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Abstract— The split-type air conditioning (A/C) systems are 

widespread due to their high flexibility compared to the 

centralized A/C systems in high-rise residential buildings, 

especially in the tropical region.  As the condensers are placed 

in the restricted space in building re-entrants, poor cooling, 

malfunction, and energy wastage are common issues faced in 

these high-risers due to the heat column formation. The induced 

hot-air plume creates elevated temperatures in higher floors 

adversely impacting the energy efficiency of condensing units. 

The strength of the heat plume and the temperature rise depend 

on several factors including condenser arrangement, shape and 

size of the re-entrants, and air-conditioner loading conditions. 

Hence, the present study focused on analyzing the heat column 

generation using CFD and evaluating the group performance of 

the condensers with the different condenser arrangements using 

the performance indices such as GCPR, GCCR, and GCER. The 

results revealed that the group power performance of the split 

A/C units could be increased by 105% compared to the existing 

condition if the condensers are located within 1.5m from the 

exterior wall. Furthermore, the indices provided direction to set 

a design guild-line to develop an energy evaluation procedure 

for the different types of arrangement of condensers. 

Keywords: Heat Column Effect; Split type A/C; High-rise 

buildings;  

I. INTRODUCTION  

Air-cooled split-type air conditioners are popularly used 
instead of central air conditioner systems in residential 
buildings in tropical countries mainly due to flexibility in 
operation, installation and maintenance with reasonable 
energy efficiency [1]. Hence, property developers often offer 
standardized split-type air conditioning units in their new 
residences to attract potential customers. The split type A/Cs 
mainly consists of two components: indoor unit and outdoor 
condensing unit. The indoor unit consists of cooling fan, 
throttling valve and evaporator that extract the heat from the 
conditioned space and the extracted heat is rejected to the 
environment by the condenser unit through the refrigeration 
circuit. When the split A/C units are used in high-rise 
apartment buildings, outdoor condensing units are commonly 
installed at the building re-entrants within the restricted 
spaces, which is the most feasible option to accommodate the 
condensing units in the high-rise buildings. However, it is 
known that the heat energy released by the condensing units 
to the restricted space in the re-entrant induces a hot air plume 
[2], [3], which increases the temperature all along the path up 
the building. The re-entrant then behaves like a lengthy, semi-
enclosed stack [1]. As a result, the ambient temperature of 

outdoor units is increased specially in the higher floors, 
resulting in a decrease in condenser efficiency and higher 
energy consumption due to high on-coil temperature. 
According to the literature, the condenser on coil temperature 
has a significant impact on the split A/C system, where [5] 
found that the increase of outdoor temperature of the 
condenser by 1 °C, resulted in a 3% drop in coefficient of 
performance (COP). Another study found that when the 
outdoor air temperature of the condenser is raised by 7 °C the 
power consumption of the A/C system increased by 18%, and 
the COP decreases by 15% [4]. Furthermore, improper 
condenser unit installations in the re-entrant have a significant 
impact on the reduction of A/C COP which in turn increases 
power consumption, insufficient cooling, and even equipment 
de-rating, and malfunctioning [6]. Previous research has 
revealed that insufficient air circulation within the restricted 
space impacts the overall system performance, cooling 
efficiency, cooling capacity, and total electricity consumption 
of the air conditioning units [7]. Hence, the heat column 
formation is a critical factor that should be considered in 
installing the condenser units in high-rise buildings. Previous 
research showed that proper layout planning of the condenser 
units is key in reducing the impacts of heat columns.  
However, to date, there is only a limited number of studies 
have been conducted in Sri Lankan context [8] and there is no 
proper analysis has been carried out to suit the Colombo 
region’s high-rise residential buildings. In recent decades, 
Colombo and its suburbs have seen a significant increase in 
the residential high-rise buildings, thus energy demand for the 
building cooling will be critical to the electrical infrastructure, 
and improving the A/C performance is important for 
sustainable development of the city. Furthermore, the building 
sector has become the dominant end-user of primary energy 
consumption in Sri Lanka, which accounts for about 45% of 
the total energy consumption. A comparison of the electricity 
bills and annual average of electricity end-use breakdown for 
HVAC system show that it accounts for about 50% of building 
energy use in Sri Lanka [9]. This demand for the air 
conditioning needs of domestic users will be increased with 
the average temperatures are expected to increase due to the 
global warming and urban heat island effects which add an 
extra burden to the national grid. Also, with the recent 
popularity of the high-rise residential buildings in Colombo 
city and its suburbs has significantly increased the building 
sector energy demand. 

Hence, the present study is focused on the different 
arrangements of the condenser units within the existing 
parameters of the re-entrant of a selected high-rise residential 
building located in Colombo city as a case study to find the 
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best efficient arrangement of the condenser units to minimize 
the heat column effects. This study investigated the group 
performance condensers to evaluate the energy performance 
for different layouts using the performance indices such as 
Group Condenser Performance Rate (GCPR), Group 
Condenser Capacity Rate (GCCR) and Group Condenser 
Electric Power Consumption Rate (GCER). Based on the 
analysis improved condenser arrangement is proposed for 
better cooling performances and energy efficiency. 

II. METHODOLOGY 

The current study used an existing high-rise residential 
building located in Colombo Sri Lanka to evaluate the energy 
performance of a group of split type A/Cs with different 
arrangements of condenser units in a selected building re-
entrant. The selected building consists of 48 floors in total and 
38 floors have been designated as apartments from floor level 
8 to level 45. Re-entrants of the building are symmetrically 
located on either side of the building as shown in Fig. 1, and 
two condenser units are placed on each re-entrant in a floor 
with one condenser unit designated for one apartment as 
shown in Figs. 2 and 4.  

 

Fig. 1. 3D view of the building 

 

Fig. 2. Placement of the condenser unit at the re-entrant 

Six alternative condenser arrangements within the existing 
reentrant parameters were investigated to study the energy 
consumption and group performance of A/C’s using 
performance indicators: GCPR, GCCR, and GCER. In this 
analysis, the position of the condenser units from the exterior 
wall was changed to 0.5m, 1m, 1.5m, 2m, 3m, and 4m as 
shown in Fig. 3 and Computational Fluid Dynamics (CFD) 
simulations were conducted to study the heat column effect 
and the results were used to evaluate the energy performance. 

 

Fig. 3. Sectional view of six different cases for condenser location based on 
the distance from the exterior wall 

A. Governing Equation 

In modeling the hot air plume, the fluid flow and heat 
transfer with turbulence and buoyancy can be described using 
the conservation of mass, momentum and energy equations, 
with suitable boundary conditions. Based on the literature, 
CFD analysis found to be the best tool to assist in 
understanding the complex fluid flow problem and the k-ε 
model of turbulence is used as it has been the most popularly 
used model in analyzing the hot air plume in the past few 
decades [10]. The proposed model provides the greatest 
tradeoff between accurateness and computational effort by 
solving numerically the Navier-Stokes, continuity and energy 
equations. A steady-flow thermal problem can be solved with 
the 2-equation k-ε model based on the Boussinesq 
approximation [10]. The respective key governing equations 
are; continuity equation (1), conservation of linear momentum 
(2), energy conservation including thermal equilibrium (3), 
turbulent kinetic energy equation (4), and turbulent dissipation 
rate equation (5) 
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where;  

� – Density 
����� – Mean reference 

temperature 

t – Time 
' '

j iu uρ , ' '

ju Tρ – Reynolds 

terms 

��	 , ��	  – Mean velocity 

component in Cartesian 

coordinate 

� – Empirical constant in 

diffusive term of k-

equation 

��, �� – Distance in 

Cartesian coordinate 

β – Coefficient of volume 

expansion 

� – Dynamic viscosity �� – Turbulence viscosity 

g – Acceleration of gravity Pr – Prandtl number 

� – Turbulence kinematics 

energy 
P – Shear production 

��– Mean temperature G – Buoyancy term 

� – Mean energy dissipation 
C1, C2, C3 – Empirical 

constants 
 

B. Boundary condition 

Choosing realistic boundary conditions is one of the most 
important and challenging parts of setting up a simulation for 
the heat column generation in high-rise buildings. It is not 
necessarily difficult to find a combination that works, but it is 
essential to produce meaningful results instead of random 
numbers. Based on the literature, analyzing similar studies the 
following critical boundary conditions and simplification 
were defined to conduct the CFD simulations, 

• All the air-conditioners are identical Variable Refrigerant 
Flow (VRF) type split A/C units. 

• Air conditioners are operating at the same loading 
condition (ie, full load or half load of their rated capacity). 

• All the wall surfaces of the re-entrant are flat and air-tight. 

• The outdoor temperature remains steady at 35 0C. 

• Zero ambient wind velocity.  

• The upward flow of air is induced due to the buoyant 
effect only. 

• The effect of solar radiation on the flow field is 
negligible. 

In a heat column simulation study, the mass flow 
boundaries which were used to define the computational 
domain, are types of Neumann boundary conditions. Since the 

re-entrant is symmetrical in shape the symmetry boundaries 
were used at the center plans for the computational domain. 
As depicted in Fig. 4, the distance from the centerline to the 
sidewall was taken as 13.5m away from the front edges of the 
re-entrants and the domain boundaries were used at 5 m above 
the re-entrant top and at 5m downstream of the rear wall. 
Furthermore, the upstream distance of 15m from the front wall 
of the building was taken to simulate a zero-velocity boundary 
[5] which is known as Dirichlet type as depicted in Fig. 4. 

 

Fig. 4. Existing condenser units location and computation domain 

C. Energy Performance Indicators 

The COP is the most common indicator used to evaluate 
the performance of the individual A/C units and is defined by 
the ratio between cooling capacity and energy consumption of 
the A/C unit. The COP value basically depends on the indoor 
and outdoor conditions. However, when the condensers are 
working in groups in the re-entrant in a restricted space their 
performers are influenced by the other condensers around 
them. Hence, the indicators such as GCPR, GCCR, and GCER 
are used to evaluate the group performance of energy 
condenser units [7]. GCPR is a major parameter to evaluate 
the system efficiency when multi numbers of condensers 
operate together. This represents the overall COP of a group 
of A/C units and it gives a percentage value of actual system 
performance over the design performance of the condensers. 
GCCR represents the percentage of system cooling capacity 
of a group of condensers over the design capacity. GCER 
represents the system electricity consumption of the group of 
condensers. The GCPR, GCCR and GCPR can be calculated 
by equations (6), (7) and (8) respectively [7]. 
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where, 

COP – Coefficient of performance 

P – Electricity power consumption 

Q – Cooling capacity 

To – On-coil temperature 

Ts – Standard outdoor temperature 

 



The correlation equation between COP, P, Q, and To can 
be expressed based on the manufacturer specified COP values 
for the different outdoor temperatures and the standard indoor 
condition of 24 0C at 100% of the loading condition as given 
in Table 1.    

TABLE I.  THE VARIATION COP, P AND Q WITH OUTDOOR 

TEMPERATURE  

Outdoor 

temperature 

(T0/
0C) 

Cooling 

Capacity 

(Q/kW) 

Electricity 

Consumption 

(P/kW) 

COP 

35 13.7 3.31 4.14 

37 13.1 3.44 3.81 

39 12.6 3.55 3.55 

42 12.5 3.67 3.41 

44 12.3 3.78 3.25 

46 12.2 3.90 3.13 

 

As the maximum temperature value specified by the 
manufacturer is 46 0C, and a polynomial regression was used 
to extrapolate the values to higher temperature based on the 
study conducted by [8] and the relevant equations COP, Q and 
P for the cooling capacity of the selected condenser unit of 10 
kW can be expressed in 3rd order polynomial regression to 
calculate the values of  COP, Q and P as given in (9), (10) and 
(11), respectively.  

2 3

0 0 082.099 5.4745 0.1281 0.001COP T T T= − + −  (9) 

(R2 = 0.991) 

 

0 0 0

3 20.0021 0.2666 11.449 176.91Q T T T= − + − +  (10) 

(R2 = 0.9974) 

 
3 2

0 0 00.0004 0.043 1.794 21.876T TP T= − + −   (11) 

(R2 = 0.9996) 

 

III. RESULT 

A.  CFD Simulation 

ANSYS Fluent 2020 R1 was used for the simulations 
which included enhancements to the ANSYS Mechanical to 
help engineers design complex, highly nonlinear and 
extremely large models. The simulation used k-ε turbulence 
model with Boussinesq approximation to simulate the steady-
flow thermal problem of heat plume generated due to the 
outdoor condenser unit heat flow. According to the literature 
[10] [11], the comparison of different  models found that 
standard k-ε turbulence is stable, and was able to produce 
reliable results for mean velocities in many cases and can 
easily be implemented. The simulations were carried out at the 
outdoor temperature which was kept constant at 35 0C without 
the wind effect. In this study, six cases of condenser unit 
locations were used for the simulations as shown in Fig. 3. The 
simulations were conducted for full load conditions to study 
the worst-case scenario and the temperature distribution was 
plotted along with the building height for each case as 
depicted in Fig 5. 

According to the simulation results for existing conditions 
as shown in Fig. 6, the air temperatures around the condenser 
has increased to 64 0C on the 43rd floor for full load condition 
and it has corresponded to 62% drop in COP of the A/C 
system for the existing condenser unit location and the 
electricity consumption will be increased by 75%. Also, this 
will result in an overall drop in COP (GCPI) of 37%, which 
will significantly increase the power consumption. 
Considering this fact, the study has been extended to study the 
energy performance with the alternative arrangements of the 
A/C condenser unit using the energy performance indicators 
without changing the re-entrant size/building parameters of 
the selected building. 

 

Fig. 5. On-coil/outdoor temperature variation of condenser units along the 

building height for each case given in Fig. 3 

 

Fig. 6. The simulated temperature distribution for full load condition  



As can be seen from Fig. 5, the higher on-coil temperatures 
of the condenser units were observed from 40th floor to 45th 
floor for all the cases, thus it was clear that a semi-enclosed 
hot air plume was generated. This is further evident from the 
simulation results given in Fig. 6. Most of the cases the 
condenser temperature exceeded the maximum recommended 
operating temperature (46 0C). However, when analyzing the 
results the heat column effect has been negligible for the cases 
where the condensers were located within 1.5 m from the 
exterior wall and the temperature was not reached to the 
maximum recommended operating temperature of the 
condenser. The reason for this behavior is due to the fact that 
the condensers are located near the exterior wall such that the 
dissipated hot air from the condensers is directly dispersed 
into the open environment rather than entrapped in the 
restricted space. Thus, it can be concluded that 1.5m is the 
optimum location based on the temperature distribution for the 
selected building for the analysis. 

 

B. System energy performance evaluation 

The study was further extended to quantify the system 
performances by evaluating the system energy performance 
using three indices GCPR, GCCR and GCER. These indices 
showed how the system efficiency, cooling capacity and 
electricity consumption were affected by the outdoor 
temperature or heat column generation with different 
arrangements of condenser units. 38 numbers of condenser 
units (n) were taken to calculate the performance indices. The 
calculated performance indicators: GCPR, GCCR, GCER for 
different condenser arrangements given in Fig. 3 are depicted 
in Figs. 7, 8, and 9, respectively.  

 

 

Fig. 7. The variation of GCPR with the distance from the exterior wall to 
the condenser location  

When the GCPR value approaches 100%, the actual 
performance will reach the design performance. As can be 
seen from Fig. 7, the changes in GCPR values are not 
significant when the distance from the exterior wall is 1.5m 
and below (cases 1, 2 and 3).  However, the reductions in 
GCPR values are high for cases 4, 5, and 6 for which the 
distances from the exterior wall are higher. This suggests that 
a stronger heat plume was generated as the distance to the 
condenser location is increased from the exterior wall.  

 

 

Fig. 8. The variation of GCCR with the distance from the exterior wall to 

the condenser location 

The GCCR value provides the cooling capacity of the 
group of condensers compared to the actual design condition, 
the actual performance will reach the design performance 
when the GCCR is 0%. As can be seen from Fig. 8, GCCR 
values significantly decreased when the distance from the 
exterior wall increased above 1.5 m, thus the cooling capacity 
of the group of A/C units was significantly decreased.  In such 
situations, the A/C units are incapable of providing adequate 
cooling to the conditioned space in the building.  

 

Fig. 9. The variation of GCER with the distance from the exterior wall to 

the condenser location  

The GCER value is usually less than 100% and this gives 
the sizing of the overall capacity of the electricity. Similar to 
the other group performance indicators the GCER values were 
also not significantly changed compared to the designed 
conditions for the cases where the distance from the exterior 
wall is less than 1.5 m as shown in Fig. 9.  Thus, it is evident 
from the results that reducing the heat column generation by 
changing the condenser location considerably increases the 
A/C unit group performances. Furthermore, by changing the 
condenser location to within 1.5 m from the exterior wall can 
save of power consumption by 105.3% compared to the 
existing condition in the selected building.  



Therefore, it can be concluded that 1.5m would be the 
optimum location for the selected building without changing 
the building/re-entrant parameters. However, further studies 
are required to generalize this with the other alternative 
arrangements of the A/C condenser to suit all the mid to high-
rise buildings to reduce the heat stack effect and thereby 
increase the energy efficiency of the split A/C units. 

IV. CONCLUSION 

In this study, the group performance of Variable 
Refrigerant Flow (VRF) type split air-conditioners (A/C) 
condensers was investigated in the selected residential high-
rise building located in the Colombo, Sri Lanka using key 
group performance indices. Based on the CFD simulations, 
the outdoor temperature distributions were plotted to calculate 
the optimum position of condensers in the selected re-entrant 
size of 6m x 2.5m. The simulation results showed that under 
existing conditions semi-enclosed hot air plume is generated 
in the building re-entrant and most of the condensers are 
working above the rated temperature. Also, simulation results 
revealed that for the selected building with a re-entrant size of 
6m x 2.5m distance of 1.5m from the exterior wall was found 
to be the optimum position for the condenser, which prevent 
the heat column generation in the reentrant. Furthermore, 
power performance calculation revealed that rearranging the 
existing condenser location can improve the condenser group 
power performance by 105% in the selected building.  

The group performance indicators: Group Condenser 
Performance Rate (GCPR), Group Condenser Capacity Rate 
(GCCR) and Group Condenser Electric power consumption 
Rate (GCER) were evaluated to investigate the impact of the 
placement of condensers when multi numbers of condensers 
operate together in the selected reentrant. These performance 
indicators also showed that the condenser performance were 
not significantly deviating from design conditions if the 
condensers were located within the 1.5m distance from the 
exterior wall and further analysis of these parameters could be 
used for proper direction to optimize energy usage.  

This study has confirmed that the efficient arrangement of 
condenser units in the reentrants of the high-rise building 
could significantly improve the power performance of the split 
A/C units. For the selected reentrant shape, it was found that 
moving the condenser units towards the exterior wall would 
be the best solution. However further research is required to 
find alternative solutions to develop effective condenser unit 

arrangements which will suit all the shapes and sizes of the re-
entrant and create new solutions to optimize the design by 
reducing energy wastage, which would be the future direction 
of this research. 
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