
A TURBULENT IMMERSED AIR WALL JET 

ON A BURNING GRAPHITE SURFACE 

I~. P .  Volchkov and P. V. Nikitin 

The t u r b u l e n t  b o u n d a r y  l a y e r  in  an i m m e r s e d  a i r  je t  t r a v e l i n g  along a b u r n i n g  g raph i t e  
wal l  i s  ana lyzed .  In  o r d e r  to s tudy the heat  and m a s s  t r a n s f e r  and the f r i c t i o n  in  the 
bounda ry  l a y e r ,  a method  of c a l c u l a t i o n  based  on the so lu t ion  of the i n t e g r a t e d  e n e r g y  
and m o m e n t u m  r e l a t i o n s  i s  employed ,  a l lowing for  the c o n s e r v a t i v e  p r o p e r t i e s  of the 
t u r b u l e n t  b o u n d a r y  l a y e r  at the wal l  [1]. 

x - l ong i tud ina l  coo rd ina t e  
y - t r a n s v e r s e  coo rd ina t e  
s - height  of s lot  
5 - t h i cknes s  of b o u n d a r y  l a y e r  
6 '  - d i s p l a c e m e n t  t h i cknes s  
5 , *  - m o m e n t u m - l o s s  t h i c k n e s s ,  
r ve loc i ty  
j - t r a n s v e r s e  m a s s  flow (flux) 
p - dens i t y  
T - t e m p e r a t u r e  
i - to ta l  en tha lpy  

- t e m p e r a t u r e  f ac to r  

N O T A T I O N  

I - en tha lpy  f ac to r  
k - r e d u c e d  c o n c e n t r a t i o n  of 

the i - t h  componen t  
r - t angen t i a l  s t r e s s  
b - p e r m e a b i l i t y  p a r a m e t e r  
C 1 - f o r m  (shape) p a r a m e t e r  
# - dyna mi c  v i s c o s i t y  coe f -  

f ic ien t  

c f  - f r i c t i o n  coef f ic ien t  
~I,- r e l a t i v e  f r i c t i o n  coe f f i -  

c i en t  

I N D I C E S  

w - p a r a m e t e r s  at the wal l ;  0 - p a r a m e t e r s  at the ou te r  b o u n d a r y  of the b o u n d a r y  l a y e r ;  
r  p a r a m e t e r s  ou ts ide  the wal l ;  s -  p a r a m e t e r s  in  the s l i t  (slot).  

1. I n t e g r a t e d  C h a r a c t e r i s t i c s  of the Boundary  L a y e r  at the Wal l .  Let  us  c o n s i d e r  a t u r b u l e n t  s t r e a m  
of gas f lowing out of a s lo t  and t r a v e l i n g  a long the su r f a c e  (Fig.  1). Gas is  d r a w n  in  f r o m  the s u r r o u n d i n g  
space  and m o v e s  with the gas j e t .  The su r f a c e  a round  which the gas is f lowing m a y  e n t e r  into c h e m i c a l  r e -  

ac t ions  with the gas  flow, as  a r e s u l t  of which a t r a n s v e r s e  flow of m a t t e r  Jw = P wWw is c r e a t e d  at the  wal l .  
At the wal l  a "wal l"  bounda ry  l a y e r  5 th ick  deve lops .  At the ou te r  b o u n d a r y  of th is  l a y e r  the ve loc i ty  takes  
i ts  m a x i m u m  va lue  in  th i s  sec t ion :  3Wx/0y = 0. 

Let  us  i n t e g r a t e  the  equa t ion  of mo t ion  of the bounda ry  l a y e r  a long the y axis  f r o m  y = 0 to y = 6 

Ow 0% a~ (1.1) 
p w x ~ + p w ~  ay = a--y 

a l lowing for  the con t inu i ty  equa t ion  

Opw~ Opwy (1.2) 
o5 + oy = 0  

N o v o s i b i r s k .  T r a n s l a t e d  f rom Z h u r n a l  P r i k l a d n o i  Mekhanik i  i Tekhn ichesko i  F iz ik i ,  No. 1, pp. 60-  
67, J a n u a r y - F e b r u a r y ,  1971. Or ig ina l  a r t i c l e  submi t t e d  Ma r c h  3, 1970. 
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Fig.  1 

and the boundary conditions for  the layer  under considerat ion 

T=0, w~=Wo=l(x) 

(y =.  O) 

( v  = ~) 

Fig.  2 

(1,3) 

As a resul t  of this we obtain the integrated momentum equation of the boundary l ayer  at a permeable  
wall in an i m m e r s e d  jet:  

dX + i + - ~  ~** Wo dX 2 
2"r: w 

Wo= w-2-~ X z c I ~ = - - - -  (1.5) 
w s ' = - E "  ' poWo ~ 

o eo.~o- do, powo \. powoCf,  (1.6) 

Here 6 *, 6 .*  a re  the displacement  thickness and the momentum- loss  thickness of the boundary layer ,  
respect ively;  cf: is  the local  coefficient of fr ict ion calculated f rom the maximum velocity in the c ros s  s e c -  

i 
tion under considerat ion,  and b I is the permeabi l i ty  pa rame te r  of the wall. 

The viscosi ty  of the gas at the outer boundary of the wall boundary l ayer  may,  in general ,  vary.  In 
the integration equation (1.4), however,  on t ransforming to dimensionless  quantities it is convenient to use 
a constant v iscos i ty  value, since this enters  under the sign of the differential.  In the case  under cons ide ra -  
tion we there fore  used the viscosi ty  of the gas in the slot .  The Reynolds numbers  based on the momentum-  
loss  thickness and slot, respect ively ,  may  accordingly be defined thus: 

powo6** pswss 
R * *  = - -  B s  

P's ' P's 

For brevity we may write 

8* 5 
C z = i +  ~** 5** (1.7) 

In order  to solve the integrated relat ionship (1.4) we require  the law governing the change in the maxi -  
mum velocity with length, the law of friction, the permeabil i ty  factor  bi, and the form pa rame te r  C 1. 

1. In an i m m e r s e d  fiat jet propagating in a space filled with gas of the same density {Ps = P ~  the 
maximum velocity var ies  in accordance  with a power law [1, 2] 

Wo = C2X~ (1.8) 

2. We take the law of fr ict ion in the wall boundary layer  in the form [3, 4] 

~ ( , r :  ( c , ,  .. <1.9) 
2 - -  \ tz~ / \. Cfo /•** ~ \ So / R T  

Here #w is the dynamic viscosi ty  at the wall, ~ is the relat ive law of heat and mass  t r ans fe r  and f r i c -  
tion; for developed turbulent flow [3], with R** < 104, we have A = 0.0128, m = 0.25. 
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In a uni form,  subsonic  boundary l aye r ,  when the wall t e m p e r a t u r e  is g r e a t e r  than the t e m p e r a t u r e  of 
the c i rcumfluent  gas  (~q > 1), the l imit ing re la t ive  Iaw may  be used [3] 

4 ] ' "  F -l 'q " 

Here i w and i 0 are the total enthatpies of the gas at the wall and at the outer boundary of the wail 
boundary tayer. 

3. I f  the chemical reactions at the wall  take place in the diffusion mode (in which the process is de- 
termined by the r a t e  of diffusion and not by the veloci ty  of the chemica i  react ion) ,  the pe rmeab i l i t y  p a r a m -  
e t e r  b 1 m a y  be e x p r e s s e d  in t e r m s  of the reduced  weight concentra t ions  of the chemica l  e l emen t s  enter ing 
into the reac t ion  [5, 6]. The reduced concentra t ion is  the concentra t ion of the chemica l  e lement ,  indepen-  
dently of the s ta te  in which it occurs  (free o r  in a chemica l  compound).  

In the case  of the in te rac t ion  of graphi te  with the oxygen in a gas  s t r e a m ,  which leads to the reac t ion  

C + 0 -+ CO (1.11) 

at the wall  (T w >_ 1500~ the pe rmeab i l i t y  p a r a m e t e r  is de te rmined  [5, 6] f r o m  the reduced  concentra t ions  
of the oxidizing agent K(0) and the reduced  concent ra t ions  of the ca rbon  K(C) 

K (0)o bl 
b, -- K(0)~ - - l ,  -- K (C)~ (1.12) 

1 +b l  

For  the diffusion mode  of combust ion,  when the reac t ion  (1.11) takes  place at the wall,  we have 

K (C)w = W~sK (CO).,, K (0)~ = 16/2sK (CO)., (1.13) 

Final ly,  f r o m  Eqs.  (1.12) and (1.13) we obtain an express ion  for  the pe rmeab i l i ty  p a r a m e t e r  

K (c)~ 3 
bl -- g (0)w K (0)~ = --~K (0)0 (1.14) 

Equation (1.14) is obtained subject  to the condition of s im i l a r i t y  between the h e a t - a n d - m a s s - t r a n s f e r  
and f r ic t ion p r o c e s s e s ,  i .e . ,  �89 = Si. Thus,  for  a s t r e a m  of a i r  propagat ing in a space  fi l led with a i r ,  
K(0) 0 = 0.232, 

L~ i~,, 2 = 0.173, $1= L,, 
bl = ~ = po~'~ c~ ~..~,Job-----T (I.15) 

Here  S 1 is the Stanton diffusion number ,  ca lcula ted  f rom the veloci ty  at the outer  boundary  of the wall  
boundary l a y e r .  

4. It  was  shown in [1] that,  when gas flowed around an i m p e r m e a b l e  wall  under  i so the rma l  conditions,  
the f o r m  p a r a m e t e r  C 1 = - 8. Let  us find how the exis tence  of nonisothermal  conditions and pe rmeab i l i t y  
of the wall  affect  C 1. Fo r  this purpose  we shall  analyze the changes taking place in the in tegra ted  c h a r a c -  
t e r i s t i c s  of the boundary l aye r  

I 1 

6" P o dl], o (I -- 03) d, 1 5 = 1 -  P0 " ~ - - =  (1.16) 
0 0 

Here  r = Wx/W0, r/= y / 5 .  

The densi ty  dis t r ibut ion over  the c r o s s  sect ion of the boundary l a y e r  m a y  be found f rom the equation 
of s ta te  of an ideal gas ,  and f rom the condition of s imi l a r i t y  between the veloci ty  and t e m p e r a t u r e  prof i les  
in the wall  boundary l aye r  [3] 

P0 T _ _  z0 
P = ~ §  ~ =  T0 (1.1'0 

Taking w = ~? I/I and in tegra t ing Eq. (1.16), allowing fo r  (1.17), we have 

6 
8* 7 (-iy~ ~ 

,,+~ ] (1.1 8) 
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- y - = 7 [ ~ l n , ~ -  (i--,p1" ~--0 (-')~t~" -~ = ( 7 _ v ) ( ~ - ~ _ ~ : r  ] , (1.19) 

In o r d e r  to ana lyze  the  inf luence of m a s s  t r a n s f e r  at  the i m p e r m e a b l e  wall  on the i n t eg ra t ed  c h a r a c -  
t e r i s t i c s  of the boundary  l a y e r ,  we m a k e  use  of the ve loc i ty  prof i le  obta ined fo r  this  c a s e  in [7], with p = 
cons t  

co = 1 - -  ] / ~  -~ b (1 --  (Oo) + 1/4b (1 - -  coo) ~ (1.20) 

Here  w 0 = ~?$/~ is  the ve loc i ty  d i s t r ibu t ion  in an i s o t h e r m a l  boundary  l a y e r  at an i m p e r m e a b l e  p la te .  
In this  c a s e  the r e l a t ive  law of  m a s s - a n d - h e a t  t r a n s f e r  and f r i c t i on  [7] is 

~F = ( t -  1/~b)~ b = b~"F = /~' 2 (1.21) 
poW0 c]o 

Then f r o m  Eqs .  (1.16) and (1.20) we find the dependence  of the in t eg ra t ed  c h a r a c t e r i s t i c s  of the bound-  
a r y  l a y e r  on the inf low 

8' i ( b '~ (1.22) 
6 - - ~ -  V ~  + b - -  -~-] 

- = -g- ~ + b - -  --  (LF + b) + ~ 5280 (1.23) 

In F ig .  2, c u r v e  1 r e p r e s e n t s  the dependence  of the f o r m  p a r a m e t e r  C i on the n o n i s o t h e r m a l  f a c t o r  
(for b = 0) and on the inflow (or b las t )  (for r = 1); c u r v e  2 is  ca lc t~a ted  f r o m  Eqs .  (1.16)-(1.23).  

T o g e t h e r  with the law" of  f r i c t ion  (1.9), the i n t eg ra t ed  m o m e n t u m  r e l a t i o n  (1.4) g ives  a l i nea r  d i f f e r e n -  
t ia l  equat ion.  

In gene ra l  f o r m ,  the solut ion of  this  is 

X 
m ~ [ D $ $ T ; s z C I , , I §  R** = w ;  ~, [a  (~ + t) R, f w~'(~+'+' (~ + b,) �9 ( ~,,' ) ~x T ~,, , ,o ,~o j (1.24) 

\t~s i Xo 

For b = const, and with a constant wall temperature, ~I, = const. In the main region of the flow (X >> 
X 0) we then obtain the following from Eq. (1.24) with due allowance for (1.8). 

aC,(m+t) + a + l  - -~- - /  J (1.25) 

Let  us subs t i tu te  Eq.  (1.25) into the law of  f r i c t ion  (1.9); us ing the r e l a t ion  S~ = �89176 we f inal ly  
obtain:  

s l =  A~ [ , , c , ( , , +  ~ ) + , , + f f '  , ( ~,,~ ~,, . ~ _ s  
[ A ( m - F i )  t ts"F( t+b, )C~X"* I ]n .P e'~ \ -~s  J ' n =  m - l - t  (1.26) 

For practical calculatinns i t  is more convenient to use the Staaton number, which is determined from 
the parameters in the slot. In this case, 

, i~, S 1 W o  = S 1 C ~ X  a (1.27) 
~ 2  -~" p w s b l  - -  

2. E x p e r i m e n t a l  Inves t iga t ion .  E x p e r i m e n t s  w e r e  c a r r i e d  out in an appa ra tu s  p rov id ing  fo r  the i n -  
duct ive  heat ing of a g raph i t e  channe l .  A c o m p t e t e  de sc r i p t i on  of  the appa ra tus  was  given in [5]. The a r -  
r a n g e m e n t  of the  work ing  pa r t  in which the e x p e r i m e n t s  w e r e  conducted  is shown in F ig .  3. As work ing  
p a r t s  we used  cy l ind r i ca l  s a m p l e s  1 with an in te rna l  d i a m e t e r  of 41 ram,  an ex te rna l  d i a m e t e r  of 60 ram, 
and a length  of 190 ram.  The s a m p l e s  w e r e  m a d e  of  g raph i te  with a dens i ty  of  ~/= 1895 k g / m  3. 

An a i r  je t  wa s  p a s s e d  into the channel  t h rough  an annu la r  tangent ia l  s lo t  s = 2.08 m m  wide f o r m e d  by 
two coaxia l  nozz l e s  2 and 3. F r o m  the su r round ing  s p a c e  a i r  was  d rawn  into the c h a m b e r  t h rough  the inner  
nozz le  3. The gas  f r o m  the channel  was  expel led  into the a t m o s p h e r e .  The f low of a i r  pa s s ing  into the s lo t  
was  m e a s u r e d  by m e a n s  of f i o w m e t e r s .  The t e m p e r a t u r e  of the a i r  r e m a i n e d  p r a c t i c a l l y  the sarae  in all 
the e x p e r i m e n t s :  Ts  = Too ~ 290~ 
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F i r s t  we made a number  of cal ibrat ion experiments  under i so thermal  conditions in the absence of 
chemical  react ions at the wall. The aim of these experiments  was that of obtaining the charac te r i s t i c s  of 
the wall jet and comparing with existing data. In the experiments  the Reynolds number  with respec t  to the 
slot R s var ied f rom 3.6 �9 103 to 17 �9 103, which corresponded to a change in velocity Ws f rom 26.2 to 124 m /  
sec.  As a resul t  of the ejection of a ir  f rom the surrounding space the relat ive velocity was Ws/W~ = 3.8-4. 

The velocity profiles of the jet were measured  under isothermal  conditions by means  of a total-head 
tube. The tube had an elliptical c r o s s  section 0.25 mm high and 1 mm broad.  This was introduced into the 
channel through a groove 10 mm wide. The measurements  were made at the opposite wall. The tube was 
moved in the ver t ical  and horizontal  directions by means of a locating sys tem with a scale division of 0.05 
I I lm .  

We shall now give the resul ts  of the measurements  and also present  a compar ison  with exper iments  
on a wall jet at a fiat plate [2]. in Fig.  4, the curve represen t s  the Glauert velocity profile [8] in a wall jet; 
the points 1, 2, and 3 (measurements  in the tube) and points 4 and 5 of [2] (measurements  at a plate) c o r -  
respond to the following pa rame te r s :  

Points i g a 4 s 
X = tl..3 56.9 32.7 9.6 73 
ws = 26.2 48.8 124 30.2 64.4 m/sec 

Wo = 28.5 3t 93 32.6 28.7 
Yx= 3.3 i0~5 6.8 2.16 i0.9 mm 

We see that the velocity profiles of the wall jet obtained in the present  investigation for  flow in a tube 
(s /D 0 = 0.0508) are  in excellent agreement  with the velocity profiles in a plane jet [2, 8]. The t r ansve r se  
coordinate Yl in Fig.  4 corresponds  to the point at which the velocity equals half the maximum value in the 
section under considerat ion.  

The experimental  resul ts  obtained by measur ing the maximum velocity of the wall jet in the tube 
c losely  follow the relat ion 

W o = 3 . 6  X -~ (2.1) 
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obtained in [2] for plane flow over  a relat ive inflow velocity range of 3 < Ws/V~ < 9. Evidently in the p r e s -  
ent case (for s / D  0 = 0.0508 and x / D  0 -< 5) the t r ansve r se  curvature  has no ser ious  effect on the c h a r a c t e r -  
is t ics of the wall jet, and the flow in this is s imi lar  to that of a plane jet.  

We also studied the heat and mass  t r ans fe r  in a wall a i r  jet at the burning surface of a cyi indrical  
graphite chamlel. In this case  the graphite sample 1 (Fig. 3) was heated to Tw = 1900-2000~ by means of 
an inductor 4 attached to a high-frequency genera tor .  This cor responded to a slight change in the enthalpy 
factor  8.3 -< ~l -< 8.7. The tempera ture  of the graphite wall was measured  with an OPPIR-017 optical 
pyromete r .  The nonuniformity in the tempera ture  distribution along the wall (from 30 to 170 ram) was no 
g rea te r  than 6%. For  a wall t empera ture  of T w > 1500~ react ion (1.11) passed into the diffusion mode. 
During the heating of the graphite channel to the working tempera ture ,  and also during the cooling period 
at the end of the experiment ,  an iner t  gas (nitrogen or  argon) was passed through the slot into the channel, 
and the inner nozzle 3 was tightly c losed with a shaped s topper .  This was done to eliminate the possible 
combustion of the surface  while heating and cooling. When the sample had been heated to the required t e m -  
perature ,  the stopper was taken away f rom the nozzle 3 and air  was passed into the slot instead of the inert  
gas .  

During the exper iment  (~ = 80-200 sec), a 1-2 mm thickness of graphite was ca r r i ed  away. After  the 
experiment  the sample was cut into cyl indrical  sections 10 mm wide. The thickness of combustion was de-  
termined by measur ing  the initial and final internal d iameters .  The final internal d iameter  was measu red  
on a compara to r  with a scale division of 1 ~ .  

The mass  flow of mater ia l  in the wall was determined f rom the relat ion 

L~, ~-- 8~ [(D* - -  Do) T ( 2 . 2 )  
2T 

Here 5 
ing time, D* is the final diameter ,  and D O is the initial d iameter .  

The experimental  values of the Stanton c r i te r ion  were  calculated f rom the equation 

p~w,b, (2.3) 

where the value of the pa ramete r  b 1 was determined f rom (1.15). 

In o rde r  to c a r r y  out a calculation on the basis  of Eqs.  (1.26) and (1.27) we must  know the law of 
variat ion of the maximum velocity and the value of the form pa ramete r  C 1. Under the conditions of the ex-  
per iments ,  the permeabi l i ty  pa r ame te r  was smal l :  b = bl~I, < 0.1. The value of C i ~ - 11 is determined 
f rom Fig.  2 as a function of the nonisothermal  pa r ame te r  r only. Then, using this value of C l and the law 
of variat ion of the maximum velocity (2.1), we obtain f rom Eqs. (1.26) and (1.27): 

s R ~ o,1  ( (2.4) 
~ = X~176 ~s / 

In this case ,  ~ is determined f rom Eq. (1.10), and it is  assumed that the Prandt l  and Schmidt numbers  
are  equal. Figure 5 shows the intensity of combustion jwl0 ~ (kg / sec  �9 m 2) of the graphite along the length 
of the channel xl03 (m) in an i m m e r s e d  wall jet of air  for thr-ee different velocit ies in the slot. Two exper i -  
ments were made in each mode. The points 1, 2, 3, 4, 5, 6 cor respond to the following values of the p a r a m -  
e te r s :  

Poin~ 1 $ z ~ ~ a 

w s =  1t4 I13.4 59.6 72.7 27.4 25.95 
T w = i923 1928 t938 1988 i997 t959 

Curves 7, 8, 9 in Fig.  5 are  calculated f rom the equation 

] w -  0"t2blPsWs~~ ( ~w ~0.2 
xo.~ a~.~pO.o , " ~ - /  (2.5) 

for velocit ies in the slot  of, respect ively ,  114, 66, and 26.7 m / s e c .  

The same experimental  data are  presented in Fig. 6. We see that on analyzing the data in this way 
the resul ts  cor re la te  excellently. The notation of the experimental  points 1, 2, 3, 4, 5, 6 is the same as in 

is the thickness of the burned layer  of graphite,  y is the density of the graphite,  T is the bu rn -  
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Fig.  5. The continuous line 7 is based  on a calculat ion by Eq. (2.4) with ~l = 8.5. Fo r  compar i son  we also 
show the calculated curve  8 under  i so the rma l  conditions with ~1 = 1. We see  that the depar tu re  f rom i so -  
t he rma l  conditions in the p re sen t  case  reduces  the intensity of m a s s  and heat  t r a n s f e r  by more  than a fac tor  
of two by compar i son  with i so the rma l  c i rcumfluence .  
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