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ABSTRACT

e o~

- The purpose behind the exper1mentat1on was to obta1n a

P

better understand1ng of the secondary f]ows assoc1ated w1th_m¢

‘the flows from convergent p]anar nozz]es preceded by a cir-
cular duct. g R

The flow v1sua]12at1on was achieved by 1nJect1ng Smoke

upstream.of the rectangu]ar nozz]e 1n]et The tests were

carr1ed out u51ng different nozz]es w1th some geometr1ca1

. var1at1ons The effect of Reynolds number on the flow pat-

ftern for each of these nozz]es Was also studied. The tests

were run at low Mach numbers. -Photographs ofithe-f1ow pat-

tern were taken at nozzle,exits by 11Tuminating only that

plane.

A distinct configuration of vortices in the ex1t pas-

Sage was observed which was in general common for every noz-

z1e geometry. In addition,

each nozz]e-geometry>produced

its own pattern which was distinct“from the others. The

axes of the: vortices observed have the genera] d1rect1on of

the main flow. o - - |

It was observed that the flow was hot very sens1t1ve to

the upstream conditions, for example, to the location of the

flow stra1ghtener (if it was not placed very close to the

nozzle inlet), and of the screens in the stagnation tank.

Smoke injection was carried out so as to produce mini-

mal flow disturbance in the stagnation tank.

N




1. INTRODUCTION

The performance of flyid amplifiers depends, among other

things, on the UniformityVOf the flow ]eaving the supply noz-

zle. The performance of the amplifier can be expected to

become 1ncreas1ng]y inconsistent w1th 1ncreas1ng nonun1form-

ity of the flow. The object of this study was to 1nvest1-

gate the characteristics of the flow patterns in planar noz-

zles (hav1ng lTow exit passage aspect ratios) by the method

of smoke visualization. The planar nozzles used in the ex-

periments were of the type commonly used in fluid amplifiers.

An extens1ve study of secondary flows in turbine nozzle

cascades has been made earlier by Herzig, Hansen and Coste]]o"

"[1] by Rohlik, Kofskey, Allen and Herzig [2] and by Senoo
[ 3.] *

mainstream in the cascade » Which was followed by a three-

e T o R
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mainly uponﬂtheftunning of the mainStream; Their conclusion"

wa’s that. the passage vortex format1on s the pr1nc1pa1 sec-

~ondary flow phenomenon in rectangu]ar bends, as it is 1n cas-

&

cades. However, the boundary layer flows in cascades are

notTceably different from those in bends.

Rohlik, Kofskey, Allen and Herzig observed in their ex-
per1ments two secondary flow patterns a'cross-passage
boundary layer flow on the end wall from the préssure sur-

faces to the suction surfaces, and a rad1a1 flow 1nwards

along the tra111ng edges of the blades. They a]so found that

,the.magn1tude and extent of the blade wakes is dependent upon

secondary flow conditions.

Senoo conducted his experiments with turbine nozzle cas-

~cades by taking pressure measurements along the end wall of

the cascade. His investigations revealed that the part of
secondary f]ow inthe'nozzle, which is related to the up-
stream- boundary layer, depends upon the configuration of the
nogzle.' His measurements also showed the end wall boundary

layer rolling up at the suct1on surface end wall corner of ~

the cascade. The cross flow in the end waTlxboundary layer

'was'exp]ained by the pressure gradient-effectsdinduCed in the

boundary Tayer flow by the inviscid main f1ow. _Norbury [4]

made exoerimental investigations'of flows through a two-

o dimensjonaludtffuser. Measurements were made of the growth .

T R e S N L
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of the boundary 1ayers on both the d1vergent and para]]e]
Awalls and visual flow exper1ments were carr1ed out. In h1s
'exper1ments he found the presence of vortices loca11zed 1n

,the corners of the duct.

Moore and Kline [5] in their study of two- d1mens1ona1 |

"“subson1c diffusers used water hav1ng a free surface. They

- observed secondary flows occupying the whole cross- -section

ﬁxof the diffuser at the throat. These secondary flows were
attributed to the curvature of the stream11nes near the cy]-

indrical wall at the edge of the diffuser throat.

to investigate secondary flows in a rectangular e]bow with
90° of turning.' Boundary layer separation was prevented by
’avoiding local deceleration'a1ong the wa]]s.‘ Secondary flows
- were investigated for six boundary.Tayer thicknesses. From

-the1r experiments they conc]uded that the passage vortex as-

- soc1ated w1th the secondary flows in elbows m1ght be consid-

ered to be formed by fo]d1ng up of constant total pressure
surfaces (Bernou]11 surfaces);and then,,the eventual winding;
up of the-streamlines,whichTie'on,thesemsurfaces, into a

| tight spiral. The'passagevortex appeared to be near the
suction surface and away from~thep1ane'wa11~of the elbow.

As the boundary layer size 1ncreased a sudden d1fference in
'secondary flow occurred perhaps assoc1ated w1th the reduced  -
Almportance of v1scous effects in the thick boundary layer.

7.A]so 1t was conc]uded that. the strength of the secondary |

_4..,




vortices is sma]].énd the energyofthesecondaryff1ow is
_smaTT- E

Exper1menta1 stud1es of flows in planar nozz]es were
made at Leh1gh Un1vers1ty by Owczarek, Rockwell, Cha and
:Wagner [7 8 97.

In experiments reportedin references'7 and“8‘ totalﬁ

~pressure traverses were made along the ex1t p]ane of the noz-
“zles to determine the total pressure Tosses associated with
these secondary f]ows " These traverses revealed the exis-

- tence of concentrated«regions of 1arge total pressure ]osses N
near the upper ‘and 1ower wa]]s of the nozz]es extending, 1n'
general, we]1 into the main f]ow D1fferent nozzles with
geometrical variations were.used. ‘Along the horizontal wa11s
of the nozz1e eXit (upper and Tower wa]]s) four regions of
“Tow total pressure were observed. Two of them were ]ocated
near the side walls, and two neartthe m1dp1ane of the exit
passage Thus four corner ‘loss regions and four midplane

loss reg1ons were observed in these nozzles. These loss re-
gions were partly submergedsan the boundary layer f]owand~
pdht]y extendedinto the main flow. The largest magnitude
- of the tota] pressure loss measured in these regions outside

of the normal boundary layer f]owlwas of[the'order of 70 per-

cent of the available dynanjc pressure.

With the absence of a convex wall contour in the planar

‘nozzle, only the four regions of low totalwpnessUrefin the*

-5 |
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vac?nity of the;midplane'wére observed. They were of small

magnitude andiwére buried well within the thin boundary layer

- flow. The corner loss regions were absent.

”Thewzg§;;r loss regions'were attributedto the sécondary"
fToWsAresglting fromthebduhdary layer migration of thé'side
wall -boundary 1ayer.\ Tﬁis secohdary flow resulted from the
fadial pressure gradient%bf the main'f]ow produced by the
convex nozzle wall contour, and 1mposed on the boundary 1ayer
| f]ow F]ow visualization tests using smoke and thread probes'
showed that single vort1ca1 mot1on-wa5~present'1n;each corner
total pressure loss region. The secondary flows caused by |
thé rectangular inlet to the nozzle were found to be responsi-

ble for midplane pressure losses.

'wagner,:in his experiments using nozzles having smaller
.aspecf ratio of the rectangular inlet than that used in the
“testé reported above, observed, in addition to the cdrner
loss regions in genéral four pressure 1oss regions on each
side . of the midplane. The occurrence of the total pressure

loss regions on each side of the midplane on the top and bet-

\

tom nozzle exit walls was not very consistent.
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screen which was provided'there to smooth out any distur-

2.  DESCRIPTION OF APPARATUS

2.1 Test Rigs and Smoke Injector

The experiments were carried out on two test rigs used
, ‘ ; . !

"in the studies reported in references 7, 8, and 9. They are

shown in Figures 1 and 2.

Figure 1 shows test rig with an 8 inch I.D. stagnatﬁbn

:tank. Starting from the. a1r inlet in the downstream direc-
t1on, the stagnation tank incorporated two adJacent f1ne mesh

Vscreens followed by a flow stra1ghtener (3 1/2" long with 1/8"

hexagonal cells). Further down two "crescent-shaped" smoke

injectors were prov1ded, each made up of 5 ]ong copper tub-

“,1ng (approx1mate1y O.25" I.D.) with 10 outlet holes each
pointing downstream- An 1/8" diameter brass tube supported

“the injectors in the stagnat1on tank through which smoke was

introduced. By moving these brass tubes in and out the posi-
tion of these smoke injectors inside the stagnation tank
could be adjusted. Fo]]oWing these-was another fine mesh

‘vad

bances created by these smOke injectors These screens block

70 percent of tne%f'ow area of the tanks and hence help

~ to distribute the flow even]y'in the'who1e'cposs-section of

the Stagnation tank. Further down the screen and about an

Qinch away from the rectangu]ar nozz]e 1n1et was a c1rcu1ar |

smoke 1n3ector circumscribing the inner per1phery of the

-7 -




stagnation tank. This injector was also made out of 0.25"

I.D. coPPef tubﬁhg with 8 inlet holeS'and’42 outlet holes

'foriSmoke‘ The reason for having so many outlet ho]es was

twofold. F1rst to obta1n a curta1n of smoke around the cir-
cumfekence and secondly, to restrict the ve]ocity of smoke

entering the stagnation tank to a minimum, so as to have min-

imal disturbance'of'the'fiow."To évoid.séparation of flow

near the wa]1s adjacent to th1s c1rcu]ar 1n3ector, a smooth

transition of flow over the 1nJector was prov1ded as shown

din Figure 1. The rectangu]ar 1n1et to the nozzle had round-

ed lTeading edges to channe] the f]ow from the stagnat1on tank_

to the nozzle.

Two convergent nozzles were used separately for experi-

ments with this set-up. Both nozzles were of the concave-

convex type with certain geometrical variations as shown in

Figure 3. Nozzle A had an exit passage aspect ratio of 5 and

nozzle M, an exit passage aspect ratio of 4. The area con-

traction ratio of'nozz]e A was 11.25 and that of nozzle M

was 9. | | -
The whole test rig was set up vertically to enSure an

even distribution of smoké. It was observed that the smoke

drifted downwards under the action of gravity when the test

.rig was set horizontally, which deprived:the upper section

of the nozzle of smoke.




Dry and c]ean air to ‘the top of the stagnat1on tank was
| supp11ed through a f]owmeter and contro] va]ves from a large

reservoir where constant pressure was maintained.

I e g

'~Figure2 shows the second test rig,'having 6" I.D. stag-
~nation tank. Downstreamof“the air inlet was incorporated
a fine mesh screen fd]lowedfby a honeycomb flow straightener
(3 1/2" Tong with T/éﬁhexagona1 cells). Downstream of the
flow straightener nere two crescent-shaped smoke injectors
. “afdescribed above) followed by two screens. Immediately fol-
1owing these screens was a circular Smoke'injector ‘This
c1rcu]ar smoke 1n3ector was also made of copper tub1ng It4
had 3 inlet and 50 outlet holes for the passage of smoke from
'  the smoke generator'1nto the stagnation tank. Following the
hscircular injector Was aAfine"screen A 6" I.D. stagnation
tank sect1on 12" long fol]owed, wh1ch led to the rectangu]ar
nozz]e inlet. The edges of the inlet: were rounded off to
| fac111tate the smooth transition of f1ow from the circular to

~the rectangular duct.

For the tests, two types of convergent nozzles were used

| w1th this test rig. Figure 4 shows the geometries of nozzles
Asm and Bsmf Nozzle ASm was the concave—convex type. In noz-
zle Bsm’ the concave part was followed by a straight section.

-~ The exit passage'aspect ratio of both of theseAn0221es was 3, -

Awith the area contraction,ratiovof-17,~~

The test rig was set up vertically forrreasons'explained

above.




2.2 Smoke Generator

It
L

Figure 5 explains the simple method used for the gen-
eration of smoke for the experiments. A lighted cigar was
| inéertéd into one section of the tube, which fitted into one '

-end of another tube of larger diameter by means of a rubber

: *=;C0ka ‘Throubh the other end of the larger diameter tube dry

and clean air was introduced which after passing through the.
cigar carried the smoke to the smoke injectors via a small

n%tWork of-p1astic'tubing;

2.3 Photographic -Equipment and,Arrangement

A Nikon-F camera with'a telephoto lens (1:3.5, f = 13.5
 cms.) was used along with the kaon Bellows focusing attach-
ment. This~atta¢hment_made possible the close-up focusing
"of the whole nozzle exit in the view finder from a distance

of about 16".

The two walls of the b]anarnozz]e were covered with
~black paper from the outside with slits cut in the paper on:
each side at the nozzle eXit: ~They were approximately 1/163‘
:wfdé.and‘extended over\the nozzle exit. Light was focused
at these s]its by means of two Kodak slide projectors (600
watt lamps each) placed on each side of the wall. The rest
of the test rig‘was covered with paper to avoid any entrance
Qf iight. In,thfsnway only theexit.planéfof tpe'nozzle was

‘illuminated.

-]Q_




‘3. TEST RESULTS

3.1 Pressure Measurements on Face of Nozzle Inlet Plate

In order to determine the pressure distribution on the
face of the flat surface having the rounded rectangular noz-

"zle inlet, pressure taps were provided at various locations

on that face. The purpose of‘this test was to ]earn about
the or1g1n of the secondary flows in the m1dp]ane of the hoz-

zle. A total pressure tap on top of the stagnation tank was

also provided. These pressure taps were connected to a water
. manometer. To begin with,.the experiments‘were run at Tow
Reynolds numbers on a 6" stagnation tank rig with 5 pressure
taps on the nozzle in]et flange. Very small pressure differ-v'
ences were observed between these taps (approximately 0.02"
»to:0.0B" ef water). No conclusions could be draWn from these
tests. Reason for the small pressure differences could be
"exp1a1ned by the fact that the d1fference between total pres-}
sure in the stagnat1on tank and theatmospher1c pressure was
of.the‘orderof 0.1% of water.. Since the tota1,pressure'in
:the tank is. small, Very s1igpt differences in pressures be-~

tween the taps should exist.

To verify the existence of pressure gragient;plarge ve-

locity at exit from the tank was needed, since

9P w2
3R = -p ;\{-—; |
that is, . ”gg‘;fpvz
o 3R ° |
o1
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‘run the experiments at higher Reynolds numbers. ATso,'tne 

Therefore, in order to increase the total pressure and flow

Velqcity~1ﬁ;th6r§tagnatioh tank it was décidéd to decrease

“the diameter of the stagnation tank from 6" to 3.5", and to

......

number of pressure taps on the plates was increased, with

;Qhe plate having asmahy.as 32 pressure§taps in one quadrant

of its circular section. Two rectangular and one square noz-

zle inlets were tried having the same areas (seé Figure 6).

“Tests were run first with sharp inlet gdges'and']ater with

the edges rounded off. .The only difference between the two

tests was that at the same flow rate, the total pressure read-

ing 1in the“stagnation tank was higher in the sharp edged in-

let than when it was rounded off. This can be explained by
the fact of the vena contracta formation in the sharp edge
case. | |

The pressure difference between the Various pressure

taps was still found to be too small to allow definite con-

clusions to be drawn.

-12-
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3.2 Development of Smoke Visualization Technique

‘Wfpurpose of v1sua11zat1on of secondary flows at the nozzle

- exit posed a few prob]ems The idea was ‘to d1str1bute the -

'smoke evenly around the per1phery of the c1rcu1ar section of

. the stagnation tank with minimum disturbance to the flow, so

of the pattern of vortices at the exit passage of the nozzle.

Smoke was'injected_from about 12" upstream of the nozzle in-

vIt was observed that the smoke from the 1nJector located at -

~as was desired. Th1s way, the top section of the nozzle was

deprived of smoke with excess smoke in the lower section. To
‘to the nozz]e inlet (poss1b]y in the separated reg1on) were

B proved considerably, but it,mas observed that by injecting

the smoke so c]ose.to the nozzle inlet disturbed the flow

The 1nJect1on of smoke in the stagnat1on tank for the

that when smoke entered the nozzle it would circumscribe the '

nozzle perimeter. The location and arrangement of‘the smoke

injectors was observed to ﬁavedan influence on the stability

-To'begin-with, the experimental rig was kept horizontal.
let by means of three streamlined "bullet-shaped" smoke in-
jectors located at 120° intervals around the circumference, -
with the smoke directed downstream towards the nozzle inlet.
the top of the stagnation tank dr1fted-downwards under the
action of gravity and did not follow the stagnat1on tank walls

avoid th1s problem, four smoke 1nJectors, 1ocated just next

tried. ‘This way the smoke_d1str1but1on in the nozzle im=-

and the vortices in the exit passage were very unSteady.

- -13-




InjectiOD’Qf smOke was aiso tried at.the very intett
to . the test r1g by placing the smoke injector in the a1r in-
Qiet p1pe This way the smoke got diffused throughout the
whole section and 1t was not poss1b1e to observe c]earTyithe

r vort1ces.

It was noted that by placing the smoke injectors up-

" stream of the flow stra1ghtener, a pattern of small honey—

'comb cel]s was present 1n the nozz1e exit passage along with
the regu]ar pattern of.vortmoes. Th1s cell pattern was oOb- |
viously due to thewakesf?ormedsby the honeycomb flow

-'straightenerandwas not in any‘way-associated with the flow
pattern in the nozzle. Thereafter, the flow stra1ghtener

was p]aced upstream of the smoke injectors.

To e]1m1nate the prob]em of smoke drifting downwards

under the act1on of gravity, the whole exper1menta] rig was"

- - set up vert1ca1]y so that the flow was now from top to bot-

~tom instead of in a hortzOntal.d1rect1on. To get a better
'distribution of smoke;'eightgsmoke injectors were provided
at equal intervals around the circumference about 9 1nches ~
,upstream of the nozzle 1n1et A fine screen was placed just

downstream of the 1n3ectors to smooth out any turbulence in--

.»flow caused by the injectors,. and a]so to diffuse the smoke

- to some extenti The smoke dlstr1but1on was uniform around
the periphery with this arrangement, but it Was.observed now
~ that the smoke, after settling down around the nozzle inlet,

preferred to follow certaﬁn specific paths. The two parallel

-14-
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.walls of the p]anar nozzle were deprived of the smoke in

=

tn1s way The reason for th1s was that along the f]at face
of the nozzle inlet p]ate, there were reg1ons of h1gh pres-

sure around the two para]]e] walls. The smoke therefore was

‘forced to move 1n the nozz]e passage, away from these high

pressure regions, from the top and bottom wall (see Figure 7),
aroiding the side walls. Another set of smoke 1n3ectors was

needed therefore, which could supp]y smoke to these two wal]s

The arrangement which was finally adopted and was found:

suitable was a circular smoke injector described earljer

(Figure 1), which distributed smoke along the top and bottom

‘walls of the nozzle_and a1so to the corners, and.tWO crescent-

shaped smoke injectors upstream, which protruded inside the

stagnation tank and supplied smoke to the two side walls of

the nozzle. The position of these crescent-shaped injectors

{

inside the stagnation tank could be adjusted.

Regulation of the quantity of smoke through the smoke
injectors was another factor of importance. Too 1ittle smoke
did not cover the.whole flow field, and on the other hand, too
much Smoke caused'the.vortices to distort or become abnormal-
]y large. To avoid this, the amount of smoke flow was con--

stant]y regulated

E | o |
During the tests, tar from the cigar smoke was slowly

ﬁcondensingin the plastic tubes SUpplying the smoke to the

-15-
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ésinjeCtors When the amount of tar acumu]ated became large,
the supply of smoke through the 1n3ectors became erratic,

the 1nf1uence of wh1ch cou]d be detected in the flow pattern.

It was therefore necessary to drain the tar from the tubes

every now and then

3.3‘ Tests with Nozz]eA'

The tests w1th nozzle A were ruyn at four different values

of Reynolds number. The Reynolds number was based on the

‘nozzle width of 0;48" (characteristic length), and on the

. Mmean exit flow speed.

Figure 8 shows the pattern of vortices at the exit pas-

"sage of nozzle A at_Rew = 3.9 X 103. The exit passage aspect

ratio for nozzle A was 5,

Four vortices, two on each s1de of the m1dp1ane, can be

seen on the top and bottom wa]l of the nozz]e These top

and bottom wa]] vortices were a]ways present in the form of

"mushroom" 11ke pairs w1th a ”stem“‘attach1ng them to the

[

walls. The direction of the vortices appearing in pairs

is opposite to one another These vortices are asymmetr1c

about the m1dp]ane and theqr pos1t1on a]ong the top and bot-

tom wall varies. Figure 8(a) shows the bottom wall pairs of

_3vort1ces being further apart than the same pa1rs in Flgure

~8(b) The origin of the above vorttces can be traCed.back

-16-




to the nozzle 1n1et Regions of high pressure along the

para]]e] wal] s:Qf the nozzle in1eton the flat face com-

'pe]]ed the flow to go around 1t and enter the nozz]e pas-
sage from the top and bottom wa]]s The interaction of

this Cross- flow with the main flow at the nozzle 1n1et Teads

to the format1on of the t0p and bottom wa]] vortices. Fig-
ure 7(c) explains the f]ow pattern a]ong the flat face of
the nozz]e 1n]et plate. In each corner of the nozz]e ex1t
hpassage a vortex is present These corner vort1ces had their
id1rect10n of roll-up away from the side walls. The or1g1n
of these vort1ces 1s attr1buted to the boundary 1ayer m1- |
grat1on along the para]]e] walls, away from the centerp]ane
"The pressure gradients 1mposed on the boundary layer by the
main flow because of the convex wal] contour of the nozzle,
are responsible for this m1grat10n. F1gure 8(a) and 8(b)
yshow very c]ear]y the or1g1n of these corner vort1ces from
somewhere close to the centerp]ane Due to the cross f]owv

in the boundary layer, f]u1d travels along the side walls

on each side of the centerp]ane and away from it towards the
top and bottom wall where it rol]s up into a vortex. Fach of
these corner vort1ces ‘seems to give rise to another vortex

in the opposite d1rect1on near the centerp?ane of the nozzle

and close to the side wa]]s

The centerp]ane vortices, though not c]ear]y def1ned 1n

_thure 8, are definitely present. The boundary 1ayer m1gra-

tion a]bng the planar wall (because of the concave wa]]
-]7— | ‘




:cﬁnt@uhof:the_nazzﬁé) is responsible for these centerplane
1 Vortﬁcésb Here,'thevcross?fﬁow injfhe boun&éry layer is |
towardS'thg‘cenIefp1anefﬁom both sides. The .interaction
.dﬁ:the:craSSaflnw i; ét fhe centerp]ane resulting'in fwo

- vortices iﬂ-OPstitedirections stemming out of the side wall.

The bgundafy lTayer migration'a]Qngthe para11e1 walls

~is shown in Figure 7(a).

. ~Figufe gsh0wg thé;gxitipassage pattern at Reynolds num-
ber”533~xv103. The pattern isfessentially the same as before.
. Figure 9(a) shows the centerblanevorticesvery clearly. It

- will be noticed that the right3hdnd‘sidé centerplane vortices

in Figure 9(a) have another pair of vortices stemming out of
the lower vortex. Later phOtographs show as many as 3 pairs

R . of vortices associated with the centerplane. The occurrence

of more than one pair of vortices at the centerplaneiisAdif;
ficult to exp1a1n. Figure 9(b) shows the resd]t of too much
- smoke along the right waTT, The right hand side centerplane
‘vortices have extended deep into the nozzle. Distortion of

the mushroom-shaped vortices on the lower wall is evident ~

as the centerplane vortices push on it.

. . - | . o |
Figure 10(a) shows exit passage pattern at Reynolds num-

%, Four corner vortices and the centerplane .

ber 6.87 x 10
~ pairs of vortices can be dlearly seen. The top and bottom'

'5wa11 vortices become increasingly unsteady and turbulent with

-]8-_




“iﬁcreased Réyﬁo}ds number with the?r-§0$itionalbngnthetop

and bottom wall constantly fluctuating. Two pairs of vor-
~tices on the t6PWa11are“evidéhf while on the bottom wall
the two paifs appear'to be cq]]iding with each other with

the Teft pair extending all the way near to the left wall.

thurexlo(b) shows the flow pattern at Reyno]ds number
7&4 x;IOS. Only one-cornerZVOrtex in the 1QWer.]eft hand
corner can be seen;. This is only due to the lack of smoke
o iﬁ £he other corners. Two pairs ofAcenterplane vortices
énearéachsidewaii can be‘séen. AT] the four top and bot-
- tom waTT pairs are present here. They appear to be haiy

and blurred because of the increasing turbulence in the flow.

It should be noted that as the‘Reyno]ds number increases

“the vortices become "tighter".

I§;4 Tests with Nozzle M

- The difference between geometry of nozzle M and Nozzle A

 Can be seen in’Figure 3. “Testé with nozzle M were run at 3

different Reynolds numbers;'basedon the width of the nozzle

(0,6 inches) and the mean exit flow speed.

 Fjgure 11(a) and 11(b) show the flow pattern at the exit

3

”jpassage at Re = 3.9 x 10°. The pattern observed here is

.'essgntia]1y the same as in nozzle A and as one would expect in

-.a concave-convex nozzle. It is however interesting to note

l
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 that the centerp]ane vort1ces extend deeper 1nto theex1t
passage.of the nozzle. This may_be_due to theeextended
3tra]ght sectlon between the eencaee and conyex walT contour
of the nozzle. The two pairs of vortices on the'tep and
bottom wall ithigure 1T(bj.are further apart than the same

VOrticesineFigure‘11(a).

Figures 12{(a) and 12(b) show the f]ow patterns at ex1t
ai~Re; 5.3 X 103 Fmgure 12(a) shows very-c]ear]y the

patterns explained earﬁfer Figure 12(b) shows the r1ght

”"hand s1de centerp]ane vortices extending towards the upper

wa]]- This abnorma] behavior might be due to some upstream

d1sturbances in the flow

Figures 13(a) and 13(b) snew;the effects of eXce331Ve
smoke in the test section. The Reynolds number is the same
as fer in Figure 12 (Rewn= 5.3 x 103). It is interesting to
ebﬁezin Figure.13(a) that the centerplane vortices extend .
all the way to the midplane, flattening out the top and bot-
“tOm'vertices@ In Figure 13(?)'the two pairs of centerplane
vortices have cfoseed each other and are locked in that posi-
tion. It was seen that wheh_the quantity of smoke Waé gradu-

ally decreased_;these-eenterp]ane vortices tended to stay

N 1ocked in that position even for normal f]ow of smoke Fig-

ure’ 13(b) shows the top- wa]] pa1rs and one of the bottom wall e»
}'pa1r £0 be f]attened out by this d1sturbance In add1t10n,

two more pa1rs of vort1ces on the r1ght hand s1de wall can be

-20-




7.4 x 10

" ures 15(a5 and 15(b), pick up:fluid from -the top and bottom

8.5 x 10

.
R e
PSR R s tiag 1o ALl R A S

4

seen Stgmmihg out from near the vicinity of the centerplane.

Figures 14(a) and 14(b) show the flow pattern at Re %_1

>, ASMCanmbeobserved the top and bottom wall pafrs

7of‘vortices are unsteady and turbulent at this higher Rey-
nelds number. The same was observed in experiments with

'ndzzTe:A. Figure]4(a)seem$lto show 3 pairs of vortices

on the top and bottom wa][-atAthis‘Reynbldsnumber.

BTS Tests with Nozzle Asm

is similar to that of nozzle

The geometry of hozz]eAsm

.Af(Figure 4). The inlet aspect ratio of nozzle AS was

m
5.67 which is higher than that of the inlet aspect ratio

of nozzle A. The exit aspect ratio is 3.

Figureé 15(a) and ]5(55«show the flow patterns at the
exit paSsagerf'nozzle Aémat Reyno1ds number = 677 x ]03;
Four corner vortices and two pa%rs of centerplane vortices
can be seen. The cornerVortices,as is evident from Fig-

wa]]‘bQUndary layer. The top and bottom wall vortices are

‘not very well formed at this low Reynolds number. This may

&, ‘ _ '
be explained by the fact that at this Reynolds number, the

secondary flow at the inlet to the nozzle does not have suf-

~ficient momentum which is required for these vortices to form.

'-'.Figures"16(a) and T%(b)show the flow patternatRew =

3;““In'additionto’the}cprnerfandfcenterplane :

.
S

)
kY
\
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vorﬁiCES;:WEvhaye-one pair of midplane vortices eath; on the
top and bottom wall. In Figure'16(b) the midplane pair of
vortices on theznpper‘wall is seéen in the process of develop-

| iﬂgzinfﬂ a’healthy pair as in Figure ]6(&).

Figures 17(&) and 17(b) show the f]bw pattern at Re =
1.26 % i04, In ﬁigure 17(a) four corner vortices and two
"pairsof Cehterplanehvbrticescan be seen. On the top wall,
ope midp1ane pair of;v@rtiCés is present while on the bottom
'Walf‘twopéiP&'of.vortiCeszare évident. From this it can be
inferréd that the top and bot tom wall vortice$ can'occur
either in single Qr fn'double pairs in this nozzle. InFig-
ufe 17(b) the midplane vortices occur in sihg]epairs on both
upper and lawer-wails. Thé;origin of these'midpiane vortices

is explained in Figure 7(b).

To ha%e an idea.of how fhis pattern of vortices changes
downstream-af the exit passége, photographs were taken in a
pTane 0.5" downstream of the—éxit paSsage.- Figure 18(a)
shows'theCornerfand‘Centerplane vortices still quite e;i-
dent in the flow, while the top and bottom vortices are seen

to diffuse rapidly in the flow downstream of the exit passage.

t

”3,6 Tests with Nozzle Bsm. .

| The~geometry of nozz}efBSm 1s shown in Fﬁgure'4; Fig-'
ure TQ(b)?ShOWS the pattefh at Re, ='8.5 X 103. Existence

-~ of the midplane vortices on the top and bottom wall, and the
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centerplane vortices canxbé“made 0ut;'thoughiit fsﬂnot very
clear. Unfortunate]y, better photographs of the flow pat-

*+ern in this nozzle could not be obta1ned

The absence of corner vortices in nozz]e B - can be ex-

p1a1ned by the fact that the convex wa11 contour, wh1ch 18

‘respons1b]e~for their generation, was absent in this nozzle.

-23-
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This experimental investigation has shown that:

1. The geometry of the planar convergent nozzles has a

mankéd%ﬁnfluence on'thé»degreé”Of'”O”U”iformity of flow at

the exit passagec

2. P]anar convergent nozz]es hav1ng concave-convex inner

~walls and rectangu]ar rounded 1n1ets, produce nonun1form

flow at the exit near the upper and ]ower walls in the vicin-
ity of the side walls, and near the s1de walls at the center-

plane. These reg1ons of nonuniform flow are caused by a sec-

'dndery‘fldw produced by migration and roll-up of side wall

boundary layer in the vicinity of the concave and convex wall

r.contcurs. The migrationnof the side wall boundary layer is

caused by the pnessure'gradient‘of the main flow.. This non-
uniform flow, present in the form of concentrated vortices,

has under its influence a considerable area of the exit cross

fsection, The axes of these vortices haVe the general direc-

»

tion of the'nmdrm'flow. | - : | I

3. P]anar nozz1e£ having concaVe-convex inner walls and

" rectangu]ar 1n]ets w1th circular ducts upstream, can pro-

duce nonun1form tota1 pressure d1str1but1on in the flow at
the exit near the upper and 1ower wa]]s in the vicinity of
the mldp]ane These m1dp1ane reg1ons of nonun1form flow are'“

generated by a spiral flow caused by the rectangu]ar;1nlet

-24-




B R SO AT 5t e Sy o S DU N

B T U

to the nozzle. Thi S :"s;e'c"o?ridfa Y'*y flow was -?ound to be sensi--

tive to the Reynolds number, becom1ng 1ncreas1ng1y unsteady

with 1ncreas1ng Reyno]ds number

The inlet agpﬁctgratia-of the rectangular inlet has a

}Targebeffect_on;the top and bottom wall pairs of vortices.

They tend to occur in single pairs in théﬁmidplang;fbr a

high value of inlet aspect ratio, while for a lower value

théy-otfur in double pairsg and on each side of the midplane.

4,  Planar convergent nozzles having a concave-straight in-

nef'wall,profiTeand.regtaHQUTar‘inlets with circular ducts
uPStream Gaﬁ;br0duce'séébndaky‘?1ows (vortices) in the center-

- plane due to tqe concave- wa]] contour and on the top and bot-

tom walls in the v1c1n1ty of the m1dp1ane due to the rectang-

“ular inlet. The vortices on the top and bottom wall observed

1n*this nozzle did not extend very deep into the main flow.

-925.

T e e e e




= VO

PN e

REFERENCES

'f:. Herzig, H.Z., Hansen A.G. 5 and Coste]]o, G.R., "A v1s-
ualization Study of Secondary Flows in Cascades“ | -
NACA Report 1163, 1953

RohTik, H. E , Kofskey, M.G., Allen, H w and Herzig, H.
Z., “Secondary Flows and Boundary Layer Accumu]at1on in
Turb1nevVozzles“, NACA Report 1168, 1953,

:- Senoo, Y., "The Boundary Layer on the End Wall of a Tur-

bine Nozz]e Cascade“, Trans. ASME, Vol. 80, 1958, pp.
1171-71720. o | | .

NOrbury,_J F. “Some Measurements of Boundary Growth in
a Two- D1mens1ona] Diffuser", Journal of Basic Engineering
Trans. ASME, Series D, Vo]” 8T, No. 3, Sept. 1959, pp. |
285~ 296."”- - | .

Moore, C. A. , Jdr. and K11ne, S.J. “Some Effects of Vanes
and of Turbulence in Two- D1mens1ona1 Wide-Angle Sub-
sonic Diffusers", NACA TN 4080 June 1958.

Stan1tz J.D., Osborn, W. M. , and M1z1s1n, J., "An Exper-
imental Investwgat1on of Secondary Flow in an Accelerat-
. ing, Rectangular Elbow with 90° of Turn1ng“, NACA TN
3015, October 1953 | —

'.~,Ocharek J.A. RockweTT D.0., and Cha, Y.S., "A Study

of Flow From Two Planar Nozz]es“, Lehigh Un1vers1ty,
- Project Fluid Amp11f1ers Techn1ca1 Report No. 1, June 1970.

.~ Owczarek, J.A. and Rockwell, D.0.., "An Experimental Study

of Flows in Planar Nozz]es", Trans ASME, Vol. 94, Series
D, No. 3, September 1972, pp 682-688. |

Wagner W.B. and Owczarek, J.A., "A Study of Flow Fields
in Bistable Fluid Amp11f1ers - Part I[: Experimental In-
vestigation", Lehigh University, Project Fluid Ampli-
fiers Techn1ca1 Report No. 9, June 1972.




o © VITA

s e O

Ahmed Nadim Siddiqui was born in Rawalpindi (Pakistan)

Qn}MaFCh 1, 1949. Heis‘the s0nzdf’Farhat-éndMoinriddin

Siddiqui.

HeLHad his EJemeﬂtary'and CQI]egeteducafibn in Karachi.
~ He graduated from N. E. D. vaérmment Engineering College,

Karachi, with a Bachelor's Degree in Mechanical Engineering

in September 1970.




I Ar it

Detail of uper:

”

smoke- injector

Stagnation
" tark

Fine screens..

12—

e/

Flow
straightener:

THj

3 Top smoke
/ injector:
o—— /N

3'”' N

"". O

-~

3

_/F ine screen .

—

~

I

Bottom smicke

40

3°>k—3

injector.

c# . q——/_/Snﬁc ke inlet

)

-
F

”w

Detail of bottom /
smoke ifjector T

1/8 Brass tube

Circular smoke
injector

(View A-A ).

Smooth ‘upstream
contour of smoke
injector

/.

.

L

7P

L AL R II T T T T T

S22 O

7

Detail of experimental rig

FIGURE 1

U Smoke outlet

Rounded
nozzle inlet

Crescent-shaped
/ smoke. injector

R e N O U RN AP

vy

. e A T




= Stagnation tank

Fine screen

Flow straightener

o

- Nozzle exit

TO/) smoke Ijector

I R

injector

—\BOttOm smoke View in direction A

Fine screen

—12Z

L, Rounded nozzle
= R , inlet

Planar nozzle

OII

2
|

o

Left side'wal]] || Right side wall

(End view)

Figure 2




|

Nozzle M

> ol N | |
~
AN
| \ :

/ \\ los
/ || n'“ Centerplans I ‘ ﬂ i N
ot 5 gl 3433" 45T

B /| 139 : '
, _ __ - . 3433
S ] © 3\
\\J__/w/ . . _*___ ) "
| Nozzle A ‘
"“2%‘4 ’ Side walls
Midelaie/.Sid'e walls
-~ *\
4 \.
T ’—1-\§~ v ” '
- , \\ I -3~ -895 :
/ \ | |
| . 15° | |
| F R ' ~ : _ >
i - £ 1 OOL?) — Centerplane, ~ 19
/ | e

 Geometries of nozzles A and M
| Figure 3 |




~Upper wall |

/4

TR T

Z
6

425

Lower wall

14

.

Nozzle Agm

'

075"

Midlplane
!

5"

Nozzle Bsm

10°
075" S
Geometries Of nozzles Agrand Bgm
: F.i.-,g_ur‘e 4

T




[ STy ——

et e e e S BB e tener———

i pn

Qﬂm@-—-—-——

I R R TSV (PO

T

a

.

1

R G S T T R e T A S LI T T AR O v

ok i

S —
= Stessir
1,

Lighted end

T

%’),‘,};_Qu’ﬁ ik S Ao i A i k. ik

TV ol

TR Tl

S
i

L e e oww




_~ pressure taps

/

rounded nozzle
| ‘inlet

-

3.5"

Ny

" sharp nozzle
~inlet

i
I
H
1
i
|
i
i
:

0

"Figure 6. Nozzle inlet plates of various aspect ratios
A showing location. of pressure taps.




o

boundary layer m1grat1on
(concave wall)

boundary Tayer m1grat1on

nall
(convex wa ) mideane

corner vor tex

- centerp]ane vortices
‘ ” onda gﬁi)
[ ,///f-secon.ary' ons

nozzle exit Lsitane

>

l midplane vortices

(b)

secondary "flows

nozzle exit

h1gh.prossure reaion upper wall vertices

lower wall vortices -

rigin of exit passage vort1ces"d :

a) plane wall boundary lTayer m1grat1on ~

b) secondary f]ow in high inlet-aspect-ratio nozzle
c)'secondary ]ow in Tow inlet-aspect- rat1o nozzle

Fjgure 7. o
N N
«(




Figure 8. Nozzle A, exit aspect ratio = 5, Re 3.9 x 107.




Figure 9. Nozzle A, exit aspect ratio = 5, Rew 5.3 x 107.
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Figure 10. Nozzle A, exit aspect ratio = 5
(a) Re, = 6.87 x 10%; (b) Re,

7.4 x 10°.




Figure 11. Nozzle M, exit aspect ratio 3.9 x 103,
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Figure 12. Nozzle M, exit aspect ratio = 4, Re, = 5.3 x 10




Figure 13. Nozzle M, exit aspect ratio = 4, Re = 5.3 x 10°
Distortion of vortices due to exces? smoke.




Figure 14. Nozzle M, exit aspect ratio = 4, Re 7.4 x 103.
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(b)

Figure 15. Nozzle A s exit aspect ratio = 3, Re 6.7 x 107.
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Figure 16. Nozzle Asm’ exit aspect ratio 8.5 x 103.
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Figure 17.
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(b)

sm’ exit aspeCt ratio = 3, Rew = 8.5 x 10
Showing flow patterns O.5" downstream of exit passage.

(b) Nozzle BS : exit»aspect ratio = 3, Rew = 8.5 x 103

3

Figure 18. (a) Nozzle A
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