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Methods of Determining
Non-Steady-State Heat Flow
Through Walls and Roofs
Of Buildings

SYNOPSIS

This paper summarizes some useful methods for cal-
culating the heat flow and temperature distribution
through the enclosing surfaces of a building. It points out
the type of information needed to make a calculation,
and suggests desirable forms in which it can be published.

INTRODUCTION

Many problems in building research and building de-
sign require a calculation of the temperature distribution
and heat flow through the walls and roof of a building.
The heat transfer at the outside surface of a building is
mainly by radiation and convection and, as the outside
air temperature and solar radiation intensity are almost
always changing, an accurate heat conduction calculation
must take account of the non-steady nature of the heat
flow. The variations in heat flow are particularly im-
portant when calculating summer cooling loads, and for
this reason much of the following discussion relates the
various methods for calculating heat conduction to the
problem of determining cooling loads.

* Manuscript received 9th February, 1960.
t Research Officer, Building Services Section, Division of Building
Research, National Research Council, Ottawa, Canada.

By D. G. STEPHENSON,} Ph.D., B.A.Sc., D.I.C.

AS.H.AEE. METHOD OF DETERMINATION

The method of calculating cooling load outlined in the
A.S.H.A.E. Guide' is widely used in North America. It
makes some allowance for the non-steady nature of the
heat flow, but it is difficult to estimate the magnitude of
the errors. In essence, it allows for the attenuation and
delay of the varying component of the heat flow by
using a reduced and delayed ‘equivalent temperature
difference’. The heat flow across the inside surface of the
wall or roof is simply the product of the normal over-all
heat transmission coefficient, U, and the equivalent tem-
perature difference appropriate for the wall type and the
time of day. The temperature differences for several types
of construction are tabulated for various times during
the daylight hours. These were found by calculating the
instantaneous heat flows which obtain when these walls
and roofs are exposed to a particular daily sol-air tem-
perature cycle; the temperature differences being the
heat flows divided by the U value. The calculations were
made using the Mackey and Wright methods,?>* and are
for an inside film conductance of 1-65 and an outside
film conductance of 4-00 Btu/ft* h.deg. F. The assumed
sol-air temperature is thought to be appropriate for most
parts of the United States at the hottest time of the year.

N.R.C. 6726



This method gives the instantaneous heat flow across
the inside surface of the wall. Part of this heat is trans-
ferred to the air by convection and influences the cooling
load almost immediately ; the rest is transferred to internal
walls and furnishings by radiation and only affects the
cooling load when it is finally transferred from these
objects to the air by convection. Thus the cooling load
will lag behind the instantaneous heat gain and will have
a smaller deviation from the mean value. If the instan-
taneous heat gain is used as the cooling load, the design
will call for more cooling capacity than is really required.
The A.S.H.A.E. method does not take account of the
internal heat storage capacity. Errors may also occur
because the sol-air temperature cycle and the film
coefficients used in calculating the equivalent temperature
differences are not appropriate for the particular situa-
tion. Groundwater* recommends using a safety factor to
cover these possible errors in the cooling load calculation.
More accurate data and methods of calculation would
reduce both the need for such a precaution and the
attendant possibility of an oversize plant; oversize cooling
plants are undesirable both because of increased capital
costs and because they give less satisfactory control when
operating at a fraction of full capacity.

When cooling is required solely to provide comfort, it
is economical to allow for the temperature of the con-
ditioned space to vary a few degrees on each side of the
optimum value. This permits the use of smaller-capacity
plants since at the peak load periods some of the heat
gains can be taken up by the thermal capacity of the
building and its contents.

Types of non-steady-state heat conduction problems.

Non-steadyastate heat conduction problems associated

with buildings can be classified into three types:

(}) calculation of heat flow and temperature distribu-
tion through walls and roofs when outside air
temperature and radiation intensity are variable
but inside air temperature is constant;

(ii) calculation of the inside air temperature when no
heat is being extracted from the space;

(iii) calculation of inside air temperature when some
heat is being removed but the maximum rate of
removal is not sufficient to maintain constant
inside conditions.

Basic Assumptions

To obtain solutions of these problems which can be of
use in design it is necessary to make some simplifying
assumptions. The usual ones are:

(1) heat flow is one dimensional;

(2) the differential equation describing the heat flow is
linear;

(3) it is possible to combine the outside air tempera-
ture, wind velocity, and radiation intensity into a
single factor called the sol-air temperature;

(4) the heat transfer by convection and radiation at
the inside surface can be represented by a com-
bined film conductance which couples the inside
surface with the inside air.

With these assumptions, the problems are reduced to
finding a solution for the Fourier equation

0%0 1 96
i W
with the boundary conditions
00
0.~ 0,0 = K{3)) @
0x/ o
and
00
0. —0.)= —kl— 3
0~ 0= —k(3,) ©

where 8 = temperature.
x = space coordinate in direction of heat flow
h = thermal conductance of film including
radjation and convection (see assumption
(4) above)
k = thermal conductivity of material
o = thermal diffusivity of material
subscripts
i = inside surface
ia = inside air
o = outside surface
oa = outside air

The following sections summarize an exact and some
approximate solutions and also indicate how assump-
tion (4) can be avoided by using an analogue computer.
The advantages and limitations of each method are
discussed.

THE MATRIX METHOD

When the temperature variations are periodic and the
usual assumptions are satisfied it is practical to use an
exact solution of the heat conduction equation.

For a homogeneous slab with sinusoidal temperature
variation at both surfaces, the surface temperatures and
heat flows are related by linear equations which may be
expressed conveniently in the matrix notations:

&)= A ®
A = cosh(1 + i)¢
sinh(1 + i)¢

where

1+
(1 + i)¢ sinh(1 + )¢
D=
R
oI\ "

o=(5)

R = thermal resistance of slab
= Lk

L = Total thickness of homogeneous layer
g = Heat flow

o = 2n(frequency of temperature oscillation).
When the periodic driving temperature is not a simple
sinusoidal variation it can be expressed as the sum of a
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Fig. 1.—Simple ‘T’-network

series of sine components with frequencies which are
integral multiples of the fundamental. Then each fre-
quency component can be calculated as if it alone was
present and the effects of the various components added
to give the total effect.

When homogeneous slabs are combined to form a
multilayer wall, the wall matrix is the product of the
square matrices representing each layer. Hence a wall
matrix depends on the order in which the layers are used.
The matrix for a slab of negligible heat capacity is

o 1]

Thus for a multilayer wall with film resistances at each
surface, the relation of air-to-air temperature and heat
flow is

-1 L E ] e

where E, F, G, and H are clements in the matrix
representing a multilayer wall.

The thermal transfer impedance Z of a wall-is defined
as the ratio of outside air temperature to the inside heat
flow for a constant inside air temperature. For a wall
with film coeflicients this becomes

E G H
Z=—=+4+F — 6
T hen T, ©
To facilitate the computation of the elements of the
matrices, tables have been prepared for cosh(l + i)¢,

%” and (1 + i)¢sinh(l +i)$ for values of ¢

ranging from 0-0 to 5-0.*

Muncey® has used the matrix method of representing
the walls and roof when calculating the temperature in-
side buildings that have varying external conditions.
This method takes account of the thermal storage of
internal partitions and furnishings but does not allow for
heat transfer by radiation between the various walls of a
room. It is assumed that all surfaces are transferring heat
only to the inside air.

The matrix method provides an exact solution of one-
dimensional, linear periodic-heat-flow problems. Calcu-

* These are available from the Division of Building Research,
National Research Council, Canada.

lations are simplified without loss of accuracy by the use
of the special tables. The main advantage of this method
over Mackey’s formulae?-3 is the ease with which heat
flow can be calculated for multilayer walls and for
various values of the film coefficients. The most serious
disadvantage is the need for assumption (4). The error due
to this simplification is not well known and is the subject
of current research. The only technique which allows for
the transfer of heat by radiation from one wall to another
is the thermal circuit method which is discussed later.

RESISTANCE-CAPACITANCE NETWORKS

The transient thermal behaviour of a slab with one-
dimensional heat flow can be simulated by a resistance-
capacitance (RC) network; voltages represent tempera-
tures and currents represent heat flow. If an electric cir-
cuit is to have the same characteristics as a homogeneous
slab, the corresponding elements in their transmission
matrices must be equal. The elements of the matrix for
the homogeneous slab can be expressed in the following
power series.

4 8
cosh(1+i)¢=A=1——%+2?7)...
6
+i{¢2—(§-—0+...} 7
sinh(1+i)¢p ¢t 4"
1+ o —B"R[l 30 T 22680 "
(9> ¢°

The transmission matrix for the simple ‘T’ network
shown in Fig. 1 is

o 4]

DA

where A’=1+iw1—%c— )
per(ientd) o
D’ = ioC (11)

Thus if = fc = ¢2, the difference 4 — A’ will depend

on ¢*/6 and higher powers of ¢ and will be small for low
values of ¢. However, the difference B — B’ depends on
¢?/6 as well as ¢* and higher powers. Reference 7 shows
that a symmetrical n-network with the condensers
attached at the 21 per cent and 79 per cent points on the
resistor has the difference in all matrix terms dependent
on ¢* and higher powers and so gives a better simulation
of the homogeneous slab than is obtained with two ‘T’
networks in series.
The condition that
wRC

# =7
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Fig. 2.—Analogue computer circuit,
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is equivalent to saying that
RC=—_
o

or that the time constant for the network must be the
same as for the slab. In this case voltages and currents
in the network will vary at the same rate as the correspond-
ing temperatures and heat flows. Since the L?/ is usually
of the order of hours the necessary resistance and capa-
citance elements are very large. A much more practical
analogue circuit can be built if
2
g(RC) == 12)

For this situation the voltages will vary as much in one
second as the temperatures will in g seconds. Thus if
g = 108, the electrical time constant could be of the order
of milliseconds, which is quite easily obtainable with
ordinary components. This time scaling has the double
advantage of reducing the size of the electrical compo-
nents and the time needed to obtain a solution.

The potential equivalent to the variable outside air
temperature must be generated by a signal generator of
some sort. Difficulties in generating inputs with the high
fundamental frequencies required by time-scaling con-
siderations and the necessity of measuring output voltages
with an oscilloscope have reduced the use of resistance-
capacity networks where other facilities such as operational
analogue computers are available. The lumped circuit
representation of a wall is useful, however, for the general
understanding of heat flow and temperature relations in
walls.

i ye
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[ ]

Fig. 3.——General m-network

equivalent to general T-network
shown in Fig. 3

OPERATIONAL ANALOGUE COMPUTER

The problems of generating the driving voltage and
measuring the output voltage are simpler for an opera-
tional analogue computer than for a passive resistance-
capacity network, because lower frequencies can be used.
Figure 2 is the analogue computer circuit which is
equivalent to the general n-network shown in Fig. 3. The
symbols have the following meanings:

e; High-gain d.c.
in . .
—_— amplifier operating
int tor
€oput  as an integrato
eou! = - jzein dt
—_—

High-gain d.c.
€in amplifier operating
e as a summer

€out
| Cout = _Eein
—_—

Potentiometer used

as an attenuator
ein eout eout=P'ein

P<10

Kirchoff’s law applied to the internal points 1 and 2 gives

90 m— 81 82 — Gl del
—xC=2=0 13
R TR @ (3)

and

b,=0 . B~y do,
et
bR T R ‘@

0 (14)
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regime in a simple room with one ex-
ternal wall containing a window

These can be rearranged and integrated to give
1 1 at+b t
0, =|{—6,+—0, ——— —
! j(ax ot bxe2 abx 01) d(RC) (15)

1 1 b+c t
0, =1|—06;+—0 ——B)d(—) 16
2 j(by YTy bey 2 RC (16)
The analogue circuit solves these equations simulta-
neously, except that the time scale is different.
When the integrators are used at a gain of S, the inte-

gration rate is S sec ™. The time variable for the computer
is

=

i~

t
RC
so that one second of computer time is equal to SRC
seconds of real problem time. The time scale can be
speeded up by using the integrators at a faster integration
rate or it can be slowed down by dividing all the poten-

tiometer settings by a constant. For a homogeneous wall
RC = L?[a, so

o
L*S

tl
7= a7

THERMAL CIRCUITS

The simple two-lump circuit representing a wall or
roof can be used as a component in a larger circuit which
simulates a room. To be accurate, a thermal circuit of a
room must allow for heat transfer by radiation between
the walls, floor and ceiling as well as by convection from
these surfaces to the air. It should allow for the load due
to ventilating air and any solar radiation which is trans-
mitted through windows as well as that which falls on
the opaque outside walls. Finally, internal heating and
cooling sources must be taken into account.

Figure 4 is a schematic diagram for the thermal
regime in a simple room with one external wall containing
a window. It is assumed that this room is a typical module
of a multi-storey building and that the wall facing the out-

side wall backs on a corridor which is kept at a constant
temperature.

The diagram shows all of the convection coupling to
the inside air but to keep the diagram clear the radiation
coupling is only shown for the inside surface of the out-
side wall. All of the surfaces should be radiation coupled
to all the other surfaces plus the lights.

If a two-amplifier network as shown in Fig. 2 is used
for the outside wall it is necessary to have an additional
amplifier to obtain the surface temperature 8,. The heat
balance at the outside surface is

0, —0
Solar + h,(8,, — 8,) = °a—R‘ (18)

Therefore
aR Solar + h,aR8,, + 0, = (1 + h,aR)d, (19)

SO

aR h,aR
0, = (1 - h,,aR) SOl (1 + h,,aR)B""+

(e o

This relationship is satisfied by the citcuit shown in
Fig. 5.

e [(oan )

1+ hcaR

+Bo

-SOLAR aRr
1+hy aR 1 -8,

1+hsyaR

Fig. 5.—Circuit to produce outside surface temperature
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At the inside surface of this wall the heat balance gives
0 — 65

cR

Z (03 - ow)hrw =+ hci(03 - oia) (21)

The first term on the right-hand side represents the
sum of all the radiation to and from the other surfaces.
This can be rearranged to give

(Radiation from lights) +

1
(ﬁ) 0, + Y (h,,0,) + h.0,, + Lights

(i + hi) 0, (22)

cR
where h... = Fy(46T3) 23)
hi = hci + Z hrw (24)
Therefore
1 cR
0;=|——m— E—
3 (1 + hicR)g2 + (1 + h,-cR) 2 b+
CRhci FLCR .
.o (m)gia + (I+—h,c§) Lights (25)

This equation is solved by the circuit in Fig. 6. F, is the
overall interchange factor for radiation from the light on
the wall and the Fy, are the overall interchange factors
for the radiation from other walls at the wall in question.

Similar circuits would be required for the other sur-
faces; however, the ceiling and floor can be combined
since the floor of one room forms the ceiling of the room
below. The two end walls are represented by one circuit
since they are exactly the same in their radiation and
convection coupling.

+9i;

-63

Fig. 6.—Circuit to produce inside surface temperature

This type of simulation is well suited for the types (2)
and (3) problems where the plant capacity may be less
than the peak loads. It is also very useful for studying
the effect of different control systems since the operation
of the plant in the simulated model can be controlled by
a circuit with characteristics similar to the thermostat.
A circuit of the sort shown, which has separate inputs for
solar radiation and outside air temperature instead of a
sol-air temperature is particularly useful for a study of
shading devices or the orientation of a building.

This example is only intended to indicate in a general
way how a thermal analogue can be used. Detailed dis-
cussions on the use of thermal circuits are given in
references 8, 9, 10, 11, 12 and 13.

Although the thermal circuit method takes account of
heat transfer by radiation between the walls of a room,
it does make some simplifying assumptions. It is assumed
that the solar radiation transmitted through the window
is uniformly distributed over the floor whereas it falls on
a part of the floor and this exposed part is always chang-
ing. Temperature gradients in the room air are ignored
as are temperature variations on the surface of each wall.
The non-linear effects of heat transfer by natural convec-
tion can be allowed for but it is usual to use a linear
approximation, i.e., a constant value of A, Thus, even
this relatively elaborate method does not give an exact
answer, but the possible error should be less than with
other methods.

NUMERICAL METHODS OF CALCULATING
TEMPERATURE DISTRIBUTION AND HEAT FLOW
If it is necessary to calculate the heat flow and

temperature distribution through a single wall when the
boundary conditions are not periodic, it is convenient
to use a purely numerical method. The Fourier heat



conduction equation includes both space and time
derivatives. The use of a lumped RC network or the
equivalent operational analogue circuit is the same as
using a finite difference approximation for the space
derivatives and an exact time derivative. When the time
derivative is also approximated by a difference expression
it leads to a completely numerical method for calculat-
ing the transient thermal behaviour of a slab.

A. The Dusinberre Method

If at any instant the temperatures 8, are known at a
series of points equally spaced Ax apart through a slab,
the second space derivative of temperature is

(620) _on 0n+1 + On—l B 20n
ax), " (Ax)?
Similarly if 6, is known at ¢ and ¢ + A¢, the time deriva-
tive of temperature is

(39) e 0[ +Ar T 9:

(26)

= 2
at/, At @7

Thus equation (1) can be written as

. (Ax)?
Onirp+ 0y, —20,,= AL

(On,t +At T on,t) (28)
This is an explicit expression for 0,,., Which can be
used to calculate temperatures at all points at time
t + At, based on temperatures at time z.

(Ax)?
If =M
oAt 29)
Oprr ot 0oy, — (2 — M,
gn’t A% = +1,t 1,t ( ) Wt (30)

M

This is the equation given by Dusinberre.!*
If Ax and At are chosen so that M = 2 this reduces to
the simple Binder-Schmidt formula

0 0,
o G1)

Two is the smallest value of M which will give a stable
solution. In general the accuracy of a numerical solution
is improved if Ax or At is reduced since then the approxi-
mations for the derivatives are more accurate. The
stability requirement that M > 2 means Ax can only be
reduced if At is also reduced.

The Dusinberre equation can be used for all the in-
ternal points in a slab. At the surfaces the heat transfer
may be by convection, in which case a heat balance gives

k k-Ax (0,,—8,,_
vy = 80 = 3 Oog = 01,0 + S (P20

(32)

h,A
When = X _N, (33)

this simplifies to

M
Noeoa,t + Bl,t + 7 Oo,t—Al
0,,= (34)

M
N,+1+ >

This can be used to calculate the slab surface tempera-
ture at time, ¢, when the air temperature and the tempera-
ture at the first internal point are known at ¢ and the
surface temperature is known at 7 — Ar.

This differs from the expression given by Dusinberre!#
because it is based on the backward rather than forward
approximation of the time derivative at the surface. This
is advantageous because it eliminates any special stability
criterion for the case with a convection boundary
condition.

These simple arithmetic operations are well suited for
calculation with an automatic digital computer. The high
speed of the computer makes it practical to use small
values of At and Ax and so obtain precise values of the
temperatures. This approach is particularly useful when
the temperature distribution through the slab is the main
point of interest whereas the analogue methods are most
useful if only heat flow across the surfaces are wanted.

B. The Liebmann Method

If instead of a forward approximation of the time
derivative the backward approximation is used,

06 0,, t 9,, t— At
=) = 3
&), =™ &3
Equation (1) becomes

0 0,_1.— 2+ M)0
n+1,r+ n ll,fu ( + )n.t= _Bnyt_At (36)

A similar equation can be written for each internal point.
This set of equations must be solved simultaneously for
the 0, , knowing the 0, ,_ 4,

The chief advantage of this method is that the solutions
are stable for alt values of M so that Ax and Af can be
varied independently. When the rates of change of tem-
perature are small large values of Az can be used and thus
the work necessary to obtain a solution is very much less
than with the standard finite difference method. However,
there is the difficulty that a series of equations must be
solved simultaneously. Liebmann!®'® pointed out that
a simple all resistance network could be used to solve
these simultaneous algebraic equations.

Kirchofl’s law applied to a typical nodal point in Fig. 7
gives

V;l—l,t - Vn,t - Vn+1,t - Vn,t Vn,t—At — Vn,t _
I T X =0 (37)
SO
R,
Vae1a+ Vasrs — 2V, = R_ (Vn,t - Vn,t—At) (38)
: R,
Thus if oM (39)
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Fig. 7.—Resistance network of the Liebmann type for
internal points

the voltages at the nodal points of this network will be
equal to the temperatures in a homogeneous slab at
time ¢ if voltages equal to the temperatures at 7 — A¢ are
applied at the open ends of the resistors R,.

The apparatus described by Leibmann had, in addition
to a comb network, two potentiometers for each nodal
point. They were arranged so that one potentiometer of
each pair would supply the voltages V, ,_,, to the open
end of the R, resistors and the other measure the voltages
V,,. which appeared at the nodal points. When the po-
tentiometers measuring the nodal point voltages are all
balanced, they can be interchanged with the set which
are connected to R,. Each time the potentiometers are
interchanged the solution is advanced by Ar. With this
apparatus the solution of a transient heat-flow problem
requires only the simple repetitive operation of balancing
a potentiometer and recording the setting.

If ambient air temperature and surface film conduc-
tance are known rather than slab surface temperature,
an extra unit is added to the circuit so that the surface
temperature can also be found. Figure 8 shows the circuit
for a convection boundary condition.

With this type of analogue, the unknown temperatures
can be measured easily and accurately by a potentiometer
method because the voltages are steady. Another very
useful result of the step-by-step progression in time is
that the circuit parameters can be varied during the course
of a problem to allow for non linearities such as film
conductances which depend on the temperature drop
across the film, or thermal properties which are functions
of temperature. The driving temperature need only be
defined as a table of values at various times. This is very
much simpler than having to have a signal generator
which will give a particular temperature-time relationship.

0,t- 4l 1,t=at 2,1-at

Fig. 8.—Liebmann circuit for convection boundary condition
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Fig. 9.—Heat flow across inside surface of a wall caused by
a square pulse variation of the outside air temperature

C. Response Factor Method

The assumption that the differential equation describ-
ing the heat flow through a wall is linear allows the
superposition of solutions. Thus the temperature or heat
flow at any point in a wall which obtains for some
arbitrary driving temperature cycle can be calculated
simply. It is only necessary to know the response (i.e. the
temperature or heat flow at the point of interest) to a
unit pulse variation in the driving temperature for the
same boundary conditions, since the arbitrary input can
be approximated by a succession of pulses and the effects
of these pulses can be added to give the total response
at any time. The application of this method to heating
and cooling load design calculations was first suggested
by Brisken and Reque!”. This approach, with a rect-
angular pulse, is equivalent to using Duhamel’s theorem
and doing the integration by taking mean values over an
interval equal to the pulse duration. The shorter the time
interval used, the closer the calculated answer will
approach the exact solution. If the driving temperature
is represented by a sequence of overlapping triangular
pulses it is equivalent to trapezoidal integration of
Duhamel’s integral.

The heat flow across the inside surface of a wall due to
a square and triangle pulse variations of the outside air
temperature are shown in Figs. 9 and 10. The response
can also be represented by a series of numbers which are
the ordinates of the response curve at times 1, 2, 3...

_~-DRIVING TEMPERATURE
1:00 f==-9 /

_.—RESULTING HEAT FLOW

fz
T

TIME —»>

Fig. 10.—Heat flow across inside surface of a wall caused by
a triangle pulse variation of the outside air temperature



These are called the response factors. The heat flow at
any time ¢ is simply

qt = 9,7‘1 + 0,_11‘2 + 0,_27‘3 + “ee (40)

where 6,, 0,_,, 0,_,,... are the values of the driving
temperature at intervals equal to half the duration of the
triangle pulse, starting at ¢, and going backward in time.

The response factors for a wall can be determined by
experiment if a large-scale heat-flow apparatus is avail-
able. Such an apparatus is described by Solvason'®.
Simultaneous observations of driving temperature and
the resulting heat flow can be used to form a set of
simultaneous algebraic equations where the response
factors are the unknowns.

In matrix notation

R 3 Gy B=mi o ry
qdi1 — Ul ﬂa 0-—1 | [ a2 (41)
lqz a, 6, 6, ... 3
Thus
[r]=T[6]"".[4] (42)

Response factors can be obtained by this experimental
method for walls where the heat flow is not strictly one
dimensional, e.g., walls with insulation in the stud spaces
or walls made of hollow concrete blocks. Some forms of
temperature variation are much more suitable for this
type of test than others because they give a simple inverse
matrix. A periodic temperature variation is very poor but
a uniform rate of temperature change from one steady
state to another is quite satisfactory. The fact that the
sum of the response factors must equal the U value is a
useful check on an experimentally determined set of
response factors.

The response factor approach has been extended to
problems where the film conductance is also a variable
with time'® but it cannot be applied to the non-linear
problem where film conductance depends on temperature
difference.

If the temperature of the inside air is not constant it
can be allowed for by using a second set of factors which
relate heat flow across the inside surface of the wall to a
pulse step in the inside air temperature. This is a straight-
forward procedure but it effectively doubles the work
involved in a calculation.

The response factor method uses assumption (4) and
hence may give wrong results if the surface of the wall
‘sees’ other surfaces at temperatures much different from
the air temperature. For well-insulated walls where the
inside film resistance is only a small part of the total wall
resistance this is a convenient method for finding the
heat flux at a particular time knowing only the wall
characteristics and the driving temperature for a pre-
ceding period equal to the response time of the wall.

CONCLUSIONS

This summary of the methods available for calcnlating
heat flow and temperature distribution through walls
indicates that accurate calculations are possible. How-
ever, more information on weather conditions and the
thermal performance characteristics of building com-
ponents is needed. The previous discussion suggests that
a tabulation of the two-lump circuits, which are equiva-
lent to the common wall and roof sections, would be very
desirable. These could be used directly for a thermal circuit
representation of the walls and the other quantities such
as matrix coefficients and response factors can be derived
easily when needed.

The weather data should include hourly average values
of outside air temperature and humidity, total solar
radiation on a horizontal surface with the percentage of
the total due to diffuse sky radiation, and wind direction
and velocity. For most design procedures these weather
factors are combined to give a sol-air temperature but
this also depends on the surface emissivity and orienta-
tion. Thus it seems more appropriate to publish the
weather data in separate form and let the designer com-
bine them to obtain the sol-air temperature for a
particular situation.

Economic studies, which require accurate estimates of
operating costs, need continuous weather records for a
season. The less elaborate design procedures need only
data for a day which can be expected to occur once every
five or ten years; and for days which will be exceeded on
average 2, 5, or 10 times in any season.

The equivalent temperature difference method is by
far the simplest way to calculate the heat flow through
the outer shell of a building. Only for large projects
where the economics of shading or orientation are to be
studied is it feasible to use a thermal circuit directly for
design calculations. More accurate load estimation can
be achieved by using a thermal circuit analogue to
determine equivalent temperature differences for the
common types of construction using the various weather
data mentioned above. These results could then be used
with more confidence and smaller safety margins.
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