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ABSTRACT 

Secondary radiation in a large aerospace systems environmental chamber 

can be adequately simulated by an array of tungsten filament lamps mounted on 

a cage that surrounds the test vehicle.   For conditions specified in this study, 

a total of 2528 lamps are required, arranged on 68 circuits (36 to 40 lamps per 

circuit) that are individually controlled for the purpose of simulating orbital 

fluctuations.   Peak input to each of the circuits is approximately 75 A at 430 V, 

and peak total input is 0. 818 MW. 

• The simulator should be mounted so that it can tumble with the vehicle 

about the vehicle's pitch axis.   Variations in intensity of secondary radiation 

around the circumference of the vehicle can be programmed electrically so 

that the simulator need not rotate about the roll axis of the test vehicle.   Sliding 

electrical contacts are preferred to flexible cables or rotary transformers for 

transmitting power to the simulator, and separate slip rings can be provided 

for each of the circuits. 

Self-lubricating powder metallurgy composites of silver, copper, and 

molybdenum dlsulfide have demonstrated satisfactory performance in ultrahigh 

vacuum for use on slip rings providing power to the secondary radiation simulator. 

Optimum composition is from 82. 5 to 85% silver, 2. 5% copper, and 12. 5 to 15% 

molybdenum disulfide.   Experimental measurements indicate that brushes of 

such materials can be operated against silver or gold rings in ultrahigh vacuum 

(10     Torr) with negligible wear (approximately 0.015 in.) and low noise (on the 

order of a few millivolts) over a period of 700 to 850 hr at sliding velocities up 

to 424 in. /min while carrying current densities up to 300 A/in. .   It is probable 

that the brushes could also be operated at significantly higher current densities 

without difficulty. 

m 
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SECTION 1 

INTRODUCTION 

The objective of this program was to develop design criteria, manufacturing 

techniques, and operational guides which can be used to produce and operate reli- 

able components for transmission of electric power and signals acroBS moving 

interfaces in a space chamber. 

The requirements for the electrical transmission components were set by 

the secondary radiation simulator.   Large electrical power loads must be trans- 

mitted across a sliding interface to the secondary radiation sources, which are 

mounted on a cage that surrounds the space vehicle.   The space vehicle is on a 

gimbal mount with two degrees of freedom for roll and pitch.   The sources will be 

turned on and off, or operated at intermediate intensities, in pre-programmed 

fashion to simulate the effect of orbiting the earth.   Requirements for electrical 

signal transmission are primarily a need for command and data channels to control 

the simulator and to gather data. 

Specific considerations that were involved in the contractual specifications of 

the electrical transmission system Included the following: 

• The environmental tests of a space vehicle may be continuous for 

periods of 6 months or more, during which time the spacecraft 

will be exposed to solar and secondary radiations, simulated space 

heat sink, and pressures as low as 1 x 10"^ Torr. 

• The simulator should accomodate a maximum vehicle envelope 

size of 50 ft in diameter by 100 ft in length and should be capable 

of operating at vehicle roll and pitch rates up to 15 rpm. 

• The radiation sources should be able to be controlled individually or in 

small groups in order to simulate orbital fluctuations In the secondary 
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radiation.   The sources could be operated in series-parallel 

combinations, but the number of individual lamps in any one 

group should be limited so that the cycling flexibility of the 

simulator is not severely compromised. 

• The power transmission components should be able to work over 

a wide range of currents and voltages to provide for variable lamp 

intensities. 

• Consideration should be given to making all power distribution on 

the rotating vehicle cage inside the last gimbal.   Three-phase alter- 

nating current should be considered in order to reduce the number 

and physical size of circuit components such as conductors and other 

rotating interface components. 

• An effort should be made to define any compatibility problems which 

might arise as a result of operating power and signal-type compo- 

nents close together in a space environment. 

• Transmission component serviceability and reliability problems 

associated with friction, wear, and electrical characteristics of 

the construction materials are prime considerations. 

Since the requirements for the electrical transmission components were set 

by the secondary radiation simulator, the first step in this study was to define the 

simulator configuration and its operating characteristics.   This work is reported 

in Section 2.   It involved selecting sources and arranging them in an optimum con- 

figuration so that the secondary radiation could be adequately simulated for the 

range of vehicle and orbital conditions indicated above. 

Sources of secondary radiation that were considered included the following 

general types:  tungsten filament lamps, resistance heating rods, and compact arc 

lamps.   Characteristics considered in selecting sources for simulating secondary 

radiation included the following:  operating voltage, current, spectral distribution 

of output, intensity and its directional distribution, efficiency, type of electrical 

load, ability to be combined in series and/or parallel circuits, stability of electri- 

cal operating characteristics and radiation output with time, size, simplicity of 
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installation, advisability of using with reflectors, eooling requirements, variability 

and controllability of the intensity and spectral distribution of output, compatibility 

with power and data systems (e.g., noise interference), cost, availability, reliabil- 

ity, useful lifetime, simplicity of maintenance, and reproducibility. 

Factors considered in arranging the selected sources in an optimum combina- 

tion or configuration and in evaluating alternate procedures for switching and trans- 

mitting power and control inputs to the sources included the following:   uniformity of 

radiation on the test device, number of sources required, arrangement of sources 

in zones or groups, response of the sources to on/off signals and to variation in 

power input, additional thermal loads imposed on the chamber cold walls, blockage 

of simulator for direct solar insolation, overall power and cooling requirements, 

and requirements imposed upon the electrical transmission system. 

Once the requirements of the electrical transmission system were defined, 

the next step was to analyze alternate means for transmitting this power to the rotat- 

ing secondary radiation simulator across a sliding interface.   This work is reported 

in Section 3.   Slip rings were shown to be preferable to flexible cables and rotary 

transformers provided that satisfactory contact materials could be provided for 

operating in ultrahigh vacuum. 

Section 4 discusses the experimental program that was conducted to develop 

and evaluate contact materials for use in ultrahigh vacuum.   Evaluation tests were 

conducted both in the Research Laboratories of the Lockheed Missiles & Space Com- 

pany (LMSC) and in the 7-ft Aerospace Research Chamber at the Arnold Engineering 

Development Center (AEDC), and a satisfactory material was found. 

Section 5 summarizes the conclusions and indicates design criteria, manufac- 

turing techniques, and operational guides for producing and operating reliable compo- 

nents for transmitting electrical power and signals across moving interfaces in a 

space chamber. 
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SECTION 2 

SECONDARY RADIATION SIMULATION 

SECONDARY RADIATION 

Secondary radiation includes the following two types of radiation: 

•   Albedo radiation — solar radiation that is reflected or scattered 

by a planet's atmosphere back out into space 

e   Planet and atmospheric emission — solar radiation that is absorbed 

by the atmosphere or reaches the planet and is then reradiated. 

The solar radiant energy reflected or backscattered by the earth is, on the 

average, 36% of the total incident energy.   This value is based upon an upper limit 

of 56% for completely overcast skies and a lower limit of 16% for clear skies (Ref. 1). 

The spectral distribution of this energy is similar to that of solar radiation and is 

primarily located between 0. 3 and 3. 2 JU.   The exact nature of the directional behav- 

ior of the albedo is still a matter of speculation even though it is generally agreed 

that it is not purely diffuse.   Presently contemplated flight experiments may provide 

more information on this characteristic.   For this study, the earth albedo has been 

taken to be a diffuse source having a maximum slightly in excess of one-third the 

solar constant. 

Earth emission can be directly attributed to the radiant equilibrium between 

absorbed solar energy and emitted energy of the earth's surface and atmosphere. 

With respect to the total incident solar energy, 17% is radiated from the earth's 

surface with a spectral distribution approximating that of a blackbody at 288°K, and 

47% is radiated from the stratosphere with a spectral distribution approximating 

that of a blackbody at 218°K (Ref. 2).   The combined effect produces a radiant spec- 

trum approximating a blackbody at 250°K and provides diffuse energy approximately 
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equal to two-thirds the total earth incident solar energy.   Thus, the energy from 

albedo and earth emission is contained in the spectral range from 0.3 to 50 p and 

is distributed in such a manner that complete spectral simulation would be difficult 

and expensive. 

Table 1 illustrates the manner in which the average intensities of earth albedo 

and earth-atmosphere emission vary with the altitude and orientation of a satellite 

surface.   Note that in addition to the variations in absolute values, the relative 

amounts of albedo and emission also vary with the altitude and orientation. 

The angle of incidence at which albedo radiation impinges upon a satellite 

surface can cover the range of angles subtended by the illuminated portion of the 

earth.   For earth-atmosphere emission, the angle of incidence covers the range of 

angles subtended by the earth, whether directly illuminated by the sun or not.   Con- 

sequently, the angles of incidence vary with altitude and, in the case'of albedo, also 

with the satellite's position with respect to the earth-sun line. 

SIMULATION TECHNIQUES 

In theory, several approaches can be taken for simulating secondary radiation 

in a space chamber. In practice, compromises must be made between the degree of 

simulation desired and that which can be obtained at reasonable cost. The following 

general approaches must be considered: 

«  Separate sources are provided for simulating albedo radiation and 

earth-planet emission, and the outputs of the different types of 

sources are combined to reproduce the spectral distribution, inten- 

sity, and angle of incidence of the secondary radiation on the test 

device. 

• A single type of source is used to approximate the combined spectral 

distribution and intensity of earth albedo and earth-planet emission 

and to reproduce their combined absorbed flux and angle of incidence. 

• A single type of source, such as an infrared heater, is used that, 

although it may not offer a good approximation of the spectral distri- 

bution and intensity of earth albedo and earth-planet emission, can be 



TABLE   1 

VARIATIONS OF INTENSITY OF EARTH ALBEDO AND EARTH-ATMOSPHERE EMISSION WITH ALTITUDE AND ORIENTATION 
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operated at such an intensity that the total radiant energy absorbed 

by the test device equals the energy of secondary radiation that the 

test device would absorb in orbit. 

In view of the obvious difficulties associated with precise simulation of both 

the intensity and spectrum of earth emission and albedo, it is necessary to consider 

the simulation accuracy required for satisfactory thermal tests.   The tests conducted 

in the Mark II chamber require secondary simulation primarily for studies of thermal 

performance of the entire vehicle, and the secondary radiation spectrum is not a 

major source of surface degradation.   Therefore, a simulator which provides the 

desired thermal effects without a spectral match would be satisfactory for the antici- 

pated task. 

The temperature dependence of the vehicle on the spectrum of incident energy 

is also an important consideration.   The thermal control surfaces used on vehicle 

skins are chosen for their desirable optical properties in the solar and/or infrared 

portion of the heat transfer spectrum.   Four general types of such surfaces are 

presently in use:  these are termed solar reflectors, solar absorbers, flat reflectors 

and flat absorbers, depending upon their reflecting or absorbing spectral properties. 

When energy having a spectral distribution which differs from the sun is incident 

upon a solar absorbing or reflecting surface, the amount absorbed is not equal to that 

absorbed when the surface is exposed to the solar spectrum.   This obviously results 

in a different thermal behavior of that surface.   In many cases, it is possible to vary 

the intensity of incident energy to provide the same thermal effects even though the 

spectrum is not well simulated.   This technique is commonly termed simulation of 

absorbed thermal radiation.   For vehicle designs using one type of thermal control 

surface, this technique may be entirely satisfactory.   However, care must be exer- 

cised when it is used on vehicles which consist of large stripes or patches of varied 

thermal control materials.   Vehicle design and mission must be considered in speci- 

fying the required accuracy of source spectral distribution simulation.   The final 

decision on specifying the required simulation accuracy for intensity and spectral 

distribution should be made in conjunction with prior analytical predictions of expected 

vehicle thermal behavior.   It will be found that each vehicle and mission results in 

different tolerances. 
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SOURCES FOR SIMULATING SECONDARY RADIATION 

The necessity for full-scale performance tests on space vehicles has resulted 

in the construction of a number of space chambers using solar or infrared sources 

for absorbed radiation simulation.   The development of these facilities has generated 

increased efforts by various manufacturers in the production of more satisfactory 

sources for accomplishing the thermal simulation requirement.   These activities, 

by both the manufacturer and user, have produced literature in increasing amounts 

outlining the operational characteristics of various sources.   This information was 

sought during a literature search and was the primary basis of final source selection 

for this program.   The literature search included all listings available to the LMSC 

Technical Information Center, the Armed Services Technical Information Agency 

(ASTIA), the technical information available from major manufacturers, and reports 

supplied by AEDC in support of this program.   References 3 through 13 were found 

most useful.   In order to insure continuity with previous AEDC programs, the values 

for the intensity of secondary radiation that are used in the computations in this sec- 

tion were taken from Ref. 3.   These values are slightly lower than the values indicated 

in Table 1. 

The source selection was made in terms of the lamp characteristics as applied 

to a rotating cage type simulator.   The anticipated 15 rpm rotation rate of the cage- 

vehicle combination requires sources which are light weight, intense, and stable, 

yet have high resistance to mechanical forces, rapid on-off characteristics, and pro- 

vide a minimum of cold wall blockage.   Voltage and amperage characteristics must 

also be considered in terms of the required power transmission system.   Table 2 

presents a comparison of these characteristics for arc lamps, tungsten filament 

lamps, and resistance heating rods.   These three sources are considered to be the 

most probable sources for use on a cage type simulator and have all been utilized 

previously in space simulation applications. 

The compact arc lamps are generally considered to be the best source where 

a close spectral match to the solar spectrum is required. Filtered mercury-xenon 

lamps can achieve this goal to a considerable degree.   Further advantages are that 



CO 

TABLE   2 

TYPICAL CHARACTERISTICS OF SOURCES FOR SECONDARY RADIATION SIMULATION 

COMPARED AT 1000-W INPUT 

Characteristic Compact Arc Lamp Tungsten Filament Lamp Infrared Heating Rod 

Spectral distribution Continuous from approximately 
0.2 to 5 ft, with superimposed 
line spectra in the case of Hg- 
Xc lamps and similar types; 
rich in ultraviulet radiation 

Continuous;    typically approxi- 
mates a 2450°K blackbody with 
peak intensity at 1.2 ft, but can 
be operated at higher or lower 
temperatures with correspond- 
ing shifts in spectral distribu- 
tion 

Continuous;   typically approxi- 
mates a 1060°K blackbody with 
peak Intensity at 2.8 p but can be 
operated at higher or lower tern - 
peratures with corresponding 
shifts in spectml distribution 

Type of operating 
current 

Either ac or du; de gives ap- 
proximately 3 times longer life- 
time, ifi easier starting, and 
gives steadier operation (I. e., 
less arc wander); ac gives better 
uniformity of arc brightness. 

Either ac or dc, but ac is pre- 
ferred because of slower re- 
crystalllzation of filament and 
correspondingly longer lifetime; 
ac types are also easier to 
obtain 

Either ac or dc 

Efficiency (radiant 
output to power 
input) 

About 48% from 0.2 to 1.4 u About 80 to 100% About 80 to 100% 

Control on 
intensity 

Small Changes in voltage or cur- 
rent cause little appreciable 
fluctuation in brightness, but 
large changes will usually 
extinguish the arc. 

Power input can be varied con- 
tinuously over a wide range to 
control intensity, but spectral 
distribution alBO changes with 
intensity 

Power Input can be varied con- 
tinuosly over a wide range to 
control intensity, but spectral 
distribution also changes with 
intensity 

Ltfetimo Typically, 200 to 500 In- Typically, 1000 hr or more; 
operating at high intensity re- 
duces lifetime; low intensity 
increases lifetime 

More than 1000 hr, depending 
upon operating Intensity 

Stability Fair to good Excellent Excellent 

Arrangement In 
series and/or 
parallel 

Not recommended Possible Permissible 

Response to an/off 
signals and rapid 
modulation 

Poor Excellent Fair 

> 
m 
o 
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-i 
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they are available in configurations which are compact, light weight, rugged and 

closely approximate an intense point source.   All of these are desirable features. 

However, a number of their operational characteristics would present severe diffi- 

culties.   They are not yet capable of extended operation beyond 500 hr.   This alone 

would seriously restrict their use where continuous tests are to be performed for 

several thousand hours.   Additionally, compact arc lamps cannot be controlled in 

Intensity over any practical limits, they are relatively unstable due to arc wander 

(approximately 5% in intensity), response to on-off signals is poor due to a required 

high frequency start, and their radiant efficiency is only about 48%.   The requirement 

of providing a special starting circuit with large current surges and possibly a lamp 

coolant would further complicate the use of these arc lamps. 

Several of these characteristics are not objectionable except in cases where 

the lamps are inaccessable for the full duration of a long-terra test.    Since the 

lamps are isolated and cannot be serviced during a test in the Mark n chamber, 

all of the undesirable characteristics must be considered as detrimental in terms 

of this application.   Therefore, compact arcs were rejected as a possible source 

for this study. 

Tungsten filament lamps and infrared heating rods are both resistance type 

sources and as such have a number of similar operating characteristics.   Their 

power requirements, radiant efficiency, steady state intensity control and stability, 

operating life, and size are all approximately equivalent.   There are several impor- 

tant characteristics which differentiate the sources and may be used to select the 

most desirable type. 

Infrared heating rods are manufactured using a high-temperature resistance 

wire which is contained inside a stainless steel (or other high-temperature metal) 

sheath.   The heater element is insulated from the sheath with powdered magnesium 

oxide.   This construction results in a rod with considerable mass (compared to that 

of a tungsten filament with the same power rating) and slow response time to a step 

increase in applied voltage.   Response to a step increase is typically 20 sec for a 

1000-W rod.   The overall weight of these rods also presents a problem since they 

tend to sag appreciably (on the order of 0. 05 in. /in.) when operated horizontally 

10 



AEDCTR-65-40 

with end supports at elevated temperatures.   Both of these physical characteristics 

make infrared rods undesirable for flux simulation on a rapidly rotating cage. 

Quartz-enclosed tungsten filament lamps do not suffer from deleterious weight 

effects since the filament is surrounded by a thin transparent quartz cylinder.   The 

step response of these lamps is on the order of 1 sec which is compatible with the 

2-sec requirement for proper simulation with 15 rpm tumbling.   The sagging problem 

is avoided by light construction, relatively low operating temperature of the quartz 

envelope, and sufficient supporting disks attached to the filament itself. 

The tungsten filament lamps do have the disadvantages of a spectral mismatch 

in terms of secondary radiation simulation.   The spectral energy from the lamp is 

distributed hi approximately the same manner as that from a blackbody at the filament 

temperature.   However, at wavelengths beyond 3. 5 ß the distribution is modified to 

some extent due to absorption and re-emission by the quartz envelope.   Maximum 

filament temperatures under full voltage are on the order of 2500"K which provides 

a peak spectral radiance at 1.15 ju.   In view of the previously stated spectral distri- 

bution of secondary radiation, the tungsten sources must be used to provide proper 

levels of absorbed rather than incident flux. 

The above characteristics of compact arc lamps, infrared heating rods, and 

tungsten filament lamps, when evaluated in terms of use on a large rotating cage 

for secondary radiation simulation, lead to a final selection of tungsten filament 

lamps as the most desirable source for simulating secondary radiation. 

Tungsten filament lamps are available in a number of configurations over a 

wide range of power and voltage ratings.   They may also be used with or without 

reflectors which provide different distributions of energy in half space normal to 

the lamp.   These variables necessarily enter into the detailed design of a simula- 

tion cage. 

Selection of lamps in terms of maximum power ratings is based upon the 

requirement of providing a minimum number of lamps for satisfactory simulation 

of the highest anticipated flux levels.   This results in the fewest number of sources 

and a minimum cold wall blockage.   However, consideration must also be given to 

the voltage and current carrying capacity of the power transmission system. 

11 
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A combination of high voltage and low current is desirable in order to 

minimize power losses.   The maximum voltage is limited by arcing and insula- 

tion breakdown.   Arcing to ground at the mounting lugs of tungsten filament lamps 

is likely at potentials above 280 V*. Therefore, to provide a system compatible 

with all of these considerations, lamps rated at 240 V were selected for use in 

the simulator. 

SIMULATOR CONFIGURATION AND OPERATING CHARACTERISTICS 

Simulator configurations and operating characteristics were analyzed for 

tungsten-filament lamps used both with and without reflectors.   The required 

number of lamps and their arrangements on cages about the vehicle were deter- 

mined, as well as their operating voltages and currents. 

Simulator Without Reflectors 

Figure 1 indicates the geometrical relations for a single bare lamp located 

at a distance D from a point directly below it on the vehicle's surface and with the 

axis of the lamp parallel to the axis of the vehicle.   The energy from the lamp is 

radiated into 4TT space and is distributed as though the filament were diffuse.   The 

energy striking any particular area,   dA   ,   may be determined by solution of the 

defining equation 

i = dXk <2-L) 

where 

i   =   intensity (BtuAr-ft2-sr) 

dq   =   radiant power (BtuAr) 
2 

dA   =   projected area of source (ft ) 

do:   =    solid angle from receiver to source (sr) 

From Eq. (2.1), the energy falling on the vehicle surface is 

dq = idAdtd 

♦Private communication from Research Inc., Minneapolis, Minnesota 
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LAMP 

D = STAND-OFF DISTANCE 

\ •—VEHICLE SURFACE 

> R=RAOIUS OF VEHICLE 

\ I 
\        [ 
\     I 
\ I      ^AXIS OF VEHICLE » i     y—' 

(G) AXIAL VIEW (b) SIDE VIEW 

Fig. 1   Geometrical Relations for Bare Lamp and Vehicle Surface 

For the incremental surface area dA  ,   the solid angle to the source is given by s 

dA   cos <j> 
s s 

The radiant flux on dA    is then given by s 

dq = 
iT dAT coa <b dA L     Li Ts      s (2-2) 

Integration of this equation over all dAL and dA    gives the required relation 

for computing flux distribution on the vehicle.   For a short line source and a curved 

vehicle the integration becomes formidable in view of the geometry involved. 
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However, a number of approximations can be used for simplification which do not 

seriously affect the utility of the result in establishing the overall power requirement. 

The first simplification is to assume that instead of a finite line source, the total 

energy is incident from an incremental line source of area AT   at the center of the 

lamp.   In view of the small lamp length (10 in.), and probable stand-off distances 

greater than four lamp lengths, this assumption is adequate for initial design.   The 

second approximation calls for separate solutions of the circumferential and axial 

directions.   These are then combined for the complete solution.   For the incremental 

source this is a valid procedure. 

Returning now to Fig. la, and utilizing the incremental source approach, we 

find the distribution of energy in the circumferential direction is given by 

iT dAT cos d>   dA 
qT    =  i, daT da; = Ji-Ji 5_J 

For a cylindrical filament the projected area dAT   and intensity iT   are constant 
Li LI 

with  £, .    At a point directly under the lamp where <p    = 0 ,   the energy is given 
J-i s 

by 

In   ■ 
iT dAT dA 

Ll L S 
D T>2 D 

where D is the lamp stand-off distance. 

The ratios of energy at L and  D are 

qL   . D2  eos *, 
qD T.2 

(2.3) 
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This may be placed in a form which is more amenable to computation by including 

the geometrical relationships between D, L, A   , 0,,   and R.    The final 

result is 

2 
q-, D   cos (<p L + ty) 

qD        (R+D)    + R- 2 (R+D)Rcos $ 
(2.4) 

For the axial distribution (Fig. lb) the intensity from the incremental cylinder is 

once again constant.   Therefore, at distance  L' 

1      COB 0       008 0     dAdA 
q      =  5  (2.5) 

(L-)* 

For this configuration 0Lf = 4> , and 

iLI(cos0s,)2dAs,dALt 

^ (L'f 

Equations (2.3) and (2.5) provide the basic relationships for generating dis- 

tribution curves over the vehicle surface, with lamp spacing and stand-off distance 

as the controlling parameters.   The distribution from a single lamp is combined 

with that from adjacent lamps to produce a simulator geometry which meets the 

prescribed uniformity requirements.   Figures 2 and 3 present typical distribution 

curves derived from the results of Eqs. (2. 3) and (2.5). 
The distribution curves are used as a guide for specifying the stand-off distances 

and lamp spacing.   In addition, the spacing must also provide sufficient energy on 

the vehicle for adequate secondary radiation simulation.   These criteria are met in 

the bare lamp case by using high-power lamps (i. e., 360 W/in.) as widely spaced 

as possible.    The final configuration results in a design using a 4-ft spacing 

between lamps at a 7.5-ft stand-off distance.   With a 4-ft spacing the cage has 
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45 circumferential banks, each consisting of 25 lamps spaced axially along the 

vehicle.   Each end requires 164 lamps of the cage is a flat ended cylinder. 

Under conditions of peak intensity, the power drawn by a circumferential bank 

of lamps would be 90, 000 W (i. e., 3600 W per lamp x 25 lamps).   If this were 

supplied at 240 V, the corresponding current would be 375A. 

Simulator With Reflectors 

A search for commercial vendors producing reflectors for use with the T-3 

lamp indicated that Research Inc. , Minneapolis, Minnesota, produces several 

reflector assembly models especially designed for use in space simulation chambers. 

The Series 5236 solar heating reflector assemblies combine extreme lightweight 

(~0. 6 lb with lamp included) with slender profile (12. 0 in. by 0. 75 in. by 0. 75 in.). 

The geometry facilitates mounting in any orientation and minimizes blockage of cryo- 

genic panels.   The reflector is a wide-angle type (~145 deg) with an overall efficiency 

of ~80% (Fig. 4). 

145 deg 
.SIMPLIFIED 

PATTERN 

MEASURED 
PATTERN 

Fig. 4   Distribution of Radiation From T-3 Lamp With Reflector 
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The basic reflector material is Type 303 stainless steel plated with gold 

(Cerragold) capable of withstanding a surface temperature of 1100° F.   To avoid 

deterioration of the reflector surface, it is recommended that low dissipation rate 

type T-3 1000 W lamps (100 W/in.) witii an overall length of II 15/16 in, and 

0.345 to 0,422 in. diameter be used.   It is also suggested that lamps with high 

temperature end seals be used under vacuum conditions since a coolant is not 

utilized. 

Reflector surface degradation tests have been performed by Research Inc. 

(Ref. 5) with Model 5250 modular radiant heating units (similar to Model 5236 
-4 except for mounting unit) in a vacuum (5 x 10     Torr) without a cryopanel. 

These tests are still in progress so that final results cannot be stated in this 

report.   The studies are being performed by measurement of temperature at the 

back of the reflector geometric center.   This point was previously shown to be the 

hottest location during operation in vacuum.   The lamp being used is a 500 W 

(80 W/in.) 120 V, 6. 25 in. long and is in front of a standard reflector.   At rated 

conditions, the reflector temperature has been measured at 795*F with no observ- 

able reflector degradation after 1180 hr of continual operation. 

Extrapolation of the Research Lie. observations for a 10-in. lamp running at 

the same capacity suggests a probable reflector temperature of 870° F for the higher 

dissipation rate.   It is also noted that the tests were conducted in a chamber without 

a cold wall.   Therefore, the measured temperatures may be slightly higher than 

are anticipated.   The information available from Research Inc. indicates that the 

lamps can be operated for long times.   However, due to the limited number of 

observations and lamp ratings used, it is advisable to perform further investigations 

on lamp reflector stability. 

A second important consideration is the effect on filament life of increased G- 

forces distributed on the lamp assembly.   In order to minimize these G-forces on 

the heated tungsten filament during 15 rpm tumbling, the lamp-reflector units 

should be positioned perpendicular to the vehicle axis. 

A study of the mechanics involved shows that a parallel orientation could 

encourage the tantalum supporting discs to oscillate and eventually flip over upon 

rapid vehicle tumbling.   The force on a filament element when oriented parallel to 

the vehicle axis is in the order of 0.02 lb.   If it is assumed that this entire force 
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is carried by a section between the end support and first tantalum support discs, 

then a deflection on the order of 0. 004 in could result.   Forces sufficient to cause 

deflections of this magnitude could induce flipping of the tantalum spacers or fila- 

ment contact within the quartz envelope.   Here again, there is insufficient infor- 

mation to provide definite predictions of lamp life on a tumbling simulator cage. 

Finally, the radiant spectrum from the lamps should be considered.   LMSC 

data on the spectral and total radiosity of bare T-3 lamps were used, since no 

data were available on reflector-backed lamps. 

A continuous line of lamps around the periphery of the vehicle was selected 

for the following reasons: 

•   This geometry permits a larger row spacing in the axial direction 

where surface irradiation is proportional to the inverse of the dis- 

tance.   A noncontinuous line of lamps gives a surface irradiance 

which varies approximately as the inverse-square of spacing and 

requires a closer axial spacing.   Lamp-reflector unit support 

structures are also minimized by larger axial spacing, 

e   Simulated energy distribution for secondary radiation in a given 

orbit around the curved surface of a vehicle is more closely matched 

with a greater number of circumferentially positioned lamps. 

The incident radiation at a point is again a function of the stand-off distance and the 

relative radiation pattern of the lamp-reflector system.   The wide angle pattern 

provided by the selected reflector can be approximated by a 145-deg sector 

(Fig. 4).   The lamp-reflector system is assumed to place 80% of the total energy 

dissipated, as radiant energy into this region.   The radiation pattern from the 

reflector ends was considered to be the same as from a line emitter, since infor- 

mation concerning the distribution in a direction parallel to the lamp axis was 

unavailable.  It is noted that the continuous line source postulated is actually a 

series of discrete 10-in. lighted lengths separated by 3-in. spacings (Fig. 5).. 

The distribution of energy on the vehicle surface can be established exactly 

by integration of the equation,   dq = idAdw  over the entire vehicle and lamp 

surface.   However, this complete solution is not necessary for initial specification 

of a satisfactory system.   Consider a vehicle segment (Fig. 6) to be completely 
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145 deg —y . 

REFLECTOR      , in. 
SPACING 

^> 
EFFECTIVE 
RAOIATEO LENGTH 

REFLECTOR LENGTH 

Fig. 5   Effective Radiation Sector 

RA0 
REFLECTOR 

LAMP. 

Fig. 6   Geometrical Relations for Energy Distribution From Lamp-Reflector System 
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enclosed by a continuous cylindrical line source.   It is obvious that energy will 

be uniformly incident circumferentially and will vary only in the axial direction. 

The determination of variation in the axial direction can be established by con- 

sidering a segment RÄ0  of the vehicle shown and the portion of lamp enclosed 

by that segment.   It may be assumed that this vehicle segment is illuminated only 

by the portion of lamp enclosed by  (R+D)A0 ,   since all adjacent lamp segments' 

contributions exactly make up the losses of the lamp segment studied.   The radiant 

energy distribution from the lamp is uniformly distributed over a 145-deg sector 

(Fig. 4) and amounts to 80% of the total lamp dissipation. 

The following terms are used to establish the distribution: 

W   =   radiant power of lamp per unit length per unit angle $ in the 145-deg 

illuminated sector Btu/hr-ft-radian 

ip     -   radial angle on lamp from surface normal (radians) 

6     =   radial angle in vehicle (radians) 

D   =   stand-off distance (ft) 

G   =   irradiation (Btu/hr-ft ) 

The total irradiation at point x on the vehicle surface due to a single lamp row is 

given by 

W(R+D)A0Aft -  G^^ RAfl (2.7) T COSi/i 

and since  L = 
COSi* 

G = W(l + D/R)cos2 ft 
D 

G = w(5 + s)cos2^ <2*8> 

Equation (2. 8) shows that the distribution of energy on the surface is inversely 

proportional to the stand-off distance for a continuous line source.   However, in 
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the actual application the source will not be entirely continuous due to the lamp 

mounting devices and finite filament lengths (Fig. 5).   Equation (2. 8) may still 

be used for the solution if it is assumed that the energy from the sources is 

sufficiently distributed to apply the line source approximation. 

Figure 7 presents a number of curves showing the axial distribution of energy 

for various stand-off distances using a single line source.   These must then be 

combined with the distribution from adjacent line sources with stand-off distance 

and row spacing as parameters.   This procedure results in an infinite number of 

possible solutions where required absolute intensity and ±5% uniformity can be 

achieved. 

A guide toward selection of an optimum configuration is obtained by plotting 

results in the form used for Fig. 8.   This figure presents the absolute surface 

irradiation at a point directly under a lamp row and a point half way between rows 

for various spacings and stand-off distances.   The zone of useful solutions is seen 
to be  D > 7 ft and 10 ft s S < 13 ft. 

The cold wall shadowing or blockage may be approximately determined by 

considering the ratio of blocked area on an imaginary cylinder containing Sie lamps 

to the total area of that cylinder. 

2ir(R+D)(K+asin 6  )N 
B = 2ir(R+D) L (2'9) 

c 

where 

B   =   blockage or shadowing 

N   =   number of lamp rows in cylinder length  L (N+L /S) c c 
S    =   row spacing between lamp rings 

K   =   reflector width 

a    =   reflector depth 

The (K+a sin 0 ) term is the effective reflector width since it takes into account x n' 
the reflector depth of the nth lamp and for a rough approximation can be taken as 
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an average of a/2 over n lamps.   Therefore, 

B = £^& (2.10) 

Figure 9 plots the shadowing due to lamp spacing for various groups of lamp 

banks where a single row of sources may contain several lamps immediately 

adjacent to each other. 

The results plotted on Figs. 7, 8, and 9, present the basic information required 

to optimize a given simulator.   The optimization must not only be guided by energy 

considerations but also by the total number of lamps required, number of control 

zones, switching, reliability, and the complexity of the cage itself.   In view of all 

of these governing criteria a final selection was made with a stand-off distance of 

7.5 ft and a spacing between rows of 12 ft.   This requires 9 circumferential rows 

each containing 192 lamps, or a total of 1728 lamps around the circumference of 

the cylinder. 

Establishment of the final geometry permits a more detailed analysis of shadow- 

ing by lamps of the chamber cold wall and primary solar radiation simulation.   An 

exact solution was performed using a shape factor analysis for cold-wall blockage 

and projected areas for solar energy shadowing.   The result showed cold-wall 

blockage to be 1% and primary blockage of collimated energy to be 1. 3% for this 

arrangement of lamps.   These computations do not include blockage due to struc- 

tural members which hold the sources, but include only the geometry of the 

lamp-reflector units. 

A graph of the maximum secondary irradiation on a cylindrical vehicle in an 

100-sm orbit in the earth-sun line was prepared from information in Ref. 3.   The 

energy variation on the vehicle surface is dependent upon the angular position ß , 

as shown in Fig. 10.   The step function in Fig. 10 indicates the power levels at 

which the banks of lamps would be operated to simulate the circumferential 

variations in intensity around the test vehicle. 
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Design of the simulator configuration for irradiation the flat ends follows the 

same techniques as those used for the sides of the cylinder with the simplification 

that the irradiated surface is flat.   Several geometrical arrangements are satisfactory 

from a thermal point of view.   An arrangement of lamps along concentric circles was 

selected because it provides a simple mechanical layout and allows the intensity of 

the lamps to be programmed around the end caps to match the variations in intensity 

on vehicles that do not have flat ends (e. g., vehicles witii conical or spherical nose 

caps), as well as provides satisfactory simulation on vehicles with flat ends.   A 

total of 400 lamps is required for each end cap of the simulator, and the lamps can 

be arranged in groups of 20, 70, 130, and 180 lamps around concentric circles with 

diameters of 9, 27, 45, and 63 ft, respectively.   Stand-off distance is 7. 5 ft,the 

same as for the circumferential belts of lamps. 

Adding the 400 lamps required on each of the two end caps of the simulator to 

the 1728 lamps required for the circumferential belts of lamps gives a total of 

2528 lamps.   Operating the lamps at 100% of their full-rated power produces a 

maximum total radiant flux at the vehicle surface of 265 Btu/hr-ft .   As Fig. 10 

indicates, the required maximum value for simulating secondary radiation is only 

215 Btu/hr-ft .   As a result, the maximum power level that the lamps must be 

operated at is only 81% of their rated power, which level extends their operating 

lifetime and increases their reliability.   Under these conditions, lamp lifetime is 

expected to be on the order of 5 yr, provided that the end seals do not leak and 

there are no adverse effects either from the gravitational forces set up during 

cage rotation and tumbling or from cycling the power to the lamps.   These effects 

should be clarified experimentally prior to constructing the simulator. 

A summation of the operating power levels around the circumference, according 

to the step function shown in Fig. 10, requires 602 kW (excluding the end plates). 

If the vehicle is in this position, then the end plate areas are assumed to be at 

ß = ±90° , giving an end plate power of 216 kW.   Thus, for a vehicle in an 100-sm 

orbit In the earth-sun line, a total power of 0. 818 MW is required for satisfactory 

secondary radiation simulation. 

The spectral distribution of the T-3 lamps as compared to that of the secondary 

radiation can influence the effective absorption of energy on the vehicle skin.   Many 
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thermal control surfaces are strong ultraviolet absorbers and low visible and 

infrared absorbers, so that in some cases a correction factor changing the magni- 

tude if incident energy should be applied in order to allow for the spectral shift. 

For example, a vehicle with an aluminum skin could require the input power to be 

raised by a factor as high as 2. 2 times the values specified in this report.   This 

could be accomplished by doubling the lamp banks. 

SUMMARY 

The configuration and power requirements of a secondary radiation simulator 

for use under the conditions specified in Section 1 are met by the following: 

• Sources - Type T-3 tungsten filament lamps, reflector-backed, 1000-W 

rating; 2528 lamps required; maximum operating power required is 

81% of rated capacity 

0   Circumferential configuration — The 1728 lamps required for irradiating 

the circumferential area are arranged in 48 circumferential banks of 

lamps (36 lamps per bank) spaced at 7. 5-deg intervals around the cir- 

cumference as shown in Fig. 11.   Within each bank, the lamps are 

arranged in 9 groups spaced at 12-ft intervals in the axial direction 

(4 lamps per group).   Each of the 48 circumferential banks of lamps 

can be operated independently of the other circumferential banks in 

order to simulate orbital fluctuations in secondary radiation.   Stand- 

off distance (distance from vehicle surface to center of lamps) is 

7.5 ft. 

• End cap configuration — Each of the two end caps requires 400 lamps 

at a stand-off distance of 7. 5 ft.   The lamps are arranged in groups of 

20, 70, 130, and 180 lamps around concentric circles with diameters 

of 9, 27, 45, and 63 ft, respectively. 

• Maximum power - Maximum power drawn by the simulator is 0. 81S MW 
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SECTION 3 

POWER TRANSMISSION SYSTEM 

The two tasks performed in this section are an analysis of the means by which 

electrical power could be transmitted from a source to the rotating simulator in 

vacuum and a determination of the operating characteristics of the power 

transmission system. 

TRANSMISSION OF ELECTRICAL POWER 

The analysis of the means for transmitting electrical power to the simulator 

was based on transmitting 1 MW of power, since this is the level required for 

Simulating secondary radiation (see Section 2), and the other specifications indicated 

in Section 1. 

The three means of transmission analyzed were flexible cables, rotary 

transformers, and sliding contacts. 

Flexible Cables 

Two basic problems with flexible cables for this application are providing suffi- 

cient length and flexibility to permit windup of the conductors during the test and 

limiting the current density within the conductors to values that will allow the I R 

losses to be dissipated without overheating and damaging the insulation. 

Li order to estimate the length of conductor required, it will be assumed that 

the mean length of turn of the coil when wound about a spindle is 12. 5 ft (~ 4 ft mean 

diameter).   For a 1-hr portion of a test in which the test vehicle is tumbling or' 

rolling at 5 rpm (maximum rotational speed specified is 15 rpm and maximum test 

duration is 6 months), the length of each conductor required would be 

5 rpm x 12. 5 ft/r x l hr X 60 min/hr = 3750 ft 
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Half of this length can be saved by using a wind-up/wind-out spool arrangement in 

which the conductor is first played out in one direction from the rotating test bed 

to a storage spool and then wound up in the opposite direction on the rotating test 

bed for the second half of the operation.   For a 3-phase circuit, current in the 

neutral line will be zero under conditions of perfect balancing and will be quite 

smaE under nearly balanced conditions and full power dissipation. 

For the simulator configuration indicated in Section 2, total current drawn by 

the simulator is on the order of 2000 A.   Since the conductors will be operating in 

vacuum, normal cooling by air convection will be absent and the current carrying 

capacity of the conductors must be reduced to prevent overheating and damage to 

the insulation.   If one can operate at a current density of 500A/in.   , the required 
2 

cross-sectional area of the conductors is 4 in.  for the three line conductors of a 

3-phase system.   Increasing the cross-sectional area will reduce the transmission 

losses and reduce the heat load radiated from the conductors, but it will also make 

the cables heavier and more difficult to wind and unwind, and the storage spools 

and associated cable handling apparatus will be larger 

Power loi 

2000 A will be 

2 
Power losses for 1875 ft of conductor 4 in.   cross-sectional area carrying 

I2R = (2000 )2x 1.71 x 10"6 x -ff^l  =  15,150 W 

—6 where 1. 71 x 10    jnfl-cm is the resistivity of copper conductors at 20° C.   The 

percentage loss in transmitting power through the conductor Is therefore approximately 

1. 5%.  A rough, order-of-magnitude estimate of the size required for a system using 

continuous conductors can be made for comparative purposes by assuming that the 
2 

cables are wound on spools 2 ft in diameter by 5 ft long.   If the required 4 in.  (see " 

calculations above) of conductor cross-sectional area is lumped into a single cable 

and an allowance is made for the neutral conductor and insulation, the cable diameter 

will be approximately 3 in.   For the 1-hr portion of a test in which the test vehicle 

is tumbling or rollingatS rpm, the number of revolutions will be 60 min x 5 rpm = 300. 
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If two spools and a wind/unwind technique are used on each conductor to minimize 

the conductor length, each spool will handle 150 loops of cable.   Each spool will 

accommodate 19 loops of cable along its 5-ft length I—5  less allowance for 
\ 150 

packing and for end platesj, so that -rr- = 6 rows of cable will be wound on each 

spool and the mean diameter of the cable coils will be (24 + — x 6) in.  = 48 in. 

or 4 ft.   Total length of cable will be (150 loops x 4 it ft/loop) - 1885 ft.   Each of 

the four spools when half-full will occupy a volume of 5 ft x (4. ft)   j = 62. 8 ft , 

so that the total volume of the system, including the four spools and auxiliary winding 
3 

equipment (e. g., drives, guides, etc.) will be greater than 260 ft. 

Rotary Transformers 

The preliminary evaluation of rotary transformers for this application is based 

on the fact that a wound-rotor induction motor acts as a transformer when its rotor 

is locked.   By treating the rotary transformer as a wound-rotor induction motor 

with a fixed (or very slowly rotating) rotor, it is possible to estimate size, weight, 

efficiency and other operating parameters. 

The size of the rotary transformer can be estimated from the following equations 

(Ref. 14): 

w = ^V*008" i3'1} 

where 

W • power output (W) 

e = efficiency 

n * number of phases 

I . = current per phase 

=   phase angle 

and E .   is given by 

E .   = 2.22f0dZ x 10 8 (3.2) 
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where 

f = frequency (cps) 

0 = lines of magnetic flux (Mx) 

d = winding factor 

Z = number of active conductors per phase 

The lines of magnetic flux,   <bt   is given by 

<£ = B iDL (3.3) g        a 

where 

B = flux density in the air gap lines per square inch 

D - diameter of air gap (in.) 

h = active length of conductor (in.) 
cL 

Substituting Eq, (3.3) into Eq. (3. 2),one obtains: 

E .   =  2. 22 fB  TTDL dZ x 10~8 (3.4) ph g        a 

By definition, 

nl  Z 
q « -£- 0.5) 

where 

q    = specific loading, ampere-conductors per inch of armature periphery 

I      = current per conductor 
c 

and the other symbols have the same meanings as before. 
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Rearrangement of Eq. (3. 5) gives 

I    = **£ (3.6) c nZ 

For a single conductor per phase,   I   = I . ,   whenee 

Substituting Eqs. (3.4) and (3. 7) into Eq. (3.1) and setting cos e - 1.0  (since the 

load is essentially a pure resistive load), one obtains 

whence 

and 

W =  2. 22efB dq7r2D2L    x XO-8 (3.8) 
5 a 

D2L   . _JL>Uol_ (3.9) 
a       2.22efB dq?r 

S 

o 

Rotor volume = 7 DZL   = W X l0  (3.10) 
4        a     8.88efB dqir 

As a first approximation, the volume of the stator will equal the volume of the 

rotor, so that 

W x 10 Rotary transformer volume  =   ———  (3.11) 
4. 44efB dqx 
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The design of an induction motor begins with an estimate of the flux density in the 

air gap,   B ,   and the specific loading,   q.    Estimates of these two quantities are 

based on judgment from previous experience, the materials available, losses that 

can be accepted, and economics.   Large values of these two parameters favor small 

size but result in poor efficiency and high electrical losses.   Small values improve 

the efficiency and reduce the losses, but result in large size, heavy weight, and 

high equipment cost.   For 60 cps, 1-MW equipment, values of B    and q generally 

lie in the ranges 60, 000 to 65, 000 lines/in.  and 800 to900 A-conductors/in., 

respectively. 

Varying the flux density in the air gap has two opposing effects on losses; 

increasing this factor reduces the total weight of iron in the magnetic structure 

but increases the power lost per unit weight of iron due to eddy currents and 

hysteresis (commonly combined into core loss). 

The effects of varying the specific loading are harder to analyze.   Increasing 

the loading makes it more difficult to remove heat generated by electrical losses 

because of the more compact design coils. 

Optimum design involves balancing the current density and the mean length of 
2 

turns with the rotor diameter for the required value of D L      which in turn 

depends upon the specific loading and the flux density in the air gap.   Because of 

the interdependence of these variables and the length and non-linearity of the calcu- 

lations, computers are used to perform the design iterations until the desired 

performance is obtained.   Both analysis and synthesis techniques are used (Refs. 15 

and 16).   In the analytical method, the desired parameters are programmed along 

with designs that are known to give the approximate performance desired.   The 

output is a group of changes to the existing designs which are necessary to meet 

the new requirements.   Synthesis is used when designs are required that cannot 

be based on existing equipment.   This is the type of program that would be used to 

optimize the design of a rotary coupler. 

In the preliminary calculations that follow, the size and feasibility of a rotary 

coupler are estimated for values of B    and q of 60, 000 and 850, respectively, 
g 

corresponding to conventional practice.   Calculations are also made with  B    and 

q assigned values of 40, 000 and 700, respectively, to indicate the increase in size 

that would be involved in going to a higher efficiency design. 
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Raising the frequency at which the rotary transformer operates will reduce its 

size but will have the disadvantage of increasing the losses.   Lowering the frequency 

has the opposite effects.   Li the preliminary calculations that follow, the frequency 

is taken as 60 cps. 

The efficiency of a unit of this output operating without windage losses should 

be about 96%.   This can be seen from the extrapolation of the curve in Fig. 12, 

which is based on data for induction motors varying in size from 1 to 700 hp and 

operating at speeds from 500 to 3600 rpm.   The efficiency from the curve at 1 MW 

(1341 hp) is 94%, and it should be 2%  higher since there would be 
no windage losses. 

An approximate value of 0.95 for the winding factor is assumed in the prelimi- 

nary calculations. 

Inserting the values selected above into Eq. (3.11), one finds that the volume of 

the rotary transformer will be on the order of the following: 

B   = 40,000 
g 

B    = 60, 000 
g 

q = 700 q = 850 q = 700 q = 850 

Volume (ft3) 2.7 2.1 1.8 1.6 

Sliding Contacts 

Sliding contacts are commonly used for transmitting electrical power across 

moving elements of machinery, and they are an efficient method for doing so under 

normal conditions. 

Preliminary estimates during the course of the investigation indicated that slip 

rings were preferable to flexible cables and rotary transformers.   As a result, a 

scaled-up model was fabricated for actual evaluation at AEDC, and it is therefore 

possible to indicate the characteristics and performance of a slip ring for use in 

the secondary radiation simulator on the basis of actual data. 
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The following three types of losses occur in operating a slip ring assembly: 
2 

e   I R losses in the conducting members that compose the sliding 

contacts 

• Contact resistance losses at the sliding interface 

• Friction losses at the sliding interface 

Experimental measurements (see Section 4) indicated that the total resistance in- 

volved in the first two items would be less than 1 mfi for each slip ring involved in 

the power distribution system (see Section 3), and the total loss through the slip rings 

operating under peak conditions would be less than 100 W.   Torque measurements on 

the 8-ring scaled-up unit gave a value of 119 in-lb (see Section 4), which indicates 

that the power required to rotate the slip ring assembly at a maximum speed of 

15 rpm would be less than 250 W,   Total losses would therefore be less than 350 W, 

which is less than 0.1% of the transmitted power of 1 x 10   W.   (Preliminary 

estimates had placed the total losses at not more than 0. 5%.) 

Extending the size of the 8-ring scaled-up unit to accommodate 76 rings for use 
3 

in the secondary radiation simulator indicates the final volume would be about 6 ft. 

Comparative Merits of Alternative Systems 

Table 3 compares the merits of the three alternate systems.   In comparing the 

values in this table, one should bear in mind that the estimated efficiencies and sizes 

for the continuous conductor and rotary transformer systems are based on one lumped 

circuit and on simplifying assumptions that have been weighted in favor of these sys- 

tems, whereas these factors have been measured in the case of the slip ring and are 

for a system that provides 76 separate circuits (one to each of the lamp banks). 

Despite this, the slip ring assembly is obviously superior to the other two systems. 

POWER DISTRIBUTION SYSTEM 

In order to reduce the current in the distribution system as much as possible, 

thereby minimizing losses and reducing conductor cross sections, power should be 

transmitted at as high a voltage as practical.   The maximum practical voltage is 

limited by insulation and surface flashover characteristics, and voltages are 

therefore kept below 500 V in order to use standard insulation practices. 
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TABLE  3 

COMPARISON OF ALTERNATE TRANSMISSION SYSTEMS 

Continuous Conductor Rotary Transformer Slip Ring 

Electrical efficiency ~ 98% (estimated)^ - 96% (estimated)ta* > 99% (measured) 

Size > 260 ft3 (estimated)^ ~ 3 ft3 (estimated)(a* - 6 ft3 

Ease of heat removal Poor Fair Good 

Relative equipment cost Low High Low 

Ease of repair Good Poor Good 

Feasibility Components available and 
techniques well established 

Requires development Demonstrated to be 
feasible. 

Stability in vacuum Outgassing from cable 
insulation will increase 
pumping load and con- 
taminate vacuum. 

Entrapped gases in windings 
will contribute to pumping 
load. 

Demonstrated to be 
satisfactory. 

Limitations on test 
flexibility 

Useful if the number of 
revolutions in one direction 
is limited; unsatisfactory 
for unlimited rotation. 

None None 

(a)   These estimates are based on one lumped circuit, whereas the values for the slip ring system is for 
one that provides 76 separate circuits (one to each lamp bank). 
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By connecting two of the T-3 tungsten-filament lamps (rated at 1000 W at 240 V) 

in series, the simulator arrays can be operated with an input voltage below 500 V. 

For operation at 800 W, the effective voltage across each lamp will be 215 V 

(i.e., 240 V x V800/1000). 

Figure 13 is a circuit diagram for distributing power to one of the circumfer- 

ential banks of lamps.   There are 48 such circuits In the secondary radiation 

simulator, and each must be able to be operated independently of the other.   Each 

group of 4 lamps is arranged in 2 series-connected pairs, and equalizer bus bars 

are used between the pairs of lamps to eliminate the loss of two lamps due to the 

failure of one lamp in a series pair.   Since each lamp operates at 80% of its nominal 

rating under peak intensity conditions, three lamps on one side of the equalizer bus 

would have to fail before the input to one of the remaining lamps would exceed its 

nominal rating.   The requirement for independent operation of the lamp banks is 

met by using a separate slip ring to provide the input power (28,800 W at 430 V) to 

each lamp bank.   The slip rings are located on the pitch axis of the spacecraft 

vehicle undergoing test. 

Figure 14 shows the distribution system for supplying power from a 3-phase 

source to 12 circumferential banks of lamps.   The power loads on the lamp banks 

are well balanced so that all 12 of the lamp banks can be connected in common to 

a single neutral return line, and the neutral line then carries only the unbalanced 

current. 

The largest current that would be carried by the neutral line from the circumfer- 

ential banks of lamps occurs when the simulator is operating under the conditions 

shown In Fig. 10 and all of the 12 banks of lamps are on one side of the axis of 

symmetry in this figure.   For a 3-phase system, the maximum currents in the 

three phase are as follows: 

Phase x-Component y-Component 

A 1. oo iA 0 

B -0. 50 Ig +0.866 Lg 

C -0. 50 Ic -0.866 I c 
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and the absolute value of the current is given by 

-VE 2^2 
x   + y 

Since the power drawn by a bank of lamps is proportional to its intensity, the 

currents in the 12 banks of lamps shown in Fig. 14 for the condition of worst 

unbalance vary as follows: 

Bank 

1 

Phase 

A 

Current 
(%) 

100 

x-Component 

+ 

y-Component 
(%) 

+ 

100 

2 B 99.4 49.7 86.0 

3 C 97.8 48.9 84.7 

4 A 95.9 95.9 

5 B 93.3 46.7 81.0 

6 C 90.0 45.0 77.9 

7 A 87.2 87.2 

8 B 83.5 41.8 72.3 

9 C 79.8 39.9 69.1 

10 A 74.6 74.6 

11 B 70.0 35.0 60.7 

12 C 64.6 32.3 55.9 

+357. 7      339.3 +300.0       287.6 

-339.3 -287.6 

+18.4 +12.4 

2 2 The current conducted by the common neutral is 18.4   + 12.4   = 22. 2% of the 

current in Bank 1. 

Four common neutrals are sufficient for handling current to the 48 circumfer- 

ential banks of lamps, so that the total number of slip rings for supplying power to 

the circumferential bank of lamps is 52. 

45 



AEDC-TR.65-40 

Power distribution to the end caps would be similar to that for the circumferential 

banks.   In the case of the end caps, the 400 lamps in each cap would be divided into 

10 banks of 40 lamps each, so that the circuit for each of the end banks would be 

similar to that for each of the circumferential banks, shown in Fig. 13, except that 

there would be 40 lamps instead of 36.   This means the requirements of the distri- 

bution lines and slip rings or the two types of lamp banks are within 10% of one 

another and the same sizes can be used throughout.   The banks of lamps on the end 

caps can also be balanced, so that, at most, 2 common neutrals are needed on each 

end cap. 

The current carried to each of the 48 circumferential banks of lamps (each bank 

consisting of 36 lamps connected as shown in Fig. 13) will be a maximum of 

36      1600 _ , 
2   X ^30 " 67l0A 

For the banks in the end caps, each of which contains 40 lamps in a similar circuit, 

the maximum current will be 74.4A. A value of 75 A is used for selecting conductor 

sizes and designing the slip rings. 

Since the electrical distribution system will operate in vacuum, however, there 

will be no heat dissipation by the normal means of air convection.   As a result, the 

current carrying capacity of insulated wires must be reduced in order to avoid 

overheating and insulation damage.   Normal design practice would permit No. 8 

insulated wire to carry 73 A if the wire were freely ventilated.  Derating should 

be on the order of 50%.   No. 4 insulated wire should be satisfactory.   Characteristics 

of No. 4 insulated wire per MLL-W-5086 are as follows: 

Maximum resistance = 0.274 Q per 1000 ft at 20° C 

Diameter of finished wire = 0.370 in. 

Weight = 176 lb per 1000 ft 

Losses in No. 4 cable would be 752 x 0.274 = 1542 W per 1000 ft or 1. 542 W/ft, 

and voltage drop would be 75 x 0.274 = 20.55 V per 1000 ft   or 0.02055 V/ft,under 

maximum loading conditions. 
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For cooling by radiation alone (i. e., no conduction to the supporting structure), 

the approximate operating temperature of the wire can be computed from the basic 

radiation formula 

Q = 0.173 A lVl2 [\l00/ aoo/ 

where 

Q       =   heat transfer (Btu/hr) 

A       =   area (ft2) 

e = emissivily 

F 0 = form factor 

T. = temperature of wire ("R) 

T„ = temperature of sink (°R) 

For a 1-ft length of No. 8 insulated wire carrying a current of 75 A the following 

values are obtained: 

Q        =    1.542W x ^^ = 5.26 Btu/hr 

A,      =   3.1416 X ^£p = 0.0969 ft2 

e        =   0. 80 (estimated) 

F _   =   0.50 (assuming that one-half the vlre will see the cold wall and one 

half will see the frame holding the lamps or the back of the reflectors 

which are further assumed to be at the temperature of the wire 

insulation) 

T_     =   150° R (estimated; 

Solving for  T    by substitution of the above values into the basic radiation 

formula, one obtains 

T    =  100 [ — + 1 541 - 10° [784 + 51 ll       1UU 10.173X0.0969X0.80X0.50      i,a J I i 

= 531 °R or 71°F 
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Further refinement of this calculation requires a detailed layout of the simulator 

structure. However t the estimated wire temperature calculated above indicates 

that No. 4 insulated wire can be used safely. 
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SECTION 4 

SLIDING CONTACT MATERIALS 

An investigation of sliding contact materials was undertaken since sliding 

contacts were shown to be preferable to other techniques for transmitting elec- 

trical power to the secondary radiation simulator (Section 3) and since the only 

forseeable drawbacks to their use were the lack of suitable contact materials 

and information on their performance in ultrahigh vacuum. 

MATERIALS 

Three types of brush materials were evaluated; viz., silver-graphite 

(Ag-graphite), silver-copper-molybdenum disulfide (Ag-Cu-MoS2), and silver- 

molybdenum-molybdenum disulfide (Ag-Mo-MoS„).   These were operated against 

rings of either electrodeposited silver or electrodeposited gold. 

Silver-graphite brushes have been commercially available for some time, 

and they were evaluated as a basis for comparison with the other two types of 

brush materials.   The specific compositions tested were 90% silver — 10% graphite 

(90 Ag - 10 graphite) and 80% silver - 20% graphite (80 Ag - 20 graphite). 

Silver was selected as the base metal in the two types of developmental 

materials in order to provide good electrical conductivity.   Molybdenum disulfide 

was selected to provide lubricity during sliding in vacuum.   Earlier work at LMSC 

(Ref. 17) indicated that silver brushes lubricated with molybdenum disulfide did, in 

fact, operate with less wear and noise in vacuum than silver brushes lubricated 

with graphite, but that further improvement in wear resistance was desirable. 

Copper and molybdenum were therefore added in order to study their effect on 

hardening the silver and reducing brush wear. 
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The general procedure for preparing compacts started with mixing the 

powders in the proper proportions with a porcelain mortar and pestle.    The 

mixed powders were then cold-pressed in closed steel dies, following which they were 
-5 sintered in vacuum.   The samples were maintained under a vacuum of 10     Torr 

during both heating and cooling in the furnace. 

The composites tested at LMSC (Test Runs 1 through 4) were prepared in 

the form of discs, 0.5 in. in diameter by approximately 0. 2 in. thick in the direc- 

tion of pressing, from which brushes were then machined.   Composites tested at 

AEDC (Test Run 5) were prepared in the form of larger discs, 1.25 in. in diameter 

by approximately 0. 5 in. thick.   Brushes were machined from these compacts so 

that the brush thickness was in the same direction as the direction of pressing. 

Some of the Ag-Cu-MoS„ composites evaluated in Test Run 5 were repressed 

(coined) and resintered in order to increase their density and hardness.   Hot- 

pressing in vacuum was also considered, and equipment was assembled for fabri- 

cating brushes by this technique, but this effort was terminated before any speci- 

mens could be produced for evaluation. 

EVALUATION EQUIPMENT AND PROCEDURE 

Brush and ring material combinations were evaluated by operating them in 

ultrahigh vacuum in an actual slip ring assembly and measuring their resistance, 

noise, temperature, and wear characteristics.   Equipment and procedures used 

at AEDC and LMSC were essentially similar; differences in the slip ring assem- 

blies and operating conditions are noted in the following sections. 

Equipment 

Figure 15 shows schematically the test circuitry and equipment.   The equip- 

ment is divided into the following four subsystems for ease of discussion: 

• Slip ring assembly 

• Vacuum system including rotational drive 

• Power supply 

• Measuring instrumentation 
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Slip ring assembly.     The slip ring assembly used in Test Runs 1 through 4 

conducted at LMSC is shown in Fig. 16.   This assembly had 24 rings measuring 

2.25 in. in diameter by 0.1875 in. wide.   Ring materials were either electro- 

deposited fine silver or gold.   Each ring was contacted by two identical brushes, 

so that power could be brought in and out on the same ring.   The brushes were in 

the form of buttons that were soldered to a beryllium-copper arm.   The contacting 

faces of the brushes were 0. 090 (±0. 005) in. wide by 0.150 (±0. 005) in. long, 
2 

giving a projected contact area of 0. 0135 in.    and were contoured to mate with the 

ring radius.   Both brushes rode on the same track on the ring.   Brush materials 

were Ag-graphite, Ag-Cu-MoS     and Ag-Mo-MoS   with varying concentrations of 

the constituents, as discussed in the section on materials. 

Most of the tests with this slip ring assembly were conducted with the stan- 

dard type of brush holder, shown schematically in Fig. 17a.   In this type of holder, 

the beryllium-copper arm served both as a conductor and as a cantilever spring for 

pressing the contact button against the ring, and the amount of brush contact force 

was set by the deflection of the spring.   The advantage of this type of holder is its 

simplicity, whereas its disadvantages for research are the difficulty in setting the 

brush contact force precisely and maintaining the contact force constant when the 

brushes wear badly.   Figure 17b shows a second type of brush holder that was 

used on 12 rings tested in Test Run 4 and on the 8 rings, Test Run 5.   In this type 

of holder, the beryllium-copper arm again serves as a conductor, but the contact 

force is set and maintained by a compression spring pushing against the top of the 

arm, immediately above the point of contact. 

One brush on each ring had an iron-constantan therm ocouple spot-welded to 

the top of the beryllium-copper leaf spring, directly above the center of the brush 

button on the opposite side. 

The scaled-up slip ring assembly tested at AEDC in Test Run 5 was a larger 

unit, with rings measuring 6.75 in. in diameter by 0. 500 in. wide (Fig. 18).   This 

unit had only 8 rings, 6 of them being electrodeposited silver and 2 electrodeposited 

gold.   Each ring was contacted by four identical brushes, connected in pairs, so 
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SPRING LOADED BRUSH HOLDER 

Fig- 17   Schematic of Brush Holders 

that power could be brought in and out on the same ring.    The brushes were in 

the form of buttons that were soldered to copper arms, as shown in Fig. 17b. 

Current was carried from the terminals to the brushes by flexible pig tails. 

The contacting faces of the brushes were 0. 437 in. wide by 0. 750 in. long, giving 
2 

projected contact areas of 0. 328 in.  ,and were contoured to mate with the ring 

radius.   All four brushes rode on the same track on the ring.   Brush materials 

were Ag-graphite and Ag-Cu-MoS 

One brush of each pair had a copper-constantan thermocouple spot-welded 

to its top, directly above the center of the brush button on the opposite side. 
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Vacuum System.    Figure 19 shows schematically the vacuum system used 

hi Test Runs 1 through 4 at LMSC, and Fig. 20 shows the chamber and associated 

equipment. 

The vacuum chamber is a stainless steel cylinder measuring 12 in. diameter 

by 22 in. long and was pumped by a 360 liter /sec ion pump (Ultek Model 336) through 

a 6-in. diameter leg.   The chamber was provided with a valve (Veeco R-50-PSS) for 

initially evacuating it to a pressure low enough for the ion pump to be energized. 

Initial roughing was by means of a mechanical pump provided with a liquid nitrogen 

finger for trapping oil vapors and preventing contamination of the vacuum system. 

After the ion pump had been put into operation, the roughing valve was closed and 

the roughing pump removed from the system. 

Power to the ion pump came from the 60 cps, 115-V a-c house supply through 

an ion pump power supply (Ultek Model PS-1000).   The pump was mounted in the ver- 

tical position on a rigid frame. 

The slip ring assembly was mounted on a 12-in. diameter flange that contained 

hermetically sealed feed-throughs for making all electrical connections.   The axis of 

the slip ring assembly was horizontal.   The slip ring was rotated by a hermetically 

sealed magnetic drive which was attached to the 12-in. diameter flange by means of 

a smaller flange.   All attachments and checkouts were made to the 12-in. diameter 

flange before it was mountedto the chamber.   All flanges were sealed with copper 

metal crush gaskets to eliminate contamination by outgassing from elastomeric 

seals. 

The magnetic drive was operated by a d-c motor through a pair of pulleys 

providing the proper speed reduction.   Power to the d-c motor came from the 60 cps, 

115-V a-c house supply through a rectifier and control circuit, which allowed the 

speed of the motor to be adjusted to give the exact speed desired on the slip ring 

shaft.   The motor was mounted with vibration damping mounts. 

The chamber was provided with an ionization gage (Veeco RG-75-K) for 

making pressure measurements within the chamber and for serving as a check 

on pressure measurements made by means of the pump current reading.   The 

ionization gage was connected to an ionization gage control circuit (Veeco RG-31A). 

Power to the ionization gage control circuit came from the 60 cps, 115-V a-c house 

supply. 
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Power supply.   Current was adjusted to the desired level by means of a 

variable autotransformer, a separate transformer being used for each ring and 

associated pair of brushes.   A resistive load having a resistance considerably 

higher than that of the slip ring and brushes was inserted in series to maintain 

an essentially constant current, despite minor fluctuations in the resistance of 

the brush contacts.   The amount of current passing through the slip ring was 

determined from the voltage drop across a calibrated manganin shunt wire placed 

in series with the slip ring. 

Measuring instrumentation. Brush temperatures were measured by means 

of thermocouples whose hot junctions were spot-welded to one of the brushes on a 

ring (two brushes in the case of Test Run 5). 

Brush resistance and noise were measured by monitoring the potential drop 

across the brush pairs.   An audio frequency microvolter (e.g., Type 548C Audio 

Frequency Microvolter of General Radio Co.) was used to measure the potential 

drop across the brushes and to eliminate the 60-cps common mode from the input 

to the preamplifier (e. g., Type 53D) of the oscilloscope (e.g., Tektronix Model 

RM 45A).   The vertical signal output of the oscilloscope was fed into a voltmeter 

(e.g., Hewlett Packard Model 400D vacuum-tube voltmeter) and into a spectrum 

analyzer (e.g., Panoramic Analyzer Model TMI-1 of Panoramic Radio Products). 

In use, the hum-bucking circuit of the audio frequency microvolter was adjusted 

to eliminate the 60-cps wave form from the oscilloscope pattern, which in turn 

minimized the voltmeter reading. 

Procedure. 

The following independent variables were either held constant or varied 

from one set of brushes and rings to another to study their effects: 

1. Brush material — Brushes were made of Ag-graphite, Ag-Cu-MoS«, 

and Ag-Mo-MoS? composites with varying concentrations of the 

constituents. 

2. Ring material — Rings were either electrodeposited silver or 

electro deposited gold. 
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3. Brush geometry - In Test Runs 1 through 4 at LMSC, brushes 

were 0.090 in. wide by 0.150 in. long, giving a projected contact 
2 

area of 0.0135 in.    and were contoured to mate with the 2.25-in. 

diameter rings.   In Test Run 5 at AEDC, brushes were 0.437 in. 
2 

wide by 0. 750 in. long, giving a projected contact area of 0.328 in. , 

and were contoured to mate with the 6.75-in. diameter rings. 

4. Ring geometry - In Test Runs 1 through 4 at LMSC, rings were 2. 25 

in. in diameter with 0.1875 in. wide faces. In Test Run 5 at AEDC, 

rings were 6. 75 in. in diameter with 0. 500 in. wide faces. 

5. Brush contact force — In Test Runs 1 through 4 at LMSC, brush 

contact forces were either 2.16 oz {61.2 g) or 1.30 oz (36.7 g), 

giving contact pressures of 10 and 6 psi, respectively.   In Test Run 

5 at AEDC, brush contact forces were either 3. 27 or 1. 96 lb, giving 

contact pressures of 10 and 6 psi, respectively. 

6. Current - Test Runs 1 through 4 at LMSC were run with a current 

of 4. 05 A, giving a current density of 300 A/in.    of projected brush 

contact area.   In Test Run 5 at AEDC, current was either 75 or 

40 A, giving current densities of 114 and 61 A/in.   when the current 

was divided equally between the brushes in a pair and 229 and 122 A/ 
2 

in.    when the current was carried by only one brush. 

7. Speed - Rotational speed was 60 rpm in Test Runs 1 through 4 at 

LMSC, giving a peripheral sliding velocity of 424 in. /min.   Rotational 

speed was 15 rpm in Test Run 5 at AEDC, giving a peripheral sliding 

velocity of 318 in. /min.   At certain times in some of the tests, as 

noted in the following sections, the speed was reduced or rotation 

stopped completely in order to determine what effect, if any, there 

was on noise or contact welding. 

8. Temperature - All tests were conducted at room temperature. 

9. Atmosphere — All tests were conducted in ultrahigh vacuum (pressure 

below 10~   Torr). 

10. Duration - All tests were conducted for a minimum duration of 500 hr 

or prior failure. 
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For each set of brushes and rings, the following dependent variables were 

measured: 

■ •   Contact resistance (static and dynamic) 

• Brush temperature 

• Noise (average and peak) and noise spectrum 

• Wear (decrease in brush thickness and erosion of ring and brush 

surfaces) 

Contact force was measured on each brush as the force required to lift the 

brush out of contact with the ring.   To do this, an ohmmeter was connected across 

the slip ring and the two brushes.   A lifting force was applied to one of the brushes, 

and the force increased until the resistance increased to at least 10 times the initial 

value, indicating that the brush has been lifted out of contact. 

The brush thickness was measured before and after testing and the difference 

recorded as the brush wear.   The initial brush thickness was measured before final 

assembly and shipping to AEDC..   Evaluations of surface roughness and erosion were 

made by visual examinations at the conclusions of the tests. 

Measurements were made on all ring and thermocouple circuits before the 

test assembly was placed into the vacuum chamber to insure circuit continuity and 

to check for loose or broken wires.   The following tests were conducted in air. 

With all voltage controls set to zero and all switches set to the off position, 

the slip rings were rotated at 60 (Test Runs 1 through 4) or 15 rpm (Test Run 5). 

The current in each ring circuit was then increased from zero to the nominal test 

current.   The initial dynamic potential drop across the brush leads was measured 

in air for each brush-ring-brush combination by connecting them sequentially to 

the voltmeter and measuring the voltage. 

Average and peak noise were measured initially with the oscilloscope, which 

was connected sequentially to each brush-ring-brush combination at the same time 

that the voltmeter was connected. Oscilloscope traces were also photographed for 

each brush-ring-brush combination at this time. 

After the above dynamic measurements in air had been completed for all 

brush-ring-brush combinations, all circuits were de-energized by opening the 

switches (without disturbing the current settings), rotation was stopped, and the 
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static potential drop across the brush leads was measured.   This was done by 

energizing each circuit sequentially and connecting them to the voltmeter and 

measuring the voltage. 

After the initial static contact resistance of all brush-ring-brush combina- 

tions had been measured, the slip rings were again rotated at test speed.   Rotation 

In air was continued overnight (16 to 20 hr) with the test current in each circuit, 

following which measurements of dynamic potential drop across the brushes and 

noise were repeated as before.   In addition, the brush temperature of each brush- 

ring-brush combination was measured by connecting a potentiometer to the thermo- 

couples sequentially through the d-c differential amplifiers.   Following this, rotation 

was stopped and the static contact resistance measured, following the same proce- 

dure as before. 

After the air run-in and calibration measurements had been completed, all 

circuits were de-energized and evacuation of the test chamber was begun.   Within 

2 hr from the time of starting evacuation or when the pressure reached 1 x 10~ 

Torr, whichever occured first, rotation was resumed, and all circuits were ener- 

gized.   Measurements of pressure, temperature, dynamic contact resistance, and 

noise were made in the same manner as before.   These measurements were 

repeated after an additional 1 hr and after approximately 5, 25, 50, 100, 200, and 

500 hr of operation in vacuum. 

EXPERIMENTAL RESULTS 

This section describes the experimental results from five separate runs. 

Test Runs 1 through 4 were conducted at LMSC; Test Run 5 at AEDC.   Since the 

independent variables in Test Runs 3, 4, and 5 were selected on the basis of pre- 

liminary conclusions reached from the results of preceding runs, the results of 

each run are analyzed separately. 

Test Run 1 (LMSC) 

Test Run 1 contained 15 pairs of brushes of Ag-Cu-MoS„ composites and 

4 pairs of brushes of Ag-graphite.   All brushes were operated at 60 rpm against 
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2. 25-ln. diameter slip rings of electrodeposited fine silver.   Copper content of 

the Ag-Cu-MoS« brushes was varied from 0 to 15% and MoS„ content from 2. 5 

to 15%.   Purposes of this test were to compare the general performance in 

vacuum of Ag-Cu-MoS„ brushes and to determine the approximate amounts of 

Cu and MoS„ for best performance. 

Assembly 1 was run-in for 20 hr in air and then operated for 500 hr in 
-5 -6 vacuum (2x10     to 2 x 10     Torr).   During the first 100-hr of the test run, 

the following trends were noted: 

• All Ag-Cu-MoS2 composites containing only 2. 5% MoS2 

suffered failures. 

• All Ag-Cu-MoS2 composites containing only 10% or more 

Cu either failed or became very noisy. 

• Ag-Cu-MoS_ composites containing 10 and 15% MoS„ and 

less than 10% Cu operated quietly. 

• Both the 90 Ag - 10 graphite and 80 Ag - 20 graphite 

brush compositions operated with high noise levels and 

suffered failures. 

• Brush failures were preceded by noisy operation. 

Figures 21 through 24 show the conditions of the brushes and rings at the 

conclusion of the 500-hr vacuum run. 

One can note in Fig. 21 that Brushes 6, 9, 10, 16, and 19 have been worn 

or broken from the beryllium-copper leaf springs to which they had been soldered. 

Brushes 1, 5, 7, and 18 were also dislodged on the back side of the assembly, 

which is hidden from view in this figure.   One can also note that the outrider springs 

on Brushes 5, 16, 17, and 19 are no longer in contact with the leaf springs, so that 

they are not performing their function of maintaining the brush contact force.   A 

similar condition exists with the outrider spring on Brush 18 on the back side of 

the assembly.   In Fig. 21, the brush compositions vary from left to right in the 

following order: 
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Brush 
Composition (% wt) 

Ag Cu MoS2 Graphite 

1 97.5 0 2.5 
2 95 0 5 
3 90 0 10 
4 85 0 15 

5 92.5 5 2.5 
6 87.5 10 2.5 
7 85 10 5 
8 85 5 10 

9 82.5 15 2.5 
10 80 15 5 
11 80 10 10 
12 80 5 15 

13 75 15 10 
14 75 10 15 
15 70 15 15 
16 90 10 
17 90 10 
18 80 20 
19 80 20 

Figure 22 shows in detail the conditions of the rings and brushes at Positions 

1, 2, 3, and 4.   These four brushes contain only silver and MoS   (no copper). 

Brush 1 (97. 5 Ag — 2. 5 MoS„) is badly worn; failure of this brush composition 

occurred within the first 100 hr, due to dislodging of the brush on the back side of 

the assembly.   From this result, and similar results with other brushes contain- 

ing only 2. 5% MoS. plus copper (Brushes 5, 6, and 9), one concludes that 2. 5% 

MoS„ is insufficient for good brush performance, due to excessive brush and ring 

wear. 

Figure 23 shows in detail the conditions at Positions 9, 10, and 11.   All 

three rings are badly worn.   Ring 9, which was contacted by a brush of high copper 

— low MoS» content (82.5 Ag — 15 Cu — 2. 5 MoS_) was the worst worn of this group. 
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Fig. 21   Slip Ring Assembly 1 After Testing 
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Fig. 22   Detoil on Rings 1 to 4 of Assembly 1 After Testing 
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Fig. 23   Detoil on Rings 9, 10, and 11 of Assembly 1 After Testing 
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Fig. 24   Detoil on Rings 16 to 19 of Assembly 1 After Testing 
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Brushes with 10 or 15% Cu and 10 or 15% MoS- {e.g., Brush 11), did not appear 

severely worn, although their operation was noisy and ring wear was slightly 

greater than that provided by the best performers (0 to 5 % Cu with 10 or 15% 

MoS2). 

Figure 24 shows in detail the conditions at Positions 16, 17, 18, and 19. 

Brushes at these four positions were commercial silver-graphite brushes.   All 

brushes and rings were badly worn.   These results verify results from earlier 

investigations at LMSC, which indicate that silver-graphite brushes are inade- 

quate for use in vacuum. 

Table 4 summarizes the measurements and observations on the wear of 

the brushes and rings at the conclusion of the test run, and indicates the time 

at which the brushes failed.   The results on brush wear are also plotted in Fig. 25, 

in which the results for the Ag-CuMoS2 composites are grouped according to their 

copper content (0, 5, 10, and 15%) and in each group are arranged in order of 

increasing MoS„ content (2. 5, 5, 10, and 15%).   Final dimensions were measured 

on both brushes of a given composition in ten cases, although in three of these 

cases the final measurement was in error and had to be discarded.   In nine cases, 

one of the two brushes broke off the brush holder during the test run, so that the 

final dimensions were obtained for only one brush.   Where brush wear was low, 

(i.e., 0. 015 in. or less), both brushes of a pair survived the complete 500 hr of 

testing in vacuum, and measurements were fairly consistent.   Where brush wear 

was high, measurements were obtained on only one brush of a pair, and there 

were anomalies in the trends, probably because   (1) current was flowing through 

the brushes for only a part of the tests and  (2) the type of spring loading was 

unable to maintain a constant pressure on brushes that wore badly. 

Figure 25 indicates that MoS« contents of 2. 5 and 5% generally resulted 

in high brush wear, whereas MoS   contents of 10 and 15% resulted in low brush 

wear.   The higher copper contents also appeared to favor lower brush wear, as 

expected from the hardening action of copper in silver, although the effect was 

less than that of MoS„.   On the other hand, the higher copper contents (i. e., 5 and 

10% Cu) were undesirable from the standpoint of ring wear and electrical noise 

(see results on noise). 
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TABLE  4 

BRUSH AND RING WEAR ON SLIP RING ASSEMBLY 1 

Brush 
Position 

Thickoess (Ln.) 

Ring Wear 

Time to 
failure in 
vacuum 

(to) 

Composition (& wt> Initial Final Wear (in.) 

Ag Cu MoSg Graphite Brush 1(a) Brush 2*) Brush 1 Brush 2 Brush 1 Brush 2 Average 

1 

2 

3 

4 

97,5 

95 

90 

85 

0 

0 

0 

0 

2.5 

5 

10 

15 

0 

0 

0 

0 

0.111 

0.117 

0.110 

0.098 

0.118 

0.104 

0.085 

0.094 

0.040 

0,108 

0.096 

0.096 

0.07» 

0.085 

0.071 

0.009 

0.004 

0.002 

0.006 

0.009 

0.071 

0.009 

0.005 

0.006 

Severe 

Light 

Light 

Light 

22 

(d) 

(d) 

(d) 

5 

8 

12 

92. S 

85 

80 

5 

5 

5 

2.5 

10 

15 

0 

0 

0 

0.119 

0.106 

0.105 

0.120 

0.110 

0.107 

0.035 

0.102 

0.100 

M 

0.095 

0.099 

0.084 

0.004 

0.005 

0.016 

0,008 

0.084 

0,010 

0.006 

Severe 

Light 

Light to Mud. 

22 

(d) 

W 

6 

7 

11 

14 

87.5 

85 

SO 

75 

10 

10 

10 

10 

2.5 

5 

10 

15 

0 

0 

0 

0 

0.120 

0.119 

0.10B 

0.108 

0.122 

0.121 

0.117 

0,102 

M 

0.070 

0.104 

0.100 

0.075 

M 

0.115 

0.049 

0.004 

0.008 

0.047 

0.002 

0.047 

0,049 

0.003 

0,008 

Severe 

Severe 

Moderate 

Moderate 

5 

189 

Id) 

<d) 

9 

10 

13 

IS 

82.5 

80 

75 

70 

15 

15 

15 

15 

2.5 

5 

10 

15 

0 

0 

0 

0 

0.119 

O.UI 

0,107 

0.105 

0.112 

0.120 

0.110 

0.099 

M 

M 

0.103 

0.099 

0.101 

0.065 

0.105 0.004 

0.006 

0.011 

0.055 

0.005 

0.011 

O.0S5 

0.005 

0.006 

Severe 

Severe 

Moderate 

Moderate 

1 

26 

(d) 

(d) 

16 

17 

18 

19 

90 

90 

80 

80 

0 

0 

0 

0 

0 

0 

0 

0 

10 

10 

20 

20 

0.109 

0.095 

0.068 

0.085 

0.106 

0.106 

0.079 

0.076 

M 

0.028 

o.oes 
M 

0.070 

0.04S 

M 

D.040 

0.067 

O. DIO 

0.036 

0.0G1 

0.O36 

0.036 

0.064 

0.010 

0.036 

Sevura 

Severe 

Severs 

Severe 
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(a.) Brush 1 - brush without thermocouple. 
(b) Brush 2 - brush with thermocouple attached to leaf spring holding It. 

(c) M - in is sing (broke oft during test; no final measurement obtained) . 
|d) No failure; both brushes operated for full test time. 
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Figure 26 summarizes some of the noise measurements made during the 

operation of Slip Ring Assembly 1.   The noise (in mV rms at 730 cps) is shown 

for the pre-run condition, after 28.1 hr of operation in vacuum, and after 500 hr 

of operation in vacuum.   These results indicate that the general noise level in 

vacuum of the better Ag-Cu-MoS_ brush composites is as good as the noise level 

in air of premium, commercially available brush materials, and that the noise 

level of the Ag-Cu-MoS„ brush composites increases with increasing copper 

content. 

Table 5 summarizes measurements of brush contact resistance before 

run-in, shortly after the start of operation in vacuum, and after about 100 and 

500 hr of operation in vacuum.   The resistance of the leads has been subtracted 

in these measurements, so that the reported values are essentially the resistance 

across the two brush-ring interfaces in each case. This resistance is seen to be 

on the order of 10 mfi.   No significant trends appear in the data, except that the 

dynamic resistance is usually slightly higher than the static resistance." 

Silver-graphite brushes generally suffered excessive wear themselves, 

caused severe wear to the rings, and operated with high noise levels.   The 80 Ag - 

20 graphite composition appeared to wear less than the 90 Ag - 10 graphite compo- 

sition, but its noise was higher, as expected. 

Test Run 2 (LMSC). 

Test Run 2 contained 20 pairs of brushes with Ag-Mo-MoS„ composites 

and 2 pairs of brushes of Ag-graphite.   All brushes were operated at 60 rpm 

against 2.25-in. diameter slip rings of electrodeposited silver.   The content of 

metallic molybdenum in the Ag-Mo-MoS2 composites was varied from 5 to 40%, 

and MoS2 content from 0 to 15%.   Purposes of this test were similar to those of 

Test Run 1, except that molybdenum was substituted for copper as the alloying 

metal in the silver base.   This assembly was run-in for 20 hr in air and then 

operated for 500 hr in vacuum, 

72 



AEDC-TR-45-40 

10 

B 

6 

I 
UJ 

0.1 

O »NOISE FOR PRE-RUN CONDITION 

A = NOISE AFTER 28.1 HR 

V = NOISE AFTER 500 HR 

20 

i 
1315    21 

Ü i 

O O 

"> o o o       mopo        m o o o       inooo      IU 
PERCENT  MoSg  <\i iri   d <r>        wiridiri c\j in d <£> 

UJ  111 UJ 
ftjiridw       t: t tt 
        x 

NO COPPER    5% COPPER     10% COPPER    15% COPPER     S 
ce 
o 
o 

Fig. 26   Noisa During Operation of Slip Ring Assembly 1 7 
a 

O 

III 

o oo 
— CM CVJ 
t I   I 
rji at 9 
< << 
O OO 
9) CO CD 

73 



TABLE 5 

CONTACT RESISTANCE FOR SLIP RING ASSEMBLY 1 

> 
□ 
n 

-a 

Brush 
Position 

Composition (% wt) 

Contact Resistance (mil) 

Static«0» DynsmicOO 

Ag Cu MoS2 Graphite Pre-run 24 hr 120 hr 520 hr Pre-run 24 hr 120 hr 520 hr 

1 97. a 0 2.5 0 3.8 29.8 7.8 29,8 

2 95 0 5 0 11.2 l.S 4.0 4.5 17.8 1.5 4.5 5.2 

3 90 0 10 0 4.5 3.2 4.5 8.2 15,8 3.8 4.5 8.8 

4 65 0 15 0 12.6 3.5 5.8 5.0 5.0 6.8 6.2 

5 92.5 5 2.5 0 5.2 4.5 6.2 6.0 

S 85 5 10 0 4.2 13.2 9.8 12.0 6.8 13.2 10.2 13.2 

12 80 5 15 0 7.0 8.2 1.8 11.0 19.5 11.5 5.8 12.8 

6 87.5 10 2.5 0 2.0 4.5 2.0 4.5 

7fl» 85 10 5 0 

11 80 10 10 0 1.8 5.0 7.5 10.8 9.2 6.2 8.8 12.8 

14<b) 75 10 15 0 

9 82.5 IS 2.5 0 6.2 7.8 8.8 7.8 

10 80 15 5 0 2.2 5.2 4.2 6.0 

13 75 15 10 0 2.5 23.0 21.8 21.5 7.8 25.0 21.2 21.8 

15 70 15 15 0 5.0 5.8 13.2 1O.0 11.5 6.5 10.0 14.2 

16 90 0 0 10 5.5 3.5 8.8 2.0 

17 90 0 0 10 6.8 2.8 6.5 6.5 10.2 2.8 6.5 7.8 

18 80 0 0 20 

19 80 0 0 20 5.2 24.2 33.2 23.0 27.5 31.0 

L o 

(a) Values are total times (time in vacuum is 20 hr less). 
(b) Readings Incorrect Cor this position. 
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Results from Test Run 2 are summarized in Tables 6 and 7 and in Figs. 27 

through 31. 

The Ag-graphite compositions tested in Run 2   again behaved poorly, with 

results the same as those observed in Run 1.   With both Ag-graphite compositions 

the brushes and rings were worn badly, early failures were experienced, and opera- 

tion was noisy. 

Results from the Ag-Mo-MoS„ brush composites are not as consistent as 

from the Ag-Cu-MoS„ ones, and trends are not as well defined.   The most important 

point demonstrated, however, is that the Ag-Mo-MoS2 composites were generally 

much noisier than the Ag-Cu-MoS2 composites.   The lowest noise obtained with the 

Ag-Mo-MoS2 composites was, in fact, about 10-times that of the best Ag-Cu-MoS« 

brush composites.   Some brush arcing was noted, which resulted in greater wear 

and outgassing loads.   The composition 85 Ag — 5 Mo - 10 MoS„ appeared to give the 

best overall performance, with low wear on both brushes and ring and about the lowest 

noise obtained with the Ag-Mo-MoS2 composites.   The composition 80 Ag - 10 Mo - 

10 MoS„ also gave low wear, but one brush broke off during installation so that no 

data were obtained with current flowing through the brushes.   Although Mo contents 

of 15%, or more, generally resulted in bad ring wear and noisy operation, the com- 

position 58 Ag — 40 Mo — 2 MoS2 appears to be an exception.   This composition also 

appears an exception to the general trend for wear to be high when the MoS2 is 5% 

or less. 

During fabrication of the Ag-Mo-MoS» composites, it was noted that those 

with low silver eontent were chalky and had to be ground to shape rather than 

machined. 

Figure 27 shows Slip Ring Assembly 2 after testing.   Twenty-three of the 

24 brush/ring combinations were tested.   The ring to the left of the one marked 

18 in the photograph was not tested, so that the original ring conditions can be 

seen for comparison. 
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TABLE  6 

RESULTS FOR OPERATION OF SLIP RING ASSEMBLY 2 

Brush Composition 
(%wt) Results 

Ag Mo MoS2 

95 5 0 One brush lost during first hour of operation, other 
brush slightly worn; ring slightly worn 

93 5 2 One brush lost after 158 hr, other brush badly worn; 
ring worn 

90 5 5 One brush lost after 181 hr, other brush badly worn; 
ring worn; operation quiet 

85 5 10 Both brushes survived 500 hr operation with little wear; 
ring wear slight; operation generally quiet (3.5 mV at 
15 hr, 2. 5 mV at 378 hr and 730 cps) 

80 5 15 Arcing occurred during first 0. 5 hr of operation; one 
brush lost, other brush had only slight wear; ring was 
damaged by arcing 

80 10 10 One brush broken during installation, other brush had 
only slight wear during operation; ring wear slight 

85 15 0 Both brushes survived 500 hr operation with little wear; 
ring was worn; operation was noisy at start and quieted 
down to 2. 2 mV at 378 hr 

83 15 2 One brush lost within 100 hr of operation, other brush 
badly worn; ring badly worn and discolored 

80 15 5 One brush lost within 100 hr of operation, other brush 
worn; ring badly worn 

75 15 10 Both brushes survived 500 hr of operation with slight 
wear; ring worn; operation quiet, increasing during 
test to 3.3 mV at 378 hr 

70 15 15 Both brushes broke off during installation; no data 
obtained 

75 25 0 One brush lost after about 13 hr operation, other worn; 
ring worn 
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TABLE   6   (Continued) 

Brush Composition 
(%wt) Results 

Ag Mo MoS2 

70 25 5 One brush lost within 157 hr of operation, other 
brush had very little wear; ring worn 

65 25 10 One brush lost during first hour of operation, other 
brush worn; ring worn 

60 25 15 One brush lost within 253 hr of operation, other brush 
worn; ring worn 

60 40 0 Arcing and one brush lost during first 9 hr of opera- 
tion, other brush had very little wear; ring badly worn 

58 40 2 Both brushes survived 500 hr operation with very little 
wear; ring was slightly worn; operation was generally 
quiet, with some noisy operation 

55 40 5 One brush broken off during installation, other brush 
had little wear; ring was worn 

50 40 10 One brush lost within 157 hr of operation, other brush 
had little wear; ring had very little wear; operation 
was very noisy 

45 40 15 One brush lost within 157 hr of operation, other brush 
had little wear; ring slightly worn 

90-1 0 graphil :e Arcing; current discontinued after 91 hr; both brushes 
and ring badly worn 

80-2 0 graphil ;e One brush lost after about B5 hr of operation, other 
brush badly worn; ring worn 
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TABLE 7 

BRUSH AND RING WEAR ON SLIP RING ASSEMBLY 2 

Thickness (In. > 

Ring Wear 

Time to 
failure In 
vacuum 

(hr) 

Brush 
Position Composition (% wt) Initial Final Wear (in.) 

Ag Ho Mo53 Graphite Brush lW Brush 2<D> Brush 1 Brush 2 Brush 1 Brush 2 Average 

16 95 5 0 0 0.109 0,109 M<c> 0.150 0.004 0.004 Light <   1 
IT 93 5 2 0 0.104 0.100 M 0.042 0.053 0.058 Moderate 158 

IS 90 5 5 0 0,09-1 0.107 M O.OfiB 0.048 0.048 Moderate 181 

20 85 5 10 0 0.095 0.102 0.092 0.100 0.003 0.002 0.002 Light (d) 
23 SO 5 15 0 0.102 0.107 M 0.103 0.004 0.004 Arcing <0.5 

2 BO 10 10 0 0.111 0.110 o.ioa M 0.003 0.003 Light 0 

12 86 ia 0 0 0.117 0.117 0.116 0.110 0.091 0.002 0.002 Moderate (d) 
a 83 16 2 0 0.108 0.111 M 0.O49 0.062 0.062 Severe <100 
i 80 15 5 0 0.113 0.105 M 0.064 0.041 0.041 Severe <10O 
7 75 IS 10 0 0.095 0.107 0.074 0.083 0.021 0.024 0.022 Moderate (d) 
1 70 15 15 0 0.101 0.104 M M Light 0 

11 75 35 0 0 0.108 0.115 M 0.055 0.060 0.060 Moderate 13 

13 73 25 2 0 0.115 0.111 M 0,049 0.062 0.062 Severe <   1 
14 TO 2B 5 0 0.110 0.113 M 0.103 0.010 0.010 Moderate <157 
16 65 as 10 0 0.110 0.107 0.046 M 0.065 0.065 Moderate <   1 
10 60 25 15 0 0.107 0.109 M 0.049 0.080 0.060 Moderate <253 

6 60 40 0 0 0.113 0.112 M 0.07» 0.033 0,033 Severe 9 

21 58 40 2 0 0.113 0,108 0.111 0.104 0.001 0.004 0.002 Light «J> 
5 SB 40 5 0 0.117 0.111 0.115 M 0.002 0.002 Moderate 0 

8 SO 40 10 0 0.097 0.108 M 0.104 0.004 0.004 Light <157 

9 45 40 IS 0 0.102 0.099 0.100 H 0.002 0.002 Light <157 

33 90 0 0 10 0.094 0.100 0.023 0.047 0.071 0.053 0.062 Severe 91 

24 eo ° 0 20 0.090 0.090 0.050 M 0.040 0.040 Severe 05 
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(a) Brush 1 - brush without thermocouple 
<b) Brush 3 - brush vdüi thermocouple attached to leaf spring holding it {$ w„"f1?^fltal£!^lce 1tt durülg teBti n° flnil »Mmreiaciit obtained) (d) No failure; both bru&lsa operated for full teat time ^ 
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Fig. 27  Slip Ring Assembly 2 After Testing 
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Fig. 28   Detail at Positions 1 Through 6 of Assembly 2 After Testin; 
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Fig. 29   Detail at Positions 7 Through 12 of Assembly 2 After Testing 
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Fig. 30   Detoil at Positions 13 Through 17 and Unnumbered Position of Assembly 2 After Testing 
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Fig. 31    Detail at Positions 18 Through 23 of Assembly 2 After Testing 

83 



AEDC-TR-65-40 

One can note that the following brushes have failed and are broken off the 

supporting leaf springs at the bottom of the assembly:   1, 3, 4, 6, 8, 10, 11, 13, 

14, 16, 17, 18, and 21.   Additional brushes were broken off on the opposite side 

(not visible in Fig. 27) at Positions 1, 2, 5, 9, 15, and 23.   Only at Positions 7, 

12, 19, and 20 did both brushes operate for the full 500 hr of testing.   The follow- 

ing brushes are seen to have suffered heavy wear (see Figs. 28, 29, and 30):   15, 

22, and 23.   Brush compositions were as follows: 

Position 
Composition (% wt) 

Ag Mo MoS2 Graphite 

1 70 15 15 0 
2 80 10 10 0 
3 83 15 2 0 
4 80 15 5 0 
5 55 40 5 0 

6 60 40 0 0 
7 75 15 10 0 
8 50 40 10 0 
9 45 40 15 0 

10 60 25 15 0 

11 75 25 0 0 
12 85 15 0 0 
13 73 25 2 0 
14 70 25 5 0 
15 65 25 10 0 

16 95 5 0 0 
17 93 5 2 0 

Unnumbered No Brushes 
18 90 5 5 0 
19 85 5 10 0 
20 58 40 2 0 

21 80 5 15 0 
22 90 0 0 10 
23 80 0 0 20 
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Figure 28 shows in detail the conditions at Positions 1 through 6.   Both 

brushes broke off at Position 1, and ring wear was nil.   One brush broke off at 

Position 2, and ring wear was nil.   One brush was lost from Positions 3, 4, and 

5 within 100 hr of operation, so that the brushes were not carrying current during 

the major part of the 500-hr run in vacuum; nevertheless, all four rings are worn, 

particularly 3, 4, and 6.   It is significant that these four brush compositions had 

15% or more of Mo and 5% or less of MoS2, whereas Brush 2 had 10% Mo and 10% 

MoS2. 

Figure 29 shows the conditions at Positions 7 through 12.   Both brushes at 

Positions 7 and 12 operated for the full 500 hr of testing; one brush from each of 

the four other positions failed at various times during testing.   The four brushes 

that failed represented high Mo contents (25 and 40%), whereas the brush composi- 

tions that completed the test had 15% Mo,   All of the rings were worn to some 

degree. 

Figure 30 shows the conditions at Positions 13 through 17 and the unnumbered 

position (no brushes).   At all of these positions, rings and brushes were worn to 

some degree.   These brush compositions represented low MoS„ contents and/or 

high Mo contents. 

Figure 31 shows the conditions at Positions 18 through 23.   Brushes of two 

silver-graphite compositions at Positions 22 and 23 were badly worn, and their 

rings were also worn.   Brush 18 is a low MoS2 content (5%), and both brush and 

ring at this position were worn.   Brush 19 is 5% Mo, 10% MoS_, and as expected 

from its composition, showed good performance; both brushes ran the full 500 hr 

of testing, and both brushes and ring showed relatively small amounts of wear. 

Brush 20 is an anomaly; it has a high Mo, lowMoSg content (40% Mo, 2% MoS„), yet 

showed good performance, with both brushes running the full 500 hr of testing and 

both brushes and ring showing relatively small wear.   Position 21 experienced 

some arcing and an early failure (less than 0. 5 hr of operation) of one brush.   It 

appears that this brush might have been improperly mounted and was not riding 

properly on the ring.   The ring was damaged by the arcing, as can be seen in Fig. 31. 

The second brush at Position 21 suffered only slight wear.   The composition of 
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Brush 21 (5% Mo, 15% MoS ) should have given good performance, based on 

trends noted with the other brush compositions, and the early failure may in fact 

have been due to improper installation rather than to the material itself. 

Because of the comparatively poor performance of the Ag-Mo-MoS2 compos- 

ites and the good performance of Ag-Cu-MoS„ composites, no further tests were 

performed with Ag-Mo-MoS? composites.   Subsequent tests were directed toward 

optimizing the Ag-Cu-MoS2 composites, verifying their performance, establishing 

their reproducibility, and exploring the effects of other operating conditions. 

Test Run 3 (LMSC) 

Test Run 3 contained 24 pairs of brushes of Ag-Cu-MoS- composites; no 

Ag-graphite brushes were tested.   The copper content was maintained at 0, 2. 5, 

and 5%; the MoS- content, at 7. 5, 10, 12.5, and 15%.   These compositions cover 

the range in which best results had been obtained in Test Run 1, and the composi- 

tional changes were made in smaller steps in order to define the optimum compo- 

sition more exaetly.   Brushes were prepared from two batches of material; Batch 1 

had been prepared at the same time the composites for brushes tested in Run 1 were 

prepared, and Batch 2 was prepared several months later.   The two batches of mate- 

rial were tested at the same time in order to check the reproducibility of preparation. 

Also, testing material from Batch 1 a second time provided a check on the reproduc- 

ibility of testing.   Although most of the brushes operated against silver rings, eight 

pairs of brushes operated against gold rings so that the effect of ring material could 

be evaluated. 

Assembly 3 was run-in for 20 hr in air and then operated for 630 hr in 
—R —R 

vacuum (7 x 10~   Torr initially, dropping to 1 x 10~   Torr at the end of the test). 

All brushes on this unit completed the full time of testing without a single failure. 

Ring and brush wear was low on practically all circuits.   All brushes operated at 

nearly 70°F throughout the entire test.   For one period of approximately 10 hr 

(after approximately 10 hr of operation in vacuum), the slip rings were not rotated 

and current was conducted through the circuits; no evidence of welding or burning 

from this condition of operation was observed. 
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Table 8 and Figs. 32 through 36 summarize the pertinent data and observa- 

tions on brush and ring wear.   Within the range of scatter, brushes from Batch 1 

gave the same performance in both Assembly 1 and 3.   Brushes with 10% MoS» 

from the two batches of material gave good reproducibility, whereas those with 

15% MoS„ from Batch 2 suffered greater wear than those from Batch 1. 

Gold rings and silver rings wore about equally, but gold rings usually 

caused greater brush wear than silver rings. 

At each copper level, increasing the MoS2 content from 7. 5 to 15% tended 

to increase brush wear, as illustrated in Fig. 37.   This effect was most pronounced 

with no copper.   Although brushes containing only 7.5 or 10% MoSp consistently 

suffered low wear (i. e.f 0.010 in., or less), they caused greater ring wear, and 

the higher MoS~ contents (i.e., 12. 5 and 15%) are therefore preferable. 

Brushes containing 12. 5 and 15% MoS« and no copper showed extreme vari- 

ability in brush wear.   It was also observed that these brush materials, as well 

as the one containing 10% MoS2 and no copper, were also the most difficult to 

machine properly, tending to crumble.   These observations indicate that some 

copper is desirable, and it appears from the other data that 2.5% is adequate. 

Noise level showed a general trend to increase during operation, but in all 

cases except one, the peak noise was held at 1. 0 mV or lower, as measured on 

the oscilloscope.   The sole exception was near the end of the run with 90 Ag - 2. 5 

Cu — 7.5 MoS„ brushes (Ring 17), for which peak readings up to 4 mV were 

observed.   This particular brush-ring combination also showed the worst ring 

wear.   Figure 38 shows peak and average noise measurements for Ag-Cu-MoS0 

brushes from Batch 2 operated against silver rings after 50 and 604 hr of opera- 

tion.   These data illustrate the general trend for the noise to increase with the 

time of operation, as noted above.   The relatively high noise after 604 hr for the 

90 Ag - 2.5 Cu - 7.5 MoS„ and 87.5 Ag - 5 Cu - 7. 5 MoS2 brushes indicate that 

7.5% MoS„ is less than desirable, although this is not confirmed by the noise 

measurements on the 92. 5 Ag — 0 Cu — 7.-5 MoS„.   Generally, MoS? contents of 

10, 12. 5, and 15% gave noise levels on the order of 0.5 mV with no significant 

variation with the content of either MoS? or Cu. 
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TABLE  8 

BRUSH AND RING WEAR ON SLIP RING ASSEMBLY 3 

Brush 
Position 

Composition (% wt) 

Ag            Cu           MoS„ 
Batch Ring 

Material Brush 1 

Wear {in.) 

Brush 2 Average 
Ring Wear 

13 92.5         0                 7.5 2 Ag 0.004 0.006 0.005 Severe 
1 90             0              10 1 Ag 0.008 0.0065 0.007 Good 

14 90              0               10 2 Ag 0.010 0.009 0.0095 Intermediate 
5 90              0              10 1 Au 0. 0025 0.0075 0.005 Good 
9 90              0               10 2 Au 0 0.0115 0.0058 Good 

15 87.5          0               12.5 2 Ag 0.002 0.011 0.0065 Good 
2 85              0              15 1 Ag 0.007 0.0025 0.005 Good 

16 85              0              15 2 Ag 0. 0215 0.011 0.0162 Intermedia to 
6 85              0               15 1 Au 0. 0185 0.010 0.014 Good 

10 85              0               15 2 Au 0.025 0.025 0.025 Good 

17 90             2.5             7.5 2 Ag 0.005 0.005 0.005 Worst 
18 87.5         2,5          10 2 Ag 0.005 0.010 0. 0075 Intermediate 
19 85              2,5           12.5 2 Ag 0.0095 0.007 0. 0082 Good 
20 82.5         2.5          15 2 Ag 0.007 0.0075 0.007 Good 

21 87. 5         5                 7. 5 2 Ag 0.010 0.005 0. 0075 Intermediate 
3 85             5               10 1 Ag 0. 005 0.006 0.0055 Intermediate 

22 85              5               10 2 Ag 0.0085 0.0065 0.0075 Good 
7 85              5               10 1 Au 0.0105 0.011 0.011 Good 

11 85              5               10 2 Au 0.0135 0.014 0.0138 Good 
23 82.5          5               12,5 2 Ag 0. 0095 0.010 0.010 Good 

4 80              5               15 1 Ag 0.002 0.005 0.0035 Intermediate 
24 80              5               15 2 Ag 0. 0135 0. 0105 0.012 Good 

8 80              5               15 1 Au 0.009 0.012 0. 0105 Good 

12 80              5               15 2 Au 0. 0275 0.019 0.0232 Good 
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Fig. 32   Slip Ring Assembly 3 After Testing 
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Fig- 33   Detail at Ring 1 Through 6 of Assembly After Testing 

90 



AEDCTR-65-40 

Fig. 34   Detail at Ring 7 Through 12 of Assembly 3 After Testing 
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Fig. 35   Detail at Ring 13 Through 18 of Assembly 3 After Testing 
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I - -i    mm   mm 

Fig. 36   Detoil ot Ring 19 Through 24 of Assembly 3 After Testing 
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Fig. 37   Brush Wear of Ag-Cu-Mo$2 Composites From Batch 2 Against Silver Rings in Assembly 3 
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Fig. 38  Noise Meosurement* for Ag-Cu-MoS; Brushes From Botch 2 Against Silver Rings in Assembly 3 
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Test Run 4 (LMSC). 

Test Run 4 contained 24 pairs of brushes with Ag-Cu-MoS„ composites; no 

Ag-graphite brushes were tested.   All brushes were operated against silver rings, 

since results from Test Run 3 had indicated no benefits from gold rings.   Most of 

the brushes contained 2. 5% Cu and either 12.5 or 15% MoS„, in accordance with 

earlier observations that these compositions were about optimum.   Two pairs of 

brushes with no copper and six pairs with 5% copper were also tested to verify 

this conclusion.   Brushes were operated at contact pressures of 6 and 10 psi to 

see how this affected performance.   Half of the brushes were mounted on the same 

type holder as was used in the three previous runs, whereas the other half of the 

brushes were mounted on a special type of holder intended to provide a more accu- 

rate setting of the brush pressure and a more nearly constant brush pressure during 

operation.   Figure 39 shows the modified brush assembly. 

Assembly 4 was run-in for 20 hr in air and then operated for 847 hr in 

vacuum.   Outgassing loads from the modified brush assembly caused some diffi- 

culty In reaching the low vacuum level for testing.   The pressure during the first 
-5 50 hr of vacuum testing was above 1x10     Torr, and it then gradually improved 

Q 
to 2 x 10     Torr at the end of 847 hr. 

Performance of Slip Ring Assembly 4 was generally excellent, with relatively 

low wear on the rings and brushes and low electrical noise.   Rings were lightly worn, 

with Rings 19 and 20 being the only two rings on which wear was bad.   One brush on 

each of three rings was broken off during the test (Rings 10, 13, and 22); both 

brushes on one ring (Ring 24) were broken off. 

Table 9 summarizes measurements on the wear of brushes and rings for 

Slip Ring Assembly 4.   Results indicate that a composition of 82. 5 to 85% silver, 

2.5% copper, and 15. 0% molybdenum disulfide is about the optimum brush compo- 

sition.   Reducing the amount of molybdenum disulfide from 15 to 12. 5% (and cor- 

respondingly increasing the silver content from 82. 5 to 85. 0%) did not significantly 

alter the wear characteristics of the brushes.   Copper contents as high as 5% with 

molybdenum disulfide contents at 10% were not as good as the above compositions 
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Fig. 39   Slip Ring Assembly 4 Before Testing, Showing Detail of Modified Brush Holder 



CO 
00 

TABLE   9 

BRUSH AND RING WEAR ON SLIP RING ASSEMBLY 4 

Brush 
Position Compositi on (% wt) 

l^rpc of 
Brush 
Holdor 

Brush 
Pressure 

(pal) 

Tnic&ncss (in. > 

Wear (in.) Ring Wear Initial Final 

Ag Cu MoS2 Brush lW Brush z0>) Brush 1 Brush 2 Brush 1 Brush 2 Average 

1 H2.5 2.6 15.0 10 0.088 0.087 0.074 0.07B 0.014 0.014 0.0115 UKht 

2 82. 5 B.G 15.0 10 0.088 0.065 0.079 0.076 0.009 0.009 0.0090 light 

3 B2.& 2.5 15.0 6 0.107 0.090 0.096 0.093 0.011 0.006 0.0086 light 

4 B2.5 2.5 15.0 6 0.087 0.099 0.076 0.087 0,011 0.012 0.0115 light 

5 B6.Ö 2.5 12.5 10 0.090 0.097 0.0B0 0.037 0.010 0.010 0.0100 Light 

6 85.0 2.5 12.5 10 0.096 0.092 0.08B 0.087 0.006 0.005 0.00C5 light 

T 35.0 2.G 12.5 10 0.082 0.L08 0.070 0.09B 0.012 0.010 O.OUO Light 

B 85.0 5.0 10.0 10 0.086 0.094 0.082 0.087 0.004 0.007 0.00S5 L'ght 

9 82.5 2.5 15.0 10 0.097 0.092 0.083 0.085 0.014 0.007 0.0105 light 

ID 80.0 5.0 15.0 10 0.076 0.070 M<C> 0.052 0.01B 0.018 Light 

11 SS.0 0,0 15.0 10 0.072 0.053 0.0625 0.045 0.0095 0.00B 0.00B8 light 

12 85.0 0.0 15.0 10 0.063 0.003 0.0575 0.053 0.0055 0.010 0.0078 light 

13 62.5 2.5 15.0 2 10 0.11» 0.098 M 0.066 0.012 0.012 Light 

14 62.5 2.5 15.0 2 10 0.109 0.120 0.0B4 0.100 0.025 0.020 0.0225 Light 

IS 82.5 2.5 15.0 2 6 0.112 0.095 0,094 0.084 0.013 0.011 0.0145 Light 

16 B2. S 2.5 15.0 2 6 0.115 0.114 0.094 0.093 0.021 0.021 0.0210 light 

17 85.0 2.5 12.5 Z 10 0.113 0.120 0.090 0.002 0.023 0.028 0.0255 light 

IB 85.0 2.5 12.5 2 10 0.107 0.097 0.102 0.0SB 0. DOS 0.009 0.0070 Light 

19 «5.0 5.0 10.0 2 6 0.1Z0 0.09G 0.108 0.096 0.012 0.007 0.0095 Bad 

20 85.0 5.0 10.0 2 6 0.0B5 0.078 0.080 0.076 0.005 0.002 0.0035 Bod 

21 30.0 5.0 16.0 2 e 0.085 0.0B7 0.06B 0.077 0.017 0.010 0.0135 Light 

22 80.0 5.0 1S.0 2 6 0.089 0.093 M 0.07B n.016 0.0150 light 

23 H5.0 2.5 12.5 2 6 0.117 0.110 0.104 0.090 0.013 0.020 0.0165 Light 

24 85.0 2.6 12.5 2 6 0.115 0.097 M M Light 

n 

01 
In 

(a) Brush 1 — brush without thermocouple 
(b) Brush 3-brush with thermocouple 
(c) M - missing (broke off during test; DO final measurement obtained) 
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because of increased ring wear, although brush wear was good.   It may be possible 

to reduce the copper content below 2.5% without significantly lessening the resis- 

tance of the brushes to wear.   Reprodueibility from one batch of material to the 

next appears good.   Reducing the brush pressure from 10 to 6 psl has had no effect 

on the brush wear within the limit of experimental scatter.   If average values are 

takent brush wear appears about 25% greater at 6 psi than at 10 psi, but this dif- 

ference does not appear statistically significant. 

Table 10 summarizes data on the contact resistance and noise level at the 

end of the test run (i. e., after 847 hr of operation in vacuum).   Contact resistance 

was on the order of 10 mS2, and noise level was on the order of 0.10 mV average and 

0.20 mV peak.   Brushes 19 and 20 had higher resistances and noise levels than 

the others and, as indicated in Table 9, also caused the worst ring wear; these 

brushes had higher contents of copper and lower contents of molybdenum disulfide, 

and their performance verifies earlier observations and conclusions that copper 

content should be kept below 5% and MoS   above 10%.   Brush noise remained 

fairly constant on all brushes throughout the test, with a reduction by a factor of 

4 in average noise and a factor of 6 in peak noise in a few cases during the test. 

Figure 40, for example, shows noise spectrum traces on Brush 1 at various times 

of operation and illustrates one of the cases where there was a significant improve- 

ment with the time of operation. 

All brushes operated at temperatures between 76 and 90°F, with no significant 

variation with material, contact pressure, or time of operation.   Final brush tem- 

perature after 847 hr of operation in vacuum was 88°F on most of the brushes. 

The modified brush holder operated satsifactorily, and some if its design 

features were incorporated into the brush holders for Test Run 5. 

Test Run 5 (AEDC). 

Test Run 5 was a test of the scaled-up slip ring assembly in the 7-ft Aero- 

space Simulation Chamber at AEDC.   This assembly contained seven sets of brushes 

of Ag-Cu-MoS   and one set of brushes of Ag-graphite.   The Ag-Cu-MoS» brushes 

included the two compositions (85 Ag - 2.5 Cu — 12. 5 MoS- and 82, 5 Ag — 2.5 Cu — 

15 MoS J that were judged to be optimum, based on the results of the preceding 
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TABLE  10 

CONTACT RESISTANCE AND NOISE LEVEL IN VACUUM AT END OF TEST RUN 4 o 

o 
o 

Brush 
Position 

Brush 
Pressure 

(psi) 

Contact Resistance Noise 
(Composition (% wt) (uaQ) (mV) 

Ag Cu MoS2 Static Dynamic Average Peak 

1 82.5 2.5 15.0 10 6.5 7.5 0.10 0.10 
2 82.5 2.5 15.0 10 5.8 5.8 0.10 0.15 
3 82.5 2.5 15.0 6 9.5 11.2 0.10 0.15 
4 82.5 2.5 15.0 6 

5 85.0 2.5 12.5 10 14.0 15.0 0.10 0.15 
6 85.0 2.5 12.5 10 8.5 9.8 0.10 0.15 
7 85.0 2.5 12.5 10 12.2 15.2 0.15 0.25 
8 85.0 5.0 10.0 10 16.5 17.5 0.15 0.20 

9 82.5 2.5 15.0 10 19.5 20.0 0.15 0.25 
10 80.0 5.0 15.0 10 
11 85.0 0.0 15.0 10 20.8 22.0 0.15 0.25 
12 85.0 0.0 15.0 10 19.0 20.2 0.15 0.25 

13 82.5 2.5 15.0 10 10.5 11.0 0.10 0.10 
14 82.5 2.5 15.0 10 38.2 39.5 0.10 0.20 
15 82.5 2.5 15.0 6 3.8 4.2 0.10 0.15 
16 82.5 2.5 15.0 6 21.0 22.0 0.10 0.15 

17 85.0 2.5 12.5 10 7.2 8.5 0.10 0.10 
18 85.0 2.5 12.5 10 17.0 19.5 0.20 0.40 
19 85.0 5.0 10.0 6 29.2 32.2 0.30 0.50 
20 85.0 5.0 10.0 6 41.8 44.2 0.20 0,40 

21 80.0 5.0 15.0 6 20.2 21.5 0.20 0*40 
22 80.0 5.0 15.0 6 
23 85.0 2.5 12.5 6 23.0 25.0 0.15 0.40 
24 85.0 2.5 12.5 6 
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TABLE   11 

BRUSH AND RING WEAR ON SLIP RING ASSEMBLY 5 

o 
to 

Ring 

Brush Composition 
(%wt) Brush Processing Ring 

Material 

Contact 
Pressure 

(psi) 

Current 
(A) 

Brush 
Wear 
(in.) Ag Cu MoS2 

1 85 2.5 12.5 Pressed and 
Sintered 

Ag 10 75 0.017 
0.011 
0.011 
0.014 

0. 013 avg 

2 85 2.5 12.5 Pressed and 
Sintered 

Ag 10 40 0.013 
0.022 
0.017 
0.007 

0. 015 avg 

3 85 2.5 12.5 Pressed and 
Sintered 

Ag 6 75 0.012 
0.021 
0.003 
0.014 

0. 012 avg 

4 85 2.5 12.5 Pressed and 
Sintered 

Au 10 75 0.008 
0.009 
0.005 
0.005 

0. 007 avg 



TABLE  11   (Continued) 

o 

■ 

5 85 2.5 12.5 Coined and 
Resintered 

Ag 10 75 0.020 
0.025 
0.022 
0.011 

. 0. 020 avg 

6 82.5 2.5 15 Pressed and 
Sintered 

Ag 10 75 0.020 
0.015 
0.009 
0.013 

0. 014 avg 

7 82.5 2.5 15 Coined and 
Resintered 

Ag 10 75 0.021 
0.014 
0.014 
0.013 

0. 016 avg 

8 90 Ag - 10 graphite Standard, commer- 
cially available 

Au 10 75 0.150 
0.255 
0.195 
0.244 

0. 206 avg 
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runs.   Each of these two compositions were prepared in two ways; some were 

pressed and sintered only once, while others were pressed and sintered in the 

same manner and then repressed (coined) and resintered.   Other independent 

variable's studied in this test were brush contact pressure (6 and 10 psi), ring 

material (Ag and Au), and current (40 and 75 A).   The purpose of this test was 

primarily to study the performance of the optimum brush-and-ring material 

combinations under conditions that duplicated those at which they would operate 

in supplying power to a secondary radiation simulator. 

The torque to drive Assembly 5 was 119 in. -lb, measured by the vendor 

before shipment.   The unit was shipped with a light coating of MIL-L-6085 oil 

to aid in running in.   The unit was run-in at 15 rpm for 30 min in air with no 

current flowing.   It was then cleaned with distilled solvent and dried with a stream 

of warm air to drive off the residual volatile matter before placing it into the 

vacuum chamber. 

Assembly 5 was operated for 700 hr in vacuum.   The chamber reached a 
-7 

vacuum on the 10     Torr scale in less than 2 hr from the start of evacuation, 
-6 -9 reached 1 x 10     Torr in 50 hr, and operated at around 5 x 10     Torr for the 

balance of the 700-hr test run.   Table 11 summarizes the brush wear measured 

at the conclusion of this test, and Fig. 41 is a photograph that shows the condi- 

tions for the various brushes and rings.   The Ag-Cu-MoS„ brushes all wore on 

the order of 0. 015 in. (range from 0.005 to 0.025 in.), whereas the Ag-graphite 

brushes wore an average of 0.206 in. (range from 0.150 to 0.255 in.), or a factor 

of almost 20 times as much.   Rings 1 through 7 all showed relatively light wear, 

whereas Ring 8, which was contacted by the Ag-graphite brushes, was severely 

worn.   Both brush and ring wear were lightest on Ring 4, which was the gold ring. 

All of the Ag-Cu-MoS„ composites operated with low noise levels, on the 

order of 4 mV.   Initial noise levels were sometimes slightly higher, due probably 

to poor brush seating, but as the test proceeded, the noise levels dropped and 

leveled off at a fairly constant value after about 400 to 500 hr.   The Ag-graphite 

brushes, on the other hand, had higher noise levels and the noise level tended to 

increase with time, reaching a peak value of about 200 mV after 700 hr of operation. 
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Figure 42 compares the noise behavior of brushes of 90 Ag — 10 graphite and 

85 Ag - 2.5 Cu -12.5 MoS2 operating at 75 A.   Although there was a significant 

difference in peak noise between Ag-graphite and Ag-Cu-MoS2 brushes , all four 

sets of the Ag-Cu-MoS2 brushes operated at about the same noise levels despite 

differences in brush contact pressure, ring material, and processing.   Neither 

gold rings (Ring 4) nor coining and resintering (Ring 5) appear to have any benefits 

compared to silver rings and pressing and sintering alone (Ring 1), so that their 

additional costs eannot be justified.   Peak noise appears lower at 6 psi contact 

pressure than at 10 psi (Ring 3 vs. Ring 1), although the difference is small and 

probably not significant.   There was no discernible difference between the peak 

noise from 82. 5 Ag - 2.5 Cu - 15 MoS„ and 85 Ag - 2.5 Cu - 12.5 MoS2 brushes. 

Rotational speeds from 0 to 15 rpm had no apparent effect on the noise 

level. 
The dynamic brush resistance values were relatively high at the start of 

the 20-hr run-in in air, but were reduced to fairly constant levels at the end of 

the air run-in or during the first 10 hr of operation in vacuum.   Resistance across 

brush-ring interfaces was less than the resistance of the electrical leads and was 

less than lmfi in all cases. 

Ag-Cu-MoSQ brushes reached maximum temperatures of 125 to 135* F after 

about Iß hr of operation in air; their temperatures decreased below these values 

when they were put into operation in vacuum, and generally were in the range from 

100 to 120°F after 700 hr of operation in vacuum.   Ag-graphite brushes, on the 

other hand, operated at about 115"F after 16 hr in air, then increased to 124°F 

when operated initially in vacuum and were running generally between 107 and 115°F 

during the last 200 hr of the test.   There was no noticeable increase in temperature 

even when rotation was stopped and the current was conducted across stationary 

points of contact on the rings.   There were no indications of welding or hot spots 

during such times.   In all cases, temperatures were reasonable and no cause for 

concern.   It is probable that all of the Ag-Cu-MoS„ brushes could have carried 

substantially higher currents without difficulty. 
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SECTION 5 

CONCLUSIONS 

Tungsten filament lamps mounted on a cage that surrounds the test vehicle 

provide satisfactory simulation of secondary radiation for large aerospace systems 

environmental chambers. 

Sliding contacts are preferable to other techniques for transmitting electrical 

power across sliding interfaces to the secondary radiation simulator. 

Sliding contacts of silver-copper-molybdenum disulfi.de against rings of electro- 

deposited silver or gold provide satisfactory performance for use in transmitting 

electrical power to a secondary radiation simulator operating in ultrahigh vacuum. 

Optimum composition is from 82. 5 to 85% silver, 2.5% copper, and 12. 5 to 15% 

molybdenum disulfide.   Such materials can be produced by powder metallurgy tech- 

niques.   They have demonstrated satisfactory performance under the following 

conditions: 
-9 • Vacuum of 10     Torr 

• Sliding velocities up to 424 in. /min 

• Lifetimes up to 847 hr of operation 

• Contact pressures of 6 and 10 psi 
2 

• Current densities up to 300 A/in. 

Wear and noise under such conditions are on the order of 0.015 in. and a few 

millivolts.   These brushes do not show any tendency to weld to silver rings when 
2 

conducting 300 A/in.   or alter the subsequent performance even when the rings 

are stationary. 
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