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NOMENCLATURE

A = cross-sectional area of gas flowfield

C = drag coefficient

d = orifice diameter

D = droplet diameter

D = mass median dropsize

D" = mass median dropsize when VgM = V.

D = mass median dropsize when V = 0
_° £
D? = mass median dropsize produced by secondary atomization process

F = drag force

F^ = drag force for infinitely spaced droplets

L = gas acceleration ramp length

L = distance from injector to diffuser or gas acceleration ramp

Re = Reynolds number

5 = droplet spacing

T = gas temperature
o

TT = liquid temperature
Li

V = drop velocity

V = gas velocity
O

V = initial gas velocity
go

V = maximum gas velocity
%

V, = liquid gas velocity

w = mass flowrate

w = gas flowrate
o

w. = liquid flowrate

X = axial distance or droplet spacing

a = flowrate ratio, w./w , or drag ratio, F/F^

6 = separation ratio, X/D

AV = gas-to-liquid relative velocity, V - V.
gMp = gas density

o

PT = liquid density
L

IX



1.0 SUMMARY

This report contains the results of an experimental cold-flow study of the ef-
fects of an accelerating gaseous flowfield on the atomization of a liquid
spray. The objective was to quantify the influence on droplet breakup of
several geometric and dynamic parameters of the liquid spray and gas flowfield;
specifically, the injector orifice diameter and injection velocity, the liquid-
to-gas mass flux ratio, the length over which the gas underwent acceleration,
and the change in the gas velocity over this length. The ranges of these pa-
rameters used in the tests corresponded with typical rocket engine combustion
conditions. Like-doublet, impinging-jet injector elements were used exclus-
ively. Molten was was employed as the liquid, and the gas was heated, ambient
pressure nitrogen.

The results of this study have demonstrated that a substantial amount of second-
ary atomization may be sustained after a spray has been formed as a result of
accelerating the combustion gas which carries the droplets. Reductions in the
mass median dropsize by a factor of 2 or more were observed at even moderate
gas velocities (less than, for example, 200 ft/sec). The parametric changes
that contributed most to the amount of secondary atomization were changes in the
maximum gas velocity, VgM, and in the liquid orifice diameter, d, and injection
velocity, V..

Empirical correlations, in terms of these three parameters, which provide good
agreement with the measured mass median dropsizes, D~ , were found to be*:

D,, = D ,-3 K- AV AV
1 - 1.77x10 " D ~ exp (-0.24 £-c V, V.

AV

over the range -15^— 1 1.25 and
L

D,, = D

for SO- > 1.25
L

where

1 - 1.52xlO"3 D

- V.

and

D =
C

d in inches, VT and V_ in ft/sec, D0 and D in microns
L g L C



As with most empirical formulations, the above equations should not be used
outside their range of applicability. In this case, the above formulations
should be used only when 140 < D" < 360u which covers the range of orifice
diameters and liquid velocities examined. The rate of acceleration should be
limited to a range of from 2.5 to 400 ft/sec-in., with a maximum gas velocity
of 1000 ft/sec. Even with these limits, the correlations should cover most
rocket engine conditions.

The fact that the gas is accelerating is not explicity included in the corre-
lations. However, its effect was implicit in the data used to obtain the
correlations in that the liquid droplets were also accelerated. Thus, the
measured dropsizes reflect the effects of the actual gas-to-droplet velocity dif-
ference, even though the liquid injection velocity is used in the correlations.

The length over which the spray was exposed to the accelerating gas flow
found to have a small effect on the resulting dropsize and is, therefore, not
included in the correlation. No effect of the spray density, i.e., the
liquid-to-gas mass flux ratio, was observed.

The dropsize distributions were also examined as part of this study. Without
exception, the distributions tended to become more nearly monodisperse as the
gas velocity was increased. No single distribution function could be found
which would fit all of the data; however, the Rosin-Rammler normalized distri-
bution function given by:

.. 2.46 (D/D)
TTxl.46

d(D/D) (1.21)2.46
exp (D/D)

2̂.46

1.61

agreed quite well with the experimental data and, in particular, with the large
dropsize portion of the distribution. In the above, w/wTQT_is the cumulative
mass fraction of drops having diameter smaller than D, and D is the mass median
dropsize.



2.0 INTRODUCTION

Combustion in liquid propellant rocket engines is frequently vaporization-rate
limited. As a consequence, calculated droplet vaporization rates are used as
the foundation of the analytical combustion models which provide combustion
efficiencies and axial gas velocity profiles (Ref. 1 and 2). Generally, the
results obtained from these analytical tools are in good agreement with exper-
mental observations. However, with relatively large propellant dropsizes and/
or low chamber contraction ratios, the combustion models frequently underpre-
dict combustion efficiencies(Ref. 3). This is thought to be the result of the
influence of the combustion gas velocity on atomization, an effect which is,
at present, not incorporated at all in most existing combustion models.

Although adequate quantitative definitions of droplet size under rocket engine
conditions have not been made, present technology has been used as a qualitative
guide for design of chamber geometries to improve combustion performance. One
such study was conducted wherein the effect of contraction ratio on performance
was evaluated for the propellant combination of OF-/B-H, (Ref. 4). The analy-
tically determined performance trends were verified by hot-firing tests. The
magnitude of the c* performance increase (about 11 percent) was correctly fore-
cast by the combustion model using combustion gas velocity changes caused by con-
traction ratio changes. The success of these efforts indicates the significance
of the combustion gas velocity as a factor in propellant spray atomization.

The combustion chamber gas velocity can influence atomization of the liquid
propellants in two distinct ways: (1) by gas/liquid shear on the jets, sheets,
and ligaments, the gas velocity can affect the initial spray formation, (i.e.,
primary atomization); and (2) after this initial period of spray formation,
the gas can cause further atomization by acting on and shattering the droplets
in the liquid spray (secondary atomization). Both of these atomization pro-
cesses have been studied, in some degree, by previous investigators (Ref. 5
through 8). However, these studies have dealt primarily with single droplets
and/or a constant velocity gas flow. To the author's knowledge, no data
existed to describe atomization when a liquid spray is exposed to an accelerat-
ing gas, a condition which more closely approximates the environment of the
combustion chamber.

To fill this technical gap, a cold-flow experimental study was initiated to
(1) delineate, from among several gas and liquid parameters, those which con-
tribute more significantly to droplet breakup, and (2) quantitatively evaluate
the extent of droplet breakup caused by changes in these parameters. The com-
bustion chamber parameters that were experimentally simulated in this study
were the combustion gas velocity profile, chamber length, spray density, in-
jector orifice diameters, and injection velocity. Both the primary and second-
ary atomization processes were examined. Contained herein are the results of
the secondary atomization study. A companion report (Ref. 9) contains the re-
sults of the study of primary atomization in an accelerating flowfield.
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3.0 EXPERIMENTAL APPARATUS

DESCRIPTION OF TEST APPARATUS

The apparatus used to perform the experiments, shown schematically in Fig. 1,
consisted of two basic components: a test section and a subsonic diffuser.
A photograph of the apparatus is presented in Fig. 2.

Basically, the test section was a 10- by 10-inch cross section by 43-inch long
"box" which housed the two-phase flow during the atomization process. Gaseous
nitrogen was brought into the test section at the far upstream end, passed
through a porous plate "flow straightener," flowed axially through the test
section, and exhausted through the subsonic diffuser. Liquid wax was brought
into the test section through a cylindrical tube located along the axis of the
test section. Liquid was injected to flow axially with the gas through a like-
doublet element located on the downstream end of the tube. The tube was move-
able, which enabled the injector to be positioned at any location between the
downstream end of the test section and a point 32 inches upstream.

To maintain the wax in a molten state, the supply tube and the injector were
jacketed and heated by a 240 F oil flow. The nitrogen was also heated to a
temperature above the melting point of the wax (>140 F) to prevent the possi-
bility of wax solidification within the test section.

Acceleration of the two-phase flow was achieved by means of ramps bolted to the
sides of the test section. Four pair of ramps, having axial lengths of 2, 4,
8, and 16 inches, were utilized. The height of all of the ramps was 4 inches,
thus providing a 5 to 1 contraction ratio (10- by 10-inch to 10- by 2-inch
cross section). Test section area variation through the flow acceleration zone
was linear with axial distance. A photograph showing the 2-inch-long ramps
mounted in the test section is presented in Fig. 3. The injector element is
also visible in the photo. The ramps can be removed from the test section for
constant gas velocity tests.

The second basic component of the test apparatus was the subsonic diffuser.
The purpose of the diffuser was to rapidly and efficiently reduce the gas vel-
ocity, and hence the droplet drag forces, to prevent (or at least to minimize)
any additional atomization downstream of the test section.

A vacuum system was installed at the inlet to the diffuser (Fig. 1) to exhaust
the boundary layer and prevent the buildup of an adverse pressure gradient
that could cause separation. With the vacuum system activated, the gas veloc-
ity profile within the diffuser was measured and found to agree with one-
dimensional gas dynamic theory, as shown in Fig. 4, for all gas flowrates used
in the experiments. Without the boundary layer suction, diffuser stall (i.e.,
flow separation) occurred at the 8 Ib/sec flowrate. To prevent this situation
from occurring during an atomization test, the boundary layer suction was em-
ployed in all experiments.

A cold-gas injection system was also installed near the inlet to the diffuser.
The intent was to mix cold («20 F) GN_ with the hot (%150 F) two-phase mixture
to reduce the bulk temperature of the gas and hasten solidification of the wax.
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It was found, in the checkout tests, that this procedure had no effect on the
measured dropsizes. However, it was beneficial in that it helped to reduce
accumulation of wax on the diffuser walls and, therefore, its use was continued,

After deceleration in the diffuser, the two-phase flow was exhausted into the
atmosphere just above an 18- by 50-foot collection table, as shown in Fig. 5.
An overhead water spray was directed downward to force the wax droplets toward
the table. The table was also water flushed to prevent the wax from adhering
to the collection table. The wax particles were washed from the table into a
catch basin where they were scooped from the surface of the water and placed
in a plastic bag for storage until a sample could be taken for analysis.

INJECTOR CHARACTERISTICS

A total of 5 like-doublet injectors was used in the program. These injectors
had orifice diameters ranging from 0.055 to 0.162 inches and length-to-diameter
ratios of about 8. The inlets to the orifices were rounded to a radius of 1.5
diameters. The injector ensemble actually consisted of three pieces, 2 extern-
ally threaded orifice plugs, and a 2- by 4- by 3-inch long manifold block which
was common to all injector assemblies. The injector assembly is shown in
Fig. 6. The distance from the orifice exit to the impingement point was 5 ori-
fice diameters with an included angle of 60 degrees for all injector assemblies.

To assess the effects^ of the gas flow on the atomization process, the "charac-
teristic" dropsize, Do, of the injector was first determined. It is defined
as the dropsize produced by the injector, at a given liquid velocity, in a
static environment, i.e., no gas flow. This dropsize can be determined from
the empirical relation (Ref. 10):

Drt = 15.9X10
4 d0-58/V, (1)

LJ

where d is the orifice diameter (in inches) and V. the injection velocity
(in ft/sec).

A series of tests was performed to verify that this function would correctly
predict the mass median dropsize. The results of these tests for three of the
injectors are shown in Table I. As shown there, the measured and calculated
dropsizes agree quite well. The remaining two injectors, having 0.073- and
0.124-inch diameters, were not checked but they should behave in accordance
with Eq. 1.

10
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TABLE I. SUMMARY OF INJECTOR CHECKOUT TESTS

d,
inch

0.055

0.094

0.162

V
ft/sec

80
120
160
200

44
109
142
195
250
295

95
145
165

D0(10
Measured

332
240
190
150

555
365
290
197
167
135

575
405
315

D0GO
Calculated

349
254
191
152

530
374
292
209
163
139

590
387
340

13
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4.0 EXPERIMENTAL TECHNIQUE

The experimental technique employed in this study was to inject molten wax in
a gaseous flowfield and then, by collecting the spray, to determine, through a
sieving process, the dropsize distribution and, from this, the mass median
dropsize. This sieving technique and the method of evaluating the mean drop-
size are discussed in Appendix A. Prior to the initiation of the main experi-
mental effort, a series of checkout experiments was performed to delineate the
effects of this technique on the experimental results.

Since the wax was injected into, a confined area, some impingement of wax drop-
lets on the walls of the test section was unavoidable. To be certain that the
results were unaffected by this wax/wall impingement, several tests were per-
formed in which the degree of potential spray impingement on the wall was
varied by changing the axial position of the injector. The test conditions
and results of two of these tests, labeled Cl and C2, are shown in Table II.
The distance, Lp, corresponds to the distance measured from the injector to the
inlet of the dirfuser (see insert in Table II). Posttest measurements of the
wax attached to the walls indicated that about 10 percent of the total amount
of wax injected impinged with the wall when Lp was 10.5 inches, as compared to
30 percent when Lp was 32.5 inches. However, this produced a very small dif-
ference in the mass median dropsize, as shown in Table II. In addition, very
similar dropsize distributions were obtained, as shown in Fig.7- Since the
30-percent figure exceeded the amount of wax/wall impingement sustained in the
subsequent atomization tests, it was concluded that confining the spray within
the test section would not significantly affect the results.

At high gas velocities, boundary layer suction was necessary to prevent a stall
condition within the diffuser. It was conceivable that the smaller droplets in
the spray could be exhausted with the gas removed from the diffuser. However,
examination of the boundary layer exhaust ducting revealed only minimal wax
deposits. Furthermore, an examination of the median dropsizes obtained both
with and without boundary layer exhaust revealed no change as can be seen by
comparing the results of tests C-5 and C-3 shown in Table II. It was concluded,
therefore, that this part of the experimental technique also had no effect on
the results.

To enhance droplet solidification downstream of the test section, cold gas was
injected into the diffuser. If the median dropsize were found to increase as
a result of this process, it would imply that additional atomization was occur-
ring in the diffuser and that it was prevented by rapidly freezing the droplets.
However, tests conducted both with and without cold-gas injection revealed that
this process had little effect on the measured median dropsize. This is seen
from a comparison of the results of test C-4 (Table II), where no gas was in-
jected, and test C-3, where 1 Ib/sec of 20 F gas was injected into a 2 Ib/sec
effluent from the test section. It was noted however, that the cold-gas in-
jection did reduce wax accumulation on the walls. Hence, it was retained for
this latter purpose.

15
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The question of where the atomization was occurring was a serious one that would
affect the conclusions drawn from this study. It was possible that any second-
ary atomization observed could have occurred either prior to the acceleration
section or downstream of it in the diffuser. To ensure that the bulk of the
secondary atomization was not occurring upstream of the accelerating section,
several tests were performed under similar liquid injection conditions. In
one test, No. C-5 in Table III, the gas flow was zero, and a median dropsize
of 365 microns, which agreed with Eq. 1, was measured. Then the gas velocity
was increased to 41 ft/sec and held constant, i.e., with the ramps removed.
This produced a median dropsize of 335 microns (run C-6 in Table III), indicat-
ing that some atomization was occurring because of the gas flow. Finally, with
the ramps installed, a gas flow that yielded a velocity of about 48 ft/sec in
the constant area section and a maximum velocity of 247 ft/sec was established.
In this test, the injector was located 10.5 inches upstream of the beginning of
the ramp. (as can be seen from Table II, this distance should be sufficient
for completion of the primary atomization, i.e., for the spray reach an equil-
ibrium dropsize; longer distances produced no change in the mean dropsize.)
The mass median dropsize obtained in this test was 140 microns (run C-7). Since
the gas velocity in the spray formation region was the same as in run C-6, the
median dropsize at the start of convergence should also be about 335 microns.
It is, therefore, evident that acceleration of the gas from 48 to 247 ft/sec
produced a change in the dropsize from about 335 to 140 microns. Thus, the
bulk of the secondary atomization occurred downstream of the ramp inlet.

A second test (run No. C-8 in Table III), conducted under identical gas and
liquid conditions as run C-7, yielded a median dropsize of 174 microns. These
two runs, plus additional repeat tests throughout the program, established an
experimental error band of ±12 percent on the mass median dropsize for this
experimental technique.

TABLE III. SUMMARY OF CHECKOUT TESTS

Run
No.

C-5
C-6
C-7
C-8
C-9

vg ,

ft/sec

0
41
48
48
222

vg ,

ft/sec

0
41
247
247
222

D,
microns

365
335
140
174
155

VL = 109 ft/sec

d = 0.094 inch

WL = 0.5 Ib/sec

Tt 200 F

18



However, it could not be clearly established that atomization was not occurring
in the diffuser. Therefore, the results may be exhibiting the effects of some
atomization in the diffuser, although the indications are that this is not the
case. For example, as shown by run No. C-9 of Table III, a test conducted at
a constant gas velocity of 222 ft/sec yielded a mass median dropsize similar
to those obtained when the maximum gas velocity, under accelerating flew con-
ditions, was 247 ft/sec. This could happen only if droplet breakup occurred
within very small spatial intervals since the maximum gas velocity is attained
only briefly at the throat of the test section when accelerating ramps are
used.
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5.0 EXPERIMENTAL RESULTS

The experimental study was designed to determine independently the influences
of several injector and gas flow parameters on the atomization of liquid
sprays. The parameters that were examined and the ranges over which they were
varied are listed in Table IV.

TABLE IV. RANGE OF EXPERIMENTAL PARAMETERS

Length of Acceleration Zone, inches

Gas AV (V - V ), ft/sec
^max **o

Orifice Diameter, inch

Liquid Velocity, ft/sec

Liquid-to-Gas Mass Flux Ratio

2, 4, 8, 16

40, 100, 150, 200, 400, 800

0.055

76,
160

0.073

45,
90,
180

0.094

54,
109,
200

0.124

122,
244

0.162

95,
145

0.016, 0.032, 0.064, 0.125, 0.25,
0.33, 0.50, 1.0, 1.25

A total of 94 tests was conducted, of which 25 were with constant gas veloc-
ities through the test section. The test conditions and measured mass median
dropsizes are listed in Tables V (constant gas velocity tests) and VI (accel-
erating flow tests).

Both the mass median dropsizes and the dropsize distributions were examined
as part of this study. The effects of the various design and flow parameters
on these two characteristic spray parameters are presented separately in the
following paragraphs.

MASS MEDIAN DROPSIZE RESULTS

Influence of Distance

The effect of the distance over which the spray was exposed to the accelerat-
ing gas is shown in Fig. 8. These data were obtained with the 0.094-inch
orifice diameter element at a liquid velocity of 109 ft/sec, but are typical
of the results obtained with other elements and/or injection velocities. The
various symbols in the figure represent different gas velocities.

Although there is a consistent trend of decreasing dropsize with increased ramp
length, the total change in the median dropsize between L = 2 and L = 16 inches
is small, on the order of 10 percent for all gas and liquid velocities examined.
Since this percentage change corresponds roughly to the accuracy of the experi-
mental technique, it was not possible to determine whether the change was real
or simply data scatter. In eigher case, the effect of length on the secondary
atomization process can be neglected.
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TABLE V. SUMMARY OF CONSTANT GAS VELOCITY TESTS

d,
inch

0.094

i

0.055

i

0.073

1

0.124

i

0.162

0.162

VL«
ft/sec

109

1

200

200

200

76

76

152

152

152

90

90

180

180

122

122

244

244

145

145

V
Ib/sec

0.50

1

0.92

0.92

0.92

0.125

0.125

0.250

0.250

0.250

0.250

0.250

0.500

0.500

1.00

1.00

2.00

2.00

2.00

2.00

wL/wg

0.060

0.105

0.245

0.062

0.085

0.330

0.500

0.450

0.172

0.114

0.062

0.015

0.125

0.050

0.031

0.125

0.031

0.244

0.062

0.500

0.125

0.125

0.250

1.00

0.250

V
ft/sec

222

117

47

187

112

41

27

58

118

190

49

220

48

120

220

50

220

44

195

44

220

117

233

48

220

T
L'
F

194

194

200

205

210

235

235

220

220

220

210

215

220

220

223

215

220

225

225

225

225

225

225

235

235

Y
F

230

158

150

170

23

225

225

275

157

165

150

230

148

160

220

155

265

135

235

125

225

250

270

148

225

V6 -7

Ib/ff*

0.053

0.059

0.060

0.058

0.075

0.053

0.053

0.059

0.058

0.058

0.059

0.053

0.060

0.069

0.053

0.059

0.050

0.061

0.052

0.062

0.053

0.051

0.050

0.060

0.053

V
microns

374

i

204

204

204

348

248

191

191

191

373

373

199

199

395

395

198

198

387

387

D2,

microns

155

255

287

197

280

335

340

230

200

170

365

148

226

200

150

350

152

216

156

315

190

210

155

325

193
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TABLE VI. SUMMARY OF VARIABLE GAS VELOCITY TESTS

a,
inch

0.094

1

0.073

i

0.124

i

0.162

V
ft/sec

109

i

90

i

122

\

145

WL'
Ib/sec

0.500

1

0.25

1.0

2.0

Vwg
1.
1.
1.
0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

25

25

25

50

050

50

33

33

33

25

25

25

25

25

125

0.125

0.063

0.063

0.063

0.063

0.063

0.125

0.125

0.063

0.50

0.50

0.25

0.25

0.125

1.0

1.0

0.5

0.25

0.25

V
ft/sec

11

10

10

28

25

28

42

37

42

50

48

48

4o

46

90

95

148

145

141

150

ISO

51

47

93

90

92

91

89

47

49

90

97

147

52

52

93

147

147

V
ft/sec

55

50

50

140

125

140

213

177

213

238

247

247

234

234

485

515

1013

991

950

1038

1038

248

240

485

487

500

495

481

240

252

490

526

1000

250

250

480

1000

1000

V -V. ,
*M L

ft/sec

-54

-59

-59

31

16

31

104

68

104

129

138

138

125

125

376

406

904

882

841

929

929

158

150

395

397

410

405

391

118

130

368

404

878

105

105

335

855

855

TL'
F

230

220

225

238

220

225

230

225

225

225

208

230

220

215

225

220

222

220

220

220

220

220

218

220

215

220

220

215

203

200

220

220

225

235

235

235

225

235

g'
F

220

170

220

225

170

224

238

170

240

125

153

165

120

120

142

195

255

240

205

275

275

145

135

163

160

175

170

150

135

165

163

210

245

150

150

150

240

240

P«'3lb/ft3

0.052

0.058

0.052

0.031

0.058

0.051

0.051

0.058

0.051

0.058

0.060

0.060

0.063

0.063

0.065

0.061

0.079

0.080

0.083

0.078

0.078

0.056

0.061

0.063

0.065

0.063

0.063

0.066

0.061

0.059

0.065

0.060

0.079

O.OSS

0.055

0.063

0.055

0.079

L,
inch

2

8

16

2

8

16

2

8

16

2

8

8

16

16

4

8

2

4

8

16

16

2

4

2

4

8

8

16

4

8

4

16

4

8

16

2

8

16

V
microns

374

373

i

395

387

D2.

microns

345

318

310

243

250

208

197

215

185

132

140

174

150

152

135

128

148

150

140

135

115

160

149

119

162

130

155

135

188

160

135

162

152

235

205

140

130

170
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TABLE VI. (Concluded)

d,
inch

0.094

0.05S

0.055

0.073

0.124

1

0.094

0.073

0.073

0.162

0.162

0.162

VL'
ft/sec

200

160

160

180

1

244

] 4

45

45

95

95

95

"l>
Ib/sec

1

0

0

25

0.25

0.50

i

2

i

0

0.250

0.125

0.125

1.15

1.15

1.15

VWg

0.500

0.500

0.250

0.250

0.125

0.125

1.00

0.125

0.125

0.250

0.250

0.125

0.125

0.063

0.063

0.50

0.250

0.250

0.250

0.250

0.250

0.125

0.062

0.032

0.062

0.015

1.15

0.57

0.14

V
ft/sec

50

48

90

84

142

145

28

51

54

51

56

93

91

148

144

91

149

146

147

153

25

46

95

143

51

146

28

55

131

V ,
gM

ft/sec

235

248

485

454

925

987

140

245

275

245

281

480

496

1013

975

492

1025

994

1000

1063

125

234

520

950

245

980

140

280

850

V -V.,
*M L

ft/sec

35

48

285

254

725

787

-60

85

116

65

108

300

316

833

795

248

781

750

754

817

71

180

466

896

200

935

45

185

755

TL'
F

235

215

215

215

230

205

205

220

220

224

215

220

215

225

200

210

225

203

215

205

220

215

220

230

210

212

235

230

230

V
F

125

155

155

115

195

235

145

135

215

144

255

163

170

255

225

165

265

240

245

295

127

123

1-12

200

137

225

155

225

125

V3Ib/ft"5

0.058

0.060

0.065

0.069

0.082

0.080

0.060

0.056

O.OS3

0.056

O.OS1

0.063

0.064

0.079

0.081

0.079

0.078

0.080

0.079

0.076

0.053

0.054

0.065

0.082

0.056

0.080

0.055

0.052

0.089

I,
inch

2

8

4

16

2

4

4

2

2

2.

8

2

8

2

4

8

2

4

8

16

2

2

2

2

2

2

8

2

2

Do'
microns

204

-
191

191

199

1! 8

632

<

627

627

593

593

593

V
microns

150

142

130

113

118

100

192

122

135

150

130

145

107

104

95

116

125

120

116

122

300

150

140

115

150

121

235

149

123
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Influence of Gas Velocity

The effect of the gas velocity on the mass median dropsize is shown in Fig. 9.
For clarity, the data shown are only those obtained with the 0.094-inch-
diameter element at an injection velocity of 109 ft/sec. However, the be-
havior of D2 illustrated by Fig. 9 is characteristic of that observed with all
injector orifice diameter/liquid velocity combinations examined. The results
obtained with both accelerating and constant velocity gas flows are shown in
the figure.

The abscissa in Fig. 9 is the nondimensional velocity (VgM - Vj)/V. where VgM
is the maximum gas velocity in the test section, and VL is the liquid injec-
tion velocity. This function was suggested by Yeo (Ref. 11) as a correlating
parameter (for the mean dropsize obtained when spray fans were inserted into
a constant gas flow), and was found to be the best parameter for correlating
the results of this study. Consequently, the remainder of the results are
presented in terms of this function. It should be noted, however, that in
Fig. 9, VL is constant. Therefore, the variation of D" shown there is a result
of gas velocity changes only.

As shown in Fig. 9, a substantial decrease in the mass median dropsize is ob-
tained as the gas velocity is increased. As a point of reference, the drop-
size obtained at these injector conditions, but at zero gas velocity (AV/V, =
-1 in Fig. 9), is about 374 microns (from Eq. 1). In this example, at a gas
velocity of about 200 ft/sec (AV/VL^2) a 60-percent decrease (from 365 to
150 microns) in the median dropsize was measured. In typical rocket engine
combustion chambers, the gas velocities usually are substantially higher than
200 ft/sec.* Therefore, neglecting this effect could seriously impact a
combustion performance calculation.

The results shown in Fig. 9 are typical of the data obtained with other in-
jector diameters and liquid velocities in that most of the droplet breakup
could be accomplished by maximum gas velocities less than about twice the
liquid velocity, i.e., AV/VL ~ 2. Above this value the dropsize was found to
be a slowly varying function of the gas velocity suggesting the possibility
of a limiting dropsize. This result, which is discussed further in a later
section, is believed to be a twofold effect of: (1) the gas drag on the par-
ticles which accelerate the droplets and tends to decrease the realizable
value of the relative gas-to-droplet velocity, and (2) the fact that increas-
ingly greater gas-to-droplet relative velocities are required to break up the
smaller median dropsize spray generated as secondary atomization proceeds.

The data shown in Fig. 9 also indicate that essentially the same median drop-
size was obtained in the constant gas velocity experiments and in the accele-
rating flow tests if the maximum gas velocity was the same in the two tests.

*As an example, for a propellant combination with a c* of 5000 ft/sec, a cham-
ber velocity of 200 ft/sec would be exceeded for any contraction ratio is less
than 12.
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Since, in the accelerating flow tests, the maximum velocity is attained at the
test section throat for only a very short time duration, the above result can
be achieved only if the breakup time of the droplets is very small. This con-
clusion is consistent with the fact that the length of the gas acceleration
ramps (or, equivalently, the residence time of the droplets in this zone) had
a negligible effect on the median dropsize.

Influence of Orifice Diameter and Injection Velocity

These two injector parameters were not varied independently. Rather, orifice
diameters that were typical of rocket engine doublet-type injectors were
selected and_ the injection velocities were chosen to yield nominal mass median
dropsizes, D~0, of either 200, 400, or 600 microns under static gas conditions
(i.e., Vg = 0). The values of D~o selected were considered to be typical of
rocket propellant D's. These parameters are related by the empirical function
(Ref. 10):

D~ = 15.9xl04 d°-57/V. ( 1 )
O L

which was verified during the experimental checkout of the injectors used in
this study (see Table I ). The significance of this median dropsize is that
it is related to the mass median dropsize of the spray just before it enters
the gas acceleration section, and thus represents an "initial" dropsize.

The constant velocity and accelerating gas flow data obtained with combina-
tions of d and V, yielding nominal D" values of 400, 200, and 600 microns are
presented in Fig. 10 through 12, respectively. Once again, the median drop-
size is plotted as a function of the parameter (V - VT)/VT.

gM
In Fig. 10, the solid line represents the 0.094-inch orifice diameter data
of Fig. 9. It can be seen from Fig. 10 that the data obtained with the var-
ious orifice diameter/injection velocity combinations, all of which correspond
to a DQ value of about 400 microns,_agree quite well with the d = 0.094 inch
and VT = 109 ft/sec data for which D = 374 microns.

L O

Similar results were obtained with combinations of d and V, that yielded D0's
of about 200 microns, as shown in Fig. 11, and 600 microns as shown in Fig.
12. Thus, for constant values of AV/VL, the effect of variations in the in-_
jector parameters can be assessed in terms of the characteristic dropsize, D~ .

As can be inferred from Fig_._ 11 and 12, the secondary dropsize, D2, appears
to vary monotonically with DQ. For exampLe, when Do is decreased from 400 to
200 microns, a corresponding decrease in £>2 i£. observed for all values of
AV/VL, as shown in Fig. 11. Similarly, when_Do is increased, the secondary
dropsize increases. However, for values of Do > 400 microns, the influence of
D appears to be negligible when AV/V. "> 1, as shown in Fig. 12.

Influence of the Liquid-to-Gas Mass Flux Ratio

The final parameter investigated in this study was the liquid-to-gas mass flux
ratio, a. It is defined simply as the ratio of the flowrates, and represents
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an average liquid particle loading in a plane normal to the test section.
This parameter was varied independently of both the gas velocity and D .*

Shown in Fig. 13 are the mass median dropsizes obtained at various values p_f
a. The data obtained at two nominal values of AV/Vj of 1.5 and 3.5 and a Do
of 400 microns are shown. Although a was varied over an 8:1 range, no effect
on the mass median dropsize was observed. _A similar result was obtained when
the characteristic dropsize of the spray, DQ, was 200 microns as shown in
Fig. 14.

For the data shown in Fig. 13 and 14, AV/V^ varied somewhat about the nominal
values. However, as can be seen from Fig. 10 and 11, the variation of D_ is
small over the range of AV/VL in question. For example, in_ Fig. 13, AV/V^
varied from 1 to 2 for the data shown while from Fig. 10, D? changes from
about 160 to 150 microns.

DROPSIZE DISTRIBUTION RESULTS

The dropsize distributions produced by the secondary atomization process were
also experimentally determined. Shown in Fig. 15 are five distributions ob-
tained with the 0.094-inch diameter element at an injection velocity of 109
ft/sec. These data were obtained by varying the maximum gas velocity and show
that the distribution becomes more nearly monodisperse as the gas velocity is
increased, or equivalently, as the mass median dropsize becomes smaller.

This is especially evident when the percentage of mass in any particular drop-
size group is examined. Shown in Fig. 16 is the mass fraction (in percent)
that is contained in dropsize groups of 50-micron intervals for two of the
distributions presented in Fig, 15. With a relatively large median dropsize,
318 microns, only about 10 percent of the mass is found in the 300- to 350-
micron size group which contains the median dropsize. On the other hand, with
the smaller median size of 128 microns, over 40 percent of the mass is con-
tained in the size interval about the median dropsize, 100 to 150 microns.

It is possible that the absence of a large mass percentage of drops in the
smaller size groups is due to either the impingement of the smaller drops with
the test section walls, thereby being lost from the sample, or that they were
being carried off the collection table by the high-velocity gas. However, as
noted previously, the percentage of wax lost from the sample due to wax/wall
impingement was intentionally increased to assess the impact on the distribu-
tion. It was found to have a negligible effect. Also, in a carefully con-
trolled test to determine the amount of mass that was injected versus what was
collected, it was found that about 10 percent of the mass could not be ac-
counted for. Nevertheless, even if all of the droplets that were lost were
in the 0- to 50-micron size group, it would not change the fact that most of
the mass is concentrated in the size group about the mass median. The indi-
cations are, therefore, that the large drops in the spray (say >300 microns)
are breaking up into what are still relatively large droplets of about 100
microns in diameter.

* Independent variation of D0 and the liquid flowrate was achieved by decreas-
ing both d and V^ while maintaining constant D0 according to Eq. 1.
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Figure 13. Influence of Liquid-to-Gas Mass Flux Ratio on the
Mass Median Dropsize; Do = 400 microns
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Similar variations in the dropsize distributions were found when the gas ve-
locity was varied with the other values of D0. Variations in L and/or a at
otherwise constant conditions produced no change in the distribution.

A dropsize distribtuion function which was found to provide a reasonably good
fit to all of the data was the Rosin-Rammler function (Ref. 12) given by:

d(W/V 2.46 (D/D)1-46 /(D/D)2-46\- - - — *• ' J »- -J — — J — 1

dCD/D) (1.21)2'46 •

As shown in Fig. 17, this function agrees well with the normalized dropsize
distribution of the larger median dropsize. It also agrees well with the upper
portion of the distributions for the smaller mass median dropsizes. However,
as the median dropsize decreases, the fit to the lower part of the curve be-
comes progressively worse. In terms of rocket engine application, this portion
of the distribution is probably of lesser importance since the small drops
would be rapidly vaporized in a combustion chamber and removed from the dis-
tribution. Therefore, accounting for the effect at secondary breakup on the
mass median dropsize and using the Rosin-Rammler distribution, this is an ac-
ceptably .valid way to estimate spray for combustion model input.
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6.0 DISCUSSION

Single droplet breakup has been the subject of numerous investigations and
criteria for the droplet breakup times and critical dropsizes have been de-
veloped as a result of these studies. However, in a liquid propellant rocket
engine, dense sprays consisting of many droplets of various sizes are present.
Application of a single droplet breakup criteria to these sprays to determine
the dropsize distribution as the sprays proceed through the combustion chamber
would require a sizeable effort. Even then, the results would be subject to
question since the effects of particle shielding, spray distribution, and par-
ticle acceleration due to drag cannot be accurately taken into account.

Consequently, this study was primarily concerned with experimentally obtaining
the median dropsizes and dropsize distributions that would be produced by the
effects of a gas flow on sprays. These sprays were produced by injector ele-
ments that can be considered typical of rocket engine impinging stream injec-
tors. Accelerating gas flows which were also utilized. Therefore, these data
should be directly applicable to rocket engine performance calculations.

EMPIRICAL CORRELATION OF RESULTS

To present the results in a form that can be readily incorporated into a com-
bustion model computer program for performance calculations, empirical equa-
tions in terms of the basic experimental parameters were developed. The param-
eters that were found to have the largest effect on the median dropsize were
the injector parameters of diameter, d, and velocity, VL, and the maximum gas
velocity experienced by the spray, Vg . Consequently, these were the param-
eters .considered in the correlations. No single function could be determined
that would accurately fit all of the data over the entire range of the param-
eters. Therefore, two functions, one for the low gas velocity regime and a
second for the high gas velocity regime, were developed.

For small gas velocities, the following function was found to provide the best
fit to the data*:

where

D2 - Dc 1 - 1.77xlO"3 D §L
C VL

exp [-0.24 AV

V - V.
_

VL VL

and

D = 2.2xl04d°-375/VT°-
75

C L (4)

_ _

D- and D in microns, V
Z g M

and V. in ft/sec, and d in inches
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In Eq. 2 , AV/VL should be limited to the range-1 <rj— < 1.25. At higher gas
velocities, AV/V > 1.25, the function: L

D = D 1 - 7xlO"5 D (5)

was found to provide a good fit to the data.

In the above, ^2 is, of course, the mass median dropsize of the spray after
the spray_ has been exposed to the gas flow. As can be seen from inspection of
Eq. 2 , D is the mean dropsize obtained at a condition of zero AV.

The solid lines drawn through the data in Fig. 9 through 12 were determined
from the above correlations. As can be seen there, Eq. 2 and 5 provide an
excellent fit to the data.

It was previously noted that_the median dropsize that would be obtained from
the injectors in still air, D , can be expressed by Eq. 1 , i.e.:

D" = 15.9 x 104 d°'57/VTO L

If this function is substituted into Eq. 4 , the dropsize, F , becomes:

D = 8D 0-66 0.09
C O L

Thus, if the small effect of VL in Eq. 6 is neglected, the secondary dropsize,
D?, is seen to be a function of the characteristic dropsize of the injector,
Do, and the nondimensional velocity, AV/V. .

The parameter, AV/Vr , was particularly useful in collapsing the data obtained
at low gas velocities. This is evident if one considers that, as the gas veloc-
ity approaches zero, the dropsize l>2 should approach D0. Hence, Eq. 2 shoul$l
become independent of V^. The parameter AV/V. achieves this since AV/V, — >•-!
when V — *• 0 .

g

The "secondary" dropsize, D2, as determined from the empirical correlations
(Eq. 2_ and 5), is shown in Fig. 18 as a function of the characteristic drop-
size, DQ,_for various values of the parameter AV/VL greater than -1. (For AV/
VL = -1, D2 = DQ independent from the value of VL.) Figure_ 18 thus summarizes
the results of this study. As shown there, the dropsize, D^, decreases as^ the
gas velocity is increased with fixed injector_ parameters, i.e., constant D0 and
V,. It also shows that a limiting value of l>2 is obtained as both D0 and AV/VL
are increased. The effect of VL» independent of its contribution to Do and
AV/VL, is seen (dashed lines in Fig. 18) to be small for low values of
and totally negligible for large values of AV/VL-

As noted previously, the dropsize distributions were found to correlate well
with the normalized distribution function given by:

dW*T) 2.46

d(D/D) (1.21)2-46
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The basic form of this function was suggested by Rosin and Rammler (Ref. 12).

The above distribution, together with the empirical correlations (Eq. 2 and
5 ), are sufficient to completely characterize the dropsize distribution over
the range of experimental parameters examined.

Equations 2 and 5 should not be employed outside of the ranges in which data
were obtained. Specifically, D"0_should be limited to values of from 200 to
about 600 microns. In terms of Dc, which incorporates the range of orifice
diameters and injection velocities examined, the limits should be 140 < Dc<
360. Most rocket engine injectors will have values of these parameters within
the prescribed ranges.

SALIENT FEATURES OF THE RESULTS

The results have demonstrated that, under conditions simulating those of typ-
ical rocket engine combustion chambers, a significant amount of atomization
will occur because of gas velocity effects on the spray. In addition, however,
the results have also shown that: (1) the spray density, defined as the
liquid-to-gas mass flux ratio, did not appear to effect the results over the
range of flowrates examined; (2) the results could be correlated in terms of
the maximum gas velocity achieved by the flow, which suggests that the breakup
times are extremely short; (3) the distance over which the gas is accelerated
had a small effect on the results; and (4) the dropsize obtained with fixed
injector parameters approached a limiting value at large gas velocities.

The liquid-to-gas mass flux ratio, a, was selected as an experimental parameter
because it is a qualitative measure of the spacing of the droplets. It is qual-
itative in the sense that variations in a imply the direction of change in the
droplet spacing even though the absolute spacings of the droplets in the spray
are not known. (For example, an increase in a, representing more liquid for a
given gas flowrate, would imply more closely spaced drops.) An observed effect
of a on the dropsize would then indicate that the forces exerted on the droplets
were being changed because of variations in the droplet spacing. However, since
no effect was observed, it must be concluded that the droplet surface shear
forces are a weak function of droplet spacing in the regime studied.

If it is assumed that: (1) all of the liquid droplets are the same diameter,
(2) they are uniformly distributed throughout the gas flowfield, and (3) their
velocities are equal and are unaffected by the gas, the average spacing of the
droplets can be expressed as:

S Z* Ac PL VL4--v— •
D V 6 w.

L

where A is the cross-section area of the flowfield and PL is the liquid dens-
ity (47.7 Ib/ft3). For the flowrates and velocities examined in this study,
S/D ranged from about 6 to 13 at the throat of the test section (A = 20 in. )c

*This represents a lower limit on the spacing since droplet acceleration would
tend to increase S/D.
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Shown in Fig. 19 is the drag force (relative to infinitely space particles)
as a function of particle spacing that was determined by Rowe (Ref. 13).
Rowe's results tend to support the conclusion made here in that, as shown in
Fig. 19, the drag force was found to be a slowly varying function of particle
spacing when X/D = S/D-1 was greater than about 5.

The observed independence of the results on the particle spacing does not, how-
ever, imply that the results could have been deduced from single droplet breakup
criteria. When the results were compared to single droplet breakup criteria
found in the literature, it was found that the measured dropsizes were larger
than would be predicted from these criteria. For example, using the criteria
developed by Gordon* (Ref. 7), the largest dropsize that would be present in
the spray at a relative gas/liquid velocity of 180 ft/sec would be found to be
about 100 microns. This dropsize is smaller than even the mean dropsize actu-
ally measured for a similar relative velocity. Thus, the fact that the parti-
cles have a finite spacing indicates that there is less droplet breakup occur-
ring than would be obtained if the drops were infinitely spaced apart. This
suggests a shielding effect in which the droplets "protect" each other from the
action of the gas by one droplet following in the wake of another.

This shielding effect would retard droplet breakup by reducing the relative
gas-to-droplet velocity for some fraction of the drops. In essence, there would
then be a relative velocity distribution for drops of a given size. That is,
some drops of 200-micron diameter would be experiencing a force sufficient for
breakup while the remainder would not. The influence of droplet shielding, how-
ever, appears to be relatively constant over the spray densities (i.e., parti-
cle spacings) examined. This is consistent with the suggestion of a relatively
constant drag force (from Fig. 19) over the range of S/D examined, although the
force may be larger than that of infinitely spaced particles.

As noted above, the results also indicate that the breakup time of the droplets
in the spray is much shorter than the residence time in the test section. Two
factors suggest this. First, only a negligibly small effect on dropsize of the
length of the acceleration zone was observed. This result is consistent with
single droplet breakup criteria in terms of at least the order of magnitude of
the breakup time if, perhaps, not the absolute value. For example, with a gas/
liquid relative velocity of 300 ft/sec, the breakup criteria of Gordon (Ref. 7)
would yield a breakup time of about 10 microseconds for any drop exceeding 100
microns in diameter. In comparison, a droplet traveling at 100 ft/sec has a
1700-microseconds residence time in the 2-inch acceleration zone. Thus, even
if the breakup time of droplets in a spray were an order of magnitude longer
than that of a single droplet, the time required for breakup would still be
small compared to the "available" breakup time.

Second, the constant gas velocity and accelerating gas flow tests yielded the
same dropsize when compared on the basis of equal maximum gas velocities. In
the accelerating flow case, the maximum gas velocity exists only instantaneously
at the throat of the test section. If, however, the test section length over

*Gordon's work was selected as a basis of comparison since the criteria allow
the effects of physical properties to be included in the estimation of critical
dropsize, breakup time, etc.
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wnicn v2 lies oetween u.y VgM ana vg.. is determined, it is found that it is
approximately 5 percent of the length of the acceleration zone. Neglecting
droplet acceleration and considering again the 2-inch section, the time for a
droplet traveling 100 ft/sec to traverse the maximum gas velocity "region"
(0.1 inch) would be about 85 microseconds. This time can thus be considered
as an approximate (and probably upper limit) breakup time of droplets in sprays
of similar droplet number density and droplet size to those examined in this
study.

Since the distances, velocities, rates of acceleration, and spray densities in
the dropsize experiments are similar to those encountered in typical rocket
engine combustion chambers, the residence times are also comparable. Thus,
neglecting breakup time under combustion chamber conditions would be a reason-
able assumption.

The empirical correlations presented above do not explicity contain the fact
that the gas was accelerating. However, the gas acceleration effects are im-
plicit in the results since the measured dropsizes are commensurate with the
actual gas/droplet relative velocity, even though the correlations are expressed
in terms of the maximum gas velocity and liquid injection velocity.

Nevertheless, to determine the potential effects of particle drag on the re-
sults, a series of calculations was performed to determine, approximately, the
amount of acceleration the droplets would experience. For these calculations,
the "standard" solid sphere drag law given by:

c -LD ~ Re 1 + (Re)
2/3

(8)

where Re is the Reynold number, was assumed. No correction was made to account
for the effects of particle spacing on the drag although (as shown in Fig. 19)
a somewhat larger drag force would be expected than would be given by Eq. 8 .

The drop velocity, VD, as a function of the distance downstream of the start
of the gas acceleration zone, X, was determined by numerically integrating the
following equation:

d VD 3 CD PL CVe - V V - Vn
-J % (9)

dX " 4 D VD

between the limits 0 < X < L where L is the distance over which the gas under-
goes acceleration. The gas velocity was assumed to be unaffected by the liquid
drops and was determined from one-dimensional gas dynamic theory for a perfect
gas.

Equation 9 was solved for the nominal values of experimental gas flowrates,
i.e., 2, 4, and 8 Ib/sec, through the 5:1 contraction ratio test section.
These flowrates correspond to initial (X = 0) to maximum (X = L) gas veloc-
ities of 50 to 250, 100 to 500 and 150 to 950 ft/sec, respectively. Each of
these maximum gas velocities was achieved over distances, L, of 2, 4, 8, and
16 inches. Therefore, the acceleration of the gas at a constant gas flowrate
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was a function of L. For values of X larger than L, the gas is decelerated
within the diffuser. The gas velocity profiles in the diffuser for the three
flowrates considered in the calculations were previously shown in Fig. 4. The
liquid velocity at X = 0 was taken to be 100 ft/sec for all cases and is
assumed to be the liquid injection velocity.

A typical result is shown in Fig. 20, where the velocities of the gas and of
drops ranging in size from 100 to 1000 microns are shown as functions of X.
This calculation corresponds to an 8 Ib/sec gas flowrate and an acceleration
length, L,of 8 inches. Figure 20 shows that a considerable acceleration of
the drops can occur, thereby producing a droplet velocity substantially differ-
ent from the injection velocity. For example, the maximum gas/liuqid AV based
on the droplet velocity, VQ, is about one-half the AV based on the injection
velocity. Figure 20 also shows the obvious result of greater acceleration of
the smaller droplets.

Figure 21 represents a compilation of all the calculations. It shows the cal-
culated gas-to-droplet velocity difference as a function of the gas-to-injec-
tion velocity difference over the range of acceleration distances considered.
The results are shown for 100- and 300-micron drops. These results should,
of course, be viewed as qualitative since the absolute numbers are critically
dependent on the value of the drag coefficient chosen. (For example, larger
drag coefficients would reduce the realizable value of Vg.. - V^.) Neverthe-
less, the figure illustrates several potential effects or the accelerating gas
flow on the results.

First, at low maximum gas velocities (Vg[. - VL ~ 100 ft/sec), the droplets ex-
perience little acceleration. This result, in conjunction with the assumption
of short breakup time, explains why the constant velocity and accelerating gas
flow tests yielded the same results in the low gas velocity regime where com-
mon data were obtained.

At high gas velocities, it can be seen that considerable acceleration is exper-
ienced by the droplets, i.e., VD » VL- For example, Vg,. - VD is about 540
ft/sec for L = 2 inches, and 400 ft/sec for L = 16 inches, as compared to a
value of VgM - VL of 800 ft/sec. It can also be seen that large increases in
VgM - VL are required to increase VgM - Vp. Thus, part of the reason for the
apparent limiting dropsize (as shown in Fig. 9) is due to a limit on the real-
izable value of the gas-to-droplet relative velocity.

However, a second reason for the apparent limit in dropsize is that as the
dropsize decreases as a result of gas action, increasingly greater values of
AV are required to cause further breakup (Ref. 7). At the same time, as shown
in Fig. 21, the realizable value of AV (i.e., V - Vp) decreases as the drop-
size gets smaller, e.g., the difference between D = 300 microns and D = 100
microns. Thus, in an accelerating flowfield, this tradeoff apparently results
in a lower limit of the mean dropsize.
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APPLICATION OF RESULTS TO COMBUSTION MODELS

The incorporation of the empirical correlations presented above into an exist-
ing combustion model was beyond the scope of the current program. However, it
is recommended that the initial approach to incorporating the effects of the
gas velocity on droplet breakup should be simply an overall correction to the
median dropsize. This would require the least amount of time in terms of
programming and operation.

With this approach, the combustion model would be run twice. First, using
dropsize correlations that yield the median dropsize in a static environment
(e.g., Eq. 1 ) the gas velocity at the entrance to the nozzle is computed.
Then, using this gas velocity, a correction to the median dropsize is obtained
from the above empirical functions. The combustion model computer code is then
run again with the corrected dropsize. The normalized dropsize distribution
would be assumed invariant in accordance with the results obtained here.

A more sophisticated approach would be to correct the dropsize at many inter-
vals throughout the computation. However, this approach is more expensive to
program and run and, unless a comparison of calculated (using the simpler ap-
proach) and measured performance indicates that it may be necessary to do this,
it is not recommended.
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7.0 CONCLUDING REMARKS AND RECOMMENDATIONS

The objective of this study was to examine the secondary atomization of clouds
of droplets under an accelerating gas flow and develop, from the experimental
data, an empirical correlation for the median dropsize in terms of the experi-
mental variables. This objective was achieved.

The experimental parameters and their magnitudes were chosen so as to simulate,
as closely as possible, the dropsizes, spray densities, velocities, chamber
lengths, and rates of acceleration realized in typical rocket engine combus-
tion chambers. The results should, therefore, be directly applicable to com-
bustion model calculations of the performance of such engines.

On the basis of the experimental results, it is concluded that a substantial
amount of spray droplet breakup will occur as a result of gas velocity effects.
Neglecting this additional atomization could result in an underestimation of
the combustion efficiency.

It is further concluded that the parameters that will most affect the result-
ing median dropsize are the injector parameters of orifice diameter and in-
jection velocity and the maximum gas velocity. Little or no effect of the re-
maining two experimental parameters, i.e., the distance over which the gas
acceleration occurred and the liquid-to-gas mass flux ratio, was observed.
This latter conclusion applies only to the range of the parameters studied
here.

In addition, the results indicate that, while an accelerating gas acting on a
cloud of liquid droplets will enhance atomization, the amount of spray droplet
breakup is less than what would be expected from single droplet breakup cri-
teria. Furthermore, the results suggest that the breakup time for droplets in
a spray is small compared to the residence times of droplets in typical combus-
tion chambers. Exposing the drops to an accelerating gas, as opposed to a con-
stant velocity gas flow, appears to result in a limiting dropsize since, be-
cause of droplet acceleration, the high relative gas/liquid velocities required
for additional breakup cannot be attained.

Lastly, it can be concluded that the molten wax technique employed in this
study is a viable experimental technique for the evaluation of droplet breakup
in gaseous flowfields.

The experimental program conducted in this study was exploratory in the sense
that only one injector type was considered and that wide ranges of only a few
experimental parameters were examined. The results have, however, provided in-
formation that is immediately useful in combustion model computer codes,* and,
also, have delineated the important experimental parameters and the ranges of
these parameters in which future studies should be concentrated.

Specifically, the following recommendations for future effort are:

1. Incorporation of the empirical correlations presented here into exist-
ing combustion model computer codes. This would allow a "first step"

See also Ref. 9
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improvement of combustion model performance calculations. The ad-
equacy of the correlations could be judged by a comparison of exist-
ing experimental performance data to that obtained when droplet
breakup is accounted for in the calculated performance.

2. Other injector element types should be examined. Since the droplet
breakup of impinging-stream types, e.g., triplets, pentads, etc.,
will probably be similar to the like doublet studied here, future
effort should be directed mainly toward injector concepts such as
the concentric tube or showerhead.

3. Future experimental studies should also be concentrated in the low
gas velocity regime, i.e., less than 1 to 2 times the liquid velocity.
The results obtained here indicate that this is where most of the
droplet breakup occurs.

4. Additional experiments at both larger and smaller (approaching infin-
itely spaced particles) values of the liquid-to-gas mass flux ratio
would also be of interest. This would provide more information on
the possible influence of droplet shielding on breakup.

5. The effects of both the liquid physical properties and the gas
physical properties should be examined. As a start, this could be
readily achieved through the use of waxes with different viscosities
and with helium/nitrogen mixtures to vary the gas properties.
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APPENDIX A

PARTICLE SAMPLE ANALYSIS

The following procedure was used for the analysis of the wax samples:

1. A 100-gram sample of wax particles was placed in a Buchner funnel and
subjected to suction for removal of water.

2. After the particles had been partly dried by suction, they were placed
on a large tray in a vacuum chamber for a period of at least 48 hours
to ensure that the particles were completely dry.

3. After drying, a random 10-gram sample was selected to be sieved. A
series of 23 standard testing sieves ranging in size from 53 to 2380
microns was used. For any paticular sample, only 12 of the sieves
were used; the particular sieve sizes used depended on the anticipated
size range of the particle sample. The sieves were shaken on a "RO-
TAP" automatic sieve shaker for 30 minutes, during which time the
shaking was stopped every 6 minutes and each sieve struck sharply sev-
eral times to help release any particles which had become wedged in
the sieve screens.

4. After the sieving operation was completed, the mass of particles re-
tained on each sieve was weighed on an electric balance. It was found
that with considerable care in transferring the wax from the sieves
into the weighing pan, a total recovery of 97 to 99 percent of the
mass originally introduced into the sieves was possible. The photo-
graphs shown in Fig. A-l are typical of the uniformity of sizes of the
solid wax particles obtained by the sieving operation.

5. These data were then converted into the total fraction of mass having
a particle size smaller than each of the sieve sizes. An example of
the raw data and converted data is shown in Table A-l. The data shown
in Table A-l are also shown plotted in Fig. A-2.
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Figure A-l. Photographs of Solidified Wax Droplets Using a
0.063-Inch-Diameter Like-Doublet Element
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TABLE A-l. TYPICAL RESULTS FROM SIEVING ANALYSIS*

Sieve Size,
microns

Catch Pan

88

105

125

149

177

210

250

297

354

420

500

590

Mass in Sieve,
grams

0.156

0.139

0.169

0.208

0.667

0.591

1.042

1.201

1.490

1.609

1.138

1.155

0.332

Fraction of
Total Mass

0.0153

0.0141

0.0170

0.0211

0.0674

0.0598

0.1053

0.1214

0.1507

0.1627

0.1150

0.1168

0.0336

Cumulative Fraction of Total
Mass Having Particle Size
Smaller Than Sieve Size

--

0.0153

0.0293

0.0464

0.0674

0.1348

0.1946

0.2999

0.4212

0.5719

0.7346

0.8496

0.9664

*0.063-inch-diameter like-doublet injector with free jet length
of 5 diameters and AP = 100 psi
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