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Effect of inter-segmental air exchanges
on local and overall clothing ventilation

Nagham Ismail, Nesreen Ghaddar and Kamel Ghali

Abstract

The aim of this work is to study the effect of the connection between arm and trunk segments in changing the flow

characteristics and local ventilation. A model is developed that solves coupled momentum, mass and heat balances,

including buoyancy for the connected clothed upper human body. The model was validated by performing computational

fluid dynamics simulations to compare the microclimate air flow characteristics and flow direction at the connections. In

addition, the model was also validated by comparing predicted overall ventilation with published data.

The interconnection air exchanges affected significantly local ventilation in the trunk segment and the direction of the

flow in the open-aperture-clothed arm segment. It was found that at relatively high wind speed (Vw� 0.9 m/s) and with a

permeable jacket, the inter-segmental ventilation became important and exceeded 5 l/min. Meanwhile, this inter-seg-

mental ventilation caused an increase of 15% of trunk ventilation and a reduction of 4% of arm ventilation. The inter-

segmental ventilation vanished and the air exchange between the trunk and the arm was no longer important at low

permeability (�¼ 0.05 m/s) and at low wind speed (Vw¼ 0.1 m/s). Finally, the inter-segmental ventilation was more

important for the open clothed arm aperture compared to when it was closed.
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Over the years, researchers have been interested in mea-
suring local ventilation of human body through cloth-
ing. Clothing ventilation is an effective way for the
human body to lose heat in hot environments.1 Most
literature research focused on experimentally measur-
ing ventilation using the trace gas dilution method1–3

and reported the average ventilation value for the
clothed body surface area. Available experimental
data on clothing ventilation were mainly for whole
ensemble or for independent unconnected segments.4–8

Predicting segmental clothing ventilation is impor-
tant for improving garment design by modifying
design parameters to enhance or decrease the local ven-
tilation rate depending on the type of clothing, includ-
ing protective clothing. This is why researchers have
been interested in developing mathematical models
from the first principles to predict local clothing venti-
lation. The modeling approach has mainly been based
on representing the human body as a number of inde-
pendent cylindrical segments covered with garment
material in cross air flow.7–10 Each clothed segment is
formed by an inner cylinder representing the body skin

and the outer cylinder representing the clothed gar-
ment. The segmental skin temperature is predicted
from a finite element model of human thermal physiol-
ogy, such as a bioheat model,6,11 and is set as the
boundary condition for the ventilation model.
Clothed cylinder models mimicked a limb or a trunk
and the overall ventilation rate of an ensemble was
obtained by summing the segmental ventilation rates.6

However, these methods assume that segments are not
connected and there is no air that flows from one seg-
ment to another, which is not the case in real physical
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situations. Indeed, Ke et al.1 prescribed the microcli-
mate ventilation as the air exchange between a specific
garment and the environment, including three parts: air
exchange between local body parts’ microclimates, air
exchange through the fabric with the environment, and
air exchange through garment apertures with the envir-
onment. Despite the fact that ventilation includes these
three processes, research focused on the effect of air
exchange through fabric3 and air exchange through
garment apertures.3,6 The ventilation through fabric is
studied by modeling the flow characteristics of air pene-
trating through a permeable jacket or by finding the
overall ventilation rate experimentally by using a
permeable jacket without evaluating the segmental ven-
tilation rate.4 Furthermore, the ventilation through gar-
ment apertures with the environment was predicted
empirically by experimentation where the garment
used is usually impermeable and the connections
between segments were closed.1 However, to the
author’s knowledge, no published experimental or ana-
lytical work has examined the impact of the air
exchange between local parts on the flow characteristics
of air and on the segmental ventilation rate. The study-
ing of air flow across annular segmental connection is
important when considering protective clothing design.
In fact, some contaminants and toxic particles adhere
with air and are transported with it. For instance, toxic
aerosol particles handled by air can enter the arm from
its bottom opening and can be transported upward
toward the connection with the trunk. Therefore, the
novelty of this work arises from studying the impact of
body segment connections on the air flow characteris-
tics in the microclimate layer and thus on estimating
local ventilation rates.

In this work, the coupled mass, momentum, and
heat balances, including buoyancy effect, are solved
for the upper human body formed by three connected
cylinders in a cross-wind. The flow over side-by-side
cylinders of different diameters in cross-flow for the
upper trunk connection with the arm was modeled as
a single cylinder. The segmental skin temperature
used as the boundary condition is considered con-
stant. The predicted flow characteristics and segmen-
tal ventilation rates were respectively validated by
three-dimensional (3D) computational fluid dynamics
(CFD) analysis and by published experiments. The
flow in the microclimate annuli of the trunk, sleeves,
and connection is simulated using the commercial
software ANSYS Fluent to validate the segmental
ventilation predicted by the model. In addition, seg-
mental ventilation rates are summed and validated
with published experimental overall ventilation data.
A parametric study was followed to determine the
design factors that enhance inter-segmental ventila-
tion between the clothed trunk and arm.

Mathematical formulation

Fabric-covered cylinders provide a convenient geome-
try to provide the physical representation of clothed
human body segments subject to cross-wind.
However, the upper body connection through the
shoulders needs to be incorporated as a connecting
geometry for the microclimate air flow between the
arm and trunk segments. The physical model is
shown in Figures 1 and 2, where the upper human
body part is assumed to be symmetrical and is subject
to external relative cross-wind. The physical model is
divided into four annular zones, Z1, Z2, Z3, and Z4,
associated with the lower human clothed arm, the
upper clothed arm, the clothed trunk, and the clothed
shoulder part, respectively (Figures 1 and 2).

Forced convection around the two adjacent vertical
clothed cylinders is studied according to the spacing
between them. When air penetrates into clothing, it is
going to flow in angular and axial directions in the air
annulus separating the inner heated cylinder and the
clothing. However, because of the temperature differ-
ence between the skin and the inner cylinder, natural
convection also plays an important role in the air flow
characteristics, besides the forced convection.6,12,13

Mixed convection will then be studied by solving the
mass, momentum, and heat balances of the micro cli-
mate air annuli. The mathematical model predicts the
impact of the connection between segments on the flow
characteristics.

To assess the impact of the segmental connections
on the flow characteristics, a 3D detailed CFD model is
also developed using ANSYS Fluent 14.5.14 The aim of
the CFD model is to investigate the flow of air in the
microclimate air layer between the skin and the clothing
and particularly in the interconnection region. The skin
temperature is held constant and the flow characteris-
tics will be used to validate the simplified mathematical
model at isothermal skin temperature.

The ventilation rates of the connected segments are
compared with published experiments that aim to find
the overall ventilation rates through ensembles where
the connections between segments are left open.3,15

Clothed upper human body simplified
mathematical model

External wind flow and clothed body representation

In order to model the heat and moisture transfer of the
upper part of the human body, it is important to under-
stand the external flow field around the two adjacent
vertical and clothed cylinders (see Figures 1 and 2).
Forced convection around side-by-side circular cylin-
ders of the same diameter is studied thoroughly in the
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literature.16–19 However, the human arm and human
trunk present cylinders with different diameters with a
diameter ratio of 0.25 between the small cylinder and
the large one.

Although few studies in the literature discuss the
flow past two circular diameters of different dia-
meters,20,21 a numerical simulation of viscous flow
past two circular cylinders of different diameters with
similar diameter ratio was reported by Zhao and Yan22

In their work, the diameter ratio between the small
cylinder and the large one was also 0.25. The gap
between the small cylinder and the large cylinder
ranged from 0.05 to 1.0 times the diameter of the
large cylinder. They concluded that the flow behind
the two cylinders can be classified into three types;22

for the very small gap ratio, there is only one wake
behind the two cylinders so they are considered as a
bluff single body; for the medium gap ratios, the inter-
action mode occurs: strong interactions exist between
the vortex shedding from the large cylinder and the
shedding from the small cylinder; and for very large
gap ratios, the interaction between the shedding from
the two cylinders becomes very weak, thus the cylinders
are considered as independent cylinders. According to
finding of Zhao and Yan,22 the flow over the arms and
the trunk depended on the height considered. The gap

Figure 2. Blow up of the clothed segments.

Figure 1. Physical configuration of the upper part of the human

body.
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between the small cylinder and the large cylinder ranges
from 1/12 above the shoulder level to 2/3 below the
shoulder level times the diameter of the large cylinder
(Figures 1 and 2). Therefore, the flow is considered
similar to the flow around a single bluff body above
the shoulder level and similar to the flow around inde-
pendent cylinders below the shoulder level. For this
reason, one large cylinder represents the two arms
and the trunk above the shoulder level, and three inde-
pendent cylinders extend downward from the large
cylinder (Figures 1 and 2). Each of the arms and the
trunk is formed by two co-axial annuli of different inner
and outer radii. The inner solid cylinder represents the
heated skin and an outer cylinder represents the perme-
able fabric. The two cylinders are separated by a few
millimeters of microclimate air annulus where the flow
and heat characteristics are modeled and studied.

Adopted fabric model

The outer clothing cylinder is assumed to consist of a
layer of fibers containing air voids. Air penetrates
fabric through pores and enters the microclimate
space between skin and clothing. Water vapor is
assumed to diffuse through the air void space to be
absorbed or desorbed by fibers, depending on the
type of fabric. In order to accurately model the
fabric, we adopt the model of Ghali et al.,23 which
divided the fabric into three nodes: the void node repre-
senting the air within the fabric; the outer node that is
exposed to ambient conditions, air in the void node,
and in microclimate air layer; and the inner node sur-
rounded by the outer node. This modeling from first
principles captured the heat and moisture transport in
fabrics as detailed in the literature.5,9,24 Note that the
fabric three-node model lumped fabric into outer, inner
and air void nodes. The outer node is in direct contact
with the penetrating air in the void space (air void
node); the inner node represented the inner portion of
the solid yarn, surrounded by the fabric outer node and
exchanging heat and moisture transfer by diffusion only
with the outer node. The outer node exchanges heat
and moisture transfer with the flowing air in the air
void node and with the inner node. However, volume
changes of fibers due to the sorption process are small
enough and can be neglected.23 In addition, the water
vapor is assumed to dilute in the air mixture.

In this work, skin is assumed to be exchanging heat
and moisture with the microclimate air layer and radia-
tion heat transfer with the outer node. Thus, skin is
considered as an interface so that there is no storage
term (transient term) to be considered. As in previous
researches, fully developed Poiseuille flow in both angu-
lar and axial directions was used6 due to the small
microclimate air annuli thickness, which reduces the

mathematical model to a one-dimensional (1D) flow
problem in two directions (angular and axial), while
the radial direction is lumped.

Heat and mass transport in air annulus sheathed by
porous fabric

The mass, momentum, and energy balances are pre-
sented for the thin microclimate air layer trapped
between the skin and clothing while taking into consid-
eration the lumped flow in the radial direction. The
mathematical formulation will be based on the coupled
pressure equation of mass and momentum for narrow
annular flow reported in the previous work12 that
assumes fully developed Poiseuille flow in the horizon-
tal angular direction and fully developed mixed buoy-
ant upward flow.7,9 With these assumptions and under
conditions of incompressible Boussinesq fluid of con-
stant thermo-physical properties, the formulation of the
3D problem of the coupled momentum and heat trans-
fer in the vertical annulus is transformed into the 1D
problem of coupled energy balance and pressure equa-
tion derived from mass and momentum equations:10

The pressure equation for the annular air flow12 is
the given by
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where � is the fabric air permeability expressed in m/s
tested at a pressure drop DPm¼ 0.1245 kPa from stan-
dard tests on fabric air permeability, Pmc is the air
pressure in the microclimate trapped air layer (kPa),
Ps is the external adjacent air layer pressure (kPa)
assumed to be the same pressure distribution around
a solid cylinder at flow condition Vw, Tmc is the air
temperature in the microclimate trapped air layer
(�C), and Tvoid is the air temperature in the void node
(�C). The first term of Equation (1) is the radial pene-
trating air flow rate per unit area over the air density.
The second term is the net mass flow rate in the angular
direction assuming a Poiseuille flow model in this direc-
tion over the air density. The third term is the net axial
mass flow rate induced by the forced flow due to driving
pressure and by the natural convection due to tempera-
ture gradient25 over the air density.

The water vapor transport in the microclimate air
annulus is given by

hmðs�aÞðPv�skin � Pv�mcÞ þ hmðo�aÞðPv�o � Pv�mcÞ

þmaxð _may, 0Þwvoid �maxð� _may, 0Þwmc
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where hm(s-a) is the mass transfer coefficient between
skin and air, Pv-skin is the partial pressure of the skin
vapor pressure (kPa), Pv-a is the partial pressure of the
air vapor pressure (kPa), hm(o-a) is the mass transfer
coefficient between the outer fabric node and air, Pv-o

is the partial pressure of the outer node vapor pressure
(kPa), Pv-o is the partial pressure of the outer node
vapor pressure (kPa), wvoid is the humidity ratio of
the void node, and wa is the humidity ratio of the air
layer.

The steady-state energy balance on the microclimate
air layer is a balance of the convective heat and mass
transfer due to the flow of air in the axial, angular, and
radial directions, the evaporative heat transfer from the
surface of the inner cylinder representing the skin, the
heat and mass diffusion from void air of the thin fabric
to the air layer, and the axial and angular conduction of
heat in the air layer. Thus, the energy balance in the
microclimate air layer is given by
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where hc(s-a) is the convection coefficient of heat transfer
between skin and air, hc(o-a) is the convection coefficient
of heat transfer between the outer node fabric and air,
Tmc is the air layer temperature, Tskin is the skin tem-
perature, and To is the outer air node temperature.

The water vapor mass and energy balances in the
fabric void node, outer node, and inner node are
adapted from Ghali et al.’s model23 and their derivation

can be found in the published work.5,9,23 The coupling
to the fabric model leads to six equations for the fabric
and air void nodes in terms for Pv-void, Pv-o, Pv-i, which
is the partial pressure of the inner vapor pressure (kPa),
and the temperatures of void node, inner fabric node,
and our node, Tvoid, To, and Ti, respectively.

Mass and heat transport from the skin

In steady-state conditions, the inner cylinder represent-
ing the skin is uniformly heated at constant heat flux
representing the segmental metabolic rate with wet skin
condition, wskin, corresponding to saturation pressure
(Pskin) at skin temperature (Tskin). Therefore, the
boundary condition at the inner cylinder (skin) is
given by

Q
00

¼ hmðs�aÞðPv�skin � Pv�mcÞ þ hcðs�aÞðTskin � TmcÞ

þ hrðTskin � ToÞ

ð2Þ

where Q’’ is the metabolic rate (W/m2).
In order to solve Equations (1) and (2) coupled to

fabric nodes balances, a relation between the humidity
ratio, the vapor pressure and the total pressure is
needed. This relation is extracted from American
Society of Heating, Refrigeration, and Air-
Conditioning Engineers (ASHRAE) standards:26

wma ¼ 0:62198
Pv�ma

Pma � Pv�ma
or

Pv�ma ¼
wma Pma

0:62198þ wma

ð3Þ

Boundary conditions

The thermal and pressure boundary conditions at the
open apertures of the arm lower end and the trunk
upper side are similar to those reported by Ismail
et al.6 The main difference between this model and
the previous unconnected model is that angular sym-
metry is no longer valid for the lower and upper arms
(Z1, Z2), unlike the trunk (Z3). The cause of this asym-
metry is the connection of the arm to the trunk, mod-
eled as one large cylinder (Z4) where the flow is
redistributed.

The physical model connectivity is shown in Figure 2
where (Z1) is considered as an open top and bottom
annulus and the mass flow rate leaving (Z1) enters (Z2).
At the end of the lower arm (Z1), and because we do
not know the direction of the flow, two boundary con-
ditions are presented as follows.
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(i) If the flow is upward through the opening, the hand
can be modeled as a cylinder; thus, the pressure of
the adjacent layer is similar to the pressure around a
solid given by

P�s ð�Þ ¼ Pa þ
1

2
cpð�Þ �V

2
w ð4aÞ

where Ps
* is the adjacent layer pressure around the

hand modeled as a cylinder, and a Gaussian fit to the
pressure distribution for a cylinder in an air flow was
used.27 Therefore, the axial mass flow at the end of the
lower arm (Z1) is

_mazðz ¼ 0, �, Z1Þ

¼ �
Y2

12�

ðPmcðz ¼ 0, �, Z1Þ � P�s ðz ¼ 0, �, Z1ÞÞ

dz
ð4bÞ

(ii) If the flow is downward through the opening, the
gradient of pressure is zero, since the flow is leaving
the domain as follows:

dPmc

dz
ðz ¼ 0, �, Z1Þ ¼ 0 ð4cÞ

The thermal boundary condition is similar to the
condition considered by the literature6,28 where the air
layer annulus temperature at the bottom arm opening
at zone Z1 is given by

Tmcðz ¼ 0, �, Z1Þ ¼ Ta if the flow is enteringð Þ ð4dÞ

and
dTmc

dz
ðz ¼ 0, �, Z1Þ ¼ 0 if the flow is leavingð Þ

ð4eÞ

The humidity ratio at the bottom arm opening at
zone Z1:

wmcðz ¼ 0, �, Z1Þ ¼ wa if the flow is enteringð Þ ð4fÞ

and

dwmc

dz
ðz ¼ 0, �, Z1Þ ¼ 0 if the flow is leavingð Þ ð4gÞ

At the interface between the lower and upper arms
(Z1 and Z2), we apply the continuity of the pressure,
temperature, and vapor pressure. The zone Z2 is con-
sidered as an open top and bottom annulus where the
mass flow rate leaving (Z1) enters (Z2) and the mass
flow rate leaving (Z2) enters (Z4). Zone Z3 is consid-
ered as an open top and closed bottom cylinder where

the mass flow rate leaving (Z3) enters (Z4). At the
bottom closed end of (Z3), the boundary conditions are

Tmcðz ¼ 0, �, Z3Þ ¼ Tskin;wmcðz ¼ 0, �, Z3Þ

¼ wskin; _mazðz ¼ 0, �, Z3Þ ¼ 0
ð5aÞ

Because of the symmetry of Z3, the model can be
divided according to the symmetry axis shown in
Figures 1 and 2. Thus, the boundary conditions asso-
ciated with symmetry are

_ma�ðz, � ¼ 0 or �, Z3Þ ¼ 0 ð5bÞ

The top end of upper arm annulus (Z2) is partially
opened because of the under arm region where the tem-
perature and the humidity ratio of the air layer are
considered similar to the skin conditions. The zone
Z4 is considered as open top and bottom cylinder,
where the mass flow rate leaving Z2 and Z3 enters the
bottom end, while the mass flow rate leaving from the
top is subjected to a discharge coefficient because of the
area change and the 90� bending.29 The boundary con-
ditions associated with the leaving mass flow rates are

dTmc

dz
ðz ¼ H3, �, Z4Þ ¼ 0;

dPmc

dz
ðz ¼ H3, �, Z4Þ ¼ 0;

dwmc

dz
ðz ¼ H3, �, Z4Þ ¼ 0

ð6Þ

Numerical solution of simplified model. The coupled pres-
sure and energy equations of the clothed cylinder with
associated boundary conditions are discretized using a
finite volume methodology. Thus, the air layer zone is
divided into N?�Nz� 3 grids of size Dz and Rf.D� with
thickness Y. Central differencing is used for second-
order terms in the air layer pressure and energy equa-
tions. To ensure a gird-independent solution and accu-
rate resolution, the numerical solution is repeated for
different grid sizes. In the presented simulations, the
number of grid points is 100 grids for both Z1 and
Z2 zones, 200 grids for Z3, and 40 grids for Z4, with
a maximum D� of 1�.

Computational fluid dynamics simulation
of the upper clothed human body

In order to validate the air flow characteristics, includ-
ing the temperature, pressure, and velocity direction
and magnitude profiles at isothermal condition for the
inner cylinder, a 3D detailed CFD model was devel-
oped using the commercial ANSYS Fluent 14.5 soft-
ware.14 The flow is considered laminar, the air is
considered as an ideal gas, and the porous media is
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considered as a porous jump boundary condition where
the hydraulic permeability is given as an input to the
model.

CFD solves the governing equations for mass,
momentum, and heat transfer in fluids.30,31 The simula-
tions predict the flow velocity, temperature, and pres-
sure field. To simulate air annuli of the clothed trunk
and arms, a computational domain has been developed
using geometry and grid generation tools and utilizing
symmetry to reduce domain size. To mimic the human
trunk and arm, two simple cylinders clothed with
0.001m thickness fabric layer are constructed. In
order to mimic the shoulder, a small channel of 7 cm
length covered with fabric relates the large diameter
cylinder to the small diameter cylinder. In order to be
consistent with the human body model, the lower body
part is constructed as a large clothed cylinder extended
from the trunk and having the same boundary condi-
tions (skin temperature). The geometrical dimensions
of the upper human body and the jacket used in CFD
are presented in Table 1. The upper clothed human
body part is placed in a relatively large room where
the wall facing the geometry permits the inlet flow at
wind speed of 0.9m/s (wind condition). The geometri-
cal dimensions of the upper human body and the
jacket3 of 65 cm height used in CFD are presented in
Table 1.

Figure 3(a) shows the geometry drawn before gener-
ating the mesh. Figure 3(b) shows the half of the geo-
metry in the half of the room that has to be meshed.
The computational mesh generated uses approximately
1.92 million nodes where small elements (1mm size) are
used for the air gap adjacent to the human skin. The
clothing is modeled as a porous jump boundary condi-
tion for the outer cylinders. In laminar flows, the pres-
sure drop across the thin porous layer is typically
proportional to velocity. Thus, by ignoring convective
acceleration and diffusion, the porous model then
reduces to Darcy’s law given by

rp ¼
��

	
~v ð7Þ

where 	 is now the hydraulic permeability of the cloth-
ing in m2; v is the velocity normal to the porous face;
and rp is the gradient of pressure over the finite
thickness.

The inputs required for the porous jump model are
as follows:

(i) identify the porous jump zone;
(ii) set the hydraulic face permeability of the medium

(g in Equation (7));
(iii) set the porous medium thickness.

In order to define the hydraulic face permeability 	
(m2), the air permeability � (m/s) is used as the velocity
v that is normal to the porous face, and rp is substi-
tuted by the standard pressure change over the fabric
thickness.

Results and discussion

This section focuses on the validation of the simulation
results. The strategy of the validation consists of vali-
dating the flow characteristics with the CFD simulation
at constant cross-wind. Then the total ventilation
obtained from the connected ventilation of trunk and
arm segments will be compared with published experi-
mental data for cases of connected segments and iso-
lated segments. A parametric study then follows to
identify the parameters that induce high inter-segmen-
tal ventilation.

CFD validation

In order to validate the simplified model results, we first
study the microclimate flow direction as well as the
temperature distribution in the axial and angular direc-
tions of the air layer in the trunk and arm.

Flow direction validation. It is of interest to validate the
direction of the flow at the connection between the
clothed arm and trunk. Indeed, the connection of the
microclimate zones of the different segments allows the
air to be exchanged between them; therefore, when air
flows from the microclimate of zone Z4 to that of Z2,
supplementary air is forced to enter zone Z4 to con-
serve mass. This supplementary air will either come
from the opening of aperture Z4 or through normal
clothing ventilation, thus enhancing the segmental ven-
tilation. However, this would result in a decrease in
ventilation of the microclimate zone Z2, because air
flowing from zone Z4 to Z2 is hotter than air coming
from ambient conditions. This in turn forces microcli-
mate air to flow out from zone Z2. Therefore, some air
mass flow rate passes from zone Z2 downward to zone
Z1 and leaves from the bottom opening or through

Table 1. Basic dimensions of the upper human body and the

jacket

Segment

Circumference

Bust

cm

Waist

cm

Hip

cm

Neck

line cm

Cuff

cm

Human body size 93 74 93 35 11

Jacket size3 120 110 116 38 14
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clothing. Ke et al.1 pointed out this exchange phenom-
enon; however, they ignored its effect on ventilation by
closing the garment connection during experiments.
Therefore, to highlight the effect of the exchange rate
between segments on their local ventilation values, the
direction of the flow should be determined correctly.

The CFD simulation results of flow leaving the
trunk top aperture, flow entering or leaving from the
sleeve bottom aperture, and the flow in the connection
between clothed trunk and arm are shown in
Figures 4(a)–(c), respectively at Vw¼ 0.9m/s and
Ta¼ 20�C. Figure 4(a) shows that the air leaves from
the open top trunk upward. Figure 4(b) shows that the
connection between the trunk and the arm by the
shoulder segment allowed the flow to move from
the trunk microclimate air to the arm microclimate
air. Since the flow is transferred from the trunk to
the arm, some air mass flow rate is leaving from the

microclimate air layer of the clothed arm to conserve
the mass; this is shown in Figure 4(c).

In order to validate the velocity field (flow direction
and velocity magnitude), simulations on the simplified
ventilation model at the same conditions are conducted.
The upper human body of the same geometries
presented in Table 1 is simulated at Vw¼ 0.9m/s and
Ta¼ 20�C and at a segmental air gaps that are approxi-
mately estimated by subtracting the jacket circumfer-
ence size from the human body size divided by 2p.
The validation is shown in the corresponding
Figures 5(a)–(c). Good agreement is shown between
the CFD simulations and the simplified model with
an error that does not exceed 14%.

The effect of the flow direction from the trunk to
the arms is shown in Figure 6 where the distribution
of the pressure over the trunk and over the arm is pre-
sented. Clearly, the pressure at the trunk air layer was

Figure 3. Plots of (a) front and top view of the upper human body and (b) symmetrical part of the domain that was simulated by

ANSYS.
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Figure 4. Computational fluid dynamics simulation plots of the flow (a) leaving the open top of clothed trunk and (b) leaving and

entering the open bottom clothed arm (c) through the connection.
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greater than that of the arm forcing the flow to move
from the trunk to the arm. In addition, the pressure at
the opening bottom end of the arm was negative and
positive relative to ambient pressure. For this reason,
some of this flow in the arm clothing annulus is lifted
up and some of this flow is pushed down (see
Figure 4(b)). Finally, the positive pressure of the
upper part of the trunk illustrates clearly the upward
flow of the opening at the top end of the trunk.

Temperature validation. Figures 7(a)–(d) show the varia-
tion of the model predicted temperature in the micro-
climate air layers of four zones (Z1, Z2, Z2, Z4) and
corresponding averaged valued calculated by the CFD
model at Vw¼ 0.9m/s and Ta¼ 20�C.

Figure 7(a) shows the variation of the angular-aver-
aged temperature in the axial direction of the lower
clothed arm (Z1) versus its height H1. The temperature

increased from the ambient temperature at the bottom
opening, as expected due to the warm skin. Figure 7(b)
shows the validation of the angular-averaged tempera-
ture in the axial direction for the upper clothed arm
versus its height H2. The temperature was also found
to increase because of two factors: (i) Z2 is connected to
Z4 where the top end is partially closed; and (ii) the top
end of Z2 is connected to the clothed trunk where the
microclimate air layer is closed (the under arm region).
Figure 7(c) shows the validation of the angular-aver-
aged temperature of the microclimate trunk (Z3) versus
its height H3. The temperature decreased from the skin
condition at the closed bottom end. The increase in the
angular-average temperature at the top end of zone Z3
was also due to the skin temperature under the arm.
Figure 7(d) shows the validation of the angular-aver-
aged temperature of the connection zone (Z4) versus its
height H4. The temperature increases axially because

Figure 5. Validation of the velocity field (a) leaving the open top of clothed trunk and (b) leaving and entering the open bottom

clothed arm (c) through the connection.
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the top end was partially closed where the skin condi-
tions were applied at the closed part and zero-gradient
was applied at the open part.

Model validation with published
experimental data

The mathematical ventilation model developed in this
study elaborates the effect of connection on the overall
ventilation. The aim of this section is to validate the
overall ventilation rates through a permeable jacket
(a¼ 0.135m/s) at different wind velocities with the pub-
lished experiment3 where the connection between seg-
ments is left open to allow the air exchange between
them. Furthermore, the segmental ventilation rates
computed with opened connection condition are com-
pared with the segmental ventilation rates computed
with closed connection condition (independent cylin-
ders). This comparison will show up the effect of con-
nections on varying the ventilation rates and the
necessity to include their effects in order to approach
more accurately the experimental values of ventilation
rates.

Ke et al.3 used a steady-state tracer gas method for
measuring the microclimate ventilation rates. Nitrogen
(N2) was chosen as the tracer gas. Three wind speeds
were used: Vw� 0.1m/s (no wind), Vw¼ 0.6m/s, and
Vw¼ 0.9m/s. The experiment was carried out on a

standing shop manikin in an air-conditioned chamber
at 20�C ambient temperature and 40%� 10% relative
humidity. The dimensions used in the published experi-
ment3 (garment S1) are the same as those used in
the model. Table 2 shows the total ventilation values
predicted by the connected model as compared with the
published experimental values at different wind speeds
for the same permeable jacket when the connection
effect is included and when it is excluded. It is observed
that the connected model is closer in accuracy to the
published experiment (with an error not exceeding
12%) than the unconnected one (with an error exceed-
ing 15%) at relatively high wind speeds (Vw� 0.6m/s).
However, it shows approximately the same result at low
wind speeds (Vw� 0.1m/s).

Another validation is performed comparing overall
ventilation to measured values published in a recent
experiment by Ke et al.15 on a thermal manikin
heated at Tskin¼ 35�C in an environment at 20�C and
50% relative humidity. Two wind speeds were used:
Vw� 0.3m/s (here we assumed it to be 0.3m/s) and
Vw¼ 1.1m/s with the connections between segments
kept open. Table 3 shows the total ventilation values
predicted by the connected model (summing up the
local ventilation of the trunk and arms) as compared
with the published experimental values at two different
wind speeds for the garment G1 of 0.135m/s perme-
ability. Good agreement is found between the

Figure 6. Distribution of the relative pressure obtained from computational fluid dynamics simulation.
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Figure 7. Angular-averaged axial temperature validation obtained from the ventilation model at (a) zone Z1,(b) at zone Z2, (c) at

zone Z3, and (d) at zone Z4.

Table 2. Validation of the model ventilation at different wind speeds

Vw (m/s) 0.1 0.6 0.9

Experiment

ventilation3 (l/min)
36.57 44.5 58.5

Ventilation

(l/m)

Relative

error (%)

Ventilation

(l/m)

Relative

error (%)

Ventilation

(l/m)

Relative

error (%)

Model connected (l/min) 32.12 12.16 40.65 8.65 60.01 2.58

Model unconnected (l/min) 32.54 11.02 37.79 15.07 55.09 5.82
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connected mathematical model and the published
experiment, as the predicted values fall within the
experimental error ranges provided in the published
work.15

Parametric study

In order to understand the effect of connection on the
ventilation rate, it is of interest to isolate the new para-
meter, the inter-segmental ventilation, and compute its
value under different flow conditions and for different
physical and geometric clothing parameters. The inter-
segmental ventilation is defined as the air mass flow rate
(l/min) that flows from the trunk to the arm. This para-
meter is important because of its impact in varying the
segmental ventilation of the trunk and the arm. In the
case of the flow of air from the trunk to the arm, the air
will enter the trunk air layer from the ambient condi-
tions through clothing and will leave through the arm
connection, or the clothing, or the top opening. This
will cause an increase of trunk ventilation and a
decrease of arm ventilation, because the air that
enters the arm microclimate is heated and is hotter
than the ambient air. The developed model predicts
the net mass flow rate (l/min) leaving the trunk and
entering the arm. However, different factors influence
the inter-segmental ventilation and these parameters
include wind speed, clothing permeability, and clothing
apertures. Note that the non-uniformity in microcli-
mate gap size due to wind pressure at the front com-
pared to the back is not included in these parameters
due to the assumption of fully developed flow in the
axial and in angular directions. However, we simulated
the case of non-uniform Y by choosing its value at the
front to be 50% of that of Y at the back while keeping
Y constant in the Z direction to see if there is any
significant influence on inter-segmental ventilation. It
was found that the change in inter-segmental ventila-
tion was less than 2%. In order to study the impact of
these different factors on the inter-segmental ventila-
tion, we assume that the inter-segmental ventilation is
positive if the flow of air is from the trunk to the arm
and negative vice versa.

Figure 8(a) shows the inter-segmental ventilation
using a permeable jacket (a¼ 0.135m/s) at different

wind speeds. It was shown that when the velocity
increases, the inter-segmental ventilation increased. At
low wind speeds (Vw� 0.1m/s), it was found that the
inter-segmental ventilation was no longer significant. In
this case, the trunk and the arm can be modeled as
independent segments. However, at high wind speeds
(Vw� 0.9m/s), the inter-segmental ventilation exceeds
5 l/min. Another important factor that affects the
inter-segmental ventilation is the clothing permeability.
In general, the jacket permeability allows air to enter
the segmental microclimate air layers and the intercon-
nection allows the air exchange between the segments.
In order to study the impact of permeability on the
inter-segmental ventilation, different jacket permeabil-
ities are investigated at a wind speed of 1m/s. Figure
8(b) illustrated this impact. It was shown that at rela-
tively high permeability (a¼ 0.135m/s), the inter-seg-
mental ventilation was significant and reaches 5 l/min.
However, at lower permeability (a¼ 0.05m/s), the con-
nection impact vanished and the air exchange between
the trunk and the arm was no longer important. The
third important parameter that affects the inter-seg-
mental ventilation is the opening at the bottom end of
the lower arm and at the neck. Figure 8(c) illustrated
this effect by estimating the inter-segmental ventilation
at different apertures. At Vw¼ 1m/s and for a perme-
able jacket (a¼ 0.135m/s), it was found that the inter-
segmental ventilation became more significant when the
bottom opening of the arm was open than when it was
closed. This is because the pressure at the arm micro-
climate air layer increases when the bottom end of the
arm is closed. This pressure increase caused lower air
exchange leaving the trunk to the arm. However, this
was not the case when the top end of the trunk was
closed. There was no significant variation in the inter-
segmental ventilation in both cases: open top end or
closed top end.

As discussed earlier, the inter-segmental ventilation
causes the trunk ventilation to increase by allowing
some fresh air mass flow rate to penetrate instead of
the heated mass flow rate (inter-segmental ventilation).
Indeed, the trunk ventilation is essential in providing
human comfort.32 It is considered as the most influen-
tial segment because of its highest segmental heat
loss.33 Several studies have reported the trunk influ-
ence on the segmental and overall thermal
sensation.34,35

Table 4 summarizes the trunk ventilation increase at
different conditions. It was observed that the inter-con-
nection provided an important role in increasing the
trunk ventilation by more than 15% at high wind
speeds (Vw� 0.9m/s), relatively high permeability
(a¼ 0.135m/s), and open bottom arm apertures. On
the other hand, the heated air mass flow rate that

Table 3. Validation of the model ventilation at different wind

speeds

Va¼ 0.3 m/s Va¼ 1.1 m/s

Experiment ventilation3 (l/min) 55.27� 6.6 82.73� 7.79

Model connected (l/min) 48.12 75.1
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enters the arm microclimate layer causes a decrease in
the arm ventilation.

Table 5 summarizes the arm ventilation reduction
when considering the connected segments. It was
shown that that the inter-connection provided a
reduction in the arm ventilation by more than 5%
at high wind speeds (Vw� 0.9m/s), relatively high
permeability (a¼ 0.135m/s), and open bottom arm
apertures.

The developed simplified model and the inter-seg-
mental ventilation behavior may be used in the design
of protective clothing where improved ventilation of the
human trunk is needed, which can be achieved by
increasing inter-segmental ventilation from the trunk
to the arm through the connection.

Conclusion

In order to find the effect of connection on the ventila-
tion rate, a sound mathematical model is developed of
the air flow in the microclimate air layer between the
clothing and the upper human body part. The connec-
tion between the clothed trunk and the arm microcli-
mate air layers allowed the air to be exchanged between
the segments. It was found that at relatively high wind
speed (Vw� 0.9m/s) and permeable jacket (0.135m/s),
air flowed from the trunk to the arm microclimate air
layer. The heated air mass flow rate leaving the trunk
was replaced by fresh air at ambient conditions, which
increased the local ventilation rate of the trunk. The
model was validated by 3D CFD simulations. Good

Figure 8. Estimation of the inter-segmental ventilation obtained from the ventilation model as a function of (a) wind speed, (b)

permeability, and (c) apertures.

436 Textile Research Journal 86(4)



agreement is found between the CFD simulation results
of ventilation rate and angular and axial averaged tem-
perature distributions in the air layers of trunk and
arms segments with values predicted by our simplified
model. The predicted overall ventilation rates were
found to be more accurate and closer to published
experimental data when the effect of connection was
included.

Using the validated model in a parametric study, it
was also found that at relatively high wind speed, high
jacket permeability, and open bottom arm, the inter-
segmental ventilation was maximal.
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Nomenclature

Z1 Zone 1 (clothed lower arm)
Z2 Zone 2 (clothed upper arm)
Z3 Zone 3 (clothed trunk)
Z4 Zone 4 (clothed connection)
H1 Zone 1 height
H2 Zone 2 height
H3 Zone 3 height
H4 Zone 4 height
Cp specific heat at constant pressure (J/kg K)
ef fabric thickness (m)
Y air layer thickness (m)
g gravitational acceleration (m/s2)

hc(s-a) heat transfer coefficient from the skin to the
trapped air layer (W/m2.K)

hc(o-a) heat transfer coefficient from the outer
fabric node to the air layer (W/m2.K)

hr linearized radiative heat transfer (W/m2.K)
K thermal conductivity of air (W/m	K)
D air-to-air diffusivity (m2/s)
Z axial direction
Rf fabric cylinder radius (m)
ef fabric thickness (m)

_maY mass flow rate of air in the radial direction
(kg/m2. s)

_ma� mass flow rate of air in the angular direc-
tion (kg/m2. s)

_maZ mass flow rate of air in the axial direction
(kg/m2

	s)
_ma total ventilation rate (kg/m2

	s)
Pmc pressure of the microclimate air (kPa)
Ps pressure at the external surface of the fabric

(kPa)
Tmc temperature of the microclimate air (�C)
Ta ambient temperature (�C)

Tskin skin temperature (�C)
To temperature of the fabric outer layer (�C)
Ti temperature of the fabric outer layer (�C)

Tvoid temperature of the fabric void layer (�C)
Vw velocities of the environment cross-wind

(m/s)
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Q00 metabolic rate (W/m2)
Max maximum
DPm general pressure difference used to estimate

permeability experimentally
hm(s-a) the mass transfer coefficient between skin

and microclimate air
Pv-skin the partial pressure of the skin vapor pres-

sure (kPa)
Pv-mc the partial pressure of the microclimate air

vapor pressure (kPa)
Pv-o the partial pressure of the outer vapor pres-

sure (kPa)
Pv-void the partial pressure of the void vapor pres-

sure (kPa)
wvoid humidity ratio of the void node fabric
wmc humidity ratio of the microclimate air

wa humidity ratio of the ambient air
hfg heat of evaporation

hm(o-a) the mass transfer coefficient between outer

fabric node and microclimate air
v the velocity of air through the fabric

Greek symbols

� fabric air permeability (m3/m2.s)
� the volumetric thermal expansion (�C–1)
	 the hydraulic permeability in m2

� kinematic viscosity of air (m2/s)
�ma density of air (kg/m3)
� angular coordinate
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