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ABSTRACT

An analytical Detailed Loop Model (DLM) has been
developed to analyze the performance of solar
thermosiphon water heaters with heat exchangers
in storage tanks. The model has been used to
study the performance of thermosiphons as a
function of heat exchanger characteristics, heat
transfer fluids, flow resistances, tank stratif-
ication, and tank elevation relative to the col-
lector. The results indicate that good perfor-
mance can be attained with these systems com-
pared to thermosiphons without heat exchangers.

*This work has been supported by the Research and Development Branch,
Passive and Hybrid Division, of the Office of Solar Applications for
Buildings, U.S. Department of Energy, under Contract No. W-7405-ENG-48,



1. INTRODUCTION

A common configuration for solar water heating systems is indi-
cated in the following diagram:

Collectors

Heat Flow

% Standard
Warm Water
——— Tank Water Heater Water
Tank

Heat flow from low-mass collectors to the solar preheat tank is cus-
tomarily accomplished through a heat transfer fluid circulated by a
small pump. The pump and controls represent an investment in terms
of initial cost, maintenance and electrical operating costs. Heat
flow from the collector absorber plate to the preheat storage tank
can also be accomplished by natural convection. In the compact
water heater, the absorber plate is part of the preheat storage tank
housing, that is, the collector and tank are combined, and heat con-
ducted through the plate is distributed through the water mass by
natural convection. During periods of low solar radiation, reversed
convection currents will carry energy back to the cooler absorber
plate and substantial amounts of energy can be Tost through the
glazing, if movable insulation is not used. A variation of the com-
pact heater, the "bread box heater," substitutes a series of
cylindrical tanks for the single rectangular tank. This solves the
structural problem of resisting the water pressure, but increases
the convective and radiative losses due to the increase in the sur-
face area. Another convective solar water heater is the thermosi-
phon, which uses a separate Tow-mass collector set below the storage
tank.

Numerous studies of active heaters, compact heaters, and thermo-
siphons have been carried out (e.g., [1-45, 55]). A few of these
studies have involved theoretical or experimental comparisons of
systems [1-8]. Chauhan and Kadambi [1] tested a compact heater
under two modes of operation. In one mode, natural convection was
used to distribute absorbed energy into the bulk of the water. In
the other mode, a propeller was used to increase the circulation
rate of the water. Use of the propeller produced no appreciable
enhancement of the system thermal performance, showing that natural

convection alone is an adequate mode of heat transfer for this
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configuration.

Place, Daneshyar and Kammerud [2] developed a simplified
analysis to compare the average monthly predicted performance of a
compact heater and a thermosiphon heater under the assumption of no
nighttime reverse flow in the thermosiphon. That analysis predicted
that the performance of the thermosiphon system would be substan-
tially superior to that of the compact heater if movable insulation
were not used to reduce nighttime losses from the compact heater.
Bergquam, Young, Perry and Baughn [3] have drawn a similar conclu-
sion based on experimental comparison of a bread box heater and a
thermosiphon. In the same study, experimental comparisons were also
made between a thermosiphon and several active solar heater confi-
gurations. The collection efficiency of the thermosiphon was found
to be comparable to the best of the active systems; furthermore,
accounting for the pump power makes apparent the superior overall
system efficiency of the thermosiphon. These conclusions are sub-
stantiated by side-by-side tests of a thermosiphon and five active
systems conducted by Fanney and Liu [7,8]. They found the system
efficiencies of the active heaters to be 5 to 45% lower than the
thermosiphon. Furthermore, if parasitic energy consumption were con-
sidered as energy required at a fossil-fueled electric generating
plant, the effective system efficiencies of the active heaters were
calculated to be 30 to 90% Tower than the thermosiphon. The seeds
of this conclusion can also be found in a much earlier work by Close
[9]. His thermosiphon experiment indicated that during collection
hours the average collector temperature was only slightly higher
than the average storage tank temperature. Place, Daneshyar and
Kammerud [2] argued that under these conditions, using a pump to
increase the flow through the collector would have negligible effect
on collection efficiency and could reduce system thermal performance
by reducing the stratification.

These analytic and experimental studies have established the
technical viability of wusing natural convection to transfer heat
from the absorber plate to the storage mass if nighttime reverse
flow can be suppressed. Furthermore, the widespread use of thermo-
siphons outside the United States is evidence of the market poten-
tial of these systems. However, thermosiphon heaters possess
several features which continue to Timit their application in the
United States:

(1) Shielding the storage tank from view is often impractical;

(2) Mounting the tank above the collector creates structural prob-
lems; and

(3) Freezing of the low-mass collector is a serious hazard in almost
all United States climates.



The first problem is an aesthetic issue which can be addressed
in a number of ways; however, in those cases where shielding the
storage tank from view is impractical, many consumers will be
prompted to choose an active heater or do without solar water heat-
ing. The structural problems are not severe 1in new construction,
but they will Timit some vretrofit applications of thermosiphon
heaters. By far the most critical concern at this point in time is
the development of vreliable, cost-effective freeze protection for
thermosiphon heaters. A number of possibilities exist, among which
are:

(1) Use of valves to isolate the tank and drain the collectors when
freezing is imminent [5-8];

(2) Use of a freeze-resistant plastic collector [10,11]; and

(3) Use of a non-freezing collection fluid which transfers heat to
the storage water through a heat exchanger in the storage tank,
such as shown in Fig. 1{a).

A1l of the approaches listed above have disadvantages. For con-
venience, a drain-down system would probably use thermostatic valves
or electrically activated solenoid valves. Thermostatic valves
present problems in design and reliability. Studies on systems
which use solenoid valves [5-8] indicate that in addition to
increasing the dinitial cost and adding complexity (in terms of the
valves as well as the controls hardware), they are prone to failure.
The durability of highly flexible, freeze-resistant plastic collec-
tors subjected to mains pressure, temperature c¢ycling and ultra-
violet radiation has not been adequately assessed; also, the Tow
thermal conductivity of the material can Timit collection efficiency
[10,11]. Using a non-freezing heat transfer fluid with a heat
exchanger also adds complexity and reduces system performance as a
result of the non-ideal heat-transfer associated with any practical
heat exchanger design. Thermosiphon heat transfer fluids can be
used in a single-phase mode (1iquid throughout) or in a two-phase
mode (some 1iquid and some vapor). Propylene glycol (p-glycol)
would be appropriate to the former mode; some freons would be
appropriate to the latter mode [12-16]. The work presented in this
paper is an initial effort to quantify the behavior of thermosiphons
with heat exchangers; p-glycol was chosen as the heat transfer fluid
in the initial studies because of its low toxicity and familiarity
to the solar industry. Recent trends indicate that p-glycol will be
accepted for use with single-wall heat exchangers [17]. In addition
to addressing freeze-protection issues, the current work assesses
the performance implications of various system parameters. As
already indicated, previous studies [2,3,5-9] have established that
good thermal performance can be achieved by specific system confi-
gurations under certain conditions of operation, but none of the
studies has examined system performance over an adequate range of
parameters. In addition to the aforementioned studies, a number of
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other thermosiphon publications are summarized in the Appendix.

2. ANALYSIS

The following analysis enables prediction of the transient and
steady-state behavior of a thermosiphon solar water heater with a
heat exchanger in the storage tank. The system consists of bulk
storage water 1in a tank and a heat transfer fluid circulating in a
closed Toop consisting of a flat-plate solar collector, dnsulated
connecting pipes (riser and downcomer) and a heat exchanger inside
the tank (cf. Figs. 1(a) and 1(b)).

2.1 Heat Transfer Fluid

To utilize a heat exchanger in a storage tank entails some
compromise in the system performance. The effect of the heat
exchanger can be mitigated if a single wall heat exchanger is used.
Single wall heat exchangers have been the subject of considerable
controversy in the solar industry, but recent trends indicate that
they are finally being considered for use when special provisions
are met [17]. One of these provisions is that the collection fluid
(heat transfer fluid) must be "practically non-toxic"; i.e., it must
have a Gosselin toxicity rating of 1, which means the Tikely 1lethal
dose for a human being is greater than 15 gm/kg body weight. In
addition to being non-toxic the fluid must be chemically stable over
the operating range of the system and also be non-freezing at very
Tow ambient temperatures. While p-glycol meets the toxicity and
anti-freeze requirements [41], there is some concern regarding its
chemical stability, because of its tendency to decompose into acids
when exposed to high temperatures and oxygen. However, some recent
industry tests indicate that p-glycol containing the proper inhibi-
tors can operate at temperatures up to 1759C (3509F) for extended
periods without significant degradation [57,58]. Also, when com-
pared to pumped systems, temperatures in thermosiphon systems are
Tess Tikely to reach collector stagnation temperature because of
losses from the tank and the piping. Extreme temperatures could also
be avoided by using a temperature relief valve set below any safety
valve settings.

The toxicity hazard of p-glycol 1in this application may be
minimized because solar systems contain a lTimited amount of the col-
lector fluid that would most 1ikely b93d11uted before consumption.
ABSimpie calculation assuming 0.0075 m” (2 gal) of p-glycol and 0.15
m” (40 gal) storage tank shows that homogeneous dilution 1in the
storage tank of all of the collector fluid will produce a dose of
less than 1 gm/kg body weight for a child consuming a glass of

water--well below the lethal dose of fluids with a toxicity rating



of 1. It thus appears that there is an ample margin of safety for
using p-glycol for solar applications with a single wall heat
exchanger [17]. Even with these assurances, further research still
needs to be done and the following protective measures should be
considered as a minimum:

(1) Using a non=toxic dye in the heat transfer fluid;

(2) Providing extensive warning stickers specifying the type of
fluid and what to do in case of a leak, etc.;

(3) Using a copper-wall heat exchanger; and

(4) Designing the system so that the maximum loop pressure will
nev§r exceed normal city water pressure inside the storage tank
[17].
For the studies reported in this paper, a propylene-glycol solu-

tion, 00% by weight, was selected as the heat transfer fluid. The
properties of p-glycol and water are shown in Fig. 2.

2.2 Basic Assumptions

The basic conservation equations--the continuity, momentum and
energy equations--are averaged over the cross-section normal to the
flow direction so that the only space coordinate, s*, varies along
the thermosiphon loop. The flow is assumed to be laminar and the
density of the circulating fluid is taken to be constant, except in
the buoyancy producing term of the momentum equation, where it is
assumed to vary linearly with temperature (Boussinesq approxima-
tion). The viscosity of the circulating fluid is evaluated at the
average temperature of each system component in accordance with the
temperature dependence shown in Fig. 2. Simulating the convection
effects necessary to determine spatial temperature variations in a
tank containing a heat exchanger can be a complicated and expensive
analytic procedure. In order to simplify the thermal model, a
linear temperature variation is assumed along the vertical axis of
the tank. The temperature differential from top to bottom of the
tank 1is one of the inputs to the computer simulation. In order to
test the sensitivity of system performance to tank stratification,
several simulations were performed based on assumed temperature dif-
ferentials ranging from zero up to 119C. The results of those simu-
lations are presented and discussed in section 4.1. The average
temperature of the storage water is determined at each computational
time step by performing an energy balance on the tank. Other sim-
plifying assumptions include the following:
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(1) Negligible collector heat capacity;

(2) Collector parameters based on actual data for a typical one-
cover, selective surface collector;

(3) Constant overall heat transfer coefficients for the collector
and heat exchanger (U; and Uhe);

(4) Sine function approximations for the solar radiation on the
absorber cover plate and the ambient air temperature based on
monthly average data [54] (cf. Fig. 3); and

(5) A total daily draw of 0,278 m® (73 gal) (cf. Fig. 3).

The system dimensions and the important parameters used in the
analysis are presented in Table 1, and unless otherwise specified,
pertain to all results.

2.3 Mathematical Model

From the equation of continuity for one-dimensional incompressi-
ble flow, Dp/Dt = 0 so that the volumetric flow rate or the velocity
in each component of the system (i.e., collector tubes, headers,
connecting pipes, and heat exchanger tubes) is only a function of
time:

) r
a(t) = 5 v(e)

The momentum equation for the entire thermosiphon loop is
obtained by piecewise integration over each part of the loop which
yields: .

% ® A *
R T N T T R R R § oo
0

e ey D + R
l-\_C, dt Ah dt A dt Ahe dt 0

cp

2

il Q
- gﬂ‘l - B('T~=To)]dz* - <fc-% ¥ KC>~9~Z

d 27,
* 2 * 2 e 2
) Q ) ) Q
iB+KhB’—~jL=*F A S R «fhi@+i< _he
d* 282 P g* P op? € g* he | 552
h h cp cp he he
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TABLE 1. SYSTEM DIMENSIONS AND PARAMETERS

cC
d
d*

cp
d#

&
dhe

%

F %
,Q;k
Q,*
)
Qhe

Q%
cp

*
o

M

i

[

i)

]

[

2 x 1.95 m® (2 x 21 ft2) N =2x09

0.95 cm (0.38 in) Sy = 20080 kd/m*-day (1766 Btu/ft>-day)
2.60 cm (1.03 in) T, = 16.7°C (62°F)

2.68 cm (1.06 1in) AT = 5.5°C (10°F)

5.00 e (1.98 in) U, = F'U_ = 4.201 W/m2-°C (0.741 Btu/hr-ft2-°F)
50.8 cm (20 in) U, =170 W/m2-°C (30 Btu/hr-ft2-°F)
0.9 U, = 0.85 W/m2-°C (0.15 Btu/hr-Ft?-°F)
1.75 m (5.75 ft) V= 0.302 m® (80 gal)

4 x 1.12m (4 x 3.67 t) V = 0.278 m*/day (73 gal/day)

1.52 m (5 ft) o =45

4,54 m (14,9 ft) o = 0.86

1.52 m (5 ft) No. of elbows = 10 -

3 No. of tees = 4

Circulating Fluid: Propylene-Glycol (60% by weight)
CLIMATE: See Figure 3
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Note that “o;} ) dp reduces to zero.

The friction coefficient for laminar flow can be expressed in
terms of the Reynolds number by f = 64/Re, where Re = 40Q/d*. Then
the loss coefficient, K, can be expressed in terms of the friction
coefficient by K = ‘F(Q/d)e . Note that the friction and the friction
loss coefficient vary for gach system component.

Equation (2) is re-written in terms of the volumetric flow rate

inside the connecting pipes, QCps by using the conservation of mass
relation:

DOQCD ) poMQhe - poNQc ) pth

where M and N are the total number of heat exchanger and collector
tubes, respectively.

Substituting flow rates from Eq. (3) into Eq. (2) and simplify-
ing yields:

*
dQ BIA 8md | 1o »
d%p " = é(TwTo)dz* - f;m&&“,_.«
Lepks v AcpPol
where 2 ‘
* * * * 2
9. d 3 q
I q* N 2* d*
cp h cp c

cp h cp c
L
* %*
1 (" he \[ *he \/9
*M*(po){f}{ip} (5b)
) d
cp he
and | d* 3
Y
- _cp L Thiylep L
o s 23 e ()0 S
eqcp h eqh



B and B' in Eqs. 5(b) and 5(c) are the header loss modifiers to
account for effects of tube to header junctions which are given by:

N N

B = 2 5 (N-i+1) and B' = §Z= 5 O(N-1+1)2 (5d)

2
N N ey
To solve for the volumetric flow rate from Eq. (4), it is neces-

sary to obtain the temperature variation, T(s*,t). The energy equa-
tions for the system components are given as follows:

(1) Collector tubes:

ST Qc aT 4
+ Q. *
—% q. (s*,t) 6
Ao os* Potode C ©
where
Acc
% - ¥ '

q. (s*.t) = ;giziﬁ' Flraqg (t)- F UL[T(S*st) - T,(t)] (7)

The following "sine" function approximations are used for the
solar radiation on the absorber cover plate, qsr(t)9 and the ambient
air temperature, T (t) (cf. Fig.3):

a,.(t) = qg, sin (nt/p¥) (8)
where S
Imax = '%=§L (9)
and _ . _ 10
Ta(t) = Toet Tamp sin [2n(t - 9)/24] (10)

Note that S, and P* are the total daily solar radiation [54] and the
duration o¥ sunshine (time between sunrise and sunset), respec-
tively.

(i1) Connecting pipes (riser and downcomer):

Q. a7 4y,
o1 cp _ in [
—t T ey T e eI T(S*st - T t]
ot Acp 3s Docodép ) a( ) _ (11)



The R.H.S. of Eq. (11) corresponds to the energy loss through
the insulation.

(ii1) Heat exchanger tubes:

o , Yhe o1 e
5t * Ahe Nex ” “"“;'Ex“'[T(S*gt) - Ttk (s*,tﬂ (12)

The storage water temperature inside the tank, Ty, 1is assumed
to vary linearly with vertical position, z*¥. The temperature varia-
tion is given by:

LAY J * o gk
Ttk(z*st) = T %h(t) + TLE, [% - (H thﬂz (13)

A range of temperature differences (AT) between the top and bottom
of the tank is assumed. The unknown function h(t) in Eq. (13) must
be determined from the energy balance on the storage tank.

(iv) Storage tank: The energy balance on the storage tank which
includes energy transfer through the heat exchanger walls, losses
through the storage tank insulation, energy delivery to the draw and
the storage term is given as follows:

ﬂd*Z h
mt o+ d 1
W TE Pkt [;:‘ J Tylzmt) dZ*J
tk H*-2¥,
(v [
* 1
’ﬁ"dheﬁzkmuhe i‘;;‘“ f [T(Z*,t) - Ttk(z*,t)] dZ*;
tk H*=S&zk

H *
* * '
h Trdtkgtkuin [;;;— jﬂ Ttk(z*’t) dz* - Ta(t)]
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where

_ AT
() 7 Ty 08) = T ooy + 4T ] (15)
and /
. 1/2 “
dr = (dyy - A (15b)

Note that the exit temperature of the draw is assumed to be the max-
imum temperature inside the storage tank which is given by Eq.
(15a)., The draw profile as a function of time is plotted in Fig. 3.

The equations of the system, (4), (6), (11), (12), and (14),
are made dimensionliess by the following substitutions:

P T
qmax/Uc qmax/uc 1 Qch LT/V
~ p _ sk 7% H® ] B d?{
PE 77 » Ss2,HE =% —"—  vrespectively , d.5 -—
LT/V LT i d’ép
and 6. = ii
i (16a)

where

¢, ¢p, h, he, tk, respectively

ombo
1

and

= * (16b)
L = gE + gzp+ Yo

The characteristic volumetric flow rate, Q he which 1is defined
as the product of the cross-sectional area of 'the connecting pipe,
Acp% and the characteristic velocity, V, is given by:

w2 % ilz2
d

oy - e Mé (17)
Qch cp 4 deoio
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The dimensionless system parameters are given as follows:

(1) Thermosiohon convection parameter:

2
Gr L L
ro= g0 §~f§¥> = 4 R §~¢§w>
Re d d

ch cp cp
4U L
(2) Collector heat transfer parameter: D = “WWWQQZF
€ pcd V
070 Ccp
au, L
(3) Heat exchanger heat transfer parameter: Do #_nhﬁziﬁ
pocodcpv
4y, LT
(4) Insulation loss parameter: D. = auwli;ﬂﬁ
mopecdty
070 CP
. pO CQ
(5) Fluid parameter: s = —_
P Cw
Imax
(6) Solar radiation parameter: ¢y = —
TU
oc
avL
(7) Draw parameter: g(t) = ——5—
md* 2,V
mt tk
A dEp
(8) Collector geometry parameter: §& & ——u
ﬁléNdéz

¥* *
(9) Connecting pipe parameter: Y = dcp/ﬂCp

(18a)

(18b)

(18¢c)

(18d)

(18e)

(18f)

(18g)

(18h)

(181)
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The  modified thermosiphon Grashof, Reynolds and Richardson
numbers based on the characteristic velocity, V, are defined as fol-
Tows {cf. Creveling et al. [49]):

%3
Gr = gcodcpgqmax
’ m 2 (196)
UO COV
*
: ) ponCp
Rech - {19b)
Ho
and N
gd . _Bq Gr
poccv Re%h

The dimensionless forms of Eqs. (4), (6), (11), (12), and (14)
then become:

(a) Momentum equation:

dwc

p | r_ + - L1 dz -~ (20)
2+ 2 L (fq Ke‘y)wc D, %chs¢¢ 20
(b) Energy equations:
(i) Collector tubes:
2
%%—+ é%g> W, %%- = D.E [F'Ta sin(mt/P)-(¢ - ¢a)] (21)
(ii) Connecting pipes:
) 3 o . -
E%'*ch 35 Din (¢ @a) (22)
(ii1) Heat exchanger tubes:
D
_3_91+<_L>2w 3¢ . a@i%,ws@ ) (23)
oT dhe he 9s dpe tk
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and
(iv) Storage tank:

3. METHOD OF SOLUTION

The governing equations of the system, Eqs. (20)-(24) have been
solved numerically using a finite difference method to calculate the
variations of the temperature and flow rates 1in each system com-
ponent. The backward difference formula was used for the spatial
derivatives and the forward difference formula was used for the time
derivatives. The integrals in Egs. (20) and (24) were evaluated by
using the trapezoidal rule. The marching scheme was taken in the
flow direction. Therefore two sets of governing equations were used
to study both forward and reverse flow effects on the system. The
only difference between the ' forward and reverse flow equations
appeared in the buoyancy term in the momentum equation. The equa-
tions for forward flow are given by:

(a) Momentum equation:

W W
CPpyy P
AT L

1

3

5 cpy . D¢ cp

T
n_ 49 ﬂ““(fe + Key)w = E”"E;ﬁ ¢isn+1dz (25)
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where
collector

K-1
$ 4500 02 = <1/2¢J,n+‘l * 2‘ a1 ¥ %¢K9n+1> Asg sin 6
‘j:

riser
I-1
* <%¢Ksn+1 ) e ¥ i/2‘1’19n+1> Aoy s @
, i=1
ht.exchgr.

5-1
- (1/2¢19n+1 + D St T 1ﬁbsw} hz
i=1

downcomer
J-1

- <%¢Ssn+i + Zi O o1t %¢an+1> Asy sin § (26)
i=1

Substituting Eq. (26) into Eq. (25) yields:

wcpﬂ+1 = wcpﬂ [1 -2 %;“(fe + KeY)Ar] + %z ?ZPLS
[ X
gé% ¢an+1 ¥ g ¢§9n+1 * %’¢K9n+%§Asc sin
* é“% Honer T Ly e T ? ¢Ign+1§AS?‘ sin o

| 1
- éf bron T bt 2 ¢S§ﬁ+1§Az

i=1

1

J-1
> + ji ¢ o A, sin Q| 27)
“\2 ¢Ssﬂ+1 i=1 Jontl 2 "J,ntl d (
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(b) Energy equations:

(1) Collector tubes:

2 =
¢i9n+1 ¢i9n + {l,> W ¢i9ﬂ ¢1=15ﬂ
At ¢/ ©q

chéF'Ta sin [n/P (v + AT)] - (®isn+1 - @aﬁ+1 )} (28)

Combining the terms yields:

1 WC
b = é;*w‘”—"_i){¢ { n At > At ]
i,nt1 T+ D EAT)Y)" . 1 - —p 22— |+ 0, w o
c isn dC Asc i-1,n7¢Cy Asc dC

+ DCEAT [F'Td sin [n/P (1 + A1)] + @an+q ]} (29)

(i1) Connecting pipes:
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(111) Heat exchanger tubes:
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iv) Storage tank:
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where

P
]

and 1T = AT

The initial conditions are specified at sunrise by
to the ambient temperature with no flow.

system temperature equal

The continuity of temperatures at the inlet and outlet of each
used as the boundary conditions.

tem component are

IASP

L

c KA%: :

s, R, = JAsd

d
setting the

Sys-
The time and

space increments are chosen to satisfy the stability criteria of the

numerical

procedure which are obtained from the coefficients of the

first term on the R.H.S. of Eqs. (27), (29), (31), and (33).

. T
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AT
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whe

n At

§
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In the program, space increments have been

>

0

(36a)

(36b)

(36c)

(36d)

specifieds  Twenty

space increments were used in the collector and the connecting pipes
{riser and downcomer) and 100 space increments were used in the heat

exchanger and the storage tank.

nodes were used. The flow diagram of the computer program

in Fig. 4.

In order to reduce computation cost, a variable time
used for all cases except nighttime calculations for water as

was

the heat transfer fluid. Note that f_, and Ke in Eq.
The Tow viscosity of water

the temperature dependent viscosities.

For longer connecting piping, 100

is given

increment

(27) include
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results in a long characteristic damping time for fluid oscilla-
tions. It has been observed [56] that a variable time increment
causes system perturbations which are critically damped 1in the p-
glycol case but not in the water case. Therefore, a constant time
step of one second was used for water runs during the night. For
p=glycol and daytime water runs, the time steps were varied between
% SECO?d and 40 seconds, as determined by the stability equations
36a-d).

Detailed measurements are currently being initiated at Lawrence
Berkeley Laboratory (LBL) for purposes of validating the DLM and
providing experimental data on the behavior of the various heat
exchanger configurations. The experiments will attempt to carefully
monitor flow rates (both forward and reverse)., The predictions of
the DLM have been successfully compared to the empirical method of
Close [9] for the case of no draw and no heat exchanger, but addi-
tional experimental validation is clearly needed.

4, RESULTS AND DISCUSSION

The computer program was run for several days to obtain tempera-
ture and flow rate distributions. Figure 5 shows the twenty-four
hour time variation of volumetric flow rate in the Toop and net heat
transfer to the tank for each of the first five days after start up,
for the case that includes a draw from the storage tank. It is seen
that at least three days are required to attain essentially steady-
state performance. Unless otherwise specified, the results
presented 1in this study correspond to "third day" results; i.e.,
steady-state conditions for runs which include a daily draw from the
tank. If an indication is given that no draw is involved, then the
results will be transient, and the day for which the vresults apply
will be specified.

4,1 System Performance

Figure 6(a) shows DLM predictions of the twenty-four hour time
variation of the volumetric flow rate 1in the Toop and net heat
transfer to the storage tank. Three flow rate curves are presented,
corresponding to p-glycol in laminar flow, water in Taminar flow,
and water in turbulent flow. Calculation of Reynolds number for the
water cases indicated that the flow in headers and connecting pipes
is in the transition region (2000 < Re < 5000). It was decided to
make two calculations, one based on the Taminar fiow friction coef-
ficient, f = 64/Re, and theoogger on the Blasius turbulent friction
coefficient, f = 0.316Re™°“Y to define the upper and Tower limits
of the flow rate and its effect on the system performance. As s
expected, the flow rate was decreased for the turbulent case (cf.
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Figs. 6(a) and 6(b)). The flow rates for laminar flow p-glycol and
turbulent flow water are seen to be Tower than the Taminar flow
water case, which is expected based on the higher friction. In con-
trast, the net heat transfer to the tank is essentially identical
for the three cases. This result is somewhat surprising, since we
expect the effectiveness of the heat transfer between the collector
and the tank to be correlated with the flow rate of the heat
transfer fluid. This counter-intuitive result can be understood in
terms of the temperature distribution in the fluid loop. The large
temperature rise which occurs for the p-glycol as it moves stowly up
through the collector is compensated by a large temperature decrease
as the fluid moves slowly through the heat exchanger. The Tow tem-
perature of the p-glycol entering the bottom of the collector and
the high temperature at the top of the collector result in essen-
tially the same average collector temperature as in the water case,
as will be discussed below (cf. Fig. 11{b)). Since the collector
lTosses, which are the dominant lTosses of the system, are assumed to
depend on the average collector temperature and to be independent of
the temperature variations across the collector, the predicted sys-
tem performance 1s essentially the same for the two fluids. In this
comparison of fluids, the thermosiphon system performance is essen-
tially dinvariant for 10 to 15% variations in the fluid flow rate.
“Simulations involving variations in the flow Toop resistance predict
an even larger range of flow rates over which system performance 1is
essentially invariant; these results will be discussed below.

Figure 6(b) shows DLM predictions of the 24-hour time variation
of system volumetric flow rate for the case of a traditional thermo-
siphon water heater with no heat exchanger operating on a day with
no draw;* daytime flow fluctuations are clearly apparent. These
fluctuations in the flow patterns need to be studied more carefully,
particularly from an experimental point of view.

A previous work by the same authors [56] dindicated dincorrectly
the presence of flow oscillations for water throughout the nighttime
period. The simulation on which that study was based used a vari-
able time step in order to reduce computational costs. As it was
structured, the numerical method allowed an excessively long compu-
tational interval immediately after any computation which produced a
very lTow flow velocity. Exaggerated predictions of flow velocity
changes resulted from the Tong computational interval. In effect,
the computational technique provided a random perturbation which was
able to keep the system oscillating throughout the night in the case
of water, the Tow viscosity of which results in a Tong characteris-
tic damping time.

*Using a modified DLM wherein the heat exchanger replaced the tank with

Upe = Uipe
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The sensitivity of the system to this "pseudo perturbation" is
consistent with other predictions in the Titerature. For example,
Zvirin et al. [30] studied the stability of the steady-state motion
in an ordinary thermosiphon system by using a linearized stability
equation and computing the resulting eigenvalues. They predicted
oscillatory modes which could be long-Tived during periods of high
hot water draw from the tank--i.e., during periods when the system
was significantly perturbed by the hot water draw. Furthermore,
there have been numerous theoretical predictions and experimental
observations of fluid flow oscillations in non-solar natural convec-
tion systems [46-53] (see Appendix). Non-oscillatory (i.e., non-
reversing) flow fluctuations can also occur under certain cir-
cumstances. Experimental data from Shitzer, et. al. [31] has indi-
cated the occurrence of daytime fluctuations.

An indication of the effect of the heat exchanger on system per-
formance 1is given by Figs. 7(a) and 7(b). 1In Fig. 7(a) the 24~hour
cumulative efficiency is plotted as a function of the variable
HTR/(1+HTR)S where HTR dis the heat transfer ratio, defined as
(UA c This ratio can be thought of as an indicator of the
effec% o% the heat exchanger on the balance between energy
transferred to the load and to the enviromment (through collector
losses). The cumulative system efficiency is defined as the total
energy transferred to the storage tank divided by the total energy
incident on the system. Four points from DLM runs are used to gen-
erate each curve in Fig. 7(a), which is then extrapolated to the
line HTR/(1+HTR)=1 1in order to estimate the system performance for
an ideal heat exchanger (infinite U The maximum cumulative
efficiency, n thus determined is %%eﬂ used to set the asymptotic
Timit in Fig. ?%b which shows plots of normalized (third day) sys-
tem efficiency versus HTR for the cases with and without draw. Each
curve is plotted using the origin and three points generated from DLM
37m§7at ons. In efch 1 1m§Tati0ﬂ, the assumed value of Uy, is 170

(30 Btu hr™*"F7*ft™%), and the area of the heat exchanger
is chosen to correspend tol, 2, and 3 tubes of 5.08 cm diameter (2
in. nominal). Estimatesof U, _  were based on approximate engineering
calculations and assumptions about the average system temperatures
and fluid flow rates. Those calculations Tnd1ca§e a,possible {angg
of ,ualues for Uy,, from a high,of about 170 wmy Ocl (30 Btu hr
#672) to a Tow BF about 85 Wn29C (15 Btu hr-LOF~Let 2y,  If one
ignores the minor effects associated w1th the flow resistance of the
heat exchanger, Fig. 7(b) can be used to predict the system effi=
ciency of any values of U e and Ay .. Specifically, if the effegtwvg
Upe for the 5.08 cm diame?er tube was assumed to be 85 Wm”
instead of 170 Wm~20¢~ , then there would have to be twice the
number of tubes to maintain the same performance. For each point on
Fig. 7(b) for which a DLM simulation was performed, the number of
tubes corresponding to the two assumed values of Upa are indicated.
The points are for specific system parameters, use patterns, and
climatic conditions, so restraint should be exercised in drawing
general conclusions. However, these results suggest that good
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system performance might be achieved by a thermosiphon with a simple
heat exchanger composed of straight tubes, using p-glycol in the
collector 1oop.

The predicted effect of tank stratification on the system per-
formance 1is shown in Fig. 8. The tank temperature distribution is
an extremely complicated function of the energy delivery, the energy
loss, and the mixing effect of supply water surges. As explained
before a simple tank model is used to reduce computation costs. The
DLM predictions show that a condition of maximum tank stratification
(11°C) results in a system performance about 10% better than for the
condition of a fully mixed tank. This result is attributable both
to the superior heat transfer associated with the colder fluid near
the tank bottom and to the availability of hotter water to be drawn
off at the top of the tank.

The predicted effects of tank elevation relative to the collec-
tor are shown 1in Fig. 9. The daytime flow rate decreases with
decreasing tank elevation as a result of reduced buoyancy forces.
The reverse flow at night is negligible if the bottom of the tank is
above or even with the top of the collector, but becomes substantial
if the bottom of the tank is placed below the top of the collector.
The deleterious effect of the reverse flow 1is apparent from the
nighttime decline of the cumulative energy transfer; the nighttime
losses increase with the rate of reverse flow. System performance
is shown to be insensitive to the daytime flow rate. The daytime
energy transfer is the highest for the tank in the Towest position
(y = «1.22 m). This result is attributable to the Tower system tem-
peratures which result from the nighttime reverse-flow losses.

The effects of flow resistance are shown in Figs. 10(a) and
10(b). Figure 10(a) again shows that, over a Tlarge range, a
decrease in the flow rate has only a small effect on the system per-
formance. The energy transfers are indistinguishable for collector
tube sizes greater than or equal to the nominal 1/4 din. diameter
(I.D. = 0,32 in. =0.80 cm). Collector tubes of nominal 1/8 in.
diameter (I.D. = 0.19 in. = 0.48 cm) produce a slight reduction in
system performance. Figure 10(b) shows the effects of connecting
pipe diameter for a total connecting pipe Tength (riser plus downco-
mer) of 8.4 m (27.5 ft). Compared to the connecting pipe, the col-
lTector tubes are shorter and present several parallel paths to
accommodate the flow. Consequently, pronounced performance reduc-
tions appear at larger diameters for the connecting pipes than for
the collector tubing. For the system configuration being simulated,
the performance reduction in going from 1/4 in. to 1/8 in. (nominal)
collector tubing 1is about the same as the performance reduction in
going from 1 in. to 1/2 in. {(nominal) connecting pipe. Figures
10(a) and 10(b) show that although tubing diameter is not a negligi-
ble factor, flow-independent behavior can be achieved at fairly mod-
est diameters for both the collector tubing and connecting pipe.
The results also indicate the desirability of minimizing the
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connecting pipe lengths since economies can be realized from both the
reduced length and the reduced diameter which can be tolerated without
performance reductions.

4,2 Temperature Profiles

Figures 11 through 16 show typical system temperature profiles for
various tank elevations, heat transfer fluids, and tank stratifications.
The following discussion of those figures illustrates how the detailed
results from the DLM can be useful in understanding the system perfor-
mance.

Figures 11(a) = 11(c) show the temperature of the heat transfer
fluid as a function of height in the loop, at three different times of
the third day. The correspondence between temperatures and points in the
system can be established with reference to points A, B, C, and D which
are labeled on each temperature plot and also on the simple system
schematic at the top of the figure. Temperature curves for the collector
and heat exchanger are solid and for the connecting pipes are dashed.
Since fluid density is assumed to be a Tinear function of the tempera-
ture, the net integrated area under the temperature curve 1is propor-
tional to the net buoyancy driving the fluid around the loop. If the
area integration is performed by moving around the Toop in the sequence
A to B to C toD, then a positive integral is associated with forward
flow and a negative integral with reverse flow. The plots of tempera-
ture versus height are simple closed figures during daytime collection
periods (e.g., at 9 a.m. and 3 p.m.), but are more complex, with cross-
overs, during periods of reverse flow (e.g., at 3 a.m.).

In Fig. 11(a), temperature versus height curves are plotted for
three different positions of the tank relative to the collector. For
the case with the bottom of the tank four feet below the top of the col-
lector, y = =1.22 m, (top diagram), the 3 a.m. plot shows a negative
area which substantially exceeds the positive area, indicating a sub-
stantial net negative buoyancy force to drive reverse flow. For the
case with the bottom of the tank even with the top of the collector
(middle diagram) and with the bottom of the tank 1.83 m above the top of
the collector (bottom diagram), the 3 a.m. plots show negative areas
which are also almost completely balanced by the positive areas, indi-
cating that the net negative buoyancy force driving reverse flow s
small. These results are entirely consistent with the reverse-flow
results presented in Fig. 9. The daytime temperature plots shown 1in
Fig. 11(a) are also consistent with the forward-fiow results and perfor-
mance curves presented in Fig. 9. As the tank elevation increases,
i.e., as we move downward through the diagrams in Fig. 11(a), the posi-
tive area inside the daytime plots increases, indicating a higher buoy-
ancy force driving the flow, with a consequent higher flow rate. In
contrast, as the tank height is increased, the temperature differences
across the collector and the heat exchanger decrease but the average
collector temperature remains nearly constant. Over the range of system
configurations depicted in Fig. 11(a), multiplying the daytime flow rate
times the collector temperature difference at a given time produces
essentially the same value for each tank height. The fact that the aver-
age collector temperature remains constant explains the highly similar
daytime performance curves depicted in Fig. 9.
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In Fig. 11(b), the top diagram shows temperature plots for a system
using water as the heat transfer fluid in the Toop, and the bottom
diagram shows the corresponding plots for an identical system using p-
glycol as the heat transfer fluid. As discussed in the section on sys-
tem performance, p-glycol has a higher viscosity than water which
results in a Tower flow rate and a Targer temperature difference across
the collector. The bottom diagram 1in Fig. 11(b) shows that this
increase 1in temperature difference also results in a Targer positive
area during the daytime collection periods (9 a.m. and 3 p.m.). This
Targer positive area, along with p-glycol's higher coefficient of ther-
mal expansion, results in a buoyancy force which is substantially larger
than that of water circulating in the loop. However, p-glycol's higher
viscous resistance more than offsets the buoyancy force advantage,
resulting in a flow rate which is somewhat Tower than in the water case.
As mentioned earlier, the large temperature rise which the p-glycol
experiences as it moves up through the collector just compensates for
the Tow flow rate, resulting in a collection efficiency which is almost
identical to water.

Figure 11{c) shows the effect of tank stratification on the tempera-
ture profile inside the heat exchangers As expected, for the case with a
large tank stratification (AT = 119C), the rate of temperature drop with
vertical coordinate is smallest at the top of the heat exchanger, where
the high tank temperature 1imits the heat transfer rate, and is Tlargest
at the bottom of the heat exchanger, where the Tow temperature of the
tank water resuits 1n a h1 h heat transfer rate. In the case of no tank
stratification = (QYC), the rate of change of temperature with
respect to the vert?cai coordinate is largest at the top of the heat
exchanger where the hot fluid entering the heat exchanger transfers its
heat rapidly to the cooler tank water, and is smallest at the bottom of
the heat exchanger where the cooled fluid is transferring heat at a
Tower rate. The 119C tank strat1f1cat1on results in a performance which
is about 10% better than for 09C stratification (cf. Fig.8), partly
because of the superior heat transfer associated with the colder tank
bottom, and partly because of the availability of hotter water to be
drawn off the top of the tank. For both conditions of stratification,
the nighttime temperature distribution in the heat exchanger mirrors the
assumed tank temperature distribution everywhere except at the bottom,
where the trickle of fluid entering the heat exchanger reduces the tem-
perature below the adjacent tank temperature. This cooling effect is
Timited to a small region, because of the small reverse flow rate. One
nf the Timiting features of the tank model, which specifies stratifica-
tion as an input parameter, is the persistence of a constant tank stra-
tification throughout nighttime hours. The energy flux on the tank at
night 1is substantially smaller than during the daytime, when the cold
supply water and heat input from the exchanger are driving stratifica-
tion.

Temperature differences (AT) across the collector and the heat
exchanger are plotted in Figs. 12 and 13 for different tank and collec-
tor separations. The sudden increase 1in the collector and heat
exchanger AT at the end of the day corresponds to the onset of the reverse

flow. Hot fluid in the riser reverses direction and enters the collector top
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while cold fluid from the downcomer enters the heat exchanger bottom
resulting in an increase in the temperature difference across these com-
ponents. The minimum value of AT in the early morning (about 5 a.m.)
corresponds to the onset of forward flow. When the forward flow resumes
in the system, the AT initially increases due to the incoming cold fluid
from the downcomer 1into the collector. As the cold fluid moves up
through the collector, the fluid Teaving the collector exit becomes
cooler than the fluid that was there earlier and causes a decrease in
the temperature difference. A similar discussion applies to the tem-
perature difference across the heat exchanger (cf. Fig. 13).

Figure 14 shows the average temperature difference between the heat
exchanger and the storage tank. During the daytime the difference is
positive, indicating energy transfer from the heat exchanger to the
storage tank. During the night the difference is negative, indicating
energy transfer from the tank to the heat exchanger, which 1s charac-
teristic of the reverse flow. During the day the energy transfer for
all cases is almost the same, but there is a substantial change during
the night (cf. Fig.14 for the cases, y = 1.83 m and -1.22 m).

Figure 15 shows the difference between the average collector tem-
perature and the ambient temperature as a function of time. This
difference is proportional to the collector energy loss. For the cases
shown, there is negligible difference in collector loss during the day-
time. However, during the night for the Tow separation case (y = -1.22
m), the high reverse flow rate causes the collector temperature to be
signiticantly higher than the ambient temperature.

The average temperature difference between the collector and the
heat exchanger 1is plotted 1in Fig. 16 for different tank separations.
During the daytime for the cases y = 0 and y = 1.83 m, the collector and
the heat exchanger average temperatures are very close. As mentioned
before this behavior is well established for common thermosiphons (no
heat exchanger and no draw) [91].

5. CONCLUSIONS

A number of conclusions can be drawn from these studies. However,
the following major assumptions (in addition to those inherent in the
model) and the Timited scope of this study should be emphasized when
analyzing these conc?us1o§s The baselgne model consisted of a residen-
tial sized system (0.302 m” tank, 3.9 m* of collector) which included a
vertical tank with straight bare 2 in. diameter copper heat exchanger
tubes, 60% p-glycol heat transfer fluid, and two internally manifolded
tube-in-sheet single glazed selective surface collectors, 1 in. diameter
connecting pipes and tank, 0.61 m above the collector. The heat
exchangeg oyeraTT heat transfer coefficient was assumed to be constant
(170 Wm™49C™*) and the system was modelled for a single warm day, with a
draw profile shown in Fig. 3.
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The performance predictions for three heat exchanger tubes of diame-
ter 5.08 cm (2in. nominal) indicate that the system performance would be
on the order of 90% of that expected from a standard thermosiphon
without a heat exhanger, for the design day simulated. Although annual
performance has not been calculated, this design day result suggests
that there might exist a practical range of heat exchanger sizes for
this particular system configuration.

An analysis was made of the performance sensitivity of this system
to various design parameters from which the following conclusions were
drawn: ' '

(1) Comparing the performances for different assumed linear tank stra-
tifications (AT), it was shown that the system performance is rela-
tively insensitive to the tank stratification. Therefore detailed
tank wmodels may not be necessary. The daily cumulative energy for
no stratification (AT = 0) was about 10% less than for 11°C stra-
tification. The maximum flow rate was decreased about 8%.

(2) Varying tank elevation relative to the collector showed no signifi-
cant effect on the 24 - hour performance until the bottom of the
tank was below the top of the collector. The daytime performance,
however, was unaffected by the tank elevation. The substantial
losses for the lower tank elevations result from reverse flow at
night that 1is suppressed when the bottom of the tank is above or
even with the top of the collector. These 1losses could also be
eliminated by using a suitable one-way valve.

(3) Studies of different collector tube diameters showed that diameters
between 1/4 1in. and 1/2 in.,while causing a difference in maximum
flow rate of about 30%, had a negligible effect on the end of day per-
formance. When the tube diameter is reduced to 1/8 in., the daily
cumulative energy gain was reduced by only 2%. This result indi-
cates that the system performance is insensitive to the collector
flow resistance for most commonly available tube-in-sheet collec-
tors.

(4) When connecting pipe diameters were reduced from 1 in. to 1/4 1in.
flow rate decreased dramatically by 87% and the end of day perfor-
mance was reduced by 16%. 1/2 in. connecting tubes reduced maximum
flow rate by 60% but the performance was reduced by only about 3%.
This indicates that the performance of this system is relatively
independent of flow rate as well as the connecting pipe flow resis-
tance unless the tube sizes are reduced to uncommoniy small sizes.

To fully establish the technical and economic viability of this type
of freeze-protected thermosiphon water heater, the following additional
studies are necessary:

(1) Experimental validation of the Detailed Loop Model (DLM).

(2) Development of a simplified algorithm to study the annual perfor-
mance of thermosiphons with heat exchangers in various climates, and
in particular, the generalization of the dependence on fluid proper-
ties.
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(3) Comparison of the performances of vertical and horizontal tanks.

(4) Design of heat exchangers for thermosiphon systems with vertical
and horizontal tanks.

(5) Comparison with forced convection systems.

(6) Effect of simplifying assumptions, such as constant Uy, F', Up,,

etc.
NOMENCLATURE
A cross-sectional area
Acc surface area of collector
B header loss modifier, Eq. (5d)
B' header loss modifier, Eq. (5d)
c specific heat
d dimensionless diameter

At modified storage tank diameter, Eq. {15b)

De collector heat transfer parameter, Eq. (18b)
Dpe heat exchanger heat transfer parameter, Eq. (18c)
Dsy insulation loss parameter, Eq. (18d)
Ey cumulative energy transfer to storage tank
f friction coefficient
fo equivalent friction ¢oefficient9 Eq. (5b)
F! plate efficiency factor
g acceleration of gravity
-Gy, modified Grashof number, Eq. (19a)
h unknown time dependent function in the storage tank tempera-

ture profile, Eq. (13)

H dimensionless height of the system
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HTR heat transfer ratio = (UA)he/(UAC)C

K friction loss coefficient
Ke equivalent friction loss coefficient, Eq.(5¢c)
2 dimensionless length
2 cp dimensionless total length of connecting pipes (riser and

downcomer)

(Q/d)eq equivalent length of a resistance to flow in pipe

L dimensionless system parameter, Eq. (5a)

Ly characteristic system length, Eq. (16b)

M total number of heat exchanger tubes

N total number of collector tubes

p pressure

P dimensionless Tength of day (total solar time)
q heat flux

Q volumetric flow rate

Re Reynolds number

Recp, characteristic Reynolds number, Eq. (19b)

Ri Richardson number, Eq. (19c)

s dimensionless space coordinate along the loop

As dimensionless space increment in finite difference equations
S¢ daily total solar radiation

t time

T temperature

Tamp g;;ference between maximum and minimum temperature during a
Tave average temperature during a day

AT temperature difference between top and bottom of storage

tank
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V-

overall heat transfer coefficient

collector overall heat transfer coefficient, Uc = F“UL
overall co??ectO? loss coefficient

velocity

characteristic velocity, Eq. (17); total volume of storage
tank

amount of draw

dimensionless volumetric flow rate (or velocity)

horizontal position of tank center relative to collector top
vertical position of tank bottom relative to collector top
dimensioniess vertical space coordinate

dimensionless vertical space increment in finite difference

equations

Greek symbols

normal absorptivity of collector absorber plate; horizontal
angle between riser and collector top

thermal expansion coefficient

connecting pipe parameter, Eq. (18%)
thermosiphon convection parameter, Eq. (18a)
fluid parameter, Eq. (18e)

draw parameter, Eq. (18g)

cumulative efficiency

collector tilt angle

absolute viscosity

collector geometry parameter, Eq. (18h)

density



Z(Q/d)eq

wl B

summation of equivalent length of a resistance to flow in a
specified system component

dimensionless time, normal transmissivity of collector cover
plate

dimensionless time increment in finite difference equations
dimensionless temperature
solar radiation parameter, Eq. (18f)

horizontal angle between downcomer and collector bottom

Subscripts

ch

cp

€q

he

in

ambient

collector tube

characteristic

connecting pipes (riser and downcomer)
downcomer tube

exit

equivalent

header |

heat exchanger

space step in finite difference equations; instantaneous
inlet; insulation

Tocation at the end of riser

Tocation at the bottom of collector
Tocation at the top of collector

max imum

time step in finite difference equations

circulating fluid properties at reference temperature
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r riser tube
s supply
sr solar radiation
S Tocation at the end of heat exchanger
tk storage tank
W water
Superscripts
* dimensional
- average
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APPENDIX
SUMMARIES OF VARIOUS THERMOSIPHON PUBLICATIONS

e For a specific thermosiphon configuration, Close [9] observed exper-
imentally that the average collector temperature was only siightly
higher than the average tank temperature. Based on this experimen-
tal fact, he developed a simple analytic model for predicting the
daytime performance of such a thermosiphon under the conditions of
no draw and clear sunshine. Using a simple heat balance for the
entire thermosiphon system, he was able to generate a differential
equation describing the time variation of the average tank tempera-
ture. The solution to the differential equation 1is an analytic
function under the condition of a sinusoidal time variation of the
ambient air temperature and the solar irradiance. The method is
very simple and quite accurate in predicting the performance of the
specific system configuration under the specific environmental con-
dition considered. The method is Timited by its empirical foundation
which does not provide information about variations in system per-
formance as a function of changes in system parameters or environ-
mental conditions.

e Chinnapa and Gnanalingam [18] described an alternate scheme for
including the solar radiation data by using cumulative partial sums
each hour.

e De Sa [19] generated a lumped parameter heat balance equation which
he solved numerically using actual solar radiation data and a half-
hour time step. The model was used to predict the tank temperature
as a function of time for a day with no hot water draw. Exgerimeﬁtai
results presented agreed with predictions within about 1.1°C (29F).

e Igbal [20] performed experimental and theoretical studies of the
effects of free convection superimposed on forced flow in uniformly
heated inclined tubes. The studies identified the tube tilt angle
for transferring heat from the absorber plate to the circulating
fluid. Total system performance was not optimized as a function of
tilt angle,

e Gupta and Garg [21] improved on the Close analysis by incorporating
a collector plate efficiency factor and approximating the variable
ambient conditions by using Fourier series expansions for the
ambient temperature and the solar frradiance. They also made day-
time and nighttime experimental observations. The theory and exper-
iment agreed well during the daytime hours; the observed nighttime
system loss rate was almost halfway between the loss rates predicted
for the two extreme cases of perfect coupling high reverse flow and
perfect decoupiing no reverse flow between the collector and storage
tank.

e Chinnery [22] investigated experimentally the effect of collector
characteristics, tank elevation, and climate on collection effi-
ciency. He experimentally determined the loss of pressure in the
absorbers as a function of flow rate and the results, which were

given in graphical form, were used in calculating wmaximum pipe
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lengths in the primary flow circuit. He also developed a mathemati-
cal formulation which explained how reverse flow could occur under
certain specific conditions but he made no predictions of the magni-
tude of the effect on system performance.

Ong [23] extended the Close analysis by using a finite difference
solution procedure and a different formulation of the plate effi-
ciency factor. He retained the assumption that the mean temperature
of the absorber unit and the storage tank are equal, but the plate
and fin efficiency, plate heat-loss coefficient, tube-water film
heat-transfer coefficient, friction factor and physical properties
of the water were allowed to vary with temperature and water flow
rate, evaluating each of these variables according to the flow and
temperature conditions at the instant of time considered. 1In a
later paper Ong [24] improved the analysis by dividing the convec-
tive Toop into several sections on each of which an energy balance
was performed. In both studies, Ong predicted and measured the mass
flow rate, mean tank temperature, collector efficiency and mean sys-
tem efficiency. The experimental value for mean system efficiency
was larger than the prediction of the simple modet by about of a
factor of 1.25. The fdmproved analysis reduced the error to less
than half.

Zvirin, Shitzer and Grossman [25] developed a mathematical model for
obtaining the steady-state temperature distribution and flow rate in
thermosiphons.

Baughn and Daugherty [26-28] both analytically and experimentally
investigated the daytime behavior of a thermosiphon water heater as
a function of collector area, storage tank elevation, and solar
irradiance.

Daneshyar [29] used a variation of the Close analysis to predict
average monthly system performance assuming a batch draw at the end
of the day and no night Tlosses. A significant feature of
Daneshyar's analysis was the prediction of available solar radiation
based on easily accessible meteorological data. He also conducted
experiments which indicated that his theoretical predictions of sys-
tem performance were within about 10% of the observed performance.

Zvirin, Shitzer and Bartal-Bornstein [30] developed an analytic
one-dimensional model for the thermosiphon Toop. Stability of a
steady-state motion in the system was analyzed by using the Tlinear-
jzed stability equations and computing the resulting eigenvalues.
They found perturbation modes which decay very slowly and oscilla-
tory modes with period on the order of the time required to circu-
late the Tloop. They also predicted system dinstability during
periods of high draw rates.

Shitzer, Kalmanoviz, Zvirin and Grossman [31] studied the daytime
behavior of thermosiphon wusing thermocouples and a special low-
resistance flow meter based on thermal dissipation tracing. The
results showed essentially linear temperature distributions in both

the collector and the tank, for the no-draw situation. Water flow
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rate was found to be about 33% Tlower than the rate predicted
theoretically by the authors, Daytime fluctuations 1in the water
flow rate were observed, but the authors were unclear whether the
effect was real or an artifact of the instrumentation. Similar flow
fluctuations have been predicted for a non-solar convective 1oop by
Keller [46]. Furthermore, flow oscillations have also been
predicted theoretically or observed experimentally in non-solar con-
vection loops by Wissler, Isbin and Amundson [47], Welander [48],
Creveling, De Paz, Baladi and Schoenhals [49], Greif, Zvirin and
Mertol [50]1, Mertol [51], Mertol, Greif and Zvirin [52], and Zvirin,
Jeuck 11T, Sullivan and Duffey [53].

Morrison and Ranatunga [32,33] measured thermosiphon flow rates
using a laser doppler anemometer and developed an analytic model for
describing the transient flow process. Their studies included an
investigation of system response to step changes in the solar radia-
tion. Their results showed that, although there are long time
delays associated with the development of the thermosiphon flow, the
energy collection capability is not significantly affected by flow
delays.

Mc Donald, Hwang and DiCiccio [12], Al§ and Mc Donald [13]1 and Mc
Donald and Ali [14] studied the performance of a two-phase thermosi-
phon waste heat vrecovery system. Their vresults indicated that
optimum performance wmay be expected from a thermosiphon loop when
the evaporator and condenser tubes are oriented in such a way that
the condenser dis nowhere flooded, no dryout occurs in the evapora-
tor, and negligible liquid is carried over from the evaporator into
the condenser. Mc Donald, A1 and Sampath [15] and Mc Donald and
Sampath [16] investigated both bi-directional and uni-directional
two-phase coil Toop thermosiphon heat exchangers both experimentally
and by computer simulation. Their results showed that single tube
two-phase thermosiphon loops may be designed to provide peak perfor-
mance over a modest vrange of operating temperature differences.
Uni-directional loops offer a higher performance than bi-directional
loops but are more sensitive to changes in the 1imposed temperature
differences.

Huang [551 studied common thermosiphon solar water heater systems,
without a heat exchanger in the storage tank, by solving a dimen-
sionless form of the energy, momentum and continuity equations using
a finite difference technique. This is essentially the same tech-
nique used in the present work except for differences in several
important assumptions: Both studies assumed one dimensional velo-
city and temperature distributions in the system, negligible heat
capacity of system construction materials, negligible axial conduc-
tion and a sinusoidal solar input. Huang [55], however, did not con-
sider transient heat transfer inside and heat loss from connecting
pipes and storage tank, and considered only laminar flow in the sys-
tem. In addition, a parallel plate collector, constant ambient tem-
perature, and no draw were assumed. The DLM on the other hand con-
sidered transient heat transfer in connecting pipes, heat loss from
all components, turbulent and laminar flows, parallel tube collec-

tor, draw profile, as well as nighttime reverse flow. Huang [55]
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performed a parametric analysis for ten different system parameters
that showed the effect on flow rate and mean daily efficiency of
tank volume, solar insolation, tank height and system flow resis-
tance. These results indicated that the system performance was
essentially independent of tank height for low flow resistance sys-
tems but increased with height for high resistance systems.
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