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PERFORMANCE EVALUATION OF SWIRL FLOW
SOLAR AIR HEATER

Mahmoud. A. Kassem! and Mohamed. A. Kassem?

ABSTRACT

The objective of the present study is to evaluate the performance of a new
design of solar air heater. In the new design, the air is swirled by using
twisted-tape insert in the air passage. Initially, the heat transfer and
pressure drop for swirled flow has been tested in order to identify the
optimum tape twist ratio which satisfies a maximum heat transfer
coefficient, with accepted value of air pressure drop. The proposed air
heater was compared with the conventional air heater under the same
operating conditions. The results show that the proposed air heater is
superior - instantaneous and daily bases- in energy output, efficiency and
exit-air temperature.
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INTRODUCTION

he thermal energy has wide applications in human life. It can be

generally utilized in form of either low grade (low temperature) or

high grade (high temperature), (Arind et al., 2006). One of the
applications of thermal energy at low temperature is the drying of
agriculture crops. Solar energy is welcome in agriculture crops drying to
reduce the environmental pollution and running cost.
Many pervious studies were dedicated to improvement of thermal
performance of non-focusing solar heaters. A method to achieve this goal
may be by enhancing the heat transfer from the absorber plate to the
working fluid. (Abdulla et al., 2000) studied the fluidized bed solar water
heater. They found that fluidized bed solar water heater has thermal
efficiency greater than that for ordinary flat plate solar collector. In the
same time, fluidized bed solar water heater has a penalty of higher fluid
flow pressure drop.
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The main disadvantage of the fluidized solar water heater is that:
fluidization is not achieved at low water velocities and low collector tilt
angle. Some other studies Arind et al. (2006), Lertsatitthanakorn et al.
(2008) and Swapnil et al. (2008) were concerned with hybrid solar
system —photo voltaic/ thermal- as a method to improve the solar system
efficiency.

This work presents a proposed novel design aiming to increase the
absorber- fluid heat transfer coefficient. This is accomplished by inserting
a twisted tape inside the collector tubes. The twisted tape swirls the flow
inside collector tubes and the flow will be multi-dimensional. The fluid
turbulence increases and the boundary layer decreases-which increase the
absorber-to-fluid heat transfer rate.

THEORETICAL ANALYSIS

Two solar air heaters are studied in the present work; the first one is the
collector with twisted tape inserted inside the fluid tube, while the second
is conventional solar collector. The main differences between the two
collectors are the coefficients of the heat transfer between the collector
and the working fluid and the working fluid pressure drop. The flow
inside collector tube may be laminar or turbulent. The absorber is subject
to solar radiation from a constant heat flux

1. Heat Transfer:
1-1. Heat transfer in swirled tube:

One method for enhancing the heat transfer between the surfaces and
flowing fluid is by using a twisted tape inside the tube (Raj and Bergles
2002). Figure (1) shows a schematic diagram for twisted tape inserted
inside tube, the pitch of the twist is "H" and the twisted tape has thickness
of "".

Many investigators published articles related to the effect of twisted tape
insertion on heat transfer and pressure drop such as Watcharin et al.
(2006) and Jaisankar et al. (2008).
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Fig. (1): Schematic diagram for tube with twisted tape.

Hong et al. (1976) suggested the following relation to correlate heat
transfer coefficient for laminar flow inside tube equipped with twisted
tape subject to uniform heat flux;

Nu=5.172 [ 1+ 5.484 x 103 Pr7 (Reay) 215 (1)

Where,
Rea= (Uadi/ V) (2
Ua=(m/p Ac) (3)
y = (H/d) 4)
Ac = [ (ndi?/4) - 5 di] (5)

For turbulent flow inside tube equipped with twisted tape, Manglik et al.
(1993), suggested the following relation to predict the heat transfer
coefficient;

Nu= 0.023 Re%8 Pro4 [1+ 0'769}{%2_(25“‘)} | { " } | ¢ (6)
y 7—(451d,) r—(451d,)

#=(uy 1) and n = {37 0 o @

1-2. Heat transfer in plain tube:

For comparison purposes, the conventional solar air heater is also
simulated for the heat transfer coefficient for case of laminar flow inside
plain tube subjected to constant heat flux, the following equation is
suggested by Kays [in Incropera and Lavine (2005)]

0.0668(d, /L)RePr

Nu = 4.36
: "1+ 0.04{(d, /L)RePr*

(8)

1431



In case of turbulent flow inside plain tube exposed to constant heat flux,
the formula given by Gnieliski correlation [in Abdulla (1998)] is
applicable.

—(Re 1000) Pr y3
Nu = L ( j ] 9)
1+1.27(Pr3- 1)(
Where, the friction factor (f), is calculated from one of the following

relations depending on Wlther the flow is laminar or turbulent.
For laminar flow

_54

Re

While for turbulent flow, in technically smooth pipes, Petukhow et al. [in
Irvane and Hartnett 1970 ] proposed the following equation

f =(1.82log,, Re—1.64)" (11)

(10)

2. Pressure Drop:

The fluid flow pressure drop is given as:

L pu?
Ap=f— 12
p q 2 (12)

Where, (f) is the friction factor.

2-1. Friction Factor for flow in swirled tube:

For laminar flow Date and Singham (1972) [in James and Thomas
2002] suggested the following relation for flow friction factor
f = 38.4 (Rely) %%, (Rely) <100 (13)
f = (8.8201 +2.1193y — 0.2108 y? — 0.0069 y* )(Rely) ', (Rely)>100 (14)

For turbulent flow Manglik et al. (1993), suggested the following relation
to correlate the flow friction factor;

1.75 1.25
¢ 00791, 2752 7 z+2-(251d.) (15)
Re® V2 | z—(45/d.) z—(451d,)

2-2. Friction factor for flow inside plain tube:

The friction factor for smooth plain tube is given as mentioned earlier by
equations 10 and 11.
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3. Solar Collector Performance:

The theoretical bases of the flat-plate solar collector thermal performance
are well established and available in the literature. Three indices of
importance in characterizing the performance are the useful power output,
the fluid exit temperature and the collector efficiency. These are given by
Duffi et al. (1976) and Elsayed et al. (1986)

q, = Felo, U (T, -T.)| (16)
~ d,

T, =T, +—m'"Cp (17)

7, = (18)

It

The expected increase in the absorber- to- fluid heat transfer coefficient,
due to the insertion of the twisted tapes inside the collector tubes, will
affect the heat removal factor Fr. Thus, it will affect the thermal
performance of the collector.

Moreover, the presence of the twisted tapes inside the collector tubes will
entail an additional pressure drop. This will reflect on the hydrodynamic
performance of the collector.

RESULTS AND DISCUSSION

1. Twisted tape:

Based on the analysis, presented herein above, ASHRAE model, solar
angles and the glass - absorber radiation characteristics, a computer
program has been coded to execute the necessary computations. The
program is used to make a comparison between the proposed, swirled
flow collector, and the conventional collector.

The program was prepared in such a general way that it can be used for
collector installed at any location, on any day and at any time of the day.
Moreover, any type of working fluid can accommodated. As for the
swirled flow collector, the program can deal with any tape twist ratio y
and thickness 6. Samples of the obtained results are presented in what
follows; they are all based on air as the working fluid.

Nusselt number and pressure drop for flow inside tubes equipped with
different twisted tapes are compared with plain tube in figures 2 and 3. As
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shown in fig. 2 the tube which equipped with more tight tape has higher
Nusselt number. On the other hand, for air velocity higher than 4 m/s the
tube equipped with tape has a twist ratio equal 3 has fluid flow pressure
drop closer to that for the plain tube.

Therefore, all results presented hereinafter will be based on plain tube and
tube equipped with twisted tape has a twist ratio equal to three.
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Fig. 2. Variation of Nusselt number with air flow velocity for flow inside
plain tube and tube equipped with twisted tape with different twist
ratios. Data for (di/6) =32 and ta = 70 °C
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Fig 3. Variation of air pressure drop with air velocity for flow inside plain
tube and tube equipped with twisted tape with different twist

ratios Data for : (di/d) = 32, (L/d;) =125 and ta=70°C

2. Solar-Collector Output:

The sample results related to the thermal performance of solar collector,
and presented hereafter, are all based on the following set of conditions:

- 30° North latitude ( Latitude of Cairo)
- Heat transport fluid is air

- Inlet air temperature, Tt =300 K
- Ambient air temperature, Ta =300 K
- Wind speed =5m/s
- Collector area =2 m length x 1 m width

- Collector facing south
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- Collector tilt angle to the horizontal =30°

- Number of tubes =8

- Tube inner diameter =16 mm

- Tube outer diameter =18 mm

- Absorber plate thickness =1mm

- Absorber plate thermal conductivity =386 W/m K
- Collector back and side insulation thickness =50 mm

- Insulation thermal conductivity =0.045 W/m K
- Number of glass covers =1

- Glass cover thickness =3mm

- Glass refraction index =1.526

- Glass extinction coefficient =0.00764 mm*
- Twisted tape thickness =0.5mm

- Twisted tape twist ratio, y =3

Figure 4 displays a comparison between the outputs of proposed collector
(with tubes equipped with twisted tape of twist ratio equal three) and
conventional one. It can be observed that the proposed collector is always
superior throughout the whole day. The figure also shows that the
proposed collector is superior throughout the year. The figure, also shows
that the proposed collector output exceeds the conventional one by more
than 16 % at noon. One can refer all the above results to the high heat
transfer in case of using twisted tape.

The comparison of the two collectors, under consideration, is further
elaborated in figure 5 on a daily- output basis. The figure also, shows the
daily energy received by collector's cover. As expected, the swirled flow
solar air heater has daily output energy more than the conventional solar
air heater. The proposed solar air heater has daily output higher than the
conventional one by about 0.46 kW. h/ m? daily. The increase in the
proposed collector' daily output is due to the high heat transfer coefficient
in case of swirled flow.
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Fig. 4 Chronological variation of the collector output of conventional and swirled flow solar air heaters on different
dates.
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Fig. 5 Variation of daily collector output with date for conventional and
swirled flow collectors.

3. Collector Exit Temperature:

The collector exit temperature will follow the same behavior of the
collector output as can be concluded from equation (17). Figure 6 shows
the chronological variation of collector exit temperature for conventional
and swirled flow solar air heater for different dates.

The figure shows that the swirled flow collector exit temperature in
general exceeds the conventional collector exit temperature by about 6 K
at noon, throughout the year.

The higher heat transfer coefficient in case of swirled flow solar air heater
is the main reason for the higher exit temperature.

4. Collector Efficiency:

Equation 18 shows that increasing the collector output increases the
collector instantaneous efficiency. This means that the swirled flow solar
air heater has instantaneous efficiency higher than that for conventional
collector.

The chronological variation of collector efficiencies for conventional and
swirled flow solar air heater, for different dates is displayed in fig. 7. The
figure shows that, at noon, the swirled flow solar air heater has efficiency
more than that for conventional collector by about 8 % throughout the
year.
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The variation of the collectors daily efficiencies with the date- day
number- are shown in figure 8. The figure shows that the swirled flow
solar air heater has daily efficiency exceeding the daily efficiency of
conventional solar air heater throughout the year. The proposed solar air
heater has daily efficiency more than that of the conventional one by
about 8 %.
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Fig.8 Variation of daily efficiencies with date for conventional and
swirled flow collectors.

CONCULOSION

A novel design of solar air heaters, called "swirled collector”, was
presented. The insertion of twisted tape within the flow passages was
intended to enhance the absorber- to- air heat transfer. The performance
of the new proposed collector was theoretically analyzed.

The procedure of evaluating the absorber — to- air heat transfer coefficient
was established taking into consideration the tape twist ratio and tape
thickness: Then, this was introduced into the equations describing the
thermal performance of the collector. Moreover, the pressure drop due to
the presence of twisted tape was also quantified to predict the suitable
tape twist ratio. A computer program was prepared to execute the lengthy
computations.

This program is general and can be used under any set of conditions
specified by the numerous variables involved in the problem. A limited
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sample of results, obtained by using this program, was graphically
displayed.

The study revealed that the thermal performance of the proposed swirled
collector would always be superior to that identical conventional collector
operating under the same conditions. In a well-designed swirled collector,
the improvement of the thermal performance will be generally associated
with air pressure drop nearly similar to the air pressure drop through
conventional air heater.

The results showed that the proposed collector in general has efficiency
higher than the conventional collector by about 8 % on a daily basis.
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List of Symbols and Abbreviations:

Ac Actual flow area,

m
C, Fluid specific heat kJ /kg.K
: Tube inner diameter, m
H Twist pitch, m
h,, Heat transfer coefficient, W/m?K
It Total solar energy per unit collector area W/m?
k Fluid thermal conductivity, W/mK
L Collector length, m
m' Mass flow rate, kg /s
m- Fluid flow rate per unit collector area kg/m?.s
q, Collector useful energy per unit area W/m?
Tk Fluid inlet temperature K
Tto Fluid exit temperature K
u Fluid velocity, m/s
u, Fluid actual velocity, m/s
Greek letters
Ap Pressure drop, Pa
) Twisted-tape thickness, m
H Fluid viscosity Pa.s
P Fluid density kg /m?®
Subscripts
b Bulk
w Wall

Dimensionless values
f Friction factor

Nusselt number = %

uc
Prandlt number = T

p
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Re _
Reynolds number = 'Du—d'

U
R .
= Actual Reynolds number = Ay
U
y . L . H
Ratio of twist pitch to tape thickness= 5
) Viscosities ratio given by equation 7
1. Collector efficiency
Appendix:

- Air properties equations.

Based on the data tabulated by Duffie J. A. et al. (1974), the curve-
fitting equations for air properties in the temperature range

270<T <420

are as follows;

k=—2%10°T? +9*10°T +0.0011 W/m K
¢, =4*107T2 -0.0002T +1.0304 kd/kg K
. 35Tl.69 g3
p=(-2%10°T2 +0.0059T +0.2492 )*10°° Pa.s
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