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An indigenous liquid coolad suit with low
back pressures at optimal flow rates, having
heat extraction qualities meeting our require-
muents and capable of being integrated with the
cutaway anti "G’ suits has been developed. The
cooling benefit offered by LCS in the form of
reduction in rise of heart rate, heat accumula-
tion and modified Craig index is of the order of
767, 82", and 47", respectively. Wearing of
cutaway anti "G’ suit over the LCS reduces ‘G’
protection by 0.1G to 0.2G {mean 0176 G).
which is a considerable improvement over the
earlier LCS where the loss of ‘G’ protection
rangad from 0.4 to 0.7G (Maan 0.53G).

Intreduction

The existence of excaessive heat logds n mozst
of our military aircrafts while operating at low
altitudes during the summaer months is well known,
Ample data is available to indicata that cockpit en-
vironments under such conditions subject the pilots
to physiolegical strain and subjactive discomfort
enough to lower their performance during the
sorties?,” ' % A number of metheds of refrigora-
tion have been trisd to minimise the thermal strass
ard control the physiological strain to a8 level com-
patible with functional efficisncy® "7 All have mat
with varied success, Howsaver, the persanal condi-
tionirg system in the form of microenvironmantal
control by liguid cooling seems to offer the best
available mode for crew conditioning. From the
development of the first prototype liquid cooled suit
(LCS) in 1962, a large number of variants of LCS
and their conditioning packs have becn assessad
for their efficacy in differcnt kinds of heat stress en-
vironments’,',". The garment used for extensive
laboratory trials at |AM is the LCS manufactured by
Beaufort (Air Sea) Equipment Companyl® (Fig 1),
This along with the inflight model refrigerant pack
(Fig 2) and the miniaturs 24 volts DC pump dave-
loped by Sant ot alt” was found to be an offective
heat exchanger even in savers thermal environments,
On evaiuation of the above system for possible ine
flight use it was found that though the refrigaration
gualities were highly satisfactory, the LCS posad
problems of integration with tlying clothing. Trials
on the human centrifuge showed that protection
cffered by the anti "G’ suit reduces by 0.5 g 0.6
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limbs of medium statured individuals was tailored
irom a knitted stretch nylon fabric. 1 unnels mads
of @ thin synthetic cloth were stitched on to the
internal surface of the garment. The routing af thase
tunnals conformed to the desired capillary tube dis-
tribution over the body. Surgical PYC capillary tubes

Fig. 2 Indigenous

‘G when worn aver the LCS 1 Corversely, the cool-
ing efficizncy 1s reduced by almost 20%, when an
‘a7 bladders are worn balow the LGS2 In the light
gt these findings 2 project was tzken up to devalon
& liquid cooled suit wehich could be intcgratad with
aormal fiving clothing of the fightsr aircrew and
make it more practical for regular use by them.

Material and Methods

Devalopment af the {iguid Coolad Surt

(a) The Garment. A design with re-distribution
of capillary lubing was concaived with the intention
of avoiding the body surface ates covered by the
‘G bladders and the deficiencias of the indigenous
prototype LCS Model-1 developed by Bhatia® A
‘garment capable of lorming & snug it on 10750 and

good Ins
antiraly new design
maintained as small as possible to minimise the
pressure of
longitudinal central core of 0.5 cm diameter with
the required number of sideward channels of 0.28
mm diameter (equal 10
were drilled into perspex pieces of 6 ® 2 x 0.6 cms.
Nipples for connscting the feed and return pipes

W

3

with an internal diameter (ID) of 1.8mm and outer
diameter (OD) of 2.8mm were threaded through the
wunnels and cut to size at each end after catering
tor the maximum stretch of the garment.

{b) Manifolds. The manifolids had to be designed

afresh in view of the back pressura and bonding
sroblem encounterad by Bhatia." Perspex with |ts

ulation quality was used for machining an
of manifolds. The size was

rigid material within the garment, A

the OD jof the PYC tubes)

cre machined at either end (Fig 3). Eight such

Fig. 3 Indigenous

manifolds have bsan used. Two each on the chast,
hack (one on either side of midling) and one at each
ankle and wrist. A diagramatic reprasantation of tha
distribution of PVC canillaries and the manifolds is

shown in Fig 4.
(¢) Connection of PVC tubes to rmanifolds. A

large number of adhesives were tried to obtain a ra-
liable and leak free bonding of PVC tubes to the




maniiolds,  Finally, suitable bonding was achieved
by an importad LG-68 compound obtained from
MNAL. Additional sealing was provided by applying
Dunlop §-758 Sealant at the junction of each capil-

lary with the manifolds. The Interconnecting of the!
manifolds was achieved with measured lengths:
of flexible PVC tubing (0.5 om diameter). These
tubes wera finally cornected to the main inlet and
outlet pipes through 'Y’ connectors fixed onto the:
external surface of the garment on its back. The
completed LCS with its external connections is
shown in Fig &, in its front and back views. The
tubing is so routed that the abdomean upto the costal
margin is totally devoid of the tubes and minimal
tubing Is present an the front and lateral aspect of
thighs and back of tlw cslves l.e. aress which come
in contact with anti ‘G" bladders, The suit was
checked for its back pressures by using a five litre
constant pressure head device, Flow rates measured
at different pressure heads. The optimal flow rate
of 1 litre/min was achieved with a pressure head of
1 psl. The characteristics of the Beaufort LCS,
Bhatia’s prototype LCS and the modified LCS are
compared in Tabla |,

Back View
Tahla |

Besulort Prototype Madiiied

L& LE S LEs
Total Noof capillaries 28 28 56
Total length of capillaries 120 mtrs 110 mtrs 70 mirs
LD of capillasies 1.5 mm 1.1 mm 1.8 mm
1D of manifolds = 2.5 50 .
Back pressures at 1000 mi
min flow rats 1.5 psi Mot achieved 1.0 psi
Weight ol garment {empty} 1.5 Ky -- 1.2 Kg
Weight of garment (full) 1.8 Kg - 1.7 Ky
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Physiological Assessment

fa) Thermal stress studies: A 1ctal of 6 healthy
mala volunteers participated in the experiment.
Their ape and physical characteristics are given in
Table 11, The hot environment simulation chamber
{Hot Cockpit) of 1AM was used for the study. Twa
ditferent thermal conditions wore simulated for the
axpariment—tharmal condition—(1)—a moderately
sevare hent atress snvironment with 50°C DB and
32.6'C WB temperatures and thermal condition-(2)
siroulating B more severe thermal stress environment
ot 67'C and 37.6"C dry and wet bulb temperatures
respectively. Four subjects participated in trials in
thermal environment (1) and two in environment (2).

In the experimental protocol each subject acted
as his own control i.e. he was exposad to the same
environment twice—once with the LCS and once
without, giving a gap of at least 3 days betwean tha
two rune. The clothing used was as follows ;-

(i} Cotton briet
{ii} Modified LCS
(iif) Flying overall
(iv) Nylon socks
(v) Shoes

(vi) Type g inner helmet

After weighing the subject nude, he was instru-
meanted for measuremnt of skin temperatures (four
thermistar probes) oral temperature (thermo-couple
oral probe) and heart rate and dressed in the cloth-
ing mentionad above. Atter resting at room tempat-
ature for about 20 wminutes the pre-exposure
maassuremants wera recorded. The subject was then
made to sit in the environmant chambear. Each
subject was exposed for a period of 1 hour with
monitoring of physiological parametars svery 10
minutes. Past exposure nude welght was recorded
1o calculate the total sweat loss. During exposures
with LCS on, the fluid (60%, glycol + B0% water)
was circulated through the 200 K cal inflight model
refrigerant pack with a 220 valts AC pump capable
of maintaining a flow rate of 1000ml/min through
the LCS. The consolidated results are shown in
Tablas U1, IV and V.

(b} Assessment with anti "g' suft: Trials were
conducted on the human cantrifuge available at
IAM to abserve the difference in protection offered
by the anti "G’ suit when warn next to the skin and
whan waorn over the modified LCS. Four subjects
participated in the centrifuge trials. All wers healthy
and had previous experience on the centrifuge
(Table VI1).

Table 1l

Age and physical characteristics of the subjects who took partin heat stress studies

Subiect Age (yrs) Height {cm) Baody weight Body surface
Kgs) area (m*)

DKE 41 166.0 81.36 1.68

DR 29 173.0 52.00 1.60

ES a5 173.0 b5.20 1.64

MBD 40 172.0 62.17 ; 1.72

EMI 40 171.5 66.00 1.76

RSY 28 162.0 62,72 1.67

Mean 338 169.6 59.91 1.68

S0 B3 4.5 5.23 .06




Thermal protection offered by LCS Model Il along with inflight macel of
refrigerant pack for one hour exposure at 50°C DB & 32.5'C WB

Table 11

Rise in Heart Rate

Heat Accumulation

Moditied Craig Index

Thermal protection offered by LCS Meodel Il along with inflight model of
refrigerant pack for 1 hour exposure at 57°C DB and 37.5'C WE

Subjact (Beats/min) (K Cal/M*) |
" Control - LCS Dift Control LCS Daff Control LES Diff
DKE . 40 8 -32 £0.00 30.30 497 3.42 1.34 -2.08
DR Ba 16 -37 53.15 13.23 -39.9 2.68 1.5 -1:47
BS 20 4 16 47.50 18.40 -29.1 2.22 1.41 -0.81
MBD 21 4 17 47.46 24 60 .22.9 2.7 1.31 -0.90
Mean 3356 8 255  67.03  21.83 .35.4 263 188 A194
SD 15.9 5.7 15.566 7.42 0.57 0.09

Cooling berisfit 76% 62% a7%

Tahla |V

Rise In Heart Rate Hesat Accumulation Mudified'Craig Index
Subject Beats/min (K cal/m®)
Contrel LCS Diff Cantrol Les Dift Control LGS Dilf
EMI 26 10 -16 56.70 40.00 -16.7 3.0 1.72 -1.28
RSY 31 -G -37 66.02 22.44 -43 58 3.55 1.36 -1.99
fMean 2B.56 2 -26.5 £1.36 31.22 -30.14 317 1.54 -1.63
SD 3.5 11.3 §.59 1242 0.25 0.25
Cooling Benefit 93% 49%, 61%
Table VW
Comparison of total sweat losses between control and LCS Madel Il
runs in the Hot Environmeant Chambar
Total Swaat Loss
Subject Contraol LCs Difference
Gms % of body Gms % of Body Gms o of bod'yr-
weight waight weight
DKP 730 1.19 40 0.06 -G890 -1.13
DR 523 1.0 270 0.62 -253 -0.48
BS 500 0.9 250 0.45 -260 -0.45
MBD 540 0.87 250 0.40 =290 -0.47
EMI B44 1.28 280 0.42 -564 -0.86
RSY 340 1.34 200 0.32 -G -1.02
Mean 663 1.1 215 0.36 -448 o7
Cocling Benefit 68 Y%,
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Table VI

Age and physical characteristics of the
subjects who took part in centrifuge trials

Subject  Age (yrs) Height Body weight
{Cms) (Kgs)
BS 1 173.0 55.2
JKG 35 179.0 72.0
GkS 42 174.0 66.0
DER 31 166.0 61.4
) Maan_ ?5.8 173.0 63.7
SD 4.6 5.4 T

() Protocol 1. The subject was seated in the
Gondola wearing an overall anly, His relaxed
‘G' tolerance was determined using peripheral
light less (PLL) at 58" as tha and point.

{it). Protocol If: The subject wore a cutaway
antl "G° sult next to the skin and his PLL
datermined.

(iii} Protoce! I The PLL was determined when
the subject wore the cutway anti "G’ suit over
the modified LCS.

In all experimantal protocols, the rate of onset of
"G was 0.5 ‘G’ per second, duration at peak ‘G’ was
10 saconds and the decay was maintained at 0.1 "G’

The experimental protocol consisted of thres
different runs en the centrifuge for each subject.

per sccond. The difference of 'G’ levels observed
between protocols 1l and Il is takan as loss of *G'
protection due to the LCS (Tables VIl and VII).

Table VI

‘G’ Tolerance of subject—relaxed, with cut away anti ‘G’
Suit alone and with a combination of LCS—Maodel Il and Antl “G" Suit

Relaxed Tolerance Tolerance Increase Incresss Diff in Tole-
Subicct tolerance with ‘G’ with 'G" in tolerance in tole- rance between
Suit sult over with ‘G’ rance with 5&6
LCS suit G suit over
LCS
(a) (a) (@) (g) () (g)
oy 2 3 4 5 6 7
BS 38 4.8 4.5 1.0 0.8 0.2
JKG 3.7 5.0 4.8 1.3 14 0.2
XS 5.4 8.6 . 6.4 1.2 10 0.2
DKB a5 5.1 5.0 16 1.5 0.1
Mean 4.1 5.37 5.2 1.275 1.1 0.175
Table Wil
‘G tolerance of subjects wearing LCS—1 and the cut away anti
‘G’ suit over the LCS—taken from Bhatia?
M5 3.5 i}.b 4.0 1.0 0.6 0.5
RB 2.7 4.0 3.3 1.3 0.6 0.7
ML 3.4 4.4, 4.0 1.0 0.6 0.4
Mean 39 4.3 3.76 1.1 0.57 0.63
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Inflight Trials

Laboratory trials had shown that the liquid cool-
ing system with all its componants viz, the LCS,
mounted quick ralease connectors (earliar developed
and tested for their ejection characteristics'™. 20
virlts DC miniature pump (capable of operating on
aircraft power supply) and the stainless stesl refri
ferant pack stowed inside the libre glass pack (Fig 2)
is adeguate in all respects and is capabla of being
interfaced with the aircraft for inflight trials. The
system was installad jet trainer aircraft, the
appropriata locations for the pump and QRCs being
decided In consultation with the concerned authori-
ties  (Fig 8) for the right hand seat. After a fun-
ctional check on the ground, airborne assessment
was carrfed out in two low and medium level sorties
while maintaining the mean cockpit temperature at
50°C. The system functioned satisfactorily. .

in &

Fig. &

Results

The physiclogical responses in the form of mean
skin temperatures (MST) oral tempsratures (OT)
mean body temperatures (MBT) heart rates (HR)
and total sweatl losses were tabulated for each
subject in the two tharmal environmenis. The diffe-
rences between the control and LCS runs indicated
the cooling benefit with LCS in each of the

““pErameters. Tables 1l and IV indicate the thermal
protection offered by the LCS in terms ofrise in
HR, hest accumulation and modified Craig Index
for subjects exposed to the two environments. The
percentage reduction in the thres paramsters {cool-
ing benefit) during the LCS runs is indicated at the
bottom of

the tables. Totsl sweat loss during

18

control and LCS runs for all six subjects #are compl
ared in Table V. Coaling banefit Is indicatad at the
bottom. Table V| shows the age and physicat
characteristics of subjects that took part in centri
tuge trials. Table VI indicates the ‘G’ toleranct
lavals in terms of observed PLL undaer tha 1hreg
different situations. Table VI has been taken frof
Bhatia® for compurisan with results shown in Tablé
VI. This table indicates the results of cantritugs
trials with the indigenous prototype LCS.

Discussion

The garment forms a snug fit on differen
statured individuals, The helghts of subjects used
for experiments varied from 162.0—179.9 cms. In
all cases the LCS formed a close and comfortable fit
It compares well with the comfort snd fit of Beay-
fort LCSY. Having to necessarily leave bare areay
on the abdomen, thighs and calves for the anti ‘G'
bladders, a larger distribution of the capillary tubing
hae been given over other areas, The loss of cooling
bienefit over bare areas has beoen gained by higher
heat extraction from trunk and upper limbs. These
are areas with higher skin temperatures than the
pariphary and hence areas of greater haat dissip-
ation® 1L,

The back pressures in the suit are low and arel
easily provided by the pumping unit envisaged for
inflight use. They are lesser than the Beautont
maodel LCSY™ which has a pressure drop of 1.5 psi as’
compared to 1.0 psi in the modified LCS at an
optimum flow rate of 1000 ml/min. This has been
achieved by the use of larger diameter capillary’
tubirg. improved design of the manifolds and partly!
due to the decreasad total length of the tubing (70}
mitrs as comparad to 120 mtrs),

In selecting the experimantal conditions for hea
stress studies, an attempt has been made to simulata
in the laboratory, the environment and the system
as it will bs used In fighter airerafl so that the
assessment made is as realistic as possible, In the
one hour exposure to the moderately savara thermal
environment of 50°C DB and 32.5°C WB there wat
a significant reduction in all the physiclagical para-
metars during LCS runs. The cooling benafit ofterad!
by the LCS (Table 111} in the form of reduction I
rise of HR, heat accumulation and madified Craig
Index is of the order of 76%;, 62% and 47 % respecti
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vely, It compares well with earlier series of experi-
ments reported by Banerjge el al! in identical trials
with the Beaulort LCS. A similar trend is obsarved
in the more severe environment of 57'C DB and
97.5'C WB. The cooling benefit being almost 80%
inrise of HR and 50%, each in heat sccumuiation
and modifiad Craig Index (Table V). Comparison of
gweat lnsses between control and LCS values shows
an average cooling benefit of about 70°%;. The
pverage loss of hody waight dug to sweal loss is
only 0.36%, when cooled as compared to 1.1%, in
controls, This significant reduction in swanst loss
due to cooling, apart from being an indicator of
reduced physiulumcal slrain assumes imporesnce as
body dehydration raduces tolerance to  accelar-

ation’".

All subjects (in both anvirgnments) Telt comtort-
gble throughout the 1 hour runs with LCS on. The
cooling effect was felt upto the end of the exposura
without excessive cooling on any parl of the body.
The fact that & certain emount of formed ice remain-
ad in the refrigerant pack at the end of each LCS
fun proves the point that 200 K cal refrigaration |5
‘more than adequate for our requirement,}".

The heat extraction capacity of the modified LCS

‘|s satisfactory as evidenced by the results which
are comparable with those of the Beaufort LCSLY
The redistribution of the PVC capillary tubing with
~ their larger bore allowing a better mass flow of the
circulating fluid over higher heat dissipation areas
along with reduced insulation between the capil-
laries and the skin are the responsible factors sven
though the total length of the tubing is considerably
reduced. To some extent the direction of liguid flow
from the centre 10 the periphery aver a larger femp-

aratue gradient has helped.

The protection by the anti ‘G’ suit is best afforded
when the bladders jmpart even pressure over the
“argas when worn next 1o the skin®. However, the
LCS 15 also required 1o be worn next to the skin for
The results of centrifuge trials
It is seen that wearing of
reduces G’

maximum benafit®
are shown in Table Wil
cutaway anti ‘G’ suit over the LCS

protection by 0.7 to 0.2 'G' (mean 0.175 ‘G’). This

shows a considerable improvement over the trials

conductad on the prototype LCS (Table VIII) whera

the loss of "G protection renges from 0.4t 0.7 'G

mean 0,63 'G'). 1t is less than 1he values reported
by Gupta et al® who found that

in an earlier study

the average raduction of tolerance was 0.26'G’
when the anti ‘G’ suit was worn over the flying
overall. 1t is possible that the snug fitting garment
without any folds under the bladders accord this
improvement. Though, even this small reduction
in ‘G’ protaction is not desirable, itis felt that this
reduction would be largely offset by the cooling
benefit in reduced sweat loss, Tailaferro et al! have
reported that a swaeat loss of 1%, or more of body
weight reduces toleranca 1o acceleration and 2-3%

dehydiation reduces "G’ tolerance by 15-18%.

The successful inflight trials with LCS and other
componants of cooling system make It a feasible
proposition for incarparation in military aircraft,

Conclusion

An indigenous liquid cooled suit with low back
pressuras at aptimal flow rates, having heat axtrac-
tion qualities meating our raquirements and capable
of being integrated with the cutaway anti ‘G’ suita
has been developed. With other components of the
system being tailored to fit specific types of air-
craft, it could be effectivaly used to alleviate heat
stress in our ajrerew.
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