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Fig.  4. Heat- f lux densi ty (a) and h e a t - t r a n s f e r  coefficient  (b) 
v s  t i m e :  the  f i r s t  f igure  eor respond~ to the s ta r tup  condi-  
t ions and the second gives the c r o s s  sect ion.  

N O T A T I O N  

M, Mach number ;  Re,  Reynolds number ;  P0, s tagnation p r e s s u r e ;  To, s tagnation t e m p e r a t u r e ;  Tw, 
t e m p e r a t u r e  of ex te rna l  model  su r face ;  T ,  t e m p e r a t u r e  of in te rna l  model  su r face ;  q, unknown heat flux; 7, 
t ime;  r m ,  t ime  of p r o c e s s ;  a * ,  r egu la r i za t ion  p a r a m e t e r ;  a ,  t h e r m a l  diffusivity;  k, t h e r m a l  conductivity; 
a ,  h e a t - t r a n s f e r  coefficient;  R,  th ickness  of model  wal l .  
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A one-d imens iona l  conjugate model  is p roposed  fo r  the nousteady flow of chemica l ly  reac t ing  
ni t rogen te t roxide  in a s t e a m - g e n e r a t i n g  channel and the boundar ies  of hydrodynamic  s tabi l i ty  
a r e  inves t iga ted .  

1 .  M a t h e m a t i c a l  M o d e l  

The conjugate nonsteady p rob lem of a flow of chemica l ly  reac t ing  heat c a r r i e r  - -  n i t rogen te t roxlde  
(N204) --  in a s t e a m - g e n e r a t i n g  channel is inves t iga ted .  In formulat ing the ma thema t i ca l  model  of the two-  
phase  flow, the s t e am -gene ra t i ng  channel is cons idered  as a s y s t e m  with d is t r ibuted  p a r a m e t e r s ,  using in-  
t e g r a l  c h a r a c t e r i s t i c s  such as the h e a t - t r a n s f e r ,  s l ip ,  and f r ic t ion coeff ic ients ,  the mean  flow vapor  content 
taken over  the channel c r o s s  sec t ion ,  and the m e a n - m a s s  flow r a t e .  The s y s t e m  of one-d imens iona l  non- 
s teady equations descr ib ing  the behavior  of the induced N204 flow is  complemented  by the nonsteady hea t - con -  
duction equation fo r  the channel wall.  

F o r  a m o r e  comple te  descr ip t ion  of the induced two-phase  flow in the channel ,  the channel is  divided 
into f ive reg ions  di f fer ing in conditions of mot ion,  h e a t - t r a n s f e r  m e c h a n i s m s ,  and the balance of d issoc ia t ion  
in the s y s t e m  N204 ~ 2NO 2 ~ 2NO + O 2 . 
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Inzhene rno -F iz i chesk i i  Zhurnal ,  Vol. 33, No. 6, pp. 993-1000, D e c e m b e r ,  1977. Original  a r t i c l e  submit ted  
Apri l  5, 1977. 
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Fig. 1. T e m p e r a t u r e  d is t r ibut ion of flow and 
h e a t - t r a n s f e r  su r face  ove r  the length of the 
channel: 1) p r e l i m i n a r y  hea t ing  of liquid; 2) 
su r face  boiling; 3) developed boiling; 4) boil-  
ing c r i s i s  of the second kind; 5) heating of va -  
por ;  I) r eac t ion  N204 ~- 2NO2; II) 2NO 2 ~-2NO + 
02; V, vapor ;  L, liquid. 

The c h a r a c t e r i s t i c  d is t r ibut ion of the m e a n - i n t e g r a l  t e m p e r a t u r e s  of the flow and the h e a t - t r a n s f e r  
su r f ace  within the different  regions  is shown in Fig.  1, toge ther  with the cor responding  s tages  of the d i s -  
socia t ion occur r ing  in the liquid and vapor  phases .  It is a s sumed  that N204 r 2NO 2 is  a quasiequi l ibr ium 
reac t ion ,  whereas  2NO 2 ~ 2NO + 02 is a s t rongly  nonequi l ibr ium reac t ion  [1-2]. 

Consider  the spec ia l  f ea tu res  of the conserva t ion  equations for  the var ious  regions of the s t e a m -  
genera t ing  channel.  

Region 1: P r e l i m i n a r y  Heating of Liquid. The effect  of the chemica l  reac t ion  in this region is taken 
into account  by the use of effect ive t he rmophys i ca l  p r o p e r t i e s .  T h e r e f o r e  the conservat ion  equations a r e  
analogous to the cor responding  conservat ion  equations for  chemica l ly  ine r t  m a t e r i a l s  [2]. 

Region 5: Heating of Vapor .  The s y s t e m  of nonsteady d i f ferent ia l  continuity equations of the fou r -  
component  s ing le -phase  chemica l ly  reac t ing  s y s t e m  N204 ~-= 2NO 2 ~ 2NO + 02 is of the fo rm 

OPk -.  div PkWk-- Vkli. (1) 
at 

Summing the equations for  the individual components  and neglect ing diffusional m a s s  t r a n s f e r  along 
the channel,  the continuity equation for  the flow as a whole may be obtained: 

O___p_9 + div p ~ = O, 
Ot 

where 

4 4 P=Z o =ZpA 
k= l  k= l  

(2) 

According to [1-2], 11 -~ 0 with sufficient  accu racy .  Then 

91 = ml P~. (3) 
rr~kct 

On the other  hand, in the case  of s to ich iomet r i c  composi t ion of the reac t ing  mix tu re ,  

2ms (4) 
ps = P~. 

m~ 

The s y s t e m  of d i f ferent ia l  equations in Eq. (2) and the continuity equation for  the 02 component  of 
the mix tu re  in Eq. (1), toge ther  with the a lgebra ic  re la t ions  in Eqs .  (3) and (4), a r e  complete ly  equivalent 
to the ini t ial  s y s t e m  in Eq. (1). 

The t h e r m a l - e n e r g y - c o n s e r v a t i o n  equation in this region is of the fo rm 

0 (pi____~) + div (piw) = div ~h (5) 
Ot 

where 

4 4 

k ~ l  k = l  
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Fig. 2. Time dependence of h e a t - c a r r i e r  velocity at channel inlet  (q = 
1.16-104 W/m2; l =3 m; d I =1 .2 .10  -2 m; w, m / s e c ;  t ,  sec):  a) P =20 
bar ;  At = 0.l  0) and 0.01 (2} sec;  b) P ~ 20 (1), 30 (2), and 40 (3) bar;  
c) P = 3 0 b a r .  

The der ivat ion of Eq. (5) includes a number of assumptions which a re  also used below. For  example,  
in writing the t h e r m a l  balance for  the channel e lement ,  no account is taken of diffusional heat t r a n s f e r  and 
heat conduction along the channel nor  of dissipat ive sca t te r ing  of energy inside the chemical ly react ing flow. 

The continuity equations for  the liquid and vapor  phases in this region a re  Region 2: Surface BoiBng. 
of the form 

op' (1 - -  ~) 
Ot 

+ div  [p' (1 - -  v ) g ' l  = ~ b ,  

( 0 ~  -. ) 
p: ~ - + d i v ( ~ w " )  -----I;b �9 

It i s  obvious that 

*:u = - & -- • div {gv--  T l. (v) 
r 

Integrat ing Eq. 
account,  Eq.  (6) is  brought to the fo rm 

2 

I ~ �9 ~ cpT~ + (1 - ~} 0'1 ez + I 0 ~ , "  + o' (1 - ~) w'll~ = 0, 
! 

2 

�9 0"~ rI qv ' - -  •r{ p " r  
I 

(6) over  the channel e lement  f rom cross  section 1 to c r o s s  section 2 and taking Eq.  (7) into 

(8) 
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The r ight-hand sides of these equations contain d i s c r e t e - s t r u c t u r e  cha rac te r i s t i c s  of the induced 
l iquid--vapor flow in the surface-boi l ing region such as the number  of bubbles per  unit volume,  the bubble 
d i a m e t e r i n  the flow core ,  and the breakaway d i am e te r  at the hea t - t r ans f e r  sur face .  To find the b reak -  
away d iame te r ,  the dynamics o f  vapor format ion in the chemical ly  react ing sys tem is analyzed by a s ta t i s -  
t ica l  method in which the corresponding distr ibution function of the vapor - fo rming  cavit ies  on the heated 
su r face  is  de te rmined  [3]. 

The energy-conse rva t ion  equation for  the individual phases in the surface-boi l ing  region are  re la ted 
and may t he r e f o r e  be replaced by a single the rmal -ene r f fy -conse rva t ion  equation for  the flow as  a whole: 

0 [p~'i(p -~- p' i ' ( I  - -  (p)] ~- div [Osi'~(p~"-~- o'i' (I - -  q)) ~v'] =: div qsb " (9) 
Ot 

By analogy with the above,  the momentum-conserva t ion  equation should be writ ten separa te ly  fo r  the 
liquid and vapor  phases and the solution of these equations de te rmines  both the p r e s s u r e  gradient  common 
to both phases and the relat ion between ~ "  and ~ ' .  However ,  within the f r amework  of the one-dimensional  
model ,  this approach requi res  a knowledge of the f r ic t ional  coefficients for  the liquid and vapor  phases not 
only at the channel sur face  but also at the phase in te r face .  Since the re  has been very  l i t t le investigation of 
f r ic t ion  at the phase in te r face ,  the sys tem of different ia l  equations is  replaced by a single momentum-con-  
se rva t ion  equation for  the flow as a whole and the ra t io  w" /w '  is approximated by an a lgebraic  relat ion.  

In the coordinates  (t, z) for  the channel e lement  f rom cross  section 1 to c ross  sect ion 2, this equa-  
tion takes the fo rm 

2 

I 

where for  the surface-boi l ing  region 

{9wl M = p]q~w"+ p' (1 - -  q~) w', [P]M = P'~cP + P' (1 --~p), 
N a, It 

[pWZlM = psqDw + p' (1 - -  q~) w". 

Re~ion 3: Developed Boiling. Fo r  the developed-boil ing region the sys tem of conservat ion equations 
for  the individual phases degenera tes  into a sys tem of conservat ion equations for  the flow as a whole, which 
is analogous to the corresponding sys tem of conservat ion equations for  chemical ly iner t  ma te r i a l s .  The 
effect  of equi l ibr ium chemical  react ion in this region is taken into account by the use of effective t h e r m o -  
physical  p roper t i e s  [2]. 

Region 4: Boiling Cris is  of the Second Kind. The sys tem of conservat ion equations in this region 
is of the fo r m  

o(p-,____L) + div = • div + 
Ot r 

0 Ipl K,L q_ div [pw] M = O, 
at 

@4 -~- div (PtW4) = m~Iti, 
Ot 

O [piIM + div [9/w]M = div-qBc ~ , 
Ot 

(I0) 

where 

4 4 4 
P"=- Z Pk; O"~"--~ Pk~k; [Pi]M=P;i;(1--~)-~-q) ~ P k ( i k ' { - A / ' ] k ) ;  

k : l  k = l  k ~ l  

4 

lpiw]M = p;i', (1 - -  (p) g'-F (P ~ Pk(ik ,--~- AHk) ~'k. 
k = l  
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The i n c r e a s e  in the number  of d i f ferent ia l  equations in Eq. (10) in compar i son  with Eqs .  (6) and (9) 
is  a s soc i a t ed  with the need to take into account the kinet ics  of the nonequil ibr ium chemica l  reac t ion  2NO 2 
2NO + O~ in the v a p o r  phase .  It is a s sumed  that the ra te  of vapor iza t ion  f rom the drop  sur face  in the 
flow core  and at  the h e a t - t r a n s f e r  su r face  is  l ess  than the r a t e  at which the composi t ion of the chemica l ly  
r eac t ing  mix tu re  equal izes  ove r  the channel c ro s s  sect ion.  

The t e m p e r a t u r e  field in the channel c r o s s  sect ion is desc r ibed  by a nonsteady heat-conduct ion equa -  
t ion 

OTc = av2T C + % (11) 
at PcC c 

with the following botmdary conditions 

zc or,= [ = - q w .  
Or :,=q 

Using the in tegra l  Lap lace  t r a n s f o r m  

T = .~f.(t) exp (--  st) dt 
0 

and the method of pa r t i a l  s i m i l a r i t y  [4], i . e . ,  introducing the t r a n s f e r  function 5, Eq. (11) takes  the fo rm 

s6T C =-05Tw ]__6q, ( l - - ~ ) .  (12) 
t~Cc 

The exp re s s ion  for  ~ is  t aken  f r o m  [4] 

V 3s~i 

Reducing the t r a n s f e r  function to a f o r m  convenient for  the subsequent  manipulat ions [5], and pass ing 
f r o m  the in tegra l  t r a n s f o r m  to the or ig ina l ,  the r e su l t  is  

oTc Tw OTw q" + a~ H- (13) 
at - PcCc T a~t~ 

In addit ion,  the t h e r m a l - b a l a n c e  equation is  

~zFw(T w -  :If ) = Q - -  ,Oc%Y a~ c , (14) 

where  T C is  the mean  channel -wal l  t e m p e r a t u r e ,  taken ove r  the c r o s s  sec t ion .  

The s y s t e m  in equm~io~s (13) mad (14), toge ther  with a l l the  above equations and auxi l iary re la t ions ,  c o m -  
pletely d e s c r i b e s  the behav ior  of the nonsceady flow of d issoc ia t ing  ni t rogen te t roxide  in the s t e a m - g e n e r -  
ating channel.  The h e a t - t r a n s f e r ,  f r ic t ion,  and s l ip  coeff icients  requi red  within the f r a m e w o r k  of the one-  
d imens ional  model  a r e  de t e rmined  f r o m  equations given in [6-8], [7, 9, 10], and [11-13], r e spec t ive ly .  

I I .  S t a b i l i t y  o f  M o t i o n  o f  D i s s o c i a t i o n  F l o w  

i n  a S t e a m - G e n e r a t i n ~  C h a n n e l  

F o r  ce r ta in  combinat ions of dynamic ,  t h e r m a l ,  and phys ica l  c h a r a c t e r i s t i c s  of the induced flow and 
of g e o m e t r i c  and phys ica l  c h a r a c t e r i s t i c s  of the .channel ,  f l ow- ra t e  osci l la t ions  occur  in the channel and 
a l so  osci l la t ions  of the channel -wal l  and flow t e m p e r a t u r e s ,  shift  in the boundar ies  of the two-phase  region,  
and even - -  in the case  of r e sonance  phenomena - -  t r a n s f e r  of m a t e r i a l  f r o m  one channel to another .  

Osc i l l a to ry  s tabi l i ty  of the induced two-phase  flow is  a consequence both of the d i s c r e t e  flow s t r u c -  
tu re  and the dis t inct ly per iod ic  vapor iza t ion  p r o c e s s e s  in the su r face -bo i l ing  region and of the nonuniform-  
i ty of the hydrodynamic  c h a r a c t e r i s t i c s  along the channel ax is .  
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However,  in the presen t  state of hydrodynamic theory ,  i t  is not possible to write a mathemat ical ly  
r igorous  descr ip t ion  of all  aspects  of the appearance of hydrodynamic instabil i ty;  the re fo re ,  in developing 
a pa r t i cu la r  mathemat ica l  model it is nece s sa ry  to make a number  of simplifying assumptions .  

The use of the given mathemat ica l  model  a s sumes ,  in pa r t i cu la r ,  that a one-dimensional  model of 
induced flow is sufficient fo r  the descr ip t ion of hydrodynamic instabil i ty.  

A p rog ram for  the calculation of the dynamics of a chemical ly react ing N204 flow has been rea l ized  
on a Minsk-32 computer .  The di f ferent ia l  equations a re  solved by a modified Eule r  method; the modif ica-  
tion is that in some cases  (for example ,  in solving the equations for  the mean- in tegra l  channel-wall  t e m -  
pe ra tu re  and the t empe ra tu r e  of the hea t - t r ans f e r  surface) a semianalyt ic  solution of the initial  equations 
i s  chosen as the ze ro  approximation.  

The numer ica l  stabil i ty of the final resu l t  was ver i f ied  by numer ica l  exper iments  on the computer .  
One of the resu l t s  of the ver i f icat ion is given in Fig. 2a, which shows the t ime dependence of the flow ra te  
at the channel inlet.  Curve 1 cor responds  to At = 0.1 sec and curve 2 to At = 0.01 sec .  

The sea rch  for  regions of hydrodynamic instabili ty was made by specifying a nonsteady p r e s s u r e  drop  
ove r  the whole channel. The t ransi t ion f rom a region of stabil i ty (instability) to a region of instabili ty (s ta-  
bility) is fixed by the  development  (quenching) of hea t - t r ans f e r - agen t  f low-ra te  oscil lat ions at the channel in-  
let.  In Fig. 2b, typical  curves  of the hea t - t r ans fe r - agen t  veloci ty at the inlet  against the t ime are  shown; 
the re  is a c lea r  tendency for  the boundary of the region of hydrodynamic instabil i ty to move downward with 
increas ing  p r e s s u r e .  

The cor respondence  between the boundaries of the hydrodynamic- ins tabi l i ty  region observed on ap - 
proach f r om regions of increased  and diminished flow ra te  is shown in Fig. 2c. Some delay in the develop-  
ment of quenching of f low-ra te  oscil lat ions is evidently associa ted with the p resence  of re laxat ional  p ro -  
cesses  when the sys tem passes  f rom one state  to another .  

The resu l t s  of applying the mathemat ical  model he re  descr ibed  to hydrodynamic instabil i ty give a 
sufficient indication of i ts effect iveness  for  the study of var ious cha rac te r i s t i c s  of an unsteady chemica l ly  
react ing flow of N204. 

N O T A T I O N  

t,  t ime;  z, longitudinal coordinate;  r ,  radius;  d, d iameter ;  V, volume; l ,  channel length; T,  t e m p e r -  
ature;  p, density; i ,  enthalpy; P,  p r e s su re ;  m,  molecu la r  weight; r ,  latent heat of vaporizat ion;  c,  spe -  
cific heat; a ,  t he rma l  diffusivity,  constant; w, t rue  phase velocity;  I ,  chemical  react ion r a t e ,  specif ic  
source  of mass ;  v, product  of molecular  weight and s to ich iomet r ic  number;  kc, ra te  constant of chemical  
react ion;  q, specif ic  heat flux; Q, heat flux; r  mean volumetr ic  vapor  content of flow; g, acce lera t ion  due 
to gravi ty;  AP, p r e s s u r e  d i f ference;  F,  p r e s s u r e  losses  due to f r ic t ion ,  surface;  H, binding energy; S, 
surface;  Ti, t he rma l - l ag  t ime;  At, t ime inc rement  of numer ica l  integration;  a ,  angle between vec tors  -g 
and w. Indices: i = I ,  II, react ions  N204~-2NO 2 and 2NO2 ~-~2NO +02; k =1 ,  2, 3, 4, mixture  components 
(1, N204; 2, NO2; 3, NO; 4, O2); C, channel; s ,  saturat ion;  sb, sur face  boiling; v, vaporizat ion;  BC2, boil-  
ing c r i s i s  of second kind; h, heating; f ,  flow; v l ,  v2, vaporizat ion at the wall and in the flow core ;  w, wall; 
M, mixture ;  v, volume; I, internal;  iph, in terphase .  A pr ime  denotes the liquid phase and a double p r ime  
the vapor phase.  
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USE OF G E N E R A L I Z E D  D I F F U S I O N  C O E F F I C I E N T S  

IN S O L V I N G  C O N J U G A T E  P R O B L E M S  

G. A. G l e b o v  UDC 536.24 

A numerical method is used to solve the conjugate problem of the heating of a graphite body 
in a high-temperature gas flow. 

Calculation of the heating and loss of thermoprotective material  when high-temperature gas (air, carbon 
dioxide, etc. ) flows past an eroding surface involves the solution of a system of differential boundary-layer 

equat ions  andthe  nonsteady heat-conduction equation for a solid. Consider the flow of a chemically reacting 
mixture in the vicinity of the forward cri t ical  point of a graphite body (Fig. 1). Steady laminar flow of thin 
mixture (consisting of v elements and N components) is described by the following system of differential equa- 
tions [11: the continuity equation for the mixture 

0 0 
o-~ (Vur) + Ty (t,vr) = O; (~) 

the momentum equation 

~U 
pu -~x + pv - -  

Ou= dp O (  Ou). 
ay + ' 

the diffusion equation for a chemical element 

p u ~ +  pv Oy + ay 
(~ = 1, 2 . . . . .  v -  1),  

where 

= o; (3)  

N N 

c-~ = "~ n,iM, cJMi; K~ == Z n'tM'Ki/M' ; 
i = l  ~ 1  

the equation of thermochemical  equilibrium for a reaction of the type 
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