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Symbol

Hh

APyg
APm,'

NOMENCLATURE

Description _Sﬂm_'
Cross-sectional area of generator flow channel Q
Area ratio O
Width of the generator flow channel Q
Height of the generator flow channel R
Width of the generator flow channel at exit Re
Width of the generator flow channel at exit R;
Average width of the variable-area generator Ry
Log mean of a3and ay = (a3 - ap)/In(az/ay) Ry
Applied magnetic field S
Magnetic field intensity Sn,f
Aspect ratio = L/a Sn,g
Liquid specific heat in two-component system (BTU/°R/Ib) T
Vapor specific heat in two-component system (BTU/°R/Ib) Th
Condensate specific heat in two-component system (BTU/°R/Ib) Th
Gas specific heat at constant pressure (BTU/°R/Ib) u
Gas specific heat at constant volume (BTU/°R/Ib) ')
Internal energy Uj
Electric field intensity Up
Electric field on the x-direction U,
Aspect ratio = alla2 v
Skin-friction factor Vo
Conversion factor = 32.17 (Ib/Ibg)(ft/sec?) Voc
Enthalpy per unit mass v
Enthalpy at position n; n = 1,2,... v f
Enthalpy of liquid at position n; n = 1,2, ... "n:g
Enthalpy of vapor at position n; n = 1,2, ... w
Heat of vaporization at temperature Ty X
Current through external load resistance, Ry X
Current through end loss resistance, Re Xn
Total current = I + Ig XY.2,
Current-density vector Grook
Current density Symbols
Slip ratio o
Length of the generator Y
Molecular weight of vapor €
Liquid mass flowrate in two-component system €4
Vapor mass flowrate in two-component system gq
Pressure En
Generator net output per unit mass of fluid Ep
Generator output with 100% efficiency n
Total mechanical flow energy input to the generator 7'
Pressure at position n; n = 1,2, ... 8
Generator total power output 0
Power input for EM pump per unit mass of fluid P f
Power supplied by reactor per unit mass of fluid o
Pressure drop across the generator e
Pressure drop across the condenser 9
Pressure drop across the reactor %
Pressure drop across the heat source °

Pressure drop across the mixer for liquid
Pressure drop across the mixer for vapor
Heat removed in the condenser

Subscripts

Ll
qVv

Description

Heat absorbed by the flowing fluid from the surroundings

Friction loss

Generator ohmic heat loss

Perfect gas constant

End loss resistance

Generator internal resistance

Generator external load resistance

Total load resistance

Entropy per unit mass

Entropy of liquid at position n; n = 12
Entropy of vapor at position n; n = 1,2, ...
Temperature

Reference temperature

Temperature at position n; n = 1,2, ...
Velocity

Velocity vector

Ideal velocity

Mean velocity = agU,/ap,

Velocity at position n; n = 1,2, ...
Generator terminal voltage

Induced emf

Open-circuit voltage

Specific volume

Specific volume of liquid at position n; n = 1,2, ...
Specific volume of vapor at position n; n = 1,2, ...
Total mass flowrate

Quality of flowing fluid

Quality of flowing fluid in isentropic equilibrium flow

Quality of flowing fluid at position n; n = 1,2, ...
Coordinates

Void fraction

Specific heat ratio = cp/cv

MHD cycle efficiency

Diffuser efficiency

Generator efficiency

Nozzle efficiency

EM pump efficiency

Ideal generator loading factor

Nonideal generator loading factor

Half divergent angle of generator

Density

Density of liquid at position n; n = 1,2, ...
Electric conductivity of the liquid-phase fluid
Electric conductivity of the two-phase fluid
Electric potential

Electric potential on electrode

Separator half vertex angle

Liquid
Vapor
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LIQUID MHD POWER CYCLE STUDIES

by

Michael Petrick and Kung-You Lee

ABSTRACT

The potential of liquid metal MHD power cycles has
been investigated by means of extensive cycle studies and
has been found tobe excellent. Overall efficiencyof a binary
cycle employing a liquid metal topping cycle and a bottoming
steam cycle approaching 60% may be feasible. Detailed anal-
yses and cycle data are presented. The potential of the bi-
nary cycle for commercial application is discussed.

I. INTRODUCTION

For all practical purposes effective further development of the
steam power cycle is rapidly reaching an end. The relatively small gains
in efficiency which have been achieved by increasing the pressure and
temperatures to very high levels in the steam cycle have been reported
to be uneconomical. As a result, new or unconventional power sources are
being sought which can meet the ever-increasing demand for additional
power more efficiently and economically. A major impetus for this re-
search has been the need for specialized power systems for space and
military application. The "fallout" from this extensive effort is almost
certain to benefit the commercial power industry.

Based upon recent developments in reactor technology and magneto-
hydrodynamics (MHD), a power system is evolving which appears to have
a very strong potential for both commmercial and space application. The
concept involves the coupling of a fast reactor to a liquid-metal MHD gen-
erator with liquid metal acting both as the cooling medium and the working
fluid.

The development of the fast breeder reactor is the primary objective
of the US Nuclear Power Program. A major stimulus for this development
is the accumulation of the byproduct plutonium from the present generation
of thermal power reactors. Since the fast reactors are much more effec-
tive users of plutonium their development is being spurred.

Recent advances in the field of magnetohydrodynamics and in
particular of liquid-metal magnetohydrodynamics indicate that the direct
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conversion of heat into electricity appears quite feasible. The plasma
MHD cycle still has formidable obstacles to overcome, namely, the attain-
ment of adequate electrical conductivity within feasible temperature limits.
The liquid metals on the other hand have an electrical conductivity which is
five orders of magnitude higher than that of plasma. The velocities that
can be achieved in a liquid-metal generator, however, are about two orders
of magnitude lower than the plasma. Since the power density of an MHD gen-
erator is proportional to oVZB?, the potential of the liquid-metal MHD gen-
erator and cycle appears to be at least equal that of the plasma cycle and,
in fact, it probably exceeds it. An additional consideration that favors the
liquid-metal MHD cycle is that it possesses essentially no moving or ro-
tating components which are a necessary requirement for a system of long
lifetime. Also, the liquid-metal cycle does not require any pump or com-
pressors which rob the cycle of very substantial amounts of power for
operation.

Three basic cycles that have been proposed for a liquid-metal
MHD power system are the two-component, two-phase cycle, 1) the con-
densing injector cycle,(z) and the one-component, two-phase cycle.(3) The
cycles are basically similar in that they are based on the conversion of
thermal energy into kinetic energy or stagnation head which is then con-
verted into electrical energy by an MHD device. The cycles differ primarily
in the manner in which the conversion of the thermal energy is achieved.

Although much interest has been expressed in the concept and the
various cycles as evidenced by the efforts currently underway, very little
quantitative data or comparisons of the cycles have been reported.

It is the purpose of this study to investigate the potential of the liquid-
metal MHD concept by means of extensive cycle analyses and, in particular,
to make a preliminary judgment on the relative merits of the aforementioned
cycles as applied to commercial and space power systems.

Various working fluids such as mercury, mercury-potassium alloy,
potassium, cesium, and sodium were investigated over wide parameter
ranges that would be compatible with both commercial and space systems.
Preliminary economic evaluations were also made to demonstrate economic
incentive for developing the concept.



II. THE MHD GENERATOR

A. General Consideration

The MHD generator is the key component of the MHD cycle. The
overall cycle efficiency is essentially directly proportional to the generator
efficiency and performance. The electrical energy extracted from the
generator is at the expense of the flow work, kinetic energy, and internal
energy. An energy balance across the generator with negligible potential
energy change is

d(Pv) + dE + d(U?/2g.) = dQ' - dPg, (II-1)
where Q' is heat absorbed by the flowing fluid from the surroundings,
P is the work done by the flowing fluid on the surroundings (i.e.,
generator output). Recalling that

dE = TdS - Pdv, (11-2)
where TdS is the change of internal energy due to heat effects and Pdv

is the change of internal energy due to compression effects, Eq. (II-1)
becomes

vdP + TdS + (UdU/g.) = dQ' - dPg. (Ir=23)
In any process the increase in internal energy due to heat effects TdS
is equal to the sum of the heat absorbed from the surroundings and all
other energy dissipated into heat effects within the system due to irreversi-
bilities, such as overcoming friction, occurring in the process. Therefore

TdS = dQ' + dQ; + dQ,, (11-4)

where Qg is lost work due to friction and Q, is ohmic heat loss due to
generator internal resistance. Substituting (II-4) into (II-3) one obtains

vdP + (UdU/gc) + dQ¢ + dQp = -dPg (11-5)
or

dPg +dQ, = -vdP - (UdU/g.) - dQy. (11-6)
After integration (referring to Fig. II-1),

pZ UZ
Pg + Qo = f vdP + (l/gc)/ UdU - Qs. (1I-17)
P, U,
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The generator efficiency €g is
€g = Pg/(PG+Qo) = [1 + (Ri/Ro) + (Ri/Re)]™" (11-8)
Therefore
P, U,
Pg = &g f vdP + (l/gc)f Udu - Q|- (11-9)
Py Us

The amount of energy that can be extracted from the working fluid,
and hence the cycle efficiency, depends upon the fluid itself and on the type
of MHD generator used. The working fluid can be compressible or in-
compressible, and the generator can be of either a constant-area or a
variable-area geometry.

If the working fluid is incompressible and it is assumed that fric-
tional loss is negligible, the energy extraction from the generator is
manifested by either a change in the kinetic energy of the fluid or by a
pressure drop across the generator, or by both [see Eq. (II-9)]. For a
constant-area generator the velocity and density would remain essentially
constant and a pressure drop would occur. If the generator is of the
variable-area design, the energy removed is proportional to the velocity
or kinetic energy change, and the pressure P can remain constant, de-
crease, or increase, depending upon system conditions and generator
geometry.

Equation (II-1) can be expressed in terms of enthalpy:

dH + (UdU/gc) = dQ' - dPg. (X183
If the system is insulated, dQ' = 0, so that
dPg = -dH - (UdU/gc), (IZ=11)
or
(uf-U3)

Pg = (H;-Hy)+ (11-12)

2gc

From overall cycle considerations it is immaterial, however,
whether the conversion of enthalpy to kinetic energy occurs completely in
the nozzle or partially in the nozzle and partially in the generator. The
cycle output depends only upon the enthalpy change between the inlet to
the nozzle and the exit of the MHD generator, assuming that the efficiency
of the conversion process would be the same in both components. This is
evident from a simple energy balance across the nozzle and generator.
Referring to Fig. II-1,



(U}/2gc) + H, = (U}/2gc) + Ha. (11-13)

Substituting Eq. (II-13) into (II-12), we obtain

PG = [(U}-U3)/2gc] + (H, - Hy). (11-14)
Bg
i He MHD Hs
— =  Nozzle Generaor ——=
Ul Uz ene (o] U3
P, P, P,

Fig. II-1. Schematic of Nozzle and
Generator Component

From an analytical viewpoint the above considerations are quite
important. The entire enthalpy and pressure drop can be taken across the
nozzle, and the generator can be considered as operating at a constant
pressure. The generator analysis then becomes greatly simplified since
under these conditions AP =0, AT =0, AH =0, Ap =0, AU 7! 0,and AA 7( D3
where A is the cross-sectional area of the generator channel.

If the working fluid is a two-phase mixture, Ax = 0, and the fluid
can be essentially treated as incompressible. A theoretical development
for a variable-area generator operating under these conditions is given
below. The performance characteristics of the constant-area generator is
also summarized.

B. The Constant-area Generator for Incompressible Fluid

The theory of the constant cross-section MHD generator has been
developed and presented in several reports.(4‘8) The results of the
analysis by Petrick and Lee for single-phase or two-component, two-phase
working fluids are especially pertinent to this investigation and are,
therefore, summarized briefly. For the case in which the magnetic field
abruptly terminates at the end of the electrodes, the equations obtained
are:

V = n'aUBy; (11-15)
n' = [1 + (Rj/Ro) + 21n{2/(cm} ™" {I127%6)
Ri = a/a,Lo; (11-17)

15
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c = L/a; (11-18)
I = a,LoUB, {1-7' [1+21n{2/(cm)} 1} (11-19)
-AP = (1-7')LoUB%; (1x-20)
e = n {1-n'[+2 m{2/em}]} /(1 - ) (11-21)

PG = VI/mg = (-AP/pgleg = 7' {l-n'[1+21n{2/(c7r)}]} LoUB§/pg;  (11-22)

l/Z
(11-23)

R;/Ro)max & {[zm{z/(cn N1 +2wm{2/( cn)}]}
€g,max = (1 +41n[2/(cm)] + 2{[2 In{2/(cm}][1 +2m{2/(cm) }]}l/z) (11-24)
n'maxeg i (1 +21In[2/(cm] +{[2 In{2/(cm}][1 +Zln{2/(c7T)}]}l/z)-l . (11-25)

If a two-phase working fluid is used, 0 in the above equations should be
replaced by opp.

C. The Variable-area Generator for Incompressible Fluid

1. Induced Emf

The simplest case of a variable-area generator is that of a
flow channel with a constant height (in the direction of applied magnetic
field) but with varying width in the flow direction. The generator operates
such that AP = 0, and the fluid
can be treated as incompressible,
as described previously. Con-
sider a MHD generator duct with
dimensions a,, a,, and a; and
a constant applied magnetic field
By, as shown in Fig. II-2. Neg-
lecting the Hall effect, Ohm's law
for a moving medium expressed
in vector form is

Fig. II-2. Schematic of
MHD Generator

J = o[E+(UXB)], (11-26)

where J is the current density, E is the electric field intensity, U is
velocity, and B is magnetic field intensity. Since B is steady, V X E = 0,
and E may be expressed in terms of an electric potential ¢:

E = -V¢. (Ir-27)



The value of ¢ on one electrode is ¢g; on the other it is -¢,. In a small
element, a,aAz (see Fig. II-2) the induced emf, V, is

VoR=02UB;. (11-28)

Both a and U are functions of z. However, the mass flowrate W is
constant and at any cross section in the generator

W = a,a,U,p = ajazUsp = aalUp; (1II-29)
SUE=N T —82.0; = W/a,0 = constant. (I1-30)

Therefore, Vo is not a function of z. This corresponds to the case of the
constant cross-section MHD generator with both a and U constant.

2. Internal Resistance

In the element a;alAz the internal resistance is
r; = a./oalAz (11-31)
since
a = [(a3-az)z/L] + a,. (II-32)

The internal resistance r; is a function of z. The total internal resistance
of the generator, Rj, is obtained from the integration of rj:

~|r‘

L
I/Ri =f; (0a,/a)dz = OalfL a”'dz = oa,L In(as/a;)/(a; - a;). (1I-33)
= AT

iz
Let
a, = (az-ap) VAL (2 =) (11-34)
then
B ety (11-35)
Since both V,, the induced emf, and V(= IR,), the terminal voltage, are
constant along the electrode, the current density j is not constant but

varies with length. Considering a small area AyAz on the electrode,
the current density is

17
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j = (Vo-V)/[afoAyAz]/DyDz
= (VO-V)o/a
= (Vo-V)o/[(as - az)z/ (L +a,)). (11-36)

The total current It passing through internal resistance Rj is

- [ sayee
= ~/(:alfL[(vo-v)cy/a]dydz

= (Vo-V)/R;. (1x-37)

I

o+

The above equation is simply a result of Ohm's law. The loading factor
of the generator is therefore

n =1+ (Ri/Rp)! = V/V,. (11-38)

The end loss Re is consideredas a shuntresistance and isthe sum
of losses upstream and downstream of the generator. Since it is in parallel
with the external load resistance Ry, the overall load resistance R for
the generator is

R¢ = [(1/Ro) + (1/R )] (11-39)

The loading factor which includes end losses is

n' = [1+(Ry/Re)I™! = [1+(Ri/Re)+(Ri/Re)]™* = V/V,. (11-40)
For the open-circuit condition, i.e., Ry = o,
Voc = Vo/[1+(Ri/Re)] = aUB, /[l +(Ri/Re)]. (11-41)

3. Current Equation

The generator and its load can be expressed in a simple cir-
cuit diagram as shown in Fig. II-3, where

Iy e VRGN Ry
From Eq. (II-37),

L =I1+1Ie = (Vo-V)/Ry.



Therefore,
I = [(Vo-V)/Ri] - (V/Re) = (Vo/R;) - (n'Vo/Ri) - (n'Vo/Re)

= Vo[l -n' {1 +(Ri/Re)}]/Ry

= a,U;BoLoa,[1 -1 {1 + (R;/Re) }]/2a,,- (11-42)
Let
Uy = 22Uz/a . (11-43)
Then
I = a,LoU,Bo[1 -7 {1 +(Rij/Re)}]. (11-44)

The current equation is exactly of the same form as Eq. (II-19), but R;/Re
or R, is still unknown at this point.
lI
R

I
R

L
C R

\Io V

Fig. II-3. Circuit Diagram for a MHD Generator

e

YT

Sutton et a_l.(9) solved for Ri/Re for a constant-cross-section
generator where a is constant. From their analysis, the term equivalent
to Ri/Re is a (2 In2)/Lm, which is shown in Eq. (II-19). For the varying-
area generator, a similar form for Ri/Re is expected. The value of a
would be expected to be some mean value of a, and a;. Designating ajy
as the proper value, it should satisfy

I =ty Lol By {1 -n' [1+{(2a,y In 2)/cv}]} y (11-45)

The following procedure is used to obtain a,y. FromEqgs. (11-26)

and (II-27), and referring to Fig. II-2(b),

19
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11y
= 0

1= alcf (Ex+UBy)dz +a10fL (E, +UBy) dz
5 -

o

L 0
= a0 f 2 [(_a¢/ax) + UBO]dZ + a,0 /L [(-a¢/ax) i 4 UB0] dz

2

2)0Bga3U; L In [2a;3/(a, + a,)]/(a3 -a,)

+ 210Bpa,U,L In [(a3+ az)/ZaZ]/(a3 -a;)

L
= 0
_alof E (9¢/dx)dz - a0 fL Q¢ /dx)dz
0 7

L

z
= 2,0BoU, L - alcf (9¢/ox)dz - alof
2 o

0

(0¢/x) dz. (11-46)

Nlt“

To evaluate 0¢/0x and the end-loss term for both ends of the generator

a procedure similar to that followed by Sutton(9) was used. The variable-
area generator was approximated by a constant-area generator with

a = ayy [see Fig. II-4(a)]. Upon taking the divergence of Eq. II-27, one

obtains
V=0 (11-47)
The value of ¢ is specified on the electrode; thus for lzl < L/Z,
$(raay/2,2) = @y = +1'UayaayBy/2. (11-48)

Upstream and downstream of the electrodes, the current to the walls at
x = iaav/Z is zero, from Eq. II-26 becomes

[z]:> L/Z; x = aav/Z,
and
0p/dx = UB(z), (11-49)

where B(z) is the applied magnetic field beyond the electrodes. Thus
Eq. (II-47) must be solved subject to the boundary conditions of Eqs. (I1-48)

and (II1-49). 5
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First, transform x, z to X, Z by
X RO o = P o (11-50)

The boundary conditions for one quadrant of the channel and magnetic field
are

X =0 and -« < Z <o b= 0;
Z = 0:  og/oz =0;

X = #m/2 and [Z]| < Lufa,,: ¢ = @y

X = wmoand |Z] > Lafas,y: 0¢/0X = 0. (11-51)

To solve Eq. (II-47) with boundary conditions (II-51) the region considered
is mapped into the upper half of the complex w-plane by the transform

w=2(sinY+1); Y =X+iz. (11-52)

The upper half of the w-plane is next mapped into a rectangle in the
complex y'-plane by means of a Schwarz-Christoffel transformation [see
Fig. II-4(b)]. The boundary conditions in the y'-plane become
x' = 0: ¢ = 0;
x' = At ¢ = ¢
3¢>/Bz'
B:  d¢/dz'

The last boundary condition arises from the requirement that the current
to the insulator be zero in the region beyond the electrode. Since no

N
]
o

0;

0. (11-53)

N_
n
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magnetic field exists in this region, the normal gradient of the electric

potential must be zero. For the boundary conditions given by the

Eq. (II-53) the potential is simply
¢ = (bo/A)x';
a(b/ax' = ¢0/A

Now Eq. (II-46) becomes

Ll
]

Z
2,0BoUp L - Zalof (03/9x) dz

0

B
a,0BgU L - ZalO/ (09 /0x')dz'
0

= a,0BeUp L - 2a,04,(B/A).

According to Sutton,(9) for values of LTT/aav e B

B/A = [21n 2 + (Lmfazy)]/m = [(2 In 2)/7] + (L/aay).

Equation (II-56) becomes

I = 2,0BoUpL - 2,0aUBon'[{(2 In 2)/7} + (L/azy)]

Comparing Eq. (II-58) with (II-45), one obtains
1 + [(2azy In 2)/L7] = (am/2av) + [(2am In 2)/L7].
It is obvious that
aav = ay, = (a;-a;)/In (a3/a,).
Then
R;/Re = (2a,, In 2)/Lm
and
1 = a,LoU,,B, {1 -0 [1+{(2ap, In 2)/L7T}]}:

n' = [1+(Ry/Ro) + {(2ap In 2)/LTH] .

2,L0UmBo {1 - 7' [(am/aay) + {(2ap, In 2)/Lm}]}.

(11-54)

(I1-55)

(I1-56)

(11-57)

(11-58)

(11-59)

(II-60)

(11-61)

(11-62)



4. Generator Power Output

The terminal voltage V can be expressed as
= N'ayUm Bo- (I1-63)
The power output of the generator is

Po = VI = a,Loam U3, B3 {1 - 0 [1+{(2ap, In 2)/L7}]}

(aU,)? B2 7! {1 -n[1+{2ay In Z)/Lw]]}/Ri. (11-64)

5. Pressure Drop

If the friction loss in the generator is negligible, the energy
obtained from the generator in the form of heat is

Ps = (I+1c)°R; + R + IR,
= (Vo-V)(I+Ig) + VI, + VI
= N'(a,U,Bo)*[(1/R,) + (1/Re)]. (11-65)
The total mechanical flow energy is

P; = [W(UZ-U3)/2gc] + [W(P, - Py) /p]. (11-66)

From considerations of continuity,

ay/a; = Us/Uy; (11-67)
W = a,a,U,p; (1I-68)
P; = {a,a,U3p[l - (az/a3)2]/2gc} + 2,2, Uz (P, - P3). (11-69)

Since P; = Py,

{a12,U3p[1 - (az/as)Z]/ch} + 2,2, U (P, - Py) = n'(azUzBo)z[l/Ro)+<1/Re)]

Solving for pressure drop -AP,

-AP = P, -P; = (1-7")LoU, B} - {(amUm)?P[(1/2}) - (1/a})]/2g.}. (11-70)
It can be seen that for the case in which a, = a3, i.e., U, = U; =

U, the second term of the right-hand side becomes zero and the equation

for -AP becomes identical with Eq. (II-20) of the constant-cross-section
MHD generator.

253
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Generator power output P, can be expressed as

Py = €P;. (11-71)
Equation (II-66) can be written in the following form:

Po/egW = [(U}-U3)/2gc] +[(P2 - P3)/p ]
or

(P, - Ps)/P = (pc,/€g) = U§ [1- (az/as)z]/zgc' (1-72)
where

PG = Py/W. (11-72a)
For a generator with fixed a,, a3, and U,

U3[1 - (az/a3)%]/2g. = constant = C,. (11-73)
Equation (II-72) gives a linear relationship between (P, - P,)/p and
PG/€g:

(P-Ps)/p = (PG/eg) - Cy. (11-74)
A plot of Eq. (II-74) is shown in Fig. II-5.

Py-P3
SR — — — — 5 _~Eq(m-37b)
T P | Fig. II-5
P3) { s | () ;
mas { I, \€g/max S Diagram Depicting Performance

T Ci Py ®  of Variable-area Generator

¢ o e
=i GENERATOR

The pressure drop [which is proportional to (P, - P;)/p |

always increases with increasing power output (which is proportional to
PG/eg). If P, is fixed, an increase in pressure drop means a decrease
in P;. Hence, power output increases with decreasing P;, and vice versa.

When

PG/eg =Cp (Pz'pz)/P = 0'.

then



and the power generation is due to the change in kinetic energy. If
Pg/eg > Cu

then
P; < Py,

and power generation results from both a kinetic energy change and a
pressure drop. The maximum value of pG/eg is

(Pg/eg) = C, + (P/p), (11-76)

max
because P; cannot be less than zero. If
PG/€g <Cy
then
(P2 -P3)/p = negative;

it means P; > P,. The fluid is pressurized. The maximum P; occurs
when Ps = 0:

(P3) /p = (P2/p) + Cy. (=777

max

The generator becomes a diffuser. The value of P can be negative; this
means that external work has been done on the fluid, and

Py/p = (P/p) + C, + (Pp/ep). (11-78)

This essentially is the case for an electromagnetic pump, so that -Pg = Pp
and €g is replaced by the efficiency of the pump, €p.

Suppose a, and a; are fixed, U, is variable, and
o= e (2 (1I1-79)
then
(P-P3)/p = (Pg/eg) - C.U3. (11-80)

A plot of Eq. (II-80) is shown in Fig. II-6. If PG/eg is kept constant, pres-

sure drop increases with UZ or Pj, and decreases with decreasing U%, when

PG/sg =M@ I E LD

25
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Again, when P; = 0, the minimum value of C,U% is given by

2 - _ -81
(C2U8) ., = (PG/eg) - (P2/p). (11-81)
Pe=P3
ST Eq.(II-80)
Fg————— 1\‘WITH:—G=CONSTANT Fig. II-6
s 9
P2/p L ﬁ% Diagram Showing Relationship
o | PN c,u2 between Performance Parameters
l(czug)mm % < of Variable-area Generator
|l Pg/€g— \\
N

For the case that both PG/ and U, change simultaneously,
the relation between (P, - P;)/p and U, gepends upon how PG/C changes.

For simplicity and illustration purposes the following relatmnshlp is
assumed:

Pc,/eg SR GLIs (11-82)

Then Eq. (II-80) becomes
(P2-P3)/p = (Cs-Cp)UL. (11-83)

If C; = C;, then P; = P,. For this condition, no matter how U, changes,
the pressure drop would remain zero. An overall view of the variations
which can occur are shown in Fig. II-7. If C; - C, > 0, i.e., P /€ > Gz
the pressure drop will increase. If C; - C, < 0, i.e., PG/E <C, 05 Sthe
pressure drop will decrease. There are four lines shown 1n the figure with
C; -C, = #1 and C;3 - C, = #0.4.

Fig. II-7

Schematic Showing Relationships among
Pressure Drop, Power, and Velocities
in Variable-area Generator

6. Generator Efficiency

The efficiency of the generator is defined as

€g = Po/Pi = (alLG/am)(azUzBo)Zn‘ {l -1 +.{(2amln Z)/Lﬂ}]}/{[(alazugp)/zgc][1 - (az/a3)]

+ 2,30 0(1 =1")LoUmB} - (2202 R p{(1/a3) - (1/a3))/2g. ]} .
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After simplification
eg = 1 {1 - "1 +{2am In 2)/Lmi} /-, (11-84)
exactly the same as obtained for a constant-area generator.
The efficiency €g can also be derived in another manner:
€g = Po/Pg = VI/[Vo(I+1)] = 1'Vo/Voll +(Re/Re)]
N'[1+(Ro/Re)]™ = n'[Ro {(1/Ro) +(1/Re)}I]™

= Rin'[Ro {(Ri/Ro) + (Ri/Re)}] ™! = (Ri/Ro)n'[n' /(1 -7")].

Since
1 -n'[1+a,2 In(2/L7)] = (Rj/Ro)0',
it follows that

€ = 7' {1 -n'[1+ {(2ap, In 2)/L7r}]}/(1 L

The maximum value of the efficiency and its dependence upon
the generator loading R'l/Ro is obtained by differentiating the efficiency
Eq. (II-84) with respect to Ri/Ro; the result is

(Ri/Ro) = {[amZ In (2/Lm)][1 + {(2a;, In 2)/L7r}]}l/z, (11-85)

max €
g

The absolute maximum efficiency which can be attained in an
MHD generator is determined by the magnitude of the end losses occurring
in the generator and is independent of the generator loading. This can be
seen by substituting Eq. (II-85) into Eq. (II-84). The efficiency becomes

B (1 +am4 In (2/Lm) +2{[am2 In 2/Lm)][1 + {22, In 2)/L7r}]}’/2) -
(1I-86)

7. Divergent Angle

The half divergent angle is denoted by 6 [see Fig. 2(b)]. The
value of 6 is bounded since flow separation may occur if the angle be-
comes too large. The aspect ratio, L/aTn, is closely related to 6. The
smaller the value of 6, the larger the aspect ratio. The relationships
are given by
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a; = a; + 2L tan 8; as/a; = (az+2L tan 8)/a; = U, /Us;
L = [(U,/U;)-1]a;/2 tan 6. (11-87)
L/a, = In(U,/Us)/2 tan 6. (11-88)

D. Geometry Performance Characteristics

The cycle analysis specifies the operating conditions for a given
power system. Detailed examination of the various components are then
necessary to determine the feasibility of the derived operating conditions.
As mentioned previously, the crucial component of the system is the
MHD generator. The performance characteristics and generator geometry
which complies with varying operational parameters can be rapidly evaluated
by means of generalized charts. The bases for such charts are derived and
discussed in the following sections. In addition, several charts prepared
for illustrative purposes are presented.

1. The Constant-area Generator

From the equations given in the previous section it is evident
that there are six independent variables which describe the MHD generator.
The other pertinent variables can be expressed in terms of these six.

If it is specified that the generator operates at maximum
efficiency, there remain five independent variables to be specified.

In considering the constant-area generator, -AP is fixed by
operating conditions for the cycle; therefore the pressure drop across the
generator, -AP, should be specified as an independent variable. From a
design viewpoint, it is generally desirable to specify the generator output
P,. Since the magnetic field, By, is limited by present technology, it also
qualifies as an independent variable. Two additional parameters which
are highly pertinent and descriptive of the generator performance are
designated as the remaining independent variables. The aspect ratios of
the generator, namely, c, and f, where

c = L/a and f = al/a.

When c is specified and the generator operates at maximum
efficiency, then €, and 7' can be determined immediately. It should be
noted that there are practical limits on the value of c; although larger
values of c reflect higher generator efficiency, the generator dimensions
become unrealistic. This is a major reason for specifying c as an
independent variable.
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In summary, the performance characteristics of the constant-
area generator is calculated from the following specified parameters:
IBh, —AF,; By, ', f,'and €g max-

From these parameters, V, a,, L, a, and U; are calculated, and generalized
charts can be prepared. The values of Py, By, ¢, and f can be adjusted to
give suitable sizes and terminal voltage of the generator.

Referring to Eqs. (II-15) and (II-19) describing the constant-
area MHD generator section, the power output is

Py = VI = (n'alU;Bg)a;LoU;B, {1 - +{(2 In 2)/cm} ]}. (11-89)
Since

a, = fa, and L = ca,
then

P, = fa’0U%BZcn {1 -1 +{2 In 2) /C'rr}} (11-90)
The pressure drop is related to B, and 0 by the following equation:

AP = (1 -n)LoU,B% = (1 -7m")coU,;B3a.
Solving for the velocity in the generator, U,;, we obtain

U; = -AP/(1 -n')coBia (11-91)

Substituting U; in Eq. (II-90), we find

P, = [fa(-Ap)Z/oBg]n'{l -n[1+{21n Z)/c?r}]}/c(l - m)? (11-92)
and

PyBj/fa = [(-AP)?/0lFy(c), (11-93)
where

Fi(c) = n' {1 -n'[1+{2 i 2)/eml} fe(1 - P (11-94)

Referring to Eq. (II-93) it is apparent that a plot of POB(Z,/fa
vs F,(c) would yield a family of straight lines which pass through the
origin and whose slopes are —APZ/O. The pressure drop across the
generator, AP, is determined by cycle condition. It can be shown that
the pressure drop is essentially a function of mf/m ; therefore the slopes
can be calculated directly. The slopes will differ for the various liquid



metals because of the variation of the electrical conductivity. A plot of

this type was constructed for a constant-area generator operat.ing in the.
two-phase, two-component cycle (described in Section 1II) and is shown ‘m
Fig. II-8. As an example of the utility of this graph consider the following

numerical example.

C AND F (C)

F (0)

Fig. II-8. Generalized Performance Parameter PoBg/fa
for the Constant-area Generator

For mf/mg = 11 and c = 8, one obtains (see dotted line in
Fig. 1I-8)

(PoB{/fa) x 10-'2 = 0.305.

If

Bg = 10,000 gauss; P, = 500 kW; my = 95.2 1b/sec;

pg = 27.3 Ib/ft3,
then

fa = 500 X (10,000)% x 107!2/0.305 = 0.164.
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If f is specified to be 0.1,

1.64 ft = 19.68 in.;

a =
EN w8 liied = 13012 ft;
a; = 0.164 ft = 1.97 in;

U; = mg/pgaa; = 95.2 (27.3 X 1.64 x 0.164)7! = 12.97 ft/sec.
The terminal voltage V is given by

V = n'aU;B,. (I1-95)
Rearrangement gives

Vi/all B =l (11-96)

A plot of V/a.U—,Bo against 7' is shown in Fig. II-9. The slope of the
straight line is the unit-conversion constant 9.29 x 107,

4

- I 2 i I I [ I I [ I
C AND 7
v, volt
a, ft
10 — u_, ft-sec == |
B, gauss
®
s S R I U
<
rna e L e R
SED I Trememme s e i
H
5 — e
| | 1 | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
n

Fig. II-9. Generalized Performance Parameter V/a.U-,Bo
for the Constant-area Generator

When c = 8 (see dotted line in Fig. II-9),

[V /aU;B,]10¢ = 7.12.
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Therefore,

Vo= 7o12°% 1075 % 1640 12,07 X 10,000 4= IRV

It should be noted that V is fixed when P, By, ¢, and mf/mg are fixed,
because

= n'aU;B, = 7n'aBgmg/pfaa; = 7n'Bems/pra,

= N'Bomg/pfa. (11-97)

The product fa is fixed by fixing P,, By, ¢, and mf/m hence, V
cannot be changed. Different values of f only affect tﬁe value of Uj.

The generalized plot completely describes the performance of
the constant-area MHD generator.

2. The Variable-area Generator

The basis for the development of generalized charts for the
variable-area generator was obtained in the following manner. Referring

to Eq. (II-63),
= n'apUmBo = n'azUzB,.

Since By is specified, and 7' and U, are set from the operating conditions,
the inlet width of the generator can be determined if the terminal voltage is
set:

a, = V/n'U,B,. (11-98)
Since a, and a; are related by the continuity relationship, a; can be
computed directly from a,U, = a3Us; also a,, and L can be calculated
from Eqs. (II-34) and (II-88). If the generator power output P, is
assumed to be an independent parameter,
Pg = VI = Va,LoUp,Bo {1 -7[1+{(2amIn 2)/Lm]}
= Vfa:Bgo(a,U.L/ay,) {1 -n'[1+{(2apm In 2) /L7} ]}
= V£a3BooUa(L/am) {1 - n'[1+ {(2am In 2)/Lm}i}. (11-99)

From Eq. (I1I-98)

= V¢/(n UBo
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and

i)
o
I

= £V2BoU;(n'U;Bo) " o(L/am) {1 -n'[1+ {(2am, 1n 2)/L7}1}

(6V2/Bo)(0/Ua)(L/agy) {1 - [1 + {(L/apy) ™" (2 1n 2)/m}I} 0%,
(11-100)

where U, is a function of x; (x; is inlet quality to the nozzle; refer to
Section IV,) and L/ay, = In(U,/U;)/(2 tan 6) is a function of x, and 6.
If a two-phase mixture is stipulated as the working fluid, then 0 is a
function of x,. For maximum generator efficiency,

n = (1+[(L/am)"(21n2)/n]+ {[(L/am)“(zmz)/n][l+{(L/am)"(z1nz)/7r}]} ’/z)-l
is a function of x, and 0. Therefore
Py = (£V3/Bo)F1(x,,6) (11-101)
and
F1(x1, 8) = Po(fV3/Bg)!
= (0/U2) [{(L/am)(1 -7')/n'?}- {(21n 2) /y'm}]. (11-102)

A plot of Fy(x;, 8) vs x, with 6 as a parameter is shown in Fig. II-10 for
cesium and potassium. A two-phase working fluid in the generator was

——— CESIUN
— — POTASSIUM

Fig. II-10

F)(x;, 6) vs x; for
Cesium and Potassium

100 | | | | |
0 2 2 3 4 5 .6
MIXTURE QUALITY, X,
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specified. It was arbitrarily assumed that the conductivity o follows
Maxwell's relationship and that the relative velocity between phases was
zero.

A second function of x; and 6 is obtained by rewriting
Eq. (II-63):

a;By/V = (n'Uy)™! = Falxy, 6). (11-103)

Figure II-11 is a plot of F,(x;, 8) vs x; for cesium; Fig. II-12 is for
potassium. The ratio of a; to a, (which is not a function of 6) and
L/az are also shown in the graph. Once x; and 6 are specified, a;,/az
and L/az can be immediately read from the plot.
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Fig. II-11. F,(x,, ) vs x, for Cesium
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As an example, consider a cesium cycle with x; = 0.3 and
BRI Frem Fip. 11-10,

(s ERN S el AR = el
For Py = 400 kW,
£V3/B, = 400/431.
If By is specified to be 10,000 gauss,
fV? = 4,000,000/431.
V can be calculated for a specified f. From Fig. II-11,
ay/a; = 5.60; L/a, = 8.59; a,By/V = 166.5.
Since By, = 10,000 gauss was specified previously,
a,/V = 166.5/10,000.
After V is determined, a, can be calculated, as well as a3 and L.

Similar types of generalized charts can be developed to give
the total flow rate, cycle efficiency, etc.
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III. THE TWO-COMPONENT, TWO-PHASE MHD CYCLE

The two-component, two-phase MHD cycle was initially proposed
and analyzed by Elliott, 1) and is schematically illustrated in Fig. III-1.

MHD
GENERATOR

Fig. III-1. Schematic of Elliott Cycle

One fluid circulates in the vapor loop and the other in the liquid
loop. The fluid circulating in the vapor loop leaves the condenser as
condensate and is pumped (by a nonrotating electromagentic pump) to the
mixer, where it vaporizes on contact with the liquid. The vapor expands
with the liquid through a two-phase nozzle, separates from the liquid in
the separator, and recondenses in the condenser. To raise the cycle
efficiency, a heat exchanger cools the vapor while preheating the condensate.

In the liquid loop, the liquid is heated in the reactor and cooled as
it vaporizes the condensate in the mixer. The liquid is then accelerated
by the vapor in the nozzle, separated from the vapor in the separator,
decelerated by the production of electric power in the MHD generator, and
returned through the diffuser to the reactor. The energy-conversion steps
in the process are: (1)the transfer of heat from the reactor to the liquid;
(2) conversion of part of this heat to vapor enthalpy (subsequently rejected
by the condenser); (3) the conversion of the remaining heat to kinetic energy
of the liquid in the nozzle; and (4) conversion of most of this kinetic energy
to electric power in the generator, the remainder going to losses and to
pressure recovery in the diffuser.

The overall cycle efficiency is determined by the efficiency of the
conversion steps. In particular, the kinetic energy losses in the separator
is a crucial factor which strongly affects the overall cycle efficiency.

A. Cycle Analyses

The analysis of the cycle is broken down into the various compo-
nents, each of which is discussed individually. Referring to Fig. III-1, the
numbers given are used to denote the cycle position and also are used as
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subscripts in the analysis. For ease in computation, a constant-area gen-
erator was used in the study. If a variable-area generator had been used,
the results would have been essentially the same, since pressure and
velocity heads are interconvertible. With the constant-area generator there
is an additional loss due to the use of the diffuser before the generator;
hence, the cycle efficiency of a variable-area generator would be slightly
higher.

The following simplifying assumptions were made:
1. The liquid and condensate (the liquid phase in the vapor loop)

are incompressible and have constant specific heats.

2. There are no heat losses from the cycle except through the
condenser.

3. All condensate is vaporized in the mixer and remains vaporized
until it reaches the condenser.

4. All vapor is condensed in the condenser and remains condensed
until it reaches the mixer.

The vapor is an ideal gas with constant specific heat.
The condensate does not chemically react with liquid.
The vapor is insoluble in the liquid.

The liquid has zero vapor pressure.

o BES o M S R = LR 5 )

Complete separation of the liquid and vapor occurs in the
separator.

1. Two-phase Nozzle

A substantial amount of information has been accumulated on the
efficiency of the expansion of two-phase mixtures through nozzles. The data
indicate the nozzles may be designed to yield efficiencies in the range of
80-90%, based on an isentropic homogeneous expansion. The following
assumptions are made for the derivation of the isentropic velocity:

steady flow, frictionless, one-dimensional;

gas and liquid are uniformly mixed; same temperature,
same velocity; g

c. no heat loss through nozzle wall;
d. no external work;
e. only forces acting on mixture are due to pressure;

f. no potential energy changes.
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Since S; = S;, we have
AS = 0 = (1-x)[Cf In(T2/T))] + x[Cq In(T2/T)) - (R/M) In(P,/P,)].
(111-1)
Solving for TZ/TI' one obtains
1n(Tz/T1) = (x;R) M-l[xlcg +(1-x%;) Cg]™* 1n(Pz/p1)
or
T,/T, = (P;/P)) exp{x RM™'[x,Cg + (1 -x,) Cg]™'}- (111-2)

For values of x; of practical interest, the exponent is very small and TZ/T,
can be expressed, within a few percent, by the first two terms of the series
expansion:

- 8 I leM'l[xlcg +(1-x,) Cf]™! In(P,/P,). (T1=3)

The enthalpy change in the nozzle is

-AH = Ui/ch = (1-x)[CE(T, - T,) +{(P, - P,)/Pg}] + x,Cg(T, - T,),
(111-4)

with U; = 0. Substituting Eq. (III-3) into (III-4), we find
Ui = 2gc[x,(RT,/M) In(P,/P,) + {(1 - x,)(P, - P,) /P ¢}]. (111-5)

Replacement of x, by mg/(mf+mg} and of (1-x,) by mf/(mf+mg) changes
Eq. (III-5) to

Ui = 2gcPips7'[1 +(mg/mg)]™! [(mg/mg)(pg/M)(RT,/P)) In(P,/P,) +{(P, - P,)/P,}].
(111-6)
The actual liquid velocity leaving the nozzle is
Ui = ¢ nU?. (111-7)
Equation (III-3) can be written as

T, = Ty - (mg/mg)(RT,/M) In(P,/P,)[Ct + (mg/m¢) Cg]™

= Ty - [{1+ (mg/mp))(U}/2gc) - (Py - P2) P11IC + (mg/my) Cgl™t
(111-8)
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The above equations for the nozzle were derived by Elliott.

2. Separator and Diffuser

The separator is assumed to be of conical shape with a
half vertex angle of w:

U,

;

In the vapor phase, it is assumed that

Pail = Ps; Ty = Ty U =02

The kinetic energy of vapor is completely lost. For the liquid phase, it is
assumed that:
Py = Py Ty = Ty

b. The component of U, that is perpendicular to the cone
surface, U, sin w, is completely lost.

c. There isa skin-friction loss on the surface of the cone.
The friction factor is denoted by f,.

An energy balance across the separator yields
(Uz cos w)?/2gc = (U§1/2gc) +[£0(U; cos w)?/2gc]
or
Wi = (Vo) (Ui cossw)?. (111-9)

The total vertex angle of the conical separator was assumed to
be 60°% therefore w = 30° cos w = 0.866, and (cos w)®> = 0.75. No attempt
was made to optimize this angle. Referring to Eq. (III-9), the velocity loss
is approximately 13% and the kinetic energy loss ~25% in the separator,
due only to changing flow direction.

The friction factor f, was estimated from studies reported by
Ibragimov et al. 10) of the flow over curved surfaces and was set at
fo = 0.275. These data tended to agree with analysis based on skin-
friction losses. From Eq. (III-9),

U%1/U% = (1-fo)(cos w)® = 0.54375



and
Uyt /U, = 0.74.
Hence, the total kinetic energy loss in the separator will be
~46%, and the velocity loss will be ~26%. According to Elliott's separator
studies, (11) the velocity losses in a conical separator were between 17% and

30%; thus the above assumptions of w and f, seem quite reasonable and

accurate.

If diffuser efficiency is €4, then
(Pz/pf) + (e dUgl'/ch) = (P7/,0f) + (U§/28c)~
Substituting in Eq. (III-9), one obtains
(Po/pg) + [€d-€afo)(Uz cosw)?/2gc] = (Py/P5) + (U3/2gc).  (11I-10)

3. Constant-area Nonideal Generator

The performance characteristics of the constant-area generator
are summarized in the previous section.

4. Diffuser after Generator

Py - Py = €4p7U/2g... (11r-11)

5.  Reactor

Py = Py + APR, (111-12)
where APR is the pressure drop across the reactor. Further,

PR = Cg(Tyo - Ty). (1Ir-13)

It is assumed that

6. Mixer

A heat balance across the mixer yields

Ty = T, + [mg/m¢Cs][Cp (Tp - T¢) + AHp + Cg(T, - Tb)l, (I11-14)

where Ty, is the reference temperature and subscript £ refers to the
condensate.



P) = Pe+ APm,g (111-15)
or
P, = Py + APpy ¢ (I11-16)

Here APpm g and APpy, f are the pressure drops occurring in the
mixer for the vapor and liquid, respectively.

7. Heat Exchanger
From a heat balance across the heat exchanger,
Tg = Ts + (Cg/Cy)(T5 - Ts). (II1-17)
We assume
R are=0iT o

B SR AR = P, AR (111-18)

g’
where APg, is the pressure drop on the vapor side of the heat exchanger;

T3 = saturation temperature of Pj;

Ts = Ty

Py = Ps + APy, ' (III-19)
where APy is pressure drop on the condensate side of the heat exchanger.

8. Condenser

P, = P3 + APq, (111-20)
where AP is the pressure drop across the condenser.

T, = saturation temperature of Py.

9. EM Pump

If the pump efficiency is €p

Bos mg (Ps -P4)/€ppz. (I11-21)

10. Cycle Efficiency

€c = (mfPG - mgPp)/mfPR = [PG - Pp(mg/m¢)]/PR. (111-22)

41
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11. Specified Component and Cycle Parameters

Lithium was specified as the working fluid in the liquid loop,
and potassium in the vapor loop.

The temperature T, before the nozzle at point 1 was set at
2470°R (2010°F; at this temperature, the maximum value of P, is 150 psia,
the saturation pressure of potassium vapor at T;). The lithium vapor
pressure at this condition, 2 psia, is negligible. If P, > 150 psia, the
potassium would not vaporize and the two-phase mixture before the nozzle
could not exist.

The efficiency of the nozzle, diffuser, and EM pump were
assumed to be

En-= '0.85; €q = 0.90; €p = 0.45.

The pressure drops across reactor, condenser, heat exchanger,

and mixer were set at

-APR = 10 psia  (i.e., Pg-Py);

-AP. = 5 psia (i.e., P3-P,);
=APp = 5 psia  (i.e., P3i-P);
-APy = 10 psia (i.e., P5-Py);

-APm,g = 100 psia  (i.e., Pe-P,);

AP 25 psia  (i.e., Pjp-P,).

It follows that

Py = P+ AP o = 150 + 100 = 250 psia;

Ps = Pg + APy = 250 + 10 = 260 psia;
P = Py + APm,f = 150 + 25 = 175 psia;
Py = Py + APR = 175 + 10 = 185 psia.

: The temperature in the condenser is fixed by the pressure at the
exit of the nozzle, P,, through Eqgs. (III-18) and (III-20). An arbitrary choice
of the condenser temperature is not possible. The pressure drop across and
the .velocity through the generator are determined by the reactor pressure,
position 9 in Fig. III-1, that is, sufficient velocity head must be available at
the generator exit to reach reactor pressure by means of a diffuser. If
Pg = 178 psia, then



U% = U} = (Py-Pg) 2gc/€dPt

(IBE=178 e 28032 17 %i144.(0.9 X 27.3)"% = 51.38 ft/sec.
The three parameters which remain unspecified, namely,
B, mg/mf (ormf/mg), and €g,

were assigned the following quantitative values for the parameter study:

€g 50%, 60%, 70%:;

P, 0225, 110511:6;¢2 55" 3 58 peia;
mg/mg = 1, 3, 5, 7, 9, 11, 15, 20, 30, 50.

B. Discussion of Results

The variation of the cycle efficiency as a function of the liquid and
gas flow rates, exit nozzle pressure, and generator efficiency is shown in
Fig. III-2. It is apparent that the overall cycle efficiencies are on the low
side. The theoretical maximum efficiency for the cycle is ~16% and is
based on the assumptions that P, = 0.25 psi, €, = 100%, AP, = 0, and
APg = 0. The conditions stipulated for the theoretical maximum efficiency
are not realistic and therefore €. ;1,5 = 16% should be looked on as an
absolute upper limit. To obtain the highest cycle performance, P, should
be kept as low as possible and €g as high as possible. The lower the
value of the nozzle exit pressure, the greater will be the conversion of
thermal to kinetic energy. The higher the generator efficiency, the higher
will be the cycle efficiency. If the pressure drops through the condenser

l T llllllll T Illlllll

P, = 0.25 psi

%

L . Fig. III-2

Calculated Cycle Efficiency as a
3 Function of System Parameters
— for the Elliott Cycle

CYCLE EFFICIENCY,

GENERATOR EFF. = 0.70

I 1 |1 R 1 1 III Il | 50l 1 T
| 2 4 6 810 20 40 60 80 100
MASS FLOW RATE RATIO
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and heat exchanger are 5 psi, as cited prevously, the lowest pressure that
can be maintained at the nozzle exit is 10 psi. The sink temperature under
these conditions would be 840°F. Assuming that the generator efficiency
is 0.80, the maximum cycle efficiency which appears feasible is 7.5%.

If the condenser temperature is set at 1850°R, which corresponds to
a near optimum for a space system, then P; is fixed at 25 psia. The maxi-

mum cycle efficiency under these conditions, and for rnf/mg = 9 and
Eg = 70%, is ~4.4%.

Typical cycles with the operating conditions are shown in Figs. III-3,
III-4 and III-5. Each cycle illustrated represents a unique point on
Fig. III-2. It can be seen that when P;, Ty, rnf/mg, and P, are fixed, variation
of the generator efficiency, and hence power, does not alter the performance
or conditions of the other system components in the cycle but does affect the
cycle efficiency. (The generator efficiencies which are feasible are dis-
cussed in a later section.)

For all the calculations cited, the generator channel velocity was
fixed at 51.4 ft/sec. The effect of varying the velocity through the generator
on overall cycle performance is shown in Fig. III-6. For this comparison,
the pressure P, was set at 16 psia and a realistic generator efficiency of
60% was chosen. Although these stipulations do affect the overall cycle
efficiency, they do not affect the purpose of the analysis: to demonstrate the
effect of generator velocity on cycle performance.

As is evident in Fig. III-6, the lower the velocity, the higher is the
cycle efficiency, but the effect is practically negligible. The major incentive
to maintain a high velocity in the generator is that for a fixed voltage the

generator geometry (width) can be decreased as the velocity is increased.

The actual relationship between U; and Pg in the cycle considered
here can be derived as follows:

Bey = Cg(-AP)/Pf;
P,/Ps = (P,/Pf) + [€4(l-fo)(cos w)? UZ- U3)/2g.;

Pg/Pg

Therefore

(Po/Ps) - (€qU7/2gc).

Pg = €g(P7-P3)/Pf

= egllleq(l-fo)(cos w)® UZ- (1- eq) UF)/2gc) - [(Pg - P,)/Py]).
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From the above equation it can be seen that PG decreases, as does €¢
with increasing U;. However, since U3 > U% and 1-€4 = 0.1 is a small
value, the variation of U; does not affect Pg very strongly.

Figure III-7 shows a plot of PR, P§, and Pi) vs mf/mg. The cycle
efficiency for any specified €g and mf/mg can be calculated by the
following equations:

ec = (egPh - Pp)/PR;

— 1 = .
Pc P when € g 100%;

Pi’ = Pp(mg/mf).

2, o’

P'x10

o

P

Fig. III-7. Performance Parameter for
a Potassium-Lithium System

From the data and analysis presented it is apparent that there are
several serious restrictions which limit the cycle performance and
efficiency. They are (1) the upstream and downstream pressures on the

47
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nozzle which establishes a maximum pressure differential. This, in turn,

limits the energy input to the cycle and specifies a maximum conversion of
thermal to kinetic energy; (2) the velocity head losses in the separator,
which is reflected directly as a power loss in the MHD generator. If the
losses in the separator could be reduced substantially the cycle efficiency
would be improved markedly.
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IV. THE ONE-COMPONENT, TWO-PHASE MHD CYCLE

The proposed one-component, two-phase cycle schematically
illustrated in Fig. IV-1 consists of five basic components, namely, the
two-phase nozzle, MHD generator, condenser, diffuser and reactor. A
two-phase mixture in a saturated vapor is removed from the reactor and
is passed through the nozzle, where its kinetic energy is increased. From
the nozzle, the two-phase fluid passes directly through the MHD generator,
where the electrical energy is extracted into the condenser. The fluid is
returned from the condenser via a diffuser to the reactor.

Fig. IV-1

s Schematic of the One-component,
Two-phase MHD Cycle

- REACTOR -

The proposed cycle evolved from preliminary experimental studies
of a MHD generator operating with a two-phase mixture. 8) The results
from this investigation indicated that it may be feasible to pass the
two-phase mixture directly into the MHD generator. The efficiency of
the generator, and hence of the cycle, will depend upon the nature of the
flow and the conductivity mechanism occurring within and the degree to
which the total entering liquid flow interacts with the magnetic field.
Because the flow pattern of a two-phase mixture changes from a dispersion
of gas in liquid to a dispersion of liquid in gas as the mixture quality is
increased, the conductivity of the fluid would also be expected to change
sharply. As a result, depending upon the nature of the flow, two different
types of generators are proposed and are being studied for this cycle.

The first, schematically illustrated in Fig. IV-2(a), is a variable-area

(b)

COOLING WATER—= s

ot

Fig. IV-2a&b. Schematic of the Two Types of Generators Being Studied
for the One-component, Two-phase MHD Cycle,
(a) When x; < 10% and (b) When x; > 10%
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generator which operates with a low-quality, two-phase mixture in which
the gas phase is dispersed in the liquid.* For this type of flow the mixture
quality is generally quite low, < 5%, and the corresponding void fractions
are less than 90%.

A study has been made of the conductivity of two-phase mixtures at
void fractions up to 0.96. The data were taken with an air-water loop and
encompassed the dispersed annular-flow regimes. An unexpected result
of this study was that the measured conductivity ratio can be predicted quite
accurately by Maxwell's equation 13) derived for a dispersion of one phase
within another (see Fig. IV-3). Maxwell's equation

o/orp = (2+a)/2(1-a) (Iv-1)

is based on the assumption that the vapor conductivity is equal to zero. The
agreement in the dispersed annular-flow regime (liquid dispersed in gas
with a liquid film on the wall) was completely unexpected in view of the
physical basis and assumptions inherent in Maxwell's development. It is
doubtful whether this agreement would continue beyond the range of void
fractions studied.

100 L T U R L F TR & b
80 -
60 [~ -1
uo - o -
e o l
- x O o -
0°
2 - =
L o
o x
T 10| =
L l"‘ ° Z)
8 [ - —
L= x a2l
4~ (e} -l
2
I 1 | Ll L S S 1 L - | 1 hadladal

0l 02 oy 06 .08 .10 2 u & -8 1,0
(1-a

Fig. IV-3. Electrical Conductivity Data
for Air-Water Mixture

*It has recently come to the authors' attention that a similar type of

genere?tor has been proposed to operate in a two-component two-phase
cycle. 12)
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As the mixture quality is increased beyond 10%, the degree of dis-
persion increases, and the flow interaction with the magnetic field would be
expected to drop sharply, so that the generator efficiency would decrease
rapidly. For the very high-void, highly dispersed liquid-flow regime a
generator of the type shown in Fig. IV-2(b) is being studied. The exit flow
from a rectangular, high-aspect-ratio nozzle impinges upon the lower
surface of the generator at a small angle, ~5°% the liquid is separated from
the vapor by impingement in the lower channel where the high-velocity film
interacts with the magnetic field. As electrical energy is extracted, the
fluid builds up in thickness. The possibility of also condensing the vapor
phase on the rapidly moving film by cooling the bottom side of the generator
is also being investigated. Thus, separation, power generation, and condensation
would occur simultaneously. The efficiency of this type of generator will
be a function of the degree of separation which occurs and the skin friction
and momentum losses. It should be noted that the electrical-shunt losses at
the entrance are eliminated, which tends to enhance the generator efficiency
considerably.

The highest cycle efficiency could be obtained with the latter type
of generator since a higher-quality, higher-energy fluid can be utilized.
As pointed out previously, this means that more energy is put into the
cycle at the highest cycle temperature.

A. Cycle Analysis

Each of the components in Fig. IV-1 are analyzed separately by
means of energy and momentum balance and then summations are made
to yield the overall cycle efficiency. The numbers shown in Fig. IV-1 are

used to denote the cycle position.

1. Two-phase Nozzle

The assumptions given for the nozzle analysis in the
two-component two-phase cycle are adhered to again.

Since

S;

Sz
S; = X181,g +(1-x,) si,f = XiSz,g + (1-x4) S2,f = Sz
Xy = (Sx,f = Sz,f)/(sz,g - Sz,f) + xl(sl,g = 51,f)/(52,g = s;_,f) (1v-2)

xj is the exit quality based on isentropic flow. The energy equation for
isentropic homogeneous flow is

ul/(2gc) + x1hy, g + (1-x) hy ¢ = U}/(2gc) + xjhy,g + (1-xi) hyf
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U; can be solved in terms of the enthalpies and entropies in the inlet and

outlet stream (U, = 0)

u?

¢ = 2gc(hyg - hy fM{(hy,f- hy,£)/(hz,g - ha,f) - (s1,f- Sz,f)/(sz,g - s3,f)

o0 xl[(hx,g = hl,f)/(hz,g -hy,f) - (Sl,g = Sl,f)/(sz,g - 55,1)]}- (1v-3)

The actual liquid velocity, according to the definition of nozzle efficiency,

€py is
U = e UL (1v-4)
The actual exit quality will be

s [hx,f-hz,f-U%/(ch)]/(hz,g'hz,f) + xx(hl,g‘hl,f)/(hz,g'hz,f)-
(Iv-5)

If the velocity of vapor is assumed equal to Uj, then the slip ratio, k, is
simply

k = Ui/U, = (en) V2 (Iv-6)
The void fraction is
a = {k[(1 -xz)/xz](vz,f/vz,g)+ G (Iv-17)

2. Variable-area Generator

a. No friction loss.

b. No pressure drop across the generator, i.e., P; = P,.
Hence the generator power is proportional to the kinetic energy change only
and Eq. (II-9) becomes

PG = eg(U}-U3)/2gc. (1v-8)
For simplicity it is also assumed that

T p

X3 = Xp.
Because P is a function of (U3 - U3%) and is not a function of T; and x3, the

above assumptions do not affect the calculation of cycle efficiency but will
affect the analyses of the condenser. The effect is very small, however,



when comparisons are made with the large amount of heat rejected in the
condenser. The detailed analysis of the generator has been given in
Section II. The evaluation of €g in terms of load resistance, internal resis-
tance and end loss resistance of the generator is given by Eq. (II-84).

3. Condenser

The condenser is assumed to operate at the minimum tempera-
ture T4 and to be designed to keep the inlet and outlet velocity the same
(a tapered channel is specified whose area is proportional to the void
fraction). Therefore

Uy = U
Py

sat. pressure at Ty.
The pressure drop across the condenser is
P; - Py = -AP.. (1v-9)
The heat removed in the condenser is
Q = hgf + x3(hy, g - hy £) - Byt (Iv-10)
.4. Diffuser
The assumptions are:

a. An adiabatic system, Ts5 = T4 or hs,f = hyf
Us = 0

c. Diffuser efficiency is € 4.
Thus
Ps = Py + €qUi/(2gcvy, 1) (Iv-11)
5. Reactor
The pressure drop across the reactor is
-APR = Ps-P, (Iv-12)
The heat transferred from the reactor to the working fluid is

PR = (hy£-hs ) + xi(hy,g-hy g). (Iv-13)
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6. Cycle Efficiency

The cycle efficiency, €., is

IV-14
ec = Pg/PR- ( )

B. Specified Components and Cycle Parameters

The temperature range for the heat source was set at 1100-2240°F.
The sink temperature was varied from 500- 1340°F. The temperature
ranges were selected on the basis of applicability to both space and com-
mercial power systems. The efficiency of the nozzle was assumed to be
€, = 0.8. The value is considered to be realistic and based on data available
in the literature. It appears, in fact, that a properly designed nozzle can
yield efficiencies of 90% and greater. The diffuser efficiency was taken as
€q = 0.90 and is also based on data available in the literature. The pres-
sure drops across the condenser and reactor were arbitrarily assumed to

be

"

-AP¢ 10 psi

-APR = 10 psi.
The inlet quality to the nozzle, x, was varied from 0- 100%.

From Egs. (IV-14) and (IV-8) it can be seen that cycle efficiency,
€, is proportional to €g. Since the maximum efficiency, €g, depends
only upon the aspect ratio, L/am, see Eq. (II-86), and the latter in turn
depends on divergent angle, 6, see Eq. (11-88). Various values of 6 were
used in the calculations ranging from 6 = 2.5°to 6 = 15.0°.

Mercury, mercury-potassium alloy, and three alkali metals, cesium,
potassium, and sodium, were studied as working fluids in the cycle. The
thermodynamic data for each, namely, temperature, vapor pressure, specific
volume of liquid and vapor phase, enthalpy of liquid and vapor phase and
entropy of liquid and vapor phase were taken from Ref. 14.

C. Discussion of Results

The cycle efficiency for the alkali liquid metals studied is shown in
in Figs. IV-4 to IV-9. The overall cycle efficiency is plotted vs the mixture
quality at the inlet to the nozzle. The parameters on the curves are the heat
source temperatures, generator efficiency, and the half-angle of the MHD
generator. As can be seen, cesium and potassium yield the highest cycle
efficiencies. For specified system parameters the two metals have virtually
identical efficiencies, see Fig. IV-4. Although the cycle efficiency with
cesium is essentially the same as for a potassium system the poorer con-
ductivity of cesium reduces its effectiveness, as discussed in a later section.
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Cesium has the lowest conductivity, whereas sodium has the highest. Sodium
as the working fluid, however, yields the lowest cycle efficiencies.

The maximum cycle efficiency is achieved by using the pure vapor:
x = 1.0. The maximization at x = 1.0 is due to the fact that the outlet
velocity of the two-phase mixture emerging from the nozzle and entering
the generator increases with increasing quality. The effect of the half-angle
0 on generator efficiency and the overall cycle efficiency is illustrated in
Fig. IV-5 for a potassium system. By decreasing the angle 6, and hence
increasing the generator length and reducing the shunt end loss, both the
generator and cycle efficiency increase proportionally. As can be seen,
for an angle of 68 = 2.50° the cycle efficiency has reached 16% for x; = 1.0.
The limiting cycle efficiency would be reached with the ideal generator
operating at 100% efficiency. This is a psuedo condition and is presented
for illustrative purposes only.

The effect of varying the heat source temperature is shown in
Fig. IV-6 for a potassium cycle. As the source temperature is raised, the
cycle efficiency increases. The reason for the increase is due simply to an
increase in energy input to the fluid. The behavior is the same for all fluids.

The effect of lowering the sink temperatures on the cycle efficiency
is shown in Fig. IV-7. As can be seen, a maximum is observed at a sink
temperature between 1400 and 1600°R when T; = 2700°R. This behavior is
due to the thermodynamic properties of the fluid. Since the cycle is based
on the conversion of the mixture enthalpy to kinetic energy, the maximum
which occurs in the enthalpy-temperature relationship is carried through
the cycle. Figure IV-7 also vividly shows the effects of the mixture quality
and the heat-source temperature on the overall cycle efficiency.

The efficiency of a cycle based on mercury and mercury-potassium
eutectic is shown in Figs. IV-8 and IV-9, respectively. These fluids have
the distinct advantage of having lower boiling points and, hence, operating
temperature ranges that are close to present technological limits. This
advantage rapidly diminishes for the pure mercury system since its vapor
pressure increases rapidly with temperature; at T = 2000°R its pressure
is 1762 psi. Thus one is then faced with a high-temperature, high-pressure,
system. The mercury-potassium alloy has a much lower vapor pressure
at a specified temperature than pure mercury. At T = 2000°R its vapor
pressure is 198 psi. It is primarily for this reason that it was studied. Its
thermodynamic properties are also quite different from pure mercury. The
property data for the eutectic were obtained from Ref. 15.

The highest efficiencies that can be realized for the one-component
cycle within the boundary conditions specified is obtained with mercury as
the working fluid. An overall cycle efficiency of 22.5% is obtained for a
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source temperature of T = 2000°R and a sink temperature of T = 1000°R.
The efficiency of the MHD generator under these conditions is €, = 0.75.
The reason why mercury gives the maximum cycle efficiencies is that the
conversion of enthalpy to kinetic energy in the nozzle per pound of fluid
flowing is the highest for mercury. The results for the potassium-mercury
mixture are similar to those for pure fluid mercury. The main differences
which are apparent are that the cycle is much more sensitive to the source
and sink temperatures and the efficiencies are ~10-25% lower.

Of the alkali metals, potassium appears to be the fluid which can
most advantageously be used in the cycle. For a source temperature of
2740°F and a sink temperature of 1040°F, the maximum cycle efficiency
which appears feasible is 20%. This is based upon the assumption that the
nozzle efficiency can be increased from 0.80 to 0.90. With this assumption
the mercury cycle efficiency reaches a value of ~26%. The Carnot efficiency
for the conditions cited lie in the range from 0.35 to 0.50.

For a space power source an overall cycle efficiency of ~12% appears
to be quite feasible for a heat-source temperature of 2700°R and a sink
temperature of 1800°R. This value is comparable to the turbo-electric
system.
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V. THE CONDENSING-INJECTOR CYCLE

The condensing-injector, liquid-metal MHD power cyfcle Proposed
originally by Jackson and Brown(2) is shown schematica%ly .m Fig. V-1.
The cycle consists of a vapor loop (reactor loop) and a liquid loop (heat-
rejection loop). The vapor is generated in the reactor heat source and' '
passes into the condensing injector where mixing takes place with the liquid
stream which has emerged from the heat exchanger where the waste heat
was rejected. In the condensing injector the vapor is condensed and a high-
stagnation-head liquid is generated. The fluid then passes through the
MHD generator, where electrical energy is extracted at the expense of the
stagnation-pressure head. The liquid is then separated into two streams,
one of which passes into the vapor loop (and hence to the reactor where it
is vaporized), and the other stream to the liquid loop (where heat is re-
jected in a heat exchanger).

\QA CONDENSING INJECTOR l
HEAT HEAT X
source[ "’ -~ _(2’““"Ea“ml‘(3’{sxcmnezf}‘5’ Fig. V-1
\ \ Schematic of Condensing
| P Q Injector Power Cycle
a-x sy

JOULE THOMPSON VALVE
(@) <

A major advantage of this cycle is the fact that a single-phase liquid
metal passes through the MHD generator as in the Elliott cycle. Hence the
power density of the generator, as mentioned previously, can approach
1g= W/cm3, which is several orders of magnitude greater than provided by
present rotating electrical generators.

The feasibility and potential of the liquid-metal MHD cycle is de-
termined to a very large extent by the performance of the condensing
injector.

The condensing injector is not a new device, having been developed
extensively as a boiler feedwater pump. It has had a stigma attached to it
as being a device of very low efficiency. The apparent low efficiencies may
be attributed to the manner in which the efficiency is defined.

Recent studies, both experimental and analytical, have indicated that
the performance of the injector can be very high and, more importantly,
analyses predict that the injector can génerate very large stagnation pres-
sures--a mandatory requirement for the liquid-metal MHD cycle. The
recent condensing-injector studies referred to are those of Brown,(l6)
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Brown and Miguel,(l7) Hays,(ls) and Rose.(19) The performance charac-
teristics of the condensing injector were evaluated from the data presented
in the above-mentioned studies. The data presented in the works of Brown,
Rose, and Brown and Miguel appear to be consistentinthat the ratio of actual
performance to predicted performance is comparable. However, the data
of Hays show a very large scatter. The performance for the condensing
injector is arbitrarily defined as

P SIE T
e APgct 4 ( Bty L 1n) act (V-1)
= APcalc (pout . PL in)

calc

This performance factor is not an efficiency, but a measure of accuracy
with which the actual injector pressure performance can be predicted from
calculations based on continuity, momentum, and energy equations. The
procedure used in this study for calculating the pressure generated by the
condensing injector is presented later in this chapter.

The performance factors based on Eq. (V-1) calculated from the
data of Rose are shown in Fig. V-2. As can be seen, the values range from
70 to 85% for the range of parameters investigated. Brown and Miguel
based these figures on a direct ratio of actual exit pressure to calculated
exit pressure from the injector. Their data, when transformed to the basis
of Eq. (V=1); yields values comparable with that of Rose.
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Fig. V-2. Performance Parameters of Condensing
Injector Determined by Rose



62

The data of Hays exhibits much more scatter. The 7, defined by
Hays as the ratio of measured to calculated pressure rise across the in-
jector, although not directly equivalent to Eq. (v-1), is also a performance
parameter indicative of the agreement between actual and calculated per-
formance. Hays' performance parameters ranged from ~2 to > 100%. The
latter values were attributed to the inability to define precisely the injector
performance in the test-section geometries used in the investigation. The
methods of analysis are similar in all cases cited. Further, Brown has
shown that a convergent-area mixing section will give better pressure per-
formance than a constant-area mixing section and that a large pressure
rise across the condensing injector is possible.

The geometries, fluids, and parameter ranges of interest to the
liquid-metal MHD cycle have, however, not been covered in these investi-
gations, and there are large virgin areas where extrapolations must be
made. Several considerations that may seriously limit the performance of
the condensing injector have been pointed out,(17 of which the area con-
traction (ratio of the combined area of liquid and vapor at injection point to
the area at the minimum diameter of mixing region) and the vapor Mach
number at the injection plane are important. If the minimum area in the
mixing section is reduced to a value where it approaches or becomes less
than the area of the inlet liquid stream, a shocking phenomenon may occur,
since not only the initial liquid stream, but the condensed and noncondensed
vapor, must also enter this section. At high contraction ratios the pressure
in this minimum-area section may be so low as to cause serious cavitation
problems. The effect of supersonic velocities at the vapor inlet is not clear.
It is expected that the injector performance is improved with increasing
inlet vapor velocity, but adverse effects such as chocking may be produced
by shock formation upstream of the constant-area section of the injector.

It is evident that additional studies aré necessary to explore the
many uncertain areas so as to establish the limitations of injector perfor-
mance. In particular, more effort is required in the range of parameters
of specific application to the liquid-metal condensing-injector cycle. The
analysis of the injector cycle which follows is, therefore, based on the
available data for the condensing injector and extrapolation of the data to
the parametric ranges of interest.

A. Cycle Analysis

The performance for the individual components in the cycle follows.

The subscripts refer to liquid or vapor properties at given stations denoted
in Fig. V-1.

1. Condensing Injector

The analysis of the condensing injector follows that of Hays(18)
and Brown.(16) The performance of the condensing injector is calculated



from an energy and momentum balance with an imposed restraint of the
second law of thermodynamics. Referring to Fig. V-1, liquid enters the
injector at temperature T; and pressure P;. It is assumed that it is feasible
to design liquid and vapor nozzles such that the liquid and vapor may be
expanded to some low pressure at station O in the injector. The liquid and
vapor velocities at station O are calculated as follows:

For an isentropic expansion of the vapor to station O,
Siv = Sov = Xy Sgo +(1-X4,) Sto (v-3)
where X is the vapor quality at 0 for an isentropic process:

- Sfo)/(sgo - 5¢,)- (v-4)

Let €, denote the vapor nozzle efficiency. Then

hoy = o XIov(hiv - h:)v); (v-5)
€ny = (hjy-h )/ (b - bl ) (V-6)
hoy = h'iv = €nv(hiv'hz‘>v); (e
Xov = (hov i 1"fo)/(hgo b hfo); (v-8)
Vov = Vio Xov(vgo' Vfo)'

where hfo' hgo' Sfo' and sgo are evaluated at T, corresponding to Pg.

From an energy balance,
M= B + (00 /27. (V-9)

Thus

Upy = [(hiy - hov) 23] vz, (v-10)

Assuming that the liquid density pjy, is constant and applying
Bernoulli's equation for the noncompressible fluid, we find

Ps- P, 1/2
Ugp, = denz(T) 0.144| (v-11)

where €,y is the liquid nozzle efficiency.
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The inlet stagnation pressure ratio is defined as
B = Py/Py,

so that

BP, - P, 1/2
U, = |(2g)(0.144) €, i s (v-12)

The area ratio at O is determined from the continuity equation

A Wt P )
A " oL: Loy ov (v-13)

ro on WV pL UOL

If we define the mass flow ratio as WL/WV = R, then
A.o = R Py, Us/Pr, Ugp,e (v-14)
Referring to Fig. V-1, the momentum balance across the con-

vergent mixing section of the injector (from O to x), neglecting wall friction
forces, is

PoAy - PyA, - Fp o = M, - M, (v-15)
where M is the momentum flux:

NI Aol (V-16)
Since

PyeAy - PyAy = My - M, (v-17)
Eq. (V-15) becomes

PohAo - PyAy - Fp,ox = My - M,,. (v-18)

The wall-pressure force term Fp ox for the assumed case in which P is
constant can be shown to reduce to

Fp,ox = Po(Ao'Ax)- (Vv-19)
Therefore,
(v-20)

PoAg - PyAy - Po(Ay- Ay) = My - M,



Since
s~ A
Eq. (V-20) reduces to
PyAx B A DN - My.
The momentum flux at position O is
My = WorLUoL + WoyUovyi
that at position Y is

ISRV W )

Y e

Assuming the liquid state exists at y, we have
= 2 = 2
My = PLUVAy = PLUyAL.

Solution of Eq. (V-22) for Py gives

T
Yo To Ay 2 Ay
The total stagnation head at position 2 is
PLUY _ PLUY Ax y
P, = Py + = ——==— = Py + 5.
2 Vi 2 EEAT Y 2A,
Therefore,
M 1 M
ERWER s e )
O A SeZr Ay

From Eq. (v-28),

A
N 2 oL, > ov
M, = <PLU0LA_O + PovUov g )AO'
Noting that

AoL AqL

A

ro

2 AoL/on AoL s
+A0L Ao

AOV

Ag T Aoy T AoL

1+A.,

(5r=21)

(v-22)

(=23}

(v-24)

(v-25)

(v-26)

(V=27)

(v-28)

(v-29)

(V=S
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and that
ov _ 1 1 ] (V=31 )
Ao - AT 1+ Aro
Aoy
we have
M, ro 1 Ao
—_ = [ pp— T 2 e | — (v-32)
A, [pLUoL Th B OvIeY T A, i
Similarily, it can be shown that
M A 2,7 \2
Voo ol ( 1 ro )( o) (V-33)
2 - —(p U ~—— +p U —— ]|
A, - PLYOvOVIF AL, LT oL R VAL

The quantity Ao/Ax is generally referred to as the contraction ratio and is

denoted by
S Aol (v-34)
The pressures at position y and 2 therefore are
A 1
= 2 ro 2
Py = Pot (pLUoL T+AL, + PovUov T Aro)A
il Aro 2
il P — A V-35
PL(POVUOV 1+ Aro + PLVoL 1+ Aro) ( ‘
and
A
: I £
B ot (pLUoL 2 + Povloy Ty Aro)A
1 1 Aro 2
= 201, <PovUov T+ AL, it AENSTs 1 +-Ar_o>A . (v-36)
The total stagnation head at 2 is
P,r = P+ (pU3/2g). (V-37)

To allow for real condensing-injector losses and nonideal diffuser perfor-
mance, the calculated performance is reduced by a performance factor €.
Therefore
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Bat = EcoBap

and

1/2
€c2Pa1- Py) 2gc
Uy = ( y) 0.144| . (v-38)
PL
The fluid state at the exit of the injector is obtained from an
energy balance from position 0 to 2. Assuming an adiabatic injector and
utilizing the total stagnation pressure, we find for the energy balance that

e | (T)+PS w E,L(T)) + =2 \(W, +W.)
vliv sL\ Ls. 5y L= 2l NLz) oL Lt Wyl
= 125
h;, + R|E;L(Ts) + J/TL = (1 +R) |E,1,(T,) + E 3 (v-39)
Simplification yields
h; P P
iv R 5 2
= — — |- —. V-40
E.({Td = 73R 17 R[ESL(T5) i JpL] Toy ( )

From E,[,(T,) the temperature T, can be determined-from the tabulation of
properties of the fluid.

The subcooling at the exit of the condensing injector is

AT e R (P)F =~ T3 (v-41)

sat

The restraint of the second law of thermodynamics on the per-
formance of the condensing injector requires that the entropy of this exit
stream must be greater than the entropy of the entering vapor and liquid
streams. Expressed mathematically,

(Wi Wl 83,0 W, S, ®W S, (v-42)
or

1

R
45 = Fa - e

SiE=0 (v-43)

where S, is evaluated at T,.
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When the calculated performance of the condensing injector
does not conform to this stipulation, the condition specified in the cycle and
the cycle itself is rejected.

2. The MHD Generator

An energy balance across the MHD generator from 2 to 3 yields

P, P,
Q-W = E;1(T,) + =™ - E;1,(T3) - —. (v-44)
2L\ 12 ‘IpL 3L\13 JpL

As shown previously, the energy extracted from the generator is

1251
e (v-45)
PL
Thus, for an adiabatic generator, Eq. (V-44) reduces to
Pa- P P, Py
-€ —— = — - E - — V-46
€g ToL E,1(T,) + 3oy, sL(T3) 5, ( )

3. The Heat Exchanger

The heat exchanger is assumed to operate with a specified log
mean temperature difference ATy, and reject heat to a fluid whose tem-
perature Tg remains constant. Therefore,

T3 = Tg
AT, = T, - Tg (v-47)
In *Ts S

For the cycle analysis the log mean temperature drop was arbitrarily set
equal to 100°F.

The pressure drop across the heat exchanger was also arbi-
trarily fixed at APy = 10 psi. Therefore,

P; = Ps + APy = Ps + 10 psi.
The heat rejected in the heat exchanger is
Qr

2 o P
W—L = [E3(T3) + i]- [Es(Ts) + i] (v-48)
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Equations (V-40), (V-46), and (V-47), which represent the heat-exchanger
equation, the energy equation across the injector, and the energy equation
across the generator, contain three unknowns: Tj, T,, and T;, and therefore
must be solved simultaneously. It should be noted, however, that for large
values of the log mean temperature differential and low values of R, T ap-

proaches Tg and, hence, for ease in computation, the following assumption
may be made:

s = Ig+ 107"
With this additional stipulation T, and T3 can readily be calculated.

4. The Heat Source

The pressure drop across the heat source, APyg, was arbitrarily
set equal to 10 psi. Therefore,

Py = P, + APyg.

If excess pressure must be dissipated between positions 3 and

4 before the fluid enters the heat source, it is rejected in a Joule-Thomson
process.

The heat added to the fluid is given by

=
W_v = -[E4(T3) b ﬁ‘] + hy(Ty). (v-49)

5. The Cycle Efficiency

The cycle efficiency is given by

12 P, - Py l44eg
Bl = = (W +W,) (V-50)
Y Py vIUL 7 Wylhy - hy)
or
(1+R)(P; - Ps3)
s — V-51
€c TR 144€,. ( )

From Eq. (V-40) it can be shown that

R
hp=ithaigs 1+R(h1'h5)' (V-52)
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Therefore,

(1 +R)z(l44)(P2- P;) €

i g (v-53)
¢ = TTR(778) py (B - By

Several criteria are considered to establish the validity of €. as calculated

above. They are:

a. The entropy must increase across the injector:

1 R
= =\ em—iss —_— =10
R (1 s s i RSSL)
conditions for which AS < 0 are inadmissible.

b. The subcooling at the condensing-injector exit must be
positive. The saturation temperature corresponding to P, is calculated as
i Sl = Te,

sub 2 2

The condition Tgy} , < 0 implies the assumption of existence of a liquid
state at (2) is not true.

c. The subcooling at the generator exit is also checked. The
saturation temperature at P; is Tg;. Then
Tsub s = Tsy - Ts.

The condition Tg,} 3 < 0 implies the fluid has flashed to vapor in the
generator. This is not allowed in this cycle.

d. The value of P, can become negative; for this case calcu-
lations are also rejected.

e. The value of P, can become negative. This situation is not
admitted since it is doubtful that the injector would operate.

The working fluids studied in this cycle were cesium,
potassium, sodium, and mercury.

B. Discussion of Results

Typical results of the cycle analysis for the four liquid metals studied
are shown in Figs. V-3 to V-22. For illustrative purposes, detailed data are
presented for the cesium cycle. The cycle efficiency, total stagnation heat at
2, stagnation head at y, and exit subcooling at 3 are plotted against percent of
the maximum contraction ratio, which is calculated from the arbitrary stipu-
lation that

Ay = AoL.
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Fig. V-3. Calculated Performance Data for the Condensing-
injector Cycle Operating with Cesium for T3 =
2400°R, Tg = 1060°R, and R = 3.00
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Fig. V-5. Calculated Performance Data for the Condensing-
injector Cycle Operating with Cesium for T1 =
2400°R, Ts = 1060°R, and R = 17,00
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Fig. V-6. Calculated Performance Data for the Condensing -
injector Cycle Operating withCesium for T =
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Fig. V-7. Calculated Performance Data for the Condensing-

injector Cycle Operating with Cesium for T1 =
2700°R, Tg = 1060°R, and R =3.00

DEGREES SUBCOOLING
AT GENERATOR EXIT

P,, STAGNATION PRESSURE
Py, PRESSURE AT STATION y —————

CYCLE EFFICIENCY, %

8000 —

7000 —

6000 —

5000 —

4000 —

3000 —

2000 —

1000 —

|

20 40 60 80
MAXIMUM CONTRACTION RATIO, %

100

_CESIUM_
T, = 2700
To = 1060
R =50

€.:08

€q= 0.8

B m
QI5S1 @5
| i >
2 24.6
3 30.0

Fig. V-8. Calculated Performance Data for the Condensing-

injector Cycle Operating with Cesium forTy =

2700°R, Ts = 1060°R, and R = 5.0

gL



DEGREES SUBCOOLING
AT GENERATOR EXIT

P,, STAGNATION PRESSURE
Py, PRESSURE AT STATION y = =—=—=——

CYCLE EFFICIENCY, %

3 CESIUM_
2000 — =
2 Ti='2700
1000 |- |}, Ts = 1060
B R =70
o I I |
8000 — =
7000 =
€:=08
6000 |— =G
5000 (— —
4000 - =3
3000 - —
2000 —
1000+
o
10— -
8 1 B am
6 T i )
| 12.8
4 2 178
- T
2~ 05
o 1 I |
o 20 40 60 80 100

MAXIMUM CONTRACTION RATIO, %

Fig. V-9. Calculated Performance Data for the Condensing-
injector Cycle Operating with Cesium for Ty =
2700°R, Ts = 1060°R, and R = 7.0
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Fig. V-13. Calculated Performance Data for the Condensing-

injector Cycle Operating with Cesium for T =
2700°R, Tg = 1860°R, and R = 3.00
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Fig. V-14. Calculated Performance Data for the Condensing-
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Fig. V-15. Calculated Performance Data for the Condensing-
injector Cycle Operating with Potassium for T1 =

2700°R, Tg = 1860°R, and R = 5.00
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Fig. V-16. Calculated Performance Data for the Condensing -
injector Cycle Operating with Potassium for Ty =
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Fig. V-17. Calculated Performance Data for the Condensing-
injector Cycle Operating with Mercury for T1 =
1860°R, Tg = 1060°R, and R = 3.00
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injector Cycle Operating with Mercury for T; =
1860°R, Tg = 1060°R, and R = 7.0
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This criterion was set because of the probable performance limitations of
the condensing injector as discussed previously. Therefore,

. o Ayo + ALo - 195 (ALO/AVO)

r max = (v-54)
Ao ALo Avo

or
Ay max = (1 +AR0)/AR0- (V-55)

The decision to plot the calculated performance data against the
percent of maximum contraction ratio was based on the fact that the con-
traction ratio is perhaps the most important variable affecting the per-
formance of the condensing injector, and hence the cycle efficiency. Other
important independent parameters shown on the curves are: inlet pressure
ratio B, mass flow ratio R, and source and sink temperatures. For all the
computations the assumptions were made that the MHD generator is 80% ef-
ficient and that the performance factor of the condensing injector is 0.8.

The maximum cycle efficiencies of the condensing-injector cycle
are essentially comparable with the maximum efficiency of the two-phase,
two-component cycle.

The maximum cycle efficiencies for the four liquid metals studied
are listed in Table V-1. These are approximate values (within +5%) that
have been taken from Figs. V-3 to V-22. It can be seen that the maximum
cycle efficiency increases slightly with a decreasing flowrate ratio R. The
ratio of the cycle efficiency to Carnot efficiency is in the range from 0.17
to 0.25, which again is comparable with the ratio from the two-phase, two-
component cycle.

Referring to Table V-1, it is seen that mercury as a working fluid
in the condensing-injector cycle produces the highest cycle effciency (10%),
followed closely by cesium at 8%. Sodium as a working fluid shows the low-
est performance potential.

The performance data for a cesium cycle are shown in Figs. V-3 to
V-13. This cycle was analyzed extensively to study the effects of various
parameters. Some interesting trends that are apparently typical and note-
worthy are:

1. Cycle efficiency increases with increasing contraction ratio.
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2. The cycle efficiency increases with increasing inlet stagnation
pressure ratio B, all other conditions being held constant. However, at
higher values of B the second law is violated at lower contraction ratios.
Thus considerations of the second law limit the cycle-operating parameters.

3. As the flowrate ratio R is increased, the cycle efficiency tends
to decrease slowly. As R is decreased below a value of ~3, the smallest
value presented in the figures, the efficiency continues to rise until a per-
formance limit is again reached. The calculations show that as R de-
creases (R = 2) complete condensation of the vapor does not take place, as
is indicated by a negative subcooling at the injector exit.

Table V-1
MAXIMUM CYCLE EFFICIENCIES

Maximum Efficiency, %

Temperature, °F Ratio of Liquid to Vapor Mass Flow:
Source Sink 3 5 7 10
Cesium
2,240 600 9 b5 i 5.4
2,240 1050 8.7 Tl be5 6.0
2,240 1,400 7.8 78 7.4 6.5
15940 600 5.4 4.5 4.1 3T
Mercury
1,540 400 10 83 ¥.5 7.0
1,540 600 10.4 8.6 7.8 7.3
1,400 400 Bol 6.7 6.1 hib
1,400 600 8.5 Fild! 6.3 5.9

Potassium

2,240 600 ST 4.6 4.2 3.9

2,240 1,400 6.6 5.4 4.9 4.5

1,940 600 S 2.9 2ot 2.4

1,940 1,400 - 3.4 3.0 2.8
Sodium

1,940 600 153 1107 0.97 0.89

1,940 1,050 - 1.15 1.04 0.95




The variation of the cycle efficiency with the flowrate ratio R can

be illustrated analytically as follows. Referring to Eq. (V-53), the cycle
efficiency is

(1+R)(P,- P,;) 144

€ S
pr(by-h3) 778 el

c

It can be shown that

R
h; - h; = T (hy - hy) (v-57)
and
! 144 Wi(1+R)?
EIERER | Ry A ek O g | V-58
2 o gAy [ o o ZpLAY ( )
If the mixing section area is specified as
KW(144)
A, = KAl —2 (v-59)
y P1,Vo
Eq. (V-58) becomes
1l 2
PLVS Vb VE(1+R)
i b dogdat T Y | v-60)
Pz = Pot e | Vo' R~ " 2xm? :

The above equations can be combined to give, after extensive algebraic
manipulation,

P S
ﬂR—Z(hw-hfs) + ——— {R(2B-1) + B - 1}+——T—)—
| 144(1+R) pr(1+R) i R i A
€c €gNe VoL, _Vﬁ‘i+v 1 (1+R)? A Po_ew pliss
144gk | R ' 'oL ZKRZ e PL
(v-61)
where
/2
BRRs G
g [(Zg) e (v-62)
i,
and

Vo= [ZgJ(hlv-hov)]l/z. (V-63)
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The above gives an expression for the cycle efficiency in terms of the
basic independent parameters and arbitrarily fixed quantities. It can be
seen that for the cycle in question

APyg - APys

= 0.
pr(1+R)

For the particular case of a cesium cycle operating between
T, = 2400°R and Tg = 1060°R, with B = 3, Py = 10 psi, and K = 1 (Ay = Ag),
the cycle efficiency becomes

2
(1 +R)[9.7 +-817{—'9 = 5.1(1 ;R> ]

e ; (v-64)
R Qi 1+R\?2
ll.4+258.71 +R+T - 5.7(T)

The variation of €c vs R is shown in Fig. V-23.

4. The cycle efficiency increases slightly with increasing sink
temperature, that is, for specified parameters of B, R, and a given geometry
which do not violate the second law, the
cycle efficiency is higher at the higher

<L2 el | A e e e e sink temperature. This effect is due to
| CESIUM the fact that the heat input Q, to the
) 30_'1 Ty = 2400°R | vapor loop is decreased, and also the
::)- ll ;5: ':Gom stagnation pressure generated in the
& \ condensing injector is virtually unaf-
§ 20 ——\\ ---Conditions Are Such That Cycle Operation fected by the increased temperature of
R S
g \  Exit Is Negative
Olssie 2 5. The subcooling at the exit
\¥ of the MHD generator decreases as the
- i ] o s e 0 R LR mass flow ratio R decreases, and this
o 1 2 3 4 5 6 7 8 9 10 factimposes another limitation on the

MASS FLOW RATE RATIO, R :
4 potential cycle performance.

Fig. V-23. Variation of Cycle

Efficiency vs Flowrate 6. As the source temperature
Ratio (R) at Maximum is lowered, the cycle efficiency drops
Contraction Ratio substantially. This is due to the fact

that the energy input into the condens-

ing injector is lowered, which reduces
the stagnation pressure delivered into the generator. More precisely, the
vapor velocity at station O is determined by the inlet vapor conditions for a
fixed Py. Thus, the decrease in source temperature reduces the enthalpy
change across the vapor nozzle, which results in lower vapor velocity at
position O. The vapor velocity at position O has a rather strong effect on
the pressure performance of the condensing injector.
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7. In order to achieve conditions at the exit of the condensing in-
jector where the greatest percentage of the total stagnation head is due to
the kinetic head at position y, the geometry of the injector must have a
contraction ratio which is greater than 50% of the maximum contraction
ratio. Conditions of high kinetic head and low static pressure are desirable
from the considerations of both injector and MHD generator design. If a
substantial portion of the total stagnation head is kinetic head, the MHD gen-

erator may be of the variable-area type and thus be designed for much lower
pressures.

Similar trends as discussed above are apparent in Figs. V-14 to
V-22 on which are plotted the performance characteristics of the condensing
injector cycles for potassium, mercury, and sodium.



VI. POTENTIAL OF LIQUID METAL MHD CYCLES
FOR COMMERCIAL APPLICATION

From a thermodynamic viewpoint, steam is a poor working fluid
since it absorbs too small a fraction of the heat input at the maximum
cycle temperature. However, no other single fluid has been found which
is superior to steam when all pertinent factors are considered. A logical
extension of the technology, therefore, is the combination of several work-
ing fluids into a binary cycle. The advantages of such a cycle have long
been recognized, and a substantial effort has already been made in this
direction with the development of the mercury-steam turbo-electric
cycle. The acceptance of this concept has been delayed because of the
serious problems which were encountered during its introduction. Many
of these problems have been resolved, but the highest temperature of the
system has been kept below 1000°F.

The introduction of a topping cycle above 1000°F will create addi-
tional problems that will have to be resolved. These are concerned with
special design problems arising from the ultra-high temperatures and
material limitations as they effect component fabrication, cost, reliability,
and, most importantly, longevity. The lifetime of power equipment vs
the maximum operating temperature is shown in Fig. VI-1. The figure
was taken from a recent evaluation of the SNAP program(zo) and depicts
typical experience gained from commercial rotating equipment, ducted
gases, and reactors. Also shown on the figure are the goals of the more
ambitious AEC programs. It appears that the turbo-electric topping cycle

8
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may very well be limited to the medium-temperature range (900-1400°F)
because of the very serious problems that are encountered beyond this
range in turbine design and in other system components, such as valving
and pumps. The liquid-metal MHD topping cycle, on the other hand, shows
great promise for being developed as an efficient power system which is
capable of operating in the medium-temperature range (up to 2000°F), as
denoted by the alkali-metal space-power goals in Fig. VI-1. Unlike the
conventional turbo-electric generator, the MHD generator contains no
moving solid parts that are subject to extreme temperature and dynamic
stress or require close machine tolerances. As a result, the MHD gen-
erator can operate under conditions of high temperatures, highly corrosive
and errosive atmospheres, and temperatures where conventional energy-
conversion devices could not operate for prolonged periods of time.

The MHD topping cycle is a much simpler system than the turbo-
electric system and, therefore, more easily adaptable to high-temperature
operation. The MHD generator coupled with the heat source forms
one single closed loop which has no moving or rotating parts, and has a
minimum of valving, etc. The MHD loop can virtually be welded shut. The
working fluid is moved by the conversion of thermal to kinetic energy. It
appears that the efficiency of the MHD electrical generator can be made to
approach that of the turbine-generator. However, the ratio of the actual
efficiency to the Carnot efficiency of the MHD topping cycle may be lower
than that achieved with a turbo-electric cycle because of the additional
losses which occur in the components such as nozzles and inverters.

A. Overall Efficiencies of Binary Cycles

The overall efficiency and potential of a central-station power system
employing a liquid-metal MHD topping cycle are excellent. The system
mentioned previously consists of a reactor heat source, MHD loop, and the
normal steam plant which functions as the sink or bottoming cycle. It should
be noted that a fossil-fuel-fired boiler using a liquid-metal coolant can also
be utilized as the heat source. The heat transfer characteristics of the
liquid metal are superior to water, and the boiler would operate at the high-
est cycle temperature with a low vapor pressure.

The overall efficiencies of a binary power cycle using a MHD topping

cycle were computed by combining the efficiencies of the topping cycle with
steam-plant efficiencies in the following manner:

ec = emup t (1-€ MHD) €sCs (VI-1)

where eMHD is the efficiency of the topping cycle and egg the efficiency of
the steam bottoming cycle.
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The overall cycle efficiency, percentage increase of the cycle
efficiency, and the percent of the total power generated by the MHD topping
cycle are shown in Fig. VI-2 as a function of the topping cycle efficiency
and the base steam-plant efficiency. From Eq. (VI-1) it is apparent that
the overall efficiency of the binary cycle increases with increasing
efficiency of the topping cycle, and efficiencies greater than 50% are readily
obtained when the base steam-plant efficiency €gc is equal or greater than
40% and the topping cycle efficiency becomes 15% or greater. The maxi-
mum overall cycle efficiency is generally reached when the secondary
steam cycle is operated at maximum allowable temperature conditions.

As the sink temperature is raised, the decrease in the efficiency of the
topping cycle is more than offset by the increase in the steam cycle
efficiency which results in a maximization of the overall cycle. By
combining Eq. (VI-1) with the topping-cycle data, discussed in the previous
sections, the following results can be deduced:

1. If an alkali metal is

" I I T | . . .
Sk specified as the working fluid, the
40— P .35%‘ maximum potential efficiency of
§ = 2 =] the overall cycle which is attainable
Q20 —| ranges between 55% and 60%, and
g — = results from either a potassium-
sg 1 1 | L or cesium-steam binary cycle. The
2 liquid-metal topping cycle operates
W between a temperature range of
s 2240 and 1100°F, and produces 35%
" of the total power. The bottoming
g 20 steam plant is assumed to be the
§ equivalent of a modern super-
e critical plant, such as the Eddystone
rly unit operating at 4000 psi and 1050°F.
2 3 L
. The efficiency of such a plant was
E""o assumed to be ~0.45 after upgrading
2 the published Eddystone efficiency of
340 0.407. The upgrading results from
g the elimination of boiler inefficiency
30 L |lo ||5 zlo 5k and stack losses.

TOPPING GYGLE EFFICIENCY, %
2. The maximum potential
Fig. VI-2. Overall Cycle Efficiency, efficiency of the mercury-steam
S e binary cycle is ~56% and is slightly
niaGRY, S0 SoEm o lower than that for the cesium- or
Total Power Generated by X
MHD Topping Cycle vs potassium-steam binary cycle. This
Topping Cycle Efficiency and is based on a source temperature of
Steam Plant Efficiency +1540°F and a condenser temperature
of 1100°F. If the sink temperature
is dropped to 440°F, the overall cycle efficiency drops to ~47%, even though
the efficiency of the topping cycle increases substantially. From a
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thermodynamic viewpoint, mercury is the superior working fluid. It has
several major drawbacks, however. The principal drawback is its rapidly
rising vapor pressure at high temperature. Other drawbacks are (a) poor
wettability and heat transfer characteristics which requires the use of
additives; this tends to increase operational problems considerably;

(b) limited availability and (c) relatively high cost. The feasibility of the
high-pressure mercury system is questionable.

3. For the medium temperature range (1100-1600°F), mercury-
potassium alloy and potassium appear to be the most promising working
fluids for the liquid-metal cycle. Overall cycle efficiencies up to 50%
appear possible. The MHD topping cycle can have an efficiency as high as
15% and its maximum working pressure would be below 75 psi.

4. The working fluid most suitable for a pure MHD power cycle
appears to be mercury. Mercury is superior from a thermodynamic
viewpoint, as has been pointed out previously, and can operate in the lowest
temperature range. The maximum efficiency of such a pure MHD cycle
ranges between 0.20 and 0.30, and depends upon the maximum pressure
that could be tolerated in the system and the type of cycle. The feasibility
of the cycle must, of course, be dictated by strictly economic considera-
tions, which remain to be explored. The attractiveness of such a cycle is
the major simplification that could be achieved in the overall plant and
its components.

B. Economic Considerations

The attractiveness of the calculated cycle efficiencies is apparent.
The incentive for development of the cycle therefore must be dictated by
strictly economic considerations. Although no detailed economic studies
have been made, the results of a preliminary study tend to indicate a favor-
able economic argument.

The rudimentary study was made for a 1000-MWe plant operating
with a load factor of 0.90. In the analysis it was assumed that operational
and maintenance costs would be unaffected by changes in the plant efficiency
for a fixed plant size. Therefore, the two major areas in which a dollar
savings could accrue from the introduction of a topping cycle would be
(a) reduction in capital costs for the steam bottoming plant, since its capacity
is reduced in proportion to the power generated in the MHD topping cycle,
and (b) reduction in fuel costs arising from the increased efficiency. The
dollar differential which results from these can then be considered as the
amount available for converting the ordinary steam plant to the binary cycle.
Any excess monies are regarded as the profit incentive. No attempt was
made in this preliminary study to estimate the cost for upgrading the heat
source to the elevated temperatures and for introducing the MHD topping
cycle. As a result, only the total dollar differential figures are cited.
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From Fig. VI-2 it is apparent that rather modest topping cycle
efficiencies can produce substantial increases (percentagewise) i the
overall cycle efficiency. As an example, the introduction of a topping cycle
with an efficiency of 0.15 into a modern steam plant whose efficiency €
is 0.38 results in an increase of 25% in the overall cycle efficiency.

Figure VI-3 shows the dollar differential which results from re-
duced fuel costs. The dollar savings, plotted vs the percentage increase
in cycle efficiency, are based on an assumed capitalization charge of
14.7%. The capitalization charge transfers the annual fuel savings to an
equivalent captial expenditure. The curves shown bracket fuel costs and
plant efficiencies of $0.20 to $0.30 per 10 Btu and € = 0.35-0.40,
respectively. These parameters are representative of current fuel costs
and steam-plant technology. It can be seen that small percentage increases
in plant efficiency produces very substantial dollar savings.
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The savings accruing from the reduction in the size of the steam
plant are shown in Fig. VI-4, as a function of the percentage increase in
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cycle efficiency. The assumed cost for the steam-turbine plant was $30/kW.

The figure is believed to be a realistic one. It is apparent that the capital
cost savings are also quite important.

The total dollar differential, obtained by combining Figs. VI-3 and
VI-4, is shown in Fig. VI-5. As an illustrative example of the economic
incentive involved in the addition of a MHD topping cycle, consider a base
steam plant whose efficiency is 0.35 and which operates with a fuel cost
of $0.20/106 Btu. Reference to Fig. VI-5 shows that the gross dollar
differential or breakeven point is approximately $25,000,000 for a 20%
increase in cycle efficiency. From Fig. VI-2 it can be seen that the
increase in the cycle efficiency can be achieved by a MHD topping cycle
whose efficiency is 0.125. Based on the "state of the art" this efficiency

appears realistically attainable at a maximum cycle temperature of about
1600°F.
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It is apparent that detailed design studies are needed to establish the
economic incentive more accurately.
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