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Thermosyphon solar domestic hot water heating systems operate at
low, self regulated collector flow rates. Their performance is gene-
rally hetter than active (i.e., pumped] systems operating at conven-
tional flow rates, and is comparable to pumped systems operating at
Tlow collector flow rates. A study of thermosyphon systems has been
undertaken to determine collector flow rates and thermal stratifi-
cation in storage tanks, assess how these flow rates relate to those
used in pumped systems with various control strategies, and develop a
design method for thermosyphon systems based on equivalent flow rates
for pumped systems. The design methed for estimating long term
performance 1is based on the original f-Chart method, and Tequires
only monthly average meteorclogical data and a description of the
system component geometry as inputs. Thermal stratification in the
storage tank is accounted for through use of a modified collector
heat loss coefficient. The varying flow rate ;hrcughuut 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 moenthly

average basis. Comparison between the annual solar fraction pre-
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dicted by the design method and TRHSYS simulations for a wide

of thermosyphon solar DHW systems shows an RMS error of 2.6%,

.y
R P

APPROVED:

//ﬁ/-/%w'

range

Date

&
iy

Zinfard A, klein, Prefessor
Mechanical Engineering

iii



ACKNOWLEDGEMENTS

I would like to thank my thesis advisors, Professors Jack Duffie
and Sandy Klein, for their guidance and encouragement throughout this
project. Thanks also to Jim Braun for his computer help, and to my
friends in the Solar Lab for making the Lab much more than Just a
place to work. Lastly, a special thank you to a special person,
Linda (alias Jack), for her caring and confidence.

Financial support for this work was provided by a grant from the

U,5, Department of Eneragy.

iy



TABLE OF CONTENTS

FAGE
ABSTRAET‘III.‘II‘.‘II‘I'I""I""‘ """"""""""""""""" B, & .ii
ACKNGHLEDGEMEHTS lllllllllllll [ T B N NOC R B B BT R R B BN R RN BN BN BN B R EE B RN O LB 1”

LIST [lF FIGURESIi.llIl‘.i'lIi"iI""'lll'.‘""ll'l"‘l'lll“'ll"'l'l""l'"-"- V..I.i.i

LEST  OF “TABLESciumw s v v s ioamn v e, o o e A X
HOMENCLATURE . cunisviviva sanvedduwuidaisceaens cesiransessrTrens xi
CHAPTER 13 THTRODUCTIOR: cisaisvisesssivdiidivinsveinvaieive P 1
L.l Freefa PrOLBCETON, »u e rnnt vonsiesmeii s ea i asossassss e 5
1.2 HBS Side by 5ide Test..cciisnsssvsnirenasrsssrosnrresane &

1.3 “"0pting] Control SErEteay” cienumrvmseammmrrmammsanimn o 12
1.3.1 Natural vs. Pumped Circulation...ceesssssaseranss 14

1.4 Review of Thermosyphon Modeling Literature,..vevvsenness 18
I:d:1 Long Term PerformMamce, i ciisiesiesiiediiiusvasesns 22
CHAPTER 2: DETAILED MODEL USING TRNSYS .. isevanvenvaresarnsnnns 24
2,1 TRNSYS Utility Components....eeevevrmesnnnsns LA e 27
2.1.1 TMY Data Readeriiisesisesarssostsssssrsosrrossras 2]

2.1.2 5Solar Radiation Processor.........- e, T —— 27

2.1!3 RA“D Lﬂad DrawilII.iiII.'llII‘.‘II"III.'II..'I‘"‘ 28

o2 BIRINg Ve Ve cawmvmawmmvmms wamme e s s R R R 28
2.3 Thermosyphon Collector Storage Subsystem.....cociceacsnes 28
Zadul  Eol Tt toR e s D T i R 29
2352  Gonnecting pIDRi i il ddvraavaee vi yeasises 30
2.3:3 Stratified Storage Tanku,.idsiadeas s dusedss 30



2.4 Comparison with NBS Experiment.....covvevvenrenessns ——
2.5 Process DyRamich.ciescsievese dvecuiness s sasonas TR
2.5.1 ENErgY¥.iseeissasarsoansonasirssnsransrrossnnannns
2852 Flow Rate:ivivirviveiediiusissseiadavags reseanes
2.5.3 TeEmperaturt. cesiecansnsasssnan F P R sy e fl e
CHAPTER 3: DESIGN METHOD FOR THERMOSYPHON SYSTEMS. ..cuuecenn
3.1 Stratified Tank Modification......ee.s T
d.1:1 Pump Dperating TIDE..vesesrrsiisrnswnesomessniays

3.2 "Eguivalent Average" Flow REte....ceusevcvsncsssnas o
J.2.1 Storage Tank Average Temperature....cecvsceancress
3,2.2 Stratification Coefficienti......aui seisiEa e i
3.2.3 Thermosyphon Head, ., ieairvssisseaivnmrsrvnanrnreis
d.2.8 Frictiona]l ResistAnCe....csaiseciinssncsnansnnass

3.3 Comparison Between Design Method and TRNSYS Simulations
3.4 Example of Using the Design Method..,.ccveccroionnninnnn

EHA?TER 4!- FUTURE CDNSIDERATIDH-SIIilII.ilIiiillI.iIII"‘ll"il'

A1 Tash MeERnda. o oviisinm e v end S i e e s e e R e
4.2 Indirect Circulation.ceicoiesiinsnsinas R RS R
43 ConC U O s o s r  E  SS R e

APENDIX A.  TRNSYS DECK FOR THERMOSYPHOMN SOLAR DHW SYSTEMS
USING TMY METEOROLDSICAL DATA...:cinssssavinnniion

APPENDIX B. FORTRAN LISTING OF DESIGN METHCD FOR THERMOSYPHON
SOLAR: DAW SYSTEMS. . oo varmpmamsn npen WSpp— tesstranana

vi

PAGE
3
36
37
39
42
45
45
49
52
53
i
57
58
62
67
i
77
82
83

g/

90



PAGE

APPENDIX C. TRHSYS DECK FOR SIMULATING THE ASHRAE 95-1981/SRCC
200-82 TEST METHOD FOR THERMOS YPHON SOLAR DHW
ST TEMb s is v e R e R 104

REFEREHCES ......................................... @ 8 BB B 0B S8 1(}?



LIST OF FIGURES

PAGE

Figure
1.1 Thermosyphon system showing flat plate collector cross

Tl o ¢ SR A A R caresas 3
1.2 MNBS single tank direct circulaticn thermosyphon system.... 7
1.3 MBS single tank direct circulation active system.....ccau. 7
1.4 HBS double tank direct circulation active system...ivieass 2
1.5 NBS single tank indirect circulation active system.,,...s 8
1.6 MNBS double tank indirect circulation active system........ 8
1.7 A:"Eg; fractional energy savings for five systems tested .

BE MBS i o e R .o

1.8 Effect of collector flowrate on solar fraction for a _
stratified tank and a fully mizxed tank system.ieevrvssrras 15

1.9 Monthly solar fraction as a function of M_ /M, for a

thermosyphon and two active system control s rategies..... 17
2,1 TRHSYS information flow diagram for a thermosyphon system 25
2.2 Schematic diagram of a thermosyphon system.....ccvvevervns 26

2.3 Dperation of "plug flow" storage tank model....cceuvenirias 32

2.4 Energy process dynamics throughout the day fer a 1.4 m2
collector area thermosyphon systeli.ueevressvsessrsrssnrrans 38

2,5 Energy process dynamics throughout the day for a 2.8 e
collector area thermosyphon SysSteMiuvevivssaresanrsasnrrnans 38

2,6 Flow rate process dynamics throughout the day for a 1.4 m?
collector area Thermosyphon system, .ceciieeiressrmrsanrmas 40

2.7 Flow rate process dynamics throughout the day for a 2.8 m2
collector area thermosyphon SysStem...eveveveevas SRR 40

¥iti



2.8

2.9

3.1

e

3.3

3.4

3.5

4.1

4.2

Temperature process dypamics throughout the day for a
1.4 m- collector area thermosyphon system....... PP e

Tempﬁgatura process dynamics throughout the day for a
2.8 m® collector area thermosyphon SySteM...veesvessnsnnss

Liquid system f-Chart showing the relationship between
the f-Chart parameters for a collector with no thermal
Togses, a system with a stratified storage tank, and a
system with a fully mixed storage fank.. ... ciiicuivnaans

Monthly average storage tank temperature (non-
dimensionalized) as a function of monthly solar fraction
for a thermosyphon SYSTeM.,ivevvrrrasrsresssons R o)

Thermosyphon system schematic shewing heights needed for

Eq‘ {3i23]lilIi.i'lIiiiIIllIII.‘II‘l‘"iI"‘iil""l.'il-.‘l'fl

Comparison between monthly solar fraction calculated by
the design method and TRNSYS simulations, for the range
of systems ocutlined 1Tn Table 3.2..ciivenunsnnnrnssannassns

Comparison betwsen annual sclar fraction calculated by
the design method and TRNSYS simulations, for the range
of systems outTined in Table 3.2..iiviaavinsanvinaei S

SRCC 200-82 test metheod sg1ar racdiation and hot water load
draw profiles for a 2.8 m” collector area system,,..eeees-

Comparison between solar fraction calculated by ASHRAE/SRCC

test method, and annual TRMSYS simulations for Albugquerque,
New Mexi':o"litilIillillill‘llllllil'lItllll'llllfll'll!'!'l'lll!'!!l'! ''''''

ix

43

43

47

b5

64

81



LIST OF TABLES

Table

2k

2a2

3.1

3.2

3.3

Effect of Conduction on System Performance in 5Storage
Tanks of Varicus Geometries...... WA

Comparison of Experimental Results at the Hational Bureau
of Standards and TRR3YS Simulation of a Thermosyphon
SystemlI-i-l-iII-iilIlillllli!ll!l!l!l'lit '''''''''''''''' L

Collector Tilt Angle for Optimum Monthly Incident Energy..

Range of Parameters Studied in Comparison Between the
Design Method and TRNSYS Simulations...c.cceieecieonannas -

Description of Thermosyphon System for Sample Example.....

FAGE

34

35

63
&8



coefficient for
callecteor area

surface area of
surface area of
cross sectional
ceefficient for
coefficient for
coefficient for
coefficient for
coefficient for

collector fluid

HOMENCLATURE

Evans' utilizability correlation

tank — collectar inlet connecting pipe
collector cutlet - tank connecting pipe
area of storage tank

Evans' utilizability correlation
Copsey's correlation

Copsey's correlation

Copsey's correlation

Copsey's correlatian

specific heat

storage water specific heat

diameter of c¢ollecter risers, headers, or connecting

pipe
inlet diameter

cutlet diameter

collector effectiveness

Darcy friction factor

zolar fraction

collector efficiency factor

collector heat removal factor

acceleration due to gravity

®i



friction head Toss

thermosyphon buoyancy driving force

height of storage tank

height of collector inlet above reference
height of collector cutlet above reference

height of connecting pipe inlet to storage above
reference

height of tank return to collector above reference
height of tep of storage tank above reference
daily solar radiation incident on the collector
hourly solar radiation incident on the horizontal
hourly beam solar radiation on the horizontal
critical radiation level

hourly diffuse solar radiation on the horizontal
hourly solar radiation incident on the cellector
hourly extraterrestrial radiation

right angle bends in connecting pipe

thermal conductivity of water in storage tank
stratification coefficient

clearnass index

modified clearness index for Evans' correlation
lepgth of collector risers, headers, or connecting pipe
monthly hot water heating Toad

collector fluid flow rate



hot water load flow rate

L
Menct collector fluid flow rate during ASHRAE 93-77 test
M mixing number
HEEHL ratio of daily collector flow to Toad flow
N units correction
Ni number of collector nodes
Mp collector pump operating time
Oaux auxiliary energy reguirement
N oss storage tank heat Toss
qsup energy supplied to Toad
qu useful solar energy gain
Qu-F useful solar energy gain including connecting pipe heat
loss
Re Reynolds' number
5 absorbed solar radiation
8% specific gravity of collector fluid at collector inlet
Sﬂ specific gravity of collector fluid at collector outlet
T temperature (°C)
Y ambient temperature

Tayes Ttanh average temperature of water in storage tank

Py Tegs callector fluid inlet temperature

Fe temperature at the midpoint of a collector node
Thains mains water temperature

3 S collector fluid outlet temperature

xiid



pipe inlet temperature

pipe outlet temperature

auxiliary heating water set temperature

temperature of water from tank supplied to mixing valve
temperature of water from mixing valve supplied to Toad
fluid velocity in connecting pipes

fluid velocity in collector headers

fluid velocity in collector risers

overall collector heat loss coefficient

thermal loss coefficient of the connecting pipe
overall storage tank heat less ceefficient

cverall pipe heat loss coefficient

f=Chart correlation parameter

f-Chart correlation parameter for fully mixed storage
f-Chart correlation parameter for stratified storage
f-Chart correlation parameter

f-Chart correlation parameter for Fp = 1.

f-Chart correlation parameter for fully mixed storage
f=Chart correlation parameter for stratified storage
collector tilt angle (slope)

collector azimuth angle

latitude

utilizability

declination angle



At units correction

AXSA R e x correction for stratified storage

£ heat exchanger effectiveness

u fluid dynamic viscosity

{ta) transmittance - absorptance product
t hour angle

An overbar (7)) indicates monthly average values,

AY






CHAPTER 1: INTRCDUCTION

Thermosyphon solar domestic hot water (DHW) systems are widely
used in Australia and Israel, and are gaining popularity in Japan,
the United States, and elsewhere. The collector fluid in a thermo-
syphen system is circulated by natural convection, eliminating the
need for the pump and controller of an active (i.e., pumped) system,

The key to the operaticon of & thermosyphon system is the loca-
tion of the storage tank above the collector. By piping the outlet
of the cellector to the top part of the storage tank, and the bottom
of the storage tank to the collector inlet, a closed loop system is
formed., During daylight hours, the collector fluid is heated and be-
comes warmer and less dense than the fluid in the storage tank, 1In a
direct natural circulation system, water will flow through the col-
lector risers and connecting piping, into the storage tank. Hot
water may be drawn from the top of the tank to load, while colder
mains water replenishes the bottem of the storage tank, A check
valve may be included in the connecting piping to prevent reverse
flow at night, when the water in the collector 15 at a lower tempera-
ture than the water in sterage. The flow rate in a natural circula-
tion thermosyphon system varies throughout the day and year, depen-
ding on the absorbed radfation, fluid temperatures, system geometry,
and other factors. Thermosyphon systems may be described as self-
adjusting, with increasing solar radiation leading to increasing flow

rates through the collector [1].



(%)

& sketch of a thermosyphon system is shown in Fig, 1.1, 1llu-
strating the basic parts of a flat plate salar collector. The ab-
sorber plate 15 used to convert solar radiation to heat, which 1is
then transferred to a fluid {(water) that flows through the risers.
The abscrber plate and risers are usually coated black to enhance the
energy absorption. Glass covers, usually single or double, are
transparent to incoming solar radiation and relatively opague to out-
going long wave radiation, creating a "greenhouse" effect. Glazings
alsc protect the abscrber plate from the environment and reduce gSon-
vection heat loss. Insulation is applied to the back and edges of
the absorber plate to reduce conduction heat Toss.

Thermosyphon systems have some practical advantages and dis-
advantages compared with active solar DHW systems, A typical active
system requires a pump to force the fluid to circulate through the
collector. & differential temperature controller, sensing the
temperatures at the bottom of the storage tank and at the outlet of
the collector, turns the pump on and off, depending on the controller
deadband settings. The pump has an inherent parasitic power require-
ment, albeit usually slight, and possible maintenance reguirements.
Furthermore, a malfunction of the controller, which is difficult to
detect, can drastically lower the performance of an active solar
heating system. Thermosyphon systems have no need for a pump or con-
troller, and therefore avoid any problems which may be asscciated

with their operation,
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Figure 1.1 Thermosyphon system showino flat plate collector
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Several disadvantages of thermosyphon systems result from the
need for locating the storage tank above the collector. For meost
residential uses, the collector array 1s mounted on the roof, and
therefaore the storage tank must also be mounted on the roof. In
retrofit applications, the roof construction may not be adequately
designed to handle the weight of a water storage tfank. Besides
structural problems, the location of the thermosyphon system storage
tank outside, instead of in the basement as in most active systems,
presents a thermal disadvantage. 1In an active system, heat louss from
the storage tank in the winter may be considered as heat gain 1n
aiding to meet the house's space heating reguirement, while thermal
loss to the environment in a thermosyphon system cannot he utilized.
Careful consideration must be given to the insulation of the storage
tank to minimize thermal losses. Lastly, a storage tank elevated cn
stilts on the roof of a house may pose aesthetic problems., A so-
lution to this problem may be found by concealing the tank from view
hy a false chimney, or some other means of architectural integration
in a new construction [2]. The assthetic problems may be minimized
by the "close coupled" thermosyphon system design, 1in which the
storage tank is situated horizontally, directly above the collector.
The "close coupled" design alse has the advantage that the collector-
piping-tank system 1s usually manufactured and marketsd as a single

unit, reducing plumbing costs.



1.1 Freeze Protection

In its basic form, a direct circulation thermosyphon solar [HW
system is not suited to year round use in freezing climates, since
water remains in the collector at all times. In areas where freezing
is infreguent, freeze protection may be accomplished by installing
auxiliary heaters in the lower headers of the collector panels [3].
An alternate methed of freeze protection involves the use of manual
or solenoid actuwated automatic valves, to drain the water from the
collector and cennecting piping during freezing conditions. Strate-
gies for freeze protection in a thermosyphon system are similar to
those in a direct circulation active solar DHW system in which pot-
able water is both the circulating and storage fluid. An active
system however, 1: more easily configured for indirect circulation in
which an antifreeze soluticon is circulated through the closed collec-
tor loop, and heat is transferred through a heat exchanger to the
potable water for storage. Antifreeze systems, although more compli-
cated than direct circulation systems, are more appropriate for year
round wuse in very cold northern climates. Indirect circulation
thermosyphon DHW systems are currently on the market, but are not
considered in this study. A typical residential hot water heating
Toad s equal, if not greater, in the summer than in the winter.
Therefore, thermosyphon systems with direct circulation may be eco-
nomically competitive with other systems, in a1l bhut the most severe
climates, even if used only during the warmer spring, summer and fall

months,



1.2 HNBS 5ide by Side Test

The thermal performance of five liquid based solar DHW systems
has been carefully menitored by the National Bureau of Standards
(NBS) in Gaithersburg, Maryland [4]. A1l the systems were run side
by side under identical meteorolocical conditicns and each provided
approximately 265 liters of hot water per day. The system canfigu-
rations include a single tank direct circulation thermosyphon system
(5TDT), a single tank direct active system (STDA), a double tank
direct active system (DTDA), =& single tank dindirect circulation
active system with & wrap around heat exchanger (STIA}, and a double
tank fJndirect active system with a coil in tank heat exchanger
{DTIA). A1l of the components of the direct circulation systems,
with the exception of the storage tanks, are identical. A.H. Fanney
and S_A. #lein [4] present a description of each of the five Tiguid
based systems, plus one evacuated tube air system, and the instrumen-
tation used to monitor their performance. Measurements of the col-
lector performance characteristics, storage tank heat loss coeffici-
ents, heat exchanger effectiveness values for the +twe indirect
systems, and storage tank temperature profiles are included., Sche-
matic diagrams of the five ligquid based systems appear in Figs. l.z-
1.6,

The fracticnal energy savings, by sclar, for cach of the systems
during the one year time interval from January-December 1980 is shown
graphically in Fig. 1.7. Parasitic energy use includes the energy

recguirement of the solenoid actuated freeze protection valves, and
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the pump and controller of the active systems, Parasitic energy use
results in a reduction of the fractional ernergy savings from between
3 and 6 percent, depending on the system. The effect of parasitic
energy use on the solar fraction is greater for the direct systems as
compared to the indirect systems because the fail safe freeze protec-
tion scheme used in the direct systems requires two solenoid valves
to be energized continucusly during non-freezing coenditions, The
direct circulation active systems require more parasitic power than
the thermosyphon system due to their pump and controller.

The thermosyphon system requires the JTeast amount of auxiliary
energy of the six systems tested, and thus provides the greatest
fractional energy savings by solar, The single tank direct circu-
lation active system performs slightly better than the double tank
system, which is consistent with earlier studies at HNBS [5]. The
smaller surface area 1In the single tank system results in Tess tank
thermal energy loss than in the double tank system. However, the
double tank system has a greater capacity to meet the heating leads
during periods of insufficient solar radiation. A thermal perfor-
mance comparison between single tank and double tank indirect systems
cannot be made based on the side by side test, since different heat
pxchangers were used. A previous study at NBS in which identical
heat exchangers were used, showed a single tank indirect system out
performing a double tank indirect circulation system [5].

Three explanations may be given to account for the excellent

relative performance of the thermosyphon system. First, the thermo-
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syphon system tested is a single tank system and thus has Tlower
thermal energy losses from the storage tank than the two tank
systems. The storage tank volume of the thermosyphon system was the
smallest of the five 1iquid systems, Second, the thermosyphon system
i5 a direct system, and as & result it avoids the thermal penalty
associated with heat exchange betwesn the collector fluid and the
stored water inherent to an indirect system. Third, and most im-
portant, the low flow rate through the thermosyphon collector array
(measured to be less than 13 liters/hr-n%) results in a high degree
of thermal stratification in the storage tank. The Tow flow causes
very little mixing of the water heated by the electric auxiliary
heating element in the top of the tank with the fluid returning to
the collector from the bottom of the tank. The Tlower return tempera-
ture from a stratified storace tank increases the cellection effi-
ciency by reducing thermal losses from the collecter. This is seen
from the Hottel-Whillier collector egquation [1] where T, is the

temperature of fluid returned frem the tank to the collector:
= ftenz &
q, = AFls -y (T, Ta}] (1.1)

The active systems were all cperated with a pump set teo force
circulation through the collector array at 71 'Iitersz'hr-mE. This
high flow rate, on the aorder of five to six times the average flow
rate through the thermosyphon system, causes the thermal stratifi-

cation to be destrowved in the storage tank of the active systems,
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The return fluid temperature is at a higher temperature than in the
thermosyphon system, and thus greater thermal losses from the back
and sides of the collector occur in the active systems. Recent
experiments and simulations have shown that improved performance for
active systems may be achieved with a flow rate on the order of 1/5
of the normal high rates used in most active systems [6,7]. It is
probable that the performance of the direct circulation active
systems could he enhanced by a low flow pump control strategy.

Based on the HBS side by side tests, it should not be concluded
that a thermosyphon system will out perform an active system. The
performance of a system depends a great deal on the configuration of
the componentes, and the particular control strategy employed., How-
ever, it may be stated that the performance of a well designed
thermosyphon system canm be comparable toc that of a well designed
active system, and that due to its Tow maintenance requirements, is

certainly worth further study.

1.3 "Optimal Control Strategy"”

The collector heat removal factor (Fp) relates the actual useful
energy gain of a solar collecter te the useful gain if the whole col-
lTector were at the fluid inlet temperature, It is primarily a Tunc-
tion of the mass flow rate of flufd through the collector [ﬁ} [1]:
me{TD - T.)

L (1.2)

Fo = B L
R T ATE - O T, - TT]




The maximum possible useful energy cain occurs when the entire col-
lector is at the inlet fluid temperature, so that heat losses to the
surraundings are minimized.

As the mass flow rate through the collector 1is increased, the
temperature rise across the collector decreases. This causes lower
thermal Tlosses since the average collector temperature is reduced,
and hence the useful energy gain (0Q,] is increased. Operating an
active system pump at a high flow rate does not necessarily mean that
the system performance will be improved, however. As the mass flow
rate through the collector is increased, the greater amount of re-
circulation through the storage tank disturbs the stratified tempera-
ture profile. The return temperature from the tank bottom to the
collector J§s increased, thus 1increasing the average collector
temperature and the associated thermal losses, which decreases the
useful energy gain. These contrary effects of flow rate on 0, indi-
cate the existence of an optimum flow rate, at which the useful ener-
gy gain is maximized,

The solar fraction (F) is used as a measure of thermal perfor-
mance of a system. In non-dimensional form, it takes into account
the useful solar energy gain as well as the load energy requirement,

and is defined here as:

A L {1.3)

Qaux is the auxiliary energy reguired, including that needed to
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supply tank thermal energy losses, but excluding the parasitic energy
needed to operate pumps and automatic valves. qup is the energy re-
guired to heat the hot water draw from the mains temperature to the
supply temperature.

A.B. Copsey [8] investigates the thermal advantage of a storage
tank with a stratified temperature profile, over a fully mixzed uni-
form temperature storage tank. Figure 1.8 illustrates the variatien
of solar fraction with collector flow rate per unit area for two
similar active sclar DHW systems, one simulated with a stratified
storage tank, the other modeled with a fully mixed tank. At very low
flow rates, the performance of both systems is similar, due to the
marked decrease in Fp. At high flow rates, the performance cof the
stratified tank system approaches that of the fully mixed tank
system, since the large amount of recirculation causes the difference
between the tank top and bottom temperatures to be small.

M.D. Wuestling et al. [7] show that the optimum performance of
active solar DHW systems occurs when the ratic of monthly average
daily collector flow to Toad flow {HE!HL] is approximately one.
Similarly, for thermosyphon solar DHW systems, G.L, Morrison and J.E.
Braun [9] show that the optimum performance occurs when the average
daily c¢ollector volume flow fis approximately egual to the daily load
volume,

1.3.1 Hatural vs. Pumped Circulation

To compare the Tong ferm performance of equivalent thermosyphon

and active systems, simulations were performed using the TRHEYS
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Transient System Simulation Program [10] (TRHSYS ds discussed in
detail in Chapter 2]. Heather data for the month of April in
AMbuguerque, MNew Mexice, and a daily hot water load draw of 300

2 collector

liters were chosen to drive the simulations of the 1.4 m
area systems. The systems were subjected to the RAND load draw pro-
file, which is a "typical® hourly load distribution prepared frow
data collected in a Rand Corporation survey of residential water
heating [11]. A sketch of the RAND 1load distribution is shown in
Figs. 2.6 and 2.7. A range of values for monthly average daily col-
lector flow through the thermosyphon system was obtained by varying
the collector riser diameter (frictional resistance} and the height
of the storage tank above the collector (thermosyphon head).

Figure 1.9 illustrates the effect of M./M_ on solar fraction for
a thermosyphon system, and two active systems, The two active
systems which differ only 1in the differential controller deadband
settings, were operated at a range of fixed Tow collector flow rates,
The differential temperature contraeller functions to turn the active
system pump on whenever the temperature difference between the col-
lector outlet and the bottom of the storage tank is zbove a certain
turn-on deadband, and turn off the pump whenever the difference drops
belew a certain turn-off level. Two controller deadband settings
were chosen for comparison in the simulations. The "perfect" con-
troller, with zero degree turn-on and turn-off levels, allows the
collection of all available solar energy, but is not practical due to

the excessive cycling of the pump. The centroller with an 8.9°C
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turn-on temperature difference and a 1.7°C turn-off Tlevel, which
employs the same settings as used in the MBS experiment [4], more
closely resembles contreollers used in practice.

It §s5 interesting to note that the system with an 8.9°C on,
1,7°C off, controller deadband setting performed sTightly better than
that of the system with the "perfect" 0°C, 0°C differential control-
Ter, at the Tow flow rates under investigation. Although the
"perfect" contreller permits more energy collection during the sun-
rise and sunset hours, the negative effect of additional disturbance
of the storage tank stratification resulting from the small increase
in operation time more than offsets the increased solar gain.
Furthermore, since the monthly average ambient temperature for April
in Albuguerque is 12°C, and the simulation mains water temperature
was set at 12°C, the "perfect" controller allows the pump to circu-
late fluid through the collector on warm evenings. The small thermal
gain during the evenings 15 not great encugh to justify the increased
mixing of the storage tank. It may be concluded that a controller
setting with finite temperature deadbands (8.9°C, 1.7°C) has an ad-
vantage both for practical reasons to reduce pump cycling, and for
thermal reasons, over a '"perfect' controller. It is possible that
for the particular meteorclogical conditions and system configuration
under study, there exists an onfoff controller setting which will
give slightly better performance than the 8,9°C, 1.7°C deadband.

There is very Tittle difference in the performance between the

thermosyphon system and the active system with finite deadband oper-



14

ated at Tow collector flow rates. At the optimum HEIML ratio, the
active system performed slightly better than the thermosyphon system,
for the particular size of the systems under the particular condi-
tions of the simulation, At flow rates greater than the optimum,
which cccur often in practice, the thermosyphon system out performed
the active system, It should be noted that the parasitic energy re-
quirement of the pump, which would detract from the active system
performance, has not been considered in evaluating the solar
fraction.

Thermosyphon systems may be viewed as inherently exhibiting an
"optimal control strategy", since the flow rate through the collector
varies throughout the day., Around sunrise and sunset, the flow rate
is very low, thereby not disturbing the stratified temperature pro-
file in the storage tank, Around noon time, when the solar radiation
is high and the advantage of increased energy collection outweighs
the disadvantage of recirculating the storage fluid, the flow rate is
high. Couple this with the fact that natural circulation thermo-
syphon systems reguire no maintenance for a pump and centroller, and

they begin to lock even more attractive.

1,4 Review of Thermasyphon Modeling Literature

Numerous studies have been conducted to investigate the transi-
ent temperatures and flow rates throughout the day in thermesyphon
systems. The following is a brief summary of some of the prior

literature on thermosyphon system modeling,
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D.J. Close [12] develops a simple analytical model for predic-
ting the daily performance of a thermosyphon system under the condi-
tions of clear sunshine and no load draw. Using an energy balance on
the entire system, Close develops a differential equation describing
the time variation of the average storage tank temperature. The so-
lution to the differential eguation under the simplifying conditions
of sinusoidal time variations of solar radiation and ambient tempera-
ture yields an analytical model,

C.L. Gupta and H.P. Garg [13] modify the model of Close to take
into account the heat exchange efficiency of the collector absorber
plate, and thermal capacitance. The solar radiation and ambient
temperature are represented by using Fourier series expansions.
These modifications make the Close model wvalid for cloudy weather
also. However, the simplifying condition of ne load draw during the
period of analysis is still retained.

K.5. Ong [14,15] extends the work of Close and Gupta and Garg by
using a finite difference sclution procedure, and a different formu-
lation of the absorber plate efficiency factor. The model considers
the system to be broken up into a finite number of sections, with
each section having a uniform temperature, Ong simulztes and
measures the mass flow rate, mean tank temperature, and collectop af-
ficiency using actual solar radiation and ambient temperature data.

J.W. Baughn and D.A. Dougherty [16] modify the model of Ong by
including a more detailed model of the collector, and the transition

of flaw from laminar to turbulent. A “thermal analvzer program", de-
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signed for solving complex transient conduction, convection, and
radiation problems using the resistance-capacitance analogy, is used
to speed up the computation in Ong's model,

M.S5. Sodha and G.N, Tiwari [17] analyze the transient perfor-
mance of thermosyphon systems based on the formulation of Ong, except
that provision is made in the storage tank energy balance equationm
for a hot water load draw,

Y. Zvirin et al. [18] outline a method of solving the differ-
ential energy equation and coupled momentum equation to obtain a
steady state temperature distribution and flow rate, The model can
serve only as an approximation for the behavior of a system around
noon time.

G.L. Morrison and D.B.J. Ranatunga [19,20] investigate the re-
sponse of thermosyphon systems to step changes in solar radiation.
Measurement of the transient flow rate is obtained using a Tlaser
doppler anemometer, and a mathematical model is developed to simulate
the transient performance.

B.J. Huang [21] solves a dimensionless form of the energy and
momentum equations using a finite difference technigue. Ten
dimensionless groups which characterize the system are derived and
tha effects of tank height, tank volume, solar radiation, and Fflow
resistance, on flow rate are studied. Huang assumes no Toad draw,
constant ambient temperature, no thermal losses from the conhecting

pipes, and only laminar flow in the system.
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&. Merto]l et al., [22] develeop an analytical model to analyze the
performance of a thermosyphon water heater with a heat exchanger in
the storage tank. Mertol et al. use a similar technique as Huang,
except they consider lcad draw, transient heat transfer in the con-
necting pipes, and both laminar and turbulent flow in the system.

G.L. Morrison and J.E. Braun [9] develop an efficient numerical
simulation model for thermosyphon solar water heaters, The model is
compatible with the widely used TRNSYS simulation program [10] and is
discussed in detail in Chapter 2,

1,4,1 Long Term Performance

Although the literature contains many studies of transient ef-
fects in thermesyphon systems, very little work has been published
cencerning the long term system performance. G.L. Morrison and C.M,
Sapsford [23] experimentally measure the fractional energy savings
provided by six different thermosyphon system setups in Sydney,
Australia from December 1980 - November 1981. The aim of the experi-
ments is te be able to predict the average performance of a particu-
lar system over its expected life in Sydney. Since the solar radi-
atfon and environmental conditions during a particular test are un-
likely to match the 7long term average conditions, Morrison and
Sapsford develop a model that describes the system performance and
calibrate the model using the particular data obtained during the
tests. The correlation has limited application, however, since it is

developed for a specific location and system configuration,
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In Chapter 3 a general design method, developed over & broad
range of systems in a variety of locations, is discussed. The design
method allews the prediction of the annual performance of a wide

array of thermosyphon solar DHW systems.
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CHAFTER 2: DETAILED MODEL USING TRNSYS

TRHSYS 1is a transient system simulation program which 1s used
for thermal analysis of a variety of time dependent systems. The
modylar nature of TRHSYS permits the simulation of a great variety of
thermal systems, The modular components are mathematical models of
the particular components of a physical system, Typical components
of an active sclar heating system are solar collectors, pipes, pump,
controller, heat exchanger, valves, storage tank, auxiliary energy
heater, loads, etc. A typical thermosyphon solar DHW system as used
in practice may be modeled by connecting the thermeosyphon collector
storage subsystem (TRNSYS Type 45) with a mixing valve (Type 11},
optiopal in-line auxiliary energy heater |[(Type &), weather data
(Types 8, 16), and heating Tload components (Types 14 and 15), A
schematic representation of the flow of information into and out of
each of the compenents of the thermosyphon system under investigation
is shown in Fig. 2.1. Each component is represented as a box which
requires a number of constant parameters, and time dependent inputs.
Qutputs from the box are calculated by the equations describing the
compenent. The particular system configuration being studied may be
altered by changing the dinterconnections between the various compo-
nents, A complete TRNSYS deck for modeling a thermosyphon water
heating system with an din-line auxiliary heater appears in

Appendis A,
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2.1 TRHSYS Utility Components

Several component models termed utility components, have been
previously formulated for inputting data and performing mathematical
manipulations for simulation of most any transient system. In gene-
ral, these components do not have physical counterparts in actual
hardware.

2.,1.1 TMY Data Reader

TRNSYS component Type 9 is used to read hourly values of solar
radiatien incident on a horizontal surface (I) and ambient tempera-
ture ETaJ for the Typical Meteorological Year (TMY) at a particular
location. The TMY data base was created by Hall et al, [24] through
a study of 23 years of data for each of 26 stations in the United
States solar radiation network.

2.1.2 5Solar Radiation Processor

TRNSYS component Type 16 transforms the TMY hourly radiation
incident on a horizontal surface into radiation incident upon a flat
plate collector at a fixed slope with respect to the horizontal. The
total horizontal radiation is broken down into its beam and diffuse
parts, and then transformed to beam and diffuse fractions on the
specified tilted surface., A correlation developed by D.G, Erbs [25]
is used to estimate the diffuse fraction of fotal horizontal radi-
ation {I4/1) as a function of the clearness index (ky = I/I5), Beam
radfation on the horizontal surface is the difference between the
total radiation and the diffuse part (I = I - I,). The beam radi-

ation on the horizontal 1is transformed to beam radiaticn on the
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tilted surface through a series of geometric relationships invalving
latitude (¢), collector tilt angle (8), collector azimuth angle (v],
declination angle (8), and hour angle {(w) [1]., The diffuse radiation
on the tilted surface, as well as the ground reflected radiation, is
a function of collector tilt, and is assumed to be isotropic.

2.1.2 RAND Load Draw

Two units of TRNSYS Type 14 (Time Dependent Forcing Function)
and one Type 15 (Algebraic Operations) are combined to simulate the
RAMD hourly hot water load draw for a specified total daily lcad

flow.

2.2 Mixing Yalve

A mixing valve is dincluded in the system to mix solar heated
water with colder mains water if the solar heated water temperature
is above the set temperature. This prevents overheating and unneces-
sary use of the energy in the storage tank., For simulation purposes,
the mixing valve comprises two parts, a tee piece and a temperature
controlled flow diverter (TRNSYS Types 11, Medes 1 and 4 respective-

1y).

2,3 Thermosyphon Ccllector Storage Subsystem

The thermosyphon collector storage combined subsystem (TRHSYS
Type 45) comprises a flat plate solar collector, connecting piping,
check valve to prevent reverse flow, and a stratified storage tank,

in a2 single mathematical model. Since the syster models direct



circulation, water is specified as the working fluid., The system is
analyzed by dividing the thermosyphon lcop 1into a number of segments
normal to the flow direction and applying Bernoulli's equation for
incompressible flow to each segment. For steady state conditions,

the pressure drop in any segment is:

8P = poghe, + poghy (2.1]

where hFi is the friction head loss through an element and H; is the
height of the element. For each time interval, the model numerically
solves for the collector flow rate that balances the frictional head
loss with the head due to density differences, so that 4P = 0. The
fluid density is evaluated at the local temperature using a corre-
lation for water,

2.3.1 Collector

The collector thermal performance is modeled on the basis of the
Hottel-Whillier equation, by dividing it dinte N, egually spaced

nodes, The temperature at the midpoint of any collector node k is:

1F. U 1.F U =(F'U A _(k-1/2))/(mC N
O i T _T_TRLne[ L™ }/(mCoH, )
k 8 Fthui v a FR o

E2)

The collector parameter F'U_ is calculated from the ASHRAE 33-77 test

value of FU at the collector test flow rate {hte }e

st
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h FoU A
F'y, = - —est ¢, In (1 - i (2.3)
c mteztcp

This procedure neglects changes in F' and ”L with flow rate and
temperature. The parameter FR{Ta] 1s determined from the ASHRAE 93-
77 intercept efficiency at normal incidence and separate incidence
angle modifiers for beam, diffuse, and ground reflected radiation

(261, The overall useful energy gain from the collector is:

Q, = rAE[FR(TuJIT - FRUL{Ti - Ta}] (2.4)
where
. . -F'U A _/mC
: FRUL{use _ Frit) | s _ W1-e L¢P
FRUl [test  FRVT)| st “F'U A ST L (881
. 0 st Py
mtest[l £ :

2.3.2 Connecting Pipe

The connecting pipes between the collector and tank are modeled
as single nodes with negligible thermal capacitance. The pipe outlet

fluid temperature s given by:

-{UA}FmeP

£ T, BT~ Tai e (2.6)

Tpm a i

2.3.3 Stratified Storage Tank

Thermal stratification in the storage tank is modeled with a

“plug flow" tank model (TRHSYS Type 38). The "plug flow" model uses
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a humber of variable sized constant temperature segments of fluid to
simulate thermal stratification. A description of its operation is
illustrated in Fig, 2,3, in which a series of temperature profiles
are plotted vs. the vertical position in the tank. The top profile
represents an initial temperature distribution at time T,. If a col-
lector flow occurs during the timestep, a uniform temperature seqment
of fluid, whose size depends on the collector flow rate, is insertad
into the tank profile at the tank inlet., With the fixed inlet mode,
any temperature inversions resulting from the fluid inlet are removed
by mixing the newly inserted seagment with adjacent segments, The
pasition of the segments below the 1inlet are shifted downwards., If a
Toad flow occurs during the timestep, a "plug” of fluid at the mains
temperature and equal in volume to the load flow is inserted at the
tottom of the tank, shifting the temperature profile upwards. The
segments ocutside the bounds of the tank are returned to the collector
and/or load, and the process is repeated for the following timestep.
The return temperatures are calculated as velume weighted averages.
Storage tank thermal losses are then calculated individually for each
segment of fluid in the temperature profile.

The advantage of this tank model is that small fluid segments
are introduced when stratification is developing, while zeones of uni-
form temperature, such as above an in-tank auxiliary heater, are
represented by large fluid segments. The size of the fluid segments
used to represent the tank thermal stratification varies with the

collector flow rate [9]. The "plug flow" tank model does not solve a
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Figure 2.3 Operation of "plug flow' storage tank mocdel.
From M.70, Wuestling [27]
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set of simultaneous equations and is therefore computationally more
efficient than a finite difference multi-node stratified tank model
(TRNSYS Type 4),

Conduction between the fluid segments may be optionally con-
sidered. Morrison and Braun [9] suggest that conduction be included
in horizontal tank systems with an in-tank auxiliary heater, The
less of performance due to conduction is primarily caused by conduc-
tion from the top auxiliary zone into the lower tank segments., The
short conduction path in herizontal tanks results in significant
heating of the lower segments, reducing the degree of thermal strati-
fication. Table 2.1 shows the effect of conduction in various tank
geometries without an dn-tank auxiliary heater. For annual selar
fractions arcund 70%, in a vertical tank with height/diameter of 2.7,
conduction affects less than a 1% reduction in selar fraction, while
in a long horizontal tank (length/diameter = 5.4) conduction causes a
3% reduction. Although the effect of conduction is more prominent in
herizental than vertical tanks, on the basis of Table 2.1 conduction
may be nealected for all reasonable tank geometries without an in-
tank auxiliary heater 1in systems with annual solar fractions less

than 70%.

2.4 Comparison with NBS Experiment

Comparison between TRNSYS simulation results and measurements
taken at the National Bureau of Standards in Gaithersburg, HMaryland

on one particular thermosyphon system is shown in Table Z.2. Excel-
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TABLE 2.1: Effect of Conduction onm System Performance in

Storage Tanks of Yarious Geometries

Tank Type H/D or L/D Splar Fraction
No Conduction With Conductiaon
Vertical 2.7 0.404 0,402
0,718 0.713
Squat 1.0 0.407 0,404
0.721 0.710
Horizontal 2.7 0.408 0.404
0.722 0.703
Horizontal 5.4 C.409 0,403

0.722 0,698



TABLE 2.2; Comparison of Experimental Results at the National
Bureau of Standards and TRNSYS Simulatiaon of a
Thermosyphon Sys tem

?3% Luldm“u“guxﬂ'iary ot Luizlmun“u:uzﬂhry pow
MJfday MJ/iday r Mdfday Mdfday i
Jan saz? 630 0,43 524 655 0,42
Feb 1095 446 0.65 1096 510 0.63
Mar 1530 796 0.55 1514 aes 0,52
Apr 990 284 0.75 546 278 0.76
May 1164 403 0, 7N 1195 423 0.7
June 1098 293 0.77 1165 312 0.79
July 913 198 0.62 B96 164 0.85
Aug 604 218 0.72 617 226 o.M
Sep 950 270 n.,7a 97E Z18 0.B3
Dct 781 3gz2 0.61 792 314 0.68
Mov 1670 1033 0.46 1590 §64 0.5
Dec 483 265 0.54 471 264 0.53
Annual 12187 gag2 0.65 12184 5219 0.65

fr* = fractional energy savings relative to conventional system with tank loss of
1.6 Md/day

Erom G.L Morrison and J.E Braun [9]

el
rr
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lent agreement between the simulation and measurements was found for
both annual delivered load and annual auxiliary energy consumption.
The system consisted of three collector panels mounted in paral-
lel, with each panel of 1.4 m? aperture area, 10 parallel risers of
4.93 mm diameter, Fp(ra) = 0.805, FpU = 4.73 W/me-°"C, Krta =1 =
0D.1{1/cos & - 1). The ASHRAE 93-77 collector parameters were ob-
tained at a test flow rate of 0.02 kg/m-sec?. The callecters were
connected by 25 mm ID pipes to a 242 liter storage tank with an cver-
all energy loss coefficient (UA) of 1.47 W/°C. A check valve was
included to prevent reverse thermosyphon flow. The system perfor-
mance was measured from January-December 1980, while a daily load ef
250 1iters was withdrawn according to the RAND distribution. An in-

tank auxiliary electrical heater was controlled by a thermostat with

a set temperature of 63°C and a 14°C deadband.

2.5 Process Dynamics

Figures 2.4-2.9 1illustrate the process dynamics from TRNSYS
simulations of two systems similar in configuration to the NBS system
described earlier. Figures 2.4 and 2.5 show energy quantities, Figs.
2.6 and 2.7 flow rates, and Figs. 2.8 and 2,9 temperatures, charac-
teristic of the systems. The only difference between the pair of
systems is the number of collector panels, Figures 2.4, 2.6, and 2.8
are for a one panel system (1.6 nﬁ], while Figs. 2.5, 2.7 and 2.9 are

2 2

for a system with two 1.4 m~ panels connected in parallel (2.8 m

total aperture area). The TMY data for April 16 in Albuguerque, New
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Mexico was chosen to drive the system, for no reasen other than to
caincide with the date of the author's first seminar presentation at
the U.W. Solar Energy Lab, The one panel system gives a solar
fraction of 45% for the day and 38% for the month of April in
Albuguerque, while the two panel system gives a daily solar fraction
of 80% and a monthly value of 72%.

Insight inte the operation of thermosyphon systems may be gained
by not only analyzing the eneray, flow rate, and temperature process
dynamics of one system, but alsoc comparing the corresponding plots of
the pair of systems.

2.5.1 Eneray

Figures 2.4 and 2.5 illustrate the energy quantities representa-
tive of the one panel and two panel systems respectively. The curve
labeled "A" is the solar radiation incident on the coliector surface
EIT}. The sclar radiation is seen to vary throughout the day, ap-
proximately symmetric about solar ncon. Curve "B" represents the
useful solar energy gain from the collector, neglecting thermal
Tosses from the collector - tank connecting pipe (Q,). The variation
of the useful energy gain throughout the day follows the same form as
the varying insclation incident on the collector. A measure of the
efficiency of solar energy collection may be obtained by dividing Q
by It. Curve "C" represents the useful energy gain when connecting
pipe thermal losses of 4.6 W/m“="C are included (Q,-F). Curve "C”" is
barely discernible from curve "B", indicating that the thermal losses

from the connecting piping are small. The Jjagged shape of curve "D"
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THERMOSYPHON ENERGIES: AC = 1.4 M2

AFRIL 18, ALOUGQUERQUE, M.h.
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Figure 2.4 Energy process dynamics throughout the day for a 1.4 m
collector area thermosyphon sysiem

THERMOBSYPHON ENERGIES: AC = 2.8 M2
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Figure 2.5 Energy brocess dynamics througheut the day for a 2.8 m
collector area thermosyphon system
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represents the energy content of the 60°C water supplied to Toad
{ﬂsup} according to the RAND distribution. Curve "E" represents the
auxiliary energy required by the electrical in-tank heater to meet
the desired load of 60°C water (Qh,,). The auxiliary heater is re-
quired in both systems to meet the morning peak load, although to a
lesser extent in the two panel system, A substantial amount of
auxiliary energy is also needed to meet the evening load in the one
panel system, while the two panel system meets the evening peak
almost wholly by solar energy. This is due to the greater amount of
solar energy collection throughout the day, and greater amount of
energy stored in the storage tank, of the two panel system. Curve
"F" represents the thermal losses from the storage tank to the ambi-
ent air with UA value of 1.46 W/°C (Qq,5c). The greater tank Toss in
the two panel system 1s due to the higher average temperature of the

water in the storage tank.

2.5.2 Flow Rate

Figure 2.6 illustrates how the flow rate through the collector
in the one panel system follows the form of the solar radiation inci-
dent on the collector. As the radiation increases frem & A.M. to
ncon, the water in the collector loop heats up. As the collector
fluid becomes warmer and hence less dense than the fluid in the stor-
age tank, the buoyancy driving force is increased. As the radiation
decreases in the afterncon, the collector fluid temperature de-

creases, which decreases the buoyancy force, and hence the flow rate
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is reduced. A discretized form of the RAND hourly load flow distri-
bution is alsc shown on both Figs, 2.6 and 2.7,

The collectar flow rate profile for the twe panel system shown
in Fig. 2.7 dis not as intuitive as for the one panel system. As
might be expected, the flow rate between the hours of 6 A.M. to noon
is greater in the two panel system than in the one panel system, due
to the larger cocllector area receiving greater incident radiation.
However, the flow rate profile does not follow the radiation profile
in the afterncon hours in the two panel system. A dramatic increase
in flow through the collector occcurs between 1 and 2 P.M,, creating a
"b11p" 1in the profile in Fig. 2.7. This "blip" results from the
storage tank Tosing its stratified temperature profile at that hour.
Cold water at mains temperature is no longer available at the bottom
of the storage tank for return to the collector., The warmer, less
dense collector inlet water flows at a higher rate even with the
lower incident radiation during the hour, than does colder water with
the previous hour's higher radiation. The explanation of this non-
intuitive flow profile points out the need for looking at the collec-
tor and tank system as a whole, since the temperatures in the storage
tank will affect the temperature and flow rate of water through the
c¢ollector. The beneficial effect of increased flow rate on collec-
tion efficiency, and detrimental effect of increased collector
thermal losses due to the higher collector inlet temperature, offset

to result in a slight decrease in collection efficiency arcund 1 PF.M,
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This decreased efficiency is very slight however, and is not detect-
able from the curves of I; and Q, in Fig. 2.5,

2.5.3 Temperature

The temperature variation throughout the day at six points in
the one and two panel systems 1s shown in Figs. 2.8 and 2.9 respec-
tively. The temperatures correspond to the locations of the abbrevi-
ations (T

T vvo) in the schematic drawing, Fig. 2.2. Curve

ret= out?

"A" pepresents the temperaturs of the water supplied from the top of
the storage tank to the mixing valve (Tg4q)- In the one panel
system, T.,q remains constant at the auxiliary heater set temperature
of €0°C. In the two panel system, T501 surpasses the set temperature
at 1 P.M., due to the large amount of solar input and small Toad draw
between the noon and 4 P.M. hours. The overheating of the water
demonstrates the need for including a mixing valve in the system, to
1imit the temperature of the hot water delivered to lcad, and to save
the excess energy in the tank for later use. Curve "B" represents
the temperature of the water at the outlet of the mixing valve sup-
plied to the Tload (Tsup}. The presence of the auxiliary heater and
mixing valve keeps the supply temperature constant at the set temper-
ature of 60°C throughout the day., Curve "C" represents the tempera-

ture of fluid at the collector cutlet (T,,+). As might be expected,

out
in the one panel system the collector outlet temperature varies
throughout the day in the same fashion as the incident radiation,
The two panel system shows the expected increase in collector outlet

temperature before noon, and the unexpected increase from 1-2 P.M.



TEMPERATURE { C}

TEMPERATURE { C)

43

THERMOSYPHON TEMPERATURES: AC=1.4 M2

AFRIL 18, ALBUQUERGUE. M.M.

fra + )
B
I‘-'.'.'— B
A = Tsol ;
B = Tsup
=0 & = Tout
D= Tave C
40 - E=Ta
F= Tret
=0 -
_.n-""l]
20 —
E
F'
10 —
n ] B ! I | T L} ] | I ) T
Q & B 12 18 20 24

Figure 2.8 Tempega

1.4 m

HOUR OF D&Y
ture process dynamics throughout the day for a
collector arez thermosyphon system

THERMOSYPHON TEMPERATURES: AC=2.8 M2

AFRIL 15, ALDUGQUERGUE, MN.M.

70
A
dil _— B
" A= Tsal B \\
B = Tsup D
50 - € = Tout c
0 = Tave )
E=Ta o
A -
F = Trat
=0 -
Eﬂ - E
F
10 ~
a 1 ] ] 1 1 I I | I ] i
o 4 B 12 18 20 z4

HOUR OF D&Y

Figure 2.9 Tempegature process dynamics throughout the day for a

2.8 m

collector area thermasyphan system



44

due to the abrupt increase in the collector inlet temperature, Curve
"D §1lustrates the average temperature in the storage tank (T,,.).
The average storage tank temperature follows a form similar to the
anbient temperature (T,) shown in curve "E'. The average storage
temperature of the two panel system is greater than that of the one
panel system due to the increased amount of useful solar energy gain
from the collector (Q,-P}. Curve "F" represents the return tempera-
ture of water from the tank to the collector (T,..4). By neglecting
the connecting pipe thermal Tlosses, this is also the temperature at
the collector inlet, In the one panel system, the storage tank re-
mains stratified throughout the day and T..4 remains constant at the
mains water temperature of 12°C. In the two panel system, the tank
stratification is disturbed and the return temperature is increased
above the mains water temperature, as previcusly explained.

The detailed TRNSYS simulations, which reguire hourly metecro-
logical data, are useful for understanding the process dynamics of a
system. However, even with the computational efficiency of the "plug
flow" tank model, an annual simulation of a thermosyphon solar DHW
system requires a substantial amount of computing time., As a result,
detailed simulatiens are not practical as a design tool for esti-
mating the monthly and annual performance of a variety of thermo-
syphon sclar DHW system configurations. In Chapter 3, a design pro-
cedure based on the f-Chart method [28] for estimating the long term

performance of thermosyphon systems is discussed in detail.
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CHAPTER 3: DESIGN METHOD FOR THERMOSYPHON SYSTEMS

The f-Chart method s a widely used design tool for estimating
long term performance of ferced circulation sclar heating systems.
It reguires only monthly average metecrological data and system para-
meters as inputs. In its present form, the f-Chart method s not
appropriate for estimating the performance of thermosyphon systems
for two reasons. First, the f-Chart methed was developed for active
systems with a fixed known flow rate of fluid through the collector.
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 assumption for systems operating at normal high cellector
flow rates. As mentioned earlier, recent experiments and simulations
have shown that optimum performance for active systems may De
achieved with a flow rate on the order of 1/5 of the normal rates.
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 the thermosyphon 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 fractional energy

savings by solar as the thermosyphon system. Thus, the long term
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performance of a thermosyphon system may be predicted using a modi-

fied form of the f-Chart method, as described below.

3.1 Stratified Tank Modification

Thermally stratified storage tanks return fluid to the collector
at a temperature belew that of the average temperature in the storage
tank, As menticned earlier, this results in increased collection ef-
ficiency by reducing thermal losses from the collecter., A.B. Copsey
[8] develops a modification to the f-Chart method to account for a
stratified storage tank, Copsey shows that the solar fraction for a
stratified tank system can be obtained by analysis of an otherwise
identical fully mixed tank system with a reduced collecter loss co-
efficient, (Up). The collector heat vemoval factor (Fp) s a
function of the collector less coefficient and the collector flow-
rate, hence a medificaticn to the f-Chart method that is based on the
collector loss coefficient will also recuire modification of Fp. The
f-Chart method for DHW systems includes the collector losses in the X
parameter, and the heat removal facter in both the X and ¥ para-
meters:

AEFRULlll.E + 1.18 TEEt + 3.86 Tmains K Gda Té} AL

i T {3.1)

A F_(ta) HN

The line AB on the 1iquid system f-Chart in Fig, 3.1 illustrates the
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path taken by decreasing the collecter losses, while simul tanzsously
modifying Fp (slightly exaggerated for emphasis). 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 obtained
from the f-Chart with coordinates X

and Y If the collecteor

mix mix*
had no thermal losses, then the X parameter would be zero, and the Y
parame ter would be:
A (to) TR
v o= T (3.3)

max L
where Fp = 1. The sclar fraction for a stratified tank system will
always be between the limits of the sclar fraction for a fully mixed
tank system with the actual collector loss coefficient, and a fully
mixed tank system with U = a,
If the path shawn in Fig. 3.1 is approximated by a straight
line, a relationship betwsen the f-Chart parameters can De expressed

ass

s _ Ymix " ¥ste _ Ystr T Vmix 5.4)
LR A . Y -7 '
max B x max mix

The relationship AX/AX .. 15 shown by Copsey to be a function of the
monthly average collector to load flow ratio fﬁc!ML) and mixed tank

solar fraction (F):
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Ay cllﬂkHHL}

& (3.5)
A% 218
ma.x [EEfﬁCKML] +CF + C4F ]©+1

The coefficients Cy-C4 that minimize the RMS error between TRNSYS
simulations of a stratified tank active system and the f-Chart method
modified for stratified storage are Cy = 1,040, C; = 0.726, Cy =
1.564, and Cy = -2,760, Due to the nature of Eq. (3.5), a high solar
fraction combined with HCIML near one, <an give ﬂ.ﬂﬁ){max * 1, For

these cases AX/aX should be set equal to one.

max
3.1.1 Pump Operating Time

The number of hours that the active system cellector pump oper-
ates is nesded to calculate the daily mass of fluid that is pumped
through the c<ollector {MC]. J,C. Mitchell et al. [29] show that the
pump operating time {Hp} with a zero degree differential temperature

controller may bDe expressed as:

HP = -HT ET- {3.5}

where ¢ is the monthly average daily utilizability, I. 1s the criti-
cal radiation level, and HT is the sc¢lar radiation incident on the
collectar., Utilizability is defined as the fraction of the incident
splar radiation that can be converted to useful heat (i.e., utilized)
by a collector having FR{’:G} = 1, and operating at a fixed collector
inlet temperature to ambient temperature difference [11, Although

the collector has no optical losses and has a heat removal factor of
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one, the utilizability is always less than one since the collector
has thermal losses from the top, sides, and back of the collector
panel. D.L. Evans et al, [30] develop an empirical relationship for
the monthly average daily utilizability as a function of the critical
radiation level, the monthly average clearness index [ET}, the col-

lector tilt (), and the latitude ($):

T =0.97 + AT + BI% (3.7)
[ C

where:
A= -4.86 x 107 + 7.56 x 1077 ki - 3,81 x 107 {E+}2 (3.8)
3= 5.43 x 107° - 1.23 x 107 kL + 7,62 x 107° (k)% (3.9
for:
E; = & cos [0.8 (8- Bl] (3.10)

where B, 1s the monthly optimal collector tilt, shown in Table 3.1,
Differentiating Eg. (3.7) and substituting inte Egq. (3.8) yields an
expression for the monthly average daily collector pump operating

time:

Hy = 4ﬁ} (A + EBT;} {3.11)



TABLE 3.1: Collector Tilt Angle for Optimum Monthly Incident Energy

Month B, ldegrees)
January ¢ + 29
February $ + 18
March p + 3
April ¢ = 10
May ¢ - 22
June ¢ - 25
July ¢ - 24
Ahugust g = 10
September 4 - 2
October $ + 10
Hovember $ + 23
December $ + 30

*Cpllector is assumed to be facing south {y = 0} in the MNorthern
Hemisphere,

From O.L, Evans et al. [30]
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The monthly average critical radiation level is defined as the Tevel
above which useful energy may be collected:
Foll (T, = T.)

T =RL 1 (3.12)
¢ Fp(Ta)

In order to find the monthly average critical radiaticn level, a
value for the monthly average colliector inlet temperature {?T} must
be known, ?1 cannat be determined analytically, and as illustrated
in Fig. 2.9 it may vary in an unpredictable manner. The collector
inlet temperature is a function of the thermal stratification in the
storage tank and, as discussed Tater, may be approximated using
Phillips' stratification coefficient. Under the assumption that the
storage tank remains stratified, the monthly average collector inlet
temperature may initially be estimated to be the mains water tempera-
ture,

Once Copsey's modification has accounted for the stratified
tank, the problem of varying flow rate in a thermosyphon system rmay

be addressed.

3.2 "Equivalent Average" Flow Rate

The varying flow rate in a thermosyphon system may be approxi-
mated by an “equivalent average" fixed flow rate in an active system.
An iterative scheme has been develeped for estimating this flow rate

for use with the f-Chart method modified for stratified storage, to
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allow prediction of the long term performance of thermesyphon
systems,

Using an initial estimated value for flow rate, the sclar
fraction of a stratified tank active system is evaluated using the f-
Chart method with Copsey's modification for stratified storage. The
collector parameters FpU, and Fplre) are corrected for the estimated
flow at other than test conditions as ocutlined in Section 2,3.,1, by
the coefficient (r). Thermal Tlosses from the connecting pipes, how-
ever slight, may be accounted for as cutlined in Duffie and Beckman
[1]. The combination of pipes plus solar collector 1s equivalent in

thermal performance to a solar collector with parameters Fplra)’

and FRUL:
(1) _ 1
Lt UM
(1 + 225 (3.13)
e
il
uA;, U [A1.+AD]
L= YR FT
Ei mC c RL
o P (3.14)
.- U_A .
L 1 +'|g o
m

where Up is the thermal loss coefficient of the pipe. and A; and A,
are the surface areas of the collector inlet and outlet connecting
pipes respectively.

3.2,1 Storage Tank Average Temperature

The average temperature in the storage tank is calculated using

a correlation develcped between solar fraction of a thermosyphon
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system and a non-dimensional form of the monthly average tank temper-
ature, deduced from numercus TRESYS simulations, shown in Fig. 3.2.
f variety of locations (Albuquerque, HM; Madison, WI; Seattle, HA),
collector areas (1.4-4.2 m2), load draws (300-600 11ters/day), tank
sizes (125-500 liters), and collector parameters (Fg(tz) 0.7-0.8,
Fpup 3.6-8.6 W/m -*C) were included in the correlation. The corre-
lation was developed under the assumption of a constant overall loss
coefficient (UA) for the storage tank of 1.46 W/°C., A cubic eguation

for the data from a least squares regression routine is:

'.'r"

- T .
tank_ - Wain3 . g 117 F + 0,356 F° + 0.424 F° (3.15)

set mains

3.2.2 Stratification Coefficient

The temperature at the bottom of the storage tank will be be-
tween the mains temperature (Tpuins) @nd the average tank temperature
(Tiank), depending on the degree of thermal stratification present.
An approximate measure of the stratification may be obtained using
the stratification coefficient {Ksl defined W.F. Phillips and R.N,
Dave [31]:

. AC[FRETu}IT - FpU (T, - Ta}]

s AC[FR{Tu}IT = FRULthank E Ta}J

{3.16)

Although Phillips and Dave's study assumes  zero lead draw on the
system and more than one tank turhover per day, it will provide a

rough estimate of the temperature profile in the tank, and hence of
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the temperature of fluid returned to the collector. The stratifi-
cation coefficient is a function of two dimensionless variables, the

mixing number {M] and the collector effectiveness (E):

M= —2 (3.17)
e H
FoU
f =Bk (3.18)
mC
P

Physically, the mixing number is the ratio of conduction to convec-
tion in the storage tank. In the 1limit as conduction in the tank bDe-
comes negligible, and (M) appreaches zero, Phillips and Dave show

that:

@ i
In (=—==)
f 1-F (2.19)

a S
? E(L + M In (=)

The temperature of the return fluid from tank to collector may be

found from Eq. (3.18):

r_!-'RIIH':‘-I
Ty = KTgane * (- Ks}“_Faﬁf_

I. + T&] (3,20)

T

Using the estimate of pump operating time from Eg. (3.11), the month-

1y average temperature of return fluid is approximated as:

= Fplte)
P % KsTean * @ = Klpymoy By + T ezt



Since the thermal loss from the tank-collector connecting pipe has
already been accounted for by the modified collector parameters in
Egs. (3.13) and (3.14), Ti is also the monthly average collector in-

let temperature., For values of Ti calculated by Eq. (3.21) less than

T T

is set equal to T

T The collector outlet temperature

mainss i

at the estimated flow rate is found from the definition of the heat
removal factor shown in Eq. {1.2). By rearranging and integrating
Eq. (1.2) for a monthly period, and letting 5 = Hy(ta), the monthly

average collectar fluid outlet temperature ETD} may be expressed as:

A

= _ = C o _— R T Al 3
T. =T, + = [hTFR{Tﬁ] FRUL{NP}*Ti Ta]]
PP (3.22)
o Aﬂ - — — e
=T, +'|"r£ﬁ 3y Folal]
pp

3.2.3 Thermosyphon Head

Once the monthly average collector fluid dinlet and outlet
temperatures are known, an estimate of the thermosyphon head may bLe
found based on the relative positions of the tank and collector,
Close [12] has shown that the thermosyphon head generated by the dif-
farences in density of fluid in the system may be approximated by
making the following assumptions:

1 - There are no thermal lesses in the connecting pipes.

2 - Water from the collector rises to the top of the tank.

3 - The temperature distributien in the tank is linear.
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4

f T ] (3.23)

_ - . N = 2
hy =5 (85 = S 28y = Hy) - (H - Hy)

5

where 5; is the specific gravity of the fluid at the collector inlet,
5, the specific gravity at the ccllector outlet. and the positions
Hy-Hg as shown in Fig, 3.3. The design method described in this
paper considers only direct circulation thermosyphon systems where
water is the collection fluid. & parabolic relationship between
specific gravity of water and temperature in degrees Celsius is used
to calculate Sy and 5, [10],

S = 1.0026 - 3.906 x 100 T - 4.05 x 1070 7 (3.24)

3.2.4 Fricticnal Resistance

The "equivalent average" flew rate is that which balances the
thermosyphon buoyancy force with the frictional resistances in the
flow c¢ircuit on a monthly average basis. 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 [12]:

2 2

e = “7ga * 4 2g

where f is the friction factor = 64/Re for laminar flow in pipes

where Re < 2000, and f = 0.032 for turbulent flow where Re > 200C.
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The Reynolds number (Re) at the estimated flow rate 1s calculated
using a correlation for dynamic viscosity of water {u in kg/m-sec) as
a function of temperature in “C [10]:

0.1

T 5 (3.26)
2.1482(T - 8.435 + /8078,4 + (T - B.435)%)- 120

The term | kuZ/2g is included in the friction loss equation to account
for minor losses associated with bends, tees, and other restrictions
in the piping. Although the majority of the pressure drop in the
flow circuit occurs across the relatively small diameter collecter
risers, the minor frictional losses are included to enhance the accu-
racy of the flow rate estimate. The pressure drop across the option-
al backflow prevention check valve may be included, if data for pres-
sure drop as a function of flow rate are available from the valve
manufacture. 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 30 d for laminar flow, or k =1 for
turbulent flow. Cross sectional changes at Jjunctions of connecting
pipes and collectaor headers, and headers and risers, are accounted
for, depending on whether the diameter increases or decreases:

Sudden expansion:

(=

d
k= 0.667 (35" - 2.667 (2 erm (3.27)
2

[
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Sudden contraction:
K = - 0.,3259 [dz}“ - 0.1784 {d—zjz + 0,5 (3.28)
9 4

where d; and dp are the inlet and outlet pipe diameters respectively.
For losses at the entry of the conpecting pipe to tank, k = s
Friction in the storage tank is neglected [10]. Developing flow in
the collector risers, headers, and connecting pipes is accounted for
by adjusting the friction factor as recommended Dy Morrison and
Ranatunga [19,20]:

0.038 )

f=f+(ls 0,563

£ﬁ%7Eﬂ (3.29)

A11 the components of the friction head loss in the flow circuit
at the estimated flow rate are combined and comparison made with the
previously calculated thermosyphon head., 1f the thermosyphon head
does not balance the frictional losses to within one percent, a new
quess of the flow rate through the conpecting pipes is made by suc-
cessive substitution. The procedure is repeated with the new esti-
mate of flow rate until convergence to within one percent is reached,
Convergence is usually obtained within three iterations. The resul-
ting single wvalue for monthly average flow rate 1is that which
balances the thermosyphon driving force with the frictional lesses
in the flow circuit. The solar fraction is calculated, assuming a

fixed flow rate operating in an active system. The procedure is
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carried out Ffor each month of the year, with the previous menth's
Mequivalent 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 contributiaons

divided by the annual load:

=

(3.30)

]
It
pet]
[Tt § % T e |
ot

s
[y
-t

3.3 Comparison Between Design Method and TRNSYS Simulations

The design procedure outlined above was compared to detailed
simulations using the TRNSYS transient simulation program. The wide
range of system configurations and Tocations investigated are out-
lined in Table 3.2. Comparison between monthly solar fraction calcu-
Tated by the modified f-Chart method with the iterative Tlow scheme
for the "equivalent average" fixed flow rate, and TRNSYS simulations
with 1/4 hour timesteps, for all cases listed in Table 3.2 is shown
in Fig. 3.4. The monthly RMS error is 5.2%, and the monthly bias
error is -1.4%, Figure 3.5 illustrates the annual solar fractien
calculated by the design method, compared with annual solar fraction
calculated using the detailed TRNSYS simulation. On an annual basis
the RMS error is 2.6%, and the bias error is -1.5Z, for all locations
and system configurations studied (Table 3.2). It should be noted

that for comparison purposes, values of monthly average radiation



TABLE 3,2:

Range of Parameters Studied in Comparisen Between

the Design Method and TRNSYS Simulations

Location:

Collectar area:

Collector slope:

FRUL:
FR[TSG bi

Riser diameter:

# risers in each panel:
Connecting pipe diameter:
Connecting pipe length:

# bends in connecting pipe:
Connecting pipe thermal losses:

Height of storage tank above

collector:

Storage tank size:

Vertical storage tank height/diameter

ratio:

Horizontal storage tank length/
diameter ratio:

D271y Toad draw:

Abugquerque, hM; Madison, WL;

Seattle, WhA; Sterling, YA

1.4-5.6 m° (each panel 1,4 m

30-90°

3.6-8.6 W/m--°C
0.7=0.8

5-20 mm

3-15

16-38 mm

4-12 m

=12

0-11.1 W/m?-°C

O=2 m

100-500 1iters
1.0-2.7

2.7-5.4

150-500 Titers

Z)
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incident on a tilted surface [ﬁT} are obtained from integrating the
TRMSYS hourly calculations {IT].

The root mean square (RMS) error is a measure of the difference
between the design methed prediction of solar fraction and TRNSYS

simulations, and is defined as:

n
- voor - 2
RMS error = J/jil *Fdesigni FTRMSTSi] /on (3.31)

The BMS error places mere weight on larger differences by summing the
squares of the errors, and since larger errors are of more concern
than smaller ones, it is a2 measure of the accuracy of the design
method, The hias error is the average difference between the solar
fraction predicted by the design method and TRNSYS simulations, and

is defined as:

1

;. [E - F Y/ (3.32)
ial desTgni TRHS\'Si

Bias error =

The bias error represents the offset of the design method relative to
the simulatiens [32].
The design method based on the original f-Chart formulation may

be easily programmed on a microcomputer, and reguires only monthly

average weather data, and description of the system component geome-
try as inputs., By the iterative scheme ocutlined above, the monthly

and annual performance of a thermosyphon solar domestic hot water
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system may be predicted, enabling design choices to be made for the

sizing of the compenents of a system,

3.4 Example of Using the Design Method

An example of the calculation scheme used in the design method is
shown for the thermosyphon system described in Table 3.3, for the
month of January in Phoenix, Arizona. The monthly average meteoro-

logical data for Phoenix is found in Duffie and Beckman [1]:

T = 11,591 kd/m-day, T, = 10.°C, Ky = 0.6l

The menthly average solar radiation incident on the horizontal sur-
face (H) may be converted to radiation incident on the collector
surface sloped at 33.4° (ET] by the method described in Duffie and
Beckman, using Erbs' correlation for diffuse fraction [25]:

Hr = 17,879 KJ/m°-day

An dinitial estimate of the "egquivalent average" flow rate is 15

2

kg/hr=m“ or 42 kg/hr for the 2.8 m® collector area system. The col-

lector parameters Fpli and FR{mJ are corrected for the estimated

flow rate at other than the ASHRAE 93-77 test conditions of 71.5

2

kg/hr-m® using Egs. (2.3) and (2.5):



TABLE 3.3: Description of Thermasyphon System for Sample Example

Monthly average daily horizontal radiation:

Monthly average ambient temperature:
Monthly average clearness Tndex:
Collector slope:

Number of collector panels:

Callector area per panel:

Collector test parameter FpU :
Collector test parameter Fglim):
Collector test flow rate:

Number of risers per panel:

Riser diameter:

Combined header length per panel:
Header diameter:

Tank-collector connecting pipe length:
Collector-tank connecting pipe length:
Connecting pipe diameter:

Number of bends in connecting pipe:
Connecting pipe heat loss coefficient!
Storage tank volume:

Storage tank helght:

Storage tank diameter:

Daily load draw:

Mains water temperature.

Auxiliary set temperature:

Reference height (Hy):

Height of collector outlet above reference (Hz}:
Height of pipe inlet to tank above reference

(Hy):

Height of tank return to collector above

reference (Hgl:

&5

11,591.0 kd/mt-day

10.0°C

0,61

33.4°

2,0

1.4 m2

17,0 kd/nr-m?=°C
0.80

71.5 kg/hr-m
10.0

0,006 m

1.6 m

0.02 m

4.0 m

3.0m

0,02 m

5.0

10,0 kd/hr-n®="C
250,0 1

1.32 m

0.49 m

300.0 1
12.0°¢C

60,0°C

0.0 m

1.0 m

2.2 m

1.0m
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17.50 kd/hr-m2-"C

FiUg

Fpl = 15,28 kd/hr-nf="C

Fplra) = 0.713

Thermal Tosses from the connecting pipes are accounted for by Egs.

(3.13) and {3.14):

FRUL = 16 .:I-E-

FR{mJ = 0,711

klein [32] describes how the monthly average transmittance-
absorptance product (te) may be obtained. For simplification, it s
assumed that Fp{ta) = Fﬂf?al. The f-Chart X and Y parameters for a
fully mixed storage tank are calculated using Egs. (3.1) and (3.2).
The X parameter is corrected for a storage capacity other than 75

]'i'r.lzr'sfsn:2 as explained in Duffie and Beckman:

:m‘ix = 1,85
Ynﬁx = (.59
FITI‘iK = 0.41

The collector pump operating time is estimated using Evans' corre-

lation [Egs. (3.6)-1{3.12}], and Table 3.1:



Brax = 62.4°

Kr = 0.56

A =-1.82 x 1073

B =9.29 x 1077
I, = 12.85 W/mP-"C
HD = 8,9 hr

M /M = 1.25

The stratified tank solar fraction is estimated using Copsey's corre-

lation [Eqs, (3.4) and (3.5)]:

S P = (1,60

max

X = 0,74

str

To find (va) when Fp = 1, solve for Fp  [Fg _at a very high flow
ig us

rate (i.e., 10,000 kg/hr):

F /F = 1.03
Rhigh Ryse

(ta) = 0.823

YTIEBX

G.e8

Fepp = 0.52
Solve for Phillips' stratification coefficient using Egs. (3.17)-

(3.19):



e |
il

=
n
Fe
w
>
o
L}
o

Kg = 1.16

Splve for the nondimensionalized average tank temperature using Eg.

{3,15) or Figure 3.2:

T Ll [
tank . mains _ g 217

et mains

For Trains = 12.°C and Tiag™ €0.°C:

Tianke = 22.4%C

Estimate the monthly average collector inlet temperature from Eg.

(3.21):

?1. = 10.6°C

Ty cannot be less than T ing since the connecting pipe thermal

losses have already been accounted for, so T, is set equal to

Tigpuae = A Estimate the monthly average collector outlet

temperature using Eg. {3.22):

|

—

5= 84
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Solve for the specific gravity of the water at the collector inlet

and outlet from Eq. (3.24):

L)
n

0.999208

Ly
]

0.99419¢6

Solve for the thermosyphon buoyancy driving force from Eq. {3.23):

he = 0,005787 m

To find the frictional resistances in the flow circuit at the esti-

mated flow rate, first estimate the viscosity from Eq. (3.26):

po= 9,88 % 1074 kg/mi-sec

Connecting Pipes:

m = 42 kg/hr

u = 0.0372 m/sec through the D,02 m diameter pipe
Re = 783

f = 0,082

Correcting for develeping flew in pipes with Eg. (3.29) gives:

f = 0,088

Including the pipe bends, and entry and exit cross sectional changes



in Eq. (3.25) yields the frictional loss in the connecting pipes:

her = 0.00323L m
P

Risers:

Assume equal mass flow through the individual collector risers,

ﬁr 2.1 kg/hr

=
1]

0.0298 m/sec through the 0.005 m diameter risers

.
Re,, = 157
f,. = 0.415

he = 0.006903 m
r
Headers:
Approximate the flow through the entire length of the collector
headers:

20
o= ) h(i)/20 = 22.05 kg/hr

m
h ?
i=1
up = 0.0195 m/sec through the 0.02 m diameter headers
Rep, = 411
£, = 0.170

he = 0.00054 m
ki

Sum the terms of the frictional head loss in the flow circuit:
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= 0.003231 m + 0.006903 m + 0.000540 m

.
-1
|

i

0.01065 m
Compare to the thermesyphen head from Eq. {3.23) (hy = 0.005787 m):
% difference = (hy - hz)/hp x 100 = -84.53
If the frictional head loss does not match the thermosyphon head to

within 1%, make a new guess of flow rate through the connecting

pipes:

EghT

M pA 5 : (3.33)

5 5 =L 'F_] ] _h ﬂ_
[d % ﬂjp * u [d K kJr * u [d ¥ k]h

o 30.9 ky/hr
The above procedure is repeated with the new estimate of flow rate.
In the interest of saving space, only the new values of solar frac-
tion, thermosyphon head, frictional head loss, and percentage differ=

ence are shown below:

-n
1

= 0.505
hy = 0.008332 m
he = 0.007852 m

% difference = 5.67%



]
L

Make a new guess of flow rate from Eq. (3.33):

finey = 31.9 ka/hr

Iterate again:

ctp = 0.507

C.008045 m

= 0.008084 m

=
-
|

% difference = -0.49%, which is within the 1% error tolerance deemed

acceptable.

The "equivalent average" flow rate for the thermosyphon system de-
scribed in Table 3,3 for the month of January in Phoenix, Arizona 1is
31,9 kg/hr, and the monthly solar fraction is 0.51.

For February, the flow rate is initially assumed to be 31,3
kg/hr, and the same procedure is followed using the monthly average
meteorological data for February:

A = 15,505 ki/mf-day, T, = 13.°C, Ky = 0.65

Once the monthly solar fractions have been calculated, the annual
sglar fraction 1is calculated using Eg, (3.30). For the system de-
ccribed in Table 3.3 in Phoenix, AZ, the annual solar fraction is

0.69,



A complete FORTRAN listing for the design method appears in

Appendix BE.



CHAPTER 4: FUTURE CONSIDERATIONS

4,1 Test Methods

The performance of some solar DHW systems can be approximately
predicted based on the thermal characteristics of their collecter
array and storage tanks without a consideration of the connecting
piping. The collector parameters Fpl —and Fplra} are determined
using the ASHRAE 93-77 test method. However, many solar DHW systems,
particularly natural circulation thermosyphon systems, are affected
by the connecting pipes, valves, and interactions between the indi=
vidual components of the system. ASHRAE Standard 95-1981 "Methods of
Testing to Determine the Thermal Performance of Solar Domestic Water
Heating Systems"” [34] was developed to analyze the whole system as a
single uwnit. The Standard requires that the complete system be
tested indoors, using either a sclar or thermal simulator. The test
procedure is to measure the daily performance of the system under
prescribed fixed meteorological and load conditions, until the steady
state one-day performance is reached. The test is repeated until the
daily system solar fraction is within three percent of the value on
the previous test day. If convergence does not occur within four
days, the average solar fraction for days three and four is ac-
cepted, ASHRAE specifies the method of testing the solar DHW system,
but does not specify the test conditions to be used for cbtaining a

standard rating on which to judge the relative merit of a particular
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system, This is normally done by a rating association such as the
solar Rating and Certification Corporation (SRCC).

SRCC Standard 200-82 "Test Metheds and Minimum Standards for
Certifying Solar Water Heating Systems" [35] defines a standard
rating day to be used in conjunction with the ASHRAE Standard 95-1981
test procedure, Figure 4.1 illustrates the SRCC daily solar radi-
ation and daily load profiles. The ambient temperature remains con-
stant at 22°C throughout the day.

The limitation of using a selected standard rating condition is
that it does not necessarily provide an accurate indication of the
relative performance of a system for any weather conditions other
than those specifically represented by the test. Since the ASHRAE
95-1981/5RCC £00-82 test i1s now commonly used for comparative rating
of a variety of active and passive solar water heaters, it would be
very helpful if the test results could be extended to enable predic-
tion of the solar fraction in a variety of locations with varying day
to day scolar radiation and ambient temperature.

One possibility for extending the test results to predict long
term performance might be through use of a catalog of "location co-
efficients". The solar fraction for a thermosyphon system for the
ASHRAE 95-1981/SRCC 200-82 standard test day may be multiplied by a
"location coefficient" to estimate the annual solar fraction for a
specific location's meteorological conditions. A first step in ex-
ploring this possibility is to compare the solar fractions from the

ASHRAE/SRCC test with TRNSYS annual solar fractions for a range of
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thermosyphon systems in a specific location. The four day test using
the SRCC Standard 200-82 dinsolation and load profiles may also be
modeled with TRNSYS so that an experimental setup is not required for
the preliminary study. A complete TRNSYS deck which simulates the
ASHRAE 95-1981/SRCC 200-82 test method for a thermasyphen solar DHW
system appears in Appendix C. The annual solar fractions are derived
from TRNSYS simulations using TMY meteorological data for
Albuquerque, New Mexice, with a RAND lead profile, Tpaqng = 12°C and
'I'Sup = 0°C, for the range of system configurations putlined in Table
3.2. Since the SRCC standard load draw is 42,300 kd/day, the values
for solar fraction in the test results must be corrected for differ-
ent loads in the annual simulations. Comparison between the test re-
sults and the annual simulations is shown in Figure 4.2. A linear
least squares regression on the test results for the range of para-
meters shown in Table 3.3 ylelds a "location coefficient” of 1.30 for
Albuguergue, Mew Mexice. This method of estimating annual solar
fraction fs limited in that a broad range of system configurations
must be analyzed for a broad variety of locatiens, to yield a useful
catalog of "location coefficients", Furthermore, for the many loca-
tions not as sunny as Albuquerque, the "location ceefficient’ will be
less than one. For these locations, it would not be practical to
compare large values of annual solar fraction for systems whose load
is greater than the SRCC standard load with the test method solar
fraction corrected for the larger load, Further work needs to be

done to investigate the usefulness of such a scheme.
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S.A. Klein and A.H. Fanney [36] describe a rating procedure for
active solar DHW systems 1n which site specific weather data are
combined with the ASHRAE 05-1981 test results to estimate the long
term performance of an active system in a variety of locations. The
testing procedure consists of two indoor tests in accordance with the
ASHRAE Standard. By using the concept of solar radiation utiliza-
bility, the test results may be plotted in a manner in which the
annual solar fraction of an active solar heating system may be found,
independent of the standard test day conditions, It is possible that
the idea of approximating the varying flow through a thermosyphan
system by an "equivalent average" fixed flow rate for each month may
be used to extend Klein and Fanney's rating procedure to finclude
thermosyphon solar DHW systems. Future work should be done to ex-

plore this possibility.

4.2 Indirect Circulation

The design method described in Chapter 3 consfders only direct
circulation of water through the thermosyphon solar DHH system. As
mentioned in Chapter 1, indirect circulation thermosyphon systems, in
which an antifreeze solution circulates through the collector and
transfers heat to the storage water through a heat exchanger, are
currently available on the market. The penalty in collector thermal
performance due to the heat exchanger 1in an active system may be ac-
counted for in a manner similar to that of connecting pipe thermal

losses [1]. The combination of a collector and heat exchanger per-
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forms exactly like a collector alone, but with a reduced value of Fp:

(4.1)

In a system where both pipe losses and a heat exchanger are present,
the caollector parameters should first be modified to account for pipe
Tosses using Eqs. (3.13) and (3.14), and the modified parameters then
used in Eq, (4.1) to account for the heat exchanger. This assumes
that the heat exchanger is near the tank, which is usually the case.
Equation (4,1) may alsa be used to account for the presence of a heat
exchanger in a thermosyphon system. Correlations for the specific
gravity and viscosity of the antifreeze solution as a function of
temperature would have to be substituted for Eqs. (3.24) and (3.26),
respectively. However, since no experimental data were available on
long term performance of indirect circulation thermeosyphon water
heaters, the inclusion of Egq. (4.1} in the design method should be

verified,

4.3 Conclusions

The thermal performance of a natural circulation thermosyphon
solar water heating system is comparable to that of a well centrolled
forced circulation active solar DHW system, Thermasyphan systems

have no parasitic power or maintenance reguirements for a pump and
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controller, and are therefore an attractive alternative for helping
to meet the domestic hot water load in a variety of Tlocations,
Whereas the long term thermal performance of active systems may be
estimated using the f-Chart method, there previcusly was no general
design method available for thermosyphen systems. The purpose of
this project has been to study the unique control strategy inherent
in the operation of a natural circulation thermosyphan system, and to
develop a design tool for predicting long term performance.

The design method which was developed is based on the original
f=Chart method for active systems. The varying collector flow rate
throughout the day and year in a thermosyphon system is approximated
by an "eguivalent average" fixed flow rate for each month in an
active system., An iterative scheme has been developed for finding
the flow rate which balances the thermosyphon buoyancy driving force
with the frictional pressure drop in the flow circuit on a monthly
average basis. The iterative scheme may be briefly outlined by the
following sequence of steps:

1. The solar fraction for a stratified tank active system is evalu-
ated for an initial estimate of flow rate using a modified form
of the f-Chart methed.

2. The average temperature in the thermosypheon system storage tank
is calculated using a correlation between solar fraction and a

non-dimensional form of the average storage temperature.



3. The temperature of the return fluid from the stratified tank to
the collector is calculated using a correlation for the stratifi-
gation profile in the storage tank.

4, The collector outlet fluid temperature is analytically deter-
mined, given the inlet fluid temperature and the estimated flow
rate,

5, 0Once the collector side temperatures and the average tank temper-
ature are known, the buoyancy force may be found.

6. The frictional losses throughout the flow circuit are calculated
using conventional fluid mechanics relations for pipe flow.

7. By combining all sources of frictional resistance and comparing
to the thermosyphon head, a new estimate of flow rate is found by
successive substitution. The procedure is repeated with the new
estimate of flow rate until the thermosyphon head balances the
friction head to within one percent.

Once convergence is reached, the procedure is begun for the next

month using the previous month's "equivalent average" flow rate as an

initial estimate. By this iterative scheme, the monthly and annual

performance of a thermosyphon solar DHH system may be predicted. A

comparisen between the annual solar fraction predicted Dy the design

method and detailed TRHSYS simulations, for a wide range of thermo-
syphon system configurations and locations, shows an RM3 error of

2.6%.

The design method can be wused by a manufacturer of package

thermosyphon systems or solar collectors to determine the optimal



sizes and configurations for the system components. It may also he
combined with an economic analysis tc allow an energy analyst, con-
tractar, or homeowner to assess the economic as well as thermal per-
formance of a system in a particular Tocation, Furthermore, the
henefits of changing the collector area, collector type, tank size,
pipe length, diameter, and layout may easily be found, enabling the

performance of a proposed or existing system to be improved.



APPENDTY A-: TENSYS DECK FOR THEEMOSYPHON SOLAR DHH
SYSTEMS USING THY METEQOROLOGICAL DATA

+*THERMOSYFHON SOLAR DHW SYSTEM SIMULATION FOR ONE YEAR

ATRNSYS DECK WHICH SIMULATES THE ASHRAE STANDARD 95-1981 TEST METHOD
#HITH THE SRCC STANDARD Z00-8Z DAY, FOR FOUR DAY CONVERGENCE
#INCLUDES AN IN LINE AUXILIARY HERTER, AND A MIXING VALVE
#INCIDENCE ANGLE MODIFIER CONSTANT IS SET TO ZERD. TO MATCH THE

#THE ASSUMPTION THAT THE RATIO OF TAU ALFHA EAR TO TAU ALPHA
*NORMAL = 1., IN THE DESIGN METHOD

MOLIST

SIMULATION 1 87e0 STEP
TOLERRNCES -0.01 -0.01
LIMITE 20 5 15

WIDTH 132

UNIT 9 TYPE 9 THMY DATA READER
PARRMETERS 13
31-110-210-310-11
(T20.¥F4,0,725,F4.0,T30,F4.1)

UNIT 16 TYPE 16 SOLAR RADIATION PROCESSOR USING ERBS' CORRELATION
PABRAMETERS 7

311 LAT 4871 0 -1

INPUTE 6

5,2 9,19 2,20 0,0 0,0 0,0

0.0 0.0 0.0 EHO SLOPE REIMUTH

UNIT 14 TYPE 14 RAND LOAD PROFILE

PARAMETERS B2

0,0.0 5,0.0 5,0.125 &,0.125 6,0.,391 7,0.391 7,0.625 8,0,625
8,0,703 9,0,703 9,0.549 10,0.549 10,0.391 11,0.3%1 11,0.297
12,0.297 12,0.422 13,0.422 13,0.242 14,0.242 14,0.203
15,0.203 15,0.156 16,0.156 16,0.297 17,0.297 17,0.549
18,0,549 18,1.0 19,1.0 19,0.786 20,0.786 20,0.54% %1,0.549
21,0.422 2Z,0.422 22,0.3%1 Z3,0.3%1 23,0.156 24,0.156 24,0.0

UNIT 17 TYPE 14 DRILY USRGE
PRBRAMETERS 4
0,LOADL B760,LOAD

UNIT 15 TYPE 15 INSTANTANEOUS LOAD FLOW
PARAMETERS &

002014

INPITS 3

17,1 0,0 14,1

LOAD 8.254 0.0

UNIT 45 TYPE 45 THERMOSYPHON SYSTEM
PARAMETERS 34



1 AREA FRTAN FRUL 71.5 BZERO SLOPE -11 NRISER DRISER DHEADER
LHEADER NODES 1.00 HCT DIN LIN KI UL DOUT LOUT KO UQ 1 TANK
HIANE HRET 4.19 1000.0 KTAMK VERT UT 1 THMAIN

INPUTE 9

16,6 16,4 16,5 16,9 0,0 9,3 10,1 10,2 9,3

0.0 0.0 0.0 0.0 RHO 0.0 TMRIN CG.0 0.0

UNIT 10 TYPE 11 TEMPERATURE CONTROLLED FLOW DIVERTER
PARAMETERS 2

4 3

INFUTS 4

0,0 15,1 45,5 0,0

TMAIN 0.0 TSET TSET

UNIT 11 TYPE 11 TEE PIECE
PARRMETERS 1

1

INPUTS 4

45,5 45,6 10,3 10,4
TSET 0.0  TMAIN 0.0

UNIT & TYPE 6 1IN LINE AUXILIARY HERTER
PARRMETERE 3

12240.0 TEET 4.159
INPUTE 3

11,1 11,2 Q.0
TSET 0.0 1.0

UNIT 28 TYPFE Z8 MONTHLY SUMMARY

PARRBMETERS 30

-1 148760-121-11 -4 -12Z2 -4 -13 -4 -14 -4 -15 -4 -1&
-4 -17 -4 -18B -4 -19 4 =17 <17 -15 3 2 -4

INPUTS 5

45,9 16,6 45,2 45,11 6,3 45,7 45,8 45,4 6,2

CHECK .10 -1,4,-6,-7

LABELS 10

DELU IT/M2 QU QU_P QAUNLN QTLOSS QSOL MC ML SOLARF

UNIT 29 TYPE Z8 MONTHLY TEMPERATURE SUMMARY

PARRMETERS 48

-11867¢0-12 -11 -2 2 -4 <12 -2 2 -4 -13 -2 2 -4 ~14 -2 2 -4

-15 -2 2 -4-16 -2 2 -4 -17 -2 2 -4 -14 -2 2 =17 -2 2 4

-1 TOET -17 -2 2 4 2 -4

INPUTS 7

45,3 45,1 45,5 ° 45,12 131 E.1 19,1

LAEELS B

TTRET TTIIN TTLOAD TTAVE TSOLME TSUPLN TTMAIN  HONDIM

END
ECT. .



CONSTANIE 35

LORD = 300,0

WRISER = 10.0 * PANEL
LHEADER = 1.626 * PANEL
GTEST = 71.5

HODES = 10.0

.0

Imn

B
5

4
o]
=

S58A
LU [ T [}
S O ol

5

RHO = 0.2

TEET = 80.0
DRISER = 0.01
DHEADER = 0.0274
DIN = 0.0254
DOUT = DIN
HCT = 1.0
LIN = 4.575
LOUT = 3.355
TANE = 0.250
FRUL = 17.03
FRTAN = 0,805
EOT..



EPPENDIX B: FORT G OF
FOR_THERMOSYPHON SOLAR DHH SYSTEMS

THIS PROGRAM PERDICTS THE LONG TERM FERi!‘{]RPHHCE OF THERMOSYPHON SOLAR
DOMESTIC HOT WATER SYSTEMS.

THE VARYING COLLECTOR FLOW RATE THROUHGHOUT THE DRY AN YEAR IN A
THERMOSYPHON SYSTEM IS APPROXIMATED BY AN "EQUIVALENT AVERAGE" FIXED FLOW
RATE IN AN ACTIVE (PUMPED) SYSTEM.

THE "EQUIVALENT AVERRGE" FLOW RATE IS FOUND WHICH BALANCES THE BOUYANCY
FORCES WITH THE FRICTIONAL RESISTANCES IN THE FLOW CIRCUIT, ON A MONTHLY
RAVERRGE BASIS.

AN ITERATIVE SCHEME IS USED TO FIND THIS FLOW RATE.

THE REQUIRED INPUTS ARE MONTHLY AVERAGE METEOROLOGICAL DATA AND DESCRIPTION
OF THE SYSTEM GEOMETRY.

M nnon oann o

OUTBUT FROM THE PROGRAM IS THE MONTHLY AND ANNUAL SOLAR FRACTION FOR THE
FARTICULAR SYSTEM, LOCATION, AWND HOT HATER LOAD.

THE SOLAR FRACTION OF THE ACTIVE SYSTEM IS CALCULATED USING THE
F-CHART METHOD.

MODIFICATION FOR STORARGE TANK STRATIFICATION IS MADE USING BERNIE
COPEEY'E WORK.

A CORRELATION BETWEEN SOLAR FRACTION AND NON-DIMENSIONAL AVERAGE TANK
TEMPERATURE HAS BEEN DEVELOPED BASED ON TRNEYS SIMULATIONS OF A
VERTICAL TANE THERMOSYPHON SYSTEM WITH AN IN LINE AUXILIARY HEATER.

THE COLLECTOR INLET TEMP IS ESTIMATED USING THE AVERAGE TANK TEMP, AND A
FORM OF PHILLIPS' STRATIFICATION COEFFICIENT.

Mmf oMo onn e

DIMENSION DARYS(12), BMAXAD(1Z), BMAN(1Z)

REAL KT, KTF, L, MTEST, MUSE, MUSER, MUSEH, MHIGH, MOML
REAL WRISEP, NEISE, LORD

CHARACTER*3 AMONTH(13)

CHARACTER*4 AYEAR

41593

PI = 3, _
= FI / 180,

1
CONV = F
C INPUT LATITUDE FOR PHOENIX. AZ. IN DEGREES
IEGL = 33.43
L = DEGL * CONV

C SET COLLECTOR SLOPE (B) AT LATITUDE
B=1L

C INPUT VALUES FOR SYSTEM CONFIGURATION AND COLLECTOR PARAMETERS



C FROM LOGICAL UNIT 20

C BUMBER OF COLLECTOR PANELS {PANELS)
READL(20,*) PANELZ

C COLLECTOR ARER PER PANEL (AP) IN M2z
RERD(20,*) AP ,

C INTERCEPT OF EFFICIENCY VS CTI-TA1/IT CURVE (FRULT) IN RJ/HR-M2-C
READ({20.#) FRULT

C NEGATIVE SLOPE QF EFFICIENCY VS LTI-TAJ/IT CURVE (FRTANT)
READ(20,*) FRTANT

C MASS FLOW RATE PER UNIT COLLECTOR AREA FOR TEST COMDITIONS (GIEST)
C 1IN KG/HR-MZ

GTEST = 71.5

C INCIDENCE ANGLE MODIFIER (BZ)
BZ = -0.10

C GROUND REFLECTANCE (RHO
BHO = 0.2

C NUMBER OF COLLECTOR RISERS PER FRNEL (NRISEP)
READ{ 20,*) NEISEP

C DIAMETER OF COLLECTOR RIBERS (DRISE) IN METERS
FRERD{ 20,%) DRISE

C COMBINED HEADER LENGTH PER PANEL (HEADP} IN METERS
READM 20,*) HERADP

C DIAMETER OF COLLECTOR HEADERS (DHEAD) IN METERS
READI 20,%) DHEARD

C LENGTH OF INLET TO COLLECTOR CONNECTING PIPE (PIPE) IN METERS
EFEAD(20,%) PIPIN

C LENGTH OF OUTLET FEOM COLLECTOR CONMECTING PIPE (PIPE) IN METERS
READ(20,%) PIPOUT

THERMAL 10SS COEFFICIENT OF CONNECTING PIPES (UPIPE) IN KJ/HR-M2Z-C
READ(20,%) UPIPE

C DIAMETER OF CONNECTING PIPE (DPIPE! IN METERS
READ(20,*) DPIPE

NUMBER OF RIGHT ANGLE BENDE IN CONNECTING PIPE (BENDS)
READ{ 20,%) BENDG

m

]

C TANK VOLUME (TANK) IN LITERS
REBD(20,*) TANK

C HEIGHT OF STORAGE TANK (HTANK) IN MEIERS
REBD(20,+) HTANK

C DIAMETER OF STORAGE TANK (DTANK) IN METERS
READ(20,*) DIANK _

C REFERENCE HEIGHT FOR ERSE OF MERSUREMENT (H1) IN METERS
READ(Z20,*} Hl
¢ HEIGHT OF COLLECTOR OUTLET ABOVE REFERENCE (H2) IN M
READ{20,%*) HZ
C HEIGHT OF CONNECTING PIPE INLET TO STORAGE TANK ABUVE REFERENCE
C (H3) IN METERS
RERDM 20,%) H3
C HEIGHT OF TANE RETURN TO COLLECTOR ABOVE REFERENCE (H5) IN M
RERD{20,#) HS
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FLUID DENSITY AT STANDARD CONDITIONS (DENS) IN KG/M3
DENS = 1000,

FLUID SPECIFIC HEAT AT STANDARD (CP) IN KJ/KG-C
CP = 4,19

FLUID THERMAL CONDAICTIVITY AT STANDARD (CONDY IN KJ/HR-M-C
COND = 0.6

MAINE TEMPERATURE (TMAIR) IN C
READ(Z0,*) THMAIN

SET TEMPERATURE (TSET) IR C
READ(Z0,%) TSET

DAILY LOAD DRAW (DRAW) IN LITERS
READN20,#%) DRAR

CALCULATE COLLECTOR ARER (A) IN MZ
B = PRNELS * AP

CALCULATE NUMBER OF COLLECTOR RISERS (NRISE)
NRISE = PANELS # NRISEP

CALCUTATE LEMGTH OF INDIVICUAL RISER (RISER) IN M
RISER = (HZ-Hl) / BIN(B)

CALCULATE CROSS SECTIONAL BREA OF INDIVICUAL RISER (CSAR) IN M2
CSAR = PT ~ LRISE *~ DRIZE / 4.

CALCULATE TOTAL LENGTH OF HEADERE (HEADY IN METERS
HEATER = PANELS +~ HEADP

CALCULATE CROSS SECTIONAL AREA OF HEADERS (CSAH) IN M2
C3hH = PI & DHEAD * DHERD 7 4,

CALCULATE COMEINED LENGTH OF COMKNECTING PIPE
FIPE = PIFIN + PIPOUIT

CALCULATE CROSE SECTIONAL ARER OF CONNECTING PIPE (CEAP) IN M2
C5AP = PL * DPIPE * CPIFE / 4,

CALCULATE SURFACE AREA OF INLET T0 COLLECTOR CONNECTING FIFE IN M2
SAINP = F1 * DFIPE * PIFIN

CALCULATE SUERFACE ARER OF OUTLET FROM COLLECTOR COMWECTING PIPE IN M2
SROUTP = PI # OPIPE * PIPOUT

CALCULATE CROSE SECTIONAL ARER COF BTCORRGE TANK (CSAT! IN M2
CEAT = PT * DTANK 4 DTANK / 4,

CRLCULATE MASS FLOW RATE FOR TEST CONDITIONE (MTEST) IN KG/HR
MTEST = GTEST * A

CALCULATE HEIGHT OF TOF OF STORAGE TANK ABOVE REFERENCE (H&) IN M
He = HTRAHK + HB

NUMBER OF DRAYS IN EACH MONTH
DATA DRYS/31.,28.,31.,30.,31.,30,,31.,31.,30.,31..30,,31./
BREAY OF MONTH AEEREVIATIONS (AMONTH)
DATA BAMONTH/'OJRN’, 'FEB’, 'MAR','APR’, 'MAY', 'JUN‘,
E ‘JUL’ , "AUG' , 'SEP’, 'DET ', ‘NOV', 'DEC* /
TATA BRYEAR/! 'YEAR'/
SET MONTHLY OPTIMUM COLLECTOR TILT CORRECTION (BMAXAD} FOR EVANS'
CORRELATION IN RADTANS
DATA BMAXAD/0,50€1,0.3142,0.0524,-0.1745,-0.3840,-0.4363,



& -0.4189,-0,1745,.-0,0349,0.1745,0.4014, 05236/

B e e e e —— ———— ———

C GUESS AN INITIAL VALUE FOR COLLECTOR FLOW RATE (MUSE) IN EG/HR
C TRY 15 KG/HR-MZ !
MUSE = 15.0 % &
KOUNT = 1
C INITIALLY SET TIN = TMAIN FUR USE IN CALCULATION OF EVANS'
C UTILIBABILITY PUMP ON TIME.
TIN = TMAIN
C INITIARLIZE YEARLY BEUMS FOR SOLAR FRACTION TO ZERO
FMIEYN = 0.0
FMIRYD =
FETRYN
FETRYD

Inom
oo
Lo Y e

WRITE(6,B6)
Bt FORMAT(LK,' "3
KRITE(&,.10) DEGL
10 FORMAT(1X, ‘PHOENIX, AZ.: LATTTUDE = ' Fb.Z,' DEGREES")
KRITE[6,102) A, B/CONV
102 FORMAT(1X, 'COLLECTOR ARER = ', F4.1, ' METERE', BX,
& 'COLLECTOR SLOPE = ,F5.2," DEGREES')
RWRITE(6,101) MUSE
101 FURMAT(1X, °~ INITIAL GUESSED VALUE FOR COLLECTOR FLOW RATE = °,

& F7.2," KG/HR')
HEITE!&, 856}
HEITE(6,11}
11 FORMAT{1X, ‘MONTH', * HORIZ', * TILTED', ' ¥MIX', * YMIX',
& * FMIX", ! XSTR', * ¥BTR', ' FSIR',
& ' MUSE “MC/MLY)
WRITE(G,1Z)
12 FOBMAT(LE,7X, (KJ/M2-DAY)}',Te3,  (KG/HR]')
BEADLIO,*]
I S e o e A R S S i s
00 100 M=1,1Z,1
C INPUT MONTHLY AVERAGE METEOROLOGICAL DATA FOR A PARTICULAR LOCRTION
C  (PHOENIX, AZ.) FROM LOGICAL UNIT 10
C H IS THE MONTHLY AVERAGE DAILY SOLAR RADIATION INCIDENT ON A
C  HORIZONTAL SURFACE IN KJ/MZ-DAY
C TAME IS THE MONTHLY AVERAGE AMBAIENT TEMPERATURE IN C

C KT IS5 THE MONTHLY AVERAGE CLERRNESS INLCEX

READ(10.1} H, TIaMB, KT
h & FORMAT(T10,F5.0,T25,F2.0,140,F4.2)

C TRANEFORM THE VALUE FOR RADIATION INCICENT ON A HORIZONTAL SURFACE

C TO RADIATION INCIDENT ON THE TILTED COLLECTOR SURFACE USING THE
C  SUBRCUTINE "TRANSEORM"
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CALL TRRNSFURM (M,L.B,H KT, HT)
1000 CONTINUE

C CORRECT FOR VALUES OF FRUL AND FRTAN AT FLOW RATE OTHER THAN

C ASHEAF 93-77 TEST CONDITIONS
FPUL = -1,0*MIESTACP/A * LOG{1.0 - IFRULT*MHIEST#I’_‘PH
RATNUM = MUSEACP/A/FPUL * (1.0 - EXP(-1.0*A*FPUL/MUSE/CP))
RATDEN = MTEST*CP/A/FPUL * (1,0 - EXP(-1.0*AFPUL/MIEST/CE))
RATIO = RATNUM / RARTCEN
FRTAN = FRTRNT * RATIO
FRUL = FRULT * RATIO

i

C CORRECT FOR THERMAL LOSSES FROM CONMECTING PIPE AS IN LUFFIE AND
C BECKMARN, P. 357.
TARPRIM = 1./{1. + UPIPE*SACUTP/MUSE/CP)
FRTAN = FRTAN * TAPRIM
ULPRIM = (1. - UPIPESAINP/MUSE/CP + UPIPE*(SAINP+SAGUTE)/A/FRUL)
E /£ (1. + UPIPEASAOUIP/MUSE/CE!
FRUL = FRUL » ULPRIM

CALCULATE X AND Y PARAMETERS FOR USE IN F-CHART CORRELATION
FOR THE SET OF UMITS PREVIOUSLY DEFINED, DELT IS THE NUMEBER OF
HOURS IW & DAY, AND LOAD IS THE DAILY LORD.
TREF = 100.
DELT = Z4.
LOAD = DRAH * CP * (TSET - THAIN)
¥MIX = AXFRULA(TREF - TAMB)*LCELT / LOAD

CORRECTION FOR STORBGE STZE DIFFERENT FROM STANDARD SIZE
STCCR = (TRNK / A / 75.) #»* -0.25

noin
w1 n
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C CORRECTION FCR SERVICE HATER HEATING
SHHCOR=(11.& + 1.1B*TSET + 3.B6ATMAIN - Z,32+TAMB) /
& {100.-TAMB}
KMIX = XEMIY # STCOR * SHHCOR

SET RATIO OF TRU ALPHA BAR TO TAU ALPHA NORMAL =
{ INCIDENCE ANGLE MODIFIER CONSTANT IS SET = 0.)
TAUBAT = 1.0
FRTAB = FRTAN * TAURAT
YMIX = AAFRTARAHT / LOAD

L.

i

C CALCULATE MIXED TANK SOLAR FRACTION (FMIX) USING F-CHART CORRELATION
FMIX = 1.0294YMIX - 0.065*KMIX - 0.245+YMIX~YMIX
& + Q.O0LB*HMIE~IMLIY + 0,0215%YMIX~*3

]

APPLY BERNIE COPSEY CORRECTION FOR TAME STRATIFICATION

APPLY EVANS' CORRELATION TO ESTIMATE PUMP-ON TIME (PUFP)
BMAKIM) = L + BMARADIM)
KTP = KT4COS(0.8*(BMRI(M] - B))
El = -4.86E-03 + 7,.56E-03+KIP - 3.BlE-03*KTP#KTP
EZ = 5.43E-06 - 1,Z3E-05#KTF + 7.62E-06*KTP*KTF
CRIT = FRUL/FRTAB*(TIN-TAMB)/ 3.6

]
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C  ALLOWING CRITTCAL LEVEL (CRIT) TO GO NEGATIVE

EUMP = -HT/3.6 * (El + 2 *EZACRIT)
MCML = PUMP*MUSE / DRAW

Cl = 1.040

CZ =0.726

C3 = 1,564

C4 = -2.760

DELY = C1~MOML / ((C2AMCML + C3AFMIX + CAAFMIXATMIX)**Z +1.1)
IF{DELX.GT.1.) DELX = 1.
ESTR = XMIX * (1. - DELX)

DEFINE YMBY AS THE ¥ VALUE WHEN FR = 1.
IN CBDER TO DO THIS, WE MUST KNOW THE VALUE OF TAU ALPHA BAR.
FIND TAU ALPHA BAE BY SOLVING FOR RATIO OF FRTAN USE TO FRTAN TEST
AT VERY HIGH USE FLOW RATE. ESSENTIALLY THIS WILL GIVE FRTAN FOR
FR EQURLS 1. THEN SOLVE FOR TAU ALPHA BAR (TAUBAR) ENOWING THE
RBTIO OF TAU ALPHA BRR TO TAU BLPHA WORMAL (TAURAT).

MHIGH = 10000,

RATNZ = MHIGH*CE/B/FEUL & (1.0 - EXP(-1.0=3*FPUL/MHIGH/CP))

EATIOR = RATNZ / RATDEH

TANZ = FRTANT # RATICZ

TAUBAR = TANZ +» TAURAT

YMARX = AATAUBRR*HT / LOAD

YETR = YMIX + (YMAX - YMIX) + CELX

I Imnr
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C  CALCULATE STRATIFIED TAME SOLAR FRACTION (FETR)
FSTR = 1.029*YSTR - 0.065*X5TR - 0.245AYSTRAYSTR
& + 0,0016*E5TR*XBTR + 0.0215*YSTR**3

C  BOLAR FRACTION MUST NOT BE GREATER THAN 1.0 (OVERHEAT)
IF(FSTR.GT.1.0) FS5TR = 1.0

SOLVE FOR THE PHILLIPS® STRATIFICATION COEFFICIENT (FES)
BREED ON THO DRRAMETERS: EFFECTIVENESS (PE) AND MTXTNG NUMEER (PM).

Mo

PM = CSAT * COND / MUBE / CP / HTANE
FE = A * FRUL f MUSE / CF
FES = TOGIL./i(1. - BEYY / PEA{1. + PMALOG(1./(1. - PEI )}

C USING FSTR AS THE VALUE OF SOLAR FRACTION, FIND THE MEAN STORAGE TANK
C TEMPERATURE USING A CORRELATICON DEVELOPED FROM A LEAST SQUARES CURVE FIT
C FOR B TRENK (UA) VALUE = 5,27 KJ/HR-C,

DIMNON = Q,117#FSTR + O,356#FSTRAFSTR + 0.424*(FETR**3)

TTANK = TMRIN + DIMNON*(TSET - TMAIN)

C SOLVE FOR THE TEMPERATURE OF RETURM FLUID FROM THE TANK TO THE
C  COLLECTOR (TIN) USING PHILLIPS' STRATIFICATION COEFFICIENT

C WEED TO USE THE NUMBER OF HOURS OF PUMP ON TIME TO INTEGRATE (IT} TO (HTI
TIN = PESATTANE + (1. - FEBE)*{FRTAE/FRUL*HT/PUMP + TAME)

C SET THE COLLECTOR INLET TEMFERATURE TC MAINE TEMPERATURE IF PHILLIPS'
C GIVES A VALUE FOR (TIN} LESS THAN MAINS.
IF{TIN.LT.THRIN) TIN = TMAIN



C SET THE COLLECTOR INLET TEMPERATURE TO TANK TEMPERATURE IF FHILLIPS'
¢ GIVES A VALUE FOR (TIN) GREATER THAN TTANK.
IF(TIN.GT.TTANK) TIN = TTANK

C SOLVE FOR THE COLLECTOR OUTLET TEMPERATURE (TOUT) WHEN THE ABSOREED
C SOLAR RADIATION IS APPROKIMATED AS HT~TAUBAR.
TOUT=TIN + A/MUSE/CP/PUMP*(HT#FRTAB — FRULAPUMP*{TIN - TAMBE))

C USING CORRELATIONS FOR SPECIFIC GRAVITY AND VISCOSITY OF WATER FROM
C TRWSYS TYPE4S5, FIND THE THERMOSYPHON HEAD (THHEAD) USING THE EQUATION
C FROM CLOSE, SOLAR ENERGY &, P. 33.

SG1 = 1.00026 - 3.906E-05*TIN - 4,.05E-06*TINATIN

SGZ = 1.00026 — 3.%06E-05*TOUT - 4,05E-06+TOUT*TOUT

SGTANK = 1.00026 - 3.906E-05*TTANK - 4.05E-06ATTANKATTANK

C GRAVITATIONAL COMSTANT (GRAV) IN M/SECZ
GRAV = 9.8l
THHEAD = 0.5%(8G1 - SG2) # (2%(H3-H1) - (H2-H1} -
& (H3-H5)* (H3-HS )/ (H6-H5) |
C CALCULATE THE DYNAMIC VISCOSITY AT THE AVERAGE TANK TEMPERATURE (VIS)
C IN KG/M-SEC,
VIS = 0.1/(2,1482*(TTANK - B.435 +
& SORT(B078,4 + (TTANK - 8.435)%+2)}-120.
R CONNECTING PIPE —---—-—--—mmmmmmmmmmme

C MASS FLUW RATE OF WATER THROUGH CONNECTING FIFE (FLOW) IN M/SEC.
FLOH = MUSE / (SGTANKADENSACSAPA3600.)
C CALCULATE REYNOLDS' NUMBER IN COMNECTING PIPE (REER!
REP = SGTANEACENS*FLOW*DPIPE / VIS
FRICTION FACTOR (FRICIP) IN PIPE DEPENDS ON WHETHER FLOW IS LAMINAR
(REYNOLDS ' NUMBER ¢ 2000.) OR TURBULENT [REYNOLDS®™ NUMBER » 2000.).
ACCOUNT FOR BENDS IN CUNNECTING PIPE.
IF(REP.LY.2000.) THEW
FRICIP = &4./REP
EQPIPE = PIPE + BENDS*2(.ADPIPE

mnmnn

TBENDS = 0.0
END IF
IF(REP.CE.2000.)

FRICTP = 0,032

EQPIPE = PIDE

TBENDS = BENDS
END IF

C DEVELOPING FLOH IN CONMECTING PIFES
FRICIF = FRICTE *(1. + Q.038/{PIFE/(REP*DFIFE))**0,964)

C ENTRY FROM TANK TO CONNECTING PIFE
TBENDS = TBENDS + 0.5
C CROSS SECTION CHAWNGE AT JUNCTION OF CONNECTING PIPES AND HEADER



IF(DPIPE.LT.DHEAD) TBENDS = TBERDS + 0.667*(DPIPE/DHERD)**4

& - 2.667*(DPIPE/CHERD)**Z + Z.0
IF(DPIPE.GT.DHEAD) TBENDS = TBENDS - 0,3259*(DHEAD/DPIPE)A*d
& - 0.1784*(DHERD/DPIPE)**Z + 0.5

C EXIT FROM COMNECTING PIPE TO TANK
TEENDS = TBEWDS + 1.0

FRHDP = FRICTP*EDQFIPEAFLOWAFLOW / (Z.~GRAV*DPIPE)

& + TBENDSAFLOWAFLOW/ | Z.*GRAV)
€ ==mmm=m-cmmee=ea-  CONNECTING PIPE —-==--- e
Q mmmmm o RISERS  mmmmmmmmmm mr

{ ASSUME EQUAL MASS FLOW THROUGH COLLECTOR RISERS (MUSER) IN FG/HR
MUSER = MUSE / NRISE
€ MASS FLOW RATE OF WATER THROUGH RISER (FLOWR) IN M/SEC.
FLOWR = MUSER / (SGTANKADENS*CEAR*3600.1
RATRP = FLOHR ¢/ FLOW
C CALCULATE REYNOLDS' NUMBER IN RISERS (RER)
RER = SGTANK*DENS*FLOWR*DRISE / VIS
C FRICTION FACTOR (FRICTR) IN RISER DEPENDS ON WHETHER FLOW IS LAMINAR
C (REYNOLDS‘ NUMBER ¢ 2000.) OR TURBULENT (REYNOLDS' NUMBER > 2000.).
IF(RER.LT.2000.) FRICTR = é4./RER
IF(RER.GE.2000.) FRICIR = 0.03Z

C DEVELOPING FLOW IN RISERS
FRICTR = FRICTR *(1. + 0.038/(RISER/(RERADRISE}|**0.964)

C CROSS SECTION CHANGE AT JUNCTION OF RISER AND HEALER
1F({DRISE.LT.DHEAD) CROSSR = 0.667*(DRISE/DHEAD}**4

G ~ 2.667%iDRISE/DHEADI**2 + 2.0
IF(DRISE.GT.DHEAD) CROSSR = - 0,3259*(DHEAD/DRISE)*#44
E ~ 0.1784*{ DHEAD/DRISE)**Z + 0,5
FRHDR = FRICTR*RISER*FLOWR*FLOMR / (Z.*GRAVADRISE)
& + CROSSR*FLOWR*FLOWR/ (2. *GRAV)
C mmmmm i e RISERS e e
o 111y - RS

C APPROXIMATE MASS FLOW RATE THROUGH ENTIRE LENGTH OF HEADER (MUSEH) IN KG/HR
MUSEH = 0.0 ‘
DO 500 I=1,INT(NRISE),l
MUSEH = MUSEH + MUSER~REARL(I)/HNEISE

500 CONTIMUE
C MASS FLOW RATE OF WATER THROUGH HEADER (FLOWH) IN M/SEC.

FLOHH = MUSEH / (SCTANK*DENS~CSAH*3600.)
RATHP = FLOWH / FLOW
C CALCULATE REYNOLDS' NUMBER IN HEADER (REH)
REH = SGTANKADENSAFLOWHATHEAD / VIS
C FRICTION FACTOR (FRICTH) IN HEADER DEPENDS ON WHETHER FLOW IS LAMINAR
C (REYNOLDS' NUMBER < 2000.) OR TURBULENT (REYNOLDS' NUMBER > 2000.).
IF{REH.LT.2000,7 FRICTH = &4./REH



IF(REH.GE.2000.) FRICTH = 0.032

C DEVELOPING FLOW IN HEACER
FRICTH = FRICTH #{1. + 0.038/(HERDER/(REH*DHEAD))*40,364]

C CROSS SECTION CHANGE AT JUNCTION OF HEADER AND RISER
IF({DHERD,.LT.DRISE) CROSSH = 0.667*(DHEAD/DRISE)**4

& - Z2.667*{CHEAD/DRISE)**2 + Z.0
1F¢DHEAD.GT.DRISEY CROSSH = - 0.3259%(DRISE/DHEAD)**d
& - 0,1784*(DRISE/DHEARD) #*2 + 0.5

C CROSS SECTION CHANGE AT JUNCTION OF HEADER AND CONNECTING PIPE
IF(DHEAD,LT.DPIPE) CROSSH = CROSSH + 0.667*(DHEAD/DPIPE]4*4

& - 2.667%(DEEAD/DPIPE}**Z + 2.0
IF(DHEAD. GT.DPIPE) CROSSH = CROSSH - 0.3259*(DPIPE/DHEAD)*#*4
& - 0,1784*(DPIPE/DHEAD) #*2 + 0.5
FRHDIl = FRICTH*HEADERAFLOWHAFLORH / (2 .*GRAVADHEAD)
& + CROSSHAFLOWHAFLOWH/ ( 2, *GRAV)
e HEADERS ~=mmmmm=mm=mm o mmmm e

C COMEINE FRICTIONAL LOSSES IN CONMECTING PIPES, RISERS AND HERDERS
FRHEAD = FRHDP + FRHDE + FRHOH

C &+ ITERATION TQ FIND FLOH RATE WHICH BALANCES THERMOSYPHON HEAD
C WITH FRICTIONAL LOSSES TO ONE PERCENT ##
IF(KOUNT.GT.10} THEN
HRITE(&,958) RMONTH{M!
GO TO 999
END TF
958 FORMAT(1X, '**** YOUVE ITERATED MORE THAN TEN TIMES FOR ‘.
BAT, “Awah )

DIFFER = (THHEADL - FRHEAD)/THHERD * 1Q0.
IF(RBS{DIFFER) .LT.1.1 GO TD 999

C FOR THERMOSYPHON HEAD LESS THAN ZERC (REVERSE FLOW IN WINTER), SET
c TO ZERD (I.E.., INCLUDING A CHAECK VALVE).

IF{THHEAD,LT.0.0) THEM
HRITE(&,B8) AMONTH(M)
BA FORMAT( 1X. '*HARNING* REVERSE FLOW OCCURS IN ‘.A3.'. FLOH RATE
ERE-INITIALIZED TO 15 KG/HR-MZ')
GO TO 999
END IF

MUSE = SGTANK*DENS*CSAP*3600.%50RT(Z.*GRAVATHHERD /

E  ((FRICTP*EQPIPE/DPIPE + TBEND3) + (RATRP*RATRF)*(FRICTR*RISER
& /DRISE + CROSSR) + {RATHPARRTHP)~(FRICTH*HEADER/DHERD +

& CROSSH) 1)

58
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EOUNT = KOUNT + 1
GO TO 1000

299 CONTINUE

C PRINT THE RESULTS
HREITE(G,Z1) AMONTH(M), H, HT. XMIX. YMIX, FMIX. ¥STR, YGTR.
& FSTR, MUSE, MCML
Z1 FORMAT(1X. A3, ZF9.l. B8F7.%)

€ 5UM FOR ANNUAL SOLAR FRACTIONS FOR MIXED AND STRATIFIED TANKS
FHMIXYN = FMIXYN + FMIX*LOAD*DAYS(M)
FMIXYD = FMINYD + LOAD*DAYS(M)
FSTRYN = FSTRYN + FSTR*LOAC*DRYS{M}
FSTRYD = FETRYD + LOADDRYS(M)

C EBESET THE VALUE OF THE COUNTER (KDUNT) FOR THE NEW MONTH
FOUNT = 1
C SET PLOW RATE INITIALLY TC 1% KG/HR-MZ FOR NEXT MONTH AFTER REVERSE
C FLOH OCCURS
IF(THHEAD,LT.0.0) MUSE = 15,0 * A
100 CONTINUE
FMIXYR = FMIXYN / FMIXYD

FSTRYR = FSTRYN / FSTRYD
WRITE(6,22) AYEAR. FMIXYR, FSTRYR
22 FORMAT(1X.A4,T37,F7.2,T58,F7.2)

STCP
END

SUBROUTINE TRANSFORM (M,L.EB,H KT, HT)

C TRANSFORM RADIATION INCIDENT INCIDENT ON A HORIZONTAL SURFACE TO
C HRADIATION INCIDENT ON THE COLLECTOR SLOPED AT AN ANGLE B KITH
C FRESPECT TO THE HORTZONTAL USING ERBS' CORRELATION FOR DIFFUSE
C  FRACTION

DIMENSION D(lZ}
REAL L, KT

C DECLINATION ANGLE (D)} FOR MEAN DAY IN EACH MONTH IN RADIANS
DRTA D/-D.3640, -0.22689, -0.0419, O,1641, 0.3281, 0.4032.

& 0.3700. 0.2356, 0.0384, -0.1676, -0.3299. -0.4014/

C SET GROUND REFLECTANCE RHOD
BHO = 0.2

€ CALCULATE SUNSET HOUR ANGLE FOR HORIZONTAL SURFACE [H5)
C FOR MEAN DAY OF MONTH, IN RADIANS

WS = ACOS(-1.0*TRAN(L) * TAN(DIM)))
C CALCULATE SUNSET HOUR ANGLE FOR TILTED SURFACE (WSP)



C FOR MERN DAY OF MONTH, IN RADIANS
HSP = MIN(ACOS(-1.0+TAN(L} * TAN(DIMI}),
E ACOS{-1.0~TAN(L-BE} * TRAN(DIMI)))

C CALCULATE RATIO OF BEAM RADIATIN ON A TILTED SURFACE TO THAT ON
C A HORIZONTAL SURFACE (EB). FCOR SOUTH FACING SURFACES IN THE
C  WORTHERN HEMISPHERE
RENUM = COS{L-Bi*C0S{TMM}I*SIN(HEP) + WEP*SIN(L-B)
& ASTNIDIMY )
RBDEN = COS(L)*COS(DIM)}4SIN(KS) + HASASIN(L}ASINID{M))
RE = REMUM / RBDEN

C CHECK IF KT IS IN RANGE OF ERES' CORRELATION 0.3 { KT ¢ 0.8
IFIKT.LT.0.3.0R.KT.GT.0.8) HRITE(&.99) KT
99 FORMAT (LY, '#&#* WARNING *#*% _ KT = ', F4,2.° ,HHICH IS QUT OF

& RANGE OF EEBS CORRELATION')

€ USING ERBS‘ CORRELATION, CALCULATE DIFFUSE FRACTION (HDRATIO)
HDRAT = 1.317 - 3.023*KT + 3.37Z2*KT*KT
& — 1.760*KT**3
HD = H A HDRAT

C CALCULATE RADIATION INCIDENT ON TILTED SURFACE (HT) AS SUM OF
L BERM, DIFFUSE, AND GROUND REFLECTED RADIATION
HT = H*(1.0-HORAT)*RB + HD*({1.04COS(B)}/2.00
& + HARHO*((1.0-COS(BY /2.0
RETURN
END
EOT. .
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¢ OF COLLECTOR PBNELS

COLLECTOR AREA PER EANEL [M*T

FRUL CEI/HR-MECT

FRTAN

# RISERS/PANEL

RISER DIAMETER LM

COMBINED HEADER LENGTH PER PANEL [MI]
HEADER DIBMETER CM1

COLLECTOR INLET PIPE LENGTH [MI
COLLECTOR OUTLET PIPE LENGTH [M]

P1PE THERMAL LOSSES L[KJ/HR-M2C]

PIPE DIAMETER CMJ

# BENDS IN PIPE

TANK VOLUME (L1

HEICHT OF STORAGE TANK [M1

DIAMETER OF STORAGE TANE [M2
REFERENCE HEIGHT [M1 {(H ONE)
COLLECTOR OUTLET ABOVE REF [M1 (H THO)
FIPE INLET TO TAWK BEOVE REF EM1 (H THREE)
TANE RETURN TO COLL ABOVE REF C[M1 (H FIVE)
MAINS WATER TEMPERATURE [<J

AUXILIARY SET TEMPERATURE (<]

DAILY LOAD DRAW [LT



H (KJ/ME-DAY)
11591,
15595,
20588,
26725,
30375,
31087.
28219.
26019,
22873,
17892,
130%7.
10577.

TEME (C)

10.
13.
15,
13.
21.
29,
32.
3.
8.
£,
15.
1i.

KI

0.8l
0.65
.&9
0.7%
0.77
0.76
0.70
0.70
0.71
a.70
0.65
0.60



103

PHOENIX, AZ.: LATITUDE = 33.43 DEGREES
COLLECTOR AREA = 2.8 METERS COLLECTOR SLOPE = 33.43 CEGEEES

INITIAL GUESSED VALUE FOR COLLECTOR FLOW RATE = 4Z.00 KG/HR
MONTH HORIZ TILTED IMIE YMIX  FMIX ¥STR ¥YSTR FSTR MUSE “MC/ML
{ LI/MZ-DAY) {EG/HR)

JAN 11S91.0 17879.0 1.77 0.5 0.40 0,78 0.63 0.51 31.B5 0.95
FEE 15595.0 21353.8 1.69 0.6% ©0.50 0.61 0.77 0.62 36.33 1.16
MAR 20588.0 24332,0 1.6% 0.B1 0.58 0.45 0,90 0.71 43.2% 1.40
APR 26725.0 27087.4 1.52 0.92 0.66 0,26 1,01 0.80 51,04 1.88
MAY 30375.0 27178.2 1.32 0.%2 0.67 0.20 1,02 0.80 51.63 1.76
Jud 31087.0 26303.6 1,10 0.89 0.67 D0.18 0.99 0.78 50.32 1.76
JUL 28219.0 24607.4 0.97 0.82 0.63 0.21 0.91 0.74 45.93 1.63
MG 26019.0 24933.1 1.01 0.84 0.64 0.21 0.93 0.75 47.24 1.&J
SEP 22B73.0 2Z5436.1 1.14 0.8 0.64 0,22 0.95 0.76 48.17 1.6
OCT 17R92.0 23636.1 1,37 0.78 0.58 0.37 0.87 .70 43.68 1,42
NOV 13057.0 14788.9 1.60 0,54 0.46 0.63 0.71 0.57 35.43 1.0%
DEC 10577.0 16902.1 1,72 0.53 ©0.37 0,79 0.59 0.48 31.11 0.%0
YEAR 0.57 : 0.69

EOT. .
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TRNSYS DECK FOR SIMULATING THE ASHRAE

95-1981 / SRCC 200-82 TEST MEVHOD FOR
THERMOSYPHON SOLAR DHR SYSTEMS

~THERMOSYPHON BOLAR DHW SYSTEM

*TRNSYS DECK HHICH SIMULATES THE ASHRAE STANDARD 95-1581 TEST METHOD
*HITH THE SRCC STANDARD 200-B2 DAY, FOR FOUR DAY CONVERGENCE
*INCLUDES AN IN LINE AUXILIARY HEATER, AND A MIXING VALVE

CONSTANTS 33
PANEL = 4.0

ETRNE = 0.0

HTANK = 1.32

HRET = 1.24

VERT = 1

UT = 3.08

ARER = 1.4 * PRNEL
NERIEER = 10.0 * PRNEL
LHERDER = 1.62% * PRNEL
STEP = 0.167
GTEST = 71,5
HNODES = 10.0
BZERO = 0.0

KI = 1.1

KO =4.3

Ul = 0.0

Ug = 0.0

RHO = 0.2

SLOPE = 45.0
AZTMUTH = 0.0

TAME = Z2.0

TMAIN = 22.0

TEET = 50.0

DRISER = 0.004293
DHEADER = 0.0274

DIN = 0.0254
DOUT = DIN

HCT = 1.0

LIN = 4.575
LOUT = 3.355
TARE = 0.250
FRUL = 17,03

FRTAN = 0.805
WOLIET

SIMULATION 17 113 ETEP
TOLERANCES -0.01 -0.01
LIMITS 20 5 15

WIDTH 132

UNIT 46 TYFE 14 SRCC SOLAR IRRADIANCE PROFILE (KJ/HR-M2)
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FARBRMETERS 44

0,0. 8,0. B,1134. 9,1134, 9,1692. 10,1692. 10,2052. 11,2052, 11,2376.
12,2376, 12,2520. 13,2520, 13,2376. 14,2376, 14,2052. 15,2052. 15,1692.
16,16%2. 16,1134, 17,1134, 17,0. 24,0.

UNIT 47 TYPE 14 SRCC INCIDENCE ANGLE

FRRAMETERS 44

0,%. 8,90. 8,60. 9,80. 9,45, 10,45. 10,30. 11,30. 11,15,
12,15, 12,0. 13,0. 13,15, 14,15. 14,30, 15,30, 15,45.
16,45, 16,60. 17,60, 17,90. 24,30,

UNIT 48 TYFE 14 SRCC LOAD FORCING FUNCTION

*DRAW OF 14,100 KJ AT RATE OF 0.2 KG/SEC.

AEQUIVALENT TO TSET=50 C, TMAIN=22 C, AND 120 KG IN 10 MINUTES.
PARBMETERS Z8

0,0. 8,0. 8,721. B8.167,72Z1. B8,167,0. 12,0. 12,721. 12.167,721. 12.167,0.

17,0. 17,721, 17.167,721. 17.167,0. 24,0,

UNIT 45 TYPE 45 THERMOSYPHON SYSTEM
PRARRMETERS 34
1 ARER FRTAN FRUL 71.5 BZERO SLOPE -11 NRISER DRISER DHEADER
LHEADER NODES 1,00 HCT DIN LIN KI UI DOUT LOUT KO UQ 1 TANK
HTAME HRET 4.19 1000.0 ETANK VERT UT 1 TMAIN
INPUTE 9
4€,1 ¢,0 ¢o,0 4v,1 0,0 0,0 10,1 10,2 0,0
0 90.

0.0 0.0 O, 0 RHO TAMB TMAIN 0.0 TAMB
UNIT 10 TYPE 11 TEMPERATURE CONTROLLED FLOW DIVERTER
PARRMETERS 2

4 3

INFUTE 4

Q.o 48,1 45,5 0.0
TMAIN 0.0 TSET TSET

UNIT 11 TYPE 11 TEE PIECE
PARRMETERS 1

1

INPUTS 4

45,5 45,6 10,3 10,4
TEET 0.0 THAIN O.0

UNIT & TYPE & 1IN LINE AUXILIARY HEATER
PARRMETERS 3
B4600,0 TSET 4,19

INPUTS 3
11,1 11,2 0,0
TSET 0.0 1.0

UNIT ZB TYPE ZB SUMMARY

PARAMETERS 30 |

2417 113 -1 21 -11 -4 -12 -4 -13 -4 -]4 -4 ~15 ~4 -1&
-4 -17 -4 -18 -4 -19 -4 =17 =17 =15 3 2 -4

INPUTS 9

45,9 46,1 45,2 45,11 &,3 45,7 45,8 45,4 &,2
CHECK .10 -1,4.-6,-7



LABELS 10
DELU IT/M2 QU QU_P QAUXLN QTLOSS QSOL MC ML SOLARF

UMIT 29 TYPE 2B TEMPERATURE SUMMARY

PARAMETERS 48

2417 113 -12 -11 -22-4-12-22-4-13,-22 -4 -14 -Z 2 -4

-15 -2 2 -4 -16 -2 2 -4 -17 -2 2 -4 -14 -2 2 -17 -2 2 14

-1 TSET -17 -2 2 4 2 -4

INPUTS 7

45,3 45,1 4t.5 45,12 11,1 6.1 10,1

LABELS B

TTRET TTIN TTLOAD TTRVE TSOLMX TSUPLN TTMAIN  NONDIM

END
EOT..
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