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ABSTRACT

This report presents. an analytical method for deter.nLning the flow

chiracteristics of a two-phase flow of liquid drops in a gas stream as

I, the mixture expands through an arinular converging-diverging nozzle.

The subject analysis can bt ut.iizc6 to predict the liquid velocity, gae

velocity, statc pressur<, :0 le. diamter as a function of axial

dilance along the nozzli for -i two-phase flow that contains approxi-

mately ten times as much iuLid as gas by wpight.

The analysis was progra.rmed for solution on an RPC 4000 igItal

GComputer. Two noizle configurations were investigated. Roth nostles

had the same converging ar41 of 100, throat radius of one inch, inlet

arIa of 3.237 in.M, throat area of 0.267 in.' and exit ar--, of 2.1,5 n.

Orie nozrle had a total divergirg ngle of 70 and the other had a total

diverging azngle of 210,

The liquid and gas utilized in t.his investigation were water and

air reapectiv'l. Flow rates of between 8 and 11 lb/soc of water and

I between 1.0 and 1.3 lb/sec of air were utilized. The liquid end gas

wtr's expinded from a low v-I1. Ay snd a pre-sure of 5UD paig to ambient

pz..ure. Predicted exit velocitien rinped t.etwen 7(- and ft/sec

V

1l
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for the air and between 600 and 800 ft/sec for the water,

Droplet break-up (or critical decomposition) was considered in the

subject analysis. An assumed initial droplet diametar of 0.020 inches

decreased in size to between 0.0008 and 0.0010 inches at the nozzle exit.

The Weber number governs droplet break-up and a critical Weber nmvber

of 6.3 was employed herein.

Exper-Imenta1i work was performed in order to check the theoretically

predicted pressure profiles, flow rates of liquid and gas, and the

-hrust. The theoretical and experimental pressure profiles matched

quite closelv for both nozzles investigated. hhen the gas flow rate was

one-tenth that of the liqidd flow rate by weight., thp pressure profiles

matched more closely thUn mhen the gas flow rate was 0.15 that of thi

liquid flow rate. The predicted total flow rates nerv ,ithin four to

nine percent of those obtained exprimentally.

The thrust was predicted to an accuracy of approximately three per-

cent for the short nczzle, xt to an sccuracy of only approxizateiy

twenty percent. 'or !he loni nozle.

From the investigation it was concluded that tne 3ubject analysis

can be utilized to predict the flow characterIstics of a t--phgase flow

of lilqaid dr.; in a ga - strvam for relatively short nozales with the

retv uf ipi. d appr-oixmately ton tises t..e flow rate of gac4 by

weight.



1 INfTRODUCTION4

The analytical nethod developed herein can be employed to determine

the following flow chara-teristios of~ a two-phase flow of liquid drops

in a gas ,stream as the mixture expands through a corverging-diverging

* nozzle! gas velocity, droplet velocity, static pressure, and droplet

size. Thif- -rk was initiated in conjunction with an 4i'vastigation of

* the operating characteristics of a gas-driven jet pump (1) (2) *. The

drive nozzle for such a device 'oerates with a typically low mixtu~'e

ratio.* Previous investigations at the Jet Propulsion Center, Purdue

UnIversity (1,?) have shown that an operating mixure ratio of appromi-

mate3.y 0.10 should be utilise for optinim jet pump operation. At low.

mixure riatiros a larger quantity of liquid Is pumped for a given flow

* rate of gas than at high mixture ratios.

A two-phase nozzle is a device through which two fluids are accel-

erated from low velocities and a h pressure to high velocities anld a

low pressure. In~ the subject analysi3 water and air are the tw fluids.

Thm two fluids ar.a injected into the nosse from an injector which is

dasine to brak the water up into drople and dittribute them evenly

4 Numbers In parenthesis refer to rferencoa appearing in the rear of
the report.

** ixturie Ratio - defineO as the .iass flow raLte of gas (V.(.) over the

mas flow rate of Liquid (W)-or WW
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in the air. When the two fluids enter the converging portion of the

nozzle the gam expands, and therefore its velocity increases more rap-

idly than the liquid. The liquid droplets accelerate as a result ofII
(1) the decreasing pressure in the dirmction of flow and (2) the drag

forces exerted on them by the faster moving gas.

The droplets will undergo critical decomposition* if the ir. -tial

forces exerted on them exceed the surface tension forces. ThiL :hbmon-

man is governed by the Weber -mnber. The Weber number is 'ined as

followsI

,:s- (1)

where

/V , ga- density

VR a square of the relative velocity between gas

and liquid

r - droplt radiis

0a surface tmnsioA

The critical Weber numberor water droplets in air is approxi-

mately 6.3. This average value of the criticol Weber rnmber we

determined experimentally by Iuehiki for water droplets -with diametere

from 0.0181 in. to 0.11924 In.( 3 ). The initial drop dlAvetar aessued in

thiq analysis was 0.02 in. and the final diameter rangd between 0.0008

in. and 0.0010 in.

Critica1 Decompoesion - &,*&king up of droplets into miller drop-
lets.

* Weber aumber at viiich critical dwA~position will occur.

I - I N i " L=
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IsshikcL's work indicated that the critical Weber number did no~t vary

greatly with droplet size. No other data. could be found for smaller

droplets and therefore, the average value of 6.3 determined by Is4Aiiki

was utilized,

During tl>, expansion of the two-phase mixturt t.-rough the nozzle,

thermal energy is transferrF-d btween the liquid and the gas. In the

subject investigation, the water ia &. iumed to g.., up heat to the ex-

paniding air. The amounrt of heat transferred between thq phaees 1-- a

given period of ti-me depends upon (1) the difference in temperature of

the two phases, ()the amount of heat lost through the nozzle b-'.,";daries,

(3) the shape and size of the liquid droplets, (4) the 1-locities of each

of the fluids,, and (5) the thermal characteristics of the individual

phases which includes the heat transfer ecfficients ind the effectb of

condensation and vaporization.

There ar-a two limiting cases of thq haat transfer betweca, phases

(1) perfect thermql equiLibriuzi and (2) no thermal energy transfer.

Perfect thermal wquilibrixn &sSUMWes an infinite heat trancfer rate be-

tween phases such that both of the fluids rbmain at tho same temerature

throughout the txpansion. No thermal enerl,V transfer &ss~mes that no

heat will he transferfbd tmtween the two fluids. In this case, the

te~mperoitur6 of thb. gar docras during the expansion following the

isentropic relatio'nships governing perfect gas flow through a nozzle.

The tomprature of the votor remains constant at the initial inlet

Va lue.

The actual case of hat transfer betweern the two phases lies soe-

wherc between the two limiting cases. D. 0. Elliott and D. L. Crabtree



havg treated thezte caes in detail (1) (2)~

Ther"e are several csuess for thes loss in totsl mottentum in a tm--

p~ae xpanion ome of theee are (1) mall friction, (2) dr'yIet do-

corpo:L.-ton, (3) nc'n-vni'orm distribution of the dropla.ts in the gao,

(4) non-ideal heat transfabr betwen thle two paes and (3) U', relative

velocity (or slip) between phaseL;

The effLct3 Of the above m'wtioned causes fo:- a I.. .3p3 in total no.

mentuem of the miAure havs., been invcstigated in previous mork at the Jmt

Propulsion Center, Purdue University (1) (2)/ (4).



Mhe suhjr : anaJiycis of a two-PhLas a~ast ol I'quid &rope in a ga

stream f loving through a covria.dvrix nozzix2 is =A~e iL. ordtr that

the droplet velocity, g"s ve.Locity, jtatic pxkv:& and .ropl.et diameter

wa be predicted a- functi.ons of axial. distance kilong the nozzle. Mere

specificaly, the ou';)ect aaalyjis is made in order~ to determi.ne the 3bove

mentioned flow po.rc-eters In a mixture coatainiflg a much lrgar =ouut of

lUquid~ than gais bli -,might (typically W. . 10 .

2-2 Astptiona

The folloviag aissmptions mrve miployed In tWjf w zxmysiA:

1. The two-ph'~e f!Lw- Is steady a~nd =;ne dimensiotnal.

2.Drag forces e-iqt betw&een the iiquid dropltn and trho pae.

3, There are noe losses due to wtUJ. frictici.

4. The liquid is in the form of droplets vltt an e-smd lAtial

equivalent spherical diaeter.

5. Crit"Ical decc'-position of the droplets k(droplet breask-up) dol

occur. The droplets are ;--rlfoxrml, d'.stributed In the W au d.

ai'e of equal Giza at aniy k&ioss-sectian 'f tbe noILle.

6. The;- !. ao lntaractio,. betee~n .1roplets.

7. lb liqaid is inccapresuible, has e. constant *scific beat,

and has no vajpor prtissure.
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, gas *i3 erfi Ct, and i;r-q qpnatific 8PCtChoRt jat ~oot~tft

p,,asure and ccnsf~axl -volume,

No w~~rz1tork is pert oxaiw

10 Tbei.oe itt oro bont transfer acroso tbe nozrlo bow~4tli,

11L- Potont ia). rergv ± a r.ccntant.

't asta' ~ ~'i't~of na f'icw sec;Area f"-rther onq:taistcsmz. The

- ~ ~ ~ ~ ~ oema t2tJitr cr~y ~~A' Autn asea -,f heat tr~nrilr betieen the

4aa($ wtiz wtr~tiws ti4 tien bays beets. *irk yD.2 f'Jn

1'G

T C (IV I
L G

fT~e ep-natuxvl of, T.. ta A utt

T, .Iqt tempnoturentfX- COkD b*TIJI,

Ia jtw
k:4C(ww
W't P-cvt ,

.~~~ ~~ fF mN ~~vrv iud11 - C 'L
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W - molecular weight of the gas,

J - mechanical equivalent of heat, 778 ft lb/B,

- specific heat of the liquid,

C - specific heat of the gas et constant pressure,

P = pressure of the mixture at inlet to nozzle, and

P , pressure at any point downstretm of the irlet.

Limiting Caze II- No heat transfer between

phase and no loss in entropy.

T,

After expansion, <TL' . T

T L' I G P
(3)

TrP

The inlot pressure ani temperatare of t' two-phase mixt'arm mployed

in this invistigation ware 514.7 poia iand 7'O°R respoctively. Tbe drols

in tem-perature 4A'ich w',ud occur fo-" the two limiting caase are found by

r iubstitutliig P - 514.7 Psia and TN - 510R with the Corresponding specific

heate tand g s conwtan:t into equations 2 and 3 albove.

ror

'- ft Iilb R

i"

I,'



CL -1.0 B/lb R
C 0.24 /ib R

'lbe rea.Jlts are shown in Table 1.

ftble 1

Results of Calculations for Limiting
Cases of Beat Transfer Beten Thas's

CaseL P TL A ATL

I O.10 14.7 498 498 12 12

1 0.15 14.7 487 487 23 23

I n 1L.7 184 510 326

Sxpej"ental vork performed at the Jet ProrUlsion Center, Purdue

University, has indicated that the real case of beat transfer betwen

phases it closer to that of thermal equilibrium than to that cf no heat

transfer betwen Pliases (i)(2)(4). Te thermal equilibrium temperature

drop for a mixturt ratio of 0.10 ir only 120R. 7br these reasons the

assumption of iaothernal flew ve made. A so-called "averagt tempe,-&ture"

was employed thbrzout this analysis. This "average temperature" is the

average betwten the inlet temper.t re chosen and The exit temperature of

the mixture ca' udated vith the thermal equilibrium equation 2. The

tharmal equi'trium t~myrature Crop for a mixture ratio of 0.20 is 23fR.

It should therefore be expetted that the isothermal model will have limited

accuracy as the mixture ratio increa3* in vYdlue much above 0.10.
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Tn order to find a more correct drag coefficient for the droplet than

that obtLined from the plot of Reynolds Number vs. Drag Coefficient for a

solid sphere in a gas stream (5), a survey vas made of existing literature

on the subject of drag on droples in on air stream. It was decided that

thu best data to utilize would be that experimentally determined by E. Rn ,j,

R. B. Lawhead, and k. R. Schallenmuller at Rocketdyne, and by R. D. Ingebo

at the Lewis Flight Propulsion Laboratory (6)(7). The drag coefficient of

liquid droplets having iiameters from 0.004 in. to 0.04 in. was determined

to be approximately o-ne and appeared to be independent o.' Reynolds number

for Reynolds number greater taan fifty (6). The Reynolds number referred

to throughout this work is the droplet Reynolds number. It is calculated

by employing the relative velocity between phases and the droplet diameter

in the defining equation for the Reynolds number.* For very small droplets

and Peynolds numbers less than fifty, Ingebo 's ata were in agrement with

that obtained at Rocketdyne. IgeboIs equation for the drag coefficient

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

CD 2708

In the subject analysis the drag coefficient was assumed to be one fcr

Aeynolds numbers above fifty. For Reynold ' mbers less than fifty,

Inibo's iquation for the drag coefficient .As eployed.

s ee Section 2-4...



3.0

2-3 Epationa Ripioyed

The folloing equations and relationchips were employed in the subject

anarlsis:

3. a momeutum equation for the system,

2. a force balence on the droplet,

3. a continuity oquation for the mixture,

4. the equation of state for the gas

5. the drag equation,

6. the defining relationship for Reynolds number

7. the defining relationship for vveber number,

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

the nozzle, ;)nd

9. the relationship that the total flow area is equal to the 3um of

the flow areas of gas and liquid at any cros-secton.

2-4 Derivation of the Ekution Ployed in tbo An~lySis

2-4.1 Mcmentum equatic- for the system

Consider a ai ll cross-section of the nozzle of width dx sbwn in

fig. I. At the left face the gas velocity, liquid velocity, pressure, and

area are dewoted by VG, VL, p. and AT respectively. At the right face all

of the quantities hav- increaed by differential sm'unts i indicated in

Fig. 1.

SCming the for' es in the X-direction.

X pA - (p.dp) (AT+.A ) .. p/2) a i.. (dA a i')



+. >
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Multiplying producta and neglecting differentials of higher order than on-e,

The wemation )f tLh forces in the XA-direction is eqval to the change in

mmentum of th*: gas and liquid in that direction.

F -AT dp Ld + KdVG

ub3tituting M1  AVL and MG pGAGVG_

where

ML . mass flov ratc of liquid,

- mass flow rate of gas,

- liquid density,

AG averwe flow area of the ga,

AL avera4e flov area of the liquid,

V L ave.-e liquid velocity, -oDd

V a average g. '.elocity,

AT "averAe total flow area

Pwa:rrta2ina Squat ion 4,

dp LALVL ' [AU}¥ G Gr- %( )L L+~aV

The bar (-) over any quantity indicates th averee Y&lW of that
quantity in any given increient dx.

' +"111II !fr "l", 1t I P ,'lrl~ l i''1! 'Pq I r I ii I I
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2-4.2 FoIbe bal.ance on the S~22

Consider a single spherical droplet of liquid traveling in a faiter

moving expewding gas. Tvu forces tend to acceleratz tb.- d.opleat; (1) t,--

pree sure force resulting from the pressure gradietnt in the direction of

flow, aad (2) the drag force exerted on the droplet by the gas. Writing

a forcE balance on the droplet,

FP rD uM d MddVLdt = Md V L/dX (6)

wbere

FP - force due to pressu.c-,

PO - force due to drag,

ad  Msu of the dioplet,

ad accelaration of the droplet, and

VL  droi Yet velo.cty.

Te force duv to diag is dfeminumd by the standaMd drag eqtion.

D -V" (/12) (7)

- veru4. v& uie of the drog coefficient for the ircrammt in

qestion, &ld

A' - averaa projecte a-ea of the drop-'*t.

The forae -arted on the drplat as a rosult of the wenoure vr .iotion

troud it can be detrwined by considering a =all prtioa of the surface

ares !,: the droplat dA aA sxboi in Fig. 2. A presare force P acts uw

this t rea A .

Th droplet ba a radius r. Themi, dA - -O (r sin 0 d$) dam

X. r ain is co#



i4

z

dee

SININ a

x

FIG.2 DIFFERENTIAL SURFACE
AREA OF A SPHERICAL
DROP~LET



The prgssure variation across the droplet is asomed to be linear in the

disection of flow (Y' 'ection). Then,

P (dp/dX) X

and

P ~Psin 9coo~

The pressure force acts in tze negative diAection in the quadrant shown.

Then,

d1x Px-'~= sPin 0 coo 0) dA

- - (dp/dX)(N) sin 9 cos 0 (r2 sin 8 do do)

-- (4p/dX)(r sin 0 cos 0) r 2-,'20 cos 0 do d)

-(dp/dX) A~ide3 do Cos 2 do (8)

Integrating equation 8,

. . (dD/dX) r3o 50 (sin 39 4o) cos21 do

0 0

(dp /dX) r3 S (sin 3e de)(0i2 sin 20/4)

0 0

(dp/dX) t SO sin 3 dO

( dp/dX) r - coo 0 (sinO +

(dp/dX) r3a (4/3)

- - (volue cof Afroplet)(dp/dX)



therefore, the pressure ..)rce in the k-direction is,

Fp - y (dp/d) (9)

whiere

dp/dX is negative, ani

0- i the volume of a droplet.

Substituting equations 7 and 9 into equation 6 gives:

FP + FD (4/3) A r3 (dp/dX) + (1/2) - ff2. = mdVL (dVL/dx)

Substituttng (4/3 i r3p, for m and dividing through by (4/31 x r 3 yiclds,

- (d)/d) + (3/8) i oVt/: pL (dVL/dX) (o)

Rearranging equation 10,

dVL - (3/8) G D (11)

OLYL %VYJ

The t on the second tem de6ignatta bebther or not the drag on the droplet

is positive or negative.

2-4.3 Continuity .titjou for tc mixture

WT 'L + "C 1 LL VL , GAGVG 112)

or,

SA. V (3L T, (13)

!I (141I
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W, - total mass rate of vlow,

= specific weight of the liquid, and

VG - specific weight of the gas.

2-4.4 uAtion-of state for the gas

RT PG% T (15)

where

T = mixture temperature cbcser, ahd

R - gas constart for air.

?-f.5 ig eguation for Re.l n ber

hGVrai force

= viscous force (6)

where

d; average droplet diometer. "d4

vi6-1osity of the gts.

2 -4 . ~ on f r W eber n uiaher

N, P~V~r iaertialt forceN, - svrface tanai=

A. L T. /)(1/VL)

aOd differet3i4tiA)4 glyes:

.11



IdAL - W/)(dV /V2) - VT~L k-7)

Differe~tiating equa~t ion 18 and rearranging terms,

dA G dAT -dAL (9

I. Differentiating equa~tion 15 with T held constant and rearranging terms,

dp p/r

Rearruizing equatioa 14, 'lifferentiating, and sub,;titutirg

GAoVG

yields

dVG VG (dpG,/7c) (dAA ) (2))

Susarizing the above equations:

OLALYL 'VL + 0(?(;G-G 0

IdVL i 018) l

AL
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d00 - dp/RTg (0

ii GdPO V. (d~A. a
r

The&, are the equations in the fonh, uti'lized to determinu the flow

ebaaceritia. llequations mrpt be made diwensionally cor ct -e r

calculations are performed. These equatic as vere prograwzeC far tc.2xrion

onan RPC 40O0 digital ccsmxuttr.

2-5 Theoretical. Nozzle%~ Ilv4iiate

'"he gaa vi000eitv and ]Aqui? -u-ace t.rwere cc4nsidra to v

functions of tanpwemtu" csX-±V atxl *rre ;. crefcurt held constant,-

1Wo nzzle citfigtwaiAons v*:tnt.ue.. Dt otgusAr a

tbe aii±r~et. tbwoat. k A2 extt w"ns, iho T rnMus ;M co. *rgls rs .

Thble 2 L' t zs data "qplcjtA ic tbo. arslyviu ami tk* vj&ya4.,tl d1m &'.ins

of th'E inle

tIrw, Z 3%aplxt Of t;Ot" 1 ote flo'-V &raCSa t c Of a.1

V lmn~14th forotzsE I.
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uaa mployita i.a xAiyml s
and Physiicqi iwral of la1e

Meaetinperatur3 of . .. .. .. ..e

*aieeabity of bir * . . .e. . 3.6fl0 s)71Af4 -see

$urfee'i tensicrn of wit)~. O%50 lb/ft

Inlet previa'o .

.*izetisl6ol. diamet.er . .020 in)

2

mvsz1' V "ar;a O.-e,. .. . .. . 0 .267i.

2

T'hroatr v#A... .. ... . . .. . .... ,.. .. 1.0 In

Lrivrqlng a4,-a

Noszlo 1 .. .. .... . . . 1,

tstur. ratio. saiphyo4

Wozz;ri1. . . . 0. 0
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2-6 Method of Solution

Numerical iteration was used with the above listed equatioras in order

to determitne the flow paxameters as functions of the axial length of the

nozzle. Sall increments of length were taken along the nozzle axis, and

through each increment the average value of each of the flow parameters

was determined. The inlet conditions are the initial conditions for the

first increment. After the flow parameters have been determined for the

first increment, the values of the parameters at the exit of increment

one are used as the initial. values for the sacond Incrt -nt and so on,

until the exit section of the nozzle: is reached.

When calc4sting the differentials of the flow parameters with the

above listed equations, average values of the uartmeLers are used in many

of the expressions. When performing the ca.cu.ations for the first time

for a given increment, the average value of each of the parameters is not

known and tLharfore the initial v "-aes of the paramet-ers ire Lused for the

average values.

After the differential equations haym been solved the first time for

a given increment, an average value of each parsmeter can be calculated iz

follows:

where

the average value of a flaw parameter,

Zi . initia'. value of the flow parameter at the beginning of tinyii

increment, and

dZ. - dlff-rential value cf the piLramt-or calculated with the cor-

respoanding !q ton.

-I
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The equatoions are ag.in solved for the same increment, but this time

using the average values whic', have been calculated. This process is re-

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

desired accuracy of each of the flow parameters at the exit of the !.ncre-

ment. The value of a parameter at the exit of a given increment is found

by adding the differential quantity to the inital value.

Small increments were taken along the fixed geometric shapes chosen

and therefore, the total flow area for each increment is jwown.

The accuracy to which the parameters .re c"!c') :ted offects the end

results since all errors are multiplied whon proceeding from increment to

increment. All calculations in this analysis were made with an accuracy

of O. 1 0'.

The size of the increment employe-,! f reatly effects the results outained.

It v" necesseay to determine the aMU]lUt incrcment that soiiuld be taken

in order that the calculated parameters would not change at a given section

of "ie nozzle if a still smaller rement were employed. This increaent

size was determined to be approximately twice the diameter of the droplet

in lenot at %uy position.

Seven significant figures of accuracy of the inlet conditions w r

not sufficient to allow the ex'n.-)on to pr-ceed tc coopletion at 1i. 7 psia

For example, let the correct seventh signifIcant figure of one of the pira-

meters at thie inlet be five. If n trial solution is attmpted usirg four,

the iolutior wv'uld be-in to divor~L in one directicn (a pressure rise) ct

saw point along the nozzle axis. f inatcad a six is trie<, W.W solution

woull c,.v'erg in the other Ortctix; (a rapid pressture drop). The --olu-

tion must be restarted At the i ot to th.z notzle, with the nes chcsen

I
' " I' I" I "11 r ',IIP ' I, ' 11 ' i ll ' ' - . ,- -
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values of the inlet conditions (VL, V0, ML, ), each time that the 2u

tion is found to diverge in either direction. Te RFC 4000 digital cor-

puter, iten employed with the Purdue Interpreter routine, could only be

utilized to perform accurate calc "ations to seven significant figres.

After obtaining the correct sevenih significant figure of each of the

inlet conditions, the calculat ions were restarted at the point whiere di-

rergence began in either direction. Integrated forms of the above derived

equations u: e then utilized in an iterative form as discussed by D. L.

Crabtree (2).

The Weber nmoer (equation 1) was utilized to determine the average

droplet size in any particular inzrement. 7he droplet t.-s assumed to be

of constont diameter through any increment at the average value determined.

The Weber number was calculated at the nozzle inlet. If this celxulated

value wus less than the critical Weber number _:? 6.3, the droplet remained

constant in size for che first increme.nt. Far each increment 4he Weber

number was determined and if it remained less than 6.3 the droplet did not

undergo critical decomposition. The critical value is the maximum value

of the Webar number that can be attained. If the Weber number bec-is

equal to or greater than 6.3, a new droplet radius is calculited usi4g a

value of 6.3 for the 'Aber number in equation 1.

Figure 4 is a block diagram of the computer provra.. utilized in this

-aplsis. The following pirLar ters wvere printec out for each increment;

X, V1, Vo, r, N., N.. Figures 5, 6., and 7 are plots of the predicated

varlations in the flow parameterv with axial no ,ale lergth fr nozzles

I asx II.

j A
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In .wdtbr toc verify the theoreticald pre-dictions, experimental nos-

zlei wire' constrvcted. The experimenta"L nozzle., vere annular i-n shape

aid Nore coatrticted *ith the some area vs, axis length ;sthe nozz~ve

8iur s a ptztogrvph ,)I th;. component parts of the axporimental

-iosle End F-1-4ure 9 pro.9ants a crtla&-mection&.1 ofe one of the a,-

-.atfu zx;- vrimtn~~ei nczzles. 7h~c in,44icto:, was thA saize typf az ujs.> by

j ~~. Cnhkktre' ,2), Ilii mater %as inje,-ctcd tnrough svi311 tubes X-ith t

o'.' a air wround each tube. To inaxtwet that the strea:,i- i I
27 l~ l~sto;' kotr.ito Jo et.sara;stteel .crnn

,j ic- ctotertw incheii taro st...po'W~sore the converging

Port:ion of th:. wtzyle began An or-- to ptp*'.jliz-* th flowl.

31-2 gafsi~ttc~
..,Sur* 10 letr e t~; of c.,o ofI this wc.vDrtlawnt r1 tieI~n~

0.n tho tthruut vpta.M. The 1/9 in. .tbs wtich a -ao1der'.c: to the o'.Aar

novale caeitng *arc kiti^Ixed to dateadne thLe proseux-t proftii lnrat

*nozzle nai.'. r'ci IT .J in. tu 1 lads tv a 0.06C. ijr press;-re tap4red

throuih the outer rionle caeIjsg. t cof thc- tub-3s oidod to thu o;

ale sesig Wit (nMW~rn~ c a oemn *zntfa thoug red* i.slv-,
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Ii The pressure at a particular tap was measured by opening te correspond-

ing needle valve and recording the manifold pressure. The manifold

pressure was measured tor a Wiancko pressur'e transducer and was recorded

!ii on a Brown strip-chart recorder.

Figure 11 s a scihematic diagram of the facility util.ized in the

experimental investigation.

[The nozzle wa.9 mounted on a vertical bean, pivoted at the upper end

as showm in Figure 11. The thrust of the nozzle was meas%;red zith aI

I. ~ancko force transducer and recorded ot , -w strip-char', acorder.

Watar Was suppL4.ed to the nozzle at presiureii between 5003and 1000

psiS. : r- four tdnks which have a 5200 lb. capacity, The water flow

rate mas me-. ured by a 5/8 ir. sharp-edgeo orifice. The pressure drapj

acros0 the orifice war, mac - ed wit.h a Wiancko pressure transducer and

recorded on a Brown dtrip-chart recorder. A 'nil]J~ametcr was loce-.ted onI

the coutrol panel which received a signal from the Brown recorder to in-

dicate the liquid Low re.e. The liquid flow rate war; contro.Usd with

an Annin Domotor valvf and the iueapersture of the water in the supply

line was measured with an~ iron-constantan thrcuocouplo.

I. Ar was supplied to the nosl. frcm several banks of large storag*

tanks at pressur-as between 901", wad 1)0 pstg. Grove ty-pe dc"-l~~

regulator Yalvee w--v utilized to supply the nozzle with the desired

pressure. Thie gac, flow rate was measured by a 0.354 in. sharp-edged

orifice. The pressure drop scross 'he orifica and the pressure ujztroan

I ~ of the orific, were measured with Wiancko pl'essurv trnseducers and re-

ccrd.4 oni Brown stripw.,hart recorders. The temperature of the air
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upstream of the orifice was measured with an iron--constan~an thermocouple

and 3lsc re;corded on a Brown strip -ch~.rt re,,ora, r. Thq air flow rate

-ass controlled with an knnin Domotor valv, and ivq--s indicated or, the f low

pane'1 with a milliamctor ao %as tht liq~uid f~cN rate.

Both liquid and gas orifices werc- made dr.L0 c,,ibrat11ed --ccording to

A.S.)M.E. stondards.

The pressure at the entrance of the conve'r ,ig portion of t. ' noz-

zle was indicated on a Bouroon-tube pressurc- gage and was maintain-ed :t

500 psig.-

Thne Pressurv and thrust transduccrs wre calibr.-itud iirvediotely be-

f,-re. and at- ch experiin ,nt. i rx..

In thc~ ox rcnt.1 invtestigc on, nixturc ratios of 0.05, 0.1-1,

0.12, and 0I.15 w,;rt utili-od vwi:h t:ach noz.-e . Four nozzles wer'e uti--

lizod, tach having a c~vri~ angle. of 210 0. i~vri~n~c f -70,

140, 210, and 28c "t-recnlyd Nutnrous r~is ucrf ide in c;rdtr to'

tntturi- that tht. rnujrn of tht par-ticular r.uns dsr (thost identical

to thv theortt .cal c~~' . iculatixn-0 w-r -.,;)d, Data taken included

the following!

t, hrist

r. pu~'ue io~i~~alorg no-,-z1lor
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The oxperimnental y'o7,les which wce, id enticalI to those viestizatr,4

theorebticaiy are listeri in Ta ble 3.

Tablc 3

!k;z z 1s Miploye- ip Both
Exp~rimcntil ani Theoretical An-ilyses

Converging Dive~rging 7throat TI1et Exit
.qozzle Anlgle Angle Are-. mare ,r5a

I2(0 ~ 70.2 67 3.2811 2.45C)

12 21' 0.267 27 2.4,0
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4 COMPARISON OF THORETICAL

AND EXPERIMETAL RESULTS

4-1 Prlesure Prcfiles

Figure 3 presents the flow areas of the two nozzles which were in-

vestigated both experimentally and theoreticaliy.

Tn Figures 12, 13, and 14 the predicted pressure profiles are com-

pared with those obtained experimentally. From Figures 12, 13, and 14

it can b. seen that from the nozzle inlet into the diverging section,

the measured pressure 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-

preaching 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.

or

L

!
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4- FowRae

A cornparisen of thoe pr~dicted and mea~ured flow rates is shown in

Table 4.

Tablo

PrEdiCted and Meaeured Flow Rates

I±xt ure Fredirted T-,aIs ?fea~ured Total Percent
Nozzle Rhtifl Flo~q N,. (b/sec) Flow Rate (ib/sec) Frror

CIioA 10.04 10. r,85.

1 0.15 8.58 9.358.

Tab', v e 5~ i~ t h tN, i sot herima prt Jl di ct - t ht- f low rcts.t

m~ore accurately at tht, lfwer rnixture ratios. At the 4.ghe mxtLT

ratios th6-* is lea& vpat~r and ~toeair sind therefort-, les5 411t avail-

able !or a larger ancunt vjt air than c', tho iowtr mxtur%, ratios. This

incres3 inj inAccuracy- of the Iso~thral mdel s.t Ile -ighfr smixtur- ]
'tiois also indicatud by comparing Figtrea 12 and 13- T'ho measurod

adprodict~d pressure profil .- in thce div~rgi;;,g prtnof Nozale II

nmatcti more closely whez:. trit mixturv ratio is U.10 than. whien '.t Ii e .15.

4-3 Tns

The e.-'ective r~z- xit ;1uity is ftm,,A ss lollows:

w F/W~~ ~ - r~t/Tt~.Flow Rato (22)

and the e:to for thr-jzt (F) is given by.

F-215)(WL ~ + ra~)A (23)
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where

*V1 - gad exit velocity

-'Le " liquid exit velocity

Pe . nozzle exit pz-t3r6

Pa " ambiont pressuri

Ae a nozzle exit area

The last term of Equation 23 can be dr,?ped since pa " pa in both ex-

perimental and theoretizal cases. The predicted and masured values

of the effective nozzle exit velocity are prsented in Table 5.

Table 5

Predicted and )*asured Values of the
ffective Nozzle W-t Velocity

Mixture Thrust Predicted easurcd Pe.cer,
SNoSzle Ratio (lb) Velocity(f t/aac) Velocity(ft/3ec) Error

I 0.10 12. L 699 556 25.7

I 0.15 1,3.3 778 631 23.3

II 0.10 194.9 620 tOO 3.3

From Table 5 it is seen that the bffective nosle exit velocity

calculated with the iothirrml, frictionless nodel was far in error for

Uossl I. The calculation for Nozzle II however, was quite accurzte.

No&Ile I nad a divcrging angle of 70 and an ovyeall length of 8.85 in.

P-nd Nossle 11 had a eiverging ang16 of 210 and an overall length of

5.1 in. The results presented In Table 5 incicate that friction clays

lop
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a dominate roll in ths doterm~diaticon of the gas and liquid velocities

when long nozzlbe are being investigated. Friction between the phases

and b6etvveen the miy, a an~d the nozzle boundaIe was neglected in this

analysis. Won-ideal thermal equilibrium also causeb a reduction in

thrust. (2)
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The ua of thA fric.Uon! . oh ,a16, to llz1 ,tfd

tc those typa nozzleA sulAd for i~t e Parvtlon, Thji o,-zls ar;

short to conserve w~ight, an," opbrate wit.1 m ixture 't~" rrlo

thott As MUCh liquid Ihe ;Aipsd as posaij21s with a o ~i

consuimption.

Two mdifctjiz;s nhould be~ nAde to the isothvrnA aiodo2 InCr(

to widen the '-arj of its uveu1ns..e; (1)j coopiderat-i,-n ffho'id bo givirn

to the heAut .rrinz:r thot occurs batv~fon tht liquid ',rw, tiha gas, and

(2) the effects of **I?, friction ehoId be nld,

5-1 96,t Trrb~.,

An "ifals which taes into account thc, heat tranttfoep between the

liquid and thfe gaa would 6.aploy tho, following equotions and relation-

ships in addition to those (. ployed in tht, ibothsrmal model.

1. S&.ergy equation for mixture

-G ~(VO/J LH Ld

2. TL - f (hL)

3.Heat Balana cn the Droplat

dqI/dt -- heAd5Y -/~ dhd/dt

- P dAVP'dd dhd,/dX

... perizntaJ. plot oi NSasslt nuher vs. ftsynolde rimbs:

for spbsrical droplets (8).
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where

Md-droplt vol=am

Ad w drvplet 3arfac,5 aroa

he convective he treafer coefficl-.,nt

hd - enth&lpy Of the dropl~.t

qd-convectivb heat tr",afer ratE 'rnr the droplet

*temparnturoi differencb bttwaen the gab and the liquid

*droplet density

Equation 3-5, which it derived in Appendix B, show!5 th& E6ffect of a

temperature drop of thej gas on th6 gAs velocity for t-a~ adiabatic model.

dIV -dV * (~-5
a diabatic G isothtrmal/')(B5
model model

dTG is n_gativte and therefore dYG i6 >bss for a given incrtme~oit ~Men

*mloyir-W? th., adiabatic mode.l than wL.h fwaeployllng the isotherml model.

A lo~ar exit gas velocit. resulto whan consideoring the flop to be adi-

abatic *hich in turn roduca3 thG thrust that can be obtained from the

5-2 U . Oi4tA f (o W, ient 0

it appea that n frictior coefficient mlust bE. oxprimen,,lly do-

ts~1ned for tht tine of twso--tmas, flow discussed herciin. There is

frilcto be-twoen the gas 8nd liqotd and bat~oeer the& mixture and the

no-.,les bo nd-ir~es. For cacn difr., g,. id/or kiquid u&ed, the in..

fluenc. of friction wovld b - Jifforunt.. ,~ thtoristic! l dstarm'irKtion of

thes friction coafficlunt ap,.srur to be. inprobalbls.

The ralysis presented herein should be proqranoed -*or solution on

a faster di~itel -cnputer. If the6 heat treasfer betvien the li~v~d and
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the gas is to Ie conaidered it would be imsperative that -faster computer

be utilized. To determine the, inlet conditions to seven aignific.. t fig-

ures for one nozzle and mixture r9tin, a:pproximately mixty hours of ccin-

puter time werij nece9sry when a3mploying the RPC 400C., The 3clation

would take a considerable amount of tiiq even if a faster computer were

utilized. Another method of numerical solution of the equations shoul~d

therefore be ir ;estisated.
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AYFI'EfLf A

NOWNCL TM

ad - cceleration of droplt, f t/ a 6C

dAd projected area of d~opl6t, inA

As - nozzle cxdt area, in.2

AG - flow area of gas, inP

L - flow a-*a of liquid, in.Z

A- , one-dimensional jurface area of diveigirk" nozzikt , in. 2

AT - total flow ara, in.1

CD - drag cotfficient

CL  'ic heat of water, B!IJ-R

C0 spoific heat of air at constant pressire, B/lb-OR

F - thrust, 1b

F D "drag force, lb

Fp preesure force, 'L.b

F force in _,.recion, lb

g - gravity constant, 2.174 fti.eca

J " ch-qAcal equivaltnt of heat , 778 ft-lb/B

8C of drm£p1t, slu

AI 0 93 fl;3.V rat ; ;n. gar" ,L4i/a&

, mae flow -iet* of liquid, Kug4./.c

LA 'nol2. rmber

J

i~

I
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- vber nw:.,ver

p - prss-ure, psi&

P - peemira. paia

PS &,bisant prestoure, P a

pe noz'- eyit pressurpi

F4 nozzle in1ot. op'%e tre, piia

F X - X- crprnt of p; surG actirg on droplet, psia

W - Thiversal gas cDnL-tw-' ft-lb/ ewo-R

R - gas constant for eir, 51.0 ft-lb/lo-R

r -droplet radium, in.

- gao tempgrature, R~

T =liquid temptrature, R

T, inlet mixturb temperaturt, R

.. gias vfehcity, ft/sec

VL llqlid v6locity, ft/Sec

N ffGctiVb nozzle exit vochft/sec

VI ridtivb velocity bttwten ga and liquid, ft/soc

W *moloculav' weight of gti!

ma nss flow rate oif gas, lb/soc

WLamass flow rnte (if liquid, lb/stc

wT - totalI flow ratte, lb/sec

I -distan-. along nozzle~ axle', in.

Z - "n flow paraafter

4 - specific uiiht of "4quid, lb/?t$

IG- specific tizight of ps, lb/fta



5:3

m gas vticosityr, Elugs/ft-s c

- lesit of lilild, sllgp

fts density of ga5, siugs/ftb'

-droplet voiuat, in. 3

er urfac~s tensl.on of liquid, lbI/ft



VC,,

-'GI

InaororA to, comarrt tiaton o i dea~ n h r

Rewrdtitn fqiatn 1 21.ition

Wrr ~ the - tct T~ 0, fer n thi ad ti ode (7'Eontat)an

Substtutm euatte int qato21)

dV0 - Qr~dr/X -v~(p/pd%/) (-0

Yr ±oteralf~*~ ?X.T. C~zd ro tKj tdf (4



Subatituting equawtion B-4 into equation B-2

dVG adiabatic - dVG + (& 5)
n~ode1 modal.



"D~strib'"r of this report has man made in accordancw with Che Joint
Arvq-Navy-kir Force l~iqAd Propollauit ailirj List of March 1962.."


