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Sokhansanj, S. and Bowen, G. C. Modeling heat transfer in a ven
tilated concrete wall exposed to radiant heat. Can. Agric. Eng. 30:
263-266. The objective of this work was to develop a mathematical
modelfor predicting temperatures in concrete solar walls. A laboratory
concrete wall was exposed to a cyclic radiant heat source while the
wall was ventilated. Heat transfer in the wall was modeled using one-
dimensional transient conduction equation, forced convection on the
boundaries, and a step change in the radiant heat on one face of the
wall. The maximum difference between the predicted and the exper
imentalexit air temperatures was 1°Cwhen an airflow rate of 0.01 m3/
s per square metre of the wall was used. The difference increased to
2.5°C when the airflow rate was increased to 0.02 m3/s per square
metre of the wall. The increased difference between the predicted tem
perature and the experimental temperature was attributed to the
increased heat loss.

INTRODUCTION

Concrete solar walls constructed on some farm buldings have
proven cost-effective for capturing and utilizing solar heat.
These walls are usually made of hollow blocks laid such that
the holes are vertically aligned to form air ducts (see Fig. 1).
The face of the wall is covered with a layer of transparent mate
rial to prevent heat loss and to provide space for airflow. The
wall absorbs and stores solar heat while the ventilating air
removes continuously part of this heat.

Sokhansanj and Townsend (1985) reported the performance
of a solar wall shown in Fig. 1. Since its installation on a swine
farrowing facility in Saskatoon in 1982, the wall has reduced
the annual heating cost of the building by an average of 50%.
Munroe and Winfield (1983) designed a number of similar walls
on farm buildings in Ontario. Jones and Bundy (1979) reported
on the performance and Williams et al. (1985) performed an
economic analysis of solar walls. All researchers reported
favorable results.

Predicting the performance of solar walls during the design
stage is beneficial. The main goal of this work was to develop,
solve and validate the heat transfer model of the wall. In this

paperwe describe the mathematical modeling and its validation
using an experimental wall exposed to radiant heat source.

THE MODEL

The complete heat transfer equation for a ventilated wall
exposed to radiant heat consists of a three-dimensional transient
conduction equation with combined radiation and convection
boundaries. Such a complete model is difficult to solve because
radiation heat transfer involves temperatures to the fourth power
resulting in a set of nonlinear equations. An accurate solution
cannot be obtained even with a complete set of equations,
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Figure 1. Cross section of the solar collector and storage wall.

because thermal properties are specific to the material and
geometry which are often difficult to quantify accurately.

Robbins and Spillman (1981) developed an empirical model
for a concrete wall built from solid blocks. In this design, the
ventilation air percolated through the vertical gaps left open
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between the solid blocks. The constants of the empirical model
were estimated from the experimental data.

Utzinger et al. (1980) compared one-dimensional and two-
dimensional heat conduction equations in predicting the total
solar heat collected by a Trombe-wall in a residential building.
The wall was 1 m high, 0.2 m thick, and the mass flow of the
recirculating air was 25 kg/h. They found that the one-dimen
sional model computed the collected solar heat 2.58% less than
that computed by the two-dimensional model. They concluded
the one-dimensional model was adequate for the analysis of the
concrete Trombe-wall.

In developing the heat transfer equation, we assumed the
radiation heat flux is a known input. Since the height and the
length of the wall are much larger than the wall thickness in a
full-scale solar wall, we assumed the heat loss along the edges
negligible because all edges in the experimental unit were
insulated.

The wall was divided mathematically into five sections ver
tically along the airflow and each section was assumed ther
mally independent. The transient temperatures for each section
was written as:

dT d2T
= a

dt dx:

with the boundary conditions:

-K
dx

h{(T(x=0) - 6) = qs

and

-K
dx

2Mr(x=L)-e) = o.

(1)

(2)

(3)

where qs represents radiation heat flux on the surface of the
block. Air exchangesheat with wall and transparentcoveralong
the face of the wall according to:

atx=0:

MC0
_dS_

dy
= hfW(Ts -6) - ULW(® -T0)

where ®(y= 0, jc=0) is the ambient temperature;

andatx=L:

MC0
d®

dy
= 2hrW(Ts -0)

(4)

(5)

where ®(y=H9x=L) = ®(y=H, x=0).
In writing Eqs. 3 and 5, we assumed the rear duct is contin

uous along the width of the wall, both faces exchange heat with
the flowing air, and the thermal storage capacity of air is neg
ligible. Hollands and Schewen (1981) also showed that the heat
loss from the back of a solar Trombe-wall to the adjacent envi
ronment is negligible.

Since we are interested in the quasi-steady state conditions,
we can define arbitrarily the following initial condition:

TM = Ti (6)

The initial condition does not have any influence on the final
temperature distribution in the wall when the quasi-steady state
is established.

NUMERICAL FORMULATION

Equations 1-6 were transformed into the finite difference form.
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A generalized version of the Crank-Nicholson method as out
lined by Nogotov (1978) allowed variation of transient and spa
tial step sizes (Bowen 1983). The resulting linear equations were
summarized in a matrix form as follows:

[A]{T}»+1 = [B]{T}n + [C}n+1/2 (7)

where

{C}°+"2 = [{C}n+1 + {C}n]/2 (8)

[A] and [B] are square matrices whose elements are values
known from the physical set-up. The elements of vector {C}
are known boundary conditions. Equation 7 was solved by
matrix algebra:

{T}n+i = [A]-HB] {T}n + [A]->{C}n+1/2 (9)

The heat flux qs at the boundary x = 0 was defined as follows.
At the nth time interval just before the step heat input:

qs = (l-<i)qa-1 + <jq«~\ (10)

and at the (n +1) time interval:

qs = (l-cr)tfn(+) + vqn+l = R. (11)

Where <7n(_) =0 and qn{+) = R are the value of the step function
just before and just after the step change. The value of a varies
between 0 and 1 and is a weighing function used in the finite
difference formulation as well; a = 0 yields an explicit, a = 1
yields an implicit, and a= 1/2 yields the Crank-Nicholson for
mulation (Bowen 1983).

We assumed ambient air temperature as the initial tempera
ture everywhere. Equation 9 was used to calculate new tem
peratures after the matrices were evaluated at t=0. The cal
culations were repeated over several heating and cooling cycles
until a quasi-steady state condition was reached when the exit
air temperature did not vary more than 0.1°C during two con
secutive cycles.

EXPERIMENTAL

A well-insulatedbox, open on one side, was constructed using
lumber and plywood (Fig. 2). The open front was fitted with
five courses of 200-mm-thick masonry concrete blocks; three
blocks in each course formed the wall approximately 1.2 m
long and 1.0 m high. The outer face of the wall was covered
with a sheet of corrugated fiberglass leaving 13-mm space in
between. An exhaust fan at the end of a duct created negative
pressure in the box. Fresh air entered the gap between the fiber
glass and the concrete at the top, travelled downward while
sweeping the face of the blocks. Air entered the hollow cores
at the foot of the wall, travelled upward through the core and
exhausted into the enclosed space behind the wall.

Radiant heat was generated by an array of 25 60-W incan
descent light bulbs mounted on a vertical frame. The frame was
placed in front of the wall at a distance of about 25 cm. Incan
descent light bulbs also emit infrared heat energy. To prevent
over-heating of the fiberglass panel due to this energy, an addi
tional sheet of flat plexiglass (acrylic) was installed over the
fiberglass. Trapped heat in the space between two covers was
removed by pulling ambient air from the top and exhausting it
at the bottom with a small fan.

Temperatures, airflow rate and heat flux were measured and
recorded during each experiment. Copper-Constantan ther
mocouples were placed in various locations in the airstream and
embedded within some blocks. These locations are shown by
numbers in Fig. 2. Temperature data were collected and stored
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Figure 2. Cross section of the experimental set-up and the concrete
block.

every 15 min. Airflow rate was measured in the long duct using
a calibrated hot wire anemometer. A damper in the duct was
adjusted to regulate airflow rates from 0.011 to 0.029 m3/s.
Heat flow was measured using a pair of bi-directional ther
mopile heat flux plates 25 mm in diameter (BI-4 SENSABLE
HY-CAL Engineering, Santa-Fe Springs, Calif. The heat flux
plates were installed on the surface of blocks exposed to radia
tion source. A 2240-Fluke data logger collected and transmitted
data to an HP-1000 computer for storage and analysis.

MODEL VALIDATION

The heat-transfer model was validated by comparing experi
mental temperatures to calculated temperatures. Figure 3 shows
plots of these temperatures during an 8-h heating and cooling
cycle, when heat lamps were on for 4 h and were off for the
following 4 h.

Input conditions to the model were identical to those mea
sured: (i) radiant heat flux, 670 W/m2; (ii) ambient temperature,

Table I. Thermal properties of air and concrete at 23°C

Unit Air Concretet

Density kg/m3 1.2 2384

Specific heat J/kg.K 1005 838

Thermal

conductivity W/m.K 2.637 xlO-3 1.106

Thermal

diffusivity m2/s 2.18X10-5 6.67 xlO-7

Viscosity Pa.s 18.64X10-6 —

Pr 0.71
—-

tSource: Sokhansanj and Whitley (1981).
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Table II. Calculated heat loss factor and heat transfer coefficients

Airflow rate UL hf
(m3/s) (W/m2.K) (W/m2.K)

K
(W/m2K)

0.011 8.2 17.5

0.029 3.0 41.6

3.9

6.1

23°C; (iii) two airflow rates (0.11 and 0.029 m3/s) and; (iv) the
area of the wall exposed to radiation, 1.17 m2. Other numerical
values were Af = 0.25 h, Ax = 0.043 m, and Ay = 0.19 m.
Table I lists physical and thermal properties of air and concrete
used in the computations.

Heat loss and heat transfer coefficients were calculated for
fluid flow in ducts. The variable gap width created by the cor
rugated transparent cover was expressed by:

b = b0 + 0.293 r (12)

Where b0 is the smallest distance between the fiberglass and
the collector face and r is the radius of the curvature of the
corrugations. Hollands and Schewan (1981) used the following
equations to estimate heat transfer coefficient for plate type solar
collectors:

Nu = Nuo +$(blH) (13)

where Nuq = h DJKf. Hydraulic diameter is defined as
Dh -2b. A range of values of Nu0 and (3 for fully developed
flowsin rectangularducts has been compiledby Bowen(1983).
We assumed a constant wall temperature in order to evaluate
the heat transfer coefficient for air flowing in the hollow core
of the blocks. Table II lists the calculated coefficients at various
airflows.

Samplesof the experimental and theoretical temperatures for
low airflow rate (0.011 m3/s) and for high airflow rate
(0.029 m3/s) are plotted in Figs. 3 and 4. Curves 1, 2, and 3
represent temperatures of the front of a point 100 mm into the
concrete from the radiated face, and of the exit air, respectively.
Temperatures are takenduring the quasi-steadystateconditions
reached after three to four cycles.

Curve 1 in Fig. 3 shows that the surface temperature increased
from 30 to 45°C during heating cycle and Fig. 4 shows that the
surface temperature increased from 25 to 37°C. The lower tem
peratures in Fig. 4 are due to the higher airflow rate. The pre-

50.0r Model
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8.0

Figure 3. Measured and predicted temperatures for the airflow rate
0.011 m3/s during an eight-hour heating and cooling cycle. (1) exposed
face, (2) 100 mm into the block from the exposed face, and (3) the
exit air.
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Figure 4. Measured and predicted temperatures for the airflow rate
0.029 m3/s during an eight-hour heating and coolingcycle. (1)exposed
face, (2) 100 mm into the block from the exposed face, and (3) the
exit air.

dieted surface temperature showed a much steeper rise or fall
thanthoseobservedin the experimental set-up.Thermocouples
sensing surface temperatures were embedded 3 mm deep into
the concrete and that may have been the reason for the slower
rate of rise and fall of temperatures sensed by these
thermocouples.

The predicted and experimental temperatures of the exit air
(curve 3) were in agreement within 1°C for the low airflow rate.
For the high airflowrate the modelpredictedabout2.5°Chigher
than the experimental values. The discrepancies between the
experimental and the predicted temperatures are probably due
to heat loss from edges that were not accounted for in the model.

The temperature within concrete (curves 2) showed the effect
mass had on the dampening temperature fluctuations. Both
experimental and numerical temperatures indicated a delay of
about 1 h when the minimum and maximum temperatures
occurred.

CONCLUSIONS

Based upon the agreement between the predicted and the exper

imental temperatures, we conclude that the one-dimensional
heat conduction model with the specified boundary conditions
outlined in this work can be used to predict temperatures of a
wall exposed to cyclic radiation while ventilated by continuous
airflow. Although the model has not been tested for field con
ditions, we do not expect any problem using the model for eval
uating solar walls for livestock buildings.
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b, effective gap width, m
C, specific heat, J/kg.K
h9 heat transfer coefficient, W/m2.K
H, wall height, m
K, thermal conductivity, W/m.K
L, wall thickness, m
M, air mass-flow rate, kg/s
Nu, Nusselt number, dimensionless
Pr, Prandtl number, dimensionless
q%, radiant heat flux, W/m2
R, heat flux, W/m2
Re, Reynolds number, dimensionless
f, time, s
T, concrete temperature, °C
U, heat loss coefficient, W/m2.K
W, length of the wall, m

NOTATION

Greek symbols

a, thermal diffusivity, m2/s
0, variable function of Reynolds number,
|x, viscosity of the air, Pa.s
cr, weighing function, decimal
@, air temperature, °C

Subscripts

/, front
/, initial
r, rear

s, surface

Superscripts:

n, time index.
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