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Abstract: This work is an effort to investigate the thermal performance of a V-Corrugated Solar Air Heater (SAH),
which is intended for supplying heating to an office space having a floor area of 84 m?. Thermal performance
investigation has been carried out both theoretically and experimentally. V-Corrugated SAHs have not been
investigated for space heating in offices, hence this study aims to contribute by proposing and promoting them for this
purpose. The load of the office space has been evaluated by the Energy Plus building simulation program as 4546 W.
Thermal performance of the SAH is investigated by solving the governing equations with developed MATLAB code
and concurrently by carrying out real-time monitoring of the operating parameters (e.g. component temperatures, air
speed, etc.) of the SAH. It is aimed to obtain the temperature of each component of the SAH, useful heat output, thermal
efficiency, number of SAHs and the corresponding area that is necessary to meet the heating load. It is found that 9
SAHs with 16 m? are required to supply the target load for the experimental case and 6 SAHs with 10 m? for the
theoretical case.
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V-KAT LEVHALI GUNES ENERJILI HAVA ISITICISININ ORTAM ISITMASI iCIN
TEORIK VE DENEYSEL INCELEMESI

Ozet: Bu galisma, 84 m? alana sahip bir ofise 1sitma saglamak igin tasarlanan V-Kat levhali giines enerjili hava
isiticisin 1s1l performansini incelemektedir. Hava 1siticisinin 1s11 performans: hem teorik hem de deneysel olarak
incelenmistir. V-Kat levhal giines enerjili hava 1siticilart daha 6nce ofislere 1sitma saglamak igin ¢aligilmamstir.
Dolayisiyla bu galisma bu sistemleri bu amag igin inceleyerek literatiire katki sunmayr hedeflemektedir. Ofisin 1sitma
yiikii, Energy Plus bina simiilasyon yazilimi ile 4546 W olarak hesaplanmigtir. Hava 1siticisinin 1s1l performansi, hava
wsiticist enerji denklemlerinin gelistirilen MATLAB kodu kullanilarak ¢oziilmesi ile ve ayni zamanda hava 1siticist
isletme degiskenlerinin (6rn. bilesen sicakliklari, hava hiz1 vb.) 6lgiilmesi ile incelenmistir. Hava 1siticisimin her bir
bileseninin sicakligi, faydali 1s1 tiretimi, 1s1l verim, 1sitma yiikiinii karsilamak igin gerekli olan hava 1siticisi sayisi ve
karsilik gelen alanm elde edilmesi amaglanmaktadir. Deneysel incelemenin sonucunda 1sitma yiikiinii karsilamak igin
16 m? lik 9 adet hava isiticisi gerekirken, teorik incelemede yiikii karsilamak i¢in10 m? lik 6 adet hava isiticisiin gerekli
oldugu sonucu ortaya ¢ikmistir.

Anahtar Kelimler: V-Kat levhal giines enerjili hava isiticisi, Isil performans, Isitma yiikii simiilasyonu, Energy Plus

NOMENCLATURE A2 Cross-sectional area-lower channel [m?]
Cp Specific heat of air [J/kg.K]

Aa Absorber surface area [m?] Dh Hydraulic diameter [m]

Ah SAH Area [m?] G Solar irradiance [W/m?]

Al Cross-sectional area-upper channel [m?] H Thickness [m]
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h Heat transfer coefficient [W/m? .K] INTRODUCTION

k Thermal conductivity [W/m .K]

L Length of SAH [m] Solar energy collectors are devices that convert solar
m mass flow rate [kg/s] radiation to useful thermal energy by absorbing the
N Number of SAH incident radiation, transforming it to heat, and
Nu Nusselt number [=hL/K] transferring the heat to the working fluid (water, oil, air,
Pr Prandtl number etc.). Solar air heaters (SAHSs) are solar energy collectors
Qu Total useful heat [W] employing air as the working fluid. Unlike solar water
Qnyg Heating load of the office space [W] heaters (working fluid is water) where the conduits are
qul Useful heat from upper channel [W] pipes, SAHs utilize ducts for transporting the working
qu2 Useful heat from lower channel [W] fluid i.e., air (Duffie John A. et al., 2020; Kalogirou,
R Back elements resistance [m.K/W] 2004).

Ra Rayleigh number [=gBPr(T1-T2)L3A?]

Re Reynolds number [=VpD/u] A generic SAH consists of a transparent cover system, an
T Temperature [K] absorber plate, and insulated air ducts/channels. The
\ Velocity/Wind speed [m/s] cover system is at the top, whereas the absorber plate

Greek letters

commonly is above the air ducts/channels. A portion of
the incident radiation on the cover system is transmitted
and falls on the absorber plate where it is absorbed. The

o Absorptance remaining on the other hand is reflected. The air which
T Transmittance flows either naturally by buoyancy force (passive SAH)
o Stefan Boltzmann constant [W/m?. K*] or by an external force (active SAH with a fan) exchanges
B Thermal expansion coefficient [1/K] heat with the absorber plate by convection and can be
€ Emissivity used for different purposes such as space heating or
v Dynamic viscosity [m?/s] drying of crops. Thermal performance of SAHs depends
0 Tilt angle [°] on many variables such as dimensions of SAH, absorber
n Thermal efficiency plate type and material, amount of solar radiation, the
u Dynamic viscosity [kg/m-s] geometry of the air ducts and the amount of air flow, etc.
p Density [kg/m®]

Motivation
Subscripts:

Although SAHs are simple and cheap, their real-life
1 Upper channel applications for space heating are not very common.
2 Lower channel Indeed, they possess a vast potential for space heating in
a Ambient air locations with moderate climates having abundant solar
ap Absorber plate radiation. For instance, the Mediterranean region could
bp/b Back plate be ideal for employing SAHSs for space heating.
c Convection
Exp Experimental Buildings are responsible for one-third of the world’s end
fl Air flow in upper channel use energy consumption. This makes them the second
2 Air flow in lower channel largest energy-consuming sector after industrial sector.
gl Upper glass cover They also account for 30% of global CO, emissions.
g2 Lower glass cover Within the buildings, space heating end-use has the
i&o Inlet & Outlet largest contribution to CO, emissions accounting for
ins Insulation 60% (International Energy Agency, 2021).
pc Protective cover
r Radiation It is apparent, that renewable technologies if employed
S Sky for space heating can have an appreciable effect on end-
Sim Simulation use energy reduction and CO, mitigation. SAHs which
w wind currently have no widespread real-life applications can
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be considered one of those renewable technologies which
are simple and inexpensive that can have a considerable



effect on reducing energy consumption and CO;
emissions, particularly in locations where the climate is
mild.

North Cyprus is an ideal place to be considered for space
heating with SAHSs, since the island has mild weather
(Mediterranean Climate) with a yearly average
temperature of 19 °C and average daily solar radiation of
17.5 MJ/m? (4.86 kWh/m?) through the year. During
winter the coldest month is January with daytime
temperatures in the range of 9-12 °C and daily mean solar
radiation of 9.0 MJ/m? (2.50 kWh/m?) (North Cyprus
Meteorological Office, 2022).

Commercial buildings in North Cyprus accounted for
36% of the total electricity consumption in 2021 (kib-tek,
2021). These buildings are mainly offices, and they
heavily rely on electricity-powered heat pumps for space
heating during winter. Considering that electricity
production in North Cyprus relies on fuel oil-driven
power plants, facilitating the real-life applications of
SAHs for space heating would have a significant impact
on reducing energy and greenhouse gas emissions.

Hence, the principal motivation of the current work is to
propose and promote the SAHSs, particularly the V-
Corrugated absorber plate type, through investigating its
thermal performance for office heating applications
under North Cyprus weather conditions.

Literature Review

There has been extensive research on the SAHSs.
Numerous models have been developed for examining
their performance and many configurations have been
tested for different applications some of which are
presented below.

Yildirnnm and Solmus (2014) numerically investigated a
double glass double pass SAH. The authors aimed to find
the duct depth and air flow rate that would give the
maximum thermohydraulic efficiency. They revealed
that the maximum thermohydraulic efficiency occurred
as 67% with a duct depth of 4 cm and an air flow rate of
0.11 kg/s. The authors also found that the daily mean
thermal efficiency of the SAH decreases with increasing
air duct depth.

Al-Kayiem and Yassen (2015) compared the
theoretically evaluated Nusselt numbers (Nu) with those
obtained experimentally for a flat plate glass covered
SAH for different tilt angles under natural convection
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conditions. The authors found that some theoretical
models overestimate, whereas some others underestimate
the Nu. They also revealed that the optimum tilt angle is
about 50° for obtaining the highest Nusselt number.

Bayrak and Oztop (2015) experimentally tested flat plate
SAHs which are incorporated with Aluminum foam
obstacles with different arrangements. The authors
revealed that the SAH with 6 mm thick Aluminum foam
obstacles having staggered arrangement has the highest
efficiency as 77%.

Gawande et al. (2016) investigated the effect of L-shaped
roughness elements which are introduced reversely on
the absorber plate of a SAH. The authors performed CFD
simulations (with ANSYS Fluent) and compared their
results with experimental measurements. They found that
introducing the roughness elements substantially affects
the heat transfer characteristics. They also revealed that
optimum heat transfer enhancement is with a thermo-
hydraulic performance parameter of 1.90 and the CFD
simulations are agreeing with experimental results.

Gilani et al. (2017) experimentally examined the Nu
number enhancement of natural convection SAHs by
installing conical-shaped turbulators. The authors
observed that the staggered arranged turbulators with a
height of 4 mm and a pitch of 16 mm increased the Nu
number the most.

Gao et al. (2000) solved the governing equations
(continuity, momentum and energy) in order to
investigate the parameters effecting natural convection in
a sine wave absorber plate cross corrugated SAH. They
found that the channel height to the amplitude of the sine
wave shaped absorber plate ratio and one-fourth of the
sine wave shaped absorber plate wavelength to the
amplitude of the sine wave shaped absorber plate should
be greater than 2 and 1 respectively, whereas the tilt angle
should be less than 40° to suppress the natural convection
heat loss.

El-Sebaii et al. (2011) theoretically and experimentally
investigated the double-pass finned-absorber plate and
double-pass V-Corrugated absorber plate SAHs. The
authors observed that the double-pass V-Corrugated
absorber plate SAH exit air temperature and efficiency
are 2.1-9.7% and 9.3-11.9% greater than the double-pass
finned-absorber plate SAH’s exit air temperature and
efficiency. The authors also found that both solar air
heater’s efficiencies are increasing up to a mass flow rate



of 0.04 kg/s which beyond this value efficiency
enhancement is insignificant.

Kumar A. et al. (2022) proposed a novel counter flow
curved double-pass solar air heater (DPSAH). The
authors performed CFD analysis and experimentally
validate their results with those available in the literature.
They also compared the results of smooth curved single
pass, smooth curved parallel double-pass, smooth curved
counter double-pass, roughened curved parallel double-
pass, and roughened curved counter double-pass. The
authors found that roughened curved counter double-pass
has the best performance with a maximum of 23%
increase in the thermal performance.

In another study, Jain and Jain (2004) investigated the
performance of a multi-pass flat absorber plate SAH
having a granite storage material attached to the back of
the absorber plate which is intended for drying paddy
crops. The authors solved the energy equations and
calculated the temperatures of the air at different
locations in the SAH as well as the paddy grain
temperature. They have found that increasing the SAH
length and breadth increases paddy grain temperature.

Another experimental drying application (for roselle) of
a SAH is examined by Kareem et al. (2017) The authors
investigated the drying performance of a multi-pass flat
plate SAH integrated with granite for heat storage. Their
design achieved a drying rate of 33.57 g (kg m?h)* with
an efficiency of 64%. The systems’ techno-economic
appraisal resulted in a payback period of 2.14 years.

A more recent work regarding the use of the SAHs as a
dryer is done by Cifi¢i et al. (2021) The authors
developed a vertical photovoltaic thermal (PVT) solar
dryer and performed numerical and experimental
investigation (for drying mint). They considered the
system with and without fins. The authors revealed that
the thermal efficiency of the system without fins and with
fins could be as high as 54.86% and 58.16% respectively.
They also found that waste exergy ratios of the system
without fins and with fins are in the ranges of 0.47-0.58
and 0.43-0.56 respectively.

Fan et al. (2017) developed a dynamic model for a hybrid
photovoltaic thermal collector solar air heater (PVT-
SAH) which is equipped with longitudinal fins for
evaluating system performance. The authors validated
their model with an experimental study under real-life
conditions. They measured the temperatures of the
system components at various points and compared them
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with those evaluated with the model and found that the
root-mean-square deviation ranges from 0.3 to 1.3 °C.

In another study, Fan et al. (2019a) designed a model for
a PV thermal solar air heater (PVT-SAH) system
integrated with heat pipes whose SAH portion is a double
pass type with longitudinal fins. The system is intended
to generate high-temperature air. The authors evaluated
the thermal efficiency of the proposed system as 69.2%
and payback time in the range of 5.7 and 16.8 years (Fan
et al.,, 2019a).

In a study subsequent to aforementioned one, Fan et al
(2019b) employed the PVT-SAH for the regeneration
process of a desiccant cooling system. The authors
applied the developed system to a commercial building
having offices for cooling which is in a hot and humid
climate. The authors found that the COP of the system
can be as high as 19.8 and a minimum area of 0.35 m?
PVT-SAH is necessary per m? of the conditioned floor
area to go above the typical COPs (2.6-3.0).

Agathokleous et al. (2019) developed a dynamic
simulation model which was implemented through
MATLAB for simulating the energy performance of
building integrated, vertically installed multi-pass
serpentine type flat plate SAH. The authors also
investigated the thermal comfort of the occupants and
performed an economic analysis of the system. The
authors tested the prototype of the SAH and performed
simulations of the proposed system for an office building
with a 200 m? floor area for three different locations. The
authors found that space heating savings could be as
much as 3.4 MWhly.

Prakash et al. (2022) investigated the energy and exergy
performance of double pass hybrid SAH with sensible
heat storage material (Metco and aluminum scrap
mixture) which was placed underneath the backplate of
the system. The authors tested the system for three
different operation modes: natural convection mode,
forced convection mode, and forced convection mode
with a reflector. The forced convection mode with a
reflector performed best with energy and exergy
efficiencies of 86.19% and 17.617% respectively. The
authors concluded that the system is suitable for space
heating, desalination, drying, and other industrial and
domestic applications.



Research Gap and Contribution of the Current Work

Although there has been broad research on SAHSs,
notable real-life applications of these systems to offices
for space heating and performance testing are very few.
It has been presented in the literature review that Fan et
al. (2019b) and Agathokleous et al. (2019) developed,
tested, and considered SAHSs for offices. However, the
system developed by Fan et al. is for producing heated air
which is intended to be used in the regeneration process
of a desiccant cooling system that supplies cooling to a
commercial building. The work done by Agathokleous et
al. on the other hand is intended for office heating, though
the SAHs are building integrated, vertically installed and
are multi-pass serpentine type.

To the best knowledge of the authors, real-life
performance testing and application of a V-Corrugated
SAH for space heating of offices do not exist. Hence, the
current study will contribute to the literature by filling
this gap. The objectives of the work can be summarized
as (1) to evaluate the heating load of the selected office,
(2) to model the V-Corrugated SAH for evaluating
component temperatures, useful heat, efficiency, and
area required to cover the load, (3) to experimentally test
the SAH and compare the theoretical results with the test
results.

Structure of the Paper

This work comprises five sections: Introduction,
Methodology, Results & Discussion, Uncertainty
Analysis and Conclusion. The Introduction section
involves the motivation for the study, a review of the
state of art of SAHSs, and the contribution of the current
work to the literature. The Methodology section
elaborates on the materials and methods that are followed
to realize the objectives of the study. First, the office
space in consideration is described and subsequently its
load evaluation is explained. Then the mathematical
model of the V-Corrugated SAH is presented. Lastly
Experimental procedure is elaborated. Results of the
theoretical and experimental approach are presented and
discussed in the Results & Discussion section. A brief
uncertainty analysis is performed under the Uncertainty
Analysis section. The Conclusion section at the end
presents the principal findings of the study and
concluding remarks.

207

METHODOLOGY

In this study, previously manufactured V-Corrugated
SAH (Sahebari et al., 2013) is retrofitted and installed to
supply heat to an office space (Alteer, 2017). It is
intended to evaluate the required number and area of
SAHs that will cover the heating demand for a typical
winter day. The performance of the system is
investigated theoretically (through the solution of the
mathematical model of the SAH by developed MATLAB
code) and experimentally and the results are compared.
Energy Plus software is utilized to estimate the heating
load of the office space which is necessary for evaluating
the required number and area of SAH.

The SAH employed in this study is a type with two glass
covers and an absorber plate that is in V-Corrugated
shape. The air flows through the series of channels
having equilateral cross-section areas that are formed by
the V-Corrugated absorber plate and the lover glass
cover/back plate. Figure 1 illustrates the cross-section
and the main components of the V-Corrugated SAH that
is considered in this study. The principal advantages of
the V corrugations are the increase in the absorber plate
area and the enhancement of the convection heat transfer
coefficient due to the corrugated shape which also
positively affects the radiative characteristics of the
absorber plate (Sparrow and Lin, 1962).

V-Corrugated
absorber plate

glass cover 2
glass cover 1.-\\

upper channel

lower channel

\- wooden box

insulation
back plate

Figure 1. Cross section and the main components of the V-
Corrugated SAH.

This work involves three principal segments: 1- load
evaluation of the office space, 2- mathematical modelling
and theoretical investigation of the SAH and 3-
experimental investigation of the SAH.

The load of the office space is evaluated by Energy Plus
program whereas the mathematical model of the SAH
(energy balance equations of each component of SAH) is
solved by the MATLAB program for associated



temperatures and useful heat output. Theoretically
evaluated useful heat output (from MATLAB) is used
together with the load of the office space to find the
number of SAHs and area that are necessary to meet the
heating demand of the space during a typical winter day.
The SAH is also investigated experimentally.
Temperature measurements of the SAH components
together with the environmental variables (ambient
temperature, solar radiation, and wind speed) have been
taken and used to evaluate the actual useful heat output
from the SAH.

The outputs of the MATLAB program have been
compared with the experimental results to reveal the
difference between the actual and model performance of
the SAH. The methodology which has been followed in
this work is schematically illustrated in Figure 2.
Experimentation

Load evaluation _ Math. modelling

Heat balance egns. || S4H components’ Ts

and ambient conditions
[ ] ’ I

P
-

1 i
MATLAB simulation|

Building modell

!

Analvtical calculations

F %
=

l comparison l
T* Ty T

g ¢

required # of SAHs required# of SAHs
(experimental)

(theoretical)

Htg. Load

Figure 2. Methodology (*: SAH components’ temperatures,
**: Useful energy output from SAH).

Load Evaluation

The Energy Plus program is the tool employed for
evaluating the heating load of the office space. The
program is a dynamic energy and load simulation engine
which is for energy appraisal and heating/cooling load
calculations of buildings. It has been developed by the
US Department of Energy and comes with components
for constructing input files (IDF editor) and running
processes (EP-launch). Energy Plus is made up from
various modules which are designed for modeling and
simulating applications such as pumping power
calculations, conduction heat transfer evaluations
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through  building fabric, heating/cooling  coil
computations, etc. In addition to the
modelling/simulation modules, there are other files and
auxiliary programs that can be fed to and embedded into
Energy Plus such as weather data files, example files
generator and 3D ground heat transfer tool that enable a
proper building energy simulation (U.S. Department of
Energy, 2016a; 2016b; 2016c).

The office space that is intended to be served by the SAH
is the Mechanical Engineering Department chairperson’s
office located at the top floor of the Mechanical
Engineering Department building at the Eastern
Mediterranean University campus in North Cyprus,
Famagusta. The office space has a floor area of 84 m? and
is made up from the construction materials that are
widely used in North Cyprus. Figure 3 presents the plan
of the office space, whereas Figure 4 shows the 3D model
of the office space generated and to be exported to the
Energy Plus program. The construction materials’
properties that are entered into the program are given in
Table 1 (ASHRAE, 2017; CIBSE, 2015; Turkish
Standards Institute, 2008).

Indoor air temperature of 20°C is assumed for the space,
whereas the outdoor conditions of the city of Larnaca
(Lat. 34.9° Lon. 33.6°) are employed for the load
calculations since Famagusta’s weather data does not
exist in the Energy Plus. The meteorological conditions
of Famagusta and Larnaca are very similar as two
locations lie on the cost only about 50 km away from each
other and have almost identical geographical features.
The outdoor design temperature is 3.8°C.
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Figure 3. Office space to be served by SAH.



Table 1. Properties of the construction materials (ASHRAE,
2017; CIBSE, 2015; Turkish Standards Institute, 2008).

Struct. | Material & | k p Cp
thickness (Wim.K) | (kg/m®) | (J/kg.K)

Walls | Cement 14 2100 650
25¢cm
Brick 04 700 840
25 cm
Cement 14 2100 650
2.5cm

Floor | Marble 29 2750 840
2cm
Screed 1.5 | 1.4 2100 650
cm
RC 2.1 2400 840
20 cm
Cement 14 2100 650
2.5cm

Roof | Screed 14 2100 650
5cm
RC 2.1 2400 840
20 cm
Cement 14 2100 650
2.5cm

Doors | Hardwood | 0.17 700 1880

Windows’ U values are 3.2 W/m2.K

RC: reinforced concrete

Figure 4. 3D model of the office space that is exported to
Energy Plus for load evaluation.

Mathematical Model

As emphasized in the preceding sections it is intended to
estimate the number and area of SAHSs that is necessary
to supply the amount of heat required to cover the load of
the office space during a typical winter design day. To do
that useful heat (Qu) output from the SAH is to be
evaluated theoretically. Q. can be evaluated by
multiplying the capacity rate of the air (mass flow rate
times the specific heat of the air) with the inlet-outlet air

temperature difference through the SAH. Specific heat of
air is known, and a mass flow rate can be set. However,
the outlet air temperature of the SAH should be
evaluated. This requires the calculation of temperatures
of each constituent (e.g., glass, absorber plate, air layer,
etc.) of the SAH. Associated temperatures of the SAH are
obtained by deriving the energy balance equations
(algebraic equations) for each component separately and
forming a matrix to be solved for each component’s as
well as air layers’ temperature simultaneously.

The components of the SAH are two flat transparent
glasses i.e., glass 1 and glass 2, a V-Corrugated absorber
plate, a flat back plate, and back elements (insulation,
back wood, and galvanized steel protective cover). The
list of these components from top to down and their
dimensions are given in Table 2. The cross-section of the
SAH is as shown in Figure 1 and the side and top views
are as in Figure 5.

Table 2. SAH components and dimensions (from top to
down).

Component Material Dimensions
Transparent Glass 94 cm x 194 cm
cover 1 &2 0.4 cm thick
V- Corrug. Galvanized steel | Corrug. angle
absorber plate | dyed in black 60° 0.2 cm thick
Back plate Galvanized steel | 97 cm x 197 cm
0.2 cm thick
Back Polystyrene 97 cm x 197 cm
insulation 2 cm thick
Back wood Balsa wood 100 cm x 200 cm
4 cm thick
Protective Galvanized steel | 100 cm x 200 cm
cover 0.2 cm thick

Figure 5. Side and top view of the SAH.

The equations of energy balance are constructed based on
the thermal resistance network of the SAH which is



shown in Figure 6. Heat loss from the first cover occurs
via forced convection (due to wind) and radiation to the
ambient air and sky respectively. Thus, between the first
cover and ambient air, there is forced convection
resistance and there exists radiation resistance between
the first cover and the sky. These two resistances are
parallel to each other. Natural convection and radiation
heat exchange take place across the second and first
cover resulting in natural convection and radiation
resistances in parallel. The absorbed radiation by the V-
Corrugated absorber plate is distributed to the second
glass cover and bottom plate by radiation and to the air
flows in the upper and lower channels via forced
convection. In addition, the flowing air in the upper and
lower channels loses heat to the second glass cover and
back plate respectively by forced convection. This results
in a series of forced convection resistances connected to
radiation resistance in parallel in the upper and lower
channels. There exists heat loss across the back of the
SAH which is via conduction through the back elements
and convection from the outer surface. These are
represented by a single resistance. The mathematical
model of the SAH is based on the following assumptions
(Lin et al., 2006; Liu et al., 2007):

Steady-state conditions prevail
Heat flow through the back elements is 1D
The thermal inertia of SAH components is

neglected
e Both air channels are free of leakage
e During operation, temperatures of each

component are uniform

The sky is considered as a blackbody for long
wavelength radiation at an equivalent sky
temperature

Heat loss through the front and back side of the
collector is to the same ambient temperature

The shading generated by the V-Corrugated
absorber plate, dirt, and dust on the glass covers
are negligible

Air temperature varies in the heat flux direction
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Ta .. Ambient temperature

_____________________ Upper glass cover
temperature

=T, Lower glass cover
temperature

Useful heat output from
-G
upper channel

V-corrugated absorber plate
temperature

Useful heat output from

q
lower channel -

Back absorber plate
temperature

weeeeeeeo...Ambient temperature

Figure 6. Thermal resistance network of the SAH.

The reasonings for the principal assumptions given above
are elaborated as follows:

The mathematical model will be solved for each
unknown parameter once at a time (once per hour) hence,
assuming steady state is sufficient for the current study.
In addition, the results would be presented hourly and
within an hour in solar air heater applications, conditions
can be presumed to be time-invariant. Since the
considered SAH’s back elements width (about 1 m) and
length (about 2 m) are very large relative to the other
dimension (thickness is about 0.062 m) and because the
side wall areas of the SAH are very small it is reasonable
to consider 1D heat transfer through the back elements.
The thicknesses of the SAH components are very small
(the thickest is the back wood with 0.04 m) hence the
thermal storage of the components is neglected. Since the
SAH’s top and the bottom side is exposed to the same
environment it is sufficient to assume that heat loss will
be to the same temperature.

Equations (1) to (6) present energy balance equations for
upper glass cover, lower glass cover, air in the upper
channel, V-Corrugated absorber plate, air in the lower
channel and back plate respectively (for description of
abbreviations see the Symbols section) (Hedayatizadeh
et al., 2016; Lin et al., 2006; Liu et al., 2007):

agl GAh + (hr,gz—gl + hc,gz—gl)(ng
= hw(Tgl = Ta)An
+ hr,gl—s(Tgl —T)A

- Tgl)Ah

¢))



Tg1€g2GAn + iy ap-ga (Tap — Tiz) Aa
+ hc,fl—gz (Tfl - TgZ)Ah

hr,ap—bp (Tap - pr) + hc,fZ—bp (sz - pr)

6
= hb(pr - Ta) ( )

2)
= (hy2g1 +hegpps ) (Ta ¢ o .
( T":’: g1 7 Tegz-gl )( &2 Each of the above equations is arranged in the general
£1)4n form of the equation (7) where A, B, C, D, E, and F are
factors in terms of convection and radiation coefficients,
heap-£1 (Tap - Tfl)Aa SAH and absorber plate area as well as air’s capacity rate.
= Gur + her1-g2(Ter ?) Those equations can be written in the matrix
—Tg2)Ap multiplication form as [A]X[T]=[B]. [A] is a matrix that
is made up from the coefficients of the temperatures of
To1T20apGAg = Ry ap_g2 (Tap _ ng) A, '_[he elements (glass 1,_g|ass 2 alr_, etc.) of the SAH. [T]
n T 7 \a is the column matrix which is made up from the
+ C-al’—fl( ap — fl) a 4 temperature values of the elements of the SAH. [B] is
+ heap-t2 (Ta,, - sz)Aa ) also a column matrix that is formulated by using the heat
+ hy pa-bp(Tap — Top)Aa transfer coefficients, environmental parameters, and
thermophysical properties of the elements. The resulting
heap-£2 (Tap _ TfZ)Aa matrix multiplication form is shown in Figure 7.
= Qua
h (T _r )A ®) TyrA + TyaB + Tpy € + TppD + Ty E @
c,f2—-bp\ L £2 bp )J4h + prF =G
_(hr,g2*gl+hc,g2*gl+hw+hr,g1*5) '(hr,gZ*gl'*hE,gZ*gl) 0 0 0 0 i Tgl ]
'(hr,ngg1+hc,ngg1)Ah (hr,apfngaJr(hc,f17gz*hr,g;:fp*hc,nggﬂArD '(hc,fifgz)Ah -(hr,ap—nga) 0 0 ng
0 - (e £1-ga)An heap—£1 Ap+ey+hesy—gaAn -(hcap-t)ha 0 0 Ty
0 —(hr,apfgz)Aa '(hc,apfn)Aa (hrap-g2+heap-r1+heap-f2+hrap-vp)Aa '(hc,ap—fz)Aa '(hr,apfpra) ’ Tap
0 0 0 -(hcap-r2)Aa (he,ap-f2Aatricpthe sr ppAn) < hefa-bp Ap) Te,
0 0 0 - (hrap-bp) A(hegzpp) (o +hrap vp+her, by ) L T |

(ag:G +hy Tathrg sTs)
(tgrtg2GAY )
(rcpTy)
(g1 Tgztap GAn)

(rhcpT,)

(hyTop)

Figure 7. Matrix multiplication form of the energy balance equations.

Heat transfer coefficients associated with the SAH are
elaborated below (Duffie et al., 2020; Hedayatizadeh et
al., 2016; Lin et al., 2006; Liu et al., 2007).

Convection heat transfer coefficient between the glass
cover 1 (upper glass cover) and the wind as well as
radiation heat transfer coefficient between the glass
cover 1 and sky is as follows (Duffie et al., 2020):

(®)
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hygios = 081 (Tyy + T)(TH +T7) ©)
The sky temperature (Ts) can be calculated by the
expression given below (Hedayatizadeh et al., 2016):
T,=T,—6 (10)
Natural convection and radiation heat transfer

coefficients across glass cover 1 and glass cover 2 are
expressed as (Duffie et al., 2020):



k 11

hc,gz—gl b Nugl—gz Z ( )
2 2

. (T2 +T3) Ty + Tyz) 12

1,.82—g1 = 1 1 _
fea* e

where Nug.g is the Nusselt number across the covers.
Since the tilt angle of the SAH in the current work is 45°,
the following equation applies to the Nusselt number.
Note that the * indicates that only positive values in the
brackets will be used (Duffie et al., 2020).

1708 ]* 1
Ra.cos @

1708(sin 1.8.9)1¢ (Ra.cos 9)% *
5830

Nitgi_g, = 1+1441-

g1-g

(13)

Ra.cos 0

Forced convection heat transfer coefficient between the
air in the upper channel and the V-Corrugated absorber
plate as well as the radiation heat transfer coefficient
across the V-Corrugated absorber plate and the glass

cover 2 (lower glass cover) is given below
(Hedayatizadeh et al., 2016):
key
hc,ap—fl - Nuap—fl D_ (14)
h
2 2
ety (12, +T2%) (Tup + Ty2) 5)

h =
r.ap—g2 _
Ego T Eap — Eqp€e2

NUgp1 is the Nusselt number in the upper channel and is
given in the following equation. In the present work the
Reynolds number (Re) of the flow in the upper channel
is 8200 (2800 <Re=8208< 10000) hence the flow is
transitional flow. Thus, the expression given below is
for a transitional flow regime (Liu et al., 2007).

H
Nugp_g; = 1.9 X 107Re;7° + 22571 (16)

The forced convection heat transfer coefficient between
the air in the lower channel and the back plate as well as
the radiation heat transfer coefficient across the V-
Corrugated absorber plate and the back plate are
analogous to equation 14 and 15.

In the preceding equations where properties of air i.e.,
density, thermal conductivity, and dynamic viscosity,
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are necessary and following expressions can be used
respectively (Lin et al., 2006):

p =3.9147 — 0.016082T; + 2.9013
x 107577 — 1.9407 x 1078

17
XT3 17)
k = (0.0015215 + 0.097459T; — 3.3322
x 1075T%) x 1073 (18)
@ = (1.6157 + 0.06523T; — 3.0297 (19)

x 10757%)10°¢

The overall heat transfer coefficient of the back
elements is calculated by the following equation:

h, = <@ + Hins
kbp kins

A MATLAB code is constructed to calculate the
required number and area of SAH to cover the heating
load of the office space. The code solves the linear heat
balance equations that are expressed in the form of
[AIX[T]=[B] by using the matrix inversion method. It
evaluates the SAH components’ temperatures
simultaneously. Then the code calculates the exit
temperature of the air from the upper and lower channels
(Trio and Tryo) of the SAH by inserting the evaluated
upper and lower channel fluid temperature values (Tn
and Tr,) into the following equations. Note that it has
been assumed that the air temperatures in the channels
are the average of the inlet (ambient air temperature) and
the outlet air temperatures:

Hwood (20)

Hpe i)
kwood kpc hw

Tty = 2Tfl -T, (21)

Ttz0 = 2Tf2 -T, (22)
Subsequently, the code evaluates the useful heat from
the upper and lower air channels, total useful heat from
the SAH and thermal efficiency respectively by the
following equations:

Qu1 = Tf’le (Te1o — To)/2 (23)
Qu2 = Tf”LCp (Te20 — Ta)/2 (24)
Qu = qu1 + qu2 (25)

_Q (26)
n= GA, x 100



Lastly, the number of collectors and total area required
to cover the heating load of the office space are
evaluated by the subsequent expressions:

thg
Qu

N = (27)

Atotar = Ap N (28)
Note that Qng is the heating load of the office space that
is calculated by Energy Plus and required to be inputted
into the MATLAB code. Also, it should be stated that
the thermophysical properties of the SAH and measured
parameters/operating parameters (wind speed, ambient
temperature, global solar radiation, air mass flow rate
through SAH), with assumed initial temperatures of
each component (Tg, T, Ta, Te, Tap, Top) are
introduced into the code to determine all the initial
values of heat transfer coefficients. Accordingly, the
code obtains new temperature values for the new
iteration, and this continues until the preset condition is
satisfied. The flowchart illustrating the workflow of the
MATLAB code is shown in Figure 8.

Table 3 on the other hand presents the thermophysical
properties of the SAH that are entered into the
MATLAB code.
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Setting thermaophysical
properties and operating
parameters of SAH

!

Initizlizing the temperatures
Tan Tozs Trw, Tz, Tapy Teg)

-l
') Y
Computation of the heat
transfer coefficients by
eqns. 8-20

!

Computation of new
temperatures (T, T, T,
Tiz, Tape Tap) from energy
balance eqns. [expressed in
the form of [A]=x[T]=[B]}

I
TrewToe<0.001 7

Computation of Ti., Taa,
Quz, Quze Oy, M, nand &,

!

Stop

Figure 8. Workflow of the MATLAB code.

Table 3: Measured and thermophysical parameters required
for the MATLAB code.

Item: SAH width SAH length | gl to g2
distance

Value: | 0.9 m 1.94m 0.01m

Item: Height of the | Back plate | Insulation

air channels thickness thickness
Value: | 0.1 m 0.002 m 0.02m
Item: Back wood Protective | Back plate
thickness cover k
thickness

Value: | 0.04m 0.002 m 80 W/m.K

ltem: Back wood k | Insulation k | Protective
cover k

Value: | 0.1 W/m.K 0.045 80 W/m.K

W/m.K

Item: Olap og1 & 02 Ty & T2

Value: | 0.9 0.06 0.9

Item: ep & eg €ap & Enp Tilt angle

Value: | 0.9 0.9 45°

Item: Cp air

Value: | 1000 Jkg.K




Experimental Procedure

Comparing the outputs of the MATLAB code for the
various parameters (Tg, Tg, Ti, Tiz, Tap, Top) and the
monitored values of the same parameters is one of the
aims of this work. In this section, the experimental
procedure is explained for monitoring the parameters
that are used for comparison.

Various stages during the manufacturing of the V-
Corrugated SAH (Sahebari et al., 2013) are presented in
Figure 9. As explained in the preceding section main
components of the SAH are: two transparent glass
covers, a V-Corrugated sheet metal absorber plate that
is formed with groove angles of 60°, back absorber
plate, polystyrene insulation, back wood, and protective
cover. Air through the channels of the SAH is mobilized
by an electric fan (type: OBR 200 M-2K) which is
illustrated in Figure 10. The mass flow rate of the air is
set by an electric resistor tool, which controls the input
voltage in the range of 60 — 220 V.

Figure 9. Various stages of SAH manufacturing (Sahebari et
al., 2013).

Figure 10. Motor and fan of the SAH.
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For recording the temperatures of each component of the
SAH, ambient temperature, wind speed and air velocity
from the SAH channels, the handheld data loggers Pasco
Xplore GLX are used. These data loggers can be used
with various sensors e.g., anemometer, temperature
sensors, etc. Anemometer sensor (range: 0.5-29 m/s,
accuracy: + (3% of reading+ 0.2 m/s)) is employed for
wind speed and air velocity measurements, whereas
temperature sensors (range: from -30 °C to 105 °C,
accuracy: 0.5 °C) are used to measure ambient air
temperature and temperatures of the SAH components.
A pyranometer mounted on the SAH (linearity: +0.5%
from 0 to 2800 W/m?) together with a data acquisition
system, Omega OMB-DAQ-3000 is utilized to measure
and log the global solar radiation incident on the SAH.
The data acquisition system is connected to a desktop
computer by a USB wire. The software package of the
Data acquisition system is installed on this computer.
Figure 11 shows the measuring/monitoring equipment

Figure 11. Measuring/monitoring equipment (a: handheld
data logger and temperature sensor, b: anemometer, c:
pyranometer and d: data acquisition system)

The SAH is tested at Famagusta, N. Cyprus (35.1°N and
33.9 °E). The surface azimuth of the collector is set as
0° thus; the collector is towards the south. The tilt angle
of the collector is 45°. Figure 12 and Figure 13
illustrates the schematic and real view of the
experimental setup. The measured wind speed is a
required parameter in the MATLAB code for evaluating
the convection heat transfer coefficient (see equation
(8)) from the top and back of the SAH. Also, global solar
radiation and air mass flow rate measurements are
required parameters in the code for evaluating useful
heat output. Equations (23), (24), (25), and (26) that are
given in the preceding section are used to determine the
useful heat from the upper air channel, the useful heat
from the lower air channel, the total useful heat, and the
thermal efficiency of the SAH experimentally.



Figure 13. View of the experimental setup.

RESULTS AND DISCUSSION

The office space that is intended to be served by the
SAH has been modeled and simulated by Energy Plus
software to calculate the heating load. The simulation
results revealed the space heating load as 4564 W.

To run the MATLAB code for evaluating the useful
heat, thermal efficiency, etc. various
environmental/operational ~ parameters such  as
ambient/inlet air temperature (T,), global solar radiation
(G), wind speed (Vw), and air mass flow rate through the
air duct are required to be inputted. These parameters
have been monitored and recorded on 15" December
throughout the times when the solar radiation is at its
utmost level, from 11:00 until 14:30 for every 5 minutes
(i.e. time step= 5 minutes). The mean of six values is
evaluated for representing every half hour. Figure 14
presents the measured wind speed and global solar
radiation incident on the SAH, whereas Figure 15 shows
the measured ambient/inlet air temperature. The flow
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rate of the air is set according to the motor rpm. The
motor rpm is adjusted to result in an air velocity of 1.8
m/s which gives a flow rate of 0.2 kg/s. With this flow
rate, Reynolds numbers in the upper and lower channels
are 8208 and 7579 respectively corresponding to the
transitional flow regime in both channels.

B 1 Tt (o e 25

E 950 - .
S 90 - 202
5 850 - 155
£ 800 - 3
8 750 - 102
= 700 - S
S 650 - 05=
2 600 0,0

\\

Figure 14. Measured wind speed and global solar radiation
incident on SAH.

Inlet Temperature (K)

Figure 15. Measured ambient/inlet air temperature.

The temperature of the SAH elements; upper and lower
glass cover, V-Corrugated absorber plate, and back plate
are shown in Figure 16, Figure 17, Figure 18 and Figure
19 respectively.

When those figures are investigated, it is seen that the
simulation results are having similar trends as the
experimental ones. There is some discrepancy between
the measured and simulated values. In some hours these
discrepancies are very low whereas in some they are in
significant order. The average of the differences of the
simulated and monitored temperatures for upper glass
cover, lower glass cover, V-Corrugated plate, and back
plate are 1.4, 1.6, 2.8 and 2.0 K respectively.
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Figure 16. Upper glass cover temperatures.
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Figure 18. V-Corrugated absorber plate temperatures.
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Figure 19. Back plate temperatures.

Air temperatures in the SAH; air temperature in the
middle of the upper and lower channels as well as the air
temperatures at the exit of the upper and lower channels
are given in Figure 20, Figure 21, Figure 22, and Figure
23 respectively.
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Figure 21. Air temperature at the middle of the lower
channel.
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Figure 22. Air temperature at the exit of the upper channel.
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Figure 23. Air temperature at the exit of the lower channel.

Once the air temperatures at the middle and the exit of
the upper and lower channels obtained from simulations
and measurements are investigated, it is seen that the
simulations and the measurements agree with some
difference, however, the agreement is better than those
for the SAH elements. The average of the differences
between the measured and simulated values are 0.6, 1.3,
2.5, and 1.7 K for the air temperatures at the middle of



the upper channel, at the middle of the lower channel, at
the exit of the upper channel, and at the exit of the lower
channel respectively. The better agreement between the
simulation results and the experimental measurements
for the air temperatures than the SAH element
temperatures is presumably due to the quick response of
the air to the changes resulting in less effective dynamic
behavior. It is expected to have some disagreement
between the simulations and the measured values. First
of all, the mathematical model that the MATLAB code
is based on is not taking the thermal inertia and the
dynamic behavior of the SAH into consideration (see the
assumptions in the Mathematical model section). The
response of the collector elements should be accounted
to obtain more realistic results. In addition, the actual
properties of the SAH components such as glass
emissivity and transmissivity, absorber plate
absorptivity, thermal conductivity, etc. are likely to have
values that are different from those employed for
MATLAB simulations. Although the values for these
properties are found from reliable sources and catalogs,
they may not match precisely with the actual values.
Furthermore, the accuracies of the monitoring
equipment are thought to influence the discrepancies.

Total useful heat output from the SAH and the thermal
efficiency are shown in Figure 24 and Figure 25
respectively. The required number of SAHs and the area
to meet the target heating load evaluated by the
MATLAB code and the experimental analysis are
shown in Table 4. Note that the values are given for
every half hour. Number of SAH and corresponding
area that is necessary to supply the load is taken as the
max. number which resulted in 9 SAHs with 16 m? for
the real case (experimental) and 6 SAHs with 10 m? for
simulations.
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Figure 24. Useful heat from SAH.
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Figure 25. Thermal efficiency of the SAH.

Table 4: Required number of SAHs and area to meet the
target heating load.

Time Hexp #im | Ahexp(M?) | Ahgim(M?)
11:00 8.9 3.8 15.6 6.6
11:30 5.9 3.8 104 6.6
12:00 5.6 3.7 9.8 6.5
12:30 5.9 3.9 10.3 6.8
13:00 6.3 4.4 11.1 7.6
13:30 7.1 4.5 12.4 7.8
14:00 7.8 4.8 13.8 8.4
14:30 8.1 55 14.2 9.7
Max. =9 =6 =16 =~ 10

UNCERTAINTY ANALYSIS

Comparison of the obtained results by simulations and
measurements revealed that, there are discrepancies
between them. As stated in the preceding section one of
the reason for this difference is believed to be because
of the accuracies of the employed equipment in the
experimentation. In this section an uncertainty analysis
of the experimental results (for useful heat) is performed
based on the following expression (Holman, 2012):

aR \’ 2
Wg = l{(a—xl> X (wxl) }
aR \’ 2
(55 <l
2 0.5
oR 2
+ a—xn X (a)xn)
Where R is a function of variables of X1, X», ... xn, Which
its uncertainty is to be evaluated. w1, wy, ... w, are the

associated uncertainties of the variables and wg is the
overall uncertainty of the function.

(29)

In the context of this study R is the Qu which its
uncertainty will be evaluated and is function of the
following measured variables:



e air temperature at the exit and inlet of the SAH
e air speed in the SAH

Note that Qu is evaluated by equation (25) which can be
expanded as:

Qu = p1A1Ve, (Trao = Trai)

(30)
+ pZAZVCp (Tf20 - szi)

It should be also noted that the air density is also

function of temperature (see equation (17)).

Uncertainty of the Qu is evaluated by applying equation
(29) together with the uncertainties of the air
temperature and air speed measuring equipment ( +0.5
°C and + 3% of reading + 0.2 m/s, see subsection
“Experimental Procedure”) and it is found that the
average of the uncertainty of the Qu throughout the day
is 25.6% (Alteer, 2017).

CONCLUSION

The principal aim of the present work is to investigate
the performance of a V-Corrugated absorber plate SAH
which is intended to be used in an office for space
heating during a typical winter day in N. Cyprus.
Although there are many studies on SAHSs, space
heating applications with them are few. Besides, to the
knowledge of the authors, there are no V-Corrugated
SAH applications for offices for space heating. Hence
this study aims to contribute by proposing and
promoting them for this purpose via thermal
performance investigation. The performance of SAH is
investigated theoretically and experimentally and the
below outcomes are achieved:

The first phase of the work is to estimate the heating load
of the office space in consideration by using Energy Plus
software. The simulations gave the heating load as 4564
W.

The second outcome of this work is the number of SAHs
and the area necessary to cover the load of the office
space. This is achieved by evaluating the thermal
performance of the SAH. Thermal performance is
investigated theoretically and experimentally under the
same environmental parameters that are obtained on 15
of December, from 11:00 until 14:30. The number of
SAHs and the area that are necessary to cover the target
heating load are found as 6 and 10 m? for the theoretical
case. On the other hand, it is found from experimental
investigation that, 9 SAHs with 16 m? are required. It is
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seen that there is disagreement between the theoretical
(simulations) and experimental results. The
disagreement is thought to be generated by the following
reasons:

1) In the experimental setup the exit air from the SAH is
exposed directly to the ambient. This is likely to reduce
the exit air temperature for the experimental case,
causing discrepancy between the theoretical and
experimental results.

2) Thermal properties of the materials that are employed
for manufacturing the SAH should be investigated in
detail thus reducing the possible mismatch between the
actual properties and those used for the theoretical
evaluations.

3) The accuracies of the employed measuring equipment
may generate noteworthy uncertainties in the
experimental results thus equipment having better
accuracies can be used.

Consequently, 9 of the V-Corrugated SAHs can be
coupled together for covering the heating demand of the
considered office space. It is also recommended that the
simulations for obtaining the required number of SAHs
for covering the demand for the space should be used
with care as they are resulting in larger useful heat which
gives a smaller number of SAHs.

It is suggested that in any case an auxiliary heater should
be employed for the days having not enough solar
radiation.
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