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

- LIQUID COOLING OF DISCHARGE-CHAMBER WALLS OF 

AN ELECTRIC-ARC HEATER 

G. L .  D o b r o e d o v  a n d  V. I .  K r y l o v i c h  UDC 536.12:533.9.15 

The ar t ic le  p r e sen t s  a theore t ica l  calculation of the t empera tu re  prof i les  and opt imal  th ick-  
nesses  of porous  and solid cooled wal ls ,  which provide a s t eady-s ta te  operat ion of an e l e c -  
t r i c - a r c  hea te r  with t ransp i ra t ion  compress ion  of the a r c  and combined cooling of the d i s -  
c h a r g e - c h a m b e r  walls .  

To increase  the p a r a m e t e r s  of a l ow- t empe ra tu r e  p lasma  jet  ( tempera ture ,  enthalpy) produced by 
means  of e l e c t r i c - a r c  hea t e r s ,  var ious  methods of s tabil izat ion (compression)  of the e lec t r i c  a r c  a re  used. 

The idea of s tabil izat ion consis ts  in creat ing conditions under which the vo lumet r ic  h e a t - r e I e a s e  ra te  
in the d ischarge  chamber  would be maximum.  A ser ious  difficulty a r i s ing  in this case is the lack of m a t e -  
r i a l s  able to withstand the enormous  heat  loads which the walls  of the discharge chamber  exper ience .  The 
use of forced water  cooling of the d ischarge  chamber s  p e r m i t s  abs t rac t ing  heat fluxes up to about 10 kW 
/ c m  2, which imposes  l imitat ions on the poss ib i l i t ies  of e l e c t r i c - a r c  hea te r s .  

The method of t ransp i ra t ion  cooling of the d ischarge  chamber  wall of the hea te r  by blowing a coolant 
through pores  in the wall makes  it poss ib le  to e l iminate  the l imitat ion indicated above,  but to provide r e l i -  
able heat protect ion of the d i s c h a r g e - c h a m b e r  walls ,  the flow ra te  of the working gas requi red  is such that  
the resu l tan t  m e a n - m a s s  p a r a m e t e r s  ( t empera ture ,  enthalpy) of the escaping jet  a re  about the same  as with 
wa te r  cooling. 

Here  we will consider  the p rob lem of not pure ly  t ransp i ra t ion  cooling but combined t ransp i ra t ion  
- l i q u i d  cooling in which pa r t  of the heat  flux will be re turned  to the main flux by the injected working gas 
and pa r t  will be abs t r ac t ed  by forced wate r  cooling. The use of this method p resupposes  a s imul taneous 
improvemen t  of the conditions of a r c  stabil izat ion and cooling of the d i s c h a r g e - c h a m b e r  walls  of the hea te r .  
In compar i son  with pure ly  t r ansp i ra t ion  cooling, the requi red  flow ra te  of the working gas will be s m a l l e r ,  
which will increase  the output p a r a m e t e r s  of the jet.  

The mathemat ica l  s ta tement  of the p rob lem consis ts  in an investigation of heat  t r an s f e r  in a b i layer  
cyl indrical  wall,  one l ayer  of which is porous  and the second is solid (Fig. 1). The heat  flux is de l ivered  
to the inside surface  of the wall  and the outside sur face  is bathed by the cooling medium. Channels con- 
ducting the working gas to the porous  l ayer  a re  made in the solid layer  at the site of contact.  

It is n e c e s s a r y  to obtain the express ion  for  de termining  the optimal  th icknesses  of the l aye r s  and 
express ion  for the t e m p e r a t u r e  prof i les  in both l aye r s  and to calculate the external  heat  t r a n s f e r  a c c o m -  
pl ished by liquid cooling. 

Calculation of the Porous  Inser t .  We will consider  the s t eady-s t a t e ,  one-d imens ional  case of heat 
t r a n s f e r  in a porous  cyl indrical  wall  during movement  of the coolant in the pores  of the wall.  The equation 
of the rma l  conductivity in the given case has the fo rm [5] 

d2t dt 
r - - + ( l + e )  = 0 ,  (1) 

dr ~ ~r  

where ~ = egJcgr0/Zef is a d imens ion less  p a r a m e t e r .  In Eq. (1) the t e r m  with p a r a m e t e r  a r e p r e s e n t s  the 
change of enthalpy of the cooling gas.  The effective the rma l  conductivity )tef for meta l l ic  porous  ma te r i a l s  
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Fig. 1. Bi layer  porous  
diaphragm (cross s ec -  
tion). 

o r  

manufactured by sintering for a known value of the volume port ion of voids 
V can be de te rmined  by the formula  [1] 

~ef = /~m 1 ~ (V + 0.523) I/3 
0,242 (V + 0.523) us 

The solution of Eq. (15 for boundary Conditions 

t l,=r , :- t,, - -  kef d~ : qo 
t b f  

r = r  0 

has the for m 

(2) 

t = tl + qor.~ o _[{ re I s (  r_q_o l e ] . 
~ef~ L\ r ] \ rl / J (3) 

The thickness of the porous  inser t  h = r l - r 0 ,  providing s teady-s ta te  o p e r a -  
tion, can be found f rom the condition t(r0) = t2, where t 2 < trap; trap is the 
melt ing point of the mate r ia l  of the inser t  (for example ,  the melt ing point 
for porous  metal) .  Denoting t 2 - t  1 = At, we find f rom Eq. (3) 

re (4) 
rl = V 1 - -  At CgjcgJqo 

i -  AtogQ/qo (5) 
h = re r  - -  atCg og/qo 

In the case when AtgJcg/q0 << 1, which will occur  for  cer ta in  operat ing conditions of the e l e c t r i c - a r c  hea te r ,  
we can obtain s imple r  fo rmulas  by expanding (4) and (55 in se r i es :  

rl = re + At~'e-----s ; 
qo 

h =  AD.ef 

qo 

Calculation of Tempera tu r e  Prof i les  in D i scha rge -Chamber  Wall and Thickness  of the Shell of the 
WaterLCooling System. We will consider the s imultaneous solution of the following two p rob l ems  (see 
Fig. 15: 

a) the p rob lem of cooling a porous  cylinder in the p resence  of the injection of the working gas:  

d2tz + ( I  ~ e )  tit1 = 0 ,  ro- .<r~ q,  
r dr--- ~ , " dr (6) 

tl I r = r ,  = Trap ; 

b) the p rob lem of heat  t r an s f e r  in a cyl indrical  wall  (solid) on the inside surface  of which a re  made 
channels for conducting the working gas to the porous  layer :  

d (r dQ ~ = 0 ,  q < r < r v  
- ~ r .  dr ] (7) 

t~ it-r, = Tb 

The conditions of coupling the p rob lems  on the boundary r = r 1 a re  as follows: 

tl lr=r, ----- Q ]r .... 
dt 1 dt~ . (8) 

Lef ~ . . . .  ~--- ~'ef dr r=r, 

The equivalent t he rma l  conductivity Aeq for the solid cooled wall is calculated with considerat ion of the a r ea  
of its contact with the porous  wall (with considerat ion of the the rma l  r e s i s t ance  of the contact [6]). 

The solution of p rob lems  (6)-(75 with considerat ion of coupling condition (8) gives the following e x p r e s -  
sions for the t empe ra tu r e  profi le  in the b i layer  wall of a discharge chamber  of an e l e c t r i c - a r c  hea te r :  

358 



t t = Trap 4 aT (ro e - -  r -e) 

~eq r~ \ r o / 

AT In r 
q = Tb + X~f.. r~ (10) 

Leq r= \ Q / 

The formula for the thickness h 1 = r 2 - r  ~ of the cooled wall can be obtained from Eq. (9) with the use of con- 
dition: 

- -  X dt l  
ef ~ r = r ,  ~ -  qO" 

After uncomplicated mathematical  t ransformat ions  we obtain the expression 

(11) 

Calculation of External Heat Transfer .  External  (liquid) cooling of the discharge chamber of the 
e l e c t r i c - a r e  heater  is accomplished by pumping the cooling liquid through the slotted channel of the wall 
being cooled. To calculate external heat t ransfer  we must determine the value of the hea t - t r ans fe r  coef-  
ficient for given values of the quantities determining the conditions of heat t ransfer  and calculate the flow 
velocity of the liquid in the cavity of the cooling jacket and required flow rate of the cooling medium. 

If the inside surface of the discharge chamber absorbs  the heat flux q0, the flux 

qst = q o \  q ] \ r~ ] 

will penetrate to the water -cooled  surface (wall). This expression can be obtained easi ly by using only the 
expressions for the temperature  profi les in the wall (9) and (10) and the condition 

- - Z  dt  
- -  ~ qo" 
dr r=ro 

The value of the hea t - t r ans fe r  coefficient o~ needed for providing abstract ion of the heat flux is determined 
from Newton's law: 

a =  ( t j - - t ~ ) - "  (13) 

The tempera ture  of the cooled surface,  tf, should not exceed the boiling point of the cooling liquid at a 
known p res su re  in the system. Otherwise the phenomenon of "film" boiling will occur in the system, 
markedly affecting adverse ly  the conditions of heat t ransfer  and result ing in local overheating of the wall 
and consequently in destruction. 

To determine the flow velocity of the cooling fluid necessa ry  for heat t ransfer ,  we use the empir ica l  
relation obtained in [2] for straight and smooth pipes: 

~o.so~o4a( Pr] /~ 
Nu s = 0.021 ute t err" \ pr w / " (14) 

When l /deq < 50 (deq is the equivalent diameter  of the channel; 1 is its length) heat t ransfer  occurs  some-  
what more intensely and therefore a must  be multiplied by a correct ion factor q [3]. Fur ther ,  to take into 
account the curvature of the pipe charac te r i s t ica l ly  affecting an increase of the hea t - t r ans fe r  coefficient, it 
must be multiplied by a correct ion factor  

e a = 1 + 1.77 deq 
R ' 

where R is the radius of an annular channel. With consideration of all the aforementioned comments we 
can obtain the following formula for calculating the average velocity of the cooling fluid: 
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The opt imal  flow ra te  of the cooling fluid through the c ross  section of the cavity 81 is found f rom the f o r -  
mula: 

6 = p~S. (16) 

In this a r t i c le  the p rob lem is solved on the assumpt ion  that Cg and Xef a r e  constants .  In rea l i ty  heat  
capaci ty  and the rmal  conductivity a re  functions of t empe ra tu r e ,  but for small  t e m p e r a t u r e  d i f ferences  in a 
porous inser t  (of the o rde r  of 300-350~ in our case) the e r r o r  caused by the given simplif icat ion does not 
exceed 7-8%, which is complete ly  acceptable  for hea t -engineer ing  calculat ions.  

Cg 

Jcg 
r 0 
~m 
r l  
r2 

q0 
AT 
h 

Tb 
Trap 
hi 

qs t  
Re and P r  

N O T A T I O N  

[s the heat  capaci ty of the cooling gas; 
is the specif ic  flow ra te  of cooling gas through the inside sur face  of the diaphragm; 
ts the inside radius  of the porous diaphragm; 
Ls the the rma l  conductivity of the diaphragm mater ia l ;  
ts the outside radius  of the porous  diaphragm; 
is the outside radius of the cylinder being cooled; 
ts the t he rma l  flux to inside surface  of the porous diaphragm; 
ts the t e m p e r a t u r e  difference on the b i layer  wall; 
is the thickness of the porous  diaphragm; 
Ls the boiling point of the cooling medium; 
is the melt ing point of the ma te r i a l  of the porous diaphragm; 
[s the thickness of the wa te r -coo led  wall; 
~s the the rma l  flux to the wa te r -coo led  wall; 
a r e  d imensionless  numbers .  

S u b s c r i p t s  

f and w indicate the quantity pe r ta ins ,  r e spec t ive ly ,  to conditions in an undisturbed flow and on the 
surface  of the body. 
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