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flux from the total surface heat flux. Finally, the predicted surface heat fluxes using the calculated thermal
properties and ASHRAE values were compared with the measurements.
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1. Introduction

For any energy simulation (ES) software the basic input param-
eters required for a material are the thermal conductivity or heat
resistance and the thermal capacitance, which is defined as the
product of density and heat capacity. Measuring the thermal con-
ductivity of a material as a walling system requires use of laboratory
controlled and natural climatic conditions to create differing cli-
mates for both wall surfaces. ASTM C518-04 [1] requires steady
state conditions across the test specimen allowing the thermal con-
ductivity to be calculated by the measured steady state heat flux
and surface temperatures. Compared to the original guarded hot
box method ASTM C1363-05 [2] which determines the steady heat
flux by the heat input from fan and coil elements, ASTM C518-04
directly measures the steady state heat flux by a heat flux trans-
ducer. Steady state conditions across the tested walling system can
only be established in laboratory controlled conditions through
heating or cooling. However as initial conditions for the tested
building walls differ from the target steady state conditions, it will
take some time to establish the desired steady state conditions
across the testing walls. Gustafsson [3] and Bouguerra et al. [4]
measured thermal conductivity and diffusivity by correlating the
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electric resistance of the transient plane source heating element
with the thermal properties of the tested specimen. Although it is
only necessary to record the transient temperature variation his-
tory for the transient plane source (TPS) method, it is still classified
as a laboratory controlled climate as the TPS element requires heat-
ing. Ghazi et al. [5] used a heat flow meter apparatus (HFM) to
measure three temperatures at lower, middle and upper heights
of two specimens and determined the specific heat capacity of the
specimen by comparing the thermal simulation using three differ-
ent values of C, with the measured response (the temperature at
the middle of the two species). Steady state conditions across the
tested specimen are required for ASTM C518-04, ASTM C1363-05
and the HFM but not for the transient plane source method.

One of the disadvantages of measuring the thermal properties
under a laboratory-controlled climate is that the tested specimen
would then be placed within a natural actual climate which dif-
fers from the testing conditions. Thermal properties such as and
especially the thermal conductivity are dependent on climatic
effects including humidity and solar radiation. Accordingly, some
researchers began seeking a derivation for the thermal properties
based upon in-situ measurements such as surface temperatures
and heat fluxes. Carpentier et al. [6] calculated the thermal dif-
fusivity of the soil based on the monitored temperatures at the
ground surface and at a location below the surface. Further, they
obtained the thermal conductivity of the soil by the relation-
ship between the amplitudes of the surface temperature and heat
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Nomenclature

a,aq, b, by, c,cq,dy intermediate variable for solving thermal
conductivity

A cross section area (m?2)

Cq thermal capacitance (J/m3 K)

Cri complex Fourier expansion amplitude for tempera-
ture (K)

G specific heat at constant pressure (J/kgK)

Coi complex Fourier expansion amplitude for heat flux
(W/m?)

h heat transfer coefficient (W/m?2 K)

H complex number

j complex imaginary unit

k thermal conductivity (W/mK)

L¢ thickness of the construction material layer (m)

P period (s)

psd power spectral density

q surface heat flux (W/m?)

Q complex Fourier expansion amplitude for surface
heat flux (W/m?)

R thermal resistance (m?2 K/W)

S total exchange area (m?)

t time (s, min or h)

T temperature (K or °C) or complex Fourier expansion
amplitude

U overall heat transfer coefficient (W/m?2 K)

X spatial coordinate (m)

X; Fourier expansion coefficient

Y; Fourier expansion coefficient

£ thermal radiation emissivity (-)

o Stefan-Boltzmann constant (W/m?2 K#)

¢ any temporal-varying variable

w angular frequency (1/s)

At time step (s, min or h)

Ax spatial step (m)

Subscripts

conv convective

e external surface

G ground

i inner surface, or surface index

j surface index

N north

ra room air

sO left wall surface (or outer surface)
s1 right wall surface (or inner surface)
t total

w wall

flux. Peng and Wu [7] introduced three methods to evaluate the
total thermal resistance of a building wall based on the internal
and external average air temperatures, internal and external sur-
face average temperatures, inner surface average heat flux and
average solar radiant illumination. Cucumo et al. [8] evaluated the
wall conductance in terms of the internal wall surface heat flux
and the internal and external surface temperatures using the finite
difference calculation code. They calculated the inner wall surface
heat flux under different equivalent wall thermal conductivities
and equivalent thermal capacities using the internal and external
surface temperatures as inputs, compared their predictions with
measurements and selected the equivalent wall thermal conduc-
tivity and equivalent thermal capacity based on the best match
between the predictions and measurements.

Emmel et al. [9], Hagishima and Tanimoto [10], Jayamaha et
al. [11], Liu and Harris [12], Shao et al. [13] measured the con-
vective heat transfer coefficient (CHTC) of the outer building wall
surface under different environmental conditions. The CHTC on
the outside wall surface depends on the building geometry, wind
speed and wind direction. The CHTC of the inner wall surface
does not directly depend on the weather conditions, but on the
air movement induced by the internal temperature distribution,
which could source from forced air circulation using an electric
fan, construction wall infiltration or ventilation. Irving et al. [14]
and Delaforce et al. [15] obtained the CHTC through the correla-
tion between the surface heat flux and the temperature difference
between the wall surface and the indoor air temperature (in the
boundary layer of wall surface) measured by the Meyer ladder.

This study is not aimed at improving the measuring tech-
niques as mentioned above, but focused on calculating the thermal
capacitance, thermal conductivity and convective heat transfer
coefficients during monitoring of the thermal performance of build-
ings. Accordingly, the thermal properties (thermal capacitance
and thermal conductivity) for homogeneous building materials are
determined by in-situ (not laboratory-controlled conditions) mea-
surements using the finite volume and complex Fourier analysis
methods for the wall construction. The CHTC is obtained by linear
fitting for building wall surfaces surround and air gaps. The effect
of the thermal radiation on the CHTC for the indoor wall surfaces
is also investigated and the predicted room air temperatures using
the fitted thermal properties and the ASHRAE table values will be
compared with the measurements.

2. Instrumentation of modules

The experimental data was obtained from fully instrumented
6m x 6 m test modules located on the University of Newcastle
campus which were constructed to measure and compare the
thermal performance of various walling systems under natural
conditions. The instrumentation recorded the external weather
conditions; wind speed and direction, air temperature, relative
humidity and, the incident solar radiation on each wall (vertical-
plane) and the horizontal plane. For each module, temperature
and heat flux profiles through the walls, slab and ceiling were
recorded in conjunction with the internal air temperature and rel-
ative humidity. Approximately 105 data channels were scanned
and logged every 10 min for each of the modules all year round.
The data was recorded using Datataker DT600 data loggers with
three 30 channel expansion modules located in each building.
All temperatures were measured using Type T thermocouples.
Thermocouple inputs were maintained at a uniform tempera-
ture through the use of a thick wall aluminium isothermal box
to minimise cold junction compensation errors and temperature
gradients across the loggers. The temperature recording system
(thermocouple wire characteristics, cold junction compensation,
etc.) was cross-referenced using a Prema Precision Thermometer
and the corresponding temperature offsets were compensated for
during the logging process.

Heat fluxes through the module surfaces were measured with
100 mm x 100 mm thermopile sensors with typical sensitivities in
the order of 25 wV/W/m?2. The heat flux sensors were placed on the
wall in such a manner that the masonry unit/mortar ratio recorded
was representative of the entire masonry wall. An attempt was
made to match the absorbance and emissivity of the heat flux sen-
sors to that of the masonry units by painting the exterior sensors a
similar colour and finish to that of the bricks. The interior sensors
were painted white, to match the walls, whilst the sensors located
in the cavities were painted black to allow radiative heat transfer.
Fig. 1 shows the typical sensor layout for the brick veneer wall.
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Fig. 1. Wall sensors used in the brick veneer wall, (a) internal and (b) external.

3. Mathematical expressions

3.1. Calculating thermal capacitance and thermal conductivity by
the finite volume method

For any construction material layer, the heat flux and tempera-
ture at both layer surfaces can be correlated by the following two
equations as illustrated by Luo et al. [16]:
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1, oL, , 6L ,\" o, , 6L ,\"
) [(57Te+24ﬂ—kqe+kq ) (57Te+24T, -Gt )
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in which k is the thermal conductivity of the construction layer, p,
Cp are the density and specific heat capacity of the wall layer, L; is
the thickness, Te and T; are the outside and inside surface temper-
atures, g and g; are the outside and inside surface heat fluxes (see
Fig. 2), At is the time interval between measurements, nand n— 1
represent the current and past time instants.

According to Egs. (1) and (2), if the temperature and heat flux at
both the outer and inner construction material layer surfaces are
known, the thermal capacitance (pCp) and thermal conductivity
can be solved as follows:

Le —b++/b?—4ac

K 2a ®
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Fig. 2. Configuration of a single brick wall.
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and dy = —(q))" - (q;)""
Substltutmg Eq.(3) 1nto Eq. (1), the thermal capacitance can be
obtained.

di=(Te—T,)" +(Te — T))" 1,

3.2. Using the complex Fourier analysis to determine the thermal
capacitance and thermal conductivity

According to Luo et al. [17], the temperature at any location
through a building wall can be expressed through the following
complex Fourier analysis:

N
T(x,t) = A+ Bx + Z (A; eVIwifeax 4 B o=iwi/axy givit
i=1
N
—A+Bx+ Zcﬁ(x)eiwff (4)
i=1
In which A, B are the complex Fourier expansion coefficients, j is
the imaginary unit and Cy; is the complex temperature amplitude

for the angular frequency w;. When x — oo, T(x, t) should be limited,
leading to that A;=0, B=0.

N R
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where Cy; is the complex heat flux amplitude for angular frequency

;. Assuming H = \/jw; /oL, R=L[k, then the following expression

can be obtained:
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In which Ty, Qg and T;, Q; are the complex amplitudes of tempera-
ture and heat flux on the outer and inner surfaces as defined in Egs.

(4) and (5).
Rearranging Eq. (6), Qo and Q; can be expressed as:

_ a11 1 _ H
Qo = —@ To + ZTL = Rsinh(d) sinh(H)(COSh( o —T1) (7)
ao _ H
Q= *E To + ETL = RSTh(H)(TO — cosh(H)T) (8)

Combining Egs. (7) and (8), cosh(H) and thermal resistance equate
to:

QoTo+ QT

cosh(H) = 8T, ¥ QoT,

Qo (9)
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R:—alTo-i-LTL:

s e (cosh(H)Ty — Tr) (10)

H
Qo sinh(H)

Accordingly, the thermal capacitance and thermal conductivity can
be obtained as follows:

k==L (11)

3.3. Calculating convective heat transfer coefficient on a room
inner surface by the fitting method

From the experimental measurements, the total heat flux and
temperature at the centre of all internal room surfaces have been
recorded since March, 2003. The total heat flux on any room surface
can be expressed as,

6
1
=1 > OSi(T} = T) + hi(T; = Tra) (13)
1
oty

where sub-indexirepresents the surface in which the total heat flux
is calculated, j is the other internal room surfaces, ra is the room
air, h; is the convective heat transfer between the ith wall surface
and the room air, Sj; is total exchange area between surface i and
j calculated according to Hottel and Sarofim [18] and tabulated in
Table 2 for a room of size 5.44 m x 5.44 m and height 2.4 m.

Based on Eq. (13), the convective heat flux on a room surface can
be obtained by

6
R ., 1
q::,onv,i =4y — E Z Usij(Tj4 - T4) = hy(T; — Tra) (14)
Jj=1j#i

3.4. Calculating the convective heat transfer coefficient of an air
gap surface by the fitting method

The air gap can be viewed as a special volume constructed only of
opposing walls. In this case, the total surface heat fluxes at both wall
surfaces are approximately equal with the following assumptions:

(1) The specific heat capacity of the air gap is negligible compared
to the surrounding walls,

(2) the contributions from the ground and roof are very small and

(3) both surfaces adjacent to the air gap are parallel to each other.

According to Luo et al. [17], the equations correlating the heat
flux and temperature at the ends of the air-gap are:

50 = 5 (15)

. hsoh
0 = &(TSO - Tsl) +

q es08510(T4 — T;“] )
0™ hsO + hsl

(16)
€50 + Es1 — Es0€s1

In which h is the convective heat transfer coefficient, the thermal
radiation absorptivity, subscript sO is the left wall surface (rep-
resenting the outer surface) and s1 corresponds to the right wall
surface (the inner surface). Egs. (15) and (16) are valid at any time.
From Eq. (16), the overall heat transfer coefficient for the air gap
reads

2 2
£50€510(Ts0” + Ts1” ) Ts0 + Ts1)
€50 + €51 — €50€51

hsO hsl

17
hsO +hsl ( )

Uairgap =

k (W/m K)

0 100 200 300 400 500 600 700 800
Time (Hours from the beginning of the month)

Fig. 3. Calculated instant thermal conductivity for a 110 mm brick layer using the
finite volume method in December, 2003 on the campus of the University of New-
castle.

4. Results and discussion

4.1. Thermal capacitance and thermal conductivity from the
finite volume scheme and complex Fourier analysis

For the finite volume method (FVM), the thermal capacitance
and thermal conductivity are calculated by a Microsoft Excel
spreadsheetusing Egs. (1) and (3). The input variables are the moni-
tored temperatures and heat fluxes on the outer and inner surfaces
of a homogeneous construction layer (110 mm brick layer in this
study). The resulting output variables are the thermal capacitance
and the thermal conductivity. The time interval is 10 min and thick-
ness of the brick layer is 110 mm. Shown in Fig. 3 is the calculated
thermal conductivity for data obtained in December 2003 from the
north wall outer skin of the cavity brick module located on the
campus of the University of Newcastle, Australia. It can be observed
that the thermal conductivity predominately ranges within 0.5-0.9,
with an average value of 0.67.

As for the complex Fourier analysis method, the thermal prop-
erties are assumed to be constant during the monitored period.
The first step is to find the complex Fourier expansion amplitudes
for a given temporal-varying surface temperature or heat flux as
follows:

N

$()=Xo+ Y _ [X; cos(w;t) +Y; sin(wit)] (18)
i=1
2 2

psd(p) = 10 (19)

In which ¢(t) is a monitored variable (representing either temper-
ature or heat flux), w; =i(27/P), P is the monitored period (for the
December, 2003, P=744h),iis an integer and psd is the power spec-
tral density. Accordingly, the complex amplitude is constructed as
X; —jY;, in which j is the complex imaginary unit. A program was
developed to use Egs. (9)-(12) to calculate the thermal capacitance
and thermal conductivity using input variables from the monitored
temperatures and heat fluxes at both the outer and inner surfaces.

Fig. 4 shows the distribution of power spectral density for the
outer surface temperature in terms of angular frequency (w; = 27 /P;,
P; is the period). It can be observed that the psd peak occurs at a
period of 24 h. Therefore, the complex amplitudes corresponding
to the period are used to calculate the thermal properties using
Egs. (9) and (10). The final calculated results are listed in Table 1
and shows that the thermal conductivity and thermal capacitance
for the 110 mm brick layer for both northern and eastern walls
are similar. The average thermal conductivity and thermal capaci-
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Fig. 4. Power spectral density (PSD) for the temperature on the outer north wall
surface of the cavity brick module in December, 2003.

tance calculated by the FVM method are also listed in Table 1 and
indicate that the difference between the thermal properties for the
northern and eastern wall is larger than those using the complex
Fourier analysis method. However, all calculated results are within
the range specified from ASHRAE [19].

It can be concluded from Table 1 that complex Fourier analysis
is the preferred method to be employed for calculating the ther-
mal capacitance and thermal conductivity based on the monitored
temperatures and heat fluxes for both the outer and inner surfaces
of a construction material layer.

4.2. Room surface CHTC from the linear fitting

Shown in Fig. 5 is the convective heat transfer calculated from
Eq. (14) plotted on the y-axis against the temperature difference
between the wall surface and the indoor air Ty, — Tw. The gradient
is the convective heat transfer coefficient. Experimentally obtained
measurements correspond to the total heat flux value consisting
of both radiant and convective components, therefore Eq. (14) is
employed for separation. Fig. 7 shows the fitting result between
the total heat flux and T;, — Tw for the ground slab surface. Remov-
ing the radiant heat flux from the total heat flux, as seen in Fig. 6,
improves the fitting between the convective heat flux and the tem-
perature difference Ty, — Tw. The resulting convective heat transfer
coefficients are tabulated in Table 3 for all internal surfaces. The
accuracy of the convective heat transfer coefficients depends on
the accuracy of the total heat flux sensors. According to the manu-
facturer of the Captec sensors, accuracy of the total heat flux sensor
on calibration is approximately +5%.

Table 1
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Fig. 5. Linear correlation between qgonviN and Ty, — Tw.n for north wall of the cavity

brick module from 14 to 21 November, 2003.
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Fig. 6. Linear correlation between Q’C’ onv_G and Ty, — Ty ¢ for the ground floor of the

cavity brick module from 14 to 21 November, 2003.

Comparison of thermal capacitance and thermal conductivity obtained by finite volume and complex Fourier analysis methods.

Methods pCp north exterior

pC, east exterior

k north exterior skin k east exterior skin

skin (kJ/m?3 K) skin (kJ/m? K) (W/mK) (W/mK)

Average from finite volume method 1419 1505 0.67 0.62
Complex Fourier analysis 1242 1257 0.71 0.73
ASHRAE [19] 884.8-1896 884.8-1896 0.36-1.470 0.36-1.470

Table 2

Total exchange area S;; (m?2).

North wall East wall South wall West wall Roof Ground

North wall 0.0000 1.4856 1.3406 1.4856 1.4678 1.4678
East wall 1.4856 0.0000 1.4856 1.3406 1.4678 1.4678
South wall 1.3406 1.4856 0.0000 1.4856 1.4678 1.4678
West wall 1.4856 1.3406 1.4856 0.0000 1.4678 1.4678
Roof 1.4675 1.4675 1.4675 1.4675 0.0000 1.6908
Ground 1.4675 1.4675 1.4675 1.4675 1.6908 0.0000
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Fig. 7. Linear correlation between qgmw and Ty, — Tw g for the ground floor of the
cavity brick module from 14 to 21 November, 2003.

4.3. Air gap surface CHTC from the linear fitting

The air gap surface CHTC is obtained through the following two
steps:

(1) Linear fitting of the total surface heat flux as a function of the
temperature difference between outer and inner air gap wall
surfaces to derive the overall heat transfer coefficient U.

(2) Deriving the ratio of the CHTC hsq/hso by determining the cor-
relation between (Tsg — Tairgap) and (Tyirgap — Ts1) based on the
equation geonv = hso(Tso — Tairgap) = fis1(Tairgap — Ts1)-

From step 1, the overall convective heat transfer coefficient
Uconv for the air gap can be obtained by Uconv = Uairgap — Uthermair.
where U,jrgap is the overall heat transfer coefficient for the air
gap and Upermalr i the thermal radiation heat transfer coefficient.
The thermal radiation heat transfer coefficient is approximated by
assuming a temperature of 20°C or 293.15 K for both the inner and
outer surfaces. Fig. 8 shows the variation of the surface heat flux
withrespect to Tyy — T, along with the slope of the fitted line repre-
senting the overall heat transfer coefficient. It can be observed that
the linear fitting of R? is over 99%, indicating that the variation of the
overall heat transfer coefficient Uy;rg,p due to the varying surface
temperature, can be ignored. The Kelvin unit for surface tempera-
tures in Eq. (11) eased the effect of varying surface temperatures
on Uyjrgap. Table 4 presents the overall heat transfer coefficients for
the northern, eastern and western wall air gaps for typical sea-
sonal months. Ujjrg,p remains relatively steady for the northern
air gap. For the eastern air gap U,jrgap Oscillates between 5.3 and
8.221 W/mZ2 K, and between 6.071 and 7.15 W/m? K for the western
wall air gap.

Shown in Fig. 9 is the variation of the Tso — T;jrgap With respect
to Tairgap — Ts1, indicating that the fitting is not as good as in Fig. 8.
There are several factors behind the relatively poor linear fitting:
(1) the convective heat transfer coefficient is not constant over the
one month period; (2) vertical heat flow affects the 1D assump-

N
(S
1

y =5.4146x -0.2108
R? =0.9929

N
o

-
()]
T

N
o
T

Measurements

Surface heat flux (W/m2)
[$]

— Linear (Measurements)

L L L y

2 3 4 5
Temperature difference (degree)

Fig. 8. Linear correlation between ¢, . and Touter — Tinner for the north wall air gap
of the cavity brick module in November, 2003.

Table 4
Fitted overall heat transfer coefficients for air gaps in the cavity brick module for
typical seasonal months (other data available at request).

Month Year Uairgap,north Uairgap,east Uairgap,west
3 2003 5.881 5.883 6.616
6 2004 5.987 6.980 6.233
9 2003 5.870 5.830 6.263
12 2003 5.764 7.981 7.150
Annual average 5.783 6.765 6.581
251 y =0.7092x -0.009
R?=0.864

+ Measurements

Outer Surface AT(°C)

— Linear (Measurements)

2 2.5
Inner Surface AT(°C)

Fig. 9. Linear correlation between Tso — Tairgap and Tyirgap — Ts1 for the north wall air
gap of the cavity brick module in November, 2003.

tion; (3) heat gain or loss at the ground or the ceiling. Based on
the hg/hso=0.7092 from Fig. 9 and U,jrg,p =5.4146 W/m? K from
Fig. 8, hs; and hyg can be calculated according to Eq. (11) with the
thermal radiation absorptivity 50 =&51 =0.9 and the fixed surface
temperature Tyy=Ts1 =20°C=293.15K.

4.4. Surface heat flux predictions using thermal properties from
ASHRAE and the fitted results

To examine the effect of the accuracy of the thermal properties
of building materials on the numerical predictions for the surface

Table 3

The convective heat transfer coefficients for the 6 surfaces of the brick cavity module using weekly measurements (other data available at request).
Time period North wall East wall South wall West wall Ceiling Ground
14/11/2003-21/11/2003 10.805 11.965 11.698 11.188 1.3558 2.4694
28/3/2003-04/04/2003 10.83 10.386 9.0445 10.474 1.37482 2.6953

2 Indicate that the fitting R? is less than 0.9.
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Fig. 10. Comparison of the predicted outer surface heat flux of the outer skin of the
cavity brick wall using thermal properties from the present study and ASHRAE hand-
book with the measurements in December, 2003 on the campus of the University
of Newcastle, Australia.
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Fig. 11. Comparison of the predicted inner surface heat flux of the outer skin of the
cavity brick wall using thermal properties from the present study and ASHRAE hand-
book with the measurements in December, 2003 on the campus of the University
of Newcastle, Australia.

heat fluxes on the building walls, the fitted and ASHRAE thermal
capacitance and thermal conductivity for the brick layer were used
to calculate the surface heat fluxes for the single-layer brick wall
with the monitored outer/inner surface temperatures as the input.
For details, refer to Luo et al. [17]. The final predictions using the
present and ASHRAE thermal properties are compared with the
measurements as shown in Figs. 10 and 11. Figs. 10 and 11 are
the comparison of outer and inner surface heat fluxes respectively
using both the ASHRAE thermal properties for general brick and the
present numerically fitted properties. This comparison indicates
that the results using the fitted properties agree better with the
measurements than the ASHRAE table.

5. Conclusions

Using the annually monitored thermal performance data
sourced from the experimental measurements taken at the campus
of the University of Newcastle, Australia, the in-situ time varying
thermal capacitance and thermal conductivity are determined by
the finite volume method, with the constant thermal properties

calculated by the complex Fourier analysis method. The difference
in thermal properties for the northern and eastern outer brick lay-
ers is smaller for the complex Fourier analysis method than for the
finite volume method. The overall heat transfer coefficient of the air
gap and convective heat transfer coefficients for room wall surfaces
have been obtained using a linear fitting method. All calculated
results are within the range of published data. Using the convec-
tive heat transfer flux obtained by removing the thermal radiation
flux from the total heat flux, improves numerical fitting greatly.
The numerical predictions using the calculated thermal properties
agree better with the measurements than the properties from the
ASHRAE handbook.
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