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ABSTRACT

This report presents an analytical method for detsrmining the flow
characteriatics or a two-phase flow of 1i1quid drops in a gas stream as
the rixture expands through an armular converging-diverging nozzle.

The subject analysis can be utiiized to predict the liquid velocity, gas
velocity, atatlc pressure, .l droplet diamster as a function of axial
distance along ths nczzle for 1 two-phass fiow that contains approxd-
mately ten times as much liquid as gas by weight,

The analysis was programred for solution on an RPC L4000 Digital
Computer., Two nozzle configurations were investigated. Roth noszles
hed the same converging argls of 209, throat radius of one inch, inlet
area of 3.287 i{r.®, throat area of 0.267 in.* and exit ar~s of 2.L% {n.%.
One nozcle had a total diverging angle of 7° and the other had a total
diverging angle of 21°.

The liquid and gas utilized in this investigation were water and
air respective'~. Flow rates of between 8 and 11 1b/sec of water and
betweer. 1.0 and 1.3 1b/sec of air were utilized. The liquid and gas

wura e ipanded from a low velo .ty and a prea-~ure of %O psig to asbient

piv.eure. Predicted exit velocities ranged batwesn TOO and 900 ft/sec
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for the air and betwesn 600 and 800 ft/sec for tne water,

Droplet break-up (or critical decomposition) was considered in ths
subject analysis. An assumed initizl droplet diametsr of 0.020 inches
decreased in size to between 0,0008 and 0.0010 inches at the nozzls exit.
The Weber number gouverns droplst treak-up and a critical Weber numver
of 6.3 was employed herein,

Experimental work was performed in order to check the theoratlically
predicted pressure profiles, flow rates of liquid and ga=, and the
*hrust. The theoretical and experimental pressure profiles matched
quite closely for both nozzles investigated. thsn the gas {low rate was
one~tenth that of the liquid flow rate by waeight, the pressure profiles
matched more closely Lhan when the gas flow rate was 0,15 that of the
liquid rlow rats., The predicted total flow rates were wdthin four to
rnine percent of those obtained expsrimentally.

The thrust was mredicted to an accuracy of approximately three per—
cent for the short nczzls, but to an ascuracy of only approximately
twenty percont for the long no:izle.

From the investigation it waz concluded that tne aubject andlyais
can be utiiiszed to predict the flow charactsaristics of 1 tw—phese flow
of 1iquid drops in 8 gas stream {or relatively short nossles with the
flow rate of lipdd approxinstely ten times the flow rate of gas by

welight .,




1 INTRODXCTION

The analytical methed developed hersin can be amployed to detersine
tha following flow chara~teristics of a two-phase {low of 1iquid drops
in & gas stream as the mixture expands through a converging-diverging
nossle: gas velocity, droplet velocity, static pressure; and droplet
sige., Thir ~vk was initiated in conjunction with an $~vastigation of
the opersting charecteristice of a gas-driven Set pump (1) (2)*. The
drive nosgle for such a device ~erates with a typically low mivtucs
ratio.™ Previous investigations at the Jet Propulsion Center, Purcue
Unlversity (1,2) have shown that an operating mixture ratic of approxi-
mately C.10 should be utilised for optimum jet pump operstion, At lo«
mixture ratins a larger quantity of liquid is pumped for a given flow
rate of gas than et high mixture ratios.

A two-phese noszle is a device through which two fluids are accel-
erated from low velocitiss and a high pressurs to high velocities and a
low pressurs., In the subject analysis water and air are the tw fluids.
The two fluids ars injected into the nossle from an injector which is

designed to breuk the water up into droplets and distribuie them evenly

% Numbers in parenthesis refer to references appearing in the rear of
the report, .
W Mixture Ratio - defined as the sass flow rate of gas ('G) over ths

auss flow rate of tiguid (IL) - or Wo/l!L




in the air. When the two fluids enter the converging portion of the
nozzle the gas expands, and therefore its velocity increasss more rap-
idly than the liquid, The liquid droplets accelerate as 2 reasult of
(1) the decreasing pressurs in the dirsction of flow and (2} the drag

forces sxerted on than by the faster moving gss.

The droplets will undergo critical decomposition® if the ir. -tial
forces axerted on them exceed the surface tension forzes. Thic hanoa-
emonl is governed by the Neber mumber. The Weber humber is "ined a»
followss

- IOGVR“ r

N ,
We a (1)

/‘)G ~ gas density
Vi® = square of the relative velocity bstwesn gas
and ligquid
v = dropict radias
. O = surface tansion

Ths critical Weber number™.or water drcplets in air is approxd-~

mately 6.3, Thie avsrege value of the critical Weber rumber was

determined experimentally by Isshiki for water droplsts with diameters
from 0,0181 in. to 0,192 in.(3). The initial drop d!wweter sssumed in
this apalysis was 0,02 ih. and the finel diameter ranged bstween 00,0008

in. and C,0010 in.

# Criticel Decompoe’‘ion - Breaking up of droplsts into ssalles drop-
lets.
#*  Weber number at which critical decomposition will occur,
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Isshiki's work indicated that the criticel Weber number did mot vary
greatly with droplet size. No other date could be found for smaller
droplets and therefore, the average velus of 6,3 determined by Ischiki
war utilized.

During ti:c expansion of the two-phese mixtur« through the nozzlse,
thermal energy is transferred between the 1iquid and the gas. In the
subject investigation, the water is a.sumed to gi.. up heat to the ex-
panding air. The amonunt of heat transferred between ths phases in e
given period of time depeids upon (1) the difference in tempsrature of
the two phases, (?) the amount of heat lost through the nozzle bwundaries,
(3) the shape and size of the liquic droplets, (4) the = locities of sach
of the fluids, and (5) the thermsl characteristics of the individual
phases which includes the heat transfer ccafficients and the effects of
condensation and vaporizatiocn.

There ara twe limiting cases of ths hoeat transfer between phasas
(1) perfsct thermal equilitrium and (2) no thermal energy transfer.
Parfect themmal equilibrium assumes an infinite heat transfer rate be-
twoon phases such that both of the fluids remain at tho same temperaturc
throughout the «xpansion. No themmsal aneriy transfer sssupes that no
heat will he transferrsd between the two fluids, In this case, the
temporaturs of the gazm decreasss during the expansion following ths
isentropic relationships governing perfect gas flow through & nortle,

The temperaturs of the wmater remains constant at the initiasl inlet
value.

The actual case of heat tranafer between the two phases lies some-

whare between the two limiting cases, D. G. Elllott and D. L., Crabtree




have treated thess cases in dateil (1) (2).

There ars several csuses for the loss in totsl momentun in & tmoe—
phase axpansion Some of these are (1) wall fristion, (2) druilet de-
composiiion, (3) non-uniform distribution of the droplsts in the gas,
(4) non-ideal heat transfer betwsen the two phases and {5) the relative
velocity (or slip) betwsen phases.

The effictas of the abovs mentionsd ceuses for a L.ss in todal mo-
manti of the mirture have baen investigated in previous work at the Jat

/

Propulsion Center, Purdus University (1) (2} {i).




2 IHEQRETICAL AMALNETH

Purpoge of Analysis

The sublect onalyseids of a two-phoss expansion of ligudd &ropr in & gus

stream flowing through a converging-divergiog noseis is npade in cpder that

the droplet velocity, gas velocity, static prsesure and {roplet diameter

may be predicted o+ functions of axial distance slong the nogszls. Hove

specifically, the suvject anolysis is wmade {n order to determmine the shove

mentioned flow porometers in a mixturs coutaining a much larger amount of

liguid than gas by weight {typically ¥, = 10 wg}‘

2-2

Aauumgtiang

The following assucptions weve employed in this analysis:

The two-phnse Zlov is steady ond one dimensicnal.

Drag forces axist between the iigquid dropietn and the gas.
There are uo lossea due %o wsll friction.

The liquid is In the form of droplets with ap assimed ipitial
equivalent spharical diameter.

Cyitical decomposition of the droplets (droplet biwak-up) does
ceeur. The Aroplets are :riformly distributad in the gae nod
uce of equal size at any cross-section ¥ the noszle.

The.» 45 no intaraction betweun droplets.

The 1liquid i incompressible, hos o constant spacific bsat,

and has ne vapor pressurs.

Rt TP e
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W = molecular weight of the gas,

mechanical equivalent of heat, 778 £t 1b/B,

[
[l

specifi~ heat of the liquiad,

(@)
n

C, = specific heat of the gas et constant pressure,
P = pressure of the mixture at inlet to nozzle, and

¥ « pressure at any point downstireum of the jrlet.

Limiting Casze 1I: No heat transfer between
rhases and no loss in entyropy.

Initially, TL = IG - I‘“_

T. = coustant

R/J CoH

T T, 3
TL‘ =1, ‘;\""5—\‘ (3)
N NN _

‘The inlo?t pressure and temperature of t“=2 two-phase nixture employed
{n this investigotion ware S14.7 psia and ,"OOR respactively. The drops
in temperature which wouild occur for the two limiting cases are found by N
substituting P“, = 514.7 psia and Th‘ = SIO'JR with the corresponding specifiec |
heats and grs constant into equations 2 and 23 above.

For




¢, = 1.0 B8/1> R

Cp = 0.24 B/1b R
The res.lts are shown in Table 1.
Table 1

Results of Calculations for Limiting
Cages of Beat Transfer Bet=ep Phascs

Case HG/ ;JL P Tg T, AT, ATy
(psia) (R) (R)
I 0.10 1.7 198 498 12 12
J 0.15 .7 487 L87 23 23
11 any 1k 7 184 510 326 : v,

Bxpe: iwental work performed ot the Jet PFronulsion Center, Purdue
University, has indicated that the real case of best transfer beiween
phases is closer to that of thermal equilibrium than to that cf no Leat
transfer between rhasas (1)(2)(4}. The themmal equilibrium teaperature
drop for a aixture ratio of 0.10 ir only 12°R. Tor these reasons the
assumption of isothermal flow wves made. A so-called "average tempg-ature”
was employud throughout this analysis. This “average temperature” is the
average batwmes the inlet tempercture chosen and the exit temperature of
the mixture calealated with the thermsl equilibrium squation 2. The
tharmol aguil/*rium temperature drop for a mixture ratio of 0.0 1ie 23R

It stould therefore be eaxpected that the isothermal model will have limited

accuracy as the zixture ratio increases ip value much above 0.10.
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In order to find & more correct drag coefficient for the droplet than
that obtained from the plot of Reynolds Number vs. Drag Coefficient for a
8olid sphere in & gas stream (5), a3 survey was made of existing literature
on the subject of drag on droplecvs ir an air stream. It was decided that
the best data to utilize would be that experimentally determined by E. ®Rehin,
R. B. Lawhead, and %. R. Schallenmuller at Rocketdyne, and by R. D. Ingebo
at the Lewis Flight Propulsion laboratory (6)(7). The drag coefficient of
1iquid droplets baving diameters from 0.004 in. to 0.04 in. was determined
to be approximately one and appeored to be independent ol Reynolds number
for Reynolds mumber greater tuan fifty (6). The Reynolds number referred
to throughout tbis work is the Aroplet Reynolds number. It is calculated
by employing the relative velocity between pbases and the droplet dizaeter
in the defining equation for the Reynolds number.® For very emall droplets

and Reynolds numbers less than fifty, Ingebo's data vere in agreeasnt with

Loy

that obtained at Rockstdyne. Ingebo‘s equation for the drag coefficient

of a small droplet in an air stream is as follows:

In the subject analysis the drag coefficiont was assumsd to be ons for
Reynolde numbers above fifty. For Reynolds mbers less than fifty,

Ingsbo's aquaticn for the drag coefficient .us employed.

# See Section 2-h.5«
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2-3 Equations Employed

The following equations and relationships were employed in the subject
analysis:

l. u momentum equation for the system,

2. ¢ force balence on the droplet,

3. a continuity equation for the mixture,

L. +the equation of state for the gas

5. the drag egquation,

6. the defining relationship for Reynolds number

7. the defining relatlonship for weber number,

§. the relationship of nozzle flow area to axial distance along

the“nozzle, and

9. the relstionahip that the total flov area is equal to tha sum of

the flow areas of gas and liguid at any cross-section.

2-4 Derivatiocn of the Equationy Rmployed in ths Analysis

2-4.1 Momentum equatic~ for tbe system

Consider o small cross-section of the nozzle of width dx shown in
Pig. 1. At the left face the goa velocity, liguid velocity, presswre, and
area are denotad by VG’ VL’ P, ond Ay respectively. At the right face all
of the guantities have increased by differential amcunts 4 indicated in
Pig. 1.

Sumsing the foirces in the X-direction.

T pAp - (pap) (Aprday) ¢ (pwp/2) sinc (AAY/sina)
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Mult{iplying producta and neglecting differentials of higher order than on,
* :-.— «*
< - X A’1.‘ dp

The samation f tue forces in the X-direction ie equal to the change in

nomertum of tuc gas and liquid in thav direction.

27, Ry o R i 8

Substituting M, = p AV, and ¥, = oAV, |

TR, =-AfD = oAV AV ¢ p ATV, (4)
wvhere

KL = mass flow rate of liquid,

o

= mass flow rate of zus, o
= liquid densivy,

= aversge g98 dsncity,

= average flov sarea of the gas,

average flov area of the liquiqd,

= average liquid velocity, and

= avarage g velocity. s

‘C;:’t:mt"?'ﬁ);oifp
b

R Ay « average total flow area

Rearrenging Bquation &4, .
ap - L AheYe T

| -1,

{5) .

# The bar () over any quen®ity indicates the aversge value of that ; t
quactity in agy given increment dx. i




2.4,2 Torce balance on the droplet

Consider a single spherical droplet of liquid traveling in a faster
moving expanding gas. Tw forces tend to accelerats the droplst; (1) t-=
pressure force resulting from the pressure gradient in the directicn of
flow, and (2) the drag force exerted on the droplet by the gas. Writing

a force balance on the droplet,

Fp Fp=ma, = m,dV /3t = mdede/dx

force dus to pressu, 2,

force due to drag,

wass of the droplet,
accelzration of the droplet, and
droplet velocaty.

™e force dus to drag is determined by the standard drag equation,

7y - (1/2) Bh Vel (7)

ED = average value of the drag cosfficient for the inmcroment in
question, and

Xd = average rrojectad area of the drop «t.

The force =~xwerted on the droplet as & result of the mressure vyaristion

around 1t can be determined Yy considering a mmall portioca of the asurface

aree .. the Aropiet dA as showvm in Fig. 2. A pressure force P acts upon

thig area JA.

The droplet bas & radius r. Ther, dA = 49 (r sin 6 &§) and

X +r sin & coe §.
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DIFFERENTIAL SURFACE
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The pressure varistion across the dreplet is aszumed to be linear in the

directicn of flow (x- '~ection). Then,

P = (ap/aX) X

Px=Psin9cos¢

The presaure force acts in the negative dicection in the guadrant showp.

Then,

aF = - P AA = - ‘P sin 6 cos §) dA

(4p/aX) (¥) ein 6 cos § (r° sin 6 a6 ap)

(3p/&X) (r sin 6 cos P} r2einy cos @ i6 ap)

{dp/ax) 38109 ao coaz¢ ap (8)

Integrating equation 8,

x 2«
P = - (dp/dX) r3S 5 (sin39 A9) coeaﬁ ag
0 0

2x

i
[]

%
{&p/ax) 2'35 (811139 a9) (/2 - etn /W)
0 0

x
Y

= {dp/ax) r“”xS sinde a6
“0

%
{dp/ax) rn E- Lcose (sm29 + 2)’]

(ap/ax) ©3x (4/3)

= - (volume of droplet)(dp/ax)

1
s




therefore, the pressurs .orcee in the X-directicn is,

Fp= V7, (ap/ax) (9)

where

dp/dx is negative, and
*@a 13 the voluwe of @ droplet.

Substituiing equations 7 and 9 into equatirm 6 gives:

Fp + By = - (4/3) x 3 (ap/ax) + (1/2) G mVC, = n,7, (aV,/ax)

Substituting (L/3 x r3p,r for m, and dividing through by (4/3) x 3 yiclds,

- (a5/ax) + (3/8) BTTT = o ¥y (av/ax) (10)

Rearranging equation 10,

- o
0.V, C dX
av, o *SR ¢ (y/8) LE2 (1)
. ALYy PLYLF

The t oo the sacond term designates wbether or not the drag on the droplet

is yositive or negative.

2-4.3 Continuity squation for tae mixture

= ) - Y It € 12
Wo = W4 W, XLALVL P ¥ ALY {12)

or,
o B ALY (13)

ot BgheYs (k)
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Bonirins

Q = total mass rate of 1low,

4
%
[]

specific weight of the liquid, and

36 = gpecific welght of the gas.

2-k.4 Equation of state for the gas

P = EG RT = pGgRT

where
T = mixture temperature cbcsen, and

R = gas constar* for air.

D
]
=

Y

Defining equation for Reynolds number

\

-ﬁﬁ_ insriial force

e

vigecous force

gb

4, = average droplet diameter. aud

u = visresity of the gus.

2-%.6 Definiog squation fur Weber pusber

5,,?2; lsertial Porce
3R

=z
i

we T & | surfoce temaion
Raayrenging sgquatlion 13,
- /., Iy P
IR LY IV

kY]

20d differsaristing gives:

i7

(15)

(15)

(1)
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any = - Ghfe i@y = < & (o R

Ap = Ay + Ay (18)

Differentiating equetion 18 and rearranging terus,

g = dhy - Sby (9)

Differentiating equetion 15 with T held constant and rearvanging terms,

dp, = ap/sRT {20)

Rearranging equation 14, differentiating, and substitusirg

LPRRR TEA A
yields
s -y { 5 ) . ¥ €

Sumzarizing the above equations:




L TE e L L

i

s

»..g,..i

e

e -t

bt bl

 amsati

Boe * EG‘-';-‘;/U'
g = A4, - dAp
dp, = dp/RTg

= - - - _.' ‘
v, VG (do(,/pa) V. (dAG )

Thesa ars the eguations in the forma utilized to determinve the flow
characteristics. All equatione ‘uzt be nade dimensionally correct cef-re
celculations are performed. These sguaticas were programsel for zoluiion

on an RPC 4000 digital computar.

2-5 Theoreticai Mozzles Investigaied

The gas viacoeity and Liquld suafece telsior wers ccosidersd %0 D
fusctions of tempsrsturs oy ard were Jasrefors held constant.

Tun nozzie gufigararions vaic {maLiigates . Both configursaiicss bad
the agew lulst, theoat, W exit arvwas, (hreosat valdlus and conrerging argls.

Table 2 1Lisie thx dste ewplo;st it the anslyels ond the vhysiicl Gimensions

i b e I e 87 eV




Avevage teaperabure of mixiure

Tipcnsity of air

Surferce tensicn of wolsy
Inlet pressure

Angumed imitial dyoplel

% throat awres
Bowkie axit srea

Total coaverting angle

.

Throat radive .

Divergling sag.e

Wixture ratiocs asployed

aro Baploysd 1a moalyels
anid Phvsieal Dimensions of Nozrles

C e .. SDLOR

3.68007 751‘&33/ 4-s0c

0.0050 1b/et

2 511‘ n'r pﬂiﬁ

e o.(}m an
. . 3.287 1n®
n

.. 0.7 ©
.. 2.5 =
mt‘

. . . 1.0 in.
.rﬁ

L a®
0.10 and .15
P A T8 Vo)
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2-0 Method of Solution

Numerical iteration was used with the asbova listed equations in order
to determine the flow parameters as functions of the axial length of the
nozzle. Smsll increments of length were taken along the nozzle axls, and
through each increment the average value of each of the flov parameters
was determined. The inlet conditions are the initial conditions for the
first increment. After the flov parameters have been determined for the
{irst Increment, the values of the parameters at the exit of increment
one are used as the initial values for the sccond incre -ut and so on,
until the exit section of the nozzle is reached.

When calculating the differentials of the flow varameters with the
above 1listed equations, average values of the puramelers are used ia many
of the expressions. When performicg the calcuwlations for the first time
for a giver increment, the average value of each of the parameters is not
xnown and thiop-fore the initlal v:iues of the perameters ire used for the
average values.

After the differential equations have been solved the first time for
a given increment, an average vualue Of each porameter can be calculated wu

follows:
Z Zi + az/2

vhere
7 « the svarage value of u flow parameter,
2.1 = initia’ value of the flov parameter at the beginning of aay

incresent, and

dZ = diffsrential value cf the parameter calculated wvith the cor-

reaponding ~¢ .tion.

3
!
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Yhe equations are asg.in solved for the same increment, dut this time

using the average values whic .. have been calculated. This process 15 re-

peated a3 many times as is necessary (for each increment) to ootain the

dusired accuracy of each of the flow parameters at the exit of the incre-
ment. The value of a parameter at the oxit of a given increment is found
by adding the differential guantity to the initisl value.

8mall increments were token along the fixed geomeiric shepes chosen
and therefore, the total flow area for eacu increment is krown.

The accuracy to which the paraveters ore culeulated offects the end
results since all errors are multiplied whon proceeding from incremsnt to
increment. All calculations in this analvais were made with an accuracy
of 0.10%.

The size of the increment employed greatly effects the resultas obtained.
It was necessayry to determine the smalleat incremeny that should be taken
in order that the calculated perameters would not change at a given secticn
of *he nozzle if a still smaller repent were employed. This increaent
size was determined to be approximstely twice the diameter of the droplet
in length at ary position.

Seven significant figures of accuracy of the inlet conditions were
not sufficient to allow the expansion to proceed tc cogpletion at 1k.7 psia.
For example, let the correct seveuth significant figure of cne of the pars-
metars at thes inlet be five. If a trial solution {s attampted using four,
the solutior would begin to divors: in one directicn (a pressure rise) ct
some point aloog the norzle axis. If instead o six is tried, wie solution
woull G.verge in the other cirection {a rapid pressure drop). The zolu-

tion must be restarted at the inlat £2 *ac norzle, with the new chosen
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velues of the inlet conditions (vL, Vor Mps MG), each time that the s.lu-

tion is found to diverge in either direction. The RPC LOO0 digital com-
puter, when employed with the Purdue Interpreter rcutine, could only be
utilized to perform accurate calcu.ations to seven significant figures.

After obtaining the correct sevenvh significant figure of each of the
inlet conditions, the calculations were yostarted at the point where di-
vergence began in either direction. Integrated forms of the above derived
equations w-ve then utilized in an iteretive form as discussed by D. L.
Crabtree (2).

The Weber aumier (equation 1) was utilized to determine the aversge
droplet size in eny particular increment. The droplet wzs assumed to be
of constunt diameter through any increment at the average value determined,
The Weber number was calculeted at the nozzle inlet. If this caiculated
value wes less than the critical Weber number ¢ 6.3, the droplet remained
conetant in size for ihe first increment. Fer each increment the Weber
number was determined und if it remeinad less than 6.3 the droplet 414 not
undergo critical decomposition. The critical value is the maximum value
of the Weber aumber that can be attained. If the Weber number bec.:es
equal tc or greater than 6.3, a new droplet radius is calculated using 3
value of 6.3 for the Weber number in equation 1.

Hgure 4 15 a dlock diagram of the computer progrue utilized in this
walysis. The folloving parmmetera were prictec out for each incremest;

K Vi, Vg T, W Pigures 5, 6, and 7 are plots of the predicated

e’ NR'
varistions in the flov parameters with axial nozszle lergth Hr nozsles

I and II.

B A et
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3 EBXPERINENTAY. VERIFICATION

=1 Deseription of Zuperimental Nozzles

In order to verify the theoretical predictions, expsrimental noz-~
gles were constructed. The experimentsl nozzles were annulsr in shape
and were conatructed aith the same ares vs, axis length -z ths nezzlus
invsstigated theoretically.

Figure 8 is o photoxrapn of ths component parts of the sxpsrimenial

]

nagele end Flgure § pressnts a cross-sectionsl view of one of the as-

o

ambtlel axperimantael nugzles. The inlector was the sane typr as Wi, by

3. 1, Crabtresn (2), ‘The mater was injscted through sxall tubes =ith 2n
\ . ug

wnnaler filow o) air syound sacn tube. To inanre that the strea:z emit-
ting from the injsctor o brobkss inte drorleis, 3 siainloss stsel scredn
was phaesd in (s path of flow approximately thres incnts from the 1o
lector facz, Another ¢wo inchses wers allowed Mfore the converglng
portion of the nozale bagar in order to stenilizs Lhe flcw,
2 Descriptieon 9f Test fachliiy

Figure 10 1w 8 vhotograph of ane ol tho sxeerimenial nosties mounted
oa the thrust riand. The 1/8 in. *.bhss walch & s soldered to the outar
noszie casing were uwhiliszed to daterwine the prassure profile alnng the
nossle axis, faenr V8 in. tubs leads tu a 0,080 in, pressure tap drilled
tareugh the outer nosale casing. Fach of the tubss soldored 1o the now~

ule casing wes vonnectia) Lo & comeon zapifold threugh rewdls valves,

R
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The preasure at a particular tap was measured by opening the correspond-
ing needle valve and recording the manifold pressure. The manifold
pressure was measursc ty & Wiancko pressure transducer and was recorded
on & Brown strip-chart recorder.

Figure 11 's a schematic diagram of the facility utiiized in the
experimental investigation,

The nozzle was mounted on & vertical beam, pivoted at the upper end
as shown in Figure 11. The thrust of the nozzle was measured with a
Wancko force transducer and recordend on o Irown strip-chart scorder.

Wstar was supplied to the nozzle at pressures between 500 snd 1000
psig. rom four tanks which have a 5200 1b, capacity. The water fiow
yats ws me.sured ty a 5/8 ir sharp-sdgea orifice, The pressure drop
across the orifice wac mec~ red with a Wlancko pressure transducer and
recorded on & Brown stripechsrt rscorder. A milliumeter was locuted on
the control panel which received u signal from the Bromn recorder to in-
dicate the 1iquid ..ow 1ete. The lijuid flow rete was controlled with
an Annin Domotor valve and the cempersture of the watsr in the eupply
line was measured Wi th an iron-constantan thsromocouple.

Alr wap supplied to the nozsle from several banks of large etorsgs
tanke at preasures between 9 and 1300 psig. Grove type dome-loaded
reguletor valves wr-a utilisad to supply the nozale with the desirsd
pressurs, The ga: flow rate was measured by a 0.35 in. sharp-sdged
orifice., The preasurs drop scrosa the orifice and the pressure upetreasm

of the orifice wera nmeasured with Wlancko pressure trnssducers and re-

ccrded on Brown strip-chart recorders. The temperature of the air

oo

7 O AL PSR I ARl i P, e Ml Y. b bt
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upstream cf the orifice was measured with a» iron-constantan thermocouple
and alsc rccorded on a Brown strip-chart recoracr. Ths air flow rats
was controlled with an Annin Domotor valve and was indicated on the flow
pansl with a milliametor as was the liquid flcw rate,

Beth liquid and gas orifices were made and ce-lbrated according to
A.S.M.E, standords.

The pressure at the entrance of the converying portion of {:i% noe-
zle was indicated on a Bouraon-tube pressure gage and was maintainad ot
500 psig. 5,: $

the pressurv end thrust transduccers were calibrated irmedistely be-
fore ang arftes cach experimentsal run.

3-3 Experimental Data Accumulaiion

In the exp rimental investige’ on, mixture ratics of ©.C28, 0.12,
G.12, and Q.15 wore utilizaed with ecach noz:le, FPour nozzles were uti-
- 1lized, vach having a converging angle of 200, "vergirg angles of 7°,
149, 219, and 28% were umployed. Numerous runs were made in crder to
{naure that the results of the psrticuler runs desired (those identical
to the theorctical nostle cuiculations) wers vilid, Data taken included
the follewing:
‘,‘ . 1. liquid flow rate,

2 e %A rat .
p e flow rote,

i 3. thrust,

{.  tlouid tamporature,

I i 5.

£.  pressure vrofils along nouzle nuls, E

B
: R

a5 _emperature, and
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|
The experimental rozzles which were jdentical to those Livestigated
: ; theoreticaily are listed in Table 3.
R | Table 3

. ,,,‘ Hozzles Fmployed in Both
e Experimental and Theoretical Annlyses

Converging Diverging Tr.roat Inlet Exdt

g Nozzle Angle Angle Aren Area ATGR

v L _
LA e i I 200 70 0.267 3,28/ 2,450
U _ 12 200 21° 0,267 3.287 2,450
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b CONPARISON OF THEORETICAL
AND EXPERINENTAL RESULTS

4=l Pressure Prcfiles

Figure 3 presents the flow areas of the two nozzles which were in-
vestigated both experimentally and theoreticaliy.

In Figures 12, 13, and 14 the predicted pressure profiles are com-
pared with those obtained experimentally. From Figures 12, 13, and 14
it can be seen that from the nozzle inlet into the diverging section,
the measured pressurec profiles were practically identical with the pre-
dicted profiles in all three cases investigated. In each of the three
cases the experimental pressure profile dropped below the theoretical
profile in the diverging portion of the nozzle,

In the diverging portion of the nozzle both phases are rapidly ap-
prcaching their maximum velocities. In this region of high liquid and
gas velocities, the quantity of heat transferred in a small finite
period of time is minute and the pressure drops faster for the real
case than for the isothermal model. As the pressure drop' per unit
length becomes small in the latter portion of the diverging section
the pressure curves again match quite closely. By the time that the
mixture has traversed the entire diverging section, the liquid has had
sufficient time to transfer some heat to the gas.

- A R WAt
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4-d  Flows Fates

4 comparisen of the prsdicted and measured flow rates is shown in

Tavie L.
Tabla ©
Predicted and Measzured Flow Rates
Hixture Predicted Tolal Heasured Total Percent,

Howzle Rsnio Flow Fai. {1b/sec) Flow Rate {1b/sec) Frror

b 0.10 10.04 10,58 Seis
I 0-15 8.‘:\8 9035 B'Q
ix 0.10 10.1, 10.58 L3

Table |, inafcates that the isothermal model predicts ths flow retas
mors sccurately at the lower mixture ratios. At the highe: mixture
ratios there 18 loss water and more air sand thersfore, less heat avail-
able {or a larger smcunt or air than st the lower mixture ratios, This
increass in inaccuracy of the iszcthoermal model 2t 2ne higher mixturs
ratios 1s also indicatud by comparing Figures 12 and 13. The measzursd
and predicted pressure profiiss in the diverging portion of Moazsle I
natcn more closely when tna mixture ratio is 0,10 than when it is 0,15,
4=3 Thrust

The ellective nogile sxit valocity 19 defined &s follows:

Yy o= Fg/iL + ;b - Fgf%T = Thrust/Tolsl Flow Rats {(22)

and the epation for tnrust {F) is given by,
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where
Voo = 8838 exdit velocity

liquid sxit velocity
Py = nozzle exit pressurs

anbiont pressurs

el
o
1

A_ = nozzie exit erea
The last term of Bquation 23 can be dr. >ped since Pg ™ Py in both ex-
perimental and theoreiical cascs, The predicted and measured values

of the effactive nozzle exit velocity are presentsd in Table 5,

Table 5
Predicted and Measured Values of ths
Effective Nogcle Bxit Velocity

Mixture Thrust Predicted Usasurcd Percent
Mos:le Ratiu {(1b)  Velocity{(ft/sec) Velocity(ft/sec) Trror

I 0.10 .4 699 556 <5.7
I 015 183.3 778 531 23.3
I1 0.10 194.9 420 £00 3.3

From Table 5 it 18 scen that the offective noszle exit velocity

calculated with the {aotharmal, frictionless model was far in error for

Nossle I. The calculation for Nozzle 1] howover, was quite accursts,
Nogale I nad & diverging angle of 7° and an cverall length of 8,85 in.
and Noszle II had a diverging angls of 219 and an overall langth of

5.1 in, The results presented in Table 5 incicate that friction clays




a dominate roll in the determination of the gas and liquid velocities
when long nozzles are being investigeted, Friction between the phases

and between the mixt .9 and the nozzle bounda~ies was neglected in this

analysis. Non-ideal thermal equilibrium also causes a rsduction in

thrust. (2)




b CURULUSIONS

The use of the fricidonivas, imothaevrmal wodel spsears Yo ko lindted
te thoss typs nozzles sulted for det punp aperetion, Thoss novslss ays
short to conserve walght, and opsrate witn “ow mixture ratios in ¢rjey
thet as much liquid be jumpsd ze possiols with 8 correspending low jes
onnsuaption,

Two nodifications should be made to the Lsothurmal mode! 1n erder
to widen the =apge of 148 uzefulnses; (1) consideration should e given
to the heut iransfer that occurs bstrasn the liguld snd the gas, end
{2) ths offects of wall friction should be included,

S=1 Haat Transfer Betwsen Phage.

An anelysis which takes into account the heat transfer betwesn the
14quid and tho gas would employ ths following eqQuetions and relation~
snips in addition to those enployed in the isothemal model,

1. Rergy squation for mixture
. rp . ( L] - e

C,dT v ) x ¢ v /J
i‘prdGOV(},dO/J; +L[dhL VL‘dL/')'O

<. TL = f(%)
3, Heat Balance cn the Droplst
d3g/dt = =h AT = Sydy dn,/dt
" PVl dhe/X
4y Ixpsrimental plot or hasselt nuxber ve. Reynolds number

for sphsrizal droplats (8).




» droplut voluma
« droplet surfacs arsa
= convective he transfer cosfficisnt
enthalpy of the droplst
convective heat trensfer raote “rem the droplst
» {emperatuire difference betwcen the gas and ths liquid

= droplet dansity
Bquation B-5, which is derived in Appendix B, shows the sffect of a

temperature drop of the zas on the gas velocity for t s adiabatic modsl,

4av qv
G adlabstic G y1s0thermal
model model

* Voot 1) (B-3)

dTG is nugative and thersfors dy, Ls ‘u88 for a given incremeit when
employiry the adiebatic model than wh.a employing the isothermal model,
A lower axit gas veloeir: results when considering the flow to be adi-
abatic which in turn reduces tho thrust that can be obtained from the
nots. .
5~-2 Frictjon Coeffivient

It aprears that o friction coefficient must be experimen*:lly de-
termined for ths type of two-rhase flow discussad heruvin, There is
friction betwsen the gas und 1iquid and betwsen the mixturs and the
notgle boundaries, For coch differaiy g26 und/or iiquid used, the in.
Zluenc. of friction weuld be different, . theorsticzl determimction of

the friction coefficient appears to be improtabls,

3 Recommendations
The analysis presented herein should be programmed “cr solution on

8 faster digitzl computer. [f the heat tranafer Detweasn the lijquid and




the gas 18 to e considered it would be imperativs that . faster computer
be utilized., To determine the inlet conditions to seven signific. ¢ fig-

ures for one nozzls and mixture ratio, sproximatsly sixty hours of ccm-

puter time weru necessary when smploying the RPC 4000, The aclution

would take a considerable amount of time even if a faster computer wers
utilized. Another method of numerical solution of the wsquations should

therefors bs irvestigated,
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AFPENDIX A

NOMENCLATURA

acceleration of droplet, ft/sec®

- projected area of droplst, in,®

nogzle cxit ares, in.?

riow area of gas, in.”

flow area of liquid, in.~

one-dimensional surface arsa of diverging nozzie, in.®
total flow arsa, in.®

drag cosfficient

w+tf4c heat of water, B/1o-R

specific heat of air at constant prsssure, B/1b-OR
thrust, 1b

drag force, 1b

presgure force, b

force in X-uireciion, 1b

gravity constant, 32,174 ftirec®

suchaaical equivelent of heat, 778 fi-1b/B

mess of droplst, slugs

wass flox rate ol gas, siuga/ssc

mase flow ~ate of Liquid, singa/mec

eynolds ruaber




My = Weber nuncer

¥;

-

pressurs; psls

pressure, psia

emblent pressurs, psia

nozi. - exdt pressurs, nsia

nozzle inle! oressure, pala
X-conpongnt of presaure acting on droplet, psia
thiversal gss constse®, ft-lb/ mole-R
gas constant for eir, %3%.3 {t-1b/ic-R
droplet radius, in.

gas tempsrature, K

liguid temperature, R

inlet nixture temperaturs, R

gas velocity, ft/sec

liquid velocity, ft/sac

effsctive noszle exit voleocity, ft/sec
ralative velocity between zas and liquid, ft/ssc
moleculai weight of ge&s

mans flow rate of gas, lb/sac

mass flow rate of liquid, lb/ssc

total flow rats, 1lb/sec

distance along nozzle axis, in,

any flow parametar

specific waizht of “iquid, 1b/t8

specific weight of ges, 1lb/ft¥

52




gas viscosity, slugs/ft-sec

density of liauid, siuge’
dsnsity of gas, slugs/ft®
droplet volume, in.®

surface tension of liguid, 1b/ft
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AFPEIDIX B

COUFARISON OF ADIABATIC

L

In ordor to compare the cguations for the adisbatic and ths iso~

tharmal mdels, all of the equations for both cases ars left alike
axespt for the squations for c}VG.

Rewriting «quation i

Y = ..? {4

a J

G dsetnermal ¢ TG
model

®riting the . vest gas law for the adiahatic nedel {'I‘(, ¢ constant) and
%4

roerranging erms

/OC- = p/gRT

"t ap/p - dTG,-’TG

For tsothermsl flow 27,77, = O snd from egquation (B-1)

e o s
d(a.,\}. ij app
Substituling aguatios B3 invo sguation 21

o - e ¢ -
dv, _ e oVm{dam/AL) B dpfp)
© isgthammal ™ <G G

aedel

4:5%

(B-3)

(D=4)

=
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(B-5)

)

(aT6/T,

Vb

G jsotnermal
model

= gy

adiabatic
moidel
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