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distributions at various depths were numerically investigated using the Kasuda Model;
this model showed that at a depth of more than 10 m, the soil temperature remains
constant. The soil thermal properties were considered in our numerical model
simulated using ANSYS Fluent. The CFD model was firstly validated with the published
experimental data, before it was used to simulate the passive heating and cooling
operations within the underground shelter. The results indicated that the temperature
of the underground shelter ranged between 27.80°C and 32.10°C from day to night.
This assessment was evaluated in the coldest and warmest months of the year. Finally,
the simulated room temperatures were compared against the standard Malaysian
comfort temperature. It was found that natural ventilation alone could not assure a
good thermal comfort level within the underground shelter.
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1. Introduction

With the challenges of global warming, the concept of energy reduction without compromising
the indoor thermal comfort has become a substantial component in designing low energy buildings
[1,2]. The latest research has found that underground shelters or buildings are alternatives to the
conventional buildings (above ground) due to their potential lower energy consumptions [3,4]. As
compared to a conventional building, Anselm [5] has proven that underground shelters are able to
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reduce the yearly heating and cooling loads as well as to keep the indoor temperature stable during
different climates. This is due to the high thermal inertia and heat capacity of the soil [6].

Several works [3, 7-10] related to the evaluations of energy performance and heat loss of the
underground building for different climates and regions have been reported. Nevertheless, research
that focuses on equatorial climate is rather limited. Therefore, we have conducted a CFD assessment
in the passive heating and cooling operations of an underground shelter by considering the Malaysian
climate. We have assessed the comfort temperature for indoor occupants in the shelter as well. The
shelter model developed by King [11] previously was selected in the current study, as the
experimental data is available.

2. Study Area

Malaysia is considered a maritime country near the equator, lying 2°30’ in the North latitude and
112°30’ in the East longitude. The South China Sea separates the west and east regions. As a tropical
country, Malaysia experiences high temperature, illumination, and relative humidity levels, variable
wind condition, and long hours of sunshine with rainfall occurring throughout the year. The average
sunshine duration is around 6 hours. The daily temperature in Malaysia ranges from 24 °C to 38 °C.
The lowest temperature is normally found during night time. The mean daily humidity can be as low
as 42%, to as high as 94%. The wind speed and direction in Peninsular Malaysia are influenced by the
monsoon seasons. The annual evaporation rate in Malaysia is about 4mm-5mm per day depending
on the cloud cover and the air temperature. Due to its hot and humid climate, cooler day exhibits
lower evaporation rate and higher relative humidity as compared to warmer days [12]. In the current
study, the weather data of a town known as Petaling Jaya (PJ) located in the state of Selangor,
Malaysia has been utilized.

3. Research Method
3.1 Temperature Distribution Model

The passive thermal performance for underground shelters is dependent on several factors such
as soil temperature, ambient temperature and wind speed. The soil is not a good insulator, but a
terrific moderator for temperature fluctuation [5] in which it does not respond to daily temperature
variations and it reacts gradually to seasonal changes. Soil temperature can be affected by variables
such as topography, meteorology and sub-surface. Considering these factors, soil depth temperature
is required when analysing the room temperature of underground shelter numerically. The
temperature variation can be modelled based on the Kasuda’s model [13], where the soil
temperature is a function of time (day), soil depth and air temperature

(1m0 sl (22) ¢ = w0~ ()22 2

Here, T (z,t) is the undisturbed soil temperature at time t(day) and depth z(m), T;,,0qn is the mean
surface temperature, Ty, is the amplitude of surface temperature, a is the thermal diffusivity of
the soil (m?/day) and ¢, is the day of the year with minimum surface temperature. Tpeqn, Tamyp and
to can be determined from the meteorology data. However, a should be determined based on the
physical soil characteristic such as soil type and moisture content.

T (zt) = Tnean —
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In order to apply Eq. (1) for Malaysia’s climate, the data provided by the Malaysian
Meteorological Department was utilised. The data was generated hourly starting from 0001H, 1t
January 2016 until 2359H, 315t December 2016. Table 1 and Table 2 show the monthly average day
and night temperatures (derived from the hourly temperature). According to the metrological data
shown in Table 1 and Table 2, the lowest and the highest temperatures recorded were 22.50°C and
36.90°C, respectively. The temperature amplitude was 6.48°C and t, was taken from the lowest daily
average temperature shown in Figure 1. Meanwhile, the mean annual air temperature was 28.95°C.
The thermal diffusivity, @ was 0.06 m?/day with R? value of 0.9999 taken from Yusof et al., [14].
Substituting the above-mentioned values into Eq. (2), the soil temperature can be predicted as

x 105 0.5
- L 2
T (2t) = 28.95— 6.48 ¢ ?*lmeal ) cos [—” (t —169) —z X [L ] (2)
366 366a
Table 1
Climate Data for Petaling Jaya (daytime)
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

ly
Record High Temp (°C) 359 357 36.6 369 36.2 357 358 348 348 342 341 351 369
0 0 0 0 0 0 0 0 0 0 0 0 0

Record Low Temp (°C) 23.8 253 255 246 234 234 297 238 296 240 233 225 225
0 0 0 0 0 0 6 0 6 0 0 0 0

Average Temp (°C) 30.6 30.6 31.3 314 30.5 301 29.7 303 296 296 285 28.6 30.1
0 0 6 5 4 4 6 6 6 7 4 8 1

Amplitude Temp (°C) 599 6.18 582 720 639 7.49 792 492 6.56 610 564 7.50 6.48

Record High Surface 6.70 5.00 550 5.00 490 630 520 510 390 5.00 4.20 4.70 5.00

Wind (m/s)

Table 2

Climate Data for Petaling Jaya (night time)

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

ly

Record High Temp (°C) 329 329 346 336 329 328 339 328 329 325 298 329 346
0 0 0 0 0 0 0 0 0 0 0 0 0

Record Low Temp (°C) 253 25.0 23.7 249 236 233 274 247 28.0 23.6 228 225 225
0 0 0 0 0 0 1 0 1 0 0 0 0
Average Temp (°C) 27.6 27.7 286 288 279 27.7 274 286 280 27.7 264 26.6 27.7
6 7 2 0 2 8 1 6 1 2 8 5 9
Amplitude Temp (°C) 599 6.18 582 720 639 749 792 492 656 610 564 7.50 6.48
Record High Surface 340 430 390 390 3.80 280 230 340 450 340 3.10 2.80 3.90
Wind (m/s)

The soil temperature distribution, which was generated from the MATLAB software, was valid up
to soil depth of 15m. Figure 2 shows that the soil temperature is almost constant (i.e. mean annual
air temperature) at a depth more than 10 m. Therefore, the present results can be used to calculate
the heat transfer through the underground shelter in Malaysia.
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Fig. 1. Daily average temperature of 2016 retrieved from Mukhtar et al., [15]
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Fig. 2. Soil temperature distribution at various depths
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3.2 Mathematical Model

The air inside the shelter was considered as steady, incompressible and turbulent. The flow model
involves mass (3), momentum (4) and energy (5) conservation equations

V.o =0 (3)
V.(pvo) = —=Vp+V-T— ppg(T—T,) (4)
V-(D(pE+p)) = —V-(kVT) + &+ S, (5)

Here, p is density, v is velocity vector, p is pressure,Tis the viscous stress tensor, g is the
gravitational acceleration, § is the thermal expansion coefficient, E is the total energy, k is the fluid
thermal conductivity, T is the temperature, S; is a source term and @ is the viscous dissipation
function representing the work done by the viscous forces.

3.3 Numerical Simulation
The numerical results were obtained using ANSYS Fluent, which is the commercial finite-volume
solver. A reduced scale experimental model developed by King [11] was used to validate the current

CFD model (see Figure 3).
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Fig. 3. Schematic drawing and geometry model
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A realizable k — € model was applied to simulate flow turbulence. The SIMPLEC algorithm was
applied for coupling the velocity and pressure variables. The convection terms in the conservation
equations were discretized using the second-order upwind schemes. The sparse matrices were
solved using the Gauss-Seidel iterative solver coupled with the Algebraic Multi-Grid (AMG) method
to accelerate the solution convergence. In this study, the flexible cycle was used in solving the energy
equation. Lastly, the solution was executed for approximately 850 iterations to attain a converged
solution. Convergence was declared when there were no more obvious fluctuations in velocity,
energy and turbulence variables, and the domain has net imbalance of less than 1%. After the
simulation, the ventilation rate was calculated using the mass flow rate recorded at the exhaust shaft.

3.3.1 Grid generation and boundary conditions

For the grid generation, the model was discretized using an unstructured mesh (tetrahedral
mesh) where a finer grid was generated around critical areas such as ventilation shaft and heating
cable. For verification and validation purposes, the boundary condition was similar to the
experimental conditions [11]. A constant wind profile was fixed at the domain inlet and zero static
pressure at the domain outlet. For the domain wall, a free slip condition was applied. For the walls
of the ventilation shaft, the adiabatic and no-slip shear conditions were applied. The heat flux for the
heating cable was fixed at 70 W/m? [16]. This heating cable was designed to replicate the heat release
of an indoor occupant in an enclosed space. The details of boundary conditions are shown in Figure
4,
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Fig. 4. Boundary conditions

3.3.2 Grid independent test and model validation

The grid independence study was performed by using six different meshes. Figure 5 indicates that
the cases employing two larger mesh sizes (i.e. 1.63 and 2.39 million cells) yielded a grid-independent
axial velocity result at the exhaust shaft. Therefore, the mesh consisting of 1.63 million cells was
selected for subsequent analysis. Next, a systematic validation of the CFD model was performed. The
simulated ventilation rate was 0.0456 m3/s, which agreed considerably well with that measured by
King [11] (i.e. 0.0477 m3/s). The percentage difference between these two results was 4.4%. Hence,
it can be deduced that this CFD model can be applied to assess the passive heating and cooling
operations of underground shelters in Malaysia reliably. The details of the model validation can be
found in Mukhtar et al., [17, 18].
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Axial Velocity Profile at Exhaust Shaft
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Fig. 5. Grid Independence Test

4. Result and Discussion
4.1 Assessment on the Daytime for Passive Cooling Operation

In order to simulate the temperature distribution inside an underground shelter during daytime,
the weather data during the month of April was considered. From Table 1, the highest air velocity of
the day was 5 m/s, and the air temperature was 36.90°C. These values were used as boundary
conditions for the wind profile at the domain inlet. The temperature of the underground shelter wall
was set according to the soil temperature. The temperature contour on the symmetry plane of the
underground shelter is shown in Figure 6. When the heating cable was deactivated, the air
temperature dropped from 36.90°C (air inlet) to an average of 31°C inside the underground shelter.
A similar result was also found when the heating cable was activated, whereby the air temperature
dropped to an average of 32.10°C inside the shelter. As seen, the deviation of indoor temperature
for these two cases was about 1.10°C. Also, it is important to note that the heat released by a person
in an enclosed space can influence the average comfort temperature inside the shelter. In certain
occasions, the air temperature inside the shelter (with occupant) was almost similar to the inlet air
temperature during daytime. If this condition persists for a long period without any extra ventilation,
it would cause thermal discomfort (heat stress) on the occupants.
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Fig. 6. Static temperature contour on the symmetry plane of underground shelter (daytime)
4.2 Assessment on the Night-time for Passive Heating Operation

For night time, data samples collected from the month of December were used for the simulation
purpose. From Table 2, the lowest air velocity of the day was 2.8 m/s, and the air temperature was
22.50°C. Again, these values were used as the wind boundary condition at the domain inlet. As shown
in Figure 7, both cases (with/without heating cables) produced almost similar results, whereby the
air temperature increased to 29.20°C and 27.80°C, respectively. The temperature deviation for both
cases (1.40°C) was slightly higher as compared to that of daytime. In fact, the body heat can raise the
effective temperature inside the shelter. Also, the soil could absorb the heat released by the
occupant. These findings were consistent with those reported in the previous study [19].
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Wind Shelter Wind Shelter

() 27.8°C (b) 29.2°C

Fig. 7. Static temperature contour on the symmetry plane of underground shelter (night-time)
4.3 Assessment of Temperature Distribution along the Ventilation Shaft

Before evaluating the comfort temperature inside the shelter, the temperature distribution along
the ventilation shaft has been analysed. As shown in Figure 8, during daytime, the temperature
decreases from 36.90°C (outdoor temperature) to an average of 36.20°C near the shaft exit
connected to the shelter, regardless on the operating mode (i.e. heating off and heating on). During
night-time (see Figure 9), the temperature along the ventilation shaft increased from 22.50°C
(outdoor temperature) to an average of 23.25°C near the shaft entrance connected to the shelter.
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Temperature Distribution along Ventilation Shaft
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4.4 Assessment of Comfort Temperature

Based on the discussions in Section 0, even though the soil has absorbed much heat from the
indoor environment, the indoor temperature still exceeds the Malaysian comfort temperature (~ 24
- 28°C) [20]. This indicated that the occupant inside the shelter suffered about four units of thermal
discomfort during the warmest month of the year. It seems that the use of natural ventilation alone
may not be adequate; however, it can be utilised as a supporting system for mechanical devices (for
energy reduction). In Section Error! Reference source not found. (night time, coldest month), the
occupant suffered about one unit of thermal discomfort. As seen, the deviation between day and
night thermal discomforts was about three units. It was believed that ventilation during night time
could be used to expel the hot air and replace it with the cool night time air.

4.5 Effect of On-ground Wind Speed for Passive Heating/Cooling Operation

In order to assess the effect on-ground wind speed, the data samples collected from the month
of March was used for daytime operation and the month of Nov was used for night-time operation.
Both data were selected due to the minimum and maximum temperature, which are virtually similar
to the assessment of comfort temperature (Section 4.4). Nevertheless, the differentiating factor in
both cases is wind speed. According to the data collected in Table 3 and Table 4, there is no
substantial change in comfort temperature when the wind speed is varied. In fact, indoor air velocity
is one of the determining parameters in local thermal comfort. To the best of the authors’ knowledge,
in order to control the effect of local thermal comfort, the indoor air velocity should (a) below 0.9
m/s during summer season and (b) above 0.15 m/s during winter season.

Table 3
Effect of on-ground wind speed during daytime operation
Variables Heating Cable Activated Heating Cable Deactivated

T. O I (m/s) Q(m*/s) T, (°C) Is (m/s) Q (m*/s)
Wind: 5 m/s ~31 0.517 0.071 ~32.10 0.517 0.071
Temp: 36.9 °C
Wind: 5.5 m/s ~31 0.779 0.081 ~32.10 0.779 0.081
Temp: 36.6 °C

# T, = comfort temperature, I = Indoor Air velocity and Q = Air Flow rate

Table 4
Effect of on-ground wind speed during night-time operation
Variables Heating Cable Activated Heating Cable Deactivated

T O Is (m/s) Q(m*/s) T, (°0) Is (m/s) Q (m*/s)
Wind: 2.8 m/s ~29.20 0.467 0.047 ~27.80 0.467 0.047
Temp: 22.5 °C
Wind: 3.1 m/s ~29.20 0.482 0.052 ~27.80 0.482 0.052
Temp: 22.8 °C

# T, = comfort temperature, I = Indoor Air velocity and Q = Air Flow rate

5. Conclusions

In this study, the energy reduction of an underground shelter was investigated by performing CFD
assessment on the heating and cooling operations under the Malaysian climate. Initially, the soil
temperature was calculated using the Kasuda Model. The results were then applied to analyse the
indoor temperature of the underground shelter during the warmest and coldest months of the year.
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During the warmest and coldest months, the occupants experienced about four units and one unit
of thermal discomfort, respectively. These assessments were performed based on the indoor
temperature results. It was found that natural ventilation alone could not assure a good thermal
comfort level within the underground shelter. Thus, the other devices or applications (i.e. mechanical
system) should be utilized in order to achieve the level of the range for Malaysian comfort.
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