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ABSTRACT 

The des1gn of a jet condenser for space appl1cat1ons on an 

Organ1c Rank1ne Cycle Power System 1s demonstrated on the bas1s of 

results from an analyt1cal model, and actual test1ng of des1gned 

hardware. 

Saturated dowtherm vapor condenses on the subcooled 11qu1d to 

form the condensat1on process of the condenser. The vapor operates 

at a low pressure (.69 kPa) to el1m1nate h1gh backpressures on the 

upstream system turb1ne. To opt1m1ze condensat1on rates and ach1eve 

hydraul1c stab111ty jet lengths of 50.8, 127, and 254mm, and nozzle 

or1f1ce conf1gurat,ons of .216, .254 and .3683mm 'n d'ameter were 

tested on Steam/Water and L'qu'd Dowtherm. Stanton Numbers related 

the veloc,ty d1fferences to jet heat transfer coeff,c1ents, and 

helped establ,sh the 254 mm opt,mum jet length. 

Noncondensable gas affected the jet condenser by ra1s1ng the 

saturated vapor pressure beyond des,gn (.69 kPa), and reduced the 

vapor veloc1ty, such that the condenser 1n't'ally underperformed. 

Developmental test,ng on 11qu1d dowtherm showed a Synthet1c Sapph1re 

Jewel Nozzle to be super1or 1n thermal performance, (370°K vs. 

373.3°K) and produced the smallest amount of noncondensable gas 

wh1le ma1nta1n1ng hydraul'c stab111ty 11m1ts w1th1n ! .762 mm. 
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90 1nd1v1dual nozzles at 348.9°K prov1ded adequate performance 

by allow1ng the vapor at 392.2°K to condense to 370°K, and pass 

through a throat and recover 57% of the 552 kPa 1nject1on pressure. 

W1th all operat1ng performance parameters sat1sf1ed, the 

analyt1cal model accurately pred1cts the performance of the jet 

condenser when the effects of noncondensable gas are 1ncluded. W1th 

good agreement between the actual operat1ng data and the analyt1cal 

pred1ct1ons of the model, the feas1b111ty of the Jet Condenser 

Oes1gn for a Power System 1n Space has been demonstrated. 
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CHAPTER 1. INTRODUCTION 

Electr~cal power systems wh~ch are based on the Organ~c 

Rank~ne Cycle have been ~n var1ous stages of development for 

the past 20 years. Th~s thermodynam~c cycle requ1res that the 

work~ng flu~d be condensed from a saturated vapor to a l~qu~d. 

after ~t leaves the heat eng~ne or work~ng turb~ne, and that 

the heat of condensat~on be rejected. One of the key 

components of the system ~s the jet condenser. It allows 

expans~on of the work~ng flu~d through the turb~ne at low 

backpressures. 

Th~s thes~s w111 descr~be the des~gn and evaluat~on of 

performance character1st1cs of a jet condenser wh1ch ~s 

su1table for use 1n Orb~t~ng Space Veh~cles as part of an 

Organ~c Rank~ne Cycle Power Convers~on System. 

Unl~ke convent1onal condensers 1n 1ndustr~al power plants 

wh1ch depend on grav~ty to comb1ne the 11qu1d and vapor and 

d1rect the comb1ned flu1d (condensate) to a pump, 1 the 

condenser must be able to operate under zero grav~ty 

cond~t~ons, 1n a space power system. 
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Most of the Rank1ne Cycle Power Systems that have been 

1nvest1gated have two bas1c operat1ons: condensat1on and heat 

reject1on. These two operat1ons are performed d1rectly 1n a 

comb1ned condenser-rad1ator (see Hays 2
). 

There are several types of condensers which are commonly 

employed for space operat1on. The f1rst 1s a d1rect condenser 

that consists of f1nned tubes through wh1ch both the vapor and 

condensate flow, and wh1ch radiates the heat of condensat1on 

d1rectly 1nto space. A second type of condenser that has been 

used for space operat1on cons1sts of a compact shell and tube 

heat exchanger in wh1ch the vapor 1s condensed separately from 

the 11quid radiator. The th1rd type el1m1nates the separat1ng 

walls and allows the vapor to m1x with a cooler 11quid of the 

same component. The resultant warmer 11qu1d 1s then cooled 1n 

a f1nned rad1ator, after wh1ch a port1on 1s returned to the 

heat source, and the rema1nder 1s returned to the condenser 

1nlet to cont1nue the condensation process. 

Th1s thes1s w111 concentrate on the last type of 

condenser, wh1ch 1s a der1vat1ve of an 1ndustr1al jet condenser 

mod1f1ed to perm1t operation at zero grav1ty cond1t1ons. This 

type of condenser prov1des for contact of the superheated vapor 

and the coolant, wh1ch y1elds both a good heat transfer rate 

and an 1ncrease 1n stat1c pressure from the vapor 1nlet to the 

condensate outlet. 
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The object1ve of th1s study 1s to demonstrate that th1s 

part1cular type of jet condenser 1s capable of use as a 

component 1n an Organ1c Rank1ne Power System for space 

appl1cat1ons. In support of th1s object1ve. the follow1ng 

approach 1s taken: 

1. An analyt1cal model 1s developed wh1ch allows pred1ct1on 

of the condenser operat1ng parameters and geometr1cal 

des1gn. 

2. Based on the analyt1cal model. the hardware assoc1ated 

w1th the condenser components 1s des1gned for use 1n 

developmental tests us1ng both steam/water and the actual 

work1ng flu1d. Dowtherm "A". 

3. The developmental tests and results are d1scussed and a 

compar1son 1s made between the actual operat1ng data and 

the analyt1cal pred1ct1ons. 

4. Based on 1tems 1-3 above. conclus1ons are drawn as to the 

feas1b111ty of the condenser for space appl1cat1ons. 

1.1 Background lnformat1on 

An Organ1c Rank1ne Power System for space ut111zes a 

jet condenser to allow sat1sfactory 11qu1d and vapor contact 1n 

all att1tudes and under zero "g" cond1t1ons. The jet condenser 

1s a dev1ce 1n wh1ch low pressure vapor 1s ducted 1nto a funnel 
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coax1ally w1th 11qu1d jets of subcooled work1ng flu1d 

(F1gure 1). The 11qu1d jets are 1njected 1nto the vapor at a 

h1gh veloc1ty and a1med at the throat of the vapor funnel. The 

vapor condenses on the subcooled 11qu1d jet and the comb1ned 

11qu1d jet passes through a throat 1nto a d1ffuser, as shown 1n 

F1gure 1. The 11qu1d jet undergoes a sudden expans1on w1th1n 

the d1ffuser, f1111ng the ent1re cross sect1on. Dur1ng the 

sudden expans1on there 1s a loss of total pressure, but a ga1n 

1n stat1c pressure of the 11qu1d stream. Further recovery of 

stat1c pressure occurs as the 11qu1d cont1nues through the 

d1ffuser. The behav1or of the 11qu1d jet w1th1n the d1ffuser 

1s 1dent1cal to that wh1ch occurs 1n the d1ffuser of a 

cav1tat1ng ventur1. The outlet pressure from the d1ffuser can 

vary from essent1ally zero up to about 60% of the 1nlet 

pressure depend1ng on where the jet stream expands to f111 the 

d1ffuser. 

The condensat1on process w1th1n the jet condenser 1s 

11m1ted by the probab111ty of coll1s1on of vapor molecules w1th 

the 11qu1d jets, 1.e., 1t 1s vapor dens1ty 11m1ted. By 

locat1ng the 11qu1d jets such that each jet has approx1mately 

the same vapor volume surround1ng 1t, the jet condenser 1s 

capable of o~~rat1ng w1th the 11qu1d outlet subcooled by only 

2.78°K w1th respect to the m1x1ng chamber saturat1on 

temperature, or 8.34°K w1th respect to the jet condenser 1nlet 

saturat1on temperature. 
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The jet condenser des1gn 1s extrapolated on the prem1se 

that the rate of condensat1on per un1t surface area of jet 1s 

d1rectly proport1onal to the vapor pressure 1n the jet 

condenser m1x1ng chamber, such that the 11qu1d outlet 

temperature w111 be subcooled by -2.8°K w1th respect to the 

m1x1ng chamber pressure. 

3 4 Prev1ous stud1es conducted by Platt and Garc1a 

have shown that a jet condenser can replace a standard surface 

condenser, and condense vapor from a turb1ne w1th a g1ven 

11qu1d. Platt 1s 3 exploratory 1nvest1gat1on ejected steam 

through a s1ngle central nozzle, and allowed water to enter 

through an annular nozzle or funnel. Although certa1n 

pr1nc1ples that Platt demonstrated were s1m1lar to the thes1s 

here1n (condensat1on process for a power system), the 

assoc1ated hardware and h1s complete des1gn techn1que were 

rad1cally d1fferent. Garc1a d1d em1t 11qu1d v1a a nozzle, and 

vapor 1n a funnel, but aga1n the bas1s for the employed des1gn 

was altered. A s1ngle 11qu1d stream em1tted by a nozzle was 

used 1n an attempt to ver1fy the condensat1on process for a 

power convers1on system. 

The rema1nder of the sources that were 1nvest1gated dealt 

w1th the condensat1on process and 1ts rate, and were not 

concerned w1th a jet condenser for a power system. Zero 
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grav1ty cond1t1ons for condensers were also not ava1lable, as 

most systems dealt str1ctly w1th Heat Transfer Rates for 

Condensat1on (Isachenko et al. 5
, M1yazak1 et al. 6

, and 

Kaplan et al. 7
), Expans1on Rat1os (Irodov 8

), 

9 L1qu1d/Vapor Condensat1on Rates (Mochalova et al. , and 
10 1 Maa ), and Controlled Vacuum Condensat1on (Blume). 

An 1n1t1al des1gn of the jet condenser, ut111z1ng 45 

11qu1d 1njector nozzles, 1s shown 1n F1gure 2. Each 1njector 

nozzle has a .3683 mm d1ameter w1th a 11qu1d jet length of 

254 mm to the d1ffuser. The use of sharp-edged or1f1ces, as 

shown 1n F1gure 3, resulted 1n a well-columnated focused stream 

wh1ch passes through the throat of the vapor funnel and 1s 

res1stant to broom1ng. Broom1ng 1s def1ned as the atom1zat1on 

or breakup of the columnated stream. The jets must pass 

through the throat w1thout any s1gn1f1cant 1mp1ngement on the 

walls of the vapor funnel. If the 11qu1d does 1mp1nge on the 

walls, 1t w111 slow down and collect near the throat sect1on. 

Th1s collect1on of flu1d 1mpedes the other jets to the po1nt 

where there 1s 1nsuff1c1ent pressure recovery 1n the diffuser 

to keep the 11quid flowing 1n the forward d1rect1on, (1.e., 

d1ffuser outlet pressure 1s less than accumulator reservo1r 

pressure). Th1s cond1t1on w111 be referred to as "floodout" 

s1nce the 11qu1d w111 no longer pass through the funnel and 

results 1n a shutdown of the 11qu1d 1nject1on system. 
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1.2 Summary of Jet Condenser Des1gn Parameters 

Certa1n des1gn parameters are presented at th1s po1nt to 

g1ve the reader an 1dea of the operat1ng range of temperatures 

and pressures for the jet condenser. Some of the ranges are 

d1ctated by other major components w1th1n the Power Convers1on 

System of the Organ1c Rank1ne Cycle Power System. (An example 

of th1s case would be the 1nlet vapor temperature wh1ch 1s a 

funct1on of the turbine exhaust.) Table 1. 1s a summary of the 

pertinent parameters that are used 1n the overall system 

des1gn. 

Thermal performance of the condenser 1s ach1eved with a 

liqu1d outlet temperature as low as poss1ble 1n relat1on to the 

combined liquid and vapor 1nlet, and recovery pressure (r1se) 

as h1gh as possible. The pressure of the vapor 1s extremely 

low (.69 kPa) when 1t comb1nes w1th the 11quid at 552 kPa. 

Since there 1s a loss of total pressure but a ga1n 1n stat1c 

pressure after the 11qu1d passes the throat (See Figure 2), the 

d1ffuser enables the pressure recovery (r1se) to take place. 

The recovery pressure 1s measured 1n relat1on to the 11qu1d 

1nlet, so 1t 1s 100% (percent) at 552 kPa. Testing and results 

1n Chapters 4 and 5 will show that a 50% (percent) recovery 

measured at the diffuser outlet 1s achievable. 
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Jet lengths of 50.8, 121, and 254 mm were used 1n test1ng, 

to help determ1ne the condensat1on performance of the jet 

condenser. Pr1mar1ly the rates of condensat1on were 

1nvest1gated at the var1ous lengths, for compar1son to the 

pred1cted values that are analyt1cally establ1shed 1n 

Chapter 2. 

The number of r1ngs, n, 1n Table 1. corresponds to the 

three c1rcular r1ngs of the 11qu1d 1njector head that holds the 

1njector nozzles, as shown 1n F1gure 2. The 1n1t1al 1njector 

head des1gn conta1ned 45 nozzles. The f1nal des1gn that 

y1elded the best performance conta1ned 90 nozzles, w1th 18 on 

the 1ns1de, 30 1n the m1ddle, and 42 nozzles on the outs1de 

r1ng. The components are further expla1ned 1n deta11 1n 

Chapter 3. Var1ous tests employed to s1mulate the d1fferent 

cond1t1ons and establ1sh the actual performance of the jet 

condenser are descr1bed 1n Chapter 4. Chapter 5 presents the 

results of the conducted tests. Chapter 6 d1scusses the ma1n 

f1nd1ngs, 11m1tat1ons, and tradeoffs of the jet condenser. 

F1nally, conclus1ons are drawn 1n Chapter 1. 
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TABLE 1. 

SUMMARY OF DESIGN PARAMETERS 

MASS FLOW 

TEMPERATURE 

PRESSURE 

(kg/sec) 

L1qu1d Jet Length 

M1xture Chamber Pressure 

Number of Nozzles 

Orifice Diameter 

L1qu1d In 

.1247 

348.9 

552 

Effect1ve Vapor Diameter at the Liqu1d Injector 

Diameter at the Liquid Injector 

Number of Injector R1ngs 

Vapor Velocity at the Liqu1d Injector 

Liquid VelocHy 

Throat Diameter 

Locat1on 
Vapor In 

L 

.0136 

392.2 

.704 

= 254 nm 

.5865 kPa = 

N = 90 

0
0 

= .254 nm 

Dmix = 79.756 nm 

Di = 101.6 nm 

n = 3 

Vv = 305.4 km/hr 

Uqu1d Out 

.1424 

< 372.8 

~ 220.8 

VL = 113.02 km/hr at Re0 = 8140 

Dt = 3.38 nm 



CHAPTER 2. JET CONDENSER ANALYTICAL MODEL 

2.1 Introduct1on 

The performance/s1z1ng of the analyt1cal model 1s based on 

one-d1mens1onal gas dynam1cs 1n the vapor funnel, a k1net1c 

theory representat1on of the vapor/11qu1d 1nterface condens1ng 

process, and emp1r1cal correlat1on of the jet heat transfer 

coeff1c1ent from the vapor/11qu1d 1nterface to the bulk 

11qu1d. 

The analyt1cal model 1s used to pred1ct the condenser 

vapor 1nlet pressure that 1s requ1red to condense a g1ven vapor 

flow rate w1th a spec1f1ed 11qu1d flow rate, 11qu1d 1nlet 

1njector temperature, and funnel geometry. The model 1s 

essent1ally a set of d1fferent1al equat1ons that descr1bes the 

vapor momentum and cont1nu1ty of the 11qu1d. These are 

1ntegrated from 1nlet to outlet of the jet condenser for a 

range of vapor 1nlet pressures to determ1ne a value of pressure 

wh1ch results 1n the requ1red amount of vapor condensat1on. 

The energy equat1on for the vapor 1s not cons1dered 

because all other forms of heat transfer are negl1g1ble 

relat1ve to condensat1on on the 11qu1d jets. The momentum 
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equat1on for the vapor 1s not cons1dered, because the vapor 

molecules near the 1nterface of the 11qu1d jets have a bulk 

ax1al veloc1ty s1m1lar to the bulk 11qu1d jet veloc1ty. 

2.2 Steam/Water Model Analys1s 

11 Pure Vapor Condensat1on Rate 

The accepted phys1cal model of evaporat1on and condensa

t1on 1s based on proposals of Hertz 12 1n 1882 and of 
13 Knudsen 1n 1915. The k1net1c theory of gases y1elds the 

rate at wh1ch molecules str1ke the condensed phase from 

equ111br1um vapor as n c /4; 
g g 

where: 

n = Concentrat1on of molecules. 
g 

c = Average molecular speed. 
g 

C(T) = Ia RTgo 
~ 

R = Gas constant of vapor. 

T = Absolute temperature of vapor. 

g = Grav1tat1on constant. 
0 

EQN 2.1 

A "condensat1on/evaporat1on coeff1c1ent" 1s used to 

account for the fract1on of the 1nc1dent molecules wh1ch enter 

the condensed phase, the rema1nder be1ng reflected. The flux 
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of molecules leav1ng the condensed phase 1s g1ven by 

fn C /4 where n and c are the molecular dens1ty and s s s s 
speed based on saturated 11qu1d surface cond1t1ons and f 1s the 

"evaporat1on coeff1c1ent 11 1n order for the equ111br1um 

s1tuat1on to be atta1nable. Dur1ng net phase change. the bulk 

vapor veloc1ty normal to the 1nterface affects the molecular 

veloc1ty d1str1but1on; Schrage14 took th1s 1nto account and 

der1ved the follow1ng express1on for the net condensat1on 

rate: 

n c 
w = f (r T n c 

-¥> mole 
m2 - sec. 

where: 

w = Net Condensat1on Rate. 

-s2 
r = e + v~ s (l + erf (s)) 

s = u 

I 2RTgo 

u = Bulk Veloc1ty of Vapor normal to jet. 

EQN 2.2 

EQN 2.3 

EQN 2.4 

The net condensat1on rate can be wr1tten 1n terms of the 

mass flux condensed as: 

. m cond. 
A 

rp c 
= f ( g g 

4 
p s c s) kg 

4 m2 sec 
EQN 2.5 
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where: 

Pg is the vapor density, 

Ps is the saturated vapor density based on liqu1d surface 

temperature, _!g_ 
m3 

1.1 
Based on the arguments of Mills and Seban , the 

evaporation coefficient is taken as un1ty in th1s work. For 

the net condensation of saturated vapor it is clear the p 

must be less than p , because the temperature of the 
g 

s 

condensate surface must be less than the saturation temperature 

of the vapor. The factors that affect p (or T , The 
s s 

liquid surface temperature) are the bulk liquid jet temperature 

T
8

, the condensation rate, w, and the ability of the liquid 

jet to transport heat from its surface to its bulk liquid. The 

factors that affect the vapor pressure near the liquid jet 

surface are the vapor flow area schedule in the vapor funnel, 

the condensation rate, w, and the amount of noncondensable gas 

present in the vapor. Initially, to establish the basic 

relationships 1t will be assumed that there is no 

noncondensable gas present. 

Figure 4 illustrates the situation between the vapor and 

liquid at any axial location of the liqu1d jet. At any ax1al 
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locat1on the 11qu1d jet 1s character1zed by 1ts bulk 
. 

temperature, T , 1ts mass flow rate, m , 1ts bulk absolute 
BL l 

veloc1ty, V , 1ts dens1ty, p , and 1ts bulk enthalpy, 
L L 

hl. The surface of the 11qu1d jet 1s assumed to be at a 

temperature, TSL' wh1ch 1s h1gher than the bulk, and 

consequently, has a 11qu1d enthalpy, hVSL' wh1ch 1s h1gher 

than the bulk. Also assoc1ated w1th the 11qu1d surface 1s a 

saturated vapor dens1ty, pVSL' The vapor at any 

correspond1ng ax1al locat1on has temperature, TV' pressure, 

PV, dens1ty, Pv· and enthalpy, hv. These are assumed 

to be stat1c propert1es def1ned by the local vapor stat1c 

cond1t1ons 1n Isachenko et al. 5 

Due to the d1fference 1n vapor dens1ty, Pv• and the 

saturat1on vapor dens1ty at the 11qu1d surface, PvsL' a net 

condensat1on flux, W/A cond., occurs wh1ch 1s g1ven by equat1on 

(2.5), when f = 1 

~cond. 
A 

where: 

u = Wcond. 
Apv 

and r 1s g1ven by equat1on (2.3). 
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Related 
by TSL 

Vapor Propert1es ---Tv, PV' Pv• hv -----
~ cond. U = ~ cond. 
A Apv 

TSL' PvsL' hVSL (Vapor Propert1es 
at L1qu1d) 

~======~~~~~~=-~~~==~~~=~~====== 

LIQUID 
STREAM 

.!l.l g_l A VAPOR TO SURFACE = A SURFACE TO BULK 

\. ~ cond. = [(r:vl 
u = W cond. 

1( -,sy-
s = u 

I 2g RTv 

C(T) = J ~ Rv go T 
11' 

r = e-52 + ~ s(l + erf(s)) 

EQUATIONS RELATING VAPOR AND LIQUID AT ANY AXIAL LOCATION 

OF THE LIQUID JET 

FIGURE 4. 
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C(T) 1s the average molecular speed g1ven by 

(equat1on 2.1). Th1s net condensat1on flux has an assoc1ated 

net enthalpy of hv - hLSL. Thus the l1qu1d surface has a 

heat flux of Q/A vapor-surface 1mposed on 1t, where 

Q I Wcond. (h - h ) 
A vapor-surface = A V LSL EQN 2.8 

Th1s same heat flux must be convected from the surface of 

the 11qu1d to the bulk 11qu1d. Def1n1ng the jet convect1on 

coeff1c1ent as H, the heat flux from the 11qu1d surface to bulk 

1s 

~~surface-bulk = H (TSL- TBL) EQN 2.8.1 

comb1n1ng equat1ons (2.8) and (2.8.1) we obta1n, 

EQN 2.9 

From the above we can say the pred1ct1on of the local 

condensat1on rate, although 1terat1ve, 1s not d1ff1cult 1f a 

su1table value of the jet convect1on coeff1c1ent, H, 1s 

ava1lable. 

In1t1ally, prel1m1nary data reduct1on was based on the 

assumpt1on that H was proport1onal to the jet veloc1ty 

accord1ng to L1nehan. 15 Further 1nvest1gat1on showed a 

more reasonable prem1se upon wh1ch to estab11sh H 1s by 

assum1ng that 1t should be based on a character1st1c ve1oc1ty 
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wh,ch 's the d'fference between the l'qu'd bulk veloc,ty and 

the 'nterface veloc,ty. 16 Subsequent to the complet,on of 
17 work reported here,n, 't was found that Young and Yang 

reported good correlat,on of test data of a condens,ng steam 

jet w'th a Stanton number based on th1s veloc1ty d1fference. 

Th1s 1nterfac1al "shear veloc1ty" 1s shown 1n F1gure 5., wh,ch 

1s drawn for the case of zero bulk vapor veloc1ty and 1s the 

case pert1nent to the steam/water model analys1s. In th1s 

f1gure the bulk 11qu1d jet veloc1ty 1s VL, the 1nterface 

veloc1ty 1s v1 and the vapor veloc1ty 1s VV' wh1ch for th1s 
19 case 1s zero far away from the jet surface. 

The method of est1mat1ng the 1nterfac1al veloc1ty 1s 

presented 1n Gouse, Kemper, and Brown 18 wh1ch 1s based on 

equat1ng the vapor shear stress to the 11qu1d shear stress, 

1nclud1ng the effect of the mass transfer from the vapor to the 

11qu1d. 

Def1n1ng the vapor veloc1ty relat1ve to the 1nterface as 

V , and the 11qu1d ve1oc1ty re1at1ve to the 1nterface as 
V1 

v1L, 1t 1s seen that: 

VV1 = V1 - VV 

V1L = VL - V1 

EQN 2.10 
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18 Accord1ng to Gouse et al. , the shear match1ng 

cond1t1on becomes: 

("',>v = ("',>L 
where: 

v 
+ W cond. (_n) 

7s: 9o 

EQN 2.11 

EQN 2.12 

EQN 2.13 

and the fr1ct1on factor, f 1, 1s based on the re1at1ve 

Reynolds Number, Rer, w1th the assumpt1on that the jet stream 

1s cons1dered as a sol1d surface w1th respect to the free 

flow1ng vapor, 

or 

and 

20 
f = ~ for lam1nar flow 
1 Rer 

f = 0.046 for turbulent flow 20 

1 ~ 
r 

Rerv 

where: 

EQN 2.15 

EQN 2.16 

EQN 2.17 

EQN 2.18 

Dj 1s the 11qu1d jet d1ameter (nozzle metal d1ameter). 

Dv 1s the equ1valent d1ameter for the vapor passage. 

For the steam/water test1ng, DV 1s approx1mately 203.2 mm. 

The heat transfer coeff1c1ent 1s assumed to be of the form: 

EQN 2.19 

-23-



<-c,>v 

("C1)L 

f1 = 

RerL = 

RerV = 

VAPOR 

(f1) Pv vv, 
2 

vv, = + ~ cond. ( V 2 9o -) 
A 9o 

(f1) PL v,L 
2 v = + ~ cond. ( __11._) 

L 2 9o A 9o 

16 or = .046 
Rer ~ r 

PL v,L i 
Pv VV1 Dv 

iiV 

SHEAR VELOCITY FOR STEAM/WATER ANALYSIS 

FIGURE 5. 
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~ cond. 
A 

= l!cond.,..oj 
A 

where St 1s a Stanton Number wh1ch 1s assumed to be a 

EQN 2.20 

EQN 2. 21 

constant for the jet. Th1s 1s done by assum1ng a Stanton 

Number and then 1terat1ng the prev1ous equat1ons for a value of 

TSL wh1ch sat1sf1es the heat flux (equat1on 2.9) for a g1ven 

value of TBL' When equat1on 2.9 1s sat1sf1ed, a heat and 

mass balance can be made on the 11qu1d jet. 

These equat1ons are then 1ntegrated from the beg1nn1ng to 

end of the jet, v1a a Runge-Kutta 1ntegrat1on rout1ne, 9 and 

the process 1s repeated for d1fferent values of the Stanton 

Number unt11 the calculated outlet temperature matches the 

measured dewar temperature. Th1s process 1s shown 1n F1gure 6. 

In early test1ng, wh1le test and data reduct1on procedures 

were be1ng developed, a number of nozzle conf1gurat1ons w1th 

d1fferent turbulence promot1ng dev1ces 1n the feed tube pr1or 

to the nozzle throat were tested. 21 Results 1nd1cated that 

these upstream turbulence promoters had no substant1al effect 

on jet performance (F1gure 7). 
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~ cond. 
A 

= ~ cond. (hv - hLSL) ~ Dj 
111L CPL 

st~ 
2 
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X 

GRAPH USED TO FIND STANTON NUMBER THAT MATCHES DATA 

FIGURE 6. 
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In order to determ1ne the Stanton Number that correlates 

w1th the exper1mental data. the values of the heat transfer 

coeff1c1ent. H. are 1ntegrated for the jet lengths, and 

averaged for each test po1nt. 22 Jet lengths of 50.8, 127, 

and 254 mm are tested. The mean and range of values of Stanton 

Numbers for each jet length (above) w1th .254 mm and .3683 mm 

d1ameter "turbulent" type jets are shown 1n F1gure B. It 1s 

recogn1zed that there 1s some dependence of Stanton Numbers on 

jet length. although for each jet length the Stanton Number 1s 

assumed constant to reduce the test data. Because of th1s. a 

more reasonable way of present1ng the mean values of the data 

for the d1fferent jet lengths are as constant-average-values 

for the ent1re jet lengths as shown 1n F1gure 9. 

Assum1ng that the average Stanton Number Value for the 

127 mm jet length 1s compr1sed from 1) the average value over 

the f1rst 50.8 mm (wh1ch 1s known from the 50.8 mm jet data). 

and 2) the average value of Stanton Number over the 50.8 mm to 

127 mm range. the value over the 127 mm length can eas11y be 

calculated based on equal areas. That 1s: 

or 

st 0-2 x 2 + st 3-5 x 3 = st 0-5 

st 3-5 = st 0-5 x 5 - st 0-2 x 2 
3 

-28-

X 5 EQN 2.22 

EQN 2.23 



• 14 

• 12 

.10 
s... 
Q) 
.c 
5 
:::J • 08 z 
s::: 
0 
~ 
s::: 

I "' .06 N ~ 

1.0 V) 

I 
~ 
Q) 

"':1 
• 04 

• 02 

Data for .254 MM Diameter 
Range UMean of Value I Data 

I 
Data for .3683 MM Diameter 

I I I 

0 25.4 50.8 76.2 101.6 127 152.4 177.8 203.2 228.6 254 279 

Jet Length (MM) 

STANTON NUMBER MEAN VALUE AND RANGE 

FIGURE 8. 



s.. 
CLI 

..0 
E 
::I z 
c 
0 ...., 
c 

I "' N 
...., 

1.0 (/) 

I ...., 
CLI 
r-;, 

.14 

• 12 

Range rr Mean 
.10 I of Value I Data 

I 
• 08 

.06i 
r Data for .3683 MM Diameter 

I I I 
.04 

.02 

0 I I I I I I I I I I I I 
0 25.4 50.8 76.2 101.6 127 152.4 177.8 203.2 228.6 254 279 

Jet Length (~1M) 

STANTON NUMBER MEAN VALUE AND RANGE 

FIGURE 8. 



.12 ~--------------------------------~--------------------------------~ 

• 10 

s... .08 
<LI 
.0 
E 
::I 

::z:: 
s::: .s . 06 

I S::: 
W IU 
0 ~ 
I VJ 

~ 
<LI 

r-;) • 04 

• 02 

0 254 50.8 

Jet Diameter - .254 MM 

76.2 101.6 127 152.4 178 

Jet Length (MM) 
JET STANTON NUMBERS VS. DISTANCE FRmt EJECTOR 

FIGURE 9. 

203.2 228.6 254 



.12.-----------~-----------------r-----------------------------, 

• 10 

s.. • 08 
C1J 

..0 
E 
::s z 
s:::: .s .06 

I S:::: 
w ca 
0 ...., 
I (/) 

...., 
C1J 

.-;, • 04 

• 02 

5to-1o 

~5-10 --

Jet Diameter - .254 MM 

op>' I' 'P l >1 >1 I I I I I 
0 254 50.8 76.2 101.6 127 152.4 178 

Jet Length (MM) 
JET STANTON NUMBERS VS. DISTANCE FRm1 EJECTOR 

FIGURE 9. 

203.2 228.6 254 



w1th st 0_2 = 0.102, and St 0_5 = 0.094, 

st 3_5 1s calculated to be 0.0887. 

It 1s also found that 

st 5-10 = st 0-10 x 10 - st 0-5 x 5 
5 

and that w1th st 0_10 = 0.087, st 5_10 = 0.08 

EQN 2.23.1 

A curve 1s then drawn through the three data po1nts at 

the1r average d1stance from the 1njector, 1.e., at 25.4 mm for 

st 0_2, at 88.9 mm for st 2_5, and at 190.5 mrn for 

St 5_10 . Th1s curve then represents the Stanton Numbers as a 

funct1on of d1stance from the 1njector. The same procedure was 

carr1ed out for the .3683 mm 11 turbulent 11 jets. The result1ng 

Stanton Numbers vs. d1stance for both the .3683 mm and 2.54 mm 

turbulent jets are shown 1n F1gure 10. 

W1th the Stanton Number based on 11qu1d 1nterfac1al 

relat1ve veloc1ty, we can say that the heat transfer 

coeff1c1ent calculated by th1s techn1que w111 approach zero as 

the 1nterfac1al veloc1ty approaches zero. We can also say that 

pure conduct1on through the 11qu1d jet would result 1n heat 
2 transfer coeff1c1ents 1n the .271 - .677 cal./sec.-cm °K 

range wh1ch 1s a m1n1mum value. For th1s reason, a m1n1mum 

value of the average heat coeff1c1ent for each jet length 1s 
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deduced from the test data by plott1ng the average heat 

transfer coeff1c1ent as a funct1on of average heat flux for 

each data po1nt and extrapolat1ng the data to the po1nt of zero 

heat flux. Several data cases are shown 1n F1gure 11 for the 

.254 mm jet d1ameter. 

6 
From M1yazak1 et al. 1t 1s postulated that the form 

of the equat1on show1ng the X dependence of th1s m1n1mum value 

of H should be 

where: 

K 
+ x) 

H = S • p • Cp • V 
MIN~ tMIN L L L 

EQN 2.24 

and StMIN 1s a Stanton Number based on jet veloc1ty, and K 1s 

a constant, both to be determ1ned from the test data. 

The extrapolated values of H are averaged over the 

d1fferent jet lengths. The value of H for the 127 mm jet 1s 

13.55 cal./sec.-cm2 °C, and the value of H for the 254 mm 
2 jet 1s 8.13 cal./sec.-cm °C, so the average value of H 

over the 127 mm to 254 mm 1ncrement of jet length 1s 10.84 

cal./sec.-cm2 oc. 
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The express1on for H. (equat1on 2.24). can be 1ntegrated 

over a sect1on of jet length 9 to be 

where 

----=-1 -- ( 1 + x2 - x1 

EQN 2.25 

x1 = Jet length at m1n1mum edge of 1ncremental jet length. 

x2 = Jet length at max1mum edge of 1ncremental jet length. 

By ut111z1ng a m1n1mum value of x1 = .254 mm for a.) the 

254 mm jet length and 1ts H value of 8.13. and b.) the 127 mm 

to 254 mm jet length and 1ts H value of 10.84. the value of 

HMINm and K are calculated to be 

HMINoo = 1.355 cal/sec.-cm2 oc EQN 2.26 

K = 184.66 mm 

For the test cond1t1ons w1th water pl = 63. VL = 98. Cp = 1. 

HMINm = 1.355 corresponds to StMIN = 0.162. 

so. the express1on for StMIN for the .254 mm jet 1s 

184.66 
= 0·162 (1 + 25.4X + .254) EQN 2.26.1 

where X 1s the d1stance from the 1njector 1n m1111meters. 
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The correspond1ng data from the steam and water test1ng on 

the .3683 mm turbulent jet 1s shown 1n f1gure 12. from these 

data, the m1n1mum Stanton Number 1s, 

110.7 
StMIN = 0·202 (1 + 25.4X + .254) EQN 2.27 

The graphs for the two express1ons are shown 1n f1gure 13. 

The data for jet Stanton Number based on 1nterfac1al 

relat1ve veloc1ty (shown 1n f1gure 10.) along w1th the values 

of StMIN are used 1n reduc1ng the data. for th1s data, 

prof1les are generated of TBL and TSL as a funct1on of jet 

length at var1ous 11qu1d 1nlet and saturated steam 

temperatures. The quant1t1es are shown on F1gures 14. and 15. 

for the .254 and .3683 mm d1ameter jets for an 1nject1on 

pressure drop of 552 kPa, a 11qu1d 1n1et temperature of 

280.5°K, and a steam temperature of 305.5°K. 

Plots show1ng the calculated jet outlet temperatures as a 

funct1on of 11qu1d 1nlet and steam temperature at jet lengths 

of 50.8, 127, and 254 mm are shown 1n f1gures 16., 17., and 18. 

for the .254 mm d1ameter jets, and 1n f1gures 19., 20., and 21. 

for the .3683 mm jet. Also shown on these plots are actual 

test po1nts and the error 1n the pred1cted vs. measured 11qu1d 

temperature r1se. from the 1nd1cated error on the 50.8 and 

127 mm jet lengths, the errors are cons1dered to be small (~15% 

or less). 
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For F1gures 16.-21., the arrow t1p locates test steam and 

11qu1d temperatures, as well as pred1cted dewar temperature. 

The x locates measured dewar temperature for steam and 11qu1d 

cond1t1ons that are def1ned by the arrow t1p. Error 1n 

pred1cted 11qu1d temperature 1s shown 1n parentheses. A 

potent1al cause of the error 1s d1scussed 1n Sect1on 2.4. 
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2.3 Thermal Performance Analys1s 

The equat1ons pert1nent to the vapor phase 1n what follows 

are wr1tten for the case 1n wh1ch a noncondensable gas 1s 

present along w1th the vapor. 

An assumpt1on wh1ch fac111tates th1s analys1s 1s that the 

momentum 1nteract1on between the vapor and the 11qu1d jets 1s 

very small 1n relat1on to the 11qu1d jet momentum for the 

Rank1ne Power System cond1t1ons, wh1ch 1s 1n agreement w1th 

Maa.~° From Shap1ro23
, we also assume the vapor and 

11qu1d streams are at a control-surface pressure as they cross 

the boundary, and the angle of convergence 1s small. 

The momentum equat1on for the vapor phase 1s taken from 

equat1on 8.21 of Shap1ro 23 and 1s 

dF 
dP ~ dV 2 + ~ ( 4fw dx + pV 2 A) + ~ (1-y) dW = 0 EQN 2.28 
p- + 2gP ~ 2gP Ow 2g gP W 

where 

P = Stat1c pressure 1n the gaseous phase. 

p = Stat1c dens1ty of the gaseous phase. 

V = Bulk ax1al veloc1ty of the gaseous phase. 

g = Grav1tat1onal constant. 

f = Fr1ct1on Coeff1c1ent between the gaseous phase 
w 

and the funnel wall. 

D = Funnel d1ameter. 
w 
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F = The drag force exerted on the gaseous phase by the 

11qu1d jets. 

A = The gaseous phase flow area. 

w = The mass flow rate of gaseous phase. 

X = Ax1al d1stance. 

23 
In Shap1ro's der1vat1on dW 1s the total 1ncrease 1n 

mass flow of the gaseous phase and 

y = V
1

/V EQN 2.29 

where v1 1s the ax1al veloc1ty of dW as 1t crosses the 

gaseous system boundary, 1.e., the 1nterfac1al veloc1ty between 

the 11qu1d and gaseous phase. 

A schemat1c of the veloc1ty d1str1but1on 1n the gaseous 

phase, 1nterfac1al reg1on, and 1n the 11qu1d jet 1s shown 1n 

F1gure 22 for the case where the vapor phase 1s mov1ng at a 

h1gher veloc1ty than the 11qu1d. The subscr1pt NG 1nd1cates 

the bulk veloc1ty of the vapor (vapor + noncondensable gas) and 

L the bulk veloc1ty of the 11qu1d. In F1gure 22 the gaseous 

phase veloc1ty 1s VNG' the 1nterfac1al veloc1ty 1s V1, and 

the 11qu1d veloc1ty 1s VL. The gaseous phase veloc1ty 

relat1ve to the 1nterface veloc1ty 1s vN61 , and the 11qu1d 

veloc1ty relat1ve to the 1nterface veloc1ty 1s v1L. 
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The drag force F is calculated for the gaseous phase of 

the relative interface velocity VNGi' with the liquid heat 

transfer coefficient based on the relative liquid interfacial 

velocity V
4 

• The friction coefficient f is based on the 
.L w 

gaseous phase velocity VNG' The method used to calculate the 
18 interface velocity is that presented by Gouse et al .• 

which involves equating the effective shear stress of the vapor 

and liquid at the interface. 

component based on the velocity relative to the interface, and 

the momentum component that is associated with the mass 

transfer (condensation), occurring at the interface. Thus the 

effective gas pHase shear stress on the interface is 

+ ~ cond. EQN 2.30 
A 

where (fi)NG is the gas phase drag friction factor with the 

Reynolds Number Re, based on the relative interfacial 

velocity. The liquid jet acts as a solid surface for the vap~r 

during condensation, while VNGi and the gas phase hydraulic 

diameter, Dv• are based on the funnel flow area, wetted 

perimeter of the funnel wall, and the liquid jets with 

0.046 or 
ReNG .2 
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dependency on lam1nar or turbulent values of the Reynolds 

Number, Re. The condensate mass flux from the vapor to the 

The 11qu1d effect1ve 1nterface shear stress 1s 

= (f1)l PLV1L
2 

+ ~ cond. (V1L) 
2g A g 

EQN 2.32 

where (f1)L 1s the drag fr1ct1on coeff1c1ent based on the 

11qu1d 1nterfac1al relat1ve veloc1ty, v1L' and the 11qu1d jet 

d1ameter, Dj. The value of v1 1s that wh1ch results 1n 

EQN 2.33 

The local condens1ng mass flux 1s calculated from k1net1c 

theory 7
'
10

'
11 as 

~ cond. PM C ( T ) C ( T ) 
A = ( r V y V1 _v v v -pVSL y_ SL ) 

RTV 4 4 

Cv (T) = { ~ 
11' M 

v 

r = e-s2 + r;- s(l 
v 

u 
s = J 2 Rgo Tv 

M v 

VB ~ cond. 
RT 

= _:i. 
A "l 

+ erf (s)) 
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where 

P = Stat1c pressure of vapor for condenser gas m1xture 

1n funnel. 

Yv
1 

= Vapor mole fract1on at vapor/11qu1d 1nterface. 

M = Molecular we1ght of vapor. 
v 

R = Un1versal gas constant. 

T = Vapor temperature 1n funnel. v 
C (T) = Average vapor molecule molecular speed. 
v 

PvsL = Saturated vapor dens1ty at temperature r5L. 

VB = Bulk vapor veloc1ty normal to jet surface. 

s = Rat1o of bulk vapor veloc1ty normal to jet to 

mean molecular speed. 

r = Factor wh1ch alters the molecular coll1s1on 
v 

rate w1th the 11qu1d jet to account for the bulk 

vapor flow toward the jet surface. 7
'
10

'
14 

The condens1ng mass flux. W/A cond .• has a net enthalpy of 

h - h assoc1ated w1th 1t, where 
V LSL 

hv = Vapor enthalpy. 

hLSL = L1qu1d enthalpy at the 11qu1d/vapor 1nterface. 
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The mass flux enthalpy product d1fference 1s a heat flux 

wh1ch 1s 1mposed on the 11qu1d surface and must be convected to 

the 1nter1or of the 11qu1d jet. Def1n1ng H as the jet 

convect1on heat transfer coeff1c1ent, from surface to bulk 

11qu1d, the equal1ty of heat flux from the vapor to the surface 

and from the surface to the bulk 11qu1d 1s g1ven as 

EQN 2.39 

where 

T8L = L1qu1d jet bulk temperature. 

The local condens1ng rate 1s establ1shed when equat1on 

(2.39) 1s sat1sf1ed. The value of H 1s based on der1ved data 

generated from the steam/water analys1s. A correlat1on of 

Stanton Number, St, 1s obta1ned for var1ous jet 

conf1gurat1ons as a funct1on of jet length (Sect1on 2.2). Th1s 

Stanton Number was based on the relat1ve 11qu1d 1nterfac1al 

veloc1ty, v1L. Thus H 1s def1ned as 

EQN 2.40 
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where 

CPL = L1qu1d spec1f1c heat. 

and 

where 

x = Jet length from 1njector. 

From the test1ng conducted 1n Sect1ons 4.1 and 4.2, 

Stanton Numbers were obta1ned for several d1fferent nozzle 

types. The Stanton Numbers are g1ven 1n F1gure 23 for the .254 

and .3683 mm d1ameter nozzles. The H calculated from these 

Stanton Numbers 1s compared to a m1n1mum value Hm1n' 

calculated from 

EQN 2.41 

wh1ch 1s based on the bulk jet veloc1ty and a correspond1ng 

m1n1mum Stanton Number Stm,n' per equat1ons 2.26.1 and 2.27 

as shown 1n F1gure 24, and 1s determ1ned from extrapolat1ng 

test data (Sect1ons 4.1 and 4.2), to the po1nt where v1L = 0. 
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The larger of the two H values 1s used 1n the analys1s, s1nce 

1t corresponds to the .254 mm d1ameter nozzle, wh1ch was used 

for the f1nal des1gn. 

Determ1nat1on of the value of the vapor mole fract1on at 

the jet 1nterface, YV
1

, w111 be d1scussed next. For th1s 

determ1nat1on, the assumpt1on 1s made that the noncondensable 

gas 1s not soluble 1n the 11qu1d, wh1ch s1mulates a h1gher 

concentrat1on (worst cond1t1on). 

At any ax1al locat1on 1n the vapor funnel, the bulk gas 

(vapor plus noncondensable gas) has a local bulk mole fract1on 

of YN&»' The noncondensable gas 1s carr1ed along w1th the 

vapor molecules 1n the bulk flow toward the 11qu1d jet 

surface 24 at a bulk flow veloc1ty of v6. Th1s s1tuat1on 

1s 1llustrated 1n F1gure 25. Assum1ng the 11qu1d 1nterface 

does not absorb noncondensable gas molecules, the 

noncondensable gas sets up a concentrat1on grad1ent wh1ch 

results 1n a d1ffus1on flux-away from the 1nterface wh1ch 

exactly balances the bulk flow flux of noncondensable gases 

towa~ the 1nterface. The bulk flow flux of noncondensable gas 

1s the local product of bulk veloc1ty and the noncondensable 

mole fract1on wh1le the d1ffus1onal flux 1s the product of the 

grad1ent of the mole fract1on and the d1ffus1on coeff1c1ent. 
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Thus, 

dY 
= -DV-NG d~G EQN 2.42 

holds from the bulk free stream to the 11qu1d 1nterface, 

where 

DV-NG = The vapor-noncondensable gas d1ffus1on 

coeff1c1ent. 

dY 
__N§ = Grad1ent of noncondensable mole fract1on away 

dy 
from the 1nterface. 

The def1n1t1on of the mass transfer coeff1c1ent (s1m1lar 

to heat transfer coeff1c1ent) 1s 

dY 
HD = -DV-NG dNG 

y 
EQN 2.43 

us1ng the def1n1t1on of H0 equat1on (2.43) 1n equat1on (2.42) 

results 1n 

EQN 2.44 

upon rearrang1ng, 

EQN 2.45 
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The problem now 1s how to evaluate H
0

. The approach 

taken 1s to v1ew the s1tuat1on of the vapor condens1ng on the 

11qu1d jets and the noncondensable gas d1ffus1ng away from the 

11qu1d jets s1m1lar to the s1tuat1on of mass transfer 1n 

lam1nar flow over a flat plate w1th suct1on at the wall, wh1ch 

1s s1m1lar to Bakay et al. 20 Th1s problem 1s treated 1n 

the class1cal boundary layer-stream funct1on approach 1n 

25 numerous texts such as Rosenhow. The result1ng 

d1fferent1al equat1ons, shown 1n Append1x B, have been solved 

numer1cally. The results are presented 1n F1gure 26. as the 

rat1o H
0

/H
00 

as a funct1on of the suct1on parameter, 

for var1ous Schm1dt numbers, SC. 

In the boundary layer analys1s, V , 1s the bulk veloc1ty 
0 

normal to the wall, and 1s 1dent1cal to VB, the veloc1ty 

normal to the jet surface. v 1s the free stream ax1al 
~ 

veloc1ty, wh1ch 1s 1dent1cal to VNG' the bulk vapor and 

noncondensable gas ax1al veloc1ty 1n the funnel. The Reynolds 

number, Re 1s based on the bulk gas veloc1ty and the 
X 

d1stance, x, from the 1nlet. 
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H00 's calculated from 

.332 ~ sc .343 ~ EQN 2.46 

where SC = ~ pD EQN 2.47 

and ~ ls the gaseous phase vlscos\ty 

p ls the dens\ty. 

0 \s the d\ffus\on coefflc,ent. 

Know\ng YNGl allows YV\ to be calculated from 

EQN 2.48 

At th\s po\nt 'n the analys\s \t can be seen that \f the 

value of vapor veloc\ty, VNG' pressure, P, 1\qu\d veloc\ty, 

VL' free stream noncondensable gas mole fract\on, YN~' 

vapor temperature, Tv• bulk 1\qu\d temperature, TBL' are 

known at any ax\al locat\on, x, then the values of the 

\nterfac\al veloc\ty, v1, 1\qu\d surface temperature, TSL' 

and the condens\ng mass flux, W/A cond., can be found wh\ch 

sat\sfy equat\ons (2.30) through (2.48). Oeterm\n\ng these 

values \s an \terat\ve task and can be done on a d\g\tal 

computer. 

-63-



Once W/A cond. 1s known, an energy balance on the 11qu1d 

stream results 1n the bulk 11qu1d d1fferent1al equat1on, 

dTBL = W cond. (hV - hLSL) N w Dj EQN 2.49 
dX 

A ml CPL 

and the mass balance equat1ons 

dW -W cond. N w Dj 
dX = A EQN 2.50 

dml = -dW EQN 2.51 
dX dX 

where 

w = The gaseous phase mass flow rate. 

mL = L1qu1d mass flow rate. 

N = Number of 11qu1d jets. 

Dj = D1ameter of 1nd1v1dual jets. 

Assum1ng that the noncondensable molecules have the same 

bulk veloc1ty and temperature, g1ves 

. 
mNG 

YN()cxJ = MNG EQN 2.52 . . 
mv + mNG 
Mv MNG 
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from wh1ch 

dW EQN 2.53 . 
mv + 

"v 
where 

. 
mNG = Mass flow rate of noncondensable. 

MNG = Molecular 1ns1ght of noncondensable. 

Mv = Molecular we1ght of vapor. 
. 
mv = Vapor mass flow rate. 

The molecular we1ght of the gaseous phase 1s 

M EQN 2.54 

At th1s po1nt, we can s1mpl1fy the momentum equat1on 

(2.28) by ut111z1ng VNG to denote the gaseous phase 

veloc\ty. Rewr1t1ng equat1on (2.28) y1elds 

dX + £ ( l 
dx w + v:: ) :~] 

EQN 2.55 
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In th1s equat1on dw/dx 1s g1ven by equat1on (2.50), and 

dX/dx can be calculated from the gaseous phase relat1ve to 

veloc1ty VNG1 and the 1nterfac1al fr1ct1on coeff1c1ent 5 

(f1)NG as 

2 
dX = ± (f1)NG pVNG1 . N ~ Oj 
dx 2g 

EQN 2.56 

where the s1gn 1s pos1t1ve (+) when the VNG > VL, and 

negat1ve (-) when VNG < VL. 

The wall fr1ct1on coeff1c1ent, f , 1s calculated based 
w 

on the veloc1ty, VNG' and the wall d1ameter, OW, from 

Shap1ro 23 for a Reynolds number for 1ncompress1ble fully 

developed flow, as, 

EQN 2.57 

2 
The quant1ty VNG 1s calculated from the mass flow rate, 

pressure, temperature, molecular we1ght and flow area from Fox 
26 et a 1. , as, 

v 2 
NG 

EQN 2.58 
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Assum1ng that the vapor temperature, Tv, 1s constant 

throughout the funnel s1nce the vapor veloc1t1es are relat1vely 

low, the absolute temperature level 1s 39l.7°K. The vapor 1s 

sl,ghtly superheated (-2.8°K) so that 11ttle error 1s 

1nvolved by assum1ng 1t constant. Assum1ng TV constant 

allows equat1on (2.58) to be eas1ly d1fferent1ated to show that 

2 2 2 (dW _ dP _ dM _ dA) 
d (VNG ) = VNG W P M A EQN 2.59 

Subst1tut1ng equat1ons (2.58) and (2.59) 1nto equat1on (2.55) 

and rearrang1ng results 1n 

dP 
dx = 

where 

2 
V NG [ l dA + l dM _ l dW ( 2 P--g- A dx M dx W dx 

p = 

v, 2f w 
--)--] 

VNG 0w 
l dX 
A dx 

EQN 2.60 

EQN 2.61 

Spec1fy1ng a funnel geometry establ1shes the value of A 

and dA/dX. The value of dM/dX 1s der1ved by d1fferent1at1ng 

(equat1on 2.54) 

EQN 2.62 
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Hav1ng def1ned d1fferent1al equat1ons for dTsLidx 
. 

(equat1on 2.49), dW/dx (equat1on 2.50), dmL/dx (equat1on 

2.51), dYNG~/dx (equat1on 2.53), dP/dx (equat1on 2.60), 

dA/dx from the funnel geometry, and dM/dx (equat1on 2.62), 

these d1fferent,al equat1ons can be 1ntegrated by a su1table 

numer1cal method. From Mochalova et al. 9
, 1t w1ll be 

assumed that the 11qu1d jet w1th an 1n1t1al temperature T 
0 

d1scharges through a c1rcular or1f1ce at x = 0. It has a 

rad1us R for a g1ven veloc1ty d1str1but1on over 1ts cross 
0 

sect1on 1nto a space that conta1ns saturated vapor of the 

11qu1d at temperature T
5

L. The rad1al temperature grad1ent 

1n the jet 1s larger than the ax1al one. 

The 1n1t1al and boundary cond1t1ons for the numer1cal 

method are: 

at X = 0 u = u ' T = T ; 
0 0 

at y = 0 au = v = 0, aT = 0, 
ay ay 

at y = H (x) au = 0, T = TSL' 
ay 
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9 
A Runge-Kutta rout1ne was 1ncorporated into a dig1tal 

computer program wh1ch performed the 1terat1ve process to 

determ1ne the values ofT • W/A cond .• and V to allow the 
SL i 

d1fferent1als to be evaluated. The numer1cal solut1on y1elded 

the shape of the jet as well as 1ts long1tud1nal velocity and 

temperature profiles. The d1ff1culty 1n the analysis 1s 

1ntegrat1ng from the jet 11qu1d 1nject1on plane where the mass 

flows and temperatures are spec1f1ed. The 1ntegration is 

carried out for var1ous gaseous phase 1nlet pressures unt11 

that value wh1ch allows the full vapor flow to be condensed 

w1th1n the jet condenser vapor funnel 1s determined. 

The jet condenser analyt1cal model w1th 45-.3&83 mm 

d1ameter jets was a tool used 1n an attempt to match the 

measured performance of the actual development jet condenser. 

It was found necessary to 1ncrease the jet heat transfer 

coeff1c1ents (equations 2.40 and 2.41) by a factor of -5 1n 

order to match the measured jet condenser data. Only those 

data where the presence of noncondensable gas was very low 

(<5 ppm) were used when the model assumed zero 

noncondensables. 
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Pred1ct1ons obta1ned us1ng the jet condenser analyt1cal 

model appl1ed to the development jet condenser are 1llustrated 

1n F1gure 27. Vapor mass flow, vapor veloc1ty, vapor pressure 

bulk liqu1d and jet surface temperatures, and vapor funnel 

geometry are all shown as a funct1on of d1stance from the 

1njector. Most of the pred1cted values are w1th1n expected 

ranges; 1.e., Vapor Veloc1ty 1s > 92 m/sec, TSL ~ 372.2°K. 

Vapor pressure at the 1nlet was above des1gn at .759 kPa. 

A compar1son of the analyt1cally pred1cted jet condenser 

1nlet vapor pressure as a funct1on of 11qu1d 1nlet temperature 

with experimentally measured values for the development jet 

condenser w1th 11qu1d mass flow rates of -.127 kg/sec and 

vapor flow rates of -.0145 kg/sec 1s shown 1n F1gure 28. The 

agreement of th1s pred1ct1on and actual test data is w1th1n 

10%, (see Figure 28). 

Pred1ct1ons obta1ned us1ng the analyt1cal model as appl1ed 

to the 90-nozzle .254 mm d1ameter jet condenser are shown 1n 

F1gure 29. Aga1n actual values obta1ned dev1ate less than 5% 

from pred1cted values. The pred1cted jet condenser 1nlet 

pressure as a funct1on of 11qu1d 1nlet temperature for the 

90-nozzle system 1s shown 1n F1gure 30. Actual results of .690 

kPa, at 348.9°K, were better than pred1cted values of .7935 kPa 

at 349°K by 15.2% (percent). 
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The effect of noncondensable gas on jet condenser 

operat1on was not 1nvest1gated w1th the jet condenser 

analyt1cal model, although the model allowed for such 

1nvest1gat1on. By the t1me the noncondensable analys1s was 

1ncluded 1n the analyt1cal model, actual test data were 

ava1lable wh1ch showed the sens1t1v1ty of the development jet 

condenser to noncondensable gas. These test data 1nd1cated the 

need to ma1nta1n noncondensable gas concentrat1ons (a1r) to low 

levels <10 ppm. The model pred1cted levels had to be 

ma1nta1ned at < 20 ppm. 

As ment1oned above, actual results showed the 90-nozzle 

jet condenser successfully lowered the 1nlet pressure by 15.2% 

(percent) and thus reduced the backpressure of the turb1ne 1n 

the Organ1c Power System. Th1s allowed the turb1ne eff1c1ency 

to r1se by l.GB% percent wh1ch 1mproved the overall system 

eff1c1ency. 
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2.4 Stanton Number Mult1pl1er caused by Noncondensable Gas 

Accumulatlon 

At the end of Sectlon 2.2, 1t was stated that a mult1pl1er 

(factor of 5) for the Stanton Number was used 1n order to match 

the correlated test data on the development jet condenser. It · 

1s theor1zed that the steam/water test data may have been 

1nfluenced from the effects of noncondensable gas 

accumulatlon. W1th1n the Jet Condenser operatlon, the 

noncondensable gas accumulates 1n the vapor funnel as follows: 

Vapor contlnuously condenses on the 11qu1d jets, and after a 

perlod of tlme, degradatlon of the 11qu1d 1n the form of 

noncondensable gas dlffuses away from the 11qu1d stream and 

collects at a slow rate. 

W1th the use of actual test data, an attempt 1s made to 

determlne a representat1ve gas concentrat1on level, and ver1fy 

the ex1stence of the noncondensable gas. To model th1s 

part1cular case, an approach 1n class1cal Boundary Layer Theory 

1s employed. Th1s 1s s1mulated by mass transfer 1n a lam1nar 

flow over a flat plate w1th suct1on at the wall, as ment1oned 

1n Sect1on 2.3. To establ1sh parameters for the model, 

representat1ve test data for the 50.8 mm jet lengths are shown 

1n f1gure 31, for the .254 and .3683 mm d1ameter jets. As 1s 

ev1dent from the data, the Stanton Number 1ncreases as the heat 
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flux 1s decreased, and lower heat fluxes occur at lower steam 

pressures. The value of the d1ffus1on coeff1c1ent, D, as 

pred1cted from equat1on (2.47), 1ncreases as the pressure 1s 

decreased, so 1t 1s poss1ble that 1ncreas1ng the d1ffus1on 

coeff1c1ent decreases the amount of noncondensable gas 1n the 

vapor funnel. Decreas1ng the amount of noncondensable gas 1s 

des1rable because 1n add1t1on to the underperformance, (low 

Stanton Number), 1t causes the vapor pressure to r1se above 

des1gn cond1t1ons of .69 kPa. 

For the s1mulat1on, two data po1nts for the .254 mm 

d1ameter jet were used to analyze the noncondensable jet 

equat1ons presented 1n Sect1on 2.3. The jets were treated as 

one 1ncrement10
'

27 to represent the lam1nar flow over 

the flat plate. Data po1nts over an 1ncremental jet length 

were chosen to represent state po1nts for the flow. 

One data po1nt was at 3.45 kPa, 299.4°K, and the second at 

4.83 kPa, 306.ll°K. Us1ng 25.4 mm as the character1st1c flow 

length, the suct1on parameter at the wall 1s g1ven as 
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w1th 

V
0 

= Bulk veloc1ty normal to the wall. 

V = Free stream ax1al veloc1ty. 
~ 

Rex = Reynolds number based on the bulk gas veloc1ty, 

and d1stance x from the vapor 1nlet. 

The suct1on parameter was calculated and found to be 48.9 

for the h1gher pressure, and 36.2 for the lower pressure data 

po1nt. It was also assumed that the Stanton Number w1thout the 

noncondensable gas was 0.55 wh1ch 1s - f1ve t1mes the average 

for the 50.8 mrn jet. W1th the above assumpt1on, 1t was 

poss1ble to calculate the average 11qu1d surface temperature 1n 

order to determ1ne the noncondensable gas concentrat1on from 

equat1ons (2.34) and (2.48) 1n Sect1on 2.3. F1rst, 1nterfac1al 

gas mole fract1ons of 0.33 and 0.39 for the 3.45 and 4.83 kPa 

pressures were found so values of the d1ffus1on coeff1c1ent 

could be determ1ned. The value of the d1ffus1on coeff1c1ent 
-2 2 for steam/a1r 1s 2.58 x 10 km /hr, and 1.85 x 

-2 2 10 km /hr at the 3.45 and 4.83 kPa pressure levels. 

Ut111z1ng (equat1on 2.46) w1th a SC = .226 for the 

s1mulated model, values for H00 of 2.34 km/hr and 2.0 km/hr 

also correspo~d to the 3.45 and 4.83 kPa data po1nts. The data 

from F1gure 26 are rearranged to show the mass transfer 

coeff1c1ent rat1o m1nus the Bulk veloc1ty 
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as a function of the suction parameter as shown in Figure 32. 

From this figure it is estimated that the mass transfer ratios 

are equal to .242 and .261 for the 3.45 and 4.83 kPa pressure 

points, respectively. The suction velocities are 95.6 and 108 

km/hr, respectively, for the 3.45 and 4.83 kPa points. Thus, 

from equation 2.45 the free stream to interface concentration 

ratios are calculated to be 170 and 207 for the 3.45 and 4.83 

kPa data points. 

The resulting estimate for Free Stream Noncondensable Gas 

Concentration for air in the steam is .001904 and .00195 for 

those two pressure data points. The fact that they are 

approximately equal indicates that an abundance of 

noncondensable gas does exist and its effects are responsible 

for the steam/water test results being low. Actual numbers for 

noncondensables were not available because vapor samples were 

not taken from the steam/water test rig. The reason samples 

were not taken was that the underperformance was established 

after testing was completed. 

Full noncondensable tests were set up to be taken on 

Oowtherm, but were not completed in the f1rst ser1es of tests 

because of the presence of air 1n the test r1g. A gas sample 
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was later taken on the system and the concentrat1on of a1r was 

determ1ned to be 0.03, wh1ch 1s of the proper magn1tude, per 

the analys1s techn1que used here1n to assess the noncondensable 

gas effects, to cause the 1n1t1al poor jet performance. 
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CHAPTER 3. JET CONDENSER MECHANICAL COMPONENTS 

3.1 General 

The jet condenser cons1sts of three bas1c components: 

1) The Vapor Funnel or M1x1ng Chamber, 

2) The l1qu1d Injector w1th Nozzles, 

3) The D1ffuser. 

The assembly 1s represented 1n F1gure 33, along w1th the 

des1gn parameters for the 11qu1d, vapor, and condensate. The 

turb1ne 1s part of the power convers1on system of the Organ1c 

Rank1ne System, and 1t del1vers 1ts exhaust gases at a 

temperature and pressure of 392.2°K and .69 kPa, as saturated 

vapor to the jet condenser. The system pump del1vers subcooled 

Dowtherm "A" at a temperature and pressure of 348.7°K a~d 552 

kPa. The low pressure vapor 1s ducted 1nto a funnel coax1ally, 

where 1t w111 m1x w1th the 11qu1d jets that are subcooled from 

the 1njector head. The 11qu1d jets are 1njected 1nto the vapor 

at 117.4 km/hr. and are a1med at the throat of the vapor funnel 

as shown 1n F1gure 2. The object1ve of the condenser 1s to 

enable the vapor to condense on the subcooled 11qu1d jets and 

have the comb1ned 11qu1d jet or condensate pass through a 

throat and 1nto the d1ffuser, where 1t w111 undergo a sudden 
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expansion to fill the entire cross-section of the diffuser. 

When this sudden expans1on occurs, there 1s a loss of total 

pressure, but a ga1n in stat1c pressure of the 11qu1d 

stream. 28 The behav1or of the liqu1d 1n the d1ffuser 1s 

1dent1cal to that wh1ch occurs 1n the d1ffuser of a cav1tat1ng 

ventur1. The downstream condensate ex1ts the d1ffuser and 

enters the expans1on compensator or accumulator. The 11qu1d 

ex1ts the accumulator at a constant pressure of 262.2 kPa 

1rrespective of the pressure recovery fluctuat1ons. (Sect1on 

4. w111 show that a 50% recovery pressure was achievable during 

var1ous tests.) W1th the liqu1d ex1t1ng the accumulator, 1t 1s 

del1vered back to the system pump where 1t 1s spl1t into two 

loops, one for the jet condenser to complete the cycle here1n, 

and the other to the regenerator where the 11qu1d temperature 

1s ra1sed to 505.5°K before enter1ng the heat source. S1nce 

the process 1s based on 11quid momentum for its 

operation 28
, there 1s no requirement for a spec1f1c vapor 

pressure drop to 1nsure proper condensate flow d1rect1ons 1n a 

negat1ve "g" f1eld. Th1s 1s the case for surface condensers, 

as d1scussed 1n Section 1.1. Thus, an ach1evement of a very 

low backpressure 1s used to 1mprove turb1ne 1sentrop1c head and 

volumetr1c flow, 28 and to 1ncrease turb1ne and overall 

system eff1c1encies by as much as 1.8%, as d1scussed in 

Sect1on 5. 
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Overall system parameters that were ma1nta1ned at spec1f1c 

statepo1nts are d1scussed 1n Sect1on 1.2, and shown 1n Table 

2. The follow1ng sect1ons descr1be the components of the jet 

condenser 1nd1v1dually. The L1qu1d and Vapor are d1scussed 

w1th1n each area, along w1th the1r effects to each downstream 

component. The geometr1cal des1gn of Sect1ons 3.2 to 3.6 are 

based on the results ach1eved from the theoret1cal model that 

1s descr1bed 1n Sect1ons 2.1 and 2.2. 

3.2 Vapor Nozzle 

The saturated vapor 1s em1tted from the turb1ne as exhaust 

gases at a Mach number~ 1, so the throat of the vapor nozzle 

had to be properly s1zed to allow for th1s parameter wh1le at a 

pressure of .69 to .79 kPa, and a temperature of 392.2°K. The 

curved V-shape of the vapor nozzle 1s shown 1n F1gure 34. The 

vapor enters the c1rcular V-shape pattern as a result of the 

shape of the regenerator, wh1ch 1s mounted just above the jet 

condenser assembly. The h1gh vapor veloc1ty can result 1n a 

momentum 1nterchange between the vapor stream at 392.2°K, M = 

1, and the subcooled 11qu1d stream at a temperature and speed 

of 348.9°K and 117.4 km/hr, thus y1eld1ng a greater pressure 

recovery at the d1ffuser outlet. Th1s allows for a h1gher 

turb1ne eff1c1ency at lower backpressures, as d1scussed 1n 

Sect1on 3.1. The smooth-curved converg1ng shape of the son1c 
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nozzle head, as shown 1n F1gure 34, also removes the adverse 

effect of any m1x1ng chamber pressure fluctuat1ons from the 

29 turb1ne, accord1ng to Chapman et al. 

The des1red pr1nc1ple has been establ1shed. The 

s1gn1f1cant po1nt 1s that for a subson1c outflow, the ex1t 

plane pressure must equal the 1mposed backpressure, and thus 

the backpressure has an effect on the flow state upstream 1n 

the passage. However, 1f the outflow becomes superson1c the 

ex1t plane pressure need not equal the backpressure, and the 

upstream flow 1s not d1rectly affected by the backpressure 

because an external adjustment 1s poss1ble, as per Fox et 

1 
26 a . 

3.3 Injector Head and L1qu1d Nozzles 

After 1ntroduct1on of the saturated vapor to the entrance 

of the vapor funnel, the 348.9°K subcooled 11qu1d steams are 

1ntroduced through a certa1n number of nozzles that are mounted 

1n an 1njector head. The 1njector head 1s appropr1ately s1zed 

to accommodate a ser1es of nozzles wh1ch reduce the stream of 

11qu1d to an array of 11qu1d jets, prov1d1ng max1mum surface 

area for vapor condensat1on. From the des1gn cr1ter1a 1n 

Sect1on 2.2, the number of nozzles was or1g1nally determ1ned to 

be 45. When th1s part1cular un1t underperformed, as d1scussed 
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1n Sect1ons 4.3 and 4.4. Sect1ons 2.3 and 2.4 took add1t1onal 

parameters 1nto account (noncondensable gas). 

W1th the analyt1cal analys1s complete on Sect1on 2.3, an 

1njector head w1th 90 nozzles was des1gnated as the proper s1ze 

to del1ver the 11qu1d streams at .254 mm 1n d1ameter to the 

vapor funnel throat. and ach1eve a des1red thermal performance 

of ~ 19.5°K. The performance 1s the measured d1fference 

between the 1nlet vapor temperature 1n the m1x1ng chamber, 

39l.7°K and the f1nal condensate temperature 1n the d1ffuser 

pr1or to expans1on ~ 372.2°K (see Table 2). The necessary 

19.5°K was determ1ned to be the m1n1mum amount requ1red s1nce 

the pump 1nlet temperature was des1gned to operate at ~ 

372.2°K, and the vapor temperature (from the turb1ne exhaust) 

was constant at 391.7°K. A pump temperature> 372.2°K would 

cause downstream component problems to the alternator and 

aux111ary cooler. such as premature bear1ng wear. and below 

normal eff1c1ency. 

Several nozzle conf1gurat1ons were evaluated on 

steam/water and Dowtherm, to determ1ne wh1ch nozzle des1gn 

would y1eld the h1ghest thermal and hydraul1c performance 

w1thout produc1ng s1gn1f1cant amounts of noncondensable gas as 

d1scussed 1n Sect1ons 2.4 and 5.3. In1t1al test1ng showed 

acceptable results w1th a sta1nless steel nozzle wh1ch has an 
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or1f1ce length of 1.016 mm, and d1ameter of .254 mm, or an 

L/D = 4 (length to d1ameter rat1o). The nozzle conf1gurat1on 

1s shown 1n F1gure 35. Each nozzle was tested 1nd1v1dually as 

descr1bed 1n Sect1ons 4.1 and 4.2, w1th results d1scussed 1n 

Sect1on 5.3. Upon successful thermal and hydraul1c 

performance, the nozzles were 1ncorporated 1nto the mult1ple 

1njector head, as descr1bed 1n Sect1ons 4.3 and 4.4, for 

further performance test1ng. Results of the mult1ple nozzle 

test1ng are d1scussed 1n Sect1on 5.4. 

As descr1bed 1n the f1rst paragraph of th1s sect1on, 

1n1t1al performance for the 45-nozzle system was somewhat lower 

than ant1c1pated even though Sect1on 2.3 theoret1cally 

pred1cted 1t to be suff1c1ent, and a 90-nozzle 1njector was 

redeterm1ned to y1eld suff1c1ent flow area for the vapor. 

Sect1ons 4.4 and 5.4 descr1be the steps of how the sta1nless 

steel nozzles were 1n1t1ally used 1n the 90-nozzle system but 

could not meet the hydraul1c requ1rements of Sect1on 4.3 

(focus1ng). Sect1on 5.3 w1ll d1scuss the des1gn effort that 

was conducted to determ1ne the proper mater1al and or1f1ce 

shape that f1nally y1elded an acceptable 11qu1d stream. The 

cr1t1cal factor for the nozzle 1s the length to d1ameter rat1o, 

(LID), of the or1f1ce. Var1ous conf1gurat1ons w1th d1fferent 

L/D rat1os are tested 1n Sect1ons 4.1 and 4.2 to determ1ne 
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wh1ch would g1ve the best results (Chapter 5). From Chapman, 

et al. 29
, the cr1t1cal L/D rat1o for a nozzle 1s that at 

wh1ch the jet does not reattach to the or1f1ce walls from the 

vena contracta and represents an unstable cond1t1on. W1th an 

1nject1on pressure of 552 kPa, and flow of 117.4 km/hr, the 

max1mum cr1t1cal L/D was found to be 3.5 from an emp1r1cal 

relat1onsh1p 1n Fox et al. 26 As d1scussed 1n Chapter 5, a 

f1nal L/D of 4 y1elded a stable flow (Sect1on 5.1) for the 

necessary jet condensat1on length, (Sect1on 5.2). 

Chapters 4 and 5 w111 also 1ntroduce the synthet1c 

sapph1re jewel nozzle. It 1s the nozzle that g1ves the best 

columnated jet due to 1ts obta1nable shape and f1n1sh after 

pol1sh1ng. The des1gn 1s shown 1n F1gure 36, and was used 1n 

the 90-nozzle 1njector head for the f1nal test1ng that was 

conducted. Results of the jewel nozzle are tabulated for 

compar1son w1th other nozzles 1n Table 5. 

3.4 M1x1ng Chamber 

The m1x1ng chamber 1s smoothly contoured to accept the 

vapor from the turb1ne exhaust after 1t has gone through the 

regenerator (see F1gure 34). The prof11e of the vapor funnel 

or m1x1ng chamber was des1gned 1n Sect1on 2.3, and 1s based on 

the rate of condensat1on of the Dowtherm "A" work1ng flu1d. 
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F1gures 27 and 29 showed the actual chamber prof1le, and how 1t 

compared w1th the obta1ned results for opt1mum performance. 

The actual s1ze of the chamber 1s based on the requ1red area 

needed for the vapor (wh1ch 1s at a g1ven veloc1ty 1n relat1on 

to the 11qu1d stream) to condense on the subcooled 11qu1d. The 

s1ze of the funnel and the number of nozzles are also based on 

the rate of condensat1on determ1ned from the calculat1ons 1n 

Sect1on 2.3. The d1ameters of the funnel were g1ven 1n Table 

1. The shape of the m1x1ng chamber prov1des son1c flow for 

both the vapor and 11qu1d nozzles. 28 The narrow outlet end 

of the m1x1ng chamber 1s contoured to allow a smooth flow of 

the condensate (comb1ned 11qu1d and conden~ed vapor) to the 

m1x1ng chamber throat (F1gure 34). 

3.5 Throat 

Assum1ng that all of the vapor 1s condensed (condensate) 

by the t1me the flu1d passes through the throat reg1on, a total 

flowrate 1s determ1ned, and the throat des1gn can be determ1ned 

as follows: An approx1mate throat cross-sect1onal area and 

d1ameter are computed from cont1nu1ty equat1ons 2.1 to 2.3 1n 

Chapman et al. 29 Th1s 1s based on the assumpt1on that the 

area just upstream and downstream of the throat can be assumed 

to be a son1c convergent-d1vergent nozzle 1n order to check for 

me, the mass flowrate. As 1n the general case 1n Chapman et 
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29 al .• the supply stagnat1on states, Po1 and T
0 

are 

known to be constant for 1deal cond1t1ons. W1th the 

backpressure known, the throat, At' corresponds to the 

greatest mass flow dens1ty. When the mass flow dens1ty has 

reached 1ts max1mum value, we have the follow1ng at 1deal 

cond1t1ons: 

EQN 3.63 

To determ1ne whether the mass flowrate 1s great enough to 

produce chok1ng at the throat, the operat1ng pressure rat1o 

Pb/Po
1 

1s reduced from un1ty, and flow passes through the 

throat. At th1s po1nt, 1f the mass flow rate, ~. 1s compared to 

the choked mass flowrate, me. and 1s found to be m/mc < 1, 

the Mach number at the throat 1s subson1c. As a result, the 

flow 1n the d1ffuser 1s subson1c, and ver1f1es that there 1s a 

pressure r1se. W1th Pb/Po
1 

determ1ned, the f1rst cr1t1cal 

pressure rat1o, rpl' 1s found 1n the 1sentrop1c tables based 

on an ex1t to throat rat1o. W1th all quant1t1es now known, 

At was calculated and found to be .3378 mrn. The throat 

d1ameter was ver1f1ed w1th a flow test s1mulat1ng the funnel 

cond1t1ons, (comb1ned mult1ple 11qu1d streams) and results 

showed that a comb1nat1on of the proper d1ffuser and throat 

(.3378 mm d1ameter) gave good results to ach1eve a 50% pressure 

recovery for the jet condenser assembly. 
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3.6 D1ffuser 

As ment1oned 1n the prev1ous sect1on, once the 11qu1d 

condensate passes the throat, 1t enters the d1ffuser reg1on as 

shown 1n F1gure 34. The term d1ffuser denotes a flow passage 

wh1ch decelerates flow, thereby produc1ng a flu1d pressure 

r1se. In th1s reg1on, 1t 1s des1red to convert the veloc1ty 

head of the 11qu1d condensate to a stat1c pressure r1se. The 

greater the pressure recovery (r1se 1n pressure) of the jet 

condenser assembly, the lower the pump1ng power requ1rements, 

wh1ch results 1n a h1gher system operat1ng eff1c1ency. As 

d1scussed 1n Sect1on 3.1, the 11qu1d ex1ts the d1ffuser, passes 

to the accumulator to reduce pressure fluctuat1ons and 1s sent 

to the pump. A h1gher pressure sent to the pump reduces the 

effect1ve work (1n the form of outlet pressure) done 1n the 

cycle. 

The d1ffuser used 1n th1s assembly 1s def1ned by Chapman 

et al. 29 as a duct d1ffuser, s1nce 1t rece1ves 1ts 11qu1d 

supply from a closed duct (vapor funnel assembly). Rev1ew1ng 

F1gure 34. shows that the d1ffuser 1nlet d1ameter corresponds 

to the throat d1ameter (.3378 mm), per Sect1on 3.5, wh1le the 

d1ffuser outlet d1ameter 1s des1gned to assure that all of the 

11qu1d stream (condensate) veloc1ty head 1s converted to stat1c 
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29 
pressure. Accord1ng to Chapman et al. for son1c 

s1tuat1ons the geometry of the d1ffuser need only be a constant 

d1vergence w1thout any curvature present 1n the d1rect1on of 

the flow area. 

The performance of the d1ffuser 1s descr1bed by a certa1n 

parameter. Th1s parameter, the energy eff1c1ency 29
'

30 

1s def1ned as the rat1o of the actual k1net1c energy that has 

been converted 1nto a pressure r1se to that wh1ch would have 

been converted 1nto the same pressure r1se had the d1ffus1on 

been 1sentrop1c. For 1deal cond1t1ons, the energy eff1c1ency 1s 

Po 
( _1 ) ( K-1 ) /K _ 1 Po2 

wHh 

Po = Stagnat1on pressure at the throat 
1 

Po2 = Stagnat1on pressure at the d1 ffuser ex1t 

K = Gas constant 

Ml = Mach number at the throat 

As ment1oned 1n the beg1nn1ng of th1s Sect1on, the veloc1ty 

head of the 11qu1d enter1ng the d1ffuser 1s converted to a 

stat1c pressure r1se. To 1nsure that th1s 1s accompl1shed, the 

outlet d1ameter, 8.45 mm, was des1gned to be 2.5 t1mes the 
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1nlet d1ameter, 3.38 mm, and the d1ffuser angle 1s at 6.5° 

wh1ch 1s 1n accordance w1th d1ffuser des1gns by Chapman et 

al. 29 The area rat1o for the d1ffuser (Do/01) 2, was 

6.25. 

F1nally, the equat1on used to def1ne the pressure recovery 

(r1se 1n pressure) of the d1ffuser 1s 1n agreement w1th 

Garc1a 4
, and 1s g1ven as 

D1ffuser Outlet Pressure R1se 
~ = Throat Inlet Pressure R1se 

Even though spec1f1c 1nd1v1dual pressure read1ngs were obta1ned 

for the d1ffuser, they are cons1dered as a pressure r1se 1n 

relat1on to the pressure read1ngs of the 11qu1d stream from the 

1njector nozzles. The actual pressure recovery (r1se) 1s 

tested 1n Sect1on 4.3 to determ1ne the h1ghest poss1ble 

recovery. Table 3 w1th1n Sect1on 4.3 1s a typ1cal data sheet 

that 1s used to record the var1ous parameters of the test. 
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CHAPTER 4. TEST LOOP APPARATUS AND PROCEDURES 

4.1 Steam and Water Test Apparatus 

In order to obta1n a data base to develop the jet heat 

transfer correlat1ons, a test stand ut111z1ng steam and water 

was developed. The stand 1s.shown schemat1cally 1n F1gure 37. 

It was des1gned so that the temperature r1se of a s1ngle 11qu1d 

jet through steam could be reasonably measured. 

Cold water 1s 1njected through the 1njector nozzle and 

passes a steam space and then through a focus/target plate 1nto 

a dewar flask conta1n1ng a thermocouple. By measur1ng the 

11qu1d 1nlet temperature at the nozzle and the 11qu1d 

temperature 1n the dewar flask (see F1gure 38. for dewar 

thermocouple 1nstallat1on), the jet temperature r1se was 

measured. The steam cond1t1on was measured us1ng a 

thermocouple and a manometer. The steam was 1ntroduced by 

bo111ng deaerated water 1n a hotwell tank mounted d1rectly 

beneath the jet/dewar assembly. The hotwell was heated w1th an 

electr1cal blanket heater. Jet length 1s var1ed by 

repos1t1on1ng the baffle plate wh1ch holds the dewar flask. 

Another component 1n the stand 1s a cold trap, plumbed to 

prov1de a steam flow past the 11qu1d jet 1n an attempt to sweep 

away any noncondensable gas wh1ch m1ght accumulate around the 
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11qu1d jet. The gases were pumped out of the cold trap us1ng a 

vacuum pump. The pump also created a vacuum for the stand to 

s1mulate space cond1t1ons. S1nce the nonhermet1c test stand 

had an a1r leakage rate of- 0.006 sec/sec, the s1mulated 

flow of the condenser was not cons1dered 1deal. The 11qu1d was 

suppl1ed to the 1njector nozzle from a bladder-type accumulator 

w1th deaerated water on one s1de and n1trogen gas on the other 

s1de. The 11qu1d suppl1ed to the nozzle was cooled to the 

des1red 1nlet temperature v1a an 1ce-cooled heat exchanger and 

a bypass m1x1ng valve. 

The heater was 1nsuff1c1ent 1n ma1nta1n1ng a constant heat 

1nput for the steam wh1ch var1ed the pressure sl1ghtly, so data 

were taken over a range of h1gh to low steam pressures. A 

typ1cal run took about 15 m1nutes dur1ng wh1ch 9 data po1nts 

were taken. Several tests were repeated and the heat transfer 

results (Stanton Numbers) for nearly 1dent1cal test cond1t1ons 

were found to vary by less than 5% (percent), when compared to 

Sect1on 2.2. 

4.2 L1qu1d Dowtherm Test R1g (S1ngle Nozzle) 

4.2.1 Scope .. The test procedure used 1s part one of three 

parts. It prov1des a descr1pt1on for one of the ver1f1cat1on 

methods used 1n the overall development of the jet condenser. 
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The test ver1f1es adequate thermal and hydraul1c performance 

for each nozzle 1nd1v1dually. 

4.2.2 Object1ves. To ver1fy on dowtherm the results of the 

steam/water test1ng for nozzle select1on, target1ng capab111ty, 

and the tendency toward unstable flow. It 1s also des1red to 

character1ze the condens1ng rate performance at vary1ng 

lengths, veloc1t1es, and states for poss1ble or1f1ce 

conf1gurat1ons. F1nally, to determ1ne the sens1t1v1ty of the 

jet condenser to noncondensable gases. 

4.2.3 General. The test equ1pment that 1s used was 

manufactured to qual1ty control spec1f1cat1ons and general 

cleanl1ness cond1t1ons per spec1f1cat1on CP14.57-0l. 31 The 

1nstrumentat1on for the test r1g has been prev1ously 

spec1f1ed 31
, and at the t1me of the test could have been 

subst1tuted for 1nstruments of equ1valent character1st1cs and 

tolerances. The follow1ng parameters were mon1tored and data 

recorded: 

Descr1pt1on Un1ts 

Injector Flow 
Injector Pressure 
Injector Temperature 
Vapor Temperature 
outlet Temperature 
Pump Outlet Pressure 
Pump Inlet Temperature 
Hotwell Temperature 
System Pressure 
Hotwell Pressure 

cma/sec 
kPa 

OK 
OK 
OK 

kPa 
OK 
OK 

M1crons 
M1crons 

-103-

of Hg 
of Hg 

Des1gnat1on 

QL 
PL 
TL 
TV 
TO 
PPO 
TCO 
TB 
P2 
P3 



The test1ng was conducted at ex1st1ng laboratory amb1ent 

cond1t1ons. 31 The test flu1d used 1s Oowtherm "A", and 1s 

spec1f1ed as reagent grade B1phenyl-B1phenyl Eutect1c Ether. 

The nozzle exam1nat1on cons1sts of v1sual 1nspect1on, w1th a 

twenty-f1ve (25) power m1croscope, for damage or corros1on 

pr1or to and after all tests. 

4.2.4 Test Plan. The thermal performance test cons1sts of 

establ1sh1ng representat1ve 11qu1d flows and temperatures, 

vapor temperatures, and measur1ng the 11qu1d jet temperature 

r1se due to condensat1on. At des1gn cond1t1ons, the 11qu1d 

1nlet pressure and temperature are 448.5 kPa, and 348.89°K, 

wh1le the vapor temperature 1s 391.67°K, and the 11qu1d delta 

temperature must be ~19.4°K. 

In order to completely character1ze each tested 

conf1gurat1on, and to ver1fy the thermal model 1n Sect1on 2.3, 

tests are performed at jet lengths of 50.8, 127, and 254 mm, 

w1th 11qu1d 1nject1on temperatures of 344.45 - 350°K, and 

11qu1d 1nject1on pressures of 448.5 - 586.5 kPa. In add1t1on, 

noncondensable concentrat1ons are determ1ned dur1ng certa1n 

tests by open1ng the cleaned and pumped-down noncondensable 

concentrat1on. 1nstrumentat1on (valved bottle on the test r1g), 

as shown 1n F1gure 39. The "bottle" at amb1ent temperature 

prov1des a surface for condensat1on, wh11e a thermal pump1ng 
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(d1ffus1on pump pr1nc1ple) act1on 1s establ1shed. By properly 

slop1ng the test sect1on, the condensate dra1ns by grav1ty 1nto 

the bottle, w1th the noncondensables collect1ng 1n a cloud 

above the 11qu1d. Th1s stage 1s character1zed by the bottle 

and feed tubes becom1ng hot due to the condensat1on on the 

1nner wall. The noncondensable cloud 1n turn effect1vely 

blocks off a port1on of the condenser (bottle) surface. Th1s 

act1on cont1nues unt11 the cloud 1s of suff1c1ent s1ze to cover 

the ava1lable condensat1on surface. Th1s 1s character1zed by 

the bottle and tubes return1ng to amb1ent temperature and marks 

the end of a test. The concentrat1on 1s obta1ned by measur1ng 

the collected 11qu1d 1n the bottle, know1ng both total volume 

of the tested sect1on, and the recorded pressure (m1crons) 

dur1ng the test. Equat1ons 1n Append1x A have the follow1ng 

un1ts 

Concentrat1on c parts = moles noncondensable X 10
6 

m1111on moles Dowtherm 

As an example, w1th the bottle full after a g1ven test 

-307 ml (see F1gure 39), the calculated concentrat1on of 

noncondensables 1s -20 ppm. Floodout occurs at -90 ppm, 

thus show1ng the sens1t1v1ty of the test. Th1s data allows 

both 1ncorporat1on of the effect on noncondensables 1nto the 

thermal model (Sect1on 2.3), and exper1mental ver1f1cat1on of 

the results from (Sect1on 2.4). Further deta1ls and effects of 

the noncondensables are g1ven 1n Append1x A. 
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The f1rst conf1gurat1on tested was the one ut111z1ng the 

stainless steel nozzle (Section 3.3), Figure 35. The second 

configuration tested, employed the synthetic sapph1re jewel 

insert (Sect1on 3.3), F1gure 36 w1th an L/D (length to d1ameter 

ratio of the or1fice base) of four (4). As prev1ously 

ment1oned, d1fferent L/D rat1os other than four gave poorer 

flow characterist1cs. 

The attempt here 1s to determine the design marg1n, to 

establish reasonable production tolerances on length, and 

estab11sh a new baseline wh1le verifying the thermal model. 

The basel1ne nozzles from the steam test1ng in (Section 4.1) 

will be retested on the Dowtherm test r1g. These 1nclude the 

nozzles initially installed 1n the 1njector head, [.3683 rnm 

d1ameter, w1th an L/D = 4]. 

4.2.5 Dowtherm Test Schemat1c (S1ngle Nozzle). A schemat1c 

d1agram of the S1ngle Nozzle test r1g 1s shown in F1gure 39. 

The main components for the r1g are: 

1. Vacuum Pump- evacuates ent1re test stand to s1mulate 

space cond1t1ons, and creates the low pressure for the 

saturated vapor. 
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2. Hotwell Deaerator - th1s component 1s a collect1on tank 

and 1s used to create the saturated vapor at 39l.7°K from 

the turb1ne exhaust, and prov1de 11qu1d for the nozzles. 

3. Heat Exchanger and Pump - these components rece1ve hot 

Dowtherm from the hotwell tank and cool the 11qu1d to the 

nozzle 1nlet temperature, 348.9°K, wh1le del1ver1ng 1t at 

a pressure of 448.5 kPa. 

4. Nozzle Hous1ng - the sta1nless steel f1xture where the 

nozzle 1s mounted and 1ts 11qu1d stream 1s v1ewed and 

measured for performance. The hous1ng 1s eas1ly converted 

to adjust for the d1fferent jet lengths to be tested. 

5. Noncondensable Bottle - as ment1oned 1n 4.2.4, th1s 

component collects the noncondensables to determ1ne the1r 

concentrat1on. 

6. Thermo-Stat1c Control - temperature control for the 

1mmers1on heaters w1th1n the hotwell tank to heat the 

11qu1d. 

7. Cold Trap- collects 11qu1d 1n 11eu of the noncondensable 

bottle when there 1s no test1ng. The trap also allows the 

vacuum pump to cont1nuously draw a vacuum w1thout remov1ng 

11qu1d from the stand. 

4.2.6 Test Procedures. There are two modes that the stand 1s 

normally 1n: 1) Standby Operat1on (short-term shutdown), and 

2) General Runn1ng. Mode 1 allows the stand to rema1n 
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deaerated at 170-200 m1crons pr1or to a test wh1le the 11qu1d 

1s heated and c1rculat1ng between the heat exchanger and hot 

tank. Mode 2 1s for actual test1ng and has the follow1ng 

cond1t1ons: 

Pump Outlet Pressure 

Hot Tank Controller 

Stand Vacuum 

Hot Tank Vacuum 

793.5 kPa 

413.9°K 

~ 200 m1crons of Hg 

~ 850 m1crons of Hg 

4.2.7 Acceptance Test1ng. Table 2 1s a typ1cal data sheet 

that 1s used when test1ng a nozzle. As prev1ously ment1oned, 

the 11qu1d 1nlet/outlet temperature d1fference must be at least 

19.4°K to ach1eve thermal performance. The stab111ty of the 

jet stream 1s d1scussed 1n (Sect1on 5.1}. Representat1ve 

numbers that correspond to a test w1th typ1cal synthet1c 

sapph1re jet nozzles are shown 1n Table 2. Results of var1ous 

tests run on the test r1g for var1ous nozzles are presented 1n 

(Sect1on 5.3}. 

4.3 Jet Condenser Focus1ng Test R1g (Mult1ple Nozzle) 

4.3.1 Scope. The test procedure descr1bed here1n prov1des a 

deta1led descr1pt1on of the jet condenser focus1ng method. 

Th1s 1s the second of three parts used 1n the development of 

the jet condenser for the Organ1c Rank1ne Power System. 
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TABLE 2. 

SINGLE NOZZLE TEST DATA SHEET 

ITEM 

OrHice 
Nozzle 

P/N REV. 

_E_ 

CHECK (X) IF ACCEPTABLE 
DIAMETER PRE-CLEAN DAMAGE 

.254 llll1 X 

HYDRAULIC PRE-SCREENING ACCEPT: _..:..:X __ REJECT: 

PARAMETER ACRONYM 

Injector Pressure PL 
Injector Temperature TL 
Vapor Temperature TV 
Outlet Temperature TO 
Pump Inlet Temperature TCO 
Injector Flow QL 
Hotwell Temperature TB 
Hotwell Pressure P3 
Tank Pressure P2 
Pump Outlet Pressure PPO 
Jet Test Length XL 

Liquid Temperature Difference (TO-TL) 
must be 19.4°K Minimum. 

(May be different at other than 
design inlet cond1t1ons) 

ACTUAL 

488.5 kPa 
348.9°K 
391.7°K 
370.0°K 
414.4°K 
1 . 01 Cm3/S 

415°K 
&90 \.1 

187 lJ 
793.5 kPa 

254 llll1 

Accept _..:..:X __ 

Reject __ _ 

Noncondensable Concentration (1f applicable) _..:::,3 __ Parts Per 
M1llion 

Performed by: Marco F. Bucch1 

Test Surveillance: Sam Gall Date: 7/1&179 
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4.3.2 Object1ves. To focus the 1nd1v1dual nozzles of the jet 

condenser together, thereby ver1fy1ng the total flow passes 

through the throat and ach1eves hydraul1c performance or flow 

stab111ty. 

4.3.3 General. The 1nstrumentat1on used for the focus test 

has been prev1ously spec1f1ed 32
, but may have been 

subst1tuted for equ1pment w1th equ1valent character1st1cs 1n 

the event of a malfunct1on. Th1s does not 1nval1date test1ng 

accompl1shed pr1or to such repa1r or replacement. 32 The 

follow1ng parameters are mon1tored and data recorded at the 

appropr1ate 1ntervals to establ1sh un1t performance. 

Parameter Un1ts Oes1gnat1on 

Injector Flow OK QL 
Injector Pressure kPa PL 
Injector Temperature OK TL 
Outlet Pressure kPa PO 

The test flu1d 1s deaerated d1st1lled water and 1s 

f1ltered per spec1f1cat1on NAS1638, Class 4 or better. 32 

4.3.4 Deta1led Test. The performance 1s executed 1n two parts: 

1) Focus test ver1f1cat1on, 

2) Recovery test ver1f1cat1on. 
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The focus test has the 1njector head w1th the nozzles 

mounted 1n the jet condenser hous1ng, as shown 1n F1gure 40. 

The deaerated water must be ma1nta1ned at 300°K ~ 5.5°K. W1th 

ver1f1cat1on that all equ1pment 1s 1n operat1on, the supply 

11ne 1s attached to the 1njector head. The s1ngle or1f1ce 

focus plate 1s 1n1t1ally 1nstalled to allow proper al1gnment of 

each nozzle 1nd1v1dually. Th1s 1s accompl1shed by capp1ng all 

but one nozzle, turn1ng the system on at the rated pressure, 

and w1th a su1table tool adjust the flow1ng nozzle unt11 the 

effluent passes through the f1xture target or1f1ce. When 

completed, the focused nozzle 1s capped w1th a spec1f1ed color 

and the procedure 1s repeated unt11 all nozzles have been 

properly al1gned. The caps are rated for 552 kPa operat1on, 

wh1le the supply 1s ma1nta1ned at 345 kPa throughout the focus 

test. The or1f1ce on the focus plate 1s 3.175 mm. Th1s 1s 6% 

smaller than the actual throat d1ameter of the vapor funnel 

(3.38 mm), to allow for a marg1n of safety. 

After acceptance of the focus test, the vapor funnel 

assembly 1s attached to the 1njector head for al1gnment pr1or 

to the recovery test. W1th the vapor funnel 1n place, the 

1njector flow 1s once aga1n engaged w1th the release of the 

supply valve .. The "jack1ng screws" are adjusted for proper 

al1gnment of the ma1n flow stream 1n relat1on to the throat. 

After ver1f1cat1on that the merged jet stream does 1ndeed pass 
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through the throat, the test 1s repeated a number of t1mes to 

ensure the stream cons1stently passes through 1t. W1th f1nal 

adjustments completed, the supply pressure 1s var1ed to ver1fy 

al1gnment for 276 - 552 kPa. 

The recovery test has the nozzle 1njector head and vapor 

funnel assembly mounted as 1n the case of the focus test. The 

add1t1on to th1s port1on of the test1ng 1s the d1ffuser w1th a 

pressure gauge to measure the outlet pressure. W1th the supply 

pressure at 448.5 kPa, the supply valve 1s opened and the 

m1n1mum pressure recovery (r1se) 1s recorded. The valve 

downstream of the d1ffuser (F1gure 40.) 1s closed sl1ghtly to 

ra1se the pressure outlet PO, by 34.5 kPa. If "floodout" does 

not occur, the pressure outlet read1ng 1s recorded as the 

max1mum recovery. The step 1s repeated 1n 13.8 kPa 1ncrements 

to ver1fy all obta1ned results. Th1s 1s done unt11 a 

"floodout" does occur. 

4.3.5 Acceptance Test1ng. Tables 3. and 4. are typ1cal data 

sheets used for the focus and recovery tests. Representat1ve 

numbers are shown for each that were obta1ned for actual 

conducted tests that were acceptable. 
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TABLE 3. 

TYPICAL FOCUS TEST DATA SHEET 

Pump, Flowmeter, Gauge Operat1ng (X) 1f acceptable X 
Each Or1f1ce Targeted Through Plate (X) 1f acceptable X 
Epoxy11te Appl1ed to Each Or1f1ce (X) 1f completed 

Epoxy11te Cured Cure Temperature 588.9°K 
Total Cure T1me 36 hrs 

Merged Jet Passes Through Throat (X) 1f acceptable X 

INJECTOR REQUIRED ACTUAL 

Pressure 414 ± 20.7 kPa 427.8 kPa 
Flow 90.0 cm3/sec 90.3 Cm3/S 
Temperature 300°K 298.9°K 

Pressure 345 ± 20.7 kPa 345 kPa 
Flow 76.5 cm3/sec 73.2 Cm3/S 
Temperature 300°K 300°K 

Pressure 276 ± 20.7 kPa 282.9 kPa 
Flow 61.2 cm3/sec 59.93 Cm3/S 
Temperature 300°K 299.4°K 

Performed By: Marco F. Bucch1 

Test Surve1llance: Sam Gall Date: 9/17/79 
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TABLE 4. 

TYPICAL RECOVERY TEST DATA SHEET 

% Recovery = PO + 14.4 x 100 
PL + 14.4 

M1n1mum Recovery 

Max1mum Recovery 

Max1mum Recovery 

Performed by: 

PL 

448.5 kPa 

441.6 kPa 

448.5 kPa 

Marco F. Bucch1 

PO 

221.1 kPa 

248.4 kPa 

255.3 kPa 

RECOVERY 

50.1% 

56.2% 

51.0% 

Test Surve1llance: --=S=a:.:..::m'-G:.:a:..:l:...:.l _______ · Date: 9/18/19 

CP14.51-01, Paragraph 4.1.2.2 Inspect, (X) 1f completed ~X~

Assembly Cleaned, Packaged and Stored, (X) 1f completed ~X~-

Performed by: Marco F. Bucch1 

Test Surve1llance: Sam Gall Date: 9/18/19 
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PARAMETER UNITS DESIGNATION 

Jet Condenser L1qu1d Temperature Inlet OK JCLTI 
Jet Condenser Uqu1d Pressure Inlet kPa JCLPI 
Jet Condenser Uqu1d Temperature Outlet OK JCLTO 
Jet Condenser L1qu1d Pressure Outlet kPa JCLPO 
Jet Condenser Vapor Pressure Inlet kPa JCVPI 
Regenerator Temperature Vapor Inlet OK TRVI 
Regenerator Pressure Vapor Inlet kPa PRVI 
Regenerator Temperature Vapor Outlet OK TRVO 
Regenerator Pressure Vapor Outlet kPa PRVO 
Regenerator Temperature L1qu1d Outlet OK RTLO 
Regenerator Pressure L1qu1d Outlet kPa RPLO 
Accumulator Supply Pressure kPa ASP 
Accumulator Pressure Outlet kPa APO 
Turb1ne Bear1ng Supply Temperature OK TTBS 
Turb1ne Bear1ng Supply Pressure kPa PTBS 

W1th th1s test loop, (see F1gure 41.). 1t was poss1ble to 

accurately set all state po1nts surround1ng the jet condenser. 

4.4.4 Deta1led Tests. The total performance of the jet 

condenser 1s a comb1nat1on all of the component test1ng 

prev1ously completed (Sect1ons 4.1 - 4.3), 1.e., s1ngle nozzle 

thermal and hydraul1c performance for steam/water vs. Dowtherm, 

and mult1ple nozzle-focus1ng and recovery pressure. Th1s was 

cons1dered the f1nal ver1f1cat1on pr1or to the actual 

1nstallat1on w1th1n the power system. 

The noncondensable concentrat1on 1s determ1ned by the same 

method as ment1oned 1n (Sect1on 4.2.4) for the regenerator as 

well as the jet condenser. Although not shown, the valv1ng and 
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PARAMETER 

Jet Condenser L1qu1d Temperature Inlet 
Jet Condenser L1qu1d Pressure Inlet 
Jet Condenser L1qu1d Temperature Outlet 
Jet Condenser L1qu1d Pressure Outlet 
Jet Condenser Vapor Pressure Inlet 
Regenerator Temperature Vapor Inlet 
Regenerator Pressure Vapor Inlet 
Regenerator Temperature Vapor Outlet 
Regenerator Pressure Vapor Outlet 
Regenerator Temperature L1qu1d Outlet 
Regenerator Pressure L1qu1d Outlet 
Accumulator Supply Pressure 
Accumulator Pressure Outlet 
Turb1ne Bear1ng Supply Temperature 
Turb1ne Bear1ng Supply Pressure 

UNITS DESIGNATION 

°K JCLTI 
kPa JCLPI 
°K JCLTO 
kPa JCLPO 
kPa JCVPI 
°K TRVI 
kPa PRVI 
°K TRVO 
kPa PRVO 
°K RTLO 
kPa RPLO 
kPa ASP 
kPa APO 
°K TTBS 
kPa PTBS 

W1th th1s test loop, (see F1gure 41.), 1t was poss1ble to 

accurately set all state po1nts surround1ng the jet condenser. 

4.4.4 Oeta1led Tests. The total performance of the jet 

condenser 1s a comb1nat1on all of the component test1ng 

prev1ously completed (Sect1ons 4.1 - 4.3}, 1.e., s1ngle nozzle 

thermal and hydraul1c performance for steam/water vs. Oowtherm, 

and mult1ple nozzle-focus1ng and recovery pressure. Th1s was 

cons1dered the f1nal ver1f1cat1on pr1or to the actual 

1nstallat1on w1th1n the power system. 

The noncondensable concentrat1on 1s determ1ned by the same 

method as ment1oned 1n (Sect1on 4.2.4) for the regenerator as 

well as the jet condenser. Although not shown, the valv1ng and 
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apparatus are s1m1lar to that used on the S1ngle Nozzle Test 

Stand (F1gure 39). Tests were performed at the 254 mrn jet 

length only, and the follow1ng were not var1ed as 1n prev1ous 

tests: 

• Jet Condenser L1qu1d Inlet Temperature 348.9°K 

• Jet Condenser Vapor Inlet Temperature 391.7°K 

The chronolog1cal order of test1ng that emerged over a per1od 

of t1me dur1ng development 1s as follows: 

1-a) 

2-a) 

3-a) 

4-a) 

1-b to 4-b) 

Var1ous nozzle conf1gurat1ons on the Steam/ 

Water test r1g. 

S1ngle Sta1nless Steel Nozzle tests on 

Dowtherm. (.3683 mrn d1ameter.) 

Mult1ple Sta1nless Steel Nozzle focus and 

recovery test. 

Mult1ple Nozzle total performance test. 

Repeat of 1-a to 4-a w1th the Synthet1c 

Sapph1re Nozzles. 
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The second ser1es of tests were performed because the results 

of 3-a and 4-a 1nd1cated an underperformance for the jet 

condenser wh1ch 1s d1scussed 1n (Sect1ons 5.3 and 5.4). 

4.4.5 Acceptance Test1ng. Representat1ve data sheets for the 

total performance tests collected s1m1lar 1nformat1on as the 

S1ngle Nozzle test1ng, w1th the add1t1on of Vapor Pressure (see 

Table 2.). Add1t1onal parameters for system s1mulat1on were 

also set and mon1tored (see Sect1on 4.4.3). It should be noted 

that tests 1-a to 4-a were conducted w1thout cr1t1ca1 

cons1derat1on towards the noncondensable gas accumulat1on. 

Once the underperformance was d1scovered, a flu1d degradat1on 

rate vs. t1me was establ1shed 1n relat1on to the amount of 

noncondensables 1n parts per m1111on. 

4.5 Instrumentat1on 

Temperatures and pressures for the 11qu1d nozzles and 

vapor were measured at key locat1ons. They were measured w1th 

thermocouples, stat1c or total pressure tubes, and pressure 

gauges. The f1nal Organ1c Rank1ne Power System would not need 

the amount of 1nstrumentat1on used for the tests 1n (Sect1on 

4.4). 
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The 1nstrumentat1on was pr1mar1ly mounted w1th connect1ons that 

secured a t1ght seal. The key locat1ons are as follows: The 

vapor funnel 1nlet was 1nstrumented w1th four total pressure 

tubes equally spaced around the annulus, all at the same ax1al 

locat1on. The tubes were connected to a man1fold 1n order to 

prov1de a measurement of average Oowtherm total 

pressure. 32 The vapor funnel length was 1nstrumented w1th 

thermocouples and pressure tubes so they just p1erced the 

1ns1de surface wall. The 1nstrumentat1on was mounted every 

50.8 mm over the 254 mrn length. The d1ffuser was 1nstrumented 

w1th a thermocouple and a total-pressure tube. The 

total-pressure tube was located at the center of the d1ffuser 

cross sect1on. 

Thermocouple outputs were recorded d1rectly as 

temperatures by mult1ple-po1nt self-balanc1ng potent1ometers. 

The pressure tubes were connected to pressure transducers whose 

electr1cal outputs were recorded by other mult1ple-po1nt 

self-balanc1ng potent1ometers. Flow of the 11qu1d enter1ng the 

condenser was measured by a turb1ne flowmeter located 1n the 

11ne lead1ng to the 1njector head. In1t1ally, two s1zes of 

flowmeters were used to cover a range of flow. The output of 

the flowmeter cons1sted of electr1cal pulses, wh1ch were 

measured by a frequency meter. 
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4.6, Augmented Pressure 

A d1rect condenser comb1nes the funct1ons of a condenser 

and rad1ator, as ment1oned 1n (Sect1on 1.0). When used w1th a 

Rank1ne system, a pressure drop w1ll occur 1n the flow through 

the condenser, and the feed pump w1ll exper1ence cav1tat1on as 

per Garc1a. 4 W1th the jet condenser used 1n the analys1s 

here1n, 1t 1s poss1ble by means of the pumped l1qu1d flow to 

1ncrease the pressure of the condensate to more than offset the 

loss to be expected 1n the rad1ator and other p1p1ng. The 

measured pressure augmentat1on 1s the rat1o of the 

stat1c-pressure r1se to the dynam1c pressure of the entering 

vapor. The stat1c-pressure r1se can be several t1mes the vapor 

dynam1c pressure, but as the condensat1on length 1ncreases, the 

pressure r1se decreases because of the greater flow losses. As 

prev1ously ment1oned, a 60% recovery was the rnax1mum tested. 

Pressure recovery data was plotted vs. condensat1on length 

for var1ous tests. The pressure decreased sl1ghtly (less than 

5%), for the 254 mm (10 1nch) length vs. the shorter lengths 

tested. The pressure r1se 1ncreases w1th 11qu1d veloc1ty from 

the jets, and exceeds the vapor dynam1c pressure at the po1nt 

where the l1qu1d veloc1ty ach1eves 1ts h1ghest value. Th1s 

zone 1s 1n the throat, and the s1ze of the l1qu1d nozzle has 

11ttle effect on the degree of the pressure r1se exper1enced by 
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the condensate. Th1s was ev1denced when s1m1lar performance 

data w1th the .3683 mm and .254 mm nozzles were compared. It 

1s theor1zed that a h1gher pressure r1se 1s poss1ble because of 

the power used 1n pump1ng the flow to the 1njector head. 

The feed pump 1s used to del1ver the 11qu1d to the jet 

condenser. The pump1ng power requ1red to overcome the flow 

losses 1n the condenser 1s the product of the 11qu1d nozzle 

volume flow and the total-pressure loss measured from the 1nlet 

of the 11qu1d nozzle to the d1ffuser downstream of the test 

sect1on 3
• The power requ1red becomes d1mens1onless when 

d1v1ded by the power equ1valent of the heat of condensat1on of 

the 11qu1d. After a per1od of runn1ng t1me the 11qu1d tends to 

1ncrease 1n temperature wh1ch causes the condensat1on reg1on to 

1ncrease 1n length. Th1s results 1n greater flow losses, and 

requ1res more power to effect1vely pump the 11qu1d. The vapor 

veloc1ty was 1ncreased s1nce 1t reduces the power-requ1red 

rat1o (Power requ1red/Power 11qu1d) 1n Watts because the energy 

of the 11qu1d a1ds the vapor flow. Pressure recovery data were 

compared to correspond1ng values of power-requ1red rat1os. 

3 Tests were 1n agreement w1th Platt that for a g1ven power 

rat1o and condensat1on length, the h1ghest pressure r1se 1s 

obta1ned w1th the largest nozzle surface area. For the present 

case a h1gher recovery pressure was ver1f1ed by the 90-nozzle 

condenser produc1ng 15% h1gher recovery (r1se), than the 
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45-nozzle condenser. A larger rat1o of vapor nozzle area to 

11qu1d nozzle area 1s therefore more eff1c1ent 1n that pressure 

augmentat1on 1s accompl1shed w1th less pump1ng power per un1t 

of vapor flow. 
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CHAPTER 5. RESULTS OF CONDUCTED TESTS 

5.1 Stab111ty of Flow 

Eva1uat1on of hydraul1c performance or flow stab111ty was 

conducted on var1ous des1gns of nozzles 1nd1v1dually, w1th both 

steam/water, and 11qu1d Dowtherm. Test procedures were 

d1scussed 1n Sect1ons (4.1 and 4.2); the results appear 1n 

Sect1on 5.3. Mult1ple nozzle performance tests were also 

conducted and are d1scussed 1n Sect1ons (4.3 and 4.4), w1th 

results presented 1n Sect1on 5.4. The mult1ple nozzle tests 

screened the ab111ty of nozzles to separate the flow 1nto 

several 1nd1v1dual 11qu1d streams and concentrate these streams 

1n the throat of the jet condenser vapor funnel. Each one of 

the 1nd1v1dual tests allowed the operator to observe the flow 

for acceptab111ty character1st1cs. There are three modes that 

1nd1cate fa1lure and are checked dur1ng each test. A nozzle 

was rejected 1f one or more of the fo11ow1ng were measured. 

1. Hydrau11c Fl1p- character1zed by mult1-stable pos1t1ons 

dur1ng operat1on 1n wh1ch the jet jumps from one stable 

pos1t1on to another. Allowable nozzle movement 1s a 

funct1on of the quant1ty of nozzles, flu1d stream 

d1ameters, jet length, and throat d1ameter. The nozzle 1s 

rejected 1f the jet moves once, or more, a d1stance of 
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! .762mm from centerl1ne or greater, when measured 254mm 

from the nozzle ex1t plane dur1ng a ten-m1nute per1od. 

Us1ng 90 nozzles w1th a comb1ned flu1d stream of 3.05 mm, 

at a 254 mm jet length, a 10% (percent) safety factor was 

used 1n establ1sh1ng an allowable nozzle movement of 

+ .762 mm for the 3.38 mm d1ameter throat. 

2. Instab111ty - character1zed by the jet flow wander1ng 

about w1thout f1nd1ng a stable pos1t1on. The nozzle 1s 

rejected 1f the jet wanders more than! .762mm from 

centerl1ne, when measured 254mm from the nozzle ex1t plane 

dur1ng a ten-m1nute per1od. 

3. Broom1ng - character1zed by the jet flow spread1ng 

un1formly and cont1nuously from the nozzle ex1t plane. A 

nozzle 1s rejected 1f 1ts jet spreads to a d1ameter 

greater than 1.524 mm when measured 254 mm from the nozzle 

ex1t plane for a ten-m1nute per1od. A stable comb1ned 

flu1d stream of 3.05 mm could be obta1ned w1th no more 

than a 1.524 mm d1ameter/nozzle of broom1ng. Th1s 1s due 

to the fact that the focus angle of the 1nd1v1dual nozzles 

allowed the flu1d streams to 1ntersect just upstream of 

the throat and form an overall d1ameter of ~ 3.18 mm. 

Th1s was ver1f1ed 1n Sect1on 4.3. The tests were 
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cons1dered val1d for noncondensable concentrat1on levels 

of~ 20 parts per m1111on (ppm). Results of Sect1ons 4.2 

and 4.4 showed typ1cal concentrat1on levels of 3-12 ppm. 

Tests were also run for d1fferent per1ods of t1me, vary1ng 

from 10 m1nutes to as long as 84 hours, to test for 

endurance. 

The ab111ty of the nozzles to concentrate the 1nd1v1dual 

11qu1d streams at the jet condenser throat 1s a strong funct1on 

of the fabr1cat1on of a part1cular des1gn. Extremely cr1t1cal 

to the fabr1cat1on on all of the nozzles 1s the ex1t corner 

break, or rad1us at the or1f1ce outlet. An absolute max1mum 

rad1us of .0254 mrn was allowed. All screened sample nozzles 

tested w1th a rad1us larger than allowed resulted 1n fa1lure 

modes 1, 2, or 3 as d1scussed 1n th1s Sect1on. Cons1derable 

d1fferences 1n nozzle performance are noted 1n Sect1on 5.3. 

Some of the more recent des1gns of var1ous nozzles are shown 1n 

F1gures 3, 7, 35, and 36 of th1s text. 

5.2 Condensat1on Length 

One of the cr1t1cal des1gn features for the jet 

condenser's proper operat1on as part of a space power system 1s 

the proper condensat1on length. In1t1al tests were run w1th a 

condensat1on length of 25.4, 50.8, 127, 152.4, 203.2, and 
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254 mrn, to determ1ne the opt1mum length. From Sect1on (4.1), 

1t was found that the condensat1on length was affected by 

numerous parameters such as water temperature and veloc1ty, 

steam stat1c pressure and veloc1ty, and vapor funnel s1ze. In 

order to determ1ne the condensat1on length that 1s needed for 

the condenser, an analys1s was developed 1n Sect1on {2.2) to 

correlate the net condensat1on rate w1th the Stanton Number, 

wh1ch 1s based on the 11qu1d 1nterfac1al veloc1ty. Numerous 

factors played key roles 1n determ1n1ng an allowable 

condensat1on length for both the 11qu1d nozzle stream and the 

saturated vapor. Th1s 1s 1n agreement w1th1n the major1ty of 

sources c1ted w1th1n th1s text. 1
'

2
'

5
-

11
•

14
-

18
•

20
•

24
•

33 

Data correlat1on between the tests that were run at jet 

lengths of 50.8, 127, and 254 mrn, w1th .254 and .3683 mm 

nozzles, and condensat1on propert1es of Sect1on (2.2), were 

w1th1n 10% {percent). Deta11ed f1gures that prov1de the 

results for the correlat1on of the parameters ment1oned 1n the 

prev1ous paragraph are F1gures 8, 12, 16-21, 28, and 30. When 

the condenser was tested at the 254 mm length, 1t ach1eved 1ts 

h1ghest thermal eff1c1ency, but became very sens1t1ve to any 

change 1n test cond1t1ons. Test1ng had also determ1ned that 1n 

order to ma1nta1n 11qu1d flow stab111ty, the nozzles had to be 
' 

ma1nta1ned at the same mass flow rate, w1th1n .01 Kg/sec. The 

estab11shed des1gn parameters for the 254 mm condensat1on 
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length were correlated w1th Sect1on 2.2 v1a the Stanton Number 

based on veloc1ty d1fferences and are shown 1n F1gures 8, 23, 

and 24. The results correlated well w1th the pred1cted results 

w1th1n ±6.5% and w1th the work from Young and Yang 17
• 

5.3 S1ngle Nozzle Des1gn 

S1ngle nozzle tests were ut111zed to determ1ne the best 

or1f1ce conf1gurat1on. The tests were run w1th deaerated 

steam/water, and Dowtherm at typ1cal system states as d1scussed 

1n Sect1ons (4.1 and 4.2). Checks were made (as prev1ously 

ment1oned 1n Sect1on 5.1), for hydraul1c stab111ty and 

condens1ng capab111t1es. 

5.3.1 Steam/Water. In prel1m1nary test1ng, d1ff1culty was 

exper1enced w1th a1r 1n the system. Th1s leakage caused poor 

1n1t1al results thermally, and contr1buted to flow 

1nstab111ty. It 1s bel1eved that the a1r was leak1ng 1n at 

var1ous p1pe seals (poor "u.c." r1ngs) as well as spec1f1c 

component leakages. Repa1rs were made at all po1nts. The test 

stand vacuum was enhanced w1th the add1t1on of a cold trap as 

shown 1n F1gure 37. As prev1ously ment1oned 1n Sect1ons 4.1 

and 4.2, the trap enables the stand to operate at ~ 170 m1crons 

of Hg. dur1ng per1ods of temporary shutdown (overn1ght), and 

~ 200 m1crons dur1ng actual nozzle test1ng. 
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Results and observat~ons on the steam/water test r~g 

(converted ~n Table 5.) ~nd~cated cons~derable d~fferences ~n 

performance for each nozzle conf1gurat~on shown 1n F~gure 7. 

The l~qu~d streams all fa~led the hydraul1c test per Sect1on 

5.1, 1tems 2 and 3. Nozzle patterns were v1sually observed on 

water from each nozzle to the focus plate by a clear acry11c 

cy11nder (see F1gure 37.). L1qu1d streams from poorly mach1ned 

nozzles resulted 1n the 1nab111ty to pass through the focus 

plate. When th1s occurs, a s1mulated jet condenser floodout 

takes place and the m1x1ng chamber (Acry11c Cyl1nder) f111s 

w1th water. A pred1cted success/fa1lure analys1s was made for 

each nozzle, and 1s 1n agreement w1th the follow1ng from 

Garc1a. 4 

"For a g1ven throat d1mens1on, 1t 1s poss1ble 
to quant1tat1vely determ1ne the success or 
fa1lure of a g1ven or1f1ce plate to concen
trate 1nd1v1dual streams of flu1d. Th1s 1s 
s1mply done by vary1ng the flow rate through 
the or1f1ce, and observ~ng the flow rate at 
wh1ch the assembly floods. Even w1th a "per
fect" or1f1ce, the throat d1ameter 1s small 1n 
relat1on to that requ1red to pass the des1gn 
flow rate. The throat d1ameter 1s, of course, 
calculated to pass the des1gn flow rate, but a 
2.0% (percent) safety marg1n 1s requ1red w1th 
streams." 

The steam/water test apparatus demonstrated nozzle 

feas~b~l1ty for the jet condenser des~gn by the Stanton Number 

results that were obta1ned ~n Sect~on 2.1, and allowed the next 

phase of test~ng to take place w1th l~qu~d Dowtherm (Hot-gas 

tests). 
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TABLE 5. 
RESULTS ON INDIVIDUAL NOZZLE COMPARISONS TESTED ON LIQUID DOWTHERM• 

Nozzle D1ameter 
Des1Qnat1on 

F1gure 3. 
.254 Short Sharp Edge 

Flgure 7. 
A - .254 - Alumlnum 

Flgure 7. 
B- .254- St. Stl. 

Flgure 7. 
C- .3£>83- St. Stl. 

Flgure 7. 
D - .3£>83 - Alumlnum 

ngure 35. 
J - 21£>- Alumlnum 

F1gure 35. 
2 - 254 - St Stl 

.3£>83 Gattl - Jewel 

254 Swlss - Jewel 

.3£>83 Blrd - Jewel 

.21£> B1rd - Jewel 

.254 Bl rd - Jewel 

.254 B1 rd - Jewel 
X = Worst performance 
~ = Best performance 

Temperature 
L1qu1d Inlet 

(OK) 

348.9 
349.4 
348.9 
349.4 
349.4 
350 
348.9 
350 
348.9 
350 
348.9 
350 
348.9 
349.4 
348.9 
349.4 
348.9 
349.4 
348.9 
349.4 
348.9 
350 
348.9 
349.4 
348.9 
350 

Temperature Temperature Injectlon 
Vapor Condensate Flow Pressure 
(OK) (OK) (cm3 /s) ' ( kPa) 

391.7 373.9 1.38 448.5 
392.2 375.5 1.38 448.5 
392.2 375.5 1.45 448.5 
392.2 37£>.7 1. 45 448.5 
392.2 375.5 1. 51 448.5 
392.7 37£>.7 1 . 51 448.5 
392.2 380 1.38 441.£> 
392.2 380.5 1.38 448.5 
392.7 379.4 1.45 441.£> 
393.3 382.8 1.45 434.7 
390.0 373.9 1 .00 448.5 
391.1 375.5 1.00 448.5 
391.1 372.7 1.57 448.5 
391.7 373.9 1.57 448.5 
391 .1 372.2 1.00 441 . f> 
391.7 373.9 1.00 448.5 
391.7 372.2 1.17 448.5 
391.7 373.3 1.17 448.5 
391 .1 371.£> 1.00 441.£> 
391.7 372.2 1.00 448.5 
391.7 372.2 1.00 448.5 
392.2 372.7 1.00 441.£> 
391.7 370.5 1.42 448.5 
392.2 371.£> 1. 42 448.5 
392.2 370 1.41 448.5 
392.7 370.5 1 .42 448.5 
• = Jet test length was 254 mm for all results. 



5.3.2 Oowtherm. The L1qu1d Oowtherm Tests were also 

deaerated, and actual parameters were used for 1nd1v1dual 

nozzles, as descr1bed 1n Sect1on 4.2. The des1red goals for 

th1s phase of test1ng are cons1stent w1th the f1rst paragraph 

of Sect1on 5.3, and 1n add1t1on, to ach1eve s1mulated operat1on 

of the des1gn 1nlet vapor pressure at .&9 kPa at the des1gn 

flow rate. As 1n the case of Garc1a4
, many of the 1n1t1al 

tests requ1red loop shakedowns to correct stand problems 

1nvolv1ng var1ous components, the major1ty be1ng not able to 

ma1nta1n proper vacuum when runn1ng hot. As 1s the case w1th 

steam/water, a cold trap was added to the test r1g for better 

deaerat1on, and var1ous "u.c." r1ngs and seals were 

per1od1cally replaced to overcome the leak1ng problem. 

The f1rst test results were run w1th the nozzle 

conf1gurat1on shown 1n F1gure 3 (the short sharp-edge or1f1ce 

jet). The results (see Table 5) 1nd1cated a s1gn1f1cant 

underperformance 1n condensat1on rate, except at a very h1gh 

11qu1d 1nject1on pressure(- 2.5 x des1gn value). It was 

theor1zed that at the h1gh 1nject1on pressures, the lam1nar 

jets 1ssu1ng from the sharp edge or1f1ces were becom1ng more 

turbulent and break1ng up, thus caus1ng more surface area for 

11qu1d vapor ~ontact. Nozzles shown 1n F1gure 7 were also 

retested w1th Oowtherm w1th performance results g1ven 1n 

Table 5. These convent1onal or1f1ces had a rounded 1nlet and 
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an or1f1ce length to d1ameter rat1o of - 3 to 5 w1th 

turbulence promot1ng screw threads 1n the upstream feed tubes. 

The 1nject1on pressure was var1ed from 621 - 1,345 kPa on the 

short sharp-edge nozzle, as well as the nozzles 1n F1gure 7. 

It 1s apparent that the jets are nonturbulent at 621 kPa and 

that the stream 1s break1ng up at 1,345 kPa. The nozzle that 

y1elded the best overall performance that was used 1n the 

45-nozzle 1njector head 1s the Sta1nless Steel Nozzle w1th an 

L/D = 4 as shown 1n F1gure 35. (See Table 5 for actual 

performance results.) 

Subsequent s1ngle nozzle test1ng had to be completed after 

the 1n1t1al Dowtherm mult1ple nozzle test was performed 

(Sect1on 5.4) on the 45-nozzle 1njector head. The reason the 

subsequent test1ng was necessary 1s twofold: 1) the 45-nozzle 

system d1d not meet the performance cr1ter1a of Sect1on 2.3 as 

descr1bed 1n Sect1on 4.4, and 2) 1n an attempt to 1ncrease the 

condenser performance, the Sta1nless Steel nozzles of F1gure 35 

were mounted 1n a 90-nozzle 1njector head to obta1n more 

effect1ve surface area for the saturated vapor to condense on, 

but the nozzles would not properly focus as descr1bed 1n 

Sect1on 4.3. 

The nozzle that eventually replaced the sta1nless steel 

des1gn (F1gure 35) 1n the 90-nozzle system was a synthet1c 

sapph1re jewel nozzle as shown 1n F1gure 36. Results of the 
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d1fferent brands of synthet1c sapph1re nozzles are presented 1n 

Table 5, w1th the B1rd style (.254 mm d1a.) exh1b1t1ng the best 

overall thermal and hydraul1c performance comb1nat1on, wh1le 

also allow1ng the least amount of noncondensable gas 

accumulat1on 1n the vapor funnel. (Recall that an abundance of 

noncondensable gas ra1ses the vapor pressure to > .69 kPa, 

wh1ch 1s undes1rable, because 1t 1n turn ra1ses the 

backpressure of the turb1ne, wh1ch lowers system eff1c1ency.) 

The nozzles were f1rst tested 1nd1v1dually per the procedure 

outl1ned 1n Sect1on 4.2, and after successful results (Table 

5), the B1rd synthet1c sapph1re nozzle was selected for the 

90-nozzle 1njector and tested as per Sect1ons (4.3 and 4.4). 

Results ach1eved on both 45- and 90-nozzle systems per Sect1ons 

4.3 and 4.4 are presented 1n deta11 1n the next Sect1on, 5.4. 

5.4 Mult1ple Nozzle Des1gn 

The mult1ple nozzle tests 1n Sect1ons (4.3 and 4.4) 

establ1shed the performance of the 90-nozzle 1njector head by: 

1) demonstrat1ng the best focus1ng techn1ques, 2) determ1n1ng 

the max1mum hydraul1c recovery ava1lable, and 3) measur1ng the 

total performance of the jet condenser assembly. 

5.4.1 In1t1al focus test1ng was completed on the 45-nozzle 

1njector w1th sta1nless steel nozzles (f1gure 34). The 
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deaerated water was kept at 300° ! 5.5°K, and 1s 1njected 1nto 

the nozzles at a pressure of 345 kPa. The focus was successful 

because the comb1ned nozzle flow ma1nta1ned hydraul1c stab111ty 

as 1t passed the focus plate w1thout any dev1at1on. For 

further deta1ls, refer back to Sect1on 4.3. The recovery 

pressure was also measured and found to be 220.8 kPa. As 

ment1oned 1n Sect1on 5.3.2, the 45-nozzle 1njector was 

underperform1ng dur1ng hot gas test1ng, so after rev1ew1ng the 

analyt1cal analys1s 1n Sect1on 2.3, a 90-nozzle 1njector was 

des1gned 1n order to y1eld more surface area for the saturated 

vapor, thus 1ncreas1ng the rate of condensat1on wh1le 

effect1vely lower1ng the vapor pressure to ~ .69 kPa. 

The 90-nozzle 1njector was then subjected to the focus 

test per Sect1on 4.3, w1th jets s1m1lar to F1gure 35. Although 

the recovery pressure had 1ncreased by 15%, the focus test was 

marg1nally successful because the 11qu1d streams would not 

rema1n focused for a long per1od of t1me. Even though th1s 

assembly was tested for total performance per Sect1on 4.4, and 

results descr1bed 1n the follow1ng sect1on, 1t was at th1s 

po1nt, as ment1oned 1n Sect1ons 3.3 and 5.3, that an effort was 

put forth to determ1ne a nozzle that would y1eld a better 

hydraul1c stab111ty and thermal performance for the 90-nozzle 

1njector. 
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5.4.2 Results on Hot-Gas test1ng of the 45-nozzle 1njector 

w1th sta1nless nozzles (See Table 6.) gave a measured thermal 

performance that was somewhat poorer than or1g1nally 

ant1c1pated based on the analyt1cal analys1s of Sect1on 2.3. 

The des1gn 1n Sect1on 2.3 called for condens1ng .0139 kg/sec. 

of Dowtherm A at a vapor pressure of .69 kPa and a temperature 

of 39l.7°K at the 1nlet of the jet condenser vapor funnel. The 

11qu1d s1de had to supply .1247 kg/sec. of 11qu1d Dowtherm A at 

348.9°K at a pressure of 552 kPa. The development jet 

condenser w1th 45 jets condensed .0139 kg/sec. of Dowtherm A at 

a pressure and temperature of .8142 kPa and 39l.7°K when 

suppl1ed w1th .1247 kg/sec. of 11qu1d Dowtherm A at 348.9°K. 

The 11qu1d pressure requ1red to prov1de the .1247 kg/sec. flow 

was 690 kPa rather than the des1gn value of 552 kPa. 

Thus th1s bu1ld of the jet condenser was def1c1ent 1n 

condens1ng capab111ty, as ev1denced by 1) A h1gher vapor 1nlet 

pressure of .8142 kPa rather than the des1gn value of .69 kPa, 

2) 690 kPa rather than the des1gn value of 552 kPa for the 

11qu1d supply pressure to prov1de .1247 kg/sec. The comb1ned 

effect of the h1gher than des1gn turb1ne backpressure and 

1ncreased pump work result1ng from the jet condenser 

underperformance would have resulted 1n a loss 1n system 

eff1c1ency by approx1mately 1 percentage po1nt. Th1s loss 1n 

system eff1c1ency was deemed undes1rable and a h1gher 
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TABLE 6. 
DOWTHERM MULTIPLE NOZZLE THERMAL PERFORMANCE RESULTS 

45 Nozzle Injector 90 Nozzle Injector 
w1th Sta1nless Nozzles w1th Jewel Nozzles 

oer F1aure 35. oer F1cure 36. 
Des1gn Test Des1an Test 

Sub Cooled L1au1d 
Flowrate (Kg/s) .1247 .1247 .1247 .1247 
Pressure (kPa) 552 690 552 552 
Temoerature (oK) 348.9 348.9 348.9 348.9 
Saturated Vaoor 
Flowrate (Kg/s) .0139 .0139 .0139 .0139 
Pressure ( kPa) .69 .8142 .69 . 70 
Temoerature (oK) 391.7 391.7 391.7 392.2 
Comb1ned L1qu1d 

(Condensate) 
F1owrate (Kg/s) .158 . 132 .158 .150 
Pressure ( kPa) 331.2 276 331.2 314.6 
Temperature (oK) 372.2 373.3 372.2 370 
Pressure Recovery (%) 60% 40% 60% 57% 



performance jet condenser des1gn was undertaken, as prev1ously 

ment1oned 1n Sect1on 5.3. At th1s t1me 1t was clear that 

someth1ng better than the s1mple condensat1on flux 1s 

proport1onal to the vapor dens1ty scal1ng law, based on the jet 

condenser operat1on, was requ1red to obta1n an 1mproved 

des1gn. Spec1f1cally, more had to be known about the 1nternal 

heat transfer capab111ty of var1ous 11qu1d jets (from 

vapor/11qu1d 1nterface to the bulk of the jet) as well as the 

sens1t1v1ty of the condensat1on process to the presence of 

noncondensable gases. In order to 1nvest1gate the thermal 

performance of var1ous 11qu1d jets, the latter part of Sect1on 

2.3 1nvolves thermal performance and 1ts sens1t1v1ty of the 

condensat1on process to noncondensable gases. Noncondensable 

effects are further d1scussed 1n Sect1on 2.4, and Append1ces A 

and B. 

W1th the synthet1c jewel sapph1re nozzle recorded as the 

best perform1ng nozzle per Sect1ons 3.3 (descr1pt1on), 4.2 

1nd1v1dual test1ng, 4.3 mult1ple test1ng, Table 5., and 5.3 

results, a repeat of Hot-Gas test1ng was aga1n conducted on the 

90-nozzle 1njector w1th the jewel nozzles. Results that are 

g1ven (see Table 6) show that the measured thermal performance 

was now 1n agreement w1th the pred1cted performance 1n Sect1on 

2.3. Tested results condensed .0139 kg/sec. of Dowtherm A at a 

saturated vapor pressure of .70 kPa, and a temperature of 
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392.2°K at the 1nlet of the jet condenser vapor funnel. The 

11qu1d s1de suppl1ed .1247 kg/sec. of 11qu1d Dowtherm A at 

348.9°K at a pressure of 552 kPa. Pressure recovery was 

1ncreased to a modest 57%, (only 40% was obta1nable w1th other 

bu1lds). Thus the bu1ld of the 90-jewel nozzle jet condenser 

met all requ1rements for hydraul1c and condens1ng capab111ty, 

per Sect1ons 2.3, 4.2, 4.3, 4.4, 5.3 and th1s Sect1on 5.4. 

Th1s 1n turn reduced the turb1ne backpressure, and decreased 

the pump work, and allowed the overall system to 1ncrease 1n 

eff1c1ency by 1.8%. Noncondensables were not el1m1nated due to 

th1s ach1evement but were controlled dur1ng the rema1n1ng parts 

of the program by a gas separator that was 1nstalled 1n the 

Organ1c Rank1ne Cycle System. Effects and results of 

noncondensables are d1scussed 1n (Sect1on 2.4) as they compare 

to the analyt1cal analys1s (Sect1on 2.3), and 1n Append1ces A 

and B as they affected the actual hardware. 

It 1s, therefore, concluded that w1th accurate agreement 

between the actual operat1ng data and the analyt1cal 

pred1ct1ons w1th1n the model, the feas1b111ty of the jet 

condenser des1gn for a power system 1n space has been 

demonstrated. 
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5.5 Scavenglng 

W1th1n the Power Convers1on System there 1s a common shaft 

between the turb1ne and alternator. There are bear1ngs at each 

end of the shaft that requ1re lubrlcat1on dur1ng runn1ng 

cond1t1ons. It 1s requ1red that the bear1ng flow be returned 

to the system at a glven po1nt. To achleve mlnlmum losses, the 

return or scavenglng needed must be done at low pressures. The 

best cholce wlthln the power converslon system ls therefore the 

jet condenser. W1th th1s add1t1on to the des1gn, 1t was found 

that 1n addltlon to leakage at system start-up, a mlnlmum of 

condensatlon w111 occur on cooler 1nternal houslngs of the 

power converslon system upstream of the jet condenser. In a 

one (1) g grav1ty fleld, th1s condensat1on wlll drop out to the 

condenser where 1t ls scavenged wlthout caus1ng a perturbat1on 

to the system operat1on. Tests were conducted 1n order to 

determ1ne the tolerance or 11mltatlon of the scavenge flow, and 

1ts best locat1on w1thln the jet condenser. 

As shown 1n F1gure 42, three d1fferent areas were tested: 

1. The vapor funnel wall just upstream of the 

11quld 1njector head. 

2. The vapor funnel wall at m1dpolnt between the 

llqu1d 1njector head and the throat. 

3. The throat 1tself, upstream of the d1ffuser. 
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The d1ameter for the duct at e1ther of the tested 

locat1ons 1s .254 mm. The procedure was to establ1sh jet 

condenser cond1t1ons w1th no scavenge flow and then to 

1ntroduce scavenge flow 1n small steps unt11 floodout 

occurred. Tests were run w1th and w1thout vapor flow and at 

vary1ng levels of jet condenser recovery. There was no 

discernable change 1n the scaveng1ng capab111ty w1th or without 

vapor flow1ng. Even more s1gn1f1cantly, there was no change 1n 

scaveng1ng capab111ty w1th 1ncreas1ng recovery pressure to 

w1th1n approx1mately two percentage po1nts of the max1mum 

ava1lable recovery pressure. The max1mum scaveng1ng capab111ty 

was not determ1ned due to 1nstrumentat1on 11m1tat1ons. In all 

locat1ons, scavenge flow capab111ty exceeded 130% of the des1gn 

bear1ng flow. One test 1nd1cated ab111ty to scavenge up to 

300% of the bear1ng flow.· In add1t1on, tests were made w1th 

130% bear1ng flow concurrently scavenged at both the funnel 

wall, and at the throat. 

The results 1nd1cate that the bear1ng flow can be 

successfully scavenged at any jet condenser locat1on. Scavenge 

on the funnel wall or funnel center depends on vapor drag to 

assure proper return of the scavenge flow to the throat dur1ng 

32 operat1on 1n zero g. Calculat1ons show that the drag 1s 

marg1nally adequate 1n normal operat1on but 1n the presence of 

even s11ght accelerat1ons opposite the flow d1rect1on, the 
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scavenge w111 be perturbed and flu1d w111 be collected 1n the 

vapor space. Th1s 1n 1tself 1s not troublesome but when the 

accelerat1on 1s rel1eved, th1s collected 1nventory tr1es to 

flush through the throat. Th1s attempted scavenge of large 

amounts of flu1d caused a floodout on the test r1g dur1ng 

certa1n runs. Scaveng1ng at the throat requ1res the bear1ng 

cav1ty scavenge system to generate a pressure at a des1gn flow 

of at least 19.0 kPa, as shown 1n F1gure 43. Although system 

power was 1ncreased sl1ghtly, the throat scavenge rel1es only 

on 11qu1d momentum, so 1t w111 funct1on 1n a zero g f1eld as 

well as moderate accelerat1on f1elds generated 1n the d1rect1on 

oppos1te to flow. For space app11cat1ons, th1s cond1t1on would 

ex1st pr1mar11y dur1ng a launch s1tuat1on. 32 Scavenge at 

the throat has been selected for the system. 
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CHAPTER 6. SUMMARY AND DISCUSSION 

The des1gn and performance character1st1cs of a jet condenser 

have been evaluated for su1table use 1n Orb1t1ng Space Veh1cles as 

part of an Organ1c Rank1ne Cycle Power Convers1on System. The jet 

condenser 1s geared for use under zero grav1ty cond1t1ons s1nce 1t 

w111 be used 1n space and 1s a der1vat1ve of an 1ndustr1al-type jet 

condenser, but allows 11qu1d and vapor contact 1n all att1tudes. 

An analyt1cal model has been developed to pred1ct a geometr1cal 

des1gn that w111 y1eld a vapor 1nlet pressure that 1s requ1red to 

condense a g1ven vapor flowrate w1th a 11qu1d flowrate at 11qu1d 

vapor 1nlet temperatures. Parameters of the l1qu1d and vapor are 

evaluated 1n a Shear Veloc1ty Analys1s to obta1n a net condensat1on 

flux W/A cond., that 1n turn 1dent1f1es the rate of condensat1on. 

The Stanton Number was determ1ned for var1ous jet lengths of 50.8, 

127, and 254mm s1nce 1t helped pred1ct condensat1on rates that were 

based on veloc1ty d1fferences. Th1s aspect was ver1f1ed by runn1ng 

tests, wh1ch also allowed the Heat Transfer Coeff1c1ent to be 

determ1ned over a jet length as a funct1on of the jet heat flux. 

W1th a heat transfer coeff1c1ent and heat flux known, a jet 

condenser outlet temperature, as a funct1on of the 11qu1d and vapor 

1nlet temperatures at a g1ven jet length for a part1cular nozzle 

des1gn, was found w1th a m1n1mum error of 10%. Further test1ng and 

evaluat1on of the model 1n Sect1on 2.3 revealed that a potent1al 
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cause of the error may have been attr1buted to the accumulat1on of 

noncondensable gas. (Ver1f1cat1on was later obta1ned that 1t d1d 

effect the results of the thermal character1st1cs of the 11qu1d jet 

and saturated vapor.) 

In1t1al s1z1ng calculat1ons 1n Chapter 2 pred1cted that 

45-.254mm d1ameter nozzles, w1th a 254mm jet length, would y1eld a 

des1rable performance for the jet condenser. An attempt to ver1fy 

th1s was completed dur1ng a ser1es of tests as outl1ned 1n 

Chapter 4. Overall results are presented w1th f1gures 27 and 28. 

An underperformance was noted, and further calculat1ons of 

nonco.ndensables 1n Sect1on 2.4 were d1scussed 1n Chapter 3 and 

ver1f1ed 1n Chapter 4, to determ1ne what an allowable noncondensable 

gas concentrat1on level was wh1le st111 ma1nta1n1ng the thermal and 

hydraul1c performance of the jet condenser. Th1s was cr1t1cal s1nce 

the accumulat1on of noncondensable gas had the tendency to ra1se the 

vapor pressure beyond 1ts des1gn of .&9 kPa. A low vapor pressure 

created a low backpressure wh1ch 1mproved turb1ne 1sentrop1c head 

and volumetr1c flow upstream of the jet condenser, wh1ch 1n turn 

ra1sed the system eff1c1ency. 

As d1scussed 1n Chapter 3, opt1mal geometr1cal des1gns were 

needed 1n add1t1on.to proper operat1ng parameters for the jet 

condenser. Once establ1shed, they were opt1m1zed 1n d1fferent 

ser1es of tests (Chapter 4) on both steam/water 1n1t1ally, and the 
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actual system work1ng flu1d Dowtherm 'A'. These tests, presented 1n 

Chapter 5, revealed that the opt1mum jet length was sl1ghtly beyond 

254mm, but a tradeoff had to be made s1nce 254mm ma1nta1ned flow 

stab111ty, w1th anyth1ng beyond that length produc1ng a flow of 

quest1onable stab111ty. Tests also revealed that an overall 

m1sal1gnment of ±.762mm was acceptable dur1ng launch and maneuver1ng 

jet stream cond1t1ons. 

A major d1scovery of all nozzles tested on an 1nd1v1dual bas1s 

revealed that the Synthet1c Sapph1re Jewel Nozzle gave the best 

overall results for hydrau11c stab111ty and thermal performance, 

wh11e ma1nta1n1ng a m1n1mum noncondensable gas concentrat1on level 

of <20ppm. Mult1ple Nozzle Dowtherm Tests ver1f1ed that the 

quant1ty of nozzles had to be 1ncreased to 90 to meet overall 

thermal performance w1th an estab11shed flu1d degradat1on 

(noncondensable gas accumulat1on) over a per1od of t1me. Although 

the order of magn1tude of the degradat1on was m1nute, 1t had to be 

cons1dered s1nce the 11fe expectancy of the condenser had to be 7-10 

years. 
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CHAPTER 7. CONCLUSIONS 

An exper1mental 1nvest1gat1on of a jet condenser operat1ng 

under zero grav1ty cond1t1ons has been done. A comparat1ve 

analyt1cal model was developed and employed to establ1sh both 

basel1ne and geometr1cal des1gn parameters. Developmental tests 

were completed and a compar1son was made between the actual 

operat1ng data and the analyt1cal pred1ct1ons. 

Based on the results of the study, the follow1ng conclus1ons 

are reached: 

1) The opt1mum nozzle type 1s a Sta1nless Steel Nozzle w1th a 

Synthet1c Sapph1re Jewel Or1f1ce. 

2) The best nozzle conf1gurat1on has a length to d1ameter rat1o, 

(L/0), of four, wh1ch y1elds the h1ghest overall hydraul1c and 

thermal performance. 

3) The vapor funnel des1gn allows saturated vapor to condense on 

the 11qu1d stream w1thout creat1ng a shock wave 1n the 

d1ffuser. 

4) A s1gn1f1cant recovery pressure 1n the d1ffuser w111 allow the 

upstream saturated vapor to operate at a low pressure 

(.69 kPa); The low pressure perm1ts the system turb1ne to 

operate at a h1gher eff1c1ency thus ra1s1ng the overall power 

system eff1c1ency by 1.8%. 
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5) System performance w111 degrade over a per,od of t1me 1f the 

Noncondensable Gas Concentrat1on Level 1s >20 ppm. 

6) Dur1ng shock and v1brat1on cond1t1ons, such as system launch, a 

jet condenser overspeed cond1t1on allows a jet stream 

m1sal1gnment to occur w1thout affect1ng.performance. 

7) The techn1que of employ1ng mult1ple 11qu1d jet streams focused 

through the throat of the d1ffuser element can y1eld a h1gher 

performance than prev1ous 1ndustr1al-type jet condensers. 

B) Demonstrated compar1son of analyt1cal pred1ct1ons to w1th1n 

±5% of the exper1mental results 1nd1cates that the analyt1cal 

model can adequately pred1ct the performance of the jet 

condenser when the effects of noncondensable gas are 1ncluded. 

9) Cons1der1ng the 1.8% 1ncrease 1n performance obta1nable w1th 

the present des1gn, the requ1red cr1ter1a of Tables 1 and 6 of 

th1s text are sat1sf1ed, wh1ch 1nd1cates that the present jet 

condenser des1gn 1s feas1ble for use 1n space on an Organ'c 

Rank1ne Cycle Power System. 
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APPENDIX A. NONCONDENSABLE GASES 

Dowtherm undergoes a sl1ght degradat1on over a per1od of 

t1me, due to be1ng at 1ts peak cycle temperature. In th1s 

degradat1on, several products are formed as the chem1cal carbon 

r1ngs and cha1ns are broken. Some of these products are 

noncondensable gases, ma1nly hydrogen and methane. 26 These 

gases tend to concentrate 1n the condenser due to natural 

separat1on of the vapor and 11qu1d (see F1gure A-44). If 

present 1n s1gn1f1cant quant1t1es, these gases can cause a 

performance degradat1on due to comb1n1ng of the 11qu1d 

streams. The performance degradat1on 1s 1n the form of an 

1ncreased vapor pressure requ1red to condense a g1ven vapor 

flow rate. In severe cases of gas accumulat1on, floodout can 

occur due to broom1ng (Sect1on 5.1). Th1s 1s due to the 

entra1ned gas expand1ng and d1srupt1ng flow when accelerated 

through the 11qu1d 1njectors. 

The conf1gurat1on for the jet condenser test was descr1bed 

1n Sect1on 4.4. The test cons1sted of establ1sh1ng an 

equ111br1um concentrat1on of a1r, then measur1ng the 

concentrat1on and thermal performance (vapor 1nlet pressure). 

The m1n1mum concentrat1on was ach1eved by forc1ng all the flow 

through the deaerator (see F1gure 41). H1gher concentrat1ons 

were ach1eved by bypass1ng some flow around the deaerator. 
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The concentrat1on was measured by open1ng an evacuated 11qu1d 

volume to the jet condenser vapor 1nlet. Condensat1on occurred 

on the walls of the tank unt11 the subcooled walls were 

comb1ned w1th the separated noncondensable gases. By measur1ng 

the volume of collected 11qu1d and know1ng the total ava1lable 

volume and pressure, the concentrat1on can be calculated. Th1s 

techn1que 1s 1llustrated below. The pressure was measured 

ut111z1ng a Dowtherm 11qu1d manometer. 

Calculate Noncondensable Concentrat1on: 

c = cc NC 
(PRVO) (K) cc Dowtherm 

where, C 1s 1n mole NC 
mole Dowtherm 

and, PRVO 1s 1n kPa. 

ccNC = (Total Ava1lable cc) - (cc Dowtherm) 

1 1 166 1 1 
K = [66 1728 . . 06102 . 453.6] [22.4 X 103] [14.47] 

K = 7.06 X 
cc I 

10-5 mole .Dowtherm 
mole I 

cc NC 
kPa 

The results are presented as F1gure A-45. It can be seen 

that at a concentrat1on of 30 ppm, the system backpressure 

level 1s - 15% h1gher than w1th zero ppm. At a concentrat1on 
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of approx1mately 90 ppm, floodout occurs. Tests that were 

conducted 1n Sect1on (4) had typ1cal values for noncondensables 

of ~ 20 ppm. It was also d1scovered that the noncondensable 

concentrat1on level would r1se over a per1od of 2,000 - 3,000 

hours of runn1ng t1me. A gas separator was later 1nstalled for 

gas removal w1th1n the Rank1ne power system. 

-157-



I ...... 
U1 
co 
I 

12.42 

11.0 

9.66 

8.28 

6.90 

5.52 

4.14 

2.76 

1.38 

(/') 
co 
c.. 

1. 24 

1.17 

1.10 

1. 035 

• 96 

• 90 

.83 

.76 

.69 

10 20 30 40 50 60 70 80 90 
Concentration x 106 (Mole Air/~1ole Dowthenn) 

NONCONDENSABLE CONCENTRATION RESULTS 

FIGURE A-45. 

...., 
::s 
0 
-o 
0 
0 -LL. 

100 



APPENDIX B. JET CONDENSER NONCONDENSABLE GAS BOUNDARY 

LAYER ANALYSIS 

For the steady, two-d~mens~onal flow of an 1ncompress~ble 

flu~d over a porous flat plate, 25
'

26 the s1mp11f~ed 

boundary-layer equat1ons of momentum, energy, and mass y1e1d a 

set of four non11near part1a1 d1fferent1a1 equat~ons. 

Introduc~ng the concept of the stream funct1on and us1ng a 

s1m11ar1ty transformat1on, th1s can be reduced to a set of 

three non11near, ord1nary d1fferent1al equat~ons: 25 

d
3
f + 1 f . d2f = 0 

dn3 -2-
dn2 

2 
d e + _1_ Pr f de = 0 

dn2 2 
. . dn 

a + 1 Sc . f . QH = 0 

dn2 2 dn 

These are subject to the follow1ng boundary cond1t1ons: 10 

at n v = O; df = e = 11 = O; f = -.L.:.....Q ~ 
dn Vm ~ Rex 

at n = m; df = e = 1 = 1 
dn 
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Th1s establ1shes a nonl1near two-po1nt boundary value 

problem, wh1ch was solved w1th the use of a d1g1tal computer. 

The comp1led program was developed at Sundstrand, and 1nvolved 

cont1nuously vary1ng the 1n1t1al cond1t1ons on 

unt11 the f1nal (steady state) values of 

df, e & % 
dn 

equal unHy. 

Back transform1ng the above solut1on to f1nd the mass 
25 26 transfer coeff1c1ent ' results 1n: 

• 5 .uJt' = Rex • ( I.KI·) 
dn o 

For the suct1on parameter equal to zero, the Sherwood 

number 1s g1ven by: 
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The rat1o of the mass transfer coeff1c1ents 3 1 1s: 

H0 = d.8' 
3.012 · S -· 343 · <dn> 

H00 c o 

The results of the d1g1ta1 solut1on were shown 1n F1gure 

26. of Sect1on 2.3. For values of the suct1on parameter less 

than -10, an approx1mate 11near solut1on ex1sts based on the 

fact that f doesn't change s1gn1f1cantly from 1ts value at, n 

equals zero. 25
' 

26
' 

31 

v 
i = 1 - exp (Sc v~ . ~ . n) 

v 
= -sc . ..Q vt:IJ 

Thus, the rat1o of the mass transfer coeff1c1ents 1s 

approx1mately: 
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APPENDIX C. MISALIGNMENT 

When the Organ1c Rank1ne Power System 1s used for space 

appl1cat1ons, an 1nduced env1ronment 1s subjected to the system 

compr1sed of super1mposed accelerat1ons and v1brat1on. 28 

An example of where th1s occurs 1s dur1ng a system launch or a 

severe grav1ty change. In the jet condenser, the result of 

th1s env1ronment 1s a deflect1on of the 11qu1d jets relat1ve to 

the throat. Accelerat1on causes a cont1nuous sh1ft 

proport1onal to the g level. V1brat1on causes an osc11lat1ng 

sh1ft, centered about the constant accelerat1on sh1ft. 

Deflect1ons are 1llustrated 1n F1gure C-46. These relat1ve 

deflect1ons must not cause the jet condenser to flood out. 

The jet condenser was des1gned for cond1t1ons 

representat1ve of overspeed system operat1on. It 1s preferred 

that launch always be taken at th1s h1gher speed 1n order that 

the benef1ts of st1ffer bear1ngs and condenser 11qu1d streams 

be real1zed. It should be noted that the system's output 

{electr1cal power) can be suppl1ed 1n th1s overspeed 

operat1on. S1nce the pressure ava1lable at the jet condenser 

11qu1d 1nlet 1s dependent on the electr1c load, several 
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Condition A. Zero 'g' Loading 

Condition B. Acceleration 

Condition C. Acceleration and 
Vibration Combined 

(Worst Case) 

JET CONSENSER FLOW DEFLECTIONS 

FIGURE C-46. 
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pressures bracket1ng the expected value were tested. Pressure 

recovery was set at 20% and system power loop flow was set at 

115% of nom1nal (as 1n system operat1on at overspeed). The 

component downstream of the d1ffuser 1s the system 

accumulator. Th1s component w111 ma1nta1n an essent1ally 

constant jet condenser outlet pressure, so vary1ng the recovery 

pressure from 15 - 60% (percent) was accomp11shed w1thout any 

problems. The vapor funnel was then deflected relat1ve to the 

1njector by mov1ng one of the three al1gnment screws caus1ng 

the funnel to p1vot about the other two. Deflect1ons were 

measured w1th the d1al 1nd1cators. The deflect1on was 

1ncreased 1n steps unt11 floodout occurred. The funnel was 

then returned to 1ts or1g1nal pos1t1on and the deflect1on 

repeated 1n the oppos1te d1rect1on. The test results are 

presented 1n Table C-7. As expected, the h1gher 1nject1on 

pressures ach1eve greater deflect1on capab111ty. At the 

m1n1mum elevated pressure, 1104 kPa, the capab111ty 1s 

! 1.524mm. As ment1oned 1n (Sect1on 5.5), a 130% bear1ng 

scavenge flow at the throat had no effect on the m1sal1gnment 

capab111ty. 

The results on the effects of deflect1on are shown 1n 

F1gure C-47. Throat stat1c pressure (or bear1ng scavenge 

pressure) 1s plotted aga1nst deflect1on at a g1ven 1nject1on 

pressure. Deflect1ons of ! .508 mm have essent1ally no effect 
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27 
on system operation. The constant deflection due to 

acceleration 1s pred1cted to be .508 mm, and the v1brat1on 

defect1on to osc1llate at 1s also± .508 mm. Th1s 1s a 

significant result 1n that deflect1ons greater than .508 mm 

w111 be s1nuso1dal 1n nature, and not continuous as 1n the 

test. 27 Therefore, flows of greater ampl1tudes than the 

measured deflect1ons 1n F1gure C-47 may be acceptable. The 

throat, therefore, has been mainta1ned at 3.378 mm based on the 

above results. 
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I _, 
0'1 
0'1 
I 

Inject1on 
Pressure 

( kPa) 

1380 

1380 

1242 

1104 

1380 

1242 

1104 

TABLE C-7. MISALIGNMENT RESULTS 

. Bear1ng Flow Max1mum 
Flowrate Mv Recovery at Throat Oefl ect 1 on 

(Kg/s) (%) (Kg/s) ( mrn) 

.01565 20 .0054 +2.032 

.01565 20 - +2.032 

.01565 20 - +2.032 

.01565 20 - +2.032 

.01565 20 - -1.905 

.01565 20 - -1.651 

.01565 20 - -1.397 
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APPENDIX D. PROPERTY VALUES USED IN ANALYSIS 

S. I. UnHs 

Nozzle Llquld Temperature 348.7°K 

Vapor Inlet Temperature 391.7°K 

Average Condensate Temperature 372.2°K 

Standard Nozzle Orlflce Dlameter .254 mm 

Exper1mental Nozzle Or1f1ce D1ameter .3683 mm 

Tested Jet Length - 1 50.8 mm 

Tested Jet Length - 2 127 mm 

Standard Jet Length - 3 254 mm 

Throat Dlameter, Dt 3.38 mm 

Dlffuser Outlet D1ameter 8.45 mm 

Vapor Pressure .69 kPa 

Standard Recovery Pressure 220.8 kPa 

Hlghest Recovery Pressure 331.2 kPa 

Nozzle Llqu1d Injectlon Pressure 552 kPa 

U.S. UnHs 

.010 lnches 

.0145 lnches 

2 lnches 

5 lnches 

10 1nches 

.133 lnches 

.332 1nches 

. 10 ps1a 

32 ps1a 

48 psla 

80 psld 

Exper1mental Heat Transfer Cal. Btu 
Coeff1c1ents .271-.677 sec. m2-°C 200-500 hr ft2- 0 f 
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