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COMPARISON OF THERMAL ANALYTIC MODEL WITH EXPERIMENTAL
TEST RESULTS FOR 30-CENTIMETER-DIAMETER ENGINEERING
MODEL MERCURY ION THRUSTER
by Jon C. Oglebay

Lewis Research Center

SUMMARY

A thermal analytic model for a 30-centimeter engineering model mercury-ion
thruster was developed and calibrated using experimental test results on a pre-
engineering model 30-centimeter thruster.

A series of tests were performed at Lewis to simulate a wide range of thermal
environments on an operating, 30-centimeter engineering model thruster, which was
instrumented to measure the temperature distribution within it, As a result, both the
analytic model and the thruster self-heating distribution presented in a previous report
have been modified.

This report presents a description of the modified analytic model and comparisons
of the analytic and experimental results for various operating conditions. Based on the
comparisons, it is concluded that the analytic model can be used as a preliminary
design tool to predict thruster steady-state temperature distributions for stage and mis-
sion studies and to define the thermal interfaces between the thruster and other elements
of a spacecraft.

INTRODUCTION

Missions for which the use of large ion thrusters are desired require that the
thrusters operate over a wide range of power levels and thermal environments (0.3 to
5 AU) for as long as 5 years (private communication from C. G. Sauer of the Jet Pro-
pulsion Laboratory). These missions also require having a large number of thrusters,
with as few as two or as many as nine thrusters operating at the same time. Because
of the wide range of power levels and thermal environments, an analytic model is



required to compute the steady-state temperature distribution within the thruster as
well as to prédict the thermal interaction of the thruster with the environment, adjacent
thrusters, and the spacecraft itself. ‘

In addition to the model presented in reference 1, there have been thermal models
developed for 20-centimeter ion thrusters (refs. 2 and 3) as well as studies on the self-
heating pattern of operating 15- and 20-centimeter ion thrusters (refs. 4 and 5). In all
of these studies ékperimental data were obtained with operating thrusters instrumented
with thermocouples located in the assumed areas of thermal deposition. The analytic
models and the thruster self-heating distributions were then adjusted to obtain agree-
ment of the experimental and predicted temperatures.

This combined analytic-experimental approach has been used in this study. The
experimental data were obtained with an operating, 30-centimeter engineering model
ion thruster (ref. 6). The analytic model presented in reference 1, which was originally
calibrated using experimental data presented in reference 7, was modified. The self-
heating distribution was then adjusted to obtain satisfactory agreement with the experi-
mentally obtained steady-state temperature distributions presented in reference 6.

Once the self-heating distribution was established, the model was used to compare
the temperature distributions obtained during simulated multiple thruster operation with
varied solar flux. Comparisons of the predictions of the analytic model with the data
obtained during the test program presented in reference 6 will be given. '

THERMAL INVESTIGATION
Thruster Thermal Characteristics

The temperature profile within the thruster is a function of the thruster design, the
operating power level (i.e., beam current), and the environment in which the thruster
operates. These factors determine the heat flow paths within the thruster, the amount
of heat deposited within the thruster, and the sinks to which the heat is rejected.

Heating of specific thruster components may be required (e.g., in vaporizers), or.
may occur due to inefficiencies in the ion beam. The amount of heat supplied to the
main, cathode, and neutralizer vaporizers (fig. 1) nominally varies from 2 to 7 watts
each, depending on the beam current (ref. 6). Although this heat causes locally high
temperatures compared with the main components of the thruster, they are so isolated
that they have essentially no effect on the temperature distribution within the thruster
or with the thermal interfaces with the spacecraft or environment. The same applies
to the cathode and neutralizer tips. . ~ R

" By far the largest heat source is the discharge power. The amount of heat gener-
ated in the discharge varies from 111 to 370 watts for beam currents of 1/2 and 2 am-
peres, respectively (ref. 6). This energy for the most part is deposited in the dis-
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charge chamber (anode, engine body, etc.), with the remainder exiting the thruster
through the apertures in the screen and accelerator grids (fig. 1). This discharge
power, along with the environment and thruster design, determines the temperature
distribution within the thruster. '

£

Thermal Model

The concept of treating heat flow problems in terms of electrical networks, based
on the equivalence of the electrical and thermal conductance equations, is well devel-
oped (ref. 8). The concept basically involves the determination of the thermal resist-
ance paths within a given network and then numerically determining the resulting tem-
perature distribution.

The original thermal network (ref. 1) was reduced from 88 diffusion and 6 boundary
nodes to 56 diffusion and 6 bOundary nodes. A cutaway view of an engineering model
thruster is shown in figure 1; the nodal layout is shown in figure 2. The nodes and
materials used are shown in table I. In general, the main components of the thruster
(i.e., anode, engine body, ground screen, etc.) were divided into four circumferential
quadrants. This approach allows the nodes in each quadrant to see any environment
desired. This capability was used to simulate multiple thruster operation by surround-
ing the thruster with variable temperature azimuthal shields as will be d1scussed later.

The main differences between this model and the original are

(1) The nodes associated with the neutralizer, cathode vaporizer, cathode, and main
vaporizer assemble_s have been omitted. The nodal simulation of these areas was not a
good representation of the actual hardware; a more detailed analytic model of these
areas is required. Furthermore, as mentioned before, a previous analysis has shown
that these assemblies are so isolated from the main components of the thruster that they
have essentially no impact on the temperature distribution within the thruster.

(2) The number of nodes on the anode was increased from 8 to 16 (4 circumferential
by 4 axial) because of the extreme temperature gradient measured during the tests.

The heat exchange within the thruster is predominately by radiation. This requires
that the surface optical properties of the materials be known with a reasonable degree
of accuracy. However, there can be considerable variation of the optical properties due
to nonuniform surface finish, the deposition of debris from the operating thruster, and
any temperature dependence of the surface properties.

Small samples of the anode and mask were removed, and their optical properties
measured experimentally between wavelengths of 1 to 15 micrometers. Based on these
measurements, emissivity values used in the model were 0. 60 for the interior surface
of the anode, 0.30 for the external surface of the mask, and 0. 15 for all other thruster



surfaces. The vacuum chamber was assumed to have an emissivity of 1. For interior
nodes radiating through the grids to the cold walls of the chamber, a cavity effect emis-
sivity of 0.275 was used for the baseplate, and the anode emissivity varied from 0. 675
to 0. 8, depending on the location of the nodes. These values were based on data pre-
sented in reference 9.

The radiation exchange factor fij was approximatedeby the following relationship
developed in reference 8:

1
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where € and €. are the emissitivities of the ith and j nodes, Ai and A. are the

]
radiating areas of the ith and jth nodes, and Fi‘ is the geometric configuration factor

from the i to the j*® node. The values of F;; were calculated either by hand or
numerically using the computer program in reference 10. These inputs were then used
to calculate the radiation conductor values between the nodes.

Although radiation is the dominant means of heat transfer within the thruster, the
linear conduction contribution cannot be overlooked. Therefore, it is necessary that
the thermal conductivity of the materials as well as the contact conductance across
joints be known. The thermal conductivities of the materials are well documented in
the literature and are relatively constant over the temperature range of concern. The
values for thermal conductivity used herein are presented in table II. Estimating the
contact conductance across joints is a more difficult task. The conductance between the
supports connecting the engine body with the anode and ground screen were neglected
because the contact area is very small compared with the surface area of the nodes.
Reducing the heat transfer (i.e., thermal conductivity), to estimate joint conductance
between other nodes, had essentially no effect on the temperature distribution within
the thruster. Therefore, joint conductance was neglected in the model. It was also
assumed that there was no heat transfer between the ground screen and the rear shield
because of the very poor contact in that area.

The program chosen to solve the analytical model was the systems improved numer-
ical differencing analyzer, or SINDA, which is a thermal analyzer program described
in reference 11. Once the necessary model information was obtained, it was coded in
SINDA format, and the steady-state temperature distributions of the thruster were
calculated. Predicting variations in the thermal performance of the thruster due to
property changes can be done with relative ease.

:th



Thruster Self- Heating Distribution

When the thruster is operating, there are significant heat inputs to various thruster
components from ion, electron, and plasma radiation heating. The distribution of this
heat in the thruster is not known precisely and presents another uncertainty in a purely
analytical approach.

The approach taken here was initially to assume that the heat distribution to the
various components of the thruster was the same as that used in reference 1 for a
2-ampere beam current. However, in this series of tests (ref. 6) there was a thermo-
couple located 1.27 centimeters (1/2 in.) from the grid end of the anode (front) and one
located 1.27 centimeters (1/2 in. ) from the baseplate end of the anode (rear). The tests
showed a very sharp temperature gradient from the back to the front of the anode. This
gradient was undetected in earlier tests because of the lack of instrumentation that close
to the front of the anode except for one data point (presented in ref. 7) where the mea-
sured temperature was 655 K. Because of the sharp temperature gradient, the initial
heating distribution assumed yielded very poor agreement especially in the anode area.
It was therefore necessary to remodel the anode, as mentioned previously, before
making any further attempts to estimate the heating distribution within the thruster.

After the anode was remodelled, the initial heating distribution was adjusted until
" satisfactory agreement between analytic and experimental temperatures was attained for
a 2-ampere beam current. The same ratios were then applied for beam currents of 1
and 1/2 ampere. The final values and percentages of the total heat input to the various
components for the three beam currents are shown in table III along with the total dis-
charge power. The total heat input is less than the total discharge power because some
heat escapes through the apertures in the grids. .

As can be seen, the majority of the heat goes to the front of the anode (59 percent);
whereas in references 1 and 2, only 18 percent was assumed to reach the front of the
anode. The values for the other components of the thruster are as much as a factor of
5 less than the distributions presented in references 1 and 2. Based on the above com-
parisons, it appears that the thrusters are not heated as uniformly as has been pre-
sented in the past. It is felt, however, that the approximations in table II can be used
for other size thrusters of the divergent magnetic field type.

RESULTS AND DISCUSSION
Calibration Tests

The analytic model was calibrated using data for a 2-ampere beam current for a
single thruster in a vacuum chamber surrounded by liquid-nitrogen-cold walls both with



and without simulated solar flux. To be acceptable, the analytic model temperatures
were to agree to within +10 percent of the experimental results. This level of accuracy
was chosen because the temperatures are not near the material limits and, therefore,
better accuracy is not required for the safety of the thruster. Also, this level of ac- .
curacy characterizes the thruster as an element of a spacecraft. Once the heating dis-
tribution shown in table Il was established for 2 amperes and no solar incidence, runs
were made using the distributions for 1- and 1/2-ampere beam currents. These beam
currents represent full, half, and quarter power.

The comparison of experimental and analytic temperature dlstr1but1ons for these
three beam currents are shown in table IV. Shown on this and ensuing tables are the
experimental and analytic temperatures, the percent error between the two, and the
average of the absolute values of the errors not including the rear shield. All of the
analytic predictions are well within 10 -percent of the experimental results, with the
average absolute error ranging from 2. 64 percent at 2 amperes to 4. 26 percent at
1/2 ampere. Generally, the calculated values are less than the measured values. The
largest errors are generally in the ground screen temperatures at a 2-ampere beam
current. As can be seen, the 2-ampere-beam-current model overpredicts the tempera-
ture by as much as 29 K, the 1-ampere beam current model is within the accuracy
limits, and the 1/2-ampere beam current model underpredicts the temperature by as
much as 14 K. These differences could be due to uncertainties in estimating view fac-
tors and effective radiating areas for curved, perforated surfaces, difficulties in meas-
uring accurate temperatures, or some other phenomena. In any case, the ground
screen temperatures are at least 100 K lower than the other components, and the errors
are tolerable. As will be shown later, when the thruster is enclosed by a shield and
the temperatures are much warmer, the differences sharply decrease.

The error in the rear of the engine body and the anode temperatures increase with
decreasing beam current, indicating that perhaps the self-heating distribution is not
directly proportional to the discharge power. The model consistently underpredicts the
mask temperature. The reason for this is probably that the emissivity could vary sub-
stantially around the mask, as was indicated by visual inspection of the thruster. (The
emissivity of the mask sample measured in one location was approximately 0. 3.)

The rear shield temperatures were set to the average experimental values because
of the complex nature of the support structure and instrumentation leads, etc. (refs. 6
and 7). Attempts were made to estimate the heat rejection from the rear shield. How-
ever, the model experienced convergence problems for most cases, and the effort was
abandoned. For the cases that converged an apparent rear shield emissivity of approx-
imately 0. 40 yielded satisfactory results. However, in a more realistic situation, the
environment the rear shield would view probably would not be as cluttered with support
structure, instrumentation leads, etc., and the rear shield interaction with that en-



vironment could be incorporated in the model.

. In order to establish the effective solar absorptivity of those components of the
thruster that were subjected to solar incidence (i.e., mask, accelerator grid, and
baseplate), the model was calibrated with a 2-ampere beam current and the same self-
heating distribution as before but with a solar incidence of 2 suns axially on the grid end
(front) of the thruster. Initially, the values of solar absorptivity used were typical
handbook values for the materials. These values were later adjusted to obtain satis-
factory results. It was assumed that half of the solar flux incident on the grid area went
through the holes to the baseplate because the grids open area was 50 percent. Table V
shows the solar heating distribution to the thruster and the assumed values of solar
absorptivity used in these studies. The values of the solar absorptivities are all within
25 percent of the initial handbook quoted values used for the thruster materials.

A comparison of the experimental and analytic temperatures for the three beam
currents are shown in table VI. As in the cases with no solar flux, the analytie predic-
tions are well within 10 percent of the experimental results, except for the ground
screen temperature, although they were a little higher than the no solar flux cases. The
average absolute error ranges from 4. 16 percent at 2 amperes to 6. 22 percent at
1/2 ampere. The model consistently overpredicts the ground screen temperatures.
The probable reason for this (in addition to the other possibilities mentioned earlier) is
that the assumed conductive heat transfer between the ground screen and the mask is
probably too high. No attempt was made to determine the sensitivity of the ground
screen temperature to the conductive heat-transfer value because the disagreement,
again, sharply decreases when a shield is around the thruster.

Comparing tables IV and VI, the largest increase in temperature due to the solar
flux occurs on the mask, which is a solid area directly facing the solar source. The
analytical increase in mask temperature is 20 to 30 K greater than the experimental in-
crease, depending on the beam current. As the beam current decreased, the increase
in temperature became greater not only for the mask, but for the other components of
the thruster as well. Omitting the ground screen and mask temperatures, the average
experimental increases in component temperature were 30, 34, and 53 K for beam cur-
rents of 2, 1, and 1/2 ampere, respectively, while the analytic increases were 23, 29,
and 49 K. The solar flux was more in evidence at the lower beam currents because the
thruster was cooler due to the lower discharge power.

Multiple Thruster Simulation

After the model was calibrated, it was compared with an experimental simulation of
multiple thruster operation. Multiple thruster arrays were simulated by surrounding the



thruster with two different variable temperature azimuthal shields. The first configura-
tion had the thruster completely surrounded by a shield as shown in figure 3; the second
configuration had the thruster surrounded by a 27 0° shield with the neutralizer quadrant
open to the vacuum chamber walls (fig. 4). These shields allowed the thruster to radi-
ate primarily to a warm body rather than the liquid-nitrogen-cold walls. This would
permit a thermal evaluation of an operating thruster surrounded by either operating or
nonoperating thrusters. The shields were instrumented with thermocouples to monitor
the shield temperatures. Strip heaters were attached uniformly to the bottom of the
shields to control the temperature. Samples of the heater were removed, and optical
property measurements made on the surface facing the thruster. The resultant emis-
sivity was approximately 0.60. This value was used in the analysis.

The thruster was operated at the same beam currents as in the calibration tests,
both with no solar incidence and with up to 2 suns of solar incidence. A series of
15 tests, 5 each at the three beam currents, were compared with analytic predictions.
A comparison of the results for the 2-ampere beam current are shown in table VII.

All of the analytic temperatures are well within 10 percent of the experimental values,
including the ground screen, which indicates that the interaction between the ground
screen and chamber environment is not being treated correctly without the shields
around the thruster. In fact, the errors in the analytic predictions for the most part
are lower than for the calibration cases. The maximum average absolute error is
1.55 percent, with the largest error in these cases occurring on the front of the anode.

The only major differences between these shielded cases and the calibration cases
are the much better ground screen agreement and the higher (due to the presence of the
shields) thruster temperatures. The temperature around the thrus;ter, excluding the
grid end, was increased from liquid-nitrogen temperature (80 K) to nearly the thruster
temperature (500 K). This essentially eliminated the heat transfer from the sides of
the thruster to the environment. This 420 K increase caused a maximum average ex-
perimental thruster temperature rise, excluding the ground screen, the front of the
anode, and the rear shield, of only 68 K in the 360° shield case with 2 suns. The corre-
sponding analytic temperature rise was 59 K. This means that the main heat-rejection
mechanism is by radiation out of the accelerator end of the thruster to the cold walls of
the chamber. '

Similar results for the 1- and 1/2-ampere beam currents are shown in tables VIII
and IX, respectively. As in the calibration tests, the errors generally increase with
decreasing beam current but still remain well within 10 percent.

The temperature comparisons of the experimental and analytic results for the
2-ampere beam current are also given in figures 5 to 11. In these figures the average
temperatures of the engine body and ground screen presented in tables IV and VI and VII
are shown.



A computer listing of the SINDA input, execution procedure, and output for a typical
run with a 2-ampere beam current is presented in the appendix. It should be noted that
all input values are in English units because SINDA requires that the input temperatures
be in degrees Fahrenheit for problems involving radiation.

CONCLUSIONS

An analytic thermal network for a 30-centimeter engineering model mercury-ion
thruster has been modified and calibrated against experimental data obtained on an op-
erating 30-centimeter engineering model thruster. Experimental data were generated
at full, half, and quarter beam currents over a wide range of thermal environments.
Comparisons of the analytic and experimental temperatures show that the analytic model
agrees well, within 10 percent of the experimental results (about 4 percent on the aver-
age), for the main components of the thruster.

' From the results of this study, it was concluded that

1. A realistic thermal model has been constructed to represent the thruster tem-
perature distribution with an expected accuracy of 10 percent.

2. Heat losses teivarlous components of the thruster from the plasma are much
different from those prev10usly estimated.

3. The model can be used to analyze interactions between thruster arrays, thermal
environment, and the |spacecraft itself.

4. The model can be used for prelimipary design, flight performance, and other
applications.

5. The main heag rejection mechanism is by radiation out of the accelerator end of
the thruster. ‘

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 16, 1977,
506-22.



APPENDIX - SAMPLE OF SINDA INPUT, EXECUTION PROCEDURE, AND OUTPUT

SINDA Input

RCD 3THERMAL SPCS

BCD 9 30 CM., EMT MODEL (NO HEATER)

END C

RCD 3NODE DATA

PEM _

REM NODE NUMBER, INITIAL TEMPERATURE (F), AND NODE

REM THERMAL CAPACITY (BTU/F), NEGLECTED IN STEADY STATE

REM
101,83.4.0018, 102,480.,,.0018, 103,80,,.0018, 104480.4.0018
10€,80.,.0023, 106,+80.,.0023, 107,80.,.0023, 108,80.,.,0023
199,80,,.0023y 110,480.4.0023, 111,8044.0023, 112, B80.,.0022
113,80.,.20018, 114,80.,.0018, 115,80.,.0018, 116,80.,.0018
998LeyeG609, 10980090609, 11,8049.0609y 12,80449.0609
13,860.,0010080, 14,80.4.0100, 15,8044940100, 16480.,4.C0100
17,86044900116y 18,8049.0116, 19,8044940116, 20,480.4.0116
21 98044903024y 221806403024, 23,80.,+03024, 24,480.,.03024
2598344405316y 264804405316y 27480405316, 28,8C+,.05316
294606900255, 304800940255, 31,4804,40255y 22480.,.0255
33980¢4940132y 3448004940132y 35,E80e90132, 36+80.49.0132
374804440008, 38,80.,0048, 39,80.,y.0048, 40,80.y.00u8

PEM REAR SHIELD BOUNDARY NODE (F)
'Q6’2110930
T4 9806900425, 754806490825, 76480e,.0425,y 77,8364.0425
85980690107,y 86480490107, 87,80.,.0107, 88,804,.0107

REM ENVIRONMENTAL BOUNDARY NODES (F)
"501"3100 yooy ‘502,'310;,00' ‘503,’310. '0', '50“,'310- '00
-SUSp._BIDO'Do

END
RILATIVE NODE NUM3ERS ACTUAL NODE NUMRERS
1 THRU 13 101 ‘10e 103 - 104 165 106 107 108 109 110

11  THRU 23 111 112 113 11y 115 116 9 10 11 12
21 THRU 3] 13 14 15 le 17 18 19 20 21 -22
X1 THRU 43 23 24 25 26 27 28 29 30 31 32
41 THRU 52 33 34 35 36 37 3e 39 40 Tu 75
£1 THRU 63 76 17 85 86 87 A8 ué 501 502 5C3
61 THXRU 62 504 85G35

NODF ANALYSIS... ODIFFUSTION = 56y ARTTHMETIC = 0, BOUNDAFY = &, TOTAL = 62

BCD 3CONDUCTOR DGATA

REM

REM LINEAR CONDUCTOR NUMBER, CONNECTING NODES AND VALUE (BTU/HR.F)

REM
300,101,13%5,122,106,103,107,104,108,109,113,110,114,111,115%
112,1164.0322
331,105,199,136,11C,137,111,108,112,.0161
3C01,101,102,102,103,103,104,104,101,113,114,114,115,115,116
1164113,.0C0CH
33024105,106,4106,107,107,108,108,105,109,1106,110,111,111,112
112,109, .0C06
33249+10415,11,11412,12,9,.60928
303,13,14,14,15,15,16,16,13,.,00742
30549413,106,414,11,15,412,16,.0399
306097431043 754114764912,77,.0377
207,13,17,14,18,15,19,1642C,.1795%
308417,21918,22919923420424,.101

10.



309,17,18,18,19,19,20,20,17,.01095
310421022922923923424,24,21,.0668
311,25,26926427427428,28,25,4074
312429,30930431,31,32,32,2%,.0184
313,33,34936,35,35,36436,33,.0372
314,433,3743493B8435439,36,4G4429
315,37,38,38,39,39,40,40,37,.0309
338,7U 75975476976, 77,77,74,.0046
REM GROUND SCRFEN DISCONNECTED FRM REAR SHIELOD
347,33 ,46934,46,35,46,36,46,0.
348,9,29,10,32,11,31,12,32,.0145
349,37 ,85,38,86,39,87,40,88,.106
350,85,66986,87487,88,R8,55,.,0053

REM INTERNAL RADIATION CONDUCTOR NUMBER, CONNECTING NODES,
REM VALUE INDICATOR, 1.~ CONNECTED, U.- NOT CONNECTED
PEM ACTUAL VALUE CALCULATED LATER

~40141C14102,102,103,103,104,104,101,113,214,114,115,115,116
116,112,1.
“407,105,1064106,107,107,108,108,105,109,110,110,1114111,112
112,109,1. '

-453,101,103,102,1048,113,115,114,116,1.,
-404,1C%,107,106,108,179,111,110,112,1.
“405,10141054109,113,102,10641104114,103,1N7,111,115,104,108
112,11641.

“406y1054109,1064110,107,111,108,112,41.

-4 37,101,1N6410241074,1C3,108,10441054113,110,114,111,115,112
116,109,102,135,133,106,104,107,101,10868,114,139,115,110
1164111,1124212,41.
-408,10141074102,108,103,105,100,41064113,111,4114,112,115,109
116,110,1. '
-409,105,110,156,111,107,112,108,109,106,109,107,110,138,111
135,112,41. v :
~410,105411141064112,107,109,108,110,1.
-411,101,109,102,110,103,111,104,112,113,105,114,1064,115,107
116,108,1.
-412,101,110,102,111,103,112,104,109,113,106,114,107,115,1C38
116,1305,1014112,1922,109,103,110,104,111,113,108,114,105
115,106,116,137,1.
-413,101,111,102,112,103,109,104,110,113,107,114,108,115,105
116410641

-414,101,113910241184103,115,104911641%
-41%,101,114,102,115,103,116,104,113,101,116,102,113,103,114
104,115,1.

“416,1015115,102,116,103,113,104,114,1.
-417,101417,102,18,103,19,104,20,1.
-418,105,174+126,18,107,19,108,20,1.
“41991099174+1104184111,419,11242041%
-420,113,17,114,18,115,19,116,20,1..
-421,16G14184121,20,102,17,102,19,103,16,103,23,104,17,104,19,1.
-422,105,1849105,20,106,17,106419,1037,18,107,20,108,17,108,19,1.
-423,109,1€,109,20,110,17,110,19,111,18,111,22,112,17,112,19,1.
“424,113,18,113,203,114,17,114,19,115,16,11%,29,116,17,116,19,1.,
-"‘257101’19)132,23,103’17'10“718'10
“4264,105,194106,20,107,17,108,18,1.
-427,1069,16,110,20,111,17,112,18,1.
-426,113,19,114,20,115,17,116,18,1.
“429,101,214132922,103,23,108424,1.
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-430,105421,126422,4107,23,108,24,1.,
-431,109,21,110,22,111,23,112,24,1,
‘432'113,21911“,22y115'231116,2q'10
“433,101922+131,24,102+21,1024234103,422,10U07,24,134,21,104,23,1.
“434,1059224135424,106,21,106,23,107,22,107,24,1085,21,108,23,1.
“035,1094922+139424,110,21,110,234111,224111424,112,21,112,2341.
~4364113422,113,248,114,21,1148,23,115,22,4115,24,41164+21,116,23,1.
‘q377101,23,132,2“,103921,10“,2211-
‘43891059231136924,107921110&,22,10
~439,109,23,110,24,111,21,112,22,1.
‘4‘*’091l3y239114'2491157211116’2?'10
“4414101,4294132,30,103,31,104,32,1.
‘QQZ’ICSQZQ9136'33'107031'108,32110
-443,109,2%9,110,30,111,31,112,322,1.
’4“41113,29’IIQ,3Dy115'31'116'32,1-
-445,101,30,101,32,102,29,102,31,103,30,1063,432y 104,4321,104,2941.
~446,105,30,10%,32,106,29,106,31,107,30,1057,32,10&,31,108,25,1.
-447,1094306,139,32,110,29,110,31,111,30,111,324112,31,112,29%,1.
~445,113,30,113,32,114,29,114,31,115,30,11%,32,116,31,116,29,1.
“449,101431,122,32,103,29,104,30,1.,
~4SG,105531,4136,32,107,29,1068,33,1.
-451,109,31,118,22,111,29,112,30,1,
~452,113431,114,32,115,29,116,30,1.
-461,101,9,102,10,103,11,104,12,1.
~462,1C5+9,105,10,107,11,108412,41.
‘QB3g109'9’113'1091111117112112,10
“4644113,9,114,10,115,11,116,12,1.
~465,101,10,131,12,102,9,102,11,103,10,103,12,108,%45104,411,1.
~466,105,1C,135,12,106,9,106,11,107,10,107,12,108,9,108,11,1.
~467y1099104109,12,1104991104+115111,104111,412,112,99112411,1.
“4684,113410,113,12,114,9,114,11,115,10,115,12,116,94116411,1.
'Q69,113113,11‘§,1‘4,115.151116,16,1.
’Q7U'109'13,110,]“11117151112’16'10
“4714113,16,113,16,114,13,114,15,115,14,115,16,116,13,116,15,1.
“4724,109+14,139,16,110,13,110,15,111,14,111,164112913,11241541..
-1029,17+29418,304,194+31,20,32,1.
'1030'17131'18'32|19129|20930'10
~1031,17430,17,32,18429418431419,30,19,32,20,3142G+29,1.
-103“'17121 ’18'22’]9'23,20'2".,1-
~1035417422417,24,18421,18,22,19,2241%9,24,20,23,20,421,1.,
~1036417,423,18,24,19,21,20422,1.

-1037y 17,18,18,19,19,20,20,17,1.

-1038,17,19,18,20,1.

‘1039121’29;22,30,23931,2“132,1.

1040921930421 932922+25922931923,30423,32,24,31,24,29,1.,
‘10“1’21931'22,32123,29'2“130,10
-10“5,13,85,14,86,15,87,16,88,1.

~10U6 325986 942598842698592698T7427486427,88,4284,87,28485,40
’10“7,21’25122'26,23927’24128’10
-10%2,17,13,18,14,19,15,20,16,1.
-1053,17414,17,16418,13,18,15,19,14,19,16,20,13,2C,415,1.
“105“,9.33,10,3“911'35'12y36910
~1055,13937414,38,15,439,16,4T41
'105611319'1u,10g15’11'lquZ'l.
-1083,29,“6,30,“6,31,46,32,46;1.
—1122474413,75,14,76415,77418&,1.
-1123,74,14,7Q,16,75,13,75,15.76,1“,76,16,77,15,77,13.1.
—11284744337,75936,476439,7T,40,1.
-1125,74,38,74,40,75,37,75,39,76.38,76,40,77,39,77,37,1-



-1143,13,40,15,40,1.
‘11“’4’9136911935on
-1145,13,38,14,37,14,39,15,38,16437,16,39,1.
-114649,34,4,10433,10435,21,34,12,33,12,35,1.

REM

REM EXTERNAL RADIATION CONDUCTOR NUMBER, CONNECTING NODES,

REM VALUE INDICATOR

REM
-20U0,101,505,102,505,103,505,104,505,1.
-2001,105,505,106,505,107,505,108,4505,1.
-20011,109,505,110,505,111,505,112,505,1.
-20012,113,505,114,505,115,505,116,505,1.,
’2002|9'501'10
-2003,1G6,4502,1.
=2004,11,503,1.

L STT-2005,124504,1.

-20U61139501710
-2007,14,5C2,41.,
'2008,15,593'10
-2009,164504,1.,
’2010117'505|18,535)199505,2P’505,1-
-20117211505’22'505'239505'2u'505y00
-2012,2545054269505427,+505,28,5C5,1.
-2013,29,505,30,50%,431,505,32,505,1.
‘201“;33,501,1.
=2015434,4,502,1.
-2016435,503,1.
-2017'36’504,1.
-2018137y501‘1-
'2319,38,582'10
'2020.39’503’1.
~2021,404504,1.
-2041,85,505486+505487,4505,88,505,1.
-20“3,33,502’1.' ‘20““133,50“,107 '20457340501'1t
-2DQ613“,5G3'1.9 -ZOQ7'35'50?110’ '20“8135150“,1.
-2049,36450%41ey -2056436,450141.4 -2051,37,502,1.
-2052437450U41 4y ~2053,28,506141.4 -2054,38,503,1.
-2055,39,5M02,1 .y -2056,39,50U41.y -2057,40,503,1.
‘2058,“0,50]’10
~-205943345054344505,354505,36,505,1.,
‘2065’9,595,13’505'111F05’129505|10
-2866,13,505,1“,50q'151505,16'505’10
~2067,744505,75,50%,76,505,77,505,1.
=20704274505438+535439,5C5,40,505,1.
‘2071'85’5011861532y87¢503 'U.
-2072'8S'50u,30
-2373,7“’591,75150297by503’1o
2074, 77,50CU,1.

END
PELATIVE CONDUCTOR NUMBERS ACTUAL CONDUCTAOR NUMREPRS
1 THRU 1) 3ng 30 G0l 3092 3c2 0z ins 306 327 Ins
11 THRU 23 309 310 311 312 313 31y 31% 3¢ 3a7 3uz
21  THRU 32 3u9 3535 401 402 493 404 40s 406 - 407 4245
31 T4RUY 4J 409 413 411 412 413 41y 415 4ib 417 413
41 THRU 532 419 423 421 422 423 824 425 426 427 uW2e
51 THRU 63" 429 433 431 432 433 434 435 435 437 433
61 THRU 73 439 g 44 442 43 tuy 4us 4ag 4u7 4ua
71 IHRU 83 449 450 451 452 4pl 462 463 upu 46h et
81 THRU 93 467 46b 469 473 471 472 102s 1630 1c*1 1C2u
91 THRU 100 103S 103e 1037 1038 1039 1G49 1541 1645 1Cuo 1Gu7
131 THRU 112 1082 1053 1054 10655 10656 1083 1122 1123 1124 1125
11t THIV 123 11a3 1144 1345 1148 2009 2001 20011 20C12 2602 2003
121 THRU 132 2Cns 20C5 2006 2007 2608 2009 2u1c 2011 2GCt2 2013

131 THRU 142 2014 2015 2016 2ul? 2Cls 2018 2G2C 2021 2ull rtL



141

THRU 152 204y 2045 2046 2047 20ue 2049 2050 2051 20%2 20%3

151 THRU 182 2054 2055 2056 2057 2058 2059 2065 2C66 2067 2370
161 THRU leu 2071 2072 2073 2074

CONDUCTOR ANALYSIS... LINEAR = 22, RAUDIATION = 142, TYOTAL = 164, CONNECTIONS = 738

'BCD 3CONSTANTS DATA
NLOOP , 5002y DRLXCA, 010 ,ARLXCA,+010,DAHPA,+5,0AMPD, .5

END

CONSTANTS ANALYSIS... USER = 0y ADDED = 9 0 Oy TOTAL = 0

8CD
REM
REM
REM
REM
REM

REM

L 2000
MM M m
Z XXX

END

ZARRAY DATR
NODE ORDER FOR POWER DISTRIBUTION 1S 25, 26y 27, 28,
21, 22, 23, 24, 101, 1nR2, 103, 104, 105, 106, 107, 106, 109,
116, 111, 112, 113, 114, 115, 116, 9, 10, 11, 12, 13, 14, 15
16, 29, 30, 31, 32, 17, 18, 19, 20
HEAT INPUTS FOR A 1 AMP BEAM CURRENT (BTU/HR)
1y 2¢56y 2e56y 2¢56y 2456y 7469y Teb9y Teb69, T.69
2¢05, 2+05y 2405y 2405y 8420, 8420, 8420, 8,20
1025, 10425y 10425, 10425, 10245, 102.5, 1025, 102.5
1973, 19473y 1973, 19,73, 2405, 2.05, 2.054 2.05
16441, 16441, 16481, 1641y 256y 256, 2569 2+564,END
HEAT INPUTS FOR A 2 AMP BEAM CURRENT (BTU/HR)
2y Ue2Ty 427y Be27y Ue2T7y 1248, 12,8, 12,8, 12.8
3.4, 3.4, 3.4, 24, 13,65, 13.65, 13.65, 13.65
17.07, 17.37, 17.07, 17,07, 17047, 17047, 170.7, 170.7
32487y 22487y 32487, 3287y 3el, 3e4, 3.4, 3.4
2763y 2743y 2763y 27e3y 4427y Ue27y 4427, 4.27,END
HEAT INPUTS FOR A .5 AMP EEAM CURRENT (BTU/HR)
B, 1¢28y 1e¢28y 1e¢29, 1428y 3.85, 3485, 3.85, 3.85
102, 1.03, 1.03y 1.03, 4.10, 4410, 4,17, 4.10
5412y 5412y 5412, 5412, 5142y 51.2, 51¢2, 51.2
987y 987y 987y 9487y 1+U3, 1403, 1.02, 1.G3
8e20y B840y 8420,y 8420y 1428y 1429, 128, 1.28,END
NGGE ORUER FOR SOLAR FLUX IS &5, 86y &7, B8, 25, 264 274 28,
29, 2C, 31, 32
SOLAP INPUTS FOR 1 SUN INTENSITY
THESE VALUES ARE DOUBLED FOR 2- SUNS INTENSITY
3,30e0y 2040y 3040, 2040, 18e4, 18.4, 18.4, 1844
29.6, 207, 230, 20.0,END

ARRAY ANALYSTIS... NUMEER OF ARRAYS = 4 TOTAL LENGTH = 136
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1

EN

Execution Procedure

RCD 3EXECUTION
DIMENSION X (5030)
NDIMZ=S80GCC
NTH=C
DIMENSION E1(100G) LE2(1002G),AREALCICGD),ARFAZ(1003),F12(1330)
REM '
REM El ARRAY
REM
DATA (EL1(T)1223,154) / S2%aby HUPe1Sy By o775y oly o675, £%*415,
e17%, 15, o154 4275, £%.15, ¢34 25%.15 /
REM
REM E2 ARRAY
REM

MMM



DATA (22(1),IZ2Z,154) / 165%.60, 76%*.15,

1 42514y 3%1., 5%l /
QEm .
REM BREA1 BPRRAY (SOUARE INCHES)
RE™

DATA (AREALI(I),1223,164) / 9.2By 1242y 9e2fy 1242y 925, 12.2,

1 229,28, 2%1ce2,y T%9e28y 2%1242y 2%9428, 23122y 2%9.28, 2%12.2,
2 2%9,28, 2%12.2, 2%9.28y 2%12.2y 2%942By 2%12.2+ 2%9.28, 2%12.2,
2 2%9.,28y 2%1242y 2%9425,y 2%12.2, 9.28,
4 e28y 2%1262,y 2%Y9e25%y 2%1242y 2%9e28,y 12424y 9428, 122,
S 84648y 35127y, 1242y 1S54y 127y 2%12.8, 10U.6,4 2%12.1, U544,
6 2%3.,98, 2%4.l4, 17241y 10Us6E, 121y 10U.6,
T 9,28, %1242y 9.2%, Uxl4a6y %1241y EeRy2%12.8,
B Uus5,2, 4%33.1, 4uxE,0y 28.8,
9 8%32,1, 8x%£,0, 3341y 10046, .
A 1241, Ual, 8.0, 29¢8y 29484 2%4,4 /
PEM
REM AREAZ ARRAY (SQUARFE INCHES)
REM

2 \DATA (AREAZ(T),1223,164) / S.28, 12.2y 928, 10%12.2, 3%9.28,

U 12%6.77, 12%12.7, 12%34,7, _ %43 .5, 4%12.1,
2 3%34,7, 3%12.7, 2%64E, 3%38,7, 22.1, 38.3, 12.7, 2%12.1, 33.1,
3 Ba0y bel3y 2524, 2%1241, 2%840, 240y 3241, B.0y 3341y 4251404,
u 8%140. / '

REM

REm INTERNAL VIEW FACTORS

REM

O P NN E W

™N

£ w

DATA (F12(1),1223,114) / 4021, 027, 021, .028, .317, .0l6, 026,

e327y o026,y #4027, 0093, o021, .N2%, 0044, .0213, 017, 0022,
.0035%, .00%9, .C08&, 0084, 0105, 013, 40149, L0117, .0133,
eJ1UB,y, 0156y 0296y 004, CGT71y 110, o022, 025, «ND26y 027,
«0155, 01855, 0137, 010, U437, «26by 153, 4096, 042, 059,
060,y o054y 310, 029y o035, U374y 1oy 1oy ley ody «GIO7U, <0075,
.J07%, L.0C2Z8, .50, 0098, .00638,.00028, .048, 038, .0u8,
e166y 323, 4006, 016, <016, «0785, 0425, 025,

«108, +UDOU1, 1oy 22, 006, o302y +260y «23y 1oy 55, 009, .39,
«003, .GOB, 320, 208, «37?0 / ‘
REM /
REM EXTERNAL VIEW FACTORS

REM
DATA (F12(I),I-115,164) / .0891, .1095, 137, .174,

33,304,030y 3%elbyalbye217y o5y lay 15,

TE,8U,y 484,y 3%,T71, +71,y 1la,

«04, o084, 3%.34, .04, 2%.,04, 031, 031, 2%.,G31, .G31, 2%.031,
‘OQQ aDSquSpogg' .2“' 015' 015' 039' e 39/
REM
REM CALCULATE AND PRINT RADIATION CONDUCTGR VALUES (BTU/HR.R*®%u4)
REM USING THE VALUES IN THE ABCVE ARRAYS
REM
DO 3DC Iz23,164
IF(G(I)NELO.) GAINZ1,
CONTINUE
DO 1G0 I=23,164 i
G(II=G(I)%1e1FE~11%AREAI(T)I®(1e/((1e/E1CTI)~1)+AREALICI}/AREAZI(I)

MMM MMM MMM T MM M

T M MM M M M M

m ™|

™|

1 %(1./E2(I)~1)+1./F12(12))
103 CONTINUE
WRITE(&,101) .
101 FORMAT(1H1,10X,1HI,5X,2HE]1,5X42HE24SX,5HAREA],5X,5HAREAZ,8X,
13HF12,8X41HG)

MMM MMM MMM

(o=
[3,]



WRITE(6,102) (I 4E3(T)22(T)AREALI(I)AREA2(I),FI2(1),5(1),1223,164

1)

102 FORMAT(I1Z,2F6e24F1l1ob,F10.4,2014,.4)

I

23
24
25
26
27
28
29
32
31
32

T
-

3y
35

16

REM

oEY
END
RCD
REM

REM

REM
REwm

B
mmm
20O X XL

&

(A TR S I VI o)
Z

O Z 0.
fone I v

¢

RE M

CALCULATE STEADY STATE TEMRERATURES
CINDSS

PRINT THRUSTER HEAT INPUTS

QIPRNT

3VARIABLES 1

STORE HEAT INPUTS FOR 2 AMP REAM CURRENT
USE SKARAD(A1+1,ETC.) FOR 1 AMP, 3KARAD(AU+1,-TCe) FOR o5 AMP

BKARAD(A2+1, 025,026,027 ,028,021,022,Q22,%324
2101,01562,2103,Q0104,0105,01C¢,Q01037,2108,Q179,0110,2111,9112
011353,2114,5115,0116409,010,011,012,813,Q14,4015,016,U2%,230
£31,032,017,Q1&8,019,220)

ADD 3KARAD(A3+1,ETC) FOR SOLAR FLUX WHEN USED

IVARTAELES 2

30UTPUT CALLS
CONVERT TEMPERATURES FROM F TC X

00 100 1I=1,¢2
T(I):S./g.*(T(I)*H3.)‘QF.
TIN=T(I)+273.

CONTINUE

REM

REM

PRINT TEMPERATURES IN K
TPRINT
CONVERT TEMPERATURES FROM K TO F

D0 200 Izl,62

TEIP=T(I)~-273,
TUIVZ1e &% UT(I)4u.) 40,

<50 CONTINUE

REM PRINT TEMPERATURES IN F

TPRINT
END
Radiation Properties and Calculated Radiation Conductors

£1 £z AREAL LEREAD Fi2 G .

$6U .63 9.2£0C 94283G .2103-01 «2256-11
.60 o632 12.2000 1602020 .?2703-C1 «3784-11
.60 +63 9.2800 $+2830 .2100-01 $2256-11
+ 60 o639 12.2000 12.2000 . 2800-01 «3%19-11
«60 6D 9.280C 12.29000 .17C0-01 «1841-11
« 60 «69 1z.2c00 12.29230 .1600-01 $2274-11
« 60 o637 9.2800 12.200C0 .2600-01 2278611
<60 %! 9.,2800 2.2090 .2700-01 $2850-11
« &3 .63 12.2000 12.2030 +26C3-01 $3648-11
.60 63 12.200C 12.203C .2703-61 «373u4-11
W 6C «63 9.2800 12.2030 . ©300~-02 »1016-11
« 60 <63 $.2200 12,2030 .2100~-01 «2263-11
« 60 63 9.2£00 12.200¢C «2500-G1 $2682-11

s s Bind |

Mmoo

m M m



6
37
38
39
43
y1
42
43
uy
4s
e
47
ug
4g
<0
51
52
53
5y
55
€6
57
58
59
%)
61
62
63
64
65
656
67
6¢
69

3
T1
12
73
T4
75
76
77
72

79

80
£1
aez
83
24
85
5
g7
RS
8%
9C
21

92
93
94

« 60
«6C
« 60
« 60
«£0
«60
« 60
e 60
« 0
« €0
« 60
« 60
« &0
e 60
« 6T
e 60
60
« 60
« 60
«60
065
« 60
e 60
« 66
«£0
«60
« 60
« 60
« &0
« 60
«60
Py
« 60
« 60
o0
60
« 60
« 60
<60
«15
«15
«15
«15
«15
#1565
«15
«15
15
«15
15
« 15
«15
15
«15
e15
15
15
«15
«15

.63
.63
.63
«15
15
.15
«15
15
«15
.15
+15
«15
«15
e 15
15
.15
15
15
15
«15
']E
.15
15
15
'15
.15
e15
«15
.15
«15
«15
.15
.15
.15
.15
e15
15
«15
.15
e15
«15
«15
«15
115
.]5
'15
15
‘lS
«15
«15
15
.15

.15

15

.15
.15
«15
I]S
15

9.2800
9.2800
9.2500
9.2800
12.2000
12.2000
9.2£006
S.2800
12.2202
12.2000
«2200C
9.2EN0C
12,2500
12.2000
9428320
Gec®0U
12.220C
12.20800
9.220C
%.2°00
12.2000
12.2N0U
9.25C20
9.280C0
12.2000
12,2000
9.2800
9.2800
12.2000
12,2600
%.2200
9.22C0
12.2C00
12.2000
G.2800
9.2800
12.20C¢0
12.2000
9.2800
9.,2800
12.2000
12.2000
9.220Q0
9.2%0C
12.2000
12,2000
9.2°200
9.2800
12,2000
@,2°00
12.200G
6.67020
6.2000
6.£200
6.5700
6.800C
6.8300
6.2000
6.8700

5.22920
9.2230
9.2830
€.7700
6.770C
6.7700
67720
£.773C
7730
£.7700
5.7700C
6.77280
. 7720
67720
be773C
12,7031
12.7820
12.7000
1¢.703C
12.7000
12.7030
12.7638
12.7000
12.7G3¢C
12.7C23¢C
12.7030
12.7000
34,7000
34,7000
y,7090
24,7000
24,7006
34,7000
34,7C00
34,7030
24,7000
24,7030
34,7030
34,7000
43,5036
43,5000
43.,503C
u3,5030
43,5030
u3,5020
u3,5C30
43,5030
12.13839
12.1030
12.1CR0
12.,1G38C
14,7000
24,7520
24,7030
12.7023¢
12.7030
12,7000
6.803C
6.8C30

«4400-02
«13C2-01
«1703-01
«?22C0-02
«3503-02
«5903-02
«RBCD-(02
«54003-02
«1083-C1
«1255-C1
«1493-01
«1175-01
»13335-01
1483 -01
«1560-0U1
«2963~C1
Ju4033-01
«71C0-01
«1103+00C
«?203-0G1
«2503-01
«2602-G1
«2703-C1
.1550-01
«155%0-01
«1373-01
.10030-C1
«4370+0N
«2660+00
«1530+G0
+%600-01
»4323-01
«5903-01
«5000-01
«S400-01
«100G6-41
«2900-01
«3500-01
«2700-~01
«10C3+01
«1003+G1
«1060+01
«5000+00
«7402-0G2
«7500-G2
«7303-02
«3603-02
«5003+00
«9803-02
2800 -4G2
0?8CU‘C3
JLECT-C]
« 2ENC-01
«UB03-01
«1b62+00
«23G3-01
«6060-02
«16C3-301
+1003-01

oqul-l?
«1411-11
«1836-11
¢2385-12
4895~-12
«8049-1?7
«5047-12
«BE63-12
«1366-11
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TABLE 1.

- DESCRIPTION OF THE ANALYTIC NODAL NETWORK

Node Location Material
101 - 104| Anode, rear 6A1-4V titanium
105 - 108} Anode, near rear
109 - 112 Anode, near front
113 - 116 | Anode, front
9 - 12 | Engine body, rear and structure
13 - 16 { Engine body, front and ring 6A1-4V titanium and 1010 carbon steel
17 - 20 | Pole 1010 carbon steel
21 - 24 | Screen grid Molybdenum
25 - 28 | Accelerator grid Molybdenum
29 - 32 | Baseplate 6A1-4V titanium
33 - 36 | Ground screen, rear 6061-T6 aluminum
37 - 40 | Ground, screen, front 6061-T6 aluminum
46 Rear shield 6061-T6 aluminum
74 - 77 | Grid mounting assembly 304 stainless steel
85 - 88 | Mask Pure titanium
501 - 504] Chamber or shield boundary | ~~==---ccommmmmmmmeeeee -
505 Chamber boundary = | --==------mmmmmmmm e e

TABLE II. - ASSUMED PHYSICAL PROPERTIES OF

ION THRUSTER MATERIALS

Material Density, | Specific heat | Thermal con-
g/cm3 at 573 K, ductivity

J/(g)(K) at 573 K,

W/{cm)(K)
6061-T6 aluminum 2.77 0.837 1.80
Pure titanium 4.43 .628 .20
Carbon steel 7.81 .544 .60
304 stainless steel 7.92 .523 .20
Molybdenum 10.19 . 837 1.20
Tantalum 16. 16 . 146 .60
Mercury 13.56 . 126 .10
Tungsten 19.38 . 146 1.50
Alumina (A1203) 3.79 . 837 Y

(WESGO A1-300)

Kovar 8.36 . 439 -.15
6A1-4V titanium 4.43 .628 .10
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TABLE III. - ASSUMED SELF-HEATING

POWER DISTRIBUTIONS

Component Ion beam current, A | Percent of
total power
0.5 1.0 2.0
Self-heating power, W
Accelerator grid 1.5 3.0 5 1.47
Screen grid .5 9.0 15 4.42
Anode, rear section 1.2 2.4 4 1.18
Anode, middle sections 10.8] 21.6] 36.0 10.60
Anode, front section 60.0| 120.0f 200.0 58.91
Engine body, rear 11.6| 23.7! 38.5 11.34
Engine body, front 1.2 2.4 4.0 1.18
Baseplate 9.6| 19.21 32.0 9.43
Pole 1.5 3.0 5.0 1.47
Total . 101.9] 203.8] 339.5 100.00
Discharge power 111 222 310 | ~-----




TABLE IV, - COMPARISON OF EXPERIMENTAL AND ANALYTIC TEMPERATURES? FOR THE

CALIBRATION TESTS WITH NO SHIELD OR SOLAR INCIDENCE

Component Ion beam current, A
2.0 1.0 0.5
Tes | Ty Error, Te»| Ty " Error, Tes | Tas Error,
K| K (_Te—’l‘a) 00, K| K [(T, - T,) 100, K| K|(T-T,) 100,
Te Te ' Te
percent percent percent
Baseplate 513|514 -0.19 467| 455 2.5 408|384 5.88
Engine body, rear - ) e
Under neutralizer housing ---1438]  ----- ---1388] @ ----- ---1330 -——-
90° from neutralizer 439 .23 402 3.48 348 5. 17
180° from neutralizer 448 2.23 408 4,90 354 6.178
270° from neutralizer 439 .23 402 '3.48 349 5. 44
Engine body, front - - . : | : y S
Under neutralizer housingb 516|504 1 2.33 465| 446 4,09 396 {376 5.05':
90° from neutralizer 493 -2.23 446 0 378 | 537
180° from neutralizer® 511 1.37 - | 458} '2.62 387 l 2.84
270° from neutralizer 501] Y -, 60° 50| ¥ " .89 378 .53
Anode, rear 517|523 -1.16 | 466| 462 .86 401389 " 2.99
Anode, front 674|673 .15 610{ 591 3.1 518|494 ~ 4.63
Rear shield® 373|373 0 356/ 356 0 317|317f 0
Screen mask, 90° from neutralizer | 332 [ 312 6.02 310| 281 9.35 263|243  7.60 .
Ground screen, center L . ’ e . 1 | _—
90° from neutralizer 320|349  -9.06 - | 303|307 -1.32 267[259]  '3.00
180° from neutralizer 332{349| -5.12 311| 307 1,29 273|259 5.13°
270° from neutralizer 329|349 -6.08 311 307 1.29 2721259 4.08
Average absolute error " 2.64 2.80 “4.26

aTe = experimental temperature; T, = analytic temperature.
bTherrriocoruples not on engine body, but on ring near grids.

Cset to average experimental values.

TABLE V.

- SOLAR HEATING DISTRIBUTION

[Qabs = NSAag where N is the number of suns incident, S is the
solar constant (=0.135 W/cm ), A is the absorbing area, cm2

and oy is the effective solar absorptivity.]
Component Solar Flux ag
1 sun 2 suns
Incident, | Absorbed, | Incident, { Absorbed,
w w w w

Mask 76.0 35.2 152.0 ' 170.4 0.46
Accelerator grid| 44.9 21.6 89.8 43.2 .48
Baseplate 44.9 23.4 89.8 46.8 .52
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TABLE VI, - COMPARISON OF EXPERIMENTAL AND ANALYTIC TEMPERATURES? FOR THE

CALIBRATION TESTS WITH NO SHIELD AND 2 SUNS SOLAR INCIDENCE

Component Ion beam current, A
2.0 1.0 0.5
Te’ Ta’ Error, Te’ Ta’ Error, Te’ Ta’ Error,
KR e T 100, L (Te—T?Q 100, KlLE (Te—Ta) 100,
Te Te Te
percent percent 7 percent
Baseplate 5491 553 -0.73 508 | 507 0.20 469 | 461 1.74
Engine body, rear -
Under neutralizer housing - ---| 455  ------ --- 412  ~----e ---] 368 ------
90° from neutralizer 466 2.36 431 4.41 394 6.60
180° from neutralizer 477 4.61 439 6.15 402 8.46
270° from neutralizer 467 2.57 431 4.41 394 6.60
Engine body, front - \
Undér neutralizer housingb 548 | 529 3.47 503 | 480 4.57 456 | 430 5.70
90° from neutralizer 527 -.38 482 .41 434 .92
180° from neutra].izerb 540 2.04 494 2.83 446 3.59
270° from neutralizer 533| V¥ .75 486 | | 1.23 436 1.38
Anode, rear 550| 550 507 | 498 1.178 463 | 445 3.89
Anode, front 698 686 1.72 636 | 609 4.25 554 524 5.42
Rear shield® 394| 394 0 3711371 0 3471 347 0
Screen mask, 90° from neutralizer| 468 | 467 .21 461 | 458 .65 4501 449 .22 -
Ground screen center '
90° from neutralizer 341| 394 -15.54 3181 369 -16.04 297| 347 -16.84
180° from neutralizer 352 394 -11.93 330 369 -11.82 307 | 347 -13.03
270° from neutralizer 352| 394 -11.93 3301 369 -11.82 308 | 347 -12.66
Average absolute error 4.16 5.04 6.22

aTe = experimental temperature; Ta = analytic temperature.
Thermocouples not on engine body, but on ring near grids.

et to average experimental values.
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Figure 1. - Cutaway view of 30-centimeter-engineering model thruster.
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Figure 2. - Simplified engineering model thruster nedal network, -
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Figure 3. - Schematic of 30-centimeter Figure 4. - Schematic of 30-centimeter
diameter ion thruster with 360° diameter ion thruster with 270°

azimuthal shield. azimuthal shield.
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Figure 5. - Analytic and experimental (in parentheses) temperatures (kelvins) for 2-ampere
beam current with no shield or solar incidence.
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Figure 10. - Analytic and experimental (in parentheses) temperatures (kelvins) for 2-ampere
beam current with 270° azimuthal shield at 498 K and 1 sun solar incidence.

—

492
(504)~

}

s [ [LLP

(501)

11

563 ]
—
(573) L”(m
| )
1 -5
L 53
:Lrsu
(577)| I
574 (575)
464 (450)

Figure 11. - Analytic and experimental (in parentheses) temperatures (kelvins) for 2-ampere
beam current with 270° azimuthal shield at 464 K and 2 suns solar incidence.
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