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PREFACE

1his research evclved as part of a cocordirated National Aeronautics
sod Space Administration investigation of certair temperature regulation
aspects of man in a space enviromrent. When preliminary work on this
task wvas first initiated in 1968 three methods of sutomaticaily
cortrolliing ar exzravehicular astronauti's liquid ccoling garment inlet
water temperatuye cor flow rate had been propcsed or investigated.
Tuese three methceds utilized metaboliic oxygen consumption rate, rate of
metabolic heat removal via the liquid cooling germent with xean skin
temperature feedback, and heart rate. It was believed at that time that
there might be other physiological parameters, not yet icentified for
thermal controller purposes, which corresponded to hunisn cooling needs
in & lirect fashion end which would require iess modificetion ic ihe
design i extravehicuiar crew eguipment. Tols research was then commenced
with a goal o: determining 1{f such cther perameters exisi and also of

dercnstraticg the feasividity of their use iT any were iceatified.

A review of ligquid cooling garment controlier research and dev-~lop-
ment is presentzd in Chapter II to pruvide a background of recent
deveiopmernts in the fieid. This is followed by & discussion of thermal
reg.iation in man at a level of detaii pertinent to the understaniding
of the responses evoked in man by his working in a space environment.

Man's trnermoregulatory responses are time-dependent and highly
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interreactive. 'They are responsive to influences ~<f heredity, adapta-

ct
Y

ic

=

1, hydraticn, electrolyce balance and many other factocrs. Thus

e
£

arter IIT is limited to a summary cf those aspects which were
principal

helieved to be if,priaci,le interest in determining automatic controllier

feasitility from a paysicleogical viewpcint and in icentifying candidate

physiological parameters.
\ g

Centroller design ccnsideratinns, constraints, and assumptions

are aiscussed in Chapter IV which completes ~he background coverace

leading to control algerithm synthesis. Discussions of valve command
vhilosophy., temperature measurement, system computer simuiation and
fluid and electronic systems breadboard designs are included. The
simulation algorithm is converted to a form useful for electironic
breadboard design in Chapter V and laboratory experimental methods
2>~ putlined in Chapter VI. Material which coulid be relegated to
Avpendices without compromising the main theme, e.g., derivations,

campie calculations and equipment listings, apiear there.

Houston, Texas
December, 1970 Clay W. G. Fulcher



ABSTRACT

An improved temperature control concept is developerd for liquid
coLling garments used durang astronsut extravehicular activity. Several
modifications and extensions to previously known physiological parameter
measurement techniques and control approaches are implemented to provide

e automatic controller which responds directly to man’s thermow=

regulatory requirements for cooling during work.

The temperature of the wall of the external auditory meatus and
four averaged, unweighted skin temperatures are used as inmput signals
to a controller of liquid cooling garment inlet water temperature. The
absolute change in derived mean body temperature from a setpcint and
its time rate of change are sensed and used to control the temperature

of water tc an Apollo liquid cooling garment.

A crewman metaboliic transient thermal computer simulation is
conducted to demonstrate feasibility and to supply design parameters
for a prototype system. The prototype controller is described and

unmanned and manned test data are provided.

It is concluded that minimizing variations in test subject mean
oody temperature from a thermally neutral setpoint during work provides
subjective cumfort and low thermal strain. Standard deviations in
mean body temperature using the: controller developed range fram 0.07 - 0.32C0F
for one hour treadmill tests at high and moderate working levels and

selected controller gsins. )
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CHAPTFEF I
INTRODUCTION

Among the s.gnificant medical results which were reported following
the Gemini space prcgram were recoguition of a moderate loss of exercise
capacity and a high metabolic cost of extravehicular activity in Lhe
zero-gravity environment (Berry, 1963‘. National Aeronsutics and
Space Administration (NASA) scientists observed an inability of ac’.ro-
neuts to judge their own{bédy thermal state when working in reduced
gravity space environmeﬁfs, particularly when extravehicular, and the
Russians verified the problem following extravehicular transfer ;f
cosmcuauts ‘between space vehicles (Billingham, 1970). The Gemini
space suit was gas-cooled, however, and was designed for lower levels
of metabol’ . heat production than the system was subjected to during
some extravehicular activities (Nelson, Brown and Krumland, 1964).
Complications which included heavy sweating and visor fogging eventu-
ally resulted in early termination of Gemini extravehicular sctivity

in two instances.

The first report that water cooling could be used effectively to
overcome some of the deficiencies of gas-cooled suits (Burton and Collier,
1964) was followed by several studies which developed the technology
used in designing an Apollo liquid cooling garment, These early liquid
cooling garment researchers include Crock=r, Webb and Jennings (1964);

Burton and Collier (1965); Waligora aud Michel (1966) and others. The



technique of water coolirg proved to be effective at all work rates
likely to be encountered during lumar surface activities and intensive
development was initiatsd. The present Apollo garment features - net-
work of polyvinyl chloride tubing stitched to the inside of a long-
sleeved undergarment worn by the crewman bereavh his pressure suit.

A continuous flow of temperature-controlled water is supplied to the
1liquid cooling garment by the Apollo Portat'e Life Support System (PLSS).
Temperature control of the inlet water to the liquid cooling garmeat is

achieved using a manually controlied tanree-position valve.

Discussions were held with members of the Mamped Spacecraft Center's
Medical Research and Operations Directorate late in 1968 to identify a
research topic having poteatial benefits to the space program, and
automatic control of inlct water temperature to an extrawvzhicular astro-
naut's liquid cooling garment was suggested as a research prooism of
current interest. Webb has done definitive work in identifying bio-
thermal responses of working men wearing liquid cooling garments (Webb
and Annis, 1966) end has investigated avtomatic liquid cooling garment
inlet water temperature control. Concepts studied by Webb include the
use of oxygen consumption ir on open loop fashion ir ¢we case and rate
of heat removal via the liquid cooling garment and mean skin temperature
in a second investigation (Webb, Annis and Troutman, 1968). An exten-
sion of this work led tc development of an automatic suit cooling
controller using heart rate input (Troutman and Wetb, 1970). Contem-

porary developments include a Koneywell Systems and Research Division



fluidic device for contrcl of liquid coc”ed flight suits. A review of

these investigations is in Chapter IT.

The scope of the investigation to be conducted in this new effort
was more decanding in that it reguired the identification of physio-
logical parameters which could be used as coniroller inputs tut whick
would have a lesser impact on present and futurs life support sysioms and
suit ascembly lesigns and which were less likely to be imYluenced by
disturbance functions such as emoticnal state. More concisely, the
objective of the investigation was to detzrmine if there wzre physio-
logical parameters which could be measured easily and used and which
were directly related to man's cooling needs. Mirimizing the impact on
Aprnllo designs was desirable to encuance the possibility of concept

evolution and development of flight-prototype hardware.

Test results obtzined by Webb and Annis (1966) suggest a need fer
improved cooling control. Premature or excessive cooling causes cutan-
eous vasocons*riction and sensations cf chiliing combired with subjective
feelings of excessive internal heat buildup sometimes accompanied by
heavy sweating and/or cramping of mascles. If insufficient cooling is
supplied or if sufficient cooling is not applied in time by a test
subject heat storsge begins and sweating and discomfort build up quickly.
It is clear that the humsn body together with its subjective lik~s and
dislikes and feelings of vomiort a:.l1 discomfort constitutes a very com-
plex plant whose control, in the broadest sepnsi, is being attempted. To
synthesize an effective man-machine system kmcwiedge of 1he "plami™ is

required, including its dynamic response to certain vents.



In this case the "plant” is the human body. Philosophically one
must ask: ‘'What should a liguid cooling garment inlet water temperature
controller iry to accomplish?' In seeking an answer %o this question
one might comsider that there are many examples of physiological coantrcl
systems within Lhe humar body and all the physiologic:zi processes which
deal with exchanges of materials axd energy seem bound together and
inextricably linked to the idea of humeostasis. According to Yamamoto
{1965) the cluster of ideas centering about this wcrd has a strong claim
to being ope of the "few trrly general and basic principles of ~ysiology.”
Berry (1969) states, "Man's physiology is such that it is comstantly
striving to maintain a state of balance and well being ir the various body

systeas thus meintaining a state of homeostasis.”

Hom=cstasis btzs ccme to have two meanings in physiology, either tc
desZgnate the stability whick the body maintains, notably in the compo-
sition of its fluids, or the processes by which such constaﬁcy is pre-
served. Man evolved from a primiticvec state and physiolcgically speaking
is a product of his epvironm:nt. Many complex anatomical elements
furction as rarts of interr:lated comtrol and regulation systems to
pres=rve man's gepetically derived hcxmeostasis following e=wirommental
changes and/or introduction of distarbance functions such as work.
Geperally speaking the liquid cooiing garment thermal controller can be
viewed as an aid to patural homeostasis, i.e., tre controller should
promote or assist those biological functions att~apting to maintain the

ctate of balince and well being in the various body systems.



The mechanisms of thermal regulation are discussed in Chapter IIT
and a matching of technclogical control concepts with physiological
thermal regulation principles leads to a coucept for contrclling the
liquid cooling garment's inlet water temperature as a function of
physiological need. The coverage which follows is representasive of a
"systems engineering approach™ to design. Available data is analyzed;
comfort and design criteria are incorporated; a simulaticn is conducted
to demonstrate feasibility and a breadboard or prototype system is

designed, fabricated and .ested.



CHAPTER II
CRITICAL REVIEW OF PERTINENT GARMER" CONTROLLER LITERATURE

Unpublished NASA data {Waligora, 1967b) indicates that both cortrol
of cooling water flow rate “o the liquid cooling garment at constant
temperature (fiow control) and control of cooling water inlet cemper-
ature at a constant flow rate (temperature control) are arceptabie
methods of astronaut thermal comfort comtrol. Based uvpon subjective
comnents of test subjects, temperature control withk a constant flow
rate was recommended by Waligora for all applicestions:of the liquid
cooling garment. This mode of control was selected by the NASA for: its

Apollo portable life support system and is the m>de used in this research.

The Air Force and the Navy (e.g., Starr and Merrill, 1968) are
Zenerally concerned with the comfort of crew air members not engaged
in the levels of activities encountered by extravehicular astronauts
although unpublished classifi=d data from the Air Force's Manned
Orhiting Laboratory program and the Navy's Zsvelopment of deep submer-

gence life support systems prcbably exists.

In some of Webb's early work for NASA Headquarters (Webb and Annis,
1966) removal of metabolic heat resulting from heavy work using water
cooled clothing was investigated. Cooling requirements for .severa.l
work levels up to 3600 Btu/hr, using fixed flow rates of 3.3 lbs/min
were studied. Water inlet temperatures wer: adjusted manually so that

test subject: "neither sweated nor beceme ch’lled.” Webb observed that
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cooling applied too sparingly or too late resulted in test subject heat
storage and early sweating. Conversely, cooling applied too generously
or too soon caused overc.olirg highlighted by cutarecus comstriction,
sepsaticns of cniliing and occasional muscle crames. A significant
finding oy Webb as far as this research is con:erned is reported in a
single statement in hic summary, i.e., "Mean body temperztures computed
from rectal and mean skin temperatures show thet in most experiments the

" body heaf content was ktld nearly constant.” This relates ccmfort, whizh
Webd used as a basis for cooling commands, to a thermal state. Gagge
(1969) reports that beth comfort and thermal sensations are related to
rise in mean body temperature during thermal transients at the beginning
of exercise. In labcratorv ambient tests <ith test subjects dressed in
shorts, egge found that after 30-40 =minuies cf exercise iemperature
sensatiors ranging from "cool™ to "hot"™ were related primarily o skin
and ambient air tewmperatures and unrelated to5 metabolic rate, miscle and
rectal temeratures. Were 2ijcusiori is fouid 9 be related primarily
to skin sweating and skin conductance and is affected either by =air
temperature znd metabulism or by both skin and rectal temperature. Gagge
concluded that during steady state exercise the judgment of temperature
is dominated by sensor mechanisms iIn the skin and that warm discomfort
is governed primarily by thermcregulstory effector mechanisms, i.e.,

sweating and skin blood flow.

Ore feature of Webb's early experiments appears in retrospect to
have influenced test subject comfort. Tris is the fact that the test

subject's head was cooled. The Apollo liguid cooling garmert used in



the final stages of this reseerch covers arms, legs and torso and little
significance was attached to Webb's head cooling when this project was
commenced. During menned tests, however, test subjects occasionally
reported that the treadmill room seemed "stuffy,” that they felt they
needed "more ccoling,” and perspiration about the head was occasionally
hes. 7, even when little if any heat stc;rage had occurred and skin
temperature was quite low. When the astronaut is wearing a complete
pressure garmen: witn his helmet on, a steady fiow o2 oxygep is directed
to the inside of his helmet, and the absence of *his air flow was notice-
able to test subjects.A The reason for the different subjective feelings
is clear when the work done by Shvartz (1970) is consijered. Shvartz
worked ais test subjects in a hot environment with no cooling, wearing
a ccoling hood, or wearing the hood and a liquid cooling garment. He
found that use of the hood alone reduced pnysiological strain by one-
half compared with the hcod and suit although the liguid cooling garment
alone covered abcut 604 of the body whereas the hood covered only 2-3%
of the body. He concluded that cooling the head and neck is more effec-

tive and efficient than c¢70ling other parts of the body.

In general, this work by Webb /1966) is helpful in cresting both a
qualitative and quantitative feel for cooling garment control require-

ments.

Webtb (1966) commented on existence of a device in the portable life

support system for continucusly monitoring oxyger. consumption and proposed



that the signal from this device be used to .ontrol cooling as the
r:ference input to an open loop control sy ;tem., There is in fact only
an oxygen bottle pressure sensor which i; unsuitable for the purpose
suggested but due to more general cons.derations Webb's initial work
was followed by detailed analysis, r:sign, fabrication and testing of
such an oxygen consumption cortrol'.er (Webb, 1968). A motor driven
blower draws ambient air througt the test subject's face-mask assembly.
The blower speed is servo- :or.!colled by a polarographic cell (oxygen
sensor) located in the va:': of the expired air-ambient air mixture.

As the oxygen partial préssure sensed by the cell decreases, the blower
is made to speed up, increasing the ambient air flow into the face-mask
and thereby raising the expired air-ambient air oxyger. partial pressure
toward that of amt:.ent air. Th= L.ower speed and its input voltage arw
proportional to t re volume flow and oxygen consumption. This voitage
signal is then used to control inlet water temperature and yielas good
overall thermal coatrol of test subjects engaged in a variety of tasks.
Use of the oxygen consumption controller in space liacks feasibility at
the present time, however. Sampling of the oxygen partial pressure
difference vetween inspired and expired gas would be necessary since
the present life support system oxygen loop rzcirculates expired gas
through a lithium hydroxide canister. The resulting CO, partial pressure
in the loop varies with work rate, lithium hydroxide age apd aistory,
and elapsed time of extravehicular activity. Cooling, however, should

be independent of everything except osygen consumption of the astronaut.
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If rate of make-up oxygen supplied by the demand regulator could be
sensed, it could bé used in such a control technique under ideal condi-
tions. Astronaul pressure garments leak, however, at rates depending
upon suit age, usage, astronaut activity and whether a hole has been
intreduced unexpectedly, and cooling must be independent of these
features. The oxygen controller tends toward instability if it is set
for slight overcooling when the test subject is at rest. Shivering,
which eventually results, causes increased cxygen consumption and a
command for additional cooling. Finally, since the controiler is an open
loop system; neither drift nor accumulative error are corrected. In
short, it is not practical to introduce the equipment necessary to
measure actual oxygen uptake at this time, and secondary tec..niques
of measuring oxygen consumption by the crewman are, at best, indirect

measurements of his metabolic activity and subject to unacceptable error.

Webb recognized most of these shortcomings and has invectigated
three alternate controllers (Troutman and Webb, 1970). One is based
upon change in coolirng water temperature across the man with a skin
temperature feedback; one is based upon heart rate with feedback propor-
tional to change in cooling water iemperature across the man, and the
final approach uces heart rate alone. Tests of these three concepts
inciuded use of an Apollo liquid cooling garment witvhout a water cooled
hocd. Six cubic feet per minute air flow was introduced imto the outer
garment assembly helmet directly above the test subject s forehead and

toward his face.. In contrast, the Apcllo pressure helmet vent pad and



and duct assembly acts as a ventilator flow menitold directing the flow
of gas around the sides and down over the top of the inside of the hel-
met to the oral-nasal erea. Although little heat is actually removed by
the gas flow it is likely that it is a factor in subjective comfort
evaluation based upon test subject comments. The first two controller

concepts wers tested Ly Webb and repcrted to be satisfactory.

Webb's results to date for two controllers have been summarized
(Webb, et al, 1970) with the AT controller, i.e., the concept using
change of cooling loop water temperature across the astronaut, being of
particular interest. Suppression of sweating even at high work rates
was reported while test subjects remained subjectively comfortsble. This
is significant andiin contrast to the observations of Chato, et al (1963)
whe found that test subjects engaged in much lower levels of activity
{1330 Btu/hr. vs 3600 Btu/hr.) had sweat rates which were above Webb's
desired minimal and in at least one case sweating was very heavy despite
effective water cooling which was accomplished using twelve shower heads
to obtain full body drenching (with the test subject dressed in a 1ight-
weignt waterproof garment). Chato concludes that at ieast occasional
sweating of astronsuts should be expected and provisions for handling
the situation prcvided. He reports that the individual responsible for
heavy sweating in his tests was partially acclimated to heat through
concurrent participation in hot room studies and suggests that the

heavier sweating may have been due to that fact.



Some of this investigator's early manned tests shcowed that thermal
comfort had to be sacrified to a large degree, upon occasion, in order
to inhibit sweating with certain test subjects. During one of these
tests skin temperature was dropped to the point that the test subject
was shivering yet he observed that he "could feel interual heat building
up” and moderate sweating took place. The same test and work conditions
at a later date resulted in the test subject feeling comfortesble wich-
qut significant sweating even with a higher skin temperature. This may
indicate test subject pre-test history (e.g., his alcoho). consumption
the evening before, his degree of training for the particular exercise
imposed during a test, his psychological outlook, ancd his state of health
at the time of the test) and other factors may influence subjective
feelings of comfort and perspiration rates during a test. Wurster and
McCook (1969), for example, reported inhibitior. of sweating by rapid
decrease in skin temperature but observed cases in which sweating
occurred despite low skin temperatures and declining central temper-
atures as the rate of decline of skin teumperature approached zero.

They also observed cases where total suppression of sweating was effected
and others in which the suppression was only temporary. In short, reli-
able achievement of subjective comfort with an automatic device is most
difficult to attain due to complexities of the hunen body wliich are not

well understood.

Conceptually, Webb's AT controller (Webb, et al, 197C) appears to
have some of the undesirable features of the oxygen consummtion controller

altaough it appears to have parformed well in laboratory tests conducted
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by Webb. The main objection would seem to be that the .ontoller bases
its operation upon a measurement which can be related to a need for
cooling under certain circumstances but which is not reliable as a
direct measurement of cooling reguirements. First of all, failures in
system insulation in the space environment, tanermal shorts, and other
factors can change the iniet and outlet water AT without regard to meta-
bolic activity. Changes in heat transfer to the iiquid cooling gsrment
can occur due to changes in astronaut body attitude or changes in overall
heat transfer coefficient due to moisture. In cther words, the temper-
ature difference used is not a direct measurement of changing thermal
stress in the astronaut. The heart rate contrcller being investigated
by Webb (1970) does not seem appropriate for use outside a spacecraft
either for several reasons. Under working conditions which astronauts
have faced and can be expected to face in the future emotional stress
can significantly affect heart rate for appreciable lengths of time.
Deconditioning in a low gravity enviromment during long term missions
can also make correlation between heart rate and metabolic activity
difficult to predict im ¢ lvance. Again, heart rate is not a direct

measurement ¢ thermal stress.

An interesting application of fluidic device principles is described
by Zoerb (1968) who discusses a Navy-sponsored develcpment for the con-
trol of liquid cooling garment inlet water temperature. The device
tested is capable of controlling cooling garment inlet water temper--
ature in such a fashion that skin temperature is maintained essentially

constant. Unmanned tests showed that it could control inlet water
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temperature of a liquid cooling garment fitted to a copper manikin so
that simulated skir temperature was maintained within 2°F of a desired
value over a heat rejection range of 500 to 1500 Btu/hr. Minimum inlet
water temperature was 57°F which together with heat transfer coefficients
between wanikin and garment set the upper limit. During manned tests
involving a s*ngle test subject skin temperature of 88°F was desired and
"during an exercise period ol 15 minutes, in which the sutject exercised
until near exhaﬁétion, the skin tempersture was regilated at 89°F."

Most remarkably, in lightrgf research previously discussed, “throughout
this period and particularly at the time of peuk exercise the subject
commented favorably on how comfortable he felt." A sinilar device
developed for the Apollo Applications Program appears to be effoctive

in maintaining skin tewperature at whatever -ralue the crewman selects,
but one of the objects in developing am automatic contoller is to suppxy-
cooling according to physiological tempersture regulation needs instead

of what a crewman thinks his needs are for reasons previously discu. sed.




CHAPTER III
TEMPERATUKE RBGULATION MECHAHISMS TR MAN

The definiticn of temperature reguiatiion whickh scems to most
closely fit here is that cf Hardy and Eammel (1963):

"The maintensnce of a temperature within a prescribed

range under conditiors of varying tanermal icads can be

termed temperature regulaticr. Thif does not necessarily

mean maintenanc» of a constant heat conteat, i.e., no

reat storage.”

The means by which man's tnermeoregulstory system responds to heat
and co3d stress, i.e., any deviatioz from some nominai: condition, is
cn2 of the most fuscinating aspects of pnysiclogy commected with cocling
_ garment controiler research. It leads directly to application cf con-
‘i:rol theory 7to' simlate and study human responses and to control man's

environment to satisfy his needs.

The conspicucus mechanisms concerned with bheat less in man are
reiated to his ability to vasodilate the vessels in the skin, %o store
heat in the tody, and to sweat. Thermoregulation is concarned with the

control of these mechanisms whick will be examined briefly.

Heat Storage

Rearly constant body temperature is maintained in man bty the
regalation of heat production and of heat loss. Changes in the environ-
mental temperature induce changes in heat productinn and heat loss. As

the external temperature is lowered both heat production and heat loss

15



gre grealer In 2 resting =an. uring work heat ;ra:i:z:‘c;iss incresses
abtove that E;r.&g r=3t and gensraxg resulls in kigher levels o boiy
“emperature. The ﬁea"' ;"3&'&2’5‘.16{ in ‘.cgeethems that serves tc =eintain
the relativ= ccastancy of the body teg)erata:e has 'been called chemical
reguleticr as Cistinct from physical regulation, the regulation of the
body heat loss. Chemical thermoregulation at & given Semperature is
oftzn comsidered to be be the swm of thermogzneses in g1l tis'sues nsed

for iw:aeo“'em Fb-"::.ee.s. -.hermregulation may e determined by d:.rect
cglorizetry; d:emcal theraoregulat;m by the quantzty oxggen con-
sumed and carton ﬁlonde prodneed E‘.ther value depends on fas:uors
;euchas uheenmtelperatm theaxé.mlspecles, anﬁthe

f}*ys.lcalstateofthebm =

Chemicel thermoregulation is increased as the externzl tempermbure
is lowered. T man it may be three to four times higher than the besal
wetabolic rate. Basal metabolic rate is considered to be the minimel
netahohsl measured at the teqerature of thrml neutra.hty ina
resting ho-eother- with -normal body telperature several hours arber
a meal and not immediately after hypcthermia. Recent ulvest;gatlom
consider the basal -etaholic rate as a sum of basic energy requirements
of prolonged influence of the surrounding tewperature. ‘

-~

Heat loss from man occurs by radiation, by condnct1on and con-
vection, and by evapoz’a.tlal of vater from the body surfaces. l’he
;rehtiveperceubagesotheat transferbyeach-odedepend uponthe )

characteristics of the envirommert to wkich man is exposed as well as
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man's own characteristics. Physical thermoregulation consists of
control of these heat tramnsfer prccesses, and of the circulatinn rate
by constricting or diluting a smaller or a greater number of peripheral

blood vessels engaged ir he transport of heat to the body surface.

| Man's thermoregulatory system operates schematically as shown by
Figure 1 (Gelineo, 1954). The deep body temperature varies with
eiternal temperatures. From the upper to the lower critical temperature,
it is normal (homeothermy). The zone of hyperthermia is above the upper
critical temperatiure where man may die from heat. Below the lower
"critical teoperature lies tae zone of bypothermia where he may die

from ccld.

Heat production varies as follows. In thé'.zone of thermal neu-
trality, a resting and fasting man lives at his basal metabclic rate.
Above thermal neutrality up to the upper critical temperature, thers=
is a narrow zone in which the body successfully fights against over-
heating ty sweating. There is alsc a transitory reéuction of heat
production known as the "second chemicsl thermoregulation” of Wolpert.
From the thermal neutrality to lower temperatures the body preserves
its temperature mostly by chemical thezmregulation. At the point
below which the body temperature begins to fall, man develops his peak
metabolism. The nighest heat production in the cold, the so-called

mximl metabolism, is developed by man in the zone of hypothermia.
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The zone of predominantly physical thermoregulation begins some=-
what above the zone of thermai rzeutrality and extends into the zone
of hyperthermia. Panting and sweating are the predominant mechanisms

is this zone, but hody temperature may still rise avbove normal.
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Man's body temperature is maintained at a relatively constant

level in his normal enviromment because of the balance which nominally

exists between 2eat production and heat loss. Comtributing mechanisms

include those shown by Table 1.

TABIE 1

FACTORS AFFECTING HEAT BALANCE

Factors Increasing Heat Production Over Basal Metatolic Rate

Exercise and shivering
Imperceptible muscle tensing
Chemical increase of metabolic rate
Eating

Fever

Factors Affectirg Heat Loss and Gain

1.

3.
i,
5.
6.

7.

shifts in blood distribution, including those caused by
vasodilation, vasoconstriction, coumter-current heat
exchange

Changes in tissue conductance
Environmental temperature
Environmental humidity
Insensible water loss

Changes in radiating surface area
Changes in air movement

Changes in clothing
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The mechanism of storing body heat is illustrated in the extreme
circumstances by men being exposed to heat and dekydration at the same
time; their body temperatures rise quickly. After as little as 1-2
pe “cent reduction of body weight due to dehydratioa the rectal temper-
ature of man increases in a linear manner with progressing water deficit
(Robinson, 1963). Although some investigators consider that this in-
crease in body temperature with progressing dehydration is a failure in
heat dissipation, Scﬁmidtémelsen takes the view that a rise in body
temperature reduces the heat load in a hot environment because the
difference in temperature between the enviromment and cooler body is
diminished (Adolph, 1947). The heat flow from the environment is
roughly proportional to the temperature difference and goes down as
the difference gets smaller. He points out that the rise in body
temperature has both advantages and disadvantages, but it is probably

better to avcid classifying it as a failure of heat regulation.

In general, the mechanisms for heat storage are reciprocal measures
for heat loss: peripheral blood flow is reduced which in turn_ reduces
convective heat transfer to the skin surface, and/or perspiration is
reduced which in turn reduces evaporative transfer. 1In the case of a
resting man in a liquid cooling garment, onset of exercise may yield a
rapid drop in skin temperature {perspiration may or may not take place)
as blood is shunted to the major muscles. Convective transfer by the |
- blood to the environment is thereby reduced, but conductive transfer
may tend to reduce the loss of transport capacity to some extent in a

cool environment due to the resulting increased temperature gradients
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acrcss the body. Variations in respiration rate and depth of breathing

ar.. also “actors in heat storage.

Sweating

Sweating is a costly physiological event gnd leads to astronaut
and test subject discomfort at best. Elevation of body tamperatures
and increased heart rates can result if dehydration occurs. For these
reasons a criterion to be considered during thermal garment temperature
controller developmert is minimization or elimination of perceptible

-sweating dve to proper cooling water temperature control.

Perspiration consists of insensible water loss (diffusion and
expiration), nonthermal sweat ani thermal sweat. The first two are
rather subtle when extreme heat is corcerned and will not be considered
further here. The production of thermal sweat, however, is the conspic-
uous and costly physiological event referred to which can be a factor
in the upset of homeostasis. It is costly in the sense that large
quantities of body water are involved. Investigators report perspir-
ation rates varying from 0.5 to 4.2 liters per hour under hot conditionms,
where the latter rate is of the same order of magnitude as the total
amount of water in the body. These rates are not maintained (and the
mechans sm of reduction is an interesting area of investigation itself),
but researchers have ob;.served men in good condition after sweating at
rates of 3 liters per hour for 4 hours. Although this water is taken
from the blood as it passes through the cepillaries of the sweat glards,

the loss is replaced indirectly from other body compartments. Such a



high less of water cannol be sustained without replaceument in the form
of drinking water. HNevertheless the rate of sweating is not modified
by moderate dehydration, but is adjusted according to the need for heat
dissipation. Furthermore, drinking in excess does not increase the rate

of sweating.

Hertzman (1963) has studied and discussed sweating and blood flow
and the effects of dehydration cn circulavion. He reports that the rise
in body temperature during dehydration accompanying heat exposure is
attributed by Adolph, et al (1947) to a failure of the peripheral
circulation. Hertzman assigns the principle role in heat storage to a
rising threshold of sweating and discoun’s peripheral circulatory failures
as dlrectly related to the increase in body temperature. He reports
that there is no evidence that cutanecus blood flow de~reases sufficiently
to prevent aa a.deguaté vasculer convection of heat. The failure of the
cutaneous tlood flow to increase as body temperatures rise indicated to
him that the vascdilating e”fect of heat was being offset by a vaso-
constrictor influence which was not identified. The fact that a rise
in skin and core temperatures failed to elicit further cutaneous veso-
dilation and sweating as would have been true in the normally hydrated
subject exposed to the same mbient temperature probably is significant.
Hertzman reiverates suggestions by other researchers that the information
supplied by tae tiermoreceptors, osmoreceptors, and volume receptors
‘may be mutually cont.ra.dici;qry and may correspondingly modify the influ-

ences of the sudomotor and vasomotor systems.
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Randall (1963) has published a definitive paper, "Sweating and
Its Neural Control,” related to the thermoregulatory functions of
sweating. He observed appearance of sweuting 'appea.ring on different
parts of the body ard with varying levels of profusion depending upon
the state of heat stress. These and other responses led him to conclude
that mediation occurs at spinal levels as opposed to the hypothalamus
selectively activating sweat glands of different skin regions in an

ascending fashion over the body surface.

As heat | stress increases, Randall observeti that there occurs
within a given area an increase in the number of active sweat glands,
and additional glands are recruited in previously nonsweating areas.
Still more severe stress leads to recruitment of sweating on all SKih
surfaces , and those glands which are already acti%e may show greater
output of sweat per mmit time. Sweating was 6bserved to be a discon-

tinuous process, marked by high and low levels of sweating activity.

Wide variations in skin temperature can be measured from one
region to another, even though sweating may be general, and it is
considered doubtful that local sweating is goverr 1 exclusively by

local skin temperature.

It is generally agre=d that the main control of those mechanisms
associated with heat loss is regulated by the anterior hypothalamus.
The hypothalamus is normally ccoled by arterial blood, and being sensi-

vive to an elevated temperature, it apparently increases nerve impulse
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traffic to the sweat glands and decreases traffic to cutaneous blood
vessels by way of the sympathetic nervous system. Randall repor:s that
there is some evidence that the hypothalamus may act to dilate direct

shunt vessels between skeletal muscles and the overlying skin.

In summary, Randall suggests that thermoregulatory sweating is
eﬁcited in two -rays:
(1) By impulses emanating from the anterior hypothalamus which
acts as aa internal thermal sensing organ, and
(2) by afferent nerve impulses, arriving from the periphery,
which stimulate the same centers via long reflex mechanisms.
The second mechanism rhas been challenged in the literature. Randall
quotes Filehne as having observed that thermal sweating can te st-ﬁpped
by placing one's hands in cold water with no detectable changs ia body
temperature, =nd as baving concluded that cutaneous receptors are
responsible. Hill (1920) believed that the blood was cooled, nowever,
which implied that affereat impulses were not a necessary assumption.

At least one group of researchers hes concluded thet cutaneous receptors

elicit reflex sweating and the hypothalamus controls the intensity
(Folk, 1966).

Randell found that sweating is recruited successively from the
lower extremities upwards and that the sensation of heat first appears
on the head and then successively on lower areas. The various obser-
vations argue for more than a single type of heat receptor but much

ap; arently still remains tc be learned regarding their exact nature.
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The effect of rate of change of skin temperature in heat storage and
sweat inhibition is of importance in the study of thermal control concepts.
Wurster snd McCook (1969) cavsed percpiration rates in resting subjects
to approach zero for varyirg time increments by introducing step changes
in their enviroimental temperatures. As rates of deéline of s¥in
temperature approached zero, sweating increased despite lowered skin
temperatures and declining tympanric membrane axd oral temperatures.

The authors explain the observed responses -on the basis of central
temperature sensors, their relative sensitivities, rate of change of
skin temperature and steady state skin temperature attained after the

step change in environment.

One thing that is clear is that at —the point of incipient thermal
sweating a need exists for the skin blood flow to increase as the heat
load rises to transport more heat from the core to the periphery where
it can be dissipated to the enviromment. This leads naturally into the
cardiovascular system although there are areas of secondary interest
with respect to this research which have not been discussed, e.g., the
sweat glands, functions of electrclytes and required levels, so-called
sweat gland fatique, fluid demand priority, fluid replacement, and
osmotic pressure. In short, the sweating mechanism is considered by
some to be the key to effective thermoregulat_ion in man. As test
subjects become acclimated to work in the heat they produce up to 10%
more sweat, its onset is sooner and at lower body temperature, heart

rates are lower (discussed next), skin temperatures are lower, rectal
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temperatures are lower and the subjects consume less oxygen. Even if
acclimat;on»éxists at the beginning of an extended space mission it
will ‘be lost as the crewmun adjusts to work in a coutrolled environmen®,
i.e., the space station or his space suit. Physiological responses can
be expected to change with time and if thermal control fails or proves
inadequ:te during a mission, classical symptoms of heat stress can be

anticipated.

Cardiovascular

Blood is the primary keat transport medium between the major
muscles and inner elements and man's external environment, and its
temperature stimulates gronps of neurons that respond directly to
temperature. These neurons are iccated in the hypothalarms which can be
divided into two major functional areas: The anterior portica, in the
preoptic area, causes the body to respond to reduce stored heat by vaso-
dilation, sweating and/or decreased muscle tone when it is stimuleted
and it is Xnowm as the 'hea’c losing center." The posterior porticn
causes the bedy to store h2at by vasoconstriétion, increased metabolism,
shivering, and/or decreased sweating when stimulated and it is known as
the "heat promoting center." When blood temperature changes, the rates
of discharge of these cells also change. The precise relationships
vetween groups of cells within one center or the cther and their communi-
cation codes are not understood. What is known is that when biood at
below normal tempersture is passed through the preoptic region of the

hypothalamus the heat promciing region is strongly activated ani the



mechanisms described are sutomatically activated. Conversely, external
heating of the hypothalamus or passage cf blood at above normal %femper-
ature through the preoptic region stirmiates the heat losing center and
its corresponding mechanisams are activated. The cardicvascular system
therefore involves management of the primary heat transfer mediux whose
tercerasure aa possibly temperature change rate imitiate certain
thermore ulatory contrel actions. For that reason events which affect

circulation are of interest in cooiing garment contrcller research.

Many factors affect circulaticn directly and 1mhrect1y but the
twn factors which are perhaps the most ixportant to garment controller
re<search are test subject ph;vsical conditioning, and active vasodilator
coatrol of blor;d flow to the periphery depending to sorme degree on local
surface temperacure. Benzinger's view that affecrent pathweys from the

skin to the hypcthalams do not exist contradicts the interpretations

o

—

of ~ther researchers and has been the -~ubject of repeated challenge

(Randall, 1963).

Regarding the cardiovascular aspects of acclimation Bass (1963) is
represeniative of much of the literature. In gereral, upon first expo-
surc to work in heat man undergoes excessive vascular bed expansion
without adequate blood velume increase. Erect posture and exercise
both exaggerate the deficiency ir blood volume because of pooling and
increased flow to the muscies. Cardiovascular inadequacy with subjec-
tive stress and rapid pulse may be present even with moderate work.

The heart is capable of increasing its output btut does not, and Bass
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suggests that inmhibitory influences may te at work. Fiuié dislocation
encourages water and salt retention by the kidneys until plasaa and
extracellular fluid volumes are raised within a few days to levels
vhere proper fluid distribution is experienced during exercise. %The
sweating mechanism is inadequate during this period and this combined
with inadequate convection blood flow following pooling probably contri-
butes to distress, and hyperthermia in extreme conditions. The circula-
tory embarrassment disappears on repeated exposures to work under hot
conditions, but acclimation is lost if more than a few days pass vithout
exposure once it is attained. During investigation of various garment
temperature comtrol paraseters situstions inevitebly devélop whereby
inadequate cooling is provided. It the test subjects do zot maintein
acclimation, the classical ph&sio]sgi.c;l responses described probably

will be obserwved.

Alternatively, since an estronavt would not be expected to maintain
acclization in the normal temperature regulation scmnse during an extended
space ni:;siop, the function of the liguid coolirg garment becomes thét
of :na:ml:aa.mng homeostasis and "appropriate™ comfort during extra- -
venicular activity. Appiopriate is emphacized here since there are
indications that a relationship exists between stored body heat and work
rate (Waligora, 1967a) and because there are differences bvetween the
degrees of vasoconstriction snd swesting desired and/or considered
acceptable by different pecple during work, Suwficient information
concerning the nature of the physiological responses to wark and

responses observed during other garment comtroller investigations



exists at this point, however, tu make necessary assumptions and

identify controller design requiremeunts.



CHAPTER IV
DESIGN CONSIDERATIONS

Alne Tfirst consideration which will be addressed in this chapter is
control philosophy. Once a control i:hilosoptw is established, it is
frequently useful to denon-strate feasibility with a computer simlation,
so nther consideretions to be examined in this section will be require-
merts; imposed for computer simulation and ultimately a breadboard design.
Such a design must be apable of simulating with hardware the total
system operation accurateiy enough to reveal any major problem areac:.
Breadboard demonstratiorn, therefore, is the second step in demonstrating

feasibiiity and satisfies the objectives of this research project.

The next step in the desi;» vrocess, assuming satisfactory per-
formance during the first tvo steés, is reduction of the elecironic
controller breadboard and water control valve to fiight prototype designs
and hardware and incegration of these elements into an actual life support

system for ummanved and msnned testing.

Control Philosopky

Minard and Ccpnen (1963) review the work of Blockley, McCutchan and
Taylor (1954) and Blockley, et 21 (195%) and conclude trat change in mean
boly temperature, Tym, is an effective index of heat tolerance since,
under trausient heat loads, Typ rises as & linear function of Leat

stress. The mean body teq:era.ture referred to by M nard and Copmar: is

30



calculated from the fcrmula of Burton (1935):

Tp

Tg = unweighted mean of ten skin temperatures.

= rectal temperature

Consideration in de;fail of the physiological functions of thermoregulation
discussed in Cha.pter 111, a large amoun: of research related to man's
responses to work under different envirommental conditions, and Webb's
data (1966), leads to the conclusion that reiiable control of man's
mini-enviromment, i.e., the liquid cooling m, should he keyed to
minimizing heat stress, changes of which are reflected by changes in

mean body temperature. Reliability in this context refers to the control
of conlin: according to actual physiologica.l needs without sensitivity

to astronaut emotions (which can aftrect heart ard respiration rates) and

other variables which indirect methods are subdj:ct to.

A degree of anticipa.tiqn is needed 1n the cooling command tc counter
thermal inertia of the human body which can lead to buildup of stored heat
and sweating if cooling is delayed sufficiently after onset of work. The
control philosuphy investigated therefore incorporates control of liquid
cooling garment inlet water lemperature baged upon mean body temperature

and its time rate of change. -

Hardware Features

Other considerations include opinions of the astronauts that mamual

and electronic ovérride features should be &vailsble for emez-gency use



ana fine adjustment and that there should be provisions to accomnodate

day to day and week to week metabolic variations. In terms of the
control philosophy described these variations can be interprzted sas
variations in mean body temperature cm-respa:ﬁiné to 7subjective evalua-
tions of thermal neutrality and are related to variables such as ambient
humidity, ambient gas composition and other factors. Investigation of -
‘this feature in detail represeni_:s_ a matter of scme interest and complexity,
but the ability to provide different mean body temperature set poinmts in
the controller can be and is provided. In a final flight cocnfiguration
it is desirable to have no more than a single "screwdriver" or mull
adjusﬁnent requn-ed tc make th> system operationsl, and the setpoint tempera-
ture or "Preset" adjustment is admissibie.

For & breadooard version it is desirable to be ahle to adjust
important signa® ga.:.ns‘and time constants during a feasibility study.
Tisis requirement is imposed yielding a greatly enlarged version of what
could be a cigarette package—sizgd device for fiight. A micro-
kiniaturized version of the controller studied wou.';d be compatible with

portable lire support system power and packaging constraints.

Valve Coumand

Figure 2 shows the liquid cooling garment liquid loop in schematic
with the-present mamal diverter valve. Different valve commands which
are possible in an automatic system inciude an infinitely modulating valve,

i e., one that varies continuously from zero to full flow through tre
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bypass; a stepping-valve which would oren and close in discrete incre-
ments; and a two position valve capable only of full-open or full-closed
positions. In the computer simulation the valve is made to open and
close in discrete amounts at prescribed rates, but in the breadbosa:d
simulstion an air-controlled valve capable of smooth operation was

chosen since it was available in th: laboratory and its operational mode
was of interest. Any one of the three modes is a.ccepté.ble in:a. functional
sense and other modes are possible. From & power duty-cycie viewpoint,

a stepping mode or full-open and full-closed mode with eppr priate signal

integrating reatures and time-functions may be desirable.

Temperature Measurements

There are many different "core" or "central™ femperature measure-
ments in the human body and the same applies to skin temperature. They
are different not only m value, but they respond in differcat ways and
with different rates to disturbance functions sucl. as work, externel
cooling, and other factors. Burtt;n (1935) and 1 :er investigators generally
use rectal temperature in estimating mean boldy temperature, but rectal
vaperature instrumenteztion promotes a feeling >7 discomfort and there
are uniaque design problems in providing flight eguipment. Benzinger (1963);
Cooper, et al (196l4); Strydom, et ai (196%); an.. _.bbons (1967) are among
investigators who have studied use of the tympanic membrane, external
auditéry meatus and oral temperatures for assessing heat stress in humans.
Nther possibilities exist for measuring central temperatures but they are

not practical for use in space activities. Cooper, et al, found that there
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is consid:ra)le temperature gradient down the wall of the meatus, whi:h
negates jts isefulness for certain purposes, but changes in ea:r

temperat ire correlated well with cutaneous vasomotor responses induced
by body heating. Ear temperature measurement is more comfortable than
either tympanic membrane or rectal measurements and more >reliablc than
oral m:asurements which are affected by respiration and talking. Since
use ¢’ &n ear _mold, ‘similar to that of a hearing aid, has been proposed
for - se in advanced mission extravehicular activity, and addition of

a szall thermistor is a relatively simple matter, change in ear tempera-
tur: was selected as the means for detecting changes induced by bedy
herting. A schematic diagram of an ear with ear mold in place is shown
by Figure 3. The very first manne’ tests using a similar Jevice showd.
ihat system response is very sensitive to changes in ear canal temperatvre
caused tv ambient air movement across the face and the astronsut's
coammnicat. cn cap was introduced as an item of test subject clothing to
stabilize the system. For computer simulations the existing computer
prograi's "core temperature"” was used to calculate uean bodr temperature

without difficulty.

Several skin temperature locations beneath the liquid cooling
garment were tried early in this project's manned testing without tce ‘,:
much detectable difference in system response. For operational rea.sons/
it is desirable to minimize the mmber of skin sensors used to establish
"average" skin temperature, and the numbers generally used by other

investigators were arbitrarily reduced from 10-20 t~ four. It was
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TYMPANIC
MEMBRANE

FIGURE 3. SCHEMATIC OF THE EARMOLD AND THERMISTOR USED
TO MEASURE TEMPERATURE OF THE EAR CANAL
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theorized in identifying both skin and core temperature measurement
locacions that part of the function of the controller electronics, or
breadboa:d, should the computer simulations prove to be effective, would
bz to ailow investigation of temperature signal gains and time constants
for overall satistactory performance. This proved to be a valid assump-

tion.

Elecuronic sttem Breadboard

The prototype liquid cooling garment water temperature controller,
or breadboard, shown by Figure 4 was fabricated and tested as described
ir Chapter VI. Functionally, the system senses ear cansl temperature
with a single standard precision Yellow Springs Instrument Company No.
L4011 thermistor (TR 1) and skin temperature with four of the same
thermistors in ser.ies (TR 2). The YSI Ho. 44011 thermistor has a time
constant of one second or less when suspended by its leads in a well-
stirred ¢il bath and a maximum of ten seconds when suspended by its
leads in still air., Its dissipucioan constant, or the amount of power
in millivolts required to raise tbe thermistor 1°C above the surrounding
temperature is 8 mw/°C for a well-stirred oil bath and 1 mw/°C for still
air. The thermistor tip is sealed in epoxy and the leads are #32 tinned

copper wire. Resistance is 100,000 ohms at 2‘)‘00‘

Bridge circuit cutput signals are amplified'by elements U6 and U5 and
amplified and summed by Ul to yield a voltage proportional to "mean body

temperature.” The weighting given each tempersture, ear and skin, is
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determined by the gain ugs for U3 ané U6. ~ «emples fc: setting

all circuit gains are ~iven in Appendix k.

A voltege proportional to the desired mean body t. perature set-
poxnt is provided by the "Preset” circuit showm by Figure 4. The output
nf the summing amplifier, U4, is fed into amplifier U2 whose output is
Froporcional te time rate of change cf mean body temperature and into
U1 whose output is propcriiosel to mean body temperature. The output
of Ul and UZ are summ=2d at the iaput té U3, an inverting amplifier.

A "mamal input,” ¢ bias, can be introduced by the potentiometer R7.

The omtput of U3 is f2d irnie wn electropneumatic transducer whose o:tput
is & 3-15 psig air source with pressure proporticeal to input voltage.
this air source con:rols the flov through a three-way diaphragm operated
vaive wh: .h simuialzc the action cf tne poartablie life support system
diverter valve. C(uarges in ear and core taemperature are ampiilied,
summed, and converted tc = diverter alve command proporticnal to the
deviation of the svmmed signal from a setpoirt value and to the rate

of change of the summed signal from its setpoint. The air velve acts

as the iink between the controller and the heat transport system described

in the next seotion.

Fluid System Test Stand

Hamilton Standerd Division of United Aircraft, d=signer and manu-
facturer <i the Apcllo portable life support system, designed and built
~ flui . srstem test stand cape’rle of simuiating the water trarsport 1oop

of the PISS. A schematic of the system is iliustrated by Figure 5. The
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electropneumatic transducer, a Foxborc Model 69TA-2R current-to-air
transducer, receives controuiles commands from the electronic breadboard
and converts them to air valve pressure commands. The air valve is a
Precision Prcducts and Controls, Inc. Type 73N-Standard 3-way valve.

when the air, or diverter, valve is closed, full flow bypasses the heat
2xchanger simulating the PLSS sublimator and recirculates through the
crewman's liquid cooling garmeni. As the valve is opened on command, flow
in the bypass loop is closed :If proportional to the flow passing through
the heat exchanger. When the valve is fully oven, all flow passes through
the heat exchanger which is chilled with liquid niticgen. Digital flow-
meters are provided in t).: bypass loop and downstream from the water
circulating pump. The fiowmeters are Cox Instrument Livision, Detroit ,:
Mickigan, Model IF6-1's, serial numbers 9732 and 9734k. Their outputs are
supplied tc Foxucro Frequency-to-DC Convertars, Model FR-320-3-5, serial
rumbers 37290 and 37293. The linear r=sponse and flow rate versus cutput
voltage; of each flowmeter and its converter were verified by the MSC
Brown and Root-Northrup Instrument Laboratory. Power was surplied to tte
flcwmeter converters by a Harrison Iaboratories, Inc., Berkeley He.ghts,
N. 5.; 0-36 v., 0-5 amp, Model 808A power surply, NASA seriai No. 12C.7.
An air trap, air bleed valve, water recharge fitting, and miscellaneous
thermocouples and pressure transducers complete the bzsic test stand
elements. Pump outiet flow rate is nominally 3.6 pounds/minute. Water
bath temperature ir the heat exchanger was maintsined at the freezng

point.
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System Computer Simulstion

An effective method .. testing the feasibility of the proposed
concept was devised using a Fational Aercnautics anl Space Administration
digital commiter, fourteer node simuiation of the heat transfer within
a man and the heat exchange betweer an astronaut and his environment.

The environmental aodes include shirt-sleeve, suited, suited extravehicu-
lar and suited with helmet off. In the program, tilled Transient Metaboli:
Simlatior Program, the use of the liquid cooling zarment and postlanding
envircmmental conditions are opficna.l. Programmed in Fortran IV for the
BASA/MSC Univac 1108. the simulation accepts as inputs metabolic and
Morironmental data and the envirommental mode desired. The transient
thermai properties of the man and his environment are calculated and the
cutput is printed at scheduied intervals. The output describes the
response of the astronaut to the enviromment apd the response of the
anviroment to the astromaut. This program was modified to similate a.
portable life support system diverter valve capable of mdu.'l;ting flow
through the sublimator from zero to full flow. The prasent v-lve, and

the original sim:lation, is capable of directing flow through 1e sublima-

tor at only three different ratas.

The program was also changed so that, when directed, it would cause
the diverter valve o open and close &t specified rates as required
%0 wmaintain astronaut stored body heat within twenty BTU of the comfort
tolerance midpoint defined by Waligora (Figure 1, 1967a) for each specified

vork rate. In this mode of operation the simnlation generates data
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for identification of coefficients by regression analysis as described

in the following section and Appendices 1 and 2.

Diagrammatically the portable life support sy:stem cocling water
loop is shown by Figure S. Defining "By-pass Ratio,"” @, as the ratio
of sublimator to total flow, W /W, . the control algorithm described
previously becqmes

=y +C, (T) + ¢ (D),
where,
Cj = Coefficients to be identified
I = THB - Typg», change in mean tody temperature, TMB, from
a specified mean body tenpergture setpoint, TMBS
Tyg = Cy (Tg) + C5 (Tg)
Core temperature

&
i

3
n

S Unweighted mean skin temperature

e
]

Time rate of change of T

To obtain approximations of coefficient: :h and C'/._ for subsequent
simulations, the modified Transient Metabolic Simulation was run using
a number of different work profiles. In each case values of core
temperatﬁre and skin temperature ctser.2d4 at intervals throughout the
program were used to calculate ), and Cg usine regression analysis as

described Ly Appendix 1.

Derived values of core and skin temperature and the diverter
valve setting at each calculation interval were thea used to identify
coefficients C;, Co and C3 using regression analysis as shown by

Appexidix 2. Tae cocefficients, Cj, werc thus derived for & Jumber of



Ly

different work profiles. The values were then used as inputs for a series
of computer simulations using new work profiles to verify that the valve
command algorithm, based upon the astronaut's simulsted mean body tempera-
ture, provided stable operetion witl fur - yhysiological recovery and
acceptable heat storage. Appendix S somt-ins typical simulation output
curves. Shown are a metabolic 1ate profile imposed for a two hour
simulated luner surface activity and the physiological and critical system
variables. que and average skin temperatures, heat stored, liquid cooling
garment inlet and outlet temperatures, and valve bypass ratio versus

time are shown. Performnceiwas excellent and an electronic contrcller
breadboard was designed utilizing the rarges of values for the coefficients
derived from the simmlations plus some additional leeway to allow for
differences between test subjects and other variables. Figure 4 is a
schematic of the t?rea.dboa.rd designed to collect actual core ard skin

temperature and provide water valve command signals according to the control

algorithm.



CHAPTER V
CONTROL ALGORITHM SYNTHESIS

The control philosophy proposed in Cha.pter IV incorporated a mixing
valve command proportional to change in mean body temperature from a set-
point and time rate of change of that temperature difference. This
relationship is shown in Appendix 2 as

Q=C+C,T+C '.r
where the coefficients C; are derived in simulaticns by regression tech-

niques. Analysis and computer simulations suggested values of C; as

follows:
C0 = 0.1:38
C’1 = 1.02%
02 = 1,319

©® is dimensionless. The units of T and T are OF and OF/min., respectively,
so that the units of C; and C, are u%.- and m{.%, 1% -ctively. Note that
where T and T are both zero 13.8% of the total ICG flow is still passing
through the sublimator. Since the upper iimit of @ is unity, full sublima-
tor flow is achieved when T = 0.65°F/min and there is a zero temperature
difference (T = d). Likewise, with T = 0, a temperature difference of |

T = 0.84°F yields fu'l flow through the sublimator.

Setting the electropreumatic transducer so that “t is fully closei
until the voltage at test point 17 (TP 17), ey = 2.6 v, and so that it

opens linearly until e;7 = 6.6 v., the voltage span is 4.0 volts.

£
VI



Thus @ = 1 corresponds to 4.0 volts. Writing @ as a voltuge,
6, =48 +2.6
= 3.152 + 4.096T + 5.276"..
This says that with T = 0 and T = 1°F/min. @ = 5.3 V.. negiecting the
3.15 v. bias. Referring to the maximum gains derived in Appendix 4 for
1.0%F/min. increase in core and O°F/min. increase in skin temperatures

with T = O and no Preset bias or Manual Ynput,

ey = 0:09)(15)(9. 3N - 1526 .,

where the increased gain campacred to the simulations was found to be
necessary during manned runs. This corresponds to full sublimator flow
with T = (6.6/45.6) = 0.15°F/min. at the maximum gain settings and no bias.
With T = 0, and T = 1°P, corresponding to a 1°F increase in core tempera-

ture and no change in skin temperature, reglecting Preset Input and Mamal

T

Input,
ey = (0.05)(5)(6)(1) = 1.5 v.,
with minimum gain settings. With maximum gain
e17 = (0.05)(15)(9.33)(6) = 45 V.,
which leaves adequate leeway for optimizing proportional signal gain. A
combination of gains commonly used during mz;.nr.ed tests with good results

was as fo]iows:

]
| <
\

Core: G,
Core Sum: Gog = 6
Propo, ;o*%l:.Gp =1
7For ‘he same tempe.aturz rise -
ey7 = (0.05)(151(6) =~ k.5 v.

\compa.:‘ed ts the simulation value of 4.1 -.



CHAPTER VI
METHODS

Pests conducted during this research can be classified as marned
and unmanned, referring to whether the test procedures require tempera-
ture signal inputs to the controller from a test subject in & liquid
cooling garment or not. In.mannedvtests, the coﬁtroller output is
translated into control of water temperature at the liquid cooling garment

inlet manifold.

Ummanned tests can be classified further as Initial System Test,
Overall System Test, and Performance Verification Test. All manned and
unmanned tests are preceded by Preliminary Adjustments to protect the

system from overloads and surges.

The purpose of the Initial System Test is to assure that the
Manual Input and Preset Imput bias circuits are properly zeroed and that

the output signal of each amplifier circuit is zero for zerc input.

The ( rerall System Test provides a short series of checks to acsure
that given signal inputs of the bridgevcircuits, Preset Imput and Manual
irput are properly amplified and transmitted throughout the controller

electronics.

The controller Performance Verification Test is @ longer, more
detailed test which verifies proper operatioax and long i.erm stabtility of
the electronic circuitry.

k7



Manned tests which were conducted during this research can be divided
~ into three categories. Nine test subjects were used tu investigate con-
troller action and test subject responses. Tweuty early tests were
relatively unstructured and consisted mainly or working test subjects on
a bicycle ergometer or treadmill while obse;'ving system, physiological and
subjective responses with different combinations of controller settings,
work-rest picﬁles and garments. They are referred to in this research
" &8s Preliminary Manned Tests and they served to narrow down the wide
__ _ranges andrlargé number of combiuations of controller settings to practical

levels.

The second category of manned %ests was structured to maadmiie the
usefulness of the experimental dati collected during a series of eight tests
reterred to as the Quarter Replicate Test. The Quarter Replicate Test was

followed by three umanned 'besté refsrred to as Final Tests.

Bach ranned test wes rreceded by the Preliminary Adjustments and by

one or more of the unmanned system tests if required.

The methods used in each test are described in the balance of tnis
secticn as well as the method used to design a quarter replicate 25

experiment,

Ear and skin thermistor voltage-temperature relationships were
established using Arthur H. Thomas Company's Constant Temperature Bath,

Infrared Research Model, Model 992 6-D, accurate to within + 0.005°C.
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Temperature~voltage relationships., indicated by the mercury-in-glass
bath thermometer and a digital voltmeter sensing voltages at TP 5 and TP 6,
Figure 4, were linear to the level of accuracy desired and are given in

Arpendix k4.

Ear temperature is used as a controller input signal and is recorded
continuously on a Senborn strip r=corder. Ear temperature was measured
using a Yellow Springs No. Lh4Ol1l thermistor encapsulated in epoxy by the
MSC Crew Systems Jivision Bioinstrumentation Laboratory. A Mid States
Jaboratories, Inc. (ﬁichita., Kansas) earmold, custom molded for each test
‘subject, was drilled out by the Crew Systems Division Bioinstrusentation
Laboratory and the thermistor inserted as shown by Figure 3. The thermistor
bead was allowed to protrude from the earmold approxima.teiy i/16 inch to
essure firm contact with the canal wall. Slight discomfort due to bead
irritation was reportad by two test subjects the first time the carmold was
worn end the bead was withdrawn slightly to relieve discomfort. No degrada-

ticu of response was noted.

Controller output voltages command chenges in air pressure transmikted
t2 the life support system diverter valve. The diverter valve controls the
proportion of "al flow passing through the liquid copling garment which is
shunted through a simulated sublimator (heat exchanger) and cooled as shown
by Figure 5. Early tests revealed that valve action was affected by
variations in ambient air fiow passing by the test subject's ear, and
subsequent tests were conducted with tegt subjects wearii.g the astronaut's

commn’cativa cap which corrected the problem. The earmold should be
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inserted into the test subject's ear at least 30 minutes before testing

begins to allow its temperature to stabilize.

Skin temperature was measured as an unweighted average of four Yelliow
Springs No. Lh0l1 therﬁdstors in series forming one leg of the bridge
circuit shown by Figure 4. Each thermistor bead was éncapsulated in
cpoxy by the Crew Syster Divisiou Bioinstrumentation Laboratory and
attached to the test subject with micro-pore adhesive-backed tape.
Fdllowing each test the skin thermistor emplacements were inspectzd to
assure thet good skin contact was maintained. Test subject movements
and improper nlacement of wiring resilted in thermistors being pullec

_..2ose from the skin in early tests.

f' rour arrangements of the four skin thermistors were used. A

"aispersea arrangement. is shown by Figure 6. Other arrangements whereby
all four thermistors were placed over the right femoral vein, on the
right biccps, ana on the right upper chest to providc the signal change
equivalent to & single sensow were &also investigated. This procedure was
followed as the desirable alternative to modifying the controlier

boidee design. The unweighted mean skin temperature is used as a controller

input signal and was recorded continuousiy on the Sanborn recorder,

A variety of liquid cooling garment designs were tested witrn the
final series of eleven manned tests being conducted using the current
Apc1lo ICG, Model A67-400000-1002A, Serial No. 62 (Astronaut Tom Stafford’'s).

Test subjects donned the ICG over a pair of shorts or bathing suit. Cotton
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FIGURE 6. LOCATION OF CONTROLLER SKIN TEMPERATURE THERMISTORS
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socks are sewn into the ICG and some test subjects donned a second pair
of socks before putting on gym shoes. A three inch piece of adhesive=-
backed tape was wrapped around each test subject's midsection during
later tests to support the electrical harness and to assure good contact
between the LCG cooling tubes and skin in that area. The ICG tends to
drape from the shoulders to the hips on some subjects, reducing heat
transfer wher: the cooling tubing does not make contact with the skin, if

provisions are not made.

With the test subject sitting qiietly in a chair on the treadmill,
ear and skin temperatures were observed to assure relative stability
before a test was commenced. The first time a test subject is used it is
useful to allow him to sit long enough, and to vary the ambient tempera-
ture as required, to achieve thermel neutrality. Controller voitage at
TP 10 (Figure 4) is then nulled to zerc using the Preset Input bias. The
Preset Input voltage then corresponds to mean body temperature at thermal
neutrality for the controller core and skin gain settings used. The settings
cbserved were repeatable for a given test subject over a period of time
and are identical or very close for most test subjects. Good results were
achieved using this Preset value even when different combinations of
core and skin gain were used and considerable liberties were taken in
setting it before a test as experience was gained. Unless a test subject
was fairly overheated when he entered the treadmill room or began to over-
heat while waiting for a test to start, the TP 10 voltage was frequently
nulled just before a te~t began. If the other gains were optimum for the

test subject, good results were achieved., If the test subject was
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uncomfortatly warm when the TP 10 voltage was nulled, however, the controller
tended to drive to that point and response was not as good, even with
optimum gains, and best results were achieved with excessively warm

subjects using the predetermined value.

Before the test subject's thermistor leads were connected to the
controlier, and with dummy loads connected to the controller in their
place, the Manual Input was adjusted to cause the valve to be on the
verge of opening as revealed by the bypass flowmeter recording on the
Sanborn. The potentiometer dial reading was usually about 4.1 with
the voltage relationship shown by Figure 7. The Preset Input voltage

relationships are given by Figure 8.

When desired gains were set into the controller, and all equipment

checks completed, tests were commenced.

During early tests a compact heat exchanger utilizing water from
melting ice was used as the heat sink to simulate the PLSS sublimator
(Figure 5) and was quite adequate for moderate work rates. For a final
series of tests conducted at higher work rates, lower liquid cooling garment
inlet water temperatures were needed to maintain test subject comfort. A
new heat exchanger was fabricated with the ICG water now passing through
coils having several times greater total area and immersed in a water bath
cooled to the freezing point using liquid nitrogen. This proved to be
satisfaztory in most circumstances. Some test subjects seem to need one
or two tests to adjust to the work profile and to settle what is perhaps

an unconscious apprehension before consistent results are achieved.
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Liquid nitrogen was introduced into the atmospherically vented
nitrogen coils about one hour before a test was begun. ICG water was
circulated occasionally or continuously through the ICG loop to prevent
freezing of the water using a shunted connector in place of the actual
ICG. Before a test was begun, water circulation was stopped, the ICG
connected to the simulated PLSS, and water circulation commenced con-

currently with work onset.

After a prescribed work-rest profile was completed, the test
subject was allowed to sit in a chair until recovery commenced and the
valve began responding properly to the reduction of work rate and stored

heat.
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Preliminary Adjustments

Two regulated 15 vdc power supplies, 250 ma or less each, were
required to operate the controller breadboard. Preliminary adjustments
are made before connection or turn-on of the power supplies to assure
proper protection and operation of the system. Power supplies used during
tests at the Manned Spacecraft Center included 0-L4O vdc, 0-500 ma, constant

voltage/constant current units with NASA serial numbers 48399 and 46397.

The following controls as designated on the front panel of the bread-

board are set as spscified:

CONTROL DIAL SETTING

a) Core gain 500
b) Skin gain 500
c) Core balance 500
a) Skin balance 500
e) "Preset" switch OFF
f) 'Preset” 500
g) Sum gain 0

h) Sum balance 500
i) Rate Diff 500
j) Rate Int 500
k) Manual Input 500

If an Initial System Test is to be performed, the following
elements are removed as indicated:

1) Remove C2. Short across Cl.
m) Remove (U1), (U2), (uk4), (U5) and (U6).
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Unmanned Tests

Initial System Test

The following steps are performed in sequence after completing

(a) through (m) of the Preliminary Adjustments.

Turn S2 power "on" switch to "on'".

Connect digital voltmeter to TP 17 - TP 1k4.

Adjust R16 Output Null for Ov +1 mv.

Turn S2 "off".

Insert Ul.

Turn S2 "on".

Place digital voltmeter between TP 19 - TP 1k4.

Turn Manual Input dial until voltmeter reads Ov + 1 mv.

If necessary center Manual Input dial to read 500.

Remove voltmeter and place between TP 20 - TP 1k,

Place shorting strap between TP 18 - TP 1k,

Adjust R10 Manual Null for Ov t 1 mv.

Place voltmeter between TP 17 - TP 1h.

Turn S2 "off".

Insert U2.

Turn S2 "on".

Adjust R4 Rate Null for Ov % 1 mv.

Remove shorting strap between TP '9 - TP 1k,

Voltage should remain O I mv with Manual Input dial at (500).
Set Preset dial to read 500.

Turn on Preset switch.

Place voltmeter between TP 7 and TP 1kh.

Voltmeter should read Ov t 1 mv. If it does not, turn Preset
Input dial until it does and reset dial for a reading of (500).
Turn Preset switch "off".

Turn S2 "off".

Insert U,

Place voltmeter between TP 10 - TP 1k.
Turn S2 "on'".

Adjust R23 Sum Null for Ov t 1 mv.
Turn S2 "off".

Remove U3.

Turn S2 "on".

Turn Preset "on".

Place voltmeter between TP 7 =~ TP 1k.
Plot a Preset dial reading vs voltage graph.
Return Preset dial to 500.

Turn Preset switch "off".

Turn S2 "off".

Insert U3 and U6.

Short TP 1 to TP 2.
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nn) Place voltmeter from TP 5 -~ TP 1kL.

oo) Turn S2 "on".

pp) Adjust Core Null R38 to Ov % 1 mv.

qq) Short TP 3 - TP 4.

rr) Turn S2 "off".

ss) Insert US.

tt) Turn S2 "on".

uu) Place voltmeter between TP 6 - TP 1k,

vv) Adjust R30 Skin Null for Ov + 1 mv.

ww) Turn S2 "off".

xx) Remove shorting straps between TP 1 - TP2, TP 3 = TP L, and
across Cl.

zz) Replace C2.

During Initial System Tests at the Manned Spacecraft Center a Beckman

Model L4910P digital voltmeter, NASA Serial No. S-14656, was used.

Overall System Test

Before beginning the Overall System Test all items listed under
Preliminary Adjustments must be accomplished. When the preliminary
adjustments are completed the following steps are accomplished:

a) Insert a 50k trimpot and a 20k resistor in series for
thermistor TRI1.

b) Insert a 50k trimpot and a 250k resistor for thermistor TR2.

c) Place digital voltmeter between TP 1 - TP 2.

d) Turn 82 "on".

e) Adjust TRL pot for + 0.0108 olts. Some noise will be noted.

f) Place voltmeter between TP 3 TP &,

g) Adjust TR2 pot for + C.0108 vo_ts. Some noise will be noted.

h) Observe TP 5. It should be + 0.11k volts. If not, adjust TRL
pot until it does.

1) Observe TP 6. It should read + -.108 volts. If rot, adjust
TR2 pot until it does.

j) Observe TP 10. It should be - 0.90 v % 2%.

k) Observe TP 17. It should be - 1.539 v % 3%.

1) Turn Sum Gain control dial to read 30l. TP 17 shoild now read
- 1.80 v + 3%.

m) Turn Preset switch to "on".

n) Turn Preset dial to 550.

0) TP 17 should now read - 5.62 v # 3%.

p) Turn Preset switch "off".

q) Turn Marual dial to read 550.

r) TP 17 should now read - 0.38 v + 3%.

s) Turn S2 "off". This completes preliminary alignment.
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Performance Verification Test

One Performance Verification Test was conducted on the breadboard
electronics during this research to verify operational and long-term
stability. This test was conducted at the General. Electric, Houston
Programs Laboratory, using the following bench=-test equipment:
a) Tektronic oscilloscope Model 555 (1 ea) NASA Serial No. 10162.
CA type plug in (1 ea) NASA Serial No. 11854,

b) Hewlett-Packard Function Generator. Model No. 33004, NASA
Serial No. P20231.

c) Voltmeter (Digital) Auto polarity and renging. Hewlett-Packard
Model LOS5CR. NASA Serial No. 103332.

d) Oscilloscope Camera. NASA Serial No. 10193.

e) Two voltage divider networks (Figure 9).

Two voltage divider networks were fabricated and the controller
breadboard was set up as shown by Figure 9. Isolation transformers are
required only if power supply returns are grounded. One-half hour was
allowed for system warm-up. The test can be reconducted in three phases
as follows:

Phase I: Drift Stability Test for U4, U5, and U6

Adjust breadboard as follows:

a) Core gain = 10.0 = core balance

b) Skin gain = 10.0 = skin balance

c) Preset in OFF position

d) Sum gain = 1.99 = sum balance
e) Power: + ik.L volts

£) R20C = 3010 ohms
g) R21C = 9020 ohms
h) RS50C = RS0 + 15,000 ohms

i) Null the U4, U5 and U6 amplifiers.

j) Record the data for TP 5, TP 6, and TP 10 initially and prior
to concluding overnight test.

Phase II: Drift Stability Test for Ul, U2 and U3

Adjust breadboard as follows:
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a) Remove Ut and short TP 10 to TP 1k,

b) Null the amplifiers Ul, U2, and U3,

c) Record data for TP 10, TP 13, TP 17 and TP 20 initially and
before concluding test.

Thase III. Dynamic System Teswu
Adjust breadboard as follows:
a) Core gain = 10.0 = core balance
Skin gain - 0.90 = skir balance
c) Preset in OFF nosition.
d) Sum gain = 0.05.
e) Sum balance = 1.10.
f) Rate Diff = 8.90.
g) Rate Int = 5.87.
h) Manual = 5.00.
Input, differentially at TP 1 and TP 2, a positive and negative
going ramp of 0. 0158 volts amplitude with a 170 second period.
This is equivalent to a + 0.01586 v/25 second slope. Input,
differentially, at TP 3 and TP L, the above mentioned ramp of

+ 0.015 volt amplitude.

Photograph TP 13, TP 17 and TF 20.

a) Connect the function generator output to the cscilloscope
horizontal axis and calibrate for 10 second/cm sweep.
b) Place the function generator signal on all pictures.
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“Manned Tests

Geuneral Procedures and Support Ejuipment

All manned tests were rreceded by accomplishment of tne Preliminary
Adjustmerts vrevicusly descrived. In addition, sirip chart recorders,
nower =upplies, frequency-to-DC converters, teiethermometers, the
analog C‘mputgr and the &CG recorder were encrgized at least one-half

hour before each marned test to allow for warmeup.

A Sanborn 35C Series Eight-Chanrel Recorder, HASA Serial No. 42870,
was used during all manned testing tc reccrd the foilcowing contrcller
signais:
a) TP 5. Core texperaturc.
b) TP 5. Mean skin temperature.
c) TP 10. Summation cf TP 5, TP 6 and Preset Input with Sum
Gain applied to each signal.

d) TP 13. Differentiated output of TP 10.

e) TP 20. TP 10 signal with Rate Diff gain applied and Manual
Input biss add-d.

f) TP 17. Controller output signal to electropneumatic transducer.
The transducer output controls diverter valve pciition.

b) By-Pass Flow Meter Output. Flow through the heat exchanger is

inversely proportional to the output voltege.

¢) Pump Output Flow Meter. Total flow through the LCG is

proportional to cutput voltage.
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A Bristol Dynamaster 24-Channel Recorder, Model 2LP12H13X591-51-
T374X-T188X, Serial No. 63A 12, 585, NASA Serial No. 36155, was used
during the initiel Preliminary Manned Tests to record liquid cooling
garment inlet and outlet wauter temperature. This practice was
discontinued duc to a signal feedback into the controller when the
recorder printed. During ths Querter Replicate tests ICG inlet and out-
let water temperatures at the ICG connector were observed using a manually
indexed Yellow Springs Instrument Compaity Telethermometer, Model L46TUC,
Serizl No. 273, 0-40°C range, NASA Seriai No. PU1L2. Just prior to
beginning these tests the RL2 Rate Diff 1C-turn potentiometer failed and
was revlaced by a General Radio Company, Concord, Massachusetts, 0~100K

okms Decade Resistor, Type 1432-Y, Serial No. 37464, NASA Serial No. 3670k.

Nine skin temperatures were sensed during selected Quarter Replicate
tests using an Applied Research Austin, Austin, Texas, ARA SD-20 scanner,
NASA Serial Nos. 82883 and 8288k, in conjunction with an FAT 680 Scientific
Computing System Analog Computer. The resulting unweighted average skin
temperature was recorded at 50 second intervals on the Sanborn recorder

using the channel previously used to record ICG water flow.

Before each manned test the ICG was connected to the fluid systenm
breadboard and the cooling water loop was purged of air using & portable
pressurized source of distilled water. The LCG can be disconnected,
donned and reconnected with negligible loss of water. Purging is

accomplished at 5-7 psig with the water circulating pump in operation.
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A Sanborn Company, Waltham, Massachusetts, ECG Recorder, Model
296, NASA Serial No. 42871, was used to record cardiac activity for

calculation of heart rate during manned tests.

Prelimina;y Manned Tests

Early manned tests were conducted to study system stability under
different physiological conditions, i.e., subcooled, normal, and
uncocnmfortably warm man engaged in resting and working. Different com-
binations of gains and procedures were used to study the effects on
system response, the system in this respect beirz the man, electronics,
and fiuid subsystems. The results of eleven preliminary tests are
presented in the next chapter. In order tc properly interpret these
results the detailed procedures for each test must be known. The methods
are repetitious in some cases and lengthy and have therefore been placed

in Appendix €.
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- Labcratory Experiment Design

A complete factorial experiment, in which all possible combinations
of all levels of the different factors are investigated, would involve a
large number of laboratory tests, i.e., in the thousands. Test set-up time,
test subject recovery, i.e., the time required during each test to return
the test subject to a base-line physiological condition, and data analysis
time would be prohibitive, and an alternate, but adequate approach is
required. It will be shown that it is possible to investigate the main
effects of the most significant factors and their more important interactions
in a fraction of the number of tests required for a complete factorial
experiment sequence. An experimental design due to Box, et al, (1960) is
described,with examples showing the method of analysis included in Chapter VII,

Results.

Introduction

A complete factorial design
(i) permits the main effects of every factor to be estimated
independently of one another,
(ii) permits the dependence cf the effect of every factor upon
the levels of the others, i.e., the interactions, to be
determined,
(1ii) permits the effects to be determined with maximum precision, and,
(iv) supplies an estimate of the experimental error for the purpose
of assessing the significance of the effects, and permits con-
fidence limits to be established.
When the number of factors is as large as in this investigation, the

number of trials required becomes prohibitive. The term "factor" is used
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in a general sense to denote any feature of the experimental conditions
which may be assigned at will from one trial to another. A preliminary
list of factors related to this research is given by Table 2. The high
degree of accuracy in the estimates of the effects which is possible with
a complete factorial design is not required, and previous testing has
indicated that certain reactions probably are not apprecisble. Thus,
the factors listed in Table 2 have been reduced to five, but even an investi-
tation of five factors, each at two levels, entails 22 = 32 observations,
each with a different set of experimental conditicns. The question is, can
the same conclusions be reached using a smaller number of observations to
a reliable degree? To do so involves obtaining information on the main
effects, and as many of the interactions as seems necessary, with a smaller

number of observations than is required by the complete design.

There are two approaches to the problem of obtaining a suitable
design. One can begin with a full factorial design for the number of
factors involved, and by confounding interactions which are likely to be small
or unimportant with one another and with other interactions considered worth
measuring one can arrive at a design in which all or almost all of the com-
parisons are made between effects likely to be impcrtant. Confounding refers
to a process by which unimportant comparisons are deliberately confused for
the purpose of assessing the more important comparisons with greater precision.
The number of observations required will depend on the number of such com-
parisons. Alternatively, one can begin with the full factorial design
corresponding to a number of factors lesser in number than is actually
under investigation and substitute the remaining factors for those compari-

sons which measure effects considered unlikely to be appreciable.
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TABLE 2

EXPERIMENT FACTORS

Test subject

Skin sensor quantity and arrangement
Core/skin temperature weighting factors
Proportional signal gain

Rate signal gain

Preset input voltage

Power supply voltage

Manual input voltage

Test protocol

ICG design

Environmental conditions

Test subject clothing L
Work profile
Core signal gain
Skin signal gain

Test date

Design of Fight Observations with Two Level Factors

The type of investigation considered nere is one in which the
investigator requires to know system performance difference as a function
of several factors, each having a defined range, and beginning with two
levels only. As the experiments are conducted the investigator retains

the filexibility to expand the matrix, or to reduce it, as resulis become
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known. Also, once the major effects are known additional tests can be

conducted to optimize the major factor levels.

Table 3 represents one quarter of a 2

)

quarter-replicate, the type conducted during this research.

TABLE 3

EXAMPLE OF QUARTER-REPLICATE RESEARCH DESIGN

FIVE FACTORS AT TWO LEVELS

factorial design, i.e., a

(4) (B) (c) (E) (D)
Skin Core/Skin Proportional | Rate
Observation| Test Sensor Temp. Signal Signal Design
Subject | Mode | Weighting Gain Gain Combination
= —t =%t —
1 - - - + - e
P + - - + + aed
3 - + - - + b d.
I + + - - a b
5 - - + - + cd
6 + - + - - a c
7 - + + + - bce
8 + + + + + abcde

The (+) and (-) apply both to qualitative as well as quantitative factors.

For example, the two test subjects are denoted (+) and (~) as well as high

Combination" denotes the (+) levels of factors in each observaticn.

and low levels of proportional signal gain.

By convention, the "Design

comparison, Table 4 presents the full factorial design.

For
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In theory, each quarter replicate block is equally suitable and the
selection should be made at random, but in practice it is desirable to
select certain combinations of levels to maximize the informution derived.

The actual combinations selected are depicted in Chapter VII, Results.

TABLE 4

EXAMPLE OF FACTORIAL DESIGN FOR FIVE FACTORS AT TWO LEVELS

 Skin Core/Skin Proportional Rate
Test Sensor Temp. Signal Signal
Subject Mode Weighting Gain Gain Observation
==
+ 1
+
+ - 2
+ 3
' ‘ :
+
+ {
B - 8
+ + 9
. * - 0
R + 11
- - 12
+ 1
- 16
+ 17
s * - 18
- e 10
: —
) ¥ - o2
) = 2k
+ 25
+ ' —_ _gé
+ t 29
- = 30
- + 2l
- 32
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Confusion of Effects in a Fractional Design and Aliases

Assuming that interactions of all orders are real, it follows that
in a quarter-replicate the effects, or the changes in response produced
by changes in factor levels, occur in sets of four and each effect is
confused with three others as illustrated in (i-iv) below. The effects
which are confused in this way are termed "aliases.”" It is necessary to
determine the aliases for any proposed fractional design to avoid con-
fusion of impértant effects. These allases may be found from the design
by multiplying the columns of signs in all possible ways and grouping the
effects measured by the same comparison, i.e., which have the same signs
or have all the signs reversed. Two comparisons which differ in sign
only clearly measure the same effects apart from sign. Applying these
consideraéions to Table 3 shows that the following columns and procucts
of columns have the same signs:

(i) A, BCD, ABCE, DE
(ii) ¢, ACD, CE, ABDE
(iii) C, ABD, BE ACDE

(iv) AB, CD, ACE, BDE, etc.

Ang}ysis of Results

The desired end result of a final series of manned experiments is
a recommended set of controller parameters, preferably applicable to all
likely test subjects. The use of two-way tables of interactions to assist
in identifying levels of factors for further investigation is demonstrated

in the next chapter,
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Quarter Replicate and Final Manned Tests

The procedures followed during the final stages of manned testing
evolved from the earlier trials. Eleven tests were conducted during
this rhase and identical procedures were followed with three exceptions.
Tests number 3, 6 and 8 were the second of back-to-back runs, i.e.,
Test Nc. 2 was conducted one morning and Test No. 3 was conducted after
lunch by the same test subject. Test No 5 was conducted one morning
by a test subject snd Test No. 6 was conducted by the same subject 30
minutes after the completion of Test No. 5. The same procedure was
followed in conducting Tests number 7 and 8. It is believed that the
performance evaluation criteria chosen to compare the performance of the
controller with differen*t settings reduces any overall undesirable
effects of these procedures and the results of Test 9 and 10 tend to

confirm this conclusion.

Since the same detailed procedures were used for each of the last

eleven manned experiments, they will be described only once.

.. st Dates: September 4, 9(2), 10, 11(2), 15(2), 18(2), 1970;
October 1, 1970.

Test Location: MSC Environmental Physiology Laboratory

Test Subjects: C. Pate, G. Scctt, K. Dupree

Test Objectives:

Obtain physiological temperature data to be used to identify preferred

controller settings.
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Test Procedures:

1. Completed Preliminary Adjustments at least one hour before
test. Turned on Sanborn recorder, power supplies, digital voltmeter,
telethermometers and analog computer for warm-up.

2. Assured adequate supply of liquid nitrzogen for test (at least
one-half of & 110 1. dewar). Commenced cool down of water bath after check-
ing for at least one inch LN2 = ICG cooling coil clearance in the water
bath. The LN, dewar shut-off valve was opened until frost just began to
form in the exhaust gas stream. Cool-down continued without interruption
until bath temperature approached the freezing point as indicated by the
Yellow Springs Instrument Company Model 46TUC (0-40°C) Telethermometer.

At that time the gas was throttled down to hold a steady bath temperature.
Periodic circulation of water through the ICG loop precluded ice formation
and blockage of the 1oop but did not add excessive amounts of heat to the
weter bath, i.e., the bath can be cooled faster when LCG water is not
circulated continuously through it.

3. Performed pre-test check and maintenance of mechanical and
electrical components. Greased pump bearings and checked all connectors.
Pressurized distilled water container tc¢ 5«7 psig and purged air from
liquid loop. Attached ICG to liquid loop and r:reated as required.

4, Set A. R. Young FPower Transmission Engineers treadmill at
9% grade. Commenced warm-up of Pacific Industrial Controls Model VT 100
Motor Speed Control.

5. Supplied cleen, dry laboratory ajr at 100 psig to piressure

regulator. Opened regulator until 15-20 psig was avaiiable at the air valve.
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Moved Manual Input control on breadboard to cause valve to shift from

full open to full closed as revealed by flowmeter data on Sanborn recorder.
Valve was fully ciosed with TP 17 at 2.6 v and fully open with TP 17

at 6.6 v.

6. Set all controiler values as required by test matrix. (See Results,
Chapter VII.)

T. Checked zeros and calibration of Sanborn recorder.

8. When the test subject arrived at the laboratory, his sarmold was
inserted to bring it to body temperature. After the test sutject donned
swWwimming trunks or gym shorts, controller skin sensors were attached with
tape as required hy the test procedure and the ICG was donned. Additional
skin scnsors whose outputs were only monitored and which d’'d not interface
with the controller were attached to the test subject during selected
tests. The test subjects wore gym shoes and some wore an extra pair of wool
socks over the cotton socks forring the feet of the ICG.

9. Test subjects were then escorted tc¢ the treadmill where they were
seated in a chair placed on the treadmill. Electrical connection was made
between the ECG sensors and recorder and the electrical harness was secured
to the test subject using a strip of *nree inch tape wrapped completely
around the man. This served also to keep the ICG in contact with skin
in an area where the fit was not ailways adequate. A communication cap was
donned by the test subject.

10. The test subject's ear sensor and skin temperature contrcl sensor
leads were connected to the controller with power off. The controller was

then energized and the Sanborn recorder started at a speed of 1 mm/second.
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11. When the test subject's temperatures stabilized, usually in
15-20 minutes, the voltage at TP 10 was mulled using the Preset Input.

It was accomplished using the Sanborn cutput for gross adjustment and the
digital voltmeter attached directly to the test point for fine adjustment.
The Manual Input was set &t 4.10 for each test. (For Test Ho. 8 aud 9
the same Preset was used.)

12. The test subject was then connected to the ccaling water scurce
and the treadmill was started. The work/rest profile requiied one hour
and was the same for each test subject. Three five minute work periods
with the treadmill at 9% grade and 3.5 mph were followed by five minute
rest periods. A fourth fiive minute work period at the same level was
fotlowed by a twenty-five minute period with ‘he treadmill at the same
grade but slowed to 2.0 mph.

13. At the completion of the final work periocd, the test subject was
disconnected after de-energizing the controller and ECG recorder and

turning off the circulating pump.



CHAPTER VII

RESULTS

Results which are presented in this section include typical data
derived from the Initial System Adjustments, Performance Verification
Test, Preliminary Manned Yests, Quarter Replicate Tests, and Final
Manned Tests. Discussion of these tes* results appears in Chapter VIII,

Discuscsion.

Initial Systew Adjustments

Step (hh) of the Initial System Adjustments requires the recording
of voltage measured bYetween TP8 and TPO as a function of the Preset
Input dial reading. Data from this check is tabulated below and when

plotted appears as shown by Figure 10.
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TABLE 5

VOLTAGE INPUT TO Ul VERSUS PRESET INPUT DIAL READING

Poeset Input

Dial Reading Voltage Input to Uk
0 -6.67
50 -5.26
100 -4.23
150 -3.ho
200 -2.73
250 -2.15
300 -1.66
350 -1.21
400 -0.800
Lso -0.400
500 -0.015
550 +0.372
600 4+0.768
650 +1.17
700 +1.62
750 +2.12
800 +2.68
850 +3.36
900 +4.17
950 +5,22

1000 +6.58
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Performance Verification Test

The Performance Verification Test was performed from February 1-4,
1970, at General Electric's Apollo Systems, Houston Programs, laboratory,
1830 NASA Boulevard, Houston, Texas. The test described in the preceding
section, was performed in three phases, a Drift Stability Test for Uh,
US, and U6, a Drift Stability Test for Ul, U2, and U3, and a Dynamic
System Test. Results of the tests are tabulated below as Tables 6,

T, and 8. Figures 11, 12 and 13 show sketches of the oscilloscope
traces of voltages at TPl5, TP20, and TP1l7 resulting from the input ramp

functions shown.

TABIE 6

DATA FOR Uk, U5 AND U6 STABILITY TEST

1. Settings

a. Core gain = 10.0 = core balance
b. Skin gain = 10.0 = skin balance
c. Pre-set in OFF position

d. Sum gain = 1.99 = sum balance.

2. DATA
Test Point Readings
TP-5 0.000v 0.000v
TP-6 0.000v 0.000v
TP-10 0.000v 0.001v
+V +1h4 Ly +13.5v
-V <14 bv <14 . by
Time 5:30 M 8:44 AM

Date 2/1/70 2/2/70
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TABLE 7
DATA FOR Ul, U2 AND U3 STABILITY TEST

Settings:

Rate Diff

Rate Int = 5,00
=5
Manual Input =

TP-10 shorted to TP-14 and Ub is removed.

Test Point Readings

TP-10 0.000v 0.000v
TP-13 + 0.008v + 0.004v
TP-17 - 0.004v - 0.104v
TP-18 + 0.000v + 0.042v
TP-20 + 0.000v + 0.103v
+V +14 . 4v +14 4v

-V =14 Ly -1k . 4v
Time 9:15 AM 1:00 MM

Date 2/4/70 2/4/70
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TABLE 8

DATA FOR DYNAMIC SYSTEM TEST

Settings:

a. Core gain = 10.0 = core balance

b. Skin gain = 0.00 = skin balance

c. Pre-set in OFF position

d. Sum gain = 0.05

e. Sum balance = 1.10

f. Rate Diff = 8.90

g. Rate Int = 8.90

h. Manual = 5.00

DATA
Test Calculated Maximum
Point Readings Actual Readings % Error
TP-5 + 0.238v -0.241v, + 0.244v 2.529
TP-6 ¥ 0.075v -0.075v, + 0.077v 2.62%
TP-10 + 1.58v -1.65v, + 1.61v b.43%
TP-13 + 5.382v -5.42v, + 5.48v 1.82%

*TP-17 0 to -7.122v 0 to -7.21v 1.24%
TP-20 + 1.74v +1.82v, -1.89 8.62%

*CONTROLLER OUTPUT TO REGULATOR VALVE
\
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(+)
FUNCTION
ENERATOR
VOLTS—+0 /
TP-13
)5 50 SEC

FUNCTION GENERATOR
OSCILLOSCOPE SETTING
0.2 V/CM

10 SEC/CM

TP-13

DIFFERENTIATING CIRCUIT OUTPUT
OSCILLOSCOPE SETTING

5 V/CM
10 SEC/CM

FIGURE 11. TP-13 DYNAMIC SYSTEM TEST OSCILLOSCOPE TRACE
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+)
A FUNCTION
GENERATOR
TP-20
VOLTS+0
Y
(-)
0 50 SEC

FUNCTION GENERATOR
OSCILLOSCCPE:- SETTING
.2 V/CM

10 SEC/CM

TP-20
OSCILLOSCOPE SETTING

5 V/CM
10 SEC/CM

FIGURE 12. TP-20 DYNAMIC SYSTEM TEST OSCILLOSCOPE TRACE
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GENERATOR
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TP-17
Y
-) |
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FUNCTION GENERATOR
OSCILLOSCOPE SETTING
.2 V/CM
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TP-17

REGULATCR VALVE CONTROL VOLTAGE
OSCILLOSCOPE SETTING

5 V/CM
10 SEC/CM

FIGURE 13. TP-17 DYNAMIC SYSTEM TEST OSCILLOSCOPE TRACE
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Preliminary Manned Tests

Preliminary Test No, 1

(1) The test subject was observed in & resting condition &nd while

walking at 2 mph and 3.5 mph. During this period of time, éorel,

2

skin™, and mean body3 temperatures varied as follows:

Skin, OF Core, OF Mean Body, °F
Resting - No Cooling 92.4 96.3 95.9
Resting - Cooling 90.9 96.3 95.8
2 mph (a) 88.6 96.2 o5 4
(b) 87')4' 96'3 ,Doh'
3.5 mph (a) 86.7 %.3 95.3
(v) 84.8 k.6 95.4

One adjustment was made to the breadboard during the 2.0 mph period
and one adjustment during the 3.5 mph period as described helow.

(2) During a rest period, before cooling water was suppiied to the
ICG, core and skin temperatures leveled off at 96.3°F and 91°F,
respectively. The tust area tas very cool and the core temperature
much Jower than expected initislly. After the test subject donned
wool cap and insulated underwear his temperatures rose to the above

values,

lExternal suditory meatus, '
2Avera.ge of four sensors placed on upper left chest.
3calzulated as (0.9) (core temperature) + (0.1) (skin temperature).



(3) When cooling water was started through the ICG (short sleeves)
sxin temperature dropred to 90.95°F. Core chowed negligible
change. The testu subject sat quietly. Skin temperature continued
to drop for arother L-3/4 minutes to 90.86OF and stabilized.
During this period, the valve was open 10,5% of the time. Calculated
mean body temperature was $5.76°F,

(4) Upcn temperature stabilizaticn the test subject began walking at
2.0 mph ‘on the treadmill. Skin temperature dropped to 38.610F in
% 4 minutes. Foliowing onset of exercise, core temperature rose
to a maximuwa of 96.98°F in 3.1 minutes, leveled off, and dropped
tc a steady 9€.179F 5-3/4 rinutes later. During this latter period

the vaive ~us moculating open approximately 7.25% of the time.

Questioning the test subject at this time revesled that he was
"ecomfortablv warm.” The skin end core temnerature signals were nulled
tov approximately zero at this point and skin temperature was reduced
to 57.359F over the next 7-1/2 minutes. The test subject reported
becoming "comfortably cocl” alumost immediately after the adjustment.
Core temperature increased slowly and stabilized at 96.3F giving a

mean body temperature of $5.41°F,

(5) Treadmill cpeed was increased to 3.5 mph. Skin temperature
decreased =ad stabilized at 86.720F snd cure tempersture stabiliz<d
at 96.30F. Mean body temperature was 95.34°F. At this pvint the
heat exchanger circulating pump drive motcr muffler came off Aue
tc vibration and the mctor became very noisy, During a L0 second

period while the cooling pump was shut down and while the test
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subject did not 'mow what was happening, his skin temperature
dropped sharply to 86.49°F. His core temperature was steady. As
soon as the muffler was replaced and the pump turned on again his
skin temperature rose to the level it was before the incident.

After the pump was turned back on the test subject reported that

he had "over heated" while the pump was off and he "did not feel
that he was being cooled down fast enough." Core and skin tempera-
tures showed no change from before the incident, but 1.8 volts of
b*. was applied to the valve controller which was equivalent

to 26.5% or valve range. 3kin temperature dropped sharrly +: £%.83CP.
Core temperature increased siowly and stabilized at 96.57OF by

the end of the vest, giving a finui mean body temperature cf 95.39°F.
During a typical one mir.te period at the end of the test the valve
was open 1009 of the time at an average setting of 59.3% of full

flow through the heat exchanger.



Preliminary Test No. 2

(1) The test subject was observed in a resting condition and while
walking at 2 mph and 3.5 mph. During this period of time the
controller adjustments were not touched and the test subject
reported being "comforiably cool” during the entire run. External
auditory meatus, s%in (average of four sensors placed on lower

left chest) and mean body temperatures varied as follows:

Skin, °F Ear, °F  Mean Body, °F

Resting - Gtanding 90.7 .2 9.7
2 mph 87.1 95.6 94.8
3.5 mph 88.8 96.2 95.5
Resting - Cooling 86.4 95.9 9.9

Mean body temperature is caiculated as follows:

Ty = (0.9)(ear temperature) + (0.1) (skin temperature).

(2) A comparison of typical test results from the March 2 and 23 tests
are graphically illusurated by Figure 1k.
The dotted portion of the March 2 skin graph represents a region
where problems were incurred in the strip chart recorder and the
data is not complete.
During the 3.5 mph portion of the March 23 test an amplifier
oscillation occurred which reduced the flow of cooling water to the
test subject and caused a rise in skin temperature, although the
test subject reported that he was comfortably cool. The amplifier

was replaced after the test.
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FIGURE 14. COMPARISON CF MARCH 2 AND MARCH 23 DATA
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Preliminary Test No. 3

The wearing of a wool cap brought sensed ear temperature up 4O
as shown by Figure 15 and stabil.zed controller output. Water pump
drive motor coupling slippages and a defective IC amplifier contributed
to less than good performance. Cooling was not timely nor sufficient
for this test subject and following exercise it was not reduced in time

to prevent chilling him.
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Preliminary Test No. 4

The same controller settings utilized for the previous test were
used again and a very well trained test subject was employed this time.
Results are shown by Figure 16. Oral temperatures were taken to compare
with measured ear temperatures and are shown in brackets. The test
subject felt warm toward the end of the second work period but cooling

was not reduced in time a* 2r work stopped to prevent chilling.
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Preliminary Test No. >

Approximately 5 minutes into the work cycle (est. 2113 Btu/hr),
the rate of change of ear temperature initiated valve modulation. At
0.4OF above the core baseline temperature (95.54OF) the valve was full
open and remained so fer about 57 minutes as shown by Figure 17.
Seventeen and one half minutes after the valve opened full and five
ninutes after cessation of work, ear temperature reached a plateau of
approximately 97.1°F and remained there for 35 minutes while the skin
temperature trended downward. As core temperature began to drocp off,
i.e., when the ear temperature had dropped 0.2°F from the core plateau
temperature, valve modulation tegan and continued for about 1k4.5 minutes.
At that point core temperature had dropped 0.56°F below the plateau and
the valve was fully closed and remained so until the end of the test.
Inspection of the relative values and trends of core and skin tempera-
tures suggests & possible undershoot of baseline core temperature of
about 0.30F before skin temperature would have reached its baseline.
The maximum core temperature rise above baseline was 1.6°F and the
minimum recorded skin temperature gave a baseline delta for the skin

of 10.9°9F.
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Preliminary Test No. 6

(1)

(2)

(3)

(4)

Graphical results are shown by Figure 18 which shows data from both
the April 23 and May 7 tests. A lower setpoint mesn body tempera-
ture was used on May 7 compared to April 23 and the gains of both
the rate circuit and proportional signal circuit were increased
for the May 7 test compared to settings for April 23.

There is an increase in ear temperature as the ear plug approaches
body temperature before work commencement. During the same period
skin temperature rises due to the insulated garment and activity.
When water was started circulating through the ICG a steep drop

in skin ’emperature was recorded although the water was only at
room temperature. Very little cooling of ICG water occurred before
tifteen minutes of test time had elapsed. From that point until
work commenced a slight amount of ICG water cooling took place,

and skin temperature showed & drop of 3°F from the peak value.
Until about ten minutes after work started both skin and ear tempera-
tire were fairly steady and the valve was moduiating open slightly.
There began a rise in ear temperature and the valve snapped full
open. ©Skin temperature began an immediate drop and continued to

do so unt.1 just before work stoppage. At that point ear temperature
began to level cut again and skin temperature started to rise even
though the valve was still full ~pen. Note that the same thing
occurred April 23. It was thought following the April 23 test

that perhaps a skin sensor had come loose and had not made good

skin contact.
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At the completion of work, ear temperature increased and skin
temperature continued to drop although not as low as on April 23.

The minimum temperature was reached twenty-five minutes earlier with
a beginning of return to normal skin temperature occurring much sooner
than previously. Extrapolation of data indicated a possibility of 25%

faster recovery compared to the previous test.
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Preliminapy Test No. 7

(1) Results are graphically illustrated by Figure 19. Th: first set
of data, label=d "Semi-Clothed" was taken while the test subject
was sitting in the treadmill room, shirt off, and with slacks and
shoes on. The equilibrium ear and biceps temperatures were
approximately 96°F and 90°F respectively.

(2) After the ICG and insulated garment werc donned there was slightly
more than 0.19PF increase ir ear temperature and about a 1.5°F
increase in skin temperature, which continued to increase sharply
until room temperature water was started circulating in the ICG.

A slight rise in skin temperature occurred as the test subject
stood upr and moved to his position on the treadmill. At that
point air was supplied to the diverter valve which oromptly opened
full sllowing 1CG water to flow through the heat exchanger which
hud been chilled before the test began. No chilled water was
circuiating through the other siace of the heat exchanger st this
time but the residual water on the cold side was sufficient to
drop both skin and core temgerature. When the test subject
reported that he could begin to feel the "heat build up" chilled
water was started circulating through the celd side of the heat
exchanger. Note that both core and skin temperature are belcw
their initial values at this point (25 mimutes).

The apparently anomalous rise in skin temperature is uoted during
the work period occurring at the same time as during some previous

tests.
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Preliminary Test No. 8

A long=sleeved ILCG and higher capacity ICG water rump were used
for this test and the voltage at TP1O was nulled just prior to starting
the treadmill. Results are shom graphically by Figure 20 which

includes test subject comments as a function u»f time.

At point (a) shown cn the abscissa the test subject reports that he
is beginning to feel "heat building up," having felt comfortable to this
point. Four minutes later the work period ended and the test subject
reported a fast dissipation of "excessive heat." Nine minutes after
the cessation of work he had progressed from a comfortable condition to
a "threshold of chill," point (b). Following a period during which all
temperatures continued to drop, a new work cycle was commenced and
shortly thereafter, at point (c), the test subject reported feeling
comfortable again. There was an internal heat buildup until the subject
felt ocn the threshold of being uncomfortal:ly warm, but he did not report
actually becoming uncomfortable at z:y point during this test sequence.
After cessation of work he felt pr~gr:ssively comfortabie, on the
threshold of chill, and chilly. A tabular presentation and columnar
comparison of pertinent data helps to create an image of the problem a

controller has to cope with.
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TABLE 9

COMPARISON OF OBJECTIVE COMMENTS WITH
SELECTED PHYSIOLOGICAL PARAMETERS

Subjective Threshold

Physiolc zical rarameters Heat Chill Comfort Chill
Te,OF  (Ear) 95.5 9.3 96.0k4 G5.48
Ts,°F (Skin) 91.3 90.1 87.89 88.8k
Tp>°F  (Mean Body) %.3 9.6 93.68 9%.26
e, OF /min. 0.11 0.02 -0.02 -0.03
Ts ,°F/min. -0.04 -0.11 -0.08 0
Tm, OF /min. 0.06 ~0.02 -0.0k -0.02
Figure 20 Location (a) (v) (e) (£)

Several factors which do not appear in Table 9 undoubtedly influence
the subjective feelings of comfort. For example, at approximately
point (a), some light perspiration may have occurred. Moisture cools
off quickly after a work cycle and contributes to a "clammy" feeling
which promotes a feeling of discomfort, even though the subject may
feel corfortable at lower skin and core temperatures if he is kept
dry.

In surmary, the results were quite satisfactory. Points of
interest include tne following:

a. The test subject was never uncomfortably warm or cool to the

point of shivering.
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b. Although the test subject commented that his skin felt cool,
he perspired lightly late in bch work cycles.

c. The test subject said he thought that the LCG might not be
making good contact as he walked. The sensation of cooling
was only apparent at some body locations when he pres::d it
against his skin,

d. A study to identify controller settings, which would cause
termination of cooling sooner following cessation of work,

was initiated.
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Preliminary Test No. O

The object of Preliminary Test No. 9 was to: (a) increase the
relative weighting of mean body temperature rate of change signal by
decreasing the gain of the mean body temperature signal; (b) compare
the responses during identical work periods using a greater weighting
on skin signal during the second period; and, (c) r~duce treadmill
speed to 1.0 mph following the second work period to study the effect

of light exercise on test subject recovery and comfort.
The results are illustrated by Figure 21.

(1) In general, the system provided the most comfortable environment
for the test subject to date, both during and after work periods.
Maximum core temperature excursion (1.6°F) above set point for
the work cycle and minimum skin temperature depression below set
point following work (1.4OF) was considered satisfactory at that
stage of the investigation.

(2) At the beginning of the test, the test subject was slightly
subcooled. The laboratory ambient was comfortably cool in normal
street clothes, but became too cool tc him when he disrobed. This
condition was aggravated by his donning of the ICG which contained
wates. in its tubes at lab ambient temperature. The net effect
is seen as & depressed average skin temperature at the beginning
of the test (89.5°F). Pretest core temperature was about average
for thi test subject (95.6°F). Thae system was nulled at these

two temperatures Hefore work was started.
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(3) In less cthan four minutes following onset of work, the test
subject begsn feeling comfortably cool (Figure 21), ear temper-
ature was stable and skin temperature had been stable. At this
point, skin teumperature began increasing. and within five minutes,
the test subject began to feel some internal heat build-up,
although his skin felt cool %0 the extent that he could feel
little shivers in the area of the small of his back. Mean body
temperature began increasing due to the influence of skin temper-
ature. There was an increase in valve activity almost propor-
tional to the increase in mean body temperature during this
period. At approximately 57 minutes into the test, at the end
of the first work cycle, mean body temperature is seen to drop
off, as does valve command, but not sufficiently to prevent a
sharp skin temperature drop.

(1) After the second work period, the treadmill was slowed to 1 mph
to simulate more closely probable lunar surface EV activities,

a heavy work load, followed by a light work load rather than e
motionless sitting condition. The test subject felt quick
dissipation of excess heat and remained comfortably cool for

the remainder of the test.
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Preliminary Test No. 10

A controller design modification was accomplished prior to this

test giving the system more sensitivity to rate of mean body temperature

change. The results are shown by Figure 22.

(1)

(2)

(3)

This was the most successful test to date from the standpoint of
test subject comfort during rest and mﬁderate working conditions.
The test subject reported being very comfortable during the entire
test with one exception. After ten minutes of exercise at the
high work rate, at which point the controller was providing
maximum flow through the heat exchanger, he began to feel as if
he were about to sweat. Reference to Figure 22 would seem to
verify that at that point, 94 minutes into the test, the capacity
of the system was reached. Prior to that valve modulation had
kept mean body temperature within 0.8°F of the control set point
value, but at that point a full flow command was realized and
sustained. The treadmill was stopped at the nlanred time without
significant sweating having occurred. The ICG liner was very
lightly moisture-laden at the end of the test.

Immediately following cessation of work at the high rate the
subject reported feeling comfortable and he continued to feel
comfortable until the test was terminated. Skin temperature
began approaching the set point.

At the point that maximum valve opening was ordered and sustained

(94 minutes) the test su.jzct reported that the treadmill room

seemed guite "stuffy".
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Preliminary Test No, 11

The object of Preliminary Test No. 11 was to {a) identify the
test subject's metabolic rates associated with specified treadmill
speeds and inclinations to be used for the quarter replicate test
series, (b) verify feasibility of using a 9=-sensor temperature sensor
harness for establishing average skin temperature independentiy from
control system sensors, and, (c) verify the test protoccl expected

to be used during the final testing.

Results are illustrated by Figure 23. The test subject's maximum
work rate was 3464 Btu/hr. The test subject was comfortable during the
five minute rest periods and for about one~half of each five minute
work cycle. He reported that he would liked to have had cclder water

during the latter part of each five minute work cycle.
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Quarter Reglicate and Final Manned Tests

The five factors or experimentsl conditions which were investigeted
in a final test series and their descriptions are illustrated by
Table 10. Two values of each factor were investigated, each value
being arbitrarily assigned an identification of (+) or (=), yielding
a 25 experiment, viz., there are 25 combinations of factors at two
levels of value. The values of the factors shown in Table 10 were
chosen based upon preliminary manned tests conducted in the Manned
Spacecraft Center Environmental Physiology Laboratory as part of this
research and were within ranges expected to provide satisfactory man-
machine system performance. One objective of this research was to
identify a cambination of factor value levels suitable for further
investigation plus any significant differences between overall system
performances using different test subjects. Chapter VI, Methods,

describes the experimental design approach,

Eight one-hour manned tests were conducted with the experimental
conditions shown by Table 11, followed by three additional one-hour
tests indicated as tests number 9, 10, and 11. Tests 1 through 8
were scored as shown by column 7. Performance graphs are shown by

Figures 24 through 3% and illustrate the work profile followed.



TABLE 10

EXPERIMENT FACTORS AND LEVELS

Description

Test subJect

Skin sensor mode
Ear/Skin temperature
Weighting

Proportional Signal
Gain

Rate Signal Gain

(+)

E. Scott

1l Sensor each on arm,
chest, thigh, back.
See Figure 6.

0.84 (Ear Temperature)
+0.16 (Skin Temperature)

Medlum Gain. Potentio-
meter Setting = 5.0

Moderately high gain.
Potentiometer setting
= 8.0

C. Pate

1 Sensor on thigh

0.7 (Ear Temperature)

€TT

+0.3 (Skin Temperature)

Low Gair. Potentioumeter
Setting = 10.0

Moderately low gain.
Potentiometer setting
= 5.0
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Eoch score shown by Table 11 is the standard deviation in degrees
Fahrenheit of mean body temperatures about the arithmetical mean for
the test run. The lower the standard deviation, the higher the "score".
Total ear temperature rise between the beginning of each test and the
end of the first five minute rest period and between the end of the
first and second rest periods is included in Table 12 for comparison
with tle scores. Discussion of results appears in Chapter VIII.

Sample calculations are shown in Appendix 4. Statistical effects are

tabulated by Table 13 for the main factors and the two factor interactions.

TABLE 13

EFFECTS OF MAIN FACTORS AND TWO-FACTOR INTERACTIONS

Effects Factors, Interactions,
and Aliases

-0.420 A, -DE
0.175 B
0.475 c
0.270 D, -AE
0.400 E, -AD
0.400 BC

-0.270 BD
0.545 BE
1.055 CE

-0.045 AB

-0.195 AC

0.565 CD
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The relative standings or contribution of the main effects A, B, C, D,
and E are of limited interest and will not be considered further. What
is of interest are the interactions having the greatest effect on system
response. Of those interactions not involving the crewmen directly, BC
and BD are the two with the greatest effects, i.e., the smallest absolute
values, and are used to complete the design matrix. Two-way tables of
interaction for BC and BD yield the combination of levels for B, C and D

which should provide the best system performance.

TABLE 1k

INTERACTION BC FOR MEAN BODY TEMPERATURE
CRITERIA OF ANALYSIS

Factor C
Factor B Ear/Skin Temperature Weighting

Skin Sensor Mode
0.7(Ear Temperature)]O.84(Ear Temperature)
#0.3(Skin TemperaturdtO.16(Skin Temperature)

(=) _(+)

One =ensor over femoral vein

(=) 0.48 0.55

One sensor each on back, armj
chest, thigh
(+) 0.25 1.13
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TABLE 15

INTERACTION BD FOR MEAN BODY TEMPERATURE

CRITERIA @QF ANATYSIS

Factor D
Proportional Signal Gain
Factor B
Skin Sensor Mode 10.0 5.0
(-) (+)
One sensor over femoral
vein 0.52 0.51
(-)
One sensor each on back,
arm, chest, thigh 0.45 1.41
(+)
1 1
TABLE 16
INTERACTION SUMMARY FOR BC AND BD
B C D
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Table 11 shows two tests with the combination of Table 16, i.e., tests 3
and 8. One had a high value of rate signal gain and ore a low value.
Test 8 was reconducted using both test subjects since it represented
the beotter overall performance and the results of these two tests are

given by the score column for tests 9 and 10.

An individually high score was also achieved in test 6 and that

test was rerun as test 1l using a new test subject.

Comparisons of metabolic rates measured during the last eleven

tests are given by Table 17.
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TABLE 17

COMPARISON OF METABOLIC RATES OF TEST SUBJECTS

Metabolic Rate, Btu/Hr

Test Subject
9% Grade, 3.5 mph 9% Grade, 2.0 mph
C. Pate 3002 1607
3645 2131
314k 1987
2956 967
2898 949
E. Scott 2298 1163
2226 1193
2362 1681
2896 oh7
2054 1768
K. Dupree 2878 1100
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CHAPTER VIII

DISCUSSION

Performasnce Verification Test

The controller was found to have negligible drift during
stability tests. 1In actual space operations a controller would be in
continuous use for less than eight hours, and the amplifier voltage drift
for that peribd of time would not be noticeable. Due to the feedback
design, amplifier drift is automatically corrected for and special crew

compensation is not required for any drift which does occur.

An error of l.2h% compared to predicted values was detected at the
controller output, TP 17. during the Dynamic System Test. The error
accumulated through the controller following the introduction of & simu-
lated temperature function at TP 1, TP2 and TP 3, TP 4. 'The errors tend
to cancel as they pass through the system and even the 8.62% error at TP 20,
whose signal 1s summed with that of TP 13 to yield the output, TP 17, does

not greatly affect the output.

Causes of the error at TP 20 are thought to be the Manual Input,
which introduces a volfage into Ul if it is not cslibrated, or if it drifts,
ard sccumulative error caused by using 1.0% accuracy recistors. The drift
stability test showed that the Manual Input could inject a drift error of
0.026 v/hr at the output (TP 17). Use of more accurate 0.1% resistors
would improve performance a.though there have been no indications that
propagated error is a problem. In general, the performance observed

during the Performance Verification Test is considered quite satisfactory.
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Preliminagfoanned Tests

Preliminary Test No. 1

The controller settings used for this test were based upon results
of previous experiments. The test was completed in a satisfactory
manner with all electronic equipment functioning properly. All mechanical
comporients functioned properly with one exception. The heat exchanger
circulating pump drive motor muffler (air driven) vibrated off during
the test. The motor was adjacent to the treadmill and noisy. The
immediate drop in skin temperature is believed to be related to the test
subject's change in emotional state and a direct result of vasoconstric-
tion. The period of time was so short that an increase in core temperature
was not detected although the test subject felt he had "over heated" during
the 4O seconds the pump was turned off. Based upon subjective comments
and analysis of the data it was decided to increase controller sensitivity
to change in mean body temperature slightly and decrease sensitivity to
rate of change during the next test. An excessive amount of oscillation

in controller output was observed and not understood during this test.

Preliminary Test No. 2

Test results for C. Dry looked very much like those for A. Behrend.
The run was conducted completely "hands off" relative to controller
settings and the test subject felt comfortable the entire time even
though a defective amplifier caused a temporary interruption of cooling

water and a rise in skin temperature during the 3.5 mph exercise. Analysis
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of raw data suggested very little effect of the small changes in
controller settings and it began to appear that perhaps one set of
parameters could serve different test subjects. Behrend and Dry

were the same size and build and were both in excellent ccndition.

This fact, coupled with the relatively modest levels of work which were
involved, led to the conclusion that the system had not really been
tested regarding commonality of requirements. Oscillation of controller

output was observed.

Preliminary Test No. 3

A more rigorous work routine was established for this test compared
to previous ones and a relatively unconditioned test subject was used to
exercise the system. The controller output did not oscillate as it had
during previous tests but the test subject felt a requirement for more
cooling than he received. Moderate sweating took place. Mechanical
and electrical anomalies affected system operation and the provisicn
of adequate cooling during this test, but the problem of chilling a
test subject during rest after rigorous exercise was recogmized as a

potential probler.

Preliminary Test No. L

The work routine and controller settings used for an untrained

subject were repeated for this test using a trained subject.
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System response was generally better although the subject felt
warm at the end of the second work period and became chilled after work.
The test subject had not worn an earmold with thermistor before and the
variation in ear temperature shown by the test data is thought to be due
in part to his movement and adjustment of the device during the test.

It is interesting that skin temperature rose significantly during bcth
exercise periods during intervals of time when ear temperature was
droppirg or was fairly steady. The test subject seemed to be very

efficient in removing body heat by opening the peripheral vascular bed.

Preliminary Test No. 5

In general, the pretest procedures were the most effective used to
date. The results are graphically illustiated by Figure 17. Shortly
after the comm cap was donned, the recorded ear temperature began to
climb exponentially as the ear mold temperature stabilized. Skin
temperature was stable at first, and then dropped after room temperature

water began ciiculating through the ICG.

According to test goals, the Preset was adjusted to give zero
controller error signal when core temperature was 94 .5% and average

skin temperature -vas 91.5°F.

An crror was made in calculating the required Preset value, however,
aud the system was nulled when the core temperature was 95.54°%F (35.3°C)
and skin temperature wes 91.71°F (33.17°C). This should have required

(-0.62) (18) = -11.16 volts for core and (0.1) (2) = 0.2 volts for skin.
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Summing gives -10.96 volts required at TP 10. From the Preset voltage
curve this requires a setting of 7.15. The actual setting applied to
the controller was 7.24, a 1.3% error from the setting calculated. It
appears that the change in Preset was made early enough so that the
results were nct affected, and nulling the system at 95.5h°F and 91.719?
yielded good results (Figure 17). Nulling at lower values would be
expected tc shift the total response downward if the capacity of the

ICG and cooling system were not overtaxed.

The 1.6°F core temperature rise above baseline and 10.9%F drop
in skin temperature are comparable in magnitude to the values of other
investigators for comparable work levels but they are out of phase with
the peaks reported by Webb. Webb drives skin temperature down much
earlier and experiences a peak rectal temperature at about the time of
work stoppage. For example (Webh et al, 1970), with the test subject
working for 1 hour at 2400 Btu/hr., the peak-to-peak delta for rectal
temperature was about 2.5°F with the maximm occurring at the point of
work stoppage. Minimum skin temperature was achieved at the same time,
with a peak-to-peak difference of 8.10F. Interestingly enough, after
about twenty minmutes of exercise, Webb's subject experienced a 1.8%F
peak-to-peak difference in core temperature versus the 1.6°F peak-to-peak

difference during this test.

Two anomaly-like trends are noted in the skin temperature curve
of Figure 17. At 37.5 minutes into the test, corresponding to the end

of the work cycle, skin temperature seems to level out for some
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unexplained reason, and then drops. In drawing the curve that data
poirt was neglected. Again, at about 62.5 minutes, the same thing hap-
pens but this time it extends over a fifteen minute period time frame.

A dotted curve has been added to show the expected trend. It is possible
that 2 skin thermistor came loose and due to test subject movement was
intermittently in close skin contact. Note that the anomalies occurred
during a periocd when the valve was open full and were not associated

with similar variations of LCG water temperature.

Preliminary Test No. 6

During the previous test, average skin temperature was lowered to
a minimm value of 80.78°F and ear temperature rose 0.4°F before the
valve was full open. For this test it was desired to limit the minimum
average skin temperature to about 84°F and to have the valve full open
at the rate of ear temperature increase which occurred following onset
of work during Preliminary Test No. 5. New ceore and skin temperature
weighting factors for this test gave a mean body tempersture, T ; =

m

0.81 T, + 0.19 T,.

The test subject was comfortable although he perspired lightly
at the end of the work period and was slightly cool later. The valve
did close intermittently allowing skin temperature to rise as the ear
temperature peaked and started down. All of the availsble rate sensi-
tivity was used, however, and it began to appear that a design change

might be required to increase the gain in the rate circuit.
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Further study of skin sensor attachment techniques was initiated
and the importance of avoiding cverheating or cooling of test subjects

before a test began to be clear.

The air-driven circulating pump did not have the capacity of the
PLSS pump and steps were initiated to cbtain and install an electric

drive.

The short-sleeved ICG was identified as a potential cause of
low skin temperatures also. The arms are efficient heat transfer
surfaces and cooling them would reduce the necessity for such low body
temperatures. Steps were therefore taken to obtain use of a long-

sleeved ICG.

Preliminary Test No. 7

An illustration of the time required to stabilize earmold tempera-
ture is presented by the results of this test. Thirty minutes are

required with the test subject wearing a communications cap.

The significant differences between pretest skin temperatures with
the test subject in street clothes versus in the ICG and insulated gar-
ment, could be due to the difference between the temperature of the
biceps where the initial readings were made, and the average temperature
of the four locations measured during the work period, or it could be due

to the test subject's activity in the insulated garment.
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For this test a preset voltage was used so that an ear and skin
temperature of 9h.SOF and 91.5°F respectively would be nulled to zero.
The subject had done some running before this test, and, partly because
of that and possibly due to other factors, his initial, non-working ear
temperature was about 96.4°F versus a 94.5°F ear temperature before the
previous test. Consequently, the controller, from the very beginning,
sensed an elevated body temperature and atfempted to lower it by
commanding full cooling as soon as it was activated. Some residual
chilled water existed in the heat exchanger from pretest checkout, but
chilled water circulation was not started through the heat exchanger
until the test subject began to feel a need for additional cooling.

At that point circulation was started and the test subject was supplied
with full cooling until the test was stopped. For the next test it was
proposed that core and skin temperature be nulled while room temperature

water was circulating through the ICG.

It began to appear that the rises in skin temperature at the end
of the heavy work periods in this and previous tests were associated
with the rather steep rise in ear temperature at the same point and light

secretions of sweat.

Preliminary Test No. 8

A long-sleeved ICG and higher capacity water pump were used in
this test. During the first rest period skin temperature continued to

drop prompting a reduction in proportional circuit gain. The net effect
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of the change at 74% minutes was to reduce system sensitivity to the
deviation of mean body temperature from its baseline and to leave
unchanged sensitivity to rate of mean body temperature change. (At the
initial settings the relative weighting of core and skin temperature,

or mean body temperature, was (0.71 T, + 0.29 T). This change appeared
to cause the valve to begin modulating and rkin temperature to level out
momentarily as shown by Figure 20 at 7&% minutes. The drop in skin
temperature at the onset of the second work pericd is of interest since
there is no increase in valve command. Similar trends can be seen in
other test results as well. The drop may be due to reduction of peri-
pheral blood flow following onset of work as muscle requirements

increase.

The test subject commented that the "ICG felt cooler when he

'

pressed it from the outside." Poor contact between the test subject's

skin and garment was observed.

Both the results =nd test subjects comments indicate that the long-
sleeved ICG and higher cooling water flow rate resulted in a more effective
system for removing body heat. During previous tests the subject had
reported being uncomfortably warm, and the LCG liner and his skin were
damp from perspiration following tests at this work rate. During this
test the subject reported being "on the borderline of being uncomfortably
warm”" during the second work period only. It is of interest that the

I1CG used had more tubing than the present Apollo garment and does not
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have a liner, i.e., the tubes can be directly in contact with skin. The
tubing appeared to be coated internally with a deposit of some sort

which may have affected heat transfer to some degree.

The procedure of nulling the crewman's ear and skin temperature
signals after exposing him to circulating room temperature water (th.ough
the LCG) just before beginning the work cycle was satisfsctory. Core
and skin temperature at that point were 94.5°F and 91.60F, very close
to the 94.5°F and 91.5°F combination which Lad been used as a pretest,

preset null in previous tests.

During previous tests in which only one work period was used,
the continued rise of ear temperature after the test subject sat down,
and the continued elevation of ear temperature above pretest levels for
some time after work stoppage, caused full cooling to take place for
quite some time after the test subject stopped work and seated himself.
Usually within five to ten minutes after work stoppage the test subjects
felt that they would like to reduce cooling even though ear temperature
was still at a peak and not showing any downward trend. This suggests
a skin temperature-work rate relationship for comfort, independent of

core temperature.

Inspection of Figure 20 and Table 6 reveals some further interest-
ing points. It is obvious, at least regarding this test subject, that
there are factors other than skin tempersture, which affect comfort.

Some light perspiration may have occurred, for example, and the resulting
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"clammy" feeling may have promoted a feeling of slight discomfort more

than just temperature depression.

Preliminary Test Ne. 9

At the beginning of the second work cycle, 9% minutes into the
test, there was a reduction in ear temperature wit onset of work.
The test subject was subcooled at the beginning of work. and i+ appears
that with the start of work, blood may have begun flowing through cer-
tain cold regions. Blood flow to the ear canal obviously began arriving
in a cooler state than before work onset, and there was a five minute
time lag before skin temperature began to see the effects of increased
surface flow. The test of May 27 (Preliminary Test No. &) reveals
a similar drop in ear temperature with onset of the second work period,
but to a much lesser degree (O.lOF Vs O.6OF). Skin temperature was
88.3°F prior to work onset during the earlier test vs 88.2°F during this

test. Ear temperature was 97°F vs 96.1°F during the previous test.

Duiring the second work period valve command increases with mean
body temperature in a generally proportional manner. Analysis of results
indicated a requirement for faster valve opening with onset of internal
heating. A decision was made to modify the controller to increase valve

command sensitivity to rate of change of mean body temperature.

Preliminary Test No. 10

Total system performance was acceptable with valve action

generally following change in mean body temperature and the test
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subject remained comfortable. Rirse in skin tempera‘ure during exercise
was oObserved, and a decision was made to investigate the possibility of

providing lower temperature water to the LCG inlet manifold.

Preliminary Test No. 11

Temperature responses are illustrated graphically by Figure 23. The
controller performed very well and, despite the fact that Pate and
Hansen are very different with respect to their levels of conditioning
and physiological thermal control responses, the system performed in
an exceptional manner with the same control settings for Pate that had

proven successful for Hansen.

This was the first complete manned run using the LNé cooled heat
exchanger with insulated lines, and a need for improving operational
procedures became evident. During unmanned system checkout the LCG
water loop was blocked by an ice plug at a location in close proximity
to an LN2 line. The water line was cleared before the manned run and
start up procedures were changed so that water passed through the ICG
loop during cool-down, and the water tath cool-down rate was slowed by
throttling the LNE' A net result of these procedures was a higher LCG
inlet water temperature at the beginning of the manned run than was
desired. 1In the present test rig design, inlet water temperature is a
function of LCG rutlet water temperature, the thermal capacity of the

system, metabolic rate, valve position, or how much flow is by-passed,

and other factors. The minimum ICG inlet water temperature observed on
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this manned run was SS.LOF measured at the LCG inlet manifold.

The test subject was not in good physical condition for this test
as evidenced by rather profuse perspiration, his comments and tne rather
high maximum ear temperature. He lost 1 kg of weight during the 80
minutes of test time. Six tenths of a kilogram would have been con-
sidered marginally high. His maximum work rate w-s measured at 346k
Btu/hr for 11.2% grade and 3.5 mph. (During & previous calibration rua,
he was stressed at a level of 4229 Btu/hr under similar conditions.)
Hansen's metabolic rate was 1600 Btu/hr during one run under identical
conditions. The 1.7°F spread on mean body temperature, though not

excessive, was considered high.

The test subject was comfortable during the five minute rest periods
and for about one half of each five minute work cycle. He reported that
he would like tc have had colder water during the latter part of each

five minute work cycle.

The steep drop in skin temperature during the last five minute work
period is of interest. There is nothing to indicate a failure of skin
temperature sensing elements or other components, and the ILCG irlet
water temperature was higher or the average than during previous work
periods. A slight drop in ear temperature is also noted. It anppears
that the test subject may have suffered a momentary circulatinn problem
on commencement of this work period. (He commented during tae previous
one that due to fatigue he did not know whether he could continue, but

he recovered adequately during the rest period which followed.) If
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there were some circulation difficulties, it would seem logical that
peripheral vasoconstriction may have taken place to maintain the blood
supply to the brain. Without an adequate flow of blood to the skin,

skin temperature would have dropped rather quickly in the presence of
the cold 1CG water. A slightly decreased supply of tlocd to the head
wovld account for the drop in ear temperature as well, or since ear
canal temperature is influenced greatly by skin temperature, a general
vasoconstriction may have accounted for the recorded drop in ear temper-
ature. If there were no circulation difficulties, then the physiological
mechanism which prompted the apparent vasoconstriction is not understood.
ECG's were not used on this run due to the low metabolic levels observed

previously with Hansen, but they were used on al. test subjects thereafter.

The 9-sensor skin temperature harness was operational only during the
last half of the test, but its trends are comparable to those of the
average skin temperature used as part of the controller input signal.

The displacement of the two curves is at least partly due to the fact
that 30% of the total number cof sensors in the harness are situated on

non-cooled skin areas, i.e., hand, foot and forehead.
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Quarter Replicate Tests

The criteria for evaluating system performance evolved from test
data analysis and comments from test subjects. Tests which yielded
the least test subject fatigue and perspiration and most favorable
comments were those with the lattest mean body temperature resvonse.
These and other considerations led to the decision to cvaluate total
system response for each quarter replicate and final test according to
the variance of mean body temperature. Since comparisons usually are
more easily made when the measure of variation is in the same units of
measurement as the data, the standard deviation, or square root of

variance, is presented by Table 11 in the Results.

Inspection of Table 11 reveals that of the first eight tests,
which correspond to the desired Quarter Replicate Test, Test No. 8 has
the least variation of mean body temperature and therefore the "highest"
sccre, Referring to the section Quarter Replicate and Final Manned Tests
in Chapter VI reveals that Test Nos. 3, 6, and 8 were each the second
of two tests conducted on the same day, and with the same test subject,
i.e., Test Nos. 2 and 3 used C. Pate; Test Hos. 5, 6, 7, and 8 used
G. Scott. Of Pate's four tests, Test No. 3 had the highest score.

Test Nos. 6 and 8 yielded Scott's highest scores. Pate had fully
recovered befors sterting his second test, Test No. 3, but Scctt had

not, as evidenced by the Resu'ts curves, Figures 28-31.



The object in conducting the tests in this manner was twofold.

It was of interest to see how the system would respond to these different
initial conditions. It was also of interest to see the results of the
foellowing sequence of actions:

a. Identify the "best" controller parameters by applying the
selected evaluation criteria to the Quarter Replicate Test
results.

b. Conduct a test with each test subject using the recommended
controller parameters, and compare the two scores with the

previous Quarter Replicate scores.

The difficulty in identifying "best" combinations of parameters
by studying the data above is illustrated by Table 12. Test No. 6
yielded the least increase in ear temperature, i.e., there was a net
reduction compared to the initial ear temperature, but skin tempersiure
rose during the test. Other comparisons of data shown by Figires 24-31
leads to similar difficuvlties in interpretation. These difficulties

were reduced by the following technique (Box, 1960).

The effects of the factors for the first eight tests were found
by applying the signs of each column ot Tahle 11 to the score column
of Table 11. The results of this procedure are shuwa by Table 13. Some
cf the effects of main factors are confused with two factor interactions,

e.g., A and -DE, but the relative effects of the main factors are not
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of interest at this time. What is of interest are the recommended
levels of the main factors, exclusive of the test subjects, viz., the
object is not to identify the "best" test subject, but rather the "best"

controller settings.

The two factor interactions shown by Table 13 are obtained by
multiplying columns »f Table 11 together row-by-row in all combinations
and thcn applying the results to the column of scores as before. Three
factor and higher interactions are not realistic for this test and are

neglected.

Seven factors and interactions use all the degrees of freedom
available, and subtracting the five main effects leaves two interactions
capable of being considered. The interactions which include factor A,
the test subject, are not of interest as mentioned. Of the remaining
interactions which are not confused with main effects, BC and BD have
the greatest effects, i.e., the lowest absolute values, corresponding
to the least variations in mean body temperature. Two-way tables of

interactions BC and BD are shown by Tables 14 and 15.

Table 71 shows that Test Nos. 1 and 5 have (-) values for factors
B and C. The mean value of the scores for Test Nos. 1 and 5 is inserted
in the (-)B, (-)C position of ithe two-way table shown by Table 11.

The other values are obtained in the same manner. The lowest value in
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the two-way table corresponds to the combination of factor levels which
provided the least variation in mean body temperature. A summary of
Tables 14 and 15 is provided by Tablc 16 which shows that the combina-
tions of levels of factors B, C, and ) which should provide the least
variation in mean body temperature for bcth test subjects is (+)B,
(-)C, and (=)D. There were insufficient degrees of freedom to draw

a similar conclusion about factor E. Inspection of Table 11 revealed
that Test Nos. 3 and 8 used the recommended levels for B, C, and D,

and of the two ratings, Test No. 8 ha2 thne higher. Test No. 3 used
(~)E and Test No. 8 used (+)E. It was decided to use the value «f E
which had yielaed the higher previous rating and to conduct Tests 9 and

10 »s1ing both test subjects as shown by Table 1l.

The score obtained by Scott as a result of Test No. 9O yielded a
low variation in mean body temperature, second only to Test No. 8.
Pate's score reculting from Test No.1O was his best one. Both test
subjects commented that the combination provided a comfortable temperature

control.

Scott's second best test run, Test No. 6, was repeated using a
new test subject. The results are shown as Test No. 11 results in
Table 11. The combinatior did not prove nearly so satisfactory for the
new subject, but there were probably other factors at work. The test
subject was not trained for the task and previous test results have

suggested that this influences a test subject's thermal regulation response.
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Table 17 provides data to illustrate another dimension in the
analysis of test results. Metabolic rates measured during each test
showed considerable scatter in some cases. These differences occur as
a result of variations in measurement techniques and equipment and test
subject actions. For examples, if a test subject holds on to the
treadmiil cross-bar while walking, less efiort is required, and a lower
rate is recorded. Due to the variations in metabolic rates observed
for single test subjects, even when all known test factors were held
constant, it was decided to keep the treadmill grade and speeds fixed
and let metabolic rate vary instead of trying to maintain fixed work
rates by varying ‘readmill grade and speed. The controller was
designed to adjust to variations in cooling requirements so it was
not expectecd that these differences, if real, would affect the final

outcome.

In summary, this research found that mean body tempera‘:ire can be
sensed in a feedback control system, compared to a set point signal
representing mean body temperature at relative thermal neutrality, and
used as the actuating signal for control of water temperature entering
the astronaut's liquid cooling garrient. Skin temperature is lowered to
a sufficient degree and with the proper time phasing so that mean body
temperature, as sensed by the controller, is maintained essentially
constant. Subjectively, test subjects prefer to maintain a constant or
slightly iaduced index of stress as represented by mean body temperature

during work.
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Two test subjects with significantly different physiological
responses to work preferred the same controller settings and achieved
their best performances with those settings. Results obtaired on
repeated tests with the same and different test subjects were consistent,
but more testing would be required to develop statistical confidence

in a "universal" set of controller gains.

One feature which wouli oe welcomed by all test subjects inter-
viewed is head cooling, and use of cooling hoods, such as those used
by Webb (1966) and Shvartz (1970). should be investigated as more

effective temperature control systems become necessary.

An interesting fact which came to light during the testing is the
lack of segsitivity of the controller, relative to its proper operation,
to what the test subject wears over the ICG, if anything. Early in the
testing an insulated garment was worn over the ICG and concern was
exercised by controlling the ambient temperature to minimize heat loss
or gain from the environment. It was observed, however, that the
system functioned wcll without the outer garment. The controller
senses core and skin temperatures. If there is heat leakage into the
system from the environment during a test, raising cooling watcer
temperature, mean body temperature tends to rise causing more water to
be shunted through the heat exchanger in compensation. If net heat
transport is in the other direction, e.g., due to increased whole body

convective transfer, mean body temperature tends to drop, other factors



152

being thc same, and less command for cooling results. For demonstration
of conceptual feasibility nothing is gained by using an outer insulating
garment and requiring close control of ambient temperature, and dispensing

of these factors greatly simplifies experimentation.

The experiment design by Box (1960), partially described in
Chapter VI, can be used to minimize the amount of testing required to
achieve specific goals, particularly in experiments where large numbers
of veriables are known to affect systems' responses. Although the full
power of the technique was neither nesded nor involved in this research,
it is clear that savings in resources can be made if an experimental
program is planned well in advance and uses the principles described

by Box.
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APPENDIX I
MEAN BADY TEMPERATURE COEFFICIENTS

Suppose a test subject is required to exercise at a number of woxk
rates. Suppose also that his liquid cooling garment inlet water
temperature is controlled so that he stores only the amount of heat, or
less, shown by Waligora (Figure 1, 1967a) during his activity period.
The questions to be addressed are what is the relationship between core
and average skin temperature during this period and can coefficients C
and D be determined such that mean body temperature, Tyg = C'- T +

core

For the ranges to be examined a scatter diagram and regression line
similar to that i.lustrated below is obtained:

Tc ore
|

-

= Tskin

1) Let, Togpe =¥
(Tcore)p =¥ = Corresponding point on regression line.
Tskin = ¥

Then, the regressiou ine is

\ = +A.

2) yb Bx

3) Error, e=y -y, =y - (A +Bx)
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]

Mean square error, = e

( 2
\y - yp)

= - a+m)])°

Criteria for minimum mean square error:

Q= .2y +20 +28K =0
A

%%=-2E+2A§+aax2=o
Solution of minimization criteria for B and A yields the following:

PomoN (- D@-P -
Ox

A=7-3 -0 G-y =5-9x

X,y = Variables

;,; = Means of variables
1 n

x= 3 Z x(1)
=1
y= 3 3 v

i=1
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From equation (1) and the preceding discussicn,

10) (Tcore)p = B'Tgqp + As and
TMB : C.Tcore + D'Tskin,
1 =C + D.
Then,

11) C'Teore = = D'Tgkin + TMB »

Teore = g»- Tskin *+ _MB ,
C
Yielding.
T

12) B=-2,A=—@o

c Cc
Since,
13) ¢+D=1,

l_,p=-pc,
B

C and D thus derived provide appropriate weighting of core and
skin temperatures for determina®ion of mean body temperature

during subsequent tests.
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APPENDIX 2
ALGORITHM COEFFICIENT IDENTIFICATION

Let®, T, T represent the available variables and counsider the
problem of estimating the variable by means of a linear function of the
other two variables. If the variable used to estimate @ is denoted @',
the linear estimating function may be expressed as:

(1)e'=co+clT+02i
where the C's are to e determined from available data. Geometrically,
the problem is one of finding the equation of the plane which best fits,
in the sense of least squares, a set of n pecints in K+l dimensions,

where in this case K = 2.

The problem is to find the set of C's that will minimize the sum
n
2
2. ©;-6;i).
=1

It is more convenient to work with variables measured from their
sample means, hence, let

(2) =0 -6

3) r=1-T

() F=%-17

(5) €'=@' -8, thus

6)@-8 =0+8 -(5+ 8 =9-¢'

Rewriting eguation (1),

(1) 9" = ay +af +a.2;
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where the a's could be expressed in terms of é, the c's and the T's and
- NP 2 . e
(T)'s. However, minimizing Z(e-e') is equivalent to minimizing
Z(e - §')°(re equation 6). Thus the 2's can be determined to minimize
the latter which, using (7), is written
92

(8) G (ags 8 8) = Z[e -8y = af =~ 8]

For the function to have a minimum, its partial derivatives must vanish,

hence the a's must satisfy the equations

3G _ 900G _ 3G
= = = Q
(9) e 58y 3

Differentiating (8) yields

(x0)
d2[g-ag-a; 1 -ay](-1) =0
2206~ 8 - a1 - 7] (-r) = 0

22[0 - ay - a;f - a.z;] (-r) =0

Multiplying by 1/2, summing term by term and transposing the first terms
yields

(11)
a.
ZG=na,o+al Zﬁa?z;
b.
2’0=%Zr +a, Zf2+a2 Z 4

c.
.2

o= 20D 7 rag QTP a0
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Since Z " =Z (7; - T;) = o,
Z (')1 - Z ('i)i - (.:;'-)i = 0, and,
>6 =2 (@-8) =o,

all terms in (1la) except the first vanish; thus, 5,= 0, leaving (v) and

(¢), which are reduced to

(12) 3 r@=a D P +a, Do i

3) Y r8=a 2 - +a22('.')2

(2a) 3 @-D (0-8) -a 2@-D° +a,Y-Dr- 1)

(13) 2 [T- @) (88 =28 2 (@-T (f-1) +s, [F-5]°
From (7),

(1) G=a (T-T+a, (1-T)=6-9

(15  @=8-8 T -a, () +ay (1) +ay ()

® is the command @desired based upon instantaneous values

of T and T.

Referring to equation (1),

(16) Co=§-al T»aeT,
(17) Cy = & , and,
(18) Cr, = 8.
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Rewriting equations (12a) and (13a) with the obvious substitutions

yields
(19) E=a .F+a, .G
(20) H=a .G+a. T,

from which a; and a_ are readily obtained.

2
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APPENDIX 3

CONTROLLER BREADSOAKD OPERATIONAL DESCRIPTION

The breadboard, or protovype, model of the %iquid Cooling Garment
Controller consists of temperature sensing bridges, amplifiers, a
differentiator, and a Current 4o air transducer. Al_ amplifiers have
null balancing ircuits for stabiiization and a range of gains for

laboratory exp.rimeniation. A schematic is preserted by Figure k.

Thermister Bridge Circuits and Power Supply

Power for the thermister bridge circuit is obtained from negative
and positive 15 v regulated power supplies and is further conditioned

by ZR,, ZR2, Ry and Rg, until 10 vdc is provided to each bridge.

The temperature sensing circuit is composed of two bridges, a
core bridge and a skin bridge. Core bridge output is designed to go
positive if the astronaut's body temperature exceeds 98.6°F and negative
if it drops below 98.6°F. Skin bridge output is designed to go positive
if the astronaut's skin temperaturc exceeds 91.2°F and negative if it
drops below 91.2°F, i.e, the core bridge is designed tc balance at 98.6°F

and the skin bridge is designed to balance at 91.2°F.

Bridge voltage cutput per degree C change is Jdesigned to be approxi-
mately the same for each bridge, (0.114 v), assuming that all four of
the skin thermistors sense the 1°C change. Referring to Figure b, TRy

(core sensing) is a single YSI 44011 thermistor and TR, (skin sensing)
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is four of the same t..ermistors wired in series. Outputs from the bridges

are applied to the bridge and summing amplifier circuits.

Bridee and Summing Amplifier Circuits

U5 and U6 are high input impedance, stable, operational amplifiers
used for amplifying the temperature sensing bridge outputs. Feedback
controlling potentiometers R-35 and R-27 have been rrovided so that the
gain of each amplifier can be adjusted between X5 and X15. Multi-~turn
helipots with high resolution dials, 0-1000, were provided for this

purpcse allowing gain selection within + 1% accuracy.

Potentiometers R34 and R4k are used to balance the input impedance
of each oridge amplifier and minimize drift. Resistance values of
each have bteen chosen sc that the circuit is balanced when their dial

readings are the same as their respective gain controls, R27 and R35.

Outputs from the bridge amplifiers are coupled through R20 and
R21 into summing amplifier Uk. UL is a stable operational amplifier
whose output is a function of the inputs through R20, R21, R22, and the
gain setting pot R19. R19 has been selected s» that when there is a pre-

set input through R22, gain may be selected from X6 to X9.33.

rreset Imput througbh R22 is an offset adjustment to permit bridge
outputs to be zeroed for each astronaut, assuming all do not have body
and skin temperaztures of 98.6°F and 91.2°F at ambient conditionms.

Negative and positive inputs are provided for botl higher and lower
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tenmperatures. This is accomplished through a voltage divider consisting
of R25, R26, R45. and ZR2. Clockwise rotation of R26 provides a posi-

tive bias and counter clocxwise rotation provides a negative bias.

Sumring Balance pot R24 minimizes drift and should be adjusted so

that ol = ELS + (R50)(R20,(R21)(R22)
R19 + R50 + R20 + R21 + R22 .

Outputs from the summing amplifier Uk are fed to the circuits of
Ul and U2. U2 is used as a differentiator. Ul has the capability of

Xi - X6 with the present feedback/input resistance ratios.

The output of U2 is applied to a summing driver circuit, U3. U3
sums the rate of temperature signal change from U2, and a manual override
input from Ul plus a temperature proportional signal from Ul. The

manmual input provides an astronaut override capability.

U3 provides the drive current to power transistor @1 and has unity
gain between its input and the emitter of Ql. ZR4 limits the output of

U3 to -lOvp and D1 clamps it to prevent a positive output.

Ql provides the power gain necessary to drive the current to air
transducer Tp1 (10 ma to 50 ma)., Manual input is required to set the
initial conditions of 10 milliamperes. Diode ZR3 protects the transducer
from extreme currents by holding a 9.1 v maximum acrsss the load coil

(170 ohms).



Identification Part Name
Number

R30 Pot. Trim

R38 Pot. Trim
R23 Pot. Trim

RL Pot. Trim
R10 Pot. Trim
R16 Pot. Trim

R35 Pot. 10 Turn
Rlk Pot. 10 Turn
R27 Pot. 10 Turn
R34 Pot. 10 Turn
R39 Resistor 1/8w
RLO Resistor 1/8w
R31 Resistor 1/8w
R32 Resistor 1/8w
R36 Resistor 1/8w
R28 Resistor 1/8w
R33 Resistor 1/8w
R43 Resistor 1/8w
R37 Resistor 1/2w
R29 Resistor 1/ow
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Table 3-1

ELECTRICAL PARTS DATA LIST

Rating-Remarks

100K Bourns 3052P
100K Bourncs 3052P

10K Bourns 3052P

"

500K IRC HD150
500K IRC HD150

500K IRC HD150

500K IRC HD150

499K 1% RNS550 IRC CEA T-O0
499K 1% RN550 IRC CEA T-0
499K 1% RN550 IRC CEA T-O
499K 1% RN550 IRC CEA T-O
249K 1% RNS5D IRC CEA T-O
249K 1% RN55D IRC CEA T-O
255K 1% RN55D IRC CEA-T-O
255K 1T RNS55D IRC CEA-T-O
27 1/4 5% carbon

270 1/4% 5% carbon

Qty



Identification
Numoer

Cl5

C16

R20
R22
R25

RUS

R19
R2L
C17
c11
Cl13
L
cl2
C10
C3

ch

C5

Part Name

Capacitor

Resistor 1/uw
Resistor 1/hw
Resistor 1/bw
Resistor 1/Lw
Zener diode
Switch

Trim Pot. 10T
Trim Pot. 10T
Capacitor
Capacitor
Capacitor
Capacitor
Capacitor
Capacitor
Capacitor
Capacitor

Capacitor
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Table 3-2

ELECTRICAL PARTS DATA LIST

Rating-Remarks

.033 50V 10% Aerovor MC605A 1023K

.033 50V 10% Aerovor MC605A 102RK

3010Q RN60 B/D IRC CEB T-O
3010€) RN60 B/D IRC-CEB T-0
7500 RN60 B/D IRC CEB T-0

7501 RN6O B/D IRC CEB T-0
IN965B TI 15V LOOMW

Toggle C&K Components Inc. 7101
25K IRC-HD150

2.5K IRC HD150

.OImf CRO5-06 Aerovox MC51C103RK
.Olmf CRO5-06 Aerovox MC51C103PK
.Olmf CRO5-06 Aerovox MC51C103RK
.Olmf CRO5-06 Aerovox MC51C103RK
.Olmf CRO5-06 Aerovox MC51C103RK
.0lmf CRO5-06 Aerovox MC51C103RK
.Olmf CRO5-06 Aerovox MC51C103RK
.Olmf CR-5-06 Aerovox MC51C103RK

.0lmf CR-5-06 Aerovox MC51C103RK

Qty
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Table 3-3

ELECTRICAL PARTS DATA LIST

Identification Part Name
Number

Ul Integrated Circuit
U2 Integrated Circuit
U3 Integrated Circuit
1978 Integrated Circuit
Us Integrated Circuit
U6 Integrated Circuit
c-6 Capacitor

c-7 Capacitor

c-8 Capacitor

Cc-9 Capacitor

R-46 Resistor 1/8w
R-49 Resistor 1/8w
R-47 Resistor 1/8w
R-48 Resistor 1/8w
Dial 1 10T Dial

Dial 2 10T Dial

Dial 3 10T Dial

Dial &4 10T Dial

Rating-Reniarks

Fairchild UGETT741393

Fairchild U6ET741393

Fairchild U6ET741393

Fairchild GEET741313

Fairchild USB7725333

Fairchild USB7725333

.Olmf CKO05-06 Aerovox MC51C 103RK
.01lmf CKO5-06 Aerovox MC51C 103RK
.0lmf CK05-06 Aerovox MC51C 103RK
.0lmf CKO5-06 Aerovox MC51C 103RK
10K 1% 1/8w IRC CEA-

10K 1% 1/8w IRC CEA-

90.9K 1% IRC CEA T-O

90.9K 1% IRC CEA T-0

Amphenol 1370

Amphenol 1370

Amphenol 1370

Amphenol 1370



Identification
Number

Dial 5
Dial 6
Dial 7
Dial 8
Dial 9
Dial 10
R26
ICS1
1CS2
ICS3
ICsh
ICS5
1Us6
R7

R6

VR1
Dial 11
R54

R55
€19(Cc20)

Part Name

10T Dial

10T Dial

10T Dial

10T Dial

10T Dial

10T Dial

Pot. 10T

Socket IC

Socket IC

Socket IC

Socket IC

Socket IC

Socket iIC

Pot. 10T

Resistor 1/4w

Zenerdioae

10T Dial
Resistor
Resistor

Capacitor
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Table 3-k

ELECTRICAL PARTS DATA LIST

Rating-Remarks

Amrphenol 1370
Anmphenol 1370
Amphenol 1370
Amphenol 1370
Amphenol 1370
Amphenol 1370
10K IRC HD 150

Dual Inline Augat 314AG1A

TO-5 Type Augat 8058-1G32
5K IRC HD150

402} IRC RN60B/D 1/Uw
INO61B

Amphenol 1370

2700 1/Uw Carbon 5%

2708 1 /4w Carbon 5%

.001mf

Qty



Identification Part Name

Number

R50 Resistor

S2 Switch

R51 Resistor

R2 Resistor

C18 Capacitor

R8 Resistor

R7 Pot. 10T

R9 Resistor 1/8w
R6 Resistor 1/4w
R52 Resistor 1/4w
R11 Resistor 1/8w
RS Resistor 1/8w
R12 Resistor 1/bw
R15 Resistor 1/uw
R3 Resistor 1/8w
RLO Resistor 1/8w
Rl Resistor 1/8w
R41 Pot. 10T

R42 Pot., 10T

Cl Capacitors

c2 Capacitors
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Table 3-5

ELECTRICAL PARTS DATA LIST

Rating-Remarks Qty

3010Q RN6OB/D IRC
Toggle DPDT. 28, 1 amp
10K RN55D IRC CEA-TO
1K RN55D IRC CEA-TO

1.0mf Component Research Co.
03PG105:°N

10K RN55D IRC CEA-TO
10K IRC HD150

13.3K RN55D IRC CEB-TO

7500 RN60B/D IRC CEB-TO

750€) RN60B/D IRC CEB-TO

10K RN55D IRC CEA-TO

10K RN55D IRC CEA-TO

10K 1/hkw Carbon 5%

2.5K RN60B/D IRC-CEB-TO

175K

100K

100K

500K IRC HD-150

500K IRC HD-150

2-1mf

2-5mf

2-20mf 6 ea.
2-1mf

2-5nmf
2-20mf 6 ea,



Identification Part Name
Number
Il Diode
Ql Transistor
ZR3 Diode
R53 Resistor
Tpl-Tpl7
R21A Resistor 1/8w
ZRk4 Diode
c21 Capacitor
R50C Resistor
R4OC = RLO Resistor
R4U1C = R4l Resistor
R51C Resistor
R52C Resistor
R53C Resistor
RS54 Resistor
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Table 3-6

ELECTRICAL PARTS DATA LIST

Rating-Remarks

IN4COL

ANL23L

IN3788

100Q},1 watt Carbon
Test Points

€0L0f) RN55 IRC CEATO
IN758A

.91mf Non-polarized

100K

10K
20042
36Q

200K

Qty



Identification Part Name
Number
TR1 Thermistor
TR2 Thermistor
R1 Resistor 1/8w
R2 Resistor 1/8w
R3 Resistor 1/8w
Rk Resistor 1/8w
R5 Resistor 1/8w
R6 Resistor 1/8w
R7 Resistor 1/2w
R8 Resistor 1/2w
Zl Zener Diode
zZe Zener Diode
Cl Capacitor
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Table 3-7

ELECTRICAL PARTS DATA LIST

Rating-Remarks

¥S1-44011 100k @ 25°C

4 ea YST L4011l in series
ea 100K @ 259C

59K 1% RN55D
59K 1% RN55D
59K 1% RN5S5D
280K 1% RN55D
280K 1% RN55D
280X 1% RN55D
2.15K 1% RN60OB/D
2.26K 1% RN60B/D
IN968B Motorola
IN961B Motorola

.01lmf CKO5-06 Aerovox
MC51C103RK

Qty



Identification
Number

Part Name

Transducer

Photo Diodes
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Teble 3-8
ELECTRICAL PARTS DATA LIST

Rating-Remarks Qty

Model 69TA-2A Current to Air
Transducer-Foxboro Co.
Foxboro, Mass. 1

MRL500 Motorola 2
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APPENDIX 4

SAMPLE CALCUILATIONS

l. Thermistor Bridge Circuit Voltages

Core Circuit:
1) Zero output - 98.15CF (Figure 35)
2) Output - 0.052 v/OF linear

3) Sign at TP2 - (+) for temperaturss above 98.150F (Figure 4)

Skin Circuit:
1) Zero output - 91.22°F (Figure 35)
2) Output - 0.0411 v/OF linear

3) Sign at TP4 - (+) for temperaturss above 91.220F (Figure 4)

2. Core Circuit Gain, G,

G = ( R49 + RLB ) R35 + R36 ) = ,100.9)(1135 + 2&9)
c R49 R39 T V1 499

= &3_5_5%_@ = X5 - X15, range

3. Skin Circuit Gain, Gs

4. Summing Circuit Gain (Core), Csc

R19C + R50 + 15 - R19C + 18.01
R20C 3.01

re
Ysc

X6 - X9.33, range.



VOLTAGE AT TP 5, 6

CORE GAIN DIAL SE

SKIN GAIN DIAL SETTING: 0.0

TT'NG: 000

(SIGNAL GAIN
(SIGNAL GAIN

=X 5.0)
=X5

40)

SKIN (TP6)

CORE (TP5)

36

37

37
1

38
BATH TEMPERATURE, OC.—m

FIGURE 35.

CORE AND SKIN AMPLIFIER OUTPUT VOLTAGES

VERSUS WATER BATH TEMPERATURE

281
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S. Summing Circuit Gain (Skin), Ggg

_R9C + RSO + 15 _ _RILYC + 18,01
RR1C 9020

GSS

= X2 - X; 1, range.

6. Rate Circuit Gain, Gg (Rate Int)

) + cy) (BSIC + B52C + R53C)

Gp = (R +Be2) (T 1 ®oC + B3¢ ¢ 10

Cl1A ClB
- (105 + B2)(15) (522 (1076) ey0 = (651) (10-6) (105 + Re2) &10.

Ggr

= X65.1 - X391, range. &yn = volts/sec.

7. Proportional Circuit Gain, G, (Rate Diff)

Gp = BX_ = £ = X1 - X6, range,.
RIIC + B0C  B:1C + 100

8, Core ana Skin Gzin Settings

Suppose it is desired to have the controller respond to mean body
temperature calculated f>om the relation
g = .2 Te + 0.1 Ts.

What settings of core and skin gain are required?
(ec7 (S - Gge) + (eg) (G . Ggg)

Ge + Gge + Gg « Ggg

Kejo =

vhere,
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voltage measured at e;g proportional to change in mean
body temperature

Ke 10

ec = voltage change at input of core signal amplifier, U6
eg = voltage change at input of skin signal amplifier, U5

Gc * Gsc
Ge o Gge + Gg « Ggg

009

Gg * Ggg

Ge « Gge + Gg « Ggg

Iterating,
G. =15, Gg = 5
Gge = 6, Ggs = 2,
yields

Kejo = (0.9)e, + (0.1)eg.

9. Core and Skin Potentiometer Settings

The gain ranges of both core and skin amplifiers are X5-X15.
For a desired core gain of X7.5, for example,
Core gain potentiameter setting = (Desired gain-Minimum gain)

= T7.50 = 5,00 = 2.50,
10. Standard Deviation, s
h
1 =2
s = HZ (x;-X)
i=1

Mean value of mean body temperature

)
[

= i th value of mean body temperature.

ol
p=te
|
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From Test Number 7, September 15, 1970:
TMp Measured at 5.0 minute increments

93.2
92.9
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APPENDIX 5
TYPICAL SIMULATION RESULTS

A NASA MSC computer program, Transient Metabolic Simulation =
Program J116, was modified and used in this research. The basic
program simulates the heat transfer within a man and the transfer between
an astronaut and his environment. The environmental mode used for this
research was "suited extravehicular activity." The astronaut's work
profile and environmental data are program inputs. The transient=thermal
properties of the man and his environment are calculated and the output
is printed at intervals selected by the program user. The sutput describes
the reactiﬁn of the astronaut to his enyironment?i conditions and the
response of the environment to the astronaut. The analysis implemented

in the program uses a li-node concept to simulate the man.

One of the program input parameters is diverter valve position, i.e.,
high, medium and low flow through the sublimator. For this research the
program was changed so that continuous modulation from the lowest
permissible flow to full flow was simulated. A given work profile was
described and the program was run. Heat storage in the man is one program
output. It was monitored in the program and as it approached a specified
amount, depending upon the astronaut's working level, the valve was
made to open or close. Heat storage was kept within a tolerance band
whose midpoint was a linear function of working rate. The relationships
were proposed by Waligora (1967a) as levels of heat storage compatible

with comfort.
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As the simulation progressed through the prescribed work profile, a
regression analysis described in Appendix 1 was performed to identify
the relationship between core temperature and skin temperature for
comfortable working conditions. The regression line defined a setpoint
mean body temperature and coefficients to be applied to core tempera-
ture and mean skin temperature for determination of mean body temperature

at any point in time.

A second regression analysis was performed to identify the relation-
ships between the diverter valve position reguired to maintain thermal
comfort, change in mean body temperature from a setpoint, and time rate
of change of mean body temperature from the setpoint. Typical values
of the coefficients provided by the program are given in Chapter V.

The values of the mean body temperature and valve command coefficients
changed depending upon the work profiie used as a program input, but
for profiles sim_.lar to those expected for lunar surface activities, there

was little change.

Quantities derived from simulations of lunar surface activity
were then used to verify feasibility of tne proposed controller concept.
The basic transient metabolic program was modified so that mean body
temperature was calculated at prescribed intervals of time during the
simulated extravehicular activities. The diverter valve was required
to respond to changes in mean body temperature according to the control
algorithm given by Chapter V. LCG inlet and outlet water temperatures,

core and skin temperatures, heat storage and valve position were program
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outputs. Criteria for a successful test run included whether heat storage
had stayed within the desired tolerance band for each work rate, and the

core temperature rise.

Simulation runs were essential for the identification of reasonable
algorithm coefficient values and demonstrated controller feasibility from
a theoretical point of view. Typical computer printouts are illustrated

by Figures 36 - LO.
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Preliminary Test No. 1

Test Date: March 2, 1970
Location: MSC Environmental Physiology Laboratory
Test Subject: A. Behren

Test Objectives:

1. Verify test procedures.
2. Provide well-trained test subject temperature data as measure

of controller performance.

Test Procedures:

1. Power supplies, recorders, and contrecller were energized
subsequent to Preliminary Adjustments.

2. Test subject inserted ear probe. The four controller skin
sensors were attached to his upper left chest. ECG electrodes were
attached.

3. Test subject donned short sleeved ICG, insulated garment,
and gym shoes.

L, Test subject was seated in chair on treadmill.

5, Initial System Tests were completed. The following controller
settings were made:

Rate Imt: 5.52

Rate Diff: 9.40

Core: 10.00
Skin: 0.00
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6. Turned on cooling water circulation pumps.
T. Comnected skin and core temperature sensor leads to controller.
Test subject donned wool cap.
8. Preset Input was adjusted to zero voltage at TP 10.
9. Manual Input was adjusted to yield an incipient valve opening
condition.
10. Recorder was started.
11. ICG was connected to fluid system breadboard.
12. Preset Imput was adjusted to zero TP 10 voltage. Manual Input
was adjusted to yield an incipient valve opening condition.
13. Test subject stood up and treadmill was started. Treadmill
speed was 2.0 mph with zero grade.
1k, Treadmill speed was increased to 3.5 mph.
15. Treadmill was stopped. Test subject sat down on chair placed
on treadmill.
16. Test subject was disconnected from cooling water. Controller

was deenergized and test subject disconnected.
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Preliminary Test No. 2

Test Date: March 23, 1970
Location: MSC Environmental Physiology Laboratory
Test Suoject: C. Dry

Test Objectives:

1. Verify test procedures.
2. Prcvide well-trained test subject tenperature data as measure
of controller performance.

3. Study valve response to changes in controller settings.

Test Procedures:

Procedures were the same as Preliminary Test No. 1 through Step
No. 13 with one exception. Controller settings were as follows:
Rate Int: 3.68
Rate Diff: 8.91
Core: 10.00

Skin: 0.00

14, Treadmill speed was increased to 3.5 mph,

15. Treadmill was stopped. Test subject sat down on chair placed
on treadmill.

16. Changing of breadboard controls at intervals was initiated

and valve action was observed.
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17. Test subject was disconnected ifrom cooling water. Controller

was deenergized and test subject disconnected.
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Preliminary Test No. 3

Test Date: April 16, 1970
Location: MSC Environmental Physiology Laboratory
Test Subject: J. Waligora

Test Objectives:

1. Verify test procedures.
2. Provide test subject temperature data from relatively untrained

test subject for study of conbtroller performance.

Test Procedures:

1. Power supplies, recorders, and controller were energized
subsequert to Preliminary Adjustments. Initial Systems Test was conducted.

2. The four controller skin sensors were attached to test subject's
right biceps, upper chest, thigh, and shoulder. ECG electrodes were
attached. Ear probe was inserted.

3. Test subject donned short sleeved LCG, insulated garment and
gim shoes.

4, Test subject was seated in chair on treadmill. Wool cap was
donned.

5. Recorder zeros and sensitivities were checked. The following

controller settings were used:



201

Rate Int: T.57
Rate Diff: 6.80
Core: 10.0

Skin: 0.0

6. Test subject stood and treadmill was started: 3.5 mph, zero
grade.
7. Began experiencing cooling water control problem,
8. Stopped treadmill. Test subject sat dovn on chair placed on
treadmill.
9. Test subject stood and treadmill was started: 3.7 mph,
14° incline.
10. Water circuiating pump was shut off for three minutes to
tighten set screws on motor drive shoft.
11. Treadmill was stopped. Test subject sat down on chair placed
on treadmill,
12, Test subject was disconnected from cooling water. Controller

was deenergized and test subject disconnected.
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Preliminary Test No. 4

Test Date: April 21, 1970
Location: MSC Environmental Physiology Laboratory
Test Subject: J. Hansen

Test Objectives:

1. Verify test procedures.

2. Provide well-trained test subject temperature date for study
of controller performance.

3. Collect oral tempersture datas for comparison to ear temperature

data.

Test Procedures:

1. ©Power supplies, recorders, and coutroller were energized
subsequent to Preliminary Adjustments.

2. The four controller skin sensors were attached to the test
subject's right biceps, upper chest, thigh, and shoulder. ECG electrodes
were attached.

3. Test subject donned short sleeved ICG, insulated garment
trousers, and gym shoes.

4, Test subject was seated in chair on treadmill.

5. Ear probe was inserted.

6. Test subject donned cap.
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7. Test subject donned insulated jacket.

8. Began circulating cooling water.

9. Initial System Tests were completed. Reccrder zeros and
sensitivities were checked, The following controller seltings were
used: !

Rate Int: T.57

Rate Diff:  6.80

Core: 10.C0
Skin: 0.00
Manual: 6.97
Pre-set: 4,065

10. Test subject stood and treadmill was started: 3.5 mph,
0° incline.

11. Stopped treadmill. Test subject was seated on chair placed
on treadmill.

12, Test subject stood and treadmill was started: 3.98 mph,
149 grade.

13. Treadmill was stopped. Test subject sat d~wn on chair placed
on treadmill.

14, Test subject was disconnected from cooling water., Controller

was deenergized and test subjéct disconnected.
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Preliminary Test NYo. ©

Test Date: Aprii 23, 1970
Locatio_: MSC Envircnmental Physiology Laboratory
gest Subject: J. Hansen

Test Objectives:

1. Investigate new controller settings devised to bring test
subjzct skin temperaturc back to pre-test level sooner.

2. Investigate use of astronaut commnication cap instead of
wool knit cap.

3. Determine effects on system response of presetting controller
to have a setpoint mean body temperuture equivalent to an ear temperature
of 94.5°T and average ckin teuperature of 91.5°F.

k., Collect oral temperatures and ear temperatures measured with
2 Barmes Engineering Co. MI'3 Infrared Thermometer for comparison with

ear canal conbtrol temperatures measured by thermistors.

Test Procedures:

1. Power supplies, recorders, and controller were ernergized
subseguent to Preliminary Aljustments.

2. Thz four comtroller skin sersors were attached as shown by
Figure 6. ECG electrodes were atstachei.

3. Test subject donned short sleeveld ICG, insulated garment, and

gym shoes.
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4, Test subject was seated in chair placed on treadmill. He
inserted the ear probe and donned a comm cap. Core and skir sensor
leads were attached to controller.

5. Room temperature water was started circulating through the
1CG.

6. Water was started circulating through the heat exchanger locp.

7. Controller settings were as follows:

Rate Int: 3.68
Rate Diff: 8.91
Core: 10.00
Skin: 0.00
Preset Imput: 5.58
Manual Imput: L.065

8. The tect subject stood up and the treadmill was started:
3.85 mph, 14% grade.

9. Preset Inmput was changed to null voltage at TP 10. Dial
reading was 7.2L.

10. Treadmill was stopped. Test subject sat dcwm on chair placed
on tireadmill.
11. Test subject was disconnected from cooling water. Contrcller

was deenergized and test subject disconnected.
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Preliminary Test No. 6

Test Date: May 7, 1970
Location: MSC Environmental Physiology I.aboratory
Test Subject: J. Hansen

Test Objectives:

1. Obtain temperature data using new proportionsl and rate gains
and core/temperature weighting factors.

2. Study effects of presetting controller to have a null signal
equivalent to an ear temperature of 94.5°F and average skin temperature
of 91.5%.

Test Procedures:

Steps 1 through 5 were identical to those of Preliminary Test No. 5.
6. Room temperature water wa. started circulating through the ICG.
7. Water was started circulating through the heat exchanger loop.
8. Controller settings were as foliows:

Rate Int: 10,0

Rate Diff: 0.0

Core: L.05

Skin: 6.45

Preset Imput: 6.97

Manual Input: &.065



207

9. The test subject stood up and the treadmill was started:
3.75 mph, 14% grade.

10. Treadmill was stopped. Test subject sat down in chair placed
on treadmill.

11. Tesi{ subject was disconnected from cooling water. Controller

was deenergized and test subject disconnected.
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Preliminary Test No. 7

Test Date: May 21, 1970
Location: MSC Environmental Physiology Laboratory

Test Subject: J. Hansen

Test Objeciives:

1. Collect temperature data with core and skin gains set so that mean
body temperature, T, = 0.81 T, + 0.19 T.. Other controller settings were
the same as Preliminary Test No. 6.

2. Collect core and skin temperature data from test subject before

donning cooling and insulating garments.

Test Procedures:

1. Power supplies, recorders, and controllier were energized subsequent
to Preliminary Adjustments.

2. The test subject entered the treadmill room, sat down, inserted
his ear probe, donned a comm cap, took off his shirt and had the four skin
sensors attached to his left biceps with tape. He sat quietly for thirty
minutes while ear and skin temperature data were collected. The test subject
covered the skin sensors with his free hand twice and pressed them firmly
into his skin. Temperature spikes which resulted can be seen in Figure 19.

3. Controller was de-energized and sensor leads disconnected. Test
subject went to dressing room, removed skin sensors, replaced them on right
biceps, upper chest, thigh and shoulder, donned ICG and iusulated garment,

and returned to the treadmill room where he was allowed to sit down.
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4. Room temperature water was started circulating through the LCG.
In compliance with test goals the Preset voltage was set to null a 9&.5°F
ear temperature and a 91.50 skin temperature. The Preset and other

potentiometer settings were as follows:

Core: L.05
Skin: 1.45
Sum: 0.0

Rate Int: 10.0
Rate Diff: 0.0
Manual: 4,065
Preset: 6.97
5. The test subject stood uw» zad the treadmiil was started (3.75
mph, 144 grade). Chilled water circulation through the heat exchanger was
initiated four minutes after the treadmill was started. Comments were
requested from the test subject periodically relative to his comfort and
were recorded.
6. Treadmill was stopped and test subject was allowed to sit down.
7. Test subject was disconnected from cocling water. Controller was

Je-energized and test subject disconnected.
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Preliminary Test No. 8

Test Date: May 27, 1970
Location: MSC Enviromnmental Physiology ILaboratory

Test Subject: J. Hacsen

Test Objectives:

1. Use long=-sleeved ICG and new hir'er capacity ICG water pump
drive and compare system performance arnd test suhject comfort to previous
test results.

2. Null system just prior to starting treadmill and compare system

and test subject response to previous tests.

Test Procedures:

1. Power supplies, recorders, and controller were energized sub-
sequent to Preliminary Adjustments.

2. The test subject inserted his ear probe with the sensor extended
fayrther than it had been during previous tests, the object being to sense a
higher core temperature, possibly less affected by skin temperature. He
removed his shirt, had the four skin sensors attached with tage to his
right biceps, upper chest, thigh and shoulder, and walked to the treadmill
room and sat down. The extended ear probe was causing some pain arnd was
withdrawn to the same position used during previous tests. The subject
sat still for five minutes and then was instructed to don the ICG, insulated
garment and finally the comm cap. Data collected during this period is

jllustrated by the first 10} minutes of test time plotted on Figure 20.



3. At this point in time, 10% minutes intc the test, room tempera-
ture water circulation was started through the ICG. This was continued,
with the subject remaining seated, for about 8% minutes at which time air
was supplied to the control valve. Just prior to activating the valve
the ear and skin temperature signals were nulled out. Temperature at that
time were 94.46°F (ear) and 91.6°F (skin).

L. At 24 minutes into the test the treadmill was started. Grade
was 149 and treadmill speed was 3.7 mph. The controller operated "hands
off" and exercise continued for 21%-minutes. At the end of that period the
treadmill was stopped and the test subject sat down.

5. Initial controller settings were as follows:

Core: 4.05
Skin: 6.45
Sum: 0.0

Rate Int: 10.0
Rate Diff: 0.0
Manual: L. 065
Preset: 6.97
6. At T4l minutes into the test the Rate Diff setting was changed
from 0.0 to 5.0 reducing the proportional signal gain.
7. Exercise was continued for 23 minutes, the treadmill was stopped,
and the test subject was instructed tc sit down until the end of the test,

33 minutes later.
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Preliminary Test No. 9

Test Date: June 2, 1970
Location: MSC Environmental Physiology Laboratory

Test Subject: J. Hansen

Test Objectives:

1. Study the effects of increasing the relative weighting of mean
body temperature rate of change signal by decreasing the gain of the mean
body temperature signal. Compare results to test of May 27.

2. Study effects of increasing skin temperature signali gain follow=-
ing the first work period. After the second moderately heavy work period,
reduce treadmill speed to 1.0 mph and study the effect on test subject

recovery and comfort.

Test Procedures:

1. Power supplies, recorders and controller were energized sube
sequent to the Preliminary Adjustments.

2. The test subject inserted his ear probe, removed his shirt, had
the four skin sensors attached with tape to his right biceps, upper chest,
thigh, and shoulder and sat down in the treadmill room. Data collected
during this period is illustrated by the first 15 minutes of test time
plotted on Figure 21,

3. Fifteen minutes into the test, the test subject removed his

trousers and donned the ICG., A dip in skin temperature due to his disrobing



and conning the ICG containing lab ambient water .. its tubing is revealed
by Figure 21. Room temperature water was circulated through the LCG for
about 14 minutes until core and skin temperature had stabilized fairly
well. At this point, core and skin signals were nulled, the valve con-
troller was activated, the lLest subject rose and took his position on the
treadmill, and the treadmill was started (3.7 mph, 14%). The controller
was oparated "hands off" and exercise continued for 22-3/k minutes. At the
end of that period, the treadmill was stopped and the test subject sat downt

L4, Initial controller settings were as follows:

Core: 4,05
Skin: 6.45
Sum: 0.0

Rate Int: 10.0

Rate Diff: 10,0

Manual: 4. 66

Preset: 6.70
Just prior to the second work period, the controller setting for skin gain
was changed to 10.0 (X 15.0). All other settings were left unchanged.

5. Eighty-eight minutes into the test, the controller setting for
skin gain was raised to 10.0 (X 15.0). This changed the relative weighting
of core and skin temperature, or mr~n body temperature, from 0.70 T, +
0.30 Ty to 0.6k T, + 0,36 Tg. The effect of the change upon controller
input can be seen as a reduction in command for cooling in Figure 21.

(See step reduction in mean body temperature.)
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Preliminary Test No. 10

Test Date: August 6, 1970
Location: MSC Environmental Physiology Laboratory

Test Subject: J. Hansen

Test Objectives:

Verify the changes in controller response due to a design modification.
Controller design was changed to allow greater sensitivity to variations
in mean body temperature. (Capacitors ClA and C1B were added in parallel

to Capacitor Cl, Figure 4.}

Test Procedures:

1. The test subject inserted his ear rrobe, disrobesd and donned a
bathing suit and had four skin temperature sensors attached to his right
thigh, abdomen, biceps and shoulder. He then donned a new A6L LCG and
sat down in the treadmill room. ZEar and skin sensor connections were made
to the controller, the test subject donned a comm cap and at 9,67 minutes
into the test, cooling water circulation was commenced and the voltage at
TP 10 was nulled. Sensitivity to changes in mean body temperature was
set 1-1/2 times higher than was possible with the previous design. The test
subject rose from his sitting position 23.6 minutes into the test and the
treadmill was started (3.7 mph, 0°). Exercise¢ continued for 14-1/2 minutes.
The controller was operated "hands off" at these values for 67.4 minutes

until the test ended.
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2. Initial controller settings were as follows:

Core: 4,05
Skin: 6.46
Sum: 0.0

Rate Int: 4.0

Rate Diff: 10,0

Manual: b1

Preset: 6.75
Prior to the second work period, the controller setting for rate sensiti-
vity (Rate Int) was changed to 5.0. All other settings were left

unchanged.
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Preliminary Test No. 1l

Test Date: Auvgust 20, 1970
Location: MSC Environmental Physioleogy Laboratory

Test Subject: Charles Pate

Test Otjectives:

1, Verify test subject’'s metabolic rates associated with speci-
fied treadmill speeds and inclinstion angles.

2. Verify Teasibility of using O-sensor temperature sensor harness
for establiching average skir temperature independently from control
system sensors.

3. Perform work profile proposed for statistical series to verify

proto~ol and identify potential problem areas.

Test Procedures:

‘'« Test subject inserted ear probe upon arrival at laboratory to
reduce waiting time required for thermal stabili-zstion.

2. Water circulstion was startea through the heat exchanger to
keep water loop from freezing during cool-dowa. Air circulation was
starved in the treadmill room to maintain lab. -atory ambient conditions.

3. Controller skin s2msors (4) were attached tc the test subject
as shown by Figure €.

. Harness .‘u sensors (9) were attached tc the test subject at

the following locations:



n
'-J
=

a. Back
b. Groin
¢, Right upper chest
d. Over right femcral artery
e. Calf
f. Forehead
g. Right biceps
h. Right instep
i. Hand
5. The test subject donned the ICG taking care to leave the
temperature senscrs undisturbed, entered the treadmill room and sat
aown.
€. Ear and skin sensor leads were connected to the controlier
and recorder.
T. The test subject dommed his comm cap and he stood and the
treadmill was started when his ear temperature began to stabilize.

8. All controlier settings were identical to those used during

the previous Jens Hansen test. Settings were as follows:

Core: 4.05
Skin: 6.46
Sum: 0.0
Rate Int: 5.0

Rate Diff: 10,0
Manual: 4.1

Preset: 5.79
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LABORATORY EQUIPMENT LISTING
Liquid Cooling Garment Assembly. Model No. A6I-u400000-1002A.
Serial No. 062,
Sanborn 2350 Series Eight-Channel Recorder. NASA No. 42870C.

ARA SpD-20 Scanner. Applied Research Austin, Austin, Texas. NASA
Nos. 82883, 3288.4.

Power Supply, Constant Voltage/Constant Current, 0=40 v., 0-500 ma,
NASA No. L48399.

Power Supply, Constant Voltage/Constant Current, 0-4O v., 0=-500 ma.
NASA No. 46397.

Tele-Thermometer, Model 46TUC, Serial No. 273, 0-L0°C, Yellow Springs
Instrument Company, Inc., Yellow Springs, Ohio. NASA No. P41u8,

Tele-Thermometer, Model 46TUC, Serial No.1149, 0-40°C, Yellow Springs
Instrument Company, Inc., Yellow Springs, Ohin. NASA No. T76091.

Decade Resistor, 0-120 ohms. General Radio Company, Concord, Mass.
Type 1432-Y. Serial No. 37464. NASA 34704,

Bristol Dynamaster 24-Channel Recorder. Model 24P12H13X591-51-T37hX~
T188X. Serial No. 63A 12,585. NASA No. 36155.

Power Supply, 0-36 v., O-5 amps. Model 808A. Harrison Labcratories,
Inc., Berkeley Heights, N.J. HNASA No. 12017. "(Converter)

BECG Recorder. Model 296. Sanborn Company, Wal*ham, Mass. NASA No. L42871.

Power Supply, 0-36 v., 0=10 amps. Model 6267A, arrison Laboratories,
Berkeley Heights, N.J. BRN No. 648. (Circulating Water Pump)

Digital Voltmeter. Model 4910P. Beckman. NASA No. S-1L4656.

Frequency to DC Converter. Imput: 10-40O0O CPS, 20 MV P/P to 3 Volts
Adjustable. Output: O0=5 VDC. Power 28 VDC, 75 ma max. Model FR-320-3-5.
Serial No. 37290. Foxboro, Van Nuys, California.

Frequency *o DC Converter. Inmput: 10-4000 CPS, 20 MV PP to 3 Volts
Adjustable. Output: 0=5 VDC. Power 23 VDC, 75 ma max. Modc' FR-320-3-5.
Serial No. 27293. Foxboro, Van Nuys, California.

EAT 680 Scientific Computing System Analog Computer. NASA No. 65086.
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Digital Flowmeter. Model ILF6-1. Serial No. 9732. Cox Instrument
Division, Detroit, Michigan.

Digital Flowmeter. Model LF6-1l. Serial No. 9734. Cox Instrument
Division, Detroit, Michigan.

Motor Speed Control. Model VI-100. Nominal HPl, 230 v., 1 phase, 6.0
amps max. Pacific Industrial Controls, Inc., Berkeley, California.

Vacuum Tube Voltmeter. Model LOOH. Hewlett-Packard. NASA No. 32394,

Treadmill. A. R. Young Power Transmission Engineers, Indianapolis, Ind.
NASA No. 25816.



