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An analysis is made of the boundary layer effect
on the electrical characteristics of a Faraday MHD
generator. An electrical substitution circuit and a
method for calculating its elements are proposed. An
analysis is made of the local circult for the substi-
tution of a channel in a gas~dynamic approximation.
It is noted that the questions of the flow of current
through a turbulent boundary layer require careful
examination. 1t has been shown that the existing
methods for the calculation of real resistance of a
boundary layer, which are based on a break in inte-
gration on a certain arbitrary boundary from the
electrode, give results which are strongly dependent
on the selection of this boundary. Therefore it is
advantageous to conduct the performance calculation
of an MED generator for a number of assigned or
experimental values of equivalent resistances of the
substitution circuit.
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The real resistance of boundary layers can
coensiderably reduce the output power of a small~
scale MHD generators (for instance, by 2-3 times).
The boundary layer eftect can also become signif-
icant for generators of large dimensions.
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The influence of near-electrode resistance on
the transverse conductivity in the channel of a
Faraday MHD generator when the Hall effect exlsts
is analyzed. The results obtained can be used for
the evaluation of the boundary layer effect on the
electrical characteristics of an MHD generator as
well as for the construction of an algorithm for
the numerical computation of flow in the channel.
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INTRODUCTION

The ~n:lysin of the experiments conducted up to the present time
with MHI -.-:erators <2 combustion preiucts shows that the output
character:-t%es of the runerators, especially small-scale, are
substantia .y lower thur calculated from the one-dimensional theory
{1, 2}. Thu. in a suriepr of experiments the electric power output is
2-3 times less than the computed value [3]. Investigations with the
help of probes showed that the distribution of electric field is
nonuniform in vt > interelectrode interval of the MHD channel. it is
pessible to isolate the flow core and the near-clectrode areas of
change in pctential which occurs at distances of the crder of the
thickness of the thermal bouw'dary layer on the electrodes. Usually
the cathode drop in potential A VQ in the channel is of the same order
as anode drop AV¢ , whereas in the gas discharge AVC»AVq . In
connection with this it 1s possible to assume that the potential drop
in the channels of generators-is specified by the boundary layers on
the electrodes and hydrodynamic processes play a substantial role here.
This question was discussed in the literature and investigated
experimentally [3, 9, 11-16, 19].

In experinental generators a decrease in the open-circuit voltage
has also been detected [11, 13, 14]. Since the induced electric
fieid lg¢ proportional to the gas velocity, then leakages of current
can be expected on the boundary layers on the insulating walls [10,

1331.
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Experimentally the facts described above show that surface effects
can exert a noticeable influence on the electrical characteristics of
generators and on events in the flow core,.

LER SLACE SRR L PR

FE LN

. Basically this influence amounts to the following.

The cooling of gas in the boundary layer decreases conductivity
in the case of an equilibrium molecular plasma and increases the real
resistance of the boundary layer. On the other hand, this same effect

facilitates the reduction in leakage currents on the boundary layer on :
the insulating wall. i

Len Bt E a3 L N e

s

o bis wban

For relativeiy short channels whose length comprises several gages
the two-dimensional effects become significant, especially when the
Hall effect exists, [4, 6]. 1In this case near-electrode effects
decrease the Hall current and create a longitudinal electric field
which Interferes with effective conductivity in the flow core.
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There is another aspect of the influence of surface processes on ;
characteristics of MHD channels. Under conditions of the strong
interaction of flow with magnetic field there is the possibility of
boundary-layer separation from the electrode wall of the channel. In
this case an internal nydro- and electrodynamics of the channel are
strongly changed [2, 22].
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g

The influence of near-electrode effects on the hydrodynamics of
the channel is not examined here, but orimary attention is given to
the calculations of near-electrode resistance during the diffuse flow :
3 1 of current through the boundary layer and leakages along the insulating
¢ 3 walls. Furthermore an evaluation is made of the influence of near-

; electrode resistances on the change in the transverse conductivity in E
é the channel of a Faraday MHD generator with continuous electrodes. i
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§ ¢ § 1., THE ANALYZED MODEL OF THE HETEROGENEITIES
; OF FLOW IN AN MHD CHANNEL

RETPL LR

£
73

For the typical conditions characteristic for supersoniec equilib-
rium of an MHD generator the Reynolds numbers rer unit of length

1Qex;L}0‘;* . Since the length of a gas-dynamic circuit (nozzle and
channel) comprises several gages (< 10), then the boundary layers are
apparently turbulent, and the channel riow - undeveloped (the boundary
layer thickness g less than the characteristic transverse dimension of
the channel).

ORI IR G £ T

! Let us examine the diffuse flow of current in the boundary layer.

A We will consider that pressure is constant in the cross section of the
channel and velocity distribution and temperature correspond to a
turbulent boundary layer (a two-layered arrangement of boundary layer
was examined). Such an approximation, which subsequently is called gas-
dynamic, is fulfilled, if the joule heating and pondermotive forces

are small as compared with the heat flux and friction on the wall.
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In the nucleus of boundary layer at an electric current density

Al A/cm2 and small Hall parameters this approximation is apparently
Justified., In immediate proximity to the electrode at relatively low
; wall ctemperatures it 1is necessary to consider the processes cf
diffusion, emission, the energy btalance for electrons and heavy

1 particles, and others (see below) [20, 21, 23].
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1.1. The velocity distribution in the nucleus of a turbulent
boundary layer ir. the case of exponential approximation takes the
3 form (8]
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where §=-‘//6‘ : Y -~ the coordinate, normal to the wall; J ~ the
thickness of the dyrnamlc boundary layer. The exponent 2 is the
function of the Reynolds number and far from the separation point of
the boundary layer takes values in the interval 1/7-1/10. In a
viscous (laminar) sublayer the velocity distribution is linear:

BAA U U AL OB a e m.vmamu.&':“ﬂﬁmw.xwmmma&mamwmu&mm‘wr";‘m’ ety &

U (2)
U" v('rw g ’

where U,."‘U.. }/C//Z - dynamic velocity; 6’{ - the local friction factor;

))(Tw) ~ kinematic viscosity at wall temperature Tw . The thickness
of viscous sublayer d} and veiocity ([, at Y= é‘, are determined in

the following manner

JHEVT) . U e VETE
3,1“ uﬂfm H ”"!1.6;6'}, 8. (3}

AN MOV
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: 1.2, For the boundary layer at the Prandtl number p,<1 far
, from the separation point the temperature fileld is connected with the ;
field of velocities vy the following correlation [8]: 3
2 n osn 3
T-T. =(£) Uy} £" (4) 4
Taw~ To s/ U ! ;
,, , where A - the thickness of the thermal boundary liayer; Rn=le; ;
=4 s -4 A . F) P '53
7 ' Ta."):,.(l*'l TM-‘-) - the adiabatic wall temperature; T=T+1% I;’ T M., {g-) 3 E;
e : - %
{ za.pr% - the recovery factor; p- (,‘p/c, ~ the adiabatic exponent. F
> Herce the distribution of static temperature in the boundary layer is 3
3 expressed thus: %
3 5 06,0 _ $-4 5,2 2n’ 3
T"' TW+(T('W- T\n')pr e - z T M~ T” § . (5) g
3 FOO-IT~24-3€35-7] 2 g
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1.3. The transverse conductivity of gas @, is determined by scalar
conductivity (index "0") and the Hall parameter for electrons }e-‘?e Te :

@:7%,. (6)

In the boundary layer of a weakly ionized equilibrium gas 6, and B

when pressure gradient does not exist depend only on temperature and
in the case of a constant transport cross-section of electron :
scattering can be presented in the following form:

(XTI

MW T e

7~

O, (Y) =6y e (T/To) bxp [ Hl-F)], D

il P T AN T U e

T A TN ek

BUY) =p=i{T/T)% (8)

: where Js - the potential (energy) of ionization of atoms of the ;
addition.

1.4, The appearance of heterogeneities in the transverse flow :
pattern ‘velocity and conductivity) strongly complicate the problem :
of performance calculation of a generator, which in general becomes |
three~dimensional. Since the flow 1s undeveloped it proves to be ’
advisable to separate the phenomena in the flow core and the boundary
layer [2, 11, 22j, considering, naturally, that the flow core and
boundary layer are hydraulically and electrically connected with each

; other.
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Usually the influence of the boundary layer on the hydrodynamics
of the channel 1s consldered by the reduction in the through section
of the channel by the magnitude of the displacement thickness

N Eab
QU AN AT e e

(’:rtf‘;.'.g&:)dy :and by the emecrgence of disturbances in the flow
cor; with boundary-layer scparation. With this the development of the
boundary layer is determined from the change in parameters in the flow
core along the length of the channel calculated without considering

the boundary layer effect [22].
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To account for the boundary layer effect on the electrical
characteristics of a generator various schemes have been suggested
{9, 11, 12, 14-16]. As a rule at first the real resistance of the
boundary layer is calculated which is then included in the load
resistance. This method is apparently valid for channels with sub-
divided electrodes, when the linear deformation in heterogeneities
witnin the limits of every electrode is small. For the determination
of the influence of the heterogeneities of flow on the electrical
character;§p;c§ of a Faraday generator with continuous electrodes
(VG = 50ﬂ5f. ) under conditions of a powerful change along the length
of parameters in the flow core as well as in boundary layer it is
expedient to examine the local electrical circuit of substitution, and
to calculate the effective characteristics of the channel by means of
series integration along the length. The introduction of the local
circuit of substitution makes it possible to take into account the
influence of the heterogeneities of flow on parameters in its nucleus,
therefore on flow as a whole.

o
1
PR TR B P I L i:\‘.w.x- T T L T,

e iy 1 PPN T A AN

e SR

LIRN

X

BTN RIS

R DAL TN RS

TR A
PR PN UL L

M ™y T
S RNy A

3 The joint calculation of the flow core and boundary layer should
be conducted in series and is possible in practice only when using a
computer, whereupon the correlation between the nucleus and boundary
L layer is considered on every step of the calculation network.

The calculation of flow in the flow core is reduced to the solution ;
of a Cauchy problem for a system of ordinary differential equations. %
The number of initial conditions include, for example, the load :
coefficients for the nucleus K.,(Ki.) or voltage on the boundaries of
the flow core cr electrodes, and also all the boundary layer character-
lstics. As a resuit of numerical solution the values are found for
all variables in the following node of the calculated grid, besides
K and the values connected with Ke , and also the characteristics

an )
necessary for the boundary-layer calculation (j%: f%gf , form-parameters

' 8 Al |y S f ical soluti
k. f = Az ° H'W and others). Further the numerical solution B
- e . :
f of the boundary layer equations is carried out for the electrode and i
\% insulating walls. This determination of the boundary layer character- ) §

istics makes it possible to calculate (for instance, by the iterative

b A s

focais
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% A method) the load coefficient K. which satisfies the condition of /
' constancy of electrode voltage Vs=Vy=const . The complexity of '
. computation of K_ 1s connected with the fact that the near-electrode

S S drop in voltage in general is the function of current density and

E therefore the load coefficient.

-§ ; After the agreement of electrode voltage the calculation procedure

i :

- is repeated.

‘ % Below the local circuit of substitution is analyzed and the

g evaluations of the magnitudes of its individual elements are given.

3
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§ 2. LOCAL ELECTRICAL CIRCUIT FOR SUBSTITUTION
OF AN MHD CHANNEL

2.1. Let us examine the stationary flow of a viscous compressed
gas (Pz 1) with equilibrium electrical conductivity in the
rectangular channel of a Faraday MHD generator at small magnetic
Reynolds numbers. We will consider that flow in the flow core is one-
dimensional, end effects do not influence the picture of current
distribution in tie section in question, boundary layers are flat and
their thicknesses on the anode and cathode are equal, and the
induction of magnetic field is constant in the section of channel.

Figure 1 shows the picture of the current distribution in question
in the cross-sectional flow of the channel and Fig. 2 - the
distritution of velocity and temperature in the boundary layers. For
the engineering calculation of electrical characteristies of thé MHD
channel with a flow which is heterogeneous in cross section the local
electrical eircuit of substitution was used. The precise calculation
of the distribution of fields and currents in the cross section of
the channel is complex and requires the solutions of a two-dimensional
voundary value problem [5,

Figure 3 depicts the proposed lccal circuit of substitution,
qualitatively corresponding to the picture of current distribution
whicn was shown in Fig. 1 (subsequently all values are related to a
unit lenglth cof channel, for example, current J= a’I/d:c , resistance
a7 where ] s 7 - the integral values of current and
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Fig. 3. The electrical circuit of substitution.

In Figs. 1-3 the following designations are introduced: A, - the
thickness of the thermal boundary layer on the electrode; ﬁ s A =
interelectrode distance and width of through section of the channel;

A, - zero line (see below), Ei= €= &“B(ﬂ é :) - emf generated
in the flow core; A5 f Ude - emf generated in the boundary layer

on the electrode., We will assume that in the area "'("ﬁ/a +Aa)"
(/5./2 -4 ) the equipotentials are parallel to the plane of the

electrode over the entire channel width, and the leakages' of current

from the flow core can be significant only near the angle of the

channel under conditions of operation of the generator close to nb',-;."
load running.

Such an assumption makes it possible to introduce the local load
coefficient for the flow core, determined analogously with the one-
dimensional theory:

K:=Ko=E:/lib, (9)

The circuit of substitution (Fig. 3) includes the resistors of the
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flow core R; , load Ry, near-electrode resistors R, , R, and three
banks of resistors which shunt the load: Ry, R, , Ru . The
resistors of group st determine the leakage of current Js over the
bhoundary layers on the insulation walls. Effective resis‘t.ance

Ry =V, /Ty , where Vj - voltage on the section from (~H2+8s ) to
('i/a ~4s ) 3 R,, determines the fraction of leakage current which
does not reach the electrode, and R, - the fraction of leakage current
from the electrode into the area a'/f? —/d/e -4.) -

For some working conditions on the internal surface of channel a
layer of electro-conductive material can be formed (deposition from
the flow, products of the reaction of the material of the electrodes
with the gas, etc.). The influence of such a layer on the electrical
characteristics of a generator can be formally taken into account by
means of the introduction into the circuit of substitution of the bank
cf resistors R.}, each of which is analogous to the corresponding
reslstor of group R’i . Resistance Ry is the resistance of leakage
current J, on the ins_ulgting walls of the channel. Let us note that
resistances Ra , Re ’ R,g cannot be determined by the boundary layer
and by contact resistance, but by the resistance of micro-arcs which
appear in a number of cases at large electric current densities. These
resistances can depend on current and magnetic fleld considerably more
strongly than in the case of the diffuse flow of a current (18]. This
case 1s not examined here. ‘

*
e

2.2. The line in the boundary layer on insulating wall far.. from
the electrode, where the electric current density is equal to zero,

-
let us call the zevo line. Condition /y =0 corresponds to equality
C; =.U(AO)B . Hence the relative distance of the zero line from the
wall is determined thus:

A th
Since the strength of current leakage on boundary layer is proportional
tc 8o , then it can bhe significant only at K;~{ , and A, exceeds

the thickness of the lamirar sublayer d, (0}.(0.15) only at X;= 0.8.
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At A,<0a the value of A, is linear on K :
A "
fe=k(3). (11)

In the mode of free running ( Ry~=°) on any straight line
y:comf should satisfy the condition:

af2,
Jyteydz=0 o= [z)=]3], a2)

l.e. always K.<{.

The density of transverse current is determined by the Ohm law:
Jy(2) =6, (Z)[U(2)8-Ey(2)], (13)
For the evaluation of the open-circult voltage we will assume that

ah -~ a/e
§ 6,E, dz:['y!d‘dz.

In this case the open-circuit voltage is

M 16,E,dz
V., = ! d
* I£ J 6, dz q. (14)

If conductivity 1is constant in the cross section of the channel,
then open~circuit voltage, with other conditions being equal, is
determined by the velocity profile. The decrease in conductivity in
the boundary layer can lead only to an increase in the open-circuilt
voltage as compared with the case G=const .

In the case of the exponential approximation of the velocity
profile with index 27 the expression for the open-circuit voltage can
be written as (for simplicity it 1is considered that d‘:d‘,'é‘a )¢
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Figure 4 shows the change in the dimensionless open-circuit

voltage Vu=\{;x/u”3& depending on the relative boundary layer thick-
ness for N = 1/2-1/10 at q=4A .
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4 Fig. 4. The dimensionless open~-circuit voltage \7,,=K,/[j,_ﬁh
q depending on the relatlive boundary-layer thickness

4 28/a (0, =const, a=h, U~Z") .

It is evident that at 22 < 177 and 2d/a € 25 the reduction of Vi
due to the leakages of current over the boundary layers on insulating
walls is less or of an order of 15%. Therefore during the engineering
caleulation of the nominal mcde of operation of a generator ( K¢S 0.8 )
the leakages of current in the turbulent boundary layers can be
disregarded.
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2.3. Current on the electrode in the examined model can be
calculated in the following manner:!

ag,
J=2fjsle)ez, (16)

where /:q/z}'—' @;(z)aug[%%l../Q].-_-@[z)[u(sz-Eg], (17)

Disregarding the leakages of current in the nominal mode of operation

the current generated in area (M/g +A,)+{"é-A,) is determined in the
following manner (Pe={ );

T = U BIO 1K [ 2 80)+28u 6,8 )87 df«‘zda"tf@(fu)dful (16)

Current j‘- is determined from formula (18) (at assigned K; ) by
numerical integration taking into account expressions (6)-(8).
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l1pccording to Fig. 1 current into load is determined by the
following integral:

i bt

opol

-7# =2°ij(Z}dZ.
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f § § 3. THE EVALUATION OF THE INFLUENCE OF §
B VARIOUS FACTORS ON THE REAL RESISTANCE OF z
- THE BOUNDARY LAYER 5
‘53
b The calculation of near-electrode resistance represents a complex i
f problem and the solutions found relate only to special cases [17, 20, %
3 21, 23]. In the wall areas of the boundary layer on the electrode %
% the electron concentration and conductivity can be decreased strongly, g
i which leads to the appearance of diffusion flows to the electrode and %
E an increase in Joule heat release. In this case it 1s necessary to é
% solve jointly the equations of diffusion and energy for electrons %
- {20, 23]). At distances from the electrode of the order of Debye D
'§ radius the quasineutrality o the plasma is disrupted and the potential %
A distribution 1s determined by the Polsson equation. Let us note that é
4 for typlcal operating conditions of equilibrium MHD generators the §
'E Debye radius at T, ~ 1500°K is much greater than the mean free path §
;é of electrons. %
g In engineering prasctice for the determination of near-electrode g
4 resistanrce they use varlous simplified method, the applicability of 3
3 which under these or other conditions is not frequently founded. ;
? During the analysis of rear-electrode resistance usually two components

:é are separated out, one of which is specified by the boundary layer,
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and the other - by contact resistance of the "plasma-electrode" [9, 14].
The computation of the resistance of the boundary layer 1is connected

3 with the integration of speclfic resistance for the boundary layer.

In thls case in a number of works the lower limit of integration is
ascsumed equal to zero, the profile of reduced temperature is usually
taken a2s corresponding o the expornential velocity profile with an
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index equal to 1.7, and the influence of viscous sublayer and changes
of Hall's parameter in boundary layer are not considered [11, 14].

Such an approach can lead to significant errors, especially in the

case of "cold" electrodes. In works [9, 26] on the basis of the
comparison of calculation with experiment (the conclusions of the works
[21] were used) it is recommended to take a lower limit during integra-
tion over the boundary layer thickness equal to the Debye radius. 1a

this case the resistance of the boundary layer should not depend on
the density of current.
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-
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Let us examine the influence of various factors on the magnitude
of the real resistance of a turbulent boundary layer.

Let us present the near-electrode resistance in the form of the
sum of two in series connected resistances:

=
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R.? =R31 +R32’
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5 vhere R,, - the resistance of boundary layer on an electrode with
thickness (83-Zs ); R,y - contact resistance of the "plasma electrode,"
to which the jump in potential AV.; corresponds. In this work the
calculation of R;» was not conducted, but the potential jumps on the
cathode A Ve2s and anode aVaa2. were considered known. The values of

6Vea and aVaz can be calculated during the clarification of the
detailed mechanism for processes near the surface of the electrode or

: determined from experimental findings.
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If we disregard the boundary layer effect on the insulator on near-
electrod: resistance, then R,, ¢can be expressed in the following form:?

- - a ~ A
£ 3 Ru‘u-—é’ﬁ? pﬂl““a“"ﬁu ’ (15)

A

lyere the distance along axis " y " {s counted off from the
. surface of the electrode.
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p=fore,)de,,

zl/d) (20)
wnere f, = f//A, .

Some authers assume [9, 21] that the value of ¥, is determined by
the characteristic value of the order of the length of Debye shielding
in plasma %, :

7,° ;FF( %) /4 Ze'ne (%) (21)

However, already at Y >%, even in molecular gases there is the
pessibility of a significant breakaway of the temperature of electrons
T. from the temperature of heavy particles under the effect of the
electric fleld increaslng toward the electrode ( £7YY=Jy/F(y) 1in the

model in question j,, =/;,.,° -;-‘30”51‘). We evaluate the influence of these
approximations orn near-electrode resistance ﬁ" and the conditions

under which the model approximation Zy,=?, becomes unacceptable due
to the appearance of a noticeable breakaway of the temperature of
electrons,

3.1. Let us examine the case ¥,=72, (we consider that £ ,{.}{_{{zc ).

Usually %, <<C’\4 and it is possible to isolate the real resistance’ 'éﬂ
the turbuient nucleus and viscous sublayer:

FPo =Pr tFa. (22)

The resuifs cof calculations P34 for the typical combustion products
of hydrocarbon fuel [3, 22} (?’,W = 1.12; M., = 1.5; 7., = 3000°K;
BL 1) for T, = 300°K-2100°K and f1= 1/5-1/10 are presented in Figs.
5, 5. At A = 1/7 resistance _f’_" decreases by an order with an

increase of T from 30C°K to 18C0°K (Fig. 5). The small change in the
exponent f1 at 7' 1000°K exerts a notlceable influence on the
resistance of the heundary layer.
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Figure 6 shows the influence of the viscous sublayer on J%, while
maintaining a similitude of profiles of the given velocity and
temperature for L = 1/7 in the nucleus. It is evident that simple
exponential approximation of the velocity profile up to the wall,
usually utilized for computation [9, 14], at low temperatures can lead
to an understating of the magnitude of j&, by several times in
comparison with the two-layered arrangement of the boundary layer even
at small ¢, (0,/as ~ 0.005).

3.2. The distance from the electrode at which breakaway 7', becomes

significant can be evaluated by the equation of energy balance of the
electron gas:

GE"23(Te - T)NeZ 20, J32 < Veu). (23)

If the effective values of the collision rate v: s the coefficlent of
inelastic losses 8&’#‘ and the atomic masses (of the molecule) are
kriown, then the electric field in which the assigned breakaway of the
temperature of elzctrons (7;-7') appears 1is calculated as:

E = const * V:}'JW(Te'T}~ (24)

Expression (24) makes it pecssible in the case of known dependence ﬁ(y)
to jy =jyoo determine the characteristic distance Ze .from the electrode
at which at a distance ¥ =%¢ the "heating" field E‘;:jyo/@'(y) will
guarantee the assigned breakaway of the temperature of elec‘trqn“s....
During the calculation of the breakaway of electron temperature' it 1s
assumed that the diffusion length of the ions !a [24] is less than the
value 7¢ . Figures 7, ¢, and 9 depicts the comparative calculations

for a two~layvered arrangement. of the boundary layer at %, =7, and

=Y at (7;-7‘) Jms 10* %% and various current densities.

At L=Ts (L2 Tp ) the value of % (f; 7w - assigned) is
determined by the conductivity G (?%;) , which is attained at an
identical temperature at different distances from wall, which gives
rise to a weik dependence of j’g, on the structure of boundary layer.
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£ 4 The influence of the temperature profile on the magnitude of Py is
H ; similar to the case Z;=2, .
3
%L Therefore during the calculation of J%, one ought to select as the
i . lower limit of integration in expression (20) the maximum value from

Zp and ¥, . Since the influence of the resistance of the boundary

layer on the characteristics of the generator (see also § 5) is
especially significant only at 7}5:15mﬁx » then in specific interestinrg
cases ( A £ 10 ata; jz 1-5 a/cm?; d‘w ze 20-505; Mipg™30) Ted o

: (Fig. 9). Let us note that at 2;=%e the value of f;, drops with an

i increase of current density, other conditions being equal. However,

’ this does not mean that the complete near-electrode resistance f%
decreases, i.e., resistance f;, also depends on the current density.

P L

The analysis conducted shows that the existing methods for the
calculation of the real resistance of the boundary layer, which are
based on a break in integration at a certain arbitrary distance from
the electrode T; , give results which are strongly dependent on the
selection of this boundary. Integration in formula (20) up to maximum
i value from 7, and 7, apparently gives an evaluation of the minimum
3 : value of the rear-electrode resistance. Therefore the performance
calculation of an MHD generator is advantageously conducted for a
series of the assigned (parametric analysis) or experimental values
of the equivalent resistances of the circuit of substitution.
Specifically parametric analysis will make it possible to determine
the permissible values of internal resistance of the MHD channel.
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§ 4. THE INFLUENCE OF NEAR~-ELECTRODE RESISTANCE
ON THE EFFECTIVE TRANSVERSE CONDUCTIVITY OF A
FARADAY GENERATOR

It is known that in real MHD channels with continuous electrodes
there are always both significant near-electrode resistance and two~
dimensional effects in the distribution of potential and current,
especially when the Hall effect exists. These effects can lead to
the appearance of a lengitudinal (Hall) component of electric field
and, consequently, to an increase in effective transverse conductivity
in the flow core. The influence of the two-dimensional nature on the

‘characteristics ol generators with a short channel (number of gages

K'-'L//’i <3 )was examined in a number of works [25, 4, 6]. However, in
this case the influence of the heterogeneities of flow connected with
the presence of boundary layers was not analyzed. Near-electrode
resistances prevent the complete closing of Hall current in a

generator with continuous electrodes and thereby lead to the appearance
of a longitudinal electric field and, consequently, to an increase in
transverse conductivity in the flow core as compared with the case of
uniform distribution.

We will evaluate the influence of this ef{fect on the characteristiecs
of an MHD channel with continuous electrodes.

Let us write the components of current densities in the following
form:

Fy =GE B EE), (25)
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Jx =03 (Ex-BEY), (26)

ot P LT P, o o L P N

where :
Ey =~lB +Ey.
§ Let us assume that Hall current flows on the electrodes in sections %
g with a characteristic length [; and Z, on the ends (Fig. 10). Thern é
% with a weak change in parameters along the length of the channel ihe 2
bond between effective Hall current /Tz and field £, can be written E
% as (for simplicity we will consider a = 1 = const, h = const): §
%:g E ~ » ™~ ﬁ -4 A ;j:
- Euls fz £(P2+0 &), 21)
2 3 where %
| $(6a+07 e )84 2582+ (ke + )
S / 4 Ae /T 1 V2l ] Td\B.E; o;e,],
s 3 :
E © 5 :
3 .”4,2’:,{6,*.@‘,),,( Fu and .Psa have been determined above), o, - numerical
’ ’ . ~
4 coefricient, £ ~¢, 1 &y ~f, . The second term in equation (27) appears :
é 4 due to the end spreading of current. §
. y ;
B T 777222 :
H - Aed
‘i ? ' —‘—l- —— /f %
= LA -
g £ A L
K z B . and

i

R A
g O G b e G o g S
i

‘ig, 10, The circult of closing of the Hall current in a channel with
centinucus electrodes.

i

2%

-

b
2
pe
e
s

,
y
L
5,
4 1 M D e b Rl 1 T K B T

i e o s Aca AT S SRR AR AR TR 7,




. ) » it
e L

[

R

A bt o
S E T

-
%
=

£
-3
5

=

R
A3
o
<
'z
<
=
b

N i o DAL s
RS e AT I T L i

P Y A SV R RS AR TS M= st

é

A N Yy ST

Combining expressions (26) and (27), we obtain for relation iﬁa
"

the fcllowing formula:

»

C éL” . -t
-Eg{r:ﬁ[/-f@jﬁma;g‘-:ﬁ/d‘)] . (28)

<

The expression for the density of transverse current we present in
the form of

: .
U, Bf1-K.)6, [/+ '
Jy =l B(1-KL)O, F}m ‘ (29)
Thls expression can be reduced to’the common form:
f=Omll B(1-K.), (30)
where

- VR
Orges™O: 1+ i) - (31)

the effective transverse conductivity of the channel,

A" patsig =l o) A= (52

The appearance of a longitudinal electric fleld leads to an increase
in effective conductivity as compared with its value from the Qne—'

dimensional theory @, for value (l+ —;ﬁT) Since near- . _v,;

electrode resistances lead, on the one hand, to obvious added losses
in total generated power, and on the other (as also common end effects
[25, 4, 6]) ~ to an increase in effective conductivity in the flow
core, then under specific conditions there is the possibility of
existence of optimum in the dependence of the complete generated
power on the characterivtics of the near-electrode effects.
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Output power is maximum under the condition of agreement of
reslistances of the channel and load:

7
%
%
%
4
=

R”=R£ W+2f&% ’

S

where

23
43
()

R(: pp = A/ﬁm QL‘:

With a small change in conductivity and velocity in the section of the
electrode with the length Z,* the expression for maximum power takes
the following form:

GEEyEN S g e e

R G R A A I A R S
7

P =% (uBk)(R:spp*20 )" (33)

Let us rewrite this formula, using the correlation

e A QU S

P=p,p(d,de,p, % %), (34)

Bas
%
A3
e
.

wvhere

Po=§Ougakl’,

< oYt B A LK) O (1487

2
Y=(1+8) o (10, K)+ X [2(11 B+ i+ 20, J K[+ 2 (BT (35)

The condition of the extreme of function (p on parameter d(ﬂ¢/ﬁd=0}
leads to the following equation:

giten bt SR A Y Rida s

M “Ww

o L2ftepecle £4)-os £HBT 44 oAcli (1259

(36)
(1+f%duf k)220 (1457 =0
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Analysis shows that this equation has a positive root in the case cf
fulfillment of the following conditions:

{+ y 2 [ )
dx)-ﬂ}{éﬁ‘;fi"‘ » A2 K (37)

The values of parameters ¢, and g can be evaluated by means of a
comparison with the results of two-dimensional calculation. The
computation of power using formula (34) leads to satisfactory agreement

with the results of work [4] at €4 ~8/4 for B = 0~10. In this case

inequalities (37) are fulfilled at
2
oA d8(1+8%) F P2 K2, (38)

i.e., for K22 at ﬁ,>.. 2, OB

Figure 11 shows the dependence of relative power (= %o from B
at {£= ﬂ’f;éf" K=5,d=2,4 . Curve 1 corresponds to calculations in
the one-dimensional theory (@es =0, Ax =%, P~M1A)) ; curve 2 -
using formulas (35), (36) at Olg=e» ; curve 3 - at ¢{,. 2 . It is

evident from this figure that at large B the differeace from the one-
dimensional theory is considerable and at B » 1-2 the increase in
output power as compared with one-dimensional calculation comprises

~1.5.

Figure 12 depicts the dependence of l/x//-»_ﬂ") on o at k a8
laﬁﬁ/4 ; B = 1; 5 for cases which correspond to the curves in Fig.

11. At small of (large 5 ) function (/x//+ﬂ’)' depends weakly on of«x

and it is possible to assume ¢{x=® . At glweo function g’x//.;p‘)
approaches the limiting value

L

[0 1+ T
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GENERATCR WITH A SMALL-SCALE CHANNEL

A A

As an example let us examine the electrical characteristics of an

MHD generator channel on the typical combustion products of hydro-
carbon fuel [2, 3, 22].

Lo
5 4
N IS
T
: s
i ¢
s E § 5, THE INFLUENCE OF HETERCGENEITIES OF
3 ; FLOW ON THE CHARACTERISTICS OF AN MHD
§
{
¢
?

Let the area of flow cross-section be 10 cma,
and deposits on the walls of the channel are absent.

TR

i The relative
2 ; sizes of the channel and the boundary layers are the following:
b a=1; h=a7; dy=0,=034,; 85=8,=037; di=210",

’é ; et us select for evaluation the following parameters of gases:
. V=112, M=22; Tea=2590°K; P=2 [atm (abs.)]; Bsl5;

E 0.=088; M=5510"" ke/ms N=N,: 17 .

E v The induction of magnetic field B = 2 ml. The temperature of the
é ) walls:

2 a) "cold" walls - Tj = 1000°K; 77 = 1500°K;

4 b) "hot" walls - 7% = 2600°K; 7, = 2300°K.
'é Ffigure 13 shows the current-voltage characteristics for a unit of

i

3 / length of channel as aVa,=aVesls in relative coordinates Ve Vilo, 81,

3 FetbulluBa at 3=, and Uy=ls (For Oipp(Ta-T)=10%K, Jy=1:70%A >
E 2nd in ®ig. 14 -~ the dependence of dimensionless cutput power

- . l')zly/”u:g’a,{_ cn current in the load, calculated from the

i3 ]
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acteristics of 2 model MHD
channel ( a-T3 = 1000°K, .
% = 1500°K; 8=T = 2000°K,
7 =2300°K). .
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one-dimensional method with the utilization of a two~layered circuit

of boundary layer. Eiguqe 15 depicts the dependence of the short-
circuiting current Jas Jns/OulduBa on the temperature of insulating

well at Z3=% and T; = 1000°K, 1500°K, 2000°K.

as /

" 2000% | o]
’—'/ .

o < _’4

1500°K W, . .

——'w

- ]

o4

as T,51000° K

24

T Tl |

800 00 #00 P*) 200

Fig. 15. The temperature effect of
insulating wall on the short-circuiting

current - J,
- ~x. -
Jhs = Gliega (12 %),

The calculations conducted showed that with "cold" channel walls:
the output power of the generator can be 2-3 times less than its " .
value not allowing for the boundary layer. The method of calculation: .
of necar-electrode resistance exerts a strong influence on the calculated
value of near-electrode resistance and therefore output power at
7;~' 1000°K (Fig. 14). Since in the given calculation the component
of near-electrode resistance £, was not considered, then the results
obttalned bear a semiquantitative nature. The open-circuit voltage due
to leakages in the turbtulent bcundary layers decreases only by ~10%,
and the short-circuiting current falls by v15% with the reduction in
the temperature of the insulating walls from 2000°K to 1000°K.
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: CONCLUSION

Ao By P 5t

A local circuit of substitution for an MHD generator channel has
been proposed which makes it possible in a gas-dynamic approximation
to calculate the influence of the heterogenelties of flow on the
electrical characteristics of the generator.

Y 2t

W T 1 L i

An approximate computation of the basic elements of the substitu-~
tion circuit has been conducted. It has been shown that in the nominal
y: regimens of operation of an MHD generator it 1s possible to practically
disregard the leakages of current in turbulent boundary layers on the
insulating walls. In this case the circuit of substitution (Fig. 3)
is considerably simplified and the basic influence on the character-
istics of the generator will be exerted only by near-electrode effects,
especizally the resistance of thermal boundary layers, and also
leakage on the material of the insulating walls and the layer of
electro-conductive deposition (if they are significant).

o T el

At low electrode temperatures ( 7, £ 1000%) the selection of the
characteristic integration limit of ¥, exerts a powerful influence on
the magnitude of the components of resistance of the boundary layer
R (P,,} during calculation in the two-layered circuit of boundary
layer, and condition ¥y = 0.can lead to an increase of Rj¢ by an
order. However, arbitrariness in the selection of ¥, at %3l %p
(for instance, the conditicn z,.—.‘Z;'at the assigned parameter

l’gmw( Te~7)') 1in the case T3 & IR weakly influences the result
of calculatiorn: of Rﬂ(fs, ), especially with the exponential

s
=
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approximation of the velocity (temperature) profile up to the
electrode, and at 7’;,?. 2000°K it is possiple to assume Yo = 0. This
apparently can explain the satisfactory agreement of the results of
the calculation of the resistance of the thermal boundary layer at
2,=%p with the experimental values obtained in work [9].

The reslstance of the thermal boundary layer on the electrode at
an assigned thickness 1s determined mainly by the temperature of the
inner surface of the electrode wall, especially at T,=7, .

The structure of the boundary layer and exponent fl in the case
of exponential approximation of the profiles of velocity and temporu-
ture exert a noticeable influence on the real resistance of the
boundary layer.

At the large current densities the profiles of veloeity and
temperature can differ noticeably from those accepted in calculation
and, furthermore, a breakaway of electron temperature and the
emergence of a micro-are mode of the flow of current are possible.

Thus the correct calculation of near-electrode resistance requires
the careful analysis of processes which accompany the flow of current
in the interelectrode interval of the channel. Two-dimensional
effects and near-electrode resistance in the channel of a Faraday
generator with continuous electrodes at 2227 can cause a noticeable
longitudinal electric field, which leads to an increase in transverse
conductivity . in the interelectrode interval of the channel, Evaluations
show that the lncrease in output power as compared with one-dimensional
calculation can be significant (+1.5 times at g = 1-2, K=z 5).

The concrete calculation of a small-scale generator showed that
at an electrode temperature of ~1000°K output power can be 2-3 times

less than its value nct allowing for the resistance of the boundary
layer.

The boundary layer effect can be significant also in heavy
inztallations at large values of parameters L./A . If far from the
separation point for a hydraulically smooth wall pa=d-~L7 , then at

FTD-MT-2U4~1635-71 35
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an identical number of gages Z./A =const and an identical temperature
X
rate %"'f“"-z?m . Since usually /m = 0.8, then the correlation

between the thickness of the boundary layer and the transverse

1 dimension of the channel depends weakly on its length. Therefore, for '
zhe reduction of relative resistance in the boundary layer (or the

loss of voltage in the channel) other conditions belng equal it 1s

necessary to select a relatively small number of gages.
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