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Abstract

A computer program was used to simulate a solar heating system operated
by thermosiphon action. The system consists of a two-parallel-flat-

plate collector and a storage tank.

The computer model takes into consideration the natural heat convection
betwéen the two parallel plates, losses from the top and the bottom of
the collector, energy balance for the collector, variation of solar
incident insolation, variation of the collector tilt angle, lcsses from
the storage tank, heat balance for the storage tank with and without

withdrawing a load, and variations of the ambient temperature.

The experimental set up consists of a two-parallel-plate ccllector. The
plates have an area of 76x76 cm2 and spaced by 1 cm. The capacity of
the storage tank is 42 liters, equipped with three thermocouples at

three different locations to measure the tank temperature.

Comparison between simulation and experimental results shows a good

agreement.
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208 M.M. EL-Kassaby

Nomenclature
A collector surface rarea, m
c
a distance between two plates, m.
cp specific heat at constant pressure, kJ/kg K
cps specific heat for steel, kJ/g K.
g gravity acceleration, m/’s2
g b(T-sz)x3

Gr local Grashof number = i

v
h local heat transfer coefficient, w/mz. °c
k thermal conductivity, w/m. K
L length in x direction, m. Nu Nusselt number [hx/k]
N number of glass covers. Pr  Prandtl number [ Ucp/k]
t time, sec. t1 plate thickness, m.
T temperature, OC u velocity, m/s
U overall heat transfer coefficient, W m--2 K_1 V wind speed, m/s.
W  the widthof the two parallel plate, m.
X direction along the length of the plate, m.

y direction perpendicular to the plate, m.

Subscripts

a ambient b1 upper plate. b2 lower plate

i inscl@tion, alsc inner (o} cuter s steel

tank tank W water

Greek-Symbols

B The ccefficient of volume expansion, 1/K

p density, kg/m3 V) kinematic viscosity, m2 8-1
6 collector tilt angle ¢ stream function

g stefan~-Boltzman constant = 5.67 x 10-8, w/m2 k4

EP‘i infrared emitance of the plate. (0.9)

eg i infrared emittance of the cover.(0.9)
)
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This study presents detalled 31mulatlon for two-parallel—plate sclar

collectors. The ccecllector | s1mulat1qp1stpd;es have.awg{e@tnimportance
(n 0 = 10+ QXS IR R .

for the following reasons:
,f1f),ColLector,srmn;at;om necessitatesiand. provides’ bétte Wﬂnderst%hdlng

of the collector variables b(suchr»ﬂSﬂ*tlit»Jéﬁgléq?*aimehsdons,
thickness of insulation, etc.) and their effects on system
performance. N

(2, Collector simulation reduces theé samount-of tﬁeirequlred‘éollector
testing.

. i}3?$go%;ec;orﬁw83mu$@§icnﬁpro%ides1aabooiliﬁ?oétlmlzrng“§ 8y&tém design

fer a particular application. e coltosvios dped odd
4. Collector simulation can predict the system performance at

different consumed loads. df5iw , #1io noliomu® s 21 % 8I8AW

haGégintrbduced methods to

calculate the collector eff101ency for “tube collector dr collector with

Many 1nvest1gatorq#“«see Ref. 1, Chapter 4y

flow ducts of rectangular cross-section. None of them, (to the

knowledge of the author) has reported a compléte system s1mulatlon for

i a0 e o et | v

‘Ewo- parallel-plate collectors, wh1dh 1s the aim of, the present work.
Forsr ek pdery T o z et 3 gigiw
For further check on the proposed modél’,” a complete experlmentél set-up
was built and a comparison between the 31mulatlon results and
Py "‘;,'

experimental ones is given.

2. Theoretical® Ahalysis’

,,,,,,

The problem of heat' transfer by natural convectlon between two parallel

plétes has been solved by E1+Kassaby [21] The solutlon ‘was in the form
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of momen tum and energy equations, which predict velocity and

temperature distributions at any required cross section, as follows:
F"' + ¢Sin 6 + [(n+3) FF" - 2(n+1)F'] =0 1)

where the first, second, and third terms represent viscous, buoyancy,

,and inertia forces, respectively.

Ul

(P 1 [} -
prit [(n+3) ¢ F - 4nF' 9] =0 (2)

where the first term represents heat conduction while the second is

the heat ccnvection term.

where F is a function ofn , with

3
p oY BT ) X o Y X 0
- 4"V B T2
Gr(x)
G =4V [mmmmm 1925 2 (n)y, (3)
4

The boundary condition for equations (1 and 2) are

L}
o
[}
o

at y 3 F(O) =0 , ¢ =1

y 2. 1 iy ke Nyd =0, 9 =0 o

I
v}
]
3
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Since equations (1,2) are ordinary nonlinear differential equations,
therefore, their exact solution is quite difficult. The solution has
been performed using a finite difference explicit method with an axial

interval of x =L/100 and perpendicular interval of y = a/30.
Applying the finite difference methods to equations 1 and 2 with
boundary conditions given in equation 4, 28 simultaneous equations for

each F and @ were obtained. More details are given in ref. [2].

2.1 Energy Balance for the Collector

The energy balance for the control volume of a segment in the x

direction (see Fig. 1) is given as:

Ty F1flg~= Tpo - Sg~tly w85 * 55 ¥ 0 (3)
where
= A =
P Ic dAc € Ic A X. W. AL

Total solar energy incident upon the plane of the collector
(kJ).

q =A8x. W. t .p .C (T . =-T )

ps 1 b1
= Internal energy increase in upper plate, (kJ).
q, =4 x. a. W(p' Cc'_T' -C T__p)
2 P av p av
= Internal energy increase for the fluid inside the control
volume, (kJ).
d5 =Ax. w.t1. Py~ Cps (T b2 " Tb2)
= Internal energy increase cof the bottom plate, (kJ).
= A
q4 u. W. a. p . Tav t

= Energy associated with the flow entering control volume, (kJ).
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650 Glass
Air
Upper plate
a1 Water

Insolation

Steel cover

‘f

Fig. 1. Shows details of a segment of the two parallel-plates collector.

= v A
q5 u. W.a. PT av t
=Energy associated with the flow leaving the cocntrol volume, (kJ)

The back losses (kJ).

9
q, = The tcp losses, (kJ).

Notice that the (') implies the same variable as that calculated at the

end of the period of time t.
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Simulation Of A Two-Parallel-Plate Collector 213

For a collector of area£1£2 ( 21 is in the x-direction), with an

insulation height 23 from the sides, and with a layer of insulating
material Zi thick at the bottom and along the side (Fig. 1), the

effective back losses can be given as [3]:

c i i
qback loss .~ (Tb1-Ta) I e ] (6)

where AC is the surface area of the collector. The back losses

from a segment (q6) can be calculated from equation (6) as

q6 = qback loss

The top losses can be calculated using the equation suggested by [3
& 4], which can be given as

(T, 1= Tu) A
q N e b L WL SO S S .
top loss 0.33 }
N/{(C/Tm)[(Tb1 = T_)/(N+£)] +1/h_ 50
4 4
o (T p1 ~ T a) A,

-------------------------------------------- (7)
1/0 €p,i + 0.05N (1+ €_ .)1+(2N+f-1)/ € . =N
Pl i

) P
where
T = (1-0.04 h o 0.0005 hzm) (1 + 0.091N)
oK (oth
C =365.9 ( 1- 0.008826 + 0.00013‘92)
h =5.7+ 3.8V

C,
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The top losses from the segment 9, can be calculated as

S = qtop loss

2.2 Energy Balance for the Storage Tank

The energy balance of storage tank can be written as:

9g =99 * dig * Iq + Iy + 9, ke
where
qg = energy associated with the flow entering the storage tank,
coming from the collector (kJ).
=d, for the last segment
dg = heat losses from the top and bottom of the collector, (kJ).
2
-y, D - A
U1 > (’I‘tank Ta) t
99 = losses from the surface area of the storage tank, (kJ).
= n - A
U2 DL (Ttank Ta) t

q,, = energy associated with the flow leaving the storage tank and

entering to the collector, (kJ).

uw. a. cpw. Ttank’A t

the energy associated with the lcad consumed by the user, (kJ)

h‘n
I

=m cpw (Ttank - Tfresh water)

The overall heat transfer coefficient, for the top and bottom surfaces

of the storage tank can be evaluated as:
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1 1 1 t £
-—— = ——— 4 === 4 ———= 4+ —== (9)
U h. h k k.

1 i o} s b

where, ts is the thickness of the steel, used to fabricate the
storage tank. The over all heat transfer coefficient for the

cylindrical storage tank surface can be evaluated as [5] (see Fig. 2.b)

1 1 hﬂryTﬂ lnf3h2) lnu4,&£ 1

bcm| air gap :
, —
? el

insmoﬂon///7

(-
4

Inner tank

Jcm

two parallel

plates Insulation

Outer tank

£
SR 2R
SRR

; RIS

RO O
S *‘\\?0‘_\\\\?‘?\’ g

(b)

76

Fig. 2. a)Details of the two parallel
plates collector; b) Cross section of

the storage tank.

76

(a)
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The inner heat transfer coefficient inside the storage tank can be
evaluated as [5]

NU_ = ===—-=— = 3.66 (11)

In the previous equation, it is assumed that the flow inside the tank

is a fully developed laminar flow.

zhukauskas [6], has performed the most comprehensive study of flow
normal to single tubes and gave the fcllowing emperical formula:
h D Pr

Nu = _co -c Ren Pr0.37 ( __:2)0.25 (12)

D
k . Pr
air s

Where C and n are ccnstants that depend on the value of ReD which can
be obtained from Ref. [6]. It is to be ncted that Pr_, is evaluated for
air at ambient temperature while Prs is evaluated for air at surface
temperature, which is almost the same, i.e the ratio (Prm /Prs) is

assumed to be cne.

3. Sclution Technique

For each segment, applying the finite difference methed to equation 1,2
as explained in ref. [2], the velocity and temperature distributions at
the end of the segment can be obtained. The upper plate temperature of
segment j Tb1(j) can be obtained by applying the energy equation (Eq.

5) and wusing an iteration method. The process was ccmpleted by taking
the final condition from station j as initial condition for the next
segment (j+1) and repeating the previcus steps until we reach the exit

cross section from the collector.
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Applying ' the energy balance tc the storage tank (Eg. 8) the new tank
temperature can be obtained. Starting again the above procedure using
this new tank temperature as initial condition for the next time
interval, and repeating the whole procedure till any required pericd cf

time.

4. Experimental Set-Up

An experimental set-up (Fig. 3) was built to check the validity of the
computer model. It consists of a two-parallel-plate ccllector having
76x76 crn2 area, spaced by 1 om (as shown in Fig. 2.a) and its

feeder 1s one inch diameter tube, having one slot 0.8 cm wide, and 65
cm long. The collector has been selected to face the south with 28

degree tilt angle with the hecrizental surface.

The =storage tank was fabricated from galvanized steel. The ocuter
container is 0.7 mm thickness, 40 cm diameter, while the inner
container is 2 mm thickness, with 33 cm diameter, 50 cm height. The
temperature of the water inside the tank was measured in three
locations at different level using three thermccouples type K
(Ni-Cr/Ni-Al) (as shewn in Fig. 3.b). The tank temperature was

ccnsidered to be the average temperature.

The experimental measurement was limited only to the temperature inside
the tank, since there was a difficulty tc measure the flow rate inside
the ccllector due to unsteady and very low flow rate resulting from

natural convectiorn.
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Fig. 3. a) Shows the two parallel-plates collector (fabricated
and operated at Mu'tah University, Jordan)
b) Details of the storage tank.(Dimension in cm)
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5. Results and Discussion

Typical results of the simulation model are tabulated in table 1 and
plotted in figures 4,5 and §g. The experimental results taken on
September 8, 1988 at Mu'tah University, Jocrdan, Starting time at 9:36
AM, are tabulated in table 2 and plottea in Fig. 4 for comparison with

simulation results for the raise cf the stcocrage tank temperature.

Table 1. Samples of the simulation results

Time Trtank Ne Ng Qx10—4% u Tanr Ie Tin-Tax100
°C m3/s cm/s °C kw/m2 ——————=——-
Meas. le

1¢ 36.2 7.32 4.88 ©.153 ©.011 36.70 ©0.67 1.705
20 36.06 34.30 31.92 0.0655 ©.043 41.74 0.74 2.085
36 37.5 67.19 64.80 ©0.960 ©0.063 44.54 ©.78 2.315
49 38.8 84.16 81.59 1.143 ©0.075 46.30 0.80 2.457
50 40.2 84.80 82.06 1.222 ©0.080 7.40 ©.82 2.514
60 41.6 80.40 77.44 1.270 0.083 48.30 0.84 2.532
70 42.9 77.16 74.02 1.331 ©0.087 49.27 ©.87 2.555
80 44.2 75.060 72.30 1.399 0.092 50.28 0.89 2.0605
90 45.5 74.20 70.78 1.470 ©.097 51.32 ©.91 2.0658
160 46.9 73.57 69.89 1.550 0.102 52.40 ©0.93 2.707
11 48.3 72.83 68.98 1.625 ©.107 53.51 .95 2.760
120 49.6 72.25 68.22 1.792 ©.113 54.60 0.97 2.820
136 51.0 71.45 67.22 1.805 ©0.119 ©55.70 0.98 2.904
140 52.4 70.00 65.60 1.878 ©.125 57.30 ©.98 2.997
1506 53.7 68.24 63.56 1.942 ©.130 58.30 0.98 3.098
160 54.9 67.47 62.68 2.010 ©.134 58.90 0.98 3.137
1706 56.2 66.90 61.94 2.080 ©.137 60.01 ©0.98 3.197
186 57.5 66.57 '61.58 2.204 ©.145 61.10 ©0.99 3.228
190 58.7 65.12 59.86 2.234 ©.147 62.19 0.99 3.335
200 59.9 62.86 57.40 2.280 ©.150 63.18 ©.98 3.450
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Table 2. Experimental results (Sept. 8,1988).

Time 00 20 39 59 75 92 129% - 144~ 188
minute
Tav 36.2 36.9 375 41.6644:1:47.9 50.3 47.9:52.1
[o]

C

Figure 4 shows the tank temperature variation versus the time. It is
clear from the figure that the simulation model gives good agreement
with the experimental results up to time 130 minutes, after which it

deviates clearly. This could be due to weather fluctuation in wind

60 j— Computer model
@ Experimental
U
: 5
3 50
3
i)
©
M
a
o
= 40
;
3]
30—
T I I
0 40 80 120 160 200

Time (minutes)

Fig. 4. Shows the storage tank temperature variation versus

the time.
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in spite of having a clear sky.

Figure 5 shows the variation of system and collectors efficiencies as

function of time. The collector efficiency was calculated as

e s e i e 2 (13)

P i e s (14)

80 —

60 |—
+ 40 p—
-
00 1 ~——— Collector efficiency

I
20 — —- System efficiency
0 l I I 1
0 40 80 120 160 200

Time (minutes)

Fig. 5. Shows the system and collector efficiencies.
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Beth efficiencies are increasing initially for a certain time up to a
maximum value, then start to decrease. This is due toc a transient
effect as during the starting period of calculation the model is
adjusting itself to build up a certain temperature distrikuticn along
the collector plates. It looks like that initially the major part of
received energy 1is ccnsumed as internal energy for bcth collector
plates and the water inside the ccllector. This time is predicted tc be
50 minutes. After this transient periocd the efficiency decreases as the

temperature increasesdue tc the increase in lcsses.

Figure © shows the v@riation c¢f the calculated values of volume

0.2 1000
by
H
‘ 800
0.16 E
PO o]
[ '{(}
-4
Mo 0.12 600 o
9 8
; pt|
. 400 d
ot 0.08 ”3
ol 1]
)
E 0.04 200
=
| | | |
0 40 80 120 160 200

Time (minutes)

Fig. 6. Shows the veriation of Ic, Q" , andu
versus the time.
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discharge (Q), average velocity ocut cf the collector (), and the
measured sclar isolation. If one considers the transient time as 50
minutes, it <can be noticed that as the temperature increases, both Q
and U increase almost linearly. This is due to the fact that as the
temperature increases on the upper plate, more driving force (density

difference) will be <created, resulting in an increase in average

velccity and consequently an increase in Q.

It 1is noticed from the simulation results that, the tank temperature
increases rapidly after it passes the 50°c range. The author believes

that this 1is due to the underestimation heat of the losses in the
empirical formula (6 and 7). This was overcome by using an empirical

adjusting factor of (Tav/50)3.

6. CONCLUSIONS

The following conclusions are drawn:

1. The model presented here is capable to predict the performance cf a
heating system operating by thermosiphonic action.

2. The transient time of the presented model (to get stability) is
predicted to be about 50 minutes.

3. Equations 6 and 7 are satisfactory up a tank temperature of 50°c.
Above this ranges both equations must be modified by multiplying
them by a factor of about (Tav/50)3.
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