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ABSTRACT

This report discusses the progress made in the first half of a one-year design study of
nuclear-electric propelled unmanned spacecraft using a magnetohydredynamic (MHD) power
system. The study guidelines and approach are defined here, and the characteristics of one
launch vehicle, the thruster subsystem, and the payload and communications system are

presented,

The MHD power conversion sysiem is described and methods used to calculate MHD system
parameters are discussed. This report includes a discussion of the arrangement and
structural arguments used to select system configuration, The system startup technique

is identified, and the detailed design and weight summary of the baseline 300 kWe system

are presented,
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1, INTRODUCTION

On May 26, 1969, the General Electric Company began a design study for the magneto-
hydrodynamic (MHD) power system for a nuclear-electric propelled unmanned spacecraft.
This work is being performed for the Jet Propulsion_Laboratory under contract number JPL
952415, and is based on MHD system technology being developed by the Jet Propulsion Lab-
oratory. . The purpose of this study 1s to provide size, weight and mission performance
estimates for nuclear~electric propelled unmanned spacecraft using MHD power systems.
rated at 100 kWe to 3 MWe. This study is also intended to guide future MHD development
by discovering specific requirements associated with spacecraft power system design, The
spacecraft design of principal interest is one whose unconditioned power ouiput is a nominal
300 kWe). The weight goal for this spacecraft is 10, 000 pounds including reactor, shielding,
MHD conversion equipment, power distribution and conditioning equipment, thruster sub-

systems, and structure,
The work of this study program is divided into four principal tasks:
"a, Taskl - System Evaluation ~ The purpose of this task is to establish guidelines

and design requirements for the program and to measure the designs generated in
the program against these guidelines and requirements.

b, Task 2 - Powerplant Design - The purpose of this task is to provide the engineering
analysis and design information necessary for spacecraft design layout, This wil]
include parametric analyses to identify the influence of major plant variables on
powerplant and spacecraft characteristics. This task also includes evaluation of
the effects of changes in technology levels associated with the powerplant components,

c. Task 3 - Spacecraft Design - The purpose of this task is to define the arrangement,
mechanical design and weight estimation for the MHD spacecraft designs.

d., Task 4 ~ Mission Analysis and Engineering ~ The purpose of this task is to perform
the analysis necessary to evaluate the mission capabilities of the various spacecraft,
and fo perform a preliminary assessment of prelaunch, launch and flight operations,
specifically with respect to aerospace nuclear safety.

In the first half of this one-year study a baseline design spacecraft and powerplant were
developed. This baseline design is a 300 kWe system and assumes reasonable extension of
component technology based on current test work. In the second half of the year the space-

craft and the powerplant design will be varied parametrically to evaluate the effects of changes



in output power level and operating parameters, and to evaluate the effects of improvements
in the technology of key components, At the end of the year-long Phase I, a reference MHD
spacecraft design will be selected, Phase Iis then to be followed by a Phase II study, of
about a year's length, in which this reference design will receive detailed design analysis

including startup and control analysis,

The MHD spacecraft study is being performed concurrently with a design study of a thermionic

reactor power system for muclear-electric propelled unmanned spacecraft, (JPL Contract
No. 952381). Wherever possible, design bases for the MHD spacecraft are being made the
same as those for the thermionic spacecraft 1n order fo provide a clear comparison of these
two power systems. In particular, the MHD spacecraft baseline design is using the same

payload thruster subsystem and mission profile as the Phase I thermionic reactor spacecraft,

The MHD spacecraft study is proceeding on schedule, The computer programs for MHD
generator and cycle analysis have been received from JPL and converted to basic FORTRAN
IV for use on the IBM 1130 computer., Preliminary startup and reactor characterization
have been completed, Configuration tradeoffs were made to select the most efficient overall
spacecraft configuration for development of the baseline spacecraft design, The computer
programs were combined into & single MHD system program with added models to calculate
key variable weights., The MHD System program was used to generate parametric data and
the baseline design paramefric were thereby selected, The baseline design has been drawn

up and its weight calculated,

v
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2, TECHNICAL DISCUSSION

2.1 MHD SYSTEM REQUIREMENTS

2,1,1 BASELINE DESIGN GUIDELINES

The system requirements and design guidelines for the baseline design have been identified;

they are:

a, Power Output - A nominal 300 kWe adjusted as necessary to match thruster system
and other load requirements

b. ILaunch Vehicle - The Titan IIIC-7

¢. Mission ~ Jupiter planetary orbiter. Startmng from a 750 nm earth orbit, the space-
craft will use low, ion thrust to spiral away from earth, reach Jupiter and decel-
erate into Jovian orbit. The estimated time periods and power levels are as follows:
Mission Mode ; Power Level Time

kWe) (Days)
Spiral Escape from Earth 300 50
Accelerating Thrust 300 160
Coast 30 120
Decelerating Thrust 300 270
Jovian Orbit Operation 30 (one orbit, 17
days minimum}

d. MHD Cycle -~ One stage with two nozzles using impinging stream separation

e. Cycle Inlet Temperature - 1800°F (corresponds to reactor outlet temperature 1n
2 one-loop system)

f.  MHD Loop Containment Material ~ Cb-1Z%r

g. Radiator Type - Triform, stainless steel heat pipe

h, Permanent Shield Materials - Lithium hydride and tungsten

Radiation Dose Limits for Payload, Power Condifioning and Communications
Equipment -

Neutron 1012 pvt > 1 mev

Gamma 107 rad

Xe
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Meteoroid Survival Criteria - The meteoroid model 18 based on the following:

1. Penetration Model

0. 352 1/6 0,875
m p, v

= 0.5

2. Meteoroid Flux
B

p= o m
3. Non-Puncture Probability
p) - e 84T

4, Effective Thickness

teff = (0,432 t(Jupiter)
where
t = radiator armor thickness, cm
Py, = mefeoroid density, g;n:L/cm3
m = meteoroid mass, gm
v = meteoroid velocity, km/sec
o = empirical coefficient
B = empirical exponent
P © = non-puncture probability
) = cumulative meteorod flux, number ‘r_)a:t'tic:les/m2 sec
A = projected vulnerable area of the spacecraft (radiator), m
T = exposure time, sec

Assumed Values

py = 0.5g/cm’ @ = 6.62x10715
v = 20 km/sec B = 1.34
T = 17.2x107 sec P = 0.9

(20, 000 hr) ©)

2



2.1,2 ALTERNATE DESIGN GUIDELINES

The requirements and design guidelines for the alternate designs differ from those of the

baseline design as follows:

a. Power Oufput - 100 kWe, 300 to 500 kWe, and 3 MWe

b, Launch Vehicle - Titan I[IC-7 and Saturn V

¢. Missions
1. 100 kWe to escape on Titan IIIC-7
2. 300 to 500 kWe to low orbit on Titan IIIC-T7
3. 300 to 500 kWe to escape on Saturn V
4, 3 MWe to low orbit on Saturn V
d. MHD Cycle - 1-6 stage

e. MHD Cycle Inlet Temperature — 1600 to 2200°F

f, MHD Containment Material - One advanced material

g. Radiator Type - Flatplate or triform, stainless steel or columbium heat pipe.

2.2 SPACECRAFT DESIGN GUIDELINES

2.2,1 PAYLOAD

The scientific payload and its communications system are assumed to weigh one metric ton,
2205 pounds, and to have a full power requirement of ocne kWe. Reference 1 has identified
tentative payload details which have been adopted for the MHD spacecraft as well, The
communications subsystem is assumed to require 800 of the 1000 W alloted; subsystem com-
ponent characteristics are listed 1n Table 2-1. A payload equipment hay of approximately
nine feet in diameter and af least 15 inches in height can contain the payload equipment
excluding the deployable antenna, and provide adequate surface area for the payload thermal

control radiator.



TABLE 2-1. COMMUNICATIONS SUBSYSTEM CHARACTERISTICS

Low Gain Antenna (Receiving)

Diameter 6 inches
Weight @ncluding cable) 2. 5 pounds
Deployment Structure Weight Negligible

High Gain Antenna (Transmitting)

Diameter 9 feet

Weight (including cable) 31 pounds

Deployment Structure Weight 8 pounds

Power Input 800 watts

Power Transmitted 200 watts

Bit Rate (120 feet diameter re-

ceiving antenna) - 10% pits/sec
Transmitier

Weight 20 pounds

Size 6 x 6 x 20 inches

2,2,2 THRUSTER SUBSYSTEM

The thruster subsystem for the MHD spacecraft has been defined by Reference 2 and has

the following general characteristics:

a., Spacecraft propulsion is provided by 31 equal size electron bombardment ion
thruster engines using mercury as the propellant,

b. Six spare thrusters will be provided for a total of 37 units. Considering switching
and power conditioning requirements, six spares provide one spare for each group
of five operating thrusters.

¢, Thrust vector control will be provided by a three axis attitude control system (two
axis translation, one axis gimbal),

Guidelines for thruster subsystem design are given in Table 2-2, Thruster power supply

requirements are listed in Table 2-3, and subsystem weights are given in Table 2-4,

v



TABLE 2-2. GUIDELINES FOR THRUSTER SUBSYSTEM DESIGN

1. Total Conditioned Power to 240 kW
Thrusters
2. True Specific Impulse 5000 seconds
3. Number of Thrusters 37
4, Thruster Redundancy 20 percent
5. Attitude Control Electric Propulsion System
6. Maximum Envelope Diameter 10 feet
7. Thrust Duration 10, 000 hours
8. Technology Estimated for 1980

2.2.3 LAUNCH VEHICLE INTERFACE

The Titan IIIC-7 launch vehicle will be used to boost the spacecraft mto a 750 nm (design
objective) circular earth orbit. This vehicle is similar to the Tifan IIIF except that it uses
a standard transtage. It is a nonmanrated vehicle and employs the stretched Stage I tanks
and seven segment, 120 inch diameter solids characteristic of the Titan IIIM, The overall

length of the vehicle to the payload separation plane is approximately 117 feet,

2,2,3.1 Physiecal Constraints on Shroud Size

The height of the 50-ton bridge crane above the launch vehicle 18 one identified constraint

on the aerodynamic shroud (hence payload) overall length, At the Eastern Test Range (ETR)
Titan vehicle in place on the Mobile Service Tower, the clearance between the bridge crane
and the Titan IIIC/7 payload interface is only 75 feet while for the Titan IIIC, this clearance
is 88 feet. The decrease in available clearance is due to: (1) 2 5-1/2 foot increase 1n the
length of the first stage, and (2) a 7-1/2 foot increase in launch stand height. The launch
vehicle contractor suggests the possibility of using ETR launch pad 37B, which has been used

for S-IB launches, There would be virtually no height limitations,

On the launch pad, a universal environmental shelter 1s used to provide temperature and
hum:idity control, and RF protecfion, It also acts as a clean room for the transtage and pay-
load envelope. At the present time the limit of this facility is 55 feet, which means that
this 1s the maximum payload plus transtage length which can be accommodated, Longer

lengths will require major construction revisions o the sheiter,
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TABLE 2-3. THRUSTER POWER SUPPLY REQUIREMENTS

o Nominal Rating Max Rating <
= =2 B .
= 8 5 5B
— m e b
& g Supply o 2 Reg Peak Ampfz) g g
@ Z Name B 8 Volts Amps Watts (%) Ripple Volts Amps Lamit S &
1 Screen DC v 2100 2. 32 7200 1.0 (V) 5 3200 2,32 2, 60 2.0-2,4
2 Accelerator DC F 2000 0. 02 40 1.0 (V) 5@ 2100 0.208) [ o, 21 —
0.24
3 Discharge DC v 35 8.3 290 1.0 (V) 2 1508 °@ 10 7.5~9,0
50 mA 37V
4 Mag - Man, DC F 15 0,7 i1 1.0 (I) 5 20 1.0 1.0 _—
5 Cath Hir @) AC F 10 4,0 40 5.0 5 11 4,4 4,1 -——
6 Cath Keeper DC F 10 0.5 5 1.0 (D) 5 1508 1,08 1.0 —_——
50 mA 20V
7 Main Vapor, AC v 0,6 1.0 1 Loop 5 8B [ 2,0 2.2 0.5-1.5
8 Cath Vapor AC v 0.3 0.5 1 Loop 5 8B | 1.0 1.1 0.2-0.8
9 Neut Cath AC F 10 2,0 20 5.0 5 11 2.2 2.2 _—
Htr
10 Neut Vapor, AC v 0.3 0.5 1 Loop 5 g 8} | 1.0 1.1 0.2-0.8
11 Neut Keeper DC F 10 0.5 5 1.0 (D 5 1508 1, @ 1.0 —_—
50 mA 20V

1y V = Variable, F = Fixed

(@) Current Iimit or overload trip level

(3) Current at this level for less than

5 min at low repetiticn rate

{4} Needed only during startup or unitl
discharge reaches 3A

(5) Startup only
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TABLE 2-4, THRUSTER SUBSYSTEM WEIGHTS

Component Weight (pounds)
Thrusters (37) 585
Thrust Vector Control System 548

Miscellaneous (wiring,
adapters, ete,) _100

1,233

2,2.3.,2 Flight Fairing Weight and Payload Penalty

During a "nominal' launch of the Titan IIIF vehicle, the flight fairing is normally jettisoned
at 280 seconds, which 1s just after completion of the Stage I burn, In order fo prevent
freezing of the liquid metal coolant during launch, it may be desirable to retain the flight
fairing as a radiation barrier until after reactor startup in earth orbit. However, this pro-
cedure imposes a severe payload weight penalty which depends on the shroud length (weight)

and the terminal orbit altitude.

Figure 2-1 shows the flight fairing weight and the payload penalty as a function of shroud
length, assuming shroud jettison at 280 seconds into the mission. If the shroud 1s retained
past earth orbital insertion, then the payload weight penalty will be equal to the shroud
weight, It should be noted that as the terminal orbital altitude increases, the payload penalty
decreases for normal shroud ejection since a larger portion of the AV is added after shroud

ejection, The curves are based on the data supplied by the Martin Marietta Corporation.

The effect of shroud retention on payload capability is shown in Figure 2-2, The upper lines
define the Titan IMC/7 payload capability for a 28, 5 degree orbital inclination mission with
shroud jettison occurring at 280 seconds into the mission. The lower curves show the effect

of retaining the shroud through achievement of final Earth orbit,

Under nominal conditions, and with a 35-foot shroud, the vehicle can deliver 30, 000 pounds
into a 630 nm circular orbit, Employing longer shrouds, with jeftison at 280 seconds,

reduces the payload capability (initial mass in Earth orbit) as shown in Table 2-5,
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Figure 2-2. Effect of Shroud Retention on Payload Capability (Titan 1IC/7)

TABLE 2-5. MAXIMUOM PAYLOAD CAPABILITY WITH SHROUD EJECTION AT
280 SECONDS

Shroud Length Shroud Penalty Maximum Payload
(feet) (pounds) Weight (pounds)
60 808 29,191
80 1021 28,978
100 1234 28,765




Alternafively, injecting 30, 000 pounds of payload into circular orbit will decrease the

maximum possible orhit altitude as shown in Table 2-86,

if the shroud is jettisoned after achieving Earth orbit (630 nm), the payload capability will

be reduced as shown in Table 2-7.

TABLE 2-6. MAXIMUM EARTH ORBITAL. ALTITUDE FOR A 30,000 POUND
PAYLOAD, WITH SHROUD JETTISON AT 280 SECONDS

Shroud Length

Maximum Orbit

(feet) Altitude (pm)
60 555
80 530

100 512

TABLE 2-7. MAXIMUM PAYLOAD CAPABILITY AT 630 NM WITH SHROUD

EJECTION AFTER ACHIEVING EARTH ORBIT

Shroud Length Shroud Penalty Maximum Payload
(feet) (pounds) Weight (pounds)

60 3300 26,700

80 4200 25,800

100 5000 25,000

ab



2.3 MHD POWER SYSTEM OPERATION AND ANALYSIS

2.3.1 TWO-COMPONENT LIQUID METAL MHD POWER SYSTEM

2.8.1.1 Power System Fluid Flow

Figure 2-3 illustrates the flow arrangement by which a two component liquid metal MHD
power system can generate useful amounts of electrical energy with no moving parts except
the fluids themselves. As the illustration shows, lithium is heated in a heat source and
injected into expansion nozzles with liquid cesium. Upon mixing in the nozzles, heat transfer
from the lithium causes the cesium to boil. The lithium liguid does not boil but is dispersed
in the stream by the boiling of the cesium. As the lithium breaks up into smaller and smaller
drops its surface-to-volume ratio increases, enhancing heat transfer to the cesium vapor.
The high specific heat of lithium along with a relatively high lithium mass flow fo cesium
mass flow ratio enables the cesium boiling and expansion in the nozzles to take place at

almost isotherma! conditions.
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Figure 2-3, Lithium ~ Cesium MHD Cycle
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_The expansion of the cesium vapor as it travels down the nozzles accelerates the entrained
lithium liquid droplets to high velocities. At the convergence of the {wo nozzles the impinge-
ment of the two streams requires each to undergo a change in direction. The resuliing
lateral acceleration imposed on the flow stream causes its components to separate into
strata with the lithhum collecting in the center of the combined stream and the cesium vapor
moving out to the sides of the stream. The combined lithium streams enter & diffuser where
the stream pressure is raised threefold fo dissolve any remaining cesium bubbles and the
lithium stream then passes through the MHD generator duct where much of the stream's
kinetic energy is converted to electrical energy (see Paragraph 2. 3.1.2 - Energy Conversion,
following), Al the MHD generator exit, the lithium stream passes into a diffuser where most
of its remaining kinetic energy is converted to pressure head in order to pump the lithium

through the heat source and back around to the nozzle entrance with more heat,

The cesium vapor, separated from the lithium streams at the nozzle exists, is passed out
through a recuperator to a condenser, The condensed cesium is pumped electromagnetically

back through the recuperator to the nozzle entrances where it can be vaporized again.

A simpler method of stream separation is used in the single nozzle MHD test system shown

in Figures 2-4 and 2-5, This system, which is currently being used for development testing
by Dr. D. G. Elliott at Jet Propulsion Laboratory, operates at about room temperature with
NaK alloy in place of lithium and compressed nitrogen gas expanding to accelerate the liguid
phase, In this arrangement, the vapor and liquid streams are separated by impingement on

an inclined plate, see Figure 2-5, The single nozzle system, although simpler to construct,
is less desirable because of the skin friction losses the liquid stream suffers in passing across
the separator plate. In the dual nozzle system the opposing streams, moving at equal speeds,
provide the flow diversion thus eliminating this friction loss and improving system overall
efficiency from about six and one-half percent to almost eight percent. Although the dual

nozzle system will require flow balancing, its improved efficiency malkes it the more attractive

design,

2.3.1.2 The Variable-Velocity MHD Induction Generator

The induction MHD generator is attractive becauge it allows:

a. A, C. power generation with a better capability of transformation and conditioning.

2-12
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b. Electrodeless operation in the presence of high temperature corrosive working
fluids

c. Control over the output voltage by appropriate choice of winding turns.

One form of such a generator is essentially a flat development of the more familiar rotating,
solid conduction generator, and consists of a pair of iron stators separated by conducting side
plates to form a duct through which a liquid metal conductor is forced to flow (Figure 2-6).
The stator blocks are slotted to carry windings which produce a travelling wave magnetic
field in the direction of fluid flow, The liquid metal travels faster than the field, causing
currents to be induced in the direction shown. The fluid retardation caused by the currents
must be accommodated by progressive expansion of the channel. Completion of the current

loop, and the resulting magnetic field induces an AC voltage in the windings with, typically,

a resultant power output.

The simple, flat development briefly described above has the very serious drawback that the

original, continuously rotating magnetic field has been interrupted between the cut, and

TRAVELLING FIELD
B(=.t)

FIELD AND
OUTPUT

CONDUCTING WINDINGS

SIDE PLATE

CURRENT LOOP INDUCED
IN FLUID AND CARRIED
IN SIDEPLATES

LIQUID FLOW
(M,U)

BLOCKS

Figure 2-6. Variable Velocity MHD Induction Generator
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" wave, and for a fixed wave amplitude, the winding dissipation increases proportionately with
the number of wavelengths imposed on the generator. The use of a single wavelength
generator minimizes the winding loss, but maximizes the end losses due fo the abrupt
mitiation and termination of the magnetic field. However, analysis (Reference 3) has shown
that, the proper inclusion of a compensating pole in slots at each ead of the generator to-
gether with the design constraint along the generator that cBUS = constant (where ¢ is the
duct width, B the magnetic field rms value at x, and US is the velocity of the zero crossing
of the magnetic field at x), will re-produce exactly the familiar rotating induction machine

voltage,

is the slip between the fluid and wave velocities, and U is the fluid velocity at x, with 8

the value of Wt when the zero field crossing is at x.

The fact that oBU, = constant allows considerable design flexibility. However, if has been
found (Reference 3), for simpler conditions, more beneficizal to hold ¢ constant rather than
B constant, so that the design consiraint becomes BUS = consiant, In the face of frictional
effects, it turns out (the same as the rotating machine efficienty) that the maximum local

internal generator efficiency is

1 -sec

nx: 1+s

with the optimal slip being s = (1 + Haz) where

ob B

ch

L)

is the Hartmann number, with

The fluid conductivity,

o
b the channel height

p = the liquid densify and
C

£ = the skin friction coefficient.
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This optimal s then sets the relation US = Us (U) to produce the maximum electric output,
PO, through the resulting maximum 7 < A first choice of inlet magnetic field B1 then

establishes B = B(U) since BUS = constant, with the final value of B, resulting from opti-

1
mization of the generator efficiency, 1 . This latter optimization results from the fact

that, although P0 increases indefinitely with field, the winding losses start increasing rapidly

at a certain field value,

With the generator width ¢ fixed as indicated above, the duct height distribution is determined
directly from the mass continuity requirement, while the duct length results from electrically
(and frictionally) retarding the fluid at constant pressure and optimal slip to the desired exit
velocity. This exit velocity is such that, with satisfactory diffusion, sufficient pressure is

available to return the liquid to the energy source without pumping.

2.3.2 MHD SYSTEM ANALYSIS

As described in Reference 4, the analysis of the MHD Power System is based on the analytical

approach developed by Dr. L. G. Elliott and others at Jet Propulsion ILaboratory. During
the first half of this study, the computer programs developed at JPL were converted from
CAL to basic FORTRAN IV, combined into a single MHD System program and modified to

calculate other parameters of interest to the spacecraft designer,

2.3.2.1 MHD Generator Analysis

2.3.2.1.1 Generator Analysis Assumpfion - The assumptions employed 1n analyzing the

generator are as follows:

1, The slip and the field are varied to maintain rotating-machine internal electrical
efficiency 77 = (1 + 5) -1 at each point, where s is the slip (U ~ Ug)/Us between
the fluid velocity U and the magnetic field wave velocity Ug.

2. The pressure is constant from inlet to exit of the traveling-wave region.

3., The losses in the generator consist only of (1) fluid ohmic losses from the fluid
current necegsary for the required retarding force, (2) shunt end currents and
eddy currents in the compensating poles, (3) wall friction, (4) winding loss, and

(5) the increase 1 those losses due to the limitations on field amplitude and slot
area from iron saturation. There are no losses from: (1) variation of magnetic

2-16
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field and current density across the height of the channel, (2) boundary layer currents,
(3) increased friction due to MHD effects, (4) ohmic losses in the copper side-
electrodes, (5) departure of the magnetic field from sinuscidal wave-form, and

(6) eddy currents in the walls,

Assumption 1 requires the generator to operate with the product of field and wave velocity,
BUS, held constant from the inlet to the exit of the traveling-wave region, With this constraint,
the current in the fluid is the same at every point as it would be in a constant-velocity
generator and the efficiency of power generation in the fluid is (1 + s)hl at every point. The
possible disadvantage of a constant-—BUS design is that the field m the upstream part of the
generator must be lower than would be optimum at the same fluid velocity in a constant

velocity generator, because of the reduced upstream field required to maintain BUs =

constant while not saturating the iron at the downstream end. The possibility of higher over-

all efficiency with a departure from the constant—BUS case assumed here has not been explored,

Assumption 2 constant pressure in the traveling-wave region, is adopted for simplicity.
There is a possibility of higher cycle efficiency with a pressure rise in the generator,
because of lower velocity and friction loss and because of reduced pressure recovery

requirement in the downstream diffuser, but pressure-rise operation has not been explored.

Assumption 3 is the key one. Five loss mechanisms are adopted as being the only significant
ones. All other losses, six of which are enumerated, are assumed to be negligible. The

arguments for neglecting the six losses enumerated will be reviewed briefly-

1. Field and Current Density Variation Across the Channel Height - The efficiency of
a constant-velocity generator using the exact field equations (both x and y variations
accounted for) was calculated by Pierson (Reference 5) and the results compared
with the "slit-channel case" (B. = 0 and B_ = const) assumed here, Pierson found
negligible efficiency decrease ﬁ{sing the exhct equations when 7b/L <<1, where b
18 the channel height and L is the wavelength, In a typical lithium generator, the

value of 7b/L is 0.2, and there was no movre than 0,1 percent efficiency loss at this
value in Pierson's analysis.

2. Boundary-Layer Currents - Boundary-layer currents of high density flow in the near-
stationary part of the fluid near the wall, I the velocity profile is a fully-developed
1/7-power profile extending to the center of the channel, then the internal electrical
efficiency camnot exceed 0., 78 (Reference 6). But there is evidence (Reference 7)
that the velocity profile 1s highly flattened in the generator, in which case the
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boundary-layer shunt currents may cause only negligible losses. There is also
the possibility of designing the generator with a wall that is retracted from the
boundary of the flow, giving a "free-jet effect which could further flatten the

velocity profile.

3. TFriction Increase ~ Friction increase due to MHD effects has been studied and found
to exist, but only by about 10 percent at ratios of Reynolds number fo Hartmann
number of interest in this application. To account for this and other possible effects,
a factor of increase in friction of 1. 8 is employed in the program.

4., Side-electrode 1osses - The ohmic losses in the canned copper side-electrodes can
be reduced as much as desired by giving them a large cross section, but at some
point they begin to interfere with the coils, Thus, this loss reduces to an optimization
problem between coil loss and axial-conductor loss. Preliminary design studies
have indicated that the side-electrodes can have sufficient area for negligible loss
if skin effect is not too great, but further studies are required.

5. Non-sinusoidal Waveform ~ The loss due to the finite number and width of the winding
slots was analyzed in Reference 8. An efficiency loss of 3 percentage points was
calculated for a generator employing 24 slots., The calculations were pessimistic
in that they did not consider the smoothing out of the waveform that occurs in
practice due to fringing. Hence, a 15 degree spacing between slots can be expected
to give negligible loss compared with a continuous current sheet. In the power
system energy balance, account is taken of this inefficiency by deducting 3 percent
from the generator output,

6., Wall Currents - Operation without wall currents requires achievement of a wall
which is both thermally and elecirically insulating, A slotted, cesium~purged re-
fractory-metal wall with ceramic between it and the stator, and a vacuum interface
with the stator, is one concept proposed; alternatives include bare ceramic walls
and coated ceramic walls.

The net effect of excluding the six losses enumerated is to make the calculations optimistic
by an amount which might only be a few percentage points but could be much larger. Pending
further experiments, the present analysis will be considered to predict the generator perform-

ance ultimately achievable after careful development.

2.3.2.1.2 Generator Program Analysis - Input data for the lithium mass flow, lithium density,

the inlet and outlet velocities and the chosen constant duct width immediately allow calculation
of the duct entry and exit heights, using the mass continuity equation. This is followed by
caleculation of the inlet Reynolds member (based on the inlet hydraulic diameter) and allows

determination of an average, corrected turbulent skin friction coefficient to account for the
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changing duct heighif, side wall contributions and MHD effects on the velocity profile, A
calculation of the fluid input kinetic power to the travelling wave region is followed by a
determination of the assumed constant travelling wave iron gap (based on duct inert height
and wall thickness input data), compensating pole iron gaps and copper coil conductivity

based on a chosen operating temperature.

With a chosen value of inlet magnetic field Bl the inlet Hartmann number can be calculated.
This leads o a value of optimum inlet slip 8, for maximum local efficiency and determination
of the inlet wave velocity Vsl, thus fixing the required constant value of BUS = BlUsl' The
exit slip s o can be calculated iteratively and will then allow determination of the generator
frequency duet length and the gross power output, Calculation of the gap flux voltage induced
per coil turn completes the set of quantities dependent on the chosen value of inlet magnetic

field.

The next section of the program deals eith the coordinates and the value of slip s for each .
copper winding slot, The desired number of glots is an input parameter, but the actual
number may be slightly less due to geometric constraints at the end of the duct. With s
known at a slot, then calculations can be made for lithium veloeity, duct height, wave

velocity, magnetic field, and currents through the fluid and the windings.

The next caleulations are related to the slot dimensions, the sector length over which each
slot is assumed fo be effective, and the electrical aspects of the windings., The slots in the
travelling wave region are treated separately from the end slots which carry the current for
the compensating poles. Advantage is also taken of the less restrictive iron and copper

losses by appropriate shaping and positioning of the end slots in the last section of calculations.

The electrical performance of each winding slot is ealeulated by using the previously computed
appropriate slip value. Results are obtained for the various contributions to the power
balance (including friction and ohmic effects), together with the induced voltage per turn and

the reactive power which dictates the corrective capacitance requirement,

2,3.2.1.3 Generator Variable Sensitivity - Before the generator and cycle programs were

~

combined, the generator program was run with parameter variation to determine variable

sensitivity, The rounded input data for the base case used for this determination are:
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The principal results for this case were:

P, =3.337.9 kW,
indue
P . =8.04 kW,
coil
P = 329.8 kW,
net
P =1248,5 kW, and
reac
net efficiency 7 = 0,730,
net

The program was then run to determine the effect on the base case values of varying one
input quantity at a time. This quantity X (=01, M1, etc. in furn) was varied over a

small range about the base ease value, X to determine a sensitivity factor

ref’

dae < Xref
ax Qref

where Q was an output quantity such as Pne e N " P

and P
he reac coil

The sensitivity actors for Pne in Figure 2-7 show that Ul, Ml and U2 are by far the most

t
influential on net power, while, from Figure 2-8, Ml, U2 and C have the most effect on

net efficiency. These sensitivity factors can be useful for interpolation when a particular

operating point is required.

It should be noted that the variation of X about Xre probably produces values of nne ¢

f
less than the optimum value presumed associated with the reference base case by

adjustment of Bl'
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It was initially rathexr surprising that the wall thickness, twall’ had almost no effect on
Pnet and Moet® Since wall thickness has a direct bearing on lithium duct heat transfer to
the stator block, and incorporation of methods to suppress wall currents, its effects were
investigated further. As seen in Figure 2-9 the principal effects of increasing twall from
one to ten millimeters are to double the reactive power and produce a roughly proportionate
increase in copper coil dissipation. These cause significant penalties in capacitor weight

and low temperature radiator area.

The decrease in P
ne

o P

¢ and nnet are relatively modest, being, of course, directly coupled

coil’

2.3.2.2 MHD Cycle Analysis

A cesium-lithium MHD power system with an impinging-jet separator is shown schema-

tically in Figure 2-10.
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Liquid lithium and liquid cesium enter a pair of two-phase nozzles and mix at low

velocity and high pressure. Heat transfer from the lithium to the cesium vapz;.rizes

the cesium. The two-phase mixture expands to low pressure at the nozzle exits, accelerat-

ing the liguid lithinm to high velocity.
The two-phase jets from the nozzles impinge on each other at an angle, and the inward

momentum drives the lithium drops together to form a coalesced two-phase jet of

substantially reduced vapor void fraction,

The jet enters the upstream diffuser where the pressure of the cesium-lithium mixture
is increased until the cesium is dissolved in the lithium. The liguid stream then enters

the generator.

In the generator the stream of lithium {containing a few percent of cesium) i1s decelerated

by electromagnetic retarding force. The force is adjusted to leave sufficient velocity
for the lithium fo flow through the downsiream diffuser to the pressure required at the
inlet of the heat source. The lithium 1s reheated in the heat source and returned to the

nozzles.

The cesium vapor leaving the impmging-jet separator flows to a recuperator where the
cesum is desuperheated, and where the lithium vapor ig condensed, to the extent per-

mitted by the heat gink capacity of the liguid cesium leaving the cesium pump.

The remaining cesium superheat is removed in a desuperheater. The saturated cesmm
vapor is condensed in the condenser, and the condensate is pumped to the liquid side
of the recuperator by the cesium pump. After being heated in the recuperator the

cesium is returned to the nozzles.

2.3.2.2.1 Cycle-Analysis Assumptions - The assumptions employed in analyzing the

cycle are as follows:

1. The concentration of cesmum diggolved in the lithium is the equilibrium value
for the prevailing temperature and pressure at each point in the system.

2. The nozzle exit conditions are those given by the two-phase, two-component
nozzle program of Reference 9.
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3. Any liquid lithium entrained with the cesum vapor leaving the separator 1s
separated out and returned to the impinging jets or elsewhere in the lithium
loop before the cesium vapor enters the recuperator.

4, A compensated AC generator is used, and the compensating poles coincide with
the upstream diffuser and with the vaned portion of the downstream diffuser.

5. The losses in the upstream diffuser consist of: (1} friction on the walls and
insulating vanes (used for electrical loss reduction) corresponding to 1.3
times flat-plate skin friction and (2) electrical losses due to the AC compensating
field of the generator.

6. The efficiency of the downstream diffuser without vane-friction or electrical
losses is 0. 85,

7. The additional losses in the downstream diffuser are: (1) friction on the
insulating vanes corresponding to 1.3 times flat-plate skin friction and (2)
electrical losses due to the AC compensating field of the generator.

8. There are no electrical losses in the walls of the upstream or downstream
diffusers, or in the generator channel, due to the AC generator.

9. The pressure in the generator ig constant from inlet to exit.

10. The temperature difference between the cesium vapor entering the recuperator
and the liguid cesium leaving the recuperator is 50°K.

11. The cesium pump is driven by electric power from the MHD generator, and
all power dissipated is transferred to the cesium being pumped.

12, The heat rejected by the cycle is the heat required to cool and condense the
cesinm vapor from the recuperator exit condition to the saturated liquid state
at the condenser exit pressure, including the heat required to cool the small
amount of lithinm mixed with the cesinm.

13. The pressure drop across the nozzle injection orifices is b ps1, and the injec-
tion velocity is 30 ft/sec.

Assumption 1, equilibrium cesmm dissolving, implies transfers of several percent of
cesum into and out of liguid solution in fractions of a millisecond. No information is

available on cesium-lithium solution rate, and the validity of this assumption is not known.
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if equilibrium concentration did not occur, the nozzle performance would be improved
but the efficiency of the diffusers would be decreased. Calculations assuming non-
dissolving cesium in a system with a surface-impingement separator showed that the

two effects would be about equal and the cycle efficiency with non-dissolving cesijum
would be about the same ag with equilibrium dissolving., With an impinging~jet separator
however, the upstream diffuser losses with non-dissolving cesium would probably be
unacceptable without some added mechanical removal of cesmum vapor from the jet
before entering the capture slot. Thus, the rate of cesmm dissolving affects the design

of the system, butf it probably does not greafly affect overall cycle efficiency.

Assumption 2, the validity of nozzle exit conditions from Reference 9, is well verified
by experiments with water-nitrogen mixtures. Uncertainties in cesium-lithium pro-
perties, including the dissolving rate, could change the nozzle exit velocity a few percent

from the values given by the nozzle program.

An additional requirement for Assumption 2 to be valid is that the separafor duct must
have about 40 percent more area than the nozzle exit fo allow radial expansion of the

cesium Jet as its velocity equalizes wath that of the slower liguid jet.

Assumption 3 requires removal from the cesium exhaust of a liquid flow equal to 0.5 to
1. 0 percent of the nozzle liquid flow rate, in the case of the best present surface-
impingement separators. Several fimes as much lithmm migh have to be removed with
an impinging-jet separator where a curved target is not available for collecting the
smaller drops. A satisfactory method of returning the collected liquid to the lithium
stream with an impinging-jet separator has not yet been demonstrated; reinjection into
the impinging jets causes increased dispersion. The penalty of liquid remaining with
the cesium might be preferable, since the recuperator liquid-side sink capacity would
increase almost ag much as the added heat load, falling short only by the 50°K minimum
AT (Assumption 10). A velocity reduction factor 1s one of the inputs to the cycle
analysis program, and with this factor the user can supply any penaliy believed attri-

butable to returning the lithinm from the cesmum exhaust. Supplying a factor of 1.0



implies that either there 1s no liquid loss or that all lithmm is returned and remixed

at full velocity with the impinging jets.

Assumption 4, the utihization of an AC induction generator, represents the best choice
both for generator efficiency and ease of power conditioning, A DC generator might he
thought to offer better efficiency, but the voltage across the channel in a DC generator
causes shunt end currents extending farther upstream and downstream than can be
suppressed by insulatiag vanes of reasonable length. An AC generator, on the other
hand, operates at ground potential throughout the fluid, except locally in the compen-~

sating poles where relatively short insulating vanes can suppress the losses.

The second part of Assumption 4, overlapping of the compensating poles and diffusers,
represents a logical combining of processes within & single region to reduce friction

losses.

Assumption 5 restricts the upstream diffuser losses to 1. 3 x flat-plate friction, plus elec-
trical losses from the compensating flux. The friction losses observed in the limited tests
conducied to date with vaned upstream diffusers could be correlated by applying a factor of
between 2 and 3 to flat-plate friction, or they could he correlated by an impact loss in
which all of the flow intercepted by the _ 0. 02-inch thick vanes (5 percent of the total
flow) was stagnated, Another source of loss, and perhaps the most likely, is two-phase
slip or shock effects at the diffuser entrance, Whatever the loss source, Assumption 5
postulates a reduction i upstream diffuser loss from an observed 2, 5 X, to an assumed

1.3 x, flat-plate friction.

The elecfrical losses included in Assumption 5 are calculated by a procedure which agreed
roughly with some limiled data on a small-scale generator, but accurate experiments on

the fluid electrical losses 1n the compensating poles are lacking,

Assumption 6, an efficiency of 0, 85 for the downstream diffuser before adding vanes and

electrical losses, is well verified by lignid diffuser experiments (Reference 10),
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Agsumption 7 for the losses added to the downstream diffuser by the vanes and electrical
effects has the same uncertainties as Assumption 5, but to a lesser extent because only

l1quid flow is involved,

Assumption 8, no electrical losses in the walls, is contingent on development of a thermally

insulating, electrically mnsulating wall which exposes only metal to the lithium stream,
Assumption 9, constant pressure in the generator, is adopted for simplicity.

Assumption 10, 50°K minimum recuperator AT, should allow adequate heat flux at the hot
end, The AT at the cold end is typically 200 to 300°K because of the lithium condensation on

the vapor side.

Assumption 11 specifies a cesmm pump design utilizing power from the AC generator either
directly or after conditioning, with the electrical components at the cesium temperature, If
lower electrical temperatures were employed there would be a requirement for radiation of
some power at the lower temperature, but the cesium sink capacity would increase by an

equal amount and there would be no change in cycle heat rejection.

Assumption 12 limits the heat rejection considered to that from the cesium vapor (and the
lithium vapor mixed with it) only. Additional heat losses from cooling of the generator and
other components and from stray losses are not considered in the heat balance or cycle

efficiency.

Assumption 13, 5 psi injection pressure drop, 15 a value at which stable nozzle operation
has been demonstrated, The assumed inlet velocity of 30 ft/sec required only in calculating
the nozzle inlet area (the effect on exit velocity is negligible), corresponds to 2,0 psi

dynamic pressure of the lithium, and should be atiainable with 5 psi injector pressure drop.

2.3.2.2.2 Cycle Program Analysis - The MHD cycle program employs twenty independent

variables, including Ty (efficiency of the travelling wave region of the generator), f (genera-~
tor frequency) and gsc (compensating pole flux) which are supplied by the generator program,
These generator supplied terms are used in the cycle program's energy balance to calculate
the raw generator output (n g) and the compensating pole losses (f and ¢c), Reference 4 con-

tains a detailed description of the cycle program analysis.
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2.2,2,3 Additional Analyses

In addition to the parameters calculated in the generator and cycle programs as originally
written (described in the reference 4), there is a need to calculate other parameters which
are of significant concern to the spacecraft designer, Modifications to the computer programs

were made to calculate these values on the bases described below.

2,3.2.3.1 MHD Stator Iron Weight - In the present generator analysis the stator slot height,
D, is calculated but the total iron height 1s not, This total height can be identified as DS and
set equal fo the sum of D0 + D* where D* is the height of unslotted iron. D* can be calcu-
lated explicifly since the net magnetic flux in this region is equal to the compensating pole

flux (Reference 5)., The iron cross-sectional area can therefore be calculated by setting

V22
z T

B @)
where

BS = saturation flux for iron, T

b, = compensating pole flux, Wb

A = iron area, m?

BS is an imput to the program; ¢ is calculated by the program; and A is the product of ¢

(channel/stator width, a program input) and D*, the dimension sought, Therefore, total

stator iron height is

3 0 c¢B @)
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The length of the stator block is

Lrot = Trw ¥ 'y ™ Four ®)

where

LT or = total length

LTW = length of travelling wave section

LIN = length of upstream compensating pole section

L ouT - length of downstream compensating pole section
From the arguments developed in Reference 4 LIN and LOUT can be estimated quite closely
as

urzl
= - - + +
LIN wtl (x1 5 ) WZO wﬁl )

!
§

D ww S S wm— —— p—— wee —

I-_WZ
1

*S
I

1 _T__________
i

()
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. The total stator volume then can be estimated by multiplying

V., = 2xD xchT

St s or ' ()

The generafor program already calculates the slot area and fthe slot volume can be cal-

culated by
n=N-1
Ve = © > [w 1, D -w2 @ -D)1/3 )
n:

for the fravelling wave region and

Vend slot ¢4 WA Do

for all four compensating pole slots (assuming a pair at each end of the generator) where

W, = 1/2 (W2P+W2N)
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and

L 1 = length of upstream compensating pole

L2 = Jength of downstream compensating pole

The iron weight can then he caleulated

Weight Fe =D Fe [Vst - Vs]_ot - Vend S].Ot]

2.2.2,3.2 MHD Generator Winding Weight - In the calculation of MHD generator perform-

ance, winding losses are calculated by the use of a winding loss factor, ¢, which is ciefined:

_ actual winding loss (including iron loss)
~ solid f1ill DC loss of slot portion of coils

The numerical value of ¢ has been assumed to be 3 as a typical value. Since the copper

coil windings of the MHD generator are estimated to weigh more than 1000 pounds (Reference
3}, and explicit relationship between copper weight and actual winding loss is needed in
order that a tradeoff between copper weight and auxiliary cooling system weight can be made,

In Reference 11 the coil loss factor, o, was broken down as follows:
a, slot filling factor: 0.8
b. ac/dc resistance ratio: 1.4
¢, external conductor de resistance is equal to slot dc resistance

d. The iron core loss is assumed to be negligible.



Thus,

Reff = ¢ R = 1.4 1 410

where R.1 is the solid-fill slot de¢ resistance,

If the fotal current 1s I then the total winding loss is calculated as « Ile. With « broken
down if is possible to determine the external conductor resistance penalty when reducing

the conductor weight as follows, Let resistance of external copper by v times the above-
agsumed value so that v = 1 corresponds to o = 3 with the values assumed under items a

and b above retained unchanged. Then:

which is plotted in Figure 2-11.

Q
|
B |

12

11 -

a=z175% Y/08

b 1 i 1 1 1 1 1 1 2 -
1 2 E 4 5 6 7 8 9 Y

Figure 2-11. Relation Between Coil Loss Factor, @, and External

Conductor Resistance Factor, v
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‘We now wish to express copper weight as a function of4. Since resistance

R=p -f—
A
where
P 1is copper-resistivity
4 is conductor length
A is conductor area

It will be necessary to determine £and A for the slot conductor and for the slot conductor
and for the external conductor., For the slot conductor the volume of the copper and hence

the weight can be obtaine explicity in the program. The cross sectional area of a particular

shot is given by

A = [Wl-D - w2 - (D—DO)} /3 )
where
D= 0.75D

and

Dk— 1 is the sharp point depth of the last inboard slot (see Figure 2-12)

and since the length is ¢, the volume for the travelling wave region slofs is given by

Sc n=N-1
Vol =5 n;l Wi+ D -Ww2 @ -D) @)

The copper volume for the compensating pole slots is calculated
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and

= i <
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Figure 2-12. MHD Stator Winding Geometry
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w2 Ll’ if L2 <D0

N
WZN = Do’ if L2 <D0
and
L 1= length of upstream compensating pole
L2 = length of downstream compensating pole

In both cases the sum is multiplied by 0. 8 ag this is the packing fraction of copper in a slot
We can express the volume of the copper external to a particular slot as

Vol =W 4 h (10)
cu e e

where

We is the exfernal Wldt}:l of the copper winding
&e is the external length of the copper winding

h  is the height of the copper winding
By inspection of the generator program results, it appearé reasonable to set

W, = 5/3W1 (11)
{a betier approach might be to set We equal to the corresponding sector width, but this

requires more inspection). This will reasonably fill the outside face of the stator block

with copper.
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We can estimate the length of the copper as
'E’e = c+2 (1/2 DO+D*+h/2+h/2

£ = c+D +D*¥+2h
e 8

z)

The first term (1/2 DO) in the bracket is considered 2 reasonable estimate in the cross-

section shape-changing region on leaving the slot,
We can now write the cross-sectional area as

Ae=5/3 Wl *h

and since
te =9t - v _o
A A A
e ] s

We can now write

¢ + D + D¥ 4+ 2h
¢ 8

Y A = 5/3 WL h

solving for h yields

A [e + D + D*]
s s

h = o5 - ve ~ 28

Putting (11), (12) and (13) mto (10) yields

AS (c+DS+D*) -l
n
= *
Volcun (c+D_+D*+2h ) (5/3 WL ) 5/3 WL_ 7o-2A_ J
I

This equation yields the volume of the copper external, to the nth slot,

(13)

(14)
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The total volume of copper is then

cu
o)

n=N
Vol, = Vol =+ VolcuN + Z Vol ! (14)
n=o

The first two terms are necessary to include all compensating pole slot copper for the case

of two compensating pole slois at each end.
These equations will be used in programming the weight calculations mto the generator code,

2.3.2.3.3 Coil Coolant Requirement - In the calculation of coil dissipation losses, an average

coil temperature, T ., is specified and used to evaluate fhe resistance which is temperature

C’
dependent., This temperature must be maintained by cooling the coil external fo the generator,

The coolant supply temperature i. e., auxiliary-radiator ouflet temperature, T0 redquired

ut’
will be a funection of T o coil dissipation and coil dimensions., The following technique has

been used to evaluate T .- The result is then used to size the auxiliary radiator,

ut

Half of a coil is shown schematically in Figure 2-13 which also indicates some of the nom~
enclature, Volume 1 is inside the stator, Volumes 2 and 3 are outside with Volume 3 being
in confact with the fin structure of Figure 2-14, Coil dissipation, P coil’ is divided on a

volumetric basis. For example, the dissipationin 1 is

P coil V°11
2 (Vol1 + Vol2 + Vol

QL =
3)

where

Vol1 is the volume of 1.

Assuming uniform dissipation and a one dimensional temperature distribution in Volumes

1 and 2 the temperature drops are given by
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Figure 2-13. Coil Geometiry and Temperatures
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Figure 2-14, Coil Cooling Fins
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_ Q1 1 2
ATy Temax ~ T min = Vol1 [2 (0/2)] {1

. _@ [1,2], ain
Ay = Timin ~ T2min T Vol [2 h] N @)

A 9 is the cross sectional area of volume 2, Copper thermal conductivity K is taken as constant
with the value 9.4 watts/in. 0C which is correct at 20000. The variation in K between 10000

and 400°C is from 9,7 to 8. 95 watts i, °c. Temperature gradients in volume 3 are neglected

since this volume is heing cooled.
Since the coil average temperature, T o is used to ecalculate resistance from
R = p 4/A,

T c is calculated as a weighted average as follows:

C h C C h C
T + — + = T ———e— + T ——  + T_ = 3)
C (2A1 A2 2A3 ) 1 2A1 2 Az 3 2A3

where

T =T -lAT
i e 2 1

max
T2 = Tc - ATl——A’I‘2

max
T3 =T2 =Tc —A’I‘l-z_\T2

min max

With AT 1 and AT 9 given by (1) and (2).and TC specified, equation (3) can be solved for

T cmax The temperature drops are thus determined with the dissipation and geometry

while the temperature level is determined by average coil temperature.
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Fluid temperature Tou .is given by

t

Tout = T3 - ATys = ATqn
AT ing = gradient across insulation
AT = gradient along length of fin
fin
P
A Tins _ T coil/24 AL
K, A,
ins fin
P
_ _coil/12 1 2
AT‘fin "~ Vol,, (2 me )
fin

The insulation gradient is based on heat transfer to 24 fin surfaces (Figure 2-14) of area

A ; - . e
 fin 18 Just 1/2 We 5/2 60W1. AL, the insulation thick

ness is assumed to be 6 mils and Kins = 0.109 Btu/hr Ft" F,

= W gp X C. The fin width W

The fin gradient assumes one dimensicnal temperature and uniform heat addition over the

surface,

In the computer program, this procedure is followed for only the last coil, Since this coil

has the largest dissipation per unit volume, the ATl, ATZ, and T o values which are

calculated are maximum, The T out Value is thus smaller than required for all coils except

the last one and the resultant radiator area is conservative.

2.3.2,3.4 Conditions at Recuperator Exit - The energy exchange, Q % 1n the recuperator

is determined by an energy balance for the liquid cesium between points 12 and 13 of Figure
2~10, With given recuperator inlet conditions (at point 8), a given pressure drop and a

caleulated @ 42 the conditions at the recuperator exit (point 9) can be determined.
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* This is done by an iferative process assuming for a starting point that all the lithium is

g0 _

g = 0. An energy balance between points 8 and 9 then yields

which is larger than the correct value, With T(l)

consensed at point 91, e, ,
1)
1) @)
value of 3, B; ) , is calculated, A new heat balance produces T9 <T
@)
]

The iteration is continued until T 9 doesn't change significantly,

9 and P 9 an equilibrium

(l)u since not ail
{2) (1)
9 > B g

a first value for T

of the lithium is condensed, This T corresponds to an equilibium value 8

2.3.2.3.5 Secondary Radiators — The secondary radiator is modeled using test data obfained

between 300 and 700°F, AT = 50 to 200°F and

with 2 NaK 78 radiator operating with Tinle ¢

Q <10 kW. The geometry is shown in Figure 2-15,

i} 7,097 P

(3.57) ) _*_

0,168

e
O

f— 0,3156" —

Figure 2-15, Auxiliary Radiator Geomeftry

An effective temperature is defined

3
4T (T, -T

eff S an |TinmT) T * Ty vs s 1T oL Tin
(T, +T)(T __-T) an - e
in ] out s
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T = effective temperature OR

eff
TS = gink temperature = 460°R
0
Tin = radiator inlet temperature R
Tout = radiator outlet tamperature 0R

A curve fift for fin efficiency is

n = 0,983 +8,5x10 > T -2.56x10"7Tez

eff T

The required radiator area for coil cooling is thus

P
A _ coil

c 4 4
neoley ~ T

)

€ emissivity of radiator = 0, 85

Radiator weight for coil cooling is given by
2
WT (b) = 0. 968 Ac ()

For the eoil radiator, a negligible radiator AT is assumed i.e., Tin S Tout = T3, Cooling
of the stator, valve motors and pump may be done at an 800°F temperature level. The

radiator model above is used with Te = SOOOF. The tube spacing is cut from 7. 09 to

if

3.5 inch to raise pto 0.9 and a weight multiplier of 1. 55 is applied to reflect a material

change to Cu/SS for the higher temperature. The higher temperature secondary radiator

weight is then given by
2
WT (b) =1, 91A (")

2.3.2.8,68 Capacitor Cooling - The large reactive power characteristic of the MHD

generator means that dissipative losses in the excitation capacitors can be an appreciable

heat rejection load. No off-the-shelf capacitor swtahle for the MHD spacecraft has been

2-43



identified but conversation with manufacturers indicate that a mica/silicone oil type would
offer the high temperature and high radiation resistance desired with relatively low
dissipative losses, The size of a typical unit of 5 pfd capacitance was estimated to be

6 by 4 by 3~inch with dissipation loss perhaps as high as 1 percent if the capacitor operating
temperature were ~400°F, At lower temperatures the dissipative loss would be reduced.

In order to provide adequate heat rejection by the capacitors, they were arranged broad-
side to space, over a panel area of 60 square feet, This area was chosen as being sufficient
to reject 1 percent dissipative loss at 4000F, 0. 61 percent at SOOOF, or 0,35 percent at
200°F (see Figure 2-16). 1 is believed that the dissipation versus temperature curve for
the capacitor will have a more shallow slope and that the 60 square foot panel area will

assure stable operation at some temperature less than or equal fo 4000F

2,.3.2.4 BSelection of Baseline Design Parameters

The baseline design was selected by comparing results of several calculations made with
the combined cycle and generator programs. An initial set of caleulations was made with the

parameters in Table 2-8,

08 |-
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06 |

05 -

DISSIPATION LOSS
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03 -

0 1 1 | |
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CAPACITOR REJECTION TEMPERATURE (oF)

Figure 2-16. Capacitor Heat Rejection
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TABLE 2-8. PARAMETERS VARIED INDESIGN SELECTION

(RUNS 1 TO 11)

Coil Nozzle Exit/ Separator
Coil Temp~ |Throat Area to Inlet
Run No, Ratio erature Ratio Condenser Field
y ) AR AP (/M) B Wh/M
1 (Base) 1.0 200 3.0 2x 104 0.48
2 1.0 200 3.0 1, 5:;104 0.48
3 1.0 200 3.0 2.5:»:104 0.48
4 1.0 250 3.0 2. 0x10° 0.48
) 1.0 300 3.0 2. 0x104 (.48
6 1.0 200 2.75 2. 0x104 0.48
7 1.0 200 3.25 2.0x104 0.48
8 0.8 200 3.0 2.0x104 0.48
9 1.2 200 3.0 2.0}{104 0.48
10 1.0 200 3.0 2.0x104 0.46
11 1,0 200 3.0 2. 0X104 0.50
Parameters held fixed were:
Wall thickness = 4 mm (fluid to stator gap)
Power output = 275 KW
Pump efficiency = 20%
Nozzle Case =4 (Li./CS mass flow ratio = 14:1)
Nozzle Exit W/H = 3.5
THETA = 0.262 Radians (impinging half-angle)
Velocity Factor =1
Gas vol, flow rate + Liqg vol. flow rate =3
Diffuser I/ W= 0.2
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Vane L/W=10.2
No. of upstream vanes 18
No. of downstream vanes 28
4 2
Heat source AP=7x10" N/M

Recuperator AP =4x 103 N/ Mz

Condensor AP=2x 104 N/M2

Results are presented in Table 2-9 and Figures 2-17, 2-18, and 2~19. Design parameters
are sought which will minimize weight and radiator area. Preliminary radiator area is
reflected in the weight calculation only on a pounds per square foot basis; there really
should be a multiplier applied to reflect the increase in flight fairing and structure weight

which accompanies increases in primary radiator area and length.

There is an incentive to limit the secondary radiator area. The spacecraft configuration
provides about 200 square feet of surface on the outside of the MHD equipment bay. About
60 square feet of this surface is needed for mounting the excitation capacitors and the rest
is available for secondary radiator area with no increase in spacecraft length, Thus, if the
secondary radiator area is less than 140 square feet, the weight of one pound per square
feet is realistic since the radiator panels can be hung on the MHD bay., However, if the
area exceeds 140 square feet a structural extension of the MHD bay will be required, with

attendant increases in structure and flight fairing weight,

The weight trends indicated in Figure 2-17 indicate choice of low Ap, B0 and ¥ but high
area ratio and coil temperature. Figure 2-18 also indicates choice of low ¥ and Bo and
high coil temperature and area ratio. The secondary radiator area is insensitive to
variation in separator to condenser pressure drop. Figure 2-19 shows that to minimize
primary radiator area, it is important to have low Ap and area ratio and that primary
radiator area is much less sensitive to the other variables. Consequently, an area ratio
of 3.25and a Apof 1,5 x 104 I\T/M2 were selected and further investigation was made with
the v, BO and 'I‘c parameters. The parameter variations are given in Table 2-10 and the
resulis are lisfed in Table 2~11, Inspection of the results shows that Run No. 19 gives

a near mimmum total weight and primary radiator area with a secondary radiator area

of 129 square feet a bit less than the desired limit of ~ 140 square feet. The parameters

of Run No. 19 were therefor chosen for the baseline design,
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TABLE 2-9. PARAMETRIC WEIGHTS AND AREAS (RUNS 1 TO 11)

Run No, Weight - Pounds Areag - ft2
Generator Capacitors Primary Secondary * Total Primary Secondary**
Radiator Radiator Radiator Radiator

1 618 1197 2818 653 5286 1395 665
2 618 1197 2718 653 5186 1346 665
3 618 1197 2930 653 5398 1450 665
4 621 11986 2833 428 5078 1402 436
5 623 1197 2848 308 49786 1410 ) 314
6 626 1376 2760 798 5560 1368 814
7 616 1053 2042 560 5171 1458 530
8 794 1195 2807 324 5120 1390 320
9 528 1196 2829 2488 7044 1399 2530
10 916 1244 2811 162 5129 1390 166
11 430 1146 2848 Hieok - 1410 -

* Includes 48. 5 pounds for stator cooling

#% Tneludes 50 ft2 for stator cooling
*¥* Required radiator temperature was less than sink temperature
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PRIMARY RADIATOR AREA FT®

Figure 2-19,

TABLE 2-10. PARAMETERS VARIED IN DESIGN SELECTION
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Primary Radiator Area Variation

RUNS 12 TO 20)

Inlet
Run No. Coil Ratio Coil Temperature Field )
Y T, (°C) B_(Wh/M
12 0.8 200 0.46
13 0.8 250 0.46
14 0.8 300 0.46
15 0.9 300 0.46
16 1.0 300 0.46
17 0.9 250 0. 47
13 1.0 250 0.47
19 0.9 300 0.47
20 1.0 300 0.47
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TABLE 2-11, PARAMETRIC WEIGHTS AND AREAS (RUNS 12 TO 20)

Run No., Weight ~ Pounds Areas - th
Generator Capacitor Primary Secondary* Total Primary Secondary**
Radiator Radiator Radiator Radiator
12 1259 1097 2814 128 5298 1392 131
13 1261 1098 2823 107 5289 1398 109
14 12638 1098 2832 95 5288 1400 97
15 1052 1098 2837 100 5087 1405 103
16 915 1099 2841 109 4964 1406 111
17 841 1075 2828 156 4900 1399 160
18 744 1075 2833 189 4841 1400 193
19 843 1076 2840 126 4885 1406 129
20 747 1076 2845 154 8422 1410 158

* Includes 48, 5 pounds for stator cooling
#* Includes 50° ft2 for stator cooling




2.4 POWER SYSTEM SYNTHESIS

Before attempting the design and analysis of the baseline MHD powerplant, two basic ques-—
tions had fo be considered in order to synthesize a rational MHD power system. These two
questions are the method of system startup and whether a one-loop or two-loop system is

used.

2.4.,1 MHD POWER SYSTEM STARTUP

As ndicated in Section 1 of this report, MHD power system stariup and control techniques
are to be analyzed in Phase II of this study. It has been recognized, however, that some
preliminary evaluation of stariup techniques must be made early in Phase I in order that
the arrangements and design layouts may include all the components such as valves, lines,
and reservoirs which will be needed for plant operation. Therefore, discussions of MHD
gystem startup techniques were held with Dr, Elliott, the principal scientist developing

this system, during the first quarter of this study and a startup technique was identified.

2.4.1.1 Startup Requirements

Operation of this MHD power system requires steady two-phase flow in the MHD nozzles
with phase separation at the generator entrance. The cesium needs heat from the lithium

to boil and expand down the nozzle; the lithium needs the mechanical force of the expanding
cesium to be accelerated down the nozzle. Thus, neither fluid sfream can pass through the
nozzles alone, In addition, some of the kinetic energy imparted to the lithium by the cesium
in the nozzles is needed to pump the lithium. The first conclusion is, therefore, that the

two streams must start into the nozzles together.

The NaK/N 9 test system (see Subsection 2. 3) has been started by simultaneous injection of
the two fluids into the empty nozzle with stable flow being achieved in seconds. The NaK/l}I2
system is a cold test system with the compressed energy of the nitrogen providing the kinetic
energy rather than heat taken from the NaK stream. In the hot Li/Cs system the simultaneous
injection startup can be expected to work only if there is enough thermal energy in the lithium
gtream to cause boili'ng and expansion of the cesium at once, sufficiently to establish self-
sustaining flow conditions. Some reduced tzmperature level may suffice to start sysiem flow;

however, lacking any detailed analysis or test data to support that conjecture, the second
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conclusion is drawn with regard to startup technigue - namely, that the two fluids will be

injected at or near normal operating temperatures.

If the two fluids are to be injecied into the nozzles for startup and steady state is o be
achieved in seconds, the nuclear reactor heat source must already have been taken critical
and warmed up since the nuclear reactor can probably be designed to take a large power
swing in a matter of tens of seconds but requires hours to be taken critical and warmed up.
It is reasonable to assume that aerospace nuclear safety considerations will require that

the reactor does not go critical until the spacecraft is in a high, long-life orbit. Thus, a
third conclusion about startup fechniques can be drawn, startup injection will not take place
until the spacecraft has been in orbif for hours. A reasonable time limit of five hours can
be estimated by allowing one hour for orbit ephemeris verification and four hours for achiev-

ing eriticality and warmup.

The two fluids of the MHD system, lithium and cesium, have melting points of 357 °F and
840F, respectively. Since the spacecraft will be 1n orbit at least onehour before the Iithium
begins to receive heat from the reactor, the lithium must be preheated before launch to
prevent fluid freezing, The cesium, with a much lower freezing point, poses far less a
problem, In order to fill the lithium system on the launch stand it will have to be preheated
and then filled with hot molten lithium to assure complete fill. Thus, a fourth conclusion
about startup is drawn, the lithium systems will be preheated and launched hot. The results
of previous studies such as SNAP-50/SPUR indicate that preheat to 5000F should be adequate.
The cesium system should receive enought heat from the lithium system to preclude freezing

in it, although some way fo warm up the radiator is needed.

The general requirements for the startup techniques can then be summarized:
a. Startup will be by simuitaneous injection of lithium and cesium infto empty nozzles
b. The two fluids will be injected at their normal operating temperatures
c. Startup will take place only after about five hours in orbit

d. The lithium system will be preheated to SOOOF at launch.

2-52



2,4.1.2 System Arrangement for Startup

Figure 2-20 is a schematic diagram of the MHD fluid system with the necessary valves and
other equipment added so that the system can be started. The entire system can be evacu~

ated through the four evacuation and i1l connections with the following valve lineup:

LV-1 open
Lv-2 open
LvV-4 open to reactor bypass line
CvV-1 open
Cv-2 open

After the system is evacuated, LV-1, LV-2, CV-1 and CV-2 are closed and the cesium
and lithium sections are filled through their respective fill connections, Preheating of the

lithium piping and the reactor can be accomplished by circulating hot inert gas through

their insulating jackets.

MAIN RADIATOR
(DESUPERHEATER &
CONDENSERY)

cv-2 * CESIUM T
ACCUMU LA-
TOR
CESIUM PUMP EVACUATION
- & FILL
CONNECTIONS
RECUP-
ERATOR
cv-1 i
MHD GENERATOR
DIFFUSER
E XPANSION
NCZZLES
LITHIUM
Lv-2
ACCUMULATOR SEPARATOR ]
Lv-1
[ =X REACTOR
STARTUP BYPASS LINE
PLMP Lv-3
REACTOR

Figure 2-20. MHD Fluid System Startup Schematic
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After reaching a safe orbit, the reactor is taken crifical and warmed up, circulating the
lithium at a low flow rate with the battery-powered startup pump located i1n parallel with
check valve LV-3. The lithium flow path is normal through the reactor section but 1s
reverse throught the reactor by-pass line. The cesium system is stagnant but shares the
same insulated enclosure with all of the hithium system except the reactor and is, therefore,
warmed up by radiated and conducted heat, System pressures are maintained by control-
Iing the gas pressure acting on the two bellows type accumulators; the two accumulators
absorb the fluid expansion volume during warmup. Battery power 1s also provided to

operate the auxiliary cooling pumps during warmup.

When operating temperatures ave reached, accumulator gas pressures are increased and
valves LV-1 and CV-1 open, injecting the two fluds into the nozzles. After appropriate
intervals, valves LV-2 and CV-2 are opened to complete the normal flow paths. The
startup pump is secured and valve 1V-4 switches the lithium reservoir connection over
to the cesiwimn pump suetion to minimize the containment pressure requirements during
long term operation. Cesium and lithium makeup to the system for leakage or volume
expansion due o creep enter the system at the cesium pump suction controlled by ac-

cumulator gas pressure.

2.4.2 SHUTDOWN AND RESTART

The reference mission has a coast period halfway to Jupiter and the Jupiter orbit operation,
both of which have a nominal ten percent power demand (See Paragraph 2.1.1). There is
no estimate of the overall operating efficiency of the MHD power system when operating

at ten percent output. If operation at ten percent rated output is achievable only at ex-
tremely low system efficiency, it might be worthwhile to shut down the MHD loop and
operate the reactor at low power using an alternate conversion system, e.g., thermo-

electrics, to generate power.

For the reference mission the low power demand time is 120 + 17 = 137 days out of 50 +
160 + 120 + 270 + 17 = 637 days or .~ 22 percent of the mission (more with longer time

in Jovian orbit). If an alternate conversion system with equivalent efficiency ( ., 7 to 8

percent) is available and the MHD loop can be shut down, the reactor core life required

can be reduced to
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500 + 0. 08(137)
637

x 100 = 80%

of the life required for continuous operation at rated power, Even without examining the
possible difficulties of MHD loop shutdown and incorporation of a second power conversion
system, the ., 20 percent saving in core design life does not seem a strong incentive for

design change.

To restart the MHD system after an in-space shutdown, it is assumed that the original
startup conditions must be restored in shutting down the system. Two shutdown approaches
were considered. In the first, an exhaust connection would be added to the diffuser down-
stream of the MHD generator. The system would be shutdowr by closing valves, LV-1,
LV-2, CV-1, and CV-2 and opening the exhaust port simultaneously. The hot fluuds 1n

the nozzles and vapor spaces would boil off into space and, with the exhaust port reclosed,
the system would agzin be ready for startup if the accumulators contained sufficient fluid
inventory. This method was rejected for many reasons, namely:

a. The spacecraft would receive a large impulse from fluid exhaust just
after its attitude control system (the thrusters) was shut down.

b. The exhausted liguid metal may contaminate spacecraft surfaces

¢. The lithium and cesium reservoirs would require additional inventory
for restart capability.

The second shutdown technique considered was to first close valves LV-1 and CV-1 and
simultanecusly lower the gas control pressures on the accumulators (the lithium accumu-
lator is assumed to be valved back to the reactor by-pass line). The generator electrical
circuits are then opened to minimize flow resistance and fluid momentum 1s relied upon to
drive as much fluid as possible back into the accumulators., When sufficient fluid has been
drawn out of the nozzle, generator and vapor spaces, valves LV-2 and CV-2 are closed
to complete the shutdown. Successiul execution of this type shutdown would require careful
control and judgement of its feasibility would require extensive analysis. In the scope and
context of this study and in view of the modest core life reduction to be attained, this

analysis was not considered worthwhile.
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If the MHD system cannot be shutdown but cannot operate stably at the low power levels
required by the mission, it may be necessary to include a means of dissipating excess
power., If this had to be taken out as electrical power, it would require a power flattening
radiator of . 100 ftz (assuming radiator operation at 1000 to 12000F)° A radiator of this
size would add less than four feet to the length of the spacecraft., As an alternate the power
flattening resistor could be located in the lithium flow path so that it would be liquid coocled.
This second approach would probably be the lighter and would not add to the spacecraft
length. Since neither power flattening design would impose serious designh penalties on the
spacecraft, it is considered safe to assume stable part power operation pending detailed

analysis.

2,4.3 ONE OR TWO-LOOP SYSTEM

2.4.8.1 Reactor Loop Arrangement

In order to provide the MHD loop with 1600 to 22000F lithium, a fast specirum, lithium-~
cooled reactor such as SNAP-50 is a logical choice, With such a reactor, the reactor
coolant may be used directly in the MHD loop or an intermediate heat exchanger may be
used to separate the reactor and MHD loops., Figure 2-21 shows the basic MHD cycle
diagram with the reactor piped directly into the MHD loop. The movement of fluids in the
MHD loop depends on the cesium stream receiving thermal energy from the lithium when
the two streams are mixed in the nozzles. The boiling and expanding cesium then imparts
kinetic energy to the lithium stream, part of which is converted io electrical energy in the
MHD generator and part of which is converted to pumping pressure inthe diffuser fo cir-
culate lithium back through the reactor and to the nozzles. The optional bypass shown in
Figure 2-21 can be used fo divert some of the lithium flow around the reacfor in order fo

obtain a lower reactor pressure drop or a more compact reactor.

1f the reactor loop is separated from the MHD loop by a heat source heat exchanger as
shown in Figure 2-22, an additional pump is needed to circulate the lithium through the

reactor loop.
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Figure 2-22. MHD Loop With Separate Reactor Look
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The incentives for use of a separate reactor loop are:

a-

b.

cl

The reactor pressure vessel may be designed for a containment pressure
lower than the 150 psia fypical of the MHD loop

Ingestion of cesium by the reactor, with subsequent bubble formation,
is precluded

Activated coolant is kept away from the payload

The incentives for a one-loop system are:

a.

b.

CD

dﬂ

The system is simpler and lighter

Lithium can be circulated for prestart warmup (see startup discussion in
Paragraph 2,4, 1) using just one pump. A two-loop system could also use
just one pump if all lithium in the MHD circuit is leff stagnant and warmed
by conducied heat,

Only one lithium accumulator is needed

No reactor coolant pumping is needed once the system is started.

2.4.3.1.1 Containment Pressure - The weight penalty associated with designing the re-

actor for MHD pressure may be approximated as follows:

Qo

Assume a domed cylindrical pressure vessel of 12-inch diameter and
40-inch length made of Cb-1Zr. This size and material are typical of
the MHD type reactor

Assume that the reactor pressure vessel would have a minimum design
pressure of 50 psia

Assume that the reactor pressure vessel design stress for 20, 000 hour
operation is 1000 psi. This low design stress is quite conservative for
temperatures below ~ 2000°F, More advanced alloys of Cb can provide
much greater creep strength,

Calculating a minimum vessel wall thickness:
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Design for 150 psia would revise this to:

t=150psi x 6in. = 0.9 in.
1000 psi

An increase of 0,6 inch in wall thickness.

The surface area of the vessel is about 1500 square inches and the wall material density

is 0.32 pounds per cubicinch, so the weight increase would be:

2
1500 m x 0.6 x 0,32 1b/in3 = 300 1h.

Since the weight penaity is only about 300 pounds even with the conservative material and
design stress selection, the additional complexity and weight of a separate reactor loop,
pump and heat source heat exchanger would constitute a greater penalty. In weight com-~
parison, the heat source heat exhanger alone, with one side designed for 150 psi, would

weigh almost as much.

2.4.3.1.2 Cesium Bubbles - The second-listed incentive for a two-loop system is to

keep cesium bhubbles out of the reactor, The fluid conditions at the MHD generator inlet
behind the upstream diffuser are such that all remaining cesium should be dissolved.

H any bubbles do still exist at the generator exit they may still dissolve when static pres-
sure is increased from ,, 40 psia to ,_ 150 psia in the downstream diffuser. If still not
dissolved, any cesium bubbles would more likely follow the bypass line ( ., 80 to 85 per-
cent of the flow) rather than enter the reactor line (.. 15 to 20 percent of the flow). Lastly,
if the reactor core is of one~pass design, as is most likely, cesium bubbles would collect
in the inlet or outlet plenum rather than in core fluid passages where they would be swept
through. Collection of cesium vapor bubbles in one of the reactor fluid plena is not ex-

pected to have a significant effect on reactor performance,

2.4.3.1.3 Coolant Activation - Radioactivity in the reactor coolant may reach areas near

the payload in a one-loop system which may cause radiation damage. In the lithtum-cooled
MHD reactor two basic sources of coolant radioactivity can be identified - leakage of fission
products from reactor core fuel elements into the coolant and irradiation of the coolant
itself during its passage through the reactor. Considering coolant irradiation first, three

nuclear reactions are of interest:
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Lils + n H3 +
13’ + n ~1i% &y
05133 + n - Csls4 + oy

The first of these reactions poses no high radiation threat fo equipment since tritium is a
weak £ emitter., However, the Li6 reaction does produce non-reactive, non-condensible
helium, which can buildup in the system. The tritium will react with lithium to form LiH,
The LiG reaction can be suppressed by using lithium coolant which is at least 99.9 percent
the L17 isotope. Such Li7 enriched lithium is available; natural lithium is already ~ 93
percent Li7. The Li7 reaction is of interest because of the L18 isotope formed emits a
very high energy B ( ~ 13 Mev). However, ils half-life of 0.85 seconds is so short that
most should decay before coming past the shield; this delay time can be extended by in-
cluding an enlarged section in the reactor outlet line, In addition, the MHD loop itself
keeps the lithium from approaching the payload.

2,4,3.1.4 05134 Activity ~ The Csl33 (n, v ) 05134 reaction produces two isomers, the
2. 9 hour half-life Csl34m and the 2,3 year 05134. These nuclides can he formed by ir-
radiation in the reactor of the cesium dissolved in the lithium stream (natural cesium is
100 percent Cslgs). In order to evaluate this activity, one must have good knowledge of:

a., Cesium flow distribution (residence {ime in reactor, residence time
near the payload, mass flow rates, and total inventory)

b. Definition of the reactor neutron flux by neutron energy level for each
reactor region of interest (annulus, inlet plenum, core, and ouflet plenum)

c. 05133 cross section data for each energy level of interest
d. Location of sensitive components with respect {o the activated cegium,

Since the system, and especially the reactor, designs are both conceptual at this time
the cesium activation was analyzed by using the best available information, making esti-

md# es, where necessary, and frying to keep the analysis conservative.
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Figure 2-23 depicts the mass/flow/time model which was set up to represent the cesium
distribution in the system. The flow distributions and cesium inventory are based on
initial baseline values. The radiation source is identified as the lowest of five radiator
sections and it wag assumed that 10 pounds of the calculated 31 pound cesium inventory

of that radiator section would be two feet away from the payload on the average (see the
arrangement in Figure 2-24 in the discussion of fission product leakage which follows).
The cesium flow through the reactor will vary with system operating temperature and
pressure (varying cesium solubility in lithium); the calculated baseline design value was
used.

The 05133 (n, ¥ ) cross sections which were used are listed in Table 2-12. The 29-hour
Cs134111 was assumed to undergo 100 percent decay to 2.3 year C8134 with the emission
of 2 0.13 Mev 7. The decay of Cs134 was assumed to be:

a, 30 percent 0.3 Mev 8- decay to }33.134 foliowed by Ba decay with the
emission of a single 1.75 Mev ¥.

b. 70 percent 0.68 Mev S~ decay to Ba134 followed by Ba decay with the '
emission of a pair of y of energies 0.8 and 0.6 Mev.

The activation rate in the reactor
A= ffZ(E) PE, 1) dV dE
E V

requires a knowledge of the reactor neutron fluxes in various regions of the reactor,

Since the MHD reactor design is still conceptual the following values were used:
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TABLE 2-12. CESIUM - 133 (n, 4) CROSS SECTIONS

Thermal Neutrons

0.215 ey £En < 10 kev

T y) =z 5 barms

En = 20 kev

Production of 2.9 hour Cs

134m

Production of 2.3 year cgl34m

CS].3411'1

csl34

REN

Estimates for High E;; Range

En

Se—

10 to 100 kev
0.1 to 0.4 Mev
0.4 to 1.4 Mev

1.4 to 10 Mev

o 134m (barns)

0.04
0.007
0.001

0.0004

q
l

q
i

q
it

o =

Q
fi

= 2.6 barns

29 barns

0.5 barns

5 barns

0,09 barns

1 barn

o 134 (barns)

0.4
0.07
0.01

0,004
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Figure 2-23, MHD Cesium Mass/Flow/Time Model
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Group

4
5

Thermal

Core

7 x 1013

1.4 x 1014

1.4 x 1014

1014

I.b x 1013

i0
10

FLUX

1V

Annulus Plena
1013 4 x 1012
2 x 1013 1013

3 % 1013 1013

5 x 1013 3 x 1013
4 x 1013 g x 1013
5 x 107 2 x 10™°

These flux values are expected to be somewhat conservative for the MHD reactor since

they are more closely related to reactor designs with a softer neutron energy spectrum.

The reactor average group fluxes were weighted for the time spent in the various reactor

regions (see model in Figure 2-23), and the average group fluxes ¢ g were used to cal-

culate activated nuclei per second

6
A=YV
CSZ: > 80 ¢
g =1

where

Y.8= 08
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For 05134m this results in

AT - 3.5% 1013 nuoclei per sec,

For 05134 this, and Csl34m decay, gives

A134; = 3.8x 1014 nuclei per sec.

Since C8134 has a half-life of 2. 3 years its decay is not negligible, so correcting for decay
and the 10/155 fraction which is close to the payload, the number of activated nucle: contribut-
ing dose to the payload 1s calculated.

N = 2.6x10°° a- e'“)

where
N = nuclei contributing dose
- 134 .
A = Cs effective decay constant

¥ time

it

The following dose-to-flus conversion factors were used for the emissions of interest:

8.4 x 105 photons/cmzsec per R/hr

0. 6 Mev =
0. 8 Mev = 6.5 x 10° photons/cmzsec per R/hr
1.75 Mev C = 3.5x10° photons/cmzsec per R/hr

Assuming a point source geometry with no attenuation by the pipe walls or structure the

dose as a function of time was calculated:

t

3
Dy = L (3.6 x 10°) NA o
¢ 4:1?1‘2

0

to get the followmg results:
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Time ({irs) Total Integrated Dosc (R)

5, 000 6 x 101
10, 000 2.6 x 107
15, 000 4.8 x 10°
20, 000 8.2 x 10°

The hiphest dose rale resulting irom these calculaiions, 8.2 x ]05, is less Lthan 10 percenl of

the allowable payload dose, The dose rate al nominal design lile, 14, 000 hours, 15 about

. ] 134
5 pereent ol allowable, Tn view ol the conscrvatisms of the calculalion, Cs activation and

conscquent 1rradialion of the pavload is nol considered a severe cnough problem to warrant

34
changing (o a two-loop system. Il should be noted that Csl activation should he reappraised

in the luture, when more specilic information is available, to verify this conclusion,

2.4, 3,1.5 Iission Producl Leakage - An analylical model was developed to represent the

case ot lission products leaking from the fuel clements of the reactor core 1nto the reactor
coolant stream. ‘The model was designed to give a rough cstimate of the gamma dosce due to

the presence of fission products 1n the cooling system.

a. Analytical Model — In general, the dosc rate at any given peint 1n space due to fission

preduct leakage will depend upon:
1. TFission product leakage rate
2. Reactor operating mstory
3, Distribution of the fission products throughout the cooling system

When incorporating these factors into an analytical model, use will be made of a few
simplifying assumptions, 1. e.,
1. The reactor power level is constant in time

2. The fission product distribution is constant in time except for an arbitrary delay
time between the instant of leaking and the instant of appearing distributed through-
out the cooling system (this will be explamed further below).

3. Onece a particle of fuel leaks from the reactor core, the fission process within
that particle ceases altogether. No account is taken for possible fission due to



neutrons outside of the core nor is any account taken of the possibility of the fuel
particle eirculating through the core with the coolant stream.

Consider the following terms,

g() = the fraction of the fission products in the core at time t leaking into the coolant
stream per unif time
f(r) = the fraction of the fission products that have leaked found per unit volume at the

position r.

P(t,T,E) dE = total photon energy emission rate from a mass of fissionable fuel at a time T
after the fission process had ceased. The photon energies lie in the range
E to E + dE. The fuel is taken to have been undergoing the fission process
at a power level of one watt for a time period t.

W

actual reactor operating power level

Now consider an element of volume in the cooling system at the time t', located at position

1

r. The photon energy source can now be written as
S{r, t', EYdE = WP (¢, T, E) dE g¢t) dt £ &)

where
' = ¢+ T

and t, which is the time af which a particle of fuel leaked, 1s also taken as the time for which
the reactor has been operating, S (Y",'t‘, E) dE is the photon energy emission per umt time
— -
r

at time t', per umt volume at position v, for photons with energies between E and E + dE,

due to fuel which leaked in the time interval from t to £ + dt,

The total source strength at time t', due to fuel which leaked from time to to time t, is

—

tf
S (Tt = WE (D) f f P ¢ t'-t, E) 4 () dt dE
E ot
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_ where now T = t'-t, since t' is being held constant. The time to at which leaking begins

can have any value in the range

0t <t
o

I one wishes to introduce a delay time between the time of leakage and the time the fission

products arrive at the point T, then the above expression becomes,

£1-5
S (77 t') = WE (T) / f P (¢, t'-t, E) ¢ (¢) dt dE
E ot

where § is the delay time,

This source strength can now be used to calculate the dose rate and integrated dose at any
desired recerver point. Assume that there is no appreciable attenuation of the photons as
they pass from the source to the receiver point, Furthermore, let the fission products that
significantly contribute to the dose be contained in space region R, If ¥ is the distance
between an element of volume of the source region and the receiver point, then the dose rate

at the receiver point is

+‘
DYy = WC f Blrn B Y

R 47 x

where it has been assumed that the source emits isotropically. The term dV is a volume
element in the source region and C is a suitable averaged energy flux-to-dose conversion
factor, The averaging of the conversion factor is complicated by the fact that the photon
spectrum is time dependent. It should be kept in mind that the distance x in the above

equation is a function of T, the position vector of dV,
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The time integrated dose at the receiver point up to time tm is

/r
D¢ ) = D () at'

t +6
O

Numerical values for the quantity P{t, T, E) dE can be found in the literature (see "Reactor
Handbook", second edition, vol. II, part B, or '""Reactor Physics Constants”, ANIL-5800,
second edition), The data s given in the form of curves for the photon energy emission rate
as a function of reactor operating time and time since reactor shutdown, A family of curves

is given, each one representing the energy emission rate for photons with energies 1n a given

energy range.

The total photon energy emission rate can be expressed analytically through the use of the
so-called Way and Wigner formula for the emission of photon energy as a function of time

after a fission event. The formula is:

. rl fry = 1.26 1-_1° 2mev/sec per fission

where r is the time since fission, This is a good approximation for + greater than about

100 seconds. Using this equation to derive an expression for P (f, T) results in

Pe,T) = L.95x10 [T %22 (r+6 %27 mev/sec-watt
where

PET) = /P(t,T,E)dE

b. Application of the Model -~ Consider the case of a reactor whose fuel elements leak fission

products at a constant rate into the reactor coolant system. The leakage rate will be
assumed to be small enough such that control adjustments to compensate for the loss do not

periurb the neutron flux appreciably. Under this condition, the fission rate will be essen~
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tially constant with time as long as the reactor power level remams constant. Also assume

that the power density is constant throughout the reactor core.

Let there be a total loss of fuel due to leaking of p% of the total fuel mass, and let this mass
loss occur over the time period (tm - to). Then, the leakage rate from time to to time tm

will be

ex10H M I
€ -t) mass per unif time

m o
where M is the tfotal fuel mass. At the time t, the fuel within the reactor core would have
a fission history such that if the fission process ceased at time t, then at ifem{+T, the
total photon energy emission rate would be W+ P (t, T), where W is the reactor operating
power level. Now, the element of mass, dm, of fuel that leaks in the time interval t to
t + dt will have the fraction dm/M of this photon power, and, since the model assumes that
no more fissions occur within dm after leaking, one can write for the photon power to be

contained within dm

dﬁ W P (t, T) mev/sec

The element of mass dm can be wriiten

(pxlo'z )M
t_-t)
m o

dt

Hence, the photon power in dm is

-2
% W P (t, T) dt mev/sec
m o

This is the photon energy emission rate, at a time T after leaking, from the mass of fuel
that leaked during the time t to t + dt, It should also be kept 1n mind that the reactor started

operating at £t = 0.

The distribution of the fission products after leaking is here assumed to be a uniform dis-

tribution over the volume of the cooling system. If this volume 1s V, then the fraction of

2-70



the fission products found per unif volume in the cooling system is simply

f@ = 1/v

The source strength can now be written as

t'-6
-2
S @, th = W x10 ) P, T) dt
v (tm - to)
t
o

If the analytical expression is used for P (t, T), then

1, (0.8
¢'-t ) . t, ) (t')O' g
Voo, -t) 0.8 %2

-2
S(Tt) = Losxi0) w px10 )

The mtegrated dose at some receiver point is, if it is assumed that there 1s no atfenuation

of the photons,

£
m = 1y
D¢ ) =¢C B0 B gyap
m 4'JTX2
t R
(o]

When the above expression for S(r, t') is inserted in the expression for D(tm), then

1.8 0.8
(1. 95 x 1011) W x 10'2) o [ €yt to bn

ArV(E -t) 1.44 T T0.8
m 0

D ) =

1.8

t :
m 1.8 dv
-5 - 0-6%4¢ J f E
R

This last equation will now be used to calculate the integrated dose to the payload for the

MHD-powered unmanned space vehicle. The coolant system includes both the Li and Cs
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loops and, given their geometry and the receiver point of interest, the region R which
significantly contributes to the dose includes only about 1 percent of the entire coolant
system, As a further simplifying assumption, take the region R to be small enough so that

x can be considered consfant, Then,

1 v 1 f Vo2
\Y 2 ¥ 3 v 2
R ¥ VE g
where VR = volume of region R, Since VR is assumed to be 1% of V, then
1fav _ 0.0
vy 2 2
X
R
Now let
x = 2 feet

W = 3.64x 106 watts

p = 0,05 percent
-6 2
¢ = 1,4x 10  n/hr per mev/em -sec
tm = 580 days
t = 0
0
8§ =0

The resulting integrated dose becomes

Dt )=2x10 r
m

which is twice the allowable dose,

Figure 2-24 shows the arrangement of the payload bay region; the "region R" of interest is
the cesium return pipe system at the bottom of the last radiator bay. Inspection of the
arrangement indicates that x = 2 feet is a conservative assumption for the effective dis-

tance between a payload component and all the cesium-horne fission products in these pipes,

2-72 cﬁé



CESIUM PIPES

t }
[- 3FT >| 1.2F

X

-

|,

TRANSFORMER BAY

PAYL.OAD BAY

Figure 2-24. Arrangement of Cesium Pipes Near Payload

The fission product leakage of 0. 05 percent is based on the assumption of 5 percent reactor
fuel element failures with 100 percent fission gas release and 1 percent other fission pro-
duct release from the failed elements, A gas frap was included in the cesium system {o
collect noncondensables which might hinder proper heat transfer in the recuperator and con-
densing radiator. Thus, the fluid-borne fission products are 5 percent x 0. 01 = 0.05
percent, This assumption, of course, 1s quite arbitrary since no reactor of this type has
been developed, A fast reactor of the type required may have from 100 to 1000 individual
fuel pins 1n its core. For a flight qualified reactor, the assumption of 5 percent failures

immediately after starting the flight seems conservative,

As far as the release fraction from the failed elements 1s concerned, 100 percent release of
gaseous products is, of course, the maximum, and the assumption of 1 percent release of
non-gaseous fission products is based on the element failure being local rather than total and

the use of a fuel form such as UN or UC which is relatively resistant to attack by the coolant.
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There is one other assumption that deserves discussion; it has been assumed that any fission
products which escape the core will immediately distribute themselves around the system
in the liquid phase, Clearly, the gaseous fission products will not behave in this manner,
being gases they will be stripped from the lithium stream in the nozzles and passed out to
the radiator. In small quantities, the fission gases may be entrained in the cesium stream
leaving the radiator. With this i mind, a cenfrifugal gas trap was placed in the cesium
Iine at the pump discharge; here the fission gases can be collected and held in the MHD
equipment bay, far from the payload, The nongaseous fission products, on the other hand,
are not so predictable. Many of these fission products such as the iodines will react with
the lithium reactor coolant immediately, The reactants or the fission products may remain
in stable solution in the lithium. Or they may be volatile at system conditions and move out

into the radiator.

The proceeding model and assumptions calculated a dose to the payload of twice the allowable,
If such an overdose were considered highly probahle, other design alternatives would have

to be considered. The possibilities are:
1. Include 2 separate reactor coolant loop

2. Rearrange the spacecraft to obfain greater separation between the radioactive fluids
and the payload

3. Shield the cesium pipe

The inclusion of a separate reactor coolant loop is estimated to incur a weight penalty of
500 pounds consisting of 300 pounds for a lithium pump and power conditioner and 200
pounds for a lithium-lithium heat exchanger, additional lithium, structure, etc. The pump
weight is based on a polyphase ac helical induction pump moving 30 Ib/sec of 1800°F lithum
with a developed pressure head of 10 psi, The gross power required for the pump including
power conditioning losses is estimated to be 11 kWe, assuming 20 percent pump efficiency
and 97 percent power conditioning efficiency (a cycloconverter). This additional power

demand would require about a 4 percent increase in system rating.

Rearranging the spacecraft by adding fixed length between the radiator and the payload 1s

not atiractive because, at 82 feet, the spacecraft 1s already very long. If the central structure
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of the radiator had the ability to telescope the payload section away by .., 50 feet once in
earth orbit, the dose rate could be reduced by a factor of three. A more attractive
rearrangement would be to reverse the inlef and outlet of the last radiator bay so that the
more dense liquid stream would be . 15 feet from the payload instead of 2 feet, If the
fission products would be dissolved in the cesium and not plating out on system surfaces,

this would reduce the dose rate by a factor of about 50.

The weight penalty associated with shielding the cesium pipes was estimated assuming half-
round tungsten shielding for 9 feet of cesium pipe. As Figure 2-25 shows, about 300 pounds

of shielding would reduce the dose rate from the pipes by a factor of ten.

Thus, 1t appears that the dose rate to the payload could be reduced sigmficantly by rearrange-
ment or shielding without resorting to a separate reactor loop. In view of this, and the
uncertainties of the fission product leakage and fransport models, the separate reactor loop
was not considered a necessity at this time, Again, as was said for Cs-134 activity, the
problem of fission product leakage should be reappraised in the future when better knowledge

of the reactor and other factors 18 available,
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2.5 CONFIGURATION TRADEOFFS

Since the MHD spacecrait was expected to be rather long with many heavy preces of
equipment, configuration tradeoffs were conducted to determine the most attractive design
arrangement, As reported in Reference 4, a set of initial design parameters were drawn

up and key component weights and areas were estimated for use in these tradeoffs.

2.5.1 GENERAL ARRANGEMENT GUIDELINES

To begin, some general conclusions were drawn about spacecraft arrangement:

a. The 1on thruster subsystem includes a significant amount of electronic control
and power conditioning equipment. Since this equipment will have radiation
exposure limits equivalent to the payload, the payload and thruster subsystem
should be located together at one end of the spacecraft with the nuclear reactor
at the cpposite end.

b. The ion thruster subsystem has a characteristic diameter of about ten feet in
order to provide adedquate mounting area for the thrusters. A nuclear reactor
of the type needed here is of small diameter, no more than about three feet.
Since a radiation shadow shield will be needed between the reactor and the pay-
load/thruster area, the minimum shield diameter and weight will be obtained
by locating the shield next to the reactor.

¢. Working in a ten foot diameter envelope, the MHD power system requires
a total radiator section some 60 to 70 feet long, Since separation of the reactor
and payload/thruster area minimizes shielding thickness requirements, the
radiators shall be located 1n a continuous section between the reactor and the
payload/thruster area.

d. The MHD power generating equipment is linked to the nuclear reactor by at
least two lithium coclant pipes and 1s connected to the payload/thruster area
by the mam power output cables. In addition, the MHD power generating equip-
ment apparently does not include any items which are especially sensitive to
radiation. Smce the power output cables can be kept small (MHD raw output is
~ 300 Hz, ~ 600 Vac), the preferred location for the MHD equipment 1s just
behind the radiation shield, near the reactor.

With these guidelines as the starting point, the preliminary arrangement studies and con-

figuration tradeoffs were conducted,

2.5.2 MHD EQUIPMENT BAY

The MHD nozzle assembly, the MHD generator, the excitation capacitors, the recuper-

ator, and other closely related equipment are to be located in one section or bay. Some
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of these i1tems, such as the MHD generator and nozzle assembly, must be located next

to one another in order to function, Others should be close together for efficient design;
for example, the excitation capacitors should be close to the MHD generator to minimize
the length and, consequently, the 12 R losses of the connecting cables which carry the large
exciting currents which run from the capacitors to the generator and back, (The MHD

generator exeiting current 158 about four times greater than ifs output power current),

Arrangement of the MHD bay was studied to determine the minimum diameter envelope
which could contain this equipment so that if it 15 located just behind the radiation shield,
the shield subtended angle (and weight and volume) would be minimized, The MHD nozzle
assembly was first laid out using dimensions taken from the computer analysis of the base-
line system, A 40-inch nozzle length was assumed since the JPL investigators indicated
that extension beyond this length was not worthwhile, The downstream diffuser half-

angle can vary from three degrees to five degrees; a three degree half-angle was assumed

in order to calculate the longest difuser.

HY

Using the nozzle assembly as the basis, the key piping and component items were arranged
to establish the MHD equipment envelope size. Figure 2-26 shows an arrangement _

which uses % single recuperator; Figure 2-27 shows an arrangement which uses two re-
cuperators, one for each side of the nozzle, In both cases, the cylindrical segments
flanking the diffuser are available for capacitor location providing more than the estimated
three cubic feet required, an exposed surface which can reject ~1500W of heat, and a
simple interface to insulate the capacitors from the hot MHD equipment., Aside from the
capacitors, the MHD stators and pump windings are the only items in the MHD bay which
do not operate at - 18000}?‘. It was therefore assumed that the MHD bay would be msulated
on the outside surface of the envelope with the insulation envelope also providing micro-
meteoroid protection, The mternal components (MHD stators, efc.)} which do not run

at high temperature would be internally insulated and provided with a piped cooling system,
The 1nsulated exterior surface of the MHD bay can then be used as the mounting surface

for this auxiliary cooling system.,

The arrangements shown 1n Figures 2-26 and 2-27 show that the MHD equipment can

be encased in a cone frustum about ten feet long with upper and lower diameters of 44
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inches and 58 inches, These diameters can be reduced somewhat by canting the MHD

nozzle assembly and using a single recuperator or relocating the dual recuperators,

2.5.3 SPACECRAFT STRUCTURE

2.5.3.1 Candidate Configurations

Based on the MHD eguipment arrangement possibilities which were available, five general
configurations for the MHD spacecraft were drawn up. Since the Thermionic Spacecraft
Study found that a cylindrical or conical radiator was lighter than a triform radiator
(Reference 11), configurations with conical radiators were considered here even though

the study guidelines specify a triform radiator,

Configuration No., 1 (Figure 2-28) uses a conical radiator with the radiation shield shadow
projected to full diameter (ten foot nominal, nine and one-half foot actual) at the top of
the payload bay. In this configuration, as m the other four, a 190 square foot secondary
radiator 1s assigned and the MHD equipment 1s assumed to be located inside this radiator,
In Configuration No., 1, the MHD bay is a bit slender with upper and lower diameters of
36 inches and 53 inches, but has extra length at 16. 4 feet so 1t is reasonable to assume

that all MHD equipment could be arranged in this bay,

Configuration No, 2 (Figure 2-29) differs from No, 1 only in that the MHD equipment

bay is relocated down near the payload instead of just behind the radiation shield. This
relocation might be made to reduce launch loads imposed on the main radiator or to move
MHD equipment to a lower radiation region if the use of radiation sensitive components

18 found necessary.

Configuration No. 3 (Figure 2-30), using a conmcal/cylindrical radiator, projects the
radiation shield shadow to full diameter about halfway down the spacecraft. This shield
angle covers an envelope behind it which accommodates the MHD by configurations dis-

cussed in the preceding sections,

Configuration No, 4 (Figure 2-31) projects the same shield angle but with a triform radia-
tor and a triangular shield and MHD equipment bay. This size and shape MHD bay should

accommodate all the equipment,
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Configuration No. 5 (Figure 2-32) uses the triform radiator and projects the shield shadow
to full diameter at the aft end of the MHD bay. This arrangement provides the shortest

spacecraft and a roomy MHD equipment bay, but at the expense of inereased shield weight,

In order to provide weights to be used in structural evaluation, the weights listed in Table
2-13 were assumed; these weights are based on the inifial design parameters with the
shield weights calculated on the basis of 80 pounds per cubic foot, assuming lithium
hydride with three and one-half percent stainless steel density for structure and contain-

ment and approximately 10 pounds per cubic foot allowance for shield cooling equipment,

2.5.3.2 Structural Analysis

The purpose of this analysis is to define the structural requirements for the five candidate
spacecraft configurations to enable them to survive the stafic and dynamic load environments.

The results of this study will be factored into the selection of a basic configuration.

The candidate configurations consist of two conical configurations, one cylindrical-conical
configuration and two triform configurations., In each case, the spacecraft is cantilevered

from the booster interface and no structure ties exist between the shroud and the spacecraft,

Two [oad conditions were considered in the analysis, representing the combined static

and dynamic loadings at Stage I burnout and at Stage Il burnout, These are shown below:
Stage I Burnout - 3 g's lateral and 6 g's axial.

Stage II Burnout - 0,67 g's lateral and 4 g's axial.

%

These load conditions constitute the limiting design cases according to the booster

manufacturer (Reference 12),

This analysis was limited to the primary radiator section of the spacecraft. Maximum
use was made of the structural material configured for thermal requirements. The
additional structure required to meet the combined static and dynamic load conditions

was then 1dentified and sized,

A summary of the additional structural weight requirements along with the maximum lateral

tip deflections for each configuration is presented in Table 2-14. It should be noted that
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TABLE 2-13. MHD SPACECRAFT - WEIGHT ESTIMATES FOR
CONFIGURATION TRADEOFF

ITEM ) WEIGHT, POUNDS
Reactor 2400
Radiation Shield 1200 to 2500 *
Primary Radiator 3400 to 5800 *¥*
MHD Bay 5500
Lithium Loop 400
Cs loop 1570

Auxiliary Cooling Loop 780

MHD Nozzle Assembly 250
MHD Generator 1500
Capacitors 500

Cables, Insulation, Etc. 500

Payload 2200
Thruster System 1500
Propellant 15,000

* Varies with included angle; assumes 30 inch LiH with no gamma
shield needed.

*% 3400 pounds if triform geometry; 5800 pounds if cylindrical.
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TABLE 2-14, SPACECRAFT WEIGHT AND TIP DEFLECTION SUMMARY

Conf;guration AWy ZM@L AWp Wy, Wo Sprp
0.
1 3920 3920 0 37,500 | 37,500 22.8
2 980 980 0 34,580 | 34,580 | 22.0
3 1030 1030 0 35,140 | 35,140 12.5
4 2450 250 2200 33,950 | 31,750 12.0
5 2370 224 2146 34,870 | 32,724 12.3

NOTES

All weights in pounds

AWT

ZNEL

Total additional structural weight required

Non-disposable additional structural weight required

Disposable additional structural weight required

Total spacecraft weight at lift-off

Total spacecraft weight in orbit

Maximum lateral tip deflection - inches
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Configurations 1, 3, 4 and 5 each have the 5500 pound MHD generator and secondary
radiator bay located near the tip of the spacecraft in contrast to Configuration No. 2

which has the MHD generator and secondary radiator bay located near the booster inter-
face. Therefore, the loading in the secondary radiator is considerably lower for Con-
figuration No. 2 resulting in lower structural weight. Configuration No. 3 has a comparably
low structural weight because of its shorter overall length, larger bending moment of

inertia, and the same number of load paths in each bay (18 vapor ducts in each bay).

The primary radiators of Configurations 1 and 2 consist of six longitudinal elements and
having the shape of truncated cones with each conical element made up of a number of
flat radiator panels as shown in Figure 2-33. Configurations 1 and 2 have two elements
of 24 panels, two of 12 panels and two of 6 panels. Configuration No. 3 has two cylin-

drical elements and two conical elements containing 18 panels each.
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Figure 2-33. Cylindrical/Conical Radiator, Typical Cross-Section
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A stability analysis of the 0.02-inch thick radiator panel skins employed in Configurations
1, 2 and 3 has shown that buckling will occur at about 8,000 psi, far below the 46,500 psi
working stress of the 301-1/2 hard stainless steel structural material. Therefore, the
panel skins were neglected as load carrying elements except in shear. The longitudinal
loads are carried by the vapor ducts and the longerons located at the junctions of adjacent
radiator panels. Four horizontal frames per conical or cylindrical element prevent
buckling of the vapor duct and longerons. Because of the varying number of radiator
panels in the conical elements of Configurations 1 and 2, load path discontinuities for the
ducts and longerons exist at the junction of the conical elements. Therefore, shear panels

have been provided at these junctions to redistribute the loads.

The conical-cylindrical configurations were assumed to have no disposable structure since
the between-panel longerons and between~bay shear panels are expected to be impractical
to jettison. Therefore, the structure sized for the maximum launch load must be carried

throughout the complete mission.

The primary radiators of the triform configurations consist of flat panel elements main-
tained in a Y configuration by semibulkheads located at the junction of each Iongitudinal
element. The length of a typical element is ten feet to twelve feet. Configuration No. 4
contains three 33.5-foot rectangular sections at the lower end and three 20-foot tapered
sections at the upper end. Configuration No. 5 containsg three 50.3-foot rectangular sec-
tions. The triform configurations have been designed using disposable structure to sup-
port the maximum Stage I burnout loads, leaving only that structure required to support

the Stage II burnout loads to remain with the spacecraft throughout the mission.

To support the maximum Stage Iburnout loads, 6.0 g's axial and 3.0 g's lateral, three
disposable heavy channel sections are placed at the edge of the radiator and are joined

to the launch vehicle at the base by a Marman clamp arrangement. Shear pins on 12-inch
centers transmit the loads from the radiator structure to the support channels. Stabilizing
bracing of 1-1/4 inch diameter tubes provide lateral torsional stability. A typical section
of this disposable structure is shown in Figures 2-34 and 2--35.
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The remaining structure, required to support the Stage II burnout loads, 4.0 g's axial
and 0. 67 g's lateral, consists of light channels permanently attached to the edges of the

radiator.

In this appraisal, no methods of taking structural loads through a suitable reinforced
flight fairing were considered. The flight fairing, at full diameter, offers the optimum
bending moment of inertia per pound of material. However, reaching the load path would
require that the payload and fairing diameters coincide or that load spreader members
are included at suitably frequent intervals. I is not expected that a significantly lighter
structural weight can be obtained by doﬁbling up on the fairing; by using the separate
structure, the analysis is simplified. -An additional benefit of separate structure is that
the payload is then acoustically isolat.ed from the fairing; this is expected to be of signifi-
cant advantage in the final design of small, poorly supported loads such as hoses and

electrical leads.
Conclusions from this Struetural Analysis include:

a. The fundamental frequency of the selected configuration should be calculated
and compared with the booster requirements. It is anticipated that the resulting
frequency will be on the order of one Hz which is below the current booster re-
quirement of ~ six Hz. The lower frequency can probably be accommodated by
design changes in the booster autopilot

b. The effects of using aluminum in place of stainless steel for the disposable
support structure of the triform designs should be analyzed. Stainless steel
wag chogen to eliminate differential thermal expansion. Since the MHD radiator
is launched at low temperature, it may be possible to achieve attractive weight
savings by using aluminum

¢. The effects of locating the MHD generator and secondary radiator bay near the
booster interface should be investigated.

2.5.4 CONFIGURATION CHOICE

The structural analysis preceding indicates that the triform radiator offers lower net

weight than the conical radiator, so it will be used in the baseline design. The apparent
success of the triform configurafion here and its failure for the thermionic reactor
spacecraft can be ascribed to the fact that the MHD radiator derives significant strength
from the cesium vapor ducts. The conduction fin radiator in the thermionic reactor space-

craft uses many small tubes.
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The configuration with the MHD bay located at the bottom: of:j:]::le radiator (No. 2) seems to
offer significant structural weight savings, suggesting synthesis of a new configuration
using a triform radiator with the MHD bay at the aft end. The attraction of this idea
dims when one considers some of the problems and weights that were omifted from
Configuration No. 2 in order to simplify its analysis. An esfimate was made of the
increase in lithium inventory, piping, and pumping that would accompany relocation of
the MHD bay. X the reactor line size calculated for the baseline design were retained
the pipe and coolant alone would increase in weight by approximately 1, 000 pounds and
the reactor line pressure drop would increase by approximately 30 psi. In addition,
the lithium accumulator, the startup pump, etc. would have to increase in size. One
can conclude, then, that relocation of the MHD bay to the aft end is pessible but not

attractive.

Configuration No. 4, therefore, was used as the basis for the baseline design arrangement.
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2.6 BASELINE SYSTEM DESIGN

From the preceeding, the baseline MHD spacecrait design was developed. The baseline
design cycle conditions are given in Figure 2-36, the fluid system schematic diagram is
shown in Figure 2-37, and the spacecraft inboard profile is shown in Figure 2-38, Table
2-15 gives the weight summarSI and breakdown for the baseline design spacecraft. This

section of the report discusses the baseline design first in general and then by individual

equipment catégoryo

2.6.1 ARRANGEMENT

The arrangement of the baseline design spacecraft is based on Configuration No. 4 discussed

in Paragraph 2,5.3. The reactor and the payload are situated at opposite ends of the space-
craft to minimize shielding, the narrow angle radiation shield is located immediately beneath

the reactor.

2.6.1.1 MHD Bay
The MHD power system equipment is located in a three-sided tapered bay (Figure 2-39)

which extends from the bottom edges of the radiation shield; the surface panels of this bay
and the surface panels of the radiation shield form continuous planes and provide sufficient

area to reject the following heat loads to space: E—
a. Neutron and gamma heating of the shield
b. Dissipation losses from the excitation capacitors
¢. Winding losses from the MHD generator
d. Heat transferred to the MHD generator stators from the MHD duct
e. Miscellaneous heat loads from MHD equipment such as pumps and valves.

The shield surfaces are used only for passive cooling of the shield itself. The MHD bay
surface is divided into three major sections; the uppermost section is used for mounting
the excitation capacitors. The middle section is devoted to the auxiliary radiator which
rejects MHD generator winding losses; the average temperature of this radiator is about
3400}3‘° The lowest section of the bay surface is devoted to the auxiliary radiator which

rejects heat from the MHD stators pumps and valve motors; the average temperature of
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Figure 2-36, Cycle Conditions, MHD Power System Baseline Design
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0
this radiator is about 800 F. In addition, the surfaces of the MHD bay provide mounting,
heat rejection, or access area from the following auxiliary equipment:

a. Two startup battery sets (one for the lithium startup flow and one for auxiliary
cooling startup flow)

b. Storage fank and regulators for control gas used to pressurize lithium and cesium
accumulators

¢. Valves for evacuating, filling and draining the lithium and cesium systems

To prevent excessive backheating of the excitation capacitors, batteries, gas tank, and
auxiliary radiators, the ~1800°F nozzle assembly and fluid equipment in the MHD bay is
enveloped in a teepee-shaped envelope of multifoil insulation sized to hold heat leakage to
approximately 20 watts per square foot at normal operating temperatures. The use of this
overall insulation wrap eliminates the need for insulation on any of the individual pipes and
equipment except the reactor and its feed and return lines connecting it to the MHD bay. The
MHD bay insulation also runs across the bottom face of the MHD bay to prevent thermal inter-
ference with radiator operation. The multifoil insulation and skin of the MHD bay provides

micrometeoroid impact protection for equipment in the bay.

The MHD nozzle assembly is arranged vertically in the bay and attached to the MHD stator
blocks which are suspended on tubular trusses from the outside structure of the MHD bay at
the shield intexface. In this way, by making the basic structural attachments of both ends of
the nozzle assembhly to the stator blocks, the delicate MHD duct between the stator blocks is
isolated from loads and given maximum support. Lateral supports at the stator blocks and
at the nozzle inlets restrain the entire assembly. The structural supports for the MHD -
generator and nozzle assembly are assumed to be simple tubular trusses; no attempt was

made to isolate vibrations induced by the high velocity two-phase flow in the nozzles.

The pressure recovery or lithium-pumping diffuser is mounted in the upper center of the
MHD bay with its outlet line feeding through an isclation valve (LV-2) and branching into the
reactor inlet line leaving the bay and the bypass line which swings'down toward the inlet end
of the nozzle assembly. The reactor return line enters high in the MHD bay and, feeding
through a check valve (LV-3), combines with the bypass line to supply the lithium flow to the

nozzles. A small dc electromagnetic pump is connected in bypass around the check valve,
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mounted at the surface of the MHD bay adjacent to the batteries which power it. This pump

is used to circulate lithium through the reactor and the bypass line for system warmup.

The cesium condensate enters the MHD bay near the center of the bottom panel, three return
pipes feeding a ring header. Flow from the header goes to the cesium pump, through the
gas trap, and branches to feed cesium through the recuperator to the nozzle inlets. The two
cesium lines hetween the recuperator and the nozzles are recombined briefly in order to
use only one isolation valve in that location (CV-1). The other cesium isolation valve (CV-2)

is located between the ring header and the pump suction,

The accumulators and the cesium pump are mounted to the outer shell of the MHD bay. The
insulation envelope includes the accumulators, permitting them to be warmed up by the
startup flow in the lithium bypass line. One arrangement fault which is still carried in the
MHD bay design is that the lithium accumulator is mounted upside down, with its outlet pipe
pointed toward the reactor. This means that the accumulator, once filled, cannot be drained.,
The most that could be done would be to maintain the lithium molten by circulating hot gas
around the accumulator bellows. In a final spacecraft design, this accumulator should he

inverted and the piping rerouied.

2,6.1.2 Radiator Assembly

The main radiator assembly is shown in Figure 2-38 and in section in Figure 2-40. The
radiator is divided info four bays of equal area three of which are made up with rectangular
panels a little less than 13 feet tall. The fourth and uppermost bay is somewhat taller, its
greater height needed to compensate for the diagonal breakback of the panel's outer edge
which is necessary to stay within the shisld shadow. This shield angle was chosen as the

one which resulted in miniraum shield weight.

If the radiator bays are numbered 1 to 4 from top to bottom, the vapor inlets are located at
the bottom of bays 1 and 3 and the tops of bays 2 and 4. Conversely, the condensate outlets
are at the tops of bays 1 and 3 and the bottom of bays 2 and 4. In this way, during warmup

or at operating temperature, the material in any plane normal to the spacecraft axis will be
essentially isothermal and thermal stresses will be minimized. The vapor feed duct runs
down inside the central truss, 10-inch diameter to the bottom of bay 1, and 8. 5-inch diameter
from there to the bottom of bay 3. Tl;lere are three condensate return lines, one running

inside each corner of the central truss,.
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The vapor chamber panels, each with two vertical condensing ducts, are mounted individually
on studs protruding from the central truss. Of course, that area of the panel which overlaps
the central truss does not view space and, consequently, rejects no heat. This configuration
was chosen for three main reasons, TFirst, the overlapping triangle center gives each panel
an exposed radiating area equal o that it would have if it could run on a true radius line

right to the spacecraft centerline; this keeps the radiator length to a minimum by maximizing
radiating area per unit length. . Secondly, this arrangement eliminates the need for separate
micrometeoroid armor for the long vapor feed and condensate return lines, the radiator
panels and trusswork serving instead, Third, this arrangement facilitates field assembly
and test; individual panels can be shop fabricated and tested. They are assembled by bolting
to the central truss and making field welds at the vapor and condensate headers., With the
exception of the ta:pered panels in the top bay, all panels are identical and interchangeable;

the three top panels are identical.

2,6.1,3 BSpacecraft Lower Assembly

The spacecrait lower assembly is a compound cylindrical section which contains, in descending
order, the main power transformers and rectifiers, the science and communications equipment,
and the thruster system. The propellant is stored in two saddle tanks in this bay, and the
deployable main antenna is tucked under the thrusters within the perimeter of the launch vehicle
payload adapter. After reaching earth orbit, the adapter is jettisoned and the antenna moves

out to one side clearing the thrusters.

The single phase transformers and rectifiers which are used to convert the cutput of each
MHD generator phase were mounted here rather than in the MHD bay to minimize the weight
near the top of the spacecraft, to enjoy the cooler environment of the lower assembly and to
keep the rectifiers in a lower radiation environment for added reliability, This choice relies
on the fact that high slot voltage (700 fo 950 volts) permits separate connection for each slot
to run the full length of the radiator without severe cable weight penalty. The cables are
radiatively cooled, running in wireways in the permanent structures at the outside edges of

the radiator panels.
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2.6.2 REACTOR AND SHIELD DESIGN

2.6.2,1 Reactor

The MHD power system reguires a nuclf—zar reactor heat source which can operate with
coolant outlet temperatures ranging from 1600 to 22 00°F. I possible, the reactor should
be Lithium-cooled in order that there is at least an option to use the reactor coolant direct-
ly in the MHD cycle. Since no reactors of this type are under active development at
present, it is important to base MHD reactor parameter estimates on reactor develop-
ment work which has been done, The following reacior design characteristics were
generated on the basis of the PWAR-20 SNAP-50 design of 2.2 MW output (Reference 13).
These characteristics are considered representative for an MHD reactor with minimum
development time and risk, Extrapolations to other power levels and temperatures are
based on data in Reference 14. Size extrapolation assumes that core size grows only in
diameter and not in length, with core sectional area proportional to power. This assump-
tion will give a conservative shield size estimate. The reactor design characteristics
are listed in Table 2-16, Figures 2-41 and 2-42 show the size and weight variation with
oufput power and Figure 2-48 shows an elevation view of the baseline design (3.64 MW)

reactor and shield.

TABLE 2-16. MHD REACTOR DESIGN CHARACTERISTICS

Reactor Type (spectrum) A Fast
Design Life (full power hours) 20,000
Fuel 95% dense UC/UN
Coolant Lithium
Coolant Outlet Temperature Nominal 20000F o

' Range 1700 to 2300 F
Inlet to Qutlet Coolant Temperature Nominal 100°F
Difference . Range 75 to 125°F
Reactor Coolant Pressure Drop Nominal 10 psi
Reactor Coolant Inlet Pressure Nominal 53 psi*

* Higher as necessary to suit MHD cycle conditions.
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The reactor shown in Figure 2-43 uses six reflector shutters for control. The control
drive shown in Figure 2-43 and in detail in Figure 2-44 is based on a nutating gear drive
which may be used with a liquid-cooled drum control system and derives from a hydrogen
flow control valve actuator which was designed by Bendix Corporation Aerospace Division
for NASA in the NERVA program (Reference 15). This control drive actuator can be
liquid cooled through the connections provided., This actuator can be used for a compact
configuration. I desired, a more conventional drive could be installed below the shield
with extension shafts running through the shield to the control reflectors. The actuator
design could then be simpler but weight would probably be greater and the drives might
occupy space below the shield which is desired for MHED equipment,

2,6.2,2 @ie_lg_

The radiation shield used in the baseline design is a lithium hydride neutron shield. A

3. 5 percent volume fraction of the shield is assumed to be stainless steel containment

and support structure, giving the shield an average density of 0, 0365 lb/in?’ (assuming
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a specific gravity of 0. 78 for cast LiH). An additional 1/16 inch canning plate is allowed

for the outside surface of the shield to assist in heat dissipation and to enhance resistance

to micrometeorite puncture,

The 33-inch shield thickness is based on a conservative extrapolation of shield analysis
reported in Reference 13; this same analysis andextrapolation indicates that no gamma
shieldis necessary. The radiation shield is assumed to be passively cooled, operating
ata temperature of less than 10000F. Shield heating rate estimates made in Reference 16
(See Figure 2-45) were made for the in-core thermionie reactor. The MHD reactor would
have a harder flux spectrum but these heating rates are considered usable for estimating
purposes, These heating rates indicate that a small shadow.shield such as is uged here
would generate only about one kW of combined neutron and gamma heat. With ™~ 30 square

feet of surface area viewing space, the shield can easily reject many times this much heat,
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2.6.3 MHD EQUIPMENT

In this section on MHD equipment, we address ourselves to the design aspects of two
major pieces of equipment, the MHD generator and the MHD nozzle assembly, and the

valves, pumps, etc., which make up the rest of the MHD equipment.

2.6.3.1 MMD Generator

2,6.3.1.1 Generator Design - The MHD generator in the baseline sysiem consists of two

laminated iron stator blocks withawide, shallow lithium slowpassage between them. The
stator laminations run in the direction of flow, perpendicular to the broad side of the flow
passage. The stator blocks are fitted with 25 copper-winding (50 turns each) coils which
run through slots in the stators normal to the laminations with each coil loop completed by
coming over the outside face of the stator block, opposite the flow passage (see Figure
2-46). As the numbering in Figure 2-46 indicates, the coils are numbered and designated
as slots serving various sections of the generator duct. Slots 0 and 22 have two coils each

and serve the upstream and downstream compensating poles, as well as the first and last
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segments of the travelling wave region., Table 2-17 lists each slot, the location of its

pole piece with respect to the travelling wave region of the generator, and the slot widths.
Table 2~18 lists the slip, fluid velocity, field velocity and field intensity at each slot

point; Table 2-19 lists the majo r energy quantities received or generated in each sector/
slot, the kinetic energy input, lné— (Vi2 - Voz ), the winding loss (IzR), the net usable
power generated in the winding and the reactive power of the winding., Note that the first
coil of the generator (slot 0‘) has negative net power, requiring the input of 81.31 kWe of
power, and that the last coil (slot 22) generaies 138,15 kWe, almost half of the net power
produced by the entire gererator., This is characteristic of a linear generator of this type,
the large powers demanded at the inlet and generated at the exit are due to the abrupt
establishment and termination of the machines magnetic field. This power generation
asymmetry almost demands that slots 0 and 22 be wired together. Fortunately, these

two slots are almost in phase with one another and are wired together with some additional
phase correcting capacitance (see Paragraph 2.6.6). An additional advantage can be taken
of the way the MHD generator produces power, Slots 0 and 22 are obviously vital, but the
other slots produce only small amounts of power (between 1 and 7 percent), If vital auxilia-
ries are powered by slot 22, then an open-circuit failure of one of the other slots would not
have a sigrificant effect on power output, if the power conditioning system is not seriously
perturbed by the input change. This is, in fact, one of the reasons for choosing the baseline

design power conditioning system (again, see Paragraph 2.6.6).

The generator stator material is assumed to be Hyperco 27, saturating at about 2 Tesla
(~ 130,000 lines/in.z); there might be some advantage in using Hyperco 50 which
saturates at about 2,4 Tesla, The winding material in the MHD generator is assumed to .
be copper with no cladding of any kind, In high temperature winding systems of this sort,
it is usually advantageous to use silver conductors and, whether silver or copper, the
conductors should be clad with a protective layer of nickel or Inconel to prevent diffusion
of conductor material through the insulation at temperature. The baseline design calcula~
tions are based on the assumption that 80 percent of the slot cross-sectional area is
cccupied by conductor material, The inclusion of cladding material and heavier insulation

may reduce this conductor area fraction to as little as 50 percent (see paragraph 2,6,3.1.3).
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TABLE 2-17., BASETINE DESIGN MHD GENERATOR DIMENSIONS

Compensating Pole

Length (cm)

Height (cm)

Distance From Flow Width of Slot Width of Slot
Beginning Of Channel At Widest Point At Narrowest
Travelling Height At Near Point Point, Opposite
Slot Wave Region 8lot Pole Piece Piece Pole Piece
No. (CM) (CM) (CM) (CM)
0 0. 00 0,754 5.021 5,021
1 1,33 0.774 1,742 1.276
2 2.63 0.795 1.692 1.215
3 3.91 0.016 1.642 1,153
4 5.17 0,837 1.592 1,090
5 6.39 0. 859 1.542 1.026
6 7.60 0. 882 1.492 0.961
7 8. 77 0.905 1.442 0. 895
8 9.92 0.928 1.894 0.830
9 11,05 0, 952 1.345 0.763
10 12,15 0. 977 1.297 0.697
11 13.22 1, 002 1,250 0.630
12 14.28 1,028 1.204 0. 564
13 15,30 1, 054 1.158 0.498
14 16. 30 1,081 1,114 0.433
15 17.28 1.108 1,070 0.369
16 18.24 1.138 1,027 0. 307
i7 19,17 1.165 0.985 0.248
18 20,08 1,194 0.944 0.191
19 20,97 1.224 0.904 0.138
20 21, 84 1.254 0. 865 0. 091
21 22.69 1.286 0. 827 0. 052
22 23.57 1,320 5, 021 5. 021
Slot Depth = 6.58 em
Wall Thickness (Stator-To-Fluid) = 0.4 ecm
Li Channel Width =25.1cm
Duect
Average

No,. of Vanes

Upstream 5.02 18
Dovwnstream 5.02 1.66 28
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TABLE 2-18, BASELINE DESIGN MHD GENERATOR DYNAMIC

CHARACTERISTICS
Fluid Wave Field
Velocity Veloeity Strength
Slot No. Slip (M/sec) (M/sec) (TESLA)

0 0,212 114,4 94. 4 0,470
1 0.203 111.4 92.6 0.479
2 0,194 108.6 90. 9 0. 488
3 0.186 105.8 89,2 0.497
4 0.178 103. 0 87.5 0. 507
5 0.170 100.4 85. 8 0,517
6 0.163 97.8 84.1 0. 527
7 0.156 95.4 82.5 0.538
8 0,149 92.9 80.9 0. 549
9 0.143 90.6 79.3 0.560
10 0.136 88.3 7.7 0.571
11 0.130 86.1 76.2 0, 583
12 0.125 83.9 74.6 0.594
13 0.119 81.8 73.1 0,607
14 0.114 79.8 71.7 0.619
15 0.109 77.8 70.2 0,632
16 0.104 75.9 68.8 0.645
17 0.100 74.1 67.4 0,659
18 0.095 72.2 66.0 0.673
19 0.091 70.5 64.6 0,687
20 0. 087 68.8 63.3 0.701
21 0. 083 67.1 62.0 0.716
22 0. 079 65.4 60.6 0.732
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TABLE 2-19. BASELINE DESIGN MHD GENERATOR,
POWER SUMMARY

Input Power
(Kinetic Winding Net Reactive
Sector Energy) Loss Power Power
(KW) (KW) KW) (KVA)
0 16. 08 0. 59 -81.31 151.8
1 30.72 0.22 18,51 51.4
2 29.10 0.23 17.72 51.1
3 27,56 0.24 16,94 50.9
4 26.10 0.25 16,17 50.7
5 24,71 0.26 15.41 50.6
6 23.39 0.28 14,66 50,5
7 22.14 0.29 13,92 50.4
8 20,97 0.31 13.21 50.3
9 19,86 0.33 12,50 50.3
10 18.80 0.36 11,80 50,3
11 17.80 0.39 11,12 50.4
12 16.86 0.42 10.46 50.4
13 15,97 0.46 9.80 50.5
14 15,13 0.51 9,16 50.6
15 14,34 0.56 8.53 50.7
16 13.59 0.63 7.91 50.9
17 12,89 0.71 7.29 51.1
18 12.22 0.80 6.67 51.3
19 11.59 0,92 6.05 51.5
20 11. 00 1.07 5,41 51,7
21 10,44 1.26 4,75 52.0
22 5.72 1.05 138.15 190.7
Total 416.96 12.14 294, 84 1410.2
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2.6.3.1.2 Generator Cooling - The MHD generator stator iron and the coils must be

protected from the high temperature of the lithium stream, The stator iron must be kept
well below its Curie temperature (. 14000}3‘) to maintain magnetic permeability; the
copper coils should be held at a temperature low enough to keep the copper's resistance,
and therefore the coil losses, at an acceptable level. Consideration was given' at first to
the use of cooling pipes running through the back iron of the stator blocks as shown in

" Figure 2-47, This techniqué is not attractive because analysis showed a stator temperatﬁre
gradient of about 800°F between the channel wall and the cooling pipes, including transfer
of coil losses into the stator. Cooling the coils independently reduces this gradient to
7000F, still an unacceptable value. Figure 2-48 shows a second alternative considered.
The section shown in this figure is taken at one side of the lithium channel looking in the
direction of flow. Heat transfer from the lithium to the stator is retarded by the ceramic
plate and a vacuum gap provided by a layer of ceramic microspheres; then a thin layer of
ducts carrying NaK coolant, lying between the ceramics and the stator, remove the heat
that does come through. The coolant ducts are small and separated from one another by
strips of electrical insulation to prevent the generation of transverse eddy currents,
Analysis showed these small ducts to be an attractive way to cool the stator iron but not
effective for cooling the windings. With NaK coolant and heat loads in the realm of 25 to
50 kW, the size of these cooling dicts is limited by fabrication capabilities; pressure drop
and pumping power are very small, The slotted wall and ceramic layer, proposed in
Reference 17, is assumed to be sufficient in limiting heat load to 35 kW (2 sides) if the back
side is ~8000F. The 0.10 inch ducts shown in Figure 2-48 are more than adeguate for
removing this heat; for the baseline design the combined layer was assumed to be not
0.200 inches, but 0. 158 inches (4 mm) for purpose of calculation. The effect of the thick-

ness of this layer on generator performance is discussed in Paragraph 2.3.2.1,3.

To remove the winding loss heat, a finned aluminum winding loom with stainless steel
NaK coolant passages is used to cool the external run of each coil, This loom and the

cooling analysis are discussed in Parag}aph 2.3.2,3.3, and depicted in Figure 2-14,

2.6.3.1.3 MHD Generator Design Problems - An appraisal of the MHD generator design

reveals a number of areas where serious development problems exist or where modification

of analytical assumptions or methods should be considered,
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A, Can Loss - Inorder to assess the degree of need for a nonconducting or at least
segmented duct, an approximate calculation was made for the duct loss assuming a 0. 060
inch refraciory metal duct. Duct loss is given by (Reference 18 and 19) the following
formula for a moving field of amplitude B lines/in.2 with a wave velocity of VR in, /sec.

The duct electrical resistivity (chm-in,) is p.

Loss (kW) _ v 22 125 20
R p

in, 3 duct wall

Taking B = 38, 400 lines/in, 2 (0.607T) and VR = 2880 in, /sec (73.1 m/sec) corresponding
to values given at slot No, 13 near the center of the duct. The loss per unit duct volume is

(p =20x 1078 ohm-~in.) 75 KW /in. °.

For a duct wall volume of approximately 12 in. 8 (2 x10in, x 10 in, x 0. 06 in,) the total
loss is of the order of 900 kW. This result is of course meaningless in the sense that

the electromagnetic effect of such large duct wall currents would greatly increase the
winding load current and would completely invalidate the present design. The result is
only shown to emphasize the absolute need for a nonconducting, (or at least segmented)
duct. The use of a refractory metal duct in the manner of current state of the art induction
type EM pumps, which operate at duct flux density levels approximately 1/4 that of this

design and at field wave velocities approximately 1/6 of that used here, is completely out

of the question.

B. Core 1oss. The core loss has been approximately evaluated with the use of experi-
mental data for total core loss (eddy current plus hysteresis) in watts per pound for
Hyperco 27 0. 004 inch thick laminations as a function of flux density and frequency. At

a frequency of 300 Hz, 20, 000 gauss (2T) the core loss is of the order of 20 watts per
pound. This corresponds to 3600 watts for the 180 pound core. This loss is small {but
not negligible) compared to the IZR loss in the windings. The temperature difference
involvedin conducting this loss through a Hyperco 27 stator is of the order of 150°F assum-
ing the core is cooled at the back., It may be noted, however, that 0,9 is a more realistic
value of stacking factor for flame sprayed alumina interlaminar insulation type cores

with 0, 004 inch laminations.
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C. Winding Loss. It has been found that large errors result from the calculation of the

winding loss on the basis of applying an average current density and average ac/de resistance

(Rac/Rde) ratio, and an average space factor over the entire slot cross section, The

reasons for this are the following:

1,

The presence of a slotliner ground insulator, of turn to turn insulation, and of
low conductivity nickel or Inconel coating in the silver (or copper) conductors
affects the effective available conducting cross section of the various conductors
stacked in the tapered slot quite non-uniformly. This causes inequality of the
current density in slot conductors, at least with the present slot dimensions.

Since the slot leakage field flux density varies greatly from the top to bottom of the
slot, the conductor eddy current density and the Rac/Rdc ratio also vary greatly.
Formulae for this effect available in the literature cover only the case of a con~
stant width slot, The average value of the Rac/Rde ratio for 50 series conductors
approximately 1.13 mm thick at 300 cps (silver at 700°F) is approximately 1,4,
but the ratio varies from essentially 1. 0 for the bottom conductor to 2.2 for the
top conductor (near the open end of the slot) (Reference 20).

The following conclusions can be stated:

1.

A 20 to 30 mil thick ceramic slot liner (smaller thicknesses being mechanically
impractical), combined with wrap-around E or S glass serving turn to turn insula~
tion, combined with several mils of nickel or Inconel coating results in prohibitively
high current densities in the conductors placed near the bottom of the narrow slots,
The design must be modified to widen some of the siots at the narrow end.

In conjunction with wider slots at the narrow end, design for non-uniform conductor
thickness may be advantageous. The effect of thickness on Rac/Rdc loss ratio is
much smaller at the slot bottom than at the top. This would tend fo equalize cur-
rent density and loss per unit volume,

The winding loss calculation portion of the generator design computer program
might be modified to calculate current density and Rac/Rde ratio for each individual
conductor, taking into account the effects of varying conductor dimensions, leakage
field flux density, and variation of temperature. This could be done in conjunction

with a somewhat detailed design selection of the conductor and slot insulation system.,

D, Winding Heat Transfer. Because of extremely high current density in some of the slot

conductors (region of the narrow end of slots 18 through 21) the conductor cooling mode

based on heat conduction along the conductors in the slot portion to a cooled, out-of-stack

region of the conductors is not adequate in this portion of the winding, Also, even the wide
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region of these same slots is somewhat marginal with respect to hot spot to coolant AT
because of the high Rac/Rde ratio prevailing locally near the open end of the glots. As
stated above, it is essential to reduce the peak local current density in some of the slots.
Also, it appears that a more detailed calculation procedure for conductor temperature
distribution is necessary. This procedure should account for intra conductor heat transfer
across turn to furn insulation and associated interface thermal resistances and also for
heat transfer into the stack across the slot insulator and associated interfacial thermal
resistances. Some data is available (Reference 21) in the magnitude of such interfacial

thermal resistances under vacuum conditions.

2.6.3.2 MHD Nozzle Assembly

One key problem was investigated in the design of the MHD nozzle assembly, how to prevent
unacceptable distortion of the nozzle geometry due to creep effects. The baseline system
uses a nozzle with a very wide and shallow bore, 9 to 10 inches wide and only about an

inch high in the throat. Made of Cb-1Zr and operating at ~ 1800°F for 10 to 20, 000 hours,
internal pressure can distort this rectangular flow passage to an elliptical shape. The
pressure profile can be considered roughly the same as that reported in Reference 22 and
illustrated in Figure 2-49. A calculation of design stresses and material thickness re-
quirements was made using the nozzle geometry shown in Figure 2-50. It was assumed
that the limit of acceptable distortion would be a 5 percent increase in the flow passage

width or height, d

d'=1,05d

Thus, the beam (side) deflection, vy, 1s 2.5 percent of the passage dimension, and the

strain, €, is

_32C o _ et
22 22
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and the stress, o, is

where
t = the height or thickness of the beam
£ = the beam length
¢ = distance from neutral axis to outermost fiber of the beam
M = the bending moment
I = the moment of inertia
P = internal pressure

For throat deflection

{ = 91n.,£2=811n.2,d=11n.
y = 0,025x1.0=0, 025 in,
%e = 1600 ¢ g = 1600 x 0. 025 ¢ = 0.495 t

22 81

For outlet end deflection

! = 9in.,12 =81'in.2, d=2.6 in.
y = 0.025x 2.6 =0, 0865 in,
1 . 06,
Ge = 600 x 0. 065 , Clo8t

81

It was assumed that the nozzle internal pressure is 100 psia at the throat and 10 psi at

the outlet end. Therefore, for throat stress:

2-123



P = 100 psi
100 x 81 4050
0- e e = ———
2 2
2t t
For outlet end stress
P = 10psi
_1lox81 405
°c T T2 = 3
2t t

To evaluate these stresses.in terms of material thickness two materials :Ch-
1Zr and TZM, were considered and the following assumptions were made:
a. (b - 1Zr properties are taken from Reference 23, page 9-26, Figures 9-11 and
9-15 with the time scale of Figure 9-11 of Reference 23 increased by a factor of
1000 to take advantage of the improvements available throiugh annealing. Figures
951 and 2-52 here are reproductions of Figures 9-11 and 9-15 of Reference 23.

The 0.5 percent creep curve is estimated to be ~ 33 percent of the 1 percent
curve (see Figure 2-51).

b. TZM properties are taken from Reference 24 (page 479, Figure 7) indicating

o) :
that ¢ T~ ox0o Nb-1Zr at 1800°F. Consequently, the stress scale of

Figure 2-51 can be multiplied by 10 and the figure used for TZM.
¢. The side of the nozzle acts as a fixed-fixed beam.
d. No stress or load redistribution takes place due to creep.

e. TFive percent change in passage width allowed for creep over 15,000 hours,

Using these assumptions and the preceding relationships of stress and wall thickness, the
wall thicknesses in Table 2-20 were calculated. The weights of the Cb-1Zr nozzle assem-
bly and the TZM nozzle assembly were calculated by assuming that all of the nozzle up-
stream of the throat and the downstream diffuser are made of throat (100 psi) wall thick-
ness, and that the nozzle downstream of the throat is made of the wall thickness calculated
for the end (10 psi). This is an optimistic assumption if the pressure profile shown in
Figure 2-49 is representative. The weight calculated for the Ch-1Zr nozzle was 1270
pounds; the weight of the TZM nozzle was calculated to be 850 pounds, The TZM nozzle
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ig used in the weight summary, realizing that a Cb-1Zr inner liner may be needed for

chemical compatibility with the liquid metal streams.

TABLE 2-20. MHD NOZZLE WALL THICRKNESSES

THROAT T = 1800°F
P = 100 psia
{5 . . .
i e Material 1 1 (in) t 9 (in})
b g Nb-1Zr 1.3 0.9
“‘“‘—"‘1” TZM 0.7 0.5
END T = 1800°F
P = 10 psia
V5 Material t, Gn) t. ()
A ol ———— 2
t g Nb-1Zr 0.7 0.5
— TZM 0.3 0.25
2.6"

2.6.3.3 Valves and Piping

For the baseline design MHD system, the temperature conditions are such that stainless
steel can be used as the containment and piping material on the radiator side of the recuper-
ator and Cb-1Zr for the recuperator and higher temperature sections, Table 2-21 lists the
valves required in the MHD power system. If has been assumed that all of these valves can
be variations of the high temperature alkali metal'valve developed by GE-NSP under NASA
Contract NAS3-8514, This valve is shown in Figure 2-53. The motor-operated versions
are assumed to have a I,\e'_aK—co‘oled drlve motor assembly on the pinion gear shaft. The
estimated weights ofé‘ﬂg,'ke Etlves when dry are listed in Table 2-21 and are extrapolated from

the 1-inch Slz%. valve presently on test whwh weighs 5.5 pounds dry, without a drive motor,

All the va.lves except the check valve, LV-3, are assumed to be globe type as is the existing
valve, There might be an incentive to make some of the valves, especially LV-1 and LV-2,
gate valves to minimize pressure drop, Certainly, the development of the globe valve

assumes the material technology to build a gate valve for this service; the problem would
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Table 2-21. MHD System Valves
Estimated Weight

Valve Service Size Inches Type Remarks Pounds
LvV-1 Lithium Nozzle Inlet 3.5 Motor-Oper. Globe 13
LV-2 Lithium Diffuser Outlet 3y Motor-Oper. Globe 13
LV-3 Startup Pump Bypass 2.6 Swing Check 5
LV-4 | Lithium Accumulator Control 3.5 Motor-Oper. Globe | 1/4-in. port above 13

seat, closed when

backseated
LV-5 | Lithium Loop Drain 1/4 Globe Seal Weld Cap 2
LV-6 | Lithium Loop Vent 1/4 Globe Seal Weld Cap 2
Ccv-1 Cesium Nozzle Inlet 1.5 Motor-Oper. Globe 9
CV-2 | Radiator Loop Outlet 1.5 Motor-Oper. Globe 9
CV-3 | Cesium Loop Drain 1/4 Globe Seal Weld Cap 2
CV-4 | Cesium Loop Vent 1/4 Globe Seal Weld Cap 2
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be in reconfiguration. The full-shut to full-open stroke of a gate valve is characteristically
greater than that of a globe valve. As a consequence the bellows and other bonnet parts of
the design shown in Figure 2-53 would have to lengthen appreciably. Configuration of such
a gate type valve was considered briefly but dropped as not worth pursuit at this level of

investigation.

The MHD system uses two accumulators for liquid metal inventory and pressure control,
both are assumed to be cylindrical, gas-pressure-controlled, bellows type accumulators
with a single outlet. The design parameters of these accumulators are listed in Tables
2-22 and 2-23, The lithium accumulator is designed to be exposed to the high ( ~ 150 psia)
lithium system pressure only during startup. Valved over to the cesium pump suction by
closing Valve LV-4, the lithium accumulator would operate at much lower pressure through
the mission and therefore require less creep strength. A shell weight saving of up to

700 pounds is achieved by this approach.

2.6.3.4 Pumps

The MHD power system uses one very large EM pump and several small ones, Guidance
for EM pump selection was taken from References 25 and 26 and experience with the potas-
sium boiler feed pump built and being tested by GE-NSP under NASA Contract NAS3-9422
(see Figures 2-54 and 2-55).

Three small pumps are needed to circulate the high and low temperature NaK in the auxiliary
radiators (see Paragraph 2.6.4) and to circulate lithium through the reactor during system
warmup prior to initial start. Since the small pumps must operate on battery power during
system warmup, and their small size makes power conditioning losses negligible, dc con-
duction pumps of the type illustrated in Figure 2-56 were chosen, The lithium startup

pump was estimated to require 350 watts of power for eight hours at 0.7 volts dc to produce
a lithium flow of 10 pounds per second at a head of 1 psi. The estimated weight of this

pump is 6 pounds and its overall efficiency is 18 percent. Since the weight of this small
pump is almost trivial, an assigned weight of 10 pounds for each of the three DC pumps is

carried in the weight summary and no further analysis was made,
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TABLE 2-22. LITHIUM ACCUMULATOR DESIGN PARAMETERS

Bellows

Bellows Length

Number of Convolutions
Length of One Convolution
Bellows OD

Bellows ID

Dry Weight

Wet Weight (at launch)

Fluid Lithium
: . 8
AV intake (warmup) 1100 in,
3
AV expel (startup) 2200 in,
0
Temperature 1800 F
Pressure, startup, < 10 hours 150 psia
run, 10-20, 000 hours 5 psia
Material Cbh-1Zr
Shell OD 14 in,
Wall Thickness 0.13 in.
Shell Length 48 in,

2 ply, 0.010 in. thick
34 in,

43

0.786 in.

13 in.

10 in,

132 Ib

173 Ib
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TABLE 2-23. CESIUM ACCUMULATOR DESIGN PARAMETERS

Fluid Cesium
: o 1

AV intake 160 in.

g
AV startup 3000 in.

0
Temperature 1100 F
Pressure 10 psia
Material Stainless Steel

Wall Thickness

Shell Length

Shell OD

Bellows

Bellows Length
Number of Convolution
Length of Convolution
Bellows OD

Bellows ID

Dry Weight

Wet Weight (at launch)

0. 040 in.

40 in.

18. 5 in,

2 ply, 0,010 in, thick

26 in.

33

0.786 in.

e dn.

14,5 in,

65 1b

270 Ib
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The cesium pump, on the other hand, is required to pump ~.13 pounds per second of cesium
at a head of 140 to 150 psi. The power required is of the order of 20 kWe. To develop
such a high pumping head, the designer is usually inclined toward choice of the helical ac
pump; the reliability of the ac pump is also an attractive advantage. In addition, the pump
designs analyzed in Reference 25 indicate that the weight advantage enjoyed by dc pumps
over ac pumps dwindles from 2. 5:1 at low or average heads to as little as 1. 5:1 af high
heads. Since the MHD system produces ac power at relatively high voltage, it will be
easier to supply power to an ac pump., A last, and important consideration, is that the
development required for an ac pump would be much less than for a de pump because of the
experience already gained with pumps such as the one shown in Figurye 2-55. Thus, it was
decided that the cesium pump should be a 3 phase helical induction (ac) pump for the follow-

ing reasons:
a. Reliability
b. High Head Capability
¢, Competitive Weight
d. Minimum Power Conditioning
e. Minimum Development Cost,

Using the Pump Capability Parameier (PCP) as explained in Reference 25, a design curve
for the cesium pump was drawn up (Figure 2-57). The slope of the curve is consistent with
the desgigns presented in Reference 25; two points on the curve represent the potassium
boiler feed pump operating today and a design reported in Reference 26; the baseline design
cesium pump falls between. One further assumption was made, however. It seems reasonable
that continued development of this type pump can achieve improved efficiency at current
weights or lower weight with current efficiency. It would be very optimistic to expect
significant improvement in both simultaneously. The curve in Figure 2-57 represents
current weight; current efficiency is just over 16 percent. Since the MHD power system

is expected fo weigh atf least ~ 40 pounds/kWe output, an efficiency saving is considered
more attractive than a weight saving., Consequently, cesium pump design is based on
Figure 2-57 weight and an efficiency of 20 percent to reflect design available when the MHD
system might be flight-ready.
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2.6.4 RADIATOR DESIGN

The MHD power system employs a large, direct-condensing, vapor chamber main radiator

to condense the cesium working fluid. The system also uses a number of smaller auxiliary

radiators.

'2.6.4,1 Main Radiator Design

Study guidelines for the MHD spacecraft specify the use of a triform vapor chamber fin
radiator with condensing cesium as the primary fluid. As previously mentioned (Sub-
secti9n 2.5, Configuration Trade-offs) the cone/cylinder configuration was considered as

a possible alternative. Various heat rejection system studies conducted at General Electric
have indicated that consideration of radiator structural requirements often decreases the
attractiveness of flat panel radiators. Although these conclusions have been based on con—
duction fin radiator analyses, they might be expected to be valid for vapor chamber fin

radiators as well.

Work currently in progress at General Electric under the Vapor Chamber Radiator Study,
NAS 3-10615, includes evaluation of four design concepts which are applicable to the MHED

radiator. These concepts include:
a. Cylindrical or elliptical tube/fin
b. Rectangular channel
c. Hexagonal honeycomb

d. Rectangular channel/fin

These geometries were compared on the basis of utilization in a cone cylinder, load bearing
radiator for the advanced Rankine cycle. Radiator inlet and outlet temperatures were

1200 and 9800F, respectively. Vapor chamber construction was assumed to be stainless
steel; wicking material was assumed to be\150 by 150 mesh-sereen. Sodium, potassium

and cesium were the candidate fluids,
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Figure 2-57. Specific Weight Relationship - Three Phase Helical
Induction Pump
Radiator weights for each combination of geometries and fluids were calculated over a
range of parameters as illustrated in Figures 2-58, through 2-61. A comparison ofthe
vapor chamber fin specific weight versus vapor chamber condenser length is shown in
Figure 2-62, The "A'" and "'C" designations refer to 2 0.20 inch and 0. 010 inch fin thick~
ness, respectively. During this phase of the study potassium and cesium were excluded

from further study due fo sodium's superior performance (see Figure 2-63).

In order to obtain a more complete evaluation of the overall radiator weight the vapor
chamber fin results were combined with an analysis of the primary ducts. Two duct

geometries were examined as shown in Figures 2-64 and 2-65, TFigure 2-64 shows an

unpenetrated duct whereas the duct in Figure 2-65 is penetrated by the vapor chamber fin,

A summary of the thermally optimum fotal radiator weights including primary ducts,

vapor chambers, wicks, and fluid inventory is presented in Tahble 2-24,
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PARAMETERS EVALUATED

LENGTH (L) = 0,50, 1,07, 1,57, 20"
O, DIAMETER (0.D,) = 0.500"", 0.750'', 1.000"

FIN THICKNESS (T ) 0,010'", 0,020'", 0,040

FIN

FIN LENGTH (L = 0,000", 0,125"", 0,250"", 0.500"'

F'IN)
TURE THICKNESS = 0,015

Figure 2-58, Concept 1, Cylindrical or Elliptical Tube Fin

PARAMETERS EVALUATED

LENGTH (1) = 0.500", 1.,000', 1,500', 2,000°
EQUIV, DIA, (Dg) = 0.250'", 0,500, 0750

CHANNEL. WIDTH (W) = 0,250'", 0,375'", 0,500"", 0,750"
1,000'", 1,500

PLATE THICKNESS (Tp) = 0.015" 0.023 1

INNER WALL THICKNESS (Ty) = 0.010"

Tigure 2-59, Concept 2, Rectangular Channel
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PARAMETERS EVALUATED

LENGTH (L) = 0,50%, 1,007, 1,507, 2,00'

DISTANCE ACROSS
FLATS (F) = 0,250'", 0,500"", 1.000°', 2,000'', 3,000"

HEXAGON HEIGHT (H) = 0,250'', 0,500, 0,750"
PLATE THICKNESS (Tp) = 0.005', 0.010", 0,020

INNER WALL THICKNESS (Ty) = 0,005, 0,010", 0.020""

Figure 2-60, Concept 3, Hexagonal Honeycomb

PARAMETERS EVALUATED

LENGTH (L) = 0,50', 1,00', 1,50', 2.00’
EQUIV, DIA, (D) = 0.500"", 0,750"", 1,000
FIN THICKNESS (T, ) = 0.010"", 0,020"", 0.040"

FIN LENGTH (L_,,,) = 0.000"", 0.125"", 0.250'"", 0,500

FIN
CHANNEL THICKNESS (TC) =0,015%

Figure 2-61. Concept 4, Rectangular Channel Fin
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Figure 2-64, Dust-Chamber Concepts - Unpenetrated Duct
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TABLE 2-24, SUMMARY OF RADIATOR WEIGHTS

(NO STRUCTURAL CONSIDERATIONS)

CONFIGURATION WEIGHT AREA NUMBER OF
(OPEN DUCTS) (LBS.) (FT2) CHAMBERS
—O—O— 1, 10 mil fins 1510 855 11,500
I S 1670 630 9,200
30— 1, 20 mil fins 1700 800 8,500
T T 4, 10 mil fins 1710 885 8,900
T—r——= 4, 20 mil fins 1850 860 6,550
O 3 2500 950 281,000
(CLOSED DUCTS)

T 2 1520 750 11,100
—O--O— 1, 10 mil fins 1800 1000 12,800
~O—O—1, 20 mil fins 1950 950 9,050

T—T T 4, 10 mil fins 1980 990 8,950

TTTTTST 4, 20 mil fins 2075 950 7,700

O 3 2850 1370 405,000
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The next step in the radiator geometry evaluation was consideration of additional structural
members required to support a 15, 000 pound power-plant during a Saturn V launch where
the radiator is the aerodynamic féiring. Table 2-25 summarizes the complete radiator
system weight including structural weight. The lightest weight is obtained using Configura-

tion No. 2 with an unpenetrated duet,

Fabricability of these concepts was also investigated. The easiest geometries to fabricate
are cases 1 and 4, however, 2 was also felt to be possible. The fabrication of geometry 3
was judged to be extremely difficult since each honeycomb section must be sealed from

adjacent cells,

A final comparison of the concepts on the basis of thermal, structural and fabrication con-
siderations is presented in Figure 2-66. A rating has been assigned to each geometry under
each criteria., In view of these results, the concepts, in order of preference, are: rectangu-

lar channel, cylindrical and rectangular channel/fin, and hexagonal honeycomb.

Using the rectangular vapor chamber fin geometry, a reference design for the vapor chamber
fin radiator was formulated. Sodium was selected as the vapor chamber working fluid
because of its high surfdace tension and latent heat of vaporization, The radiator material

of construction was assumed to be stainless steel throughout,

The primary concern in ensuring a reliable vapor chamber design is to satisfy the following

expression:

AP = AP+ AP
c W v

where
APC = capillary pump pressure rise
APW = wick frictional pressure drop
APV = vapor pressure drop
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TABLE 2-25. SUMMARY OF RADIATOR WEIGHTS

CONFIGURATION AREA | NO. OF |WEIGHT | RINGS | RING REQ. SHEET | TOTAL

(OPEN DUCTS) FT2 CHMB'S RAD, REQ'D | WT'-LBS | SHEET | WT. WT.
1, 10 mil fins [855 ‘ 11,500 1510 6 303 Tgﬁé 363 2176
2 15 mil plates {630 9,200 [1670 4 195 .018 | 166 2031
1, 20 mil £ins |800 8,500 |1700 6 283 -~ -—- 1983
4, 10 mil fins |885 8,900 |1710 6 314 019 | 375 2399
4, 20 mil fins |860 6,550 |1850 6 305 -———— - 2155
3 .5"cell (.0075'){950 | 281,000 |2500 6 324 .0095 | 155 2979

(CLOSED DUCTS)
2 15 mil plates 750 ‘ 11,100 {1520 4 232 018 | 197 1949
1, 10 mil fins (1000 | 12,800 |1800 10 560 .018 | 382 2742
1L, 20 mil fins {950 9,050 [1950 10 532 ~——— - 2482
4, 10 wil fins |990 8,950 |1980 .8 436 .023 | 470 2886
4, 20 mil f£ins (950 7,700 (2075 8 418 ———- - 2493
3 .5" cell (075')|1370 | 405,000(2850 8 464 011 | 362 3676
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Figure 2-66. Evaluation Summary and Recommendations



The capillary pump pressure rise can be estimated by the following expression:

AP, = 2((T:c:s 2]
c ‘YP

where

¢ = fluid surface tension
Yp = effective pore radius of capillary wick

cos B = contact angle between the fluid and the wick

From a design standpoint, yP is the only degree of freedom in changing the capillary
pressure rise, since ¢ and 8 are functions of the fluid. In order to increase the capil-
lary pressure rise, a fine mesh (200 by 200) stainless steel wire screen was selected,
This choice provides a substantial pumping capability without imposing too high a frictional

pressure drop.

The condenser fluid passage is designed with the following objectives in mind:
a2, Minimize the return fluid pressure drop
b. Maintain the fluid in a predictable configuration,

An illustration of the condenser wick geometry is shown in Figure 2-67. The wire diameter

is 0. 020 inches in diameter and the mesh size is 150 by 150.

Due to the dependence of the sodium vapor temperature on pressure, it is necessary to
design the vapor passage so as not to induce any discernable pressure drop in the vapor.

The required cross sectional flow area of the vapor is primarily dependent upon the length,
width and the temperature level of the heat pipe. Arrangement constraints fix the width of the
the triform radiator panel at 64 inches. If one primary fluid duct were used, the condenser
would be approximately 32 inches in length which past studies have shown to be far from

from optimum for this type of application, In order to maintain more reasonable condenser



150 X 150 MESH

0.020"WIRES

CONDENSER SECTION

Q O (@)

? EVAPORATOR SECTION

200 X 200 MESH

Figure 2-67. Vapor Chamber Wick Geometry

lengths (16 inches), two primary fluid ducts were used. The width of each vapor chamber
was limited to 1,25 inches as a result of structural considerations arising from internal
gas pressure., Under these conditions, the minimum allowable height necessary to allow

vapor flow without an observable pressure drop is 0. 300 inches.

The purpose of the primary fluid ducts is to transfer heat to the evaporator sections of the
sodium heat pipes. ¥ properly designed, the cesium fluid temperature can remain constant
along the condensing length of the radiator panel. The design chosen which is attractive

from the standpoint of fabrication, flow geometry and meteoroid protection is the half cylinder
duct geometry, The duct was sized to limit inlet vapor velocity to <10 ft/sec. for stable

flows; key details of the design are illustrated in Figure 2-68.

One degign problem which remains with the baseline system is that the vapor entering the
radiator, at 16420F, has too much superheat for good radiator design, With design iteration,
the radiator should be sized to provide further subcooling and the recuperator size should

be increased to reduce the superheat at the radiator inlet.
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2.6.4.2 Avuxiliary Radiators

The MHD power system auxiliary radiators are located on the surface of the MED equipment
bay. Table 2-26 lists the salient characteristics of the two active radiators which cool the
MHD generator windings, stator, andthe pump and valve motors in the MHD bay. The
reactor, radiation shield, excitation capacitors, batteries, and the main power conditioning

equipment are passively cooled by direct radiation to space.

TABLE 2-26, AUXILIARY-RADIATORS BASELINE DESIGN

Service Winding Cooling Stator Cooling
Heat Loads Pco'l’ 12,2 kKW MHD Generator 35 kW
! : Others 15 kW
Average Temperature 34 OOF SOOOF
Tube Spacing 7.1 in. 3.5 in,
Fin Efficiency 0. 88 - 0.9
. 2 2
Radiator Area ‘ 85 ft 50 ft
2 2
Specific Weight 0.97 Ib/ft 1.9 Ib/ft

2.6.5 STRUCTURE AND INSULATION

2.6.5.1 Structure

The baseline design spacecraft is made up of two large assemblies connected by a 53-foot
long triform main radiator, The head of the spacecraft includes the reactor, radiation
shield, and the MHD equipment bay. The reacior is mounted to the top of the radiation
shield on short tubular struts. The radiation shield is a stainless steel reinforeed, solid
lithium hydride block, stiffened both internally and externally. The MHD bay is a rib and
skin structural shell extending from the bottom of the shield; internal trusses, ribs and

ties carry loads up to the shield or out to the stiffened shell.

The lower assembly of the spacecraft is a cylindrical body containing the main power con-
ditioning equipment, the payload, and the thruster system. All internal loads are carried

on the shell structure of the lower assembly; additional trusses are used to take loads

2-148



from the radiator spine out to the lower shell, The main radiator is built up on a stainless
steel triangular boom 53. 25 feet long, This boom is made up of three 1, 5- x 1.5- x 0, 050-
inch thick channe! beams which run full length to form the edges of the boom, and 16- x
1.5 x 0, 040-inch welded cross bars on all three sides, spaced 39 inches apart. The
rectangular openings between the cross bars are spanned by crossed tension ties which
run from corner to corner. The vapor chamber panels of the radiator are hung on studs

- protruding from the channel beams and secured with washers and locknuts. The studs pass
through sealed, reinforced holes in the vapor chamber panels. Torsional stiffness is
provided by fitting tapered radial trusses between bays. These tapered trusses, shown
in Figure 2-40, are made of 1,5~ x 1~ x 0, 060~inch tee sectlon and are welded {o the
central triangular boom., These radial trusses provide a good structural tie between the
central boom and the stiffeners running the full length of the radiator panel outer edges.
In addition, they provide support for the feed and return pipes to the two vertical condensing

ducts running down each radiator panel,

The outer edges of the radiator panels are fitted with permanent channel type stiffeners
which link the panels together to form a light column at each edge of the radiator connecting
the head and lower assemblies of the spaceéraft. These channels also act as the wireways

for all cabling connecting the fwo ends of the spacecraft.

TFollowing the concept discussed in Paragraph 2. 5.3, disposable structure is used to assist
the triform radiator in carrying launch loads. Three channels weighing a total of 1970

pounds are fitted over the edge stiffeners of the radiator panels (see Figure 2-35). The

size of these channels varies with elevation as is illustrated in Figure 2-69. The disposable

structure also includes 320 pounds of siabilizing tubes as illustrated in Figure 2-36. A
force and moment distribution diagram for the MHD baseline spacecraft is presented in

Tigure 2-70,

2.6.5.2 Insulation
In the MHD spacecraft, an effective insulation system is needed fo enclose the MHD bay
and to isolate the lower assembly of the spacecraft from the main radiator's heat. A

trade-off was made to select the insulation from two candidate systems. Oneis a
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molybdenum /mnickel/copper/aluminum multifoil insulation systems which has been success-
fully tested (Reference 27); the other is a single, thick layer of fibrous insulation, typically
Johns-Manville MinK 2000, weighing 25 1b/ft3. The effective thermal conductance of the
half-inch thick (55 layer) multifoil system was estimated to be 20 ,watts/ftz with the insula-
tion weight running 2. 2 lb/f’c2 including a 0. 020 inch support sheet on the hot (high metal
density) side. The conductance of MinK 2000 was estimated to vary with thickness, and

were as follows:

Conductange Thickness Weight*
(watts /Tt ) (inches) (Ibs/, £t2
20 4 8.25
40 2 4,125
80 1 2

* Does not include support sheeting

Assuming a 10 percent increase for a support sheet, the 80 \7va1:t/f1:2 fibrous insulation

system is the samek weight as the 20 watt/ftz multifoil system; consequently, the multi-

foil system was selected.

2,6,6 ELECTRICAL SYSTEM DESIGN

The electrical power system and its components have been designed for use in an electri-
cally propelled spacecraft with an MHD generator as a source of power. Estimates have

been made of size, weight and efficiency of the equipment.

2.6.6.1 Requirements/Characteristics

The primary requirements of the electrical system are to convert the electrical power
developed by the magnetohydrodynamic (MHD) generator to forms suitable for use by the
various electrical loads and to distribute the electrical power with proper protection and

control,
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2.6.6.1.1 Load Requirements - A tabulation of the spacecraft loads and their electrical

requirements is given in Table 2-27. Thruster power requirements are shown in Table 2-3,
The main portion of the electrical power is required by the ion thruster screen grids which
require about 7.2 kW each at 3100 volts de. A total of 37 thrusters are on the spacecraft

of which 31 are active and 6 are spares.

The ion engines, which represent the prineipal electrical load of the entire system, are
known to arc frequently. When ares occur, it is necessary to shut down the arcing

engine to allow the arc to extinguish, then restart it. Since the engines are a large per-
centage of the total load, it was necessary to investigate whether the arcing and consequent
shutdowns significantly diminish the average load represented by the engines. Analysis
shows that even at the extreme arcing rate of 20 per hour the reduction in average load is
only about 3.5 percent. Since arcing frequency tends to diminish with time, the reduction

in average load by thruster arcing may be neglected.,

2.6.6.1.2 Mission Requirements - The electrical system must be designed to provide

power to the loads under the following conditions during the flight:
a. Full power operation (300 kW) from beginning of mission to the coast period

b, Ten percent power operation (30 kW) during coast; the thrusters are inoperative
and only hotel loads and payloads are connected

c. Full power operation (300 kW) from the end of the coast period to attainment
of orbit around Jupiter

d. Ten percent power for at least one orbit of Jupiter.

2,6.6.1.3 Electrical System Requirements, The primary function of the electrical system

is that it transforms the generator oufput for use in the electrical loads. Transmission
cable weight and the corresponding power losses associated with power transmission re-

quire that power be transmitted at as high a voltage as practical,

MHD electrical characteristics are shown in Table 2-28. Electrically, this MHD generator
is a 23 slot linear induction machine with capacitors providing the excitation current. Each

slot is considered as a separate phase. Relative angles of the phases with respect to a
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TABLE 2-27. SPACECRAFT ELECTRICAL LOAD REQUIREMENTS

Ttem

Function

Power Required - kW

Cesium Pump

Auxiliary Pump

Auxiliary Pump

Startup Pump
Reactor Controls
Thrusters

Payload, Science
Guidance and Control

System Controls

Returns cesium condensate to MHD
cycle

Cools MHD generator windings

Cools MHD generator stator,
pumps, ete,

Circulates Lithium for Startup
Cont;rols reactivity of reactor
Propulsion

Science and Communications
Thrust vector control - ion engines

Protection, switching and control
of electrical system

18,3

0.35

0.35

0.35

1.0

240.0

1.0

0.5

0.5




TABLE 2-28, GENERATOR ELECTRICAL CHARACTERISTICS

Current Phase Real Reactive
Voltage Current Angle* Angle¥* Power Power
Slot (Volts) (Amperes) (Deg) Deg) &kw) KVAR)
0 704,.4 244.5 -36. 4 ~-61. 8 -81.31 151, 8
1 944, 0 57. 9 35.5 70.2 18,51 51.4
2 936. 5 57, 8 33,9 70.9 17.72 51.1
3 928, 8 57. 8 32.3 71.6 16. 94 50. 9
4 920. 9 57. 8 30.7 72.3 16,17 50.7
5 912, 8 57,9 29,1 73.1 15.41 50. 6
.6 904. 5 58.1 27.5 73. 8 14, 66 50.5
7 896. 1 58.3 26,0 74. 6 13,92 50,4
8 887.5 58.6 24,4 75. 3 13,21 50, 3
9 878. 8 59. 0 23,0 76, 1 12, 50 50.3
10 - 869.9 59,4 21.6 76. 8 11. 80 50, 3
11 860, 9 59, 9 20. 2 77,5 11,12 50. 4
12 851.9 60.4 18. 9 78.3 10.46 50,4
13 842, 8 61. 0 17.6 79.0 9. 80 50.5
14 833. 7 61,7 16, 3 79.7 9.16 50, 6
15 824.5 62,4 15,2 80. 5 8. 53 50,7
16 815. 4 63. 2 14.0 81,2 7.91 50. 9
17 806, 2 64. 0 13.0 81.9 7.29 51.1
18 797.1 64. 9 11.9 82. 6 6. 67 51.3
19 788, 1 65, 8 11.0 83.3 6, 05 51.5
20 779. 1 66. 8 16,0 84,0 5.41 51,7
21 770, 1 67.8 9, 2 84. 8 4,75 52,0
22 723, 7 325.3 50. 2 54, 1 138.15 190.7
Total Power Generated 294, 84 1410, 2
Frequency: 326 Hz
vo V22

* Definition:
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reference are designated as current angle in Table 2-28; angle between the individual

phase voltage and current is given as phase angle.

The total power listed in Table 2-28, 294, 84 kWe, is the theoretical output power based
on perfect travelling wave form. As the analysis of Reference 8 indicates, the output
of a generator with a finite number of slots will be lower. In this case, with 23 slots,
the penalty is 3 percent, reducing the available power output of the baseline MHD
generator fo 286 kWe.

2.6.6.2 Electrical Power System Design

The electrical power system for the baseline spacecraft is shown in Figure 2-71.

In this system, the electrical power output from each slot is considered as a separate
phase with different output potential. To supply the two distribuﬁon'busses, each phase
is transiormed to two standard secondary voltages, rectified, filtered and connected in

parallel,

The high voltage output bus provides power to all of the screen electrodes of the ion
thrusters. The 3100 volt level is established by the voltage requirements of the screens.
Regulation for the high voltage system is assumed to be providetll by varying the 'input

voltage to the cesium EM pump, which in turn affects the MHD genera;mutput, see

Paragraph 2.6.6.2.7.

The 250 volt output provides power to the remaining spacecraft loads including the several
power supplies required for each thruster, as well as the hotel loads and payloads. The
250 volt potential was selected for auxiliary power distribution being relatively high voltage
for cable power loss minimization, but below most corona and arc-over levels regax:dless
of atmospheric pressure and humidity. Electrical insulations, and components are fre-
quently rated for maximum voltages not to exceed 600 volts at nominal temperatires. To
avoid having to use special high voltage components, and considering the higher operating

temperature of the spacecraft, 250 volts was confirmed to be the acceptable maximum.

The electrical power balance for the baseline system is presented in Table 2-29 and a
summary of electrical component weights is presented in Table 2-30. As is shown in
Table 2-29, the power capacity for the MHD generator is slightly greater (4 kWe) than the

sum of all electrical loads and losses.
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TABLE 2-~29. MHD BASELINE SYSTEM POWER BALANCE

1.055e8 Watts
Power Transformers 5700
Rectifiers - High Voltage 528
- Low Voltage 220
Filters - High Voltage 1235
- Low Voltage 150
Transmission Cables - Inverter Cable 270
- High Voltage Cable 40
- Low Voltage, EM Cable 150
- Low Voltage, Auxiliary Cable 40
Excitation Capacitor Dissipation (0.5% of 1410 KVAR) 7000
Screen Interrupters 1250
Thruster Auxiliary Power Cond, (15.5 kW, n= 0.9) 1550
EM Pump Power Cond. Cs (18.3 kW, n = 0.97) 550
Auxiliary (1. 05 kW, n = 0.35) 2950
Payload Power Cond. (2 kW, n= 0.9) 200
Reactor Controls Power Cond. (1 kW, 5 = 0,9) 100
(Total Losses) (21, 933)

L.oads
Thruster Screens 223, 000
Thruster Auxiliary Power 15,500
Payloads, Science and Communication 1, 000
Guidance ) 500
Systermn Control 500
Cesium Pump 18,300
Small EM Pumps 1,050
Reactor Control 1,000
{Total Losses) (260, 850)
Total Power Required 282,000
Net Power from MHD Generator| 286,000
(Surplus Power) “,000)
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TABLE 2-30, ELECTRICAL SYSTEM WEIGHT SUMMARY

Component Weight (pounds)
Inverters

Transformers 737
Rectifiers - High Voltage Bus 4
-~ Low Voltage Bus 1
Filters - High Voltage Bus 170
- Low Voltage Bus 45
Wire, Brackets, Heat Paths, Control Logic 412

Total : 1369

Excitation Capacitors

‘Travelling Wave Region 715

Interconnected First and Last Winding (est)* 530
Screen Supply Interrupters 310
Auxiliary Power Conversion 367
Thruster, Auxiliary Power Conversion 272
Power Distribution Cables 320
Startup Batteries 240

* See Paragraph 2. 6. 6.2.5 Excitation Capacitor Selection

2.6.6.2.1 Inverter Design - MHD output characteristics and the load requirements lead to

candidate circuits for inversion/conversion systems.

The possibility of resolving combinations of the 23-phases into a three phase balanced
system was examined and rejected. No amalgamation of the phases would result in a
balanced system. An unbalanced system would be difficult for the loads to use, and may

introduce harmonic problems. WMulti-phase connections were also considered.

A continuation of the three/multi-phase reasoning suggested a complex transformer design
- whereby the system could be balanced by winding vernier coils in the transformer secondary,

' For example, a Z connection could be made of the phases, resulting in a near balanced
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situation; a small winding would then be wound on a secondary phase with the appropriate
voltage and phase angle to balance the system, The disadvantage of this method would be
in the complexity of design of the transformer. Assuring proper loading of all the genera-

tor outputs to obtain maximum contribution would be difficult.

Congidering the various phase angles, different power ouiput capabilities of the phases,
and the fact that the majority of the load is at 83100 volts vde, the best alternative is to

transform, veetify, filter and combine the outputs into a common bus.
Details of the basic power inverter are shown schematically in Figure 2-72.

Either of two philosophies may be used in sizing the inversion equipment, One is to design

the inverters for each output characteristic; the aiternative is to have a universal inverter,

The individual inverter design approach results in minimum weight equipment but would
require different designs for each phase. For estimating purposes, equipment weights can
be calculated using average MHD generator outputs, recognizing that some equipment may
be smaller and lighter than average and some may be larger and heavier. BRecause of the
difference in the electrical characteristics of each phase (slot) in the MHD Generator,

22 different designs would be required.

The alternate philosophy is to have a single design of power conversion equipment and apply
this design to all oufput phases. This approach requires that the conversion eguipment be
capabls of operating with all extremes of MHD output, 2s it must be capable of handling the
largest current and highest voltage of all phages, Difference in input voltage would be

corrected by using transformer taps. 'The inversion equipment would be over=designed.

I 3100 vDC

QUTAUT
MHD .
INPUT
{AC)

1 250 vBC
SCR QUTPUT

y
o 4

SCR CONTROL.

CON=—
TRO!
LOGIC

250 VOC

Figure 2-72. Fower Inverter
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Although the latter approach is preferred from the standpoint of design commonality, the
first approach will be used for equipment sizing for this study, since it resulis in the
optimum design for a weight limited spacecraft. The power inversion equipment for the
phases in the wave region will be sized for averag;a power output and average voltage, and
the eguipment for the interconnected phase 0 and 22 in the compensating region will be
sized individually, It should be remembered that some inverters may be larger and some

smaller than average.

From the MHD Generator data shown in Table 2-28 an average power output of 11,3 kW
and an average voltage output of 860 volis vac were selected as characteristic of the

travelling wave region.

With disproportional larger power generated in Phase 22 and a power demand in Phase 0,
these phases are interconnected. The remaining power is 56. 84 kW. To further balance
the power contributed to the common bus and to minimize transformation losses the second
largest power user, the 18,3 kW cesium pump is comnected across the interconnected

output via a single phase to {hree phase cycloconverter.

2,6,6,2.2 Transformer Design - Each transformer for the individual outputs must be

unigue in design because of different rms voltages and power generated. For sizing,
however, an average design was calculated, acknowledging that some fransformer may be

larger and some may be smaller.

The average transformer design was bagsed on a 13 kilowatt unit with 775 volts ac sine-
wave input and the secondaries were assumed to be 3100 volts vac, 4 amperes, and 250
volis vac, 4 amperes, These values were obtained prior to the selection of the baseline
design. The baseline design requires an average transformer of 11 kilowatts which would
be lighter by approximately 10 percent, Frequency for the average transformer design

was 275 Hz compared with the baseline design value of 326 Hz,

Because of the frequency, Silectron AH 4 mil thick core material was selected for the
transformer. Magnetic flux density (B) was 12 kilogauss. Design resulted in an HA-320
core (Arnold Engineering Company), with a primary of 407 turns of No. 12 gauge copper
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wire, and secondaries of 1628 turns and 135 turng of No. 16 gauge wire. .Toi:al weight
was found to be 32 pounds with an electrical efficiency of 98 percent, _’i‘he interconnected
first and last phase generator outputs with the cesium pump connected, required a trans-
former of 35 kilowatts at 500 volts vac prior to the baseline design selection. The
baseline design requires a 38 kilowatt transformer which would weigh correspondingly

more,

Design of the interconnected output transformer resulted in an Arnold Silectron AH 1207
core, with 111 turns of bifiler wound No. 8 gauge copper wire primary and 690 turns and
55 turns of No. 21_gauge secondaries. Interconnect transformer weight was calculated

to be 65 pounds with electrical. efficiency of 98 percent.

Total transformer characteristics are as follows:

Weight ) Power Loss Volume
3
737 Pounds 5700 Watts 3540 in. s 2.01t")

2.6.6.2.3 Rectifier Design - Rectification of the high voltage alternating current is

performed at the output of each phase transformer through a bridge circuit. Three
series 1N1348RA diodes rated at 600 volts Peak Reverse Voltage (PRV) are in each
branch. The diodes are rated at 6 amperes maximum allowable forward current, weigh
0.25 ounces and have forward voltage drop of one volt and electrical loss of 4 watts each,

for a total of 4. 2 pounds and 528 watts loss.

Rectification and low voltage regulation is performed by phase controlled Silicon Controlled
Rectifiers (SCR's). In an ac circuit, the SCR must be triggered into conduction at the
degired instant of time during the half-cycle of the applied voltage wave during which

the anode is positive. In the phase controlled circuit, initiation of conduction is delayed by
an angle so that the SCR conducts for only a predetermined portion of the positive half-
cycle. In this manner, the average power delivered to the load can be varied, and when
coupled with a filter, the output results in a voltage regulated dc bus. When the line
voltage reverses every half-cycle, the S8CR will be automatically commutated off and

consequently will not require special circuits.
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The unit seclected for this application is the GE-SCR type C10 series 2N1777A, with a
repetitive PRV of 400 volts and a 7. 4 ampere rms limit. Total weight for the SCR's for .

the 250 volt bus is 1.1 pounds and electrical losses are 220 watts.

2.6.6.2.4 Filter Design - In both the high voltage and low voltage circuits, the output

filters are used to lower the ripple factor after the transformer output has been rectified.
The filters act as storage devices supplying power during periods when the transformer

output is below the level of the common bus.

The problem was to design an LC filter which would reduce the pulsating full-wave rectified
output to a 3100 wolt dc level with 5 percent permissible ripple. Twenty-two parallel

inverteis will be providing power to the bus with fixed phase differences.

Analysis has shown that for the 3100 volt system, an inductor in each circuit should be at
least 340 mh, with a capacitor on the common bus of 4 8 ufd. For the low voltage system,

the individual inductors should not be less than 25 mh with a common capacitor of 75 ufd.

Attention was given to the critical inductance to prevent current cutout during the cycle.
There is a minimum inductance for a given current below which cutout would occur, although
for larger values than this critical value, the conduction would continue for the full cycle.

If the rectifier is to pass current throughout the entire cycle, the peak current delivered
must not exceed the dec component. The de value is (E dc/RL) and the peak ac current is

(2E4 0/3) (1/XI). Hence, for current flow during the full cycle (Reference 28):

Edc 22Edc 1

RL 3 XL

from which the critical inductance is found to be

2R
L = ___IL__
C 3w
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For the high voltage and low voltage filter circuits the critical inductance is 182 mh, and

12 mh, respectively.

Inductor design resulted in selection of Silectron, 4 milthick core material. Parameters

for the inductors for the traveling wave oufpuis are as follows:

Bus Core Turns/Wire Weight (each) Power Loss (each)
250 volts AH - 223 200 No. 16 gauge 1. 6 pounds 6 watts
3100 volts AH - 188 1000 No. 18 gauge 7. 2 pounds 53 watts

For the inferconnected first and last outputs, the inductor for the high voltage is estimated
to have a weight of 16.5 pounds and a loss of 125 watts; the 250 volt bus inductor is computed

to weigh 3.7 pounds with a loss of 15 watts.

Because of the common busses, individual filter capacitors are not necessary; single
capacitors will suffice for each bus. Capacitors for the LC filters for the 250 and 3300 volt
busses were appraised at minimum capacitance of 72. 3 ufd and 4. 8 ufd, respectively. The
high voltage capacitor was selected to be 5. 8 ufd — 7500 volts de, GE catalog No. 14F1418,
de case style 70, weighing 10 pounds. The low voltage capacitor was selected to be 75 pfd,
1000 volts de, GE catalog No. 23F1024, dc Case style 72, weighing 6. 6 pounds.

2.6.6.2.5 Excitation Capacitor Selection - The function of the capacitors which are

connected in parallel with the load to the MHD generator is to supply the excitation component
of current in order for the generator to deliver the required power. Computler analysis has
shown that except for the interconnected first and last windings, a total of 713.6 pfd is

required to be connected across the outputs for an average of 34 ufd each.

A limited industry search has shown that no units are avilable without development; however,

the technology exists for designing a capacitor to meet the requirements.
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General Electric Company, Capacitor Department was asked to make an estimate of the
size and weight of a bank of capacitors, and reports that a building block unit of 5 ufd,

6 x 4 x 3 inch, weighing 5 pounds may be developed for this application. Applying the
specific weight of 1 pound/ufd and 14. 4 cubic inches/ufd, the capacitors for the traveling

wave region would weigh 715 pounds and have a volume of 10,300 cubic inches, 6 cubic feet.

Selection of the excitation capacitor requirement for the interconnected first and last winding
output is not complete, however two approaches are heing considered and are shown in
Figure 2-73. Capacitance for the three capacitor methods requires 645 pfd, 690 ufd and

390 pfd for Gy, C2 and CS’ respectively. Weight and size estimates for C; and C, knowing
the capacitance cannot be performed as above since these parameters are a function of
reactive volt amperes, and are considerably less for these capacitors than for the others.
Capacitances for the four capacitor method have not been calculated, but will result in less
capacitance than the other method. For arrangement purposes these interconnect capacitors
were assumed to be the same size as 70 of the standard 5 ufd units and a weight estimate of

530 pounds, 1.5 times standard, is carried.

2.6.6. 2.6 Thruster Screen Interrupters - The high voltage electric system configured for

the MHD generator is based on the use of a common thruster screen supply with individual

static-circuit interrupters for each thruster.

In order that a common screen supply befeasible several factors must be considered. If
all screens are fed irom a common supply, all are interconnected electrically. Hence, it
is necessary that such interconnection be compatible with the complete electrical system,
including the thruster auxiliary power conditioners. Also, it must be possible to isolate
individual thrusters from the common supply in the even't that the thrusters fail on

momentary arc-over.
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Figure 2-73. Interconnection, First and Last Winding

Each individual thruster screen is fed from the common high voltage bus at the thrusters
through a series network consisting of a high speed electronic switch (SCR} and a series
reactor (L). Simplified schematic diagrams of the common bus connection and the static
switch used as the screen circuit interrupter are shown in Figures 2-74 and 2-75. A
number of SCR's are connected in series to withstand the high voltage of the screen supply
and are connected in parallel with resistor-capacitor networks fo provide for proper steady
state and transient voltage division. Commutation of the SCR's is provided by capacitor

C (Figure 2-75).

The interrupters operate immediately upon the development of a fault. Series inductors
provide the energy necessary to clear the fault, as well as providing momentary, transient
circuit isolation during faults. In order to minimize system weight, it is assumed that
electromechanical switches for permanent circuit interruption are not required. The SCR

interrupts the circuit between screen and the power bus in the event of an arc within
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the ﬂlrusterg, as detected by a sudden drop in voltage at the screen, the appearance of
voltage across the series reactor, L, or a commanded signal. Following circuit interruption
by the SCR, energy stored in the inductor L continues to supply power to the arc for a

period of up to two milliseconds. The SCR remains off for a period of 0.2 seconds to allow
time for the arc to clear and the thruster conditions to return to normal. After 0. 2 seconds,
the SCR is again switched on, reestablishing screen voltage and hopefully restoring full
thruster operation. If, for example, the arc restrikes two more times within a short period
of time, the screen supply to that thruster and the inputs to the auxiliary power supplies for
that thruster are permanently disconnected. This thruster is considered completely disabled

and one of the six spare thrusters is automatically placed into operation to replace it.

During the spacecraft coast period when the thrusters are not required to operate, power
to the thrusters is disconnected by the static switches in the screen supplies and by the

contactors in the input circuits fo the auxiliary thruster power supplies.

2.6.6.2.7 Auxiliary Power Conditioning - EM Pump Power Conditioning - There are five

EM pumps in the system; four of which are used in the MHD power sfrstem. Largest is the

cesium pump, beiné rated for 18. 3 kW. The other pumps, which are two auxiliary pumps
and a propellant pump, are rated at 0. 35 kW each. Batteries supply the fifth pump, which
is used only for MHD startup.

The cesium pump design requires three phase 60 Hz power for proper operation. Alternating
current power was selected because of the power availability and because the development of

high power ac pumps is more advanced than de pumps.

There are several methods by which the desired voltage and frequency can be obtained from
the MHD output. Dynamic conversion using a motor generator is undesirable becé.use of the
inherent weight of low frequency machinery. Static conversion by use of standard power
conditioners is not recommended to change from 326 Hz to 60 Hz because of unnecessary

losses and because of the large capacitor weight.
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For power conditioning tor the cesium pump, a cycloconverter (synchronous stalic frequency
divider) is selected. The cycloconverter reduces the generalor {requency to the 60 Hz range
suitable for the pamp. A transformer may be necessary Lo reduce the generalor ouipul

voltage to Llhe vollage required by the pump, however analysis is not complele.

A cycloconverter is a means of changing the {requency of allernaling power using conlrolled
rectifiers which are ac line commutated.  The basic block diagram ol a cycleconverier is
shown in Figure 2 76. The funclion of the logic circuil is Lo provide the control turn-on

signal for the SCR's in the proper time and sequence.

The silicon control rectifier circuit of the eycloconverter shown in Figure 2-77 is the circuil
which handles the power and produces the low frequency output vollages. These low
frequency oulput voltages are obtained by allernaiely providing a series of positive dc
voltages and then a series of negative dc voltages from the high frequency (326 Hz) input

io each phase of the output.

LOGIC CIRCUITRY
PULSE ftiigQPUl-lExs\NsCi-:Y GATING
GENERATOR DIV IDER CIRCUIT
Y
SCR

—&- - CIRCUIT -
SINGLE PHASE 3 PHASE
INPUT OQUTPUT

Figure 2-76. Block Diagram, Cycloconverter
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THREE PHASE, (60 HZ) OUTPUT

Voo °

Figure 2-77. Cycloconverter SCR Circuit

The method of operation is apparent by referring to Figure 2-78, a single phase part of

the three phase system (Reference 29).

Thus, if SCR1 and SCZR2 are triggered, the dc output would be in the polarity shown in
Figure 2-78. If SCR3 and SCR 4 Were triggered instead, the oulput polarity would be
reversed. Thus, by alternately triggering the SCR pairs at a frequency lower than the
supply frequency, a square wave of current would flow in the load resistor. A filter would

be needed to eliminate the ripple, if necessary.

In order to produce a sine wave output, the triggering of the individual SCR's would have

to be delayed by varying degrees so as to produce the waveform shown in Figure 2-79.
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2
With the use of a cycloconverter, the generator windings need not be rated at the full kVA

load of the pump, nor are capacitors required to supply the VAR because of the inherent
power factor correcting capability of the cycloconverter. This correction is due fo the

fact that the energy stored in the magnetic field of the load is constantly being shifted by the
frequency converter from one low freguency phase to another without going back to the

generator (Reference 26).

Estimates of the characteristics of the cycloconverter are based upon a design reported
in Reference 26; the weight is taken as 40 pounds, efficiency as 97 percent and the size

8 x 6 x 10 inch.

Control of the cesium pump and consequently control of the MHD generator ouiput voltage,
can be accoﬁlplished by electronically delaying the firing of the SCR's in the frequency

divider to provide a lower rms voltage.

The auxiliary pumnps and the propellant pumps are direct current conduction pumps (see

Paragraph 2. 6. 3. 4) and therefore require power at relatively low voltage, = 1 volt de.

Using conventional power conversion techniques to transform the system's ac output to

de at such low voltage, efficiencies of less than 50-percent are encountered. With ac-de
conversion, the voltage drop in the output rectifiers approximates or exceeds. the output
voltage. Since these dc EM pumps are quite small, ~ 350 watts each, the penalty of even
low efficiency power conversion is negligible; therefore, it was assumed that all three
normally operating pumps (two cooling pumps and the propellant pump) are provided with

power from the low voltage dc bus with power conditioning efficiency assumed to be 0. 35,
Auxiliary power conditioning is also required for the following operations:
a. Reactor control

b. Special ion engine units

2-171



c. Spacecraft guidance control

d. Payload

Table 2-31 shows the weight and efficiencies for the auxiliary power conditioners.

The

weights presented for the special ion thrusfer units are those provided by JPL. No losses

are shown for the special ion engine units, since this power loss is already factored.into

the ion thruster efficiency used to calculate the beam power.

Table 2-31. Auxiliary Power Conditioning Characteristics
Component Power Input Power Conditioning Weight Losses
Application kWe Efficiency, % Pounds Watts
Main EM Pump 7 18.9 97 40 550
Auxiliary EM Pumps,

MHD bay 2.0 35 10 1300
Propellant Pump 1.0 35 5 650
Reactor Control 1.1 80 15 100
Special Ton Engine 16.1 90 272 (see text)

Units
Payload Units

Science 1.0 90 10 100

Guidance 0.5 90 10 50

Control 0.5 90 10 50

2.6.6.2.8 Startup Batteries - Three EM pumps are required for MHD power system

startup. These are the two auxiliary pumps for coolant circulation and a lithium circulation

pump. The lithium startup pump requires 350 watits for 8 hours at about 0. 7 volts de,

which is 2800 watt-hours of energy. Since the main electrical power is not yet available,
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the startup energy must be supplied by batteries. The two auxiliary cooling pumps together

are assumed to require similar energy, and will double the battery requirement.

Two types of batteries could be used: silver zinc or gsilver cadmium, the latter was selected
because of recharge capability. To supply the necessary energy, 18 cells are comnected in
parallel, supplying 2800 ampere-hours at one volt. Each cell bas 150 ampere-hour
capacity, measuring 1.7 x 5.5 x 7. 6-inch, and weighing 5. 8 pounds. Total weight for

each of the two sets is 120 pounds with 14 pounds allowed for mounting, casing, and potting.

Total size is 12.6 x 18. 3 x 8. 6-inch éach set.

2.6.6.2.9 Elecfrical Cable Design - Five major sets of power distribution cables are

required for the MHD electrical system. Cables conduct power from the generator to the
transformer/inverters in the thrusters section, excitation cables from generator to
capacitors, from the inverters forward to the EM pumps, from the inverters to the high
‘voltage ion engines, from the inverters to the engine auxiliary power conditioners and

payloads.

Cable optimization i8 not complete; however, the following estimates have been made:

Weight Power Loss
Cable Designation Pounds Waltts
Inverter Cable 100 270
Exeitation Cables 150 -—
High Voitage Cables 5 40
Low Voltage - EM Pumps 50 150
Low Voltage - Engine 15 40

Aux, Payloads
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2.6.7 MISSION ANALYSIS

A preliminary appraisal of the mission capabilities of the hageline design spacecraft was
made. Using terminology recommended by the NASA-OART eleciric propulsion systems

analysis task group, the spacecraft initial mass, m, is defined as:

m =m ++m +m, +m
o ps P t n

where the masses are

mps = low thrust propulsion system

mp = propellant

m = tankage

m]:l = net spacecraft (guidance, thermal control, attitude control,

telecommunications, structure, science, ete. ) - includes the
science payload, mL

The propulsion system is further broken down:

m
ps W ts
where these masses are

power subsystem

B
I

=
[

ts thrust subsystem

Drawing from the detailed weight breakdown (Table 2-15) of the baseline design, these

masses are given in both pounds and kilograms in Table 2-32.
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Table 2-32. MHD Baseline Spacecraft Mass Definitions

»

Item Pounds - Mass - kg.

m0 35,670 16,180

initial mass

m 18,600 8, 440
ps

low thrust propulsion system

m 15,810 7,170
w

power subsystem

m 2,790 1,270
ts

thrust subsystem

mp 14,500 6, 580
propellant

m, 230 100
tankage

m ‘ 2,340 1, 060

net spacecraft

m1 2,065 940

science payload

Figure 2-80 shows a simple block diagram of the systems electrical energy flow and the
derivation of the baseline design system's specific mass. The figure of merit, @, is there
defined in two ways; the propulsion system specific mass, o (or oze), is 77.5 Ib/kWe,

while the power system specific mass, «_, is 66 lb/kWe.

W

Figure 2-81 shows the reference mission profile for low energy earth escape and thrust-
coast-thrust flight to achieve orbit around Jupiter. There are two orbits around Jupiter

which were considered: a high orhit at 11.7 million miles and a low orbit at 2. 62 million
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miles. In both cases, the orbit radius is measured from the center of the planet; for
reference, the radius of Jupiter is 43,450 miles. For each of these terminal orbits a set
of flight parameters was calculated, see Table 2-33, including the trip time. The specific
impulse was varied from the 5000 second nominal for the thruster subsystem (Paragraph
2.2, 2) to 4000 seconds and 6000 seconds to determine trip time sensitivity. The variation
of required propellant mass fraction with trip time is plotted in Figures 2-82, 2-83, and
2-84 for each Jovian orbit and each of the specific impulse values. In Table 2-33 and in
the three figures, the baseline desigh mass fractions used are corrected for the different
propellant masses used; the thruster subsystem and tankage were adjusied in direct

proportion to propellant flow rate.

From the plots, it is evident that the baseline design is capable of attaining the high Jupiter
orbit in about 900 days; and cannot attain the low orbit around Jupiter in any reasonable
trip time. Changes in specific impulse seem fo affect launch weight reguirements more

than trip time.

A more detailed appraisal of mission capabilities cannot be made until the second half of

this study when the variation of system specific mass with power level has been determined.
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Figure 2-82. Propellant Mass Fraction vs. Trip Time, Isp = 4000 Seconds
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TABLE 2-33, VARIATION OF TRIP TIME WITH SPECIFIC IMPULSE FOR BASELINE DESIGN

Specific Trip Jupiter Propellant Required | Required - Adjusted
Impulse Time Orbit Flow/Rate 1 EP__ m /m Baseline Design
(Sec) (Days) (108 mi) (o /hr) " Tm, poo m_ (bs)
4000 360 11,7 1, 6740 0.13677 | 0.86323 m /m = 0,43621
4000 540 11,7 1, 6740 0.32796 | 0.67204 poo
4000 720 11,7 1, 6740 0.47423 | 0.52577 940 days
4000 900 11.7 1. 6740 0.55415 | 0.44535— 38, 376
4000 360 2. 62 1. 6740 0.10837 | 0,89163 m /m = 0.43621
4000 540 2, 62 1, 6740 0.25987 | 0.74013 poo
4000 720 2, 62 1. 6740 0.37578 | 0.62422 no trip
4000 900 2, 62 1. 6740 0,43911 | 0.56089— 38, 376
5000 360 11.7 1, 3392 0.16843 | 0. 83157 m /m = 0,39008
5000 540 11,7 1.3392 0,38523 | 0.61477 poo
5000 720 11.7 1.3392 0.53715 | 0.46285 890 days
5000 900 11.7 1.3392 0.51096 0. 48904 = 34, 331
5000 360 2, 62 1, 3392 0.13982 | 0.86018 m /m = 0.39008
5000 540 2, 62 1. 3392 0.81979 | 0.68021 poo
5000 720 2, 62 1.3392 0.44591 | 0.55409 1o trip
5000 900 2. 62 1. 3392 0.51096 | 0.48904— 34, 331
6000 360 11,7 1.1159 0.19799 |  0.80201 m /m = 0,35276
6000 540 11.7 1. 1159 0.43366 | 0.56634 p o
6000 720 11.7 1,1159 0.58675 | 0.41325 825 days
6000 900 11,7 1.1159 0.66213 | 0.33787— 31, 633
6000 360 2, 62 1.1159 0.16954 | 0.83046 m /m = 0,35276
6000 540 2. 62 1, 1159 0.37135 0, 62865 p 0
6000 720 2, 62 1.1159 0.50244 | 0.49756 1o trip
6000 900 2, 62 1.1159 0.56699 | 0,43301~ 31, 633

Note: All of above values are for 10, 000 hour thrust time and a science payload of one metric ton,
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3. CONCLUSIONS

From review of the work done in the first half of Phase I and evaluation of the baseline

design system, the following conclusions are drawn:

1D

The one~loop MHD system is more aftractive than a two-loop configuration,
although coolant activation by irradiation or fission produce leakage from re-
actor fuel elements might require the use of a two-loop system. The problems
should be reappraised when more reactor data are available.

In order to shut down the MHD system during the flight coast period and Jupiter
orbit operations, it would be necessary to provide an auxiliary power system to
provide hotel load and payload power. The inclusion of shutdown and restart
capability and a separate power system requires a more complex plant design.
On the other hand, it is not unreasonable to assume that the MHD system can
be operated at reduced power levels, If it cannot, a relatively small power~
flattening shunt can be incorporated, Therefore, the system should be designed
for continuous operation,

The rectangular channel vapor chamber using sedium working fluid is the most at~
tractive design for the primary radiator. The triform geometry appears most
attractive for the direct condensing vapor chamber radiator, since auxiliary
structure is most easily incorporated and most easily jettisoned from it, The
radiator net weight can then be minimized for bhoth launch and electric-propelled
flight.

The baseline design system exceeds the Titan II C/7 payload capability by about
7500 pounds or about 25 percent, and its length of 82 feet is slightly greater than
the maximum allowed for the existing launch facilities. Neither excess is of
alarming proportion when considered against normal growth or uprating of launch
vehicles and their facilities in the ten year span needed to develop a flight MHD
power system.

The reactor for the MHD power system is defined on the basis of data generated
in the SNAP-50 Program about five years ago. Developments or studies since
that time may indicate changes in the reactor design which will significantly af-
fect MHD power system design, such as: larger core diameter requiring a
larger shield, or a greater vulnerability to fission product leakage requiring an
intermediate loop. Also of concern in reactor design is the fact that 2 reactor
of this type would be developed not solely for the MHD power system but for other
power systems (e.g., Potassium Rankine and Brayton) and manned missions as
well. Consequently, the standard fast reactor developed might very well not be
a slender, radiatively-cooled type but rather a short squat device with rotating
drum controls and an active cooling system for the control drum assembly, All
of the changes expected or possible in reactor design would involve design penal-
ties on the MHD power system.

1A\
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The MHD generator has a number of design features which require further in-
vestigation or development work, among them are:

a. The duct wall separating the lithium flow from the stators., As was
shown in the generator discussion, a continuous metal wall of any
credible thickness is simply not acceptable; it would impose very
large eddy current losses.

b. The tapered winding slots in the generator stators become too narrow
for acceptable conductor shapes and insulation systems near the outlet
end of the generator. It may be necessary to design the generator with
more conventional rectangular siots.

C. Qenerator analysis is optimistic in calculating elecirical losses in the
windings. In particular, the percentage of slot area assumed to be
conductor is high. Assuraption of a lower area fraction would increase
either weight or winding loss and might require a lower number of turns
per slot with lower slot voltage. This last might have serious con~
sequences for excitation capacitor design. Lower conductor area would
also make coil cooling more difficult.

The MHD nozzle weight was calculated somewhat optimistically but is still high.
Conversations with Dy, Elliott at JPL indicate that the wide shallow shape which
was assumed to be necessary for successful impingement separation is probably
not necessary. A more square shape makes design for creep stress much easier.

In the baseline design, it was assumed that the impinging nozzles could success-
fully separate the liquid and vapor phases without friction logs. It may be
necessary to use a separator of some sort to achieve adequate separation.

This would add to the system’s frictional losses and thereby reduce system
efficiency.

The payload section of the spacecrafi appears to be very small compared to the
whole 82 foot length. However, the payload bay has a volume of 95 cubic feet and
an outside surface area of 40 square feet, both of which are considered reasonable
for a payload of one metric ton, The size of the payload bay can be increased
significantly without significant increase in the spacecraft weight,

The high specific mass of the MHD power system seems to require greater trip
times than originally assumed. The increase in trip time can be of real significance
to time related design problem areas - radiation exposure, creep stress, erosion,
etc,



4. RECOMMENDATIONS

The following recommendations are made based on the first half work and the specific con-

clusions drawn in Section 3,
1. TUse the baseline design as depicted for the parametric evaluations of the second
half--i.e., a one-loop, continuously operating system using a triform vaper

chamber radiator.

2. In the second half consider the effects of changes in reactor design on the MHD
system.,

3. In the second half consider the effects of reducing the number of conductors per
MHD generator slot and the winding packing fraction.

4. In the parametric analysis of the second half, consider the effects of vapor-liquid
separator inefficiency on overall design.
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2. TECHNOLOGY

No new technology items have been identified.
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