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ABSTRACT

This work aims to develop a computationally effective electric circuit model to estimate the ventila-
tion and heat transfer for walking human in the presence of natural convection. The ventilation cir-
cuit includes flow resistance, inductance, and electromotive force elements. It is coupled to an elec-
tric resistance circuit of heat flows to adjust the temperature difference inducing natural convection
flow. The coupled ventilation and heat circuit models predicted both the segmental ventilation rate
and heat loss from the arm at different walking and wind speeds. The developed model of the seg-
mental ventilation and heat transfer from the clothed human segment was validated by performing
experiments on a walking thermal manikin using tracer gas method. Good agreement was observed
between the model predictions and the experiment at a maximum relative error of 10% lying within
the standard deviation range. Results showed that the simplified ventilation-heat circuit models suc-
ceeded in estimating the natural convection effect at low computational cost. Moreover, it was shown
that the effect of natural convection is more significant in walking at no wind than in windy condition.
Accounting for natural convection effect increases the segmental ventilation and heat loss at low air
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permeability (0.02 m/s) by 68% and 20%, respectively.

Introduction

Over decades, researchers were interested in estimating
local ventilation and heat losses of human body through
clothing. The main reason is that clothing ventilation is
an effective way for human body to lose heat in hot envi-
ronments. In fact, microclimate conditions are directly
related to the sensible heat loss from the skin. These
conditions are affected by the amount of air penetrating
through the microclimate and transported in it. The
higher the penetrating air through clothing and open-
ings, the higher is the heat released to the environment.
Therefore, ventilation in microclimates is an influential
mechanism for improving human thermal comfort in
warm environment [1]. On the other hand, predicting
segmental clothing ventilation is important for improving
garment design by modifying the design parameters to
improve local ventilation rate depending on the type of
clothing.

The clothing ventilation takes place in three ways:
by penetration through clothing, by natural convection
through openings, or by pumping/bellows effect result-
ing from body movements that force the air to enter/leave
the microclimate air layer zone [2], [3]. The ventilation

through clothing has been the subject of many researchers
relating it to the clothing properties and wind speed
[4]-[6]. Furthermore, the ventilation by pumping/bellows
effect that results from body movements has also been
investigated thoroughly in the literature and is usually
attributed to the walking speed [7]-[9]. However, few
researchers investigated the ventilation induced by the
natural convection phenomena [2], [10], [11]. Zhang and
Li [11] reported that, at certain conditions, the natu-
ral convection through openings of the clothing played
the most important role in releasing the warm and wet
air out. Indeed, the temperature difference between the
human body skin and the microclimate air layer temper-
ature induces a buoyant force inside the microclimate air
layer, and hence enhances the axial upward flow espe-
cially from the openings [12]. Therefore, it is of interest to
determine the conditions at which the natural convection
is significant and should not be ignored to guide model-
ing approaches for estimation of the ventilation rate of the
clothed human body segments.

Modeling the flow characteristics and the heat transfer
inside the microclimate air layer that is trapped between
the skin and the clothing layer has been study subject
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of many researchers [4]-[6], [13]. The purpose of such
modeling is to be able to determine the microclimate
air layer ventilation and heat losses to environment for
known clothing properties, apertures, postures, and wind
conditions. The modeling approaches studied the ventila-
tion through clothing of a sedentary clothed human body
[14], [15] and the ventilation due to pumping and bellows
effect of a walking clothed body [16]-[18]. Although
these models have addressed the effect of natural con-
vection on the clothing ventilation, they did not present
a comprehensive study on the ventilation induced by
the natural convection in sedentary and active clothed
human conditions due to their numerical complexity.
Consequently, the study of the natural convection effect
on the air ventilation of the clothed human body is still
limited to some experimental work that reported empir-
ical formulae for the natural convection heat transfer
coeflicients of the human body in different postures [19]-
[21]. Therefore, it is of interest to assess the importance of
the natural convection in ventilating the clothed human
body by developing a simplified but comprehensive and
robust mathematical model.

To reduce the complexity of the developed ventilation
models, the simplified approach of Ismail et al. [22] that
uses electric circuit analogy can be developed further to
incorporate the natural convection effect. They derived
the analogy between the air flow inside the microcli-
mate air annulus layer and an electric circuit [22]. The
electric circuit was mainly composed of a resistance
installed in series with an inductance where the electric
resistance represented the viscous effect that resisted the
air flow inside the microclimate air layer and electric
inductance represented the resistance to the change of
air flow because of the swinging effect associated with
walking conditions. The circuit model could be extended
by adding the buoyant force responsible to the natural
convection effect to the ventilation circuit. The buoyant
force depends on the temperature difference between
the human body skin and the microclimate air layer
temperature [12]. The estimation of the temperature dif-
ference will require the coupling of the ventilation circuit
model to a thermal resistance network. To the authors’
knowledge, this modeling approach for including natural
convection via electric circuit representation has not been
reported in literature.

Therefore, the aim of this study is to extend the sim-
plified circuit model of ventilation in order to account
for the buoyancy effect for a clothed arm segment with
open aperture to the environment. The ventilation circuit
model is coupled with a thermal resistance network in
order to find the temperature difference between skin and
the microclimate air layer that generates the buoyancy
effect. The ventilation estimation will be considering a
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walking human with clothed arms that swing during
walking and using actual reported data of human gait
[23]. The coupled ventilation-heat circuit model will
be the first in literature representing the complex heat
exchanges of walking clothed human at low computa-
tional cost using common circuit and fast solvers.

The novelty of this work arises from finding a simpli-
fied heat/ventilation model that estimates the segmental
ventilation through clothing and the segmental heat losses
from the human body to the environment. The simplified
model takes into account the natural convection that has
been reported to play an important role in releasing the
warm and wet air out at the openings [11], [12]. The
development of a simplified ventilation-heat model is
essential because it could be used as a tool in design of
clothing for comfort by enhancing ventilation and heat
losses from clothed segments and openings. In addi-
tion, the simplified ventilation-heat model can be easily
integrated to existing physiological and thermal comfort
models of clothed humans at low computational cost.

Research methodology

The research methodology starts by modifying the circuit
model of Ismail et al. [22] to incorporate the effect of the
natural convection. This is achieved by (i) deriving the
coupled mass and momentum governing equations and
obtaining resistance, inductance, and other parameters
for the air flow to be used in the ventilation electric cir-
cuit equations; (ii) coupling the ventilation electric circuit
with a thermal resistance network by estimating the tem-
perature difference between skin and the adjacent micro-
climate air layer driving the upward flow for the clothed
segment. The numerical solver for the ventilation-heat
circuit is presented. Then the coupled ventilation-heat
electric circuit model is validated experimentally by using
the tracer gas method for Argon gas applied on a thermal
manikin equipped with a walking mechanism. The exper-
iment estimates the segmental ventilation as well as the
segmental heat losses based on a constant skin tempera-
ture mode of the walking clothed manikin system focus-
ing on the clothed swinging arm segment. Additional
validation is performed by comparison with data pub-
lished in literature. This will be followed by a parametric
study on the importance of natural convection at different
wind velocities, walking speeds, and fabric permeability.

Physical configuration

The physical configuration consists of a clothed annulus
surrounding a heated cylinder representing the clothed
arm. This physical configuration has been widely used
in the literature to approach the clothed segment when
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estimating the ventilation [8], [9], [12], [14], [24], [25] or
when simulating the human thermal response [26]-[35].
The fabric covered cylinder has a radius r and height H.
The air layer trapped between the concentric fabric and
skin cylinders is of thickness Y and it separates the inner
solid cylinder maintained at the skin temperature Ty
and the outer porous cylinder represented by an isotropic
fabric layer of permeability & and thickness es. The clothed
cylinder is exposed to a uniform cross wind of velocity
Vw, and is experiencing an oscillating motion about the
upper end simulating the swinging motion of arms during
walking [23]. The oscillating motion induces air to enter
from the segment side exposed to windy condition (front
side) and to leave from the other side (back side). There-
fore, the clothed segment microclimate annulus is divided
into two parts: the front side having Pgone and Tone and
the back side having Pp,ck and Thack reducing the pressure
and temperature angular variations to two lumped nodes
as shown in Figure 1. The cylinder in Figure 1 is closed
at the top end to simulate the clothed arm. When the

P front, T,frorrt Vd P back, T back

ek P bock, T back
N
1 ¥
V

Open to
environment

Figure 1. Physical configuration of a clothed oscillating arm where
H, r, r  are the height, inner and outer radius (inm), P, and P, .,
are the frontand back pressures (in Pa), respectively, Tg, .. and T, .,
are the front and back temperatures (in °C), respectively, g is the
gravity, V,, is the wind speed and x, y, 6 are the axial, radial, and
angular directions, respectively.

ventilation of the clothed trunk is investigated, the cylin-
der is closed at the bottom and opened at the top to
simulate the opening around the neck at the shoulder
level.

Mathematical formulation

It is of interest to incorporate the natural convection effect
and determine its influence on clothing ventilation at dif-
ferent windy and walking conditions by means of an elec-
tric circuit analogy. This is accomplished by taking the
example of the clothed arm in the front side and formulat-
ing the momentum equation in the axial direction where
natural convection takes place. The back side will have
similar derivation. The air gap size is assumed to vary in
sinusoidal manner with time due to arm swings during
walking [8].

Adopting the physical configuration of the clothed
cylinder representing the human segment, it is of interest
to mention the assumptions used in the model. Indeed,
the annulus trapped air thickness Y is small compared to
the length and the inner radius cylinder of the clothed seg-
ment which permits the following assumptions:

e Plane Poiseuille flow in axial and angular directions

in the case of steady state case.

* Wormesley flow in axial and angular directions in

the case of steady-periodic case.

¢ Negligible variations of pressure and temperature in

the radial direction.

® Boussinesq approximation in the vertical annulus

[36], [37] as well as laminar natural convection heat
transfer from isothermal circular cylinder represent-
ing the skin [38].

By using these assumptions, the problem is trans-
formed from three-dimensional model to two- dimen-
sional model by lumping the radial direction. Then, each
direction is treated separately where two nodes are con-
sidered in order to reduce the computational cost associ-
ated with the detailed model. Therefore, the momentum
equation for the microclimate air flow in axial direction is
given by:

ED) oP 9%

po ==t

Yy Tron - Tenv 1
o7 ™ oy 8B (Tiront ) oy

where p, u, and § are the density, viscosity, and thermal
expansion of air respectively, ¢ is the time, v is the velocity.

By integrating the momentum equation over the cor-
responding cross-sectional area and replacing the veloc-
ity by the Wormesley parabolic profile in the y-direction
[22], the equation becomes:

12uH oH dQ,

AP, = — 4+ =
Y3(zr) Y(mr) dt

- pgﬂ(Tfront - Tenv)H
(2)



where Yis the average air gap size estimated as done by
Ismail et al. [22] by integrating over the front side angle
(—m/2 to /2), and over the segment arm length H, and
by considering that the oscillation angle ¢ is very small in
the no-touch region as well as the contact angle ¢contact>
the equation of the air layer thickness Y becomes

. = H, .
No — touch region : Y, (t) = Y, — — Pmax sin(wt)
T
(3)
H

Touch region : Y, =Y, o — ;u¢contact 4)

It is noteworthy that the air gap size is changing with
time in the no-touch region and becomes unchanged in
the touch region.

The last term of Eq. 2 is the natural convection force per
unit area related to the temperature difference between
the microclimate and the ambient air. An electric circuit
composed of a resistance and inductance placed in series
with a voltage source of zero internal resistance is shown
in Figure 2. The characteristic equation of this electric cir-
cuit is given by

di
AV =Ri+L— —e 5
I (5)
By comparing Eq. 2 and Eq. 5, it is clear that there is a
similarity between the air flows inside an oscillating arm
in presence of natural convection subject to wind and the
electric circuit shown in Figure 2. The analogy is based on
the fact that when air is flowing inside the microclimate
air layer, it is resisted by the viscous effect represented by
an axial resistance as follows:
12pnH

Re= Y3(r) (©)

Av

e=Ri+Lé-AV
dt

Figure 2. Electric circuit composed of inductance, resistance, and
source of voltage in series where ¢, R, and L are the electromotive
force, the resistance, and the inductance, respectively, while AV
and i are the voltage difference and the current, respectively.
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On the other hand, the change in the flow of air due
to the oscillating motion is represented by the inductance
and is given by

H
L=~
Y(rr)

(7)

Since the natural convection effect is induced by the
warm human body condition, natural convection induced
flow by virtue of the temperature difference is represented
by the electromotive force (e.m.f.) and is given by

€= pgﬂ(Tfront - Tenv)H (8)

The above mathematical formulation establishes the
electric circuit analogy in the axial direction where the
natural convection phenomenon takes place. Concerning
the other directions, the momentum equations are respec-
tively formulated as follows [22]:

12
AP, = L2AT) plrr) dQ ©)
Y3H YH dt
AP. =Q APy (10)
" YanrH

where APy AP, are the pressure drop in the angular and
radial directions, respectively; Qp, Q, are the air flow rates
in the angular and radial directions, respectively; « is the
fabric air permeability expressed in m/s tested at a pres-
sure drop AP,, = 0.1245 kPa from standard tests on fab-
rics’ air permeability [39]. Eq. 9 is similar to the volt-
age equation across a resistance and inductance in series,
while Eq. 10 is simply similar to the voltage equation
across a resistance.

Using the Boussinesq approximation that states that
the fluid density change is ignored in the conservation of
mass, the variation of the volume inside the microclimate
air layer rHdy/dt is then equal to the mass flow rates Q,
Qy, Q, in axial, angular, and radial directions, respectively
as follows:

dy

Qr+Qx+Q9_rH5=O (11)

Eq. 11 is similar to Kirchhoff’s first law that states the
principle of conservation of electric current by declaring
that the algebraic sum of currents in a network meeting
at a point is zero. Therefore, the electrical network rep-
resenting the air flow inside the microclimate air layer
of the clothed segment subject to external wind and
oscillating motion by taking into account the natural
convection effect is given in Figure 3 where the pressure
P,; is estimated from the pressure coefficient distribution
around a solid cylinder, the pressure P,; is estimated from
the data of Fransson et al. [40] on the pressure coefficient
distribution around a circular cylinder with suction or
blowing in radial direction, and the inlet flow rate Qgont
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Figure 3. Network representing the analogy of the air flow inside
the microclimate air layer of clothed arm subjected to external
wind and oscillating motion taking into account the natural con-
vection where Py, and P, are the front and back pressures (in
Pa), respectively, R, R, R, are the resistances in axial, radial, and
angular directions, respectively and L, L, are the resistances in
axial and angular directions, respectively.

Poz ®

representing the transient term of Eq. 11 is given by

dy
Qfront = rH dt (12)

The back side of the clothed annulus has the same
momentum equations except that Qpack = —Qfront; the
main reason is that if the air gap size increases at a time
t on the front side of the clothed segment, the back air
gap size will decrease by the same amount at the same
time ¢. Note that when the inner cylinder representing the
skin touches the clothing layer, the two cylinders swing
together and the air gap size becomes unchanged with
time. In this case, the switches S; and S, are closed so that
the inductance does not have any role in the electric cir-
cuit of Figure 3.

In the case of non-oscillating arm, the problem is
steady state so that the microclimate ventilation for
the front and back sides are respectively given by the
following:

MVRfront = maX(Qr,front, 0) + maX(Qx,fronta 0)
MVRback = maX(Qr,backy 0) + maX(Qx,back» 0)

(13a)
(13b)

where Q. front and Q; pack are respectively the volumetric
flow rate of air through clothing; Q front and Qy back are
the volumetric flow rate of air through openings. The
maximum is used because the ventilation is estimated as
the positive penetrating flow rates.

However, when the arm is oscillating during walking
condition, the problem becomes steady-periodic and the
segmental ventilation rate is obtained by integrating the
penetrating mass flow rate through clothing or through
openings over one period T. Therefore, the microclimate
ventilation for the front and back sides in the case of
oscillating clothed arm are respectively given by the

following:

1 T
MVRfront = ?/ maX(Qr,front» 0)
0

+ maX(Qx,front: O)dt (13C)
1 T
MV Ryaek = _/ maX(Qr,backy 0)
T Jo
+ maX(Qx,back, O)dt (13d)

In both cases, the total segmental ventilation rate of
the arm is found by summing the front and back side as
following:

MV Rayrmn = MV Rront + MV Reront (14)

Coupling of ventilation circuit to the thermal
resistance network

Incorporating the natural convection effect requires the
knowledge of the temperature difference between the
environment and the microclimate air layer (see Eq. 2)
which necessitates the coupling of the ventilation cir-
cuit model to the thermal resistance network shown in
Figure 4. The heat transfer consists of the radiative heat
exchange, the convective resistances due to the air motion
inside the microclimate air layer and outside in the envi-
ronment, and the dynamic resistance that accounts for
the clothing dry resistance and the ventilation rate. The
radiative heat exchange gr,q occurs between (i) the skin
and inner fabric and (ii) the environment and the outer
fabric. The heat transfer by convection gcony is similar to
the convective heat transfer in smooth concentric annuli
extensively studied in the literature [41]. In this study,
it is generally due to the air motion inside and outside
the microclimate air layer. Since the swinging clothed
arm is exposed to windy condition, convection heat
transfer occurs at the outside cylinder at the front and
back sides. The air flowing inside the microclimate air
layer causes also a heat transfer between the inner fabric
and the microclimate air layer at the front and back side,
respectively. On the other hand, the motion of air inside
the microclimate air layer carries the heat from the inner
cylinder surface representing the skin. Not only this, the
presence of the opening at the end of the clothed arm cre-
ates a flow of air that releases the heat of the microclimate
air layer. Similarly, the air flowing from the front to the
back side creates a heat transfer between the front and
the back sides Furthermore, the temperature difference
between the outer and inner nodes of fabric drives a heat
transfer through clothing as described by Ghali et al.
[42]. The thermal heat resistances of these heat transfer
modes are described in Table 1 with their corresponding
equations. Consequently, the segmental heat losses can
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Figure 4. Schematic of (a) different mechanisms of heat transfer from the human body and (b) thermal resistance network where R, ; and
R, ,, are the thermal resistances at the front and back sides, T, and T, are the skin and environment temperatures.

be estimated based on the thermal resistance network
[21], [43]-[46] as follows:

Tin_Trn Tsin_Ti—

Que = (Tsx front) | (Tsk Fli—1)) (15)
Rt—fS Rt—f4

Numerical methodology

The developed coupled ventilation-heat circuit model is
based on the coupling of the electric circuits representing
the ventilation and the heat exchange models. The cou-
pling procedure is demonstrated in a flow chart shown in
Figure 5. The input parameters that were used in the cou-
pled ventilation and heat model are the clothing proper-
ties, the geometric characteristics, the ambient conditions
and the skin temperature as well as the walking speed, the
frequency and the oscillation angle. First, an initial guess
of the microclimate air layer temperature was made, and
then the ventilation model was run. For each clothed
segment, the pressure equations were solved in the front

and the back side. The outputs of the ventilation model
were the pressures, the mass flow rates in all directions,
and the radial ventilation rate through clothing estimated
as the positive flow of air into the air annulus integrated
per unit area of the clothed surface. Afterwards, the seg-
mental ventilation was used to adjust for the dynamic
resistance on the thermal resistance network. The thermal
model was solved in order to estimate the temperatures
at different nodes. Once the temperatures were found,
the microclimate air layer temperature estimated from
the thermal resistance network is corrected in the ven-
tilation circuit model. The procedure was repeated until
convergence was achieved when both coupled pressure
and temperature equations converge such that overall
mass and energy were conserved in each grid and the
values of pressure and temperature at the front and back
side converge to a minimum relative error of 10~°. The
main outputs of the model are the segmental ventilation
and heat losses from the skin to the environment.
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Table 1. Thermal resistance equations corresponding to the thermal network that represents the heat transfer of the clothed oscillating

arm.
Resistance Definition Equation Reference
1 r
) ) ) av, b (xrH) X
Ri_f1s Riein Outer copvectlve re5|§tances to the environment for the front and whereag = 4.8* (Z.r,,)‘o-33 [43]
back sides, respectively and b=05
Ri_ Fabric dry resistance corrected by the dynamic resistance for IR E—— ,L [44]
ventilation for the front side (% +0Q, front XCDG) f
Ri_t2 Fabric dry resistance corrected by the dynamic resistance for — 1 _x - [44]
ventilation for the back side (;1@ +0Q, pack xcpa) f
Ri_g5:Ri_p3  Convective resistances from the inner fabric to microclimate air for h_’ e ,L where h;_, =9.6 [45]
the front and back sides, respectively e f
R_, R e ) ) .
t—f4> "t-b4  Radjative resistance to the skin for the front and back sides, hl x L where h =37 [44]
respectively ro T
Ri_s: Ri_ps  Convective resistances from the skin to microclimate air for the front o x ri where [46][45][21]
and back sides, respectively maed 3
h mixed — h forced +h natural
htorceq = 10.5 and
_ 0.406
R R natural — 1.007AT
t—f6> "t—b6  Radiative resistances to the environment for the front and back sides, hl x L where h =37 [43]
respectively ro T
i i i i 1 r
Ri_f7 Convective to the environment through the opening of the front side Qo By X i
Ri_b7 Convective to the environment through the opening of the back side m X ﬁ
Ri_sp Convective resistance from the front to the back microclimate air !

pQ, xcp,

Experimental methodology

The aim of the experiment is to validate the ventilation-
heat circuit model predictions and determine the effect

Ambient conditions, Clothing
properties,
Skin temperature

Assume a microclimate air layer

temperature
|
']
| Run the ventilation model |
|
| Estimate the dynamic resistance I

W

| Run the thermal resistance network I

l

Estimate the microclimate air layer
temperature

convergence

Yes

[ ]

Segmental Ventilation |

| Segmental Heat Losses

Figure 5. Flow chart representing the integration of the ventila-
tion model that takes into account the natural convection and the
thermal resistance network.

of natural convection in the estimation of the segmental
ventilation rate at different walking conditions. The vali-
dation of the model predictions is achieved by measuring
the segmental ventilation and the segmental heat losses
using the tracer gas method applied on a clothed thermal
manikin arm. The importance of the natural convection
effect is revealed by comparing the segmental ventilation
effect with and without natural convection. To eliminate
natural convection effect, the experiment is done by set-
ting the environmental temperature similar to the skin
temperature. The experiments are repeated at different
conditions (wind and walking).

The experiments were conducted on a thermal
manikin equipped with a walking mechanism. The ther-
mal manikin used in the experiment is manufactured
by Measurement Technology Northwest and consists of
20 independently controlled thermal zones. All thermal
zones are fitted with distributed wire sensor for mea-
suring skin temperature with an error less than 0.1°C.
The manikin provides the boundary layer interface to
the environment and generates the necessary heat flux or
skin temperature depending on the user chosen mode.
It can be controlled to have either constant segmental
skin temperatures in a constant skin temperature mode
or constant segmental heating power in a constant heating
flux mode. The associated surface temperatures and heat
flux generated were recorded during experiments by a
ThermDAC® software exclusive for the thermal manikin
on a separate computer. The walking condition was pro-
duced by a walking motion system that is composed of
a roll-around stand with integrated winch to help lifting,



Table 2. Fabric properties of the thermal manikin ensemble.

Air permeability Dry resistance

Material (m/s) (K-mZ/W)
Shirt 100% cotton 138 0.046
Pants 75% cotton 0.25 0.041
25% polyester

positioning, and transporting the manikin. The system
was designed to produce smooth and realistic walking
movement. The walking speed was indicated either man-
ually or automatically using a motion control enclosure
where it was continuously variable up to 60 double-steps
per minute (DSPM).

The manikin was clothed with a long sleeved cotton
shirt and trousers having the properties illustrated in
Table 2. The properties of the shirt and pants were mea-
sured experimentally: (i) the air permeability of the shirt
and pants were tested by SDL MO2IA air permeability
device with a standard deviation in repeated measure-
ments of £107* and accuracy of 0.1 1/(m?:s) (ii) the dry
resistance is measured using the sweating guarded hot-
plate (Model 306-200/400) with an error less than 0.1%.

In order to measure the segmental ventilation through
clothing, a tracer gas method is used. Argon was the
selected tracer gas since it is non-explosive, non-toxic,
and completely inert (no contamination of the tested
product). Moreover, Argon is extremely rare in the atmo-
sphere and will not contaminate and desensitize its own
detector. Figure 6 shows the schematic diagram of our
experimental setup that estimates the ventilation based
on the tracer gas method for local clothing ventilation
of clothed arm measurement. An argon analyzer of 0.2%
accuracy and a resolution of 0.01% were mounted in
line at the outlet flow from the manikin microclimate air
layer. A diaphragm pump (2-5 I/min) was installed to
circulate the extracted air from the manikin. The flow of
air was controlled and measured by an air flow controller

Diaphragm Outlet

pump

Flow Controller
Flow Controller

Ar
Analyzer

Figure 6. Schematic of the experimental set up to measure the
ventilation of the clothed arm.
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(0-5 I/min). Another flow controller (0-1.5 I/min) was
mounted at the top of the Argon tank. Each segment is
tested individually. The distribution and the sampling
flow were afforded using tubes sealed to the right arm (or
left) perforated with holes of 1 mm diameter. The inlet
flow and outlet flow were controlled to 3 1/min while the
added Argon flows were 1 1/min.

Three large fans with a diameter of 0.5 m were installed
vertically on a stand with controllable wheels. The dis-
tance between the manikin and the fans stand depends on
the desired velocity at the front side of the manikin. The
wind speed was measured by the thermal manikin wind
speed sensor which is an air velocity transducer (model
8475-06) at a distance of 0.35 m from the manikin sur-
face. A mean value of wind speed is reported for each test
scenario.

The manikin, the experimental set up, and the fans
were all located in an environmental chamber as shown
in Figure 7. In Figure 7(c), it is shown that the manikin is
experiencing walking, the clothed arm appears touching
the skin at one side since the touch phase is encountered at
the time of capturing the photo. The chamber air temper-
ature was measured by two manikin sensors at different
heights (0.9 m and 1.6 m) while the relative humidity was
measured at 1.6 m height.

Each experiment followed the following protocol:

1. Setting the experimental ambient conditions of the cli-
matic chamber (wind speed, air temperature, and rela-
tive humidity)

2. Turning on the clothed thermal manikin heat con-
troller to reach the thermo-neutral state at the ambient
conditions

3. Running the constant skin temperature mode (34°C)
using the ThermDAC® software

4. Setting the walking speed manually or automatically
and waiting the generated segmental heat fluxes to
converge

5. Measuring the segmental ventilation rate using the
tracer gas method

In order to measure the segmental ventilation of the
clothed arm, the Argon tank was opened, and the flow
controller mounted at the top of the tank was calibrated to
the desired Argon flow. Afterwards, the diaphragm pump
was switched on to pump the extracted air at the specified
flow rate in the air flow controller. The Argon gas was pre-
mixed with air before flowing into clothing microclimate
zone of each segment. The mixed air and Argon were then
injected and extracted at the mean time. The Argon ana-
lyzer detects the concentration of the outlet flow and the
experiment is repeated. In the case of non-oscillating arm,
the experiment is repeated until steady state of the outlet
concentration and heat flux are reached. However, in the
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Figure 7. Figures showing (a) the experimental set up, (b) the argon tank with its flow controller, and (c) thermal manikin.

case of oscillating arm, the experiment is repeated until
steady-periodic state is reached. In this case, the outlet
concentrations and heat fluxes are recorded and averaged
over one period. The values of the measured outlet con-
centration are utilized in solving the tracer gas equation
to find the segmental ventilation for the arm. The tracer
gas equation is based on the conservation of mass and is
given by the following:

q.in—outcin - qin—outcout - qventcout =0 (16a)

where Gin—ou is the circulating mass flow rate (I/min),
Cnand C,y are the argon concentrations of the gar-
ment inlet and outlet flow (%), Gyent is the microcli-
mate ventilation rate (I/min). This equation assumes that
there is no Argon gas in the atmosphere. Therefore, the

microclimate ventilation of each segment measured indi-
vidually is given by

qin—out (Cin - Cout)

Cout

The thermal manikin was run using the constant skin
temperature of 34°C. The ambient temperature of the
environmental chamber is 25.5°C &£ 0.2°C for the natu-
ral convection experiment and 34°C for the non-natural
convection experiment. The main reason is that when
the skin temperature differs from the ambient tempera-
ture, natural convection is induced inside the microcli-
mate air layer. In this case, the microclimate ventilation
is affected by the natural convection phenomena. Other-
wise, when the ambient temperature reaches 34°C which

(16b)

Qvent =



is equal to the skin temperature, natural convection effect
vanishes. The relative humidity was about 60 = 3%. The
experiments were repeated at different conditions of wind
and walking speeds. For instance, the wind speeds were
changed from non-windy condition (V,, < 0.11 m/s) to
a windy condition of 1 m/s; moreover, the experiment
investigated different body postures: standing and walk-
ingat 1.25 m/s corresponding to a DSPM of 60. The inputs
to the integrated simplified model are the clothing air per-
meability, the geometrical parameters of the clothed arm,
and the oscillation parameters. In the integrated simpli-
fied model, the height, radius, and air gap of the clothed
arm are 58 cm, 3.8 cm, and 1.6 cm, respectively. These
dimensions agree with the thermal manikin dimensions.
The radius and the air gap size of the clothed arm used
in the model are found by averaging the dimensions of
the upper and lower arm. The clothed arm end is opened
at the bottom by leaving the buttons of the sleeves open
as shown in Figure 7. The walking speed (1.25 m/s) used
in the experiment corresponded to a frequency of about
80 rpm and a typical angle of oscillation ¢y, = 20° [22].

Results and discussion

Model validation with experiment

Figure 8 shows the measured and predicted segmental
ventilation rates at different conditions: (i) no wind and
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Figure 8. Comparison between measured and predicted segmen-
tal ventilation rate of clothed arm (a) without natural convection
(Teny = 34°C, T, = 34°C) and (b) with natural convection effect

env S|
(T, =255°C, Ty, = 34°C).
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no walking conditions and (ii) wind (1 m/s) without walk-
ing condition, and (iii) walking (60 DSPM or 1.25 m/s)
without wind (iv) wind (1 m/s) and walking (60 DSPM
or 1.25 m/s). The maximum relative error between the
experimental and predicted ventilation rates is 10%. This
maximum relative error is considered acceptable since the
values of the predicted ventilation rates lie in the range
of the current experimental standard deviation and the
published experimental standard error (>20%) that used
the tracer gas method in the estimation of the ventilation
rate [47], [48]. The errors revealed between the experi-
ment and the electric circuit model is mainly related to the
precision of the instruments used in the experiment (air
permeability tester, dry resistance, argon analyzer). Fur-
thermore, the simplification associated with the electric
circuit analogy, especially that the model consider only
two nodes in the front and the back of the microclimate
air layer of the arm, also lead to a difference between the
experiment and the model. By comparing the results of
Figures 8a, b, it is clear that the incorporation of natu-
ral convection effect led to an increase of segmental ven-
tilation in all conditions. This is evidently related to the
fact that the natural convection will lift the air upwards,
increasing the penetrating air through clothing or open-
ings in order to conserve the mass. This was also found by
Chaves et al. [49] who reported that the natural convec-
tion improved the forced convection inside the open cav-
ity. In addition, the validated results show that the effect
of natural convection is maximum (13%) in the case of no
wind, no walking conditions. The main reason is that the
natural convection overcomes the forced convection phe-
nomena when wind and walking are significantly low. In
fact, the presence of openings allows the air to be lifted
by the buoyancy force so that the segmental ventilation
is enhanced [11]. When only windy condition is consid-
ered, the effect of natural convection decreases (6% at V,,
= 1.0 m/s); this is evidently related to the increase in the
segmental ventilation due to forced convection. Similarly,
when only walking condition is considered, the effect of
natural convection decreases also (6% at V. = 1.25 m/s)
for the same reason. When both wind and walking con-
ditions are considered, the effect of natural convection
decreases to the minimum (about 5% for V,, = 1.0 m/s,
Viwalk = 1.25 m/s). Indeed, the combined wind and walk-
ing condition increases the relative wind speed that, in
turn, increases the effect of forced convection to overcome
the natural convection effect.

Table 3 presents the segmental heat losses for the
arm. Good agreement is seen between the segmental heat
losses recorded experimental from the thermal manikin
at constant skin and environmental temperatures of 34°C
and 25.5°C, respectively and the predicted values from the
coupled ventilation and thermal network model with a
maximum relative error of 8%. The segmental heat losses
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Table 3. Segmental heat losses of the arm at different body pos-

tures (T, = 25.5°C, T, = 34°C).
Segmental heat losses (W/m?)
Model Experiment
Still air Standing 5832 547 +£3
Walking 66.78 619 + 3
Wind condition Standing 64.12 614 + 3
Walking 75.61 770 £ 3

of the oscillating arm in no wind condition were greater
by about 14% compared to the sedentary case (no wind,
no walking) and almost equal to the case of wind con-
dition (1 m/s) without walking. The main reason is that
the swinging motion of the clothed arm brings the air
to penetrate (pumping effect) and leave because of the
change in the microclimate air layer size. This flow of air
raises the ventilation rate through clothing and through
openings. Increasing the ventilation rate decreases the
microclimate air temperature and destructs the dynamic
resistance of the clothing leading to an increase in the
segmental heat losses. Finally, it was shown that walk-
ing in windy condition presents the maximum segmen-
tal heat losses compared to all other cases. The main
reason is clearly due to the maximum ventilation rate
induced when both wind and walking conditions are
present.

Model validation with published data

In order to insure the validity of the simplified model, it
is necessary to test it at different conditions and compare
the results with validated published model that take into
account the natural convection effect. For instance, the
model of Ismail et al. [50] is based on solving the coupled
mass, momentum, and energy equations inside the micro-
climate air layer. Its complexity arises from the fact that
such model necessitates a high computational cost since it
divides the microclimate region into large number of grid
nodes in axial and angular directions. Therefore, if good
agreement occurs between the arm ventilation results of
the complicated and simplified circuit model, then the
validity of such model is established. Since the experi-
mental validation does not encounter several experiments
and air permeability, a published work is used [44] to val-
idate the model at different wind speeds. Table 4 shows
the comparison between the current circuit model and
the published two-dimensional model ventilation results
at environment temperature of 20°C [44] at different wind
and permeability. Good agreement was found with a max-
imum relative error of less than 10% and an average rela-
tive error of 5%.

Table 4. Comparison between the clothed arm ventilation results
(I/min) of published and simplified models (T, = 20°C, Ty;, =
35°Q).

Published model
ventilation rate

Current simplified
model ventilation

Condition (I/m) [33] rate (I/m)
V,, =0.6m/s;a =0.135m/s 13.53 133

V,, =0.9m/s; o =0.135m/s 12.63 131

V,, =12m/s; o = 0.135m/s 17.34 157
v, =1 m/s; ¢ = 0.05m/s 8.32 8.01
Vi, =1m/s;a = 0.09 m/s 1.38 12.16
V,, =1m/s;a =0.135m/s 13.58 141

Parametric study on the effect of natural convection
at different conditions

In order to examine the effect of natural convection on
the segmental ventilation and segmental heat losses of the
clothed arm, a parametric study at different conditions is
performed. This parametric study is based on estimating
the segmental ventilation and heat losses of the clothed
arm with and without natural convection and determin-
ing the increase in the rate of segmental ventilation when
the natural convection is accounted for. The estimation
of the segmental ventilation and heat losses without natu-
ral convection is achieved by canceling the electro-motive
force, e. The coupling with the thermal resistance is real-
ized using a single iteration because there’s no need to
update for the temperature in the ventilation model. It
is noteworthy that the default case is V, < 0.11 m/s,
Vwalk = 0 m/s, « = 1.2 m/s for environmental tempera-
ture of 25.5°C.

Figure 9 shows the predicted ventilation rate of the
clothed arm segment with and without natural convec-
tion for different (a) wind speeds, (b) walking speeds, and
(c) air permeability at Tepy = 25.5°C and Tgin = 34°C.
The associated heat losses of the clothed arm segment
for different wind speeds, walking speeds, and air per-
meability are summarized in Table 5 for both cases with
and without natural convection at Te,, = 25.5°C and
Tsin = 34°C. Obviously, the segmental ventilation and
heat losses of the clothed arm increase with the increase
of the wind speed, the walking speed, and the air per-
meability whether natural convection is incorporated or
not. The segmental ventilation and heat losses increase
by an average of 50% and 13%, respectively when the
wind velocity doubles from 0.6 to 1.2 m/s for both with
and without natural convection. On the other hand, the
segmental ventilation and heat losses increase by an aver-
age of 40% and 12%, respectively when the walking speed
doubles from 0.6 to 1.2 m/s for both with and without nat-
ural convection. Finally, increasing the air permeability
allows more air to penetrate through clothing which leads
to an increase in the segmental ventilation and associated
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Table 5. Comparison between the clothed arm segmental heat
losses (W/m?) with and without natural convection at different

conditions (T, = 25.5°C, T, = 34°C).
Clothed arm heat losses (W/m?)
Without natural With natural
Parameter Value convection convection
V,, (m/s) 0 53.01 56.71
0.6 56.94 58.44
0.9 63.18 63.85
12 64.84 65.36
Vialk (M/s) 0 53.01 56.71
0.6 571 59.82
0.9 61.64 63.87
12 65.04 65.94
a (m/s) 0.02 403 48.63
0.05 45.98 51.74
0.135 47.56 52.84
0.5 49.67 54.07
12 53.01 56.71

HEAT TRANSFER ENGINEERING (&) 341

20
(a)
%‘ + %5 inerease in ventilation for varying wind speed
=
‘;’ 15— —h— % increase in ventilation for varying walking speed
-} - -& == % increase in heat loss for varying walking speed
g - -O == % increase in heat loss for varying wind speed
g 10
&
=
=
o
8 Qeecoo..
S | Tteel TTtTemaaa L A
By S TTmmen | TTTTeeeelp L
—— ﬁ_"'*ﬂr--,_‘ p
(o S e
it » S — =)
L ! J ! | 1 | ! I ] 1
q],(} 0.2 04 0.6 0.8 1.0 1.2
Velcocity (m/s)
70
[ (b)
= 60
3‘3
o
Z 50
2
o
E 40 -
&
g 30 —{O— % .mcre;lsc 1.n ventilation rate
2 -==7#\--- % increase in heat loss
2
o
=9

.0 0.2 0.4 0.6 0.8 1.0 1.2
Air permeability, o (m/s)

Figure 10. Percentage increase in ventilation rate and heat losses
of clothed arm when the natural convection is included for (a) dif-
ferent wind and walking speeds (b) air permeability (7, = 25.5°C,
Toin = 34°0).

heat loss. For instance, an increase in the air permeability
from 0.5 to 1.2 m/s led to an increase in both ventilation
and heat loss by an average of 13% and 5%, respectively.

In order to clearly see the effect of natural convection at
different conditions, the percentage increases in the seg-
mental ventilation and heat losses when including natural
convection in the model compared to the case without
incorporating natural convection are shown in Figure 10.
It is clear that natural convection effect is more significant
in enhancing ventilation and heat losses in the case of
walking than in the case of windy condition (Figure 10a).
This is related to the fact that increasing the wind speed
increases the penetrating flow rate through clothing to
the annulus and hence the forced convection dominates.
On the other hand, the increase in walking condition will
enhance the pumping effect which results in an increase
of mass flow rate that is lifted axially through openings
by the natural convection effect. Figure 10b shows that
the maximum increase in the segmental ventilation and
heat losses due to the natural convection is when the
air permeability of the clothing is relatively small such
that the forced convection is neglected. The percentage
increase deteriorates with the increase of air permeability:
from 68% in ventilation and 20% in heat losses at low
permeability (0.02 m/s) to 13% when the air permeability
reached 1.2 m/s.
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Therefore, it is recommended to take into account the
natural convection effect in the estimation of the segmen-
tal ventilation and associated heat loss when considering
relatively small clothing permeability (o < 1.2 m/s) in no-
wind condition (Vy, < 0.11 m/s) and for sedentary human
body (Vyak = 0 m/s). Above these limits, it is shown
that the natural convection effect on heat loss is less than
5% and hence can be neglected allowing the use of the
more simplified decoupled circuit models of ventilation
and heat.

Applications and limitations

The developed and validated simplified ventilation-heat
model can be used in improving clothing design for
thermal comfort by integrating the model with a bio-heat
model that simulates the human thermal response and
predicting the thermal comfort at different environmen-
tal conditions and clothing parameters. However, as other
simplified models, the electric circuit ventilation-heat
model has some limitations: the model is not sensitive at
very low air permeability fabric (¢ < 0.01 m/s). When
the air permeability « < 0.01 m/s, the relative wind speed
must be significant (V, > 0.2 m/s) for the model to
give accurate predictions. The main reason is that when
the air permeability is very small, the penetrating mass
flow rate is small. Thus, the pressure difference between
the clothed segments microclimates is also small and
the mass flow rates cannot not be detected. Another
limitation of the simplified model is when clothing has a
large air gap (very loose clothing) since the model adopts
Poiseuille or Wormesley flows that assume a small air
gap annulus between clothing and skin compared to the
radius of the clothed cylinder.

Conclusions

In this study, a simplified model of the ventilation through
clothing that is based on an analogy between the electric
circuit and the air flow model is developed by taking into
account the natural convection effect inside the microcli-
mate air layer. This model is relevant because it could be
used in the design of clothing when a specified ventilation
and heat losses are required to meet a certain comfort.
On the other hand, it could be easily integrated to other
physiological and comfort models without high com-
putational cost. The simplified ventilation-heat model is
validated experimentally by conducting experiment on a
thermal manikin clothed arm using a tracer gas method
to predict the ventilation rate as well as the segmental
heat losses. The results show a good agreement between
the experiment/published data and the integrated model
with a maximum relative error of 10%. On the other hand,

it was also shown that when the natural convection effect
is incorporated, the maximum increase in the segmental
ventilation (68%) and in sensible heat losses (20%) was
observed for low permeability fabric (0.02 m/s).

Nomenclature

cp, air specific heat (J/kg-K)
Cin inlet concentration of Argon in air (%)
Cout  outlet concentration of Argon in air (%)
DSPM  double-steps per minute
e electromotive force (volts)
es thickness of the outer cylinder representing
the fabric (m)
g gravity (m.s™?%)
h;, convection heat transfer coefficient from the
inner to microclimate air sides (W/m?-K)

htorcea  convection heat transfer coefficient due to
forced convection (W/m?-K)

hmixed convection heat transfer coefficient due to
mixed convection (W/m?-K)

hpataral convection heat transfer coefficient due to

natural convection (W/m?-K)
h, radiative heat transfer coefficient (W/m?-K)
H cylinder length (m)
i current (A)
L electric inductance (Henry)
MVRy,ac  microclimate ventilation in back side (1/min)
MVR¢one microclimate ventilation in front side (I/min)
P pressure (Pa)
Pyak  microclimate air pressure in back side (°C)
Pgont  microclimate air pressure in front side (°C)
P,; ambient side at the opening aperture
P,, ambient side around the porous cylinder
qeonv ~ CONvection heat transfer
Grada  radiative heat transfer
Gin—out  volumetric flow rate of tracer gas (I/min)
Gvent  volumetric flow rate of penetrating air (I/min)
Q volumetric flow rate (m?/s)

Qfront  transient term of the conservation of mass
equation in front side (m®/s)
Qpack  transient term of the conservation of mass

equation in back side (m?/s)

R electric resistance (Ohm) or dry thermal
resistance (m?-K/W)

r radius of the inner cylinder representing the

human body skin (m)
rr radius of the outer cylinder representing the
fabric (m)
S;  switch 1
S, switch 2
t time (s)

T swing period (s)



microclimate air temperature in back side
(°C)
Teny  environment temperature (°C)

Tback

Thont microclimate air temperature in front side
(°C)
Tqin  skin temperature (°C)
Ty temperature of inner fabric in back side (°C)
Tgiy) temperature of inner fabric in front side (°C)
Typof) temperature of outer fabric in back side (°C)
Tfo.n temperature of outer fabric in front side (°C)

v velocity (m/s)
Vw  wind velocity (m/s)
v

walk  walking velocity (m/s)
x axial direction
y  radial direction
Y microclimate air layer size (m)
Y average microclimate air layer size (m)
Greek symbols

AP  pressure difference (Pa)
@ oscillation angle (rd)
® angular velocity (rd/s)
AP, standard pressure difference (Pa)
A voltage difference (volts)
dynamic viscosity (kg/m-s)
density of air (kg/m?)
permeability of fabric (m*/m?-s)
angular direction
thermal expansion of air (1/K)

3

DR DE I

Subscripts

a clothed arm segment
contact  contact angle
back back side
front  front side
max maximum angle
r radial direction
sens  sensible heat losses
t-b  thermal resistance at back side
t-f thermal resistance at front side
t-fb  thermal resistance from front to back sides
x  axial direction
0 atinitial time
6 angular direction
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