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Abstract 
 
Surface temperature changes of building materials affect the calculation of heat flow and thus the energy use in 
heating and cooling. The surface heat transfer coefficient  , limiting the heat flow between material surface 
and ambient air is normally taken as a constant. In this study we propose a time-dependent function )(t . We 

estimate  from unidirectional heat flow experiments with transient and steady-state conditions. Using tem-
perature measurements and the conservation of energy at the surface including convective and irradiative 
boundary conditions, the value of )(t  was obtained both using Finite Difference and Taylor Polynomials 
methods. Numerical solutions of temperature distribution as function of time were improved with the obtained 

)(t -functions compared to with constant  . There were no clear difference between )(t on different mate-
rials, and the final values observed were in the order of magnitude expected from the literature. 
 
Keywords: Heat Flow, Surface Heat Transfer Coefficient, Numerical Methods, Light Weight Aggregate, 
Cements Based Materials 

1. Introduction 
 
The study of heat flow properties of cement based mate-
rials (CBM) like Light Weight Aggregate (LWA) and 
normal weight concrete is of importance. The thermal 
mass of heavy building materials like brick and concrete 
has been found to reduce peak energy demand [1,2] 
when properly used in a building including exposed mass 
facing the inside. The use of thermal mass is efficient for 
both cooling and heating energy demands [1-3]. In addi-
tion, heat flow properties affect structural behaviour like 
temperature and stress development during curing [4], 
moisture transport properties [5] and material durability 
due to for example frost exposure [6]. 

The better knowledge we have on models, parameters 
and associated data, the better we can predict heat flow, 
temperature rise, stress development, durability, energy 
use etc of varying parts of buildings and structures ex-
posed to different temperature and moisture conditions, 
e.g. concrete walls and decks.  

In the present investigation we LWA CBM based on 
some measurements of temperature distribution in LWA 
concrete during transient and steady-state heat flow 

through a surface. We have chosen to pursue the use of a 
time dependent surface heat transfer coefficient, )(t , to 

improve calculation of heat flow between material and 
surrounding air. 
 
2. The Surface Heat Transfer Coefficient  ( )α t
 
Heat flow through a building material like concrete is 
described by the heat equation. In one dimension with 
initially constant temperature and a subsequent tempera-
ture change at one end it can be written by Fourier’s 
second law as follows [7, 8]: 

2

2concrete

T
C

t

T

x
  


 

          (1) 

where : Temperature [K] or [°C] T
   t :  time [s] 
   x : thickness [m]  

C :  heat capacity of material [J/kg·K] 
   



: density of material [kg/m3] 

concrete : heat conductivity of concrete [W/mK = 
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J/sm·K]. 

where , C   and  concrete are normally assumed 

constant in mathematical solutions of Equation (1). The 
heat transfer is proportional to the rate of heat flow 
across the solid-air interface and the temperature differ-
ence across the interface. Thus, the boundary condition 
may be expressed by the following Equation (7) 

)( ambsurfconcrete TT
x

T
q 




       (2) 

where : heat flow [W/m2] q

 : surface heat transfer coefficient [W/m2K] 
:surfT  temperature at material surface [K] 

      :ambT  temperature in ambient air adjacent to the 

solid-air interface [K]. 
The surface heat transfer coefficient for buildings ma-

terials surfaces is usually assumed to depend mainly on 
the convection of the air whereas heat flow by radiation 
and conduction is low [8]. If the control surface includes 
no mass or volume, the conservation of energy require-
ment becomes: 

0 radconvcond qqq            (3) 

This conservation requirement holds for both steady- 
state and transient conditions. qcond [W/m2] is a conduc-
tion heat flux from the medium to the surface, qconv is 
convection from the surface to the fluid (air) and qrad is 
net radiation exchange from the surface to the surround-
ings. Each of the terms may thus be described by: 

0)()( 



ambsurfradambsurfconvconcrete TTTT
x

T  (4) 

or 

)( ambsurftotconcrete TT
x

T



          (5) 

where tot  = conv  + rad is total surface heat transfer 

coefficient [W/m2K] 

conv  : convective surface heat transfer coefficient 

[W/m2K] 

rad  : radiation surface heat transfer coefficient 

[W/m2K] 
2 2( )(rad surf amb surf ambT T T T    )      (6) 

where : emissivity (no unit), maximum value = unity, 
typical value 0.88 [8,9] 

 : Stefan-Boltzman’s constant = W/(m2K4) 
[8,9] 

81067.5 

The total surface heat transfer coefficient tot in 

Equation (5) also includes the convective surface heat 
transfer coefficient which comprises two mechanisms. 
These are energy transfer due to diffusion and due to the 
bulk or macroscopic motion of fluid. The convection 
heat transfer mode is sustained both by random molecu-

lar motion and by the bulk motion of the fluid within the 
boundary layer. The contribution due to random molecu-
lar motion (diffusion) dominates near the surface when 
the fluid velocity is low. In fact, at the interface between 
the surface and the fluid, the fluid velocity is zero and 
heat is transferred by diffusion mechanism only. The 
contribution due to bulk fluid motion originates from the 
fact that the boundary layer grows as the flow progresses 
or penetrates in the direction normal to the surface [9]. In 
the rest of the paper we use the notation   instead of 

tot as defined in Equation (5). 

In many practical problems in fluid mechanics the heat 
transfer is defined as a constant. In fact, heat transfer is 
not a constant characteristic of the fluid medium. On the 
contrary, the heat transfer coefficient depends in a com-
plicated way on many variables, including the fluid 
properties heat conductivity, viscosity, density, heat ca-
pacity ( ffff C,,,  ), the system geometry, ambient 

and surface temperature of the system, flow velocity and 
phase change [10,11]. Fluid flow properties are typically 
described by characteristic quantities such as Reynolds 
numbers (Re), Nusselt (Nu) and GR-numbers [7,8]. Ta-
bles 1 and 2 show typical orders of magnitude for heat 
transfer coefficients from the literature [9,10].  

In [8] some expressions are proposed for the effect of 
wind on  conv, like Equation (7) for forced convection 
parallel to the material surface of a building: 

 conv = 6 + 4v,  v ≤ 5 m/s      (7) 

 conv = 7.4 × v0.78, v ≥ 5 m/s 

 
Table 1. Typical value of the convection heat transfer coef-
ficient  , adapted from [9]. 

Process/system 
2(m K)]conv [W /  

Free convection 
        Gases 
        Liquids 
Forced convection 
       Gases 
        Liquids 
Convection with phase change 
       Boiling or condensation 

 
2-25 
50-1000 
 
25-250 
100-20000 
 
2500-100000 

 
Table 2. Typical orders of magnitude for heat transfer coef-
ficient  , adapted from [10]. 

Process/system 
2(m K)]conv [W /  

Free convection 
        Gases 
        Liquids 
        Boiling water 
Forced convection 
       Gases 
        Liquids 
        Water 
Condensing vapours 
 

 
3-20 
100-600 
1000-20000 
 
10-100 
50-500 
500-10000 
 
1000-100000 
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As rough values  indoor = 6 and  outdoor = 25 can be 
used. The difficulties of measuring surface heat flow at 
very high air velocities have been discussed [12]. More 
recent experiments have shown that effective surface 
heat transfer coefficients can be in the range 40 to 140 
W/m2K (T < 273 K) and even higher than 200 W/m2K (T 
> 273 K) [13,14] at velocities around 40 m/s. Equation (7) 
therefore seems to give values within the right order of 
magnitude. The effect of temperature alone on  for the 
case of natural convection at interior surfaces is in [8] 
suggested as: 

4/1
2 surfambnat TT              (8) 

Equation (8) predicts far too high temperature drops 
from the surface to the ambient temperature for  = 6. 
If the radiation is significant this will of course affect the 
result according to Equation (6). 

Based on the above discussion the convective part of 
the surface heat transfer coefficient includes a time de-
pendency due to mass transfer in the boundary layer, 
particularly when there is sudden temperature change at 
a material surface. This time dependency comes in addi-
tion to the time dependent effect on   of phase change 
as described by [11]. Phase transitions at the surface by 
condensation/evaporation, frosting/melting or sublima-
tion/de-sublimation will affect the surface heat transfer 
due to associated heat flow. In [11] analytical models 
were developed and verified showing how the effective 
surface heat transfer coefficient varied over time de-
pending on wind velocity, relative humidity and dew 
point for surface temperatures between 253 and 293 K 
when there were excessive amounts of vapour available. 
In the following part, an experiment is investigated and a 
model adapted to observed time dependency of the sur-
face heat transfer coefficient for a case with very limited 
or no fluid (air) flow or surface phase transition.  
 
3. Measuring and Modelling the Time 

Dependent Surface Heat Transfer 
Coefficient  ( )α t

 
3.1. Model Based on Temperature-Time  

Measurements 
 
The model was developed to obtain a functional relation-
ship for )(t for an experiment without excess moisture at 

the surface and very limited convection. Equation (2) is 
solved for heat flow at the surface of a material sample 
using measurements of temperature as function of time 
and sample length. The material sample is assumed ex-
posed to unidirectional heat flow along the length axis 
between a cold and a warm side as shown schematically 
in Figure 1. Therefore, the surface boundary conditions 
based on Equation (2): 

))(),0()(( ,
0

tTtTt
x

T
warmambwarm

x
concrete 






    (9) 

)),()()(( , tLTtTt
x

T
coldambcold

Lx
concrete 






  

where  Specimen temperature at different posi-

tions and times 

:),( txT

:)(tTamb  Ambient air temperature at the inside of the 

plastic foil, and 
:)(),( tt warmcold   Surface heat transfer coefficient at 

cold and warm side 
For a material with known heat conductivity, numeri-

cal values of   can be found using Equation (9). In 
order to test whether the numerical solution of  can be 
a function of time or constant, we introduce the follow-
ing different boundary conditions: 
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and 
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where   and T are constants. We will consider the 
numerical solutions of three different cases of the bound-
ary conditions: 

Equation (9): where both the ambient temperature and 
surface heat transfer coefficients are time-dependent. 

Equation (10): where both the ambient temperature 
and surface heat transfer coefficients are constants. And, 

Equation (11): where the ambient temperature is time- 
dependent, while the surface heat transfer is constant. 

 
3.2. Temperature Test Set-Up 
 
Laboratory measurements of one-dimensional heat flow 
were conducted on cylindrical specimens of light weight  

X

T 

Tamb,cold

Tamb,warm 

T 

t 
X = 0 X = L 

Tx=0 

Txi 

Tx=L 
Tamb,cold

Tamb,warm

Tx

Tamb,warm 

material 

 

Figure 1. Principle of temperature measurements across 
specimen and acquired data for ( )t . 
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aggregate concrete. The test set up was made in the 
laboratories of Narvik University College [15,16]. The 
specimens were insulated on the cylindrical surface to 
ensure one-dimensional heat flow in the axial direction 
of the cylinder. They had 10 cm length and 10 cm di-
ameter with thermocouples (copper–constantan) moul- 
ded along the axial direction, This was done by fixing 
thermocouples to a thin (0.1 mm) nylon thread spanning 
in the axial direction during moulding. The maximum 
aggregate size of 12-14 mm limits the accuracy of the po-
sition of the thermocouples No. 4-8 shown in Figure 2, 
since the accuracy of the positioning is affected by the 14 
mm maximum aggregate size. This has been taken into 
account by using temperature measurements as described 
in Subsection 4.1. Figure 2 shows a specimen with ther-
mocouples placed horizontally in a polystyrene pipe with 

0.04w / mK  . The pipe was placed in a 10 cm thick 
vertical polystyrene wall between a warm and a cold 
room. A 0.1 mm polyethylene foil covered the end of the 
horizontal polystyrene pipes leaving approximately 3 cm 
wide air gaps between the concrete surface and foil on 
warm and cold side. The role of the air gaps under the 
polyethylene foil is to reduce external forced convection 
so that it is assumed that the natural convection and ra-
diation heat transfer acts here. 
 
3.3. LWA CBMs 
 
5 LWA CBMs were tested. The LWA consisted of 
spherical light weight aggregate particles produced from 
recycled glass raw material [17]. The particle sizes were 
12-14, 10-12 and 0.3-0.6 mm, the dry particle densities 
were 460, 480 and 770 kg/m3 and the 24 h absorption 
were 13.7, 19 and 26.6% of mass. The binder of materi-
als A, B, C and E consisted of ordinary Portland cement 
(CEM I) according to EN 197-1 [18], 10% silica fume by 
weight of binder powder, a co-polymer water reducer 
(Sika viscocrete) and water was added to dry LWA to a 
 

 

Figure 2. Side- and front view of cylindrical LWA CBM 
specimen in polystyrene and thermocouples along central 
axis (diameter = length = 100 mm). 

total w/(c+si) = 0.45. For Material D the LWA was 
soaked and surface dried before adding the binder (water, 
cement, silica fume, water reducer) to an effective w/b = 
0.45 so that no mix-water could be absorbed by the 
LWA-particles. Material A was made with LWA 12-14, 
Material B with 85% 10-12 and 15 % 0.3-0.6, Material C 
with 70% 10-12 and 30% 0.3-0.6 giving maximum LWA 
particle packing. Material D was equal to C but, as men-
tioned, made with LWA pre-soaked in water and mixed 
in saturated surface dry condition. Material E was made 
with high enough cement paste volume to fill up the void 
space between the individual LWA particles. Table 3 
shows data of the 5 tested materials. We see that very 
low compressive strengths were obtained for these low- 
density materials. Further details about properties of the 
cement based materials and experimental set-up can be 
found in [15,16,19]. 
 
4. Results and Discussions 

4.1. Temperature Measurements and Use in 
Modelling  

Figure 3 shows an example of measured temperature 
profiles for material C with thermocouple no.1 in warm 
air at the outside of the plastic foil being the upper curve 
at the right hand side of the plot. Thermocouple No.11 in 
cold air at the outside of the plastic foil is the bottom 
curve. The other thermocouples are in numerical order 
from top to bottom. Steady-state heat flow was reached 
in all 5 materials. The increase seen towards approxi-
mately 23°C at the beginning of the plot is probably due 
to a bit inaccurate temperature control at start of the ex-
periment. Similar plots were made for all 5 materials but 
not shown here due to space considerations. Inserting the 
approximation of heat flux by the Finite Difference 
Method (FDM) as: 

x

TT

x

T jj

concrete
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concrete 
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         (12) 
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in the left side of Equation (9) and rearranging we obtain 
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t concrete
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where 
jj TT 93 , are the surface temperatures at time jt on 

warm and cold side respectively, is the temperature at 

the middle thermocouple node as illustrated in Figure 2. 
The ambient temperature at the warm 

jT6
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Table 3. Properties of the materials. 

LWA Cement SF Water w.r. Density f28 C 　+20°C Material 
(kg/m3) (MPa) J/kg·K (W/mK) 

A 211 136 15 68 0.4 430 0.5 896 0.14 
B 254 143 16 72 0.5 486 0.6 892 0.15 
C 319 155 17 78 0.5 570 1.1 888 0.17 
D 319 155 17 145 1.0 637 1.3 1236 0.25 
E 301 339 39 169 1.1 848 4.1 1056 0.23 

 

and cold sides are and respectively. The length 
between the surface of both sides and middle node num-
ber six is denoted . The heat transfer in Equation (13) 
may have positive or negative value depending on the 
accuracy of the positioning of the thermocouples. Heat 
flux through the material is calculated from 

jT2

x

jT10



6 3( ),j jT T  

9 6(

Tamb,warm 

Tamb,cold 
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x 10
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(x
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。

 

)j jT T . And, the convection terms are calculated 

from 3 2 9( ) 10(, )j j jT jT T  T . In this study we consider only 
time steps with positive heat transfers and, therefore, it is 
required that  

jjj TTT 632   and , for jjj TTT 1096  j   (14)  

Figure 3. Measured temperatures material C, thermocou-
ples 1–11 from top to bottom (see Figure 2). 

This was implemented in all calculations of )(t  

since there were some inaccuracies in the positioning of 
the closest thermocouples at the surface due to the 
maximum LWA size of 14 mm. We estimate the inaccu-
racy to be approximately +/- 7 mm and we therefore 
chose to use the above temperature measurement posi-
tions. In Figures 4 and 5 we have plotted the relevant 
temperatures and we see that the conditions of Equation 
(14) are satisfied for the warm side when t ≥ 13800 s and 
for the cold side when t ≥ 4200 s. For that reason we did 
not plot the heat transfer for t = 0.  
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The dimensionless parameter, the Biot number [7] is 
defined as: 
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Figure 4. Temperature at position x2, x3 and x6 for material 
C, with start time to = 13800 s. 
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Plots of Biot numbers are presented in Figure 6 of 
material C showing that stable values are reached after 
around 5 hours. 

The quantities 
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appearing in Equation (15) play a fundamental role in 
conduction problems that involve surface convection 
effects. The Biot number provides a measure of the tem-
perature drop in the solid relative to the temperature dif-
ference between the surface and fluid. In a 1-D problem, 
for , the temperature gradient in the solid is small 
and . In other words, it is reasonable to 

1Bi
),( txT )(tT

Figure 5. Temperature at position x6, x9 and x10 for material 
C, with start time to = 4200 s. 



H. T. NGUYEN  ET  AL. 312 
 

14 

0 1 2 3 4 5 6

x 10
4

2

4

6

8

10

12

14
B

i(
t)

time[s]

 

Bi
warm

,t
0
 =13800s

Bi
cold

,t
0
=4200s

×

Biwarm, t0 =13800s 

Bicold, t0 =4200s 

 

Figure 6. Biot number on warm and cold side of material C. 
 
assume a uniform temperature distribution across a solid 
at any time during a transient process. For moderate to 
large values of the Biot number, however, the tempera-
ture gradients within the solid are significant. Hence, 

. Note that for , the temperature dif-

ference across the solid is much larger than that between 
the surface and the fluid. Furthermore, in order to calcu-
late the heat transfer at the time , then Equation (13) 

use temperature measured at this time. These equations 
did not include the time history of temperature in heat 
transfer calculations. A time series method has been used 
for this purpose [20]. To include temperature time his-
tory to determinate heat transfer coefficient, we used 
Taylor polynomials method (TLM). Inserting Equation 
(15) in Equation (13), the heat transfer at the time  

may be expressed by the Biot-number parameter as:  

),( txTT  1Bi
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jt

)()( jwarmjwarm tBi
x

t concrete














        (16) 

)()( jcoldjcold tBi
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Moreover, that it is a reasonable and relevant relation 
between the Biot-number and the heat transfer since the 
Biot number provides a measure of the temperature drop 
in the solid relative to the temperature difference be-
tween the surface and the fluid. The value of heat trans-
fer in the next time step  may be ex-

pressed by the following equation: 

)( 1 jj ttt

ttttt jwarmjwarmjwarm  )()'()()(     (17) 

ttttt jcoldjcoldjcold  )()'()()(   

where   )/(' t  . The foregoing Equations (17) is 

results of using the first order of the Taylor polynomial 
to approximate heat transfer function at the time . 

Now, we approximate the derivation term 
1jt

 ' in Equa-

tion (17) as:  

t

tt
t jj
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          (18) 

Inserting Equation (18) and Equation (16) in Equation 
(17) and rearranging, we obtain: 
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tBitBi
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                      j = 2, 3,… 

where is a constant, k Rxk concrete  /  and 

)( 1,coldwarm ,1,  ; )2,cold,( 2,warm  , are start values of the 

surface heat transfer coefficients on warm and cold side, 
respectively. We note that Equation (19) use different 
temperature data in the time steps and to calculate 

the surface heat transfer coefficients at the time . 
1jt jt

1jt

 
4.2. Time dependent Surface Heat Transfer,       
   , from Experiments ( )α t
 
Figures 7-12 show plots of the time dependencies of  , 

rad and  radnat    at warm and cold side surface 

of material C and A respectively. The total surface heat 
transfer coefficients   are calculated with Equation (13) 
with temperatures measured as discussed above and 
shown in Figures 4 and 5. The results of rad  are based 

on Equation (6). The time step used to calculate the heat 
transfer is in each 10 minute or 600 second interval. It is 
the same time step as the temperature measurements. 

The start times for calculation vary in accordance with 
the discussion above and Equations (13) with the condi-
tion in Equations (14). It seems from figures that )(t  

approaches, or fluctuates around, a constant value at the 
end of the experiment when steady state is reached like 
in [21]. The final values are in the range 20-35 in agree-
ment with the values in Tables 1 and 2 and without any 
clear difference between warm and cold side. 

In the launched test set-up we regard that heat transfer 
at the surface includes natural convection and radiation 
terms. This assumption can be made because the convec-
tion takes place only within the 3 cm air gaps between 
the polyethylene foil and the building material surface 
(thermocouples 2 and 10 in Figure 2). The air in the room 
outside the foil (thermocouples 1 and 11 in Figure 2) was 
cooled down with a powerful cooling machine not acting 
directly on the material surface due to the foil.  
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Figure 7. Total heat transfer αwarm (t) with in addition two 
mechanisms which are natural convection part αnat and 
radiation part αrad, of material C, where calculation starts 
time to = 13800 s. 
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Figure 8. Total heat transfer αcold (t) with in addition two 
mechanisms which are natural convection part αnat and 
radiation part αrad, of material C, where calculation starts 
time to = 4200 s. 

 

0 1 2 3 4 5 6

x 10
4

0

10

20

30

40

50


(t

)

time[s]

 

 


warm


cold

αwarm 

αcold 

×104  
Figure 9. αwarm (t) and αcold (t) of material C with different 
calculation of start time. 

 
Furthermore, we disregard any effect of phase change by 
condensing/freezing vapour on the material surface due 
to the very low amount of vapour in the 3 cm air gaps 
between material surface and polyethylene foil. This is  
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Figure 10. αwarm (t) of material A, where start time to = 
12000 s. 
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Figure 11. αcold (t) of material A, where start time to = 4800 s. 
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Figure 12. αwarm (t) and αcold (t) of material A. 

 
also supported by the low values we obtain for α com-
pared to the values with phase change in Tables 1 and 2. 

The radiation terms may be ignored for moderate to 
large convection surface heat transfer coefficients [9]. 
However, for natural convection in a gas, radiation may 
be significant and it should be included. The calculated 
radiation terms contributions in our experiments are 
shown in Figure 7.  

Figure 6 shows the Biot number at the cold and warm 
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side for material C. As can be observed from this figure, 
in the transient time period, the Biot-number at the cold 
side is an increasing function of time, while it is a de-
creasing function of time at the warm side. These Biot 
numbers converged to a constant value after six and a 
half hours. The values of the Biot numbers for both sides 
are larger than 1 most of the time. Based on the defini-
tion of the Biot- number in Equation (15), this means that 
when  the temperature difference across the solid 
is much lager than between the surface and the fluid. The 
results agree with this argument. Figure 13 illustrates 
this by showing the heat flux from the surface on the 
cold side and temperature difference between surface and 
the fluid for material C. The calculation shows that the 
temperature gradients within the solid are significant 
under the transient time period. Hence, . 

1Bi

),( txTT 
Figures 14 and 15 show the surface heat transfer coef-

ficient for two different methods; as FDM, Equation (13) 
and TLM, Equation (19). It seems that the resulting sur-
face heat transfer coefficients for both models were al-
most equal. 

Finally, in order to perform numerical simulations 
with the commercial FEM software [22], we need to ap-
proximate the discrete value of the time dependent sur-
face heat transfer as shown for material C in Figure 9, 
with the continuous functions. For this purpose we 
adapted the continuous exponential function: 


   ))(()( 0

btet       (20) 

where t : time  

      : constant  b
       )(t when t  

      0)(  t when . 0t

If 0 and  are known, then the unknown parameter 
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Figure 13. Heat flux at the surface and the temperature 
difference between the surface and the fluid at the cold side 
for material C. 
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Figure 14. αwarm by Finite Difference Method (Equation (13)) 
and Taylor Polynomial Method (Equation (19)) for material 
C. 
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Figure 15. αcold by Finite Difference Method (Equation (13)) 
and Taylor Polynomial Method (Equation (19)) for material 
C. 

 
b may be solved by rearranging Equation (20): 





















0

ln
1 j

jt
b           (21) 

Where )( jj t  ,  Nj ttt ,0  and  is the total 

time of the experiment. In our case, for material C, from 
the experiments we estimate that 

Nt

00, cold  and 

550, warm , see Figures 7-12 or Table 4. In Table 4, 

the calculated parameters of )(t  from the experiments 

are given.  seems to reach reasonable values after a 

few hours, starting from the estimated 0 -value on 

warm and cold sides. The  reached for example for 

material C roughly 22 and 32  at warm and cold 
side respectively, and with no clear difference neither with  

2m KW /
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Table 4. Parameters of functions for time-dependent surface heat transfer coefficient α(t). 

Material )(tcold  )(twarm  

 b 0    b 0  
  

A 2.19 . 10-4 0 23.28 510.96.8   55 38.0 
B 1.95 . 10-4 0 33.64 2.60 .10-4 55 21.04 
C 1.90 . 10-4 0 32.26 1.23 . 10-4 55 21.03 
D 2.53 . 10-4 0 25.21 x x x 
E x x x x x x 

             X: parameters not calculated due to too large scatter of data. 
 
varying material nor temperature. This is analogous to using 
the same kind of function as in Equation (20) to approxi-
mate the ambient temperature for the purpose of numeri-
cal simulation. 
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4.3. Applying  in Numerical Solutions of 

the Heat Flow Equation  

( )α t

 
Finally, we investigate the effect of the obtained time 
dependent surface heat transfer coefficients on numerical 
simulations of temperature-time lapse in the material 
specimens. We do this by applying Equation (20) when 
solving the heat flow equation, Equation (1), with the 
boundary condition given in Equation (9). We also solve 

Equation (1) with constant surface heat transfer   as 
defined in Equation (10) and (11) with constant and 
measured surface temperatures, respectively. We com-
pare the solutions with the measured temperature profiles. 
A commercial finite element method based software 
[22,23] was used. The software can easily be adapted to 
various moisture and heat flow problems in building ma-
terials [5,14,16,22,23].  

Figure 16. Numerical solution and measured temperature 
at the surface on the warm side (x3) of material C. 
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Figures 16-21 show the varying numerical solutions 
for material C. Each figure contains four tempera-
ture-time graphs for the points and (surface), and 

(interior). The positions are shown in Figure 2. 

In addition to the measured temperature-time-graphs 
there are three calculated graphs. These are respectively; 
a time dependent 

3x 9x

864 ,, xxx

)(t and constant temperature ac-

cording to Equation (9), constant  and T values ac-
cording to Equation (10), and using constant  -value, 
but measured temperature T , according to Equation 
(11). The constant value was taken as 25  (see Fig-
ure 9), whereas the constant temperature at the warm 

side ,amb warmT    and at the 

cold side 

,mbli 1t a m  ( )warmT t 3.9℃

, , (mb collim  )d dT T 16.6t ℃

( ,iT x t

amb col 

0)

t a

Figure 17. Numerical solution and measured temperature 
(x4) at the surface on the cold side of material C. 
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  for ma-

terial C. And, the constant start-temperature of the nu-
merical results was approximated as  

(see temperature-time measurements in Figure 3).  

23  ℃ Figure18. Numerical solution and measured temperature 
(x6) at the surface on the cold side of material C. 
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Figure 19. Numerical solution and measured temperature 
(x8) near the surface on the cold side of material C. 
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Figure 20. Numerical solution and measured temperature 
(x9) at the surface on the cold side of material C. 
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Figure 21. Numerical solution at (x4) of material C where 

 in Equation (9) and different select constant heat 
transfer in Equation (11). 

( )α t

 
Figures 16-20 show that the time dependent heat transfer 
solution in Equation (9) is always a better approximation 
to the measured data than when using constant   and 
constant ambient air temperature in Equation (10). The 

constant   and the constantly low or high T in Equa-
tion (10) give far too fast temperature reduction during 
the unsteady-state regime compared to measured tem-

peratures. However, for the two simulations with meas-
ured surface temperature (Equations (9) and (11)) we see 
that the resulting temperature profiles seem to coincide 
with the measurements and that time dependent (Equa-
tion (9)) and constant surface heat transfer coefficient 
(Equation (11)) seem to coincide during the early part of 
the temperature－time profiles. This is, of course, no 
surprise given that these models use more input from the 
experiments compared to Equation (10). The advantage 
of using the proposed time-dependent surface heat trans-
fer coefficients is obviously to reach an optimum com-
bination of good simulation of both the early temperature 
development and hitting the right final temperature. Fig-
ure 21 illustrates the effect different constant  -values 
(Equation (11)) have on the simulated final temperature. 
The main advantage of using a time dependent, con-
verging, surface heat transfer is that both the final tem-
perature and the actual time-dependent evolution can be 
simulated better with our proposed model. Thus, the 
rather simple formula seems to be applicable when we 
want to simulate heat flow in materials subject to rapidly 
changing weather conditions or indoor temperature 
changes by heating- or cooling systems. 
 
5. Conclusions 
 
A simple experiment was made to study total heat sur-
face transfer coefficients in building materials over 
relatively short time.  -values were determined using 
an experiment with very limited convection and little/no 
effect of phase change. Based on temperature-time 
measurements in varying positions in ambient air, on the 
material surface and in the material,  was modeled for 
varying boundary conditions. The value of   at dif-
ferent time steps based on measured temperatures were 
obtained with a finite different method and compared 
with solutions obtained using Taylor polynomials. An 
exponential function was adapted to describe ( )t and 

finally used in numerical simulation of temperature-time 
developments during rapid uni-axial cooling. The numeri-
cal simulations showed that the obtained ( )t - function 

gives results much closer to the measured tempera-

ture-time profiles than when using constant  -values and 
that the main advantage with the use of ( )t is the im-

proved simulation of both final temperature and short- 
time temperature development. 
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