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Performance of Solar Collectors

The optimum control and performance evaluation of solar collectors are analyzed
 from the standpoint of exergy. The pressure drop inside the collector is introduced

to the analysis using the Hottel-Whillier model. By treating the friction process as
exergy loss, the optimum operating conditions are presented in a simple statement.
The maximum capability of collectors is determined and expressed by a relationship
among the collector parameters and the environment in which they operates.

Introduction

The optimum operating conditions of solar collectors have
so far been investigated on ‘the basis of collected thermal
energy. The criterion generally adopted is to maximize the
difference between the collected thermal energy and the
required pumping power [1-3]. However, this criterion
equalizes the value of mechanical energy and thermal energy.
The required pumping power is converted to thermal energy
by friction. This process reduces the quality of energy, but not
the quantity. The quality of thermal energy can be treated by
means of exergy [4], which is an equivalent concept to
availability or available work, Recently, Bejan, Kearney, and
Kreith [5] obtained an optimum flow rate on the basis of the
second law of thermodynamics (mainly entropy) and showed
one example where the inlet temperature was equal to the
ambient temperature. But it can be shown in the present study
that the optimum flow rate becomes infinite in some region of
the inlet temperature if the same criterion is used. In order to
avoid this difficulty, the pressure drop inside the collector is
introduced in this study. In the references [5] and [6], the
optimum conditions of general heat exchangers were treated
on the basis of entropy generation, which was also including
pressure drop. The criterion of these references, however,
compares the entropy generation caused by the pressure drop
with that caused by the temperature difference between the
wall and the fluid. Since the temperature difference doesn’t
appear explicitly in the collector property equation commonly
used, the criterion is not applicable directly to such a collector
model. As exergy has the same dimension as energy, it can be
compared directly to pumping power, and a new criterion can
be established.

This paper analyzes the performance of solar collectors on
the basis of exergy and suggests a criterion for optimum
control and performance evaluation.

First, exergy analysis using the Hottel-Whillier model [7]
will be presented and the need to introduce the exergy loss
caused by friction process will be noted. Next, by introducing
the pressure drop into the analysis, the optimum operating
conditions will be expressed by a simple statement. Also, the
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expression of the maximum capability of solar collectors will
be shown in a simple form.

Exergy Analysis Using the Hottel-Whillier Model

The properties of flat-plate solar collectors are, in general,
given by the relationship among the outlet and inlet tem-
peratures T,, T;, the mass flow rate #7, and insolation 7, as {7]

To = Tu+‘roJ/UL + (T,"‘ Ta—TC(I/UL)eXp(—F, ULAc/mCP)
(1)

From equation (1), instantaneous thermal efficiency, 7,,
defined by

7, =mCp(T,~T;) /1A, (2)
is obtained as follows
n=Fgp{ra—(T;—T,) U, /1) (3)
where
Fr={(mCp/ULA.) {1 —exp(—F' U, A./Cp) } @)
T T Q T T T T
5 10
W 4
< | n,.=0%
o
~d
~H
! -
Z
=]
— o
(¢9]
o
=4
m
(e}
o
oy

log g (M /kg. 57

Fig.1 Contour map of thermal efficiency 54

1989, Vol. 105/ 163
-use



2 _ _ n.<-17 1
< | 1,=0%
[an]
N_
<
:( —
~
- O
I—(D..
m
O
q-(..
o)
o
D T T T T T T T T
M -y -3 -2 -1 0

log g (M /ka. 571

Fig.2 Contour map of exergy efficiency 5,

which is the well-known Hottel-Whillier equation. According
to equations (3) and (4), the thermal efficiency, 7,, is ex-
pressed as a function of 7; and #7. In the present study, one
model collector having the following parameters is treated:
U, =35 W m2K~', F'=0.9, 7¢=0.8, A.=1.0 m?,
Cp=4190 J kg—' K~'. These are typical values for a solar
water heater.

For the investigation of the optimum control and per-
formance evaluation of solar collectors, it is sufficient to
assume a constant environment for the first step. Therefore,
only the instantaneous efficiency is considerd in the following
discussion, and the daily efficiency is not treated. As one
example, the insolation, 7, and ambient temperature, T,, are
fixed as I=650 W/m?, T,=300 K The stagnation tem-
perature, T, is obtained by setting », =0 in equation (3), as

Ty=T,+71ad/U; =449K ®)
With respect to this case, 7, is depicted in Fig. 1 as a function
of T; and m.

The exergy gain, Ae, in the collector, which means the
maximum available work obtained from the thermal energy
gain is given [4,5] by

Ae=AR—-T,A s 6)
Assuming that the specific heat, Cp, at constant pressure is

constant, Az and As in equation (6) can be integrated, and the
exergy efficiency, 7,, is expressed as follows

Eliminating 7, by equation (1), 7, is also expressed as 4
function of T; and riz, which is shown in Fig. 2. In the figure,
the line 5, = 0.4 is also depicted.

From Fig. 2, it can be seen that in the range of T; < 367k
(=vT4T,), the optimum flow rate, s, which gives the
maximum exergy efficiency under a constant, T;, js
characterized by »,=0.4. In the range of T; 2 367 K,
however, m becomes infinite. This is unsuitable for the op.
timum condition because infinite pumping power is requireq
to realize this condition. This difficulty can be resolved by
introducing the pressure drop inside the collector, and jg
discussed in the next section.

Next, the maximum exergy efficiency 7 over all of T,
and i is considered. In Fig. 2, 97* is equal to 7.22 percent,
and is given by T;=T " =367K, m=m"* — oo, In the
range of i Cp > > F'U; A, the collector property equatiop
(1) can be approximated with Taylor expansion, and the
above conclusion can be derived analytically as follows:

Expanding equations (1) and (7) with F' U, A./m Cp up to
the second order, we obtain

T,=Ty— (Ty=T:)(1 —A/mCp+A2/2m*C}) @®)

1 =B(Ty—~T;)(1 —A/2mCp) )

Ne=B(Ty—T;){1=To/T;— (A/2mCp)(1 =Ty T,/ T )} (10)
where, A=F'U; A.,B=A/IA,

So that
an,
=B{~-1+T,T 2
6T,~ [ + st a/Tl
+(A72mCp)1 + Ty T,/ 22T %T,/T )} (ny
Qg‘% =(AB/2m*Cp) (Ty —T;)(1 =T T, /T ) (12)
74!

Setting equations (11) and (12) equal to zero, and assuming
T;=T,,weobtain i1 — wand T; =V T, T,. Substituting the
solutions into equations (8-10), the following relations are
obtained

Ty =T m =T, T,=367K

14
max _ F'ra

T _0.39%
I NT, T,

13)
(14)

VT, -T,

~————‘ =7.22x1072
JT, +T, )

n;“aX=F’Ta< (15)

which coincide with the results of Fig. 2. It is notable that
equation (13) is independent of the collector efficiency factor

_ Ae . F’, which contains the fin efficiency and the heat transfer
e = 1A, =UnCp/IA) (To =T, = ToIn(To/Ti) ) (1) coefficient between the fluid and the tube wall. In this con-
Nomenclature
A, = collector area T; = collector inlet temperature: H, = netexergy efficiency
Cp = specific heat at constant T,, = mean fluid temperature H, = netthermal efficiency
pressure T, = collector outlet temperature H/ = apparent thermal efficiency
D; = inner diameter of absorber T, = stagnation temperature p = mean fluid density
tube U, = collector loss coefficient 7a = collector transmissivity
f = friction factor V = mean fluid velocity absorptivity product
F’' = collector efficiency factor Ae = exergy gain in the collector .
Fr = heat removal factor Ah = entalpy difference between SuPerscripts
G = volumetric flow rate inlet and outlet fluid " = the condition giving the (net)
I = solar radiation incident on the AP = pressure drop of the collector maximum exergy efficiency
collector As = entropy difference between under a constant 7;
L = absorber tube length inlet and outlet fluid max = the condition giving the (net)
m = mass flow rate ne = exergy efficiency maximum exergy -efficiency
T, = ambient temperature 7, = thermal efficiency over all of T; and m1
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dition, as the collector has an almost isothermal temperature
distribution owing to m oo, 9% s also obtained
by multiplying /"** by the Carnot efficiency (1 — T,,/~V T T,,) .
Consequently, these results agree with those obtained for the
isothermal collector model in [5]. This means that to obtain
the maximum capability of collectors, it is necessary to have a
uniform temperature distribution at V7, T, because insola-
tion is uniform. Accordingly, ™ indicates the idealized
maximum capability of the collector under a constant in-

solation.

—

Introduction of Pressure Drop

The mechanical energy of the fluid generated by pumping is
converted to thermal energy by friction. No energy loss occurs
in this process if the thermal insulation is perfect. But the
exergy of the fluid inevitably decreases by friction, so that it is
necessary to take the pressure drop into consideration in order
to treat the friction process as an exergy loss. In the present
study, only the pressure drop of the collector absorber tube is
treated, which is given by

AP=pV*fL/2D; (16)

where fis the friction factor assumed to be constant at 0.03. It
is a typical value for a copper tube of 10-mm i.d. in a tur-
bulent flow region [8].

The friction heat generated by AP is given by GAP for a
liquid phase medium, where G is the volumetric flow rate.
Furthermore, GAP corresponds to the decrease of the
mechanical energy of the fluid, and also means the minimum
value of the required pumping power.

Setting p=1000 kg/m?, D; =0.01 m and L = 10 m, we obtain

GAP=2430ri3 (W) amn
II_\ order to introduce the effect of friction heat, the following
displacement is required in equation (1)
Tol = rod + GAP/ A F'

In this section, the total efficiency, H, which includes the
effect of the friction heat, is considered. At first, the apparent
thermal efficiency, H{, defined similarly to equation (1)
becomes

H!=Fp{ra+GAP/IAF' — (T;~T,) U, /I} (18)

which is shown in Fig. 3. Comparing Fig. 3 with Fig. 1, it can
bﬁ seen that the friction heat dominates in the range of
Mm>10-'kg/s, and the definition of H; becomes unsuitable.
This is because the friction heat is contained in the thermal
energy gain in equation (18). Therefore, the friction heat must
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Fig.4 Contour map of net thermal efficiency H,
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Fig.5 Contour map of net exergy efficiency H,

be subtracted from the apparent thermal energy gain, and the
net thermal efficiency H, can be introduced as

GAP

IA,
which is shown in Fig. 4. It can be seen that H, is almost
analogous to 7%, in the range of rm <1 kg/s. However, H,

becomes negative with m — oo, Expanded with 1/m, H,
becomes

H,=H;— (19)

H =F'{ra—(T,—T,)U,/I} -

1 {cl (F’ULAC),Z
—\—|m

2\ ¢,

c (F’ULAL.)Z, c (F’ULAC>3} (1)
O (A S22 N io(—) (o
6\ Cp mru\ TG, a) @0

where ¢; =2430, and O (1/r1) is the term of the order 1/# in
m — oo, Equation (20) shows negative H, with # — oo, This is
because the temperature rise due to the friction heat causes
additional heat loss, and the apparent heat gain becomes
lower than the friction heat. However, the range of rn > 1
kg/s is not a realistic condition because the friction heat
exceeds 2430 W, which is much greater than the insolation.

In [1-3], optimum control is determined by the criterion of
maximizing the difference between collected thermal energy
and required pumping power. As GAP also corresponds to the
minimum value of the required pumping power, equation (19)
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is equivalent to the criterion of these references. However, it is
shown in Fig. 4 that the curve of H, has very broad peaks and
the optimum condition under a constant 7; cannot be
determined definitely. This is because the mechanical energy
of the fluid is converted to thermal energy by friction, and no
energy loss occurs directly in this process. This criterion
function equalizes the value of thermal energy and pumping
power. As thermal energy and mechanical energy are sub-
stantially different in nature, this study adopts exergy instead
of thermal energy for the criterion of optimum control. For
this purpose, the net exergy efficiency, H,, must be in-
troduced, which is defined by

H,={mCp{T,—T;~T,In(T,/T;)} —GAP)/IA, 21n

where the first term means the exergy gain owing to the fluid
temperature increase caused by the insolation and friction.
The second term means the decrease of mechanical energy
owing to friction. In equation (21), the first term can be
transformed into a nondimensional form [5]. But the second
term, GAP, is a cubic expression of #1, and contains no
common parameter with the first term except m. Con-
sequently, there is no advantage in transforming equation (21)
into a nondimensional form. Hence, the dimensional form is
used in the present study, and as fundamental parameters, 7;
and m are adopted. The contour map of H, is given in Fig. 5
as a function of T; and 1. In Fig. 5, the line of H, = 0.4 is
also shown. In this figure, the optimum flow rate under a
constant T; described by iz roughly gives H, =0.4 in the range
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of T; = VT, T,, and becomes constant in T; = ~7,7T,. In
order to show this clearly, the optimum value of H,, H,, and
T, under a constant T; designated by the superscript ., and
m are jllustrated as a function of 7; in Fig. 6. In this figure,
H, varies from 43.5 to 39.6 percent in the range of
T, £ JT,T,, which is approximately constant, and H,
varies from 5.94 to 7.2]1 percent in this range. On the other
hand, in the range of 7,2 VT, T,, m _becomes almost con-
stant. The characteristic of a constant H, in T, 2 VT, T, also
means that the mean fluid temperature should be constant.
According to the Hottel-Whillier model, the fluid temperature
has an exponential distribution (see equation (1)), having the
following average fluid temperature, 7,

T, =Ty ~mCp(T,—T))/F' U, A, @)
In Fig. 7, T, which is the optimum value of Tos T,, and
T,+T,/2 are shown in the same way as Fig. 6. It indicates
that 7, is approximately constant at VT, 7T, in the range of
T, S NT,,T,, which varies from 359 to 367 K. In the range of
T,2 NTyT,, T, increases with T,. But the operation in
this range should be avoided because H, and H, decreast
rapidly. Consequently, the optimum collector operating
conditions can be characterized by an approximately constan‘
average fluid temperature at VT, T,. The same figure as Fig:
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7 is obtained in the case of ' =1.0 and F' =0.5, so that this
result is not affected by the collector efficiency factor F'.

Following the conclusion of the prior section, the optimum
fluid temperature is VT, T, if it has a uniform temperature
distribution. As a conclusion of this section, under the op-
timum control, the mean fluid temperature ought to be
constant at vV T, T,,. This is a simple principle for the optimum
control of solar collectors. However, in order to apply it to
solar systems including a storage unit [1-3], the exergy loss
inside the storage unit must be taken into account. For this
purpose, the exergy loss caused by mixing the fluids of dif-
ferent temperature must be included in addition to the heat
loss.

As for the maximum value of H, designated by H1#*, it has
almost the same value 7.21 percent as M**, and H™* is also
equal to 77"* which is 39.6 percent. T ** and T 7* are 365 K
and 369 K, respectively. The discrepancy from V7T, T, = 367
K is due to friction, but it hardly effects A™* and H™*, In the
maximum condition, s is 10~ 18! kg/s, and GAP is only 9.03
mW, which is insignificant compared to the insolation. In Fig.
8 and 9, H, and H, are shown for the case of f=0.3, which is
ten times as large as the former case and is rather larger than
the usual case [8]. But the main points of these figures are
similar to those of Fig. 4 and 5 except for the shift of the
efficiency drop in the large r region in the direction of the
smaller #1 region. The effect of the friction factor is not
significant because the friction heat term is a cubic function of
m but is only a linear function of the friction factor. Fur-
thermore, exergy and energy gains are almost consant in the
range where friction heat becomes significant. Consequently,
friction factor has no influence on the principle of the op-
timum control other than the constant value of flow rate in
T;>NTyT,, that is 10~2%kg/s in the case of f=0.3. The
friction factor has little effect on H™* and H?**, which are
7.21 percent and 39.6 percent, respectively, and GAP in that
condition is 22.7 mW when f=0.3. Thus, the maximum
capability is almost unchanged by introducing the pressure
drop, and is given by equations (13-15), which are expressed
in a simple form using T, 7o and F’. This means that in
order to utilize the maximum capability of the collector, it
should be used in a uniform temperature distribution at
VT, T, within the limits of unremarkable friction loss.
Equations (13), (14), and (15) can give a useful basis for the
performance evaluation, design, and improvement of solar
collectors without considering pressure drop.

In the present study, only one model case is analyzed. But
the conclusions obtained are applicable to most solar
collcctors fitting the Hottel-Whillier model, because the
characteristics of Fig. 5 are unchanged by variation in the
parameters of the collector and the pressure drop.

Since the concept of exergy is based on the entropy
generation owing to the irreversibility of process, it has some
academic interest. Furthermore, as exergy has the meaning of
the maximum available work obtained from the thermal
energy gain, it is valuable for practical application.

Conclusions

The performance of solar collectors is analyzed from the
standpoint of exergy. As a result, it is shown that the criterion
based on thermal efficiency and pumping power does not give
the optimum operating conditions if the friction heat is in-
cluded in the analysis. The friction process, which is an energy
conversion from mechanical energy to thermal energy, can be
treated as exergy loss. Comparing it with the exergy gain
extracted from insolation, an optimum control can be
established, and a simple principle is obtained. That is, in the
rangeof T, S VT, T, (K), the average fluid temperature
should be constant at VT, T, (K), andin T, 2 VT, T, (X), the
mass flow rate should be constant, while the collector per-
formance declines rapidly in this range.

The maximum capability of collectors is also obtained. This
is expressed by a simple relationship among the stagnation
temperature, optical efficiency, and collector efficiency
factor. The maximum value of exergy efficiency is hardly
affected by considering the pressure drop. It can give a useful
basis for the performance evaluation and design of solar
thermal systems.
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