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SUMVARY

Two portable coolers for use with liquid conditioned suits have been
designed and developed at the RAE, one using solid carbon dioxide as the heat
sink and the other water-ice. They provide 250W h of cooling at rates up to

350 Wwith outlet tenperatures of 12°C and 20°C respectively; their weights
are 5.8 kg and 4.6 kg.

The water-ice cooler can be recharged without replacing the water or
battery by connecting it to a recharging unit which has been designed. Thi s

greatly reduces the handling problenms normally associated with portable
cool ers.

The results of laboratory and field trials in anbient tenperatures up to
40°C are presented, with recomendations for further devel opnent.

*Repl aces RAF, Technical Report 74114 = ARC 35793
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! | NTRODUCTI ON

The clothing assembly worn by the crew of a nmodern aircraft provides some
thermal insulation of the man from his environment and greatly reduces the
body's ability to dissipate netabolic heat. This problem is aggravated if the
man is in a hot environment, and, if confort is to be mintained, it becomes
necessary to extract heat from the body using a liquid or air cooled suit. The
suit itself adds to the insulation and it is desirable to continuously cool the
man for the whole period that he is wearing the clothing assenbly, not only
when he is coupled to the aircraft system A portable cooler, independent of
external supplies, is therefore needed for use in the crew room before flight,

in transit to and from the aircraft and during debriefing.

In recent years RAE has been developing the liquid conditioned suit (LCS)
and its associated supply systens. A fundanental advantage of the LCS over the
air ventilated suit (AVS) is the low punping power that is required to circu-
late the suit coolant. Because of the lower volume flow, the LCS has a punping
power advantage of approximately 1000:1. This nmakes it practical to produce a
portable cooler for the LCS that is of reasonable weight and bul k. Typi cal
requirenents for such a cooler would be to provide a flow of about 0.8 1/min
of water/ethanediol to the LCS at a tenperature controllable down to 15°C. Up

to 350 W of cooling should be provided for 40 ninutes.

Prior to the work to be reported here, there were two portable coolers
available for use with the LCS The first of these was designed for an indus-
trial use; it is robust but heavy, weighing approxi mately l4kg fully | oaded.
It utilises as the heat sink solid carbon dioxide sublimng at apressure of
1401<N/m2 gauge. The gas evolved powers a diaphragm punp which circulates the
cool ant . Gas supply to the punp is controlled by a bistable fluidic device.

Its performance was reported by Beeny] and London2

The second portable cooler 2,3 had been produced under contract for the
RAE. The heat sink is water-ice which is loaded into the cooler. Dry Dbatteries

power a punp to circulate the suit coolant. The wunit weighs 9kg fully [oaded.

This Report describes the devel opment of two types of portabl e cooler
which are nore efficient than those previously available. One cooler, which
enploys solid 002 as the heat sink, has the new feature that the pressure is
controlled to the triple point to take advantage of the high boiling heat trans-

fer rates. The coolant punp is driven by the Co2 gas.



The second unit contains a constant volume of water which is frozen
in situ to becone the heat sink. Rechargeable batteries power the coolant
pump. The conplete cooler is therefore rechargeable with the nininum of
handl i ng.

2 CARBON DI OXIDE PORTABLE COOLER

2.1 Princi ple of design

Solid CO2 is an attractive heat sink for several reasons:

(a) The latent heat of sublinmation, which occurs at -78°C at at nospheri c
pressure, is high; 573 kJ/kg conpared with 334 kJ/kg for the latent heat at
fusion of water;

(b) the energy of the gas evolved can be used to punp the cool ant around

the suit, thus avoiding the need for a separate power supply;
(c) the weight reduces as the heat sink is used.

A di sadvant age of using sublimng CO2 is the difficulty in mintaining a

good contact between the solid CO2 and the heat transfer surface. It was
thought that this problem could be overcome by operating the cooler at the
triple point (that is, at a pressure of 518 kN/m2 absol ute and a tenperature of

-57oc) at which liquid is formed. Boiling heat transfer would then be achieved.

A small pressure vessel was built and it proved possible to maintain a
steady, high heat transfer into the liquid C02. A small gas-driven punp was
also developed and a prototype portable cooler assenbled.

The circuit of the cooler is shown in Fig.1 and the conplete unit is

illustrated in Figs.2 and 3.

Coolant returning from the LCS enters the portable cooler and passes into
the reservoir, where any air in the liquid is trapped.

The gas-driven double-acting diaphragm punp draws coolant from the reser-
Voi r. Co2 gas is supplied, via a pressure reducing orifice, at 140 kN/m2 to
the fluidic device, which switches the gas flow from one chanber of the punp to
the other. A switching signal is transnmitted, from one of the two sensing ports
in the punp to the fluidic control input, at the end of each stroke. The dia-
phragnms and connecting rod oscillate back and forth drawing coolant into the
punp through one pair of non-return valves, and forcing it out through the

second pair of valves to the tenperature control valve (TCV).



A constant flow of approximtely 760 m/mn passes to and from the suit

through the self-sealing coupling which allows easy disconnection of suit from
cool er.

The TCV is a combined diverter and mixing valve which controls the tem
perature of the coolant at suit inlet by varying the proportion of the flow
which passes through the heat exchanger. The tenperature can be varied down
to 12° for heat input rates bel ow 400 W

The heat exchanger is a spiral of 6,4mm OD al um ni um tubing, 450 mmin
“length, fitted close to the bottomof the pressure vessel.

A gas control tap (CGCT) controls the flow of gas from the pressure vessel.
It can close the gas outlet, it can vent the gas to atnosphere, or it can allow

the gas to pass to the punp by way of the pressure reducing orifice and fluidic
devi ce.

The pressure vessel is fitted with a pressure gauge and pressure relief
valve, (PRV). The PRV vents gas to atmosphere to control the pressure to
450kN/M2 gauge once all the solid co, has turned to liquid.

The weights of the individual conponents are listed in Table 1.

The suit coolant used in previous LCS devel opment at the RAE was a mxture
of inhibited ethanediol (ethylene glycol) and water. The low tenperature of
solid co, tended to freeze this coolant, particularly when the co, was being
| oaded into the cooler, Even if a eutectic mxture of ethanediol and water was
used and flow through the heat exchanger was maintained during the loading, the
liquid became so viscous within the heat exchanger that control of the coolant
tenperature was |ost.

It was therefore necessary to change to a fluid of low viscosity and |ow
freezing point. The liquid adopted was a dimethyl silicone fluid, M5 200 with
a viscosity of 1eSt at 25°c, marketed by Mdland Silicones Ltd. The specific
heat of M5 200 is 1.4 kJ/kg’C (ef. 4.2 for water).

The co, portabl e cool er has been described in Patent Application
No. 8305/71 (Ref.4).



Tabl e 1

VWi ght breakdown of CO2 portable cooler

Conponent Vi ght, kg

Pressure vessel wth fittings 1.55
Insulated case and strap 1.46
Pump 0.41
TCV 0.07
Reservoir 0.07
Tubing, insulation, connector,

etc. 0.29
Total enmpty weight 3.85
C®2 charge ~ 1.95
Total charged weight ~ 58

2.2 Operating  procedure

The procedure for loading and operating the cooler is as follows:

The top of the insulated case and the |id of the pressure vessel are

renoved. The CGCT is set to 'closed' .

The pressure vessel is filled with chips of solid Coz; the lid is
replaced and |ocked; the case top is replaced. The cooler is then allowed to
stand for approximately five ninutes whilst the pressure rises to the triple

point value and liquid €O, begins to form VWen this pressure is indicated the

2
cooler can be connected to the LCS and the GCT is set to 'punp'. Cool ant  then
flows through the LCS and its tenperature at suit inlet can be controlled by

the TCV.

The pressure remains constant at the triple point value until all the
solid CO2 has becone |iquid; this takes approximately fifteen minutes. The
pressure then rises fromthe triple point value at 417kN/m2 gauge to a nom nal

450kN/m2 gauge at which pressure the PRV vents gas to atnosphere.

Wien all the liquid 002 has been exhausted, cooling to the suit ends
abruptly, the pressure falls and the punp stops. The CCT is put to the 'vent'
position and the LCS can be disconnected. Wien t he gauge pressure is zero the

case top and the pressure vessel |id can be renoved.



2.3 Performance

The cooler weighs 3.9 kg enpty and approximately 5.8 kg when fully |oaded
with chips of solid co,. It provides a flow of approximately 760 ml/min

through the conmbined circuit of suit and cooler.

Tests were carried out in the laboratory to determine the endurance of the

002 cool er whilst maintaining an outlet tenmperature of 12°C, for various heat
input rates, using the nethod described in section 4  The results obtained are

given in Table 2 in terms of cooler endurance and heat accepted by the cooler

per unit weight of co,.

Table 2
Endurance of CO, portable cooler

cémitq%s Heat input rate, watts 200 280 350
22°C db Endur ance, m nut es 70 531 46
55% RH Heat accepted, kJ/kg 455 472 500
40°c db Endurance, minutes 68 52 44
907 RH Heat accepted, kJ/kg 422 439 465
Notes: (1) Weight of co, charge = 1.93 £ 0.085 kg
(2) Heat accepted values cal cul ated from neasured charge
wei ghts.
(3) Cooler outlet tenperature = 12%
(4) Latent heat of sublimation of co, = 573 kJ/kg

The 'heat accepted', which is sinply the heat input rate integrated over
the quoted endurance, is in fact less than the theoretical capacity, inplying
that there is some heat |eakage into the cooler from ambient. The fact that
the 'heat accepted decreases with increasing endurance time is consistent with
a roughly constant heat |eakage rate. Conparing the values of heat accepted
with that theoretically available, it can be calculated that there is an
average heat |eakage into the cooler of 55 Win the 22°c anbient and 75 Win the
40°c anbi ent .

At a 12°C cooler outlet tenperature, the cooler has a maxinum cooling
rate of 400 w.



A limted nunber of [live subject trials were carried out. These
presented no problems although conditions were such that high cooling rates

were not demanded and therefore the subject was not subjected to very |ow
(<15°C) inlet tenperatures (see section 2.4)

2.4  Disadvantages and limtations

The M5 200 suit coolant works well in the co, cool er but has a | ow speci -
fic heat, 1.4 kJ/kg, conpared with 4.2 for water. This means that, at the flow
rates that have been achieved, a much |ower inlet tenperature (about 12°c,
cf. 22° for water) to the suit is required for a given heat input rate. Suit
inlet tenperatures bel ow 15°¢ shoul d be avoided since there is a risk of vaso-

constriction2 bel ow thi s val ue.

Anot her inportant di sadvantage of the M5 200 1cSt fluid is the fire
hazard, since it has a flash point of 38°c. A less hazardous fluid with a
hi gher specific heat is obviously required

The co, charge shoul d be conpl etely exhausted before the pressure vesse
is vented to atnosphere. If it is vented whilst liquid co, remai ns, sone of it
boils off but some re-solidifies and a mass of foamlike solid CO2 forns around
the heat exchanger. This |owdensity solid co, has to be renoved before the
cooler is reloaded and sublimation is slow since the foam has a low conducti-
vity.

The need to load the co, by hand before each use makes it inconvenient to
enploy the cooler in large numbers , particularly if they mght be required at
short noti ce.

A supply of solid co, I's obviously necessary for this type of cooler and
this requirenment may also limt its application.

The probl ens associated with the €o, cooler have led to the devel opnent
of the rechargeable water-ice portable cooler which is described in section 3
'mecozumtrm% however, be suitable for an industrial application where a
smal | number of coolers are required occasionally, e.g. furnace maintenance
ALl that is needed is a supply of solid €0, and a man to load the cooler. This
woul d be a practical solution for irregular usage.



3 WATER- | CE PORTABLE COCOLER

3.1 General

The appreciation of the handling problens that are associated with using
consumabl e heat sinks led to a re-assessment being nade of the water-ice portable
cooler. The requirements that the cooler had to meet had been well defined as
a result of experience with other portable coolers. These were:

(a) Weight of the cooler, including the water, to be less than 5 kg;
(b) endurance should be at least 40 minutes, preferably one hour;

(c) the cooler should be rechargeable w thout replacing the heat sink
or batteries, to mninise handling;

(d) cooling rate to be variable with a maximumrate of 350 W This is
nore than sufficient to cool the man at the design conditions
(40°c db, 90% RH) but to have cooling in hand i s psychol ogically
attractive;

(e) the cooler should utilise a suit coolant of high specific heat, i.e.
simlar tothat of water.

Meeting requirenents (a) and (b) depends on the cooling capacity of the
heat sink. \ater has a relatively |ow latent heat of fusion (334 kJ/kg) com
pared with the |atent heat of sublimation of solid CO2 (573 Wkg).  However,
if the sensible heat of ice and water is included, between -14°c and 20°c say,
the heat capacity is--raised to 446 kj/kg (28 kJ/kg cones fromthe solid phase
and 84 kJ/kg fromthe liquid phase). This figure conpares favourably with the
cooling capacity of about 460 kJ/kg achieved with the co Some 2.2 kg of
water was thought to be sufficient.

¢

A rechargeabl e cooler was achieved by freezing water-ice in sSitu and
using nickel-cadnmum batteries to power the punp notor, thus satisfying
requirement (c).

The water was to be frozen by punping chilled coolant through the heat
exchanger from an external refrigerated supply. Heat exchanger surface area
and its distribution, to give a reasonable freezing time (three hours), were
determned in |aboratory tests. The design then gav a maxinum cooling rate in
excess of that of requirement (d).
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Freezing the water from the heat exchanger makes it wunlikely that the
expansion of the ice wll damage the cooler since as ice forms around the heat

exchanger, water flows up into the volume allowed for expansion.

Ethanediol/water suit coolant can be used with a water-ice heat sink and
during recharging, thus neeting requirement (e). The coolant liquid enployed
is a mxture of inhibited ethanediol and water, in the ratio 3:7 by vol une.

The ethanediol used is a corrosion-inhibited antifreeze to BS 3150, Type A

The 3:7 mixture ratio gives® a suitable depression of the freezing point with-
out produci ng an excessive increase in coolant viscosity or decrease in speci-
fic heat. The mininumtenperature that it is practical to supply this cool ant

to the cooler is approximately -14°¢.

3.2 Description of cooler

3.2.1 Prototype coolers

Two prototype cool ers capable of having the ice frozen in situ were nanu-
factured in the RAE early in 1971. The circuit diagramis given in Fig.4 and
the cooler is shown in Figs.5 and 6.

The | ower part of the cooler is a water container with double walls sepa-
rated by polyurethane foam insulation. The volume of the water container is
2.5 litres but thisis filled with only 2.2 litres of water to allow for expan-
sion on freezing.

Wthin the water tank, conpletely imersed in the water, are three coils
of 6.4mm OD aluminium tubing, each 1.45 min length. These coils are connected
in parallel and act as the heat exchange surface for both freezing the water,

and for cooling the suit coolant when the cooler is connected to a LCS.

The renoveabl e Iid of the cool er encl oses the reservoir, non-return val ve,
tenperature control valve, battery, punp and notor, and the connecting tubing.
The non-return valve allows the chilled coolant to by-pass the punp during

rechargi ng. The TCV, which is simlar to that used in the c0, cool er, con-

2
trols the proportion of the flow that passes through the heat exchanger.

The battery is a rechargeabl e nickel -cadmum 12V, 1.2Ahbattery supplied
by SAFT (UK) Ltd. This battery wll accept a three-hour charge current,

irrespective of its state of charge, wthout damage.
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An autonotive punp, supplied by Trico-Folberth Ltd. is used to circulate
the coolant. This flexible-vane punp gives a flow of approxinmately 1 1/min
through the conbined circuit of suit and cooler for a power consunption of
10 watts.

3.2.2 ‘'"Arscrew coolers

A batch of 17 portable coolers, based on the prototype RAE units, were
produced by Airsecrew Fans Ltd. early in 1972 under contract.  The water tank
and outer case are vacuum formed from sheet ABS and polyurethane is foaned
between them as thermal insulation. The coolant circuit is modified to ensure
that during the refreezing period all the chilled coolant passes through the
heat exchanger, regardless of the position of the TCV. This introduces two
non-return valves to by-pass both the punp and the TCV. The reservoir is
designed to be automatically filled during the refreezing cycle. Aline dia-
grame of the Airscrew cooler is givenin Fig.7 and Figs.8 and 9 are phot ographs
of this unit.

3.2.3 Mudified "Airscrew cooler

In an effort to reduce the |eakage of coolant that occurred in some of
the Airscrew coolers during field trials (see section 3.4.2) and to sinplify
assenbly, one cooler was nodified by Airscrew Fans Ltd.

The many pipe connections within the lid are elimnated (conpare Figs.9
and 10).  The pipework i s replaced by channels machined in a PVC block with a
cover sheet of perspex which seals the channels but allows the flow to be seen.
Non-return valves are built into the PVC block and the air trap connections
made within its nodified body. Although this nodification was fabricated from
sheet and solid materials, the aim was to produce a design that could
eventual ly be noul ded.

The coolant circuit is further sinplified by replacing the three parallel
coils of the heat exchanger with one coil of 7.9mm OD al um ni um tubing 4m | ong.
The heat exchange area is increased by 9% but the volume the coil occupies is
increased by 36%  This neans the water container wll accept a charge of only
2.15 litres, this could easily be conpensated for by a small increase in the
outside dinmensions of the container, e.g. increase the height by approximitely
2.5 mm
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The nmodified cooler, wth its sinplified coolant circuit and single heat
exchanger coil, is probably more representative of the portable cooler as it
woul d be produced in quantity. The system occupi es | ess space than previously
and the overall height of the cooler could be reduced by approximtely 35 mm

3.3  Qperation of cooler

To make the water-ice portable cooler ready for use the water container
is initially filled with 2.2 litres of water. This is a once-only operation
and when the filler cap and the cooler |id have been replaced they need only be
removed again if the cooler becones unserviceable.

The cooler can then be charged. The battery charging connections are
made and the charger is switched on. The self-sealing connector is used to
connect the inlet and outlet pipes to the supply of refrigerated coolant.

The cool ant flows through the portable cooler and freezes the water sur-
rounding the heat exchanger coils. In the prototype cooler, the TCV nust be
in the maxi mum cooling position to ensure that all the |iquid passes through
the heat exchanger, air in the reservoir nust be vented through the  reservoir
lid. Both these operations are unnecessary in the Airscrew units,

After three hours the cooler is both electrically and thermally charged,
the electrical and liquid connections can be uncoupled and the cooler is ready
for use. If not required immediately, the cooler can be left connected to the
recharging unit to maintain it in a frozen condition.

To use the cooler with a LCS the self-sealing connector is mated with
that on the suit and the punp is swtched on. The suit inlet tenperature is
controlled by the TCV.

3.4 Performnce

The water-ice cool ers have been tested extensively in the |aboratory and
used in several overseas trials of the liquid conditioned suit and its
associated systenms.

3.4.1 Prototype cool er

The prototype cooler weighed 4.75 kg including 2.2 kg of water and
measured 30.5cm | ong x 10cm W de x 29cm hi gh.

(a) Field trials In August 1971 the coolers were enployed during a
tria1® in Cyprus of the LCS and an aircraft system
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Two prototype coolers were used for a total of 16 hours 24 minutes, the
average period of use being 26} ninutes. Adequate cooling was always available
and the coolers remined serviceable throughout the trial. In two endurance
tests on the coolers, adequate cooling was available for 80 mnutes. The
average rate of cooling demanded by the subject, who was walking and exposed to
the sunlight during the test, was 155 W Anbient conditions for the periods in
the trial when the coolers were in use ranged from 38°c to 52°C gl obe tenpera-
ture, 27°c to 33°c dry bulb and 23°c to 25°c wet bul b

In February 1972, in support of aircraft system trials at Wonera, these
coolers were again used for the walk to and from the aircraft. Anbient  condi -
tions ranged from 35°C to 40°c dry bulb, 18°C to 23°c wet bulb. Adequate
cooling rates were available and no coolers became unserviceable.

(b) Laboratory tests  The endurance of the water-ice coolers has been
determined in laboratory tests for a range of heat input rates after various
periods of refreezing. The test nethod was simlar to that for the co, cool er
(see section 4).  The anbient conditions were 22°c db, 55% RH.

The results are presented in Table 3 in terms of cooler endurance and the
heat accepted by the cooler per unit weight of water. Figs.11l and 12 have been
plotted using these results.

Table 3
Thermal endurance of prototypewater-ice portable-coolers

Ref reezi ng Heat input rate 150 w 200 w 250 W 350 w 450 w
peri od Cool er ident. a b a b a b a | b | a
! hour Endurance, nminutes 544 58 44 49 | 36 37 23 | 27
Heat accepted, kJ/kg 223 237 240 267 245 252 220 258
2 hours Endurance, minutes 85 82 6614 67 514 50 35 39
Heat accepted, kJ/kg | 348 335 363 365 351 341 334 | 372
3 hours Endurance, minutes 93 95 72} 72 60 60 4?2 43
Heat accepted, kJ/kg [ 380 389 395 393 409 409 401 410
4 hours Endurance, mnutes 1024 99 784 79 60 61 45 46
Heat accepted, kJ/kg | 419 405 | 428 431 409 416 | 430 | 439
Endurance, mnutes 34
5& hours Heat accepted, kJ/kg 417 430

Anbient conditions: 22°C db, 55% RR
Cooler outlet tenperature: 2ooc
Cooler identity: a and b refer to the two prototype coolers separately tested.
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Fig.11 shows the thermal endurance of the coolers although the battery
capacity limts endurance to approximtely 80 mnutes.

The heat accepted by the cooler per kilograme of water is shown for
various refreezing periods in Fig.12, There is some scatter but, as expected,
the relationship is asynptotic to the maxinum quantity of heat the cooler can
absorb (446 kJ/kg fromice at -14°C to water at 20°c). After two hours
refreezing the cooler accepts more heat than the latent heat of fusion of ice
(334 kJ/kg) and after three hours the cooler is charged to 90% of its maxinum
possible thermal capacity.

The heat accepted by the cooler is almost independent of the heat input
rate, indicating that there is negligible heat |eakage into the cooler under
the test conditions. A limted number of tests with the coolers in an environ-
ment of 40°c db, 90% RH, have shown that there is a heat |eakage of approxi-
mately 15 W into the cooler under these conditions. This rate can be used to
estimte endurances at 40° fromthe 20°C results, e.g. after three hours
refreezing, endurance at the 250 W cooling rate is reduced from 60 nminutes to
564 m nut es.

At a 20°C suit inlet tenperature, the cooler has a maxinum cooling rate
of 450 w.

3.4.2 Airscrew cooler

Thi s nodel weighs 4.6 kg, including 2.2 kg of water and nmeasures 30.5cm
long x 10cm W de x 28cm hi gh.

(a) Field trials  Seventeen portable coolers were used for a trial in
Cyprus during the summer of 1972 The mgjor aim of the trial was to assess
aircrew reaction to liquid conditioning and is reported elsewhere .7

The coolers were recharged by two recharging units, one at the personal
equi pment section and one in the debrief room near the aircraft dispersal.
Each unit could recharge up to ten portable coolers sinultaneously; they are
described in nore detail in section 3.5.

The trial procedure, as far as it concerned the portable coolers, was:

(1) At the personal equipnment section, each aircrew nmenber donned a 1cs
and flying coverall. He then coupled to a portable cooler to commence personal
condi tioning.
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(i) The portable cooler was used during the journey to the aircraft
and during external aircraft checks. Aircrew disconnected from the coolers
imediately before entering the aircraft, having used them for approximtely
45 mnutes.

(iii) The discharged coolers were returned by the ground crewto the
recharging unit in the debrief room

(iv)  As the aircrew left the aircraft after flight, they were supplied
with recharged coolers by the ground crew.

) The coolers were used from the aircraft, through the debrief
session, and during their return to the personal equipment section. Di schar ged
coolers were placed on charge there, having been used for approximately 30
m nut es.

There were some problems encountered with the coolers at the beginning of
the trial, minly due to l|eakage of coolant from the nunerous tube connections
within the cooler lid. Even a very smll leak produced significant quantities
of liquid if the cooler wson charge for many hours or,as did happen, for
several days. This liquid collected on the top of the water tank and then
| eaked out when the cooler was in use. The leaks did not affect cooling perfor-
mance but were of considerable nuisance value until they were cured.

Sufficient cooling was available in the conditions experienced, these
were typically 28° dry bulb, 70%RH. Very rarely was maximm cooling selected
on the TCV.  The bulk and weight of the coolers were acceptable to the nmgjo-
rity of aircrew who used them

The advantage of having a conpletely rechargeable cooler, rather than one
that had to be reloaded before use, becanme quite apparent in the Cyprus trial.
Support of the trial would have been nmuch nore difficult if it had been neces-
sary to load ice into all the portable coolers required hefore and after each
flight, possibly at short notice. Wth the rechargeable coolers there were

always some units fully charged and ready for immediate use.

(b) Laboratory tests  The endurance of the Airscrew cool ers has been
determined in a limted number of laboratory tests to conpare their performnce
with that of the prototype units. Results are given in Table 4 and have been
plotted on Figs.11 and 12.




16

Table 4

Thermal endurance of Airscrew water-ice coolers

. Heat input rate 200 w 250 W 350 w
Refreezing
period Cool er ident. c d c d c d
2 hours Endur ance, mi nutes 56 541 39 40
Heat accepted, kJ/kg 382 | 372 372 | 382
3 hours Endur ance, m nut es 75 741 44}
Heat accepted, kJ/kg | 409 | 406 425

Anbient  conditions: 22°C db, 55% RH

Cooler outlet tenperature:  200C

Cooler identity: ¢ and d refer to the two Airscrew

coolers separately tested.
The endurance is marginally longer than that of the prototype units.

This is probably due to better spacing of the heat exchanger coils within the
water, together with inproved insulation. Endurance for heat input rates and
refreezing periods not covered by the results in Table 4 can be estimated from

the results of the tests on the prototype units, (Table 3).

3.4.3 Mdified Airscrew cool er

This unit weighs 4.8 kg including 2.15 kg of water. The external dimen-

sions are the same as for the standard Airscrew unit.

The thermal endurance of the nodified cooler was marginally less than
that of the standard unit due to its lower water charge, 2.15 litres. The heat

accepted per wunit weight of water is, however, simlar to that of the standard
unit.

3.5 Recharging wunits

The prototype portable coolers were refrozen using a nodified water
chiller and later using a smaller unit, built in the RAE, incorporating a ihp
commercial condensing unit. This portable unit weighs 53 kg and can freeze up
to four coolers sinultaneously. A line diagram of this freezer is shown in
Fig.13. The batteries in the portable coolers were charged by separate
constant - current chargers.

To support the trials in Cyprus in 1972, two portable cooler charging
units were supplied by Airscrew Fans Ltd. under contract. Each wunit provided

both thermal and battery charging for up to ten portable coolers in a three-hour
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period. A schematic diagramis shown in Fig.14. 700 ml/min Of ethanediol/water
mxture was supplied to each cooler, via insulated flexible tubes and a self-

sealing coupling, at an inlet tenperature of -8°c.

4 METHOD OF THERMAL ENDURANCE TESTI NG

The thermal capacity of a portable cooler was deternined by replacing the
variable heat input from the suit, man and environnent by a controlled input
from an imersion heater.  The circuit including the heater had a pressure drop
simlar to that of a LCS, Cooler outlet tenperature, i.e. the 'suit' inlet
tenperature, was nonitored during the tests.

The endurance of the cooler at a particular heat input was defined as the
period of tine for which it would naintain an outlet tenperature of |ess than
12°% for the co, cooler, or less than 20°C for the water-ice cooler. The TCV
was used to maintain the required tenperature during a test. These tenperatures
are nean values of the suit inlet conditions that are needed to satisfy the
9 cooler is due prima-
rily to the nuch lower specific heat of the coolant and partly to the | ower

extrene cooling requirements. The | ower value for the co

coolant flow rate.

Cool ers were subjected to heat input rates ranging from150 Wto 350 W, a
range likely to be encountered due to variations in the environment, suit and
the man (see Refs.2 and 6).

Tests were carried out with the coolers in a |aboratory environment of
22°C dry bul'b, 55% RH and for a linited number of tests, with the cooler in an
envi ronment control led to 40°¢c db, 90% RH.

During the refreezing periods the water-ice portable coolers were supplied
with refrigerated coolant at a flowrate of 800 ml/min With a tenperature of
-14° at the cooler inlet.

5 FURTHER  DEVELGPMENT

The following suggestions are mde for future devel opnent work:

5.1 CO portable cooler

(1) If the co, cooler is to be devel oped further, an alternative cool ant
will be needed. Various fluids and their properties are listed in Ref.8, the
favoured candidate being FC-75 (3M. The lower viscosity fluids in the Coolanol

(Monsanto) range of heat transfer liquids are other alternatives.
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(ii) An increased coolant flowrate is needed so that the suit inlet
tenperature at the high heat extraction rates can be raised since there is a
risk® of vasoconstriction below a 15°C suit inlet t enperat ure.

5.2 Water-ice portable cooler

The Airscrew water-ice cooler has provided adequate cooling capacity at an
acceptable weight and any future design should be aimed at providing reduced
costs of manufacture, sinpler operation and greater reliability.

The following nodifications should be considered in any future design:
(1) A noul ded solid-state coolant circuit to eradicate |eakage problens.

(i) Improve the reliability of the punp notor and increase its effi-

ciency to reduce battery weight.

(iii) Cooler stability should be increased by nmaking it approxi mately
lcm wider, height can be correspondingly reduced.

(iv) The punp notor circuit should be broken when the cooler is dis-
connected from the LCS to avoid accidental battery discharge.

(v) The recharging procedure should be further sinplified by incorpo-
rating battery charging connections in the coolant coupling and making the

charger automatically initiate its charging cycle.

(vi) Alternative methods of construction should be investigated to
reduce production costs. It is possible that the water tank can be noulded in

a self-skinning polyurethane foam

5.3 Recharging units

(i) The recharging units nust be reduced in size and weight. The
ethanediol /water tank in the Airscrew recharging units was unnecessarily large
(900 litres) and was a mjor factor in determning the overall size of the unit.
A smaller evaporator with a separate coolant reservoir in the circuit is a
possible solution.

(i) The couplings between the coolers and the recharging unit should be
isolated from the environment to prevent condensation and ice formng on them
The couplings could be individually insulated or the coolers could be accommo-
dated in an insulated cabinet during recharging.

(iii) After the normal charge period, the battery charger should swtch

to a trickle rate to maintain the battery in a charged condition.
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(iv) For a full-scale installation, such as would be required in Cyprus,
it is advocated that there should be a large recharging unit at the personal
equi pnent section, capable of mintaining the ngjority of the portable coolers
in a state of charge. The coolers would be stored in insulated cabinets, sim-
lar to a conventional deep-freeze chest, to eradicate the condensation problem
and protect them from the elenents.

A nunber of snaller recharging units would be placed at judicious points
such as crew roons, debrief room and at the aircraft dispersal area. Each of
these units would be an insulated cabinet holding, for exanple, ten portable
cool ers which are supplied with chilled coolant froma jhp condensing unit.

6 CONCLUSI ONS

(1) Two acceptabl e designs of portable coolers have been devel oped based

upon the phase change of (a) solid to gaseous carbon dioxide, and (b) ice to
wat er .

(2) The CO2 cool er, which was designed to operate at the triple point

pressure to inprove the heat transfer coefficient, weighs 5.8 kg when fully

| oaded with 1.9 kg of co, and gives 250 Wiof cooling. It was considered that
a cooler of this type would be unsatisfactory for large scale use since a regu-

| ar supply of solid co, I's needed, together with the manpower to load each unit.

(3) The water-ice cooler utilises the total heat content between ice at
-14°c and water at 20°C. It weighs 4.6 kg, including 2.2 kg of ice, and gives
250 Whof cooling. Freezing the water in situ and using a rechargeable battery
allows an automated replenishnent system to be enployed but necessitates the
supply of chilled liquid to freeze the water, and a battery charger. A
recharging unit, based on conventional deep-freeze and battery-charging equip-
ment, has therefore been developed in parallel wth the cooler.

(4) The water-ice coolers and their support equi pnent were thoroughly
tested during the summer of 1972 as part of a trial to establish the aircrew
acceptability of the liquid conditioned suit and its associated systens. The
thermal performance of the equipment was satisfactory but their usability and
reliability could be inproved in future designs.
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Figb & 6 Prototype water-ice cooler



12]00>  2|qpjJod |, M24dSdly, o N2 2B

sjos gmsmc.wﬂguuxo 1D2H

d290M

v

2A|DA [043UOD
24nypaadwa] T

N/ ans

B ot B2UCITIPUOD
- ~ pinbi

/ Ov By Y 40322uUU09 L

SBAIDA UJNLBJL-LION

duwing
— —
_/




Fig.8 & 9  'Airscrew’ water-ice cooler
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