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ABSTRACT

Article history:

The study on heat stress and heat strain has been conducted since early 20th century.
However, in the current years, it attracts an increase of attention around the world
mainly due to the global climate change issues. Traditionally, there are two main
approaches in the study of heat stress and heat strain which are the climatic chamber
studies and the field studies. But, with the recent development in the computational
fluid dynamic (CFD) simulation, the researchers shift toward this approach as a new
method for the study of heat stress and heat strain. Climatic chamber can be simulated
with various environmental parameters such as air flow and heat transfer while a
manikin is used to identify the effects of these parameters. In this study, recent
developments of the CFD simulation for the study of heat stress and heat strain for
indoor environment are reviewed while their methodology and results are compared.
The discussions that will be presented in this work will focus on the various CFD
techniques and its significance as a new method for the study of heat stress and heat
strain.
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1. Introduction
Heat is a form of energy passes from higher temperature to lower temperature [1]. It can be
generated either endogenous or exogenous process [2]. Heat stress is considered a major problem
among manufacturing or construction workers not only in Malaysia but also worldwide. Heat stress
condition increase in extreme high of temperature and humidity, exposure to high radiant heat, high
temperature or humidity occur in combination with heavy protective clothing or higher work rate
[3]. The environmental heat stress and the combination of physical work cause heat strain among
industrial workers. Environmental heat stress increases the sweat rate, core body temperature and
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pulse rate among the employees exposed to heat [4]. Heat Stress is the net heat load to which a
worker is exposed from the combination of factors; metabolic heat, environmental factors, and
clothing which lead to an increase in bodily heat storage [5]. This will lead to heat strain which is
defined as the inability to maintain body core temperature at the level imposed by human
thermoregulatory system [6]. Workers are potentially exposed to heat will facing heat stress
symptoms if they are not properly protected. Furthermore, industrial workers are easier to expose
to discomfort and pain during work [7].
The global climate change leads to the increase of heat exposure on human whether in outdoor
or in indoor the environment. Malaysia which has a hot and humid tropical weather would be
influenced by this issue more than others countries at North and South of the earth’s hemisphere,
where they only endure hot temperature during summer which occurs only around three months
throughout the year.
The study on the impacts of the working environment on the workers are dominated by most
Western scholars [8]. But there is still a lack of awareness of this issue in Malaysia even though there
is already an enactment which aims to promote good occupational environment for persons at work
[9].
There are many factors that influence the level of heat exposure depends on whether the
individual is indoors with or without air-cooling, outdoor in shade or in full sun. The duration of
exposure, acclimatization, the level and type of activity and clothing also determine the effect of heat
exposure [10]. To understand the influence of each of these factors, scientists or researchers have
developed several heat stress and heat strain indexes based on two approaches: the climatic
chamber studies and the field studies.
Climatic chamber studies aim to determine steady-state models which are the production of the
desired environment conditions (radiant temperature, air temperature, relative humidity and air
velocity) and at the same time, the unwanted variables can be controlled to avoid any influence on
the results. This type of study is done in a climate simulation chamber which can fit human subjects
for experimental purposes [11].
The ability of climatic chamber to control temperature and humidity lead us to the concept of
stability. The human thermal response is linked to the environment exposure and is continually
adapting to it. When the objective of an experiment is to see exactly how the cognitive and physical
factors change according to a specific environment, it is fundamental to assure the stability of the
system.
To define the system stability is not enough to ensure steady state conditions of temperature and
humidity. It is also very important to assure that all environmental parameters that influence human
cognitive, physical and physiological responses are under control.
While, field studies are used in order to study heat stress in the real world. Field studies involve
collecting data outside of an experimental. This type of data collection is most often done in natural
settings or environments and can be done in a variety of ways for various disciplines. Field studies
are known to be expensive and timely; however, the amount and diversity of the data collected can
be invaluable. In heat stress and heat strain study, the subjects can conduct their normal daily work
without any attempt to control the environment factors [12]. Thus, this kind of study can be easily
influenced by other indirect factors such as cultural and psychological factors [13].
1.1 Problem Statement
Hu [14] stated that computational fluid dynamics (CFD) is a science that, with the help of digital
computers, produces quantitative predictions of fluid-flow phenomena based on the conservation
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laws (conservation of mass, momentum, and energy) governing fluid motion. These predictions
normally occur under those conditions defined in terms of flow geometry, the physical properties of
a fluid, and the boundary and initial conditions of a flow field. Such predictions generally concern sets
of values of the flow variables, for example, velocity, pressure, or temperature at selected locations
in the domain and for selected times. The predictions may also involve evaluations of overall flow
behavior, such as the flow rate or the hydrodynamic force acting on an object in the flow.
As a consequence of the advancement in the computing technology, many researchers use the
CFD technique for the study of thermal comfort or heat stress for more complex system. At the same
time, the use of CFD is increasing widely in many fields of science and engineering. In the past two
decades, CFD has shown a wide variety of applications in the field of aerospace and energy [15]. Most
of the researchers use the abbreviation CFD and define it as a branch of fluid mechanics that solves
and analyses fluid flow problems, using numerical methods and algorithms [16].
For the study of indoor thermal and airflow, CFD is used to numerically model physical processes
occurring within a fluid by which mostly intend to solve Navier-Stokes equations. Navier-Stokes
equations are the expression of the fundamental physical laws of a control volume of fluid which are
the conservation of mass, momentum and thermal energy [17].
In most of the cases where CFD is used, there are previous validations for the modelling
methodologies which usually taken from field studies and previous study or the data used to operate
the system designed by CFD can be easily obtained. However, there is an increase of the usage of this
technique because of the facility of knowledge transfer and the advancement of computational
resources from academia, which include software and hardware developers [16].
Heat stress poses a substantial risk to industry workers worldwide in a changing climate. As
construction workers comprise an increasingly large and critical part of the global economy, special
attention needs to be paid to the risks faced by the global industry workforce from occupational heat
stress. Most recent studies on the ergonomics environment focus on the performance of the workers
in the term of the productivity [10]. However, they don’t approach the problem in the term of human
physiology which is normally used in the study of sport science. Furthermore, some studies used
quantitative method to identify the effect of the environmental factors on the physiology factors as
single study without a relation with the human performance at the workplace.
In this study, recent developments of the CFD simulation for the study of heat stress and heat
strain for indoor environment are reviewed while their methodology and results are compared. This
is because, Hu [5] highlights the CFD has a number of distinct advantages. There are: it can be
produced inexpensively and quickly, it generates complete information, it allows easy parameter
changes, it has the ability to simulate realistic conditions, and it has the ability to simulate ideal
conditions.
2. Method
This review was conducted primarily using common databases that were searched included
PubMed, ScienceDirect, Scopus, references of relevant peer-reviewed literature, and web-based
searches (including Google Scholar and documents published by occupational-health organizations).
Key words and phrases that were used to search the databases included “heat stress,” “heat strain,”
“evaluation index,” “hyperthermal environments,” “CFD,” “heat acclimation,” “heat acclimatization,”
and thermal comfort. The author mainly focused on CFD in the chamber experimental studies and
field studies about heat stress and heat strain in the industry.
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3. Discussion
3.1 Environment Model
The indoor environment simulated varied from a simple closed chamber to a three level atrium
which are usually designed to study the thermal condition of these environments. Morsy et al., [18]
used CFD to compare the relation between the insulation materials and thermal comfort in the
building. They stimulated educational buildings to study the effect of different thermal insulation
materials types and thicknesses on the thermal comfort for the building envelope. The results shows
that fourth floor and ground floor need a thick layer of insulation to achieve the needed target while
in first, second, and third floor it will be enough to use thin layer of insulation to achieve its optimum
thermal comfort and energy consumption.
Kamar et al., [19] simulated a model of a double storey residential house with three rooms mainly,
the hall, the upper hall and the kitchen. They simulated a solar chimney which is a natural-draft device
for passive cooling as square-shaped openings on the roof at the middle and gable vents by
introducing thin rectangular-shaped openings in the walls of the house.
A CFD model of an underground shelter was studied by Mukhtar et al., [20]. In this study, they
simulated a model of an underground shelter with passive ventilation by a supply duct and an exhaust
duct which take the form of cylindrical tubes. Furthermore, a heating cable which replicates the heat
release by the occupants is simulated by a flat rectangle. They claimed that the model suggested was
validated by the data measured from previous study.
Jusoh et al., [21] studied the thermal building in a non-uniform thermal environment. In their
study, they simulated a workplace ergonomic simulator chamber which was a very small chamber
with the size of 3.6 m x 2.4 m x 2.4 m. A small rectangular box was made on the top inside the
chamber which replicated the air-condition unit of an office. However, no obstacles, such as furniture
were introduced into the CFD chamber which simplifies the real situation in the office environment.
CFD simulation was also used for the study of hospital environment. In a heat related study,
Kamsah et al., [22] simulated a model of an operating room (OR) which incorporated with a vertical
air supply system and four horizontal outlet grilles. The model consisted of an operating table, an air
inlet diffuser, four air exhaust grilles, four medical staffs and two surgical lamps.
In a study of heat transfer and physiological responses of unclothed human body in hot
environment, Yang et al., [23] designed a simulation model of a simple 3D climate chamber with
length, width and height of 5 m, 3 m, and 2.7 m, respectively. Another study simply used a 2D room
4m x 3m to investigate thermal sensation of occupants using a thermophysiological model [24]. The
air conditioner was included in the model with the air supply entrance on the top-left and the exit on
the bottom-right.
Pérez et al., [25] simulated an engine room of a ship which reproduces the real navigation
conditions in tropical regions, with two main engines working, to predict indoor conditions. Tsai [26]
developed a CFD model of an offshore platform by simulating a domain of boarding riser skid which
has a dimension of 50ft x 50ft x 25ft. All the equipment and processing unit were modelled and
incorporated with the model of boarding riser skid. Sugiono et al., [27] studied the thermal comfort
of workers in the finished good warehouse. Thus, they proposed a model of a warehouse with an
area of 2450 m2 with the head of 7 m which consists of 2 main sections. Section 1 with 1400 m2 area,
while section 2 with 1050 m2 area.
There was another study which focuses on the effects of the double-glazed window with curtains
on thermal condition. In the study, a simple bedroom chamber was simulated with length, width and
height of 3 m, 3 m, and 3 m, respectively which oriented towards south. However, they put in place
several obstacles such as desk, heat collector, light, person and bed which represent by 3D blocks
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with different size [28]. Abdullah and Wang [29] simulated the top-lit three-storey Malaysian atrium.
They used a complex model with several doors, windows, and floor balcony and corridor areas as
well. It was incorporated with fully glazed pitched roof top and void areas within the central atrium.
3.2 Heat Stress Index
Various heat stress index was used in the previous study to investigate the thermal
environmental. Abdullah and Wang [29] used ‘Predicted Mean Vote’ (PMV) index to study the
environment of an atrium. The software computed the air temperature, radiant temperature and air
velocity, while the PMV index was computed by setting the individual parameter (Clo-value and
metabolic rate) as well as the relative humidity which is an additional environmental parameter.
Jusoh et al., [21] used the combination of Predicted Mean Vote-Predicted Percentage of
Dissatisfied (PMV-PPD) introduced by Fanger [30]. PPD can be derived from the PMV according
ISO7730. The index which was presented used a fix activity level of 1 Met and a level of clothing
insulation of 0.5 Clo. Zhang et al., [28] and Sugiono et al., [27] also used the same index to study the
effect of double-glazed window with curtains on the thermal condition of a CFD model of a bedroom
and to study the thermal comfort of warehouse respectively. This is supported by the fact that this
index is also used by both the ASHRAE standards of USA and ISO standards for the evaluation of
indoor thermal environment.
A multi-node thermal model was developed by Yang et al., [23] to determine thermal responses
of the human body with the inputs such as human activity intensity, clothing properties, and
environmental conditions. The model has 20 segments of human body corresponding to the manikin
Newton, which contain four layers: core, muscle, fat, and skin layer. There are three systems of the
model; an active system, a passive system, and a clothing system. The active system simulated human
thermoregulation while the passive system predicted the heat exchange within the human body and
between human body and the environment.
Kamar et al., [19] only measured the dry-bulb temperature, wet-bulb temperature and relative
humidity in their CFD model for double-storey residential house. While Mukhtar et al., [20] simply
used dry temperature for their study on the underground shelter model. However, they mentioned
about effective temperature when discussing the effect of heat from the occupant towards the
thermal environment. Pérez et al., [25] compared the globe temperature and operative temperature
of a model of engine room in a ship. They found out that the operative temperature obtained from
the CFD can be used, instead of the globe temperature, without loss of precision. Angelova et al.,
[24] took into account the skin temperature as an evaluation for heat stress for the study of the
influence of clothing and activity on the occupants based on CFD simulation.
Tsai [26] proposed a CFD WBGT model using the incident radiation data, ambient temperature
and wind speed from the CFD model. He claimed that the WBGT model developed could be used to
analyse heat stress with high fidelity and accuracy for many applications in high temperature
environments with complex equipment installations.
3.3 Manikin Model
Mukhtar et al., [20] simulated the indoor occupants by a 3D model of heating cable which
replicates the heat released by the occupants. However, this model was not very appropriate as it
neglected the real distribution of heat release by the occupants. Kamsah et al., [22] used standing 3D
model of block manikin to simulate the medical staffs and laying 3D model of block manikin for the
patient in their study. The model consisted of three parts. A block was for the legs and feet, another
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block was for the body and hand and a smaller block was for the head. Figure 1 shows the 2D
representation of the manikin and Table 1 shows the dimensions of the manikin. The limitation of
this manikin model was the effects of each human body parts could not be detected. However, this
model could be used for simpler and less computational capacity. In their study, the distribution of
heat of the manikin was not the focus; therefore, it was not a compulsory to have a perfect manikin
for the CFD simulation.
Angelova et al., [24] placed a standing human body manikin in the middle of a 2D simulation
room. The shape of the manikin was a simplified version of a previous study by Pichurov [31]. The
height of the body was 1.65 m and its surface area was 1.7 m2. Figure 2 shows the model of manikin
used. The 2D model used can shorten the computational time for the simulation but with the cost of
the real 3D representation of the thermal flow from the manikin. As in the real life condition, heat
which is distributed from the front is not similar from behind the body. However, in a study which
focused on the clothing of the manikin, the complex distribution of the bodily heat can be neglected
to easily compare the part of the body which were covered and not covered by clothes.

Fig. 1. 2D representation of
3D Manikin proposed by
Kamsah et al., [22]

Fig. 2. 2D representation of
2D Manikin proposed by
Angelova et al., [24]

Table 1
Dimensions of the manikin [11]
Model
Medical staff
-Body
-Head
-Hand
-Leg
Patient
-Body
-Head
-Hand
-Leg

Dimensions
(Length (m) × Width (m) × Height (m))
0.3 × 0.2 × 0.6
0.16 × 0.16 × 0.30
0.1 × 0.2 × 0.6
0.3 × 0.2 × 0.7
0.6 × 0.3 × 0.2
0.30 × 0.16 × 0.16
0.6 × 0.1 × 0.2
0.7 × 0.3 × 0.2

An advanced manikin was developed by Yang et al., [23] by using a 3D laser scanning technique
to obtain the geometrical details of an unclothed 20-zone manikin Newton in a standing position.
Then, the surface of the numerical manikin was subdivided into 20 body segments (face, head, upper
arms, forearms, hands, chest, shoulder, stomach, back, hips, thighs, calves, and feet) corresponding
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to the manikin Newton by the commercial software ANSYS 14.5. This manikin represented almost
perfectly the real human body, but with less detail such as eyes and other smaller organs. In the
study, they used the manikin to identify the physiological responses of the unclothed human body in
hot environments. Thus, it is necessary to have a perfect manikin which can simulate a general
distribution of heat throughout the body especially the skin.
Xu et al., [32] studied the difference between different manikin models. They found out that 2D
model can give the approximate air flow distribution in an indoor environment. However, the air flow
predictions from 3D model were even closer to the real condition. The simplification of body
structure also influenced the total heat transfer from the human body where they compared ‘cylinder
man’ vs ‘tin-man’ model.
4. Conclusions
Computational Fluid Dynamic Simulation (CFD) has a great potential in the research of heat stress
or thermal environment. Many previous studies show that CFD could be used to support the findings
from the field study or experimental study of heat stress such as the study of residential building,
office environment, offshore and industry. Different heat stress indexes were used in the studies
depends on the main focus of the study. Human model could be simulated by a manikin which differs
for each study which influenced by the heat stress index used in the study. Therefore, to apply the
CFD simulation in a heat stress study, these three factors should be decided beforehand; the
environment design, heat stress index and manikin model.
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