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Abstract—IFree and forced convection heat and moisture transfer are investigated for the fur layer on a
model animal limb or torso in a transverse wind. The analysis includes various modes of heat transfer
through dry fur: conduction through the hairs, conduction, free and forced convection in the interstitial
and external air, and evaporation from the skin. The relative contributions of these mechanisms are
investigated by finite-element calculations for several mammalian species. Comparisons are made with the
experimental data of Gebremedhin on Holstein calves. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Heat and mass transfer are crucial aspects of indi-
vidual animal energetics, growth and reproduction
potential, and survivorship. Heat and mass transfer
also have important effects on animal behavior, as in
foraging and predation, thus affecting animal popu-
lation dynamics and community structure. Appli-
cations of heat and mass exchange consequently
abound in animal husbandry, conservation biology,
wildlife ecology and zoology.

In this paper, heat transfer through the fur covering
of a model animal is studied, quantifying the con-
tributions of conduction through the hairs, conduc-
tion, free and forced convection in the interstitial and
external air, and evaporation from the skin. The
geometry investigated is a horizontal fur-covered cyl-
inder, representing an animal torso or limb in a trans-
verse wind.

Free convection from a heated horizontal cylinder
in a porous medium was studied by Hardee [2],
Ingham and Pop [3] and Merkin [4]. Heat transfer
from a porous cylinder at low Reynolds numbers was
analyzed by Ramilison and Gebhart [5]. Forced or
mixed convection from a horizontal cylinder embed-
ded in an infinite porous medium was studied by sev-
eral investigators [6—14] using Darcy’s law. The pre-
sent investigation deals with coupled mass and energy
transport in the fur covering of an animal, including
the anisotropy of the fibrous medium and the wind-
driven convection encountered at large external Rey-
nolds numbers.
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Evaporation of water, which removes energy from
the skin as latent heat, is a means of thermal regulation
in animals. Vapor pressure measurements in the coats
of cattle indicate that evaporative cooling occurs
mainly at the skin [15]. Cena and Monteith [16] mea-
sured the diffusivity of water vapor through cured and
uncured fleece from Dorset Down Sheep and through
fiberglass. They found that for their thicker samples,
the transport of water was assisted by capillary move-
ment along the hairs, but the transport of energy was
negligibly affected.

In a previous paper [17], we have outlined a com-
putational scheme for predicting forced ventilation
around the fur-covered cylinder shown in Fig. 1. This
method assumes an anisotropic Darcy model for the
fur. A measured pressure distribution for a solid cyl-
inder is applied at the outer boundary of the fur, on
the ground that the slow flow through the fur has little
effect on the external flow. The permeabilities in the
radial and tangential directions are approximated
locally with known solutions of Stokes’ equations for
creeping flow through arrays of parallel cylindrical
rods in equilateral triangular spacing. The local Rey-
nolds number based on the hair diameter,
Rey, = p, UDy/p, is less than unity throughout the fur
in all the present calculations. This model of the
intrafur flow is valid in the external Reynolds number
range 1.5x 10° < Re < 1.5 x 10°. In the following sec-
tions, we give a corresponding model for heat and
moisture transport with mixed convection, and dem-
onstrate this model with finite-element simulations for
several mammalian species.

Nature designs animal fur to provide a controlling
heat-transfer resistance, normally exceeding the ther-
mal resistance of the boundary layer in the external
flow. This is convenient, because the intrafur flow is
laminar whereas the external flow at Re > 1500 is very
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NOMENCLATURE
ép heat capacity at constant pressure U filter velocity vector in Darcy’s law
D, D, effective diffusivities in - and Upmax maximum value of U, in fur
@-directions in the porous medium X, y, z rectangular coordinates in Fig. 1.
D, hair diameter
D,, diffusivity of water vapor in air Greek symbols
gH  gravitational potential energy £ local porosity (fluid volume fraction)
h heat transfer coefficient in porous medium
K~' flow resistance tensor k", k"  resistance coefficients in eqn (4)
k thermal conductivity A latent heat of vaporization
k., mass transfer coefficient (mass basis) U fluid viscosity
L length of furry cylinder P fluid density
L, hair length W stream function
M molecular weight w mass fraction of water vapor.
N hair number density at skin
p total pressure Subscripts
5] =p+p.gH, pressure function a air
Dy vapor pressure of water at 7 f outer boundary of the fur
Q rate of heat loss from the skin h hair
r, 6,z  cylindrical coordinates in Fig. 1 r radial direction
R; outer radius of furry cylinder in Fig. 1 s skin surface
R, skin radius of furry cylinder in Fig. 1 w water vapor
Re =2Ryp, U, /u, Reynolds number for z z-direction
outer flow 0 f-direction
Re, =Dy, Ulu, local Reynolds number 00 conditions far upstream of cylinder.
for intrafur flow
Rey  =2Rp,Upnmax/tt, overall Reynolds Superscripts
number for intrafur flow A per unit mass
T temperature approximating function.

complicated, with fluctuations, vortex-shedding and
turbulent regions. Here we provide a detailed treat-
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Fig. 1. Schematic view of the flow system.

ment of the crucial intrafur region, and represent the
outer region by use of measured transfer coefficients
for flow across solid cylinders.

SYSTEM DESCRIPTION

A fur-covered cylinder, shown in Fig. 1, is used here
as a geometric model of an animal limb or torso with
skin radius R.. In the present model, the fur consists
of straight, erect hairs of length L, and diameter D,,
distributed uniformly with number density N per unit
area of skin. The outer fur radius R; is then equal to
R+ L;. The cylinder is exposed to a transverse air
stream with approach speed U, ambient temperature
T, and water vapor mass fraction .. The skin is
kept at a uniform temperature T,. Perspiration from
the skin causes cooling, and the generated water vapor
is vented through the fur. We will calculate the profiles
of velocity, temperature and water vapor mass frac-
tion in the interstitial air to a pseudo-continuum
approximation. We treat the physical properties of
each phase as constants, except in the gravity force
term pg; this approach parallels that of Boussinesq
[18].
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We model the filter velocity U in the fur with
Darcy’s law in the form

[K~' U]l =(—Vp+pg)/u, (1

where K~! is the flow resistance tensor, p is the local
pressure, p is the local fluid density and g is the gravity
vector. The smoothed continuity equation is approxi-
mated here as (V- U) = 0, and solved with a stream
function y [19], giving the expressions

_w Loy
Uo =% r 00’

or U= -

2,3)
for the velocity components.

Taking the curl of eqn (1), with u regarded as
constant, we obtain the following differential equation
for the stream function,

k%0 [ o\ drx* oy
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after use of (2, 3) and the identity curl Vp = 0. The
elements ™ and «* of the tensor K" have been tabu-
lated as functions of local porosity by Stewart et al.
[20] ; they depend on r in the system of Fig. 1.

The local density p of the moist air is represented
via the isobaric ideal-gas expression

p _MT,
. M. ®

with the formula

+ 1—_0) (6)

l_a)
M M, M,

for the local number-mean molecular weight M. The
resulting treatment of buoyant forces is more accurate
than the conventional use of a linearized equation of
state.

The smoothed energy equation for the intrafur
region reduces to

A 2

reCy (LT BN 13, ), RO

r o0 or  or 09 ror or r? 00*

™

in the absence of viscous dissipation. Here %, and &,
are effective thermal conductivities of the two-phase
medium in those directions. For k,, a volumetric aver-
age of the fluid- and solid-phase conductivities &, and
ky, suffices :

k. = ek, + (1 —e)k,. 8)

The thermal conductivity k; of hair is taken to be
0.209 W m~! K ~! at 35°C [21]. The local fur porosity
¢ in eqn (8) varies with position as
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®
for erect, cylindrical hairs of diameter D, and number
density N per unit area of skin. The results of Perrins
et al. [22] give the tangential conductivity expression

ko
ka
1 2¢,
0.075422¢5¢,  0.000076¢12
$r+¢ — 2 1z
2 —1.060283¢! B

(10)

for our system, at the local porosity ¢. Here ¢, = 1 —¢
and ¢, = (k,+ky)/(k,— k). The expression is reported
to be valid for ¢ > 0.3.

The smoothed mass-fraction distribution in the fur
satisfies the mass balance equation

1 A ow Yoo\ 10 0w\ D 0w
?(‘E ar o ﬁ)_ rar<'D"" ar>+ r? 80*’
()]

in which D, and D, are the effective diffusivities in
the r and @ directions. The tortuosity in the radial
direction is unity, hence,

D.(r) = &(r) Dy, (12)

in which D,, is the diffusivity of water vapor in air. In
the 6 direction, the tortuosity is approximated as
unity ; refinements of this estimate were not explored,
since the resulting diffusion proved to be very small.

BOUNDARY CONDITIONS

Equations (4), (7) and (11) are to be solved sim-
ultaneously using the following boundary conditions:

'Ille.ﬂ =0,
oy
o0 ¥
(2

s

10gp
o (~ <30 + (P —p)gcosf))

Rl
(13, 14)
0
TIRS,G =T, - kr_ = h(le‘-.B'— Too)’
" Jr.6
(15,16)
' M,p,
@ =W = s
R0 Mp
0w
<_waer 5)‘&,9 = kw(wlRf,B_woo)’
(17,18)
or or
= Thomse | =2 19,2
ﬂr.9=0 T‘lr,B—Zm ae oo ag ,‘9=2n’ ( > 0)
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wll’,9=0 = wlr.9=2m % = % (237 24)
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Equation (14) is the §-component of eqn (1) at the
outer edge of the fur. The right-hand member of
eqn (14) includes the tangential buoyant force
(po—p)gcosf, and the tangential gradient of the
pressure function p = p+p,gH. The latter function
is represented at R; as . +;p0U%LC,(0), the
expression obtained in ref. [17] from pressure
measurements on a solid cylinder in transverse flow.
For this use of data from a solid cylinder, we regard
the fur exterior as hydraulically smooth and neglect
the effect of the intrafur flow on the pressure dis-
tribution along the outer boundary. We believe that
these approximations are satisfactory at external Rey-
nolds numbers Re not greater than 1.5 x 10°,

In eqn (16), 4 is a local or a mean heat transfer
coefficient on the outer boundary, obtained by com-
bining the free and forced convection heat transfer
coefficients as suggested by Ruckenstein and Raja-
gopalan [23]:

h o= hgorced + h?ree- (25)

Since the Prandtl and Schmidt numbers are nearly
equal for mixtures of air and water vapor, the free
convection can be estimated well by use of a combined
Grashof number Gr = 8R}p.|p., — pslg/u*. Then the
mean Nusselt numbers (2AR(/k,) and (2k,R¢/pD,.)
can each be estimated from Fig. 13.5-1 of Bird e al.
[19]. Similarly, mean forced convection estimates can
be found from Fig. 13.3-1 of Bird ef al. [19], while
local coefficients can be obtained from Fig. 17-10 of
Knudsen and Katz [24]. Then eqn (25) and its mass
transport analog will give /4 and k&, for mixed convec-
tion. Note that eqn (13) neglects the displacement of
the streamlines by the evaporative mass flux; this is
a good approximation for the problems considered
here.

SOLUTION METHOD

To convert eqns (4), (7), (11) and (13)—(24) to an
approximating algebraic system for digital computer
solution, the following approximating expansions are
used :

NB, NB,

T=T.+3Y 3 A4,B(r)B,6),

i=2j=1

(26)

NB, NB,

'7’ = Z Z CijBi(r)Bj(B)a

i=2j=1

@7

NB, NB,

® = o+ 3}, Y DyBi(r)B,0).

i=2 /=1
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Here, B,(r) and B;(f)) are B-splines described by de
Boor [25]. NB. and NB, are the numbers of basis
functions in the r and 6 directions :

NB, = LLNCOL,+ M,, (29)

NB@ = LgNCOL9+Mo. (30)

Here L, and L, are the numbers of grid intervals,
NCOL, and NCOL, are the numbers of collocation
points used per interval, and M, and M, are the orders
of the differential equations with respect to r and 6.
The total numbers of collocation grid lines then are
given by

N, = LNCOL,, 31)

Ng = Ly,NCOL,. (32)

By dropping the first radial B-spline (B,(r)) in eqns
(26)—(28), boundary conditions (13), (15) and (17) are
automatically satisfied. The approximating algebraic
system then consists of 3(NB,— 1) NB, equations.

Equations (4), (7) and (11) were applied at N, x N,
interior grid points; eqns (14), (16) and (18) at N,
corresponding boundary points, and eqns (19)-(24)
at N, corresponding radial points. An additional six
equations, needed to make the system complete, were
provided by applying eqns (14), (16) and (18) at 6 = 0
and 0 = 2=z,

The equation system presented above was solved
using the breakpoints shown in Fig. 2. These break-
points were based on the streamline pattern found for
forced ventilation in Ref. [17]. Two Gaussian col-
location points per interval proved adequate in both
the r and 6 directions, as shown in the following
section.

A damped Newton method was used to solve for
the unknown coefficients 4;;, C; and D;; in eqns (26)-
(28). LAPACK routines DGETRF and DGETRS
[26] were used to solve the Newton iteration equa-
tions, beginning with values of zero for all the
coefficients.

The heat loss from the skin is




Heat and moisture transfer from a horizontal furry cylinder

2271

Table 1. Characteristics of animals studied

Hair diameter Hair length Hair density Skin radius
Species D, [m] L, [m] N, [m™2] R, [m]
Red deer [27] 20x107* 46x1072 1.7 x 10° 0.244
Red kangaroo [28] 1.1x107* 32x1072 6.2x107 0.181
Deer mouse [27] 1.0x107° 8.0x107* 1.2x 10% 0.030
Brushtail possum [29] 49x10~* 1.7x 1072 3.7x 107 0.068
Gray squirrel [27] 8.8x10°° 2.6x1072 8.0x 107 0.042
Holstein calf [30] 46x107° 1.3x1072 5.4x107 0.216

Q " or

J‘Zn
]

(3

)LRs do
R0

2n (70)
+’1J‘0 (—pooE‘-

for a body of length L. The integrals were evaluated
by Gaussian quadratures.

)LRs dé (33)

R0

RESULTS AND DISCUSSION

Simulations were carried out for the mammals listed
in Table 1, for a skin temperature of 310 K and an
ambient temperature of 273 K. Each simulation with
NCOL, = NCOL, = 2 took less than 3 CPU minutes
on a DEC3000 workstation. Figure 3 shows computed
streamlines for the red deer of Table 1 at three different
wind speeds. Free convection currents can be seen
clearly at low velocities, and on the rear half of the
cylinder at higher velocities. Figure 4 shows calculated
contours of temperature for each wind speed.

Figure 5 shows the heat loss Q as a function of
wind speed U, for the first five mammals of Table 1.
Evaporation losses are negligible here because of the
low ambient temperature (273 K). The relative con-
tributions of conduction and forced convection within
the fur depend considerably on the species and on

the wind speed, but in no case is the free convection
contribution important.

Table 2 demonstrates the convergence to a fine-grid
limit. Here, temperature and stream function profiles
are presented at four values of 8 for the Holstein calf
of Table 1 at wind speeds of 0.14 m s~! and 4 m
s~! for NCOL, = NCOLy =1, 2 and 3. Seven digit
convergence is found at each location, verifying the
sufficiency of 2 x 2 collocation in each element.

Table 3 shows that the use of an average heat trans-
fer coefficient is adequate at high Reynolds numbers.
Here, computations using local and average heat
transfer coefficients are presented for the Holstein calf
at Re = 1.1 x 10°. The heat loss estimates for the two
cases differ by less than 4% in this example.

Computations are reported in Table 4 for several
Holstein calves at a wind speed of 0.14 m s~! and a
relative humidity of 50% for comparison with the
experimental data of Gebremedhin [1]. The fur
properties of the Holstein calf (see Table 1) given by
Gebremedhin et al. [30] were used for all the calves.
The skin radii were estimated from the reported body
weights assuming: (i} a body length to diameter ratio
of 2.0; and (ii) a constant specific volume of 933
cm’® kg~'. The computed water loss rates correspond
reasonably to measured values (see Table 4) within
the typical biological variance of such experiments.

(a)
Fig. 3. Streamlines for red deer: (a) U, = 0.0l ms™'; (b) U, =0.5ms';(c) U, =3ms™".

(b) (c)
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U, —
(2) (b) ©
Fig. 4. Isotherms for red deer: (a) U, =001ms™'; () U, =0.5ms™';(c) U, =3ms~".
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Fig. 5. Heat loss calculations for: (a) red deer; (b) red kangaroo; (c) deer mouse; (d) brushtail possum ;
(e) gray squirrel, with properties shown in Table 1. Body length is assumed to be four times the torso
radius.

An order-of-magnitude analysis gives the con-
ditions at which free convection is important to the
fluid motion. The maximum forced-convection
contribution to the filter velocity has the following
magnitude, according to eqn (14) and the pressure
function developed by Budaraju et al. [17]:

_ 1 1
u”[e(r)] 7 90

l UB‘forced ' ~

R

1 PU%
ux®[e(R)IR; 2

G4

The maximum free-convection contribution to the fil-
ter velocity is of the order

Uptreel ~————|po —
| Ubree| W [e(Ry)] P —plg
o |Ts—Tao|
~ e T 69
ue™[e(Ro)] E

for a thermally driven system, according to eqns (14),
(4) and (5). Thus, the free and forced convection vel-
ocities are comparable when
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Table 2. Convergence to a fine grid : calculated temperatures (K) for Holstein calf of Table 1 at Re = 1.1 x 10°

0 (r—R)/(R.—R,) NCOL, = NCOL, = 1 NCOL,= NCOL,=2  NCOL,= NCOL, =3
5° 0.2 302.1095 302.1094 302.1094
04 296.2618 296.2616 296.2616
0.6 290.4562 290.4560 290.4560
0.8 284.6920 284.6920 284.6920
30° 0.2 302.1095 302.1094 302.1094
04 296.2618 296.2616 296.2616
0.6 290.4562 290.4560 290.4560
0.8 284.6950 284.6920 284.6920
60° 0.2 302.1095 302.1094 302.1094
0.4 296.2618 296.2616 296.2616
0.6 290.4562 290.4560 290.4560
0.8 284.6920 284.6920 284.6920
90° 0.2 302.1095 302.1094 302.1094
04 296.2618 296.2616 296.2616
0.6 290.4562 290.4560 290.4560
0.8 284.6920 284.6920 284.6920
Table 3. Local vs mean heat transfer coefficient : calculated gR| T, — T, )
temperatures (K) for Holstein calf of Table 1 at U T ~ L (36)
Re=1.1x 105 wts
Using A Using 4 It follows that free-convection velocities in the fur are
0 (r—R)/(Ri— R) (local) (mean) comparable with forced-convection velocities only for
- large mammals (body diameters > 1 m). This analysis
5 gi gg;g ;gé ; agrees with the results presented in Figs. 3-5, and with
0.6 789.9 290 4 the studies by Davis and Birkebak [31] and Fand and
0.8 284.0 284.7 Phan [12].
60° 0.2 302.3 302.1 Even when the free convection velocities are of the
gg %ggg éggi same order as the forced convection velocities, their
08 285.3 2847 effect on heat or moisture transport may not be sig-
90° 0.2 303.0 302.1 nificant. This happens at low wind velocities, where con-
0.4 298.0 296.3 duction through the hair fibers is more important than
0.6 293.0 290.4 convection. Also, at still lower wind velocities, the
150° 8§ gg?; gg;z diffusion flux may be larger than the convective flux for
0.4 395.8 296 3 moisture transport. Conduction and convection heat
0.6 289.8 290.4 losses are of the same order of magnitude when
0.8 283.8 284.7

Re, Pr, ~ 1. (37)

Table 4. Perspiration rates of Holstein calves: comparison with the experimental data of
Gebremedhin [1]

Body Estimated Measured Computed
weight [kg] R, [m) T.[°C] T, [°C] rate [gh™'] rate [gh™!]
47.061 0.1764 37.3 294 221.2 202.9
47.628 0.1771 37.0 34.6 271.7 145.2
63.390 0.1948 373 30.6 189.0 239.6
64.864 0.1963 38.2 34.7 219.4 202.0
71.792 0.2086 38.1 30.0 193.7 294.6
78.926 0.2096 39.0 349 221.0 248.1
44,679 0.1734 37.6 29.5 181.2 201.6
44.906 0.1737 38.3 34.7 282.1 163.5
50.576 0.1837 37.5 30.1 101.2 214.0
51.370 0.1816 38.4 35.7 228.1 174.9
68.493 0.1999 37.9 30.1 149.7 267.4
70.308 0.2017 384 34.9 2223 216.1
85.503 0.2153 38.3 30.0 201.5 317.7
87.317 0.2168 38.8 354 376.4 255.2
50.349 0.1804 37.7 30.1 187.5 217.2
51.143 0.1814 38.1 35.1 225.5 171.2
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Here, Re, is the Reynolds number based on the
maximum tangential velocity Up . [17]:

2.83p,, UL

2uRK" (e(Rp)’ %)

f.max —

2Rf P Uo,max

Rey = (39

Pr, is the radial Prandtl number given by

Pr =@

. 40)

and can be several times smaller than the Prandtl
number of the air. Similarly, the diffusional flux and
convective mass fluxes are of the same order when

Re, Sc, ~ 1, 41)
where Sc, is the radial Schmidt number given by
U
= . 42
S = .D. “2)

If free convection is unimportant as determined by
these criteria, eqns (4), (7) and (11) can be solved
sequentially. In addition, symmetry in 8 can then be
exploited, thus reducing memory requirements and
computation time.

Since Darcy’s law (eqn (1)) is a first-order equation,
its solutions exhibit slip at the boundaries. The effects
of these departures from no-slip conditions are being
examined by the authors.

This work is an important step toward under-
standing how fur coats work and how animal energy
budgets are affected by fur structure and environ-
mental factors. The results will be useful in planning
the care of livestock, and in studying the survivability
of wild species under various weather conditions. The
principles studied here are also relevant to transport
phenomena in other porous systems.
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