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Abstract--New equdlbnum state relahonshlps have been constructed for the liquid metal combustion 
s~mulatlon reactants hydrogen chloride gas as oxidant and ammonia aqueous solution as fuel. The state 
relationships have been employed to predict the structure of somc, turbulent, reacting HC1 gas jets 
submerged m ammonia aqueous solutions_ Fuel temperature and ambient pressure effects have been 
examined It is found that either raising fuel temperature or lowering ambient pressure wall increase the 
fuel evaporation, decrease the entrainment rate, delay the completion of reaction and extend greatly 
the total jet penetration length Good agreement has been found w~th reported experimental data of the 
jet penetration length over a wide range of experimental conditions with varying fuel concentration, 

temperature and ambient pressure 

1. INTRODUCTION 

THE STORED chemical energy propulsion systems use 
alkali metals as fuel and halogen or halogenated gases 
as oxidant [1] In these power systems, thermal energy 
is produced in a combustor  filled with a molten metal 
fuel, into which a choked submerged jet of  reacting 
gas oxidant is injected. The reaction forms a complex, 
muhiphase, turbulent diffusion flame. The combustor  
is unique m that power density ~s high and combustion 
products are condensable so that all products are con- 
tamable m the reactant vessel ~tself. Thus no discharge 
of  products is necessary during operation and the 
propulsion system is unaffected by the surrounding 
back pressure, making Jt well suited for underwater 
apphcat~ons 

In our prior theoretical study [2], two parts were 
proposed for the analysis of  liquid metal combustion 
First a formulation and code development for chemi- 
cal eqmhbrium computat ions of  general multiphase 
reacting systems were proposed. The reactants in the 
system can be Ideal, non-ideal, electrolytic or non- 
electrolytic mixtures The second part constitutes 
physical models for the prediction of  the turbulent 
structure of  the liquid metal diffusion flame_ The first 
part is for the construction of  equihbr.um state 
relationships whtch are prerequisite reformation 
necessary for flow computat ion in the second part. 
Apphcauons were made to predict the reaction of  a 
gaseous hydrogen chlortde (oxidant) jet  submerged in 
an ammonia  aqueous solution (fuel), when hmlted 
experimental data was avadable for compartson [3] 
Since then, much more extensive experimental data 
have been reported over a wide range of  system press- 
ure and fuel temperature conditions [4]. The objec- 
tive of  the present study is to continue our prior study 
to examine the pressure and temperature effects on 

turbulent structure of  such diffusion reacting jets 
This, together with the pnor  study which focused on 
fuel concentration effects, constitutes a better veri- 
fication of  the theoreucal work proposed previously 

[21 
It is noted that the reaction of  HCI gas/NH3 aque- 

ous soluuon s~mulates well many characteristics of  
hquld metal combust ion--mul t lphase ,  exothermlc 
reaction, fuel vaponzaUon, condensation of  products 
and excess reactants [3] In fact analysis of  HCI 
gas /NH 3 solution reaction is by no means stmpler than 
hquid metal reaction since the former also Involves an 
additional process, namely, dissolution of  HCI gas in 
ammoma solution, which is not found in liquid metal 
combustion Therefore, successful prediction of  
HCI/NH3 reaction will lend further support to the 
analytical work proposed previously for hqutd metal 
combustion 

2. ANALYSIS 

Details of  the theoretical model and formulation 
have been described previously [2] They are briefly 
summarized below. 

The method of  calculation of  chemical equihbrium 
was based on the principle of  mlmmlzaUon of Gibbs 
free energy subject to the constraints the con- 
servatlon of  elements and balance of  charges. The 
latter is needed since ions are present m electrolyte 
solutions With the introduction of  proper partial 
molal (or molar) enthalpy and chemical potential 
expressions for imperfect gases, solutes and solvent of  
non-ideal and electrolytic solutions, as well as proper 
activity coefficient expressions and thermodynamic 
data, the system of non-linear equations ~s solved by 
a modified Newton-Raphson  iteration scheme. 
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NOMENCLATURE 

a gravi ta t ional  accelerat ion [ms ~ :] 
D Injector d iameter  [m] 
d jet  d iameter  at the end of  the expansion p 

region [m] /l~,-,,, 
! mixture f racnon  p~ 

g square of the m~xture fract ion p 
f luctuat ions a 

k turbulent  kinetic energy [J kg -  t] 
P p robab ih ty  density function 
r radial &stance from axis of  symmetry [m] 
S,, source term In governing equat ions  
T temperature  [K] 
u axial velocity [m s -  '] 

radial velocity [m s i] 
A axial &stance [m] 
Y, mass fraction of  species i 

dissipation rate of turbulent  kinetic 
e n e r g y [ J k g  hs i] 
molecular  viscosity [kgm ~ s ~] 
effecuve viscosity [kgm ~s b] 
turbulent  VlSCOSlt', [kgm ~s ~] 
density [kgm ~] 
turbulent  Schmldt  or Prandt l  number  

Subscripts 
aq aqueous solut ion 
c crystal 
g vapor  phase  
I liquid phase 
0 injector exit condi t ion 
:c ambient  condi t ion  

Greek symbols 
z~ void fract ion 
7, activity coeffioent  of  species 

Superscripts 
rime averaged quann ty  

- mass averaged quanu ty  

Like the last paper, the equihbrlum code developed 
is now apphed to the reacting pair of  gaseous HCI 
as oxidant  and  aqueous NH~ solutions as fuel The 
possible species considered m the liquid phase  after 
reaction are .  H +, N H  +, CI , NH3~dq)and H_,O m The 
gas phase species allowed are H , O ~ ,  NH~is~ and 
H C I ~ ,  while N H 4 C I ~  crystal is the one considered in 
the solid phase  Chemical  equil ibrium compos l tmn  
and the rmodynamic  properues  after mixing for ten 
representat ive experimental  condi t ions  will be con- 
structed later Those condi t ions  before mixing [3] are 
summarized in Table 1, which hsts the concent ra t ion  
of  ammon ia  fuel in aqueous  solut ion (YN.,.=), the 
soluUon (ambient  bath)  tempera ture  (T~)  and  the 
ambient  ba th  pressure (P~)  In all test runs,  the 
choked HCI gas jets are &scharged vertically th rough 
the bo t tom of  amm on i a  aqueous solut ion through a 
nozzle diameter  of  I mm (t e D = 1 mm) The HC1 gas 

was supphed by a cons tan t  source with a s tagnat ion  
pressure of  0 377 MPa  (40 psia) and a s tagnat ion 
tempera ture  of  293 15 K 

The pr imary  variable in the first group (cases 
A - E )  is the ammonia  concent ra t ion  m aqueous solu- 
tion (I e_ fuel concen t r anon  var lanon) .  Its effects were 
s tu&ed in the last paper  Fuel bath temperature  and 
system pressure are the variables in the second (cases 
E - H )  and third (cases I and J) group, respectively 
Their  effects are the subject of  present interest 

The computa t ion  of  reaction zone structure of  tur- 
bulent  HCI gas jets submerged in aqueous ammonia  
solution uses the model and the method described 
m the previous paper  [2]. which follows closely the 
method developed by Lockwood and Nagulb  [5] and 
Chen and Fae th  [6]. etc The method uses the locally 
homogeneous  flow app lox lmat lon  for mult iphase 
flow. the conserved scalar method for mass t ransfer  

Table 1 Experimental condltmns and comparison of theoretical and experimental results 
. . . . . . . . . . . . . . . . . . . . . .  

Plume length (_x/D) results 
NHI~ ,4, HCI mlnal conditions 

Experimental Theoreucal 
Case }~j[, . T. P. T. Po fit, dx l0 ~ - 
No (%) (C)  (kPa) ( C )  (kg m-~) (ms k ~) (m) Range Mean 

382 2 087 
382 2 087 
382 2 087 
382 2 087 
382 2 087 
382 2 087 
382 2 087 
382 2 087 
452 283 
403 3 13 

A 0 20 101 3 - 7 2  15 2 208 
B I06 20 101 3 - 7 2  15 2208 
C 19 20 101 3 - 7 2  15 2.208 
D 25 6 20 101 3 - 7 2  15 2 208 
E 12 14 101 3 - 7 2  15 2 208 
F 12 45 101 3 --72 15 2 208 
G II 9 50 101 3 - 7 2  15 2208 
H 1[9 595 1013 --72_15 2208 
1 12 25 50 5 - 108 I 1 1 342 
J 12 25 84 4 --82 05 1 937 

Mean 

3 4 5  39 38 
8 13 I1 3 99  

12 22 17 3 20 
30~.8 43 45 

5 1l 75 95 
12 24 20 4 2 6  

24 37 31 4 37 7 
57 73 63 9 85 0 
22 32 27 I 23 0 

9 20 15 9 13 3 
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and the K-e-9 model for turbulence The transport 
equations solved are summarized m ref [2] and will 
not be repeated here Basically they mclude the Favre- 
averaged, parabohc forms of contlnutty, momentum, 
mixture fraction (.f), turbulence kmettc energy (k), 
dissipation rate of turbulent kmettc energy (~) and the 
square of the mixture fractton fluctuations (9) Other 
mean scalar properties not solved by the transport 
equauons are determined by the equilibrium state 
relationship weighted by a cltpped Gausstan profile of 
probabihty denstty functton The latter ;s governed by 
two parameters, the vartance and the most probable 
value, both of which are in turn determined by ~ and 
g solved at each local point m the flow More detatls 
can be found m ref [2] 

3 NUMERICAL COMPUTATIONS AND 
THEORETICAL RESULTS 

The eqmhbnum states achtcved after reaction have 
been calculated as a function o f  mixture fract ion / for 
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FIG l(a) Equat)on of  state (density, temperature, void frac- 
tion and mass fractions) for HCI-NH~-H_~O system at 

}'n..,, = 12%, T.  = 14 C and P .  = 101 3 kPa (case E) 

experimental conditions listed in Table 1 The mixture 
fraction is so defined that f = I designates the pure 
HCI gas at the end condmon of the expansion reg,on 
(see later) while [ = 0 designates pure aqueous 
ammonia solution at bath conditions Two rep- 
resentative cases,  E and  H.  are  p r e s e n t e d  in F igs  

1 and  2, respect ively ,  to s h o w  effects o f  int tml fuel 

t e m p e r a t u r e  on  e q u i l i b r i u m  s ta te  r e l a t i onsh ip s  In 

each  set o f  f igures ,  the  e q u d t b r t u m  m i x t u r e  vo id  frac- 

t ion,  m a s s  f r ac t t ons  o f  hqu ld ,  v a p o r  and  s o h d  phase s .  

m i x t u r e  t e m p e r a t u r e  a n d  dens i t y  a re  p r e s e n t e d  in par t  

(a). s u c h  as Fig l (a)  T h e  d e t a d e d  m a s s  f r a c u o n s  o f  

all i nd iv idua l  species ,  i n c l u d i n g  e lec t ro ly tes ,  are  g iven 

m pa r t  (b), hke  F]g l (b) ,  Similar ly ,  for  p re s su re  

effects,  the  e q u t l l b n u m  s ta te  r e l a t t o n s h l p s  for cases  1 

a n d  J are  s h o w n  in Ftgs_ 3 and  4, respect ive ly  

O n c e  the  e q u i l i b r i u m  s ta te  r e l a t i o n s h i p s  have  been  

c o n s t r u c t e d ,  the  s t r u c t u r e  o f  the  r eac t ing  HC1 gas  je t s  

s u b m e r g e d  in NH~ a q u e o u s  so lu t ions  can  be readdy 
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FIG 2(a) EquaUon of state (density, temperature, void frac- 
uon and mass fractions) for HCI -NH:H_ ,O system at 
Yn . , ,  = 11 9%, T,  = 59 5 ~ C a n d P .  = 101 3kPa (caseH) 
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FIo 3(b) Equlhbrlum composmon of HCI-NH~ H~_O 
system at Y-m.. = 120/o . T.  =25 C and P.  = 5 0 5  kPa 

(case I) 

computed usmg the flow model summartzed above 
To account for underexpanston effects, the sonic jets 

discharged from the nozzle are assumed to tmme&- 
ately expand isentroptcally to the ambtent  pressure of  
the solutions By mass and energy balances, the jet 's  
temperature, density, velocity and diameter at the end 
of  the underexpanston regton have been calculated 
and hsted m Table 1 Those end condit ions are found 
to satisfy the conservation of  momentum wnhm 2.6- 
10 6% They serve as the lnlUal condit ions of  com- 
putatton The underexpanslon length ts neglected as 
compared to the plume length The calculatmg 
domain was started at the end of  the expansmn region 
using the values of  velocity, density, and jet radius 
calculated above Since exact tmttal values, such as k0 
and t,,,. were not available, they had to be estamated 
m a manner  similar to the prewous studies [2] All 
initial condit ions were assumed to be uniform across 
the entire jet and were specified Due to symmetry, 
the radial gradients of  z7, ~ k, e, and 9 at the plume 

Z "~ H201  

" F". ,=  " < , ' f  '1 
m ee,- ""-k/-31 '1 
" F ~ .  JL~:tc q I ,~-" x I 

1 ~  I F~ . . . . .  I , t , !  , ,11 . . . .  ,I I J I  Lll  I 
.081 Ol 1 1. 

MIXTURE FRACTION 

FIG 4(b)  E q u l h b r l u m  c o m p o s i t i o n  o f  HCI  N H ~ - H z O  

sys tem at }~H, ,  = 120'0 . T,  = 25 C a n d  P ,  = 8 4 4  kPa  

(case J)  

axis were set to zero At the outer free boundary,  ,q 
was simply set to zero, very small values of  t2 and 7 

(0 005z70 and 0 0005[']). respectively) were assumed, 
while k and e, were estimated m terms of  ff by 

k0 = (0 03t7) -~ and % = (O03u)~ /d  At later steps, k 
and e, at the free stream boundary were obtamed by 

solvmg the governmg equations with the convective 
and d]ffustve terms neglected as follows 

I~1 = k .  - c / f t "  D_x 

~., = ~:o - C. t.~" D x / ( k f i )  

where subscripts d and u denote downstream and 
upstream, respectively, and D x  ]s the forward-step 
size m the ,c-direction m meters The rest of  the com- 
putational details are given m the previous study [2] 

Ftgures 5 and 8 present respectively the predtcted 
mean transport  values along the centerhne axis of 
vertical HCI gas jets injected into the ammonia  solu- 
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uon pool for experimental  condi t ions  of  cases E - H  
They include the mean  centerhne velocity (if/Q0), mix- 
ture f rac tmn (7),  temperature  (~) ,  void fract ion (~) 
and mass fract ions of  gas ( ~ ) ,  l ,quld (Y~) and sohd 
(]7c) phases. For  cases 1 and  J, they are shown in Ftgs. 
9 and  10, respectively 

To assess ba th  tempera ture  effects, the specms mass 
fract ion profiles of  cases E and  H shown in Figs. I(b) 
and 2(b) are examined and compared  first The fuel 
temperature  has the most  s~gnificant effect on  fuel 
vapor,  namely a m m o n m  and water  vapors.  As tem- 
perature  mcreases f rom 14 to 59 5L C, the span of  the 
excess NHj(~I region Is greatly extended from f = 0 2 
to a lower value of  m~xture fraction, namely from 
/ = 0 2-0.07 to 0 2-0 01. Simdarly,  the water  vapor  
range ]s extended f rom f = 1-0.07 to 1-0.01 The 

combined  effect of  NH3t~), H_,O(g) and the oxidant  
H C I ~  can be examined by c o m p a r m g  Figs. I (a) and  
2(a) It ts seen tha t  the gas phase mass  fractton and  the 
mixture votd fract ion have accordmgly been extended 
from / = 1-0 07 to I-0_01 when the bath  tempera ture  
increases f rom 14 to 59.5°C 

The extension of  the scalar proper ty  range in these 
state relat tonshtp figures (Ftgs. 1 and 2) should stretch 
those scalar proper ty  profiles ,n the flow structure  
d iagram (Figs 5 and 8) fur ther  downstream_ This  ts 
obvious ff one noUces that  the scalar properties near  
the nozzle exit cor respond roughly to those given in 
the state relat ionships when f ~s close to !. As one 
travels downst ream,  the scalar p r o ~ r U e s  in the flow 
structure dmgram correlate with those in the state 
relatmonsh]p d iagram with decreasing values of  f 
Therefore,  when ba th  temperature  increases, equi- 
hbr lum fuel vapor  and vomd fract ion appear  at lower 
values o f f ,  causing a slgmficant change in.let s t ructure 



2508 S H CHAN and T R SHEr~ 

and substantml elongation of  total penetratmn length 
as shown m Figs 5 and 8 The calculated penetratmn 
lengths, which are arbitrarily taken as the length 
where void fractmn reduces to 0 01. are also hsted m 
Table 1 for ease of  comparison 

The above elongatmn of the total penetratmn 
length is predominantly an effect due to lower sub- 
coohng of  the hqmd bath.  the flow with lower sub- 
cooling needs to take a longer dtstance to reach the 
"cut-off" condmon Another  ,nterestmg phenomenon 
we notmed from the detaded printouts of  the com- 
putatmns ~s that vaponzatmn m the jet s~gmficantly 
affects the entrainment rate, namely, higher fuel tem- 
peratures trigger more evaporation but less entrain- 
ment rate of  the ambient fuel Comparing the two 
cases m Figs 5 and 8, the one with the higher tem- 
perature clearly shows higher values of  Yg and 
Higher 1~ values mean larger mass fractmn a tmbuted  
to the gaseous phase due to more evaporation,  and 
higher ! values ~mply less entrainment m wew of the 
defimt,on of  the m~xture fraction Phystcally what 
happens is as follows Since NH~ vapor  is hghter than 
the ambient aqueous solutmn and HCI gas ,n the 
main jet stream, as more NH3 evaporates from the jet 
mterphase boundary,  the jet mixture density reduces 
near the boundary_ Consequently the turbulent ws- 
coslty and the entrainment rate of  the ambient fuel 
should reduce accordingly [7] The resulting f and 
ff/~0 profiles along the .let axis should then decrease at 
a rate slower for case H (Fig 8) with higher ambient 
temperature. They m turn prolong the vmd fractmn 
profile and delay appearance o f h q m d  (Y~) and crystal 
(Y,) mass fraction profiles to axml locations of  larger 
x,'D values Therefore. by referring to Figs 5 and 
8. when T ,  increases from 14 to 59.5 C, the plume 
penetratmn length ,ncreases by an order o fmagmtude  
because of the entrainment and subcoohng effects 

As to pressure effects, let us examine case I 
(P,  = 5 0 5  kPa) and c a s e J  (P ,  = 8 4 4  kPa) Their 
state relauonshtps are compared m Figs 3 and 4 and 
their flow structures m Figs 9 and 10 The comparison 
shows that. like temperature effects, lower ambmnt 
pressure produces larger spans of  N H ,  and H20  vapor 
regions m state relatmnsh~p dmgrams and prolongs )r 
and ~ profiles m flow structure dmgrams_ In fact, 
either lowering pressure or raising temperature y~elds 
the same net effect, namely, reducing subcooling of  
fuel Thus the above dlscussmn about temperature 
effects is equally apphcable here which does not need 
to be reiterated 

4 C O M P A R I S O N  W I T H  E X P E R I M E N T A L  DATA 

All the calculated react, ng jet penetrat,on lengths 
are summarized and compared to the experimental 
data [4] as shown ,n Table 1 The total penetration 
lengths were found experimentally to be oscdlatmg m 
nature, and both their ranges of  Osclllatmn and their 
mean values are listed m the table The comparison 
shows that the calculated results somewhat over- 

predmt the mean penetratmn length in cases E - H  but 
shghtly underpredlct cases I and J Nevertheless. most 
of them. including cases A - D .  are within the oscd- 
latmg range of  the plume length The relatwel3 large 
OSclllat,on is not attributed to experimental error but 
rather Is the unique nature observed m the reacting 
system [4] It has at least been pamally accounted for 
m the present study b} the use of  the probabdJt3 
density function approach The comparison of  ten 
cases indicated in the table Is considered to be rather 
extensive since vanatmn of experimental condmons 
m fuel concentration, fuel temperature and ambient 
pressure have been covered m casc~ A-E.  E H and 
l -J .  respectively In add~tmn, reaction of  turbulent 
submerged HCI gas jets m ammonia solutions is m 
reality rather complex It involves a dissolution pro- 
cess (HC1 gas d~ssolvlng m aqueous solution) not 
found m metal combustion, and man3. processes 
found m hquld metal combustton, including heat of  
reactmn, evaporation,  condensatmn and solubility 
effects Thermal radlatmn and lmmlsobdlty effects 
which may be Important m hqmd metal combustion 
are however not important in the H C I - N H ,  system 
Separate effort is under way to model thermal radi- 
ation/turbulence mteractmn for future I,qmd metal 
combustion computat ion The lmm~sc~blhty effect can 
be satisfactorily accounted for by the present model 
which wdl be reported later The satisfactory agree- 
ment m all cases o fcomputa tmns  of  the HCI(B)/NHj(dq ) 
reactmn seems to attest the vahdlty of  the theoretical 
work proposed for the hqmd metal combustmn, at 
least for the reahstm modehng of  the global charac- 
teristics of  the flow structure 

Finally, an attempt ~s made to see ff the current 
numerical predmtmns of  total penetration length can 
be correlated by a simple equation Following the 
work of  Cho et al [4], the calculated plume lengths 
are correlated by 

c:rlo. ) 
where AHr IS the heat of  reaction per unit mass of  
oxidant (J g-  ' of  HCI), Cp the specific heat of  bath 
hqmd (J -C ' g ' of  ammonia solutmn) and AT 
the degree of  subcoohng (saturatmn temperature of  
ammonm vapor corresponding to the bath pressure 
and ammoma concentration in solutmn minus the 
bath temperature) m K By the least square method, 
the correlatmn constant is found to be 16 48 The 
absolute percentage difference between the predicted 
values and those from the correlation Is w~thm 23% 

5 C O N C L U S I O N S  

New equlhbrmm state relatmnsh,ps for the reac- 
tants of gaseous hydrogen chloride and aqueous 
ammoma solution have been constructed They have 
been used to study the effects of fuel temperature 
and ambient pressure on the structure of  turbulent, 
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dlffus,on, reacting HCI jets in ammonta  aqueous solu- 
tions It ts found that raising the fuel temperature or 
lowering the ambient pressure will increase vapor- 

lzation of  fuel hqu]d to the jet. reduce the entrainment 

flux of  the hqutd, delay the completton of  reactton 
and greatly extend the total .let penetratLon length_ 

Satisfactory agreement with extens]ve experimental 
data lends further support  to the validity of  our prior 
theorettcal work proposed for the equlhbrlum com- 
putation of  general multlphase reacting systems and 

for modehng the structure of  turbulent, dtffus]on jets 

in reactmg liquids 
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STRUCTURE DE JETS TURBULENTS GAZEUX EN REACTION DANS DES LIQUIDES 
A DIFFERENTES TEMPERATURES ET PRESSIONS 

R6sum.+ De nouvelles relations d'6tat d'6qmhbre sont 6tabhes pour la stmulat]on de la combustion de 
m6tal hqmde le chlorure d'hydrog6ne gazeux comme oxydant et une solution aqueuse d'ammontac comme 
combustible. Ces relations ont 6t6 employ6es pour pr6d]re la structure des jets gazeux somques, turbulents 
de HCl submerg6s darts l'ammomaque Les effets de la temperature du combustible et de la presston 
ambiante sont 6tudl~s Un accrotssement de la temp6rature, ou une diminution de la pressuon, accrott 
l',~vaporatlon du combustible, dimmue le taux d'entramement, retarde la r6actlon et augmente la longueur 
totale de p~n&rat]on du jet_ Un bon accord est trouv/~ avec les donn6es exp6nmentalcs connues sur la 
longueur de l~n6tratlon du jet, clans un large domame du condltmns exp~nmentales avec dlff6rentes 

concentrations de combustible, diff6rentes temp/~ratures et plusleurs press]ons ambmntes 

DIE STRUKTUR TURBULENTER REAGIERENDER GASSTRAHLEN IN FLOSSIGKEIT 
BEt UNTERSCHIEDLICHEN TEMPERATUREN UND DROCKEN 

Zusammenfassung--Ftir dne folgenden Reaktanden, welche die Verbrennung yon Fli~sslgmetallen stmul- 
]eren sollen, werden neue Gleichgewichtsbezlehungen aufgestellt Wasserstoffchlondgas als Oxydant und 
elne wal~nge Ammomaklosung als Brennstoff Die Zustandsbezlehungen werden for dte Berechnung der 
Struktur von schallnahen turbulenten reag]erenden HCI-Gasstrahlen in wagngen Ammomaklbsungen 
verwendet Es werden die Emflusse der Brennstofftemperatur und des Umgebungsdrucks untersucht Dabet 
ergtbt slch, dab sowohl em Anstetgen der Brennstofftemperatur wle auch em Absmken des Umge- 
bungsdrucks die Brennstoffverdampfung beschleumgt, das Entrainment verrmgert, den AbschluB der 
Reaktnon verzogert und die gesamte Elndrmglange des Strahls wesenthch vergroBert Ffir dne Emdrmglange 
des Strahls ergtbt snch gute Oberemstlmmung m]t vorhandenen Versuchsdaten, und zwar in emem we]ten 
Berelch der Versuchsbedlngungen ben verfinderhchen Werten der Brennstoffkonzentrat]on, der Temperatur 

und des Umgebungsdrucks 

CTPYlCI'YPA TYPi~YJIEHTHblX PEAFHPYIOmHX FA3OBbIX CTPYPl B XH~]KOCT$1X 
FIPH P A 3 . r i H q H b I X  T E M F I E P A T Y P A X  H ,RAB3IEHH~IX 

AIlOTltBml-~[1OJlyNeHld HOBIblC 3aBHCHMOCTM, OflMCidBalOLUMe paBHOBCCHOC COCTOIIHHC I~.al~HTOB B 
MO~CTm rol~:llHi i'~as'Rx M~I"8.TLrlOB: Fa3oo~I~I3HOFO X.aopHcTOFO BOAOpOAa n EaqccTBc OXHCJIWrCTIX a 
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melt c l ~ a .  Hal~eHO, ,fro y a c a ~ m e  Tc~mepaTyp~ Ton~Hua ~ y~em.m~me ~ e ~ u m  o :pyxmo-  
inca cperr,-, n p n o n r r  • yc lacsmo u c n a p e u H  Tonausa ,  c'HHxenmo c x o l x ) c r i  yHoca. 3 a n a 3 a ~ m m m o  
• ~ ' p m e m m  pearumm a 3 .a ,m'rea~no yae.n~maaCT o6,, ,y~o w n m y  n p m m t n o , ~ , n  crpyH. 06napy'xe~4o 
XOpOLILI~ ~ B C  M.C'lr~y flO.rlyqellHldMH pC'Jy.JIbTaTSMH M HlVlelODIHN[HCll B J IH ' r~Type  3KCIIL'pH- 
Mel4Tii.~I~d~I! A a ~  nO ~ . ~ l l e  ilpOmlimOl~Rml cTpyll n UDIpOIOM ~iI~IIL~OHe yc~lOnl~ onld'ron c 
. 3 g e H m o m H ~ i c l  XOHUegTpatl~dl [] ~ e p a ' r ' ~ g  TOIIJIMI~, a TSi'Jk'~ AaanelmeM o x p y l a w p e A  c'pe~lJ, U. 


