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Abstract

Theoretical and experimental investigations of discharge coefficient and jet deflection have been
made for holes having parallel flow to the plane of the holes with and without cross flow.

In’ the experimental investigation. geometric configurations studied were, circular holes. oval,
rectangular and square slots. The main geometric and flow factors affecting the discharge
coeffiecient and the jet deflection were studied.

The geometric factors were, ratio of hole area to approach duct area ranging from .06 to (1.6,
slot aspect ratio ranging from 1 to 8. with a duct depth of 31.75 mm.

The flow factors were, static pressure ratio ranging from 1 to 1.12. bleed ratio through the holes
and approach velocity.

The results of these investigations have been correlated with a dimensionless flow parameter
incorporating both the geometric and the flow parameters.

Good agreement has been achieved between theoretical and experimental results as well as
between this work and the previous work within the range of investigation.

Introduction
In simple tubular combustor systems for turbojets and ramjets, it is required to achieve high heat
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relcase and stable llame at the primary zone ({figure 1). as well as to have a good air flow
distribution and adequate penctration at the dilution Z()nc(”'

Air llow distribution between those two zones is still the major problem of the design engineers.
The llow of annular air to these zones is governed by the gecometric and the flow parameters of the
svstem under consideration.

The work presented in this paper is a theoretical and experimental study of the main geometric
and llow paramecters alfecting the discharge coclliecient and dellection angle for the most and
common {lush hole shapes used in combustor liners.

An attempt has been made to correlate discharge coellicient and dellection angle with a
dimensionless (low parameter defined as the ratio of the jet dynamic pressure to the dynamic
prcssur.c of the approaching streamlines.

Although these data correspond to flow parallel to the plane ol the hole with zero internal tlow
case. it has been shown ) that such data can be satislactorily applied to both internal and external
flow cases. since the jet velocity is greater than the internal llow velocity. It has been also shown
that the cllects of wall inclination and curvature are negligible.

For special applications such as liners designed with high annular air velocity and low overall
pressure loss. other hole types such as thumb-nail. scoops. step louvers and scoops over circular
holes were also studied by many authors'3).

Notations

A Arca  mm?

at ratio ol slot to duct arcas

C discharge cocllicient

\ flow paramcte

A momentum N

n number of slots

P absolute total pressure N /m?
p absolute static pressure N/m?
Q air flow rate m*/s

vV velocity m /s

\.Y.7 duct dimensions mm

'{ bleed ratio = Qi /0l

0 momentum loss factor

N bleed to arca ratio = a/a”
n density Kg /m?

0 detlection angle to hole plane degrees
Sullice

h hole

j jet

0 no cross tow

1 hole upstream condition
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2 hole downstream condition

I’ duct conditions above hole plane

Theory

The following assumptions were made and two analyses were investigated:

— flow was assumed incompressible and two dimensional

— discharge coefficient was defined as the ratio ol the jet arca at the vena contracta normal to the
jet axis and the slot arca

— steady and unilorm How conditions upstream and downstream the test section as well as at the
jet vena contracta

— static pressure opposite to the holes was 1o be assumed uniform and equal 1o the approach

stream static pressure.,

jet static pressure at the vena contracta was equal to the surrounding pressure

Analysis |1

This analysis assumes ideal flow conditions with no change in the axial direction ol the
approaching stream.

Applving continuity, Bernoulli and momentum equations for the flow pattern shown in figure 2:
contiunity equation

\’2=\’](I-2) ()
Bernoulli's equation

A a 2
l’."P|='—(VT"“V_’) ( )
2
momentum cquation
i)\ direction
pAVE =V = C pA, ¥ cos § = A (p2 = i) (3)
i) 7 dircc.tion
PP =p C\’i' sin (J ()
from above equations
1 V, -V,
C=—, (—— (5)
a' V.
)
1 Vi 4y,
® = cos™' . (6)

2V,
)

llow pdramclcr K

[t was Jound that the ratio ol the jet velocity to the approach velocity of the stream, is a main
factor governing both the discharge coellicient and the dellection angle. This paranieter denoted by
K was delined as:
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K = l\" /\’|’1

(7)
i terms ol K, the above. equation give
. 1 M
L glie ki (%)
i
1 - 2—u
i = o8
7 (9
2JK )
equations 1 and 3 give
. I K=1
M e sin ! (— —— (10)
20 K
cquation 9 and 10 pive
K-1
( = — (11
VKK =(2=2)*]
cquation 8 and 11 give
K |+ 2pd 4+ ¢ ApY + P4y - <) (12)
‘The above equation represent two cases oi flow
I No cross llow
l.e all the approaching How pass through the siots
9w | 4) Mo o= 1/’ (13)
X | I
Ln B2 . — 1 all
VAR
(bu - ('().‘iml ( —) (13
K
or
i ’(‘u (lh)

(l)“ = COS -1 (=—)

-

from equations 12 and 13
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(17)

ii) With cross flow
In this case o{(a{l.o
from. equation 8 and 9

1 Ca .2-—01 (18)

Analysis 11

In this analysis, the effect of change in the axial direction of the approaching stream was taken
into consideration as shown in figure 3, and this change was denoted by the momentum loss factor

5.
Applying the momentum equation irf the Z direction

M; — Mi) sin @ = Ap (pj -p) (19)
equation 19 results in

The value of & was found experimentally and was varying between 0.75 for high values of flow
parameter and 1.0 for low values of flow parameter as shown in figure 4 for rectangular slots.
Substituting by vlaues of 8, the equations of flow parameter become as follows for the two cases of

flow:

i) No cross flow

1.28 -
K=1+?; (1+1+1.17a"% ] (21)

ii) With cross flow
K=1+0.64 202+ \/4p* +1.56 p* (4o — &) ] (22)

Figure S5 shows the various relations between C, and ®, versus area fation a°.
Figure 6 shows the various relations between a* and p versus flow parameter K.
Figure 7 shows various relations between C and @ versus the flow parameter K.

Apparatus
Figure 8 shows the apparatus used for the investigation. It consists of a 114 mm diameter steel
pipe supplied with oil free air from a roots blower of capacity 90 m* /min at delivery pressure of 0.5

‘e
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atmosphere and running at 400 R.P.M. Air flow was controlled by a spill valve at the compressor
outlet and another three spill valves, one. upstream the test section, the second downstream the test
section and the third downstream the jets. The test section was made from transparent perspex plate
6 mm thickness with dimensions 460 x200 x32 mm.

The jets were enclosed into a perspex plenum chamber underncath the slots of dimensions
185 % 185 X 300mm.
Test Plates

The test plates used for the investigation were made of a 1.5 mm thickness aluminium plates
having flush suface with the duct floor. Leak proof connections were made using sealing strips of
bostik 5 material. 20 configurations were investigated covering circular holes. oval. rectangular and
square slots with different number of holes and an arca ratio range from (.06 to 0.6 and aspect
ratio range from 1.0 to 8.0 as below:
i) circular holes
n 7 7 5 5 3
a'  .059 .122 .254 .381 .595
ii) oval slots
n 7 7 5 5 3
a® .039.122 .252 384 .604
iii) rectangulat slots
n 7 7 5 5 3
a' .059 .122 .252 .384 .600
iv) square slots

n 7 7 5 5 3
a®  .060.122 .252 .384 .600
Figurc 9 shows a specimen of test plates

Instrumentation

Static pressure was mea ared by 17 static pressure tappings as shown in figure 10 and the jet
static pressure was measured by static probes tangential to the jet profile downstream the test hole
as shown in figure 11. Total pressure was measured by an ordinary pitot tube with square
cylinderical nose arranged in two sets of 7 probes cach 25 mm apart across the test section and
located 174 mm upstream the test section and the other set at 67 mm downstream the test scction.
The probes were designed to move vertically to allow velocity survey across the test section.
Diffcrential mercury and water glass manomecters were used for pressure mecasurements. The
temperature was measured by mercury in glass thermometers. and mass flow rate was measured by
sharp edged orifice plates with 1D and D/2 tappings according to B.S. specification 1042,
Dcflection angle :

Preliminary tests were made for jet deflection angle using tuft tcchniquc“’. A simple mechanism
was designed for approximate measurement of the deflection angle using a rotating and thin mica
sheet placed just below the hole centre line as shown in figure 11. Accurate measurement of the
deflection angle was made using a thin aluminium plate (20 swg) coated with a wet powder () of
saturn yellow submerged fluorescent pigment series A or carbon powder. The plate was fixed in a
perpendicular direction to the plane of the test plate and in the jet direction parallel to the axis of
the test section. This powder technique was found satisfactory in giving a clear jet pattern and was
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found suitable for measuring the deflection using a bevelled protractor as shown in figure 12.

Discussion of results
Analysis 1 of the investigation was found satisfactory as a first approximation and it was found

that for the discharge coefficient,

2 o
C=—— (—) cos®
a’' 2-a

for the deflection angle,

2
® =cos ™" ( _u)
2,./k

Results are shown in figure 7 as a relation between discharge coeflicient and jet deflection versus

flow parameter.
Analysis II was found more precise taking intc account the momentum loss of the approach
stream as shown in figure 7 compared with analysis I. The two cases of flow are discussed as

follows;

i) No cross flow
It was shown that smaller holes have the largest values of discharge coeflicient and deflection
angle for the same pressure ratio and vice versa as shown in figure 13 for circular holes.

ii) With cross flow
For a given hole configuration, the rate of change of both the discharge coeflicient and deflection

angle was found to be small at high pressure ratios. As the pressure ratio approach unity. the rate
of change become larger until both the discharge coeflicient and deflection angle was found to be
small at high pressure ratios. As the pressure ratio approach unity, the rate of change become
larger until both the discharge coeflicient and deflection angle tend to zero.

Both the dischagre coeflicient and the deflection angle were found to increase with decreasing the
approach velocity as shown in figure 14 for circular holes and similarly for other hole shapes.

With equal area ratio and number of holes. oval slots were found to have higher values of
discharge coeflicient over high flow range. Circular holes have higher values of discharge coeflicient
over low flow range. Rectangular slots lic in between circular and oval slots with respect to
discharge coeflicients as shown in figure 15 over large range of flow.

The effect with respect to the deflection angle was found to be the same, but rectangular slots
were found to have higher values of deflection angles over high flow ranges as shown in figure 15
as well as over low range of flow parameter.

Figure 16 shows good agreement between analysis 11 of the investigation and both the
experimental work and Fielding's work (5), Figure 17 shows satisfactory agreement between
analysis I of the theoretical work and experimental results for circular holes as well as
Gandamihardj’s work(®),
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Conclusions

from theoretical and experimental investigations. it was found that the dimensionless flow
perameter, is of great importance for correlating the discharge cocflicient and the deflection angle. [t
was also shown that the momentum loss of the approaching strecam has a great effect on both the
discharge coeflicient and the deflection angle when comparing both analysis | and analysis II over
all the flow range.
The effects of various geometric parameters were found to be;
Area ratio; small area ratios, were found to have higher values of discharge cocflicient and
def lection angle all over most of the flow range.
Hole shape: for small flow range, it was found that with large holes. the circular ones have top
values of discharge coefficient and deflection angle over other shapes.

Square slots were found to have the lowest values of both discharge coeflicient and deflection angle
over most of the flow range. Oval slots were found to have higher discharge coeflicient and jet
deflection than rectangular slots over most of the flow range.

Ratio of hole width to plate thickness: it was found that both the discharge coefficient and the
deflection angle increase with the decrease of this ratio.
Slot major dimension: for narrow slots (high aspect ratio). it was found that both the discharge

coeflicient and the deflection angle decrcase as the slot major dimension excceds the approach duct
area.

Acknowledgements

The authors would like to express their most sincere thanks to professor A.H. Lefebvre. the former
head of the department of Aircraft propulsion. the department staff and the workshop staff at

Cranfield Institute of Technology for the helpful advice and assistance they offered. to carry out the
experimental pari ~f this werk,

References ., -

1- HAWTHORN, W.k. ..... JLSON, W.T., “High speed aerodynamics and jet propulsion™. Prinston
series, vol.XI. AR — .

2- GROBMAN. ].S. and DITTRICH, R.T., “pressure drop and air flow distribution in gas turbine
comustors”, Trans, A.S.M.S., vol.79 No.7, pp 1601-1607, '1957 ) ) "

3— DITTRICH. R.T. and GRAVES, C.C.. “‘discharge coeflicient for combustor liner air-entry holes”
N.A.CA.T.N. 3663, 1956

4— “Aerodynamic measurements. M.L.T. press. 1956 o 3 "

S5— FIELDING. S.H.. “data on coefficient of discharge of a plain circular hole in a wall of a duct”,

Lucas report No. B 45, 893, 1963
6— GANDAMIHARDJA.O.."jet deflection™, Crafield Institute of Technology. 1962

85


https://v3.camscanner.com/user/download

LINER MHOLES

OOY o/>>\o

SPARK PLUG

~—— PRIMARY ZONE——T— SECONDARY ZONE—'\ FLAME TUBE

FIG. I- TYPICAL AIR FLOW THROUGH LINER

I )
|
|
|
|
L}
[
|
|
|
|
|

u
|
|
|
/

r-x

B e L.

W

‘ FIG.3. FLOW PATTERN. ANALYSIST.

86



https://v3.camscanner.com/user/download

COEFFICIENT C

e
o
|

DISCHARGE

MOMENTUM LOSS FACTOR

®

~

1
(R

@ NO CROSS FLOW
O vy= 25 m/s

X Vi= 40ml/s

e —
X .Y
2]
o * X
] L PHI O A O A 1 i1
I 3 4 S 6 7 8 90 20 30 40
FLOW PARAMETER K

DEFLECTION ANGLE

13

FIG.4 - MOMENTUM LOSS FACTOR d'a 0.25

—=— = ANALYSIST

—— ANALYSIS IT

,..

L
.
.

0.2 0.3 (o 2 ) 0.5 0.6
AREA RATIO d'

FI1G.5 . THEORETICAL VARITION OF DISCHARGE COEFFICIENT

& DEFLECTION ANGLE _ NOCROSS FLOW

87


https://v3.camscanner.com/user/download

TR AR SRS o S-SR S————————

OllVY Vv3YV/Q3T18 ANV V3HV HLIM HILIWVHVA MOT4 40O NOILLVIMVA ~9 'Ol

n Y3ILINVEVd MO4
e O olseL9 S ¥ € z i
[T T T T T 1 T T L I | T | LR L I ! A_. 10°
/ 4z Feo
/
/9 L
YVINONVIDIY y ¢
LJ
ke pufl = >
SLO1S VA0 © II SISAAVYNY —— . I c o %
m m
$370H HYINDHID O I SISAMYNY =---— W2 o Lw..ml >
|o.m 50 P
- ] —
Loy )
IM. .lwo. o
46 D — ©
-] m = =]
o o
*
de> L,
—— ﬂ —
— ' Iv-
-~ s —
g 0 _llo-
— L —
— 8 IIQ.
p— o —
=101 =1



https://v3.camscanner.com/user/download

%0 (&) —_—— ——
° r
A z
w /
w (8]
{’-'08 E //¢{‘
Zz b =
<
>4
w
Q8 v
O
v <
u T
o 7]
W 7]
D
se¢ O.
ANALYSIS T
82 ANALYSIS TT
sol oI 1 L 1 1 s 1 ¥VIy 1 1 & 1 11111 1 l 1 1l 1 1112
2 3 4 5 67890 102 10

FLOW PARAMETER K
FIG.7 _.VARIATION OF DISCHARGE COEFFICIENT AND DEFLECTION ANGLE WITH
FLOW PARAMETER _ WITH CROSS FLOW

89


https://v3.camscanner.com/user/download

Y SE—————— T e s

FIG.9_TEST HOLE CONFIGURATIONS

90

e e oo



https://v3.camscanner.com/user/download

STATIC PRESSURE TAPPINGS

TOTAL PRESSURE PROBES

o Lo]o) 200 300
e
SCALE IN MMS
FIG-10_TEST SECTION AND INSTRUMENTATION

91


https://v3.camscanner.com/user/download

B i



https://v3.camscanner.com/user/download

®°

DEFLECTION ANGLE

~ ~
(0] @ @
J
.65 |-
3 @ e
© © N ™~ c
90~
@ )
60 |- L
)
[ X
85 ~ = .
c _o—g X - —
w -58[. \\\\.\\.H!\n‘ln\l.\l\u\\ - = =
& (S =B - -
80— w e — = — - .
9 6 >
<
<<
w .S0O [~
o X X X
75 -
ol *
.45 te O a 0.-059 ®a 0.38]
L J
®a o-122 X o 0.595
70 ©c O.25¢
40| 1 1 1 1 | |
1.0 1.02 .04 106 1.08 I.10 112
STATIC PRESSURE RATIO P,/ P

J

FIG_13. DISCHARGE COEFFICIENT & JET DEFLECTION

FOR CIRCULAR HOLES


https://v3.camscanner.com/user/download

S370H &(..".DUE_U 404 NOILD3AN43a 131 ¥ IN3IDI4430D 3IDUVHISIO~¥1'O1d

[
d/ d Ollvd  3¥NSS3Hd Jlivis
Zil ol'l 801 901 vo-1 zZo-i o

T T T ) T T T [ © [¢]

23¢/wOY 'A X
Ns/wgz I, o

.OU IOQ_.’_U._
-
MO14 SSO¥D ON © A I
T m
> [ n
T ~
] o
z <+
09
0 > =
= a
m
9
X  —— a F m
e s [ m
s, G — n @
| —m—— ——0© — — T m °
— = — vom ~08
(@)



https://v3.camscanner.com/user/download

o} ELECTION ANGLE

80

N
(e]

NT

&

DISCHARGE COEFFIC

—— -
_ = — = -

_— DISCHARGE COEFFICIENT

‘// DEFLECTION ANGLE

CIRCULAR
7 OVAL SLOTS
~ RECTANGULAR

1 | 1 ) I N T W

10

FLOW PARAMETER K

F1G.1S_ DISCHARGE COEFFICIENT AND JET DEFLECTION VERSUS FLOW PARAMETER


https://v3.camscanner.com/user/download

96

c

COEFF CIENT

DI SCHARGE

— — — c—

381
-
 — — -
’—— —-—_——_
— —
/, ,"’ 59
— a—
— -— — —
-— — —
/ — —
— a—
-—
-
-
//

O CIRCULAR HOLES

——- REFERENCE 5

FIG.16 - DISCHARGE COEFFICIENT FOR CIRCULAR
HOLES _ COMPARISON OF RESULTS .

) 1 'l A
70 -80 .90

L L
-S5O -60 .
BLEED RATIO o

1.O



https://v3.camscanner.com/user/download

$°

ANGLE

DEFLECTION

90

80

75

70

—.— ANALYSIS |

ANALYSIS 1O

-O—- EXPERIMENTAL
—-=—--~ REFERENCE 6

65

0.2 o3 0.4 o5 0.6
AREA RATIO -1

FIG.17 - JET DEFLECTION FOR CIRCULAR HOLES _

o7 0.8

COMPARISON _

97


https://v3.camscanner.com/user/download

INFORMATION FOR CONTRIBUTORS

A. Aim and Scope:

The aim of this journal is to further the understanding of Enginecering Technelogy and
related sciences. Contributions that are original, valuable, or uscful. conforming to the
aforesaid scope will be considered for publication cither as a paper or as a report. Fvery
contribution will be refereed and assessed. to ensure the highest possible standard.

Contributions published (or submitted for publication) elsewhere will not be considered.

B. Instructions to Contributors:
1. Manuscript:

Three copies of manuscript (the original with two legible copies) (in Arabic with
an English Abstract or in English with an Arabic abstract should be submitted). The
manuscript should be typed only on one side of an (A4) standard paper in double
spacing and with ample margins. Each page should be numbered.

2. Contents:
The contents of the manuscript should be arranged as follows:-

— Title of the article followed by the name(s) and address(es) of the author(s).

— Abstract of not more than 100 words summerizing the essential contents of the
paper.

— A list of symbols and notations used in the paper.

— Text including Introduction and Conclusions.

— List of References.

— Appendices (if any).

— Drawings and photographs.

3. References:

References to published literature should be quoted in the text with raised
number(s). They should be listed as follows:—

Author, Title, Journal (Vol., No. Year & Pages).

Publisher, Year & Page in case of books.
4. Tables: _

Tables should be typed on separate sheets. They should be numbered consecutively
and have ample descriptive titles. Tables should not repeat data which is available
elsewhere in the paper.

5. Drawings:

The original drawings (in china ink) on tracing paper neatly drawn. with letters

and figures stenciled, should be supplied. All drawings should be adequately and

98



https://v3.camscanner.com/user/download

precisely titled and all symbols defined. ‘Care should be taken to ensure that the
drawings remain clear in case size reduction is necessary.
6. Photographs: )
Three copies of cach photograph on glossy paper should be supplied.
7. Equations:

At least 2 ¢cm space between equations and text or succeeding equations should be
allowed. Confusion between letters and numbers should be avoided.
8. Computer Programmes:

If it is necessary to include computer programmes these should form part of the
appendices unless the programmes themselves constitute the main part of the text.
9, Submittal:

Papers should be addressed to:-

The Editor

“University of Technology Scientific Journal™
¢ /o Electrical Engincering Department

The University of Technology
Tel-Mohammed. Baghdad - Iraq.

99


https://v3.camscanner.com/user/download



