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A computer routine to calculate the thermal performance of several different low temperature types
of flat-plate air heaters is to be discussed. Analysis of each type is also described. The programme accepls as
input real or simulated flux, collector geometry, air flow rate and enviromental data. It computes
temperatures and extracts energy as a function of time of the day. The programme evaluates radiation,
convection, conduction and wind losses, and the radiation exchange with the enviromental conditions.
The procedure used in the derivation of the governing equations is also described. The prediction of per-
formance provided by this programme is particularly useful in comparing performances of different col-
lectors and for studying a specific collector’s performance with changes in enviroment and design parameters
which can be controlled to some extent by the designer.

Introduction

In the study of the thermal performance of a solar collector its steady state of behaviour has to be taken
into account. As criteria, the efficiency and effectivity of collectors are calculated with respect to their
great number of parameters. These are grouped into ‘‘Collector parameters’, ‘‘Operation parameters’’
and ‘“Meteorological parameters’’. By their individual variation in the computer programme, their particular
effects are obtained as well as their relation to other paramaters.

Due to the periodic and intermittent supply of sunshine the collection of solar energy consequently is
periodic and intermittent with physical processes which are basically transient and only in special cases
follow steady state condition. In any case these processes depend upon a multitude of parameters and
conditions. Those which are not interrelated with each other are, the geometric configuration of the ab-
sorber plate and the transparent cover as well as their thermal and radiative properties. These are pertain-
ing to the collector directly, are named as collector parameters. Other parameters such as mass flowrate
of the heat carrier and its temperature are considered as operation parameters. Finally, solar irradiation,
ambient temperature, wind speed and sky temperature are grouped together as meteorological paramaters.

For the evaluation and rating of the combined action of all these parameters, the so-called thermal
performance data of each. collector are considered. The thermal performance data are in the form of
efficiency, heat loss term, outlet temperature, etc. The flexibility and usefulness of the computational
procedure may be judged by the simplicity of adjustment of the various collector parameters. Any heater
under consideration may be tested for a wide range of consiruction, materials processes and enviromental
conditions by a simple adjustment of the input data. The simple parameter adjustment whithin the pro-
gramme would allow one to make a systematic decision as to the best of all the design components under
a wide range of operating conditions.

Description of the Air Heaters

Many different types of solar air heaters have been designed before. Fig. (1) shows ten such types
of solar air heaters which have been selected for this analysis. Each of them is namely identified as type
1 to type 10. It can be seen from Fig. (1a) that the type 1 heater represents the simplest design as it is
basically a flow box formed from the two essential plates, that is, the transparent cover and the combined
collector/base plate. In types 2 and 4, an attempt is made to lower the overall heat loss by raising the
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heater plate from the floor of the duct thus reducing the downwards conduction loss from the unit. The
crented gap between the heater plate and the cover plate may now be either used to form a stagnant air
gap with the aim of reducing the upward convection loss to the cover or to form a second flow duct with
the advantage of increasing the heat transfer surface to the flowing air stream.

In types 3, 5 and 8, their absorber plate were modified in an attempt to increase the collector perfor-
mance. It can be seen clearly from Fig. (1) that those two basic collectors (types 2 and 4) were modified
into the form of either vee-corrugated plate or finned plate. Thus this increases their flow surfaces as
well as the value of the heat transfer coefficient, h. Type 6 is actually heater type 4 but without transparent
cover. Type 7 is a triangular duct collector, which was designed mainly for residential heating, restrict
transport fluid flow to triangular duct as shown in Fig. (1g). Type 9 is a matrix absorber air heater and
was studied thoroughly by Hamid and Beckman (6). The absorber of this type is then called porous ab-
sorber since the air can penetrate through it. Hence, it increases the performance of the heater. Type 10

is a clipped V through heater and was developed and studied by Bordoloi and Bynum (1). This type of
air heater is shown in Fig. (1j).
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Mathematical Formulation

The steady state governing equations of the solar air heaters are very important in an attempt to
study and analyse their thermal performance by means of computer simulation. Different types of air
heaters can be analysed by varying the pertinent variables of the air heaters within the computer pro-
gramme. Thus, it enables one to compare the various types of air heaters. In this respect, the following
assumptions have been made for simplicity. Although the analysis of the actual heat transfer behaviour
is complex, with this rather simple analysis, sufficiently accurate result could still be obtained.

The pertinent assumptions are as follows;

i. Uniform temperature across any section of the flow duct, that is, a temperature gradient only exists
in the flow direction along the duct.

ii.  The incident insolation is taken to be normal to the cover glass.

iii.  All edge effects are negligible.

iv. The collector system is in equalibrium and performance is in a steady state.

v.  Surface and transmittent properties are constant over the range to which they are applied.

vi. Duct and dirt on collector are negligible.

The Hottel-Bliss generalised equation is used for calculating the thermal performance for flat-plate
solar air heaters. For the fluid circulating through the collector the useful energy gained or thermal power
collected, Qyy, is expressed as:

Qu = FRAc (Tl -UL(Tpm-Ta) (1)
where
GC ,
Fp o gee-AMpF/OC), 0 -0 ol )
AcUL

The collector efficiency and loss factors, F* and Uy are different from one collector to another. For all

of the solar collectors, both factors are derived in a steady state condition (5, 9) and are set out in Appen-
dix (i). The heat removal factor of the collector can be conveniently expressed in term of flow factor, F”’, this

FF=F /F=9

R A-eAGGFE/GCY 1 HEL g, 3)

ACULF'

The effective transmittent-absorptance product, (T«),, was approximated by Duffie and Beckman (5) as

(I Lo o OB % o oy sl e ooy i TP I Ty IR TS T PR TR o TR ST T (@)

For vee-corrugated plates the effective absorptance is given by Kreider (10) as

X = [=12 = 1-(1-x)? &)

For vee angle of 60°, n = 3, therefore

e =1-13 =1-( -3 (6)

Heat input QqN, and heat loss QL, of the solar collector are respectively expressed as

and
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QL . ACUL (Tp'm 3 Ta) ........ (8)

The efficiency n, of the collector is given by the ratio of the heat gajn,Qu, to the heat input Qqp, therefore
U

n=Qu/QN = FR((T)el ‘I_L(Tp,m TP S e it wpiaiiiel ©)

The heat loss coefficient by conductivity through the insulated collector base Ups is given, for an insula-
tion thermal conductivity, K, and insulation thickness Dy, by "

Ub = K/Db

The radiation heat transfer coefficient between heater plate and the cover, h;, and the combined
radiative and convective coefficient for heat loss through the top cover, Ug, are dependent upon plate

temperature (the mean value, Tp,m)- The Tp m in turn must be ite_ratively solved by applying later equa-
tions relating that temperature to useful energy gain, Qyj, equation (1).

The convective heat transfer coefficient between heated plate and flowing air, h, is calculated on
the basis of air flowing between a heated plate and unheated plate which are parallel with the same Reynold
number for the flow along the channel of the collector. The convective heat transfer coefficient, h, is ob-
tained by applying the usual defination of the Nusselt number, Nu, and then using an emphirical correla-
tion which expressed Nu, as a function of one or more other standard nondimensional groups which in-
clude the Prandtl number, Pr, Grashof number, Gr, and the Reynold number, Re. The radiation heat
transfer coefficient is then given by

h 40T?
r - —_—
(l/sp+l/sc—l)

where T, is the mean temperature for radiation between plate and cover. This in turn is assumed equal
to the mean fluid temperature, T¢ 1 » With T and Tp,m: being ambient and plate temperature respectively
expressed in Kelvin, to be compatible with Klein’s emphirical expression tor U, Thus Uy is expressed as

i N |-1
U=| € TpmTd ¢
i
Tom N+ W

7(Tp,m+Ta) (sz,m +T3)

+
(E,+ 0.00591Nhy) + N +f-1+0.133Ep) / (Ec-N) ... (12)
where,
f = (1 + 0.08%,, - 0.1166hyEp) (1 + 07866N)
C - 520(1 - 0.000051NB2)

e = 0.43(1-100/Tp )
o = 5.67 * 108
h, =57 + 3.8Vy

The convective heat transfer coefficient, h, is determined from the correlation between Nu and Re for
turbulent fully developed flow of air between parallel plates where one of them is heated. This correla-
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tion is acquired from Kay’s (8) data

Big >o=o@DESBREVE: © uin w resoltisw sotsnr) 1 Winiubus Sl T AR SRty Rl (13)
Also, since Re is given by

Resins V¢Dy/n = GRS 10 TTRIRDISVER SNa s sesnranyr Suwase s i VA7) (14)
therefore, the convective heat transfer coeti.cient is given as,

h

KaNU/DH
in which,

1 A A Syt Tgtrs b LI Al ok bty (16)

The equations for mean plate and mean fluid temperatures, Tp by and Tf m, are used in the iteration together
with this equation for Qy, in which ‘

Tp,m= AL T DOV ARSI = BRI E R ECs i 17 aoom a0d | o 0, The et Ty Seddits (17)

and

Ttm= Tfi + (QU/ANWUrFrpa-Fy e (18)

Also, the outlet temperature is expressed as

Too = T + (RIAFOCH—, = = e d L WS (19)

Variables in Air Heater Performance

The main factors that determine the efficiency of heat collection of a solar air heater operating at
a given air inlet temperature are,

i) air heater configuration, that is, it includes the length, depth and breadth of the air heater
ii)  air mass flow through the heater

iii) spectral reflectance properties of the absorber plate

iv) spectral reflectance-transmittance properties of the cover plate

v) insulation at the absorber base

vi) solar insolation rate

Only the first four factors will be considered in this analysis. The variation of these factors in a com-
puter routine enable one to predict the thermal performance of each type of solar air heaters described
before. The insulation material used is saw dust with its thickness arbitrarily fixed. The solar insolation
rate global value was obtained from weather bureau data measured and published work (2) on solar radiation
in Kuala Lumpur.

Basis for Heater Comparison

For comparative purpose of the solar air heaters the configuration for each type of the solar air heaters
should be the same. For air heaters with stagnant air gap, represented by air heaters types 4, 5 and 8,
the depth of the stagnant air gap is taken as a ratio to the overall depth. Similarly, for the air heaters
with two flow channels, it has been assumed that the heater plate is centred in the flow duct to allow
equal mass flows through the top and bottom flow ducts on either sides of the absorber plate. The value
of the convective heat transfer coefficients whether between the air and the cover plate or between the
air and the absorber plate, for each individual type of the plane surface absorber air heaters are assumed
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equal to one another. In the case of the vee-corrugated plate air heaters, for vee angle of 60°, the convec-
tive heat transfer coefficient is found to be twice of that plane surface absorber air heater (3). Similarly,
for absorber plate with fins, the convective heat transfer coefficient is also twice of that plane surface
absorber plate, since adding fins increased both heat transfer surface as well as the turbulent rate of the
airflow through the heater.

Most of the solar air heaters described before have absorber plates with different forms of geometries.
In order to evaluate the hydraulic diameter for the calculation of the convective heat transfer coefficient
for each type of the solar air heaters, the flow depth, flow area and the perimeter of those air heaters
have to be obtained first. The geometrical relationships of the flow depth, flow are and the perimeter
can be found in Appendix (ii).

Method of Numerical Solution

The Qyj, equation (1), is first evaluated with an assumed values for mean plate and mean fluid
temperatures, as is hy, Uy, F , F”, FR and Uy, the mean fluid and plate temperatures are then evaluated. An
absolute error comparison is made between theithand (i + 1)th value of Tp,m at a particular time step, with
the iteration continued by plugging the new T, ., value back into Q and repeating cycle, until the tolerance

is met. The value of important changing variables are then given and the next time step is taken. Fig.
(2) shows the flowchart of the Fortran programme which is used in this analysis.
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Result and Discussion

The effects of various parameters are investigated individually by varying one parameter and leaving
the others constant. The effects of collectors physical parameters, in the construction of solar collectors,
are of great interest. These are greatly influenced by the choice of configuration, material or geometry.
The emissivity of the glass cover, for example, effects the overall heat loss of the collector. Their influence
upon collectors efficiency is presented in Fig. (3). As a parameter, the infrared emissivity is varied bet-
ween €. = 0.1 and & = 0.9. The infrared transmission through the glass cover was assumed constant.
As can be expected, the heat losses from glass cover decrease and thus the efficiency increases when
the emissivity assumes small values.

The radiation heat losses from the absorber plate can be reduced when the emissivity of the absorber
in the infrared is reduced. Its absorbitivity, on the other hand, should be as high as possible. The effects
of these parameters on collectors efficiency are shown in Fig. (4) and Fig. (6). The effect of different
mass flow rates upon collectors efficiency is presented in Fig. (9). Consequently the efficiency is increased
with the increased of mass flow rate.

The effects of collector depth upon the efficiency and the outlet temperature are shown in Fig. (7)
and Fig. (8): The efficiency is also dependent upon the length of the collector. This is shown in Fig. (10).
As the length increases, the efficiency of the collectors is decreased. This is due to the increases of collector
surface area, thus it also increases the overall heat loss from the collector.

The variation of the collectors efficiency with the time of the day is clearly shown in Fig. (11). The
optimum efficiency of all the collectors occurs between 12 noon and 1 p.m. The best type air heater is
type 8 and the worst is type 6. It was also found that the vee corrugated air heaters performs better than
the plane surface type air heaters. The highest outlet temperatures were produced by heaters with two
flow channels, that is, heaters types 2 and 3.

NOMENCLATURE

Ac collector surface area

Ag cross-sectional area of flow duct
B breadth of the collector

Cp specific heat to air

D overall collector depth

Dy, depth of insulation material
Dy depth of flow duct
DH hydraulic diameter

e emissivity of cover plate

ep, emissivity of absorber plate

F' collector efficiency factor

F" collector flow factor

FR collector heat removal factor

G mass flow rate

h convective heat transfer coefficient

hr radiative heat transfer coefficient

I incident solar insolation on collector cover
K thermal conductivity of the insulation material
Ka thermal conductivity of air

L length of the collector

N number of transparent cover

n number of reflection by the absorber plate

QN heat input to the collector
QL heat loss from the collector

QU useful heat gain by the collector

r reflection factor of the absorber plate
By ambient air temperature
T4 inlet fluid temperature

Tf m mean fluid temperature
Tf o outlet fluid temperature
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mean plate temperature
heat transmission coefficient from the absorber plate to the ambient air under collector

collector overall loss coefficient

top loss coefficient
collector tilt (degree)

Stefan-boltsman constant

transmittance property of the cover plate
absorptance property of the absorber plate
vee angle of corrugated plate

channel angle of clipped v heater

Appendix (i)

Efficiency and Loss Factors of the Solar Air Heaters

i)  Flow Both Sides of the Absorber

F

UL

where
D

)
Q

n

For type 3, h, is replaced by hy/Sin(6/2)

+Up (2hg+Uyp) +hihp23 (hi(P+2hp)+ 2hUs + UpUy))

+h123Up) +h1haUyp) + 2hr23Up(h1hg + h Uy + haUp)
+(1-m)hy Ug(hy(2hg +hr21) +hr21Q)

+(1+mh;Up(hy(hep3 +2hp) +h21Q)

= (2h thaP + 2hpUp U + hr21(Q(hy +hy23 + Up) + hhp23)

D/(2h 1haP + 2hpUpU; + hyp1((hy +hp23) (P +2h))

(4h1hUpU¢ +hy21((hy +h2) (he23Up + UpUt

+hp23Q(h) + Up)

hy 4+ Up+ Uq

1-(T§-Ta)/(Trp-Ta)

ii) Flow Over the Absorber

F

UL

where

c

= C/(hy(hy + Up) + haUg + hypq (hy +hy+ Up + Uy + UpUyp)
= (hy (hUp +h2Ut + UpUp) + haUp Uy
+ hr21(h]Ub +h1Ug +haUp + hpUy))/C

= hih2+ hpUg+ hepy(hy +hp)

iii) Flow Under the Absorber

F

UL

E/(H + Uy, (h2 +hr23+ Up) + Uy(hy23 +h3))

(H(Up + Up + (ha + h3)UpUp)/E
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where

E

H + h2Ub
H

(hah3 + hohr23 +h3hr23)
For type 5, hy is replaced by hp/Sin (8 /2)

iv) Triangular Duct Air Heater

F hy/(hy + Up)
UL = Ub i Ut

v) Finned Absorber Plate Air Heater

(I/F - 1)
FP =F1+ 2 3
(1/F 4+ (1/FpFp) (LK{M /WK M) (c/b)
where
Fo = 1/0+Up/hyp)
Fy, = (1/b) tanh (b)
Fy = (2/d) tanh (d/2)
and 5
2
=W
a U /KM,
b2 = 2L2hy/KyM>
¢z = W2hy/K My
2 =a2 +c2

vi) Wire Mesh Air Heater

F' o= 1/(1 + (Ugy)
UL — Ua + Ub = Uc
Uy = 1/(1/h) + 1/Up
Up = 1/(1/hpp1 + 1/Up

vii) Clipped-v Air Heater

ho Uy

Foo= U(+—s )
AhZ thyir21 + A(Ug +r21))

UL ~ Ut + Up
; U + Up
< 1+ /A
hy+hyay ¢ )
where
A = 1yl + (1-12/17)/Sin (9/2)
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Appendix (ii)

For a given overall depth, D, ratio of the stagnant air gap, a, and the base thickness, Db’ the geometrical
relationship for each types of the solar air heaters are obtained as follows:

1. Types 1, 6 and 9 (Rectangular ducts air heaters)

Df =D-D
A; =B*Df
Prm = 2(B + Dy)

2. Type 2 (Rectangular duct air heater with two flow channels)

Dy = 0.5D - Dp)
A = B*Dg
Prm = 2(B + Dy

3. Types 3 and 5 (vee corrugated air heaters)

Dy = (1-a)D -Dp
A; = 0.5B(D; 4 aD)
Prm = B+2aD+B (Cos (6/2)Tan (6/2))

4. Type 4 (Rectangular duct air heater with stagnant air gap)

Df = (1-a)D - Dy
Af = B * Df
Prm = 2(B + Df)

5. Type 7 (Triangular duct air heater)
Df = (1-a)D - Dy
Af = 0.5BDg

B(1 + Cos(e/2)/Tan(e/2))

o
0
8
[

6. Type 8 (Finned absorber plate)

D¢ = (1-a)D - Dy

Af = BDf- (B/W) (MIAL)

Prm— 2(BAL/W) + B + Dy A e i A vty
7. Type 10 (Clipped v through air heater) Ag A

ot =Sk 24 JAN 085

A¢ = (BDg/Ll1) (DfTan @+ L2) <

Prm = B((2/AL1) (2D Cos (® +AL2) + 1)

Appendix (iii)

The values of the parameters used in this analysis were:
L=25mB=05m D = 0.08m, Vo = Sm/s

G = 200 Kg/hr, @« = 0.9, T= 0.9, Ec = 0.9, Ep = 0.3,
B =00, 6= 600 &= 45°.

I
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