
i

1i

l:

l

{;

f,

The Effect of a Wake on the Mixing of
Two Confined lncompresslble Streams I

Itl, H. Khanr
Gazi t'ld. Khalll**

Abstract I

Twa different turbulent baundary layer velocity profiles at twa odiacent nozzle exits were generated to lnyestigotctla lnfluence af the lnitlal condltloas on the flow. The nozzles wete fitted in a wtnd tunne! of test section, t ,5 ft x I .S ftr I0 ft' 8 ln' (45'72 cm x 45'72 cm x 325'!2 cm). Two nozzles of ospect rottos 4,5 and 3 were use1 for the expetlment.
Thc nozzles wera separeted by a 0.75 inch (t .9a5 cm) thick wooden plank' producing a wake tn between tle jerl. The
dlsplocement thicknesser of the ve!ocity proftte otthe axlt plones of thetwo nozzles were g*7g -a.t2g and 0.13i t.spec-
tlvely wtth corresponding Reynolds numbers, Rep * 1.65 x t05 and 2.27 x l0s, Bosed on the exit condition the bo,un,lory
layer wos ossurned to be turbulent.

For each cose the meon oxia! velocity and the mcon stotic pressurc were meosured scross the jets. The wake
lormed between the two interocting streoms dlsoppeored approxlmately at the some axtol distance, , t o J i for- 

' 

ioth thenozzles' rhe pressure dlstributian was found to be uniform ccross thr strcqrns except for o small suction ln the region oftie woke 9n-the dawnstreom side of the thln plate whlch separoted the two streoms.

Notation !

A arpect ratio of the rectangular
nozzle (- b/D)
width of the rectangular nozzle
coefficient of pressure in the jet
depth of the rectang ular nozzTe
depth of the upper channel
depth of the test secrion
shape factor at the nozzle exit boundary
layer

h height of the step
pow€r of the velocity profile
Reynolds number baeed on the average
velocity and the nozzle depth.
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r

b

Cp
D
Ds
DT
H

n
ReD

Uy
{.J;m":r

Us
USma*

IJsN

[JsN-u*

Ur.r

UN.u*

mean axial vclocity of the jet
maximum mean asisl velocity of the jet
mean axial velocity of the upper stream
maximum mcan axial velocity of the
upper stream
mean axial velocity in the upper strearn
at the exit plane
maximum mean axial velocity in the
upper str(.am at the exit plane
mean axial velocity at the nozzle cxit
boundary layer
maximum mean axial velocity at the
nozzle exit boundary layer
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Ym

V

Ys

x axial dirtanc€ measured frem the nozzle

erit
y cross stream ordinate measured {rom

the bottom wall of the leet iection

minimum value of y where U; *U;*r*
cross stream ordinate msasured from thc
bottom wall of the nozzle

upper stream ordirrate measured frorn
the top of the nozzie at tlie exit pl*ne

p

Ax

AU

Greek Symbol* r

S boundary layer thickness at the nczzle

exit
8\1 <iisplacemeot thicknesc at the nezzle exit

4 noo-dimensional co-ordinate perpencii-

cular to the wall 1-y/8i
0 moinentum thickneee at tlie exit of rho

sazzle

v kinematic coefFcient of viscosity of air

density of air

distance between the centrc.s of two
suecessive meesuring hoies

difference of urean axial velociry ber-
weeu the jet and the upper stresul
{:UJ-Ur**")

AUroa" maxirnul:r local €xces* mean axisl veio_
city ( - U;-**-Usr6")

lntroduction :

When a jet of fluid emanates from a narro!?
slot and impinges oilto a rigid wall at aa angls
from 0 to 90 degreas it is called a wall jet.
The spread of the wall jet ic inhibited on one
side by the presence of a solid surface and the
velocity is zero on that surface. In most practical
examples, tbe wall jer will be rurbulent. The
first theory of the wall jet, laminar and turbulent,
radial and plane, was developed by Glauert (1)
in 1956" His basic asnumption was that since the

2

wall jet compr ised of a boundary layer fiow
near the wall and a free mixing flow in the
out6r part, there could not be a unique solution
fcr the flow as a rvhole. Glauert (1) used arl
eddy viscosity distribution ccncistent wirh the
power law velocity profile in the inuer layer.
On the other hand, a constant eddy viscosrty
( appropriate to a free jet ) was used across the
outer layer. Glauert's (1) trvo-layer mcdel for
the wnil jet ffovr is treateci as ciassic" and lius
been successfuily applied in many cases. 6veri
when the waii was curved and when lhe assurrrp-
tions made in its derivation ciid not sricrly appiy.

A more practical situation would be a wali
jet i.ssuing into a stream moving in tI.:e same
drrection. 'l'he essential {eature of the velocity
profrle for such a 1lo.,v is that the veiocity does
n<r longer becoir,e zera al a large distance frcrn
the wall but approaches a finite value, Us, which
is in general srnaller tran the rnaximuru value
reached sornewhere in tie jet. The sirrrplest
i4pproxiuration to the spreaJing of a jet in a

moving srreanr is obtaiaeci b1 superposing the
external flow wirh veiocity, LI., on the jet flow
iqto still air. lt is then assumecl rhat for the
same velociiy drfference ( U1-Ug ) the mixing
proccsc is also the sar:e. A consistent method
invoives a stretching of the streamwise cc*
ordinates, to take account of tne different distances
which fluid particlee travel ia unit time in the
two cases. This may be regarded as a iransfor-
ntarion from a fixed co.ordinate syst€m in still
air to a muving oa:. .lnis 

metbod gives adequate
ansv,rers for practical purposes in simple cases,
and has been us:d by Kruka and Eskina zt | 2 )for the solution of wall jets in a moving stream.
E,scudier and Nicojl(31 deveioped integral methods
for wall jers ia pressure gradients where the
mean velocity profile was built up by the super_
position of a jet coulponent and the logarithmic
law of the wail. The velocity profile at the
edge of the {low gzvea skin frjction law. The
integral momentum equation provided a second

Mech En gg. Res. 8u// Vot, 6, ( I 9gJ), No, I
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equation, and the third, required to close the

solution, was obtained by relating the non-dirren-

sional rate of entrainrnent to the profile. Gart-
shore and Newman(4) have developed an inte-

sral method for predicting the growth and

separation of a simple wall jet, Newman et al

(5) have studled both theoreticaily and experimen-

taily an incompressible three-dimensional turbu-

lent wail jec origioating f rom a circular ori6ce

iocated adjacent to a plane wall. Narayan and

Narasimha(6) have carried out a parametric analysis

of turbuient wali jets. I'hey have proposed that

the fully developed state of the flow is governed

by the total momentum flux at the slot exit,

rather tl-ran by the jet velocity and the slot

depth separately. Rajaratnarn and Stalker(7) bave

carried out an experimental etudy on the mixing

and diffusion of circuiar turbulent wall jets in

co{lowing open cliannel streams o{ water, with
the ratio of the jet velocity to channel velocity

varying fuom 2 to 30, aad the depth of the

flow being 10 to 30 times the let diameter' 'Ihe

study is limited to jets with the same deusity

as that of the coflowing stream and the bed

of the chanaei has been kept nonerodible.

Ivlathews and Whitelaw(8) investigated experi-

mentally and theoretically the flow in the mir'ing

region ol tvro jets when there is a step Qn

the wall side and the Iip is of finite thickrress

producing a recirculating flow and a wake in the

mixing region of the jets.

Existing theoretical melhods are not yet

powerful enough for practical purposes and hence

<rxperimental data must be relied upon to a consi-

derable extent. The present experimental investi-

gation is on the interaction of an incompressi'

ble turbulent confined wall jet and a stream

with a wake existing between the two'

The knowledge of such mean flow proporties

of turbulent wail jets in the presence of wakeg

is useful in many physical applications such as

the jet flaps, the jet flow below a sumborged

}UEf,9haks

sluice gate, the discharge of efiluents from a iarge
pipe buried in the riverb,ed through a series
of short pipes or rtozzles as coflowing circular wall
jets, the {1ow behind a ship hull while sailing
in a sea etc.

The Experirnental Set-Up and Experimontc !

A subsonic wind tunqel with a test section,
1,5 ft. x 1.5 ft x 10 ft 8 in. ( 45.72 cmx 45.72 cmx
325.\2 cm) w-as used f or the experirnent. The de-
tails of the wind tunnel were presented in relereuce
(9). The test section was divided iuto two halves.
The upper half always having a lower average
velc'city than the lower half, was considered ag

the main str€arn. The lower half was treated
as the nozzle and had aiways a higher average
velocrty than the rnain stream. Such nozzles of
aspect ratios 4.5 and 3 were set up within
the test section of the wind tunnel as shown
in figure 1. Air wa.s allowed to flow through

lt*. 
t Schematic diagrara of the experimental set-up

tbe nozzle and through the upper portion of the

duct with a 0.75 in. ( 1.905 cm ) thick plate

in between them, This was considered as the

wake generator. At the exit section of the nozzle

one step of height 1in. ( 2.54 cm ) was built up

and the jet spreaded over the lower plate. The
jet expanded on the upper side against another

O.?5. S}IEAR LAYER
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stream of air f lowingl oYer tbe nozzle' 'I'his

wall iet, confined by the v'all of the test sectiotr

was allowed to grow in rhe downward direction

over a perspex floor as shown in Figure l'
On the bottom of the duct eleven measuring

holes vrere made at interval of 6 inches ( L5'24

cm) which corresponds to 6x/D : l for D*6
inches ( L5.24 cm) and trx/D:1.5 for D- 4

inches ( 10.16 cm ), where Ax is the distance

between the successive holes and D ie the nozzle

depth. T'he holes were circular and each hole

was 0.25 inch in diameter, which permitted

the traversing of the Pitot-static tube through

them. The Pitot"static tube 1Ya$ traverscd verti-

cally up and down by rack and pinion arrange-

ment over a stand graduated to read 0.01 inch'

The United Sensor Pitot-static tube of outer

diameter U16th inch ( 0.159 cm ) was used for
the meaouremeut of rnean velocity. The Pitot-

static tube was connected to an Ellison dra{t
gauge. Both the rnean axial velocity and the

mean static prossure heads were recorded at

sections x/D:0,1,2- .10for D*6in.
( 15.24 cm ) and x/D-0,1.$,3, 15 for
D:4 in. ( 10.16 cm ). 'f he reproducibility of the

readings was checkeC and found to be within *l%.

Results and Discusslon l

The nozzle exit condion of the jet was identi-
fied by measuring the exit mean axial velocity and

calculating the displacent thickness of the porfile.

Measured values of n:earr axial velocity at the exit
of the nozzle is shown in Figures 2 and 3 for
nozzle depths, D:4 in. ( 10.16 cm ) and 6 in'
( 15.24 cm ) respectively. The velocity profile is
fsund to be symmetrical about the nazzle centre-
line. The experirnental points rvere fitted to the

equation, Un /Uw-r* * ( Y/$ ; r/n, and the value

of n was computed by the least squares principie.

The curves corresponding to the equation,

UN /Un'u*: ( YiSl tln are also given in Figures 2

end 3 to show the agreer;)ent with experimental

points. The boundary layer thicknesa was obtaiired

4

tr{easured mean axiai veiociry disLriburion
rr: the nazzie at the exit pj;rc,
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Fig. 3. Measured mean axial vclocity distribution
in the nozzle at the exit PIane.

by plotting the experimental values of n:ean axial

velocity at different distances from the vrall and the n

measuring the dislance for which LTN /IJN*.x *
0.99. The displacement thicknesr, the momentum

thickness and the shape factor of the velocity
profile were calculated by using equationa{1},
(2) and (3) respectively.
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The area under the velocity profilo at

phnc was integrated by using Sirnpron's

subsequently the ar€&.av€rage velocity at the exit
was computed dividing the integrated area by tho
cross sectional area of the nozzle exit. The Reyuolds
number, ReD , was calculated on the basis oI the
area-average axial velocity and the nazzle depth, D-
The computed values of the parameters which
identify the exit conditions are given in Table l.
Considering all these characteristics of the velocity
profile, the boundary layer at the nozzle exit was
assumed to be turbulent.

TABLE l: Thc Nozzle Exit Condttisns

(1)

(2t

(3)

the cxit
rule and

Parameter

Dcpth of the nozzle, D

Fowcr of the velocity profile, n

Boundary layer thickness, 8

Ratio of displacement thickaess to boundary
leyer thickners, 8*/8

Ratio of rnomentum thickners to boundary
hyer thickness, 0/8

Shepe factor, H

Rcynolds number, Reo

Values

4 in. (10.16 cm)

6.80

0.464 in. (1.18 cm)

0.128

0.099

1.294_

1.65 x 105

6 in. 115.24 cin)

6.29

0.618 in. (1 SZ cnr)

0.137

0.104 ,

r.318

2.27 x 105

iUET , Dhaka
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The jet issuing from tho nazzle is obstructed
by the wind tunnel test section floor on the
bottom side and spreads on the top side where

another sfream with a relatively lower average
velocity exists. The velocity profile of the stream
above the jet is preseated in Figure 4 i.or nozzle
depth, D:4 inches ( 10.16 crn). The velocity
pro6le of the upper $tream is approximately Ilat
with a small boundary layer at both the walls.
The velocity protile of the rnain stream {or nozzle
depth, $:6 inches ( 15.24 cm) wns presentcd
in reference (10),- and it was found to exnibit
similar characteristics. 'fhe onco'ning fiow fri-rrn
the nozzle interacts with the upper srrean-r.

Figures 5 A, B and 6 A, B represent tl.re distri-
bution of measured excess mean axial velocity
at different axial distances foi nozzTe depths.
D- 4 in. ( i0.1ti crn ) and 6 in. ( 15.24 cm I
respectively. 'tr he f ormatiori oi a wake in the
rr-.gion of mixing of the two streams is very

Fig. 5A

0

'HO?ZL€ OEPrn, O: a tN 1 to.l6 ff)
CHANNCL 0lPtH,Or.l2.25 rN l3l.12 CHt
0s/ or . 0.e805, r/O . 0

O €XPERIMENTAL PCINTS

_ ys/D
t;za lso l

Fig. 4, Measurcd mean axial velocity disf ribuiiol
in thr superimposing chanael at the exit
piane.

Measu:e I mean
tiort in the jet at

excess velocity distribu-
different axial distauces.

0 6120.306 ? 1(8 306

It is known that the two streaqrs emanete
from the exit with different aeerage axial veloci-
ties, viz the lower jet having a higher average
velocity than the uilpar one. The excess mean
axial velocity is obtained by subtracting the
maximum mean axiil velocitl, of the upper stream,
[Jsmax, from the r]iearr gxial velocity of the
lower jet, Uy, The change sf such an ercess
mean axial velocity ( Uy *Usmax ) along the
axial direction is a matter of significanee for
studying the interaction between the two streams.

6

Fig. Sg. Jv{easured nreail excess velocity distribu_
tion in the jer at different axiel distauces.

clearly obscrved iu these figures. The r,,,;il<e is
forrned on the dowqstream side of the plate of
thickness 0.25 inch ( i.905 cm) and the sjze o{
the wake ir approximately the same as the plate
thickness. The excess velocity in the wake is

ilozzLE oEPIN . o .1 rN I r0 !6
EXII FEYNOTOS S. 1.65 r Fs

05/D? " 0.€ss
O €XPERIMENTA! POilIs

Mech Engg. Res, Bult ,Vol.6, (l9fi:), No. I



_- au /a!ildr

M.easured meen excess velocitY

tron in the jet at different axial

thio region the slope of the velocity profile
decreases at a faster rate which implies a higher
e.xchange of energy between the two streams. trt is
also observed that for both the cases the wake
ciisappears at an approximately same axiai distance
of 7ll.]-:f . For both the cases the boundary
iayer thickness at t,he nozzle exit is approximately
the same as shown in Table 1. It is also observed

that the mean excess velocities at the exit for
both tlie cases are approximately the same. So
the disappearance of the wakeo et the 6ame

axial distance, x/D:7, seems to be quite reason-
able, although the exit Reynolds numbers are
d ifl erent.

There was a recirculating flow at the step

corner. beneath the jet. Hence the mean axial
velocity head could not be recorded with the
Pitot-static tube in f ront of rhe step close to
the nozzie exit. The recirculating flow, however,
disappears in the downstreanr where the boundary
lal er is attached to the bottom wall of the
test sectioa. It is seen from Figures 5 A as

well as 6 A that the attschment of the boundary
Iayer took place at an axial distance of 6 <x/h
412, which is in conformity with the experirnentai
results of Mautle ( I I ) who observed that the

..attachnrent sf the boundary layer over discrete
rotrgliness took place approximately at a distance
of x/h:7.5.

The minimum distance from the wall at

which the maximurn vel,rcity is attained is calied

the width fcir maximum velocity, Ym, of tbe jet.

The experimental values of the width for n.raximum

velocity were plotted in Figure 7. It is se€n

that the width for maxinrum velocity increasee

linearly along the axial direction for both the

nazzie '.depths," D:4 and 6 inches ( 10'L6 ccr and

15.24 cm). A straight iine was fitted to the

experimental points by the method of least squares

and equations (4) and (5) were obtained for

distribu-.
distances.

ROZZTE EPIH. C. 6 lN I 15

b./0 ' 0 $91
er t ner*OrOS *o I r, . d
O €TPERIMEN1AL rcIIIS
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:illrIt

1{!T
tttlr. 1.. .t " "...., r
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c6\o 0( o8 0

- \ ouTor^,

68. Measured mean

tion in the jet at

excess velocity distribu-
different axiai distances,

less than zero which iniplies that it would absorb

er:ergy from its either side' This is 'rne 
of ihe

reasons why the &verage velocity decays in both

:i:c upper and lower streams' The rvake size

close to the nozzle cxit is sufficiently big to

affect the flow but it gradually decreases and

ti,en disappears at an axial distance of x/D:
'i.5 for'D-4 inches (10'16 crn), and x/D*7

Jor D:6 inches ( 15.24 cm)' As the walre dis-

Eppesrs' the interaction between the upper and

ti.u to*ut streams beco[ies more prominent' In

I,JET, Dhaka
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r6

velo-

D-4 in. i10.16 cm ) and 6 in.
respectively.

y./D * 0.0136(xlD) + 0.3636

y-/D :0 0235'xl D1 + 0.2IAT

(L5.24 cnr)

(4)

(5)

The present experimental results are compared

with those of lrwirr (LZ) who has confirmed
linear variation of the widthf for maximum
velocity. In a similar experiment of two dissi-
milar moving streams Beguier (13) also found that
the position of maximurn velocity ehifts linearly
from the gecmetric axis of the stream.

The mean static pressure has been rreasured
at diflerent axial digtances, and subsequently
the coefficient of pressure, Cp, has been computed.
Tire experimental values ol the pressure coeffi-
cient accross the streams are plotted in Figures
8A., B and 9ll , B lor nozzle depths, D-4 in.
( 10.16 cm) and 6 in. {15.24 cm ) respectively.
The distribution of the pressure coeficient is
found to be approximately uniform across the
jets at all axial distances except through the
wake although this is not clear from Figures
8A, B and 9A, B which are drawn to a

compressed scale. 'lhis is, however, clear from
Figure t0 drawn to an enlarged scale. There
is a small pressure drop in the region of the wake.
Such static suction disappears at an axial distance,
xlD*7, where rhe walce no longer exists.

I

Fig. 8A. Distribution of the pressure coefficient
in the jet at different axial distarrces.

-- PE35]>. GFFE;EilI. c,

Fig. 88, Distribution of the pressure coefficient in
the jet at different axial distancea.

.-- -_ m€sssE coEFFtc Err, Ct

Fig'.94. Distribution of the pressure coefficient
in the jet at different axial distances.

t

!

ryor' 0 5691

Exrr REYNoLDS to z 2t r rog

O EXreRH€NIAL POINIS

Mech. Engg. Res. 8ull. Vol. 6 (lN's), No. I



F;.s eB. o,r,,**1ffiil';:e coefficient in
the jet at different axial distances.

Fig. 10. Distribution of the pressure coefficient in
the jet.

Concl usions :

Experimental results are obtained primari)y

from the. data of the mixing zone of two incom-

pressible turbulent streams and the conclusions

drawn are rnore qualitative than quantitative.

i) The wake size close to the nozzle exit

is sufficiently big to af{ect the flow but it gradually

decreases and then disappears at an approxi*

mateiy same axial distance oI xlD:7 for both

BUET, Dhoka

the cases. This is quite reasonable because the
boundary layet thicknesses as well as the excess
mcan axial velocities were approximately the
same f or beth the cases.

ii) The velocity profile in the nrixing regiou
does not show self-preserving characteristics.
This is probably due to the presence of the n-ake
between the two gtreams and the large eddies and
their coalescence and subsequent break down.

iii) No pressure gradient was found to exist
across the streams except for a small pr€ssure
drop in the region of the wake.
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