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Abstract

A breathing gas cooler design is described to keep the life-support gasinside a
firefighter'sface mask at, or below, 120°F for aperiod of at least 30 minutes. Two basic
heat exchanger designs are evaluated for their thermal performances. Both designsincor-
porate amodification to the existing firefighter's apparatus with MicroPCM™ wrapped
around the breathing gas supply lines within afoamed metal matrix . The gas cooler
designs, in the configuration of an air-to-liquid (or solid) heat exchanger, were designed to
be worn comfortably by the firefighter and have quick connect and disconnect air supply
fittings for ease of switch out. A 5foot long, single pass heat exchanger, surrounded with a
MicroPCM slurry in either a pig nose or bullseye configuration was found adequate to
reduce afirefighter'sbreathing gasfrom atemperature of 200°F to 120°Fwith arespiratory
minute volume of 62.5 LPM. Both design configurations have foamed aluminum matrix in
contact with the outside of the breathing gas tube to enhance the heat transfer from the
breathing gas to the MicroPCM slurry. Eicosane, C,oH,,, with amelting temperature of
98.1°F was shown to be the best candidate MicroPCM for maximizing the heat transfer
efficiency in the breathing gas cooler. Lessthan 2 pounds of aslurry conssting of 60%
Eicosane, and 40% water was found to provide sufficient heat storage capacity to operate
the breathing gas cooler for a 30 minute duration. The entire heat exchanger assembly
weighed less than 5 pounds.

| ntroduction

Theexistingequipment used by theU. S. Navy  ture. Asaresult, heat from the ambient environ-
for firefightingand damage control activitiesutilizes  ment is transferred through the apparatus to the
achemical processfor producing abreathablegasfor  breathing gas, further elevating thebreathing gas
theuser. The chemica reaction required to sustain temperature and potentially producing a debilitat-
the process is exothermic in nature, and transfers ing situation for the user. Recent U. S. Navy tests
heat to the breathing gas. Dueto theuniquerequire-  have concluded that even open-circuit equipment, as
ments for shipboard use, the majority of the candi- shownin Figure 1, deliver ahigh temperature
datesfor replacement of existing equipment use breathing gas to the user that may limit or prevent
similar technology. Additionaly, this equipment is the completion of the mission when used in high
primarily used in locdlities of high ambient temperas ambient temperatures.
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Figure 1. Photo of existing firefighter system.

The Navy has an ongoing R&D effort to reduce
the breathing gas temperature of existing breathing
apparatus used for firefighting and damage control
activities. The applications of three separate tech-
nologies have been considered in this effort for
lowering the breathing gas temperatures of existing
breathing apparatus. The first technology considered
was Composite Fabric Endothermic Material
(CFEM). CFEM technology provides endothermic
materials that can store large quantities of heat for
extended periods of time (Hayes, 1984). These
materials can be designed to absorb and rel ease heat
at desired temperatures by means of an embedded
phase change component, and can be engineered into
avariety of materials and configurations. Successful

uses of CFEM have been achieved in such varied
applications as ballistic missile design and fast food
delivery systems.

A second technology considered for breathing
gas cooling was thermo-electric chips (TEC). TECs
utilize a Peltier effect to produce aheat flux via
voltage differentials, Smilar in operation to a ther-
mocouple. They are smal and can easily be config-
ured into a breathing gas cooling application. TECs
are currently used in commercialy available portable
refrigerators and are readily available for test and
evauation. The primary obstaclein the use of TEC
technology is the need for an onboard power source,
such as batteries, which must be carried by the
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firefighter. Logistical drawbacksthat batterieswould
present for shipboard firefighting applications
diminated this technology early in thisR&D effort.

A third technology considered for the breathing
gas cooler, and the major focus of this paper, wasthe
use of aheat exchanger design employing aliquid
slurry containing paraffinic Microencapsulated Phase
Change Material (MicroPCM) as the cooling me-
dium.! Similar to CFEM:s in their heat storing
aoilities, MicroPCM technology encapsulates various

phase change materials (PCMs) from the paraffin
family (see Table 1) intiny spherica polymeric shdls.
By containing the phase change material during their
trangition from a solid to aliquid in asolid shell,
MicroPCMs are finding applications where bulk
phase change materials would not be appropriate
due to the possibility of contamination. This technol-
ogy has been applied to heating and cooling sub-
systemsfor spacecraft applicationsby NASA, and
hot and cold protective clothing for the U.S. Air
Force.

Technical Design | ssues

The primary technical objective of this devel op-
ment effort was to maintain the breathing gas
temperature for an open-circuit breathing apparatus
below the threshold of pain for the duration that the
user is in the hot environment. For environments
having high relative humidities, such as those
experienced with most closed-circuit breathing
apparatus, extreme discomfort may occur at inhaa
tion temperatures as low as 110°F, while an upper
threshold has been shown to be approximately 122°F

Table1l. Candidate phase change materials.

during moderate work activities (Lind, 1977). The
corresponding temperature for a dry breathing ges,
as experienced with open-circuit units, is upwards to
200°F. Even though NIOSH requires closed-circuit
inhalation temperatures to be no higher than 104°F,
firefighting conditions aboard U.S. Navy ships often
expose the firefighter to ambient temperatures in
excess of 500°F for up to five minutes, and to tem-
peraturesin excess of 135°F for extended periods of
time, potentialy as long as one hour.

Latent Heat of

Name Formula Melting Point Fusion Density
°C °F cal/gm Btwlb gm/end  1b/ft’

Hexadecane C16 Th3g 16.7 62.1 56.7 1020 0774 483
Octadecane Ci18H3g 28.0 824 1050 0.774 483
Eicosane CyoHao 36.7 B1 59 106.0 0.77 48.6
Heneicosane Co1 H44 40.2 1044 86.0 0.75 47.3
Docosane Cpo Hye 440 12 60 1070 0.76 476
Tricosane T3 Tigg 47.5 175 56 1000 0.76 47.7
Tetracosane Co4 Hgp 494 1209 0.77 480
Paraffin Wax 54.4 1299 0.86 55.0
Hexadecane 167 621 84.7 60.9
MicroPCM

Octadecane 283 83 855 60.9
MicroPCM

1 MicroPCM is aregistered trademark of Triangle Research and Development Corporation, Raleigh, NC.
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During these exposures, hest is transferred from
the ambient environment into the breathing appara
tus, dramatically increasing the breathing gas
temperature. This high breathing gas temperatureis
oneof themajor restricting factorsinvolved in
firefighting. Successfully reducing these breathing
gastemperatures will increase the efficiency of the
firefighting crew and reduce the amount of equip-
ment required for shipboard firefighting.

Another concern in the design isminimizing sze
and weight of abreathing gas cooler and maintaining
alow pressure drop across the gas cooler. Minimiz-
ing the gas pressure drop will lessen the effortthe
user must exert in breathing on the apparatus, and
thus, maximize hisfirefighting capability.

The objective of the analyses presented below
was to quantify the required heat exchanger surface
areato cool breathing gases under the following
design parameters:

a) Thebreathing gas entrance temperature into

the heat exchanger would not exceed 200°F.

b) Theexit temperaturefrom the heat exchanger

should not exceed 120°F during 30 minutes of
operation.

¢) Theexterior surface temperature of the
breathing gas apparatus will not exceed 200°F
(thismay vary depending on thetype of
insulation used in the backpack redesign.)

d) Theheat exchanger will see mid-stage
pressure of 130 psig.

€) Thegasddivery flow rateto the user is62.5
litersper minute (at 1 Ataand 98.6°F).

f) The MicroPCMT™ wijl| be capable of being
recharged when submerged in 90°F water for
30minutes.

In addition to determining the required heat
exchanger surface area, thefollowing anaysis
atempted to answer:

1) What isthe appropriate MicroPCM ™

sdlection for this application?

2) Should MicroPCM ™ be mixed with another

fluid in the heat exchanger capacitor Sde?

3) What percentage of MicroPCM ™ is needed

if aMicroPCM ™/ fluid mix is used?

4) Should thermal conductivity enhancers (other

than fluid) be mixed with the MicroPCMTM?

Breathing Gas Cooler Designs

Two basic conceptsfor the breathing gas cooler
wereinitidly considered. The first concept wasa
"horse-collar" design that integrated a multi-path
heat exchanger into ayoke worn around the
firefighter'sneck. Thisconcept wasquickly dis-
carded due to the restrictions in motion that this
design would cause to the wearer.

A second concept included aless radical modifi-
cation to the existing firefighter's apparatus. This
concept includes a heat exchanger design consisting
of along piece of dainless ged tubingwhichis
surrounded with afoamed metal matrix and a
MicroPCM durry. This single-pass heat exchanger
design wasfelt to provide the least amount of
emcumbrance to thefirefighter in accomplishing
hismission. This heat exchanger is configured in
thefirefighter'sbackpack in a serpentine arrange-
ment adjacent to the gas supply bottle, indicated in
Figure 2, and the entirebackpack, including the heat
exchanger and the gasbottle, is encapsulated with
rigid foam to insulate the backpack from the outside
environment. A second length of tubing is included
in this design to provide a supply of cooling water to
the heat exchanger following an operational mission
to facilitate regeneration of the MicroPCM durry.

Two different versions of thiswater supply
channel were considered. The first option included
an identical water tube which was pardl€ to the
breathing gas tube, both surrounded with the metal
foam/PCM dlurry matrix. Thisdesign, referredto as
the "pig nose" option, shown in Figure 3, can addi-
tionaly have afoamed metal matrix insgde the air
and water tubing to enhance the transfer of heat to
and from the tubewalls. Aninsulating outer jacketis
used to contain the PCM durry within thefoam
metal matrix and give an additional thermal barrier
to resig heat entering from the outside environment.

A second version of this single pass option
includes the water channdl on the outside of the foam
metal/PCM slurry matrix. Thisdesign, referred to as
the “bullseye” option (Figure 4), maximizes the heat
transfer area between the water channel and the
foam metal/PCM durry matrix during the regenera-
tion phase. It dso provides an additional thermal
barrier to res st heat infiltration from the outside
environment.
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Figure2. Conceptual single-passgascooler.
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Figure 3. Pignose design option.

Thermal Analysis of Desgn Concepts

In the following analys's, the breathing gas MicroPCM ™ dlurry. The melting temperature of
heat exchanger was assumed to consist of one or the MicroPCM ™ was sdlected such that it will be
multiple, tubular air passages which are surrounded ~ below the desired gas exit temperature from the
with a slurry of MicroPCM ™ material as shownin cooler. Condensation of water vapor from the air as

Figure5. The MicroPCM ™ is contained within a it coolsin the heat exchanger was ignored. The
matrix of "foamed metal" similar to Duocel Foam tubing walls were assumed to have negligible heat
Metal manufactured by ERG, Inc to enhancethe storage capacity.

conduction of heat from the gas tubing into the
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Water
Foam Metal w/ Channel
PCM Surry
Outer Jacket - - )
Figure4. Bullseye design option.
) ) 9 = Tl:ﬂ TOHI
An energy balance within the heat exchanger M T. -T
system can be written as ln[-f:m—;g-} ®
o~ M
Energy Added to System = Change in Energy and
Level of Cooler U = S
R 2
If we assume that the gas enters at T;, and exits moKo\r

aT,,a ameanflowrateof V, andthe
MicroPCM™ g urry stays at the melt temperature
T (the amount of MicroPCM ™ is assumed to be
adequate to absorb dl lost heat from the air as the
PCM goesfrom asolid to aliquid), we can write an
expression for the amount of heat lost from the air as

Fin = Gout = PairCp V(Tm = Tout) ]

wherep,;, and ¢, are the density and specific heat
of air, respectively. The energy delivered to the
MicroPCM ™ glurry/foamed metal matrix through
the tubing wallsis

Guar = U;A1© @

where U; is the overall heat transfer coefficient based
on the inside surface area of the tubing; A;is the
indde surface area of the tubing; ©,, is the log mean
temperature difference between the air and the
MicroPCM ™ slurry, defined as

whereK; is the thermal conductivity of the tube wall
materid; and k;is the convective heat transfer
coefficient on the inside surface of the tube.

Thechangeintheenergy levd of the
MicroPCM™ can be written as

. dm
dpem = g "até ®)

where m; isthe mass of MicroPCM ™ that goes from
asolid to aliquid phase, and - is the latent heat of
fusion for theMicroPCM™. *°

Equating (1) and (5) gives

dmy

kfg d_t = paircpm.,v(nn - E)ur)
or
Pyir€ n, m:"v :
dmL = —'_—!(7;‘11 _Z)ut)dt (6)

g
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Figure 5. Heat exchange concept in breathing gas cooler.

Also, equating (2) and (5) gives

dmy

e = = Vid®n
or
U4
dm, = =L Ou di @
Rt
Now equating (6) and (7) gives
Paircpw._,v(?; - Tuuf) UA© )y,
dr = dr
h 5L
74 g

Simplifying, and restating the definition given in
(3) for thelog mean temperature gives

(ESAR
?;mf - TM paf'rcpmv

or

UA,
T =Ty Purous’
—
T Ty

aut —

Thisresultsin aair exit temperature from the
breathing gas cooler given by
) [ u,aA, ]

~
Pair

Tout = Tag + (Tin — T ) eXp ®)

Theoveral heat transfer coefficient U; shownin

(8) can be determined from (4) after the convective
heat transfer coefficient, i;, hasbeenfound. This
coefficient will be afunction of the gas properties
insde the tubing. We will assume that these proper-
ties can be determined based on atemperature that is
the average of the inlet and exit gas temperature, T ,,
where

Ti-n"'TE)ut
Ty -

Thevolumetric gasflow rate, v ,througha
single path of amulti-path heat exchanger can be
found from the design respiratory minute volume
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(RMVgiven a 1 Ataand 98.6°F) as

_RMV [ 14.psia \[ 460 + TA_] o

Path = paths| By N 558.6°R

where RMVisgivenin units of lit/min @ 1 Ata,
98.6°F, V ,, isgiveninunitsof lit/min @ Pyy
(pressure inside the heat exchanger) and T ,4°F. After
this volumetric flow rate has been found, the gas
velocity through each path can then be calculated
using the reationship

v — I'Vpath - Vpath (10)
path Acs T ’}2

By assuming that the gas inside the heat ex-
changer behaves as anided gas, its density can be
calculated as

’iﬂz
144| Z_ |y (psi
o lm [ﬁzJ () (11)
7 53.3(MJ(460+ T,)°R
lbm — °R

and the viscosity of the air inside the heat exchanger
can be found as

Ibm

— )

4
=1.212x 1073 [M}

Hajr =30

The Reynolds number for air flow within a
single path of the heat exchanger can then be ob-
tained using

Pair Vpath @)
Hgir

For flow insde atube, the dimensionless heat
transfer coefficient, N is defined as

"i)

r

Lin
Nup = 2 72 0023 ReDE, PrO ()
Kai

where Pr isthe dimensionless Prandtl number for air
(Prforairisapproximately 0.72).

This dlows us to caculate the convective heat
transfer coefficient ontheinside surface of thetubing
as

= Nup K, (149)
! 2 rl

Once the above variables have been determined,
the gas exit temperature from the heat exchanger can
be found using relationship previoudy derived in
Equation (8).

Figures 6 through 8 show flow velocities,
convective heat transfer coefficients, and exit air
temperatures from various heat exchanger designs,
each 24 inchesin length, with up to 40 pardle flow
paths when using phase change materials with
melting temperatures between 104°F and 120°F.
Figure8indicatesthat approximately 18 to 19
pardld flow paths, each 24 incheslong, are required
to reduce the breathing gas temperature in the heat
exchanger from 200°F to 120°Fwith aMicroPCM™
melt temperature of 111°F (Docosane, C,,). This
andysisindicates that the number of flow paths
could be reduced significantly (5to 6 parallel flow
paths) to reach the desired exit temperature when the
MicroPCM ™ met temperature is reduced to 104°F
(Heneicosane, C,;). Likewise, asingle passwould be
adequate with amet temperature of 83°F
(Octadecane, Cyg). Unfortunately, thislow melt
temperature would prevent regeneration of the PCM
when ambient water temperatures are 90°F, as stated
in the design requirements. Additionaly, the
published latent heats of fusion for heneicosane is
only 86 Btu/1lbm as compared to 107 Btu/Ibm for
docosane (see Table 1). Thiswould require alarger
mass of the heneicosane than docosane to store the
same amount of lost energy from the breathing gases.

The required amounts of MicroPCM ™ to cool
the breathing gasfrom 200°F to 120°F can be deter-
mined by returning to Equation (6) and using the
flow propertiesfound above

paircp- 14
= = (T, _Toup) d
i (wt%o PO (1 ~Tou) )

dmL

Wewill assumethat the effective latent heat of
fusion for the MicroPCM ™ is 83% of the published
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Figure 6. Air velocity in a multi-path heat exchanger.
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Figure 8. Air exit temperature from a multi-path heat exchanger with various PCM melting
temperatures.
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Figure 9. Required mass of a PCM durry to absorb the lost heat from breathing gas during
a 30 minute exposure.
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values (thiswill account for the non-phase

change material from which the encapsulating
shdl is constructed). In addition, as the weight

percent of the MicroPCM™ in the Slurry

decreases the effective latent heat of fusion for

the durry will be reduced further. Wewill
account for these reductions in latent heat
storage capacity by multiplying k. by the
fraction of MicroPCM ™ in the slurry (wt%

PCM).

Using Equation (15), we can show that the
required amount of a durry consisting of 60%
(wt%PCM= 0.6) docosane (h 2 is 107 Btu/Ibm) to
cool the breathing gasfor 30f minutesis approxi-
mately 17 pounds. Conversaly, approximately
2.1 Ibm of adurry containing 60% heneicosane (h.js
86 Btu/lbm) would be required. Figure 9 shows the
required mass of different slurry mixtures of
MicroPCM ™,

L ength Requirementsfor Sngle-Pass Designs

Two separate conditions must be satisfied
to arrive at the required heat exchanger length
for a dingle pass design. These conditions are;

a) Sufficient surface areamust exist

b) Sufficient PCM material must be

between the insde of the breathing gas
tube and the PCM dlurry to insure an

adequate heat transfer rate from the

breathing gas, and

present in the breathing gas cooler to
absorb dl logt heat from the breathing

gas.

The analysis presented above for multiple pass
coolers can also be used to determine the required
length of a single-pass heat exchanger (either the
bullseye or pig nose designs) to give the desired exit
temperature based on satisfying the first condition.
Recdl that this analysis assumed that there was
sufficient PCM material present to absorb dl lost heat
from the air asthe PCM goesfrom asolid to aliquid.
Figure 10 summarizes the results of this analysis.

Observe from Figure 10 that, with the exception
of Tricosane as aheat sink (melt temperature of
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117.5°F), exit temperatures from the gas cooler below
120°F are feasible with tubing lengths less than 60
inches. When using Eicosane (melt temperature of
98.1°F) as the heat sink material, asngle pass length
of approximately 30 inchesis indicated provided that
asufficient mass of Eicosaneis present to absorb the
lost heat from the breathing gas.

To satisfy the second condition stated above, we
must find the amount of PCM that can be packaged
in asingle pass breathing gas cooler (either the
bullseye or pig nose designs). This mass will depend
on 1) the length of the gas cooler, 2) the outside
diameter of the foam meta /PCM durry matrix,

3) the density of the foam metal, and 4) the weight
percent of the PCM material intheliquid durry. The
required mass of the PCM durry to absorb dl log
heat from the breathing gas was caculated previ-
ously using Equation (15) and shown in Figure 9 for
arangeof liquid durries conssting of 209 to 100%
PCM by weight. The required volume of PCM can
be obtained by dividing this mass of PCM dlurry by
the dendty of the PCM durry. A comparison of the
required volume of PCM durry with the available
PCM volume packaged in the breathing gas cooler
design dlows usto determine the required design
length.

Pig Nose Design

For the pigs nose design, the available volume
for the PCM durry can be cdculated as

%Foam
100 )

Vavair = (Vo; - Vr) . [1 - (16)

where V,; isthevolume of the outer jacket which
contains the foam metal/PCM durry, given as
72

Vo =—=D

o =7 D% Ien

Vristhe volume of the two tubes surrounded by the
foam metal/PCM durry, given as

Vp (2 tubes) = —d% Loy
F

and % Foam is the density of the foam metal, usually
expressed as % of total volume (typicaly rangesfrom
2 t0 20 %); where D in the above expressionsisthe
insde diameter of the outer jacket, d isthe outsde
diameter of the gas/water rubes, and Lpyisthe
length of the pig nose-designed breathing gas cooler.
Equating the available volume of the PCM durry

givenin Equation (16) to the required PCM slurry
volume VzgHderived from Equation (15), and
solving for the tubing length gives

Vreg

Lpy -
J‘I[Dz 2}[
—|—-d 1
21 2

The resulting tube lengths for various MicroPCM
materials, when the breathing gas cooler design is
based on heat storage capacity, is shown in Figure 11
In each case these lengths exceed the pass lengths
seenin Figure 10, lengths that were previoudy
calculated based on the surface areas requirements to
transfer sufficient heat to reduce the gas tempera-
turesto 120°F. For ingance, we seein Figure 10 that
less that 45 inches of tubing isindicated to give the
necessary heat transfer area when using Docosane.
However, over 60 inches of tubing are caled for to
contain sufficient MicroPCM mass when packaging
the 60% Docosane PCM durry in an outer jacket with
al25inch ID. Sinceboth of these two design
concerns must be met, we will have to sdect the
longer tube length of 60.7 inchesif the outer jacket
diameter can not be increased.

% Foam ) )

100 J

An aternate approach would be to sdect an
outer jacket diameter for the breathing gas cooler that
would contain sufficient PCM meass in alength cdled
forinFigure 10. Figure 12 indicates the required
lengths for the breathing gas cooler to contain the
necessary quantity of MicroPCM for a 30 minute
exposure asafunction of the outer jacket diameter.
Notethat by increasing the outer jacket ID from
125 inches to 1-7/16 inches the required 60% PCM
durry can be packaged around a tube length of
approximately 45 inches, closdy matching thelength
requirement caled for in Figure 10.

Bullseye Design

A reduced length should be expected to package
sufficient PCM for thebullseye design option since
only asingle tube is surrounded by the foam metal/
PCM dlurry matrix. A ssimple modification of
Equation (17) to account for thissingle, centrally
located tube gives the corresponding length for a
bullseye-design breathing gas cooler, L, as

VREQ
E(Dz - dz)(] _ % FOM)
4 100

Ly = (18
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Figure 11. Required pass length for a breathing gas cooler based on PCM heat storage capac-
ity for 30 minute exposure (Pig Nose Design).
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Figure 12. Effect of the outer jacket diameter on the required tube length for a single pass gas
cooler based on heat storage capacity for a 30 minute exposure (Pig Nose Design).
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Figure 13 shows the required lengthsfor the
bullseye breathing gas cooler to contain the necessary
quantity of PCM for a 30 minute exposure asa
function of the outer jacket diameter.
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Whereas the pig nose design with ajacket ID of
125 inches requiresin excess of 60 inches length to
contain the 60% Docosane slurry for a30 minute
exposure, the bullseye design requires alength that is

approximately 10 inchesless (50.5 inch) dueto the
singletube. By increasing the outer jacket ID from
125 inchesto 1- 5/16 inches the required 60% PCM
durry can be packaged around a tube length of
approximately 45 inches, again closgly matching the
length requirement called for in Figure 10. It should
be noted however, that the additional annular ring
contained in the bullseye design for the water
channel will tend to offset any reductions in the
assembly outside diameter when compared with the
pig nose design. Thus, the primary advantage of the
bullseye design would appear to be its increased
contact areafor maximizing heat transfer during the
PCM regeneration phase.  This improved regenera-
tion capability would warrant the bullseye design to
be sdlected over the pigs nose design provided that
manufacturability of the bullseye design is not an
issue.

PCM Regener ation

It is anticipated that the breathing gas cooler
will be regenerated, i.e, the MicroPCM materia will
be re-solidified, using an available water source (i.e.,
ambient seawater or tapwater) with inlet tempera-
turesto the cooler of up to 90°F. Exit water

100

temperatures from the breathing gas cooler can be
approximated using a Smilar analysis that led up to
Equation (8), with the exception that the properties
of water will be substituted in place of the gas
properties.

[ |
_Foam Density=10%

PCM = Docosane

o
o

~-Tubing OD=0.475" —

| wo% PCM Slurry

N
o

< 60% PCM\

N
o

Tubing Length, inch

~~—80% PCM \
20 ° EE_ M
0
1.25 1.50 1.75 2.00

Jacket ID, inch

Figure13. Effect of the outer jacket diameter ontherequired tubelength for asingle passgas
cooler based on heat stor age capacity for a 30 minuteexposur e (Bullseye Design).



Spring 1997

JOURNAL OF THE INTERNATIONAL SOCIETY FOR RESPIRATORY PROTECTION 23

Figure 14 shows exit water temperaturesfrom a
pig nose cooler design with various metal foam/
PCM slurry combinations surrounding the water
tube.

Observe that exit temperatures will closdy
approach the PCM melting temperature within a
tube length of 60 inches. Since the heat that can be
absorbed by the water as it passes through the cooler
will be proportional to the differential water tem-
perature between inlet and exit conditions, the
PCM's with the higher melting temperature will
regenerate more rapidly.

However, if we assume that the PCM durry
consists of Eicosane, with the lowest melting tem-
perature of 98.1°F, water entering at 90°F and exiting
at 98°F, aflow rate of 1 GPM should be capable of
removing heat from the breathing gas cooler a arate
of
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where g5 isthe breathing gas cooler regeneration
rate, m,, isthe massflow rate of water, Cp, isthe
specific heat of water, and AT, is the temperature
rise asthe water travels through the breathing gas
cooler. InFigure9, we saw that dightly over

1 pound (1.03 pounds) of 100% Eicosane, with a
latent heat of fusion of 106 Btu per pound, would
melt during the gas cooling phase. Based on the
regeneration rate calculated above, we should be
able to re-solidify this amount of PCM material in
amatter of minuteswiththe 1 GPM flow of 90°F
water through the pig nose cooler. Due to the
presence of additional heat transfer area, regenera
tion with the bullseye design should progress even
faster.
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Figure 14. Water exit temperatures from a pig nose cooler design during PCM regeneration
phase with awater flow of 1 GPM. (Assumes metal foam/PCM surry temperature
remains at the PCM melting temperature.)
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Conclusons

The preceding analysesindicate that a5 foot
long, single pass heat exchanger, surrounded with a
MicroPCM dlurry in either apig nose or bullseye
configuration, isadequate to reduce afirefighter's
breathing gas from a temperature of 200°F to 120°F
with arespiratory minute volume of 625 LPM. Both
design configurations have foamed auminum,
similar to Duocel manufactured by ERG, Incin
contact with the outside of the breathing gas tube to
enhance the heat transfer from the breathing gas to
the PCM dlurry.

Eicosane, C,oH,,, with amelting temperature of
98.1°F appears to be the best candidate PCM for
maximizing the heat transfer efficiency in the breath-
ing gas cooler. However, docosane, C,,H s Witha
melting temperature of 111°Fis aso aviable candi-
date. Lessthan 2 pounds of aslurry consisting of
either 60% Eicosane, or 60% Docosane, and 40%
water was found to provide sufficient heat storage
capacity to operate the breathing gas cooler for 30
minutes. Both of these PCM durries can be pack-
aged within amatrix of foamed metal in a heat
exchanger length of approximately 60 inches with an
outer diameter of the foamed metal/PCM slurry of

125inches. (A 40% PCM/60% water mixture will
require approximately 90 inches of heat exchanger
length for the same mission.) By increasing the outer
diameter from 125 inches to 1-5/16 inches, the
required 60% PCM slurry can be packaged around a
tube length of approximately 45 inches.

The presence of afoamed metal matrix sur-
rounding the outside wall of the breathing gas tube
was found to enhance therate of heat transfer into
the PCM dlurry. The presence of foamed metal on
the inside of the breathing tube could aso maximize
the transfer of heat from the breathing gas to the tube
wall. However, since the lengths of both single pass
cooler designs (pigs nose and bullseye) have been
shown previously to be limited by PCM mass rather
than heat transfer area, the application of foamed
metal to the indgde of the gas tube is not necessary.

Regeneration of the breathing gas cooler should
not be a problem with either sngle pass configura-
tion, even when using water temperatures as high as
90°F. Regeneration should be possible in amatter of
minuteswith awater flow rate of 1 GPM.
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