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ABSTRACT

INSTABILITY PHENOMENA IN A
TWO-DIMENSIONAL SLIT-JET FLOW FIELD

By

Syed Khurshed Ali

The instability phenomena in an unexcited, isothermal, submerged,

two-dimensional slit-jet flow field have been investigated using ex-

perimental and analytical techniques. Dye flow visualization and

laser Doppler anemometry were used over a wide range of Reynolds

numbers: 100 < S2¥ < 3500. The linearized, inviscid equations of

motion were used together with the measured velocity profiles to pre-

dict the type of solution and the characteristics of the maximally am-

plified spatial disturbances. In addition, the discharge coefficient

of the slit-jet, CD' was also measured over a wide range or Re.

The instability of the slit-jet results in the formation of a

symmetric vortex street. The results of this study are in general
agreement with previous studies. However, it has been found that the

process of vortex formation is more complex than that identified pre-

viously. The results of flow visualization show that: 1) contrary to
prior observations the vortex motions form even beyond Re=1500, 1ii)

the Re over the range of 0-3500 can be subdivided into four regimes,



and iii) the formation of a large scale motion is preceded by a se-

quence of well defined events.

* *

Strouhal number (StF), convection speed (uC) and wavelength ()

*

have been determined from the flow visualization data. The StF and X
distributions as a function of Reynolds number show considerable

scatter. Similar scatter was also reported earlier.

The Strouhal number based upon the dominant frequency of the
velocity fluctuations, Stv, also shows some scatter. It is observed
that for similar values of Re and the same x/w locations, StF is
nominally twice the value of Stv. No explanation for this difference

in the two Strouhal numbers has been found.

The intensity of the velocity fluctuations, G(x/w)/Uo, exhibits
exponential growth at nominally the same rate over the entire Re
range: 500-3000. The average value of the growth rate,

d[log(ﬁ(x)/Uo)]/dx, was found to be 0.54.

Velocity surveys across the jet exhibit a top-hat velocity pro-
file at x/w=1 and a rounded jet at x/w=2.4. The solution of the
linearized, inviscid equations of motion for the top-hat velocity pro-
file predicts a symmetric vortex street with Strouhal  number,
StI=0.66, which compares very well with the average value of Stv=0.70

at x/w=1. Also, the predicted and the measured convection speeds







compare quite well. However, the predicted value of )\/w is larger

than the value found from the flow visualiztion data.
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the formation two dimensional vortex pairs. The nondimensional
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dentified as: A: Formation of veana contracta, B: Inflexion
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point in the dye streak, C: Bulge, D: Kink in the dye streak,
E: Foldover, F: Rollover and G: Fully formed vortex pair. 255
Jet development at Re = 362 and w = 2.63 cm. The nondimens-
ional times are a) 25.5, b) 26.3, c) 27.1, d) 27.9, e) 28.7

£) 29.5 and g) 30.3. Note that the growth of the features ma-
rked by the indices 11, 13, 14 and 16 stopped at some point of
time. These features then simply became a mark of dye or bec-
ame part of another vortex pair. S En de Mk e o Mk s 256
Jet development at Re = 1685 and w = 2.57 cm. The nondimensi-
onal times are a) 15.5, b) 15.9, c¢) 16.3 and d) 16.8. Vortex
no. 14 in contrast to mo. 13 has formed without an apparent
formation of a bulge; in (d) bulge no. 15 has formed. Note

the interaction between the vortices 11 and 12 strating in (b)
and completing in (d). s Gk BEELE S aldrdiadle &8 s 257
Jet development at Re = 1697 and w = 2.57 cm. The nondimens-
ional times are a) 14.9, b) 15.3, ¢) 15.7 and d) 16.1. Enti-
ties 12 an 14 appear as accumulations of dye and produce a
kink in the jet boundary. Kink No. 12 grows into a foldover
before disintegrating and becoming a part of vortex No. 11
which is itself in the process of coalescing with vortex No.

10. Also note the interaction between vortices 8 and 9. 258
Jet development at Re = 280 in three different jets. Re, w
and t* are: a) 281, 2.63 cm and 29.7, b) 276, 1.99 cm and
39.3, and c) 280, 1.51 cm and 39.3. Note the pattern of vor-

tex motions in the three jets. ks, Tl ] e S e B S e 1259




- Jet develoy

*
and t are

8.7, ¢) &

- Jet develo

ional time:
the format:

ates fron

- lnit vorti,

W2.57 e,
¢ 2.1,

ces number

* Process of

The nondip
4167,
Vortex No,
Process e,
betveen a
(10,11 0

that i o)

= Jet dEVelu,

Siong] tin
Unjt vort
Vortey Yo,

Bouth of



.

Jet development at Re = 420 in three different jets. Re, w
*
and t are: a) 408, 2.63 cm and 38.9, b) 426, 1.99 cm and

38.7, ¢) 426, 1.99 cm and 57.0, and d) 421, 1.51 cm and 57.0.

260

Jet development at Re = 2299 and w = 2.57 cm. The nondimens-
ional times are a) 18.1, b) 18.6, c¢) 19.1 and d) 19.7. Note
the formation of unit vortex motions as the dye streak separ-

ates from the nozzle plates. ¥ Podel-2. 9 Bhmieatr B Bk e 5t 261

- Unit vortices in the near-filed of a slit-jet at Re = 3401 and

W 2.57 cm. The nondimensional times are a) 20.5, b) 21.3 and

¢) 22.1. Note the absence of a bulge as large scale vorti-

ces number 19 and 20 form. ar B’ i 81 o e TR g s et B0 262
Process of vortex formation at Re = 3389 and w = 2:57 cm;

The nondimensional times are a) 14.4, b) 15.2, c¢) 16.0 and

d) 16.7. Note: i) asymmetry in the process of formation of
vortex No. 13. 1ii) formation of vortex No. 15 resembles the
Process described for Re range < 1700. iii) interaction

between (7,8) and 9 in a), between 10 and 11 in a), between
(10,11) and 12 in b) and between 13 and 14 in d). Also note

that in c¢) vortex No. 12 has passed through (10,11). . 5 263
Jet development at Re = 3469 and w = 2.57 cm. The nondimen-
sional times are a) 10.4, b) 11.2 and c) 12.0. Note: i) the
unit vortices in the nearfield. ii) the absence of bulge as
vortex No. 4 forms in b). 1iii) bulge formation precedes the

growth of vortices 3, 5 and 6. 264
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Interaction between symmetric vortex motions at Re = 678 and
w=1.99 cm. The nondimensional times are a) 50.2, b) 51.3,

c) 52.5, d) 53.6, e) 54.8 and f) 55.9. Starting in b) vorti-

ces 7 and 8 began to interact and before the pairing was

over, (7,8) started to interact with vortex No. 6 in d). Note
the large longitudinal spacing in f) between the conglomerate
(6,7,8) and the vortex No. 9; similar spacing can also be ob-
served in a). The figure also shows that the bulge No. 10 wh-
ich formed in b) did not become a vortex pair; rather, it di-
sintegrated into a mark of dye by € - 54.8 in £). S w8 1265
Continuation of the sequence of photographs presented in Figu-

re 58. The nondimensional times are a) 15.4, b) 15.8 and c)
16.2. Note the asymmetry during the interaction between

(10,11) and 12 in a) and the return of symmetry in c) as the
interaction is completed. § ol B e A dnd e e By b 1266
One sided pairing event between pairs (3,4) and (5,6) at Re =
1001 and w = 2.57 cm. The nondimensional times are: a) 10.0,

b) 10.6, c) 11.1 and d) 11.6. v e A e SR s e 1267
Simultaneous coalescence of three vortex pairs at Re = 3401.

The nondimensional times are a) 22.1, b)22.9 and ¢)23.6. . 268
First stage of formation of five pairings at Re = 3401. The
nondimensional times are a) 25.2, b) 26.0, c) 26.7 and d)

27.5. Note that vortex pairs 24 and 25 pair and they are

joined by 26 in b) and by 27 at some time between c) and d).

\lso, 28 and 29 are undergoing pairing in d). 269
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Second stage of formation of five pairings at Re = 3401 and

w = 2.57 cm. The nondimensional times are a) 28.3, b) 29.1,

c) 29.8 and d) 30.6. The pair (28,29) begins to approach the
conglomerate (24-27) in a) and by d) a new pair has been for-
med which comprises of five pairings. W e gt e S T9270)
Loss of symmetry due to asymmetric pairing at Re = 1004 and w

= 2.57 cm. The nondimensional times are a) 13.7, b) 14.5,

c) 15.2 and d) 16.0. In a) the vortices of the pair (8-10)

are beginning to displace with respect to one another, while,
vortices 11 and 12 are about to pair on the right hand side

of the centerline. Similarly, asymmetric pairing can be obs-
erved in d). Note, however, that the newly forming vortices

in ¢) and d) are symmetrically located with respect to the
centerline. R R e R R R e "
Loss of symmetric vortex street due to the three dimensional
instability of the two-dimensional vortex cores. Flow Re =

1571 and the nondimensional times are a) 8.5, b) 9.6,

c) 10.7 and d) 11.8. Note the reestablishment of the symme-
tric, two-dimensional vortex pattern in d). S ot e i et fane) 4202
Reorganization of vortex motions at Re = 1027. The nondimen-
sional times are a) 11.0, b) 11.9, c) 12.7 and d) 13.6. Vort-
ex pair numbers (7,8) and 9 have been tilted in a). Between

a) and b) the pairs (7,8), 9 and 10 begin to undergo coales-
cence and by d) they appear to have regained the two-

limensional character. B e B T i e e 1203
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. A representative sample of the data recorded by the A/D conv-
erter during a flow visualization experiment. EI(t) and
ENH(t) are the voltages corresponding to pI(t) and pNH(:).
The output, C(t), of the comparator circuit represents the ti-
mes at which photographs were taken. S8 G E e e 204
A typical representation of the photographs that have been
digitized. Each vortex pair is marked by a number. The coal-
esced pairs are designated by two numbers separated by a
coma as 9,10 in this photograph. 275
Schematic representation of the location of the kth vortex
pair in the jth photograph which is at time tj after the
start of the experiment. 276
Four possible cases of positions of the kth vortex pair with
respect to the plane of observation at X, from the exit pla-
ne. The index j denotes the picture number at time tj. i, 207
Scheme for determining the spacing Lk of the kth vortex pair
with respect to the neighboring vortex pairs: (k-1) and
(k+1). The index j denotes the photograph number at time tjA
The curly bracket indicates the vortex pairs which are used
in determining Lk‘ The solid line at X, from the exit plane
indicates the plane of observation. Vi o B RS G M 278
Schematic representation of the technique used to find the
overall estimates of x* and u: from the measured StF and the
independent estimates of L; and c; of each vortex pair. The

lope of the line OC is equal to StFA © B mpae A w ane 1279
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. Space-time plot of vortices from the start of the experimental
run. Up to 5 vortices merge with the starting vortex pair

over 10 < t* < 18. Around c* = 35, a large cluster of vorti-

ces is formed due to 3 sequential pairings. ¥l g srenn 280

Streamwise distribution of StF for five combinations of the

control parameters TP' Tw: 0.05; 05 + ;5 0.1, 0.1 % ;

.05, 0.1 x; 0.1, 0.05 o, and 0.1, 0.2 v. 5ske i Bl el B 50281

Distribution of mean and rms values of convection velocity,

c;, of vortices for three combinations of Tp and Tw s - 10405,

0.05 +,z ; 0.1, 0.1 *,s and 0.1, 0.2 v,w. The mean values

are represented by the first symbol, whereas the second symbol

indicates the standard deviation from the mean value. & 282

*
Streamwise distribution of u, for five combinations of TP and

Tw' See Figure 85 for legend. 283
Distribution of the estimate of longitudinal spacing L* based
upon St and . see Figure 85 for legend. i i b "084
Distribution of mean and rms values of longitudinal spacing,

L:, between vortices for three combinations of TP and Tw'

For legend see Figure 86. 285
Streamwise distribution of A* for five combinations of Tp and

Tw' For legend see Figure 85. 286
Residual of the regression of Stp through c; and L: for five
combinations of TP and Tw' For legend see Figure 85. o 287

Comparison of StF with local Strouhal number based upon the

ifference in the passage time, Stk, between two vortex pairs.
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c¢: Strouhal number based upon 6tk, X: StF. The solid line
connects the values of StF.

Space-time plot of vortices at Re = 269 and w = 1.99 cm.
Space-time plot of vortices at Re = 696 and w = 2.63 cm.

Space-time plot of vortices at Re = 1269 and w = 1.40 cm.

Space-time plot of voritces at Re = 1697 and w = 2.57 cm.

Space-time plot of voritces at Re = 3401 and w = 2.57 cm.

Normalized lateral spreading between vortices of given pairs

over the Re range of 269-285. At selective streamwise loca-

tions, the middle x represents 3* and the outer x's have been
plotted at 1 standard deviation form the mean value.

Normalized lateral spreading between vortices of given pairs
over the Re range of 362-525. See Figure 98 for details.

- Normalized lateral spreading between vortices of given pairs
over the Re range of 640-698. See Figure 98 for details.
Normalized lateral spreading between vortices of given pairs
over the Re range of 930-1074. See Figure 98 for details.
Normalized lateral spreading between vortices of given pairs

over the Re range of 1257-1272. See Figure 98 for details.

Normalized lateral spreading between vortices of given pairs

over the Re range of 1571-1697. See Figure 98 for details.

Normalized lateral spreading between vortices of given pairs

over the Re range of 2949-3469. See Figure 98 for details.
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300
Statistical details of the lateral spreading of vortices in
the Re range 269-285. +: The rms of the population at each
®/w value; *: the ratio of the residual of the least
square fit to the rms of the population denoted by +. g 301
Statistical details of the lateral spreading of vortices in
the Re range of 362-525 . For legend see Figure 105. .. 302
Statistical details of the lateral spreading of vortices in
the Re range of 640-698. For legend see Figure 105. . w303
Statistical details of the lateral spreading of vortices in
the Re range of 930-1074. For legend see Figure 105. o w304
Statistical details of the lateral spreading of vortices in
the Re range of 1257-1272. For legend see Figure 105. + . 305
Statistical details of the lateral spreading of vortices in
the Re range of 1571-1697. For legend see Figure 105. s 306
Statistical details of the lateral spreading of vortices in
the Re range of 2949-3469. For legend see Figure 105. « 307
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 269-285. See Figure 98 for details.

308
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 362-525. See Figure 98 for details.

309

ormalized asymmetry estimate of the "symmetric" vortex str-

et in the Re range of 640-698. See Figure 98 for details.
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310
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 930-1074. See Figure 98 for details.
311
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 1257-1272. See Figure 98 for details.
312
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 1571-1697. See Figure 98 for details.
313
Normalized asymmetry estimate of the "symmetric" vortex str-
eet in the Re range of 2949-3469. See Figure 98 for details.
314

Statistical
street over
details.

Statistical
street over
details.

Statistical
street over
details.

Statistical
street over

details.

details of the symmetry of the "symmetric" vortex
the Re range of 269-285. See Figure 105 for

315
details of the symmetry of the "symmetric" vortex
the Re range of 362-525. See Figure 105 for

316
details of the symmetry of the "symmetric" vortex
the Re range of 640-698. See Figure 105 for

317
details of the symmetry of the "symmetric" vortex
the Re range of 930-1074. See Figure 105 for

318
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- Distribution of St.

- Statistical details of the symmetry of the "symmetric" vortex
street over the Re range of 1257-1272. See Figure 105 for
details. o ias d W R d Bl de B Tt ek e fo el w0 919

- Statistical details of the symmetry of the "symmetric" vortex
street over the Re range of 1571-1697. See Figure 105 for
details. 7% Sl moaa wy w0 Y oo pels m m il & el 1820

- Statistical details of the symmetry of the "symmetric" vortex
street over the Re range of 2949-3469. See Figure 105 for
details. R BT S e G .-. s M e P20

F in the Re range of 269-285. A water-
sugar mixture was used in all these cases. The Re values
and the jet widths in cm are 0: 269, 1.99; a: 269, 1.99;
bi: 276, 1.99; i 277, 1.51; d: 280, 1.51; e: 285, 2.63. 322

- Distribution of StF in the Re range of 362-426. A water-

sugar mixture was used in all cases except for the case des-

ignated by h. The Re values and the jet widths in cm are:

£; 362, 2:.63; g: 373; 2.63; h: 396; l.4; 4 407, 1.51;

d7 408, '2,63; ki 412, 1.51; ‘1:42L, 1.51;. ‘m: 423, 1.99;

n: 426, 1.99. S O e st ek e e Sl Ao 303

Distribution of StF in the Re range of 510-525. Water was

used as the working fluid. The Re values and the jet

widths in cm are: o: 525, 1.4; p: 510, 1l.4. ¥ e ke 328

Distribution of StF in the Re range of 640-700. Water was

used as the working fluid for the cases designated by the

symbols q, r and s. For the cases designated by t, u and v

xxxiv
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a water-sugar mixture was used. The Re values and the jet

widths in cm are: q: 640, 1.4; 1r: 640, 1.4; s: 640, 1.4;

t: 679, 1.99; wu: 696, 2.63 and v: 698, 1.99. ol bele 202325
- Distribution of ScF in the Re range of 930-1074. Water

was used as the working fluid in all cases except in the

case designated by x. The Re values and the jet width in

cm are: w: 930, 1.4; x: 980, 2.63; y: 1044, 1.4; A: 1001,

2.57; B: 1004, 2.57; C: 1027, 2.57; D: 1063, 2.57 and E:

1074, 2.57. BA s G B0 13 18 et SN U e A T St PN G e 2320
- Distribution of StF in the Re range of 1257-1272. Water

was used as the working fluid. The Re values and the jet

widths in cm are: F: 1257, 1.4; G: 1269, 1.4 and H:

1272 1.4 S B R B 8w e B e e S s e s . 927

Distribution of Stp in the Re range of 1570-1700. Water

was used as the working fluid. The Re values and the jet

widths in cm are: I: 1571, 2.57; J: 1580, 2.57; K: 1685,

2.57 and L: 1697, 2.57. s AL G M e G e e B 5ony 328

Distribution of ScF in the Re range of 2949-3400. Water

was used as the working fluid. The Re values and the jet

widths in cm are: M: 2949, 2.57; N: 2964, 2.57; O: 3389,

2.57, P: 3401, 2.57 and Q: 3469, 2.57. % ewis 8 5 e 329

Distribution of StF as a function of Re with the aspect

ratio, B/w, as a parameter. Note that these Stp values

were derived from the rate of formation of bulges. 330

Distribution of Sca as a function of Re with B/w as a

XXXV
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parameter. 00 and Uo have been used to nondimensionalize

the rate of formation of bulges.

Distribution of StF as a function of Re with B/w as

parameter. These values of St

were recorded at

F

Distribution of St as a function of Re with B/w as

F

parameter. These values of StF were recorded at
Distribution of Strouhal number as a function of

B/w as a parameter. This figure is a reproduction of

Beavers and Wilson (1970)

J - ) **
Distribution of uc(x )

in

end see Figure 126. Note

of all sizes.

* ok
Distribution of uc(x )
end see Figure 127.

. g ¥
Distribution of uc(x )
end see Figure 128.

* ok
Distribution of uc(x )
end see Figure 129.

. * ok
Distribution of uc(x D)
end see Figure 130.

£ *  k
Distribution of u (x')
gend see Figure 131.

. * x
Distribution of uc(x )
gend see Figure 132.
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gend see Figure 133. SETEE e Rowie B 4w n . 1840

* *
Distribution of A" (x ) in the Re range of 269-285. For leg-
*
end see Figure 126. Note that the variations in A" for jets
of various sizes are consistent with the variations in StF

*
(shown in Figure 126) and i (shown in Figure 139). & R #3843

*
Distribution of A (x*) in the Re range of 362-426. For leg-
end see Figure 127. PO S S e B e 1) SOG

Distribution of A*(x*) in the Re range of 510-525. For leg-

end see Figure 128. O E R B S b s e 0 g e BAS
- Distribution of A*(x") in the Re range of 640-700. For Tegs

end see Figure 129. B e B, B B e A B e 3 28006
- Distribution of A*(x") in the Re range of 930-1074. For leg-

endseeFigurelBO.AA..4A......A..A4..347

Distribution of A*(x*) in the Re range of 1257-1272. For

legend see Figure 131. $ R B R ed e D48

- Distribution of A*(x*) in the Re range of 1570-1700. For
legend see Figure 132, B 00k o B s et Wil e B m ke T840

- Distribution of A*(x*) in the Re range of 2949-3469. For
legend see Figure 133, S [ A R b e & % B350

- Slopes of the streamwise distribution of A*(x*) as a fun-

ction of Re. The data have been grouped in the same ranges

* *
as were used in the plots StF, u, and A . R N L
* "
Intercepts of streamwise distribution of A" as a function
of Re. o e G et w e W e & e N W S e % e w350

Distribution of the estimate of nondimensional location of
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the formation of bulges as a function of Re.

Distribution of discharge coefficient, CD’ as a function of
of Re in jets with two different slit widths. The closed sy-
mbols represent the measurements made in a jet with B/w =
2X:7 (tN/w = 1) and the open symbols represent the case
witl:n B/w = 10.8 (tN/w =~ 0.5). The solid line represents

CD for an inviscid jet.

Schematic representation of the mechanism fot velocity trav-
ersals. For longitudinal surveys the base of the LDA was
raised or lowered using plastic blocks. For lateral sur-
veys the flow facility was traversed across the LDA.
Nondimensional velocity time histories along the centerline
of the jet at Re = 509 and w = 1.27 cm.

Nondimensional velocity time histories along the centerline

of the jet at Re = 1011 and w = 2.57 cm.

Nondimensional velocity time histories along the centerline
of the jet at Re = 1021 and w = 2.57 cm.
Nondimensional velocity time histories along the centerline

of the jet at Re = 1293 and w = 2.57 cm.
Nondimensional velocity time histories along the centerline
of the jet at Re = 1328 and w = 2.57 cm.
Nondimensional velocity time histories along the centerline
of the jet at Re = 1527 and w = 2.57 cm.
Nondimensional velocity time histories along the centerline

of the jet at Re = 2308 and w = 2.57 cm.
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Nondimensional velocity time histories along the centerline
of the jet at Re = 2854 and w = 2.57 cm.

Normalized mean velocity distribution along the centerline
of the jet. The solid line represents the inviscid velo-
city distribution.

Schematic representation of the influence of Re on the tra-
jectory of the separating streamline. The curve 1-2 repre-
sents the path of integration normal to the streamlines.
Distribution of the intensity of streamwise velocity fluc-
tuations along the centerline of the jet on a logar-

ithmic plot.

Dependence of the slope of streamwise distribution of
1og(G(x,y-0)/uo) on Reynolds number. Figure 170 presents
the distribution at each value of Re. -

Nondimensional velocity time histories across the jet at
x/w=1 and Re=1600.

Nondimensional velocity time histories across the jet at
jet at x/w=2.4 and Re=1600.

Nondimensional velocity time histories across the jet at
jet at x/w=1 and Re=3000.

Nondimensional velocity time histories across the jet at
jet at x/w=2.4 and Re=3000.

Samples of velocity time histories at Re=1600 and from two
locations: (x/w,y/w)=(1,%0.58), at which flow reversals

were inferred to have taken place.
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Mean velocity distribution across the jet at x/w=1 and two
values of Re. The data from the regions where velocity
reversals took place are not included here. § wE e 55 e B3T3
Distribution of the intensity of streamwise velocity fluctua-
tions across the jet at x/w=1 and two values of Re. o 16 0 0G
Mean velocity distribution across the jet at x/w=2.4 and two
values of Re. The data from the regions where velocity
reversals took place are not included here. & de R e s w1370
Distribution of the intensity of streamwise velocity fluctua-
tions across the jet at x/w=2.4 and two values of Re. sivi, B76
Normalized mean velocity profile at x/w=1. The solid line
represents The Montgomery profile fitted to the measured

data. The data in closed symbols were not included in de-
termining the two parameters of the Montgomery profile. 5 S
Normalized mean velocity profile at x/w=2.4. The solid line
represents The Montgomery profile fitted to the measured

data. The data in closed symbols were not included in de-
termining the two parameters of the Montgomery profile. . 378
Normalized mean velocity profile at x/w=2.4. The solid line
represents The Bickley profile fitted to the measured data.

The data in closed symbols were not included in determin-

ing the parameter. GRS W R s w379
Power spectral density function of streamwise velocity at
(x/w,y/w)=(0.86,0) and Re =1260. G A B A et T 380

Power spectral density function of streamwise velocity at

x1



186 -

B

18 -

1.

9.

Ul

(xfw,y/w)=(1,
A comparison
streanwise ve
two different
represents th
and NF indica

not used,

- A comparison

streamwise ve
two different
details,

A comparison

nant flyetyat
fons. The el
filling devyi,
fmi“& devic
A Comparigon

filling condi
A compar gy

two different

aflg,

" Plots o dist

velocity flue

o ovey .

5 Ms“ﬂ’utmn



(x/w,y/w)=(1,0) and Re =1640. . . . . . . . . . . . ... 381
A comparison of the power spectral density function of the
streamwise velocity at Re=960 and at (x/w,y/w)=(2.2,0) for

two different filling conditions. The curve marked with F
represents the case in which the fillng device was used

and NF indicates the case in which the filling device was
NotsEds, Ly e 0 Al o wandn Shadihar s Ak bk o et B 3082
A comparison of the power spectral density function of the
streamwise velocity at Re=2000 and at (x/w,y/w)=(2.2,0) for

two different filling conditions. See Figure 186 for

details. o fun i b b G, e et St B0 & B o B de ko & SB83
A comparison of the Re dependence of the frequency of domi-
nant fluctuations in u(t) for two different filling condit-
ions. The closed symbols represent the case in which the
filling device was used and the open symbols in which the
filling device was not used. 5w et B 5 e e 384
A comparison of the Re dependence of CD for two different
filling conditions. See Figure 188 for details. s 5 385
A comparison of the Re dependence of intensity of u(t) for

two different filling conditions. See Figure 188 for det-
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Plots of distribution of normalized intensity of streamwise
velocity fluctuations as a function of frequency at x/w=-1

and over a wide range of Re. §8 S Rk s SR e e & 387

Distribution of Stv as a function of Re at x/w=1. The das-
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hed line represents the average value of ch-0.70.
Distribution of ch as a function of Re at x/w=2.2. The
dashed line represents the average value of ch-0.52.

A comparison of the Re dependence of the frequency of domi-
nant fluctuations of u(t) for two jets with different slit
widths at x/w=2.2.

Streamwise distribution of the intensity of velocity fluct-
uations at Re=1000 and at three different values of Stv.
Streamwise distribution of the intensity of velocity fluct-
uations at Re=1300 and at three different values of St:v.
Streamwise distribution of the intensity of velocity fluct-

uations at Re=2300 and at three different values of Stv.
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Autospectra of u(t) in a jet with w=1.27 cm and Re=510. Note

the transition in the neighborhood of x/w=1.34 - the "reg-
ion of mutual interaction" - from Stv-0.71 at x/w=0.9 to
Stv-0.37 at x/w=2.12.

Eigenvalues for the Montgomery profile at x/w=l. A and B
represent the symmetric and asymmetric solutions of the
eigenvalue problem.

Eigenvalues of the Montgomery profile at x/w=2.4. See
Figure 199 for details.

Eigenvalues of the Bickley profile at x/w=2.4. See Figure
199 for details.
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- Details of the mechanism for actuating the bleed valve.
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Nomenclature

area of slit jet = Bw

area of nozzle housing = BH

area of receiver

time dependent area of the bleed valve
difference in axial location of the two vortices of a pair
parameter in the equation for the Bickley jet
parameter in the equation for the Bickley jet
half width of the jet

length of nozzle

Discharge coefficient of the slit-jet
Discharge coefficient of the bleed valve
complex phase speed; ¢ = e, * ici

measured convection speed of kth vortex motion

mean convection speed of vortex motions for a given ex-
perimental run

material derivative
pPartial derivative in the y direction

time dependent lateral spacing between the vortices of the
kth pair |

frequency or rate of rotation

kth frequency component of the autospectrum of a discrete
time series

passage frequency of vortex motions at a given x and based
on counting from a sequential photographic data
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frequency of the most unstable disturbance Predicted by the
instability calculations

frequency of the dominant fluctuation determined from the
autospectrum of the measured velocity u(t)

estimate of power spectral density function at frequency fk

acceleration due to gravity

distance between the walls of thezchannel-like plenum
F U

shape factor as a function of A yl; used by White (1974)
sampling time interval in seconds

time dependent head of liquid in the nozzle housing

time dependent head of liquid in the receiver

liquid level in the system before the plenum is charged
time dependent height of piston from the reference location
unit vectors in the x, y and z directions

JET

J1

location of half source in the t-plane; see equation (11)
estimate of spacing between vortex motions based on ¢ and fF

measured spacing between vortices at X, around the kth
vortex pair

mean value of spacing at X, for a given experimental run |
ratio of H to the width of jet at vana contracta

mass of air in the deformable control volume CV2

total number of vortices in a given experimental run

total number of data points in a time series

distance normal to s in the streamwise coordinate system
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time dependent index of the number of motor steps
index of refraction

Pressure

Pressure at vena contracta where u - U0
disturbance pressure function

function describing y dependence of P'(x,y,2)
kinetic pressure; Py = P +pgh

time average value of Py

fluctuating component of Py

Pressure in the cup of the volume flow sensor (VFS)

Pressure in the nozzle housing above the surface of the
liquid

atmospheric pressure

ambient pressure

magnitude of velocity V = u + iu2

flow rate through the slit-jet

time dependent flow rate through the bleed valve
radius

ratio of widths of two jets

Reynolds number based on w and <U>

Reynolds number based on w and UO

Reynolds number based on 4

Streamwise distance in the streamwise coordinate system
sum of squares of Sk

Strouhal number; St=fw/<U>
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Strouhal number based on f

Strouhal number based on f.

Strouhal number based on f

Strouhal number based upon fI and Uo
Strouhal number based upon fF' f§ and U

0

time period of the dominant fluctuation in the measured
velocity

total data acquisition time for u(t) measurement using LDA

tolerance around the plane of observation to decide whether
a vortex is "far" from the plane of observation

tolerance on spacing between two vortex motions to decide
whether they have paired

time in seconds

kth time step for computing the area of the bleed valve
passage time of the kth vortex motion past X,
transformed ¢'-plane

thickness of the nozzle plate

freestream velocity in the Xy direction
spatial/temporal average velocity of the jet

u(eex_,y=0); x_~w for a real fluid and S in an inviscid
m m
case

time dependent velocity at the vena contracta of the bleed
valve

velocities in the Xy and Xy directions, respectively
time mean of the longitudinal velocity
rms of the longitudinal velocity

convection velocity of vortex motions
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(6]

cup

,(x)

e

disturbance velocity vector; o= w4 v’

streamwise disturbance velocity

vector defining y dependence of ur

complex velocity = up + 1‘.u2

magnitide of velocity in the s direction

velocity vector

velocity of the boundary of the deformable control volume
relative velocity of the fluid crossing the control surface
volume of the ith control volume

velocity of bulge

velocity of starting vortex pair (SVP)

velocity of cup of the VFS relative to the liquid in the
tank

slit width
slit width for a jet issuing from an infinite plenum
transformed t-plane; w = ¢ + iy

width of a jet at a distance x from the exit plane of a
finite plenum

width of a jet at x in the case of an infinite plenum
average width of the dye streak
streamwise coordinate

time dependent average distance of the kth vortex pair from
the exit plane; see equation (129)

streamwise distance of the kth vortex (left or right) in the
jth photograph

streamwise location of the plane of observation
streamwise and lateral coordinates used in the potential

flow analysis of the slit-jet flow field
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T S .

Yo

Z

upper and lower limits of integration in the %, direction
discrete time series

normalized estimate of the average location of the formation
of bulges from the exit plane

discrete Fourier transform of X,
lateral coordinate

lateral distance of the kth vortex (left or right) in the
jth photograph

parameter in the equation for the Montgomery profile

transverse coordinate

z = X, o+ ixz; this complex plane defines the geometry of
the flow field

position of core of LVDT with respect to its body

SREEK SYMBOLS

x

angle between the x1~axis and the direction of flow
complex wavenumber; a = ar + iai

parameter in the equation for the Montgomery profile
Parameters in the model for linear regression
boundary layer displacement thickness

estimate of deviation of nondimensional Passage frequency of
the kth vortex pair from StF; see equation (145)

transformed z-plane; see equation (6)
transformed ¢-plane; see equation (7)

weighting function of the kth vortex pair; see equation
(141)

estimator of the dependent variable in a linear regression
model

momentum deficit thickness or angular position
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0 momentum deficit thickness at separation
wavelength or streamwise spacing between vortex motions

wavelength corresponding to fI

I
kinematic viscosity
density
;. density of working liquid
2 time dependent density of air in the control volume CV2
. density of air at the vena contracta of the bleed valve
estimate of the standard error
b normalized estimate of the standard deviation in the loca-
tion of the formation of bulges from the exit plane
0’1 rms of output and input signals of LVDT
" shear stress at the wall

function describing the y dependence of ¥’
disturbance stream function
disturbance vorticity function
complex frequency; w = & * iwi
’ECIAL SYMBOLS

B time average of the quantity ( )

b rms of the fluctuating quantity ()
>) spatial average of the quantity ( )
BREVIATIONS

ith control volume
Bl analog to digital converter

filling device
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LDA laser Doppler anemometer

LSB least significant bit

LVDT Linear Variable Differential Transformer
NH nozzle housing

SVP starting vortex pair

VFS volume flow sensor
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HISTORICAL PERSPECTIVE AND PLAN OF STUDY

.1 Introduction

This study is concerned with the instability characteristics of
aturally occurring disturbances in a submerged, two-dimensional
lit-jet flow field. Figure 1 is a schematic representation of the
lit-jet geometry, (Note that "sharp-edged two-dimensional slit"
3eavers and Wilson (1970), hereinafter referred to as BW] or "plane
ot" [Vallentine (1967)] are alternative designations for this flow
eld.) As the fluid from the plenum enters the receiver in the form
'a jet, a vena contracta is formed downstream of the exit plane. In
€ case of an ideal fluid, the jet width continues to decrease and
° Streamlines become asymptotically parallel [Vallentine (1967)].

the case of a real fluid, however, the vena contracta (the minimum
- width) forms within nominally 1.5 slit widths downstream of the
t plane. In addition, depending upon the Reynolds number of the
» Symmetric vortex motions form and develop. These motions make a

nificant contribution to the spread of the jet [BW, Clark and Kit
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1980), Foss and Korschelt (1983), hereinafter referred to as FK]. In

his work, the Reynolds number of the jet is defined as

w<U>
= 1)

here w is the width of the jet, <U> is the spatial average velocity
f the jet and v is the kinematic viscosity of the working liquid.
he use of <U> as the characteristic velocity is consistent with its
se by BW in the first investigation of the instability of the

lit-jet.

The simple geometry of the slit-jet nozzle (Figure 1) is expected
o produce a flow field which is universal in nature. Hence, an un-
erstanding of the instability of the two-dimensional slit-jet will
erve as a building block in unraveling the stability phenomena of
ree boundary layer flows. Also, the results related to the formation
ad growth of symmetric vortex patterns can serve as a bench mark for

1alyses and numerical experimentation.

The results of this investigation are also expected to be useful
om a technological point of view. The characteristics of the
it-jet flow filed can be exploited in a number of ways. One such
olication is related to the performance of a jet pump. A jet pump,
»wn  schematically in Figure 2, consists of an inner high speed jet
ch entrains the outer fluid. The pumping efficiency will,

‘refore, depend upon the stability characteristics of the high speed
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et which will control its ability to induce streamwise motion in the
econdary fluid. The balance of chapter 1 has been subdivided into
ree subsections which deal with (i) a review of literature, (ii) a
tatement of the objectives of this study, and (iii) the organization

f this thesis.

.2 Historical Perspective

The studies investigating the stability of an unexcited,

wo-dimensional jet will be categorized as:

i) experimental studies of the instability of the slit-jet;

ii) experimental studies of the instability of jets issuing from

contoured nozzles;

iii) theoretical investigations of the stability of

two-dimensional jets.

2.1 1Instability of the Slit-Jet Flow Field - Experimental Studies

The instability phenomena of the slit-jet flow field manifests
self in the formation of a symmetric vortex street [BW, Clark and
t (1980)]. The nondimensional frequency of the naturally occurring

sions can be expressed as a Strouhal number, St,
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BW found that St was independent of Re (St = 0.43) over the range
250-1500. This was the same range over which symmetric motions were
observed. A breakdown in the formation of symmetric coherent motions
is reported by BW for Re values greater than 1500. Clark and Kit
(1980) shc;w constancy of St with Re, but, their St shows direct depen-
dence on w. As interpretted by Foss (1980), this suggests an ap-
paratus dependent condition. FK found St=0.61 over their Re range of
830-1160‘1 In addition, FK found the spacing between the vortices, A =
1.2 w, and the convection velocity of the vortices, By 0::51 Uo, over
their Re range. These results show that the instability phenomena of
the slit-jet flow field depend upon a geometric length scale w, rather
than a length scale of the separating boundary layer (e.g., the
nomentum thickness #). This makes the slit-jet flow different from a
jet issuing from a contoured nozzle. The latter flow is characterized
y parallel streamlines at the exit plane. [Sato (1960), Sato and
akao (1964), Rockwell and Niccolls (1972), Husain and Clark (1977),

ntonia, Browne, Rajgopalan and Chambers (1983), Namer and Otugen

]'Note that FK reported a St value of 0.43. This value was based
upon the measured centerline velocity UO' The value, St = 0.61,
is the inferred Strouhal number using the discharge coefficient,
Cp = <U>/Uo = 0.71, that was computed using the data from the

present study.
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(1988)].

The breakdown of the symmetric vortex motions has been observed
and reported by BW and Clark and Kit (1980). The process of breakdown
begins with pairing and coalescence of vortices on the same side of
the centerline of the jet. Clark and Kit (1980) have also in-
vestigated the lateral distortion and interaction of the cylindrical
vortices. FK have hypothesized the existence of three different in-
stabilities responsible for the formation of the vortex motion and
their subsequent breakdown. According to them, the "rolling up" of
the shed boundary layer into "unit" vortex motions can be inferred
from the instability of similar curved shear layers. The vortex mo-
tions which were observed by BW have been hypothesized to be caused by
the second instability which results in an agglomeration of the "unit"
vortex motions into large scale coherent motions. Finally, the third
instability causes the breakdown of the vortex motions. Because of
the lack of experimental data related to velocity profile, growth
rate, etc., in the slit-jet flow field, no comparisons can be made

with the preexisting results based upon theoretical considerations.

1.2.2 Instability of 2D Jets Issuing from Contoured Nozzles

The growth of natural disturbances in a jet has been more exten-
sively investigated for a contoured nozzle than for a slit-jet. The
ortex street pattern has been found to be Re dependent [see, e.g.,
ockwell and Niccolls (1972)]. According to this study, a symmetric

ortex pattern was observed at lower values of Re = 1860. At values
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of Re beyond 5000 the vortex pattern was found to cycle between a sym-
metric and an asymmetric vortex street. The highest value of Reynolds
number reported in this study was 10,800. From the photographs of the
jet in this study, a top-hat type of velocity profile with parallel
streamlines is inferred at the exit plane . In other studies [Husain
and Hussain (1983), Chambers, Antonia and Browne (1985)], the vortex
pattern has been found to depend upon the shape of the velocity pro-
file at the exit plane of the jet. For a top-hat type of velocity
orofile (underdeveloped velocity profile) a symmetric vortex pattern
/as observed. However, in the case of a parabolic velocity profile
fully-developed profile) an asymmetric vortex street was observed.
his seems to be in agreement with the findings of Sato (1960). In
hat study, two modes of fluctuations were found in the flow field of
wo-dimensional jets, one symmetric and the other asymmetric about the
enterline of the jet. The asymmetric fluctuations prevailed when the
elocity distribution was nearly parabolic which implies the formation
f an asymmetric vortex street. However, for a top-hat type of velo-
'ty distribution, symmetrical velocity fluctuations were observed
ich imply the formation of a symmetric vortex street. Some recent
udies [Antonia, Browne, Rajgopalan and Chambers (1983), Thomas and
ldschmidt (1986)] have shown that the near-field of a plane jet be-
re the end of the potential core exhibits the presence of a sym-
“ric mode, but farther downstream the asymmetric mode becomes

1inant.
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A large variation exists in the reported values of Strouhal
number [Chambers and Goldschmidt (1982)]. Based upon the reported
values of St in the plane and circular jets Schweiger (1983) concluded
that, whereas, St is independent of Re for a given nozzle configura-
tion, it varies with the width w. According to Sato (1960), “the fre-
quncy of sinusoidal fluctuations in the jet has no. simple relation
with wind speed". Sato and Sakao (1964) found that over the low Re
range, 100-2000, the frequency, f, of the naturally occurring motions
varied as, f « U?, where Uj is the jet exit speed. Sato (1960)
reported St, based upon w and Uj’ to be constant over Re 1500-8000 and
then increasing dramatically. However, for the same data when the
momentum thickness § was used as the length scale in nondimensionaliz-
ing the frequency (Nj = gﬁ) and in defining Reg = Hgi, Nj was found to
be independent of Rea for 80 = Reo > 500. Rockwell and Niccolls
(1972) found St = 0.012 Reo's. Here w and <U> have been used as the
length and velocity scales, respectively. A similar relationship has

been found to exist in circular jets as well [Becker and Massaro

(1968)].

Unlike the slit-jet flow field, enough data have been acquired in
he contoured jet to compare the experimental findings with the
heoretical predictions based upon the linearized stability theory.
n addition to the passage frequency of the vortical motions, the
avelength of these motions has been found by Rockwell and Niccolls

-0.5

[972) to be Re dependent: 3 = 0.44 Re For the laminar jet with

fully-developed profile, the lowest Reynolds number at which the jet
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has been found to become unstable is 10 [Andrade 1939]. This has been
confirmed by the measurements of Sato and Sakao (1964) who observed
the presence of periodic velocity fluctuations in the jet beginning
around Re = 10. Their investigation also showed that for Re > 50 the
periodic velocity fluctuations of the near-field became irregular
beyond x = 20w. The growth of disturbances in the streamwise com-
ponent of velocity has been found to be exponential in the near-field
of the jet, with the rate of growth dependent upon the shape of the
velocity profile [Sato (1960)]. In the same study Sato has shown good
agreement between his experimental results and theoretical predic-

tions.

1.2.3 Theoretical Investigation of Instability of 2D Jets

Various approaches have been used to analytically investigate the

stability of two-dimensional jets. Three of these are:
) a solution of the (viscous) Orr-Sommerfeld or the (inviscid)
Rayleigh equation for temporal or spatial growth of

disturbances;

ii) a solution of full Navier Stokes equation using numerical

methods;

iii) a simulation of the vortex street using point vortices.

e first technique is the most commonly utilized.
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1.2.3.1 Solution of Orr-Sommerfeld Equation

Common practices and major results of the theoretical investiga-
tions of the instability of the jet are:

i) The stability of the symmetric profile of a jet has been found
to be sensitive to two modes of disturbances in a given velocity com-
ponent [éavic (1941), Savic and Murphy (1943), Sato (1960), Mattingly
and Criminale (1971) and Ikeda (1977)]. That 1is, there exists at
least two solutions to the eigenvalue problem [Koochesfahani (1989)].
Whereas, the symmetric arrangement of vortices represents one solu-
tion, the asymmetric arrangement represents the other solution of the
linearized stability equation [Savic and Murphy (1943), Mattingly and
Criminale (1971)].

ii) The stability of a given velocity profile (the basic flow) is
investigated under the constraint of vanishing fluctuations at infini-
ely large distance from the centerline of the jet. In addition, per-
urbation conditions (symmetric or asymmetric with respect to the
enterline of the jet) are also specified: either the streamwise, u’,
r the lateral, v’, component of disturbance velocity 1is used.
esearchers, in general, do not agree in designating the symmetry con-
ition of the u or v component of velocity. For example, Mattingly
d Criminale (1971) used the v component of velocity fluctuations to
>signate the symmetry condition of the disturbances, whereas, Sato
960) and Ikeda (1977) defined the symmetry condition of the distur-
nces based upon the u component of the velocity fluctuations. The

signation by the latter authors will be used in this study:
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10

a) Symmetric disturbance condition: the u’ disturbances are
distributed symmetrically with respect to y whereas v’', '

and ' are asymmetrically distributed.

b) Asymmetric disturbance condition: the u’ disturbances are
distributed asymmetrically with respect to y whereas v', '

and w' are symmetrically distributed.

where ¥’ and w’ are the disturbance stream function and disturbance
vorticity, respectively. It is to be noted that (a) results in a sym-
metric vortex pattern, and (b) results in an asymmetric vortex pattern
[Mattingly and Criminale (1971)].

iii) The mean velocity profile of the jet flow serves as the
basic flow state in the stability equation. Various velocity profile
shapes have been used. The Bickley jet [Bickley (1937)] which is

specified as,
U(y) = b sechz(z) a,b are constants (3)

as been commonly used [Savic (1941), Savic and Murphy (1943), Curle
1956), Tatsumi and Kakutani (1958), Sato and Sakao (1964) and Mat-
ingly and Criminale (1971)]. Sato (1960) has used a modified form of
he above equation. Ikeda (1977) has used a parabolic velocity dis-
-ibution. Montgomery (1985) has specified a top-hat type of velocity

ofile given by
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11

ME£
wy) = )

1y1-y4 1yl-yo)] 2
cosh B exp|-0.5 B |y|zy0

iv) As expected, different velocity profile shapes predict dif-

:rent stability characteristics. For the Bickley jet, Mattingly and
‘iminale (1971) have found the asymmetric disturbances to have a
.gher growth rate than the symmetric disturbances. Ikeda (1977)
und  the same to be true for a parabolic velocity profile.
mtgomery (1985), however, found that for the top-hat velocity pro-
le the symmetric disturbances exhibit higher growth rate than the
ymmetric disturbances. Hence, if the velocity profile of a jet can

represented by equation (4) the jet should exhibit a symmetric
rtex street, whereas, for the profile given by equation (3) an asym-
tric vortex street should be expected.

v) For the Bickley jet, the critical Reynolds number has been

und to be 4 [Curle (1956), Tatsumi and Kakutani (1958)].

The results of the experimental and theoretical investigations of
> instability of the jet agree only in some aspects with the stabil-
 phenomena. For example, some of the disagreements are:

i) The value of the critical Reynolds number for the Bickley jet

not been experimegtally confirmed in the well controlled experi-
t of Sato and Sakao (1964).
ii) Sato (1960) reports that for the Bickley jet the frequency

 maximum amplification rate does not agree with the experimentally



observed frequenc

parabolic jet goo

theoretical resul

iii) The th

cation, uz—i, base
4

do not agree wi

(1960).

A probable
Medictions and e
Parallel floy in
0t be paralle]

(1958), Sato ang

Cansidering
Jectureg that 4 o
Wil Tequire ta)j

D) the oy
Plang of the jer
Profile n the .

1) the Vise



served frequency. However, when the calculations are based upon the
rabolic jet good agreement is achieved between the experimental and
eoretical results.

iii) The theoretical predictions of the spatial rate of amplifi-
tion, ;1-, based upon the Bickley profile and the parabolic profile

r
not agree with the experimentally determined values found by Sato

960) .

A probable cause for the disagreement between the theoretical
edictions and experiment is considered to be the assumption of
rallel flow in the former. That is, the streamlines are observed to
t be parallel especially at low Re values ([Tatsumi and Kakutani

958), Sato and Sakao (1964)].

Considering the state of the art of stability theory, it is con-
tured that a modelling of the slit-jet stability characteristics
1 require taking into account:

i) the curvature of the streamlines in the vicinity of the exit
ne of the jet which results in a rapidly changing mean velocity
file in the streamwise direction;

ii) the viscous effects (especially at low Re values).
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1.2.3.2 Numerical Solution of Full Navier-Stokes Equation

Numerical solution of the full Navier-Stokes equation in the
primitive variables can provide sufficient data [u(x,y,z,t),
(x,y,z,t), etc.] 1in a given physical domain to investigate the sta-
ility characteristics of a given flow field. Shimizu and Wada (1985)
pplied this technique to study the vortex growth process in a
wo-dimensional jet with a potential core. The outflow boundary in
heir calculations terminated at 7 jet widths. The streakline plots
how formation of symmetric vortex motions for Re > 800. The non-
limensional passage frequency, based upon the centerline velocity and
he jet width, was found to be 0.22. This value compares quite well
ith the experimentally determined value of 0.23 for symmetrical for-
ations [Sato (1960)]. In this numerical study the disturbances have
een found to grow exponentially up to about 4.2 slit-width down-

Cream.

Flow visualization observation of the development of the flow
eld based upon the numerical work of Shimizu and Wada (1985) and the
perimental work of BW in a slit-jet flow field shows some qualita-
ve agreement:

i) The formation of the large scale symmetric motions in both
idies seems to begin with symmetric disturbances on the jet boun-
'y, but, for the numerical work the symmetric disturbances form at a
tance of about 3 slit-widths downstream; in comparison, the photo-

phic data from BW show the presence of these disturbances within a
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distance of 1 slit-width downstream.

ii) The numerical work does not exhibit symmetric vortex motions
for Re values less than 800. The experimental data on the other hand,
shows the growth and development of symmetric motions beginning at Re
~ 250.

iii) The numerical work does not show the process of coalescence
of fully v:ieveloped vortices which was commonly observed by BW and

Clark and Kit (1980).

.2.3.3 Simulation of Vortex Street

Some of the instability characteristics of a two-dimensional jet
ave also been investigated by using point vortices to simulate the
rowth and development of the vortex street. In this method, the jet
s represented by two rows of point vortices which are a certain dis-
ance apart. Perturbations are introduced by displacing the rows with
spect to each other symmetrically or asymmetrically. BW imposed lo-
lized disturbances on the row of vortices to study the growth pat-
rn. Their computations show that a symmetric vortex street results
- both the symmetric and asymmetric perturbation of the vortex
eet; i.e., symmetric disturbances should dominate the asymmetric
turbances. They did not calculate any other instability parameters
heck the agreement with the corresponding experimentally deter-

d values.

Aref and Siggia (1981) studied in detail the evolution and break-

of an asymmetric vortex street. As a special case, they
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vestigated the evolution of two vortex sheets with an initial per-
rbation to resemble a plane jet. The two sheets evolved into a sym-
tric vortex street. The calculations show that the spirals which
present vortex motions become fuzzy with the passage of time.
wever, at later times the "vortices become unstable to a pairing
de and nearest neighbors merge". The symmetric character of vortex

reet is maintained at all times.

Objectives of the Present Study

The objective of this study was to experimentally and
lytically investigate the instability phenomena of a submerged,
thermal, two-dimensional slit-jet flow field at low Reynolds
bers ranging from 100-4000. This objective has been addressed by

ng the following experimental techniques:

i) Detailed flow visualization pictures of the slit-jet flow
field over much of the desired range of Re have been ob-

tained.

ii) Using the data base of (i):
a) hypothesize the process which leads to the formation of
the symmetric vortex street;
b) check whether the symmetric coherent motions are observed
only up to Re = 1500 as reported by BW. Note that FK in a
more limited investigation, supported the observation of BW;

c) determine the Reynolds number dependence, if any, of the



qualite
the sy
d) che
vortex

first o

iii) Measure

=

=

the Bic
best f
eigenva

for the

Measure
Center]
turbane

In (14

Deterni,
Using ¢}
VElocit)
Nunberg
(regarg;
Provige
felg,

Hth the

th’“’ugh



111)

iv)

16

qualitative features of the growth and breakdown process of
the symmetric vortex motions;

d) check FK’'s hypothesis that the agglomeration of unit
vortex motions results in "large" scale motions which were

first observed by BW.

Measure the G(x—c,y) velocity profiles and determine whether
the Bickley (equation 3) or Montgomery (equation 4) profile
best fits the data. Use the fitted profile and compute the
eigenvalues of the inviscid, linearized stability equation

for the spatially growing disturbances.

Measure the longitudinal velocity distribution along the
centerline of the jet to determine the growth rate of dis-
turbances and compare it with the computed values as found

in 111y

Determine the discharge coefficient of the slit-jet flow,

using the measured centerline (Uo) and spatial average (<U>)

D

numbers. Note that these data are of intrimnsic interest

velocity values as Cj = %, over a wide range of Reynolds
0

(regarding the nozzle shapes used in this study) and they
provide valuable diagnostic information about this flow-
field. Specifically, the measured C, values can be compared
with the value of 0.611 which characterizes an inviscid flow

through the slit-jet nozzles.
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Contents of the Thesis

Chapter 2 presents three analytical aspects of this
stigation:

i) Potential flow methods have been used to map the flow field
ream and downstream of the nozzle plates which form the slit-jet.
purpose of this analysis was to determine the size of the smallest

um which will not influence the free streamline of the exiting

ii) Thwaites integral method has been used together with the
city distribution computed from inviscid analysis to determine the
dary layer parameters 6d and 0* .

iii) Linear and nonlinear stability analyses for the spatial
th of disturbances have been carried out using the inviscid Euler

ion of motion.

Chapter 3 describes the experimental facility, modelling of flow,
acquisition system, flow visualizaton techniques and the details

e experimental procedures.

Chapter 4 describes the qualitative results obtained from the

isualization pictures and presents the sequence of events that

to the formation of the symmetric vortex street. Also, based
he patterns of the flow field, various flow regimes are con-

d.
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Chapter 5 presents the details of the algorithms used for pro-

ng the information gathered from the flow visualization experi-

Chapter 6 presents the quantitative results obtained by using the

ithms of Chapter 5 and the flow visualization data base.

Chapter 7 presents the results based upon the lateral and longi-
al velocity surveys in the slit-jet flow field. It also presents

stimates of the discharge coefficient of the slit-jet.

Chapter 8 presents the results of the stability of the slit-jet
field using the analyses presented in Chapter 2 and the measured

ity data presented in Chapter 7.

Chapter 9 summarizes the findings of this investigation and makes

nendations for future work.
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ANALYTICAL CONSIDERATIONS

Introduction

This chapter presents mathematical analyses related to four dif-
Nt aspects of the slit-jet flow field. Section 2.2 Presents the
ysis to determine the flow pattern in the channel-like plenum and
jet issuing from it using the potnetial flow methods. In Section

the Thwaites method is applied to estimate the boundary layer
meters using the results of the previous section. Section 2.4
fly presents the formulations of the linear inviscid instability
’sis which will be applied in Chapter 8 to predict the growth of
irbances in the slit-jet flow field. In Section 2.5 a model is
oped for the pressure fluctuations along the jet centerline using

Streamwise component of the unsteady Euler (Euler-s) equation and
el for the velocity fluctuations. Again, the results of this

sis will be applied in Chapter 8.
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Inviscid Flow Pattern in the Slit-Jet Flow Field.

1 Introduction

Figure 3 is a schematic representation of a finite, channel-like
um which has been used in the test facility of this investigation.
general, the flow field in this case will be different from the
lized case when the (infinite aspect ratio) jet is fed from an in-
te (H/w - «) plenum; see Figure 4. The value of the aspect
o, B/w = 10.4, for the present facility is such that the flow is

dimensional in nature.

This section presents an inviscid analysis of the finite plenum
h slit-jet flow field to determine the streamline pattern. The
ctive of the analysis is to use the velocity field determined by

potential flow methods to:

i) Compare the flow fields of the jet issuing from a finite
plenum with that issuing from an infinite plenum. The com-
parison will be used to determine how small can the ratio of
the plenum width to the jet width, H/w, be without signifi-
cantly influencing the flow field. (Note that the ratio,
H/w, has been referred to as the "proximity ratio" in this

investigation.)

{i) Obtain an estimate of (a) the integral of potential velocity

on the nozzle plate, and, (b) the streamwise gradient of the
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potential velocity on the nozzle plate. These estimates are
used in an integral method, the Thwaites method, to compute

the two boundary layer parameters § and &d'

2 Inviscid Flow Analysis

Use of potential flow methods to compare the flow fields of two
-jets, one issuing from a finite plenum and the other from an in-

te plenum, is justified because:

i) The wviscous effects are confined to the boundary layers on
the two nozzle plates. The favourable pressure gradient

keeps the boundary layers thin.

ii) Since the experiment begins from rest, i.e. o = 0 every-
where in the liquid, the majority of the flow in the plenum

and the jet core (i.e. x = 3w) remains irrotational.

When these conditions are satisfied the velocity field, in
>

al, can be determined from the kinematic conditions alone: Veu =

V=0, once the velocity field is established, the momentun

ulli equation) can be used to determine the pressure field.

ne of the potential flow methods, the method of Free Streamline
as outlined in the text by Vallentine (1967), is suitable for
etermination of the velocity and pressure fields in the subject

it is used herein for this purpose. A series of
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nsformations are employed to express the z-plane (i.e.

» Z = X, +

1

) pattern (see Figure 3) in terms of the w-plane (w = ¢ + ip) pat-

i The complex velocity field (v = u + iu2) is determined from

complex conjugate of %ZY:

z

S 08 L ov 106 | sy _
ax] * Tox i<ax2 = 16x2) Yy A )

lentine (1967), equation 5.15; p 146].

2.1 Details of Conformal Transformations

In Figure 3 the z-plane is the physical plane with origin at the
r of the slit. The dimensionless flow rate is assumed to be 1.
ut loss of generality, when the streamlines become parallel at X,
the dimensionless jet width is assumed to be 7 as well. The

ach channel is assumed to be "m" times the jet width at x. = -,
" 1
imensionless approach velocity is therefore equal to - The an-

is defined to be the angle between the X,-axis and the direction

W,

able 1 1lists the angle and velocity at each of the significant
The flow is symmetrical with respect to I'-I, and therefore,

ne side is considered in the analysis.
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Table 1 - Fiducial Points of Various Planes

Plane

1t Z ¢ [ t w
-in/2 et

a=-m/2; V=1/m me In(m)-in/2 - 2—~k -
2m'

-n/2, -m; O we.i"/z; o 1m ©-in/2; w-ix @, @ 0

2

m~+1

p—— 1 e-in 0 - im 1 log( Zm)

-n/2; 1 1 e 172 0.- ins2 1 5

e following transformations are used to determine the quanti-

1 Table 1:
z-plane to ¢ plane:
e z-plane is first transformed into the ¢ plane defined by
1 # ele (6)

/| is the magnitude of the resultant velocity and a is the flow
fined earlier. Table 1 includes the details of the transfor-

and Figure 5 shows the ¢-plane.
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) ¢-plane to ¢’-plane

aking the natural log of the ¢-plane gives the ¢’-plane:

Comidn ¢

)

N
{3} + ta ®
Table 1 and Figure 6 contain the pointwise detail.

' ¢'-plane to t-plane

ing the Schwarz-Christoffel transformation, the ¢‘-plane pat-

transformed to the t-plane as (see Figure 7)
- O - 9
cosh{l « ;1)} 9)

ng to Figure 6, 1 = % and g‘i = -im, which gives

= cosh2(¢’ + im) (10)

- location of various points on the t plane is obtained by sub-

g the ¢’ coordinates in (10) which are listed in Tabie L
- AR+ 1)

7 shows the t plane. From the half source at I’ 2m2
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luid reaches a half sink at I = -1 both directly and after pass-

hrough other points.

d) t-plane to w-plane

The w-plane transformation is obtained by superimposing the half

e of strength = 2, at t = - - -k (say) and half sink of

2
ame strength at t = -1. Thus,

m“ +-1
2m2

s n
¥ -G In(t + k) - % In(t + 1) (11)
quivalently,
1
i fr K2 12
v - (S a2

1 and Figure 8 present the pointwise detail.

.2 Equation of Separating Streamline

Along a free streamline a’g’c’ (see Figure 3) the magnitude of

ity |V| is equal to 1. Equation (8) thus becomes

Lo & (13)

a varies from 0 to -%. Using (10) the equation of the free

line in the t plane becomes
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t = cos2a (14)
, along a streamline dy = 0,
w = ap = Las - vas (15)
" equal to unity along the free streamline,
w = ds (16)
entiating (12) and setting dw = ds,
4),

= -2sin2ada (18)

uting for t and dt by (14) and (18), respectively, equation

comes

= 1 i 19)
-l - ——— do (
{k + cos2a 1 + cosZn} 8inZof

lxl = ds cosa



dx, = -cosa

1

ad dx2 = ds sin

dx2 = -sina

The above equati

stitutions to yi
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4 1 1
2= reosalalnta {k Y cosza T 1+ cosZu} e (20

:2 = ds sina, or

4 2 ks 1
o= s lnal s1n20 {k + cos2a 1 + cos2a} ge (21

ove equations have been integrated using some trigonometric sub-

ions to yield,

L - .gcan'l{%cosa } + 0 (22)

1 fex1, (fe+ T+ /2 sina
J2 M /& + L -/2 sina

:2 - + ln(tana + seca) + C2 (23)

ntegration constants Cl and 02 are determined for the free

line on the left hand side of the centerline. At x; = -5 (half

of the jet at x, = -@), a = -%, therefore

2

=0, a =0 (at the lip of nozzle plate on left hand side) there-

re the equation for the separating streamline will become
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AT e ol ) s -

1/k+1 k + 1 + /2 si
X =3 J;m{%:i’:z} + In(tana + seca) (25)

The corresponding expressions for the separat:ng streamline for

jet from an infinite plenum (see Figure 4) are obtained by letting

X = -% - cosa (26)

X, = In(tana + seca) - sina (27)

2.3 Contraction Ratio

The contraction ratio for a jet is defined as the ratio of the
'idth after the formation of the vena contracta to its width at
exit plane. The width of the jet at the exit plane, issuing from
nnel-like plenum, can be obtained by setting the flow angle a = 0

y = -g in equation (24). This gives,

Vo= + 2 kéltanhl‘k?l (28)

ntraction ratio then becomes

(29)
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< becomes large the value of CD approaches the value for an in-

e plenum:

s
D x4+ 2 (30)

allentine (1967) pPage 214.

.4 Equation of Streamline in z-plane

'he transformations applied in Sec 2.2.2.1 relate the complex

-ial function w = ¢ + iy to the complex t plane; see equation

In order to obtain the streamline pattern in the physical

Ty * ixz is expressed in terms of t. Using the chain rule:

4 dz dw
2 o S5 9w 3
t~ aw < ac gL

z is expressed in terms of t. Differentiating (12),

il
2

32
(t + k)(t + 1) G2

o 7l
n (10) is manipulated to obtain d_: as,

= 1In{ = % cosh_lt - inm (33)
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1
(&) - ln{t T P }2 . (24)

aw = ‘{c i J‘l }2 (35)

refore,
1
{t + t2 -3 } 2
dz _ k-1
dt "2 (t+ k(e + D (36)

losed form integration of (36) was sought. Tables of integrals
ained functions similar to (36) but no corresponding relationships

found. The presence of | tz - 1 in the numerator caused (36) to
ifferent from those functions which were tabulated. A survey of
literature related to potential methods led to a paper by Page

2) which has used the relationship
1
Je+ 1 i/t-l—ﬁ{ti.tz-l}z 37)

- (37), equation (36) can be expressed as,

dz fe+T+ /E-T1 Jfe+1+fc-1 (38)
dt T t 1 t+k

ove equation when integrated yields z = f(t), namely,
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z--tan'l%l+.k£ L tan-IHi» % tan'1H+C
(39)

> constant C is evaluated by applying the boundary condition in the
lane: when t = 1, z = 0.5w. For the channel-like plenum the width
the jet, w at the exit plane, is given by equation (28). Using

o n
s condition, C = = Therefore,

.

(40)

Equations (12) and (40) have been used to plot the streamline
-€In upstream of the exit plane of the jet. See Figure 9. For
arison, this figure also exhibits the streamline pattern for a jet
ing from an infinite plenum. The corresponding equations for in-

te plenum case are (see text by Vallentine (1967) pp. 211-214)
w=-1nt (41)
z=t+ (.. cos'l{%} +% (42)
' can be derived in the same way as (40).

The ratio of the width of the finite plenum to the jet width at

contracta, m, influences the slit width which in turn affects the

ior of the jet. Figure 10 shows the variation of the ratio of
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it widths of finite to infinite plenum (w/wm) and proximity ratio
/%) as a function of m. Note that as m becomes large w approaches
e width of the jet for an infinite plenum, 1.6, Woosimie 2 (=

1416) .
2.2.5 Equations of Velocity and Pressure Fields on Nozzle Plate
§ dw s
In the complex plane, z = X) + ixz , the derivative &Y - iu,
Te u; and u, are the velocities in the x; and X, directions,

pectively. From equation (35) for a jet issuing from the

nnel-like plenum,

(43)

An  expression for the velocity field on the nozzle plate of a
te plenum jet is first derived to evaluate the pressure field and
integral and the differential of the potential velocity along X -

derivation is carried out as follows.

Along AB on the nozzle plate (see Figure 3) the flow angle a = -7

therefore, ¢’ in (8) becomes

=gy - g (44)

ituting in (10),
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t = cosh2(1n|3|)

(45)
. 1 ol :
Lacing [v] by E and noting cosh(-y) = cosh(y), (45) becomes
2
t = cosh(lng”) (46)
2?10 (7

ing for q,
1
q-i{ci cz-l}2 (48)

nner and the outer signs are determined as:

i) Inner: At A (Figure 3) t » » and q -+ 0, which suggests a

ive sign.

i) Outer: Being magnitude of velocity |V|, q cannot be nega-

herefore,
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q= {t - .:2 S }2 (49)

; the relation given by (37)

(50)

The Bernoulli equation relates the pressure difference between
oints for an inviscid, incompressible, irrotational and steady

field. Using the vena contracta as the reference location with
ure p. and velocity magnitude |;| = 1, the pressure at any point

{2) in the flow field is given by
2
p=py+ B - VD 24

; (50), the normalized pressure distribution along the nozzle

for the finite plenum becomes

Pp-p 2
0 i) 2 r,+1-2t-1 s2)

L
2
1 infinite plenum the pressure drop is found to be

= 4
; P0=1_ t+1 -Je-1 (53)
4

2
2
e lip, t = 1 and pressure drop becomes zero. At large values of

corner in case of finite plenum) the pressure drop approaches
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naximum value of 1.

3 Comparison Between Jets from Finite and Infinite Plenums

The inviscid streamline pattern upstream of the exit plane of the
jets were shown in Figure 9. Using the inviscid analysis, a com-

son between the two flow fields can also be made based upon:

i) variation of pressure field along the nozzle plate;

ii) trajectory of separating streamline.

3.1 Pressure Field Along the Nozzle Plate

Equations (52) and (53) express the normalized pressure change,
due to acceleration along the nozzle plate. Figure 11 il-
:ates the pressure change over the nozzle plate for both the jets.
ralue of m for the finite plenum is equal to 20; this results in
‘oximity ratio, H/w = 12.2. At the lip of the two jets, the pres-
change becomes zero. More than 95% of the pressure change in
jets occur within one slit width of the separating lip. On an
ded pressure change axis, Figure 12 shows the difference in the
ibution of the pressure change between the two jets for larger
s of x. Again, for m = 20, the pressure changes and hence the
fields of the two jets become identical in the vicinity of the

lanes of the jets.
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-3.2 Trajectory of Separating Streamline
The normalized change in pressure along the nozzle plate of the
jets provided a comparison of the two flow fields upstream of the
t  plane. Downstream

of the exit plane, the trajectories of the

irating streamline are used for comparison.

Parametric equations (24), (25) and (26), (27) express the tra-
ories of the separating streamline for the finite and the infinite
um  slit-jets, respectively. Figure 13 illustrates the variation
he ratio of the width, w(xz), of the jet issuing from a finite
um to the width, ww(xz), of the jet from an infinite plenum, as a
tion of -xz/wm. Plots for four values of m are included. Figure
shows the wvariation of the ratio w(O)/wm(O) as a function of m.
of the plots show that as m becomes large, that is the two plenum

> move farther apart, the finite and infinite plenum jets become
- Hence, m = 20 (proximity ratio, H/w = 12.2) can be taken as
lower limit of wall separation for which the two jets are kinema-

1y and dynamically similar.

Determination of Boundary Layer Parameters

Two boundary layer parameters momentum thickness 6 and displace-
thickness Ed need to be determined. The Thwaites integral method
been used to get an estimate of these parameters. The value of 4

> exit of the jet is traditionally used as a length scale in

ity calculations. The value of 6d will be used to check whether
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- the vortical fluid at the separating lip on the nozzle plate was

ked by the dye or not.

The Thwaites method is based upon the x1 component of momentum

egral equation for a steady, constant density flow:
T = -SQL #

d s 2 d 6
w ax dxlfo"“ldxz+U1dx1fo"“1d"2 (54)

The text, "Viscous Flow", by White (1974) has described all the
gral methods in detail including the Thwaites method. The
ntum thickness § is given by

2 0.450

6 = Fi

Ujdx 55
f 1% (55)
1

displacement thickness Sd is expressed in terms of # as

8§, = 6H(A) (56)
d
> H(A) is called the shape factor and is expressed as a function

2y,
=0 Ul/u.

The evaluation of ¢ and 64 depends upon the known distribution of

stream (potential) velocity Ul(x Because the flow in the ple-

1)
except for the thin boundary layers on the nozzle plates, remains

cid and irrotational the expressions developed in Section 2.2.2.5
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ave been used to represent the variation of the free stream velocity

n the nozzle plates. Because the equations for velocities in Section

.2.2.5 have been developed in the t-plane, the integral in (55) and
du.

he derivativeax—l will be transformed before evaluation to the
1

-plane.
.3.1 Momentum Thickness §
Equation (55) has been used to estimate §. Non-dimensionalizing

he velocity Ul by the velocity Uo = Uz(xzﬂ-m), and the length Xy by

he width of the jet w, equation (55) becomes,

<&
o - M—e[ Vg 1
ReoU1 0
here Reo is Reﬁn:lds number based upon the velocity at vena
ontracta: Re, = % At the lip of the jet (see Figure 14), the in-

iscid separating streamline expands to the ambient pressure, so that
*
= 1; equation (57) thus becomes,

*

*
2% 0.4 s (58)
0o Jx !

lere, X; and Xz are the upper and lower limits of integration in the
direction (i.e., the lip of the nozzle plate and the corner of the
annel-like plenum), respectively. The integral in (58) is evaluated
the t plane: equation (50) is used which expresses the magnitude
the velocity on the nozzle plate where Xy = 03 uy = 0 and dx1 = dz.

erefore,
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* o o W ) e )
Lt 2 (59)

* k-1 -
PR S5 B N [ W e

q, 2 J2(t + k) (t + 1)

nd when,

sing these,

5 5
*T ok k-1 Je+1 - /e -1 Je+ 1+ /e -1
Uy ax =73 r{ 72 e s e+ DI (6D
3

*

&4

1is integral has been evaluated numerically and was found to be equal

» 0.0565. Taking the square root of (58)

* _0.15945 (62)
Re

[
0

this investigation, <U> has been used as the characteristic velo-

ty. Since <U> = CDUO’ Re = CDReo. Hence, in terms of <U>, equation

2) becomes

* “CD
67 = 0.15945 2= (63)
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.3.2 Displacement Thickness 5d

HZU'
v

In order to evaluate Sd, A= has to be found so that H())
an be obtained from the Table 4-8 in the text by White (1974).

\gain, nondimensionalizing the length by w and the velocity by U

o
du, Uy dul
Kl )20 _i (64)
1 Yax
1
)n the nozzle plate x2 =0, \.\2 = 0 and therefore,
dw  dw
== = 65
az " ax; TN §e2)
iquation (64) thus becomes
du U 22
Kl - 04w (66)
1 Yz
Vifferentiating (43) with respect to z yields
ﬁ e -T+ /eF1) (c+k) (£+1) (67)
2 = 3/2
dz

Lk -1l o1+l

t (Xl,xz) = (w/2, 0), t = 1 and the above expression becomes indeter-

inate. Applying L'Hospital’s rule,

2
Linie 4 _k+1 (68)
t+l dz §
ere k = 2 +21 As m becomes large k becomes large, that is,
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1o W R 4t
Limit = = Limit (—— = 1 (69)

ko dz

For m = 20, k = 200.00125 and (k + 1)/(k - 1) = 1.01005. Equation

(66) thus gives,

% -
dx:l w
The parameter A then becomes,
o7,
A= 71)
vw

Using (55), normalizing as before and setting ul(xl-w/Z,xz,-O) = U0

(see Figure 14),

*
5
A =0.45 v (72)
N ey

with the value of the integral found in Section 2.3.1,
A = 0.02542
From Table (4-8) in White (1974) , H(A=0.02542) = 2.515. Equation

(56) thus gives,

= (73)
Ed 2.5154

or
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* _0.401

65 ZReO (74)

In terms of <U>,

* CD
84 = 0.401 72 (75)

2.4 Stability Calculations of the Slit-Jet Flow Field

The inviscid stability of the slit-jet flow field was studied by
investigating the spatial growth of arbitrary infinitesmial perturba-
tions. The coordinate system that has been used is shown in Figure
15; u and v are the velocities in the x and y directions, respec-
tively. The slit width, w, and the centerline velocity, Uo, have been
used as the characteristic length and velocity scales, respectively.
The velocity Uo is the maximum average velocity of the jet which oc-
curs around x/w~l. The time, t, is nondimensionalized by w/UO and the

pressure by pU2 The nondimensional Euler equation

o
D 4 k%
u o>
== VP (76)
and the continuity equation for incompressible flow

i an

were used to develop the model equation to investigate the instability
of the jet. The asterisks will be omitted in the following equations

for convenience. The mean flow velocity u was assumed to depend only
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upon the lateral dimension Yy (parallel flow), but, the perturbations
in the velocity U’ and pressure p’ depended on x and Y. The linear-

ized, nondimensional equations of motion are expressed as

du' -~ du oW _ apr

FTE Ak ax ay ax £78)
o', S ov'_ ap!

ety ax a3y 79
du’ v’

A JENS -b G0 80
xtay O (80)

Following the usual assumption that the perturbations are composed of

independent wave-like components,
U= G (yexpi(ax - wt)] (81)
P’ = p_(y)exp[i(ax - wt)] (82)

the partial differential equations (78) through (80) reduce to ordi-
nary differential equations. In equations (81) and (82) a = L iai
is the complex nondimensional wave-number and w = e iwi is the com-
plex nondimensional frequency. For spatial growth of disturbances

w. = 0;

i ; aa(y) and P,(y) depend only on y. Further simplification is

achieved by expressing the velocities (u’,v’) in terms of disturbance

Stream function 3
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¥(x,y,t) = ¢(y)expli(ax - wt)] (83)
-y P 08
® ay id ax (84)

From equations (83) and (84) u, and va can be expressed as

=09
Ya T a3y (85)
v, = -ia$ (86)

Using the symbol D for g—y’
u_ = D¢ (87)

Inserting (81) and (82) in (78) and replacing u, and . by (87) and

(86), respectively, p, can be expressed as
= ¢Du - (q - © (88)
P, = #Du - (u - D

Similarly, inserting (81), (82), (86), (87), and (88) in equation (79)

yields
@ -2 0% . o) - 0luyg-0 (89)

or
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9=
2 D
D¢-[‘-“ﬁ+¢x]¢-0 (90)

This equation can be integrated with boundary conditions

$(y » ko) = &7

91)

A computer program [developed by Koochesfahani (1989)] was used
to solve equation (90) subject to (91). The program uses a "shooting"
technique and integrates equation (90) from both sides of the jet to-
wards y = 0 where the values of ¢ and ¢’ are checked from the two
sides, respectively. If the values match within a tolerance (e.g.,
0.0001), the eigenvalues o, and -a; are accepted as wave-number and
spatial growth rate of unstable disturbances for a given frequency w.
The calculations are repeated for another value of w, and, in this way
a  and -a; are found for all frequencies w. The value of w for which

oy has the maximum value predicts the most unstable disturbance.

The frequency w and the corresponding eigenvalues a, and @, are
related to the following experimentally determinable quantities

[Freymuth (1966)]:

fIw
w = 2xSt, = 2m—7— 92)

0 U,

o (93)
@ 2",\_ at w
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-a; = Growth rate at w (94)

where AI and fI are the predicted values of the wavelength and fre-
quency, respectively. Since, the spatial average velocity, <U>, has
been used as the characteristic velocity in this investigation, v in

terms of <U> will become

C.
D
w = folwa; - ZRCDStI (95)
where CD is the discharge coefficient of the jet and SCI is the pre-
dicted value of Strouhal number at the maximum growth rate. Simi-
larly, the quatity m/arcD yields the phase speed, ¢y, in terms of <U>.

These quantities will be determined in Chapter 8.
2.5 Model for Growth of Pressure Fluctuations Along the Centerline

2.5.1 Introduction

In the previous section the pressure fluctuations were modelled,
in accordance with the conventional linear analysis, to grow at the
same rate and to fluctuate at the same frequency as the velocity fluc-
tuations. 1In this section, an equation will be derived for the pres-
sure fluctuations along the center streamline using the unsteady
Euler-s equation and a similar model for the velocity fluctuations
which was used in Section 2.4. It will be shown that for large growth
rates the pressure fluctuations can grow spatially not only at twice

the rate of velocity fluctuations but also oscilltate at twice the
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frequency. The use of this model would be justified only if it can be
shown that the slit-jet flow field remains inviscid in the vicinity of
the exit palne. From the considerations of Sections 2.2 and 2.3 it is
recognized that the shear effects upstream of the exit plane of the
jet remain confined to thin boundary layers on the nozzle plates.
Similarly, the core fluid of the jet issuing from the slit should
remain inviscid and have a top-hat velocity profile until the shear

effects propagate to the centerline.

2.5.2 Derivation of Equation for Pressure Fluctuations

The unsteady Euler equation along a streamline, s, is written as
(see Potter and Foss p 357)
ap,
av av 1 k (96)
at as p 8s
where V is the component of velocity in the s direction and pk-p+pgh.

Integrating along a streamline passing through the center of the jet

(see Figure 15)
2 2 p.q2
av i 97)
fl Jeds + [ e ] 0

In the plenum (upstream of the nozzle plates) no oscillations are ex-
pected to develop, and if the location of (n) is such that oscilla-
tions are negligibly small the first term in equation (97) will be

zero, so that
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2
Vs Constant
2 p

<

(98)

Treating (n) as the terminal nodal point (i.e., s=0) where velocity
fluctuations at the instability frequency begin to grow, equation (97)

can be written as

s 2 p

[ Das 4+ [! + —k] -c (99)
0 Plg

As before (Section 2.4), to nondimensionalize (99) w and U0 are used
as the characteristic length and velocity scales. Equation (99) be-

comes

* ol

s %
A R [‘2—’ + p;]s -c (100)
0 3t

The asterisks will be omitted in the following equations for conveni-

ence.

The velocity V and pressure p, are decomposed into time average

and fluctuating quantities as
V(s,t) = U(s) + u’(s,t) (101)
(102)

Pp(s,t) = p(s) + p'(s,t)

The same model is proposed for the fluctuating velocity u’(s,t) as was
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used in the previous section, however, u’(s,t) is now restricted along

s, giving
u’(s,t) = u_expli(as - wt)] (103)

where, as before, a is complex and w is real. Using equation (103)
for the integration of the first term in eqution (100) and taking the

real part of the integral, the following equation results
u w
-ﬁ exp(-ais) [arcos(ars-wt) + aisin(ars-wt)] +
(!r ai
By +pp + %[ﬁ + u']z -c (104)

Taking time average of equation (104) over a complete cycle of (wt)

from 0 to 2r radians, the time average equation is found to be
(105)

2
- 1 [-2 uaexp(-2ais) :
pk¢2|:U(s)+———2 ]-C

Subtracting this from equation (104) the equation for pl’( is obtained:

u w
p,’((s,t)-[-ﬁ] exp(-a;s) [a cos(a s-ut) + a;sin(a,s-wt)]
a -+
i
2

u
- l_l(s)uaexp(-ais)cos(ars-wt) - Zaexp(-2ais)<:052(urs-wt) (106)
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2.5.3 Discussion

The equation for the fluctuating pressure, pl’(, is comprised of
three terms. The growth rate for the last term is twice as large as
the growth rate of the fluctuating velocity (see equation (103)) and
of the first two terms. Also, the frequency of oscillation of the
last tern"l is twice the frequency of the velocity fluctuations and of
the first two terms. Hence, the pressure fluctuations p{( have the
potential of not only growing spatially at twice the rate of u’, but,
also oscillating at twice the frquency of u'. This will happen if
(*ai) is large so that the last term becomes the dominant term in

equation (106).

In Chapter 8, pl"(s,t) will be determined for the experimentally

determined values of @, o, @ and u,.






EXPERIMENTAL FACILITY AND PROCEDURES

3.1 Introduction

A novel flow facility has been designed (see Appendix A for
design details) and fabricated to study the stability characteristics
of the slit-jet flow field. A schematic representation of this
gravity driven, steady state, finite duration liquid flow facility is
presented in Figure 16. The data acquisition comprised of flow
visualization using dye, and single channel laser Doppler anemometry.
This chapter describes the flow facility, operating principle, model-
ling of flow, operating procedure, calibration of sensors, flow

visualization techniques and details of data acquisition.
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3.2 Experimental Facility

As shown in Figure 16, the flow facility is comprised of two
major units: i) a glass tank, and ii) a clear plastic structure
called the Nozzle Housing (NH). The two nozzle plates with knife
edges are supported at right angles to the jet-axis by the NH, thus
forming the two-dimensional slit-jet. These plates are provided with
a number of taps which are used to inject the dye for flow visualiza-

tion.

The tank is filled with a suitable working liquid such that its
level is above the nozzle plates under the conditions of static
equilibrium. The NH has partially open sides and an air tight cover
plate which supports a bleed valve and has two additional openings:
i) a pressure tap connected to a Validyne DP15-26 with an operating
range of 35.6 cm water column, and ii) vacuum tank connection. The
latter is used to raise the liquid head. This establishes the condi-
tion to start the jet flow when the cavity is pressurized. The
liquid-filled space above the nozzle plates is designated as "the

plenum"; the space below is called "the receiver".

Two additional devices, which are part of the experimental confi-

guration, are the i) Volume flow sensor, and ii) Filling device.






3.2.1 Volume Flow Sensor

Figure 17 is a schematic representation of the operational
features of the flow facility. The volume flow sensor (hereinafter
referred to as VFS), drawn on the left hand side of the NH, is
comprised of an "inverted cup" and a pressure transg¢ucer (12.7 cm wa-
ter column, Validyne DP15-22 pressure sensor). As the plenum fluid
discharges into the receiver the liquid level rises causing a pressure
rise 1in the cup. This pressure, pI(t:), is related to the volume flow

of the jet as shown in the following analysis.

In general, the pressure pI(:) can be expressed as

pI(t) - pI(o) + at + b:z + x:t:3 S (107)
and,

dry 2

E-a+2bt+3ct + ot (108)

If the pressure rises linearly with time (for a constant velocity
jet), b =c =0, and
d_pl_ 10
& (109)
de
The rate of rise of pI(t), S 5 0 is proportional to the rate of

rise of water column in the receiver. Therefore,






dp
Volume flow rate « Ti X Area of receiver. (110)

and, since this flow is coming through the jet of area Aj = Bw, with
spatially averaged velocity <U> = %—f Vei da,
]

dp
AJ.<U> o« T‘I: X Area of receiver (111)

Using the above, <U> can be determined from the pI(t) data. (Section
3.7.2 describes the details of calibration of the volume flow sensor

to determine the spatially averaged velocity of the jet).

3.2.2 Filling Device

Figure 18 shows a device called the Filling Device (hereinafter
referred to as FD) which is made from six or more plastic tubes, sup-
ported by a buoyant styrofoam base and a pair of strings. It is used
to prevent the formation of two-dimensional vortices (see Figure 19)
during the filling process. The use of the FD is shown in Figure 20.
The formation of symmetric vortex motions was visualized using the

schlieren method; see Figure 21.

The two large counter rotating eddies and the symmetric vortex
motions, as shown in Figure 19, possess two-dimensional coherence, and
as reported by Gutmark and Ho (1983), such motions can influence the
behavior of the jet. It is expected that the use of the FD would help
randomize the background disturbances. Experiments have been

conducted with and without the FD to determine the influence of the






background disturbance (initial condition) on the behavior of the jet.

The results of these experiments have been presented in Section 7.5.

3.2.3 Working Liquid

Any Newtonian liquid, with known density p and kinematic viscos-
ity v, can be used to execute the experiment. In this study, three
different 1liquids were wused: water, water-sugar and water-glycerol
mixtures. Water was used for the relatively high Re runs (400-8000),
whereas, a water-sugar or a water-glycerol mixture was used for lower
Re runs (75-1000). Note that the latter mixtures have relatively
large kinematic viscosity values which permit low Re values to be
studied with adequately large velocity values. A sufficiently large

velocity (<U> = 1 cm/s) is required for the control system to properly

function.

3.2.4 Operating Principle

The "steady state" operation of this finite duration, gravity
driven flow facility is achieved by a controlled pressurization of the
cavity in the NH such that

p,

k.
at ~ (112)

3
3t + pgh) = 0

For this condition, V(x,y) in the plenum and receiver is constant

during the duration of the experiment.






3.3 Flow Modelling

A control volume approach [Potter and Foss (1982)] has been used
to model the two flows: i) liquid from the NH to the receiver, and
ii) air from the ambient to the NH through the computer controlled
bleed valve in the cover plate. The objective of this analysis is to
determine the rate of opening of the bleed valve Av(t) such that a

constant velocity liquid jet is obtained.

For simplicity, and because it has proven to be satisfactory
aposteriori, the initial transient condition (wherein 7c > 0) is not
considered in this analysis. Note that this restriction permits the
use of the Bernoulli equation for the description of the unsheared re-
gions of the flow. The velocity UO for the following analysis is

given in terms of the desired Reynolds number (Re) as

U, =% lée = constant (113)
D

where v is kinematic viscosity of the working liquid, w is slit width

and CD is discharge coefficient of the jet.

Four control volumes CV,, i = 1, ..., 4, are used in the
modelling; see Figure 22. This figure also describes the symbols
used. The conservation of mass equation for a deformable control

volume [Potter and Foss (1982)],
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7] av + 5 : b oS
at Pp P da + pivrq-\ dA = 0 (114)
L cs cs

together with the Bernoulli equation are applied to CV1 resulting in

A
By (6) = B (0) - % ¢y Ut 1s)

A, 2
=0 nft - G0 ¢ ] e 20

Considering the conservation of mass in the entire system, equation

(116) becomes

A+ A A, 2
¥ 2 i
p(t)'PBA‘CU[—]t-#O.SpU[l-{ c}]+
NH wZ37D°0 ArXANH w o D,
A+ AN
T, H
pwg[ Ar ] [he‘il 3 NH(O)] * Patn 117)
With UO = ¢ equation (117) shows that pNH(t) should increase linearly

with time.

The space between the deformable control surface of CV1 and the
top cover plate is divided into two control volumes, (IV2 and CV3 which
are separated by a fictitious, massless piston which moves with velo-
city flp(t). This piston simplifies the thermodynamic description of
the air in the cavity as noted below; note that the pressures are

equal within the two control volumes to pN.H(t).
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The constant mass of air, l‘lz, below the piston is assumed to un-
dergo an isentropic compression. Under this condition and using equa-

tion (114), the position of the massless piston is found to be

Py (002
{ N i (118)

A
ho(£) = hg(0) + P (®) AN.H plot

APp(0)
The time dependent volume (VS) of, and the pressure within, (ZV3
are in terms of the above information. The pressurization of CV3 is
caused by the influx of atmospheric air through the bleed valve. The
compression of air in CV3 is assumed to undergo a polytropic process
with exponent n. With this assumption, equation (114) yields the time
dependent area of the bleed valve, Av(c),

1-n L 5
K i’m{ (pyg) ™ V5(8) - n K (pyn ANth(t)

- 119
Av( ©) npchvUv( £) (¢ )

where

-1

K= [p (o nll g

Cp, = discharge coefficient of the bleed valve

p. = density of air at the vena contracta of the bleed valve =
v

patm
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Uv(t) = the unsteady inviscid velocity at the vena contracta of

the bleed valve.

The velocity Uv(t) is obtained by applying the Bernoulli equation

to the control volume CVA:

(120)

0.5

2(p - Py ()

v, - [__EEE___JEL__J
P

atm

The expression (119) for the opening of the bleed valve, Av<t), is
valid for any time t after the start of the experiment. Since the ex-
periment is of finite duration, the modelling of its starting pro-
cedure becomes important and warrants some discussion. Figure 23 is
the schematic representation of the time histories of three quantities
of interest: the liquid jet velocity at vena contracta UO , the pres-
sure of the nozzle housing Py’ and the area of the bleed valve Av'
The discussion is focused at times t = 07, 0 and 0+; t = f indicates

the time when t) becomes atmospheric and the jet stops.
PNy

For t <0  the system is at rest with Uy = 0, a hydrostatic con-
dition for Pyy (L& pNH(o') - pg[hr(o ) - hN‘H(O )] ) and A, =0. At
t =0, the jet velocity at the vena contracta is modelled to change to

UO as a step function. For this to happen the model requires the
0.5

w s
Pressure pNH(O') to rise by the dynamic head = 5 i.e.,
Y

2
#4% (121)

Pyy(0) = P, (07) +
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Since the Pressurization of the Ny is caused by the influx of at-
mospheric air, the model requires a simultaneous compression of the
air in CV2 and the opening of the bleed valve to allow a finite mass
of air in CV3, At t = O+, the model allows the pressure Pyy to begin
its linear variation with time as Av is made to open following equa-
tion (119). For these conditions, Uo(t <0) =0 and UO(O =t< f) =
C. At t = ;;‘, Pyy = Paep and Uo = 0. The effect of the transient at ¢
= 0 can be minimized by drawing a relatively large head hNH(O—): This
can be seen from the equations (117) and (119). For the same value of
Re (i.e., Uo), the absolute value of the ratio O.Spwug/(pNH(O')-patm)

decreases as hNH(O_) increases. As a result at t = 0, the massless

Piston and the bleed valve are required to move by a small amount.

3.4 Computer Facility for Data Acquisition and Control

A PDP 11/73 computer system using RSX 11M+ operating system was
used i) to run the experiment, and ii) to acquire data. This section
describes the computer facility and the characteristics of the A/D

converter,

The PDP 11/73  computer system is networked to other computing
facilities in the College of Engineering using the EGRNET. Its node
name is EOWYN. The system has 4 megabyte of resident memory, two hard
disk drives each with a storage capacity of 70 megabytes and a tape

drive TKSQ.
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The computer has two A/D converters:
i) TSI's 12 bit, 10 channel A/D converter (IFA200). Its input range
is limited to 0-5 volts with the least significant bit (LSB) = 1.25
mv.
ii) DEC’'s 12 bit, 8 channel A/D converter (AXV11C) with LSB = 5 mV.
In addition the system is equipped with an interface, the DRV1l board,
which is used for running the stepper motor and to control other peri-

pheral devices.

3.5 Software to Control the Bleed Valve

The bleed valve is activated by a stepper motor which in turn can
be run by sending pulses from the computer. This provided the basis
of running the experiment under software control. This section
describes the computer programs which were developed to run the ex-

periments.

Two Fortran programs were developed to run on the laboratory'’s
PDP 11/73 computer system: i) CLAWSN to generate a time series for
the stepper motor. This series was stored in the computer. (ii)
ZVALVE to run the stepper motor in accordance with the time series

generated by CLAWSN.
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3.5.1 Program CLAWSN

The user provides the program with the value of the desired
Reynolds number (Re), the width of the jet (w), the kinematic viscos-
ity of the working liquid (v), the head of the liquid filled in the
tank under equilibrium conditions (heq), and the level to which the
liquid would be raised (hNH(O-)). Based upon this information and us-
ing equation (119) the program computes the area of the bleed valve
A, (t,), vhere t, = kft and §t ranges over 107 < 6t < 10°2 sec. Since
the valve opens in steps of AAv = 8.59384 x 10_8 m2 /step, the ratio
of Av(tk) and AAv yields the nth step of the motor to be taken at tk
time. For the initial part of the experimental run the wvalve opens
slowly allowing larger values of §t in the computation; towards the
end of the run the valve opens at a much faster rate requiring very
small values of §t. The program automatically adjusts the value of 6t

so that the time required for the nth step could be found. The area

of the valve at time t is given by
Av(t) = AV(O) + n(t)AAV (122)

where n = 0, 1, 2, ... are the number of motor steps. The minimum

time allowed between two consecutive steps is = 1 msec.
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3.5.2 Program ZVALVE

This program performs two functions: 1) run the experiment under
a tight wait loop, and ii) acquire data. (See Section 3.9 for details
of data acquisition.) When this program is started, it first reads the
file stored by the program CLAWSN. In addition to the timings of the
stepper motor other data are also read. Figure 24 presents the flow
chart of the tight wait loop which jogs the stepper motor. The time
required to execute a step is indicated on the right hand side. Using
the interrupt control system of the computer and the real time clock a
signal is sent to the motor to take a step at the designated time.
From the estimates of the time for each operation it is noted that it
takes 3.1 pusec in the wait loop while 8 usec are required to send a
pulse to the motor. In case of some delay, one or more pulses are
sent to the motor in quick succession to conform the rest of the run
to the time array t . Since a task running at a higher priority can
interrupt the signal sequence, it was necessary to eﬁsure that there
was no other user on this multiuser system when the experiment was

run.

3.6 Operating Procedure / Start of Experimental Run

The glass tank was filled with about 0.2 cubic meter (50-55 gal-
lons) of an appropriate working liquid (see Section 3.2.3.). With the
cover plate of the NH in place, the air cavity underneath it was
evacuated slowly to fill the plenum. Two different protocols were

used for filling the plenum: i) filling by inducing the recharge flow







from the receiver to the upper plenum through the slit-jet opening,
and ii) by using the FD as shown in Figure 20. The liquid surface was
thus raised to a level which was slightly above a predetermined level
equal to hNH(O'), for a given Reynolds number. After waiting for the
"filling disturbances" to decay to a sufficiently low 1level, the
suction-flow-which had compensated for the air leakage was turned off.
The continuing leakage permitted the cavity pressure Pyy t° increase
slowly. During the time period required for the decay of the distur-
bances in the plenum the program ZVALVE (see Section 3.5.2. for de-
tail) was run on the laboratory’s PDP 11/73 system to initiate the

experiment and acquire data.

Using the DEC A/D converter, the program monitors the rise in the
cavity pressure Pyu- When the cavity pressure became equal to pNH(O')
the computer opened the bleed valve at the fastest rate possible (=
666 steps per second) to simulate a step change in the .jet wvelocity,
UO. After opening the bleed valve, the DEC A/D converter again moni-
tored the cavity pressure to check whether the pressure had risen by
0.5pwU§. As this pressure was reached the computer began i) opening
the bleed valve such that pNH(t) varied linearly, and (ii) acquiring
data at a user specified rate using the TSI IFA200 A/D converter.
Figure 25 provides a schematic representation of the time histories of

the cavity pressure Pan and the rate of flow 94 of the atmospheric air

to the cavity.
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3.7 Calibration of Sensors

Two sensors were used to determine the jet velocities: i) a sin-
gle channel laser Doppler anemometer (LDA), and ii) a volume flow sen-
sor. The LDA was used to obtain pointwise measure of the longitudinal

component of velocity u(x,y,t). The volume flow sensor provided an

estimate of the spatially averaged velocity of the jet <U>(t). This
section describes the procedures of: 1i) checking the operation of the

LDA system, and ii) calibrating the volume flow sensor.

3.7.1 Checking Operation of the LDA System

Figure 26 shows the configuration of the single channel LDA sys-
tem. It includes a 35 mW Spectra Physics He-Ne laser, TSI sending and
receiving optics with focal length £ = 250 mm, TSI photomultiplier and
TSI 1980 Counter. The output of the counter was read by the Apple Ile

computer when the counter was run in the Auto mode.

Figure 27 provides a schematic representation of the arrangement
for checking the operation of the LDA system against a known input
velocity. A circular, clear plastic disk was mounted on a variable
speed Ul2FGT dc gear motor with a gear ratio of 16:1. The front sur-
face of the disk was made to intersect the measurement volume (the in-
tersection point of the two laser beams; see Figure 27). The

vertical component of the disk velocity at the point of intersection

is given by
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v = 2rxfrsind m/s (123)

where, £ is the rate of rotation of the disk in hertz, r is the radius
of the disk in m at the point of intersection and § is the angle as
shown in Figure 27. A tachometer was used to determine the angular
frequency of the rotating disk. The velocity v was computed by wusing

equation (123).

When the measurement volume of the LDA system intersects the
front surface of the disk a Doppler signal is generated. The receiv-
ing optics of the LDA system sends the signal to the Counter which
determines the Doppler-shifted frequency due to the vertical velocity
component of the rotating disk. The Apple Ile computer samples 4096
data points at a user specified rate and determines the velocity for
each data point. The computer generates a histogram from the 4096
data points and also computes the mean and the rms velocities. Tests
were conducted both in the forward and backward scattering modes.
Figure 28 is a plot of the average of the disk velocity found by the
LDA versus the disk velocity found by using equation (123). Figure 29
presents a plot of the ratio of the rms of the LDA velocity to its
mean velocity versus the velocity of the disk found by using equation

(123).
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3.7.2 GCalibration of Volume Flow Sensor

The principle of operation of the Volume Flow Sensor (VFS) is
described in Section 3.2.1. Figure 30 presents the experimental ar-
rangement for its calibration. In order to simulate the rise of
liquid in the receiver (see Figure 17) the VFS is driven into the sta-
tionary liquid at a desired velocity. The velocity of the VFS and the

d
. . Pr : .
corresponding rate of rise of pressure —-"are determined to provide

dt
the independent and the dependent variables, respectively. The Linear
Variable Differential Transformer (hereinafter referred toe as LVDT),
shown in Figure 31, was used to monitor the position of the traverse.
The pressure P1 of the air trapped in the cup was sensed by the
Validyne DP15-22 pressure transducer. Before the VFS was calibrated,

the pressure transducer and the LVDT were tested and calibrated; the

following is a description of their calibration.

3.7.2.1 calibration of Pressure Transducer

The pressure transducer was calibrated by connecting it in paral-

lel with a water manometer. Pressure was applied to both, to displace

the water in the manometer by 12.7 cm while the span of the pressure
transducer was set so that the output was equal to the maximum input
voltage of 5 V, for the IFA200 A/D converter. A number of readings
were then taken at intermediate pressure values in order to check the
linearity of the transducer. Figure 32 is a plot of the output vol-

tage of the transducer as a function of the input pressure.
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3.7.2.2 Calibration of LVDT

Figure 31 shows the Linear Variable Differential Transformer
manufactured by Schaevitz Engineering. Its component parts are an in-
ductive coil and a core. The coil is excited by an ac signal and the
ac output of the LVDT depends upon the displacement of the core with
respect to the primary coil. To calibrate the LVDT, a sinusoidal sig-
nal at 2.5 kHz was applied to the primary coil and, with a known dis-
placement of the core, the input and the output signals were recorded
by the computer. Using the position of the coil as independent vari-
able and the ratio of rms of output to rms of input voltage as depen-
dent variable a linear regression was performed resulting in

o
Ratio (;%) = 0.284375 - 0.0412275 Z (124)

i
and the standard deviation (residual) was 5.60993 x 10-4. Here Z is
the position of the core from the origin. Figure 33 is a plot of the

Ratio as a function of position Z.

3.7.2.3 Data Acquisition and Processing

Having checked and calibrated the component parts of the VFS its

calibration was carried out. Figure 34 is a flow chart of the program
dp

used for calibrating the VFS. Figure 35 is a plot of EEIaS a function

of the velocity of the cup. Linear regression was performed on the

data resulting in
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de
T -0.000879 + 0.4477062 chp (125)
with standard deviation of the residual = 0.3643 x 10_3 . The cali-

bration of the VFS was performed in a water-glycerol mixture of den-

sity o = 1120 ‘—‘% When another liquid of density p was used, the
m
second coefficient in equation (125) is adjusted as

ﬂz = 3.9974 x 10.4 rd (126)

Equation (125) then becomes

dp

1 -4
3 - "0.000879 + 3.9974 x 107" 5 V_ (127)

The performance of the VFS has been tested from time to time by
comparing the velocity estimated by it against the estimate obtained

by photographically recording the fall of liquid in the plenum.

3.8 Methods of Flow Visualization

Three different techniques have been attempted in this study;

these include:
i) Schlieren

ii) Hydrogen bubble
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1ii) Dye

This section describes briefly the three methods and the reason

why the dye method has been found most suitable in this study.

3.8.1 schlieren

Figure 36 is a schematic representation of the configuration used
for the schlieren flow visualization. The glass tank was filled with
a water-glycerol mixture; the mixture was 37% glycerol in concentra-
tion by weight with a value of kinematic viscosity v = 2.92x10°° m%/s
and a refractive index of n = 1.404. A water-sugar mixture of the
same density but with a different refractive index: n = 1.367 was in-
jected in the midplane of the plenum to mark the boundaries of the
jet. When the experiment was run, the injected mixture formed part of
the jet fluid and the difference in the refractive indices of the two
mixtures created schlieren pattern given the parallel rays of the in-
cident 1light; see Figure 36. Figure 37 is a photographic record of
this flow visualization technique. This experimental method worked as

desired; however A

i) Given the available spherical mirrors of diameter 18.5 cm,
the longitudinal extent of the flow field that could be

visualized was limited to about 10 cm or 4 slit widths.
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ii) The dye method of flow visualization was much more efficient
in terms of experiment time and it was equally or more

effective.

iii) As more and more water-sugar mixture was added to the test
liquid (water-glycerol) the jet boundary became difficult to

discern.

iv) There was an unknown effect of the substantial mismatch in
the kinematic viscosity between the test liquid and the con-
taminant (water-sugar mixture) which marked the boundaries

of the jet.

3.8.2 Hydrogen Bubble Technique

A 0.127 mm diameter Ni-Cr wire, supported horizontally across the
jet and charged to a potential of about 30 volts above the ground
potential in the tank produced hydrogen bubbles that were used to
visualize the flow. The bubbles in the middle of the jet moved down-
stream while others moved upstream and it was not clear whether those
moving upstream were following the reversed flow associated with the
vortex motions or they were influenced by their buoyancy. 1In view of
this it was concluded that this technique is most suitable in horizon-
tal and planar flows where the buoyant effects are orthogonal to the

velocity field.
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3.8.3 Dye Injection

Food color dye was used to prepare the colored liquid for flow
visualization. This liquid had nominally the same density as that of
the test 1liquid. Figure 38 shows the apparatus for the injection of
the dyed liquid. The following protocol was used for this visualiza-
tion technique. After the liquid head was raised in the NH and suffi-
cient time had been allowed for the disturbance level to decrease, the
stopcocks in the dye lines were opened and the level of the bottle
containing the dye was slowly raised. The dye first flowed to a
header and through tygon tubes into the plenum. The dye was caused to
flow at such a small rate that no dye jets were formed. Under the
pressure of the 1liquid head in the NH, the dye simply flowed out in
the form of a hemisphere and got spread on the nozzle plates. See
Figure 38. When the circular dye stain got big enough the flow was
stopped and after waiting for about 60-90 seconds, the experiment was

run as described in Section 3.6.

In the mid plane of the jet, the boundary layer which forms on
the nozzle plates is comprised of dyed liquid. The jet boundary,
thus, gets marked as the colored boundary layer separates at the knife
edge. Depending upon the jet Reynolds number the jet boundary shows

various features. (See Chapter 4.)

Continual addition of dye in each experiment to about 0.2 cubic

meter of liquid in the glass tank resulted in a discoloration of the
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test liquid. In order to return this liquid to a colorless state, a
small amount (300 - 400 ml) of chlorine was added to the tank. (The
chlorine served to bleach the dye). No adverse effect of the addition
of chlorine was detected. Using this technique, nominally 6 - 8 ex-
periments could be performed before it was necessary to add the chlo-

rine again.

The dye method was found to be most suitable and it was used for
further experiments. A wide range of Reynolds number and slit widths
have been used in these experiments. Experiments have been carried
out both with water and water-sugar mixture of various concentration
as working liquid. A large data base has been created from over 1000
photographic records of the position of vortex pairs in these experi-

ments.

3.9 Data Acquisition

Figure 39 provides a side view of the experimental facility and a
block diagram showing the input and outputs. The PDP 11/73 computer
provided the input in the form of timed pulses to the stepper motor.
The outputs from the experiment were digitized by the same computer
using the 1IFA200 A/D converter. (See Section 3.4 for details of the
computer system). This section describes the details of data acquisi-

tion in this study.

The number of signals that were recorded during the experimental

run depended upon whether flow visualization pictures were being taken







or velocity data using the LDA were to be recorded. Two pressure sig-
nals were, however, always recorded: the cavity pressure pNH(t) and
the cup pressure pI(t). Whereas, pI(t) gave an estimate of the spa-
tial average velocity <U> of the jet, the cavity pressure was used to
monitor the overall performance of the experiment. It can also be
used to get an independent estimate of <U>. This was done and the

difference between the two estimates never exceeded 3s%.

3.9.1 Flow Visualization

Black and white flow visualization pictures were taken by a
Nikon F3 motorized camera at a rate of 4 or 6 frames per second. In
addition to the two signals pN_H(t:) and pI(t:), another signal, related
to the camera shutter release time, was also digitized. As shown in
Figure 39, this signal was derived as the output of a comparator cir-

cuit.

Figure 40 1is a diagram of the comparator circuit. The hot shoe
of the camera served as an electrical switch for the comparator cir-
cuit. Whenever, the camera’'s shutter was released the comparator
generated a TTL level voltage. This voltage dropped back to ground
level as soon as the shutter got closed. The output of the compara-
tor, thus, provided a signal C(t) with sharp spikes which were located
at times when the pictures were taken. The rate at which IFA200 digi-
tized the data depended upon the desired shutter release time which in
turn depended upon the Reynolds number of the experiment. At Re=800,

the data were recorded at 200 Hz, whereas at Re=2400, a data rate of
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500 Hz was used so as not to miss any pulse. This arrangement thus
provided not only the timings between the pictures but also the time

of the first picture with respect to the start of the experiment.

3.9.2 Velocity Measurement using LDA

Figure 26 is a schematic representation of the configuration used
to acquire the LDA data using the TSI single channel LDA system. The
TSI 1980 Counter outputs the voltage corresponding to the Doppler
shift frequency using a 40 pin connector. Because of this the data
could not be recorded directly on the PDP 11/73 system. An Apple Ile
computer with an interface card and software developed by TSI (in Ap-
plesoft Basic) was wused for acquiring the data. The user specifies
the characteristics of the LDA system when the TSI's program is
called. A maximum of 4096 data points can be recorded at the user
specified rate. In the present study, 4096 data points were recorded

at a 308 Hz rate. All data were stored in Applesoft binary format.

In order to know the beginning and the end time of the data ac-
quisition by the Apple IIe with respect to the valve opening time, the
comparator circuit (see Section 3.9.1) was used along with another
switching circuit (see Figure 41) and a simple electrical switch.
Also, modifications were made in the TSI program so that data acquisi-
tion began when triggered by the switching circuit. Section 3.6
describes the initiation of the experimental run using the PDP 11/73
computer system. After a few minutes from the start of the

experiment, when the transients had died down, the electrical switch






(see Figure 26) was manually turned off. This caused a step change in
the output of the comparator which was digitized by the IFA200; it
also caused the switching circuit to send a 5 volt signal to the game
port of the Apple IIe system. The program running on the Apple IIe
continuously monitored the voltage level of this port and the data ac-
quisition began as soon as the voltage level became high. When the
Apple IIe indicated the end of the data acquisition, the switch was
turned on. This caused the output of comparator to become low. In
this way, the beginning and the end timings of the LDA data were

determined.

The wuncertainity in the measurements conducted by a typical LDA
system is quoted to be *0.5 % [see, for example, Durst, Schierholz and
Wunderlich (1987)]. Since the TSI system used in this investigation
is a standard system, the same limits of uncertainity are expected to
be applicable. The uncertainity related to the statistical considera-
tions was checked by computing the running averages of the measured
velocity wu(t). More speecifically, the average based upon the total

data acquisition time, Td’ was compared with the average based upon a

running time defined as Tg- T i-1,2,..,21. Here, T is the time

20

period of the dominant fluctuation in the measured velocity time his-

tory. The maximum deviation between the running average and the aver-
age based upon Td did not exceed *1%. Hence, given the oscillating
nature of the flow field, the average based upon '1",1 yields a good

estimete of the average velocity.






3.9.3 Combined Flow Visualization and LDA Velocity-Sensing

The techniques described in Sections 3.9.1 and 3.9.2 were com-
bined to acquire both qualitative and quantitative data to better un-
derstand the instability phenomena. A front surface mirror with a
narrow slit = 53 mm x 3.5 mm and a white cardboard with a small cir-
cular hole were used, as shown in Figure 42, to combine the two
methods. After the the experiment was started by the PDP 11/73 sys-
tem, the camera was fired at an appropriate time. This caused the
comparator circuit to generate a TTL level pulse. As shown in Figure
42, this pulse was fed to: 1) the Apple Ile computer to cause it to
begin taking LDA data, and ii) the PDP 11/73 computer for digitization
to mark the beginning of data acquisition. 1In this way, the LDA velo-
city data and the camera .cimings could be referred to a common time

base.







FLOW VISUALIZATION: QUALITATIVE RESULTS & ‘DISCUSSION

4.1 Introduction

The near-field of the slit jet flow field was visualized using
food color dye; the details of the technique and the experimental
procedures have been described in Chapter 3. The purpose of the flow

visualization was:

19. to make qualitative observations of the near-field of the
jet over a large range of Reynolds number (i.e., up to 4000)

and covering a region up to 4-8 slit widths downstream;

ii) to obtain quantitative results related to the passage of the
two-dimensional vortical motions, 1like passage frequency,

convection speed of vortices, and spacing between vortices.

About 50 sets of photographic records, with 32-40 photographs per

set, were acquired over the range 75 < Re =< 3500, and for five
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different slit widths w = 1.405 1.51; 1.99, 2.57, and 2.63 cm. For
experiments at low values of Re a water-sugar mixture was used as the
working liquid. For higher values of the Re, water was used as the
working fluid. Experiments at some values of Re were repeated with
different size widths, w, to explore the presence of geometry depen-

dent effects.

Yih (1959) and Meroney (1985) have shown that under steady condi-
tions eddies are formed in the two corners of a channel-like plenum as
shown schematically in Figure 43. The influence of these eddies in
the present quasi-steady flow facility was checked by conducting ex-
periments under two conditions: i) side bleed ports closed, and ii)
bleed ports open. No systematic influence of different bleed settings
on the results was observed; hence, most of the data reported herein

were obtained for the bleed closed condition.
Section 3.6 describes the procedure for executing the experiments
in this investigation. Two different protocols were used for filling

the plenum:

i)  filling by inducing the recharge flow from the reciever to

the upper plenum through the slit jet opening;

ii) by using the filling device shown in Figure 18.
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The range of Re covered for the experiments was 75-1280 for the
first protocol and 1000-3500 for the second. Based upon a comprehen-
sive examination of the flow visualization records, it is inferred
that, qualitatively, the process of formation of a symmetric vortex
street in the common range of Re exhibits similar features. Hence,
the method of recharging the plenum does not materially influence the
flow fiel’d, and a common description of the process of formation of

the symmetric vortex street will be presented.
The objectives of this chapter are:

i) to identify the patterns which commonly occur in the flow

field;

ii) to determine the Reynolds number dependence of these

patterns;

iii) to describe the pairing of, and other interactions between,

the symmetric motions;

iv) to identify the loss of symmetry in the streamwise location

of the vortex motions.

Section 4.2 presents an evaluation of the width of the dye streak
with respect to the estimate of the displacement thickness 5d at the

separation lip. Section 4.3 describes the common patterns and Section






81

4.4 presents the various regimes of the slit-jet flow field based upon
Re. In section 4.5, the interaction between the symmetric motions are
described, and Section 4.6 deals with the loss of symmetry in the

streamwise locations of the two vortices of a pair.

4.2 Width Evaluation of the Dye Streak

The purpose of evaluating the width of the dye streak was to re-
late this width to the width of the vortical fluid seperating at the
lip of the nozzle plates. Using an image processor, the widths of the
dye streaks were estimated from the photographs of various experimen-

tal runs. The average width, wa

, was found to be 0.025w < w =
ve a

ve

0.046w with w decreasing from 2.63 to 1.40 cm.

Figure 44 shows the distribution of the nondimensional displace-
ment thickness, Sd/w, as a function of Re. From the plot it is ap-

parent that the vortical fluid is completely marked by the dye.

4.3 Common Patterns of the Flow Field

Several common patterns or distinctive features have been identi-
fied in the slit-jet flow field. Some of these features are always
observed whenever a jet starts from rest; the others are observed in
a specific range of Reynolds number that is particular to that

feature.






4.3.1 Starting Vortex Pair

As the flow starts from rest, two large, counterrotating vortices
are formed as the jet makes its way into the quiescent ambient. This
pair of vortices forms at all values of Re and it will be termed the
"Starting Vortex Pair (SVP)" in this discussion. See Figures 45, 46,

and 47 at three different values of Re.

Behind the SVP, the jet column exhibits an outward displacement
of the dye streak. This "swollen" region of the jet stream is called
a "bulge" as shown in Figures 45, 46, and 47. With the passage of
time, the kinematics of the jet associated with the bulge causes it to
deform, resulting in the appearance of another identifiable feature at
the upstream edge of the convecting bulge. This feature will be iden-
tified herein as a "kink". Examples are shown in Figure 46(c) and
Figure 47(b). The same mechanism predominantly leads to an overlap-
ping of the dye streaks at the kink, as shown in Figure 47(c), which
is called a "foldover". From the sequence of photographic records at
equispaced times, the velocities of the SVP and the bulge (or kink or
foldover) have been determined. The ratio of the velocity of the
bulge to the SVP, Vb/Vs, has been found to be strongly dependent upon
Re as shown in Figure 48. This figure also shows the variation of

Vb/<U> and Vs/<U> as functions of Re.

The fate of the foldover has been found to be dependent upon the

Reynolds number. At values of Re for which Vb/Vs < 1, the feature






(bulge, kink or foldover) behind the SVP cannot "move into" the SVP
and the foldover appears to keep growing with sharp pointed edges;
see Figure 47(c). However, for 1 < Vb/Vs < 1.2 the foldover has been
found to "move into" the SVP, which is replaced by another bulge.
Figure 49 shows the passage of a foldover in the SVP and the appear-
ance of a second bulge. In the case of a relatively high Reynolds
number (= 980), the foldovers have been found to roll into two dimen-
sional vortex motions and this event has been termed as "rollover".
Figure 50 shows the formation and subsequent evolution of the SVP
(marked by 1) and the following distinctive motions are marked by 2,
Bigr byl Whereas the features 2 and 3 coaelsce with the SVP in the
form of a foldover, the features 4 and 5 evolve into rollovers before
coalescing. Table 2 presents the ratio of speeds, Vb/Vs, of bulges

2-5 with respect to the SVP.

Table 2 - vb/vs at Re = 980

Bulge No. & vb/vs Remarks

2 11.46 2.81 Short life span Figure 50 (a,b)

3 12.53 135 From bulge to foldover (b,c)
13.59 2.14 Moving into the SVP (c,d)

4 13::59 1.23 From bulge to rollover (c,d)
14.66 2.64 Moving into the SVP (d,e)
15.73 1.54 Inside the SVP (e,f)

5 14.66 0.99 From bulge to foldover (d,e)
15.73 1.72 From foldover to rollover (e,f)
16.80 0.96 Pairing with bulge No. 6 (f,g)
17.87 2.16 Moving into the SVP (g,h)
18.90 10.8 Inside the SVP (h,i)






4.3.2 Bulges with Overriding Unit Vortices at Low Re

For values of 1 <V, /V_ < 1.2 (157 < Re < 210), the bulges which
form on the jet column are marked by symmetric small scale vortices as
shown in Figure 51. These vortices are called unit vortices. Since
vb/vs > 1, the foldovers coalesce with the SVP and new bulges appear
on the jet column; three such features can be identified in Figure
51(d). No rotation of the foldovers or agglomeration of unit vortices

into large scale motions has been observed at these values of Re.

4.3.3 Bulges on Jet Boundary with Large Scale Vortex Formations

For values of Re > 268, the jet column has been observed to be
marked by the formation of bulges and their gradual evolution into
large scale symmetric vortex motions. Figure 52 presents the behavior
of the slit-jet flow fields at Re = 510 and 1200. The vortex street
is nominally symmetric and two dimensional in nature. The observa-
tions of BW were based on the motions of the large scale symmetric

vortex pairs as shown in Figure 52.

4.3.4 Formation of Unit Vortices at High Re Values

For values of Re > 2300 the near-field of the jet column is
marked by small spots of accumulated dye which are called unit
vortices. In some experimental runs, the unit vortices have been con-
sistently observed at low values of Re, for example, Re = 900, as
shown in Figure 53. In other cases, at low Re values, their

appearance has been found to be intermittent. Figure 53 exhibits the






presence of unit vortices on the jet column preceding the large scale

vortex motions.

The presence of unit vortices was inferred by FK in connection
with their hypothesis that "large scale vortices result from the ag-
glomeratiox} of wunit vortex motions". From the photographic data in
this study, it is concluded that the unit vortex motions do mnot play
an active role in the formations of large scale vortices in the "low"
Re range of 930-1700. As shown in Figure 53(b) (Re = 1044), the unit
vortices are carried by the large scale instability as a bulge rolls
over into a vortex pair. For the "high" Re range (> 2300) the role of
unit vortices in the formation of large scale motions could not be as-

certained because of the relatively slow framing rate of the camera.

4.4 Various Regimes Based on Reynolds Number

Based on a comprehensive examination of the flow visualization
records of the slit-jet flow field, the range of Reynolds numbers over
which the experiments were conducted can be divided into four regimes.
The boundaries of these regimes are not precisely known because of
rather large intervals in Re at which the experiments were carried

out.






4.4.1 Re < 157

No large scale vortex motions are observed over this range of Re
except for the starting vortex pair. In addition, the jet column ex-
hibits the formation of a bulge which later evolves into a kink and
then into a foldover. This has been shown in Figures 45, 46, and 47.
As shown in Figure 48, over this range of Re, Vb/Vs < 1. Figure 54
presents the development of the jet at three different wvalues of Re
and at a common time t* = 18. Note that for these conditions, \1b/Vs &

L

4.4.2 157 < Re = 210

The 1instability of the slit-jet flow field begins to appear in

this range of Reynolds number. Two phenomena are observed:
i) formation of unit vortices on the jet boundary;

ii) coalesence of bulges (or foldovers) with the SVP and an ap-

pearance of more bulges on the jet column.

Whereas, the second phenomenon is related to Vb/vs>l in this
range of Re, the appearance of unit vortices might be a result of the
Kelvin-Helmholtz instability of the shear layers of the
two-dimensional jet. Note that Figure 55, which presents the con-
tinued evolution of the jet flow presented in Figure 49, exhibits the

features identified as i) and ii) above.
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4.4.3 268 < Re =< 1700

This wide range of Reynolds number is marked by the repeated for-
mation of symmetric, large scale, two-dimensional vortex motions
similar to those observed by BW; see Figure 52. The observations re-

lated to this flow regime are presented in Sections 4.4.3.1 and

4.4.3.2.

In Section 4.4.3.1, the process of formation of symmetric motions
is described. This description is based upon a comprehensive observa-
tion of a large number of photographic records. Section 4.4.3.2
presents some examples of the exceptions to the general observations

described in Section 4.4.3.1.

4.4.3.1 Formation of Symmetric Motions

Figures 56, 57 and 58 are representative sequences of the photo-

graphic records in this range of Reynolds numbers. Figure 59 is a

schematic representation of the process of vortex formation. Because

of a similarity in the features which lead to the formation of a large
scale vortex pair, for e.g., G in Figure 59, and those which appear
upstream of a SVP, the same terms have been used to describe the pro-

cess of formation of the two-dimensional vortex motions.

The various stages of evolution of a fully formed vortex pair,

like No. 8 in Figure 56(h), can be traced back to the bulge in Figure

56(b); this has been identified as C in Figure 59. The formation of
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a bulge is associated with an outward deflection of the jet boundary
which implies the presence of a v-component of velocity in addition to
the u-component. The v-component acts asymmetrically with respect to
the centerline of the jet and, therefore, represents a varicose type
of instability. It is conjectured that the symmetric deformation of
the jet boundary which results in the formation of a bulge is caused
by a localized pressure rise. In other words, the bulges are formed

as a result of a cyclic rise and fall of the pressure in the jet.

As shown in Figure 59, an inflection point (B) of the dye streak
is observed upstream of the bulge (C). The inflection point evolves
into a kink in the dye streak; see Figure 56(c) and feature D in Fig-
ure 59. 1In the next stage, as in the case of the flow behind the SVP,
the kink evolves into a foldover. This is shown in Figure 56(d) and
by the feature E in Figure 59. The evolution and growth of a foldover
implies the presence of a sharp gradient in u(y). The straight edges
of the foldover (see Figure 56(d)) marked by (i) and (ii) in Figure
59, at some stages of their evolution, stop protruding further and
begin to roll as shown in Figure 56(f) and feature F in Figure 59. As
before (Section 4.3.1), the evolution of a foldover has been termed as
rollover. It is to be noted that the process of evolution of foldover
into rollover is more pronounced at higher values of Re than at lower
values of Re. See the process of vortex formation at these values of
Re in Figures 56, 57, and 58. The rotation of (i) and (ii) (in Figure
59) in the counterclockwise direction requires the v-component of
velocity to play a dominant role, which is different from the role of

Vv during the evolution and growth of a foldover. Continued rotation







and convection of the fluid particles in a rollover results in a fully

formed vortex pair like the feature G in Figure 59.

4.4.3.2 Some Exceptions to the Common Observations

The process of vortex formation and growth in an unexcited jet is
not truly periodic in nature. For example, there are variations in
the locations of bulge formations and in their growth pattern. One of
the more commonly observed phenomena is that not all the bulges evolve
into large scale motions. See, for example, bulge number 7 in Figure
56(a). This has been found to be especially true at lower values of
Reynolds number in this range (268-1700). It has been observed that
the growth process stops at some stage of development, leaving behind
a mark of dye. See Figure 60 at Re = 362 and w = 2.63 cm. 1In
general, it can be noted that as the Re increases, more and more

bulges evolve into large scale motions.

Sometimes, an accumulation of dye is observed on the jet boundary
along with a kink, but, without an apparent formation of a bulge. See
Figure 61. Most of these features do not develop into full vortex

Pairs and get reduced to a mark of dye. See Figure 62.

At the 1lower end of this range of Re (i.e., Re = 300), the pro-
cess of vortex formation has been found to exhibit some size dependent
effects. Figure 63 shows the flow field at Re = 280, t“r > 30, and in
jets with 3 different widths. In the narrower jets, (w = 1.51 cm and

1.99 cm) at least one foldover has formed within x = 4w, whereas, in
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the case of the widest jet (w = 2.63 cm) only a kink has formed within
X = 4w. In addition, in (a), a number of spots of dye can be identi-
fied on the jet column; these spots of dye had initially appeared as
bulges. This geometry dependent effect seems to decrease as Re in-
creases as shown in Figure 64 at Re = 420, c* 2 30 and in the same

jets.

4.4.4 Re > 2300

The results that are reported for this range of Re are based upon
the exploratory experiments which were conducted to check whether or
not vortex motions are observed at Re > 1600. No experiments were
conducted between Re = 1700 and Re = 2300, and therefore, the boundary
between this regime and the previous regime (268 < Re = 1700) is not
precisely known. The largest value of Re upto which the experiments
were conducted was 3469. In all experiments in this regime, contrary
to the observations of BW and FK, vortex motions were consistently ob-

served.

This flow regime differs from the previous regime with respect to
the formation of unit vortices in the near-field of the slit-jet flow
field. As shown in Figure 53(c), the dye streak breaks up into unit
vortices as it separates from the nozzle plates. Farther downstream,
as in the case of the previous regime, large scale motions are formed.
However, both the unit vortices and the large scale vortices appear

diffuse.
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Figures 65 through 68 show the development of the jet for four
different values of Re. The same recording equipment (Nikon F3
motorized camera) was used for data acquisition in this high Re range
as was used in the low Re range (< 1700). As it 1is apparent from
these figures, the 6 Hz framing rate (At<U>/w = 0.5) of the camera was
not fast enough to catch the details of the instability process at
these values of Re. Hence the process of formation of large scale mo-
tions and the role of unit vortices in the process cannot be precisely
described. From the limited information available, the process of
vortex formation appears to be different from the process described in
Section 4.4.3. It has been observed from the photographs of this re-
gime that only in some cases do the large scale motions evolve from a

bulge as shown in Figures 67 and 68.

Based on the observations of the slit-jet flow field in this
range of Re, it is concluded that the formation of these motions is
not limited to a Re value = 1500 as reported by BW. FK used hot-wire
measurements in an air jet and reported that "well defined results”
could be obtained only up to Re = 1170. They further reported that "a

regular vortex street was not observed for Re > 1750".
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4.5 Interactions Between Symmetric Motions

It was sometimes observed that two pairs of vortex motions (at
various stages of their development) undergo an interaction which
resulted in a symmetrically placed merged pair. The word "pairing"
was used to describe this process by Winant and Browand (1974) and
will also be wused here. As shown in Figures 58, 61, 62, 67 and 69,
for various values of Re, the interactions between symmetric motions
normally occur at distances beyond one to two slit widths from the
exit plane of the jet. The process of pairing occurs in ome of the

two following ways:

i) Two pairs fuse together as the distance between the
approaching upstream pair and the downstream pair becomes

small enough, as shown in Figure 61(c).

ii) The wupstream vortex pair approaches the other pair and
passes through it; the two pairs then revolve around each
other before fusing together. See for example vortex number
8 and 9 of Figure 62(a). Also see vortex number (10,11) and
12 in Figure 67(c). Freymuth (1966) observed the phenomena
of the passage of one vortex motion through the other and
their rotation about a common axis in an excited axisym-

metric jet. He referred to this as "slipping" of vortices.
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Most of the interactions of the large scale motions are symmetric
in nature. However, at times, some asymmetry has been observed in the
locations of the components of the interacting pairs; see Figure 58.
Typically, however, symmetry returns after the interactions are com-
plete as shown in Figure 70. Another asymmetric interaction, which
has only been infrequently observed, is the pairing on only one side

of the centerline of the jet. An example is shown in Figure 71.

As stated earlier, most of the interactions involve two vortex
pairs. However, at Re values of 1500 and greater, a rare event of
simultaneous coalesence of upto three vortex pairs has been observed.
See Figure 72. Note that (14,15), (16,17), and 18 form a divergent
straight line arrangement in Figure 72(a) and a merged cluster in Fig-
ure 72(c). Similar behavior was observed in at least three other ex-

periments.

Regarding the sequential mergers between previously paired vortex
motions, Winant and Browand (1974) have reported up to four sequential
pairings in their two stream shear layer. They have also commented
that more than one pairing has not been observed in the jet flows (ax-
isymmetric or planar). Here in the case of the slit-jet, up to two
pPairings are common and at times 3, 4 and even 5 pairings can be ob-
served. Figure 73 shows the pairings of vortex pairs 24, 25, 26, 27,
and 28, 29 and Figure 74 shows the pairing of conglomerates 24-27 and

(28,29) resulting in five pairings.







4.6 Loss of Symmetry in Vortex Street

The findings of this

metric vortex motions are quite

reported by BW.
Beavers and Wilson

1. In most cases, the "breakup
of the pattern" occurs as a
result of "one vortex pair
passing inside another", i.e.,
due to pairing.

2. As Reynolds number increases,
the number of vortex pairs in
the regular pattern decreases.
At very high values, no more

than one pair could be observed.

3. No vortex motions are observed
for Re greater than 1500.

different from the

study regarding the behavior of the sym-

observations

The findings of the two studies are summarized below:

Present

The pairing of large scale
motions has not been found
responsible for the "breakup"
of the pattern.

This pattern of loss of
coherence has not been observed.
Even at high values of Re,
several vortex pairs can be
identified.

The upper limit of formation
of the vortex street in the
slit-jet flow field lies
beyond Re = 1500. The
symmetric motions have been
observed at Re values as high
as 3469, and their presence
have been inferred from the
periodic fluctuations in the
velocity u(x=2,y=0,t) at Re
values = 6200.

Regarding the breakup of the vortex pattern, it has been observed

in this investigation that before this happens, one of the

three events occur:

a) Asymmetric pairing.

See Figure 75 at Re = 1004.

following

It is to

be noted that even though the symmetric coherent pattern has
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been lost due to asymmetric interactions, the newly forming

vortices exhibit a symmetric coherent pattern.

b) Three-dimensional instability of the two-dimensional vortex
cores. See Figure 76 which shows the loss of symmetric pat-
tern due to the tilting of vortices in the streamwise direc-
tion. However, the loss of symmetric coherence at any given
time does not propagate upstream or in time. At later
times, the symmetric pattern of vortex motions reestablishes
itself. Parenthetically, this suggests that the instability
which causes the loss of the symmetric pattern is convective
in nature, whereas the slit-jet instability which causes

symmetric vortex motions is absolute in nature.

<) Formation of too many vortices, 1i.e., reduced spacing

between symmetrically placed vortex pairs. See Figure 57.

The above mentioned events cause only a temporal disruption of
the symmetric vortex pattern. That is, as the disturbance convects
downstream, the symmetric pattern again emerges. Sometimes, a pairing
or tripling event has been found to reorganize the vortices--which had
tilted in the streamwise direction--into two-dimensional symmetric

vortex pairs. See Figure 77.

The symmetric vortex pattern of the slit-jet flow field has been

found to evolve into a sinuous mode at low values of Re (e.g., Re =
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300) and at distances exceeding 6-8 slit widths from the exit plane.

See Figures 56 and 63.






5.1

ALGORITHMS FOR PROCESSING THE PHOTOGRAPHIC DATA

Introduction

This chapter describes in detail:

i)  the algorithms that have been used for data reduction and

creation of data base for flow visualization experiments;
ii) the algorithms for computing the geometric/kinematic proper-
ties and the stability characteristics of the slit-jet flow

field from the data base;

iii) an example showing how the technique has been applied.
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5.2 Creation of Data Base for Flow Visualization Experiments
The data reduction process in these experiments involved:

i) converting the pressure time series, pI(t), to the spatial

average velocity of the jet, <U>;

ii) for flow visualization experiments digitizing the location
of the vortices in each picture, determining the timing for
each picture, and combining these information items in a
single file together with other conditions of the experimen-

tal run;

iii) for LDA measurements converting the Apple Soft binary data
to ASCII format, transferring them to the PDP 11/73 system

and then converting them to velocity time history.

This section describes the data reduction procedures in detail.

5.2.1 Computation of Spatially/Temporally Averaged Velocity of Jet

To determine the spatial/temporal average velocity <U> of the
jet, the rate of rise of liquid in the receiver (chp) was first

determined by using equation (127); see Section 3.7.2.3. For a
dp.

liquid of known density, chp is directly proportional to the d_tI-
This rate of change of pressure was found by fitting the measured

p;(t) data using a linear model
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n = 50 + ﬂl t (128)

and using the coefficient ﬂl. (See Appendix B for details of select-
dp

ing a linear model.) Note that ﬂl = Elwas used in equation (127).

Using the principle of conservation of mass, the spatial average velo-

city of the jet was found from

<U> = V&QRA—]: (129)
dJ

If the data from the entire experimental run (except for the tran-
sients in the beginning and the end) are used in determining ‘Bl in
equation (128), the resulting velocity <U> will be an estimate of the
spatial/temporal average velocity of the jet. On the other hand, an
estimate of the spatial average velocity at a given time t can be
found by using a limited amount of data, spanning over (t-At) to
(t+At), to fit the model. This strategy was employed to determine the
velocity at the times pictures were taken in the flow visualization
experiment. A value of At equal to 2.5 times the integral time scale
¢= 2%;) was used to estimate the coefficients ﬂo and ﬂl at any given
time t. This value was chosen because it was found that for most of
the experimental runs the residual does not vary much for values of

w
At > 2 ——
2<U>‘
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5.2.2 Picture Timings or Beginning and End Time for LDA Data

Figure 78 is a plot of the comparator output, C(t), along with
PI(C) and pNH(t) signals. As shown in this figure, the output signal
of the comparator is marked by a spike in the voltage whenever the
camera was fired. The processing program determined these spikes by
differentiating the time signal and comparing it with the TTL voltage
level. If the TTL level was exceeded, the program recorded the time t

as the time a picture was taken.

For experiments in which the laser Doppler velocity data were
measured using the Apple IIe computer, the beginning and the end time
of the LDA data acquisition were similarly determined from the

recorded output of the comparator.

5.2.3 Digitization on PRIME 750 Computer System.

The pictures that were taken in a flow visualization experiment
were digitized on the PRIME 750 Computer system of the CASE Center for
Computer-Aided Engineering and Manufacturing. The PRIME computer is
equipped with a large digitizing tablet and a locator mouse. A pic-
ture was taped to the tablet and, after defining the axes and the

origin of a picture, the location of vortices were digitized.

Figure 79 is a typical representation of the photographs that
have been digitized. Since the mid plane of the NH was in focus to

take the pictures, the knife edges of the nozzle plates are blurred.
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Thus, they could not be used for measuring the slit width w or for
reference purposes. However, the metal taps which are located in the
mid plane were used as fiducial points. The intersection of one of
taps with the nozzle plates on the right hand side of centerline of
the jet served as origin, the underside of the nozzle plates was used
as one of the axes and the tip of one of the taps on the left hand

side of centerline of the jet was used as a reference point.

In a given set of photographs (about 36 in number), all the
vortex pairs are numbered 1 to n beginning with the pair furthest from
the exit plane in the first picture. In the second picture, the pairs
of the first picture were traced along with any new ones which get ad-
ded at the top. The vortex pairs which undergo coalescence and form
one vortex pair have been designated by the indices of the contribut-
ing vortex pairs separated by a coma. For example in Figure 79,
vortex pairs 9 and 10 which had merged earlier have been designated by
(9,10). In the process of digitizing, the merged pair of vortices
were digitized as many times as the number of vortex pairs that had
coalesced together. This was necessary to keep proper accounting of
the the vortices as each photographic record was digtized. This stra-
tegy also allowed proper digitization of the vortex pairs which un-
dergo "leapfrogging" before fusing together. If a vortex pair went
out of the field of view or if the dye got diffused so much that the
pair could not be identified, it was considered to be lost and its
entry was dropped. In this way, the same number of location files

have been generated as the number of pictures in a given set.
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5.2.4 Combining Information: Time, <U> and Position of Vortex Pairs

The data files containing the location of vortex pairs were
transferred to the PDP 11/73 system to be combined with the timing and
velocity data for each picture. Using a program (PSTPRS5) the timings
of the pictures were found along with the spatial . average velocity
<U>(t) at these times (see Sections 5.2.1 and 5.2.2). The output of
PSTPR5 were stored in a file. Another program CSJD1 then combines the
timing and velocity data with the corresponding position data for each
photograph. The output of CSJD1 contained all the pertinent informa-
tion about the experiment. In addition, for each photograph, the out-
put contained the number of vortex pairs digitized, the time of the
photograph and the corresponding spatial average velocity of the jet

<U>. This was followed by the spatial locations for each vortex pair.

5.3 Algorithms for Processing Photographic Database

Section 5.2 described the procedures for extracting information
from the photographic records and combining it with the time and velo-
city information to generate a comprehensive database for each ex-
perimental run; such a database will be referred to as a photographic
database. In this section, algorithms will be presented to further
process the photographic database. Algorithms to evaluate the
geometric/kinematic  properties of the slit-jet flow fields are
Presented in Section 5.3.1 and the algorithims to compute the Strouhal
number, the convection speed of the vortices, and the wavelength of

the vortex street are presented in Section 5.3.2.
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5.3.1 Algorithms for Geometric/Kinematic Properties of the Jet Flow

Fields

*
5.3.1.1 Space-Time (x -t ) Plots of Vortices

The average of the nondimensional distances xk/w from the exit
plane of the jet of the two vortices of a given pair can be expressed
as a function of the nondimensional time t<U>/w; see Figure 80. This
functional relationship can be expressed as a space-time plot.
Namely, for the kth vortex in the jth photograph (at time t*)

J J
x; (left) + x; (right)
x_:(t*) = k—zwk_— (130)

The symbols used here have been defined in Figure 80. This expression
will also be used to determine the location of a given vortex pair in
the computation of quantities like Strouhal number, convection velo-

city and the spacing between vortex pairs.

5.3.1.2 Lateral Spacing Between Vortices of Individual Pairs

The lateral spacing d) /v between the vortices of the kth pair as
a function of distance from the exit plane can be computed, as shown
in Figure 80, from

v (tefry - yd(right)
d;(";'t*) - k—ZWk—-— (131)

*
where X, is given by equation (130).
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5.3.1.3 Difference in Axial Location of the Two Vortices of a Pair

In Section 5.3.1.1, the average of the axial distances from the
exit plane of the jet was used to prepare the space-time plot of
vortices. In this section an algorithm is presented to prepare plots
showing the difference in the axial location between the vortices of a
pair; this difference will serve as an estimate of asymmetry in the
locations of vortex pairs. As shown in Figure 80, for the kth vortex
pair, the asymmetry, a.k/w, is computed as a function of the distance

from the exit plane as

J b
E0 xk(left) - xk(nghc)
e T (132)

where xk* is given by equation (130).

5.3.2 Algorithms to Compute Vortex Street Parameters

Three parameters, Strouhal number (StF), convection velocity
(uc). and wavelength (\), are computed from the photographic observa-
tions of the slit-jet flow field. Because the photographic records
present the whole flow fields at equispaced times, each of these
parameters can be determined independently at a given distance down-
stream of the exit plane. Sections 5.3.2.1 through 5.3.2.4 describe

the procedure for computing these parameters.

For a periodic process, the parameters StF, u, and ) are inter-

related as
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(133)

where u: - uc/<U> and A* = X/w. The observations of the photographic
records of the vortices in the slit-jet flow field, however, indicate
that the process of formation, translation, and interaction of vortex
pairs is quasi-periodic in nature. This means that, in general, the
independent estimates of these three parameters will not satisfy the
above relationship. Considering the randomness of an unexcited jet, a
statistical method has been formulated to compute the overall esti-
mates of u: and A* from their respective independent estimates and the
estimate of StF such that equation (133) is satisfied. Section

5.3.2.5 describes the details of this method.

5.3.2.1 Strouhal Number StF(x/w)

The Strouhal number of the slit-jet flow field based upon the ob-
served vortex motions at a given distance x/w from the exit plane is
defined as

£, v

134
5 (134)

s *
CF(x ) =

*
where fF(x*) is the passage frequency of vortex pairs at x . The pas-

sage frequency fF(x*) is determined from

*
o. of vortex pairs crossing plane at X (135)
Total time

* N
fpx) =

This definition of StF provides an unbiased estimate of Strouhal
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number; BW used this definition for their reported values of St for a

given Reynolds number.

5.3.2.2 Translation Speed ck(x/w) of Vortex Pairs

The translation speed of the kth vortex pair is computed from its

positions xil and xi]:l before and after the plane of observation and
the time taken to cover the distance (x%(+1 - x'l)A As shown in Figure

81, there are four possibilities of the location of the kth vortex
pair with respect to the plane of observation located at a distance X,
from the exit plane. The four cases are:

i) )cll and xlj;+1 "far" removed from Xy

ii) )cl]( "far" removed but xl-]:l in "close" proximity to X,

1i1) x‘J( and xii:l in "close" proximity to Xy

iv) xi]( in "close" proximity to X and x]j:l "far" removed.

The closeness of a vortex pair to the plane of observation is
determined with respect to the longitudinal spacing, L, between the
vortex pairs at the plane of observation. However, since the spacing
L is not known a priori, the computations are carried out in two
stages. In the first stage, a rough estimate of L is obtained, and in

the second stage, based upon the four possibilities of the location of
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a vortex pair, another estimate is computed. The two stages of

calculations are described below.

Stage I:

a) Determine the speed with which the kth vortex pair crosses the

plane of observation (at X, from the exit plane) from

J+l ]
e = — = (136)
k a1 - &

b) Compute the average value of convection velocity from the indivi-

dual estimates of L

=z

c (137)

¢) Determine the overall passage frequency of the vortices using equa-

tion (135).

d) Using the relationship for a periodic process, compute the first

estimate of the spacing from

(138)

Halﬂl
o]

e) Define a window around the plane of observation with a user speci-
fied width, 2T , equal to, for example, 20% of L. Hence, if a vortex
w

Pair comes within 10% of L, on either side of the plane of
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observation, it would be considered to be in close proximity to the

plane.
Stage II:

a) Recompute the velocity of each vortex pair depending upon its

"closeness" to the plane of observation as
(139)

where m = j+1 for cases (i), (iii), and (iv) or j+2 for case (ii),
respectively, and n = j for cases (i), (ii), and (iii) or j-1 for case

(iv), respectively.

b) Using equation (137) an average estimate of the translation speed

of the vortices can be determined.

In computing an estimate for the average speed, care is taken to
not include the translation speed of those vortices which undergo
pairing in the vicinity of the plane of observation. Similarly, aver-
age values for the distance L between the vortices exclude those con-
ditions where the vortices have paired near the plane of observation.
The decision: "have two vortex motions paired at a given distance
from the exit plane?" is based upon the average longitudinal spacing L
between the two vortex pairs. A user specified parameter, Tp, which

is based upon the average spacing, L, is used. If the distance
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between the centers of the two vortex pairs is found to be less than
Tp' then the vortex pairs are considered paired and the translation
speed is not included in the average estimate. Since in the first
stage of calculations L 1is not known, the initial value for Tp is
based upon the width of the jet. Typically, Tp is set equal to 5 to

10% of w or L.

P

5.3.2.3 Passage Time e

The passage time of the kth vortex pair past the plane of obser-

vation (located at X from the exit plane) is computed from C as
x & m
o e P (140)
k S m

where m = j for cases (i), (ii), and (iii) or j-1 for case (iv).

The passage time ci has been used to determine the population of
vortex spacings (Section 5.3.2.4) and the difference in the passage
time 6tk - t:i - tll: 1bet:ween two vortex pairs has been used to compute

the population of a local Strouhal number Note that the

e WL
§e, U(E)>"
mean values provided by these populations can be compared with A and

StF, respectively.
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5.3.2.4 Longitudinal Spacing Between Vortex Pairs

An  average estimate of the longitudinal spacing, L, between
vortex pairs can be computed in two different ways: i) indirectly by
using the relationship (138), and ii) directly from the photographic

records. The two methods are described below.

i) Assuming the process of vortex formation and translation to be
periodic, equation (138) can be used to determine the average spacing
between vortex pairs. The average speed of translation of vortices e
is found from the population given by the equation (137) and the pas-

sage frequency is given by the equation (135).

ii) The longitudinal spacing Lk of the kth vortex pair with respect to
the neighboring vortex pairs (k-1 and k+l) can be determined from the
photographic database. The calculation is based upon the location of
the vortex pair with respect to the plane of observation as described
in Section 5.3.2.2. Figure 82 is a schematic representation of the
locations of the vortex pairs in consecutive photographic records Jte

The spacing Lk is obtained as

ak
L= (- eGp - X+ 00 - 161

where m = j and n = j+1 for cases (i), (iii) and (iv) or m = j+l and n
= j+2 for case (ii), respectively. Here (k is the weighting function

based upon the arrival time of the kth vortex at the plane of
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observation. It is found from

188

t E
§ s 142
k tia t ( )

An  average value of the spacing L from the population Lk is com-

puted fror_n:
-1
5 Le (143)

5.3.2.5 A Statistical Method to Compute Estimates of u, and X:

A statistical approach has been developed to compute an overall
estimate of the convection velocity u, and the wavelength A, using i)
StF (see Section 5.3.2.1), ii) ck/<U> (see Section 5.3.2.2), and iii)
Lk/w (see Section 5.3.2.4). Figure 83 shows a schematic plot of
ck/<U> versus Lk/w at a given plane of observation. The straight line
Passing through the origin of the plot represents StF at this plane.
The cluster of points represents the behavior of individual vortex

pairs in the given experiment. The desired statistical estimates: u,

and X, are assumed to satisfy

(144)
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G C A (145)

where C is a constant. Let the mark * on the straight line OC in Fig-
*
ure 83 denote one of the possible combinations of (uc,»\ Vi The dis-
*
tance, 61(’ of * from one of the entries (Lk,ck) is expressed as

2 * * 2

67 = ur - ep? e F -2 (146)

The distance Sk represents the deviation in the nondimensional passage
frequency of the kth vortex from the overall nondimensional passage
frequency StF. The sum of the squares, S, of the 6k values, provides
a measure of the deviation between the selected point, *, and the

z * _*
population of [ck,Lk] values.
N
* *9 * * 2
- i - 147
S Z [Cug - )™ + (A L7l (147)
k=1
Using equation (145)
N
* %2 * * 2 148)
s=) 1@ - e+ 0 -1l (
k=1
= y *
Equation (148) shows that S is a function of a single parameter A . §
* ’ * i :
can be minimized with respect to A by finding 45/1 and setting it

equal to zero, i.e.,

N
3s * * * * 149
—*-Zz[c<cx-ck>+(x-1.k)]-0 (149)
a* L)
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or
N
2 * * A
Z HEHDAT - (@ + ce)] = 0 (150)
k=1
which yields,
N
Pl e TR [1_: +ce) (151)
N ey N
k=1
or,
e L (152)
(c%+1)

- = * * ) *

where L* and c* are the average values of Lk and S Having found X
* f 3

from equation (152), u, can be found from equation (145). The resi-

dual of the fit is obtained from

(153),

where S is given by equation (148) and N is the total number of en-

tries of e and Lk
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5.4 Example Calculations

In this section the processed results of one of the experimental
runs are presented to demonstrate the functioning of the algorithms
presented in Sections 5.3.1 and 5.3.2. The data set used here was ac-
quired without the use of the filling device. The width of the jet
was 2.63 cm and a water-sugar mixture was used as the working liquid.
The Reynolds number was 980. Figure 50 presents a part of the se-
quence of photographic records from the start of this experiment.
Section 5.4.1 presents the geometric/kinematic properties of this flow
field and Section 5.4.2 presents the results of the calculations of

the stability characteristics of the vortex street.

5.4.1 Geometric/Kinematic Properties

The geometric/kinematic properties of the vortices in the flow
field are presented in the space-time plot shown in Figure 84. 1In the
plot, the average location of the two vortices of a pair have been
connected by straight line segments (see Section 5.3.1.1). The plot
shows the distances from the exit plane at which vortices begin to
form; a considerable variation is observed in these distances. For
this data set, the formation of two-dimensional symmetric motions oc-
curs over a range 0.75 < x/w < 2.0. The plot also shows the location
of vortex pairings which mostly occur beyond x/w=3. As shown in Fig-
ure 50, a number of vortices coalesce with the starting vortex pair.

*
Figure 84 shows this interaction during the times 10 < t < 18.
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The plots showing the lateral spread, dk/w, between the vortex
centers and the difference in the axial location, ak/w, have been in-

cluded in with other data sets and are presented in Chapter 6.

5.4.2 Parameters of the Vortex Street

A computer program (PWTP7E) has been developed to compute the
three parameters StF, U, and A at a desired plane from the exit plane
of the jet. As mentioned in Section 5.3.2, two user-specified parame-
ters, Tp and Tw’ are used in the processing of the digitized photo-
graphic data. The influence of these parameters on the calculations
of SCF, u,, and X\ is first presented in Section 5.4.2.1 and the dis-
cussion of the results is presented in Section 5.4.2.2. The data set

which was used in Section 5.4.1 is again used in this section.

5.4.2.1 Choice of Control Parameters Tp and 42

Five different combinations of the control parameters (Tp’Tw)
have been used: (0.05,0.05), (0.05,0.1), (0.1,0.05), (0.1,0.1), and
(0.1,0.2). These numbers indicate the fractions of first estimates of
L/w. Table 3 and Figures 85 through 91 present the results of these

computations.
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Table 3 - Influence of T ,T
PV

T ;T = 0505
Pw
* *

R) L L (Aav
.257 0.960 0.856 0.
.261 0.965 0.895 0.
.243 0.990 1.009 0.
.270 1.025 0.984 0.
.298 1.066 1.042 0.
.283 1.166 1.161 0.
.257 1.242 1.186 0.
.273 1.216 1.183 0.
.302 1.276 1.342 0.
.339 1.488 1.341 0.
.353 1.604 1.310 0.
.408 1.673 1.283 0.
.397 1.696 1.360 0.

T ,T. = .05,.1

pw
* *

R) L L (Av
257 0.960 0.872 0.
258 0.956 0.926 O.
244 0.989 1.012 0.
262 1.028 1.005 0.
288 1.093 1.079 0.
285 1.163 1.153 0.
250 1.219 1.187 0.
266 1.202 1.221 0.
287 1.240 1.180 0.
341 1.433 1.265 0.
338 1.578 1.347 0.
404 1.679 1.279 0.
411 1.800 1.302 0.

T ,T = .10,.05

Pw
* *

R) L L (Av
257 0.960 0.856 0.
261 0.965 0.895 0.
243 0.990 1.009 0.
274 1.061 1.020 0.
298 1.066 1.042 0.
283 1.166 1.161 0.
257 1.242 1.186 0.
276 1.337 1.254 0.
303 1.362 1.330 0.
295 1.503 1.417 0.

on StF, ucand A
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209
232
283
269
584
460
262
385
599
557
428
417
606

R)

229
231
286
270
566
455
266
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535
466
422
440
612
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283
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460
262
356
615
525
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922
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408
426
451
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855
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848
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868
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875
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cococoooo0o00O0

4

351
359
382
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671
553
378
484
685
677
611

.709

845

357
354
385
385
650
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375
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620
602
601
749
919

351
359
382
379
671
953
378
466
702

.620
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Table 3 (cont’d.).

4.50
4.75
5.00
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.00
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00
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00
25
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195
00
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For this data set, the first plane

- 2w.

largest

0.599
0.581
0.548

786
789
794
765
782
749
724
696
697
595
585
581
548

co0O0O0O00O0O0OO000O

783
785
790
816
816
757
730
696
697
595
585
586
569

ooocoocooco0o0o00o00

0.962 0
0.972 0
1.003 0

755
754
786
814
854
870
883
890
911
91.7
924
976
986

cocoococooo000O0O00O

740
764
780
804
841
847
887
901
895
928
932
952
029

HroOo0oooooooo0o0o0

C0O0O0O0OO0000O0000

co0o0o0c0oo0co0O0O0OO0OO0OOO

353 1.604
408 1.673
408 1.832
T,T -

p w
Ry, iLE
257 0.960
258 0.956
244 0.989
266 1.064
288 1.093
285 1.163
250 1.219
265 1.280
201 1.307
306 1.543
338 1.578
404 1.679
411 1.800
" Py

P w
*

R) L
200 0.944
245 0.972
253 0.987
241 0.986
279 1.031
246 1.120
263 1.216
271 1.294
271 1.284
319 1.561
335 1.591
362 1.624
409 1.809
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93
.187
236
2255
.359
.347
.279
.302

PRHEHHRRRPRRRRROO

.10,.20

898
953
001
016
022
.158
.249
203
207
389
371
314
193
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428
417
.504

R)

229
231
286
245
566
455
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380
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437
422
440
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R)

239
264
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410
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584

e
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FHRRERRERRPRRPHOOO

.426
451
.662

912
937
003
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084
157
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431
453
465
513
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960
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004
026
144
246

«253

252
471
488
477
419

of observation
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C0000O0O0O00O0O0O00

.855
.843
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717
740
797
804
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868
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837
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872
873
875
871
866
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SRR -N-R-N-N NN N-N-¥-}
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.788

357
354
385
371
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477
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527
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is located at x

This location was decided by the program PWTP7E based upon the

*
distance x

of vortex formation;

i.e., the largest distance

at which a bulge, which led to a vortex motion was

observed.

See
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Figure 84. In this case, this distance was x=1.92w and the computa-
tions began at x=2w. In addition to specifying (Tp’Tw) the user also
specifies the size of the increments in x for computation and for
reporting the results. For this case, the computations were carried
out at distances 0.05w apart, whereas the results have been reported

at increments of 0.25w.

The results of the calculations show that, whereas some of the
quanitities exhibit negligible dependence on the combination of con-
trol parameters, (Tp’Tw)' others show considerable dependence. For

example, the quantities which show negligible dependence are:

i) the distribution of ScF as shown in Figure 85 and presented

in column 2 of Table 3;

*
ii) the distribution of mean and rms of S shown in Figure 86

and tabulated in columns 3 and 4 of the Table 3;

*
iii) the distribution of uc(x) shown in Figure 87 and presented

in column 9 of the Table 3.

The quantities that show significant dependence on the control

parameters (Tp " Tw) are:

* —*
i) the distribution of L (computed from StF and ¢ ) shown in

Figure 88 and presented in column 5 of the Table 3;
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*
ii) the distribution of mean and rms of as shown in Figure 89
4

and presented in columns 6 and 7 of the Table 3;

*
iii) the distribution of A as shown in Figure 90 and presented

in column 8 of the Table 3;

iv) the distribution of the residual of the fit (of StF through
*
c: and Lk) as shown in Figure 91 and presented in column 10

of the Table 3;

v) the number of paired vortices at a given plane of observa-

tion as presented in the last column of Table 3.

It 1is to be noted that most of the scatter in the plots (Figures
89, 90, and 91) occur in the vicinity of locations where pairings take
place. Based upon the observations presented above, specifically Fig-
ures 88, 90, and 91, the appropriate choice of the control parameters
'1‘p and Tw appear to be 0.1 and 0.05 of the longitudinal vortex spacing
at each x station. This choice of Tp will allow two vortices to be
considered paired if their centers are located within 10% of the
wavelength at the given plane of observation. The choice of TW—O,OSL*
will create a "window" around the plane of observation with a width
which is 10% of the wavelength at that location. The following calcu-

F’ (-
Tw=0405L/w. The results of calculations presented in Chapter 6 are

lations of St u, and X have been executed with Tp-O.lL/w and

also based upon the same values of Tp and Tw'
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5.4.2.2 Discussion of Results

Figure 85 presents the streamwise distribution of StF. The value
of StF remained nominally constant over 2 < X/w < 3. Beyond x=3w, the
value of ScF begins to decrease. The drop in StF with increasing x"
should be in steps indicating the process of pairing at specific loca-
tions. However, because of the large step size in x and the random-
ness of an unexcited jet, the steps are not apparent, and Figure 85
Presents a linearly decreasing StF(x*) distribution. The value of StF
drops from approximately 0.8 at x*—2 to 0.6 at x*-b.S, indicating that

25% of the indicated number of vortices have paired.

Figure 92 shows the distribution of the population: W,
around St:F at each x* location for Tp’Tw =0.1,0.05. When two vortices
are about to pair, the difference in their arrival times, Stk, at the

plane of observation becomes small, resulting in large values of

T, L
6tk<U(t)>

Comparison of Figures 86 and 87 (see columns 3 and 9 of the Table
3) indicates that the two estimates of convection speed, E* and u:,
exhibit a similar trend up to x*-la, i.e., a linear increase in the
convection speed with increasing distance from the exit plane. Beyond
this location, whereas E* continues to increase, u: begins to
decrease. The latter trend is consistent with the fact that the jet

speed begins to drop at the end of the potential core.
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The distribution of longitudinal spacing between vortices are
presented in Figures 88, 89, and 90. As shown in Figure 88, the spac-
ing L*, based upon StF and E*, shows a nonlinear rise with x*.
However, the average of I.; (see Figure 89) and A* (see Figure 90) show
a nominally linear increase in the longitudinal spacing with x*‘ The
last of these estimates, »\*, is based upon the statistical model, (see
Section 5.3.2.5) and it is considered to present the true behavior of
the longitudinal spacing between the vortices. According to this dis-
tribution, the wavelength increases from 0.9w at x*-2 to 1.6w at x*-S.

A linear fit through the data yields
* *
A = 0.385 + 0.240 x (154)

with residual equal to 0.044 and the coefficient of determination

r=0.98.

Figure 91 presents the distribution of the residual of the fit of
SCF through c: and L: Beyond x*-2.75, there is a sharp increase in
the values of the residual. This is related to two factors: (i) the
occurrence of pairing at large distances from the exit plane, and (ii)

decreased number of data points.







QUANTITATIVE RESULTS USING PROCESSED DIGITIZED DATA

6.1 Synopsis

The photographic records (32 - 40 in number) from each experimen-
tal run are quite rich in information related to the stability of the
slit-jet flow field. The qualitative aspects of the stability
phenomena have been summarized in Chapter 4. The details of creating
a database from these experiments have been described in Chapter 5
which also outlines the algorithms for further processing these data.
As described in Chapter 5, two aspects of the flow field are to be
investigated: i) the geometric/kinematic properties, and ii) the sta-
bility characteristics. The purpose of this chapter is to present the
quantitative results extracted from the photographic database, which
describe these two aspects of the flow field. These results have been
grouped over small ranges of Re. Seven such groups cover the Re range
260 = Re =< 3500. For values of Re =< 1000, the experiments in each

group were conducted with slits of various sizes and two different
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working liquids. Appendix C provides the details of experimental

conditions.

The geometric/kinematic properties of the vortices in the flow
field have been investigated over each range of Re by using two meas-
ures of the relative positions of the vortices of a pair. The first
of these properties, the lateral spacing between the two vortices of a
pair, shows that the average value of this quantity nominally remains
constant with increasing x for Re < 700, however, for higher values of
Re, the average spacing increases with x. The rms value of the
lateral spacing shows a similar trend. The second of the
geometric/kinematic properties, the difference in the axial positions
of the two vortices of a pair, shows that the average value of the
difference, for Re < 700, nominally remains zero over the range x/w =
6. At the higher values of Re some x dependence has been observed for

x/w > 3.

The three interrelated instability characteristics StF, u: and A*
of the slit-jet flow field have also been computed over small ranges
of Re. Whereas, the streamwise distribution of u: shows a good col-
lapse of the data over each range of Re, the distributions of StF and
A* exhibit considerable scatter. Either there is some unknown parame-
ter which is responsible for this scatter or as described by FK, "the
physical process that controls the spacing of the vortex motions is

not rigidly determined by the kinematic scales UO and w, although this
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spacing 1is well-defined for a given experiment, as shown by figure 4"

(of their paper).

This chapter has been divided into three additional sections:
Section 6.2 presents the details of the geometric/kinematic properties
of the flow field, Section 6.3 deals with the instability characteris-

tics, and Section 6.4 presents the conclusions.

6.2 Geometric/Kinematic Properties of the Jet Flow Fields

Three quantities have been evaluated from the photographic data-
base to describe the geometric/kinematic characteristics of the jet
flow fields. These quantities are based upon the identification of a
distinctive pair of features in the dye streaks that mark the two
sides of the jet. The following items (i - iii) identify the specific
data processing that was based upon the digitized records of these
features: i) space (x) - time plots where x is the average streamwise
position of the center of the symmetric features, ii) the lateral
spacing between the centers of the vortices of a given pair, and iii)
the difference in the axial locations between the centers of the

vortices of a given pair.
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* *
6.2.1 Space-Time (x , t ) Plots of Vortices

Figures 93 through 97 are representative space-time plots of
vortices at five different values of Re over the range 260-3500. The
balance of the space-time data plots are presented in Appendix C in-
cluding a tabular description of the conditions under which the ex-

periments were conducted.

The space-time plots present the general behavior of the vortex

pairs. Obseravtions made from the plots are:

i) The nondimensional distance downstream of the exit plane and
the times at which symmetric motions first appear on the jet
boundary can be observed. In some cases there appears to be
considerable variation in the distance from the exit plane
at which the distinctive features (i.e., the bulges) first
appear; see Figure 95 and Figure 97. In other cases, there
is 1little variation and most bulges form within x/w = 1.

See Figures Figure 93, Figure 94 and Figure 96.

ii) Interactions among the symmetrically placed motions can be
observed. In the case of pairings between two vortex pairs,
the upstream pair accelerates and overtakes the downstream
pair. In some cases, however, the upstream pair passes by
the downstream without pairing on the first interaction. 1In
these cases, the pairing event is subsequently observed.

This is shown by the crossing of trajectories of the inter-
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acting vortices in the space-time plot as shown in Figure 94

and Figure 95.

iii) Figure 97 at Re = 3401, exhibits five sequential pairings
*
between vortex pairs at t = 15. Figure 73 and Figure 74

present the flow visualization pictures of the event.

iv) The space-time plots show that the convection speed of most

of the vortices increase with the downstream distance.

6.2.2 Lateral Spacing Between Vortices of Individual Pairs

Plots of lateral spacing, dk/w. of the kth vortex pair as a func-
tion of its streamwise location, xk/w, have been prepared by using the
algorithm described in Section 5.3.1.2. Figures 98 through 104
present the plots of lateral spacing for various ranges of Re. The
average and the rms values of the lateral spacings at selective x*
have also been plotted in these figures. These statistics were col-
leceted in "windows" which were defined around each of these locations

*
with a width which was 10 % of the respective x location.

The scatter in the plots of lateral spacing, for Re > 300 and x"=
> 3, is caused by the motion of the vortices of a pair towards each
other or away from one another. This happens especially when the two
vortices are about to undergo pairing as shown in Figure 70. In this
figure, as the vortex pair number 14 approaches the pair number 13,

the two vortices of the former pair move closer to one another and
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that of the latter move away. However, in general, the average spac-
ing between the vortices increases with increasing distance from the
exit plane. The rms of the spacing also increases with the downstream

distance.

From the plots presented in Figures 98 through 104 it is not
clear whether the lateral spacing, d*(x*, Re), of a given vortex pair
over 0.5 =< x/w < 6 exhibits small or large variations about its mean
value of spacing. In order to assess this variation, the measured
d;:(x/w) values of of the kth vortex pair were fit by a second order
poynomial using the ordinary least squares technique. These values
are designated by :1; The sum of the squares of the residuals between
the measured (d;:) and the fitted (;:) values was determined at each of
the x  locations where the mean and the rms of lateral spacing were
computed (Figures 98 through 104). Figures 105 through 111 present at
each of the x* locations the ratio of the residual of the fitted data
and the rms of the population. These plots also include the values of
rms of the lateral spacing at these locations. From the plots, for Re
> 300, it is observed that in the near-field of the jets (x/w < 2) the
residual of the fits is of the same order of magnitude as the rms of
the population in the vicinity of the respective x/w locations.
However, for x/w > 2, the residual of the fits is about 60% of the rms
of the population and in some cases the ratio keeps decreasing with
increasing x/w. This indicates that beyond x/w > 2, d:(x/w) exhibits

small variations about their respective mean values. In other words,
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the vortex pairs nominally maintain their lateral spacing as they

convect downstream.

6.2.3 Difference in Axial Locations of the Vortices of a Pair

The vortex street of the slit-jet flow field has been observed to
be symmetric i.e., the two vortices of a pair, at a given time, are
nominally at the same distance from the exit plane of the jet. The
photographic records of the flow visualization experiments presented
in Chapter 4 show that the growth, translation and interaction of the
two-dimensional vortex motions are not always symmetric in nature.
The estimate of the presence of asymmetry, ak/w, in the kth vortex
pair has been computed by using the algorithm presented in Section
5.3.1.3 and the photographic database. The results are presented in
Figures 112 through 118 for each of seven Re ranges. The means and
the standard deviations of the population shown in Figures 112 through
118, at selective x* locations have been computed as described in Sec-
tion 6.2.2. The plots show that for Re < 700, the average value of {
nominally remains zero. At higher values of Re some asymmetry is ob-
served for x/w > 3; see Figures 115 and 117. Figure 116 shows an un-
usually large value of a: of 0.05 over the entire range 0.5 < x/w < 6.
However, at the largest Re values (= 3000) as shown in Figure 118, the
average value of a: remains zero over the observed x domain. The rms
value of a: remains small in the near-field and then increases as x/w

*
increases. In general, the rms value of a, remains within 0.25.
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The difference in the axial locations of a given vortex pair, as
a function of x*, were also fit by a second order polynomial to com-
pare the residual of the fit with the rms of the population at each of
the selective x locations. The results are presented in Figures 119
through 125 for various ranges of Re. Except for the case over the Re
range 1257-1272 (Figure 123), it is observed that for x/w > 3, the
residual ’ of the fit decreases to approximately 50% of the rms of the
population. This indicates that for x/w > 3, the differences in the

axial spacings exhibit relatively small variations about their mean

values.

From the geometric/kinematic properties of the slit-jet flow

fields it is concluded that:

i) The average lateral spacing between the vortices of a pair,
over a given small range of Re, increases with increasing
downstream distance. Also, at a given x/w location, the

average spacing increases with increasing Re value.

ii) The jet with higher values of Re exhibits some asymmetry in

the location of the two vortices of a pair for x/w > 2.5.

iii) The large scatter in the plots of lateral spacing (Figures
99 through 104) and the asymmetry (Figures 112 through 118)
is not caused by a large scatter in the distribution of

these quantities about their mean values; but, rather by a
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large scatter in the distribution of mean values of each

vortex pair.

6.3 Stability Characteristics of the Slit-Jet Flow field

The three interrelated stability characteristics: Strouhal
number (StF), the convection velocity (uZ) and the wavelength (A*),
have been computed from the photographic database by using the al-
gorithms presented in Section 5.3.2. Results have been compiled over
small ranges of Re for jets of all sizes. A comparison of the esti-
mates of Strouhal number based upon the flow visualization data (SCF)

and the measured LDA velocity data (Stv) will be presented in Chapter

7

*
6.3.1 Distribution of Strouhal No. St:F(x )

Figures 126 through 133 present the distribution of Strouhal
number in eight different ranges of Re. Figures 126, 127, 129 and 130
show results from jets of various widths. An observation of these
plots shows that there is considerable variation in S!:F values for
jets of various sizes. For example in Figure 126 the smallest value
of St:F =~ 0.39 for w = 1.51 cm, and, the largest value of SCF =1 for w
= 2.63 cm. A similar trend is observed in other plots as well. Fig-
ures 128, 131, 132 and 133 present StF(x*) results from one size jet
only. The plots show considerably less variation in St:F and indicate

the reproducibility of the experimental results.
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Several reasons are possible for the observed variation of

*
S:F(x ). The possibilities include:

i) presence of geometry dependent effects, like the influence
of finite aspect ratio B/w, finite nondimensional width H/w
of the channel-like plenum, finite nondimensional height h/w
of the nozzle plate above the floor, and the nondimensional

thickness tN/w of the nozzle plates;

ii) presence of a source of disturbance, like the frequency of

the stepper motor which was used to drive the bleed valve;

iii) presence of disturbances associated with the filling

process;

iv) wvibration of the nozzle housing (NH) at its natural fre-

quency.

6.3.1.1 Examination of the Possible Sources of variation in StF(x*)

In this section the possibility of the existence of each of the
above mentioned sources of disturbance will be examined.

i) Variations in the four geometrical parameters, B/w, H/w, h/w,
and cN/w were produced as a result of variations in w. No attempts
were made to change the parameters independently. Given this condi-
tion, only the influence of B/w on StF will be analyzed. Figure 134

presents the variation of SCF as a function of Re with B/w as a
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parameter. The values of StF presented here relate to the rate of
formation of bulges. This information is considered to be of primary
interest given the focus of this study, i.e., to investigate the in-
stability phenomena in the slit-jet flow field. Again, as noted be-
fore, for similar values of Re large scatter is observed not only for
different values of B/w, but, also for the same values of B/w; no
systematic variation with B/w is, however, discerned. In addition,
the plots of lateral spacing between the two vortices of a given pair
(Figures 98 through 104) do not indicate the presence of geometry
dependent effects. Note that the ranges of B/w and H/w in the present
investigation are considerably larger than the corresponding ranges of

the parameters in the BW experiments.

Sato (1960) showed that the Strouhal number based upon the exit
momentum thickness and the maximum jet exit velocity was nominally in-
dependent of Reﬂ' However, the use of 00 and Uo to nondimensionalize
the frequency of formation of bulges in the present investigation did
not reduce the amount of scatter. Figure 135 shows the distribution
of Stﬂ-fFﬁo/U0 as a function of Re. (Note that 00 was estimated by
using the Thwaites method as described in Chapter 2.) Again, no sys-

tematic influence of B/w is apparent.

Figures 136 and 137 present the plots of StF at two x/w locations
as a function of Re with B/w as a parameter. These plots show a con-
siderable decrease in the variation in SCF values as compared to the

distribution shown in Figure 134. Figure 138 presents the
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distribution of StF as a function of Re with B/w as a parameter as
reported by BW. Even though the scatter in Figure 138 is quite small,
it 1is not clear whether or not this plot can be compared with Figures
136 and 137 of the present investigation. Their method of acquiring
the data (passage frequency of vortices and velocity of jet) was quite
different from the method used in this investigation. BW reported
that the passage frequency of vortex motions was determined by count-
ing the vortices at some location downstream of the exit of the jet.
It 1is not clear whether one single x/w location was used for counting
or different x/w locations were used for different size jets. It is:
inferred from the text that the latter was true. Further, it is also
inferred that only those motions were counted which had, in the
present nomenclature "rolled up". The present investigation reveals
that not all the bulges develop into fully formed vortex pairs. In
other words, the counting based upon bulges will result in a higher
frequency than the counting based upon the "rolled up" motions.

ii) The stepper motor is not considered as a possible source of
disturbance because the speed of the motor varied considerably from
the start of the experiment to the end. For example, at Re~1000, for
w=2.57 cm and water as the working fluid, the speed of the motor at
the start of the experiment was =0.02 rev/sec and at the time the data
were acquired the stepper motor ran at 0.05 rev/sec. By the end of
run (long after the data were acquired) the speed increased to over 2
rev/sec.

iii) Regarding the disturbances associated with the filling pro-

cess it will be shown in Chapter 7, based upon a series of experiments






134

using laser Doppler anemometry, that no influence of the filling pro-

cess exists in three different measures of the flow field.

iv)

No tests were conducted to check the resonance of the NH at

its natural frequency.

6.3.1.2 Conclusion

Based wupon the discussion of the previous section, the following

possibilities could exist:

i)

ii)

iii)

The NH may have vibrated at its natural frequency with the
liquid in the system responding to the vibration. This may
have resulted in a modification of the growth process of the
most unstable disturbance.

The process of formation and growth process of vortex mo-
tions is not a well regulated process (see the comments by

FK regarding the variations in the results from one run to

the other), specifically at low values of Re (<1000).

There exists an unknown parameter which influences the in-

stability process.

Regarding the influence of Re, it is observed that for values of

Re>1000, the values of StF

134) in

dependence on Re.

related to the formation of bulges (Figure
the jet with B/w=10.7, show considerable scatter but little

The mean and the rms values of StF are found to be
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1.64 and 0.22, respectively. At x/w=2.2 (Figure 136) the mean value
of StF reduces to 0.98 with rms equal to 0.18. These values will be
compared in Chapter 7 with the values of Strouhal number Stv deter-
mined from the measured velocity data in the jets with B/w=10.7 and

237

*
6.3.2 Convection Velocities u, of the Vortex Motions

The nondimensional convection velocity, uc(x/w)/<U>, of the
vortices in the slit-jet flow field have been computed from the photo-
graphic database using the algorithms presented in Sections 5.3.2.2
and 5.3.2.5. Figures 139 through 146 present the streamwise variation
of u:. These data are organised in the same Reynolds number groupings
as were used to present the streamwise variation of Stgp.  Compared
with the strong dependence of StF(x*) on the width of the jet, the
u:(x*) data exhibit negligible dependence on w. Although the scatter
in the data is sufficiently large that a definitive interpretation
cannot be inferred, it appears that u:(x*) exhibits a weak dependence

on Reynolds number.

The plots of distribution of u:(x*) show that the vortex motions
in the form of bulges begin to convect with speeds of the order of
0.6<U> and accelerate before achieving a constant speed. The magni-
tude of the acceleration appears to depend upon the Re value and the
distance of the vortices from the exit plane. The convection speed

tends to level off around x/w = 3. The scatter in the data at larger
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x locations (> 3w) prevents a definitive conclusion to be drawn;

however, in some cases the vortices exhibit a decelerating trend.

FK reported uc/UO = 0.51 in the Re range 847-1168 and w = 1.6 cm.
This result was computed from the measuremants over 1 < x/w < 2.  Us-
ing CD = 0.705 (this estimate is based upon the results of the present
investigation), their result becomes uc/<U> = 0.72 which 1is slightly
larger than the value of u: in the present case at x/w = 1.5, and in

the same range of Re; see Figure 143.

6.3.3 Distribution of Wavelength k*(x*)

The algorithms of Sections 5.3.2.4 and 5.3.2.5 have been used to
process the photographic database to compute the nondimensional
wavelength A(x*)/w. The results of these calculations are presented
in Figures 147 through 154. Each plot covers the same Re range as was
used for the SCF(x*) plots presented in Figures 126 through 133.
These plots, like the StF(x*) plots, exhibit considerable variations,
especially for Re values up to 700. At values of Re > 900, this
variation is decreased. Similar trend is also evident in the photo-

graphic records of BW.

A common feature of the distribution of k*(x*) over the entire
range is the observation that ,\* increases with increasing distance
from the exit plane. However, for Reynolds number < 700 a consistent
trend cannot be established; see Figures 147 through 154. But, at

* *
values of Re > 900, the X\ (x ) distribution exhibits a linear increase
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* *
with x/w; see Figures 151 through 154. Even though, the A (x ) data
at low Re values do not exhibit a linear rise, a linear model:

A=A+ B (155)

was used to determine the slope, A, and the intercept, B, of ,\*(x*)
distribution for each of the experimental run. The ordinary least
square technique was used to perform the regression. Figure 155
presents the slope, A, of the linear fit for each case as a function
of Re. The same symbols have been used over small ranges of Re.
Similarly, Figure 156 presents the intercept, B, of the linear regres-
sion for each data set. The figures show a systematic variation in
the slopes and the intercepts of ;\ with increasing values of Re. The
slope first increases with Re and approaches a plateau around Re =
1500. The intercept exhibits a gradual decrease in value with in-
creasing Re. Note the decreasing scatter in the value of intercepts
in a given range as Re increases. These plots show that even though
the streamwise distribution of A* exhibits large variations and little
consistent trend, especially at Re values < 700, the slope and inter-

cept plots exhibit a consistent trend as a function of Re.

*, * 5
FK inferred A (x =1.5) = 1.2 from the same data which were used
*
to determine St and u:. This value is almost twice the wvalue of 2
found in the present investigation in the similar range of Re; see

Figure 151.
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6.4 Conclusions

From the results of this chapter and the discussions related to
the qualitative aspects of the slit-jet flow field in Chapter 4, it is
concluded that the stability and the resulting processes in the
slit-jet flow field that result in the symmetric vortex formations are
more compi.ex than those identified by BW and FK. The first two of the
three instabilities of the slit-jet flow field that were identified by
FK (see Section 1.3.1) have been confirmed by the results of this
study with the exception that a large scale vortex motion has not been
observed to result from an agglomeration of a number of unit vortices
as conjectured by FK. Also, the proposed (FK) third instability which
prevents the formation of symmetric vortex street for Re>1600 has not
been observed. Large scale vortex motions have been observed even up

to Re=3500.

The question of whether or not what has been described here - as
the large scale instability - is actually a manifestation of the shear
layer instability was investigated. The momentum thickness, 6, of the
free boundary layer governs the shear layer instability [Michalke
(1965) and Freymuth (1966)]. For a steady discharge from the nozzle,
00 at the separation lip should not vary with time. In the slit-jet
flow field, the appearance of a bulge in the dye streak has been shown
(Chapter 4) as the first manifestation of the instability. This leads
to the formation of a large scale vortex motion. If the instability

is governed by a steady parameter like ﬂo, the bulge should nominally
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appear at the same nondimensional distance from the exit plane for a
given value of Re. Using the present photographic data, the mean, Xb’

and the standard deviation, o, , of the location of the appearance of

b
bulges were determined for each experimental run. In general, xb
would be greater than the true value, because of relatively low sam-
pling rate of the camera. Because the scatter in the data 1is caused
in part by the inability of the recording mechanism to register the
event at its inception the average estimate of the location of bulge
formation, Xb‘ was adjusted by subtracting 1.5 times the estimate of
o;,- Figure 157 presents the adjusted location of bulge formation,
(X.b-l.Sab), as a function Re. There is considerable scatter in the
the data specially for Re<1500. From this figure it is concluded that
the formation of a bulge is not controlled by a steady parameter like
00. Hence, the instability which results in the formation of large
scale motions in the slit-jet flow field is not considered to be re-

lated to the shear layer instability.

The results of this study show considerable scatter in the values
of Strouhal number, SCF(x*), for similar values of Re. (See Figures
134, 136, and 137). A similar scatter was observed by FK in their air
jet with B/w=26.25. In the present investigation, none of the factors
which were examined to determine the cause of the scatter in the
ScF(x*) distributions could be linked to the observed behavior. Ei-
ther there is an unknown parameter which is responsible for the ob-
served large variations in StF or the instability process of a

naturally excited slit-jet is not a well regulated process; FK
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reported a similar behavior in their experiments conducted over a

small range of Re, 847-1148.

The results of BW (see Figure 138) show considerably less scatter
in the distribution of StF as a function of Re. Significant differ-
ences in the experimental techniques may account for the differences
in the observations. Specifically, the BW values for the passage fre-
quency were obtained by visually observing the flow and counting the
passage of the observed vortex motions. Since they did not specify
the x/w value used for the passage location and since these might have
been paired motions, the relationships of their Strouhal numbers to

those of the present study are uncertain.

The streamwise distribution of the convection velocity of the
vortex pairs in the slit-jet flow field exhibit the most coherent
representation of the three instability characteristics. The vortex
motions undergo acceleration for x/w < 3, and then the velocity levels
off. In some cases, the vortices appear to undergo deceleartion for
x/w > 3. The acceleration of vortex pairs results in the increase in
the spacing, A, between vortex motions while St remains nominally con-
stant. However, the greatest increase in A is caused by the pairing

of two or more vortex pairs which also results in a decrease in St.

*
Even though the plots of streamwise distribution of A" do not
Present a coherent picture at low values of Re (up to Re =700), the

slopes (dA*/dx") and the intercepts (A" (0)) of the linear fit through
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the data do exhibit a consistent behavior over the entire range. See

Figures 155 and 156.







VELOCITY MEASUREMENTS USING LASER DOPPLER ANEMOMETRY

7.1 1Introduction

This chapter presents the results of measurements of the longi-
tudinal component of velocity, u(x,y,t), in the slit-jet flow field.
The data were acquired using a single channel laser Doppler anemome-
ter. The details of the experimental configuration and data acquisi-

tion have been presented in Chapter 3.

Section 7.2 presents discharge coefficient values of the slit-jet
as a function of Re. Velocity field information, specifically, the
time series from the lateral and longitudinal surveys of u(x,y,t) and
the mean and rms velocity profiles computed from u(x,y,t), is
presented in Section 7.3. In addition, the computed distribution of
G*(x*,y*=0) and the analytical models of G*(x*-c,y*) are also
Presented in this section. Section 7.4 presents the technique of com-
puting the power spectral density function for the measured u(x,y,t)

data. Section 7.5 deals with the identification of background

142
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disturbances in the plenum using the power spectrum of u(x,y=0,t).
Section 7.6 presents the results of computations of Strouhal number

from the power spectrum of u(x,y,t).

7.2 Discharge Coefficient CD of the Slit-Jet

The "discharge coefficient of a nozzle or other constriction is a
characteristic of practical significance. For a slit-jet it is de-
fined as

I, ¥(0,y,2)+f aa
_la (156)

D UOAj
where fl‘(O,y,z) is the velocity vector at the exit plane of the jet, n
is a unit vector in the outward normal direction (along x axis here).
UO is the maximum velocity which the jet achieves at approximately

x/w=1, and, A, is the area of the jet given by wxB. In terms of the

3

spatial average velocity, <U>, defined as

T2 o
<> = Aj_rA V-h da (157)

the discharge coefficient becomes

(158)

<[

The two velocities, <U> and UO, were simultaneously measured over a
wide range of Re (100-6500). The spatial average velocity, <U>, was

inferred from the output of the Volume Flow Sensor (VFS) as described






in Section 3.2.1. The calibration, data acquisition and processing
details have been presented in Sections 3.7.2, 3.9, and 5.2.1, respec-
tively. The maximum velocity Uo of the jet along the centerline was
measured nominally at x/w=2.2 using the single channel LDA system.
(Section 3.9.2. describes the details of the data acquisition). At
low values of Re, the measurements were conducted in a water-sugar

mixture. (See Section 3.2.3.)

Figure 158 presents the values of discharge coefficient, CD' as a
function of Re. At low values of Re (< 800), CD shows a strong Re
dependence which becomes weaker as Re increases. For sufficiently
large values of Re (> 3000) CD achieves an asymptotic value equal to

0.68. This value is about 11% larger than the value (0.611) predicted

by the inviscid flow analysis. (See Section 2.2.3)

The decrease in the value of CD with increasing Re indicates the
decreasing influence of viscous effects on the flow over the nozzle
plates. The loss of momentum in the boundary layer fluid permits the
fluid near x = 0 and y = *w/2 to follow a trajectory which has a
radius of curvature that is smaller than that of an inviscid fluid.
As the Reynolds number increases, the boundary layer becomes thinner
and the trajectory of the separating streamline exhibits a larger
radius of curvature; the discharge coefficient shows a corresponding
decrease. In the limit as Re becomes large, the value of CD would be

expected to approach 0.611, the value of CD for an inviscid jet.






The apparent asymptotic approach to 0.68 in Figure 158 suggests
the presence of a geometry dependent effect on the CD values. Speci-
fically, it 1is inferred that the V(O,yziw/Z,z) values are influenced
by the thickness ty of the nozzle plate and possibly by the wedge an-
gle. Support for this inference is provided by the CD data in which
two different slit-widths were used. Specifically, in the jet with
w=1.27 cm, the CD values asymptote to 0.71 whereas those for the jet
with w=2.57 cm continue to decrease and assume an asymptotic value of
0.68. This suggests that the contraction of the jet is greater for

tN/w=0.5 than in case of tN/w=1.

The influence of the geometry of the nozzle plate on
v(O,yz'tw/z,z) is suspected to be caused by an alteration of the en-
trainment path in the near-field of the jet. In the case of the
smaller jet (t;N/w=1), there will be more obstruction to the entrain-
ment flow than in the case of the wider jet (tN/w=0.5). Variations in
the entrainment flow can alter the pressure field in the vicinity of
the jet exit, thus, allowing the smaller width jet to contract less at
the "vena contracta" as compared to the contraction of the wider jet.
The overlapping of the CD values, for the two jets, below Rex1500 sug-
gests that for these values of Re the near-field is less sensitive to

the geometry of the nozzle.

It is known from the previous studies and the results of Chapter
4 that the jet becomes unstable and develops vortex motions for Re

values greater than 250. Figure 158, however, shows a continuous
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decrease in the CD values with increasing Re without any marked varia-
tion around Re=250. It 1is inferred that the formation of the vena
contracta is influenced only by the development of the boundary layers
on the nozzle plates and not by the formation of vortices downstream

of the exit plane.

7.3 Velocity Field Information

This section describes in detail the results of longitudinal and
lateral surveys of the streamwise component of velocity u(x,y,t). The
results include the mean and the fluctuating fields of u(x,y,t) in the
streamwise and lateral direction. The results related to the spectral

contents of u(t) (frequency domain information) are presented in Sec-

tion 7.5.
7.3.1 Longitudinal Surveys
7.3.1.1 Introduction

Velocity surveys along the centerline of the jet extended over

-l=x/w<2.4, except for one case in which the measuremets were made up
to x=4.6w. These measurements covered Reynolds number values from 500

to 2900. 1In all cases water was used as the working fluid.

The objectives of the longitudinal survey were:

i)  Compare the measured longitudinal mean velocity distribution

with the inviscid distribution determined in Chapter 2.







147

ii) Determine the growth of velocity fluctuations along the cen-
terline of the jet and to compare this growth with the value

predicted by the inviscid, linearized, spatial stability

theory.

iii) Determine the passage frequency of the vortex motions as a
function of the downstream distance, x/w, using spectral

methods.

iv) Determine the region of the flow where the growth of distur-

bances begin.

Figure 159 1is a schematic representation of the configuration
used for velocity traversals. For the longitudinal survey, the LDA
measuring volume (mv) was traversed along the centerline of the jet by
rasing or lowering the supporting base of the LDA system. Before the

experiments were run the location of the mv was determined accurately
with respect to the exit plane of the jet and another reference mark
outside the glass tank. After the base was raised or lowered the new
height of the mv was determined with respect to the known reference
mark. Hence, the location of the mv could be determined with respect

to the exit plane of the jet. The position of the measurements was

accurate within #0.25 mm.
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7.3.1.2 Velocity Time Histories at Selected Locations

Figures 160 through 167 present the measured time histories of

u(x*,y*-(),t*)/<U> at various values of Re. A total of 4096 data

points were recorded at a sampling rate of 308 Hz. The plots

presented in Figures 160 through 167 have been prepared by plotting

every third point (effective sampling rate = 77 Hz; this plotting

protocol was required to prevent the composite plotting files from

becoming excessively large).

An examination of the traces presented in Figures 160 through 167
shows that in some cases, especially in the neighborhood of x/w=1, the

beginning portion of the velocity signal shows large velocity fluctua-

tions. See Figure 161. The fluctuations are observed to diminish as

time proceeds. It is conjectured that these fluctuations are signa-

tures of the strating vortex pair. These portions of the time series

showing the spurious fluctuations have not been included in determin-

ing the various quantities of interest. Apart from this ambiguity,

the time traces of Figures 160 through 167 reveal the development of

the jet and the growth of disturbances. Note that the time traces,

over a six-fold range of Re, exhibit the same trend for the growth of

disturbances.
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7.3.1.3 Mean and Rms Velocity Distributions

The mean and root mean square values of the centerline velocity
data were determined from the time traces shown in Figures 160 through
167. Since each time trace was the output of an independent ex-
perimental run, the u(t) values of a given run were normalized by the
spatially and temporally averaged velocity, <U>, of the same run. In
general, the value of <U> varied from run to run. The total variation
was small; the values were nominally contatined within *2% of the
mean with a maximum deviation of 5%. The time mean values of the nor-
malized velocities u(x,0)/<U>,

for a given Re, were interrogated to
determine the maximum normalized velocity \_.\(xm,o) /<U>.  The maximum
value occurred over the range l<x/w<2.4. The ratio, G(xm,o)/<U'>, was
used to normalize all the previously normalized velocities as

O Ay ]

Tx*(x* ,Y*- 0y = u(x ,y =0)/<U>

= o (159)
[0 (x.y =0)/<0>]
The rms values were normalized as
_ By =0 /<u>]
Wk ,y = 0) - XA (160)

@ G,y =0 /<w)

Figure 168 is a plot of the mean velocity distribution G (x,y =0).
The solid line represents the distribution based upon the potential
flow calculations (see Section 2.2). The figure shows that the jet
issues from the slot with a velocity which is about 0.65 of U04 The
velocity approaches a maximum value (Uo) at nominally x/w=1. Beyond







150

x=3w the centerline velocity begins to decrease, apparently because

the propagation of shear effects has reached the centerline.

Figure 168 shows excellent agreement between the calculated and
the measured (over a six-fold range of Re) values of G(x*)/UO. This
agreement supports the earlier conjecture regarding the absence of
shear effects in the core region of the jet up to x=3w. The mean cen-
terline velocity, G(x*, y*- 0), is thus governed by the mean Euler-s
equation (see Section 2.5.2). Neglecting the contribution of the

; 2 < :
fluctuating component of velocity, u'", the equation is expressed as

P;

k, 1=2

oy = 161
+ ;U7 (x,0) c ( )

Considering the good agreement between the calculated and the
measured G*(x*,y*- 0) over the Re range 500-2900, the strong depen-
dence of CD on Re (see Section 7.2) over the same Re range shows that
the influence of shear effects (development of boundary layers) on the
nozzle plates is offset by some other physical effect. The Euler-n
equation relates the centerline pressure, Ek(x,y-O), to the radius of
curvature, R, and the velocity, V, along a curved streamline (see Fig-
ure 169), i.e.,

= 2By (162)
P (x,y=0) = p, . + [] 5~ dn

where, Py is the ambient pressure in the receiver and n is the
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direction normal to the streamline. It has been argued in Section

7.2, based upon the distribution of CD with Re (up to Re=3500), that

the radius of curvature of the separating streamline increases with

increasing value of Re. Hence, the integration path 1-2 shown in Fig-

ure 169 will also change with Re so that the nondimensional pressure
distribution remains the same along the centerline. In other words,
an adjustment in the curvature of the streamlines in the vicinity of
the exit plane of the jet is believed to be responsible for Ek(x,y-O)

to follow the inviscid behavior.

The distribution of the log of the normalized rms of the center-
line velocity, G*(x*), is presented in Figure 170. The plot shows
that the total disturbance grows exponentially over the region
-l=x/w<2.4. In order to determine whether the growth rate depends
upon the flow Reynolds number, the slope of the normalized distribu-
tion at each Re value was calculated. The result, plotted in Figure
171, does not indicate any systematic dependence of the growth rate on

Reynolds number. The straight line presents the best fit through the

data. The line is expressed as

Growth rate = 0.538 + 5.18x10°° Re (163)

The standard error in the two coefficients are 2.94)(10'2 and

1.79)(10-5, respectively. The slope of the straight line based upon

natural log is equal to 1.24.
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7.3.2 Lateral Surveys

7.3.2.1 Introduction

A 2.57 cm wide jet was used to conduct the lateral survey of
u(x=c,y,t) at two x/w locations and two values of Re, 1600 and 3000.
The two laocations, x/w=1 and x/w=2.4, at which ‘these surveys were
conducted, were chosen from the G*(x*,y*-o) distribution (see Figure
168). Since the mean velocity E*(x*,y*-o) nominally became equal to
the maximum velocity UO at x/w=1l, it was expected that the distribu-
tion G*(x*=1,y*) would represent the basic flow state to be used in
the inviscid stability analysis. The location x/w=2.4 was chosen be-

cause beyond this location the velocity fluctuations ceased to grow

exponentially. The objectives of the lateral survey were:

%k
i) Determine the mean velocity profiles u (y ) at the two loca-

tions.

Bd *

ii) Use the measured u (y ) data to estimate the parameters in
the analytical models of the mean velocity profiles. The
fitted profiles have been used in the inviscid instability
equations.

iii) Observe the propagation of shear effects towards the center

of the jet.
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iv) Estimate the half width of the jet.

Figure 159 shows the traversing mechanism which was used to move

the jet facility with respect to the stationary LDA system. The

traverse could be positioned with an accuracy of #0.25 mm. Since no
velocity

frequency shifting was incorporated in the LDA system the

data near the edges of the jet were in error because of velocity

reversals.

7.3.2.2 Velocity Time Histories at Selected Locations

Figures 172 and 173 present the normalized time traces of the

velocity at x/w=1 and 2.4 at Re=1600. Figures 174 and 175 are the
time traces at Re=3000 and the same x/w locations. As in the case of

longitudinal surveys, 4096 data points were sampled at 308 Hz.

However, as before, in preparing these plots (Figures 172 through 175)
only a fourth of the total number of data points have been used. In
these plots (Figures 172 through 175) the time series from those re-
gions have not been included which showed velocity reversals. As an
example, Figure 176 presents time series from two y locations at

Re=1600, at which flow reversals are inferred to have taken place.

* Kk *
The plots of u (y ,t ) at x/w=1, and both values of Re (Figures
172 and 174) show qualitaive differences in the velocity time his-

tories at the corresponding y locations across the jet. These differ-

ences can be described as an apprent increase in the magnitude of the

velocit; fluctuations as W increases; also, for the same y/w
o4 v,
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values, the magnitude of the velocity fluctuations for Re=1600 are
somewhat larger than those for the higher Re case. Note the velocity
time traces at y/w=t0.35 at Re=1600 and y/w=+0.31 at Re=3000; these
y/w locations are quite close to the locations where the value of the
mean velocity u(y) is half the value of the maximum velocity Uy on the

centerline.

The plots of u(y*,c*)/<U'> at x/w=2.4 and both values of Re (Fig-
ure 173 and Figure 175), qualitatively show similar trends in the
velocity time histories. It is suspected that at Re=1600 and y=-0.5lw

(see Figure 173) some velocity reversals took place.

7.3.2.3 Mean and Rms Velocity Distributions Across the Jet

The mean and root mean square values of the longitudinal velocity
data were determined from the time traces shown in Figures 172 through
175 The same procedure was used in normalizing the u(x=c,y) and
U(x=c,y) data as was used in the case of longitudinal distributions of
the mean, u(x,y=0), and the rms, u(x,y=0), velocities. See equations

(159) and (160).
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7.3.2.3.1 Velocity Distributions at x/w=1

—* k
Figure 177 and Figure 178 are the distributions of u (y ) and

~% *
u (y ), respectively, at two values of Re. No data have been included

from the regions where velocity reversals took place. The mean velo-

city profiles (Figure 177) at both values of Re have a top-hat distri-
bution. The corresponding rms velocity profiles (Figure 178) show
small values of G* (= 5%) in the core region of the jet and consider-
ably larger values (= 17%) near the half width of the jet. Whereas

the mean velocity profiles do not show a systematic dependence on Re,

the rms velocity profiles do show considerable differences.

7.3.2.3.2 Velocity Distributions at x/w=2.4

The mean and rms velocity distributions at both values of Re are

presented in Figure 179 and Figure 180, respectively. Again, only the

data from those locations have been included at which no velocity

reversals took place. The mean velocity profiles (Figure 179) do not

exhibit a flat region and the velocity field is considerably wider

than at x = lw. Again, no systematic dependence of the mean velocity

profiles on Re is observed. The rms velocity profiles as shown in

Figure 180, at both values of Re, have a nominally uniform distribu-

tion across the jet.






7.3.2.4 Analytical Models of the Mean Velocity Profile

Equations (3) and (4) (Bickley and Montgomery profiles,
respectively; see Section 1.2.3.1) are two of the analytical models
of the mean velocity profiles which have been used by prior investiga-
tors to study the stability of two-dimensional jets. In this in-
vestigation, the mean velocity distribution at x/w = 1 was modelled by

the Montgomery profile

1 1yl=y,

u(y) = (164)
1y1-y, 1y1-50] 2
cosh B exp|-0.5 B |y|gy0

where Yo and B are the two parameters. The former controls the extent

of the flat region region of the jet and the latter the slope. At x/w
= 2.4, both the Montgomery profile and the Bickley profile were used
to model the velocity distribution. The Bickley profile is expressed

as

u(y)=sech? (y/a) (165
where a is the parameter to be determined from the data.

A nonlinear parameter estimation program (developed by Beck

(1989)) was used to determine the parameters Yo and B in equation

(164) and the parameter a in equation (165). The two parameters were
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determined sequentially using the Modified Box Kanemesu method [Beck

and Arnold (1977)].

7.3.2.4.1 Velocity Profile at x/w = 1

Using the data shown in Figure 177 (combined data for Re = 1600
and 3000), the two parameters were determined by using the ordinary
least squares method to minimize the sum of squares of the residuals.

The values of the parameters are
I~ 0.201940.0794 for 95% confidence interval
B = 0.0685 +0.0379 for 95% confidence interval

Figure 181 shows the experimental data and the fitted curve. The data
in closed symbols indicate the locations where some flow reversals may

have taken place; these points were not included in the least squares

£it.

As shown in Figure 181, the Montgomery profile models the meas-
ured mean velocity profile very well. The flat region of the jet ex-
tends over -0.2<y/w<0.2. The half width b of the jet, defined as the
value of y at which G(x,y)-OASUO, was determined from the fitted pro-
file. At x/w=1, b=0.338w. The analytical model expressed by the
equation (164) has been used to investigate the stability of the flow.

See Section 8.3.
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7.3.2.4.2 Velocity Profile at x/w=2.4

—* %

Figure 179 shows the measured u (y ) distribution at x/w=2.4. A
similar attempt to fit equation (164) with two parameters Yo and B did
not succeed. However, with yo set equal to zero (i.e. _mo flat re-

gion), the program was used to determine B which was found to be

B = 0.216 * 0.043 for 95% confidence interval.

The measured data and the fitted curve are presented in Figure 182.
The data in closed symbols were not included in the determination of
Bis The fit in this case is not so good as in the case of the data at
x/w=1. The trend, however, is clear: in the near-field of the jet,
the top-hat mean velocity profile of the jet (Figure 181) evolves into
a rounded velocity distribution (Figure 182) as the distance from the
exit plane increases. Equation (165) expresses the normalized velo-
city profile for the Bickley Jet which has a rounded velocity distri-
bution. Using the same data which were wused for the Montgomery

profile, the nonlinear parameter estimation program yielded

a = 0.529 * 0.122 for 95% confidence interval.

Figure 183 shows that the fitted curve and the experimental data agree
quite well in the high speed region of the jet. In the low speed re-
gion, however, this profile predicts higher values of velocities. As

far as the overall fit is concerned, the Montgomery profile seems to







better represent the measured data; this is inferred from the data
which were not included in determining the parameters of the velocity
profile function. These data, from the locations where some flow
reversal took place, give a higher estimate of the mean velocity,
i.e., their true locations should be somewhat lower than shown in Fig-

ure 182 and Figure 183. The Montgomery profile appears to predict

this behavior better than the Bickley profile.

The half width, b, of the jet at x/w=2.4 was determined both for
the Montgomery and and Bickley profiles. For the former, b=0.437 and

for the latter, b=0.467.

A comparison of the mean velocity profiles at x/w=1 and x/w=2.4,
shows the erosion of the flat region of the jet within a streamwise
distance of 1l.4w. The nature of the velocity profile rapidly changes
over this distance. Between these two locations, the rate of decay of
the flat region of the jet is about twice the rate of growth of the

half width of the jet.
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7.4 Autospectrum - Definition, Examples and Uses

Section 7.4.1 presents the definition of power spectral density
funcion, or autospectrum, of a discrete time series like the measured
veloctiy data, wu(t), in this investigation. Section 7.4.2 presents
examples of the autospectra of u(t) and the uses of this function in

this study.

7.4.1 Power Spectral Density Function

The power spectral density function or autospectrum a(fk) of a

discrete variable X, is defined as [Bendat and Piersol (1971)]

= 2h 2
Gl = FIX (166)
where
N-1
.2rkn
X =L x exp[-357] (167)
n=0

is the discrete Fourier transform of the discrete time series X N
is the number of points in the measured data array and h is the sam-

Pling time interval. The discrete frequency fk is expressed as

k
fk-ﬁk-o'l""'N-l' (168)

If the wvariable x, is replaced by the measured, discretized velocity

samples of u’'(t) [= u(t)-u], the E(fk) represents the autospectrum of
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the velocity field. Methods of Fast Fourier Transform (FFT) were used
to estimate Xk A total of 4096 data points were used in the FFT com-
putations, and, a partial Hanning window was used to decrease the
power leakage to the side lobes. Variance of u(t) was used to normal-

ize the estimates of the power spectral density function.

7.4.2 Examples and Uses.

Figure 184 and Figure 185 present the normalized autospectra at
two different values of Re in a jet at x/w=l. Whereas, the autospec-
trum in Figure 184 shows the presence of a dominant disturbance at a
frequency fk-1'32 Hz, the autospectrum of Figure 184 has two equally
dominant disturbances at fk-1.36 and 2.67 Hz, respectively. In the
case of the former, the frequency of the dominant disturbance in the
velocity field can be taken to represent the passage frequency of the
vortex motions. In the case of the latter, such a passage frequency

cannot be defined.

The autospectra of the velocity field has been used in Section
7.5 to identify the background disturbances, and in Section 7.6 to
determine the nondimensional passage frequency of the vortex motions

or Strouhal number Stv.
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7.5 Identification of Background Disturbances Using the Autospectra

The normalized power spectral density function, G(f, provides a

%
useful tool to identify frequencies at which substantial disturbances
may be present. Ideally, in an investigation designed to study the
instability of a jet, the magnitude of the background disturbances in
the plenum should be quite small when compared with the intensity of
fluctuations in the active regions of the jet. In addition, the back-
ground disturbances should be like "white noise", i.e., their spectrum
should be flat. In practice, however, the spectrum of the background
disturbances 1is not flat, and, perturbations at some frequencies can
be identified. The disturbances at these frequencies may or may not
influence the natural growth of disturbances caused by the instability
of the jet. For the flow facility used in the present investigation,

two possible sources of generation of background disturbances are:

i) the process of filling the plenum;

ii) during the execution of the experiment.

The purpose of this section is to examine the autospectra of the
velocity data to identify the influence of the background disturbances

over a wide range of Re:

i) at x/w=2.0 for two different protocols of filling the ple-

num, viz, with and without the use of the filling device;
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ii) at x/w=-1, in jets with two different widths and with the

use of the filling device.

7.5.1 Influence of Disturbances Induced by Two Different Filling

Processes

Experiments were conducted over a wide range of Re (300-6500) in
a jet with w=2.55 cm in order to study the influence of the nature of
background disturbances on the development of the jet. Two different
types of disturbances were naturally generated in the plenum during
the filling process depending upon whether or not the filling device

was used. (See Section 3.2.2.)

Figure 186 illustrates the autospectra of u(t) at Re=950 for two
different protocols of of filling the plenum. The curve marked with
NF indicates that the filling device was not used, whereas the curve
marked with F indicates that the filling device was used. Similarly,
Figure 187 presents the autospectra for the two cases at Re=2000.
Whereas, at Re=950, the frequency of the dominant mode is equal to
0.5274#0.0375 Hz for both cases, at Re=2000, the frequency of the
dominant perturbation for the NF case is 1.280%0.0375 Hz and for the F
case it is 1.656%0.0375 Hz. This difference at Re=2000 is attributed
to the reproducibility of the experiment rather than to the influence
of the background disturbances. In some cases, as shown in Figure 185
two or more peaks of comparable strength occur in the autospectra.
Figure 188 1is a composite plot of the frequency, fk' of the dominant

fluctuation as a function of Re for the two cases; the open symbols
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represent the NF case whereas the closed symbol the F case. This plot
includes information from the autospectra in which multiple peaks were
observed; such cases occurred both for F and NF conditions. The plot
clearly shows that no significant differences exist between the F and
NF cases. The linear rise of frequency with Re confirms the observa-

tion of BW. (See Figure 8 of their paper.)

The velocity data that were used to compute the autospectra and
generate Figure 188 were also used to determine two additional meas-
ures of the flow field: the discharge coefficient CD, and the normal-
ized rms of the velocity fluctuations C\/Uo, as a function of Re.
Figure 189 presents the distribution of CD with respect to Re. Again
the open symbols represent the NF condition and the closed symbols the
F condition. Similarly, Figure 190 presents the distribution of \.x/U0
as a function of Re. For Re>3500, the values of rms, G/UO, for F
cases are observed to be smaller than the corresponding values for NF
cases (with the exception of the Re=4200 condition). The reason for
this is not clear; however, it can be argued that since no consistent
trend is observed in the f and CD distributions (Figure 188 and Figure
189), the observed trend in G/UO distribution is not related to the

nature of disturbances.

It 1is therefore concluded, based upon two different measures of
the flow field at x/w=2, that the two different residual disturbances
in the plenum do not influence the development of the jet. As noted

in Section 3.6, according to the protocol of executing the
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experiments, a time period of five minutes or more was allowed to
elapse between the filling of the plenum and the execution of the ex-
periment. It is believed, based upon some exploratory experiments
(results not included here), that the waiting period helped minimize
the residual disturbances to a level that the background disturbances
did not influence the development of the jet. This shows that in a
gravity driven flow facility like the present one, if the generation
of disturbances can be controlled during the execution of the experi-
ment, the resulting flow field would be free from extraneous distur-
bances since the disturbances induced during the charging of the

plenum can be effectively minimized by allowing a longer waiting time.

7.5.2 Background Disturbances in the Plenum

The autospectra of wu(t) data from the plenum, about one slit
width upstream of the nozzle plates, were examined over a wide range
of Re (500-2900) in order to determine whether or not the background
disturbances could be treated as white noise. Water was used as the
working fluid and the filling device was used for charging the plenum.
Figure 191 is a plot of the distribution of the intensity of velocity
fluctuations as a fraction of the total rms of the velocity fluctua-
tion, G(f)/a, at x/w=-1. These plots show that the residual distur-
bances are not 1like white noise; note the presence of some
disturbances in the autospectra in the frequency range of 2-3 Hz. For
some reason in the Re range=1000, (Re=988 and 1011), the peak contri-
bution of this disturbance to the total rms is of the order of 15%;

in all other cases it is less than 10%. It is believed that the
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presence of this disturbance in the frequency range of 2-3 Hz is not a
width dependent phenomena: two of the cases presented in Figure 191
(Re=509 and 1231) are for a jet with w=1.27 cm, whereas the rest are
for a jet with w=2.57 cm. The origin of the disturbance shown in Fig-
ure 191 is not known. It could be the residual effect of the use of
the filling device in the plenum which needs a longer time to decay,

or, it could be introduced during the execution of the experiment.

It will be shown in a later section, by comparing the results of
experiments from jets of two different slit widths, that the presence
of this disturbance does not alter the process of the natural growth
of disturbances. In other words, even though the disturbance field is
not 1like white noise the slit-jet flow field is robust enough to
select the disturbance at a specific frequency which represents the

stability frequency of the flow field

7.6 Determination of Strouhal Number Stv from the Autospectra

The nondimensional passage frequency of the vortex motions (or
Strouhal number) was determined from the flow visualization data

(st These results were presented in Section 6.3.1. In principle,

F) ¥
the same information can be derived from the time traces of the meas-
ured velocity (Figures 160 through 167). The Strouhal number, Stv,

from the velocity data has been determined from

A (169)
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where fv is the frequency of the dominant fluctuation in the power
spectral density function, E(fk), of the measured velocity, u(t). See
Section 7.4. fv is taken to represent the passage frequency of the
vortex motions. It was argued in Section 7.4 that, whereas, a power
spectrum with a single dominant peak (see Figure 184) can be used to
estimate the passage frequency of vortex motion, no such unambiguous
information can be derived from a power spectrum which exhibits multi-
ple peaks of nominally equal strength. See Figure 185. Hence, for
consistency, only those autospectra have been used to estimate the
Strouhal number, Stv, in which the ratio of the magnitude of the
second dominant peak to the magnitude of the dominant peak does not
exceed 0.35. For example, the autospectrum of Figure 184 satisfies

this criterion, but, the autospectrum of Figure 185 does not.

Section 7.6.1 presents the estimates of Stv as a function of Re
at two x/w locations. In Section 7.6.2 the spatial behavior of the
growth/decay of the disturbances at specific values of St'V is il-
lustrated using the plots of G(St:v,Re,x*)/G(Re,x*). Section 7.6.3
presents the results from the combined LDA-flow visualization experi-

ments.
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7.6.1 Distribution of scv(x*,Re)

Figure 192 presents the distribution of StV as a function of Re
at x/w=1. Each data point in this plot represents the nondimensional
frequency of a dominant fluctuation which satisfies the criterion
established in the introductory remarks of Section 7.6. Given the
scatter in the data no systematic dependence on Re can be discerned.
The average and the rms values of StV are 0.70 and 0.07, respectively.
Figure 193 presents the distribution of StV(Re) at x/w=2.2; data from
two different jets are included. At this 1location, wusing the data
from both jets, the average and the rms values of St,6 are 0.52 and

v
0.07, respectively.

In Section 7.5.2 it was shown that the autospectra of u(t) in the
plenum over a wide range of Re was not like white noise because of the
presence of a disturbance around sz2.5 Hz. (See Figure 191.) The
robustness of the slit-jet flow field in the presence of this distur-
bance will be shown here. Figure 193 shows good agreement between the
estimates of Stv for two different size jets. The ratio of their
widths is 2.02:1. Note that when the slit width w is reduced by a
factor r, the frequency fV must increase by r2 to yield the same
Strouhal number for the same value of Re. This is shown below.

The characteristic velocity <U> can be expressed as

<U> = 5%9 (170)
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Substituting this in equation (169) StV becomes

2
fvw wa

Sty = 5~ VRe an)

In the present case r=2.02. Hence, for the smaller size jet (w=l.27
cm) the frequency of the dominant mode should be 4.1 times the fre-
quency ig the wider jet (w=2.57 cm). Figure 194 presents the fre-
quency of the dominant mode in the two jets as a function of Re.
(Same data were wused to prepare the plot shown in Figure 193.) The
solid lines in Figure 194 are the best straight line fits through the
data. Both lines were forcéd to pass through the origin. The ratio
of their slopes is 4.72 which is about 15% larger than the expected
value of 4.1. The good agreement between the expected and the meas-
ured values of the frequency ratio, at a given value of Re, shows that
the 1instability process in the slit-jet flow field is insensitive to
the presence of low level extraneous disturbances in the plenum, i.e.,
the disturbance at the instability frequency can grow even in the

presence of very low level background disturbances.

- * o~ *
7.6.2 Distribution of u(StV,Re,x Y/u(Re,x )

The plots of StV(Re) presented in the previous section show an
overall behavior of the dominant disturbance in the flow field at
specific x/w 1locations. However, the disturbances at specific Stv
grow in the downstream direction, reach a maximum value and then
decay. This aspect of the growth and decay of disturbances is

-~ * o~ *
examined from the plots of u(StV,Re,x )/u(Re,x ). This quantity is
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calculated from the normalized power spectral density function,
E(Stv); the square root of the product of a(StV) and ASty yields the
desired ratio. It also expresses the contribution of the velocity
fluctuations at a certain x/w location for a given StV to the total

velocity fluctuations.

An examination of the autospectra of u(t) for a given value of Re
and at various xX/w locations shows that the intensity of disturbances
at certain frequencies attain significantly higher values than the
disturbances at other frequencies. These frequencies were identified
and the contribution of the corresponding disturbances to the total
disturbance, G(StV,Re,x*)/G(Re,x*), was determined. For example, Fig-
ure 195 is a plot of the ratio G(Stv,Re,x*)/G(Re,x*) as a function of
x/w at Re=1000. It illustrates the growth and decay of disturbances
at three wvalues of Stv, namely, 1.7, 1.2, and 0.55. Note that the
fluctuation at Stv-1.7 in Figure 195 correéponds to the ubiquitous
disturbance around 2.5 Hz. It is observed that at this value of Re
the disturbance at StV-1.7 grows very little (< 10%) and then 1is at-
tenuated. The perturbation at Stv-1.2 and 0.55 both grow up to x/w=1.
Beyond this location the perturbations at StV-1.2 decay whereas those
at Stv—0.55 continue to grow.

Figure 196 is another example of growth/decay pattern at Re=x=1300.
Here, the disturbance at Stv-1.3 represents the background disturbance

at 2.5 Hz. As before, this disturbance exhibits some growth in the

range 0<x/w<l before it decays. The perturbation at StV=O.7 shows
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considerable growth between x/w equal to 0 and 1 followed by a decay
for x/w>1. Similarly, the perturbations at StV-0.3 grows considerably
between x/w=0.5 and 2.2. The spatial lag in the growth of these per-
turbations and a reduction in the values of their frequency nominally
by a factor of 2 suggest the occurrence of pairing between vortices
which results in frequency halving. However, it is not clear whether
or not the perturbation at Stv=0.7 represents the first subharmonic of
the background disturbance at Stv-1.3. On the other hand, the pertur-
bation at StV=0.3 is considered to represent the first subharmonic of
the disturbance at Stv=0.7. This conjecture is based upon the magni-
tude of the ratio G(StV,Re,x*)/ﬁ(Re,x*). Note that, whereas the per-
turbations at StV=O.7 and 0.3 become as large as 30% of u, the

disturbance at St =1.3 remains less than 15% of u.

Figure 197 presents the fluctuation intensities at selected
Strouhal numbers for Re=2300. Here the disturbance at StV-0.80 cor-
responds to the disturbance at 2.5 Hz. In this case, unlike the first
two examples (Figure 195 and Figure 196) the frequency of disturbance
in the plenum appears to correspond to an instability frequency of the
slit-jet flow field. Again, as in the previous example, the growth of
disturbances at StV—O.A and StV=O.2 suggest the occurrence of pairing

between vortex motions.

The following observations are based on the data of Figures 195,

196 and 197:
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i) The disturbances at specific frequencies begin to grow at a
critical streamwise location xc/w. From the limited avail-
able data xc/w is estimated to be 0.25. Note that, as shown
in Figure 170, the total rms grows exponentially over the
range -l<x/w<2.4. This shows that, the disturbances at all
frequencies grow equally up to xc/w and then the distur-
bances at specific frequencies are amplified at a higher

rate.

ii) The disturbances at specific frequencies grow to a maximum

value of 30% of the rms before beginning to decay.

iii) There appears to be an attenuation of fluctuations in the
neighborhood of x/w=0.
7.6.3 Strouhal No. from the Combined LDA-Flow Visualization
Experiments

A number of experiments were conducted with simultaneous flow
visualization and measurement of jet velocity on the centerline of the
jet. The details of the technique have been presented in Section
3.9.3. The experiments were run in a jet with w=2.57 cm and with wa-
ter as working fluid. The Re range was 1000-3500. LDA velocity meas-
urements were made at one of three locations x/w=0.78, 0.86, and 1.91.

The values of Strouhal number, St were computed from the photo-

F’

graphic records of the flow visualization experiments as described in
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Chapters 5 and 6. The techniques described in this chapter (Sections
7.4 and 7.6) were used to compute StV. Table 4 presents the values of
StV and StF and the ratio of the two. A hyphen in the Stv column in
Table 4 indicates that the autospectrum for that particular case did
not exhibit a dominating peak. (See Section 7.6 for the criterion of
accepting the frequency of a peak in the autospectrum as the passage

frequency of vortex motions.)

Table 4 - StF and Stv from the Combined LDA-Flow Visualization Expert-
ments

% StF

No. X Re Stv St:F EE;
1 0.78 2299 0.79 2.11 2.68
2 2949 0.65 1.97 3.04
3 2964 0.64 1.89 2.94
4 0.86 1027 0.81 1.50 1.84
5 1063 - 1.43 -

6 1074 0.73 1.48 2.02
7 1685 - 1.39 -

8 1697 - 1.38 -
9 1.91 1001 0.47 0.98 2.07
10 1004 - 1.38 -
11 1571 0.54 0.93 1.73
12 1580 0.55 1.05 1.91
13 3389 - 1.24 -
14 3401 - 1.45 -
15 3469 0.50 1.34 2.67

Table 4 shows that the values of StF and StV do not agree for all
values of Re and at each x/w location. The average value of the ratio
StF/Stv for x/w<l, is 2.50 with an rms value equal to 0.54. At
x/w=1.91, the average and rms values of the ratio StF/StV are 2.10 and

0.41, respectively.
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The nomianl factor of 2 in the values of Stg and StV suggest that
the identifiable motions form at approximately twice the rate of the
velocity fluctuations on the centerline of the jet. It was shown in
in Chapter 4 that the foramtion of a bulge marks the beginning of the
process of the formation of a large scale vortex motion. Regarding
the formation of the bulges it was conjectured that a 1localized rise
of pressu;e in the jet caused a bulge to form. Based upon the results

of this section, i.e., St_ = ZStV, and the conjecture related to the

F
formation of bulges, it might be argued that the pressure fluctuations
occur at twice the frequency of the velocity fluctuations. The
validity of this hypothesis will be tested in Section 8.4 using the
model for the pressure fluctuations on the jet centerline which was

developed in Section 2.5; the measured data will be used to evaluate

the parameters in the model.
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STABILITY OF THE SLIT-JETS - INFERENCES, RESULTS AND DISCUSSION

8.1 Introduction

This chapter presents considerations of the the stability of the

slit-jet flow field using the measured velocity data. The details of
the velocity data have been presented in Chapter 7. This chapter is

divided into four sections. Section 8.2 presents inferences on the

stability characteristics of the slit-jet flow field based upon the
power spectrum of u(t) data which have been presented in Section 7.6.
The results of the linearized stability calculations using the mean
velocity profile \_x*(y*) are presented in Section 8.3. Section 8.4
determines the growth of pressure and velocity fluctuations along the
centerline of the jet to test the hypothesis that the formation of

bulges is caused as a result of a cyclic rise and fall of the pressure

in the jet.
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8.2 Inferences from the Autospectra of u(x,y=0,t)

This section presents inferences related to the growth of distur-
bances and formation of large scale vortex motions in the slit-jet
flow field. The autospectra of the velocity data have been used in

drawing these inferences.

8.2.1 Region of "Non-Selective" Growth of Disturbances

The region extending over -lsx/wsx: (where x: is a critical loca-
tion) is considered to be a region of nonselective growth of distur-
bances. This consideration is based upon the observation that,
whereas, G/U0 grows exponentially over -l<x/w<2.4 (see Figure 170),
the autospectra of u(t) over the range -l<x/w<0.5 suggest that the
disturbances at all frequencies grow equally, i.e., no selective
growth of a particular frequency occurs in this range. See Figures
195, 196, and 197. From the limited information available at discrete
X/w locations, it is conjectured that the critical location xz at
which disturbances at specific frequencies begin to grow exponentially

occurs between x/w=0.25 and 0.5.
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8.2.2 Region of "Selective" Growth of Disturbances

Beyond xc/w (the critcal location; see Section 8.2.1) the au-
tospectra of u(t) suggest that the slit-jet flow field begins to act
as a "fine-tuned" amplifier; i.e., the instability mechanism of the
slit-jet flow field allows only the disturbance at a particular fre-
quency to grow. Hence, the region beyond xc/w is considered as the

region of selective growth of disturbances.

*
8.2.3 1Influence of Pairing of Vortices on Stv(x )

It is known from the results of flow visualization experiments
that vortex motions undergo mutual interactions leading to pairing
which results in frequency halving. This process occurs over some
finite spatial domain of the flow field which may be described as a
"region of mutual interaction". The autospectra of u(t) in this re-
gion would exhibit at least two dominant peaks. Figure 198 il-
lustrates the transition of flow field (through pairing), at Re=510,
from Sty=0.71 at x/w=0.9 to Stv=0.37 at x/w=2.12. It is believed that
the autospectra of u(t) at x/w=1.34 lies in the region of mutual in-
teraction. Note that the autospectrum at x/w=1.34 shows fluctuations
at Stv-0.37, 0.76 and also at 0.56 which is the average value of 0.37

and 0.76.
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8.2.4 Quasiperiodicity in an Unexcited jet

A comprehensive examiation of the flow visualization results
(Chapters 4 and 6) and the results of measured velocity (Chapter 7)
indicate the presence of quasiperiodicity in the naturally excited
jets. This results in variations in the estimates ¢f quantities like
Strouhal number and wavelength. Better estimates of the instability

characteristics would seem to require longer duration data records.

8.3 Stability Calculations Using the Lateral Mean Velocity Profiles

In Section 2.4 formulations were developed and a procedure was
outlined to solve the linearized Euler equation of motion for a given
mean velocity profile, G*(y*), as the basic flow state. The analyti-
cal models of the measured mean velocity profile determined in Section
7.3.2.4 were used to perform the stability calculations at two x/w lo-

cations. This section presents the results of these calculations.

It was shown in Section 7.3.1.3 that the mean centerline velo-
sity, \—x(x,y-O), reaches its maximum value Uo nominally at x/w=l,
‘emains constant until x/w=2.4 where it begins to decay. In other
ords, over the domain l<x/w<2.4, a—E(x,y-O) = 0. However, the meas-
red mean velocity profiles, G(x-c,y), at x/w=1 and 2.4 show that
trong changes occur in the flow field over this streamwise distance
T 1.4w. Stability calculations have been carried out at both x/w lo-

tions assuming that the local velocity profile represents a parallel

ad non developing) velocity field.
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8.3.1 Computations at x/w = 1.

Figure 199 presents the plot of eigenvalues for Montgomery velo-
city profile expressed by the ewuation (164) with y0=0.202 and
p=0.068. There are two solutions [Mattingly and Criminale (1971)] for
a symmetric velocity profile. One of these results in symmetric (var-
icose) vortex motions and the other in asymmetric (sinuous) vortex mo-
tions. In this investigation, the former (symmetric) solution is
designated by the letter ‘A’ and the latter (asymmetric) by the letter
'B'. Figure 199 shows both the solutions. For the solution A the
maximum growth rate, -ai-3.535, occurs at w=2.880 (SCI-O,GSA) with
ar-5.081 (A/w=1.237) and phase speed cI—O.822. For the solution B,

the quantities are -a,=3.24, w=3.240 (St1-0.747), ar-6.253 (A/w=1.005)

1

and cI-0.751. Note that CD-O.69 has been used to compute Sl:I and crs

see Section 2.4.

A comparison of the growth rates of the two solutions A and B,
shows that the symmetric solution has a higher growth rate than the
asymmetric solution. In other words, the results of the calculations
predict a symmetric vortex street which 1is observed experimentally

ver the range 270<Re<3500.

Comparing the calculated eigenvalues with the experimentally
etermined values, it is conjectured that the calculated growth rate
ri-3.54 cannot be compared with the experimentally determined growth

te d[ln(G/UO)]/dx*-l,Zlo, because the latter is based upon the growth
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of perturbations at all frequencies. The predicted ScI from both
solutions (A and B) fall within the scatter of Stv(le)‘ Comparing

with the results of flow visualization experiments, the measured and
the predicted values of Strouhal number and wavelength do not agree;
however, the predicted value of the phase speed is of the same order

of magnitude as the measured convection velocity.

Returning to the plot of the eigenvalues in Figure 199, it is
noted tat the two solutions A and B begin to converge at large fre-
quencies, and, beyond w=5 (StI-l.Z) they become identical. This
behavior is attributed to a rather large separation between the two
shear layers (2y0-0.14w) [Koochesfahani (1989)]; at large values of
the disturbance frequency, w, the two shear layers behave indepen-
dently and the two solutions, A and B, converge to the solution of a

single shear layer.

8.3.2 Computations at x/w = 2.4

Figures 200 and 201 exhibit the plots of eigenvalues for
fontgomery and Bickley velocity profiles, respectively. The same data
'ere used to determine the parameters of the two profiles (see Section
.3.2.4.2). Table 5 presents the values of StI and Al/w, computed

rom w and @, respectively, for the maximum growth rate -y
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Table 5 - Eigenvalues at maximum growth rate

Type of Solution A Solution B
Profile

St:I Xl/w -ay CI St:I Al/w ey cr
Montgomery 0.27 3.19 0.88 0.87 0.22 3.01 1.03 0.65
Bickley 0.17 6.23 0.15 1.03 011 :5.22¢ 10.52: 10.57

Both solutions (A and B) of each profile predict very small
values of StI and large values of AI/W as compared with the experimen-
tally determined values. The predicted phase speed for solution A for
both profiles falls within the scatter of the experimentally deter-
mined convection speeds at x/w=2.4. Comparing the predicted growth
rates, ey, for solutions A and B of each profile, the solution B
(asymmetric mode) has a higher growth rate for both profiles. This
suggests that as the flat part of the jet is eroded, the asymmetric
mode tends to become stronger. Even though the observed vortex mo-
tions at x/w=2.4 remain symmetric in nature, the prediction indicates
that this type of velocity profile (one without flat region in the
center) would induce an asymmetric vortex street. The flow visualiza-
tion experiments show that at 1low values of Re (< 400), the jet
develops a sinuous mode beyond x~6w. See Figures 56 and 63. Even
though this observation is compatible with the linear theory predic-

“ion, the basic aspects of the theoretical formulation are violated by

he measured velocity field data.
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The velocity profile at x/w=2.4 should not be expected to
represent the basic flow state for the slit-jet flow field, because,
the experimental results show that the exponential growth of distur-
bances continue only up to X/w=2.4 and the mean velocity on the cen-
terline begins to decrease downstream of this x location. However,
the important conclusion that is drawn from the calculations at x/w=1
and 2.4 is related to the nature of the vortex street: for a top-hat
velocity profile (a developing jet flow) the vortex motions are sym-
metrically placed about the centerline, whereas, for a profile with no
flat part (like a fully developed Bickley profile) the vortex motions
are arranged asymmetrically about the centerline. The results of this
investigation thus confirm the observations made by Husain, et. al.
(1983) and Chambers, et. al. (1985) that for a top-hat velocity pro-
file the symmetric mode has a higher growth rate than the asymmetric

mode .

8.4 Growth of Pressure Fluctuations Along the Jet Centerline

A model was developed in Section 2.5 for the spatial growth of
pressure fluctuations along the ceterline of the jet wusing the un-
steady Euler-s equation. This section presents the predictions of the
model using the results of measured velocity data (Chapter 7) and some
of the quantitative results from the flow visualization data (Chapter

6).

The justification for the use of an inviscid model is based upon:
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The mean velocity profile along the centerline of the jet
(Figure 168) suggests that the shear effects become impor-
tant only beyond x/w=2.4. Hence the unsteady inviscid equa-
tion of motion can be applied near the centerline in the

near-field of the jet exit (i.e., x/w<2.4).

The autospectra of u(x,y=0,t) show that the growth of dis-
*

turbances begins in the neighborhood of x/wzxv In other

words, this location can be modelled as the terminal node of

the pressure and velocity fluctuation waves.

In Chapter 4 it was shown that the formation of large scale
motions begins with the development of bulges over the range
0.5=x/w<1.5. It has been conjectured that the formation of
bulges is caused by a localized rise in pressure. Hence,
the continual formation of bulges at a near constant rate
over some spatial domain suggests that the pressure rises
and falls in a quasi periodic way over space and time. This
justifies the need to develop a model for pressure fluctua-

tions.
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8.4.1 Choice of Parameters and Results

Equation (106), which describes the spatial and temporal varia-

tions in pressure fluctuations pl’( is reproduced as

u w
' o) e CLA 3 - o
Pk(s,t) |: 3 = az] exp( ais) [arcos(ars wt) + uisin(ars wt)]
%x i
2
- ua
- U(s)uaexp(-ais)cos(urs-uC) B exp(-Zais)COSZ(ars-wC) (172)

There are four parameters, @, a, © and u, in this equation. Two of
the parameters, a, and w, can be readily specified from the measured
data. From the values of Stv at x/w=l and 500<Re<3000 (Figure 192),
w=4.4., The spacings )\/w between the vortices were evaluated from the
flow visualization observations. As shown in Figures 147 through 154,
A/w varies with Re. Using A\/w at x/w=l and for two values of Re, 1000
and 3000, the e, values are equal to 10.4 and 18.3, respectively. The
magnitude of the fluctuating velocity u, at origin (s=0; i.e., the
location of the terminal node of velocity and pressure fluctuation)
was estimated from the average of G(SCV-OJ)/UO at x/w=0.5 and over a
wide range of Re, 500-2900. This value was found to be 6.24)(10-4.

The results of the linear stability analysis (see Section 8.3), based
upon the velocity profile G(y)/Uo at x/w=1, predict the most unstable
ode to have a growth rate -ai-3.5A at a Strouhal number St1-0.66.

ince the predicted and the measured values of Strouhal number agree

uite well (Stv-0.7; see Figure 192), -ai-3.5 has been used in the

alculation of pressure fluctuations. Note that based upon the
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distribution of the root mean square values of the measured velocity
fluctuations the average value of the growth rate was found to be

1.24. (See Figure 170.)

Calculations for pressure fluctuations have been performed at lo-
cations w}'\ich cover the x/w range over which the bulge formations have
been observed. (See the space-time plots of vortices in Figures 93
through 97 and in Appendix C.) Three locations that have been used are
s=0.5, 1.0 and 1.5. (Note that s is referenced from the critical lo-
cation, (xc,O), which is based upon the plots of power spectra of
u(x,y=0,t) 1in the near-field. Specifically, xc for most data appears
to be 0.25w downstream of the exit plane.) Figure 202 presents pl’<<t)
and v'(t) for -ai=3.5, ar-].O.Za, w=4.4 and ua=6‘21c><10'1’ at the three
streamwise locations. At all these locations the pressure and the
velocity fluctuations are nominally = radians out of phase and no fre-
quency doubling is observed in pl‘((t). This shows that the first and
the second terms of equation (172) nominally balance one another.
Note that a doubling in the frequency of pressure fluctuations will
occur at larger values of s for the same value of -, However, at
values of s>2 (x/w>2.25), this result will not support the hypothesis
that the bulge formations are caused by a localized rise of pressure
in the jet, because, the formation of the bulges occur over 0.5<x/w<2.
In addition, for these distances from the exit plane, the inviscid
uler-s equation will not be applicable because of the penetration of
he shear effects towards the centerline of the jet. On the other

and, it is also to be noted that a doubling in the frequency in the
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oressure  fluctuations can occur at smaller values of s (<1.5) for a
larger value of the growth rate. However, in this case, the results
predict the intensity of velocity fluctuations to become excessively
large. For example, a value of -ay = 7 leads to a pl’( frequency of
nominally twice that of the velocity fluctuation but the corresponding
velocity magnitude is more than seventy times the measured intensity
at x/w=2.4. Hence, it is apparent that this analytical description of
pressure fluctuations does not provide an explanation for the observed

result presented in ‘Section 7.6.3, namely, S:F xZStVA

8.4.2 Discussion

The simple inviscid model for pressure fluctuations based upon
the unsteady Euler-s equation was evaluated in the previous section
using the measured data. The results show that in the near-field,
where the formation of bulges are observed, the pressure and velocity
fluctuations occur at the same frequency. Since, the observed values
of Sx:F and Stv presented in Section 7.6.3 show that SCF is nominally
equal to ZStV, these inviscid flow results do not support the
hypothesis that the bulges form as a result of a localized rise of the

pressure in the vicinity of the exit plane of the jet.
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CONCLUSIONS AND RECOMMENDATIONS

9.1 Introduction

The conclusions from this investigation and the recommendations

for future work are presented in this chapter. Section 9.2 presents

the conclusions and Section 9.3 outlines the recommendations.

9.2 Conclusions

Flow visualization and the measurement of the longitudinal com-

oonent of velocity u(x,y,t) were used to investigate the instability

h

of the slit-jet flow field. The results of this study sup-
ort the following conclusions. The conclusions have been arranged in
wo subsections. Section 9.2.1 presents the general properties of the
lit-jet flow field and Section 9.2.2 presents the details of its sta-

ility charactersitics.

187




ex

p

th

Ve

fo




188
9.2.1 General Properties of the Slit-Jet

1) The distribution of the mean of the longitudinal velocity,
ﬁ(x*,O)/UO, over -1<x/w<4.65 and over the Re range, 510<Re<2854, shows
excellent agreement with the velocity distribution based upon the
potential flow solution. (See Figure 168.) The measurement shows that
the jet achieves its maximum velocity at approximately x/w=1. The jet
velocity begins to decrease for x/w=3 which indicates that shear ef-
fects have penetrated to the centerline by this nominal x location.

(See Figure 168.)

2) Measurements show that the mean velocity profile,
G(x*-c,y*)/<0>, changes considerably between x/w=1 and 2.4.

2a) At x/w=1.0, the 1lateral distribution of the mean velocity
shows a "top-hat" profile with a flat region over -0.2<y/w<0.2. An
analytical expression suggested by Montgomery was used to fit the
measured profile. From the fitted curve, the half width of the jet,
b/w, was found to be 0.338. (See Figure 181.)

2b) At x/w=2.4, the lateral distribution of the mean velocity
does not exhibit a flat region. The measured profile was fitted with
the Montgomery profile and also with the Bickley profile. The former
appears to fit the data better near the edges, whereas the latter is a
better representation of the data in the center of the jet. Based
spon the fitted Montgomery profile, b/w=0.437, whereas based upon

ickely profile, b/w=0.467. (See Figure 182 and Figure 183.)
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3) The erosion of the flat region of the jet within a streamwise
distance of 1.4w shows the rapidly changing nature of the velocity
profile in the slit-jet flow field. Between x=lw and 2.4w, the rate
of decay of the flat region of the jet is about twice the rate of

growth of the half-width of the jet.

4) The discharge coeffiecient, Cpyo of the slit-jet sharply
decreases with increasing Re, up to Re=800. (See Figure 158.) The
decrease in CD becomes gradual beyond this value; for Re=3000 CD ap-
parently achieves an asymptotic value of 0.68. This value is about
11% larger than the value (0.611) predicted by the inviscid anyalisis.
(See Section 2.2.2.3.) From these observations, it is inferred that
the formation of large scale vortex motions at Re=250 does not influ-

ence the distribution of CD(Re).

The development of the boundary layers on the nozzle plates
auses the speed of the fluid particles along the separating stream-
ines to be smaller than the inviscid speed Uo. These particles with
educed speed can follow a path with a smaller radius of curvature
han that which is computed for an inviscid fluid. This results in a
ider jet with CD>0.611. This effect is more pronounced at lower
alues of Reynolds numbers. The apparent asymptotic approach of CD to
lues larger than 0.611 (see Figure 158) is attributed to geometry
pendent effects. Specifically, the data from jets with with two
fferent slit sizes exhibits this influence for Re>1500. IE: s

njectured that the finite thickness tN of the nozzle plates alters






the path of the entrainment flow in the vicinity of the jet exit.
This would modify the pressure field which in turn, would change the
contraction of the jet. The relevant parameter is tN/w for the chrac-
terization of this physical effect. For Re<1500, based upon the two
observed cases with tN/w=0.5 and 1, the near-field appears to be less
sensitive to this geometry dependent effect. It is not clear whether
or not che: observed behavior is universal, i.e., whether the behavior

would be the same for t:N/w -+ 0.

5) Like the mean velocity profile, the rms velocity profile,
(x*-c,y*)/<U>, also changes considerably between x/w=1 and 2.4.

5a) At x/w=1.0, the rms velocity profile G(y*)/vo goes through a
ninimum in the central part of the jet and maxima near the half-widths
f the jet. Also, the G(y*)/u0 profile shows some dependence on Re.
See Figure 178.)

Sb) At x/w=2.4, the rms velocity G(y")/U, is uniformly distri-
uted across the jet and the profile shows no systematic dependence on

e. (See Figure 180.)

.2.2 Stability Characteristics

1) Based upon the flow visualization experiments, the range of Re
-3500 is subdivided into four regimes:

la) Re<l57. No vortex motions are observed except for the start-
g vortex pair (SVP) which is followed by a bulge or one of its
olved forms, a kink or a foldover. (See Figures 45, 46 and 47.) The

tio of the speeds of the bulge to the SVP, Vb/Vs, remains less than
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1. (See Figure 48.)

1b) 157<Re=<210. Vb/Vs exceeds 1 in this range (see Figure 48)
and this allows the foldovers to pass "into" the SVP. (See Figure
49.) As one foldover merges with the SVP, another bulge forms on the
jet column, i.e., a cyclic process of bulge formation and its merger
with the SVP is established. Small accumulations of dye along the jet
boundary are observed for these conditions. These are termed: "unit
ortices". (See Figure 49.) There is no apparent interaction between
the unit vortices. No large scale vortices were observed in this
range of Reynolds number.

lc) 268<Re<1700. This large range is marked by the repeated for-
nation of large scale vortex motions. (See Figures 56, 57, and 58.)
'hese observances generally confirm the observations reported by BW
ind FK. For Re>930, in some cases unit vortices were observed on the
et column preceding the formation of large scale vortex motions.
hese unit vortices have not been found to play any role in the forma-
ion of the large scale vortices. This is contrary to the hypothesis
f FK that the large scale vortices are formed as a result of an ag-
lomeration of the unit vortices.
1d) 2300<Re<3500. Over this range both the unit vortices and the
rge scale vortices are consistently formed. (See Figures 65 through
.) Because of the limitations of the recording equipment, both the
le of the unit vortices and the formation of large scale vortices
nnot be fully described. However, it is apparent from the photo-
aphic records (see Figures 65 through 68 and Figures 72 through 74),

at the large scale vortex motions are quite diffused almost from
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their inception; probably, the unit vortices become turbulent by the

time they become part of a large scale vortex motion.

Three modes of instability are recognized in the slit jet flow
field [FK]. The appearance of unit vortices over the low Re range,
157-210, and over the range 2300-3500 is caused by the hydordynamic
instability of the free shear layers. The appearance of bulges at low
Re values of 87-210 and the formation of large scale vortex motions
over the range 270-1700 and 2300-3500 are the result of processes that
occur at a large scale due to the second mode of instability. The
reason for the absence of unit vortices in most of the cases in the
range 270-1700 is not clear. It is noteworthy but it has not been in-
corporated into a comprehensive theory, that the first observation of
unit vortices coincides with the ratio Vb/Vs becoming 1 at Re=150.
Contrary to the results of BW and FK, the large scale vortex motions
have been consistently observed in this study up to Re=3500 and their
presence has been inferred from the measured velocity data up to
Re=~6500. (See Figure 188.) In other words, the suggested third mode
f instability (FK) has not been confirmed by the results of this
tudy at least up to a value of Re which is four times the value

eported by BW and FK.

2) The sequence of events leading to the formation of large scale
rtex motions for the range 270=<Re<1700 have been identified. The
rmation of a bulge, which causes an inflection point in the jet

indary has been identified as the first visual manifestation of the
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varicose type jet instability.

It was conjectured that the formation of a bulge resulted from a
localized rise in pressure in the jet. Hence, the cyclic formation of
ulges at a certain rate would imply that the pressure in the jet in
the vicinity of the exit plane fluctuated at the same rate. However,

model for pressure fluctuations in the jet which is based upon the
uler-s equation did not support this conjecture. (See Sectioms 2.5

nd 8.4.)

3) The regular symmetric pattern of the vortex street is some-
imes disrupted. Three different events have been identified as the
ause of disruption. However, the perturbations associated with these
vents have been found to convect downstream and the symmetric pattern

f vortex motions reestablishes itself.

These observations (2-3) parenthetically suggest that the large
ale instability of the slit-jet flow field is absolute in nature,

., once started it sustains itself and is not convected away.

4) The distribution of the rms of the longitudinal component of
- * *

city u(x ,y —0)/U0 exhibits an exponential growth over -lsx*52.4

a growth rate equal to 1.24. No systematic influence of Re has

found on the growth rate over the range 500-2900.

5) The analytical models of the mean velocity profile at x/w=1
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and 2.4 were used to investigate the stability characteristics of the
slit-jet flow field. The theoretical results have been compared with
the experimental results as described below. Note that over the range
lsx/w<2.4, even though %;—_l(x,o)-o the velocity profile G(y) undergoes a
substantial change: the flat part of the jet core is rounded and the
jet becomes wider. (See Figures 181, 182, and 183.)

5a) The results of calculations at x/w=1, show that for a top-hat
velocity profile the growth rate for the symmetric vortex motions
(varicose type instability) is higher than for the asymmetric vortex
motions (sinuous type instability). This result supports the ex-
perimental observations [Husain, et. al. (1983), Chambers, et. al.
(1985) and present] that for a top-hat (developing) type of velocity
profile the vortex motions are symmetrically placed about the jet cen-
terline.

5b) At x/w=2.4, the stability calculations were executed both for
Montgomery profile and Bickley profile. The results for both profiles
predict that for a velocity profile without a significant flat region
the asymmetric disturbances grow faster than the symmetric ones. This
would result in an asymmetric vortex street [Savic(1941) and Mattingly
nd Criminale(1971)] as has been shown experimntally by Husain, et.
1. (1983) for a fully developed, laminar velocity profile in a plane
et.

5¢c) For the top-hat velocity profile, the most unstable distur-
ance has a growth rate -ui-3.5£», the Strouhal number St1-0.66, the

avelength ,\I/w-1.24 and the corresponding phase speed c1-0482.
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6) The Strouhal number has been estimated from the photographic
data base (ScF) and also from the measured velocity data (Stv)

6a) Large variations in the StF(x*) values have been observed in
the near field (0.5w<x<2w). Beyond x=4w, the StF(x*) curves converge
to an average value =0.5. (See Figures 126 through 133.) Several fac-
tors, including the influence of aspect ratio, B/w, vibration caused
y the stépper motor and the influence of background disturbances were
xamined. These factors do not appear to be responsible for the pres-
nce of the observed scatter. However, it is possible that either the
ibration of the nozzle housing at its natural frequency triggered by
he running of the stepper motor or the presence of some unknown fac-
or was responsible for large variations in the values of ScF. Also,
he possibility that the development and growth of large scale motions
s not a well regulated process cannot be ruled out. Regarding this
ncertainity FK made this comment: "Apparently, the physical process
1at controls the spacing of the vortex motions is not ‘rigidly’

termined by the kinematic scales UO and w, although this spacing is

11-defined for a given experiment, as shown by figure 4." of their
per.

For the unpaired large scale motions the variation of Stp with Re
WS some scatter but no systematic dependence on Re. The average

the rms values of ScF over 1000<Re<3500, in a jet with B/w=10.7,
equal to 1.64 and 0.22. (See Figure 134.) At x/w=2.2, the two
les are 0.98 and 0.18. (See Figure 136.)

6b) The variation of Strouhal number Stv with Re, like the

Re) data, shows considerable scatter with little systematic
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dependence on Re. The average and the rms values of Stv at x/w=l are
equal to 0.70 and 0.07, respectively. (See Figure 192.) At =x/w=2.2
the respective values are 0.52 and 0.07. (See Figure 193.)

6c) Values of Strouhal numbers based upon the flow visualization
ata StF, and the measured velocity data Sty, are obviously not equal.

eir ratio, StF/Stv, has been found to be nominally 2. The attempt

o explain this result using the model for pressure fluctuations
ailed. (See Section 8.4.) The parameters of the model were evaluated
rom the measured velocity results. Based upon these parameters, it
ould not be shown that the pressure fluctuations occurred at twice
he frequency of the velocity fluctuations.

6d) The Strouhal number StI computed from the linearized, invis-
id equation of motion compares quite well with the Stv values at

/w=1.

*
7) The convection velocity u, distributions show a small scatter
*
compared with the StF(x ) distributions and very little dependence
Re. The vortices appear to accelerate initially and then

elerate. (See Figures 139 through 146.)

The reasons for the acceleration of the vortices are not clear.
formation of a vena contracta could not be argued to be responsi-
for this effect, because, as shown in Figures 139 through 146, in
cases the vortices accelerate up to x/w=3. (Note that the

~0) approaches UO around x/w=1.)
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*
The measured value of u, at x/w=1 and over the range 1500<Re<3000
compares well with the estimate based upon the stability calculations

executed for the velocity profile at x/w=1l.

* * %

8) Like ScF(x ), the XA (x ) distributions exhibit a relatively

large scatter. This is especially evident at low values of Re (e.g.,
*

up to Re=700). At higher values of Re the distribution of A with x*

becomes nominally linear.

* * :
The increase in A\ (x*) with increasing x is caused by two

factors: the acceelration of the vortices and the pairing of two or

more vortices.

* *
In contrast to the u, values, the values of A at x/w=1 and over
the Re range 1500-3000 do not agree with the estimates based upon the

stability calculations.

.3 Recommendations

The 1list of conclusions presented in Section 9.2 shows that this
udy has raised a number of questions. The following recommendations
> to gain a better understanding of the instability phenomena and

isfy some concerns related to the experimental techniques.

1) The influence of the finite thickness of the nozzle plates on
discharge coefficient (and possibly on the stability of the jets

111) should be investigated.
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2) The boundaries of the suggested regimes of Re need to be
checked using a high speed recording equipment. Also, the reasons for
the nonappearance of unit vortex motions in the Re range 268-1700

should be investigated.

3) The correlation in the first appearance of unit vortices and
b/Vs becoming 1 for Re=150 need to be investigated. The former event
arks the instability of the free shear layer, whereas, the latter is

elieved to indicate the activation of the large scale instability.

4) Combined pressure-velocity measurements in the near-field of

he jet will reveal:

i) the relationship between the formation of bulges and the

peak in the pressure cycle;

ii) the phase relationship between the pressure and the velocity

fluctuations;

iii) the rate of growth of pressure fluctuations as compared with

those of the velocity fluctuations.

5) Lateral surveys of u(t) should be conducted with improved ex-
ental techniques, for example, using a frequency shifting module

1e LDA system to accomodate small flow velocities and flow
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reversals near the edges of the jet. 1In addition, the lateral surveys
should be conducted at a number of x stations over the range 0 < x/w <
4 to investigate the transformation of the jet from a top-hat mean

velocity profile to a rounded one.

6) Theoretical investigations of the instability of the slit-jet

with proper mean velocity profile need to be executed.

7) Velocity surveys along the centerline should be conducted in
he near field to determine the critical boundary (i.e., xc/w loca-
ion) between the proposed regions of non-selective and selective

rowth of disturbances. (See Section 8.2.) Also, check whether this

oundary depends upon Re.

8) Determine the extent of, and, the location of the region of
utual interaction between vortices and check whether there is a Re

ependence .

9) Flow visualization of the slit-jet flow field should be ex-
nded to values of Re>3500 using a high speed camera to determine
ether an upper limit in Re exists beyond which no symmetric vortex
tterns are observed. This would also reveal the role of unit

rtices in the formation of large scale vortex motions.

10) Investigate the instability of the jet under the condition of

ik and strong forcing to determine the sensitivity of the slit-jet
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flow field to extraneous disturbances.
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ure 1. Schematic representation of the two-dimensional slit-jet.
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Z plane
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Figure 3. Schematic representation of a slit-jet issuing from a
finite, channel-like plenum. The boundaries of the plenum and the

trajectories of the separating streamline define the complex plane:
z = (x1 + ix,).
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Figure 4. Schematic representation of a slit-jet issuing from an
infinite plenum.
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¢ plane

Figure 5. Schematic representation of ¢ plane.

¢' plane

~E

Figure 6. Schematic representation of ¢’ plane.
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t-plane

Figure 7. Schematic representation of t plane.

w-plane

Figure 8. Schematic representation of w plane.
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Figure 13. Comparison of the widths of the jets issuing
from a finite (m = 20) and an infinite plenum.
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Figure 14. Schematic representation of the separating streamline
7ith velocity U0 and the limits of integration for flow on the
nozzle plate.
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Figure 15. Definition sketch for the stability analysis. The
flow along the the center streamline between "o" and "n" is
modelled as steady flow.
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Figure 16. Schematic representation of.c}.le gravity driven
state, finite duration liquid flow facility.
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igure 18. Schematic representation of the Filling Device (FD).
: Plastic tube, B: Rubber gasket, C: Styrofoam base, D: String,
: Handle to maneuver the device.
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Figure 19. Schematic representation of the formation of two-
dimensional vortices in the plenum. A: Glass tank, B: Plenum,
C: Two-dimensional vortices, D: Receiver, E: To vacuum tank.

t
Figure 20. Schematic representation of the use of FDBFoNgzzzzﬂ
the formation of vortices in the plenum. A: St;in%. éxperiment-
housing, c: Filling device (FD), D: FD parked during
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Figure 21. Schlieren visualization of vortex formation during
the filling process.
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Figure 22. Schematic representation of the four control volumes
Wi used in flow modelling.
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Figure 23. Schematic repr tion of the time histories of

q (-CDUoAj), Pyn and Av' A step change in the jet velocity

at t=0 is assumed in the analysis.
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gure 24. Flow chart of the "tight wait loop
tor.
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Py () P’

Figure 25. Schematic representation of the time histories of
the cavity preassure, p..., and the rate of flow of air
through the bleed valve, qb.

): Settling time for the decay of filling disturbances.
i Adjustment period P~ pNH(O‘). The DEC a/d

converter begins monitoring the cavity pressure.
au,
: Transient period: e 0.
: Period of the experiment: Pyy Varies linearly
with t as the bleed valve is opened under software
control and the TSI a/d converter acquires data.

: Uncontrolled ending period.
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gure 30. Schematic representation of the arrangement for
librating the Volume Flow Sensor (VFS). A: Glass tank with
quid, B: VFS, C: Vertical traversing mechanism, D: Computer
ntrolled stepper motor, E: Linear variable differential
ansformer (LVDT), F: Tripod with support arm.
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Figure 34. Flow chart for calibrating the VFS.
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Figure 36. Schematic

rep
schlieren flow visual ization.

: From Ar ion laser
: Front surface

Planar mirror

¢ 10X microscope

objective

: Spherical mirror

f=1.5 meter

: Test field
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camera

¢ Ground glass
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: Knife edge with

fine position
adjustments.

ion of the ray diagram for the
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for

Figure 38. Schematic repr tion of the arr
injecting dye on the nozzle plates. A: Stand, B: Bottle with
dye, C: Plastic tubing, D: Header, E: Nozzle plate, F: Jet
of dye spreading on the nozzle plates.
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|
Corner Eddy Je,

Figure 43. Schematic representation of the corner eddies in a
channel-like plenum under steady flow conditioms.
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Figure 59. Schematic representation of the process of vortex
formation in the near-field of the slit-jet flow. Various
features are identified as: A: Formation of vena contracta,

B: Inflexion point in the dye streak, C: Bulge, D: Kink in the
dy: streak, E: Foldover, F: Rollover and G: Fully formed vortex
pair.
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Figure 79. a typical representation of the photographs that
have been digitized. Each vortex pair is marked by a number.
The coalesced pairs are designated by two numbers separated
by a coma as 9,10 in this photograph.
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Figure 80. Schematic representation of the location of the kth
vortex pair in the jth photograph which is at time tj after
the start of the experiment.
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Cases 1 & 3
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Figure 82. Scheme for determining the spacing LIE of the kth
vortex pair with respect to the neighboring vortex pairs: (k-1)
and (k+l). The index j denotes the photograph number at time :J.
The curly bracket indicates the vortex pairs which are used im
determining . The solid line at x_ from the exit plane
indicates the ‘plane of observation.
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Convectlon speed/<U>
=

O

Longitudinal spacing/w

Figure 83. Schematic representation of the technique used to find
*
the overall estimates of A* and u, from the measured
* *
StF and the independent estimates of l1< and L of

each vortex pair. The slope of the line OC is equal to SEF.
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Figure 160. Nondimensional velocity time histories along the

centerline of the jet at Re=509 and w=1.27 cm.
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Figure 161. Nondimensional velocity time histories along the
centerline of the jet at Re=101l and w=2.57 cm.
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Figure 162. Nondimensional velocity time histories along the

centerline of the jet at Re=1021 and w=2.57 cm.
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Figure 163. Nondimensional velocity time histories along the

centerline of the jet at Re=1293 and w=2.57 cm.
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Figure 164. Nondimensional velocity time histories along the
centerline of the jet at Re=1328 and w=2.57 cm.
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Figure 165. Nondimensional velocity time histories along the
centerline of the jet at Re=1527 and w=2.57 cm.
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Figure 166. Nondimensional velocity time histories along the
centerline of the jet at Re=2308 and w=2.57 cm.
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Figure 167. Nondimensional velocity time histories along the

centerline of the jet at Re=2854 and w=2.57 cm.






364

'uo1INqrIISTp £3700T9A PTOSTAUT oY sjussexdex suF| PITos oyl ‘39 eya jo
SUTTI93ULD 2Y3 BUOTE UOTINGTIISTP AITOOTAA UBAW PazIEUION ‘89T 2anf1g

0's o't
L

o'¢

Mm/x

S TR [T
‘uonnjos 30:, [enyuajoq

vS82=3Y
8062=2Y4
L2GT1=9Y
82€1=9Y
£621=3y
1201=3y
T101=2y

60G=3Y

OO0 QD> o X @ <

On/n






Figure 169. Schematic representation of the influence of Re on
the trajectory of the separating streamline. The curve 1-2
represents the path of integration normal to the streamlines.
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Figure 172. Nondimensional velocity time histories

the jet at x/w=1 and Re=1600.
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Figure 173. Nondimensional velocity time histories across

the jet at x/w=2.4 and Re=1600.
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Figure 174. Nondimensional velocity time histories across
the jet at x/w=l and Re=3000.
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Figure 175. Nondimensional velocity time histories across
the jet at x/w=2.4 and Re=3000.






372

*eoeTd uede3 PABY 03 paiiajuy
919Mm STESI2A®I MOTF YOTym 1e ‘(86 0F‘'T)=(m/L‘m/X) :suorjeoo] om3
woxy pue (Q9T7=2Y 3IB S9TI03ISTY awr3 £3ITO078A Jo soydwes '9/1 @in31g

M/<N>1

0S (034 o_m o_N ol 0

L

M gg0- =4 — -

nggo = £ —

000

=X)1

<>/ (VL m






373

‘813y papniour jou a1e edeid 3oo3
STEsIaa91 £370072A a1aym suoyFex syl woiy e3ep oyl oy Jo sanTeA om3
Pue 1=m/x 3e 33 9y3 ssoi1de UOTINQTIISTP £3700T9A ueey /41 eandyg

0'L S0 00 S0= 0=

| ISP, L 1 1 1 1 00

v O i

9 £

o L
S0

. L

v 4 I

% L
vVOovVOY 0 vovov ~0°L

000e=9y v
009T=94 o

On/n






374

‘94 Jo senTea om]l pue [=m/X 3e 319[ 9yl ssoxoe suojlenjonid
K310079A @symweails Jo K3Tsusjuf 8yl Jo uoranqriasid "8/ °andid

s>\x>
0l S0 00 S'0-— 01—
L | 1 | ] 00
v v v =
] i
—1°0
—¢ 0
0008=94 v H
0091=94 o©

On/n






375

*a19y pepniout jou aie aded 3003
STes19a91 K3700T3A @x9ym Suoigal 9yl woij eIEp oYL "oY JO SONTEA OMI
pue 4'z=m/x 3 3a[ 2ya ssoide uoTINQTIISTP AIT00ToA UBS 6/ °InSTd

o'l S0 0’0 S'0— 0l-
L L | 1 1 X | I 00
o 9 o I .
v S0

v V -

o o o |

o 9 -

v

vo o -
G Lot

000€=°Y v I

0091=24 o i

On/n






376

o'l

‘9§ Jo senTeA oml pue 4°z=m/X 3je 33 @yl ssoioe suolzenlonT3
£31007A asTMWER13S Jo A3TSUSIUT 9yl JO UOTINQTIISIQ ‘081 @2an31g

m/L
S0 00 S0- ol

L 1 1 L 1 1 | 00
10

L

v o [

oo - 44 8 . o L
M o o o - 'IN.O

000€=34
0091=34

v
o







377

*ar13oxd KiswoZjuol ay3 Jo siojawered om3

ey3 Burujwialsp UT pepn{oUf jJou a1am sToquks pasoOId UT BIEp VYL
‘elBp painseaw syl o3 pa3l3fy o1FFoad AxswoBjuol ey3 sjussaadex suf
PTIOS 8yl "1=-m/x 3e @11Joad £3700T9A ueaw pazylemioN ‘g1 2and1g

s[yoad LrowoSjuoy —
(mold "a2Y) 0008=24
(mo1d “a2y) 0091=9Y
000€=24
0091=24

O Qe «

0l

Sl

On/n






378

*a1730ad LiswoBjuol ay3 jo siajsuweied omy

°y3 Sujujwialap UT pepnyoul Jou aiaM sToquis paso[d UT elEp BYy]
"BIEp paanseaw 3y3 o3 pallTy a1rjoad LiswoSjuol ay3 sjussaidex aujy
PITOS 3yl "4°'Z=m/x 3e 2771301d A3700ToA ueaw pazyTewioN 'zgl °and1g

m/L

om L m“o o_o m.n_ul (o}

‘a[joad Krswofjuopy — B

(mol1d "A2y) 000e=2Y
(mo1d "A2Y) 009T=24
000€=9Y
0091=2Y4

0O < e «

00

S0

0

On/n






o
~
L)

‘19jswered ay3 Sujujwialep UT PIpPNIOUT Jou a19M SToquUAS pPesoTd UF BlEp
9yl ‘ejep painseaw 8yl o3 pa33TF 9[1Foad KeyoTg 9yl sjussaadex euyl
PITOS ayy '4°Z=m/x 3e a713oad A3100T9A uesw paziTewlioN ‘¢g] °iIndTJg

m/K

On/n

a[yoad Kepiolg
(mo1d "aay¥) 000E=0Y
(mo1d "A23) 009T=0Y
000€=24

0091=2Y4

oqldf

=Gl






380

0921~ °4 pue (0°98°0)=(m/L'n/x) 3®
K3100T2A BSTMWERIIS Jo uoTIouny A3rsusp Tea3dads Iamog ‘48T °InSTJ

(zH) '3
ol 8 9 14 Z 0

S92l =3y —

000

050

GL0

00'1






381

0Y9T=~ o4 pue (0‘1)=(n/L‘n/X) 3@
£370079A 9sTmuea13s Jo uol3ouny K3Tsusp Teizosds zemog ‘¢g1 2Indig

(zH) ™
ol

oo
]
<«
o~

4891 =34 —

Cn o

~






382

*pasn jou sem 907a2p SUTTTTII 9Y3l yoTym

uf 9sed ay3j s93BITPU} JN PUB PIsn Sem 90TAdp SUTTTF Yl YI2Iys uf ased
oyl sjuesaidal J YITM PadIBW 9AIND BYJ ‘SUOTITPUOd JUTTTTJ IULIAIFITP
omy 103 (0'z'2)=(m/K‘m/X) 3e pue 96~y I8 AITOOTIA OSTMWERLIIS Y3
Jo uor3lduny £3rsuep Te13deds xamod ay3 jo uostaedwod y ‘9g 2and1g

(z)

ool o8 0 0¥ oz 00

00

S0

(k4






383

"STFe39p 103 981 9aIn314 295 "SUOJITpuod SUTTTFF IULIaIITP
om3 103 (0‘z'g)=(n/L‘m/X) 3B pue gQOz=oy 3B £370079A osTmwea13s ay3
3o uor3ouny A37suep Tei3oads 1emod 8yl Jo uostiedwod y ‘g7 oindTg

(zH) '3
09 0

oot o8 v o4 o0

(k4






384

‘pasn jou sem 80Tadp SUTTTIF 9yl YoTym ut syoquiks uado syj pue pasn
sem 907aep SUITTTF 9Y3l YOTym UT 9sed oyl Jusseidax sjoquks pesolo oyl
*suoT3Tpuod SUTTTFF IUL18IITP oM 103 (I)Nn U SUOTIEBNIONTJ JUBUTWOP
3o Aouenbaiy sya jo souspuadep oy oyl jo uostiedwod y ‘ggy eandg

2y

‘0005 ‘000¥ “000¢ ‘0002 ‘0001 0

ol

(zH) 3






385

‘sTTe3sp 103 g8 2an31J °9S ‘SUOTITPuod SUITTIF

n_o 3o adouspuadep 8y 9yl Jo uostiedwod y ‘g1 °Indig

Jua18IJTP om3 103

Y
0°000Z 070009 0°000S8 0°000% 0°000¢ 0°0002 0°0001 00
PR V-
LY & kbb AL Y bDD V.|T
'y At
a
A T
T

S0

90

Lo

80

60

s






386

"ST1e39p 103 ggT 9an3Td 995 °"SUOTITPUOD BUTTTIJ IUaIaJIIP om3 103
(3)n 3o A31susjur Jo souspuadep 9y 9yl Jo uostiedwod y ‘06T °Ind1d

24

00002 0°0009 0°000S 0°000% 0°000¢ 00002 0°0001 00

PR 00

LA T

AR T

>
‘n/n

> >
>ed>







o (f)/%

387

0.20+

— Re=2862
0.10
o.oo-/\’\/\/\’\’\/\/\—/\,\/\/\/\,

1 — Re=2325

0.10-/\V\,—’\/"'/’\\\,’\\_’~——\\/ﬁ\,~¥_,——~\_,—\,-__,—
0.00

— Re=1539
0.10
0.00_\/-\/‘/\"’\_/-\,—/‘\/\//\/\\/

— Re=1303
0.104
0.00

— Re=1271
0.104
0.00

— Re=1231

0'10-W
0.00

— Re=1011
O‘m_\/\/\/\w\/\/\

O.00—- — Re=988
0.104

g — Re=509
0.104

0.00 T T T T T T T T o 1

0 1 2, 3 4 5 6 7 8 9 10
Frequency (Hz)

Figure 191. Plots of distribution of normalized intensity of
streamwise velocity fluctuations as a function of frequency at
X/w=-1 and over a wide range of Re.
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Figure 198. Autospectra of u(t) in a jet with w=1.27 cm
and Re=510. Note the transition in the neighborhood of
x/w=1.34 - the "region of mutual interaction" - from
Stv-0.71 at x/w=0.9 to Stv-0.37 at x/w=2.12.
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APPENDIX A

DESIGN OF FLOW FACILITY

A.1 General Requirements and Constraints

An idealized configuration of the experiment to study the stabil-
ity characteristics of a slit-jet would involve an infinitely large
plenum and a constant pressure differential Ap between the plenum and
the receiver. In practice, however, a finite size plenum is either
continuously supplied with the working fluid or some other arrange-
ments are made to sustain a constant flow rate. The resulting pres-
sure differential Ap will, in general, involve a finite level of
fluctuations. The plenum pressure rise Ap can be described as a ﬁum

of Fourier modes as
Ap = Apo + E[ancos(wnt)+bnsin(wnt)] (A.1)

The Fourier coefficients a, and bn’ would be zero for the ideal case.
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In the case of a facility using liquid, like water, the use of a
pump to maintain a constant head in the settling chamber would induce
fluctuations in the flow; i.e., such a prime mover could introduce
disturbances (an, bn)’ that could have significant magnitudes at the
frequencies of interest in the experiment itself. Beavers and Wilson
(1970) report of such disturbances which prevented them from using the
pump. A low disturbance level flow is thus the chief requirement for

a flow which is to be investigated for stability considerations.
Other requirements are:

i) Large aspect ratio, B/w. Beavers and Wilson (1970) [as

reported by Foss (1980)] used 2.94 < B/w < 8.

ii) Variable slit width so that a wide range of Re could be

covered with overlapping Re values.

iii) Provision for carrying out flow visualzation with good

resolution.

iv) Provision of establishing very small flow rate to execute

experiments at low Re values.
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A.2 Proposed Facility and Additional Constraints

Since it 1is easier to execute flow visualization in a facility
which uses liquid as the working medium, it was decided to design and
build a small, general purpose, gravity driven, finite duration liquid
flow facility. A schematic of the facility is shown in Figure 16. It
comprises of a 0.268 cubic meter (71 gallons) glass tank and a clear
plastic insert called "Nozzle Housing (NH)". The NH has an airtight
cover plate. The cover plate supports a bleed valve and has two addi-
tioanl openings: one for monitoring the pressure in the NH and the
other for connecting the cavity to a vacuum line. Figure A.l presents
a schematic representation of the mechanism for actuating the bleed
valve. The tapered valve slide is moved by the screw mounted on the
computer controlled stepper motor. Note that, a variable width
(aspect ratio) slit-jet forms as the bleed valve opens. When the NH
is evacuated the liquid head is raised; a jet can thus be established
with some flow rate, q(t), by pressurizing the cavity. Some addi-

tional requirements arise because of this proposed configuration.

v) Conrol of pressure in the cavity of the NH so that a time

independent flow rate could be established.

vi) Sufficient separation between the exit plne of the jet and

the bottom wall of the tank, i.e., large h/w.







vii) No influence of the channel-like plenum on the flow field,
specifically, due to the proximity of the lateral walls to
the slit-jet, i.e., large H/w. The range of this ratio in
Beavers and Wilson study [as reported by Foss (1980)] was

6.7< H/w < 18.0.
A.3 Design Strategies to Meet the Requirements
A.3.1 Dimensions and Range of Parameters
The glass tank is 120 cm X 30.5 cm in cross section and 73.2 cm
in height. The NH is 45.8 cm X 27.5 cm in cross section and 89.3 cm

high. The sides of the NH are partially open to allow working liquid

discharged by the jet to redistribute in the receiver.

The two nozzle plates are 27.5 cm X 21.5 cm each. The width =
21.5 cm allows a maximum jet width w = 2.63 cm. Hence . the smallest
value of three geometrical ratios are:

a) Aspect Ratio, B/w = 10.5

b) Proximity Ratio, H/w = 17.7

c)  Height Ratio, h/w = 14.5

From the results of Beavers and Wilson (1970) it is expected that

the smallest B/w = 10.4 would be adequate. The influence of the
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lateral walls on the flow issuing from a channel-like Plenum was in-
vestigated by using the potential flow methods; the results have been
presented in Section 2.2. Based upon these results, it was concluded
that the lateral walls will have a minimal influence on the develop-
ment of the jet if the proximity ratio, H/w, is greater than 12.3.
Regarding the influnce of closeness of the bottom wall, an a
posterior£ check shows no adverse effects on the development of the

jet.

A.3.2 Control of Flow Rate

A constant flow rate, i.e., a time independent jet velocity is
established by pressurizing the air cavity in the NH at a controlled
rate such that Apk(t) remains constant. The bleed valve in the cover
plate is opened under computer control to allow the ambient air to
enter the cavity and thus cause the desired pressurization. This ar-
rangement has produced satisfactory results. The modelling of the

flow through the bleed valve is presented in Section 3.3.

A.3.3 Control of Disturbance Level

For the present configuration the disturbances can be induced in

the flow from two sources:

i) During the filling process when the liquid head is raised in

the cavity.
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ii) During the execution of the experiment as the bleed valve is

actuated by the stepper motor.

The disturbance due to the first source can be effectively con-
trolled by allowing enough settling time after the filling of the NH.
In the 1limit, the disturbance level would approach zero as the set-
tling time becomes infinitely large. Regarding the second source of
disturbance, i.e., the stepper motor which is mounted on the underside
of the cover plate, no adverse effect of the continually increasing
speed of the stepper has been found. In the case of a problem, a
separate structure for supporting the stepper motor would have al-

leviated the problem.







APPENDIX B

SELECTION OF A REGRESSION MODEL FOR EI(T) DATA

B.1 Introduction

The voltage, EI(t), corresponding to the inverted cup pressure
time history, pI(t), of the volume flow sensor (VFS) 1is expected to
exhibit a 1linear time dependence. See Section 3.2.1 for the details
of the VFS. The purpose of this appendix is to show that a linear
model is adequate to describe the variation of pI(t) in the NH. A
computer program was developed to check which order polynomial would
best describe the EI(t) data in the least square sense. In other

words, for the pth order model

P
n =B, +i§lﬂiti (B.1)

determine the value of p that will minimize the error

_ - T = —_
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where EI is the columnar matrix of the measured EI(t) data, 7 is the
columnar matrix of the estimate of EI(\:), and the superscript T indi-

cates the transpose of the matrix (EI -m.

The method described in Section 6.2 of Beck and Arnold (1977) was
followed: the parameters B and the residual sum of squares, R, for p
and (p-1) parameters for P=2,3,4,... are calculated. Using Theorem

6.2.4 of Beck and Arnold (1977), F test is performed on the statistic:

p-l p (8.3)

where Rp is the residual sum of squares with P parameters and
d.f.=(n-p) is the degree of freedom, n being the length of the data
array EI(t). The hypthesis to be tested is ﬂ;-O. The ratio expressed
in equation (B.3) is compared with Fl_a(l,d.fA) to check whether or

not the hypothesis can be accepted at a % level of significance.

B.2 Example

The technique described in Section B.l is applied to the EI(t)
data from an experimental run at Re=1084. Figure B.l presents a plot
of the three signals recorded during the experiment; the sampling
rate was 50 words/sec. The curve marked VALl4 represents the voltage
ENH(C) corresponding to the pressure pNH(t) and the curve marked VALS
represents the voltage EI(C) corresponding to the pressure pI(t). The
curve marked LDV represents the output of the comparator circuit,

C(t), (see Section 3.9) which marks the beginning and the end of the






times during which the jet velocity, u(t), was measured. In order to
be consistent in using u(t) along with the spatially averaged velocity
<U> of the jet, only that portion of the EI(t) data were used in
determining <U> which fell within the vertical 1lines of the C(t)

curve. Table B.l presents the results of calculations.

Table B.1 - Sum of squares and F ratio

P d.f. R(ﬁLS) Mean Square AR F
2 2

(n-p) (s"R/4.£) (R )-R) (AR/s*)
1 700 22.045 3.149 E-2 - -
2 699 4.4703 E-2 6.395 E-5 3.143 E-2 491 .44
3 698 4.4515 E-2 6.378 E-5 1.777 E-7 2.786 E-3
4 697 4.4494 E-2 6.384 E-5 -6.041 E-8 -9.464 E-4
5 696 4.4467 E-2 6.389 E-5 -5.328 E-8 -8.339 E-4

The ratio F = é%, in the last column of Table B.1l is compared
s
with F0 95(1,77-p) which is between 3.92 and 3.84 for (n-p)=700. The

value of F for p=2 is much greater than 3.92 indicating that the
second term in the model is needed; however, for p=3, the wvalue of F
is much smaller than 3.92 indicating that the hypothesis is accepted
at 5% level of significance and that a third term in the model is not
needed. Figure B.2 shows the voltage corresponding to the pI(t) data,
a fitted straight line and the corresponding residual. The residual
is about 8mV (or 6 least significant bits of the IFA200 A/D con-
verter). Hence, apart from the transients in the beginning and end of

the run, the head hNH(t) in the NH follows the model requirement

(Section 3.3) and falls linearly yielding a constant velocity jet.






APPENDIX C

‘DETAILS OF EXPERIMENTAL RUNS AND SPACE-TIME PLOTS.

C.1 1Introduction

This appendix presents in tabular form the details of all the
flow visualisation experiments that were conducted during the course
of this investigation. In addition it also presents the remainder of
the space-time plots. The name under which the data file for a given
run 1is stored 1is included in the table and is also indicated on the

corresponding space-time plot.

C.2 Details of Experimental Runs

The details of experimental runs are presented in Table C.1. The
information includes: file name, the Reynolds number of the jet, the
width, w, of the jet in cm., the width, w,, of the side bleed ports,
the working liquid and whether or not the filling device was wused.
The Reynolds number is based upon the time mean of the spatially

averaged velocity, <U>, of the jet. In all the experiments in which
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bleed ports were open the width W, was same on the two sides, except
for three experiments in which the width of the two side bleed ports
were set differently. 1In the experiments whose file name begins with
the letter U, the jet velocity, u(x=c,y=0,t), was acquired wusing a

laser Doppler anemometer together with the flow visualization records.

Table C.1 - Details of Experimental Runs

No. File Name Re w (cm) Wy (cm) Work. Liq. Fill. Dev.
1 RO12A 86.3 1.99 0.32 Water-Sugar Not Used
2 RO15A 104.9 1.99 0.32 " "
3 R0O20B 128.7 1.99 0.32 " "
4 R022A 156.7 1.99 0.32 " "
5 R020C 208.4 2.63 0.0 " "
6 RO40G 268.8 1.99 0.0 " "
7 RO4OF 269.0 1.99 0.0 " "
8 RO40A 275.7 1.99 0.32 " n
9 RO40D 276.8 1.51 0.0 " "
10 RO40B 279.9 1.51 0.25 " "
11 R0O401 285.4 2.63 0.0 » "
12 R0O60T 361.1 2.63 0.0 " "
13 RO60H 372.6 2.63 0.0 " "
14 RO90P 395.5 1.40 0.62 Water "
15 RO60E 406.8 1.51 0.56 Water-Sugar "
16 R0O60G 407.7 2.63 0.0 " "
17 RO60B 411.7 1.51 0.25 " "
18 RO60D 421.2 1.51 0.0 " "
19 RO60A 422.8 1.99 0.32 " "
20 RO60F 425.6 1.99 0.0 " "
21 RO90OV 509.5 1.40 0.62 Water "
22 RO90U 525.4 1.40 0.62 " "
23 RO90R 640.0 1.40 0.62 " "
24 R0O90S 640.0 1.40 0.62 i "
25 RO90T 640.0 1.40 0.62 " "
26 R100C 678.7 1.99 0.32 Water-Sugar "
27 R100G 696.2 2.63 0.0 " "
28 R100D 697.5 1.99 0.0 " "
29 R180E 930.2 1.40 0.62 Water "
30 R100H 980.1 2.63 0.0 Water-Sugar "
31 U090A000 1001.3 2.57 0.0 Water Used
32 U090A001 1004.3 2.57 0.0 " "
33 1V090C002 1026.7 2.57 0.0 " "
34 R180D 1043.5 1.40 0.62 " Not Used
35 U090C000 1063.1 2.57 0.0 " Used
36 U090Cc001 1073.7 2.57 0.0 " "
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Table C.1 (cont’d.).

37 R180B 1268.8 1.40 0.3,0.9 " Not Used
38 R180C 1256.8 1.40 0.3,0.9 " "
39 R180A 1272.0 1.40 0.3,0.9 " "
40 U150K001 1571.4  2.57 0.0 " Used
41 U150K000 1579.7 2.57 0.0 " "
42 U150L000 1685.3 2.57 0.0 " "
43 U150L001 1697.2 2.57 0.0 " "
44 U220C000 2298.8 2.57 0.0 " "
45 U3001001 2949.4  2.57 0.0 " "
46 U3001002 2964.2 2.57 0.0 " "
47 U300G002 3389.4 2.57 0.0 " "
48 U300G001 3400.7 2.57 0.0 " "
49 U300G000 3469.1 2.57 0.0 " "

C.3 Space-Time Plots

Six of the space-time plots have been presented in the main body
of the thesis and the remainder are presented here. Note that for the |
first four cases (Re < 268) no space-time plots have been prepared, |
because, no large scale vortex motions were observed at these Re

values.
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Figure A.l. Details of the mechanism for actuating the bleed valve.
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