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Methods are presented for generalization of the volt-ampere charac- 
teristics and calculation of working parameters for a hydrogen electric- 
arc heater with vortex arc stabilization. 

Subs tan t i a l  e x p e r i m e n t a l  m a t e r i a l  has  been  a c c u -  
m u l a t e d  to the p r e s e n t  t i m e  in connec t ion  wi th the  s tudy 
and app l i ca t ion  of e l e c t r i c - a r c  g e n e r a t o r s  with v o r t e x  
gas  s t a b i l i z a t i o n  of the a r c ,  on the b a s i s  of which a t -  
t e m p t s  a r e  made  to deve lop  a me thod  for  ca l cu l a t i ng  
and s imu la t i ng  equ ipmen t  of ana logous  des ign .  

To d e r i v e  g e n e r a l i z e d  e m p i r i c a l  r e l a t i o n s h i p s  and 
to use  t hese  on a c o n v e r t e d  s c a l e ,  the  me thods  of the 
t h e o r y  of s i m i l a r i t y  and d i m e n s i o n a l  a n a l y s i s  have 
been  s u c c e s s f u l l y  e m p l o y e d  [1 -3 ] .  

In connec t ion  with g e n e r a t o r s  of the  des ign  in q u e s -  
t ion,  the  equa t ion  fo r  the g e n e r a l i z e d  v o l t - a m p e r e  
c h a r a c t e r i s t i c  in c r i t e r i a l  f o r m  can  be w r i t t e n  as  f o l -  
lows:  

U % d  _ [  �9 Re; r (1) 
1 Ghoao d ' ' 

where  F is  a d e t e r m i n i n g  g e o m e t r i c  p a r a m e t e r  (or 
p a r a m e t e r s ) .  

I t  was noted  e a r l i e r  [4, 5], tha t  in our  e x p e r i m e n t s  
in the s tudy of a hyd rogen  h e a t e r  ( see  F ig .  1) the e x -  
p e r i m e n t a l  da ta  a r e  s a t i s f a c t o r i l y  g e n e r a l i z e d  by an 
equat ion of the f o r m  

Ud (" I ~ .  F/3 ) 
- f  = [  , Gd'  d ; Re . (2) 

The d i m e n s i o n a l  s i m p l e x  I2/3/d, c o r r e s p o n d i n g  to 
the  nond imens iona l  c r i t e r i o n  r = d a r e / d  , e x p r e s s e s  
the r e l a t i o n s h i p  be tween  two d e t e r m i n i n g  g e o m e t r i c  
d i m e n s i o n s  of the s y s t e m .  It can be d e r i v e d  f r o m  the 
d e t e r m i n i n g  c r i t e r i o n  H 1 = P0W0h0/j0E0 d [1], with con -  
s i d e r a t i o n  of the h e a t - t r a n s f e r  condi t ions  at  the bound-  
a r y  be tween  the column of the  a r c  and the gas  v o r t e x .  

B e a r i n g  in mind  tha t  w 0 = 4G/lrd2p0 and J0 = 4I/~d2arc, 
we can w r i t e  

~o~oho ~,oOho Ooa~,~ Oho,,oa a~o n;n;'. (3) 
17 t = ]oEo d Pold 3 ~ 12 d ~ 

To d e t e r m i n e  d a r c ,  we use  the h e a t - t r a n s f e r  e q u a -  
t ion which, for  a uni t  length  of co lumn a r c ,  is  g iven in 
the fo l lowing f o r m :  

Q : AllZRarc~ = a F A t = an darcA t, (4) 

whe re  R a r e l  = C1/d2are; a i s  the r e f e r e n c e  h e a t - t r a n s -  
f e r  coef f ic ien t .  

In the g e n e r a l  c a s e ,  the  quant i t i es  a and At a r e  
funct ions  of the p h y s i c a l  p r o p e r t i e s  of the m e d i u m  and 

of the h e a t - t r a n s f e r  condi t ions ;  fo r  e x a m p l e ,  fo r  the  
g iven  gas  a(At)  = f ( R e ) .  Rep l ac ing  R a r c ]  , we can  w r i t e  

l*/d~c ~ C~darc/(Re) or  dar c ~ CJ2/3f (Re). (5) 

Consequent ly ,  the  g e o m e t r i c  c r i t e r i o n  d a r c / d  a s -  
s u m e s  the f o r m  

-/7 I' ~ ~ f (Re). (5a) 

With  in s ign i f i can t  v a r i a t i o n s  in the Re n u m b e r ,  as  
was  the  c a s e  in our  e x p e r i m e n t s ,  we have  

II~" ~ 12/~/d. (5b) 

Since f o r  a hyd rogen  h e a t e r  with a s l e e v e  cathode 
(d c = 35 m m ;  d = 1 0 - 3 0  mm) the e x p e r i m e n t a l  da t a  a r e  
s a t i s f a c t o r i l y  g e n e r a l i z e d  by the equat ion [5] 

o 

I L-d--! ' (6) 
which can be  e x p r e s s e d  (for u se  in the ca lcu la t ions )  in 
s i m p l e r  f o r m  

U = 4500 \ Od ] " (6a) 

F o r  a hyd rogen  h e a t e r  with a pin cathode (from the 
m o r e  p r e c i s e  data)  we d e r i v e  the fol lowing e m p i r i c a l  
equat ion:  

Ud 3300 ) (7) --I : ~-][  :~ I-~ (~_.:_~..3 --,.o 

The e x p e r i m e n t a l  da t a  can a l so  be p r o c e s s e d  in the 
f o r m  of the funct ion [6] 

( I  ~ G ) Ucl _ t " d (8) 
I Gd'  d ;  ' / 

w h e r e  G / d  is a d i m e n s i o n a l  p a r a m e t e r  c o r r e s p o n d i n g  
to the Reyno lds  n u m b e r ,  with the  p h y s i c a l  p r o p e r t i e s  
of the gas  r e t a i n e d .  

F o r  c o m p a r i s o n  p u r p o s e s  F ig .  2 shows our  e x p e r i -  
m e n t a l  da ta  fo r  a g e n e r a t o r  with a pin ca thode ,  p r o -  
c e s s e d  a c c o r d i n g  to Eqs .  (7) and (8): 

Ucl _ 2850 (9) 
/ , " '  

As we can see  f r o m  F ig .  2, in both of the c a s e s  
s a t i s f a c t o r y  g e n e r a l i z a t i o n  has  been  ach ieved .  Con-  
sequen t ly ,  both equat ions  r e f l e c t  r a t h e r  wel l  the  
fundamen ta l  f e a t u r e s  of the  sub j e c t  g e n e r a t o r .  How- 
e v e r ,  Eq.  (7), and the m o r e  c o m p l e t e  equat ion (2), 
a r e  p h y s i c a l l y  m o r e  va l id .  
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Fig. 1. Experimental model of a hydrogen electric arc heater.  1) Cathode; 2) aaode~ 
3} vortex chamber; 4) tangential gas supply; 5) keep-alive electrode, 



7 5 7
 

6
--

 
5
 

3
 2 

/0
2 9 

/0
 / 

-
-
3
 

a 
$ 

2 
3 

/4
 
5 

6 
7
8
,
9
1
0
 z
 

2 
I2

/G
d 

F
ig

. 
2.

 
G

en
er

al
iz

ed
 v

o
lt

-c
u

rr
en

t 
ch

ar
ac

te
ri

st
ic

s 
of

 h
yd

ro
ge

n 
he

at
er

 w
it

h 
a 

pi
n 

ca
th

od
e 

(a
) 

ac
co

rd
in

g
 t

o 
E

q.
 

(7
);

 
b)

 a
cc

o
rd

- 
in

g 
to

 E
q.

 
(9

))
; 

A
 --

- (
U

d/
I)

(I
2/

:~
/d

);
 

B
 -

- 
(U

d/
I)

(G
/d

)~
17

6 
1

)d
: 

1.
0 

cm
; 

2
)1

.5
; 

3
)2

.0
; 

4
)3

.0
. 

F 7 G
 

5
 #
 

3 2 

•3
 7 6 ~m

 
5 3 2 

2 
3 

/4
 

5
6

 
7

8
9

M
 

2 
2 

n 
m

e 
o 

u
2 

X
 

m
 

3 

+
 

~
/4

 
o 

--
.,

5
 

�9
 

--
6

 
V

 
--

7
 

�9
 

~
8

 

3 
I2

,/G
 d 

F
ig

. 
3.

 
G

en
er

al
iz

ed
 v

o
lt

-c
u

rr
en

t 
ch

ar
ac

te
ri

st
ic

s 
of

 h
yd

ro
ge

n 
h

ea
te

r 
w

it
h 

sl
ee

v
e 

el
ec

tr
o

d
es

 (
a)

 a
cc

o
rd

in
g

 t
o 

E
q.

 
(1

1)
; 

b)
 a

cc
o

rd
in

g
 t

o 
E

q.
 

(1
0)

);
 

A
-(

V
d

/I
)(

G
/d

)~
1

7
6

 
B

 ~
-(

U
d/

I)
(G

/d
)~

17
61

76
 

1)
 d

c/
d

 
= 

42
/3

0 
m

m
/m

m
; 

2)
 3

5/
20

; 
3)

 2
7/

15
; 

4)
 1

8/
10

; 
5)

 2
7/

30
; 

6)
 4

2/
20

; 
7)

 3
5/

10
; 

8)
 2

7/
20

. 

(D
O

 

b~
 

0 I N
 

> 



JOURNAL OF ENGINEERING PHYSICS 349 

..7 /-/ 5 6 78 /0~ 2 3 /4 5 6 7 8 / 0  z 2 3 # 5 6 7 8 / 0 3 1  

Fig.  4. Dependence of output e lec t rode  d iamete r  d (cm) on c u r -  
r en t  I (A) and specif ic  power:  1) Nspec = 20 000 W �9 sec /g ;  
2) 25 000; 3) 30 000; 4) 35 000; 5) 40 000; 6) 45 000; MN and 
MiN i a re  the l imit ing value boundary  l ines of e lec t rode  d i ame te r  

f o r  hydrogen ra te  G = I and 30 g / sec .  

In genera l i z ing  the exper imen ta l  r esu l t s  fo r  a gen -  
e r a t o r  with two tubular  e l ec t rodes ,  the c r i t e r i a l  equa-  
tion may  be expanded with another  g e o m e t r i c  p a r a m e t e r  
expres s ing  the re la t ionship  between the e lec t rode  di-  
a m e t e r s  [6]. The effect  of d is tance  between the e l e c -  
t rodes  mus t  be taken into cons idera t ion  in analogous 
fashion,  while for  g e n e r a t o r s  with a neut ra l  inser t ,  
cons idera t ion  m u s t  be given to the re la t ive  d imens ion  
of the la t te r .  

However ,  if we a s s u m e  in the s imula t ion that the 
fundamental  g e o m e t r i c  re la t ionsh ips  a re  p r e s e r v e d  
(for example,  dc /d  = 1.5, l a_c /d  = 2), the theore t i ca l  
[computational] equat ions will include only the d e t e r -  
mining g e o m e t r i c  p a r a m e t e r  (da rc /d  or  d). 

F igure  3 shows the exper imenta l  data der ived in the 
study of a hydrogen  hea t e r  with a s leeve cathode (d c = 
= 18-42  mm) .  With cons idera t ion  of the g e o m e t r i c  
p a r a m e t e r  d c / d  (/a-c. = 60 mm) the exper imenta l  points 
a re  approx imated  by the equation 

Ud =3250 d~ ~ (10) 

However ,  if d c / d  = 1 .4 -1 .6  and l a -c  = 2, i . e . ,  if 
they have values which a re  expediently applied in sca le  
convers ion  [5], we der ive  the expres s ion  

Ud 3450 (~_d) -~ (G)-0.3  d0.~, (11) 
I 

or  on genera l i za t ion  aceord ing  to fo rmula  (2), p r o -  
posed by us,  

To ealeulate  the fundamental  working p a r a m e t e r s  
for  a gene ra to r  of the type in quest ion,  we have p r o -  
posed [5] a sy s t em of th ree  equations which, in addi-  
tion to Eq. (1), ineludes the equations of gas  dynamic  
a r c  s tabi l izat ion and hea t e r  ene rgy  balance:  

Nar c : UI = N___spec G. (14) 

Fo r  the hydrogen hea t e r  with pin cathode that  we 
have studied we obtained the following quantitative ex-  
p r e s s ion  for  Eq. (13), with a constant  dis tance between 
the e lec t rodes  ( la-c  = 60 mm):  

d<6i( ) \ I / " (15) 

It should be noted that  the numer i ca l  coefficients  in 
Eq. (15) a re  not un ive r sa l  and mus t  be adjusted for  
other  geome t r i c  re la t ionsh ips .  

Consequent ly ,  with r e g a r d  to the given model  of the 
appara tus ,  we a s s u m e  Eq. (7) or  Eqs .  (9), (14), and 
(15) as  the theore t i ca l  equations whose solution will 
make  it poss ib le  to de te rmine  the values of U, I, and d. 

Analysis  of the sy s t em of theore t i ca l  equations 
makes  it poss ib le  to der ive  express ions  for  the c u r r e n t  
s t rength  and for  the d i ame te r  of the output e lec t rode  
as a function of the t he rma l  load, i . e . ,  of the gas flow 
ra te  and of the specif ic  power  (the t empe ra tu r e  i n c r e -  
ment) ,  which a re  genera l ly  given as the initial p a r a m -  
e t e r s .  

Simultaneous solution of Eqs .  (7), (14), and (15) for  
I and d for  the specif ic  case  invest igated by us yields 

( Nspee )1'3' G ~ 
/tl .... ~ -3300 ~l d~ (16) 

/ \ 4 5 0 0 0  ~l 2.s5 
dcr = l ~ N ~ s ~  ) 6 TM. (17) 

The t he rma l  eff ic iency in the theore t i ca l  equations 
may  be a s s u m e d  within compara t ive ly  n a r r o w  l imits  
(7 = 0 .7-0 .9) ,  ~vhich is c h a r a c t e r i s t i c  of l o w - c u r r e n t  
g e n e r a t o r s  (I2/3/d -< 10). 
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The functions expressed by Eqs. (16) and (17) are 
shown in graphical form in Fig. 4. The straight lines 
1-6  are constructed on the basis of (16) for the hydro-  
gen flow rate G = 1 g /sec  and for a specific power of 
20 000 to 45 000 W. see/g. The straight line MN is 
constructed on the basis of (17) and corresponds to the 
limit values of the output-electrode diameter.  Conse- 
quently, the straight line MN represents  the boundary 
line between the region of stabilization lying to the left, 
and the region of unstable generator  operatoring r e -  
gimes.  

Analysis of the relationships in the nomogram shows 
that for substantial thermal loads, when it is necessary  
to achieve a high temperature for the gas flow, it is 
necessary  to employ output-electrode diameters close 
to their limit values (the straight line MN). 

Conversely, for low and medium values of the spe- 
cific power, the maximum theoretical electrode diam- 
eter may be exceedingly large (dcr > 100 mm). Its size 
will then be chosen on the basis of s tructural  and en- 
gineering considerations (smaller than dcr), with the 
current  strength determined on the basis of the diam- 
eter value selected from the graph or according to 
formula (16). 

The dashed lines refer  to a hydrogen flow rate of 
30 g/sec and are constructed on the basis of the above- 
cited theoretical equations for the same values of the 
specific power as for the experimental apparatus. 

It may be assumed that in providing for s imilar  con- 
ditions of arc  burning (the propert ies  of the medium, 
the current  density (I2/3/d), the gas dynamic regime, 
geometric relationships), we will apparently have a 
rather valid basis for the possibility of extrapolation 
on scale conversion. Moreover,  the validity of this 
extrapolation, as well as the values of the coefficients 
in the theoretical equations, will be refined in the tes t -  
ing of the hydrogen e lec t r ic -a rc  heater with a capacity 
of 30 g/sec and a power of 1000 kW. 

NOTATION 

U is the voltage in V; I is the current in A; G is the 

gas flow rate,  g/sec; or0, E0, J0, h0, P0, and w 0 are the 
determining values of electrical  conductivity, elec- 
t r ical  field intensity, current  density, enthalpy, den- 
sity, and gas velocity, respectively; darc is the arc  
diameter~ d is the diameter of the output electrode- 
anode; d c is the diameter of a sleeve cathode; /a-c is 
the distance between electrodes;  Nspec is the specific 
power, W sec/g; Rarc~ is the electr ic resistance of 
unit arc  column; Re is the Reynolds number; ~ is the 
thermal efficiency. 
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