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ABSTRACT

The hot box test method has been applied to evaluate both the steady-state (U-value) and dynamic thermal prop-
erties of building envelopes. However, the high construction cost of full-scale hot box apparatus and the testing
time required (usually several days) may prevent wider adoption. To overcome these limitations of full-scale hot
box tests, this paper proposes a novel method to evaluate the dynamic thermal performance of building envelope
components using a small-scale calibrated hot box and scaled-down specimen. For the first time, the scaling rela-
tionships of thermal properties evaluated using a full-size specimen and a scaled-down specimen were estab-
lished based on the Laplace transform of the heat transfer equations. In addition, dynamic thermal properties ob-
tained from scaled-down experimental tests are compared to the values calculated by the EN ISO13768 (ISO)
method. A small-scale hot box with a 355 mm X 355 mm metering area was constructed and calibrated to vali-
date the correlations. Three scaled-down concrete sandwich wall panels were then tested, and the scaling rela-
tionship was cross-validated using the experimental results, finite difference (FD) simulations, and the ISO
method. The results indicate that the dynamic thermal properties obtained from a scaled-down hot box test can
be correlated to its full-size counterpart when certain conditions are met. The scaled-down hot box test is demon-
strated to be an effective yet economical alternative to a full-scale test with significantly reduced experimenta-
tion cost and turn-around time.
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P pect .C ea & q Laplace transform of heat flux
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FD Finite difference method T Temperature [K or °C]
FS Full size T Laplace transform of temperature
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U, Thermal transmittance coefficient

X Length along x-axis [m]

Y, Periodic thermal transmittance

Z Heat transfer matrix

Z Element of heat transfer matrix

At Time increment of finite difference method [s]

AT a0 Air to air temperature difference between inside
and outside [°C]

Ax Distance increment of finite difference method [m]

Greek Symbols

a Thermal diffusivity [m?/s]

54

Discretized distance between two continuous nodes of finite

difference method [m]

Ratio of the thickness of the layer to the penetration depth [-]
Density [kg/m?]

Real part of a complex variable [-]

Thermal conductivity [W/mK]

Complex variable of the ratio of the thickness of the layer to
the penetration depth

Imaginary part of a complex variable (angular frequency) [1/

s]

€ X 8D ow

S

Subscripts and superscripts

1 Outdoor surface
Indoor surface

ai Indoor air

ao Outdoor air

cold Code side surface of the test specimen
eff Effective property

ff Frame and foam

fl flanking of hot-side box

frame  Frame of the hot-side box

foam  Foam of the hot-side box

hot Hot side surface of the test specimen

i Node i located at location x; of a finite difference dis-

cretization
ISO EN ISO 13768
input  Input heat flow from power source

k k-th layer of a N-layer wall assembly

loss Heat flow loss due to metering wall, flanking, and frame
and

mw Metering wall of hot-side box

old Node temperature at the previous step

overall Overall property of a N-layer wall assembly

p Number of metering chamber interior edges

SD Scaled-down

si Indoor surface

so Outdoor surface

sp Specimen

1. Introduction

The building sector is estimated to account for more than one-third
of the total energy consumption worldwide [1], where a substantial
portion is operational energy used for space heating and cooling [2]. In
particular, the thermal exchange through opaque envelopes contribute
more than 7% of primary energy consumption in the US [3]. Tradition-
ally, the thermal performance of building components is often charac-
terized by their thermal transmittance (i.e., U-value). Under steady-
state conditions, U-value serves as a good indicator of the relative heat

flux for building envelopes [4]. U-value based prescriptions are used by
the current building codes such as ASHRAE 90.1, 90.2, and IECC to
guide building envelope design. However, buildings are rarely in
steady-state conditions due to the diurnal outdoor air temperature fluc-
tuation and fluctuations in indoor temperature. For building envelopes,
especially thermally massive building envelopes (e.g., concrete sand-
wich wall panel), the time and temperature amplitude reduction of di-
urnal outdoor air temperature fluctuation that penetrates through it is
related to its U-value and its thermal mass [5]. Thus, the abstraction of
conductivity values must be considered alongside other parameters. For
example, the reduction of building operational energy requires a cor-
rect evaluation of the dynamic characteristics of opaque envelope com-
ponents considering actual boundary conditions [6]. In addition, build-
ing design practice has introduced new design strategies based on the
dynamic behavior of the building envelopes to improve its energy effi-
ciency and the occupants’ comfort [7]. Therefore, dynamic thermal
performance is a critical consideration in building envelope design and
evaluation.

The dynamic thermal performance of a building envelope compo-
nents, such as a wall assembly, is characterized by parameters that
identify its behavior when subjected to transient thermal loadings that
are variable in time. Analytically, the European standard EN ISO
13,786 [8] describes the thermal exchange in a steady periodic regime
between the indoor environment and the outdoor environment employ-
ing a matrix formulation. Such formulation allows for calculating the
periodic thermal transmittance to evaluate dynamic thermal properties
such as the time lag and decrement factor. Gasparella et al. [9] applied
both the EN ISO 13,768 method (ISO method) and finite difference (FD)
simulation to estimate opaque building envelope’s dynamic thermal
transfer properties under summer outdoor conditions. In their research,
a correction factor was proposed to adjust the dynamic thermal proper-
ties calculated by the ISO method for forcing temperature profiles that
are not harmonic. Rossi and Rocco [10] further studied the role of peri-
odic thermal transmittance and internal areal heat capacity of the exte-
rior wall design using the ISO method. Using finite-difference simula-
tions, Asan [11] found that the thickness and type of the envelope mate-
rial were two critical factors influencing the time lag and decrement
factor. Furthermore, Al-Sanea et al. [12,13] studied the effects of ther-
mal mass and insulation layer distribution. Ozel and Ozel [14] investi-
gated the effect of wall orientation on time lag and the decrement fac-
tor. Balaji et al. [15] studied the effects of the thermal conductivity,
thermal capacity, and thickness of the wall on time lag, decrement fac-
tor, and the corresponding heat flux variation and temperature distribu-
tions across wall sections.

Experimentally, the hot box test method has been applied to evalu-
ate the dynamic thermal performance of building envelope components
at full scale. During a hot box test, the specimen is positioned between
two chambers, i.e., the metering chamber and the climate chamber,
which simulate the interior environment (hot side) and the exterior en-
vironment (cold side), respectively. Heating and cooling systems are
usually used in the metering chamber and climate chamber, respec-
tively, to create steady or periodic temperature differences. There are
two typical hot box setups, i.e., the guarded hot box and the calibrated
hot box. For the guarded hot box setup, it uses a metering chamber in-
side a guard chamber. The guarded hot box keeps the guard chamber
and the metering chamber close to the same temperature, and thus the
heat loss through the metering box wall is minimized [16]. While the
calibrated hot box uses the surrounding environment as the guard
chamber by measuring the heat loss through the metering walls. So far,
the hot box test has been used to evaluate both the static and dynamic
thermal properties of building envelope components. Works related to
using the hot box to measure the static thermal properties of building
envelope components (e.g., thermal transmittance) can be found in the
recent review paper of Soares et al. [17]. With respect to using the hot
box method to measure the dynamic thermal properties of building en-
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velope components, Brown and Stephenson [18,19] presented one of
the first methodologies for measuring the dynamic thermal properties
of homogenous specimens using a guarded hot box, where seven wall
specimens were experimentally tested under sinusoidal excitation in
the cold chamber. The results showed good agreement between the
measured and the predicted response factors. Ulgen [20] investigated
ten different walls by using a hot box apparatus under sinusoidal excita-
tion for a period of 24 h. Sala et al. [21] studied a hollow brick wall
construction excited by a triangle forcing signal applied to the cold
room. Martin et al. [22,23] further studied the method to calculate the
response factor of a multi-layer wall with unknown material properties.
They analyzed the effect of the thermal bridge on the heat flux ampli-
tude and time lag. The results highlighted the importance of dynamic
thermal tests on correctly estimating the building envelope's thermal
properties. More recently, Bishara et al. [24] assessed the effect of un-
certainties (boundary conditions, humidity, homogeneity of the forcing
signal) on the building envelope’s dynamic thermal properties.

All the above-mentioned studies use full-scale test specimens, which
require large-scale test facilities, expensive construction of full-size
specimens, and extensive instrumentations [25,26]. While full-scale hot
box tests are demonstrated to provide reliable results, their high facility
requirements and high costs prevent fast-turn-around experimentation
and the trial-and-error process that may be involved in new material
development or envelop design concept innovations. In addition, full-
scale hot box tests are time-consuming since each sinusoidal cycle usu-
ally takes 24 h each cycle to mimic the environment temperature
change for full-size specimens. Typically, several test cycles are needed
to reach a steady periodic response. Therefore, there is a need to study
the feasibility of using scaled-down specimens for both steady-state and
dynamic thermal properties tests, which can be tested by relatively
lower cost small-scale hot box apparatus with less testing time. To date,
some preliminary studies have been conducted to develop small-scale
(or reduced-scale) hot box for measuring the steady-state thermal prop-
erties of building envelope components (i.e., thermal conductivity and
U-value) [27-31], where Seitz and MacDougall [27] and O’Leary and
Duffy [30] emphasized the importance of designing affordable hot box
testing apparatus due to the high cost of accredited laboratory and long
waiting time. In the study by Seitz and MacDougall [27], a small-scale
calibrated hot box apparatus was developed with a testing area of
1.18 m x 1.37 m (Width x Height). O’Leary and Duffy [30] con-
structed a small-scale hot box apparatus with a maximum specimen size
of 0.715 m X 0.715 m. Modi et al. [29] designed a mini-scale hot box
for measuring the U-value of an insulation building block prototype,
where the hot box and the and cold box were built in the same large
box, which was separated by the test specimen with sizes of
0.4 m X 0.2 m. More recently, Zhao et al. develop a small-scale hot
box for characterizing the thermal properties of window insulation ma-
terials. Transparent aerogel specimens with the diameter of 0.2 m were
tested where a heat flow meter was used to directly measure the heat
flux penetrate through the specimen [25].

Despite the wide recognition of the needs to develop scaled-down
hot box tests for cost-saving and faster experimental turn-around, there
has not been any systematic study to draw the correlations between the
dynamic thermal properties (e.g., time-lag and decrement factors)
tested from scaled-down building envelope specimens with the perfor-
mance of their full-scale counterparts. In addition, all existing research
conducted to date has used small-scale hot box for steady-state evalua-
tion (e.g., for determining R-value or U-value), whereas no attempt has
been made to characterize the dynamic thermal behavior of building
envelope using scaled-down specimens. Due to the scaling effect, the
thermal response of a scaled-down specimen is different than that of a
full-scale envelope assembly. Thus, without elucidating the relation-
ships linking the performance of a full-scale building envelope assem-
bly with its scaled-down prototype, it would not be feasible to evaluate
the dynamic thermal performance of building envelopes using small-

scale hot box apparatus. In this light, in order to circumvent limitations
of large-scale hot box tests, this research aims to develop the scaling re-
lationships between full-size and scaled-down hot box tests to enable
the evaluation of both steady-state and dynamic thermal properties of
building envelop components through affordable small-scale hot box
apparatus. First, the theoretical relationship between the dynamic ther-
mal properties of scaled-down specimen and their corresponding full-
size specimen were established based on Laplace transformation. The
equivalence conditions for dynamic thermal properties between the EN
1SO 13,768 method (ISO method) and the finite difference method were
established. Meanwhile, a low-cost, small-scale calibrated hot box ap-
paratus was developed, which comprises an insulated five-sided box
(hot-side), a programmable environmental chamber (cold-side), and a
hot-side box equipped with a programmable heater and a varying-speed
crossflow fan. Experimental tests conducted on three scaled-down insu-
lated concrete sandwich panels, together with the simulated thermal re-
sponse of their full-scale counterparts, indicate that the proposed
method provides a convenient and low-cost experimental evaluation
method for promoting the development and innovation of new building
envelope materials and design concepts using scaled-down prototypes.

2. Evaluating thermal performance of building envelope using
scaled-down tests

2.1. Formulations

For a multi-layer wall assembly (Fig. 1), its indoor and outdoor sur-
faces are exposed to a combination of convection and radiation, repre-
sented by h; and hy,. T,; and T,,, respectively, represent the indoor and
outdoor air temperatures (see Fig. 1). Assuming there is no heat genera-
tion in the wall and the thermophysical properties of the material are
constant, the governing Equation for 1-D heat transfer within the k-th
layer of an N-layer wall assembly is:

T (x,1)

4w m
2
aka T8 _ 0T (x,0) @
ox? ot
where % = —2— is the thermal diffusivity of the k-th layer; xis the

PkCpk
thermal conductivity, 7 is the temperature which is a function of time,
t, and space, x; ¢ and c, are the density and specific heat of the material,
respectively.

The Laplace transformation of Equations (1) and (2) yields:

L&) _ o) 3)
ox
0T (x,s -
o % = pc, [sT (x,5) — T (x, 0)] C))
where s is a complex variable, s =7+ jw;

T (x,s) = Laplace (T (x, 1)) = / e™!T (x, 1) dtand
0

)

G (x,s) = Laplace (q (x, 1)) = / e ¥q (x,t)dt. Supposing initial condi-
0

tionT (x,0) = 0 and solving equation (4) yields:

[ [
T(x,s)=CieV * X+Cze " )

where C; and C, are constants to be determined by boundary condi-
tions.
Substituting Equation (5) into Equation (3) leads to:

spep .

[s9e) B
G (x,8) = —Cyy/sypc,eV * * + Cy/sxpcpe v (6)
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Fig. 1. Transient temperatures and heat flux going through a multi-layer wall panel.

Applying the boundary conditions at outdoor surface 1:
T,(s)=T(0,s), 1 (s) =q(0,s), and at indoor surface 2: T, (s) = T (L, s),
G, (s) = g (L,s) to Equations (5) and (6) we have [32,33]:

{T2 (s)} _ [le le] {Tl (s)} coshy —% {Tl (s)}(7)
G (s) 21 Zy| 41 () ~Zysinhy coshy | 41 (s)
1/ %L, and Zy = /pc,xs. Note that for a sinusoidal ex-

citation (s = jw), equation (7) takes the same form as in [8], where:

where y =

y=(4+)E=(+))] 22 @®)

and

Zy = ””(1 +)) 9

For a scaled-down (SD) specimen having a dimension ratio of
n = LSP /L with respect to the full-size specimen, ¢ in Equation (8) is
written as:

SD
P pc, 10)

=nlL
Ssp=n 2y

If the scaled-down specimen is made from the same materials as the
full-size prototype, for £P = ¢, the temperature frequency at which the
scaled-down specimens are exposed to on the exterior surface should
satisfy the relationship:

P = nlzw (11)

2.1.1. Single-layer wall panels

For wall (roof) panel specimens having only one layer of material,
the periodic thermal transmittance, Y75, can be obtained by assuming
sinusoidal excitation on the exterior surface and isothermal condition
(T, = 0) on the interior surface:

cu)(pc

~ 1+
vp=( 2 14 VU 12)
7)o T2 RGO T

When the frequency of excitation temperature P satisfies the rela-
tionship of Equation (11), the thermal transmittance, Yff’, evaluated us-
ing a scaled-down specimen is:

o ){l’t w;{pc
EA+) 2(1+
b J 1 (1+))

2 1 B lY 13)
2= smh(§+J§) T smh(§+]§) a2

Therefore, the time lag, t;,,, evaluated using a scaled-down specimen
is related to the full-size prototype by the relationship of:

p_ | 1 _n? no\_ 2
tilg = wﬁarg _ﬁ = ;arg _Y_lz =n tlag (14)
12

Note that the thermal transmittance (U-value) across the specimen
is:

1

Uy=—""—— 15
" R,+R,+R as

where R = L/y is the thermal resistance of the specimen; R;; and R,
are surface resistances on the indoor and outdoor sides, respectively. If
the surface resistances (Ry; and Ry,) are small in comparison with R
(Ry; + Ry, < R), we will have:

SD _ 1 on

O T RP4RD4aR  n (16)

Otherwise, the surface resistances of the scaled specimen need to be
tuned so that (RS” + RS?) ~ n (R; + R,,) for the relationship in Equation
(16) to hold. Under such conditions, the decrement factor, f, (Fig. 1)
evaluated using a scaled-down specimen is correlated to those of the
full-size prototype by:

)YSD) ( zl.z)

USD "Uo

=/ a7

2.1.2. Multi-layer building envelope assembly
For a multi-layer wall assembly having N layers, the heat flux and
temperature on the indoor surface is related to those on the outdoor

surface by:
<T2> = ZNZN-1. . 2zl (Tl) _ [Zn le] (T]) 18)
75 q 231 Z22) yyeran \ 91
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The heat transfer matrix of a scaled-down N-layer wall assembly is
correlated to that of the full-size prototype by:

VA Z, iz
Zz‘ﬁm” — ZSDZSD ZSD 3’15 ﬁ) — le nZ 12 19)
22 overall 147 22 1 overall

Thus, the time lag of a scaled-down multi-layer wall assembly is re-
lated to its full-scale counterpart by:

2
D _ 1 SD _n _ 2
tizg,averall - D arg (ZIZ,ovemll) - ; arg (”ZIZ,overall) =n tlag,overall (20)
The U-value of a scaled N-layer assembly is:
D _ 1
overall — 21

SD SD
RSP 4+ RSD + 3V RS

Similarly, if R + Ry, < Y R; or (RSP + RSP) ~ n (R + Ry, ), we have
Usp L ~ Upyeran- In such a case, the decrement factor of a scaled-down
overall ~ overa,

specimen 1s the same as that of a full-size prototype:

()
n Z12,0verall

iy
n

overall

(22)

-SD — —
faverall - _fovemll

It is noted that the deduction above adopted a similar method that
was used in EN ISO 13,768 method (ISO method), while the ISO
method was extended to account for the scaling relationships between
full-size and scaled-down specimens.

2.2. Finite difference simulation

In this research, the finite difference (finite volume) method is also
used to simulate the 1-D heat transfer through the concrete sandwich
wall panels. The finite difference (FD) simulation will be experimen-
tally validated at reduced scale and used to simulate the dynamic ther-
mal behavior of full-scale building envelopment components. Fig. 2
shows the finite volume discretization of three-layer concrete sandwich
wall panels. Considering an arbitrary internal node i located at the loca-
tion ¥; and its two contiguous nodes to the left and right of node i are i-1
and i + 1, and their locations are X;—1 and X;+1. The finite volume solu-
tion takes the form of [34]:

=bT +¢Ti +d; 23
where coefficients @;, b;, ¢;, and d; are listed in Table 1 for different
types of nodes.

The time lag, tf;[g), refers to the time required for the heat wave to
propagate from the outdoor surface to the indoor surface and is deter-
mined as the phase lag between the outdoor surface temperature, 7",
and the temperature response measured from the indoor panel surface,
1™ (see Fig. 1):

tFD fmax _ tmax

lag si (24)

where 7" and ;™" are the times at which the indoor surface (si) and
the outdoor surface (so) reaches their peak temperatures, respectively.
The decrement factor, (P, is determined as the decreasing ratio of
their amplitude during this process, see Fig. 1:

Exterior
Tan s s
1‘_ e
Zone-2
- 4
i X141
Ax, *
______ 1
1| | i+
Bmmmmmn {------- Cremana T -
x
a Tl
=4 E==="_ 4
&x,, ax,,
Fig. 2. Finite volume discretize of a three-layer concrete sandwich wall panel.
Table 1
Coefficients used in the finite difference method for 1D heat transfer simulation.
Type of node a; b; < d;
Node 1 a Al At hg(6xip1) AL 0 1d At hg(6xi01)
! 2(&+ Y (Gr)? x: @xa) U z(sx,ﬂ) 1k+ Tai
Interior Node 1+2 akAt At a At Told
(ax)' (axy’ (ax)’
Interface Node PrCkOXi— 1+Pk+lfk+1'5xr+1 + éjk + 2!;+: ;fx"_:: 6fk1 (ﬂkfkﬁli—l*'zﬂ:;lfmﬁxul ) Tpld
i—1 i+ i i
Node m a At At hg(6xim1) 0 AL @At Dy (6xi-1)
14 2% k 50\ 0Yi—1 22—k Tuldzk s0 :lT
ey ey o (6x0) AT
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max min
T
si i

_ Amp.ﬂ' _

Ampxo T;Eax — T$in

D (25)

where Amp,; and Amp,, represent the amplitude of the indoor and
outdoor surface temperature fluctuations, respectively. It is worth not-
ing that superscripts, i.e., EXP, FD, and ISO, represent the dynamic ther-
mal properties obtained by experiment, finite difference method, and
the ISO method, respectively.

2.3. Equivalence between ISO method and finite difference method

2.3.1. Time lag

For the scaled-down (SD) specimen to represent a similar cyclic
thermal response of the full-size component, the period for the har-
monic forcing temperature should satisfy the relationship of Equation
(11). For example, for a %2 scale model specimen to represent the be-
havior of a full-scale wall exposed to a 24-hour temperature cycle, the
period for the forcing temperature cycling imposed on the scaled-down
specimen should be at 6 h (%™ of 24 h). As discussed in prior sections,
when the period of forcing temperature satisfies the condition de-
scribed in Equation (11), the time lag tested by the scaled-down speci-
men should be correlated to its full-size counterpart by Equation (14).
However, the time lag obtained from finite difference simulation, as
calculated by Equation (24), implicitly depends on the indoor boundary
conditions, i.e., the effect of the indoor surface convection coefficient,
h;,. For Equation (14) to match the finite different simulation results,
the indoor surface convection should be modeled as a boundary surface
layer [8]. In the case of a single layer wall panel, Equation (7) can be
expressed as:

Ty () 1 =Rl |2y Zn| [Th G
_ = _ 26
{Qz (S)} [0 1 ] [ZZI Zy)| L g1 () (26)
where R is the surface resistance of the boundary layer with
Ry; = 1/hg. Then, Equation (12) can be rewritten as:

| 2L (1+))
Y, = 27
. TE (14)) RENGE) ‘L
1+ e coth (¢ + j&)

For a scaled-down specimen, Equation (13) can be rewritten as:

@ (| 4
1 1V 2 4+

[0 14 nsinh (¢ +8)
1+ +—g— coth (£ +¢)

}SD
si

SD _
P = (28)

Comparing Equations (27) and (28), we have YISZD = ll—zle when:

wSD @
P (29
S St

Therefore, in order for the time-lag obtained by Equation (14) and
Equation (24) to be equal, one should have:

(hsf/Uo)SD = (h,y;/Uo)FS (30)

2.3.2. Decrement factor
On the other hand, the ISO equations calculate the decrement factor
through the relationship [8]:

flSO — |asi |

= (3D
|Txo X UO

where §; is the magnitude of indoor surface heat flow and 7 is its
corresponding outdoor surface temperature.

Considering the convective heat transfer at the indoor surface,
Equation (31) may be rewritten as:

gt -yt ha (T8 - T)

St
(Tsn;ax _ Tsmoax) X UO - (Tsrgax _

- hsi (T;?in - Tai)
Tmin) x U

£150 = 32)

where g™ and q;‘;i" are the maximum and minimum of indoor heat
flow, respectively.

Assuming indoor surface convection coefficient hy; remains a con-
stant during the experiment/ simulation, Equation (32) can be simpli-

fied as:

£180 _ hyi (Tsr?ax & Tsr?m) (33)
U (T = )

Comparing Equation (33) with Equation (25), it is evident that a fac-
tor of h;/ U, relates to the decrement factor obtained by the ISO method
and FD method. For Equation (33) and Equation (25) to be equivalent,
one should have h;/U, = 1; otherwise, the decrement factor obtained
by the experiment or finite difference simulation is scaled by a factor of
h;,/U, as compared to that calculated by the ISO method [8]. For a
scaled-down experiment, for the decrement factor to satisfy the correla-
tion described by Equation (17), we also should have the condition
(hﬂ./UO)SD = (hﬂ./UO)FS (Equation (30)).

Fig. 3 presents a flow chart summarizing the procedure to test the
dynamic thermal performance of building envelope components using
scaled-down hot box tests, where the test conditions and scaling rela-
tionships between responses obtained from the scaled-down models
and their corresponding full-scale prototype are outlined.

3. Small-scale calibrated hot box apparatus setup and calibration
3.1. Instrumentation and setup

In this section, a small-scale hot box apparatus with a 355 mm by
355 mm (14 in by 14 in) open test area was developed and calibrated.
The overall dimensions of the designed hot-side are
445 mm X 445 mm X 380 mm (17.5in X 17.5in X 15 in) in x-y-z
directions (see Fig. 4 (b)). The hot-side box consists of a five-sided insu-
lated box with a programmable DC power supply (Rigol DP832), a fin-
heater, and a variable-speed crossflow fan. The programmable DC
power source has built-in sine, pulse, and ramp control functions. The
cold-side environmental chamber is equipped with temperature and
relative humidity conditioning and programmable control, which can
simulate a range of temperature and humidity profiles. An insulated
specimen frame is clamped between the chambers, see Fig. 4. The hot-
side box is also instrumented and calibrated as a metering chamber to
measure the thermal flow through the test specimens. The box is con-
structed using 25.4 mm (1 in)-thick rigid closed-cell foam board, fin-
ished with 19.1 mm (% in) thick plywood backings and a layer of an in-
sulation blanket. The insulation blanket reduces the influence of tem-
perature fluctuation in the laboratory. An aluminum baffle, 3 mm thick
by 305 mm wide by 305 mm high, is vertically placed in the center of
the hot-side box to direct the airflow to the surface of the test specimen,
see Fig. 4 (b). The baffle is located at 121 mm (4.75 in) from the test
specimen surface and about 230 mm (9 in) from the crossflow fan. The
fin-heater is raised above the bottom of the baffle, which shields the test
specimen from direct radiation of the heater. As a result, heated air
flows up between the sample surface and the baffle through the gap at
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Fig. 4. Hot box setup and instrumentation: (a) schematic figures showing the setup of hot box (hot-side), heat losses, and the environment chamber (cold-side); (b)
pictures showing the instrumentation of the hot-side box (metering chamber); (c) picture showing the specimen frame and its interface with the environment cham-
ber (cold-side); and (d) infrared thermal images showing the heat flow through the specimen and heat loss (flanking loss and frame loss).

the bottom and then returns through the opening at the top. In this way,
an air loop is formed in the metering chamber, reducing the potential
non-uniform heating on the test specimen [35]. Type K thermocouples
(Omega SA1XL-K, with accuracy * 0.2 °C or 0.75%) were used to mea-
sure the temperatures. Five type K thermocouples and one type K ther-
mocouple were attached on the backside and the remaining four sides
of the metering walls (total of 18 locations inside and 18 locations out-
side the box, see Fig. 4 (b)), respectively. Thus, heat flux going through
the metering walls can be calculated from the measured temperature
differential. Instrumentation is also provided to measure the total en-
ergy input into the hot box (i.e., heating and fan). The heat losses are
determined by calibrating the box with panel specimens of known ther-
mal properties (R-value), detailed in the following section.

The hot- and cold-side air temperature was measured with a set of
RTD sensors (Omega RTD-805). A fan circulated air in the cold-side

chamber, and the air temperature was controlled by the built-in con-
troller of the environmental chamber. At the same time, an additional
RTD sensor and a relative humidity (RH) sensor (Omega HX92B) were
mounted near the specimen surface to directly measure the air tempera-
ture and RH level near the specimen panel. All data collection sensors
were conditioned using a National Instrument PXI-express DAQ system
with adjustable data sampling frequency up to 100 samples/sec. During
steady-state tests, a constant power input was supplied to the DC heater
in the hot-side box. The air temperature in the environmental chamber
(cold-side) was maintained constant as well. The temperature profile of
each side could be individually controlled if the dynamic thermal per-
formance of the building envelope element specimens were to be tested.
In addition, a FLIR E5XT thermal imaging inspection camera was used
to collect thermal images during experimental tests.
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3.2. Calibration

A homogenous rigid foam panel specimen with known thermophysi-
cal properties was tested under steady-state conditions to calibrate the
hot box apparatus. The thermophysical properties (i.e., thermal con-
ductivity and specific heat) of the rigid foam panel and materials used
for constructing the small-scale hot box apparatus were measured by
the Transient Plane Source (TPS) method using a Hotdisk TPS 1500 ther-
mal constant analyzer [36]. The calibration of the small-scale hot box
apparatus was carried out by balancing the energy components follow-
ing the procedure outlined in ASTM C1363 [37], where the fin-heater
and the crossflow fan were considered as the energy input into the hot-
side box. The total energy input is the summation of the programmed
electricity energy supplied to the heaters recorded by the NI PXI DAQ
system and the energy consumed by the fan measured by an inline
power meter. The system energy losses are subtracted from the total en-
ergy input to calculate thermal energy passing through the tested speci-
men (i.e., rigid foam panel).

A total of three energy loss components were considered based on
the geometries of the hot box, sample holder, and surrounding frame,
including the metering wall heat loss (Qy,,), flanking heat loss (Qg), and
the heat loss from frame/foam (Qﬁ). The frame/foam loss was added to
account for heat losses due to the geometry of the hot box developed
herein, which is different from the ASTM standard configuration. Foam
loss refers to the heat loss due to the contact of the insulated specimen
frame to the cold-side chamber. The frame loss refers to the heat loss
due to the sample supports and clamp mounts. Fig. 4 (d) shows the ther-
mal loss associated with the specimen frame.

Since the thermal properties of the metering wall materials are
known (experimentally measured by the TPS method), the metering
wall loss, Q. is calculated based on the readings of thermocouple
pairs and can be calculated as [37]:

Ieﬁ"—mwAcff—mw (Tsi—mw - Tso—mw)
L

Qmw = (34)

mw

where y,p.m, is the effective thermal conductivity of the metering
wall, Ty, and Ty, are the inside, and outside wall surface tempera-
tures respectively, L, is the wall thickness, and A, is the effective
area normal to heat flow which can be calculated by:

Ay = Ayt + 0.54L,,, (Z el[,) +0.6012 (35)

with A ., is the inside surface area of the metering chamber, Yel, is
interior edge lengths of the metering chamber where walls meet, and
the coefficients 0.54 and 0.15 (0.60 = 0.15 X 4) are the conduction
shape factors for metering wall interior edges and the thickness of the
metering wall respectively [38].

The flanking wall loss is estimated where a FLIR infrared thermal
camera is used to measure the external temperature, (see Fig. 4 (d)).
The flanking loss (Qﬂ) can be calculated as:
01 = Zegp (A /Lefr) Mmoo (36)

where y,.q is the effective thermal conductivity of base insulation
and the skin material, A g.4/L.q is the effective area/path length of the
entire frame around its perimeter, and AT, 4, is the air-to-air tempera-
ture difference between inside and outside.

The frame and foam heat loss (Qg can be calculated as:

A frame

Afoam (T

si—foam

Q” - Tsu—foam) (37)

( si—frame — Txa—fmme) R_
‘foam

Rfmme
where Afmme) Afoam’ Rframe: Rfoam: Tsi—frame: Tsi—foam} and Tso—fmme» Tso—foam;
are the surface area, thermal resistance, and inside and outside surface
temperatures of the frame and foam, respectively.

By subtracting all losses from the total input energy into the system,
the total heat flowing through the specimen can be determined. The R-
value of the test specimen (Rgpe) can then be calculated by:

4
Ry, =—2— (T, T,

= ot = Tsp—cold) (38)
v Qinput — Qlo.?.v whe wee

Table 2 summarizes the calibration result by using a rigid foam
panel with known thermal properties. It includes the hot box's geom-
etry and thermophysical properties, the specimen, the measured tem-
perature readings, energy losses, and the R-value of the specimen
calculated by using Equations (34) — (38). As can be seen, the R-
value obtained by the hot box test matches well with the R-value cal-
culated based on the thermal conductivity value tested by TPS with
0.5329 m?K/W.

4. Thermal performance characterization of wall panels
4.1. Specimen design

Following the calibration process, three scaled-down concrete sand-
wich wall panels were prepared and tested under periodically transient
conditions (i.e., sinusoidal temperature wave) using the small-scale cal-
ibrated hot box. Data obtained by the transient tests were used to calcu-
late the dynamic thermal response of the wall assemblies based on the
equations derived in Section 2.

In this study, three concrete sandwich wall panels made from nor-
mal-weight concrete, structural lightweight concrete, and low-density
cementitious composites [39] were prepared and tested. The physical
and thermal properties of concretes used to construct the sandwich wall
panels are summarized in Table 3. The concrete mixture design was
presented in a previous paper by the authors [39]. Three different con-

Table 2

Energy input, loss, and test panel R-value.
Aty Low Yel, Toomw 30.3 °C
0.201 m? 0.045 m 3.048 Tei.mw 37.6 °C
At 0.201 m? Neit 0.205 W/mK
Lefe.n1 1.78m Tso-f1 17.0 °C
Aframe Rerame Tsiframe 37.1°C
0.062 m? 0.214 m?K/W Tso-frame 26.0 °C
Afoam Reoam Tsi-foam 37.6°C
0.011 m? 0.258 m?K/W Tso-foam 28.8°C
Qinput 16.654 W Qioss
Asp Tsp-hot Tsp-cold Qinput-Qloss
0.126 m? 36.4°C 13.1°C 5.533 W

6.785 W

Qn
0.595 W

Qs
3.741 W

l

11.121' W

Ry
0.5582
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Table 3
Thermal properties of concrete materials [39]

Concrete ID Density Thermal Thermal Volumetric Heat
Conductivity Diffusivity Capacity
Kg/m®> W/mK mm2/s kJ/m3
C1 (NS-FAC/RLF- 1224 0.423 0.334 1267
RLC¥)
C2 (NS-SS-RLC*) 1614 1.050 0.717 1464
C3 (NS-SS-G*) 2185 1.817 0.954 1904

* represents the Mix ID in reference [39].

crete types were selected in this study, i.e., C1 and C2 represent light-
weight concrete while C3 represents normal weight concrete. The dif-
ference between C1 and C2 is that the mixture of C1 also added fly-ash
cenospheres (FAC) to further reduce the concrete's density and thermal
conductivity. The densities of Cl to C3 ranged from 1224 to
2387 kg/m? (oven-dry condition), with thermal conductivity measured
by the transient plane source (TPS) method [40] ranged from 0.423 to
2.105 W/m-K. Fig. 5 presents the preparation process, configuration,
and instrumentation of the scaled-down insulation concrete sandwich
panels. The test panels consist of one layer of 15.9 mm thick rigid ex-
panded polystyrene (EPS) foam board sandwiched between two layers
of concrete wythes (25.4 mm thick for each layer). A layer of wire mesh
(50 mm by 50 mm spacing) (2 in X 2 in) was used as reinforcements
for the concrete layers, and U-type steel connectors were used to con-
nect the two concrete wythes and provide sheer resistance. The pre-
pared insulated concrete sandwich panels present one half (1/2) scale
of a typical concrete sandwich wall panel with an overall thickness of
127 mm (5 in). Five thermocouples were attached on the front and back
surfaces of the tested specimens, respectively (see Fig. 5 (a)). Moreover,
thermocouples were also attached to the surfaces of the insulation
panel to monitor the temperature development history during the ex-
perimental test and validate the finite difference method presented in
Section 2.2, see Fig. 5 (b) and (c). Table 4 summarizes the design and di-
mensions of each panel.
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4.2. Transient thermal behavior of scaled-down concrete sandwich wall
panels

Fig. 6 presents the experimental data obtained by the small-scale
hot box apparatus. According to Equation (14), the temperature of the
hot-side box follows a sinusoidal temperature profile with the period, P,
equals to 6 h to account for the Y2 scale factor (to represent a 24-hour
test cycle for a full-scale specimen). On the cold side, the environmental
chamber air temperature was kept at a constant temperature at around
15 °C. During the experiment, both the hot- and cold-side were pre-
heated or cooled to a pre-designated temperature (close to steady-
state), followed by the sinusoidal forcing temperature solicitation. As
can be seen from the experimental data, the hot-side air temperature
history follows the sinusoidal input temperature closely. In contrast,
the cold-side air temperature experienced some disturbances due to the
limitation of the environmental chamber’s control program. Therefore,
data segments with environmental chamber temperature close to a con-
stant were used to calculate the dynamic properties, i.e., time lag (tf;gp )
and decremental factor (f£4P).

Fig. 6 presents the hot box test data obtained by the experiment
compared to the simulated results obtained using the finite difference
(FD) method. It can be seen that once the stabilized periodic regime is
reached, the simulated data matches closely with the experimental
data. The thermal properties of the tested panels are presented in Fig.
7, where the LLL panel has the lowest U-value. The NNL panel has a
smaller time lag, but a larger decrement factor than the NNN panel in-
dicates the influence of thermal mass on dynamic thermal properties
(see Fig. 7 (b) and (c)). Table 5 compares the time lag and decrement
factor obtained from the experimental data, the finite difference simu-
lations, and those calculated from the ISO method. The time lag and
decrement factor obtained from the FD method and experimental tests
were deducted from the same equations - i.e., Equations (24) and (25).
The measured air temperature at the hot-side and cold-side boxes was
used as the FD method's inputs; therefore, their values matched closely
with each other. Overall, the time lag obtained through the ISO method

Thedmecouples

Siapl

Fig. 5. The scaled-down concrete sandwich wall panel specimen: (a) Illustrative figure showing the configuration and instrumentation; (b) picture showing the
cross-section of the specimen panel; and (c) pictures showing the specimen preparation process.
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Table 4
Concrete sandwich wall panel composition and thermal transmittance.

Sandwich Component composition (hot to  Calculated thermal transmittance
panel cold side) (W/m?K)
LLL 2.54 cm C1; 1.59 cm EPS; 1.934
2.54 cm C1
NNL 2.54 cm C2; 1.59 cm EPS; 2.246
2.54 cm C2
NNN 2.54 cm C3; 1.59 cm EPS; 2.354
2.54 cm C3

also shows good agreement with the experimental values, whereas the
decrement factor calculated by the ISO equation (f759) indicates a sig-
nificant discrepancy. For the time lag, the indoor surface convection
coefficient (hg;) has a negligible influence on the result obtained by the
ISO method when it is large (see Equation (26) of Section 2.3.1). In the
experiment study, 40.0 W/m2K was used as the h; to consider the effect
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of crossflow fan and potential thermal radiation from the alumina baf-
fle and fin-heater. On the other hand, the decrement factor obtained by
the ISO method depends on h,;/U, (see Equation (33)), which cannot be
ignored when its value deviates from 1. Using h,;/U, as a correction co-
efficient, the corrected decrement factors of the ISO method (/59)

were obtained and closely matched by the finite difference method.
4.3. Discussions

In the above sections, the feasibility of using the developed small-
scale hot box was validated to measure the dynamic thermal properties
(time lag and decrement factor) of the scaled-down specimen and the
correspondence between the ISO method and finite difference method.
In this section, we further validate the scaling relationship and the
equivalence relationship between the ISO method and the finite differ-
ence method through different cases. The studies were conducted for
the 1/3rd scale, the Y scale, and full-size specimen of single layer con-
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Fig. 6. Hot box testing results versus finite different method simulated results and-thermal-properties of tested panels: (a) LLL; (b) NNL; and (c) NNN.
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Fig. 7. Thermal properties of tested panels: (a) U-value, (b) time lag; and (c) decrement factor.
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Table 5
Comparison of thermal dynamic properties obtained by different methods.
U, hy/U, tiép ';;Z ’1[;; fExp Vi fiso /LI’?;?
w/mK () (o) () () @ O] ) ©
LLL  1.934 20.68 0.539 0.506 0.597 0.0619 0.0619 0.880 0.049
NNL 2.246 17.81 0.499 0.589 0.603 0.0589 0.0605 0.850 0.055
NNN 2.254 17.75 0.528 0.628 0.517 0.0574 0.0567 0.858 0.055

crete wall panel and concrete sandwich wall panel under various indoor
surface convection conditions. The periods of the sinusoidal excitation
are 2.667 h, 6 h, and 24 h, respectively, according to Equation (11).

As presented in Section 2.3, the equivalence of time lag and decre-
ment factor between the ISO method and the finite difference method
requires that the value of hy/U, of the scaled-down specimen test equals
its full-size counterpart (see Equation (30)). Since U, is proportionally
related to the thickness (linear dimension scale) of an envelope assem-
bly (U;” = nULS) when the same materials are used to build the scaled-
down model, and the indoor surface convection coefficient, h, is ex-
pressed as a function of surface air velocity [41]:

hg = a+ bvg 3

where Vy; is air velocity over the indoor surface; a and b are parame-
ters related to the surface condition (i.e., roughness) and materials.
Therefore, during the experiments on scaled specimens, hy; can be tuned
by controlling the air velocity across the envelope surface to get close to
the n folds of h; of the full-size specimens. Under such circumstances,
the time lag determined by the scaled-down experiments will be pro-
portional to that of a full-size specimen (see Fig. 8 (a) and (c)). This also
holds true for a multi-layer envelope assembly such as concrete sand-
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Fig. 8. Periodic temperature responses of concrete wall panels simulated by FD method: (a) ¥z scale concrete wall panel; (b) 2 scale concrete sandwich wall panel;

(c) full-size concrete wall panel; (d) full-size concrete sandwich wall panel.
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wich panels (see Fig. 8 (b) and (d) and Table 6). In addition, it was ob-
served that the increase of h;,/U, usually leads to the decrease of both
time lag and decrement factor under the same outdoor conditions.

Table 6 lists the time lag and decrement factor obtained from
FD simulations for both scaled and the corresponding full-scale
wall panel specimens. It confirms that when the condition
(hg/ UO)SD = (hg/ UO)F 5 is met, a scaled-down experiment can equiva-
lently represent a full-scale test. Since h; can be adjusted by varying the
air velocity across the test specimen's surface, it is feasible to conduct
scale-down hotbox experiments to characterize both the static (steady-
state) and dynamic thermal properties. It is worthwhile to mention that
the value of 1750 /D equals to h; /U, as discussed in Section 4.2 for the
corrected decrement factor of the ISO method.

5. Conclusions

This study evaluated the dynamic thermal performance of building
envelope components (i.e., single or multi-layer wall panels) using
small-scale calibrated hot box tests and scaled-down specimens. Small-
scale hot box equipment was constructed and calibrated using a rigid
foam panel with known R-value and applied to the tests of three scaled-
down concrete sandwich wall panels. Moreover, scaling relationships
for dynamic thermal properties of building envelope components be-
tween full-size and scaled-down specimens were established through
analytical relationships validated by both experimental tests and finite
difference (FD) simulation results. The following conclusions are drawn
in this study:

e It is demonstrated that using a small-scale calibrated hot box and
scaled-down specimen to evaluate the performance of building
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Table 6
Validation of the equivalence between ISO method and FD method*

Single Layer Concrete Wall Concrete Sandwich Wall Panel

Panel

Full-scale 4™ scale 1/5th
6"- 3”- scale (2"-

Full-scale %™ scale 1/5th
(2"-2"-2") (1”-1"-1") scale(*/5"-

thick) thick) thick) 2/5"-2/5")
(hy/Up)P = (hg/Up)Fs = 1
U, 2.78 5.55 8.27 0.66 1.33 1.98
(W/m2K)
#59(hr) 4,55 1.14 0.51 5.96 1.49 0.66
#2(hr) 4,55 1.13 0.51 5.96 1.49 0.66
1150 /4D 1.00 1.00 1.00 1.00 1.00 1.00
lag ! *lag
£150 0.34 0.34 0.34 0.16 0.16 0.16
P 0.34 0.34 0.34 0.16 0.16 0.16
£SO 7D 1.00 1.00 1.00 1.00 1.00 1.00
(hy/Up)P = (hy/Up)ts = 3
U, 2.78 5.55 8.27 0.66 1.33 1.98
(W/m2K)
#59(hr) 3.73 0.93 0.42 5.01 1.25 0.56
#2(hr) 3.73 0.93 0.42 5.01 1.25 0.56
1150 14D 1.00 1.00 1.00 1.00 1.00 1.00
lag ! “lag
f1s0 0.60 0.60 0.60 0.40 0.40 0.40
Vi 0.20 0.20 0.20 0.13 0.13 0.13
10 /£FD 3,00 3.00 3.00 3.00 3.00 3.00
(hg/Up)SP = (hy/UpFs
U, 2.78 5.55 8.27 0.66 1.33 1.98
(W/m2K)
hy; 4.00 8.00 12.00 4.00 8.00 12.00
(W/m2K)
#59(hr) 4.28 1.07 0.48 4.09 1.02 0.46
#2(hr) 4.28 1.07 0.48 4.09 1.02 0.45
1150 1D 1.00 1.00 1.00 1.00 1.00 1.00
lag ! *lag
10 0.43 0.43 0.43 0.61 0.61 0.61
Vi 0.30 0.30 0.30 0.10 0.10 0.10
IS0 /rFD 1.45 1.45 1.45 6.00 6.00 6.00

* Concrete C1 and EPS were used as the concrete and insulation material, re-
spectively.

envelope elements is feasible. It has the merits of drastically lower
experimental costs and experimentation time. The developed small-
scale calibrated hot box equipment can be applied to both steady-
state and transient heat transfer tests of building envelopes.

The deducted scaling relationship for dynamic thermal properties of
building envelope components between full-size and scaled-down
specimens shows that the time lag is correlated by a coefficient of
1/n2. At the same time, the decrement factor does not change when
an outdoor periodic excitation drives the scaled-down specimen
with 1/n2 period of the full-size specimen. The indoor surface heat
convection coefficient satisfies h;,/U, = 1. The h;, of the scaled-
down specimen test can be tuned by controlling the air velocity
across the envelope surface to get close to the n folds of h;, of the
full-size specimens in a typical indoor condition.

A scaled-down specimen test is demonstrated as an effective and
economical way to determining both the static (steady-state) and dy-
namic thermal properties of building envelope components as it re-
duces the time to 1/n2 of the full-size specimen test. At the same time, it
still provides reliable indications of thermal performance. It should be
noted that the scale-down hotbox experiment should not be viewed as a
replacement for the full-scale standard test.
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