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= Flow V-Corrugated Absorber Solar Air Heater
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Abstract — In this paper the mathematical model of double flow flat plate and different angle of v-corrugated
absorbers solar air heater are presented. A computer programme in C++ language is developed to estimate the
temperature rise of entering air for evaluation of thermal and thermohydraulic efficiency also called “effective
efficiency” by solving the governing equations numerically using relevant correlations for heat transfer coefficient for
double flow v-corrugated absorber. The results obtained from the mathematical model is compared with. available
experimental results and found to compare well. The deviation in efficiency for flat plate and 60*“w-corrugated
absorber collectors is found to be in the range of +£5.47 % and 4.46 % respectively. The effect ofAraction,of mass
flow rate (@) on thermal efficiency and v-corrugated angle (0) of absorber plate of double flow solagdir héater have
been analyze and found that at ¢ = 0.5 i.e. equal mass flow rate through both channels gives bestiperfopmance. Also
the comparison of the results of double flow flat plate with v-corrugated absorber of differenp-angle show a
substantial enhancement in efficiency with double flow v-configuration absorber. The 60 %=angle¥absorber maintains
the highest efficiency values throughout the range of mass flow rates investigated. Againymost efficient 60° v-
corrugated absorber double flow solar air heater attains maximum value of thermohydraulic efficiency at air mass
flow rate of 0.045 kg/s.

Keywords — fraction of mass flow rate, solar air heater, thermal efficiency, thermehydraulic efficiency, v-corrugated

absorber.

1. INTRODUCTION

Demand of energy consumption is growing
exponentially. Conventional sources of energy cannot
fulfil the demand for long period of time. Alternative
source of energy which can fulfil the demand_is
renewable sources of energy. Among all seurces of
renewable energy, solar energy is sustainabl&y abundant
and clean. The application of solar energy is very wide
i.e. heating, drying, cooking, power generation etc. The
solar air heater is one of the importanttype o0f collector
for the purpose of air heating. It is a Specific type of heat
exchanger which transfers heat=gnergy, obtained by
absorbing insolation. It cany be ‘used for many
applications at low and mog@erate temperature. Some of
these have been crop dryingw»timber seasoning, space
heating etc. Howeyes, \their usefulness as energy
collection has ,(been »limited because of poor
thermophysical=properties of air, low convective heat
transfer coeffiGient " between the absorber plate and
flowjng aimleads to higher plate temperature and greater
thermal losses:

Several designs of solar air heaters have been
developed over the years in order to improve their
performance. Such design includes honeycomb
collectors, extended surface absorber, use of artificial
roughness on the absorber plate, packing of porous
material in air flow channel. One of the effective ways
to improve the convective heat transfer rate is to
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increase the Jbeat transfer surface area and to increase
turbulence inside the channel by using fin or corrugated
surfaces 1], [2]. Ho-Ming et al. [3] investigated the
perfarmance of double flow solar air heater and found
more=“effective than conventional solar air heater.
Hikmet [4] presented energy and exergy analysis of a
double flow flat plate solar air heater with several
obstacles on absorber plate and without obstacles. The
influence of fins and baffles attached over the absorber
plate on the performance of single pass solar air heater
investigated by Mohammadi and Sabzpooshani [5] and
found that the outlet air temperature and efficiency are
higher in comparison to conventional air heater.
Pakdaman et al. [6] investigated experimentally to
evaluate the performance of solar air heater with
longitudinal rectangular fins array. Abhishek and Prabha
[7] analyzed the performance of wavy finned absorber
solar air heater. A comprehensive study of solar air
heater having roughness elements on the absorber plate
with different geometry was presented by Mittal et al.
[8]. Paisarn [9] studied numerically about heat transfer
characteristics and performance of double pass flat plate
solar air heater with and without porous media. Vimal
and Sharma [10] theoretically investigated the thermal
performance of packed bed solar air heater with wire
screen matrices. Taymaz et al. [11] experimentally
investigated the convective heat transfer characteristics
in a periodic converging diverging heat exchanger
channel. The effects of the operating parameters on
forced convection heat transfer for air flowing in a
channel having v-corrugated upper plate and other walls
are thermally insulated is studied by Ahmed et al. [12].
Fabbri [13] analysed the heat transfer in a channel
having smooth and corrugated wall under laminar flow
conditions and used finite element model to determine
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the velocity and temperature distributions. Nephon [14]
investigated heat transfer characteristics and pressure
drop in the channel with v-corrugated upper and lower
plates. EI-Sebaii et al. [15] investigated the performance
of double pass flat and v-corrugated solar air heaters and
found the double pass v-corrugated have 11-14 % more
efficient than double pass flat plate heater. A parametric
study of cross corrugated solar air collectors having
wavelike absorbing plate and wavelike bottom plate
crosswise position performed by Wenxian et al. [16] and
Wenfeng et al. [17] and found that the cross corrugated
collector have superior thermal performance than that of
the flat plate. Yasin and Hakan [18] studied the natural
convection heat transfer of inclined solar collectors and
compared wavy absorber with flat absorber collectors.
The flat plate and v-corrugated plate solar air heaters
with phase change material as thermal energy storage
investigated by Kabeel et al. [19] and they found that the
v-corrugated plate solar air heater have better
performance.

This paper present mathematical models to
investigate analytically the thermal and thermo
hydraulic (effective) performance of double flow flat
(plane) and v-corrugated absorber solar air heaters with
different v-angle (8). The main features of the solar air
heaters considered in this study; all type heaters consist
of double glass cover, double flow and average air flow
channel gap of 25 mm. The angles (0) with different
type of v-corrugated absorber solar air heater are
assumed to be 30°, 45°, 60°, 90° and 120°.

2. THEORETICAL ANALYSIS

The mathematical models for flat and v,corrugated
absorber solar air heaters are presented. The double flow
flat plate solar air heater is presented in\Eigure %/ Two
air streams are flowing simultaneously over(flow 1) and
under (flow 2) the absorbing plate having different flow
rates but total flow rate are constant. Whe formation of
mathematical models is ({pasedy on following
assumptions: (i) air temperature Vatiation is the function
of the flow direction only\(ii)»negligible temperature
drop across the glass®cowvers, absorbing and bottom
plate. (iii) glass covertand flowing air do not absorb
radiant energy. (iv) thermal losses through side and
bottom insulation arernegligible.

Upper and lower
glass covers

7
L\ VA

Flow 1, mep, Tas —» \

Absorber plate ll U, j

—5Ta

— Tio

Flow 2, m(1 - ¢). To—» — T

Back insulation I

Up
— T )
x+dx

Fig. 1. The double flow flat plate solar air heater.

2.1 Energy Balance Equations

For the lower glass cover (cover 1),
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hr.ap —gcl(Tap - Tgcl) + hc.fl—gcl(Tfl - gcl) =
Uger-a(Tger = Ta) @)
For the absorbing plate,

oy, 1t = Ur(Top — T,) + Up(Typ — To) +

heap-r1 (Tap - Tfl) +heap—s2 (Tap - TfZ) )
Rewriting the Equations 1 and 2, respectively

Tfl - Tgcl =

1
—hy o Ty =L ) +
(hr,ap —gcl+hc,f1—gcl+UgC 1—a) [ T.ap 961( a, fl)

UJgcl—alf1-7a (3)

Ur+Up +hc,ap —fi2

Tap—Tf1=—( )(Tfl—Ta)+

Ur+Up +hc,ap -f1 +hc,ap —f2
h¢ ap —f2 )
: Teg N, ) +
(UT+UB +hc,ap —f1+hc,ap —f2 ( & a)

( lagy 12, ) @)

Ur+Up +hc,ap —f1+hc,ap =f2

Ty =T = At T) + 2(Ta = T) + 15 (5)

Puttingithe“expression (T,, — Tf;) from Equation 5
into Equatiom3, we have

Tfl N\ Tgcl =]4[(Ugcl—a +]1hr,ap—gcl)(Tf1 - Ta) -
2rtap—gcllf2—Ta—/rr,ap—gcl/3 (6)

For the bottom plate,

hrap—sp (Taop = Top) + he,pasp (Tra = Top ) =
pr —a (pr - Ta) (7)

Rewriting the Equations 7 and 2, respectively

1
sz B pr N (hr,ap —bp +hc,f2—bp +pr —a) [_hr,ap ~bp (Tap B
T/2+Ubp—alf2—7a 8)
_ _ UT+UB+hC,ap—f1 _
Tap sz - (UT+UB’ +hc,ap -f1 +hc,ap —fZ) (sz Ta) +

he ap —f1 )
. Tr1—T,) +
(UT+UB’ +hc,ap —f1+hc,ap —f2 ( 1 a)

( lagy i ) )

Ur+Up +hc,ap -f1 +hc,ap —f2

Top — Tra = —Js(Tr2 = To) +J6(Tr1 — To) + J3
(10)

Putting the expression (T, — Tr,) from Equation
10 into Equation 8, we have

Tf2 - pr :]7[(pr—a +]5hr,ap—bp)(Tf2 - Ta) -

J6hr,ap—bpTf1—Ta—/3krap—bp (11)
Assume the differential length dx at a distance x
from the inlet of the collector.
For flow 1 (air flowing over the absorbing plate),
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heap—p1(Top = T1) = (%) (d%) + hep1oger (T —
Tgcl
12)

Substituting the expressions of (T, — Tr;) from
Equation 5 and (T, — T,.;) from Equation 6 into
Equation 12, we have

%ffl_m: Ml(Tfl _Ta) +M2(Tf2 _Ta) +M3

(13)

For flow 2 (air flowing under the absorbing plate),

heap—2(Tap = Tr2) = [m(l;v(p)cp] (dc%) +
e 2—bp (Tr2 — Thp) (14)

Substituting the expressions of (T,, — Ty,) from
Equation 10 and (Ty, — Tj,) from Equation 11 into
Equation 14, we have

Qo) _ gy (0 1) 1 My(T, = T,) + M

d¢
(15)
Where, Z = =2 = %
! WL A¢
-
¢= L

All the coefficients/’s and M’s (given in Appendix
A) are in terms of the convective heat transfer
coefficient, loss coefficients and physical properties.
Solving Equations 13 and 15 with the boundary
condition:

At, ( = 0, Tfl = sz = Tf,i

The temperature distributions of flow, 1 and*flow 2
as

Ms Ms
h-1= 168 -1 e
Tf1=[ M4¢:|C1€Z{+|: M4¢:|C2€Z{_
(1-¢) @—9)
&(M3M4—M1M6

_Ms
My M1M5—M2M4) 4 +1, (16)

M.

M5My—M1 Mg

L 2
sz = Cle z° + Cze n B My M5 —My M,

+T, 17)
The outlet’temperature of flow 1, can be obtained
from Equation16, for, { = 1,Ts; = Tfq

M
Yl—ﬁ n Yz—ﬁ Y
Tf1’0 =\ow Clel + i CzeZ -

4
(1-¢) (1-¢)

Ms (M3Mg—M1 M, M
Ms (M) —Ysy, (18)
Mg \M1M5—MzMy My

The outlet temperature of flow 2, can be obtained
from Equation 17, for, { = 1,T, = Ty,

M3zMy—M1 Mg

Y1 Y2
Tey, = Ciez + Crez +
f2,0 1 2 M, Ms My M,

+T, (19)
For Y4, Y,, C; and C, referred to Appendix A.
The useful energy gain by the flow 1 and flow 2
are, respectively

Qufl =mecy (Tfl,o - Tf,in) = Z(pAc(Tfl,o - Tf,in)

(20)
Qurz =m(A — @), (Trap — Trin) = Z(1 —
OA(Troo = Trin) (21)
The total energy gain is
Qur = Qur1 + Qus2 (22)
The collector efficiency is
n= % = % [0Tr10 + (1 — @) T2 — Trin| (23)
n="TE (T~ Trm) = 7AT (24)

2.2 Heat Transfer Coefficients

Figure 2 shows the thermal networkyofjdouble glass
double flow solar air heater, The ‘esistances to energy
loss through the bottom and edges of*the collector and
from the surfaces of the(bettom and edges of the
collector to the ambient are mainly the resistance to heat
flow through the insulation by conduction,

k
pr —a = T (25)
and
1 1 1 lpp
2= "o +— 26
Up, Ubp-a hefo-bp  kip (26)

The thermal resistance from inner glass cover through
outer glass cover to the ambient, may be expressed as

1\ 1 1
Ugcl—a hw +hr,ch—a

(27)

hc,gc 1—gc2+hr,gc 1—gc2

hegei—gez

1

hr fl-gcl
Tn
1

Reap-p1

Fig. 2. Thermal network of double glass double flow solar
air heater.

An empirical equation, derived by Klein [20], is
used to calculate top loss coefficient, Uy, and is given by
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-1
2(Tap m /520) L L
(Tap.m—Ta) 10.43(1—100/%,, m) Ry
(2+(1+0.089hy, —0.1166 hyy £qp ) (1+0.07866 x2)J

+

9 (Tap m +T2) (T m +T2)

For laminar flow, the equation presented by Heaton
etal. [23],

0.00398 (0.7Re;D},;/L)166

Nu; = 4.4 + (40)

[(ap +2x0.00591 hyg) T H{2X2+(140.089 hy —0.1166 hyy £qp ) (1+0.07866 x2)—140.133 £4p }/2gc 2]

(28)

The convective heat transfer coefficients between
the absorbing plate and air flow 1 is assumed to be equal
to the convective heat transfer coefficient between air
flow 1 and inner glass cover, and the convective heat
transfer coefficients between the absorbing plate and air
flow 2 is assumed to be equal to the convective heat
transfer coefficient between air flow 2 and bottom plate.

hc,ap—fl = hc,fl—gcl (29)
and: hc,ap—fz = hc,fZ—bp (30)

The convective heat transfer coefficient from the
outer glass cover (gc2) due to wind is calculated by the
expression given by McAdams [21].

h, = 5.7 + 3.8V (31)

The heat transfer coefficient between two glass
covers, inner glass cover (gcl) and outer glass cover
(gc2) is expressed by Hottel and Woertz [22] empirical
equation as

hc,gcl—gcz = 1-25(Tgcl,m - Tch,m)O.zs (32)

The radiative heat transfer coefficients between the
absorbing plate and inner glass cover and between the
absorbing plate and bottom plate may be expressed. by
assuming mean radiant temperature equal tothe mean
fluid temperature as [3].

4on31_m
hr,ap—gcl ~ _I+ T (33)
€ap €gcl
and
4on32_m
hr,ap —bp ~ T T (34)
Eap €bp

The radiative heat transfer coefficients between the
two glass cover inrerglass cover and outer glass cover
and outer glass.cover and air are respectively,

U(TZ m +T252,m)(T c1m+Tgc2m)
hr,gcl—ch N - z T g_ . (35)
€gcl €gc2
and
hr,ch—a = schG(T;CZ,m + Taz)(TgCZ,m + Ta) (36)

Assuming the heat transfer coefficients between
fluid and duct walls equal,

hc,ap—fl = hc,fl—gclandhc,ap -f2 = hc,fZ—bp (37)

For flat plate absorber, the convective heat transfer
coefficient for air is,

Nu1k

hc,ap -f1= Tlfl (38)
Nuyk

hc,ap -2 = Tzfz (39)
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140.0114 (0.7Re; Dp; /L) 112

For turbulent flow the correlation derived from
Kays [24], data with the modification of McAdams [21],

Nu; = 0.0158Re®[1 + (Dy,;/L)"7] (41)

Where i = 1, 2 (for flow 1, flow 2)
The hydraulic diameter of the duct

D = Sy (42)
Reynolds number for upper duct,
Re, = DriVriprr _ [4WH /2(W+H)][mo /(0f 1 WH) o 1 _
- Kf1 Kfy
PR (43)
and, Reynolds number for lowerduct,
Re, = DhaVrapfa _ 2m(lzp) (44)

U2 T upp (WM

For v-corrugated“absorber, the construction of the
corrugated plate”selarvair heater (Figure 3) is similar to
the flat plate Solarair heater except the absorber plate is
replaced byav-€orrugated shape. The energy balance
equatiens are same only heat transfer coefficient
between\absorber plate and flowing fluid are different.
Theydeveloped area of the corrugated plate is greater
thangthe flat plate by a factor of 1/sin(6/2) [25] thus
the héat transfer coefficient between absorbing plate to
fluid is

Nulkfl 1
h = L (45)
c,ap—f1 D . (9
h1 sin (2)
Nuzkfz 1
h =—r= (46)
c,ap—f2 D (0
h2 sin (2)
1 Upper and lower
Absorber plate ll Ur glass covers
Flow 1, m@, Tu —p — Ta
NSNS —» Tt
Flow 2, m(1 — ¢). Ta—» S — T :

Back insulation

Up

AN Ta

Fig. 3. The double flow v-corrugated absorber solar air
heater.

The approximated hydraulic diameter of the duct
Dypi = Himin +b (47)

Karim et al. [25] modified the Hollands and
Shewen [26] correlation of Nusselts number (Nu) as:
If Re < 2800

Nu = 2.821 +0.126 Re 2 (48)
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If 2800 < Re < 10*

Nu =19 x 10°Re'” + 2252 (49
If 10* < Re < 10°

Nu = 0.0302Re®7* + 0.242Re®7* 2 (50)

2.3 Mean Temperature

The mean air temperatures in the ducts can be found by
integrating Equations 16 and 17 from{ =0to { =1,
and the expressions are:

Ms Ms

Y1—1— 7 M Yo—/——- VY

— -0 D 1-¢ Cam))

Tfl,m_[ o ]Cly—eZ +[ o ]Czy—ez —

1 2
(1-¢) (1-¢)

Ms (w) Moy
My \M{Mg—MyM, My
(51)
_ 2 (y_l_l) i (Y_Z_l) M3My—M1 Mg
Tram =G " e’ +G Y e’ + M1 M5—MaMy L
(52)

The overall loss coefficient is the sum of top and
bottom loss coefficients:

UL:UT+UB (53)

The mean absorbing plate temperature can be
calculated by

T _ lagy T;e +ULTa+hc,ap —flel,m +hc,ap —fZTfZ,m (54)
ap,m %3 +hc,ap —f1+hc,ap —f2

The mean temperature of inner glass cover (gcl)

Tgcl’m — Ugcl—aTa+hr,ap —gclTap,m+hc,fl—gcle1,m (55)

Ugc 1-a +hr,ap —gcl +hc,f1—gc 1

The mean temperature of outer glass eover (gc2)

T _ (hc,gc 1—ch+hr,gc 1—gc2)Tgc 1m +hw Ta (56)

2m —
geem hc,gcl—gc2+hr,gc1—gcz+hw

2.4 Thermohydraulic (Effective) Efficiency

The net energy gain,(@N, of the collector can be
expressed as the difference/ between the useful thermal
energy gain, Q,m) and the equivalent thermal energy
required for producing the work energy necessary to
overcome the “pressure energy losses [27]. This net
energy can he Written as:

Qe = Quf . Pm/Cf (57)

Where B, is the work energy lost in friction in the
heater channel, given by:

P, =mAP/p (58)

Cr is the conversion factor to transform different
efficiencies (thermal to mechanical) and is taken 0.2
[28].

The pressure drop AP is calculated from the
following expression;

AP = AP, + AP,, + AP,, (59)

The pressure drop through the upper and lower
channel AP, is calculated by the relation [29-31];

APy, = 2pvZ, fL/Dy; (60)

Hydraulic diameter for flat plate (smooth channel)
solar air heater;

Dy, =2HW/(H. + W) (61)

Hydraulic diameter for v-corrugated absorber solar
air heater;

Dy = 2H.W /(H, + W) x sin(6/2) (62)

The friction factor is given by [29-32];
For turbulent flow,

f = 0.059Re 02 (63)
for laminar flow
f =16/Re (64)

The sum of the inlet_and outlet pressure drop
(AP,, + AP,,) can be determined by Hegazy [33];

2
AP, + AP, = (Rey A R =2 (65)

Where the sum_0ftthe'entrance and exit resistance factor
(R., + R%) is taken 1.5 [34].

The thermohydraulic (effective) efficiency of the
solar air heater can be expressed as;

= 9 _ Qu—CPm/Cp)
Teff) Zad ~ Al (66)

37 CALCULATION METHOD

For performing the numerical calculations of this study a
computer program in C++ language was developed
considering the following system, operating and
metrological parameters:
L=125m, W=0.80 m, Hy = 0.025 m, H, = 0.025 m,
Tge = 0.875, agp = 0.96, g5 = 0.94, g4, = 0.80, &, = 0.94,
Up~0,T,=30°C=303K,V=1m/s,b=0.0l m, I =
1000W/m?, m = 0.014 — 0.083 kg/s, ¢ = 0.2, 0.4, 0.5,
0.6 and 0.8.
The physical properties including density, specific
heat, the dynamic viscosity and the thermal conductivity
of air have been taken at mean temperature.
The procedure followed for determination of
thermal and thermo hydraulic performance briefly
explained as,
(i) First assumed the values of Tam Trom Tapms
Tgcl,m and Tgcz,m-

(if) By using assumed values and using Equations
32 to 39; calculate the heat transfer coefficients.

(iii) To check the assumed temperature values T m,
Tizm Tapms Tgerm and Tgeo m Use Equations 51 to
56 and obtained new temperature values. If the
calculated values of temperatures are different
from the assumed values continued calculation
by iteration method. These new temperatures
will be use as the assumed temperatures for
next iteration and the process will be repeated
until all the newest temperatures obtained are
their respective previous values.
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(iv) After completing the iteration the mean
temperature values were obtained and energy
gain and thermal efficiency can be calculated
by Equations 22 and 23.

(v) By using Equation 59 calculate pressure drop
including channel pressure drop, entrance and
exit pressure drop, then calculate net energy
gain and thermo hydraulic efficiency by
Equations 57 and 66, respectively.

4. RESULTS AND DISCUSSION

The results of performance parameters have been
obtained analytically for various values of system and
operating parameters for double flow flat plate and v-
corrugated absorbers with different v-angle (6). These
results have been plotted to analyse the thermal and
thermo hydraulic performance of different type of
double flow v-corrugated absorber solar air heaters and
results are compared with conventional solar air heater.

Figure 4 shows the plot of air temperature rise as a
function of the fraction of mass flow rates (¢) for double
flow flat plate and v-corrugated absorber solar air heater
with different v-groove angles at mass flow rate (m) of
0.014 kg/s. It is seen from the figure that the air
temperature rise increases with increase in fraction of
mass flow rate up to ¢ = 0.5, then there after rise in air
temperature decreases with increasing the value of ‘@’.
This type of trend is observed due to fact that for ¢ >
0.5, the heat losses increases because of gradual increase
in mass flow rate through the upper channel. From the
figure it is also seen that there is a significant gain in air
temperature rise by v-corrugated absorber collector with
respect to flat plate collector. It is clearly seer fromthe
figure that the double flow solar air heater having 605 V-
angle maintains highest air temperature fise at allfvalues
of o.

R

Air temperature rise (AT)
8
T
16
> B
-
&
y
I

=]

=~ - -120°
o

@
[N}
T

m=0.014 kg/s
T,=303K

1= 1000 Wim®
1

N}
5}
T

1 1 1 1 1 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Fraction of mass flow rate (¢)

=
i

Fig. 4. Air temperature rise vs. fraction of mass flow rate.

Figure 5 shows the variation of efficiency for
different angle of v-corrugated absorbers solar air heater
with fraction of mass flow rate for m = 0.014 kg/s. It is
evident that the efficiency increases with increase in
fraction of mass flow rate and reaches its peak value at ¢
= 0.5 and then it decreases gradually with increasing the
value of ‘@’. This characteristic behaviour appears due
to fact that beyond ¢ > 0.5, loses from top increases due
to increased amount of air mass flow rate through upper
channel. As seen from the figure, the absorber with 60°
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v-angle depicts highest efficiency values among all other
different angle of v-corrugated absorbers at all values of
fraction of mass flow rate.

The air temperature rise and efficiency values for
flat and different angle of v-corrugated double flow
solar air heaters are shown in Table 1 for three different
mass flow rates. Inspection of table indicates that air
temperature rise and efficiency increases with increase
in ‘@’, attains the maximum values at ¢ = 0.5 (i.e. at
equal air mass flow rate through both channels), then
there after it decreases gradually as it reaches at ¢ = 0.8.
Such type of results is obvious due to enhance rate of
heat losses from absorbers to surroundings, when air is
flowing through the upper channel is high.

Result clearly indicate that the air temperature, rise
and efficiency increases with increasedn v=grogyve angle
(0), attains maximum values when“@, ="60°,/then there
after it decreases. Results also indicate,that there is an
improvement in thermal performanee by replacing flat
plate to v-corrugated absorbertin double flow solar air
heater. The efficiency of, deuble flow v-corrugated
absorber solar air heater(is%61¥68 % to 65.73 % at lower
mass flow rate of 0.044 Kg/s’and 77.74 % to 78.53 % for
higher mass flow,rate 0£0.083 kg/s for ¢ = 0.5.

0.65 -
0,60
@ 0.55
)
=
-% —— Flat plate
£ 050 | ---120°
w %0°
—-=-60"
—
045t 0
m=0.014 kg/s
1= 1000 W/m?
040 " 1 " 1 " 1 " 1 " 1 " 1 " 1

01 0.2 03 0.4 0.5 0.6 0.7 08 0.9
Fraction of mass flow rate (¢)

Fig. 5. Efficiency vs. fraction of mass flow rate.

Figure 6 illustrate the variation of air temperature
rise for flat plate and different angle of v-corrugated
absorber solar air heaters with mass flow rate for ¢ =
0.5. Figure reveals that the air temperature rise decreases
with increase in mass flow rate for all types of
absorbers. It is clearly seen from the figure that the
considerable amount of gain in air temperature rise at
lower mass flow rate is observed due to corrugated
absorber and gain in air temperature rise drastically
decreases at higher mass flow rate. This type of results is
expected due to approaching equality of absorber and air
temperature at higher mass flow rate.

Figure 7 which shows the plot of efficiency as a
function of mass flow rate (when ¢ = 0.5) for a set of
system parameters; reveal that the efficiency
monotonically increases with increase in mass flow rate
apparently because of an increase in thermal
conductance; furthermore, a slight fall is observed in the
rate of increase of efficiency as mass flow rate increases
apparently due to lower percentage increase in surface
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conductance as mass flow rate increases. The 60° v-
angle absorber, maintains the highest efficiency value
throughout the range of mass flow rates investigated. It
is also observed from the figure that at lower mass flow
rate the efficiency of 45° and 30° v-corrugated absorber
solar air heater are higher than 90° and 120° angle
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Fig. 6. Air temperature rise vs. mass flow rate.
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absorber, however, as mass flow rate increases the
efficiency of 45° and 30° angle absorber decreases due
to flow separation and formation of vortices.
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Fig. 7. Efficiency vs. mass flow rate.

Table 1. The air temperature rise and efficiency for flat plate and different anglesof v-corrugated double flow solar air

heaters.

Mass  Fraction Air temperature rise, AT ("C) Efficiency (%)

flow of mass

rate  flowrate Pl 0 g0 g0 4 e Rl FU 0 g0 g0 us 300

(kg/s) ©®) plate plate

0.014 0.2 36.79 4236 43.63 4497 44.79,444.44 5177 59.60 6140 63.27 63.16 63.04
0.4 3796 4376 4515 4656 "46.327 46.03 5342 6157 6353 6552 6525 64.85
0.5 38.01 4377 4522 46W2° " 4652 46.22 5347 6158 63.63 65.73 6551 6531
0.6 3758 4350 44.98N\ 46.52%/46.47 46.11 5287 6120 63.29 6546 65.19 64.87
0.8 35.41 4127 4286 44.62 4440 4431 49.82 58.07 6031 6277 6273 6253

0.055 0.2 13.08 13.28 1351 /%1367 1345 1320 7230 7342 7468 7556 7445 73.24
0.4 1329 13.73 4213881394 1386 13.67 7350 7589 76.76 77.07 76.65 7557
0.5 13.32  13.76~%1392 1398 1391 13.70 73.64 76.06 76.94 7728 76.87 75.94
0.6 13.28 1375, 1891 1398 1390 13.70 7344 76.03 76.93 77.28 76.87 75.74
0.8 1297 7M3.34, 1361 1382 1352 1327 71.68 73.77 7527 7640 75.09 73.59

0.083 0.2 9.03 9.20 9.25 9.26 9.18 9.05 7538 76.75 7713 77.16 76.63 7554
0.4 9.27 9.34 9.38 9.39 9.30 9.28 7734 7784 7810 7824 7765 77.44
0.5 9.29 9.39 9.40 9.41 9.34 9.30 7757 7838 7843 7853 7795 77.74
0.6 9.28 9.34 9.37 9.38 9.31 9.29 7738 7796 7815 7822 7770 77.42
0.8 9.02 9.26 9.33 9.33 9.23 9.12 7531 7729 7777 7785 7719 76.14

The ‘efficiency, enhancement in efficiency of
double flow solar air heaters of different angle of v-
corrugated absorber with respect to conventional and flat
plate double flow solar air heater (at ¢ = 0.5) for three
different mass flow rate of 0.014, 0.055 and 0.083 kg/s
are tabulated in Table 2. Comparison of the results of the
double flow v-corrugated absorbers solar air heater of
different v-angle solar air heaters with flat plate solar air
heater show a substantial enhancement in efficiency. It
has been observed from the table that the rate of
enhancement in efficiency of v-corrugated absorbers is
more pronounced at lower mass flow rate than higher
mass flow rate lower mass flow rate of 0.014 kg/s. This

corresponds to. The efficiency increases from 61.58 %
to 65.73 % as angle of v-corrugated absorber vary from
30° to 120° at 15.16 % to 22.93 % enhancement in
efficiency as compared to flat plate double flow solar air
heater. Results also show that the highest percentage
enhancement in efficiency of double flow 60° v-
corrugated absorber solar air heater at lower mass flow
rate of 0.014 kg/s is found to be 171.17% over
conventional plane solar air heater and 22.93% for
double flow flat plate solar air heater and these values
are 54.58 % and 1.23 % respectively for highest mass
flow rate of 0.083 kg/s.
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Table 2. Efficiency and enhancement in efficiencies for double flow solar air heater for different angle of v-corrugated

absorber for ¢ = 0.5.

Mass flow . . . . .
rate (kg/s) Csan Flat plate 120 90 60 45 30
0.014 n 24.23 53.47 61.58 63.63 65.73 65.51 65.31
Enc (%) 120.68 154.15 162.61 171.17 170.36 169.54
E.rp (%) _ _ 15.16 19.00 22.93 22.52 22.14
0.055 n 44.83 73.64 76.06 76.94 77.28 76.87 75.94
Eic (%) _ 64.26 69.66 71.62 72.38 71.47 69.39
E.er (%) _ _ 3.28 4.48 4,94 4.38 3.12
0.083 n 50.80 77.57 78.38 78.43 78.53 77.95 77.74
Eic (%) _ 52.69 54.29 54.39 54.58 53.44 53.03
E.epr (%) _ 1.04 1.11 1.23 0.49 0.22

Csan: Conventional solar air heater.
E.c: Enhancement in efficiency with respect to Csan,
En]-'p:
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Fig. 8. Channel pressure drop vs. mass flow rate.

The effect of mass flow rate aq the ‘chanhnel
pressure drop is shown in Figure 8. It_is‘¢learly seen
from figure that, the pressure drops inereases with
increase in mass flow rate. This issbeeause of fact that
increase in mass flow rate increases the velocity of air
leading to higher pressure dropwlt/is seen that the v-
corrugated absorbers havey higher pressure drop as
compared to flat plate(collector because of increased
friction. The 30° y-corrugated air heater shows the
highest pressure drop\this is probably due to increased
surface area calises increased resistance during air flow.

Figure'Q shews the thermohydraulic efficiency as a
function,(ofymass flow rate of air for flat plate and
various,angle of v-corrugated absorber solar air heaters.
It is seen from the plot that the thermohydraulic
efficiency increases with increase in mass flow rate up
to a critical value of flow rate at which it attains a
maximum value and subsequently decreases for all
collectors. Results indicate that thermohydraulic
efficiency of double flow flat plate solar air heater
reaches maximum value at m = 0.062 kg/s whereas for
other collectors pick values of thermohydraulic
efficiency shifted towards lower mass flow rates. This
type of trends is observed due to increase in pressure
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Fig. 9. Thermohydraulic efficiency vs. mass flow rate.

drop of flowing air in case of corrugated absorber.
Again most efficient 60° v-corrugated double flow solar
air heater attains maximum value of thermohydraulic
efficiency at m = 0.045 kg/s.

5. MATHEMATICAL MODEL VALIDATION

The present mathematical models of solar air
heaters have been compared with the experimental
values obtained from Ho-Ming Yeh et al. [3] and El
Sebaii et al. [11]. Figure 10 shows the comparison of
analytical and experimental values of efficiency with
fraction of mass flow rate. The maximum deviation of
analytical values of efficiency is 2.27 % from the
experimental values of Ho-Ming Yeh et al. [3]. Figure
11 shows the comparison of analytical with
experimental values of thermal efficiency of El Sebaii et
al. [11] of double flow flat plate and 60° v-corrugated
absorber solar air heater. The maximum deviation in
efficiency for flat plate and 60° v-corrugated collectors
are found to be +5.47 % and 4.46 % respectively. This
shows good resemblance of analytical and experimental
values which makes validation of calculated numerical
data with present mathematical modelling.
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Fig. 11. Comparison of analytical efficiency data with
available experimental data of El Sebaii [11].

6. CONCLUSIONS

On the basis of above results the following-€enclusions
are drawn:

(i) The mathematical model for double flow solar
air heater have been developedytoystudy the
effect of mass flow rate, fractions0f mass flow
rate and angle of v-corragated ‘absorber on the
thermal and thermohydraulic performance of
collector.

(if) A computer pr@gramtin C++ language has been
developed to"sglve/the mathematical model and
obtained, (theyresults of air temperature rise,
efficiengy,\_pressure drop and effective
efficiency/to analyze the effect of system and
operating parameters.

(iii) The Ymass flow rate should be equal in both
flow channel of double flow solar air heater i.e.
fraction of mass flow rate is 0.5, for the best
thermal and thermohydraulic performance.

(iv) It is observed that efficiency increases with
increase in mass flow rate but effective
efficiency increases upto a certain limit of mass
flow rate and there after it decreases.
All  v-corrugated absorber double flow
collectors have perform better than flat plate
collector. However, among all v-corrugated
absorber, 60° angle v-corrugated absorber
collector have the best thermal and
thermohydraulic performance.

v)
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(vi) The analytical and experimental values of
thermal efficiency have been found to compare
reasonably well in the range of parameters
investigated. The percentage deviation in
efficiency of double flow flat plate and 60° v-
corrugated absorber solar air heater is found to
be in the range of +5.47 % and 4.46 %
respectively.

NOMENCLATURE

A, area of collector (m?)

b half height of v-groove (m)

C, specific heat of air at constant pressured(J/kgwK)
Dy, hydraulic diameter (m)

f  friction coefficient

h  convective heat transfer coefficient (W/m? K)
H. average height of air flow channel(m)
Hgy. height of glass cover (m)

I insolation (W/m?)

k  thermal conductivity,(\W/m¥K)

L collector length (i)

[ thickness (m)

m  mass flow rate (kg/s)

Nu  Nusselt aumber

Q energyagain-by air (W)

R resistange factor

Re 4Reynolds number

T temperature (K)

U “Tlo3s coefficient (W/m? K)

VW Welocity of wind (m/s)

v velocity of air (m/s)

W collector width (m)

Greek symbols

a  absorptivity

€ emissivity

¢  fraction of mass flow rate

AP pressure drop (N/m?)

n  efficiency

u  viscosity of air (Ns/m?)

p  density of air (kg/m°)

o Stefan-Boltzmann constant (W/m? K*)
T transmissivity

6  angle of v-groove absorbing plate (°)
Subscripts

a ambient

ap absorber plate

B bottom

bp bottom plate

c  convective

ch channel

e net

en entrance

ex exit

f  total flow

f1 flow above the absorber plate

f2 flow under the absorber plate

gc glass cover

gcl lower glass cover

gc2 upper glass cover

in inlet
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L  overall
m  mean
max maximum
min minimum

o outlet

r  radiative

T top

ef fthermohydraulic (effective)

u  useful

w  wind

1 duct above the absorber plate
2 duct under the absorber plate
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APPENDIX A
Ur+Up+h _
]1 — T BTcap —f2 (1)
Ur+Up +hc,ap -f1 +hc,ap —f2
he ap —f2
= ' 2
]2 Ur+Up +hc,ap -f1 +hc,ap —f2 ( )
_ laap e
3= 3)

Ur+Up +hc,ap —f1+hc,ap —f2

1

= 4
]4 hr,ap—gcl+hc,f1—gcl+Ugcl—a ( )
UT+UB+hc,ap—f1
= 5
]5 UT+UB+hc,ap—fl+hc,ap—f2 ( )
hcap —f1
6
]6 UT+UB+hcap f1+hcap —f2 ( )
1
= 7
]7 hr,ap—bp +hc,f2—bp +pr—a ( )
Ml = _]1hc,ap—f1 _]4hc,f1—gclUgcl—a -
]1]4-hc,f1—gclhr,ap—gcl (8)
MZ :]2hc,ap—f1 +]2]4hc,f1—gclhr,ap —gcl (9)
M3 =]3hc,ap—f1 +]3]4hc,f1—gclhr,ap —gcl (10)
M4 =]6hc,ap—f2 +]6]7hc,f2—bp hr,ap—bp (11)
Ms = —Jsheap—r2 = J7he p2—pp Uppoa =
1517 hc,fZ —bp hr,ap —bp (12)
M6 =]3hc,ap—f2 +]3]7hc,f2—bp hr,ap —bp (13)
_ 1| (M| Ms My ™ M5 \Z | amymy
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