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1. Introduction

system, introduced globally over
tting-edge HVAC technology that has

ing’unit, distributing it across a network of strategically positioned
yithin the conditioned space through a network of refrigerant
piping as shown in Fig 1. Its hallmark lies in its remarkable flexibility,
accommodating various indoor unit types, enabling individualized zone
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control, and offering simultaneous heating and cooling in distinct zones via
a shared refrigerant circuit. A pivotal feature facilitating this adaptability is
the electronic expansion valve (EEV), a crucial component that precisely
controls the capacity of every indoor unit by modulating the flow of
refrigerant in response to fluctuations in room temperature. This
personalized capacity control not only holds the promise of substantial
energy savings but also ensures a heightened level of thermal comfort for
occupants [1].
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Nomenclature:

AC Air conditioner

COP Coefficient of performance

CMM Air flow rate (m.min’?)

CFD Computational fluid dynamics

DC Direct current

EER Energy Efficiency Ratio

HR Heat Recovery

HP Heat Pump

K Turbulence kinetic energy (m?-s2)
MIS Mesh independency study

Qu Condenser heat dissipation (kJ.S™)
QL Evaporator heat absorption (kJ.S™?)
Win Compressor input power

Cp specific heat (J kg K*%)

g gravitational acceleration (m s%)

p pressure (kg m*s?)

v Velocity (m.s?)

h Enthalpy (kJ/kg)

T Temperature C

Greek symbols

e turbulence heat dissipation (m?s?)
u dynamic viscosity (kg ms™)
p Density (kg/m?®)

Subscripts

H heat dissipation
L heat absorption
In input power

The VRF condensing unit is a crucial element in sophisticated air
conditioning and heating systems, designed for both residential and
commercial applications. Its primary role involves managing refrigerant
flow to individual indoor units, enabling precise temperature control i
various zones. Enclosed in sturdy housing, the condensing unit includes ke
components such as a compressor and condenser coil. The compressor is
pivotal in pressurizing and circulating the refrigerant througho
system. As the refrigerant passes through the condenser coil,

temperature gas to a high-pressure liquid. The conde
advanced technology to modulate refrigerant flo
heating or cooling demands in each zone,
efficiency. This intelligent modulation all

purpose of preserving the
Nevertheless, it is crucial tgs€

table 3% reduction in the COP value of the system
implementation of an automatic safety system is
triggered When the ambient temperature surpasses 43 °C. This protective
measure inftiates a cessation of the compressor operation, thereby
protecting the air conditioning system from operational complications
under extreme thermal conditions. This description underscores the critical
significance of particular outdoor unit placement and efficient cooling
strategies, not only to sustain optimal system performance but also to
prevent system malfunctions arising from elevated ambient temperatures
[4]. Numerous scholars have conducted investigations into the thermal
conditions and enhancements of the operational temperature of VRF
outdoor units situated within aluminum louver-clad balconies in multi-story

ermatasari et al. conducted a thorough CFD simulation
ing ranging from the 11" to the 30™ floor. The study
ifferent configurations of condensing unit positions: (1)
option 1), (2) on every two floors (option 2), and (3) on the
3). In option 1, the recorded result indicated an average

between the highest and lowest points.

Figure 1. Typical layout of VRV System [3]

For option 2, the mean temperature was 34.44 °C, demonstrating a minimal
temperature difference of 0.92 °C. In option 3, the mean temperature
reached 36.65 °C, with a more substantial temperature range of 8.03 °C.
Comparatively, option 2 exhibited a lower condensing unit input air
temperature, suggesting improved cooling efficiency and a more uniform
distribution of air across the floors. Importantly, none of the condensing
unit positions in options 1, 2, and 3 exceeded the operational temperature
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limit of 52 °C specified by Panasonic VRF air conditioners [5]. Wufeng Jin
et al. investigated the effect of optimal locations and arrangements of
louvers on an outdoor unit of a split air conditioner in a confined space,
utilizing an enthalpy difference laboratory platform. The objective of the
research was to evaluate the impact of installation of the outdoor unit and
louver design on air-conditioning power consumption and Energy
Efficiency Ratio (EER). Optimal performance was observed when the
condenser was placed at a minimum distance of 80mm from the walls. The
EER showed improvement

with increasing distance from the installation site, reaching an optimum at
approximately 300mm away from the fan louver. Improved heat dissipation
was observed with greater louver spacing, indicating enhanced air
conditioner performance. The research pinpointed an ideal louver
inclination of around 30° when the ambient wind originated from a lateral
direction, outperforming conditions where the wind came from the front
[6]. Ran Duan et al. carried out a study examining how the installation
parameters of louvers (specifically, spacing and tilt angle) and the
arrangement of outdoor split-type air conditioner units (including location
and style) affect system ventilation. This investigation utilized
computational fluid dynamics (CFD) simulation. The findings indicated
that an augmentation in louver spacing and a reduction in the space between
adjacent outdoor air conditioner units led to a higher operational
temperature. To improve the dissipation of thermal energy and protect
devices from rainwater, an optimal louver inclination of 100° was
determined. Additionally, the vertical positioning of condensing units
demonstrated greater efficiency in expelling hot air when compared to the
horizontal configuration [7]. Nguyén Vin Hap numerically modeled 2-
array air conditioners prevalent in high-rise apartments. Using Ansys Fluent
software, a technical room model assessed air-conditioning condensers'
efficiency based on external air vent tilt angles (0° to 40°). Results indicate
that increasing the tilt angle elevated the air temperature entering the
condenser, causing a decline in the COP. A stable temperat]

fined spaces of high-rise edifices. The primary aim
analyze the influence of louver design on the thermal

ENT software. Additionally, a pragmatic illustration
involving a VRF system within a 23-story commercial building in Erbil is
undertaken, showcasing diverse designs. This analysis is visualized to
furnish a valuable benchmark for optimizing the configuration of VRF
outdoor unit emplacement within semi-enclosed spaces shielded by
metallic louvers.
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1.1. Research method

Numerical models for this study were developed using CFD
(Computational Fluid Dynamics) software, with simulations executed in
ANSYS FLUENT (Release 19.2). The research was conducted on a
operational VRF system in a 23-floor commercial building within the
Empire World enterprise in Erbil city. This approach aimed to thoroughly
examine the thermal efficiency of VRF air conditioning systems in partially
enclosed areas of multi-story buildings. CFD simulations were chosen as
the most suitable technique for assessing the impact of the thermal plume
effect on VRF systems serving different floors. The res revealed that

for outdoor unit
sign to enhance

1.2. Geometry modeling
In the present project conflgur i

offices, each varying i
infrastructure is facilit

Figure 2. (a) Front view of the condensing units; (b) side view of
the condensing units on three floors of office building.
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Table 1. Specifications and models of VRF outdoor units [10].

Model CMM QL (W) QH (kW) COP
AMI100HXVFGH 205 28 35.23 3.87
AM120HXVFGH 255 336 42 40
AM140HXVFGH 255 40 48.9 3.82
AM160HXVFGH 255 45 56.81 381

1.3. Simulation framework

In this study, Ansys Fluent software 19.2 was employed to model and
simulate the distribution of airflow speed and temperature around VRF
outdoor units of the Samsung brand. The simulation took place in a real-
world commercial building positioned within the Empire World complex

<Plan View>

<Side Section View>

<Front View>

| T

detrimentally impacted the overall thermal performance of the VRF
systems.

1.4. Meshing process
Meshing is a vital step in engineering simulations, breaking down intricate

geometries into discrete elements for localized approximations within the
computational domain. The mesh quality significantly influences
simulation precision, convergence, and computational efficiency. Given
the time investment in meshing, enhanced and automated teols, such as

solution gradients effectively.
mesh with a standard elemen

mesh is strategically,s
element size are ‘c
convergence iafthese critieal

Figure 3. Isometric perspective of a 23-floor commercial building
alongside the VRF condensing unit equipped with a guide duct [11]

discharge air into the environment throug
fresh air is drawn in through the louver inle w. Fig. 3 shows
angles, showcasing a

al louvers that conceals

on each floor, collectively placed on balconies, is
ize functionality and ensure effective temperature
regulation{throughout the building. A simulation was conducted, focusing
on middle rs ranging from the 10" to the 12" floor of the building. This
analysis aims to evaluate and comprehend the practical operational features
of VRF systems within the specified vertical range. The objective was to
estimate the ascent of the thermal plume to the upper floors caused by
buoyancy-driven forces, resulting in an elevation of suction temperatures
for the top outdoor units. Additionally, louvers were observed to impede
the direct escape of hot discharged air into the environment. This
obstruction resulted in the recirculation of the heated air back to the same
outdoor units. The consequential increase in suction temperature

S'Vm

S O

il

Figure 4. lllustration of VRF outdoor unit schematics and airflow domain
utilized in CFD simulation

1.5. Mesh Independency Study (MIS)

In numerical simulations and finite element analysis, the Mesh
Independence Study (MIS) assumes a crucial role. It systematically
explores various mesh resolutions to assess their impact on simulation
outcomes, aiming to identify the minimum mesh refinement level that
balances accuracy and reliability. Specifically, MIS determines the lower
limit of mesh density needed to maintain grid independence in CFD results.
Grid independence implies that increasing mesh cells should not
significantly affect the flow solution or related variables. In practical terms,
mesh independence is achieved when further refinement results in only
minor adjustments in simulation data, confirming the model's robustness.
In the present research, Fluent meshing utilized three distinct sizes, namely
6 million, 15 million, and 23 million cells as shown in Fig. 5. The study
reveals that beyond 15 million cells, up to approximately 23 million, the
alterations in results become inconsequential. Therefore, to ensure result
stability and independence from mesh size, a consistent cell count will be
maintained across all models. This not only guarantees result consistency
but also contributes to a reduction in computational time.
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Figure 5. The study of mesh independence in relation to the average
suction temperature of outdoor units

1.6. Reynolds number estimation

The Reynolds number (Re) is a dimensionless quantity used in fluid
mechanics to describe the flow characteristics of a fluid, whether it's a gas
or a liquid, around an object. It helps determine whether the flow is laminar,
turbulent, or transitional. The Reynolds number is calculated using the
following formula:

p *V+Dh
n

Re =

To calculate the Reynolds number for the discharge air of a VRF outdoor
unit, specific data is required, including air velocity, air density,
characteristic length, and dynamic viscosity of the air. The characteristi
length is typically associated with the geometry of the outdoor unit's
discharge area or any specific component of interest for analy:
crucial to consider that the Reynolds number provides valuable msnghts
the flow regime; however, its applicability and indispefSab
fluctuate within diverse engineering or HVAC applie

viscosity of air is quantified at 1.86 * 1
number is computed as 3.1 * 10°. Thi
designates the flow regime as turd

ffering a smoothed representation of turbulence. The

k- turbulence model
describing turbulent kinetic energy transport and dissipation. Regardless of
the approach, the conservation of mass remains a fundamental principle in
fluid dynamics, expressed through the mass continuity equation, crucial for
maintaining model integrity.

supplements RANS equations,

LV (V) =0=V.(pV) =520 = — L=

axi dt

where p denotes flow density in kg/m?® and V represents the velocity vector

(QUES
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in m/s, the accelerated velocity of air flow is determined by both surface
and mass forces, as per Newton's second law of motion. The momentum
equation is derived from the generalized Newtonian viscous stress. Then
according to Newton's second law of motion, the accelerated velocity of the
air flow is a function of both surface and mass force. Based on the
generalized Newtonian Viscous stress, the momentum equation can be
obtained:
a(pV) (V) ap

at Vo ax;

where p represents kinematic viscosity in kg/(m?-s) an tes static

apH (1 aH
ot (V"’H) a]< ax,>

al conductivity in
representing the heat
ses these variables [13].

where H signifies enthalpy in kJ

issipation from a VRF condensing unit
of the refrigeration cycle. Refrigeration

Qy = QL+ W,

The COP ratio of a refrigeration cycle serves as a measure of its efficiency
nd is characterized as the proportion of the intended output (cooling effect)
to the required input (work done by the compressor). For a cooling cycle,
the COP is given by the formula [14]:

COP = ‘f,—L
1.9. Thermal performance of VRF system
The performance of VRF outdoor units is significantly affected by the
suction air temperature of condensing units. Elevated coil air temperatures
can lead to a reduction in cooling efficiency. In this scenario, condensing
units are typically placed on each floor, often on balconies. The heat
dissipated, especially in high temperatures, can result in a thermal plume
effect. This rising heat, in turn, increases the outdoor unit air temperature
for systems on the upper floors. Additionally, hot air exhaust gas may be
trapped behind aluminum louvers and recirculated to the outdoor units on
the same floor. Consequently, there is a risk of an air short-circuit
phenomenon occurring for the condensing units owing to both phenomena
contributing to an increase in the suction air temperature. When the inlet
temperature exceeds the working threshold value (e.g., 54°C), a high-
pressure cut-off is triggered, causing the operation to stop [15].

Fig. 6 illustrates the impact of variations in ambient air temperature during
the cooling season on the cooling capacity and electrical power consumption
of the VRF system. A pronounced decrease in capacity is evident with rising
outdoor temperatures, particularly beyond 35 °C. The condensing unit
dissipates heat into the surrounding atmosphere, aiding in the transition of
the refrigerant, flowing from a vapor state to a liquid state through
condensation.
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subsequently meshed, and analyzed using Ansys Fluent for both the
existing and proposed designs. The analysis employed the incompressible,
steady-state Reynolds-averaged Navier—Stokes (RANS) technique to strike
a balance between computational efficiency and layout accuracy.
& i Specifically for this research, the standard k-epsilon two-equation
” turbulence model was chosen for the current study. In the existing design,

z 2. the outdoor units release air downward through inclined louvers, generating
E = a buoyancy effect that pulls air into the top condensing units, thereby
a3 2 increasing the suction temperature. Additionally, the presepge of louvers
%1: o Contrg oty 6 é traps hot air, further contributing to a rise in the intake fj
3 - = condensing units themselves. In the actual scenario, rea

0 5 from the Empire World project are investigated. T,

. . 50° with a 60% spacing ratio. Four additional ca

Y 32 37 @ a7 52 5 a comparison of their impact on condenser suCtig

SuctionTemperature of Outdoor unit(‘C) VRF thermal performance. These casesgi

angles (20° and 35°) while keeping
different opening ratios (70% a

Figure 6. Influence of suction air temperature on both cooling capacity |
angle.

and power consumption [15]

2.1. Case studies

In this study, the on the 10" 11", and 12" floors for
The efficiency of this heat transfer relies on the temperature difference simulating the , ther plume generated by VRF outdoor units is
between ambient air and refrigerant. Higher ambient air temperatures result strategically ded. Opting o1 these middle floors provides a balanced
in the outdoor condensing unit dissipating less heat to the environment, representafi uildifig's average conditions, offering insights into
leading to a reduced cooling effect by the evaporators. Consequently, as
illustrated in Fig. 7, a rise in the temperature of the suction air corresponds
to a reduction in COP. This COP reduction is linked to a simultaneous
decrease in cooling capacity and a rise in power input caused by the elevated
suction temperature. When the ambient air temperature rises from th
standard condition temperature (T1 climate condition) of 35°C to the tropical
condition temperature (T3 climate condition) of 46 °C, a 12% drop ingegling
capacity, a 17% increase in power input, and ultimately a 25% decre

the COP of the system are anticipated [15].

avior in a central cross-section. Simulating
middle computational efficiency compared to examining
ing a practical balance while capturing meaningful data. The
ese floors allows for the assessment of the thermal
of VRF outdoor units, essential for a comprehensive
ion of indoor comfort and energy efficiency impacts. Consistency in

nd generalizability of findings. Moreover, these fully occupied office
floors enable a detailed examination of thermal plume interactions in

' consistently cooled indoor spaces.
[ViewX]

& i Tenp
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% 3 I507
g b ! 500
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Izc
00

Figure 7. Igfluence of suction air temperature on the COP of VRF system

[15]
ns]
2. Results and discussions
For this study, the Ansys Fluent 19.2 software was employed to model the Figure 8. Temperature distributions of outdoor air on the upper floors
airflow and temperature distribution in the outdoor units operating in the (F10-12) for VRF condensing units for real case study

cooling mode situated within a commercial building. The building,
spanning 23 floors, incorporates a total of 115 outdoor units. The three-
dimensional CAD drawing of the building's geometry was created,
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View-X) [View-Z]

2.2. Real-world case

In the real scenario with VRF outdoor units at the Empire Tower,
employing a louver angle of 50° and a 60% opening ratio, an unforeseen
effect has been observed. Fig. 8 shows that, due to the acute louver angle,
some hot air becomes trapped behind the louvers, recirculating back to the
condensing unit's inlet. This unintended consequence turns the louvers,
designed as visual barriers, into obstacles to airflow. The recirculation
hampers efficient heat dissipation, creating a "stuck effect" where inlet
temperatures for the same and upper floors increase. This emphasizes the
need to consider not only visual and architectural aspects but also airflow
patterns in louver design. To address this issue and maintain system
efficiency, adjustments to louver design, placement, or additional
ventilation measures may be necessary.

2.3. Effect of louver angle

In the first proposed design, featuring a 20° louver angle and a 60% opening
ratio, aimed at concealing VRF outdoor units on the upper floors (10-12™),
the discharge air is directed downward through inclined louvers. The
steeper 20° louver angle focuses hot air more vertically, reducing the
chance of a turbulent thermal plume as illustrated in Fig. 9. This minimizes
lateral dispersion, maintaining a stable and predictable heat flow for *
efficient dissipation. Well-designed louvers play a crucial role in achieving
this desired airflow pattern and ensuring optimal HVAC system
performance.

I 0
00
[msM)

Figure 10( TeMperature 'striButions of outdoor air on the upper floors
depSing units for the second proposed case study

[View-X]

decreasing the tilt angle of the louvers, the hot air is directed
his can result in a more focused and upward flow of the
izing lateral dispersion. As a consequence, the suction air
ure may decrease as shown in Fig 11. This configuration is often
ageous for maintaining stable and lower condenser inlet
| temperatures, contributing to the overall efficiency and performance of the

®3

“w VRF system.
o) VRFsy

80 ] Caset: Louver angle 20° [ Case2: Louver angle 35° (] Case3: Louver angle 50°

Louver opening 60% Louver opening 60% Louver opening 60%

Tomp.

Iuo
a2

00

- (ms)

utdoor air on the upper floors
or the first proposed case study

In the second\scenario,
louver angle

sign modification involves increasing the
le maintaining a 60% opening ratio for the
alumin aling VRF outdoor units. This adjustment directs
hot air ly, creating a concentrated thermal plume, as seen in
Fig. 10. This concentration can impact the condenser inlet temperature on
the top flaors, potentially compromising the efficiency and overall
performance of the VRF system.

Figure 11. Effect of louver tilt angle on the condenser suction air
temperature on upper floors (F10-12) for VRF condensing units

Fig. 12 shows that as the louver tilt angle increases, the average inlet air
temperature on the 12" floor rises, while the VRF air conditioner's COP
slightly decreases. Reducing the louver tilt angle to 20 and 35°, compared

QUES

Since 2008
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to the baseline of 50°, results in COP increases of 38% and 20%,
respectively. This indicates a non-linear relationship between louvewr tilt
angle and COP, highlighting the need for optimizing louver configurations
for improved energy efficiency and thermal performance in VRF air
conditioning systems.

—&—Suction Temp —&—COP
70 3
o
°E 60
2
m
5 50 2
£
o
@
= 40 ]
- (o]
2
S 30 1
vy
20
10 0
15 20 25 30 35 40 45 50 55
Louver Tilt Angle’

Figure 12. Effect of louver tilt angle on the condenser suction air
temperature and COP of VRF condensing units

2.4. Effect of louver opening ratio
In the second design modification, the louver opening ratio was increase

to 70% while maintaining a 50° louver angle, as seen in Fig. 13. This

adjustment effectively reduced air recirculation around VRF outd S,

considerations in optimizing VRF syster%n

[View-X]

Figure }Temperature distributions of outdoor air on the upper floors
(F10-12) for VRF condensing units for the third proposed case study

In the last suggested design, the metal louver angle was maintained at 50°,
resembling the actual case. However, a significant improvement was
achieved by increasing the louver opening ratio to 80%, as depicted in Fig.
14. This adjustment substantially reduced air recirculation around the
VRF outdoor units, enhancing airflow efficiency and minimizing trapped

air behind the louvers. This optimization is crucial for improving heat
dissipation and overall system performance. The heightened louver
opening ratio facilitated effective upward and vertical discharge of hot air,
redirecting it away from the VRF outdoor units and promoting better heat
dispersion. This design change aimed to mitigate thermal plume
formation, resulting in a more favourable airflow pattern, reducing the
impact on condenser inlet air temperature, and enhancing overall system
efficiency. This underscores the importance of louver design and
ventilation strategies in optimizing VVRF system performancgfparticularly
in scenarios where the condenser's effectiveness is cruci

IZ()
00

[mst)

Figlipe 14. Temperature distributions of outdoor air on the upper floors
0-12) for VRF condensing units for the fourth proposed case study

Typically, increasing the louver opening ratio can contribute to a decrease
in air suction temperature. A higher louver opening ratio allows for more
efficient airflow, reducing the recirculation of air behind the louvers as
illustrated in Fig 15. This enhancement in airflow facilitates better heat
dissipation into the surrounding environment. As a result, the suction air
temperature tends to decrease, contributing to improved overall system
performance, particularly in scenarios where maintaining lower
temperatures is essential for optimal operation.

In Fig 16, a notable trend is observed: an increase in the louver opening
ratio correlates with a decrease in the average inlet air temperature of
VRF outdoor units on the 12" floor. Simultaneously, the COP of the
VREF air conditioner shows a modest increase. Specifically, when the
louver opening ratio is elevated to 70% and 80%, as compared to the
baseline of 60%, there are corresponding COP increases of 13% and
23%, respectively. This observed relationship can be attributed to the
improved airflow facilitated by a higher louver opening ratio. A more
open configuration enhances the dissipation of heat from the VRF
outdoor unit, a critical aspect for maintaining optimal operating
conditions. Adequate airflow ensures efficient removal of the heat
generated during the refrigeration process, contributing to the overall
performance and energy efficiency of the VRF system.



PRIMER AUTHOR ET AL /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 17 (2024) 000-000

[ Cases: Louver angle 50° 01 Cased: Louver angle 50° [ Case3: Louver angle 50°

Louver opening 70% Louver opening 60%

Louver opening 80%

Figure 15. Effect of louver opening ratio on the condenser suction
air temperature on upper floors (F10-12) for VRF condensing units
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Louver Opening Ratio %

e cond suction air

ing units

Figure 16. Effect of louver opening rafio o
temperature and COP con

3. Validation of CFDyres

s, notably due to the disparate geographical
henzhen. Erbil experiences elevated ambient

research, the'suction air temperature exceeds operational thresholds beyond
the 10" floor, while in the current study, this occurs from the 4™ floor due
to more outdoor units (5 per floor) in enclosed spaces with louvers. The
VRF models differ in operational limits, with the Shenzhen model set at
43°C and the Erbil model at a more stringent 54°C. The highest temperature
recorded in Zhang's research was 53.5°C, whereas the present study
reached 71.8°C under full operational conditions, emphasizing a notable
thermal performance difference [16].

QJES

Since 2008,

W CFDwork (Yin Zhang) ™ Present CFD work
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Figure 17. Comparison between CFD simulation o current work

and CFD presented b 01

4. Conclusions
A numerical analysis has been
tilt angle and the openin
VRF condensing units,

sing units on building balconies, ultimately
ance and minimizing the consumption of electrical
e outcomes of the airflow investigation, specific to the

icient heat dissipation, facilitated by the outdoor unit's crucial

ole in releasing heat, is essential for optimal refrigerant
condensation and system efficiency. Elevated ambient air
temperatures notably result in a reduction in the cooling capacity of
the evaporators.

2. An increase in suction air temperature corresponds with a decrease
in the COP, highlighting its interdependence with a simultaneous
decline in cooling capacity and an increase in power input.

3. The existing design of the building, characterized by a 50° louver
angle and a 60% opening ratio, leads to an unintended issue known
as the "stuck effect." This effect involves the hindrance of heat
dissipation due to hot air recirculation. Furthermore, there is an
additional challenge of a thermal plume caused by buoyancy-driven
forces resulting from discharging outdoor units in close proximity
on balconies.

4. In the first proposed designs scenarios, optimal louvers with a 20°
angle and 60% opening ratio minimize turbulent thermal plumes,
ensuring stable heat flow for efficient dissipation. In contrast, a 35°
angle in the second scenario creates a concentrated thermal plume,
posing a risk to efficiency and VRF system performance on the
upper floors. Lowering the louver tilt angle to 20 and 35° from the
baseline of 50° leads to COP increases of 38% and 20%,
respectively.

5. In the second proposed designs, elevating the louver opening ratio
to 70% improved heat dissipation but maintained thermal plume
formation. However, a substantial increase to 80% in the last design
effectively reduced air recirculation, optimizing overall VRF
system performance by mitigating thermal plume and enhancing
heat dispersion. Particularly, raising the louver opening ratio to 70%
and 80%, compared to the baseline of 60%, resulted in COP
increases of 13% and 23%, respectively, attributed to improved
airflow facilitated by the higher louver opening ratio.

6. Compared with Yin Zhang's (2017) study, local climate variations
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and operational differences result in higher inlet air temperatures in
Erbil. The thermal plume effect was observed earlier (from the 4th
floor) due to more outdoor units and enclosed spaces with louvers.
Notably, the present study shows a significant thermal performance
distinction, reaching a maximum temperature of 71.8°C compared
to Zhang's 53.5°C.
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