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THERMAL ANALYSIS OF A FLAT-PLATE COLLECTOR
IN MULTIPHASE FLOWS, INCLUDING SUPERHEAT

AHMED Y. EL-Assy* and JoHN A. CLARKT
Department of Mechanical Engineering and Applied Mechanics, Solar Energy Laboratory,
The University of Michigan, Ann Arbor, Michigan 48109, U.S.A.

Abstract—A thermal analysis of the performance of a solar flat-plate collector operating in nonboiling.
boiling, and superheated regimes is presented. The performance of the collector under these single and
multiphase conditions is governed by the axial fractional channel lengths of the subcooled (nonboiling)
and the superheated regions. The overall thermal loss coefficient. the dimensionless capacitance rate,
and collector efficiency factors for various collector operating regions are defined. A new “Generalized

* Heat Removal Factor,” ¥,, and a new overall thermal loss coefficient, U, . for flat-plate collectors under
any operation mode are developed. The thermal efficiency a flat-plate collector, whether under nonboiling.
boiling, or superheated conditions, is evaluated using %, and U,. It is shown that the value of ¥, de-
creases and the value of U, increases as the degree of superheat increases. Current applications of flat-
plate collectors having multiphase flows are represented by those charged with refrigerants.

1. INTRODUCTION

In 1942, the first detailed study of the performance
of flat-plate collectors by Hottel and Woertz[1] was
based on a thermal analysis of measurements taken
from an array of collectors on an experimental solar-
heated building. They developed a basic procedure
for the calculation of thermal losses that was the fore-
runner of many of the correlations developed later by
Klein[2], Agarwal and Larsen{3], Malhotra, Garg and
Palit[4] and Garg and Datta[5]. Hottel and Whil-
lier[6] and Bliss[7] derived several flat-plate effi-
ciency factors useful in the design of solar collectors.
In the mid 1970s, many new collector designs ap-
peared on the commercial market. A need developed
for a standard test procedure to produce data of the
type required in process design. In response to this
need, the National Bureau of Standards devised a test
procedure that was modified by ASHRAE in 1977
(Hill and Kusuda[8] and Hill and Streed[9]). The ex-
periments in support of the development of the
ASHRAE 93-77 standard procedure are described by
Hill er al.[10]). An analysis of the thermal perfor-
mance of a flat-plate collector containing a boiling
fluid and operating in a thermosiphon mode was pub-
lished in 1983 by Al-Tamimi and Clark{11]. The va-
lidity of the analytical model was confirmed [11] by
experimental measurements on a system containing
R-11. This analysis has formed the technical basis of
the ASHRAE Test Standard 109P for boiling collec-
tors. This work has been extended by Clark[12] to
include the generalized thermal performance of boil-
ing flat-plate collectors with saturated exit condi-
tions. The thermal performance of a compound par-
abolic concentrator (CPC) operating in single and
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multiphase flows, including exit superheat is reported
by El-Assy[13] and El-Assy and Clark[14].

The objective of the present work is to analyze a
flat-plate collector operating under nonboiling, boil-
ing, and superheated conditions. The overall thermal
efficiency, n is shown to be

U —
n= ?:[no GO Tu)] (M
I
where ¥, is a new generalized heat removal factor
and U, is a new overall thermal loss coefficient for
a collector operating with muitiphase flows, includ-
ing superheat, m, is the optical efficiency of the cover-
absorber plate subsystem derived by standard optical
procedures as described in (15], T, and T, are the
inlet fluid temperature and the ambient temperature,
and / is the total incident solar radiation. The analysis
includes the thermal modeling of the flat-plate col-
lector and the parameters that identify its behaviour
under these single and multiphase conditions are
derived.

Although the present analysis is devoted to the
performance of the boiling collector itself, the per-
formance of a system incorporating a boiling collec-
tor must include the operating characteristics of the
condenser, as has been done by Price, Klein, and
Beckman([19]. A similar consideration for solar ther-
mal power systems is included in a recent study by
El-Assy[13]. Also note that the flow rate per unit col-
lector area (w/A,) for boiling collectors is much smaller
(10% or less) than corresponding values in nonboil-
ing, liquid-cooled collectors owing to the latent heat
energy absorption of the coolant in the phase change
that occurs during boiling.

2. THERMAL LOSS COEFFICIENTS, Uy, Uz, AND Us

The thermal top loss coefficient for each of the
nonboiling, boiling, and superheating regions illus-
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trated in Fig. 1. Uryg. Urg. and Urs, respectively,
are obtained from Garg and Datta[5] or Klein[2] by
utilizing the average absorber plate temperature in each
region. The thermal top loss coefficient varies along
the absorber plate as a consequence of different plate
temperatures associated with each of the regions. The
total thermal loss coefficient for the nonboiling re-
gion, Uyg, for the boiling region, Uy, and for the
superheating region, Us, are defined as

Uvg = Urng + Upaek + Uegge (2)
Us = Urp + Upack + Uegge (3)
US = UT,S + Uback + Ucdge (4)

where Us, is the back loss coefficient and Ugy. is
that for the edges of the collector.

It is recognized that the Klein method[2] for de-
termining the top loss coefficients assumes a surface
of uniform temperature, In the present analysis, the
top loss coefficients used in each of the regions of
flow is that value corresponding to the effective mean
surface temperature for time region, a value that can
be estimated satisfactorily.

3. GENERALIZED HEAT REMOVAL FACTOR, ¥, AND
GENERALIZED OVERALL THERMAL LOSS
COEFFICIENT, U,

For a generalized model of flow in a flat-plate col-
lector, the coolant with subcooled inlet conditions can

experience nonboiling, boiling, and superheating
conditions during its passage through the channels of
the collector. The total useful energy by solar con-
version will be written for this process as

9= Quas t Qus t Qus (5

where ¢,.xz 9.8, and g, s are the useful energy gains
in the nonboiling, boiling, and superheating region,
as illustrated in Fig. 1.

In the nonboiling region, the rate of increase in
the fluid enthalpy in the flow direction is

dr
W'Cp/; = F'Ing = Uns(T — THIW (6

where w' is the fluid mass flow rate per tube, kg/s;
¢, is the liquid-phase specific heat, J/kg K; / is the
total incident solar radiation, W/m? and W is the
distance between the tubes. F' is the collector effi-
ciency factor for the nonboiling region[15] and is de-
fined as

1

UNB

F'=

w{ : L ——‘—}
UwD +(W—-D)F] R, =Dk
(7

where D and D; are the outer and inner tube diameter,

Fig. 1. Single and multiphase flows, including superheat.
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Fig. 2. Cross-section of flat-plate collector.

Fig. 2, F is the fin efficiency given by F = {tan h[m(W
- D)/2/m(W — D)/2} where m is equal to
V{(Uyg/k8), k is the thermal conductivity of the fin
material, W/m K, and 3 is the thickness of the ab-
sorber plate, R, is the bond thermal resistance per
unit length and 4, is the channel transfer coefficient,
W/m® K, for the fluid as given by Brown and
Ganvin[16].

Integrating over the nonboiling length Ly, gives

T Lva
dr Uy F'W
[ [,
T IT]O — (T — Ta) 0 W Cpr
NB

or

Ing — Ung (T — 1) _

e " 9
Ing = Uys(T) = T,)

where T, is the fluid inlet temperature, T, is the sat-
uration temperature, and z* is the dimensionless length,
Lyg/L, Fig. 1, of the nonboiling region as defined by
Al-Tamimi and Clark[11]. The parameter a is the di-
mensionless capacitance rate for nonboiling condi-
tions defined as

F'Uys

=—2 10
‘ (w'/Ac) Cpl ( )

where A, is the collector area, m®. g, vz can also be
written as

= WCpI(Tsa( -T)
wcpl[(Tsal - Ta) - (Tl - Ta)]

Qu.nB

(an

Substituting eqn (9) into eqn (11) and rearranging gives

]

F —ar
Guns = (1= e ™) Acllno =~ Una (T — To)]

(12)

In the boiling region, the net thermal energy trans-
fered to the fluid over the differential channel length
dz, which results in an enthalpy increase of the fluid,
is written as

dgus = Filimo = Us(Tu = T)) nW d= (13)
where n is the number of tubes in the collector and
F 3 is the collector efficiency factor for the boiling
region defined in the same way as ', eqn (7). except
that the total loss coefficient is Ug and the channel
heat transfer coefficient, h,, corresponds to that for
flow boiling and is determined using the McNelly
model[17]. Fp is therefore,

Us

Fp=

W[ : FULI. ]
UglD + (W—-D)F] R, =Dh,
(14)

Because the temperature of the two-phase fluid, T,
in the boiling channel is essentially constant over the
boiling length, eqn (13) may be integrated over the
boiling length z; = 1 — z* — z**, for a change in
state of the coolant from that of a saturated liquid to
a saturated vapor. Hence, in flows for which a su-
perheated exit state (z** = 0.0) exists g, becomes

Qus = FéAc(l - - Z**)[ITIO - UB(Tsal -T,)
(15)

As will be seen in this development, it is convenient
and useful to express eqn (15) in terms of the tem-
perature difference (T, — T,), as in eqn (12), rather
than (T, — T.). To do this, eqn (13) is integrated
for a reference nonboiling condition in a manner sim-
ilar to eqn (8), except that the thermal loss coefficient
will be that corresponding to the boiling condition,
Us. Accordingly, eqn (13) becomes
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T a7 L\'BUBF[; W
—_— ——d: (16)
T IT]o o W Cpy

' — =TTy
Uy (

or

—-aps*

’7]0 - UB(Tsnl - Ta) _
Ing = Us(T, — T,)

(17)

where a, is defined as

FiUs

F, Us
q, = ————— —
" wW/A

a
F’' Uy

(18)

and F} is defined for this reference nonboiling con-
dition as

Us

1 1 1
w +—+
[UB[D +(W-D)F] R, ‘er,-h,]

(19)
Hence, ¢, is written as
qdus = FéAc(l - Z* - Z**)
Mo — Us(T\, = T) e™™" (20)

where z** is the dimensionless superheating region

length defined as L,/L.

The useful energy in the boiling region, g, 5, may
also be expressed in terms of the latent heat of va-
porization, hg, and the exit quality from the boiling
region, xg, as

Gup = wxghy, 21)
where x; = 1.0 for z** = 0.0 and x5 = 1.0 for z**

= 0.0. Thus, for superheated exit channel condi-
tions, corresponding to z** = 0.0 and xz = 1.0,

why, = FRA (1 — z* — 2*%) (22)
Uno — Us(Ty ~ T,)) e™z*
or
why, = FpA (1 — 7% — %) (23)

mo = Us (T — T0)]

For the case of a saturated, two-phase, condition at
the channel exit (i.e., z** = 0.0 and the temperature
of the exit fluid mixture equal to T, ), the exit quality
xg = 1.0 and eqn (23) is rewritten as

wxﬂhfg = FéAc(l - Z*)[I'flo - UB(Tsal - Ta)] (24)

or

wxghs = FpA.(1 - %)
(e = Us(T, — T,)] e

(25)

The combination of eqns (25) and (12) represents the
conditions studied by Al-Tamimi and Clark[11] but
with a distinction introduced here between the ther-
mal loss coefficients Uyg and Us.

In the superheated region, the increase in the fluid
enthalpy is equal to dq, s and is written as

dq.s = Fsling — Us(T — T,)] nW dz

= we, dT (26)

where ¢, is the specific heat of the gaseous phase,
J/kg K and F; is the collector efficiency factor for
the superheated region given as

Us

Fs= (27

1 1 1
w +—+
[US[D +(W=D)F] R, ﬁD,»h,]

Us is the thermal loss coefficient for the superheated
region, w/m* K and A, is the channel heat transfer
coefficient, w/m* K, for the superheated vapor, as
given by Brown and Ganvin{[16]. Integrating eqn (26)
over the superheated region, Fig. 1, yields

™ dr bUEW
—_— = —_— dz (28)
Tsat [_7]_0 _ (T _ Ta) Lyg+lg W Cpg
Us
or
Ig = Us(To, — T,) UsF WL
To s ) = exp — s ,S s (29)
ITIO - US(Tsal - Ta) W Cpe

where T, is the exit temperature of the superheated
vapor, K. A parameter similar to a for the nonboiling
region may be defined for the superheated region as

FiUs _ FiUs g

ag = ————=a 30)
s (‘V/Ac) Cpg F’' UNB Cpg

which can be introduced into the exponential term in
eqn (29) to give

Ing = Us(Tos = Tg) .
17]0 = Us(Tg — T,)

—agz**

(3D

The useful energy gain in the superheated region, g, s
may also be written as
(32)

qus = WCpg (TZJ - Tsa()
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or, alternatively

\rVCpg
Qus = —— {[IT]O - US(Tsal - Ta)]
Us

- o — Us(To — T} (33)

Substituting eqn (31) into eqn (33) and rearranging,
yields

F g
Gus = __S (1 -e o )Ar[hlo - US(Tsal - Tu)]
a
’ (34)

which enables the definition of the heat removal fac-
tor for-superheated conditions, Fgs to be

Fg e
Fos=— (1= ¢™")
as

(35)

Equation (26) may be treated in the same manner as
eqn (13) in order to relate g, 5 to the temperature dif-
ference (T, — T,) rather than (T, — T,). Hence, by
considering a similar reference nonboiling condition,
eqn (26) is integrated as

T dT ©8 U FIW
—_—= —d:z (36)
nil oy b Ve
Us
or,
Iy — Us(Ty — T, .
Mo s(Tsa ) _ g 37)
Ing = Us(T, = T,)
where a;, is defined as
F.U F; U
g, =———=g——> (38)
(W/Ac) Cpt F' Uyg

and F| defined as

1

Us

W |
UsiD + (W—-D)F] R, =Dk
(39

F’ e - Fg geimry —gam
— Q= e Y| U+ [FE(l —2* = 2" e ™™ U+ | — (1 — 7 ) e ™ | Us
a

Introducing eqn (37) into (34) yields

F . o
m=fU—W“MMm—%m—mw“
’ (40)

The total useful energy collected by a flat-plate
under nonboiling. boiling, and superheated exit fluid
conditions is found by combining the results in eqns
(12), (20), and (40) into eqn (3) to give

1 - e—u:‘
q[l = FRAL -_.—_
1 — e o

(1 = 2% = o¥F*)e®"
Fr/Fg

(1= e e_”“":l
asFR/Fg

X [Iny — Uuur, - )] 41

where Fp is the heat removal factor for a nonboiling
collector having the same value of a@ and F' as the
boiling collector with a superheated exit state and is
defined [15] as

’

F
Fr=— (1 —-e“)Y=F"F’ 42)
a

where F" is the collector flow factor. The first brack-
eted term in eqn (41) may be defined as

1 - e—u:' (1 — :* —- :**)e—aa:'
— +
1—e™® Fr/Fg
(1 - e—a;:“)e—-a,:‘

asFgr/Fs

FS=

(43)

Accordingly, from eqns (41) and (42), a new gen-
eralized heat removal factor, Fs, describing the per-
formance of a flat-plate collector in which the states
of flow consisting of subcooled, nonboiling. boiling,
and superheated conditions may simultaneously exist
along the coolant channels is defined as

Fs = FeFs (44)
The overall thermal loss coefficient, U, in eqn (41)

may be shown to be a weighted average of the ther-
mal loss coefficients Uyg, Up, and Us as

% (45)

UL = F'

— (= e )+ Fy(l — 2% = 2**) ™" + = (1 — ™%y 7
a

'
-

as
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or, as a functional relationship, as
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Fyg Fs F, F; Us Us Cpl)
U=fila, =, —. —,—, Usyg.—, R 46
L fl( FF F ' F’ NB Use Usa Con (46)
Hence, g, is written as: and
e = FsA e — U (T — T 47 1 .
q sAc[Ino (T, ] 47 z**=—ln-n& (53)
as T]Th

from which the thermal conversion efficiency, m, be-
comes
UlT, - T,)
n= %[no - (48)
In this result, the optical efficiency n, is that given
by Duffie and Beckman(15] as

aT

Mo = (a7), = (49)

1 =py(l —a)

where a is the absorptivity of the absorber plate, 7
is the transmissivity of the cover system and p, is the
diffuse reflectivity of the absorber plate, all to solar
radiation.

The Generalized Heat Removal Factor F; is an
extension of the Heat Removal Factor ¥, developed
by Al-Tamimi and Clark[11] for boiling flat-plate
collectors having saturated discharge states. The
present extension includes the effect of superheated
discharge states. The functional dependence of F; on
the several operational variables and parameters is
found from eqns (42) and (43) to be

where nr,. 7, and nr,, are the efficiencies of the sin-
gle-phase (nonboiling) collector having inlet temper-
atures Ty, Ty, and T, respectively. At this point, it
is necessary to know the operating pressure of the
collector in order to determine 7T.,. This will depend
on the operating conditions of the complete system
but may be reasonably estimated from the thermal
state of the system component feeding the collector.
For example, in a water heating application, this could
be the preheat tank temperature, and in a power pro-
ducing system it would be the temperature of the con-
denser coolant, probably the ambient air temperature
or that of ground water.

4. DISCUSSION

An evaluation of the significance of these results
rests mainly on an examination of the influence of
dimensionless lengths z* and z** and other param-
eters on the new Generalized Heat Removal Factor,
Fs, the Overall Thermal Loss Coefficient, U,, and
the thermal conversion efficiency, n. This evaluation
is given in reference to Figs. 3, 4, 5, and 6.

g_g:f_a(a, F’

Fg Fs Fy F; Us

pl
ST T T T , ,2*,2**,—>
F' F"F" F" Uy Uy Cos

& (50)

For boiling flat-plate collectors having saturated dis-
charge states, the heat removal factor ¥, developed
by Al-Tamimi and Clark[11] and Clark[12], is rep-
resented as

% , Fs
Fo=flaF o (51)

The greater generalization in process description pro-
vided by F;s is evident in the comparison of egns (50)
and (51). The parameters z* and z** in the Gener-
alized Heat Removal Factor s and the Generalized
Overall Thermal Loss Coefficient U, are determined
from eqns (9) and (31) as

z"‘=-—lni

a  Mr,

(52)

The dimensionless lengths z* and z** are each es-
tablished by the operating conditions, as indicated by
eqns (52) and (53). While the relationships between
%5, Up, and m and z* and z** are implicit, the values
of z* and z** are fixed in terms of the operating pa-
rameters. However, due to their fairly complex math-
ematical form, it is difficult to perform an algebraic
evaluation of the functions &, U;, and v. Instead,
their functional relationship with respect to z* and
z** will be determined by computer simulation for a
set of fixed, but normal, operating conditions. To ac-
complish this, s, U;, and m have been computed
using R-11 as the coolant fluid at a flow rate per unit
collector area, (w/A.), of 0.002 kg/sm” at a working
pressure of 0.7 MPa. The emissivity of the absorber
plate is 0.1. For the determination of representative
absorber plate thermal states, the solar intensity used
in the simulation is 1000 W/m?and T, = T, = 20°C.
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Fig. 3. Generalized heat removal factor Fs for R-11, w/A. = 0.002 kg/sm’, p = 0.70 MPa, ¢, = 0.1,
and thermal loss coefficients Uy, Us, and Us of 3.0, 3.5, and 5.0 W/m® K, respectively.

Accordingly, although the results of this simulation
shown in Fig. 3 for %, and in Fig. 4 for U, corre-
spond specifically to a collector operating at (T, —
T,)/I equal to zero, the results obtained may be ap-
plied to other conditions, as will be shown. Simu-
lation for finite values of (T, — T,)/I are given for
7 in Figs. 5 and 6 and summarized in Table 1. At
the working pressure of 0.7 MPa, the saturation tem-
perature of R-11 is 92.4°C and the average effective
absorber plate temperatures at / = 1000 W/m?, T, =

T, = 20°C for the nonboiling, boiling, and super-
heating regions are approximately 75, 100, and 200°C,
as determined by the thermal analysis. However, it
can be shown that for a fixed working pressure, the
average effective absorber plate temperature and,
hence, the values of Uyg and U for the nonboiling
and boiling regions are little affected by reasonably
wide variations in /, T, and T, from the values cho-
sen for this simulation. The average effective ab-
sorber plate temperature in the superheated region is
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Fig. 4. Overall thermal loss coefficient U, for Uy = 3.5, and Us = 5.0 W/m* K. Other conditions correspond to tnose
in Fig. 3.

somewhat more affected by variations in /, 7,. and
T, but fairly wide variations in this temperature do
not translate into large changes in the value of Us.
For these reasons, the values of Uyg, Uy, and Us of
3.0, 3.5, and 5.0 W/m’ K, respectively, are taken
to be representative over a range of different oper-
ating conditions of /, T,, and T,.

For this representation, % is shown to be deter-
mined by the parameters z*, z**, and zz, which is (1
— z*¥ — z*¥). The dimensionless superheated channel
length, z**, has a possible range between 0.0 and 1.0
although, as a practical matter, it would be expected
normally to be less than 0.4. For greater values, the
exit superheat would be very large, probably ex-
ceeding 200°C for the conditions stated, and thus
produce an unacceptably poor conversion efficiency
for most purposes. Certain operating limits may be
identified for F;. When z* = 1.0, the flat-plate col-
lector would be operating in a fully nonboiling mode
(point A, Fig. 3) in subcooled, single-phase liquid

flow. Under normal operating conditions, as the in-
cident solar radiation, /, is increased or as the inlet
subcooling, T, — T, is decreased, there will be a
condition reached at which a saturated liquid state
will exist, and thus boiling be incipient, at the exit
of the coolant tubes. As the boiling process develops
by further increases in / or decreases in inlet sub-
cooling, the quality of the saturated liquid-vapor
mixture at the exit of the coolant tubes will increase,
which produces an increase in z,, the fractional length
of the channel under boiling and a corresponding de-
crease in z*. This is described by a path similar to
that from A to B, Fig. 3, along the locus z** = 0.0,
since saturated liquid—vapor states exist at the exit of
the coolant tubes. ;s is increased during this process.
There will be some point (B, Fig. 3) at which the
exit state becomes that of a saturated vapor (vz =
1.0). and any further increases in the incident solar
radiation, /, or decreases in the inlet subcooling will
cause the exit state to become that of a superheated
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vapor. The subsequent values of F; corresponding to
these superheated exit states (and subcooled liquid
inlet states) are shown as a path similar to that from
e~ B to E to C. Fig. 3 (see also Table 1 for / = 1000
1.,000 W/m"), with a consequent increase in ¥, as shown.
~San However, the thermal efficiency will decrease with
\\ c increases in the exit superheat as a result of a pro-
portional increase in the thermal losses even with the
N ag ] increase in F;, as will be shown. The limit of this
=~ \LIOU[D Fay process would be the value of F; corresponding to
T~ < Pornrg @ the point C, with -* = 0.0, which describes a satu-
T~ rated liquid inlet state with a fully boiling condition
existing from the inlet, a superheated length z¥* of
5 0.419, and a boiling length z; of 0.581. A large num-
ber of other states of course are possible, each de-
pending on the specific operating conditions and cir-
cumstances. These states can be identified using eqns
(41) through (53) once the operating conditions are
Il established.
T ] Certain other limits for %5 may be discussed. For
operating conditions having subcooled liquid inlet
states and saturated liquid—vapor exit states (i.e., 0
= z* = 1.0), the values of F; all fall along the upper
curve of Fig. 3 corresponding to z** = 0.0. These
are the conditions identified by Al-Tamimi and
Clark[11], Clark[12], and El-Assay and Clark[18].
Fig. 5. Thg ﬂaF-p[ate thermal efficiency at constant [ = For a fully boiling condition, z* = 0.0, the maximum
1000 W-/m' (point Gzt = 0.0, x, = 0.0, and ** = 0.50; possible value of F; is F 3, which corresponds to flows
point D: z** = 1.0, x;, = 1.0) as a function of (T, —~ 5 RN ..
T)/1. having saturated (liquid) inlet and saturated (liquid—
vapor) exit states. The general conditions, however,
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Fig. 6. The thermal efficiency for various incident solar radiation intensities, /, W/m’, as a function
of (T, = T,)/I, including results for all liquid and all vapor flows. Data are summarized in Table 1. For
I = [**, exit state is never superheated; for / = /**, exit state is always superheated.
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Table 1. Flat-plate collector parameters for the influence of inlet subcooling and incident solar radiation on the

thermal efficiency, as shown in Figs. 3 and 6, w/A, = 0.002 kg/sm’, n, = 0.841, T, = 20°C.

a = F'Uy/(w/A)c, = 1.446 and F; and (1 — ™) = 0.469

000000000000 00O0000OOC00000

F!=0.871
as=2309
2B z**

00000000000V O0D0OOD000

Q
o
-2+ 0000000000000 O0O0O0OO0O0OO00O0O0

F!=0.871
as=2.309

0C0000000000000OO0O00000 N
+*
*

Q0
Q0
[eNe}

I=300 w/m?
F'=0.887 Fg=0.968
a=1.446 ay=1.657
1} Tl;ih z*

-120.0 -.467 1.000 O©
-110.0 -.433 1.000 O.
-100.0 -.400 1.000 O©.
-90.0 -.367 1.000 O.
-80.0 -.333 1.000 O.
-70.0 -.300 1.000 O.
-60.0 -.267 1.000 O.
-50.0 -.233 1.000 O
-40.0 -.200 1.000 O.
-30.0 -.167 1.000 O.
-20.0 -.133 1.000 O.
-10.0 -.100 1.000 O
0.0 -.067 1.000 O.
10.0 -.033 1.000 O.
20.0 0.0 1.000 O.
30.0 0.033 1.000 O.
40.0 0.067 1.000 O.
50.0 0.100 1.000 O.
60.0 0.133 1.000 O.
70.0 0.167 1.000 O.
80.0 0.200 1.000 O.
92.4 0.241 0.0 1.
82.4 0.241 0.0 0.
100.0 0.267 0.0 0.
110.0 0.300 0.0 0.

I=500 w/m?
F'=0.887 Fp=0.968
a=1.446 a=1.657
Tl T,.-T, 2*

T

-120.0 -.280 0.983 O.
-110.0 -.260 ©0.958 O.
-100.0 -.240 0.931 O.
-90.0 -.220 0.904 O.
-80.0 -.200 0.876 O.
-70.0 -.180 0.847 0.
-60.0 -.160 0.816 O.
-50.0 ~-.140 0.784 O.
-40.0 -.120 0.750 O.
-30.0 -.100 0.715 O©.
-20.0 -.080 ©0.677 O.
-10.0 -.060 0.638 O.
0.0 -.040 0.596 O.
10.0 -.020 0.551 O.
20.0 0.0 0.503  O.
30.0 ©0.020 0.452 O.
40.0 0.040 0.397 O.
50.0 ©0.060 0.337 O.
0.0 ©0.080 0.271 O.
70.0 ©0.100 ©0.198 O.
80.0 0.120 0.116 O.
82.4 0.145 0.0 1.
82.4 0.145 0.0 0.
100.0 0.160 0.0 0.
110.0 0.180 0.0 0.
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0.526 3.198
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Table 1. (Continued)
I**=706.7T w/m?
F'=0.887 F4=0.968 F;=0.871 F}=0.739 F!=0.848
a=1.446 a,=1.657 as=2.416 a,=1.960
T, L% z* 2B z* s U, Fme FUp n
-120.0 ~-.198 0.686 0.314 0.0 0.483 3.101 0.406 1.499 0.703
-110.0 -.184 0.665 0.335 0.0 0.487 3.111 0.409 1.514 0.688
-100.0 -.170 0.643 0.357 0.0 0.480 3.121 Q.412 1.530 0.672
-90.0 -.156 0.621 0.378 0.0 0.495 3.132 0.415 1.549 0.657
-80.0 -.142 0.598 0.402 0.0 0.489 3.144 0.419 1.870 0.642
-70.0 -.127 0.575 0.425 0.0 0.505 3.157 0.424 1.594 0.627
-60.0 -.113 0.550 0.450 Q.0 0.511 3.171 0.430 1.622 0.613
-50.0 -.099 0.525% 0.475 0.0 0.5198 3.186 0.436 1.653 0.600
-40.0 -.085 0.488 0.501 0.0 0.528 3.201 0.443 1.689 0.587
-30.0 -.071 0.471 0.529 0.0 0.537 3.218 0.451 1.730 0.574
-20.0 057 0.443 0.557 0.0 0.549 3.236 0.461 1.776 0.562
-10.0 -.042 0.413 0.587 0.0 0.562 3.255 0.472 1.830 0.550
0.0 -.028 0.382 0.618 0.0 0.578 3.275 0.485 1.893 0.539
10.0 -.014 0.350 0.650 0.0 0.596 3.286 0.501 1.965 0.529
20.0 0.0 0.315 0.685 0.0 0.618 3.318 0.519 2.049 0.519
30.0 0.014 0.279 0.721 0.0 0.643 3.341 0.540 2.143 0.510
40.0 0.028 0.242 0.758 0.0 0.673 3.366 0.565 2.264 0.501
50.0 0.042 0.202 0.798 0.0 0.708 3.391 0.595 2.1402 0.493
60.0 0.057 0.159 0.841 0.0 0.751 3.416 0.631 2.567 0.486
70.0 0.071 0.114 0.886 0.0 0.804 3.442 0.675 2.766 0.479
80.0 0.085 0.065 0.935 0.0 0.867 3.468 0.729 3.008 0.473
92.4 0.103 0.0 1.000 0.0 0.968 3.500 0.813 3.388 0.466
92.4 0.103 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.113
100.0 0.113 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.100
110.0 0.127 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.083
I=800 w/m?
F'=0.887 Fj=0.968 F;=0.871 F§=0.739 F;=0.848
a=1.446 ay=1.657 as=2.416 a,=1.960
T, hi% z* zp z* s U Fsme FsUp 1
'120.0 -.175 0.606 0.3%4 0.0 0.498 3.141 0.418 1.563 0.692
110.0 -.162 0.586 0.414 0.0 0.502 3.151 0.422 1.582 0.679
‘100.0 -.150 0.567 0.433 0.0 0.507 3.162 0.426 1.603" 0.666
-90.0 -.137 0.546 0.454 0.0 0.513 3.173 0.431 1.627 0.654
-80.0 ~.125 0.525 0.475% 0.0 0.5198 3.186 0.436 1.€53 0.642
~-70.0 -. 112 Q.504 0.496 0.0 0.526 3.198 0.442 1.682 0.631
-60.0 -. 100 0.481 0.519 0.0 0.534 3.212 0.448 1.714 0.620
-50.0 -.087 0.458 0.542 0.0 0.543 3.226 0.456 1.751 0.609
-40.0 -.075 0.434 0.566 0.0 0.553 3.241 0.464 1.792 0.599
-30.0 -.063 0.408 0.591 0.0 0.564 3.257 0.474 1.838 0.589
-20.0 -.050 0.384 0.616 0.0 0.577 3.274 0.485 1.889 0.579
-10.0 -.037 0.357 0.643 0.0 0.592 3.291 C.497 1.948 0.570
0.0 -.025 0.328 0.671 0.0 0.609 3.309 0.511 2.014 0.562
10.0 -.012 0.300 0.700 0.0 0.628 3.328 0.527 2.080 0.554
20.0 0.0 0.270 0.730 0.0 0.650 3.348 0.546 2.176 0.546
30.0 0.012 0.238 0.762 0.0 0.675 3.368 0.567 2.275 0.5389
40.0 0.025 0.205 0.795 0.0 0.705 3.388 0.592 2.389 0.532
50.0 0.037 0.171 0.814 0.015 0.736 3.417 0.618 2.515 0.524
60.0 0.050 0.134 0.814 0.052 0.767 3.457 0.644 2.651 0.512
70.0 0.063 0.095 0.814 0.090 0.802 3.497 0.674 2.804 0.438
80.0 0.07% 0.054 0.814 0.131 0.842 3.539 0.707 2.978 0.484
92.4 0.080 0.0 0.814 O.186 0.899 3.592 0.755 3.229 0.463
92.4 0.080 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.127
100.0 0.100 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.116
110.0 0.112 0.0 0.0 1.000 0.279 4.250 0.234 1.184 0.101
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Table 1. (Continued)

I=900 w/m?
F'=0.887 Fp=0.968 F;=0.871 F4=0.728 F,=0.841
a=1.446 a,=1.657 as=2.520 a,=2.057

7, LiE 2z’ Zp 2" s U  Fm FUr 1
-120.0 -.156 0.540 0.460 0.0 0.514 3.177 0.432 1.635 0.686
-110.0 ~.144 0.522 0.478 0.0 0.520 3.187 0.437 1.657 0.676
-100.0 -.133 0.504 Q.496 0.0 0.526 3.198 0.442 1.682 0.666

-90.0 -.122 0.485 0.515 0.0 0.532 3.210 0.447 1.709 0.656
~-80.0 -. 111 0.465 0.535 0.0 0.5%40 3.222 0.453 1.739 0.647
-70.0 -.100 0.445 0.555 0.0 0.548 3.234 0.460 1.772 0.637
'-60.0 -.089 0.425 0.575 0.0 0.557 3.247 0.468 1.808 0.629
-50.0 -.078 0.404 0.596 0.0 0.567 3.261 ©0.476 1.845 0.620
-40.0 -.067 0.382 0.618 0.0 0.578 3.275 0.486 1.893 0.612
-30.0 ~-.056 0.359 0.641 0.0 0.590 3.289 0.496 1.242 0.604
-20.0 -.044 0.336 0.664 0.0 0.604 3.305 0.508 1.997 0.586
-10.0 -.033 0.312 0.678 0.010 0.618 3.326 0.519 2.055 0.588

Q.0 -.022 0.287 0.678 0.035 0.630 3.35%56 0.529 2.114 0.576

10.0 -.011 0.261 0.678 0.061 0.643 3.387 0.540 2.177 0.564

20.0 0.0 0.234 0.678 0.087 0.657 3.420 0.552 2.246 0.552

30.0 0.011 0.206 0.678 0.115% 0.672 3.453 0.565 2.322 0.539

40.0 0.022 0.177 0.678 0.145% 0.690 3.488 0.579 2.405 0.526

50.0 0.033 0. 147 0.678 0.175 0.708 3.525 0.595 2.497 0.512

60.0 0.044 0.115 0.678 0.207 0.729 3.563 0.613 2.599 0.497

70.0 0.056 0.081 0.678 0.240 0.753 3.602 0.632 2.712 0.482

80.0 0.067 0.046 0.678 0.276 Q.779 3.643 0.655 2.839 0.465

92.4 0.080 0.0 0.678 0.322 0.817 3.696 0.686 2.020 0.443

82.4 0.080 0.0 0.0 1.000 0.266 4.500 0.223 1.185 0.127

100.0 0.089 0.0 0.0 1.000 0.266 4.500 0.223 1.185 0.117
110.0 0.100 0.0 0.0 1.000 0.266 4.500 0.223 1.195 0.104
I=1000 w/m?

F'=0.887 F.L=0068 F/=0871 F.=0.707 F,=0.827

a=1.446 ay,=1.657 as=2.719 a,=2.247

T, 535 2" zp 2" Fs U  Fme FUL m
-120.0 -.140 0.487 0.513 0.0 0.532 3.208 0.446 1.705 0.685
-110.0 -.130 0.471 0.529 0.0 0.538 3.218 0.452 1.731 0.677
~100.0 -.120 0.454 0.546 0.0 0.545 3.229 0.457 1,758 0.668

-90.0 -.110 0.436 0.564 .0 0.552 3.240 0.464 1.788 0.660
-80.0 -.100 0.418 0.581 0.001 0.560 3.252 0.470 1.821 0.652
~70.0 -.090 0.400 0.581 0.019 0.565 3.276 0.474 1.850 0.641
-60.0 -.080 0.381 0.581 0.038 0.570 3.301 0.479 1.881 0.629
~-50.0 -.070 0.361 0.581 0.058 0.575 3.327 0.483 1.915 0.617
~-40.0 -.060 0.341 0.581 0.078 0.581 3.354 0.488 1-.850 0.605
-30.0 -.050 0.320 0.581 0.098 0.588 3.382 0.494 1.989 0.5%5983
-20.0 -.040 0.299 0.581 0.120 0.595 3.412 0.500 2.030 0.581
-10.0 ~.030 0.277 0.581 0.142 0.602 3.443 0.506 2.074 0.568

0.0 -.020 0.255 0.581 0.164 0.611% 3.475 0.513 2,122 0.555

10.0 -.010 0.231 0.581 0.188 0.620 3.508 0.521 2.174 0.542

20.0 0.0 0.207 0.581 0.212 0.629 3.545 0.529 2.231 0.528

30.0 0.010 0.182 0.581 0.237 0.640 3.582 0.538 2.293 0.515

40.0 0.020 0. 156 0.581 0.263 0.652 3.621 0.548 2.361 0.500

50.0 0.030 0.128 0.581 0.230 0.665 3.662 0.558 2.435 0.486

60.0 0.040 0. 100 0.581 0.319 0.679 3.705 Q.571 2.517 0.470

70.0 0.050 0.071 0.581 0.348 0.696 3.750 0.584 2.608 0.454

80.0 0.060 0.040 0.581 0.379 0.714 3.797 0.€00 2.710 0.437

92.4 0.072 0.0 0.581 0.419 0.739 3.859 0.621 2.853 0.414

92.4 0.072 0.0 0.0 1.000 0.2423 5.000 0.2C4 1.214 0.116

100.0 0.080 0.0 0.0 1.000 0.243 5.000 0.204 1.214 0.107

110.0 0.090 0.0 0.0 1.000 0.243 5.000 0.204 1.214 0.085
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Table 1. (Continued)

357

1=1100 w/m?
F'=0.887 FJIB =0.968 F;=0.871 F$=0.687
a=1.446 a,=1.657 as=2.907 a,=2.430
T I’—;I‘l z* ZB z* :frs U,
-120.0 -.127 0.444 0.508 Q.047 0.537 3.267
-110.0 -.118 0.428 0.508 Q.063 0.539 3.289
-100.0 -.108 0.413 0.508 0.079 0.542 3.311
-90.0 -.100 0.386 0.508 0.085 0.545 3.334
-80.0 -.081 0.380 0.508 0.112 0.548 3.359
-70.0 -.082 0.363 0.508 0.129 0.55t 3.384
-60.0 -.073 0.345 0.508 0.147 0.554 3.411
-50.0 ~-.064 0.327 0.508 0.165 0.558 3.439
-40.0 -.055% 0.308 0.508 0.183 0.562 3.468
-30.0 -.045 0.289 0.508 0.202 0.566 3.499
-20.0 -.036 0.270 0.508 0.222 0.571 3.531
-10.0 -.027 0.250 0.508 0.242 0.576 3.565
0.0 -.018 0.229 0.508 0.263 0.582 3.600
10.0 -.008 0.207 0.508 0.284 0.588 3.638
20.0 0.0 0.185 0.508 0.306 0.59% 3.677
30.0 0.008 0.162 0.508 0.329 0.602 3.719
40.0 0.018 0.139 0.508 0.353 0.611 3.763
50.0 0.027 0.114 0.508 0.377 0.620 3.809
60.0 0.036 0.089 0.508 0.403 0.630 3.858
70.0 0.045 0.063 0.508 0.429 0.641 3.909
80.0 0.055 0.035 0.508 0.456 0.654 3.964
92.4 0.066 0.0 0.508 0.492 0.672 4.035
92.4 0.066 0.0 0.0 1.000 0.223 5.500
100.0 0.073 0.0 0.0 1.000 0.223 5.500
110.0 0.082 0.0 0.0 1.000 0.223 5.500
I=1200 w/m2
F'=0.887 1'9:0.968 Fb'=0.871 F§=0.668
a=1.446 ay;=1.657 as=3.084 a,=2.608
T I*—;—T:“ 2* 2B z* Fs UL
120.0 -.117 0.409 0.452 0.140 0.522 3.363
110.0 -.108 0.394 0.452 0.154 0.523 3.386
100.0 -.100 0.378 0.452 0.169 0.525 3.410
-90.0 ~-.092 0.364 0.452 0.185 0.527 3.435%
-80.0 -.083 0.348 0.452 0.200 0.528 3.461
-70.0 -.075 0.332 0.452 0.216 0.531 3.489
-60.0 -.067 0.315 0.452 0.233 0.533 3.518
-50.0 -.0858 0.299 0.452 0.250 0.535 3.548
-40.0 -.050 0.281 0.452 0.2867 0.538 3.580
~30.0 -.042 0.264 0.452 0.284 0.541 3.614
-20.0 033 0.24¢6 0.452 0.303 0.544 3.650
~-10.0 -.025 0.227 0.452 0.321 0.547 3.688
0.0 -.017 0.208 0.452 0.340 0.551 3.727
10.0 -.008 0. 188 0.452 0.360 0.555 3.768
20.0 0.0 0.168 0.452 0.380 0.560 3.813
30.0 0.008 0.147 0.452 0.401 0.565% 3.860
40.0 0.017 ©0.125 0.452 0.423 0.571 3.909
50.0 0.025 0.103 0.452 0.445 0.577 3.962
60.0 0.033 0.080 0.452 0.468 0.584 4.017
70.0 0.042 0.056 0.452 0.492 0.592 4.076
80.0 0.050 0.032 0.452 0.516 0.601 4,138
92.4 0.060 0.0 0.452 0.548 0.614 4.219
892.4 0.060 0.0 0.0 1.000 0.207 6.000
100.0 0.067 0.0 0.0 1.000 0.207 6.000
110.0 0.075 0.0 0.0 1.000 0.207 6.000
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including the effects of exit superheat, are described
as those states falling between the limits of -** =
0.0, z* = 0.0, and zz = 0.0, the region bounded by
the curved triangle in Fig. 3.

Another limiting situation corresponds to an inlet
condition of single-phase vapor flow represented in
Fig. 3 as point D, the state corresponding to =* =
0.0, z** = 1.0, and z; = 0.0. For this condition, F;
is equal to Fys, eqn (35), the description of a single-
phase vapor flow. For these specific operating con-
ditions, this represents the minimum possible value
of ;. Another set of possible, though unusual, op-
erating conditions are those having inlet states rang-
ing from that of a saturated liquid (C, inlet quality .,
= 0.0) to that of a saturated vapor (D, x; = 1.0).
These are described by the path from C to D, Figs.
3 and 4, at z* = 0.0.

Accordingly, for any fixed set of operating con-
ditions (i.e., I, T\, T,, w/A,), type of fluid, etc, there
will exist a general representation of all possible op-
erating states, similar to Figs. 3 and 4, describing the
thermal performance of a flat-plate collector in non-
boiling, boiling, and superheating flows.

The new Overall Thermal Loss Coefficient, U,.
defined by eqn (45), is a weighted average of the
thermal loss coefficients Uyg, Uy, and Us in each of
the different flow regions and is general in the sense
that it is also used to describe the thermal losses of
the flat-plate collector under any operating mode. For
nonboiling conditions, that is z* = 1.0 and z** =
0.0, eqn (45) is reduced to U, = Uys. Also, for fully
superheated conditions, z** = 1.0, eqn (45) is re-
duced to U, = Us. Figure 4 shows values of U, as
a function of z* and z** for the same fixed operating
conditions used in the simulation for Fig. 3 and for
values of Uyg, Ug, and Us equal to 3.0, 3.5, and 5.0
W/m? K, respectively, as determined for the con-
ditions of this simulation by the method of Klein[2].
These results also point to an important fact con-
cerning the representation of the thermal performance
of flat-plate collectors in general. That is, although
eqn (1) is a proper representation of the thermal ef-
ficiency, it is also a highly nonlinear representation,
since over a range of operating conditions U, will
change significantly, especially when a portion of the
coolant channel is cooled by a superheated vapor. The
points A, B, C, D, and E of Fig. 3 are also shown
on Fig. 4.

For the case of flat-plate collector having a sub-
cooled inlet condition and two-phase, saturated exit
states, which has been studied by Al-Tamimi and
Clark[11] and Clark[12]} and reevaluated by EI-Assy
and Clark{18], the Overall Thermal Loss Coefficient,
U,, is a function only of z* and its variation is de-
scribed by the curve for z** = 0.0 (A-B-D) in Fig.
4. As may be noted the assumption of a constant Uy,
as made in references [11] and [12] for this case, is
a reasonable one, especially for the common situa-
tion for which z* varies between 0.0 and 0.2. How-
ever, recent studies by the authors[18] provide a more
complete evaluation of this situation. Where signif-

icant portions of the coolant channels contain super-
heated vapor (large =**), the assumption of constant
U, is no longer a valid approximation and provision
must be made for consideration of its variation along
the collector surface.

To demonstrate the effects of inlet subcooling (T,
— T}) on the efficiency of a collector having super-
heated exit states, the thermal efficiency. eqn (48),
with U, from eqn (43). is given in Fig. 5 for [ =
1000 W /m® for the same operating parameters of Figs.
3 and 4, except that the inlet temperature. 7). is in-
creased from 20°C to 110°C (T, = 92.4°C). The
thermal efficiencies that correspond to all liuid (point
A) and all vapor (point D) flows for these same pa-
rameters are included for comparison. The optical ef-
ficiency mq is taken as 0.841. For (T, — T,)/I equal
t0 0.072 K m*/W, the inlet liquid flow is saturated.
This represents one limit of operation for the boiling
collector in two-phase states. Should a saturated lig-
uid-vapor mixture (0.0 = x; = 1.0) enter the collec-
tor, its thermal efficiency would be reduced as in-
dicated by path C-D, Fig. 5. Path C-D represents all
saturated inlet states from saturated liquid, point C.
(x; = 0.0) to saturated vapor, point D. (x; = 1.0} with
the limit being point D, corresponding to a saturated
vapor inlet state.

For this simulation, the values of z*, -**  F,, and
U, producing the collector thermal efficiency in Fig.
5 are summarized in Table 1 for / = 1000 W/m".
As will be noted for (T, — T,)/I = 0.0, the collector
coolant channel is in nonboiling, boiling. and super-
heated operating states (point E, z¥ = 0.207 and z**
= 0.212). With an increase in the inlet temperature
T, (or decrease in inlet subcooling) from 20°C to its
saturation value, 92.4°C, the thermal efficiency is re-
duced significantly while the nonboiling region is re-
duced to zero (z* = 0.0) and the superheated region
is increased (z** = 0.419). Since the simulation is
for constant / (1000 W/m") the boiling length z5 will
be unchanged, as shown by eqn (23). by decreases
in inlet subcooling. The slope of the efficiency curve
increases with (T, — T,)/I as T, is increased due to
increased thermal losses resulting from the higher plate
temperatures associated with the superheated region.
Points C and E, Fig. 5, are also shown in Figs. 3
and 4 to illustrate the changing conditions along the
coolant channel, including the increase in the overall
thermal loss coefficient, U;, with increases in the
fractional superheated channel length, z**.

A more general simulation, which describes the
simultaneous influence of both inlet subcooling and
incident solar radiation on the conversion efficiency,
is shown in Fig. 6 with the detailed results summa-
rized in Table 1. To provide a basis for comparison
of the thermal performance of the various operating
modes, the conversion efficiency, m, is also shown
for certain limiting conditions. These are (1) all sub-
cooled liquid flow (A-A, z* = 1.0). (2) all vapor
flow (D-D, z** = 1.0), and (3) a fully boiling flow
with a saturated liquid inlet condition and saturated

liquid—-vapor exit conditions (F-F, z* = 0.0, z** =
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0.0, zz = 1.0). Points A, B, C, D, and E shown in
Figs. 3, 4, and 5 are included to assist in the inter-
pretation of these results. Point B, which corresponds
to a subcooled liquid inlet state and a saturated vapor
exit state (z* = 0.2, zz = 0.8, z** = 0.0, xz = 1.0),
represents a circumstance in which the condition of
the coolant at the exit is in an incipient superheated
state, that is, it becomes superheated with further in-
crease in / or decrease in inlet subcooling. This state
is shown in Fig. 6 for / = 800 W/m® as determined
by the simulation. As may be seen, point B repre-
sents those circumstances that provide the maximum
conversion efficiency that can be obtained for a col-
lector having a saturated vapor exit state for fixed
conditions of / and inlet subcooling. Accordingly. point
B describes an important class of limiting states that
will exist under all operating conditions that corre-
spond to z* = 0.0 and z** = 0.0. The locus of points
B for various values of / is also shown in Fig. 6.
For collectors having a fully boiling operating mode
(z** = 0.0) and with saturated liquid—vapor exit states

ZB=1.0

(zz = 1.0 and z** = 0.0), there is a limiting value
of I, defined as /**, at which the exit state is that of
a saturated vapor. For / greater than /** superheated
vapor states will be produced at the exit. /** may be
determined(18] using eqn (22) for x3 = 1.0 as

]**

Us(Ts = T
_ Ust )[H

hfg/cpl(Tsal - Ta) ]
Mo

a(F 3/F")(Ug/Uys)
(54)

For the conditions of this simulation I** = 706.7 W/
m?, It will be also recognized that [** further defines
the limits of the operating states of a boiling collector
since for I < I** no superheated exit states are
possible.

The states describing a boiling flat-plate collector
having subcooled liquid inlet states and exit states
consisting of a saturated liquid—vapor mixture ali fall
within the limits shown in Fig. 6 as curves for points
A, F, and B with transition to superheated exit states
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defined by /**, eqn (54). These operating conditions
are those studied by Al-Tamimi and Clark[11] and
Clark[12]. This work has recently been reexamined
by the authors[18] and some of the results are in-
cluded in Fig. 6 (dashed lines) for completeness but
without further discussion. Note, however, that the
thermal performance of boiling collectors of this type
are described by a family of curves of constant / and
represent a transition region between collectors op-
erating in a fully nonboiling mode and those oper-
ating in a fully boiling mode.

The conversion efficiency for collectors having
superheated exit states is shown in Fig. 6 (solid lines)
for conditions corresponding to / = I**. For sub-
cooled inlet liquid states, the efficiency is reduced for
decreases in inlet subcooling for all values of / in
excess of I** This demonstrates the significant ef-
fect of increased thermal losses associated with the
higher absorber plate temperatures in the superheated
regions of the collector. The data of these conditions
are summarized in Table 1.

The nonlinear characteristics inherent in the ther-
mal performance of boiling collectors makes it dif-

ficult to simulate their performance using models such
as f-chart, which postulates knowledge of mean
monthly operating parameters. The one exception is
the fully boiling collector having saturated inlet and
exit conditions{11, 12, 19]. However, should simu-
lation be done on a smaller time scale, say hourly,
then the present formulation could be used although
the model would be more complex, as should be ex-
pected. The authors have used this type of simulation
in energy system models having time intervals as small
as 6 s. Actually, the results presented here are them-
selves the product of a “simulation”™ process in that
the analytical model was programmed on a computer
for a wide range of parameter variation. Accord-
ingly, a complete “system simulation” would be an
extension of this modeling over any time period, in-
cluding time-dependent heat capacity effects as well.

§5. EFFECT OF CONCENTRATION

In a companion study, [13] and [14], the authors
have analyzed the thermal performance of a com-
pound parabolic concentrator (CPC) operating in sin-
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gle and multiphase flows, including exit superheat.
for concentration ratios, R, from 1.0 to 5.0. Because
that research bears significantly on the present study,
some of the results are included here in Figs. 6, 7,
and 8, for R = 1.0 and R = 5.0. Due to geometric
differences, the performance of a CPC at R = 1.0 is
not the same as that of a flat-plate collector, aithough
there is a general similarity. This is evident from a
comparison of Figs. 3 and 6. The influence of con-
centration is significant on the enhancement of CPC
performance as may be seen from Figs. 6 and 7. Fur-
thermore, the improvement in thermal performance
of a CPC at R = 5.0 over that of a flat-plate collector
is evident from a comparison of the results in Figs.
3 and 7. '
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