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dJection 1

S U MMARY

Theoritical and experimental investigations of dlscharge

coefficient , and Jet deflection Lave been maode for holes
having parallel to the plane of the hole .

In the experimental investigation geometric configurations
gstudled were , circular holes , oval , rectangular , and
square slots . The main geometric and flow factors afTfecting
discharge coefficient and Jet deflection were studiel ,

Geonetric factors were ¢ Ratio of hiecle area to sprreach
duct ares d? » renging from G.0535 to 0,6CLC 3 31lot aspect
ratio from 4,0 to 8.0 ; Slot majpr dimenaion alongz the flow

up to 2.0 inch with duct depth 1.25 inch ; and slot shape .

Flow factors were § Static preassure ratio pt / pJ up to

't

1,42 § Bleed ratio & § and spproach velocity V, up 40130 %5 o

The results of these studies have been correlated with
the dimensionlescs flocw parameter K incorporating bvoth the
geometric and flowv factors .

Data are presented in detalled form for direct vse with

survey and. design applicationcs to combustor liners .,
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Sectio

O

ROTAT 103

301 Qﬁt of Emb(ﬂg

A

Area Bq.ft.

Area ratio = ratio of holes or slots to approach area

Rectanpgulayr slot side normal to flow direction fte
Oval slot side normal to flow direction ft.
Ractangular alot side parallel to flow direction fte
Oval slot aide parallel to flow direction ft.

Rectangular slot aspect ratio
Oval elot aspect ratio
Discharse Coefficient

= ratio of measured to theorstical flow throuzh hole or slot

Flow rate correction factor for temperature effect

Velocity correction factor for temperaturec effoct
Specific heat of air at constant pressure = 0.24 CﬁU/lb.ok
Specific heat of air at constant volume = 0,17 CHU/1b. k

Circular hole dianeter ft,
Gravitational acceleration = 322 ft./aecg
Flow parametser

= Ratio of Jot dynamic pressure to approach dynamic

Preseuro = Py = pJ/P1 - P

- Vf/?la for inconpressible flow

Air flow rate lb-/hrc
Hmﬁntum lbcf
NMurber of holes or slots



HOTATIONS (econtimied)

o i < 3

3

Y/Z

S —» > ol

Absolute total prossure

Absolute static pressure

Absolute temperature

Alr volocity
Duct horirvontal width normal to flow dirsction
Duct horizontal width parallel to flow direction

Duct depth vertical to XY plane

Duct aspect ratio

Bleod ratio = 1..1/1.1

» Ratio of actual air flow rate passing through
holes or slots to approaching flov rate

Ratio of specific heat at constant pressure to

specific heat at constant volumes = 1.4

- Momentum loss factor

Ratio of Bleed to area ratio = o /a*

Density
Deflection anéle, between Jet axis and the

dowvnstream plana of the hole

Te

lb./Bq.ft.
1be/8q.Lts

ft./beﬁt

ft.

£t,

1b./cu.ft.

degroes



el mffg nOtﬂtiQn

Ata, Atnosphorice conditions

Bleed orifice plate conditions
Dovnstrean orifice plate conditions

Jet conditions acsumed at the vena contracta

Ho cross flow conditions

g O ¢t 2 3

Theoretical flow through holes or slots with C =» 1,0

upstrean orifice plate conditions

Steady flow conditions approaching holes or slots

N

Flow conditions opposite to hole centro line

N e =~ O

Steady flow conditions downatream the holes or slots



Section 4
v RODUCT IO!

In the eimple tubular combustor system for turbojets and ramjets,
figure 1, at the primary zone 4t 48 required to achieve a high heat

raleace and stable flame, At the dilution wone to have & good air
flow distritution (Ref. 1 ), and edequate penetration, In both zones

these requiremants needs to be with the minimum total pressure loss
for high overall efficlency, short liner length, and light simple

construction (Ref. 2 ).
The air flow diastribution between these two zones is atill the
main prodblen of the design engineer., But the flow of anmular air

to these zonas 18 governed by tlie geomotry of the systeam, hole

coometry and discharce coefficient of these holess For light
construction and adequato penetration, the main governing factor is
the deflection angle of tﬁa liner Jots.

The wori presented here 1s a theoretical and experimeantal study
of the main geomotric and flow factors affecting diécharge coefficient
and deflection angle for the coxzxonly used hole shapes uced in comtustor

linero over a wide practical range of geomaetry. These are, plain

circular holes, flush oval and rectangular slots, geometric detalls

are shown at Scction Te¥, slot major dimension with flow direction.

An attecpt has bean made to correlate discharge coefficient and

defle;ctian angle with flow parametor, which is the ratlio of Jet dynamic
pmasﬂm to the approach dynanic prescure, This work can be applied

for btath survey and deslgn applications up to gtatic pressuro ratio of

£
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1.12 ecross the holea.

This 18 moat cuitadble for low prussure loss

combustors and can ellow up to pressure loss factor of 104,
Although these data corresponds to flow parallel to the plane
of the hole with zero internal flow case in the combustor,(Refe. 3 and 4 )

ghowed that such data can be satisfactorily applied to both internal
and externsl flows, since the jet velocity is greater than the internal

flow velocity and the correct jJest atatié preasure isn used., Also
(Refs. 5 and § ) showed that the effect of well inclination and

curvature on discharge coefficient 1s negligible, and (Ref.7 )
showed the same negligible effects on deflection angle.

Theoyotical analysis based on incoampresasible flow glves good
agrecument with experimental results within the range of the experiment.

Although somo authors measured discharge coefficient with parallel

flow, i.e. Dittrich end Graves (Refs. O and 6 ) for circular holes

and rectangulsar slote; Fielding (Ref.a ) for circular holes over a
vide practical range; Callaghan (RafsD ) for circular holes, zQuare
and elliptical slots with normal flow into still and moving streans,

Yo one however has measured the discharge éoefrlciant for oval slots,
and only Candamihardja (Ref.7 ) measured the deflection angle.
Gandamihardja's work covers a sauall range of circular holes and have

been correlated into a' more practical form Appendix 4,

For speclal applications such as liners designed with high
anrular air velocity and low overall pressure loss, the work by
Dittrich and Craves (Ref. 6 ) covered discharpe coefficient for nost

of these shapes such as thumbnail scoops, step louvers and scoops -
ovar ciroular holes.
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S5¢1 Dischargse Coefficient
Dittrich and Graves, (Ref.5 ) measured discharge coefficlent

for combustor linor air-entry holes having parallel flow using
223 X 2423 inch test section, with difforont duct aspect ratios and

test hole thicknssa from 0.04 to 0.5 inch, cnd at alr temprerature of
S UF. They found that discharge coofficient decreases with

increasing approach velocity up to \'1 = 500 £t./sec,, and increases
with increesing static pressure ratio across the hole up to

pl/p J - 1-320
For no crogs flow they showed that discharge coefficient

increases with a decrease of the ratlo of hole area to duct area up

to a* = 0.6, ard increase also with either the increase of wall

thicknesa at the hole or a decrcase of hole dismeter, so that the
ratio of hole diamater to wall thickness is less than 6.0, In their
study they showed that the effect of wall thickness and hole dianater

vere found to be small, effects of duct height, boundary layer
thickness and static procsure level were negligibdle,
A good correlation had been made botween discharge coefficient

end flow parcmeter, tut at high pressurs mtios a pressure ratio

corrsction factor was introduceds This is tho ratio of actual

discharge coefficient to discharge coofficient corrected for pressure
ratio effect. The introduction of this parameter forms a common

curve for various approvach velocitics.
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Provided the extarnal flow passage walls are parallel with
flow direction, ot velocity greater than the internal parallel flow
velocity and jet static pressure assured equal to static pressure

in the liner at the considered point, The corrected coefficient Cp

from Figure 2 is multiplied by appropriate value of (:/Cp from
Fipure 3 to obtain the coefficient to be used.

The saze suthors, (Ref.§ ) measurod the discharge coefficient
for other various configurations of linor wall with approfimtely
the sacze conditions as used with (Ref. 5 )s For rectangular flush
slots with major dimension parnllel to flow direction, they found
that the discharge coefficient is slightly higher than thosze of

circular holes and equare slots. 4And the increace in slot aspect

ratlo increaces discharge coefficient slightly throughout the range

The cain factors affecting discharge coefficient

of flow parsuotor.

are gtatic pressure ratio scroas the hole and duct stream velocity.

The addition of a scoop to a flush hole increapea discharge
coefficlient with flow range extension at low values of flow paramater

lezs than 1.0 (due to ram pressure effect)s But it decreames discharge
coefficient at high valuas with ecoop face areas less than 1.4 tinmes

hole area, Figure 4, The effect of scoopa or louvers is to increace
discharge coefficient and mako flow range wider at low values of flow
parazeter depending on scoop helight which makes them essential in

upstrvan region of combustor liners, having low precsure difference

across openingse.

The authors also showed that the effect of boundary layer
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displacement thickness 18 to reduce scoop face arca. Thus to
correlate diecharge coefficlent in this case with flow paraneter,

boundary layer correctlon factor was taken into consideration.

For calculations based on effective scoop area together with static

prossure ratio effect discussed before, the corrected discharge

coefficient for both boundary layer and statio pressure ratio effects
can be resd fron curve, Figure %, This belng eelected on the basis

of geometric similarity (both shape and sice). This coefficient
mst then be reduced to the corrected dlscharge coefficient for static
preasure ratio alone, by multiplying the ratio of effaective scoop

area (estimated from pressure profile measured at scoop face) to

scoop face arca as follous

i b%
cpn Cp)sﬁ I; - cP;S'u“ "i";")

Tho dasired discharge coafficient can be calculated as for circular

holes using Figure 3.

C
CuC ()
PG,
vhere

A, = face area of scoop tt?
Af* = effective scoop face area 4 tg
b m width of opening ft.

C = discharge coefficient
cp w discharge coefficient corrected for pressure

ratio effect

C_ e n discharge coefficient corrected for both static
pressure rmatio and boundary layer effects

3 « boundary layer displacemont thicknoss.



In many combustor designs, the 1iner walles and outer shell are
not parallels The same authora (Ref. 6 ) showed that for flush

holes and step louvers mounted in walls of convergent duct walls,
inclinations up to 20° had little effect on discharge coefficient,

vith ctatic pressure ratio (pl + g, sin 9 )/p..I instead of ;:'1/;:J for

parsllel holes. Whero © is ths angle detween direction of flow
and hole plana in degrees, and q) is the dynanioc preszure of approach

gtreawm, Figure 6,
Also they showed that multiple flush hole arrangements both in
the longitudenal direction range from 1.5 to 5 hole dismeter (centre

to centre) and transverse direction from 2 to 4 hole dlameter spacing

hag no significant effect on discharpge coefficiont, Figures 7 and 8,

D. H. Flelding, (Ref.8 ) made a detailed investigation of |

discharge coefficlent for plain circular holes, 0.064 inch thicknass,
using 1 x 5 inch test section. Ho studied effects of bleed, area

ratio up to at* = 1,2, pressure loss coefficient, aspect ratio of
approach duct up to 10/1, and jet Each numbder up to 1,0, on dischargo
coefficient. He found that for a given area ratio, disclharge
coefficlent incroases as the bleed increases , till tho flow in the

a;proach duct forms a vortex into the hole, causing decreate of

discharge coeofficlient, DBut in general it decrcasen with increase of

area ratio for any value of bleed. For the effect of approach duct
appect ratio, he showed that for an aspect ratio 2.5/1, discharge
coef{icient increaces contimcusly vith bleed for arca ratio renge of

Oel to 1.2, And with aspect ratio 5.0/1, discharpge coefficient



behavos aa above case up to area ratio 0.14, above which, sudden -
decrease 1n discharge coefficient ocours between blecd of 0.8 and
0.9 due to vortex formation in the hola flovw, Figure 9. - At aspect
mtio 10/1, sudden decreass in discharye coafficient occurs between

bleed values of Q.45 and 0.8 depemling on area ratio.

E., Callaghan (Ref.3 ) measured discharge coefficient for circular
holes up to 0.625 inch diameter, asquares and elliptic slots up to
espect ratio of 4/1, with equal areea end 0.064" thickness discharging

normally into. still and moving alr streams. - Alr jet total tempersture
was 70 and 400°F, In terme of pressure yatio up to 3.2 and Jet
Feynolds mucber up to €4 x 104.*' he found .that up: to.chocking,

discharge coefficient increases linearly with pressure ratio, with
tranaitioﬁ region alightly higher than chocking. Then linesrly again,

Fipure 10, the rate of increase is high below chocking than above it.

At conastant prescure ratio, diéc!*arge coefficlent decreasoe with

{ncreasing jet Reynolds mimber, tut for tho given pressure ratio and

jet total tomperature, ellipses yields the highest diséhnrgn coefficient,

The effezt of stream velocity on discharge coefficlent was neglected

provided that proper ocutlet static pressure was utilised.

5.2 Leflection anzle
Candamihardja (Ref. 7 , k1962) measured the deflection angle for

circular holes dlemeter rarge 0.25 = 1.0 inches with corresponding
arca ratio of 0.0344 = 0.314 respectivoly. He used the paxae rig
befoxje modifications, Secticns 7.1, 7.2, with the Jet issuing into

atmosphere. For deflection angle messurcmsnt hie uszed cardon coated

15.



plate, Section 7.5, FResults of his work showed that with no cross
flow, deflection angle (O is function of area ratio a*, 4is a*
increasses (P decreases and the variation in d") within his range

waa from 8) degreas for largest holes to 88 degrees for the mmallest,
with cross flow he found that (P is & function of bleed ratio (a* U*)

and a%, Yhere U* i3 the jet velocity component normal to the plane

of the holes. Also for a given value of a%, with increace in bleed
(D inoreases, and for a given bleed ratio as a* increases,
(p decma#ee. Raaulta* of his work are shown, Figure 1l.

In a trial to correlate Gandamihardja's results Appendix 4 in

a8 Boxe pra‘ctic.al form. An empirical equation has boen derived from

his work results giving D as a function of a®, a* U* as follovs

(1) with no croes {
CPQ a 83 = 14.43 a®
(11) with crose flow

P = Ba_a.[m_

(a'.u')tsg

- 0575 (330" U° )

These two equations give good agrecment with his work, Figure A4.0,
and to the present work for circular holes Figures 442 andqqg.
M. Cox (Refe 9 ) in his experiments on combustion chasber liner,

ho estinated the value of Coa@ a8 the ratio of axial approach
volocity Vx to Jet velocity, which 1a a good approximation for emall

\

values of (P o and with increasing valuea of q:) s the axial approach

valocity decresses by a factor k obtained from previous tests



80 that ]
¥
Cos CPH K 'i.""l"
J

whoro k o (V:N 1)

From examination of previous rosults Howell (Ref. 9 ) suggested

an eapirical correlation for discharge coefficient as

2
C = C, sin"D

where Co 1o the discharge coefficient for no cross flow assumed

of conatant value.




Section 6

THEORRTICAL  IRVESTICATION

The analyses of thies section deal with discharge coefficient C,
and deflection angle (P , in terms of the dirensionless factors;

arca ratio a*, bleed ratio o(, bleed arca ratio/* , and flow

parazeter K (Appendix 1).
Analysis I assurscs i1deal flow conditions with no change in the

axial direction of the approach oonmentun.
Analysis II deals with directional changes in approach
momantum, and noeds some expericental work to confim the effects

of flow conditions on discharge coefficient and doflection angle.

This was attempted in Appendix 2.2,
The following assuxmptions have been used in the investigation

(1) Dischargze coefficient is defined as tho ratio of Jet arca at

vena contracta normal to jet axis and hole or slot area.
(2) Two dimensional :Ln-compra:@.ai’ole flow, since density changes
in the experiment within 83
(3) Total pressure at the jet vena contracta is equal to the

total pressure of the approach stream.

(4) Static presocure opposite the tzst hole, is unifornm and equal

to the approach strea n statie pressure.

(5) Jet static preasurov at vena contracta is equal to the
gurrounding pressurg.

(6) Uniforn flow conditions upstream, downstrecam and at jet

vena contracta.



(7) Isentropic frictionless flow across the holes.

(8) Effects of heat transfer and boundary lasyer thickness are
negligible,

Analysias I

In this investigation, the momentun equation is assumed to
be valid in x and Z directions with no change in the axial

direction of the approach momsntum, i1.6. with no axial nomentunm
loss (Figum 1).
Applying continuity, DBernoulli, and momentum equations:

(1) Contimuity equation

by = & fpV, = A 5V, = 51"‘1”1“ Jo 45 ¥,

or CApVy = 4 (Vl - Vz) (1)

19.
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(2) From Bernoulli's equation

2 2
SN £I4c Y Vos
Pymp ¢+ =— w p, + “ P, + ‘== (2)
1= P+, [ 2%
J 2 .2
or plupj-r'é—(VJ -'Fl)
Y w2 2
Y 2
(3) Momentum ecuation
(1) Axial x direction
Hl-Hz-HJcQs P = &l(p‘?"pl)
2 4 V.
$ay 2 =0,2) = Sca VZcosf may (=p)  (3)
(11) vVertical 2 direction N pod
AN —_— ™
Nf:‘l o n )ﬁ .
Ah (pl - pJ) = HJ sin q) SR e D e T
%(plupJ)HSCAhVJZBMCP
or - pJ e j’ C VJ‘? ein d) (4)
Fron equation (1)
An VJ
1 N -V
= ae vV (5)
J
Substituting froo equation 21 and 1, equation J deconmes
Coc Pu J*V (6)

2?3



tut for incoupressible flow using continuity equation

L, = AISIVI- A, 5, v,

'{
oY —-—L—L = ]l = "'"""""""""iz ;2 vz
Ay j’l v, 171 1

since Al = A2

oY
v, = V, (1-o) | (7)

by using equations (7) and \Al-:j’) equation (5) becomes

X .
C = s /‘/Y_K_ (B)
av VT
equation {6) becomes
Los C]Dn 2-%) (9)
2 {x

substituting from equation (2), (4) becomes
stn. = 75 S5 (10)

from (9) and (10) by squaring and adding

4K T2 =
4C

or
K =1

— S T— (11)
VK [4k - (2 - %)°]

for this to be trus, equations (8) and (11) should be equal
of

K~1
oF a* VT{_ VK [4K - (2 -04)2]

or KZ-K(2+4/~2)+/*2(2-0()2+1 = (12)




Equation (12) is a quadratic in K which by solving gives

K = 1+2}'3 + V4/h\4 +/«\2(4°(- o(z)
1 |["“““‘“'“""“'
K = 14 2;3" - f apt v ek~ %)

22

Equation (14) represents the flow limit when ™l = 0, this is

true when there is no flow through test holes {1.e. Kl = 1,0,

50 oquation (13) is tho required solution.

A = Care with no croes flow

i.e. 8ll the approaching flow passes through hole
1.0 d s 1,0 , )‘:, = "']'.'

using equations (8) and (9)
1

Com ==
- a*v_l(—

Coaq:lnz 11(

Coubiningz (16) and (17)

a* Co
C&B‘Q%-r >

from equations (13) using (15)

K = 14204 \/4;{”/@, T
R 2 v

oY 2 o LR s
K = 134 '-2-5 +V(1+—?'5) - (1+-?‘-5) /tky‘/f

a% at a*

Various relations betwecn a*, K, C_and (_‘P are represented
o
grophlically Figures 12 to 15.

(15)

(16)

(17)

(18)
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B « Care with cross flow

In this case the approach flow pacses partially through holes
i.0, 0 < °< < 1,0

using equations (8) and (9)

o L X Al
a*hi YK

2 o™

Coa(b o Vx

Combining (8) and (9) together we get

Cos (P = _Q?a_‘_'_ .13_"___0:(). (20)

Tables 2 to $ show values of K, C and CP for bleed ratio range
0.2 < %<0.8, and for values of a* within .05 a* 0.8,

Various relations between a*,o{, /". Ky Cand (D are represented

graphically Figures 16 to 21, values of K from equation (13) as

K = 1+2/‘~2+l/ 4)~4+j«2 (4°(-v(2)

Analysis II
With this analysis a broader approach to the problem 1is

attenpted,, from the physical behaviour of the approach siream

lines. As the approach stream approaches the holes, the stirecam

lines changes its direction from the axial direction of the

undisturbed stream to an inclined direction towards the hole as
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shown (Figure i1). This inclination depends on the flow runce

through the hole, i.e. on the flow paramoter. For very small

\

values of K, the deflection angle approaches goro and the apprcach

strean linea become axiale In this region results of this analysis

approachaes that of Anslysis I,

The effect of the change in axial direction of the approach
romontum appears in this analyeis in the momentum equation as a
factor % s which is called the momentum loss factor. This
nomentun factor affects the valus of K for came geometric and

flow factors conpared with Analysis I, Figure 22, as diccusced later,
It is clear now the cffect of this meomentua factor on discharpe

coefficient and doflection angle,es K is the maln factor governing

thems Complete analycis of the momentun loss factor is discussed

in Appendix 2 2. Equation A2.2.3 chows that the simple form of

the momentum equation (4) 15 written in the fomm:
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o o (Pl - PJ) = % [—3 C vjz rin cp)] (21)

. ] fo~ 1l '
e & ~iN (P = '2' c's \ N ‘ (22)

Cm ___ Y e (23)

froz equations (11, and (23) k

K-k 2+ )07 + )P @ =t)® 41 = 0 ("1

,f‘

Solution of equation (24) glives

K = 1+%2[2 |/4/’~+%3k4a( {?) ] (25)

equation (25) gives the two values of K of which that of positive

value is used as discussed before thus

K = 1 +%2 [2}*2 + v 4/~x4 + 2‘514 o{-clg) ] (20)

For no cyosa flow

21 2 1
K-1+§ [:31» ﬁz+§-2-::§ (27)

It was found that the valus of ‘—'; depends on flow parumeter,

For the configuraticns studied S was varying betwesn 0.75 at high
values of flow pararater and 1.0 as the flow parameter approaches
1#0' Fi@;uma A2-1 to A2-5.
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These figures show that a suiteble mean value of S = 0,8
is covering most of the fiow range for the configurations studied,

So substituting by this value of & = 0.8 equations 26 and 27

becomest

With No Cross Flows

K = 1+1'§8[1+ ‘ 1+117a% (28)
» i

a

With Cross Flows

K = 1+ 0,64 [2}«2 +\‘4)5 + 156 B (4oL~ o2) | (29)

Values of C and (P can be derived with this new value of

K using equations 8 and 9 with cross flow and 16 and 17 with

no cross flow.

Results of this analysis are calculated in Tablea & -~ 10,

reprecented graphically Figures 12 - 16 and 22 - 25,
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Section 7

EXPERIMENTAL INVESTIGATION

7.1 Rig Description and Developments
The rig used for the investigation, Figure 26, Plate 1, was

located at Allis Chalmers Compressor Test Houce, which was wainly
a 4.5 inch dlameter steel pipe supplied with eair from an Allis Chalmers

Rotory Vane Compressor. Compressor delivery 3120 cu.ft./min. of air at

pressure 7 1lb. per sq.in.(g) and running at 412 r.p.m. The test

section was inserted along the pipe 135 ft. from feed point
horizontally. Alr control was made by 4 main valves, Figure 27.

(1) spill valve (s.v.) at compressor outlet

(11) upstream 4.5 inch butterfly valve (U.V.) located

at rig inlet
(114) Downstream 4 inch butterfly valve (D.V.) located

8 ft. downstream test section.

(iv) Bleed 2 inch gate valve («B.V.) located downstrearn.
test holes,
For rig details see (Ref. 7 ) Volume II, and the author's deaign

drawings of rig scheme and components. Due to space limitations,

the rig was extended towards north direction, raised up to a level

of 4,5 ft. from the floor,

7.2 Test Section Description and Develorments
The perspex section 1l.25 inches high, 8 inches wide and 18 inches

long, used for Jet deflection study (Ref.7 ), was slightly modified



for the present investigation as shown in Figure 28, Plate J.

From statlic pressure survey along test section, Figure 29a to £

due to the large range of slot sizes, it was found that the position

of the constant approach static pressure value varies with slot size

used. S0 12 static tappings 0.02 inch diameter were added to the

existing 5 tappings in the longitudinal direction with duct centre

line, and distributed from station 12 which was opposite to hole

centre line as shown in Figure 28b.

Plenmum Chamber
For the necessity of accurate flow measurements through test

holes, especially with smaller hole sizes and very low pressure
ratioss The upstrean and downstream orifice plates are not accurate

enough, and so the need of small size bleed orifice downstream test

holes gave rise to the design of a perspex plemun chamber

7:.25 x 7.25 inches cross sectional area and 12 inches deep, shown on
Plate 4, It was made from 0.25 inch thickness perspex sheet with

1 inch thickness flange 8,75 x 10 inches cross section, to fit tightly
in the test section instead of the perspex frame Plate 6, which was

used for high pressure ratio tests. Also it was used for visualisation

study of jet profiles for various hole configurations.

With both the plenum chamber and the frame, test plates were

flush with duct floor. Using enough studs and & suitadble packing for

adequate sealing of the system, The plemum chamber 2 inch I.D.
perspex pipe was flexibly connected to the 2 inch diameter bleed
pipe ending with the bleed orifice plate and bleed valve exhausting

28.



into atmosphare. The plenumichhmber connsction with the rig is

shown in Figure 26, Plate 2,

7.3 Test Plates
Test plates used for the investigation were made of 1/16 inch

thick aluminium plates (16 s.w.g.), means of fitting test plate
flush with duct floor were considered in plenum chamber design.
Sealing alongits edges was done on plemunm chamber side by sealing
strips of bostick 5.

Teat holes wore designed with an asrect ratio of the approach
stream (6.4/n) in the range of 2.5/1, to avoid vortex formation in
the flow through the holes, (Ref. 8 )« A uniform approach stream
wao achieved by equi spacing each set of holes, which was taken an

odd nmunmber with central hole centre line opposite to static tappings

rowe. Holes have square edges. <mallest holes have a large mumber

for accurate measurements,

The details of the 20 configurations invedtigated are shown
below divided into three groups on basis of hole shape; Circular
holes, oval sldts and rectangular slots, covering area ratio range
fron 0.,0695 to 0,600 and slot aspect ratio from 1 to 8, Plates 7,
8 and 9.

(1) ci r Holea: Code C =~ Flate 7

Five hole configurations

Hole code: Cl C2 C3 C4 c5
No., of Holes: 7 T 5 5 3
1.59

Hole diamcter inch: o229 o472 8307 « 35

29.

Arca ratio a*%; 0595 01223 02542 « 3810 550



50.

(44) 0Oyal slotat Code 0 = Plate 8

Seven slot configurations divided to 2 sudb-groupss
(2) five configurations with the same slot aspect ratio of
2.0, with sinilar muxber of slots and slot arsa to circular

holes (i)i

Slot code: 0l 02 o3 04 05
No. of eldta: 7 T 5 5 3
B' " b, inchs o218 0312 0531 0656 1.%2
Arca ratio a%:1 .0595 01217 0252 e 584 604

(b) For aspect ratio range from 1 to 8, with same area ratio
of 0.252 and sams number of slots 5 eachs Slots code C3, 03
covers aspect ratio of 1 and 2 respectively, Slots Code 06

and 07 to cover aspect ratio of 4 and 8 raespectively,



31.

Slot aspect ratio 1 2 4 8
Plate codes C3 03 06 a7

Ho. of slotss - 5 2 ° 2
e 1inchi 807 dia, 231 375 25
b inch: «807 dia, 531 1,122 1.85
Area ratio a*: 02542 <02 0252 o252

(111) DRectanmular elots: Code R - Flate 9

——
slot aspect rutio
= b/a

Eight slot configuration divided to 2 sub-groupo:
(a) Five configurations of aspect ratio 2.0, and similar in

nunber and slot areas to circular holes and group (11 - a) oval

slots

Slot codae: Rl R2 RO R4 ES
No. of slots: 7 7 - 9 3
a inchi 206 0295 200 062 1,0
b inch: «412 591 1,00 1.24 2.0

Area ratioats ,059 0122 0250 o 584 600



(b) For aspect ratio range from 1 to 8, with same area ratio
of 0.252 and same mumber of slots, 5 eachs Slots code R6, R7
and B8 together with slot code R3 for aspect ratio of 2.0.

These are similar to oval slots (11 = b)

Slot aspect ratio: 1 2 4 8
Plato codei 1o R3 R7 Fg
No. of slotss 5 5 2. >
a 1inch: o708 9 0295 25
b dincht o708 1.0 1.42 2.0

Area ratio: 0202 250 0252 0250

Te4 JInstruments and Calibrations

Tedel Preessure measurements

Te4.1e1 Approach static pressures A complete study of static
pressure distribution along test section Figure 29a to £ and

opposite to hole centre line was measured by 17 static tappings,
Figure 28, Due to frioctional looses and change in velocity profile,

the approach static pressure should be measured as near to test hole

&8 possiblas Since the static pressure at the wall opposite to the

centre of the hole, measured at station 12 varies with flow through

the hole. This aprroach static pressure was found to be stesdy at
station 2, 7.875 inches upstream hole centro line,

Todele2 Jet Stat agure: Due to practical difficulties of

measuring this pressurs at the jet vena contracta, it was assumed

52



that this pressure is equal to the surrounding pressure measured
by static probes made of 1.6 rm hypodermic steel tubes with static
tappings of 00,0135 inch diameter located tangential with jet profile

plates 4 and 6, Tap location 1s not critical in this case due to

the absence of parallel flow on the downstream side of the plate.

Secondary flow effect inside taps was neglected dus to the very

small size of these taps.

Tedele3 Total and dvnomic pressures: These were measured by
ordinary pitot tube with square cylindrical nose 039 inch O/D and

028 inch I/D, The tubes arranged in two sets of 7 probes each,
1l inch grart across the test section and located at station 3}

6.875 inches upstreanm hole centre and station 153 2,625 inch

downstream hole centre. These were deslgned to move vertically

across the duct to allow veloceity survey acrosa the duct, Plate 3.

Manometers: Three types of double tube ¥ inch I/D, Plate 1.

(a) Inclined water manometers for accurate measurements of small
and negative pressures up to 10 inches of water,

(b) Vertical water manometers for measurements of intermediate

pressures 55 inch ranges

(c) Vertical mercury manometers for mcasurements of higher
pressures than 55 inch water.

Errors with water manometers lies within + 0.1 inch water.

T.4.,2 Temporaturs measurements
Alr temperature was varylng with delivery pressure and running

time of the compressor. Temperature was changing within a small



range &5 - 5000. All temperatures were nmeasured by merocury
expansion thermometers 55°C Tanga.

Te4e3 Flow rate measurements
Alr flow rates were measured using sharp edged orifice plate

with D and D/2 tappings according to B.5.1042 {Ref. 10 )« Three
orifico sizes had been used, 3 inch, 2.25 inch for upstreanm and

downstrean ends. For accurate measurements with emall test hole

sizes, 1.25 inch bleed orifice plate was used on the bleed pipe.
Orifice arrangement is shown Figure 27. Flow characteristics of
these plates are detailed in Appendix J.1. The characteristic
formulae used are summarised below,

5 inch orifice plate dia., n = L4445

L = CfL [ICBZ VT VT 3 L3/Hy

2.25 inch orifico plate di&t' n = 0025

L= Cp (563210 \p ] LB/Hr

1.25 inch orifice plﬂte dia., m = 0«39

L = CrL [1&»3:2 FF} Lp/HT

L = Alr flov rate L3/ Hr

Cgp, = Flow rate temperature correction factor

Z = Combined multiplier

h = Differential pressure acroass the plate inches of water
p = Absolute pressure at the high pressure tapping inches

of mercury.
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Orifice plate calibrations:
A separate calibration for each arrangement used in the

experiment has been done. The calibration curves are shown

Appendix 3.1, Errors lie within + 2%,

Te4e4 Velocity Measurements

Approach velocity was calculated by the measurement of approach
dynamic pressure as the difference between total and static pressures

at station 3.

v Cry 369 (P = p1) £t./sec.
3. i P,

Jet velocity was calculated by the measurement of jet dynamic

pressure as the difference between total epproach pressure and jet

static pressure

\r.1 = 18,29 -E-Pl—;s-:-ﬂ-)- ft./sec.
J
where Cfv = Temperature correction factor
Bl 2} = Approach dynamic pressure inch Hzo
Pl - P;) s Jet dynamic pressure inch 520
P = Approach static preé.sure inch H .
D s = Jot density 1b./2t7

Pitot tube calibration:
Datails of pitot tube characteristics and calibration together

vith the derivation of above equation are shown in Appendix 3.2,



7.5 Deflection angle measurement and Jet Visualisation
The method used in (Refs. Iy, and 7 ) was contimued in this

vork at the high pressure ratios with test section arrangement,

Plate 6. The carbon powder was replaced by "saturn yellow

sunbonded fluorescent pigment series A%, giving clearer plicture
and cleaner usa, The method 1s simply by mixing suitable portions

of the above powder and paraffin, then coating a thin aluminium
plate (20 s.w.g.) with the mixture, evenly distributed using a
opacial roller.

¥ith the wet coating, the plate was inserted below the test
plate normal to ite surface, 1.¢. in the XZ plans with one of 1its

straight sides bisecting the Jet., Care should be taken for that

side not to touch the test plate otherwise the effective hole area

will decrease. A gap ¥ inch is sufficient. Also the plate vas
insarted and removed while the compressor is not running, with

sufficient time allowed, for few seconds after the compressor gets
its running speeds Thus a clear jet pattern was formed on the
plate surface as shown on Plates. 12 to 24 .

Deflection angle (D was measured directly using an accurate
bevel protractor, with ite edge running in line with Jjet core axis

as shown on Plate 10.

At low pressure ratios, a eimple mechanism was used on the

plemum chamber; by trying to put a rotating deflector across the
jet pattern within its core. Then the angle can be measured

directly on a transparent protractor atuck on the inner surface of



the plemum chamber,FPlate 1l.
The deflector was made of a steel shim 42 s.w.g. (.004") thick,
1 inch long and § inch wide. It was soldered at right angle,

through a thin groove at the centre of a hypodermic tube 1.6 mm

dianmeter, forming one plens with deflector surfaces The tube was
supported § inch below and parallel to the test hole surface, and
freo to rotate around its axis with a pointer at its end opposite

to the degrees scale.
To avoid gravitdtion effect on the measured angle, due to shinm
weight, 1t was balanced by two tin spots on the other side of the

axis opposite to the shim,

the errors in both systems depends on the reading accuracy and

was within + 1 degree.

7.6.1 Velocity profile
Some preliminary work had been attempted for the study of flow

inside tectisaction. From velocity survey of the approach strean,
with the use of round 7/32 inch 1/D, 1 inch long honeycombs located
22 inch upstream hole centre line, the resulting wvelocity profile

vas fluctuating within 9% of the mean velocity 100 ft./sec. measured

at duct centre line, These fluctuations will cause uneven pressure

distribution across test holes.

Since mesh gauze screens reduce these fluctuations more

effectively due to large pumber of very small jets produced and
rapidly dlend, producing relatively uniform stream although pressure
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drop is highs Several trials had been attempted using several
mesh screens at different poait:loz}s upstream (see author's lab. book),
the best arrangement was found with 16 mesh screen located * inch

upstrecm the honeyconrbs together with 40 mesh &creen located 11 inch

upstrean hole centre, this arrangement is thown Figure 30, The
resulting fluctuations lies within 4.7#% of the mean velocity

130 £t./sec., Flgure 31. The velocity profile across test section
Z direction, is shown Figure 32. The resulting static pressure
distribution is shown Figure 33. Jet static pressure measured all
over tho set of holes was varying within + 0.5% Figure 34. Jet
dynamic pressure was also measured across each hole and showed

negligible variation + 0,5%.

Preliminary work for static pressure survey with the 5 stations,

arises the addition of more 12 stations for pressure measurement

alonz test section as discussed (Section 7.2).

7.6.2 Deflection angle

For deflection angle measurement over a set of holes, preliminary

work showed that the angle variation from one hole to another was
negligible and within + 1 degree. Also the angles measured by the
mechaniem, Plate 11, were checked using fine tuft pileces hung from

duct floor through the holes with short length to lie within the

potential core. Wall effect on side holes was considered in hole
arrangemnentss Several tests with different deflector lengths using

different hole configuration sizes gives a good deflector length of

1 inch with minimum pointer vibrations even with smallest holes.



7.6.3 Precsutions
According to the type of compressor used, lubricating oil

was nacessary for cooling and lubrication of its moving parts.

This oil nixcs with the air inside the comprescor and then separated

by an oil separator at compressor delivery. But oll vapour still

garried by the air which forms 0il droplets after some time of
running. These droplets forms on the tips of pitot probes and
static tappings, so care should be taken to blow those droplets

from time to time especially when significance pressure readings

are notices on the manometer pansl. Also to clean the inner surface

of tast section when nseded.
Accurate measurement of deflection angle needs to check the

free rotation of the pointer about the axis, and the zero reading
bafore starte Also tha right setting of the plate and the bevel

protractor in the correct position.
The rig should be leak proof, 80 leskage was checked at

differcnt connections, especially the test section connoction with
the plemunm chamber using soap solution,

Te7 Jest procedure
For each test plate arrangement, two tests werecarried out as

follows, refer to the rig flow dlagranm Figure 27,

(a) With no cross flow (D.V. fully closed):

¥With this arrangement all the approach flow pass through the
hole 1.8. o = l.0. Tho approach duct flow was gradually

increased and consequently increasing pressure ratio across the hole

39.



and the flow yahge.: . The duct approach static pressure was
kept constant at a value of 33" Hg absolute.

With each setting, the following observations were made:
(1) Upstream preseure, tempsrature and pressure drop across

orifice plﬂtes UOOl' D.0, and B.0.

(11) Constant value of approach static pressure from the

etatic pressure survey along the duct,.
(114) Jet static pressure.

(iv) Dynamic prescure drop across the test hole measured at
station 3, 6.875 inch upstream hole centre.
(v) Static pressure drop acroes test hole,

(vi) Dynamic pressure of the approach stream measured at

station 3-

(vii) Deflection angle as shown Section 7.5.

(b) With cross flowt
with this arrangement, 2 fraction o{ of the arproach flow

rassed through the holes so that 0< « < 1,0, at two constant

approach velocities of 80 and 150 ft./sec., and constant approach
statio pressure of 33" Hg abs. The approach mans flow was edjusted
to give the required value of V, by means of the gpill valve to keep

the same approach boundary layer conditions. The value of o and

henca the flow parameter was controlled by means of valves D.V. and

BeVe

Some observations were made as above with case (a). At high

40,
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values of pressure ratios control was made by means of valves

Se¥s and D,Y,
The method used for reducing experimental data in terms of

bleed ratio ol , bleed to area ratios JN o flow parameter K

and discharge coefficient C, is chown in Appendix 2.1.
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Section 8

PRESENTATION O RESULTS AND DISCUSSION

8.1 Corrclation of results
Discharge coefficient and deflection angle were correlated to

the dimensionleess flow paramater K, which is the ratio of }et dynamic

presoure to approach dynamic pressure. The flow paremeter is an

indication to the flovw range of the hole with minimum limit of 1,0.
At this limiting vallie the preesure drop across the hole is zero
and pl/p y = 1.0 K increases with increasing pl/p 40 and with
decreasing Vl for a given pressure rat}o. Appendix 1. Also K

increases with increace in A and decrease in a*.
The combination of o{ , a* 4is the bleed area ratio M, as «/a%

So M increases with irereace in of and with decreasse in a%, i.e.

& increases with incresse in ]“\ e Fipure 22,

‘? "
‘is
;,_ 2 Discussion of theomtical analyses

t .2.1 Analyeis I

i This analysis essumes no momentum loss in tho axial direction.

., h Althouzh the solution i1s somewhat far from practical results as
% ™
A hown in the behaviour of K, Figures 17 and 22, It glves a good

rond to the variation of C and @ with flow and geometric factors.

(a) with No Cross Flow

This 18 the cace of finsl entry holes of the liner vhere all
the approach flow passes through the holes. Within the theoretical

’ ‘F’: »4"”""*"‘;* 2 {h,,;j:ﬁ:;

B range investigated, .05 a * < +8. The main factor governing

L
2 T
-y
. 1 '

Y
%



C and P is the area ratio. Covaries from «44 with a®* = 8 to 5
with a* = ,05, Flgure 12. d‘)ovariea from 79° with a* = .8 to 8g”
vith a* = .05, Figure 14.  Figure 15 chows the variation of @ and

K with no cross flovw.

(b) With Crose Flow:

Figure 16 shows the variation of C with K. As K tends to

1.0 C‘ approaches gero at high rate of ckange. At high wvaluss of K, °
C incresses slowly with increase in K. The limiting value of C = 0,5,

Figure 17 ghows the variation of /* and K. Figure 18 shows that
for a given configuration, C increases with increase in o and hence

pl/pd. At lov values of o the rate of change is very high with
szallest hole and sunll with the largest hole. At high values of of ,

the rate change is small, and C approaches C, as o{ tends to 1.0.

Figure 19 shows the high rate of change of @ with o with high
values of a%*, VWith a* = .8, CD changes fron 330 to 80° as 4
changes from «2 to 1.0., while with small value of a*m .05 (O changes
from 83 to 89 as o{ changes from .2 to 1.0, l;igure 20 ghows the
conplete variation of @ with K for all values of o and a*.

At low flow ranges, with the care value of K, the largest holes

give top values of @ « This is because the value of M for both
holes 1s the same Figure 22, Hence as X = /’* a* and o is larger

with larger holes, equation 9 gives the walue of @ as

@ »~ 003-1 ¢ = ~

2 VK
1.0, at same value of K, <D increases with increase in o and

L3.



hence with increase in a¥*,
Figure 21 shows the direct relation between o{ , a* and /M

which gives great help in the application of data.

Equation 20 shows the relation between C and O es

C = COB‘D"E‘: ("""""2'(""'
2 -~k

This relation shows that for a given hole configurations
with increasing o{ » € 1ncrease due to the increase in Cp and

hence in Jet area,

8.2,2 Analysis II

With this analysis a broader approach to the practical case
is achieved by considering the axial momentum loss. Figure 22

shows the complete agreement between theory and experiment with
this analysis. Figures 23-25 show the variations of ¢ and &
with &{, a* and K, The trend is the same as with analysis I,
but the values are higher for U and lower for (P with the given
flow and geometric ‘conditions Figures 12-16,



B8e2.2s1 Momentum loss factor

As discussed in appendix 2-2, the effect of axiasl momentum
loss with analysis II is indicated by % . < varies within
75 with high momentum loss at high values of K, and 1,0 with
low momentum loss at low values of X (Figures A2-1 to 5).

Although '% wvas considered as 0.8 in analysis II, this was

the mean value covering most of flow parameter range, and was
used for comparison. For more accurate solution, exact wvalues
of G, should be used within the flov range investigated.

The effect of <o is significant on the value of K as it
appears as a second order factor in equations 26 and 27,

More work can be extended for further study of this

momentum effect in both X and Z directions.

8.3 Discussion of experimental results
8.3.1 Discharge coefficient and jet deflection for circular holes

(a) Mith no cross flow:
Figures 35-41 show the variation of pl/p 5 vith ¢ end @ for

five circular configurations with ,059<a* <595, Figure 40 shows
that smallest hole with a* = 0595 have the largest value of Co up
to 0.7 at pl/pd = 1,12 while the largest hole with a* = .595 give the

smallest value of Co s .58 at same pressure ratio.

Figure 41'. shows the same effect on (D while the smallest hole
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L6,

have a value of ¢’° = 86° at pl/;:u.1 = 1,12, the largest has a value
of CPO = T1° at same pressure ratio.

The effect of pressure ratio is small especially with larpe holes,
tut both C, and O o increase slightly with increasing pressure drop

asr0ss the hole.

The effect of a* can bo explained as follows. With decreasing
hole diameter for the same hole thickness, the flow passage inside the
hole approaches flow inside a short pipe with pipa length equal to
hole thicknsss and with diameter squal to hole diamster. This .
sorfiguration ﬁives the Jet a guldance to flow along hole axie.

Thus (Po increase and C, dincrease due to the increase in jet arva

at vena contracta following cpo. The range inveatigated covers hole

diamater to wall thickness ratio, from 5,25 = 25.4,
(b) With crose flow

Figures 35-39 show the variation of ,3;.;,‘/;:.1 with C and @, for
two approach velocitiea of 80 and 130 ft./sec. For a given hole
configuration at a constant value of V,, the rate of ch.anc;e of C and
® 1o srall at high values of pl/pd. As 1'>1/p.1 arproaches unity
tho rate of change bscomes largs and at the limit at pl/pd = 1.0
both C and (]) have & mul values, The effect of bleed matio & is

the sare as that of presusaro ratio Figures 11l and 120 respectively,

For a given coafiguration with constant valus of pl/pd. C and
increase with decrease in Vl. The change is swall-.at high pressure

ratios and increases 20 pl/p:] decreases and dintnishes &s 1:'1/9.1

approaches 1.0.



Figures 42-46 show the variation of, C and (O with flow
parameter.
Figure 47 shows that exallest holes have highest value of

discharge coofficlent over the whole range of flow paraceter.
Figure 43 shows that emall holes have top values of D with

20 cross flow as the top ends of tho curges indicate. At low
values of K, the largest holes gives the top valuss of @ . The

reacon is discussed st Section 8.2.1.

8.3.2 Discharge coefficient and et deflection for oval slots

(a) With no cross flow
Flgures 49-55 show the varistion of pl/p 3 with C and @ for

five configurations with same espect ratio of 2.0 and with

«059 \< a*\{ i604¢
Figure 54 shows that the smallest slot with a* a 0555 gives-
higher value of C, up to .64 at pl/p s = 1.12,  The largest with

a%* = 604 give a low wvalue of Co = 6 at same pressure ratio,
Figure 55 shows same effect on (O . while the emallest clot
haa a value of CPO = 84° at pl/pd = 1,12 the largest slot has a value

of CPO = 78° at the came pressure ratio.
The effect of pressure ratio is emall, tut both C,and @

increase with incressing pl/pj.

Aspect ratio effect:
Figures 51 and 56-59 show the variation of C and P with pl/pj‘

for 3 configurations of the pame a® = 252 and same munber of slots,

The aspect ratios are 2, 4 and 8 respectively.



L8,

Figure S8 thows that at a given value of pl/ Py» C, increase
with increasing slot agpact ratio. But the slot of aspact ratio 8
givas the naxirvun valusas of Co ovaer the pmsauﬁ ratio rangze. With

geometric study of these configuraticns the major dirensions are
respectively 1.06, 1.497 and 2.1 inches. ‘The increase in value of

Co is clear with ths first two slots, since the depth of the approach
setream 48 in the range of duct dopth. Uith the last slot, the

aprreach stream has the whole depth of the duct, =20 it is more

disturbed by boundary layer thickness before passing through the slot.
Fipare 59 shows tha same effect onq')u, tut the last slot

with aspect mtio 8 gives highest value a2t higher pressure ratios.

(b) With cross flow
Figures 49-53 and 56-57 show the wariation of C and Dwith py/p,

for the same approach velocities of 80 and 130 ft./sece The bekgviour
is the same as with circular holes,
Figures 60-66 show the variation of C and © with flow parameter.
Figure €5 chows that smallest slots have hizh values of discharge
coefficient at high values of K. With largest slot, C has the top
valuses over lovw flow paradeter range. This 1s due to the ingreased
slot major dinmension in the direction of flow.

Figure €6 shows that small slots have highest values of q) with

no cross flowe But at low values of K the largest slots have top

valuos of (D s with circular holes,

Asnact ratio effect

Figures 51 and 56-57 show the variation of C and CP with pl/pJ



for the elota of different aspact ratios.
Figures 62, 67-70 thow the variation of C and (D with flow
perametors,

Flgure 69 ehows that slots with large aspect ratio have high

values of C all ¢ver the range of flow peramater, With slot major
dimension within duct depth. As s5lot major dimension exceeds duct

depth, C startso decreasing all over the flow range.
Figure 70 shows that slots with laxyge aspect ratio have top

values of 43 all over low ranges of flow paranster, &lots with

low aspect ratio have high values of D all over high ranges of

flow parameter,

8.3.3 Discharpe Coofficlient and jet dufiection for Rectanmilar Slots

(a) With no cross flo
Figures 71-77 shov the variation of C and (D with p,/p !

for five confipurations with same aspect ratio of 2.0, and with

OOSQSIS’B*W$:QGOO¢
Figuro 76 chow that small slots have high Co values,

C, = +69 vith a* = ,05%5 at pl/p:1 = 1,12, large slots have low
values of Co m 59 with a* = 600 at sziu6 preszcure rmtio.

Figurs 77 showz the samo effect on <D Waile the emallest slot
has a value of d;)o s 830. the largest Lave (PO a T8° at eemo prossure
ratio of l.12.

Also as pressure ratio increages both Co end @o increaro with

a small rate for a given configuration.

Aspect ratio effect
Figures 73, 78-82 show the variatios of C and @ with

La.



pvl/p.1 for four configurations with same a®* = ,25, and same mumber of
slots, 5 each, and four aspect ratios 2, 1, 4 and 8 respectively.
Figure 81 shows that C increases with increase in sspect ratio

all over the pressure ratio range. Square slots (aspect ratio = 1,0)

have the lowest value of C at low values of pressure ratio.

Figure 82 shows the same effect on (P as with oval slots.
Square slots have the lowest value of (bo all over pressure ratio
range. The effect of slot nmajor dimension is clear, as the slot
with b/a = 4 has the top value of (Do as discussed with oval slots.
(b) with cross flow

Figures 71-T5 and 78-80 show the variation of € and D with

pl/ p:j at the same approach velocities of 80 and 130 ft./sec, The

behaviour is the same as oval slots.

Figures 83-87 show the variation of C andPwith flow parameter.
Flgure 838 shows that at high flow range, emall slots have top

value of C all over this range, At low flow range large slots have
top valuea of C all over this range except with the smalleat slot.

Figure 95 shows the variation of @ with K. Like oval slots,
small slots have top values of (D with no croes flow. But with croes
flow largest s lots have high values of CP at lowv flow ranges all

over this flow range,

Agrect ratio effect
Figures 73,78-80 show the variation in C and cp with pllpJ for

slots with RSPOCt ration 2, 1. 4 and 8 mﬂpec'ti“].y.
Figures 85, 90-G4 show the variation of C and (D with flow parameter,

50.
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Figure 97 shows an increase in C with increasing aspect ratio
all over the raonge of flow parasmeter. The square have the lowest
value of C all over the rance of K.

Figure 94 shows that at high flow range (D increases I:ltﬁ

increasing aspect ratio. Slot major dimension is still affecting q) .

At low flow range O increase with decreasing slot aspect ratio,
nlthough the slot with aspect ratio of 8.0 still has top values of

D over most of this range.

8e3.4 Discharge coefficlent and det de jon for various confisurations

In this section each figuration is compared with other similar
configurations of different shapes.

8+¢3¢4.1 Holes and elots with equal aress and numbers
Circular holes are compared with oval and rectangular slots

having aspect ratio of 2,0 The compari=on £s based on equal hole

area and runber of holes,

Figure 953 7 holes and a% = ,0555 show that ovals have higher
values of C over high flow range, while circulars have top valuea
over low flow range. Rectangulars lie in bsetween circular and oval,

The offect on (P 18 the same but rectangulars have top values
of © at high flow range.

Figure 963 7 holes and a® = ,122 show that circulars have top
values of C and (D over most of the flow range. Rectangulars have

lJowest values. Ovals lie in between,
Figure 973 5 holes and a®* m ,252 show that circulars still have

top values of C all over flow range. Ovals have lowest values of C
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at high flow range, rectangulars in between.
The effect on O show at high flow ranges ovals hive highest

values of O, circulars have the lowest and rectangulars in botwaeen,

At low flow range circulars have top values of O , rectangulars have

the lowest and ovals in detween.
Figure 983 S holes, a* = ,384 show that ovals have top value of

C all over flow range. Circulars have lowest values and rectangulars

in between.
The effect on CP show that circulars have top values of q) ’

roctangulars have lowsst and ovals in between all over the flow range.
Figurc 993 3 holes, a®* = 600, show that ovals have top values
| of C all over flow range, circulars have lowsst values and rectangulars

in betucen, |
The effect onCp show that circulars still have top values of w

especially at low flow range. lNo significant change for ovals and

rectangulars all over flow rango,.

B8.3.4.2 Slots with egqual érega, nunbors and aspect ratios
Figure 1003 5 holea a®* = ,252, aspect ratio = 1.0, comparison

between circulars and squares. 7This shows that circulars have top
values of C all over flow range.

Effect onQ show that circulars have top values of P over low
flow range ard squares have top values over high flow range.

Figure 1013 5 slots, a* » 252, aspect ratio = 2,0 show that
ovals have top values of C over low flow range., Rectangulars have

top values over high flow range.
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Effect ON® sghow that ovals have top values of (® than
rectangulars all over flow range.

Figure 102; 5 slots, a* = ,252, aspect ratio = 4, show that
ovals have top values of dboth C and dD than rectangulars all over
flow range,

Figure 10533 5 slots, a* = ,252, aspect ratio = 8, show that

ovals have top values of C than rectangulars over high flow ranges,
the change 18 snall.,

Effect on (D show that rectangulars have top values of @ than

rectangulars over high flow range. Ovals havo top values over low

flow rangos.

8¢3:5 Analysis of experimental results

For all configurations studied, with a given hole éeomat:y. both

Cand ® 1increase with decreasing V, at constant pressure ratio.
C and (*p reach the top values as ?1 approaches gero i.e. for small

configurations with no cross flow. With cross flow for a given approach

velocity C and O increase with pressure ratio increase. The effect
of pressure ratio is small with no cross flow ecspecially for large
configurations, But with cross flow pl/p.1 effect 1s large at very

low pressure ratios and emall at higher pressure ratios. Bleed ratio
effect {8 the same &8 pressure ratio effect. As pl/p.1 approaches 1,0,

or &{ approaches zoro, toth C and © approaches a nul values. With
a given flow factors, C end (D generally increase with decreasing

hole geometry, 1.e. with decrease in at,
The coabined effect of flow and geometric factors 1S the flow
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parameter K. For a given hole configuration C and @@ d4ncrease with

increacing flow parameter., At low flow ranges large configurations
have higher values of C and P for circular holes ard oval,

rectangular slots with aspect ratio = 2,0, Other geometric factors

effecting C and © for differeat configurations ares
Ratio of hole diameter to hole thicknesas For circular holes

both C and <D increase with decroase in this ratio.

Slot major dimension: With narrow slots (high aspect ratios),
as slot major dimension exceeds approach duct depth both C and

decrease,

Asrect 1o effect:t With slot major dimension within approach

duct depth an increase in slot aspect ratio discharge coefficient all
over flow range, and incresse (D at high flow ranges.,

Effect of hole geomet share): At low flow ranges with large

configurations, circular holes have higher values of C and (O than
ovals (with aspect ratio = 2,0). Rectangular slots have the lowest
values, Squars alots have lowest values of C and (D than circulars
over moat of the flow range,

Generally oval slots have higher values of € and (D than

rectansular slots over most of the flow range.

8.4 Conmparison of experimental results with theo

B8.,4,1 Discharge Coefficient
Figures 104, 105 show a good agreement between theory (Analysis 11)

and experiment for circular holes, especially at low values of a* with
no cross flow and at low values of K with cross flow. At high values
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qof K because the momentum loss factor is rather than 0.8 as shown
in Appendix 2.2.

Figures 106-110 show theoretical results quite close to
experimental results for all the configurations studied, The slight

difference is due to the effects of <p and the aspect ratio effect
which have not been studied theoretically.

Bo4¢2 JG! DOILQQEIOE
Figures 112, 113, show quite agroement between theory (Analysis II)

and experiment for circular holes, especially at low values of a* with
no cross flow and low values of K with croas flow, as discussed with

discharge coefficient.
Figures 114~118 show the theoretical results within the

exporimantal region for all configurations studieds The reason for

the s8light difference is the same as above.

8,5 amnarison of experimental results with previous work
8.5.1 D;ggzﬁmﬁ_ QOBffiCiBQ!

Figures 104=-106 show good agreement betwoen‘experimental results
and those by Dittrich and Graves for circular holes (Ref. 5 ) all
over the flow range, Flgure 105 show comparison with Cox results
(Refs 9 ).

Flgures 109,110 show results by Dittrich and Craves for
rectangular slots (Ref. 6 ) lying within the experimental region

for the investigated configuratione, all over flow range.
Comparison with Flelding's results for circular holes, (Ref. 8 )

gives quite agreement Figure 1ll.



The slight variations between author's work and previous work

is due to different conditions of experiments, and different

apparatus geometry.

B.5.2 Jot deflection
Comparing with Candamihardja's work for circular holes (Ref 7 ).

Flgures 112, 113 show quite good egreement with no cross flow,

Figures 119, 120 show Candamihardja's result guits close to author's
results, Figure 120 show Gandamihardja's results are slightly higher
especially at high flow parameter range i.e. with smaller holes., The
reason for this may be due to the slight error he made in measuring
the angle due to the partial blockage of the test hole with the
measuring plate touching hole surface. This effect i3 wore

plgnificant for smaller holes,

Flgure 113 shows a comparison withcoxcresults (Ref. 9 ) for
estimating O as coa-l VI/VJ. These rosults are somewhat far
from both theoretical and experimental investigations,
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Although these data are based on gero liner flow, it can bde
arplied satisfactorily to both internal and external flows as the

case of actual combustor, provided that jet velocity is greator than

intornal flow velocity and correct Jjet static pressure 'ia used.

Data are nost suitable for low pressure loss cocbtustors, and allows
up to pressure loss factor of 10% across the hole.
9.1 For sgurvey applications

The given data are; Area ratio a*, duct geometry, and approach
flow rate. It is required to check combustor behaviocur, i.e. to

find ¢, © amd o « To find these parameters, the knowledge of

pressure ratio pl/pd and flow paremeter K is required, Either pI/p s
and K can bo calculated froz comtustor flow rate, air density, duct
geonmatry, or from direct pressure measurexents. Choose the suitable
geomatric similar configuration using (Section 7.3).
(1) with the valus of pl/pd. and calculated approach velocity V,

(for holee rather than final liner holes), C and c’p can be

read directly with suitsblo a* fron

Pirures 35~41 for circular holes

Pigures 49-59 for oval slots

Figures T1-82 for rectangular slota.
(11) For higher reasonable values of V, than 130 ft./sec. use the
calculated value of K and by interpolation read C and

dircctly from

D7



Pigures 42 - 48 for circular holes
Flgures 60 « 70 for oval slots
Figures 83 -« 94 for rectangular slots.

To find A 3 with the value of K calculated, from Plgure 22

read bleed area ratio /“ . From Figure 21, read ¢ at the given

value of a%,
At values of a* > 6 which i3 ths top limit of this experimental

investigation. Refer to the theoretical investigation Section 6,
with the values of K, ¢ calculated from above. Equations 8 and 9

eive the required values of C and(P .

9,2 For desisn applications
Tho given data are

a - Approach flow rate from compressor delivery and engine

type.
b -« Air/Fuel ratio and hence o .

- P
¢ = Pressure loss factor across the hole 21—-5-4 % and
1
hence p)/py
d - Combustor geometry according to compressor and turbine

designs, and combustion efficiency.

It is required to find hole size and O . The hole shape should be
decided from point of view of mixing, penetration and linor sizge,
To £ind these parameters, K mist be calculated from air flow rate,

air density and duct geometry or from the ratio of VJ/VJ. using
Figure Al-l. From Figure 22, read the value of /\ at corresponding

58.
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value of XK. From Figure 21, read value of a* at the corresponding
values of N and o .
o « Hole area 4, = a* x Approach area,

With circular holes Ay, = ,7854 p°

With oval slots and suitable value of slot major dimension b +a’
(according to duct depth).

A.h = n a.“""2 Y_slot aspect ratio - .2146]

With Rectangular slots; find b &as for oval slots
A, =1 32 [slot aspect ratio]

Suitable configuration cholce can be referred to (Section 7.3)

according to requirements of design with reference to(Section 8.3) .

To £ind © , with the value of &* calculated, p,/p g ard V)

(for holes rather than final liner holes), resd D directly from
Flgurss as with 9.1 (1).
With the value of K calculeted or with higher reasonable values

of V, > 130 ft./scc. rezd @@ directly from Figures as vith 9.1 (i1),

by interpolation.



CORCLUS IONS

. The follovwing results were obtained from theoretical a nd
- experimental studies of discharge coefficient C, and deflection

. angle (D for various configurations. These results were correlated
- with the dimensionlees flow parsmster K incorporating geometric and

- f£low factors affecting C and(D .
1l The flow parameter indicate the flow range through the hole

:limitlng value of K for flush holes 18 unity, Flow parameter K is
function of area ratio a®, bleed ratio o{ , both combinsd as bleed

'E ares ratio )"‘ e Also K is 8 function of pressure matio pl/pj. ratio
of jet to approach velocities.

' 2, For a given hole configuration C and © increaese with increasing
pi/pa. With no croes flow the rate of change is amall especlally
" with large holes. With cross flow C and ) increase vith increasing

plpr orol{es Rate of change is high at very low values of plfpa
and o{s With no cross flow C and  dncrease with decreasing a,

| and for circular holes C and CPincraaae with decrease in the ratio of
hole ¢1mter to hole thickness.
Je Axial momentum 1033 have great effect on both C and d") all over

: tt“h’p flow range. 7This effect vanishes as flow parameter approach unity,

L |

4 Atﬁ low flow ranges, largo configurations either circular or oval
de héktangular with aépoct ratio 2.0 have higher values of C and ¢’ |
'* than ﬁall configurationa,

5.% Diacharge coefficient and usually deflection angle increase with



increasing slot aspect ratio, since slot major dimension is within
the depth of the approach duct.

6. At low flow ranges with large configurations, circular holes
have higher values of C and © than ovals (aspect ratio 2,0).

Rectangulars have the lowest values,
7. Square slots have low valuss of C and P than circular slots,

8. Cenerally oval slots have higher values of C and (U thann

rectangular slots over most of the flow range.

S Good agreement have been achieved between exnerimental results

VA

and both theory and previous work.
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Section 11
RECOMMENDATIONS FOR FURTHER WORK

(1) Work can be extended for studying the behaviocur of other hole
configurations such as trianglilar Blots,

(2) Although geometric and flow conditions studied werse not too high,
to cover all types of combustors, this was the maximum limit allowed
by the rig to avoid compressor coverloading, Extension of rig

capacity can bo made to allow for higher conditions, Compressibility
effect should be taken into consideration.

(3) More work can be extended for the study of the momentum effect

in both directions,

62.
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It was found that the ratio of jet velocity to the approach

welocity is the main factor governing discharge coefficient and
deflection angle, Figure Al = 1, J¥For incompressible flow, this

ratio is sirmply the square root of the ratio of jet dynamic prescure

Qe The approach dynamic pressure g, thus
Lf,v 2
/ Q4 .
¢1°3 - L‘i‘i)" /ql Al,l

‘The flow parameter was defined as the ratlo of jet dynazic pressure
to.approach dynamic pressure, and for incompressible flow

q
K = J/Ql* Al.2

‘- or T K Il vdz/vlz | ' Al.3

. With an error less than 8% within the experiment conditions,

equatiggﬁl.} {8 represented graphically Figure Al-l. When VJ/Va_ =0

1.0, with no flow through the holes, K = 1.0 as discussed before
(Section 6). . This shows that K is an indication to the flow

through the holea. which has a nim value 1.0 for flush holes,

'Ihia flow range can bo extengled at low values of K less than 1.0

O A

by adding scoopa to flush holea (Ref. 6 Je
From AleJ, uaing contimity eguation

i#?q 1‘1: RE zr' . .

& 0{2
) 2
= C 3*2 _— —
2 2 n.4

o K = /e
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Al.4 shows K as a function of flow and geomstric factors & ,
a® wvhich bdoth affecta the discharge coefficient. With assumption 3,
Section 6), using equation Al.2.

Pp = D
L=,

thuo
P
K = m""l'é"("J"'-l)-l-l | Al.S5
P
v,° P

wvhere m 1s & constant depending on 3 1 and Py

Equation Al.5 is represented graphically Figure Al-2 with atmospheric

Jet pressure and a mean working conditions with velocity ranging from

50 to 200 ft./sec. Figure Al-2, shows that for any value of Vs
when Pl/pd m 1, in this case K= 1,0 and no flow passes through

the hole.
With no cross flov, V; 15 a function of a* p)/py and C.
From contimuity equation,

Vy =V

using equation (7) Section 6
VJV]_ o (1 -%)

1.0, Vl L Ca® VJ Al.6



But v

"I'}'l" - 1) A1.7

wvhere n is the constant discussed before in Al.5.

With no croso flow 4.e. m 1.0

V L2 .

Equation Al.,8 is reprecented graphically Figure Al-3, using a mean
value of Co m 0,65 for a®* range of 06 a%* 0.6, Using this
value of V, for a given value of PI/PJ' K for no croasa flow can
be calculated from Al.5.

A coxplete study of flow parameter, the factors affecting it

and 1ts rolations with discharge coefficlent and deflection angle
have been discussed at Section 6, which shows that from equation 13

k= 142 %4 Yaptep? (4o o)

for a glven value of at*

K = £(of)

and from equation Al<5

- 1 21 Al,10
X fﬁa? ’ pu)



From Al.9 and £1.10, it 15 clear that for a given area ratio at,

the bleed ol is a function of V, and p)/py

P
.0, D‘( w f (vi ’ l/PJ)

and for a given value of approach velocity Vl

'.'D O{ = 4 (pl/pj) | Al.,11

'So tho flow paramoter K which 1s & function of « , a® is
8ls0 a function of Vy, p)/py and a%, i.e. the value of K
‘reprecents completely the flow across the holae.

Bffect of momentum loss on flow parameter have been

discussed in se ction 6 (Analysis IT)
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APFENDIX 2

Reduction of Fxre Results

A2-) Mathod used for calculation of results
Discharge coefficient was calculated as the ratio of meacured

nasa flow to thedretical mass flow through the holes or slots
C o LJ/ Liye Thooretical mass flow L, was calculated as the

product of jJet density 5 5 Jot volocity VJ end hole or slot areca Ah'
J [ wvas calculated assuming isentropic expansion through the

holes y
Pl/yl - P 5::;
or S y =@y (pj/m)% 1b./cu.ft.
wherc J 2 - ap'}l 1b./cu.Ct. A2.1.1
v, was colculated using Appendix 3-2 as
V, = 18,28 h/jd £t./c00. 1. A2,1,2

where h 13 tho jet dynamic pressure, inches water.
Aj, ¢ Hole or slot arca oq.inch
n s Runber of holes or slots

s Lth m 25 ?J VJ n Ah lb./hr. ‘ A2.1.)
L Jot flow mte measured as tho differonce betwoen up

:
J
ard dounstrcam orifice plate mecasuremants, with suitable plate

oigzes. Usling Appondix 3=1 this value of LJ wvas checked by bleed

orifico plate mcasurements, thuss
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C = ——'—"1—'—'— 5211.4

25?JanAh

dhe flow parametor was calculated as the rmtio of the
calculated Jot dynamic pressure to the approach dynamic pressure.

Due to the negligible temperature effect, K was calculated as

P Y
P G
bV

Bleed ratio A 1s the ratio of the measured flow rate through

the holes to the approach flow rate, 1.0.

L
A = =
!
{
Bleed/arca matio /™ = -

Momentum loss factor Cg using equation(21), (Coction 6),
2 = Ayp = py)/H, sin ©

Since the resulting force on the hole is due to the prescure
difference acrosa it. For moro accurate valuaes of S o 1t 1b
recozmended to calculate this force by static pressure curvey

over the hole, and integrating over hole crocs section, In this
work p, vas taken as tho static pressure acting on hole centre
as pi' , 60

S = M (p = 2y)/tysta O
a* (p) - pj)
L, Vy 510 @

us 4¢15 p 4 104
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vhere

(pl’ - pd) = static pressure drop acroes the hole inch water

LJ n Jet flow mto 1b./Hr,
\I'J = Jet velocity £t./v0c,

Experimental calculations are shown in Tables 11 to 30
and reprecented graphically Figures 35 ¢o 120 ,

A2-2 Homentum lors factor
Refor to (Scction 6), Analysis II

v :l Va
9; r,:_.._’ e — '91
A, r—* —| Ar
O Z
FIG. i) \-\
Atmonpheve

From the physical obsorvation of the approach stream lines
bshaviour, using fine tufttechnique vitualisation in the approach

ducts Tho directional behaviour of the approach stroam is rather

than axial as ascumsd in Appendix 1, As the strean lines approach

the tost hole, it starts changing its dirsction and bocozes
inclined towards the holes. This inclination varies with flow
range through the holes, 1.e. with flow parsmeter. The effect of



this directionsl change is in fact an indication to tho momentum

lozo in the axial dircction, and tho amount of axial momentum

exchanped to the atmosphere and henca to the vertical dircction.

At low valuos of K, i.e. with low values of © , the axial

momontus loss is omall, and tho amount of momentum exchanged 1s

also coalle As the flow range reduces, i.e. K terds to 1.0,
cP tonds to zoro and both the momentum loss and anount of momentunm

oxchanced tends to gero., With high values of K, i.e. large
values of @, the amounts of axial momentum loss and momontum
exchaneed becomes largee In the linit at very high walues of K,

D tends to90 the axial momentum is completely lost and the amount

exchanged is nmaximun,

Considoringz momsntum equation in the axial direction the

directional effect of approach momentun is snall, because we arc
considoring tho undisturbed uniform upstream conditions. In the
vortical direction the approach momentum bohaviour has a
oignificant effect as discussed before.

Applying momentum equation in the vertical 2 direction

Figuro (11‘)

12

Sin (p(Kl - "J) = Ah (pJ - pl) A2.2.1

e Sin QMg = LyVy) = & (p) = py)

or HJ <in (p -i '—ﬁEE [Ah (;:v‘1 w pJ):I A2,242
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Compared with that of Analysis I, cquation 4 as
M, Sin @ = & (p) = p,)

Thus anothoyr fector arises in tho R.H.3. of equation A2.,2.2,
This factor is a function of tho unknovn value of K¢ Sinco the

solution of the protlem is to find the wvalue of K, thus we noed

to find the value of this factor. Analyticsnl soluticn of finding
it is cutside the scope of this work,

Lguation 42.2.2 was urittan in enother form

In equaticn A2.2.5 this factor as a functicn of X , K 1is noted
as  which is callod the momontun loss factor. Valuos of o for

various configumtionn have been calculated using exparizmental work
ap shown Figures A2-1 to A2=5,

These figures ehow that tho valuo of % varies with the flow
paramoter for all configurations ctudieds The rate of chance is
axall at high flovw parunstor valuos and high at low valuos of K.
Also S was varying within 0.75 and 1.0. The value of & m 0.8
ap considered in Analysis II covers most of tho flow paramoter

Tanges Unless at low values of flow parapeter, S ie rother than

.8, tut at this range the offect of S ltecomes smsll as X tends
townrds 1.0 as discussed deforo.



APPFRNDIX

CALLIBRATIONS

AJe.l Orifice plate characteristics and ecalibration

(i) Orifice plate characteristics
According to B.S. 1042, 1943 (Ref. 10) with D and D/2 tepping

Le %59.1x¢czd% Vn W A3-1,1

whore

L = flow rate 1b./hr,
C = orifice discharge coefficient

Z = conbined rultiplier for effects of Rd’ E and D,

Rd' E and D are Reynolds number, expansion factor and
pire diameter respectively

d = orifice dianmeter inches
E A velocity approach factor
2
l] -« n

h = differential pressure inches of water at 60 °F

(undor air)
Vo ‘x%r' = fluid density 1b. per cu.ft. at working
conditicns at high pressure tarping
where

p = absolute pressure lb. por sq.ft. at high
pressure tarping
R = gas constant = 96 1lb.ft. per lb. °k for air

T = absolute temperature at high pressure tapping %k



Lue to the different flow ranges of the experiment with

bleed range from O to 1.0 and different hole areas, accurate
reasurement of differentinl pressure h was attained by using

three different orifice plate sices arranged as shown Figure 27,
(a) 3 inch orifice with o = 0,445 (U,0) mainly used

at high flow conditions upstrean to avoid coapressor

overloading.
(b) 2.25 inch orifice with m = 0,25 (D,0)

designed for low flov conditions wainly used at
downstrean end and at upstream with small hole areas.
{¢) 1.25 inch orificoe with n = 0,39 (B,0)

used at the downstream end of the plenum chamber for
accurate bleed measurement at very low values of

static pressure ratio acrosa the holes, and with

ezall hole areas,

For these orifice plates, equation AJ.l.1 wag arranged in te:ims

of measured parazeters, p ia inches of mercury (absoclute) and h.
Considering constant air temparature of 300 °k and introducing a
flov texmperature correction factor Cg, o Assuning constant

absolute viscosity of alr 3,88 x J,()""'*7 slug per ft.sec, due to the
ezall changs in temperature,

ch = v 300/T

The resulting flow equations in order are

75



(0,0), = Cr, [563x2 VB V7 ] A3.1.4
= Cgp [207.3 xz V8 {7 | s3.1.41
(8,0), - Cfy |’ 183x2 Y {p ] A3.1.5
- [ 6742z VB VT | a3t

where H = Differential pressure, inch of mercury .
These equations are represented graphically FPigures A3-1 to

A3=5 and the value of Cg, from Figure A3-4 using equation AJ.l.2,

(1) Toleronces
These calculated values of flow rate allows for an overall
tolerance linit of + 1.5%

(111) Orifice plate calibrations
For all differentrorifice arrangements used in the experiment

tabtulated below, calidbrations were down as shown Figures A3-5 to A3-T.

Flow Upstream Dowvnstream Maximum
Arrangensnt of
Condition - Orifice -  Orifice  Creed Orifice Jaes
r
1 3 inCh diao 21.25 inCh diao - 2
Ko Bleed
2 2,25 inch dia. 2.25 inch dia. - 1,32
3 ho 2,25 inch dia, = 1.25 inch dia, 0.628
Cross Flovw
4 With % inch dia, 2.25 inch dia. 1.25 inch dia. 3.5

5 Croes Flow 2.25 inch dia. 2.25 inch dia. 1.25 inch dia., 4



A3.2 Pitot tudbe charmacteristice calibratio

(1) Pitot tudbe characteristics for velocity measurements

In
Applying Bernoulld equation for compressible flow

AP
Y =nl/2g "'}'  AJe2el

A3.le1l can be written in terms of mecasured parzmeters, at given

station as follows

V - 18. 29 h/j ;"A}.2.2

mw 21,3 m AS:243

= Coo [ seof o/p ] A3.2.4

where at the given station,

V = velocity £t./seC,
Cey =  temperature correction factor for velocity. Since

T is8 considered constant value of BOOOK.

Coy = | 7/300 L34245

o

T = absolute air temperature |

h = dynamic pressure inchles of water = P =p
P = absolute alr prescure inches of mercury

5 = ailr density 1lb. per cu:ift.

Equation AJ.2.4 18 represented graphically Figure AJ-3 with the
value of Cfv from Figure A3=9 using equation A4.2.5.

(11) Pitot tube calibrstion
The measured velocity represents the local velocity at etagnation

point, So the use of pitot tube for measuring the mean streanm

veloclity, 18 done either by velocity measurement survey across the
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the section, or by flattening of velocity profile at given section
and calibrating the measured valus to the calculated mean velocity

(111) Yaw effect on pitof tube readins

Calculated velocity from A3.2.1, i35 a function of nose ghape

of the tute, and the yaw angle to streamlins direction,

v, .jg |/zg-‘-‘}?- 13.2.6

where 5 5 ? ara constanta.
Grecey, (Ref. 1 1) showed that for cylindrical nose bdlunt tube,

the range of incensitivity to mipalignment was + 11 to + 23 degrees

according to ratio of inner to outor diemeters of tho nose for 0.125

to 0,96 reaspectively, Figure A3-4, The tubs used in this work was
1 m ofd hypodermic tube with £/d 0,028 inch with 4/a to o/d ratie
of 0.72, &o j in equation A2.1.4 can be assumed very close to
unity.

The factor ; in A3.2.,6 depends on epproach stream Mach mumber.
The value of # 18 effective for sonic and cuperscnic flows due to
ghock formation ahead of the noss. Tho meximum approach velocity

wvithin experiment was such that the epproach ¥ach mumber notito exceed
0,115 £0, the facter ; can be considered 1,0, Equation A3.2.1 can

be applied eatisfactorily, without considerable exror.
(iv) Errors

For compressible flow relations

P = p+%j’V2[1+ -g; + ...J



and for Mach number 0,115, .an error of 0,665 arises in velocity
calculation by equation AJ.2.1 for the assumption of { = 1,0,
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APPENDIX 4

CORRFLATION OF GANDAMTHARDJA WORK REF,

Experimental results for circular holes (Ref. 7 ) showed that

doflection angle @ of a jet issuing into atmosrhere from the wall
of a duct with parallel flow, is a function of blsed a* U* and

area ratio a*® as shown Figure 11, vhere
a* = ratio of hole area to duct approach area
U* = Jot velocity component normal to the plans of hole.

With replotting data of Figure 11, q; versus a* with constant

a® U* values, Figure A4~1 ghows a serles of straight lines produced

with a cozmon meoting point at O = 88 degrees. %his means that
for all a* U* values q) —>» 90%s a*—>0 and for a given value
of a¥, (p—-"90° as a* U» —1,0,
The negative slopes of these lines @ /a* or deflection parameter
A = (88~ })/a* decrease with increasing values of a% U* as shown
Figuro A4-2, which vhen replotted on & logarithmic scale gives log )\
as a unique function of log a* U* for the range 0.1 < a* U* < 0.7,
anl a parabolic relation for the range 0.7 Sa* U*<<1,0, as shomn

Figure A4-3 - :

(1) 0,1 a* y*»<0,7
For the straight line part of Figure A4-3, its equation is in

the fom

log AN = log a+ Db log a®* U+ Ad.l

or A= a (a® U*)h | A4.2




" where & and b are constants, and by substituting data from

24263
2.023
1,888
1.818
1.734
1,686
1.602

adding first three and last four equations

Figure A4~3 in equation A4.1l gives

1qu a->b
log, a = «699)
log, a = «523b
log, & =«396b
10% a -~ .J01b
log, & ~ 42220
log, a = «155b

2¢058 = lc:aqo 8= of(Ib
1710 = loqo 8 = 0269b

solving simultaneously

a = 73,42
b = -‘0169

and the emperical equation for 0.1 a* U#

P V2
(B" U*)O.é

(1) 0.7<a?U*<1,0
For this range, equation AJ.3 gives higher values of )\ fna

0.7 becomes |

that let }\1 is the corresponding value on the straight line: :

extension, and assume the difference )e' - N\ = j » With

I!
' k
’

!

plotting log f versus a® U* on a seml logarithmic scale, gives

a unique function as shown Figure A4-4
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i.e.

log S w C+4d (a* U*) Ad.4

waich is a logarithnic form of the equation
C+d (a* U»)

= 10
5 _._ s

whero C and 4 are constants, and by substituting data from
Figure A4-4 in equation 24.3

2,5 =m C 4+ 74

75 = C + .84

102 = C + A

19,1 = C + 4
adding first two and last two equations

64l = C + L7054

1,145 = C + ,954
solving simltanscusly

C = =1.245 = - 1,25

d = 2,52
and tho emperical equation for 0.7 <a* U* 1.0 becomes

«1e25 + 2.52(a®* Un)

g a 10 A4.6

conbining 44.3 and 4.6 by the olation f - X\ glves the
general emperical equation for all a* U* range within the area ratio
range 0.0344 < a* X 0.314

l.e ® (In
A = (ﬁﬁzg - .o575 (330)*" V" A4



equation A4.7 compared to experimental results gives a good

correlation as shown Figure A4-<5.

In terms of deflection angle q') glves

¥ith no cross flow

cbo u B3 =~ 14.43 a* A4.9

i.66 CD is a unique function of a*.
Comparison of Gandomihardja work, and suthort's work for

circular holes glves quite a good agroement as ehown Figurea 112-115

and 119“1201



APPENDIX &

g E;: MUDY

General discussion
¥ith the development of high ocutput combustors, the problem of

obtaining adequate nixing has become increasingly difficult as
cozbustor reference velocities and heat release rates have
increased, In the primary zone of the combustor, the rapid
nixing required for high heat release rate is usually obtalned by

means of high velocity air jJets issuing into the combusiion space

fron awiriers and openings in the dome and linar, resulting high
turbulence level. Alco adequate penetration and geod mixing ars

required in the dilution gonae for achieving a satisfactory
temperature profile at turbine inlet. This requirement is also
obtained by suitable shape and muxmbexr of dilution jets in the

secondary zone.

Jet structure
The flow pattern of gacseous Jet can be divided into two main

rezions Figure A5.1. The regicn near the jot exit called as the

potential core (or cons), where jet parametars of temperature,
velocity and Jot fluid concentration are maintaired arproximately
constant. OQutside and downatrcam of the potential core, a m.lxing
region exists in which the Jet expands and interaction occur |

between the Jet and the surrounding fluid., Jet parameters of

8L .

interest are usually, velocity, texrperature and Jjet fluid concentration,



these are varying in this mixing region. Downstream jet exit,
the jot draws in its boundary fluid from the surrounding,

So although the velocity downstream decreases, the mass of the

fluid incrvase with increasing distance downstream, Figure A5.2.

Jet vrofile
Bidone (heference 14) made eome investigations for the study

of the behaviour of water jets issuing harizontally. He showed
that circular jJets retain their circular profile along the jet

axis. For elliptical jets with major axis horizontal, the Jet

lose its ellipticity with increasing distance till it becomes

circular and elliptical again further downstream with major axis
vertical, Finally the jet reduce to flat sheet in the vertical

plane, very broad and thin. For equilateral triangle spetriurss,
the Jet resolve itself into three sheets disposed sypmetrimlly
round the axis, The planes of sheets being perpendicular to
the sides of ‘the aperturs. Magmnus (Reference 14) invectigated

the forms of the jet from rectangular end square apetiures.

Flates 12-14 show the jet profile for the smallest circular

holes with No Cross flow, V, = 80 and 1350 ft.'/aec. The two

reglons of the Jet are clear and also with the effect of approach

velocity on Jet doflection angle q) « DPlate .15- .17 for the
largest circular holes &t same velocities, the effect of area
ratio on jet deflection is also clear. Plate 18-~.19 for the

small oval slot, both regions are still with a clear profile

transforzation compared with circular holes. Flate 20 for largest



e

oval g£lot with aspect ratio = 2.0, Plate 21, for oval slot

with aspect ratio = 8,0, Plate 22 for emall rectangular slot,

also clear profile transformation can be observed. Plate 23

for rectangular slot with espect ratio = 8.0,

Comparison of diffarent profiles

Results of these profile ehow that emaller holes have high
turbulence level than larger holes., This is advantageous with
using emall holes for good mixing and less engine smoke, but the

nain disadvantage with using small holes is ths high pressure

drop accompanying them., Also slots with high aspect ratios have

edequate penetration due to the stronger produced jet, FPlate 24
shows a comparison of four configurations at same flow conditions.
The smallest slot (01), the jet is weak with less ponetration depth.
For the other equal area slots, circular and oval slots (€2, 02)

to have more adequate penetration depth compared with rectangular
slots (R2).
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