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CHAPTER 4

DESIGN AND PERFORMANCE ANALYSIS OF PCM INTEGRATED SAH

4.1 Introduction

SAH is a form of a heat exchanger that transfers heat to air after absorbing sun light with
an absorber. In SAH, heat is transferred from an energy source (sun) to the SAH system
(glass cover) by radiation and absorber plate to the air stream by convection. SAHSs are
commonly used for low and moderate temperature applications such as drying fabrics,
drying grains, fruits, vegetables, tea, space heating, seasoning of wood, curing of industrial
products, and they may also be used efficiently for curing/drying of concrete/clay building
components. Because of its low material and cost demands the SAH is an important
component of solar heating systems. SAH’s thermal efficiency is typically lower as
compared to solar water heaters due to their naturally poor heat transfer capacities between
the plate that absorbs heat and air moving through the duct. SAH thermal efficiency must
be enhanced to make them commercially viable by increasing the heat transfer coefficient
[1-4]. Improving the thermal performance of SAH remains a difficult challenge for both
manufacturers and researchers. The heat transfer coefficient determines the heat
transmission rate between the fluid and absorber plate. Researchers use the influence of
turbulators with various shapes to enhance the thermal performance of SAH. Design
factors, shapes employed, conditions of flow and their impact on turbulent conditions, the
transfer of heat rate, absorber temperatures, and thermo-hydraulic enhancing factor are
some of the approaches addressed for improving the performance of SAH [5]. The loss of
heat increases with lengthy and complex process, like the direct proportional relationship
between wire length and resistance in electricity laws. Thus, SAH and PCM non-integrated
systems need additional insulating material, space, and increases the cost of the system.
Because of its multiple phases and components, non-integrated systems cost more to
maintain. Many researchers investigated SAH using storage material like PCM for such
reasons [6]. The use of PCM by the SAH enhances the thermal performance of the SAH
regardless of the absorber plate configuration [7]. To use a SAH beyond peak sunlight
hours, it is recommended to combine it with a TESS. Optimising the architecture of TESS
is one way to improve the thermal efficiency of SAH when it is used in combination with
TESS. The total flow rate and intake temperature of the air, the kind of PCM, the
positioning, and the diameters of the tubes each have an impact on the TESS design

optimisation process [8].
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The study of single and dual pass finned plate SAHs with a wire built of steel mesh
revealed that the thermal efficiency of these devices improved as the air mass velocity
increased. Additionally, it is found that the thermal efficiency of the double-pass collector
is higher than that of the single-pass collector [9]. Application of PCM in window units
reduces building energy consumption and enhances solar energy use. The thermal
performance of double-glazing units examined in relation to PCM thickness and melting
temperature originates that when PCM thickness reaches 50mm, compared to 4mm, inner
surface temperature rises by 158.7%, total transmitted energy falls by 109.1%, and solar
energy is lost by 86.1%. As a result, a PCM container thickness of 12-30 mm and a melting

temperature of 14-16 °C are recommended [10].

Keeping in view of the above, and the results of characterization of the three selected
PCMs from the previous Chapter. The present Chapter includes the study of suitability of
these three specific PCMs (acetamide, stearic acid and paraffin wax) for integration in
SAH. Comprehensive understanding of suitability of these PCMs require a thorough study
based on the fundamental laws of heat transfer and incorporating material properties,
geometry of the proposed SAH and weather conditions profile. The study involves
determination of the design parameters (mass flow rate, length of the absorber and PCM
sizing) of PCM integrated SAH through a series of simulations. Subsequently PCMSAH
is developed based on design parameters from simulation for optimum theoretical outlet
temperature. Further, comparative performance analysis of the selected PCMs
incorporated in SAH has also been studied using standard experimental procedures. The
validation of experimental and theoretical outlet temperature is confirmed. The detailed
energy analysis such as useful, absorbed, lost, and stored heat is evaluated for the SAH
with and without PCM. The uncertainty analysis for thermal efficiency of the PCMSAH

is determined to estimate the accuracy of the experiments performed on the PCMSAH.

4.2 Materials and Methods

4.2.1 Geographical location of experimental site

Tezpur University campus (Fig. 4.1) which is situated in the North Bank Plain Zone of
Assam, India (26.7003 ° N and 92.8308 ° E) with 4.5-5.0 kWhm?day* annual average

global horizontal irradiance (GHI) is the location of the experimental site [11].
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Fig. 4.1: Location of the experimental site

4.2.2 Design of PCMSAH

The conceptual layout of the proposed PCM integrated flat plate collector type SAH is
presented in Fig. 4.2, which consists of (i) a glass cover of high transmissivity to solar
radiation, (ii) an absorber plate with high absorptivity on its upper surface and lower face
carrying PCM and (iii) insulation layer around the absorber plate. The design parameters
of the proposed PCMSAH are determined/selected using standard procedures aiming to

achieve the best thermal performance as discussed below.
4.2.2.1 Sizing of PCMSAH

Sizing of PCMSAH unit is described by three key parameters viz., (i) length of air flow
path, (ii) mass flow rate of air, and (iii) quantity of PCM. These parameters are determined
using the fundamental principle of energy conservation for the proposed PCMSAH as
depicted through thermo-schematic diagram of the PCMSAH in Fig. 4.2. The relationships
representing different components of thermal energy during the operation of the PCMSAH
available in literature are used for the analysis. Some of the relevant assumptions are (i)
Perpendicular to the air circulation, there is no sedimentation (ii) For long-wavelength

radiation at an equivalent sky temperature, the sky is treated as a black body (iii) The glass
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cover, absorbent plate, and insulation have insignificant heat capabilities (iv) The storage
medium has an average temperature Ts(t) at a time t, and there is no temperature gradient
across the thickness of the glass cover. This assumption can be met by keeping the storage
material's thickness low, and (v) There is no air leakage from the collector since the system

is fully insulated.

Fig. 4.2: Thermo-schematic diagram of the PCMSAH

4.2.2.2 Energy balance for design of PCMSAH

Energy balance equation for the four components of thermal energy viz., absorbed heat
(Q4), useful heat (Q,,), stored heat (Q,;) and lost heat (Q;,ss) for the PCMSAH [12] are

given as below.

Qa = Qu~+ Qgt + Quoss (4-1)

Parametric equations are used to represent Q,, Q,,, and Q;,ss in terms of thermo-physical
properties of the system components, coefficients of heat transfer, operating conditions
including input solar insolation and ambient conditions for operation of the PCMSAH.

The absorbed heat Qa is the heat absorbed from the solar radiation (1) by an absorber plate

with an area A, received through a glass cover having transmissivity (z,) and absorptivity

(arg) is estimated as below.

Qa = Ap(rgay)l (4.2)
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The useful heat (Q,,) is estimated from the heat gain by the air with mass flow rate (m ),

specific heat of air (C,) at the mean temperature between inlet (T,;) and the outlet

temperature (T,,) of the air as given below.
Qu=m Cp(Tco - Tci) (4-3)

The following continuity equation is used to express mass flow rate of air passing through
PCMSAH where p is the density of the air, V,,, is the velocity of the air and A, is the area

of the entrance channel.
m = p VyAe (4.4)
The thermal efficiency of the SAH with and without PCM can be estimated as below.

n=2x100% (4.5)
Qa

where, (Q,,) is the useful heat gained and (Q,) is the absorbed heat by the PCMSAH.
The heat lost from SAH is given below [12].
Qioss = UlossAp (Tp - Ta) (4-6)

where, U, IS the collector's overall heat loss coefficient which is equal to sum of the heat
loss coefficients through the top U;, the bottom U, and the edges U, of the collectors as
given below. Thermal energy is lost from the collector to the environment via conduction,

convection, and infrared radiation.
Upss = U + U, + U, 4.7

The top loss coefficient between the SAH and the outside.

TR ——— (48)

heconpgthradpg hw+hrad,ga

where, hconpg IS the convective heat transfer coefficient between the absorber and the
glass cover, h,q4 54 is the radiation heat transfer coefficient within the absorber plate and

glass cover, h,, is the heat transfer coefficient in the glass cover top owing to external
wind velocity and h,,4 44 is the radiation heat transfer coefficient from the glass cover to

the ambient respectively.
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The following equation can be used to compute the convective heat transfer coefficient

between the absorber and the glass cover [12].

k
hcon,pg = Nu d_f (49)

The Nusselt number can be derived from three-region correlation of Buchberg et al. [13]
as expressed below.

Nu =1+ 1.446(1 — ﬂr for 1708 < Ra’ < 5900 (4.10)

(The + bracket goes to zero when negative),
Nu = 0.229 (Ra")%?>2 for 5900 < Ra’' < 9.23 x 10* (4.11)
Nu = 0.157(Ra’)%?8> for 9.23 x 10* < Ra’ < 10° (4.12)

where, Ra’ = Ra cos 6 denotes the Rayleigh number for inclined air layers. The Rayleigh
number is given for natural convection flow between parallel plates (absorber plate and

glass cover) as.

Ra = Gr x Pr = [‘-"(T’” Tg)dy ]P (4.13)

Tmpgﬂ

where, g is the acceleration due to gravity, T, is the absorber plate temperature, Ty, is the
glass cover temperature, Tp,,, is the mean temperature between absorber plate and glass
cover, dy is the distance between the absorber plate and glass cover, u is the kinematic

viscosity of the air and Pr is the Prandtl number given by:

.
Pr =~ (4.14)
where, 1 and a’ are the kinematic viscosity and thermal diffusivity of the air.

@ =— (4.15)

For the corresponding (inlet and outlet) mean temperature (Tm), the thermo-physical
characteristics of the air are taken into account. For computations, the following thermo-

physical property relationships considered are specific heat (C,), thermal conductivity (k),

kinematic viscosity (1), and density (p) [14].

0.0155
) (4.16)

C, = 1006(

293
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k = 0.0257 (T—m)o'86 (4.17)

293

0.735
=181 x 1075 (1) (4.18)

p=1204 (T—m) (4.19)

293
where, T, is the mean temperature between inlet and outlet of the PCMSAH collector.

The equation below can be used to compute the radiation heat transfer coefficient within

the absorber plate and glass cover [12].

n _ 0 (TH+TH)(Tp+Ty)
Tad,pg - (L+L_1)
&p &g

(4.20)

where, o is the Stefan Boltzmann constant, T, is the absorber plate temperature, T, is the
glass cover temperature, &, is the emissivity of the absorber plate and ¢, is the emissivity

of the glass cover respectively.

The correlation used to calculate the heat transfer coefficient in the glass cover top owing

to external wind velocity is provided as below [12].

h,, = 5.67 + 3.86V, (4.21)
where, V, is the wind velocity.

The radiation heat transfer coefficient from the glass cover to the ambient is given by [12].
hradg,ga = €g0(T5 + Taey ) Ty + Toiy) (4.22)
where, Ty, = 0.05527;° (4.23)
Ta is the ambient temperature.

The energy loss equation through the bottom U, and the edges U, are as follows [12].

k
Uy =5 (4.24)

where, k,; is the thermal conductivity of the bottom insulation material and &, is the
thickness of the bottom insulation material.

_ (L1tLly)Lke

Ue (L1L28¢)

(4.25)
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where, L, is the length of the collector, L, is the width of the collector, L5 is the depth of
the collector, k, is the thermal conductivity of the edge insulation material, and &, is

thickness of the edge insulation material.
The energy balance equation for glass cover is given by [15].

TagAy + Aghraapg(Ty = Ty) + Aghconrg(Tr —Ty) = Aghconga(Ty — Ta) +

Ag hrad,gs (Tg - Tsky) (4-26)

where, [ is the solar radiation, a is the absorptivity of the glass cover, 4, is the area of
the glass cover, h,qq4 44 IS the radiation heat transfer coefficient between the plate and the
glass cover, T, is the temperature of the absorber plate, T, is the temperature of the glass
cover, heon rq IS the convective heat transfer coefficient between the fluid (air) and the
glass cover, T is the temperature of the fluid (air), h.oy g4 IS the convective heat transfer

coefficient between the glass cover and the ambient, T, is the ambient temperature,

hraa,gs 1s the radiation heat transfer coefficient between the glass cover and the sky and
Tsky IS the sky temperature respectively.

The energy balance equation for air stream flow along an elemental length dx and b as the

width of the absorber plate may be written as.
. oT aT
heonpr(Tp = Tr)bdx = e, —Ldx + dppre,—Lbdx + heonzy(Ty — Ty)bdx +
Ue(Tf — Tq)bdx (4.27)

The following are the energy balance equations of the absorber plate and storage material
(PCM) [15].

The energy balance for absorber plate is given by.
ItgapA, = Aphraapg(Ty — Ty) + Aphconpr(Tp — Tp) + Qs (4.28)

where, 7, is the transmissivity of the glass cover, A, is the area of the absorber plate,
hraa,pg 1s the radiation heat transfer coefficient between absorber plate and the glass cover

and Q,; is the heat produced by the PCM storage.

Now in case of charging the temperature of PCM rise and starts melting. Therefore, Q;

heat produced in case of charging becomes Q. ., Which can be equated as:
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Qst,ch = (:_:> Ap (Tp - Tst) = (Ap + Ab)(Tst - Ta) + Qcn (4.29)

where, (k,) is the thermal conductivity of the absorber plate, (z,) is the thickness of the
absorber plate, (A,) is the area of the absorber plate, (4;) is the area of the bottom
insulation, (T,) is the temperature of the absorber plate, (Ts.) is the temperature of the
PCM, (T,) is the temperature of the ambient air and (Q.) is the further simplification form

of heat production during charging of PCM which is given as.

Fic fin_ch,PCM
Qe = M [ e pey Cots (D) AT + L + [

Ce(T) T | (4.30)

where, M is the mass of the PCM, ini_ch, PCM is the temperature of the PCM during
initial charging process, F;. is the temperature of the PCM at the end of the initial charging
process, Cs; s is the specific heat of the PCM in solid state, L is the latent heat of fusion
of PCM, fin_ch, PCM is the temperature of the PCM during the final charging process,
Fy is the temperature of the PCM at the end of the final charging process, T is the function
for temperature of the PCM and Cg, is the specific heat of the PCM in liquid state

respectively.

Similarly, Q,; heat produced during discharging when the PCM stars to solidify becomes

Qst.ais Which can be equated as can be written as:

Qst,dis = <:_:) Ap (Tp - Tst) = (Ap + Ab)(Tst — Ty) + Quis (4.31)

where, Qg5 1S the further simplification form of heat production during discharging of
PCM.

Quis = M [y is pom Cota (1) AT + Ly + [/ ¢ (1) ar | (4.32)
where, M is the mass of the PCM, ini_dis, PCM is the temperature of the PCM during
initial discharging process, F;; is the temperature of the PCM at the end of the initial
discharging process, C, is the specific heat of the PCM in liquid state, Ly is the latent
heat of fusion of PCM, fin_dis, PCM is the temperature of the PCM during the final
discharging process, Fy, is the temperature of the PCM at the end of the final discharging
process, T is the function for temperature of the PCM and Cj,  is the specific heat of the

PCM in solid state respectively.
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So, now Egs. (4.26) & (4.28) are solved to compute temperature of absorber plate (7;,) and
temperature of glass cove (T,) and put its values into Eq. (4.27) that finally results in Eq.

(4.33) as given below [15].

oT oT
L+ a L+ 0T = 1) (4.33)
where,

bl = (b/mcf)(hcon,pfcz - hcon,pf - hcon,fg + hcon,fge5 - Ue +
hcon,fge4cz) (4.44)

where, Cs is the specific heat of fluid (air) moving within the PCMSAH and convective

heat transfer coefficients due to plate to fluid (hcon, pr) and fluid to glass (hcon, fg).

And
fi(t) = (micp) (d1 + d2T, + d3Tg, + d4Ty,) (4.45)

Where f1 (t) is the average value over a short time and may be treated as a constant because
response on the PCMSAH for the metrological data of the given location is invariant for
short period of time. The coefficients used in the expression of f; (t) can be referred from
Appendix 4A.

The initial and boundary conditions of PCMSAH are Ti(x = 0,t =0) = Triand Ti(x = 0) =
Tsi to Ti(x = L) = T as shown in Fig. 1. The solution of Eq. (4.33) can be derived by

transformation relation, which is given in reference [15].

The following analytical equation is generated for the average temperatures at flowing air
along the length of SAH.

Tros = G) foL Tr(x, )dx = flb—(lt) + %(;) exp [— (g—;i)] [exp (— b;—L) — 1] +

%exp [— (%)] [1 — exp (— b;—L)] (4.46)

A transient analytical model is used to investigate the PCMSAH, in which the temperature

of fluid (air) is expected to alter with time and length of the absorber plate. The
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temperatures of SAH elements and the thermal storage material (PCM), are calculated
using analytical expressions. To evaluate the theoretical performance of the PCMSAH, a

MATLAB simulation is utilised to solve the energy balance equations.

The input parameters to the program are the (i) design parameters, (ii) operational
parameters, (iii) thermophysical properties of the PCM and (iv) climatic condition such as
solar radiation, ambient temperature, and wind speed of a representative day (24/04/2019)
in Tezpur (India) given in Fig. 4.3. Effects of design parameters of the SAH such as length
of absorber (L) varying from 1m to 3m with an increment of 0.5 m, mass flow rate (1)
varying from 0.018 to 0.048 kg/s with an increment of 0.010 kg/s, types of the PCM
(acetamide, stearic acid and paraffin wax) and quantity on the temperatures of the air along
the length of SAH are studied. Table 4.1 summarizes the values for different parameters

used for numerical calculations.
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Fig. 4.3: Solar radiation, ambient temperature, and wind speed in the

experimental site
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Table 4.1: Parameters used in numerical computations

Parameter value Parameter Value
Transmissivity of the glass 0.90 [16] Thermal conductivity of the 1.36 W/mK [19]
cover, Ty absorber plate, kp
Absorptivity of the glass cover, og 0.05[16] Stefan Boltzmann constant, 5.669 x 108 W/m2K*

(¢}
Absorptivity of the absorber 0.96 [17] Bottom insulation thickness, 0.07m
plate, ap db
Wind velocity, Vo 1m/s Edge insulation thickness, . 0.07m
Distance between the absorber 0.1m Width of the entrance im
plate and the glass cover, ds channel or air vent, b
Angle of inclination of the 26.70° Emissivity of the glass 0.92 [20]
collector, 6 cover, &
Thickness of the absorber plate, 0.01m Emissivity of the absorber 0.95 [20]
Zy plate, &

Thermal conductivity of the 0.022 W/mK [18]
insulation material of bottom and

edge, ko=ke

The sizing of the PCM cavity determines the depth of the PCM melted from which we can
quantify the amount of PCM required for the PCMSAH. Table 4.2 displays the
thermophysical characteristics of three distinct PCMs that are employed in PCM cavity
sizing and the differential scanning calorimetry for the thermophysical properties of the
PCMs are shown in Fig. 4.4. To estimate the necessary PCM melting depth it is assumed
that the PCM can be described as a lumped parameter system. Recognizing the PCM
volume as Adpcy, Where dpcy, is the depth of PCM melted, and that the first order
equation gives rise to a time constant, . for melting, an estimate for the depth can be

derived as below [21]:

dpcy = Tc/pPCMLst[I - riflcp/A(Toul:_ Tin) - (Us + Up) (Tp -Ty )] (4-47)

The quantity (Tf,occe)= T 0,initia)/ (Tr,0,0 — Tf,0,initiar) takes certain amount of time
known as time constant, (z) to change from 0 to 0.632. Where T ,(.) represents the
PCMSAH outlet temperature at a certain moment, Ty , ., represents the outlet temperature
at the end of the specified period, and Tf, niriqr represents the PCMSAH outlet

temperature at the beginning of the chosen period [22].
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Table 4.2: Thermo-physical properties of different PCMs [23-26]

PCM Melting Temperature Latent heat Specific Thermal Density
(°C) (kJ/kg) heat conductivity  (kg/m®)
Experiment Literature Experiment Literature (kJ/kgK) (W/mK)
Paraffin 65.8 58-60 198.7 226 2.95 0.24 818
wax (solid) (solid)
251 760
(liquid) (liquid)
Acetamide 112.8 80.3-82 210.21 242 1.98 0.592 1159
(solid)
998.6
(liquid)
Stearic acid 63.4 54-56 200.7 186.50 2.83 0.18 1080
(solid) (solid)
2.38 1150
(liquid) (liquid)
DSC /(mW/mg)
1 exo
0.01 Area: -198.7 Jig
051 \ Onset: 60.2 °C / f"‘/‘”'s'c ‘
N 7 —————— 1
1.0
A5
2.0
2.5
-3.0
a5 Peak 6538 *C, -3.45 mW/mg
0 2 4 6 8 10

Time /min

(a) Paraffin wax
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Fig. 4.4: DSC curve of (a) paraffin wax (b) acetamide and (c) stearic acid for melting point

and latent heat of fusion value
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4.2.3 Performance evaluation of designed PCMSAH

Two identical solar hot air generators (SAH) one with PCM and other without PCM is
designed and developed locally in the Department of Energy, Tezpur University based on

the parametric study to optimise length, mass flow rate and mass of the PCMs.

The experimental set-up is developed to investigate the performance of the SAH with or
without PCM operated simultaneously throughout the day on open loop flow mode. The
measurements of different parameters are performed according to the standard test
procedure [27]. The temperature at different points in SAH is measured with K type
thermocouple with +2.2 °C/+0.75% error as shown in Fig. 4.5. The solar radiation is
measured with global solar radiation meter Kipp and Zonen with measuring capacity up
to 2000 W/m? and relative error of £5 w/m?2. Two similar centrifugal blowers, Forte' with
220 V/50Hz voltage/frequency, no load speed of 0 — 13000 rpm, power 600 W and
blowing rate 0-2.8 m*/min are used to give a forced draft to both the SAH. Anemometer,
Testo 417 is used for measuring wind velocity with + (0.1 m/s+1.5% of mv) relative error.
Temperature data logger, Personal Dag/56TM is used for retrieving all the temperature
data.

Comparative performance assessment of the two identical SAH one without PCM and
another for three different PCMs viz, acetamide, stearic acid and paraffin wax are
conducted on three different days of April, June, and July 2021 respectively. All the
temperatures located in necessary locations as tabulated in Table 4.3, solar radiation and

wind velocity are recorded throughout the day with an interval of 15 mins.
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Fig. 4.5: Solar air heater with and without PCM

Table 4.3: Different Locations of thermocouples during performance test

Thermocouples Specific measuring locations
T1 Inlet Temperature (PCM)
T2 Outlet Temperature (PCM)
T3 Plate Temperature (PCM)
T4 PCM Temperature
T5 Glass Temperature (PCM)
T6 Ambient Temperature
T7 Inlet Temperature (without PCM)
T8 Outlet Temperature (without PCM)
T9 Plate Temperature (without PCM)
T10 Glass Temperature (without PCM)
D Temperature Data logger (Personal Dag/56TM)
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4.3 Results and Discussions

The PCMSAH is designed and developed in the department of Energy, Tezpur University.
The performance evaluation of SAH with and without the PCM is carried out for three
clear days during the period of April to July 2021. All the experiments are conducted under

the climatic condition of Tezpur, Assam, India.

4.3.1 Effect of theoretical outlet temperature of PCMSAH with varying air mass flow
rate and absorber plate length

Theoretical outlet temperatures (Trs) of PCMSAH with varying absorber length at
different air mass flow rates are solved using Eq. (4.46) and plotted as shown on Fig. 4.6,
4.7, and 4.8 for acetamide, stearic acid and paraffin wax respectively. Outlet temperature
of fluid for varying absorber length (L=1 to 3 m with the increment of 0.5 m) and with
four levels of mass flow rates (viz., 0.018 kg/s, 0.028 kg/s, 0.038 kg/s and 0.048 kg/s) are

plotted with time of operation in these plots.

The mass flow rate of air when increased from 0.018kg/s to 0.048kg/s resulted drop of
outlet temperature by 1.81 °C, 1.87 °C and 1.87 °C for acetamide, stearic acid and paraffin
wax, respectively while assessing for a 3 m long absorber plate. Now, with increase in
length from 1 to 3m the maximum outlet temperature difference is obtained at the lowest
mass flow rate of 0.018 kg/s, and the temperature difference is found out to be 1.93 °C in
case of acetamide and 1.99 °C in case of stearic acid and paraffin wax. Lowest outlet
temperature difference is obtained with high mass flow rate of 0.048kg/s which are 0.07

°C, 0.08 °C and 0.09 °C for acetamide, stearic acid and paraffin wax.
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Fig. 4.6: Theoretical outlet temperature with varying length of absorber and mass flow rates (a)
0.018 kg/s (b) 0.028 kg/s (c) 0.038 kg/s and (d) 0.048 kg/s with acetamide as PCM
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Fig. 4.7: Theoretical outlet temperature with varying length of absorber and mass flow rates (a)
0.018 kg/s (b) 0.028 kg/s (c) 0.038 kg/s and (d) 0.048 kg/s with stearic acid as PCM
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Fig. 4.8: Theoretical outlet temperature with varying length of absorber and mass flow rates (a) 0.018
kg/s (b) 0.028 kg/s (c) 0.038 kg/s and (d) 0.048 kg/s with paraffin wax as PCM

Fig. 4.9 represents the theoretical useful energy with varying air mass flow rate and length

of the absorber plate. Highest theoretical useful energy is produced at lowest air mass flow

rate (0.018 kg/s) and lowest theoretical useful energy produced at highest air mass flow

rate (0.048 kg/s) in case of all the PCMs. However, there is a marginal increase in useful

energy with increase in length of the absorber plate.
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11.5 Paraffin wax Stearic acid Acetamide

Useful energy (MJ)
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® Length (Im) = Length (1.5m) u Length (2m) Length (2.5m) = Length (3m)

Fig. 4.9: Theoretical useful energy with varying air mass flow rate and length of the

absorber plate

From the observation of the (Trs) plot and theoretical useful energy plot it can be decided
that the lowest air mass flow rate 0.018 kg/s produced highest theoretical outlet
temperature and useful energy also since there is negligible change in theoretical outlet
temperature difference and theoretical useful energy with the increase in length from 1 to
3 m for all the PCMs. Finally, 1.57 m and 0.018 kg/s as absorber plate length and air mass
flow rate are considered for the present study.

4.3.2 PCM quantity sizing

For PCM cavity sizing, the time constant (zc) for various PCM-based SAH is estimated to
be 3 h to reach 63.2% of the peak theoretical outlet temperature (Tros) from the beginning
of Tres, which may be utilised to quantify the depth of the melted PCM. The values of the
parameters used in sizing of PCM cavity for three different PCMs are tabulated in Table
4.4. Now these parameters are considered for solving Eg. (4.47) in determining the PCM
melting depth as shown in Fig. 4.10.

97

—
| —



Table 4.4: Parameters considered for PCM melting depth estimation with different

operation conditions for three different PCMs

PCM  ppey Lyt | ¢ T, T, U; U, r, T, Ap (M?) m (kg/s) Tc
(kg/ (kI (kW (kI (K)  (K) (kW (kW (K)  (K) (s)
m’) kg) M)  gK) m’K)  m?K)
1159 210 0938 1.007 343 311 5607 0.000 373 309 (1-3)m?> (0.018- 108
é E-05 22 with05  0.048)kg/s 00
% increment  with 0.01
< increment
- 1080 200. 0.938 1.007 343 311 5607 0.000 373 309 (1-3)ym?> (0.018- 108
& 7 E-05 22 with 0.5 0.048) kg/s 00
% increment  with 0.01
» increment
< 818 198. 0938 1.007 343 311 5607 0000 373 309 (1-3)m? (0.018- 108
g 7 E-05 22 with05  0.048) kg/s 00
= increment  with 0.01
crts increment

é 0.06
S 0.04
-~
=
§ 0.02
°
E 0
P
-
G
= -0.02
% 004 Acetamida Stearic acid
bt .
(=]
= Paraffin wax
= -0.06
&
(=]

-0.08

PCMs

Fig. 4.10: Depth of the PCM melt for varying air mass flow rate and absorber plate area

The depth of the PCM melting ranges from (-2.77 cm to 3.22 ¢cm) for acetamide, (-3.12
cm to 3.62 cm) for stearic acid and (-6.50 cm to 2.49 c¢cm) for paraffin wax matrix an
average of 1.30 cm for acetamide, 1.46 cm for stearic acid and -0.38 cm for paraffin wax.
Finally, 1 cm is considered for height of the PCM cavity with 1 m breadth and 1.57 m
length matrix a total volume of PCM cavity (absorber plate chamber) as 0.0157 m3. The
total mass of PCM required for PCM cavity is presented in Table 4.5 where it is found that
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14.56 kg of acetamide, 12.12 kg of stearic acid and 11.30 kg of paraffin wax respectively

are required as a LHS unit. Studies carried out by Verma et al. [28] and Summers et al.

[21] found optimum PCM thickness as 2 cm and 8 cm that can produce maximum outlet

temperature of 60 °C and 58 °C.

Table 4.5: Amount of PCM required for PCM cavity

PCM Density Mass of 80% of Mass of PCM to be
(kg/m?3) PCM (kg) keptinside PCM cavity (kg)

Acetamide 1159 18.212 14.569

Stearic acid 1080 15.150 12.120

Paraffin wax 818 14.130 11.304

4.3.3 Development of PCMSAH based on simulation outcome

Based on the parametric study to optimise the length, mass flow rate, and mass of the

PCMs from the preceding sections, two identical solar hot air generators (SAH) are

developed locally in the Department of Energy, Tezpur University. The detailed

specifications of the SAH are described in Table 4.6.

Table 4.6: Specifications of PCMSAH

S.No. Specifications Values
1. Structure and base material Wooden frame
2. Area of absorber plate 1.57 m?
3. Material of the PCM cavity Aluminium
4. Material of the glass Float glass type
5. Glass thickness 0.005m
6. Glass area 2 m?2
7. Glass to absorber plate gap 10mm
8. Insulation material Foam and ply board support
9. Material of SAH outer cover Aluminium sheet
10. Air vent area Imx01m
11. Hot air channel material PVC suction hose
12. Mode of air flow Single pass and overflow
13. Air blower Centrifugal blower

99

—
| —



The front view, side view and schematic of SAH are shown in Fig. 4.5 (a), (b) and (c). The
absorber plates are maintained at a gap of 10cm lengthwise and 6cm breadthwise insulated
from for receiving maximum amount of solar radiation through the exposed glass area

which can be seen in Fig. 4.11 (a) and (b).

Absorber plate Glass
| \ 100 cm | Il() cm
1cm
6 cm
(a) 4]
Absorber plate Glass
Air inlet \ I Air outlet
10 cm 157 cm —
—=- | \ ] —

(b)

(©

Fig. 4.11: (a) Front view of SAH breadth wise. (b) side view of SAH length wise. (c)
schematic of SAH with support and stand

4.3.4 Comparison of performance of SAH (with and without PCM)

The experiments are conducted on clear sunny days during the period of April to July
2021(07:30 AM — 05:15 PM) for three different PCMs respectively. The outlet
temperature of two identical SAH one with PCM and other without PCM along with

100

—
| —



ambient temperature are shown in Fig. 4.12. The solar radiation and the PCM plate
temperature for different PCM is presented in Fig. 4.12. The maximum drop in outlet
temperature during charging operation is resulted by paraffin wax (6.09 °C) followed by
stearic acid (5.44 °C) and acetamide (3.33 °C) in comparison with the SAH without PCM.
However, trend is different during discharge mode of operation as evidenced by the
maximum gain in outlet air temperature with stearic acid (9.57 °C) followed by paraffin
wax (6.48 °C) and acetamide (1.73 °C) in comparison to the SAH without PCM. The outlet
temperature of PCMSAH can be noticed to be lower than SAH during the charging period
but higher during the discharging period and low radiation period. The plate temperature
of the stearic acid reached highest during the experiment followed by paraffin wax and

acetamide corresponding to the respective solar radiations as shown in Fig. 4.13.

Outlet temperature with PCM
Outlet temperature without PCM
—— Ambient temperature

65 Date= 24/04/2021
m= 0.018 kg/s
L=1.57m

PCM= Acetamide|

70
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T T T

Outlet temperature (°C)

Outlet temperature with PCM
70 Outlet temperature without PCM
—— Ambient temperature |

Date=21/06/2021
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L=1.57m
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= Qutlet temperature with PCM
Qutlet Temperature without PCM
—— Ambient Temperature

Date= 23/07/2021
m= 0.018 kg/s
L=1.5Tm

PCM= Paraffin wax

Outlet temperatures (°C)
8

10:15 -+
11:00 -+

Fig. 4.12: Experimental outlet temperature of SAH with (a) acetamide (b) stearic acid
(c) paraffin wax PCMs and without PCM
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Fig. 4.13: Solar Radiation and Plate temperature for SAH with three different PCMs

Fig. 4.14 (a), (b) and (c) represents the validation of parametric study for theoretical outlet
temperature (Tros) With experimental outlet temperature of PCMSAH using three different
PCMs: acetamide, stearic acid, and paraffin wax. The theoretical and experimental outlet
temperatures are validated using 15 % deviation and found in close agreement with each

other. Moreover, the mean relative error between experimental and theoretical outlet
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temperature for three different PCMs are found to be within acceptable limit such as 4.50

% (paraffin wax), 2.32 % (stearic acid) and 2.63 % (acetamide) respectively.

70
S 60 Acetamide < ad
b 15% deviation
3 o
g 50 é ¢ &
= Tr.®
§ 40 0. ..0
3 *?
2 30
E
5]
E 20
5
&
S 10

0

0 10 20 30 40 50 60 70
Theoretical outlet temperature (°C)
(@)
70
60 Stearic acid

15% deviation
50

40

30

20

Experimental outlet temperature (°C)

0 10 20 30 40 50 60 70
Theoretical outlet temperature (°C)

(b)

70

60 Paraffin wax .’ *
15% deviation (4 *
50

40 b2
30
20

10

Experimental outlet temperature (°C)

0 10 20 30 40 50 60 70
Theoretical outlet temperature (°C)

(©)

Fig. 4.14: Theoretical and experimental outlet temperatures of
PCMSAH with (a) acetamide, (b) stearic acid and (c) paraffin wax
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4.3.5 Energy analysis of SAH (with and without PCM)

The trend of the absorbed, useful, lost, and stored energy is presented in Fig. 4.15 (a), (b)
and (c) for three days April 24", June 21%, and July 23", 2021. The energy balance
equation, Egs. (4.1), (4.2), (4.3) and (4.4) are used to evaluate the absorbed, useful, lost,
and stored heat. The absorbed, useful, lost, and stored heat of acetamide attained during
the experiment are calculated as 33230.2 W, 11576.9 W, 752.49 W and 20900.8 W
respectively. Similarly for stearic acid the absorbed, useful, lost, and stored heat are
respectively 33427.54 W, 10655.09 W, 724.46 W and 22047.98 W respectively.
Subsequently for paraffin wax the absorbed, useful, lost, and stored heat are estimated as
36567.54 W, 14135.18 W, 838.24 W and 21594.12 W respectively. During the
experiment, PCMSAH with paraffin wax produced the most useable heat of around 14kW.
The absorbed, useful, and stored heat is higher in case of all the PCMs as compared to
study carried out by Khadraoui et al. [29] despite having a larger collector area of 2.12 m?.
The stored heat in the PCM cavity of the current study is around (59 % to 66 %) and 70 %
in the study carried out by Khadraoui et al. [29].
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Fig. 4.15: Absorbed, useful, lost and stored heat of the SAH with (a) acetamide (b)
stearic acid and (c) paraffin wax as PCM

Fig. 4.16 represents the performance comparison of the SAH (with and without PCM) in
terms of different types of energy involve during the experiments. Marginal rise in useful
heat produced by PCMSAH is attained with acetamide (1.7 %) followed by paraffin wax
(0.79 %) and stearic acid (0.34 %) in comparison of the SAH without PCM. The highest
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amount of heat is stored with stearic acid (65.95 %) followed by acetamide (62.889 %)
and paraffin wax (59.05 %).
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15000

10000

5000

QA Qu Qloss Qst Qu Qloss QA Qu Qloss Qst Qu Qloss QA Qu Qloss Qst Qu Qloss
Acetamide Without Stearic acid Without Paraffin wax Without
acetamide stearic acid paraffin wax

Fig. 4.16: Absorbed, useful, lost, and stored heat of the SAH with (a) acetamide
(b) stearic acid and (c) paraffin wax

In terms of daily average thermal efficiency, paraffin wax (45.64 %) based SAH ranks
first followed by stearic acid (45.20 %) and acetamide (40.83 %). PCMSAH with stearic
acid stands 13.04 % higher to the SAH without PCM, similarly PCMSAH with paraffin
wax remained 7.07% and acetamide 5.77 % higher to the SAH without PCM respectively.
Khadraoui et al. [29] carried out an experimental investigation on SAH integrated with
rectangular cavity filled with Paraffin wax in Tunisia (Longitude 10.42 °E, Latitude 36.72
°N). The energy efficiency from the experiment on different days are found to be 32.85 %
(27/08/2015) and 34.19 % (28/08/2015).

4.3.6 Uncertainty analysis for thermal efficiency of PCMSAH

The uncertainty analysis is carried out to determine the accuracy of the experiments
performed on the PCMSAH. In this study, the errors came from the sensitiveness of
equipment and the measurements uncertainties. The independent parameters measured in
the experiments reported here are (i) collector inlet and outlet temperature, (ii) ambient
temperature, (iii) PCM temperature, (iv) air velocity, and (v) solar radiation.

Ay = +\/( Axp)? + (2 Axy)? 4 e (B Axy)? (4.48)
where, is the wuncertainty in the evaluated dependent variable and
Ax; , Axy, ... ... , Ax,, are the independent variable errors [30, 31].
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Finally, the uncertainty of the thermal efficiency of PCMSAH for the present study is
given by.

Ang =+ J(?—;Am)z + (Z“T:ATO)Z + (";inATi)Z + Az + (Z“T:AAP)Z (4.49)
Where, Any is the uncertainty associated with the thermal efficiency of the SAH, and Am,
AT,, AT;, AlI,LAAp are the uncertainties associated with the mass flow rate, outlet
temperature, inlet temperature, radiation intensity and area of SAH respectively. The
relative errors in measurements of solar radiation, air temperature across the PCMSAH,
mass flow rate, absorber plate area, and the uncertainties are shown in Table 4.7. The

uncertainty in the thermal efficiency is computed as +2.02 %.

Table 4.7: Uncertainty of parameters in the measurement

S.No. Parameter Value of Relative error  Uncertainty Remarks
parameter of the
instruments

1 Solar radiation 590 W/m? 5 W/m? +0.03 % The value of the
parameters like solar

2 Inlet temperature 36 °C +2°C +2.36 % radiation, and inlet
and outlet

3 Outlet 520C +2 9C +1.638 % temperatures are the

temperature average value

obtained during the

4 Mass flow rate 0.018 kg/s +1.5% +0.0546 % experiments.

5 Area of the 1.57 m? 1% +0.0036 %

absorber plate

4.4 Summary

In the present Chapter, we have studied the feasibility of integration of the selected PCMs
in the SAH. The effect of mass flow rate of air on the outlet air temperature of SAH was
examined by simulations and found that the lowest air mass flow rate (0.018 kg/s)
produces highest theoretical outlet temperature 63.27 °C (acetamide), 60.31 °C (stearic
acid) and 60.40 °C (paraffin wax) as compared to highest air mass flow rate (0.048 kg/s)
that produce 61.51 °C (acetamide), 58.48 °C (stearic acid) and 59.35 °C (paraffin wax)
theoretical outlet temperature respectively. With increase in the length of the absorber
plate (1 m to 3 m), the highest outlet temperature difference obtained is 2.16 °C with 0.018
kg/s of air mass flow rate for stearic acid and 0.82 °C with 0.048 kg/s of air mass flow rate

in case of stearic acid and paraffin wax. Therefore, the air mass flow rate of 0.018 kg/s
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and length of the absorber plate as 1.57 m are considered from the theoretical studies to
develop the two identical SAH (with and without PCM).

The PCM melting depth is estimated with an average melting depth of 1.30 cm for
acetamide, 1.46 cm for stearic acid and -0.38 cm for paraffin wax. Therefore, 1 cm of
PCM cavity height is considered to find the total mass of PCM required for LHS inside
the PCM cavity as 14.56 kg of acetamide, 12.12 kg of stearic acid and 11.30 kg of paraffin
wax respectively.

During the investigation of performance comparison of SAH with and without PCM it is
found that the maximum outlet temperature difference obtained during charging period is
3.33 °C for acetamide, 5.44 °C for stearic acid and 2.89 °C for paraffin wax and
subsequently the maximum outlet temperature difference acquired during discharging
period is found to be 1.73 °C for acetamide, 9.75 °C for stearic acid and 6.56 °C for
paraffin wax. The major advantage of the PCMSAH is the uniform outlet temperature
during discharging process and higher outlet temperatures with comparison to SAH
without PCM for a longer period.

The validation between the theoretical and experimental outlet temperature showed close
agreement for all the PCMs and the mean relative error are within acceptable limit such
as 4.50 % (paraffin wax), 2.32 % (stearic acid) and 2.63 % (acetamide) respectively.

The absorbed, usable, lost, and stored heat of acetamide (33230.2 W, 11576.9 W, 752.49
W, and 20900.8 W), stearic acid (33427.54 W, 10655.09 W, 724.46 W, and 22047.98 W)
and for paraffin wax (36567.54 W, 14135.18 W, 838.24 W, and 21594.12 W) are obtained
during the experiment.

During comparison to SAH without PCM, there is a marginal increase in usable heat
produced by PCMSAH with acetamide (1.7 %), paraffin wax (0.79 %), and stearic acid
(0.34 %). Stearic acid stored the most heat (65.95 %), followed by followed by acetamide
(62.889 %) and paraffin wax (59.05 %).

Paraffin wax based PCMSAH (45.64 %) had the highest thermal efficiency, followed by
stearic acid (45.20 %) and acetamide (40.83 %). Stearic acid based PCMSAH thermal
efficiency is 13.04 % higher to that of SAH without PCM, followed by paraffin wax is
7.07%, and acetamide is 5.77 % respectively.

The uncertainty in the thermal efficiency of the PCMSAH is computed as + 2.02%. The
novel PCM integrated SAH design will be effective for space heating or solar drying of

the local perishable agricultural items which will be discussed in the following Chapter.
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