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model for a naturally-ventilated underground shelter. Computational Fluid Dynamics
(CFD) was employed as a simulation tool, where the result was validated with
experimental data obtained from the previous literature. Goal Driven Optimization
(GDO) was used for the optimization process by considering three geometrical factors
and their effects on the objective function. From this study, it is found that the
predicted response surface values agree well with the CFD values and hence the
predictive model is reliable.
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1. Introduction

Providing a comfortable environment with better Indoor Air Quality (IAQ) for the occupant [1,2]
is a fundamental criterion in designing a ventilation system of an underground building. In this
regard, the design parameter such as ventilation rate is commonly used in IAQ analysis [3,4],
indicating that a good ventilation system is equally important for an underground shelter.
Obviously, an ill-designed ventilation system is detrimental to the health of indoor occupants. Thus,
the IAQ of an underground shelter is dependent on the configuration of ventilation shaft.

In general, it can be noted that most underground shelters are equipped with a mechanical
device [5] for better ventilation (instead of relying on natural ventilation). However, it is necessary
to apply natural ventilation when the mechanical system fails [6—8]. Therefore, investigation on
factors that could influence the ventilation effectiveness is necessary. Experimental studies [7,8]
had been performed to improve the ventilation performance of an underground shelter. These
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studies, however, focused only on One-Factor-at-A-Time (OFAT) design without considering any
other factors due to the limitation of the apparatus. This traditional method does not take into
account the full effect of factors on the response.

In order to study the full effects of all factors, this study integrates the numerical optimization
method with the CFD model. ANSYS Workbench (CFD) and ANSYS Design Exploration (GDO) were
employed to develop a predictive ventilation rate model for a naturally ventilated underground
shelter. Three design variables were considered, namely the inlet opening (m), the outlet opening
(m) and the ratio of elbow shaft (R/H). The response variable is the ventilation rate. The case
considered here was taken from King [8], in which careful verification and validation of the CFD
model had been performed before the model was optimized by using the Box-Behnken design
(BBD) and the full second-order polynomial of response surface (quadratic regression).

2. Methods
2.1 Computational Fluid Dynamics Modelling

The experimental data reported by [8] was used to validate the current CFD model. This
building served as an emergency shelter which can be occupied by only one person (e.g. during
war). A 3D CAD model of the shelter (used for simulation purpose) was given in Fig. 1. The
rectangular region at the top of the shelter domain was used to model the atmospheric condition
(above ground) of the physical experiment [9]. The walls of this rectangular region were placed
away from the ventilation shafts of the underground shelter in order to minimise the wall effects
due to the ventilation shafts. By applying this condition, airflow can be induced through the
opening (i.e. inlet shaft) to mimic the real experimental conditions. The heating cable was designed
to replicate the cooling load due to the occupant.
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Fig. 1. 3D CAD replication
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The airflow inside the shelter was considered as steady, incompressible and turbulent. The
Finite Volume Method (FVM) was used to discretize the incompressible Reynolds-Averaged Navier-
Stokes (RANS) equation. The equations were solved by using the pressure-based solver. There are a
few turbulence models available in ANSYS Fluent, e.g. Spalart-Allmaras, k — €, k — w, Shear Stress
Transport (SST), Reynolds Stress, etc. Among these models, k — € model is commonly used as it is
able to capture one or more flow features in indoor airflow, e.g. flow separation, thermal plume, jet
flow, etc. [11] at reasonable accuracy [12]. In the current study, the realizable k — € model, i.e. an
enhanced version of standard k — & model, was applied to model the flow turbulence. SIMPLEC
was used for pressure-velocity coupling. Also, the use of higher-order convective schemes are
essential to ensure flow accuracy (see [9,13]). Therefore, all governing equations were discretized
using second-order upwind schemes for both accuracy and stability purposes. The sparse matrices
were solved by using the Gauss-Seidel iterative solver and the Algebraic Multi-Grid (AMG) method
was applied to accelerate the solution convergence. In this study, for convergence purpose, the
flexible cycle was used in solving the energy equation. Lastly, the solution was executed for
approximately 850 iterations to attain a converged solution. The solution was considered to be
converged when there were no more obvious fluctuations in velocity, energy and the turbulence
variables (the scaled residual RMS errors were less than 10™) and the domain has net imbalance of
less than 1%. After the simulation, the ventilation rate was calculated by determining the mass flow
rate at the exhaust shaft. The boundary conditions are labelled in Fig. 2, and the numerical setting is
summarized in Table 1.

Domain Wall

Domain
Outlet

Fig. 2. Boundary Conditions
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Table 1

Boundary conditions for the simulation

constant velocity, 2.68 m/s at a
constant temperature, 23°%
Domain Outlet zero pressure

free slip wall at a constant

Domain Inlet

Domain Wall temperature, 23°C

Supply Duct adiabatic, no-slip walls (u; = 0)
Exhaust Duct adiabatic, no-slip walls (u; = 0)
Heating Cable heat flux,70 W/m?
Underground Shelter adiabatic, no-slip walls (u; = 0)
Domain Outlet zero pressure

The governing equations of mass (1), momentum (2) and energy (3) conservations are presented
below.

d -

a—’t)+ V.ov=0 (1)
2 (p7) + V.(p0D) = —Vp+V-T— ppg(T —T,) 2)
2 (pE)+ V- (3 (pE +p)) = —V-(kVT) + @ + S, (3)

Here, p is density, t is time, v is velocity vector, p is pressure, T is the viscous stress tensor, g is the
gravitational acceleration, E is the total energy, k is the fluid thermal conductivity, T is the absolute
temperature, S, is a source term and @ is the dissipation function representing the work done by
the viscous forces. The terms pg at the right hand side (RHS) of Equation (2) represents the
buoyancy force.

2.2 Goal Driven Optimization

The optimization process was performed by using the Design of Experiment (DOE) and the
Response Surface Method (RSM). RSM has been considered due to the well-established surrogate
model and easy to operate compare to other surrogate models. Meanwhile, DOE is a systematic
way of changing process factors and analysing the response to quantify a cause-effect relationship
as well as the random variability of the process by using a minimum number of design points. In this
study, the DOE was executed by utilizing the Box-Behnken Design (BBD) method with two-level
factorial (see Table 2). BBD is applied in the current study as it can accurately predict the response
behaviour and reduce the number of design points which does not contain an embedded factorial
design.

As indicated in Fig. 3, three factors were considered for optimization: inlet opening, outlet
opening and ratio of elbow shaft (R/H), resulting in 13 design points. A full second-order polynomial
of response surface was subsequently used to analyze the aforementioned design points. The
second-order polynomial of response surface can be written as [14].

9= PBo+ i1 Bixi + X Vicj Bijxixj + Niey Pux? + € (4)
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Here J is the response value, 8, is a constant, B; and B; is the coefficient of regression, x is the
design variable and, ¢ is an error term of the estimated model. In the current study, the error term,
€ is negligible due to the fact that the model was constructed by using numerical simulation. This
equation are estimated via minimizing the sum of squares of the deviation predicted response
valuey (x), from the actual response value y (x) through the standard least square equation.

B = IXTXIXTy Gl

where y is the vector of observed response values at all design points and [X7X]~! exists when X is
linearly independent. Thus, the matrix X can be expressed as

2
1 xyp  xq9x92 0 Xy

anm -

(6)

2
1 Xn1 Xn1Xn2 0 Xpg

Here, m = (k + 1)(k + 2)/2 is the modeling term in the quadratic polynomial. Thus the predicted
values at the original design points may differ from the observed values at the designed points.
Shifted-Hammersley Sampling (screening algorithm) [15] on the other hand, was utilized to
optimize the defined objective function. In the current study, we are interested to maximize the
ventilation rate inside the underground shelter. A total of 1000 distributed sample sets are
generated within the optimization domain for the screening algorithm.

Table 2

Quantification of Factor and Response Parameters

Parameters Name Upper Bound (m) Lower Bound (m)  Constraints
P1 Inlet Opening (D1) 0.1524 0.1016 -

Factors P2  Ratio of Elbow Shaft (R/H)  2.50 0.75 R/H > 0.75
P3  Outlet Opening (D2) 0.1524 0.1016 -

*R/H = radius/height

D1 Outlet Shaft

Inlet Shaft

Underground
Shelter

S

Fig. 3. Optimization parameters
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3. Results and Discussion
3.1 Verification and Validation

Before assessing the response surface analysis, the CFD results were compared with the
previous experimental result [8]. Grid independence study was firstly performed by utilising six
different meshes. Fig. 4 indicates the radial velocities (at the exhaust shaft) obtained by using the
two larger mesh sizes namely 1.63 and 2.39 million cells, are comparable. Therefore, the mesh size
of case employing 1.63 million cells will be used for subsequent analysis. The model of Grid E was
then selected for subsequent flow analysis. Next, a systematic validation of the CFD model was
performed. The simulated ventilation rate was 0.0460 m*/s which is quite close to the measured
ventilation rate reported by King [8] (i.e. 0.0477 m>/s). The percentage difference between these
two values is merely 4.4% indicating that the current CFD model is reliable.

Axial Velocity Profile at Exhaust Shaft
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Fig. 4. Grid Independence Test
Besides, Fig. 5 shows the streamline of the airflow from the inlet towards the outlet shaft which

exhibits the natural ventilation for the CFD model is working well. Detailed validation studies on the
current CFD model can be found as reported by Mukhtar et al., [16].
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Fig. 5. Indoor Airflow Streamline

3.2 Parameter Correlation

A correlation matrix was constructed to determine the level of correlation between factors and
the response. It was obtained by using the Pearson’s rank correlation whereby 100 samples with
5% of the relevant threshold are required for filtering the correlation value. As observed from Fig. 6,
the ventilation rate is dependent heavily on the outlet opening with 74.09% correlation, followed
by an inlet opening with 28.64% and the ratio of elbow shaft with only 0.12%.

1) Linear trend line

y = 85.106x + 2.4884 (7)

2) Quadratic trend line

y = —3933.2x% + 321.32x — 0.93207 (8)
-+
P1
P2 0.0012312
P3

P4 0.28636 0.0012312

Fig. 6. Correlation matrix
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N 4

Therefore, inlet and outlet opening are treated as major input parameters (strong correlation)
while the ratio of elbow shaft is treated as minor input parameter (weak correlation) which
contributes to 96% of the full model of R? (see Fig. 7). Besides that, the scatter plot in Fig. 8 was
produced to generate the linear and quadratic trend lines. The mathematical model for these trend
lines are expressed as follows.

Coefficient of Determination (Ventilation Rate)
100

Outlet Opening

3

Inlet Opening

R2 |%] of Ventilation Rate
[ w - h -3 -~ ®
[—] < (=] < [—] (=) <

(]

=

Ventilation Rate
Full Model R2 = 96%

Fig. 7. Coefficient of determination

5.9
5.8
57
5.6
55
54
53
52
51

P3 [in)]

4.9
48
a7
46
a5
44
a3
a2
41

Correlation between P4 and P3

Linear Trend Line s

Quadratic Trend Line e
Samples [ ]

0.0210.0220.0230.0240.0250.0260.0270.0280.029 0.03 0.0310.0320.0330.0340.0350.0360.0370.0380.039 0.04

P4 [m~3s~-1]

Fig. 8. Scatter plot
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3.3 Response Surface Analysis

After simulating the 15 design points via Ansys Design Explorer, the simulation ventilation rate
was used to find the quadratic regression model. It is interesting to note that predicted value
obtained by quadratic regression model agreed well with the CFD values (see Fig. 9). Likewise, in
Fig. 10, the coefficient of determination (R?) of 99.38% is in reasonable agreement with the
adjusted coefficient of determination (R?) of 99.22%, thus indicating a well-represented response
surface. The mathematical model for predicting the Ventilation Rate (VR) can be expressed as
follows.

VR = — 0.038 — 0.00046A — 0.000036B + 0.00161C — 0.00178842? — 0.000028B2% —
0.001651C? + 0.000126AB + 0.004310AC — 0.000065BC (9)

where A is the inlet opening, B is the outlet opening, and Cis the ratio of elbow shaft. This equation
can be used to study the response of VR by varying the involved parameters. For example, the
positive coefficients associated with the factors C, AB and AC reveal increased ventilation rate if the
factors are increased. Conversely, the negative coefficients associated with factors A, B, Az, Bz, c
and BC indicate decreased ventilation rate when these factors are increased.
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Fig. 9. Comparison between CFD and RSM
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Predicted vs Observed
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Fig. 10. Quality of fit between predicted and observed point

3.4 Optimization

In order to improve the ventilation rate, the optimization process was undertaken by
considering parameters P1, P2 and P3 over the limited ranges based on the previous literature [8].
It was conducted using the Shifted-Hammersley Sampling (screening algorithm) to maximize the
ventilation rate (objective function), subject to the constraint of ratio of elbow shaft such
as R/H = 0.75. Fig. 11 indicates that the outlet opening is the most sensitive design parameter,
followed by the inlet opening. Fig. 12 shows that the highest ventilation rate can be obtained if the
inlet and outlet diameters are high, which can be seen at the top right corner of the contour plot.
This optimization also provides three candidate design points that show the best behaviour based
on the objective function and constraint (see Table 3). The results indicate that the highest
ventilation rate is obtained when the inlet and outlet openings are equal in size. Similar finding has
been reported by Edward and Randall [17].
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Fig. 11. Sensitivities of the three parameters
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Fig. 12. Response of two major inputs on ventilation rate
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Table 3
Candidate points generated from the screening algorithm
. Ratio of Elbow  Ventilation Variation from
Candidate Inlet Outlet
Point Opening (m)  Opening (m) Shaft Ratae . references
(R/H) (m”s™) (% differences)
CP1 0.1524 0.1524 0.833 0.04453 2.24%
CP2 0.1509 0.1522 1.538 0.04413 3.11%
CP3 0.1522 0.1506 1.172 0.04394 3.53%

4, Conclusions

A CFD model of underground shelter has been verified and validated with the results obtained
from the previous literature. A goal-driven optimization has been conducted as well for increasing
the ventilation rate, which it was obtained by using the combination: 0.1524m opening for inlet and
outlet and 0.833 for the ratio of elbow shaft (R/H) characteristics (best-optimized conditions). It is
interesting to note that the optimization objective of increasing the ventilation rate is achievable. It
has been found that the ventilation rate is very sensitive to the diameter of opening outlet. ANSYS
Workbench (CFD), integrated with ANSYS Design Exploration (GDO), has been found to be useful for
the current optimization study. Potentially, the roles of inlet and outlet positions in ventilation
efficiency can be assessed.
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