AD=A088 333

UNCLASSIFIED

NEBRASKA UNIV LINCOLN DEPT OF MECHANICAL ENGINEERING F/6 20/9
PSUEDO=SHOCK AS A GUALETATIVE MODEL IN THE INVESTIGATION OF THE==ETC(U)
JUL 80 P LU AFOSR=79=0083
UNLMEPCL=80-1 AFOSR=TR=80-0599 NL




"m |0 &z iz
= & & )22
=gk
[l == 0=

. | e
l2s s pie

“*fEROCOPY RESOLUTION TEST CHART ‘
NATIONAL BUREAU OF STANDARDS 1963-A



-

READ INSTRUUTIONS.
BEFORE COMPLETING FOR

. RECIPIENT’'S CATALOG NUMBER

-.»4082’(3

. TITLE (and Subtitle) v ﬂ?\;W“emTo COVERED

PSEUDO-SHOCK AS A QUALITATIVE MODEL IN THE"M’ \’}/’%INAL | 7‘:
_;NVESTmATION OF THE }NFLUENCE “OF _YALL BDUGHNESS ' X Tl

. T PRY NUMBER
ON THE gERFORMANCE OFEUPERSONIC J,D GENERATORS, I
. J—M

%

7 Ay THOR(.)

DYl (15

2 NT NUMBER(s)

J AFOSR-79—}1}683 ' R

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10, :ggiR&AonﬂLKElJSNTTNPROJECT TASK
THE UNIVERSITY OF NEBRASKA-LINCOLN ole <

/MECHANICAL ENGINEERING DEPARTMENT 4o '' m»‘ ( /9 , D 9

LINCOLN, NEBRASKA 68588
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH/NA “ JulmS

11. CONTROLLING OFFICE NAME AND ADDRESS
BLDG 410 €S

BOLLING AIR FORCE BASE, DC 20332 89
T4, MONITORING AGENCY NAME & ADDRESS(iLdL am.Co Otfice) | 15. SECURITY CLASS. (of thie report)

UNCLASSIFIED

15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. OISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

DTIC

'7. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

AUG 2 61980
18. SUPPLEMENTARY NOTES E
19. KEY WORDS (Continue on reverse side if necessary and identify by block numbet)
MHD POWER GENERATION MHD PSEUDO-SHOCKS
HIGH-POWER DENSITY MHD GENERATORS MHD GENERATOR PRESSURE DISTRIBUTION
LOW TEMPERATURE PLASMADYNAMICS SHOCK-BOUNDARY LAYER INTERACTIONS

\OPEN CYCLE MHD GENERATORS

ABSTRACT (Continue z:n reverse side If necessary and identily by block number)
A preliminary study, based on an extension of Crocco’'s pseudo-shock model, has
been carried out to explain and predict qualitatively the rather gradual
pressure rise in a supersonic MHD generator, to account for the influence of
wall roughness on the core flow. A system of non-linear ordinary differential
equations is formulated for the wall layer and the core, with proper electro-
magnetic conditions enforced at the interface. Extensive numerical experiments
are also presented, which demonstrate indeed the qualitative link between the

theory of MHD pseudo-shock and the observed pressure ramp caused by rough walls

DD ,55%"; 1473  eoimion oF 1 NOV 68 1s oBSOLETE

UNCLASSTFTED 5(011 0 (L




§0-0599 ~

UNLMEPCL-80-1

FINAL SCIENTIFIC REPORT
for
Grant AFOSR 79-0083

A Preliminary Investigation of the Influence of
Wall Roughness on the Core Flow in a

Supersonic MHD Generator)

PSEUDO-SHOCK AS A QUALITATIVE MODEL IN THE INVESTIGATION OF THE
: INFLUENCE OF WALL ROUGHNESS ON THE PERFORMANCE
OF SUPERSONIC MHD GENERATORS

oz

by
PAU-CHANG LU

Department of Mechanical Engineering
University of Nebraska - Lincoln

July, 1980

ADpluvel o pdelall FeLpalie]

digtribution unlimitsd.

80 8 14 017,

e anmen RENG, i, i it st ittt el o,




ABSTRACT

' A preliminary study, based on an extension of Crocco's pseudo-shock model,
has been carried out to explain and predict qualitatively the rather gra&uaI

pressure rise in a supersonic MHD generator, to account for the influence of

wall roughness on the core flow. A system of non-linear ordinary differential
equations is formulated for the wall layer and the core, with proper electro-
magnetic conditions enforced at the interface. Extensive numerical experiments
are also presented, which demonstrate indeed the qualitative 1ink between the

theory of MHD pseudo-shock and the observed pressure ramp caused by rough walls.
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CHAPTER 1  INTRODUCTION
1.1 INTRODUCTION
In the Air Force weapon-delivery and defense, advanced MHD electric power

generators play an important role. In supersonic generatorsusing high magnetic
field strength, designed for high power-density, the influence of the wall
roughness is felt rather acutely in the core flow because of propagatfon of

; disturbances along shocks and Mach waves. When a generator is new, the (rela-

tively small) roughness comes fnherently from the unevenness between the seg-
mented electrode surface and the adjacent insulatfon (Fig. 1.1); this rough-

ness is perfodic, and extends over the entire length of the channel. In test
) channels designed for the measurement of conductivity of a flowing plasma, it
: ‘ myy be isolated in the middle of the channel (Fig. 1.2). After some extended

use, the generator will show deeper and irregular wall roughness due to erosion,
corrosion, burning-out, and inter-electrode sparks. As indicated schematically
in Figs. 1.1 and 1.2, shocks and Mach waves appear in a supersonic flow, which
interacts with the turbulent boundary layer; and their influence penetrates into
the core flow. As & result, pressure rise in the flow direction is observed in
actual Mk generators with supersonic inlet conditions [Ref. 12 and 13]. In the
literature, there is insufficient understanding of phenomenon just described.

An investigation is needed to establish, by steps of increasing sophistication,

c——

an analytical model that will provide additional understanding, add in the control
or reduction of these effects, and contribute to the technology base required for
development of more efficient generators.

As a preliminary endeavor in this direction, the present work explores the
. possible extensfon of Crocco's theory of pseudo-shocks [Ref. 3] so as (a) to

devise a simple analytical model for the interaction near the wall and its influence
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Fig. 1.1 Wall roughness and interaction of waves.




Fig. 1.2 A single element of roughness.




on the core flow through a supersonic (high power-density) generator, (b) to
explain quantitatively (but on a rather primitive level) the possible pressure
ramp in the Tlow direction as observed in actual generators, (c) to point out

the kind of empirical data needed in completing or improving the analysis, and
(d) to assess the role of the model in future studies. Crocco's theory is gen- _
eralized to treat MHD pseudo-shocks as an exhibition of wave interaction; hig 5

i control-volume analysis is enlarged to incorporate all the MHD aspects including

\ load and Hall effects.

E Extensive numerical experiments on the solution of the resulting system of
% nonlinear ordinary differential equations demonstrate actual qualitative link
between pseudo-shocks and pressure ramps. Rough conclusions are also drawn as
to the various roles played by the many parameters. The report closes with

certain suggestions for future investigations.

1.2 CROCCO'S PSEUDO-SHOCK THEORY

In the 1iterature, researchers in the field over-simp1ify the situation by
attempting to explain the observed pressure rise by way of a single normal shock
[Ref. 12 and 13] in the core of the generator. As a matter of fact, the solid
curves in Fig. 1.3 would be exactly the pressure variations in the core, should
a single normal shock appear in each case. The predicted variations are ob-
1 viously too rough even when viewed qualitatively. The most outstanding feature

of the measured pressure rise (Figs. 1.3 and 1.4) 1s that the increase toward a

maximum is rather gradual, reflecting complicated interaction between different

i ' kinds of waves (which are oblique and hence comparatively weak) before they

penetrate into the core region. This slow build-up is termed a pseudo-shock
process in won-MHD gas dynamics (Fig. 1.5) by Crocco [Ref. 3]. The starting

point of Crocco's work is a control-volume analysis which recognizes the non-
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uniformity in going from the wall region to the core (Fig. 1.6). Some semi-
empirical elements are then elaborated upon to make the analysis self-contained
[Ref. 8, 14 and 15].

For the present investigation, the earlier and less elaborate (and hence
not self-contained) phase of Crocco's theory [Ref. 3] is generalized to treat
MHD pseudo-shocks. In this approach, emphasis is on the qualitative side.
Crocco’s control-volume analysis is enlarged under the usual MHD approximation
that the magnetic field modifies the flow, yet the flow does not affect the
field. In Chapter 2, mass, energy and momentum-force balances are performed.

In Chapter 3, governing parameters are delineated; and in Chapter 4, numerical
examples are displayed. It is to be emphasized that the approach inherently
ignores the details of the wave interaction. From this stems the simplification
(and power) of the analysis. But, at the same time one learns to expect certain
lack of information.

In the rest of this section, we will summarize Crocco's non-MHD theory in
preparation for our later generalization.

Referring* to Fig. 1.6, we have for mass balance

m=m' +m" = m,
and, for inviscid flow with common pressure in the two regions (boundary-layer-

and jet-1ike),
aq;_ (plulel + D"U"ZA") = '(%%)A
and, finally, the energy balance (neglecting wall heat-transfer and viscous

energy dissipation)

dr.v,ip ulz Wy AN [ WM U“Z =
3§[° u'A'(h+=5 ) + p"u"A" (K" +=55-)] = 0

*PIease note that the symbols here, following [Ref. 3], are not in keeping with
the LIST OF SYMBOLS.




The spatial coordinate x in the above can actually be ignored since the entire
system can be rewritten in purely algebraic form [Ref. 3].

We may note also that there is no entropy production in the core region at
all; and that, in the wall layer, the nonuniformity across the interface causes

entropy to be produced. The solution of Crocco's system is a relatively simple

matter; for details, the reader is referred to [Ref. 3]. (Incidentally, the

formulation in Chapter 2, of course, contains Crocco's system as a special case.)
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CHAPTER 2 FORMULATION OF PROBLEM

2.1 INTRODUCTION
This chapter contains a discussion of magnetohydrodynamic channel flow
with a slowly varying cross-section area. The quasi-one-dimensional approxi-
mation will be used to study the phenomenamof supersonic flow under the
influence of channel wall roughness, in the presence of Lorentz force and
Joule heating. In order to keep the discussion within reasonable bounds, we

will consider only the steady and inviscid flow, with no heat transfer.

2.2 GENERAL RESTRICTIONS

Before we proceed, let us first 1imit the problem to its acceptable and
reasonable range. In order to use the quasi-one-dimensional approach, the
cross-section area of the channel must vary gradually so that the obliquity of
the wall with reference to the axis is always small. Therefore, the velocity
component which is perpendicular to the axis is negligible. We also neglect
viscous stresses and the axial heat conduction.

Considering a channel as shown in Fig. 2.1. The channel wall is a combi-
nation of electrical insulators and conductors. The shaded portions are made
of electrically conducting material, i.e., pairs of electrodes shorted diagonally.
The rest of channel is made of electrically insulating material. The mode of
operation is the so-called "single-load two-terminal generation" (see Fig. 2.2).

Further assumptions are introduced as follows:

(1) The temperature and pressure are approximately uniform over the channel
cross-section.
(2) There is no wall friction.

(3) There is no heat transfer at the wall.




Fig. 2.1 A diagonal-wall MHD generator.
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2.3 SINGLE-REGION FLOW

Let us first consider the single-region MHD channel flow without bringing
the wall roughness effect into the problem,

Mass Balance:

puA = piu1A1 = constant m (2.1)

where subscript i denotes the initial condition, i.e., the quantities measured
at the entrance of the channel.

Momentum Balance:

ua; a - -Jl~+ 3 B (2.2)

where jy = curent density in the y direction
B = applied magnetic field strength

Enerqy Balance:

U - IyEy + Iy (2.3)
2
the total enthalpy, c T +.%

x
=4
m
-
o
x
]

current density in x-direction, or Hall current

Cde
u

electrical field strength in x-direction, or Hall field

m
b3
L]

electrical field strength in y-direction

Equation (2.3) can also be written in the following form

u[cp dx dx (7T)] = dyE, * 3By (2.4)
and  E, = of, (2.5)
where o = ratio of Hall field to Faraday fleld”
and K= §§ (2.6)

where K = loading factor,

£ 2
P1ea?e note that the angle of inclination ¢ in Figs. 2.1 and 2.2 is set to
tan” ' a.
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From the generalized Ohm's law [Ref. 2], we have two equations for jx
and jy:
s 2 - -

Jx ] +‘;z [Ex B(Ey uB)] (2.7)
= g - +
Jy ;—:—;g [ﬁy uB BEx] (2.8)
where o = electrical conductivity

g = Hall parameter

From Eqns. (2.5) and (2.6), Eqns. (2.7) and (2.8) can be rewritten as

Iy = ;—f?:;g [aK - B(K - 1)](uB) (2.9)
iy = ;—:—? [aBK + (K - 1)]{(uB) (2.10)

Substituting Eqn. (2.10) into Eqn. (2.2), we get:

e § o (—Epllosk + (k- 1Ju8?) (2.11)

Substituting Eqns. (2.5), (2.6), (2.9) and (2.10) into Eqn. (2.4), we
have

pulc, 5+ u 341 - (—Eglak - 5(K - 1))(uB) okub

+ (T-:-—B'z)[asl( + (K - 1)](uB)-KuB (2.12)

From the 1deal gas law,

p = ﬁr and cp = T,J-LT (2.13)

where R = gas constant
vy = heat capacity ratio
Equatfons (2.11) and (2.13) then reduce Eqn. (2.12) to the following:

B GEDE - & I e - 0wh | e




PO -e

Equations (2.1), (2.11) and (2.14) are the so-called mass balance, momen-

tum balance and energy balance equations for single-region MHD flows.

2.4 TWO-REGION FLOW

When a stream of high temperature plasma passes through nozzle and then
enters the channel with high speed, it will form a layer near the wall because
of the wall roughness. In that layer (which may be thick at off-design
conditions), the velocity of the plasma is considerably slower because of the
wall. We call such a layer the wall layer. We also call the main plasma
flow in the central portion of the channel the core region. Thus, there are
two regions in the MHD channel. For simplicity, we add now the following
assumptions:

(1) Wall regions near anode and cathode sides are the same (or can be
lumped together).

(2) No pressure change occurs across a section from region to region
(as in unconfined jets, or boundary layers).

(3) There are no friction and heat transfer between regions.

(4) In the regions, no property changes in the z-direction.

(5) In keeping with general quasi-one-dimensionality, interfaces between
regions are supposed to be rather flat so that its normal everywhere is almost
in the y-direction.*

Now we can write down the equations which govern the two-region flows.

Mass Balance:
°c"cAc + pwq"Aw = piuiA1 = constant, m (2.15)

where subscripts c and w denote the core-region quantities and the wall-layer

quantities individually.

—
This assumption 1s needed in formulating electrical conditions at the inter-

faces.
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Fig. 2.3

Two-region model.
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Momentum Balance :

d 2 2 . _dp _d . .
SRR PUA) = - TR - T A Bt dpd (216)
where Ac = cross-section area of core-region

Aw = cross-section area of wall-layer

Let A be the total cross-section area of the channel flow. Then,

A= Ac + Aw Together with Eq. (2.10), Eq. (2.16) becomes:

d 2 2 d 9 2
ai(pi"cAc + °w"wAw) = - 3§'A * (;':!;3)[“wewkw + K- NlupB A

(2.17)
o (—E ) ag K + (K - 1)]uBA
1+ 82 (s c c” e
c
Similarly, for the Energy Balance, we have
2 2
ro uA (h +o8) + o uA(h + M7= (JE_ + ] E A
37[ ccele 2 Www w2 xwoxw  Jywyw''w
. (2.18)
e * jchyc)Ac

Before we can go further to study this two-region problem, we have to find
the key point which connects the core region and the wall layer. To achieve this
goal, let us first examine the core region energy equation.

Core Energy Equation:

2 2

u u
adf(pcucAc(hc * -ZE)] - (hC * %)ad;(pCuCAC) = (jXCEXC ¥ jchyc)Ac (2'19)

where ﬁ%{pcucAc) 2 0 for the core region is to be in force throughout the present

investigation.

*For Tater use, we will also note here that the mass-rate out of the core across fts

lateral surface between x and x+dx is °c"cAc - [pcucAc + é%(pcucAc)'dX] =

- aq;(pcucAc)-dx : that is, - aqx—(pcucAc) per unit axial length (see Fig. 2.4),
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It is important to realize the full implication of the above restriction,
i%(pcucAc) $ 0. Under this restriction, the fluid particles in the core region
will keep on carrying energy out of it, and entering the wall layer. If é%(ocucAc)
were positive, energy would be carried into the core region from the wall layer.
In that case, the contributfon term (the second Eerm on the lefthand sids) of
Eq. (2.19) would have to be replaced by -(h,+ %w—)a%(ocucAc), or (n, + EJIgﬂl)a";({pwuwA )
This can be expressed by the following statement: —————
(Net energy carried out across sections at x and x+dx) + (Energy carried out of the
core across the lateral surface) = (Electromagnetic work done on the plasma in the
core between x and x+dx.)

Expanding Eq. (2.19), together with Eqs. (2.9) and (2.10), yields

2 2 2
h + 8o uA)+ouhdin +58 - (h + 890 un)
c Tai(pccc ccedxt'c 2 ¢ 27dx\PcYc’ e

- %‘;—:&Bz)[“c"c- telKe = 1D HUB)" (oK otcB) ¢ (—SgleceK, + (K~ DI B): (Ku B
c o

dr
i.e., ﬁ';“r# -2, (T??)[°§K§+ (k. - 1)%3(u 8) (2.20)
[+

where Egs. (2.11) and (2.13) have been employed.

Similarly, we can derive the momentum equation of core region as follows:

d, .2 d ._d ¢ 2,
a'i(pc"cAc) - Ue GlPeUchc) = - E'E‘Ac * (1 R 82)[°chKc+ (K= 1)1(u B)"-A,
c

Expanding the above equation, we get

c
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d 7. du d, . d
“%_af/("iuc"c)+ (°cucAc)_J§c' - WcAc) =T EEAC *

7 2
(ﬁz)[acscxc + (K. - 1)3(u BYA

or, using Eq. (2.13),

du
Ll LR ‘,‘ﬁ’z’[acﬂc"c* (K, - 1)2u %) (2.2)
[

Comparing Eqs. (2.21) and (2.20) to Egs. (2.11) and (2.14), it is ?
obvious that the core-region formulas are similar to the single-region ones. The
wall-layer equations are not similarzsince the quantities carried into the wall-

u
layer are he + = and uc, not hy + %f and u,.

For a two-region flow, the core region cannot be studied in a decoupled manner

(independently of the wall layer) since o_ and Kc are related to wall-layer quanti-

c
ties through electrical conditions at the interface. We will make further dis-
cussion on this point later on.

Now that we have the equations governing the two regions combinedly and the
core-region equations, we can then easily obtain the wall-layer equations by sub-
tracting. For example, subtracting Eq. (2.20) from Eq. (2.18) will yield the

energy equation of the wall layer:

2 2
u
Hqitpw"wAw(hw+wa')] ¥ (hc+'29') Hqi(pcucAc) ) (jwaxw+ijEyw)Aw (2.22)

To continue our analysis, we need the assumed division of masses in the two

regions in the spirit of Crocco [3]. Let us introduce the mass ratio u such that
quWAW = u(”m

) (2.23)
pUA = [1 - um]m




P

—r v

PIPSRPP R Py

where m = total mass flow rate
mass flow rate in wall layer
w6 = S totaT mass Flow rate
Following our previous restriction, '&qi(pc"cAc) S 0, we see that d%im 2 0.
An alternative approach would be to start with a division of flow cross-sectional
areas in the two regions:
N = de\

Ac =[1- vm:I‘A
where vm = p_u%l_n:
v

It may appear superficially that v&) should be more directly measurable.
But, to guarantee %;‘T 20, it is safer to start with um given. And vm can then
be calculated as a part of the result.

In eq. (2.16), we have already employed the relation Am = Aw + Ac' Together
with Eq. (2.23), this relation now yields

1+ A
Rk

Introducing further the ideal gas law, we have

A u u u u u
_.m. Wlae Xy < . X 2.24
= %T;T; T; um [Tc Tw] ( )
From Eq. (2.22), we can write
2
dh du
d ‘w d
hy TxCPuti) + (py i A) 1%" (o, U A Uy '33%""_2_ T PUA)

2
u
+ (g + ) Edi'("" PuiP) = En * Iy

L
. e i : A D i ki L
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But m is a constant, and
u2 d ¢ u2
£ - = - .c d
(hc+ 2) (M- o uA) he af(pw"wAw) » IPwsA
dh du 2_ 2
Therefore, (°w"wAw)?§!+ (oA, 'axl+ (hy- hc+'ui2_£)ad7 (e, uA,) =

N 2,2
AUy (——2.] :’Bw)[a,,'&, - °w8w'<:+ o,8,K,* uwswlfl + |€ - IQ,](usz)}

2 2
dhw duW U~ Yo g
or, (o uA) g+ (p uAu, FH+ (h, - h, + TH—)g (o, uA,) =

[+
P\,uw{(ﬁ?)[nf,@+ a B, K- &](uwa’-)} (2.25)
w

To derive the momentum equation for the wall-layer region, we subtract

Eq. (2.21) from Eq. (2.17):
ad'f ("wusl\v) tu i%( (pucAc) = - %)E( Ayt (T:%Z{"wsw'&ﬁ (K~ ”](UWBZ)Aw
W

But, u. gxlecUAc) = ue gelm=-p uA) = -uc g (o u.A))

So, the previous equation comes out the following form:

G S (0 cu) L A = - BA (e K+ (K - 1)](u B0
Pulw’w dx T VU T Yo/ Ax Putyiw dx ‘W .“B? L AL W W
Y (2.26)
We have now successfully derived the system of governing equatfons, Eqs. (2.20),

. — g

(2.21), (2.24), (2.25) and (2.26). For simplicity, we will further transform Egs.

‘ (2.25) and (2.26) to other forms. We first multiply Eq. (2.26) by u,» and then
subtract the product from eq. (2.25):




dh (ug- w4 d
("N'MAW)T):"'+ Chy - e~ > Bx WA = wA, '&% *

g 2,2 24.2,2
‘Tf;f’["w'ﬂv*"&"’ GBA,

2
dT - d
that s, o w"wAw(}l-BT)'dx!*{;’.BT(Tw-Tc)-(u" ) }a'i (o A, =
A g, A (12K + (K, - 1)P0GB?

1+8,

Finally, replacing pw% by u(x)-m yfelds

dT,
"ﬁ'(TET :+E¥';%{'1'(Tw' Te) 'Jf("c' uw)z}% ®

‘ (2.27)
| | o2 uﬁvﬁ[«ﬁ@ (K, - 121(4,8%)
! W
| Equation (2.26) can also be rewritten in terms of u(x):
duw d
| wg=du, 3 (- et *
; ' (2.28)

d w 2
-ua%'l' u(-I—;;-z) [GwaKw"' (&" 1)](“"8 )
w

Equations (2.20), (2.21), (2.24), (2.27) and (2.28) then govern the MHD two-

region flow. Before we proceed, we must note carefully the dependent variables
in the above five governing equations. Let us 1ist all the dependent variables
here:
p = p(x)s u = U (x)s u, = Y (x)s T = Telx)s Ty, = T (%),
The auxiliary quantities,
o = fet. (ToP)
oy " fct. (T".p)
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B, = fet. (Tc.p.B)
By * fct. (Tw.p.B)

are seen to be related to the other quantities via known functional forms (to

be quoted later).

The given quantities of the problem are A(x), B(x), o Kw. u(x), and the
initfal values of p, u, u., T and T . (ac and K. will be related to o and
Ky in Section 2.5.) In principle, a, = tan ¢ (see Fig. 2.1) can be a general
function of x; although a constant will be used throughout the present study.

It must be emphasized that u as a given function of x reflects very clearly
the qualitative nature of the present theory. The formulation yields a solution
for a prescribed‘p(x); but in a truly self-contained framework, u(x) ought to
come out as a part of the solution. As it stands, one will have to speculate
about the functional form of u(x) and calculate examples that are hopefully repre-
sentative of actual cases in a qualitative manner. It is also not truly satisfying
to view the theory as being semi-empirical (in the sense that, for every actually
measured u(x), one can predict a complete flow situation), simply because (1) it
is impossible to measure locally the relative mass flow in the two regions, and
(2) the quasi-one-dimensional approximation itself obliterates the true meaning
of an 1nterface*. Of course, such difficulties are already an integral part of
Crocco's classical pseudo-shock theory [ref. 3]; we have only inherited Crocco's

qualitative legacy in our attempted generalization.

2.5 ENTROPY PRODUCTION
Applying the perfect gas law and the general relation between entropy .8,

internal energy U and volume V, one has

iThis is quite similar to the fact that in the boundary layer approximation the
"edge" of the boundary layer is a hazy concept.




u+h$y_

T_Rgpt
. . R
where c heat capacity at constant pressure ( ;QE-r)
Therefore,
. R _dT _ %g
ds -J_TY- T R (2.29)
or,
148 _ a1 14db
LE Sl RS R T (2.30)
By comparing Eq. (2.30) with Eqs. (2.20) and (2.27), we may have the equations

of entropy change in the core-region and the wall layer individually:

RT l’( i )[°2K + (K, - 1)2](uc82) (2.31)

C

%( z)tawvg,+(|g,, 1)23(u 8% -

O LR, - T) - Huc-4,)%] (2.32)

where:subscript c denotes the quantities in the core-region,

subscript w denotes the quantities in the wall-layer.
It is thus seen that the entropy production in the core is due solely to the Joule
heating (which is a form of energy dissipation). In the wall-layer, there are two
sources of entropy production: Joule heating and non-uniform distributions of u

and T in the two regfions.

For the non-magnetic case [Ref. 3], the core flow {s isentropic and the

entropy production in the wall-layer is due only to the non-uniform distributions

in the two regions.
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2.6 ELECTRICAL CONDITIONS AT THE INTERFACE
In the previous discussion, we encountered several electrical quantities:

jy, 3 x* Ey and Ex' To find the relationships which can 1ink these electrical

quantities all together is the key to the solution of our problem. According to
Sec. 1.6 of [Ref. 4], we have (Fig. 2.5):
“AxB =0 ;

<f 3.> = (
where < > stands for jumps across the interface:

E (2.33)

p {~ - EXW
Sye =3 (2.34)

(Note that Eyc and jxc £3..)

)‘Ew W

By using the interrelationships expressed in Eqs. (2.5), (2.6), (2.34)
and (2.35), one has

o Exw/ €
a‘f' ot = A (2.35)

xc' “ye  “yw
R' - (u"B) = :E. 29. 2.36
e GG (2.36)

or,

E
= GG - KO (2.37)
[

E
where K= 24§ 1s a given quantity.”
c

Combining Eqs. (2.10), (2.36) and (2.34) will yield

(__1.1 :‘; Ma 8K+ (K, =1)](uB) = (1_2!;2)[“"8"&4. (K, - 1)1(u,B)
¢ w

5
In usual designs, K= 0.5 which 1s an optimizing value in some sense.
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Flg. 2.5 1Interface orlentatlon.




which can also be written as follows:

(———,°°°° - ——,"B" Ja K u_ = (—za" K, - 1y, - (—E5) (K- 1) (2.38)
Hsc '|+Bw ccec st W ¥ +g c c
We also mentfon here as an addendum that, from the literature
g « B/T/P (2.39)
and o« TVP" (2.40)

where m and n are universal constants (depending on the temperature range)

for all plasmas.




CHAPTER 3  DIMENSIONLESS PARAMETERS

3.1 NONDIMENSIONALIZATION

Applying the process of dimensional analysis to the five governing equations,
Eqs. (2.20), (2.21), (2.24), (2.27) and (2.28), we introduce the following repre-
sentative quantities:

Density -- f%i
Velocity -- u

ct

Area -- A1

Generator Channel Width -- bi’ see Fig. 2.1

L PPy

Magnetic Field Strength -- B1
Pressure -- bi

Temperature -- Tc1
Conductivity -- o

ci
where subscript | denotes the initial conditions, i.e. the quantities at the

entrance of MHD channel.

t Then, define the following dimensionless variables:

u u
' X V= c [] W
X' ==, u == y' = ——
T T b
‘ T = C , T' = w . bc - \
| Tes Tes by
l B' = = 0' = _o_c... 0‘ = -S!..
‘._ B,l Cc 0C1 w O'C,I
|
: A
A' AT

where prime denotes dimensionless quantities.
Substituting the above dimensionless quantities into the governing equa-

tions derived in Chapter 2, we then have the new governing equations with dimension-

less forms as follows: ﬁ




T T T R T R R TR R R A T A TR T A T T e e

c e meeras e

(1) From Eq. (2.20),

b , , 4TTe) d(b b)

i ci ¢ %i%, 2,2 _ 12 ) 20,2
(m)(7.1) d(bﬁ) d(bixry (]+B )[ K +(K 1) ](uci C818 )
After simplifying, we have
T 2 o
dTe by ci U184 2K - 1Y2 ('R 2
)(—7-7 5= (L e [ Ez)t 22+ (K -1)1(uB'2)  (3.1)
c
(2) From Eq. (2.21),
(b b' C1 é d(uC1 C) d(b b') Ci C)[a g K + ( - ])](U 2)
c1 c !5 x'y) (E ') ccec c ci¥ c i
or 2
blul u' b 2
c . ' byoci¥esBy,, % YA
( )(—T'l—)-a;r ol rull P, )(1+B 5)la B K.+ (K. -1)1(uB'")
c
Observing the above equation, let us multiply a quantity y (the ratio of heat
capacity)on both denominator and numerator in lefthand side and notice that
M . Yei
( T
Yed
is the Mach Number at the inlet of the channel in the core region.
Then, we have
b'u' du' 2
2 c . _ gk b19ciYei®y, % 12
(YMC1)(—f::—) oot (—_Tr—-)(—:?)[°cacKc+(K -Du b)) (3.2)
c
(3) From Eq. (2.27),
b p d(TyTo) ‘ 24 du
(orye) L7) e+ (7 ’U"—r) Teq (T~ Te) = FHug - ) Ty )
dch,b)

- “T(b_:T)"' w(CsL ")[a 2 + (K, - 112 2ugqup2e'?)




i.e.
| ° W
| u(fr)(—r-r) (%)[(—!T)(r- T) - (Sl (ur - )22 -

L v‘-'-‘fr,—"—')(;:";z)[“u'&* (K, - 1220wp'd) (3.3)
w

(4) From Eq. (2.28),
|’ b d("ci " "1|’ d
wrLr) (g uy) e+ (RTT) gy (w, - wp gy =
d(b,br)

e

or,
b. ' odu' bl '
u(vﬂii)(-f?"") 2%'" (Y"f;i)("r‘#u (uy - up) %E" -

B2
ugb_;_* ol by ciicf 1)(

}')[ Kt (K- D82 (3.4)

(5) From Eq. (2.24),
b b
A YetY w YeyY c - Uei! Uei
(B—iu—c-r)(—r)( ” w)( - c) (7—14) + u( )(-rr -r)
or,

‘ Ir{—r (—-—r)] (3.5)

Here Tet us introduce a new parameter, S, = __C1$i_ called the Interaction

Parameter. To sumarize, now we have

(-,r)(;ﬁ) e+ (—-,)[a K2+ (k. - 123(uz8'?) (3.6)
b g % 52
( c1><-,;->w--g§r+s,<1—+;,>nacscxc+(x 1)1(uzs*?) (3.7)
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u(%)(;}T)ﬁ+%((;_lT) (Te-Te) = (%‘i)(u; - u )2 4l -
LA 15y = aZK + (K, - 122ugp') (3.8)
w
2\ Pruy du, 2 du .
"(YMci)(T)W+ (v )(—r--)(uw u g =

) "g'?('* *udy (]—?;2')[0,,,8,,'(‘” (K, - 1)](u;,8'2) (3.9)
wW
b (Krl}r;,-r)[T;u;, +u(Toug - Tour)] (3.10)
Cw

If we take the natural logarithm on both sides of Eq. (3.10), it will yield
bt = zn[Téu; + u(T&ué-Téu;)] - 2n(A'uéu&)
Then, differentiating the above equation with respect to x', we have

[(TI ;V +u' T(':) + (Tc d ul dT' T duV'l_uv dTC)]
axt Ttwdxt T T"' _"' c dx' ~ Yw dx"

. du’ du'
/[T‘u' + (Tl - Tou )]} o —‘r . U];aﬁ'* (3.11)
Eqs. (3.6) through (3.9) together with Eq. (3.11) form a system of non-linear

differential equations, which can be solved numerically.

i 3.2 DIMENSIONLESS FORMS OF AUXILIARY EQUATIONS AND CONDITIONS
Referring to Sec. 2.6 and introducing the dimensionless quantities defined
i in previous section, we can get the following relationships which connect the

loading factor K, the velocity of plasma u and a (the ratio of Hall to Faraday
f‘ield):

K, = K(;;:_) (3.12)

W

u'
e * KA - K




[ - T ———— e
33
3 = _K.
or, uc GW(K ) (3.13)
c
Substituting Eq. (3.13) into Eq. (2.39) and nondiﬁensionalizing will yield
%1%Bc  %¢i% w’( )( f
) (a, Ku.,u') = :
f 1*?{ ]+Bw C" C
: 040} |
ci'w ' 91 c -
; CESPIG - Do) - =5 )(K 1) (ugqul)
! w
é 1.8., + 2 .
/ 4
K, = (—.—)(——,)(a B+ K- G T 0 8K (3.14)
‘;
In Eq. (3.14), there are two quantities which vary with respect to x', f.e., 8 and
o'. As mentioned in Sec. 2.6, 1{s related to the mth power of temperature and
the nth power of pressure. And from the literature, the values of m and n are
respectively 10 and 0.5. Introducing these values to Eq. (2.41) and rewriting
i
‘ Eqs. (2.40) and (2.41) 1in dimensionless forms, one has
| A VY Lay .2 (3.15)
Bet B1 ci/ bT

| . 70/ 05
; S a 3.16
? e (T:;° //Qﬁ;) (3.16)

In later calculations, we will let F%i equal to " Then, the above equations

——

i become the following forms:

* . s By (3.17)
1110
o' = -(-T;T’-— (3.18)

>
In existing diagonal-wall generators, Bey is always close to 1; there s also
rational ground for Bey * 1 in good designs, see [Ref. 7].
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We also change the electrical quantities to dimensionless forms by the following

steps:

0.0

1 ] ]
Jyw = ;ﬁj‘% Loy 8Ky * (Ky = 1) ugyuiBB")

- (opgucyBy) I8 K, (6, DI(uB') (3.19)
W

9e1%
Jxe * T;—f [“c
c

Ke = 8c(Ke -1)](uc1u::818' )

" (ogqueyBy) (Splnck, - (k- g8 (3.20)
Cc

Similarly, "v;l .
Jow ™ (cciudB,)(l—:-B-z)[uw&- 8, (K - 1)1y 8") (3.21)
W

From Eqs. (2.6) and (2.5), let us rewrite the electrical field strength as follows:
In the y direction, we have
Eyc = KcuciuéaiB' = (uciBi)(KcuéB') (3.22)
EW = (udBi)(l&lu"'B') (3.23)

In the x direction, Exc = Exw

Exc = d'cEyc = (uc181)(dcl(cu":8') (3.24)
Now let us define the following dimensionless electrical quantities:
it - it = e it = o
W ogqUeiBy” Txe  ogqUeyByt Ton o qu By
El. * —Elg— E = —Elg—. B - X
ye  Uee®y W UetBy xe  UgyBy

And from Eqs. (2.34) and (2.35), j}w = j}c' E;(c - E;m' From above definitionsg,
Eqs. (3.19) through (3.24) become




¢I
(= 3yc) = ‘,‘fp'g)“ui’w'&* (K, - 1)](u8') (3.25)

5= (ﬁ%"{)[qckc'@c(xc' 1)3u8") (3.26)
Cc

5 (T:—wa?[“"'("' g, (K, - 1)(uB") (3.27)

E}c = KcuéB' ' (3.28)

Epw ™ KUB’ - (3.29)

Ercl® Exw) ‘°"c59c (3.30)

With these dimensionless electrical quantities on hand , we can find the trend of
these variables in a two-region MHD channel flow problem.
Another object which we are interested in is the area variation. In order
to develop the area ratio, we combine Eq. (2.15) and Eq. (2.23) and get
Pyl = WPqlcty
Simply by mathematical manipulation, we have

AL = u(pf'r) (3.31)

where ‘\'v = the ratio of wall-layer cross-section area to the cross-section area

at entrance, 1i.e., I\”/A1

Similarly, . e
A 0 - W)l (3.32)

or, A:: = A' - A\:: (3.33)

From Eqs. (3.31) and (3.32), we see that the cross-section area of wall-layer s

proportional to temperature and mass ratio, and smverse to velocity and pressure.
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3.3 PHYSICAL SIGNIFICANCE OF GOVERNING PARAMETERS Mc AND S

1 i

In Sec. 3.1, there are two parameters which appeare in governing equations,
Eqs. (3.6) through (3.9), that play very important roles in the two-region MHD
channel flow. These two parameters are the Mach Number at the inlet (Mci) and
the Interaction Parameter (Si)‘ Since Mc1 and S1 almost appeare 1in each equa-
tion, we can predict that these two governing parameters w1l influence strongly
the behavior of plasma in the generator. For example, in tq. (3.7), we have in
the x direction and on an elementary plasma cell:

(Inertial Force) = (Pressure Force) + (Lorentz Force)
Thus,

Lorentz Force Si

Tnertial Force ")
ci

Lorentz Force _ ¢
Pressure force

i

which means that the larger the interaction parameter 51, the larger the Lorentz
Force while the smaller the Inertial Force and the Pressure Force. On the other
hand, the larger the Mach wmumber, the smaller the Lorentz Force while the larger

the Inertial F .
Also, in Eq. (3.6),

(Change in Internal Energy) = {Work Done) + (Joule Heating)
Joule Heating _ ¢
nergy Change i
Joule Heating _
r i

which means that large value of S1 will produce strong effect of Joule Heating

j.e.,

and vice versa.

3
F




For this problem, since plasma which comes out from nozzle enters the
channel with supersonic speed, the Mach Number Mc1 is always greater than 1.
To estimate representative value of Si’ let us use some ranges of data
gathered from existing literature:
oy == 25 to 60 mho/m
bi -= 1 to 3 atm
by -- arouhd 0.15 m
Bi -- 2 to 6 Tesla
Uy == around 750 m/sec
T, -- 3000 to 4000 °K
Therefore, $4 is approximately in the range from 0.3 to 2.0. As a result we

will use S1 = 0.3 ~ 0.5 in our calculations, to keep to the lower (and more

realistic) end of the range.
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CHAPTER 4  RESULTS AND DISCUSSION
4.1 NUMERICAL EXAMPLES
Several examp1es* are worked for a plasma withy =1.1, to display certatn

trends. Figure 4.2 to 4.14 show plots of various quantities for the case where

A' =1 +0.2x'

u = 0.0003 + 0,12x', u < 0.3
= 0.3, u2 0.3
Uy * 1o Upy = 0.008

1, T&i =1

1

-
-y =
[}

51 = 0.4

K=0.5
a, =«
The curves marked with crosses are for Mc1 = 1.4, and those with small squares,

et ™ 1.5.

For comparison, Fig. 4.1 shows the pressure variation for the single-region
model where A', S1, K, pi are kept the same; a = -1, ui =1, T; = 1; and M1 = 1.4
(1.5) for the curve marked with crosses (squares). It is seen that the plasma
pressure decreases monotonously in the flow direction. This, no doubt, would
be indicative of the case where there is no appreciable wall roughness. In con-
trast, Fig. 4.2 shows that the plasma rises in its pressure rather gradually in
the flow direction, exhibiting a (MHD) pseudo-shock when a two-region model is
adopted. This lends credence to the qualitative rationale behind an explanation

of the observed pressure ramp by way of a two-region pseudo-shock. This highlight

*
A1l with B'(x) = 1 + 0.5x', for x' < 1; and 1.5 (1 - 0.1x'), for x' > 1,

aibllilien e D N s M. Ciea

('}
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of the present investigation, however, does not shine too much quantitatively,
since the ratio of the mass flow in the wall layer, u(x'), has to be conjectured
for the calculation. Furthermore, there does not seem to be any practical means

that could yield actual data leading to u(x') for a given run of a real generator.

Thus, it would be futile to hope for a close comparison between a calculation
and data recorded for an actual run; yet, it is perhaps possible to gain some
understanding of the underlying mechanism, and the general trend by examining
the numerical plots.

Figure 4.3 shows the local Mach number in the core; and Fig. 4.4, that in
the wall layer. Mc {s seen to decrease monotonously; Mw’ first increases and
then decreases. Sharing the same trend is the velocity in the core (Fig. 4.5);
and that in the wall layer (Fig. 4.6). Thus, as the wall layer grows its velocity
is first promoted by the core flow (at the expense of the core velocity); but

later decelerates, probably due to the Lorentz force accompanying the generation

of electricity. The core temperature, as shown in Fig. 4.7, increases monoton-
ously (but only by about 10%). The wall-layer temperature (Fig. 4.8) takes a
rather sudden jump near the entrance, and then increases more gradually until
15 or 30% higher than the initial value. The reason for the jump in wall-layer
temperature at the entrance 1s not clear; but an educated guess is that it is

brought on by the specific u(x') we used (either its initial value or initial i

slope). It probably has no realistic counterpart in actual cases. i
Figures 4.9 to 4.14 show various electrical quantities. Since the situation

we are investigating is patently off the design condition, we will refrain from

commenting on these plots as they serve no practical purpose, except to be complete

and to display rather wild off-design variations.




(PR,

Similarly, Figs. 4.15 to 4.23 show plots for the case with
A' =1+ 0.061x'

S1 = 0.3

and Mc1 = 1.5 (curves marked with triangles), 1.6 (circles), 1.7 (crosses); all
the other parameters are the same as in the previous case. These figures show
the same trend as before.

Another set of results is given in Figs. 4.24-4.35. Here, Si = 0.4, M1 =1.7;
everything else is the same as for the previous case. In addition, Fig. 4.36 also
shows the relative cross-sectional area of the wall layer (as fraction of the
total area) for this case. It is seen that the wall layer thickens quickly near
the entrance; and eventually fills more than 80% of the duct for this particular
case.

Finally, in Figs. 4.36-4.38, influences on the pres-ure variation,
due to changes in inlet Mach number, maximum u-value, and degree of duct diver-
gence are (respectively) plotted. In all these, Si = 0.4; and Ueqs Uyi? etc.,
are all the same as before.

In Fig. 4.36,

A' =1+ 0.061x’
p = 0.0003 + 0.12x'
= 0.3 when the calculated ¢ 2 0.3

The curve marked with triangles is the case with Mci = 1.5; that with circles,
1.6; and that with crosses, 1.7. Thus, the "strength" of the pseudo-shock in-
creases with Mci'

In Fig. 4.37, Mc1 = 1,5, A'(x"') is the same as for Fig. 4.36.

p = 0.0003 + 0,1x', x' <1
= 0.1003 + 0.12(x' - 1), x' 21

* Unax when thé calculated u 2 u

ma ma x
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The curve marked with triangles represents the case with u x - 0.2; that with

ma
crossed circles, 0.3; that with squares, 0.4; and that with crosses, 0.5. The

trend of larger u is seen to make the pressure ramp flatter.

max
Figure 4.38 shares with Fig. 4.36 the same u(x'); and with Flg. 4,37, the
same Mci' For the curve marked with triangles, we have:

A' =1 + 0.061x'

that with crossed circles:
A' =1+ 0.1x'
that with squares:
A' =1 + 0.2x"
and that with crosses,

A' =1+ 0.3x'

There is no clear trend discernible. However, it is noted that the pressure vari-

ation is very sensitive to the duct divergence.

4,2 CONCLUSIONS

Under the present Grant, we have successfully demonstrated the feasibility
of extending Crocco's pseudo-shock model to explain qualitatively the observed
pressure rise in a rather extended portion of supersonic MHD generators, with

rough walls and at off-design conditions.

P

For future refinement, we may 1ist a number of ways by which (singly or

combinedly) the formulation may be improved:

(1) Heat transfer and friction at the wall can be introduced through addi-
tional coefficients.

(2) Heat transfer and friction at the interface can be accounted for.

(3) The formulation can be coupled with a boundary layer analysis (using

Karmian-Pohlhausen technique) at the wall.

i g by ——
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(4) The wall layers at the cathode and anode can be distinguished, and the
formulation extended to a three-region model.

(5) Cases with du/dx < O can be tested (with due modification of the
governing equations).

However, the major drawback in our analysis (also in Crocco's), f.e., the
empirical assignment of a u(x) to start the calculation will always be with us.

It may also be interesting to apply the two-region model to flow apparata

other than power generators.
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APPENDIX -- COMPUTER PROGRAM




IV G LEVEL 21 MAIN DATE = 80189 14730726

THIS PRUGROM IS5 70 CALCULATE THE DEPENDENT VARIAULES OF TWO-REGION MHD
CHANNEL FLOW . TWG LUBROUTINES ARE USED , NAMELY FCT AND CAC INDIVIDU~-
ALLY . THE FORMLR USES THE MODIFIED GAUSS=JORDCH METHOD TO SOLVE FIVE
DIFFCRENTIAL EQUATICNS TO GET THE GRADIENT OF DEPENDENT VARIABLES .
THE LAT1iER DEFINES ALL AUXILLIARY QUANTITIES AND ELEMENTS OF THE MATR-
IX WHICH IS GOING TU BE USED IN SUBROUTINE FCT .

THE PaRAMETERS BEING USED IN THIS PROGRAM AKE DEFINED AS FOLLOWS

Y (1) -=~-VELOCITY GF CURE-REGION

Y(2)--=--VELOCITY OF WALL LAYER REGION

Y(3) ----TEMPERATURE CI CORE-REGICN

Y{4) ~---TEMPERATURE EATIO OF WALL LAYER REGION
Y{(5)----PRESSURE RATIO

X-==-+-=-=--DISTANCE RATIC ALONG THE X~-DIRECTICN
Allm =w - MACH NUMBEGR AT ENTRANCE

CK~===—- LOADING FACTICR

§== ===-<INTERACTION PARAHETER

AR-===—~ RATIV GF HALL FIELD TO FARALAY FIELD

{P~-=-—--INTERVAL SIZE FOR PRINTING OUT
DERY (I) ~=-=~DERIVATIVESOF DEPENDENT VARIABLES
GC~--=--RATIO OF SPLCIFIC HEAT CAPACITIES
IMPLICIT REAL#*8 (A-H,P-2)
JINLNSION Y (5),DERY (5)
CCMMON GC,AR,CK,AM,S
C DEFIMNE CONSTANTS :
GC=1.10D00
AR=-1.00D00
CK=0.50D00
AM=1.50D00
C DEFINE INITIAL VALULS OF VARIABLES :
: Y (1)=1.00D00 ]
' Y(2)=0.80D-2 1
Y(3)=1.00D00
i Y (4)=1.00D00
| Y(5)=1.00L00
$=0.,40000/1.50L00
£=0.00DV0O
WRITE(6,300)
360 PORMAT(*1',12X," X%, 19X, Y (1), 16X, Y (2)"',16X, 'Y (3)',16X, Y (4) *,16X
1 TY(SYY)
i XP=0,00D00
H=0.50D=-2
10 CALL FCT(X,Y,DEhY)
IF (DABS (X-XP) -0, 1D-6) 50,50, 60
50 WRITE(0,100)X,Y(1),Y(2),Y(3),Y(4),Y(5)
100 FORXAT(1X,6C20.6)
XP=XF+0,95D00
60 DO 20 I=1,5
20 Y (I)=Y(I)+H*DERY (I)
X=X+h
. ’ IF(X.GT.8.00D00) G0 TO 30
GO TO 10
30 sTOP
END

nLocoooocooococOnOCen
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i IV G LEVEL 21 MAIN DATE = 80189 14/30/26

C

SUBROUTINE CAC(X,Y,2)
IMPLICIT REAL*8 (A-H,P-2)
DIMENSICY Y (5),2(5,6)
COMMON GC,AR,CK,AN,S

IF(X.GT.1.00D00) G0 TO 1
B=1,0000040,50Du0*X

GO TO 12
B=1.50D00*(1,00000-0,10D00*X)

A=0.20D000%X+1.00L00
DA=0.20D00

U=0.12D00*X+0., 3UD~-3
LU=0.12D00

IF(J.LT.0.20D00) GG TO 31
U=0.30000
DU=0.00L00

CSP=DSQRT (Y (5))
SIN=(Y(4) **10) /DSP
SIC=(Y (3) #*10) /DSP
STW=DSQRT (Y (4))
STC=DSQRT (Y (3))
EETAW=B*STW/Y(5)
EETAC=B*STC/Y (5)
ARK=AK*CK

AA1=5IW/(1.00DOC0+bCTAW*LETAK)

AA2=SIC/ (1.00DOC+BETAC*BETAC)

AKC=AAY* (CK*Y (1) ~Y (2)+ARK*BETAWXY (1)) /Y (1) /AA2+1.00D00-ARK*bETAC
AA3=ARK*AKK+ (AKC-1.00D00) * (AKC-1.00D00)
AA=Y (1) *L*B

GG=G6C/ (GC-1.00D0 V)

Cu=GC*AN*AN

2(1,1)=0.,00000

2(1,2)=0.00D00

2(1,3)=GG*Y (5) /Y (3)

2(1,4)=0.00D00

2(1,5)==-1.00D00

Z2(1,6)=S*AA2*AA3*AA

AAU=ARK*#BETAC+AKC~1.00D00
Z2(2,1)=CC*Y (5) *X (1) /Y (3)
2(2,2)=0.00000
2(2,3)=0.00000
2(2,4)=0,00D00

2(2,5)=1. 00000
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21 CAC DATE =

2(2,6)=S®AAZ*RAY*AA

LAS=CC*(Y(1)-Y(2))*(!(1)-Y(Z))*O.SODOO-GG*(Y(“)-Y(3))
AA6=ARX‘ABK‘Y(1)’Y(‘)*(CK‘Y(I)-Y(Z))‘(CK*Y(I)-Y(2))

Bb=p*B

Z2(3,1)=0.00D00

Z(3,2)=0.00C00

2¢3,3)=0.,00D00

Z(3,04)=U*GG*Y (5) *Y (2) /Y (4)

Z(3,5)=—0%Y(2)
Z(3.6)=¥(5)*AAS'DU*Y(2)/Y(B)+U‘S‘AA1*AA6*BB

AA7=CK*Y (1) * (AR*BETAN+1.00D00) -Y(2)
EP=Y(5) *Y (2) /Y (4)

Z2(4,1)=0.00DU0

Z(4,2)=0%CC*PP

Z(4,3)=0.00L00

Z(4,4)=0.00090

Z2(4,5) =0
2(“,6)=CC*PF*DU*(Y(I)-Y(2))*U*S*AA1'AA7*BB

AA8= (Y (1) ¥Y (4) ~Y (2) *Y (3))

AA9=Y (2) *Y (3) +U*AAB
2(5,1)=(ARI=-0%Y (1) *Y (4) ) / (Y (1) *AAY)
205,2)=(AR9=Y(2) *Y(3) *(1.00D00-U) )/ (Y (2) *AA9Y)
2(5,3)=-Y (2) * (1.00D00~-U) /AA9

2(5,4)=-Y (1) *U/AA9 .

2 (5,5) =1. 00L00/Y (5)

Z(5,6)=AA8*DU/AA9-DA/A

FETURN

END

80 189

14/30/26
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C

o0

a0

1"
20

25
30

4u

21 MAIN

SUBROUTINE FCT (X,Y,DERY)
IMPLICIT REAL*8 {A-H,P-2)
CIMENS1ON Y (5) ,DERY (5) ,A(5,6)
CCMMUN GC,AR,CK, AN,S

CALL CAC(X,Y,R)
N=5
M=N+1

DO 30 K=1,N
KE1=K+1
IF(K.EQeN)GU TO 11
JJd=KXK

BIG=DABS (A(K,K))
DC 7 I=KP1,N
AB=DABS (A (I1,K))
1F(B1G~-AB)3,7,7
EIG=AB

JJ=1

CCN1INUE
IF(JJ~K)38,11,8

DU 9 J=K,d

TENP=A (JJ,J)
A(JJ,Jd) =a(K,Jd)
A{K,J)=TZHP

DO 20 J=KP1,M
A(K,J) =A(K,Jd) /A (K, K)
Do 30 I=1t,N
IP(I.EQ.K)GO TC 30
LG 25 J=KP1,H
A(L,J)=A(I,d)~A(1,K)*A(K,J)
CCNTINUE

pC 40 I=1,N
DERY(I)=A(I,M)
RETURN

END

DATE

= 80189

14730726
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LIST OF SYMBOLS
(except Section 1.2)

Cross-sectional area of channel, n?
Cross-sectional area of core region, m2
Cross-sectional area of wall layer, m?
Magnetic field strength, T(esla)
Width of generator duct, m

Specific heat capacity, JAkg-K)
Electric field strength, N/C

¢,T * ul/2, d/kg

Specific enthalpy, J/kg

Electric current density, C/(mz-s)
Loading factor (Eyw/ucB)

Eyc/ucB

Eyw/uwB

Mach number

Total mass flow rate through generator, kg/s
Mass flow rate in core region, kg/s
Mass flow rate in wall layer, kg/s
Unit normal vector

Pressure, N/m2

Gas constant, J/(kg:K)

MHD {interaction parameter

Specific entropy, J/kg-K
Temperature, K

83




g1

] Specific internal energy, J/kg
u Flow velocity, m/s
v specific volume, m°/kg
X Cartesian coordinate along the duct axis, in the flow direction,
measured from the entrance, m
a Ratio of Hall field to Faraday fie1d (Ex/Ey)
8 Hall-current parameter
Y Ratio of specific heat capacities (cp/cv) '
¢ Angle of inzlination of segments (= tan']qw. Figs. 2.1 to 2.2), rad.
u Ratio of mass flow rate in wall layer to the total mass flow rate
through the generator
v Ratio of cross-sectional area of wall layer to that of entire duct |
o Density, kg/m>
o Electric conductivity, o V/m’
Superscripts
‘ () Dimensionless quantities (see Sectfon 3.2 and beginning of Section
3.1)
(-3 Vectorial quantities
(‘) Unit vectors
Subscripts 1
; ¢ 0f core region )
i At entrance
; w Of wall layer
X Component in the x-direction
‘ y Component in the y-direction (see Fig. 2.1)
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