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CONVERSION OF KINETIC ENERGY OF A STATIONARY PLASMA STREAM
INTO ELECTRICITY WITH ISOTHERMAL RETARDATION .
OF THE STREAM IN A TRANSVERSE MAGNETIC FIELD
V.M. Sarychev
(Novosibirsk)

Recently many investlgatlions have been made of the<flow'6f plasma
in so-called magnetohydrodynamic generators. In Reference [1] was con-
sldered the steady motion of a one-dimenslional stream of an lncompres-
sible nonviscous liquid through a homogeneous magnetic field in a chan-
nei of arbitrary cross sectlion, and that of a compressible nonviécous
liquld in a channel of constant cross section at maximum power deliv-
ered to the external circult per unit channel length. In Reference [2]
there was considered steady motlion of a one-dimensional stream of a '
compressible nonviscous liquid 1n a channel of arbitrary cross section
through a transverse homogeneous magnetic field with the velocity of
the liquld stream and the intensity of the electric field constant
along the channel.

Since the.maximum temperature that modern materlals can withstand
and the m'‘nimum temperature at which plasma can be produced with con-
ductivity sufficient for effective interactlion with a magnetilc field '
are approximately equal, it 1s of interest to consider the flow of a
plasma 1n a magnetohydrodynamlc generator with a plasma temperature
constant along the channel.

In the case of isothermal retardation of the plasma, one can use
for generation of electricity only the kinetic energy of the plasma,
the ratio of which to the total energy of the plasma stream (without

-1l -
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the lonization and dissociation energy) 1s in the case under considera-

tion
=R+ =" Y iT.

Here M 1s the Mach number for isothermal flow. When M = 1 the ra-
tio = (y — 1)/(3y — 1) for a monatomic gas amounts to approximately
17%. '

* % 8

1. System of equations. We consider isothermal motion of a one-

dimensional stream of compressible nonviscous liquld with finite con-
ductivity in a planar channel of arblitrary rectangular cross section.
through a transverse magnetic field. The channel walls parallel to the
magnetic field are electrodes which make it possible for a ﬁotential
difference that alternates along the length of the channel to be formed
on them (sectionalized electrodes, separated by ihsulators). The elec-
trodes are interconnected through an external load in such a way that
the resistance of the latter is arbitrarily distributed over the length
of the channel, while the current in the plasma flows perpendlcular
to the stream velocity of the plasma and to the magnetic field. We are
considering a case when the magnetic field induced by the currents
flowing in the plasma can be neglected compared with the external mag-
netic field.

Let 4= (u, 0, 0), T= (0, —3, 0), H= (0, 0, H). The motion of

the plasma can be described in thils case by the following system of

equations:
pub = pougb, (continuity equation) (1.1)
P = pRT, (equation of state) ' (1.2)
ppye 4+ 2= — 7 (equation of motion (1.3)
projected on the
‘ channel axis)
- 2 -
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put 5 2w —p + (energy equation) . (1.4)

ull . [ 7
off (4 1) (equation of the elec- (1.5
¢ '(1. ) tric circuit) )

Here r, is the resistance of the. external circuit per unit area
of the walls (the channel electrodes). We shall consider two depend-

ences of the plasma conductivity o on its density p

(a) 6 = const, . () o= 4.1/'-;"-'- (1.6) ‘. |

The first depengencgqgakesiglage when the plasma is made of a gas
with high 1onizeiioﬁ potenélal,‘with small additives of recadily ion-
ized matter, and the plasma temperature and composition are such that
the main gas 1is not ionized but the additives are almost completely
ionized (31.

The second dependence takes place 1in the case of a homogeneous
weakly ionized plasma, if the interactlion between the electrons and
the lons can be neglected compared with the interaction of the elec-
trons and the neutral particles (neSei <« n, en)

For the length scale we use the width of the channel bo at the
section x = O; the scales for the pressure, density, and veloclity of
the plasma, density of fhe current, intensity of the magnetic field,
conductivity and resistance of the external circult per unit area of
the electrodes we use the values of the following quantlties: Pgs Pg’
u,, JO’ Ho, 05» Teo in the section x = 0. We shall use dimensionless
variables throughout without speclally designating them.

2. Optimal retardation of the plasma stream. It follows from (1.4)

and (1.5) that the maximum retardation of the plasma and the maximum
energy delivery to the external circuit per unit length of the channel

occur [1] when

O - r b/b B (2.1)

FTD-TT-62-1778/142



Unlike ordinary generators, when the energy released in the in-
terpal resistances 1s parasitic, in a magnetohydrodynamic generator
this energy remalns in the plasma and can be deliverea to an external
circuit. (In the case of isothermal retardatioﬂ, the energy delivered
to the external cilrcult depends only on the values of the lnitial and
final veloclties and does not depend on the distribution and value of
re.) Therefore the mode (2.1) 1s very favorable for a magnetohydrody-
namic generator,

(A) We consider a case when H= 1 and ¢ = 1. In this case the sys-

tem of equations (1.1)-(1.6) is closed. Solving it, we obtailn

.M M — Mg 1
=300 P=P=“PL—TJJ (“’T)
* M,
M3 M2 * MM
b=r‘._= yﬁ%(nxp—_o_z_—__' X = 23:’ Sexp 3 L dlw (2. 2)
- M
db QML) u __ _¢is __ Toflobe
="t (M=yar)  Amaum G="PR

Here M is the Mach number for the isothermal flow and AO and QO .

are arbitrary dimensionless parameters.

In the case when ¢ = 1/4/p the solution has the form

M— M3 M MO — M
p=p=exp '—2-—3‘- b='ﬁ.‘exP—.‘§—“
M3 MY - M Mp—M
ol M Ml
M,
M, 3 (MY — My
= Q.g'exp[‘(M M.,)]dM
db_ Qe(MM1) 5 _
£~ QUCED op [-3- (M2 — M9

(B) Let us consider the problem of the maximum isothermal retarda-
tion of the plasma stream with the potential difference on the channel

wall-electrodes remaining constant along the channel

-

jrg =1 (2.4)

For ¢ = 1 the solution has tie form

. —Mp ‘ T oM '
o o TS (ad e T 2



Mt — M8
p=p=ﬂ=-‘.!i—=(-xp 5 Ll

: -— ]
. p=p=”—00xp~———:" as M-~§

Thé angle of channel expansion will in this' case be determined by

the formula
b Qs M 41 & ' '

For o = 1/~rp- the solution has the form

.M MMy 4 (2.7

1= P — 77— (""'T) '

M, MY — M 2A ri AR
p=p=ll=m=pxp 3 ",.z=. Q:.‘S' exp-—-‘—.. dM

The angle of channel expansion 1is determined-.in'this case by the

formula .
M3~ A ‘ '
db Qs M4 H (%_.- 88”—00)

&= W P T (2.8)

3. Retardation of the plasma in a channel with constant expansion

angle.
(A) Iet H=1 and 0 = 1. We then get from (1.5)

” ,
e (wag — )0+ (rm2eg) L (3.2)
Here 6 1s the angle of channel expansion. For ] we obtain in this

case

= s e g we T Gee)

When M —+ 1 we have J — «; 1t 1s 'cperefore impossible to make a
continuous transition through the point M = 1.

When M < [1 — Qu(1 + xx)2/4xAM 212 and when Aj(M — 1) < O the
problem considered has no solution. When x = O we have

My~ (i) (3.3)
It follows therefore that the problem has no solution when
min {1, 1 /| Qo|} <| Ae| <max {1, x/|Qs[}
Solving the initial system of equations with respect to M, we ob-
-5 -



tain

a,

1 M
N T

Qo (1 4 y7) M
= (.\I'—-l) + T, A= 1p {""

NS —1 1A .
+[1-r4x.—'Mo (_’_——x—al]'} (3.4)
' It follows therefore that dM/dx < O only 1r
A0
M<L T
In the case when o = 1/4fp we have for j and M

S S 1 [ ) SESRT)

h S
‘ﬂ' ‘:: = —11)(l+xz)+ u.('ﬂ.'., (l+x=) {H'
+[l+41 L () "“":_';;’]'"} | {3.5) -

(B) Iet us consider the case when jr, = 1 and o = 1. Solving the
system of equations (1.1)-(1.6) and (2.4) we obtain: '

e ol [ =141+ T

1 X (1 —A) M,
”=[‘ T M (i-}-xz)d"[dz] (YD)

p=p= e,
-k Gee%D) G
The problem has a solution when O < .AO <1.
Isothermal retardation of the plasma in channels of constant
cross section and in narrowing channels (x < 0) is mposéiblé.

Y. Retardation of a plasma in a homogeneous magnetic field with

the potentlal difference on the wall-electrodes of the channels con-

stant along the length of the channel. For ¢ = 1 the solution of this

problem has the form

P=P=-T’—[i‘—-d.exp(_‘_‘!’-_z:_"_..)], R Y.L PM

'.__’_____ —(— =
=t H—0—4dp  (L=1+ e
M e
ey o 252 (-2
B (1 — A Qeexpl( s (M3— M (1 + Ao (W — 1) oxp [ (M2 — A
F 2 A (3 4 Agexp ['a (M3— MO
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The problem has a solution when O < Ay < 1. If ¢ = 1/4/p, then
the solution has the form

ol -

_—7=='-'|“‘"('—“0)P| (-—-—-sl-}-—:—-
T .”’ Sexpm X [I—A.exp rlN (4.2)

Q=A%

and exists also only in the range 0 < Ao < 1.
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GENERATION OF ELECTRIC CURRENT BY A fLASMA FLOWING IN A TUBE
E.I. Andriankin
(Moscow)

The simplest generator scheme in the form of a tube of rectangular
cross section was first investigated theoretically in [1], where the
efficiency of such a generator was estimated in the case of flow with
constant conductivity.

It is known that the conductivity of an lonized gas depends ex-
ponentially on the temperature, which varies noticeably along the tube.
Therefore for a quantitative estimate of the efficiency 1t 1s neces-
sary to take into account the temperature dependence of the conductivity.

 In the present investigation we estimated the electric efficlency
of a generator with conductivity corresponding to a mixture of nitrogen
and 1% potassium vapor; In the calculation we used the interpolation
formulas obtained by G.S. Aravin and V.P. Shevelev for the dependence
of the conductivity on the pressure and the temperature [2]. The re-
sults of the calculations are in qualitative agreement with the data
of [3], where the flow of ceslum vapor was investigated in a magneto-
h&drodynamic current generator. The presence of frictlion against the
tube walls Influences in some-cases‘noticeably the flow of the plasma -
and will also be accounted for in the analyéis of the efficiency.

In solving the problem we disregarded several factors: the aniso-
tropy of the conductivity [7, 8], the terminal losses at the qiosed
points, the heat dissipation of the walls, and finally, the IOSses to
electric resistance 1n the near-electrode ﬁoundary layer. Therefore

-8 -



the ;rue values .of the efficiency are lower for the examples considered
in the present paper. We note, however, that to find the most suitable
generator mode there are still several possibilities left: variation
of the external magnetic field and variation of the cross section of
the tube aiong the length of the channel [9], use of sectionalized
eiectrodes to pick off the Hall current, etc.
L 2K 2

In the case of isotropic conductivity [4], the flow 6f a plasma
in a current generator (Fig. 1) whose horizontal walls are maintained
at a constant voltage, and the magnetic permeabllity and the dielectric

constant of the plasma are close to unity, is described by the system

of equations
E,mEy=0, E,=FE, oxa(pp) _’";,_,_T_o '
oH, OII 4;; 1.=o(£.+-—-(ull.—-vll.)) (1)
%+-?:—=0. pu—&—+pv-5-+_‘.‘£+ﬂ'_+ '

5=
puge P gt g — = =0, v I, hre) = — By =k

2 [o (242 4 w)— TE.H. + |
To'-[pv( -}:w)+-£—£.”¢ =0 )

Here u and v are the velocity com-

ponents, p the pressure, p the density,

r(x) the external resistance, and dll'l/dx

denotes the friction force, which.depends

on the value of the magnetic field, and

which is averaged over the cross section.
The boundary conditions for Egqs. (1) will be the equations of con-

tinuity on the planes :yo/2 for the components of the magnetic fleld,

and the vaniéhing of the normal component of the stream velocity. The

initial parameters of the stream (uo, Pg» po) a; the section x = O can

-9 -



be specified arbitrarily only in such a range of vériation for which
the flow out of the tube remains in the sonic mode. In the case of sub-
sonic flow, the parameters at the entrance to the tube are connected
with 1ts length 1 and with the external pressure p,. This connection
is obtained by solving the boundary problem. To éstimate the various

terms in Eqs. (1) we seek the solution in series form

b= (D)0 @D+ P=P D+ pE e
v=0y(z, M) +.r-v P=p(r)FpalT, W)+ (2)
Hy=Hy+ Hy(z, )+ ..., Hey=Heyp(z,y)+...

After solving the equations for Uy, Pps and Py we determine the

current

il%“[’%'l"‘%&]

From the current distribution we can calculate the vortical mag-

netic fileld
H= 1 (L do, R=(@—2)ii+ (1= ¥)ia + (6~ 2) iy, do = drdy'ds’ (3)
Volume integration shows that H2x has a maximum in the case of

flow between parallel planes (z0 -~ @)

Hy =~3* _ RH, R =3t (4)
Taking (4) into account and equating the inertial terms in the
equations of motion to the Lorentz forces, we note that
u-, ~uR,, P~ PR,
It then follows from the contlinuity equatlion that Vo S uayo[l. If
yo[l << 1, then the velocity component vV, can be neglected in (l) even
if account is taken of the influence of the induced field on the main

stream. Practical interest attaches to the case wheh the magnetic Rey-

nolds number R, 1s small. We “ntroduce the dimensionless quantities



sl 23 - 8= 23 . ke C . je

A= T Rear YTl TRl (5)
.u=-]°/;"-, p=n) B, a=Z

Omitting terms proportional to R,, we write Eqs. (1) in dimension-
~less form ‘

& Tt 4P dF

7‘—+‘?“—;-.7;+5||V—1l+ow=0. 6y =6, (P, W) (6)

4 [ v -
y [T + “—_T,?}l—‘ls. V—uxj =‘0. P=QW, QV=1

The parameter 7 represents the ratio of the ponderomotive force
to the inertial force pouo?/k; the parameter x characterizes the ra-
tio of the voltage drop on the external circult to the electromotive
force in the considered section of the channel, and ranges from zero
to unity, when r changes from zero to infinity.

The boundary conditions for (6) are written in the form

=1, V=1for n=0
P=P, for =6, p, <1 (7)
P= uzv,.for =206, pe =1
(the asterisk pertains to the quantities at the output from the tube).
Analyzing Eqs. (6), we can establish that when p < 1

N _ . N

F>0 >0 F <o FTco Roo
In the case when p > 1 the signs of the inequalitles are reversed.
Iet us estimate now the maximum possidble generator efriciency'as-

. suming that there is no viscosity and the magnetic Reynolds number is
small. In this case Egs. (6) admit of the important integral

P-—cy'%',-;":!n‘:"%?'-. C-'?:'T-H).Sp'—u (v +3) (8)
Relations (8) are sufricient for an estimat; of the efficiency,
which we take to mean the ratio qr the difference in the energy fluxes
at the input and output of the tube to the energy flux at the input.
The expression for the efficiency can be written in the form
-1 -



/12 5 1 _3'n vg,__hh+Juh—nwm’ (9)

o -/- ¥ (AP T _
’ — 7
z //f : In the case of a sonic outflow mode
225574 , P, = uav* and Expression (9) assumes the form
VA ~ . U.h#J)NMa 10)
/ =1 - (
0" T y 140y —1)p
'Fig. 2 Iet p < 1; let us find the maximum elec-
trig.efficiency for the sonic mode at the out-
put from the tube. Substituting in (8) the expression P, = u2V3 and
determining V3 we obtain '
Vyee I=1 A/ 6= 2a—1) ‘
R W tagr € (11)
Differentiating (11) we obtain
F-<0 Fso0 <t

Therefore the efflciency tends to its maximum value when V3 is
minimal, i.e., when x — 1. The dependence'¢3(u, 1) for v = 1.4 1s
shown in Fig. 2 (curve a-b).

2y

_If the external pressure P, turns out to be larger than p

. then the outflow mode will be subsonic. For each O < P, < 1 there ex-

1sts a Ko < 1 such that when p < ko the outflow mode 1s subsonic, and
when p > ug the outflow mode remains éonic even when « = 1. From the

condition u02V3 = P, we determine

o« VE=PITE= ~
pot= T va=P(r—1)+1 (12)

The veloclty at the output of the tube in the case when p < ko is

glven by the formula .

V.=b+—3—]/b’+2(£1!i+0).b=-u——-‘r_i-;)-‘—‘r (13)

Since

=D+ + 0P,
::o <0 as "<V(T ”4"2(;‘{") SR

e ———— e et . 4= b -

- e . ®ma 1 4t



we have

Q-n""-‘)?—") 28 x—-f,p-=0 (14)

Let us prove that the lines o(1, u, P,) 1lie when p < ﬂo below the
curve (a-b) on Fig. 2. Assume that there exists a region where ¢ > ¢3,
By virtue of thg conditions ‘

e P)=wmtp) (L0, P) <0 (1,0
there exists an intersection point 0 < Ho < Hos where
(L pa Po) = @a(ls o) = (1, s, Py), Py =pVy (1, o)

Inasmuch as bPz/aua > 0 we have P, < Py. On the other hand, the
derivative 6¢/0P < O 1s a monotonic function and consequently the effi-
cienclies cannot be equal at two different points with respect to P for
one and thé same U = p,, which proves our statement. The curves ¢(1l, u,
P,) for the cases P, = 0.1, 0.3, and 0.5 are shown in Fig. 2.

Iet us consider now the conditions for the maximum efficiency 1n
the case of supersonic velocity at the inlet to the tube, ﬁhen two out-
flow modes are possible: sonic and supersonic. An analysis of Focrmula

(11) shows that there exists a number

e—a+V AN FTHG=N W] 0=@1—1)au+1) 1
+ - (aZaina—nw) (33

for which V3 >k if ¢ £ <, and vs =K, when « = Ky Fiom physical con-
slderations V > «. Therefore for « > K, only supersonic outflow is pos-
sible (the minimum velocity at the output is «).

For the sonic outflow mode 3V3/ax < 0, therefore the maximum value

of P3 is attained when V3 =K. The followingvinequality holds true
_?_9 _ x|P V)~ pW
aV')-.""1_l|'+""ln('T—Ll1'l)ul<o >

Therefore to determine the maximum efficiency in the case of
supersonic outflow it is necessary to put in Formulas (8) and (9) V=«

and obtain the value of Ko which glves the extremum of ¢

-13 -



= A e (o o + ynt )
%= gy Ples=0 ')[un-lm+'/m—i)p")?_'] (16)

Comparing (15) with (16) we obtain

M—ap =AW —NC—1)+ D@ — 1. u>9 (17)

It follows from (17) that kg > «, when ¥ = 1.4, and therefore the
value of Ko which leads to a maximum efficlency equal to w(xo) lies in
the supersonic region.AFIgure 2 shows the curve OC calculated from
Formula (16) for the‘case v = 1.4 (the scale is indicated on top of
the plot). | -

let us estimate the inflﬁénce of the friction. Following [5], we
assume that the friction force averaged over the tube cross section is

proportional to the velocity head, 1l.e.,

dF ot
o =t 2

The coefficient £, which depends on the magnetic field [6], on
the turbulence of the stream, and on the heat conduction on the wall,
will be assumed to be a constant quantity obtained by experiment.

Eliminating the variable n from (6), we arrive at an equation re-

lating the pressure with the velocity

_fP_ v __(eaV — 300 P + (v — 1) u* (ens® — 270V + 3%
- 've"'+"°-uu—zn+wm—ﬂ | 8
dn T4+ p : 1
T T V= +ar ("=¢+M. Q= &I!”-:'—) ( )
If o, 1s constant, then Egs. (18) can be integrated in quadra-

tures. In this case, however, it is possible to obtain a simple expres-

sion for the efficiency only when a is small. Thus, for example, for
p =0, «k =1, using the perturbation method, we obtain

9(0,1) = __—[ 1—P,+aln ;Bp 4+ 12 b ot (1_1',).] (19)

It follows from (19) that the friction must be taken into account

even for small d,_since its influence on the efficliency 1s proportional

to @ 1n a. It 1s possible to estimate the influence of the viscosity

PRSP



more rigorously using as an example the flow of

[
1 a1 8 an incompressible plasma between parallel planes
- { z .
" / ‘ , (zo — ) in an external magnetic field [4] (the
4
<4¢£:f{ 4 Hartmann problem). The expression for the effi-
— YA
= swz’  ciency @_ in the maximum-power mode, which in

this case must be taken to mean the ratio of

the work done in the external circuit

L L Py T

r(z)j l"ﬂ‘

A

to the pushing work

o .\‘ -
N sztn—prdy -

-850

has the form

oAy - *L"V{'—— | |
o=2 1 (20)

Here A 1s the viscosity coefficlent.

In order to calculate the maximum efficlency for a given generator
length (6 = const) it 1s necessary to integrate Egs. (18) numericall&.
It was assumed in the calculations that the plasma conductivity corres-
ponds to thermal ionization of a mixture of nitrogen:with 1% potassium
vapor and is represented, 1n accordance with the calculations of [2j,

in the form

oV EmF=Pren(-a)] (e
c.=6.1/-—E-e" b=—r—. =1 atn o
e =2.6-10'K, o, =9.05-10° 1/ohm-cm.

For subsonic entrance velocities, the parameter b was assumed
equal to 8.5, corresponding to an initial temperature in the plasma of
approximately 3000°K.

—15-



Figure 3 shows the dependence of the efficliency and of the dimen-
slonless tube length 6, for which the sonic outflow mode .fs attained,

on the parameter r at a = O and for p varying from 0.1 to 0.6. As x =0

the curves & = &6(x, p) tend to a finite limit, and as x — 1 they in-
crease without limit, since the equations (18) have a singularity in

the case a = 0, «x = 1.

01 —
po 018 =T ' TN
J // ‘ o ’ g//‘ ’S 405
: \ . ! —/ Y
A 5] f' [}
A ,,}/ s <IN T 22 5]
) '4,4// // “'02 \ Fig 6
e =gy e =gkl k|5 o1 b
e Py ’ '
o 19 ———] w
2 205
— . P
a2 7, "—l \\
Ll 2 N\
e 215 ? ST T 4 :
e sl N 25
- 13 2 27 N
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Figure 4 shows an analogous dependence for the case a = 0.1. Wwhen
a £ 0 Egs. (18) do not have any singularities and the &(k, w) curves
tend as « =+ 1 to a finite limit. This 1s quite obvious, for owing to
friction (even in the case of flow without a magnetic field) the sonic
mode will be attained in a tube of finite length [5].

Figure 5 shows the dependence of the efficiency on the parameter
x for the following cases, respectively: (a) a =0, p = 0.3; (b) a =
= 0.1, p = 0.3; and (¢) a = 0.1, p = 0.15; the values of the parameter

6 are indicated on the curve. From a comparison of Figs. 4 and 5 it

follows that the efficlency for constant p Increases with increasing 6,'

but always remains smaller than in Fig. 2; the maximum value of the

- 16 -
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efficiency for constant u and for constant 6 is attained for suffi-
ciently large 6 in the case of a sonic mode at the tube output (curves
OA on Fig. 5). For a tubé with specified value of the parameter 6 = ,
= éonst, there exists a fully defined Mach number at the input to the
tube, at which the efficlency ii a maximum. This statement is 1illus-
_ trated in Fig. 6, which shows the dependence of the maximum efficiency
on the number u for the case & = 10 and a'= 0.1. _
Figure 7 shows the distribution of the plasma parametera;along
" the length of the tube x, = x/1 for the case p = 0.2, a= 0.1, « = 1;
‘It is seen from the plot that the conduétivity changes by one order of
masnitude along the tube. In order to compare the efflciency of the
generator with subsonic and supersonic velocity at the input to the
tube, Figs. 8 and 9 show the dependence of ¢ and 62 on k for the cases
1.5 < M3 < U4, a =0 and also the depehdence of the-efficiehcy on x for
Hy = 2 and different values of 62. It was assumed 1n the calculation
that the slowing-down temperature at the inlet of the tube is approxi-
mately 3000°K, and therefore the initial values of aéo turn out to de-
pend on the Mach number '

= SFen[h(1- )], b.~-3.5(1+!.;.",...)
°--‘-('1+T'.'"7'.‘%;-'|’rﬁf-)#"w(’—?-“w).  (22)
b= e = oern (L7 i) (IS .),ue-.,

The dashed curves on Fig. 8 correspond to values K = Ko To the
left of k = K, the 8y(iy) ourves tend to a finite limit. Between the
dashed curve and the curve a-b, corresponding to Eq. (16), we have
62- », However, if friction is taken into account, then §2 will al-
ways be finite. In the case of a supersonic flow out of the tube, a
complicated system of shocks arises. We nqto that the pressure which
would occur in the case of slowing down of the escaping stream in a
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direct éhock wave should be larger than the external pressure. If this
is not satisfied, then a shock wave is produced in the middle of the
tube in such a place that the internal and external pressures become

equal at the output of the tube.
‘om

Bireed
'-

? | /é ‘
o\

o

TN
/I

¥ »
Fig. 8 ' Fig. 9

1t follows from Fig. 8 that for large p and for & — o the effi-
ciency of a sursrsonic generator becomes higher than in the case when
g < 1. On the otrer hand, if we compare generators of equal }ength for
the same slowing-down parameters, then we have from (22) 62 <L &;
therefore in the cases of practical interest the subsonlc modes are
more advantageous than the supersonic ones. Calculations have con-
firmed the need for taking into account the dependence of the conducf
tivity on the temperature and on the pressure. Thus, for the case & =
= 10, p = 0.3, a = 0.1 the maximum of the electric efficlency 1s =10%,

and in the case of flow with constant conductivity without friction

Prax = 17%-
Institute of Chemical Physics, " Received 30 November 1961

USSR Academy of Sclences

-18 -



REFERENCES 4 '
Neuringer, J.L.,.Optimum Power generation from a moving plasma.
J. Fluld Mech., 1960, Vol. 7, part 2.
Aravin, G.S. and Shevelev, V.P., Termicheskaya ionizatsiya 1
elektroprovodnost' nekotorykh smesey i produktov sgoraniya [Ther-
mal Ionization and Conductivity of Certaln Mixtures and Combus-
tion Products], PMTF [Applied Mechanies and Technical Physies],
1962, No. 2.. ' |
Coe, W.B., Eisen, C.L., The effect of variable plasma cbnductivity
on MHD energy converter performance. Electrical Engineering, 1960,
No. 12, p. 997.
Landau, L.D. and Lifshits, Ye.M., Elektrodinamika sploshnykh sred
[Electrodynamics of Continuous Media], Gostekhizdat [State Pub-
lishing House of Theoretical and Technical Literature], 1957.
Khristianovich, S.A., Gal'perin, V.G., Millionshchikov, M.D. and
Simonov, L.A., Prikladnaya gazovaya dinamika [ Applied Gasdynamics],
Moscow, i948.
Andriankin, E.I. and Sayasov, Yu.S., Vllyaniye vneshnego magnit-
nogo polya na pogranichnyy sloy v plazme [The Effect of External
Magnetic Field on Boundary Layer in Plasma], ZhTF [Journal of
Technical Physies], 1961, Vol. 31, No. 7.
Rosa, R.J., Physical Principles of Magnetohydrodynamic Power
Generation. Phys. Fluids, 1961, Vol. 4, No. 2.
Chekmarev, I.B., Ustanovivsheyesya techenliye slabo ionlizovannogo

gaza mezhdu parallél'hymi plastinami s uchetom anizotropii
- 18a -



9.

provodimosti [Steady-State Flow of Weakly Ionized Gas Between
Parallel Plates With Consideration of Conductance Anisotropy],
PMM [Applied Mathematics énd Mechanies], 1961, Vol. XXV, No. 3.
Kiselev, M.I., K teoril magnitogazodinamicheskogo generatora
[The Theory of a Magnetogasdynamic Gas Generator], Vestnik MGU
[Bulletin of Moscow State University], 1962, No. 1.

- 18 -

[ RPEOUPPYER



THERMAL IONIZATION AND ELECTRIC CONDUCTIVITY
OF SOME COMBUSTION MIXTURES AND PRODUCTS

G.S. Aravin, V.P. Shevelev
(Moscow)

On the basis of the thermal nature of lonization (the Saha equa-
tion), a calculation is made of the electron concentration and elec-
tric conductivity of various inert gases (argon, nitrogen, helium)
with additives of the most easily ionized substances (cesium, potas-
sium, sodium) in the temperature range 1500-4000°K, and also of the
combustion products of some gaseous highly calorific fuels contalning
the same additives at atmospheric pressure. The dependence of the elec-
tric conductivity of the mixture on the temperature, pressure, type of
gas, and amount of additive 1s analyzed. The calculation is made with-
out account of the influence of the electric and magnetic fields on
the concentration of the electrons and on the electric cpnductivity.
The calculation data must be regarded as approximate.. '

* e

1. Thermal lonization of a mixture of gases. At sufficiently high

 temperatures, at which dissociation and ionization of the mixture com-
ponents takes place, an exact determination of the total composifion
of neutral and charged mixture'components necesslitates éimultaneous
solution of the system of chemical and ionization equilibrium equa-
tions. However, as shown by preliminary calculations, at sufficiently
low degree of ionization it is permissible to neglecp‘the lattef.and
to solve first the chemical equilibrium system and then, using this as
- 19 - |



the final chemical composition of the neutral particles, the equilib-

rium lonlzation and lon-production processes are considered independ-

ently. We shall be interested henceforth in the region of temperatures
ani pressures where the mixture components are essentially singly ion-
ized, and there 1s practically no secondary ionization.

A real mixture consists in the general case of several components
capable, on the one hand, of being lonized and, on the other hand, of
forming negative ions; therefore in the derivation of the general re-
lations for the thermodynamic-equilibrium electron concentration we
chall take into consideration, unlike the precediné‘investigations
[1-56], toth ionization and production of negative ions.

Assume trat nnder constant-pressure conditions the equilibrium
ionization and y. Jibination of each component A of the type 1, com-
prising the mixtwc, occurs in accordance with the relation‘A1.;:A1+ +
+ €, while the process of formation and decompositlion of the negative
ions B™ of type J obeys the relation BJ' ;:BJ + e. Then, expressing
the equilibrium constants in terms of the partial pressures of the
corresponding reagents, we obtain

NP g PR
= o K= P (1.1)

From the matter and charge conservatlion laws and from the equality
of the total pressure of the ionized mixture to the sum of the partial
pressures of the components we get

m . N
P =,,—,;(f’t+m). P5'=-,:'-;-(p;+p,’) (1.2)
§P4’=p.f§p:‘. P=2(n+m) +§(m+ P+ P (1.3)

Here py and pg are the initial (prior to the lonization and forma-
tion of the negative lons) partial pressures of the lonized and elec-
trically negative components of the mixture, m, and m are the initial
and final number of moles of mixture, and Pe 1s the partlal pressure



TABIE 1
Values of the Ionization Potentials Vi and the

Ratio of the Statistical Weights of the Ground
State 2g +/g for Different Components (the Litera-

ture Sources are Indicated in the Square Brackets)
1 - o

Neunsnenva () K Na NO |. o WO | Oon ]

Vs 3 | 3.0 {4.39]5.038]9.250] 12,008 | 12,50 | 13.0m0 | 13.505

(130 (830 | 193] | (14) | (15) sl | 8} 403’

5./z 1 L - L Vs ) 4 | 32 1

- (191 el i 1491 | — [120, 21)ig20. 21)1 (20} 11}
Keusensure 0 |co|co | m " .n-"rn . He

13.614 13.790114.01015.427] 15.600 | 15.755 | 24.580.
Voo 3 (13) 1) |usy, (17| (18} 13) 113)

89 4 4 4 4. 12 4

2./2 119] 2 Opa- | [20) | [20} | [20) 19) [19)
oNTR-
posoy-
mo §

1) Component; 2) tentative; 3) ev.

of the electrons.
Solution of this system of equations for the partial pressure.of

the electrons ylelds the foliowing expression

PR ol ( v X2 2fp, )
’

Kt LK, (1.4)

Neglecting here the value of Pe compared with p (pe << p) we have
= Ko /I : '
'P. ? I+’. -2 ‘+.’. . (1.5)

i
We note that this assumption 1s equlvalent to considering the in-

dicated processes at constant volume.

Calculation has shown that in the case of high 1onizat16n poten-
tials of the mixture (for example, in combustion products without ad.-
ditives of easily ionized substances, Tables 1 and 2) the equilibrium
congtants K1 of the ionizatlion and recombination processes are many
orders of magnitude smaller than the partial pressure of the electrons

Pgs and the latter 1s 1in turn many orders of magnitude smaller than
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the equilibrium constants KJ of the formation and decomposition of the
negatlve 1lons, bwing to the small values of the electron-affinity en-
ergy (0.87-1.735 ev). Taking this into account, we obtain a relatively
simple relation for the determination of the partial pressure of the

electrons at a low degree of lonization

e (31001 1+ 3] e

which in the case when no negative lons are produced assumes the well-

known form [4]
Pom= (‘me')f ‘ (1.7)

The necessary equilibrium constants contained in the formuias can
be calculated, as 1is well known, from the Saha equation, which for a
monatomic gas at temperatures at which, on the one hand, the.electron
excitation can be neglected relative to the ground level¥* and, on the
other hand, the fine structure of the ground state can be disregarded,
has the form 18K=—£;.1+
+25 lgT-'-6.48+ 13-%‘:1, (1.8)

Depending on the process‘considered, K denotes here the equilib-
rium constant of the ionizatlon and recomblnatlon processes, Ki’ or
the constant for the formation and disintegration of negative ionms, KJ
[atm], I is the ionization potential*#* Vi'or the electron-affinity en-
ergy EJ [ev], while g, énd g, are tpe statistlcal weights of the ground
states of the positive lon and the neutral componént, or the electro-
negative component and the negative ion; T is the temperature [°K].

As applied to molecular components; Eq.‘(1.8) must be regarded as
approximate, for it does not take into account the éontributions of

the rotational and vibrational degrees of freedom of the molecules.
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N,

= 2989K (B 1s the

perature T

[IspuBARLEUS XABAGENA KONSONCHT, Po. AT

ron

of the Combustion Products in °K of Different
. o )
6.10-10° lo1.64 10~ | 3.87.10% | 4.59-0~% [3.43-101] 1.35-10~

1"atm and Initial Tem
o

1.54.10 [1.33.10-

the components p,, atm; 2) combustible mixture; 3) hydrogen-
5) acetylene-air; 6) acetylene-oxygen; 7) carbon monoxide-

.
2

TK

en-o0

kg

4) hyar
(+0.

oxygen

Nmnne—;

Chemical Composition and Temperature T

Combustible Mixtures at Pressure p

~ Volume Percentage of Fuel in the Initial Mixture)

1) Partial pressures of

TABLE 2
air;

However, the error due to this
fact is small, since the ratio of
the vibrational and rotational
.partition functions of the mole-
cules and their lons 1n the range
of our temperatures (1500-4000°K)
1s close to unity [8). Nonethe-
less, for the lonization process
NO Not + e ». Wwhich makes the
principal' contribufion to the
electron concentration in the com-
busﬁion products of pure mixtures
(without édditives), and also for
the maln processes involving the
formation and disintegration of
negative ions
OH™ =+ OH + e and 0"_-0_0.1- e
(see below) we shall use hence-
forth the available more accu-
rately casl.culated equilibrium con-
stants* listed m‘;l’able 3.
The electron concentration.
is determined from the rm
n, = pn/p (1.9)

Here p, and p are, respec- '

U?

wate

tively, the partial pressure of
the electrons and the over-all
pressure .of the mixture [atm],
and n is the total concentration
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.TABLE 3 ‘ of the molecules at a given pressure and

Equilibrium Constant for

-3
the Processes temperature (em™].

NO 2 NO* 4 ¢, 0H- 2Ol 4-¢,0-50 4 ¢ An analysis of Relations (1.8),
K Kno Kou- | Ko- (1.5), and (1.9) shows that the concen-
2300 | 1.764-10- | 0.1253 | 0.1521 tration of the electrons of a multicom-

2400 4.366-10710 | 0.2017 | 0.2304
2500 9.012.10-%* | 0.3141 | 0.3189

5000 | 5.162.10-7 | 0.4746 | 074859 ponent mixture is determined essentially
bl

. 3&3 - A e by the component having the lowest ion-
3100 T | ek (e 1zati tential, although it may b
ggk - 2.6 inp zation potential, although it may be

present in an insignificant amount. With
furitier increase in the temperature, when this component turns out to
be practically completely ionized and ceases to play a role in the
total ionization of the mixture, the electron ionization 1is determinéd
successively by each followlng more readily ionized remaining compo-
nent, up to its complete lonization. The concentration of the negative
ions, in contrast to the ionization prdcess, is determined eséentially
by the component that has the highest electron affinity, and with in-
crease In temperature their concentratlon decreases. Naturally, the
presence of electro-negative components in the mixture, other condi-
tions being equal, reduces the concentration of the electrons owing to
their capture by these components.

It 1s known that in order to increase the electric conductivity |
of the gases one adds to them small amounts of easily lonized sub-
stances, most frequently alkall metals, which have the lowest ioniza-
tion potentials. It is necessary to note, however, that when alkali
metals are added to combustible mixtures it is necessary in the gen-
eral case to take into account the production of compounds between the
alkall metals and certain components of the combustion products and
the resultant concentration drop of these metals and hence also the
reduction 1in the electron concentration in the mixture. The most prob-
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able are the hydroxides of the alkali metals CsOH [9, 10], KOH [11, 12],
NaOH [9] and the lower oxide of potassium K50 {11]); the most stable of
these at higher temperatures are CsOH and KOH. ‘ _

Iet us estimate approximately the amount of alkall metal A com-
bining with the hydroxyl. We use for the process AOH * A + OH the re-
lations ' |

KAOI! = PaPon v
Paon

Pa® = pa + paou

and assume that at small amounts of the additives Pog = ng. We then

.obtain the ratio of the partial pressure of the bound metal (hydroxide)

- PACH to the initial partial pressure of the metal vapor»pg

Paon Pok .
= . {
2% ol +Kpon (1.20)

According to [9-10] for the process CsOH ;= Cs + OH and i(OH =K+
+ OH at a temperature T = 2000°K the equllibrium constants are, respec-
tively, KbsOH = 3.2-10'“
fects are 91 and 86 kcal/mole. Extrapolating these constants to the

and K., = 10-3 atm, while the thermal ef-

values of the temperatures of the combustible mixtures which we are
calculating (Table 2), we obtain rfom Formula (1.10) that in the com-
bustion products of fuel-oxygen mixtures, owlng to thelr high tempera-
tures, there 1is practically no cesium or potassium combined with the
hydroxyl, while in the combustion products of fuel-air mixtures, which
have a lower temperature, not more than 39% cesium and 10% pbtassium
combined with the ﬁydroxyl can be found; to simplify the calculations
of the electron concentration and of the electric conductivity, this
wiil be disregarded from hon on.

2. Initlal data for the calculation of the electron coqcentration

and the electric conductivity of gas mixtures. The values of the ion-

ization potentials and the ratios of the statistical welghts of the
ground state, necessary for the calculation of the components of Aif-
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TABLE 4 :
Values of the Electron Concentration, n, in cm’3,

and the Electric Conductivity o in ohm-1 cm™Y, for
Inert Gases with 1% by Weight of Cesium, Potassium,
and Sodium Additive, and . also for Pure Vagors of
Alkall Metals at Different Temperatures TYK and at
a Pressure p = 1 atm - -

T°K
1
Cuecs
1500 . 2000 2500 000 0 W
ne 4.15-iou 1.93-10% 1.94.101 8.65.10% 2.2540“! 3. %10
Ar4-1%Cs, ) .
6| 5.91-40* | 2.89.10-' | 2.18 4.83 7.70 10.20
ne | 1.36.10M | 9.68-10' | 1.27.10% | 7.04.10% |2.32.10% 5.30.10%
ArH1%K . -
. o] 6.36-10-¢ | 5.15.10"* | '6.50-40°* | 2.63 5.90 8.8
ne | 3.45.10m 1.60-10" 1.60-101 7.90-10% |1.80-10%} 2.83.40%
Ny4-1%Cs : .
c{ §.19-10-? | 5.57-40-% | 5.06-10t 1.87 3.86 $.57
e | 1.1%-901 8.07.1012 1.06-10% 5.84.10 |1.92.10™ 4.29-10™
Na+1%K
6f 2.86-10~¢ | 2.19-10-* | 2.79-107? 1.37 3.5% 6.2
ne | 6.71-10°* 1.04.1012 2.16-101 1.65.40 {7.01.10% 2.05.10%
N,—f—’%NI .
o 1.58-10°% | 2.61-10"* | 5.54-10°% | 4.19-10" 11.59 3.85
. Re | 1.32-j01 6.07-10'* 5.98.1018 2.40-40% ] 4.60.10%: 5.20-40%
He41%Cs '
o | 3.84.-10-¢| 2.02-10~¢ ! 2.12.10- | 8.40-10°t {1.59 1.9
ne | 4.32-101° 3.08-10% 3.98-10% 2.47-10% [6.41-10% 9.50-10%
He41%K
c| 4.20-10~¢ | 9.80-10* | 1.38-10"% | 7.45-10 |4.97 2.8
ne | 7.58-101 3.54-10% 3.55-10'% | 1.68-10" |4.97-10' 1.14.10°7
100%Cs
¢ | 3.80-10¢ | 2.01-10"% | 2.14-107 | 1.08 3.09- 6.57
100%K 1.35-101 9.59.10 1.26-101 7.06-10% 2.40-10“’ 6.03-10¢
6| 6.80-10* ! 5.54.10* | 8.05-10-% | 4.78-10* j1.62 3.9
6.12-101° 9.49.101 1.97-101 1.51-10% |6.46-10%|1.93-10%
100% Na :
6| 4.10-10°% | 7.34-10¢ 1.70-10"% 1.40-10"* }6.18.107%1.81
1) Mixture.

ferent mixtures and products of combustion, are chosen in accord with
Table 1, from which it is seen that the smallest lonization potentilals
are possessed by the alkall metals Cs, K, Na, and nitric oxide NO.*
As far as we know, of all the components indicated in the table the
largest electron affinity 1s possessed by OH — 1.735 ev [22], 0 — 1.465
ev [23, 24], and 0y — 0.87 ev [25].

The equilibrium chemical composition of the broducts_ and the com-
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bustion temperature T, in %Kk of the combustible mixtures'employed* are

listed in Table 2.

The electric conductivity of thé mixture 1s determined from the

.. 1IN
i P )
Fig. 1. Dependence of the
electric conductivity on
the temperature for inert
gases (argon, helium,
nitrogen) with additives
of alkall metals (cesium,
potassium, sodium) and
pure vapors of alkali
metals: 1) Ar + 1% Cs; 2)
Ar + 1% K; 3) N, + 1% Cs;
4) N, + 1% K; 5) Ny + 1%
Na; 6) He + 1% Cs; 7)
He + 1% K; 8) 100% Cs; 9)
100% K; 10) 100% Na.

relation [27, 28]

= 0-532 — 2' l
o ST (2.1)

vhere e and m, dre, respectively, the
charge and mass of the electron, ng the
electron concentration [cm'3],.g Boltz-
mann's constant, T the temperature [°K],
and n; and Q; the concentration [cm'3]_
and the avefage electronic diffusion col-
lision cross section for neutral par-
ticles or ions of the mixture [cm<). For
lons, the latter 1is calculated from the

formula [28]

1

There are few reliable data on the

Qu =050 (ﬁ)’m [.‘_j_.:__ (‘:.':

cross sections for the collisions of electrons with the neutral compo-

nents, pertaining to the slow electrons with energy less than 0.5 ev

which are of interest to us. In the calculation of the electric con-

Quetivity of mixtures of argon, helium, and nitrogen with additives of

cehium, potassium, and sodium in the temperature interval from 1500 to
4000°K, we assumed the following values of the cross sections: for Ar -
2.107%7 (29, 30], He -6.8-10‘16 (31], N, — depending on the tempera-
ture (5.0-7.4)-10726 [29], cs ana K — 4-10~* [32], Na - 3-10%% cm?

(32].

The cross sections for the collisions between the electrons and
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the combustlon-product components were taken to be: for H — 1.5-10'15

(33], H, - 1.2.207%2 (32, 34], 0 - (1.6-2.1)-10712, 0, - (3.3-3.6) x
x 10-16, N, - (6.3-6.4)-107%6, No — (5.4-5.6)-20"26 [29], cO - (7-8) x
x 10726, co, — (1.2-3)-107%5 [33], Hu0 — (5-7)-1075 [33, 34], OH -
2.10715 cm? (tentative).

It follows from the foregoing data that the 1a£gest collision
cross sectlons are possessed by the alkalil metals,Aand the smallest by
arcon (the Ramsauer-Townsend effect).

3. Results of the calculations. a. Electron concentration and

electric conductivity of inert gases with alkali-metal additives. The

calculated dependence of the electron concentration and of the elec-
tric conductivitivy of the mixture on the femperature, pressure, and
amount of additive has been determined in the range of variation of
practical interesi for each of these parameters.

The results of calculation, based on Relations (1.5), (1.9), and
(2.1), of the electron concentration and of the electric conductivity
of the inert gases argon, helium, and nitrogen¥* with additives of ceslium
and potassium, and in the case of nitrogen also with additive of sodium,
in the temperature interval from 1500 to 4000°K at atmospherilc pres-
sure and at a constant additive content amounting to 1% of the weight
of the mixture are listed in Table U4, while the data for the electric
conductivity are plotted in Figs. 1 and 2. For the sake of comparison
we show here also the data calculated under these conditions from For-
mulas (1.4), (1.9), and (2.1) for the electric conductivity of the
pure ceslium, potassium, and sodium vapor. -

It follows from the curves of Fig. 1 that in the entlre tempera-
ture interval, the largest electric conductivity, reaching a value ¢ =
= 10 ohm'1 cm'1 at a temperature T = uOOO°K, is possessed by argon
with cesium additive. In the central part of the calculated tempera-
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Fig. 2. Dependence of the elec-
tric conductivity on the recip-
rocal temperature for inert
gases (argon, helium, nitrogen)
with additives of alkali metals
(cesium, potassium, sodium) and
pure vapors of alkali metals:

1) Ar + 1% Cs; 23 Ar + 1% K;

3) N, + 1% Cs; 4 N, + 1% K;

5) N, + i% Na; 6) He + 1% Cs;

D e i o 9

ture interval, approximately between 2000 and 3300°K, the electric con-
ductivity of argon,'nitrogen, and helium is successively decreased rel-
ative to the value with cesium and potassium additives. The smallest
electric conductivity is in this case that of the mixture of nitrogen
with sodium. .

The electric conduﬁtivity of 1004 sodium, potassiﬁm, and césium
vapor (see the dashed lines on the figures) rise with decreasing 1§n~
ization potential from sodium to cesium, which 1s natural, but with
the exceptlon of a small region of low and high teﬁperatures, the elec-
tric conductivity of 1004 cesium vapor turns out to be lbwér than the
electric conductivity of argon and nitrogen with cesium and potassium
additives, while the electric conductivity of 100% potassium vapor is
lower than the electric conductivify of helium mixed with potassium

and cesium, owling to the small mean free path of the electrons due
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to the larger cross sectlions for the collision between the latter and
the alkall metals.

As can be seen from Fig. 2, the temperature variation of the elec-
tric conductivity at low degree of ionization of the mixture (up to a
temperature z2500°K for the argon-cesium mixture and up to a tempera-
ture z3000°K for the remaining mixtures) can be approximated with suf-
ficient accuracy by an exponentlal dependence of the type o =
= C exp (=D/T). With further increase in the temperature, and conse-
quently also in the ionization, the Increase in the electric conduc-
t_vity slows down more and more as the initial substances Become con-
sumed and because of the relative decrease in the mean free path of
the electrons, owing to the more probablé collision between them and
the ions (although the electron-ion collision cross section.decreases
with increasing temperature, nevertheless it 1s several orders of mag-
nitude larger than the cross section for neutral molecules).

The caiculated data, in the same temperature interval, for the
derendence of the electron concentration and the electric conductivity
of the mixture on the pressure, 1n its range of varlation from 0.01 to
10 atm, using a mixture of nitrogen with 1% potassium by weight as an
example, are listed in Table 5 and are plotted for the electric con-
ductivity in Fig. 3. It follows from these data that the electric con-
ductivity of the mixture decreases with increasing pressure, and up to
a temperature =2500°K the 1lncrease follows the law 01f5-= const, i.e.,
it 1is inversely proportional to the square root of the pressure.

In the general case, for a small degree of ionization (on the or-
der of 3%), we can assume approximately that the dependence of thé
electrilc conductivity of the glven mixture on the pressure and on the
temperature satisfles the equation
=Frmtd)
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in particular, for a mixture of nitrogen with 1% potassium by weight

we have ' .

5' - s..cs-'w' exp ( —3.0-10')

The dependence of the electric conductivity of the above-mentidnéda
mixtures of inert gases with addit;bes of alkali metals on their welght
fraction ¥y 1n the mixture, at atmospheric pressure and at a temperature

T = 3000°K, 1s shown in Pig. 4.

TABLE 5 _ _ |
Values of the Electron Concentra-

tion n,, 1in cm'3, and of the

Electric Conductivity o, 1in
ohm™! ¢ 1, for Nitrogen with 1§
Potassium by Weilght Added at Dif-

ferent Pressures 2, in atm and
Temperatures T in °Kk

». A-l
K

. " ' Y | 10 l »
1500 {$.11.40% [3.57.40% {1 1110 13 57-40%

A, |20 (8, u7-10% 12.62,10%8 | 8.07-10'8 | 2.58-40=
2500 11.03.10%8 }13,.35.10% | 1.08-40" | 3.35-10%
MO0 | 4,94.4008 | 1,78.101¢ | 5.84-10% | 1. 88-10%
500 [ §,08.10% 15.21.10% | 1,92.400 | 8,28.10™
A0 [ 1.30.10% |9.65-10% | 4.29.10% | 1.56-10"
1500 [2.89.1079 [9.22.10 | 2.88-10% ] 9.24-10~

G 2000 | 2.01-10~ 16.80-10-* | 2,19-10-] 7.00-90¢
2500 11.53 7.52.1072 | 2,79.107! | 9:19-908
3000 |3.60 2.70 1.37 5.19- 00
3500 |5.30 5.20 3.5 1.87
4000 | 6.48 7.0 6.20 3.75

1) Atm.

From the curves in this figure, which were caiculated from For-
mula (2.1), we seé that for specified conditions with respect to pres-
sure ﬁnd temperature, a maximum electric conductivity of the gas 1is
attalned at a certain (optimal) amount of additive. Purther increase
of the additive leads to a reduction in the electric conduétiiity.
Qualitatively this follows directly from Formula (2.1), according to
which the electric conductivity increases with increasing electron con-
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Flg. 3. Dependence of the electric conductivity of
nitrogen + 1% potassium by weight on the temperature
at different pressures: 1) 0.0l atm; 2) 0.1 atm; 3)
1 atm; 4) 10 atm.

Fig. 4. Dependence of the electric conductivity of
inert gases (argon, helium, nitrogen) with alkali
metals added (cesium, potassium, sodium) on the
weight fraction of the additives (T = 3000°K, p =1
atm): 1) Ar + Cs; 2) Ar + K; 3) N, + Cs; 4) N, + K;

5) N, + Na; 6) He + Cs; 7) He + K.

N
)
/2

centration and decreases with increasing electronic collisidn cross
section. Naturally, the increase 1n the amount of impurity in the form
of alkali metals, which have much higher cross sectioné compared witﬁ
ordinary gases, leads on the one hand to an increase in the electric
conductivity dQue to the increase in the electron concéntration in the
mixture, and on the other hand to a decrease due to the increase in

the total electronic .collision cross section:
g
=;ﬁzn&h
{

As a net result, at a definite (optimal) amount of impurity, a
maximum of electric conductivity sets 1n, and the dependence of the
maximum on various factors can be established by an analysis of the
indicated formula.

For the sake of simplicity let us take a two-component mixture,
consisting of a fundamental component of some electro-positive gas and
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the vapor of some additive, and neglecting the ionization of the .fun-
damental component lef us assume that in our temperature range only ‘
the additive substance is ionized. Expressing in Formula (2.1) the ad-
ditlve poncentration ny, the concentration of the main component n,,
and the electron concentration ng in terms of the corresponding par-

tial pressures p,, Py, and p,, Wwe obtain with the aid of (1.1),'(1.3),

and (1.9)
0.5712

- '. .
= T =R TR T O =N P

Differentiating this expresslion with respect to Pg under the sim-
plifying assumption that the colllision cross section of the electrons
with the positive lons of the additive QI' does not depend on the par-
tial pressure Pe of the electrons (the error introduced by this in the
electric conductivity 1s insignificant in our case), and equating the
first derivative to zero, we obtain a relation for the optimum partial

pressure of the electrons:
.
o= (25
Using this equation along with Eqs. (1.1)-(1.3) for the ioniza-

tion of the additive, we obtain the optimum ratio “opt of the weight
of the additive Gl to the weight of tha gas 02

(3.1)

where By and iy are, respectively, the molecular weight of the addi-
tive and the gas. | _

If we assume that the collisibn éroas sections are independent of
the temperature, then it follows from this formula that the weight ra-
tioa t.;ncreases with increasing temperature, owing'to the increase

op
in the lonization constant Ki, and decreases with the increase in the
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total pressure p,
Neglecting in the numerator of (3.1) the expression under the
square root and neglecting in the denominator both terms compared with

unity, we can assume for a clearly ten-

TABLE 6

Values of the Opt imum tative estimate under the conditlions con-
Weight Fraction Yopt % sidered

and the Maximum Electric

Conductivity o __, Qops == B2 Q:%g_.

ohm™1 cm'l, for Different

Mixtures at Pressure p =

~ 1 atm and Temperature which colincldes in the particular case

- o
T = 3000°K when N K g with the concentratlion ra-
1 Cwecen I Yopt l *max tio [35]
wie e | | e
r .
Ho+ Cs 37.00 N1 n,/n, = Q.
.;21 K 17..:89 %.50 172 1 :
E:ix? ;:é f:ﬂ', The values of the optimum weight
s +Na 1.85 0.44
fractlion of the additive in the mixture
1) Mixture.

= omt
Topt = g + . %p

and of the corresponding maximum electric conductivity qm:iax at atmos-
pheric pressure and at a temperature T = 3000°K are listed in Table 6
for various mixtures. It 1s seen from this table that for a mixture of
argon with potassium and cesium, only a very insignificant amount of
optimal additive (less than 1%) is necessary to attain maximum elec-

tric conductivity of 3.57 and 5.2 ohm™Y em™1

, respectively; for mix-
tures of nitrogen with sodium, potassium, and cesilum this value does
not exceed 8%, and for mixtures of helium with potassium and cesium it
reaches 37% at relatively lower absolute values of the maximum elec-
tric conductivity. |

b. Concentration of electrons and electric conductivity of com-

bustlion products. The concentration of the electrons, determined on

the basis of the Saha equation (1.8), and the electric conductivity of
combustion products without additilves of readily ionized substances
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are small and according to calculétion, with allowance for the data of
Table 3, do not exceed* ng = 1.86-1010 em™3 and ¢ = 3.53-10‘5 ohmf; cm‘l,
the latter figures pertgining to tﬁe combustion products of acetylene '
with oxygen. Addition of easily ionized.substances, particularly cesium
and pbtassium, in amounts of 1% by weight, as can be seen from Table 7,
greatly'increases the electron concentratiop and the electric conduc-

tivity of the combustion products..

TABLE 7
Values of the Electron Concentration ng in cm"3

and of the ElectricVCOnductivity o in ohm’1 em™1
for Combustion Products with 1% by Weight of = i
Cesium, Potassium, and Sodium Added at a Pressure

p=1atm

1 Topun .c-u. T.*K > x ’ N

" ¢ e . R . e g .
2 nonopon — 2387 19.34-10% | 8.50-10-%{ 5.90-10% | 5.13.10-4]1.10.10 | 0.47.10-¢
3 n..{""m;." 3085 |5.62.30%]3.64-10-1| 4.92.10% | 3.13-10-1|1.45. 10 |9, 4¢. 10~
4 pperenen =" 2575 |1.98.40% | 3.52.10-1| 1.36-10% | 2.19.10-3}2.93. 10 |¢.60.10-¢
5""1':.‘&“:":;. 3210 |1.04.10% | 1,50 9.55.104(1.27  [3.02.10%|4.34.10~
6 owmes roenons = 2085 |7.18.10% | 1.20 5.81.404]1.02  [1.62.104[2.97.10

1) Combustible mixture; 2) hydrogen-air; 3) hydro-
gen-oxygen; 4) acetylene-air; 5) acetylene-oxygen;
) carbon monoxide-oxygen.

The greateat value of the electron concentration and the electric
conductivity 1s possessed in this case (Table 7) by the combustion
products of acetylene and of carbon monoxide with oxygen. It must be
noted that 1n spite of the fact that the temperaturéﬁ of the combustion
products of hydrogen with oxygen is 100° higher than the temperature
for carbon monoxide with oxygen, however, for an almost equal electron

concentration, their electric conductivity (owing to the larger value

of the collision cross section Qe of the combustion products (Table 8)
of this mixture the main contribution is made by the water) is several
times smaller than the electric conductivity of the combustion prodﬁcts-
R - TS



TABIE. 8

Values of Optimal Content Yopt % of Additives of -
Cesium, Potasslium, and Sodlum and of the Maximum

Electric Conductivity o .. in ohm~1 em™) for the

Combustion Products of Combustible Mixtures with
Alkall-Metal Additives

Cs K " e« Na

l Fopraan 7oK ch:o ‘ "
Yopt | “max Yop Smax Yopt Smas

Qbuxopon — | 2387 | 24.3 | 2.7 | 30.0|0.27| 1.0 | 0.10 9.5 | 0.0
Spoaopoa~ | 3065 [ 14.6 | 4.2 |54.0[1.83] 26.7 | 0.79 |. 240 | 0.2

L2

umm-;: ~|2515 1252 | 1.3 J15.6]0.74] 5.2 | 0.3 4.2 0.06
SAuarenes -~ 3210 §26.3 | 1.5 | 18.4]3.38] 6.0 | 1.8 .| 4.9 0.60
60 Rusaopox

Quuce, yeaepo, 2065 1354 ] 1.0 | 9.3]2.38 2.9 1.41 2.3 0.3

1) Combustible mixture; 2) hydrogen-air; 3) hydro-

gen-oxygen; 4) acetylene-air; 5) acetylene-oxygen;

6) carbon monoxide-oxygen.
of carbon monoxide with oxygen. The electric conductivity'of combus-
tion products with potassium additive is close to that with an addi-
tive consisting of the same fraction by weight of cesium (the differ-
ence 1s approximately by 1.5 times), owing to the small difference in
the ionization potentlals and the relatively larger concentration of
the potassium particles per unit volume as compared with cesium, re-
sulting from the much smaller molecular weight (uK = 39;1, Heg = 132.9).
Although the data of Table 7 have been obtained with account of the
formation of negative ions, the latter can be neglected at high tem-
peratures of the combustion products, for ever under tﬁe most favor-
able case, at a maximum amount of the hydroxyl OH and atomic oxygen
(hydrogen-oxygen and acetylene-oxygen combustible mixture) this leads
only to an error that does not exceed 5% in the direction of. higher
electron concentration. )

If we regard the combustion products of each of the éombustible
mixtures as a homogeneous gas having the same molecular weight as u,
and total cross section Q. as the combustlon products of the mixture
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(1.e., p = pys Q= Q), then according to calculation by means of For-
mulés.(3.1) and (2.1) we obtain the values of the optimal additive of
ceslum, potassium, and sodium, YOpt’ and the corresponding maximum
electric conductivity ¢ max of the combustion products of the combus-
tible mixtures with additive, as listed in Table 8. What is striking
here is the high value of the optimal additive of cégium {up to 54%)
for the combustion products of all the considered combustible mixtures,
and also that of potassium (up to 26.7%) and‘sodium'khskfoléh$) for
the combustion products of hydrogen-oxygen and hydrogep-aif mi;turea;
For the remalning combustible mixtures, the vaiue of fhe additive
ranges between 2.3 and 6%, which 1s probably tolerable in practicé;n.
although it should reduce somewhat thelr combustion temperature. fhg
value of the electrlc conductivity, however, does not exceed in this

case 1.85 ohm™ -1,

o (the combustion products of the acetylene-oxygen
mixture with 6% potassium), so that the burned gases, even when al-
kall metals are added, are unfortunately relatively poor electric con-
ductors.

In conclusion it must be noted that the procedure of adding easlly
lonized substances to the working medium is essentially'a method of
reducing the temperature of the most difficultly ionized working medium
when a definite electric conductivity 1is attalned. Successful searches
for methods of increasing the electric conductivity and further de-
creasing the temperature of the working medium to sensible limits with-
out reducing the electric conductivity, along with the development of
new high-temperature materials, are exceedingly important, since they
would facilitate in principle the solution of many applied problems of
practical importance, particularly problems connected with maghetogas-

dynamic conversion of heat Into electricity.
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No.

22 Even for such easily lonized substances as alkall metals,
the error resulting from this is negliglbly small and there
1s no sense in taking a practical account of 1t.

22 The reduction in the ionization potential [5, 7] resulting
from the screening of the partlcle by the flelds of the sur-
rounding charges 1is disregarded.

23 The data were graclously furnlshed to us by L.V. Gurevich.

2t The ratio of the statistical weights 2q, /qo in the calcu-

2 "2 .
1ation of the equilibrium constant of the process of forma-
tion ¢nd disintegration of negative ions of molecular oxygen
is azsumed to be 1.5.

27 The dé-ta for the hydrogen-oxygen mixture were borrowed from
[26], and the data for the remaining combustible mixtures
were gracliously furnished by I.V. Veyts.

28 We disregard dissoclation of molecular nitrogen.

35 We note that the acftually measured concentration of the elec-

trons in the flame zone itself is two to four orders of mag-
nitude larger, depending on the composition of the combus-
tible mixture, than that thermodynamically calculated with
the Saha equation [3, 22, 36]. It is easy to see, however,’
that in this case the electric conductivity of the flame
still remains low.
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INFLUENCE OF THE DIFFUSION OF RADIATING IMPURITIES
' ON CONVECTIVE HEAT EXCHANGE

A.N.ARumwnskiy
(Moscow)

We consider the boundary layer near thé forward critical point'pf
an axlally symmetrical blunt-nosed body, from the Qurface of which ac-
tive (radiating) gas is released. It is assumed that the boundarj
layer represents a binary mixture, in which no chemical reactions take
place. To separate the effect of the influence of the diffusion of
the radiating gas bn the heat exchange, the influence of the radiation
of the gas components of the maln stream on the flow of the gas 1is
neglected. Under the indicated assumptions, and using a few supplemen- _
tary simplifying premises, formulas are derived for the calculation of
the convecfive heat flows in the vicinity of the critical point of a
blunted body with rédiating gas released from its surface.

. ee

1. In solving the problem we shall start with the results of
Reference [1], in which 18 considered heat exchange in a frontal point
over which a radiating medium flows, without any gas released from the
surface of thetbody. Since we neglect here the influence of the radia-
tion of the main stream on the flow of the gas in the perturbed region,
unlike the cited paper, there is no need in the instance under consid-
eration to use the complete system of Navier-Stokes equations, and it
is sufficient to confine onself to an analysis of the flow in a vis-

cous boundary layer only. We neglect here the interaction of the vor-
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tices of the shock and boundary layers, 1l.e., we shall consider the
parameters on the outer boundary of the boundary layer to be equal to
the parameters behind the departed shock wave, which enables us to use
the scheme of asymptotic boundary layer [2, 3]. The 1attep will obvi-
ously be valid in those cases when the thickness of the boundary layer
is considerably smaller than the distance & between the body and the
shock wave [4], as will be assumed from now on. '

The equatlons of motlon and of contlnulty for a mixture of gases
in a boundary layer, in the presence of diffusion of the radiating im-
purities released from the surface of the body, have the same form as
in [1], and by virtue of the\statements made above we must equate the
terms in these equatlons containing the transverse pressure gradlent
to zero, and retain only those terms which are essential in the. bound-
ary layer.

The energy equation with account of the heat flow transported by
diffusion, heat conduction, and radiation and neglecting the diffusion

heat conductivity, can be represented in the following form [5]

o . di a rn B L A 2"_
Ploe "y~ E\TW)”"‘(@) Yede ™
e T P—P . .. de
= Py . 7;!_ P L PDu('l'—'z)-a';‘ (1-1)

Here X and y afe the distances, measured from the forward critical
point along and normal to the surface of the body, respectively; u and
Vv are the velocity components along the difection; p 1s the pressure
and ag the velocity of the radiant energy heat influx; the subscripts
1l and 2 pertain to the parameters of the active gas and the main
stream, respectively, while the index s pertains to the parameters be-
hind the shock wave; p, 1, and p are the density, enthalpy, and vis-

D
sion Prandtl numbers; D 1s the diffusion coefficient

coslty coefficlent of the mixture; P and P, the molecular and diffu-
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i= X ik f',-==St,.;d1‘~- i Pp--
) .

A . ‘
et 1 4 C_:PT‘II , l’" = I)", p = zc’ﬁ‘
i

where 1J and ¢ are the enthalpy and the specific heat of the Jj-th

component, A tﬁi heat conduction coefficlent, c; the average specific
heat of the mixture, T the temperature, 13 the production enthalpy ex-
trapolated to absolute zero, and °J the concentration by weight of the
J-th component, satisfying the following continulty equation:

de o N . :
R I T R CR

If we neglect thermal diffusion for the binary mixture, the dif-

fusion flux KJ contained in the right half of (1.2) 1s equal to

Kl“"“i""?”n% ’ (1-3)
In the formulation of the problem as considered here, the bound-
ary conditions for the solution of the reduced system of equations-of

motion, energy, and diffusion in the boundary layer will be .

8=, 0=1"0y imiy, ¢ =¢, f—O_r'-'o

(1.4)

The subscript w denotes here the parameters on the wall.

n=n, (mi, C..-o fory-o-_

The general expression for the rate of radiant-energy heat influx
is given in [1, 6] and is not presented here in order to save space.
We note only that in the case consldered here the absorption coeffi-
clents of the mixture depend on the congentration ¢y of the active gas,
with a, = 0 as ¢; =0, i.e., by virtue of (1.4) we have Qg ~ 0 as y = =,
2. Using the customary assumption made for the vicinity of the
critical point, namely that terms of order o(xa) are Small, we seek
the solution of the obtained system in a form analogous to the solu-

tion of [1] .
Cws=fr v —YME, i=i, a=a@m
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Here R 1s the radius of the midsectlon of the body, u,, p, are
the velocity and density of the ilncoming stream, and b is a constant
that depends on the shape of the body [T). |

The problem then reduces tosolution of the following system of

ordinary differential equations

| vy +2ur - | |
Wi+ at=2) [ —h—0]= =0 (2.2)

4

v(poa’) +2a’ =0

W =i =t
The third term of the left part of the energy equation in the sys-
tem (2.2) takes account of the fact that when PD # P the energy trans-
port processes occur at different intensities, owing to diffusion and
heat conduction. When PD = P this equation colncides in form with the
equation considered in [1]. The last simplification i1s used to calcu-
late the increment of the convective heat flow, due to the radiation
of the gas released from the surface of the body. In addition, we have
1 = const. The errors connected with the assumptions made, and the ad-
visability of these assumptions in calculating the increment of the
convective stream, will be discussed in the last section of this paper.
Under the assumptioﬁs made, the system (2.2) can be written in

dimensionless coordinates in the form

T+ 2 = — 3. F 43P0 =—PK°qy

e+ 2Pey' =0, K°='ﬁa:_%x, K 3.5__‘:';‘ (2.3)

=11 ™ =(T:.‘)%'I- Po = oo fo = (B, gme = (KBL) g,

with boundary conditions
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f"O- l"'v i=i" C|=¢.‘. for‘-.
IF—1,i—=1, ¢,—0 . fory—es . (2.4) ’

The dimensionless quantitlies are designated by the subscript O,
which for éimplicity has been left out of the systepA(2.3)-(2.h); the
subscript m pertains to the characteristic mean values of the corres-
ponding quantities.

| The parameter K* characterizes the maln influence of the radia-
tion on the characteristics of the boundary layer in the vicinity of
the critical point. The relatlion given above between K*.and the corres-
ponding pa;ameter'x, used 1h [6].ror a flat plate, characterizes the
influence of the pressure gradieht. The first factor at K 1s equal in
practice to 1/2 and appears only because of some difference betwgen

the dimensionless quantities employed here and the corresponding quén-
tities of [6]. The second factor is due to the pressure gradient in

the vicinity of the critical point. With increasing pressure'gradient,
the velocity increases and the time that the particle stays in the
vicinity of the retardation point with high values of pressure and tem-
perature decreases, so that the influence of the radlation diminishes,
i.e., the parameter K*-decreases. |

We shall assume that ag 1s a known quantity, determined from the
profiles of the temperaturé and of the concentration of the active gas
in the nonradiating boundary layer, the latter of which is determined
by the solution of the third equation of the system (2.2)

a=em(1-725). J,(-o=Sex»(—er'm)an (2.5)

Here and throughout the function f is determined by the solution
of the system (2.2)-(2.4) with K* = O. |

Taking into account the radiation of the éctive gas releésed from
the surface of the body, the distribution of the enthalpy of the bound-
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ary layer 1s written in the form

1= iy + PK*Js(e0)
. Ji(em)

""""§°’P(~2P§/"'ﬂ)§exv(21’$/dn)q.(r.e,nm - (2.8)

i() =iy + CJy(n) — PK*Jy(v), Cm=

The heat flux transported to the surface of the body by diffusion
and heat conduction 18 determined by the gradients'of the temperature

and concentration at n = O 1n accordance with the formula
» 4 T ey .
9o =1~ b — (PP ) (a—ia) (2.7)

Calculating the value of the derivative of the temperature on the
wall and substituting 1t into the expression for the heat flux (2.7)
we obtain '

9= N PV ipE {1 + Gy &t G i) (2.8)

It was pointed out in [1l] that the variability of.the'term éon-
taining the pressure gradient in the first equation of the System (2.3)
1nfiuences the solution of the equation slightly and doés not affect
in practice the solutlon of the energy equation, so that these equa-
tions can be solved independently of each other. Moreover; Lees'has
shown that the right half of the equation'of motion can be left out
and only small errors result from this, particularly at low enthalpy
factors iw/is << 1, which 1s usually the situation in the cases of
greatest practical interest. Thls enables us to.employ in the numerical
calculations the solution of the Blasius equation for fw.£ 0, which

has been tabulated for many values of f_ in [8]; in this case

50 = {rran i = relr-ron(r, cinn (2.9)
®

b °
3. To obtain the results in final form and for a quantitative es-
timate of the effect, we shall assume the active gas to be a gray ra-
diator with a volume absorption coefficient k = ap, which depends 1lin-
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early on the partilal pressure of the active gas,* and we shall also
neglect the reabsorption in the boundary layer. Under these assump-
tions, the influx rate of radiant energy can be represented in accord-

ance with [1, 6] in the form

_¢n=4==[f‘j_%(egn+(2—e-)vn)] e (3.1)

Here g, 13 the blackness coefficient of the surface about which
the flow takes place, q, 1s the radiant flux incident on the outer |
limit of the boundary layer from the high-temperature shock layer, and
o is the Stefan-Boltzmann constant. ' _

Since 6/R << 1 for hypersonic veloéities, the portion of the
shock wave that radiates in the vicinity of :the criticﬁl point (spher-
ical sezment) can be regarded as a plane-parallel layer with thickness
6, and Q. can be determined from the formula '

¢, { %B.11 — 2E,k.0)1 v | £y (1) =§m—«az';-e-& as<s<y (3.2)
® .

Here Bv 1s the Planck function.

If we calculate q, by using the approximgte expression‘fof the
function E3(1) given in (3.2), then the computation formula assumes
the form '

* . . . B .". . . .-‘ . ‘
6, =6y TuL)oTs (o= c|B(t— b,  L=p) (3.3)
[ ]
Here e is the effective blackness coefficient of a hemispherical

e
gas volume, radiating in the center of the base of the hemisphere; Ib
1s the equivalent radius of the considered radlating volume. At an av-
erage value B = 1.8, as follows from (3.3), we get Ly = 1.8 &, which

agrees with the values given in the majority of textbooks and handbooks
on heat transfer [9-11] for the equivalent radii for a radiating plane-

parallel layer. In the literature cited there are also plots of the
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hemispherical blackness coeffliclents €e = ee(p, T, Lb) for water vapor .
and carbon dioxide.

The result of the calculation of q, by Formulas (3.2) and (3.3)
differ insignificantly (on the high side) from the results of the cal-
culatibn which takes into account the configuration of the shock layer.®
The latter can be obtained, for example, by breaking up the spherical’
segment 1into n sectors with center at the critlcal point, and replacing
in the l-th sector the boundary (the shock wave) by a circular arc
with average radius ry. It 1s easy to verify that in this cﬁse the cal-.

culation formula assumes the form

9, = §:°«( T, por,)(sin® O—sin? 8,_,) oT ¢ (3.4)

Here °1 and 01_1 are the angles between the y axis and the radius
vectors bounding the g-fh sector.

Formula (3.4) enables us to take into account the distribution of
the parameters along the length of the radlating segment. The maximum
deviation of the parameters in the segment from their values in the
vicinity of the retardation point will obviously be on the line where
the shock wave crosses the plane tangent at the critical point to the
body around which the stream flows. It is easy to show, by using the
relations on the discontlinulty, that these deviations are insignificant
and, for example, for a hemispherical nose;they twrn out to be small
quantities of the order 6/R = k, i.e., the parameters in the radlating
volume change little,.so that we can use Formulas (3.2) and (3.3) to
calculate q,. '

In the absence of absorbing gas in the boundary layer,lthe flux
q, calculated 1n this manner 1s added tothe convective flux. On the
other hand, in the case consldered here, the flux q., a8 follows from
(2.8) and (3.1), acts on the convective flux and the additivity is de-
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" sstroyed.
Under the assumptions of the present section, Expression (3.1),

using the solution (2.5) with P = 1 and the relations

Py = piy, L ﬂ(..l--l)"'.l v Ce= _"Tr},;. k=Gp
Pt (S 1)a]? imint Gt o+ el —c)

can be represented in the following form

__ SCpmt (1=1) Lt G =i N[ g+ —idf P
=~ Pi,Uy” — 2 ) m {[ ncl-+ pe (1 €3) B}
B=} (T + @~ 0n) ~ (3.5)

Here my and m, are the molecular weights of the active gas and of
the maln stream, respectively; G 1s a proportionality coefficient that
depends in the general case on the total pressure in the mixture and
on the local value of the temperatufe. Assuming

€ = Cpg = cORNSL, my = m,, G(p,T)=G(p)

we obtain from (2.8), (2.9), and (3.5) after simple transformations

o =tnft — K. Zc.(r — 1 (2 e ) +
*A.B( 1.+1.)} (3.6)
Kpi T &

Ke=gg—%50m, I.=§/'§ ’dndn

¢
Here qwo.is the convective heat flux calculated neglecting the |
radiation of the gas released from the surface of the body, and c:413
the number of combinations of m taken n at a time. The 1ntegrais b N
are universal functions that depend on the intensity of the in-blast
of the active gas; let us present the values of Io Il’ ooy I5 for

three values of t

e l =0 | a=i | »=2 | a=3 | m=s | was
-0. 10.975 1.0648 0. mﬂ 0.1394 | 0.08255 0-05578
—0.37 3.8588 0_6485 0.233 0.1194 0.07392 0.05137
—-0. 2.0310 0_3008 0.0968 0.0446 0.02526 0.01639



4, Formula (3.6), which was obtained under the numerous simplify-
ing assumptions of the preceding sectlon, 1llustrates the qualitative
influence of the diffusion of the radiating impurities on convective
heat exchange. It follows from (3.6) that the presence of radiating
and absorblng impurities In the boundary layer can lead to two oppos-
ing effects. The second term of (3.6) determines the effects of deex-
cltation of the boundary layer, due to the energy loss resulting from
the radiation of the active gas. This effect leads in accordance with
(3.6) to a reduction in the convective heat exéhange. The third term
i1s due to absorption by the actlive gas of energy radiated by the shock
layer and by the surface of the body 1in the stream. Unlike the deexci-
tation effect, the effect of reabsorption leads, in accordance with
(3.6), to an increase in the convective fluxes. It is obvious that
this effect 1s determined by the magnitude of the radiant flux q,, ra-
diated by the shock layer. However, the influence of the radiation of
the shock layer 1s not limited to the foregoing effect. In addition,
the flow in the boundary layer can also be changed as a result of a
change 1n the gas parameters on its outer boundary due to the deexcita-
tion of the shock layer, something not taken into account in the pre-
ceding sections. In order to take this effect into accoﬁnt, it 1is suf-
ficlent to substitute in the formulas obtained above the value of the
enthalpy on the outer boundary, calculated wlth account of the deexci-
tation of the shock layér. In this case we can neglect the deexcita-
tion of phe boundary layer resulting from the radiation of the par-
ticles of the main stream (for example, air), by virtue of the rela-
tively low temperatures in the boundary layer as compared with the tem-
perature of the shock layer [ (T"/TS)" << 1], i.e., the deexcitation of
the boundary layer is due only to the radliation of the active gas.

The distribution of the enthalpy between the outer 1limit of the
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boundary layer and phe shock wéve, due to the deexcitation of the
shock layer, can be readily determined by using the method indicated
in [1], namely: we put in the equations of the cited paper A = pu = O.
Then the distribution of the velocities in the shock layer 1s deter-
mined by the solution of Reference [12], while the temperature'prorile

is given by the equation
(12, Te/ Ty <€)

[.:_;_ -—23:7“{ a= c,p, P (4.1)

0\/!
a
-

/= (."1:2 - ao)(— '+‘av. T®) =

In the first equation of (4.1) we can assume‘cp and a constant,

equal to some values averaged over the thickness of the shock layer

[13]; In this case, as was indicated in [1] the temperaturevpforile in

the shock layer is determined in final form by

63RT, - :
ren(iene i) R T e (2)

For a hemispherical small nose we have 6/R k(1 +~/EE)'1, and

consequently
N=(1-- V2 V&

By a method that differs somewhat from that indicated in ([1],
this solution was obtained in [14]. It differs from the solution (4.2)
only in the fact that the parameter K6 contains a factor‘Ee(O.Stb),
which 1s close to unity and takes approximately into account the reab-
sorption in the shock layer#* (16 is the optical thickness of the shock
layer). The soiution obtained has a singularity at y — O, but in the
case under consideration it can be used to determine the parameters on
the outer 1limit of the boundary layer, parameters contalned in Formulas
(2.8) and (3.6). This singularity was considered previously in Refer-
ences [16, 1, 14]. In connection with the foregoing singularity, and
with the need for using a finite thickness of boundary layer when tak-
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ing 1n£o account the deexcitation of the shock layer, it must be noted
that in the vicinity of the critlcal point, by virtue of the large vor-
ticlty of the stream in the nonviscous part of the shock layer, the
solution of the radlating bbundary layer should go over into the solu-
tion for a radlating shock layer, determined for the same value of the
stream line. At the same time, as in flat bodies, fhe parameters on
the outer limit of the boundary layer are equated to the'parameters on
the zero stream line of the nonviscous flow, obtalned without account
of the boundary layer [4], which makes 1t possible in many cases of
flow around flat bodles to carry out an asymptotilc transitién from the
solution for the radiating boundary layer 1into the solution of the
problem for the nonviscous radiating shock layer [18].

It 1s obvious that in calculating the radiant flux q, from a shock
layer with allowance for its deexcitation, it becomes necessary to take
into account the variation of the parameters over the thickness_df the
radlating segment. In this case q, can be calculated by breaking up
the i-th sector in (3.4) into m; concentric layers, sﬁﬁming then the
raéiant flux from all m, elements with allowance for théir attenuation
in the preceding layers. For the case of gray radlation, the calcu;a-

tion formula can be represented in this case in the fdrm

», m; §—1 . ’ .
= 2 &; H (1 — e;) (sin® &; — sin? 0;_,) oTy* . (4.3)
f.j=1 . l=e

Here €43 = ee(r1J — Ty j.10 Pygs TiJ) is the effective blackness
coefficient of a hemispherical gas volume with radius equal to the
thickness of the 1j-th element, riJ 1s the radius vector of the i1Jj-th
element, while T1J and p1J are the temperature and pressure in the
ij-th element. '

Thus, the summary effect connected with the presence of the radia-

tion field in the gas stream, is brought about by the deexcitation of

- 50 -



the radlating impurities of the active gas in the boundary layer, lead-
ing to a decrease in the convective streams, by the absorption of ra-
diant flux Q. from the éhock layer by the impurities, leading to an
Increase in’the convective streams, and by the deexcitatlion of the
shock layer, which leads to a reducyiop.in Q. and in the temperature
on the outer limit‘or the boundary layer. In addition, the active gas
screens somewhat the surface of the body againét‘the radiant flux Q.
il.e., tﬁe fraction Sf the energy Q. absorbed py the gas 1s not offset,
owing to the relatively low temperatures in the boundary layer, by its
radlation (it is obvious that Formula (4.3) takes into account this
screening effect).

Consequently, the absorption of the active gas, which leads (by
deformation of the temperature profile in the boundary layer) to an
increase in the convective flux, reduces somewhat the radiant flux. On
the other hand the deexcitation, without causing an appreciable in-
crease in the radiant flux to the body q,, can noticeably attenuate
the profile of the temperature in the boundary layer and accordingly
decrease the convective flux.

Depending on which of the foregoing effects plays the predominént
role, the action of the radiation field on the temperature field in
the perturbed region can lead to elther an increase or to a decrease
in the summary flux to the shell of the body in the stream:

9z = Gue? -+ Ay — 60T * | (4.4) |
where A" is the absorbing ability of the surface of the body (it 1s

frequently assumed that Aw = €_, 1n accordance with Kirchhoff's in-

wl
tegral law), and z is a factor that takes into account the influence
of the radiation fleld on the convectilve heaf exchange.

In the case under consideration, the factor z 1s determined by

Formulas (2.8) or, with a smaller degree of accuracy, by (3.6). These

-51 -



formulas obvlously can be used not only for a qualitative anélyéis of
the influence of the diffusion of the radlating impuritles on the heat
exchange, but also for numerical calculatlions.

Indeed, the representation of q  in the form Q02 1s quite con-
venlent, and 1if Q0 is determined with allowance for the main proper-
ties of the real gas, then the integral quantities z can be calculated
with sufficlent accuracy under the assumptions made in the second and
even 1ln the preceding sections. Obviously, the variability of 1, the
deviatlon of the lewils number from unity, or an exact account of the
terms containing the pressure gradient, etc. can introduce only small
corrections into z, and cannot change appreciably the value of the
thermal flux, all the more since all these factors are taken into ac-
count by the first (main) factor of the formulas obtained.

From these formulas we can readily establish also the'influence
of the blackness coefficlent of the surface gy On the increment of the
convective flux due to the radiation. The decrease in e, as a function
of the temperature factor TW/T8 can lead both to a decrease or to an.
increase in the convective heat fluxes.

If we neglect reabsorption for gray radiation with Tw/Ts < 52;25

the decrease in e, as follows from (3.6) and (3.3); leads to an in-
crease in the convective fluxes, while in the case of Tw/Ts > 52‘25 it
leads to their decrease. The meaning of these inequalities is quite
obvious. For example, when Tw =~ 0 the first inequality is always satis-
fied, and leads to an increase in the fluxes with decreasing Eys 1IN
this case when €y = O the increment of the flux ls approximately
doubled as compared with €y = 1. The latter 1s due to the fact that in
the former case the boundary layer 1s traversed twice by the radlant
flux (incident from the shock layer and reflected from the surface of

the body), whereas when € ='1 the radiant flux passing through the
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boundary layer.is completely absorbed by the wall.

It is obvious that with increasing Tw and with decreaéing ee; the
princlpal role will be assumed by the absorption of the thermal radia-
tion of the body by the active gas, and consequently if the second of
the foregolng inequalities 1s satisfled an increase in €y leads to an
increase in the convective thermal fluxes.

Received 23 December 1961

Manu- .
;:;:pt [Footnotes ]
No. . '
51 We note that the use of a more general relationship does not
add additional difficulties to the solution.
52 This difference decreases with increasing optical thickness
of the shock layer and consequently wlth increasing Q.-
55 According to [6], if reabsorption i1s taken into account, the

right half of (4.1) assumes in the first approximation the '
form —poaT  and only when Ty = O does 1t go over into —eoaTa,

since p(0) = 2, where B is determined from (3.2). It follows
therefore that for an approximate account of reabsorption it
is sufficlient to multiply the parameter K6 in the solution

(4.2) by B/2. It is obvious that this factor has the same
meaning as E,(0.5 15), and when 1, = O it also turns into

unity. We note that both methods of taking reabsorption lnto
account can be used only for relatively small Tge Large op-

tical thicknesses are considered in [15-17].
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EFFECT OF RATE OF HEAT RELEASE IN ELECTRIC EXPLOSIONS IN WATER
' ON THE DISTRIBUTION OF THE EXPLOSION ENERGY

M. I. Vorotnikova
K(Nbvos;birsk)

In the éase of explosions in water it can be assumed that the en-
ergy 1s essentlally divlided between the energy carriled away by the
shock wave and the energy of radial motion of the layers of‘the medium
adjacent to the gas bubble. '

We 1nveatigate in this work the energy distribution of an under-
water electric explosion among the above-mentioned types of motion, as
a function of the initial velocity of energy release. The initial rate
of energy release was varled by connecting different inductances in

the discharge circuit.

Fig. 2

An attempt to determine the ratio of the enérgy of the positive
phase of the acoustic wave in water in the electric explosion to the
total energy stored in the capacitor, for different parameters of the
discharge circuits, was made in [1]. The dependence of the radiated
sound energy on the total discharge energy, the inductance, and the
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resistance 1s described in the article
(2].
Description of the setup. The dia-

gram of the setup is shown in Fig. 1.

‘ A capaclitor bank 1 with total capacitance
Fig. 3. A) psec. 1.35 uf, charged with rectifier 2 to a

voltage of 20 kv, was discharged through a spark gap 3 20 mm in length

in a bath 4 at a depth of 140 mm. The bath measured 500 x 500 x 1000

3

mm~ and was filled with tap wafer. The inductance of the circuit was
varied between 2 and 32 ph. The time dependence of the current and
voltage on the spark gap was recorded with an 0K-25 oscillograph. The
current transducer was a noninductive shunt 5 made of nichrome ribbon
with divider; the voltage transducer was divider 6, made up of type VS
resistors without threading. '

The pressure wave from the spark was registered with an E0-58M
oscillograph. The pressure transducer 7 was a c¢ylinder 7 mm in diameter
and 10 mm high, made of polarized barlum titanate ceramic, soldered
with Wood's alloy to a long zinc rod of the same dlameter. This system
was placed in an aluminum tube of inside dlameter 10 mm and the gap
filled with wax. The pressure transducer was calibrated in a shock
tube. The time resolution was on the order of 5 uéec;

Simultaneously with registering the current, the voltage, and the
pressure, we photographed the first pulsation of the gas bubble on the
rotating disk of the photoregister. The 1llumination was by means of
an IFP-1500 gas-discharge flash lamp through a window in the bath.

Dependence of the energy of the positive phase of the pressure

wave on the rate of energy release. Figure 2 shows a time sweep of the

current and the voltage of the spark gap. The oscillograph was trig-
gered at the instant when the air gap 8 was closed (Fig. 1), when the
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voltage applied.to the spark gap in the water is 20 kv. However, the

breakdown of the spark gap in the water is not instantaneous, but af-

ter a certain delay, during which the spark channel 1s formed. The de--

lay time varies and reaches 10-15 psec. The discharge has the charac-

ter of damped harmonic oscillations; the period and the damping decre-

ment depend on the parameters of the discharge' circult.
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.Fig. 4. A) ;l, Jouie/sec;'
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Fig. 6. lA)‘F.i, Joule/sec.

The current and voltage oscillograms

make 1t possible to calculate the follow-

' ing:

1. The total energy released in the
spark gap, given by

- -]
Sm d
®

Experiment has shown that the value
of the integral varies little with the in-
ductance in the circuit and is approxi-
mately equal to CU2/2, 1.e., ali the en-
ergy stored initially in the capacitor. In
the experiments WO = 270 Joules.

2. Using the oscillograms, we can
plot the dependence of W(t) in joules of
released energy on the ‘tyime, as shown 1n_
Fig. 3, where different values of the in-

ductance L of the discharge circult are

indicated on the curves. From the initial slépe we determine the ini-

tial rate of energy release W.

For each of the seven values of the inductance we made 20 experi-

ments, two with average delay time were in error.

Experiment shows that the initial rate of energy release was in-
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versely proportional (Fig. 4) to the inductance of the discharge cir-
cuit, L.

The energy wp of the positive phase of the pressure wave is an Iim-
portant characteristlic of the underwater explosion and serves &s a
measure of the useful work whlch can be performed by the shock wave.
Assuming spherical symmetry, the work W(R) on a surface of radius R,:
performed after the arrival at the wave front at the instant t = 0'15

determined by the expression

k3
W) =4 grPUdl
0

where U 1s the stream velocity on a surface ‘of radius R and Udt is the
dlsplacement of the surface during the time dt. _

If it is required to calculate on the basis of.the experimental
pressure-time curves (the oscillogram on Fig. 5) the energy radiated
in a pressure wave of finite amplitude, then the stream velocity can
be eliminated by means of the expression

| U=(p~- Po)/Po(_’o
As a result, neglecting the hydrostatic pressure Pys We obtain

W(R)=§ Pt

L I )

1

aad
Here S 1s the area of the sphere whose radius 1s equal to the dis-

tance from the spark gap to the pressure transducer; P00 is the wave

resistance of the water; T is the duration of the positive phase of

the pressure wave, and p is the peak pressure [(31.

Experiment has shown that the duration of the positive phase of
the pressure wave, At+, does not depend on the rate of energy release
in the spark gap. The quantity At+ is a function of the initial radius
of the gas bubble, whose dimensions are determined by the distance be-
tween the electrodes of the spark gap [4].

e -
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At gilven parameters of the discharge circuit, the energy of the
pressure wave at a distance of 20 cm from the source amounts to only
a few per cent of the energy initlally stored in the capacitor.

The dependence of 7 (the ratio of tﬁe énergy of the positive phase
of the pressure wave to the energy initially stored in the capacitor)
on the inltlal rate of energy release in the spark gap W 1s shown in
Fig. 6.

The energy of the radial motion of the liquid in the gas bubble
can be expressed as the potentlial energy of the expanding bubble in
terms of 1ts maximum radius a and the hydrostatlc pressure Py at the
exploslon depth using the formula

. i
Y o= o aaipy

The maximum radius of the bubble is determined from the photo-
graphs, one of which is shown in Fig. 7 (time scan of the expansion
and compression of the gas bubble, arising during the electric dils-

charge in the water). The photograph was taken through a slit by scan-
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ning on the rotating disk of the photoregister. The maximum radilus of
the bubble 1ls Independent, within the limits of experimental error, of
the rate of energy release. The result is understaﬂdable, since the
total amount of energy does not change, and the energy-release process
always remains sufflclently rapld compared with the expansion of the
gas cavity. The energy of radial motion of the liquld layers adjacegt‘
to the gas bubble amount to about 22% of the energy initially stored
in the capacitor, and is independent of the initial rate of energy re-
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lease.

In conclusilon, the author is grateful to R.I. Soloukhin for in-

terest in the work.
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