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An a p p r o x i m a t e  equation is proposed for  de te rmin ing  losses  of speci f ic  momentum in a s u p e r -  
sonic nozzle  due to  the  lack of chemica l  equi l ibr ium in the  flow. 

The  changes taking place in the composi t ion  of the combust ion  products in superson ic  jet flow lag r e l a -  
t i ve  to  the composi t ion  cor responding  to  chemica l  equi l ibr ium;  the  spec i f ic  momen tum accordingly lies below 
its ideal  va lue .  In the cou r s e  of outflow f rom the nozzle  other r e l axa t ion  phenomena a l so  occur;  however ,  on 
using a homogeneous working subs tance  the effect of t hese  on the spec i f ic  momentum is s l ight  and is usually 
not t aken  into account  in p rac t i ca l  ca lcula t ions .  

By the  loss coefficient  of spec i f ic  momentum due t o t h e  lack of chemica l  equi l ibr ium in the flow (~n) we 
mean  the r a t i o  of the cor responding  loss of spec i f ic  momen tum to  the ideal value of the  spec i f ic  momentum in 
the  in t e r io r .  The  numer i ca l  value of this coefficient  depends on the  phys icochemica l  p roper t ies  of the fuel 
components ,  the r e t a r d a t i o n  p r e s s u r e  of the flow, and the dimensions  of the nozzle .  For  ce r t a in  combinations 
of t hese  c h a r a c t e r i s t i c s  the  spec i f ic  momen tum less component  under cons idera t ion  becomes  s e v e r a l  t imes  
g r e a t e r  than the  sum of the losses  due to  f r ic t ion and d i ss ipa t ion  in the nozzle .  

The  theo re t i ca l  de te rmina t ion  of Sn is ca r r i ed  out by numer i ca l  in tegra t ion  of the s y s t e m  of di f ferent ia l  
equations r ep re sen t ing  chemica l  kinetics and gasdynamics .  The  r e su l t s  of a p a r a m e t r i c  study of the losses  
due to  the  lack of chemica l  equi l ibr ium in the  flow of combust ion  products of ce r t a in  fuels may  be found in an 
exist ing r e f e r e n c e  book [1]. 

In v i e w o f t h e  g rea t  difficulty of the  p rob lem under cons idera t ion ,  a t tempts  a r e  genera l ly  made to der ive  
e m p i r i c a l  re la t ionships  genera l i z ing  the  r e su l t s  of numer ica l  in tegra t ion.  For  example ,  in one paper  [2] 
curves  a r e  presented  for  interpolat ing the r e su l t s  of these  calculat ions by r e f e r e n c e  to  the r e t a rda t ion  p r e s -  
s u r e  and the c h a r a c t e r i s t i c  d imensions  of the  nozzle .  We note that  such curves  a r e  only valid for  a nar row 
range  of va r i a t ion  of the  a r g u m e n t s .  

This  paper  is devoted to  the der iva t ion  of an  approx imate  c r i t e r i a l  re la t ionship  for de te rmin ing  the 
losses  of spec i f ic  momen tum due to  the lack of chemica l  equi l ibr ium of the  flow in a c i r cu l a r  profiled nozzle ,  
su i tab le  for  a va r i e ty  of fuels over  wide ranges  of var ia t ion  of the  defining p a r a m e t e r s .  The bas is  of this in- 
ves t iga t ion  lies in the  data published in [1_.] and the s i m i l a r i t y - t h e o r y  methods descr ibed  in [3]. 

The  r e f e r e n c e  book in question presen ts  the resu l t s  of calculat ions in which use  was made  of the veloci ty  
constants  of the  chemica l  reac t ions  t aken  f rom [4]. The calculat ions w e r e  ca r r i ed  out by the method proposed 

TABLE 1. Approximat ion  Coefficients for  O2-- H 2 Fuel  
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Fig. 1. Loss coefficient due to the lack of 
chemical  equilibrium in the flow as a func- 
t ion of the dimensionless radius of the c r i t -  
ical  nozzle c ress  sect ion for O2-H 2 fuel at 

= 1 and r a / r c r  = I0: i) proposed re la t ion-  
ship; 2) numerical  integrat im ~n, %. 

in [5]. The resul ts  of the numerical  integration a re  presented in the form of curves of the function 

"n \ rcz rcr, Ph, a �9 ( I)  

On the basis of the differential  equations and the initial conditions of the problem we may conclude that, 
apar t  f rom the quantities entering into Eq. (1), the list of defining parameters  should include the normal  p r e s -  
su re  P0 = 101325 N/m 2 and a cer ta in  quantity h proport ional  to the average  length of the relaxat ion zone. The 
quantity h may be regarded as an overal l  kinetic charac te r i s t i c  of the combustion products .  Subsequently this 
quantity will be called the relaxation coefficient.  This coefficient lies in the range 0 < h < =.  

The lower limit corresponds to equilibrium and the upper to completely nonequilibrium flow. For each 
specif ic  fuel composit ion the relaxat ion coefficient may be determined from the resul ts  of a numerical  in tegra-  
t ion  of the problem for 6-8 values of ra ,  r c r ,  and Pk if a mathematical  model represent ing the dependence of 
~n on the dimensionless defining parameters  is chosen in advance.  

In this paper we choose a mathematical  model allowing for the following boundary conditions : 

1) when r c r / h ,  Pk/P0 "-" ~ and r a / r c r  - -  1 the composit ion of the combustion products tends to equilibrium 
and hence ~ n -  0; 

2) when r c r / h ,  Pk/P0--  0 and r a / r c r  - -  ~o the composit ion of the combustion products tends to complete 
nonequilibrium and hence ~n -" ~0, where }0 is the maximum value of the loss coefficient due to the lack of 
chemical equilibrium. 

The following relat ionship sat isf ies the results  of the numerical  solution of the problem given in [1] and 
the foregoing boundary conditions: 

where 

~n = ~ [expyz ,--" exp y~ --exp(y z ,-I- Y2)], 

Y ' = - ~ , - V ]  ~ p o .  - - ~ - = - I  , 

The quantities C, m, n, s ,  u, v, and q entering into this relat ionship a re  dimensionless coefficients.  
Analysis of the resul ts  of thc calculations shows that for r c r / h  < 2.105, Pk/P0 < 500 and r a / r c r  > 3 we may 
take u = v = 0 and q = s .  Equation (3) then takes the form 

(2) 

(3) 
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where  C >> 1. Fo r  ce r t a in  fuels we may take  C = ~,  and then Eq. (2) s impl i f i e s ;  the  t e r m s  containing Y2 
vanish ,  

By way of example ,  Tab le  1 gives the approx imat ion  coefficients  for 0 2 -  H 2 fuel and four values of the  
excess  coefficient  of the  oxidizing agent .  The  quantities in this t ab le  were  de te rmined  by the well-known 
method employed for  the  analy t ica l  r e p r e s e n t a t i o n  of empi r i ca l  data [6]. In the presen t  example  C = *% 

The  r e su l t s  of our de te rmina t ion  of ~n for  oxygen - -hyd rogen  fuel with ~ =1  and r a / r c r  = 10 by means 
of Eq.  (2)and a l so  by numer i ca l  in tegra t ion  of the  p rob lem a r e  presented  in Fig .  1. These  data,  together  
with the r e su l t s  of analogous calculat ions ca r r i ed  out for  Pk = 0.5-25 M N / m  2, r c r  = (2.5-125) 10 -3 m and ra/ 
r c r  = 3-15 in the c a s e  of fuels containing hydrogen,  c a rbon ,  ni t rogen,  oxygen, and fluorine,  show that  the 
m a x i m u m  e r r o r  in the de te rmina t ion  of losses  due to  the lack of chemica l  equi l ibr ium in the flow through the 
nozzle  by means  of the  proposed app rox ima te  equation equals ~-0.002. Such an e r r o r  in ~n introduces an e r r o r  
not exceeding 0.2% into the  de te rmina t ion  of the speci f ic  m o m e n t u m .  

NOTATION 

Sn, loss coeff icient  of the spec i f ic  m omen tum due to  the  lack of chemica l  equi l ibr ium in the flow; r c r ,  
radius  of c r i t i ca l  nozzle  c ro s s  sec t ion;  r a ,  radius  of nozzle outlet sec t ion;  Pk, flow re ta rda t ion  p r e s s u r e ;  
P0, no rma l  p r e s s u r e ;  h, r e l axa t ion  coeff icient ;  ~0, m,  n, s ,  C, d imens ion less  coefficie~ats; ~ ,  excess  co-  
efficient of oxidizing agent .  

L I T E R A T U R E  C I T E D  

1o V . E .  A lemas ov  et a l . ,  T h e r m o d y n a m i c  and The rmophys i ea l  Products  of Combust ion Products [in R u s -  
s ian] ,  Vols .  1-4 ,  VINITI,  Akad.  Nauk SSSR, Moscow (1971-1974). 

2. V . M .  Kbailov, Chemica l  Relaxat ion in the Je t s  of Je t  Engines ~nRuss i an ] ,  Mashinost roenie ,  Moscow 
(1975). 

3. L. I .  Sedov, Similarity and Dimensional Methods in Mechanics, Academic Press (1959). 
4. V . N .  Kondra t ' ev ,  Velocity Constants  of Gas React ions  ~n Russ ian] ,  Nauka, Moscow (1970). 
5. V . N .  Kamzolov and U. G. P i rumov,  Izv .  Akad. NaukSSSR, Mekh. Zhidk. Gaza,  No. 6, 25 (1966). 
6. N, D r a p e r  and H. Smith ,  Applied R e g r e s s i o n  Analys is ,  Wiley (1966). 

C O U P L E D  H E A T  T R A N S F E R  B E T W E E N  F L U I D  

A N D  S O L I D  W A L L  

L .  P .  K h o l p a n o v ,  T .  B .  B a b a k ,  
V .  N .  B a b a k ,  V .  A .  M a l y u s o v ,  
a n d  N .  M .  Z h a v o r o n k o v  

F I L M  

UDC 536.242 

A numer i ca l  a lgor i thm is proposed for solut ion of the coupled problem of convect ive  heat t r a n s -  
f e r .  The  method was used to  study two-phase  heat t r a n s f e r  between a solid wall  and a laminar ly  
flowing fluid f i lm for  a l inear  t e m p e r a t u r e  profi le  at the outer su r f ace  of the  wall .  A computa -  
t ional  fo rmula  is proposed for  the d imens ionless  Nussel t  number .  

In studying heat t r a n s f e r  in a f i lm flowing gravi ta t ional ly  along a wall,  the t e m p e r a t u r e  a t the  solid--fluid- 
f i lm in te r face  is usual ly  a s sumed  known and equal to a given t e m p e r a t u r e  at the  outer  su r f ace  of the wall .  This 
condition is sa t i s f ied  in the ex t r eme ly  idealized case  of a wall  with infinitely la rge  t h e r m a l  conductivi ty.  How- 
eve r ,  the  coefficients  of t h e r m a l  conductivity for s e v e r a l  po lymer  ma te r i a l s  such  as Tef lon and vinyl a r e  of the 
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