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Abstract: This study provides a spatial configuration method to improve the cooling efficiency of
multiple VRV outdoor units placed on equipment layers with high floors. Relevant factors include
wind parameters, the placement of multiple outdoor units, and louver. A total of 96 cases were
designed. CFD simulations were used to obtain the inlet air temperature distributions of multiple
outdoor units and then calculate their cooling efficiency. The results found that these factors have
effects on the average cooling efficiency of outdoor units in a single row to a certain extent. The
influencing degrees of these factors, from large to small, were the louver angle, wind parameters,
and the placement of multiple outdoor units. When the cooling efficiency of outdoor units was
maximum and the louver angle was 15°, the louvers could be oriented perpendicular to the dominant
wind direction (90°) when wind speed was >6 m/s, and the unit spacing was 600 mm. Based on
this, when the number of outdoor units was expanded in the limited space, staggered arrangements
with different directions of heat exchange surfaces were a recommended optimization layout. This
study provides technical support for improving the working efficiency of VRV outdoor units in an
equipment layer.

Keywords: VRV; equipment layer; cooling efficiency; inlet air temperature; influencing factors

1. Introduction

Rapid urbanization, expanding population, and increased air temperature have ele-
vated energy demand [1,2]. In 2019, the International Energy Agency reported that global
electricity consumption reached 25,027.3 TWh and showed an increasing trend [3]. Global
carbon dioxide emissions increased from 22.28 Gt in 1990 to 35.47 Gt in 2019 [4]. Building
operations generate about 10 billion tons of CO, emissions, accounting for about 37%
of global emissions [5]. However, the energy consumption of air conditioning systems
contributed more than 40%, especially for commercial buildings. For example, air condi-
tioning systems accounted for 47.17% of the total energy consumption of office buildings
in Guangzhou, China [6], and 50% of the total energy consumption of high-rise public
buildings in Chongqing, China [7]. Therefore, how to control air conditioning energy
consumption is a crucial factor in reducing anthropogenic carbon emissions.

Variable Refrigerant Volume (VRV) has been widely used to meet public buildings’
cooling /heating demands due to its saving space, easy installation, reliable operation,
and flexibility [8,9]. A primary factor influencing the higher energy consumption was
the heat exchange effects of VRV outdoor units, which then influenced the operating
efficiency of outdoor units. The outdoor unit is like an air-cooled heat exchanger; its
heat exchange effects depend on external airflow. Especially, urbanization has resulted
in the transformation of natural underlying surfaces into high-rise and dense building
clusters [10,11]. Usually, the outdoor units are placed on the roofs or on the top floor of the
building. However, some outdoor units are inevitably placed on the middle floors of the
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building. Due to wind speed, wind pressure, louvers, and other factors, indoor airflow
could be affected, and then outdoor units” cooling efficiency can be worsened. In severe
cases, it may cause the units to shut down. For example, Kabeel et al. found that the supply
air temperature was reduced by 21% and the coefficient of performance improved by 71%
in a hybrid air conditioning system using an indirect evaporation cooler with an internal
baffle as pre-cooling units compared to previous designs of the hybrid air conditioning
system [12]. Yau and Pean found that the total cooling capacity of the system is decreased
by 2% when the outdoor temperature is increased by 1 °C [13]. Therefore, it is necessary to
explore an optimization design method to improve the cooling performance of outdoor
units in an equipment layer. Before that, it is first necessary to determine which factors
influence the inlet air temperature of outdoor units.

Nowadays, many studies have investigated the factors influencing the inlet air tem-
perature of air conditioning systems’ outdoor units [14-17]. These factors mainly in-
clude the louver [18-21], placement of air conditioner units [22-26], layout of the outdoor
unit [14,23,27,28], horizontal distance between the condenser unit and wall [29-35], unit
spacing [35-37], building re-entrant shapes [38], outdoor wind speed [39—41], and direc-
tions of exhaust [42]. These studies provided some recommended parameters to obtain
a lower inlet air temperature, namely a higher cooling efficiency. For example, in these
studies, they observed that the inlet air temperature of outdoor units increases with the
increase in louver angle and the recommended louver angle was not higher than 15°. Chow
et al. found that a face-to-face layout of outdoor units can be appropriate [14]. Some
studies observed that the staggered placement of the front and rear outdoor units effec-
tively reduces the inlet air temperature of the outdoor units [25,42]. A detailed literature
review is shown in Table 1. However, three limitations existed in the literature. Firstly,
most of these studies only explored the effect of a single factor or some factors without
considering the comprehensive impact of these factors, and the influencing degree of these
factors was not explored. Secondly, these studies investigated the inlet air temperature
of outdoor units placed outside buildings, not considering the scenario of outdoor units
inside buildings and placed on high floors of the building. Thirdly, the comprehensive
effect between background wind parameters was not explored in these studies.

Table 1. A detailed literature review on the outdoor units of air conditioners.

Reference

Influencing Factors Results

Chow et al., 2002 [14]
Locations: Hongkong, China

e  The effect of 10 types of condensing unit layouts in the
building re-entrant on the COP of air conditioning
systems. The results found that face-to-face layouts of AC
units can be an appropriate layout.

condenser unit layouts

Chow et al., 2002 [15]
Locations: Hongkong, China

e  The effect of outdoor units in building re-entrant on the
condenser units” surrounding temperature and the energy
coefficient of the AC units. The results obtained an
optimal arrangement.

louver, terrace

Chen et al., 2009 [18]

e  Operating environments can be improved when the louver

Location: Fushan, China louver angle decreases.
Yang, 2017 [19] 1 e  The inlet air temperature increases as the inclination angle
. . ouver )
Locations: Shandong, China of the louvers increases.
Liu et al., 2017 [20] e  Operating environments can be improved when the louver
louver angle decreases. The louver angle was recommended as

Location: Qingdao, China

15° or less than 15°.




Buildings 2024, 14, 3681

30f22

Table 1. Cont.

Reference Influencing Factors

Results

Yang et al. [21]

The recommended parameters when the operating

Locations: Chongging, China louver environment was Pest were that the louver spacing is 80
mm and its angle is 10°.
The effect of airflow characteristics around the condenser
units on the AC characteristics. The results show that
Chow et al., 2001 [22] placement of air conditioner discharging the outdoor units’ air into a light well leads to
Locations: Hongkong, China units better unit performance and low power consumption

compared to the case of installing the outdoor units in a
building re-entrant.

Nada and Said, 2017 [23]

Location: Benha, Egyp different arrangements

In the case of an open-bottom shaft, it is preferable to
distribute all the outdoor units on one wall of the shaft,
except that at the top two levels it is preferable that the
units be distributed on two adjacent walls in

staggered arrangements.

Li 2018 [24]

. . . 1 !
Locations: Harbin, China placement, louver

Investigate the relationship between the inlet air
temperature of outdoor units and factors including
distance between the units and the wall, distance from the
louver, louver angle, louver spacing, outdoor wind speed,
and outdoor air temperature.

Zhou et al., 2010 [25]

Locations: Beijing, China placement

The incoming wind speed significantly affects the heat
dissipation of outdoor units.

Zhao et al., 2017 [26]

Locations: Guangzhou, China placement of outdoor units

The important factors influencing the thermal
environment of the outdoor units are the distance between
the units and the wall.

The CFD simulation results found that the outdoor units’

Yu et al., 2022 [27] layout of outdoor unit and performance is optimal when one outdoor unit is installed

Locations: Shandong, China placement close to the louver and the other is lifted away from the
louvers at the top of the groove.

Huang et al., 2017 [28] The staggered placement of the front and rear outdoor

Locations: Beijing, China layout of outdoor units

units effectively reduces the inlet air temperature of the
outdoor units.

Avara and Daneshgar, 2008 [29]  spacing between two

The effect of the spacing between the two supporting walls
of the outdoor units on the on-coil temperature of
condenser units.

Location: Bushehr, Iran sidewalls, distance Recommended various optimum distances between the
outdoor AC unit and supporting wall in different spacing
between the sidewalls.

Exploring the air temperature and wind velocity

Xue et al., 2007 [30] horizontal distance between dlst.rlbutlon around the optdoor units. .

. . . A distance between two sidewalls of 7 m is needed to keep

Location: Henan, China condenser unit and wall, the . o

: . . the temperature raised less than 10 °C.

Climate: Temperate space per condensing unit

The space per condensing unit should be at least larger
than 18.2 m?.
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Reference

Influencing Factors

Results

Duan et al., 2016 [31]
Location: Beijing, China

distance between
neighbouring outdoor units,
louver spacing, louver angle,
and arrangement style

To reduce operation temperature and save energy, the
following design points are recommended: Vertical
arrangement for outdoor units. A larger distance between
neighboring outdoor units. Smaller louver for the louver
angle. 100 degrees for the louver angle.

Harithkhan et al., 2021 [32]
Locations: Moratuwa, Sri Lanka

horizontal distance between
condenser unit and wall

The selected building with a re-entrant size of 6 m x 2.5 m
distance of 1.5 m from the exterior wall was found to be
the optimum position for the condenser.

Jiang 2013 [33]
Locations: Tianjin, China

distance between the units
and wall, louver

It is recommended that the distance between the outdoor
unit condenser and the wall be greater than 100 mm, the
distance between the left side of the outdoor unit and the
wall be at least 200 mm, the distance between the fan and
the louver be around 100 mm, the louver angle do not
exceed 20°, and the direction be downward with a
minimum louver spacing of 50 mm.

Bruelisauer et al., 2013 [34]
Location: National University of
Singapore Singapore

spacing between two
sidewalls, horizontal
distance between condenser
unit and wall

The air temperature in the recessed space increased
continuously to reach up to 12.7 °C higher temperatures
than undisturbed conditions at the top of 20 floors when
air conditioners were switched on.

The inlet temperature increases by 9.0 °C on the lowest
level along with the 50 °C maximum inlet temperature
and 59 °C outlet temperature.

Zhang, 2009 [35]
Locations: Dalian, China

Unit spacing, the distance
between the units and
pillars

The maximum distance between outdoor units is 0.2 m,
the maximum distance from the pillar is 0.8 m, and the
maximum distance between multiple outdoor unit arrays
is 0.8 m

Zhang et al., 2008 [36]
Locations: -

Unit spacing

Outdoor units of VRV have lower inlet air temperature
when the unit spacing is greater than 1.65 m.

Wei and Jiang, 2021 [37]
Locations: Zhejiang, China

Unit spacing

The inlet air temperature is close to the background air
temperature when unit spacing is greater than 2 m

Chow et al., 2000 [38]
Locations: Hongkong, China

building re-entrant shapes

Explored the effect of different re-entrant shapes (T-, I- and
L-shapes) on which the outdoor AC units were placed.
The results found that the T-shaped re-entrant showed
lower outdoor air temperatures around the buildings
compared with the I- and L-shaped re-entrants.

Choi et al., 2005 [39]
Location: Seoul, South Korea

Wind speed, wind direction
and layout of the outdoor
unit

The performance of the condensers above the 30th

floor decreased.

The performance of heat dissipation of the condensers for
the higher floor drooped significantly when the frontal-
and side-winds were greater than 4 m/s and 8 m/s,
respectively.

Li and Liu, 2019 [40]
Locations: Shandong, China

Wind speed

To effectively solve the airflow short circuit, the inlet and
exhaust surfaces of the unit are not in the same direction.
The airflow velocity of the incoming air should be
controlled below 1-1.5m/s.
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Reference

Influencing Factors Results

Zi and Wu, 2017 [41]
Locations: Guangdong, China

Wind speed ° Keeping the exhaust direction of the outdoor
unit consistent.

Ge et al., 2007 [42]
Locations: Sichuan, China

° Compared with the units with the same side of exhaust air,
Directions of exhaust the units with the opposite side of exhaust air show
better performance.

Considering the above limitations, this study investigates an optimization method for
the cooling efficiency of outdoor units in the equipment layer placed on the high floors
of the buildings. Firstly, the factors influencing outdoor units’ cooling efficiency were
analyzed. These factors can be divided into three aspects: wind parameters, the placement
of multiple outdoor units, and louvers. Wind parameters include wind speed and wind
direction. The placement of multiple outdoor units includes unit spacing, the distance
between the units and the front wall, and the distance between the unit and the left/right
pillar. Secondly, an arrangement-combination method was used to design 96 cases. CFD
simulations were used to obtain the overall inlet air temperature of these cases. The optimal
parameter configuration of multiple outdoor units in a single row was obtained considering
the maximum cooling efficiency. Finally, on this basis, an optimal layout for multiple
outdoor units with an expanded dual row was obtained. This study provides a parametric
and systematic optimization design method for obtaining a better cooling efficiency from
multiple outdoor units placed on an equipment layer with high floors. It also contributes
to the sustainable development of future society [43] and the analysis of energy efficiency
factors in buildings in smart cities [44].

2. Methods
2.1. Cooling Efficiency Indicator

Figure 1a shows the circulation process and main hardware components of refrigerant
in the VRV air conditioning system. In general, VRV systems mainly include indoor units
and outdoor units. The outdoor units mainly involve two components: the condenser and
compressor, which are used to deliver the outdoor air temperature to the indoors through
air conditioning technology. The heat exchange between the refrigerant and the air occurs
in the evaporator (indoors) and the condenser (outdoors). Ideally, the maximum cooling
efficiency of the refrigeration machine (¢) can be expressed as following formulas according
to the vapor compression refrigeration cycle (a T-S diagram of the Carnot cycle was shown
in Figure 1b when operating at the specific temperature Ty and T [45].

1

T T T -1

1)
where Tj is the cooled temperature and T} is the temperature of the heat source, namely
the inlet air temperature.

It is assumed that T is the overall inlet air temperature of outdoor units, which can
be expressed by each outdoor unit’s inlet air temperature and its corresponding cooling
capacity ratio (Q;) to the total cooling capacity (Q). Its expression was

T, = Y (1) @
o Q
Based on formulas (1) and (2), the average cooling efficiency of refrigeration machines
(€) can be written as 1
e=—, O 3)
L (Ti5)/To—1
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Figure 1. Principle of VRV air conditioning systems. (a) Schematic of VRV, (b) Carnot cycle.

2.2. Influencing Factors

In this study, the research object is the outdoor units of VRV, which are placed on the
equipment layer of high-rise commercial buildings in Guangzhou, China. The equipment
layer is located on the 44th floor of the building, which has a height of 4.5 m (see Figure 2)
and is higher than 100 m from the ground. During a typical summer in Guangzhou, China,
the average wind speed around the building is 1.9 m/s in 10 m of building height, the
outdoor temperature is 35 °C, and southeast winds prevail. These air conditioning systems
were used to provide the cooling/heating demands on the 43rd and 45th floors. Then,
according to the cooling /heating demand, four outdoor units of VRV were arranged in
parallel (see Figure 2a). Based on the results of the field investigation, a widely used VRV
air conditioning system was selected. The specifications of the outdoor unit are presented
in Table 2. The dimension of outdoor units is 1657 x 1240 x 765 mm? (L x W x H). The
cooling capacity is 61.5 KW, and power consumption is 18.6 KW. The maximum inlet air
temperature is 50 °C.

Table 2. The specifications of the outdoor unit.

Model RUXYQ22AB
Cooling capacity (KW) 61.5
Power consumption (KW) 18.6

Dimension of outdoor unit

(L x W x H, mm X mm X mm)
Air volume (m3/min) 271
Maximum inlet air temperature (°C) 50

1657 x 1240 x 765

According to the results of previous studies (see Table 1), the factors influencing the
cooling efficiency of all outdoor units from the perspective of airflow could involve three
categories. One is the louver angles. The louvers are always used for ventilation, air
exchange, and rainproofing. The second one is the placement of multiple outdoor units
in the equipment layer, including unit spacing (D1), distance between the units and the
front wall (D2), and distance between the unit and the left/right pillars (D3), as shown in
Figure 2b,c.

Besides that, background wind conditions include wind speed and direction. The
prevailing wind direction in a season is basically unchanged. When the buildings are built,
the windward and leeward sides of the building are already determined (see Figure 2d). The
angle is the angle between the background wind direction and the louvers. However, the
placement of the outdoor unit on which side of the building can be designed and planned.
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Figure 2. Schematic diagram of a numerical physical model. (a) 3D diagram, (b) side view, (c) vertical

view, (d) wind directions.

2.3. Case Designs

Based on the results of previous studies and field investigations, a total of 96 cases
were designed, including four angles of louver (45°, 30°, 15°, 0°), three unit spacings (200,
400, and 600 mm), three distances between the unit and the left/right columns (200, 400,
and 600 mm), three distances between the units and the front wall (400, 600, and 800 mm),
three wind speeds (4, 6, and 8 m/s), and eight wind directions (—135°, —90°, —45°, 0°, 45°,
90°, 135°, 180°). Table 3 lists the detailed parameter configurations for the main 12 basic
cases. Among them, wind speeds were set as 6 m/s in Cases 1~10 and 4 and 8 m/s in Case
11 and Case 12, respectively. Each case involves eight wind directions.

Table 3. The parameter configurations of cases.

Cases Louver Angle (°) D1 (mm) D2 (mm) D3 (mm)
1 45 200 600 200
2 30 200 600 200
3 15 200 600 200
4 0 200 600 200
5 15 400 600 200
6 15 600 600 200
7 15 200 400 200
8 15 200 800 200
9 15 200 600 400
10 15 200 600 600
11 15 200 600 200
12 15 200 600 200
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2.4. CFD Simulations
2.4.1. Computational Domains

Computational domain was generated by using the SCDM 2024 software built in AN-
SYS, which was developed by SpaceClaim Corporation [46]. Its dimension was determined
and calibrated based on the results of field investigations, including the dimensions of
building layers, the number of external air conditioning units, the unit spacing, the distance
between the units and the front wall, the distance between the unit and the left/right
pillars, and the louver spacing. The domain mainly includes three parts: the building
interior, the outdoor space, and the external air conditioning unit (see Figure 2a). The
relevant information of the computational domains is shown in Figure 3a,b. In this study, to
further reduce the computational cost, the computational domain was simplified through
three assumptions:

e Inthe physical model, all walls were set as insulated walls, such as building exterior
walls, louvers, exhaust systems, etc.

e Ignoring the effects of outdoor solar radiation, outdoor temperature was considered
and set as 33.2 °C. The indoor temperature was set at 26 °C.

e  All outdoor units were set to working at full loads and were regarded as a black-box-
like heat source by ignoring their internal structure. The heat dissipation was the sum
of the cooling capacity and cooling power consumption of the VRV system. The heat
source per unit volume was 37,147 W /m3.

@)

Figure 3. Computational domains and girds. (a) computational domains, (b) grid cells.

The computational grids were structured and created using a mosaic grid-generation
technique to limit the total number of computational cells in the domain and improve
the quality of grid topology [47]. The ANSYS Fluent Meshing [48] was used for the
generation of computational grids (Figure 3b). All surface grids were spatially discretized
with polyhedral cells, and the poly-hexforce cells were used in the external AC unit and
automatically combined with the boundary layer grid near the surface walls. The Tecplot 360
software was used to visualize and analyze the results of the CFD simulation [49]. Table 4
lists the physical properties of the air. The specific heat capacity is 1.005 J/ (kg-°C). Thermal
conductivity is set as 2.715 x =2 W/m-K. The coefficient of thermal expansion is 0.0034.

Table 4. Physical properties of the air.

Parameters Values
Density (kg/m?) 1.1465
Specific heat capacity (J/(kg-°C)) 1.005
Thermal conductivity (W/m-K) 2.715 x e 2
Viscosity (m-Pa-s) 18.85 x e~

Coefficient of thermal expansion 0.0034
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2.4.2. Boundary Conditions

In this study, the main boundaries include the exterior walls of the equipment layer,
casings of outdoor units, air ducts, louvers, fans of outdoor units, the air inlets of outdoor
units, and the air inlets and outlets of the external computational domain. In this study,
referring to existing relevant literature [15-42], the boundary conditions in ANSYS Fluent
software 2024 rl are set as shown in Table 5. As shown in Table 5, the main boundary
conditions include the exterior wall, casing of outdoor units, air ducts, louvers, air inlets of
outdoor units, fans of outdoor units, and corresponding computational domain.

Table 5. Boundary condition settings in ANSYS Fluent software 2024 r1.

Parts. Types Settings

Exterior walls Adiabatic wall

Casings of outdoor units Adiabatic wall Heat flux and heat radiation are 0
Air ducts Adiabatic wall

Louvers Wall without thickness 0

Air inlets of outdoor units Porous jump o =2.13e7%,C2 =0.1997 [47]

Pressure difference is set to the pressure

F f outd it F : .
ans ot outdoor units an at the rated air volume of outdoor units
Air inlets of the external computational . n
— h
domain Velocity Inlet V=V (E) [48]
Outlets of external computational domain  Static pressure outlet 0Pa

Note: V is the wind speed at a height. V. is the wind speed of reference height, which is 1.9 m/s. I is a height. h.
is the reference height, which is 10 m. n is the roughness index, which is set as 0.4.

2.4.3. Solver Settings

The simulations were performed with the commercial ANSYS Fluent 2024r1 [50]. The
RANS equation was solved in combination with the Standard k-e¢ model [29]. Finite volume
discretization technology was used to solve the coupled partial differential equation and
initial conditions in numerical modes. The SIMPLE algorithm was used for pressure—
velocity coupling. Pressure interpolation was a second-order discretization scheme which
was used for the pressure terms and the viscous terms of the governing equations. The
pressure and momentum relaxation factors were set as 0.3 and 0.7, respectively. The
volume and viscosity relaxation factors were 0.6 and 0.7, respectively. The momentum
and turbulent energy relaxation factors were 0.6 and 0.9, respectively. Convergence was
assumed to be obtained when reaching a minimum of 10~ for momentum.

The governing equations for airflow and heat transfer include the Mass conservation
equation, the Momentum conservation equation and the Energy conservation equation.
Their expressions are as follows:

(a) Mass conservation equation:

ap -
E—%V'pv—o 4)

where p is the pressure, Pa and U is the velocity vector, m/s.
(b) Momentum conservation equation:

_ —
2(p0) +v.(p$?)Tz ~Vp+ V- (@) +pg +F &)
T=u[(Vo+V(v))-2vull

. = . . = . .
where, p is the pressure, Pa, v is the velocity vector, F is the forces acting on micro-
elements, and T is the viscous stress.
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(c) Energy conservation equation:
a(pT) . .k
———= +div(puT) = div(—gradT) + St
ot c (6)

p

_ (T _ Cpht

h= fTref deT and kt —Trt

where, T is the air temperature, k is the heat transfer coefficient, W/(m-K), C, is the
specific heat capacity, ] / (kg-K), and St is a viscous dissipation term.

2.5. Grid Independence Test

The grid independence was used to obtain the optimal number of computational grid
cells based on a certain threshold. It indicates that the number of grid cells did not impact
the simulation results when the threshold was reached. That is, when Tz(m + 1) — Tz(m) <
0.01 °C. Where m is the number of grid cells.

Independence tests were performed for five grid resolutions in total, and the numbers
of grid cells were 457707 x 10°,8.57362 x 10°,12.73952 x 10°,14.05279 x 10°, and 16.99537
x 10°. The results showed that the overall inlet air temperatures were 40.510, 39.490, 38.753,
38.752, and 38.753 °C, respectively. When the number of grids is not less than 1,273,952, the
computational load and speed of computer hardware, and the prediction accuracy of the
physical model, the grid size of 12.73952 x 10° is selected for calculations in this study.

The detailed flowchart of this study is shown in Figure 4.

Influencing factors of the cooling efficiency of outdoor units in equipment layers

g

Placement of multiple Background wind

Louver angles

outdoor units parameters
P~ 4 > Three levels: 200.
Four levels: 45°, 30°, —){ Unit spacing (D1 H N . P

Distance between the Eight levels: -135°,

3 Three levels: 400. -90°, -45°, 0° i
>/ units and the front wall e 90°%, -45%, 0%, 457,
600, and 800 mm 90°, 135°, 180°
(DZ) » .
Wind speed
Three levels: 4, 6,
and 8 m/s

Optimal
configuration

Distance between the

- . Three levels: 200
L > .,
unit and the left/right 400, and 600

pillars (D3)

CFD simulation % Case designs

Figure 4. The flowchart of this study.

3. Results and Discussion
3.1. Louver Angle

Figure 5a shows the changes in the average cooling efficiency of outdoor units when
the louver angles ranged from 45° to 0° under eight wind directions. With the louver
angles decreased (from Case 1 to Case 4), the average cooling efficiency of outdoor units
showed an increasing trend. For example, at a wind direction of 90°, the average cooling
efficiency was 12.8, 17.9, 23.9, and 24.1 when the louver angles were 45°, 30°, 15°, and 0°,
respectively. The most significant difference in average cooling efficiency was 11.4 when
the louver angles ranged from 45° to 0°, and the wind directions were 90° and —90°.
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Figure 5. Average cooling efficiency and temperature cloud maps of outdoor units under differ-
ent louver angles (0°~45°). (a) average cooling efficiency, (b) temperature cloud maps with 90°
wind direction.

Figure 5b shows the air temperature distribution cloud maps when the wind direction
was 90°. The distribution range involved in high temperatures is relatively wide when the
louver angles are larger. When the louver angles ranged from 45° to 0° under a 90° wind
direction, the air temperature difference was 14.9 °C. Additionally, when the louver angle
changed from 15° to 0°, the overall air temperature difference was much smaller compared
with others. In practical engineering, louvers are always used in ventilation, air exchange,
and rainproofing. Therefore, the louver angle was not recommended to be set as 0° for
rainproofing. Then, a 15° louver angle was recommended in the letter cases.

3.2. Placement of Outdoor Units
3.2.1. Unit Spacing

Figure 6a shows the changes in the average cooling efficiency of outdoor units when
unit spacing ranges from 200 to 600 mm under eight wind directions. The results show
that the average cooling efficiency of outdoor units increases with the unit spacing (Case 3,
Case 5, and Case 6). For example, at the wind direction of 90°, the air inlet air temperatures
were 23.9, 24.5, and 24.7 when the unit spacing was 200, 400, and 600 mm, respectively.
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The biggest difference in the average cooling efficiency was 1.5 when the wind direction
was 135°.
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Figure 6. Average cooling efficiency and temperature cloud maps under different unit spacings.
(a) average cooling efficiency, (b) temperature cloud maps with 135° wind direction and Y = 2.65 m.

Figure 6b shows the air temperature distribution cloud maps with 135° wind direction
under different unit spacings. The air temperature difference was 1.7 °C as the unit spacing
ranged from 200 to 600 mm. Additionally, the larger the unit spacing, the smaller the
distribution of high-temperature areas (see red areas). The high-temperature regions
moved to the downwind side with increased unit spacing. For example, the red areas were
close to units C1~C3 when the unit spacing was 200 mm, while the areas were close to unit
C1 when the unit spacing was 600 mm.

3.2.2. Distance Between the Units and the Front Wall

Figure 7a shows the changes in the average cooling efficiency of outdoor units when
the distance between the units and the front wall ranges from 400 to 800 mm under eight
wind directions. The results show that as the distance between the units and the front
wall increases (Case 7, Case 3, and Case 8), the average cooling efficiency of outdoor units
displays different changing trends. When wind directions were 90°, 135°, and —135°, the
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average cooling efficiency of outdoor units first increased and then decreased. When wind
directions were —90° and —45°, the average cooling efficiency of outdoor units increased.
When wind directions were 0°, 180° and 45°, the average cooling efficiency of outdoor
units decreased. For example, at the wind direction of 135°, the average cooling efficiency
of outdoor units was 16, 16.3, and 15.7 when the distance between the units and the front
wall was 400, 600, and 800 mm, respectively. At a wind direction of —45°, the average
cooling efficiency of outdoor units was 16.3, 17.8, and 18.3 when the distance between the
units and the front wall was 400, 600, and 800 mm, respectively. At a wind direction of 45°,
the average cooling efficiency of outdoor units was 17.9, 16.7, and 16.5 when the distance
between the units and the front wall was 400, 600, and 800 mm, respectively. Among them,
the biggest average cooling efficiency of outdoor units was 2.
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Figure 7. Average cooling efficiency and temperature cloud maps under different distances between
the units and the front wall (400~800 mm). (a) average cooling efficiency, (b) temperature cloud maps
with three wind directions (135°, 45°, and —45°) and Y = 2.65 m.

Figure 7b shows the air temperature distributions with three wind directions (135°,
45°, and —45°) under different distances between the units and the front wall. The air
temperature difference was 1.7 °C when the distance between the units and the front
wall ranged from 400 to 800 mm. Similarly, the higher the inlet air temperature, the
larger the distribution of high-temperature areas, namely the red regions. Additionally,
high-temperature regions occurred on the downwind side.
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3.2.3. Distance Between the Unit and the Left/Right Pillars

Figure 8a shows the changes in the average cooling efficiency of outdoor units when
the distance between the unit and the left/right pillars ranged from 200 to 600 mm under
eight wind directions. The results show that as the distance between the units and the
left/right pillars increases (Case 3, Case 9, and Case 10), the average cooling efficiency
of outdoor units displays different changing trends. When wind directions were 90°,
—45°, and —135°, the average cooling efficiency of outdoor units first increased and then
decreased. When wind directions were 0°, 180°, 45°, 135°, and —90°, the average cooling
efficiency of outdoor units increased. For example, when the wind direction was 90°, the
average cooling efficiency of outdoor units was 23.9, 24.3, and 22.8 when the distance
between the unit and the left/right pillars was 200, 400, and 600 mm, respectively. When
the wind direction was 0°, the average cooling efficiency of outdoor units was 16.7, 17.2,
and 18.2 when the distance between the unit and the left/right pillars was 200, 400, and
600 mm, respectively. Among them, the biggest difference in the average cooling efficiency
of outdoor units was 2.5 as the distance between the unit and the left/right pillars ranged
from 200 to 600 mm and wind direction was —90°.
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Figure 8. Average cooling efficiency and temperature cloud maps under different distances between
the units and the left/right pillars (200~400 mm). (a) average cooling efficiency, (b) temperature
cloud maps with 90° and 0° of wind directions and Y = 2.65 m.
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Figure 8b shows the air temperature distributions with 90° and 0° of wind directions
under different distances between the units and the front wall. Similarly, the higher the
inlet air temperature, the larger the distribution of high-temperature areas, namely the
red regions.

3.3. Wind Parameters

Figure 9a shows the changes in the average cooling efficiency of outdoor units when
wind speeds ranged from 4 to 8 m/s under eight wind directions. The results show that
with wind speed increases (Case 11, Case 3, and Case 12), the average cooling efficiency
of outdoor units displayed different changing trends. When wind directions were 90°,
180°, 135° and —135°, the average cooling efficiency of outdoor units first increased and
then decreased. When wind directions were 0° and —45°, the average cooling efficiency of
outdoor units increased. When wind directions were —90° and 45°, the average cooling
efficiency of outdoor units first increased and then remained unchanged. For example,
when the wind direction was 90°, the average cooling efficiency of outdoor units was
14.9,23.9, and 22.5 when wind speeds were 4, 6, and 8 m/s, respectively. When the wind
direction was 0°, the average cooling efficiency of outdoor units was 16.6, 16.7, and 16.9
when wind speeds were 4, 6, and 8 m/s, respectively. When the wind direction was —45°,
the average cooling efficiency was 17.4, 17.8, and 18 when wind speeds were 4, 6, and
8 m/s, respectively. Among them, the most significant difference in the average cooling
efficiency of outdoor units was 9 when the wind direction was 90°.
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Figure 9. Average cooling efficiency and temperature cloud maps under different wind speeds
(4~8 m/s). (a) average cooling efficiency, (b) temperature cloud maps with 90°, 0°, and —45° wind
directions and Y = 2.65 m.
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Figure 9b shows the air temperature distributions with 90°, 0°, and —45° wind direc-
tions under different wind speeds. The biggest air temperature difference was 7.6 °C as
wind speeds ranged from 4 to 8 m/s. Similarly, the higher the inlet air temperature, the
larger the distribution of high-temperature areas, namely the red regions.

As shown in Figures 4-8, the average cooling efficiency of outdoor units was 21.8,
20.7,16.7,15.5, 16.9, 16.3, 17, and 16 as the wind direction was 90°, —90°, 0°, 180°, 45°,
135°, —45°, —135°, respectively. The corresponding mean overall inlet air temperatures
were 40.5, 41.2, 44, 45.3, 43.7, 44.4, 44.3, and 45.3 °C, respectively. The mean overall inlet air
temperature at a 90° wind direction was the lowest. The second was a —90° wind direction,
and the biggest one occurred at a 180° wind direction. Among them, the biggest difference
in air temperature was 15.3 °C at —90° in the direction of the wind.

4. Discussion
4.1. Optimal Configurations

This study adopted a CFD simulation method to explore the effects of multiple factors
on the cooling efficiency of VRV systems’ outdoor units at the equipment layer in high-rise
buildings. These factors include the louver angle, unit spacing, distance between the units
and the front wall, distance between the units and the left/right pillars, wind speed, and
wind direction. Through CFD simulation, the results showed that these factors have effects
on the cooling efficiency of outdoor units to a certain extent. Firstly, it can be seen from
Figures 4-8 that the louver angle and wind direction have a relatively significant impact
on the cooling efficiency compared with the other factors. For example, the maximum
cooling efficiency occurred when the louver angle was 0°and the wind direction was 90°
(Figure 5a). The biggest air temperature difference was 14.9 °C as the louver angles ranged
from 45° to 0°, and the corresponding cooling efficiency increased by 1.3. Secondly, the
factor that had a relatively higher impact on cooling efficiency was wind speed. When
wind speeds ranged from 4 to 8 m/s with 90° wind direction, the biggest difference in
the average cooling efficiency of outdoor units was 9, and the air temperature difference
was 7.6 °C (see Figure 9a). Thirdly, placing multiple outdoor units at the equipment layer
has a relatively lower impact on the average cooling efficiency and the overall inlet air
temperature. When considering a factor, the maximum cooling efficiency difference could
be reduced by 1.5 (see Figures 5a and 6a).

The angle of the louver is linearly correlated with the average cooling efficiency of
outdoor units. When the angle of the louver decreases, the average cooling efficiency of
outdoor units increases (see Figure 5). Correlation analysis shows a significant positive
correlation between the two, with a 0.631 correlation coefficient (p < 0.01). Some studies
found that the inlet air temperature increases as the inclination angle of the louvers in-
creases [18,19]. Considering the functions of louvers and CFD simulation results, a 15°
louver angle can be recommended as the optimal parameter, which ensures a better heat
exchange performance and a rain-proof function. Some similar results were found in
previous studies. These studies observed that the larger the angle of the louver, the worse
the working performance of VRV air conditioning systems. Additionally, the recommended
louver angle should not exceed 20°, and the optimal recommended value was 15° [20,33].

As shown in Figures 4-8, when the wind directions were 90° and —90°, the average
cooling efficiency was relatively higher compared with other wind directions. In most cases,
the average cooling efficiency in the 90° wind direction was highest compared with that in
the —90° wind direction. Among them, the temperature difference between 90° and —90°
wind directions ranged from 0.5~1.7 °C in most cases. However, when wind speed was
6 m/s and 8 m/s, the average cooling efficiency of outdoor units in the 90° wind direction
was significantly higher than in the —90° wind direction (see Figure 9). Consequently,
considering the dominant wind direction around the selected building, the louvers on
the equipment layer can be oriented perpendicular to the wind direction (90°) when the
wind speed is not less than 6 m/s or the wind direction (—90°) when wind speed was
less than 6 m/s. According to the calculation formula for wind speed at different building



Buildings 2024, 14, 3681

17 of 22

heights (see Table 5), the equipment layer’s height was 177.2 m (39~51 floors) when the
wind speed was 6 m/s. In this study, the prevailing wind direction around the selected
building is southeast. That is, the louver can be installed in the southwest direction of the
building when the equipment layer’ is higher than 177.2 m. When the equipment layer
is less than 177.2 m, the louver can be installed in the northeast direction of the building.
Some studies found similar results. For example, Choi et al. observed that the performance
of the condensers could decrease when the floors were higher than 30th or the frontal- and
side-wind speeds were greater than 4 m/s and 8 m/s, respectively [39].

Subsequently, as shown in Figure 6, the average cooling efficiency of outdoor units
increased with the increase in unit spacing. However, for the distance between the units and
the front wall and the distance between the units and the left/right pillars, no consistent
changing trends were observed in the average cooling efficiency. In general, 600 mm can
be recommended as the optimal distance between the units and the front wall vs. the
left/right pillars, according to results from Figures 6 and 7. For example, when determining
the louver angle, the equipment layer, and their placement directions, the average cooling
efficiency of Case 3 was 0.4 higher than Case 7 and Case 8. The recommended values
were consistent with other studies. For example, the distance between the outdoor unit
condenser and the wall was greater than 100 mm [33], and the distance between the left side
of the outdoor unit and the wall was at least 200 mm [33]. Zhang found that the maximum
distance from the pillar is 0.8 m [35]. Based on the above results, when the cooling efficiency
was maximum, the optimal parameter configuration was a 15° louver angle. The louvers
on the equipment layer could be oriented perpendicular to the wind direction (90°) when
the wind speed was not less than 6 m/s, or the wind direction (—90°) when wind speed
was less than 6 m/s, the unit spacing was 600 mm, the distance between the units and the
front wall was 600 mm, and the distance between the units and the left/right pillars was
400 or 600 mm.

Considering that the influencing degree of louvers and wind parameters were rela-
tively higher, the louver angle was designed as 15°, and the louvers on the equipment layer
were oriented perpendicular to the wind direction (90°) in practical scenarios. Based on the
CFD simulation results, a multiple linear regression formula was established by taking unit
spacing, the distance between the units and the front wall, the distance between the unit
and the left/right pillars, and wind speed as the input parameters, and the average cooling
efficiency and overall inlet air temperature were taken as dependent variables. Then, the
regression formulas of the average cooling efficiency and overall inlet air temperature can
be expressed as

T, = 36.671 — 0.001 x D1 + 0.001 x D2 + 0.0001 x D3 (R? = 0.735) (7)

€ =27.194 + 0.003 x D1 — 0.001 x D2 + 0.0001 x D3 (RZ = 0.739) (8)
According to the regression formulas, T, and € were 36.731 °C and 28.454, respectively.

4.2. Optimization Schemes

Through the above analysis, the optimal parameter configuration was obtained when
outdoor units showed a single-row arrangement at the equipment layer. However, in
practical application, considering the increases in cooling /heating demands, the outdoor
units in the equipment layer need to be expanded. Due to space limitations and the optimal
parameter configuration, six outdoor units can be placed. Considering those possible
arrangements for outdoor units in the equipment layer, six layouts were used for further
analysis, as shown in Figure 10a. Among them, Layout 1 is that six outdoor units were
in a single row. Layout 2 is that six outdoor units are arranged in a double row and a
parallel arrangement. Layout 3~6 is that six outdoor units are arranged in a double row
and staggered patterns. The heat exchange surfaces of Layout 3~4 were different from that
of Layout 5~6. Among them, Layouts 3 and 4 showed staggered arrangements in the same
direction as the heat exchange surfaces of all units. Layouts 5 and 6 showed a staggered
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arrangement of units with the different directions of the heat exchange surfaces of all units.
The distances between units in different rows were 600, 800, and 1000 mm, respectively.
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Figure 10b shows the average cooling efficiency of outdoor units with the optimal
parameter configurations under different layouts. The average cooling efficiency of outdoor
units was lowest when outdoor units were in a parallel arrangement (Layout 2) compared
with other layouts. Compared with the single row, the average cooling efficiency of outdoor
units showed higher values in double arrangements (see Layouts 3, 4, 5, and 6). Under
Layouts 3, 5, and 6, the average cooling efficiency of outdoor units showed an increasing
trend with the distances between units in different rows increased. For Layout 4, the average
cooling efficiency of outdoor units occurred when the distance was 800 mm. Besides that,
when the average cooling efficiency of outdoor units was maximum, the optimal layout
was Layout 6. Figure 10c shows the air temperature distribution cloud maps of Layout 1
and Layout 6. Ge et al. found that compared with units showing the same side of exhaust
air, the units with the opposite side of exhaust air show a better performance [42].

5. Conclusions and Future Works
5.1. Main Conclusions

This study investigates an optimization parameter configuration that produces a
higher heat exchange efficiency of outdoor units placed in the equipment layer on the
high floors of buildings. The relevant parameters include three aspects: wind parameters,
the placement of outdoor units, and the louver. Among them, wind parameters include
outdoor wind speed and wind direction. The placements of outdoor units are unit spacing,
the distance between the units and the front, and the distance between the unit and the
left/right pillar. A total of 96 cases were designed based on these factors, including four
louver angles (45°, 30°, 15°, 0°), three unit spacings (200, 400, and 600 mm), three distances
between the unit and the left/right columns (200, 400, and 600 mm), three distances between
the units and the front wall (400, 600, and 800 mm), three wind speeds (4, 6, and 8 m/s), and
eight wind directions (—135°, —90°, —45°, 0°, 45°, 90°, 135°, 180°). The CFD simulation
method was used to obtain the inlet air temperature distributions of multiple outdoor
units in the equipment layers, and then the average cooling efficiency of outdoor units was
calculated. The main conclusions are as follows:

Firstly, these factors have effects on the average cooling efficiency of outdoor units in
a single row to a certain extent. Among them, the angle of the louver and wind direction
have a relatively significant impact on the average cooling efficiency and overall inlet air
temperature compared with other factors. The average cooling efficiency increased by 11.4
as the angle of the louver ranged from 45° to 0°. When wind speeds ranged from 4 to 8
m/s, the average cooling efficiency increased by 1.5 when the wind direction was 135°.
However, placing multiple outdoor units at the equipment layer has a relatively lower
impact on the average cooling efficiency and overall inlet air temperature.

Secondly, when the cooling efficiency was maximum, the optimal parameter configu-
ration and the order of configuration were: (1) a louver angle was set as 15°, (2) the louvers
on the equipment layer could be oriented perpendicular to the wind direction (90°) when
wind speed was not less than 6 m/s, or the wind direction (—90°) when wind speed was
less than 6 m/s, (3) the unit spacing was 600 mm, (4) the distance between the units and
the front wall was 600 mm, and (5) the distance between the units and the left/right pillars
was 400 or 600 mm.

Thirdly, when the number of outdoor units was expanded in the limited equipment
layer, the recommended optimization schemes for the layout of outdoor units were that
the outdoor units showed a staggered arrangement and the direction of the heat exchange
surfaces of all units were different (Layout 6).

5.2. Limitations and Future Works

This study provides a parametric and systematic optimization design method for
obtaining a better heat exchange performance of multiple outdoor units placed in an
equipment layer of high-rise buildings. The results of this study can effectively guide the
designs of practical engineering projects to save building energy consumption and reduce
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economic costs. Importantly, the proposed optimal configurations can be generalized to
other climates. However, for different air conditioning systems, the optimal configurations
could be different due to the different working power levels.

During CFD simulations, the wall was assumed to be insulated without considering
the effects of outdoor solar radiation. Actually, outdoor solar radiation increases indoor
heat gain to a certain degree [51,52]. The increased heat gain exacerbates the rise in the
indoor air temperature at the equipment layer. There may be a coupling effect between the
increased air temperature and the outdoor unit’s heat dissipation, which then influences
the temperature distribution, thus leading to the rise in building energy consumption,
economic, and carbon saving [53]. Thus, it is necessary to explore the impact of outdoor
solar radiation in the future. Additionally, experiments will be conducted to validate the
effectiveness of the CFD simulation results of this study, and the placements of outdoor
units will be further optimized when the space is limited. This study used only typical
wind speeds to explore the impacts on system performance. More experiments would
be conducted to examine the effects of seasonal wind variations on long-term system
performance and to verify the validation of these results.

Besides that, in this study, the optimization of cooling efficiency focuses on airflow, lou-
ver angles, and spatial arrangements. In the future, other factors, including the perovskite
smart windows [54], noise, maintenance, and installation costs, will be considered.
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