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Abstract Managing the hot air recirculation and flow

pattern in air-cooled systems is essential for satisfactory

performance and reliable operation of compressor units. In

this study, a numerical analysis of the exhaust air from an

air-cooled compressor package located in oil and gas off-

shore platform is presented using computational fluid

dynamics. The results of the analysis reveal that hot air

recirculation can have a direct impact in air-cooled units,

which is associated with the installation arrangement of the

mechanical packages involving air coolers and the envi-

ronmental conditions around the units. The results were

able to predict flow and temperature fields in the com-

pressor area, and provided recommendation to avoid

exhaust air recirculation, which if not addressed and pre-

vented can greatly reduce the cooling effectiveness of the

air coolers leading to less reliable systems.

Keywords Air-cooled � Heat exchanger � Compressor �
CFD � Hot air � Recirculation

List of Symbols

q Density (kg/m3)

u Velocity vector (m/s)

g Gravitational constant (9.81 m/s2)

l Dynamic viscosity (Pa s)

cp Specific heat at constant pressure (J/g K)

_q Rate of heat generation per unit volume (W/m3)

K Thermal conductivity (W m�1 K�1)

ß Thermal expansion coefficient (K�1)

U Viscous dissipate rate (J/kg s)

R Universal gas constant = 8.314472 J/K.mol

_m Mass flow (kg/s)

T Temperature (K)

DT Change in temperature (K)

Tin Cooler fan inlet temperature (K)

Tout Cooler fan outlet temperature (K)

Ta Atmospheric ambient temperature (K)

Fz Buoyancy force (N)

RHAR Hot air recirculation ratio

RHAR Average hot air recirculation ratio

Introduction

Air-cooled heat exchangers (ACHE) are commonly used in

industrial applications such as electrical power generation

plants, petrochemical processing areas, and in data centers

involving high-temperature IT equipment [1–4] due to

economic and environmental considerations [5]. The ther-

mal management of critical equipment including air-cooled

condensers in power plants, power transformers, and gas

compression systems is crucial, and the associated cooling

systems highly contribute to the reliability and efficiency of

the overall plant [6–8]. Although air-cooled systems may

require less cost compared to water-cooled systems, their

optimum performance will depend on several factors such

as wind direction and speed, flow obstructions, environ-

mental conditions, i.e., changes in ambient conditions, and

hot air recirculation [1]. All these factors have a significant

effect on the heat transfer ability, especially in controlling
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the cooling effectiveness. Hot air recirculation phe-

nomenon is usually not considered during the design phase

and its influence on the heat transfer ability will only be

observed during operation, which in many instances may

lead the system to trip causing serious business interrup-

tions [6–8]. Therefore, understanding hot air recirculation

and flow patterns around air coolers is of great importance

and its consideration for safe and efficient operation can be

crucial.

Du Toit et al. [9] found that the heat transfer ability of

ACHE is based on the local flow conditions, and the impact

of inlet conditions on fan performance and air recirculation

needs to be taken into account. Gu et al. [10, 11] studied

the hot air recirculation on the direct air-cooled systems for

a major power plant using wind tunnel simulations. Their

results revealed that due to the interference of nearby

buildings, the flow incident angle have a significant effect

on the air-cooled condenser’s efficiency. Kroger [12] found

that flow interactions between ACHE and neighboring

buildings and structures can considerably impact the flow

patterns leading to reduced plant performance. Du Toit

et al. [13] and Duvenhage et al. [14] studied the recircu-

lation phenomenon in windless conditions and obtained an

empirical correlation to predict the plume recirculation for

different draft air cooler geometries. Staden and Prestorius

[15, 16] numerically predicted the impact of varying

ambient conditions and recirculation on fan performance

and found that the cooling efficiency of air-cooled con-

densers is very sensitive to wind speed and direction. The

influence of wind direction and hot air recirculation on fan

cooler performance was also analyzed by Duvenhage and

Kroger [17], who found that wind direction can signifi-

cantly reduce the airflow rate into the fan leading to

reduced volumetric efficiency. Wind along the longitudinal

axis causes an increased rate of hot plume recirculation

leading to increased air inlet temperature to the fan cooler,

which in turn will subsequently reduce the coolers heat

transfer effectiveness. Similarly, Rooyen and Kroger [18]

numerically studied the effect of hot plume recirculation on

the performance of axial fans. Ramani et al. [19] demon-

strated the effect of wind direction on hot air recirculation

and its impact on the inlet boundary condition of the fan

coolers for an air-cooled condenser unit. The results

showed that hot air recirculation increases the inlet tem-

perature of the fans which in turn leads to reduced heat

transfer capacity of the air-cooled condenser, and hence

lower overall plant efficiency. Many experimental and

numerical studies have been carried out to investigate the

thermal flow behavior of air-cooled systems [20–23], and it

was found that computational fluid dynamics (CFD) can be

a useful approach to numerically simulate hot air recircu-

lation phenomenon due to techno-economically reasons

[18, 22].

The current work presents a case study of hot air

recirculation phenomenon that impacted the performance

of an air-cooled instrument air compressor package at an

oil and gas offshore platform. The inadequate hot air

management of the system caused frequent system break

offs and outings due to increased temperature, which in

turn led to serious operational interruptions. The paper

studies the overall flow distribution and temperature field

around the compressor package area by means of CFD

simulations. Based on the results, proposed mitigation

measures were analyzed to avoid hot air recirculation with

the aim to determine a guideline and industry best practice

for similar installations. Actual plant data were also col-

lected, analyzed, and compared to CFD predictions.

Layout of the System

The simplified schematic diagram shown in Fig. 1 illus-

trates the airflow within the compressor package. The air

compressor unit is a double-stage, gear-driven oil-free

screw compressor type. The cooler fan draws fresh air to

the compressor package enclosure via the suction/air intake

louvers. The cooling air flows into an integral ACHE in

order to cool the compressed air and lube oil within the

package, before exiting the package through hot air exhaust

louvers. The drawn atmospheric air will also travel into the

first-stage compressor after passing through air filters. The

compressed air is discharged to an intercooler, as part of

the ACHE. The cooled compressed air will then enter a

second-stage compressor for further compression to

achieve the duty pressure. The high pressure air will finally

enter an aftercooler, part of the ACHE, to cool the com-

pressed air and will then be distributed for process use.

Computational Fluid Dynamics Simulations

Governing Equations

The governing equation of the flow is described by Navier–

Stokes equation and given by the following equations in

vector form

oq
ot

þr � quð Þ ¼ 0 ðEq 1Þ

q
D uð Þ
Dt

¼ qg�rp� 2

3
r � lr � uð Þ þ r

� l ruþ ruð ÞT
� �� �

ðEq 2Þ

qcp
D Tð Þ
Dt

¼ q _qg þr � krTð Þ þ bT
D pð Þ
Dt

þ u ðEq 3Þ

q ¼ qRT ðEq 4Þ
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where Eq. 1 pertains to mass conversation, Eq. 2 momen-

tum conservation, Eq. 3 energy conservation and Eq. 4

equation of state. Here, q and u are the density and velocity

vector of air, g = 9.81 (m/s2) is the gravity vector constant,

r is the divergence operator, l is the dynamic velocity, cp
is the specific heat of air, _qg is the rate of heat generation, k

is the thermal conductivity, b is the thermal expansion

coefficient, u is the viscous dissipation rate, R = 8.31447

(J/K mol) is the universal gas constant, T is the tempera-

ture and p is the pressure.

Although the presented problem is governed by laminar

flow around the package, which is verified in the results

section by examining the post-processing turbulent

parameters such as turbulent kinetic energy, the flow type

in this simulation is selected to capture laminar and tur-

bulent flow behaviors of the air since SolidWorks flow

simulation [24] is able to consider both flow regimes

simultaneously. To predict turbulent flows, the Favre-av-

eraged Navier–Stokes equations are used, in which extra

terms known as the Reynolds stresses appear in the equa-

tions. Accordingly, the transport equations for the turbulent

kinetic energy and its dissipation rate, using modified k–e
model [23] are employed.

The buoyancy force effect on the air can be explained by

means of Boussinesq model [4], in which its effect is

approximated in the momentum equation by

Fz ¼ g q� qoð Þ ðEq 5Þ

Computational Fluid Dynamics Model

A detailed three-dimensional computational fluid dynamics

(CFD) model was built using SolidWorks flow simulation

[24] to simulate the phenomenon of hot air recirculation

and its influence on the overall performance of the com-

pressor unit by analyzing the airflow and temperature

distribution around the unit. The geometry of the CFD

model was constructed to represent the physical model of

the air compressor unit and its surrounding area, as shown

in Fig. 2. The size of the computational domain was

determined to be sufficiently far away from the compressor

unit in order to represent the boundary conditions realisti-

cally and therefore obtain accurate numerical predictions.

Internal flow analysis type was used in the model, where

air is defined as the working fluid, with initial parameters

corresponding to atmospheric ambient summer conditions

at a pressure of 101.3 kPa, temperature of 41�C, and 50%

relative humidity. To account for turbulent flow regime, the

modified k–e model employed in SolidWorks is used with

the default initial turbulent kinetic energy of 1 J/kg and a

turbulent dissipation rate of 1 W/kg. No slip condition is

assumed at all solid walls in the computational domain and

regarding air as a Newtonian fluid. Atmospheric ambient

conditions are applied to open areas such as walkways and

the stairs. It is worth noting that the air condition at the

atmospheric boundaries is considered windless, i.e., effect

of wind speed and direction is not taken into account. The

enclosure walls of the compressor package are defined to

be adiabatic due to the fact that insulation foam is applied

on the internal side of the walls. The ACHE fan flow is

defined to be 9.43 m3/s, and the ACHE heat load is set to

be 300 kW. The heat load input to the model was verified

by site measurements utilizing the following the specific

heat equation given by

Q ¼ _mcpDT ðEq 6Þ

where _m is the mass flow and DT is the temperature

difference.

Since the aim of this study is to investigate the hot air

recirculation in the enclosed area, recirculation ratio RHAR

defined by Zhao [6, 7] will be utilized to assess the results,

as given by

RHAR ¼ Tin � Ta

Tout�Ta
ðEq 7Þ

Fig. 1 Schematic of the air compressor package with the ACHE
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Fig. 2 Illustration of the

computational domain: (a) CFD
model and (b) actual
compressor

Fig. 3 Comparison between

CFD model and actual site

temperature measurements
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Rave
HAR ¼

XN

i¼1

R

N
ðEq 8Þ

where Tin is the cooler fan inlet temperature, Tout is the

cooler fan outlet temperature, Ta is the atmospheric

ambient temperature, and Rave
HAR is the average hot air

recirculation ratio.

Mesh was generated by dividing the predefined com-

putational domain into set of rectangular cells called

cuboids, with enabled fluid cell refinement and narrow

channel refinement options. The basic initial mesh has 58,

15, and 39 number of cells in the X, Y, and Z direction,

respectively. Level 3 global domain refinement was

selected to ensure mesh convergence is achieved. In order

to ensure that steady-state condition is achieved, average

temperature and velocity of the air were selected as goals

for convergence control.

Model Validation

The CFD model was validated against site temperature

measurements at different locations around the compressor

package (i.e., Scenario 2 in Fig. 5) since actual site mea-

surements were available for this site installation. It can be

seen from Fig. 3 that the CFD model is in good agreement

with actual site installation measurements, in terms of

average air temperature. The difference in temperature

values is approximately 2 to 7 �C, with a relative error of

about 5 to 9%, which is considered acceptable for the scope

of this study.

Figure 4 shows the turbulent kinetic energy around the

compressor unit. It can be depicted that the turbulent

kinetic energy away from the package is almost zero,

which means that the flow is dominantly laminar away

from the package. Near the package outside walls, the

turbulent kinetic energy is approximately 0.7–2.5 (J/kg)

which is close to the default initial value assigned. The

turbulent kinetic energy is very high inside the package

which is essentially due to the significant changes in

geometry and high velocity resulting from fan flow.

Results and Discussion

In this section, the CFD simulation results of the exhaust

hot air recirculation for the compressor package are pre-

sented and discussed. The flow and temperature fields of

three scenarios were modelled in this study under different

installation configurations, as shown in Fig. 5. Scenario 1

represents the original site installation, where the platform

boundaries at the compressor package exhaust side are

totally enclosed by walls and louvers. Scenario 2 represents

installation of the compressor package with additional

suction openings while partially opening the platform

louvers. This scenario is in fact implemented by site per-

sonnel to enhance ventilation on the package and its

surrounding area to reduce the risk of system trips due to

high temperature. Lastly, Scenario 3 is similar to Scenario

2 with the platform louvers fully eliminated as an attempt

to avoid exhaust air recirculation.

In order to assess the impact of hot air recirculation on

the ACHE of the compressor unit, the temperature field

obtained from the CFD results is shown in Fig. 6. It is

worth noting that all contour plots are displayed at the

compressor unit exhaust louvers center line. As revealed

from these results, Scenario 1 experiences the highest

temperature field around the compressor package. This is

due to the fact that hot exhaust air is restricted from dis-

persing as a result of fully enclosed platform walls. A

noticeable improvement on the temperature field of the

Fig. 4 Turbulent kinetic energy

around the compressor unit
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compressor unit area is observed for Scenario 2. This is due

to the partial opening of the platform louvers at the exhaust

side, where the temperature around the compressor unit is

found to be lower. Moreover, the additional suction louvers

at the intake side of the compressor unit increase the intake

of relatively colder air, which in turn reduces the effect of

hot air recirculation on the ACHE. Scenario 3 is a hypo-

thetical case, which mimics the situation when the

compressor unit is installed in open area, i.e., the fully

opened exhaust side. It is clear that hot air will not accu-

mulate in the area, and the overall temperature is

corresponding to the assigned ambient condition.

The hot air recirculation ratio RHAR is calculated using

Eq. 7 and found to be 26, 21, and 0% for Scenarios 1, 2 and

3, respectively. Higher RHAR indicates that higher tem-

perature rise (i.e., above the ambient temperature) at the

intake of the ACHE is taking place. This leads to a lower

heat rejection rate of the cooler resulting in reduced cool-

ing efficiency. Hence, the temperature of the cooled

medium tends to rise reaching a trip set-point. Frequent

system trips will result in reduced system availability and

reliability leading to serious operational interruptions.

It can be seen from Fig. 6 that the air temperature is

higher at the upper part of the compressor package. One

main reason to this behavior is due to the buoyancy effect,

where hot air tends to move upwards due to the lower

density, as illustrated in Fig. 7a. This can be explained by

means of Boussinesq model approximated by Eq. 5. In

addition, the velocity stream lines illustrated in Fig. 7b

show that due to the obstruction of airflow by the platform

walls, a large region of wake flow is formed. In the wake

region, part of the air deflects downward forming a vortex

and hence sweeps the platform ground in a reverse direc-

tion. This wake flow and circulation generally form a

negative pressure that may draw hot air downward. In

contrast to this typical flow behavior, negative pressure was

not experienced, which is possibly due to large flow

domain associated with small pressure gradient in the area,

i.e., atmospheric condition. However, these wake forma-

tion can alter the overall flow distribution leading to higher

exhaust hot air recirculation.

According to the actual site observations and numerical

predictions, the extent of hot air recirculation has a direct

influence on the ACHE efficiency and the overall system

reliability and therefore needs to be considered and con-

trolled. This can be achieved by either placing the air

cooler packages in an open area, while taking into account

the wind effect in terms of speed and direction, or installing

exhaust duct work to route the hot air away from the air

cooler intake. Exhaust ducting was successfully imple-

mented as a remedy at site and as guided by the results in

this case study, which prevented any hot air recirculation

and system trip was completely eliminated.

Fig. 5 Three scenarios considered: (a) Scenario 1, (b) Scenario 2 and

(c) Scenario 3
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Conclusions

In the current study, an investigation of hot air recirculation

phenomenon in an air-cooled compressor package located

in oil and gas offshore platform is presented. Three dif-

ferent installation scenarios are analyzed using CFD

simulations. Numerical predictions show that the ratio of

air recirculation has a direct impact on the inlet conditions

of air coolers, which can lead to reduced heat rejection rate

and efficiency. The outcomes of this assessment were able

to predict flow and temperature behavior in the compressor

area and provided recommendation to avoid exhaust air

recirculation. As a remedy motivated by the numerical

results, exhaust ducts were installed to route the hot

exhaust air away from the air cooler intake, which resolved

hot air recirculation and eliminated system trips due to

overheating completely.
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