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This research presents a study on the heat transfer coefficient for an unglazed solar plate collector in an unsteady humid outdoor
environment. The purpose for undertaking this research is to investigate the correlation between the heat transfer coefficient and
air speed and also verify whether heat transfer from unglazed solar thermal collectors under outdoor conditions can be
experimentally determined using a particular mathematical relationship for different locations. In estimating the heat transfer
coefficient for an unglazed solar plate in an unsteady humid outdoor condition, an experiment was held using an outdoor
setup that measured temperatures, wind speeds, and solar radiations from 11:00 A.M. to 2:00 P.M. The solar plate collector
was placed on a flat bed of height 2.2m and a collection area of 0743m2. An average temperature of 45°C was recorded for a
mild steel plate collector which was initially exposed to an ambient temperature which ranges from 25°C to 32°C. The
interfacial temperature between the plate and an asbestos board ranges from 42°C to 52°C, and that of the asbestos and a
plywood is 40°C to 46°C. The specific heat capacity of the mild steel plate and the asbestos board used for the construction of
the experimental setup are 25.00 kJ/kg and 950.00 kJ/kg, respectively, while the thermal conductivity of these materials is
0.46W/m·K and 0.25W/m·K, respectively. The novelty of this work is the use of such a study to generate empirical equations
for Ghana and to produce representative equations for determining the heat transfer coefficient for solar plate collectors in
unsteady humid outdoor conditions in West Africa. This work is expected to contribute data alongside similar works done for
different areas to help propose empirical equations for estimating global and not site-specific heat transfer coefficients.

1. Introduction

Solar thermal systems such as solar crop dryers, solar thermal
cookers, and water and air heaters make use of collectors.
Solar collectors are heat exchangers that change solar radia-
tion into the internal heat of transport media in solar thermal
systems for practical and useful purposes. However, recent
studies including this one have established that unglazed
solar thermal systems experience wind-induced convective
heat transfer losses due to their external exposures to their
immediate surroundings [1, 2].

Topmost surface heat loss and heat exchange with adja-
cent fluids influence the overall thermal performance of
solar collector systems. The importance of studying this
wind-induced convective heat loss that occurs in unglazed

solar thermal systems is that it has a direct effect on the ther-
mal efficiency of solar collector systems [3, 4]. The heat trans-
fer coefficient hw is a parameter influenced by the convection
wind speed [5]. This parameter again has useful applications
especially for wind-induced solar collectors especially those
mounted in natural buoyant environments, hence the need
to select appropriate geographical factors [2, 6, 7].

The value of hw is dependent on the rate of flow of air
(wind speed) and the nature of flow which can either be lam-
inar or turbulent indicating the stability or instability of air
flow. Laminar flow of air occurs in normal environments
where the air movement is considered to be natural and is
not influenced by either mechanical devices or obstacles while
turbulent flow mostly occurs under artificial conditions where
air is moved by mechanical systems like a fan and blower [8].
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The concept of hw for heat loss estimation is accepted
and applied worldwide although consensus has not yet been
reached on a standard equation or model for its accurate
determination. Because of this, several authors have pro-
posed different empirical equations for specific geographical
locations and not on a global scale. This is one of the reasons
why the researchers of this work deemed it very necessary to
propose an empirical equation for determining the heat
transfer coefficient of an unglazed solar collector plate for
an unsteady humid outdoor condition in Ghana, a West
African country in the sub-Saharan region.

The novelty of this work is the use of an experiment to
develop convective heat transfer coefficients for Ghana and
to produce representative equations for determining the heat
transfer coefficient for solar plate collectors in unsteady
humid outdoor conditions in West Africa. This work
intends to contribute data alongside similar works done for
different areas or regions with the aim of developing empir-
ical equations that can be combined to generate standard
equations for determining global and not site-specific heat
transfer coefficients in the future.

The volume of work done in this area of research is an
indication of how relevant, interesting, and broad this study
area is. It is for this reason that this paper has been produced
to reveal another area of interest in solar technology experi-
ments. This study specifically estimates the heat transfer
coefficient of an unglazed solar plate for unsteady humid
outdoor condition; and introduces and as well makes signif-
icant contribution in this area of research. This paper comes
after numerous previous works including the work done by
[5, 9, 10] which established a functional convective heat
transfer model, hw, for the interaction between heated sur-
faces and the ambient air when it comes to the estimation
of heat loss by convection.

[5] conducted an experiment with two different layered
materials between a top aluminium plate and a bottom ther-
mocole slab (insulator) to determine the heat transfer coeffi-
cient as the sun races through the arranged materials.
During the experiment, values were taken at a time interval
of 1 s for two years on a 925mm × 865mm × 2mm alumin-
ium plate. The values were taken during the hours of stable
sunshine which happened to be from 12:00 noon to 1:00
P.M. The measurement of these values was done each day
from February through March to May. The recorded values
were averaged over 10 minutes to reduce the data points,
computational time, and cost. A plot of 260 data points of
heat transfer coefficients hw and wind speed V gave linear
and exponential regressions with an uncertainty value of
7.5% due to experimental instrumentation errors. The
regression coefficient for these equations is 0.78. In the
experiment, asbestos and glass wool slabs were used to
retard the flow of the heat received by the aluminium plate
to untargeted bodies. The results from the linear regression
were then compared with those obtained by [3, 4, 10–12]
and the analytical equation [13]. The comparison of the
results turned out that the results obtained by the use of
wind tunnel studio setups (controlled environment)
designed by [11, 12] and the analytical equation [13] had
lower values of the heat transfer coefficient as compared to

that of the outside experimental setups employed by [4,
10]. In the cases where the hw values obtained from indoor
studios were higher than outdoor setups as presented by
[3], this situation can be attributed to the use of artificial
devices such as industrial fans which create swirls around
the borders of the plates. Swirls create turbulent regions that
are very convective with a less developed flow profile. The
comparison also satisfies the relation proposed by [9]
between the hw and characteristic length, L, for the collector.
The usual high values obtained for the outdoor setup exper-
iments are as a result of the unsteady and unidirectional
nature of the wind which cannot be predicted by indoor stu-
dio experiments.

[9] also conducted an experiment to investigate the
influence of size on heat transfer coefficient, hw, in an out-
door setup. The setup was mounted on a roof top at the Cen-
tre for Energy Studies, CES workshop of IIT Delhi. Three
setups were used for the experiment; small, medium, and
big plates were investigated. The dimensions were 925mm
× 865mm × 2mm, 500mm × 865mm × 2mm, and 250
mm × 865mm × 2mm for big, medium, and small plates,
respectively. The recorded parameters were taken for every
second and averaged over a 10-minute interval in a daily
duration of one and a half hours so as to reduce the data
points, time, and cost of computation. The setup was made
of an unglazed dull painted aluminium plate, 3mm thick
asbestos, 50mm thick fibre glass wool slab, and 45mm thick
thermocole slab fixed at the bottom to prevent heat loss. The
readings were taken when the plates’ conditions were stable.
The linear regressions for the setups were compared sepa-
rately to establish the dependence of size on the heat transfer
coefficient. One of the comparisons done by the study was
between the big and medium plates, and another provided
a comparison between the big and small plates. The compar-
ison revealed the need for normalisation when the sizes of
the plates are not the same; hence, normalisation relations
were employed. However, this research also compared the
heat transfer coefficient relation (linear regression) with
other indoor and outdoor setup relations. Before the com-
parison, the sizes were normalised using the proposed nor-
malisation relation. The model adopted by this study was
compared with [3, 4, 11, 12], and its results were the same
as those of [5].

[10] also did an experiment over a roof top to estimate
the heat transfer coefficient. The studio was placed outside
with layered construction materials held together in a
wooden case. The first layer is a 2mm aluminium sheet with
a 1:81m × 0:89m area painted matt black to increase its
absorptivity to 0.97 with an emissivity of 0.90. In the exper-
iment, a heating element was provided beneath the alumin-
ium plate with a thickness of 2mm. The bottom was
enclosed with an aluminium foil to reflect heat toward the
aluminium plate. The whole layer was then covered below
with a 100mm thick polystyrene insulator. The linear
regression correlation between the hw and V developed
was compared with a convection heat loss algorithm created
by Jurges documented by [11] and also compared with the
works of [14] and with Test et al.’s experiment [4]. The
result showed a great relation especially with the values
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obtained by [4]. The lower values of the other two models
[11, 14] are as a result of the stable nature of the prevailing
surrounding conditions. This can also be attributed to the
presence of developed flow profiles.

This research has established the need to develop a heat
transfer coefficient empirical model for each and every geo-
graphical area since both analytical and numerical models
launched by several authors could not eliminate or erode
the infringements in the estimation of the heat transfer coef-
ficient. This deficiency is investigated by this study, and the
authors of this research really recommend the comprehen-
sive investigation of this phenomenon by future studies. It
has also been established by this study that a seemingly sim-
ilar equation was used by previous works to estimate the
heat transfer coefficient in outdoor conditions even though
outdoor heat transfer coefficients are site-specific. For this
reason, this study is proposing the use of different appropri-
ate models for determining heat transfer coefficients for
Ghana specifically Sunyani as the performance of thermal
systems depends on local conditions such as solar irradia-
tion, rainfall, and localized wind-induced convection.

2. Materials and Methods

This section talks about the experimental setup, validated
data, and the development of a model as well as comparing
the developed model to previous works.

2.1. Heat Transfer Models. There are several linear regres-
sions introduced in Introduction which are used as a bench-
mark for validating data and comparing the model produced
by this research. The models are represented in Table 1 and
the environment in which they were performed. The differ-
ences in these models are due to the prevailing experimental
conditions. These models are normalised to make it compa-
rable to the new model produced by this study as stated in
Introduction.

2.2. Method. This section describes the experimental setup
used to evaluate the heat transfer coefficient for a horizontal
flat plate solar collector under environmental conditions in
the University of Energy and Natural Resources, Sunyani
campus. The experimental setup involves three major mate-
rials, namely, mild steel plate, asbestos board, and plywood.
The arrangement is shown in Figure 1. The mild steel plate is
of a thickness of 0.1 cm whereas the asbestos board is pro-
duced to a thickness of 2 cm. The plywood (100 cm thick)
was used to insulate the whole setup (61 cm × 122 cm) to
prevent heat loss into the environment through the sides
and the base of the experimental setup. The mild steel plate
at the top is meant to allow heat transfer through conduction
and convection only. The interfacial connection between the
plate and the asbestos and also between the asbestos and ply-
wood was made air tight by creating the asbestos board with
a liquid-phase asbestos paste, thus ensuring the necessary
flow of the asbestos paste in filling the unfilled cavities in
the layered board used for the experiment. The use of the
liquid-phase asbestos paste is intended to eliminate the
interfacial resistance to heat transfer due to air gaps at the

two interfacial planes (mild steel and asbestos and asbestos
and plywood).

The experiment was performed from March to August,
2020, in Sunyani, the regional capital of the Bono Region
of Ghana. The period for this research begins from the hot-
test month and spans the most raining months (April-July)
established in Ghana to August thus exposing this experi-
ment to a considerable amount of humidity. To avoid the
possibility of introducing errors in the findings of this exper-
iment as a result of rains, it was only held on days when
there was no rain and the sunshine was relatively high.
The outside experiment was performed from 11:00 A.M. to
2:00 P.M. each day when the solar radiation was stable and
at its maximum or peak value in Ghana. The mild steel plate
was held horizontally on a 7 ft (about 2.2m) high horizontal
board platform in an open space. The mild steel plate in the
experimental setup was illuminated with solar radiation. The
solar energy is intercepted by the mild steel plate which gets
hot and consequently transfers its heat into the asbestos
through conduction at a very low rate. In this experiment,
it is assumed that there is no heat generation and the ply-
wood thermally insulates the setup from heat loss and acts
as a boundary for the experiment at both the sides and the
bottom. The metal plate acts as a special heat exchanger,
with a little of its sensible heat conducted into the asbestos
material and the rest of the heat transferred to the environ-
ment by convection.

To estimate the amount of heat transferred into the con-
vective atmosphere, an energy balance is applied across the
system (Figure 1). Figure 1(a) is the schematic diagram of
the experimental setup while Figure 1(b) shows the plate
geometry whose heat transfer coefficient is to be determined
under outdoor conditions. Figure 1(c) depicts the pictorial
view of the setup. The temperatures are taken between the
interfacial boundaries (i.e., mild steel metal and asbestos
and asbestos and plywood). They are denoted by Tasb,i and
Tasb,f, respectively. These quantities were measured for every
minute spanning a daily period of 3 hours for four months
under natural outdoor wind speeds. The specific heat capac-
ity properties of the mild steel plate and asbestos board used
for the construction of the experimental setup are
25.00 kJ/kg and 950.00 kJ/kg, respectively, while the thermal
conductivity of the same materials is 0.46W/m·K and
0.25W/m·K, respectively.

2.3. Energy Balance for Estimating the Heat Transfer
Coefficient. Using the experimental setup shown in

Table 1: Models developed by previous works.

S/
N

Model Reference
Setup/
studio

1 hw = 5:7 + 3:8Vw Vw ≤ 5m/s [11] Indoor

2 hw = 2:8 + 3Vw Vw ≤ 5m/s [12] Indoor

3 hw = 8:55 + 2:56Vw Vw ≤ 5m/s [4] Outdoor

4 hw = 10:03 + 4:687Vw Vw ≤ 5m/s [3] Indoor

5 hw = 6:5 + 3:3Vw Vw ≤ 6m/s [10] Outdoor
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Figure 1, the amount of energy absorbed from the heat
source by the plate is expressed in Equation (1). The heat
released by the sun is the algebraic sum of the heat
absorbed by the plate, heat radiated from the plate surface
to the sky, heat conducted by the asbestos material, and

the heat transferred from the plate to the environment
through convection:

_Qin′′ = _Qcondlos′′ + _Qradlos′′ + _Qabplate′′ + _Qconvlos′′ , ð1Þ
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Figure 1: Solar Flat Plate construction showing its various components: (a) sectional view, (b) orthogonal view, and (c) pictorial view
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where _Qin′′ is the rate of heat absorbed by the metal plate,
_Qcondlos′′ is the rate of heat conducted by asbestos, _Qconvlos′′
is the rate of heat transferred by the plate through convec-
tion, _Qradlos′′ is the rate of heat radiated by the metal plate,
and _Qabplate′′ is the rate of sensible heat absorbed to raise
the temperature of the metal plate; all these quantities
are measured per unit area.

The incident thermal energy absorbed by the mild steel
plate is given by

_Qin′′ = αpI, ð2Þ

where αp is the volumetric property of the mild steel plate
(i.e., absorptivity, a dimensionless quantity) and I is the radi-
ation intensity and is given in W/m2.

The amount of heat conducted from the mild steel plate
to the asbestos board is given by

_Qcondloss′′ =masbcpasb
dTasb
dt

+ kasb Tasb,i − Tasb,fð Þ
dxð Þ ,

dTasb = Tasb,i − Tasb,f ,
Tasb,i = Tp,

dtð Þ = time interval,

ð3Þ

where the terms on the right-hand side of Equation (3) stand
for heat stored and conducted by the asbestos, respectively.

Considering that the metal plate is enveloped by a large
surface (i.e., the sky), the radiative heat transfer is given as

_Qradlos′′ = σεp T4
p − T4

sky

� �
, ð4Þ

where Tp and Tsky represent the temperature of the plate
and sky, respectively. Since the temperature of the sky can-
not be directly measured by the study, it is estimated using

Tsky = 0:05552T1:5
amb: ð5Þ

The amount of sensible heat absorbed by the mild steel
plate to raise its temperature is given by

_Qabplate′′ =mpcp
dTp
dt

+
kp Tp − Tasb,i
� �

dxð Þ : ð6Þ

The convective heat transfer into the atmosphere can be
estimated using

_Qconvlos′′ = hw Tp − Tamb
� �

: ð7Þ

When Equations (2) through (3) to (7) are combined to
yield Equation (8), hw can then be derived.

hw =
αpI − A + B + Cð Þ� �

Tp − Tamb
� � : ð8Þ

The relations for the constants in Equation (8) are given in

A =masbcp,asb
dTasb
dt

+ kasb Tasb,i − Tasb,fð Þ
tð Þ ,

B = σεp T4
p − T4

sky

� �
,

C =mpcp
dTp
dt

+
kp Tp − Tasb,i
� �

dxð Þ :

ð9Þ

2.4. Uncertainty Analysis. Estimation of uncertainty from the
measurement of hw values during the experiment can be cal-
culated from Equations (10) through (11) to (12):

hw =
_Qin′′ − _Qcondlos′′ + _Qradlos′′ + _Qabplate′′

Tp − Tamb
� �

 !
, ð10Þ

Whw
= hw

∂hw
_∂Qin′′

w _Qin

hw

 !2

+ ∂hw
∂ _Qabplate′′

w _Qabplate

hw

 !2(

+ ∂hw
∂ _Qcondlos′′

w _Qcondlos

hw

 !2

+ ∂hw
∂ _Qradlos′′

w _Qradlos

hw

 !2

+ ∂hw
∂Tp

wTp

hw

 !2

+ ∂hw
∂Tamb

wTamb

hw

� 	2
)1/2

,

ð11Þ

∂hw
_∂Qin′′

= −
∂hw

∂ _Qabplate′′ = ∂hw
∂ _Qcondlos′′ = ∂hw

∂ _Qradlos′′ = 1
Tp − Tamb
� � ,

ð12Þ
∂hw
∂Tp

= −
αpI − A + B + Cð Þ

Tp − Tamb
� �2 , ð13Þ

∂hw
∂Tamb

=
αpI − A + B + Cð Þ

Tp − Tamb
� �2 , ð14Þ

where w _Qin
, w _Qabplate

, w _Qcondlos
, w _Qradlos

, wTp
, wTa

are errors in _Qin′′ ,
_Qabplate′′ , _Qcondlos′′ , _Qradlos′′ , Tp, and Ta, respectively, according to
the order in which these notations are presented.

The error in the estimation of w _Qin
emanates from the

measurement of two variables (absorptivity αp and the irra-
diation I of the plate) in which only the measurement of I is
found to be varying (αp is constant) in this case. It can be
estimated from

w _Qin
= _Qin′′

_∂Qin ′′
∂I

wI

_Qin ′′

 !2( )1/2

, ð15aÞ

w _Qin
= _Qin′′

wI

I

� �
, ð15bÞ

where wI represents the accuracy in measuring solar radia-
tion. Its value is taken to be equal to 2.5% of the total solar
irradiation I as suggested by [5].
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Similarly, the errors in heat absorbed and conducted in
the mild steel plate are obtained from

w _Qabplate
= _Qabplate′′ wthick

thick
� �2

+
wTp2

Tp2 − Tp1

 !2(

+
−wTp1

Tp2 − Tp1

 !2

+ wdt

dt

� �2)1/2

,

ð15cÞ

w _Qcondlos
= _Qcondloss′′ wkasb

kasb

� 	2
+

wTasb,i

Tasb,i − Tasb,f

� 	2
(

+
−wTasb,f

Tasb,i − Tasb,f

� 	2
+

wthickasb
thickasb

� 	2
+

w _Qsð Þasb′′
_Qcondloss′′

 !2

+ wdt

dt

� �2
1/2
,

ð15dÞ
where w _ðQsÞasb′′ represents uncertainties/errors in the measure-

ment of the heat energy stored in the asbestos per unit time
and area.

The error involved in the radiation is also expressed in

w _Qradlos
= _Qradlos′′

wTp
:4T3

p

T4
p − 0:05524T6

a

� �h i
0
@

1
A

28<
:

+
−wTa

: 0:05524:6T5
a

� �
T4
p − 0:05524T6

a

� �h i
0
@

1
A

29=
;

1/2

,

ð15eÞ

where wthick , (wTp2
, wTp1

, wTp
), wt , wkasb

, wthickasb , and wTamb

represent the errors in measuring metal plate thickness,
metal plate temperatures, time interval, asbestos conduction
coefficient, asbestos thickness, and ambient temperature
(according to the order of the measurement errors given
above).

The errors found in the experiment are listed in Table 2.

3. Results and Discussion

The results obtained from the experiment conducted by this
study are discussed here. The discussion was done based on
both pictorial and numerical results which portrayed the
trends observed in the experiment.

3.1. Weather and Experimental Conditions. The period used
for the experiment spanned March to August, and in Ghana,
it is the period when the rain begins to fall with consistency
(the month of March) and when the frequency of the annual
rainfall begins to dwindle for most of the year (the month of
August) as established by the climatic data of Ghana (cour-
tesy of Ghana Meteorological Authority). The months of
April through May to July were the most humid months of
the period used for this study; thus, the weather condition
for this experiment can be described as rainy and humid.

Since the experiment was done outdoor, the weather condi-
tions were the same for the experiment. However, in terms
of the physical conditions created by the experimental setup,
the fluid flow condition for the experiment can be said to be
transition flow due to the relatively low and the large inter-
mittent air speeds created by the surrounding trees at the site
and the obstruction caused by the experimental setup itself.

3.2. Thermal Analysis and Heat Transfer Coefficient. The
heat transfer terms were calculated using the average values
measured in every 10 minutes. Figure 2 shows that the radi-
ation received by the mild steel plate is almost stable. The
slight variation in the radiation intensity can be attributed
to the attenuation of the solar radiation. To reduce this
effect, the experiment was planned and held during a period
when the sun peaks in most parts of Ghana. The sun peak
hours in which this experiment was conducted start from
11:00 A.M. and end at 2:00 P.M. The temperature variations
for the mild steel plate/asbestos and asbestos/plywood inter-
faces are shown in Figure 3.

From Figure 3(a), the mild steel plate temperature and
the interfacial plate/asbestos temperature curves coincide.
These temperature-time curves are seen as the first curve
on top of Figure 3(a). This phenomenon can be explained
by the fact that the plate is very thin (0.1 cm) and has a very
good conductive coefficient which does not create room for
any heat storage.

It is assumed that the particles of the mild steel plate
transfer its thermal energy to adjacent molecules as quickly
as possible without any initial storage of heat before permit-
ting transfer of heat from the molecules closer to the heat
source to those farther away from the source of heat and
other bodies. The second temperature curve from the top
as obtained from the interfacial asbestos/plywood shows that
there is resistance to the flow of heat through the asbestos
board. This resistance to heat transfer offered by the asbestos
creates difference in temperature or heat gradients. The fall
in the initial values of the mild steel plate and the two inter-
facial temperatures is due to sensible heating of the asbestos
board. The temperature curves are all seen to rise with time
because the heating of the asbestos board by the sun was not
obstructed in the experiment or the setup was allowed to
receive incremental heat for the whole span of the
experiment.

The mild steel plate surface was treated with a matt black
paint to increase its absorptivity. This treatment positively
affected the amount of heat absorbed by the plate as it
absorbed more heat from the incident radiation.

The last or the third curve from the top (also in
Figure 3(a)) represents the ambient temperature which was
found to be the lowest recorded temperature in the
experiment.

Figure 3(b) shows the heat transfer mechanisms, i.e., the
heat absorbed by plate, the heat conducted, and the heat
radiated as discussed in Method.

The uppermost curve represents the incident solar radi-
ation on the plate and is followed by the heat absorbed by
the plate. The difference in the two curves is due to the
nature of the surface. A reflective or mirror surface reflects
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a large amount of the heat radiation while a matt black or
dull surface absorbs more. The mild steel plate with a matt
black surface had an absorptivity of 0.9 making it to
approach a black body surface, thus absorbing a relatively
maximum amount of the incident radiation. Another nota-
ble thing is the flow; i.e., there is no time lag between the
two. The heat released to the asbestos by the mild steel plate
is made possible by conduction. This thermal energy is
transferred to the asbestos board as a sensible heat by
increasing its temperature. The third curve shows the heat
flux through the asbestos board. The heat flux curve is seen
falling suddenly at the beginning, and this is due to the sen-
sible heating that takes place before the heat flux through the
asbestos board begins. Immediately after the sensible heating
of the asbestos board, its temperature starts to rise and this
can be seen in Figure 3(b). The last two curves show the heat
flux radiated by plate and the heat that caused the sensible
heating of the mild steel plate, respectively. The small values
of these heat transfers are as a result of the surface treatment
and the thickness of the mild steel plate. The thermal con-
ductivity of asbestos, an insulator, is obviously lower than

that of a conductor (mild steel plate), hence the great differ-
ence in the heat flux through the plate and the asbestos.

The heat transfer coefficients were also estimated for
every minute from Equation (8). The heat transfer coeffi-
cients are dependent on the air speed. Higher air speed
results in higher heat transfer coefficient values whereas
lower values of air speed resulted in smaller coefficients.

The erratic changes in the air speeds affected the read-
ings obtained, and because of this, the heat transfer coeffi-
cient values were estimated with these effects in mind.
Astronomical temperature values above 60°C were occasion-
ally attained by the mild steel plate as a result of the winds
created by trees around the study area. The location is a for-
est zone with intermittent wind speeds that can go as high as
7m/s. From [4, 11, 12], the coefficients range from 0 to
30W/m2·K, and it provided some basis for the evaluation
of the heat transfer coefficient obtained by this study. During
the evaluation, values above 40W/m2·K were excluded from
the data and the rest were used for the analysis. 2% of the
values from 201 data points were masked out leaving only
197 data points which means that the values excluded did

Table 2: Instrumentation errors.

Quantity Symbol Error

Metal plate thickness wthick 1mm = 0:001m
Metal plate temperatures (wTp2

, wTp1
, wTp

), 0.1°C

Time wτ 1 s

Insulator conduction coefficient wkins 0.002W/m·K
Insulator thickness wthickins 1mm = 0:001m
Ambient temperature wTa 0.1°C
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Figure 2: Solar radiation on a plate (source: Authors, 2021).
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Figure 3: Plate heat flux performance (source: Authors, 2021).
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not really have an effect on the results. A plot of heat transfer
coefficients against air speed is shown in Figure 4. This figure
depicts linear (Figure 4(a)) and exponential regression
(Figure 4(b)) plots which were used to draw curves of the
best fit. For both cases, the regression R square values are
0.5344 and 0.4646 for linear and exponential regressions,
respectively. The small values show the difficulties involved
in predicting the heat transfer coefficient of heat transfer
on top of a mild steel plate in an unpredicted environment,
but actually it confirmed the values obtained by [3, 5]. The

values of R square are 0.56 and 0.78, respectively, for the
two works whose significance show the difficulties involved
in producing the best curve that describes the effect of
wind-induced coefficients.

The plotted points are more scattered and concentrated
at low air speed which means that the area is dominated
by small air speeds below 2m/s. From the graph, it can be
seen that larger wind speeds correspond to larger coefficients
and there is a positive relationship between the variables,
hence the positive gradient of the curve. The linear

y = 6.9613x + 5.2322
R² = 0.534
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Figure 4: Regression plots: (a) linear regression of heat transfer coefficient values for various air speeds and (b) exponential regression of
heat transfer coefficient values for various air speeds (source: Authors, 2021).
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regression of the points yielded Equation (16) whereas the
exponential regression yielded Equation (17).

hw = 6:9601V + 5:2311,
R2 = 0:534, ð16Þ

hw = 6:263e0:4607V ,
R2 = 0:4646:

ð17Þ

The linear regression had a better fitting than the expo-
nential regression; therefore, the linear regression (Equation
(16)) was used.

The positive gradient of 6.96 in the linear equation
shows that the margin of increment of the heat transfer coef-
ficient is larger as compared to values such as 5.7, 3.87, and
2.8 [5, 11, 12] which are mostly wind tunnel results. Values
like 8.55 and 6.5 from [4, 10], respectively, were obtained
from outdoor experimental setups. The peculiarity of the
high gradients for the outdoor experimental setups makes
them have higher coefficients over the indoor studios. One
notable observation is the intercept of 5.23 which shows that
there is always a possibility of heat transfer even at times
when there are no air flows/winds.

3.3. Error Estimation from Instrumentation. When instru-
ments are used to take measurements, there is the possibility
of reading errors due to instrument limitations in measure-
ment processes. To evaluate the extent of this error in the
actual values of this study, Equations (16) through (17) to
(18) were used to estimate the uncertainty introduced. An
average of 14% instrumentation error was recorded for the
measurements taken during this experiment. An error of
+14% is recommended for experiments whose processes
are mostly automated. From the errors, it happens that the
maximum error of uncertainty was recorded from the
amount of heat stored in the plate, and this can be attributed
to the difficulties in the measurement of the plate tempera-
ture as it loses heat to the surroundings under unpredictable
conditions.

3.4. Comparison of the Present Work with Previous Works.
The authors whose works were reviewed by this study all
used linear regressions for their experimental analysis that
is why the researchers of this study were motivated to choose
the regression method for this study. This decision informed
the authors of this paper to compare the difference between
the empirical equations obtained by this present work with
those obtained by previous works.

Complications occurred as a result of the different exper-
imental setups (indoor and outdoor setups as adopted by [4,
5, 10–12]). Some of the experiments were held in wind tun-
nels kept in studios while others were done outdoors. One
other factor which introduced some complications and for
that matter necessitated the comparison of this present work
to previous ones is the size of the plate. This particular com-
parison was done by normalising previous works with a rela-
tion provided by [9]. The relation is given in Equation (18)
which satisfies the present model and the model presented

by [9].

hwð Þb
hwð Þs

= Lb
Ls

� 	−0:2
, ð18Þ

where Lb and Ls are the characteristic length of the mild steel
plate, big and small, respectively.

For the sake of analysing the various curves of the
models displayed in Figure 5 (involving present and previ-
ous models), the average wind speed obtained by this
research (1.6m/s) was used as the reference speed for com-
parison of the various models. The models compared to this
study are those developed by [3–5, 10–12].

The presentation of the coefficients in ascending order is
as follows: [4, 5, 9–12], present work, and [3].

The order shows that wind tunnel models have lower
coefficient values while the outdoor setup models have larger
values.

The bottom curve [12] shows a great disparity in value as
compared to the rest. This phenomenon can be attributed to
the fact that disturbances from the surroundings were absent
in the experiment (wind tunnel). In indoor studio setups, the
experimental variables are completely held under quasi-
equilibrium conditions throughout the experiment espe-
cially in the case of convective air. In the case of outdoor
experimental setups, disturbances are felt and are unfortu-
nate and unpredictable. For example, trees around redirect
or shield the wind at the same time. This unpredictable wind
surges create whirls around the plates and consequently
increase the coefficient values and the temperature gradient
thus leading to greater heat transfer from the plate. It can
then be deduced from the values that lower disturbances cre-
ate small coefficients while bigger disturbances create larger
coefficients.

Another notable observation is that analytical equations
and wind tunnel setups are unable to model all the environ-
mental details including unsteady outside air flow condi-
tions, difference in levels of turbulence, and the
magnitudes and dynamics of air flow (wind). Normally, air
flow in wind tunnels and analytical experiments are mod-
elled under steady conditions while outdoor experiments
are modelled under unsteady and unidirectional conditions.
The unsteady nature of wind creates an unsteady boundary
layer over outdoor experiments leading to the large differ-
ence in values between the two regimes (outdoor and indoor
experiments).

The large differences in values recorded can also be
accounted for by the flow development around the borders
of the mild steel plate. The regime of flow development in
unsteady and turbulent outdoor environment is nonexistent
while that of the indoor experimental environment is par-
tially/fully developed. The flow profile of outdoor experi-
mental setups for heat transfer is usually undeveloped
because the R square values for outdoor heat transfer coeffi-
cients are most often small.

The change in the trend of the values of air speed for the
indoor studio as depicted by [3] is higher than that of the
outdoor values obtained by the same study (which is usually
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not the case) as well as this study. These values are as a result
of the larger industrial fan used for indoor experiments and
the scale of the experiment. Large fans create large swirls
around the plate which affect the development of the bound-
ary layer and the flow profile, hence the large heat transfer
coefficient values obtained by [3].

It can therefore be concluded that heat transfer coeffi-
cients for indoor experiments should not be used for out-
door experiments without adequate justification.

4. Conclusion

Solar thermal collectors are special heat exchangers that
absorb and transfer heat energy to other bodies. Bodies illumi-
nated by radiation absorb and transfer part of their absorbed
radiation through convection, conduction, and radiation. Sys-
tems exposed to outdoor environmental conditions undergo
heat transfer or thermal exchange as a result of wind-
induced convection. This heat exchange between the thermal
system and its environments leads to losses that have direct
influence on the performance or efficiency of the system.
The performance of thermal systems is normally represented
by its heat loss coefficient to simplify and combine the effect
of both radiation and convection modes of heat transfer.

One complicated phenomenon of heat transfer is the fact
that heat loss by combination of radiation and convection is
environmentally dependent. An empirical model was cre-
ated outdoor to establish a relation between hw and V . The

experimental parameters were measured at a time interval
of 1 second for five months and averaged every 10 minutes
from 11:00 A.M. to 2:00 P.M. in Sunyani, the regional capital
of the Bono Region of Ghana, when the daily solar radiation
was steady and stable. The heat transfer coefficient was esti-
mated, plotted against wind speeds, and compared with pre-
vious works. It was found out that the values of heat transfer
coefficients for outdoor experimental environments are
higher than the values obtained by other researchers who
used indoor studios, and this is due to conditions peculiar
to the surroundings of the outdoor experimental setups.
The conditions range from unsteady flow regimes and
absence of flow profiles to unidirectional flows. A linear
regression equation was used for the comparison because it
satisfies the following two conditions: it is the most widely
used model and it produces the highest R square value. From
the scatter diagram (Figure 4), it is also observed that most
of the points were scattered around low speeds with few
around medium speeds of 3 to 4m/s. It is established by this
study that a seemingly similar equation was used by previous
works to estimate the heat transfer coefficient in outdoor
conditions even though outdoor heat transfer coefficients
are site-specific. For this reason, this study is proposing the
use of different appropriate equations for determining heat
transfer coefficients for different locations as the perfor-
mance of thermal systems depends on local conditions such
as solar irradiation, rainfall, and localized wind-induced
convection.
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Figure 5: Comparison of previous models with the present model (source: Authors, 2021).
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Nomenclature

hw: Convective heat transfer coefficient (W/m2·K)
V : Air speed (m/s)
L: Characteristic length (m)
T : Temperature (°C)
I: Radiation intensity (W/m2)
m: Mass (kg)
c: Specific heat capacity (J/kg·K)
dt: Time interval (s)
_Q″: Rate of heat flux (W/m2)
dx: Length (m)
k: Conduction coefficient (W/m·K)
w: Error.

Greek Letters

α: Absorptivity
ε: Emissivity
σ: Stefan-Boltzmann constant (W/m2·K)
ρ: Density (kg/m3).

Subscripts

b: Big
s: Small
asb: Asbestos
i: Initial
f : Final
p: Plate
condlos: Heat loss by conduction
radlos: Heat loss by radiation
abplate: Absorber plate
convlos: Heat loss by convection
in: Inlet
sky: Sky
amb: Ambient
thick: Thickness of solid
1: Initial position for temperature on the plate
2: Final position for temperature on the plate.
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