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Ecology (1974) 55: pp. 29-39 

DESIGN AND TESTING OF A HEAT TRANSFER MODEL OF A 
RACCOON (PROCYON LOTOR) IN A CLOSED TREE DEN' 

JEFFREY THORKELSON AND ROBERT K. MAXWELL 
Department of Ecology and Behavioral Biology, 

University of Minnesota, St. Paul, Minnesota 55101 

A abstract. A heat transfer model of a raccoon (Procyon lotor) in a hollow tree was designed 
and tested by simulating an overwintering raccoon with a fur-covered, electrically-heated cylin- 
der in a closed den. A comparison was made between predicted and observed fur surface tem- 
peratures, and heat losses from the top, side, and bottom. Under these conditions, transfer 
coefficients derived from engineering relationships can be dependably used in the field; the 
average difference between predicted and observed fur surface temperatures was 1.6? C, and 
the sum of the predicted fluxes through the surfaces of the model was within 5% of the measured 
total. 

Total heat loss increased approximately linearly as inside wall temperature decreased, but 
the contribution by convection and radiation to the total changed substantially. As inside wall 
temperature decreased, convective flux was an increasing percentage of the total, whereas 
radiation loss decreased to a minimum value of 56% of the total flux at the minimum wall 
temperature. Twenty-five percent of the total flux was lost from the top, 62% from the side, 
and 13% from the bottom. 

More than 65% of the total resistance to heat loss through the model side was in the fur. 
The air space presented 17%, with the rest in the den wall. With respect to heat loss through 
the base of the den, only 6% of the total resistance was in the compressed fur. But because 
of the high resistance of the den base, the loss was half that of the top. 

Small variations in den wall thickness are not a major factor in reducing heat loss since the 
wall accounts for only about 18% of total heat flow resistance. 

Energy loss and average monthly weather screen air temperature are correlated. 

Key words: Heat loss, aninial; heat transfer model; raccoon. 

INTRODUCTION 

The maintenance of a constant deep-body tempera- 
ture in mammals depends on the relationship between 
total energy input, change in storage, and loss. Mam- 
mals in cold stress may reduce energy loss with a 
number of behavioral and physiological responses; 
with increased loss, temperature homeostasis can be 
maintained only by increasing metabolic heat produc- 
tion. 

The physical transfer processes that operate be- 
tween an organism and its environment can be 
analyzed with the principles of heat transfer and 
thermal modeling. Analysis which predicts the trans- 
fer of radiant, sensible, and latent heat has been 
widely used in the engineering sciences and is being 
used with increasing frequency and sophistication to 
analyze the physical transfer situation of biological 
systems (Bartlett and Gates 1967, Birkebak 1966, 
Gates 1962, Lustick 1969, Moen 1968a, b, Ohmart 
and Lasiewski 1971, Porter and Gates 1969). 

The denning behavior of raccoons (Procyon lotor) 
lends itself to thermal modeling because certain 
simplifications and realistic assumptions can be made. 
Radio-tracking research at Cedar Creek Natural 
History Area has shown that raccoons den mainly in 

'Received September 25, 1972; accepted December 5, 
1972. 

hollow oak trees, do not cache food, and do not 
usually move from their dens during the coldest 3-4 
winter months (Mech et al. 1966, Mech et al. 1968). 
Abdominal cavity temperature remains above 350 C 
(Thorkelson 1972); therefore, the metabolic rate 
remains relatively high during dormancy, in compari- 
son to that of true hibernators. Because the animal's 
major energy source is fat accumulated during the 
previous summer, the raccoon has a finite source with 
which to maintain body temperature and provide for 
the energy requirements of body maintenance during 
a long period of cold stress. Both weight loss in 
mature animals and yearling mortality approach 50% 
during the 4 months of a severe winter. 

As a means to study the energy requirement and 
the modes of heat dissipation from a dormant rac- 
coon, a heat transfer model has been designed and 
tested using a fur-covered, electrically-heated cylinder 
in a closed tree den. The model budgets the heat 
transfer between the fur base and inside den wall. 
The objectives of the field experiment are (1) to 
determine the applicability of heat transfer coeffi- 
cients based upon empirical engineering relationships, 
and using transfer areas based upon skin (rather than 
fur) area to predict fur surface temperature, (2) to 
predict heat flux from a dormant raccoon in the 
field, and (3) to correlate the energy requirement of 
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FIG. 1. (A) Scale drawing of cross-section of den and 
simulated raccoon; dots refer to location of thermo- 
couples; (B) partitioning of energy loss from the model 
top, side, and bottom. Subscript R = radiation and C 
= convection. [Note location of (B) in (A).] 

the model with screen air-temperature and compare 
with winter weight losses observed previously. 

DESIGN OF THE MODEL 

The model considers a 9.1 kg (20 lb) raccoon 
in the shape of a right cylinder (2,860 cm2) placed 
in the den as illustrated in Fig. 1. The heat transfer 
from the raccoon is partitioned into three categories. 
Q1 is a one-dimensional transfer through the top-fur 
by conduction, and then to the overlying den wall 
and ceiling by convection and radiation. Q2 is a one- 
dimensional radial-flow through the side-fur by con- 
duction, and to the inside den surface by convection 
and radiation. The convective flux is budgeted be- 
tween the wall area directly opposite the raccoon, 
and the overlying wall area and ceiling. The radiative 
flux is partitioned between the opposite wall, the 
exposed floor, and the overlying wall and ceiling. 
Q3 is a two-dimensional flow through the compressed 
bottom-fur and the floor of the den to the outside of 
the tree. The model assumes the following: 

(1) The den and the raccoon are in the shape of a 
right cylinder. 

(2) The heat transfer is steady state. 
(3) The diurnal storage in the den wall is negligible. 
(4) The view factor between the animal and the den 

entrance is zero. (View factor is defined as that 
fraction of the total radiant flux emitted by a 
given surface which is intercepted by another 
surface.) 

(5) There is no shortwave radiation inside the den. 
(6) The ceiling and wall temperatures above the 

animal are equal. 

(7) The heat loss by breathing is negligible. 
(8) The effective surface temperature of the fur for 

radiation and convection is the same. 

Loss through the top 

The loss through the top-fur of the simulated rac- 
coon is written as 

Q, = Alkf(tt, - tal) lXf, ( 1) 
and to the walls and ceiling as 

Q, = Ajhc(t8j - tal) + AiFfwhr(t8l - tw) (2) 

where Q1: flux through the top-fur [watts]. 1 watt 
= 14.33 cal/min. 

A1: area of the surface = rr2im [cm2]. rim is 
the radius measured from the center to 
the dermis on the side of the simulated 
raccoon. 

Xf1: fur thickness [cm]. The dermal thickness 
was less than 10% of fur thickness. 

kf: effective thermal conductivity of the fur 
and dermis [watts cm-' 0C-']. The con- 
ductivity is approximated by the relation- 
ship determined by Birkebak (1966: 312) 
that kf = (2.47 + 0.485Xf) X 10-4 watts 
cm-lC-1. As the conductivity of the 
dermis is about 4 times that of the overall 
conductivity, and as the dermal thickness 
is small, the effect of the dermis is ne- 
glected. 

tb: temperature under the dermis [IC]. 
tag: temperature of the top-fur surface [0C]. 
ta1: temperature of the free stream den air 

above the raccoon [0C]. 
tw: average temperature of the den walls 

above the raccoon [OC]. 
hC: convective heat transfer coefficient [watts 

cm-20C-1]. h0 is derived from the en- 
gineering expression for free convection 
and laminar flow above a flat plate with 
the plate warmer than the air (Kreith 

k .5 1958: 311) where hc = 0.54 (GrPr).25; 
L 

ka is the thermal conductivity of air, L is 
a characteristic length of the surface and 
is taken as 0.9 the diameter of the simu- 
lated raccoon, Gr and Pr are the Grashof 
and Prandtl numbers, respectively. 

hr: radiative heat transfer coefficient [watts 
cm-2 C-1]. hr is given by the expression 
(T4 81 - T4U,)/(t8l - tw) where a is the 

Stefan-Boltzmann constant and T is the 
absolute temperature (0C). 

Ffw: grey-body shape factor [dimensionless]. 
Because the wall and ceiling enclose the 
fur surface, this term can be written as 
(Kreith 1958: 204) 
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F1l0 = [(1 - Ef)+/E] ? 
[(1 - IE)A1/EI0A10]1 (3) 

where AW is the inside den wall and ceil- 
ing surface area, and Ef and el are the 
emissivities of fur and wood respectively. 
Using E= 0.97 (Birkebak 1966: 305) 
and E,, 0.93 (Kreith 1958: 193), and 
as AW, is much greater than A1, this ex- 
pression reduces to Ffl, = 0.97. 

In order to model from the inside wall surface, 
we found it useful to write the expression for the 
convective transfer in equation (2) as a function of 
t0, instead of tal. Because the ratio of wall and ceiling 
area to raccoon area is large, it is to be expected 
that the inside air temperature tal approaches the 
wall temperature t,. Experiment showed that (t,1 - 
tal) = 0.95(ts1 - tO). By substituting this result and 
the value of the shape factor into (2), the predicted 
fur surface temperature is computed from (1) and 
(2) by iterating the equation 

( tb - ts1 ) / ( tsl - tw - 

(Xfl/kf) (0.95hc + 0.97hr.). (4) 

The terms tb, t, and Xf1 are measured, and kf, ha, and 
hi. are estimated as previously described. 

Loss through the side 

The conductive loss through the side-fur of the 
simulated raccoon is written as (Kreith 1958: 35) 

Q. = 27rhkf(t5 - ts)/ln(rO,/rj,11) (5) 

and the convective and radiative loss to the surround- 
ings as 

Q- = AhG(ts9 - ta2) + A9,Ff7lhr(ts2 - th) (6) 

where Q,: flux through the side-fur [watts]. 
h: height of the simulated raccoon [cm]. 

reel: the radius from the center to the dermis 
[cm]. 

roll: the radius from the center to the tips of 
the dense fur [cm]. 

A,: side-surface area = 27rrOh[cm2]. 
ts2: temperature of the side-fur surface ['C]. 
ta2: temperature of the den air between the 

side-fur and the opposite den wall ['C]. 
t7,: average temperature of the opposite in- 

side den wall [0C]. 
Ff17: grey-body shape factor. The situation for 

the model side differs from the top in 
that the wall area opposite the raccoon Ah 
does not enclose A,. Where A1/Aw ap- 
proaches zero, A/AI, approaches one. 
As the exposed floor area and walls above 
A71 approach the same temperature, the 
edge effects become negligible and ex- 
pression (3) can be used. Then for A,= 
A2, Ff- = 0.905. 

h.: In this case, h. is derived from the engi- 
neering expression for free convection 
and laminar flow along a heated, vertical 
plate (Kreith 1958: 308). h, = 0.48k0 
Gr_25/ L where L is taken as h. 

It is a more difficult problem to describe the 
convective transfer in terms of the wall temperature 
th. This is because air heated at the fur-tips moves 
upward to the space above the raccoon as well as 
across the air gap. This process not only transfers 
heat to the overlying chamber, but causes cooler 
replacement air from above to move into the air gap. 
As a result, both ta2 and th are lower than if there 
is no vertical transfer, and ta2 is closer to ti, than t82. 
If there is no vertical mixing, and if heat transfer 
coefficients and areas are equal, then (t82 - ta2) = 

0.5(ts2 - th); on the other hand, if all the convective 
heat transfer from the side-fur was transferred to 
the overlying chamber, then (T,2 - ta2) = (ts2 - th). 

Experiment showed that (ts2 - ta2) = 0.77(ts2 - to). 
By substituting this information and the value of the 
shape factor into (6) and by equating (5) and (6), 
the side-fur surface temperature is computed by 
iterating the equation 

(tb - ts2 ) / ( ts2 - th) - [roMs ln(ro,/ 

rjj)/kf4(0.77hc + 0.905hr) (7) 

with to2 as the unknown. 

Loss through the base 

The heat transfer through the bottom fur of the 
simulated raccoon is written as 

Q-= A3Kf (tb - ts3) /Xf (8) 

= S*k L (ts3 - to) (9) 

where Q3: heat transfer through the base [watts]. 
A3: area of the base = r2," [cm2]. 
Xf3: conductivity of compressed fur [watts 

cm-1 0C-1]. 
kw : conductivity of the den tree perpendicular 

to the grain [watts cm-1 'C-1]. 
to: temperature of the outside surface of the 

den tree [0C]. 
S*: conductive shape factor for the base of 

the den tree [cm]. The components of 
this term include path length; divergence 
of the heat flux lines, isotherms, and 
cross-sectional area; and the ratio of the 
conductivities for heat flow perpendicular 
and parallel to the grain. The method for 
determining its magnitude is "potential- 
field plotting" and is described in Kreith 
(1958: 77-85). The adaptation of the 
flux plotting procedure to the den floor 
system is as follows. Define Qt as the 
rate of heat flux per tube (Fig. 2). Qt is 
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FIG. 2. Flux plot for analysis of heat flow through 
the den floor. 

a constant for the system. Divide the 
overall temperature difference between 
the base of the raccoon and the outside 
of the tree into M parts of constant tem- 
perature difference. The flux in the tube 
from the outer edge of the raccoon to the 
outside of the tree is essentially 1-dimen- 
sional radial flow and is described by the 
equation 

Qt = 27rw/M ln(r0/ri) 

kiv - (ts3 - to) ( 10) 

where w: width of the tube for radial flow [cm]. 
M: number of boxes within a flux tube. 
ri: distance from the center of the den tree 

to the inside edge of a box [cm]. 
ro: distance to the outside edge of a box [cm]. 

Initially, the flux in the tube from the center of 
the raccoon-base down the center-line of the tree is 
1-dimensional flow through a rod. This flow is 
described by the equation 

Qt = wrr2lk,,-1(t83 - to)I/Ms (11) 

where r1: radius of the tube containing the tree 
centerline [cm]. 

k ;l II:conductivity of the den tree parallel to 
the grain [watts cm-' OC-1]. 

s: distance between isotherms along the 
centerline [cm]. 

In order to make the flux plot, assume the amount 
of flux into each tube is proportional to the cross- 
sectional area of the tube at the raccoon base. Then 
the intake areas of the tubes must be equal, as each 
tube contains the same amount of flux; and, by 
symmetry, the shapes of the areas are concentric 
annulae about the center tube. Divide the base into 
N tubes, and (ts3 - to) into M parts. For the radial 
flow in the outer tube, the distance between isotherms 
will increase logarithmically as described by equation 
(10). When the flux plot is made, the tubes must be 
orthogonal to the raccoon base, the isotherms, and 
the outside of the tree; and the isotherms must be 

perpendicular to the tree-centerline. By design, each 
curvilinear box in the flux plot contains an equal 
amount of heat flux. Therefore the flux in the box 
of the outer tube adjacent to tree surface must equal 
the flux in the box of the center tube adjacent to the 
raccoon base; for these boxes equation (10) equals 
equation (11). There is only one value of w which 
will permit the center and intermediate tubes to 
diverge in a manner that the conditions of the flux 
plot are fulfilled. As Q3 = NQt, then by equations 
(9) and (10), S* is described by 2 7rwN/M ln(r,0/ri). 
For the flux plot in Fig. 2, N = 10, M = 6, and 
k -CH = 2k1 _L. For this den tree system, S* = 86.4 
cm. 

After (8) and (9) are equated, the fur surface 
temperature at the den floor interface is computed 
by solving the equation 

(tb - tS3)/(tS3 - to) S*kl- . Xf3/kf3A3. (12) 

Thermal resistances of the den system 

By means of the analysis from the previous section, 
the resistance to heat flow offered by fur, air space, 
and den wall can be compunted. The flux through 
the side of the den adjacent to the raccoon Q7, and 
the flux through the den floor Q:, are considered 
using the model illustrated in Fig. 1. 

Model side. Only a part of the heat flowing 
through the side of the raccoon is transferred to the 
opposite wall area Ah1. The model assumes that the 
remaining flux is transferred by convection and 
radiation to the upper den chamber, and by radiation 
to the exposed den floor. The fraction of the radiative 
flux leaving the side-fur surface which reaches wall 
area Ah1 was calculated to be 0.79 using the view 
factor equation for parallel plates (22 cm high and 
separated by 6 cm) stated in Eckert and Drake 
(1959: 398). The remaining 0.21 is divided equally 
between exposed floor and the upper chamber. 

Define s to be the fraction of the convective 
transfer from the side-fur which reaches the area Ah. 

Then, as illustrated in Fig. 1, 

Q1 = SQC2 + 0.79Q1?2. (13) 
As discussed in the previous section on loss through 
the side, 

QC2 = 0.77Ah(,(ts2 - toh). (14) 
As SQc2 Alhh(ta2 -th), 
and, from (14) 

(ts2- ta2) = 0.77(ts9 -t) 

then (ta2 - th) = 0.23(ts2 -t) . 

Therefore, sQC0 = 0.23A7,hc(t82 - to). 

In the same section it was shown that 

QJ?2 = 0.905A 2h.(ts2 - th)- (15) 
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By substituting (14) and (15) into (13), the heat 
transferred across the air space becomes 

Qi1 = (0.23Ajih,. + 0.715Ahlr) (ts2 - th ). (16) 

For steady state flow, (16) equals the flux through 
the den wall by conduction. In a form similar to (5), 
this flux is written as 

Q7t = 27-hk1(t7t - tO)/ln(rod/rid) (17) 

where rQ1 and rid are the radii to the outside and 
inside of the den tree wall, respectively. 

The flux through the side-fur Q2 is stated in (5). 
From Fig. 1 it can be seen that 

Q = Qh1 + (1 - S)QC2 + 0.2? 1 R2 
Then, by (5), (14), and (15), 

ln(ro,,t/ r~i.,,) 
(th - tsI) - I[Q7 + 

27rkfh 
0.77(1 - s)Ah((ts2 - th) 

+ 0.I9Aihr(ts2 - th)] (18) 
The total resistance Rig2 to heat flow through the 

side of the simulated raccoon to the outside of the 
den tree in terms of the side area of the raccoon 
may be written as 

Ran = A ,(to - tb)/Qh (19) 

and is equal to the sum of the resistances offered by 
fur, air space, and den wall. Also, 

(to - t,) (tb - ts2) + (tS)2 - th) + (to - to) (20) 
By substituting (16), (17), (18), and (20) into (19), 

- roM In (rol/rim) ? 27rronth 
= k1 t Q7 

10.77(I - s)Il( + 0.l9hr] [tS, - th} 

? rom + rom In (rod/rid) (21) 
0.23;idh. + 0.7 1ro .hr kI ( 

Of the three terms on the right side of (21), the first 
is the resistance across the fur, the second across the 
air space, and the third across the den wall. 

Model floor.-The total resistance RY3 to heat 
transfer through the compressed bottom-fur and den 
floor based upon the area of the den floor may be 
written as 

Ro3 = A3(tb - to)/Q3- (22) 

By substituting (8) and (9) into 

(ti, - to) = (tb - ts3) + (ts3 - to) (23) 

and (23) into (22), then 

R -3 [Xfj/kfj] + [A.j/S~kI,_j. (24) 

The first term on the right side of (24) is the resis- 
tance of the compressed fur, the second is the resis- 
tance due to the den tree. 

7.6 

1.9 

all dimensions in cm 

19 

electric heating 
element 

.~~~~~ 3 

FIG. 3. Cross section of simulated raccoon. 

TESTING THE MODEL 

Methods 

All field data were collected at Cedar Creek 
Natural History Area, 30 miles north of Minneapolis, 
Minnesota. 

A western red cedar telephone pole 3 m long and 
0.6 m in diameter was split lengthwise and a cylin- 
drical den 152 cm high, 45 cm in diameter, and with 
7.6 cm thick walls was hollowed out. We stapled a 
wool gasket to the split edge of one half, reunited 
the halves, and secured them with threaded steel rods. 
We cut a 51 X 38 cm rectangular section from the 
side walls to form a tight-fitting door for access to 
the den. The den tree was erected about 5 m from 
the Radio-tracking Laboratory Building. 

We placed nineteen 24-gauge copper-constantan 
thermocouples in the den tree (indicated as dots in 
Fig. 1) by drilling 4 mm deep holes to hold the 
thermocouple tip. One thermocouple was covered 
with a layer of mylar coated aluminum foil and 
placed in the center of the den for inside air tempera- 
ture measurement. We placed a similarly shielded 
thermocouple in the air space between the model 
side and den wall. 

Two 24-position thermocouple switches (Minnea- 
polis-Honeywell Regulator Co., Brown Instrument 
Division, Philadelphia, Pa.) and an electronic cold 
junction compensator (Model CJ-T, Omega Engi- 
neering Inc., Stamford, Conn.) were connected so 
that the absolute temperature of any junction or the 
temperature difference between any two junctions 
could be selected. The selected output was displayed 
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on a strip chart recorder (Model 71 00B, Hewlett- 
Packard, Moseley Division, Pasadena, Cal.) with 1 
mv full-scale deflection. 

A hollow cylinder was fabricated from 0.36 cm 
thick aluminum (Fig. 3). A tubular, 300-watt heat- 
ing element (No. 40-650-03, G. T. Walker Co., 
Minneapolis, Minn.) was bent to form a 20-cm- 
diameter circle with the leads perpendicular to the 
circular portion. We then positioned the heating 
element 2 cm from the bottom and filled the con- 
tainer with water. The heated aluminum container is 
similar to that described by Verme ( 1968) except that 
it is fur covered to give it the same surface properties 
as the animal, and its geometric shape approximates 
that of the animal. An aluminum stand-tube was 
welded to the top to allow for volume changes as 
water temperature varied. Copper-constantan ther- 
mocouples were attached with Eastman 910 adhesive 
(Holdahl Co., Inc., Minneapolis, Minn.) to the out- 
side of the container at the center of the top and 
bottom, and on the side. To measure the temperature 
gradient in the fur, we mounted a wooden support, 
30 mm high and 4 mm in diameter on the aluminum 
top to support two finewire thermocouples. The 
sensing junctions were 26 mm and 5 mm above the 
aluminum surface. 

Fat was manually removed from two raw, late-fall 
raccoon pelts. A circular piece of fur was cut from 
the anterior dorsal area for the model top, two 
rectangular pieces were cut from the lateral pelt area 
for application to the side, and two semicircular 
pieces from the lateral edge for the bottom. We 
glued fur pieces to the aluminum cylinder with East- 
man 910 adhesive and sewed the edges tightly with 
waxed cord. The fur fit tightly on the aluminum 
form, with only the heating element terminals, sensor 
leads, and a styrofoam insulator for the stand-tube 
protruding. Total skin surface area was 2,860 cm2. 

The temperature of the water-filled, simulated 
raccoon was sensed with two thermistors located at 
the aluminum-fur interface in the center of the top. 
These sensors drove an electronic thermostat that 
controlled the power to the heating element. Because 
dermal temperatures of denning raccoons were un- 
known, they were measured in a live animal with 

temperature-sensitive transmitters (Thorkelson 1972). 
The temperature at the aluminum-fur interface of 
the simulated raccoon top was maintained at 33.50 C 
for most measurements. This is a representative 
dermal temperature measured in February (Thorkel- 
son 1972). Temperature overshoot after a heating 
cycle was small and overall regulation of water tem- 
perature at the top was within 0.2? C. 

The thermostat and associated power supplies were 
protected in an insulated box with inside air tempera- 
ture controlled at 25? C. The box was placed near 
the den tree to keep power loss, and effects from 
changes in lead resistance at a minimum. When 
power was supplied to the heating element, a motor- 
driven microswitch (model ITAMlOs, Mallory In- 
dustrial Sequence Timer, Gopher Electronics, Min- 
neapolis, Minn.) closed momentarily every 10 
seconds; the closures were counted and automatically 
printed (Sodeco model lTpb33, 12 volt D.C. double 
unit printing counter, Societe des Compteurs de 
Geneva, Geneva, Switzerland) for each 24-hour 
period. 

Fur surface radiant temperature was calculated 
from the net radiation measured by a C.S.I.R.O. 
miniature net radiometer (Middleton & Co., South 
Melbourne, Victoria-Australia) positioned 7 cm above 
the simulated raccoon. Output was displayed on the 
strip chart recorder. 

Air temperatures in a standard weather shelter 
located in an open field were automatically recorded 
hourly with a Honeywell 16-point recording potentio- 
meter (Minneapolis-Honeywell Regulator Co., Brown 
Instrument Division, Philadelphia, Pa.). 

During the 7 days the model was tested, tempera- 
ture data from the tree and simulated raccoon, and 
net radiation from the top and side surfaces of the 
raccoon were measured at 2-hour intervals from mid- 
night to midnight. The electrical power requirement 
for the simulated raccoon was recorded daily during 
the entire dormancy period. 

RESULTS AND DISCUSSION 

Surface temperatures 

The predicted and observed fur-surface tempera- 
tures from the top, side, and bottom of the simulated 

TABLE 1. Predicted and observed fur surface temperatures for the simulated raccoon top, side and bottom [?C] 

Outside 
Run Outside Stimulated Top Side Bottom wall tem- 
num- air tem- raccoon Den wall [tt,] Den wall [t,] perature 
ber perature temperature Pred. Obs. temperature Pred. Obs. temperature Pred. Obs. [t,] 

2 -23.6 32.3 -6.8 -5.7 -14.8 -4.0 -2.8 -11.4 25.8 26.7 -20.5 
1 -16.0 33.6 -3.5 -3.5 -11.6 -1.1 0.0 -8.1 26.2 28.1 -13.6 
3 -14.5 32.8 1.5 1.5 -5.9 3.7 4.7 -2.3 26.1 30.1 -10.3 
4 -13.8 33.0 2.7 3.4 -4.0 5.2 6.0 -0.5 36.3 30.6 -9.8 
7 -12.0 32.6 2.1 3.0 -3.1 4.4 6.2 -1.4 26.2 29.8 -8.2 
6 6.7 30.2 11.2 11.5 7.7 12.6 13.8 9.1 26.1 29.3 4.1 
5 11.7 31.3 14.7 14.8 12.4 16.6 18.7 13.8 28.8 29.2 18.5 
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raccoon, and the temperature gradient from deep 
body to outside air are presented in Table 1. On 
the average, the model predicted surface temperatures 
colder than those observed by 0.4? C for the top, 
1.30 C for the side, and 2.8? C for the bottom. 

Heat f lux 

The precision of the model as a whole depends 
upon the accuracy to which the various heat transfer 
parameters such as fur thickness, conductivity, and 
convective and radiative coefficients can be measured 
or computed. For the same runs as in Table 1, the 
predicted heat loss from the simulated raccoon is 
presented in Table 2. On the average, 23 % of the 
predicted total loss passed through the top, 54% 
through the side, and 23 % through the bottom. 
Average predicted heat loss was about 5 % higher 
than that observed. Predicted fur surface tempera- 
tures for the simulated raccoon bottom averaged 
2.80 C colder than those observed. Therefore pre- 
dicted heat loss through the floor is overestimated. 
For compressed fur 0.3 cm thick with a conductivity 
of 2.85 x 10-4 watt cm-1 aC-1 (Thorkelson 1972), the 
observed heat loss through the den floor is only 49% 
of that predicted, or 13.1 % of the total loss from the 
simulated raccoon. 

Although a given surface temperature is the result 
of all three modes operating simultaneously, the 
following discussion considers radiation parameters 
first, then convection and conduction. 

Radiation parameters. For this closed-den situa- 
tion, the radiation parameters can be determined with 
the greatest precision. Because the den and simulated 
raccoon are regular geometric shapes, the shape fac- 
tors between the walls and raccoon top and side can 
be readily calculated as discussed in the previous 
sections. The upward-facing disc of the model top 
views the den walls and ceiling. Den wall area close 
to the simulated raccoon comprises a greater portion 
of the overlying hemisphere than equal den wall area 
farther away. Fig. 4 (calculated from Eckert and 
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FIG. 4. View factor between the 
simulated raccoon top surface and 
inside den walls as a function of height 
above the model top. 

Drake 1959: 395-398) shows that the view factor 
(i.e., the fraction of flux leaving the top which 
reaches the surrounding walls) increases rapidly with 
height above the model top. Because of this, 75% 
of the weighted value of t, was the average wall 
temperature within 40 cm above the raccoon. 

Convection parameters. The convective coeffi- 
cient equations used in this model were taken from 
the heat transfer literature. They were determined 
empirically from studies conducted in wind tunnels 
or specially designed chambers using smooth surfaces 
of regular geometric shapes; the coefficients deter- 
mined for these surfaces may differ from those for 
fur and wood surfaces because of differences in 
roughness, turbulence, and homogeneity of flow. 
The characteristic dimension L can change in differ- 
ent flow situations; in the model, L for the top is 
given by 0.9 diameter, an empirical relationship 
(Kreith 1958: 311), and L for the side by the wall 
height h. These dimensions are straightforward and, 

TABLE 2. Predicted heat loss from model surfaces, predicted and observed total loss from simulated raccoon 

Predicted 

Top, Q, (watts) Side, Q2 (watts) Observed 

Convec- Radia- Convec- Radia- Bottom, QtotaI QhleatPr 
Run no. tion tion Total tion tion Total Q: (watts) (watts) (watts) 

2 1.53 2.01 3.54 3.32 5.34 8.66 3.27 15.47 14.1 
1 1.44 2.00 3.44 3.08 5.22 8.30 3.72 15.46 13.1 
3 1.22 1.87 3.09 2.54 4.78 7.32 3.37 13.78 13.7 
4 1.15 1.82 2.97 2.39 4.64 7.03 3.37 13.37 13.4 
7 1.09 1.73 2.82 2.42 4.63 7.05 3.22 13.09 12.6 
6 0.58 1.18 1.76 1.32 3.19 4.51 2.06 8.33 8.7 
5 0.50 1.10 1.60 0.97 2.61 3.58 1.26 6.44 6.2 

Total 7.51 11.71 19.22 16.04 30.41 46.45 20.27 85.94 81.8 
% of total loss 22.4 54.2 23.2 100.0 
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FIG. 5. Radiative, convective, and total loss (watts) 
from the model side and top as a function of inside den 
wall temperature. 

although other characteristic dimensions could be 
used, they offer no advantage since their functional 
relationship to this specific flow situation is un- 
known. 

The convective coefficient used for the model top 
is derived for laminar flow conditions where the 
Grashof number is less than 2 X 107. During the 
coldest experimental run (number 2), the calculated 
Grashof number was 2.7 X 107. Therefore for the 
runs made in testing the model, the flow situation 
was presumed laminar. For inside air temperatures 
from -13.2? C to 12.3? C, the laminar flow convec- 
tive coefficient varied from 3.1 X 10-4 watts cm-- 
OC-1 to 2.6 x 10-4 watts cm-2 aC-1. For the condi- 
tions of the coldest run (which come closest to 
causing turbulent flow), the turbulent convective 
coefficient for the top would be 4.6 X 10-4 watts 
cm-2 aC-1. This is 48% greater than for laminar 
conditions. However, while the percentage of the 
total heat loss in the convective mode is markedly 
increased under turbulent conditions, the increased 
convection lowers surface temperature so there is 
only a 12%-13% increase in total heat loss (Fig. 5). 
But the predicted top surface temperature for tur- 
bulent conditions is -9.80 C, which is well below that 
predicted for laminar flow (-6.80 C) or that ob- 
served (-5.7? C). The closeness of the observed 
temperature to that predicted by laminar flow indi- 
cates that laminar conditions dominated even in run 
number 2. 

Turbulence along the vertical walls begins only at 
Grashof numbers above about 1010 (Kreith 1959: 
308). Because the highest observed Grashof number 
for the side was 1.6 X 107, turbulent convective 
transfer from the side was not considered. Buoyancy 
effects along the vertical side wall enhance air flow 
so much that, even though the characteristic dimen- 
sion of the model top is 23 % greater than the side, 
the calculated convection coefficients for the top and 
side are within 3 % of each other. Greater total 
convective loss from the model side is mainly a 
result of its larger surface area. 

Condition parameters.-The thermal conductivity 
of fur is difficult to determine, as its thickness 
and density are variable. In addition, heat may be 
transferred through fur by several modes-fiber 
conduction, gas conduction, convection, evaporation- 
condensation, and radiation (Hammel 1955). As a 
result, the thermal conductivity is in reality an "effec- 
tive thermal conductivity" in which all of the above 
modes operate. Hammel showed that moist pelts 
have 5%-20% greater conductivity than dry pelts 
and that small amounts of water vapor can produce 
this variation. In the present experiment, pelts used 
on the simulated raccoon were dry. The conductivity 
of 3.93 X 10-4 watts cm-1 aC-1 used in the model 
came from Birkebak (1966). He calculated the 
conductivity of dry fur for a large number of species 
from published data and computed a best-fit equation 
for thermal conductivity versus fur thickness. The 
equation is not applicable for compressed fur or 
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thickness less than 1 cm, so it cannot be used to 
compute the conductivity of the model bottom- 
fur. For the bottom-fur, the model uses 2.85 X 10-4 

watts cm-' 0C-' which was determined experimentally 
(Thorkelson 1972). 

Moving air can penetrate fur and affect its thermal 
conductivity by altering the fiber orientation and by 
physically flushing warmer air from the fur. The 
result is an increase in the conductivity and convec- 
tive coefficient. To assess this effect, a fan (blade 
radius 7 cm), which delivered air at 20 + 5 cm sec-1 
perpendicular to the fur, was mounted in the den; 
this wind velocity caused considerable movement of 
the guard hair tips without deeply parting the fur 
and was judged to be far beyond the upper limit of 
any naturally occurring velocity in the closed den. 
Forced convection reduced the temperature difference 
between dermis and fur surface by 1 1 % and the 
radiative surface temperature dropped from 7.1? C 
to 6.50 C. 

Changes in radiative and convective transfer 
dile to variation in temperature 

Although the total heat loss from the simulated 
raccoon is nearly a linear function of wall tempera- 
ture, the fraction of convective to radiative loss 
changes considerably as illustrated in Fig. 5. These 
data were generated for a physical situation where 
side and top fur thicknesses are 3.0 cm and the tem- 
peratures at the fur base is 3 1.00 C. The convective 
coefficient increases as air temperature decreases 
because of the increase in the Grashof number. 
(Grashof number is directly proportional to the 
difference in temperature between fur and air, and 
inversely proportional to absolute air temperature.) 
Since radiant loss is a function of the difference 
between the fourth power of the absolute tempera- 
tures of fur surface and den wall surface, less energy 
is transferred per degree difference at lower tem- 
peratures; as a result, the net radiative loss decreases 
as inside wall temperature decreases. Heat loss by 
convective and radiative modes is equal when inside 
wall temperature is -38? C for the side and -33? C 
for the top. Because the lowest average wall tempera- 
ture recorded for the seven runs was about -14? C, 
the radiative dominance of the heat transfer situation 
is evident. 

Thermal resistance 
The resistance terms for fur, air gap, and den wall 

are stated in equation (21) which describes the total 
resistance through the side of the model, Raw-. Each 
flux through a resistance is written in the form of 
Ri = (A2,/Qj,) (t1- t,). As RZ2 = Rflr + Rairgap + 

Rdii Nvally then 
Riur rom ln (rOum/rim) 

TABLE 3. Predicted and observed resistance of the model 
side expressed as percent of total resistance 

Resistance 
(watts-' %of R %of R 

Condition cm 2 C) predicted observed 

Coldest fur 15,493 74.5 65.9 
air space 1,413 6.8 16.6 
den wall 3,902 18.7 17.5 

Warmest fur 12,298 69.6 56.8 
air space 1,458 8.3 22.0 
den wall 3,902 22.1 21.2 

+ 2irroMh (t,2 - thu) (0.77(1 - s)h, + 0. l9hr)] (25) 

-S (26) 
tb-to 

and Rair gap rom 

RV.) R,. (0.23r.idh, + 0.71ro,,,h,.) (27) 

th - ts2 (28) 

th- to 

and Rden wall roMIln(rodl id) (29) 
R E , R o ,k ( 

t- , - to (30) 

ti) - to 

As the terms in equations (25), (27), and (29) are 
calculated, and the temperatures in (26), (28), and 
(30) are measured, the predicted and observed resis- 
tances can be compared; Table 3 shows the results 
for the coldest and warmest experimental runs. The 
analysis predicts resistance in the fur higher, and 
resistance of the air gap lower than observed. The 
combination of the two resistances is within 6% of 
that observed. Because turbulence in the air space 
would further reduce its calculated resistance, which 
is already lower than observed, the assumption of 
laminar flow conditions is strengthened. The effec- 
tive fur thickness in which conduction dominates 
may be less than the distance between dermis and 
tips of dense fur (3.0 cm) used in the model calcula- 
tions. When fur thickness is assumed to be 2.5 cm, 
the average difference between predicted and ob- 
served fur surface temperature is reduced to 0.3? C 
for the top and 0.80 C for the side, and predicted 
total loss for all runs is within 1% of that observed. 
Thermal resistance calculated for 2.5 cm thick fur 
is 69.6% of the total for the coldest run, and 65.6% 
for the warmest. 

With respect to heat loss through the fur not in 
contact with the den, over 80% of the resistance is 
in the raccoon fur and air space; as a result, small 
variations in den wall thickness are relatively un- 
important. However, the den structure protects the 
raccoon in other important ways. First, a den will 
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FIG. 6. Simulated raccoon energy loss vs. outside air 
temperature. 

reduce convective loss by restricting cold air entry 
and by reducing wind velocities inside the den. 
Second, a deep den or one with a hole on the side 
will reduce the view factor between the raccoon and 
the outside environment. Even on nights when 
ambient air temperature is low, the inside den walls 
are much warmer than the radiant sky temperature, 
so the den offers substantial protection from radiation 
loss. Third, a den can protect the animal from rain 
and snow, which could reduce the effective con- 
ductivity of the fur. Fourth, the tree den floor 
presents a high resistance to heat flow and reduces 
the heat loss from the bottom of the animal where 
the compressed fur resistance is low. The measured 
resistance to heat flow through the den floor was 
94% of the total resistance while that predicted was 
84.4%. 

Relation of total heat loss to 
ambient air temperature 

While outside air temperature is only one of a 
number of parameters involved in the heat budget 
of the tree, it is always recorded at weather stations 
and is available to the field biologist. Therefore, its 
use as, an index to heat loss from the simulated 
raccoon is presented. However, the relationship be- 
tween outside air temperature and heat loss applies 
only to this particular tree, time, and location. Any 
other tree den will differ to some degree, and extrap- 
olation from this correlation should be done with 
caution. Fig. 6 shows the relationship between 
weather shelter air temperature and energy loss (in 

units of kilograms of fat per month) by the simulated 
9.1 kg raccoon for 73 diurnal periods selected ap- 
proximately every 3 days during winter and spring 
of 1970-71. Total heat loss calculated from Fig. 6 
using the average monthly temperature for November 
1970 through April 1971, is the energy equivalent of 
5.7 kg of fat (9.3 cal/gm fat). As raccoons rarely 
stay in their dens throughout the months of November 
and April, a total loss of 4.3 kg for the period 
December through March is predicted and has been 
observed for 9.1 kg animals (Mech et al. 1968). 

To estimate the change in heat loss from the 
model in an open den, we removed the door and 
mounted a fan (blade radius 15 cm) to blow outside 
air directly into the entrance. The day was overcast 
so only diffuse shortwave radiation reached the simu- 
lated raccoon top. Outside air temperature was 
-1? C, and wind speed above the top of the simu- 
lated raccoon was about 150 cm sec-1. Energy loss 
at equilibrium was the equivalent of 1.13 kg fat mo'. 
A control measurement with the den closed taken 
just before the forced convection experiment showed 
energy loss equivalent to 0.85 kg fat mo'. Therefore, 
for this extreme situation, total heat loss increased 
by 33%. 

CONCLUSION S 

(1) Because of view factor relationships in a den of 
these dimensions, 75% of radiative exchange 
between the model top and den wall occurs in 
the 40 cm above the simulated raccoon top. 

(2) Heat loss increased nearly linearly as inside wall 
temperature decreased, but the contribution to 
total loss by convective and radiative modes 
changed substantially. As inside wall tempera- 
tures decreased, convective transfer was an 
increasing percentage of total heat loss, but 
observed radiation loss decreased to a minimum 
of 56% of the total flux at the minimum wall 
temperature. 

(3) With respect to the side of the model, about 
65% of the total resistance to heat loss was in 
the animal fur. The air space presented only 
about 17% with the balance in the den wall. 
Small increases in den wall thickness are not a 
major factor in reducing heat loss because the 
wall accounts for only about 18% of total 
resistance to heat flow. For the flux through 
the den floor, compression reduces the resistance 
of fur beneath the animal and 94% of the total 
resistance is in the den base. 

(4) On the average, 25% of the observed total flux 
was lost from the simulated raccoon top, 62% 
from the side, and 13% from the bottom. 

(5) Engineering transfer coefficients can be used in 
field models of this type using skin area as the 
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surface area; the average difference between 
predicted and observed fur surface temperatures 
was 1.60 C, and total heat loss was predicted 
to within 5%. 
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