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ABSTRACT 
To help balance comfort and energy use in residential, institutional and commercial buildings in order to 
make them more sustainable, a thermal comfort model is coupled with a computational fluid dynamic 
approach. The developed tool provides an effective tool for demand side management of energy use in 
buildings. The asymmetrical thermal environment in a university cafeteria building is modeled, and a two 
dimensional numerical simulation is prepared separately of the thermal sensation in the cafeteria. A finite 
volume formulation is used to provide the temperature distribution around a space-variant manikin, which 
is in turn utilized to determine the convective heat transfer coefficients for the simulation of thermal 
sensation around the manikin. 

Keywords: sustainable building, thermal comfort, building energy use, finite volume method, convective 
heat transfer 
 
 

INTRODUCTION 

The thermal load of a building has two main parts: heating and cooling. These loads are managed by adding or 
removing heat, and this is accomplished with heating, ventilating and air conditioning (HVAC) systems.  

Normally, the indoor environment of a building is designed to satisfy human physiological needs, as well as 
other needs like psychological and physical requirements (Djongyang et al., 2010). Efforts to develop or select 
efficient HVAC systems often do not address successfully any dissatisfaction people have with the indoor thermal 
conditions, affecting the sustainability of the building. Dissatisfaction can derive from deficiencies in energy supply 
or other factors. Providing thermal comfort is responsible for a significant portion of the energy consumption of 
a typical building, but energy use affects the natural environment including ecological systems. Therefore, an 
appropriate trade off in optimum building design between energy efficiency and indoor thermal comfort is needed 
for sustainable buildings, but this trade off is not well understood. 

Nevertheless, some efforts have been made to address this issue, at least preliminarily. A consumption-driven 
incentive approach was applied by Ogedengbe et al. (2011), in studying the energy demands of residential buildings 
in Ontario, Canada. By considering the analysis of the demands several cooling and heating appliances, including 
hot-water tanks and electric/gas furnaces, in both residential and commercial stocks for major cities in the province 
of Ontario, it was shown that the control and management of thermal comfort and indoor air quality accounts for 
more than 47% of the total energy demand, on average. This North American trend is consistent with the patterns 
of energy demand for thermal comfort in residential and commercial buildings in such European countries as Italy 
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(Caldera et al., 2008; Schiavon and Melikov, 2008) and Norway (Satori et al., 2009), and in Asia (Homod et al., 
2012). 

The adaptive approach uses historical energy usage data for building stock, the energy balance approach, and 
is described well by Fanger (1970). Another approach is based on data from climate chamber studies (Ogedengbe 
et al., 2013). Fanger’s (1972) experimentally derived comfort equation obtains the predicted percentage dissatisfied 
(PPD) for people in an indoor climate, as a meaningful measure. PPD is obtained using the predicted mean vote 
(PMV) for several positions in a room. The PMV model is the most commonly used method in practice presently 
for predicting the thermal comfort/discomfort in a building design and for assessing the discomfort in existing 
building environments.  

Several researchers have investigated the capabilities of thermal comfort models, including Cheng et al. (2012) 
who proposed the sustainable advantage of a computational fluid dynamics approach for the simulation of thermal 
sensation in asymmetrical environments. These thermal comfort models are generally classified into physiological 
comfort models (which predict the thermal sensation of the body physiology), and psychological comfort models 
(which depend on accurate prediction of the thermal environments). Accurate modelling of thermal comfort 
depends on several factors, including a reliable prediction of the nature of the asymmetrical environment, the 
variation in the level of thermal sensation for various parts of human body, and the stability and accuracy of the 
adopted CFD platform (Arens, 2006). Gao et al. (2007) adopted the Berkeley thermal comfort model, and coupled 
several subsystems, including the displacement ventilation (DV), mixing ventilation (MV) and personalized 
ventilation (PV) subsystems, in a CFD environment to assess human thermal comfort. The heat transfer between 
the human body and the environment was demonstrated to be complicated. Several other researchers in these two 
fields have attempted to develop reliable human thermal physiological models. These vary from simple one-node 
models to complex three-dimensional finite element models (Djongyang, 2010; Carlucci and Pagliano, 2012). 

The US Energy Information Administration (EIA) reported that buildings represent a major source of global 
energy consumption and greenhouse gas (GHG) emissions. In 2001, annual energy consumption and GHG 
emissions accounted for 48% of the total residential energy consumption, broken down as energy used by 
residential buildings for space heating (46.7%) and cooling (6.5%) (EIA, 2001). Unfortunately, demand side 
monitoring to improve heating and cooling efficiency in residential building does not easily attract the investment 
of effort and time on CFD tools, mainly due to unclear economic arguments.  

In this paper, we seek to address these issues and help enhance building sustainability. The research reported 
here attempts the deployment of a two-dimensional finite volume formulation of an environment constituted by 
the 2001 Cafeteria of the University of Lagos (see Figure 1). 

FINITE VOLUME FORMULATION 

The main hall of the 2001 Campus Cafeteria is the asymmetrical environment, which is subjected to thermal 
comfort analysis. Thermal comfort modeling is coupled with comparative computation of convective heat transfer 
from a space variant manikin in order to assess the energy demand of the building environment. Depending on 
the adopted implementation platform, the boundary conditions are imposed on the built environment in order 
with the analysis of the relevant physiological and environmental data.  

 
Figure 1.  Diagram of the University Cafeteria Complex 
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A flow chart for the computation of thermal comfort is shown in Figure 2. Human thermal sensation varies 
spatially in an asymmetrical environment. With different environmental parameters around the manikin, including 
velocity and temperature, the thermal sensation variables can be evaluated with CFD based on specified boundary 
conditions. The depicted CFD solution procedure, incorporating the algorithm for simulating the thermal 
sensations around the manikin, represents a significant part of the methodology for thermal comfort analysis. A 
significant contribution of the proposed solution procedure involves the determination of the equivalent 
temperature and convective heat transfer coefficient of body parts, which are coupled with Fanger’s model in order 
to estimate the thermal sensation of the body segments. Treating the movement of room air with the building 
envelope as a continuum, thermal sensations may be determined by solving the discretized mass, momentum, and 
energy equations, with specified boundary conditions. Considering the dynamics of natural convection within the 
context of building simulation, the Boussinesq approximation is applied, whereby air density is fixed and buoyancy 
effects are accounted for in the momentum equation (Ogedengbe, 2006; Ogedengbe and Naterer, 2004): 
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Figure 2.  Solution algorithm and computational procedure 
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Here, the buoyancy terms are 
�̇�𝑆𝑈𝑈 = 𝜌𝜌∞Β∞𝑔𝑔𝑥𝑥(𝑇𝑇𝑃𝑃 − 𝑇𝑇∞) (5) 

�̇�𝑆𝑉𝑉 = 𝜌𝜌∞Β∞𝑔𝑔𝑦𝑦(𝑇𝑇𝑃𝑃 − 𝑇𝑇∞) (6) 

The Grashof, Prandtl and Raleigh numbers are expressed as 𝐺𝐺𝑟𝑟 =  𝜌𝜌2𝑔𝑔𝑔𝑔∆𝑇𝑇𝐿𝐿3/𝜇𝜇2, 𝑃𝑃𝑟𝑟 =  𝜇𝜇𝑐𝑐𝑝𝑝/𝑘𝑘 and 𝑅𝑅𝑎𝑎 = 𝐺𝐺𝑟𝑟𝑃𝑃𝑟𝑟 , 
respectively. The Grashof and Raleigh numbers represent relevant dimensionless parameters related to natural 
convection, which are incorporated in the models for building envelopes of typical residential and commercial 
systems. 

The two-dimensional plane for the CFD analysis of the building envelope is carefully selected in order to ensure 
that the asymmetrical environment is sufficiently captured. For the selected plane and given boundary 
configurations, numerical methods are employed to determine the temperature distribution within the building 
envelope. We combine the use of CFD tools with available building energy performance models, using various 
numerical formulations (e.g., finite element and finite volume). The finite volume method has proven more 
successful at conserving mass than the finite element method (Ogedengbe, 2006), so a finite volume platform is 
adopted here in developing the numerical model for the fluid flow and thermal sensations in the considered 
cafeteria.  

A standard finite volume procedure is adopted, utilizing the conventional SIMPLEC algorithm. Figure 3 
depicts a typical staggered grid in a 2-D finite volume formulation. Note that advection is incorporated with a new 
convection formulation using mass-weighted interpolation of upstream convection variables. This Non-Inverted 
Skew Upwind Scheme (formulation accommodates flow directionality dependences, and exhibits reasonable 
accuracy and stability (Ogedengbe and Naterer, 2004). 

A staggered grid arrangement is adopted for the SIMPLEC formulation (see Figure 3), where separate U- and 
V- control volumes are employed for the momentum equations. The pressure control volume (or scalar control 
volume) is located at the center node of the discretized domain, while the velocity control volumes (i.e., either the 
U- control volumes or the V- control volumes) are adjacent. The net flows across a control volume boundary are 
the sum of the integrated flux terms for the four control volume edges, following Equations (1) to (4). The scalar 
conservation equation is represented as follows (Ogedengbe, 2006; Ogedengbe and Naterer, 2004): 

𝑎𝑎𝑝𝑝𝜙𝜙𝑝𝑝 = �𝑎𝑎𝑛𝑛𝑛𝑛𝜙𝜙𝑛𝑛𝑛𝑛 + 𝑏𝑏 (7) 

Here, 𝑎𝑎 , 𝜙𝜙  and 𝑏𝑏  denote respectively finite volume coefficient, scalar variable (e.g., velocity component, 
temperature) and source term, while subscripts 𝑝𝑝 and 𝑛𝑛𝑏𝑏 denote respectively central and neighboring nodes. 

The accuracy of the flow simulation depends largely on the stability of the upwind scheme that is used for the 
approximation of the advection of field variables. The SIMPLEC algorithm uses the exponential scheme with 
slight weighting on Non-Inverted Skew Upwind Scheme for coupling the advection terms in the governing 
equations. Ogedengbe (Ogedengbe, 2006) reported a detailed numerical formulation of the pressure-velocity 
correction algorithm and the approximation of the upwind scalar values from the Non-Inverted Skew Upwind. 

 
Figure 3.  Grid arrangement for staggered control volumes 
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With the solutions, the rate of change of any scalar property can be determined based on the discretized form of 
equation (7). The discretized form of the steady transport equation of property 𝜙𝜙 is: 

�̇�𝑚𝑒𝑒𝜙𝜙𝑒𝑒 − �̇�𝑚𝑤𝑤𝜙𝜙𝑤𝑤 + �̇�𝑚𝑛𝑛𝜙𝜙𝑛𝑛 − �̇�𝑚𝑠𝑠𝜙𝜙𝑠𝑠 + 𝛤𝛤𝑒𝑒𝐴𝐴𝑒𝑒 �
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𝑤𝑤
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𝑑𝑑𝜙𝜙
𝑑𝑑𝜕𝜕
�
𝑠𝑠

= �̂�𝑆Δ𝜌𝜌 (8) 

where ∆𝜕𝜕 and ∆𝜕𝜕 are grid spacing in the 𝜕𝜕 and 𝜕𝜕 directions respectively, and ∆𝜌𝜌 is the flow domain volume. 
The building energy management system (BEMS) field integrates various disciplines in engineering and the 

sciences, including applied physics, communications, networking, cloud computing, material science, applied 
mechanics, thermodynamics, system engineering, and management. Considering the dearth of environmental data 
in most software packages developed for load analysis in building envelopes, determining a best methodology for 
effective building management, including optimization of insulation thickness and the determination of the 
minimum energy performance standards for the appliances, is challenging (Gao et al., 2007). Comprehensive 
energy audit procedures for the development of a reliable BEMS result in two data gathering categories. The first 
category includes instruments for metering parameters like air velocity, indoor temperature, relative humidity, etc. 
The second incorporates sensors with building devices (Ogedengbe et al., 2012).  

Effective forecasting of the building energy demand is helpful for the design of a sustainable building energy 
system. For instance, Ogedengbe et al. (2014) recently proposed the possibility of developing an organic 
photovoltaic solar technology based on the data gathered from an audit of the entire Faculty of Engineering in the 
University of Lagos. 

NUMERICAL SIMULATION 

Consider a manikin seated in the flow domain. The simulation domain is composed of the surrounding air 
(which is characterized by its density 𝜌𝜌 = 1.161 kg/m3 thermal conductivity 𝑘𝑘 = 0.0263 W m−1 K−1, specific heat 
capacity 𝐶𝐶𝑝𝑝 = 1.007 J kg−1 K−1 and dynamic viscosity 𝜇𝜇 = 1.827 ×  10−5 kg/(ms)). For the selected plane of the 
computation domain, the boundary conditions imposed are based on the measured environmental data for the 
2001 cafeteria (see Table 1). 

The thermal sensation experiment depends on the combination of the physiological data of the manikin and 
the environmental data. Basic body parameters, as used in this study, are similar to those for the model designed 
at Kansas State University by Fu (Fanger, 1972), for the examination of the basal metabolic generation. Table 2 
shows the physiological data of a typical manikin, including the length of the body cylindrical segment (m) and the 
corresponding heat flux, which is based on other studies (Schellen, 2013). The solution algorithm in Figure 2 
yields the required field variables for the calculation of the predictive data for the thermal sensation experiment. 
The equivalent temperature is obtained from the simulated air velocity and operative temperature. But the 
temperature of the skin surface is assumed constant, based on ASHRAE standards as defined subsequently by 
Equation (17) (ASHRAE, 1997). 

Table 1.  Built Environment Boundary Conditions 
Boundary Condition Value 
Inlet Air Temperature (°C) 33 
Indoor Relative Velocity (m/s) 0.1 
Temperature of East Wall (°C) 31.9 
Temperature of West Wall (°C) 28.3 
Temperature of North Face (ceiling) (°C) 30.5 
Temperature of South Face (floor) (°C) 27 

  

Table 2.  Physiological Data for Assessing Convective Heat Emission of Body Segments 
Body segment Skin surface area (m2) Cylindrical body length (m) Convective heat emission rate, Qi (W/m2) 
Head 0.14 0.38 45.40 
Chest 0.40 0.49 58.20 
Abdomen 0.25 0.32 38.30 
Upper arm 0.10 0.35 41.70 
Lower arm 0.07 0.29 34.50 
Hand 0.05 0.30 35.50 
Upper leg 0.15 0.35 41.60 
Lower leg 0.10 0.38 44.80 
Foot 0.06 0.24 28.50 
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Radiation effects appear negligible in most simulations of thermal sensations of people in building 
environments. But where it is relevant, Loomans (1998) proposed a simplified approach for the treatment of the 
interactions with the skin, where radiation effects are accounted for in the convective portion of the heat emission 
from people (52% of 112 W). The heat emissions from body parts are calculated proportionally according to the 
surface area of the arteries and veins in each segment (Salloum et al., 2007). This approach is inconsistent with that 
of Schellen et al. (2013), which applies the segment area to determine the segment heat flux. A simplified 
geometrical shape is used to approximate the shape of different of the body segment. For example, the head can 
be a sphere while the neck takes the shape of a cylinder. We treat arteries and veins as cylinders, for which the 
surface area is 2𝜋𝜋𝜋𝜋𝜋𝜋. Then the surface area of an artery or vein segment 𝑆𝑆𝑎𝑎,𝑣𝑣 can be written as follows: 

𝑆𝑆𝑎𝑎,𝑣𝑣 = 2𝜋𝜋(𝜋𝜋𝑎𝑎 + 𝜋𝜋𝑣𝑣)𝜋𝜋𝑖𝑖 (9) 

Here, 𝜋𝜋𝑎𝑎  is the artery radius in the body segment, 𝜋𝜋𝑣𝑣  the vein radius in the body segment, and 𝜋𝜋𝑖𝑖  the body 
segment length. The quantity 2𝜋𝜋(𝜋𝜋𝑎𝑎 + 𝜋𝜋𝑣𝑣) is constant for all segments, leaving the length of the surface 𝜋𝜋𝑖𝑖 as the 
basis for proportional determination of the convective heat emission for body parts. 

Various values have been reported for the convective heat transfer coefficients for body parts (Schellen et al., 
2013; Fiala, 1998; De Dear et al., 1997). The heat transfer coefficient is assumed to be linearly relatied to heat flux 
and to temperature difference (Najjaran, 2012; Kurazumi et al., 2008). 

The convective heat transfer coefficient ℎ𝑐𝑐  of a body part can be expressed as: 

ℎ𝑐𝑐 = 𝑄𝑄𝑖𝑖
(𝑇𝑇𝑠𝑠 −𝑇𝑇𝑒𝑒𝑒𝑒𝑖𝑖)

  (10) 

Here, ℎ𝑐𝑐  denotes the convective heat transfer coefficient (W/m2 K), 𝑄𝑄𝑖𝑖  the convective heat emission rate 
(W/m2), 𝑇𝑇𝑠𝑠 the surface temperature (K), and 𝑇𝑇𝑒𝑒𝑒𝑒𝑖𝑖 the average equivalent temperature (K), all for the body segment. 
The body part surface temperature can be expressed as follows: 

𝑇𝑇𝑠𝑠 = 35.7– 0.0275(𝑀𝑀 –  𝑊𝑊) (11) 
Here, 𝑀𝑀 is the metabolic rate and 𝑊𝑊 the external mechanical work done. The equivalent temperature, obtained 

with CFD for each body part, is utilized to compute the convective heat transfer coefficient, and an input to 
Engineering Equation Solver (EES) and. Values are compared in Tables 3 - 4 and Figure 4 for two positions, 
one obtained here and two obtained by Schellen (2013) and Fiala (1998). 

Table 3.  Comparison of Convective Heat Transfer Coefficient, 𝒉𝒉𝒄𝒄, for Body Parts with Results of Schellen (2013) 

Body segment 

𝒉𝒉𝒄𝒄 of manikin (W/m2 K) 
Present results, for 1.8 m from 

east wall [East] 
Present results, for domain 

centre [Centre] 
Results of Schellen 

(Schellen, 2013) 
Head 15.1 8.6 7.4 
Chest 16.1 10.3 6.9 
Abdomen 9.5 6.6 6.6 
Upper arm 11.5 7.4 4.1 
Lower arm 7.7 5.9 6.6 
Hand 7.9 5.9 6.7 
Upper leg 9.3 6.9 6.9 
Lower leg 7.9 6.9 6.6 
Foot 4.4 4.3 9.4 

  

Table 4.  Comparison of Convective Heat Transfer Coefficient, 𝒉𝒉𝒄𝒄, for Body Parts with the Results of Fiala (1998) 

Body segment 

𝒉𝒉𝒄𝒄 of manikin (W/m2 K) 
Present results, for 1.8 m from 

east wall [East] 
Present results, for domain 

centre [Centre] 
Results of Fiala  

(Fiala, 1998) 
Head 15.1 8.6 5.7 
Chest 16.1 10.3 7.4 
Abdomen 9.5 6.6 9 
Upper arm 11.5 7.4 10.8 
Lower arm 7.7 5.9 10.8 
Hand 7.9 5.9 10.8 
Upper leg 9.3 6.9 11 
Lower leg 7.9 6.9 11 
Foot 4.4 4.3 10.5 
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The convective heat transfer coefficient values are used to assess the thermal comfort in the cafeteria. To 
validate the present results, especially the convective heat transfer coefficient for the positions considered, 
comparisons are made with related work reported by others. Specifically, Fanger’s model is used for thermal 
comfort evaluation and Rohles’ (1973) equation is employed for validation.  

Fanger’s PMV equation for thermal comfort predicts empirically the mean vote on an ordinal rating scale of 
thermal comfort of a population, based on a steady-state heat balance for the human body (Thermal Comfort 
Models, 2018). The equation presumes the deviation from the minimum load on mechanisms affecting the heat 
balance (sweating, vasoconstriction, vasodilation, etc.) is related to thermal comfort vote. The smaller is the load, 
the less the comfort vote deviates from zero. The ASHRAE thermal scale utilized is shown by Table 5. The 𝑃𝑃𝑀𝑀𝜌𝜌 
can be expressed as  

𝑃𝑃𝑀𝑀𝜌𝜌 = (0.028 + 0.3033 exp(– 0.036𝑀𝑀))𝐿𝐿 (12) 
and the 𝑃𝑃𝑃𝑃𝑃𝑃 as: 

𝑃𝑃𝑃𝑃𝑃𝑃 = 100 − 95 exp(−0.03353 𝑃𝑃𝑀𝑀𝜌𝜌4 −  0.2179 𝑃𝑃𝑀𝑀𝜌𝜌2) (13) 

Rohles and Nevins (1971) and Rohles (1973) examined 1600 school age students to correlate level of comfort 
with temperature, humidity, gender and exposure duration, for an air speed below 0.17 m/s, and developed the 
following expression for 𝑃𝑃𝑀𝑀𝜌𝜌: 

𝑃𝑃𝑀𝑀𝜌𝜌 = 𝑎𝑎(𝑇𝑇𝑎𝑎) + 𝑏𝑏(𝑃𝑃𝑎𝑎) − 𝑐𝑐 (14) 

where 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐 are empirical coefficients. For the present conditions which are described elsewhere (ASHRAE, 
1997; Rohles, 1973), it is reported that 𝑎𝑎 = 0.245, 𝑏𝑏 = 0.248 and 𝑐𝑐 = 6.475. 

RESULTS AND DISCUSSION 

The developed CFD tool is used to determine the equivalent temperature by coupling the air velocity with 
temperature. The convective heat transfer coefficient for each segment is obtained for the two positions 
considered. Table 3 provides the convective heat transfer coefficients from this study as well as those reported by 
Schellen et al. (2013), while Table 4 provides the convective heat transfer coefficients from this study and those 
obtained by Fiala (1998). The convective heat transfer coefficient is plotted in Figures 5-6 versus the difference 
between the skin surface temperature and average equivalent temperature for each segment. Thus, the relation 
between ℎ𝑐𝑐 and temperature difference is given in Figure 5 for the manikin at the centre of the domain and in 
Figure 6 for the manikin located 1.8 m from the wall. The equations for the convective heat transfer coefficient 
of the body are included in these figures. But predictions that better agree with the simulated results are found to 
be provided by Equation (16), shown subsequently. 

Figures 7 and 8 provide the PMV when the manikin is at the center of the domain and located 1.8 from the 
east wall, respectively. The maximum deviation occurs at the chest, and has a magnitude of 0.25. Respiration heat 
loss for the chest by convection, which Salloum et al. (2007) indicates to be significant, is not considered in the 

 
Figure 4.  Comparison of 𝒉𝒉𝒄𝒄 for body parts in present study and from studies of Schellen (2013) and Fiala (1998) 

Table 5.  PMV Thermal Sensation Scale/Index* 
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* Based on definitions in (ASHRAE, 1997). 
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determination of the heat flux of that segment. This simplification may cause the deviation for that body segment, 
but respiration heat loss is negligible for other body segments. 

Figures 7 and 8 agree well with Fanger’s model, which is a function of convective heat transfer coefficient ℎ𝑐𝑐, 
and with Rohles equation. The latter is independent of ℎ𝑐𝑐 based on Equation (14). 

Users of 2001 Cafeteria likely experience some discomfort, due to the differences observed when the results 
are compared with the ASHRAE thermal sensation scale in Table 5 and the acceptable thermal environment 
classes for general comfort in Table 6. 

The difference between the PMV obtained with Fanger’s model and Rohles’ model are seen Figures 9 and 10 
to be within ±0.28 scale units for both positions considered. Rohles’ equation provides a nearly similar prediction 
of thermal sensation, providing a beneficial application for building design and thermal comfort analysis, due to 
its ease of use. Fanger’s comfort equation is however, too complicated to be solved via a simple, manual procedure, 
it nonetheless provides a detailed analysis that relates variables relevant to thermal sensation prediction. The 
characteristic curves in Figures 5a and 5b are consistent with the expected thermal sensation of the manikin and 
the temperature difference within the asymmetrical building environment. These curves can be written as follows. 
The convective heat transfer coefficient for the manikin at the centre of the domain ℎ𝑐𝑐,𝑐𝑐  can be expressed as 

ℎ𝑐𝑐,𝑐𝑐 = −17.16 ln𝑇𝑇𝑑𝑑 + 37.516 (15) 

and the convective heat transfer coefficient for the manikin located 1.8 m from the east wall hc,w as 

ℎ𝑐𝑐,𝑤𝑤 = −14.09 ln𝑇𝑇𝑑𝑑 + 30.549 (16) 

 
Figure 5.  Convective heat transfer coefficient values and correlation for manikin at center of the domain 

 
Figure 6.  Convective heat transfer coefficient values and model correlation for manikin located 1.8 m from 
wall 
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Here,  

𝑇𝑇𝑑𝑑 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑒𝑒𝑒𝑒 (17) 

With Equation (16) developed here, Fanger’s model takes on the following form: 

𝑃𝑃𝑀𝑀𝜌𝜌 = (0.028 + 0.3033 exp(−0.036𝑀𝑀))�(𝑀𝑀 −𝑊𝑊) − 3.05(5.73 − 0.00699(𝑀𝑀 −𝑊𝑊) − 𝑃𝑃𝑎𝑎)
− 0.42�(𝑀𝑀 −𝑊𝑊) − 58.15� − 0.0173𝑀𝑀(5.87 − 𝑃𝑃𝑎𝑎)
− 0.0014𝑀𝑀�34 − 𝑇𝑇𝑎𝑎 − 3.9610−8𝐹𝐹𝑐𝑐𝑐𝑐((𝑇𝑇𝑐𝑐𝑐𝑐 + 273)4 − (𝑇𝑇𝑟𝑟 + 273)4)
− 𝐹𝐹𝑐𝑐𝑐𝑐[−14.09 ln(𝑇𝑇𝑑𝑑) + 30.549](𝑇𝑇𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑎𝑎)�� 

(18) 

Figures 8 and 9 show that the expression for PMV developed here (see Equation (23)) has a deviation of less 
than ±0.248 scale units from the results obtained with Fanger’s PMV expression (Equation (12)). However, the 
deviation declines to less than ±0.15 for the two positions considered when the result of the developed model is 
compared with Rohles model, suggesting that the model developed here reasonably accurately describe the thermal 
sensation of the domain.  

 
Figure 7.  Predicted mean vote for manikin located at center of domain 

 
Figure 8.  Predicted mean vote for manikin located 1.8 m from wall 
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Elsewhere (Ogedengbe et al., 2013), the Eatery hall of the university is shown to produces 245 kg/day of food 
waste while other shops within the complex generate 75 kg/day of food waste. Mansour (2010) estimates that 10 
kg of kitchen waste produces 1.5 m3 of biogas which consists of 1 m3 of methane. It is therefore estimated that 
200 m3 of methane can be generated monthly from the 2001 Cafeteria Complex.  Such activity may emit heat and 
affect thermal comfort. 

Table 7 lists for various compartments in the cafeteria building several thermophysical properties: orientation, 
area, thickness, thermal conductivity 𝑘𝑘. The cafeteria building compartments include the following: Hommies 
bakery, Unilag Water, Husky Food, Eatery Hall, Wisdom Café, Pinto Lounge, Oriental Cuisine, PMG Café, PMG 
Supermarket and PMG Food. A comprehensive audit over a two-week period of the compartments shows that 
each has unique environmental characteristics, and thus has specific human comfort concerns, in terms of 
measured indoor temperature, relative humidity, occupancy and CO2 concentration. Figure 11 illustrates 
characteristics for the Eatery Hall. 

Table 6.  Three Classes of Acceptable Thermal Environment for General Comfort* 
Comfort class PPD PMV 

A <6 –0.2 < PMV < 0.2 
B <10 –0.5 < PMV < 0.5 
C <15 –0.7 < PMV < 0.7 

* Based on definitions in (ASHRAE, 1997). 
 

 
Figure 9.  Predicted mean vote for a manikin at the centre of the domain 
 

 
Figure 10.  Predicted mean vote for a manikin located 1.8 m from the wall 
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Table 7.  Thermophysical Properties of 2001 Cafeteria Compartments 
Element Orientation Area (m2) Thickness (m) Thermal conductivity, k (W/m K) 
Hommies bakery 

Wall 
N 61.50 0.500 1.63 
E 30.30   
W 25.15   

Door E 5.15 0.025 1.16 
Unilag  Water 

Wall E 116.17 0.500 1.63 
W 121.14   

Door E 4.970  1.16 
Husky Foods 

Wall 
S 59.72 0.500 1.63 
E 30.30   
W 25.15   

Door S 1.78 0.025 1.16 
E 5.15   

Eatery Hall 
Roof  801.83  1.40 

Wall 
S 128.99 0.500 1.63 
W 128.87   
E 122.87   

Door E 6.344 0.025 1.16 

Window  21.40 0.001 6.00 
 21.40   

Wisdom Café 
Roof  208.44  1.40 

Wall W 48.96 0.500 1.63 
E 44.49   

Door E 4.47 0.025 1.16 

Window W 8.56 0.001 6.00 
 8.56   

Pinto Lounge 
Roof  104.02  1.40 

Wall W 24.46 0.5 1.63 
E 19.99   

Door E 4.47 0.025 1.16 

Window W 4.28 0.001 6.00 
E 4.28   

Oriental Cuisine 
Roof  104.02  1.40 

Wall W 24.46 0.5 1.63 
E 19.99   

Door E 4.47 0.025 1.16 

Window W 4.28 0.001 6.00 
E 4.28   

PMG Supermarket 
Roof   104.02  1.40 

Wall 
N 112.78 0.5 1.63 
W 24.46   
E 24.46   

Window W 4.28 0.001 6.00 
E 4.28   

PMG Food 
Roof  104.02  1.40 

Wall W 24.46 0.500 1.63 
E 21.23   

Door E 3.23 0.025 1.16 

Window W 4.28 0.001 6.00 
E 4.28   

PMG Café 
Roof  104.02  1.40 

Wall W 24.46 0.500 1.63 
E 21.23   

Door E 3.23 0.025 1.16 

Window W 4.28 0.001 6.00 
E 4.28   
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CONCLUSIONS  

Information that can assist efforts to balance comfort and energy use in residential, institutional and commercial 
buildings, as part of efforts to make them more sustainable, has been attained using a thermal comfort model 
coupled with a computational fluid dynamic approach. A finite volume formulation of the building envelope is 
used for simulation of the asymmetrical environment, and the CFD-predicted asymmetrical environment predicts 
the heat transfer between body segments and the environment, therebycoupling with the thermal sensation model. 
The developed tool assists with demand side management for building energy services. However, it is hoped that 
in the long run practical and reliable predictions of heat transfer between the body and the environment can be 
obtained with CFD methods, and fed back directly to the human body thermal regulation model, so that the 
thermal sensation and comfort of different body parts can be evaluated more accurately. This knowledge can 
significantly help efforts to develop sustainable buildings. The approach used here can be used for prediction of 
thermal sensation in tropical regions like Nigeria. However, thermal comfort can be assessed at a more 
individualized level under complex thermal environments encountered daily where local effects play an important 
role. The proposed model assists in the design of adaptive building envelopes for thermal comfort without 
increases in cooling load, directly enhancing building sustainability.  

NOMENCLATURE 

𝐴𝐴  Area (m2) 
𝐶𝐶𝑝𝑝  Specific heat capacity (J kg-1 K-1) 
𝐹𝐹𝑐𝑐𝑐𝑐   Clothing area factor (dimensionless) 
ℎ𝑐𝑐   Convective heat transfer coefficient (W m-2 K-1) 
𝐼𝐼𝑐𝑐𝑐𝑐   Thermal insulation of clothing (clo) 
𝑘𝑘  Thermal conductivity (W m-1 K-1) 
𝜋𝜋𝑖𝑖   Length of body segment (m) 
�̇�𝑚  Mass flow rate (kg s-1) 
𝛭𝛭  Metabolic rate (Met) 
𝑃𝑃𝑎𝑎   Water vapor pressure (kPa) 
𝑄𝑄𝑖𝑖   Convective unit heat emission rate of body segment (W m-2) 
𝑄𝑄  Total unit heat transfer rate (W m-2) 
𝜋𝜋𝑎𝑎    Radius of artery in body segment (m) 

 
Figure 11.  Vartiations with day of PPD, PMV, indoor relative humidity (RH), temperature, occupancy and 
CO2 concentration for Eatery Hall 
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𝜋𝜋𝑣𝑣   Radius of vein in body segment (m) 
𝑅𝑅𝑐𝑐𝑐𝑐    Thermal resistance of clothing (clo) 
�̇�𝑆  Volumetric heat generation rate (source term) (W m-3) 
𝑆𝑆𝑎𝑎,𝑣𝑣   Surface area of artery and vein of body segment (m2)  
𝜕𝜕𝑖𝑖   Insulation thickness (m) 
𝑇𝑇  Temperature (K) 
𝑇𝑇𝑐𝑐𝑐𝑐   Clothing surface temperature (K) 
𝑇𝑇𝑎𝑎  Air temperature (K) 
𝑇𝑇𝑟𝑟   Mean radiant temperature (K) 
𝑇𝑇𝑒𝑒𝑒𝑒  Equivalent temperature (K) 
𝑇𝑇𝑑𝑑  Difference in temperature between skin surface and surroundings (K) 
𝜌𝜌  Velocity component in x direction (m s-1) 
𝜌𝜌  Velocity component in y direction (m s-1) 
𝑊𝑊  External mechanical work (W m-2) 
𝛤𝛤  Diffusion coefficient 
∆  Increment 
𝜕𝜕  Partial differential 
∇   Grad 
𝜇𝜇  Dynamic viscosity (Pa s) 
𝜌𝜌  Density (kg m-3) 
𝜙𝜙  Transport scalar variable 
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