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ABSTRACT

Thermodynamic efficiencies and radiator sizes of Brayton Cycle MHD
generator systems, with and without regenerators, were obtained. A new gas cycle,
the Tri-Cycle, was synthesized. The Tri-Cycle has a radiator size as small as the
regenerative Brayton Cycle, but a higher pressure ratio. A new cycle was discovered
which operates on a dissociating chemical reaction and combines the advantages of a
dry gos expansion, a liquid compression, and a Rankine Cycle size radiator.

Entropy generation in supersonic MHD generators was analyzed, the polytropic
efficiency was related to the generator operating parameters.

Transient boil-off and refrigeration techniques were examined. Multiple radiation
shield insulation thicknesses were computed. An optimum temperature ratio for heat

rejection from an active refrigeration system was found for superconducting magnets.
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GAS CYCLES

Brayton Cycle

The basic gas cycle for steady flow power production is the Brayton Cycle(])*.
This cycle consists of an adiabatic compressor, a heat exchanger or combustion chamber
in the case of an open cycle, an adiabafic turbine, and another heat exchanger. The
MHD generator replaces the turbogenerator as is found in conventional closed cycle
gas turbine power producers. Jet engines and open cycle gas turbines operate on this
cycle} however, the heat rejection is replaced by the discharge of the hot exhaust gas
into the atmosphere. Since the assumption of constant specific heat is valid for the
monatomic gases which are likely to be used in nuclear reactor heated MHD generator
closed gas cycles, the T-S diagram and the Mollier chart (H-S diagram) have identicol
form. The cycle is shown in Figure 1.

Process 0-3 represents the MHD generator: 0-1 is the supersonic nozzle, 1-2
the generator section, and 2-3 the diffuser. Process 3-4 is the heat rejection process,
assumed at constant pressure. Process 4-5 is the adiabatic compressor and 5-0 is the
heater. Primed states refer to states of the working fluid which would exist if the de-

vices were reversible, and operated between the same pressures as the actual components.

* Numbers in parentheses refer to items in the bibliography.
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The efficiency of the cycle is obtained from the definition:

n = Worknet
Heat ;,
Since cp is constant
n= (o= T3)-(T5- T4)
To = T5
n= 1-T3 = T4
T - T5

The generator and compressor efficiencies are

7” =

g TO = T3

TO - 13'
Ts'- T4

57 T4
The pressure ratic across the compressor and turbine are assumed equal. Hence the

isentropic temperature ratios are also equal..

' = T
Ty LEY

The compressor temperature ratio becomes

Ts = (n, ~HT,/T3" )
T, 7

Ty ¢
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The generator temperature ratlo is

yielding

T3' - (ngN+ LEYAR

T n

T, 9

Ts RS B A Mg )
T e,

The efficiency can now be evaluated as

n = 1- "7C(T3/T4-1)

T - -
TIC °/T4 77c+l n

g ——
T9=T31,

The power generated and the heat rejected are

P = N Q

Qp (1-n)Q =(-n)P

n

The heat rejection radiates at a rate per unit of length

It is assumed that,

|

€ = =1, NonT
exceeding the effective

|
a geometric property, it

1

-FncpdT=cr¢€T4dA

the radiator is black and that there are no fins, hence
ideal emissivity and finite length fins result in the actual area
area. Since the emissivity is a surface property and @ is

is assumed that in the comparison of various cycles that the

1
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valvesof € and @ will lie in a narrow range and that the effective area will be

a valid criteria on which to judge radiator size and weight ;  that is,

[

A A d € A

effective actual

Integration of dA yields
3o (- oa
3 ,3 33 me

Referring the heat rejected to the thermal limited portion of the cycle establishes

the top temperature as the appropriate variable in the dimensionless radiator size para-

meter , Z, given by:

The heat rejected is

QR= mcP (T3 - T4)

The radiator parameter Z becomes

=7

|
Plots of Z as a function of TA/To and T3/To for various values of N c and
n g o€ shown in Figures 2, 3, and 4.

The resulting pressure ratios for various gases can be found from Fig. 5, which
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shows the pressure ratio as a function of T3/T o for various values of v, the ratio of
the specific heats.

It is noted that typical component efficiencies,

n o = N c - 0.85

give a minimum value of Z of 80. A turbo-alternator generation system might have an
efficiency of 90%, which would result in a Z of 70. A typical minimum value of Z can
be selected of 75.

This value of Z , the dimensionless radiator size parameter of 75 , is much
higher than the value of 15 found for a Rankine Cycle. Equal radiator weights will

occur when the top temperatures are in the ratio:

Tgos = chs 1/4

TRankine Z Rankine

The ratio of the minimum Z's is 5. The ratio of the top temperatures are then 1.495.
It is a materials evaluation question as to whether or not an inert (or other) gas can be

heated in a nuclear reactor to an absolute temperature 1 l/2 times as large as that per-

missible for boiling a liquid metal.

Brayton Cycle With a Regenerator

A regenerative heat exchanger can be added to preheat the compressed gas using
the hot exhaust gas. Such a cycle is shown in Fig. 6. General surveys of actual and

predicted performance of Brayton Cycle power plants are in good agreement (2), (3), (4).
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It is assumed that the temperature difference across the regenerator is small
compared with temperature difference between the inlet and exit of either side of the
regenerator. A 50°F 4 T across a regenerator is reasonable and 1000°F to 1200°F are

typical changes in temperature accompanying the heating. The cycle radiator size is

computed as follows:

Q;n To- T

Qout T7 - T4

T = Ta= 0T

6 3 gas-gas
T7 = T5 * ATgos-gc:s

Assuming a regenerator effectiveness of unity,

AT =
gas-gas
T7 = TS

The net heat added is

Qnet= (To- T3)-(T5‘ T4)

The net heat equals the net work. The efficiency is therefore

n = (Work)net
Q.
in
n = (To‘ T3)'(Ts' T4)
To N T3
To- T3
6
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The compressor and generator efficiencies are
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c 5 4
T5 - T4
T, - T

It is assumed that the pressure drop in the heat exchanger is small enough so that
1 the pressure ratio is the same across the compressor and generator. Hence the isentropic

temperature ratios are also equal.

T5' ) T,
The temperature ratio across the compressor becomes
T, ( Mo = 1 Ty
Ty 7 T3
and across the generator
T3' = ng -]+T:/T°
T Mg
The efficiency can now be evaluated as
—_— 1-13/ T,
~1+T -
(779 _3.) M. (To T3 )
I —_ =
o T, T 4
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The radiator area parameter Z is computed in the same manner as for the direct
Brayton Cycle. Heat is only rejected between T5 and Ty-

'I( 1 -1l oA
o o B
3 T4 T5 mcg

The radiator area parameter becomes

oA T°4

)
)

Figures 7 and 8 show Z as a function of T3/T° and T4/T° . The minimum value of

Z

N
I

Z for the same typical component efficiencies as were chosen for the direct Brayton
Cycle is 40. Thus it is seen that the regenerator essentially cuts the radiator in half.
The reason why a !arger savings is not made is because the cold part of the radiator is
the largest, and the regenerator cannot cool the working fluid below the compressor
discharge temperature. The compressor inlet temperature is again around 40% to 45%
of the hottest temperature of the cycle. However, the component temperature ratios
have come closer to unity, making the pressure ratio smaller.

Considering the difficulties of operating power generation equipment, especially
MHD generators, on small pressure ratios, it is questionable as to the actual advantage

of installing the regenerator,
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Radiator and Regenerator Weights

The relative weights of the regenerator and radiator can be estimated from the
expected heat transfer rates and actual sizes. The weight-to-heat transfcr ratio of the
radiator is determined by the size of the meteor protection material . Typical sizes for
aluminum tubes for megawatt generators rarge in size, with a typical value being 1/4 inch.
The regenerator can be fabricated from thin tubes since the pressure difference across
them is small and there is no meteor hazard. A typical tube wall size is assumed to be
0.025. The weights of the radiator and exchanger are proportional to the thickness of
the wall and the wall area. The area is determined by the heat transfer coefficient and
the temperature difference between the wall and the heat absorbtion medium. The

weight of the radiator and exchanger for the same heat transfer is proportional to

pt
haT
A = =
where (hoT)p= h AT gas-wall 2A T gas-gas
since
o4 T4)> haTt

Thus the weight ratio is

wov), ]
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Numerical estimates of typical conditions are

Al

st

therefore

It is seen that the radiator weight per BTU transferred is 7 times that of the re-

generator.

v

! 70:9/&3
4904 /6¢3

1/4"= 1 _fr.
48

1, _1

/40.. = 150 ft.

(10) (50) = 500
0.171x10~8x(1500)*

8500 BTU/Hr Ft2 ) h & T

10




Tri-Cycle Power Cycle

A novel power cycle is the Tri-Cycle. The unique features of the Tri~Cycle are
the isothermal expansion or compression. The Stirling and Ericsson Cycles are cycles
with both isothermal compression and expansion, at constant volume and pressure re-
spectively, see Fig. 9.  Both these cycles ould have Camot efficiency if all the
component processes were reversible and if an ideal heat exchanger were used between
the two constant temperature processes. These cycles are currently being examined
elsewhere in conjunction with engine development for space power generafion(s)' ©),
The Tri-Cycle being considered here consists of only one isothermal process, the others
being conventional isentropic and isobaric.

The isothermal compression of a gas is a highly desirable but very difficult pro-
cess to accomplish in steady flow. The slow compression of a wet vapor can approach
isothermal conditions. Gas turbines would perform much better if iscthermal compression

*
were possible. Even though no known method exists for isothermal compression, it is
included here for the sake of completeness.

The thermodynamics of Tri-Cycles fall into two categories, isothermal expansion
and compression. The ideal Tri-Cycles are shown in Fig. 10.

Isothermal Compression

The thermodynamics of the operation of isothermal compression Tri-Cycle is as
follows. The heat added during the constant pressure heating is:

Qin = c P(Th - Tc)

*
There is a slight possibility that an ejector using a wet vapor, with subsequent con-
densation of the vapor, could act as an isothermal compressor.

11
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The work produced in the adiabatic expansion is

where

R
1]

-1
Th/.rcs - (ph/Pl ) b4
The work consumed by the isothermal compression is
w = -RT In
/R
e

The thermodynamic cycle efficiency becomes

n = Whet
Q;,
] 1
Z =1+ -—inB
n = - )
1 Tlg B
1
nc(l-?)

The efficiency of the reversible Tri-Cycle with isothermal compression is

n = 1- InB
B-1

The expression for Z for the reversible Tri-Cycle is

z = '8
B-1-InB
The radiator area parameter, Z, for a Tri-Cycle with irreversible components is
z - (-n) 8t
n

N

Values of N ond Z for the reversible Tri-Cycle with isothermal compression are shown

12




in Figs. 11, 12, and 13 as functions of the expansion temperature and pressure ratios.
Fig. 14 shows the pressure ratio is a function of the temperature ratio for values of

of 1.4 and 1.67 . Figs. 15, 16, and 17 show the efficiency and radiator size parameter
as functions of each other and of the temperature and pressure ratios for component
efficiencies of 0.9 . It is noted that component efficiencies about 0.87 and below re-

sult in negative efficiencies and hence cannot produce power.

Isothermal Expansion

The thermodynamics of the isothermal expansion Tri-Cycle are as follows:

. The heat added during the isothermal expansion is

) Q;, = T, 5 S-(1- g Ty Ind
where as = -R In pl/ph
AS = c InB
P

where B is again the isentropic temperature ratio corresponding to the actual pressure

ratio
o Yy -1
B, = ( AL ) y
f
The heat input then becomes
‘n = Ng%p T, InB
The expansion work is
w = T, In8
n gcp p I

. 13
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The work of compression is

Wc = p TC(B-I)
e
Wc = o (8-1) T,
(8-1+ 1)
The efficiency becomes
no= Wnet
Q,
in
n = 1- 1
n
ﬂg InB(1+ c )

B-1

The efficiency of the reversible Tri-Cycle becomes

= 1 - B-l
ﬂR BlnB

The radiator parameter Z is evaluated in a manner similar to that used in the

Brayton Cycle. Integrating the first law and black radiation rate results in

1l _ 1 = 30 A
T3 T3 ae
p
= 30 An(-T)
P (- 1n)
14
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Evaluating Z yields

4
2 - cTh A
3
y4 = (1-7) Th 34
3 (-_lj—)
[
LY

The temperature ratio is related 1o the pressure ratio by the isentropic relation-

ship and the definition of the compressor efficiency.

T
h
—_— = B-1
T ( = )+ 1
c
since B = T
hs = ph Y 1
T, __, b2
P
and nc = Ths-TC
Tl‘l - Tc
Therefore Z is
3
z = O=m) (&1 @ a
3n Ne
(8-1)

Figs. 18, 19, and 20 show the efficiency and radiator size of a reversible Tri-Cycle

with isothermal expanding temperature and pressure ratios, and of each other. It is seen

15
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that the radiator size is about half that of the radiator of the reversible compression
Tri=-Cycle, indicating a considerable weight saving.

Figs. 21,22, and 23, the efficiency and radiator size of isothermal
expansion Tri-cycles with irreversible components. It is seen that such cycles produced
power even when the components have efficiencies as low as 70%, indicating the
feasibility of such cycles. The radictcr parameter at these values of component efficien=
cies is comparable with those of the Brayton Cycle. Foam MHD generators operating as
isothermal expansion Tri-cycles are capable of favorable operation.

The higher efficiencies and lower values of Z are in part caused by the fact that
all of the irreversibilities in the expansion process appear as reductions in the amount of
heat which has to be added. This built-in reheat factor greatly enhances the isothermal
expansion Tri-Cycle. It is to be noted that this cycle can be approximated by a foam

MHD generator built internally in a nuclear reactor.

The Possibility of Foam MHD Generators

Before the advent of MHD power generation, isothermal expansion was as
idealized a process as isothermal compression. It appears possible to build an isothermal
expansion MHD generator by expanding a foamed liquid metal in a combined nuclear
reactor and MHD generator. Such a device would utilize the high electrical and thermal
conductivities of the continuous metallic matrix while still utilizing the compressibility
of the gas. High velocities can be obtained by having only gas touch the walls, thereby
avoiding the large viscous forces associated with condensed phases. Foams may be made

in any of three ways.
16




One way to produce a foam is by the expansion of a saturated liquid to o lower
pressure. The liquid would proceed to boil, with the bubbles hopefully uncoalesed.
Expansion of a saturated vapor into the two-phase region is also possible, however, it
is highly difficult to obtain a foam at the small percentages of moisture which would
result,

A second method of feaming is by injecting o condensable vapor into a liquid
metal. The vapor must be condensable in order to eventually pump the mixture (or
separate substances), back up to the high pressure before expansion without an undue
amount of work. Foam pumps are highly inefficient and extremely difficult to operate.
The easiest way to compress the working substance in a foam MHD generator is to con-
dense to vapor portion of the foom, separate the two fluids and then pump the resulting
liquids. Simple two-fluid foamable and condensable pair of substances include the
combination of mercury (with appropriate wetting agent) and water, or dow~therm, or

organic liquids.

Dissociation Cycle Description

Space power conversion systems are faced with an additional thermal limitation
besides those which confront ordinary ground based systems. This is the rodiator size and
weight. A one megawatt power generator operating on a Carnot cycle with a minimum
size constant temperature black radiator will require 1250 ft.2 of radiating area when
the maximum temperature of the working fluid is 2000°R. Since non-isothermal fins will
be used to reduce the radiator weight, ipower plants in the 10 to 20 MW range will have

. |
heat rejection radiators approaching a foof)bcll field insize. Hence , engineers
. .

S
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have sought power cycles with high component efficiency, and high working fluid
temperature levels. Most of these cycles have been based on the Rankine and Brayton cycles.

Metallic vapor Rankine cycles using vapor turbines suffer from the corrosive effects
of the hot reactive metals and the wet vapor in the turbine, and the bearing problem.

Brayton cycles suffer from the increased size of the radiator due to the variable temperature
of heat rejection and the problems associated with hot rotating machinery. The use of a
MHD generator in place of the turbo-alternator can eliminate the hotter rotating machine
but still leaves the compressor problem. A more desirable cycle would have the compression
portion of the cycle operate on a condensed phase, possibly an electrically conducting

fluid which would permit the use of an electromagnetic pump with no moving parts, while
still retaining a dry, and non-corrosive gas during the expansion portions of the cycle.

Such a cycle has been found.

The cycle is based on the thermal decomposition of a metal hydride (LiH in particular).
Metallic hydrides are electrical conductors in the molten phase, decompose to give off
hydrogen, and recombine readily. A schematic diagram of a simple lithium hydride cycle is
shown in Fig. 24. Co ‘ !

The pressure of hydrogen over a Li-LiH mixture ot 1610°F is one atmosphere (9). At
this temperature a mixture of lithium and lithium hydride will change from a 25% to a 95%
fraction of lithium to hydrogen atoms when heated. The difference in the hydrogen atoms

percentage goes into gaseous hydrogen. At the melting point of LiH (1270° F) ,

the dissociation pressure is 0.64 psia. A dissociation pressure of 1 psia occurs at

18
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1310°F. Thus lithium hydride can be "boiled” at 1610°F and “condensed” at 1310°F

with a pressure ratio of the hydrogen vapor of 14.7:1. Such a pressure ratio permits the
use of either a gas turbine or a MHD generator. These temperatures appear feasible for
a high performance high temperature alloy gas turbine. Considering that only a limited
number of turbines (compared to jet engines) will be required for space flight, more ex-

pensive alloys may be allowable for the high temperature blades. While these

temperatures may appear low for MHD generators, superheating the hydrogen above
1610°F to temperatures where the hydrogen (plus seeding material) becomes electrically
conducting) is more favorable than with corrosive metals and metalic vapors. Also,
MHD generators may be operable with mognetically induced non-thermal conductivity
at these low temperatures.

At 1610°F, 26,418 BTU/#H, will be required to decompose the lithium hydride.
A 75% efficiency generator or turboalternator operating on a 14.7 pressure ratio on hy-
drogen entering at 1610°F produces 2961 BTU/#H2 of work, assuming a constant ¥ of
1.4 and using the enthalpy change of the hydrogen based on spectroscopic measurements
of the specific heat. The hydrogen emerges from the generator at 777°F. The 1610°F Li
(with about 10% LiH) is taken fromthe separator following the boiler and flows into a
combined conden:f){ ?nﬂi*radmtor. Thls can be accomplished by a distributed injection
of the hydrogen |n;ol;i1e lithium as it passes through the radiator. The radiator will re-

I FI lﬁ\‘“

|
ject about 23 460§BTU/#H2 . A 50% efficient EM pump will require 1.2 B'I'U/#H2 to
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ejector configuration wherever the hydrogen enters the radiator.

The net efficiency of such a cycleis 11.2%. The radiator area parameter is

Z = ¢ Th4A/P.
This value of Z is 16.28, comparable with the value of 16 for a Rankine Cycle, and is
much better than the value of 75 which appears minimum for a Brayton Cycle with
slightly optimistic components and 40 for a Brayton Cycle with similar components in-
cluding a regenerator . It is to be noted that the radiators of a Rankine Cycle and a

lithium hydride cycle will be the same when

Ya
Tin _ ( ZLin
T z
R R

The LiH cycle will have o top temperature only 15°F hotter than a Rankine
Cycle having the same radiator area. This advantage of going to a dry vapor such as

hydrogen should outweigh the 15°F temperature rise.

Thermodynamics of the LiH Dissociation Cycle

The enthalpy of formation of LiH (solid) from Li(solid) and H2 (gas) at 298.16°K
is =21.61 kcal/gm molel?). The decomposition of LiH at 77 °F requires 38,900 BTU/;}#H2
at 77°F. Calling solid LiH the reactant and the combination of solid Li and gaseous H,
the product of dissociation, the change in latent heat of phase change is

% - (Cp)p'(cp)R*B Mgl - ‘“%’rg -g%

20




where Uc =-‘ah)
P T

The hydrogen will always be at a pressure low enough (less than 1 atm. ) so that
it behaves as o perfect gas ,hence the Joule-Thomson coefficient of the gas will be very
near zero. The enthalpy of condensed phases have been assumed to be independent of
the pressure.* This latter assumption probably induces errors of up to 10% in changes in
the latent heat of phase change, but requires additional accurate thermodynamic data in
order to be properly computed. The change in the latent heat is therefore approximated
by

% = (Cp)p - (cp)R

Over the range from 77°F to 1610°F, we obtain

AL 4 H

AT P

where 4 H is the change in enthalpy excluding chemical change. The enthalpy

changes between 77°F and 1610°F including the melting LiH are chown in Table 1(8), (9),

TABLE |
Substance H(BTU/#H>)
H2 5,384
Li 11,930
LiH 28,796

Thus, it requires 26,418 BTU/#H2 to decompose LiH at 1610°F, which is supplied in the

* For liquid water between 200°F ond 300°F puc
25% of Keg.

n dp/dT is 0.168 BTU/F , which is

2
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boiler.

The hydrogen expands in the generator at an {assumed) polytropic efficiency of

75%. The temperature difference assuming a constont ratio specific heat of 1.4 is

BT = "gTin("g‘) )

where P is the pressure ratio, 14.7 in this case. For these conditions & T= 833°F.

b4

-]
b4

The generator then discharges hydrogen ot 777°F. The net work produced is 2961 BTU/#H>.
Since the radiator discharges the LiH at 1270°F the LiH must be heated to 1610°F.
It is possible to partially accomplish this by use of a regenerator using the molten lithium
emerging from the separator, however, the additional piping may not become justified
on a weight basis. The enthalpy to be added to the feed LiH by a preheater operating
between 1270 and 1610°F is 5046 BTU/#H,. The preheater operating with a 20°F
temperature difference regenerator would save 2221 BTU/#HZ. The pump work is
vahp/m p' which is 1.2 BTU/#H, for a 50% efficient pump.
The thermodynamic efficiency becomes

n = 2960 =0.112
26,418 + 5046

The radiator area parameter Z is
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where @ is the temperature ratio

(2] =

The numerical value of Z is 16.28.

TC/I- h
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ENTROPY INCREASE IN SUPERSONIC MHD GENERATORS

Generator Performance

There are three sources of entropy increase in supersonic MHD generators, joule
heating, diffuser losses, and boundary layer phenomena. It is assumed that the MHD
interaction parameter is much larger than the friction factor and Stanton number so that
boundary layer phenomena can be neglected compared with the other sources of irre-
versibilities.

The loading factor K which is the ratio of the voltage across the electrodes to
the open circuit voltage, is the local efficiency of the MHD generator as seen by an
observer moving with the gas. The usual thermodynamic definition of efficiency is based
on the work obtained during processes between stagnation states. Since the complete MHD
generator includes the nozzle and diffuser, the thermodynamic definition can be applied.

The nozzle is assumed to be isentropic, the generator is characterized by its

efficiency, K, which is defined as:

K = hb B hc
hy = heg
for constant specific heat K becomes
kK = b~ T
T - Tes

The irreversibility appears as the temperature rise, Tcs -T which is the result

of the induced joule heating. Assuming that the temperature changes are small in com-
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parison with the temperatures themselves permits the use of the Maxwell relationships

to compute the temperature change due to entropy production, see Figs. 25 and 26.

3$ = ©Sp
31 T
[
hence AS = ¢
L a7
T
and AT = T as
o
therefore since
K = ATbt:
A
Tbc+ chs
= A T -
Achs be (1-K)/K
bs T oy AT (1-K)/KT

The polytropic stage efficiency of the generator is
"JP = A Tod

The power extracted is

hence A T0 d =

W
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therefore
n p = AT
AT+ ATdds
. T _
since dds To A S/‘=p
= ]
ng -
1+ To (1-K)
KT
where To is the stagnation temperature,
Too - 1+ 221 M2
T 2
yielding
1
n = 2
P 1+(1+ -1 M ) (1-K)/K
2
n,o- K
1+ ¥ -1 M2 (]‘K)
2
n_ = K
P 1+ vZ (1K)
2cp T

E Entropy Gain in Subsonic and Supersonic Diffusers

The percent of stagnation pressure loss in subsonic and supersonic diffusers was

plotted as a function of Mach number“o)’ (”)'see Fig. 27. Best values were chosen

from the reported data available. The data are represented to within 10% by the equation

1.
P = 0.056M 8
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where P is the percent of the initicl stognation pressure lost in the diffuser.
The entropy production accompanying an adiabatic pressure decrease is

AS = -Rln
pfinal/Piniﬁol

The stagnation pressure ratio is

1.83
Pﬁnal/p initial ~ 1-0.056M
Linearizing the logarithim of the pressure ratio gives
1.83
85 = o.056m '
R
The entropy production can also be written as
A = T (-
1,85 o ( o )
where
- AT .
nD 2 cp T isentropic
v2
The Overall Generator Efficiency
It has been shq\lwn that
[ |
|
! = -
i Sgen cp(l K) aT
| —
i
and 1.83
A Sdiff. = R(0.056M )
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The overall efficiency is

n = AT
A T-+JL 8S
°p
n = AT
AT+To(1-K) o T+RT,(0.056M ! -83)
T K
K
n = 1.83
K{l+y -1 ) (1-K) + KRT (0.056M )
2 M c. AT
P
n = K
2 P
ATy

The polytropic stage efficiency is related to the overall efficiency of the

generator by the following set of relationships:

To A Sgen = c A Tgen (- n)/n
since the dissipation
P = T 4 S
o
equais < AT = cp A Tgen (- n)/n
|
hence t
n | = AT
overal YT YA /cp
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A
TO( 4 Sgen * Sdiffuser)

T (¢ AT(Y- T)+RIn out
oy 8T0=m)/ (n T Ry o/

]
H"b/c AT
P

]

overall

1
1+ (y-1)T, In Poout/p, in
AT
np 4

The loading factor, K, is shown in Fig. 28 as a function of the overall device

efficiency for various Mach numbers and temperature ratios.

An alternative description of the diffuser irreversibility is the thermodynamic

efficiency of the diffuser

(12)
-1
c, AT 7___
= pcD  _ y=1 M2
P in
y -1 M2
2

The overall generator plus diffuser efficiency is then

Both figures of m

used to describe the

l‘/‘

‘7

1

erit, efficiencies and percent loss of stagnation pressure are

|

p?l‘

overall 1 -
v ﬁg- + 1p) A Tdiffuser
a Tgen.

!

)

| :

formance of supersonic diffusers. Since the reported values are

|

| l
based on the same orig‘ir‘wl data, either description can be used.
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THERMAL INSULATION AND BOIL-OFF RATES FOR SUPERCONDUCTING
MAGNET CRYOGENIC TANKS

Multiple Radiation Shields

By

v e e e e e e e s e e i

It is apparent that superconducting magnets will be needed for MHD generators
for space application . Ordinary temperature air core copper magnets and cryogenic
air-core aluminum and sodium magnets weigh an order of magnitude more than super-
conducting magnets in the size of interest(ls) . Large superconducting magnets have not
actually operated to date, but every expectation is that superconducting mognets pro-
ducing 20 to 80 kilogauss over a volume of several cubic feet will be available con-
currently with the other components of MHD generotors(M) .

The particular insulation scheme under consideration is that of multiple
radiation shields. Consider a number of parallel evacuated gaps, each enclosed on
both sides by surfaces of low thermal emissivity, see Fig. 29 . Since the incoming
and outgoing radiation are from similar surfaces whose temperatures differ only slightly
then the emissivity and absorbtivity will be equal.

Between each pair of surfaces the radiant flux, which is the only energy flux,

is given by:

a-cbT
AT
ea €p
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and that the material has been chosen such that
e {1

therefore the interchange factor
-1

( 2 .
€
is best approximated by

—&
2

For gold or silver plating ¢ = 0.01 10 0.02 . For ¢ =0.02
-1
2
(-e' - ‘) = 1= .o0101
99

Which is within 1% of € /2.

It is to be noted that for large ¢
-1

[+ -

-1
(_2,_-1) - 2e-1
€ .

l
()

and when ¢ - 1.0

and e?2 _32¢ -

These other approximations are quoted here in order to relate the present
approximation to others, which are valid in otherregimes, with which the reader may

have more familiarity.
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The net heat transfer is then

In the steady state all of the heat fluxes are equal. Adding the T4‘s yields

4 4_2 A
- T = £~
Th 3 Oe q
4 4.2 A
TS'T2 e gq
A_14_2 A
EE
4 4_2 A
4ot A
q
14.14=N2 A
h < ﬂq

where N =4, the number of spaces. In general then

%=o(e/2) AT4
N

For an area of 6 ft.z to be insulated with a multiple radiation shield of low
emissivity € = 0.02, the heat transfer per year (104 hours) is

4
Q@) = 1076 a1 x4
N
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Transient Boil-Off Protection

A hydrogen dewar surrounding the helium bottle with only one radiation gap

results in a heat transfer rate per year of:

Q = 1.68 BTU/Yeor
enough to boil 0.15#He. Conduction heat leaks in the structure will also be of this
order of magnitude, hence the helium boil-off rate of a pound or so per mission can
easily be maintained by use of a hydrogen dewar.

The hydrogen dewar con be surrounded by an oxygen dewar at 90°K. The heat
transfer to the hydrogen, fora 6 ft.2 dewar, is 687 BTU for 1 year with only one
radiation gap. The evaporation rate of hydroge;m will be 3.45# /year, which appears
tolerable. Allowing for conduction heat leaks in the structure of the same order of
magnitude still permits favorable weight loss per year of operation.

The liquid oxygeﬁ can, in a like manner, be protected by a water jacket. Here
the heat transfer rate without added radiation shields is large, 62,500 BTU/year under
the same conditions as above. 6%4# of oxygen would boil off in a year. Six radiqti;n
shields would reduce this to 116#/year, which may be tolerable. This oxygen may also

be used to condense some of the water evaporated in the water jacket.

Superinsulation

Linde Superinsulation SI-4 has an apparent thermal conductivity in vacuum of
2x1 0-5 BTU/Hr.FT°F (15) between room and liquid hydrogen temperatures. One~-tenth |
of a foot (1.2") of S1-4 will result in about 920 BTU /year being conducted to a hydrogen
2

dewar from a water jacket. This heat flux through a conduction cross section of 6 ft
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will result in 27.5¢# of H, being boiled off per year. S1-4 insulation then appears
preferable to other insulation techniques.
Due to structure, SI-4 can be considered as a close packing of radiation shields.

Equating the two methods of computation of heat transfer, shielded radiation and conduction

gives

X = aN

a =2kaAT
ac—:A;I
= 102 .

for € =0.,02,

Thus SI-4 is equivalent to radiation shields placed 1400 of a foot apart.
Assuming that an insulating material can be built for which this relation holds above
room temperature o say, 1500°R, 6" of it will contain 50 shields, and will permit
a heat transfer of 10° BTU/year for 6 square feet of exposed surface. This heat is
sufficient to evaporate 108# of water per year, an acceptable amount.

The power cycles being considered have the working fluid emerging from the
pump or compressor of temperatures around 1500°R. It appears possible then to use the
hot walls of the generator as a preheater for the working fluid so that temperatures of
the order of 1500°R (2000°R maximum) appear os the hot temperature which the helium,

which is keeping the magnet superconducting, must be protected from.
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This anclysis has shown that an insulation construction of

6.

Vacuum space (gold plated).

Liquid hydrogen container.

1.2 inches of SI-4.

Water jacker (40°F).

6 inches of SI-4, or 50 radiation shields.

Condensate preheater.

is sufficient to maintain the superconducting property of the magnet. The boil-off rate

per year for six feet of area of heat path is: -

108 #water
0.6# H2

.35# He

which appears tolerable. These evaporation rates will probably be less thon the

evaporation losses due to conduction through the structure, however, using them as a

guide indicates that for missions of duration of 1 year, and for one to ten megawatt

MHD generators transient boil-off appears as a feasible mode of operation.
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Multiple Radiation Shield Insulation

The heat transfer rate in an evacuated multiple radiation shield configuration,

such as shown in Fig. 30, is
- g e
—1— T =g 0 (T4 )

Assuming 10_3 ft. (.012 inches) as the minimum thickness of a foil that will

3

withstand the severe mechanical conditions at launch, and 1077 ft. as the minimum

allowable spacing, considering the possibility of the foils touching, the insulation will
have 500 gaps/ft. An average emissivity of gold is 0.02. Allowing.2 inches of insu-
{ation between the hot (assumed 2500°R) MHD generator surface and a liguid water
heat sink at 500°R the heat transfer rate for a 5 ﬂ'.2 section is 390,000 BTU/yr;
enough to boil 430 Ibs. of water/year.

In order to reduce this amount of boil-off the water vapor can be passed through
a passage in the layered insulation which is at 2000°R. Placing 50 radiation gaps be-
tween the 2500°R heat source and the 2000°R layer results in a heat flux of 384,000
BTU/yr. between the MHD generator and the passageway at 2000°R. The 50 gaps will
occupy 1.20 inches. Allowing 160 Ibs. of water/yr. to evaporate results in a heat sink
of m o A T in the passageway. The heat transfer rate out of the water vapor passage~
way will be m cp A T(240,000 BTU/yr.) less than the rate in. Thus,
144,000 BTU/year will be transferred to the water jacket, which will boil the water at
the rate of 160 Ibs., which is required. Ninety gaps are required between the 2000°R

passageway and the 500°R water jacket, occupying 2.16 inches.

36




The heat transfer rate to the hydrogen container will be of the order of the un~
cerfainties in the above calculation and has been omitted from the analysis of the water
boil-off rate. Ten radiction gaps are sufficient to reduce the hydrogen boil-off rate to
6 lbs/year if regenerative cooling is used where the hydrogen gas passes on the cool
side of the water jacket, and 40 lbs/yr. if the hydrogen boils and is jettisoned directly.
The ten gaps would occupy 0.24 inches.

The heat transfer from the hydrogen tank to the helium reservoir across a single
gold plated vacuum gap would be 1.5 BTU/yr., o negligible amount.

Thus it is seen that the use of 3.4 inches of vacuum -foil sandwiches will result
in the evaporation of 160 Ibs/yr. of water, 6 lbs/yr. of hydrogen, and a negligible
amount of helium. In addition to the heat fluxes calculated here, there will be heat
fluxes due to conduction along supporting structurz. This conduction through the
structure, which must bear the force induced on the mognet by the generator, is diffi-
cult to estimate. If the heat leak by the structure is (340,000 BTU/yr.) between the
500°R section and the hydrogen vessel then an additional 20 Ibs/yr. of hydrogen will

be consumed. The total weight loss will be less than 200 lbs/yr.
N

Active Refrigeration

It is worthwhile noting that the power required to remove one watt from liquid
hydrogen temperature to room temperature (300°K) is about 100 waﬂs(]é) . Sucha
cryostate would weigh about 30 Ibs/watt, and the weight penalty of 5 lbsﬂ<w(]7) for
the power generated would be 1/2 Ib. /watt of cooling. A 100 watt radiator operating
at 540°R would V{eight about 8 Ibs. Allowing additional weight for plumbing , valving,
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etc. it appears that 10 Ibs/watt is the order, of the weight penalty for removing heat
from liquid hydrogen temperature and rejecting heat ot 300°K. A 50 watt "heat leak"
would only cost 500 Ibs. of additional equipment. A hybrid system combining both
transient boil-off (needed during launch and until the MHD system starts operating) and

refrigeration might prove worthwhile. Additional work is needed here.

Optimum Heat Rejection Temperature

The mechanical efficiency of a refrigeration cycle can be defined as the ratio

of the reversible work required divided by the actual work required by the refrigerator:

M = erV/wocrual

Fig. 31 shows a plot of M as a function of the refrigeration temperature for systems
which reject heat to room temperature reservoirs(1¢) . The data can be represented by
the line

M = 91.07

h e = .
wher e Tre |ecf/T refrigeration

A reasonable approximation is

M =0
Loy |
e=‘l’hol'/.rcch:

\

where |

The coefficient of perforlmonce is l

|
Y 'cop = -Q\ Mork

in

The refrigerator work be;

)
<
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or W 8 (1-8)
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The heat rejected at the hot temperature becomes

Q.
LT IR I | ]+9.92
Q, Q;,

which for large 8, can be approximated as 0 (1-8 ) , the work input.
Radiator weights for refrigeration systems cooling at 36°R (liquid H, temperature)
should weigh about

1000(6-1 !
Ts('—‘) /watt of cooling

which is 103/92 for large @ . This shows that the radiator area diminishes as 9-2

since the heat transfer area varies as 0-4 while the heat transfer varies like 92 .

The weight of the radiator plus extra power supply, at 5#/kwe (14), is

wt _ a3 -3
— T 2 (e-1) +5x10 “(e-1)
Qin o3

The weight per watt of cooling has a minimum at

dwt'. / Qin
de

+

=0

which is at
6 kY
0=10° (2-3 /0) + 5( 1 -20)
3

For large @ the term 3/0 is sma!l compared with 2 and 20 is much larger than unity,

39




o

‘-..« IR .

hence

4= 2410

and
e =21
justifying 2> 0.14and 42> 1.
The hydrogen refrigerator should then reject heat at 756°R, with a weight of .45¢/
watt of cooling. A 50 watt heat transfer rate will require 225 Ibs. of power supply and

radiator, a tolerable amount.
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THE INFLUENCE OF NON-CARNOT PERFORMANCE ON THE TEMPERATURE RATIO

OF VAPOR CYCLES

It is known that the requirement of minimum radiator area per net power output
determines that the temperature of heat rejection of a Carnot heat engine is three-fourths
of the temperature of heat admission. Rankine Cycle performance can be closely
approximate as being proportional to that of a Carnot Cycle. Defining the

proportionability factor as

N= n/nq
[

The efficiency of the Rankine Cycle is

u

N(1-To/T))

The heat rejected is

Q

r

"

P(1- n)/n

where P is the net power produced by the cycle. Since the weight per unit of heat

transfer is inversely proportional to Tc4 (]8), the minimum weight of the system requires
that
X
T4
c

be a minimum.

Defining a dimensionless radiator area parameter as

z = or1'ap

4)
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one obtains for a thermally black rodiator

nrs
L

S 4

& z =1 (1~ n)
z g "

fz

i

Calling the temperature ratio

e

one obtains

z = (/N- weyn-eet

The requirement of that Z be a minimum for a given N is

P Tadanian apu
%

4 3ZY. o
; 38
2 N
3
Which results in the quadratic equation

R Ty

0%0(5/,N-2}+1-1 /)y = 0

with roots

£

8 = 8N-5t /25-16W

8N

as was shown by Pitkin (19),
The positive roots of this equation are shown in Fig. 32.

The asymptotic values of 8 are 3/4 at N = 1 {Carnot Cycle) and 4/5 at N=0.

The thermodynomic efficiency at optimum 8 is

Mopr.= (5 V25-16N) /8

42




VRITEE

Y

I

gl oo

Rl

o

e

bl

and is shown in Fig. 33. Fig. 34 shows the value of Z corresponding to the optimum
temperature ratios. Z has an asymptote of 9.481 ot N =1,

Metallic vapor Rankine Cycles whose efficiency lies between 70% and 90% of
the Camot efficiency corresponding to the boiling and condensing temperatures of the
Rankine Cycle will have values of Z between 15 and 10 respectively. The corresponding
values of € lie between 0.77 and 0.76 , thus a @ of 3/4, which corresponds to a Carnot
Cycle is an adequate preliminary design point for actual systems.

Fig. 35 shows how the radiation parameter, Z, depends on 8 for various values of
N. It is seen that the Z possesses a fairly flat minimum with respect to 8, and that this

minimum increases slowly with decreasing N.
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SUMMARY

The thermodynamic performance of gas power cycles is analyzed in terms of the
temperature limited components and the radiator size. Optimum Brayton Cycles with
and without regenerators were found to require radiators 3 to 5 times os large as Ran-
kine Cycles with the same maximum temperature of the working fluid. A new cycle,
the Tri-Cycle, was synthesized. An optimum Tri-Cycle with 80% component effi-
ciency, will only require a radiator which is 2 ]/4 times as large as a Rankine Cycle
with the same top temperature. Equal radiator areas result when the maximum tem-
perature of the working fluid is raised according to the fourth root of the equal-
temperature condition radiator area ratio.

A new cycle was discovered which operates using a chemical reaction which
produces gas. Using such a reaction, a completely dry vapor expansion can be ob-
tained while still retaining a condensed phase in the compression process. Using
lithium hydride dissociating at 1610°F and recombining at I3lO°F, results in an 11%
thermodynamic cycle efficiency. The radiator area is only a few per-cent larger than
that of the optimum Rankine Cycle operating with the boiler at the same temperature.
Such a cycle is useful for gas| Iurbmes as well ‘os for MHD power generation techniques.

W 1 | I\l | 1 .
Entropy generallﬁn |rn MHD| generato J;and supersonic diffusers were analyzed.

ik “«‘.‘A oL

Expressions for obtalmng fﬁeﬁv‘emll polytro;rc efficiency of the MHD generator in
terms of the Mach Numdl%aer, teyr::;l:eraiu’re dr:);p of the gas, pressure ratio, and loading

factors were obtainedl. ’{iUndert typical)gcondltions the loading factor is greater than the
device polytropic efficiency b%y}.’u\e six th. \l‘

“, 11“ ‘ |

|
i
i
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\i/arious means of thermally insulating the superconducting magnet from the
hot MHD generator were examined. Both transient boil-off and active refrigeration
systems were analyzed. Refrigeration power and radiator weight were used to
minimize the weight penalty of active refrigeration. Since the helium boil-off
rate due to heat transfer from an enclosing hydrogen dewar is so small active refrigeratic
of liquid hydrogen was considered. The optimum temperature to reject heat at is

about 300°F, with a weight penalty of 4.5#/watt of cooling at 36°R.
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Figure 27. Percent of stagnation pressure lost in compressible flow diffusers as
a function of the diffuser inlet mach number.
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Figure 28. Over-all efficiency as a function of loading factor for various mach
numbers and temperature ratios.
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Figure 29. Radiative heat fluxes between parallel planes,
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Figure 30. (a) Multiple radiation shield construction - ribbon wound on pins,
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Figure 31, Mechanical refrigerator efficiency as a function of temperature,
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Figure 34, Radiator size parameter, Z = T A ) » for minimum radiator
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Figure 35. Radiator size as a function of 8 for tlx;vo values of the mechanical efficiency.
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