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ABSTRACT 
  
Protective cl othing p rovides l aboratory and 

hazardous m aterials workers , fire fi ghters, military 
personnel, and others with the means to control their 
exposure to chemicals, biological materials, and heat 
sources.  Depending o n t he s pecific a pplication, t he 
textile materials u sed in  protective clo thing m ust 
provide hi gh performance in a num ber of areas , 
including im permeability to  haza rdous c hemicals, 
breathability, light weight, low co st, and ruggedness.  
Models bas ed on com putational fl uid dynamics 
(CFD) have bee n developed t o p redict t he 
performance of protective cl othing m aterials.  Suc h 
models complement testing by enabling property data 
from l aboratory m aterial test ing t o be use d i n 
predictions of in tegrated m ultilayer g arments und er 
varying environmental conditions. 
 
Introduction 
 Advances i n com putational fl uid dy namics 
(CFD) have made it possible to c reate accurate 
engineering m odels which c an i nclude t he i rregular 
shapes of a clothe d human, as well as the extremely 
different l ength an d t ime scal es prese nt i n a t ypical 
computation (i.e. thin clothing layers over a relatively 
large human body a nd irre gular ai r s paces).  Body-
fitted coord inates o r unstructured grids are u sed t o 
model shapes such as a cl othed human arm covered 
by a permeable clothing layer, or simpler geometries 
such as a fab ric-covered cy linder. T his ne w 
capability can  h elp to  d esign more co mfortable an d 
effective protective clothi ng.  Modern chem ical 
protective garments provide high levels of protection 
against battlefield ch emical th reats, yet are often 
found to  im pose high lev els o f heat stress und er 
certain environmental conditions. Accurate modeling 
and analysis techniques for heat and mass transfer aid 
in desi gning m ore co mfortable pr otective cl othing 
systems.   

Air flow, he at trans fer, a nd m ass transfer 
through cl othing can  be  st udied on different scal es: 
(i) macroscale of the whole human body in protective 
clothing, (ii) m esoscale of a si ngle l imb cove red by  
clothing m aterial an d (iii) microscale, focusing on 
transport ph enomena in  th e clothing m aterial at the  
scale of i ndividual fi bers. C lothing material 

properties are important at all of these scales.  T ransport 
through the clothing system involves diffusion of heat  
and m oisture, con vective airflow, and  liquid water 
capillary wickin g.  Hy groscopic fibers abso rb water in 
vapor o r l iquid f orm and r elease t he hea t of so rption 
within the clothing. Water can condense or evaporate in 
outer l ayers of cl othing.  M any m odern p rotective 
clothing sy stems i nclude po lymeric membranes, w hich 
may be a m icroporous hydrophobic p olymer o r a very 
thin solid layer of a hydrophilic polymer.  Modeling the 
sorption of l iquid water or va por i nto t he m embrane, 
diffusion through the st ructure, and desorption from the 
other si de, i s com plicated by t he polymer’s 
concentration-dependent pe rmeation prop erties. Nearly  
all transport phenom ena in clothing system s are tim e-
dependent.  Equilibrium do es not ta ke place withi n a  
matter of sec onds, but m ay require time scales of 
minutes to hours.  Sinc e hum ans rarely  work at a 
sustained c onstant l evel f or hours on en d, t he use of 
steady-state approximations to determine quantities such 
as to tal moisture accu mulation within th e clo thing, or 
total heat and mass transferred through the clothing, are 
often inacc urate.  Steady-st ate heat and mass transfe r 
properties do  n ot d escribe th e tru e situ ation.  With th e 
appropriate assum ptions, C FD i s usef ul at  bot h t he 
material and system l evel i n cl othing d esign.  C FD 
provides a fr amework t o m odel t he diff usive an d 
convective tran sport of heat and  gases/vapors; cap illary 
transport of l iquids; vapor a nd l iquid sorption 
phenomena and  p hase c hange; a nd t he variable 
properties of t he various cl othing l ayers.  It  ca n al so 
model the effects of sweat ing and humidity transport on 
the thermal stress imposed on the wearer of the clothing.  

  
Material Modeling  

A porous material may be described as a mixture of 
a solid phase, a liquid phase,  and a gaseous phase.  I n 
protective cl othing t he s olid phase c onsists of se veral 
materials (usually poly mers and carbonaceous  
adsorbents), plus any bound liquid absorbed in the solid 
matrix, or on  the surface of a so lid ab sorbent (such as 
activated carbo n).  Hence, the so lid phase d ensity is  
dependent on the amount of liquid contained in the solid 
phase.  Sol id pol ymer layers, suc h t hose prese nt i n 
laminates and membranes, are treated by a ssuming the  
gas phase volume fraction for that layer is zero. 
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The liquid phase consists of the free liquid that 
may ex ist with in t he porous m edium.  Th e liqu id 
phase is a pure component, and its density is assumed 
to be co nstant.  In pro tective clo thing t he liqu id 
phases are l iquid wat er (sw eat or rai n) and l iquid 
chemical agents. 

The gaseous phase co nsists of vapor pl us t he 
noncondensable gas (e.g. air).  The gas phase density 
is a funct ion of t emperature, p ressure, and vapor 
concentration. 

The ge neral go verning e quations f or e nergy, 
mass, and momentum t ransport in porous media are 
obtained by volume-averaging techniques [1,2], using 
definitions for intrinsic phase average, phase average, 
and s patial avera ge f or porous m edia given by  
Whitaker [3,4].  Material models  m ust account for 
vapor pha se t ransport (c onvection a nd diffusion), 
liquid ph ase tran sport (wicking), hea t transfer 
(convection, co nduction, an d radiation), liquid 
evaporation and condensation, and sorption/diffusion 
of vapor a nd l iquid t hrough t he s olid phase. 
Complications due t o va riable po rosity cause d by  
swelling or s hrinkage o f t he p orous m atrix are  
accounted for by various source terms in the transport 
equations. 

 
(a) 

 
(b) 

 
Figure 1. (a) Material Model and (b) Mass Transport 
Interactions 

Material Modeling Example 
The t wo-dimensional s ystem of governing 

equations may be solved to simulate the case of transient 
diffusion/sorption.  Heat i s rel eased as water va por 
diffuses through and is absorbed by a bed of hygroscopic 
fibers.  The  heat released  can  b e physiologically 
significant for clothing layers incorporating hygroscopic 
fibers suc h as  cot ton o r wool, o r polymer membranes 
such as p olyurethane, which are often c omponents i n 
protective cl othing sy stems.  Thi s so rption pr ocess ca n 
also buffer the effect  of rapid changes in environmental 
humidity.  CFD m ethods have been used m odel t his 
transient so rption p rocess fo r a vari ety of  hy groscopic 
clothing m aterials [5 -7], a nd a n e xample i s gi ven as 
follows. 

Experimental res ults fo r the transient 
diffusion/sorption case were obtained using two layers of 
fabric instrumented wit h three t hermocouples 
sandwiched between th e two  layers, to  record  
temperature changes as the fibers a bsorb or desorb water 
vapor from a g as stream flowing on the two sides of the 
fabrics.  The sample was initially equilibrated with a dry 
gas flow on both sides under constant nitrogen flow.  The 
relative hu midity was th en changed to  100% on both 
sides, and  th e te mperature rise an d fall due to v apor 
sorption was recorde d as a benchmark for the computer 
simulations.  Fi g. 2 sh ows t he c omputed a nd t he 
experimentally measured temperatures of three fabrics as 
a fun ction of time.  Th e numerical resu lts m atch th e 
experimental results, and particularly the fact that there is 
a diffe rence betwee n the upstream , center, a nd 
downstream therm ocouples, due t o t he fo rmation o f 
concentration and temperature boundary layers down the 
length of the sample.   
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Figure 2.  N umerical (sol id l ines) a nd e xperimentally 
measured  (symbols) tem perature transients for 
hygroscopic  fa brics s ubjected t o a st ep c hange i n 
relative humidity. 
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Modeling of Fabric-Covered Cylinders 
 Fabric-covered cylin ders prov ide a co nvenient 
geometry t o study  s ome of  the syste m-level effects  
important f or cl othing sy stems.  The effect s o f 
variable air spacing between fabric layers, or between 
the fa bric and the human skin s urface, can be 
important in determining how much heat and mass is 
transferred into or out of the clothing.  In many cases, 
approximating the human body as an asse mblage of  
fabric-covered cy linders pr ovides suf ficiently 
accurate results for engineering purposes.  In general, 
an ex ternal air  f low du e to w ind or body motion 
impinges on the clothed human, and some ai r flows 
around th e body, while so me air  penetrates th rough 
the cl othing s ystem and i nto t he gap between t he 
clothing and body.  This is illustrated in Fig. 3, which 
is a typ ical CFD sim ulation of fl ow ov er a cylin der 
covered by a permeable fabric.  Fo r a gi ven external 
air velocity, the amount of air which flows around the 
body, a nd t he amount which penet rates t hrough t he 
clothing layer is determined by the air flow resistance 
(air permeability) o f th e cl othing layer.  Materials 
with a lo w air flow resistan ce allow a relati vely high 
flow rate t hrough the fabric, with a  co rrespondingly 
low pr essure drop.  Mater ials with a high air flow 
resistance allow less flow th rough th e fab ric, an d 
have a hi gher pres sure drop acro ss t he fabric l ayer 
(up to  th e limit o f th e stag nation pressure for th e 
particular environmental flow conditions). 

 

 
Figure 3.  Flow conditions for a fabric-covered body. 

  
The si mple flow geometry shown i n Fi g. 3 i s 

useful for answering some very basic questions about 
the in teraction o f th e different tran sport properties 
characterized individually by laboratory test methods, 
but wh ich all op erate sim ultaneously i n a  cl othing 
system.  For exam ple, pr otective clothing system s 
can be de signed t o protect fr om aerosol  part icles 
present i n t he envi ronment.  B ut cl othing aero sol 
barrier performance cannot be measured in the s ame 
way th at ind ustrial filters are ev aluated.  Aero sol 
particle filters are c ommonly placed in systems that 
have a well-defined flow rate or pressure drop across 
the filter material.  In  clothing systems, however, the 

aerosol ba rrier is incorporat ed into a clothing syste m 
covering the human body, and the actual flow rates and 
pressure drops for a p articular set of co nditions are 
dependent on the air flow resistance properties of the  
fabric layer itself.   For a truly valid comparison between 
aerosol barrier m aterials which differ i n t heir ai r 
permeability properties, it would be desirable to test at a 
unique volumetric flow rate /  filter velocity and pressure 
drop w hich c orresponds t o t hat pr oduced by  a given 
external air velocity on a typical clothing system .  A 
simple cylinder model is useful in defining a reasona ble 
set of  l aboratory test conditions for comparing different 
material candidates for new protective clothing systems 
[8-14]. 

Similar questions arise for in teractions between the 
convective prop erties of air p ermeability, or conv ective 
air flow resistance, and the diffusive property of thermal 
conductivity/thermal resistance.   Labo ratory evaluations 
of i ndividual t ransport pr operties y ield a vari ety of  
material r esponse due to a w ide r ange of  th ermal 
resistance and air p ermeability p roperties.  A CFD 
simulation o f the p erformance o f th e m aterials in  th e 
fabric-covered cy linder geometry can hel p t o det ermine 
how the t otal heat and m ass trans fer c oefficients a re 
influenced by  a part icular com bination of fab ric 
properties. 

 An illustration of typical CFD modeling results 
for fabric-covered cylinders [15] is shown in Figure 4.  A 
body-fitted mesh is created for a cylindrical geometry.  A 
thermal in sulation layer, and  an air sp ace, is p laced 
around the cylinder.  T he air fl ow resistance property of 
the in sulation layer is v aried (while k eeping th ermal 
insulation constan t). In t his particular case th e cylin der 
diameter was 0.187 m (corresponding to the diameter of 
a human thigh), and the air space between the fabric and 
the cylinde r s urface was 0.01 m .  The cyl inder s urface 
temperature was 35°C (nominal human skin temperature) 
and the ai r tem perature wa s 5°C .  Sim ulations were 
carried out over a rang e of air flow v elocities from 1 to  
40 m/s, although only the results up to 10 m/s are shown 
in Fig  4 .  Th e cu rve for th e b are cylin der case in  th is 
figure agrees with heat tra nsfer correlations for gas flow 
over heat ed cy linders.  The se t ypes of si mulations are  
useful i n ef forts t o desi gn t he proper mix of  fa bric 
transport properties to  m aximize co mfort wh ile still  
providing adequate protection from the environment, and 
from chemical/biological warfare agents. 
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Figure 4.  Overall Heat  Tra nsfer Re sistance of 
Fabric-Covered Cylin ders i n Cro ss-Flow C onditions 
at Various Wind Speeds. 

 
 These modeling t echniques were applied t o 

commercially available knit fleece layers  that are  
under co nsideration f or col d-weather ap plications 
[16-17].  C onsiderable effort is expended to develop 
clothing that is “breatha ble” to sweat vapor, yet that 
will also  retain  h eat ev en in  wi ndy co nditions.  
Modeling si mulations we re carried o ut for a va riety 
of new ins ulating fleece fabrics produced for the  
outdoor cl othing m arket t hat addre ss t he need for 
materials which breathe well, but which also keep out 
enough wind in cold conditions to keep people warm.  
These fa brics are becom ing available in a wide  
variety of m aterial pr operties, an d i t i s di fficult t o 
rank or e valuate t hem based  on m aterial pro perties 
alone.  C FD m odeling of t he behavior o f t hese 
materials in a sim ple clothi ng anal og of a fa bric-
covered cylind er can b e help ful in  distinguishing 
significant differences between some of these fabrics. 

Thermal resistance, water vapor diffusion 
resistance, a nd air perm eability were determined on 
flat sam ples u sing lab oratory test m ethods.  Th e 
material properties were then input into a CFD model 
of a fabric-covered cylinder, with an air s pace, under 
conditions of sev eral d ifferent wind sp eeds.  The 
CFD m odel pro vides th e ab ility to  g o directly fro m 
laboratory test s o f m aterial properties to  a syste m 
simulation th at ap proximates real-wo rld co nditions.   
An e xample c omparison for three of the fabrics is  
shown in Figure 5. 
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Figure 5.  Comparison of Heat Transfer and Water Vapor 
Flux for Three Varieties of Insulating Fleece. Solid Lines 
are T hermal Insulation, Das hed Lines  are  Water Vapor 
Flux. 

 
The baseline bare cylinder results are essentially the 

cooling effect and e vaporative heat loss due t o “ wind 
chill.”  Th e presence of a clo thing layer modifies th e 
wind ch ill effect sig nificantly d epending o n th e air 
permeability, th ermal resistan ce, an d water v apor 
diffusion resistance of t he cl othing l ayer, and t he ai r 
space between the cylinde r surface a nd the clothing 
layer.  The air permeability of the fabric layer was found 
to b e t he mo st sign ificant p arameter affecting  th e 
performance of t he various m aterials eval uated.  
Differences in thermal resistance t hat seemed im portant 
under th e stag nant test co nditions p resent in  th e 
laboratory tests were m uch less sig nificant wh en the 
materials were  com pared under m oderate wind s peeds 
which produced sign ificant air flow thro ugh th e m odel 
fabric-covered cylinder system.    

Of equal importance for military protective clothing 
systems is the trans port of chem ical and biol ogical 
warfare age nts into a cl othing system .  The cylinder 
model i s useful  as a st arting p oint f or l ooking at  t he 
importance of a pr operty such as fabric air  f low 
resistance on the performance of a particular p rotective 
clothing system design. 

More sy stematic st udies of  fl ow a round fabri c-
covered cylin ders use sophisticated tu rbulence m odels 
incorporating vortex shedding in the wake of the cylinder  
[18-20].  Experimental measurements conducted in 
parallel wi th C FD c omputations de veloped si ngle 
correlations whic h predict heat and mass transfe r 
properties bas ed o n n ondimensional sca ling rel ations 
between fl uid fl ow rat e, fab ric air flow res istance, and 
the inner gap between the fabric and the cylinder surface.  
Scaling r ules have been de duced as a f unction of t he 
Reynolds number, the Darcy number and the Damkohler 
number, representing t he wi nd s peed, cl othing 
permeability, a nd adsorptivity of poisonous trace gases, 
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respectively.  The range of  val ues of t he st udied 
parameters was based on appl ications i n heat  and  
mass t ransfer to a cl othed human l imb in o utdoor 
wind. For a wide range of con ditions, air was found 
to penetrate the outer porous cylinder in the upstream 
region, down to an angle of approximately 50 degrees 
from the fr ont st agnation p oint. In t his re gion, heat 
and mass transfer are high. Further downstream, heat 
and m ass trans fer are di ctated by  
conduction/diffusion through the air layer in between 
the t wo cy linders. F or l arge Reynolds numbers a nd 
high fabric air p ermeability, th e fl ow easily 
penetrates t he p orous s heath and heat trans fer 
approaches that of a bare cy linder. For low Reynolds 
numbers, o n the ot her ha nd, t he boundary l ayer 
around the pair of concentric cylinders becomes very 
thick a nd l imiting for heat t ransfer, a nd a gain heat 
transfer approaches that of a bare cy linder. The  
dimensionless parameters for heat  t ransfer and mass 
transfer c an be summ arized in  a sing le co rrelation 
under a wide range of conditions.  Within its range of 
validity this correlation is accurate within 5 % , 
compared to the numerical simulations. 

A battlefield hazard for the soldie r is the  
presence o f dr oplets of  liquid c hemical agents that  
have contam inated the outer surfaces  of protective 
clothing.  These droplets evaporate and the vapor can 
diffuse i nto t he cl othing sy stem.  The  d roplets can  
also be carried into the clothing system by convective 
air flow due to body motion or an external wind. 

Figure 6 is an example of a CFD simulation of a 
liquid droplet placed onto the outer s urface of the  
fabric-covered cylinder model.  All fab ric properties 
are constant with the exception of the fa bric air flow 
resistance.  What is in teresting abo ut th is particular 
example is that the fa bric with the h ighest air flow 
resistance does not produce t he lowest total expos ure 
to the chemical vapor.  Th e fabric with low air flow 
resistance provides a standoff of t he droplet from the 
cylinder surface, while the ventilating air flow carries 
vapor quickly through the system and away from the 
cylinder.  For the case of t he fabric with a high air 
flow re sistance, t he t otal va por e xposure i s hi gher.  
This is due to th e fact th at although t here is little 
convective flow into t he air space under t he fa bric 
layer, the vapor is able to diffuse through the clothing 
and build up to  h igher con centrations.  In th is case  
there is no ventilating air flow to sweep the vapor out 
of the system, and the total exposure to  the vapor is 
much higher than for the well-ventilated system. 

Modeling fabric p roperties in  th is si mple 
cylindrical geom etry provides m uch of the 
information required for system-level decisions about 
various t ransport pr operty t rade-offs between 
different m aterial candi dates fo r p rotective cl othing 
materials.  Ho wever, th ere are so me situ ations, 
particularly those having to do with body movement 

and m otion, a s well as interfaces and clos ures between 
different cl othing sy stem components, where m ore 
detailed models are desirable. 

 
 

Figure 6.  C FD simulation of l iquid droplet evaporating 
on outside  surface of a n air-permeable fa bric layer 
covering a c ylinder (c olor cont ours re fer t o va por 
concentration, scale not shown). 

 
A variety o f ge ometric parameters affect the 

transport of a gent vapor from a l iquid surface drop [21-
22].  The se p arameters i nclude orientation o f t he dr op 
relative to the flow direction, ga p size between the 
cylinder a nd t he cl othing l ayer, n on-uniform gap si ze, 
and multiple clothing layers. The variation in parameters 
was assesse d at  t wo im posed wi nd spee ds of 5 an d 2 0 
mph. 

Figure 7 sh ows t he base geometry assum ed for  
these two-d imensional tran sient simulations. Th e model 
is that of a cross-section of a 10 cm  diam eter ar m 
covered with a single 0.5 mm thick clothing layer having 
a 1.1 cm  gap betwee n the surface of the  arm and the  
clothing layer. Fab ric permeability was assu med to be a 
cotton sh ell (perm eability ap proximately 2 .4x10-12 m2). 
Vapor p roperties co rrespond to  G B ( Sarin) ( molecular 
weight o f 140.1  kg /kg-mol, v apor p ressure o f 2 .9 mm 
Hg, an d vapor  diffusivity of 7.5 x 10 -6 m2/s). Th e 
transient sim ulations were performed with a ti me step  
chosen t o resolve the s hedding freque ncy of t he vortex 
street for flow over a circular cylinder. 
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Figure 7. Sc hematic of B ase Geom etry f or T wo-
Dimensional Sim ulations of Eva porating Surface 
Agent (with Droplet Locations Shown) 

 
The f ollowing set s of ge ometric param eters 

were considered: 
• Base Geometry wi th an i ncident wind direction of 
0°, 45°, 90°, 135°, and 180° relative to the droplet. A 
condition of 0° corresponds to  the droplet located at 
stagnation point. 
• Wind direction at 0° relative to droplet with single 
clothing layer having uniform gap spacing of 0.2, 0.6, 
1.1, and 2.1 cm. 
• Wind direction at 0° relative to th e drop let with 
single clot hing layer eccentri c to the a rm with non-
uniform gap  spaci ng o f 4 .1:1, and 6.8:1 
(maximum/minimum of 1.76 7 cm /0.433 cm  and  
1.918 cm /0.282 cm , respe ctively wi th m inimum 
thickness located at the stagnation point).  
• Wind direction at 0° relative to the droplet with two 
clothing l ayers ha ving uniform gap  spac ing. Fi rst 
case: inner surface of inner a nd outer layers located 
0.55 cm and 1.1 cm  from arm surface, res pectively. 
Second case:  inne r surface of inne r and outer layers 
located 1.1 c m and 2.1 c m from  ar m surface , 
respectively. 

All si mulations were run until they reache d a 
stationary o scillatory state in wh ich th e so lution 
variables varied with time aro und a con stant 
asymptotic mean (physical times of approximately 80 
seconds a nd 20 sec onds f or 5  m ph a nd 20 m ph 
respectively). Once th is cond ition was reach ed, t he 
agent con centration was assessed at the  arm  to 
determine the maximum concentration (mg/cm3) as a 
function of time. The area- averaged concentration 
over the a rm surface as a function of tim e was als o 
computed. For th e con ditions under consid eration 

here, the amplitudes of the time varying concentrations at 
the arm were typically s mall relative to the time average 
values once the stationary  state was reached. The  
boundary co ndition for t he sat uration concentration 
imposed at the droplet is 2.19x104 mg/m3.  

The re sulting obse rved t rends a re g enerally 
consistent wit h expectations . Droplets located at the 
stagnation point p roduce hi gher e xposure t han when 
located at other angles relative to the wind direction. For 
the 5 m ph w ind sp eed, m aximum and av erage 
concentrations are t he sam e orde r o f m agnitude f or al l 
orientations. T he l owest m aximum i s obs erved for t he 
45° orien tation with an in crease i n m aximum 
concentration as the droplet is moved around to the back 
of t he arm (180°). T he a verage c oncentration is similar 
for all orientations other than the stagnation point droplet 
location i ndicating t hat di ffusion of a gent fr om t he 
droplet location is o f primary importance for these wind 
and fabric conditions.  

For t he 20 m ph wind spee d, t he m aximum and 
average conce ntrations are s everal orders of m agnitude 
higher f or the st agnation point l ocation, with 
asymptotically decreasi ng con centrations as th e drop let 
is m oved away fro m th is lo cation. For th e fab ric 
conditions considered here, the higher velocity increases 
exposure for stag nation po int co nditions, bu t assists in 
sweeping a gent away whe n t he droplet is located a way 
from th e stag nation point. Th ere is an in crease in  
maximum concentration as th e droplet is m oved around 
to the back of the arm (180°). The average concentration 
is si milar for all o rientations o ther th an th e stagn ation 
point dr oplet l ocation i ndicating t hat di ffusion of ag ent 
from th e d roplet lo cation is o f prim ary i mportance for 
these wind and fabric conditions.  

For droplets located at the stagn ation point, 
increased gap widths and multiple clothing layers reduce 
the obse rved m aximum agent concentration at the  arm 
surface. For this flow co nfiguration, the m aximum 
concentration is always directly u nder th e d roplet 
location. 

Increasing t he di stance from the droplet or  adding 
additional resistance to agent transport in the form of an 
additional clo thing layer allo ws th e surrou nding air to 
dilute th e ag ent co ncentration bef ore reac hing the arm 
surface. The results in Table I also indicate that increased 
gap wi dths tend t o i ncrease area -averaged a gent 
concentrations at the arm surface. Increasing the distance 
between t he a rm and t he o uter cl othing l ayer has t he 
effect of increasing the resistance to a gent di ffusion 
transport out o f t he gap re gion a nd allows higher 
concentrations to be reached within the gap a way from  
the droplet location. 

As an exam ple of the age nt conce ntration results, 
Figure 8 s hows the agent con centration at the surface of 
the arm for different uniform gap thicknesses. The larger 
gaps sh ow a  l ower peak conce ntration, but hi gher 
concentrations over most of the arm surface.  
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Figure 8. Age nt Conce ntration at the Surface of the  
Arm usi ng Different Uni form Gap Thi cknesses 
(Wind Speed 20 mph). 

 
 
Full-Body Modeling 

Detailed com putational si mulations of 
clothing systems are not  necessary at all steps of an 
analysis.  Use  of a body that is a solid geom etric 
shape (no porous clothing layers or air spaces) can be 
useful to define the air flow pattern and pressure field 
developed over a human form.  This information may 
then be used  with the simpler body segment models 
(such as an arm or torso) to define exposure levels.  

Figure 9 sh ows t he geometry of a s oldier 
modeled as a s olid body (no porous clothing layers).  
Two cal culations were pe rformed wi th t he m odel, 
both for a 4. 5 m/s headwind.  Fi gure 9 (a) shows the 
calculated steady-state flow field around the so ldier.  
The recirculation re gion i mmediately behind t he 
soldier is readily v isible.  In th e seco nd calcu lation 
(transient), a spherical cloud of trace r gas 1 m in  
diameter is released at a l ocation 2 m in front of the  
soldier.  Figure 9 displays s urface c oncentrations of 
gas at 0.5 seconds a fter rel ease.  The results show 
high concentrations of gas in the soldier’s midsection 
where the cloud is centered.   

   

(a) 

 

            (b) 

Figure 9.  (a ) Streaklines for 4.5 m/s Headwind (b) 
Surface Conc entrations of Tracer Gas: 0.5 sec after 
Release of 1 m Spherical Cloud at Location 2 m in Front 
of Soldier 

 
Figure 10 depicts more complex 3-D models of an 

arm and t orso, respect ively. Two layers of fabric clothe 
the arm . The un dulations visible on t he i nner a rm near 
the elbow are in the outer layer of fabric only. The torso 
model here is clad in a single fabric layer, a crew-nec k 
T-shirt. Bo th arm an d to rso models are b ased o n l aser 
scans of humans. Scan ned p oints a re br ought i nto 
computer-aided design software for creation of the body 
surface and ge neration of clot hing layers. T he geometry 
is then exported to th e CFD software’s preprocessor for 
grid generation.  3-D simulations are generally similar to 
the 2 -D fab ric-covered cylin der stud ies, p articularly fo r 
the fabric-c overed arm  segmen t.  Pro blems arise in  th e 
computational requirements for the large number of grid 
points for a human body, the irregular geometry, and the 
differences in scale between the size of the hum an body 
and the thickness of the mesh required for thin clothing 
layers. 

 
(a)   (b ) 

 
Figure 10. (a ) 3 -D M odel of Arm wi th T wo 

Clothing Lay ers an d ( b) M odel of T orso (C lad i n T-
Shirt) 
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Work i s c urrently un derway t o de velop 3- D 
models of  a human torso having one or more layers 
of cl othing [22]. R esults fr om a pr eliminary 
simulation usi ng t he c omputational mesh of Fi gure 
10(b) have been per formed under steady state 
conditions of a 5  mph wind imposed on the front of 
the torso. Skin conditions are assu med to be a sweat  
flux of  3x10-5 kg/ m2-s and heat  flux of 1 00 W/ m2, 
while th e sh irt is modeled as 1  mm th ick co tton 
fabric. Fi gure 11 shows the  temperature at  the s kin 
surface a nd velocity vector s in a plane around the  
torso for conditions of fu ll closure between the layer 
of clothing and skin at the bottom of the shirt, ends of 
the sleeves, a nd at the nec k (i.e., snug fit at neck, 
sleeves, and waist).  

 

 
 
Figure 11. Preli minary Simu lation Resu lts of 

Clothed 3-D Human To rso:  Tem peratures at  ski n 
surface and flow around tors o with com plete closure 
(snug fit) at neck, sleeves, and waist. 

 
As might be e xpected, the highest temperatures 

are in the vicinity under the arm . Furthe rmore, the 
presence of t he closures and their effect of lim iting 
the ability of flow from the environment to enter the 
area under th e sh irt results in  higher tem peratures. 
These re sults represent a first step in performing 
simulations of th ermal an d ag ent transp ort in  
protective clothing on a 3-D human torso model. 

 
Conclusions 

Modeling offers a p owerful co mpanion to  
experiments and t esting i n t he de velopment of  
protective cloth ing m aterials an d other tex tiles. 
Detailed material models for vapor and l iquid phase 
transport with in tex tile fab rics h ave been developed 
and in tegrated with  C FD software. M aterial-level 
modeling can account for tra nsient processes such as 
aerosol transport and deposition, l iquid wicking, and 
phase changes due to evaporation, condensation, and 
sorption/desorption.  It is d esirable to  in clude th ese 
more com plicated phe nomena in t he sys tem-level 
three-dimensional body modeling efforts.   

General nondimensional scaling correlations of heat 
and mass t ransfer from cylinders covered with a porous 
layer are very valuable for application to the problems of 
clothing com fort an d protection from  chemical agents.  
Modeling a nd expe riments for fabric-covered cy linders 
will continue to be an efficient pathway to understanding 
the in teractions b etween m aterials p roperties an d t heir 
performance i n a protective cl othing system.  Fut ure 
modeling applications will involve assessment of thermal 
comfort/stress on wearers of protective clothing, effects  
of layering on protective performance, and sensitivity to 
textile permeability and wicking properties.   
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