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Determination of segmental and overall
ventilation of clothed walking human
by means of electric circuit analogy

Nagham Ismail, Nesreen Ghaddar and Kamel Ghali

Abstract

A new simplified model has been developed to determine the ventilation induced by swinging motion and external wind
for a fabric clothed cylinder representing a limb or a trunk. The simplified model is based on an analogy between air
flow and an electric circuit. When a clothed body segment is subject to external wind, the microclimate air flow electric
circuit is represented by resistances. When the clothed segment is subject to a swinging motion, the air flow electric
circuit is composed of inductance and resistance elements. The model is validated by comparing the predicted ventilation
rates to published experimental data in different conditions: varying permeability, wind speeds, swinging frequencies
(for the clothed arm), walking conditions, and aperture configurations. The predictions of the simplified model lie within
the standard deviation range of the published experiments. Moreover, although it is simplified, the relative error between

the simplified model and the published experiment of an oscillating limb is considered acceptable (18%).
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Determination of clothing ventilation has been the
focus of many studies.' > Indeed, clothing microclimate
ventilation has a major influence on thermal comfort
and dynamic insulation values of clothing ensembles.
This is due to the fact that clothing microclimate ven-
tilation is critical to the removal of sensible and latent
heat from the body to the environment.* However,
researchers have followed different methods to achieve
this goal experimentally and by mathematical model-
ing. The experimental methods adopted have normally
used the trace gas dilution method and have reported
the average ventilation value for the clothed body sur-
face area.’ '° On the other hand, mathematical model-
ing methods have proved their effectiveness in
predicting the ventilation rates under different condi-
tions. They have mainly been based on representing
the human clothed segment by an inner cylinder repre-
senting the body skin and an outer cylinder represent-
ing the clothing.!"'* Afterwards, they solved the
coupled momentum, mass, and heat balances inside
the microclimate air layer between the outer and
inner cylinders to determine local ventilation rates.
Different postures (standing or walking), external
wind conditions, and clothing apertures were modeled

mathematically to estimate the ventilation rate. Some
mathematical models have considered the ventilation
rate through independent clothed segments, such as
clothed trunk or limb, subjected to external wind.">'
In these cases, the ventilation is essentially related to
the flow characteristics in the microclimate air layer
governed by clothing air permeability, air gap thick-
ness, and clothing aperture—open or closed.*!*!518
Segmental ventilation models were integrated into seg-
mental bio-heat models' that modeled the thermal
human response by simulating the changes in the skin
and core temperature of the different body segments
under different outside conditions affecting the state
of thermal comfort.®® This integration between the
clothed cylinder ventilation model and the segmental
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bio-heat model succeeded in predicting local and over-
all sensible and latent body heat losses as well as seg-
mental body thermal comfort.'”

Other studies investigated the effect of limb swinging
motion for a walking human in the presence of external
wind using a clothed swinging finite cylinder
model.''#!%2122 Ghali et al."' and Ghaddar et al.'*
addressed the effect of the changing gap width induced
by an oscillating body part (cylinder) within a fixed
single clothing cover at uniform external environment
pressure, with closed and open clothing apertures. The
developed swinging arm model of Ghaddar et al.'"* and
Ghali et al."' succeeded in estimating the renewal flow
rates for general limb motion configuration. Their
models were based on a 3D cylinder model, lumped
in the radial direction due to a small air layer gap,
and were shown to be accurate and robust, but they
still necessitated significant computational cost. In add-
ition, the inherent complexity of these models made it
difficult to directly integrate them with segmental bio-
heat models. For these reasons, the use of such detailed
mathematical models by other researchers was limited.

Therefore, it is of interest to generate a simpler and
robust ventilation model of a clothed walking human
body to replace the complex models developed in the
literature. This simplified model is considered as an
interactive clothing design tool, having several advan-
tages. First, such a simplified model is easily coupled
with bio-heat models that simulate the human thermal
response to predict thermal comfort in different appli-
cations. Second, the low computational cost of such
a model facilitates the use of optimization to find
the most effective clothing design. Third, the simplicity
of the ventilation model makes it easier to be used
by other researchers for different applications, for
example, the use of the simplified model to estimate
the ventilation rate afforded by the protective clothing
to decrease the heat stress of the wearer.

On the other hand, developing an interactive tool for
the estimation of static and dynamic clothing ventila-
tion under wind and motion must be able to accommo-
date different wind conditions, different postures
(standing or walking), and different clothing apertures
(open or closed to environment). Furthermore, such a
tool must be represented in a simple and conceptually
understood method that captures, in the meantime, all
the physics so as to be easily adopted and integrated
with other models, such as the segmental bio-heat
model. In this study, an analogy is adopted between
the air flow inside the air gap and an electric circuit;
this analogy has been widely used in the literature.
Indeed, researchers have approached the problem of
modeling the air flow in channels and complex geome-
tries using an electrical circuit analogy> > because the
electric circuit analogy is easily understood and

explained.? For example, Endo et al.*® used the electric
circuit analogy to model fluid permeation through a
particle-packed non-uniform structure bed. Moreover,
the analogy with an electric circuit is helpful in model-
ing the air flow through lungs where respiratory imped-
ance is defined.>* Akers et al.> reported the analogy
between a laminar flow in a circular pipe subjected to
a transient sinusoidal pressure difference and an electric
circuit composed of inductance and resistance in series.
In all these studies, the analogy is based on considering
that the pressure difference and the flow rate are similar
to the potential voltage difference and the electric
current, respectively.”® However, modeling clothing
ventilation via electric circuit analogy has not been
reported in the literature.

In this work, the pressure driven flow is studied in
the microclimate air layer of the clothed human seg-
ment. This air flow is resisted by the viscous resistance
inside the air layer and by a fabric resistance through
the clothing layer. Moreover, if the clothed human
segment is oscillating and the volume of air inside
the microclimate air layer is changing, this will cause
a variation in the air flow rate. Therefore, the analogy
of the ventilation flow to the electric circuit is repre-
sented by an electric resistance describing the resistance
to the air flow and by an electrical inductance describ-
ing the resistance to the change in air flow rate if oscil-
lation occurs. The fluid flow expressions for resistance
and inductance can be derived directly from the math-
ematical model, permitting the use of electrical circuits’
analysis tools for their fluid analogies.

Therefore, in this study, a simplified model has been
developed. This model is based on an analogy between
the air flow inside the air gap and through the fabric
with an electric circuit. The model considered different
conditions of external wind and swinging motion of
different clothed fabric segments representing the limb
or the trunk. Furthermore, the model is validated by
comparing the results with published papers under dif-
ferent conditions.

Research methodology

This study aims to develop a simplified ventilation
model using an electric circuit analogy applied to the
active or sedentary clothed human body segment
(upper and lower limbs and trunk), with open or
closed clothing aperture, and subject to external wind.
In order to achieve this goal, the research methodology
begins by developing an electric circuit model and
solver for the air flow in the microclimate air layer
between clothing and skin. The clothing ventilation is
modeled as a pressure driven flow. Therefore, the equa-
tions of the model are converted to the simple equa-
tions of an electric circuit, where the pressure difference
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is described by the voltage difference and the flow of air
is analogous to the electrical current.

When air penetrates through clothing fabric, it is
resisted by the clothing fabric, and then it moves angu-
larly and axially. Within the microclimate, the air flow
is resisted by a viscous resistance in the angular and
axial directions. If the clothed segment is swinging
due to walking, the volume of the air layer changes
over a short period of time, which induces a change
in the air flow rate. Therefore, the analogy between
the pressure driven flow inside the microclimate air
layer of the clothed segment and an electric circuit
involves resistance and inductance elements. The elec-
trical resistance is analogous to the resistance to air
flow (viscous and fabric resistance), while the induct-
ance designates the resistance to any change in the rate
of the flow due to volume change. No capacitance elem-
ent is used in the circuit since air in such an application
is treated as an incompressible fluid, and clothing is
treated as a rigid porous material, so that there is no
storage of the flow. The resistance to the flow in each
direction is denoted by a single value of a resistance, R,
while the variation of flow induced by the variation of
the air gap width in oscillating motion is impeded by
the presence of inductance, L. Therefore, the analog
electric circuit would be composed of a resistance
with or without inductance in series as shown in
Figure 1(a) and (b), respectively. In the clothed
human trunk subject to external wind, no swinging
motion occurs, therefore, the air gap width is not chan-
ging, which does not induce any change in the flow rate
(no inductance). In this case, the pressure driven flow is
analogous to an electric circuit composed of resistances
only. In the clothed human limb case, if oscillation
occurs, the pressure driven flow is analogous to a resist-
ance—inductance (RL) electric circuit when the air gap
width is changing, and is analogous to a resistance elec-
tric circuit when the air gap width is not changing.

)
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Figure 1. Electric circuit composed of (a) resistance only and
(b) resistance and inductance in series

More information about the electric circuit is given
in Appendix 2.

Finally, the validation of the proposed model will be
done by comparison with published experimental data
in which the trace gas method is used to estimate the
ventilation for clothed segments.

Physical configuration

Figure 2(a) represents the upper human body parts
composed of different segments. Each clothed segment
is represented by a fabric covered cylinder, extensively
used in the literature, as shown in Figure 2.'*'> The
fabric covered cylinder consists of two concentric cylin-
ders of radii r and r;, and height H (see Figure 2(b)).
The microclimate air annulus of thickness Yy =r/—r is
trapped between the inner solid cylinder maintained at
temperature Ty, and the outer porous cylinder repre-
sented by an isotropic fabric layer of permeability o and
thickness e,. The top and the bottom ends of the annu-
lus could be closed or open to the environment. The
configuration could be subjected to an external air flow

(a) ) Clothed
Fox trunk
fro- 221
|
H |
Clothed
arm
‘ \
| |
(b) |
P front ’ - :’ 2 “'
s = Openor close
! to
environment
H ! - Porous
Skin cylinder
Solid
cylinder
PSR

Figure 2. Physical configuration of (a) disconnected upper
human body segments and (b) fabric clothed segment.
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at a specific wind velocity v, allowing air to enter
through the permeable outer cylinder representing the
fabric or the open aperture. Furthermore, the air flow
could be induced by the oscillating motion of the
clothed segment, representing the walking condition
of the human body. In order to have a simplified
model, each clothed segment (trunk or limb) is divided
into two parts: one in front of the wind velocity and the
other on the back side, as shown in Figure 2(b).
Therefore, two pressures are defined in the microcli-
mate air layer for each segment, and these pressures
are Ppoy, and Ppye, reducing angular variation to
lumped nodes.

Mathematical formulation

Electric circuit analogy in the case of clothed human
trunk. In walking conditions, the clothed human trunk
air gap size does not change with time because the
trunk does not experience an oscillating motion when
the human body is walking;'* however, the walking
speed of the human body affects the relative wind.
Therefore, the flow of air is only induced by the relative
wind velocity, given by the following equation

Ve =V + Vwalk (1)

where v,, and v, are, respectively, the wind speed and
the relative wind.

The annulus trapped air thickness Y of the clothed
trunk is relatively small compared to the height H and
the inner radius cylinder r,, which permits the following
assumptions:* (1) plane Poiseuille flow in axial and
angular directions, (2) negligible variations of pressure
in the radial direction. By integrating the angular and
axial Navier-Stokes equations over the corresponding
cross-section, the pressure difference equations of the
trunk (4P,.axiaty APi-anguiar) are given as a function of

the flow rate (Qr—axiala Qt—angular) by

121 H
AP gyiat = YITT”}; Qtfaxiul (2)
12u(r,)
APtfangular = W Qtfangulur (3)

where Y,, H,, and r, are, respectively, the air gap size,
the height, and the radius of the trunk. Moreover, the
air flow in the radial direction is through the permeable
fabric covering the human body. The radial flow is
penetrating or leaving though the fabric depending on
the pressure difference between the outside and the
microclimate air layer. Thus, the radial pressure differ-
ence (AP, ..qia) 18 given as a function of the flow rate

(O1-radgiar) by the following equation

AP
AP radial = Qt—radialfm (4)
anr H,

where « is the air permeability of the fabric at the
standard pressure AP,=124.5 Pa.?’ On the other
hand, given that the microclimate air layer is formu-
lated as an incompressible fluid, the conservation of
mass in the microclimate air layer of the clothed
human trunk is given by

Qt—md[al + Qt—ax[al + Qt—angular =0 (5)

Equations (2), (3), and (4) are similar to the potential
equation of the voltage difference across an electric
resistance (see Figure 1 (a)). Indeed, the use of the
resistance in the electrical circuit is logical because in
the case of Poiseuille flow, the air flow rate is resisted by
the viscous resistance, which depends linearly upon the
air viscosity in polynomial dependence upon other geo-
metrical properties (angular and axial directions). On
the other hand, when going through a porous media,
the air is resisted by an air resistance inversely propor-
tional to the air permeability. Therefore, the analogy
between the air flow inside the microclimate air gap of
the trunk subjected to external wind in the axial, angu-
lar, and radial directions and the resistance electric cir-
cuit is reasonable. This analogy implies the definition of
the resistances in the axial, angular, and radial direc-
tions as the following

12/1. H[
Ry it = 2700 6
t—axial Y? (JTI’[) ( )
12 (ery)
R angutar = (7)
e Y H,
AP,
R udist = ——— 8
t—radial OUT}",H[ ( )

In addition, equation (3) is similar to Kirchhoff’s
first law, and the network that is analogous to the air
flow inside the microclimate air layer of the trunk is
shown in Figure 3. The two parameters P, and
P pacr are, respectively, the pressures at the front side
and the back side of the microclimate air layer of the
clothed trunk. P,,siz; and P,,siq.> are the pressures at
the opening (if it is available) and outside the porous
cylinder, respectively.”® Therefore, the switch S; is
opened if the top end of the clothed human trunk is
open, and closed otherwise.

Electric circuit analogy in the case of a clothed human
limb. During walking conditions, the human clothed
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Figure 3. Network representing the analogy of the air flow inside the microclimate air layer of the clothed trunk subjected to

external wind.

arm can be assumed to have a sinusoidal up and down
(swinging) motion in contrast to the clothed trunk,
which moves at the human walking speed without
changes in microclimate air volume. The oscillating
motion of the clothed arm is divided to two phases.'*
In phase I, the human skin (inner cylinder) swings with-
out touching the porous media (outer cylinder), form-
ing an angle ¢ smaller than the angle at which contact
occurs (Peonacr) While, in phase II, the human skin
and fabric swing together to a maximum angle Ppax.
The various phases of the motion are demonstrated in
Figure 4.

The contact angle is defined as a function of the
initial microclimate air layer size of the arm (Y,) to
the arm height (H,) as, follows

)

-1
¢con tact = tan

When the angle ¢ reaches ¢onqc, phase I terminates.
During phase II, the skin touches the fabric and they
swing together, reserving the same air layer thickness.
In phase II, the maximum angle that the fabric and skin
reach is ¢max. Therefore, a sinusoidal angular position ¢
can be assumed for the swinging motion at a rotational
speed w, related to the frequency of motion fas follows

¢ = Pmax sin(wi) (10)

Therefore, the air layer thickness Y at any spatial

position is given by'*

e Phase I:

Yu(x,0,1) =Y, o— (H, — x)tan ¢ cos6 (11)

e Phase II

Yu(x, 0, 1) =Y, o — (H;, — x)tan ¢ conaer c0s 0 (12)

Because we are interested in developing a simplified
one-dimensional (1D) model, the air gap size should be
integrated in both the axial and angular directions, and
the average is estimated. By integrating equation (11)
and (12) over the font side angle (—n/2 to ©/2) and the
back side angle (n/2 to —m/2), and over the segment
arm length H,, and by considering that the oscillation
angle ¢ is very small in Phase I as well as the contact
angle ¢coner, the equation of the air layer thickness
Y becomes

e Phase I
_ Ha .
Yo(0) = Yoo — 7¢max sin(wr) (13)
e Phase II
- H
Yo=Y,0— ?aqbcomacr (14)

Therefore, the main difference between phase I and
phase II is that the air gap size is changing with time in
phase I, but is unchanged in phase II.

Phase I: air gap size changing with time. The annulus
trapped air thickness Y of the clothed arm is relatively
small compared to the height H and the inner radius
cylinder r,, which permits the following assumptions:
(1) Womersley time-periodic laminar channel base flow
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for the axial and angular directions'*'*?* in phase I,

and (2) negligible variations of pressure in the radial
direction in both phases. Thus, the velocity v has also
a parabolic profile in the radial direction y given by

v(t,y) =k (yYa() = ) (15)

where k is a parameter (m~'-s™') which depends on a
reference condition for velocity within the oscillation
period in each direction (k,,;,; in the axial direction
and kgueue 10 the angular direction). By integrating
over the corresponding flow cross-section, the air flow
rates in the axial and angular direction are given,
respectively, by

YA (¢
Qa—axia[([) = kaxialnra QT() (16)
Y (1)
Qafangular(t) - kangularHa - - (1 7)

The selected reference conditions are when the outer
and inner cylinders are concentric (the microclimate air

layer gap is yg), which occurs at t =0, r=T/2,and t=T
(see Figure 4). At these times, the reference volumetric
flow rates in the axial and angular directions are,
respectively, denoted as Q..o aviw aNd O anguiar-
Then, kuviw and kunguar can be determined in the
respective directions, and are given by

Qafo ~ial

kax[al = 67&% (18)
Try Ya—O

6 Qafo angular

Hafs YafO3 (19)

kangular =

The 1D momentum equations for microclimate air
flow in axial and angular directions are given, respect-
ively, by

aVav(ial 3Pafav(ial 82 Vaxial
x — direction : —— — — — + : 20
P o ThTe, (0

. . . 3vangz4/ar opP a—angular 82 Vangular
0 — direction : p = R +u 2y (21)

'Y
P
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a-back

llli"‘" Il

WIS WL

\_Y_/
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y

© Q©

At t=T/4

At t=T/2

Figure 4. Physical configuration of the clothed human arm under oscillating motion and wind speed.
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The derivative of the velocity given by equation (15)
with respect to time is

ov(t,y)
ot

- ky(— 2 s wcos(wz>) (22)

The second derivative of the velocity given by equa-
tion (15) with respect to y is

Fr(t.y) _
02

~2ky (23)

By integrating the momentum equations (21) and
(22) over the corresponding cross-sections, the momen-
tum equation in the axial and angular directions
become, respectively

YT H
T'q / / kaxialy<_ _a¢max a)COS(CDZ)) dy do
0 Jo T
V. aP‘_ . Y pT
ru/ / ﬂdy do — 2rak,u/ / ydydé
o Jo Ox 0 Jo

(24)
"y H g H
P / / K angutar y(— 2 pmax wcos(wt)) dydz

“OP, angular VM
/ / ————dy dz—2k,u/ / ydydz
r039 0

(25)

By substituting (16) and (17) in the integrated
momentum equations above, the axial and angular
pressure equations are developed as a function of the
axial and angular flow rates, respectively, as

12 H Ha d a—axia
APa axial = M Qa axial + p % (26)
Y, (r,) YGrry) - di
120(r,) P77 AQu— gt
APa—angula,- = T:Qa—angular }_74, I;a - az guld

27)

Moreover, the air flow in the radial direction flows
over the permeable fabric covering the human body,
and either penetrates into or leaves the air layer
through the fabric, depending on the pressure difference
between the outside air and the inside microclimate air
layer. Thus, the radial pressure difference for the front
half or back half of the annulus cylinder are given by

APy,

APa radial = Qa radial — 77
anr,H,

(28)

where « is the air permeability of the fabric at the
standard pressure AP,, = 124.5 Pa.”’

Equations (26) and (27) are analogous to the poten-
tial equation of the electric circuit shown in Figure 1(b),
and are given by

di(t)
dt

V(t) = Ri(t) + L (29)

The electric circuit is formed by a resistance and
inductance in series. This analogy is reasonable because
the Poiscuille air flow is resisted by the viscous resist-
ance in the angular and axial directions on one hand,
and on the other hand, the change of the air gap size
induces a change in the air flow rate impeded by the
presence of the inductance that is related to the density
of the air and to the geometrical properties of the annu-
lus. Therefore, we can conclude that there is an analogy
between the air flow inside the microclimate air gap in
both the axial and angular directions (subject to swing-
ing motion and wind) and the resistance-inductance
electric circuit. This analogy implies the following
derived definition of the inductance and resistance in
axial and angular direction

121 H, o H
Ry aviat = Ta » Lg—gxiat = — (30)
Y, (ra) Ya(rra)
12u(mr, I,
Ra—angular = # > La angular = —( ) (31)
Y, H, Y.H,

In addition, the air flow through the porous fabric in
the radial direction given in equation (28) is similar to
an electric circuit composed of a resistance only, as
defined by

AP,
anr, H,

Ru—radial = (32)

Since air is treated as an incompressible fluid, the
conservation of mass in the air layers implies that

dy

IH(,d

Qa—radial + Qa—axial + Qa—angul{n =0 (33

Equation (33) is similar to Kirchhoff’s first law,
which states the principle of conservation of electric
current, so that the algebraic sum of currents in a net-
work meeting at a point is zero. Therefore, the electrical
network representing the air flow inside the microcli-
mate air layer of the clothed segment subject to external
wind and oscillating motion and having an open con-
nection to the environment is given in Figure 5, where
I =r.H,(dy/dt). The pressures Py, fipn and Py pger are
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Figure 5. Network representing the analogy of the air flow inside the microclimate air layer of a clothed arm subjected to external

wind and oscillating motion.

the pressures at the front side and the back side of the
microclimate air layer of the clothed arm facing the
wind, respectively. The pressures P, ve; and P side>
are the pressures at the opening (if it is available) and
outside the porous cylinder, respectively. The pressure
P, uside> 1s estimated from the data of Fransson et al.”®
on the pressure coefficient distribution around a circu-
lar cylinder with suction or blowing in the radial direc-
tion. It is worth noting that the amplitude of all the
variables switch their signs when considering the gov-
erning equations on the back side. The main reason is
that if the air gap size increases at a time ¢ on the front
side of the clothed segment, the back air gap size will
decrease by the same amount at the same time ¢.

Phase Il: air gap size unchanged with time. In phase II, the
air gap size is unchanged with time and is given by
equation (14). Therefore, the flow rates of equations
in the axial, angular, and radial directions are not a
function of time. By eliminating the transient term of
equations (26), (27), and (33), the pressure difference
equations become similar to the voltage equations
across resistances defined by the same equations (30)
and (31), while equation (33) is similar to Kirchhoff’s
first law without the transient term. Another important
remark is that, during phase II, the angle formed is not
relatively small, but is increasing from @ .o.iaer 1O B raxs
thus a relative wind is produced and is given by

H, .
V. = v, COS ¢ £ 74& (34)

where v,, and v, are, respectively, the wind speed and
the relative wind. Therefore, in Phase 11, the analogous
network of the air flow is similar to the network of
Figure 5, having closed switches S, and S; and
having zero I;, or, in the other words, it is similar to
the clothed human trunk electric circuit of Figure 3
with different resistance values.

In summary, the model of air flow of the clothed
human arm subjected to oscillating motion and wind
is similar to the network shown in Figure 5, with open
S, and S; switches in its first phase and closed S, and S3
switches in its second phase. The S; switch opening and
closure depends on whether the clothed arm presents an
open aperture or not. If the clothed arm is open at the
bottom end s, then the air flows axially through this
opening; in this case, S; is opened, and vice versa.

Results and discussions

In this section, the model is validated by comparing
the results of segmental and overall ventilation rates
with published experimental data on clothing ventila-
tion for different permeability, wind speed, oscillation
frequency (for the clothed arm), walking conditions,
and aperture configurations.®!%!4?° For each case, all
the inputs of the clothed segment were extracted from
published experiments used for the comparison with
predictions of the ventilation model.

Ke et al.® used the tracer gas method to measure the
local ventilation rates of the arm and trunk for different
working garments. The experiment was based on inject-
ing nitrogen gas (tracer gas) after pre-mixing it with air
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into different locations in the garment. Then, the nitro-
gen concentrations were measured at the inlet and
outlet using an N, analyzer. For each location, the
microclimate ventilation rate was estimated using the
tracer gas equation, and the average ventilation was
reported for the local ventilation rate. Different condi-
tions were examined: different garment permeability (0—
0.135m/s), different wind speeds (0, 0.6, and 0.9 m/s),
and different aperture configurations (closed or open
condition of the garment). The experiments were car-
ried out in an air-conditioned chamber using a standing
shop manikin.

Ke et al.'"” investigated the local ventilation rates of
an impermeable garment in two activities (static and
walking) and two wind speeds (no wind and 1.2m/s).
The experiment was based on injecting argon gas
(tracer gas) after pre-mixing it with air into different
locations in the garment. They measured the argon
concentrations at the inlet and outlet using a mass
spectrometer, estimated the microclimate ventilation
rate using the tracer gas equation for each location,
and reported the average ventilation for the local
ventilation rate. The experiment was carried out in
an environmental chamber using a walking thermal
manikin.

The third experiment was published by Ghaddar
et al." to determine the ventilation induced by a
swinging motion and external wind for a fabric covered
cylinder representing a limb. Their experiment was con-
ducted in a controlled environmental chamber using a
permeable clothing fabric (0.05m/s) tested at different
wind speeds and oscillating frequencies. The periodic
rotational motion of the inner cylinder was provided
by a dc motor by means of a three-bar mechanism.
The outer fabric cylinder rested on a thin metallic
screen of 2cm open squares where the cotton fabric
was wrapped around and tightly fitted. The wind
tunnel provided a laminar flow of air in front of the
cylinder controlled by adjusting the rotational speed
of the fan without compressing the fabric.'* They esti-
mated ventilation rates using a tracer gas method (N as
a tracer gas). All of the above mentioned experiments
measured the local ventilation rates of the upper human
body segments.

The overall ventilation rate was validated using the
published experiment of Ueda et al.*® In their experi-
ment, the overall ventilation rate was measured using a
tracer gas technique tested on human subjects wearing
a coverall of a specified air resistance (0.3 KPa.s/m)
under the following conditions: standing still or walk-
ing at I m/s, in still air and in wind conditions at 1 m/s,
for opened and closed suits. The effect of openings on
the ventilation rates of the overall human body was also
reported. The openings were located only on the collars
and cuffs; no openings existed on the clothed legs.*”

Clothed trunk subject to wind

The published experimental data of Ke et al.® are used
for the validation of the model predictions of the venti-
lation rate of the clothed trunk subject to wind.
The simplified model of the clothed trunk described
in the section on the case of the clothed human trunk
and its electrical analogy (see Figure 3) are adopted.
The inputs to the simplified model are the geometrical
dimensions, the air permeability of the fabric, the wind
speed, the aperture configuration, and the walking
speed. In this comparison, the trunk is static, thus the
walking speed is zero. The height, radius, and air gap of
the clothed trunk are, respectively, 65cm, 14cm, and
Scm. When considering the opening aperture in the
simplified model, the axial flow rate is included, and
vice versa (switch S; of Figure 3 is opened when the
aperture is opened, and vice versa).

Figure 6 illustrates the comparison between the ven-
tilation rates of the simplified model and the experiment
performed by Ke et al.® Although the maximum rela-
tive error between the experimental and the predicted
ventilation rates was 30%, all the predicted ventilation
rates were within the range of the standard deviation
provided by Ke et al.® Two reasons are behind this
relatively large error. First, the standard deviation of
the experiment used® is large, and the relative error is
estimated between the average experimental value and
the predicted value of the ventilation rate. This large
experimental standard deviation could be related to the
measurement of the air permeability, the air gap size,
or to the wind speed. Because the model developed is
simplified, so it is sensitive to the input data. Indeed,
a 10 % increase of air permeability results in increases
of about 9 % and 8% for the trunk and arm ventilation
rate, respectively. Moreover, a 10 % increase in air gap
size results in an increase of about 5% for both the
trunk and arm ventilation rates, noting that the air
gap size is taken as constant in the model, which is
not the case in the experiment for the thermal manikin
used by Ke et al.> ' On the other hand, a 10 % increase
in the wind speed results in increases of about 8% and
6% for the trunk and arm ventilation rates, respect-
ively. All these parameters affect significantly the stand-
ard deviation of the experiment. Second, the model
assumes independent clothed segments, while according
to Ke et al.?, air exchange between a specific garment
and the environments includes also the air exchange
between local body parts. No comparison was made
between the experiment and the simplified model in
the case of an impermeable garment when the aperture
is closed (see Figure 6(a)), since in this case there is no
way for the air to enter the microclimate layer. In their
experiment, Ke et al.® reported the ventilation rates at
different wind speeds. They justified these finding by
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Figure 6. Comparison between the ventilation obtained by the simplified model and the published experiments® for the clothed
trunk at different wind velocity and aperture geometries for (a) impermeable open aperture and (b) permeable open and closed

apertures.

stating that the opening cannot be totally closed experi-
mentally; thus, their experimental results in this closed
impermeable apertures were not applicable. The max-
imum ventilation rate is obviously attained at high per-
meability and wind speed (38 L/min) for the opening
aperture. Figure 6(b) shows that an increase of 50%
in wind velocity induces increases in ventilation rates
of 44% for opened apertures compared to 33% for
closed apertures. The reason behind these findings is
that the pressure near the opening (P,,;si4-;) INCreases
with the increase of wind speed, thus, the pressure dif-
ference 4P, increases, allowing more air to enter
through the opening.

Clothed limb subjected to swinging motion and wind

Case of impermeable clothing. The published experimental
data of Ke et al.'” are used for the validation of the
model predictions of the ventilation rate of the imper-
meable clothed limb subject to oscillating motion and
wind. The simplified model of the clothed arm sub-
jected to oscillating motion and wind is thoroughly
described in the section on the electric circuit analogy
in the case of the clothed human limb. The analogy
with the electric circuit presented in Figure 5 is adopted.
The inputs to the oscillating arm model are the

geometrical dimensions of the clothed arm, the air per-
meability of the fabric, the wind speed, the aperture
configuration, the oscillating frequency, and the oscil-
lating amplitude. The height, radius, and air gap of the
clothed arm are respectively 58 cm, 3.8 cm, and 1.6 cm.
For the static activity, no oscillation is considered; thus,
there is no change in air flow rate with respect to time
(the switches S, and S; of Figure 5 are closed). For the
walking condition, oscillation of the clothed arm occurs
(the switches S, and S3 of Figure 5 are open); thus the
simplified model needs the oscillating frequency and the
oscillating amplitude as inputs. The walking speed used
in the experiment (1.25 m/s) corresponds to a frequency
of about 80r/min and a normal angle of oscillation

max = 20°. Another important input is the aperture
configuration; in this section, the clothed arm is
always open (switch S; of Figure 5 is open) because
the garment is impermeable (closing the impermeable
garment prevents air entering to ventilate the human
body).

Figure 7 shows the comparison between the simpli-
fied model and the experiment ventilation rates at dif-
ferent conditions: walking with wind, walking without
wind, and wind without walking. It is shown that all
the predicted ventilation rates fall within the standard
deviation range, with a mean relative error of 6%.
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The condition of walking with wind presents the
maximum ventilation (2.9 L/min) compared to other
conditions. It is clear that walking in the direction of
the wind will increase the relative wind velocity given
by equation (34) which, in its turn, increases the pres-
sure outside and induces more air to enter through the
opening. The wind without walking condition comes in
second place, with a ventilation rate of 2.2 L/min,
exceeding that of the walking without wind condition
(1.6 L/min) at approximately the same speed. This can
be justified by the fact that when the oscillation of the
arm is in the direction of the walking condition, the
relative wind increases but the air layer gap decreases,
affecting the ventilation rate in the opposite way.

It is worth mentioning that the under-estimation of
the ventilation rate in the case of walking without wind
could be related to the experiment: indeed, it is not
possible to conduct an experiment in perfectly still
air. Usually, in an indoor environment, and according
to ASHRAE®' Standard 55-2010, the air speed is
between 0.1m/s and 0.2m/s. So this could be the
reason behind the under-estimation of the ventilation
by the model. If we adjust the wind speed to 0.2m/s in
the model, the ventilation rate increases about 10% and
approaches the experiment.

Case of permeable clothing. In this section, two published
experiments are used. The first experiment is that of
Ke et al.®, which reported measurements of the local
ventilation rates of the arm for different wind speeds
under a no walking condition (0r/min). The second
experiment is that of Ghaddar et al.'*, which reported
measurements of the local ventilation rates of the
arm for different wind speed at different oscillation

frequencies (40-80r/min). The combination of these
two published experiments is achieved to permit study
of the variation of the ventilation rates at different
oscillating frequency (0-80r/min). Therefore, the air
permeability of the clothing must be the same in
both experiment (0.05m/s), as well as the wind velocity
(0—1m/s).

The simplified model of the clothed arm subjected to
oscillating motion and wind is thoroughly described in
the section on the electric circuit analogy in the case
of the clothed human limb, where the analogy with
the electric circuit presented in Figure 5 is adopted.
The inputs to the oscillating arm model are the air per-
meability of the fabric (0.05m/s), the wind speed
(0-1m/s), the aperture configuration (opened and
closed), the oscillating frequency (0-80 r/min), and the
oscillating amplitude (¢max = 20°). For the static activ-
ity (0r/min), no oscillation is considered; thus, there
is no change in air flow rate with respect to time
(the switches S, and S; of Figure 5 are closed), and
vice versa. Finally, the opening aperture induces a cer-
tain flow rate, and vice versa (switch S; of Figure 5 is
opened when the aperture is opened, and vice versa).

Figure 8 illustrates the results of the ventilation rates
through a permeable clothed limb (2=0.05m/s) for
different frequencies and wind velocities, and shows
that all the simplified ventilation results fall in the
standard deviation range of the experimental results,
with a maximum relative error of 18%. It is of interest
to mention that the relative error provided by the
detailed model of Ghaddar et al.'"* was about 7%.
Thus, although the proposed electric circuit analogous
model is simplified, the relative error is, nevertheless,
acceptable.
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It is obvious that the maximum ventilation rate
is attained in the case of high frequency oscillation
(80 r/min) and high wind velocity for both opened
(100 L/min) and closed apertures (91.4L/min). The
minimum ventilation rate is achieved for no-frequency
and no wind speed (5 L/min) in the case of closed aper-
ture. The reason is clearly that air cannot be exchanged
because the opening is closed and the zero wind
velocity is unable to create a significant pressure differ-
ence between the outside and the microclimate air layer
that induces a flow through the permeable fabric.
Another important remark is that increasing the oscil-
lation frequency has a major effect for small wind
speeds rather than large wind speeds. In fact, when
the frequency doubles from 0 to 40 r/min, the ventila-
tion triples in both open and closed apertures for
the no-wind speed case, however; it only doubles
at larger wind speed (v,=1m/s). This is related to the
relative wind speed (equation (20)) profile, which shows
that its variation with frequency attains its maximum at
small wind speed. On the other hand, it is of interest to
investigate the importance of opening aperture at dif-
ferent conditions. It is shown that the opening increases
the ventilation rates of 25% at a frequency of 40 r/min,

while this increase decreases to 13% at a frequency of
80 r/min (for wind conditions). This means that when
the frequency increases significantly, the opening’s
role in increasing the ventilation is reduced. This
could be related to the period of pumping air through
the opening in the oscillating condition. Indeed, as the
frequency increases, the time of oscillation decreases, so
that air does not have enough time to enter through the
openings.

Finally, it is worth mentioning that in still air
the oscillation induces a significant ventilation rate
which increases with the oscillation frequency, to be
comparable to the case of wind at high frequency.
Therefore, a walking condition at high frequency
could induce a significant ventilation rate in still air.
However, this statement does not mean that walking
in still air could cause thermal comfort because of the
induced ventilation. The reason is that in the
walking condition, the metabolic rate is higher, thus
significant skin heat losses are needed to ensure ther-
mal comfort. If the ventilation rate induced by the
walking conditions is sufficient to relieve heat from
the skin, the human body could sense thermal comfort
in still air.
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Overall clothing ventilation through permeable
coverall

In this section, the overall ventilation rate is validated
using the published experiment of Ueda et al.*® The
simplified model of the clothed trunk and clothed
arm, presented, respectively, in the sections on the elec-
tric circuit analogy in the cases of clothed human trunk
and of the clothed human limb, are both neceded to
calculate the overall ventilation rate. The ventilation
rate of clothed legs is estimated based on the same strat-
egy of the clothed trunk. The modeling of the clothed
lower limbs was based on understanding of the human
gait, which divides the motion cycle into the swing
phase and the stance phase.*® The swing phase of gait
begins at toe-off, when the foot leaves the ground; the
leg is then moved forward. The swing phase continues
until the foot returns to the ground. Afterwards, the leg
begins to support the body and this is called the stance
phase. The sequence of swing and stance achieves one
complete gait cycle.*® For each leg, the swing phase
occupies approximately 40% of the gait cycle, with
60% for the stance phase.*?

In the stance phase, the clothed leg is assumed ver-
tical, because the angle that the knee forms with the
vertical is almost zero.> In the swing phase, the clothed
leg is deployed: the thigh goes forward while the calf
goes backward. Although the knee angle attains 60°,>
the increase in the relative wind speed on the thigh is

compensated by the decrease of the relative wind speed
on the calf. For instance, when the knee angle was 60°,
the relative wind speed on the thigh is approximately
equal to the actual wind speed increased by 0.8 m/s.
On the other hand, the calf experiences a relative
wind speed equal to the actual wind speed decreased
by 0.68 m/s. Therefore, the deflection of the clothed
leg can be neglected. Moreover, in the swing phase,
representing 40% of the gait cycle, two sub-phases
occur: one for the no-touch and the other for the
touch phase. The no-touch phase occupies a relatively
small time of the swing phase; specifically, the no-touch
phase ends when the knee touches the clothing.
Therefore, this relatively small no-touch phase is con-
sidered negligible compared to the complete gait cycle.
That is why the model does not consider the no-touch
phase, and assumes that the ventilation rate of the
clothed legs can be estimated based on the same strat-
egy as the clothed trunk.

The air resistance of the coverall investigated (0.3
kPa-s/m) which is equivalent to an air permeability of
0.415m/s at the standard pressure 4P,=124.5 Pa
(American Society for Testing and Materials, 1983).
The inputs to the oscillating arm model are the air per-
meability of the fabric (0.415m/s), the wind speed
(0-1m/s), the aperture configuration (opened and
closed), the oscillating frequency corresponding to a
walking speed of 1 m/s (65r/min), the oscillating amp-
litude (¢max = 20°), and the geometrical dimensions

Table I. Overall air exchange rate (min™') for a permeable coverall (¢=0.415 m/s) with closed and opened aperture in various

conditions
Closed Aperture Opened aperture
Model Experiment Model Experiment
Still air Standing Left and right arm 0.5 2.8+0.2 Left and right arm 0.56 3+03
(vw=0.01'm/s) Trunk 1.3 Trunk .4
Left and right legs 1.2 Left and right legs 1.2
Total 3 Total 3.16
Walking at Left and right arm 0.66 5.3+0.3 Left and right arm 0.868 5.6 0.1
Vwal = 1M/s Trunk 2.48 Trunk 297
Left and right legs 1.71 Left and right legs 1.71
Total 4.85 Total 4.814
Wind condition Standing Left and right arm 0.69 4.2+03 Left and right arm 0.998 4.9+0.5
(vw= I ms) Trunk 2.48 Trunk 2.97
Left and right legs 1.71 Left and right legs 1.71
Total 4.88 Total 5.678
Walking at Left and right arm I.16 6.3+0.3 Left and right arm 1.32 6.6 0.3
Vwalke = Im/s - Trunk 2.73 Trunk 2.89
Left and right legs 2.7 Left and right legs 2.7
Total 6.59 Total 6.91
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(same inputs as presented in the section on the clothed
limb subjected to swinging motion and wind, case of
impermeable clothing). The inputs to the oscillating
trunk model are the air permeability of the fabric
(0.415m/s), the wind speed (0—1 m/s), the aperture con-
figuration (opened and closed), the walking speed
(1 m/s), and the geometrical dimensions (same inputs
presented in the section on the clothed trunk subject
to wind). The same inputs as the trunk model are
used for the clothed legs, except for the geometrical
dimensions (the height, radius, and air gap of the
clothed legs are, respectively, 85cm, 7cm, and 4cm).
Finally, the experimental ventilation is given in air
exchange rate per minute (min~'); therefore, all the pre-
dicted ventilations are divided by the microclimate air
layer volume (63 L).

The results of the comparison between the pub-
lished experiment and the simplified model are shown
in Table 1. Examining the data presented in Table 1, it
is clear that all the predicted ventilation falls almost in
the range of the standard deviation, with a maximum
relative error of 14%. This could be related to the fact
that the experiment is achieved without closing the con-
nection between the trunk and the arm, while the model
takes each clothed segment independently. Therefore,
the discrepancy between the experiment and the model
could be compensated by taking into account the inter-
connection between the trunk and the arm, as was
reported by Ismail et al.**3?

Conclusion

A study on the ventilation rate through clothing of
the upper human body part segments has been devel-
oped. The periodic motion of the limbs subjected
to different wind speeds has been illustrated during
skin—fabric contact or no-contact for different aperture
geometries. The ventilation through clothed trunk has
also been estimated. The model derived from conserva-
tion laws was successfully transformed to an analog
electric circuit for each case (limb and trunk). A com-
parison between the model results and different pub-
lished experiments has been made and good
agreement has been shown for the ventilation of differ-
ent independent clothed segments. When considering
the whole ventilation of the clothed human body, a
maximum relative error of 14% has been shown. This
could be the result of the opened interconnection
between the trunk and the arm in the experiment.
In further study, the model could be extended to con-
sider the air flow inside the interconnection between
the clothed arm and the clothed trunk by connecting
the arm to the trunk model in one equivalent electric
circuit.

Applications and further study

The developed simplified model can be used as an inter-
active optimization design tool in different clothing
design applications for sports and warm climates. For
instance, the simplified model can be integrated directly
with segmental bio-heat models to simulate the human
thermal response and thermal comfort of the wearer
under different conditions and different body postures.
Moreover, the ventilation model could be used to check
for the performance of protective clothing against aero-
sol particles by comparing the ventilation afforded
against the filtration rate. On the other hand, the sim-
plified ventilation model could be integrated with a
fabric model to properly estimate the ventilation rate
through clothing, such as the three-node fabric model
of Ghali et al.*® Finally, the simplified model assumes a
uniform air gap for the clothed segments.’’-*®
Therefore, it is of interest to improve the simplified
ventilation model in order to account for the non-
uniformity of the air gap by dividing the clothed seg-
ment into sub-segments with different air gap sizes.
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Appendix |

Notation

thickness of the outer cylinder represent-
ing the fabric (m)

er
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f{ Z‘;ﬁ}ﬁgﬁ ]f;?;ﬁn(;}l])(l{z) Appendix 2: Electric circuit description
i electric current I(A_)l Electric resistance
k parameter (m~ s )
L electric inductance An electric resistance is an electronic component that
QO volumetric flow rate (m?/s) resists the flow of electric current in an electric circuit.
P pressure (Pa) The electric resistance is analogous to the thermal resis-
R electric resistance tance in heat transfer and to friction in a mechanical
r  radius of the inner cylinder representing system. In this study, it is similar to the viscous resis-
the human body skin (m) tance against the flow of air in the microclimate air
ry radius of the outer cylinder representing layer, and to the fabric resistance against the flow of
the fabric (m) air through clothing.
t time (s)
I temperature (°C) Electric inductance
V' voltage (V)
v velocity (m/s) An inductor is an electronic component composed of a
v, relative wind velocity (m/s) coil of wire that resists the change of current in an
v, wind velocity (m/s) electric circuit. In this study, the flow of air, similar
vwalk  Walking velocity (m/s) to the flow of current, is changing because the volume
x axial position of the air gap is changing. Thus the resistance to the
y radial direction change of the air flow is described by the electronic
Y microclimate air layer size (m) inductance.
Y average microclimate air layer size (m)
AP pressure difference (Pa) Resistance circuit and resistance-inductance circuit
AY  microclimate air gap amplitude (m)
o permeability of fabric (m?/m?>s) When a difference in voltage is applied across an elec-
6 angular direction tronic resistance, a flow of electric current occurs and is
4 dynamic viscosity (kg/m-s) resisted by the electronic resistance. According to
p density of air (kg/m?) Ohm’s law, the resistance is equal to the voltage divided
¢ oscillation angle by current (R = V//I) where R is resistance, V' is voltage
o angular frequency (rd/s) and 7 is current. When a difference in voltage is applied
across an electronic inductance, the inductance opposes
the change of the electric current. The inductance L is
Subscripts equal to V/(dI/df) where V' is Voltage, I is current, and
S . ¢ is time.
g ;Trﬂal condition In an electl.ric cirf:uit, when the resistance and indugt—
. e ance are put in series, the voltage across the electronic
axial axial direction . . . . .
. . devices is summed. Thus, in a resistance-inductance
angular angular direction . L
back  back side circuit, the voltage is given by
contact contact
front front side V=Ri+ Laljat (35)
max maximum
outside 1 ambient side at the opening aperture
outside 2 ambient side around the porous cylinder
radial radial direction
skin  skin
t trunk



