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Experimental and Theoretical
Study of Ventilation and Heat
Loss From Isothermally Heated
Clothed Vertical Cylinder in
Uniform Flow Field

The flow characteristics and heat transfer are studied in a vertical annulus of a heated
cylinder surrounded by a permeable cylinder, subject to cross uniform wind with open
end to the environment and in the presence of natural convection. The objective here is to
develop a computationally efficient model capable of capturing the physics of the flow
and heat transport to predict air renewal rates in the vertical annulus. The small quan-
tities of air infiltrating/exfiltrating through the porous cylinder over its upstream/
downstream regions do not substantially affect the external flow pattern around the
clothed cylinder. The air annulus flow and heat transport model predicted the radial and
vertical mass fluxes and the mass flow rate at the opening as a function of environment
conditions, porous cylinder thermal properties, wind speed, and annulus geometry. Ex-
periments were performed in a low speed wind tunnel (0.5-5 m/s), in which an isother-
mally heated vertical cylinder surrounded by a clothed outer cylinder was placed in
uniform cross wind. The tracer gas method is used to predict total ventilation flow rates
through the fabric and the opening. Good agreement was found between the model and
experimental measurements of air renewal rate and predicted heat loss from the inner
cylinder at steady conditions. A parametric study is performed to study the effect of wind
speed and temperature difference between the wind and skin temperature on induced
ventilation through the clothing and the opening. It is found that natural convection
enhances ventilation of the annulus air at wind speed, less than 3 m/s, while at higher
speeds, natural convection effect is negligible. As the temperature difference between
external wind and inner cylinder surface increases, the vertical air temperature gradient
and total upward airflow through the opening increase. [DOI: 10.1115/1.4000429]

Keywords: mixed convection in vertical annulus, clothed vertical heated cylinder
ventilation, airflow through porous cylinder

1 Introduction

The flow characteristics and heat transfer of induced airflow in
the vertical annulus of a heated cylinder surrounded by an imper-
meable cylinder with open-end or closed aperture are well estab-
lished in literature [1-5]. The flow characteristics in the vertical
annulus become complicated when the outer cylinder is a porous
thin boundary subject to uniform crosswind, resulting in mixed
convective upward flow in the annulus. The penetrating/
ventilating airflow from the environment through the thin porous
cylinder will change flow characteristics in the air layer and the
associated heat loss from the inner heated cylinder when com-
pared with the case of vertical annular natural convection driven
flow at zero wind. This solution of this problem can be widely
used as a standard model configuration of a clothed human trunk
or limb to study local body segment ventilation, which is essential
for estimation of heat and moisture transport from the skin, ther-
mal comfort, and protection offered by the clothing [6-9]. Sobera
et al. [6] focused their 2D study on heat and mass transfer from
horizontal clothed cylinder, sheathed by a porous layer placed in
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turbulent flow to represent clothed human limb. Kind et al. [7]
reported experimental heat transfer results from fabric covered
cylinders, and Gibson [8] and Leong and Lai [9] reported numeri-
cal computations of free and mixed convection around the fabric
covered cylinders. These studies reported on the laminar flow
characteristics in the annular trapped air layer and the convective
heat loss, but did not consider mixed and natural convection in a
3D vertical air annulus flow for a fabric covered cylinder in cross
flow and with open-end aperture. This configuration has received
much less attention. Some relevant work on this fundamental
problem was reported by Chaves et al. [10], who numerically
analyzed heat transfer inside a 2D semiporous cavity between two
vertical walls, open at the top and closed at the bottom, by a
uniform heat flux horizontal wall. The cavity had one vertical
porous wall with a normal forced fluid flowing through it, and the
other vertical wall is impermeable at uniform heat flux [10]. They
showed how the natural convection has improved the forced con-
vection inside the open cavity induced by flow from the boundary.

At present, no study has been performed that includes the effect
of natural convection and is derived from first principles of air
annulus microclimate ventilation and heat transport from a clothed
vertical cylinder as a function of all the relevant physical and
geometric parameters. In this work, we present a dry model of
coupled ventilation and heat mixed convection in a vertical air
annulus between concentric fabric cylinder and heated solid cyl-
inder placed in perpendicular to airflow. The model will be vali-
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Fig. 1 The physical configuration of the clothed vertical cylin-
ders of radii R; and R; and height L

dated by experiments and will be followed by a parametric study
to address how external wind and natural convection alter heat
and mass transfer from the inner clothed and heated cylinder. The
generality of the formulation will make it valid for many different
applications including the ventilation of a walking clothed human
trunk.

2 Mathematical Formulation

2.1 Physical Model and Governing Equations. The physical
configuration of the present study shown in Fig. 1 consists of two
concentric vertical cylinders of radii R, and Ry and height L. A
microclimate air annulus of thickness Y=(R/~R,) is trapped be-
tween the inner solid cylinder maintained at temperature T;, and
the outer porous cylinder represented by an isotropic fabric layer
of permeability & and thickness e;. The bottom end of the annulus
is closed and adiabatic, while the top end is open to the environ-
ment at temperature 7... The configuration is placed in perpen-
dicular to an air flow at V.. Some air penetrates through the po-
rous fabric into the air layer and is driven upward by an existing
pressure gradient, due to the presence of the opening and natural
convection. The steady flow into the microclimate through the
fabric is very small compared with the external wind flow and is
laminar [6,11]. The external pressure distribution around the
clothed cylinder is not influenced by the presence of the clothing
cover as can be deduced from studies on flow around cylinders
sheathed by clothing. Sobera et al. [6] and Kind et al. [7] reported
experimental measurements of static pressures on a clothed cylin-
der surface, showing that the small quantities of air infiltrating/
exfiltrating through the sheath over its upstream/downstream re-
gions did not significantly affect the external flow pattern.
Watanabi et al. [12] reported that the velocity distribution around
the clothed cylinder was hardly influenced by clothing, except for
the shift of the separation point for fabric permeability of order
10719 m?. The annulus trapped air thickness Y is small compared
with the length and radius of the inner cylinder (Y<<L and Y
<R,), which permits the assumption of fully developed mixed
buoyant upward flow [5,13] and the angular flow with negligible
pressure variations in the radial direction [11]. With these assump-
tions and under conditions of incompressible Boussinsq fluid of
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constant thermophysical properties, the formulation of the 3D
problem of the coupled momentum and heat transfer in the verti-
cal annulus will be transformed into a 2D problem of coupled
energy balance and pressure equation, derived from mass and mo-
mentum equations [14]. The thermal analysis will be focused on
dry analysis, where water vapor adsorption in the fabric and
changes in trapped air layer humidity ratio are not considered.

The mathematical formulation starts with the air annulus mass
conservation equation given by

a(Ymaz) + a(Ymaf))

+ 1,y =0 1
ﬁZ Rf(?g mgy ()

where 1, is the mass flux in the vertical z-direction in kg/m? s,
Mg 1S the mass flux in the angular #-direction, and i,y is the
radial infiltrating air flow rate through the fabric given by

ap,
T AP,

where « is the fabric air permeability expressed in m3/m? s, as
normally used in testing fabrics [1], AP,,=0.1245 kPa from stan-
dard tests on fabrics’ air permeability [1], P, is the air pressure in
the microclimate trapped air layer (kPa), and P, is the external
adjacent air layer pressure (kPa). The external fabric pressure that
drives the radial flow is assumed to be the same pressure distri-
bution that results from a flow around a circular cylinder at flow
condition V... Assuming a Poiseuille flow model in the angular
horizontal direction; the mass angular air mass flow rate per unit
area is expressed in terms of the annular pressure as

Y? dP,
12Rv d6

where v is the air kinematic velocity. In the upward flow, we use
the second order momentum equation for developing flow in the
vertical cavity with driving pressure term, due to forced flow and
the induced buoyant pressure term [5], to obtain the vertical mass
flow rate per unit area in terms of pressure and driving tempera-
ture gradient of the air and temperature difference between the
inner wall and the infiltrating air. The second order momentum
equation is given by

d*u dP;
v =
dy dz

(P,—Py) 2)

mgyy

3)

myg=

- gIB(Ta - TR) (4)

where u is the physical velocity across Y, P is the modified P,
=P,+p,8z, B is the volumetric thermal expansion coefficient, g is
the gravitational acceleration, 7, is the air layer temperature, and
Tk is the reference temperature taken at the temperature of the
penetrating air flow from the fabric void Ty.q [10]. Solving the
above equation subject to no slip condition for u results in a
parabolic velocity distribution that can be integrated across the
gap width to obtain the vertical mass flux rate per unit area as

Y? dP, gpY?
My,=——""——" +——
- 12v dz 12v

The radial, angular, and upward mass flow rates of Egs. (2), (3),
and (5) are substituted in Eq. (1) to get the mass conservation
equation as a pressure equation coupled to driving temperature
difference between the air layer and its boundaries given by

a(P,~P,) 9 ( r? aPu> P ( Y’ an;)
alb,-P) r N R
dz

(Tu - Tvoid) (5)

+ —
AP, R; 90\ 12v 96 12v 9z
pagBY’
- ?[Ta ~Tyial =0 (6)

The steady state dry energy balance on the air spacing annulus
is a balance of (1) the dry convective heat transfer from the sur-
face of the inner cylinder, (2) the heat flow to the air layer asso-
ciated with mass fluxes from the radial, angular, and vertical di-
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rections n,y, g, and i, (3) the heat diffusion from void air of
the thin fabric to the air layer, and (4) the angular conduction of
heat in the air layer. The dry energy balance of the air layer is then
given by

. a(Ym,.C,T,)
hc(skin—air)(Tskin - Ta) + hc—n(To - Ta) - maYHp —(kl_
IYrireeC, T, ke 0 (9T, aZT
— e, 5 Y— =0 (7a)
R;a6 R0\ 40
= CpTvoid Pa < Ps (7[7)
C,T, P,>P,

where h(gin—qir) 1S the convection coefficient from the skin to the
air [1], R (o—air) is the convection coefficient from the fabric to the
air, T, is the fabric outer node temperature [1], k, is the thermal
conductivity of air in the trapped air annulus, and C, is the air
specific heat. The internal heat transfer convective coefficients for
mixed convection, which ranged between 9.6 W/m?>K and
10.5 W/m? K, are obtained from empirical data reported on local
Nusselt number variation in the axial direction by Mohanity and
Dubey [1] and verified by correlations reported by Reddy and
Narasimham [15].

The outer fabric cylinder will be modeled using the three-node-
fabric model of Ghali et al. [16,17], which uses a lumped layer of
two fabric nodes (inner and outer) and an air void node to repre-
sent the thin fabric medium. The fabric outer node represents the
exposed surface of the yarns, which is in direct contact with the
penetrating air in the void space (air void node) between the
yarns. The fabric inner node represents the inner portion of the
“solid” yarn surrounded by the fabric outer node. Since we have
steady state conditions, the fabric inner and outer nodes will be at
thermal equilibrium, and the energy balance on the fabric will
modify Ghali et al. [16] to include only the dry balance on the
fabric void node and the fabric outer node as follows:

Fabric void node H. (T, - Typa) + MayH, =0 (8a)
C(T—Tyyg) P, <P,
He - )2 ( vmd) K (8b)
Cp(Ta - Tvoid) Pu = Ps
Fabric outer node: hc((,_a)(Too =T, +H, (Tysia—T,)
h,
+ E(Tskin ()) (T T()) =0 (86)

where H is the effective void space heat transfer coefficient be-
tween air passing through the void and the fabric outer node
(yarns) [17], h, is the external heat transfer coefficient between
the fabric outer node and the environment, and £, is the linearized
radiative heat transfer coefficient, and its value ranged between
3.5 W/m?>K and 4 W/m? K [18].

2.2 Boundary Conditions. The associated boundary condi-
tions for the air flow are given by

1, (2=0,0) =0 & m,(z=L, 0) PI1"? (9a)

) =0 (9b)

where Eq. (9a) is derived from the pressure drop at the opening by
applying Bernoulli’s equation from P, in the far environment (z
— ) to the opening at z=L, and Cp, is the discharge loss coeffi-
cient at the aperture of the domain dependent on the discharge
area ratio of the aperture to the air layer thickness Y, which is in
unity in this problem.

Considering the inner cylinder is isothermal at Ty, and the
environment temperature is at 7., the associated thermal bound-
ary conditions for the air layer annulus second order energy equa-
tion are given by

=Cp[2p, (P -

may(z,0=0 or
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=L,0)=0 (10a)

and

and O=m)=0 (10b)
The opening boundary condition for the temperature in the z di-
rection assumed to be a fully developed thermal profile exiting the
domain and is similar to conditions used by other researchers [10].

2.3 Numerical Solution. The coupled pressure and energy
Eqs. (6)—(8) are discretized using a finite volume methodology,
where the air layer computational zone is divided into N, XN,
grids of size Az and R;A¢ with thickness Y, as shown in Fig. 2.
The discrete air pressure and temperature at the volume center
notations are

Pyip=P (Zi_l’j+zi’j b1 ¥ 61
a(i,j a 2 ) 2
{i=0, N, and j=0, Ny
T =T Zic1j iy O+ 0
a(i,j) = La ) > )
(11)
and the discrete facial air mass flow rates notations are
. Y2 (Paij = Pa-1y)  gBY?
My iij)=— E} Az + 120 (T (i) — Tvoid(i,j))
(12a)
. Y? (Pa(i,j) - Pa(i,j—l))
Mg j)=— (12b)

12Rv A6

The discrete model equations for the air layer pressure and energy
equations balance for any internal node in the computational do-
main are given by

a(Ps(i,j) - Pu(i,j)) . Y3 (Pa(i,j—l) =2P,ij+ Pa(i,j+1)>
AP, 120R? AP
+L3(P i-1)) 2P +Pﬂ(l+11))
12v Azz
P gﬁ
=T, (i) = Tvoia(i] =0 (13a)
ha(qkm alr)( skin — Ta (i.)) ) + hc o( o(i,j) — a(z J) ) maY (@i /)H;(z J)
_ycC (maz(i+l,j)Ta([+l,j) - maz(i,j)Ta([,j))
P Az
N Ye, (g jo) Tatije1) = MasijTatij)a
Ry A6
k YTa(i—l,j) =274y + Tuier)
+ K, AZZ
k Y 2T, in+T,
( a(i,j-1) atij) t (1/+1))=0 (13b)
Rf A

where central differencing is used for second order terms in the air
layer pressure and energy equations. An initial guess for the air
temperature values for all nodes is assumed. The pressure equa-
tion is solved for pressure nodal values at this air temperature
while assuming the value of the exit pressure P,(Nz,j) to imple-
ment the Bernoulli equation (9a) assumed at the open annulus
boundary. Mass flow rates are calculated and then substituted in
the energy equations to update the nodal values of the temperature
domain. This iterative process is repeated until convergence is
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Fig. 2 The computational domain and grid distribution

reached when both coupled pressure and temperature equations
converge, such that overall mass and energy are conserved in each
grid and values of pressure and temperature to a minimum relative
error of 107> of all dependent parameters including opening val-
ues. Given the pressure distribution in the air layer and tempera-
ture distributions of the air layer, and the fabric void and the fabric
outer node, the mass flow rates of all directions are calculated to
estimate ventilation rates and to predict the dry heat loss from the
inner cylinder surface. The numerical solution is repeated for grid
sizes to ensure that a grid-independent solution is obtained. In the
presented simulations, the number of grid points was 400, with a
maximum A6 of 1 deg and minimum Az of 0.001 m close to the
opening. The total heat loss from the inner surface is then evalu-
ated as

Ng N,

Q = E 2 hskin—air(i,j)RsA6Az(Tsk - Ta(i,j))
i=1 j=1

+ hr(i,j)RsA BAZ(Tsk - T()(i,j))

where A, is the linearized radiative heat transfer coefficient.

(14)

2.4 Definition of Microclimate Ventilation Rates. Of inter-
est is to calculate the total ventilation rate of the fabric, based on
the renewal rate induced by external wind penetrating the porous
fabric and enhanced by buoyancy. The total ventilation rate is
calculated as the positive flow of air into the air annulus integrated
per unit area of the clothed surface as follows:

L 2m
1
N, = —— max(0,,y)d6dz kg/s m>  (15a)
2mL o Jo

In the above integral, m,y is equated to zero when it is negative
(flowing out of the microclimate). The air flow out of the top open
aperture is also calculated per unit area of clothed surface during
the period of motion as

(15b)

0=27TL

2
. Y . 2
m f My (=)d0 Kg/s m
0

where n,, is the upward flow rate through the open aperture.

3 Experimental Methodology

This section presents the experimental setup used for measuring
the steady annulus microclimate ventilation rates and heat losses
from a heated clothed cylinder in stagnant air and in uniform cross
wind. Untreated cotton with permeability of 0.05 m?/m? s was
chosen as a representative of the most common worn fabric. The
cotton was obtained from Test Fabrics Inc. (Middlesex, NJ 08846)
and is made of unmercerized cotton duck, style No. 466 with
thickness of 1 mm.

The uniform cross wind experiments over the clothed swinging
cylinder were conducted using a low speed wind tunnel. The wind
tunnel uses a blow type variable speed three-phase axial fan with
0.7 m in diameter and peak power of 1.6 kW. The square test cross
section dimensions were 0.8 X 0.8 m?. In order to obtain the uni-
form velocity profile inside the tunnel, a porous metal screen was
used as a flow straightener after the tunnel diffuser section. The
uniform wind provided in the wind tunnel ranged from 0.5 m/s to
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Fig. 3 Schematic of (a) the clothed heated vertical cylinder
setup in the low speed wind tunnel and (b) the location of the
N, injection, N, suction holes, and the mounted thermocouples

6 m/s, giving a Reynolds number range from 4000 to 40,000,
based on the limb diameter. The spatial variation in the free
stream velocity in the wind tunnel cross section was measured
using a hotwire anemometry system and was found to vary within
4% of its spatially averaged value within the cross section, and the
turbulence intensity was 2—-3%.

Figure 3(a) shows a schematic of the clothed heated vertical
cylinder experimental setup, measurement systems, and compo-
nents. The clothed cylinder setup consisted of: (i) a copper hollow
inner cylinder with a diameter of 0.104 m and a length of 0.215
m; (ii) an outer fabric 0.215 m long and 0.139 m diameter cylinder
made of a thin metallic screen of 2 cm open squares, where the
cotton fabric is wrapped around and tightly fitted; (iii) support
platform; and (iv) Styrofoam insulative material to insulate the
bottom of the vertical cylinder. The concentric cylinders are fixed
at the lower end to the supporting insulated frame.

The inner cylinder is wrapped with metallic resistance heaters
Omega-KH-1012 to produce constant heat flux condition per
heater at the cylinder surface. The heat fluxes from the heaters are
regulated independently, such that an almost uniform mean steady
temperature of 33°C £ 0.5°C is attained for each strip heater due
the high conductivity of the surface heaters. Thermistors of type
Omega-44133 are placed in small microgrooves in the inner cyl-
inder surface and at five angular locations of front (=0 deg),
sides (#=45 deg, 90 deg, and 135 deg), and back (#=180 deg)
for three heights of z=0.055 m, 0.108 m, and 0.166 m, and close
to the opening at z=0.205. The heat flux elements on the surface
are thermally conducting. This has resulted in a closely uniform
inner surface temperature, and the maximum measured skin tem-
perature difference between the three positions was less than
0.3°C. Other radiation-shielded thermistors of type Omega-44133
are placed within the air gap and about 0.5 cm from the outer
circumference toward the center at =0 deg, 45 deg, 90 deg, and
135 deg, and #=180 deg for z=0.055 m, 0.108 m, and 0.166 m.
The accuracy of the temperature readings was =0.1°C.

The microclimate ventilation rate is measured using the tracer
gas method for closed and open aperture. The tracer gas method is
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used, as described by Havenith et al. [19]. The gas chosen must
have a density that is close to that of air. This is to ensure that we
will have no stratification. The measurements are done by radially
injecting an inert gas (N,) at a fixed rate through the nozzles
placed at holes drilled in the inner cylinder surface between the
resistance heaters, as shown in Fig. 3(b). The concentration of the
oxygen gas is measured in the air gap at different angular and
axial locations using a standard exhaust gas analyzer (Emissions
Systems Inc., Illinois, EMS Model 4001). Ten small diameter (5
mm) flexible tubing with end probes, to draw air samples, are
positioned in three axial locations (three probes for each axial
position distributed uniformly around the circumference) at z
=0.055 m, 0.108 m, and 0.166 m. The probes draw samples of air
from a radial distance of 4 mm in the air layer away from the
fabric outer cylinder. A switch board is designed to draw air
sample for O, concentration measurements for different locations
by switching from one tubing-probe system to the other without
interfering with the air flow around the arm. The gas analyzer
measurements have an accuracy of £0.05% of volume of O, of
the air sample. The nitrogen gas is injected by a flow regulator
that injects nitrogen into the air layer at 1.0L/s and 1.5L/s from a
pressurized nitrogen vessel with precision of £0.01L/s. The stan-
dard air sample composition by volume is 79% N, and 21% O,.
To obtain the concentration of N, in the microclimate, the re-
corded concentration of O, is deducted from the 100%. The total
volume flow rate renewal can be calculated from the trace gas
mass flux ¢, (m?/s), the measured concentrations C, (m* O,/m?
air), and C,, (m3® O,/m? air) at the inner and outer locations,
respectively, as

m,

_a[coo - Ca] + =0

a

(16)

The lab, where the wind tunnel experiments are performed, is well
ventilated, and the environmental chamber air was refreshed fre-
quently between experiments to prevent nitrogen concentration
buildup in the chamber. The actual uncertainty in the determina-
tion of the experimental ventilation mass flow rate m1, can be
found from the uncertainties in the injection rate ;, and measured
concentrations C, and C,, as

S [F )
Am,= * — Ay | + SAC, | +| — -AC,
Yy aC., ac,
(17)
Experiments were conducted for 0.5 m/s, 1 m/s, 2 m/s, and
4 m/s crosswind when heaters are on and when they are not to
determine the effect of natural convection that occurs in the an-
nulus between the heated inner cylinder and the outer porous fab-
ric. In each experiment, the flow is maintained for at least 1 h to
reach thermal steady state before a steady injection of 1.0L/s of
N, through the holes of the inner cylinder was started. Steady
conditions of gas concentrations were reached after 1 h from the
onset of N, injection. Data was recorded every 10 min. The ex-
periments were repeated at different N, injection rates of 1.5L/s
to check the homogeneity of the calculated N, concentration in-
side the annulus and repeatability of the O, concentration mea-
surements. The actual uncertainty in A, in the range of the re-
ported experimental values of the ventilation mass flow rate
(0.5-5 g/s) was found to be less than +0.02 g/s. Measurements of
temperature of the air annulus for the various experiments are
recorded. In each case, the input heat flux and temperatures of the
inner cylinder surface were also monitored.

4 Results and Discussion

This section presents the computational and experimental re-
sults of ventilation rates and heat loss from a clothed vertical
cylinder and is divided into two subsections. The first subsection
is concerned with microclimate ventilation and heat loss model
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Fig. 4 A plot of the model predictions and experimentally ob-
tained opening and normal ventilation rates cross wind speed
of 0.5 m/s, 1, 2 m/s, and 4 m/s with and without heating at for
environmental conditions of T.,=22°C and inner cylinder sur-
face temperature of T,=33.5°C

validation with experiments. The second is concerned with a para-
metric study of the effects of wind and geometric and physical
parameters on ventilation rates and heat loss from the inner cyl-
inder.

4.1 Model Validation by Experiments. The clothed vertical
cylinder geometry was simulated at the environmental and physi-
cal conditions of the experiments using current proposed coupled
mass and energy balances of the annulus air and energy balances
on the fabric nodes. The model predicted opening and total ven-
tilation rates, the air annulus temperature distribution, and the as-
sociated heat loss from the inner cylinder to compare with experi-
mentally measured values.

Figure 4 shows a plot of the model predictions and experimen-
tally obtained overall normal ventilation rates per unit of fabric
area in cross wind speed of 0.5 m/s, 1 m/s, and 2 m/s, with and
without heating for environmental conditions of 7.,,=22*0.5°C
and inner cylinder surface temperature of 7,=33.5*+0.5°C. Ob-
servations are made here on the agreement between experimental
data and model predictions and on the enhancement of ventilation
when aided by natural convection, particularly at low wind
speeds. Good agreement, within 5% error, is found between the
predicted ventilation and measured ventilation. The agreement be-
tween experiments and model predictions improves at higher wind
speed as less effect of accumulation of tracer gas concentration in
the outer environment due to the blowing wind. To check the
sensitivity of the model to error in used skin temperature, simula-
tions are performed at inner cylinder temperatures of 32.5°C and
33.5°C, and the heat loss was differed by less than 4% from the
value obtained at 33°C. The heat loss for the case of zero wind
and zero motion was 30.02 W/m?2. This value is close to the
reported measured mean heat loss of 24 W/E? from a standing
subject with transmitting garment that has different dry and
evaporative resistances than the fabric used in our experiments
[20]. In the presence of natural convection, the ventilation is sub-
stantially enhanced at low external wind velocities, where at wind
speed of 0.5 m/s, the ventilation rate for a heated vertical cylinder
is enhanced by 13% compared when no natural convection is
present (unheated cylinder). At wind speed of 2 m/s, the enhance-
ment in ventilation rate is less than 5%.

Figure 5 shows the predicted and experimentally measured val-
ues of (a) angular-averaged air annulus temperature as a function
of height at wind speed of 2 m/s, and (b) the total power input to
the heated surface as a function of wind velocity at surface tem-
perature of 33.5 °C and environment temperature of 22°C. The
agreement between the experimental measurements of the air tem-
perature and model predictions of the air layer temperature has
shown a relative error between 4% and 6%. This is expected since
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Fig. 5 Plots of the predicted and experimentally measured val-
ues of (a) angular-averaged air annulus temperature as a func-
tion of height at wind speed of 2 m/s and (b) the total power
input to the heated surface as a function of wind velocity at
surface temperature of 33.5°C and environment temperature of
22°C

the model of the air layer is a lumped model, while measurements
of air layer are taken at a local point in the air annulus where the
thermocouple is placed at 0.5 cm away from the outer surface.
The average air annulus temperature decreases with increased
ventilation, which explains the increase of heat loss from the inner
cylinder with increased external wind.

4.2 Parametric Study and Factors That Affect Heat Trans-
fer Increase for Mixed Convection. It is of interest to recognize
the principal mechanism of ventilation in the microclimate annu-
lus between a solid and porous cylinder at various wind conditions
and investigate the effect of porous cylinder air permeability and
driving temperature difference for natural convection flow. We
would like to explore the wind conditions above which the natural
convection effect on enhancing ventilation and heat loss is insig-
nificant. A clothed cylinder with inner cylinder diameter of
0.2636 m, height of 0.8 m, and gap width of 0.01 m is selected to
perform simulations at inner cylinder surface temperature of
33.0°C, using our developed model to predict local distributions
and space-averaged values of ventilation rate through the fabric
and at the top opening, air and fabric temperature, and sensible
heat loss as a function of wind speed, ambient temperature, and
fabric permeability in the presence of natural convection, and
when the effect of natural convection is neglected. The threshold
of external wind above which natural convection can be neglected
is also found as function of temperature difference between the
heated cylinder surface and environment.

Figure 6 shows, as a function of cylinder height, (a) the normal
ventilation rate through the outer fabric and (b) the air annulus
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Fig. 6 Plots of (a) the normal ventilation rate through outer
fabric and (b) the air annulus angular-averaged temperature as
a function of cylinder height for both models with and without
natural convection effect at fabric permeability of 0.05 m/s and
ambient temperature of 25°C

angular-averaged temperature for both models with and without
natural convection effect at fabric permeability of 0.05 m/s and
ambient temperature of 25°C. Figure 7 shows, as a function of the
cylinder height, the air annulus angular-averaged temperature at
different ambient conditions for both models, with and without
natural convection effect at fabric permeability of 0.05 m/s and
wind speed of 0.5 m/s. The presence of natural convection en-
hances ventilation in the fabric by inducing higher upward veloc-
ity, hence creating lower air layer pressure. The lower pressure in
the air annulus drives more radial flow though the fabric (see Fig.
6(a)), and hence reduces air layer temperature with height, as
shown in Fig. 6(b). The higher the wind speed, the higher is the
ventilation rate through the fabric. However, the air layer tempera-
ture decreases with height to reach the lowest value at the open-
ing. The air layer negative temperature gradient is largest at 1 m/s,
and as wind velocity increases, the temperature gradient is
smaller. The angular-averaged air temperature at the opening is
shown in Fig. 8 as a function of wind velocity at ambient condi-
tion of 25°C, with and without natural convection effect. At
higher speed, the predictions of opening temperature and ventila-
tion rates by the model with and without natural convection ap-
proach each other. The opening temperature decreases with in-
creased wind speed. When natural convection is taken into
consideration, the opening temperature is lower than the case
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Fig. 7 Plot of the air annulus angular-averaged temperature as
a function of cylinder height at different ambient conditions for
both models with and without natural convection effect at fab-
ric permeability of 0.05 m/s and wind speed of 0.5 m/s

when buoyancy is neglected, but converges to the same value of
temperature when wind speed is 5 m/s. The increase in vertical
annulus flow driven by natural convection draws in higher radial
ventilation rates that cool the upward flow faster as it reaches the
opening at the top.

The effect of incorporating of natural convection on total ven-
tilation rate per unit area of the cylinder surface and on the heat
loss from the cylinder of the inner cylinder is carefully considered
for a variety of conditions of the environment and at different
fabric permeabilities. Figure 9 shows (a) the total ventilation rate
through the fabric as predicted by the mixed convection model as
a function of wind velocity at various fabric permeabilities and (b)
the corresponding % increase in ventilation when natural convec-
tion is incorporated. For wind velocities above 2.5-3 m/s, natural
convection can be neglected in the model with error in ventilation
that is less than 5-3%, respectively.

Figure 10 shows the total heat loss through the fabric as pre-
dicted by the mixed convection model as a function of wind ve-
locity at various fabric permeabilities. The corresponding % in-
crease in heat loss when natural convection is included ranged
from 12% to 7%, depending on the permeability. For higher per-
meability fabric, the natural convection enhancement effect on
heat loss prediction is more important than that encountered at
low permeability fabric. This is expected since the driving tem-

F —— Natural Convection effect is modeled
---------- Natural Convection is neglected

Angular-averaged Open-end

Temperature (OC)

"0 1 2 3 4 5
Wind Velocity (m/s)
Fig. 8 A plot of the angular-averaged air temperature at the
opening as a function of wind velocity at ambient condition of

25°C with and without natural convection effect for a fabric of
permeability of 0.05 m/s
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Fig. 9 Plot (a) the total ventilation rate through the fabric as
predicted by the mixed convection model as a function of wind
velocity at various fabric permeabilities and (b) the corre-
sponding % increase in ventilation when natural convection is
incorporated

perature difference for the air layer upward flow is higher for high
permeability fabric case.

The developed clothed cylinder ventilation and thermal model
predicts the air ventilation, annulus air temperature, and sensible
heat loss from the clothed cylinder that represents a clothed hu-
man trunk. The model can be extended to include latent heat loss,
and if appropriately integrated with a segmented human bioheat
model, it becomes an effective tool to predict the temperature
variation and sweat distribution or nonuniformity of sweat rates
over the trunk and the resultant effect on local thermal comfort.

5 Conclusions

This work presented from first principles the modeling of
coupled ventilation and heat convection in a vertical air annulus
between concentric fabric cylinder and heated solid cylinder
placed in perpendicular to airflow. The effect of natural convec-
tion in annulus of clothed cylinder subject to external wind is
important at low wind velocities where ventilation rates through
the fabric and heat transfer show an increase of 15% and 12%,
respectively, at wind velocities less than 1 m/s when natural con-
vection was included in the modeling, depending on permeability.
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Nomenclature
C, = specific heat of air at constant pressure
(J/kg K)
e, = fabric cylinder thickness (m)
g = gravitational acceleration (m/s?)
H| = effective convection heat transfer coefficient
between outer node and air flowing through
fabric (W/m? K)
h. = heat transport coefficient from the fabric to the
environment (W/m? K)
he(o—aiy = heat transport coefficient from the fabric to the
trapped air layer (W/m? K)
he(skin-ain = heat transport coefficient from the skin to the
trapped air layer (W/m? K)
h, = linearized radiative heat transfer coefficient
(W/m? K)
k, = thermal conductivity of air (W/m K)
L = fabric length in x direction (m)
m,y = mass flow rate of air in radial direction
(kg/m? s)
Mg, = mass flow rate of air in z-direction (kg/m? s)
mass flow rate of air in @-direction (kg/m? s)
», = net flow rate through the open aperture (kg/s)
fityene = total ventilation rate in kg/s per m? of clothed
body surface
P, = air vapor pressure (kPa)
P, = pressure at the external surface of the fabric
(kPa)

[l
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P, = atmospheric pressure (kPa)

Q, = heat loss (W/m?)

R, = fabric cylinder radius (m)

R, = inner cylinder radius (m)
T = temperature (°C)

V.. = velocity of the environment crosswind (m/s)
Y = air layer thickness (m)

Greek Symbols
a = fabric air permeability (m?/m? s)
B = the volumetric thermal expansion coefficient
(°c™h
v = kinematic viscosity of air (m?/s)
6 = angular coordinate

Subscripts
a = conditions of air in the annulus
o = fabric outer node
skin = conditions at the skin surface
void = local air inside the void
o = environment condition
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