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The distr ibution of Prandt l  num be r s ,  Schmidt number  s, Lewis number s ,  t e m p e r a t u r e ,  enthalpy, 
concentrat ion,  shear ing  s t r e s s e s ,  diffusion c u r r e n t s ,  and t h e r m a l  fluxes a c r o s s  the height of a 
boundary layer  within which there  exis ts  a reac t ion  front is es tabl ished and analyzed.  

An analyt ical  study is made here  of heat and m a s s  t r a n s f e r  in a r eac t ing  boundary l ayer  at a porous  
graphite plate,  with injection of a reac tan t  (hydrogen) taken into account. In an e a r l i e r  study [1] the in-  
jected gas was assumed  to r eac t  with the solid m a t e r i a l  at the plate su r face ,  as would be the case  at a low 
injection r a t e ,  but in this study we will be concerned with both ex te rna l  and in terna l  heat and m a s s  t r a n s f e r  
when the injected gas may f i l ter  through the porous  graphite plate into the l amina r  boundary l ayer  of a 
mult icomponent  gas at a higher r a t e .  The p rob lem has a l ready been formula ted  in [2]. The analys is  here  
will be based  on the assumpt ion  that the homogeneous reac t ion  between the injected gas (hydrogen) and the 
oxygen f rom the  outer  s t r e a m  

H2 , 1 = H oO (a) T TO~ 

occurs  within an ~ f in i t e s ima l ly  thin zone y = y .  which happens to be the separa t ion  sur face ;  that the he te ro -  
geneous reac t ion  between the genera ted water  vapor  and the carbon of the plate 

H oO -- C = CO --  Ho, (b) 

and the homogeneous reac t ion  between the generated carbon monoxide and the oxygen 

CO + 1 0 ~  = C0.2, (c) 

a re  both infinitely fas te r ,  as  is reac t ion  (a), than the diffusion p r o c e s s  and that they occur  at the plate s u r -  
face and within zone y = y .  r e spec t ive ly ;  that the r a t e  V at which the plate sur face  shif ts  as a r e su l t  of  r e -  
action (b) is  a function of the x -coord ina te  only and does not va ry  with t ime .  

V =  p~ ( " ~ u ~  "~I/~'A, A < O ,  
2p_~ \ x /  

while the t r a n s v e r s e  flow of gases  at the plate sur face  is de te rmined  according  to the re la t ion  

where  A and B a re  d imens ion less  constants .  All o ther  assumpt ions  have a l ready been stated in [2]. 

According to the st ipulated p r o c e s s  pa t te rn ,  this  sy s t em contains the gases  02, CO, H20, N2H 2, and 
CO2, which will be denoted by the subsc r ip t s  1, 2, 3, 4, 5, 6 r e spec t ive ly :  components  2, 3, 4, 5, 6 in 
the region 0 -< y <-- y .  (zone I) between the plate sur face  and the reac t ion  front ,  components  1, 3, 4, 6 in 
the region y > y .  (zone II) , inside the porous  graphite  plate components  2, 4, 5, 6. 

The s y s t e m  of equations for a l aminar  l aye r  of  a c o m p r e s s i b l e  gas ,  with in ternal  and ex te rna l  heat 
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and m a s s  t r a n s f e r  t aken  into account  [2] (here  and hence fo r th  a p r i m e  sign deno tes  the d e r i v a t i v e  with r e -  
spec t  to ~ = u /u~) :?  

20,0)" -b ~)~u = O, (W:~)' -~ o)'Y; = O, ix = 2, 3, 4, 5, 6, i n  = 1, 2, 3, 6, 

" ( 2 (Y' t(~ Pr 1 - -  -~ r  u-~u -}- ~ h~ -~r  = h - ) ( o ' H ' = 0 ,  

ii = 2, 3, 4, 5, 6, iII = 1, 3, 4, 6, 

wi th  the fol lowing bounda ry  condi t ions :  

H e r e  

c o ( l ) = 0 ;  Y ~ ( 1 ) = Y ~  ; Y a ( 1 ) = Y e ( 1 ) = 0 ;  H ( 1 ) = H ~  at ~ =  1; 

Y i ( [ g , ) = Y i , ,  i = 3 ,  6; Y ~ ( u , ) = Y s ( u , )  = Y 2 ( u , ) = 0 ;  

7~ = I V  (13 - -  ]3), / 'II]2 I = FI (]6 - -  ]6 ), = f I I I  ~3 I 71 I) 
--:I = I I  + rv ( !6 - - I~) ;  H ( u , )  = H , ;  

(kT') I -  (),T') II = - - , u ,  ( Q p ~  :-QR~7~) at u = u.; 

~ ' ( 0 ) = B * / 2 ;  Yi(0)=Y~p, i = 2 ,  5, 6; Ya (0 )=0 ;  H ( 0 ) = H p ;  

rvi-Q.,. @ rI i1  -('2- a @ r v  -~ 6 -~-e)' ' (0)  Y s s l  = 0; 

rn,.o.a ~ o_~ + o/ (0) Ys% = 0; 

~'2 ~ 0 "-2A- ri co �9 rnO6 -5- (o' (0) Ysss " . 7 s ' 2  = 0, Js 2to) ( ) !3'; 

- -  7~Oao = I2o)(0)Pr  (0)1 [/4' - -  ~ hy;] - AT~cpze [AMeg(0 ) 

-{-hthg(0)], i =  2, 3, 4, 5, 6, i g =  2, 4, 5, 6 at u = 0 .  

(1) 

(2) 

(3) 

w h e r e  

.% = o.~ (0) = ]?-~,~ (0) + ; 2 3 D i  (0), 

. [ s = ( l  P) KsA, Ys = ( 1 - -  P) Ks, B* = B + KzA, 

An i (0) = n~ (1, Yie) - -  ni (k, Yip), k M i  (0) = 3f (1, Y~) - -  M (k, Yi~), 

s, = Yz -i- rviY2 %- rv Y6, S5 = rivYa q- Ya, ss = rnY= '-}-, ri Y6, 

Q~ = h s @ r - i  h a -- r~tz~ -- rvnhs, 

QR~_ = tz~ @ rvih 1 -- rvlh6, Q R 5  = h5 %- rviIth 1 - -  r~! ha, 

r = tn c'ma; rvzr = m>/tnc; rvnr = rnv'2ma; k = TzF'To; 

- - 1  - -  i , , ,  w M, C. SdO, Di - .. rdr ,g;  
i v 

= A,2gPze; Ks = Pe/'Pz; Kz = 9zp'Pze; ~ = - -  Y~,"Sci. 

In o r d e r  to c lose  the s y s t e m  (1)-(4),  it is  n e c e s s a r y  to s u p p l e m e n t  it with the equat ion  of s ta te  

P = RpT Z Yi/ml, ii = 2, 3, 4, 5 and6, 
(5) 

ii~ = I, 2, 3, 4 and 6, i r = 2, 4, 5 and 6, 

and the s y n t h e s i s  of  b i n a r y  di f fus ion 

r =  K=I  

as  wel l  as  with the f o r m u l a s  fo r  the t h e r m o p h y s i e a l  p a r a m e t e r  F i (i r e f e r r i n g  to the c o m p o n e n t  gases )  and 
F ( r e f e r r i n g  to the gas  mix tu re )  

Fi =Fi (m~,  %, T), F = F ( Y u  F0, (7) 

w h e r e  F i o r  F denote  the dens i ty  (weight),  the v i s c o s i t y ,  the t h e r m a l  conduc t iv i ty ,  the spec i f i c  heat ,  the 
t h e r m a l  d i f fus iv i ty ,  o r  the d i f fus iv i ty  (b inary  and o v e r a l l ) .  The  r e s p e c t i v e  f o r m u l a s  a r e  g iven in [4]. 

t o t h e r  s y m b o l s  have  the s a m e  m e a n i n g  as  in [2]. 
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Fig .  1. Va r i a t i on  of  P r ,  Sci, Lei ,  Yi,  and Ji a c r o s s  
the height  of  a boundary  l a y e r  ~: a) and b) Too = 1800~ 
t ~  = 15 m / s e c ,  P = 0.2, B = 0.067; e) and d) T = 1800~ 
u~ = 15 m / s e e ,  P = 0.2, ]3 = 0.27; e) and f) T,o = 600~ 
u~o = 15 m / s e c ,  P = 0.2, t3 = 0.067; in b) solid line r e f e r s  
to P r  ~ Sci ~ 1, dashed line r e f e r s  to P r  = Sc i = ~ = 1. 

The non l inea r  s y s t e m  (1)-(7), which conta ins  not only the sought  funct ions but a lso  the unknowns 

A, u., H . (o rT . ) ,  Hp(or Tp), Y~., i = 3 ,  6 and Yi(0), i = 2 ,  5, 6, 

was  in tegra ted  n u m e r i c a l l y  by the i t e ra t ion  method.  Approx ima te  va lues  w e r e  a s s igned  to the unknown 
quant i t ies  f i r s t ,  then the m o m e n t u m  equat ion,  the c o n s t a n t - t o t a l - c o n c e n t r a t i o n  equat ion,  and the cons t an t -  
to ta l -en tha lpy  equat ion w e r e  solved s u c c e s s i v e l y ,  whereupon  the coef f ic ien t s  F i  and F w e r e  de t e rmined .  
This  computa t ion  cyc le  was  r epea ted  until  r e s u l t i n g  va lues  of  the t e m p e r a t u r e  did not d i f fer  f r o m  the 
va lues  obtained in the p r eced ing  cyc le  by m o r e  than an a p r i o r i  speci f ied  n u m b e r  of  d e g r e e s .  The m o -  
men tum equation was  then solved in a s i m i l a r  m a n n e r  and checked  for  the condi t ions  at the r e a c t i o n  f ront .  
I f  these  condi t ions  had not been  sa t i s f ied ,  then a new locat ion of  this  f ront  was  a s s u m e d  and o the r  approx i -  
ma te  va lues  w e r e  s t ipulated for  the concen t r a t i on  and the enthalpy.  The computa t ion  cyc l e  was  then 
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Fig .  2. P r ,  Sci, Lei ,  Yi,  and Ji a s  funct ions of  u, at 
fo l lowing va lues  of  the b o u n d a r y - l a y e r  p a r a m e t e r s :  a) 
and b) Too = 1800~ u~ = 15 m / s e e ,  P = 0.2,  B = 0.067; 
c) and d) Too = 1800~ uoo = 15 m / s e c ,  B = 0.27; e) 
and f) T,~ = 600~ t~o = 100 m / s e c ,  P = 0.2, B =0.067;  
in b) and d) sol id  line r e f e r s  to P r  # Sci ~ 1, dashed 
l ine r e f e r s  to P r  = Sci =/~p = 1. 

r e p e a t e d  until  those  condi t ions  had b e c o m e  sa t i s f ied  and the p r o b l e m  could thus be r e g a r d e d  as  having  
been  solved.  Th i s  n u m e r i c a l  in tegra t ion  was  p e r f o r m e d  on a mode l  MINSK-22 c o m p u t e r .  

The r e s u l t s  of  this  n u m e r i c a l  ca lcu la t ion  a re  shown in F i g s .  1-4  and in Tab le s  1-2 ,  a long  with data 
on the solut ion to p r o b l e m  (1)-(7) fo r  P r  = Sc i = 1 and ~ = cons t .  In this  l a t t e r  c a s e  both the enthalpy and 
the concen t r a t i on  a r e  d i s t r ibu ted  l i nea r ly :  

H I = Hp + (H. - -  Hp) u/~,, H n = H, + (H= - -  H.) (7~ - -  u.)/(1 - -  u.), 

Y~ = Y,p + (Y** - -  Yf~ 7./~., YI I = Y,. + (Yf = - -  Y,,) (~ - -  ~).)/(1 - -  u,), (8) 

ii = 2 ,  3, 5, 6, i n =  l, 2, 3, 6. 

The ve loc i ty  d i s t r ibu t ion  w(u) is  found, a c c o r d i n g  to [3], 

r (7,) = u~-3%~(~u0), (9) 

where  u0 a r e  the z e r o e s  of  funct ion coy. The unknowns Hp, H . ,  u . ,  Ytp,  and Yi* a r e  found f r o m  condi t ion 
(2), w h e r e  B*/2 = u~-l/2tgT and T = a r c t g ~ ( 0 ) .  F r o m  the las t  condi t ion in (3) and tak ing  into account  (8), 
we obtain the fol lowing r e l a t i o n  for  loca t ing  the r e a c t i o n  f ron t  u .  when P r  = Sci = 1 and ~p = cons t  t 
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Fig.  3. Var ia t ion  of normal ized  cu r r en t s  Ji a c r o s s  the height of a boundary l ayer  ~, at u~ -- 15 
m / s e c  and B = 0.067: a) T,o = 1800~ B = 0.067, P = 0.4; b) Too --- 600~ B = 0.067, P = 0.2; c) 
Too = 1800~ B = 0.067, P = 0.2; in a) solid line r e f e r s  to P r ~  Sc i ~ 1, dashed line r e f e r s  to P r  
= Sc i = ~p = 1. 

(q~u~/2) uZ. + F~, [Hp - -  ~.~h~,Y~p --It| § h,,Y~: + h,.Y,| 

+ QR~V~p + Q,,#'..p] + ~ h~.V~p-- (Q,,~I% + Q~.V..p) -- Hp = 0, (10) 

ii-----2, 4, 5, 6. 

Here  Hp = ~ h i Y i p ;  i = 2, 4, 5, 6; �9 = (gI)-l; g denotes the acce le ra t ion  due to gravi ty ,  and T denotes 
l I 

the mechanica l  equivalent of heat.  

When solving the quadrat ic  equation (10), one mus t  se lec t  the root  u . s o  that  0 < fi* < 1. With the 
v iscous  diss ipat ion d i s rega rded ,  (r  --" 0 and (10) t r a n s f o r m s  into a f i r s t - o r d e r  equation with r e s p e c t  to 
U *  �9 

Taking into account re la t ion  (9), we find the fr ic t ion coefficient  at the su r face  

c s = 2~pl VR-~ (i 1) 

and the thermal flux 

q P = - - L t ,  I l i p  

for  the genera l  case ;  when P r  = Sci = ~ = 1, then function cop = w(0) = u~ 3/2. 

I t  follows f rom the solution to p rob lem (1)-(7), as  shown in the genera l  fo rm in F igs .  1-3,  that the 
Prandt l  number  P r ,  the Schmidt num ber s  Sc i, and the Lewis number s  Lei,  as  well  as the normal ized  diffu- 
sion cu r r en t s  Ji change ve ry  much within the region u > 0.5, espec ia l ly  nea r  the reac t ion  zone u = u .  (indi- 
cated in F igs .  1-3  by the dashed ve r t i c a l  s t ra ight  line). The mos t  significant changes in Ji occur  within the 
region u--- 1, i . e . ,  at  the outer  edge of the boundary la~er .  Where u < 0.5 the changes  in P r ,  Sci, Lei,  
and Ji a re  negligible,  while the concentra t ions  Yi = Yi(u) become  a lmos t  l inear ly  d is t r ibuted within zones I 
and II. The absolute values  o f Y  i and Ji, as  well  as the location of the reac t ion  front  ~,  (Figs.  1, 2), b e -  
come quite different  when l>r ~ Sci ~ 1 and when P r  = Sc i = 1. This  di f ference is mos t  dis t inct  in the case  
of Yi(0), i = 2, 5. Thus,  for P r  = Sci = 1 we have Y2(0) = 0.160 and Y5(0) = 0.111, while for  P r  # Sci ~ 1 
we have Y2(0) = 0.210 and Y5 -- 0.074 (Fig. 2d). The values of u,  d i f fer  by approximate ly  13%. While the 
Prandt l  number  r e m a i n s  a lmos t  constant  a c r o s s  the height of  the boundary l ayer  when the injection ra t e  is  
low (small  B-number )  (Fig. l e ,  B = 0.067), it changes apprec iably  at high injection r a t e s  (Figs.  l e  and 

2 c ,  B = 0.27). As the r a t e  of hydrogen injection i n c r e a s e s ,  m o r e o v e r ,  the reac t ion  front  ~. shif ts  (is ~dis- 
placed")  toward the outer  edge of the boundary reac t ion  front  (u, = 0.77 at B = 0.067 and u .  = 0.97 at B 
= 0.27, Fig.  l a ,  c). Meanwhile, Sc5(0) d e c r e a s e s  apprec iably  and so does Les(0) accordingly (Figs.  l a ,  c 
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and 2a, c). The other  num ber s  Sc i and Lei do not change as much with a change in the injection ra te  (B- 
number) .  Pr(0) d e c r e a s e s  somewhat  with a higher B - n u m b e r ,  because  the concentra t ion  Ys(0) beco mes  
higher  and the Prandt l  number  for hydrogen is s m a l l e r  than the r e spec t i ve  Prandt l  number  for all  other  
components  of the gas mix ture .  F u r t h e r m o r e ,  an i nc rea se  in the B - n u m b e r  causes  an inc rease  in Y3 and 
j~, because  the injected gas (hydrogen H 2) is comple te ly  conver ted  to wa te r  (H2G) accord ing  to reac t ion  (a) 
(Figs.  l b ,  d, 2d, and 3). An inc rea se  in concentra t ion Y3(ff.) produces  an inc rease  in Y2 ~nd J2 (react ion 
(b)) and, consequently,  a lso an i nc rea se  in YG and J6 (react ion (c)). Meanwhile,  Y4 and ~4 change ve ry  l i t t le,  
because  ni t rogen (N 2) is in this case  an iner t  gas.  The concentra t ion Yi(u) and the normal ized  cu r r en t  ~i(u) 
r e m a i n  unchanged dur ing a change in the injection ra t e  B (Fig. 1-3),  because  the ent i re  oxygen (at a 
given constant  concentra t ion  Yloo) is used up s to ich iomet r ica l ly  accord ing  to reac t ions  (a) and (c). 

It  follows f rom Figs .  1 and 2 that the Prandt l  number  v a r i e s  a c r o s s  the height of a boundary l aye r ,  
quite apprec iably  s o m e t i m e s .  Thus,  at Too = 600~ B =O.067, P =0 .2 ,  and uoo =.15 m / s e c  (fifth var iant)  
we have P r  = 0.525, 0.718, and 0.683 r e spec t ive ly  when u = 0, u = u.  = 0.64, and u = 1; at Too = 1800~ 
B = 0.27, P = 0.2, and uoo = 15 m / s e c  (fourth var iant)  we have P r l ~ = o  = 0.387, P r l ~ = ~ .  = 0.97 = 0.781, and 
P r l ~ = l  = 0.689. 

The l a rge s t  va r i a t ions  a c r o s s  the height of a boundary l ayer  occur  in Lewis numbers  and in Schmidt 
n u m b e r s ,  espec ia l ly  in Le 5. Thus,  while Le 5 = 0.501 at ~ = 0, we have Le 5 = 1.844 and 2.168 (variant  2c) 
at u = ~l. = 0.97 and ~ = I r e spec t ive ly .  

At uoo= 15 m / s e c  We have Les(0) = 1.561 and Les(1) = 2.628 (Fig. l f ) ,  a lso at u~o = 100 m / s e c  we have 
Le~(0) =1.564 and Les(1) = 2.628 (Fig. 2f), i . e . ,  the effect  of veloci ty on Les(u) and on the other  Lewis 
n u m b e r s  Lei(~) (i = 1, 2, 3, 4, 6) is weak.  

As the molecu la r  weight mi  i n c r e a s e s ,  in mos t  c a se s  the Schmidt number s  Sci become  l a r g e r  and 
the Lewis numb er s  Lei become  s m a l l e r ,  because  these  numbers  depend on the coeff icients  Fi ,  F defined 
in (7) and, consequent ly,  a lso  on the absolute values  of mi.  Since Sci and Lei a re  functions not only of 
~ i  but also of Yi, however ,  hence in ce r ta in  va r i an t s  this dependence of Sci and Lei on ~ i  c e a s e s  to be 
valid (with the t e m p e r a t u r e  assumed  constant) due to the predominant  effect  of the concentra t ions  Yi on 
Sc i and Lei (i = 1, 2, 3, 4) (Figs.  1 and 2). 

The normal i zed  diffusion cu r r en t s  ji va ry  mos t  apprec iably  within the zone u > ~. (Fig. 3). Where  
u-< u . ,  on the o ther  hand, the Ji r e m a i n  a lmos t  constant .  Within the zone where  u = u .  the absolute values  

? 

of the de r iva t ives  Yi and, t he re fo re ,  a lso  of the cu r r en t s  Ji have a discontinuity.  Fo r  compar i son ,  in 
Fig.  3a a re  shown the values  of Ji co r re spond ing  to P r  = Sci = 1 (dashed s t ra igh t  l ines).  While within the 
zone where  u ~ u.  the absolute values  of Ji a re  a lmos t  the s ame ,  whether  the Prandt l  number  and the 
Schmidt number s  a re  constant  (Pr = Sc i = 1) or  va r iab le ,  within the zone where  u.  < u -< 1 the cu r r en t s  Ji 
d i f fer  cons iderab ly .  A compar i son  between Fig.  3a a n d F i g .  3b ( respec t ive  va r i an t s  1 and 6) shows that 
to a h ighe r  poros i ty  P co r r e sponds  a higher u . .  Thus ,  u .  = 0.77 when P = 0.4 (Fig. 3a) and ~1. = 0.61 
when P = 0.2 (Fig. 3e), i . e . ,  at higher poros i t i e s  P and the s ame  injection ra t e  (B = 0.067) the total  m a s s  
flow ra te  of-rejected gas  per  unit plate su r face  i n c r e a s e s ,  resu l t ing  in a shift of the reac t ion  front  and thus 
in a higher u . .  As the s t r e a m  veloci ty  is  inc reased  f rom 15 to 50 m / s e c ,  the p a r a m e t e r s  w, w', H, T, Yi, 
Lei,  and Ji do not change much.  Thus,  for  Too = 1800~ B = 0.067, P = 0.4, and u~o = 50 m / s e c  we have 
u. = 0.77, Tp  = 1132~ T .  = 3049~ Hp = --7.7 J / g ,  H .  = 2330 J / g ,  ~Jp = 0.247, and w~ = 0.0687. Fo r  
u~ = 15 m / s e c  and al l  o ther  conditions unchanged, the values  of these p a r a m e t e r s ,  as shown in Figs .  l a -  
3a and in Table  1, d i f fer  f rom those for  uoo= 50 m / s e c  by not m o r e  than 2%. A compar i son  between Fig.  
3b and Fig.  3e indicates  that within zone I the normal ized  c u r r e n t s  Ji r e m a i n  a lmos t  the s ame ,  but they 
differ  apprec iab ly  where  u > u . .  Thus atToo= 1800~ the ra t io  j~I(u.)/ j~I(1) is equal to (--0.559)/(--0.3981),  
(0.247)/(0.507), (0.108)/(--0.062) and (0.243)/(0.094) for  i = 1, 3, 4, and 6 r e spec t ive ly  (with fi, = 0.61) 
(Fig. lc ) .  At Too = 305~ and all other  p a r a m e t e r s  unchanged, this ra t io  is r e spec t ive ly  equal to (--0.655) 
/ ( - -0 .811) ,  (0.352)/(1.012), (0.124)/(--0.109), and (0.248)/(0.188) (with u .  = 0.66). F u r t h e r m o r e ,  a higher 
u* c o r r e s p o n d s  to a lower t e m p e r a t u r e  Too (Fig. 3b, c). Or for  B = 0.067, P = 0.2, and uoo = 50 m / s e c ,  
for  ins tance ,  we have u.  = 0.63 at Too = 1000~ and ~.  = 0.617 at Too = 1800~ It is to be noted that the 
va r ia t ion  in u,  with t e m p e r a t u r e  Too (within the given range  of Too t e m p e r a t u r e s )  is negligible,  however ,  by 
v i r tue  of the re la t ion  u .  ~ T~ l,  which follows f rom the las t  condition in (3) or  f rom Eq. (10). 

According  to the data in Table  1, a higher injection veloci ty  r e su l t s  in lower T and H at the plate 
su r face ,  owing to the effect  of  t r ansp i ra t ion  cooling; T and H r e a c h  the i r  max ima  where  u = u . ,  because  
combust ion  of the gases  according  to r eac t ions  (a) and (c) occu r s  within this zone. At the outer  edge of 
the boundary l aye r  H(I) and T(I) a re  the same  at the s ame  s t r e a m  veloci ty  u~o. 
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Fig. 4. Specific heat Cp (J /kg .  ~ thermal  conductivity k(W/m �9 ~ dynamic viscosi ty ~ (kg/m.  h), 
and density p(kg/m) as functions of u; boundary- layer  pa ramete r s  for var iants  1B--6 B are given in 
Table 1; solid line r e fe r s  to P r  ~ Sci ~ 1, dashed line r e fe r s  to Pr  = Sc i = pp = 1. 

At velocit ies uoo = 15 and 100 m / s e c  (variants 5 and 6 in Table 1) the respect ive values of H(~)and 
T(~) are almost the same. Fu r the rmore ,  a comparison between var iants  1B and 3 B or  var iants  2B and 
4 B indicates that the H('ff) field and the T(~) field within the zone where u = u. both depend more  on the heat 
generation than on the porosity.  The values of H(u) and T(u) are higher when Pr  = Sc i = 1 than when Pr  

Sci ~ 1 (except near  the plate surface),  inasmuch as in the fo rmer  case all the chemical  energy in the 
boundary layer  is converted to heat. When Pr  ~ Sci ~ 1, then such a conversion is only partial .  

The trend of functions w(u) and w'(u) is analogous to that shown in [1], inasmuch as the velocity u has 
no discontinuity at u = u. .  In var iants  1B--6 B the values of coCO) are respect ively 0.248, 0.108, 0.264, 0.1521, 
0.216, 0.217, and the values o f w ' ( 0 ) a r e  respect ively 0.069, 0.1541, 0.066, 0,1630, 0.0615, 0.0614. When 
Pr  = Sc i = 1 and lZp = 1, we have for ~(0) (variants 1B, 3B, and 4 B) 0.282, 0.284, 0.215 and for w'(0) 0.0694, 
0.0666, 0.169. Here,  too, w(1) ~ 0 and w'(1) ~ ,  while both w and w' depend more  on the injection ra te  B 
than on Tp and P within their  given ranges .  As the injection (hydrogen) rate  is increased,  the factor  
in the momentum equation (1) dec reases  so that, therefore ,  r dec reases  and ~' inc reases  Cone may com-  
pare w(0) and ~'(0) in var iants  1B and 2 B or  in var iants  3B and 4B, for example). The porosity P affects 

and ~0' as does the injection rate B, inasmuch as,  at the same injection rate and with the other  conditions 
unchanged, a higher porosity cor responds  to a higher total flow rate  of injected gas per unit area of the 
porous surface,  which can be demonstrated on the bas is  of a compar ison between ~(0) and ~'(0) respect ively 
for variants  1 B and 3 B or  var iants  2B and 4 B. A comparison between variants  1B and 6B, meanwhile, 
indicates that w decreases  and w' increases  with r i s ing  tempera ture  Too. 

When Pr  = Sc I = 1 and ~p = 1, then the w pa ramete r s  increase  relat ive to the case of constant P r  and 
Sci, which follows from the par t icular  s t ructure  of the f i rs t  equation in (1), where the condition P r  = Sc i = ~  
= 1 cor responds  to a higher w [1]. Maximum ~ occurs  within the boundary layer .  This maximum ~ c o r r e -  
sponds to ~' = r (~). 

The var iat ion of the thermal  flux qp and that of the friction coefficient cf along the porous plate x, as 
is shown in Table 2, cor responds  to curves  qp = qp(X) and cf = cf(x) in [1], with 

| 

1 
Q = - / ~  qp(x) dx kcal/m 2. sec, 

e J  
0 

and l denoting the length of the porous plate (l = 0.5 m). Here,  too, cf-*co and qp--*~o at x = 0. A compar i -  
son between var iants  1B and 2 B or  var iants  3 B a n d 4  B indicates that, as the injection rate  B increases ,  

564 



TABLE 1% Variation of Enthalpy H (if/g) and of Temperature T(~ across 
the Height u of a Boundary Layer 

P r ~ S c i ~  1 P r = S c / ~ l  

1B 2 B 3 B 4 B 5 B 6 B I B 3 B 4 B 

0 
0,1 
0,2 
0,3 
0,4 . 
0,5 
0,6 
0,7 
0,8 
0,9 
1,0 

0 
O,l 
0,2 
0,3 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 
b0 
/Z. 

H-10 
T . .10  

--13 88 
865 I 1325 

2134 i 2541 
3554 ] 3389 
5173 4019 

�9 7056 4577 
9223 I 5232 

12016 [ 6238 
15264 I 8112 
17487 12381 
17057 17057 

11430 4631 
13075 575t 
14998 6993 
17039 8314 
19229 9764 
21612 11415 
24252 13382 
27242 15874 
28643 19346 
24713 25119 
18000 18000 
0,77 0,97 

14315 20433 
29622 33647 

27 
946 

2216 
3602 
5127 
6818 
87t4 

11477 
14019 
16108 
17057 

13930 
15543 
17359 I 
19240 I 
21203 I 
23268 ] 
25465 ] 
24410 ] 
22810 
20916 
18000 l 
0 , 6 1 1  
8916 

25693 

H.10 

71 1 373 578 
1773 828 
2868 1149 
4097 1554 
5576 2055 
7414 2670 

10069 3694 
13889 4545 
20128 4728 
17057 3143 

T.10 

8014 13863 
9594 14970 

11366 16107 
13283 17298 
15374 18557 
17721 19900 
20448 21352 
23763 20149 
28050 16739 
34192 126ll 
18000 6000 I 
0,90 0,64 

20128 2954 
84192 21970 

373 
576 
822 

1139 
1538 
2032 
2639 
3660 
4518 
4712 
3154 

146 
2061 
4268 
6475 
8673 

10890 
13097 
15070 
16107 
17144 
18181 

118 I 171 
1770 '1 2324 
3657 I 48i9 
5544 7314 
7431 9809 
9318 ] 12304 

11130 [ 14799 
12893 I 17294 
14656 [ 19789 
16418 19159 
18181 18181 

i 

13817 
14918 
16048 
17233 
18484 
19818 
21261 
20062 
16672 
12568 
6000 
0,64 
2918 

21875 

9615 
12272 
15046 
17943 
20965 
24116 
27400 
29536 
26298 
22494 
18000 
0,68 

14863 
30125 

11993 
14662 
17863 
20094 
22852 
25634 
25810 
24120 
22268 
20234 
18000 
0,54 

10072 
26753 

6998 
9239 

11712 
14452 
17501 
20907 
24728 
29031 
33899 
28043 
18000 
0,81 

20038 
34421 

r Subscripts 1B-6 B denote the following variants under study: 1 B and 2 B B = 0. 067 and 
0.2q respectively,  T.~ = 1-800"K, u ~  = 15 m/see ,  P = 0 .2 ,3  B and 4B B = 0.067 and 
0 .27  respectively,  T.~ = 1800"K, u ~ +  15 m / s e e  P = 0 .2 ,5  B and 6BU~ = 1 5 a n d  100 
m / s e e  respectively,  T ~  = 600*K, B = 0.067, P = 0 .2  

TABLE 2. Variation of Thermal Flux qp(kcal/m z. sec) and of the Fr ic -  
tion Coefficient ef along a porous Plate (x, cm)+ 

1 
3 
6 

I0 
15 
20 
30 
50 
Q.102 

l B 

4188 
2418 
1710 
1324 
108l 
936 
765 
592 

1084 

Cp*102 

2l} 

4111 
2374 
1678 
1300 
1062 
919 
751 
581 

1062 

Pr 4: Sc/ r 1 Pr = Sci ~ 1 

3 B 4 B 

3350 4371 
1934 2524 
1368 1784 
1059 1382 
865 1129 
749 977 
612 798 
474 618 
948 1236 

5 B 

2210["  
1276 
902 
699 
571 
494 
403 
312 
624 

613 1B 

4010 
2315 
1637' 
1268 
1035 
897 
732 
567 

1124 

10732 
6196 
4381 
3394 
2771 
2400 
1959 
1518 
3036 

3 B 

8083 
4667 
3300 
2556 
2087 
1807 
1476 
1143 
2286 

4 B 

10850 
6264 
4429 
3431 
2801 
2426 
1981 
1534 
3068 

i _ _  c: "I04 

I Pr=/-Sci ~1 P r = S c i = I  
x i 

1B 2B 5B 3B t 4B 
I 

1 
3 
6 

10 
15 
20 
30 
50 

224 
129 
91 
71 
58 
50 
41 
32 

97 
56 
40 
31 
25 
22 
18 
14 

3 B 4 B 

238 137 
137 79 
97 56 
75 43 
6t 35 
53 31 
43 25 
34 19 

79 
46 
32 
25 
21 
18 
14 
11 

6 B 1B 

44 255 
25 147 
18 104 
14 80 
11 66 
1~ 57 

46 
6 36 

256 
148 
105 
81 
66 
57 
47 
36 

195 
113 
80 
62 
50 
44 
36 
28 

c f  d e c r e a s e s  a n d  q p  c h a n g e s  v e r y  l i t t l e .  F o r  t h e  g i v e n r a n g e  o f  ]3 (a r a t h e r  n a r r o w  r a n g e ) ,  q p  d o e s  n o t  

d e c r e a s e  w i t h  i n c r e a s i n g  B ,  a s  w o u l d  b e  e x p e c t e d ,  b u t  e v e n  t e n d s  t o  s l i g h t l y  i n c r e a s e .  A n  a n a l y s i s  o f  E q .  

(11)  s h o w s  t h a t ,  w h e n  ]3 i n c r e a s e s ,  t h e  d e c r e a s e  i n  c f  i s  d u e  m a i n l y  t o  t h e  d e c r e a s e  i n  w(0 ) ,  w h i l e  t h e  
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increase in qp (despite the said variation in c0(0)) is due to the combined effect of~ several parameters in 
f 

Eq. (12), which include the temperature gradient Tp. As the rate of hydrogen injection increases, the 
endothermal reaction (b) causes a drop in the surface temperature of the plate Tp and an only negligible 
change in the temperature T.; consequently, the derivative T~ also increases with increasing B. The de- 
crease in cf and the increase in qp with increasing u~ (Table 2) can also be explained in terms of the rela- 
tions (11)-(12), where cf ~ u~ I/2 and qp ~ u~/2. An increase in the porosity of the graphite plate causes a 
decrease in cf, by virtue of the decrease in c~(0) according to (11). Meanwhile, qp varies little as a func- 
tion of P. According to the data in Table 2, cf and qp have higher values when Pr = Sc i = I than when Pr 

Sei # 1. This is explained by an increase of co(0) in (11) (co(0) = u~ 3/2) for cf and by an increase also of 
~pand T, in Table 1 and Fig. 4 for qp (Up is almost the same whether Pr = Sc i =fi~ = I or Pr #Sc i ~1). 
As Too rises (variants 1 B and 5 B in Table 2), qp and cf also increase, as a consequence of a higher COp 
and a lower Reynolds number Re x according to relations (11) and (i2); meanwhile, the ratio kp/pp remains 

almost constant. 

The absolute values of the thermophysical parameters p, p, X, and ~p in Fig. 4 vary appreciably 
across the height of a boundary layer. The values of these parameters are very different for Pr = Sc i 
= = i and for Pr ~ Sc i # 1 respectively. Thus, for p(0), p(P.), and #(I) we have respectively 0.0624, 
0.3602, and 0.2107 (variant 2). Or ~p(0) = 2623.1 J/kg. ~ ~p(~.} = 2019.9 J/kg. ~C, ~p(1) = 1246.2 J/kg 
�9 ~ ~* = 0.80 when Pr = Sc i = I, for instance, but ~p(0) = 2135.3 J/kg.~ ~p(~.) = 1935.2 J/kg. ~ 5p(1) 
= 1246.2 when Pr ~ Sc i #I (variant 4B). The values of p and X across a boundary layer differ by the same 

order of magnitude. 

Thus, the assumption that Pr = Se i = I leads in this case to large departures of calculated thermo- 
physical as well as other heat and mass transfer parameters (cf, qp, CO, Yi, Ji, T, and H) from their re- 
spective exact values. 

X 

Y 
U,V 

R- 

P 
Cp 
X 

U 

Di 
0 
m 

Yi = Oi/P 
N 

Cp = z cpiYi 

P r  = . ~ p / X  
Sci = ~/oDi  
Lei = P r / S c i  
QRi 

T 
h i = .~o epidT + Ai(To) 

Ai(T0) 

NOTATION 

is  the longitudinal coordinate  at the plate surface;  
is the no rm a l  coordinate;  
a re  the components  of the s t r e a m  veloci ty  along x , y  respec t ive ly ;  
is the un iversa l  gas constant;  
Is the pressure; .~ 
is  the specif ied heat at constant  p r e s s u r e ;  
Is  the t he rm a l  conductivity; 
is  the k inemat ic  v iscosi ty ;  
is  the dynamic v iscos i ty ;  
is the diffusivity; 
is  the densi ty (weight); 
is the molecu la r  weight; 
is the concentra t ion  (weight); 

with N denoting the number  of gas components ;  

is the Prandt l  number ;  
is the Schmidt number ;  
is the Lewis number ;  
is  the heat of the chemica l  reac t ion  pe r  unit weight of component  i; 

is the enthalpy of component  i; 

is  the fo rmat ion  enthalpy of component  i a t  t e m p e r a t u r e  To. 

S u b s c r i p t s  

P 

S 

g 
e 

+ 

is the outer  edge of a boundary layer ;  
is the plate surface;  
is  the m a t e r i a l  of a porous  plate with a f i l t ra t ing coolant; 
is the solid mat r ix ;  
is  the gases  inside the porous  plate; 
is  the porous  plate at y - - ~ ;  
is the boundary at y ~ 0 ,  and y ~ - -~ ;  
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1, 
2. 
3. 
4. 

is the reaction zone; 
is the porous plate at y ~ 0 ;  
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