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A modification to the f-Chart method has been developed to predict monthly and

annual performance of thermosyphon solar domestic hot water systems. Stratifica-
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tion in the storage tank is accounted for through use of a modified collector loss
coefficient. The varying flow rate throughout the day and year in a thermosyphon
system is accounted for through use of a fixed monthly “‘equivalent average” flow
rate. The “‘equivalent average” flow rate is that which balances the thermosyphon
buoyancy driving force with the frictional losses in the flow circuit on a monthly

average basis. Comparison between the annual solar fraction predited by the
modified design method and TRNSYS simulations for a wide range of ther-
mosyphon systems shows an RMS error of 2.6 percent.

Introduction

Thermosyphon solar domestic hot water systems are widely
used in Australia and Israel, and are gaining popularity in
Japan, the United States, and elsewhere. The collector fluid in
. a thermosyphon system is circulated by natural convection,
eliminating the need for a pump and controller. The flow rate
in a natural circulation thermosyphon system varies
throughout the day and year, depending on the absorbed
radiation, fluid temperatures, system geometry, and other
factors.

Numerous studies have been conducted to investigate the
transient temperatures and flow rates throughout the day in
thermosyphon systems [1-11]. A detailed model of a ther-
mosyphon system comprising collector, storage tank, and con-
necting piping has been developed for use with TRNSYS [12].
Comparisons between TRNSYS simulation results and
measurements taken at the National Bureau of Standards
from January-December 1980 show excellent agreement be-
tween the simulations and experiments [2]. The detailed com-
puter simulations, which require hourly meteorological data,
are useful for understanding the process dynamics of the
system. However, due to the complexity of the models, and
large amount of required computing time, detailed simula-
tions are not practical for estimating the monthly and annual
performance of a variety of thermosyphon system con-
figurations.

The f-Chart method [13] is a widely used design tool for
estimating long term performance of forced circulation solar
heating systems. It requires only monthly average
meteorological data and system parameters as inputs. In its
present form, the f-Chart method is not appropriate for
estimating the performance of thermosyphon systems for two
reasons. First, the f~Chart method was developed for active
systems with a fixed known flow rate of fluid through the col-
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lector. Second, the f-Chart method assumes that the storage
tank is in a fully mixed state (uniform temperature at any
time), which is a reasonable (but conservative) assumption for
systems operating at conventional high collector flow rates.
Recent experiments and simulations have shown that optimum
performance for active systems may be achieved with a flow
rate on the order of 1/5 of the conventional rates [8, 14-20].
The enhanced performance at low flow rates is due to the ther-
mal stratification in the storage tank, enabling low
temperature fluid to enter the collector, thereby reducing col-

Jlector losses. Thermosyphon systems usually operate in the

low flow range, and hence exhibit thermally stratified tanks.

The f~Chart method may be modified to enable prediction
of the improved performance of systems exhibiting stratified
storage tanks. Furthermore, the varying flow through a ther-
mosyphon system may be approximated by an “‘equivalent
average’’ fixed flow rate for each month in an active system.
The active system operating at this fixed flow rate will yield
similar results for monthly solar fraction as the thermosyphon
system. Thus, the long-term performance of a thermosyphon
system may be predicted using a modified form of the f~Chart
method, as described below.

Stratified Tank Modification

A thermally stratified storage tank returns fluid to the col-
lector at a temperature below that of the average temperature
in the storage tank. The lower return temperature from a
stratified storage tank increases collection efficiency by reduc-
ing thermal losses from the collector. This is shown by the
Hottel-Whillier collector equation, where 7; is the
temperature of fluid returning from the tank to the collector
[21].

Qu=AFpllr (1)~ U, (T;—T,) (D

Copsey [22] shows that the long-term solar fraction of a
stratified tank system can be obtained by analysis of an other-
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Fig. 1 Liquid system f-Chart from reference [22)

wise identical fully mixed tank system with a reduced collector
loss coefficient (U, ). The collector heat removal factor (F, =) s
a function of the collector loss coefficient and the collector
flow rate, hence a modification to the f~Chart method that is
based on the collector loss coefficient will also require
modification of Fg. The f~-Chart method for DHW systems in-
cludes the collector losses in the X parameter, and the heat
removal factor in both the X and Y parameters.
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L

X @

AFp(ra)H N
- R(za) T 3)

The cross-hatched line on the liquid J-Chart in Fig. 1 il-

Y

lustrates the path taken by decreasing the collector losses,
while simultaneously modifying Fp. The point to the lower
right is the location on the liquid system f-Chart of a fully
mixed tank system. The mixed tank solar fraction can be ob-
tained from the f~Chart with coordinates X, and Y. If the
collector had no thermal losses, then the X parameter would
be zero, and the Y parameter would be

A (re)H N
Tow ==

where Fp = 1. The solar fraction for a stratified tank system
will always be between the limits of the solar fraction for a
fully-mixed tank system with the actual collector loss coeffi-
cient, and a fully-mixed tank system with U , =0.

If the path shown in Fig. 1 is approximated by a straight
line, a relationship between the f~-Chart parameters can be ex-
pressed as

@

AX - Xmix"Xstr - Ystr"‘Ymix (5)
AX, max X mix Ymax - ¥, mix

The factor AX/AX,, is shown by Copsey to be a function of

the monthly average collector to load flow ratio (M/M, ;) and

fully-mixed tank solar fraction, F.

AX C\(Mo/My)
AXpaw  [Cy(Mo/M,)+CoF+F+ CFP R +1

The coefficients C, —~ C, that minimize the RMS error between
TRNSYS simulations of a stratified tank active system and the
J-Chart method modified for stratified storage are C, = 1.040,
C,=0.726, C; = 1.564, and C, = —2.760. Equation (6) is valid
for values of M_/M, greater than 0.3. Due to the nature of
equation (6), a high solar fraction combined with M./M;

©®

Nomenclature
A = coefficient in equation
©) k = friction factor for
A, = collector area (m?) bends in connecting T = average temperature of
B = coefficient in equation pipe water in storage tank
o : K = thermal conductivity ©
C; = coefficient j defined of water u = fluid velocity (m/s)
below equation (6) K, = stratification U, = collector overall heat
C, = specific heat of water coefficient ' loss coefficient
(kJ/kg-K) ¢ = length of collector (W/C-m?)
d = diameter (m) risers, headers, or pip- X = jf-Chart correlation
E = collector effectiveness ing (m) parameter -
defined by equation L = monthly hot water Y = f-Chart correlation
(12) ' heating load (kI) parameter
f = friction factor m = collector fluid flow ¢ = daily utilizability
F = solar fraction rate (kg/hr) (ra) = transmittance-
Fp = collector heat removal M = mixing number de- absorptance -product
factor _ fined by equation (11) At = number of seconds per
g = gravitational accelera- Mc/M; = ratio of average daily month (s/month)
tion (m/s?) collector flow to daily AX/AX,,, = correction for
hr = friction head loss (m) load flow stratified storage
hy = thermosyphon head N = days per month ¢ = fluid dynamic viscosity
(m) N, = collector pump (kg/m?-s)
H = height of storage tank operating time (hr) .
(m) Q, = rate of useful collector Subseripts
H; = height above reference ‘ energy gain (kJ/hr) i = inlet
at point j(m) Re = Reynold’s number max = maximum possible
Hy = daily radiation on col- S = specific gravity of value .
lector plane per unit water mix = applied to fully-mixed
area (kJ/m?-day) T, = ambient temperature storage tank
I, = critical radiation level ) str = applied to stratified
(W/m?) Trains = mains supply water . storage tank
I+ = instantaneous radia- temperature (C) o =outlet
tion per unit area on T, = auxiliary heating set An overbar indicates monthly average

collector (W/m;)
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temperature (C)

values.
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Fig. 2 Monthly average storage tank temperature (nondimensional-

ized) as a function of monthly fraction energy savings by solar

near one can give AX/AX,, > 1. For these cases AX/AX .,
should be set equal to one. M-/M; is estimated using the
Evans et al. [23] utilizability correlation in the relation for col-
lector pump operating time [24] for an active system. In this
case, M, is the product of the collector flow rate and N, is the
monthly-average daily number of hours of operation where

Np=—H(A+2BL) N

The constants, A and B, are functions of the monthly average
clearness index, collector slope, and latitude and are given in
[23]. I is the monthly-average critical radiation level defined
as

. FRU(T;=T,)
L= Fp(ra) ,(8)

Once the stratified tank is accounted for, the problem of
varying flow rate in a thermosyphon system may be addressed.

Equivalent Average Flow Rate

The varying flow rate in a thermosyphon system may be ap-
proximated by an ‘‘equivalent average’’ fixed flow rate in an
active system. An iterative scheme has been developed for
estimating this flow rate for use with the f~Chart method
modified for stratified storage, to allow prediction of the long-
term performance of thermosyphon systems.

Using an initial estimated value for flow rate, the solar frac-
tion of a stratified tank active system is evaluated using the f-
Chart method with Copsey’s modification for stratified
storage. The collector parameters FrU,; and Fp (ra) are cor-
rected for the estimated flow at other than test conditions, as
outlined in Duffie and Beckman [21]. Thermal losses from the

connecting pipes may also be accounted for as outlined in

Duffie and Beckman, in which the combination of pipes plus
solar collector is equivalent in thermal performance to a solar
collector with parameters FrU; and Fg (Tar)’.

The average temperature in the storage tank is calculated us-
ing a correlation developed between solar fraction of a ther-
mosyphon system and a nondimensional form of the monthly
average tank temperature, deduced from numerous TRNSYS
simulations, shown in Fig. 2. A variety of locations (Albu-
querque, NM; Madison, WI; Seattle, WA); collector areas
(1.4-4.2 m?), load draws (300-600 ¢/day), tank sizes (125-500
f), and collector parameters (FpU, 3.6-8.6 W/m?*-C, Fpra)
0.7-0.8) were included in the correlation. The correlation was
developed under the assumption of a constant (UA) value for

152/ Vol. 109, MAY 1987

TANK

HS
COLLECTOR

¢ " Hi
S
:

Fig. 3 Thermosyphon system schematic (adapted from [1])

the storage tank of 1.46 W/C. A cubic equation for the data
from a least squares regression routine is

Ttank - Tmains

Tset - Tmains
The temperature at the bottom of the storage tank will be be-
tween the mains temperature~(T ) and the average tank
temperature (7i.,), depending on the degree of thermal
stratification present. An' approximate measure of the
stratification may be obtained using the stratification coeffi-
cient, X, defined by Phillips and Dave [25].

AC(ITFR(TCY)“'FRUL(T,'"T“))
AC(ITFR(TQ)—FRUL(Ttank— Ta))

Although the Phillips and Dave study assumes zero load draw
on the system and more than one tank turnover per day, it will
provide a rough estimate of the temperature profile in the
tank, and hence of the temperature of fluid returned to the
collector. The stratification coefficient is a function of two
dimensionless variables, the mixing number (M) and the col-
lector effectiveness (E).

=0.117F +0.356F2 + 0.424F3 ]

(10

K=

AK
— 1
mC,H 1D
IRL‘L
E = 12
nC, (12)

Physically, the mixing number is the ratio of conduction to
convection in the storage tank. In the limit, as conduction in
the tank becomes negligible, and M approaches zero, Phillips
and Dave show that:

_ In(1/1-E)
STE(1+Mi(1/1-E)

The temperature of return fluid from tank to collector may be
found from equation (10):

(13

Fp(ra)
ﬂ:KsTmnk + (1 —K_v) (—-—FR—R—&—Z“IT‘*' Ta)
Using the estimate of pump operating time from equation (7),
the monthly average temperature of return fluid is approx-
imated as:

(14)

- - Fp(ra) - - )
=K Tan+ 0 =K (s (g B T

Since the thermal losses from the tank-collector connecting
pipe have already been accounted for by the modified collec-
tor parameters, 7; is also the monthly-average collector inlet
temperature. For values of T; calculated by equation
(15) which are less than T, T; is set equal to T, The
collector outlet temperature at the estimated flow rate is found

(15)
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by equating the Hottel-Whillier equation with.an energy
balance across the collector:

MGy (Ty =T;) = AFplIr (1)UL (T; ~ T,)] (16)

Integrating equation (16) for a monthly period results in the
monthly average collector fluid outlet temperature, 7.
- - A . — - -
To = T,- +—I'}Z_C:—A7;[HTFR (Ta)”FR ULNp ( Ti'— Ta)]
A . —_
=T 4 et HFp(ree
RGN, [oH Fg (1a)]

Once the monthly average collector fluid inlet and output
ternperatures are known, an estimate of the thermosyphon
head may be found based on the relative positions of the tank
and collector. Close {1] has shown that the thermosyphon
head generated by the differences in density of fluid in the
systern may be approximated by making the following
assumptions: (1) the temperature distribution in the tank is
linear; (2) water from the collector rises to the top of the tank;
(3) there are no thermal losses in the connecting pipes. In this
case:

an

— ET?
(H;—H,) ] (18)
(Hs-H,)
where S; is the specific gravity of the fluid at the collector in-
let, S, the specific gravity at the collector outlet, and the posi-
tions (H,)-(H;) are as shown in Fig. 3. The design method
described in this paper considers only direct thermosyphon
systems where water is the collection fluid. A parabolic rela-
tionship between specific gravity of water and temperature in
degrees Celsius is used to calculate S; and S,:

S=1.00026—3.906 X 10-3T—4.05 x 10~6 T2 (19)

The ‘“‘equivalent average’’ flow rate is that which balances
the thermosyphon buoyancy force with the frictional
resistances in the flow circuit. The flow circuit comprises the
collector headers and risers, connecting pipes, and storage
tank. For each component of the flow circuit, the Darcy-
Weisbach equation for friction head loss is employed [1]:

1
hT=T(S,--S,,)[2(H3 -H))—-(H,~H,)—

foud ku?
hp=-—+ L 20
F= " 2ed P (20)

where £is the length of the component and fis the friction fac-
tor. For laminar flow in pipes where Re <2000, f= 64/Re. For
turbulent flow, f depends on surface roughness and Reynold’s
number as described in most heat transfer textbooks.

The Reynolds number, Re, at the estimated flow rate is
calculated using a correlation for dynamic viscosity of water
(p in kg/m-s) as a function of temperature (in C) [12]:

0.1

= 2.1482[T - 8.435 +/8078.4 + (T — 8.435)%] - 120

The term (E[ku?/2g]) is included in the friction loss equation
to account for losses associated with bends, tees, and other
restrictions in the piping. Although the majority of the
pressure drop in the flow circuit usually occurs across the col-
lector risers, the minor frictional losses are included to
enhance the accuracy of the flow rate estimate. The pressure
drop across the optional backflow prevention check valve

@1

should also be included. For entry from the tank to connecting ‘

pipe, k=0.5. For right-angle bends in the connecting pipe, the
equivalent length of pipe is either increased by 30d for laminar
flow, or k=1 for turbulent flow. Cross-sectional changes at
junctions of connecting. pipes and collector headers, and
headers and risers, are accounted for in the following way
[12}:

Sudden Expansion:

d; \* d;
k=0.667< da) -2.667( 2

2
) +2

(22)
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Table 1 Range of parameters studied in comparison between design
method and TRNSYS

Location: Albuquerque, NM; Madison, WI; Seattle, WA; Sterling, VA
Collector Area: 1.6 a?-5.6 o? {each panel 1.4 o)

Collector Slope: 30°-90°

(Fa¥ly): 3.6 Wal-c-8.6 Wal-c
FR(N): 0.7-0.8
Riser Diameter: 5 w20 om
Number of Risers in Each Panel: 3-15

Connecting Pipe Diameter: 19 =38 om

Connecting Pipe Langth: 4 gel2 m
Number of Bends in Connecting Pipe: 4=12

Conneccing Pipe Thermal Losses: 0 W/udC ~ 1.1 W/mz—c

Heighe of Storage Tank Above Collector: 0m2m
Storage Tanmk Size: 1008 ~500%
Horizontal Storage Tank Length/Diamecer Ratio: 2.7~5.4
Vertical Storage Tank Height/Diamecer Ratio: 1.0-2.7
Daily Load Draw: 1504 -5002
Sudden Contraction:
d, \* d, \?
= -0.3259( . ) —0.1784( : ) +0s @3)
i i

where d; and d,, are the inlet and outlet pipe diameters, respec-
tively. For losses at the entry of the connecting pipe to tank,
k=1. Friction in the storage tank is neglected. Developing
flow in the collector risers, headers, and connecting pipes is
accounted for by adjusting the friction factor as recommended
by Morrison and Ranatunga [3, 4]:

0.038
J=r+ <1 T @R >

All the components of the friction head loss in the flow cir-
cuit at the estimated flow rate are combined and a comparison
is made with the previously calculated thermosyphon head. If
the thermosyphon head does not balance the frictional losses
to within one percent, a new guess of the flow rate through the
connecting pipes is made by successive substitution. The pro-
cedure is repeated with the new estimate of flow rate until con-
vergence to within on percent is reached. Convergence is
usually obtained within three iterations. The resulting single
value for monthly flow rate is that which balances the ther-
mosyphon driving force with the frictional losses in the flow
circuit. The solar fractions are calculated assuming a fixed
flow rate operating in an active system. The procedure is car-
ried out for each month of the year, with the previous months’
“‘equivalent average’’ flow rate as the initial guess of flow rate
for the new month. The fraction of the annual heating load
supplied by solar energy is the sum of the monthly solar energy
contributions divided by the annual load,

12
Z:[F,.L,.
P

12
YL
i=1

Comparison Between the Design Method and TRNSYS
Simulations

249

F= (25)

The- design procedure outlined above was compared to
detailed simulations using the TRNSYS simulation program.
The range of system configurations and locations investigated
are outlined in Table 1. Comparison between the monthly
solar fractions calculated by the modified f~Chart method
outlined above, and TRNSYS simulations with 1/4-hour
timesteps, for all cases listed in Table 1 is shown in Fig. 4. The

MAY 1987, Vol. 109/ 153



Table 2 Description of thermosyphon system for example calculation

Monthly average daily horizontal radiacion: 11,591.0 kJ/mz-day

Yonthly average amblent temperature: 10,0°C

Monthly average clearness index: 0.61

Collector slope: 33.4°C

Mumber of collector panels: 2.0
Collector area per panel: 1.4 o ”
Collector test paramecer Fglp: 17.0 kJ/hr-a*~>C
Collector test parameter Fp(Ta): 9.80

Collector test flow rate: 71.5 kg/hr-mz
Number of risers per panel: 10.0

Riser diameter: o
Combined header length per panel: L
Header diameter: 9
Tank-collector connecting plpe length: 4,
Collector—tank connecting pipe length: 3
Connecting pipe diameter: 0
Number of bends in connecting pipe: 5
Connecting pipe heat loss coefficienc:

Storage tank volume: 250.0 2
Scorage tank diameter: 0.49 o
Daily load draw: 300.0 &
Hains water temperature: 12.0°C
Auxiliary set temperature: 60.0°C
feference height (Hy:) 0.0 =

Height of collector outlet above reference (H,): {0 a

Height of pipe inlet to tank above reference %33): 2.2. m

Height of cank return to collector above
refarence (H,): 10m
Height of tank top above reference ('ds):

.
L
=~
8

Table 3 Summary of calculations for example

Honth ET Xaix Taix Fuix 8 .:.'C/HL Loer Yoer Faer
(kd/a®) tkg/nr)
Jan 17879 1.77 0.56 8.40 3.8 0.95 0.78 0.63 0.51
Fab 21354 1.69 0.689 0.50 36.3 1.16 0.61 0.77 0.62
Mar 24332 1.65 n.81 3.58 43.3 1.40 .45 0.90 0.71
Apt 27087 1.52 9.92 3.86 51.0 1.68 0.25 1.01 G.80
May 27178 .32 3.92 2.67 51.6 1.78 0.20 1.02 0.80
Jun 25304 1.19 0.89 .67 50.3 1.76 .18 0.99 0.73
Jul 24807 .97 .82 3.63 45.9 1.69 2.21 0.9t 0.74
Aug 24993 H 2.84 0.64 47.2 1.67 0.21 0.93 0.75
Sep 25436 .14 . 0.86 3.546 48.2 1.66 0.22 0.95 0.76
Occ 23636 1.37 0.78 3.58 3.7 1.42 0.37 0.87 0.70
Hov 13789 1.60 9.54 .48 35.4 1.09 0.63 a.71 0.57
dee 16302 1,72 3.53 9,37 3t.l 0.90 0.79 0.59 9.48
Tear 3.57 0.69

monthly RMS error is 5.2 percent, and the monthly bias error
is — 1.4 percent. On an annual basis the RMS error is 2.6 per-
cent, and the bias error is — 1.5 percent, for all locations and
system configurations studied (Fig. 5). It should be noted that
for comparison purposes, values of A, the monthly average
radiation incident on a tilted surface, are obtained from in-
tegrating the TRNSYS hourly radiation calculations. Conduc-
tion between the fluid segments in the storage tank is not con-
sidered in the TRNSYS simulations. Morrison and Braun [2]
suggest that conduction should be included for horizontal
tanks with an in-tank electrical auxiliary heater. However, for
tanks without an in-tank auxiliary heater, simulations have
shown that conduction may be neglected for all reasonable
tank geometries [26]. Since the design method was developed
for thermosyphon syphon systems acting as preheat for in-line
heaters, storage tank conduction is neglected.

This design method, based on the original f-Chart formula-
tion, may be easily programmed on a microcomputer. It re-
quires only monthly average weather data and description of
the system component geometry as inputs. By the iterative
scheme outlined above, the monthly average and thus yearly
performance of a thermosyphon solar domestic hot water
systemn may be predicted, enabling design choices to be made
for the sizing of the components of a system.

Example Calculation

To illustrate the necessary calculations, the performance of
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Fig. 5 Comparison between design method and TRNSYS simulation
(annual fractional energy savings by solar)

the thermosyphon system described in Table 2 will be
estimated for January in Phoenix, Arizona. Monthly-average
meteorological data for Phoenix can be found in Duffie and
Beckman [21]. The monthly-average solar radiation on the
collector surface, Hr, can be estimated from the horizontal
data using the method described by Duffie and Beckman. Us-
ing the diffuse fraction correlation proposed by Erbs et al,
[27], Hy=17879 kJ/m?-day.

An initial estimate of the ‘‘equivalent average’’ collector
flow is 15 kg/hr-m? (42 kg/hr for the 2.8 m? collector.) The
collector parameters, Fp U, and Fp (7o) must be corrected for
flow rates other than the 71.5 kg/hr-m? used in the ASHRAE
93-77 test [28] by use of equation 7.5.9 in Duffie and
Beckman. The corrected values of Fp U, and F (7a) are 15.28
kJ/hr-m?-C and 0.719, respectively. A further correction to
these parameters to account for thermal losses from the con-
necting pipes is made using equations 10.3.9. and 10.3.10 in
Duffie and Beckman. The resulting values of FRU, and
Fp(ra) are 16.45kJ/hr-m2-C and 0.711.

The ratio (ra/(7a) can be calculated for each month in the
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manner described by Klein [29], although for simplicity it is
assumed to be unity in this example. The monthly load, L, is
the product of the daily draw, the number of days in the
month, the specific heat of water, and the difference between
the set and mains temperatures. For the system in Table 2,
L=1.87 Gl/day. The f-Chart parameters, X and 7Y,
calculated with equations (2) and (3), are 1.85 and 0.59,
respectively. The solar fraction obtained from the f~Chart in
Fig. 1 with these parameters is 0.41.

Assuming T; to be the mains temperature (12°C) as a first
guess, the critical level, [, is 12.85 W/m? from equation (8).
(An improved estimate of T; is available during successive
iterations.) Using this value in equation (7), the average daily
collector pump operating time is 8.9 hours where
A= —0.00182 and B=9.29E-7 using the relations given by
Evans et al. [23]. The ratio of M_./M, is then 42 kg/hr x 8.9
hr/day/300 kg/day = 1.25. This ratio is used in equation (6) to
yield AX/AX,,, =0.60. Using equation (5), X, is 0.74. To
estimate Y., it is first necessary to calculate Y, from equa-
tion (4). (ra) is not known. The product, Fp(7a) at the
ASHRAE 93-77 test conditions is 0.80. Assuming (r«) to be
0.825, Ypa is 0.68. Thus Y, =0.644 and the solar fraction of
an active system with stratified storage is found from the f-
Chart with X, and Y, to be 0.52. »

An estimate of the average tank temperature is provided by
equation (9). With T =60°C, T =12°C and F=0.52,
Tank =22.4°C. The stratification coefficient, K, is 1.16 from
equation (13) with M=4.9E-4 and E=0.26 from equations
(11) and (12). T; is now calculated from equation (15) to be
10.6°C. Since this temperature is lower than T, 7; is set to
12°C. Equation (17) provides an estimate to 7, equal to
34.2°C where ¢ is 0.98 from the Evans et al. correlation at the
critical level calculated in equation (8).

The specific gravity of water at the collector inlet and outlet
is 0.999208 and 0.994196, respectively, from equation (19).
The thermosyphon head for the geometry described in Table 2
is 0.005787 m from equation (18). The frictional resistance at
the assumed collector flow rate is calculated using equation

-(20) for each component in the flow circuit as summarized
below.

Connecting Pipes

m=42 kg/hr
u=0.0372 m/sec through the 0.02 m diameter pipe
Re=783
f=0.089 (after correcting for developing flow with equa-
tion (24))
hr=0.003231 m (including the effects of pipe bends and
entry and exit cross-sectional changes with equations
(22) and (23))

Risers

m=2.1 kg/hr
u=0.0298 m/s through the 0.005 m diameter risers
Re=157
f=0.415
hr=0.006903 m

Headers
m=22.0 kg/hr
u=0.0195 m/sec through the 0.02 m diameter-headers
Re=411
f=0.17
hp=0.00054 m

The sum of the frictional head terms is 0.01065 m which is
larger than the thermosyphon head. A new guess of the collec-
tor flowrate is made and the calculations are repeated. The
thermosyphon and frictional heads are within 1 percent at an
“‘equivalent average’’ flowrate of 31.9 kg/hr. The January
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solar fraction at this flowrate is 0.51. The calculations for
other months are summarized in Table 3. The annual solar
fraction for this system is 0.69. A listing of a computer pro-
gram which does these calculations is available in [26].
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