobe traverse

end (iii) .D.I.S.A. constant temperature hot wire anemometer traverse.

The results are compared in‘Figr A2-5 and it can be seenlthat there
is good-agreement between the data. The circumferential symmetry of the
velocity profiles (see Fig. 4-2-1) and the static ﬁressqre profiles (see
Fig. A2-5) was considered excellent. The-circumfereﬁtial variation in
static pressure was + §% G; for the immer wall and 3 3% for the outer
wail. Integration of the mean velocity profile indicated'an excess in
volums flow relative to that calculated at inlet of + 2.6%, this being
consistent with the higher level of turbulence in the pre~diffuser outlet
plane, On the strength of these results i1t was considered suffieient to
- take traverses at only one circumferential position for the majority of
tests, but to check the circumfe;ential symgetry for each new pre—diffuserr

‘ geometry.

A2-4 ~ SETTLING LENGTH CONDITIONS

The velocity profiles in the iﬁner and outer annuli were measured at
varioﬁs circumfeientiél positions as shown in Fig. A2-6. It was only
possible to traverse in fhé inner anmulus by means of the special traverse
gearA(see Fig. 2-2-1), however two threé-probe rakes were provided in order
to check the symmetry of fiow. In view of the good symmetry, and the
near-uniformity of flow (see Fig. A2-6), it was considered sufficient to

measure the velocity profile at one circumferential position for each test.
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.The circumferential variation in static pressu‘:r-'e was + 1% E[l in the imﬁer
annulus end + 1% 'ci'l in the outer annulus. It was therefore decided‘that'
thé inper and outer annulus static preséures at the tl:Jree circumferential
positicns should be measured in order to obtain mean values for each

" test,

I
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Fig. AZ-1 COMPARISON OF INLET DYNAMIC PRESSURE FLUCTUATIONS.

Traces taken on Sanbourn recorder with same instrument damping to

show low frequency fluctuations.
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Fig.A2-6 SYMMETRY OF SETTLING LENGTH

VELOCITY PROFILES.

(NOTE LARGE Uu/U SCALE)
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- APPENDIX 3  SAMPLE READINGS AND REDUCTION OF DATA

A sample set of readings for Tegt 3-0718/4 is reproduced in Tables
A3-1/5. The measurementé of the static pressure distribution have been
omitted since they are not used in analysing the performance of the system.

_Analysis of the velocitj profiles énd;other data required‘for input to the
analysis programs is dealt with in this appendix and a description of the
_compufer programs and calculation procedures is given in Appendix 4.

'A3-1 PRE-DIFFUSER OUTLET PROFILES

‘For the test being considered the pre-diffuser outlet velocity énd
static pressure profiles were measured using the pitdt—wedge static
combination probe. The dynamic pressure measurements were made using the
wedge stétic pressure as a reference énd.supplémentary peasurements were
made near the outer.wall‘using a pitot probe, the readings from which were

referenced to the outer wall static pressure (see Table A3-1). The static

pressure profile was measured by making a second traverse of the combination -

' probe, the feadings from the wedge static being referred to the ocuter wall
static pressure (see.Table 43-2),

The fifst step in analysing the data was to'ﬁlot the static pressure
profile as shown in Fig. A3-1(a). A correction was then applied to the
reasured dynamic pressures for the error in static piessure due to_the
radial_displacament of the wedge static and pitot probe measuring planes.
‘Ag an example, a correction of -0.4 mm w.g.‘was made for yi/hz = 0.697 as
illustrated in Fig. A3-1. A similar correction was applied to the readings
taken with the pifot probe. Values of (u/T) weré then calculated as
u/U = 4[&22;;3 where q . =30.5 mm w.g., and plotﬁed as shown in Fig.
A3-1(v). |
A3-2 HEAD RAKE DATA

The data obtained from the inner and outer head rakes is given in

Table A3-3, All pressures were measured relative to the static pressure
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on the surface of the head, Py The value of (pH - pl) was also measured

" for each case. The data was plotted before‘coﬁtinuing the test.(see'figures
~accompanying Table 43-3) in order to check that the measurements were
mntually consistent (i.e. that the data lay on emooth curves). A value of
_(P - pH) for yH/h3 = 0 was estlmated for each proflle. It was found that
such values were requlred in order to obtain realistic curve fits for the
velocity profiles. Whereas the wall velocity must be zero, it is not
considered that any significant error was introduced by assuming it fo be
non-zero since the velocity gradient near the wall was extremely high (see;
for exémple, the more detailed data of Fig. A2-4). |

A3~3 SETTLING LENGTH VELOGITY PROFILES

The traverse data for the settling lengths is given in Table A3-4.

- A1) totai pressures were referenced to the wall static pressure in the
traverse pléne. Since there ware no static pressure gradients across the
annuli, values of u/U were calculated directly from ﬁhe méasured dynanic
pressures and the non-dimensional velocity profiles plotted as shown in

"Fig. A3-2.

A3-4 STATIC FPRESSURES

Tﬁe wall static pressures at the three‘circﬁﬁferential positions were
measured at pre-diffuser outlef and in the settling lengths_as shown in
Table A3-5., Mean values of (p - pl)/%Faﬁlg were caleulated ready for input
to the performance analysis program. It may be noted thaf the mean static
freséure difference across the pre-diffuser outlet plane of (22.5 - 19.3) =

3.2 mm w.g. agrees with the value shown in Fig. A3-1.

A3-5 PREPARATION OF DATA FOR COMPUTER ANALYSIS

(1) YVelocity Profiles

The velocity profiles were prepared for analysis by tabulating values
of u/U at équal intervals of yi/h across the velocity profile. Each boundary
layer was treated separately, the number of wvalues of u/U depending upon the

boundary layer thickness. The number of ﬁoints taken for each complete
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 profile are given in the table below.

Number of Points used for Coﬁputer Analysis of Velocity Profiles

Number of - | Step Bistahce Step Distance
Points |- Ayi/h ' mn  (ins)
Inlet Profile : 75 0.0133 | 0.508 (0.02)
Pre-diffuser 50 .' 0.020 Dependent upon

Outlet Profile . annulus height

Settling Length

i 30 0.033 1.270 (0.05)
Profiles ' .

A sample table of data taken from Fig. A3-1 for the irmer boundary
layer is given below. It may be noted that the first tabulated value is

" for yi/hz = 0.0L (i.e: half the step distance from the wall),

Tabulated Data for Inner Boundary layer at Pre-Diffuser Qutlet

yi/'h2 0L | .03 .05 07 | w09 e, 55 | 45T | .59

w/U 0 020 | 065 | 105 | 150 ..... | .987 | .997 |1.00

(ii) Pre-diffuser Outlet Static Pressure Profile

The pre-diffuser outlet static pressure profileiwas.treated i@ the same
manner as the velocity profile. The data wés supplied as a tabie of 50 values
| of (p —pwo)2 in mm w.g. together with a.value'of-%TOUig for reference

purposes.

(iii) Additional Data

Apart from specifying the geOmetry,‘there were two additional groups

of parameters required for analysis of the system performance. These were:
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{a) The velocity ratios;' 2/ Uy /U and T, /U as given in Tables
| A3-1/5. These parameters were requlred in order to c¢alculate the
volume flow at each statibnlfrom the non-dimensional velociﬁy
| profiles. . |
-(b) The mean static pressures for the outer wall at Stn. 2 and in the
settling lengths (S'I:ns. 4. & 4- ) These were input as the values

of {p - pl)/arbul given in Table A3 5
(iv) Head Rake Data

The head rake data was analysed by a separate computer program, the

input data being the measured pressurés as listed in Table A3-3.
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Table A3-1 PRE-DIFFUSER OUTLET TRAVERSE DATA: TEST '3-0718/A

DATE: 2/5/72 | T, = 299 | p,=757 mm. Hg. 1pU7 = 54:8 mmwg.
y;/h, Gobs [c)::srr:}eaggger?t Yeorr (%) COMMENTS
mm. w.g. mm.w.g. mm.w.g. 2 oo
+005 ] - 0 0 Sepa(réltion
015 0 . - O o observations
024 0-05 - 0-05 040
{042 o1 | - 0-1 057 .
060 02 - 0-2 081
.078 05 - 0+5 128
‘115 1.5 - 155 | 222
151 2.4 - 24 280
-187 4-3 - 4:3 <375
224 6:2 +0-1 63 1454
260 3.6 +0-1 97 564 | PITOT-WEDGE
296 | 118 +0-1 M9 | 625 | BT
333 155 +0-1 156 715 PROBE
369 182 - 182 772
406 21+3 - 21-3 836
442 24.0 - 24+0 887
478 26-6 ~0-1 2645 932
515 285 -0-2 2843 +963
552 300 -0-2 29:8 988
588 308 -0-3 30+5 1:000 |Jw—m
L2\ _ [30:5]
624 305 ~0.3 130-2 .995 (Ui) 548
660 295 -0-3 29.2 978 L0746
697 275 -0-4 271 943
733 2515 -0.4 2541 “907
768 235 -0 4 231 870
.806 21:0 -0-3 207 824
842 | 174 -0+2 172 751
‘878 135 -Q2 13.3 660
914 10-0 ~0-1 9:5 570
.922 9.5 -0-2 9.3 552
1940 7.9 -0+ 7.8 506
958 63 - 63 | -454
976 51 - 5.1 -409 2%%1:
.985 4.2 - 4.2 1371
991 3.3 - 3.3 329
1995 2.8 = 2.8 303
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Table A3-2 PRE-DIFFUSER.OUTLET STATIC PRESSURE TRAVERSE
DATA FOR Test 3-0718/A., '

yifh, _(P*R~o)2 | DATE: 2/5/72

- mm,w, g, :
0:033 3.3 o _
0.073 3.1 : %PUf = 54:8 mm. w.g.
0-145 3.3 _ |
0-218 - 3.5 ‘ —-p }= 32 mm.w.q.
0:291 3.7 (Pwi Pw")' '

+364 4.0 : ‘
2.4;7 | 4ot (pw; pi) = 13-3 mm. w.g.
0509 3.95 : | |
0582 3:4 ~_ TRAVERSE DATA FROM WEDGE
0655 2-75 - STATIC ELEMENT OF
0728 1.9 COMBINATION PROBE
0-800 11 |

0-873 . 0-4
0945 01

Table A3-3 HEAD RAKE DATA FOR Test 3-0718/A.

1 pU? =49
afoU1 4935 mm.w.g

go_ i 'TA"T"' :T:':T T ‘A. ) ‘ "T—TT". §
ot INNER
. A R 1=
A e P P~k
1 ImEEE 1 Yu/hs | COMMENT mm. w.g.
g_o-mrmw.c." _1 - 1 ] 00 |Estimated | 295
SIS TR e A s 1+ -
s e A mEEER: 0-047 | Pitot |29:5 _
N I R e | 1 i A 1
! i-qfﬂ—;,.L.;@-z‘ffm. SN ENGEN N 0140 J 260
S RS it et Rl e Rl |
e — - et et 0-280 » 21.3
el RESuE 0-5810| w | 14.7
NI \ Wedge ,
i for210 e | e ‘
N A, 1-000 | Static | 11.5
o |
OUTER |
. P...
yu/hy |COMMENT Snma:% |

0-0 |Estimated | 39:0 - |
0047 | Pitot | 4346 |

0-140| = 42.5 |

SR RO SR A 0+280 " 3%.4 ‘

it NS os5t0{ * | 160 ‘
. Wedge .

0-210 static 5-0 ‘

1.000] static | 149 |

]
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SETTLING LENGTH TRAVERSE DATA FOR

TEST 3-0718/A.
_é_(gU‘f = 54-3 mm.w.g,
INNER  ANNULUS OUTER ANNULUS

Yty r:;&“; (%j:) nfm E:"g (-1-1”—) COMMENTS
0013 83 0707 6-0 0722 | Traverse from
0027 11-6 0836 | 80 0-g3s | imner wall
0-047 14:0 0-918 9-4 0-304

0-067 15.3 0+960 101 0-937

0-100 160 0982 10-9 0974

0167 166 1,000 §9.2 0-987 (Eﬁ) =0-550
0:267 163 0991 11-5 1 1+000 G

0-367 15.9 0979 115 1-000 (}E«g) ~0-458
0:467 155 0-966 112 0-987 Uy

0-987 62 0611 4:0 0550 Traverse from
0-973 94 04752 67 0763 | outer wall
. 0-953 111 0-818 8.2 0:844

0933 12.0 0-850 8.8 0-875

0-900 13-0 0-885 9.5 0-909

0-833 13-9 0-915 10-1 0-937

0733 14+4 0-931 10-4 0-951

0633 14-8 0-944 10-6 0-960
" 0533 15-1 0954 10-9 0.974

0:433 - B 11-3 0.991

Table A3-5 KEY STATiC PRESSURES AT STATIONS 2 &4

FOR Test 3-0718/A.
a(-)U, =548 mm.w.g.

RED BLUE GREEN MEAN A%Paf
R P 22.1 22:4 23-0 225 0-5367
Po P 18+7 19+3 199 19:3 0:4603
) 179 18:9 19-4 18:73 | 014467
P~ P 261 26-7 27.0 266 0-6345
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" Fig A3-1 PRE-DIFFUSER OUTLET PROFILES FOR Test 3-0718/A.

- (a) STATIC PRESSURE PROFILE.
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Fig.A3-2 SETTLING LENGTH VELOCITY PROFILES
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APPENDIX 4  ARALYSIS OF DATA BY COMPUTER PROGRAM

- 8ix computer programé were used for the analysis and plotting of data,
the main functions of which are shown in Fig. A4-i. For convenience the'-
.pfograms are numbered Pl %o P6. The two analysis programs (Pl and P4)
provided-all of the daté on the fléw and performance chéracteristics'for
each test. Apart from printed output, data was also output from the main
analysis program (P1) on punched cards to provide ﬁ convenient method of
~ obtaining data in summary form (fia the selective print program, P2) and
Yo provide the necessaiy input data for Program P4 to caiculate the logses
between Stns. 2 & 3 and 3 & 4 from the head rake data.' The remaining
programs.wére used mainly for graph plotting and it is not considered
necessary td describe them in détail, The only peint of interest ié the
-method of curve fitting employed in Progrém P3 fbr deriviné the performance
“gontour maps and this is described in Sect. Ad-3,

| 211 the programs were written ﬁy the author in FCRTRAN IV language.
The programs were run on the Loughborough University I.C.T. 1905 computer.

A4-1  MAIN PERFORMANCE ANATYSIS PROGRAM (P1)

A flow diagram‘fOr the main performance anélysis program is given in
Fig. A4-2 znd a listing of the program is reﬁrbduced in Table A4-2, A list
6f the principal variables used in the pfogram is given in Table A4-1. The
"WRITE" statements have been edited from the program listing in order to. |
save spéce. It should be notedlfhat several parameters have been re-named
since the progréﬁ.ﬁaé wfitten (see Table A4-1) and fhat.fhe‘ffegent Stn. 4 |
is denoted Stn. 3 in the program. ' '

The boundary layer, velocity profiie and performance parametefs wefe
calculated according to the definitions of Table 1-4 and Sect. 1-3.
Integration of the velocity and static pressuré profiles was carried out
using subroutine "INTEGRAL". This suBroutine calculates the integral of

. ‘ R
the desired quantity (e.g. CY n (u/U)3 R dR) in a series of steps across the
R ‘ ' :
i
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annﬁlus. A parabola is fitted through each successive group of three

values (using subroutine "FIT 3") and the anaiytic integral is obtained

for the curve between the first two points, This is repeated for successife
steps until the required integral is obtained. This methéd was chosen since
it facilitated easy determination of integréls between any specified radii
(i.e. radii not necessarily corresponding with the tébulated.déta
representing the profile %o be'integfated). This was necessary in order

to gccurately determine the stagnation streamline radii in the fre—diffuser
(using subroutine WSPLIT MK 2") and hence the flow field velocity profile
and performance parameters. Subroutine "FIT 3" is a genéral purpose curve
fitting routine which calculétes the coeffiéients Cl, 02 and.C3 in the
equations for curves of the form, '

Y = Cl XEl +_02 XEz + C3 XE3

In the case of 6alls‘to "FIT 3" from "INTEGRAL", El = 0, E2 - 1l and
ES'% 2 (i.e. a parabolic curve fit is used). |

It is not fossible to give a éomplete set of calculations as cairied
out by Program Pl, however some of the more important calculations are given
in Table A4-3 to demonstrate the use of the equations of Sect. 1-3.
Reference is made to the appropriate parts of the program by means of . the
line numbers (see Table M-2). The sample calculations are relevant to

Test 3—0718/A and a complete set of results is given in Table A4 4.

M-z H:EIAD RAKE DATA ANALYSIS PROGRAM (P4)

Thls program.was used for 1n1t1al enalysis of the head rake data and
further division of the losses between Stns. 2 & 2 and 3 & 4. There were
also two optional routines available to the program, the first for further
sub-dividing the lossés in the settling length and the‘seéond.for plotting
the velocity and static pressure profiles calculated by the program from
the head rake data. A flow diagram fof the program is given in Fig. A4-3.

The method of analysing the head'rake data has been dealt with in Seci. 5-1-2 .
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part (iii) and Sect. A2-2. The curve fit used for the static pressure
. profile is given by Equs. A2-1/2.
Further analysis of the s&stem losses was facilitated by inputing

.data on cards output by Program PL. The local losses were calculated as,

(ig ) - (;_fgii;;la - f%;(Eﬁ)z 1,_?&1(3&)2 - (~_§§______)
amb Yy eat 05'%'(35.2 %\ -y \Ty | %—(Dﬁl

: where the suffices 'a' and 'bt réfer to farameters.fdr the planes
between which the loss was caiculated. The method df'calculétién'was
substantially the same as that used in Program Pl and the same subroutines
were used for the neceséary integrations. A sample set of output data from
the basic program is given in Table A4-5 for Test.5—0718/A.

AM-% PERFORMANCE CONTOUR MAP ANALYSIS PROGRAM (P3)

The 0pefation of Program P3 is illustrated in Fig. AM-4. The input

-‘data consisted of values oi‘i1_4 and g; obtained from tests ﬁith'each pre-
diffuser geometry. A least squares paraboiic curve fit was used to interpolate
along each constant D/h2 curve to obfain the pefformance figureé_at small
intervals of Qo' Interﬁolatéd values along eéch constant Qo curve were then

obtained using a curve fit of the form,

¢ ;
P= z57%;y +C, (D/hz) + G5
wﬁére P = i1_4 or {1 - §4).as approprigte, and C;, C, and 03 are
constants. This curve fit was found to'correqundAclosely with the observed
| variation in performgnca with dunp gap (see for example Fig.i4-l-9). The |
remainder of the program consisted of thelnecessaxy logic and ﬁlotting
instructions required to obtain the peﬁformance contour maps in a.sﬁitable

form.
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‘Fig, A4-2 FLOW DIAGRAM FOR MAIN PERFORMANCE ANALYSIS PROGRAM (P1),

'| READ DATA INTO ARRAYS
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I

INTEGRATE STATIC PRESSURE PROFILE TO OBTAIN EPQ

Y

CALCULATE OVERALL PERFORMANCE PARAMETERS

Y

—— — t— v — ——— wr— f——— wr— —

SPLIT FLOW

Y

|
ITERATE TO OBTAIN POSITION OF STAGNATION | |
. STREAMLINES IN THE PRE-DIFFUSER - i

INTEGRATE TO OBTAIN STATIC PRESSURE AND VELOCITY
PROFILE PARAMETERS FOR EACH FLOW FIELD

'

CALCULATE FLOW FIELD PERFORMANCE PARAMETERS

e — e e——— 1

s

OPTION

END

QUTPUT SELECTED DATA
ON PUNCHED CARIDS

| I

1
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LIST OF PRINCIPAL VARIABLES IN MAIN ANALYSIS PROGRAM

A aieiienn.
ANG uvvnenns
AR vevevenes
AREF «vvuvens
ALPHA, ALFAM,
ALOSS aueen.
ALOS, ALS ...
'BLOS, BIS ...
CP vevrnnnns
CPI2, CPI3 ..
DR vevevnens
DINAL veuevn. &
ETA* viieeaes
MIEST vauovne
NPTS eeenen.
P2 eivnnennes
PROB  veuevnn

Q cevenennne

.QREL LR BN B BB BN
RQ* * 8408000

RU seeneanes
BT veionaans
S, SIM ......
SK* tiveenans
1)1 S

area, Afr
angle of traverse plane to rlg axls (— Q0 in this program)
area ratio '
effective overall area ratio, ARe :
ALFAS ... ¢ (boundary layer, velocity profile, flow fleld)
loss coefficient AF/q, |
flow field loes coefficient referred to Ell'or 610
flow field loss coefficient referred to ﬁi
pressure recovery coeff. referred to g, or ql
ideal pressure recovery coeffas,
step distance?_dy;
P Ui ma., W.g.

‘effectiveness, 'E

number of tests to be analysed -

number of u/U values for each boundary layer
(P ~ Pwplp Wl W.g.

% probability of error in settling length volume flows
volume flow, {u/U) x (A/m)

/4 x 1005 |

flow split ratio, S

ratio of maximum velocities, U/U,

wall radius

numerical integral of specifie& parameter
velocity profile radial distortion factor, RD
value of u/U for velocity profile |

UM, DSTAR, THETA, H ... boundary layer parsmeters, u/U, &%, 8, H

w SS9 R sesssas

indicator (1 = inner wall, -1 = outer wall)

Subscripts (last character(s) of variable names)

sasssansecne
& 9988 saas
s4pssassna

Sasa0resayn

O 4 W

L LI B O B N

S, STAR s a0
TOT ..l'.‘.'l.

inlet station

pre~diffuser outlet

settling length (Stn. 4 in present terminology)
inner

outer

parameters for each flow field

total for each station (e.g. area, volume flow)

* Note: The symbole representing these parameters have been changed since

the program was first written (Nov. 1971).
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TableAl. 2 LISTING OF MAIN PERFORMANCE ANALYSIS PROGRAM

(PROGRAM P1, LANGUAGE : FORTRAN IV)

'“_Masrpn BYFFUSER PERFORMANCE ANALVSIS WKS

0— 01. e

L Cewww CALCS, REVISED ACCORDING TO NEW SYSTEM, 24749772, 002
__Caxxx_____-_1/P, O/P FORMATS REVISED 19/5/72. 00y

o DIMENSION UNDC 80,8),P2(80,64) ,PY(80,4) R0
| _DIMENSIONM NPTS(B);DR(S):RU(B) U(S).DFL(B):AA(&):DELR(B) L
L _DIMENSION UM(8Y,DSTARCS) ;THETACRY K(R),ALPHA(BY,q(8) 006
e DIMENSION NPTOT(B),ATOT(8),UMM(8),0T0T(8) ,ALFAM(B) 00? o

T DIMENSION CP(BY,RUCBY,RSTARCI),QRS(3),ERROR(3) _ _,008 .
o DYMENSION ASCA)/NPS(4YICPSLAL) »ALFASCLY 009
[ DIMENSION UMSCA) ,CPSS(8Y,RUSC2Y 010
e ____DIMENSION QREL(B), DISP(B).RTRU(G)-FRACIté) 0%
o _.DIMENSION RAS(8) . _ 012
| _____COHrmN JCPODATA/T(5,20),P(30,20) 013 .
PR COMMON /CPOBF/B(253,20),FC15,200__ = = . .- Z0%4 ..
e COMMON JCPOHP/IHP(YIY20Y. 015 ___
____________ COMMON /HEAN/UM 016
NMEd 017
o __READ (1,11) MTEST 018 ...
e $1_FORMAT (10) _ 019
i DO 1 JEY,2 ' . 020 —. .
mm__ﬁ___,_»,nEAD (1.6). NPTS(J) DR(J) RUCSY W), DELCY) 021 . .
L -~ RFEAD ¢Y1.8). (UND(!:J).!M MRPTSCJ))Y 022 ..
__{_CONTINUE_ Q23 ..
ETRSRCeT & L I _ 0246 .
T yee2 R, Q25 ..
o PELRCY)=RUC2IwRW(I) d 026 ..
. DELR(2)=DELR( ____) 027 - -
s 60 TO 10 . 028 . .
-3 CONTINVE 029
e DO _100Y X=4,MTEST .. . .. Sy 030 .
..................... READ (1.2) DOR, ARAT:ANGcKBO:KBlcRQA 034 .. -
Coonn 2 FORMAY (3F0,0,2104F0.0) 032 .
e WRITE ... .. 033
- —-READ (1,5} QIN,TEMP,BARO 034

S 5_FORMAT (3F0.0Y .. _ 035
e PIN=RARO=Y 12#91&1/13 P 036 .
ol RHDST=1.222 . 0?7 .
—RHORaRIN®Z288, 1760 ITEHP U i . ¥ S
: - RAO=RHOSTERHOR. 039
SR viSe=n, 00001455 R Q40
_  VINZSQRT(19.62¢QIN/RHOY. . . = 04 ...
_H PREBARQS760, 062 -
' REDHEX,0w0.0254#VIN/VESC 063 .
,-_..__\JR!TF c et e o 064,
W%Dn 12.42%,8. 045 -
s READ (4,6 NPTSCJIY,DRE4),RUCIY, U(J}.DELtJ) woae e
ﬂmw_m__é FORMAT <1? LFO,0) B . 047

. READ (1,8) (UND{I.J),I59,NPTSCJ)) . 048
O - FORMAT(100F0,0) N 049

42 CONTINUE . 050
) BO 15 Jz21,8.,2 05y .
e DBELR(J)SRVCL+TImRYCS) 052 .
DELR(JI*4I=DELRCS) 083

'15 CONTINUE

054
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Table A4-2 LISTING OF PROGRAM P1 (Cont’d)

T Cwwew INITIATE ROUNDARY tAYER CALCS, _ i 055
B WNMJ1E3 . . ' 056
. J2uwB ' ST . o 057
%0 00 30 J=dv,d2,2 L 058
I LTS SRR S AP TR L 059
NPTOT(J):NPTS(J)*NPTS(JK) : - : 060
- NPENPYSC(J)+1 Lt o I /13 I
. 6050 1=NP,NPTOT (). . o S 062...
S LeNpTOTCIY e L Ll e 063
o uND(I,JYSUND (LK) - ' ' _ _ : 064
00 51 I=1:NPTOT(J) . __ . 066
i L L"NPTOT (J)*‘l «!] L L e e T Qﬁ.?
. UND(!.JL)=UND{LcJ) i . ‘ : 068
... 5% CONTINUE . _ . - LSRRI = e 069
-mww_mm_so CONTINUE _ - L o 070 ..
3 DO 501 J=J1,42 : U ' L e 071 -
SO, N=HpTS(J) N : - ‘ e Q72
-~ bRYsDR(J) __ - e T e e T IR ‘X & I
RUI=RU{(S) : ‘ _ _ 076
PR CMiRUES) B e R 075
I X=FLOAT(NY | _ j ' : 076
o _RMERWASUIEXwDRY e | . IR 077

 Cxxxm FORMUL ATION OF !MTEGRALS . 078

. CALL INTEGRAL(2,0/N1,RWI PM,SUM2,UND, 8048¢DR1(RW1+4140.0,J) 080
i CALL INTEGRALCZ,0,N1,RWA,RM,SUMZ,UND, 80,8,0RY,RWI Wi,0,0,4) 381

S— 1L - CALCULATE B=| PARAMETERS, 082
o AALJYBUIw(RM#+Z.mRUI*82.) ' SO .. 083
________________ 25 AAT=AACYY _ _ ‘ - 084
_uUM(Jym2.%SUMY/AAY - 085
. DBSTARUJYSCAAY/ (2, *nw1)»suu1lku1)*1oo IDFLR(J) 086
A@;@M@*_mmhrnErntJ)-tsun1aSUM2>/nu1w1on IDELR(J)MM - % . osr
L HCI)=DSTAR(IY/THETALYY - : ...088 .
o ALPHA(IY=2, *SUHSI(AA1¢UM(J)t*3,L_N T R ...08%
DCJ)nUH(J)*AA1 , - . ‘ _ 090
o 1F (4.FQ.2) GO.TO 3 RS RSN AR _..09%
.MW__WSO1 CONTINUE . o . o S 0g2
. MRITE R L |
i SKI=tDSTAR(5)aDSTAR(6))I(DSTAR(S)4nSYAR(6))“, S RS 094
e _SKO=S(DSTAR(7)nDSTAR(R)I/(DSTAR(7)4DSTAR(A)) ..0%5
o SK2=(DSTAR(3)mDSTAR(AYI/(DSTAR(Z)+DSTAR(L)). CTUTTTTTTTTT006
- . WRITE. SRR /1% A
Camwr CALCULATE MEAN Be| pAnAMEtEggl g 3 098
o pO 56 J=1, 8, 2 Rt T {1
o tma _ .‘ _ i _ i 100
ATDT(J)=AA(J)*AA(J1) : : ' e P e 10
Mﬂ____mﬁ__UHM(JascuntJ)*AA(J)*UM(J1)*AA(J1)alarortJ) - ' ‘ 02
e QYOTCSYIRACY) +Q () e Y03
nmw_}h_ ALFAM()) = (ALPHA(J)*Q(J)+ALPHA(J1)*Q(J1))IQTOT(J) o 04
... 55 rONTINUE o . - o105
L as11=0(12/QT0T¢1) - S I 11
 _esvlo=at2y/0Y0T(YY ' N o . e07
e QB2120(3)/QTOT(3) . _ _ _ 5 108

"m__umwm“_0320=o<4>/QTOT(S)uf o SR SR _. 09

CALL INTEGRAL(Y,0¢N1,RW1,RM, SUMT,UND, B0,8,DR1,RWSeH1,0.0,4) 079
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: Table A4~-2 LISTING OF PROGRAM Pi (Cont’d) ' | ‘
B 3 4 3 T SR CCONTINUTYY CHECK, .. - a0

READ (1,40) (RUCI, J%1:842),PROBI, pnoaow 1M1
. _GO_FORMAY (6F0.0) _ _ BRI 112“l
DO 160 J=1,8,2. — M3

L QREL!J>HOTOT¢J)iRU(J)tiﬂﬂ JATOTLAY 2 UMMLY)
460 CONTINUE.

. nLT= QREL(5)+GREL(T)
DISC¢1)IROREL(13=100,
DISCtS)aaREL(3)=100.
. _DISC(7ImOLY~100 . —
i wrlYe ..... ' :
__ﬁmWC**x*mjﬁww_ _CNRRECY VEL. RATIOS YO SATISEY CONTINURTY,
- RuS:nut%) - : e : :
RUS:nU(S)_

“ RUT=EaUC?)Y .
-_——m_~—¢~,nnEL%aansLt3>mm

e QLYY RQLT k
e RO%'= onEL(?)/QREL(S) .

ARRSRN coNsr:(PRDBI*QREL(S)#PROBD*QREL(?))ID!SC(?)Mu
e RU(5 Y= RUS % {4 , =PROB] /CONST) . :

- —RU{7Y=RU7w ({1 . =PROBQ/CONST)
Mw__wmw___wnu(3)=RU3*100 /QREL(3) ..
DO 146 J=3,8,2 N

1 .‘ . .
T I i B B B L R B B B B3k B o ok B B

¢

H

i

e _QREL(M)= arorcaa*nch>*1no 7aToT(ty. NS — 3
o466 CONTINUE - . ! e i b e e
. RO=QREL(7Y/QREL(S) R _ L 415
QLT=QREL(B)+QREL(?Y . __ 36
CU3Z=pUC3) /RU3+100, 100, T — 137
= _CUS=RU{(5)/RYS+100,=100, ‘ _ 438
i e TarU7Y/RUTR00, 0100, e R 3.1
Ca3=oREL(3)/QREL34100.7100, | i - 140
L eeh=oLY/0LTi%100,-100, . L L. 1 1 I
_CrQ=pn/rofxi00,=100, o . o . %42 .
WRITE, ' ) ‘ o 143
o _READ (1. '31) NP2,CPW, DYNHY_ ‘ 1464 .

31 _FORMAT (12,2F0,0) oo e A4S
S READ (1,32) (p2(l,3).181,NP2) . _ S 146 -
" 52 _FORMAT (110F0.0) 7 - R, ¢
.. DO 110 Izt.NP2 . S _ | i } 148
___“____m_pv(1.3> DZ(I-S)*UND(IaS) I S - TR - S, I 3. N
B L=NP?¢1~I o U S S0
___“__410 CONT!NUE S B 452
o tALL INTEGRAL(Y ¢ OrNZaRH(S)aRU(A).SUMS.PV 8014 DR(3>.RW(3),N<33{££0

13y _ _

o QMi=nYNHI»UHM (1) #%a, SRR 455
_m_ﬁﬁ;”_nm EP(3)=CPUe2, *SUMS/ (ATOT(3I#QMY) /UMM(3) ' 56
R CALEULATE OVERALL PERFORMANCE, i o AT
e READ (1,57) CPC1)CP(SY.CP(7) 158

57 FORMAT (3F0.0%y =~ S AR, - As9
" Cew¥®  COMVERY TO NEW SYSYEM  DIVIDE BY ALPHA 1 MEAN, 460
DO 61 1=1,7,2 e I X

- &Y CpChy=CPOIY/ALFAMCYY . i V62
e L ARZ2=ATOT(3Y/ATOT(Y) : : 63
I ALDSS2E1.0  eALFAM(3) /ALFAMC1)/AR2/AR2 -CP(S) R— T
. RUMZ UM (S ) #RUC(S) JUMM{1) e - . 165
e RUMIa UMM (7)) #RUC7) JUMM(Y) . s . .166
L epM3a(Cp(5)«qREL(SIHCP (I QREL(7)I/QLY ' Ae?
_m_mm"ﬁ_“miERH?a(ALFAH(5)*OREL(S)*RUHSI**Z *ALFAM(?)'QREL(?)*RUMSQ**Z )IQLT
o _ALOSS3ImY, 08TERM2!ALFAM(1);CPM3 169

CPM2=CP () S . .1KQ,J
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Table A4-2 LISTING OF PROGRAM P1 (Cont'd)

oobj13 Jst.3,.2. e . . 1?1m;
EOiN X T T 1 I _DETERMINE INITIAL RSTAR.. _ e 172 .
GLIMno S e : 573 .
: eALL. SPLITMK2 (QREL(5) ,QLIM, RSYAR(J).nthJ UND, 80+ B;Rutd).arort1> u
e ARG LW 0,0,0) 475 |
; ORS1=(RSTARCI)aRWC1)Y/DELRCIY.. . ' ' 176
‘Wwwm__mmuhDRS?:(QSTAR(3)5RW(3))/DELR(S) AP
: ERROBRCIY=QLIM . e A O A . 478 ¢
ASCIIRRSTAR(SI#w2=RUCJD %2 ' X : 479
il AS(J¢1)=RU(J+1)**2FRSTAR(J)**2 RN S S R L ~oA80
“MM;;_ 113 CONTINUE : _ 189 .
T : _ CALCULATE SPLIT U/UMAX, ALDHA. e 182
nn 1!0 J=1 be2 183
BT A cAllL INTEGRAL(‘I 0 NPS(J).W(J),RSMR(J) $Y,UND,80,8,DR(4),RWCIY, w(
;mm__MAJNOOJ) e mﬂ_wmmmm185;
o CAWL INTEGRAL(Z,0/NPSCI), RWCE) \RSTARCS) (S3eUND80,B,DR(IDPRWCIISWE
AWMh“m_qmllJ) 0.0.4) _ _ 187 .
. ___UMB(Jy=2., *S‘tlAs(J) e ' T TN T _188
ALFAS(Jy=?, *GSI(AQ(J)GUHS(J)**S} —— e
R UHS(JM)=(UHH(J)MTDT(J);UMS(J)MS(J Y/AS(J+1) e Q0
: , ALFANJH):(ALFAM(J)HOO aALFAS(J)*QREUS))/QREL(?) S &+ 5 I
e 430 CONTINMUE . _ . — : - A2
e GXERE . __CALCULATE CPSTAR, 180, oo - Y93
L CALL INTEGRAL(1, 0, NPSE3), RW(3), RSTAR(S),S51,PV,80, 4y DRtS),Rutxa.ucs
e AY00,3Y IE— N
,mh___;mwhncps(1)=PDH+2,QS1/(AS(!)*QM1)/UMS(S) _ i ARG
CPS(RIACPS(I)Y/ZALFANCYY . —197 |
L CPS(4YS(CP(3Y#100, ECPS(3)*QREL(5))IQREL(?) T -2
_*n_css&& CALCULATE SPLIT PERFORMANCE BT, e e 199
. RAS(4)=ACEAMCIYJALFAS(T) L 00
e RASC2YIALFANCY)/ALFASC(2). _ 209
RUS ()= UMM(1)Y /UNSCY) el R e R 202
RUS(2ISUMM{1) 7UMS(2)Y : S _..203
REAE C08SE3)=CPS (3 #RUS (1Y we24RAS (1) R S ... 204
— CPSS(4)BCPS(A)*RUS(2)#42%RAS(2) _ I 205
CPSSESInCP{B)eRUS{Y) xx2+4RAS(TY e e e 206
CPSS¢?7ImCP(7)+RUS(2) wx2+4RAS(2) _ . . _— 207
VUO=UMS (4) /UMS(2)*RU(¢BY e T o0
 UUTSUMS(3)/UMSCI) ®RUC3) 209"
L T AL08128 . 4.0 aALFAS(3Y+UUT##2/ALFASCE)CPSS(]) el 1240
__BLOST2RALOST2/RUSCI)we2/RASCIY - - 21t
o BLDSO2R(ALOSS2+100,=BLOSI2#QREL(5))/QREL(T) s im0 218
ereseeee e ALQSOa:nLOSOztRUS(Z)**z*RAS(Z) : _ - 213
. e U3 BUBMLT Y /UMS (2 #RULT) . R e 244
— - UUI3sUHM(5) JUMS (1) #RUCS) . i ‘ 245
S ALSIZI= 1.0 -ALFAH(S)*UU!3**2/ALFAS(1)FCPSS{S)m ' -216
e ALS1Z0R 1,0 --ALFAM(?!*UUM**ZIALFAS(Z)-CPSS(?) e 4 I S
- ALS2XIBALSIIIRALOSIZ. e 298
e ALS2%30%ALS130=AL0S02 . .. N _ e 219
e CBLSIRIRALSAIZI/RUSCY ) 2/RAS(Y) et e o 220
e BLS130ALSI30/RUS{2) ##2/RAS(2) - — 221
- BLE2BIBALSIZIARLOST2 L .. 222
e . BLS2%0RBLSY130-08L0S07 o ..223
SE— ALS?!I:ALQ?SIIHUI**2*ALFA$(1)IALFAS(B’ —iliy
e ALS?QOFAIS??OIUUO**?*ALFAS(2)/ALFAS(4! S 4
i . ARBYHATOT(S)JATOTC(YY . . . e 826
. ARZOBATOT(7)/ATOT (1) e .. 827
i CP1281,0m1 , 0/ARZ/AR2/ALFAMCYY . - 228
e P Y3 (1 /(1. VRAY ) €03 (1, IAR311AR31+RQ*t3 /ARSU/ARSQ: 229
....................... AREFwSORT(Y . /€4, 2CPIZY) . - 230

mwmww___“cplsatcplsn1 O)IALFAM{1)+1 0 - - Ca : 231
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-AR2Z=AREF/AR2 - s S SR 2.7
S ARSTI2=AS(3)/ASC1) : , ' ‘ 233
e ARS02AS (4) /AS(2) e ———234 .
- ARSIZ=ATOT(S5)/AS{1) i N ' 235
e - ARSDYEATOT(?Y) JASLR) , : - SN e 836
oo ARI2%ZARSIZ/ARSI2 _ I , — __R37
ST ~ARD2E2ARSO3Z/ARSO2 AN RS- S SO . 238
o _EYAZ=ztPM2/CPl2e00, : ‘ . 239
. ETAxacPMKICp13¢100 _ o . . 240

,_uRITF e e f \ : ' : 1% D

g0t eonviwee T - P
e_.-A000 STop_”mmwm_: S — S cus.

e END

- SUBROUTINE SPLITMK2(QSP,QLIM,RS,RW,V,NR,NC,RV,Q1,DR, WANG,J) 245
" Cxk#% THIS SUBROUTINE CALCULATES THE STAGNATION STREAMLINE RADIUS (RS) IN 246 .
—Ccafxk THE PRE-DIFFUSER GIVEN THE INNER ANNULUS FLOW (QSP) “MZA?_w
_DIMENSTION V(NR,NC)  UM(8) e 2LE

COMHMON /MEAN/UM 249mm

m_ﬂ”m__ﬂm__aSHSQRT(RUt*?+w¢QSP*Q1[UH(J)I100 y SRR .50 .
b0 10 K=1,100 R L
_..CALL INTEFRAL¢1' (N2 RW/RSsSeVoNRNC.DRIRW )W ANG,I) 252
QRS=2, #S#RVE100,/Q% ' . 253
MMMMMMMMMMMMMMMM DOEQNSPHORS ‘ T 254
WRITE (2,5) N2,RS,b@ | | . _255
____ws FORMAT (S¥X.,13, 2F1G 3y R R R 256
o YF (ABS(DAY.LY.QLIM) 6O TO 20 , _ N _..257
_________ 10 RSERS40.005«UeDQ*Q1/RS/RV/VINZ ). _ ST el . 258
WWM_WMWzo RETURN : - 259

T 8UBROUTINE FITS (X,Y,E1,E2,E3,E,C) 261
CDIMENSTION XC10),Y(10),PC4e¢30,0(3.2),RE2) 282
DIMENS ION E(S).C(B) 263
. EtYHry=Ey : Co i e e R - Zéﬁ_m
E(2)=F2 _ : 265

e D0 10 J=t,3 . - 267
TTTTTTTho 5 1E1,3 e S — 2

S p(l, Iy uX (I RNELT) - ' 269
A P(ﬁ;J)‘Y(J) R o o P 279

D0 18 J=1,2 _ _ : . ery
J1siet T ey T T T T o 27
DO 15 Irt1.3 _ 273
I 11:]41 o e L Sl e - 274
15 n(!.J)np(!1oJ1)IP<1.J1)aP111 1)19(1 1) 275 .
b0 20 I=a1,2 L 278

14814 277

20 R¢Dyaa(11,2)7aQ¢1,2)=q¢l1, et ~...278
) C(3)nﬂ(?)/ﬂ(1) - .27

Li;:lwm” Ee2)meQ(3, 101324 0(2,103/7001,1) T 11
€A1 m(P(4,1)mC(3IeP (3, 1)l (D9P (2,100 P00 1) T TN 20t

::::i::::;RETURN..HW,;M o ) ' I 28z
._END : o : - 283
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FONGTION RADCT R, DR, RTANG) - 284
o RERUSUWCOSC(ANG)*(FLOAT(!}n0, S)wna - , - ess
—— RAD=p ' ” ' ' 286
;EMD', ' . e T - S . 2R&

. QURRMIT!NE !NTEGRAL(IPOUER NY . NZ:R‘I R?:SUH V NR Nﬁnnﬂ RN N ANG:J) ?89
T DYIMENSION  V(NR,NC) (1 X(60),Y(60),2¢10) e 290
~ "PIMENSION E(3) 29
TCawkw vdys SUBROUTINE CALCULAYES THE INTEGRAL (SUM) OF uuo**;pouen 257
.”c**..,ﬁw _BETUEEN THE LIMITS R = R1 TO R2. _THE INTEGAL FOR EACH ELEMENT 293
Cwwww 1S ORTAINED ANALYTICALLY USING A CURVE FIT BY M“FIT3Y, =~ 2%
 Cwwes 7 E.  SUM = INTEGRAL(UND®¢IPOWER*RADIUS)#DR 295

e X 29X €2) _— o .. 303

 ___IF (pRC.GT,0.0) X28R2 . ' _ .. 307

. NN1=N1 o ‘ . _ . L ' 296

———___SUM=pn0 : ' 297
| 1F (N%1.6T.1) GO TO 15 ' o - 298
_____ SUMR (RU+USDR*0O,5I*DR*0, 5% (0, ?*V(q,J))atlpnwER 299
. Do 10 14,3 e e G . 300
M%W_*““X(I)=RAD(! RW,W,DR,R,ANG) - , o304
_,‘Whju Y{1)av(]. J)**!POUER*XCI) \ . R . Ep2
_RIBX(Y) — 303
-M-A._.-___CALL F1v3 (X, Y:Q 0 1 0,2.0 EoZ)_ i A L 204

e et DRC U*‘x(g) RZ) I . ) I Co L . SR _ 306
T Raz(3ywx2ww3/3, ¢2(2) ex24w2/2, *Z(13*x2, - R T T T30

l

e A R A L D — EN——- L

;;;_WWMMN~QMM(Aﬁ”tH e R . 1 1\
. JF (aRC.GT.0.0) GO TO 999 R _ I 4
o LF O(NTLLT.2) NN1=2 . R O L N VLI O DA .32
. 45.Dn 30 1=NN1,100 ‘ : . _ N 343
KR - NI AIRE e et el v e 314
L DO 20 Ka(lul),(I41) _ ' i —_ 315
o X{K1Y=RAD(K,RW,WIDR,RIANG) _ T A R S R I h 1
Y (RiyeV (K, J)**IPOUER*X{K1)_ : N ' 317
____?0 KieKiat e ' T e e o318
____.___._CM.L F1T3 . {Ke\' 0 Q4 1 0;2 OtEIZ) . — . 1
m_m*w_,nnc=u*£x¢3) Ra) B _ o . 321
DR IF (BRE.GT.0,0) X2=R2 . e e e o B2
o ARZ(SIX2#w3/3.+2(2)aX24w2/2, 4-2(1)*)(2 ' _ _ - 323
__n“m~wa=2(1)*x(?)*«313 tz<z)¢x<?>**212 S T R T - -2
. N28let : S - S—— — 325
e SUMEQUMs (AuB)sW . e s R 1 1

~ 1F (PRC.GT.0.0) GO TO 999 e N ... a7

30 CONTINUE B : _ — . 328
WRITF (2.40) 1y e e B} e e 329

40 FORMAT (10X, 'INTEGRAL No;_poxurs Vo137 o330
999 SUMaSUN/COSCANG) . 35

__ RETURN R - ; 332

_END e e ‘ 333

slwxsu"ff | - | By - | 334
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TABLE A4-3  SAMPLE CALCULATTONS FOR TEST 3-0718/4

CALCULATION -

REFERENCE

1. Pre-diffuser Pressure Recovéry Coefficient

_ (% - pwo)2

c = C + ~

2 P, Gy |
‘where: C_ = 0.4603/x = 0.4603/1.0615 = 0.4336

wo '
. 2 '
(5 - PWO)2= 2067 I, - W.g.

end  §; = 54.8 x (.8744)° = 41.90 mn. w.g.
hence C_ = 2.67

0.4336 + 170615 x 41.9 =_——495——°‘ 6

see Table A3—5
see.Fig.‘A341

Line 155

Lines 156 & 162

2, Pre-diffuser Loss Coefficient

o (-4 ;
A L-1-—22_0F n. 1-3-15
1-2 v a2y Eq
, 1
where 0€2 = 1.5265 and AR = 1,780
* hence il-2 =1 1.526 2 - 0.49%6 = 0.0525 Line 164
1.0615 x (1.78) = '
3, Pre-diffuser Effectivensess
E =@ /et =¢ /(- 1 ) Eqn. 1-3-12
2 P/ P2 P\ e R
Line 239

hence EP_ - (0.4936/0.7027) x 100 = 70.25%

4, Flow Split Ratio

' Using the velocity ratios corrected for errors in
observed mass flow (see lines 122 to 134) we have,

oo (3) (2llelie),

0 i i

hence S = 2.15 x (.9396 x .4397)/(.5281 x .9256) = 1.817

Equivalent to

line 135
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TABLE A4-3 - SAMPLE CALCULATIONS FOR TEST 3-0718/A (continued)

CALCULATION

REFERENCE

rﬂsoqiz(liS) and-Qo=(1+s)

w

hence Q; = 35.50% and. Q = 64.50%

See Egn. 1-3-22

5. Overall Pressure Recovery

BT

+ Qo CP4

i

/(9 +a)

hence C_ = (.355 x .4208 + .645 x .5977) = 0.5349

.P4

Eqn. 1-3-18

Line 167

6. Overall Loss Coefficient

~

?\1_'_4 = 1 - (TERM2)/M; - 'd'p4 See Eqn. 1-3-17
| 3, \2 [& 2
here THRMZ = 7——— 1% M + o o Q
A CEr ) LA VAR R RS
o . 2? .
o .9256 x 5281 (.9596 x 4397\ x .645
= 1-0298 ( .8744 X -555 + }00282 08744 )
. = 11425 + .14805 = 0.2623 ‘ Line 168
hénce.)\l_4 = 1 - (0.2623/1.0615) = 0.5349 = 0.2179 Line 169
L Qverall Effectiveness
E, =T /o
AR Ry |
1 1 °( 1 s
where €I =1 - = —-') —5 + Eqn. 1-3-25
p4 o(l 14+3 {AR12 moz}

S \3 n3 '
1 ( 1 ) 1 1.817
=1 - + = ,7598
1.0615‘ 2,617 {0_6352 1_3652}

~

hence & 4" (0.5349/0.7598) x 100 = T0.40%

‘'t Lines 229 & 231

Line 240
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| ~ Table A4-4 MAIN PERFORMANCE ANALYSIS PROGRAM QUTPUT

LISTING FOR Test 3-0718/A

Wkt R R ek ek TESf RIG GEOMETRY Wehwowhewkkhmbnkhhbin
CN=h DUMP GAP(D/H2) = 0.70
PRE DIFFUSFR : AREA RATIO = 1.80 INCLUDED ANGLF=12 ODEG,

W
*
*
w
. o ” -
BLOCKAGE(NNAM) + THROTTLE TURNS 57: INNER ANNULUS, 60 %  w
. - ' : .' -
APDROX. FLOW SPLIT = 4.70 ¥

(]

* # & % % &= ®* ¢ % %

**i*********ﬁ***i***ii********f*ti*************************

30.37 M/SEC.
159072, (N~-D)
296.0 DEG . K,
0.996 (p/pm=1SA)
0.954 (b/D=1SA}

INLET MAYXIMUM VFLOCITY
INLET REYNOILDSY NUMBER
AMBIENT TEMPERATURE .
" AMBIENT PREssUrr RATIO
RIG AIR DENSITY RATIO

i u an

INDIVIDUAL BOUNDARY~=LAYER PARAMETERS.

URBAR DELTA THETA SHAPE - ALPHA
.UMAX | STAR iH ¥H _ FACTOR

CINKER | 0.8754 | 6.413 | 4.728 | 1.3565 | 1.0604

INLET (
(OUTER 0.8734 6.169 6.516 1.3661 t1.0627

(INNER | 0.59900 | 26.435 8.755 | 3.0194 | 1.8309

OUTLET ( 1
touter | 0.757s | 9.207 | 5.32¢4 { 1.7303 | 1.2130

1| 0.9106 1.526 | 9.042 | 1.6647 | 1.0660
$/L INNER

~ .
o

0.9283 | 5.414 | 4.448 | 1.2472 | 1.0236
it | 0,949 $.723 | $.252 | 1.3759% | 1.0332

¢
$/1. OUTER (
: {

0| 0.9350 | 4.170 | 3.349 | 1.2449 | 1.0258

PRE-DIFFUSER OUTLET RADIAL DISTORTION FACTOR = 0.48
INNER S/L " " " e=0.56
QUTER S/L  « " ‘ v C mm0.. 42

VELOCITY PROFILE PARAMETERS,

INLET OUTLET | SETTLING LENGTH

| | INNER | OUTER.
UBAR/UMAX 0.8746 | 0.6684 | 0.9256 | 0.939%
ALPRA BAR | 1.0615 | 1.5265 | 1.0298 | 1.0282
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Table A4-4 PROGRAM P1 QUTPUT FOR Test 3-0718/A (Cont’d)

CONTINUITY CHECK.

: SETTLING ~ LENGTH
INLET OUYLET :
' _ INNER DUTER TOTAL
FLOW %0Q% 100,00 104.51 36.98 67.18 -1 104,46
ERRGR %Q1 0.00 1.51 o - Lol 4l16
CORRECTIONS MADE TO SATISFY CONTINUITY.
u2/U4 UAT/U1 | U40/U1 | Q2704% | Q4/Q1% S
ORTGINAL: 0.7460 | 0.5500 | 0.4580 | 104.54 | 104.16 | 1.847
CORRECTED:| 0.7340 | 0.5281 | 0.4397 [ 100.00 | 100.00 | 1.817
% CHANGE “1.69 | =3.99 | =3.99 | «1.490 | «3.99 | 0.00
PRORARILITY OF ERROR IN Q41 = 50, %
PRORABILITY OF ERROR IN 40 = 50, ¥

SELIT FLOW TTERATION RESULTS,

Qr13 DQ=%Q1 YS/DR

(ERROR) '
CINLET [ .35.505 | «-n.002 | 0.388
OUTLET | 35.505 | ~0.%148 0.499

MEAN EXPANSIAN RATINS (AREA RAT!OS)

DIFFUSER s/L OVERALL
(1=2) (2=4) (1=4)
(TNNER . 2.236 0.774 1.723
SPLIT FLOW (
(OUTER 1.516 1.428 2.164
EFFECTIVE OVERALL 1.780 1.143 1.980
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Table A4~4 PROGRAM P1 QUTPUT FOR Test 3-0718/A (Contd)

SPLIT F(0Y BOUNDARY LAYER PARAMETERS.

3

{PRE~DIFFUSER)

CINLET "OUTLET
| INNFR . DUTER INNER OUTER
UBAR/UMAX= | 0.8424 | 0.8930 | 0.5149° | 0.8008
STAR ' | L
ALPHA STAR 1.0642 1.0600 1.9914 1.2707
SPLIT FLOW PERFORMANCE DATA.
PRE- DIFFUSER SETTLING LENGTH
TNNFER OUTER INNER OUTER
CP-STAR 0.5197 0.4793 0.4208 0.5977
(h,5584) | (0.460%) | €0.4522) | (0.5738)
LAMDA 0.0596 0.0485 0.2066 0.2274
€0.044%) | €0.0466) | ¢0.2220) ] (0.2185)
LAMDA 2-4 - -e 0.1470 0.4791
(0.4184) | €0.330%)

NOTE: THE FIGURES IN PARENTHESES ARE REFERRED TO .
SPLIT FLOW FNTRY M.W.M DYNAMIC PRESSURE (e.g.otylply)

OVERALL PFRFORMANCE DATA. ”

NIFFUSER SETTLING LENGTHi~ -

OUTLET2 MEAN . INNER OUTER

PRESSURE RECHVERY 0.4936 0.5349 0,4208 0.5%77
LOSS COEFFICTIENT | . 0.0525 0.2179 (SEE SpLIT RESVULTS)

EFFECTIVENESS=2 o 70.25 % EFFECTIVENESS=4 = 70.40 X
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~

' Fig. A4-3 FLOV DIAGRAM FOR HEAD RAKE DATA ANALYSIS PROGRAM (P4).

READ DATA INTO ARRAYS

|
SOLVE EQUATIONS FOR STATIC PRESSURE PROFILES,
INTERPOLATE AND FORM TABLE OF DYNAMIC PRESSURES

L § ]
INTERPOLATE TO OBTAIN q __ AND
CALCULATE VALUES OF (u/U)

. i
CURVE FIT FOR NON-DIMENSIONAL VELOCITY |
PROFILE AND EXTRAPOLATE TO u/U = 0

r

ITERATE TO FIND POSITION OF
VORTEX BOUNDARY STREAMLINE

y

INTEGRATE MAIN F1LOW PORTIONS OF
VELOCITY AND STATIC PRESSURE PROFILES

v

CALCULATE PERFORMANCE PARAMETERS

‘ 4
INTEGRATE VORTEX FLOW AND
ESTIMATE LOSS IN VORTEX

R & |
SPLIT UP FLOW IN SETTLING LENGTHS |~ — —| OPTION| = | \
CALCULATE LOSSES FOR COMBUSTION CHAMBER| ~ |
AND CASING WALL REGIONS OF FLOW :
Y ‘
PLOT VELOCITY AND STATIC o — — — [ qorron
|

PRESSURE PROFILES

L’*._.._....__..._..__..__._..._-...'. |
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TableAlr-S PROGRAM P4 OUTPUT FOR TEST 3- O718/A

2. ona:wm

--------

L

QMM(_ 29750 u/m

=0 7720 .

_'ff”'fNN"E_’é ;

T OUTER: "

QMAX

61,04 Ufug =0.9407

Vol ammmmn INNER _ANNULUS mmsmme | momwme QUTER ANNULUS =m=w= |

CYHIH3 | pePH._ | UZUMAX_|__YH/H3 |

| __usumax.
o MM.W-g. .. ‘

| Tovozo | aTati | Tolsee | a0 | o137 | 0.990

0,060 “'_:"m'f 0.060 | 3,246 | 1.000

T I A YT 02100 0,981

leTvan .____'4 837 |_ 0. 0140 | 6 TT0.93%4 |

""" T 0Tise_ | 5 892 T a0 | 0888

o e20 V 6Ta21 | 102201 T0.831 |

0 e6n | 7 a33 | 0,696 | 07260 |

—ongen | Bl3xT 1o0.300 | 1
S R : -1 0,340

EENTYEE N _.0.380 | 12.

2.80¢ 0420t

colo0ad6n | 107264 | _0ls60

12864 | 0,500 _{ 4
40 808 _.3.540

i Y SLO__ ——0.335

D 580
NG Y2
0L 660

_Ov?an. |
—0L L0 |-
S B v T .

~14o002
L B O -3
K 1Y N
11.353

B R -
L5 N

0,282 __.
0,229
~0.176__

Q. 122WH

00580
.0.620__|_4

0,660
_0.700__.

007460 |
00780

14685
14 78%
14.825

LA 861

0,000 |
“To.000 |
| 0.000._ |

0.060

WRon | 9% 4?7 0,820 ) 14.882. [ 0,000

o Bel .PARAMETERS.

__HEAD _VORTEY

%Q1__

U7UMAX | _ALBHA | UZUMAX | FLOW

ST S

O | INNER.|.0.5836 |1 5404 {00135,

e m o DUTER.] 0.7204 | 1 7a24q | 0. 9120 |__4.90

STAGMATION STRFAMIINF: YHI/H3 = 0,708 YHO/H3 = 0.423

PERFORMANCE UP TO HEAD

HEAD VORTEX

LOSS
f=3

INDUCED
LOSS COEFE

tp3

INMER 0, 4025 0.1428 0.,0000

0,0048

T Il outer | nrvezse 0.0832

NEAN 072654 N"1058 =
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Fig. Ad-4 METHOD OF ANALYSING PERPORMANCE CONTOUR MAPS (PROGRAM P3) - ©

£

(Sample data for Overall Loss Coefficient, Diffuser 3)

40— : ' -
b meuroama g\ | LEAST SQUARES
5 3/0‘ B, a” D/h, : PARABOLIC CURVE FITS
O, R — —" -
+4° ~— ~ o1 x
20_3@-.5_,__3_.___5_1‘_2 , FOR CONSTANT
8 , DUMP GAP LINES
. 1 1 1 ' ' -
1% 50 —s0 70 B0
: Q,/Q%
INTERPOLATE AND FIT CURVES o Y
ERVAL
OF ~ Win S AT
A= -Ssevm,) +C 239N AT L
T pvh, 2 3 | — >‘r-¢/zz:§§ ] //,/ |
AT SMALL 201
INTERVALS OF Q_/Q,. 0
20 B0 €0 70 80

l | - O, s

INTERPOLATE FOR VALUES OF D/h2
etc, | et AND QO/Q.l AT REQUIRED VALUES
OF A,_, FOR CONTOURS.,

~ Dihy— - /

| USE LOGIC SUBROUTINES TO LINK POINTS

Q/Q,

P

TO FORM CONTOURS AND PLOT.

'

'SAMPLE OUTPUT (points linked by straight

lines - curves optional)

03 T I _ 1 - -
0.40 G.50 0.60 4.70 - 0.80

00/@L X107
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APPENDIX 5.
PRE-DIFFUSER QUTLET PROFILES -

R
T S
R T R S
|l,
N

id
N
L

N
e

c8

N-D DISTANCE FROM INNER WALL~Y%/h,

+ R S

!

[ SRSV SR
5 ! = S
I - b

L

1
|
!

L
[
i
1
1

-

[}

—ef ey
i F
Il H

115+ GIVEN IN-F1G. 4-2~1
: |
|
|

—
I
]
|
f
{

1
Y b
R

[}
P
T
i
L

]

f -
e

T
]

FOR 'CT’ TESTS.
=0514/C1

; I
oy

}1"3-6' 517/CT-

-
NN

10 2Y///{ 0 [Socm -
|-
5
! L Lol o ! {
NOTE-DATA FOR-TEST-1~1026/C T-+—F+:

SR

 Fig.A5-1 PRE-DIFFUSER OUTLET VELOCITY PROFILES
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Flg A5-2 PRE- DIFFUSER QUTLET VELOCITY PROFILES
FOR ‘CT” TESTS.

i
I

02 04 o6 . 08 . 10
N-D DISTANCE FROM INNER WALL ~ %/h,
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.Fig.AS—B PRE-DIFFUSER OUTLET VELOCITY PROFILES

10

FOR "CT' TESTS.

Binnenih e
< 3-0712/CT -i+a-
T

= T
i : : LL -G-_ N
i - |+ BN
= S AT
e '..:."R"‘ S IR
T TN e e
ol ; {'—.-im_ H IR ! [ [
.' + trpdeie et '
HE ! | i i L!l 'E”
i J i

[ 02

04 06 - 08
N-D DISTANCE FROM INNER WALL~Y%/h,

~10
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Fig.Ab-4
PRE-DIFFUSER OUTLET PROFILES
FOR TEST SERIES 1-0.5

o D
4;
. v
0.4 KEY
1 8=0,70
| 4 §=1.42
i < B 9= 1.75
' @ $5=2,20
0.2 tf' © 8=3.23" ]
U..O ' - I !
0.0 Q.2 ] g.4 06 0.8 1,0
) | H |
0.6 b 7
CFLDCHL
0.4 —
L]
832 - -
B
"y
GUSr; A J 'l ‘- , . ; =
0.0 0.2 ' 0.4 . 0.6 .8 t.0

N-D DISTANCE FEGM INNER WALL - Yi/hs
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Fig. Ab-5 : ‘_
PRE-DIFFUSER OUTLET PROFILES = o =
- FOR TEST SERIES 1-1.0 s -

T T

LA 6.4 6.6 0.8 .0
- N-D DISTANCE FROM INNER WRLL - ¥i/h, ' ‘
- ' . . ‘
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~ FigA5-6
- PRE-DIFFUSER OUTLET PROFILES
. FOR TEST SERIES 1-2.0

1:0 I i " 3 .
g S % S

- o8 | '_
B
0.6 |- :

J

’; : KEY
G . | me=(.79
] . mS=1.64 |
0 §=3.40 -

&

e
I
i

4
“; 3 B

-

g

o
[
L]

C

[

0.2 . G4 0.6 6.8 1.

a e :
0.C 0.2 - 0.4 0.6 0.8 1.0

! P i | ] : o
N-D DISTANCE FROM INNER WALL - %/h,
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‘ | | Fig. A5-7
. PRE-DIFFUSER OUTLET PROFILES
| o FOR TEST SERIES 2-0.5

o

1 i . ! '

N-D DISTANCE FROM INNER WALL - Y;/h,

0.2 0.4 0.6 0.8 1.0
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- . . Fig.A5-8
PRE-DIFFUSER OUTLET PROFILES
FOR TEST SERIES 2-G,8

) i : 1 ' ]
0.2 _0.4 _ 0.6 | 0.8 1.
N-O DISTANCE FROM INNER WALL - y;/h,

o -
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Fig.A5-9 :
PRE-DIFFUSER OUTLET PROFILES

FOR TEST SERIES 2-1.5

KEY
@ §=0.68
o §=1.47
B §=2.30
012 “’f k]
' g
1
6.5 E- : : : :
5.5 0.2 G.4 0.6 6.8 1.G
I I I |
0.6 -

o
o

i §

] ’ . L [

[a]
~

o

. 0.4 0.6 0.8 1
N-D DISTANCE FAROM INNCH WALL - Yi/h,
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Fig.A5-10

 PRE-DIFFUSER OUTLET PRGFILES
FOR TEST SEAIES 4-0.4

a2

o
[ L

ST o
’7- " ‘ - -
K]
- A X
. b
. X )
v I
4
B —
8 5=0.83
W S=1.15
B 3§=1.77 ¥ K
B 5=2,26 i
i e
9]
9]
' : 1 3
6.2 0.4 6 C.B 1.G

0.6

acaL

Ce,

0, 4 -2

0,2

N-D DISTANCE FROM INNER

0.4

0.

6.
WALL




PRE-DIFFUSER GUTLET PROFILES
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Fig. A5-11

FOR TEST SERIES 4-0.7

1- 0 - . g . o= L .
. (] B _
- _ . .
G.8 -
o
0.6 =»
;
&l
0.4 %
. {g & 8=0,78 ;
msS=1,13 " ;
nsS=1.78 i 0 a0
®mS=2,27 '
0.2 ._
3
% a &
. f=] g
G. ( EERES e . ‘ A35F
9.0 g.2 ) C.4 015 0.8 1.0
{ 1 | ]
0.5 + -
CF’Luan

I ‘ot

62 04 0.6
" N-D DISTANCE FROM INNER WALL -

0.8 1.0
Y./ h,
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~ FigA5A2 |
- PRE-DIFFUSER OUTLET PROFILES ?
FOR TEST SERIES 4-1.2 3
1.0 L :
. . . . .- 3 .
2 : k)
Kl
/] & ’ K .
0.8 - [ , _ —
7 .
2 " 2 LV !
) f
U . ; ;
_ . |
0.6 7 ’ . ) : . ]
d ' )
1
3 A P
KEY ‘
U.QF- 2 i . -
; / @ §$=0.87 X
g ® $=1,27 ¥
i . B §=2.16 ), H
1 | r i ¥
a2 5\
1. a g
[ s
Y iyl
4
o
3
6.G beEn 24— ; L ' -5
0.0 6.2 0.4 0.6 0.8 1.0
1 BN i i
0'2 ™ -
G.0 o L ! r

—
o)

0.0 0.2 0.4 0.6 - 0.8
N-D DISTANCE FROM INNER WALL - Y/h,
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_ Fig.AB-13

PRE-DIFFUSER QUTLET PROFILES
FOR TEST SERIES 5-0.5 '

i/ B $=1.31
3 B m5=1.78 . j
¥ B 6=2.22 : E}
g | B 5=3.22 .
6.2 ' - | | .
5.G ! : — ! L
0.5 0.2 0.4 0.5 G.8 1.0

f ' . i l
.0 0.2 0.4 0.6 0.8 1.0
N-D DISTSNCE FROM INNZR WALL - y/h, '
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Fig. A5-14 -
PRE-DIFFUSER OUTLET PROFILES
FGR TEST SFRIES 5-0,8

1.6 o e —
L ,—"/:."’ g B H
T -
o - N N
5+ i ) S
Ve
. 7 A/ & K - _
0'8 B . r_ . o . o . 7 - ; K i -
~ . 43 ' )
(—LLJ i L3
U
‘—.
. 7 o _ ‘ \
U.B B . ’ ‘ ’ .‘ | e
. - ¥ ‘ P ) i) o
YL A
’FJ . o
i 2 v
15 ' : . KEY .\ 1
0. 4 .ﬂ' A ! ! K]
Kl K G 9=1,20 % oy ¥
5 85=1,63 .k :
A B $=2.24 A :
rg 1 #A 2] Sé.- 3|2q Al
3 S
0'2 ‘ pad —
4 / L
Y/ 5
[]
6.5 ' ? t |
0.0 g.2 G.4 0.6 0.8 1,G |
l . ! ] T _%
0.6 | o o |

BoAL

o,

6.9 " L ' L
0.6 0.2 0.4 0.6 0.8 1.0

N-) DISTANCE FROM INNER WALL - Y./h,
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Fig.A5-15 |
PRE-DIFFUSER OUTLET PROFILES

FGR TEST SERIES 5-1,5 -

r- ; b | [ -
0.0 0.2 0.4 0.6 0.8 1.

N-D DISTANCE FROM

INNER WALL - ¥/h,

~

(N

L
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) APPENDIX 6,

S  Fig.A6-. I
HEAD STATIC PRESSURE AND VELGCITY PROFILES
| FGR TEST SERIES 2-05. |

TEST

‘ . 1 1.0 BB No
UH/U1-0.678 - UH/UL=, 182
S/ 6.9t '
| 3
! 0.6 k- g4 O
o
C.4 |- O
g.2 |
‘ s O B
- \\ UH/U1=1, 054
N . 1 '_ 8/8 . ‘.
B §o
o -
>
g5
==
N | 1
. o o
o : :
3’*5 uH/Ut=1,530 .
= $/8 -
c__!ﬁ N
O —
...JQ‘J i)
iy 8 (-
>0, |
Df:l:'. N
T L0
. L
L
(e |
2 .
(wn
| 2 1,0
UH/U1=1,245 _ UH/U1=0, 800
S/ G.8 |-
Rea
N
a.6 e
. . . &
- _ . ag | - N
g S 62 |- . 5
: . , I :
I — 0 % 1\ ! |
1.0 (.8 0.6 0.4 GC.. 2 -0 o2 04 06 0.8 1.0




M
y

~ N-D VELGCITY - U/LM
AND N-D PRESSURE DISTRIBU
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. .~ Fig.A6-2. | SO
HEAD STATIC PRESSURE AND VELGCITY PRGFILES
| FOR TEST SERIES 2-15. |

- UHAUL=G, 62T

S/5
i

UH/G1=0.850

f
[
{
J

UH/U1=0.812

UH/Ut=0, 993
S/5

‘ | .
1.6 6.8 0.6 GL.4 GC.2 U 5.2 5,4 4.6 6.8 1.G

N-D DISTRNCE FROM HEAD - YH/hy

2-1515
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. - Fig. A6-3. I
HEQD STATIC PRESSURE GND VELGCITY PROFILES
- FGR TEST SERIES 3-04.

2 1.0 5B
UH/U1=0.679 | UH/U1=1,GT2
5/8 .8 |-
) [\
0.6 N
» . E D
[
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.Fig. A 6-4.
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- Fig.A6-b5.
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o . Fig.AG-6. L :
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S Fig.A6~7. S
HERD STATIC PRESSURE AND VELGCITY PRGFILES
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APPENDIX 7.

FigA7-1 SETTLING LENGTH VELGCITY PROFILES
“FOR TEST SERIES 1-0.5

INNER 8NNULUS. WU . OUTER ANNULUS.

1.u

N-D VELOCITY - U/UMAX.

4 os | .
[ R IO R SO B 1ot _ [P N TN SN U Ny M NN |
0 ' 6.5 t.0 -0 : , 6.5 1.0

N-D DISTANCE FROM INNER WALL - Yih,




: . ~230~
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. Fig.A7-3 SETTLING LENGTH VELOCITY PROFILES
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Fig.A7-4 SETTLING LENCTH VELOCITY PROFILES -

FOR TEST SERIES 2-0,5

©INNER ANNULUS, . WU

: I.Q

a9

 OUTER ANNULUS.

[CUWEE IO NN TS (RN WA DU SO

. 1 . 0.5

3.5

1.0

=

G

N-D DISTANCE FROM INNER WALL - Yi/h,

6.5

N-D VELOCITY - U/UMAX.



-—233 -

. F@;A?us SETTLING LEMPTH VELOCITY PHOFILES
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" Fig.A7-6 SETTLING LENGTH VELGCITY PROFILES -
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*Fug/.\7~7 SETTLING LENGTH VELOCITY PROFILES
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 Fig.A7-8 SETTLING LENGTH VELOCITY PROFILES
FOR TEST SERIES 4-0.7
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SETTLING LENGTH VELUCITY-PROFILES
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'Fig A7-10 SETTLING LENGTH VELOCITY PROFILES
~ FOR TEST SERIES 5-0.5
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 FigA7-11 SETTLING LENGTH VELGCITY PROFILES
- FOR TEST SERIES 5-0.8
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FigA7-12 SETTLING LENGTH VELGCITY PROFILES -
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_ APPENDIX 8. . o ' S
COMBUST)ON CHAMBER STATIC PRESSURE DISTRIBUTIONS
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Fig.A8-3 |
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Fig. A8-4
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|  Fig.A8-5 . S
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DIFFUSER 1,AR=14,2¢=12

- Tablé A9-1 BOUNDARY LAYER AND VELOCITY PROFILE PARAMETERS.

PRE-DIFFUSER OQUTLET SETTLING LENGTHS

INNER B-L OUTER B-L VELOCITY PROFILE INNER . -QUTER
TEST No. S, My - ey |Eah M, oy, RD, @ oo, | (D RO | (h. RO
'1‘-0507';;; 2.1; 1.227 1,021 | 11.48 1,404 1.152' -0.68 0.853 1,008 | 0.94¢ 0.18.[ 0.919 - 0,71
10S14/CT | 6.44 1.280 1.041 | 4.05 1.260 1.036 | 0.23 0.898 1.039 | 0.954 =0.09 | 0.946 0.4
120597/CT | 12.42 4.519 1,117 | 1.68 1.266 1.022°| 0.7¢ 0.874 1.075 | 0.933 =0.48 | 0.951° 0,31
10521/CT | 16.43 1.674 1,175 | 1.45 1,255 1,021 | 0.87 0,841 1,126 | 0.926 =0,54 | 0,956 ~0.03
10532/A | 29.89 2.10%° 1.354 | 1.34 1,300 4.027 | 0.88 0,791 1,253 |0.97n =0.63 | 0,950 =0,32
1-1013/CT | 10.50 1.645 1,163 | 9.60 1.641 1,164 | 0.04 0.800 1.164 [0.932° =0.55 0,931 =0,48
11017/cT | 12,87 1.758 1.206 | 8.25 1,574 1.138 | 0.21 0.797 1.173 [ 0.89s -0.46 | 0,938 0.39
1~1025/CT | 17.00 2.006 1,362 | 5.60 1.411 1.078 | 0.52 0.779 1.222 | 0.312 =0.43 | 0,953 =0.14
1220077/A 9,38 1.609 1,145 [12,81 1,513 1,282 [-0.15 0.774 1.297 [ 0.911  0.57 [0.912. 0,62
1-2016/A | 12,06 1,767 1.208 [10.11 1,690 1,188 | 0.05 0.781° 1,198 | 0,932 - =0,52 | 0,957 0,16
122033/ | 16.02° 2.089 1.346 | 6.86 1,470 1.103 | 0.42. 0.774 1.229 | 0.9%8 =0.48 | 0.930 =042
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Table A9 2 BOUNDARY LAYER AND VELOC!TY PROFILE PARAMETERS
" DIFFUSER 2,AR=1-6,2¢=12°

)

PRE-DIFFUSER

CUTLET

SETTLING LENGTHS

INNER B-L OUTER B-L VELOCITY PROFILE - INNER OUTER
TEST No. Sakhy Hy - ey 8} 2hy H,, o¢s, RD, (:{'f),_ ) (%)41 RO, (%—)49 RD,
20508/ | 6.42 1.255 1,035 [14.26 1.883 1.277 |=0.53 0.80% 1.171|0.952 0.45|0.918 0.57
200514/CT | 10,91 1.4B8 1,111 | 8.19° 1.516 1.120 | 0.10 0.819 1.115 | 0.964 0.14] 0.536  0.6S
2«0517/A 16.80 4.858 1,262 | 5.17 1,365 1,067 | 0.53. 0.795 1,171 | 0.9%44 =0.36 (0,956 ~0.07
220524/A | 26.648 2.498 1.566 | 3.26 4.277 1.060 | 0.77 0.748 1.322 ] 0.533 =0.53 | 0.942° m0.43.
2= 0808/A B.15 1.485 1,107 [ 17,22 2,312 1,496 [~0.36 0.735 1,307 | 0.918 0.47 | 0,922 0,65
2-0812/CT | 12.04 1.781 1,229 |12.84 1,922 4,297 | 0.00 0.742 1.268|0.945 0.32 [ 0,936 0.48
2-0895/4 | 17.92 2.050 1,349 | 8.67° 1,686 1,179 | 0,35 0.746 1,269 0,950 =~0.33 0,942 0,54
2-0820/CT | 21.03 2.425 1,538 | 7.42 4.531 1,126 | 0,49 0.725 1.329'| 0,981 =0.68 | 0,931 w045
2+1508/a | 12.37° 1.791 1,233 [ 15.31 2,472 1,419 |~0.91 0.719 1,331 | 0.921  0.59'| 0.889 0,64
2-1514/A | 17,48 2.194 1,410 | 11.77 1.87¢ 1.279 | 0,20 0.715 1,364 | 0,550 - =0.37 | 0,955 =0,22
2=1523/A 21.88 2.622 1,596 | 9.18 1.676 1.189 | 0.41 0.706 1.395|0.930 =0.53|0.893 =0,89
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. Table A9-3 BOUNDARY LAYER AND VELOCITY PROFILE PARAMETERS.

‘.

DIFFUSER 3,AR=18,20=12°

SETTLING LENGTHS.

PRE-DIFFUSER OUTLET
INNER B-L. " QUTER B-L YELOCITY PROFILE INNER OUTER
TEST No. Bickhe My - oy [ ERh My ot R, (), 4y (%’)4.: RO (%)A, RDto
T | 30408/ 4.98 1.263 1.039 | 16.69 2,084 1.370 | =0.56 0.766 1.231|0.956 0.420.513 0,63
3-0612/CT [ 41.92 4,576 1,147 | 9,96 1.662 1.182 | 0.09° 0.784 1.165| 0.959 =0.09'| 0.940  0.47
1-0416/A | 21.82 2.122 1,403 | S.77 1,428 1,089 | 0.58 0,747 1,287'| 0.9%2° =0.52 | 0,950 =0.13
3-0423A | 31.49° 3.110 1.864| 3.66 1.304 1.050 | 0.79° 0.689 1,523 | 0.918 0.6 0,935 =0.43
3= 0707/A 8.95 1.581° 1,151 ['20.65 2,723 1,687 | ~0.40 0.687 1,462 0.912 0.55:| 0.926 0.6
|3=0711/cT | 14,07 1,899 1,282 | 16.30 2,260 1,489 |=0.07° 0.693 1,386 | 0.957 0.15 | 0,929 0,57
307184 | 26.46 3.019 1.831| 9.20 1,730 1.213 | 0.48 0,668 1.527 | 0.926 =-0.56 | 0,940 =0.42
340722/A | 30.%6  3.383 2,053 | 7.09 1,569 1.142 | 0.62 0.659 1,503 | 0,523 =0.5%|0.908 0,56
3=1208/A | 12.%8 1.846 1,265 [20.26 2,719 1,719 |=0.24 0,662 1,514 [0.501 0.62|0.908 0,68
3121374 | 19.36 2.406 1,535 | 14.66 2.210 1.448 | 0.14 0.667 1,489 | 0.961  =0.15 {0,960 0,33
31223/A | 27.78 3.230 1,944 | 9.88 1,775 4.237'| 0.48 0.650 1,59 | 0.522 =0.66 | 0.876 =0.73
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Table A9~ 4 BOUNDARY LAYER AND VELOCITY PROFILE PARAMETERS

F

IFFUSER 4 ,AR=1-8,2¢=18°

-PRE~D#¢USER OUTLET SETfLING LENGTHS
INNER B-L OUTER B-L VELOCITY PROFILE INNER OUTER
TEST o, Sl My o e | Euh Hpy o, R e | @ RO | @k, PO
4= 0408/A 467 1.311 1,049 |18.18 2.526 1.534 [=0.59 0.752 1,324 0.989 0.48|0.927 0.62
GmOGIVA | 12.86 4.716 1,203 [ 11,01 1,915 1.264 | 0.08 0.764 1,235 0.953  0.20 | 0,945  0.44
4mOB17/A | 2658 2.794 1,628 | 6.12° 1.525 1.122°| 0.80° 0.720 1.40% | 0,93k =0.44 | 0,955 0,23
4w 0422/CT | 2943 3.078 1,785 | 3.98 1.368 4.068 | 0.76 0.704 1,494 | 0.920 =0.54 | 0,936 =0,39
4=0707/A 8,62 1.573 1,160 { 22,33 3,375 1.963'[~0.44 0.67% 4,581 {0.907 0.53}0.902 0.69
4m0711/CT | 93.82 2,002 1,314 |18.38 2,795 4,715 [=0.14. 0.671 4.521 | 0.934 0.40 | 0.926 0.63
(=0797A | 29.87 3.876 2,217 | 9.20 4,788 1.23% | 0.55 0.639 1,710 | 0.938 =0.44| 0,957 0.06
4m0722/4 | 33.54 4142 2,373 7.10 1,639 1.167 | 0.65 0.632 1,777 | 0,583 =0.53.|0.920 =0.42
4=1208/A | 12.1% 1.908 1,279 |22.26 3,300 1.982 |-=0.30 0.642 4.652[0.895 0,66 |0.914 0,45
412124 | 21.24 2.983 1,746 | 14,96 2.372 1,508 | 0.17 0,647 1,619 0,956 0.25|0.92% 0,59 r
4=1229A | 31.51 4.073 2,304 9.50 1.830 1.258 | 0.54. 0.622 1,790 | 0,930 =058 0,876 =0.73
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Tab{e A9 .5 BOUNDARY LAYER AND VELOCITY PROFILE PARAMETERS

*

DIFFUSER 5 AR 16,2p=11 3°(Can’ced)

SETTLING

. PRE-DIFFUSER OUTLET LENGTHS
R INNER B-L OUTER B-L VELOCITY PROFILE INNER OQUTER
TEST No. Sk My o oy | &M Hp o eq R, @), e | R | Bl RO
| 5=0513/A 8.58 1.384 1,076 | 11.43 1,781 1.230 | =0.14 0.796 1.156 | 0.359 =0.45| 0.956.  0.27
SA0S17/A | 14.48 1.682 1.194 | 7.57 4,560 9,128 | 0.31° 0.788 1,162 [0.937 =0.50| 0.934 =0.38
5-0522/A | 16.50° 1,848 1.264 | 6.55 1,467 £.101 | 0.43 0.781 1,186 | 0.931 =0.52.] 0.934. 0,52
5e0532/CT - | 22,94 2.255 1,447 4,20 1,350 4.060 | 0.68 0.758 1,278 | 0.936 =0.49'| 0.918. =0.56 |
5-0812/A | .77 1.546 1,132 [45.93 2,259 1,457 | ~0.24 0.735 1,206 [0.953  0.157 0,940 0,47 _§
5-0816/A | 15.06 {.882 1,279 |12.06 1,923 1,294 | 0.14° 0.732 1.285 | 0.937 «~0.45|0.936 =040 |
S-0822/A | 17.82 2.126 1.383 | 9.50 1,729 1,206 o._s_d 0.737 1,205 0.931 «0.52|0.917 =0.60
S<0R32/A | 22046 2.437° 1,541 ] 7.09° 4,567 1,431 | 0.52 0.723 1,343 |0.326 ~0.53|0.940 =0.56
S=1511/4 | 10.090 1,643 1,168 |17.77 2,507 1.571 |=0.28 0,712 1,378 | 0.9%9 0.35| 0,927 0,60
521517/A 14;64"1;946' 1.304 | 14.52 2,169 1.398 | =0.02° 0.714 1,355 | 0,936 ' =0.55 | 0.902 =0.65
|sers20/a | 17,49 2,206 1.403 [11.18 4,501 1.284 | 0.23 0.719 1,346 |0.921 =0.60 | 0.862 =0.68
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" Table A10-1 PERFORMANCE PARAMETERS-DIFFUSER

1 (AR=14,20=12°)

FLOW CONTINUITY OVERALL PERFORMANCE PRE-DIFFUSER -

| SPLIT CHECK = ~ = — ~ = = _—
" TEST No. s BR800y | ey kb, Byl Sy, Chs Atz Cp, - 2,%
105074 | 0,705 | 4.77  2.93 | 0.390 0.08% 18,11 =0,198. 0.496 | 0.080 0.377  74.66
A=0S14/CT | 4,417 | =1.81  ~0.04 | 0.409 0.315  42.96  0.240 0.367 | 0.053  0.433 85.76
VaOSAT/CT | 1.754 | 1.49°  0.04 | 0.436 0.313  41.26 0,372 0.279 | 0.037 0.431 85,29
1-0520/CT | 2.199' | =0.15 4,12 | 0,478  0.278. 36.43  0.436 0.207 | 0.046 . 0.397 - 78.56
10532/ | 3.257 | 2.33  0.60 | 0.612 0.125 16.85  0.487 0.023 | 0.138 0,252 49,83
9e1013T | 1.300 | ~0.00  2.51 | 0.247 0,438  63.96 0.318. 0,566 | 0.038 0.387  76.50
1ar017/CT | 4.719 | 0.07 ~0.70 | 0.261  0.485 6417  0.386 0.54% | 0.033  0.387  76.52
1a1025/cT | 2.575 | 2.62 =1.05 | 0.289 0.463. 60.92  0.420 0.480 | 0.080 - 0.315 62,39
1=2007/4 | 0.787 | 2.65 . 1.14 | 0.257 0.274 50.09° 0.080  0.524 | D.066 0.332  65.76
1-2016/A | 1.642 | 5.32  0.47 | 0.231 0.513 68.20 0,382 0.593 | 0.071 0.337 66,60
WJ;:;;; 1.94  0.03 | 0.239  0.490 66.32  0.39%  0.519 | 0.057 0.335 66,33
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- Table A10-2 PERFORMANCE PARAME;I'ERS—DIFFUSER 2(AR=1'6,2‘¢=12°) N

FLow : CON'TINUITY OVERALL FERFORMANCE PRE-DIFFUSER

SPLIT CHECK = = ~ ,\_ — ~ - -
TEST No. s Q%R AQ %G, Mg “ts £ o hyy P Are “r, Ea
2=0508/A 0.820 | 3.58 3.0 | 0.317 0.236 41,72 =0.025 0.552 | 0.08% 0,469 75,33
2-0511/CT | 4.199 | 0.84 1,08 |0.275 0.416 59.58 0.278: 0,531 | 0.065 0.514 82,59
2=0517/A 1.712 3.17 0.01 | 0.303 0,447 59,11 0.398: 0.475 | 0,074 . 0.484 77,79
2= 0524 /A 2,485 | 4.00 2.67 | 0,372  0.38% 50,26 0.45% 0.355 | 0.10%  0.399 64.04
z-baoam 0.845 | 3.28 4,15 | 0.264 0.285 50.57 0,049 0,575 o.ooa_i 0.411  65.95
20812/CT 1,208 -0.21 - 1.98 o".aza-:_ 0.465 66,48 0.311 0.59¢ 0.053  0.470 75,53
2+ 081 5/A 1.540 3.80 0.82 |0.232 0.506. 67.98 0.397 0.577 | 0.064  0.458 73,52
2=0821/CT | 2,122 2.33.  1.16 | 0,243 0.54% 67,40 0.435 0.55% | 0.067 © 0.431 '69{24
2+1508/A | 0.882 | 4.40  0.35 | 0,201 0.384  64.29°  0.214  0.577 | 0.086 0.412  66.21
2=1514/A 1.473 | 3.08 1.07 |0.214  0.519 70,19  0.390 0,606 | 0.071 0.422 67,72
z-qsa:é/A 2,303 | 3.54 2.91 10,219 0.5%5 70.16 0.4%3  0.580 | 0.070 0.404 64,83
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TableA10>3 PERFO

RMANCE PARAMETERS ~DIFFUSER 3 {AR=1§,20=12%...

CONTINUITY

OVERALL PERFORMANCE

FLOW PRE~DIFFUSER
| SPLIT CHECK - = - —~ — e = —

" TEST No. s B0, 8O0y | g b, Ede Cp, oy | Az Cp, = Eh
30408/ | 0.328 | 2.97  0.94 |0.283 0.276 48,32  0.020 0.585 | 0.077 0,557 . 79,23
3-0642/cT | 1.262 | =0.24  1.07 | 0.259 0.446 62.43  0.296 0.561 | 0.064 0.590 83,50
30616/ | 1.64% | 2,23 0,80 |0.,275 0,471 62.55 0.404 0,512 0.059 0.568 80,77 |
1-043%A | 2.337 | 0.09  0.79 | 0.321  0.436 57.11  0.452  0.429 | 0.067° 0.480 ° 68,38
3407074 | 0.776 | 5.05 3,92 | 0,232  0.293 56,19  0.059' 0.594 | 0.078 0.487 69,33
3=071%/cT | 1,174 | 0.87°  1.80 | 0.202  0.483 69.6%  0.316  0.626 | 0.045 0.563 77,23
3-0748/A | 4.817 | 1.51  4.16 |0.218 0.535 70,40  0.421 0.598 | 0.052 0.494  70.25
307224 | 2.296 | 2.36  1.58 | 0.232 0.526 68,86  0.441 0.560 | 0.048 ~ 0.458 65,25
341208/4 | 0.8t | 4.78  3.02 |0.233  0.326 56,77  0.114  0.581 | 0.083 0.467 66,45
31213/A | 1.3%8 | 6.22 1,46 | 0,206 0,514 70.69 0,362 0.625 | 0.067 0.490 69,72
3.1223/4 | 2,395 | 2.63  0.39 | 0.198 0.556 72.78  0.455 0.600 | 0 66,60

.058 0.468
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' TableAl0-4 PERFORMANCE PARAMETERS ~DIFFUSER 4 (AR=182¢=18°)

OVERALL PERFORMANCE

PRE-DIFFUSER

FLOW CONTINUITY
| SPLIT CHECK = ~ - - — = = p
TEST No. s 8Q,%Qy  AG,%Qy Ay b £l “byy P Arz b, - Egb
4m0408/A | 0.827 | 5.38  2.98 | 0.304 0.254 64,46  0.041° 0.546- | 0.096 0.510 72,63
406114 | 1,194 | 3.1 1.30 | 0.254 0.43%6 62,48 0,279 0.567 | 0.057 = 0.575 81,88
4m0417/5 | 1,748 | 2.1 2.76 | 0.288  0.463  61.12  0.382 0.510 | 0.065 . 0.519° 73,86
4=0622/cT | 2,256 | 416 2.76 | 0.330  0.428  55.97 0,402  0.635 | 0.105 0.451°. 64.21
4=0707/4 | 0.776 | 6.79°  3.12 | 0.264 0.260 48.12  0.056 .0.527 | 0,114 0.416 5921
WeOPIV/CT | 1,133 | 3.48 2,36 | 0.230  0.466 66,92 0,291 0.579 | 0.078 0.470 66,9
4=0PA7/A | 1,776 | 1.08 1,53 | 0,238 0,514 67,71 0,370 0,504 | 0.060 0.432 61,47
im0722/A | 2,247 | 5.28  0.98 | 0.255 0.562 65.76 0.375  0.559 | 0.076 - 0.396 56,33
4=1208/A | 0.865 | 5.94  3.68 | 0.256 0.318 53,92 0,136 0.529 | 0,103 0.405 57.67
4a1212/A | 1.266 | 5.200  1.93 | 0,241  0.463 65.06 ° 0,314  0.580 | 0.07% 0,440 62,83
4e12217A | 2.162 | 2.63  0.57 | 0.241 0.514 67.25 0,373 . 0.579 | 0.063 0.405 57,59

A
<

~g52z~

7-0tv °1qel



AL

" Table A10-5 PERFORMANCE PARAMETERS—DIFFUSER

Y

5(AR=16,20=113%Canted)

FLOW CONTINUITY OVERALL PERFORMANCE PRE-DIFFUSER
. SPLIT CHECK —~ - = = — < = —
TEST No. 5 AQUG, - BGNO, Apeg S - St Sy Az Cp, * Egh
5~0513/A | 1.310 | 4.22 - 0.23 0.270  0.4642 61.48 0,252 0.586 | 0.066 0.505  80.28
S.-OSf}'?/A 1,787 | 4.26 1,45 | 0.267 0,485 63,95 0,384 1 0.542 | 0,067 0.500 79,76
5m0522/A 2.220 | 4.76  2.15 | 0.274 0.484 63,37 0,432, 0.508 | 0.078 0.480 76,48
S-0S33/CT | 3.206 | 3.70 2,47 | 0.300  0.428 57,47  0.471  0.418 | 0.111  0.414 © 66,01
S=0812/A | 4,209 | 4.54 © 1,61 | 0,229 0.461 66,03 0,289 0,605 | 0.082 0,434 69,27
S-.0816/A' 1,695 | 3.58 1.'26 _o'-.'zzo 0.528 69,99 0.411 0,598 | 0.074 0‘.'646,- 7{.18-
5-0822/4 | 2.240 | S.16  2.11 | 0.219 0.538  70.35  0.450 _0.577 | 0.074 . 0.443  70.45
5-0832/A | 3.2%7 | 5.18  1.47 | 0,229 0.506  68.07  0.474 0.517 | 0.094 -0.409° 65.17
5-1511/A | 1,105 | 5.0 1,42 | 0.228 0,440  65.06  0.270- 0.504 | 0.087 0.399°  63.65
5-151?)% 4,747 | 407 2,31 | 0.212  0.5%9 71.0% 0. 410" o.sn?‘ 0.069 . 0.425 67,82
51 529/A 4.45 0,78 | 0.208 0.458  0.556 | 0.082 0.416 64,25

2.344

0.531 70,65
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