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ABSTRACT: Some results of measurements of the total and radiative 
heat fluxes to the accelerating electrodes during a single capacitor dis- 
charge are presented for one model of an erosion-type coaxiat plasma 
accelerator. On the basis of experimental data on the total heat trans- 
fer, the temperature at the surface of the accelerating electrodes is 
estimated. 

Apparatus and measurement methods. The experimental device 
consisted of a IM5-150 capacitor bank with capacitance 1480 ~J: and 
the copper accelerating electrodes shown schematically in Fig. 1. The 
minimum inductance of the device was ~9 �9 10 "s henry, and the work- 
ing voltage range U0 = 2-5 kV. The plasma was accelerated in a va- 
cuum chamber at an initial pressure of 0.5 �9 10"4-1 �9 10 -4 mm Hg, 

The working medium was the products of erosion of the elec- 
trodes (copper) and, to a lesser degree, of the insulators (quartz, tef- 
lon). 

The total plasma energy was measured by a calorimeter, the 
current by a Rogowski loop, and the voltage across the supply elec- 
trodes by a multi-range voltage divider. 

As a result of the high magnetic induction in the pulsed acceler- 
ator, it was not possible to use the usual film sensor method for mea- 
suring the thermal fluxes. In this study the total thermal fluxes were 
measured using calorimetric thermal probes. As thermal probes we 
used cylindrical copper bodies up to I cm Iong mounted in the elec- 

trode wall. Teflon, plexiglas, and epoxy resin were used as electrical 
and thermal insulation. 

The thermal probes work on the following principle. The ther- 
maI processes in the acceIerator channel develop during the discharge 
time t ~ 10 -4 sec. In this interval the thermal wave penetrates the 
cold electrode wall or probe to a depth h ~ (at) l/z, where a is the 
thermal diffusivity. For t N 10-~ sec, h ~ 0.01 cm for copper. When 
the discharge ends, the temperature field of the probe is essentially 
nonuniform. The probe is completely heated after ~1 sec. Uniformity 
of the temperature field and cooling of the probe after complete heat- 
ing are characterized by the Not number (B = al/k; a, X, I are the 
heat transfer coefficient at the boundary, the thermal conductivity, 
and the characteristic length, respectively). For heat transfer with 
insulators a < O. 01X; therefore, B < 0.01 for ! ~ 1, and the tempera- 
ture field of the probe can be assumed constant and only slightly de- 
pendent on time. Knowing the mass, heat capacity, and the area of 
the surface absorbing the heat flux, from the temperature measured 
for ~1 sec at any point of the probe the total heat flux to the probe 
can be determined. 

The probe temperature was measured with a thermocouple and 
recorded by a EPP-09M potentiometer. 

The radiation energy was determined by a radiometer based on 
the same calorimetric principle. In the radiometer, a thermal re= 
ceiver with a blackened surface was isolated from the plasma by quartz 
glass. The quartz had a constant transparency throughout the experi- 
ment. The absorption region for quartz is beiow 2000 ~. 

Expe~mental results. Heat transfer to the outer and inner elec- 
trodes was measured along the generator and around the circumference 
of the inner electrode in sections A and B (Fig. 1). The working sur- 
face and mass of the outer and inner electrode probes were, respec- 
tively, 0.78 cm 2, 0, 58 g and 0.28 cm 2, 1.38. Experimental results 
for U0 = 3 kV (initial energy V0 = 6.66 �9 10 s J) are plotted m a loga- 
rithmic scale in Fig 2. From the experimental points an average 
curve for the distribution of specific heat transfer over the length of 
the accelerator was constructed. The reduction in heat flux over length 
can be explained by the decrease in current density as the channel 
broadens. A smalt increase in heat transfer at the end of the acceler- 
ator is probably caused by a certain increase in current density due to 
a decrease in the magnetic field and the counter-emf at the end of the 
accelerator, 

In the initial section of the accelerator, there is a considerable 
spread of the experimental points. This fact, also registered by every 
probe in section A, indicates considerable azimuthal nonuniformiry of 
the discharge in the "throat. " At a small distance from the "throat" 
(section B) the heat fluxes are relatively equivalent. The aximuthal 
nonuniformiry of the discharge is probably caused by the arc-type cur- 
rent flow, which has already been noted in pulsed accelerators (for 
example, in [1]). Arc discharge in an accelerator may be one of the 
main causes of high energy losses. 

The total heat transfer, equal to the integral of the mean-value 
curve over the electrode surface, is 600 I, or 9~ of the initial energy, 
to the inner electrode and 1300 J, or 20%, to the outer electrode; 29 
percent in a l l  

The losses determined by the probes are in good agreement with 
other measurements. The energy supplied to the accelerator, deter- 
mined from current and voltage oscillograms, was 86% of the initial 
value. The efficiency of the device, or total plasma energy relative 
to initial energy, is 48% according to the calorimetric data. It follows 
that 379 of the initial energy is lost in the electrodes. 

The thermal flux measured in the "throat" of the inner electrode 
through an opening 1 cm in diameter was compared to the radiation 
energy measured in the same place through a quartz screen. In each 
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Fig. 1. Schematic of accelerating electrodes: 1) outer and inner electrodes; 2) 
nuts; 3) washers; 4) plexiglas flange; 5) firing electrode; 6) teflon insulating sleeves; 
7) quartz insulator; 8) electrical leads; 9) vinyl chloride insulation; 10) vacuum 

rubber; 11) thermal probes. 
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Fig. 2. Distribution of specific heat transfer Q (J �9 cm -z) to the inner (O) 
and outer (A) electrodes. The initial energy V0 = 6.66 �9 10 s J (U 0 = 3 kV). 

operating regime (U o = 2-5 kv) 25 experiments were performed. Aver- 
age and maximum values of the radiation and specific heat transfer 
are given in Fig 3. The relative rms error in determining the average 
values was 0.15. Comparing the maximum and average values individ- 
ually, we see that the radiation energy measured through the quartz 
screen is two orders less than the total heat transfer energy. 

The amourrt of absorption by the quartz screen was estimated ex- 
perimentally. A radiometer placed in a special housing and oriented in 
the direction of the outflowing stream was placed at the outlet section 
of the accelerating electrodes 8 cm from the axis. The main plasma 
flux did not touch the radiometer. 

~ i . 

t6 '  , . . . .  . !. �9 = ~  

,a ! ! . [ - ! 1 1 1 "  
..... I I I [ 1 1 1 1  

Fig. 3. Total and radiative heat transfer Q 
(J �9 cm-l l  as a function of initial voltage U 0' 
V (or initial energy V 0, 1); 1, 2) average and 
maximum heat transfer in ethroat"; 3, 4) 
average and maximum radiation energy mea- 
sured in the "throat" through a quartz screen: 
81 radiation energy at the outlet measured 
with a screen; 6) measured without a screen. 

It is clear from Fig 3 that the total (during discharge) energy flux 
measured by this radiometer without a quartz screen is ten times greater 
than the energy flux measured using a screen. Both screen absorption 
and the incidence of a small amount of plasma on the radiometer re- 
ceiver may have caused this difference. 

In any case, these experiments and the data obtained earlier 
show that absorption does not exceed 90%, while the radiation energy 
is not greater than 10% of the total heat transfer. 

~t imating the temperature of the accelerating electrodes. To 
determine the temperature of the accelerating electrodes it is neces- 
sary to investigate the very difficult problem of the joint temperature 

distribution in plasma and electrodes. However, for rough estimates 
the thermal problem can be considered separately at the electrodes 
alone, 

Let us estimate the electrode surface temperature from experi- 
mental data on the total heat flux per unit surface during one dis- 
charge, assigning various laws of variation of the heat flux with time. 

After discharge the depth of penetration of the thermal wave 
into the electrode is, as noted above, much less than the character- 
istic transverse dlmensiom. Therefore, the thermal problem for the 
electrodes may be replaced by the one-dimensional problem of non- 
stationary heat transfer in a semi-infinite body. 

Let us write the heat tramfer equation in dimensionless form 

~1 = 1 f a t  * ~ - -  t ,  ' 2k l / '~]"  
~ ,  - - - -  A T  = 

Here T 0, T are the initial and variable temperatures, x is the 
coordinate along the normal to the surface, t is time, t ,  is the dis- 
charge half-period, AT is some characteristic quantity associated with 
the dimension of temperature, a = X / # c  is the thermal diffusivity, and 
Q is the total heat flux during discharge per unit surface. 

The initial boundary conditions for equation (1) are 

V (n, 0) = 0, a----V-- = - ~ r (~) ~21 

o o  

c p d ~ = t , ~ - -  Q /  
0 

Here q is the specific heat flux at the boundary. 

To explain the physical meaning of the quantity AT, tet us con- 
sider equation (1) with the initial condition (2), the boundary condition 
~,(0, g) = 6 = corot (0 < g _< 11, and r = 0 (g > 1). In this case, in 
the range 0 < g ~ 1 we obtain the similar solution [2] 

(n, ~) = 6 [ i  - -  $ (m)l  

From (3), the second and third of relations (2), and the condition 
= 0 for ~ > 1; it follows that 6 = 1 and q~ = 1/21f~ for 0 �9 ~ < 1. 

Thus, the characteristic quantity AT is the difference between 
the maximum surface temperature and the initial temperature of the 
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body for the problem with the self-similar condition *(0, g) = corot for 
0 < ~___ l a n d ~ ( g ) = 0  for ~ > 1, 

In the first approximation, it follows from the current and vol- 
tage oscillograms that all thermal processes in the channel take place 
during the first current half-period t .  = 4 x 10-~sec. For copper, X = 
= 3. 94 J /cm.  deg. sec, while A = 1.13 cm~/sec; consequently, AT = 
= 38.3Q. The characteristic surface heating may prove higher than the 
melting point of copper (1083"C) i f  Q > 30 J/cm ~. In fact, in experi- 
ments under these conditions (see Fig. 3) traces of melting were de- 
tected on the surfaces of the probes and electrodes. 

The solution of equation (1) with condition (2) in general form 
is [2] 

m = V'2-~ " (4) 

We assume that the function r permits a Taylor expansion in a 
small neighborhood of the point g taken from some interval of values. 
In this interval 

In order to remove the indeterminacy at 7? = O, we replace the 
integral in expression (5) by the recurrence relation from equation 
(3. 461) of [3]: 

4 ~ ,  l rl \sn+i 

( - -  t)  n+l V f f  . 
x + 

i I r ~  ~'+~ [ - -  ~l'\ 
+ U-~--} ~"P-Z-Clx 

,q . 2k. 

• ( - ' ) '  I" (2. + i) (2n --  i--~Z.. (2n --  2k + ~) 

Passing to the limit as ~/= 0, we find the surface temperature 

4 oo (.ffE)~,+%(,,) ( U 
~r c0, ~) = --if- ~, ( -  i)" ~ 2 .  + i )  - "  (6) 

n=O 

The heat release in the accelerator is proportional m the square 
of the current, and in the first approximation the current depends upon 
time as I ~ exp(kt)sin0rt/t.). Therefore it is of interest to determine, 
together with the similar solution, the surface temperature for the fo12 
lowing laws of variation of the heat flux: 

~, = ~ = q~, = o (~ > i ) ,  (7 )  

~s = 4no (t + e ~) ,-2=t~ sin ~ a~ (0 < ~ < oo). 

Here e = kt./~r, and all the functions ~(g) are chosen so as to 
satisfy the third relation of (2). 

1. The surface temperature for qa z = 1 in the range 0 < ~ _< 1 is 
easily determined from (6) and coincides with the first part of the com- 
plete solution [2] 

2. For the case ~s = ~rsinlr~/2 (0 < ~ _ 1), we separate the odd 
and even derivatives of r and represent (6) in the form of the sum 

of two series, each of which is one of the Fresnel integrals [3] 

~,'s (0, ~) = 1/'~ [C (t/~-~) sin ~ - -  S ( V ' ~ )  cos ~ 1  ( 0 < ~ < t ) ,  

~ i  2 L ( - t )"z"+~ S (z) = V o sin t z dt = ~ -  n=0 (2n + 1)! (4n + 3)' (9) 

~ I  2 (--  ' )~X 4B+1 
C ( x ) =  c ~  Z (2n)!(4n-]- t) 

0 n=0 

3. Note that ~P4 = 1 - cos 2rg. Separating, as before, the odd 

and even derivatives of r we find 

W~ (0, ~) = 4zc-x {] / '~--  V2 iS (] / -2~)  sin 2 ~  + 

+ C ( K ~ )  cos 2z~l}. (10) 

4. The function r 5 can be represented in the following form: 

~s = 2ns (t + e 2) [e - 2 ~  --  Re e 2=~<~-~)] 

(i = 1;-7-~, 0 < ~ < oo). (1D 

Substituting the derivatives of both terms of (11) in (6), after 
elementary, but awkward operatiom we obtain 

- ~ W ( V ' ~ )  R w [ V - ~ 0 1 /  (12) 

Here W(z) is the probability function in the complex domain 

Z 

(z) = e -z' t e~'da" W 
0 

Values of (3), (8), (9), (10) and (12), obtained using the tables 
in [4-6], are given in Fig. 4. In the calculations, the value e = 0.364 
for r was taken from the current oscillogram. It is clear from the 
graph that the difference in the maximum values of the surface tem- 
perature is small and does not exceed one half the characteristic esti- 
mated value of AT for the heat fluxes considered. 

5 LO Lb" ,~ 

Fig. 4. Surface temperature as a function of 
time for different heat fluxes. 

The author thanks G. M. Bam-Zelikovich and A. B. Vatazhin 
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