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Fig. 6. Assembly of plates.

Fig. 7. Graphical representation of energy balance in the test rig.

These are placed at locations which represent all of the different
possible heat flow route types through wall sample. For the hollow
block wall sample, this includes through the web, the cavity and
the mortar joints at various levels and intersections as per Fig. 8.
This placement design also allows for readings close to all stages of
the water delivery loop from inlet to outlet. A summary of the data
recording methods for parameters in Eqs. (16) and (17) are listed in
Table 1. Additional measurements were taken to determine losses
and therefore eliminate errors. These are listed in Table 2 including
an explanation for the measurements.

All thermocouples were attached to a Data Acquisition System
(DAQ) and recorded to spreadsheet files using LabVIEW. The flow
rate measurements were taken manually and recorded. Further to
the losses determined using the thermocouples listed in Table 2,

Table 1
List of measurements required for tests on the rig.

Value needed Description Sensor

Tsi Wall surface temperature hot
side

9 type-T thermocouples

Tse Wall surface temperature cold
side

9 type-T thermocouples

Tw, in In-flow on the hot and cold
side plates

2 type-K thermocouple probes

Tw, out Out-flow on the hot and cold
side plates

2 type-K thermocouple probes

ṁ  Flow of water through hot and
cold side plates

4 low-flow flow meters
(0.07–0.55L/min)
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Fig. 8. Locations of thermocouples on wall surface.

Table 2
List of additional measurements recorded to increase the accuracy of the rig
measurements.

Description Sensor

Flow to the 2 guard plates. Measured to ensure
that the guard plates are maintaining a flow
from the circulation unit

2 flow meters (0.2–2L/min)

Heat loss through the surrounding Kooltherm
insulation of the rig. Two temperature
sensors are placed on the top of the wall and
another is placed in the centre of the
insulation above the main plates on both
sides of the rig.

4 type-T thermocouples

Ambient temperature. This is measured on
both sides of the rig.

2 type-T thermocouples

Surface temperature on the main plates at two
locations to ensure uniformity of heat supply
or removal.

4 type-T thermocouples

Table 3
Experimental Uncertainties.

Measurement Error and uncertainty

Temperature (calibrated) (Type-T or Type −K,
Omega thermocouple)

±0.1 ◦C

Mass flow rate ±0.011 L/min
Heat Flux (Eq. (16)) 6.98–8.31%
Thermal resistance (Eq. (18)) 7–8.39%

spot assessments of heat loss through the rig walls were made using
a Resistance Temperature Detector (RTD) probe accurate to within
±0.1 ◦C.

2.3. Heat loss measurement and limitation

Table 3 lists the measurement uncertainty associated with the
various measurement devices required for building this rig. For
accurate determination heat flow across the wall sample, precise
temperature measurements, particularly in the water inlet and out-
let, are required. To avoid unwanted interference between high
voltage systems and the thermocouple measurement system, as
well as additional cold junction compensation errors, a specialized
ice bath was constructed to the specifications outlined in ASTM

STP470 [44]. The bath is known to be isothermal and maintain
a constant temperature of 0.01 ◦C, as the standard specifies. The
total emf  was  then converted to a temperature measurement using
individual system calibration curves for each thermocouple. The
calibrated accuracy was within ±0.1 ◦C. The accuracy of the flow
measurement units were ±2% of the full scale deflection on the
rotameter-type flow meter. Therefore, this value was  ±0.011L/min
or an error of up to ± 2.6%.

The total uncertainty in measured thermal resistance of the wall
sample is the propagation of uncertainties of the constituent parts
in the following Eq. (18);

Rwall = Tse−Tsi

ṁ c
(

Tw, out − Tw, in

) (18)

For the purpose of uncertainty calculation, each measurement is
denoted by xi and the uncertainty in the measurement wi. The result
of a calculation using these measurements is denoted Z and the
uncertainty in the calculated result is denoted by wz . The uncer-
tainty wz is calculated using the method of Kline and McClintock
[45] using the following equation:

wz =

√√√√ n∑
i=1

[
∂Z

∂xi

wi

]2

(19)

The maximum experimental uncertainties are summarized in
Table 3.

Heat lost through the rig walls was calculated using Eq. (17) and
input of internal and external surface temperature and the man-
ufacturer provided thermal resistance value for that Kooltherm
material. The area over which heat could be lost through the rig
was measured. The temperature values in the equation were taken
from those in Table 2 and spot readings using an RTD probe. It was
assumed that due to the presence of a guard heater and cooler that
losses through the two  back faces of the rig were negligible. Once
steady state was achieved, the thermocouples measuring losses
could be moved to many more locations around the rig as well as
embedded within the surrounding insulation. The losses were char-
acterised for the various locations by examining this data and it was
found that the loss variation was relatively low. Total heat losses
through the rig structure to the ambient laboratory were estimated
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Fig. 9. Rig during testing.

to be approximately 1.1 W during testing, which is under 2% of the
energy input. This value was removed from the total energy supply
calculations before determining the thermal resistance of the wall
sample.

3. Methodology

3.1. Wall sample preparation

The wall sample is built and adequate time allowed for the mate-
rials to dry out. The measurement sensors are attached at positions
as per Fig. 8. An estimation of likely heat flow for a set steady-
state temperature gradient across the wall is determined using an
estimation for the thermal resistance by standard calculation pro-
cedure [9,46–48] along with some actual building properties listed
in supplier information [49].

Once the silicon thermal pads are attached to the face of the
heater and cooler plates, the two sides of the rig are pushed
together, enclosing the wall sample. The remaining gaps are filled
with more Kooltherm K5 insulation board to ensure a sealed sys-
tem. The two sides of the rig are then clamped and tightened into
place using threaded bars (Fig. 9).

3.2. Steady-state testing

Temperatures were set to record every 60s. Flow readings were
taken manually. The circulation units were set at specified temper-
atures to ensure an adequate temperature gradient across the wall
sample (20 ◦C), and the required water flow was estimated using
assumed thermal resistance values and equating Eqs. (16) and (17).
Adjustments to the flow were made along with changes to the water
supply temperatures and left to stabilise (with small adjustments
2 h was found to be sufficient). This was repeated until the energy
supply on both sides of the wall were equal (hotqx = coldqx).

The wall surface temperatures were averaged for either side of
the wall, removing the maximum and minimum readings. A value
for energy loss was calculated as per Section 2.3 using the readings
across the rig insulation from Table 2. Equating qx values as per
Fig. 7, the Rwall value is determined using Eq. (18). The test was

repeated for another two  boundary temperature settings to ensure
consistency of the thermal resistance of the wall.

3.3. Transient testing

Although steady state tests give insight into the expected
thermal behaviour of the building envelope and are simple to
implement in predictive calculations, they may  not in all cases be
physically representative of the actual thermal phenomena. Many
heat transfer scenarios are time dependant, or transient. Transient
effects must be considered when boundary conditions change at
a rate which is faster than that which the building envelope can
respond. The thermal time constant, �, of a building envelope is the
main property of that element that influences the damping effect
it has on the internal space’s temperature swings (relative to out-
door swings). It is the time required to come to within 1/e (36.8%)
of the fixed value after a step thermal disturbance of the system. In
a system that is heating, the time constant is the time for the sys-
tem’s step response to reach 1-1/e = 63.2% of its final (asymptotic)
steady-state value. In its basic form, it is the sum of the products of
heat capacity and resistance

∑
RC.  For building walls it is the tran-

sient output response (a delay) of the multi-layered wall under the
influence of a step change in temperature on one side

In order to allow for the introduction of a step change in temper-
ature at one side of the wall sample, the plumbing for the system
was reorganised so that the cold circulator unit fed both the heater
and cooler plates, thus cooling both plates and the enclosed wall
sample. The hot circulation unit piping was rearranged so that the
hot water from it did not circulate through any plate, but simply
flowed through an extension of piping and was recirculated back
to the unit. Valves were installed into the plumbing system to con-
trol the flow on each pipe flowing and returning from the plates.
They were positioned so that they could be used to switch the water
source from the cold circulator unit to the hot circulator unit instan-
taneously. Temperature readings were set to record every 30 s. The
test begins with the whole system in ‘cold’ thermal equilibrium
with the cold circulation supplying all plates. Once adequate time
has elapsed for the plates and enclosed wall to reach equilibrium
(usually overnight), then simultaneously the required valves were
turned, redirecting the flow so that the cold circulation unit only
served the cold side of the wall and now the hot circulation unit
serves the hot side of the wall. Due to the very low thermal mass
of the hot plate system compared with the wall section, this intro-
duced a near step change in the temperature on this side of the
wall. The test was  conducted for a step change from 5 ◦C to 25 ◦C
on the hot side while maintaining the cold side input at 5 ◦C during
the test. In this way  the conditions for examining the thermal time
constant for the wall were created. Once the recorded data showed
that the plate-wall-plate system for the stepped change in temper-
ature reached steady state (hotqx = coldqx), the test was deemed
complete.

4. Results and discussion

4.1. Thermal time constant

The thermal time constant is determined using the tempera-
ture difference across one of the circulation units as it reached
63.2% of its final value. Fig. 10 presents the time variations in water
temperature difference (Two − Twi) for the hot plate expressed as
a percentage of the final temperature difference after steady state
has been achieved. For this wall sample the thermal time constant
was achieved at 3.79 h.
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Fig. 10. Temperature difference across water channels as a percentage closeness to the final steady state condition.

The thermal time constant as defined by Givoni [50,51] can be
estimated using the following equations;

� =
n∑

m=1

(RC)m (20)

(RC)m = [R1 + R2 + . . .0.5 ∗ Rm]
(

l ∗ � ∗ cp

)
m

(21)

for an element with n layers. More specifically, the American
Testing Standard for the Hot-box Apparatus [52] recommends cal-
culating the specimen time constants as a product Rtotal.C,  where
Rtotal and C are the estimated values of the overall thermal resis-
tance and thermal capacity of a typical wall element. When there
are different routes available for heat flow through the wall, the
parallel heat flow path technique is used:

1
�

=
n∑

P=1

ap
1
�p

(22)

ap is the respective fraction of a typical basic area composed of
several different heat flow paths, and �p is the time constants for the
path (p). However, Kossecka and Kosny [53] found that the ASTM
method greatly overestimates the values for thermal time constant.
Instead they found that the incorporation of the thermal structural
factor ϕie allows for a more reliable estimation of multi-layered
walls:

ϕiep = 1
Rtotal2Ctotal

n
�

m=1
Cm

[
−Rm2

3
+ RmRtotal

2
+ Ri−mRm−e

]
(23)

ϕie =
n∑

P=1

apϕiep (24)

Rm and Cm denote the thermal resistance and capacity of the m-th
layer, respectively. Ri−m and Rm−e denote the resistance for heat

transfer from surfaces of the m-th layer to the inner and outer
surroundings, respectively, are calculated as follows [54];

Ri−m = Ri +
m−1∑
s=1

Rsi (25)

Rm−e = Re +
n∑

s=m+1

Rse (26)

In the case of the present test facility, the surface resistances in
the above equations are replaced by the resistance of the thermal
mats. Contact resistance is assumed to be negligible compared to
the resistance of the system and is therefore not included. Over-
all thermal resistance and capacity are found using the following
equations;

1
Rtotal

=
n∑

P=1

ap
1
Rp

(27)

Ctotal =
n∑

P=1

apCp (28)

The thermal time constant multiplies these values by the total ther-
mal  structural factor;

� = RtotalCtotalϕie (29)

Two flow paths were identified for the wall sample, through the
solid block (ap=0.29) or through the cavity (ap=0.71) of the blocks.
The thermal time constant was calculated using all three methods
to determine the most applicable for use with the present facil-
ity and compared to the measured thermal time constant and are
tabulated in Table 4.

The Kossecka and Kosny [53] method predicted the thermal
time constant to the greatest accuracy. Similar to their tests, the
predicted value here was  within minutes of the value obtained.
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Fig. 11. Step change in circulation unit settings to 25 ◦C on one side, both sides starting at 5 ◦C, for the cavity block wall.

Table 4
thermal time constant as estimated through calculation and measured through
testing (Fig. 11)

No insulation � (hours) % steady

ASTM [52] 9.01 90.55%
Givoni [51] 13.88 97.75%
Kossecka and Kosny [53] 4.08 66.67%
Measured 3.79 63.2%

Table 5
Repeatability of the steady state test results using different boundary conditions.

qx(W)  Tave,hot(◦C) Tave,cold(◦C) Rwall(K/W) Rwall(m2K/W)

53.00 29.43 9.75 0.378 0.306
62.12 31.07 7.97 0.373 0.302
90.58 41.43 8.24 0.367 0.297

4.2. Steady state

The repeated steady-state tests found the thermal resistance of
the wall sample to be 0.302 m2K/W ±1.5% after losses through the
rig walls have been accounted for. The repeated test and resulting
thermal resistance for the wall sample is presented in Table 5 for
different boundary conditions. Within experimental uncertainty
(Table 3), these three results for thermal resistance are effectively
equal.

The manufacturer provided thermal resistance of the blocks
(0.21 m2K/W) and thermal mats (0.002 m2K/W), and standard
values of conductivity used to determine the resistance of the
internal surface plaster (0.05 m2K/W) and external surface render
(0.035 m2K/W) were used to calculated thermal resistance of the
wall as 0.299 m2K/W [9]. Simulations using Irish hollow block only
found the thermal resistance of the wall to be 0.238 m2K/W [55]. If
the render and plaster is added on to this value the total increases

to 0.286 m2K/W. Therefore, it has been shown that the thermal
resistance measured in this test is comparable to the calculated
value (within 1%) using the standard procedure and to simulations
(within 5.6%), which falls within the determined uncertainty for the
procedure.

5. Conclusion

This paper presented the design of a facility for testing the ther-
mal  properties of wall samples. The intention of designing this
facility was  to determine the effective thermal resistance of wall
assemblies using simple conductive heat transfer across the wall by
implementing isothermal boundary conditions. Thus, the thermal
resistance of the wall alone can be estimated, excluding convection
and radiation heat transfer which forms part of the Hot-Box calcula-
tion. This rig offers a more straightforward and compact alternative
to the traditional Hot-Box apparatus by eliminating the large con-
vection chambers and air handling and conditioning systems, and
therefore eliminating the need for determining surface resistances,
which the author argues allows for a more accurate measurement
of the thermal resistance of the wall itself. Under in situ conditions,
heat transfer methods of radiation and convection around the inter-
nal and external surfaces are difficult to replicate precisely under
laboratory conditions as they vary depending on climatic condi-
tions, exposure levels, surface emissivities among many other site
influences. However, the wall structure itself does not permanently
change due to climatic conditions that are varying and temporary,
which gives credence to this test methodology that does not depend
on them.

This work presents the first steps towards future work which
began with a determination of the thermal resistance and ther-
mal  time constant of a typically used external wall structure. The
thermal resistance of the hollow block wall type was compared to
tabulated and calculated values to verify the method. After careful



A. Byrne et al. / Energy and Buildings 152 (2017) 602–614 613

design, construction, and calibration, the apparatus detailed in this
study achieved agreement of calculated value within experimen-
tal uncertainty. A thermal resistance value of 0.302 m2K/W ±1.5%
was determined using the rig compared to 0.299 m2K/W using the
standardised methods and material property values. Furthermore,
the thermal time constant measured using the rig (3.79 h) agreed
very well with the most up to date estimation calculation method
(4.08 h). Albeit developed for the Hot-Box technique, it is concluded
that this predictive technique can, therefore, be used with this new
facility and methodology with sufficient accuracy.
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