
WAYS OF INCREASING THE ENERGY USE FACTOR IN PLASMA 

SPRAYING 

S. P. Polyakov UDC 621. 793 

It is shown theoretically that a jet energy use factor of up to 45% can be obtained 
in plasma spraying. 

The energy use factor (EUF) in the spraying and treatment of a disperse powder in a plas- 
ma is very low, 2-10% [1-2]. Therefore, investigators and manufacturers have before them the 
problem of increasing it. Let us theoretically estimate the ideal EUF for powder heating in 
a plasma, From simple physical considerations it is clear that heat transfer from the plasma 
to powder particles will proceed until the heat flux from plasma to particle is no greater 
than or equal to the heat flux emitted by the powder particles: 

~;(T~--Tp}~o~T~. (1) 

It is seen from (i) that heat transfer from the plasma to powder particles will proceed 
if 

T'~Tp(  ffGTa ~ i ) .  \ ~z; (2) 

This is one of the necessary conditions. 

By analogy with the equation for the efficiency of an ideal heat engine, we write the EUP 
for powder heating in a plasma jet, 

~h = 1 -- Tg Tg (3) 

From (2) and (3) we get 

n,<-yf 1 -  (4) 

The EUF will always be less than the right side of Eq. (4), since when the amounts of energy 
emitted and absorbed by a powder particle are equal, the heat flux to it becomes equal to ze- 
ro. Consequently, one must always keep in mind that 

Tv ( e~rpcT~) " 
~h < -~g 1--  Bi)~p (4 ' )  

Calculations were made from (4) for Tg = 4000-8000~ a = 0.1-2.0 W/cm2.deg, and Tp = 

1000-4100~ The results of the calculations are shown in Fig. i. As seen from the figure, 
a change in the coefficient of heat transfer does not affect the EUF at a plasma-jet tempera- 
ture of up to 4000~ for particles of a powder with a melting temperature of less than 2000~ 
The jet temperature has considerable influence on the EUF. To increase the EUF one must in- 
crease the jet temperature as much as possible and eliminate heat losses. It is also seen 
from Fig. 1 that low-temperature jets are not suitable for spraying materials with a high 
melting temperature. 

Under actual spraying conditions there is a decrease in EUF owing to the decrease in the 
average-mass temperature of the jet as it mixes with the cold gas of the surrounding medium 

Dnepropetrovsk Metallurgical Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, 
Vol. 44, No. 6, pp. 1000-1003, June, 1983. Original article submitted February 8, 1982. 

0022-0841/83/4406-0689507.50 �9 1983 Plenum Publishing Corporation 689 



40 

20 

t 

! 

2 

, - -  3i 

2 8 T lO -'z 

j, 7 

/ 
jl 

4y ~ ~ ~tO- ~ 

Fig. 1 Fig. 2 

Fig. i. Variation of the ideal use factor for jet energy as a func- 
tion of particle surface temperature for different coefficients of 
heat transfer at plasma temperatures T_ l = 8, 6, 5 and 4"i03~ (a, 
b, c, and d); 0, I, 2, 3) ap = 0.i, 0.g, 1.0, and 2.0 W/cma.degK; n, 
%; T, ~ 

Fig. 2. Relative flow rate of AI20a as a function of air-plasma tem- 
perature: i) calculation from (Ii); 2) from (12). 

and with the gas transporting the powder, and due to heat losses to the walls during discharge 
into the reactor. 

In this case the average plasma temperature can be estimated from the equation 

Tg = IU~h--Np 
GgCpg @ GtCpt q-GmCpm (5) 

Dur ing  s p r a y i n g  the  f low r a t e  o f  p o w d e r - t r a n s p o r t i n g  gas i s  G t y ( 0 . 2 - 0 . 5 ) G g  and t h a t  of  
the mix ing  gas i s  G m = ( 0 . 5 - 0 . 9 ) g g  [ 7 ] .  C o n s e q u e n t l y ,  f o r  an a i r - p l a s m a  j e t  d i s c h a r g i n g  i n t o  
the  open a t m o s p h e r e ,  the  t e m p e r a t u r e  d e c r e a s e  due to  the  mix ing  gase s  can r e a c h  &T = 800-  
L000~ a t  4000~ and &T = 1200-1800~ a t  Tg = 5000~ ALthough in  t r a n s p o r t i n g  the  powder 
t h r o u g h  s u p p l y  l i n e s  one must m a i n t a i n  the  gas f low r a t e  a t  a c e r t a i n  l e v e l ,  one can d e c r e a s e  
g t r i g h t  a t  t he  i n l e t  to  the  p lasma j e t  by d i v i d i n g  the  powder and gas i n t o  two s t r e a m s  
t h rough  t h e i r  s e p a r a t i o n .  

To d e c r e a s e  t he  amount o f  gas  mix ing  i n t o  the  p lasma j e t  f rom the  s u r r o u n d i n g  medium i t  
must be " i s o l a t e d . "  Such " i s o l a t i o n "  can be a c h i e v e d  t h r o u g h  a s h a r p  change  i n  v i s c o s i t y  a t  
the j e t - - g a s  b o u n d a r y  by o r g a n i z i n g  the  l a m i n a r  f l ow or  d i s c h a r g i n g  the  j e t  i n t o  a p lasma r e a c -  
t o r  w i t h  w a l l s  h e a t e d  to  900-1000~ or  by c r e a t i n g  a comoving s t r e a m  of  h y d r o c a r b o n  f u e l  or  
a n o t h e r  p r o t e c t i v e  e n v e l o p e  a round  the  j e t .  

To c l a r i f y  the  ways of  i n c r e a s i n g  t he  c o e f f i c i e n t  of  h e a t  t r a n s f e r ,  we w r i t e  [3] 

~ %oUyt~k/6. (6) 

As i s  seen  from (6 ) ,  a t  a c o n s t a n t  p r e s s u r e  6, U, and y w i l l  a c t  most  e f f i c i e n t l y  on ap.  
To i n c r e a s e  y one must change  to  p o l y a t o m i c  gase s  such as n ~ t r o g e n ,  ammonia, a i r ,  a i r  + h y d r o -  
c a r b o n s ,  w a t e r  v a p o r ,  COs, e t c .  As i s  known, i n c r e a s e s  i n  U can be a c h i e v e d  o n l y  w i t h  an i n -  
c r e a s e  i n  Tg. Other  c o n d i t i o n s  b e i n g  e q u a l ,  a change  i n  6 can a c t  e f f i c i e n t l y  on Up. I t  i s  

possible to decrease ~ by imposing acoustical oscillations on the plasma [4-5]. 

As follows from Fig. I, ap has a significant effect on the EUF only in the spraying of 
powders with a melting temperature of more than 25000K, i.e., for oxides, carbides, and ni- 
trides. The low EUF in the plasma application of coatings indicates the poor organization of 
the process in existing plasma sprayers. 

In analyzing Fig. i, one can also conclude that to increase the EUF one must increase 
the plasma temperature and the coefficient of heat transfer as much as possible. With an in- 
crease in the temperature of the plasma jet and the coefficient of heat transfer, the Biot 
number can considerably exceed unity (Bi > i). 
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According to [6], the surfaces of powder particles introduced into such a plasma reach 
the melting temperature in a time t ~ I0-8-I0 -5 sec. In this case the melting is determined 
by the size and by the thermophysical properties of the particle material [7]. For the tem- 
perature at the center of a particle to equal 0.9Tpm e for Bi = i0 requires that Fo = 0.3. 
The time such particles spend in the high-temperature zone can be estimated from the formula 

Q-2 i :-  0.~. pd ~p- ( 7 ) 

To increase the EUF and the material use factor one can create a high-temperature region with 
a practically stationary plasma through which the powder passes in the time determined from 
(7). The substrate for spraying must be located beyond this region. The flow rate of sprayed 
powder will be determined from the expression 

[Uq~ 

C w (TPm e -  T;e) -i- Lp (8) 

For values of Bi < 1 the average-mass temperature of powder particles at any time up to 
melting can be determined from the equation 

T;  = Tg -- (Tg -- T,0) exp (-- kt). 

The r e l a t i v e  powder  f l o w  r a t e  Gp/gg = yp can  be o b t a i n e d  f o r  t h e  e q u a t i o n  of  h e a t  b a l a n c e  
f o r  powder p a r t i c l e s  and p l a s m a ,  

As t § =, (i0) acquires the form 

Cpg ]]z 
yp .... 

Cpv 1 - -  exp ( - -  kt) (10) 

Yv = Hg~]/TgC;v" (1 ! )  

Equation (ii) corresponds to the maximum possible value of yp for a given plasma temperature. 

For the majority of gases Cpg depends in a complicated way on temperature. Therefore, 
for more precise estimates of yp one can use the function 

y~ : Hg~l/CpvTv. (12) 

Curves of the relative flow rate of A1203 powder as a function of the temperature of an 
air plasma are presented in Fig. 2. Equation (Ii) gives understated values of yp, while Eq. 
(12) gives overstated values. In the spraying of plasma coatings one can attain a relative 
powder flow rate lying between curves 1 and 2 of Fig. 2. 

NOTATION 

E, reduced emissivity of a powder particle relative to the surrounding medium (for a 
small particle diameter e equals the emissivity of the powder material); ~, Stefan--Boltzmann 
constant; ~p, coefficient of heat transfer from plasma to particle; Tp, melting temperature 
of powder material; Ti, average plasma temperature at which heat transfer from plasma to pow- 
der particles is still observed; Tg, average-mass plasma temperature; Bi, Biot number; rp, ra- 
dius of a powder particle; I, coefficient of thermal conductivity of powder material; I, U, 
~z, current, voltage, and efficiency of plasmatron; Cpg, Cpt , Cpm , Gg, Gt, Gm, average heat 
capacities and mass flow rates of plasma-forming, powder-transporting, and mixing gases, re- 
spectively; k, Boltzmann constant; Xo, mean free path of gas; 6, thickness of thermal bound- 
ary layer; n, particle density; U, mean velocity of gas molecules at the temperature T ~; y, 
number of degrees of freedom of a particle; Tp~, plasma temperature; Np, power drawn o~f to 
reactor walls. 
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MODELING REVERSE PROBLEMS OF HEAT CONDUCTION WITH 

MOVING PHASE TRANSITION BOUNDARIES 

A. A. Kosarev, L. S. Milovskaya, 
and P. V. Cherpakov* 

UDC 536.23 

An approximate method of solving some reverse problems of nonlinear heat transfer 
is considered. A procedure is shown for modeling such problems on grid analogs. 

We consider a problem of transient heat transfer or diffusion describable by the equa- 
tions 

0u ~(u) ~ -  := ix(u) u~]~--c(U) u + f ( x ,  t), 0 < x < ~ ( t ) ,  (1) 

p (u) N-oU :._ 1~ (u) u~l~ --  c :(cO u + f (x, t), ~ (t) < x < l (2) 

(where p, ~, X, ~, c, ~, f, f are known functions) with the initial conditions 

u(x, o)=-= ~(x), o < x < ~ ( o ) : ~ ;  ~(x, o)=~(x) ,  ~ o < X < l  (3) 

(including the possible case ~o = 0) and the boundary condition 

[~(u) u~ + , ( u )  Ul,=~ = --q(t, u(t, 0). (4) 

The law according to which the interphase boundary ~(t) moves is described by the equa- 

tion 

{ ~(t, u, D) a~ = ~ U ~ O ~ - - x ( u ) u x + ~ ( x ,  t, u, 0)1 (5) 

w i t h  ~ ( t )  a m o n o t o n i c a l l y  i n c r e a s i n g  f u n c t i o n .  At p o i n t s  on t h e  i n t e r p h a s e  b o u n d a r y  g ( t )  a r e  
s t i p u l a t e d  t h e  a d d i t i o n a l  c o n s t r a n t s  

U (~ (t), t) - -  0 (~ (t), l) = U ~ = const (6) 

U (~ (t), t) --- U (~ (t), t), 

~u~(~(t), t) : ~u~(~(t), t) 

(7) 

(8) 

for the Stefan problem or 
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