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ABSTRACT
Our work expressed that compressed and stabilized clay with arabic gum is a suitable building
material in regards to the mechanical properties. This paper presents an experimental study of the
determination of thermal conductivity in a steady state cylindrical geometry configuration
approach.
-1
-1
The results obtained give a thermal conductivity in the order of 1 W.m . K , quite similar to other
building materials. On the other hand, because of its inertia, the material dampens the temperature
variations between the inside and the outside.
_____________________________________________________________________________________________________
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Copper tube (10 mm inner diameter / 12 mm outer diameter).
thermal simulation (DTS) software (Pleiades
developed by IZUBA Energies) to predict the
thermal behavior of such a building.

1. INTRODUCTION
The earth climate evolution is mainly attributed to
human energy consumption of fossils fuel. The
part of building into the total emitted greenhouse
gases is nearly 6% in sub saharian Africa [1]
(World Bank Open Data). This part of energy
could be easily decreased by substituting cement
with local building matter.

On this subject the literature presents various
steady-state
methods
to
measure
the
conductivity of insulating and granular media [4].
They consist in supposing the medium in thermal
equilibrium, and subjected to a stationary flow as
a function of time. The measurement is based on
processing temperature measurements at
different points in the middle. Other methods
could also be mentioned, such as the guarded
hot plate method [5-7], the bar method [8], the
box method [9-12] and the radial flux method [1315]. All these methods present experimental
difficulties such as:

Our work aims to enhance local materials which
are
sustainable,
widely
available
and
without negative effects on the environment.
We are particularly interested in compressed
clay blocks (CCB) stabilized with gum
arabic. The first part of our work [2,3] concerns
the study of their mechanical properties.
Bending-compression
measurements
are
made on cylindrical samples. The material
stabilized with 10-15% of gum arabic has a
compressive strength that can reach 2.5 MPa
and presents good durability when exposed to
water.

-

In the present study, we proceed to the
measurement of the thermal properties of our
clay-based formulations by measuring their
thermal conductivity. Our goal is to check if this
material will ensure a good level of comfort in
buildings. These values will be used in dynamic

the existence of contact resistance,
radial and axial leaks,
the
difficulties
of
measuring
the
temperature
the homogeneity of the temperature field,
etc.

The number of samples is important. Also the
method must be simple to implement while being
sufficiently precise. We have chosen to carry out
our measurements in a cylindrical geometry with
imposed heat flow in the radial direction. We rely
2

Tanguier et al.; JMSRR, 7(1): 1-14, 2021; Article no.JMSRR.63781

on the standard NF EN 12390 [16] which
recommends cylindrical samples of 160 mm in
diameter and 320 mm in length (same
dimensions as for the study of physical
properties).

The equation then becomes:
For a cylindrical geometry, in stationary regime
and without production of heat, the distribution of
the radial temperature is deduced from the
equation :

This geometry has a better section to lateral
surface ratio (0.04 m² / 0.16 m²) and thus allows
limiting axial losses. We will check that the
contact resistances (thermocouples/material) are
weak.

(4)
A and B are determined by the boundary
conditions of the problem :

2. MATERIALS AND METHODS

(5)

2.1 Thermal Conductivity of a Cylindrical
Wall

Thus :

The integration of the equation between the
radiuses r1 and r2 amounts to writing the
conservation of heat as follows :

Steady, in a cylindrical coordinate system, the
heat equation is written:
2

∆T≡∇ T = 0
Thus :

(6)

(1)

(7)

(2)
limit, the thermal conductivity value is expressed
as a function of heat flow, temperatures and
geometrical magnitudes :

Considering the cylinder infinite (H > 2D),which is
justified by the application of insulation on the 2
sections, the problem becomes one dimensional
(3)

(8)

Fig. 1. Position of the thermocouples in the PVC test tube
3
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2.2 Working Hypotheses
For a given body the thermal conductivity value
can be influenced by the temperature and the
presence of impurities. We consider that our
samples are homogeneous and isotropic. This
result is obtained by a thorough mixing of the
materials used for the different formulations
before making the test pieces.




We analyze the results when steady state is
established. This brings our technique closer to
the hot plate technique.

Jacketed, 1 mm diameter, Type K
Thermocouples
with
insulated
hot
welding and a accuracy within ± 0.1°C.
The acquisition of data (temperatures) is
obtained
through
a
previously
calibrated ALMEMO 2290-8 acquisition
unit.
Voltage and current are measured by a
BBC M 2042 precision multimeter ( ±
0.2%).
The voltage is adjusted by a variable
transformer.

Thermocouples are introduced radially into drilled
wells. The position of the thermocouples is as
shown in Fig 1. It is meticulously checked for
each specimen.

The cylindrical geometry allows a radial diffusion
of heat. The longitudinal component is limited by
a surface ratio of 25 %. In addition, the ends of
the cylinder are placed between 150 mm thick
graphite polystyrene blocks, with a thermal
-1
resistance of 4.7 m².K.W , which leads to a
reduction of 95% of the flow (i.e. an end Rth /
lateral Rth =30).

The insulation of the ends of the sample is
made with a block of 150 mm thick polystyrene
graphite
-1

2.4 Verification of Heating
Capacities in Air

The regression law proposed for power versus
1.9895
voltage is: P(W) = 0.0011 × U
which
corresponds to taking into account the
evolution
of
electrical
resistance
with
temperature.
The NiC80 resistive element (80% Ni, 20% Cr)
-1
has a
. Its
resistance evolves with temperature according to
the law: R = R0 × [1 + α × (T-T0)], with a
resistance R0 = 950.

Clay has a thermal conductivity in the order of
-1 –1
0.7 W.m .K which can vary with its moisture
[17]. Specimens are dried in the open air for a
week and then stewed 3 days at 60°C. The
samples are weighed to follow the evolution of
their mass. After 3 days, it remains constant and
we do not notice withdrawal.

When the heat source is introduced in the PVC
block, this causes, at equal tension, an
increase in the surface temperature of the
copper, It is caused by the thermal resistance of
the material.

2.3 Experimental Device
The diagram of the experimental device is given
in Fig. 2. It consists of:



Cartridge

We performed a calibration of the heating
cartridge embedded in the copper tube to have
an idea of the temperature of the latter in relation
to the supply voltage. The results are given in
Fig. 3.

The temperature measurements are performed
with jacketed,1 mm diameter, type K
thermocouples with insulated hot welding.



-1

( = 0.032 W.m .K ).

The heat source in the axial position is a special
ACIM JOUANIM stainless steel heating cartridge
which is 10 mm in diameter, 320 mm length and
has a power of 50 W at 230 V. A 10/12 copper
tube serves as an interface between the
cartridge and the clay. Its role is to even out the
temperature on the inside of the test piece and to
limit the copper-clay contact resistance. The tube
is inserted in the mold before the clay which will
be compacted. Good thermal contact between
the heating cartridge and the copper is ensured
by
a
thermal
grease
"Patherm
712"
-1 -1
(10 W.m .K ).

From the temperature readings on the surface of
the copper in air, we calculated the flux
exchanged by its surface to check whether it is in
concordance with the electric power consumed
(cf Table 1)

A special 10 mm diameter stainless steel
50 W ACIM JOUANIM heating cartridge
(320 mm length).
A 10/12 copper tube.
4
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Fig. 2. Experimental Device

Fig. 3. Power versus voltage
We consider a horizontal cylinder exchanging
with ambient air in natural convection:

For the radiative exchanges we calculate the net
flux exchanged between the copper and the
environment from the relation:

(9)
Nu=(h_cv×L)/λ=k×〖(Gr×Pr)〗^n

Φ_rad=ε×σ×S×(T_cu^4-T_amb^4)

(10)

(11)

The 10/12 copper tube was previously painted in
matt black so its emissivity is  = 1.

In free convection k = 0.52 and n = 0.25. The
Grashof and Prandtl numbers are calculated
from the thermophysical properties of the air
taken at the film temperature.

We deduced its exchange coefficient hrad.
So overall the heat flux exchanged by the copper
is:

5
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The results obtained are shown in Fig 4. We note
a maximum standard deviation of 2.5 for voltage
values of 80 and 100 V.

(12)
Insteady state and with losses disregarded, this
flow must be equal to the electric power
consumed. We note a maximum difference of 4%
between the measured value of the power of the
cartridge and the flow exchanged with the
ambient air.

2.5 Test on the Pvc Test Tube
To test our experimental device we applied the
procedure to a PVC test tube of the same size as
our samples and whose thermal conductivity is
-1 -1
given at 0.17 Wm .K .

P (13)
Taking again the proposed law for power as a
1.9895
function of voltage (P = 0.0011 × U
) and a
similar law for the evolution of hg = hcv + hrad (hg
0.35
= 4.3xU ) we can define a relationship linking
the temperature to the voltage, that is :

We drilled radial wells to insert the
thermocouples and measured the temperature
on the diameters:
dcu = 0.012 m, d1 = 0.082 m, d2 = 0.154 m
and dex = 0.164 m.

(14)

Fig. 4. Temperature versus power
Table 1. Relationship between voltage and thermal flows
U
(V)
20
40
60
80
100
120
140
160
180
200
220
230

Supplied power
Measured I
P
T Cu
(mA)
(W)
(°C)
34.4
0.688
25.8
51.5
2.06
33.5
67.8
4.068
43.2
89.4
7.152
56.5
106.6
10.66
69.7
119.2
14.304 82.7
136.9
19.166 98.4
156.7
25.072 117
177
31.86
135.6
201.8
40.36
158
218.1
47.982 174.2
221.2
50.876 181

Dissipated thermal power
- Calculated conv rad
emitted
(W)
(W)
(W)
0.350
0.340
0.690
1.150
0.926
2.076
2.347
1.727
4.074
4.195
2.952
7.147
6.192
4.324
10.516
8.277
5.839
14?116
10.916 7.904
18?820
14.178 10.714
24.892
17.559 13.956
31.515
21.756 18.493
40.249
24.862 22.247
47.109
26.181 23.939
50.130

6

hg
-1 -1
(W.m .K )
11.93
13.76
15.21
16.69
17.90
18.96
20?16
21.49
22.80
24.35
25.49
25.97

Uncertainty
(%)
-0.291
-0.761
-0.145
0.066
1.348
1.314
1.805
0.717
1.084
0.275
1.820
1.467
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Fig. 5 shows the evolution of the temperature
profile in the PVC block as a function of time.
From t = 1000 min, we consider that the system
is at equilibrium and therefore in steady state.

We modeled, in 3D by finite volumes, the
dynamic thermal behavior of the PVC
block. In the axial direction, the cylinder is
split into 5 mm thick discs. In the radial
direction, each disk is broken down into 5 mm
rings with a time step of 1 s to check the stability
criterion:

The calculation of conductivity results from
relation (8). Good consistency of results
(Table 2) can be noted with a dispersion of less
than 5%.

(which expresses the ratio of the heat

The result of these measurements allows us to
consider that our experimental protocol is valid.
Special attention must be paid, however, to the
position of the thermocouples and their
calibration.

capacity of a node to the inverse of the
conductive resistance between nodes).
Fig. 6 shows a good correspondence
between
calculation
and
measurement.
Analysis of the results from the calculation
shows
a
maximum
deviation
of
2
degrees between the middle part and the
ends of the block (i.e. 1.5%). So the
edge effects on the ends of the cylinder are
negligible.

For verification, we have calculated the
temperature of copper when included in PVC. In
steady state, there is conservation ot the heat
flow. So we can write the equation:
(15)

2.6 Measurements
Specimens

For U = 80 V, the temperature thus calculated
gives T’cop = 71.8°C whereas we have a
measurement of 73°C. This difference of 1.6 %
comes from the calculation of convective
exchange.

on

Clay

Test

We performed measurements on different
formulations as presented in Table 3. With: A for
clay, P for straw, S for sand and GA for gum
arabic expressed in mass percentages. For each
formulation only one sample was made because
a quantity of near 10 kg of Tchad’s clay is
needed and we don’t have large quantities in
France.

A difference of 1°C results in a difference of
5.5% in the value of thermal conductivity while a
shift of 1 mm on the diameter will have a
repercussion only 10 times lower.
Table 2. shows the calculated conductivity values
are independent of the position of the
temperature sensors. The low dispersion of the
results (1.1%) shows that contact resistances are
negligible.

After preparing and drying, the cylinders
undergoes three temperature rises, each of them
participating to the mean value of thermal
conductivity values given here.

Fig. 5. Temperature versus time for a voltage of 88 V

7
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Table 2. Calculated value of the thermal conductivity of PVC

TCu
(°C)
38.0
48.2
53.4
81.0
115.5

T1
(°C)
29.3
32.0
33.7
41.0
56.7

T2
(°C)
26.5
26.9
27.1
28.0
35.0

Calculation of mW.m .K ) =
f(diameter ratio)
d1/dCu d2/dCu dp/dCu d2/d1 dp/d1 dp/d2 mean
-1

Measured value
Tp
(°C)
26.2
26.2
26.4
25.7
33.0

Tamb
(°c)
24.0
22.2
21.0
26.3
22.5

I
(mA)
40
49.8
59.6
81
100

U
(V)
40
57.2
62.3
88.6
115

177
169
178
173
188

176
170
179
172
181

176
170
179
172
181

-1

175
172
173
170
163

175
172
172
170
164

175
178
166
173
180

175
172
175
171
176

Fig. 6. Comparison: measured values / calculated values

Fig. 7. photography of samples :70%A-30%S, 65%A-30%S-5%GA, A100%, 98.5%A-1.5%P.
This calculation is made on the basis of
temperature readings made every 10 minutes
over a period of about 6 hours. The
average value over this period will be retained
as the final value. These results are shown in
Fig. 5.

3. RESULTS AND DISCUSSION
For each of these formulations we calculated the
thermal conductivity for a given installed
power when steady state is established.
The measurement was repeated 3 to 5 times.

8
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Table 3. Different formulations tested.
Formulations
100%A
99,5%A – 0,5%P
99%A – 1%P
98,5%A – 1.5%P
70%A – 30%S
65%A – 30%S – 5%GA
60%A – 30%S – 10%GA
55%A – 30%S – 15%GA

Density
-3
(kg.m )
1888
1757
1644
1606
1977
2033
1980
1925

Humidity
(%)
16.2
16.2
14.9
13.6
14.9
13.6
12.4
11.1

The humidity measurement is made according to
standard NF P94-050 [18]. The moisture content
according the dry mass is given by:

Thermal conductivity
-1 -1
(W.M .K )
0.92
0.76
0.70
0.67
1.40
0.76
0.78
0.93

drops to a content of 5% GA. This decline could
be related to the distribution of gum arabic which
would
be
insufficient
to
promote
the
establishment of a homogeneous structure.

(16)

Beyond 5% GA it rises without reaching the
value obtained with clay alone. This variation
could be attributed to a strengthening of
bonds between sand and clay with the
creation of a continuous and more homogeneous
internal structure. It would be interesting to
measure the porosity of the different
formulations to see if there is a cause-and-effect
relationship.

Where M1 is the mass before steaming
and M2 the mass after steaming at 105°C for 24
hours.
Clay alone would have a measured thermal
-1 -1
conductivity of 0.92 W.m .K . In the literature
-1 -1
[19] it is usually given at 1.1 Wm .K .
The addition of straw results in a decrease in
thermal conductivity. These results are
consistent with what is found in the literature
[20,21,22]

The addition of straw to the clay has the effect of
reducing the thermal conductivity of our
formulations and contributes to slightly lowering
the density of the test pieces.

Fig. 8 shows the evolution of the thermal
conductivity of the specimen in relation to the
percentage of the stabilizer content. It can be
noticed (as with the use of cement [23,24] that it

We can see that our results (in red on Fig. 9)
correspond quite well to the results presented by
the CSTB [25].

A – With straw

B – With arabic gum

Fig. 8. Measured thermal conductivity values for the different formulations

9
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Fig. 9. Thermal conductivity versus stabilizer content percentage

Fig. 10. Thermal conductivity versus density
It should be noted, however, that our
measurements only concern a small part of the
density range because the amount of straw
becomes such that the specimens lose their
mechanical strength.

The thermal inertia of a material is evaluated
using the following two parameters :
• Thermal diffusivity determines the speed with
which the temperature of a material evolves in
relation to the external thermal demands;

4. IMPACT ON THERMAL BEHAVIOR
Overall, our formulations have a thermal
-1 -1
conductivity which is between 0.9 W.m .K and
-1 -1
1.4 W.m .K . The material can hardly be
described as insulating from the thermal point of
view.

• Effusivity is the ability to exchange thermal
energy with its environment;

Our attention is now drawn to the notion of
thermal inertia associated with earth walls and
we need to verify if the phase shift generated by
the material is promising from the point of view of
thermal comfort. Indeed, we are dealing with a
-3
heavy material; its density is close to 1900 kg.m
-1 -1
and its thermal capacity is 900 J.kg .K .

The phase shift is given by the ratio between the
thickness of a given wall and celerity.
Celerity, C, represents the rate of diffusion of
heat through the wall. It depends on the period of

10
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oscillations of the outside temperature over 24
hours, thus:

sufficient in our latitudes but the material is
intended to be used in the region of N’Djamena
where a phase shift in the order of 10 hours
would be required corresponding to a material
thickness of 30 cm.
To confirm these results obtained in the first
analysis, we entered our data in a calculation
code [29] developed to predict the temperature in
a room subjected to solar lighting with a variation
in outside temperature. The code is based on the
quadrupole method by really taking into account
the dynamic regime.
The results of this calculation (Fig. 10) show that
with cement, the amplitude of variation of the
interior air temperature is 17°C while it is only
6°C with clay. The induced phase shift is 6 to 7
hours in the case of cement whereas it reaches
11 to 12 hours with clay.

-1

Numerical application: with the  data mentioned
at the beginning of the paragraph a phase shift of
6 hours is obtained with a 20 cm thick wall.
Below we review in detail the calculations for our
different formulations in order to compare them
with traditional materials.

A clay wall therefore has the double advantage
of reducing the variation in daily temperature and
shifting the maximum temperature during the
night period. A simple air renewal allows to
refresh the internal atmosphere.

Our material (Table 4) has properties quite
similar to those of terracotta [26,27,28] with a
phase shift of more than 6 hours for a thickness
of 20 cm. This phase difference would be

Clay, used as a building material, therefore
makes it possible to act appreciably on summer
comfort and energy management in buildings.

Fig. 11. Evolution of the interior temperature. Concrete - Clay comparison
11
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Table 4. Comparative phase shifts of different materials
Material

Concrete block
Terracotta brick
Clay brick
Polystyrene
Our material (CCB)
55%A – 30%S –
15%GA

Thermal
conductivity
-1
-1
W.m .K
1.05
1
1
0.032
0.93

Density
-3

kg.m
1300
1850
2000
15
1925

Thermal
capacity
-1. -1
J.kg K
650
1000
900
1450
925

Thermal
resistance
-1
m².K.W
0.19
0.20
0.20
6.25
0.22

Thermal
diffisivitym².s
1

1.24E-06
5.40E-07
5.56E-07
1.47E-06
5.22E-07

Phase
shift
h
4.13
6.26
6.17
3.79
6.37

producers of the products because we do not
intend to use these products as an avenue for
any litigation but for the advancement of
knowledge. Also, the research was not funded by
the producing company rather it was funded by
personal efforts of the authors.

5. CONCLUSION
The compressive strength results obtained with
clay stabilized with 10 to 15% of gum arabic
make it possible to conclude positively as to its
use in building [2].

COMPETING INTERESTS

The material we propose has an average thermal
conductivity of 0.965 with a standard deviation of
0.23. The difference between these kinds of
materials and cement or commune thermal
insulator like polystyrene is there thermal
diffusivity which is near a third from those of
cement or polystyrene. Consequently they
induce a greater thermal delay than cement or
common insulator without noticeably affecting a
wall thickness. For example with a wall thickness
of 30 cm the inner maximum temperature reach
near midnight, when exterior temperature is
sufficiently low to refresh naturally the house in
regard to cement for which the inner maximum
temperature reach near 19h when outer
temperature is not sufficient to cool.

Authors have
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