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ABSTRACT

Low-flow solar hot water heating systems employ flow rates on the order of 1/5 to 1/10 of the
conventiond flow. Low-flow systems are of interest because the reduced flow rate dlows
sndler diameter tubing, which is less codly to ingal. Further, low-flow systems result in
increesed tank dratification.  Lower collector inlet temperatures are achieved through

dratification and the useful energy produced by the collector is increased.

The disadvantage of low-flow systems is the collector heat removd factor, Fr, decreases with
decreasing flow rate. A serpentine collector has the potentid to perform better than a
conventiona header-riser collector in low-flow systems due to the earlier onset of turbulent flow
which enhances the internal heet trandfer coefficient. The onset of turbulent flow is a function of

the tube diameter and flow rate per tube.

Many solar domestic hot water systems require an auxiliary ectric source to operate apump in
order to circulate fluid through the solar collector. A photovoltaic driven pump can be used to
replace the standard dectrical pump. PV driven pumps provide an ided means of controlling
the flow rate, as pumps will only circulate fluid when there is sufficient radiation. The reduction
of parastic pumping power can aso reduce onpesk utility demand. The PV pump, if

adequately designed, decreases the system performance by a negligible amount.



There has been some confusion as to whether optimum flow rates exist in a solar domestic hot
water sysem utilizing a heat exchanger between the collector and the storage tank, as
commonly employed for freeze protection. It was found that there exists thermd optimum or a
least economica optimum flow rates when it is congdered that low flow rates incur less
hydraulic costs. Pegk performance was aways found to occur when the heat exchanger tank-
sde flow rate was gpproximately equa to the average load flow rate. For low collector-gde
flow raes, a smdl deviaion from the optimum flow rate will dramaticdly effect sysem
performance. However, system performance is insenstive to flow rate for high collector-side

flow rates.

Antifreeze solutions have temperature dependent properties such as density and specific hedt.
The effect of large temperature dependent property variations experienced by ethylene glycol
and propylene glycol affect the optimum flow rate through the collector-side of the hest
exchanger. The increased viscosty of the glycol at low temperatures impedes the onset of

turbulence, which is detrimental to the hest exchanger UA.
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CHAPTER 1: INTRODUCTION

Increasing environmental concerns and escalating conventiona energy supply costs are cresting
a resurgence of interest in solar energy (CANMET, 1993). The changing infrastructure of
utilities in the United States has provided an opportunity for new initiatives in Solar Domestic
Hot Water (SDHW) Systems. In particular, the opportunity exists for utilities to market SDHW

systems to customers with both customer and utility cost savings.

A dgnificant area of interest is the development of low-flow solar domestic hot water systems.
Previous work indicates that the total flow volume through the collector for an average day
should be matched to the volume supplied to the load by solar for an average day for direct

SDHW systems (IEA, 1996).

Low-flow systems are cgpable of reducing equipment and ingtdlation costs which together
account for gpproximately two-thirds of the total SDHW system cost. Low-flow sysemsdlow
equipment to be consderably sized down; piping and pumps are smaller. Cost advantages are
in terms of decreased materid codts, less parasitic pumping power required from the utility and
reduced costs with ingdling lightweight sysems. The thermodynamic advantage of low-flow

gysemsisincreased tank stratification, which leads to improved system performance.



In many climates, freeze protection is required in the form of a glycol-water heat exchanger.
Low-flow systems influence the heat exchanger performance. The flow rates required on ether

Sde of the heat exchanger need to be determined in order to optimize system performance.

Low-flow solar domestic hot water systems aso offer anew area of investigation: PV pumping.
The lower pumping power now required by low-flow systems can be met with a PV pump.
The PV driven pump offers many advantages in terms of better control strategies and no need

for an auxiliary power source.

1.1 Water Heating Costs

Resdentia water heating accounts for gpproximately 18 % of the annua energy consumption in
the resdentid sector of the United States (DOE, 1997). The residentia sector energy use is

shownin Figure 1.1.

Space Heating
53%
Appliances
24%
AIC
Water Heating 5%
18%

Figure 1.1 Residential sector energy use



Mogt utilities are summer pesking, meaning that the highest demand is due to cooling loads on
the hottest sunniest days. Water needs are generdly insengtive to climatic changes rendering

solar domestic hot water heating in a good pogition to dleviate utility energy demands.

Currently, low naturd gas prices result in natura gas being the fuel of choice to meet the future
demand for eectricity. It will be difficult for solar energy to be competitive in areas where

naturd gasisavailable. However, there are many regions where naturd gasis not accessible.

Solar water heating can be a viable and competitive dternative. The costs of operating and
indaling different types of water heaters over alife cyce of thirteen years (the average lifetime
of awater heeter) is presented in Table 1.1. These data are based on the following 1995 fuel

costs: $0.52/therm for gas and $0.07kWh for eectricity.



Fuel Type estimated estimated yearly estimated life cycle
purchase price operating costs cost, 13 years of
installed operation

Gas high- $470 $128 $2,134

efficiency*

40-gallon gas $435 $144 $2,307

low efficiency*

Gas side vent* $850 $134 $2,592

Electric heat $2000 $123 $3,599

pump*

Electric high- $580 $331 $4,883

efficiency*

50-gallon $475 $349 $5,012

electric

low efficiency*

Solar system# | $2560 $10 $2,690

*Madison Gas and Electric, 1995

Table 1.1 Water Heater Life Cycle Costs

The other costs of gas and eectricity are often overlooked. Gas and electricity are the culprits
producing ar pollutants including sulfur dioxide, nitrogen oxides, particulates and heavy metads
which impact human hedlth, flora and fauna, building materials, and socia assets like recregtion
and vighility. Greenhouse gases including carbon dioxide, methane, and chlorofluorocarbons
are suspected of contributing to globd climate change and pose potentid impacts on agriculture
and human hedth. Waer use and water qudity are affected by dectricity production,
principaly through therma pollution or hydroelectric projects that affect aguatic populations.

Land use is a0 affected by power plant stes and by waste digposal including solid, liquid and

nuclear wastes (DOE, 1995).

#lnternational Energy Agency, 1996.




1.2 SDHW Barriers

There are a number of barriers that have prevented the widespread adoption of solar water
heeters by both utilities and homeowners in the past. These have included high capitd codts, a
reputation for poor system rdiability, an inadequate system infragtructure and limited public

knowledge of the gains and benefits of current technology (CANMET, 1993).

With deregulation and new competition, utilities are seeking innovative new products and
services that will add vaue and produce customer loydty. Utilities can experience demand
reduction from solar water hegting systems during pesk times, typically morning and evenings
when hot water draws tend to be the geatest. The energy reduction eiminates the need for
larger power plant generating capacities and pollution from power plants is reduced as loads
decrease. Many eectricity-providing utilities are losing customers who are switching to cheaper

gas, solar hot water heating may provide a means of retaining customers.

Many utilities are now employing Energy Service Companies (ESCOs). The concept presents
the possibility of converting solar water heating from a subsidized Demand Side Management
program to a profitable busness. The ESCO istypicaly responsble for the ingalation, service
and maintenance of the solar hot water system. In return for contributing to an increased market
sze, the ESCO receives a portion of performance savings from the utility. The Utility on the
other hand receives a monthly service fee from the homeowner in return for the services the
ESCO provides. The homeowner experiences no first costs and is assured reiability and

maintenance of the syssem. The ESCO concept is demorstrated in Figure 1.2 (Engtar, 1996).



TILITY

Monthly Service Pattion of Performance
Fee Savings

ImstallationsServiceMaintenance

HOMECAWMER ESCO
Mo first costs Increazed market size
Pasitive cash flow Imcertive to maintain system
Reliahility and mairtenance
Chaice

Figure 1.2 Schematic of the ESCO concept

This end-use pricing, which involves the sde of solar heated water itsdf, rather than the sde or
lease of equipment that makes it, is believed to increase market penetration. The increased
demand will have a positive effect on the economics of solar water heating (Lyons and Comer,

1997).

1.3 Solar Domestic Hot Water Systems

The primary components in a solar domestic hot water system are a solar collector, a tank, a
pump and a controller. The function of the solar collector is to absorb solar radiation by means
of an absorber surface, which isusualy ablack copper plate, and convert it into therma energy.
The thermd energy is then conducted to a flowing fluid by means of copper tubes welded to the

absorber surface. The collector is protected from convective losses with a glass cover that is



transparent to incoming long-wave radiation, but prohibits short wave radiation leaving the
collector. Insulating neterid is usudly placed dong the sdes and back of the collector. The
tank is the storage media for the heated water. It is common to use retrofitted conventiona gas
water-hegter tanks. A pump is normdly controlled by a differentid temperature-sensang
controller that turns on the pump when the collector outlet temperature is grester than the
temperature in the bottom of the tank. Auxiliary heet is usualy added by means of a hesting

element insde the tank or asan externd ‘zip’ hedter.
The components above form adirect solar domestic hot water system such as the one shown in

Figure 1.3.

to load

p —
/\/—Ezip heater

_.‘_
— from mains

tank

zolar collector

fUImp
Figure 1.3 Direct solar domestic hot water system (not to scale)

Some form of freeze protection is required in many climates. One method of freeze protection

is to use a heat exchanger where antifreeze is circulated in the collector-sde loop and water in



the tank-gde loop. An example of such an indirect solar domestic hot water system isshownin

Figure 1.4.

to load

A N—

Zip heater

heat exchanger

zolar collectar

pUmp from mains
tank

P

Figure 1.4 Indirect solar domestic hot water system (not to scale)
A meansto easily assess the performance of a system isto determine the solar fraction, given by

equation 1.1.

Qauxi liary

load

S =1-

(1.1)

where Quuiiay IS the auxiliary heat requirement needed to meet the load, given by Qoa. The
solar fraction is the proportion of the load that is met by solar energy. The difference between

the load energy requirement and the auxiliary energy input is the amount of solar energy gained.

How rates through solar systems are usudly given per unit area of the collector with units of

kg/s.nt.



1.4 Smulating Sysems

Simulations provide a means of predicting and optimizing asystem. System performance is best
andyzed with asmulation package, such as TRNSY S, whilst individua system components can

be readily andyzed with andytica solutions, equations and numerica methods.

TRNSYS is a trangent sysem smulation program with a modular sructure.  The system
description is specified in a ‘deck’ in which the user can specify the system components and
how they are connected. The program comes equipped with a library of components
commonly found in therma energy systems, as well as component routines to handle input of
wesether data and output of Smulation results. The advantage of using such a program isthat its
modularity fecilitates the addition of mathematical models, referred to as TYPES. One can
eadly observe the variation of certain parameters on a system, which would be cogtly to andyze

experimentdly.

Meteorologicd information including horizontal surface radiation, tilted surface radiation, wind
gpeed, and ambient temperature are used as inputs describing the environmental conditions
gpecific to each location. Each component, specified by a TYPE, has its own parameters and
input and output variables. The components are readily ‘linked' together by combing the output

variables of one component to the input variables of another component.



10

15 Load Prdfile

Hot water usage profiles used in this esearch were adapted from WATSIM software by
Williams (1996). The 8760 hourly water draw profiles were based on the standard water draw
specification file provided in the WATSIM program. The ‘neutrd’ household of four draw
profile has been chosen. The neutra household of four’ s water draw lies between water draws
of consarvative and profligate households. The average daily hot water draw is about 77.2

gdlons per day (12.2 kg/hr).

1.6 ThesisObjective

Resdential hot water use represents alarge proportion of resdentid energy use. Theresdentia
energy use accounts for agpproximately one third of the total energy use. Utilities can use end-
use pricing to target solar domegtic hot water hegting.  This offers many benefits in terms of
increased market share and reduced demand a the generdtion level in an increasngly
competitive environment. The development of low-flow solar domestic hot water systems does
not only provide a cost-€effective dternative in hot water systems, but can aso reduce emissions
and demand a the generdtion level. This thess demondrates some drategies in designing an

optimal low-flow system.



CHAPTER 2: LOW-FLOW SOLAR DOMESTIC HOT WATER

SYSTEMS

The conventiond drategy in designing solar domestic hot water systems has been to maximize

the solar collector heat removd factor (and the heat exchanger energy transfer coefficient for

indirect sysems) while attempting to minimize parastic power. The Hottd-Whillier equation

(Duffie and Beckman, 1991) given in equation 2.1 defines the efficiency for a solar collector in

terms of the collector heat removal factor Fg, given in equation 2.2.

h = FR[GT(ta)av' UL(Ti - Ta)]
| G,

where

Gr  =thesolar radiation (W/nv)

(ta) o = the average transmission-absorption product given by the cover and
absorber configuration

U.  =thecollector loss coefficient (W/nPK)

T = the temperature of the collector inlet fluid (K)

Ta = the ambient temperature (K).

2.1)

(22)
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In Equation 2.2,

m = the collector fluid flow rate (kg/s)

C, =thecollector fluid specific hest (Jkg.K)
A.  =thecollector area(n)

F = the collector efficiency factor

More details on the collector heat remova factor will be given in chapter 3.

Observing equation 2.1, it can be seen that increasing the mass flow rate will indeed increase the
collector hest removal factor, but this does not necessarily mean the collector efficiency given by
equation 2.2 will incresse. As the collector flow rate isincreased the collector inlet temperature
may be higher due to tank mixing and therefore the losses will be higher (Van Koppen et d.

1979).

An dternative to maximizing the collector heat remova factor is to increase tank dratification.
Increased stratification causes the temperature gradient ong the height of the tank to be larger
meaning the temperature at the top of the tank is much greeter than the temperature at the

bottom of the tank.

In the past, the average flow rates have been high and resulted in an average daily collector flow
rate that is three or more times greater than the average daily hot water draw (Fanney and
Klein, 1988). The tank is usudly szed to the average daly load, thus storage fluid is

recirculated through the collector loop three or more times a day.



Naturdly, the tank will dratify when there is no circulation. When there is solar energy
collection, there will be circulation and the tank will become mixed. It has been confirmed
experimentdly thet a lower flow rates higher dtratification exists (Fanney and Klein, 1988). The
optimum flow rate is found to be gpproximately 10 to 33% of that typicdly used in forced
circulation direct systems (Fanney and Klein, 1988). Wuestling, Klein and Duffie (1985) found
the optimum performance for a system without a heat exchanger is achieved when the monthly
average daily total water circulated through the collector array is gpproximately equd to the

average daly total load.

Fanney and Klein (1988) performed sde by sde tests on identicd SDHW systems. One
sysem had a 0.020 kg/snt collector aray flow rate, which was in accordance with
manufacturer’s recommendations. The other system was based on observations of tank
dratification given by Van Koppen et d (1979) and Wuestling (1983) with a 0.0033 kg/s.nt
collector array flow rate. The system with the lower collector flow rate resulted in an 8%
increase in solar energy ddivered to the Storage tank and a 10% decrease in auxiliary energy

consumption.

2.1 Simulating Tank Stratification

Stratified tank models fdl into two main categories, the multi-node gpproach and the plug flow
goproach.  The multi-node approach involves dividing the tank into N sections or nodes and

performing an energy balance for each node. The plug flow approach assumes that segments of

13
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liquid at various temperatures move through the tank in plug flow; the model keeps track of the

Sze, temperature and postion of the segments.

TRNSY S Type 60 smulates a dratified fluid sorage tank using the multi-node approach. The
tank is assumed to contain equal volume segments or nodes (however, there is an option to use
unequa Sze nodes). Using one node smulates a fully mixed tank. Increasing the number of
nodes decreases interna mixing and a higher degree of thermal dratification is achieved. It is
important to determine the sengtivity of the number of nodes chosen. Up to 100 nodes may be
chosen, but increasing the number of nodes substantialy increases the computing time. It is
necessaty to find the minimum number of nodes to reasonably model the effects of Sratification.
Figures 2.1 and 2.2 show the effects of the solar fraction for the number of nodes for two
locations, Madison, Wisconsn and Miami, Horida The flow rate is given per collector area,

rendering the plots independent of collector area.
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Figure 2.2 Sensitivity to the number of nodes for Miami, Florida.
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Increasing the nodes and hence the degree of dratification increases the solar fraction. At low
collector flow, the amulation results obtained for maximum dratification agree well with the
experimental results (Fanney and Klein, 1988). It can be seen that the difference between 20
and 50 nodes is very small. Since 50 nodes require too much computing time, 20 nodes will be

used in this research for adl amulations.

The optimum collector flow can be shown independent of location and the time of the year by
comparing Figure 2.1 and Figure 2.2. The average daily load draw is 0.0035 kg/s.nf. The
average daily load was found by averaging the hourly loads of the load profile over the year for
the hours of sunshine, approximately 8 hours each day. This vaue is close to the optimum flow

rate for both locations.

Another important factor is the tank storage sze. An undersized tank will force recirculation,
wheress an increased tank size will incur additional materia costs and increase convection
losses to the environment through the increased surface area. Figure 2.3 demongtrates the
effect of the variation of tank volume on solar fraction. The tank losses have been assumed
negligible, if they were included, increasing the volume would increase the losses to the

environment and therefore the solar fraction would decrease.
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Figure 2.3 Effects of variation of tank volume for two locations, Madison, Wisconsin and
Miami, Florida.
Figure 2.3 demondrates the optima tank volume is independent of location. A tank volume of
about 0.4 n7 isthe optima for the given load. Decreasing the storage volume will not alow the
tank to fully gratify. Further increasing the tank volume will have little effect on the solar fraction

until a volume is reached were convective losses to the environment are S0 large thet the solar

fraction is reduced. A tank volume of 0.4 nt will be used for dl smulationsin this research.

2.2 Condusons

Reducing the flow rate can sgnificantly improve solar gains as tank dratification is improved.

However, the storage tank volume, daily load, and load distribution have a direct effect on the

17
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optimum fixed flow rate because they directly contribute to the amount of tank recirculation.
Careful sdection of tank size and number of nodes need to be considered. For the given load
profile 20 nodes model maximum tark dratification without dragtically increasing the computing
time. A tank volume of about 0.4 nt is about the optimal size in terms of materia savings and

maximum dratification.



CHAPTER 3: COLLECTOR PERFORMANCE

Solar collectors function as heat exchangers, they receive solar radiant energy and transfer it to
the flowing fluid. The useful energy gain of the collector determines the temperature rise of the

flowing fluid in terms of design and operationd variables.

Equation 3.1 (Duffie and Beckman, 1991) expresses the useful energy gain of a solar collector

in the fallowing form.

Q, =AF[G ta)- U (T, - T,]] (3.)

where Fr isthe collector heat removal factor, (ta) is the transmittance absorptance product,
UL (WInPK) is the overdl loss coefficient, A () is the collector area, Gr (W/nT) is the

incident radiation and T; (K) and T, (K) are the fluid inlet and ambient temperatures

respectively.

The collector reat removd factor, Fr isthe raio of actud ussful energy gain of a collector to

the useful gain if the whole collector surface were a the fluid inlet temperature, equation 3.2.
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mC, (T, - T)

“AlG fa) U T 52

R

In equation 3.2, M is the mass flow rate, C,, (Jkg.K) is the specific heat of the collector fluid

and T, (K) isthefluid outlet temperature. Fr is andogous to the heat exchanger effectiveness.

Radiation passes through the cover sysem and is incident on the absorber plate. Some
radiation is reflected back to the cover sysem, which agan may be partly absorbed and
reflected by the plate. The transmittance-absorptance, (a), represents the overdl effect of a

cover-absorber combination rather than the product of the two properties.

Energy is transferred to the surroundings from the top, sides and bottom of the collector. This
energy transfer rate is given in terms of the overall loss coefficient, U, (W/n?.K). A relation for

U, (Duffie and Beckman, 1991) is given in equation 3.3.

U L = U +U edge + U back (33)

where an approximate relation for Uy, (W/n?.K) given by Klein (1975) is shown in equation

3.4, and Ueggge (W/NP.K) and Upes (W/NT.K) are the losses from the edge and back of the

collector respectively.
1 S (Tpm2 +Ta2XTpm +Ta)
Uy = +
top Ng 1 N 2Ng +f-1
c T 1 e, +00N(-e,) e ° (34)

é a t—
TpméNG+fG h
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where

No = number of glass covers

f  =(1+0.04h, +0.0005h,> |1+ 0.09IN,)
C  =365.9(L- 0.00883b +0.0001298b?)
b =collector tilt (degrees)

€y = emittance of glass

€ = emittance of plate

Ta = ambient temperature (K)

Tom = mean plate temperature (K)

Q,
T,.=T +—A (- Fe)

pm i
R~ L

hy  =wind heat transfer coefficient (W/nt.C)

It can readily be determined from equation 3.2 that the heat remova factor is heavily dependent
on flow rate a low flow rate values. At high flow rates, Fr becomes independent of flow rate.
Reducing the collector flow rate is detrimentd to the collector heat remova factor. It is
pertinent to find the configuration and geometry that is most gppropriate in terms of pumping
power and collector efficiency (defined in equation 2.1). In this analyss the popular header-

riser flat- plate collector and the serpentine flat- plate collector will be analyzed and compared.
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3.1 Header/Riser Flat-plate Collector

The header-riser fla-plate collector consists of two horizontal headers and a sexvies of pardld,

vertica risers as shownin Figure 3.1.
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Figure 3.1 Conventional flat-plate collector
The andyss of the header-riser flat-plate collector makes many assumptions (Duffie and

Beckman, 1991). These include the following:

Headers can be neglected since they cover asmal area.

The headers provide uniform flow to tubes.

Hest flow through the cover is one-dimensond.

Temperature gradients around the tubes can be neglected.

The temperature gradients in the direction of flow and between the tubes can be treated

independently.



One primary concern is how these assumptions hold for low flow. It will be shown that the flat-
plate collector does not have equal flow rates through therisers.  The pressure drops from the
bottom to the top of the risers are greater at the ends than the center of the collector. Thisleads

to higher flowsin the end risers and lower flows in the center risers.

3.1.1 PressureDistribution
Fanney and Klein (1985) experimentaly found thet for low flow rates (less than 0.0025 kg/s?

compared to the manufacturer’s recommended flow rate of 0.020 kg/s?) there was an
imbaance in the flow through a collector array. The flow was not divided equaly between three
individud collectors. The imbaanced flow condition was detected by monitoring thermocouples
attached to the absorber plates. However, the individua collectors were not examined for flow

imba ances.

Dunkle and Davey (1970) dtate that the efficiency of large solar water hegting inddlationsis
reduced if flow is not uniformly distributed through the absorber. They found thet flow is “short
circuited” through the first and last few risers leaving a dead zone of low flow near the center of
the bank. In these regions of low flow rates, there are higher heat losses and lower thermdl

efficiency due to the higher temperatures in these areas. Temperature distribution is the worst a
the highest flow rate. Dunkle and Davey dso sate that free convection forces counterbalance

the “short circuit” effect when the absorbers are inclined.

23
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A mode of the pressure didtribution was developed by usng mass baances and momentum
balances at each node. A node is defined at each bend or pipe intersection of the collector. For
each node, the mass flowing in and out was determined and the pressure was found from the

head loss and the preceding node pressure.  Figure 3.2 represents a smplified collector with

two risers.

%.1 1 3

Figure 3.2 Smplified collector with two risers

For the above Figure, the momentum baance is represented in equations 3.5.
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In equations 3.5, r (kg/nT’) is density, f is the friction factor evaluated from the Moody Chart, L
(m) is the length of each header or riser segment, Vv (mV/s) is the veocity, which is found from
the mass flow rate, and D; (m) is the inner diameter of the tube. The mass baance is given in
equations 3.6, where m (kg/s) is the mass flow rate through each segment.

M, =ms+m,

e = s (3
m,=m,

m, =m;,

Gerhart and Gross (1985) give loss coefficients for Tee joints that were used a the header and
riser joints. The collector isarranged in such away that the headers form the line flow of the tee

joint and the risers form the branch flow. The loss coefficients for the branch and line flow used
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were estimated from the data given by Gerhart and Gross. L oss coefficients are used to find an
equivaent length that is added to length of the heeder or riser when calculating the pressure loss.
The equivdent length is found using equation 3.7, where K is the loss coefficient, D (m) isthe

pipe diameter and f isthe friction factor.

L KD

equivalent — f
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The technicd data for the Alta Energy Liquid Ha-plate Collector Modd ATL 100-1
recommends flow rates of 0.75 gpm to 1.5 gpm that result in pressure drops of 0.01 to 0.04
ps. The Alta Energy collector has a net area of 22.1 ft>. The risers comprise of 3/8-inch
copper tubes spaced 2 inches apart from the centers and the headers are one inch in diameter.
The pressure drops cdculated for the Alta Energy collector geometry agree with the specified

pressure drops given by the manufacturer as shown in Figure 3.3.
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manufacturer's data

0.000 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
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m [gpm]
Figure 3.3 Flow rates and corresponding pressure drops



Flow through the flat-plate collector becomes more evenly didributed as the flow rate is
reduced. Figure 3.4 shows the dimensionless flow rate through the collector, that is, the flow
rate through the riser divided by the flow rate entering the collector as a function of riser
number. As the mass flow rates increase, the relative flow through the outer risers increases

while the rdative flow rates in the inner risers decreases.
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Figure 3.4 Flow distribution through a collector with varying flow rates

The imbaance found by Fanney and Klein is a odds with the above analyss which indicates
that flow imbaance should decrease with decreasing flow rate. The reason that Fanney and

Klein's results differ may be because they were measuring temperature and not flow.
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In order to verify, that the discrepancy was not based on the loss coefficients at the joints, the
collector was modded with varying loss coefficients. The loss coefficients were randomly
chosen.  The coefficients for the headers vary from 1.45 to 2.7. The loss coefficients for the
risers vary from 0.8 to 1.5. It was Hill found that the low-flow modd had the mogt evenly

distributed flow.

0.002 kg/s.m’ 7
\ 0.005 kg/s.m ’

Figure 3.5 Flow distribution for varying the loss coefficients
The pressure drop aong the headers for the common Stuation of water entering the bottom
header on one side of the collector and leaving the top header on the other side was dso

determined. Figure 3.6 demongtrates the dimens onless pressure through the headers.
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Figure 3.6 Pressure distribution through a collector with varying flow rates
Again, these results are in agreement with Dunkle and for flow digtribution through arrays of flat-

plate collectors.

Lowering the flow rate has the pogtive effects of a more even flow digtribution and pressure

drop across the bank of risers.

3.1.2 Collector Heat Removal Factor
For a header-riser flat-plate collector, the collector heat remova factor can be expressed as

shown in equation 3.8 (Duffie and Beckman, 1991).

T
o
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where F’ isthe collector efficiency factor shown in equation 3.9.

F=— /0, (3.9)

we 1 L1, 14
2. [D+(W-D)F] G, pDh,g

In equation 3.9, W (m) represents tube spacing, Cp, (W/m.K) is the contact resistance, hy;
(W/n? K) is the internal fluid heat transfer coeffident and F is the standard fin efficiency, given
in equation 3.10.

_ tanhm(w - D)/ 2]

i mWw- D)/ 2

(3.10)

Further details of the sandard fin efficiency and the internd fluid heet transfer coefficient will be

given in section 34.

It can be seen from this equation that increasing the flow rate will indeed increase the heet
remova factor. In the pag, this has led to the conclusion that higher flow systems will yield
better results. However, low flow rates have the advantage of alowing the storage tank to
dratify. This means that the temperature gradient aong the height of the tank will be high.
Hotter fluid will be available to meet the load and colder fluid will circulate through the collector
loop. The temperature rise across the collector will be higher due to the lower flow rates. An

added advantage is the decreased cost associated with pumping the fluid. Since low-flow



sysems may give an overdl better sysem performance, the best collector design must be
determined. The serpentine collector designis aviable dternative, asthe flow rates are low, the
higher-pressure drops through the serpentine collector are of little concern. It has aready been
shown that for low flow the header-riser flat-plate collector will have an even flow digtribution,
but the lower flows through each riser may adversdly affect the heat transfer coefficients and

hence performance.

3.2 Serpentine Flat-plate Collector

Serpentine collectors consist of a flow duct that is bonded to the absorber plate in a serpentine

or zigzag fashion. A serpentine collector is shown in Figure 3.7.
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Figure 3.7 Serpentine flat-plate collector

3.2.1 PressureDistribution
The pressure drop for a serpentine collector is easily caculated from equation 3.11.

L 2
p=rfowal (3.11)
2D
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In equation 3.11, L (M) is the tube length plus the equivdent length for the losses @ the

bends. Clearly, the pressure drop increases with increasing flow rate and with tota length.

3.2.2 Collector Heat Removal Factor

The heat removd factor for a serpentine collector is much more difficult to determine than for a
conventiond flat-plate collector. Unlike the andysis for the header-riser flat-plate where the fins
between the tubes are assumed adiabatic at the center of the tube spacing, there is heat transfer

between the tubes for a serpentine collector.

Abde-Khdik (1976) anadlyzed the heat remova for a flat- plate solar collector with a serpentine
tube. This analyss produced graphica results to obtain the heat remova factor. Figure 3.8
represents the generdized chart for estimating the heat remova factor, Fg, for flat-plate
collectors with serpentines of arbitrary geometry and number of bends. The parameters F; and
F», given in equations 3.12 and 3.13 respectively, are functions of physica design parameters,

including plate thickness, conductivity and tube spacing.
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Figure 3.8 Generalized chart for estimating the heat removal factor by Abdel-Khalik
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In the above equations, D (M) is the outer tube diameter, k (W/m.K) represents the plate
conductivity, d(m) is the plate thickness, R (m.K/W) is the resistance between the tube and the
plate and N is the number of turns in the serpentine collector minus one. R is a thermd

resistance defined by equation 3.17.

(3.17)

R= i + 1

C, pDhy
Abdel-Khdik dates that the differences in the vaues of Fgr/F; for one turn, (N=2) and those
obtained numericdly for higher vaues of N are less than 5 %. These differences vanish

completely for mc,/ FU, A, greater than unity. In ather words, the graphicdl results are vaid

within 5% for al practical Stuations.

Zhang and Lavan (1985) argue that thisis not the case. Zhang and Lavan present an andytica
solution to Abdd-Khdik's andyss for N=2 or for the case where the parameter,

mc,/ FU A, isgreder than unity. They aso provide andyticd solutions for N=3 and N=4,

however these are in matrix form and difficult to implement.

Zhang and Lavan date that the heat removd factor, Fg, is generdly amaximum a N=1 andis
generdly a minimum & N=2. As N increases, Fr increases, but at a decreasing rate. For
N® ¥, Fr seems to approach the vaue for Fr a N=1. As the number of turns increases, the

tube length increases for a given area.  The surface area exposed to olar radiation increases



and Frincreases. When N=1 the serpentine collector acts as a header-riser fla-plate and Fr is

the largest Snce thereis no heat transfer between tubes.

Lund (1989) dso finds the heat remova factor independently of the methods above. In his
andysis, he expresses serpentine performance in terms of an effectiveness-NTU rdationship.
Lund couples conduction and trangport equations that are rendered in non-dimensond form
using a shape factor. The shape factor is determined by duct shape and conduction through the
duct from the absorber plate. Lund's andyss seems to be most useful for turbulent flow
because hest trandfer isincreased for turbulent flow. In this flow regime, for N=2 the results are

consstent with those obtained by Zhang and Lavan.

Chiou and Perera (1986) dso analyzed the serpentine collector for any number of turns. The
results are presented in awkward matrix forms. They show that the thermd efficiency of the
solar collector for a serpentine tube arrangement is less than that for a header-riser configuration
for mogt of the day. During the morning hours and late afternoon, the serpentine collector
performs better in terms of the heat removal factor. The flow rate used is 0.0555 kg/s. Chiou
and Perera conclude there are two possible reasons for this. Fird, there is a higher-pressure
drop associated with the serpentine collector that may create flow imbaances, therefore, the
flow imbaances will cause poor heat transfer. Second, the heat transfer between the fluid and
the plate reduces toward the outlet of the serpentine collector. The difference is most likely due
to an overdl lower collector-plate temperature for the header-riser flat-plate collector and

therefore decreased thermal 1osses.
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For practica applications, serpentine collectors have many turns, and therefore it is necessary to

cdculate Fr with asmple method. The matrix solutions are cumbersome to implement.

3.3 Finitedifferencetechnique

A finite difference technique was developed. Abdd-Khalik presents anaytica equations for
heet flow per unit length entering the base of the tube, given in egquations 3.17. In these
equations, mis given by equation 3.15 and Ty (K) is the temperature at the base of the plate for
the segment i.

9" =k[q, .- g, coshm| (2£i £ N)

a =k[qi+1-qicoshm] (1£i£N'1)
a7 =kg,(1- coshm)

g, =kq, (1- coshm) (3.18)
where
6 =Ty T, o (319)

L

The useful energy gain to the tubes is given by equations 3.20.
Queera = G - DU

(Tbi - T )

useful =
R

(3.20)
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where the quantity [-DU,_q] is the energy collected per unit time and per unit length above the

tube.

Below is a representation of the finite difference technique. The vaues of q represent useful
energy, given by equations 3.20, transferred to the tube from the upper and lower parts of the

absorber plate and g is an intermediate temperature.
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Figure 3.9 Representation of the finite difference technique

The heat transferred to each node is represented in equations 3.21.

. DY
mC, @.-T)= Ch?
me (92 - gl) = quY
MC, (gs - g,) = (g +0,)DY (321)
me (94 - 93) = quY

. DY
mC,(Ts- 9,) = qs?
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where

g1+gz :T2
2
92 +gS_ —
22 98 -7 =T
2 3 4

010 o,

Specid care was taken in the agorithm to ensure the boundary conditions at each turn were

met. The boundary condition in the above exampleis Ts=T,.

This finite difference agorithm was implemented in an EES program, gppendix C. EES,
Engineering Equation Solver (Klein and Alvarado, 1997), is a computer program that solves
sets of equations using matrix techniques. The program was set up in order to enable any

number of turns and any number of nodes.

The main advantage of this finite difference technique is that no assumptions were made that
implied that the technique would only work under certain flow or geometry conditions, such

asmc,/ FU, A, being grester than unity.

When using a finite difference technique, the mgor concern is the grid size. In this case, the
concern was ensuring that the number of nodes was sufficient to accurately modd the problem.
Senstivity of the results to the number of nodes was determined for N=4 and N=10 ; the results

are presented in Figure 3.10.
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Figure 3.10 Sengitivity to the number of nodes in the finite difference technique.

It can be seen that the finite difference technique is sengtive to the number of nodes. For the

N=4 serpentine collector, 20, 40 and 60 nodes were used. The sengtivity is more marked for

the higher flow rates. Little difference was seen between the 40 and 60 node solution. In the

case of the N=10 serpentine collector only 20 and 40 nodes were tested. A higher number of

nodes was not feasble in terms of computational requirements. Again, the largest discrepancy

between the number of nodes was seen at the higher flow rates.

The finite difference technique was compared to the solution given by Abdd-Khaik. Figure

3.11 represents the comparison between the methods. The collector was chosen to have a

congtant area of one square meter, thus varying the number of turns changed the tube spacing.
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Constant vaues for the fluid heat-transfer-coefficient, hy, of 1500 W/n?K and hest loss

coefficient, U, of 5 W/mPK were used.
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Figure 3.11 Comparison of the finite difference and Abdel-Khalik model

The locus of mc,/FU A equd to unity was dso plotted.  For vaues of

mc,/ FU A greater than unity, the Finite Difference and Abde-Khalik model compare

favorably. At dl flow rates, the two methods for one and two turns yield identica results. For

N=4 the vaues for the collector heat remova factor compare reasonably within 4% with the

largest discrepancies occurring when mc,/FU A, is less than unity. The parameter

mc,/FU A, is equa to unity a a flow rate per unit area of about 0.06 kg/snt with a



serpentine modd of N=10. Unfortunately, for the region of interest, at low flow rates and high

values of the collector heat removal factor, the parameter mc,/ FU A, isless than unity and

Abde-Khdik's andyss does not hold for N > 2. At a flow rate of 0.002 kg/s.n? the
percentage difference in the values of Fr for the finite difference and Abdd-Khdik’'sandysisis

about 15 %.

The results of Figure 3.11 do not revea how the collector heat remova factor is dependent on

tube spacing. Figure 3.12 gives an indication of the effects of tube spacing.
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Figure 3.12 Variation of tube spacing and number of turns

41



There is an asymptote for Fr a a tube spacing of about 1 cm. The Figure reveds that the
minimum vaue for Fr occurs when N=2 and the maximum value occurs when N=1. Asthe
number of turns increases, the values of Fr gpproach the vaues of Fg for N=1, thereforeit can
be postulated for N=¥ the vdues of Fr equd the values of Fr a N=1. This agrees with the
results obtained by Zhang and Lavan. The effect of the number of turnsfor agiven tube spacing

of 10 cm isshown in Figure 3.13.
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Figure 3.13 Effect of the number of turns on collector performance

The results are dso presented as the ratio of Frto Fraa (for various numbers of turns), shown

in Figure 3.14.
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Figure 3.14 Comparing the number of turns of the serpentine collector to the one turn
collector

The difference for Fr between the 15 turn serpentine collector and the flat-plate collector is at
worgt less than five percent for aflow rate of 0.004 kg/sn? This flow rate is wel below the
expected operating range. For a flow rate of 0.002 kg/s.n¥ the difference between the modd's

islessthan 3 percent.

A serpentine collector may have more than 15 turns. In this case, the andyssfor along sraight
collector with no turns will hold. Therefore, the modd is very close to the mode for the flat-
plate collector, with the exception being that the interna heat transfer coefficient will be different.
A collector of N=1 could adso be made by usng a conventiond collector with many turns and

creating long cuts between the tubes, effectively decoupling the collector tubes.
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The internd heat transfer coefficient is dependent on the flow rate through the tubes, the
diameter of the tubes, the length of the tubes and the flow regime, that is, whether it is laminar or

turbulent.

For laminar flow (Reynolds numbers less than 2100), the Nusselt number is given by equation
3.21, developed by Heaton et a (Incropera and DeWitt, 1990) for the case of constant hesat

rate.

0.0534(RePr D, /L)

Nu=3.7+
1+0.0335(RePrD, /L)**

(3.22)

where Re is the Reynolds numbers, Pr, isthe Prandtl number, D; (m) is the tube diameter and L

(m) isthe tube length.

In the turbulent flow regime, Reynolds numbers greater than 2100, the Nussdt number is given
by Gnidinsi’s modification of the Petukhov equetion (Incropera and DeWitt, 1990) for

Reynolds numbers between 3000 and 5 x10°, shown in equation 3.22.

aei%e- 1000) Pr
Nu=—¢8 (3.23)

§1+ 12. 7 ?ﬁ/ 10‘

In the above equation, f, represents the friction factor from the Moody chart.



3.4 Design Consderations

Many design parameters need to be optimized. The fin efficiency gives an indication of the ratio
of the hegt transfer rate from afin to the hest transfer rate that would be obtained if the entirefin
surface area were to be maintained at the same temperature as the primary surface. The fin

efficiency assumes that there is no contact resstance a the fin base. Figure 3.12 gives an

example of the effect that the variation of tube spacing had on the collector heat removal factor.
The increasing vaue for Fr a decreasing vaues of tube spacing isrelated to the fin efficiency as
the fin length gpproaches zero the fin efficiency approaches 100 %. In thisregion of the curve,
there are o losses, but at the same time, the area subject to incident radiation has been greatly

reduced. Figure 3.15 showsthefin efficiency curve.
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Figure 3.15 Fin efficiency curve
A gened rule of thumb is that the fin efficiency should be about 90 to 95 %. Higher efficiencies

do not tend to be cost effective for this increased efficiency. The above Figure isin terms of the

design parameter, ?JQL(%(W -D)

- , Where U (W/n?K) is the loss coefficient, W (m) is the
ekd g 2

tube spacing, D (m) is the tube diameter, k (W/m.K) is the plate conductivity and d (m) isthe

plate thickness. The fin efficiency has been represented for the case of one turn.

Figure 3.16 represents the effect of tube diameter for a given flow rate of 0.002 kg/s.n?. It can
be seen that the tube diameter plays little importance in the collector heat remova factor for the
header-riser flat-plate collector. However, the tube diameter is very important in serpentine

collectors. In order to promote turbulent flow, the tube diameter should be small.
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Figure 3.16 Effect of tube diameter on collector performance

The fin efficiency was plotted againg the tube spacing for plate thicknesses of 0.0002 m and
0.0003 m in Figure 3.17. The copper tubing chosen has an outer diameter of 1/4 inch and an

inner diameter of 0.194 inches. The plate conductivity is 385 W/m.K.

a7
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The serpentine collector needs to be optimised in terms of the plate thickness, tube spacing and
tube diameter. As Saed earlier, increasing the number of turns will increase the collector heat

removad factor. A tube spacing of 10 cm was chosen with a plate thickness of 0.2 mm.

Solar collector designs seem to be dictated by the size of the glass cover. In order to decrease
costs standard sizes are chosen. Consequently, a60"x 84" sheet of glasswill be used, whichis
goroximately the size of a patio door, and it is about the maximum sze that can be comfortably

handled.

The serpentine collector modd was tested under two configurations: with the tubing parale to

the long side of the collector and paradld to the short side of the callector. The finite difference
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modd was used to asses the two configurations. The modd was tested for the same surface

area of 0.8 n?. Three turns were used for the configuration with the tubes running parald to the
short side and one turn for the configuration with the tubes pardle to the long Sde. These were
both compared to the modd with no turns shown in Figure 3.18. There was very little
difference between the two configurations, however for low flow rates the configuration with

three turns outperformed the one turn modd.
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Figure 3.18 Dependence on collector orientation, tube lengths and number of turns

For the collector dimensions of 60"x 80", the collector should have 19 tubes in pardld with 18
turns for optima low-flow performance. The flat-plate mode can readily be used for this

number of turns.



The serpentine collector was compared to the conventional header-riser flat-plate, Figure 3.19.
The serpentine collector has better performance due to the higher heat transfer coefficient a
collector flow rates greater than approximately 0.001 kg/sn?. The flow through the serpentine

collector is 19 times grester than the flow through each riser of the conventiona collector.
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Figure 3.19 Comparison of the heat removal factor for the header-riser and serpentine
flat-plate collectors
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The reason why serpentine collectors have been disregarded in the past is because of the belief

that the pressure drop would be too large. Figure 3.20 represents the pressure drop across the

collectors.
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Figure 3.20 Comparison of the pressure drop across header-riser and serpentine flat-
plate collectors
The pressure drop for the serpentine collector is much higher, however for aflow rate of 0.002
kg/s.n?, the pressure drop of the serpentine collector is approximately 15 kPa. This pressure
drop is equivalent to a head of 1.45 m of water. Figure 3.21 represents the pumping power

requirements for the serpentine collector.
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Figure 3.21 Pumping power requirements for the serpentine collector

The pumping power requirement for a flow rate of 0.002 kg/sn¥ is approximately 0.1 W. The

fluid through the collector could be driven by a PV powered pump.

3.5 TRNSYS Component

In order to calculate the system performance, a TRNSY S modd of the serpentine collector was
made. The modd uses the assumption that it can be modeled as a long collector, with no
bends. This is essentidly the mode for the conventiond header-riser flat-plate collector,
however the internd heet coefficient has been modified to account for the higher flow rate and
longer tube. A complete description of this TRNSY S component for a serpentine collector,

TYPE 86 isprovided in gppendix A.
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Using a smple TRNSY S deck (appendix B), the header-riser collector was compared to the

performance of the serpentine collector. Figure 3.22 represents the performance of the

serpentine collector and the header-riser collector for various flow rates.
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Figure 3.22 Comparison of yearly performance of serpentine and header-riser flat-plate
collectors for various flow rates.

3.6 Sapentine Collectors Connected in Paralldl

In order to reduce the pressure drop across a serpentine collector it may be necessary to add
collectors in pardld. 1t can be shown that the addition of collectors in pardld will have little
effect on the collector heat remova factor given that the tota area remains the same. Thisis

shown in Figure 3.23 for a single collector and two and three collectors in pardld for the same
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total area. The collectors have the same area, the same number of turns and the same spacing

between turns; the only differenceis the collector width has been changed.
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Figure 3.23 Addition of serpentine collectorsin parallel

3.7 Condusons

The flow digtribution through a header-riser flat-plate collector becomes more even asflow rate
is reduced and flow imbalances are reduced. However, the header-riser suffers from decreased
useful energy gain asthe flow rate is reduced. Serpentine collectors perform dightly better than
a header-riser collector with the same area, tube spacing and tube diameter. The serpentine
collectors perform better due to the earlier onset of turbulent flow, which enhances the interna

heat transfer coefficient. The onsat of turbulent flow is a function of the tube diameter and flow
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rae. However, as soon as the flow becomes turbulent, the pumping power increases

subgtantialy.



56

CHAPTER 4: PV DRIVEN PUMP

Many solar domestic hot water systems require an auxiliary electric source to operate a pump in
order to circulate fluid through the solar collector. Alternatively, thermasyphon systems use the
buoyant forces associated with warmer fluids to drculate fluid through a system. The
disadvantage with the thermosyphon systems is that they require the tank to be eevated with
respect to the collector. In the case of the forced circulation system, the collector circulating
fluid is pumped a a congtant rate and it is commonly controlled by an ON/OFF differentiad

temperature-sensing controller.

A photovoltaic powered pump can be used to replace the standard electrica pump. The PV
driven pump provides some digtinct advantages. Firg, the PV pumping system can diminate the
need for a contraller snce the PV pump will only respond to solar radiation and will only pump
a times the solar collector is receiving radiation. The controller is usudly the most problemetic
component in solar domestic hot water systems since it does not dways function as designed
(Al-1brahim, 1997). The conventiona control srategy uses a differentid temperature-sensing
controller to activate pumps that circulate the heet transfer fluids at a fixed flow rate. The
contraller generdly turns on if the water inlet to the collector is less than the collector fluid outlet
temperature by some dead band. Sometimes, fluid will circulate when there is little or no

radiation causing colder water to enter the tank and destroy tank dtratification.



The PV pump dso diminaes the need for an auxiliay power source. This is particularly
important when auxiliary power sources are not readily available. The reduction of parasitic
pumping power can also reduce on-peek utility demand since it will work wdl during the middle
of the day, which is typicdly the time of pesk dectricity demand for many utilities. Although the
energy demand of an individua pump may seem low, the combined effect of dl the utility driven
pumps in the utility digtrict drawing energy a the same time will influence the pesk 1oad the utility

must meet.

Many different types of photovoltaic pumping sysems exist. These include a PV directly
coupled to a DC motor and pump, a battery buffered pumping sysem where a beattery is
connected across the PV array to feed the DC motor driving a pump, and a maximum power
point tracker where the system will dways operate a the PV pand’s maximum power point

(Kou, 1996).

Directly coupling the PV aray to a DC motor and pump is the most appropriate for the

purpose of solar domestic hot water systems. Figure 4.1 represents a schematic of the system

(Kou, 1996).
P Panel = Motor — Pump
electrical mechanical
povver tarcue

Figure 4.1 Schematic of PV pumping system
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The PV pumping performance is a function of radiation level, array area, conversion efficiency,
dope of the PV aray, ambient temperature and the pump-motor-hydraulic system

characteristics.

Before discussing PV driven pumps, a brief overview of photovoltaic cdlsis presented.

4.1 Photovoltaic Cells

Photovoltaic cdls function by converting solar radiation into eectrica energy. Photovaltaic cdls
ae made of a semiconductor materid such as single-crystd glicon or amorphous (norn-
cryddline) slicon.  Semi-conductors normaly behave dectricdly like an insulator thet inhibits
the trandfer of eectricd energy. However, when sufficient energy, such as sunlight isincident on
these materiads they act like dectrica conductors. When two dissmilar semiconductors are
placed in contact, a potentid barrier forms alowing the generation of current with incident solar
radiation. Electrica connectors are attached to the two semiconductors to form either agrid on

the top surface or athin metdlic coating on the back.

The potentid barrier is formed by doping the silicon atoms with smal amounts of boron on one
sde of the cdl creating p-dlicon, which has a deficiency of dectrons in the outer shdll forming
‘holes. The other Sde is made by doping the silicon with phosphorus to form n-slicon, which
has an excess of dectrons in its outer shell.  The two doped layers are joined forming a p-n

junction. A barrier is formed at the junction as éectrons from the nslicon cross the pn



junction to the p-glicon, while the ‘holes of te p-slicon cross over to the rrdlicon until an
equilibrium date of an excess of negative charges on the p-dlicon side of the junction and an
excess of podtive charges on the rdlicon dde of the junction is formed. After the barrier is
formed, eectrons are repdled from crossing the junction from the rrglicon 9de and amilarly
‘holes cannot cross the junction from the p-dlicon Sde, a schematic of the junctionisshown in

Figure 4.2 (SERI, 1988).

__,.F—'—'_'__%
+ | =12
-
+ -
O, o+ -
+ -
+ -
+ | -
+ -
n-zilicon p-zilicon
junction

Figure 4.2 Schematic of the p-n junction of a silicon photovoltaic cell.

Solar radiation is composed of discrete energy units caled photons. If these photons have
aufficient energy, an eectron from the outer shell of the n-slicon atom is freed leaving a ‘hol€
and a free dectron. The free eectrons, if connected by an externd circuit, will flow to the p-
dlicon creating an dectricd current.  There is a minimum energy leve, corresponding to a
maximum waveength (1.15 mm for slicon), of photons that can produce a hole-€lectron pair.

Some photons have insufficient energy to create a hole-electron pair and others have energy
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levels higher than that needed to produce a hole-eectron pair and thereby heet the cell. The

maximum theoreticd efficiency of slicon cdlsis 23% (Duffie and Beckman, 1991).

The photovoltaic cell, module or array can be modded by the equivaent circuit shown in Figure

4.3 (Duffie and Beckman, 1991).

Figure 4.3 Equivalent circuit for a photovoltaic cell

The photovoltaic circuit congds of five parameters. the light current, 1, the diode reverse
saturation current, 1., the series resstance, R, the shunt resistance, Ry, and the therma voltage,
a. Thetherma voltage is a parameter that varies with temperature. At a fixed temperature and

solar radiation, the current-voltage characteristic of thismode is given by equation 4.1.

V +IR,
R, (4.1)

=1 -1p- Ish:||_' Io{exp[(\/+|Rs)/a]-]}-

where



I =light current (A)

Io =diode current (A)

lsh =shunt resistance current (A)
lo =dark current (A)

I =operation current (A)

\% =operation voltage (V)

Rs =seriesresstance (W)

R =shunt resistance (W)

a =thermd voltage (V)

The modd can be smplified to four parameters by neglecting the shunt resistance because it
tends to be very large compared with the series resstance for modern photovoltaic cdls.

Equation 4.2 becomes

I:|L_lD-IshZIL-lo{e(p[(V+|Rs)/a]-]} (4-2)

Four parameters are now needed to accurately model the photovoltaic cdl. The following

assumptions can be made to determine the remaining parameters.

The short circuit current is equd to the light current at short circuit conditions since the diode

current is very smadl, thisis shown in equation 4.3

=1, 43
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where | is the short circuit current (A).

The current is zero at open circuit conditions and the following goproximation shown in equation

4.4 can be derived from equation 4.2 assuming that the 1 is smal compared to the V/a term.
IO =1 L e(p(' Voc/a) (44)
where V. is the open circuit voltage (V).

Photovoltaic cdl manufacturers often provide the maximum power conditions for current and

voltage and therefore the series resistance can be found from equation 4.5.

e
alngi- I—mpg Vip Ve
R = . (4.5)
mp

where |y is the maximum power point current (A), and Vi is the maximum power point

voltage (V).

The cdl peformance and therefore the cdl parameters, with the exception of the series
resstance vary with temperature. The module efficiency decreases a higher temperatures.
Townsend (Duffie and Beckman, 1996) showed that the following equations 4.6-4.7 could be

used to gpproximate these temperature variations in the PV modd parameters.



= (4.6)

where a and a,« are the thermad voltage and reference thermd voltage (V) respectively and T,
and T« are the cell temperature and reference cell temperature (K) respectively. The therma

reference voltage is given by equation 4.7.

rrJ/,ocTc,ref - Voc,ref +eN

T
m,sc c,ref _ 3

IL,ref

: 4.7)

Qg =

where ny . is the temperature coefficient for the open circuit voltage (V/K) given in equetion

4.8 and m . is the temperature coefficient of the short circuit current (A/K) shown in equation

4.9,
di
= _SC 4.8
M =57 (4.8)
dv
=__©o¢ 4.9
Moo =7 (4.9)

The light current is then given by equation 4.10.

_ G

- GT [IL,ref + n.',sc(Tc - Tc,ref )] (410)

I

where I, and I, are the light current and the reference light current (A), Gt and Gr,« arethe
solar radiation and reference solar radiation respectively (W/n?.K). The dark current is given

by equation 4.11.
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Y (4.11)
A

where e is the materid bandgap energy, 1.12 eV for dlicon, and N is the product of the

number of cdlsin seriesin amodule and the number of modulesin series.

Figure 4.4 demondtrates the relation between current, voltage and power for a photovoltaic cell.

Recdl that power is defined as the product of current and voltage as shown in equation 4.12.

P=IV (4.12)
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Figure 4.4 Relationship between current, voltage and power for a photovoltaic cell.



Two photovoltaic panes combined in pardle double the current while two photovoltaic cdls
combined in series will double the voltage. These rules gpply to many panels combined in

parale and seriesto form arrays.

Operating at he maximum power point ensures that the PV will operate a its maximum
efficency. The maximum power point is unique for a given solar radiation and ambient

temperature.

4.2 PV and Pump System

Idedlly, the operating point for the PV pump should lie a the maximum power point for the
photovoltaic pand. However, as radiation and ambient temperature vary the maximum power
point voltage and current will change. Thus, as radiation and temperature change the flow rate
will vary. Optimizing the PV pumping system is complex due to the many non-linear equations

involved. In order to achieve maximum efficiency the components must be well matched.

PV pumping systems require a minimum radiation to sart the pumping. The minimum radiation
is cdled the threshold radiation and it is dependent on the characterisics of the system

components. Asthe radiation increases, the PV pump will circulate fluid a an increasing rate.

Al-1brahim (1997) presented a unique method for optimizing the PV pumping system. Instead

of optimizing, the individud components which increases computing time he developed a
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generdized flow profile. Equation 4.13 represents the flow profile, which for a a given

radiation, G, one can solve for the flow, Q.

G=aQ*+bQ+c (4.13)

where a represents the flow a noon when radiation is a a maximum, b isthe reciprocd of the
rate of increase of flow rate as a function of threshold radiation and c is the threshold radiation

levd.

Al-1brahim’s method dlows the formulation of a PV pumping system profile with flow rate as a
function of solar radiaion based on the optimization of a function in teems of a, b and c to
maximize the solar fraction. The advantage of this method is that the profile that maximizes the
SDHW system is found and then the components of the PV pumping system are selected.

According to Al-1brahim, the decoupling considerably eases the optimal search. However, this

approach will not be taken in this analys's because the individua components will be examined

separately.

Chapter 3 presented the flow rates a which optima performance was found for the solar
domegtic hot water system using a fla-plate collector and serpentine collector. Using a
serpentine collector, the optima flow rate is about 0.004 kg/s.n, with this in mind the PV

system will be designed in order to take advantage of this optimal flow rate,



4.2.1 PV Driven Pump Design and Selection
Centrifugd pumps require less torque to start and produce more head than other pumps.

Smplicity, low cog, low maintenance and availability of designs for a wide range of flow rates
and heads make centrifugal pumps an appropriate choice for solar domestic hot water systems.
A centrifugd pump operated a constant speed delivers any capacity from zero to the pump’s
maximum. Characterigtic curves show the interrelation of pump head, capacity, power and

efficiency for a specific impdler diameter and casing size (Hicks,1957).

The solar domestic hot water systems under consideration have no static head since they form a
loop of pressurized water.  The pump only needs to supply a dynamic head. Increasing the

dynamic head decreases the flow rate.

The dynamic head in aclosed loop system is given in equation 4.14, (Gerhart and Gross,1985).

h=—=— (4.14)

Using the serpentine collector of chapter 3 and system piping of 10 meters with four bends and
adiameter of 5 mm, the pressure drop across the serpentine collector accounts for dmost 80 %
of the dynamic head of 21.6 feet. In order to reduce the dynamic head requirement, two
serpentine collectors were placed in pardld with hdf the flow rate in each. 1t was aso shownin

chapter 3 that this configuration has little effect on the collector heat remova factor. Under this
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new configuration, the serpentine collector head is reduced to less than 40 % of the totd. The

total head is 8.7 fest.

The closed loop system and the pump can be coupled by non-linear equations to obtain the
pump operating point. The pump flow rate is afunction of the dynamic head, while the dynamic
head for the system is dependent on flow rate therefore a unique point exists where these

converge.

As discussed in chapter 3, the optimal flow rate was 0.004 kg/sn¥. Unfortunately, since each
pump has aunique set of curves for flow rate as a function of head for different voltages, and no
red mathematica mode exigs for actua pump performance, it was necessary to utilize the
characterigtics of an exiging pump. Pump curves for the Hartel HEH motor were used.
Technicd data for the pump is given in Appendix D. The pump was then coupled to the

system. Figure 4.5 depicts the Hartell pump coupled to a system.
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The next step in designing the photovoltaic system is to curve fit the pump data that is usudly
given as flow rate as a function of head for varying voltages and current at maximum head and
maximum flow rate. A third order linear regresson with cross terms was used in the form
shown in equation 4.15. A second order linear regression was used to provide an equation for
current in terms of head and voltage of the form shown in equation 4.16.  Further details on

obtaining the curvefit are given in Appendix D.

flowrate= a+bxHead + cxHead? + d xHead® + exoltage+ f »/oltage” + g Xoltage® +

h xHead ®»/oltage + i x*Head »/oltage” + j xHead® »/oltage + k xHead?* ¥/oltage?
(4.15)

Current =1 + m»/oltage+ n »/oltage® + o xHead + pxHead ? (4.16)
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The PV pand and the pump-motor are directly coupled. Motor-pump coupling losses are
neglected and motor torque is assumed equa to pump torque. Therefore, PV and motor
voltage and current are assumed equa. The pump efficiency for the Hartell HEH motor pump is

approximately 2 %.

A new TRNSYS type, TYPE 71, was written for the hydraulic sysem and pump. The
equations that are used to find the operating point of the pump and the hydraulic sysem may
diverge. To ensure convergence the Bisection Solution Method (Murphy et d, 1988) was
used. Type 71 requires information about the hydraulic system, the pump curve coefficients and

voltage input. Appendix A includes the code and more details for TYPE 71.

From type 71, the current can be found from the voltage input. The voltage input is obtained
from the photovaltaic cell. The photovoltaic cell should idedlly operate a the maximum power
point. Given the range of desired operating flow rates of 0.0035 kg/s.nf to 0.0045 kg/s.n¥, the
range of desired operating voltages and currents can be found for the syssem. A photovoltaic
aray can then be designed with a maximum power point in this region for 800 W/nt and an
ambient temperature of 25°C.  Many locations will reach maximum daily redigtion levels of 800
W/n or higher. Figure 4.6 represents flow rate as a function of voltage and the pump and PV
pand as a function of current and voltage. It can be seen that a 800 W/nt the flow rate is

0.0045 kg/s.n?.
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Figure 4.6 PV and Pump System

Figure 4.7 shows that at 800 W/n the operating point for the PV pump lies a the maximum

power point.
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Figure 4.7 Maximum power point for the PV at the operating point.
A TRNSY S type, type 62 (Williams, Al-1brahim, Eckgtien, 1997), dready exigts for the model
of the PV cdl. Type 62 requires information on the cdll characteristics as described in section

4.1 and the current input.

Coupling the PV cdl, type 62, to the hydraulic system and pump, type 71, requires iteration to

find the operating voltage and current as shown in Figure 4.8.
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Figure 4.8 Iteration between the hydraulic system and the pump

A yearly smulaion with a PV powered pump was performed for Miami and compared to a
system with a conventional pump operating a 0.0035 kg/sn? and a conventiona system
operating at a flow rate of 0.02 kg/sn?. The annud solar fraction for the PV driven pump was
69% compared to the annua solar fraction of 73% for the conventiond pump low-flow system.
The conventiond system with a conventiona flow rate dso had an annua solar fraction of 69
%. The parasitic pump losses for the conventiond system were not included in this analyss.

Figure 4.9 shows the monthly energy use and solar fraction for ayear.
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Figure 4.9 Performance comparison of PV driven pump, conventional pump and
conventional system

A PV pand was dso chosen to operate with the maximum power point for a radiation of 600
WI/n?K coinciding with the pump operating point. Little difference in performance was noted.

The annua solar fraction remained 69%.

4.3 Conclusions

Solar domestic hot water systems powered with a PV driven pump offer many advantages with
no need for eectricity demand. Generadly, pumping power requirements are assumed negligible,
however if many thousands of SDHW systems were ingtdled the utility would benefit in terms of

less heating dements consuming eectricity, but the demand reduction anticipated would be



reduced due to the thousands of pumps operating at the sametime. The utility’s energy demand
pesks during midday for summer pesking utilities; this is the time when the SDHW systems

require the most energy for pumping.

There is less than 1% difference in annud solar fraction for alow-flow system with aPV driven
pump. The use of a PV driven pump is in tune with a solar domegtic hot water system. The
flow rate is controlled by solar insolation and the need for a control system and drategy
eiminated. Control systems are generdly the components that are the most complex, require

frequent maintenance and prone to problems.

The low-flow PV driven pump SDHW system performed better than the conventiona flow
SDHW system with a solar fraction increase of 3%. This saving will belarger if pumping power

isincluded in the caculaion of the solar fraction of the conventiond system.
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CHAPTER 5: HEAT EXCHANGER ANALY S S

Freeze protection is required in many climates. The most common form of freeze protection is
the use of a closed loop system with a heat exchanger. The heat exchanger dlows the
circulation of ‘freeze resstant’ glycol on the collector sde of the heat exchanger. The hesat
exchanger could dso dlow higher circulation through the collector Sde therefore promoting the
collector heat remova factor without directly affecting tank dratification. Unfortunately, the use

of aheat exchanger incorporates a performance and economic pendty.

Alternatives to heat exchangers include drain-back and drain-out systems. These systems use a
controller to activate valves to either drain the water back to the tank in the case of the drain-
back system or to drain the water out to waste in the case of the drain-out sysem (Duffie and
Beckman, 1991). Many other nove aternatives have been investigated which are beyond the

scope of this research.

5.1 Background

There seems to be a disagreement as to whether optimum flow rates exist for both sides of the
heat exchanger. Hollands (1992) argues that there is an optimum if the UA of the heat
exchanger is hed conceptudly fixed. He argues that the difference obtained by Fanney and

Klein (1988), who concluded that there were no optimum flow rates for a system, is due to



using afixed heat exchanger whose overdl conductance, UA, is astrongly increasing function of
flow rate. Hollands dtates that a person skilled in heat exchanger design can design a suitable

heat exchanger of any specified UA once the flow rates have been specified.

Hollands ascertains that if the collector flow rate is kept at its optimum value for the current tank
flow rate, the smulations performed in the past on systems without heat exchangers are directly

gpplicable to systems with heat exchangers.

Fanney and Klein (1988) date that sgnificant improvement of the SDHW system was not
observed by reducing the flow rate of the storage side of the heat exchanger. The experiments
performed consisted of a 50% by weight ethylene glycol mixture circulated through the collector
loop at aflow rate of 0.0151 kg/sn¥. Flow rates of 0.020 kg/sn¥ and 0.0025 kg/s.n? were
circulated through the storage side of the loop. It was found that the system with the lower tank
flow rate required amost 7% more auxiliary energy. However, it is difficult to determine
whether these tests were sufficient to determine an optimum with just one collector flow rate.
The decrease in performance for the lower flow rate is explained by a Sgnificant decrease in the
heet exchanger UA resulting from the lower flow rate. The heat exchanger pendty was found to

more than offset the improved dratification within the storage tank.

5.2 Heat Exchanger Penalty

The effectiveness, e, is defined as the ratio of the actua hegt transfer to the maximum possible

heat trandfer rate. The actud heat trandfer rate, Qux (W), is then given in terms of the inlet
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temperature of the hot fluid, T, (K), the inlet temperature of the cold fluid, T4 (K), and the
minimum of the product of capacitance, Cp (Jkg.K) and flow rate, m (kg/s), as shown in

equation 5.1.

wx = e(mCp )y (Tyi - Ty ) (5.1

The number of transfer units (NTU) is a dimensionless parameter indicating heet exchanger sze

and is defined in equation 5.2.

NTU =— DA (5.2)

(rr(:p) min

The overdl heet trandfer coefficient and area product UA (W/K) is given by equation 5.3.

Ing/.ﬂ 1

UA hA 20kL  h A,

(53)

The two outer terms of equation 5.3 represent the product of the heat transfer coefficient, h
(W/n?.K), and the heat transfer area, A (¥), for theinner and outer surfaces respectively. The
inner term represents the conductive hest trandfer through a circular tube wall with inner

diameter, D; (m) and outer diameter D, (m), length, L (m) and conductance, k (W/m.K).

Depending on the heat exchanger flow arrangement and geometry, correlaions can be used to

find the effectiveness given the NTU or visaversa.
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A convenient method to analyze the impact of a heat exchanger on a solar domestic hot water

system is udng the modified heat removd factor FR' as shown in equation 5.4 (Duffie and

Beckman, 1991).

8(mcp)couector é e(rfcp)mm EH

FR — g]_+88 AtERUL %mcp)collector _ 1gljl (54)
g

where Fr isthe collector heat remova factor described in chapter 3 and A isthe collector area

().

The modified heat removal factor can be used to determine the useful energy, Q, (W), shownin

equation 5.5.

Qu = A%FR( [GT -U L(Ti - Ta)] (5-5)

where G (W/nT) is the absorbed radiation and T; (K) and Ta (K) are the inlet and ambient

temperatures respectively.

(
The heat exchanger pendty, II::_R gives an indication of the additional collector area

R

(

requirement for the same useful energy. Figure 5.1 shows Fe asafunction of —
I:R (mcp)collector

e(mCp)

min

and STCP st (1 i and Beckmen, 1901)
FRU L'At
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Figure 5.1 Collector heat exchanger correction factor. Adapted from Duffie and
Beckman (1991).
However, as mentioned in chapter 2, low-flow systems will tend to have a reduced collector
heat removal factor compared to their conventiond flow counterparts.  Therefore, improved
system performance is based on the reduced collector inlet temperature resulting from improved
tank gdratification and therefore increasing collector efficiency. The collector heat exchanger

correction factor fails to adequately predict the overdl system performance for a low-flow

system with a dratified tank.



5.3 Optimization of flow rates

Optima flow rates in solar water heeting sysems without a heat exchanger have been
established (Wuestling, 1985), but the existence of an optimal flow rate for sysems using a heat

exchanger is dill in doubt.

In order to determine the optimal flow rates on ether sde of the heat exchanger various
TRNSY S smulations were performed. All smulations were performed with a collector area of
3.185 4, tank volume of 04 n? and average load of 0.0035 kg/sn?. In this section,

gmulations were performed independent of the heat exchanger geometry. A modified NTU

was defined as L regardless of whether MCpP,jeor WS the minimum capecitance

collector

rate in the collector-tank heat exchanger. Simulations were performed for different ratios of

MCPg1ector 10 MCP,,n ranging from 0.25 to 4.

Figures 5.2 to 5.6 represent the solar fraction as a function of NTU for various retios of

MCPyiector 10 MCP,,, - EaCh Figure represents a different constant collector flow rate. The

Figures have been organized by different collector flow rates with the NTU vaues on the

abscissato dlow easy comparison of heat exchangers with the same NTU.
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Figure 5.2 NTU vs. solar fraction for a collector flow rate of 0.004 kg/s.n?
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Figure 5.3 NTU vs. solar fraction for a collector flow rate of 0.006 kg/s.n?
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It can be seen that the maximum solar fraction is between 0.63 and 0.64 for dl flow rates
investigated. The maximum occurs & al flow rates for an NTU of about six. The advantage of a
low collector flow rate is that the UA of the heat exchanger need not be as large. For example,
the UA for the flow rate of 0.004 kg/snt and MCp,,., t0 MCp,,,, ratio of 1 hasaUA of
273 W/n? for an NTU of sx, shown in Figure 5.3. For the same NTU and a flow rate of

0.015 kg/sn? and MCP,e 10 MCP,,,,, ratio of 3, shown in Figure 5.6, the UA is 1026

W/n?. Observing Figure 5.6, it is clear that the same solar fraction can be achieved at an NTU
of 3 which signifies a UA of 500 W/nTK, this is till higher than the UA recuired for lower

flows. A smdler UA impliesasmaler and more economical heat exchanger.



An interesting outcome of these results is that the optimal ratio of the collector capacitance rate
to the tank capacitance rate is not dways the same and ranges from 1 to 2 as the collector flow
rate increases. For the lower collector flow rates, the optimal tank flow is close to the average
daily load draw of 0.0035 kg/snt. Careful observation leads to the conclusion that for the

same UA the optima tank flow rate will be amilar at al collector flow rates.

At norma flow rates 0.015 kg/snt the raio of the collector capacitance to the tank
capacitance has less effect on the solar fraction. For example, ratios of collector capacitance to
tank capacitance of 2, 3, 1.5 and 4 result in dmost the same solar fraction. However, a low
flow rates of 0.004 kg/s.n¥ thereis a greater difference in solar fraction a different capacitance
rateratios. It istherefore necessary to carefully choose the flow rates on the tank side when the

collector flow rate islow in order to improve system performance.

5.4 Heat Exchanger modd

The results presented in section 5.3 are convenient for comparing heat exchangers that have the
samne NTU for different flow rates. However, it is more intuitive to look a a fixed heet

exchanger and examine the effects of varying the flow rate.

An externa heat exchanger was chosen to produce the following smulation results. Externd
heet exchangers dlow the tank to dratify as opposed to interna heet exchangers which lieinsde
the tank or wrap-around heat exchangers which are wrapped around the tank and therefore

disturb the temperature digtribution within the tank. A tube-in-shell heat exchanger modd was
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used. A propylene or ethylene glycol solution is used insde the tubes, to help prevent fouling,
and water is used in the shell. A schematic of atube-in-shell heat exchanger is shown in Figure

5.7.

tube outlet  =shell inlet

é_l e . e
=T =
< i
<L e
% o =F = l_i‘fr
haffles shell outlet  tube inlet

Figure 5.7 Tube-in-Shell Heat Exchanger

In order to moddl the heat transfer in the tube-in-shell heat exchanger the UA product must be
found. Recdl from eguation 5.3 that the UA product is a function of the heet transfer
coefficients of both fluid streams. The heat transfer coefficient is given by the Nussat number
shown in equation 5.6.

h; k

Nu = ? (56)

where h; (W/n?.K) is the heat transfer coefficient, D (m) is the hydraulic diameter and k

(W/mK) is the conductivity of the fluid.

The heat transfer coefficient for the glycol sream inside the tubes can be found from the

Colburn equation (Incropera and DeWitt, 1990) given in equation 5.7.



Nu, = 0.023Re, % Pr/s 5.7)

where Re is the Reynolds number and Pr isthe Prandtl number.

Zhukauskas (Kakag et a, 1987) developed a correlation for flow over tube bundles, given in

equation 5.8.

_ aePr ¢
Nu, =CC,Re™ Pr °-3ﬁg—i (5.8)
D,max Prs g

where dl properties are evduated a the arithmetic mean of the fluid inlet and outlet temperature,
except for Prs, which is the Prandtl number evauated at the surface temperature. C; and m are
congants listed in table 5.1 and C, is the correction factor for less than 20 tubes shown in
Figure 5.8. The Reynolds number for the shell Sde is determined from the veocity through the
tube bank. The cross sectiond areais required to cdculate the velocity from the mass flow rate

and is usudly taken as the area between the baffles and tubes.
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Reynolds Number C; m

10°-10? digned 0.90 0.40
10%-10° digned 0.52 0.50
10%-2x10° digned 0.27 0.63
2x10°-2x10° | digned 0.033 0.80
10°-5x10° staggered 1.04 0.40
5x10%-10° staggered 0.71 0.50
10°-2x10° | staggered 02 0.60
0.35§Sf§§
a
2x10°-2x10° | staggered 02 0.80
o.oslgg
a

Table 5.1 Constants for the Zhukauskas correlation
In table 5.1 Sy isthe transverse pitch of the tube bank and S_ isthe longitudina pitch of the tube

bank.
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Figure 5.8 Correction factor for lessthan 20 rows




The standard TRNSY S type for a heat exchanger, TY PE 5, models a heat exchanger based on
a condant effectiveness or UA. A new type, TY PE 87, was written with UA as a function of
flow rate and temperature for a tube-in-shell heat exchanger using the above corrdaions. The
advantage of having UA as afunction of flow rateisthat it dlows the use of a PV pump that has
varying flow rates. However, in order to implement the new type, a modification had to be
made to TYPE 5 to dlow UA to be entered as a variable input and not as a constant

parameter.

5.4.1 Property Data
The fluid in the collector loop is usudly a solution of 50% water and 50% glycol. Ethylene

glycal or propylene glycal is often used. Ethylene glycal is toxic and often requires a double-
wall heat exchanger to comply with domestic hot water regulations whereas a single-wal heet

exchanger can be used with propylene glycal.

The viscogities of ethylene glycol and propylene glycol have a large temperature dependence.
At low temperaures, it is very viscous and if the flow rate is low the flow regime is laminar and

heet transfer is dramaticaly reduced.

In order to Smulate the variation of properties with temperature a new TRNSY S type, TYPE
88, was created which gives viscosty, specific hedt, therma conductivity and dendty as a
function of temperature and composition for propylene glycol, ethylene glycol and weater. The

new TRNSY S type is documented in gppendix A.
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A tube-in-shell heat exchanger was designed with a UA of approximately 250 W/nf.K for a

collector flow rate of 0.004 kg/sn? and atank flow rate of 0.004 kg/s.nt using the results of

Figure5.2. Theresulting heat exchanger and dimensions are shown in Figure 5.9.
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Figure 5.9 Tube-In-Shell Heat Exchanger Dimensions
Figure 5.10 demondtrates the variation of UA with temperature for equa flow rates on both

gdes of the heat exchanger 1oop with ethylene glycol and propylene glycol in the collector loop.
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Figure 5.10 Variation d UA with temperature, using a tube-in-shell heat exchanger for
collector fluids of ethylene glycol and propylene glycol.

The trangtion from laminar to turbulent flow, shown in Fgure 5.10, for the given heat
exchanger, can be seen to occur at about 23°C for conventionda flow and 68°C for low flow
for ethylene glycol. The trangtion from laminar to turbulent flow for propylene glycol occurs
about 15°C higher than the ethylene glycol. The properties are evauated at the average of the
inlet and outlet temperatures of the heat exchanger. However, with such a sharp change from
laminar to turbulent flow, evauating the properties a the average of the inlet and outlet
temperatures of the heat exchanger is probably not correct, except when the flow is far from
trangtion. The temperature of the glycol, on average, should be higher than 23°C when the

pump iscirculaing. Therefore, at low flow rates one will expect laminar flow, for the given hesat

exchanger, for agreater range of temperatures than the conventiond flow system.
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Using the specified tube-in-shdl heat exchanger, a comparison was made using ethylene glycol
with constant properties (independent of temperature) and using TYPE 88 with temperature
dependent properties. The reaults for the annud solar fraction for various tank flow rate and
collector flow rate combinations for constant ethylene glycol properties are shown in Figure
5.11, while the results for temperature dependent properties are shown in Figure 5.12.  Figure
5.11 reveds that an optimal tank flow rate exists at 0.0035 kg/snt (equivaent to the average
daily load) and an optimal collector flow rate exists at 0.004 kg/sn?. However, Figure 5.12
shows this will not be the case. The increased viscosty of glycol impedes the onset of
turbulence, which is detrimentd to the heat exchanger UA. In this case, the optima tank flow
rate is maintained equivadent to the average dally water draw, but it seems that increasng the
collector flow rate will increase the performance. Note that a desgn would not be far off from
the optimal tank flow rate if the designer chose the design based on fixed properties rather than
vaiable properties. The only draw back is that the sysem peformance would be

underestimated.
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Figure 5.12 Annual solar fraction for Madison with temperature dependent properties for
ethylene glycol.

Similarly, the results are shown for propylene glycol in Figure 5.13.  The viscosities of both
substances are smilar, however the therma conductivity for ethylene glycol is dightly higher than
the conductivity for propylene glycol, whereas the specific heat for propylene glycal is higher
than ethylene glycal. It seems the increased conductivity for ethylene glycol may give it the
advantage as a better antifreeze fluid, dthough it does require the use of a double-wal heat

exchanger.
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Figure 5.13 Annual solar fraction for Madison with temperature dependent properties for

propylene glycoal.
To further emphasize the effects of increased viscosty for the antifreeze fluids a smulation with a

water-water heat exchanger was peformed as shown in Figure 5.14. The results are very



amilar to those obtained for the ethylene glycol model  (Figure 5.11) with constant properties.
In Figure 5.14, the water properties are temperature dependent. Again an optimum tank flow
rate is found to be at the average daily load, but the ided collector flow rate is found quite low,
0.004 kg/s.?.  Unfortunatdly, this smulation only points out the pendty of using an antifreeze

solution, and has no practical application.
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Figure 5.14 Water-Water heat exchanger for Madison

In order to induce turbulent flow, the tube diameters could be reduced, but this leadsto very
large pressure drops.  For example, if the tube diameter were reduced by a third then the
pressure increase would be equivaent to 3, (362) times the origina pressure drop. The
increase of 3 is derived from equations 5.9-5.11. This high-pressure drop is not acceptable;

therefore, the tube diameter will not be reduced in thisanayss.
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Ly

P=f—r (5.9
where P is the pressure drop (Pa), f is the friction factor from the Moody chart, L is the tube
length (m), D is the tube diameter (m), r is the fluid dengity (kg/nT) and Vv isthe fluid velocity
(m/s) given in equation 5.10.
m
pD’
4

V= (5.10)

r

where m is the mass flow rate (kg/s). Subgtituting equation 5.10 into 5.9 results in equation

5.11 and it is clear that the pressure drop is proportiond to é :

(5.11)

54.2 Tank Stratification
The next Stage in heat exchanger anadlysisisto observe the effects of using propylene glycol with

a fully mixed tank. Figure 5.15 demondrates the impact of a fully mixed tank. Unlike the
previous Smulations where a dratified tank gave an optimd tank flow rate at the average daily
load of 0.0035 kg/s.n?, there is no optimal tank flow rate. System performance increases with
increasing tank flow rate. Also, note that system performance is considerably reduced when

compared to the same system with a dratified tank shown in Figure 5.13.
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Figure 5.15 Fully mixed tank using propylene glycol for Madison

5.4.3 Effect of Season and L ocation
The curves given in Figure 5.12 and 5.13 reved some interesting ingghts into optimal hesat

exchanger operation, but in order to generdize these results more information is needed on how

performance will be affected by season and loceation.

Figure 5.16 demongrates the heat exchanger performance for the month of July in Madison
with propylene glycol as the heet transfer fluid. The same trend as shown in Figure 5.13 is

observed, however the optimum tank flow rate is more marked.
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Figure 5.16 Heat exchanger with propylene glycol in Madison for the month of July

Similarly, the same trend is observed for the annud solar fraction for Miami using propylene

glycol and ethylene glycoal, as shown in Figures 5.17 and 5.18.
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5.4.4 Variation of Heat Exchanger Performance

The heat exchanger used to obtain the results in the previous sections has an extremely good
performance. The effect of decreasing and increasing the heat transfer areas is presented in
Figures 5.19 and 5.20. Figure 5.21 presents the performance of a propylene—water heat

exchanger with an effectiveness of one.
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Figure 5.19 Heat exchanger with area halved for Madison
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Figure 5.20 Heat exchanger with area doubled for Madison

For a tank flow rate of 0.0035 kg/s.n? and a collector flow rate of 0.004 kg/s.n? the annud
solar fraction is 0.37 for the heat exchanger given in Figure 5.13. Decreasing the heat
exchanger length by haf and therefore reducing the heat exchange area by haf produces an
annua solar fraction of 0.32 for the same conditions, shown in Figure 5.19. On the other hand
doubling the heat exchanger area, shown in Figure 5.20, increases the solar fraction to about
0.42. Therefore, doubling the heat exchanger area will increase the solar fraction by five
percent and decreasing the area will decrease the solar fraction by five percent. A perfect heat
exchanger with an effectiveness of one, given in Figure 5.21, yidds a solar fraction of amost

0.45.



102

0.60

o
al
o
T

0.020 kg/s.m
0.010 kg/s.m

0.40 | 0.008 kg/s.m
0.006 kg/s.m

0.004 kg/s.m

Solar Fraction

NN N NN

2
0.30 - 0.002 kg/s.m

0.20 1 | 1 | 1 | 1 |
0.000 0.004 0.008 0.012 0.016 0.020

tank flow rate [kg/s.mz]
Figure 5.21 Heat Exchanger with an effectiveness of one for Madison

5.4.5 Conclusonsfor Optimizing Flow Rates

In concluson, the tube-in-shell heat exchanger is greatly affected by large temperature-
dependent property variations. Ethylene glycol performs better than propylene glycol, however
as it is toxic it will require a double-wal heat exchanger. Investigation of other antifreeze
substances that do not have guch temperature dependent properties may yield better system
performance. The increase in performance is shown by using a theoretical water-water hest
exchanger. Increasing the collector flow rate does increase system performance when glycol
antifreeze is used. Thisincrease is due to the onset of turbulent flow, and hence improved hest

transfer, which does not occur at low flow rates due to the viscosity of the glycol antifreeze.
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System performance isimproved with the use of adratified tank. The optimum tank flow rateis

aways found to be very close to the load flow rate. Smdl variations from this flow rate can lead

to drastic decreases in system performance.

The generd trend for the solar fraction as a function of tank and collector flow rates was found
independent of location and season. Smal improvements on the order of 5 % can be made by
increasing the heat exchanger heat trandfer area. The optimization of the heat exchanger size

than becomes a question of economics.

It seems that Hollands is correct in gtating that optimum flow rates exist for a heat exchanger
with a conceptudly fixed UA. Even with a heat exchanger with UA as a function of flow rate,
an optimum flow rate exids (even if it is just an economic optimum). The results obtained by
Fanney and Klein are adso correct. For a heat exchanger with a conventiond collector flow
rate, such as 0.0151 kg/s.n? used by Fanney and Klein, the tank flow rate has little influence
given the tank flow rate is larger than the average load. Since Fanney and Klein found reduced
performance for alower tank flow rate, it is possible that the tank flow rate used was below the

average load and mixing was occurring.

5.5 Natural Convection Heat Exchangers

Recently, there has been much study on the use of natura convection heet exchangers (NCHE)
in solar domestic hot water systems. The use of natural convection hest exchangers can reduce

system cost and eectric demand. The flow rate of the water in the tank side is driven by
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buoyancy forces that result from the dendity variations caused by the temperature of the fluid.
The heat exchanger iminates the need for a pump and control system for the waterside of the
loop. The low flow rates induced by the naturd convection heat exchanger ensure that the tank
remains dratified. NCHESs are capable of producing flow rates of 0.002 kg/sn? in the tank
loop (Fraser et d, 1992). Figure 5.22 demongtrates the natural convection heat exchanger loop

inasolar domestic hot water system.

to load

natural

convection "
heat exchanger -
Zip heater

Matural ey

zolar collector
Convection
Loop

@ tank

FLImE

Figure 5.22 Natural convection heat exchanger system (not to scale)

The mgor difference between a forced flow heat exchanger and a natural convection hesat
exchanger is that the flow rate depends on the dengties (or the temperatures) of the water.
These in turn depend on varying system conditions, specificdly the tank conditions, the mains
temperature, the load draw, and the collector return temperature which is a function of the

amount of solar radiation received (Fraser et d, 1992).



105
Dahl and Davidson (1997) experimentdly determined that the heat transfer coefficient area

product, UA, isbest expressed as afunction of Reynolds, Grashoff, and Prandtl numbers on the
thermaosyphon side of the heat exchanger. They date that existing models for the thermd and
hydraulic performance of thermosyphon heat exchangers, which ae functions of the

thermosyphon flow rate and collector flow rate only, are not correct.

Dahl and Davidson performed experiments on a natura convection heat exchanger with a
constant collector flow rate of 0.03 kg/s. A correlation for the Nusselt number was found, this

isshown in equation 5.9.

Nu = aPr® Re°Gr* (5.12)

A linear regression technique was used to determine the parameters ato d.  The anadysis was
performed with a congant collector flow rate in order to determine the effects of naturd
convection on UA. Unfortunatdy, no detals of optimum collector flow retes are given for this

heat exchanger type.

Observing Figures 5.11 to 5.21 it is clear that there exists an optimum tank flow rate. If the tank
flow rate is reduced beyond this point, the solar hot water system performance will be
dramaticaly reduced. Increasing the tank flow rate beyond the optimum vaue will aso reduce
system performance, with a marked reduction for lower tank flow rates. Therefore, in order to

optimize system performance the tank-side flow rate must be appropriately selected. The use
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of a naturd convection heat exchanger may pose difficulties in reaching the optimd tank flow

rate if the water draw is very high.

5.6 Condusions
In determining heat exchanger dimensons and flow rates there exids a thermd optimum in
combination with an economica optimum. The optimum heat exchanger flow rates and

dimensions are independent of season and location.

The heat exchanger tank-sde flow rate should dways be gpproximately equd to the average
load flow rate. This optimum is defined in terms of maximum therma performance, but dso in
terms of decreased economic costs. Lower flowsrequire smaler hydraulic systems, which are
less expensve.  For high collector flow rates, the optimum tank flow rate is less marked,
therefore increasing the tank flow rate will not largdy affect system performance, but will incur

increased economical costs.

Large collector flow rates may increase system performance for a given heat exchanger, but will
incur larger hydraulic cogts in terms of pumping power and piping. Large flow rates dso make
it more difficult to successfully implement a photovoltaic driven pump due to increased pressure

drops.

Use of different antifreeze fluids could dso increase system performance. As expected,

increasing heat exchanger sze will improve the system performance.
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Naturd convection heat exchangers dlow tank dratification. However, if the hot water draw is

much greater than the naturd circulation, poor system performance could be expected. It has
been shown that for forced circulation when the flow rates are lower than the average load the
sysem performance is reduced. The reason that the lower tank flows destroy system
performance is that water is drawn from the tank and replaced by a greater quantity of mains
water than solar heated water. Unfortunatdly, the determination of the tank flow rate must be
predicted by the anticipated hot water draw. Over-predicting the hot water draw will be less

detrimenta to system performance than under-predicting the draw.

There are optimum flow rates on both sides of the heat exchanger as Hollands predicts, even if
it is just an economic optimum for the case of conventiond flows. The disagreement with the
results presented by Fanney and Klein is because they tested the heat exchanger performance
for higher collector flow rates. At higher collector flow rates the tank flow rate has less effect

on the optimum given that the tank flow rate is greater than the average draw.
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CHAPTER 6: OVERALL SYSTEM PERFORMANCE

The performance of serpentine collectors in low-flow systems, the use of PV driven pumps and
the optimum flows for heat exchangers have been anadlyzed. In order to desgn a high
performance system, an assessment of the various system configurations and flow rates was
made for four locations in the United States; Albuquerque, New Mexico, Madison, Wisconsin,

Miami, Horida, Washington, Digtrict of Columbia

The locations chosen have very different climates.  Some climates require freeze protection for
more months of the year than others. In the climates where freeze protection is required for
very short periods, it may become more feasible not to use the solar hot water system during

these months (Bradley, 1997).

The ax different systems, which have been compared for each location, are presented below.

The fird system is a low-flow system without a heat exchanger. This system uses a serpentine
collector with 18 turns and has an area of 3.185 nt as described in chapter three. Recall from
chapter 3 that the serpentine collector has improved performance over a conventional header-
riser collector for low flows. The flow rate used is 0.0035 kg/s.n¥, which is approximately

matched to the average load draw. The tank is 0.4nT and uses 20 nodes to model stratification.
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The second system is amilar to the first system, however it incorporates a PV driven pump.

The advantage of this system is that complex control sysems are diminated. The pump will
only turn on when there is sufficient radiaion. In this case, the flow rates will vary throughout

the day as the radiation varies.

The third system incorporates a heat exchanger alowing the sysem to be used in climates
where water will freeze. The antifreeze fluid used is ethylene glycol. The heat exchanger used is
identical to Figure 5.9. The sysem is a low-flow sysem smilar to the firs sysem and the
collector flow rate is 0.004 kg/s.n? through the serpentine collector. The tank flow rate is set
to approximately equal the average load with 0.0035 kg/sn?. Again, the tank is modeled using

20 nodes.

The fourth system is gmilar to the third sysem, however a PV driven pump has been
incorporated into the collector Sde. Similar to the second system, the flow rate will vary

throughout the day on the collector side.

The fifth system is a conventional system without a heat exchanger. A header-riser collector is
used for a collector flow rate of 0.020 kg/s.n?. The reason a header-riser collector is normally
used for these higher flow rates is to reduce the pressure drop that would otherwise occur in a

serpentine collector. The tank is aso modeled with 20 nodes.

Ladt, the sixth system is a conventiond system, smilar to the fifth system, but with a hesat

exchanger. The tank flow rate is also maintained equa to the load draw of 0.0035 kg/s.n?.
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Simulations were dso performed for a tank flow rate of 0.020 kg/sn? and the system was

found to perform dightly lower with a decrease in the solar fraction of less than 1 %. For

amplicity, the results for the higher tank flow rate have not been presented.

The collector dopes were chosen to maximize the tota annua energy received; Duffie and
Beckman (1991) state the maximum occurs when the dope is equd to the latitude. However,
for maximum summer availability, the dope should be approximately 10° to 15° less than the
latitude. Devidions of fifteen degrees result in performance reductions of up to five percent. In
this andlysis, the dope is congant at the annual optimum value, which is equd to the latitude of

the location.

6.1 Albuquergque, New Mexico

The latitude for Albuquerque, New Mexico is 35.1 degrees and the collector dope was chosen

to maximize the annua solar radiaion with avaue of 35 degrees.

The monthly solar fraction has been cadculated for the Six different sysems and is given in Teble

6.1. The TRNSY S smulation decks used are presented in appendix B.
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System Description Annual solar
fraction
1 L ow-flow system without heat exchanger 0.44
2 L ow-flow system without heet exchanger and PV driven pump | 0.44
3 L ow-flow system with heat exchanger 0.64
4 L ow-flow system with heet exchanger and PV driven pump 0.62
5 Conventiona system without heat exchanger 0.44
6 Conventiona system with heat exchanger 0.75

Table 6.1 Solar system performances for Albuquerque, New Mexico.

Because of the clear conditions in Albuquerque, the solar water hegting system performsvery

well with a pesk annud solar fraction of 75% udng a conventiond sysem with a heat

exchanger. The use of a conventiond flow heat exchanger is judtified since six months of the

year typicaly have freezing temperatures. Freezing temperature data was taken from TRNSY S

TMY (Typica Meteorologicd Year) data The solar collector was turned off for any month

that has temperatures equal or below zero degrees Celsius. The performance of Albuquerqueis

shown in Figure 6.1. The systems without heat exchangers perform the best during the summer

months.
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Figure 6.1 Solar hot water system performance in Albuquergue, New Mexico

During the summer months, the low-flow system without a heat exchanger clearly performs
better than the conventiond flow sysem. The low-flow system is operating with a flow rate of
0.0035 kg/s.n?, which is close to the average water draw. As shown in chapter two the
optimum flow rate for a direct system is equd to the average water draw as this ensures the

tank stays sratified.

For the summer systems, the use of a PV driven pump shows little effect on the performance of
the solar hot water syssem.  The PV driven pump has been designed to operate for flow rates
ranging from 0.0035 kg/snt to 0.0045 kg/sn¥. For lower radiation levels, lower flow rates

should be expected whereas for higher radiation levels, higher flow rates will be obtained. PV
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driven systems have the potentia to reduce dectricity use during pesk times, when most

summer-peeking Utilities are experiencing the most dectricity demand.

The use of a heat exchanger is needed for Albuguerque where up to six months may have
freezing temperatures. The heat exchanger dlows the year round use of the solar system
thereby increasing the annuad solar fraction from 44 % for a low-flow system without a heat
exchanger to 75% for a conventiona system with a heat exchanger. The conventiond system
with a heat exchanger performs much better than the low-flow system with a heat exchanger

with a solar fraction of 75% compared to 62 %.

Figure 6.2 demonstrates heat exchanger performance for a tank flow rate of 0.0035 kg/sn¥
subject to various collector flow rates. The specifications for the tube-in-shell heat exchanger
are givenin Figure 5.9. Two heat exchanger lengths of 0.15 m and 0.75 m have been chosen to
demondtrate different heat exchanger effectiveness. The properties for the water and ethylene

glycol were taken for 60 °C. Figure 6.2 uses e(mCp),;.. asameasure of performance; recal

min

from chapter 5 that the heet transferred by the heat exchanger is given by equation 6.1

Qux =e(mCp ), (Tyi - Ty) (6.1)

where Qux (W) is the actud hesat trandfer rate, e is the heat exchanger effectiveness, Ty (K) is
the inlet emperature of the hot fluid, T4 (K) is the inlet temperature of the cold fluid, and
(mCp).;,, isthe minimum of the product of capacitance, Cp (Jkg.K) and flow rate, m (kg/s).

min
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Ty and T4 are independent of heat exchanger sze and flow rate and therefore the heet

transferred for different flow rates and dimensionsis directly proportiona to e( mCp)

min*

50 . . . . . . . .

e(MCpP)min

0 L 1 L 1 L 1 L 1 L
0.000 0.004 0.008 0.012 0.016 0.020

collector flow rate [kg/s.mz]
Figure 6.2 Heat Exchanger e(rmCp),,,, product as a function of collector flow rate for

two heat exchanger lengths.

min

Figure 6.2 demondtrates the variation of the heat exchanger performance for various flow rates.
It is clear that the heat exchanger performs better a conventiona flow rates than at low flows.
The sudden increase in performance at about 0.005 kg/s.n¥ is due to the transition from laminar
to turbulent flow in the tubes of the heat exchanger. In the solar hot water systems tested, the
heet exchanger performance is very high. However, if a smdler heat exchanger, for example of
0.15 m in length was used, it can be shown from Figure 6.2 tha there would Hill be a large

difference in performance between conventiond flow and low flow. A dightly higher flow on
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the collector sde could potentidly improve performance for the lower flow sysem. Ancther

solution, would be to encourage turbulent flow at lower flow rates by decreasing the tube
diameter. The red advantage of lower flows on the collector Sde is to enable the use of a PV
driven pump. A PV driven pump and hegat exchanger would have to be designed to encourage

turbulent flow through the collector sde of the heat exchanger.

6.2 Madison, Wisconsin

The latitude for Madison, Wisconain is 43.1 degrees and the collector dope used was 40

degrees in order to maximize the annua solar radiation.

The performance of Madison is summarized in Table 6.2 for the various hot water systems.

System Description Annual solar
fraction
1 Low-flow system without hesat exchanger 0.30
2 L ow-flow system without heet exchanger and PV driven pump | 0.29
3 L ow-flow system with heet exchanger 0.39
4 L ow-flow system with heet exchanger and PV driven pump 0.38
5 Conventiona system without heat exchanger 0.29
6 Conventiond system with heat exchanger 0.46

Table 6.2 Solar system performances for Madison, Wisconsin.
Trends smilar  to those found in Albugquerque were dso found in Madison. Madison

experiences long winters with up to seven months of freezing temperatures. It is clear that the

use of aheat exchanger is necessary.
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For low-flow systems, with or without a heat exchanger, the PV driven pump reduces the
annud performance of the system by only one percent. The use of a heat exchanger increases
annua performance by nine percent in both the PV driven system and the conventiond pump

system.

The conventiona system without a heat exchanger performs equdly to the PV driven low-flow
system without a heat exchanger. However, when a heat exchanger is incorporated into the
conventional system it performs eight percent better than the low-flow system with a hesat

exchanger and PV driven pump.

Figure 6.3 demondtrates the yearly performance for the six systemsin Madison.
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Figure 6.3 Solar hot water system performance in Madison, Wisconsin

Agan, gmilar trends can be seen when comparing the peformance of Madison to
Albuquerque. The low-flow system with a heat exchanger and aPV driven pump has the same
monthly solar fraction than the low-flow system with a heat exchanger for the winter months.
The reason for the same parformance over the winter months indicates that the collector flow
rates for the PV driven pump are closer to those of a conventiond circulation sysem. Thisis
most likey due to the combined effects of reduced solar radiation and lower ambient

temperatures influencing the power output of the photovoltaic pand and therefore the flow rate.

6.3 Miami, Florida

Miami, Florida has a latitude 25.8 degrees. The collector dope was set to 25 degreesto ensure

that the collector was maximized for ayearly annua fraction.

Miami rarely experiences temperatures at or below the freezing point of water. This means that
heat exchangers are not necessary. However, the results for al Sx systems are presented in

Table 6.3 for comparison of the heat exchanger pendties.

System Description Annual solar
fraction

1 Low-flow system without hesat exchanger 0.73

2 L ow-flow system without heet exchanger and PV driven pump | 0.69

3 L ow-flow system with heet exchanger 0.59

4 Low-flow system with heat exchanger and PV driven pump 0.54




118

5 Conventional system without heat exchanger

0.69

6 Conventiond system with heet exchanger

0.52

Table 6.3 Solar system performances for Miami, Florida.

The highest annud fraction observed for Miami is 73% for a low-flow system without a heet

exchanger and with a conventiond pump. The low-flow sysem without a heet exchanger

utilizing the PV driven pump performed the same as the conventiond system without a heat

exchanger with an annud solar fraction of 69%.

exchanger ranged from 14 to 17 % for al sysems.

Figure 6.4 shows the yearly performance for the Six systems.

The pendty imposed by adding a heat

low flow conventional

low flow with heat
exchanger

conventional
flow with heat
exchanger

1.00
low flow
with PV pump
0.80 1
S
‘= 0.60 A
|8
o
LL
< |l
5 040 I low flow with heat
n exchanger & PV
L pump
0.20 1
0.00 T T T T T T
1 2 3 4 5 6 7

Month

Figure 6.4 Solar hot water system performance in Miami, Florida
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For the case of Miami, the PV driven pump systems and the conventional pump systems do not

perform the same for the winter months. This contrast to the other locations is explained by the

amall variations of ambient temperature and radiation experienced in Miami throughout the yeer.

The conventiond system and the PV driven system have the same annud solar fraction, but they
perform differently throughout the year. The PV driven sysem performs dightly better during
the summer months whereas the conventiond system performs better during the winter months.

Again, these are the effects of the ambient temperature and radiation on the photovoltaic pand.

6.4 Washington, DC

Washington, DC has a latitude of 39 degrees. The collector dope was doped a 40 degrees to

maximize the annud solar fraction.

The dimate for Washington is smilar to Madison with seven months of freezing temperatures;
thisis shown by the smilar results in annua solar fractions for the Sx sysemsin Table 6.2 and

Table 6.4.
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System Description Annual solar
fraction
1 L ow-flow system without heat exchanger 0.31
2 Low-flow system without heet exchanger and PV driven pump | 0.30
3 L ow-flow system with heet exchanger 0.43
4 L ow-flow system with heet exchanger and PV driven pump 0.41
5 Conventiona system without heat exchanger 0.29
6 Conventiond system with heat exchanger 0.50

Table 6.4 Solar system performances for Washington, DC




The system performances are Smilar to those obtained in other locations. The low-flow sysem

without a heat exchanger yields a solar fraction of 31%, the PV driven low-flow system without
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a heat exchanger has an annud solar fraction of 30 % and the indirect conventional system has

an annua solar fraction of 29%. The addition of a heat exchanger increases the annud solar

fraction. The conventiond system with a heat exchanger performs the best with an annud solar

fraction of 50 %. Solar fractions of 0.43 and 0.41 are obtained for the low-flow sysem with a

heat exchanger and the low-flow system with a heat exchanger and PV driven pump

respectively.

Figure 6.5 demondtrates the annua performance for the Sx systems in Washington.

1.00
low flow conventional flow
0.80 + low flow
L with PV pump conventional flow with

c exchanger
= i
5 0.60 T
© L
LL
_ L
8 040+
UQ) L low flow with heat'exchanger
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PV pump
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Month

Figure 6.5 Solar hot water system performance in Washington, DC.
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TMY datawas used to determine the number of hours were freezing temperatures will occur for
atypicd year. April only has four hours and October has twelve hours S0 it is very likdy that
the sysem without a heat exchanger could be used for more months. This is dso true for

Albuquerque and Madison.

6.5 Conclusons

The system performance varies from location to location. The greatest factor in determining
system performance for climates that require freeze protection is whether the system will use a
heet exchanger to enable all-year-round use or smply use a system without a heat exchanger for
the summer months. For the four locations investigated, Albuguerque, Madison and
Washington experience freezing temperatures where the use of a heat exchanger does improve
the annual collection of solar energy. The solar fraction of the summer-only sysems may
increase dightly if the collector is doped for maximum summer performance, but this will not be
enough to overcome the pendty imposed by running the sysem for only haf the year.
Determination of the solar fraction for the summer only systems was quiite consarvative with the
system being turned off when there were only afew hours where freezing occurred. The use of
a control system to drain the system at low temperatures could increase the performance by

alowing more hours of solar energy collection.

When using a heat exchanger the performance is reduced by low flows in the collector sde. In

order to increase performance the flow should be turbulent in collector-side. The advantage of



having low flow on the collector dde is to dlow the use of a PV driven pump that can help
reduce pesk dectricity demands and eliminate the need for a control sysem. The PV pump
and heat exchanger must be designed together to enable turbulent flow on the collector sde.

This can be accomplished by a combination of heat exchanger geometries and pump flow rates.

The use of a PV driven pump in low-flow systems with heat exchangers reduces the solar
fraction by 2 % for Albuquerque and Washington and 1% for Madison when compared to
low-flow systems with heat exchangers and conventiond pumps. The use of a PV driven pump
for direct low-flow system places a pendty of 0% for Albuquerque, 1% for Madison and
Washington and 4% for Miami when compared to low-flow systems with conventiona pumps.
This is a very smal pendty when the decreased codis to the utility and the smplified control

system are considered.

Low-flow systems perform equally or better than conventiond systems in direct solar domestic
hot water systems.  Albuquerque, Madison and Washington experienced smdl increases in
performance of 0%, 1% and 2% respectively when comparing the low-flow system and the
conventional system. Miami, the location where a direct solar system would be the most
worthwhile experienced an increase of 4% for the low-flow system compared to the
conventiond system. The advantage of using low-flow systems lies in the additiona reductions

of ingdlation, materid and hydraulic system codts.
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CHAPTER 7: CONCLUSIONS

7.1 Summary

Collector and tank flow rates effect system performance. In direct solar domestic hot water
gysems, lower flows increese tank dratification, thereby reducing the collector inlet
temperature.  The reduced inlet temperature will decrease convective losses from the solar
collector to the environment and therefore increase the useful energy gain to the collector. It has
been shown that regardless of whether the system is direct or indirect, the average daily flow

rate circulaing to the tank should aways be approximately equa the average hot water draw.

The collector heat remova factor is an important parameter governing the amount of useful

energy gain to the collector. Since lower flow rates reduce the collector heet remova factor, an
dternative to the conventional header-riser flat-plate aollector must be found. The use of the
serpentine collector allows increased flow rates through the tube, than would otherwise occur in
each individua riser of a header-riser type desgn. The higher flow through the tube, dong with
a decreased tube diameter invokes turbulent flow. The internd heat transfer coefficient is
greatly improved and therefore the serpentine collector performs better than the conventiona

header-riser collector. Care must be taken in designing the serpentine tube diameters because
pressure is inversaly proportiona to diameter to the fifth power. Thisis shown in equations 5.9

to 5.11. Once the flow isturbulent, further reducing the tube diameter will be of little benefit.
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Low collector flows dlow the use of photovoltaic driven pumps. These PV driven systems

have two distinct advantages. Firs, they diminate the need for parasitic pumping power, which
in turn reduces the demand on utilities, and second, the control system is smplified, as the pump
will only turn on when there is sufficient sunshine. The system performance, measured by the
solar fraction, is reduced by 0% for Albuquerque, 1% for Madison and Washington and 4% for
Miami with the addition of a PV driven pump when compared to a conventiona pump low-flow

system.

Thereisthe need for freeze protection in many locations. Copper pipes will often break when
water freezes and expands within them. The use of a heat exchanger with antifreeze in the
collector loop is common practice.  However, the addition of a leat exchanger poses the
problem of optimizing flow rates on both the collector-sde and tank-sde of the heat exchanger
loop. As mentioned earlier, the tank loop should have aflow rate equivalent to the average hot
water draw. For a given heat exchanger design, the performance will increase with increasing
collector flow rates. However, if heat exchangers with the same NTU for different flow rates
are examined it is found that the system performance is smilar for the same NTU.  With an
appropriate NTU and therefore UA, a heat exchanger can be designed for low flow. A tube-
in-shell design was used, but unfortunately, it could only be found that it would perform better
for low flow rates if the properties of the glycol antifreeze were assumed independert of
temperature. The problem is that the viscosity of glycol increases with decreasing temperatures

meaning that the flow will tend to become laminar and hence hegt trandfer properties will be
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reduced. The best system performance is achieved when collector flow rates dong with heat

exchanger design, induce turbulent flow. The only advantage to decreasing the collector flow

rateisto adlow the use of aPV driven pump.

Hot water heating makes up eighteen percent of residential energy use. Solar domestic hot
water systems can meet up to 75 % of the annua hot water load; this is 13 % of the resdentia
energy use. Utilities will have to supply 13% less energy to the resdentia energy sector. The
decreased demand to the utility will mean that new power plantswill not have to be built and the
utility can cut down operating costs. The utility and the resdentid hot water user could find
themsdlves in awin-win Stuation if the utility aids the hot water user to invest in solar hot water.
Various approaches could be taken, such as leasing the system to the customer or giving low

interest loans towards the purchase of the system.

Ultimately, the use of solar domegtic hot water systems could reduce environmental impacts

caused by pollution and water and land degradation.

7.2 Recommendations

The use of natural convection heet exchangers seem to be a promising dternative, provided that
the average daily water draw is not more than circulation in the naturd convection water loop.
It seems for forced flow systemswith a heat exchanger that when the tank flow rateis less than
the average daily water draw the system performance is drastically reduced. Tank drétification

is destroyed by mains water entering the tank and making up the water displaced by the load.
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More andyss should be made on this sysem to determine if it will perform better than a

conventional sysem. Anayss of double-tank storage systems may provide interesting resultsin
terms of increasing tank dratification without directly affecting the naturd convection hesat

exchanger performance.

The increased viscogty of glycol a low temperatures poses a large problem to the optimization
of tank flow rates as the flow becomes laminar and hesat transfer is reduced. Alternative fluids

should be investigated.

Ladtly, a detailed economic analysis should be made including the cost of a PV driven pump
compared to the cost of the parasitic pumping power of a conventiona pump. Investigation into
the decreased manufacturing costs associated with a serpentine collector and the cost benefits

of aheat exchanger should aso be included.
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APPENDIX A

TY PE 86 — Serpentine Collector

TYPE 71 — Closed Loop Hydraulic System

TYPE 87 — UA for Tube-1n-Shdl Heat Exchanger

TY PE 88 — Temperature Dependent Property Data
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Al TYPE 86 SERPENTINE COLLECTOR

General Description

TYPE 86 models a serpentine collector. Serpentine collectors consst of a flow duct that is

bonded to the absorber plate in a serpentine or zigzag fashion. A serpentine collector is shown

inFgure A.1.1.
e 3
Tin —— = | Im
| X | W
S | SRR
| i
| ]
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Figure A.1.1 Serpentine Flat Plate Collector

As the number of turns in a serpentine collector increases beyond 10-15 turns the collector
numerica solution gpproximates the anaytica solution for along collector with no turns, N=1.
The andytical modd for N=1 is essentialy the same modd as the conventiond header-riser flat-
plate equation with the exception that the internd heet transfer coefficient is caculated for only

one tube.

Mathematical Description

Equation A.1.1 (Duffie and Beckman, 1991) expresses the useful energy gain of a solar

collector in the fallowing form.
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Q, = ARG (ta)- U (T - T,)] (ALD)
where Fr isthe collector heat removal factor, (ta) is the transmittance absorptance product,
UL (W/n7P.K) is the overal bss coefficient, A. () is the collector area, Gt (W/nT) is the

incident radiation and T; (K) and T, (K) are the fluid inlet and ambient temperatures

respectively.

The collector heat removal factor, Fr isthe raio of actud useful energy gain of a collector to
the ussful gain if the whole collector surface were a the fluid inlet temperature, given in equation

A.l2

For a header-riser flat-plate collector, the collector heat removal factor can be expressed as

shown in equation A.1.2 (Duffie and Beckman, 1991).

FR=

m:» Qg (¢
(DOO?B
=
'_'I'I

g (A1.2)
¢

In equation A.1.2, m isthe massflow rate, C, (Jkg.K) is the specific heet of the collector fluid
and T, (K) isthe fluid outlet temperature. Fr is andogous to the heat exchanger effectiveness.

F’ isthe collector efficiency factor given by equation A.1.3.

}6 L (A.1.3)

é 1 1 1 U
We +——t+——
éUL[D+(W' D)F] Cb pDihfig

F=
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In equation A.1.3, W represents tube spacing (m), C, is the contact resstance (W/m.K), hy is

the internal fluid heat transfer coefficient (W/n.K) and F is the standard fin efficiency, givenin

equation A.1.4.
_ tanh[mw - D)/2]
F= n(W- D)/2 (A1.9)

Energy is transferred to the surroundings from the top, sides and bottom of the collector. This
energy transfer rate is given in terms of the overal loss coefficient, U,. An gpproximete relation

for U isgiven by Klein (1975) shown in equation A.1.5.

_ 1 s (T + T[T+ T.)
U, = N + 1 IN_F F -1 +U,, (Alb)
0.33 + - NG
PSRN e
— & 0 *t—
Tpm e NG + f 0 I‘1/\/
where
No = number of glass covers
f  =(1+0.04n, +0.0005h,’ |1+ 0.091N,)
C  =3659(1- 0.00883b +0.0001298b?)
b =collector tilt (degrees)
€y = emittance of glass
e = emittance of plate

Ta = ambient temperature (K)
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Tom = mean plate temperature (K)

Tom =T, +%

RT L

(1' FR)

hy  =wind heat transfer coefficient (W/nt.C)

The internd heat trander coefficient is dependent on the flow rate through the tubes, the
diameter of the tubes, the length of the tubes and the flow regime, thet is, whether it islaminar or

turbulent.

For laminar flow (Reynolds numbers less than 2100), the Nussdt number is given by equation
A.1.6, developed by Heaton et d (Incropera and DeWitt, 1990) for the case of constant heat

rate.

0.0534(RePr D, /L)

Nu =3.7+
1+0.0335(RePrD, /L)**

(A.1.6)

Re represents the Reynolds numbers, Pr, isthe Prandtl number, D; is the tube diameter (m) and

L isthe tube length (m).

In the turbulent flow regime where Reynolds numbers are greater than 2100, the Nussdt
number is given by Gnidinski’s modification of the Petukhov equation (Incropera and DeWwitt,

1990) for Reynolds numbers between 3000 and 5 x10°, shown in equation A.1.7.
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9Re- 1000) Pr
Nu = 4 (A17)

91+12 7 ?w% 1‘*

‘80“?81

In the above equation, f, represents the friction factor from the Moody chart.

TRNSYS Component description
PARAMETER NO. DESCRIPTION

1 N number of turns

2 Di inner tube diameter (M)

3 D outer tube diameter (M)

4 d plate thickness (m)

5 L length of each turn (m)

6 W tube spacing (M)

7 k plate conductivity (k¥hr-nr)

8 Ube loss coefficient for bottom and edge of collector per unit
aperture area (kJhr-nt-K)

9 (= absorber plate emittance

10 a absorptance of absorber plate

11 NS number of glass covers

12 hr index of refraction of cover materid

13 KL product of extinctioon coefficient and the thickness of
each cover plate

INPUT NUMBER DESCRIPTION

1 Tin Temperature of fluid entering collector (°C)

2 m, Collector fluid mass flowrate (kg/hr)

3 Ta Ambient temperature (°C)

4 It Incident radiation (k¥hr-nr)

5 Wind Wind speed (m/s)

6 I Tota horizontd radiation (k¥hr-nr)

7 lg Horizontal diffuse radiation (k¥hr-n)

8 Mg Ground reflectance

9 q Incidence angle (degrees)

10 b Collector dope (degrees)

11 m dynamic viscosity (N-g/nT)

=
N
O

B8

specific heat of collector fluid (kJkg-K)
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13
14

OUTPUT NUMBER

O~NO Ol WN P

fluid conductivity (k¥hr-n?)
density (kg/nT)

DESCRIPTION

Outlet fluid temperature (°C)

Outlet fluid mass flowrate (kg/hr)

Rate of energy gain (kg/hr)

Mean absorber plate temperature (°C)
Collector heat removal factor

Tau apha product

Pressure loss (kPa)

Overdl hest loss coefficient (k¥hr-mf-K)
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TYPE 86 - SERPENTINE COLLECTOR

Fortran Code
SUBROUTI NE TYPE86( TI ME, XI N, OUT, T, DTDT, PAR, | NFO, | CNTRL, *)

Ck**********************************************************************

Cc THI' S SUBROUTI NE MODELS A SERPENTI NE COLLECTOR.

Cc A SERPENTI NE COLLECTOR CAN BE MODELED USI NG THE CONVENTI ONAL
Cc HEADER- Rl SER PARALLEL FLOW COLLECTOR MODEL, | F THE NUMBER OF
Cc TURNS ARE GREATER THAN ABOUT FI FTEEN. THE ONLY DI FFERENCE | S
Cc THE CALCULATI ON OF THE HEAT TRANSFER COEFFI Cl ENT, WHICH I S
Cc CALCULATED FOR A LONG TUBE.
Cc LAST MODI FI ED 25 AUGUST 1997 -- MYRNA DAYAN
c

SRR I I R I R I R I I R R I R R S S S O R I I S I

DOUBLE PRECI SI ON XI N, OUT

| NTEGER*4 | NFO

DI MENSI ON XI N( 14) , OUT(8), PAR(13), | NFQ( 15)
CHARACTER* 3 YCHECK( 14) , OCHECK( 8)

I NTEGER N, N_G | TER

REAL k,delta,D,Di,T a,L,WC p,T_in, T_pmT_out
REAL TauAl pha, L_tube_serpentine, F_1, Reflnd

REAL mflat, UL, F, beta, Quseful,A c, nu, Pr, kw

REAL F_R mdot, h_fi_serp, pi,w nd, U be, Al pha

REAL Nusselt_serp, Re_Serp, T_pmold, change, E p
REAL | _D, |I_T, I_H, XKL,theta,P_loss, rho, rho_g

IF (INFOQ(7).GE. 0) GO TO 100

C  FIRST CALL OF SI MULATI ON
| NFO( 6) =8
| NFO( 9) =0
CALL TYPECK(1, | NFO, 14, 13, 0)

DATA YCHECK/' TE1',' MF1','TE1','IRl',"'VEl','IRl",'IRY
.,"bMt',"'DG1', " DGL', P VST, CP1Y, T KT, " DN1'/

DATA OCHECK/' TE1',' MF1','PW',' TE1l','DML','DML',' PR1',' HT1'/
CALL RCHECK( | NFO, YCHECK, OCHECK)

T _pm=70.0
C SET PARAMETER VARI ABLES
100 N =PAR( 1)
D i =PAR( 2)
D =PAR( 3)
del ta =PAR(4)

=PAR( 5)
=PAR( 6)

él_
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k =PAR(7)/3.6
U be =PAR(8)/3.6

E p =PAR( 9)

Al pha =PAR( 10)

N_G =PAR(11)

Ref I nd =PAR(12)
XKL =PAR( 13)

¢ SET I NPUT VARI ABLES
Tin =XIN(1)
m dot =XI N(2)/ 3600

T a =XI N( 3)

| T =XIN(4) /3.6
wind  =XI N(5)

| _h =XI N(6)/3.6
| _d =XIN(7)/3.6

rho_g =XI N(8)
theta =XI N(9)
beta =XIN(10)

mu =XI N(11)

Cp =XI N(12) *1000
kw =XI'N(13)/3.6
rho =XI N( 14)

Pr =mu* C_p/ kw

C TO AVO D FLOATI NG POl NT PROBLEMS
| F(ABS(m dot) . LE. 0. 000001) m dot=0. 0
IF (1 _T.GT.0.0. AND. Theta. LT. 90) GO TO 200

C NO RADI ATI ON
TauAl pha=0. 0
GO TO 300

200 TauAl pha=TauAl f (beta, N_G XKL, Ref I nd, Al pha, | _d,I _h,I_T
.,theta, rho_g)

300 pi =4. 0O*at an( 1. 0)
A c=N*WL

| F (m. dot.LE. 0.)GO TO 400

change=10.0
T_pmeout (4)

¢ HEAT TRANSFER CCEFFI Cl ENT
L_tube_serpenti ne=N*(L+W-W
Cal | HEATTRANSFER(m dot, L_tube_serpentine,D_i,mu, Pr, kw, h_fi_serp
., Re_serp, Nussel t_serp);
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c INITIAL GUESS VALUE FOR PLATE TEMPERATURE
| TER=0
DO WHI LE (change>0. 0001. AND. | TER<10000)
T _pmol d=T_pm
Cal | LOSSCOEFFICIENT(T_a, T_pm N_G, beta, wi nd, E_p, U_be
L, UL,
m flat=sqrt(U_L/(k*delta))
F=tanh(m flat*(WD)/2.0)/(mflat*(WD)/2.0)
F 1=(1.0/U_ L)/ (W(1.0/(U_L*(D+(WD)*F))+1. 0/
.(pi*D*h_fi_serp)))
F R=mdot*C p/ (A c*U L)*(1.0-exp(-A c*U L*F_1/
(m.dot*C p)))
Q useful =A c*F_R*(I _T*TauAl pha-U L*(T_in-T_a))
T pmeT_i n+(Q useful /A c)/(F_ RUL)*(1.0-F_R)
change=abs(T_pm T_pm_ ol d)
| TER=I TER+1
T out=Q useful/(mdot*C p)+T_in
END DO
cal | PRESSUREDROP(m dot,D i, nu,rho, N, L, WP_| oss)
GO TO 500

c NO FLOW

400 Q useful =0.0
change=10.0
| TER=0
U L=0UT(8)
DO WHI LE (change>0. 0001. AND. | TER<10000)
T _pmol d=T_pm
Cal | LOSSCOEFFICIENT(T_a, T_pm N_G, beta, wi nd, E_p, U_be

L, UL,
T _out =T_a+l _T*TauAl pha/U_L
T_pn=T_out

change =abs(T_pm T_pm ol d)
| TER=I TER+1

END DO

P_l 0ss=0.0

¢ PRINT OUTPUTS FOR DEBUGG NG
c print*, F R T_pm T_out, eta, Q useful

500 OUT( 1) =T_out
QOUT(2) =m dot * 3600
QUT(3)=Q useful *3.6
QUT(4) =T_pm
QUT(5)=F_R
QUT( 6) =TauAl pha
QUT(7)=P_I oss
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OUT(8)=U L*3.6

RETURN 1
END

C***********************************************************************

Subrouti ne LOSSCOEFFI CI ENT(T_a, T_pm N_G, bet a, wi nd, Epsi |l on_p,

.U be, U L)
c CALCULATES THE COLLECTOR LOSS COEFFI Cl ENT BASED ON A FUNCTI ON BY
KLEI N

| MPLI CI T NONE

| NTEGER N_G

REAL h_w, beta,c,e, T_pmT_a, Epsilon_g, Epsilon_p,f
REAL U t,U be,UL,sigm, Wnd, T pmtenp, stfl, stf2

T _pm_tenmp=T_pm
IF (T_pmLE. T a) T_pmtenmp=T_a+l1.0

c APPROXI MATI ON OF W ND HEAT TRANSFER COEFFI ClI ENT
h_w=5. 7+3. 8*W nd
Epsi | on_g=0. 88
si gma=5. 67*10. 0** (- 8)

C USE KLEIN S TOP LOSS CORRELATI ON

F=(1.0-0.04*H W5. 0E-04*H WH W * (1. 0+0. 091*N_G

C=365. 9* (1. 0- 0. 00883*bet a+0. 0001298* bet a*bet a)

STF1=C/ (T_pm_tenmp+273. 15)*((T_pmtenp-T_a)/ (N _G+tF))**0. 33
STF1=N_G STF1+1. 0/ H W

STF1=1. 0/ STF1

STF2=1. 0/ (Epsi | on_P+0. 05*N_G*(1.0-Epsilon_P))+(2. *N_G+F-1.)/
.Epsilon_G N_G

STF2=SI GVA* (( T_PM_TEMP+273. 15) **2+( T_A+273. 15) **2) *

. ((T_PM TEMP+273. 15) +(T_A+273. 15) )/ STF2

U t =( STF1+STF2) +U BE

U L=(U_t +U_be)

RETURN
END

C***********************************************************************

Subrouti ne HEATTRANSFER(m dot, L_tube, D i, nmu, Pr, kw, h_fi, Re, Nussel t)

| MPLI CI' T NONE

| NTEGER Lami nar, Turbul ent

REAL a, b, m_ht, nw, kw, Pr, Re, friction, Nusselt,D_i
REAL L_tube, pi,h_fi, mu, mdot
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c CONSTANTS
a=0. 0534
b=0. 0335
m_ht =1. 15
nw=0. 82

pi =4. 0O*at an( 1. 0)

Re=4. 0*m_dot / (pi *D_i *nmu)
If (Re.LE.0.)THEN
Nussel t =3. 7
ELSE
If (Re.LT.2100. AND. RE. GT.0.) THEN
¢ LAM NAR
friction=64.0/Re
| am nar =1
t ur bul ent =0
Nussel t =3. 7+a*(Re*Pr*D_i /L_tube)**m ht/ (1. O+b*(Re*Pr*D_i / L_t ube)
)
El se
¢ TURBULENT
friction=(0.79*l og(Re)-1.64)**(-2)
| am nar =0
turbul ent =1
Nusselt= (friction/8.0)*(Re-1000)*Pr/(1.0+12. 7*sqrt(friction/8.0)*
.(Pr**(2.0/3.0)-1.0))
Endl f
Endl f

h_fi=Nusselt*kw D_i

RETURN

END
C***********************************************************************

FUNCTI ON TauAl f (beta, N_G XKL, Ref I nd, Al pha, | _d, | _h,1_T

.,theta, rho_g)

| MPLI CI' T NONE

| NTEGER N_G

REAL bet a, XKL, Ref | nd, Al pha, Rho_d, radconvert, TALN, t heta

REAL theta_sky, t heta_ground, XKATDS, XKATDG, XKATB, XKAT, TALF
REAL F_sky, F_gnd, ID sky, IDgnd, |I_d, I_h,I_T,TauAlf, rho_g

radconvert=0. 017453

C COVER TRANSM TTANCE AT NORMAL | NCI DENCE
rho_d=-1.0
TALN=TALF(N_G, 0. 0, XKL, Ref I nd, Al pha, Rho_d)
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C USE THE RELATI ONS OF BRANDEMUEHL FOR EFFECTI VE | NCI DENCE ANGLES
C FOR DI FFUSE RADI ATI ON

t het a_sky=59. 68- 0. 1388*bet a+0. 001497* bet a*bet a

t het a_ground=90. 0- 0. 5788*bet a+0. 002693* bet a*bet a

C DI FFUSE SKY RADI ATI ON TAUALPHA RATI O
XKATDS=TALF(N_G t het a_sky, XKL, Ref | nd, Al pha, Rho_d)/ TALN

C GROUND REFLECTED RADI ATI ON TAUALPHA RATI O
XKATDG=TALF(N_G, t het a_ground, XKL, Ref I nd, Al pha, Rho_d)/ TALN

C BEAM RADI ATI ON TAUALPHA RATI O
XKATB=TALF( N_G, t het a, XKL, Ref I nd, Al pha, Rho_d)/ TALN

C VI EW FACTORS
F_SKY=(1. O0+cos(beta*radconvert))/2.0
F_GND=(1. 0-cos(beta*radconvert))/2.0

C SKY DI FFUSE RADI ATI ON
| D_SKY=F_SKY*| _D

C GROUND DI FFUSE RADI ATI ON
| D_GND=Rho_g*F_GND*| _H

C OVERALL TAUALPHA RATI O
XKAT=( XKATB* (| _T- 1 D_SKY- | D_GND) +XKATDS* | D_SKY+XKATDG*| D_GND) /| _T
TAUALT =TALN* XKAT

RETURN

END
Ck****************************************************************

Subrouti ne PRESSUREDROP(m dot, D i, nu,rho, N, L, WP_| oss)

| MPLI CI' T NONE

| NTEGER N

REAL mdot, D.i, nu, rho, L, pi, f,Re, v_serp

REAL Pi peLossCoefficient, L_eq, L_total, P_loss, W

C Pressure Drop for the serpentine collector
C Find the noody friction factor

pi =4. 0O*at an( 1. 0)
Re=4. 0*m_dot / (pi *D_i *nmu)

If (Re.LT.0.001) Then I NO FLOW

f=0.0
El se

If (Re.LT.2100) Then I LAM NAR

f=64. 0/ Re

El se I TURBULENT
f=(0.79*1 og(Re)-1.64)**(-2)

End | f

End | f

v_serp=mdot/(rho*pi*(D_i/2.0)**2)
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Pi peLossCoefficient=0.5

L_eq=Pi peLossCoefficient*D_i/f

L_total =N*(L+W-W(2*N-2)*L_eq
P_loss=f*L_total/D_i*rho*v_serp**2/2.0*10. 0**(-3)
RETURN

END



142
A2TYPE71 CLOSED LOOPHYDRAULIC SYSTEM

General Description

Type 71 models a pump and motor coupled to a closed loop system. A given pump has its
own unique characterigtics which show the interrdlation of pump head, capacity, power and
efficiency for a specific impeller diameter and casing Sze. The pump dharacteristic curves can
be fitted to equations. Using these equations the flow rate and current can be found for the
hydraulic sysem. Type 71 requires information about the hydraulic system, the pump curve

coefficients and voltage input. The voltage input can be obtained from a photovoltaic cell.

Mathematical Description

A third order linear regression with cross terms is used to give an equation for flow rate in terms
of head (m) and voltage (V) as shown in equation A.2.1. A second order linear regresson is

used to give an equation for current in terms of head and voltage given in equation A.2.2.

flowrate= a+bxHead + cxHead” + d xHead® + ex/oltage+ f oltage® + g ¥/oltage’ +
h xHead ®/oltage+i x¥Head ®/oltage® + j xHead ? »/oltage+ k xHead > /oltage’
(A2.1)

Current =1 + m»/oltage + n »/oltage® + oxHead + pxHead ? (A.2.2)
The head loss is given by equation A.2.3 where Lo, (M) isthe equivaent length induding minor
loss coefficients for bends, v (nVs) is the fluid velocity, D (m) is the tube or pipe diameter, fis
the friction factor from the Moody chart and g (m/s?) isthe gravitational acceleration. Thetotal
system head loss is caculated by the addition of the head loss through the serpentine collector

and through the system piping.
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(A.2.3)

To ensure convergence of equations A.2.1 and A.2.3 the Bisection Solution Method (Murphy
et a, 1988) isused. Equation A.2.2 can then be used to find the current output thet is used as

an input to the photovaltaic cell.

TRNSYS Component Description

PARAMETER NO. DESCRIPTION

1 Dpipe Inner diameter of piping in loop (M)

2 Lupe  Lengih of pipingin loop (m)

3 N bends Number of bends of piping in loop

4 N Number of collector tubesin pardlé

5 L Length of each turn in the collector (m)

6 w Tube spacing in the collector (m)

7 Driser Inner tube diameter of collector (m)

8 Vinresolda  Threshold voltage in which pump starts (V)
9-24 ap curve fitting parameters for equations A.2.1-A.2.2
INPUT NUMBER DESCRIPTION

1 Vv Input voltage to pump motor (V)

2 m Dynamic viscosty of dreulating fluid (Pas)
3 r Density of dirculating fluid (kg/nT)
OUTPUT NUMBER DESCRIPTION

1 m. Ouitlet fluid mass flowrate (kg/hr)

2 I Currrent (A)

3 Vv Voltage (V)

4 P Pump power (W)

TYPE 71— CLOSED LOOP HYDRAULIC SYSTEM

Fortran Code

SUBROUTI NE TYPE71( Tl ME, XI N, OUT, T, DTDT, PAR, | NFO, | CNTRL, *)
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Ck**********************************************************************

C THI' S SUBROUTI NE MODELS A PUMP COUPLED TO A CLOSED LOOP SYSTEM
C LAST MODI FI ED 4 OCTOBER 1997 -- MYRNA DAYAN

Ck**********************************************************************

DOUBLE PRECI SI ON XI N, OUT, PASS
| NTEGER* 4 | NFO

DI MENSI ON XI N( 3), OUT( 4) , PAR( 24) , | NFO( 15) , PASS( 20)
CHARACTER* 3 YCHECK( 3) , OCHECK( 4)

| NTEGER i ter
REAL m dot, vol t age, change, head, condi ti on, dumy
REAL P_punp, current, m.dot _| ower, m dot higher, eqnM D, eqnLOVER

IF (INFO(7).GE.0) GO TO 100

C  FIRST CALL OF SI MULATI ON
| NFO( 6) =4
| NFO( 9) =0
CALL TYPECK(1, | NFO, 3, 24, 0)
DATA YCHECK/' NAV' , ' VS1',' DN1'/

DATA OCHECK/' MF1',' NAV' ,' NAV' ' PW2'/
CALL RCHECK( | NFO, YCHECK, OCHECK)

c SET | NPUT PARANETERS
PASS( 1) =XI N( 2)
PASS( 2) =XI N( 3)
PASS( 3) =PAR( 1)
PASS( 4) =PAR( 2)
PASS( 5) =PAR( 3)
PASS( 6) =PAR( 4)
PASS( 7) =PAR( 5)
PASS( 8) =PAR( 6)
PASS( 9) =PAR( 7)
PASS( 10) =PAR( 9)
PASS( 11) =PAR( 10)
PASS( 12) =PAR( 11)
PASS( 13) =PAR( 12)
PASS( 14) =PAR( 13)
PASS( 15) =PAR( 14)
PASS( 16) =PAR( 15)
PASS( 17) =PAR( 16)
PASS( 18) =PAR( 17)
PASS( 19) =PAR( 18)
PASS( 20) =PAR( 19)

100 V_t hr eshol d=PAR( 8)
| =PAR( 20)
m=PAR( 21)
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n=PAR( 22)
0=PAR( 23)
p=PAR( 24)

c SET | NPUT VARI ABLES
vol t age=XI N( 1)

IF (voltage.LT.V_threshold) THEN
m dot =0. 0

current=0.0

P_punp=0.0

GOTO 200

ENDI F

C IN ORDER TO FIND THE PUMP OPERATI NG PO NT
C THE SI MPLE BI SECTI ON METHOD | S USED

m _dot _| ower =0. 00001 I Lower Bound
m dot _hi gher=1.0 I Upper Bound
change=10

| TER=0

CALL HeadandFl om( m dot _I ower, xi n, PASS, eqnLOVER, head)
DO WHI LE (change>0. 00000001. AND. | TER<10000)
| TER=I TER+1

m_dot =(m_dot _hi gher+m dot | ower)/ 2.0

CALL HeadandFl om( m dot, XI N, PASS, eqnM D, head)
condi ti on=eqnM D* eqnLOV\ER

I F (condition.GI.0.0) THEN

m dot _| ower =m dot

egqnLOVNER=eqnM D

ELSE

m_dot _hi gher =m dot

ENDI F

change=abs(m dot _hi gher-m dot _| ower)

END DO

Current=0. 4640587-9. 1174E- 02* Vol t age+0. 01059595* Vol t age** 2+
. 0.01497438* Head- 7. 4913E- 03* Head* * 2

P_punp=current *vol t age

c OUTPUTS

200 OUT( 1) =m dot * 3600
QUT( 2) =current
QUT( 3) =vol t age
QUT(4) =P_punp

RETURN 1
END
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Ck****

C*****

R S I S I R O I S R I R R

SUBROUTI NE MoodyChart (Re, f)
| MPLI CI' T NONE
REAL Re, f

If (Re.LT.0.0000001) Then !No fl ow

f=0.0

El se

If (Re.LT.2100) Then !Lami nar
f=64. 0/ Re

El se ! Tur bul ent

This is a good estimate for snmooth pipes

f=(0.79*1 og(Re)-1.64)**(-2)

Endl f

Endl f

RETURN

END

R I R R I R R O O S R R I R

SUBROUTI NE HeadandFl om m dot, XI N, PASS, eqn, head)

| MPLI CI' T NONE

DOUBLE PRECI SI ON XI N, PASS

DI MENSI ON XI N( 3) , PASS( 20)

| NTEGER N_bends, N

REAL P_Loss_serp, Pi peLossCoef fici ent, mu, rho, D_pi pe, m_dot, vol t age
REAL L_pi pe, pi, re_pipe, L_eq_pipe,f_pipe

REAL L_pipe_total,v_pipe, P_Ioss_pipe, P_loss_total, Punpi ngPower
REAL headl oss, headl oss_ft, fl owate_system head, fl owate_punp
REAL EQN, L, WD riser,Re_serp,v_serp,L_eq

REAL f_serp,L_total _serp, a,b,c,d,e, f,g,h,i,j,k

SET PARAMETERS
mu=PASS( 1)

r ho=PASS( 2)

D _pi pe=PASS( 3)
L_pi pe=PASS( 4)
N_bends=PASS( 5)
N=PASS( 6)
L=PASS( 7)
WEPASS( 8)

D ri ser =PASS(9)
a=PASS( 10)
b=PASS(11)
c=PASS(12)
d=PASS( 13)
e=PASS( 14)

f =PASS( 15)
g=PASS( 16)
h=PASS(17)

i =PASS( 18)



147

j =PASS( 19)
k=PASS( 20)

c SET I NPUT VARI ABLES
vol t age=XI N( 1)

C Det erm ne pressure | oss of collector
pi =4. 0O*at an( 1. 0)
Pi peLossCoefficient=0.5

Re_Serp=4.0*(m._dot/2.0)/(pi *D_ri ser*nu)

Call MoodyChart (Re_serp,f_serp)
v_serp=(mudot/2.0)/(rho*pi*(D_riser/2.0)**2)

L_eq=Pi peLossCoefficient*D riser/f_serp

L_total _serp=N*(L+W-WH(2.0*N-2.0)*L_eq

P_| oss_serp=f_serp*L_total _serp/D_riser*rho*v_serp**2/
.2.0%10.0**(-3)

Re_pi pe=4. 0*m dot/ (pi *D_pi pe*nu)

Call MoodyChart (Re_pipe,f_pipe)

L_eq_pi pe=Pi peLossCoeffi ci ent*D _pi pe/f_pi pe
L_pi pe_total =N_bends*L_eq_pi pe+L_pi pe

v_pi pe=m_dot/ (rho*pi *(D_pi pe/ 2. 0) **2)

P_I oss_pi pe=f_pi pe*L_pi pe_total /D _pi pe*rho*v_pi pe**2/2. 0*
.10.0**(-3)

P_ I oss_total =P_| oss_serp+P_l oss_pi pe

Punpi ngPower =P_I| oss_t ot al *m _dot/rho*1000.0 !'W
headl oss=P_| oss_total /(rho*9.81)*1000.0

headl oss_ft =headl oss*3. 281

fl owr ate_systenem dot/rho*15850. 0

c Coupl e punp to system
head=headl oss_ft
c Hartel Punp Curve fit
c Usi ng HEH Mot or
c 3rd order linear regression for punp variables, R*2=99.64

Fl owr at e_punp=a+b* Head+c* Head* * 2+d* Head* * 3+e* Vol t age+f *Vol t age** 2+
. g*Vol t age**3+h* Head* Vol t age+i *Head* Vol t age* * 2+j * Head** 2* Vol t age+
. k*Head** 2* Vol t age** 2

eqn=fl owrate_system fl ow ate_punp
I'this is needed for the bisection method

RETURN
END
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A3 TYPE 87 UA FOR TUBE-IN-SHELL HEAT EXCHANGER

General Description

TYPE 87 determines UA as a function of flow rate and temperature for a tube-in-shell heat
exchanger using the correlations presented below. The advantage of having UA as afunction of
flow rate isthat it alows the use of a PV pump that has varying flow rates. However, in order
to implement the new type, a modification had to be made to TYPE 5 to alow UA to be
entered as a variable input and not as a congtant parameter. Figure A.3.1 represents asmple

schematic of atube-in-shell heat exchanger.

tube outlet  =shell inlet

é_l e . e
“r L
< i
<L e
% o =F = l_i‘fr
haffles shell outlet  tube inlet

Figure A.3.1 Tube-in-Shell Heat Exchanger

Mathematical Description

The UA product is a function of the hest transfer coefficients of both fluid sresms.  The hesat

trandfer coefficient is given by the Nussdt number shown in equation A.3.1.

hk

Nu = — A31
5 (A3.1)



where hy (W/n?K) is the heet transfer coefficient, D (m) is the hydraulic diameter and k

(W/mK) is the conductivity of the fluid.

The heat trandfer coefficient for the glycol stream insde the tubes can be found from the

Colburn equation (Incropera and DeWitt, 1990) given in equation A.3.2.

Nu, = 0.023Re, % Pr/s (A32)

where Re is the Reynolds number and Pr is the Prandtl number.

Zhukauskas (Kakag et a, 1987) developed a correation for flow over tube bundles, given in
equation A.3.3.

_ Py ot
Nu, =CC,Re" Pr O'SGE—r? (A33)

Pr, o

where dl properties are evaluated a the arithmetic mean of the fluid inlet and outlet temperature,
except for Prs, which isthe Prandtl number evaluated at the surface temperature. C; and m are
congtants listed in table A.3.1 and C; is the correction factor for less than 20 tubes shown in
Figure A.3.2. The Reynolds number for the shdll side is determined from the velocity through
the tube bank. A cross sectiond areais required to caculate the velocity from the mass flow

rate and is usualy taken as the area between the baffles and tubes.

149
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Reynolds Number C; m
10°-10? digned 0.90 0.40
10%-10° digned 0.52 0.50
10%-2x10° digned 0.27 0.63
2x10°-2x10° | digned 0.033 0.80
10°-5x10° staggered 1.04 0.40
5x10%-10° staggered 0.71 0.50
10°-2x10° | staggered 02 0.60
0.35§Sf§§
a
2x10°-2x10° | staggered 02 0.80
o.oslgg
a

Table A.1 Constants for the Zhukauskas correlation
In Table A.1 S is the transverse pitch of the tube bank and S is the longitudind pitch of the

tube bank.

1.00 T T T T T T T T T T T T T T

0.95 -

0.90

0.85

C,

0.80
0.75
staggered tubes

0.70

0.65

0.60 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

N__Number of rows
Figure A.3.2 Correction factor for less than 20 rows



TRNSYS Component description

PARAMETER NO.

OOk WNE

© 0

INPUT NUMBER

O o0 ~NOOULDS,WNPE

OUTPUT NUMBER
1

D
D
S

S
th
Aligned

N¢
k

N tubes

baffle spacing

m
m
Mollector
Cpcol lector
kool lector
Mank
Cptank

k'(ank

c

I tank

UA
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DESCRIPTION

inner tube diameter (M)

outer tube diameter (m)
transverse pitch of tube bank
longitudind pitch of tube bank
heat exchanger length (m)

1 = digned tube bank

2 = staggered tube bank
number of tube rows
conductivity (kJhr-r)
number of tubesin total
gpacing between baffles (m)

DESCRIPTION

Collector fluid mass flowrate (kg/hr)

Tank fluid mass flowrate (kg/hr)

dynamic viscosity of collector fluid (N-/n)
specific heat of collector fluid (kJkg-K)
collector fluid conductivity (k¥hr-n)
dynamic viscosity of tank fluid (N-g/n)
specific heat of tank fluid (kJkg-K)

tank fluid conductivity (kJhr-n)

density of tank fluid (kg/nT)

DESCRIPTION
overdl heat trandfer- area product (kJhr.K)
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TYPE 87—UA FOR TUBE-IN-SHELL HEAT EXCHANGER

Fortran Code

SUBROUTI NE TYPE87( TI ME, XI N, OUT, T, DTDT, PAR, | NFO, | CNTRL, *)

Ck**********************************************************************

C THI'S SUBROUTINE I'S USED TO FIND THE UA FOR A SHELL AND TUBE
C HEAT EXCHANGER USI NG ZHUKAUSKAS CORRELATI ON FOR FLOW OVER
C TUBE BANKS

C LAST MODI FI ED 17 OCTOBER 1997 -- MYRNA DAYAN

Ck**********************************************************************

DOUBLE PRECI SION XIN, OUT, S T,S L

| NTEGER*4 | NFO

DI MENSI ON XI N(9) , OUT( 1), PAR(10), | NFO( 15)
CHARACTER* 3 YCHECK( 9) , OCHECK( 1)

| NTEGER Ali gned, N_L, N_tubes

REAL D i,D,L_hx, mdot_collector, mdot_tank

REAL mu_col | ector, Cp_collector, k_collector,Pr_collector
REAL mu_t ank, Cp_tank, k_tank, Pr_tank, Re_collector, Re_tank
REAL h_fi_collector, A collector,v_tank, v_tank_max, pi

REAL Nusselt collector, Nusselt _tank,h fi _tank, UA rho_tank
REAL C,m k_copper, baffle_spacing, A tank

IF (INFO(7).GE.0) GO TO 100

C  FIRST CALL OF SI MULATI ON
| NFO( 6) =1
| NFO( 9) =0
CALL TYPECK(1, | NFO, 9, 10, 0)
DATA YCHECK/' MF1',' MF1','VS1','CP1','KT1','VSl','CP1','KT1',' DNL'/

DATA OCHECK/ ' NAV' /
CALL RCHECK( | NFO, YCHECK, OCHECK)

c SET | NPUT PARAMETERS
100 D i =PAR(1)
D=PAR( 2)
S _t =PAR(3)
S _L=PAR(4)
L_hx=PAR(5)
Al i gned=PAR( 6)
N_L=PAR(7)
k_copper =PAR( 8)
N_t ubes=PAR( 9)
baf f | e_spaci ng=PAR( 10)
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SET | NPUT VARI ABLES

m _dot _col | ect or=XI N(1) /3600
m dot _t ank=XI N(2) /3600
mu_col | ect or =XI N( 3)

Cp_col Il ect or =XI N(4) *1000
k_collector=XIN(5)/3.6

mu_t ank=XI N( 6)

Cp_t ank=XI N(7) *1000
k_tank=XIN(8)/3.6

rho_t ank=XI N(9)

pi =4. 0O*at an( 1. 0)

| F(m dot _col | ector.LE. 0. 000001. OR. m dot _tank. LE. 0. 000001) THEN
UA=30.0 Idummy val ue

GOTO 300

ENDI F

Pr_coll ector=nu_col |l ector*Cp_col | ector/k_col | ector

Re_col | ector=4. 0*m dot _collector/(pi*D_i *mu_col |l ector)

cal |l Lami nar Turbul ent (Re_col | ector, Pr_col |l ector, Nusselt_col |l ector)
h_fi_coll ector=Nusselt_collector*k_collector/(D_i)

A collector=pi*D_i*L_hx*N_tubes

Pr _tank=mu_t ank*Cp_t ank/ k_t ank

v_tank=m dot _tank/(rho_tank*baffl e_spaci ng*S_t)

cal | Maxi nunirankVel ocity(S_t,S L, D, V_tank, Aligned, V_t ank_nax)
Re_t ank=rho_t ank*V_t ank_max*D/ nu_t ank

Zukaukas' correltation for tube bundles in cross flow
Call CandM Aligned, N L, Re_tank,S T,S L, Cm

Nussel t _tank=C*Re_t ank**mPr_t ank**0. 36*1. 0**0. 25

h_fi _tank=Nusselt _tank*k_tank/D

A tank=pi *D*L_hx*N_t ubes

UA=1.0/(1.0/ (h_fi _tank*A tank)
+((log(DD_i))/ (N_tubes*(2.0*pi*L_hx*k_copper)))
+1.0/ (h_fi_collector*A collector))
OUT(1)=UA*3.6

RETURN 1
END

IR I S R R R R R O R S S R S I
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Subroutine CandM A, N L,Re,S T,SL,Cn
| MPLI CI' T NONE

| NTEGER A N L

REAL Re,C,mC 2

DOUBLE PRECISION S T,S L

If (A eq.1) Then !'Aligned Tube bank
I f (Re<100) Then
C=0. 9; nr0. 40

el se
if (Re.lt.1000) Then
C=0.52
m=0. 5
el se
if (Re.lt.2*¥10**5) Then
C=0. 27
m=0. 63
el se
C=0. 033
m=0. 8
endi f
endi f
endi f

If (N_L.I1t.20) Then
C_2=0. 5790687+0. 1446209* N_L- 2. 1087E- 02* N_L**2+0. 00137222*N_L**3

.-3.2443E-05*N_L**4

c=CcC 2
endi f
Endi f

If (A eq.2) Then ! Staggered Tube bank
If (Re.lt.500) Then
C=1.04
m=0. 4
el se
if (Re.lt.1000) Then
C=0.71
m=0. 5
el se
if (Re.lt.2*10**5) Then
C=0. 35d00 *(S_T/S_L)**(0.2d00)
m=0. 6
el se
C=0.031*(S_T/S L)**0.2
m=0. 8
endi f
endi f
endi f
If (N_L.It.20) Then
C 2=0.4844661+0. 1829911*N_L- 2. 6572E- 02*N_L**2+0. 00170415*N_L**3

.-3.9686E-05*N_L**4
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c=C*C 2
Endl f
Endi f

Ret urn

End

SRR R S I I S I R I R S S I R S I S
Subrouti ne Lani nar Tur bul ent (Re, Pr, Nussel t)

| MPLI CI' T NONE

REAL Re, Pr, Nussel t

If (Re.LT.2100) Then ! Lanmi nar

Nussel t =4. 36

El se I Tur bul ent

Nussel t =0. 023*Re** (0. 8)*Pr**(1.0/3.0) ! Col burn Equati on
Endi f

Ret urn

End

EE R S S kR S S S S I
Subrouti ne Maxi mumrankVel ocity(S_t,S L, D, V_tank, Aligned,

. V_tank_nax)

| MPLI CI' T NONE

DOUBLE PRECISION S t, S L
REAL D, S D, V_tank, V_tank_max
| NTEGER Al i gned

S D=sqrt(S_L**2+(S_t/2.0)**2)

If ((Aligned.eq.2).and. (S D.It.((S_T+D)/2.0))) then !staggered
v_tank_max=S t/(2.0*(S_D- D)*V_tank)

El se
v_tank_max=S T*V_tank/ (S_t-D)

Endl f

Ret urn
End

ER R S R R S b R R R S S R S
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A4 TYPE 88 TEMPERATURE-DEPENDENT PROPERTY DATA

General Description

Type 88 modes temperature-dependent property data for three fluids: water, ethylene glycol

and propylene glycol. The propertiesinclude viscosity, specific heet, conductivity and dendty.

Mathematical Description

The property data is based on curve fits from EES (Klein and Alvarado, 1997) for the

propylene glycol and ethylene glycol. The property data for water is taken from curve fits of

data given in Incropera and Dewitt (1990).

TRNSYS Component description

PARAMETER NO.

1 Substance

2 composition
INPUT NUMBER

1 T
OUTPUT NUMBER

1 m

2 Cp

3 k

4 r

DESCRIPTION

1 = water

2 = ethylene glycal

3 = propylene glycal
percent of glycol by volume

DESCRIPTION
temperature (C)

DESCRIPTION
dynamic visoosity of fluid (N-s/n?)
specific heet of fluid (k¥kg-K)
fluid conductivity (k¥hr-nr)
density of fluid (kg/n?)
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TYPE 88 -TEMPERATURE DEPENDENT PROPERTY DATA

Fortran Code

SUBROUTI NE TYPES88( TI ME, XI N, OUT, T, DTDT, PAR, | NFO, | CNTRL, *)

Ck**********************************************************************

C THI'S SUBROUTI NE | S USED TO FI ND TEMPERATURE DEPENDENT PROPERTY
DATA

C The data is based on curve fits using data fromIncroprera and
Dewi tt

C LAST MODI FI ED 19 OCTOBER 1997 -- MYRNA DAYAN

Ck**********************************************************************

DOUBLE PRECI SI ON XI N, OUT

| NTEGER*4 | NFO

DI MENSI ON XI N( 1), OUT(4) , PAR(2), | NFO( 15)
CHARACTER* 3 YCHECK( 1) , OCHECK( 4)

| NTEGER substance
REAL T, nu, k,Cp,rho, B,C, D, percent

IF (INFOQ(7).GE. 0) GO TO 100

C  FIRST CALL OF SI MULATI ON
| NFO( 6) =4
| NFO( 9) =0
CALL TYPECK(1,|NFO, 1, 2, 0)
DATA YCHECK/ ' DML' /
DATA OCHECK/'VS1',' CP1',' KT1',' DNL'/
CALL RCHECK( | NFO, YCHECK, OCHECK)

c SET | NPUT PARAMETERS
100 subst ance=PAR( 1)
per cent =PAR( 2)

c SET | NPUT VARI ABLES
T=XI N( 1) +273. 15

I f (substance.eq.1) t hen I WVATER
c Li near regression for viscosity

mu=0. 1016859- 8. 6224E- 04* T+2. 4574E- 06

L*T**2-2. 3453E- 09*T** 3

c Li near regression for specific heat
Cp=45. 3589- 4. 9161E- 01* T+0. 00220051* T** 2
.-4.3807E-06*T**3+3. 2760E-09*T**4



158

c Li near regression for conductivity
k=-4.9429E- 01+0. 00592939*T- 7. 4528E- 06* T** 2

c Li near regression for density
rho=758. 1536+1. 855018* T- 3. 5391E- 03* T**2

Endl f

I f (substance.eq.2) then ! ETHYLENE GLYCOL

c Li near regression for viscosity
B = 970.43146598 - 10.001392253*T + 0. 034056662648* T**2
.- 3.8613683343e-5*T**3
C = -27.036068044 + 0.27995557712*T - 0.00096062280174*T**2
.+ 1.0941819338e-6*T**3
D = 0.19624504556 - 0.0020225892738*T + 6. 9220560583e-6*T**2
.- 7.8710335530e-9*T**3
mu= exp(B + Crpercent + D*percent**2)
c Li near regression for specific heat
B = 3.9189 - 0.035267*percent
C = 0.0014555 + 4.8423e-5*percent
Ch =B+ CT
c Li near regression for conductivity
B = -0.84402 + 0.016948*percent - 6.99691e-5*percent**2
C = 0.0079877 - 0.00012444*percent + 5.00412e-7*percent**2
D = -1.06474e-5 + 1.708955e-7*percent - 7.065844e-10*percent**2

k=B + CT + DT**2

near regression for density
884.53 + 2.1741*percent
1.1613 - 0.0033403*percent
-0.0024393 + 2.994e-8*percent
rho = B+ CT + DPT**2

OO0 W
innon

Endl f

If (substance.eq.3) then ! PROPYLENE GLYCOL
c Li near regression for viscosity

B = 71.639163222 - 0.66981698459*T + 0.0019150513174*T**2

- 1.8587687783e-6*T**3

C = 0.27019804611 - 0.0012299975866*T + 1.5045427918e-6*T**2
mu= exp(B+C*percent)

c Li near regression for specific heat
B =3.8649883866- 0. 023691954902* per cent - 0. 00011278222908* per cent ** 2
C = 0.001023655712 + 5.6633876714e- 5*percent
Cp =B+ CT
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Li near regression for conductivity
B = -0.78595253278 + 0.015561899561* per cent

- 4.8933521576e-5*percent **2

0.0076866167254 - 0.0001155974176* per cent
. 6603360830e- 7*percent **2

-9.9976810237e-6 + 1.4560615474e-7*percent
. 5879383578e- 10*percent **2

C
C+
D
k B+ CT+ DFT**2

&1 Wil

Li near regression for density

B = 875.54696219 + 2.151387542*percent

C=1.1191046068- 0. 0007599907262*per cent - 4. 9236799989e- 5* percent **2
D=-0.002377960199-9. 1377252136e- 6* per cent

. +1.0872237562e- 7*percent **2

rho = B+ CT + DPT**2

Endl f

QUT(1)=nu ! N-s/nR2
QUT(2)=Cp !'KJ/kg.K
OUT(3)=k*3.6 'kdJ/hr-mK
QUT(4)=rho !kg/ nB3

RETURN 1
END
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APPENDIX B

Conventiond header-riser collector SDHW system

Conventiona header-riser collector SDHW system with a heat exchanger

Serpentine collector SDHW system

Serpentine collector SDHW system with a PV driven pump

Serpentine collector SDHW system with a heat exchanger

Serpentine collector SDHW system with a PV driven pump and heat exchanger
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TRNSYSDECK FOR A CONVENTIONAL HEADER-RISER COLLECTOR SDHW
SYSTEM

ASSI GN C: \ TRNW N\ WEATHER\ ALBUQE. NM 10
ASSI GN M\ THESI S\wWTMY\ f | at . LST 6

ASSI GN M\ THESI S\wWTMY\ f | at . OUT 12
ASSI GN M \ THESI S\ DRAWB760\ Neuhou4. TXT 14

EE R I R R I R I R I R R R O R O

* SOLAR DOMVESTI C HOT WATER SYSTEM

* | NCORPORATI NG A CONVENTI ONAL HEADER- RI SER COLLECTCR
* 22 AUGUST 1997

* MYRNA DAYAN

EE R I R R I R I R I R R R O R O

CONSTANTS 26
AREA=3. 185
STARTDAY=1
STARTTI ME=1
ENDTI ME=8760
STEPTI ME=0. 1

PRI NTTI ME=1
CP_WATER=4. 184
RHO_WATER=984
K_WATER=2. 34
mu_WATER=0. 000489
LATI TUDE=35. 1
REFL_GROUND=0. 2
SLOPE=35

AZlI MUTH=0
T_SET=55
T_ENV=20

T_MAI NS=15

UA TANK=1. 44
V_TANK=0. 4

HElI GHT_TANK=1. 5
UA HEATER=0

D riser=0.004928
L=1.524

W0. 11

N_SERP=19

f | owper area=0. 020

EQUATI ONS 1
FLOARATE= f | owper ar ea* AREA* 3600

EQUATI ONS 1
n_Pl CTURES=( ENDTI ME- STARTTI MVE) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
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W DTH 72
LIMTS 250 50

UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,

*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, |_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

UNIT 4 TYPE 3 PUMP I N COLLECTOR LOOP
PARAMETERS 4

*m dot _max, Cp, P_max, f_par

FLOARATE CP_WATER 1000. O

| NPUTS 3

*T_ inlet, mdot_inlet, control function
10,5 10,2 15,1

20. FLOWRATE 0

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

UNIT 6 TYPE 1 FLAT PLATE COLLECTOR
PARAMETERS 11
*N, Di, D delta, L,Wk,U be, E p, alpha, NG eta_R

*K

3 1 AREA CP_WATER 0.9441 3.6 0.98 0.98 1 1.526 0.0524

| NPUTS 10

*T inlet, mdot _collector, T anmbient, | _T,wind,|_h,I_d,rho_g,theta, beta

4,1 4,2 1,52,6 1,7 2,42,50,02,9 2,10
20 flowate 20 3600 1 3600 3600 REFL_GROUND 40 40

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, 1_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

EQUATI ONS 3
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*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mbde, H_ auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V.TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA_ TANK
k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O

| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out
*T 1 in,T_2 in, T_env ganmma_1, ganmea_2

6,2 6,2 0,0 MLOAD 6,1 0,0 0,0 0,0 0,0

FLOARATE FLOARATE -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1lout, m2 in, m2 out, T 1 out, T 2 out,Qenv, Q1 in, Q1 out
*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T ave
*DEL_P_1_ in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out

DERI VATI VES 20

20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA HEATER 1

| NPUTS 4

*T_ inlet, mdot_inlet, gamm, T_env
10,6 10,4 0,0 0,0

45 FLOARATE 1 T_ENV

* QUTPUTS

*T_o,mo,Qaux,Qloss,Qfluid

UNIT 15 TYPE 2 ON OFF DI FFERENTI AL CONTROLLER PUMP
PARAMETERS 4

*NSTK, del taT_h, deltaT_ I, T_MAX

7 0 0 300

| NPUTS 4

*T_H, T_L, T_I N, GAMVA i

6,1 10,5 6,1 15,1

20 20 90 O

* QUTPUTS

* GAMVA_o

UNIT 19 TYPE 9 DATA READER for water draw



PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw

*UNIT 12 TYPE 25 PRINTER 1

* PARAMETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TIME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*I NPUTS 9

*1,5 6,1 4,1 10,17 10,5 16,1 6,3 6,5 6,8

*TAMB TCOLL TPO TTANK TTANKCOL TTANKO QU FR UL

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR

PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED

-1

| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*QUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 6
Q SOLAR=[ 11, 1] / 1000000* AREA
Q LOAD= [ 11, 2]/1000000

Q AUX= [11, 3]/1000000

Q LOSS= [ 11, 4] /1000000
DEN=EQL( Q LOAD, 0) +Q LOAD
SF=1- Q AUX/ DEN

UNIT 13 TYPE 25 PRI NTER 2
PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

G G G0
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UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N _top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

8 30180 05000113 nPICTURES7 020

| NPUTS 11

*VARI ABLES TO BE PLOTTED

1,5 4,1 6,1 16,1 10,17 10,5 4,2 19,2 6,3 1,4 16,3

TA TPO TCOLL TTANKO TTANK TTANKCOL FLOW WATERDRAW QU | Q _aux
LABELS 4

C K@ HR

TEMPERATURE

ENERGY

END
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TRNSYSDECK FOR A CONVENTIONAL HEADER-RISER COLLECTOR SDHW
SYSTEM WITH A HEAT EXCHANGER

ASSI GN C: \ TRNW N\ WEATHER\ ALBUQE. NM 10
ASSI GN M \ THESI S\ WTMY\ FLATht x. LST 6

ASSI GN M \ THESI S\ WTMY\ FLATht x. OUT 12
ASSI GN M \ THESI S\ DRAWB760\ Neuhou4. TXT 14

ESE R I R R R I R R I R R I R R R R I R O R

* LOW FLOW SOLAR DOVESTI C HOT WATER SYSTEM

* | NCORPORATI NG A CONVENTI ONAL HEADER- RI SER COLLECTOR

* AND A HEAT EXCHANGER.  THE HEAT EXCHANGER UA 1S

* DETERM NED | N TERMS OF FLOW RATE AND FLUI D TEMPERATURES
* 11 NOVEMBER 1997

* MYRNA DAYAN

R S I I R I R I I S R I I S R I O

CONSTANTS 34

Pl =3. 14159
AREA=3. 185
STARTDAY=1
STARTTI ME=1
ENDTI ME=8760
STEPTI ME=0. 1
PRI NTTI ME=1
CP_WATER=4. 184
RHO_WATER=984
K_WATER=2. 34
mu_WATER=0. 000489
PR_WATER=3. 148
CP_GLYCOL=3. 580
RHO_GLYCOL=1058
k_GLYCOL=1. 44
mu_GLYCOL=0. 0011
PR gl ycol =9. 845
LATI TUDE=35. 1
REFL_GROUND=0. 2
SLOPE=35

AZlI MUTH=0
T_SET=55
T_ENV=20

T_MAI NS=15

UA TANK=1. 44
V_TANK=0. 4

HElI GHT_TANK=1. 5
UA HEATER=0

D riser=0.004928
L=1.524

W0. 11
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N_SERP=19
m col | =0. 02
m_t ank=0. 0035
*MATCHED TO THE WATER DRAW

EQUATI ONS 2
fl ow_TANK=m t ank* Ar ea* 3600
fl ow_COLL=m col | *Area* 3600

EQUATI ONS 1
n_PI CTURES=( ENDTI ME- STARTTI ME) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
W DTH 72
LIMTS 50 10

UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,
*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, |_d, I_T1, | _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

UNIT 4 TYPE 3 PUMP I N COLLECTOR LOOP
PARAMETERS 4

*m dot _max, Cp, P_max, f_par

flow coll CP_GLYCOL 1000. O

| NPUTS 3

*T_ inlet, mdot_inlet, control function
8,1 8,2 15,1

20. flow.coll O

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

UNIT 6 TYPE 1 FLAT PLATE COLLECTOR
PARAMETERS 11
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*N, Di, D delta, L,Wk,U be, E p, alpha, NG eta_R

*K

3 1 AREA CP_GLYCOL 0.9441 3.6 0.98 0.98 1 1.526 0.0524

| NPUTS 10

*T inlet, mdot _collector, T anmbient, |I_T,wind,|_h,I_d,rho_g,theta, beta

4,1 4,2 1,52,6 1,7 2,42,50,02,9 2,10
20 flow COLL 20 3600 1 3600 3600 REFL_CROUND 40 40

* QUTPUTS

*| _o,Theta_z, Ganma_s, |, |_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

EQUATI ONS 2

T _glycol _hx=([6,1]+[8,1])/2
T water_hx=([9,1]+[8,3])/2

UNIT 3 TYPE 88 THERMODYNAM C PROPERTI ES FOR GLYCOL
PARAMETERS 2

*subst ance percent

2 55

I NPUTS 1

*tenperature

T gl ycol _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 5 TYPE 88 THERMODYNAM C PROPERTI ES FOR WATER
PARAMETERS 2

*substance percent (not used)

1 100

I NPUTS 1

*tenperature

T _wat er _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 7 TYPE 87 UA FOR SHELL AND TUBE HEAT EXCHANGER
PARAMETERS 10

*Di,Db,St,S L, L _hx, A NL,k copper, N tubes, baffle_spacing
0. 0065 0.0095 0.01 0.01 0.75 2 5 401 19 0.05

| NPUTS 9

*m dot _col | ector, m dot _tank, mu_collector,Cp_collector, k_collector
*mu_t ank, Cp_t ank, k_tank, rho_t ank

6,2 9,2 3,10,00,05,10,00,00,0
*3,13,23,35,15,25,35,4

flow coll flow tank nmu_glycol Cp_glycol k_glyco

mu_water Cp_water k_water rho_water

* QUTPUTS

*UA
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UNIT 8 TYPE 5 HEAT EXCHANGER

PARAMETERS 4

*nmode, dummy, Cp_hot, Cp_cold

2 1 CP_glycol CP_water

| NPUTS 5

*T_hi,mdot _hot, T cold_inlet, mdot_cold UA
6,1 6,29,19,27,1

20. flow_coll 20. FLOWTANK 200

* QUTPUTS

*T_ho, mdot_h, T co, mdot_c, Q.dot_T, Epsilon

UNIT 9 TYPE 3 PUMP - TANK SI DE

PARAMETERS 4

*m dot _max, Cp, P_max, f_par

FLOW TANK CP_WATER 1000. O.

| NPUTS 3

*T_ inlet, mdot_inlet, control function
10,5 10,2 15,1

20. FLOW.TANK 1.

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

EQUATI ONS 3
*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mode, H_ auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V.TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA_ TANK

k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O
| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out

*T_ 1 in, T _2 in, T_env, gama_1, gamma_2

8,4 8,4 0,0 MLOAD 8,3 0,0 0,0 0,0 0,0

45 45 -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1lout, m2 in, m2 out, T 1 out,T_2 out,Q env ,

Q1 in, Q1 out

*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T_ ave
*DEL_P_1_in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out
DERI VATI VES 20
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20 20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA_ HEATER 1

| NPUTS 4

*T_inlet, mdot_inlet, gamm, T_env
10,6 10,4 0,0 0,0

45 45 1 T_ENV

*QUTPUTS

*T_o,mo,Qaux,Qloss,Qfluid

UNIT 15 TYPE 2 ON OFF DI FFERENTI AL CONTROLLER PUMP
PARAMETERS 4

*NSTK, del taT_h, deltaT_|I, T_MAX

7 0 0 300

| NPUTS 4

*T_H, T_L, T_I N, GAMVA i

6,1 10,5 6,1 15,1

20 20 90 O

* QUTPUTS

* GAMVA_o

UNIT 19 TYPE 9 DATA READER for water draw
PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw

*UNIT 12 TYPE 25 PRI NTER 1

* PARAMETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*| NPUTS 10

*3,13,23,3345,15,25,35,47,128,6

*mu_gl ycol cp_glycol k_glycol rho_glyco

*mu_water cp_water k_water rho_water UA epsilon

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR
PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED
-1
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| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*OQUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 7

Q _SOLAR=[ 11, 1]/ 1000000* AREA
Q _LOAD= [11, 2]/ 1000000

Q _AUX= [11, 3]/1000000

Q LOSs= [11, 4]/ 1000000
DEN=EQL( Q_LOAD, 0) +Q LOAD
SF=1- Q_AUX/ DEN

epsi |l on=[ 8, 6] *100

UNIT 13 TYPE 25 PRI NTER 2

PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

QGG o0

UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N_top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y_max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

7 40200 050001 13nPICTURES7 020

| NPUTS 11

*VARI ABLES TO BE PLOTTED

1,5 6,1 16,1 10,17 epsilon 19,2 3,2 6,3 1,4 16,3 7,1

TA TCOLL TTANKO TTANK effectiveness WATERDRAW fl ow QU | Q aux UA
LABELS 4

C K@ HR

TEMPERATURE

ENERGY

END
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TRNSYSDECK FOR A SERPENTINE COLLECTOR SDHW SYSTEM

ASSI GN C:\ TRNW N\ WEATHER\ mi ami f. fI 10
ASSI GN C: \ THESI S\ wTMY\ ser pen. LST 6

ASSI GN C: \ THESI S\ wTMY\ ser pen. OUT 12

ASSI GN C: \ THESI S\ DRAWB760\ Neuhou4. TXT 14

IR R R SR EEEEEEEEEEEEEEREEEREREEEREEEEREEEEREEREESEERESEREESE]

* LOW FLOW SOLAR DOMESTI C HOT WATER SYSTEM
* I NCORPORATI NG A SERPENTI NE COLLECTOR

* 22 AUGUST 1997

* MYRNA DAYAN

IR R R SR EEEEEEEEEEEEEEREEEREREEEREEEEREEEEREEREESEERESEREESE]

CONSTANTS 26
AREA=3. 185
STARTDAY=1
STARTTI ME=1

ENDTI ME=8760
STEPTI ME=O0. 1

PRI NTTI ME=1
CP_WATER=4. 184
RHO WATER=984
K_WATER=2. 34
mu_WATER=0. 000489
LATI TUDE=25. 8
REFL_GROUND=0. 2
SLOPE=25

AZ| MUTH=0
T_SET=55

T_ENV=20

T_MAI NS=15
UA_TANK=1. 44
V_TANK=0. 4

HEI GHT_TANK=1. 5
UA_HEATER=0

D riser=0.004928
L=1.524

W0. 11

N_SERP=19

f | owper area=0. 020
EQUATI ONS 1
FLOWRATE= f | owper ar ea* AREA* 3600
EQUATI ONS 1

n_PlI CTURES=( ENDTI ME- STARTTI ME) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
W DTH 72
LIMTS 500 100
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UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,

*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, |_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

UNIT 4 TYPE 3 PUMP I N COLLECTOR LOOP
PARAMETERS 4

*m dot _max, Cp, P_max, f_par

FLOANRATE CP_WATER 1000. O

| NPUTS 3

*T_ inlet, mdot_inlet, control function
10,5 10,2 15,1

20. FLOWRATE 0

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

EQUATI ONS 1
T_WATER AV=([ 4, 1] +[ 6, 1])/2

UNIT 3 TYPE 88 THERMODYNAM C PROPERTI ES FOR GLYCOL
PARAMETERS 2

*subst ance percent

155

I NPUTS 1

*tenperature

T_WATER_AV

60

*QUTPUTS

*mu, cp, k, rho

UNIT 6 TYPE 86 SERPENTI NE COLLECTOR
PARAMETERS 13
*N, Di, D delta, L,Wk,U be, E p, alpha, NG eta_R
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*K
N_SERP D _riser 0.00635 0.0002 L 0.11 1386 3.6 0.98
0.98 1 1.526 0.0524

| NPUTS 14

*T inlet, mdot _collector, T anmbient, |I_T,wind,|_h,I_d,rho_g,theta, beta
4,1 4,2 1,5 2,6 1,7 2,4 2,5 0,0 2,9 2,10 3,1 3,2 3,3 3,4

20 flowate 20 3600 1 3600 3600 REFL_GROUND 40 40

mu_WATER Cp_WATER k_WATER r ho_WATER

* QUTPUTS

*| _o,Theta_z, Ganma_s, |, |_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1

*I _Ti, |1_bTi, Theta_i

EQUATI ONS 3

*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mode, H auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V._TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA TANK

k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O
| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out

*T 1 in,T_2 in, T_env ganmma_1, ganmea_2

6,2 6,2 0,0 MLOAD 6,1 0,0 0,0 0,0 0,0

FLOARATE FLOARATE -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1lout, m2 in, m2 out, T 1 out, T 2 out,Qenv, Q1 in, Q1 out
*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T_ ave
*DEL_P_1_in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out

DERI VATI VES 20

20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA_ HEATER 1

| NPUTS 4

*T inlet, md
10,6 10,4 0,0
45 FLOWRATE 1
*QUTPUTS

*T_o,mo,Qaux,Qloss,Qfluid

o] nlet, gamm, T_env

t i
0,0
T_ENV



UNIT 15 TYPE 2 ON OFF DI FFERENTI AL CONTROLLER PUMP
PARAMETERS 4

*NSTK, del taT_h, deltaT_I, T_MAX

7 0 0 300

| NPUTS 4

*T_H, T_L, T_I N, GAMVA i

6,1 10,5 6,1 15,1

20 20 90 O

* QUTPUTS

* GAMVA_o

UNIT 19 TYPE 9 DATA READER for water draw
PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw

*UNIT 12 TYPE 25 PRINTER 1

* PARAMETERS 5

*TI ME | NTERVAL VWHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TIME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*I NPUTS 9

*1,5 6,1 4,1 10,17 10,5 16,1 6,3 6,5 6,8

*TAMB TCOLL TPO TTANK TTANKCOL TTANKO QU FR UL

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR

PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED

-1

| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*OQUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 6
Q SOLAR=[ 11, 1] / 1000000* AREA
Q LOAD= [ 11, 2]/1000000

Q AUX= [11, 3]/1000000

Q LOSS= [ 11, 4] /1000000
DEN=EQL( Q LOAD, 0) +Q LOAD

177
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SF=1- Q_AUX/ DEN

UNIT 13 TYPE 25 PRI NTER 2
PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

G G G0

UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

8 30180 050001 13 nPICTURES7 020

| NPUTS 11

*VARI ABLES TO BE PLOTTED

1,5 4,1 6,1 16,1 10,17 10,5 4,2 19,2 6,3 1,4 16,3

TA TPO TCOLL TTANKO TTANK TTANKCOL FLOW WATERDRAW QU | Q_aux
LABELS 4

C K@ HR

TEMPERATURE

ENERGY

END



TRNSYSDECK FOR A SERPENTINE COLLECTOR AND PV DRIVEN PUMP

SDHW SYSTEM

ASSI GN C: \ TRNW N\ WEATHER\ al buge. nm 10
ASSI GN M \ THESI S\ WTMY\ ser pPV. LST 6

ASSI GN M \ THESI S\ WTMY\ ser pPV. QUT 12
ASSI GN M \ THESI S\ DRAWB760\ Neuhou4. TXT 14

EE R I R I R S R R I I R R R R I R O R

* LOW FLOW SOLAR DOVESTI C HOT WATER SYSTEM

* | NCORPORATI NG A SERPENTI NE COLLECTOR AND PV DRI VEN PUMP
* 7 OCTOBER 1997

* MYRNA DAYAN

EE R I R R S R I R R I R R R R I R O

CONSTANTS 27

Pl =3. 14159
AREA=3. 185
STARTDAY=1
STARTTI ME=1
ENDTI ME=8760
STEPTI ME=0. 1
PRI NTTI ME=1
CP_WATER=4. 184
RHO_WATER=984
K_WATER= 2. 34
mu_WATER=0. 000489
PR_WATER=3. 148
LATI TUDE=35. 1
REFL_GROUND=0. 2
SLOPE=35

AZlI MUTH=0
T_SET=55
T_ENV=20

T_MAI NS=15

UA TANK=1. 44
V_TANK=0. 4

HElI GHT_TANK=1. 5
UA HEATER=0

D riser=0.004928
L=0.762

*rxkx EIX THI S
W0. 11
N_SERP=19

EQUATI ONS 1
n_Pl CTURES=( ENDTI ME- STARTTI MVE) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
W DTH 72

179
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LIMTS 250 10

UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,

*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS

*| _o,Theta_z, Ganma_s, |, |_d, I_T1, 1 _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

EQUATI ONS 1

T_WATER_AV=([ 10, 5] +[ 6, 1] )/ 2

UNIT 3 TYPE 88 THERMODYNAM C PROPERTI ES FOR GLYCOL
PARAMETERS 2

*subst ance percent

10

I NPUTS 1

*tenperature

T_WATER_AV

60

*QUTPUTS

*mu, cp, k, rho

UNIT 6 TYPE 86 SERPENTI NE COLLECTOR

PARAMETERS 13

*N, Di, D delta, L,Wk,Cp, Ube, Ep, alpha, NG eta_R
*KI, mu, Pr, K f, rho_water

19 D riser 0.00635 0.0002 1.524 W 1386

3.6 0.98 0.98 1 1.526 0.0524

| NPUTS 14
*T inlet, mdot _collector, T anmbient, |I_T,wind,|_h,I_d,rho_g,theta, beta
10,5 71,1 1,5 2,6 1,7 2,4 2,5 0,0 2,9 2,10 3,1 3,2 3,3 3,4

20 45 20 3600 1 3600 3600 REFL_GROUND 40 40
mu_wat er CP_WATER k_WATER r ho_WATER
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* QUTPUTS
* T o, mdot, Qu,T_pm F_R TauAl pha, F, UL

EQUATI ONS 3

*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mbde, H_ auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V._TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA TANK
k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O

| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out

*T_ 1 in, T 2 in, T_env, gama_1, gamma_2

6,2 6,2 0,0 MLOAD 6,1 0,0 0,0 0,0 0,0

45 45 -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1out, m2 in, m2 out, T 1 out,T_2 out,Q env ,
Q1 in, Q1 out

*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T ave
*DEL_P_1_in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out

DERI VATI VES 20

20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA HEATER 1

| NPUTS 4

*T_ inlet, mdot_inlet, gamm, T_env
10,6 10,4 0,0 0,0

45 45 1 T_ENV

*QUTPUTS

*T_o,mo,Qaux,Qloss,Qfluid

UNIT 19 TYPE 9 DATA READER for water draw
PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw
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*UNIT 12 TYPE 25 PRINTER 1

* PARAMETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TIME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*I NPUTS 3

*62,1 62,2 71,1

* CURRENT VOLTAGE M _DOT

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR

PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED

-1

| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*OQUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 6
Q SOLAR=[ 11, 1] / 1000000* AREA
Q LOAD= [ 11, 2]/1000000

Q AUX= [11, 3]/1000000

Q LOSS= [ 11, 4] /1000000
DEN=EQL( Q LOAD, 0) +Q LOAD
SF=1- Q AUX/ DEN

UNIT 13 TYPE 25 PRI NTER 2
PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

Q& GG 0

UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N_top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

7 30180 05000113 nPICTURES7 020



I NPUTS 10

*VARI ABLES TO BE PLOTTED

1,5 6,1 16,1 10,17 10,5 19,2 71,1 6,3 1,4 16,3

TA TCOLL TTANKO TTANK TTANKCOL WATERDRAW flow QU | Q_aux
LABELS 4

C KG@ HR

TEMPERATURE

ENERGY

UNIT 71 TYPE 71 Punp/ Mot or/ System

PARAMETERS 24
*mu, rho, D_pi pe, L_pi pe, N_bends, N, L, WD _riser,V_threshold,curve fitting
paraneters a-p

0.005 10 4 N.serp L WD riser 5.5 -1.0069E+01 -4.9072E+00 -6. 7853E-01
-1.5984E- 02 +3.551104 -3.2935E-01 +0.01149067 0.8669153 -4. 3065E-02
+0. 06917987

-6.1515E- 04 0.4640587 -9.1174E-02 +0. 01059595 +0.01497438 -7.4913E-03
| NPUTS 3

*vol t age

62,2 3,1 3,4

14 MJ_WATER RHO WATER

* QUTPUTS

*m dot, current, voltage, P_punp

CONSTANTS 3

TauAl pha=0. 9

T _cel | _NOCT=46

G_T_NOCT=800

EQUATI ONS 1

U L_pv=TauAl pha*G_T_NOCT/ (T_cel | _NOCT-[1,5])*3.6

UNIT 62 TYPE 62 PHOTOVOLTAI C PANEL
PARAMETERS 17

*mode_PV, mode_CVG, G T ref, T cell _ref,Isc_ref,Voc_ref,Inp_ref,Vhp_ref,Ms

c
*MWoc, t aual pha, E_g, NCS, wi dt h, | engt h, Ns_pv, Np_pv

2 2 3600 25 1.45 20 1.33 13 0.001325 -0.0775 TauAl pha 1.12 36 0.35 0.66
11

| NPUTS 6

*Gt, T _anb, U L,I,l_pv,V_pv

2,6 1,5 0,0 71,2 62,1 62,2

2400 25 U L_pv 1.4 1.4 15

* QUTPUTS

*I_ pv V.pv P.pv Inp Vmp Pmax Isc Voc T cell Eff_pv wutiliz

END
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TRNSYSDECK FOR SERPENTINE COLLECTOR SDHW SYSTEM WITH A

HEAT EXCHANGER

ASSI GN C:\ TRNW N\ WEATHER\ madi sn. wi 10

ASSI GN d: \ nyr na\ WTMY\ ser pht x. LST 6

ASSI GN d: \ nyr na\ wTMY\ ser pht x. QUT 12

ASSI GN d: \ nyr na\ THESI S\ DRAVWB760\ Neuhou4. TXT 14

ESE R I I R S I R R I R R R I R R R R O R O R

* LOW FLOW SOLAR DOVESTI C HOT WATER SYSTEM

* | NCORPORATI NG A CONVENTI ONAL SERPENTI NE COLLECTOR

* AND A HEAT EXCHANGER.  THE HEAT EXCHANGER UA 1S

* DETERM NED | N TERMS OF FLOW RATE AND FLUI D TEMPERATURES
* 11 NOVEMBER 1997

* MYRNA DAYAN

R I S S R I R I S R R I I S R I

CONSTANTS 34

Pl =3. 14159
AREA=3. 185
STARTDAY=1
STARTTI ME=1
ENDTI ME=8760
STEPTI ME=0. 1
PRI NTTI ME=1
CP_WATER=4. 184
RHO_WATER=984
K_WATER=2. 34
mu_WATER=0. 000489
PR_WATER=3. 148
CP_GLYCOL=3. 580
RHO_GLYCOL=1058
k_GLYCOL=1. 44
mu_GLYCOL=0. 0011
PR gl ycol =9. 845
LATI TUDE=43. 1
REFL_GROUND=0. 2
SLOPE=40

AZlI MUTH=0
T_SET=55
T_ENV=20

T_MAI NS=15

UA TANK=1. 44
V_TANK=0. 4

HElI GHT_TANK=1. 5
UA HEATER=0

D riser=0.004928
L=1.524

W0. 11
N_SERP=19

185
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m col | =0. 004
m_t ank=0. 003
*MATCHED TO THE WATER DRAW

EQUATI ONS 2
fl ow_TANK=m t ank* Ar ea* 3600
fl ow_COLL=m col | *Area* 3600

EQUATI ONS 1
n_PI CTURES=( ENDTI ME- STARTTI ME) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
W DTH 72
LIMTS 250 50

UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,

*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, |_d, I_T1, | _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

UNIT 4 TYPE 3 PUMP I N COLLECTOR LOOP
PARAMETERS 4

*m dot _max, Cp, P_max, f_par

flow coll CP_GLYCOL 1000. O

| NPUTS 3

*T_ inlet, mdot_inlet, control function
8,1 8,2 15,1

20. flow.coll O

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

UNIT 6 TYPE 86 SERPENTI NE COLLECTOR
PARAMETERS 13
*N, Di, D delta, L,Wk,Cp, Ube, Ep, alpha, NG eta_R
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*KI, mu, Pr, Kf, rho_fluid
19 D riser 0.00635 0.0002 1.524 W 1386
3.6 0.98 0.98 1 1.526 0.0524

| NPUTS 14

*T inlet, mdot _collector, T anmbient, |I_T,wind,|_h,I_d,rho_g,theta, beta
4,1 4,2 1,5 2,6 1,7 2,4 2,5 0,0 2,9 2,10 3,1 3,2 3,3 3,4

20 45 20 3600 1 3600 3600 REFL_GROUND 40 40 mu_GLYCOL Cp_GLYCOL k_GLYCOL

rho_GLYCOL
* QUTPUTS
* T o, mdot, Qu,T_pm F_R TauAl pha, F, UL

EQUATI ONS 2
T _glycol _hx=([6,1]+[8,1])/2
T water_hx=([9,1]+[8,3])/2

UNIT 3 TYPE 88 THERMODYNAM C PROPERTI ES FOR GLYCOL
PARAMETERS 2

*subst ance percent

2 55

I NPUTS 1

*tenperature

T gl ycol _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 5 TYPE 88 THERMODYNAM C PROPERTI ES FOR WATER
PARAMETERS 2

*substance percent (not used)

1 100

I NPUTS 1

*tenperature

T _wat er _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 7 TYPE 87 UA FOR SHELL AND TUBE HEAT EXCHANGER
PARAMETERS 10

*Di,Db,St,S L, L _hx, A NL,k copper, N tubes, baffle_spacing
0. 0065 0.0095 0.01 0.01 0.75 2 5 401 19 0.05

| NPUTS 9

*m dot _col | ector, m dot _tank, mu_collector,Cp_collector, k_collector
*mu_t ank, Cp_t ank, k_tank, rho_t ank

6,2 9,2 3,10,00,05,10,00,00,0
*3,13,23,35,15,25,35,4

flow coll flow tank nmu_glycol Cp_glycol k_glyco

mu_water Cp_water k_water rho_water

* QUTPUTS

*UA
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UNIT 8 TYPE 5 HEAT EXCHANGER

PARAMETERS 4

*nmode, dummy, Cp_hot, Cp_cold

2 1 CP_glycol CP_water

| NPUTS 5

*T_hi,mdot _hot, T cold_inlet, mdot_cold UA
6,1 6,29,19,27,1

20. flow_coll 20. FLOWTANK 200

* QUTPUTS

*T_ho, mdot_h, T co, mdot_c, Q.dot_T, Epsilon

UNIT 9 TYPE 3 PUMP - TANK SI DE

PARAMETERS 4

*m dot _max, Cp, P_max, f_par

FLOW TANK CP_WATER 1000. O.

| NPUTS 3

*T_ inlet, mdot_inlet, control function
10,5 10,2 15,1

20. FLOW.TANK 1.

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

EQUATI ONS 3
*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mode, H_ auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V.TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA_ TANK

k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O
| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out

*T_ 1 in, T _2 in, T_env, gama_1, gamma_2

8,4 8,4 0,0 MLOAD 8,3 0,0 0,0 0,0 0,0

45 45 -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1lout, m2 in, m2 out, T 1 out,T_2 out,Q env ,

Q1 in, Q1 out

*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T_ ave
*DEL_P_1_in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out
DERI VATI VES 20
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20 20 20 20 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA_ HEATER 1

| NPUTS 4

*T_inlet, mdot_inlet, gamm, T_env
10,6 10,4 0,0 0,0

45 45 1 T_ENV

*QUTPUTS

*T_o,mo,Qaux,Qloss,Qfluid

UNIT 15 TYPE 2 ON OFF DI FFERENTI AL CONTROLLER PUMP
PARAMETERS 4

*NSTK, del taT_h, deltaT_|I, T_MAX

7 0 0 300

| NPUTS 4

*T_H, T_L, T_I N, GAMVA i

6,1 10,5 6,1 15,1

20 20 90 O

* QUTPUTS

* GAMVA_o

UNIT 19 TYPE 9 DATA READER for water draw
PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw

*UNIT 12 TYPE 25 PRI NTER 1

* PARAMETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*| NPUTS 10

*3,13,23,3345,15,25,35,47,128,6

*mu_gl ycol cp_glycol k_glycol rho_glyco

*mu_water cp_water k_water rho_water UA epsilon

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR
PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED
-1
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| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*OQUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 7

Q _SOLAR=[ 11, 1]/ 1000000* AREA
Q _LOAD= [11, 2]/ 1000000

Q _AUX= [11, 3]/1000000

Q LOSs= [11, 4]/ 1000000
DEN=EQL( Q_LOAD, 0) +Q LOAD
SF=1- Q_AUX/ DEN

epsi |l on=[ 8, 6] *100

UNIT 13 TYPE 25 PRI NTER 2

PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

QGG o0

UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N_top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y_max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

7 40200 050001 13nPICTURES 7 0 2 -1

| NPUTS 11

*VARI ABLES TO BE PLOTTED

1,5 6,1 16,1 10,17 epsilon 19,2 3,2 6,3 1,4 16,3 7,1

TA TCOLL TTANKO TTANK effectiveness WATERDRAW fl ow QU | Q aux UA
LABELS 4

C K@ HR

TEMPERATURE

ENERGY

END



TRNSYSDECK FOR A SERPENTINE COLLECTOR AND PV DRIVEN SDHW

SYSTEM WITH A HEAT EXCHANGER

ASSI GN C: \ TRNW N\ WEATHER\ ALBUQE. NM 10
ASSI GN M \ THESI S\ WTMY\ ser pht xPV. LST 6
ASSI GN M \ THESI S\ WTMY\ ser pht xPV. OQUT 12
ASSI GN M \ THESI S\ DRAWB760\ Neuhou4. TXT 14

ESE R I R R R I R R I R R I R R R R I R O R

* LOW FLOW SOLAR DOVESTI C HOT WATER SYSTEM

* | NCORPORATI NG A SERPENTI NE COLLECTOR, A PV DRI VEN PUWP
* AND A HEAT EXCHANGER.  THE HEAT EXCHANGER UA 1S

* DETERM NED | N TERMS OF FLOW RATE AND FLUI D TEMPERATURES
* 17 NOVEMBER 1997

* MYRNA DAYAN

R S I I R I R I I S R I I S R I O

CONSTANTS 33

Pl =3. 14159
AREA=3. 185
STARTDAY=1
STARTTI ME=1
ENDTI ME=8760
STEPTI ME=0. 1
PRI NTTI ME=1
CP_WATER=4. 184
RHO_WATER=984
K_WATER=2. 34
mu_WATER=0. 000489
PR_WATER=3. 148
CP_GLYCOL=3. 580
RHO_GLYCOL=1058
k_GLYCOL=1. 44
mu_GLYCOL=0. 0011
PR gl ycol =9. 845
LATI TUDE=35. 1
REFL_GROUND=0. 2
SLOPE=35

AZlI MUTH=0
T_SET=55
T_ENV=20

T_MAI NS=15

UA TANK=1. 44
V_TANK=0. 4

HElI GHT_TANK=1. 5
UA HEATER=0

D riser=0.004928
L=0.762

***x FIX TH S
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We0. 11

N_SERP=19

m_t ank=0. 0035

*MATCHED TO THE WATER DRAW

EQUATI ONS 1
fl ow_TANK=m t ank* Ar ea* 3600

EQUATI ONS 1
n_PI CTURES=( ENDTI ME- STARTTI ME) / 24/ 4

SI MULATI ON STARTTI ME ENDTI ME STEPTI ME
W DTH 72
LIMTS 250 10

UNIT 1 TYPE 9 DATA READER

PARAMETERS 2

* MODE, LOG CAL UNI' T NUMBER

-1 10

* QUTPUTS

*mont h, hour, | _dn, I, T_db, w, Wvel, Wdir, t_dl, T-d2
*mont h_next, hour_next, |_dn_next, | _next, T_db_next,

*w_next, Wyvel next, Wdir_next,

UNIT 2 TYPE 16 SOLAR RADI ATI ON PROCESSOR

PARAMETERS 9

* erbs correlation, tracking node, tilted surface radiation node,
* startday, |l atitude, solar constant, SHFT, SMOOTH, |E

3 1 1 STARTDAY LATITUDE 4871 0. 2 -1

| NPUTS 6

* |, Tdl, Td2, rho_g, beta, gammm

1,4 1,19 1,20 0,0 0,0 0,0

0 0 0 REFL_GROUND SLOPE AZI MUTH

* QUTPUTS
*| _o,Theta_z, Ganma_s, |, |_d, I_T1, | _bl, 1 _dl1, Theta_ 1, Beta_ 1
*I _Ti, |1_bTi, Theta_i

UNIT 6 TYPE 86 SERPENTI NE COLLECTOR

PARAMETERS 13

*N, Di, D delta, L,Wk,Cp, Ube, Ep, alpha, NG eta_R
*KI, mu, Pr, Kf, rho_fluid

19 D riser 0.00635 0.0002 1.524 W 1386

3.6 0.98 0.98 1 1.526 0.0524

| NPUTS 14

*T inlet, mdot _collector, T anmbient, |I_T,wind,|_h,I_d,rho_g,theta, beta
8,1 71,11,52,6 1,7 2,4 2,50,0 2,9 2,10 3,1 3,2 3,3 3,4

20 45 20 3600 1 3600 3600 REFL_GROUND 40 40 mu_GLYCOL Cp_GLYCOL k_GLYCOL
rho_GLYCOL

* QUTPUTS

* T o, mdot, Qu,T_pm F_R TauAl pha, F, UL



EQUATI ONS 2
T _glycol _hx=([6,1]+[8,1])/2
T water_hx=([9,1]+[8,3])/2

UNIT 3 TYPE 88 THERMODYNAM C PROPERTI ES FOR GLYCOL
PARAMETERS 2

*subst ance percent

2 55

I NPUTS 1

*tenperature

T gl ycol _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 5 TYPE 88 THERMODYNAM C PROPERTI ES FOR WATER
PARAMETERS 2

*substance percent (not used)

1 100

I NPUTS 1

*tenperature

T _wat er _hx

60

*QUTPUTS

*mu, cp, k, rho

UNIT 7 TYPE 87 UA FOR SHELL AND TUBE HEAT EXCHANGER
PARAMETERS 10

*Di,Db,St,S L, L _hx, A NL,k copper, N tubes, baffle_spacing

0.0065 0.0095 0.01 0.01 0.75 2 5 401 19 0.05
I NPUTS 9

*m dot _col | ector, m dot _tank, mu_collector,Cp_collector, k_collector

*mu_t ank, Cp_t ank, k_tank, rho_t ank

6,2 9,2 3,10,00,05,120,00,00,0
*3,13,23,35,15,25,35,4

0.005 flow_tank mu_glycol Cp_glycol k_glyco
mu_water Cp_water k_water rho_water

* QUTPUTS

* UA

UNIT 8 TYPE 5 HEAT EXCHANGER

PARAMETERS 4

*nmode, dummy, Cp_hot, Cp_cold

2 1 CP_glycol CP_water

| NPUTS 5

*T_hi,mdot _hot, T cold_inlet, mdot_cold UA
6,1 6,29,19,27,1

20. 0.005 20. FLOWTANK 200

* QUTPUTS
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*T_ho, mdot_h, T co, mdot_c, Q.dot_T, Epsilon

UNIT 9 TYPE 3 PUMP - TANK SI DE

PARAMETERS 4

*m dot _max, Cp, P_max, f_par

FLOW TANK CP_WATER 1000. O.

| NPUTS 3

*T_ inlet, mdot_inlet, control function
10,5 10,2 15,1

20. FLOW.TANK 1.

* QUTPUTS

*T_o, m dot, Power consunption, Power supplied

EQUATI ONS 3

*THESE EQUATI ONS ACT AS A TEMPERI NG VALVE
TDI FF=MAX( 0. 000001, ([ 10, 6] - T_MAI NS))
TNKDRWEM N( 1, (( T_SET- T_MAI NS)/ TDI FF))
M_LOAD=[ 19, 2] * TNKDRW

UNIT 10 TYPE 60 STRATIFI ED FLU D STORAGE TANK

PARAMETERS 32

*inlet position, tank volune, tank height, perineter

*height inlet 1, height outlet 1, height inlet 2, height outlet 2
*Cp, rho, U_tank, k, DELk, T_boil, Aux Mode, H auxl, Hstatl
*Tset 1, del Tdb1l, Q auxl, H_ aux2, Hstat2, Tset 2, del Tdb2, Q_aux2, UA fl ue
*T flue,Crit_fraction, Gas aux, hxMde, Hhode, unode

1 V._TANK HEIGHT_TANK -1 1.5 0.0 0.1 1.5 CP_WATER RHO WATER UA TANK

k_WATER O

100 2 1.2 1.2 T_SET 0 16000 0.7 0.7 T_SET 0 16000 0 20 10 0 0 0 O
| NPUTS 9

*mdot_1 in, mdot_1 out, mdot_2 in, mdot_2 out

*T' 1 in, T 2 in, T_env, gama_1, gamma_2

8,4 8,4 0,0 MLOAD 8,3 0,0 0,0 0,0 0,0

45 45 -2 12.1 15 T_MAINS T_ENV 0 O

* QUTPUTS

*ml1 in, m1lout, m2 in, m2 out, T 1 out,T_2 out,Q env ,

Q1 in, Q1 out

*Q2 in, Q2 out, Qaux, Qaux_1, Qaux_2, Qflue, DEL_E, T_ ave
*DEL_P_1_ in, DEL_P_1 out, DEL_P 2_in, DEL_P_2_ out

DERI VATI VES 20

20 20 20 20 20 20 20 20 20 20

20 20 20 20 20 20 20 20 20 20

UNIT 16 TYPE 6 ON OFF AUXI LI ARY HEATER
PARAMETERS 5

*Q max, T_set, Cp, UA, eta

16000 T_SET CP_WATER UA_ HEATER 1

| NPUTS 4
*T_ inlet, m

do
10,6 10,4 0,0

t_inlet, gamm, T_env
0,0



45 45 1 T_ENV
* QUTPUTS
*T_o,mo,Qaux,Qloss,Qfluid

UNIT 15 TYPE 2 ON OFF DI FFERENTI AL CONTROLLER PUMP
PARAMETERS 4

*NSTK, del taT_h, deltaT_I, T_MAX

7 0 0 300

| NPUTS 4

*T_H, T_L, T_I N, GAMVA i

6,1 10,5 6,1 15,1

20 20 90 O

* QUTPUTS

* GAMVA_o

UNIT 19 TYPE 9 DATA READER for water draw
PARAMETERS 11

*MODE, N, deltat_d, i, m, ai, Logical unit #, FRMI
-221-11023.780 14 -1
* QUTPUT

*Hour, water draw

*UNIT 12 TYPE 25 PRI NTER 1

* PARAMETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR, TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

*STEPTI ME STARTTI ME ENDTI ME 11 2

*| NPUTS 10

*3,13,23,3345,15,25,35,47,128,6

*mu_gl ycol cp_glycol k_glycol rho_glyco

*mu_water cp_water k_water rho_water UA epsilon

EQUATI ONS 3
DHWE[ 10, 4] * CP_WATER* ( T_SET- 15) +[ 16, 4]
AUX=[ 16, 3]

Q _ENv=[ 16, 4]

UNIT 11 TYPE 24 | NTEGRATOR

PARAMETERS 1

*TI ME | NTERVAL OVER WHI CH | NTEGRATED

-1

| NPUTS 4

* SOLAR RADI ATI ON, USEFUL ENERGY TO TANK, Q _AUX FROM TANK SOLAR FRACTI ON
2,6 DHW AUX Q_ENV

0.0 0.0 0.00.0

*OQUTPUTS

*I NTEGRAL OF ABOVE QUANTI TI ES

EQUATI ONS 7
Q SOLAR=[ 11, 1] / 1000000* AREA
Q LOAD= [ 11, 2]/1000000
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Q _AUX= [11, 3]/1000000

Q LOSs= [11, 4]/ 1000000
DEN=EQL( Q_LOAD, 0) +Q LOAD
SF=1- Q_AUX/ DEN

epsi |l on=[ 8, 6] *100

UNIT 13 TYPE 25 PRI NTER 2
PARAVETERS 5

*TI ME | NTERVAL WHI CH PRI NTI NG WLL OCCUR TIME AT WHI CH PRI NTI NG STARTS
*TI ME AT WHI CH PRI NTI NG FI NI SHES, LOGI CAL UNIT, UNITS

-1 STARTTI ME ENDTI ME 12 1

| NPUTS 4

Q SOLAR Q LOAD Q AUX SF

Q SOLAR Q LOAD Q AUX SF

QGG o0

UNIT 14 TYPE 65 ONLI NE PLOTTER

PARAMETERS 14

*N_top, N bot, Y_mn,1, Y_max,1, Y. mn, 2, Y_max,2, |_ref, | _upd
*units, N pic,&id, stop,synbols, on/off

7 40200 05000113nPICTURES7 020

| NPUTS 11

*VARI ABLES TO BE PLOTTED

1,5 6,1 16,1 10,17 epsilon 19,2 3,2 6,3 1,4 16,3 7,1

TA TCOLL TTANKO TTANK effectiveness WATERDRAW fl ow QU | Q aux UA
LABELS 4

C K@ HR

TEMPERATURE

ENERGY

UNIT 71 TYPE 71 Punp/ Mot or/ System

PARAMETERS 24
*mu, rho, D_pi pe, L_pi pe, N_bends, N, L, WD _riser,V_threshold,curve fitting
paraneters a-p

0.005 10 4 N.serp L WD riser 5.5 -1.0069E+01 -4.9072E+00 -6. 7853E-01
-1.5984E- 02 +3.551104 -3.2935E-01 +0.01149067 0.8669153 -4. 3065E-02
+0. 06917987

-6.1515E- 04 0.4640587 -9.1174E-02 +0. 01059595 +0.01497438 -7.4913E-03
| NPUTS 3
*vol t age

62,2 3,1 3,4

14 MJ_WATER RHO WATER
* QUTPUTS
*m dot, current, voltage, P_punp

CONSTANTS 3

TauAl pha=0. 9

T _cel | _NOCT=46

G_T_NOCT=800

EQUATI ONS 1

U L_pv=TauAl pha*G_T_NOCT/ (T_cel | _NOCT-[1,5])*3.6
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UNIT 62 TYPE 62 PHOTOVOLTAI C PANEL

PARAMETERS 17

*mode_PV, mode_CVG, G T ref, T cell _ref,Isc_ref,Voc_ref,Inp_ref,Vhp_ref,Ms
c

*MWoc, t aual pha, E_g, NCS, wi dt h, | engt h, Ns_pv, Np_pv

2 2 3600 25 1.45 20 1.33 13 0.001325 -0.0775 TauAl pha 1.12 36 0.35 0.66
11

| NPUTS 6

*Gt, T _anb, UL, I,l_pv,V_pv

2,6 1,5 0,0 71,2 62,1 62,2

2400 25 U L_pv 1.4 1.4 15

* QUTPUTS

*I_ pv V.pv P.pv Inp Vmp Pmax Isc Voc T cell Eff_pv wutiliz

END
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APPENDIX C

Header-Riser Pressure Drop Calculations

Finite Difference Serpentine Collector Anayss
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HEADER-RISER PRESSURE DROP CAL CULATIONS

EES Program

"Cal cul ates pressure drop, pressure and flow distribution for a flat
pl ate col | ector"
“Model: Alta Energy Liquid Flat Plate Collector ATL 100-1"

Procedure MoodyChart (Re:f)

If Re<0.001 Then "No fl ow'

f:=0

El se

I f Re<2100 Then "Lam nar"
f: =64/ Re

El se "Turbul ent”

"This is a good estimte for snpoth pipes”
f:=(0.79*I n(Re) - 1. 64)"(-2)

Endl f

Endl f

End

"Col l ector Area" A collector=22.1*convert(ft~2, nt2)
“Nurber of risers" N=16

"Header Length" L_header=(33+3/8)*convert(in, m

"Length of risers " L=(97+3/8-2*D _header)*convert(in, n
"Di stance between risers" WE(2-D_riser)*convert(in,n
"Riser inside dianmeter" Driser= Dr_n

“Nomi nal riser dianeter" D_r_n=3/8*convert(in, m
"Header dianeter" D_header=1*convert(in, n

"Kinematic viscosity" nu=6.55e-4
"Density" rho=995

"Find head | oss across the risers"

Duplicate j=1,N

H 2*j-1,2%)]=v[2*]-1,2*j]"2*f[2*]-1,2*]] *(L+2*L_eq_ri ser[2*] -
1,2*j])/D_riser/2*10"(-3)

End

"Find head | oss across the headers"

Duplicate j=0,N1

"Lower headers"

H 2*j-1,2%j +1] =v[ 2%j - 1, 2*j +1] ~"2*f[ 2*] - 1, 2*] +1] *(W-L_eq_I| header [ 2*] -
1,2*j +1])/ D_header/ 2*10"(- 3)

End
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"Upper headers”

Duplicate j=1,N

H[ 2%, 2*] +2] =v[ 2*), 2*] +2] ~"2*f [ 2*] , 2*] +2] *(W-L_eq_uheader [ 2*j, 2*j +2] )
/ D_header/ 2*10"(- 3)

End

"Mass Bal ances”

"“Along | ower header nodes"

Duplicate j=0, N2

n{ 2%j -1, 2%) +1] =n{ 2*] +1, 2% +2] +n] 2*] +1, 2*] +3]
End

n{1,2]=nl2, 4]

"Al ong upper header nodes"

Duplicate j=1, N1

n{2%), 2%] +2] +nf 2%j +1, 2*] +2] =n{ 2%] +2, 2*] +4]
End

m 2*N-1, 2*N] =n{ 2*N- 3, 2* N- 1]

"Cal cul ate pressures through the collector"

"Ri sers"

Duplicate j=1,N

P[2*j-1]/rho=P[2*]]/rho+H[ 2*j -1, 2*j ]

End

"Lower headers"

Duplicate j=0,N1

P[2*j-1]/rho=P[ 2*j +1]/ rho+H[ 2*j - 1, 2*] +1]

(P[2*]j +1]-P_out)/ Pressure_Drop=P_| ower _header[]j +1]

End

"Upper Headers"

Duplicate j=1,N

P[2*j]/rho=P[ 2*j +2] / r ho+H[ 2*| , 2*| +2]
(P[2*]j]-P_out)/Pressure_Drop=P_upper _header|[j]

End

Duplicate j=1,N
Riser[j] =

End

"Convert nass flowrates to velocities"
A riser=pi*(D_riser/2)"2
A header =pi *(D_header/2)"2

“Along risers"



Duplicate j=1,N

n2*j-1,2%*j]=rho*A riser*v[2*%j-1, 2*j]

Re[ 2*j-1,2*]j]=rho*v[2*j-1,2*]]*D_riser/mu
Call MoodyChart (Re[2*j-1,2*j]:f[2*]-1,2*%]]);
End

"Lower headers"

Duplicate j=0,N1

nf 2*j -1, 2*j +1] =r ho* A_header*v[ 2*j - 1, 2*] +1]

Re[ 2*j -1, 2*j +1] =rho*v[ 2*j - 1, 2*] +1] *D_header/ nu
Call MoodyChart (Re[2*j-1,2*j+1]:f[2*%)-1, 2% +1]);
End

"Upper headers”

Duplicate j=1,N

ni 2*j, 2*j +2] =r ho* A_header *v[ 2*j , 2*] +2]

Re[ 2*j , 2*j +2] =r ho*v[ 2*j , 2*] +2] *D_header/ nu
Cal | MoodyChart (Re[ 2*j, 2% +2]:f[2*], 2*] +2]);
End

"K - factors at the tee-joints"
"Lower Headers"

" RANDOM DI STRI BUTI ON OF K-factors"
K _header[-1,1]=1. 45

K _header[1,3]=1.6

K _header[3,5]=2.3

K _header[5, 7] =1. 45

K _header[7, 9] =1. 45

K _header[9, 11] =1. 45

K _header[ 11, 13] =1.
K_header[ 13, 15] =1.
K_header[ 15, 17] =2.
K _header[ 17, 19] =2.
K_header[ 19, 21] =1.
K_header[ 21, 23] =1.
K_header [ 23, 25] =1.
K_header [ 25, 27] =1.
K_header [ 27, 29] =1.
K_header[ 29, 31] =1.

OSSO OKWOONO ©©
(6204 ]

Duplicate j=0,N1
L_eq_l header[2*]j -1, 2*j +1] =K _header[ -1, 1] *D_header/f[ 2*j -1, 2*j +1]
End

"Ri sers"

{K riser=0.9}
Kriser[1,2]=0.9
Kriser[3,4]=1.0
Kriser[5,6]=1.2
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Kriser[7,8]=0.9
Kriser[9,10]=0.9
K riser[11, 12]=0.
K riser[13, 14] =1.
K riser[ 15, 16]=1.
K riser[17,18]=1.
K riser[19, 20] =1.
K riser[21, 22] =0.
K riser[ 23, 24] =0.
K riser[ 25, 26] =1.
K riser[27,28]=1.
K riser[29, 30] =1.
K riser[31, 32] =0.
Duplicate j=1,N
L_eq riser[2*j-1,2*j]=K riser[1,2]*D riser/f[2*]-1,2%]]
End

©CO PP OOONMOOUGIO®

K _header|[ 2, 4] =1. 45
K _header[ 4, 6] =1. 60
K _header[ 6, 8] =1.8
K _header[ 8, 10] =2. 4
K_header[ 10, 12] =1.
K _header[ 12, 14] =1.
K_header [ 14, 16] =2.
K _header[ 16, 18] =2.
K_header[ 18, 20] =1.
K_header [ 20, 22] =2.
K_header [ 22, 24] =2.
K_header [ 24, 26] =1.
K_header [ 26, 28] =2.
K_header [ 28, 30] =2.
K_header [ 30, 32] =1.
K_header [ 32, 34] =1.
"Upper Headers"
Duplicate j=1,N
L_eq_uheader[2*], 2*j +2] =K_header[ 2, 4] *D_header/f[ 2*j, 2*] +2]
End

PO WOOWMAOONO M

“I'nl et Conditions"

P[-1] =100

m -1, 1] =mass_engl i sh*convert (gpm m3/s)*rho
{mass_engl i sh=1. 5}

P_out =p[ 2* N+2]

Pressure_Drop=P[-1]-P_out
Pressure_Drop_english=(P[-1]-P_out)*convert (kpa, psi)

"Prepare plot for flow distribution”
"Use | ower node"
Duplicate j=1,N
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flowjl=nf2*j-1,2%j]1/n{-1, 1]
End

flowarea=n{-1,1]/A collector
xx=2/ 60/ 1000/ A_col | ector/rho*convert (nt3/s, gpm

fl ow ar ea=0. 002
m dot _i n=n{-1, 1]
flow 1] =m dot _riser\mdot_in[1]
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FINITE DIFFERENCE SERPENTINE COLLECTOR ANALYSIS

EES Program

Procedure LAM NARTURBULENT(Re, L: friction,|am nar,turbul ent, nusselt)

mu=3. 6e-4

a=0. 0534

b=0. 0335

m_ht =1. 15

nw=0. 82

kw=0. 67

mu_w=nu

Pr=2.2 "Assune water at 80 C'

L = 1.0 "Length of one serpentine segnment"”

Di=6.5 *10"(-3)"Tube inside dianeter"
I f Re<2100 Then "Lam nar"

friction:=64/Re

[ am nar: =1

turbul ent: =0

Nussel t =3. 7+a*(Re*Pr*D_i /L) *m_ht/ (1+b*(Re*Pr*D_i / L) *nw)
El se "Turblent"

friction:=(0.79*I n(Re)-1.64)"(-2)

| am nar: =0

turbul ent: =1

Nussel t =
(friction/8)*Re*Pr/ (1.07+12. 7*sqrt(friction/8)*(Pr~(2/3)-
1)) *(mu/ mu_w)"0. 11
Endl f
End

Procedure QddEven(x: odd, even)
If (Trunc(x/2)-x/2=0) Then
Even=1
Qdd=0
El se
Even=0
Qdd=1
Endi f
End

k=211

del t a=0. 0015
D=0. 0075

U L=5

T a=20



S=1000
L_nodes=40
R=1/(pi *D_i *h_fi)
DELTA y=L/L_nodes
L=1.0

A c=N*WL

m dot =0. 014

C p=4190

T_i n=20

N=10

A c=1

m2=U L*(W D)2/ (k*del ta)
kappa=k*del ta*m ((WD)*si nh(m)

Duplicate j=0,L_nodes
Duplicate i=1, N
thetal[i,j]=T[i,j]-T_a-(S/U_L)
End

End

"HEAT TRANSFER COEFFI Cl ENT"

D i=6.5e-3

mu=0. 00036

kw=0. 67
Re_serpenti ne=4*m dot/ (pi *D_i *nu)
L_tube_serpenti ne=N*(L+W-W

Cal

Lam nar Tur bul ent (Re_serpentine, L_tube_serpentine:friction_serpentine

, dumrmy2, dunmy 3, Nussel t _ser pentine);
h_fi={Nusselt_serpentine*kw D_i } 1500

"Heat Transfer fromfins to tube"

g_pl us[ 1, 0] =kappa*theta[ 1, 0] *(1-cosh(m)*DELTA y/2

g_plus[ 1, L_nodes] =kappa*t heta[ 1, L_nodes] *(1-cosh(n))*DELTA y/2
Duplicate i =2, N

g_plus[i, 0] =kappa*(theta[i-1,0]-thetali, 0] *cosh(m)*DELTA y/2
g_plus[i,L_nodes] =kappa*(theta[i-1,L_nodes]-

thetal[i, L_nodes]*cosh(m))*DELTA y/2

End

Duplicate j=1,L_nodes-1
g_plus[1l,j]=kappa*theta[l,j]*(1l-cosh(m)*DELTA y

Duplicate i =2, N
g_plus[i,j]=kappa*(theta[i-1,j]-thetali,j]*cosh(m)*DELTA y
End

End

g_m nus[ N, 0] =kappa*theta[ N, 0] *(1-cosh(m))*DELTA y/2
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g_m nus[ N, L_nodes] =kappa*t heta[ N, L_nodes] *(1- cosh(m ) *DELTA y/ 2
Duplicate i=1, N1

g_m nus[i, 0] =kappa*(thetali+1,0]-theta[i, 0] *cosh(n))*DELTA y/2
g_m nus[i,L_nodes] =kappa*(thetali +1, L_nodes] -

thetal[i, L_nodes]*cosh(m))*DELTA y/2

End

Duplicate j=1,L_nodes-1

Duplicate i=1, N1
g_mnus[i,]j]=kappa*(theta[i+l,j]-thetali,j]*cosh(n))*DELTA y
End

g_m nus[ N, j]=kappa*theta[N,j]*(1-cosh(n))*DELTA y

End

"Useful heat transfer to tube and fluid"

Duplicate i=1, N

g_useful [i,0]=q_plus[i,0]+qg_m nus[i,0]-D*U_L*Theta[i, O] *DELTA y/2
g_useful [i,0]=(T[i,0]-T_f[i,0])/R*DELTA y/2

End

Duplicate i=1, N

g_useful [i,L_nodes]=q_plus[i,L_nodes]+qg_mi nus[i,L_nodes]-

DU L*Theta[i,L_nodes] *DELTA y/2

g_useful [i,L_nodes]=(T[i,L_nodes]-T f[i,L_nodes])/R*DELTA y/?2
End

Duplicate j=1,L_nodes-1

Duplicate i=1, N

g_useful[i,j]l=q_plus[i,j]l+qg_m nus[i,j]-D*U_L*Theta[i,]]*DELTA Yy
g_useful [i,j]1=(T[i,j]-T_f[i,j])/R*DELTA y

End

End

"Heat transfer to fluid"

Duplicate j=1,L_nodes-1

Duplicate i=1, N

m dot *C_p*(ganmea[i, | +1]-gamma[i,j])+(-1)"i*q_useful[i,]j]=0
End

End

Duplicate i=1, N1

Call OddEven(i:odd_i[i],even_i[i])

(m_dot*C _p*(gamma[i +1, L_nodes] -gamm[i, L_nodes]) +( -

Dri*(g_useful [i,L_nodes] +q_useful [i+1,L_nodes]))*odd_i[i]+(m.dot*C_
p*(gamma[i +1, 1] - gamma[i, 1] ) +(-

D i*(g_useful [i,0]+g_useful[i+1,0]))*even_i[i]=0

End

"start"
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m dot*C_p*(gamm[ 1, 1]-T_f[1, 0])=q_useful [ 1, 0]

"“end"

(mdot*C p*(T_f[N,0]-gamma[N, 1]) -

(1) AN*qg_useful [N,0])*even+(m dot*C p*(T_f[ N, L_nodes] -
gama[ N, L_nodes])-(1)~*N-q_useful [ N, L_nodes]) *odd=0

Duplicate i=1, N
Duplicate j=1,L_nodes-1

T f[i,j]l=(ganm[i,|]+gamma[i,j+1])/2
end
end

Duplicate i=1, N1

Call OddEven(i:oddi[i],eveni[i])

T f[i,L_nodes]*oddi[i]+T_f[i,O]*eveni[i]=((gamm[i,L_nodes]+gamm[i +
1,L_nodes])/2)*oddi[i]+((gamm[i, 1] +ganma[i +1, 1])/ 2) *eveni [i]

End

"Boundary conditions at turns"
Duplicate i=1, N1
Call OddEven(i:i_odd[i],i_even[i])

T f[i+1,L_nodes]*i _odd[i] +T f[i+1,0]*i _even[i]=
al pha*(T_f[i,L_nodes]*i _odd[i]+T_f[i,0]*i_even[i])
End

al pha=exp(-D*U_L*W (m_dot*C _p*(1+R*D*U_L)))

“Cal cul ation of the heat renoval factor"

Cal | GddEven(N: odd, even)

F REm dot*C p*(T_out-T_in)/(Ac*(S-U L*(T_in-T_a)))
T out=T_f[N, 0] *even+T_f[ N, L_nodes] *odd

T in=T_f[1,0]

“col |l ector efficiencies"

eta_serpenti ne=F_R*TauAl pha-F_R*U L*DELTA T\G_T
eta_serpentine_ZL=F R ZL*TauAl pha-F_R ZL*U L*DELTA T\G T
TauAl pha=0. 9

DELTA T\ G T=0. 05

"Usi ng Abdel -Khalik's anal ysis"

Kappa_ZL=k*del t a*nnn/ (( WD) *si nh(nnn))

nnn=(WD)*sqrt (U_L/(k*delta))

gama_ZL=- 2*cosh(nnn) - D*U_L/ Kappa_ZL

F 1 ZL=(N*Kappa_ZL*L)/ (U _L*A c)*(Kappa_ZL*R*(1+gamma_ZL)"2-1-
gama_ZL- Kappa_ZL*R)/ (( Kappa_ZL*R*(1+gamra_ZL) - 1) *2- (kappa_ZL*R)"2)
F 2 7ZL=1/(Kappa_ZL*R*(1+gamra_ZL)"2- 1- ganma_ZL- Kappa_ZL*R)

F 5 ZL=sqrt((1-F_2_ZL"2)/F_2_ZL"2)

(F_1 ZL*U L*A c)/ (m._dot*C _p)=2*beta_1 zl
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F RZL/F_1 ZL=1/(2*Beta_1 ZL)*(1+(2*(1/F_2_ZL+F_5 ZL-1)*F_5_ZL)/((1-
1/F 2 ZL+F 5 ZL)*exp(-2*Beta_1 ZL*sqrt(1-

F 2 ZL"2))+(1/F_2_ZL+F 5 ZL-1))-1/F_2 ZL-F 5_ZL)

F 4 ZI=1/F 2 zI+F 5_zl-1
1/f_3 zl=(2*beta_1 zl)

unity_ZL=mdot*c_p/(F_1 _ZL*U L*A c)

m dot\ A c=m dot/A ¢
FR ZL\F1=F R ZL/F_1_ZL
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APPENDIX D

Interpretation of Manufacturer’s Data
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Information is needed about the voltage, current, head and flow rate in order to couple the

pump to a photovoltaic cel. Figure D.1 shows the typica pump curves for various voltages.

Since current varies for a given voltage, Figure D.2 is used to find the current a various

voltages. Two curves are presented in figure D.2; the upper curve represents the condition of

no head and the lower curve represents the condition of no flow. The current can then be found

at the extremes of no head and no flow for each voltage. Linear interpolation was used to find

current at any intermediate head and flow rate in order to derive equations D.1 and D.2.

flowrate= a +bxHead + cxHead” + d xHead ® + ex/oltage+ f oltage® + g M/oltage’® +
h xHead ®/oltage+i ¥Head ®/oltage® + j xHead ? »oltage+ k xHead > »/oltage’

(D.1)
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Current = a+ b »/oltage + c/oltage® + d xHead + e xHead* (D.2)
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