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Abstract:

This work presents a theoretical analysis for the prediction of refrigerant saturation
temperature inside a typical solar two-phase loop. This loop may be incorporated in any
solar heating system for transporting heat between the solar collector and storage tank. The
procedure takes into account all influencing parameters such as:- solar irradiance, ambient
temperature, heat transfer coefficients in the source (collector) and sink (condenser),
collector fill ratio and the geometric parameters of the solar collector and condenser.The
trend of change of saturation temperature was studied over a typical daytime period
extending 8 hours. Mathematical models were formulated for the collector and condenser to
take into account the most influencing parameters. The models are highly interrelated which
required an iterative procedure. A computer program was built to implement the iterative
procedure and simulate the change of saturation temperature during the studied period. The
period was divided into small time intervals of 10 seconds.Results reveal a significant
influence of condenser area, collector fill ratio and the working conditions on the calculated
saturation temperature. Optimum conversion of energy occurs at a fill ratio of 0.85 at which
saturation temperature is about 40°C for the system under consideration.

Key words: Refrigerant saturation temperature, boiling solar collector, Natural circulation
loops, thermosyphons.
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Nomenclature:
Symbol Meaning Units
Aq Collector subcooled area m?
A; Collector boiling area m?
Az Collector superheated area m?
Ay Condensation area m?
Ago Outside wall area of the condensation region m?
As Condenser subcooled area m?
As, Outside wall area of condenser subcooled region m?
Ac Collector area m?
Aco Condenser area m?
Aco2 Condenser wall outside area m?
A Water storage tank outside surface area m?
Cp Specific heat kJ/(kg °C)
Cow Water specific heat at constant pressure kJ/(kg °C)
D Collector pipe inside diameter m
D. Condenser pipe inside hydraulic diameter m
Deo Condenser pipe outside hydraulic diameter m
Do Collector pipe outside diameter m
F1 Collector efficiency factor for the subcooled region
F2 Collector efficiency factor for the boiling region
Fs3 Collector efficiency factor for the superheated region
F+ Absorber plate fin efficiency
FL Collector fill ratio
Frv Collector heat removal factor in the superheated region
hy Liquid heat transfer coefficient inside collector pipes W/(m?°C)
h3 Vapor heat transfer coefficient inside collector pipes W/(m?°C)
hp Boiling heat transfer coefficient W/(m?°C)
h¢ Condensation heat transfer coefficient W/(m?°C)
hem Modified condensation heat transfer coefficient W/(m?°C)
heg Latent heat of vaporization kJ/kg
It Solar radiation intensity W/m?
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k thermal conductivity
Kp Collector bond material thermal conductivity W/(m °C)
Ly Length of the collector subcooled region m
Ls Length of the collector superheated region m
L Condensation region height m
LT Local Time hr
m Refrigerant mass flow rate ka/s
m,, Tank water withdrawal rate kg/s
M Tank Water mass kg
n Number of collector pipes
Ne Number of condenser pipes
n, Number of time intervals in the simulation period
Pei Condenser pipe inside perimeter m
Peo Condenser pipe outside perimeter m
Pr Prandtl number = '”:P
b Boiling heat flux W/m?
Q1 Useful heat gain in the collector subcooled region W
Q2 Useful heat gain in the collector boiling region W
Q3 Useful heat gain in the collector superheated region W
Q4 Heat rejection rate in the condensation region W
Qs Heat rejection rate in the condenser subcooled region W
Qi Heat lost to the environment by the water storage tank W
Quw Rate of heat lost by the water withdrawn from the tank W
Re Reynolds number = pVD
y7;
T: Collector inlet temperature °C
T, Collector exit temperature °Cc
Ta Ambient temperature °C
Tew Condenser pipe wall temperature °Cc
T Compensation water temperature °Cc
Ts Saturation temperature °Cc
Tyt Stagnation temperature °Cc
Tu Tank water temperature at the start of time interval °Cc
Te Tank water temperature at the end of time interval °C
Tw Collector pipe inside wall temperature °Cc
U Collector top heat loss coefficient in the subcooled region W/(m?°C)
U, Collector top heat loss coefficient in the boiling region W/(m?°C)
Us Collector top heat loss coefficient in the superheated region W/(m?°C)
Uy Tank overall heat loss coefficient W/(m?°C)
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W Distance between collector pipes m
Greek symbol Meaning Units
Ob Collector bond thickness m

ni Loop instantaneous efficiency

u Absolute viscosity kg/(ms)
p Density kg/m®
o Surface tension m?/s
T Time S

To Collector transmittance-absorptance product

A Difference

b Y Two-phase loop overall factor

Subscript Meaning

I Liquid

v Vapor

w Water or wall

Introduction

Natural circulation loops (sometimes referred to as thermosyphons) are effective devices for
transporting heat between a source and a sink. The source may be a solar collector of a solar
heating system and the sink is the water storage tank. If a boiling refrigerant is employed as a
working fluid inside the loop, a condenser should then be installed inside the water storage tank
to retrieve the heat absorbed by the collector. The refrigerant in such a solar two-phase loop is
circulated in a confined pipes sealed from the atmospheric pressure. It boils in the collector
upon the exposure to solar radiation and condenses in the condenser, flowing back to the
starting point at the collector inlet to complete the loop. This configuration makes the saturation
pressure and temperature functions of boiling and condensation rates, thus functions of
operation conditions and system geometry. The solar collector is partly filled with a boiling
fluid or refrigerant. The collector fill ratio is defined as the volume of the collector pipes filled
with the working fluid to the total collector pipes volume.

The work in boiling collectors started experimentally in the late seventies of the last century
with the work of Soin et al. ™ who studied a thermosyphon boiling solar collector containing an
acetone and petroleum ether mixture. They developed a modified form of the well known
Hottel-Whillier—Woertz-Bliss (HWWB) equation which would account for the fraction of the
liquid in a particular collector. Downing and Walden ! experimentally studied the heat transfer
processes in boiling solar domestic hot water systems using R-11 and R-114. They concluded
that phase change heat transfer fluids operate with better efficiency and faster response than
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circulating liquids in single phase solar collectors. Schreyer ¥ experimentally investigated the
use of a thermosyphon refrigerant R-11 charged solar collector for residential applications. He
found that for two identical collectors, the peak instantaneous efficiency of a boiling refrigerant
charged collector was 6 percent greater than that of a hydronic fluid circulating solar collector.

A detailed study of boiling fluid solar collectors was done by Al-Tamimi and Clark .. They
tested a boiling collector containing R-11 and developed an analytical model to investigate the
effect of subcooling and the liquid level on collector efficiency. They defined the factor Z" to be
the fraction of the collector required to heat the fluid to its boiling temperature. Al-Assy and
Clark [5] generalized the analysis of Al-Tamimi and Clark to include the superheated portion of
the boiling collector. They introduced another factor Z™ to account for the superheated portion
of a boiling collector. Further theoretical analyses of a flat-plate solar collector with internal
boiling were presented by references [ and "),

The above studies concentrated on the thermal behavior of the boiling solar collector alone
regardless of the other components of the thermosyphon loop such as the condenser and the
connecting pipes. Fanney and Terlizzi ® conducted experiments on a complete two-phase
thermosyphon hot water system charged with a refrigerant. Radhwan et. al. ! investigated two
R-11 charged integrated solar water heaters for forced and natural circulation water flows. The
results showed that the inclination of the condenser integrated within the collector frame had a
remarkable effect for natural circulation water flow, while it had no significant effect for forced
circulation flow.

Pluta and pomierny ™ conducted a theoretical and experimental study on a phase change
solar thermosyphon charged with R-22. The analysis assumed that all the collector is at
saturation temperature. Joudi and Al-Tabbakh % conducted a theoretical study on a two-phase
thermosyphon solar domestic hot water system using R-11. The study utilized a computer
simulation program for a typical daytime period divided into equal intervals of 15 minutes.
Simulations were conducted for no loading, continuous loading and intermittent loading. The
effects of changing collector fill ratio and condenser area were not considered in that study. Lin
et al. 2 employed alcohol as working fluid in the thermosyphon loop whereas, Esen and
Esen ™! experimented with three identical two-phase thermosyphon solar heaters charged with
R-134a, R407C and R410A. The system with R410A gave the best performance for both non
loading and loading operation.

All studies mentioned above considered the saturation temperature along with mass flow rate
as input values and known in advance. This assumption, of course, is not applicable in any
closed natural circulation loop wither it is solar or not. The present work seeks to theoretically
analyze a solar natural circulation (thermosyphon) loop to estimate the saturation temperature
changes during a specified daytime period. The correct estimation of the saturation temperature
is a key factor in studying the overall performance of any solar heating system incorporating a
two-phase thermosyphon. The analysis also entails a prediction of the working fluid mass flow
rate. A computer program is used to perform the calculation which are highly interrelated
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requiring subtle iterative procedure. The program tracks the change in saturation temperature at
intervals of 10 seconds. Steady-state thermal models are used at each consecutive step.

2. Loop Description

The two-phase solar loop under consideration consists of the following components; the
boiling flat-plate solar collector, the upriser, the condenser, and the downcomer as shown in
Fig.1. The solar collector is a flat-plate conventional type having 10 parallel pipes.
Refrigerant R-123 is circulated in the collector pipes. The temperature of the refrigerant
increases while flowing inside the hot pipes. When the refrigerant temperature reaches the
saturation temperature, boiling commences, and the vapor refrigerant rises in the remaining
length of the pipes, passing through the upriser and then to the condenser which is located
inside the storage tank.

Water

F==1 Insulation
0.707m

oooooooooo

Fig. (1) Schematic viéw of the two-phase thermosyphon solar loop.

The condenser is composed of several parallel pipes of rectangular cross-section measuring
(80%20) mm. These rectangular pipes are inserted vertically inside a rectangular storage tank.
The condenser area used in the simulation is 0.63 m? for a condenser having 5 pipes. The
effect of varying the condenser area was achieved by increasing the number of pipes and
keeping pipe dimensions constant. Table 1 shows the dimensions and characteristics of the
system under consideration.
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Table (1): System dimensions and characteristics.

Collector Dimensions (widthxlength) 1x2 m
Top heat loss coefficient 4.5 W/(m?°C)
Transmittance-absorptance 0.85
Fill ratio 0.05t0 0.95
Inside pipe diameter 0.01 m
Outside pipe diameter 0.012 m
Pipe length 2 m
Pipe spacing 0.1 m
Number of pipes 10
Absorber plate thickness 0.001 m
Absorber plate material copper
Tilt angle 45°
Tank Total volume 0.10828 m’
Outside surface area 3.187 m
Heat loss coefficient 0.5 W/(m? °C)
Condenser Inside area 0.63 m°
Dimensions (widthxlength) 0.02x0.08 m
Number of condenser pipes 5to 20
Inside perimeter 0.178 m
Pipe thickness 0.001 m

The refrigerant undergoes sensible heating, boiling or latent heat transfer, and superheating
of the vapor in the collector. Similar modes are encountered in the condenser, but in the
opposite sequence. The vapor condenses inside the condenser pipes and the liquid refrigerant
is returned back to the collector via the downcomer. The refrigerant in the loop is confined
and the pressure inside the loop will depend on the prevailing saturation temperature. This
temperature is a function of the collector and condenser average temperatures, the amount of
refrigerant, and the solar radiation intensity.

3. Assumptions used in the theoretical model

To analyze the heat transfer problem around the two-phase solar loop, the following
assumptions have been made:-
1. Frictional pressure losses in the pipes are ignored.
2. The upriser and the downcomer are assumed to be well insulated and the thermal
losses from these components are ignored.
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3. The liquid level is the same in the source (collector) and the sink (condenser and/or
downcomer).

4. The liquid height in the collector remains constant during the whole simulation period.
This height is divided into two sub-regions; the lower part is for sensible heating of
the liquid refrigerant, and the remaining part is for boiling.

5. All the useful energy received in the collector (sensible + latent) is assumed to be
delivered to the water storage tank via the condenser.

6. The saturation temperature is constant throughout the loop at each time interval. A
change of phase occurs whenever the refrigerant temperature reaches this value,
whether in the collector or condenser.

4. Thermal analysis of the two-phase flat-plate solar collector

For the sake of simplifying the analysis; The two-phase solar collector is divided into three
regions (Fig. 2). The subcooled lower region, the boiling mid region, followed by the upper
superheated region. Any increase in the subcooled region means a decrease in the boiling
region and vice versa.

[ ] Subcooled

Saturated (Boiling)

Superheated

i

Saturated (Condensation)

Flow Direction System Initial Fill

\B

Fig. (2) Heat transfer regions.

The solar radiation intensity incident on the solar collector is calculated using the standard
ASHRAE model . The 21% day of December was chosen as a representative day of the
heating season. The variation of the ambient temperature during the simulation period for 21°
of December was approximated by the following sine function, given in degrees
centigrade M-

T, =10+15sin ”(L_S) 1)
8
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Where LT is the local time in 24 hour clock. Equation (1) is valid between 8 a.m. to 16
p.m. which is the duration of the simulation period.

4.1 Subcooled region

The working fluid enters the collector as a subcooled liquid at a temperature T, . If the
saturation temperature Ts is known, then the collector area required to reach Ts , which also
represents the area of the subcooled region, is estimated by the following equation adapted
from reference ['):-

_ mcpl In l,za-U, (T, -T,)

= (2
UF  lira-U (T, -T,)

A

The parameters T1 , T, M, and U; in the above equation are not known in advance. Initial
guess values of these parameters are assumed at the beginning of the simulation process. The
values should be modified later and the whole calculations are repeated until an acceptable
tolerance of 0.0001 between the guessed and calculated values is achieved.

The useful heat gain of the subcooled region is estimated by the following equation:-

Ql = meI (Ts _Tl) (3)

F1 is the collector efficiency factor of the subcooled region. It is calculated using the
following equation !:-

1
UW
1 25, 1
+ +
Ul[Do+Ff (W_DO)J kao ﬂDhl

F = (4)

Where W is the distance between collector risers and h4 is the convective heat transfer
coefficient inside the risers calculated by the following formulas 2!:-

1/3
h,=h =2776 (%j ERe Per for laminar flow (Re < 2000) 5)
1
h, =h, =0.023 (%j Re®® Pr*’®  for turbulent flow (Re > 2300) (6)
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for transitional flow (2000 < Re < 2300) @)

Where Re is the Reynolds number based on the collector pipe inner diameter D and the
subcooled length Ly . Pr is the Prandtl number. The value of Re in the subcooled region lies in
the laminar region during most of the simulation period while the turbulent mode dominates
the superheated region.

4.2 Boiling region

Once the subcooled region area A; is estimated, the boiling region area can be directly
estimated as follows:-

A, =FLxA - A (8)

Where FL is the collector fill ratio and A. is the collector total area. The useful heat gain in
the boiling region which is a function of A, can be calculated by the following equation
adapted from B!:-

Q, :FzAz[ITTa_Uz(Ts_Ta)] 9)

The rate of boiling which equals the working fluid mass flow rate is then calculated by the
following equation:-

. (10)

The value of m calculated from the above equation should be compared with the guessed
value used in the previous calculations. If they differ, the whole calculation is repeated using
the new value. F; is the collector efficiency factor for the boiling region. It is calculated using
the following equation *°:-

1
) UW 11
Fo = 1 25, 1 (1)
+ +
UZlDo+Ff(W_D0)J kao ﬂDhb

hy, is the boiling heat transfer coefficient inside the collector pipes calculated using
Rohsenow's formula ;-
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18

h _ /Lll hfg (981(p| - pV)JOIS CpI (TW _TS) (12)
° T, -T. o e\
0.01h, Tp
|

Where T\, is the collector pipe inside wall temperature and is calculated by considering it
as the collector absorber plate mean temperature.

4.3 Superheated region

The remaining area of the collector which is not filled with the refrigerant depends on the
initial fill ratio. It is estimated by the following equation:-

A, =AL-FL) (13)

The length of the superheated part along one of the collector risers (Ls) is calculated by the
following equation:-

A
L= (14)

Where n is the number of collector risers and W is the distance between the risers. The
collector exit temperature of the working fluid can now be calculated using the following
equation:-

T, =T+ (15)
mc,,

Where Qs is the useful heat gain for the superheated region, estimated by the following
equation:-

Q; = FRVAS[ITTa_US(TS _Ta)] (16)

Fry is the collector heat removal factor for the superheated region. It is calculated using the
standard Hottel-Whillier-Woertz-Bliss (HWWB) equation adapted for the superheated
region:-
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— meV _ _U3A3F3
Fr, = UA, Ll exp L—mcpv B a7

F3 is the collector efficiency factor for the superheated region, calculated by the following
equation ;-

1
UW
1 25, 1

U3lDo + Ff (W _Do)J+ kao +71Dh3

F; = (18)

hs is the convective heat transfer coefficient of the vapor working fluid in the superheated
region. It is estimated by the same formulas used in the subcooled region but by applying
vapor properties instead of liquid ones ™8,

Collector instantaneous efficiency is defined as the ratio of the useful heat gain of the solar
collector to the total rate of solar radiation incident on the solar collector:-

— Ql + QZ + Q3 (19)

i LA

5. Thermal analysis of the condenser

The condenser will be divided into two regions rather than three. In the first region, near
the condenser inlet, superheated vapor enters the condenser and will be desuperheated to the
saturation temperature. At the same time, condensation will commence at the condenser
inside walls as long as the temperature is below the vapor saturation temperature. So, the
working fluid in the first region will encounter two processes; sensible cooling of the
incoming vapor, and film condensation at the vertical walls. If the system fill ratio is large
enough, the lower part of the condenser will be flooded with liquid refrigerant. This flooded
part constitutes the subcooled region of the condenser, which is the second region in the
condenser analysis and will depend on the system fill ratio.

5.1 Condensation region
The coexistence of desuperheating and film condensation was studies by Van der Walt and
Kroger (18] who suggested a modification to the conventional Nusselt film condensation to

take into account the superheated state at the condenser inlet. They suggested a modified
condensation heat transfer coefficient given by the following equation:-
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(20)

0.25
va (TZ _Ts )J

fg

h., = h{1+

Where h¢ is the conventional film-wise condensation of Nusselt, averaged for the
condensation height L4 , and is given by the following equation:

(21)

025
h, = 0.943(9-81,@ (o -, )hfg k? ]

I-4/uI (Ts _Tcw)

L4 is measured downward from the condenser inlet and can be estimated by the following
equation depending on the collector initial fill:

L, = L,sin(p) (22)
The above equation is valid only when part of the condenser is flooded with liquid
refrigerant. For the case of non-flooded condenser at low fill ratios, the whole condenser

vertical length will be considered available for condensation. The heat rejection to the water
tank in the condensation region is found by the following equation:

Q4 = hc A4 (Ts - Tcw ) (23)

Where A, is the inside surface area of the condenser pipes in the condensation region, and
is found by the following equation:-

A, =L, xn xP, (24)

Where n. is the number of condenser pipes which is 5 for a condenser having a heat
transfer area of 0.63 m?. P is the condenser pipe inside perimeter.

5.2 Subcooled region
When part of the condenser is filled with liquid refrigerant, the remaining area for

condensation will decrease, and the working fluid will undergo subcooling in this region. The
condenser pipes total inside area available for subcooling is found by the following equation:

A=A, A (25)
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Where A, is the total inside surface area of the condenser. The working fluid temperature
at the end of the subcooled region of the condenser can be evaluated by the following
equation M*:-

T = Ttl + (Ts - Ttl) EXp [%J (26)

pl

(UA)s is the product of overall heat transfer coefficient and heat transfer area of the
condenser subcooled region, and is given by the following equation:

un), = 2 ,n@,/D), 1 )’ @7)
©\hA 27kl hyA,

In the same manner, the condenser pipes total outside area in the subcooled region (As,) is
found by the following equation:-

ASo = Ac02 - A4o (28)

Where Aoz is the total outside surface area of the condenser. A4, is condenser outside area
available for condensation and is found by the following equation:-

A,=L,xn,xP, (29)

Where P, is the condenser pipe outside perimeter. The heat rejection to the water tank in
the subcooled region is given by the following equation:

QS =mc pl (Ts _Tl) (30)

The value of T; calculated from equation (26) should be compared with the old value used
in the previous calculations. If they are different, all the calculations are repeated using the
new value until the specified tolerance, of 0.0001 or less, is reached. The equality of the
guessed and the calculated collector initial temperature T; ensures that the sensible heat
balance is satisfied throughout the loop. The latent heat balance will also be satisfied later and
this condition will be used to estimate the saturation temperature.

232



Journal of Engineering and Development, Vol.19, No.4,July 2015, ISSN 1813- 7822

6. The loop saturation temperature

The following reasoning is used to determine the saturation temperature:

latent heat gain) _(latent heat rejection 31)
in collector ~ | lin condenser
FzAz[ITTa _Uz(Ts _Ta)] = (UA)4(Ts _Ttl) (32)

The left side of the above equation represents the useful heat gain in the boiling region
using the adapted Hottel-Whillier-Woertz-Bliss method ™. The terms of the equation can be
rearranged to get:-

BAY,  hre 1 17 1, 20 (33)
(UA), | U,

Define The Loop Overall Factor vy as:

p = A (34)

¥ is a newly-defined factor that combines the geometric and heat transfer aspects of the
whole two-phase solar thermosyphon loop.
Substituting y in equation (33) and rearranging to get:

T - T, + YT, (35)
1+¥
It can be concluded from equation (35) that many loop parameters influence the value of
the saturation temperature such as, the solar radiation intensity which appears implicitly in T
which is the collector stagnation temperature of the boiling region defined, the tank
temperature Ty , in addition to the geometric and heat transfer parameters combined in the
factor W. Ty is calculated by the following equation:

T, =T 417

st a

(36)

2

(UA)4 is the product of overall heat transfer coefficient and heat transfer area of the
condensation region. It is found by the following equation:
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-1
(UA)4 — 1 + In(DCO/Dc)+ 1 (37)
hA | 24&L,  hoA,

7. Modeling water storage tank

The tank is modeled as a fully mixed tank. This is a reasonable assumption for a tank
containing a condenser of parallel vertical tubes. The condenser heats up the water along most
of the tank’s vertical dimension. It is assumed that the natural convection currents generated
along the condenser outer surface will provide the necessary mixing effect in the water and
eliminate any thermal stratification.

An energy balance for the tank as a whole can be written as follows:

) (38)

. + . .
internal energy water withdrawal environment

Heat gain from A
condenser

(Increase in Water] [Heat removed by j+ (Heat losses to

In mathematical form:
(Q4 +Q5)AT= MWCpW(TtZ _Ttl)+(Qw +QI )AT (39)

Solving for the water temperature at the end of the time step T, gives:

T+ Ar(Q+Q-Q,-Q) (40)
M WCpW
Where:
Qu =M, G (T4 =T)) (1)
Q =AU,(T,-T,) (42)

T is then used as an input value or a Ty for the new time step.
8. The iterative procedure

The thermal models described in the previous sections can not be used directly for the
estimation of saturation temperature as given by equation (35). The existence of many

unknown parameters necessitates the use of a trail and error procedure to solve the problem.
The major unknowns include:
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a) Saturation temperature (Ts)

b) Refrigerant mass flow rate (m)

c) Collector subcooled area (A1)
While the known parameters are:

a) Solar radiation intensity (Ir)

b) Ambient temperature (T5)

c¢) Collector inlet temperature (T1)

d) Initial storage tank temperature (Ty)
Initial guess values of the unknowns are made and corrected several times until the
appropriate values that satisfy all equations are attained. A tolerance of 0.0001 is used
between the old and calculated values of T1 , Ty , Ts , m and any iterated value in the
simulation program.
The procedure can be summarized as follows:-

i) The collector subcooled area A; is calculated using eg. (2). Accordingly the

subcooled length in the collector (L) is determined.

if) The values depending on (L1) which are (F1), (h1) and (A2) can now be evaluated.

iii) Using (A2) the boiling rate (m) can be evaluated from eq. (9).

iv) The calculated (m) from step (iii) is compared with the assumed (m) which is the
loop mass flow rate. If they agree within the specified tolerances, calculations
proceed, otherwise the new (m) is used to repeat the calculation over and over
until convergence is achieved.

V) The refrigerant temperature at collector exit can now be evaluated from eq. (15)
depending on the new value of (m) and the assumed saturation temperature (Ts).

vi) Now, a new value of the saturation temperature can be calculated from eq. (35).
The new value is compared with the old value used in calculations. If they agree,
calculation proceeds, if not, the whole procedure is repeated using the new (Ts)

until convergence is achieved.

9. Results and discussion
9.1 Effect of collector fill ratio

Collector fill ratio is easily represented by the ratio of the initial fill length to the total
length since the cross sectional area is the same. Fig. 3 shows the variation of tank
temperature during the simulation period for various fill ratios. The tank temperature
increases with the fill ratio up to a certain optimum which is approximately 0.85 . Increasing
the fill ratio means more refrigerant is exposed to solar radiation. This means more heat
transfer from the collector to the condenser. However, when the fill ratio is increased beyond
the optimum, the condenser does not cope with the large vapor flow by its remaining
condensation area. Then the system operates at a higher saturation temperature, the thermal
losses from the collector increase resulting in a decrease in collector efficiency. For all
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considered fill ratios, the tank temperature increases continuously during the simulation
period indicating that heat collection is possible for any fill ratio. Considerable rise in final
tank temperature can be noticed (about 38°C) with a fill ratio of 0.5 . Between a fill ratio of
0.5 and the optimum value of 0.85, the additional rise in final tank temperature is within
10 °C. Increasing the fill ratio beyond 0.85 causes a reduction of about 5 °C in the final tank
temperature.
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Fig. (3) Variation of storage water temperature during the simulation period for
various fill ratios.
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Fig. (4) Variation of system saturation temperatures during the simulation
period for various fill ratios.

Fig. 4 shows the variation of the system saturation temperature for the same range of fill
ratios from 0.05 to 0.95. The system saturation temperature increases with fill ratio and
improves heat collection because the condenser will deliver heat to the storage water at a
higher temperature which increases the final tank temperature and the collector efficiency.
This is true only up to the optimum fill ratio, after which increasing the saturation temperature
causes a reduction in the final tank temperature. A higher saturation temperature results in
increased thermal losses. This loss is not counter balanced by the condenser. The increment in
the stored heat will be less than the increment in the collector losses for the same saturation
temperature.

Fig. 5 gives the final saturation and tank temperatures from Figs. 3 and 4 at the end of the
simulation period as a function of the fill ratio. Despite the narrow difference between the
saturation and tank temperatures, the estimated value of condensation heat transfer coefficient
and condensation area will compensate the low temperature difference and ensure the
completion of condensation. However, the above narrow difference occurs only at the final
period of the simulation. The difference between saturation and tank temperatures is greater at
the beginning and middle of the simulated period.

Fig. 6 shows the variation of the collector efficiency during the simulation period for the
fill ratios considered. The collector efficiency increases with fill ratio up to the optimum and
starts to decease beyond that. The collector efficiency exhibits a slight increase before 10:30
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a.m. then starts to decrease till the end of the simulation period. This is caused by increased
collector thermal losses at higher saturation temperatures.

Collector efficiency is equivalent to the system efficiency in the present work. Because the
useful heat gain of the collector is equal to the storage tank heat gain when the connecting
pipes and tank thermal losses are ignored. Any increase in heat storage means better
collection in the collector. Therefore, the collector efficiency will be used as a measure of the
system performance as a whole.
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Fig. (5) Variation of final tank and system saturation temperatures with fill ratio.
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Fig. (6) Variation of collector efficiency during the simulation period for various fill
ratios.

The existence of an optimum fill ratio was reported by other researchers 1% 7. and 18],
However, different optimum fill ratios were reported which ranged between 40-80%. The
optimum fill ratio is a strong function of the location of the condenser. So, the change of the
condenser location relative to the evaporator (or the solar collector) changes the optimum
system fill ratio. McDonald et al. ™! suggested that the optimum fill ratio is achieved when
the refrigerant does not flood the condenser anywhere.

9.2 Effect of condenser area

The condenser area is the inside wall area of the condenser pipes. It is seen from Fig. 7 that
the tank temperature always increases with the condenser area. Increasing the condenser area
induces the system to adapt itself by decreasing the saturation temperature as shown in Fig. 8.
When the system operates at a lower saturation temperature, the collector works at a higher
efficiency which means better heat collection and a higher tank temperature. Heat collection
in flat-plate solar collectors should always be done at the lowest possible temperature in order
to ensure that the collector works at the highest possible efficiency. Price et al. [} reported that
increasing the boiling collector absorber temperature leads to a reduction in collector
efficiency. The absorber plate temperature, as they reported, increases when a dry-out
condition occurs in the superheated region of the collector.
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The saturation temperature variation follows the tank temperature by increasing
continuously during the simulation period. But this trend was not witnessed for all condenser
areas. For condenser areas below 0.63 m’ the saturation temperature does not follow the tank
temperature after 1:30 p.m. Rather, it decreases slightly towards the end of the simulation
period. The decrease becomes larger for lesser condenser areas as seen in Fig. 8.

The change of the condenser area in the present work was simulated by changing the
number of condenser pipes. The cross sectional area and the height of each pipe were kept
unchanged for all the condenser areas considered in the simulations. In this way, the location
of the condenser relative to the solar collector did not change when the condenser area was
changed.
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Fig. (7) Variation of storage water temperature in the simulation period for
various condenser areas.
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Fig. (8) Variation of system saturation temperatures during the simulation
period for various condenser areas.

The effect of condenser area on the final tank and the final system saturation temperatures
at the end of the simulation period is shown in Fig. 9. Increasing the condenser area beyond a
certain value (1.5 m?) does not significantly increase the final tank temperature. However,
decreasing the condenser area less than 0.05 m? deteriorates the system performance. Fig. 9
shows that for condenser areas less than 0.05 m? the final tank temperature sharply decreases
and the saturation temperature sharply increases. This is interpreted as a type of choking in
the loop. For condenser areas below 0.05 m? the system is not capable of delivering the
collected energy with this small area. So, the system adapts itself by increasing the saturation
temperature such that the temperature difference between the condenser and the tank is just
enough to deliver the heat. However, a high saturation temperature increases the collector
thermal losses which decreases the collection of heat resulting in a decreased final tank
temperature.

The change of collector efficiency with condenser area is less pronounced than the change
of collector efficiency with fill ratio as can be deduced by comparing Figs. 6 and 10.
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Fig. (11) Variation of tank temperature for three loading conditions.

9.3 Effect of tank loading

Tank loading causes a sharp decrease in tank temperature because the withdrawn hot water
is replaced by an equal quantity of cold water at 10°C as shown in Fig. 11. Two patterns of
water withdrawal were applied in the simulations. In both patterns the water withdrawal was
at a continuous rate of 0.08 kg/s during each 15 minutes of the loading periods. This value of
loading rate represents a typical tap flow rate. In the first pattern, water is withdrawn from the
tank between 11:00 and 11:15 a.m. (in the first half of the day). The second pattern assumes
the withdrawal to be carried out between 1:00 and 1:15 p.m. (in the second half of the day).

The saturation temperature was seen to follow the tank temperature in all the simulations,
with a slight difference at the end of the simulation period as shown in Fig. 12. Since the tank
temperature decreases during loading, the saturation temperature also decreases. This makes
the collector operate at a lower temperature, hence, at a higher efficiency as shown in Fig. 13.

The decrease in the saturation and tank temperatures is more pronounced in the second
loading period (1:00 to 1:15 p.m.) than in the first loading period (11:00 to 11:15 a.m.). This
is because the withdrawn water in the second period is at a higher temperature and contains a
larger amount of energy. Therefore it represents a larger loss to the system. It can be seen
from Fig. 11 that the early loading gives the system longer time to compensate the lost heat
than in the case of late loading. So, the final tank temperature for the case of early loading
will be higher than that of the late loading.
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Fig. 14 shows a comparison between the present theoretical results and the experimental
data of Downing and Walden ?!. The comparison was done using a fixed mass flow rate of
0.01 kg/s which is the value adopted by Downing and Walden in their experiments. Fig. 14
depicts three collector efficiency lines; one is experimental and the other two lines are
generated by the computer simulation program of the present study for fixed and variable
refrigerant mass flow rates. Table (2) shows the system characteristics adopted by Ref. 21,
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Fig. (14) Comparison between the present work and ref. [2].
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Table (2): System characteristics of ref. [2].

Collector Dimensions (widthxlength) 1.7x2.5 m
Inside Pipe Diameter 0.012 m
Outside Pipe Diameter 0.014 m
Number of pipes 15
Fill ratio 0.75
Tilt Angle 50°
Top Heat Loss Coeff. 5 W/(m?*°C)
To 0.8
Storage Volume 0.3 m°
Loss Coefficient 0.5 W/(m*°C)
Condenser Inside Area 2 m*
Inside Pipe Diameter 0.0254 m
Pipe Thickness .001 m
Pipe Height 1.05 m
Number of Pipes 24

10. Conclusions

1) The tank temperature increases with the collector fill ratio until an optimum limit of
approximately 0.85 .

ii) The collection of heat is possible at any fill ratio. Maximum tank temperature of 64 °C
was achieved at a fill ratio of 0.85 in December.

iii) Collector efficiency increases with fill ratio till the optimum.

iv) The saturation temperature decreased with increasing condenser area. this renders the
collector to work at a higher efficiency leading to a higher tank temperature. When the
condenser area was increased from 0.63 m? to 2.52 m? the final tank temperature
increased about 5°C. The maximum condenser area is restricted only by the space
available inside the water storage tank.

v) For a condenser area of less than 0.05 m? a chocking phenomenon was observed in the
system where the saturation temperature sharply increased and the tank temperature
sharply decreased.

vi) Loading the system for 15 minutes before noon caused a decrease in the final tank
temperature by about 8 °C and by about 18 °C with the afternoon loading.

vii) The collector efficiency increased by 7% with morning loading and 10% with
afternoon loading.
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