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ABSTRACT- This paper presents a new approach to the thermal analysis ol a solar concen-
trator. The Signai Flow Graph lechnique is applied to soive lhe heal lransfer problem in
a [lat receiver subjected to nonuniform flux distribution. Signal Flow Graph allows in a
more easy graphical lorm to express the essential properties of the amalyzed system, and
directly obtain any parameter [from the graph structural properties. With this method,
there 15 no need of assuming unilorm [lux distribution over the whole receiver surface
as in Hottel-Whillier-Woertz-Bliss approach, A computer program has been established
to cobtain the thermal periormance under different design and operating conditions using
both approaches. In order to verily the theoretical results, an experimental concentrator
was built with,one glass cover, {lat receiver of 2% cm width and 94 cm length. The receiver
is insulated with foarn plates of } cm rthickness and fitted with two headers to supply the
[resh water uniformly in the length direction. The reflecting surface is formed of unequal
micror - segments which are arranged to concentrate most ol the falling solar radiation
on the upper thuird of the recetver surface. The sel-up is suitably instrumented to measure
the remperature at diflerent points and the water mass {low rate through the receiver. The
total and beam solar radiation intensilies as weil as the ambient temperature are also
measured during the experimental work. Comparison between the predicted and measured
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resulls have shown that the thermal performance as calculated by the Signal Flow Graph
is more {itted with the experimental resuits than that obtained by the HWWB approach.
Therefore, the Signal Flow Graph approach is seen to be an easy and precise technique
for the thermal analysis of concentrating collectors with nonuniform f{lux distribution on
the receiver surface.

INTRODUCTION

The thermal analysis of solar concentrators is essentially required to improve
the coilection elliciency and hence reduce their production cost for commercial use. Nor-
mally, the solar [lux distribution over a receiver surface of any concentraling collector
has a degree of nonuniformity, which complicates their Lhermal analysis. However, most
of ihe reporied daia on the thermal analysis of solar concentrators are still based on the
well known Hottel-Whillier-Woertz-Pless (HWWND) approach (1-3), by which the thennal
perlormance could be calculated, The solution of thermal perlormance by Lhis approach
is wusually simplified by assuming the flux to be unilormly distributed over lhe receiver
surface (4-7). On the other hand, the temperature field in soiar receivers could be obtained
by the solution of energy equations as reported by Cabble (8). Again, he has considered
the same assumption to simplily his theoretical analysis. However, a considerable error
may result due to this assumption specially when the temperalure field is to be calculated,

However, Lhe exact solution ol the problem with nonuniform [lux distribution
is essentially required in order to obtain precise results for the temperature field of the
system. Signal Flow Graph Technique, which is usually used in the solution of control linear
systemns, offers this [acility. This technique can be used also to obtain the temperature
field in thermal systems {9-i0). In the present work, this technique is used [or the first
time, according to the authers knowledge, in the thermal analysis of solar concentrators.
The main advantage o! the Signal Flow Graph is that the heat transfer problem, with all
variables involved, can be expressed in an easy graphical language to gel the exact solution
in minimum time.

THECRETICAL MODEL

It is required 1o calculate the temperature field for a [lat receiver of width
R, and length L. The receiver is subjected to a flux distribution in the width direction
as shown in Fig. I. The flux changes with time in both width and length directions. The
following assumptions are made to simplily the soiution,

i - Steady state condition,
ii ~ The {iux change in length direction is neglected,
iii - The {luid How rate change in [ength direction is neglected,

With the above situation,the problem is reduced 10 a two dimensional heat transfer in
both width and perpendicular directions. Conducrtion heat transfer in the absorber plate
is carried out in the width direction. On the other hand, lhe useful conve¢tion heat from
the plate to fluid, and the heat losses to the ambient (convection and radiation) are perpendi-
cular to the absorber plate. These modes of heal transfer can be formulated by means
of Signal Flow Graph as given below.

Signal Flow Graph is a graphical representation of the rejations between
all parameters in any linear system. These parameters can be easily expressed and directly
obtained Irom the graph structural properties ol the system. To solve Lhis problem by
the Signal Flow Graph, lhe receiwver should be divided into a number ol slices N, in the
width direction, such that the ([lux may be considered uniform over each one and equal
10 the corresponding average vaiue as shown in Fig .1. The temperature {ield for a receiver
divided into 5 slices could be represented by a Signal Flow Graph as shown in Fig. 2. The
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graph consists of 1wo types ol nods connected with branches, transmittance of which carry
signals from one node to the other. The source nodes don't have feed-back signals, (i.e.
independent variables) such as the inlet water temperature Tj. ambient temperature Ta'

and the solar energy absorbed by each slice Q.. The sink nodes must have {eed-back signals
{i.e. dependent variables). Al the unkown plate temperarures Tpl’ sz, PR ij and the
[luid temperatures T“, T{Z’ . « + are the sink nodes.

The physical value of any branch transmittance Sii from nod i to another
j can be obtaincd by the help of heat balance equarion for the node j. As an example,
the heat balance equation for the node 2 on the absorber plate yields,

C_ (T

ppl

i TpZ) ¥ Cp(Tp3 B TpZ) * CIZ(TIE

- sz) + CCpZKTC - sz:l + QZ =0 e ()

where,

C is the plate material thermal conductance,

C‘[2 is the thermal conductance belween the [luid and plate at node 2,
is the thermal conductance between the cover and plate at node 2 {by convection
and radiation), and

Q2 is the solar energy absorbed by the slice 2,

However, equation | could be rearranged to give the signal value at node 2 (sz) as,

szzsl2 Tpl +532 Tp3+572 T12+5c2 TC+ qu Q2 e (2

Gernerally, Sii can be evaluated {rom,

Sij:cij’!cj )]

where, Cij is the therrnal conductance between nodes i and |
and Cj is the sum of al! thermal conductances from all adjaceni nodes to the node j .

It is to be noted that C.. = | when t refers to ihe absorbed solar energy source node (i.e
Sqi = 1S !

For the node 2,

C2 =2 Cp + szi- CCPZ P

Equation 2 shows that the signal value at any node can be expressed as the
sum ol products ol all signal values of (he adjacent nodes by the corresponding branches
transmittance which enter the node. On the other hand, equation 3 shows$ that the value
of branches transmittance can be obtained withour the solution of heat balance equalions
at different nodes.

[n the present work, the different thermal conductances are calculated as
follows:

a- Thermal conductance through back insulation C, is constant for all slices and is given
by,
Cb=(Kg'D]')¢ks <. 49
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where, K is the thermal conductivity of the insulating material’
D is the insulation thickness
and A, is the slice area = (R/N} L

b- Thermal conduciance berween plate slices Cp' is also constant and is given by,
C_=(K_NR)ILd ... 16)
P P

where, K _is the plate material thermal conductivity,
and d is the plate thickness

c- Thermal conductance between [luid slices C[, is given by,

C[:crh N )

where, ¢ is the fluid specific heat which is assumed constant in the given temperatuce
range,
and m 1s the fiuid flow rate.
d- Therma! conductance berween the fiuid and plate C[i' is given by

c“:hi.ﬂ\S P £

where, h{ is Lhe filin heat transfer coefficient between the [luid and plate which is

calcuiated from {11) as,

32 0. _
Nu = 0.199 Re> e Gr . pn®! e / pew )02 p

where /\ is a [actor depending on the aspect ratio, ( R / L ).
Since hj is a temperature dependent, then C[j value changes with the slice position.
e- Thermal conductance between the cover and plare q:pj is given by,
2 2
T T T T
{p +c)lp+cl
CP] = [ h + - j A
¢ 17 ep + 7€ - 5

- (9)

where hc is the convection heat transfer coelficient calculated from (12) as,

Nu = 0.033 (™38l

Again ’CCi is temperature dependent.

[- Thermal conductance between the cover and air Cca s 15 given by
(13

ot Tt )
Cgy = [ hy, + B .E._.-T;--- ) A <o (0

where , hw is the wind heat transfer coefficient calculated Irom (I3} as,

h“f = 5.7 + L3 Vw ( W/m? °C)
where, V_ is the wind speed ([ m/s).

Now, any sink node value (i.e any required temperalure in the field) can be
directly obtained [ram Mason's {fermula (13} as,

n
Sink node value = 'Zr‘

(source}i (TR) i L
j - l
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where, n_ is the number ol sources p the system, and, (TR). is the transmittance Irom
the sourck i 10 the node given by, )

n
- P
(TR}, = RZ= [ VAN VAN V)]
where, n_ is the number of pathes from the source to sink node,

P, s thepath transmittance which is equal to the product of all its branches trans-
mittance,
D is the graph determinant,
and, Ak is the algebric supplement ol the palh which is equal to the graph determinant
in which all loops that touch the path are equal to zero.

However, if L _is the loop transmittance which is defined by the product of branches trans-
mittance of a closed loop in the graph, then,

A:l-(iglei)+[Lp ) - ). (1)

lLP2+Lp2Lp3+“' (Lplesz3+...

where, @ is the number ol closed loops In the graph, and all terms between the last two
parentheses are concerned with all the nontouching loops.

Once the temperature [ield is determined irom the above equations, the rate
of uselul heart gain Qu, can be calculated [rom,

N
Q = 2 [C (T ~T)-CuiT,-T.)] co

u ]=l

and the collector thermal efficiency I?c’ 15 given by,

M- Q71 L Nas ..

while the fluid outlet temperature TO, can be calculaled froem,

T°=T.I+Qu{'cﬁ1 ... (18)

A computer program has been established to perform the above calculations,
haif an hour intervals, during the sunshine period by iteralive method. This is carried out
by assuming a temperature fieid and then recalculated and compared. The error is limited
within a range of 0.1 °C,

EXPERIMENTAL SETUP AND PROCEDURE

A multi-mirroc asymmerrical concentrator with a flat receiver has been designed
and [abricated to verify the predicted results. The refiector surface is formed by |9 unequal
width mirror segments, which are arranged such that most cf the incident beam radiation
is concentrated over the upper third of the receiver surlace at noon time. This {lux dis-
tribution, which changes with time, is obrained by [lixing the oprical axis ol concentraror
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twards the sun atr noon position. The receiver, which is fixed at the lower edge ol rellector,
consists of an absorber inside a wooden box and covered with an ordinary window glass
cover of thickness 3 mm. Foam plates of thickness 3 cm are used for back insulation. The
absorber is made from 0.8 mm thick G.l. sheet and has a width of 25 cm, length Of 94
cm and a distance between plates of L.5 cm. The upper plate is coated with blackboard
paint to increase its absorpitivity to solarradiation to about 0.9 . The absorber headers
are designed, with gradually increasing holes frorn the middle, to maintain a uniform water
flow rate in its length direction. The whole assembly is fixed on a woeden frame with a
facility to change the concentrator tilt angle.

The setup is suitably instrumented to measure the absorber plate temperature
at dillerent locations by copper-canstantanthermocauples as shown in Fig.3. The inlet and
outlet water temperatures as well as the ambient temperature are also measured. The
intensity of normal beam solar radiation is measured by a silicon cell pyrhelienieter, while
the hocizontal total selar radiarion is measured by a silicon cell pyranometer during the
experimentai work. A Photograph of setup is given at the end of paper.

The expertincntal tests are carried out in a clear sky condition, during August
1987, by allowing lhe water to [low Irom an overhcad tank to the recciver. Cach day, the
flow rate is kept constant. Six tests are conducted with [low rates of 12.75, 9.6 and 6
lit /hr with and without a glass cover on the receiver.

RESULTS AND DISCUSSION

The measured dara of beam and tetal selar radiation intensities, ambient and [resh
water temperatures and the actual water mass flow rate are used as input infermation
to obtain the predicted results. In the Signal Flow Graph solution, the predicted flux dis-
tribution over the receiver surface, is obtained by the ray tracing technique {l4). The average
value of this flux distribution is obtained te be used in the solution by HWWR formulation.
It was found thai dividing the receiver into live slices in our case is a geod comproinise
between the accuracy of resulis and the computarion time. Preliminary experimental tests
have shown alsoc that assuming a uniform temperature for the glass cover, will not alfect
the accuracy of results.

The receiver was experimented first without glass cover, using water mass
tlow rates of 9.6, 12.75 and 6 lit/hr, in clear sky days. Figure 4.a shows the measured water
outiet temperature as a function of time for the three days experimentation. The predicted
results oblained wilh the Signal Flow Graph are also depicled for comparison. On the same
ligure, the normal beam solar radiation, the horizontal total solar radiation, tne fluid inlet
and ambient temperatures [or an average day are plotted. [t can be noted that the f[resh
water temperature is siightly larger than that ol ambient. This is due to the existance
of long uninsulated pipe line (with low water flow rate) in the direct sun light. Figure 4.b
shows the corresponding temperature rise (To - Ti) and the collector therma! eificiency.

The following observations can be made from these [igures,

a- The outlet temperature increases to a maximum value at noon time and then decreases
again.

b- The water temperature rise and hence the callector efliciency are seen o have the
same irend,

c- The outlet temperature and hence the temperature rise decrease considerably with
the increase of [low rate, while the corresponding change in thermat efliciency is not
much. The maximum outiet temperature was decreased {rom about 91 1o 82°C, when
the [low rate was increased fram & to 12.75 lit/hr. The corresponding increase in cotlector
efliciency was [rom 0.52 1o 0.6.
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d- The theoretical results show a very good agreement with the experimental data, specially
around the noon time. The slight deviation in the day terminals is due to the increasing
optical losses.

) ] The corresponding resulrs with one glass cover on the receiver are shown
in Fig. 5 The behaviour of water outler temperature and the collecror thermal elficiency
show a similar trend, without any major dilference. However, a slight increase in thermal eifi-

ciency can be obssrved, since the maximum temperature rise is not higher than $5°C.
The maximum concentration ratio for the concentrator is only 3.64. The effect of flow
rate is seen to be slightly depressed due to the existance ol the glass cover.

o On the other hand, a sample ol typical results [or the plate temperature
distribution in the width direction, measured at the absorber plate centre line is shown
in Fig. 6. The calculated plate temperature is plotted at differcmt hours,and compared with
the corresponding  measured values. The observed drop in the plate lemperature near the
upper receiver edge ar alterngon hours is due to the shift of the Hux distribution peak
downwards, The good agreement between the theoretical results and experimental data
can also be seen.

Finally, a comparison between the theoretical results, obtamned by the Signal
Flow Graph and HWWB approaches, and the measured data is shown in Fig. 7. The figure
shows the [uid outlet temperature as a [unction of time [or the receiver with glass cover,
during the three days experimentation. It is clear that the Signal Flow Graph results show
a better agreement wilh experimental results than that obtained by HWWB [orrnularion.
This {act would be more visible with different {tux distributions for other systems.

CONCLUSIONS

The thermal analysis ol solar concentrating coliectors with nonuniform {lux
distribution over the receiver surface can be easily performed with Lhe Signal Flow Graph
technique. By this method, all the syslem parameters and relations between them could
be expressed in an easy graphical lorm to get the exact solution in minimum time. The
ternperature [leld in solar receivers, which are subjected to nonuniform [lux, can be calculated
by using the Signal Flow Graphs to a good exaciness, without the need of assuming uniform
flux distribution for simplification. The thearetical results obiained by this method have
shown a better agreement with the experimental data, collected for a flat receiver under
dilferent condilions, than that calculaled by HWWB formulation. Therefore, this method
is encouraging to obtain solid correlations in thermal analysis with Further work on other
solar systems.

NOMENCLATURE

Aa Aperture area, m?

As Slice area, m?

Cij Thermal conductance berween nades i and |, W/ K

Cj Sum o thermal conduciances from all adjacent nodes 1o j

c Fluid specific heat, 3 { kg K

D Insulation thickness, m

d Plate thickness, m

Gr Grashal number

hC Convection heat transler coellicient between the cover and plate, W/m? K
h[ Film heat transier coefficient between the [luid and plate, W/m? K

Normal beam solar radiation [lux, W/m?

o
3J
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Horizontal toral solar radiation flux, W/m?

[

l:: Total selar radiation flux on the aperture, W/m?
Kk Insulation material thermal conductivity, W/m K
K Plate material thermal conductivity, W/m K

LP Receiver length, m

L Loop transmittance,

it Fluid mass [low rate, kg /s

N Total number of slices

Nu Nusselt number

ng Number of sources

np Number of pathes from the source to sink node
p Path transmirtance

P}f Prandtl number

PTw Prandtl number calculated at wall temperature
Qi Solar energy absorbed by slice number i, W

Qu Useful heat gain, W

R Receiver width, m

Sij Branch transmittance from node i to j

Sq; Branch transmittance when 1 is the solar epergy source
T Temperature, °K

T1 Fluid inlet temperature, °K

T0 Fluid outlet temperature, °K

Ts Sky temperature, °K

(TR)j Transmittance [rom the source } to 2 given node
Vo, Wwind velocity, m/s

Greek letter symbols

A Graph deterrnant

Ak Algebric supplement of the path
€ c Glass cover emissivity

(= Plate surface emissivity

p
Wi c Collector thermal efliciency
5]

Number of closed Ioops in the graph
& Stefan - Boltzmann constant

Subscripts for thermal condcuctances and temnperatures

a Air

b Back insulation

C Glass cover

| Flyid

Py Slice and node number
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