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Abstract

The aim of this work was to investigate the performance of a multi-directional wind tower
integrated with vertically-arranged heat transfer devices (VHTD) using Computational Fluid
Dynamics (CFD) and wind tunnel analysis. An experimental scale model was created using
3D printing. The scale model was tested in a uniform flow closed-loop wind tunnel to
validate the CFD data. Numerical results of the supply airflow were compared with
experimental data. Good agreement was observed between both methods &f. artedys
Grid Convergence Method (GCI) method was used to estimate the uncertainty due to
discretisation. Results have indicated that the achieved indoor air speed was reduced by 8-
17% following the integration of the VHTD. The integration of VHTD had a positive effect
on cooling performance of the wind tower, it reduced the incoming fresh air by up to 12K.
The effect of varying the number of VHTD row&-3rows) on the system’s performance
were also investigated. Additional simulations were also conducted to investigate the effect
of atmospheric boundary layer (ABL) flows on the wind tower ventilation performance and

also compare it with the results of uniform flow wind tunnel study.
Keywords: ABL; CFD; hot climates; natural ventilation; wind tunnel

1. Introduction

The building sector has substantial scope to reduce the energy use associated with the
operation and maintenance of buildings worldwide. Presently, the building sector contributes

This paper was presented at the 7th International Conference on Appéegly EfCAE2015), March 28-31,
2015, Abu Dhabi, UAE (Original paper titl€FD and Wind Tunne Study of the Performance of a M ulti-
Directional Wind Tower with Heat Transfer Devices and Paper Nol:CAE2015-37.
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30-40% of the global energy demand and more than 60% of this total energy demand is
consumed by the Heating, Ventilation anat-@onditioning HVAC) [1]. This is due to the
increasing thermal comfort demands of occupants, regulations for adequate ventilation supply
rates and current HVAC technology that is commonly used. Addressing the significant
energy requirements of mechanical HVAC services has the potential to significantly reduce
the energy demands of buildings heavily reliant on such systems such as commercial

buildings, schools and office spaces [2].

Passive ventilation strategies are becoming more commonly used to ventilate and cool
buildings [3]. These strategies are able to reduce the energy consumption of buildings with
regards to the energy required for ventilation by using the forces of wind driven flow and air
buoyancy. Pressure differences created by obstructions in the path of wind flow force air
through a building via a combination of driving and suction forces. Air buoyancy due is due
to the varying density of air at different temperatures [4]. By controlling this process,
buildings can be ventilated with little energy requirement. The two driving forces are
combined in a wind tower [5], commercial wind towers have been in existence in the UK for
the last 40 years in various forms, and their development over that period has been the subject
of much research both in the UK and internationally [6].

Wind towes are passive ventilation systems, based on the traditional vernacular design of
baud-geer [7]. Baud-geer have been utilised for centuries, predominantly in Middle East, as a
method of delivering ventilation to buildings [7]. Though reducing energy demand through
the use of passive ventilation is one solution in cutting greenhouse gases as a result of HVAC
systems, the key area for reduction is the conditioning of the air. Unlike air-conditioning,
wind towers are ineffective at reducing the temperature of supply air. This places a limit on
the application of natural ventilation systems in hot clim§®<9]. Therefore, additiona
technologies should be incorporated with the wind tower to cool the airflow. Figure 1a shows
a wind tower with evaporative cooling technology. The outdoor airflow entering the wind
tower top entrance is passed though evaporative cooling pads, evaporating the water in the
process and reducing the airflow temperature. However, there are few issues associated with
the method such as high operation and maintenance cost [10]. In addition, evaporative
coolers use a substantial amount of water to run. Other drawbacks associated with

evaporative cooling are discussed in][10
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In this study, heat transfer devices (HTDs) were incorporated into the internal domain of a
multi-directional wind tower to reduce the temperature of supply air. As shown in Figure 1b,
the hot outdoor air (1) enters the wind tower through the louvers, which are used to deflect
the impact of weather and direct sunshine from entering the device. The airflow is passed
through a series of vertically arranged-HTDs (2), which absorbs heat from the airstream and
transfers it into a parallel closed-circuit cool sink (3). Volume control dampers are located at
the bottom of the unit to control the delivery rate (5). The cooled air is supplied to the room
beneath the channel via ceiling diffusers (6). The primary force provides fresh air driven by
the positive air pressure on the wind-ward side (1), while exhausting stale air with the

assistance of the suction pressure on the leeward side (7).

Figure 1 (a) wind tower with evaporative cooling (b) a multi-directional wind tower with
VHTDs.

In our earlier workswe’ve used numerical modelling to compare the ventilation and thermal
performance of a traditional wind tower incorporating evaporative cooling and HTDs [10].
The study showed that the wind tower with HTDs was capable of reducing the air
temperature by up to 12-15 K while supplying the recommended fresh air rates. In a more
recent work [11] we’ve explored the integration of horizontally-arranged HTDs iato
commercial uni-directiodawind catcher. The study identified the cooling potential of the
proposed system but also showed several limitations when coupled with a uni-directional
system i.e. not suitable in areas with variable wind directj@8 In this study, we will
explore the potential of using a multi-directional device with vertically-arranged HTDs to
address this limitation. The system will be capable of supplying fresh air and exhausting stale
air irrespective of the wind direction. The numerical model will be validated using a uniform
flow wind tunnel. In addition, the effect of varying the number of VHTD rows (1-3rows) on
the ventilation and thermal performance will also be investigated. Furthermore, additional
simulations were conducted to investigate the effect of ABL flows on the wind tower

ventilation performance and also compare it with the uniform flow scenario.

2. Literature Review

The development of several aspects of wind towers to improve efficiency and design has
been well documented in the following reviews [13, 14]. A comprehensive review of wind
tower development was conducted by Hughes et al. [15]. The most commonly used technique

for development are Computational Fluid Dynamics (CFD) modelling and scaled wind tunnel
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testing and hence was used in this study. Improvements to traditional wind towers have been
investigated in an attempt to increase the effectiveness in providing airflow through the
system along with modifications to improve the operation. Bahadori [16] enhanced the
cooling potential of wind tower by employing evaporative cooling and used screens at
openings to reduce dust infiltration. Using numerical and experimental analysis, Bougthahm

al. [17] made several modifications to a wind tower to improve the effectiveness of the
system. The height of the wind tower was increased and partitions within the shaft were
introduced to improve the ventilation performance. Wetted surfaces were used to increase the
cooling potential through the process of evaporative cooling. Traditional one-sided wind
tower models with various types of roofs such as flat, inclined or steep and curved roofs were
investigated by Esfeh et al. [18] using wind tunnel testing. Afhsin et al. [19] analysed the
natural ventilation performance of a two-sided wind tower for various wind angles and wind
speeds by wind tunnel and smoke flow visualisation. Montazeri [20] tested a wind tower
design with five different arrangements of cross dividers, this was done to determine the

effect of increasing the number of internal sections on the airflow.

Badran [21] investigated the integration of clay conduits inside a wind tower. The results
showed that a wind tower with a vertical height of 4metres can decrease the temperature by
11K and generate an airflow of 0.3m The author also concluded that reducing the height

of the wind tower which generally reached up to 15metres can decrease the construction cost
without having a noticeable decrease in performance. Kalantar [7] evaluated the ventilation
and cooling performance of a wind tower in the hot-arid region of Yazd. The work developed

a numerical model to analyse the airflow pattern inside the wind tower in three-dimensional
and steady-state conditions. The effect of several design parameters such as wind speed,
temperature, humidity and density were investigated. Saffari and HosseihriEBd8used

CFD modelling to investigate the cooling performance of wind towers equipped withll wette
curtains under different structural parameters and external conditions. The CFD results
showed that the 10m high wetted columns were able to reduce the airflow temperature by

12K and increase the relative humidity of the air by 22%.

Commercial wind towers have been developed through modern, research led interest in
optimising the design for maximum airflow rate through the wind tower. The length and
number of louvers were optimised by Liu et al. [22] through the use of CFD modefling b

evaluating the airflow rate through the wind tower and the uniformity of air distribution



O 00 N o U b~ W N

S N
w N k O

14
15
16
17
18
19
20
21
22
23
24

25

26
27
28
29
30
31
32

within the wind tower and building. The optimal number of louvers was found to be between
6-8, this was determined by the increase in airflow rate of 12.7% from an initial number of
louvers tested as 4 louvers and 5 louvers. The effect of dampers and egg crate grilles on the
operation of commercial wind towers was investigated by Elmualim [23]. The work
concluded that the addition of dampers and egg crate grilles were capable of reducing airflow
through a wind tower by 20-50%. Calautit and Hughes [24] used CFD and wind tunnel
testing to investigate the ventilation performance of a four-sided commercial wind tower. The
simulation results for indoor airflow rate, supply and extract rates, external airflow and
pressure coefficients were compared with measurement results. Jones and Kjrby [25
compared the ventilation rate of a variety of ventilation systems by measuring the CO2
concentration in 16 different classrooms. The study found that commercial wind towers were
a highly effective method of ventilation during summer months, and effectiveness increased

when used in conjunction with open windows.

Recently, the works of Hughes et al. [26] and Calautit ef18l. 11 proposed that heat
transfer devices such as heat pipes could provide the link between passive ventilatian and lo
energy temperature regulation. It had been noted previously that heat pipes integrated into
other ventilation systems do not create a significant pressure drop compared to other
technology [27], this was critical in the integration into passive ventilation systems as
pressure losses should be kept to a minimum. Shao and Riffat [28] were one of the first to
explore the use of heat pipes in stack ventilation, however the purpose of the system was to
recover the heat from the exhaust stream. The application of heat transfer devices for passive
cooling in hot climates was investigated by Calautit et[&l] by incorporating the
technology into a Malgaf uni-directional wind catcher. The study investigated the effect of

various outdoor conditions on the performance of the system.

3. Numerical modd

The numerical simulations were performed using the commercial CFD code Fluent 14.5.
Steady 3D RANS (Reynolds-Averaged Navier-Stokes) CFD simulations were conducted
with a standard k-e turbulence model. The rationale behind choosing the k-epsilon model was
the findings of previous works on wind towers of the authors [11-12, 29, 31] and also others
[13, 16-22, 24] which showed its capabilities in predicting the natural ventilation flows in and
around wind towers and also indoor flows [30]. The velocity-pressure coupling was taken
care of by the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm.
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The CFD code used the Finite Volume Method (FVM). Second-order discretisation schemes
were used for the convection and viscous terms of the governing equations. The pressure
interpolation was second-order. Solution convergence was obtained when the scaled residuals
showed no further reduction with increasing number of iterations. The governing equations
for the mass conservation (egn.1l), momentum conservation (egn.2), energy conservation
(eqn.3), turbulent kinetic energy (TKEgch.4), energy dissipation rate (eqn.5) and species

transport equation are summarised below:

g—’; +Vx(pu)=0 (egn.1)

wherer is density, t is time andaufluid velocity vector.

a(pw)
at

+Vx (puu) = —Vp +pg+ V x (uVu) — V x 1, (eqn.2)

where p is the pressure, g is vector of gravitational acceleration, is molecular dynamic
viscosity and?: is the divergence of the turbulence stresses which accounts for auxiliary

stresses due to velocity fluctuations.

d(pe) .
£2+VX@mO=VX@MVﬂ—VX<Zwa (eqn.3)

wheree is the specific internal energyeqkis the effective heat conductivity, T is the air
temperature, jhs the specific enthalpy of fluid anidis the mass flux.

a(pk)

o +V x (pku) = V x [akuefka] + G+ G, —p, (eqn.4)

a(pe)
at

2
+Vx@w)=Vx[%%ﬁW}+Qiﬁh+Ck%)—Qw% (eqn.5)

whereG, is the source of TKE due to average velocity gradient, is the source of TKE due
to buoyancy forcezx anek are turbulent Prandtls numberséz: , Csand are empirical

model constants.

0 S
?(PYL‘) + VX (puY)) =-VXJi+ R+ (eqn.6)
t
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where Ji is the diffusion flux of speciesH;  is the net rate of production of species i by
reaction andS: is the rate of creation by addition from the dispersed phase plus any user-

defined sources.

3.1 Geometry

Figure 2a shows an exploded view of a standard multi-directional wind tower and a cold sink
with vertically-arranged heat transfer devices. The geometry was modelled using a CAD
software and the file was exported to ANSYS Workbench, which was used to extract the
fluid volumes from the solid CAD model, generate the mesh and perform CFD analysis. The
generated computational domain is shown in Figure 3. The computational domain was
divided into three volumes: the macro-climate (outdoor environment), wind tower and micro-
climate (ndoor or test room). It is worth noting that a similar CFD setup was used in previous
works on wind tower simulation [11, 31]. The macro-climate volume was modelled around
the wind tower to simulate the outdoor airflow. The sizing of the macro-climate volume (5 x
5 x 10n7) was based on the blockage produced by the object (wind tower) inside the volume.
In this case, the wind tower with length, with and height of 1m x 1m x 1.5m produced a
blockage of about 5%. It is worth mentioning that this value changes when the wind tower is
rotated to simulate different wind directions and as a result, the size of the domain also
changes. Airflow was simulated across the macro-climate volume by setting one boundary
face as inlet velocity and the opposite face as outlet pressure. In order to assess the
performance of the wind tower with VHTD, a micro-climate volume with the dimensions of

3 x 5x 5nf was modelled below the system. This micro-climate volume represents a small
classroom which can accommodate up to 15 occupants. The system was based on a standard
roof-mounted wind tower model [R1lIn this study, it was assumed that the system was
supplying at 100% (fully-open dampers) hence, the dampers were not included in the model
for simplification. It is worth noting that effect of wind tower dampers on ventilation rates
was already fully investigated by Elmualim J2Figure 2b illustrates the dimension of the
HTD and also the spacing between each HTDs. This study will also investigate the effect of
varying the number of rows, horizontal spacing and vertical spacing of HTD on the system

performance.

Figure 2 (a) CAD model of the wind tower with VHTD (b) VHTD arrangement and spacing
(dimension in mm)
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3.2 Grid design and verification

Grid generation for complex geometries such as a commercial wind tower model is usually a
major tasks hence, a large number of previous works on wind tower modelling [13-15, 23-24
used unstructured grid for discretisation of the computational domain. In order to properly
capture the flow fields near the critical areas of interest, such as the louvers and HTD
surfaces, size functions were applied to those surfaces. The size of the element was extended
to resolve the areas with high-gradient grid and to improve the accuracy of the results of the
flow fields [32, 33]. The element size was varied from 5x@0for the grid near the critical
areasto 7x10° m for the middle of the volume. Figure 4 shows the generated grid for the
computational domain. The grid had an average wall y+ value of 44.1 over the windward
surfaces of the wind tower, 35.1 over the side surfaces and of 20.2 over the leeward surfaces.

The maximum y+ value of 120 occurred only at the top and side corners of the wind tower.

Figure 3 Grid generation on the computational domain.

In order to verify the accuracy of the numerical model, a grid sensitivity analysis wa
conducted to determine the variation in results over different grid sizes. It is worth noting that
before conductig the discretisation error estimation, it was ensured that iterative
convergence was achieved (as detailed in Section 3.4). In this study, the Grid Convergence
Method (GCI) method (based on the Richardson extrapolation method) was selected to
estimate the uncertainty due to discretisation [34-36]. The procedure detailed in [35] was

followed and is summarised below:

The first step is to define a representative grid size h.

C
1
h= [E;mvo

whereC is the total number of cells used for the 3D computationsdhd is the volume.

1/3

(eqn.7)

The next step is to select three significantly different set of grids, C and run simulations to
determine the values of key variabl@®s, . In this case, the velocity at different height inside
the room model was selected as the variable. According to [35], it is desirable that refinement
factor r=hoarsdhine to be greater than 1.3. Therefore, the size of the grids were C1
(12,932,488), C2 (6,847,693) and C3 (4,046)94®ing r values of 1.37 and 1.30.
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The next step is to calculate the apparent order, p of the method using the next equation. The
equation was solved using fixed point iteration, with the initial guess equal to the first term
[35].

p= In(ry) linlesa/e211 + q(P) (eqn.g
r—[1x sgn(e32/821)]>
=In|2 (eqn.9)
1®) (32 — [1 X sgn(esz2/€21)] d
where€32 =03 — @, gnd€21= 92 — 9?1,
Finally, the approximate relative errée , extrapolated relative Hror and fine-grid

. 21 .
convergence indekXClfine (eqn.11) are calculated. Table 1 shows examples of the calculation
procedure for the three selected grids. According to Table 1, the numerical uncertainty in the

fine-grid solution for the velocity at 1.67 was 5.25% which corresponded to £ 0.077 m/s.
Table 1 Sample calculations of discretisation error using the GCI method.

Figure 4a shows the vertical velocity profiles (line with 14 equally distributed points) drawn

from the supply quadrant of the wind tower to the bottom of the floor, which was based on

the three set grids. In addition, the extrapolated vaIQéls, are also plotted and was
calculated using the following equation:

0ot = (101 — 0,) /() — 1) (eqn.10

The local order of accuracy mnged from 1.4 to 5.7. The average apparent order of accuracy
was used to assess the GCI index values in eqn.11, which is plotted in the form of error bars,
as shown in Figure 4b. Based on the fine-grid convergence index, the maximum
discretization uncertainty was 6.61% which corresponded to + 0.087 m/s. The discretisation
uncertainty value ranged from 0.31% to 6.61%, with a global average of 2.63%.

,  1.25eZ!
GClzye = B — (egn.11)
21
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Figure 4 Grid verification using the Grid Convergence (GCI) method. (a) plot of the velocity
profiles drawn from a line extending from the supply to the floor; (b) fine grid solution, with

discretization error bars computed using the GCI index.
3.3 Céll zone and boundary conditions

The cell zone and boundary conditions for the numerical model are summarisgdre 5.

In order to investigate the impact of varying wind speed, the velocity inlet was varied
between 1 5m/s. In order to replicate the wind tunnel flow conditions, a uniform velocity
inlet profile was simulated. It is worth noting that several previous works [13-20] have also
used this methodbr setting the inflow conditions. The measured turbulence intensity [38]
was also used as inlet boundary condition. The pressure outlet was set to OPa (zero static
pressure). The outdoor air temperature was set to 318 K to simulate a hot outdoor
environment. The surface of the HTD was set to wall with constant surface temperature [10,
26]. All the volumes were set to fluid zones and the material was set to air (default material
properties in Fluent).

Figure5 Set boundary conditions for the computational domain’s volumes and surfaces.

3.4 Criteriafor solution convergence

Solution convergence is the term for a numerical method using iterations to produce a
solution of the numerical grid, whereby the error approaches zero. Solutions are based on
iterations against pre-defined convergence criterion [33]. The default values for the
convergence criterion is Ofor the energy equation and 4@or all other equations. The
iteration process is complete when the set convergence criterions are met. However,
according to Fluent guidelines [33], this criterion may not be appropriate for all types of
simulations and it is a good idea to judge convergence by monitoring the residuals. In this
study, the convergence criterion was set to none and the convergence was monitored by
examining the residuals chart as shown in Figure 6. Relevant integrated quantities such as the
supply and indoor velocity (Figure 7a, 7b) and temperature (Figure 7c, 7d) were also
monitored. Convergence was achieved when the average airflow speed and temperature at
this locations were stable for around 500 iterations. In addition to monitoring residuals and
solution variables, the property conservation was also checked if satisfied [33]. This was
carried out by performing a mass flux balance and heat transfer rate balance for the
converged solution. This option was available in the FLUENT flux report panel which allows

computation of mass flow rate and total heat transfer rate for the selected boundary zones.

10
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For the simulation of wind tower in 3m/s wind, the mass flow rate balance was 1.82e-05kg/s

which was below the required value or <1% of smallest flux through domain boundary [33].

Figure 6 Residuals chart within the Fluent solver.

Figure 7 Convergence monitoring ¢&) supply velocity (b) indoor velocity (c) supply
temperature and (d) indoor temperature.

3.5 Atmospheric boundary layer (ABL) flow simulation of the VHTD wind tower

In order to investigate the ventilation performance of the system in atmospheric boundary
layer (ABL) flows, additional simulations were conducted. Due to the limitation of the wind
tunnel and to simplify the model, the flow profile that was used in the initial simulations (as
described in the Section 3.3) was based on the wind flow simulated by the wind tunnel which
was nearly uniform. However, this does not take into account the frictional drag of the
ground surface which generates a boundary layer in which there is a progressive reduction in
wind speed towards the ground as described by [39]. Hence, the study will carry out
additional simulations to investigate its effect on the wind tower performance.

For this simulation, the domain was adequately large to prevent artificial acceleration of the
flow as shown in Figure 8. The inlet, the lateral and the top boundary was 5H away from the
building or room, where H is the room height. The outlet boundary was positioned 15H
behind the building, sufficiently long to allow the wake region development behind room
[40]. Similarly, the domain consisted of an inlet on one side and an outlet on the opposing
boundary wall. Similar grid method was used for this study. The boundary conditions were
set using the guidelines highlighted by [39] for the simulation of flows in the urban
environment. The vertical profiles of the airflow velocity U and TKE k were imposed on the
inlet as shown in Figure 9, based on the measurement data of [39]. The mean speed of the
approach flow (Figure 9a) obeyed a power-law with 0.25, which corresponds to a sub-
urban terrain. Uref is the value of the velocity at a height of 3.6m which is the height of the
inlet opening of the wind tower. This value was varied between 1-5 m/s and the CFD results
of the supply velocity were directly compared to the results of the uniform flow simulations
which were also run between 1-5 m/s. This ensured that the velocity of the wind flow at wind
tower opening height were similar and would be better method for comparing the uniform

11
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flow and ABL flow simulations. For the & model, the values o were obtained by
assuming local equilibrium oPk = ¢. From Figure 8, the top and side boundaries were
defined as symmetry and similarly the outlet of the domain was set to OPa. All the test room
surfaces were set as smooth non-slip walls. The standard wall functions were prescribed to
the wall boundaries [41]. The wall functions for the ground surface were modified as
proposed by [42] to reflect the effect of roughness of the ground using the equivalent sand-

grain roughness heigks and roughness constabs
Figure 8 Computational domain for the analysis of the VHTD wind tower in ABL flows.

Figure 9 Vertical profiles of (a) mean velocity U and (b) turbulent kinetic energy k in the
approaching ABLflow [39].

4. Experimental wind tunnel tests

Experimental testing was conducted using a low-speed closed-loop wind tunnel displayed in
Figure 10. The wind tunnel had a test section with cross-sectional area of 05g0dbm
length of 1m. It is worth noting that the test section is a scaled-down version (1:10) of the
macro-climate of the numerical model. The specifications and characterisation of the wind
tunnel are fully detailed in [37 Similar to the numerical model, the wind tower was
positioned at the centre of the test section and a test room was located beneath it. At 1:10
scale the model generates a blockage of about 5%, this value was acceptable and no
corrections were required to be made to the airflow measurements [18-20, 37]. To have wind
tunnel experiment outcomes which can be transferred to full scale, the model in the wind
tunnel and outdoor must have geometric and dynamic similarity [43, 44]. The geometric
similarity between the numerical model and wind tunnel prototype was maintained by equally
scaling down the dimensions of the prototype by 1:10. In order to achieve dynamic similarity,
the Reynolds number of the model must also equal that of the actual. In this case if the actual
building was in a wind flow of 1m/s, to have the same Reynolds number in the test section
with an object scale of 1:10, the velocity should be 10 times as larger or 10m/s. The wind

tunnel speed was set to 10m/s to achieve this requirement.

Figure 10 Front view of the closed-loop low-speed wind tunnel [37

12
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4.1 Scale wind tower model

All of the parts of the wind tower scale model were created using 3D printing, except for the
HTDs which were modelled using cylindrical copper rods with Zxi@iameter. The top
section of the wind tower which was the cold sink was modelled as as a solid block with the
HTD hole patterns so that the cylindrical rods can be slotted in and ensure accurate
positioning of the HTD. It is worth noting that only the air velocity was investigated during
the experimental tests because the thermal properties of a full-size HTD could not be
replicated at 1:10 scale. Underneath the wind tower was a test room with a floor area of
0.5x0.5nf and vertical height of 0.3m. The test roomsxonstructed using transparent
material to facilitate smoke visualisation. Figure 11 shows an exploded view of the 3D
printed model of the wind tower with VHTD.

Figure 11 A 1:10 3D-printed model of the VHTD wind tower for the wind tunnel tests.

4.2 M easurement techniques

4.2.1 Volumetric flow supply rate

The velocity of the airflow beneath the channel of the wind tower was measured using a hot-
wire anemometer, due to its fast response times and capability of measuring low air
velocities, which were present during this investigation. The cross-sectional area of the wind
tower channel was divided into sevepattions and the airflow rate through it was calculated

asfollows:

Q=ZA1 x Uj (eqn.13
i=1

Where Qis the airflow rate through the wind tower channgljs the area of point i and; 4

the velocity of point i. Figure 12a displays the position of the points inside the wind tower
channel. The hot-wire anemometer used was a Testo 425, which gave velocity measurements
with uncertainty of+1.0% of rdg. at speeds below 8m/s (Figure 12b). The instrument covers
the air velocity range from 0 to 20 m/s and the temperature range from -20 to 70°C.

Measurement for each point was taken and averaged over a two minutes period.

Figure 12 (a) Section view of the wind tower supply channel showing the location of the

measurement points (dimensions in mm) (b) hot-wire anemometer.
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4.2.2 Airflow visualisation

In order to recognise the flow pattern inside the test room, smoke visualisation test was
conducted. Figure 13 shows the smoke visualisation setup in the wind tunnel. The AFA-10
unit was used for the smoke generation. The unit is mainly used in subsonic wind tunnels and
other low flow rate air flow applications. It has control unit that pumps smoke oil to the tip of

a probe. A low-voltage electrical coil at the probe tip heats the oil to produce a fine smoke
trail. The model was exposed to a free stream air velocity of 3 m/s to reach a high
concentration of the smoke that was sufficient for visualisation. In addition, a high speed
camera (EoSens Cubewas used to record and analyse the movement of smoke-visualised

airflow paths inside the room.

Figure 13 Experimental airflow visualisation test setup.

5. Validation of the numerical method

5.1 Supply and exhaust airflow measurements

Figure 14 compares the predicted and measured results of the airflow velocity below the wind
tower channel. The maximum airflow speed was measured near the center of the wind
tower’s cross-divider at the supply side (Point 3), this was consistent with the numerical
results. The lowest airflow speed was observed in the leeward-exhaust quadrant. Overall, the
trend showed that the numerical model was capable of predicting the airflow velocity in the
supply and exhaust channels. Average error across the points was 4.53%. To compare the
average error by quadrant, the supply quadrant (Points 1-5) had an average error of 2.10%
while the exhaust quadrants (Points 6-20) had an average error of 5.34%. The error for all the
points were all below 10.00% except for Point 18, which had an error of 19.65%

corresponding to £ 0.039 m/s.

Figure 14 Comparison between predicted and measurement results of the airflow velocity.
5.2 Indoor airflow pattern

Figure 15 compares the predicted and visualised airflow pattern inside the test room. A very
similar pattern was observed between both methods. As the airflow enters the space through
the wind tower, it was directed towards the floor (Figure) X8 the ventilated space and
spread outwards in all directions. The airflow slows down as it moves across the floor and
then to the side walls, which created large recirculation regions from all corners (Figure 15d).
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An increased amount of smoke was observed at the leeward side of the wind tower when the
entire volume of the room was filled with smoke (Figure 15e), which was due to the exhaust
guadrants pulling the air out of the space. The results confirmed that the addition of the
vertically-arranged heat transfer devices did not impede the airflow from flowing in and out
of the wind tower. It can also be argued that its impact on the performance of the wind tower
was minimal when comparing the smoke tests of a wind tower with and without HTD (last
image). Since the focus of this study was to investigate the indoor airflow, the smoke
generator tip was placed closer to the inlet of the wind tower and the high speed camera was
setup to capture this pattern. Although, some of the airflow which flows around the wind

tower, particularly on top, can be clearly seen in the images.

Figure 15 (a) CFD predicted streamlines and video stills of smoke visualisation at (b) 320
millisecond (¢ 1000 millisecond (d) 1700 millisecond (e) 3500 millisecond. For comparison,
last image shows smoke test of a standard wind tower at 1000 millisecond.

6. Resultsand Discussion

5.1 Velocity distribution: standard vs. VHTD wind tower

Figure 16a displays the velocity contours of a cross-sectional plane in the computational
domain of the standard wind tower model. The colour map on the left represents the
magnitude of the air velocity. From the diagram, the airflow in the macro-climate entered
from the right inlet wall at 3m/s and decelerated up to 1m/s as it approached the windward
side of the wind tower. Then, the airflow split with some entered the opening through the
angled louvers and some passed around the sides and top of the wind tower and traveled
towards the pressure outlet wall. A recirculation region was formed on the leeward side of the
wind tower which extracted the air from the micro-climate through the leeward openings. The
flow entering the wind tower was accelerated up to 3m/s and re-directed down into the space.
Since there were no volume control dampers in the model, high velocity drafts were observed
at the middle of the space reaching up to 1.8m/s. The average speed inside the volume was
0.22m/s. Figure 16b displays the effect of the addition of the VHTDs on the indoor airflow
distribution. From the contour plots, it can be observed that a very similar airflow pattern was
predicted by the CFD model which indicated that the VHTDs had little effect on the airflow.
The average velocity at the supply was 1.65m/s, which was 0.18 m/s lower than what was

achievedoy a standard wind tower.
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Figure 16 Velocity contour plot of a cross-sectional plareg:gtandard wind tower and)

wind tower with vertically-arranged heat transfer devices.

5.2 Pressuredistribution: standard vs. VHTD wind tower

Figure 17a displays the total pressure contours of a cross-sectional plane in the computational
domain ofa standard wind tower model. The average total pressure inside the ventilated
space was -1.2Pa (measured from 5 equally distributed horizontal planes), a negative
pressure value, which indicated that the exhaust rates were higher than the supply rates. In
this case, 3 openings were used for extraction of stale air and only 1 for supplying fresh air.
The addition of VHTDs reduced the average total pressure inside the space to -1.51Pa
indicating that the supply rate was slightly reduced. The zoomed in images of the supply
channel of the wind tower further demonstrated the reduction in pressure due to the VHTDs.
Figure 17 Total pressure contour plot of a cross-sectional pla)eténdard wind tower and

(b) wind tower with vertically-arranged heat transfer devices.

5.3 Ventilation rates; standard vs. VHTD wind tower

The numerical models were run for different inlet wind speeds §1m/s) to calculate the
supply rates in L/s (Figure 18a) and L/s per occupant (Figure 18b). The addition of HTDs
reduced the supply rates of the wind tower by 8-17%. According to the CIBSE ventilation
guidelines [45], the minimum required supply rate for classroom spaces is 8 L/s per person

ard 10L/s is the recommended rate for office spaces.

Figure 18 Comparison between tha)(@irflow supply ratesk) L/s per occupant of a
standard and VHTD wind tower. Blue dotted lines indicate recommended rate for offices and

red dotted lines minimum requirement for classrooms.

5.4 Temperature and humidity distribution

Figure 19a displays the temperature contours of a cross-sectional plane in the computational
domain of a wind tower with VHTD. The left hand side of the contour plot shows the scale

of static temperature (K). The average temperature inside the room was 310.2 when the

otdoor air temperature was set at 318K and wind speed to 3m/s. The predicted results showed
reduction in the air temperature was observed after the heat transfer devices. Furthermore, the
temperature of the airflow in the right area of the ventilated space was at a lower temperature

as compared to the left area. This was due to the direction of the cooler inlet air temperature
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moving into the room along with the effect of pressure on the leeward side of the wind tower,
extracting air from the space. Figure 19b displays the result of increasing the outdoor wind
speeds (+ 5 m/s) on the thermal performance. As expected, the cooling performance of the
HTD reduced as the airflow velocity increased. For example, at 5m/s wind velocity, the
temperature was reduced by 5.6K. White2m/s, temperature reduction of up to 9.2K was

observed.

Figure 19 (a) Static temperature contour plot of a cross-sectional plane wind tower with
vertically-arranged heat transfer devicesEffect of various outdoor wind speed on average

supply temperature.

Figure 20 displays the simulated result of increasing the outdoor relative humdity (20% -
50%) on the supply and indoor humidity levels. As observed, the airflow relative humdity
was increased by 33.5-36.8% (34.7% on average) as a result of temperature reduction.

Figure 20 Effect of outdoor relative humidity on average supply temperature, with the

outdoor velocity and temperature set at 3m/s and 318K.

5.5 Heat transfer device (HTD) arrangement

5.5.1 Effect of the variation of the number of HTD rows on performance

Figure 21 and 22 shows the effect of increasing the number of HTD (from 1 row to 3 rows)
on the thermal and ventilation performance of the system. It was observed that increasing the
number of rows from 1 to 2 rows improved the thermal performance by 33.6-77.2% and
increasing from 2 to 3 rows improved the thermal performance by 28-47.5%. Clearly, using
more HTDs or rows of HTDs improved the cooling performance of the system while its

effect on the ventilation rates was lower as observed in Figure 19.

Figure 21 Effect of the variation of HTD rows on supply temperature reduction.

Figure 22 Effect of the variation of HTD rows om) supply andl§) exhaust velocity.

5.6 Impact of ABL flow on ventilation performance

Figure 23 illustrates the contours of velocity and airflow streamlines in the vertical plane

drawn from the middle of the domain which is aligned with the direction of the flow and
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contains the centre of the wind tower. The approach ABL flow entering from right causes
high pressure on the facade it is hitting and as the wind goes around the corner of the building
it cavitates and speeds up considerably, generating strong negative pressure at the corners and
less strong negative pressure on the rest of the building walls. It can also be observed that the
flow path rises over the building (lift) and accelerates, creating flow separation by the
building edge. In the uniform flow model (See Figure 16), the test room or building in the
outdoor domain was not included hence this effect was not captured and would likely reduce
the performance of the wind tower. Some of the air entered the wind tower via the angled
louvers and some passed on top or moved around the sides and exited the pressure-outlet
boundary. After passing the louvers, the airflow that entered the wind tower was deflected
upwards. The flow was observed to be slightly accelerated as it turns sharply inside the 90°
corner. As expected, reduction in speed was observed downstream of the heat transfer
devices. A column of fast moving air enters the room, where the airstream hit the floor of the
room and moves toward the opening on the right wall. The airflow distribution inside the
building was similar to the uniform flow model (See Figure 16). The main difference was the
velocity of the flow inside and below the wind tower, which was reduced as it can be seen in
Figure 23. It is worth mentioning that for both models, the airflow velocity at the height of

the opening of wind tower (3.6m) was about 3m/s. A large recirculation zone with
comparatively low airflow velocities was observed at the back of the test room and wind

tower.

Figure 24 compares the average the average airflow supply speed of the wind tower with heat
transfer devices in uniform and atmospheric boundary layer (ABL) flows. It was observed
that the results follow a similar trend for both cases, with the wind tower in uniform flow
syoplying 20.45-22.92% higher than the one in ABL flow which obeyed péweswvith o =

0.25 (sub-urban). As discussed previously, in order to have a fair comparison between the
uniform flow and ABL flow simulations, the uniform flow velocity was varied betweén 1-

m/s and the value of Uref (velocity at wind tower opening height) of the ABL flow profile
were also varied between 1-5 m/s. This ensured that the velocity of the wind flow at wind

tower opening height were similar.

Figure 23 Distribution of the predicted velocity magnitude (m/s) for a wind tower with

vertically-arranged heat transfer devices in ABL flows.
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Figure 24 Comparison between the supply speed of the wind tower in uniform and ABL

flows (a = 0.25) at various outdoor speeds.

7. Conclusion and Future Work

The recent innovation of commercial wind towers is an example of bringing traditional
solutions up to date with contemporary practices. Using modern engineering and design
techniques applied to the design principles of the baud-geer, commercial wind towers are able
to fill the gap of low energy ventilation solutions. The goal of this study was to explore the
potential of incorporating vertically-arranged heat transfer (VHTD) device into a multi-
directional wind tower system in terms of reducing the temperature of the airflow and also
maintaining the fresh air rates. This study introduced and discussed the potential of this
concept through the use of numerical modelling and uniform flow wind tunnel experiments
for validation of the method. The experimental model was created using 3D printing and
tested in a low-speed wind tunnel. To have wind tunnel experiment outcomes which can be
transferred to full scale, the model in the wind tunnel and outdoor achieve geometric and
dynamic similarity. The numerical results for the air supply rates were validated against the
experimental data and good agreement between both methods was observed. The average
error between predicted and measurements across the points was 4.53% and even lower error
was observed in the measurements in supply channel which was 2.10%. Smoke visualisation
experiment was conducted to further investigate the indoor airflow patter. The results of this
experiment confirmed that the addition of the VHTDs did not impede the supply and exhaust
airflow. The accuracy of the numerical modelling was also verified by performing grid
sensitivity analysis by determine the variation in results over different grid sizes. The Grid
Convergence Method (GCIl) method was selected to estimate the uncertainty due to
discretization. Based on the fine-grid convergence index, the maximum discretisation
uncertainty was 6.61% which corresponded to + 0.087 m/s. The discretisation uncertainty

value ranged from 0.31% to 6.61%, with a global average of 2.63%.

The numerical analysis was conducted to simulate and investigate the airflow and
temperature distribution inside the wind tower and the test room model. A standard wind
tower was utilised as a simulation benchmark model for comparison of the ventilation
performance. Findings of the airflow analysis indicated that the supply rate was slightly
reduced following the integration of the VHTD, reductions e1B% were calculated from

the numerical model. This results were consistent with the data of the wind tunnel tests and
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the pressure distribution analysis. In addition, the results also showed that proposed system
was capable of supplying the required fresh air rates (10L/s per person) even at low wind
speeds (2-5m/s). The addition of VHTDs had a positive effect on thermal performance of the
wind tower, it reduced the incoming fresh air (318 K) by up to 12 K. Simulation of various
outdoor wind velocities (1-5m/s) showed that the cooling performance of the HTDs was
indirectly proportional with the ventilation rate. For example, at 5m/s wind velocity, the
temperature was reduced by 5.6K. While at 2m/s, temperature reductions of up to 9.2 was
observed The number of HTD rows was varied to optimise the cooling and natural

ventilation performance.

Furthermore, additional simulations were also conducted to investigate the effect of
atmospheric boundary layer (ABL) flows on the wind tower ventilation performance and also
compare it with the results of uniform flow wind tunnel study. Overall, a similar indoor flow

distribution was observed in both cases but the velocity of the airflow supplied by the wind
tower in uniform flows was slightly higher. The results of various wind speed simulations
showed that the wind tower in uniform flow supplied 20.45-22.92% higher than the wind
tower in ABL flow. There are two main reasons for this difference; the inclusion of the

building geometry in the outdoor domain and the use of a sub-urban approach flow.

This study demonstrated the positive effect of the integration of HTD on the thermal
performance of a multi-directional wind tower but also revealed technical issues which
remain to be solved such as control strategy and cold sink operation. Another method which
could further improve the thermal performance is the addition of extended surfaces. Full-
scale testing of the system is required to characterise its performance under real operating
conditions and also to further validate the results of this study particularly the cooling
performance. Finally, laboratory testing of the model in a wind tunnel capable of simulating

ABL flows is recommended.
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Nomenclature

u
XY, Z
Re

©

PP VR >CO®

velocity magnitude (m/s)
Cartesian co-ordinates (m)
Reynolds number

air density (kg/r)
kinematic viscosity (rfis)
volume flow rate (n¥s)
gravitational acceleration (nf)s
cross-sectional area fin
total pressure loss (Pa)
pressure (Pa)

total pressure (Pa)

static pressure (Pa)

length (m)

width (m)

height (m)

time (sec)
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Figure 2 (a) CAD model of the wind tower with VHTD (b) VHTD arrangement and spacing
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Table 1 Sample calculations of discretisation error using the GCI method.

Velocity at height = 2.29m| Velocity at height = 1.67m| Velocity at height = 0.62m
C. C,, Cs 12,932,488, 6,847,693, | 12,932,488, 6,847,693, | 12,932,488, 6,847,693,
4,046,918 4,046,918 4,046,918

Fa1 1.3742 1.3742 1.3742
Fa 1.3007 1.3007 1.3007

@, 2.0914 1.4657 1.25879

)8 2.0323 1.4284 1.20171

B3 2.1254 1.3991 1.18089

p 1.6023 1.4909 4.2045
@2, 2.1803 1.5272 1.2791
e 2.82% 2.55% 4.53%
(U3 4.07% 4.03% 1.59%
GCIZL, 5.31% 5.25% 2.02%
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