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generator among other passive devices. However, despite numerous past studies that utilize
rows of spires to generate deep quasi-ABL, only a few researchers targeted spires as the KEYWORDS
main subject of their investigation. Hence, the present work originally aims to investigate the Computational fluid dynamic
wake flow structure behind a single quarter elliptic-wedge spire and its aerodynamic Spire
interaction with a smooth wall boundary layer. A computational fluid dynamics simulation Wake flow
predicting the wake flow structure behind a single quarter elliptic-wedge spire was conducted IgéTk

-W

using the OpenFOAM® software. The computational domain consists a smooth flat plate, and
a single quarter elliptic-wedge spire. A comparison of two Reynolds-Averaged Navier—Stokes
turbulence models, namely the k- model and the SST k-w model, was conducted. A SIMPLE
algorithm was used as the solver in the simulation iteration and ParaFOAM® was used as the
post-processing software. The development of the boundary layer height from streamwise
x0=0.5S to downwind xo=20S was observed. The mean vertical velocity profiles predicted by
both turbulence models are in good agreement with the previous wind tunnel experimental
results. However, the results obtained with the k-€ model were overpredicted compared to the
results of the SST k-w model causing deviation of the boundary layer height from the wind
tunnel experimental data. This anomaly might be caused by the velocity deficit recovery above
the boundary layer height region where the turbulence is low.

1.0 INTRODUCTION

For decades, numerous field studies observed the aerodynamic responses of vehicles and buildings that were fully
immersed in the Atmospheric Boundary Layer (ABL) by submerging the small-scaled model into the ABL [1-3].
However, it is difficult to observe these responses in the real ABL due to non-control conditions where all properties need
to be considered, including temperature. Alternatively, researchers especially from wind engineering and urban climate
fields generate a quasi-ABL in a more controlled condition, i.e. a boundary layer wind tunnel (BLWT). Even though it is
possible to recreate quasi-ABL inside the BLWT, the required test section length to generate a fully developed quasi-
ABL that imitates the real ABL is enormous, typically 20-30 meters [4, 5]. Hence, a man-made device, namely a vortex
generator was introduced to enhance the depth of the quasi-ABL by intensifying the turbulent flow inside the wind tunnel
[6-10].

Two methods have been widely practised to generate quasi-ABL in the wind tunnel experiment, namely the active
and passive approaches [10, 11]. Despite its excellent role in enhancing the boundary layer depth inside the wind tunnel,
active approaches are considered very costly to be applied in common practice [5]. Hence, the cost-effective passive
approach is commonly utilised by installing a row-set of vortex generators [12] in the upwind section of the BLWT.
Between several vortex generators designs, such as triangular, triangular with splitter plate, or plane elliptic, the quarter
elliptic-wedge spire [11] is the most widely used in the wind tunnel experiment due to its ability to generate a symmetric,
constant, deep enough boundary layer in the limited streamwise distance [6, 11, 13].

Numerous studies have utilized the quarter-elliptic wedge spire as the vortex generator to generate deep quasi-ABL.
Hagishima et al. (2009) and Zaki et al. (2011 & 2012) used a set of quarter elliptic-wedge spires as a vortex generator to
identify the measured drag coefficient (Cd) which is produced by the rough walls consisting of cubes in the furious pattern
of arrangement [14-16]. Kozmar (2016 & 2019) used a set of quarter elliptic-wedge spires completed with the castellated
barrier wall as a vortex generator followed by the roughness wall consisting of arranged cubes to observe the wind turbine
wake downwind of a mountain [17, 18].
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Despite numerous past studies that utilize rows of spires to generate deep quasi-ABL, most of the experiments were
studying more of the effect of the roughness element rather than the spire [14, 15, 19]. Only a few researchers targeted
spires as the main subject of their investigation [6, 7, 20, 21], hence, the flow structure behind these vortex generators is
not yet fully understand. This fact indicates a research gap in investigating the wake flow structure behind the spire and
its aerodynamic interaction with the developing wall boundary layer in the wind tunnel. On the other hand, the utilization
of Computational Fluid Dynamics (CFD) in the wind engineering field has seen growth in the last few decades. Numerous
CFD studies have been conducted to investigate the wake flow behind the structure [3, 22—-24]. This method supports the
wind tunnel experiment due to its ability to observe the flow structure much further downstream where it is limited in the
wind tunnel experimental studies.

The present work originally aims to investigate the wake flow structure behind a single quarter-elliptic wedge spire
and its aerodynamic interaction with a smooth wall boundary layer based on CFD. Two Reynolds-Averaged Navier Stokes
(RANS) turbulence models, i.e. k- and SST k-w models, were applied and compared in terms of result accuracy relative
to the wind tunnel experimental data from the published work. However, we found discrepancies in BLH results between
these two turbulence models. Hence, the present paper focused on discussing vertical velocity profiles and developing
the boundary layer from upwind to further downwind. The findings from this work contribute to the existing literature
with an improved understanding of the flow behind the spire.

20 METHODOLOGY

This study was conducted using open-source CFD software, OpenFOAM®. The preparation for the CFD consists of
the numerical domain creation and the setup of the turbulence model and time step. Upon the execution, simpleFoam was
used as the solver of the simulation. Finally, post-processing, including data extraction and data analysis, was conducted
using ParaView®.

2.1 Numerical Domain

The numerical domain consists of the wind tunnel model, the flat plate model, and the spire model. The wind tunnel
has a dimension of 0.3 m (height) x 0.3 m (width) x 3 m (streamwise length). The flat plate was included in the simulation
based on the wind tunnel study [7]. Moreover, the spire model has a quarter elliptical shape as used in the previous study
[11]. It has a height of 0.05 m (S), a length of 0.025 m (0.5S), and a width of 0.005 m (0.1S). The wedge angle is 5.71°
by default. Based on the previous wind tunnel study [7], the spire was installed at the upwind position in the center of the
wind tunnel, 2S from the leading edge of the flat plate. Figure 1 presents the layout of the computational domain based
on the previous wind tunnel study layout completed with the dimension of the spire [7]. To highlight the effect of the
spire, two conditions were applied to this study, i.e. without any spire installed (WO) and with a single spire installed
(WS).
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Figure 1. Schematic of (a) a quarter elliptic-wedge spire model and its dimension, and (b) the layout of the
computational domain completed with the flat plate and the spire
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To observe the development and the recovery of the wake flow, the distribution of streamwise velocity was measured
at twelve leeward positions from the near wake regions of x,=0.5S, 1S, 3S, and 6S to far wake regions of x,=13S, 208,
26S, 32S, 38S, 44S, and 50S for both WO and WS cases. In addition, the vertical velocity profile was measured from
20=0.0002 m (0.004S) above the flat plate up to zo= 0.23 m (4.6S) in the vertical direction. To summarize the variable,
Table 1 presents all the CFD variable conditions observed in this study.

The 3D model is designed using open-source Computer-Aided Design (CAD) software i.e. FreeCAD®. Both the
blockMesh utility and the snappyHexMesh utility were used to finalize the numerical domain. The mesh generation was
initialized by blockMesh utility for creating the basic wind tunnel rectangular shape numerical domain. While the
snappyHexMesh utility was used to incorporate the flat plate completed with the spire into the basic rectangular numerical
domain. A refinement box was created on both sides and above the spire along with the streamwise direction with the
level of refinement of 3. In addition, a refinement surface was applied for the spire with a level of refinement of 10. Using
these configurations, a numerical domain with cell numbers of 10 million and 11 million was generated for WO and WS
cases, respectively. More than 95% of the cells are hexahedra while the rest are polyhedra. Figure 2 shows the wire mesh
view of the numerical domain and the 3-D spire model inside the domain.

Table 1. The CFD variable condition

Near wake region Far wake region
Streamwise direction (xo) =0.5S, 1S,  Streamwise direction (xo) =138, 208,
WO and WS 33, and 6S 265, 325, 38S, 44S, and 50S

Turbul del k- and SST k- . L
urbuience moget f-z-an “" Vertical direction (2): 0.004S - 4.6S

=

(b)
Figure 2. The numerical domain for the CFD: (a) The wire mesh view of the domain and (b) The internal view of the
domain showing the 3-D quarter elliptic-wedge spire model

2.2 Turbulence Model and Time Step Setting

The simulations were carried out using a two-equation turbulence model the Reynolds-Averaged Navier Stokes
(RANS) including both the k- and SST k-w models. This model was selected because the RANS turbulence model
requires a lower computational load compared to the Large Eddy Simulation (LES) [25]. On top of that, the simulation
of ABL generation inside a wind tunnel case study using this turbulence model produced a good and representable result
[26-28]. The following initial conditions were applied; incoming flow speed (U=10 ms™), the turbulence dissipation rate
constant (e=14.855 m?s%), and the specific turbulence dissipation rate constant (w=440.148 s*). The simulations were
run in parallel using eight processors with the time step of 1s. The data was written and recorded every 50-time steps. The
simulations were executed with the steady-state solver, simpleFoam.
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The computation reached a steady state condition when the convergence point is achieved. However, in this study
case, it cannot be achieved because some of the residual values are always above the tolerance and tend to be constant.
Hence, the convergence points were determined based on the residual chart pattern. The residual chart can be seen in
Figure 3.
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Figure 3. Residual plot for each case: (a) WO k-¢, (b) WO SST k-w, (¢) WS k-¢, and (d) WS SST k-w

jmes.ump.edu.my 9424



M. A. Fitriady et a|.| Journal of Mechanical Engineering and Sciences | Vol. 17, Issue 2 (2023)

Based on the residual chart it can be stated that all cases are already in a steady state at 5000 iterations. Hence, the
data used in the discussion is at the latest timestep.

2.3 Data Acquisition and Analysis

The vertical velocity profile was extracted using the post-processing software, ParaFOAM®. The numerical domain
was sliced based on the distance in the streamwise direction (xo) from xo=0.5S up to xo=50S, and then plotted over the
line vertically in the centre (y=0) of the spanwise direction. The data were extracted for the last time steps using the save
data feature. The analyses include a graphical plot, and the discussion was presented based on these analyses.

3.0 RESULTS AND DISCUSSION

To compare the turbulence models, the results obtained from the two cases, WO and WS, are analysed and presented
in this section. This is followed by a discussion of the results of the boundary layer height (BLH) analysis.

3.1  Without Spire Case
3.1.1 Mean vertical velocity profile

Figure 4 presents the mean vertical velocity profile at the centre of the lateral direction (y=0) of both k-¢ and SST k-w
turbulence models for the WO case. U/U is the streamwise velocity (U) normalized by the reference velocity (Urer) at
y=0 and z=2S for each streamwise position. The wind tunnel experimental data was included for comparison [6, 7].
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Figure 4. Normalized vertical velocity profiles at the center point of the wind tunnel of WO case for; (a) k-e turbulence

model and (b) SST k- turbulence model. The wind tunnel experimental data: (c) Rahmat et al. (2016) and (d) Rahmat

et al. (2018), were also included for comparison [6, 7]. The vertical axis indicates the elevation normalized by the spire
height, S
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The mean vertical velocity profiles for the k-e and SST k- turbulence models are shown in Figure 4(a) and 4(b),
respectively. Both profiles are similar to each other. The normalized velocity is at the lowest value just above the smooth
wall due to the drag coefficient and logarithmically increased as the vertical distance increased. The drag coefficient
weakens as the vertical distance increases. Hence, at some point, the drag coefficient is very small that it is neglected i.e.
normalized velocity equal to one. Moreover, the normalized velocity reached the highest value at the near wake region
i.e. x0=0.5S, 1S, 3S, and 6S on the vertical distance of 0.5S and 0.3S for k-¢ and SST k- respectively. This phenomenon
might be caused by turbulence generation due to the leading edge of the smooth plate.

On top of that, the changes in the velocity gradient in the profiles are increasing along with the streamwise distance.
These phenomena indicate the development of the BLH as the streamwise distance increases for both turbulence models.
The velocity profiles are close to unity above the height of z=1S and z=1.5S for the SST k-w model and k- model,
respectively. This shows the overprediction of the k- model compared to the SST k- model. The mean vertical velocity
profile and the development of the BLH are in good agreement with [6, 7], while the highest normalized velocity value
presented in this study is also observed in [7].

Based on the previous study [6, 7, 14], the height of the negative peak of the skewness profile of the vertical velocity
can be determined as the BLH. However, since this is a steady-state case, the fluctuation of the vertical velocity based on
the time step cannot be observed. Another method to determine the BLH is proposed by Kozmar et al. who stated that the
BLH is the height where the vertical velocity equals 99.9% of the freestream [29, 30]. In this study, the BLH is determined
using the method proposed by Kozmar et al. The BLH are discussed later in this chapter.

3.1.2 Mean vertical velocity in different stream-wise positions

The mean vertical velocity profiles at several points in a streamwise direction are shown in Figure 5, to highlight the
overprediction of the k- model compared to the SST k-w model. The wind tunnel experimental data were also included
for the distance of 1S and 6S as a comparison. The vertical velocity predicted by the turbulence model for the near wake
region, namely xo=1S and xo=6S, is in good agreement with the experimental data, especially the SST k-w. The
overprediction can be observed, and the normalized velocity gradually increased as the distance in the streamwise
direction increased. However, the basic shapes of the profiles are similar to each other.
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Figure 5. Mean vertical profiles of the k- and SST k-w models at several streamwise positions, namely, xo=1S, 6S, 23S,
and 44S for the WO case
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This phenomenon might be caused by slight differences between the k-e model and the SST k-« model. Generally, the
k-e model and k-« model are the same turbulence model. The turbulence dissipation rate (¢) can be converted to the
specific turbulence dissipation rate (w) by using Eqg. (1) [31, 32].

&
Tk 1)

However, it is well known that the standard k-¢ turbulence model poorly represents the separation flow due to the
over-prediction of the turbulent kinetic energy in the stagnation points [33—-35]. This is because of the damping of ¢ near
the wall. Hence, the damping function has to be introduced to enhance the performance of this model, especially on the
flow prediction in the near-wall regions [36]. On the contrary, the k-« model performs well in the flow prediction near-
wall region because it does not need the damping function [37].

Based on the current study, the separation flow occurred in the near wake region close to the spire. Hence, it can be
stated that the k- model predicts more accurately in the near wake region while the k-e model predicts more accurately
in the far wake region. The SST k- model was developed by combining the advantages of both the k-e model and the k-
® model. Hence, theoretically, the SST k-w turbulence model can predict accurately for both near and far wake regions.

3.2  With Spire Case
3.2.1 Mean vertical velocity profile

Figure 6 presents the mean vertical velocity profiles at the center of the lateral direction (y=0) for both k-¢ and SST k-
w turbulence models for the WS case. U/U is the streamwise velocity (U) normalized by the reference velocity (Urer) at
y=0 and z=2S for each streamwise position. Based on these figures, both turbulence models predict a similar normalized
velocity profile for the far wake region which is the same as the WO case, i.e. Figure 4(a) and 4(b). Moreover, the
overprediction of k- is also apparent.
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Figure 6. Normalized vertical velocity profiles at the center point of the wind tunnel of WS case for: (a) k-e turbulence
model and (b) SST k-w turbulence model. The vertical axis indicates the elevation normalized by the spire height, S

On the other hand, based on the same figure, the two turbulence models predict the profile differently in terms of the
shape of the fluctuation in the normalized vertical velocity profile. However, both turbulence models predict the
fluctuation at the same near wake region; i.e. xo=0.5S, 1S, and 3S

Moreover, the changes in the velocity gradient in the profile, which indicates the development of the BLH, are also
observed in the far wake region only. While in the near wake region, there is an anomaly in the normalized vertical
velocity profile for both turbulence models, which indicates that the BLH is decreasing instead of increasing as the
streamwise distance increases. As explained in the introduction above, a row of spires is widely used in the wind tunnel
experiment due to its ability to generate a symmetric, constant, deep enough boundary layer in the limited streamwise
distance of the wind tunnel [6, 11, 13]. However, the results obtained from both turbulence models in the near wake region
(xo=0~6S) shown in Figure 6 contradict this statement. This is due to the current study only utilising a single quarter
elliptic-wedge spire instead of a row of spires (around 5 to 6 spires installed in series) [11] which is insufficient to create
turbulence to achieve the deep boundary layer in the wind tunnel.

3.2.2 Mean vertical velocity in different stream-wise positions

To highlight the contrast between the k-¢ model and the SST k- model in the WS case, the mean vertical velocity
profiles obtained at the xo=1S, 6S, 20S, and 44S are shown in Figure 7. The fluctuation in the normalized vertical velocity
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profile obtained by the k-e model is different in terms of shape, compared to the SST k-« model. However, the magnitude
is still similar. The overprediction is still apparent, especially in the far wake region.

3.2.3 Vertical velocity profile of WO and WS case

The mean vertical velocity profiles of the WO and WS case predicted by both turbulence models at the near wake
region were presented in Figure 8. The profile for vertical distance higher than 1S for WS is the same as the WO case.
However, the profile of the low-valued normalized velocity is distinctively different. The normalized velocity is at the
lowest value just above the smooth wall and increased up to the vertical distance of 1S creating a certain fluctuation. This
low-valued normalized velocity fluctuation is the indication of the wake flow generated due to the spire. The effect of the
wake flow weakens as the vertical distance increases. Hence, at the height above 1S, the wake flow effect was very small
that can be neglected.
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0 0
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Figure 7. The mean vertical profiles of the k-¢ model and SST k- model at the streamwise locations of xo=18, 6S, 23S,
and 44S for the WS case

Moreover, the change of gradient velocity for the WS case is decreasing as the streamwise distance increases which
can be observed in the mean vertical velocity profiles of both turbulence models. This is the indication of BLH reduction
at the near wake region of the WS case. On the contrary, the change of gradient velocity for the WO case is increasing as
the streamwise distance increases which implies that the BLH is developing as the streamwise distance increases.
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Figure 8. The vertical velocity profiles of the: (a) WO and (b) WS cases predicted by both turbulence models at the near
wake region

3.3  Boundary-Layer Height

The BLH is determined by the height where the mean vertical velocity is equal to 99.9% of the freestream velocity
(U/Ur=0.999) [29, 30]. The BLH predicted by the k-¢ and SST k-w turbulence models for both WO and WS cases can
be seen in Figure 9(a) and Figure 9(b), respectively. The wind tunnel experimental data as well as previous studies [7, 20]
are also included as a comparison.

z/S z/S
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15 15
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Figure 9. BLH development with streamwise distance using the k-e and SST k- turbulence models for: (a) WO and

(b) WS cases. The wind tunnel experimental data as well as previous studies are also included as a comparison.
(Depicted from [8] and [7])

Based on Figure 9(a), it can be stated that the BLH in the WO case is developed with the increase of the streamwise
distance for both k-e and SST k-w turbulence models. Moreover, the overprediction of k-e compared to the SST k-w
turbulence model is also apparent. On the other hand, based on Figure 9(b), the BLH in the near wake region for the WS
case slightly decreased down to a streamwise distance of xo=13S and x,=20S with a decrement of 6.5% and 13.2% for
the k- model and SST k-w model respectively, as discussed above that the current study only utilised a single spire instead
of a row of spires to generate deep BLH. Then BLH profile gradually increased as the streamwise distance increased with
an increment of 39.3% and 22.3% compared to the lowest point for k- model and SST k-w model respectively. Moreover,
Rahmat et al 2018 reported that the BLH decreased in the WS case from the streamwise distance of 6S down to 13S with
a total decrement of 4.6% then it rose as the streamwise distance increased up to the highest point at 26S with the total
increment of 53.7%. In other words, both numerical simulation and wind tunnel experiments present a similar decreasing
pattern in the near wake region. This phenomenon might be caused by the velocity deficit recovery that occurs above the
reference BLH, i.e. outer layer region with less wall effect and turbulence are relatively low [6].

Furthermore, Figure 10 presents the graphs of BLH predicted using the two turbulence models for both WO and WS
cases. Based on Figure 10(a), it can be stated that in the k-e model simulation, the BLH of the WS case is deeper compared
to the WO case by 250 % at xo=0.5S. However, the BLH of the WS case decreased along with the streamwise distance in
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the near wake region (xo=0~6S). At around x,=13S, the BLH of the WS case reached the minimum point and starts to
develop as the distance in the streamwise direction increased. Even though the BLH of the WS case is slightly shallower
compared to the WO case, the difference between them is insignificant. In other words, based on the k-e model, the
utilization of a spire as a vortex generator is effective only for near wake region (xo=0~13S).

Based on Figure 10(b), same as the k- model, the SST k-w model also predicted a deeper BLH in the WS case by
400% at xo=0.5S, which decreased down to the lowest point at xo=20S and increased as the streamwise distance increased,
compared to the WO case. However, unlike the k- model, the BLH of the WS case predicted by the SST k-w model is
always higher than the WO case at any point in the streamwise direction. Hence, it can be concluded that, based on the
SST k- model prediction, it is effective to use a spire as a vortex generator because the BLH is deeper compared to that
of the WO case throughout the numerical domain.
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Figure 10. BLH development for both WO and WS cases using: (a) k- turbulence model and (b) SST k-w turbulence
model

4.0 CONCLUSIONS

The CFD simulations predicting the wake flow behind a single quarter-elliptic wedge spire (WS case) and the wake
flow without a spire (WO case) were conducted. The mean vertical velocity profiles of the WO and WS cases are in good
agreement with the previous wind tunnel experimental studies. Moreover, based on the comparison result of both
turbulence models, it can be concluded that the k-e overpredicts compared to the SST k-w turbulence model. Furthermore,
the BLH predicted by each turbulence model was estimated. For the WO case, both turbulence models predicted that the
BLH developed as the streamwise distance increased, which is in good agreement with the previous wind tunnel
experimental studies. On the other hand, the BLH of the WS case was predicted to be rather irregular along with the
streamwise direction. Both turbulence models predicted that the BLH of the WS case decreased at the near wake region
(x0=0-6S), created a minimum point, which is xo=13S and x,=20S the k- and SST k-w turbulence model respectively and
increased along with the streamwise distance. This might be caused by the velocity deficit recovery that took place above
the BLH region where the turbulence was relatively low. On top of that, the BLH of the WS case is always evidently
greater than the WO case especially at the near wake region (xo=0~6S) for both turbulence models. It can be assumed that
the role of spires as vortex generators to increase the depth of the boundary layer is confirmed.
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