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In chemical, biological, radiological, and nuclear protective clothing, a layer of activated carbon material in between two
textile layers provides protection against hazardous gases. A cylinder in cross flow, sheathed by such material, is generally
used to experimentally test the garment properties. This is, however, complicated and predictive models are needed. We
present a computational fluid dynamics model for the initial phase in which the carbon filter material is not yet saturated.
The textiles are modeled as chemically inactive porous layers, the carbon filter particles have been resolved explicitly. The
model has been validated against experimental data. We demonstrate that (1) computational fluid dynamics simulations
can be used for the efficient design and optimization of protective garments, and (2) the addition of a highly porous active
carbon layer highly increases the chemical protection capabilities, while having relatively little negative impact on the
thermal comfort of protective garments. VC 2013 American Institute of Chemical Engineers AIChE J, 60: 353–361, 2014
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Introduction

A circular cylinder of approximately 10 cm in diameter in
cross air flow, sheathed by garment material, is a typical
model system that is widely used to study the thermal insula-
tion of garments.1–6 The system mimics a limb or other
body part in clothing. The thermal comfort is primarily
determined by the transport of heat and moisture to and
from the cylinder. These may be required to be either high
or low, depending on the purpose of the garments. The gar-
ment material can consist of a single or multiple layers of
textile or other materials, and can either be wrapped tightly
around the limb, or at some distance with an air layer in
between. Typically relevant Reynolds numbers, based on the
cylinder diameter and the cross stream velocity, are
1032105. The cross-flow medium being air containing water
vapor, relevant Prandtl and Schmidt numbers are of the order
of 1.

Due to its popularity as a model system for garment eval-
uation, there is a body of literature on heat and moisture
transfer to cylinders sheathed by thin porous layers in the
above parameter space, as a function of the geometric and
material composition of the porous materials, for example,

Refs. 7–11. These studies showed the large increase in ther-
mal isolation due to the presence of a thin air layer under-
neath or in between the porous layers, and the fact that
combinations of two layers of moderate air permeability can
offer a better isolation than a single layer of low permeabil-
ity material.

Although the influence of regular garments on heat and
mass transfer to body parts is essentially passive, and due to
their slowing down and redistributing the air reaching the
body part, the role of nowadays chemical, biological, radio-
logical, and nuclear (CBRN) protective clothing is an active
one. In such CBRN protective clothing, a thin—usually sin-
gle—layer of active carbon (either fibers or particles) is
embedded in between two textile layers. The purpose of
these garments is to prevent CBRN hazardous gases and
vapors in the air to reach the skin of the wearer. These gases
and vapors are adsorbed by the active carbon. The textile
layers serve to slow down and divert the air flow, and as a
basis for the attachment of the active carbon filter material.
Again, circular cylinders, sheathed at some distance by the
protective garment material and exposed to a cross flow of
air containing a trace of hazardous gas, are the most com-
monly studied model systems.3,11

In the first hours of their exposure to hazardous gases, that
is, before the active carbon becomes saturated, the concen-
tration Cout of hazardous gases in the air that has passed the
CBRN protective garment and that reaches the skin is
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typically a low fraction of the concentration C1 in the
incoming air. In this stage, the protection factor (PF), defined
as PF 5 C1/Cout, is high and has been found to be almost
constant in time.12,13 The protection factor is a function of
the cross-flow air velocity, the diffusivity of the hazardous
gas molecules, the permeability of the textile layers, and the
porosity and geometrics of the carbon filter layer.14 At later
stages, the carbon filter material becomes saturated and PF
drops to 1. Other than the requirement that this should hap-
pen as late as possible, this stage is of little relevance as the
protective garments should not be worn anymore.

Increasing the packing density of the carbon filter mate-

rial, and embedding this filter material in low permeability

textile layers, reduces the amount of hazardous gas reaching

the skin. However, this results in a lower air permeability of

the protective clothing, leading to undesired higher heat

stresses on the wearer. Such contradictory requirements

make the right balance between high protection and accepta-

ble ventilation difficult to achieve. Consequently, design and

development of CBRN protective clothing result in a very

complex optimization problem. The experimental study and

optimization of CBRN protective garments is complicated

and time consuming, even when restricted to a simple model

configuration such as a single, sheathed cylinder in cross

flow. Not only does the PF depend on the characteristics of

the external air flow and the hazardous gas, and on the

nature of the protective garment material, but also on the

location on the cylinder, that is, close to or far from the front

stagnation point of the air. This necessitates the development

of predictive models.
Brasser proposed analytical models to predict mass depo-

sition onto a cylinder sheathed by passive (i.e., without a
layer of active carbon to adsorb hazardous species)15 and
active16–18 garments at high Reynolds numbers. These mod-
els contain various assumptions and simplifications, espe-
cially regarding the flow distribution around the cylinder and
underneath the porous layer.

Whereas in a previous study we reported on the flow and
heat transfer around a cylinder covered by a passive textile
layer,11 the purpose of the present work is twofold: (1) to
demonstrate that the addition of a highly porous, high perme-
ability active carbon layer to CBRN protective garments may
highly increase its chemical protection capabilities, while hav-
ing relatively little negative impact on its thermal comfort; (2)
to demonstrate that computational fluid dynamics simulations
are an accurate and efficient means to describe flow, heat, and
mass transfer in active protective garments, and that such sim-
ulations can account for relevant complexities which could
not be included in earlier analytical models.

To this end, we develop a computational fluid dynamics
model for gas deposition onto a cylinder in cross flow,
sheathed by a three-layer protective garment consisting of
two layers of porous textile and one porous layer of active
carbon particles in between. The studied Reynolds numbers
(based on free stream velocity and the cylinder diameter) are
12,000 and 34,000 (in order to conform to the experiments
by Brasser and van Houwelingen15 that we will use to vali-
date our model). Our model provides direct information as
to the flow, heat, and concentration distribution around and
underneath the active protective garment, without the many
simplifying assumptions that were made in earlier studies.15–18

The model shows the influence of the free stream Reynolds
number, of varying the permeability of the textile layers, and

of the addition of a carbon layer, on heat transfer and chemi-
cal protection. The model can be used to evaluate and opti-
mize the chemical protection and thermal comfort of different
designs of protective garments, with respect to the permeabil-
ities of the inner and outer textiles and the porosity and parti-
cle size of the carbon filter layer. A model such as presented
here may readily be extended and applied to other active car-
bon filter applications, such as in heating, ventilation, air con-
ditioning (HVAC), cooker hood, and exhaust hood
applications.

Numerical Model

Problem definition

Figure 1 shows the studied configurations, viz. a long
solid cylinder of diameter da, with its axis perpendicular to
the flow direction, sheathed at some distance dg by either (1)
a passive (nonadsorbing) thin porous layer of thickness dc

(Figure 1a), or (2) a three-layer protective garment, consist-
ing of two passive porous layers of thickness dc and a single
layer of active carbon particles of diameter d 5 0.01da, with
a mutual surface-to-surface spacing d (Figures 1b,c). In addi-
tion to these configurations, we will also present some
results for a bare (that is, nonsheathed) long solid cylinder of
diameter da.

All our simulations are two-dimensional (2-D), and as a
consequence the carbon particles are modeled as thin,

Figure 1. Tested configurations: (a) solid cylinder
sheathed by nonactive protective material;
(b) solid cylinder sheathed by active protec-
tive material; (c) close-up of the active pro-
tective material; (d) computational domain.
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infinitely long cylindrical fibers with their axes perpendicular
to the flow direction. In a previous study,19 we have shown
that, for a given open frontal area, the mass transfer to such
fibers differs little from that to spherical particles. The air
gap thickness dg is uniform along the angular direction h in
all our simulations.

For a prescribed open frontal area fraction � of the carbon
filter, the number of carbon particles n follows from

�512
nd

2pR
5

nd
2pR

(1)

where R5da=21dg1dc1 3dð Þ=4 is the distance between the
center of a carbon particle and the center of the solid cylin-
der. The dimensions of the computational domain are 16da

in the cross-flow direction y, 6da in the streamwise direction
x upstream of the cylinder, and 20da in the streamwise direc-
tion x downstream of the cylinder, as shown in Figure 1d.

The gas flow is assumed to be isothermal and incompres-
sible. Buoyancy, therefore, does not play a role. The fluid
properties of the air-tracer gas mixture (density q, viscosity
m, thermal conductivity k, specific heat capacity Cp and mass
diffusivity D of the tracer gas in the air) are assumed to be
constant and the gas mixture is assumed to behave as a
Newtonian fluid.

We impose a constant inlet gas velocity u1, as well as a
turbulence intensity It 5 4% and a turbulence length scale
Lt 5 da, in the inlet, on the left of the domain. On the walls
of the solid cylinder and of the active carbon particles, we
impose a no-slip boundary condition for the velocity and
standard wall functions20 for the turbulence parameters.

At the inlet, we impose a constant tracer gas mass fraction
C15 77 mg/m3 (in order to conform to the experiments by
Brasser15 that we will use to validate our model), and a con-
stant temperature of the flow T1. As the Peclet number
based on u1, D, and the length of the domain upstream of
the cylinder is very large, a purely convective inflow bound-
ary can be used for the tracer species. On the solid walls of
the cylinder and the carbon particles, as we study initial
breakthrough, the tracer species is assumed to be consumed
at an infinite rate, resulting in a zero concentration boundary
condition Cw 5 0. The temperature on the surface of the cyl-
inder Tw is maintained constant, whilst the surface of the
carbon particles and the porous layers are assumed adiabatic.

The top, lower, and right boundaries of the domain are
defined as free outlets, with zero gradients for velocities,
concentration, and temperature normal to the boundary. The
porous textile layers are modeled as porous media20 of pre-
scribed isotropic permeability K.21 These act as a momentum
sink term in the momentum equations, whereas they are
chemically inert.

Meshing of the 2-D domain was performed in Gambit,22

using structured meshes in which the solid cylinder and the
carbon particles are exclusions from the computational
domain. The meshes consisted of approximately 58,000 tet-
rahedral grid cells for cases in which we studied cylinders
sheathed by nonadsorbing material, up to 478,000 grid cells
for cases in which we studied cylinders sheathed by a three-
layer adsorbing material. Local grid refinements were
applied in the region around the carbon particles, in between
the two textile layers.

Dimensionless groups

In addition to the open frontal area fraction �, defined
above, and the dimensionless diameter of the particles,
which was fixed at d/da 5 0.01, six dimensionless groups
are defined as follows:
� the free stream Reynolds number Re15qu1da=l.
� the Schmidt number Sc 5q= lDð Þ.
� the Prandtl number Pr 5lCp=k.
� the Darcy number Da i5Ki=d

2
c, where i stands for the

outer textile layer, the inner textile layer, or the carbon
filter layer.

� the porous layer thickness ratio Ic 5 dc/da.
� the air gap thickness ratio Ig 5 dg/da.
Table 1 summarizes the values used for these dimension-

less quantities in all studied cases. Values for Re1, Sc, Ic,
Ig, and Daouter have been chosen in agreement with cases
reported by Brasser.15 As in protective garments the majority
of the pressure drop is caused by the outer textile material,
values of Dainner were chosen as one order of magnitude
larger than those of the outer layer. Also, the carbon filter
layer, although not modeled as a porous layer but explicitly
resolved in our simulations, can be associated with a perme-
ability K, which may be calculated from the theory presented
in Ref. 23. These values for Kfilter have also been included in
Table 1. The total Darcy number of the three-layer garment
follows from d12dcð ÞDa 21

total 5dcDa 21
outer 1dcDa 21

inner 1

dDa 21
filter , and is almost entirely determined by the outer tex-

tile layer.
Dimensionless output parameters from our simulations

include the local Nusselt number Nu hð Þ5/00q hð Þda=
k Tw2T1ð Þð Þ, and the pressure coefficient Cp hð Þ5 P hð Þ2ð

P1Þ= 0:5qu2
1

� �
.

CFD solver and turbulence model

Computational fluid dynamics models of laminar and tur-
bulent reacting gas flows have been well established and
described in literature.24,25 To account for the turbulence and
the low-frequency oscillations in the flow around the
sheathed cylinder, we applied the so-called time-dependent

Table 1. Values of the Dimensionless Groups for all Studied Cases

Case Re1 Ig Ic Daouter efilter d/da Dafilter Dainner Datotal

Bare cylinder 1 12,000 – – – – – – – –
2 34,000 – – – – – – – –

Passive garment 3 12,000 0.036 0.01 9.48�1026 – – – – 3.16�1026

4 12,000 0.036 0.01 9.48�1027 – – – – 3.16�1027

5 34,000 0.032 0.01 2.03�1023 – – – – 6.77�1024

6 34,000 0.032 0.01 2.03�1024 – – – – 6.77�1025

Active garment 7 12,000 0.036 0.01 9.48�1026 0.6 0.01 8.00�1021 9.48�1025 2.87�1026

8 12,000 0.036 0.01 9.48�1026 0.2 0.01 4.00�1023 9.48�1025 2.87�1026

9 34,000 0.032 0.01 2.03�1023 0.6 0.01 8.00�1021 2.03�1022 6.13�1024

10 34,000 0.032 0.01 2.03�1023 0.2 0.01 4.00�1023 2.03�1022 4.20�1024
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Reynolds-averaged Navier–Stokes (T-RANS) approach. This
approach solves the time-dependent Navier–Stokes equations
with a subgrid turbulence closure model to resolve the large
coherent flow structures, in a way that is similar to Large
Eddy simulations.26–29

Thus, in comparison with traditional RANS, in T-RANS,
the subscale model covers only the incoherent, or random,
subgrid turbulent motions, whilst the low frequency large-
scales are fully resolved. This can be done if the characteristic
time scale of the coherent motion is sufficiently large com-
pared to the time scale of the turbulent fluctuations. As a sub-
grid closure model, we use a single-point RANS turbulence
closure,26 viz. the enormalization group (RNG)-k-� model.20

In this approach, and with the assumptions listed in
section Problem Definition, the transient continuity and
Navier–Stokes equations read

@q
@t

1
@

@xi
quið Þ50 (2)

@

@t
quið Þ1 @

@xj
quiuj

� �
52

@p

@xi
1

@

@xj
l
@ui

@xj
1
@uj

@xi
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1

@

@xj
2qu0iu

0
j

� 	
1aSi

(3)

where 2qu0iu
0
j are the components of the Reynolds stress ten-

sor, which represents the effects of subscale turbulence, and

a denotes a binary parameter which is equal to 1 in porous

regions, and to zero in the fluid region.
~S is the momentum sink term vector in the porous zone,

obtained from the Darcy’s law

~S52
l
K
~u (4)

A common approach to close Eq. 3 is to model the Reyn-
olds stress term via the Boussinesq hypothesis30

2qu0iu
0
j5lt

@ui

@xj
1
@uj

@xi

� �
2

2

3
qk1lt

@ui

@xi

� �
dij (5)

where lt is the turbulent viscosity and k is the turbulent
kinetic energy.

The turbulent viscosity can be obtained from a turbulence
model. As the standard k-� model is well known for its weak-
ness in predicting stagnation point flows,31 the more accurate
RNG-k-� model20 is used instead. Neglecting buoyancy
effects, the transport equations for k and � in this model are

@

@t
qkð Þ1 @

@xi
qkuið Þ5 @

@xj
akleff

@k

@xj

� �
1Gk2q� (6)
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�

k
Gk2C2�q
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k

(7)

where leff 5 l 1 lt, and Gk represents the production of the

kinetic energy due to the mean velocity gradients. The model

constants are C1�51:42, C2�51:68, ak5a�51:393. The RNG

model provides a differential formula for the effective viscosity

that accounts for (local) low Reynolds number effects,20 whereas

in the high Reynolds regime, lt is calculated as follows

lt5Clq
k2

�
(8)

where Cl 5 0.0845.

The turbulent mass transport of the tracer species is mod-
eled using the Reynolds analogy to turbulent momentum
transfer. In the absence of source terms due to chemical
reactions in the gas phase, the trace gas mass transport equa-
tion is given by

@

@t
qCið Þ1 @

@xi
quiCið Þ5 @

@xi
qD1

lt

Sc t

� �
@Ci

@xi

� �
(9)

where Ci is the mass fraction of the tracer species and Sct is
the turbulent Schmidt number.20 Because of the low concen-
trations of hazardous gas, the laminar diffusion, which is
dominant underneath the garments can be accurately mod-
eled using Fick’s law.32

A second-order QUICK scheme33 was used to discretize
the equations in space, whereas a second-order implicit
scheme was used to discretize the equations in time. The
time step Dt was set equal to 1/20 of the time scale s of the
vortex shedding behind the cylinder.34 For the studied range
of Reynolds numbers, the Strouhal number St 5u1s=do is
approximately 0.2,34 or s � 0:2do=u1, where do is the outer
diameter of the cylinder plus porous layers. The pressure
field was obtained by using the SIMPLE algorithm.20 Con-
vergence limits for the sum of the normalized absolute resid-
uals for all the equations were set to 1026 at each time step.

Results and Discussion

Model validation for an unsheathed cylinder

Before presenting our results for mass deposition onto a
cylinder in cross flow sheathed by a thin porous layer, we
discuss the ability of our simulation approach to accurately
predict the flow around, and heat and mass transfer to, a
nonsheathed cylinder in cross flow at relevant values of
Re1. In an earlier study,29 we showed that our T-RANS
simulations with an RNG-k-� turbulence model are capable
of predicting drag coefficients and mean streamwise veloc-
ities at the centerline behind the cylinder in good agreement
with experimental data. Here, we add results for the local
Nusselt number Nu(h) and the dimensionless pressure coeffi-
cient Cp(h) on the cylinder surface, compared to experimen-
tal data.

Figure 2 shows that the computed values and the experi-
mental findings are in very good agreement. The fact that
the experimentally observed local minimum in Nu at the
stagnation point h 5 0� is not found in the simulations can
be linked to the well known tendency of k2� turbulence
models to over-predict mass and heat transfer coefficients in
stagnation points.31 The Strouhal number St of the vortex
shedding in our simulations was found to be St 50:2143 and
St 50:2104 for Re1 5 12,000 and 34,000, in good agree-
ment with the values St 50:2136 and St 50:2097, respec-
tively, predicted by the empirical correlation of Norberg.34

All these findings were checked to be highly insensitive to
doubling the amount of grid cells in both directions, varying
the inlet turbulence intensity from 2 up to 8%, as well as
varying the inlet turbulent length scale from 0.5 to 2da.

Model validation for a cylinder sheathed by a passive
porous layer

As a further validation of our simulation approach, we
present results from our model for a cylinder sheathed by a
single, passive (i.e., nonadsorbing), textile layer. We study
the mass deposition Md, during an exposure time Dt 5 45
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min to an airflow with a tracer gas concentration C15 77
mg/m3, onto the surface of the sheathed cylinder, for the
conditions of Cases 3 and 5 in Table 1, and compare our
results to those reported experimentally by Brasser.15

Figure 3 shows the distributions of the viscosity ratio leff/
l, and the dimensionless temperature C5 T2Twð Þ= T12Twð Þ,
in the vicinity of the stagnation point, both outside and
beneath the porous garment layer. It can clearly be seen that
the flow, which is highly turbulent outside the garment,
becomes laminar leff =l ’ 1ð Þ underneath the garment layer.
This is in agreement with our earlier results from direct
numerical simulation (DNS) simulations.38 A thin thermal
boundary layer is formed underneath the garment, the thick-
ness of which is very small compared to the cylinder diame-
ter and is thinnest in the stagnation point. This results in
Nusselt values which are much larger than one everywhere
along the cylinder surface, and which have a maximum in
the stagnation point.

Figure 4 shows that the computed values of the mass dep-
osition onto the cylinder surface Md agree well with those
found in the experiments by Brasser et al.15 The accuracy of
our approach is also shown in Figure 5, where the experi-
mental and the computed deposition velocities
Vd5Md= C1=2Dt

� �
(with C1/2 the tracer species concentration

underneath the garment, at r5da=21dg=2Þ are compared. As
was done by Brasser,15 values of Vd are plotted against the

radial velocity Vr through the porous material for h 5 0�,
and against the tangential velocity Vs underneath the protec-
tive material for at h 5 45�, both for for Re1 5 12,000 and
34,000. The computed results confirm that Vd can be well
described as a function of the square root of Vr or Vs, as sug-
gested by Brasser.15

Mass deposition and heat transfer for a cylinder
sheathed by a three-layer adsorbing porous material

In this section, we address the influence of adding an
active porous carbon layer and a second-textile layer to the
garment, thus creating a three-layer protective garment
around the cylinder. The focus will be on the increased
chemical protection and the decreased heat transfer, as com-
pared to a single-passive textile layer only.

Figures 6 and 7 show the values of the predicted mass
deposition Md and Nusselt number Nu, as a function of the
angular position h, for cylinders covered by single, passive
textile layers, and by three-layer active garments, for condi-
tions as given in Table 1. Cases 3 and 5, for cylinders cov-
ered by a passive single-textile layer, are identical to those
shown in Figure 4. The experimental data from Brasser
et al.15 for Cases 3 and 5 have also been included again.

In Case 4, the hydraulic permeability of the single-passive
textile layer is reduced by a factor 10 compared to Case 3.

Figure 2. Angular distribution of the Nusselt number Nu and the pressure coefficient Cp for a bare cylinder in cross
flow (Pr 5 0.7): experimental data from Labraga and Berkah for Re‘ 5 8,50035 (�); experimental data from
Petrie and Simpson for Re‘ 5 10,10036(w); experimental data from Scholten and Murray for
Re‘ 5 35,95037 (‡); experimental data from Petrie and Simpson for Re‘ 5 34,20036 (D); present simula-
tions for Re‘ 5 12,000 and Re‘ 5 34,000 (solid-line, left and right column, respectively).
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This leads approximately to a factor 10 decrease in the veloc-
ities through and underneath the garment. Since, as shown in
Figure 5, the mass transfer rate (and consequently also the
heat transfer rate) to the cylinder scales with the square root
of these velocities, both Md and Nu are reduced by approxi-
mately a factor 3 for all h, compared to Case 3. The same is
observed when comparing Cases 5 and 6 in Figure 7. Clearly,
applying less permeable textile material, without the addition
of an active filter layer, leads to a (limited) improvement in
the chemical protection, but at the same time leads to an
equally large decrease in the thermal comfort.

In contrast to this, by comparing Cases 3 and 7 in
Figure 6, it can be seen that the addition of a high porosity

�50:6ð Þ, high permeability active carbon layer (in combina-
tion with a high permeability inner textile layer) leads to a
three orders of magnitude decrease in the mass deposition,
whereas Nu in the stagnation point is decreased by only
some 25%. The latter is not primarily due to the slight
decrease in permeability, as compared to the single-textile
layer, but mostly due the fact that part of the air that has
penetrated the outer textile layer stays in between the outer

Figure 3. Stagnation point close-up for a cylinder
sheathed by a nonadsorbing single layer for
the conditions of Case 5.

Snapshot at t 5 20 T; contours of the ratio between

effective viscosity leff and laminar viscosity llam (top);

contours of the dimensionless temperature (bottom).

White enclosures represent the porous textile layer.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. Angular dependence of the mass deposition
onto a solid cylinder sheathed by a passive
porous layer, after Dt 5 45 min of exposure to
an air flow with a tracer gas concentration
C‘ 5 77 mg/m3: experimental data (�) from
Brasser et al.,15 and present simulation
results (solid line) for conditions as in Case 3
of Table 1; experimental data (w) from
Brasser et al.,15 and present simulation
results (dashed line) for conditions as in
Case 5 of Table 1.

Figure 5. Deposition velocity Vd5Md= C1=2Dt
� �

as func-
tion of the air speed (Vr) through the garment
at h 5 0�, and the air speed (Vs) underneath
the garment at h 5 45�: experimental data (•)
from Brasser et al.,15 and present simulation
results (�) at h 5 0� for conditions as in
Cases 3 and 5 of Table 1; experimental data
(�) from Brasser et al.,15 and present simula-
tion results (w) at h 5 45� for conditions as
in Cases 3 and 5 of Table 1; curve fit Vd /
Vr;Vsð Þ0:5 (solid-line).
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and inner textile layer and flows tangentially between these
layers, rather than impinging to the cylinder in the stagnation
point. This can also be observed from the modified distribu-
tion of Nu(h) along the cylinder surface, as compared to that
for Case 3. For the high-permeability, high Re1 Case 5
shown in Figure 7, the addition of a very open �50:6ð Þ
single-active carbon layer attached to a second, very high-
permeability textile layer, as in Case 9, leads to a sevenfold
decrease in Md, whereas Nu in the stagnation point is
decreased by only some 20%.

Both for the low permeability, low Re1 case in Figure 6
and for the high permeability, high Re1 case in Figure 7,
the addition of more dense �50:2ð Þ active carbon layer even
leads to significant further decreases in Md. Comparing
Cases 3 and 8, we see a five orders of magnitude improve-
ment in chemical protection at the expense of a less than
50% decrease in the stagnation point Nu. Similarly, compar-
ing Cases 5 and 10, we see a 20-fold improvement in chemi-
cal protection at the expense of a 25% decrease in the
stagnation point Nu. These examples show how the inclusion
of a single layer of active carbon particles or fibers in pro-
tective clothing may lead to highly increased chemical pro-
tection, at the expense of a relatively limited decrease in
thermal comfort.

Conclusions

In this work, we demonstrated the applicability of compu-
tational fluid dynamics simulations to model air flow, heat
transfer, and mass deposition onto the surface of a cylinder
in turbulent cross flow, sheathed by CBRN protective gar-
ment material. The main conclusions from our work are:
� Unlike earlier analytical models, that over-simplify the

flow around and underneath the garment material, com-
putational models may be used to accurately and effi-
ciently optimize three-layer active CBRN protective
clothing material, for example, by varying the perme-
abilities of the inner and outer textiles and by varying
the porosity and particle size of the carbon filter layer.
Computational simulations give room for informed and
quantifiable decisions on designing clothing with an
optimal balance between protection and thermal strain
for various conditions.

� Because of the turbulent and periodic nature of the flow
around the cylinder, and the laminarization of the flow
underneath the garment, the simulations should be
based on an advanced form of turbulence modeling.
Our study showed that the T-RANS approach is very
well suited for this purpose. The simulations proved to

Figure 6. Mass deposition (upper graph) and Nusselt
number (lower graph) to bare and sheathed
cylinders at Re‘ 5 12,000 and other condi-
tions as in Table 1.

Case 3 (solid line); Case 4 (dotted line); Case 7 (dashed-

dotted line); Case 8 (dashed line); experimental data

from Brasser et al.15 for Case 3 (‡).

Figure 7. Mass deposition (upper graph) and Nusselt
number (lower graph) to bare and sheathed
cylinders at Re‘ 5 34,000 and other condi-
tions as in Table 1.

Case 5 (solid line); Case 6 (dotted line); Case 9 (dashed-

dotted line); Case 10 (dashed line); experimental data

from Brasser et al.15 for Case 5 (‡).
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render results that were in good agreement with pub-
lished experimental data for bare cylinders, and for cyl-
inders sheathed by a single passive textile layer.

� For realistic conditions as used in testing protective gar-
ments, the introduction of a high porosity single layer
of activated carbon particles reduces the mass deposi-
tion of tracer gas onto the cylinder surface by several
orders of magnitude, whereas heat transfer is decreased
by tens of percents only.

� A model such as presented here may easily be extended
and applied to other active carbon filter applications,
such as in HVAC, cooker hood, and exhaust hood
applications.

Notation

Cout = tracer gas concentration in filtered air, kg/m3

Cp = specific heat, J/(kgK)
Cw = tracer gas concentration at the walls, kg/m3

C1 = tracer gas concentration in the free stream, kg/m3

d = diameter of active carbon particles, m
D = tracer gas mass diffusivity, m2/s
da = diameter of the solid cylinder, m
do = outer diameter of the sheathed cylinder, m
It = turbulence intensity
k = turbulent kinetic energy, m2/s2

K = isotropic permeability, m2

Lt = turbulence length scale, m
Md = deposited mass, kg/m2

n = number of carbon particles
P(h) = local pressure, Pa
P1 = free stream pressure, Pa
PF = protection factor
~S = momentum sink term vector, Pa/m

Tw = cylinder wall temperature, K
T1 = free stream fluid temperature, K
u1 = free stream fluid velocity, m/s
Vd = deposition velocity, m/s
Vr = radial velocity through the porous layer, m/s
Vs = tangential velocity underneath the protective material, m/s
~u = velocity vector, m/s
x = streamwise direction
y = cross-flow direction
d = distance between carbon particles, m

dc = thickness of the passive porous layer, m
dg = distance between the sheathed cylinder and the first passive

porous layer, m
Dt = simulation time step, s
� = open frontal area fraction of the carbon filter
C = dimensionless temperature

/00q = heat flux, W/m2

k = thermal conductivity, W/(mK)
l = dynamic viscosity, kg/(ms)
lt = turbulent viscosity, kg/(ms)
m = kinematic viscosity, m2/s
q = fluid density, kg/m3

s = time scale of vortex shedding, s
h = angular direction

Cp(h) = pressure coefficient P hð Þ2P1ð Þ= 0:5qu2
1

� �
Da = Darcy number K=d2

c

Ic = porous layer thickness ratio dc/da

Ig = air gap thickness ratio dg/da

Nu = local Nusselt number /00q hð Þda= k Tw2T1ð Þð Þ
Pr = Prandtl number l/(Cpk)

Re1 = Reynolds number qu1da/l
Sc = Schmidt Number q/(lD)
St = Strouhal number u1T/do
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