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Nomenclature 

FPSC Flat plate solar collector 
STSS Sensible thermal storage system 
NTU Normal transfer unit 
Cp min, Cp max Heat capacity rates 
ηoptical Optical efficiency 
FR Heat removal factor 
UL Overall heat transfer coefficient 
T a Ambient temperature 
G Mass flux 
d Equivalent spherical diameter 
µf Dynamics viscosity 
Ac Collector area
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Ap Aperture area 
ω Hour angle 
IT Total radiation on horizontal surface 
Qu Useful heat absorbed 

1 Introduction 

It is well-known fact that the solar power is free and used in various conventional 
and non-conventional processes for years [1]. Being a solar-rich country, India is 
considered one among the technically developed nations for solar PV and solar 
thermal-related applications for domestic as well as industrial applications. Usually, 
on solar thermal category, flat plate solar collector (FPSC) is used as energy harvesting 
device for water heating purposes during day time [2]. This device is being used in 
rooftops of houses or apartments. Apart from water heating, FPSC is used for space 
heating, drying, industrial process heating. Mostly, applications requiring less than 
100 °C are best to make use of FPSC during daytime. This system is a combination 
of various sub-systems namely collectors, storage tanks, fluid distribution systems, 
fluid control and transport systems. 

Many research work on heat transfer analysis of flat plate solar collectors and 
performance have been carried out by scientists and researchers [3]. Optimization 
of solar power harvesting vis-a-vis heat storage has been explored and reported 
widely [4]. Like many other researchers, Karim and Hawalder (2004) experientially 
investigated flat plate solar collectors along with soft computing approach [5]. It is 
obvious that effective solar energy is available during sunshine hours, however, with 
use of effective storage system, the solar energy can be used during night time as 
well [6, 7]. 

From the few related work on this field reported, it has been observed that 
few researchers were mainly focused on energy analysis on various models of 
FPSC or solar water heaters. However, still there are many literature gaps identi-
fied such system modifications, combination of storage system analysis with FPSC, 
etc. Keeping in mind of dilute source of energy and unavailability during night time 
and applications related to simultaneous water heating and space heating at few 
places, special kind of system needs to be implemented. Work-related to this kind 
of system is also rarely mentioned in literature. Hence, present study concentrates 
on heat transfer modelling and analysis of FPSC with three fluid heat exchangers 
(TFHE) and sensible thermal storage system (STSS) for region which demand hot 
water and hot air round the clock. Performance analysis of a thermal system like the 
flat plate solar collector, heat exchanger and sensible heat storage system is executed 
and analyzed here using the standard theoretical model. The solar and weather data 
are used the simulation purposes [8]. The next section describes on mathematical 
modelling of three sub-systems namely, FPSC, TFHE and STSS in detail.
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2 Mathematical Modelling 

2.1 Flat Plate Solar Collector (FPSC) 

Thermal modelling of solar collectors is presented in this sub-section. FPSC has 
been considered here for thermodynamic modelling and its performance analysis. 
A typical FPSC is considered as shown in Fig. 1. Absorber plate, copper tubes, 
transparent or glazing cover sheets and an insulated box are main components of it. 
High thermal conductivity-based sheet metal is used as absorber metal brazed with 
tubes or ducts below it. The surface of absorber plate is either selective coated or 
black with the objective to maximize heat absorption and reducing emission. 

The insulated box provides structural support to the whole system and minimizes 
the conductive heat losses in side and back sides of the FPSC. The transparent cover or 
glass cover sheets usually is made of low ferrite glass to maximize the transmissivity 
and allow sunlight to pass through to the absorber while simultaneously minimizing 
convective heat loss. 

Usually, water like thermic fluid or nanofluid is circulated inside the tubes that 
are carrying the absorbed heat. The steady-state useful energy of the collector can 
be approximated using the conventional expression [9, 10]. 

Qu=ṁcpw(Tfo − Tfi)=FR Ap[S − UL(Tfi − Ta)] (1)

Fig. 1 Pictorial depiction of FPSC with TFHE and STES 
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Here, by the fluid m, Tfi, and T fo are rate of mass flow, inlet and outlet temperature 
of fluid flowing through the tubes. Heat removal factor is denoted as FR and overall 
heat transfer coefficient is mentioned as UL. T a can be the ambient temperature. Heat 
energy absorbed by the absorber plate can be calculated using the expression given 
in Eq. (2) 

S = ITηopt (2) 

The total radiation on horizontal surface is IT and the optical efficiency of the 
collector thermal system is ηoptical. 

Assume tilt factors are almost unity. IT and H are related by the expression given 
in Eq. (3). 

H = 
180 

π 

ωs∑

−ωs 

ITdω (3) 

The hour angle is ω here, can be 15° per hour. The instantaneous thermal efficiency 
of the collector here by the expression given in Eq. (4). 

ηi = 
qu 

AC IT 
(4) 

Ac is the collector area of the FPSC. It is 10% more than aperture area, Ap. The  
dimensions are mentioned in Table 1.

2.2 Three Fluid Heat Exchanger (TFHE) 

In the multi-fluid heat exchanger here, a helical tube is inserted between two straight 
concentric tubes for hot fluid flow from FPSC tank. Normal water flows through the 
outer tube/drum and air flows in the centrally located straight tube (Fig. 1). During 
movement of three fluids in three pipes, heat transfer occurs between them. Heat lost 
from the hot fluid in helical tube is transferred to water in the outer tube/drum and 
air in the straight tube. By giving up heat to water carried by outer tube and air, water 
comes back to FPSC for another cycle. Normal water after gaining heat can be used 
for domestic applications. Hot air from the TFHE is used for sensible thermal energy 
storage systems as well as for other applications. Hence the purpose of simultaneous 
heating of water and air is possible with addition of this TFHE with FPSC. 

Energy balance for TFHE can be written as [10] 

ṁcpw(Th1 − Th2) 
= ṁncpn(Tn2 − Tn1) + ṁacpa(Ta2 − Ta1) (5)
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Table 1 Operating and geometrical data of the FPSC with STSS in present work 

Items Value Items Value 

FPSC TFHE 

Absorber plate length 2 m Outer pipe diameter 0.07 m 

Absorber plate width 1.13 m Outer pipe thickness 0.0025 m 

Gap between plate and cover 0.025 m Outer dia. of inner tube 0.0288 m 

Plate thermal conductivity 350 W/mK Thickness of inner tube 0.001 m 

Plate thickness 0.00015 m Outside dia. of helical tube 0.0065 m 

Plate absortivity 0.94 Thickness of inner tube 0.001 m 

Plate emissivity 0.14 

Tube outer diameter 0.0137 m Items Value 

Tube inner diameter 0.0125 m STSS 

Tube pitch below absorber 
plate 

0.113 m Cylindrical quartz tube height 1.5 m 

glass cover’s absorptivity 0.88 Cylindrical quartz tube diameter 0.7 m 

Glass cover’s Emissivity 0.88 Storage media Alumina 

glass cover thickness 0.04 m Specific heat 0.88 kJ/kg-K 

Adhesive thermal diffusivity 0 Density 3000 kg/m3 

Water flow rate 70 kg/s Pebble size 3 mm  

Water Inlet temperature 60 C Void fraction 0.4 

Ambient temperature 25 C Initial temperature 20 C 

Heat transfer coefficient due to 
wind effect 

16.4 W/m2K Mass flow rate to the unit 0.5 kg/s

(
ṁcpw(Th1 − Th2) 
Cpmin(Th1 − Tn1)

)

= 
1 − exp

(
1 − NTU

(
1 + Cpmin

/
Cpmax

))

1 + Cpmin
/
Cpmax  

(6) 

Here T h1, T h2, T n1, T n2, T a1 and T a2 are temperatures at inlet and outlet of hot 
water stream, normal water and air streamline, respectively. ṁ, ṁn, ṁa are mass flow 
rate of hot fluid, normal fluid and air, respectively. Corresponding specific heats are 
cpw, cpn and cpa, respectively. Cpmin, Cpmax  are heat capacity rates. NTU is normal 
transfer unit for considered TFHE. The detailed analysis of TFHE is mentioned in 
Mohapatra et al. literature[11].
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2.3 Sensible Thermal Storage System (STSS) 

Thermal modelling of energy storage media is executed and the process, in brief, is 
presented here. Packed bed type sensible type of storage medium is considered in 
the present analysis (Fig. 1). It is least complicated compared with latent or chemical 
storage medium and it is inexpensive. There are drawbacks of course; sensible heat 
requires large quantities of materials and volumes. A quartz vessel homogeneously 
but randomly packed (ideally cylindrical) with alumina particles is used as STSS in 
the present analysis [6]. Alumina beads are mostly spherical. The dimensions are 
mentioned in Table 1. During charging time, heat supplied to the STSS is stored and 
during discharging time, the heat is carried by secondary fluid for any applications, 
mostly during no sun moments or night applications. 

The charging and discharging period are in a transient condition. During the 
charging stage, energy is stored in the thermal energy storage system until the heat 
storage capacity of the STSS is fully used. Similarly in discharging period, energy 
recovery takes place. Alumina pebbles are considered as storage medium and hot air 
from TFHE is used as hot fluid. 

Assume the bed material has infinite thermal conductivity in the radial direc-
tion and zero conductivity in the axial flow direction. Also, assume no varying heat 
transfer coefficient with time and space inside the bed. However, Thermal conduc-
tivity can be semi-infinite in the direction of flow. A separate energy balance for bed 
material and water can be approximated for an element and time as expressed in 
Eqs. 7 and 8 [10]. 

(1 − ε)ρscps 
∂Ts 
∂t 

= hv(Tf − Ts) (7) 

ερ f cp f  
∂ T f 

∂t 
+ 

4 ṁcp f  
π D2 

∂T f 

∂x 
= hv

(
Ts − T f

)
(8) 

where ε is void fraction, hv is the volumetric heat transfer coefficient, ρs, ρf are 
densities of the solid and fluid and cps. cpf are respective specific heats. Diameter of 
the storage unit is denoted as D and ṁ is rate of airflow in the storage unit. T s, T f 

are temperature of storage material (alumina particles in this case) and fluid (air in 
this case), respectively. 

Assuming the storage system is well insulated and neglecting heat losses, two 
dimensionless parameters time τ and dimensionless distance X can be written as 

τ = hvt 

ρscps(1 − ε) 
(9) 

X = 
π D2hvx 

4 ṁcpf 
(10) 

With simplification, Eqs. (7) and (8) can be written as
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∂Ts 
∂τ 

= Tf − Ts (11) 

∂Ts 
∂ X 

= Ts − Tf (12) 

With assumption of initial temperature of solid medium at T i, dimensionless 
temperature distribution may be obtained 

Ts − Ti 
Tfi − Ti 

= 1 − exp−(X+τ)  
n=∞∑

n=0 

Xn Mn(Xτ ) (13) 

Tf − Ti 
Tfi − Ti 

= 1 − exp−(X+τ)  
n=∞∑

n=1 

Xn Mn(Xτ ) (14) 

where, 

Mn(X τ ) = 
k=∞∑

k=0 

(X τ ) 
k!(k + n)! 

k 

(15) 

Tfi is initial fluid temperature while entering the storage unit. Volumetric heat 
transfer coefficient, hv can be calculated with the correlation given in Eq. 16 [11]. 

hvd2 

kf 
= 1.45(Red)0.7 (16) 

where Reynolds number is as follows 

Red = Gd/μf (17) 

where G is mass flux and d is equivalent spherical diameter. μf is the dynamic 
viscosity of the working fluid. 

3 Results and Discussion 

This section highlights key results of the simulation on the modelling equa-
tions mentioned in the previous section. The geometrical parameters and assumed 
operating parameters are mentioned in Table 1. 

The solar and atmospheric data assumed for present analysis are based on weather 
data concerned to Indian climatic conditions. The absorber plate and tube data 
are considered based on the realistic conditions. Glass cover transmissivity and
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absorptivity-related optical efficiency value can be taken as 0.85. Based on the 
thermal modelling mentioned in earlier sections, temperature of the outlet fluid and 
efficiency are obtained and presented. 

The variation of instantaneous efficiency of flat plate solar collectors with respect 
to the heat energy absorbed by the absorber plate is illustrated in Fig. 2. Here, the 
efficiency value is 31% initially and increases to 71%. In the meantime, the solar 
radiation increased from 500 to 900 W/m2. Moreover, the atmospheric temperature 
surrounding the collector increases at a lower pace. The outlet fluid temperature for 
different levels of heat energy absorbed in absorber plate vis-a-vis varying atmo-
spheric temperature levels is as shown in Fig. 3. The trend seems to be almost linear 
kind for the both cases. The fluid temperature at the outlet increases with variations 
in solar radiance and atmospheric temperature. 

The temperature distribution obtained analytically of three fluids along the length 
of the TFHE for parallel flow regime is presented in Fig. 4. The mass flow rates in 
three pipes are varied in such a way so as to attain air temperature 50 °C. The hot air 
from TFPE is being used to charge the storage medium.

Figure 5 depicts the temperature variation in the storage medium. The bed and the 
fluid temperature variation have been established. The graph represents the temper-
ature along the storage section after 10 min. It is seen that temperature decreases 
along the length of the flow for both the storage medium and fluid. Packed bed types 
mainly alumina pebbles were used for storage of thermal energy. Hot air at 50 °C 
was used for fluid temperature during charging time where initial temperature was 
maintained at 20 °C. Future work may be oriented on experimentation of such solar

Fig. 2 Efficiency variation vs. Incident solar heat flux versus atmospheric temperature
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Fig. 3 Outlet fluid temperature variation versus incident solar heat flux versus atmospheric 
temperature

Fig. 4 Variation of temperature in multi-fluid heat exchanger
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Fig. 5 Fluid temperature variation in the storage medium 

thermal systems for simultaneous heating of water and air as well as storage for night 
time applications. 

4 Conclusions 

In search of efficient solar energy harvesting, combined effect can make the system 
most efficient. Analysis by heat transfer modelling of flat plate collector coupled 
with multi-fluid heat exchanger and heat storage system is interesting. Outlet fluid 
temperature for different solar energy absorbed by the plate along with the ambient 
temperature values were recorded accurately. FPSC was integrated with TFHE for 
attaining hot air and hot water. Hot air from TFPE was used for energy storage in 
STSS. Major observation in this work is that instantaneous efficiency can rise up to 
71% at solar radiation of 900 W/m2. Increased efficiency value can be attributed to 
atmospheric temperature rising at a slower pace.
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