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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 «(z). 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 «(¢) was obtained both using Finite Difference and Taylor Polynomials
methods. Numerical solutions of temperature distribution as function of time were improved with the obtained
a(t) -functions compared to with constant « . There were no clear difference between «(¢) 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 through a surface. We have chosen to pursue the use of a

time dependent surface heat transfer coefficient, a(¢) , to

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
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improve calculation of heat flow between material and
surrounding air.

2. The Surface Heat Transfer Coefficient a(7)

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]:
oT o'T

P CE - /Icancrete y

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

X thickness [m]
C heat capacity of material [J/kg-K]
o density of material [kg/m’]
A

o)

: heat conductivity of concrete [W/mK =

concrete
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J/sm-K].
where C, p and & conerete 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)
orT
q= ﬂ’com‘rete . a(Tsurf - Tamb) (2)
Ox

where ¢: heat flow [W/m?]
a : surface heat transfer coefficient [W/m’K]

T, : temperature at material surface [K]
T,,: 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:

9conda ~Qeonv ~raa = 0 (3)

This conservation requirement holds for both steady-
state and transient conditions. ¢ qg [W/mz] is a conduc-
tion heat flux from the medium to the surface, g .n, 1S
convection from the surface to the fluid (air) and g,., is
net radiation exchange from the surface to the surround-
ings. Each of the terms may thus be described by:

AT
concrete E - acunv (I’mr‘f - T;zmb) - arad (I‘m}_‘f - T;zmb) = 0 (4)
or
AT
ﬂ’concrele E = amt (Tswjf - T:lmb) (5)
where o, = «,, T «,is total surface heat transfer
coefficient [W/m’K]
a,, - convective surface heat transfer coefficient
[W/m’K]
a,, radiation surface heat transfer coefficient
[W/m’K]

arad = SO'(T + Tamb )(Tsir/ + T:z%nb (6)

surf

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

o : Stefan-Boltzman’s constant =5.67x10™ W/(m’K*)
[8,9]

The total surface heat transfer coefficient «,, 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-
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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
a,,, 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 (A,,4,,p,,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 & ., like Equation (7) for forced convection
parallel to the material surface of a building:

Aoy = 6 +4v, v <5 m/s (7

A oy =74 x V"8 v>5m/s

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

a,,,,[W/(m°K)]

Process/system

Free convection

Gases 2-25
Liquids 50-1000
Forced convection
Gases 25-250
Liquids 100-20000

Convection with phase change

Boiling or condensation 2500-100000

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

Process/system ®, [W / (m’K)]
Free convection

Gases 3-20

Liquids 100-600

Boiling water 1000-20000
Forced convection

Gases 10-100
Liquids 50-500
Water 500-10000

Condensing vapours
1000-100000
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As rough values @ juup0r =6 and & yu00r = 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/m’K (T < 273 K) and even higher than 200 W/m°K (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:

1/4

T, amb ~ Tswf| (8)

Equation (8) predicts far too high temperature drops
from the surface to the ambient temperature for a = 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.

a, =2

nat

3. Measuring and Modelling the Time
Dependent Surface Heat Transfer
Coefficient a(r)

3.1. Model Based on Temperature-Time
Measurements

The model was developed to obtain a functional relation-
ship for a(¢) 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):
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oT

‘concrete a

= awarm (t)(T(O’ t) - T:zmb,warm (t)) (9)

x=0

oT

concrete a

= acold (t)(Tamh,culd (t) - T(L9 t))

x=L
where 7'(x,7): Specimen temperature at different posi-
tions and times

T,.,(t): Ambient air temperature at the inside of the
plastic foil, and

... (0),a,,..(@): Surface heat transfer coefficient at
cold and warm side

For a material with known heat conductivity, numeri-
cal values of o 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:

oT

concrete a

= ;warm (T(O, t) - ?amb,warm ) (1 0)

x=0

orT

concrete a

= Eculd (Tamb,cold - T(Lo t))

x=L
and

oT -
concrete A __| = & warm (T(()) t) - Tamb,warm (t)) (1 1)

a x=0

oT —
ﬂ‘concretea_ = U cold (Tamb,culd (t) - T(La t))
x=L

where o 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

T
T

’\ Tamb warm
= = = Tambwam

Tambwarm | N :> \; - Tyeo
~

\4

A

AN i

Amaterial Tamb,cold P=i=i=T

—>
X=0 X=L X

Figure 1. Principle of temperature measurements across
specimen and acquired data for a(¢).
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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 c¢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
A ~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/m® 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
(CEMI) 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

)

0.1 mm polyethylene foil

13 | 10 mm
A/d'() 000
OOOOCOOOC

| | oo a ] 100 mm

1 23 4‘3 %) ®
e
D OO (Q

13 10 mm

12 Thermocouples - components:

1: warm room, 2: air near warm surface, 3-9: surface
and in material (10, 30, 50, 70 and 90 mm from
warm surface), 10: air near cold surface, 11: cold
room, 12: 100 mm polystyrene wall, 13; Polystyrene
pipe, 14: LWA CBM

[sommb— 100 mm —]somm|
Figure 2. Side- and front view of cylindrical LWA CBM

specimen in polystyrene and thermocouples along central
axis (diameter = length = 100 mm).
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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:

or T -T/
cunuretea_

~ “eoncrete
X |20 Ax

~

(12)

oT

concrete a

J_mTJ
< Iy - T
~ “concrete

Ax

x=L

in the left side of Equation (9) and rearranging we obtain

ﬁ. e T/ T
awarm (Zj) = [Tj{ﬁj (13)

/1' e T/ —T/
faul)= [T)(HJ

where T3j ,ng are the surface temperatures at timez, on
warm and cold side respectively, 7; is the temperature at

the middle thermocouple node as illustrated in Figure 2.
The ambient temperature at the warm
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Table 3. Properties of the materials.

Material LWA Cement SF Water W.I. Density fig C 120°C
(kg/m’) (MPa) Jkg'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 7/ and T;}respectively. The length 30
between the surface of both sides and middle node num- 200 Tomb vwarm
ber six is denoted Ax . The heat transfer in Equation (13) i ———
may have positive or negative value depending on the 10
accuracy of the positioning of the thermocouples. Heat o
flux through the material is calculated from (7 -7/), z 0
e
(17 -T/) . And, the convection terms are calculated = -10
from (7 - T/), (T;) - T,/) . In this study we consider only 20
time steps with positive heat transfers and, therefore, it is Tamb,cold
required that -30

T)>T/>T/ and T/ >T/ >T}, for Vj (14)

This was implemented in all calculations of «a(¢)

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.

The dimensionless parameter, the Biot number [7] is
defined as:

T/ -T/ Ax
Biy,,, (1) =| -6 | = Coum (15)
T/ -T) Y

‘concrete

T9j -T sj AN
W-T) 4

‘concrete

Biculd(tj):(

Plots of Biot numbers are presented in Figure 6 of
material C showing that stable values are reached after
around 5 hours.

J J J J
The quantities [Té. il J and(Tg, — T6, J

T3j - T 21 Tl{) - T9j
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 Bi << 1, the temperature gradient in the solid is small
and T'(x,t)~T(¢). In other words, it is reasonable to

Copyright © 2010 SciRes.

time[s] X 104

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

20
OG 15 N e e e e e
=10
o
=
= s
0 2 3 4 5 6

time[s] x 10"

Figure 4. Temperature at position x,, x; and x; for material
C, with start time 7,= 13800 s.

30
— T(xs, 1)

D | S (P

10

T(X6,9,10,t) [°C]

2ae

time[s]

Figure 5. Temperature at position x4, X9 and x;y for material
C, with start time 7,= 4200 s.
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14
12}
10
e
B 8
6 :
4t —e— Bi,ums th =13800s
— Bicolda 1y =4200s
2 . .
0 1 2 3 4 5 6
time[s] x 104

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,
T =T(x,t). Note that for Bi >> 1, 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?7;, 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:

A
awarm (t/) = [ﬁijiwai‘m (t/ ) (16)

A
acold (tj) = (%JBI'COM (tj)

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 (7, +Af=¢,,) may be ex-

pressed by the following equation:
awarm (tj + At) ~ awarm (tj) + (awarm )‘(tj )At (17)
ol (t] + At) R o (t]) + (acold )'(tj )At
where (a)=(da /dr). The foregoing Equations (17) is

results of using the first order of the Taylor polynomial
to approximate heat transfer function at the time 7, .

Now, we approximate the derivation term (a)’ in Equa-

Copyright © 2010 SciRes.

tion (17) as:
a(tjﬂ) -a (tj—l)
2At
Inserting Equation (18) and Equation (16) in Equation
(17) and rearranging, we obtain:

(@ )(t;)= (18)

awarm (tl) = awarm,l ’ acold (tl) = aculd,l
awarm (t2 ) = awarm,Z ’ acold (t2) = a(rold,Z

(Biwarm (tj+1) - Biwmm (tj—l ))

awarm (th) =a warm(tj) + k 2 (19)
Bi ,(t.,)-Bi,,/(t
Ao (E11) :acold(l,/)+k ( fota € ”1) 5 Leoa /’1))
j=2,3,...
where k is a constant, k=A1_,.,. /Axe R and

(a Xepia1)s (Cyuma>Coon) > are start values of the

warm,1 2
surface heat transfer coefficients on warm and cold side,
respectively. We note that Equation (19) use different
temperature data in the time steps 7, and ¢, to calculate

the surface heat transfer coefficients at the time ¢,,,.

4.2. Time dependent Surface Heat Transfer,
a(t) , from Experiments

Figures 7-12 show plots of the time dependencies of « ,
a,,, and (a =a — amd) at warm and cold side surface

nat
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 «,,, 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 thata(z)

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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40
Citor
—+ Oygq
30t _
= Onat = Quot —Oyad
=
1 20
101
0 R R R R
1 2 3 4 5 6

time(s] x10%

Figure 7. Total heat transfer a,,,, (f) with in addition two
mechanisms which are natural convection part «,, and
radiation part «,,; of material C, where calculation starts
time 7,= 13800 s.

50

40

30

a(t)

20

10 —— Opat = Ctor —Orad|]

0 1 2 3 4 5 6
time[s] x 104

Figure 8. Total heat transfer a.,, (f) with in addition two

mechanisms which are natural convection part a,, and

radiation part a,,, of material C, where calculation starts
time 7,= 4200 s.

50

40

30

a(t)

20

10

0 1 2 3 4 5 6
time(s] x10*

Figure 9. a,,m (f) and a.,; (f) 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

Copyright © 2010 SciRes.

60

x10*

Figure 10. a,,., (f) of material A, where start time ¢, =
12000 s.

€15
8 —o—0lor
Z
.z
tor —#—COnat = Ouot—Orad
st
0
0 1 2 3 4 5 6

time(s] x10*

Figure 11. a.,, (f) of material A, where start time z,= 4800 s.

60

—e— Oyarm

501 " *— Oeold

0 1 2 3 4 5 6
t
ime|s] «10°

Figure 12. a,,,,,, (f) and a.,, (f) of material A.

also supported by the low values we obtain for o 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 Bi>1 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, T’ = T'(x,¢) .

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:

a(t)=(e"(ay-a,) +a, (20)
where ¢ :time
b : constant
a(t) > a, when t — o
a(t) > a,when t—>0.

If ay,and e« are known, then the unknown parameter

o
§ 80
<
3 60}
B
)
T 4 ——1 dT/ dx
< concrete
cI«E sl —T 1 -T9
3
af (9 L8000 A0 1 A 1 4
E 0 1 2 3 4 5 6
E time[s] x10*

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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40

—— FDM

35¢

25¢

20 h
time[s] x10°
Figure 14. a,,,,,, by Finite Difference Method (Equation (13))

and Taylor Polynomial Method (Equation (19)) for material
C.
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Figure 15. a.,, by Finite Difference Method (Equation (13))
and Taylor Polynomial Method (Equation (19)) for material
C.

b may be solved by rearranging Equation (20):

1. (a -a,
b=——In| 4—= (21
a,—a,
Where a; = a(t;), t,e(to,tN) and ¢y 1is the total

time of the experiment. In our case, for material C, from
the experiments we estimate that «,,, =0 and

warmo =39 > see Figures 7-12 or Table 4. In Table 4,

the calculated parameters of «(f) from the experiments

a

are given. «, seems to reach reasonable values after a
few hours, starting from the estimated ¢, -value on
warm and cold sides. The «, reached for example for

material C roughly 22 and 32 W/m’K at warm and cold
side respectively, and with no clear difference neither with
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Table 4. Parameters of functions for time-dependent surface heat transfer coefficient a(z).

Material s () Ay ()
b a, a, b a, a,
A 2.19-10* 0 23.28 8.96.107° 55 38.0
B 1.95 10" 0 33.64 2.60°10™ 55 21.04
C 1.90 10" 0 32.26 1.23-10* 55 21.03
D 25310 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 24
. . . . h + T(X3):Measuring data
the same kind of function as in Equation (20) to approxi- - ]
mate the ambient temperature for the purpose of numeri- o, | a(?): Equation(9)
. . —+—d.com: Equation(10)
cal simulation. o L *
A ——dcone: Equation(11)

4.3. Applying a(t) in Numerical Solutions of
the Heat Flow Equation

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 o 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].

Figures 16-21 show the varying numerical solutions
for material C. Each figure contains four tempera-
ture-time graphs for the points x; and x, (surface), and

X4,X¢,Xg (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 «(¢) and constant temperature ac-

cording to Equation (9), constant o and T —values ac-
cording to Equation (10), and using constant ¢ -value,
but measured temperature 7 , according to Equation
(11). The constant value was taken as « =25 (see Fig-
ure 9), whereas the constant temperature at the warm

(#)=13.9C and at the

cold side Tamcou =lim,_, T, .. (©)=—16.6C for ma-

side T amb,warm = lim

t—>0 T:zmb ,warm

terial C. And, the constant start-temperature of the nu-
merical results was approximated as 7'(x,,t =0)=23°C

(see temperature-time measurements in Figure 3).
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Figure 16. Numerical solution and measured temperature
at the surface on the warm side (x3) of material C.
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Figure 17. Numerical solution and measured temperature
(x4) at the surface on the cold side of material C.
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Figurel8. Numerical solution and measured temperature
(x6) at the surface on the cold side of material C.

ENG



316 H. T.NGUYEN ET AL.

30

+ T(Xs):Measuring data

2 | a(?): Equation(9) |

—*— @.on: Equation(10)

o 10t —~— dconr: Equation(11) H
A 1
o
TP LRt b P b e b g |
-101 d
20 L L L s L
0 1 2 3 4 5 6

time[s] x10*

Figure 19. Numerical solution and measured temperature
(xg) 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 (x;) of material C where
a(t) in Equation (9) and different select constant heat
transfer in Equation (11).

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 Tin Equa-
tion (10) give far too fast temperature reduction during
the unsteady-state regime compared to measured tem-

Copyright © 2010 SciRes.

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 o -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 «(¢)and
finally used in numerical simulation of temperature-time
developments during rapid uni-axial cooling. The numeri-
cal simulations showed that the obtained «(¢) - 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 «(¢) is the im-

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

6. Acknowledgements

The authors are grateful to Dmitry Sorvanov and Svein
Erik Sveen at Narvik University College, for their ex-
perimental work. The research work is part of a project
performed in collaboration between Narvik University

ENG



H. T.NGUYEN ET AL.

College and The University of Tromse. This investiga-
tion was partly supported by the NT Programme at the
research park in Tromse, Geir Sommerhein and Eric
Strand, and by the RECON programme at Norut Tech-
nology.

7. References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

]

D. M. Burch, D. F. Krintz and R. S. Spain, “The Effect of
Wall Mass on Winter Heating, Loads and Indoor Comfort
— An Experimental Study,” ASHRAE Transactions, Vol.
90, No. 2, 1984.

J. E. Braun, “Reducing Energy Costs and Peak Electricity
Demand through Optimal Control of Building Thermal
Storage,” ASHRAE Transactions, Vol. 96, No. 2, 1990,
pp. 876-888.

F. Biasioli and M. Oberg, “Concrete for Energy Efficient
and Comfortable Buildings,” Proceedings of Interna-
tional Conference on Sustainability in the Cement and
Concrete industry, In: S. Jacobsen, P. Jahren and K.
Kjellsen, Eds., Norwegian Concrete Association, Liile-
hammer, 2007, pp. 593-599.

0 Bjentegaard, T. Kanstad and E. J. Sellevold, “Defor-
mation Properties and Crack Sensitivity in Young Con-
crete: Experience from a 4-year R&D Project,” Proceed-
ings of Nordic Concrete Research, Vol. 33, 2005, pp.
379-381.

S. Jacobsen, H. T. Nguyen and F. Melandse, “Moisture
Flow and Frost Exposure of Cement Based Materials,”
Proceedings of Nordic Concrete Research, Vol. 33, 2005,
pp. 45-47.

S. Jacobsen, T. A. Hammer and E. J. Sellevold, “Frost
testing of High Strength Concrete: Internal Cracking vs.
Scaling of OPC and Silica Fume Concretes,” In: S. Lind-
mark, Ed., “Frost Resistance of Building Materials,” Pro-
ceedings of Nordic Research Seminar, Lund, 1996, pp.
49- 68.

J. R. Welty, C. E. Wicks, R. E. Wilson and G. L. Rorrer,
“Fundamentals of Momentum, Heat and Mass Transfer,”
4th Edition, John Wiley & Sons, Inc., New York, 2001.

C. E. Hagentoft, “Introduction to Building Physics,” Stu-
dentlitteratur, Lund, 2001.

F. P. Incropera and D. P. DeWitt, “Fundamentals of Heat and
Mass Transfer,” 5th Edition, John Wiley & Sons, Inc., 2002.

Copyright © 2010 SciRes.

[10]

[11]

[12]

[14]

[21]

317

R. B. Bird, W. E. Stewart and E. N. Lighfoot, “Transport
Phenomena,” 2nd Edition, John Wiley& Sons, Inc., 2002.

I. Lind, “Surface Heat Transfer in Thawing by Forced Air
Convection,” Journal of Food Engineering, Vol. 7, 1988,
pp- 19-39.

J. W. Baughn and S. Shimizu, “Heat Transfer Measure-
ments from a Surface with Uniform Heat Flux and an
Impinging Jet,” Journal of Heat Transfer, Vol. 111, 1989,
pp. 1096-1098.

A. Sarkar and R. P. Singh, “Spatial Variation of Convec-
tive Heat Transfer Coefficient in Air Impingement Ap-
plications,” Journal of Food Science, Vol. 68, No. 3,
2003, pp. 910-916.

B. A. Anderson and R. P. Singh, “Effective Heat Transfer
Coefficient Measurement during Air Impingement Thaw-
ing Using an Inverse Method,” International Journal of
Refrigeration, Vol. 29, 2006, pp. 281-293.

H. Nguyen, S. Jacobsen and S. E. Sveen, “Modeling and
Measuring Temperature Distribution in Concrete,” Nar-
vik University College, Narvik, 2005, p. 23.

D. Sorvanov, “Studies of Heat Flow in Light Weight Ag-
gregate Composites,” Narvik University College, Narvik,
2005, p. 8, 25.

http://www.geofil-bubbles.com

“Cement Part 1: Composition, Specifications and Con-
formity Criteria for Common Cements,” Standard Norge
ICS 91.100.10, 2005.

B. Adl-Zarrabi, “Determination of Thermal Properties Og
Geofil Concrete,” SP. Swedish National Testing and Re-
search Institute, Test Report P502236, 2005.

A. D. Irwing, T. Dewson, G. Hong and B. Day, “Time
Series Estimation of Convective Heat Transfer Coeffi-
cients,” Building and Environment, Vol. 29, No. 1, 1994,
pp- 89-96.

I. O. Mohamed, “An Inverse Lumped Capacitance Method
for Determination of Heat Transfer Coefficients for Indus-
trial Air Blast Chillers,” Food Research International, Vol.
41, No. 4, 2008, pp. 404-410.

http://www.comsol.com

van Schijndel, “AWM, Modelling and Solving Building
Physics Problems with FemLab,” Building and Environ-
ment, Vol. 38,2003, pp. 319-327.

ENG



	2. The Surface Heat Transfer Coefficient 
	3. Measuring and Modelling the Time Dependent Surface Heat Transfer Coefficient 
	3.1. Model Based on Temperature-Time 
	3.2. Temperature Test Set-Up
	3.3. LWA CBMs
	4.1. Temperature Measurements and Use in Modelling 
	4.2. Time dependent Surface Heat Transfer,      
	   , from Experiments
	4.3. Applying  in Numerical Solutions of the Heat Flow Equation 
	5. Conclusions
	6. Acknowledgements



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.66667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.66667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 807.874]
>> setpagedevice


