
 
 
 

 

 

 

 
ABSTRACT 

 
Design and Validation of a Solar Domestic 

 Hot Water Heating Simulator 
 

Thomas A. Cemo, M.S.M.E 
 

Mentor: Kenneth W. Van Treuren, D.Phil. 
 
 

 A growing demand for emerging alternative energy technologies is fueled by 

rising energy prices and decreasing energy supplies.  Domestic hot water heating is an 

industry that continues to benefit from increased research in and improvement of solar 

technology.  This thesis outlines the implementation of a solar domestic water heating 

simulator and the validation of a double and single tank domestic hot water configuration.  

The results and procedures were compared to the guidelines of the Solar Rating and 

Certification Corporation’s (SRCC) OG-300 standards.  The Solar Energy Factor for a 

double-tank system was found to be 2.64 ±0.043 and for a single tank system 4.46 ±0.06, 

which is 12 % and 9 % respectively, below data reported by the SRCC for a comparable 

test.  These tests will verify the performance of this solar water heating system and 

provide a baseline profile for further modifications to improve the efficiency of future 

solar domestic hot water heating systems
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CHAPTER ONE 
 

Introduction 
 

Background 
 

As the demand for all forms of energy quickly outpaces the ability to provide it, 

more reliable supplies are necessary to ensure consistent technological and economic 

growth.  The notion of dwindling energy supplies prompts technological innovation to 

delay or avoid the onset of an energy crisis (Anderson, [1]).  Efficiency of producers and 

conservation by consumers is complementary to developing alternative sources of 

reliable energy.  The home is one of the largest and most inefficient consumers of energy 

demanding approximately 10,600 kWh of energy per year (EIA, [2]).  The breakdown of 

a typical home’s energy consumption shows that hot water heating currently accounts for 

14% to 25% of the total energy demand (ACEEE, [3]).  There exists a great opportunity 

for solar thermal technologies to reduce this demand yet still provide reliable and 

efficient energy for comfort in the home.  The Solar Rating and Certification Corporation 

estimates that solar thermal systems will also benefit utility companies by reducing the 

peak demand load by 0.5 kW for each system installed.  Conventional electric and gas 

water heaters have high efficiencies of approximately 90% and 60% respectively; 

however, these loads are large and often powered by non-renewable energy sources.  

Solar thermal systems have the ability to utilize seemingly inexhaustible supply of solar 

radiation to deliver efficient thermal energy to the home.  Increasing efficiency of 

appliances, space, and water heating by using solar energy is a simple and effective way 

to conserve energy and reduce the load felt by the producer.  The purpose of this study is 
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to design a simulation facility that can accurately produce repeatable performance for a 

domestic solar hot water heating system.  The thermal efficiency ratings for a single and 

double tank configuration will be validated against computer simulation data from the 

Solar Rating and Certification Corporation.   

Domestic hot water heating is an industry that has been slowly taking advantage 

of solar technologies over the past 25 years.  In the late 1970s during the Arab oil 

embargo, a 50% federal energy tax rebate was issued that prompted thousands of 

manufacturers and contractors to install solar thermal systems.  However, many of the 

original designs were flawed and malfunctioned frequently with a tendency to consume 

more energy than their rated savings (Lane, [4]).  Installation problems, such as roof 

damage and leaks, also heavily contributed to consumer distrust of the industry.  A lack 

of serious research coupled with immediate implementation of this technology fostered a 

period of ‘learning by doing’ that resulted in many unsuccessful designs at the expense of 

the homeowner.  The sudden flooding of the market along with faulty products and 

cunning salesman created several purchasing obstacles including consumer ignorance, 

poorly designed products, and fraud. The skilled and qualified professionals were 

overshadowed during the sudden growth of this deregulated technology.  In order to 

overcome these obstacles and promote a promising technology, the solar thermal industry 

formed the Solar Ratings and Certification Corporation (SRCC) in 1980. 

The SRCC is an independent, non-profit organization that has developed 

efficiency ratings for consumers, contractors, manufacturers, and governments to 

evaluate and compare the performance of domestic solar hot water heating components 

and systems.  The SRCC ratings provide consumers with confidence that the products 
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they purchase are reliable and have been tested for efficiency.  They also provide 

manufacturers and contractors with credibility and a fair market by establishing standards 

by which to certify equipment.  Finally, the SRCC ratings provide a standard for 

government to structure tax credits, which are an incentive to encourage implementation 

of residential solar technology.  

The SRCC determines efficiency ratings for solar domestic hot water systems by 

subjecting each component of the system to individual tests to determine key parameters.  

Then, using those results and standardized conditions as inputs to a computer simulation, 

the whole system performance is modeled.  This is a sufficient process for theoretical 

performance; however, for actual performance, location specific data is necessary.  The 

Solar Thermal Collector Simulator (STCS), Figure 1, constructed by Bolton [5] at Baylor 

University, simulates repeatable collector performance and can be integrated into a 

domestic hot water configuration to simulate a complete residential system.   

 

 

Figure 1. Solar Thermal Collector Simulator at Baylor University. 
 
 

The STCS can be extremely useful for universities or research institutions 

wishing to conduct performance and efficiency research on solar domestic hot water 
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systems.  By implementing a repeatable solar collector simulator, new configurations and 

components of solar domestic hot water systems can be assembled and system 

performance can be evaluated.  

The SRCC’s main performance rating, the Solar Energy Factor (SEF), compares 

the amount of energy the system can provide to the amount of energy necessary to 

maintain system temperatures.  An SEF rating of one indicates that the amount of solar 

thermal energy provided to the system is equal to the amount of non-renewable energy 

used by the system.  SEF ratings greater than one, indicate that the system will provide 

more thermal energy than the minimal auxiliary assistance of pumps and heaters resulting 

in higher efficiencies.  This rating can be used to compare different solar thermal 

systems, including single and double tank configurations, regardless of size or location.  

The SEF assists in choosing an appropriate system for specific load and environmental 

conditions by providing a standardized performance rating that approximates the net 

energy savings.  

Theory 
 

A solar thermal system utilizes the energy produced by the sun to heat water for 

domestic uses such as radiant floor heating systems, showers, and dishwashing.  A 

collector, usually mounted on the roof of the home, absorbs the sun’s radiation and raises 

the temperature of the working fluid.  Solar radiation on a tilted flat plate collector, 

integrated over one hour, is known as insolation and is measured in kilowatt –hours per 

square meter (kWh/m2).  Typical values of insolation for central Texas fall within the 

range of 5.0-5.5 kWh/m2 per day (NREL, [6]).  Along with the solar collector, a basic 

system usually has some form of thermal storage for the heated water. 
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Figure 2. Active solar domestic hot water heating configuration 
 
 

As shown in Figure 2 , the hot fluid flows to thermal storage either directly or 

through a heat exchanger.  Systems that involve external sources of energy to pump the 

fluid and contribute supplementary heat to the water are considered active systems ([7]).  

As the stored water gains energy, it heats up, and, upon reaching the desired temperature, 

is ready to be drawn for domestic use.  Conventional hot water heating systems use 

electricity to energize resistive heating elements to heat the water directly.  In contrast, 

solar thermal systems use electric energy as supplemental heating elements for auxiliary 

back up only.  If the water is below the system set point or minimum desired temperature, 

then the electric element will provide the extra heat necessary to achieve the desired 

water temperature.  Two very common configurations found in residential applications 

are a single tank and double tank system.  A single tank system, shown in Figure 3, 

usually has the storage and auxiliary element within the same tank.   

Collector 

Storage Tank Hot Water Load 

Circulator Pump
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Figure 3. Single tank configuration 
 
 
In the double tank system, shown in Figure 4, the auxiliary tank contains a pair of 

heating elements and receives preheated water from the solar storage tank.   

 Heating 
Elements

Auxiliary Storage 
Tank

Solar Storage 
Tank

Collector

Pump

Mains Inlet

Hot Outlet

 
 

Figure 4. Double tank configuration 
 

The water is heated in the first tank using solar energy and as the water flows into 

the auxiliary storage tank, the electric power required by the element in the second tank is 

significantly reduced.   

Heat Exchanger 

Heating Element 
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The SRCC rating method for collectors, components, and systems allow 

comparisons regardless of system configuration.  The performance rating for Solar 

Domestic Hot Water systems is the Solar Energy Factor, which describes the ratio of 

energy delivered for a domestic hot water load to the external energy contribution of the 

system.  Typical values range from 2 to 5 depending on the working fluid used, total 

collector area, and configuration.  Systems that have extremely large SEF ratings, greater 

than 10, are usually accompanied with large collector areas.  The Solar Energy Factor is 

defined by Equation 1 

   
paraux

del

QQ
Q

SEF
+

=      (1) 

 
where Qdel is the energy delivered to the hot water load derived from integrating the test 

data from Equation (2) over the period of an energy draw, lasting approximately four 

minutes. 

    TmCpQdel Δ=      (2) 
 
The test procedure, outlined in Chapter 3, specifies energy to be drawn six times from the 

system over a 24 hour period, simulating domestic hot water usage.  The total energy 

delivered is the result of an energy balance of the heat added to the system.  The heat can 

be calculated from the product of m ,the mass of water extracted during a draw, Cp is the 

specific heat of water, and ΔT is the temperature difference between the average steady 

state inlet temperature from the mains and system outlet.  The energy collected over each 

of the six draws is then summed to provide the total energy delivered to the hot water 

load.  

The daily amount of energy provided to the auxiliary heating elements, Qaux, is 

defined by Equation (3) 
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   onauxaux tPQ =      (3) 
 
where Paux is the power delivered to the auxiliary element multiplied by the period of 

time the element operated.  A single tank system will quantify the amount of time the 

heating element on the solar storage tank is energized, while a double tank system will 

measure the time energized for both heating elements on the auxiliary tank.  

 Finally, Qpar is the amount of energy provided to external parasitic devices in the 

system such as, pumps and controllers, which is defined by  

  onparpar tPQ =      (4) 
 

The power to each parasitic load Ppar, is multiplied by the period of time that each 

component is energized.  Equations 3 and 4 are only valid for external devices that 

require Ppar and Paux to be constant. 

The Solar Fraction, SF, which is the portion of the water heating load provided by 

solar energy, is defined in Equation (5) and ranges from 0 for a conventional gas or 

electric hot water heater to 1 for a completely solar thermal system with no auxiliary 

input.  Most systems have a solar fraction of about 0.55 to 0.7, which corresponds to a 

SEF of 2 to 3 respectively. 

   
SEF
EFSF −=1      (5) 

 
The SRCC defines the Energy Factor (EF) for conventional electric auxiliary 

tanks as 0.9 (GAMA, [8]).  The Solar Fraction can also be used to determine the potential 

amount of energy saved by using solar energy versus conventional energy such as 

electricity or natural gas.  The Solar Fraction and Solar Energy Factor are non-

dimensional parameters that can be used to compare systems regardless of storage 

capacity or collector area.  This is important to ensure correct pairing of systems to loads, 
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because insolation, ambient and mains temperature, and utility prices all vary by location.  

Thus, the Solar Energy Factor is critical in determining the annual economic and energy 

savings a solar thermal system will provide.  

System Overview 
 

The Solar Domestic Hot Water (SDHW) system simulator replicates a domestic 

solar hot water heating configuration.  The main components of the actual SDHW 

system, shown in  

Figure 5, consist of a Solar Thermal Collector Simulator (STCS), an 80 gallon 

solar hot water heating tank with a heat exchanger, a 40 gallon standard hot water heating 

tank, and an inline circulator pump.  The user can control and monitor the system from an 

external computer.   

Figure 5 shows the first storage tank of the SDHW with an integrated wrap 

around heat exchanger, to which the STCS and the circulator pump are connected, 

completing a closed heat exchange loop.  The heat exchanger consists of 120 ft of copper 

tubing wrapped around the bottom half of the first storage tank.  An inline pump provides 

the flow in the closed loop through the STCS and heat exchanger to transfer energy to the 

stored water.  The second storage tank is a conventional electric auxiliary tank with two 

heating elements that may be bypassed for single tank testing.  Water from the mains 

flows through the storage tanks and back to the drain through a series of valves located 

on the inlet and outlet of the system.  
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Figure 5. System apparatus overview
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Key Assumptions 
 
 In processing the data for this experiment, there were several key assumptions 

that were made to simplify the calculations and provide reasonable results.  Current 

SRCC guidelines provide a standardized yet approximated profile of solar insolation, 

ambient temperature, and incidence angle on a given day, regardless of location, 

which can be found in Appendix E.  For laboratory conditions, a standardized 

weather profile provides a good metric to compare multiple systems; however, for 

testing actual performance of systems, this metric may not give accurate results for a 

given location.  The SRCC assumes in Section 7.3 of OG 300 the same conditions as 

the U.S. Department of Energy’s test for water heaters with several modifications.  A 

standardized solar profile has been incorporated, which contains the solar time, 

ambient temperature, solar radiation, and incidence angle.  Each solar ‘day’ consists 

of approximately 4700 Whr/m2, which is about 15% less than the typical annual value 

in central Texas.  This profile simplifies the necessary calculations involved in 

determining total insolation on a surface as well as providing a standard to which all 

systems are subject regardless of location.  Domestic hot water usage is simulated by 

extracting a known amount of energy from the system in the form of drawing hot 

water.  When constructing a schedule for energy drawn from a system, several factors 

need to be considered including daily volume, timing, flow rate, and variability.  

Previous studies have shown that variability and flow rate are not of concern due to 

the volume of hot water drawn being the most significant variable (Burch and 

Hendron, [9]).  When volume and timing are the most influential variables 

determining the energy required by the system, a simple hourly draw schedule is 
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appropriate.  Solar thermal systems are affected mostly by the timing and volume of 

the draws, due to the availability of insolation and storage dynamics.  The SRCC 

specifies six draws to be taken, beginning at 9:30 am solar time, each approximately 

7,217 kJ.  The draw schedule can be found in Chapter 3 and is based on the Gas 

Appliance Manufacturer Association’s Consumers’ Directory of Certified Efficiency 

Ratings for Residential Heating and Water Heating Equipment (ASHRAE, [10]).  The 

test conditions can be found in Table 1 and are guidelines for a standard operating 

environment and energy draws.  

 
Table 1. SRCC OG 300 rating conditions (sec 7.3) [11]. 

 
Test Condition Criteria 
Environmental Temperature 19.7°C 
Auxiliary Set Temperature 57.2°C 
Water Mains Temperature 14.4°C 
Draw Type Energy 
Total Energy Draw 43.302 MJ 
Approximate Total Draw Volume 64.3 gallons 
Draw Rate 3.0 gpm 
Number of Draws 6 – one at the beginning of 

each hour starting at 9:30 am 
 
 
 Solar radiation energy on a sloped surface integrated over a one hour period is 

known as insolation, IT.   The radiation energy incident on a surface is affected by 

interactions with clouds, dust, and water vapor in the atmosphere. Capturing all of 

these factors in one model is challenging and is best accommodated through a 

simplified model. In order to accurately model the sky and determine total insolation, 

the isotropic diffuse sky model was chosen which assumes a clear sky conditions and 

that the radiation incident on a tilted surface can be broken down into three 
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components: direct beam (Ib), isotropic diffuse (Id), and ground reflected (Iρg)as seen 

in Figure 6.  

 

Figure 6. Components of incident radiation on a tilted surface. 
 
 

The amount of diffuse and reflected radiation incident on the collector is 

related to the collector angle through its respective view factors for the sky and 

ground (Beckman and Duffie, [12]).  Equation (6) is the isotropic diffuse model of the 

sky  

 

⎟
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where IT  is the insolation on the surface, Ib is the beam component normal to the 

surface, Id is the diffuse radiation component, and Ipg is the diffuse radiation reflected 

from the ground.  Finally, β is the slope of the collector and is the main variable in 
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Collector
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determining the view factors for the diffuse and reflected components of radiation.  It 

is important to note that the solar profile provided by the SRCC contains a value for 

total insolation, however the control software has the option of using specific weather 

data where the isotropic diffuse model is utilized. 

Several designs of solar thermal collectors are currently available however, 

the flat plate style was chosen as the collector under analysis because they are the 

simplest to model and most widely implemented in homes and businesses.  A flat 

plate collector, shown in Figure 7, consists of copper tubing placed inside an 

insulated box that has a protective glass cover.  The useful output power from a 

collector is dependent on many quantities such as location, insolation, angle of 

incidence, and flow rate.  The SRCC collector specification sheets estimate thermal 

performance for several given atmospheric conditions and temperature differences 

across the collector.  For the collector used in this analysis on a mildly cloudy day 

with an average temperature difference between the inlet and ambient temperatures, 

the Solene Chromagen SLCR-40 is expected to output 39 MJ/panel per day. 

 

Figure 7. Cross section of a general flat plate thermal collector. 
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The SDHW system is assumed to be connected by high temperature piping in 

a way that equalizes the flow rate of the working fluid through the collector array.  

This will simplify the flow rate and power calculations by ensuring consistent flow 

and a continuous temperature distribution throughout the collector.  All of the pipes 

within the system are insulated and assumed to have negligible temperature loss.  

Domestic collector configurations commonly do not have any solar tracking controls 

so a fixed orientation facing due south with a tilt of 40 degrees is determined by the 

SRCC document RM-1, Methodology for Determining the Thermal Rating of 

Thermal Collectors [12]. 

  The pump on the closed circulator loop is a constant speed, impeller driven 

pump.  By fixing the flow rate, a constant speed pump simplifies initial testing and 

eliminates the need to control and correct for different flow rates throughout the 

system (Beckman and Duffie, [13]).  The initial flow rate of 3.75 gpm within the 

closed loop causes residences time within the STCS to be limited and, thus, reduce 

the amount of energy delivered to the water.  In an actual collector array, higher flow 

rates are acceptable, because instantaneous efficiency is dependent on the surface 

temperature of the collector and thus, higher flow rates will increase the heat transfer 

rate from the collector to the working fluid (Beckman and Duffie, [13]).  In most 

active systems, a controller operates the initiation of the pump by comparing the 

temperature on the bottom of the solar storage tank to the outlet of the collector.  If 

there is a significant temperature differential, then energy can be gained and the pump 

is activated.  The current system does not contain a controller, and the pump is 

assumed to be turned on at the beginning of the solar ‘day’ when insolation is present, 
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and is turned off at the onset of solar ‘night’.  Since the operation of the pump 

influences the Qpar term of the SEF, a correction was made for the controller, by 

comparing the outlet temperature of the STCS to the temperature at the bottom of the 

solar storage tank.  Whenever this temperature differential is above 2.75°C, the pump 

is considered ‘on’.  This temperature differential is chosen as a conservative estimate 

for the setting on an average controller. Since this data is recorded throughout the test, 

a conservative correction can be made afterward, for the parasitic energy consumed 

by the pump.  

Chapter Descriptions 
 

This thesis outlines the implementation of a solar thermal collector simulator 

with a multi-tank system and calculates the efficiency of a single and double tank 

system.  The goal behind these experiments is to confirm the feasibility of testing 

solar domestic hot water systems with the STCS and achieving results validated by 

SRCC data.  The SRCC efficiency ratings will provide a baseline standard to compare 

test results to similar commercial systems that are currently available.  A testing 

procedure has been developed that follows as closely as possible to SRCC guidelines.  

Chapter two outlines the specifications and performance of each component of the 

current set up.  Chapter three explains the SRCC standards and the test methods used 

in achieving those values. The results are discussed in chapter four and conclusions 

for system modifications and future research are presented in the final chapter.  A 

detailed description of the LabVIEW code is found in Appendix A and B which 

contain descriptions of each virtual instrument along with flow diagrams of the code 

architecture.  
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CHAPTER TWO 
 

System Apparatus 
 

Solar Thermal Collector Simulator (STCS) 
 

In any solar thermal system the collector determines the overall performance.  

It is the most important component in the system.  Previous research completed at 

Baylor University by Bolton [5], created a Solar Thermal Collector Simulator for a 

small array of flat plate solar thermal collectors, shown in Figure  8.  

 

 

Figure  8. Solar Thermal Collector Simulator assembly [5]. 
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The STCS simulates the interaction between the sun and the solar thermal 

collectors usually found on the roof of a home and provides repeatable collector 

specific performance output for a given time period within 7.8 % of theoretical 

calculations.  This is an extremely valuable asset when researching solar 

technologies, because it allows the user to test various models of thermal collectors 

and systems without the expense or effort of installing an actual array.  The STCS 

consists of a modified Seisco RA-18 on-demand hot water heater that allows the 

amount of power delivered to the working fluid to vary depending on the amount of 

theoretical output power that is desired.  The STCS has four heat exchanger chambers 

and has been modified to output 13.5 kilowatts at maximum power due to the voltage 

at the available power outlet.  Water, the working fluid, is pumped through the 

chambers shown in Figure 8, gaining energy as it flows.  The inlet and outlet 

temperatures of the collector simulator are measured as well as three intermediate 

temperatures that monitor for over-temperature conditions.  Five R25 thermistors, 

shown in Figure 9, make up the STCS temperature sensing system, which monitors 

the inlet, outlet, and three intermediate temperatures.   

 
 

Figure 9. STCS control circuit with temperature sensors. 
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Seven auxiliary inputs are available on the STCS for additional temperature 

monitoring throughout the system.  Figure 9, displays the location of the auxiliary 

inputs on either side of the control circuit.  Each auxiliary input has three pins: an 

input, ground, and a 5 volt.  A jumper is located next to each port that allows the 

auxiliary input to be subject to the same current conditions as the five permanent 

thermistors.  If the jumper is removed, the 5V pin provides a signal to the input pin.  

The inlet and outlet temperatures were calibrated to an accuracy of ±1.015 °C (Bolton 

[5]).  Three K-type thermocouples were used to measure inlet and outlet temperatures 

of the system as well as the solar storage tank.  The inlet and outlet of the STCS is 

connected to the closed circulator loop on the SDHW system with PEX (High Cross-

linked Polyethylene) high temperature pipe and fittings.  Multiple safety precautions 

are implemented on the STCS due to the proximity of 208 V outlets and up to 120 

gallons of water.  Two breakers and two emergency shutoff switches comprise the 

manual shutdown of the system.  The automatic safety precautions consist of an over 

temperature switch that operates if the fluid temperature reaches 93.3°C, as well as, a 

leak detection sensor that eliminates power to the elements if activated.  Extreme 

caution must be taken to ensure that water is always in the heat exchanger chambers 

whenever the STCS is in operation.  Damage to the heating elements, controls, and 

structure of the STCS can occur if operated without a heat transfer medium or if left 

to stagnate with a no flow condition while power is delivered to the elements.  

Controlling the STCS is accomplished by communicating power levels, temperatures, 

and operating codes with an external computer. 
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LabVIEW User Interface 
 

A computer utilizing National Instruments LabVIEW 8.0 control software 

manages the STCS during tests.  LabVIEW controls the useful output power from the 

collector and monitors system performance.  The control software calculates 

theoretical output power of an array of flat plate collectors and communicates these 

control values to the STCS via Ethernet Universal Datagram Protocol (UDP).  

Appendix A contains a detailed user’s manual for the LabVIEW program.  Appendix 

B details the calculations performed in LabVIEW.  

Table 2 lists the inputs requested by the user and the outputs provided by the 

control software.  The user begins by loading a weather data file, followed by location 

and collector orientation information.  

 
Table 2. Software inputs and outputs with respective units. 

 

 
 

LabVIEW displays many outputs that describe the current system behavior 

and environmental conditions.  Every solar thermal collector commercially 

manufactured in the United States must be rated and documented by the SRCC.  

Inputs Units  Outputs Units 
Weather Data N/A  Hour of Day (std/solar) hr 
Collector Slope deg  Total Insolation kWh/m2

Collector Azimuth deg  STCS Inlet Temperature °C 
Collector Area m2  STCS Outlet Temperature °C 
Quantity of Collectors N/A  Ambient Temperature °C 
Incident Angle Modifier N/A  Mains Temperature °C 
Collector Efficiency Slope W/m2°C  Solar Tank Temperature °C 
Collector Y intercept W/m2°C  System Outlet Temperature °C 
Tested Flow Rate Kg/s  STCS Power W 
   Energy Gain MJ 
   STCS Flow Rate kg/s 
   Instantaneous Efficiency N/A 
   Warnings N/A 
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Collector data sheets are provided by the manufacturer and specific data from these 

sheets regarding the collector efficiency equation, incident angle modifier, and the 

tested flow rate must be input to LabVIEW.  The specific collector used in this 

experiment is a Solene Chromagen SLCR 40 with a total panel area of 7.4 m2.  The 

collector parameters can be found in Table 3 and the data sheet in Appendix E. 

 
Table 3. Solene/Chromagen SLCR-40 collector specifications. 

 
Specification Quantity  
Gross Area  7.4 m2 
Y Intercept  0.735 W/m2°C 
Slope -5.365 W/m2° 
Incident Angle Modifer (Kατ) -0.19  
Test Flow Rate   0.82 gpm 

 
 

The software runs two independently timed loops, one for calculating the 

insolation and the other for calculating power to the STCS.  Each loop is run on a real 

time basis to simulate an actual solar day.  The primary goal in simulating an actual 

day is to subject the system to energy inputs and outputs that simulates domestic hot 

water use.  Accurate timing is also critical to ensure available insolation occurs during 

the solar ‘day’ and coincides with energy draws so the tanks can be recharged and 

then maintain storage temperatures.  The main loop samples once an hour to calculate 

solar time, incidence angle, and total insolation.  The SRCC document, TM-1, 

recommends that critical temperatures are read once every thirty seconds, so the 

second loop samples at this frequency and receives a data packet containing twelve 

temperature readings, two flow meter outputs, and any error codes that the STCS 

sensed ([14]).  The desired sampled temperatures are then used to calculate and send 

the most updated power required to the STCS. 
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Storage Tanks 
 

The storage tanks in a solar thermal system are the second most important 

component and care in selecting the proper models is crucial to maximizing 

performance [7].  A domestic solar hot water heating system normally contains only 

one or two tanks, depending on location, budget, and hot water load.  The current 

configuration at Baylor University contains three tanks; however the middle storage 

tank, seen in Figure 10, is bypassed and not utilized during this experiment.   

 

 

Figure 10. Solar Domestic Hot Water heater simulator. 
 
 
The SDHW consists of one 80 gallon storage tank and a 40 gallon auxiliary 

tank.  This allows for testing a single or double tank configuration, which are two of 
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the most common systems found in domestic solar hot water heating.  The solar 

storage tank is a Rheem 80 gallon solar water heater with an integral wrap around, 

double wall heat exchanger located on the lower half of the tank.  This tank receives 

power directly from one of the 208 V outlets to energize a single 3300 W auxiliary 

heating element located at the top of the tank and also contains the mains cold water 

inlet for the system.  The auxiliary tank is a General Electric SmartWater 40 gallon 

conventional electric water heater.  For a single tank configuration, the auxiliary tank 

is bypassed and the hot water is drawn directly from the solar storage tank.  A three-

way automated valve is located on the cold inlet port of the auxiliary tank, but it is 

disabled and manually overridden for switching configurations.  A detailed procedure 

to switch the orientation of the automated valve can be found in Appendix F. 

A two tank system will use the solar storage tank to preheat the water, and if 

necessary, provide additional energy in the auxiliary tank to bring the water to the 

system set point temperature by energizing two 3300 W resistive heating elements.  

The tanks are secured on insulated concrete bases with drain pans and have sloped 

drainage piping.  There are three K-type thermocouples in the tank array that are 

connected to auxiliary ports on the STCS, shown in Figure 9.  The inlet from the 

mains, solar storage tank temperature, and the system outlet temperature are reported 

to the user once every thirty seconds so the SEF and SF may be calculated and a 

temperature profile of the system behavior may be monitored.  An Omega flow 

totalizer is installed on the system outlet at the auxiliary tank to monitor the volume 

of water drawn during each solar ‘day’. 
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Circulator Pump 
 

An active system requires components that are externally powered such as 

pumps, controllers, and automatic valves.  For the closed circulator loop, a 1/8 hp 

Taco 009 cartridge pump capable of 0-8 gpm and 0-34 feet of head was selected.  It is 

located at the base of the solar storage tank and will force water through the STCS 

and the heat exchanger on the closed loop as shown in Figure 11.  The low power 

consumption of the pump is an important variable to consider when researching high 

efficiency systems.  

 

 

Figure 11. Closed circulator loop assembly. 
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 The Taco pump is also recognized for extremely low maintenance and ease of 

servicing, which will benefit future research on this system.  The 009 model is an 

impeller driven, constant speed circulating pump that is located at the exit of the heat 

exchanger.  There are two ball valves on the pump, one located on both the inlet and 

exit flanges, which greatly assist filling and pressurizing the closed heat exchanger 

loop.  The pump will be manually controlled to simplify parasitic energy calculations.  

Whenever insolation is present in the solar profile and power can be calculated, the 

pump will be activated.  Insolation occurs from 8:00 am through 5:00 pm in the OG 

300 profile, thus providing a quantifiable amount of power be delivered to the system, 

otherwise the power will be zero and the pump can be turned off.  This will avoid any 

possible damage to the STCS and the system.  A correction factor to account for the 

absence of a differential controller is implemented to conservatively estimate the time 

the pump would have been turned off due to a temperature difference less than 

2.75°C between the outlet of the STCS and the bottom of the solar storage tank. 

Expansion Tank 
 

A given amount of losses are inherent in the closed loop system requiring 

extra head to be overcome by the pump.  In order to ensure safety and longevity of 

the pump, precautions must be taken to avoid cavitation.  A WellSaver diaphragm 

tank is placed after the hot side exit of the STCS.  This tank is pressurized to 20 psi 

and absorbs any pressure surges due to initial start-up of the pump by compressing a 

cushion of air within the tank.  This cushion of air is separated from the water by a 

rubber diaphragm in the middle of the tank.  The closed loop pressure can be 

monitored from a pressure gage located near the expansion tank.  For any closed loop 
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system being heated, a small amount of thermal expansion of the working fluid will 

occur.  An increase in volume of a pressurized closed loop can be potentially 

dangerous if temperatures and pressures get too high.  City mains will pressurize the 

system to 60 psi, however this pressure will not benefit performance so the pressure 

should be reduced to below 60 psi for safety precautions.  The closed loop pressure 

can be monitored on a pressure gage mounted at the top of the loop.  

Flow Meters 
 

A Signet 8510 Rotor-X Flow Sensor measures the actual flow rate of the 

closed heat exchanger loop through a paddle wheel style flow sensor that has 

accuracy of 1% full-scale linearity.  The flow sensor is a pulsed output variety, 

meaning that for every gallon of water that passes through the sensor, a given number 

of 5 volt pulses are sent to the STCS, counted, and then reported to the user.  The K-

Factor, which is the calibrated number of pulses per gallon for ¾ in PVC pipe, is 

272.72.  This sensor is placed after the exit of the pump on the cold side of the heat 

exchanger at least 50 inside pipe diameters downstream to ensure fully developed 

flow.  The Rotor-X is used in conjunction with a Signet 8550 Flow Transmitter to 

visualize the current flow rate and condition the signal to the STCS with an accuracy 

of ± 0.5Hz.  The K-Factor is manually programmed into the transmitter to accurately 

measure the signal from the Rotor-X.  The combination of flow sensor and transmitter 

provide an uncertainty in the flow rate readings of the closed loop of ± 0.0459 gpm.  

The flow meter measurements are used in updating power calculations.  
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Mains Chiller 
 
 Testing conditions dictate the water entering the solar storage tank from the 

mains to be 14.4 °C to simulate an average mains temperature that may be 

encountered in various locations.  The temperature of the mains at Baylor University 

varies from 15 °C to 21 °C depending on time of day and year, water load in the 

building, and location in the building.  The sporadic nature of the mains presents a 

difficult challenge for repeatable results that must be compared to strict SRCC data.  

In order to overcome this, a chiller was developed and implemented that effectively 

reduces and maintains the temperature of the mains water to approximately 14 °C. 

 In Figure 12, the mains are connected to an upper inlet port through which a 

gate valve controls the flow rate to the SDHW system.  The lower port contains the 

outlet for the chilled water and heat exchanger loop.  Each energy draw consists of 

approximately 11 gallons of heated water which must be replenished by the mains 

while simultaneously maintaining system pressure.  Over-sizing the chiller tank, 

provides three advantages: a more consistent thermal mass of cool water to refill the 

storage tank, less time required to chill the water for the next test, and a higher 

resistance to temperature increase during mixing with the pressurized mains.  A K-

type thermocouple probe, shown in Figure 12, was inserted into a thermowell to 

monitor the temperature of the bottom of the tank.  This will monitor the coldest 

region of the tank and also the initial thermal mass of water to enter the solar storage 

tank during energy draws.   
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Figure 12. Mains Chiller Assembly 
 

A Dwyer-Love temperature control unit acts as a solid state relay, with input 

from the thermocouple, to restrict AC power to the pump when the set point is 

reached.  The Taco 003 circulator pump is capable of 0-5 gpm with a range of 0-5 

feet of head.  Water is circulated through the bottom of the tank into an insulated ice 

bath containing a heat exchanger, consists of 60 ft of 0.5 in. diameter copper tubing, 
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and then back to the top of the tank to mix. This cycle continues until the set point 

temperature is reached and the pump is shut off by the controller.  The chiller is 

isolated from the mains during operation by two valves on the inlet and outlet of the 

tank.  When a draw is initiated, the isolation valves are opened and the mains pressure 

forces chilled water in the solar storage tank, expelling an equal volume of hot water 

to the system outlet.  A single valve controlling the flow presents an over-determined 

system where temperature will change as a function of flow rate.  Since an 

approximate temperature of 14°C is desired, the water can be chilled below this point 

to account for mixing and any other increases in temperature.  The pump and heat 

exchanger are connected in parallel with the tank, mains, and SDHW system, thus, 

presenting resistance to flow and a possibility of back flow into the pump causing 

damage.  A check valve was placed after the pump to avoid this situation and force 

flow through the tank initially.  A small rotameter is placed before the inlet to the 

tank to indicate flow through the circulator pump.  After the second draw, more ice 

will need to be added to the insulated container to maintain the ice bath near 0°C.  

Detailed drawings, wiring diagrams, and calculations can be found in Appendix F 

regarding design of the mains chiller.     

Kill-a-Watt Power Meters 
 
 The Taco 009 circulator pump will operate during the solar hours where 

insolation is available.  The Solar Energy Factor defines parasitic loads to be pumps 

and any other devices that require external power.  The energy consumed by these 

devices must be recorded and included in the calculation of Qpar from Equation 2, in 

Chapter 1.  A P3 International Kill-A-Watt power meter is utilized for these readings.  
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The Kill-A-Watt plugs into a standard110V wall outlet and any device requiring 

110V and less than 15 A can be plugged directly into the meter.  A variety of 

measurements including voltage, current, power, and frequency along with energy 

can also be read directly from the meter.  The display can be calibrated to measure 

energy in units of kilowatt hours (kWh) with an accuracy of 0.2% of the reading.  As 

long as the unit is energized it will meter a continuous reading.  Unplugging it, will 

clear all previous data, care must be taken with timing and operation to ensure 

accurate readings.  At the conclusion of the test, the total energy consumed by the 

pump can be read from the display and recorded.   

Analog Power Meters 
 
 The auxiliary energy to each resistive heating element is a critical value that is 

necessary when calculating the solar energy factor.  A pair of analog clock timers has 

been developed to activate when the element receives current.  Each clock has been 

modified from operating on 110V to operating on 208 V by adding a bank of six 

33kΩ resistors as seen in Figure 13. 

 

 

 Figure 13. Analog power meters. 
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Each clock is wired to the terminals of a resistive heating element and the time 

can be zeroed for each test.  For a single tank test, only one analog meter will be used 

on the upper element of the solar storage tank.  At the conclusion of each test the time 

elapsed can be read from the position of the hour and minute hands.  It is important to 

record the exact time the element was active at the conclusion of each test, because 

the clocks will continue to log time as long as power is provided to the tanks.  This 

value, along with the power for each element which is initially measured with an 

Amprobe ACD-41PQ power meter, is used in calculating the auxiliary energy 

consumed by the heating elements.  For the double tank configuration, two clocks 

were implemented on the auxiliary tank, one for the upper and lower element 

respectively.  
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CHAPTER THREE 
 

Experimental Methods 
 
 
 The SRCC OG 300 document pertains to strict guidelines that must be 

followed in order to accurately rate the performance of commercially available solar 

thermal systems.  This procedure adheres as closely as possible to these guidelines 

utilizing commercially available storage tanks, circulator pumps, piping, and 

connections.  It also accounts for laboratory methods and modifications such as the 

installation of flow meters, power meters, and thermowells.  The current 

configuration will allow any flat plate collector array with a maximum power output 

of 13.5 kW utilizing the SRCC OG 300 solar profile to be evaluated.  

 Before any testing may occur, the STCS circulator loop and the storage tanks 

must be filled with water to prevent any damage to the system.  An air relief valve is 

located at the highest point in the system after the outlet of the STCS. Figure 14 

follows the closed loop sequence listed below.  

Closed Loop Filling Procedure 
 

1. Connect the filling hose from the mains to the filling valve beneath the inlet of 

the pump. 

2. Ensure that the air relief valve on the outlet of the STCS is open, as well as, 

the filling valve and the valves on either side of the pump. 

3. Slowly turn the mains water completely on until water flows consistently out 

the air relief pipe to the drain and that the STCS is filled. 



33 

 
Figure 14. Filling procedure diagram. 

 
 

4. Close the air relief valve and then close the filling valve when the loop 

pressure is approximately 40 psi for safety.  Ensure the loop retains pressure 

and any air is prevented from entering the system.   

5. Turn the mains faucet off.  The pressure in the closed loop may be monitored 

by the pressure gage near the expansion tank and reduced by slightly opening 

the filling valve. 

6. Finally, turn the pump on and listen for air bubbles, the pump should be 

running silently.  If air bubbles do exist, repeat steps 2-5 until there are no air 

bubbles.  
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Storage Tank Filling Procedure 
 
 Once the closed heat exchanger loop is filled, proceed to filling the storage 

tanks.  For the majority of operation, this procedure will be performed once, unless 

maintenance must be performed on one of the tanks or thermocouples.  It is essential 

to fill the chiller system first and ensure that all air bubbles are removed from the heat 

exchanger coil to avoid vapor locks in the pump.  A diagram outlining the valves and 

connections on the mains chiller can be found in Figure 15.  

1. First, ensure the mains chiller is connected to the water faucet and that the 

isolation valve is closed and the gate valve is open.  Unscrew one of the 

auxiliary port plugs on the top of the chiller to allow air to escape.  Ensure the 

rotameter is fully open as well.  

2.  Turn on the mains and allow the chiller to fill paying close attention to the 

level of the water.  Once the chiller is full, close the gate valve and replace the 

auxiliary port plug on the top of the tank. 

3. With the isolation valve and gate valve closed, activate the controls, and let 

the pump run, to flush out any air bubbles.  If necessary, open the gate valve 

to increase pressure in the chiller to free any trapped air.  

4. Next, open the draw valve and then the isolation valve to allow the storage 

tanks to fill with water from the mains. 

5. When the tanks are full, water will flow consistently out the draw valve.  

Close the draw, isolation, gate, and mains valve sequentially to pressurize the 

system as shown in Figure 16.  This sequence will also be used to conclude 

energy draws. 
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Figure 15.  Mains chiller tank and valve assembly. 
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Figure 16.  Sequential draw valve procedure. 
 
 

After the circulator loop and storage tanks are filled, the system must be 

configured to either a double or single tank system by switching the automated valve 

found on top of the auxiliary tank and appropriately wiring the water heating 

thermostats.  A procedure for sequencing the automatic valve can be found in 

Appendix F.  The following diagrams illustrate the wiring configuration and 

procedure used to appropriately wire the system.  
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Single Tank System Wiring Diagram 
 
1. Make sure that the water heater is unplugged. Remove the thermostat cover on 

the solar storage tank and identify the following terminals found in Figure 17. 

2. Connect the black element wire to the lower terminal 2 on the thermostat and 

the red element wire to the upper terminal 4 on the temperature limit control. 

3. Ensure that the extra red and black wires that energize the auxiliary tank are 

removed from terminals 1 and 3 and protected with electric tape or wire nuts. 

4. Unscrew the terminal of the heating element, being careful not to drop the 

screws into the insulation. 

5. Attach the ring connectors of the analog power meters to the respective 

terminals, securing each with the element terminal screws.  It does not matter 

which wire of the power meters goes to which terminal on the element.  

6. Plug the system into an available 208 V wall outlet. 

  

 

Figure 17. Single tank wiring diagram. 
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Double Tank Wiring Diagram 
 
1. Make sure that the water heater is unplugged.  Remove the upper and lower 

thermostat covers on the auxiliary tank and solar storage tank and locate the 

terminals found in Figure 18. 

2. Disconnect the element of the solar storage tank and connect the auxiliary red 

power wire to the upper terminal 3 and the auxiliary black power wire to the 

lower terminal 2.  

3. On the auxiliary tank ensure that the black power wire is connected to the upper 

terminal 1 and the red power wire is connected to the upper terminal 3. 

 

 

Figure 18. Double tank wiring configuration. 
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4. Connect the yellow element wire to the lower terminal 2 on the thermostat and 

the blue element wire to the upper terminal 4 on the temperature limit control. 

5. A red wire and black wire is located to the right of the upper thermostat and 

energizes the lower element.  Connect the black wire to the lower terminal 4 on 

the thermostat and the red to the upper terminal 4 on the temperature limit 

control along with the blue wire from the upper heating element. 

6. Unscrew the terminals of the upper and lower element and attach the ring 

connectors of the analog power meters to the respective terminals, securing each 

with the element terminal screws.  It does not matter which wire of the power 

meters goes to which terminal on the element.  

7. Plug the system into an available 208 V wall outlet. 

The SRCC guidelines specify that the draw flow rate be approximately 3 gpm.  

A stop is placed on the mains valve to throttle the flow rate, while the gate valve on 

the mains chiller is for fine adjustments.  In order to calibrate the position of the gate 

valve, a volume of water is allowed to collect in a bucket over a one minute period 

out of the draw valve to determine the mass flow rate.  The bucket is weighed and the 

mass of water collected is converted to gallons.  Approximately 11.4 kg or 25 lbs of 

water should be collected over a one minute period.  Appropriate adjustments are 

made to the position of the gate valve depending on the sampled flow rate.  The 

position is recorded and the valves are closed.  An exact flow rate of 3 gpm is not 

crucial to attain accurate results, because the total mass of water drawn determines the 

net energy extracted from the system.  The mass of water drawn can be adjusted 3 

4 
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throughout the test by monitoring the Omega flow totalizer to allow a greater volume 

of water to exit in order to achieve the desired net energy.   

After filling the circulator loop, storage tanks, and respectively wiring the 

system, several initial measurements must be made before the testing can begin.  

During testing the elements on the storage tanks will be energized and the power they 

receive must be measured in order to calculate the Qaux term of the SEF.  To do this, 

each respective element is turned on with the thermostat set to approximately 57.2°C 

and the power is measured using an Amprobe 41PQ power meter.  This procedure is 

performed on the single element of the main storage tank or both elements of the 

auxiliary tank during the preheating period.   

 In normal operation of a water heater, the system must reach the system set 

point temperature in order to provide enough hot water to the load and simulate 

preheating from the previous solar ‘day’.  A steady state temperature of 57.2°C ± 

2.8°C specified by SRCC OG 300 section 7.3 will be the initial set point for this 

experiment.  Set the thermostat on the respective tank to the approximate location of 

57.2°C.  The resolution on commercial hot water heaters is very poor and an 

approximation shown in Figure 19 is used as the set point of 57.2°C.  The 

temperature on the upper and lower portion of the auxiliary tank can be monitored 

using surface mounted thermocouples.  Steady state on the solar storage tank can be 

achieved the same way as the auxiliary tank, except for the lower half of the tank 

which does not posses an element.  To preheat the bottom of the tank, the circulator 

pump is turned on and 1500 W is hardwired to the STCS from the control software 
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and the STCS is allowed to operate until the thermocouple inside the bottom of the 

tank reads the appropriate temperature of 57.2°C.   

 
Figure 19. Auxiliary element thermostat set point. 

 
 
  The system will take approximately two hours to reach a steady state 

temperature of 57.2 °C.  Exact temperatures are not critical for this portion of the test, 

because a uniform temperature distribution in this range cannot be determined due to 

thermostatic control limits and tank stratification.  However, care should be taken to 

achieve 57°C to maintain consistency in testing conditions.  Once the system has 

reached steady state conditions, return each analog power meter to the zero position 

of 12 o’clock by adjusting the appropriate knob on the back of the timer. 

Ambient system environmental conditions are also specified to be 19.7°C by 

the OG 300 section 7.3 displayed in Table 1.  The temperature in the lab has been 

adjusted by Baylor University Facilities Department to approximately 19°C.  

The weather and collector specifications can now be input to the LabVIEW user 

interface following the detailed instructions found in Appendix A.  Once the input 
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data has been entered, the testing can begin. LabVIEW will monitor system 

temperatures, flow rates, output power of the STCS, and timing of the system.  

Mains Chiller procedure 
 
 Once the main storage tanks have reached steady state conditions and the 

beginning of the solar ‘day’ is reached, the mains chiller can be initiated by the 

following procedure.  The most convenient time to activate the mains chiller is during 

the first hour of insolation preceding the first energy draw.  

1. Fill the insulated container to the top with ice adding water until a thick slurry 

is formed.  More ice must be added to maintain a constant temperature of 0°C.  

2. Ensure the thermocouple probe is inserted into the thermowell with good 

contact being made with the wall.  Note the probe must be connected to the 

controls before they are turned on to ensure the self-test procedure operates 

appropriately.  

3. With the isolation and gate valves closed from the storage tank filling 

procedure, activate the controls by plugging them into an open 110V outlet.  

The process variable will display the current temperature above the set point 

variable.  The pump will activate if the current tank temperature is above the 

set point and will deactivate when the set point is achieved.  

4. Program the Dwyer-Love controls to a set point of 13.8°C using the procedure 

found in Appendix F.  Note the set point is lower than the test specifications to 

account for mixing and temperature gains in the piping. 

The chiller system will be active throughout the portion of the solar ‘day’ 

requiring energy draws.  More ice will be necessary to maintain the ice bath 
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temperature at 0°C and can be procured from Aramark facility services at the Bill 

Daniel Student Union Building at Baylor University.  After the final energy draw, the 

mains chiller can be deactivated by simply unplugging the controls from the outlet.  

The 19 gallons of water in the mains chiller will cool to the set point temperature in 

approximately 35 minutes.  Calculations pertaining to the prediction of the 

performance of this basic heat exchanger can be found in Appendix F. 

In order to quantify the energy delivered to the load, the SRCC has designed a set 

of energy draws that represent average home hot water usage.  The six draws are 

scheduled to begin at 9:30 am solar time proceeding an hour after the first and consist 

of approximately 7,217 kJ and 11 gallons of water at a flow rate of 3 gpm.  Each draw 

will last approximately four minutes depending on the flow rate.  A net energy draw 

of 43.302 MJ is desired and can be achieved by adjusting the volume of water 

collected during each hour.  LabVIEW will indicate when each draw should occur 

with a green light indicator and that occurs for five minutes beginning at each draw.  

Along with providing a visual sign, the indicator also activates a LabVIEW control to 

concatenate a ‘D’ on the end of each temperature measurement to specify that a draw 

has occurred for simplified data reduction.  According to the SRCC OG 300 solar 

profile, insolation does not begin until 8:00 am solar time; at this point the pump must 

be turned on to begin recording parasitic energy as well as, avoiding stagnation within 

the STCS heating chambers and potential damage to the system.  During solar ‘night’, 

there will be no insolation available and, thus, no power calculated so the pump can 

be turned off.  
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The schedule in Table 4 defines the times that each draw and recharging cycle 

of the solar storage tank should occur.  The solar profile contains 15 hours of solar 

‘night’ which account for stand-by losses in the tanks and auxiliary element usage.  

 
Table 4. Standard weather profile draw schedule (solar time). 

 
Time Procedure 
12:00-8:00 am Solar night, beginning of test 
8-9:30 am Insolation begins, pumps activated 
9:30 am 1st Draw 
9:35-10:30 am Solar tank charge 
10:30 am 2nd Draw 
10:35-11:30 am Solar tank charge 
11:30 am 3rd Draw 
11:35-12:30 am Solar tank charge 
12:30 pm 4th Draw 
12:35-1:30 pm Solar tank charge 
1:30 pm 5th Draw 
1:35 pm-2:30 pm Solar tank charge 
2:30 pm 6th Draw 
2:35-5:00 pm Solar tank charge, end of insolation, 

pumps deactivated 
5:00 pm-12:00 am Solar night, end of test 

 

Energy Draw Procedure  
 
1. From the LabVIEW timer, ensure that the first draw begins at 9:30 am solar 

time. 

2. First, open the mains to the indicated valve stop, then adjust gate valve to the 

desired flow rate position.  

3. Now open the isolation valve fully, then the draw valve to allow 11 gallons to 

flow into the drain, monitoring the volume by the Omega Flow Totalizer.  
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4. After finishing the draw, close the draw valve, then the isolation valve, and 

finally the gate valve in that order.  This will allow the system to remain 

pressurized and the chiller to activate cooling of the next batch of water. 

5. Allow the system to recharge for the next hour and perform steps 1-4 again at 

10:30 am solar time, continuing to 2:30 pm solar time. 

After the final energy draw, the system must be allowed to continue operating 

until the end of the solar profile, which terminates at solar hour 24 or solar hour 17 

depending on the file implemented.  The latter part of the test will consist of energy 

gains from insolation and auxiliary heating to compensate for standby losses.  

At the conclusion of the test, the energy consumed by the circulator pump must be 

recorded from the Kill-A-Watt power meter.  Also, for the respective auxiliary 

element, the time energized must be read from the analog power meters.  These 

values will be incorporated into the calculations regarding parasitic and auxiliary 

energy loads found in Chapter 1.  Throughout the test, LabVIEW records several 

quantities for further data analysis including inlet and outlet of the STCS, mains 

temperature, flow rate of the closed loop, solar storage tank temperature, and useful 

power.  
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CHAPTER FOUR 
 

Results 
 
 

The test plan devised for this experiment resulted in two tests each of a single 

and double tank configuration to show that the system can produce realistic and 

repeatable results.  In order to verify the results, each respective system’s 

performance was compared to solar designs that are commercially available from 

Solene.  The testing conditions were controlled within experimental limits, according 

to Section 7 of the OG 300 document.  

Test Conditions 
 
 The environmental and procedural test conditions set forth by the SRCC are 

referenced to the U.S. Department of Energy’s Test Procedure for Water Heaters 

[15].  The SRCC leaves out several crucial details found in the OG 300 document 

including error limits on all of the specified conditions.  Table 5 outlines the current 

test conditions in the laboratory, the SRCC specifications, and the Department of 

Energy limits.  

  
Table 5. Testing condition criteria 

 
Condition Baylor SRCC DOE 
Environmental Temperature  21.2 °C 19.7°C 18.3-21.1°C 
Water Mains Temperature 14.5°C 14.4°C 14.4°C ±1.1°C 
Auxiliary Set Temperature 57.2°C  ±3°C 57.2°C 57.2°C ±2.8°C 
Approximate Total Draw Volume 68.2 gal 64.3 gal 64.3 gal 
Draw Rate 3 gpm ±0.25gpm 3 gpm 3 gpm ±0.25gpm
Total Energy Draw 42.838 MJ 43.302 MJ NA 
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 The ambient environmental temperature is difficult to control and must be 

monitored by facility management at Baylor University.  However, this variable has 

the least impact on the tests since it was only 0.1°C higher than the SRCC and DOE 

standards.  The water mains temperature highly influenced the amount of energy 

needed to maintain the stored water at the desired temperature.  Great care was taken 

to control this variable by implementing the mains chiller to bring the inlet water to a 

uniform temperature.  The DOE test does not specify a net quantity of energy drawn 

to simulate hot water usage, but requires a fixed volume of water to be drawn instead.  

The SRCC modified the test conditions from the DOE requirements to require the 

draws that simulate hot water usage be based on energy rather than volume.  This 

allows the ability to vary flow rate or draw volume to attain the correct net energy 

draw.  

The auxiliary set temperature for the electric heating elements was the most 

sensitive variable in the test conditions and was also the most difficult to control due 

to the low resolution on the commercial thermostats.  A true average tank temperature 

cannot be measured by the surface mounted thermocouples placed near the 

thermostats.  The thermocouples do provide an approximation of the internal tank 

temperature however, conduction through the metal tank can mask any temperature 

variation.  The solar storage tank did contain a threaded port into which a 

thermocouple was placed to measure the temperature in the middle of the tank 

bottom.  Figure 20, displays a picture of the thermocouple used to measure the bottom 

of the solar storage tank and the location of this thermowell with reference to the 

tank.  
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Several iterations were made to calibrate the thermostat to the appropriate set 

point temperature.  This was vital to achieve accurate results because the thermostats 

directly controlled the activation of the auxiliary heating elements. 

      

 

Figure 20. Location of threaded thermowell and surface mounted  
thermocouple on solar storage tank. 
 

   The DOE specifies the test to begin when the tanks are fully mixed to the set 

point temperature of 57.2°C ± 2.8°C.  This condition was reached by varying the 

temperature of the thermostats and running the STCS at a fixed power level.  During 

preheating and steady state conditions, temperature readings were made based on the 

thermocouples at the top and bottom surfaces of the tank. 
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Single Tank Test Results 
 
 A single tank system was subject to the insolation and ambient temperature 

data from the solar profile set forth in the OG 300 document and allowed to operate 

for 24 hours, simulating hot water usage during the solar ‘day’ and standby losses 

during solar ‘night’.  The current configuration was very similar to a Solene 

SLCR80DC-80DB drain back system shown in Figure 21, using water as the working 

fluid [16].  The system specification sheet can be found in Appendix E. 

 

 
 

Figure 21. Solene SLCR80DC-80DB single tank drainback system [16]. 
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 The Solene system utilizes two Solene Chromagen SLCR -40 panels with a 

total panel area of 7.4 m2.  The specifications for these collectors are input to the 

LabVIEW control software and can be found in Appendix E.  The solar storage tank 

is a Rheem 80 gallon Solaraide and the pump is a Taco 009, both of which are 

identical equipment to that used in this experiment.  The main differences are that the 

Solene system contains a differential temperature controller, mixing valve, drain back 

tank, and piping losses associated with the collectors.  The absence of a differential 

temperature controller has the most impact on replicating the system’s performance, 

because it directly controls the amount of parasitic energy consumed and operating 

the pump for a constant nine hours throughout solar ‘day’ is not realistic.  To account 

for this, a pump correction factor was implemented during data reduction to turn the 

pump ‘on’ when the temperature difference between the bottom of the solar tank and 

the outlet of the STCS was greater than 2.75°C.  Since the pump ran at a constant 

power level, the time the pump was active was adjusted according to how many 

differential temperature readings met the controller criteria.  

 The average Solar Energy Factor for a single tank test was 4.46, which is 9 % 

lower than the SRCC’s rating of 4.9 for the Solene single tank system.  Table 6, 

shows the Solar Energy Factor’s of the two tests and the value from the SRCC.  

 
Table 6. SEF test values compared to SRCC values for a single tank test. 

 
Test SEF Difference
SRCC 4.9  
Test 1 4.67 -4.7 % 

Test 2 4.25 -13.3 % 
Avg. 4.46 -9 % 
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The data in Table 6, conveys that the system is capable of producing 

repeatable results that are accurate within laboratory expectations.  The SEF from the 

first single tank test was 4.7% below the SRCC value due to the auxiliary element 

being active for approximately four minutes longer than on equivalent  SRCC tests. 

The second laboratory test was slightly higher on auxiliary element activation time by 

30% or 8 minutes, however the pump correction factor lowered the time the pump 

operated by 14% to 7 hours and 40 minutes from a constant 9 hours, increasing the 

calculated SEF.  The pump correction factor only modified the time the pump was on 

in the first test by 1 hour and 25 minutes or 14%.  Table 7, displays the values of the 

auxiliary and parasitic energy consumed and the respective time each one was active.  

 
Table 7. Parasitic and auxiliary energy loads and time active for a single tank test. 

 
Test Parasitic 

(kJ) 
Time 
(hr) 

Auxiliary 
(kJ) 

Time 
(hr) 

Test 1 3664 7.6 5561 0.5 

Test 2 3672 7.7 6338 0.57 
 
 

Both of the tests showed that the results from parasitic, auxiliary, and 

delivered energies are repeatable for the given system configuration and solar profile. 

The Solar Fraction, which is the portion of energy provided by solar sources, 

is much less dependent on the energy consumed by each component and is influenced 

solely by the Solar Energy Factor as seen in Equation 5, from Chapter 1.   

SEF
EFSF −= 1       (5) 

The Solar Fraction determined by the SRCC is 0.82, meaning 82% of the 

energy necessary in maintaining hot water is provided by the sun.  Table 8, shows the 
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Solar Fraction’s for the two single tank tests, which is very close to the SRCC’s data.  

This is because the SF is not as sensitive to external components as the SEF is.   

 
Table 8. Solar Fraction for single tank tests and SRCC data. 

 
Test SF Difference
SRCC 0.82  

Test 1 0.81 -1.1 % 

Test 2 0.79 -3.4 % 

Avg.  0.80 -2.4 % 

 
 
 The SF can be used to calculate the total amount of energy provided by 

insolation using Equation 7.  

convsolar QSFQ *=       (7) 
 
The energy used by a standard conventional electric auxiliary tank, Qconv, is assumed 

by the SRCC to be 47,865 kJ/day [16].  The Solene single tank configuration is 

estimated to provide approximately 38,770 kJ/day or 10.8 kWh of thermal energy to 

the stored water. This quantity can be used in economic analysis to estimate the 

savings a solar thermal system will provide in comparison to a conventional system.  

Assuming an average utility rate of $0.13/kWh, the single tank system is estimated to 

provide $500 in annual savings.  

 
Solar Storage Tank Behavior 
 
 The behavior of the solar storage tank was closely monitored, in order to 

better understand the temperature profile of the storage dynamics of a single tank 

system throughout a 24 hr period.  The lower internal tank temperature can be 
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accurately measured by the thermocouple shown in Figure 20, however the top of the 

tank is measured with a surface mounted thermocouple at the thermostat, which is 

assumed to represent the temperature of the upper portion of the tank.  Temperatures 

were recorded throughout each test and a time-temperature profile of the tank was 

created as shown in Figure 22. 
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Figure 22. Upper and Lower temperature profiles of the solar storage tank for                    
a single tank test. 
  

Initially, for a test, the tank is allowed to come to a steady state condition of 

approximately 57.2°C, which is a function of the thermostat setting.  The first eight 

hours on the graph are solar ‘night’ consisting of standby losses of about 1.2°C/hr or 

422 W.  From solar hours 8 to 15, the portion of the graph with a steeper slope 

represents the draw period of the solar ‘day’.  The temperature of the lower portion of 

the tank dips to below 40°C, which is expected due to mixing of the inlet water from 

the mains. After the final draw, near hour 14, the temperature of the tank is the lowest 

and the element activates attempting to bring the stored water back to the system set 

point temperature 

Solar Day 
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Double Tank Test Results 
 
 The double tank analysis is similar to a Solene SLCR80DC-80DB-XE 

drainback system shown in Figure 23, using water as the working fluid [16].  

 

 
 

Figure 23. Solene SLCR80DC-80DB-XE double tank drainback system [16]. 
 

This system was also subject to the solar profile set forth by the SRCC found 

in Appendix E and test conditions as the single tank test.  The SRCC system rating 

sheet can be found in Appendix E. The Solene XE system consists of the same 

components as the single tank configuration with the addition of a conventional 50 

gallon hot water heater with two elements.  The current system tested in this 

experiment has 10 fewer gallons of storage, however this difference is assumed to be 

negligible because the same amount of energy is extracted from the system regardless 
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of size.  Although the Solene system is maintaining 10 extra gallons of water, from an 

energy balance approach, the difference in standby losses between a 40 gallon tank 

and a 50 gallon tank is 16 Watts.  Many commercially available double tank systems 

are retrofits to existing conventional hot water heaters and the auxiliary tank size may 

vary.  The increased volume in the Solene configuration will provide a higher heat 

capacity to the system, however, it is also accompanied by a slower response to added 

energy.   

The average Solar Energy Factor for a double tank test is 2.64, which is 12% 

below the rating provided by the SRCC of 3.0.  This means the system will provide 

the same amount of hot water for one third of the electric energy cost that a 

conventional system would.  Table 9 compares the SEF’s of the two double tank tests 

with the SRCC data.  

  
Table 9. SEF test values compared to SRCC data for a double tank test. 

 
Test SEF Difference 
SRCC 3.0  
Test 1 2.44 -18.6 % 

Test 2 2.84 -5.5 % 
Avg.  2.64 -12 % 

 
 

The first double tank test provided a SEF of 2.44, which was 18.6% less than 

the SRCC data, due to extended element activation times.  During the element 

activation periods, the temperature of the water, estimated from the thermocouple at 

the top of the solar storage tank, was less than 50°C. After mixing and extraction of 

11 gallons of hot water, the auxiliary tank temperature dropped below the set point 
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and activated for a total of 75 minutes.  Due to the low resolution of ± 3°C on the 

thermostat, additional element activation time may have accumulated during 

temperatures very near to the set point.  This data is displayed in Table 10, along with 

the parasitic energy consumed by the pumps.  The pumps were active with the pump 

correction factor for 7 hours and 25 minutes for the first test and 7 hours and 10 

minutes for the second test.  

 
Table 10. Parasitc and auxiliary energy loads for a double tank test. 

 
Test Parasitic 

(kJ) 
Time 
(hr) 

Auxiliary 
(kJ) 

Time 
(hr) 

Test 1 3564 7.4 13,732 1.25 

Test 2 3456 7.19 11,767 1.1 
 
 
 The Solar Fraction specified by the SRCC for this system is 0.70, implying 

70% of the energy needed to maintain system temperatures is provided by solar 

energy.  Table 11, shows the Solar Fraction for each of the two double tank tests.   

  
Table 11. Solar Fraction for a double tank test. 

 
Test SF Difference
SRCC 0.70  

Test 1 0.63 -9.8 % 

Test 2 0.68 -2.5 % 

Avg. 0.65 -6.4 % 

 
 The values in Table 11, are slightly lower than manufacturer’s data due to the 

extended operation time for the auxiliary elements.  After calculating the energy 

provided by solar sources from Equation 7, the double tank system can be estimated 



57 

to save 30,155 kJ/day or approximately 8.3 kWh.  Assuming an average utility cost of 

$0.13/kWhr this system will provide an approximate savings of $388 per year. 

Solar Storage and Auxiliary Tank Behavior 
 

In the double tank configuration, the temperatures of the solar storage tank 

and the auxiliary tank were monitored to investigate the storage dynamics of both 

tanks working together.  The auxiliary tank is measured only with two surface 

mounted K type thermocouples at the upper and lower thermostats.  Figure 23 shows 

the time-temperature profile for the solar storage tank incorporated into the double 

tank configuration.  
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Figure 24. Upper and lower tank temperature profiles for the solar storage tank in a 
double tank test. 

 

 The solar storage tank is allowed to reach steady state conditions, however the 

element is disabled and the only source of energy input is the useful output from the 

STCS.  This is evident near hour eight in Figure 24, where an increase in temperature 

Solar Day 
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coincides with the beginning of insolation, followed by a decrease in temperature 

during energy draws.  After the end of insolation, energy is no longer input to the 

solar tank and it is allowed to diffuse until the end of the test, to approximately 43°C.  

The auxiliary tank becomes the main storage tank and maintains the system set point 

temperature throughout solar ‘night’. 

Figure 25 contains the time-temperature profile for the auxiliary tank during a 

24 hour period.  It is important to note that the lower element of the tank is the main 

heat source and the upper only activates if a large amount of energy is necessary.  

Figure 25 shows temperatures were maintained throughout the initial standby period 

until the beginning of the energy draws.   
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Figure 25. Time vs. Temperature profile for the auxiliary tank during a double tank 
test. 

 
 

Hour 10 shows activation of the element after the first draw, compensating for 

the addition of 11 gallons of cooler water.  The element also activated during hours 

11 and 12, which is evident in the second peak in the graph. 

Solar Day 
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Discussion 
 

The Solar Energy Factor for a single tank system and a double tank system 

were nine percent and twelve percent below data published by the SRCC.  These 

results are acceptable within the uncertainty bounds and laboratory conditions.  The 

main purpose was to achieve verifiable data that can be compared to SRCC data so 

future research can proceed.  

From observing the behavior of the tanks, pumps, and outlet temperatures on a 

double tank test, the SEF was found to be highly sensitive to the activation time of the 

auxiliary heating element.  Although the water entering the cold inlet of the auxiliary 

tank is preheated from solar energy, the lower thermostat will react to the change in 

temperature quicker than the upper thermostat due to the buoyancy effects of a 

stratified tank.  Since the SRCC specifies a set amount of energy to be drawn from 

the system, the SEF is really sensitive to how much the auxiliary elements are active 

and how long the pumps run. 

The sensitivity of the SEF can be analyzed by taking the partial derivative of 

the SEF with respect to auxiliary energy as shown in Equation 8.  This shows that, the 

SEF is equally sensitive to the square of the auxiliary energy and the parasitic energy, 

however since the auxiliary power required is 25 times greater than the parasitic, the 

auxiliary energy is much more influential on the results.  

( )2paraux

del

aux QQ
Q

Q
SEF −

=
δ
δ       (8) 

For the average single tank test, the SEF is less sensitive to the time that the 

auxiliary element and parasitic devices are active.  In a single tank test, the element 

operates for a shorter period of time compared to the double tank test.  This is due to 
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the proximity of the thermostat on the upper portion of the tank, constantly near the 

warmer water.  The auxiliary energy and parasitic energy are approximately the same 

magnitude and thus, have similar influence on the SEF for a single tank system.  To 

account for this, the system set point must be carefully calibrated and the analog 

power meters must be closely monitored.  Several minutes on the analog power 

meters or a solar storage tank that is initially too cool, may skew the active time for 

the parasitic and auxiliary energy measurements. 

 Both system configurations performed as expected, following procedures set 

forth by the SRCC and DOE.  The single tank tests were more accurate to the SRCC 

data, however, they consistently delivered lower outlet temperatures during energy 

draws.  This can be attributed to the mixing of cold water from the mains inlet and 

also to the thermostat control.  
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CHAPTER FIVE 
 

Conclusions and Recommendations 
 

Conclusions 
 

In summary, the Solar Domestic Hot Water Simulator at Baylor University 

found the Solar Energy Factor for a single tank to be 4.46 ± 0.06, which is 9 % below 

data verified by the SRCC on a similar commercially available system.  A double 

tank system performed equally as well with a Solar Energy Factor of 2.64 ± 0.043, 

which was 12% below the SRCC’s rating for a similar system.  Both hardware 

systems performed equally well for simulating computer generated efficiency results 

provided by the SRCC.   

It is important to remember that the results provided by the SRCC are 

extrapolated from a computer simulation utilizing the Transient Energy System 

Simulation Tool (TRNSYS).  Detailed parameters are input for each component, 

however, there is a limit where the computer simulation cannot encompass the small 

losses and the operation of an actual system.  SRCC results represent standardized 

performance under ideal conditions and tend to be conservative because they are 

intended to be a benchmark for performance to assist in choosing the correct system.  

Actual performance depends on a wide variety of factors including, geographic 

location, hot water usage and timing, quality of system components, and quality of 

installation. 

The results of these tests show that accuracy and repeatability for the testing 

facility at Baylor University is verified.  These tests provide a baseline standard for 
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future research into the development of modifications to the domestic solar hot water 

heating system. 

Future Recommendations 
 

There are several recommendations regarding modifications to the current 

system for future research.  For more accurate results regarding parasitic energy, a 

differential controller is suggested to control the main circulator pump on the heat 

exchanger loop. Incorporating this unit to measure the difference between the outlet 

of the STCS and the bottom of the solar storage tank will better simulate actual 

performance and provide the actual activation time of the pump.  However, care must 

be taken not to damage the STCS with the controller due to low temperature 

differences and high stagnation temperatures within the heat exchanger chambers 

The inlet, outlet, and tank temperatures are currently recorded manually from 

digital thermometers.  Automation of this system would allow greater convenience in 

testing and a better temperature profile of the tanks.  Since thermocouples output 

milli-volts, an Omega thermocouple transmitter in conjunction with a precision 

resistor can be incorporated to provide a 0-5 V signal that can be sampled by the 

STCS.  

During several preliminary tests of the double tank system, SEF values were 

found to be over 50% greater than the SRCC value.  It was determined that the cause 

of this was a thermostatic set point below 57.2°C.  This behavior leads to the 

suggestion that slightly lowering the set point on the thermostat can greatly improve 

water heating efficiency and ultimately save money.  For future tests, greater 

thermostatic control would be desired to ensure accurate results.  
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An array of thermocouples should also be constructed so that they can be 

inserted into the tanks to provide a better average tank temperature and also be 

recorded by the STCS and the LabVIEW software.  The stratification of the 

temperatures within the tanks over time can also be measured to provide a more 

accurate temperature profile of the tank. 

The extra storage tank, located between the solar storage and auxiliary tanks, 

should also be incorporated into future configurations to test how increased thermal 

storage affects the performance of the system.  The automatic three-way valve located 

on top of the auxiliary tank can be integrated to analyze hybrid single/double tank 

systems. 

Finally, Typical Meteorological Year weather data files should be tested in the 

LabVIEW control software in order to calculate the performance and behavior of 

systems with location specific data.   
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APPENDIX A 
 

LabVIEW User Manual 
 
 

National Instruments LabVIEW control software is a program that allows 

control and analysis code to be written through a combination of wiring inputs and 

outputs of modular icons to form a logical flow of information between them.  Unlike 

text based codes that execute processes line by line in a control flow manner, 

LabVIEW is based on a data flow model where functions are not executed until they 

receive all of the information necessary.  Functions in LabVIEW, also known as 

Virtual Instruments (VI), may be run simultaneously in parallel if they are 

independent of each other.  LabVIEW contains two main sections: the front panel, 

where a user interface including control inputs and outputs are located for analytical 

purposes, and the block diagram, where VIs are created and data is processed.  

Front Panel 
 
 The front panel of the user interface consists of a window with two tabs: 

Control Panel and Results.  The tabbed window manages multiple inputs and outputs 

in an organized interface.  The control panel consists of instructions and two sections 

of inputs, Weather and Geography and Collector Data, which are entered by the user 

to determine the output power of a collector.  Figure A 1 is a screenshot of the control 

panel that interfaces with the user.  
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Figure A 1. LabVIEW control panel interface 
 
 

The Weather and Geography section includes a file search dialogue box for 

the location of weather data files (1), the time period in hour of the year to be 

1

2

3
4

5
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analyzed (2), a pull down menu for the specific time zone (3), and an input for the 

ground reflectance of the specific area (4).  The control program has been augmented 

to receive two different types of weather data files, the OG 300 solar profile and a 

typical meteorological year (TMY2) format.  The TMY2 data file is compiled by the 

National Renewable Energy Laboratory from weather stations specific to a certain 

location around the world and is comprised of various data such as ambient 

temperature and direct radiation that is averaged from 1961 to 1990.  These files 

provide the repeatability, consistency, and accuracy that will produce quality location 

specific results.  A toggle switch (5), is implemented to read either format weather 

files or the standard SRCC OG 300 solar profile.  When the OG300 profile is 

enabled, controls 1-5 are ignored and bypassed because the weather file already 

contains this information.  

The Collector Data section consists of four steps: 

1. Enter the Collector Geometry. 

• The slope and azimuth of the collector are user defined and are input 

in degrees with the azimuth being referenced east of south as negative 

and west of south as positive (Beckman and Duffie [12]).  For OG 300 

tests, the slope is 40 degrees and the azimuth is set to due south at 0 

degrees. 

2. Enter the Size and Quantity of the Array. 

• The size of the specific collector can be found on the data sheet and is 

input in square meters. 

3. Enter the Collector Specifications. 
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• The incidence angle modifier is found on the SRCC specification sheet 

and is only valid between 0° and 60°. 

• The slope and y-intercept of the linear efficiency equation are used in 

this analysis and can also be found of the SRCC specification sheet for 

the SLCR-40 found in Appendix E. 

4. Enter the Collector Fluid Specifications. 

• The tested flowrate is found on the SRCC specification sheet and must 

be converted to kg/s.  A correction factor must be calculated since the 

flowrate that is currently being used is different than the one tested and 

will not correlate to the values of the collector efficiency equation.  

This equation can be found in Appendix B. 

Once these values are correctly input to the control panel and the STCS is 

turned on by plugging in the 208 V power cord and switching the electric breakers.  

The testing may now commence beginning at solar midnight, taking careful note to 

schedule energy draws at a convenient time during the simulated 24hr period.  As the 

simulation iterates, the results can be viewed simultaneously on graphical outputs. 

The Results tab, referenced in Figure A 2and Figure A 3, contains a vast array 

of outputs that convey the behavior of the system under current conditions.  The 

specific latitude and longitude (1) are displayed along with the current hour of the 

year, day of the year, and time of day (2).  Solar calculations occur in an offset time 

frame known as solar time (3), which accounts for the sun’s angular motion across 

the sky (Beckman and Duffie [12]).  This value coincides with actual simulation time 

and is displayed for reference purposes along with the actual simulation timer (4) to 
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coordinate energy draws.  An indicator is placed next to the simulation timer to alert 

the user when energy draws are supposed to occur.  

 

Figure A 2. Upper LabView result panel. 
 

The ambient temperature (5) is extracted from the weather data file.  The 

instantaneous efficiency (6) is calculated from Equation (A1) and describes the 

performance of the collector array at that moment in time.  However, this value is not 

related to the system efficiency or the solar energy factor. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−•=

T
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G
TTFrULkFr )()( ταταη    (A1) 

 
Frτα is the Y-intercept and FrUL is the slope from the collector efficiency equation 

and kτα is the incident angle modifier, all three of which can be found on the SRCC 

collector specification sheet.  Ti is the inlet temperature to the collector and Ta is the 

ambient temperature of the environment from the weather data file.  Finally, GT is the 

total available insolation for that day, for central Texas, an average value would be 

1
2

3 4

5
6

7
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5.5 kWh/m2.  The inlet temperature of the collector is the most influential variable in 

determining instantaneous efficiency.  The bottom of the solar storage tank and the 

outlet of the auxiliary tank are also reported to the user (7).  The lower portion of the 

results panel, shown in Figure A 3, has graphical representations of the inlet and 

outlet temperatures on the STCS that are recorded for a temperature distribution 

throughout the day.  These values are written to separate text files and are available 

for further data reduction.  The mains inlet temperature is also recorded, but should be 

a constant temperature, due to the test conditions and the mains chiller.  The Total 

Insolation graph conveys the amount of radiation the collector receives for the 

specific hour of the day.  It is calculated based on an average amount of insolation 

measured at the midpoint of the previous solar hour and provided in the OG 300 

profile.  

 

Figure A 3. Lower LabVIEW results panel. 
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From hourly insolation, the user can determine when the sunniest part of the day is 

and if it is economical to run the pump for that day.  The Power vs. Time graph shows 

the actual power output from the collector array throughout the day and is critical for 

estimating the energy that will be available from the system.  Total Energy Gain, is 

simply the power integrated and converted to kilowatt-hours and represents the total 

amount of energy that was input to the stored water by the thermal collector.  At the 

bottom of the Results panel is a warning box and a manual stop control.  If the STCS 

encounters an error such as a leak or over temperature warning the user has the option 

of shutting down the test from LabVIEW rather than the electrical disconnects.   

Block Diagram 
 

The block diagram contains the VIs that function as the controls of the system.  

A flow chart describing the operation can be found in Figure A 4.  The main goal of 

the controls is to accurately time two interdependent loops and communicate between 

them and an external source.  The basic strategy taken with the code is based on a 

producer/consumer design where the first loop will iterate and send data to the 

consumer loop, which will not iterate until it has received and processed that data.  

The primary logic in the controls lies within comparing the current time to the start 

time.  This simple control algorithm is implemented for several processes including 

the producer and consumer loop, stop sequences, communication with the STCS, and 

the draw indicator.  Two state machine structures were utilized for the producer and 

consumer loops.   
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Stop

Continuettot <total sim 

ttot=Current-Start Time 

Request STCS Data 

Communicate with 
STCS 

Current Time 

Input Data 

Start

Read Weather 
File 

Calculate Insolation 

+1 hr    
t1 <1hr

Idle

Idle

t2 <30s

Calculate Power 

Continue 

Figure A 4. LabVIEW block diagram flow chart. 



73 

The state machines allow different processes to be run, depending on the indicated 

state that is controlled by Boolean operations and the timer as shown in Figure A 5.  

 

 

Figure A 5. General state machine example with two states, Weather and Idle 
 

The producer loop reads in the weather file, performs the solar calculations, 

and sends total insolation, ambient temperature, and the incidence angle modifier 

(kτα) to the consumer loop once an hour.  The consumer loop takes the producers 

data, calculates the useful power required, and communicates with the STCS once 

every thirty seconds.  A request is initially made by LabVIEW for inlet and outlet 

temperatures as well as flow rates from the STCS.  Power and element activation 

codes are then calculated and sent to the STCS. Important data, such as inlet and 

outlet temperatures, flow rates, power, and any warnings are written to separate text 

files with time stamps for later reduction and analysis.  Accurate timing of the loops 

is a crucial requirement in order to obtain results that replicate the behavior of an 

actual home system throughout the day.  The producer loop timers control iterations 
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once per hour, while the consumer loop timers controlled iterations once every thirty 

seconds.   

The control software has two separate stop sequences that are implemented.  

The first is an automatic stop that halts the iteration of the loops when the time period 

under analysis is complete.  A manual stop has been programmed to send a UDP 

packet to the STCS containing a zero power code thus eliminating power from the 

electric elements.   

A disadvantage of using UDP to communicate with the STCS is that occasionally a 

packet will be dropped.  This situation must be accounted for so a consistent set of 

data can be collected.  The solution implemented in the code is a case structure with a 

local variable in one case that saves the previous value.  If the received data packet is 

empty, then the previous value is passed, otherwise the received value is used.  

Calibrating the calculated power output to the power delivered by the STCS 

was necessary due to a lack of resolution within the heating elements at low power 

levels.  At power levels less than 2300 W, the STCS had difficulty distributing less 

than 20 % of the maximum power over four elements.  A three step calibration 

process, shown in Equation (A2), was used in conjunction with activating a single 

element to accurately calculate the power delivered. 

 

(A2) 
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Where P is the calculated power and P’ is the calibrated power.  For the last 

two cases in Equation (A2), only one element in the STCS is energized to account for 

the resolution of the elements operating range.  

The data flow model utilized by LabVIEW greatly facilitated calculation of 

the parameters involved in determining insolation and power.  Many of the 

calculations necessary in determining the useful power were dependent on one other 

which made data flow logical.  Appendix B, documents each VI utilized in the control 

software with a description and diagram. 
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APPENDIX B 
 

LabVIEW Virtual Instrument Documentation 
 

Producer Loop Virtual Instruments 

OG 300 Reader.vi 

 

 

 

Draw Alert.vi 
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Declination (SubVI).vi 

The angular position of the sun at solar noon in radians. 

 

 

 

Tsol(SubVI).vi 

Calculates the solar time based on the previous solar hour.  

Depends on location and day of the year.  

All insolation calculations are based on this time scale.  
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Hour angle (SubVI).vi 

Calculates the angle, in radians, from the solar time which describes the angular 
displacemnet of the sun with respect to the local meridian. 

morning is negative 

Afternoon is positive 
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Incident Angle mod (SubVI).vi 

The ratio of transmittance-absorptabce (ta) product at some angle to the 
transmittance-absorptance product at normal incidence. 

 

 

 
 
 

Theta (SubVI).vi 

Calculates the angle of between direct radiation on a surface and the normal vecotr of 
that surface in radians for the midpoint of the solar hour preceding it.  

 

 

 

Theta mod (SubVI).vi 

Calculates the term that modfies the incident radiation on a surface. 

For certain angles this modifier does not apply. 
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Check with the SRCC specification sheet of the collector. 

 

 

                                                                          

Long_Lat(SubVI).vi 

This VI is constructed similarly to the TMY2 reader, except that it only reads the first 
line containing the location information.  

This VI is executed once. 
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Total Insolation (SubVI).vi 

Calculates the Total isolation in Wh/m^2 due to Beam, diffuse, and reflected 
radiation.  

Insolation is a local variable 

 

 

 

Insolation Integrator.vi 

This VI integrates Wh/m^2 to MJ/m^2. 

It is mainly for qualitative purposes. 

 

 

 

 
 

 



83 

Consumer Loop Virtual Instruments 
 

efficiency.vi 

The instantaneous efficiency is the ratio of useful power delivered to the system to the 
available insolation.  

 

 

 

Power (SubVI).vi 

This VI calculates the useful power that is delivered by the system. 
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flowratecorrect.vi 

This VI calculates the flowrate correction factor. 

The SRCC has tested each collector at a certain flowrate, however in most test 
situations that is not the flowrate used.  
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Write_Power.vi 

This VI writes the Useful power with a time stamp to an external file. 
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Useful Energy.vi 

This VI integrates the useful power to MJ. 

 

 

 

UDPTi_listen(SubVI).vi 

This VI listens for the data packet sent by the STCS. 

It checks to see if there is an error and if so, sends a no power signal to the STCS  

as well as displaying and writing an appropriate warning message to the user 
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Thermread.vi 

The Thermistor reader VI extracts the thermistor readings from the data packet. 

If a packet is dropped and is returned empty, a local variable retains the previous value 
and passes that to the consumer loop to be used in calculations.  
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To write.vi 

Writes the inlet and outlet temperatures with time stamps to independent external files. 

                                                   

 

                

90 
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Flowread.vi 

A pulse output variety flow sensor sends a 5 V pulse to the STCS every time a prescribed amount of fluid passes through the chamber. 
This VI converts the accumulated pulses to kg/s.  

The Flow reader handles dropped packets, similar to the Thermistor reader VI utilizing local variables.  

An average of the past five previous values is created to filter the data received by the STCS. 
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Flowrite.vi 

This vi writes the flow rate of the closed heat exchanger loop to a file once ever thirty seconds. 

 

 

 

 

calibrate.vi 

This vi calibrates the power calculated from the theoretical collector output to the actual power delivered to the STCS.  
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APPENDIX C 

 
Sample Calculations 

 

Single Tank Sample 
 
The calculations involved in determining the Solar Energy Factor are the same for 

a single and double tank system. 

SEF
Qdel

Qaux Qpar+

Parasitic Energy

Qpar 3664800J⋅:= Parasitic energy usage for a single tank test.

Auxiliary Energy
The auxiliary energy is calculated from five independent measurements of the 

auxiliary element power during a single tank test. 

P

3038

3044

3032

3040

3040

3040

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

W:= Paux
1
6

0

5

i

Pi∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

3.039 103
× W=:=

taux 1830s:= Auxiliary element was activated for 45 min during a
single tank test.

Qaux Paux taux⋅:= The energy consumed by the auxiliary element.

Delivered Energy

V 11gal:= Single draw volume

Inlet and outlet temperatures were measured once every thirty seconds of the 

period of a draw.  Data from one draw can be found below.  



96 

Ti

15.1

14.4

14.3

14.3

14.2

14.1

14.0

14.2

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:= To

55.5

56.5

56.8

57.1

56.9

56.3

55.8

55.7

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:=
ΔT To Ti−( )K

40.4

42.1

42.5

42.8

42.7

42.2

41.8

41.5

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

K=:=

In order to calculate the delivered energy, the temperature differences over one draw
averaged.

ΔT avg
1
8

0

7

i

ΔT i∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

42K=:=

The energy delivered during one draw is found to be

Cp 4184
J

kg K⋅
:= ρ 1000

kg

m3
:=

Qdel1 ρ V⋅ Cp⋅ ΔT avg⋅:= Qdel1 7.317 106
× J=

The Energy delivered to the hot water load during each of the six draws are as follow

Qdraw

6973010

6814580

6416130

7701380

7790920

7382430

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

J:=

The total energy delivered is the sum of the six energy draws.

Qdel
0

5

i

Qdrawi∑
=

4.308 107
× J=:=
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The Solar Energy Factor can now be calculated

SEF
Qdel

Qaux Qpar+( ):= SEF 4.669=

The Solar Fraction can also be easily calculated 

EF 0.9:=

SF 1
EF
SEF

−:=
SF 0.807=  
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APPENDIX D 
 

Uncertainty Calculations 
 
 

In order to provide our research with a solid statistical foundation, an uncertainty 

analysis is performed using the guidance of the methods from Kline and McClintock and 

Coleman and Steele ([17], [18]).  These methods allowed the uncertainty in the volume of 

water drawn, system uncertainty of the sampling components and the total uncertainty of 

our measurements to be computed  

The basis of the uncertainty comes from Equation D (1), which encompasses the 

fixed or systematic uncertainty and the random uncertainty. 

       D (1) 

The fixed uncertainty comes from manufacturer’s data and is analyzed using Equation D 

(2). 

        D (2) 

The random uncertainty Sr, many times is an approximation of noise, drift, and other 

uncontrollable phenomena in the devices.   

Where the partial derivative of the process equation R represents the sensitivity 

coefficient, which conveys how sensitive the process is to a variable with uncertainty δXi. 

The root sum squares method is very important for compiling multiple uncertainties.  If 

the error of an instrument is not given, it is usually assumed to be half of the smallest 

reading. The following calculations for auxiliary and parasitic energy are performed for 

one entire test period. The delivered energy uncertainty is calculated based on the average 

sampled temperature difference per energy draw  

22 tSrBrr +=δ

2
1

2 ))(( Xi
Xi
RBr δ

δ
δ∑=
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Single Tank Uncertainty  
 
Parasitic Energy
bpar 0.002:= Accuracy of Kill-A-Watt  power meter as percentage of

reading
Qpar 4392000J⋅:= Sampled parasitic energy usage for a single tank test.

δpar bpar Qpar⋅:=

Fixed uncertainty for parasitic
energy useδpar 8.784 103

× J=

Auxiliary Energy
Random Uncertainty taken from five independent measurements of the auxiliary 

element power during a single tank test. 

P

2979

2977

2973

2971

2972

2969

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

W:= Paux
1
6

0

4

i

Pi∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

2.479 103
× W=:=

Student's t value at 95% confidence for 5 samples
and 4 degrees of freedom.

t 2.1318:=

Standard deviation of power measurements σP 3.78W:=

The random uncertainty for the five power measurements is thus found to be.

SrPaux t
σP
5

⋅ 1.612W=:=

The fixed uncertainty is the accuracy of the Amprobe power meter.
δP 0.1W:=

Thus it follows that the uncertainty for auxiliary power is found to be

δP δP
2 SrPaux

2
+⎛

⎝
⎞
⎠

1

2
1.615W=:=
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The accuracy of analog power meters is found to be one
second.
δt 1s:=

taux 1320s:= Auxiliary element was activated for 45 min during a
single tank test.

Qaux Paux taux⋅:= The energy consumed by the auxiliary element.

The overall uncertainty of the delivered energy can now be found to be

δaux taux δP⋅( )2 Paux δt⋅( )2+⎡
⎣

⎤
⎦

1

2
:=

δaux 3.269 103
× J=

Delivered Energy

bV 0.015:= Accuracy of Omega Totalizer as percentage of reading.

V 11gal:= Single draw
volume

δV bV V⋅:=

δV 6.246 10 4−
× m3

⋅= Fixed uncertainty for draw volume

When measuring temperatures, a K type thermocouple and 

Fluke digital thermometer were used.

bTc 2.2K:=

Accuracies of respective instruments
bread 0.75K:=

Fixed uncertainty of temperature measurement devices
BΔT bTc

2 bread
2

+⎛
⎝

⎞
⎠

1

2
:=

Inlet and outlet temperatures were measured once every thirty seconds 

of the period of a draw. Data from one draw can be found below.  
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Ti

15.1

14.4

14.3

14.3

14.2

14.1

14.0

14.2

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:= To

55.5

56.5

56.8

57.1

56.9

56.3

55.8

55.7

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:= ΔT To Ti−( ) K

40.4

42.1

42.5

42.8

42.7

42.2

41.8

41.5

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

K=:=

Standard deviation for the sampled temperature differences σΔT 0.983 K:=

Students t value for 8 samples and 7 degrees of
freedom t 1.8945:=

Random uncertainty for temperature difference over one
draw.

SrΔT
t σΔT⋅

8
0.233 K=:=

Overall uncertainty for temperature
measurements

δΔT BΔT
2 SrΔT

2+⎛
⎝

⎞
⎠

1

2
:=

δΔT 2.336 K=

In order to calculate the delivered energy, the temperature differences over
one draw are averaged.

ΔT avg
1
8

0

7

i

ΔT i∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

42 K=:=

The energy delivered during one draw is found to be

Cp 4184
J

kg K⋅
:= ρ 1000

kg

m3
:=

Q del1 ρ V⋅ Cp⋅ ΔT avg⋅:= Q del1 7.317 10 6× J=

The fixed uncertainty in the energy delievered during one draw can now be found.

Bdel ρ V⋅ Cp⋅ δΔT⋅( )2 ρ Cp⋅ ΔT avg⋅ δV⋅( )2+⎡
⎣

⎤
⎦

1

2
:=

Bdel 4.215 10 5
× J=
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The random uncertainty for a set of six draws throughout a solar day can now be calculated

Qdraw

6973010

6814580

6416130

7701380

7790920

7382430

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

J:= Qdel
0

5

i

Qdrawi∑
=

4.308 107
× J=:=

The standard deviation of the six draws is σdraw 537900J:=

The student's t value for six samples is t 2.0153:=

Srdraw
t σdraw⋅

6
1.807 105

× J=:=

The overall uncertainty of the energy delivered throughout the day can now be found

δdel Bdel
2 Srdraw

2
+⎛

⎝
⎞
⎠

1

2
:=

δdel 4.586 105
× J=

Overall Uncertainty

Since the SEF is calculated by summing up the energy delivered during six 

independent draws, the delivered energy is multiplied by six to provide an 

approximate SEF value. 

USEF
δdel

Qaux Qpar+( )
⎡
⎢
⎣

⎤
⎥
⎦

2
δaux− Qdel⋅

Qaux Qpar+( )2
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

2

+
δpar− Qdel⋅

Qaux Qpar+( )2
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

2

+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

1

2

:=

USEF 0.06023=
 

 
 
 
 
 
 
 
 



103 

Double Tank Uncertainty 
 

Parasitic Energy

bpar 0.002:= Accuracy of Kill-A-Watt  power meter as
percentage of reading

Qpar 3564000J⋅:= Sampled parasitic energy usage for a single tank test.

δpar bpar Qpar⋅:=

Fixed uncertainty for parasitic
energy useδpar 7.128 103

× J=

Auxiliary Energy

Random Uncertainty taken from five independent measurements of the auxiliary 

element power during a single tank test. 

P

3088

2960

3023

3050

3040

3028

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

W:= Paux
1
6

0

4

i

Pi∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

2.527 103
× W=:=

Student's t value at 95% conficdence for 5
samples.

t 2.015:=

Standard Deviation of Power measurements σP 41.96W:=

The random uncertainty for the five power measurements is thus found to be.

SrPaux t
σP
6

⋅ 14.092W=:=

h fi d i i h f h b
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The fixed uncertainty is the accuracy of the Amprobe power meter.

δP 0.1W:=

Thus it follows that the uncertainty for auxiliary power is found to be

δP δP
2 SrPaux

2+⎛
⎝

⎞
⎠

1

2
14.092 W=:=

The accuracy of analog power meters is found to be one
second.
δt 1s:=

taux 4530s:= Auxiliary element was activated for 45 min 
during a single tank test.

Qaux Paux taux⋅:= The energy consumed by the auxiliary element.

The overall uncertainty of the delivered energy can now be found to be

δaux taux δP⋅( )2 Paux δt⋅( )2+⎡
⎣

⎤
⎦

1

2
:=

δaux 6.389 104
× J=

Delivered Energy

bV 0.015:= Accuracy of Omega Totalizer as 
percentage of reading.

V 11gal:= Single draw
volume

δV bV V⋅:=

δV 6.246 10 4−× m3⋅= Fixed uncertainty for draw volume

When measuring temperatures, a K type thermocouple and Fluke
digital thermometer were used.

bTc 2.2K:=

Accuracies of respective instruments
bread 0.756K:=

Fixed uncertainty of temperature 
measurement devicesBΔT bTc

2 bread
2

+⎛
⎝

⎞
⎠

1

2
:=
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Inlet and outlet temperatures were measured once every thirty seconds 

of the period of a draw. Data from one draw can be found below.

Ti

15.1

14.3

14.3

14.5

14.4

14.8

14.7

14.7

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:= To

58.1

58.3

58.3

58.2

57.9

57.8

57.2

55.2

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

:=
ΔT To Ti−( )K

43

44

44

43.7

43.5

43

42.5

40.5

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

K=:=

Standard deviation for the sampled temperature differences σΔT 1.15K:=

Students t value for 8
samples t 1.86:=

Random uncertainty for temperature difference over one
draw.

SrΔT
t σΔT⋅

8
0.267 K=:=

Overall uncertainty for temperature
measurements

δΔT BΔT
2 SrΔT

2
+⎛

⎝
⎞
⎠

1

2
:=

δΔT 2.342 K=

In order to calculate the delivered energy, the temperature differences 
over one draw are averaged.

ΔT avg
1
8

0

7

i

ΔT i∑
=

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

43.025 K=:=

The energy delivered during one draw is found to be

Cp 4184
J

kg K⋅
:= ρ 1000

kg

m3
:=

Qdel1 ρ V⋅ Cp⋅ ΔT avg⋅:= Qdel1 7.496 106
× J=
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The fixed uncertainty in the energy delievered during one draw

Bdel ρ V⋅ Cp⋅ δΔT⋅( )2
ρ Cp⋅ ΔT avg⋅ δV⋅( )2

+⎡
⎣

⎤
⎦

1

2
:=

Bdel 4.232 105
× J=

The random uncertainty for a set of six draws throughout a solar day 

Qdraw

7132590

8280350

8048080

7494990

4548610

6755540

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

J:= Qdel
0

5

i

Qdraw i∑
=

4.226 107
× J=:=

The standard deviation of the six draws is σdraw 1345968 J:=

The student's t value for six samples is t 2.015:=

Srdraw
t σdraw⋅

6
4.52 105

× J=:=

The overall uncertainty of the energy delivered throughout the day

δdel Bdel
2 Srdraw

2
+⎛

⎝
⎞
⎠

1

2
:=

δdel 6.192 105
× J=

Overall Uncertainty
Since the SEF is calculated by summing up the energy delivered 
during six independent draws, the delivered energy is multiplied by 
six to provide an approximate SEF value. 

USEF
δdel

Qaux Qpar+( )
⎡
⎢
⎣

⎤
⎥
⎦

2
δaux− Qdel⋅

Qaux Qpar+( )2

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

2

+
δpar− Qdel⋅

Qaux Qpar+( )2

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

2

+
⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

1

2

:=

USEF 0.043=
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Table E 1. SRCC Solar Profile 
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Automated Valve Manual Override 
 
The automated valve is located on the cold inlet of the auxiliary tank and has a 

three-way bypass configuration that can be rotated 360°.  A visual indicator is located on 

the back and displays the current flow configuration as seen in Figure E1.  The following 

procedure will be a guide to manually bypassing or incorporating the auxiliary storage 

tank.  

 

Figure E 1. Automatic valve manual override indicator and procedure. 
 
 
1. Identify whether the auxiliary tank is being bypassed or incorporated and which 

way the valve will need to be rotated.  Note: It is crucial to observe and preserve 

the orientation of the indicator, because there are multiple orientations possible 

when replacing it.  

2. Remove the indicator with a Philips head screwdriver.  A 3/8 in wrench is used to 

slowly rotate the drive shaft a quarter turn (90°).  The positions have been labeled 

shown in Figure E1 with a small indicator on the drive shaft; however precision is 

required when rotating the shaft so as not to restrict flow or damage the motor 

gears.   

3. Once the drive shaft has been rotated, replace the visual indicator to the 

appropriate position and retighten the screw.  

Bypass 

Auxiliary 

Closed 
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APPENDIX F 
 

Mains Chiller  

Mains Chiller Drawings 
 

 
 

Figure F 1. Mains chiller sketch and operation 

Heat exchanger 
in ice bath 

Love Controls

Outlet to system 

Rotameter 

Gate valve

Mains faucet

Thermocouple 
probe 

Taco 003 pump 

Auxiliary port
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Mains Chiller Controls 
 
 The 1600 series Love controls are a microprocessor based temperature/process 

control unit.Figure F 2, is a basic diagram for the different options of temperature 

measurement available.   

 

The current set up requires power to be wired to terminals 13 and 14 and a jumper 

from terminal 14 to output terminal 8. Output terminal 7, terminates with the white wire 

on the pump.  The yellow wire of the pump is then wired terminal 13.  The ground wires 

are spliced together and run directly to the pump.  

Figure F 3 is a guide for the front display of the control unit.  The index, up, 

down, and enter keys will progress the user through the menu and set the specified 

program.  The controls act as a solid state relay, switching 110V AC power on and off to 

the Taco 003 circulator pump.  

 

 

Figure F 2. Love controls wiring diagram. 
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Figure F 3. Love 1600 Series control panel function. 
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Programming the controls 
 
 
1. Press Index, and use the Up or Down arrows to program the set point temperature 

in °C. Press Enter to save the value.  

2. Proceed to the Secure Menu by holding the Up and Enter buttons for 5 seconds. 

Scroll through the menu by pressing Index, change the setting using the Up or 

Down keys, while saving the value using Enter.  The following table displays 

each menu and the setting for the mains chiller application. For a detailed 

description see the user manual. 

 
Table F 1. Secure menu program settings. 

 
Program Setting 
Inp CA 
Unit C 
dPt 0 
InpT Off 
SeNC 70 
SCAL -179 
SCAH 1371 
SPL 10 
SPH 45 
SP1o OUTa 
S10t onof 
S1st dir 
S1LP 0 on 
AL OFF 

 
 

3. Next proceed to the Secondary Menu by pressing the Up and Enter buttons once 

simultaneously.  Scroll through the menu by pressing Index, change the setting 

using the Up or Down keys, while saving the value using Enter.  Table F 2 

displays the settings for each program of the Secondary Menu for the mains 

chiller application.  
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Table F 2. Secondary menu program settings. 
 

Program Setting 
Auto ON 
ArUP OFF 
ArtE 0.08 
PEA 12 
VAL 5 
Sp1d 1 
Pct0 OFF 
Program OFF 
Stat OFF 
1rt 0 
1St 0 
PEND HOLD 
InPC 0 
Filt 2 
LPbr OFF 

 
 

Troubleshooting 
 
Code SnC bad 

• Turn controls off, ensure all connections are secure and the thermocouple probe is 

connected. Turn the controls back on.  

Pump will not activate at desired set point temperature. 

• Proceed to the Sp1d (set point 1 differential) in the Secondary Menu as described 

above. Lower and save the value in this program. The sp1d is a program that 

indicates to the unit to switch power when the differential between the process 

variable and the set point variable is at the given amount greater than the set point. 

Example: Sp1d=5  Sp1=20°C   

  If Pv ≥ Sp1d+Sp1  (25°C) : ON 

  Else    : OFF 
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There is no flow in the heat exchanger. 

• Ensure rotameter is fully open. 

• Check pump for vapor locks by opening the gate valve and turning the mains 

faucet on to increase the pressure within the heat exchanger loop.  

• Throttling the gate valve and isolation valve may also need to be performed with 

the mains on in order to dislodge any trapped air bubbles. 

Performance Prediction Calculations 
 
The following calculations were performed in MathCAD to predict the performance of 

the mains chiller heat exchanger which comprises of a coiled length of copper tubing in 

an ice bath, where the fluid to be cooled is re-circulated until it reaches a specific 

temperature. The following procedure can be found in Incropera and Dewitt [19]. 

Calculations 
The following are important constants and defined variables.

Cp 4184
J

kg K⋅
:=mdot 0.1261

kg
s

:=

di 0.425in 0.011 m=:=
μ 0.00108 N

s

m2
⋅:=

do 0.5in 0.013 m=:=
ρ 1000

kg

m3
:=

Thi 22 °C:=
Pr 7.56:=

Tho 14 °C:=
kH2O 0.598

W
m K⋅

:=
Tc 0 °C:=

g 9.8−
m

s2
:= kCU 401

W
m K⋅

:=

β 0.000006805−
1

K
⋅:=

α
kH2O
ρ Cp⋅

1.429 10 7−×
m2

s
=:=

ν 0.000001788
m2

s
⋅:=v 19gal 0.072 m3⋅=:=
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The energy required to lower the temperature of 19 gallons of water 8 deg C is

found by sing an energy balance approach found in Equation F (1).

E v ρ⋅ Cp⋅ Thi Tho−( )⋅:=
F (1)

E 2.407 106× J=

Energy balance on the ice and water system is found in Equation F (2).

19 gallons of water=71.92 kg

E 71.92kg Cp⋅ dT⋅ mice hlv⋅+ F (2)

If the water remains at 0C  temperature differenctial within the ice bath 

will be 0  i.e. dT=0. Thus the system energy balance becomes Equation F (3).

E mice hlv⋅ F (3)

The mass of ice necessary to maintain this state is found using the latent 

heat of formation for ice in Equation F (4).

hlv 333700
J
kg

:=

mice
E
hlv

7.214kg=:= F (4)

wice mice− g⋅ 15.894 lbf⋅=:=

In order to determine the heat transfer within the tubing, the Reynolds number

for internal flow must be determined from Equation F (5). The critical Reynolds

number for turbulent flow is 2300.

Red
4 mdot⋅

π di⋅ μ⋅
:= F (5)

Red 1.377 104×=  
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The Nusselt number is found from the Dittus-Boelter formula in Equation F (6) with 

n=0.3 for cooling.

Nud 0.023 Red

4

5
⎛⎜⎝

⎞⎟⎠⋅ Pr0.3⋅:= F (6)

Nud 86.391=

The internal heat transfer coefficient is found using Equation F (7).

F (7)hi
kH2O

di
Nud⋅

hi 4696.53
W

m2K
:=

The external heat transfer coefficient can be found by first solving for the Rayleigh 

number in Equation F (8).

F (8)Rad
g β⋅ Thi Tc−( )⋅ do

3⋅

ν α⋅
:=

Rad 1.176 104×=

The Nusselt number  for a heated horizontal cylinder in free 

convection is found from the method of Churchill and Chu in Equation F (9).

Nudo 0.6
0.387 Rad

1

6
⎛⎜⎝

⎞⎟⎠⋅

1
0.559

Pr
⎛⎜⎝

⎞⎟⎠

9

16
⎛⎜⎝

⎞⎟⎠
+

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

8

27
⎛⎜⎝

⎞⎟⎠

+

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

2

:= F (9)

Nudo 5.453=
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The free convection heat transfer coefficient of the ice bath is the found using Equation F

ho
kH2O

do
Nudo⋅ F (10)

ho 250.84
W

m2K
:=

Since this is a transient process the length of tubing is specified for simplification.

L 55ft 16.764m=:=

Given Equation F (11), the overall heat transfer coefficient can be found. 

F (11)1

hi π⋅ di⋅ L⋅

ln
do
di

⎛
⎜
⎝

⎞
⎟
⎠

2 π⋅ kCU⋅ L⋅
+

1

ho π⋅ do⋅ L⋅
+

⎛
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎠

1
ua

UA 137.87
W
K

:=

The average overall temperature difference is assumed

ΔT 8Δ°C:=

The average heat rate for system can now be determined from Equation F (12).

Q UA ΔT⋅:= F (12)

Q 1.103 103× W=

The average time to cool water is predicted from Equation F (13).

t
E
Q

:= F (13)

t 36.378 min⋅=
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The heat exchanger modeled is similar to an evaporator where the cold fluid 

remains the same.  However, it is a transient process since the hot inlet will always be 

changing, making performance difficult to predict.  The heat rate of the system will be 

affected by the changing inlet temperature as well.  Time is the only variable that can be 

calculated, however, even it is an approximation based on the amount of tubing used.  

During the extent of testing, these predictions proved to be a good approximation of time 

required to chill the mains water.  
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