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ABSTRACT: In office buildings, provision of thermal comfort for occupant’s high intellectual concentration,
efficiency and productivity is imperative. This study experimentally and numerically investigates the thermal
comfort performance of HDEC system equipped to an office building. The experiment was carried out in September,
October and November for 24 working days and the thermal comfort Predicted Mean Vote (PMV) index being the
objective function was determined using Centre for Built Environment thermal comfort tool. DesignBuilder CFD
simulation software was employed to numerically determine the PMV index of the test office using ASHRAE
Standard-55 thermal comfort range of PMV=+0.5. Minitab 19 software was used to validate the numerical results
against the experimental results. The Pearson correlation coefficient and the P-value at 95% confidence level were
0.717 and 0.00 respectively while the RMSE computed was 0.653 indicating a good agreement between the
numerical and the experimental results. Both PMV results indicate that the HDEC system is suitable for the provision
of thermal comfort in office buildings and any other similar building.
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The remarkable issues that frequently arise in building
structures are energy consumption, thermal comfort
and indoor air quality (Narguess and Arman, 2017;
Haslinda et al., 2019). About 40% of the global energy
is being consumed by the building sector and larger
proportion of this energy is used for the provision of
thermal comfort (Koranteng et al., 2015). Thermal
comfort is defined as the condition of mind that
expresses satisfaction with the thermal environment
(Arandara et al., 2010; ANSI/ASHRAE Standard-55,
2017). An office building is a space where organized
official activities are carried out. These official
activities can only be performed when office
occupants are thermally comfortable. Therefore, the
productivity, efficiency and intellectual concentration
of office occupants to a very large extent hinge on the
thermal comfort (De Vecchi et al., 2017; Kabrein et
al,, 2017). Thermal comfort in buildings can be
achieved through various means such as the use of
refrigeration-based air conditioning systems, natural
or forced ventilation systems, evaporative coolers, and
passive systems such as shading devices, thermal
mass, nocturnal thermal radiation, removable canvass
etc. (Calautit et al., 2020). The refrigeration-based air
conditioning systems, apart from consuming high
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energy, are characterized by poor indoor air quality
because of the recirculation of air with partial fresh air
replacement and also contribute significantly to global
warming (Kang and Strand, 2013). The office
occupants more often than not rely on ventilation
(natural or forced) system to achieve thermal comfort
by opening their windows. When the ambient wind
speed is still or low, natural ventilation cannot
effectively cool the space likewise when forced
ventilation is used, during the hot season when cooling
is needed most, the heat that emanates from the fan
motor and the heat generated due friction between the
fan blades and the air molecules add to the cooling
load of the office building (Cengel, 2002). Evaporative
coolers cool an occupied space adiabatically by
sensible and latent heat exchange between the
incoming air and the water vapour (Kulkarni and
Rajput, 2010). Inside occupied buildings, different
performance criteria have been developed for the
evaluation of thermal comfort. Among others are the
Adaptive Thermal Comfort (ATC), Predicted Mean
Vote (PMV), Predicted Percentage of Dissatisfied
(PPD), Standard Effective Temperature (SET), and
Corrected Effective Temperature (CET) (Haslinda et
al, 2019; ASHRAE Standard-55, 2010). With the


mailto:heldabuk@yahoo.com
https://www.ajol.info/index.php/jasem
http://ww.bioline.org.br/ja
mailto:heldabuk@yahoo.com
mailto:iarufai.mec@buk.edu.ng
mailto:heldabuk@yahoo.com
https://dx.doi.org/10.4314/jasem.v25i8.7

Numerical and Experimental Investigation of the Thermal Comfort.....

exception of PMV and PPD, most of the other methods
have limitations since they are dependent on specific
climatic conditions (Haslinda et al., 2019). Hence, the
PMV and the PPD are widely employed in assessing
the thermal comfort scenarios of occupied buildings.
The PMV is an index that is used to predict the mean
value of the votes of a large of persons on the seven
point scale of thermal sensation which ranges from -3
to +3 (ASHRAE Standard-55, 2010). The PPD is an
index that represents the percentage of persons that are
thermally dissatisfied with the condition of the
occupied space (Prakash and Ravikumar, 2015;
Barbara et al., 2014; Toby et al., 2019).

There are several methods used to examine the thermal
comfort scenario of occupied buildings. Some of these
techniques are analytical models, empirical models,
small-scale  experimental ~ models,  full-scale
experimental models, and computational fluid
dynamics (CFD) (Chen, 2009). Although the full-scale
experimental model is relatively expensive, it and
CFD give better and reliable results. Experimental and
CFD approaches have been used in many studies for
the investigation of indoor thermal comfort in
occupied buildings (Tao et al., 2011; Hussain, 2012;
Rajagopalan and Luther, 2013).

The objective of this article is to numerically and
experimentally investigate the thermal comfort of an
office building equipped with hybrid downdraft
evaporative cooler (HDEC) using predictive mean
vote (PMV) as the control performance criterion.

MATERIALS AND METHODS
Description of the study are: The characteristics of the
study area are presented in Table 1.

Table 1: Characteristics of the Case Study

Title Characteristics
Building type Office
Location Bayero University, Kano, Nigeria

Latitude: 12.05°N
Longitude: 8.53°E
Elevation: 481m above sea level

Number of floors 1

Floor height 3.0m
Occupancy (person/m?) 0068
Orientation North — South

Number of windows
Dimension of office

2 located on adjacent walls
4.0m long, 3.7m wide and 3.0m
high

Experimental Investigation of the Indoor Thermal
Comfort: The fabricated HDEC system was shown in
Figure 1(a) while the installed HDEC system to the
site office building at the Centre of Excellence of
Bayero University Kano was shown in Figure 1(b).
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Fig 1: HDEC and its Integration to the Office Building: (A)
HDEC System (B) Integrated HDEC-Office Building

Fig 2: Digital Vane Anemometers and Probe Airflow Meter: (A)
Digital vane anemometer (B) Digital probe airflow meter
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The experiment was conducted for the period of three
months from 30" September to 15" November 2020.
The readings were taken on hourly basis from 9:00am
to 4:00pm from Monday to Friday which represent the
normal official working period. The outdoor and
indoor dry bulb and wet bulb temperatures were
measured using hygrometers while the indoor air
velocity, HDEC exit air temperature and velocity as
well as the windcatcher inlet velocity were measured
using digital probe airflow meter shown in Figure 2(b).
The outdoor wind speed was measured at a point
adjacent to the windcatcher at the height of 6m above
the ground level using digital vane anemometer shown
in Figure 2(a).

The indoor condition of the test office was measured
at the centre of the room at the height of 1.1m above
the flow level as shown in Figure 3. This height
represents the shoulder of a seated person as
recommended by ASHRAE Standard-55, 2010.

Daily averages of the indoor experimental data: indoor
temperature(T;), indoor air velocity(V;), and indoor
relative humidity (RH;) were presented in Table 2. For
clothed person sitting and doing light work typical for
an academic office, an assumed metabolic rate (M) of
1.0 met and a clothing insulation of 0.5 clo were used
while the mean radiant temperature (T;,,,.) was taken
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to be equal to the indoor dry bulb temperature (7;.) as
recommended by ASHRAE Standard-55, 2010. These
six environmental and personal thermal comfort
parameters were uploaded into the CBE thermal
comfort tool shown in Figure 4 which is in compliance
with ASHRAE Standard-55 2013.

Fig 3 Indoor Condition Measured at 1.1m Height

Table 2: PMV of Average Indoor Experimental Data

Experimental  T; V; RH; Tonr M I PMV,
Day CO  (mfs) () (O  (mey) (clo)

1 2751 0024 7713 2751 100 050 087

2 2836 0055 8488 2836 100 050 1.29

3 2816 0024 8663 2816 100 050 1.23

4 20.81 0040 8488 2981 100 050 1.88

5 3101 0060 8050 31.01 100 050 2.30

6 28.08 0036 8388 2808 100 050 1.17

7 2621 0046 8225 2621 100 050 040

8 27.28 0048 8438 2728 100 050 085

9 27.98 0051 7600 2800 1.00 050 1.05

10 2865 0063 7663 2865 100 050 1.32

11 29.08 0030 7825 2908 100 050 151

12 2565 0044 7885 2565 100 050 0.14

13 2478 0023 7838 2468 100 050 -0.25
14 2401 0026 7700 2401 100 050 -0.53
15 2470 0016 7913 2470 100 050 -0.23
16 2536 0014 7650 2536 100 050 001

17 2496 0083 7463 2496 100 050 -0.17
18 2528 0020 7425 2515 100 050 -0.09
19 2476 0031 7425 2471 100 050 -0.27
20 2465 0035 7512 2465 100 050 -0.29
21 2411 0044 7750 2401 100 050 -0.52
22 2351 0040 7750 2399 100 050 -0.73
23 2367 0048 7613 2367 100 050 -0.95
24 2414 0051 7388 2402 100 050 -0.80

The Predicted Mean Vote (PMV,) of the test room was Numerical Investigation of the Indoor Thermal

then computed using the Centre for Built Environment
(CBE) thermal comfort tool (Federico et al., 2020).
The computed PMV, for the experimental days were
shown on the time series plot in Figure 5.

Comfort: In the base case simulation, both external
and internal CFD analyses were performed on the 3D
building model in Figure 6 while keeping the window-
to-wall ratio (WWR) constant.
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The HDEC exit air condition largely determines the
thermal condition of the test room. Therefore, the
experimental HDEC exit air temperature and flowrate
alongside the six PMV parameters were used as part
of the boundary conditions for the base case
simulation using the DesignBuilder CFD software.
The air velocities through the window opening during
the simulation runs were determined using external
CFD analysis. The CFD computational domain and
one of the external CFD simulations carried out are
shown in Figure 7. The velocities through the window
opening were used to compute the air flow rate in
(litres/second) which was used for the internal CFD
analysis.
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Fig 4. CBE Thermal Comfort Tool
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Fig 5 Average Daily Time Series Plot of PMV, Results

The simulated PMV, results were obtained using the
internal CFD analysis. The 3D contour plots of the
internal CFD analysis for the numerical determination
of the thermal comfort PMV; for the first simulation
run is shown in Figure 8 and the results for the whole
24 simulation runs are shown on the time series plot in
Figure 9.

Fig 6. 3D Integrated HDEC-Office Building Model
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Fig 7. External CFD Simulation of Integrated HDEC-Office
Building (A) CFD Computational Domain (B) CFD Simulation of
the Building Model
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Fig 8 3D Contour Plots of PMV, CFD Simulation Run 1
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Fig 9. Times Series Plot of PMV, Results for the 24 Simulation
Runs

Validation of the Numerical Results: The simulated
PMYV, values were validated against the experimental
PMYV, values using the statistical software package
Minitab 19. The results of this validation were
presented in Table 3 and the line of best fit is shown in
Figure 10.

Table 3: Pairwise Pearson Correlations for PMV Validation

Sample Correlation P-value
1 Simulated PMV,
2 Experimental PMV, 0.717 0.000
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Fig 10 Agreement Between Simulated and Experimental
PMV Results

RESULTS AND DISCUSSION

Figures 5 and 9 show that the PMV, and PMV, values
that fall within the ASHRAE recommended range for
thermal comfort on the scale of thermal sensation
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range from -0.29 to +0.40 and -0.46 to +0.13
respectively. These represent about 33.3% and 45.8%
respectively of the experimental days when thermal
comfort was achieved based on the recommended
ASHRAE Standard-55 thermal comfort range
from —0.5 < PMV < +0.5. Most of the experimental
days that fall outside the recommended comfort range
in this case had relatively higher relative humidity and
temperature. Temperatures and relative humidity
outside the recommended thermal comfort range
recorded during the experiment contributed
significantly to the PMV, values falling outside the
recommended thermal comfort range. This agreed
with ASHRAE Standard-55 (2010) and the reported
work of Zhibin et al. (2019) and Franceska et al.
(2013) who stated that in a natural ventilation setting,
air temperature ranges from 23°C to 27°C and relative
humidity ranges from 30% to 70% for thermal
comfort. It is worthwhile to note that HDEC system is
a direct evaporative cooling system that cools the
incoming outdoor air adiabatically. Hence, the higher
the wet bulb temperature, the higher the relative
humidity and therefore the less the cooling effect.
Furthermore, the high humidity level inside the test
room could partly be explained by the way the WWR
was kept constant throughout the experiment. In order
to mitigate moisture accumulation and at the same
time provide thermal comfort for the occupant of a
space equipped with the HDEC system, using
optimum window geometry is imperative. From Table
3, the P-value of the validation of the simulated results
against the experimental results was 0.00 while the
coefficient of correlation was 0.717. This means that
there is a significant correlation between the two
results at 95% confidence level. The RMSE was
computed to be 0.693 thereby confirming the
agreement  between the simulated and the
experimental results.

Conclusion: The thermal comfort of occupants in an
office building equipped with the HDEC system was
evaluated through numerical CFD simulation and field
testing. Field test data was employed to validate the
numerical modelling, showing good agreement
between the two methods. The investigation showed
that the HDEC system can improve the thermal
comfort of occupants in an office building or any other
building with similar architectural settings.
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