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SUMMARY

Objective

The objective of this testing was to determine operating characteristics and failure 
modes of drain valves, air vents, vacuum breakers, check valves, tempering valves, and 
polybutylene piping used in solar energy space and domestic water heating systems.

Discussion

Drain Valves

Conclusions: Many of the drain valves tested showed significant problems, including 
catastrophic failures. Scaling inside drain valves might render them inoperative.

Recommendations: Manufacturers should implement more thorough internal testing of 
randomly selected drain valves. Manufacturers should reexamine the temperature stabil­
ity of their drain valve components and, if necessary, either upgrade the components or 
derate the temperature limitations. To prevent excessive drain valve degradation, 
designers should include overtemperature protection in solar energy systems. Valves 
should be thoroughly inspected before shipment.

Air Vents and Vacuum Breakers

Conclusions: Air vents can create a safety hazard by spraying hot water in undesirable 
directions. Valves can build up scale inside and on the outlet port.

Recommendations: Test the valves at realistically low ambient temperatures with real­
istic pipe lengths. Determine if scaling inside the valve body and on the outlet port can 
lead to valve failure.

Check Valves

Conclusions: Check valves used to prevent natural convection do not have very consis­
tent performance. Check valves can leak under both high and low differential 
pressures. Check valves are not suited to preventing natural convection.

Recommendations: Determine suitable ways of preventing natural convection losses. 
Determine the effectiveness of "heat traps." Determine if convective cells can be sus­
tained inside small-diameter tubing (12.7 mm [1/2 inch! and 19 mm [3/4 inchl).
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SECTION 1.0 

INTRODUCTION

The objective of this task was to determine failure mechanisms that limit the lifetime of 
active solar energy systems and to provide recommendations to improve system relia­
bility. Components with suspected or unknown failure rates were identified, test plans 
were written and reviewed, and the tests were conducted. This report will devote a 
section to each component tested, including a description of that component, the test 
plan, the test results, and recommendations. The test results reveal failure mechanisms 
but do not lead to statistical failure rates because of the small sample size.

We identified the following candidates for testing: (1) draindown valves, (2) vacuum 
breakers, (3) air vents, (4) check valves, (5) tempering valves, (6) polybutylene pipe, 
(7) pipe insulation, (8) storage tank liners, and (9) control systems. Of the nine 
components identified, the first six were tested in this study because they were either 
suspected of having high failure rates or their reliability was not known. Pipe insulation, 
storage tank liners, and control systems were considered important items to test but 
were not included because of time and fiscal constraints of the task. Although we did 
not test control systems, we identified six areas of concern regarding control systems: 
determining the effects of electromagnetic interference (EMI), accuracy and reliability 
of solid-state and proportional controllers, effects of pump vibration for pump-mounted 
controllers, pump motor overheating from proportional controllers, and sensor testing. 
EMI was identified as a potentially serious problem, but was not included in the testing 
because elaborate testing apparatus was required. Reference 1 discusses laboratory test­
ing of control systems, while three recent reports [2,3,4| discuss field reliability 
experience with residential active solar energy systems. Among the recommendations of 
Kendall et al. [2! was a study of the reliability of air vents and check valves; we included 
both in this study. ESG, Inc. [3| showed that draindown valves have a failure rate; we 
also tested these valves in this study.

These tests were intended to identify failure mechanisms and not to rate brand name 
components. The manufacturers' names have been omitted intentionally. The cycling 
times and storage tank temperatures were controlled automatically by a minicomputer 
with the ability to restart automatically after a loss of power. Storage tank tempera­
tures and number of cycles were displayed on the CRT and printed hourly. Electro­
mechanical counters also recorded the number of cycles. The computerized control 
system verified valve position and tank temperatures every four seconds.

1
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SECTION 2.0 

DRAIN VALVES

2.1 BACKGROUND

One common active solar energy system uses electrically actuated valves to protect the 
collector array and outdoor piping from freezing. Historically, these systems, called 
drainout (also called draindown or freeze-dump) systems, used two or more solenoid 
valves to isolate the collector loop from city water pressure and to drain water from the 
collector array and piping; at the same time they isolate the storage tank from the drain­
line to prevent draining the stored hot water (see Figure 2-1). Solenoid valves are 
designed to change position frequently. In many drainout systems, draining occurs only 
when low temperatures are detected, and therefore, the solenoid valves may remain in 
the fill or circulating position for months at a time. This long period of inactivity can 
lead to the accumulation of dirt and scale on the seals and overheating of the solenoid 
coil. When conditions require the valve to change position to permit drainage of the sys­
tem, it can stick in place or fail to close completely. For these reasons, drainout sys­
tems have acquired a reputation for being unreliable. Additionally, large solenoid valves 
(such as 15-W valves) may use more electrical energy than the pump [5|.

Legend 

^ Air vent 

^ Vacuum breaker

Check valve

Solenoid valve 
N.O. Normally open 
N.C. Normally closed 

■o Pump

Note:
N.O. & N.C. refer to 
valve position when 
it is de-energized

Figure 2-1. Schematic of Drainout System with Solenoid Valves
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As with other active solar energy systems, drainout systems have both advantages and 
disadvantages. The foremost favorable aspects include good heat transfer (because a 
heat exchanger is not required and water is used); no need for a special heat transfer 
fluid to protect against freezing or boiling (resulting in potentially lower initial and 
maintenance costs); and lower capital cost because of fewer components. Several manu­
facturers have identified these advantages and are trying to capitalize on them. They 
have been designing or are attempting to design drainout valves that are reliable and 
energy efficient. They have also reduced the initial and installation cost by combining 
the functions of several solenoid valves into one valve, as shown in Figure 2-2.

We identified four manufacturers of drain valves and ordered three drain valves from 
each manufacturer. Two sets we received were identical except for labeling, and the 
original manufacturer was identified. The general operating principle of all three types 
is similar. Electric resistance heat is applied to a "heat motor" containing a mixture 
(such as wax and copper particles) that has a very high coefficient of thermal expansion. 
The expansion drives a shaft that eventually opens and closes the ports. Because of the 
thermal mass of the heat motor, only periodic heating is required to keep the valve in 
position. This cycling results in lower energy consumption, prevents overheating of the 
motor, and causes the valve to cycle minutely many times in the fill position even though 
it does not return to the drain position. Heating the motor positions the valve to fill the 
system. When draining is required, the electrical circuit is opened and a spring pushes 
the valve back to the drain position. In this manner, the valve is "failsafe" and will drain 
upon loss of power.

Figure 2-2. Schematic of Drainout System with Drain Valve

3
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Though the operating principles are similar, the three types of drain valves tested are 
very different in design. One type uses a brass construction with a polymer piston 
(Type I), the second is built with a thermoplastic body (Type II), and the third uses a 
rotating disk with copper and brass construction (Type III). Table 2-1 summarizes the 
drain valve labels, types, and tests.

Two manufacturers require an air vent and vacuum breaker at the high point of the sys­
tem. The third manufacturer claims there is positive draining with their drain valve even 
if the air vent and vacuum breaker fail because two drain ports are used: one to drain 
water and the other to admit air into the collector loop. Literature from one manufac­
turer recommends that an additional air vent be placed on the tank since some air will be 
entrained in piping because the riser and downcomer pipes are of different lengths. 
Another manufacturer verbally recommended the use of an air vent on the storage tank.

We conducted a static pressure test on all the drain valves. Then one drain valve from 
each manufacturer was subjected to a thermal cycling test and one to an infrequent 
cycling test. These tests are discussed in detail in Appendix A.l.

Table 2-1. Drain Valve Description and Tests

Label3 Typeb Test0

DV1 II Infrequent cycling
DV2 II Thermal cycling
DV3 II Infrequent cycling
DV4 I Static pressure only
DV5 I Thermal cycling
DV6 I Thermal cycling
DV7 II Thermal cycling
DV8 II Thermal cycling
DV9 II Infrequent cycling
DV10R III Thermal cycling
DV11R III Thermal cycling
DV12R III Thermal cycling
DV13RR III Infrequent cycling
DV14RR III Thermal cycling

aDVI0,11,12 are not listed because they failed 
the static pressure test.

bType I, brass body with polymer piston; 
Type II, thermoplastic body with polymer pis­
ton; Type III, copper/brass body and rotating 
disk.

CA11 drain valves underwent static pressure test 
except those marked with an "R" or "RR."

4
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2.2 TEST RESULTS

2.2.1 Static Pressure Test

The drain valves were inspected and photographed. No obvious initial defects were 
noted. The static test proved to be more difficult than anticipated. Often it was a test 
of the integrity of unions or detection of air bubbles. Although none of the unions 
provided with the drain valves were defective, numerous unions obtained locally had pin­
hole leaks at 1310 kPa (190 psig). Several drain valves had to be tested repeatedly to 
obtain reliable results. The three Type I brass valves (DV4,5,6) and the six Type II 
thermoplastic valves (DV1,2,3,7,8,9) passed the static-pressure test. The third set, 
Type III (DV10,11,12), presented some problems. Water readily poured from the collector 
port through the drain port when the valve was energized (in the fill mode). The manu­
facturer said that the valve needed to be under pressure to operate properly. DV12 was 
the only Type III drain valve that passed the static-pressure test. An additional problem 
with the Type III drain valves was that the internal parts were at line voltage, which 
revealed an electrical short in the heat motor. The manufacturer stated that experi­
mental drain valves had been sent inadvertently and promptly replaced them 
(DV10R,11R,12R). The replacement valves were not pressure tested prior to installation 
due to time limitations.

2.2.2 Thermal Cycling and Infrequent Cycling Tests

We observed through a visual flowmeter that all the drain valves entrained air during fill­
ing. It is good practice to install an air vent on the storage tank to prevent accumulation 
of air in the tank from frequent cycling.

Table 2-2 is a list of the major events that occurred during the testing, and Table 2-3 
summarizes the drain valve failures. The high number of failures is surprising and is sus­
pected to have been caused by high operating temperatures. However, the operating 
temperatures did not exceed the maximum temperature rating of the valves. Maximum 
temperatures are likely to occur when owners are on vacation, and the load is very low or 
nonexistent.

At the end of the testing only two of the originally installed valves (DV5 and 6) were still 
operable. Even these two leaked significantly (about 1.4 L/h or 0.4 gal/h) at cold water 
temperatures. This problem might have resulted from thermal setting of the seals. At 
moderate and high temperatures the leaks ceased. We dismantled the valves after the 
tests; these valves had worn seals but very little accumulation of scale.

DV2 and 8 operated for 4785 cycles before failure. If a system cycles an average of four 
times per day, these drain valves should operate for just over three years. However, a 
closer examination of Table 2-2 shows that this extrapolation is not justified. The drain 
valves from the same manufacturer that were not cycled (DV3 and 9) failed at the same 
time. The leaks from these drain valves develop at about the same time and increased at 
similar rates, irrespective of cycling. These results show that failure for Type II is not 
dependent on the number of drain fill cycles, but rather on operating time and temper­
ature. Even though some of the drain valves were not regularly cycled between fill and 
drain modes, they were cycled automatically to prevent overheating and reduce energy 
consumption. Inspection of the Type II drain valves revealed corrosion of internal metal 
parts such as retaining rings, severely cracked plastic shaft holders, and deformed seals.

5
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Table 2-2. Summary of Major Drain Valve Events

Date
(1983)

Valve
Number Counts Comments

7/18 All — Testing began.
8/ 2 DV8 866 Operating slowly.
8/ 5 DV9 a Leaking from shaft seal.
8/16 DV2 2132 Leaking from shaft seals.

DV8 2132 Leaking, actuator not totally closing.
8/17 DV10R,11R — Arrived and installed.
8/19 DV3 a Leaking, shaft housing severely cracked.

DV2 2351 Water draining into electric cord.
DVlORjllR 2351 Put into service.

8/23 — Power outage.
8/31 DV8 3377 Continuous leaking in drain mode.
9/12 DV10R 4454 Failed in fill position after 1103 cycles.
9/16 DV8 4785 Failed. Allowed water pressure into drain line, 

blew off drain hose.
DV2,9 4785 Unplugged to prevent catastrophic failure. 

Considered failed due to excessive leaking 
through shaft seal.

DV3 a Actuator moves only part way to drain 
position. Unplugged to prevent catastrophic 
failure. Considered failed due to excessive 
leaking through shaft seal.

DV1 a Installed. Replacement for DV3.
DV7 4788 Installed. Replacement for DV2.
DV12R 4788 Installed. Replacement for DV10R.

9/19 DV12R 5048 Leaking through drain port on filling.
9/22 DV12R 5337 Very slow to drain (11 minutes).
9/23 DV12R 5400 Failed. Slow to drain. Continual, steady leak 

(2 L/h) through drain port, at 612 cycles.
10/12 DV7 6635 Periodic leak through drain port and through 

shaft seal.
DV7 6671 Failed. Allowed water pressure into drain line, 

blew off drain hose, at 1183 cycles.
DV1 a Leaking badly through shaft seal. Taken out of

service.

6
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Table 2-2. Summary of Major Drain Valve Events (Concluded)

Date
(1983)

Valve
Number Counts Comments

10/18 DV14RR 7108 Installed. Replaced DV12R. Leaks through 
drain port during fill cycle.

DV13RR a Installed. Replaced DV11R.
10/19 DV5,6,14RR 7144 Leaking through shaft seal with cold water 

circulation.
DV14RR 7144 No longer leaking through drain port.

10/20 DV5,6,13RR,
14RR

7322 No leaks at higher temperatures.

11/ 1 Cold water test.
DV5 8300 Leaks significantly through shaft seal in fill 

position.
DV6 a Leaks significantly through shaft seal.

11/ 7 DV5,6,13RR
14RR

9003 Operating properly at higher temperatures.

12/ 1 AH 9518 Test stopped.
DV5 9518 cycles.
DV14RR 2410 cycles.
DV6 135 days.
DV13RR 135 days.

aThese drain valves were used for the infrequent cycle test and were cycled only during 
an operational test or during a power failure.

Table 2-3. Drain Valve Failures

Drain
Valve

Time to Failure 
(days)

Cycles to 
Failure

10,11,12 0 0
12R 7 612
10R 26 1103
la 28 (not cycled)
7 28 1183
2,8 60 4785
3,9a 60 (not cycled)
llRa 60 (not cycled)

infrequent cycle test.

7



TR-2187SE?I

Catastrophic failures were caused by failure of the plastic piston, possibly from thermal 
stress and fatigue. The manufacturer of this valve has recently withdrawn it from the 
marketplace.

Though the manufacturer of the Type III drain valves (DV10R, HR, 12R) had a testing 
program, it was not as extensive as this one. However, our results are consistent with 
their field experience. They identified one problem as an unsuitable lubricant on a 
plunger designed to move the rotating disk. This was consistent with an inspection of one 
of the failed valves (DV10R). Another valve (DV12R) had significant scale on the rotat­
ing disk that was worn from the rotation. The scale may have caused the disk to bind, 
preventing operation. DV11R also had accumulated a significant amount of scale around 
the disk and ports. The manufacturer has since replaced or repaired drain valves in the 
field. They sent three more replacement valves, and we installed two of them (DV13RR 
and 14RR). These replacement valves operated until the loop was shut down (about 2000 
cycles over two months) without significant problems. The valves leaked slightly during 
the initial periods of operation with cold water circulating, but they did not leak at 
higher temperatures or at cold water operation later. After the testing, they were dis­
mantled and examined. We observed scaling on the metal components, apparently from 
water evaporating when the valve is in the drain position, which caused mineral deposits 
to adhere to the metal components.

These test results are consistent with the field experience reported in Ref. 3; in that 
case 7 of 18 drain valves failed within two years of operation and 5 failed in the first six 
months.

2.3 RECOMMENDATIONS

Based on this testing, we recomend that manufacturers of draindown valves should:

• Implement more thorough internal testing of randomly selected drain valves, par­
ticularly to determine the effects of cycling, high operating temperatures, and 
scale

• Reduce the maximum operating temperature for thermoplastic drain valves
• Recommend overtemperature protection of the solar energy system to protect the 

drain valve
• Thoroughly inspect valves before shipment to prevent shipping of experimental or 

prototype valves.

8
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SECTION 3.0

AIR VENTS AND VACUUM BREAKERS

3.1 BACKGROUND

Air vents are used in solar energy systems to eliminate air in a pressurized circulation 
loop or tank. Vacuum breakers facilitate draining by admitting air into the system. 
Although both of these components are often used in drainout systems, which drain and 
fill frequently, they are also used in antifreeze systems to reduce the initial filling time 
and future draining time when the heat transfer fluid is replaced or removed for system 
maintenance. Air vents and vacuum breakers are placed at the highest point in the sys­
tem, usually just above the collector array. Air vents generally have a float that drops 
when air enters the chamber and rises as pressurized water refills it. Vacuum breakers 
have a seal (such as a ball or plate) that is forced shut by the pressurized water. When a 
valve is opened to drain the system, the pressure is released, the vacuum breaker opens, 
and air is allowed into the system, which causes rapid draining.

Air vents and vacuum breakers are generally used outdoors and are therefore subject to 
freezing and icing of the ports. If the valve stem and body are not insulated, the water 
inside the valve may freeze and prevent release or admittance of air. Blockage of the 
ports can preclude the draining of the system in sufficient time to prevent freezing. The 
ports that vent or admit air are fairly small and can be easily clogged by scale or other 
debris. Because of the high potential for failure, air vents and vacuum breakers were 
selected for testing. These valves may be obtained individually or as one combination air 
vent/vacuum breaker valve. Five air vents (from three companies), five vacuum breakers 
(from two companies), and four combination air vent/vacuum breakers (three thermoplas­
tic valves from one company and a metal valve from another company) were ordered. 
The test procedures are discussed in detail in Appendix A.2.

3.2 TEST RESULTS

3.2.1 Thermal Cycling Test

An inspection of the valves did not reveal any obvious defects or deficiencies. The 
valves varied in design from all-plastic to all-metal construction. All of the air vents 
and combination valves sprayed water upon filling to keep the outlet port clean. How­
ever, spraying water is still an inconvenience, if not a danger, because hot water could be 
sprayed on people, equipment, and roofs. Air vents have a small cap over the outlet port 
to protect the port and to allow the water to be sprayed in a particular direction. How­
ever, after repeated fillings, some caps began to unscrew and spray water in undesirable 
directions. A thermoplastic jacket over three of the combination valves directed spray 
immediately downward and protected the outlet ports from dust, ice, and snow accumu­
lation. The literature accompanying the all-metal combination valve stated that it 
deliberately allowed water to flow through it to keep it free of scale and debris. Too 
much water flowed out of the valve for the laboratory setup; however, that amount of 
water may be acceptable for an outdoor installation. The valve was therefore removed 
and not fully tested. In all, five air vents, four vacuum breakers, and three combination 
valves were tested. None of the valves were noted to have failed during the thermal 
cycling test.

9
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Significant scaling occurred around the outlet ports of some of the air vents. However, 
the water pressure was sufficient to maintain an adequate opening in spite of the scale. 
After the thermal cycling test, all of the valves were dismantled. We observed signif­
icant scaling inside the body of the metal construction air vents, which might lead to 
valve failure in the future. One vacuum breaker was severely rusted and stuck in one 
position. Another from the same company had no rust and moved freely. The thermo­
plastic combination valves had no significant scaling inside the valve body.

3.2.2 Low Ambient Temperature Test

This test proceeded without difficulty. The systems drained and filled properly at both 
tank temperatures and ambient air temperatures between -18° and -6°C (-1° and 22° F). 
In one case, the dry ice was left on the air vent for about four hours to create a tempera­
ture of -16°C (2°F). The system filled and drained properly. The final test included 
removing the enclosure, air vent, and vacuum breaker and plugging the openings. Sur­
prisingly, the thermoplastic drain valve (Type II) filled and drained the loop without dif­
ficulty, possibly because of such short piping runs in the test apparatus (2 m). This does 
not mean that drainout systems do not require air vents and vacuum breakers. The 
results revealed that this test method is inconclusive and cannot be used to generate 
information about air vents and vacuum breakers at low temperatures.

3.3 RECOMMENDATIONS

Based on these test results, we recommend that:

• A more realistic test is needed to determine the reliability of air vents and vacuum 
breakers operating at low ambient air temperatures.

• Scaling inside metal air vents and vacuum breakers should continue to be monitored 
to determine if it leads to valve failure.

• Scaling on the outside requires continued attention to see if it results in blockage 
of the outlet port.

10
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SECTION 4.0 

CHECK VALVES

4.1 BACKGROUND

Check valves are common plumbing components used to prevent flow or restrict flow to 
one direction. They are used in nearly every active and thermosyphon solar energy sys­
tem; the notable exception is the drainback system. Check valves are used in two types 
of service in solar energy systems. The first use is as an isolation valve to prevent pres­
surized water from flowing into an unpressurized drain. Thus check valves have been 
used to replace solenoid valves in drainout systems as shown in Figure 2-1. The check 
valve must hold line water pressure to accomplish this task. In general, check valves seal 
better at higher differential pressures because there is greater force holding the check 
valve shut.

The other major use is in systems that do not drain when the pump is off (for example, 
antifreeze, recirculation, thermosyphon, and some drainout systems). In active systems 
the hot storage tank is usually located below the collector array. As the ambient tem­
perature drops, the collector cools and the cold fluid in the collector sinks while hot fluid 
in the storage tank rises. In essence, a natural convection circulation loop is established. 
Designers install a check valve above the storage tank to prevent this natural circulation. 
The check valve must seal very tightly under a very low differential pressure.

Two types of check valves used in solar energy systems are swing check valves and 
spring-loaded check valves. The swing check valve has a disk or flapper that allows flow 
in only one direction. It must be installed very carefully so that gravity does not keep 
the disk open, particularly when only a small differential pressure is available to shut the 
check valve. The other type, the spring-loaded check valve, has a spring to close the 
check valve. It can generally be installed either horizontally or vertically since the 
spring will keep it closed. Flow in the proper direction must have sufficient force to 
open the check valve. Although this check valve is more versatile to install, it has a 
higher pressure drop through it. We developed tests for each of the two check valve 
uses; they are discussed in detail in Appendix A.3. We ordered six swing check valves 
(CV7 to 12) with Teflon seals and six spring-loaded check valves (CV1 to 6) from two 
manufacturers.

4.2 TEST RESULTS

Inspection of the check valves did not reveal any defects.

4.2.1 High Differential Pressure Test

We conducted a high differential pressure test on three swing check valves (CV7,8,9) and 
three spring-loaded check valves (CV 1,2,6). No catastrophic failures were noted during 
11,308 cycles. However, all the spring-loaded check valves leaked after 7800 cycles. 
Significant scaling was present in all of these valves after the test. The scaling is prob­
ably due to wet/dry cycling, which deposits minerals that adhere to the metal surfaces. 
Apparently the scaling led to leakage of the spring-loaded check valves.

11
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4.2.2 Low Differential Pressure Test

We conducted a low differential pressure test on three swing check valves (CV10,11,12) 
and three spring-loaded check valves (CVS,4,5), as well as one visual floating check 
valve. The float in the visual check valve repeatedly became lodged in an O-ring under 
flow conditions and was eliminated from further testing. Meriam 1000 green fluid con­
centrate mixed with hot water was used as a visual flow indicator.

The variable results of this test (Table 4-1) reveal that check valves may not perform 
consistently. The first test was performed after 74 cycles. Two spring-loaded check 
valves (CVS,5) and one swing check valve (CV10) leaked slightly, while the other spring- 
loaded check valve (CV4) and the other two swing check valves (CV 11,12) did not leak. It 
was not unusual for a check valve to leak heavily during one test and not leak during the 
next. For example, over a period of six weeks, CV12 was tested five times. The first, 
second, and fourth test showed no leakage, while the third and fifth showed heavy leak­
age. Evidently, the check valve seats in various positions and can seal either well or 
poorly. The swing check valve appears to seal somewhat better, sealing well in 11 out of 
16 tests (69%). Although these test results are not conclusive because of the small 
sample size, they indicate that these valves do not always seal well against natural con­
vective currents.

With a stop watch we estimated a heavy dye migration flow rate of 0.06 m/s (0.2 fps) or 
0.5 L/min (0.1 gpm) for a nominal 1/2-in. pipe. Much heat can be lost by circulating 363 L 
(96 gal) through the collector on a cold night over a period of 16 hours. Since the flow 
rate is slow, the temperature drop could be substantial, effectively dissipating much of 
the previously collected energy. This effect is particularly important for one-tank sys­
tems that use auxiliary energy to maintain the storage tank temperature, because loss of 
heat can increase the auxiliary energy usage as well as lose collected solar energy. The 
delivery of hot water to the collectors by natural convection can warm the collector sen­
sor and cause the control system to cycle the pump at night.

After the tests, we dismantled and inspected these check valves. There was no signifi­
cant sealing since the valves were always wet.

Table 4-1. Low Differential Pressure Cheek Valve Test Results

Check Number Frequency Distribution of Dye Migration
Valve of Tests Clear Slight Medium Heavy

3 6 0 2 0 4
4 5 3 2 0 0
5 5 1 2 2 0

10 5 4 1 0 0
11 6 4 1 0 1
12 5 3 0 0 2

Summary
Spring-loaded 16 4 6 2 4
Swing 16 11 2 0 3

12
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4.3 RECOMMENDATIONS

Spring-loaded check valves appear to leak under high differential pressure and may drain 
hot water from the storage tank. The amount of leakage should be quantified and the 
effect on system performance determined. Check valves under low differential pressure 
appear to be unsuited to stopping natural convection. We recommend the following 
actions:

• Better methods of eliminating natural convective loops besides using check valves 
must be found, including examining the effectiveness of "heat traps," which are 
plumbing arrangements designed to reduce convection by plumbing vertically 
downward by a heat source or storage tank before plumbing vertical or horizontal 
runs.

• It should be determined how convective cells operate within a single tube; hot 
liquid appears to rise in the center of the tube while cold liquid drops along the 
tube wall. (This was demonstrated in the tempering valve [TVI test discussed in 
Section 5.0; the top mounted TVs were hot to the touch while the TVs mounted 
lower than the tank top were cool after long periods of no flow.)

13
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SECTION 5.0 

TEMPERING VALVES

5.1 BACKGROUND

Tempering (or mixing) valves are conventional plumbing valves and are not unique to the 
solar energy industry. The purpose of a tempering valve is to prevent the water deliv­
ered to the load from exceeding a specified temperature. That temperature, referred to 
as the setpoint, is maintained by mixing or tempering the hot water with cold water. The 
mixing is accomplished by using a thermally sensitive element (such as a bimetallic 
spring, wax, or refrigerant) that expands and contracts when temperatures change and 
thereby controls the cold and hot water ports. These devices for domestic usage are not 
designed to be very accurate. They are designed first to prevent scalding and second to 
conserve energy by limiting the temperature of the delivered water to appliances that 
accept water temperatures higher than required, such as washing machines and dish­
washers.

Six tempering valves were ordered, two from each of three manufacturers. All six had 
all-metal housings and an adjustable setpoint on top. Two tests were performed that 
were the same except for the sampling rate. The purpose of the first test was to deter­
mine the transient response of the tempering valves, while the second test was to deter­
mine their steady-state response. The test procedure for the tempering valves is dis­
cussed in detail in Appendix A.4.

5.2 TEST RESULTS

No tempering valves failed to temper the hot water during testing. We observed that if 
the tempering valves were inoperative overnight with no flow, the next morning the top 
ones (TVI,4,5) were very hot (from natural convection) while the bottom ones (TV2,3,6) 
were at about room temperature. We flushed all the tempering valves before each test 
to simulate a period of inactivity.

The results in this section are presented as a function of time and hot-water flow rate. 
Because of the test setup, measuring the hot water flow rate presented a convenient 
method of comparing results. For a given tempering valve setpoint, tank temperature, 
and controlled hot-water flow rate, the mixed temperature from the various tempering 
valves could be readily compared. The cold water flow rate could not be controlled 
because the tempering valve controlled the amount of cold water necessary to temper 
the water properly.

Figures 5-1 and 5-2 show typical time-dependent results for the tempering valves for two 
different tank temperatures. The tempering valves approached the setpoint within 
20 seconds of operation. However, the response time of the thermocouple measuring the 
tempered water was also about 20 seconds, which means that the tempering valves may 
have approached the setpoint sooner and also that the thermocouple may not have regis­
tered the temperature excursions properly. The extremes might have been further from 
the steady-state temperature. Note that the temperature at bottom tempering valves 
surpasses the 60° C (140°F) setpoint and then drops. Instructions and design guidelines 
state that tempering valves should be placed below the top of the storage tank. This 
location may prolong the life of the tempering valve since it would undoubtedly be at a
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lower temperature. However, it also results in temperatures 23° C (41° F) in excess of 
the setpoint (TV2, tank 93° C, setpoint 60° C). This potential for safety hazard must be 
considered when designing and installing a tempering valve.

Tables 5-1 and 5-2 present the temperature extremes detected by the thermocouple for 
each transient test. The top tempering valves seldom surpassed the setpoint. Since they 
had been flushed with hot water prior to the test, they produced colder water. The worst 
case was TVS with a setpoint of 49° C (140°F) and a tank temperature of 93° C (200° F)—it 
momentarily dropped 7°C (13°F) below the setpoint. However, this was an isolated case. 
The bottom-mounted valves consistently exceeded the setpoint, particularly at higher 
tank temperatures, to the point of being dangerous for the few seconds it takes to reach 
steady state.

The results of the steady-state response test are presented in Figures 5-3 through 5-8. 
As shown by these figures, performance varied tremendously between tempering valves. 
In general, the temperature of the tempered water was sensitive to the flow rate at 
lower flow rates but not at higher flow rates. Figure 5-9 shows a comparison of all the 
tempering valves over the flow range at one setpoint and one tank temperature. Observe 
that TVS and 6 (from the same manufacturer) and TVS and 4 (from the same manufac­
turer) in general performed comparably, while TV1 and 2 (from the same manufacturer) 
performed somewhat differently. A comparison of TV1 with TV2 (Figures 5-3 and 5-4), 
TVS with TV4 (Figures 5-5 and 5-6), and TVS with TV6 (Figures 5-7 and 5-8) reveals that 
although there are differences between tempering valves from the same manufacturer, 
they generally follow the same trends and performance. From the same comparisons it 
does not appear that there are any obvious effects on the steady-state performance from 
the location of the tempering valve with respect to the top of the storage tank.

Table 5-3 summarizes the operating ranges for each valve at each setpoint. Perhaps the 
most significant criterion for a tempering valve is that it not exceed the setpoint exces­
sively. At a tank temperature of 71°C (160° F), none of the tempering valves exceeded 
the 49° C (120°F) setpoint significantly (see Figures 5-3 through 5-8). However, at higher 
tank temperatures, the accuracy of the tempering valves changed dramatically. These 
temperatures should not be encountered frequently, but when they are a great deal of 
tempering still occurs, reducing the 93° C (200° F) water to about 60° C (140° F). At low 
storage tank temperatures the tempering valves reduce the outlet water temperature 
significantly below the setpoint. This may be a problem when a solar energy system is 
used without an auxiliary system (such as during the summer) and the tank temperature is 
low.

With the setpoint at 60° C (140° F), TV1, 2, 3, and 4 provide reasonably tempered water at 
high storage tank temperatures. However, at a storage tank temperature of 71°C 
(160° F), the outlet water is 60-8°C (10o-15°F) below the desired water temperature. 
The lower outlet temperatures can be significant if appliances such as a dishwasher 
require a minimum temperature to provide proper service. The delivery of water cooler 
than the tank temperature may activate the electric booster heater in a dishwasher even 
though there is sufficient solar heated water in the storage tank. TVS and 6 provided the 
acceptable water temperature at a tank temperature of 71°C (160° F) but did not ade­
quately temper the water at a tank temperature of 93° C (200° F).

Perhaps the most important result from the tempering valve tests is that output temper­
ature from the tempering valve is very sensitive to the tank temperature. Since the 
temperature of a solar energy system may vary rapidly and widely, the output from the
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Table 5-1. Time Dependent Tempering Valve Extremes (49° C Setpoint)

inin

Tempering
Valve

Hot Water 
Flow Rate 

(L/min)

Tank Temperatures (° C)

49 71 93

Initial Extreme Steady Initial Extreme Steady Initial Extreme Steady

Top

1 3.8 45 37 37 64 46 49 65 60 60

9.6 46 37 37 63 46 49 60 57 58

4 3.8 42 35 35 59 44 44 76 59 59

9.6 45 36 36 58 43 44 64 57 57

5 3.8 46 37 37 59 46 48 62 60 60

9.6 45 39 39 63 46 47 71 59 59

Bottom

2 3.8 19 37 37 21 51 50 23 61 54

9.6 19 38 38 19 52 51 24 67 54

3 3.8 18 37 36 21 49 45 26 56 56

9.6 18 38 36 20 51 44 28 64 55

6 3.8 18 37 37 18 50 49 23 64 60

9.6 18 39 39 20 53 49 41 63 59
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Table 5-2. Time Dependent Tempering Valve Extremes (60° C Setpoint)
4

inin
41

Hot Water 
Flow Rate 

(L/min)

Tank Temperatures (° C)

Tempering
Valve

49 71 93

Initial Extreme Steady Initial Extreme Steady Initial Extreme Steady

Top

1 3.8 45 45 45 61 50 51 83 60 61

9.6 47 45 45 64 50 51 91 60 60

4 3.8 43 43 46 60 50 50 88 59 60

9.6 47 45 45 65 50 50 88 59 60

5 3.8 46 45 45 62 55 58 85 61 68

9.6 46 46 46 64 55 59 88 68 68

Bottom

2 3.8 19 44 44 20 62 53 23 73 57

9.6 19 45 45 24 62 53 21 83 58

3 3.8 20 44 44 20 58 50 22 70 59

9.6 20 44 44 21 61 50 40 70 59

6 3.8 ' 19 45 45 19 61 60 20 76 68

9.6 19 46 46 20 62 60 19 85 69
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Figure 5-3. Tempering Valve 1, Top
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Figure 5-4. Tempering Valve 2, Bottom
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Figure 5-5. Tempering Valve 3, Bottom
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Figure 5-6. Tempering Valve 4, Top
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Figure 5-7. Tempering Valve 5, Top
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Figure 5-8. Tempering Valve 6, Bottom
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130 -

Hot water flow rate (gpm)

Figure 5-9. Comparison of all Tempering Valves at 49° C (120°F) Setpoint and 
93° C (200° F) Tank Temperature

tempering valve will vary greatly throughout the day and year. These devices should not 
be expected to deliver a constant water temperature over a wide range of source tem­
peratures at their low cost. If a tempering valve appears to malfunction, the range of 
storage tank temperatures might cause the fluctuations rather than tempering valve 
failure.

After 18,832 cycles, the tempering valves were dismantled. We observed significant 
scaling on the tempering mechanisms and parts. The cause is not known since these 
valves did not experience wet/dry cycling.

5.3 RECOMMENDATIONS

• Homeowners using appliances that require a minimum temperature for proper oper­
ation should periodically measure the water temperature rather than depend on the 
tempering valve markings.

• Users should be aware that the tempering valves may not temper the water prop­
erly at high storage tank temperatures. When high storage tank temperatures 
occur frequently, such as during the summer, the user may want to lower the tem­
pering valve setpoint temperature to prevent scalding.

• Users should be aware that excessively hot water temperatures may occur during 
each initial use of a tempering valve.
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Table 5-3. Performance Ranges of Individual Tempering Valves

Set Point

Temper­
ing

Valve

49° C (120°F) 60° C (140° F)

Lowa Highb Lowc Highd

°C °F °C °F °C °F °C °F

1 35.9 96.6 61.2 142.2 43.5 110.3 61.8 143.2
2 36.8 98.2 57.8 136.0 44.8 112.6 59.5 139.1
3 35.7 96.3 58.5 137.3 44.0 111.2 62.3 144.1
4 35.6 96.1 62.3 144.1 44.1 111.4 62.7 144.9
5 36.6 97.9 63.1 145.6 44.1 111.4 69.4 156.9
6 37.2 99.0 62.6 144.7 44.9 112.8 72.7 162.9

^ank temperature at 49°C (120°F), hot water flow rate at 1.9 L/min (0.5 gpm).
^Tank temperature at 93° C (200° F), TV4 hot water flow rate at 1.9 L/min (0.5 gpm), all 
others at 3.8 L/min (1 gpm).

cTank temperature at 49° C (120° F), TV2 and 4 hot water flow rate at 1.9 L/min 
(0.5 gpm), TV1 and 3 at 3.8 L/min (1 gpm), TVS at 5.7 L/min (1.5 gpm), and TV6 at
11.3 L/min (3 gpm).

dTank temperature at 93° C (200° F), TVS and 6 hot water flow rate at 3.8 L/min (1 gpm), 
TV2 and 4 at 5.7 L/min (1.5 gpm), TVS at 7.6 L/min (2 gpm), and TV1 at 11.3 L/min 
(3 gpm).
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SECTION 6.0 

POLYBUTYLENE PIPING

6.1 BACKGROUND

The use of polybutylene pipe instead of copper for domestic solar systems could reduce 
the cost of system piping [6] for several reasons. First, polybutylene pipe costs less than 
copper pipe. Second, it is more flexible than copper pipe and thus easier to install. Also, 
it accepts compression fittings, which should allow more rapid installation than soldering, 
heat fusion, or adhesive fitting. However, one potential drawback of polybutylene pipe is 
its temperature limitation. A second is the integrity of the mechanical fittings when 
subjected to elevated temperature.

Some properties of polybutylene compared to copper and steel are listed in Table 6-1. 
Polybutylene pipe is manufactured to conform to ASTM Standard D 3309, which specifies 
that pipe and associated fittings should have a minimum burst pressure of 3.03 MPa 
(440 psi) at 23° C (73° F). Furthermore, the pipe and fittings should be capable of contin­
uous operation at 82° C (180°F); minimum burst pressure at this temperature is 2.21 MPa 
(320 psi). The pipe should also be capable of withstanding thermal cycling between 16° 
and 82° C (60° F and 180° F) for a minimum of 1000 cycles when subjected to an internal 
pressure of 0.69 MPa (100 psi). Manufacturers' and other data not incorporated into an 
ASTM Standard specify a continuous operating requirement of 82° C (180° F) at 0.69 MPa 
(100 psi). Tests conducted by the National Sanitation Foundation on polybutylene pipe at 
99° C (210°F) showed that the pipe's average burst pressure was 1.9 MPa (275 psi) and 
that the pipe could sustain a pressure of 1 MPa (150 psi) continuously for 18 months with­
out failure.

Polybutylene pipe is suitable for solar energy systems containing water, glycols, or sili­
cone oils but not organic heat transfer fluids. To prevent sag, the pipe should be sup­
ported about every 0.45 to 0.55 m (1.5 to 1.75 ft). One manufacturer recommends con­
necting the polybutylene pipe to the collector with 2 m (6 ft) of copper pipe to prevent 
exposure of the polybutylene pipe to collector stagnation temperatures. The manufac­
turer also recommends that a pressure/temperature relief valve set at 99° C (210°F) be 
located at the collector outlet. This is a considerable constraint for closed, nondraining 
systems, where it is not desirable to vent the collector liquid, and for closed drainback 
systems, where it is desirable to prevent outside air from entering the system.

Polybutylene fittings are available for pipes 1 in. in diameter and larger. Such fittings 
are fusion welded. Acetal fittings were available in smaller sizes but are no longer 
recommended by one manufacturer for use with polybutylene pipe. For smaller pipe 
sizes in closed loops, copper fittings with compression rings are used.

The test procedure for the polybutylene piping is discussed in detail in Appendix A.5.

6.2 TEST RESULTS

The total length of the polybutylene pipe was about 10 m (33 ft). The pipe was sized 
(nominal 3/4 in.) to allow draining without the need for a vacuum breaker. Numerous fit­
tings (couplers, tees, elbows, and valves) were incorporated into the system. All fittings 
were attached by copper compression rings installed with a simple crimping tool.
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Table 6-1. Some Properties of Polybutylene8, Copper, and Steel

Property Polybutylene Copper Steel

Density in kg/m^ (lb/ft^) 912 (56.9) 8910 (556) 7870 (491)
Specific heat in J/kg °C (Btu/lb °F) 1880 (0.45) 385 (0.092) 447 (0.107)
Thermal expansion coefficient in

10-6 m/m °C (I(T6 ft/ft °F) 150 (83) 17 (9.3) 12 (6.7)
Thermal conductivity 0°-100oC, in

W/m °C (Btu/ft h °F) 0.22 (0.13) 389 (225) 52 (30)
Tensile strength in MPa (1000 psi) 28 (4) 220 (32) 450 (65)
Melting point in °C (°F) 126 (254) 1082 (1980) 1516 (2760)
Cost in $/m ($/ft)^ 1.02 (0.31) 2.20 (0.67) - -

aCompiled from Modern Plastics Encyclopedia, Guide to Plastics. 
^Nominal 3/4-in. diameter.

Fabrication of the polybutylene test loop was rapid, and the loop satisfactorily tested for 
leaks. The loop was insulated with elastomeric, expanded polyethylene, and rigid poly­
urethane insulations. The insulation provided additional support for the pipe, which 
sagged considerably at elevated temperatures. The large thermal expansion coefficient 
presented some problems in installing insulation. Nonrigid insulation was compressed to 
allow for thermal expansion. Rigid insulation required the incorporation of flexible 
insulation at expansion joints to prevent gaps. The loop continued to operate successfully 
without leaks or other signs of deterioration after completing 24,000 cycles over a period 
of five months.

After thermal cycling, the test loop was tested to its burst pressure with water at 13°C 
(55° F). The results are shown in Table 6-2.

Table 6-2. Polybutylene Pipe Pressure Test

Test Specimen
Pressure 

at Failure Comments
MPa psi

1 Whole loop 3.5 500 Pipe separated from elbow
2 Whole loop 3.7 540 Pipe split along straight 

length
3 2.6 m (8 ft) straight length 3.7 540 Pipe split
4 1.0 m (3 ft) straight length 4.0 580 Pipe split
5 1.6 m (5 ft) straight length 4.1 600 Pipe split
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6.3 RECOMMENDATIONS

• Screening tests should be performed in accordance with "Standard Practice for 
Screening Polymeric Containment Materials for the Effects of Heat and Heat 
Transfer Fluids in Solar Heating and Cooling Systems" (ASTM E862-82) and, if war­
ranted, pursue the use of polybutylene piping in solar energy systems by building 
prototype systems and operating them in the field.

• Rigid insulation installed on hot pipes must be cut a little shorter than the pipes to 
avoid imposing large tensile stresses in the pipe as it cools.

• Flexible insulation should be compressed to allow for thermal expansion and used at 
expansion joints to prevent insulation gaps at high temperatures.
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SECTION 7.0

CONCLUSIONS AND RECOMMENDATIONS

Tests of some key components currently used in solar energy systems successfully 
identified several weaknesses.

7.1 DRAIN VALVES 

Conclusions

Many of the drain valves tested showed significant problems, such as severe leaking 
around seals, catastrophic failure of pistons, improper selection of plunger lubricant, and 
scaling on metal components of one type of drain valve. Two of the three types tested 
showed severe problems; one type had a 100% failure rate. The manufacturer of this 
valve withdrew it from the market after we discussed the test results with him. The 
manufacturer of the valve with high failure rates apparently was still revising and 
improving the valve while it was being marketed. This valve also had severe accumula­
tion of scale, which could lead to binding of the disk and valve failure in areas of high 
mineral content water. The third type tested did not have any serious problems.

Recom mendations

Manufacturers should implement more thorough long-term internal testing of randomly 
selected drain valves to determine failure modes and reliability of their components. 
This will lead to more reliable drain valves.

Manufacturers should reexamine the temperature stability of their drain valve compo­
nents and, if necessary, either upgrade the components or derate the temperature 
limitations.

To prevent excessive drain valve degradation, system designers should include over­
temperature protection in solar energy systems.

Valves should be thoroughly inspected and tested before shipment.

7.2 AIR VENTS AND VACUUM BREAKERS 

Conclusions

Several of the metal air vents created a safety hazard, as well as an inconvenience, when 
the protective cap would rotate upon filling and spray hot water in undesirable 
directions.

The metal valves had scale build-up inside the valve body and on the outlet port.

31



TR-2187SE?I

Recom mendations

Test the valves at a realistically low ambient temperatures with realistic pipe lengths.

Determine if scaling inside the valve body and on the outlet port can lead to valve 
failure.

7.3 CHECK VALVES 

Conclusions

The check valves leaked under both high and low differential pressures.

Check valves used to prevent natural convection had very inconsistent performance. 
They sometimes sealed well and sometimes leaked severely.

The check valves tested did not prevent natural convection in our test loops. The spring- 
loaded check valves leaked during 75% of the tests, while the swing check valves leaked 
about 30% of the time. Overall, the check valves did not stop natural convection in more 
than 50% of the tests.

Recommendations

Determine suitable ways of effectively preventing natural convection losses.

Determine the effectiveness of "heat traps" in which pipe is plumbed vertically down­
ward before any horizontal or vertical pipe runs.

Determine if convective cells can be sustained inside small-diameter tubing (12.7 mm 
[1/2 inch] and 19 mm [3/4 inch]), which would confirm .natural convection loops within 
individual pipes.

7.4 TEMPERING VALVES 

Conclusions

The outlet temperature is a strong function of storage tank temperature and a weak 
function of flow rate. Hence, solar energy system users cannot expect a constant outlet 
temperature since the storage tank temperature varies significantly.

Tempering valves mounted below the top of the tank can be expected to initially provide 
significantly hotter water than the setpoint if the tank is very hot.

There is no apparent effect on tempering-valve steady-state operation from placing the 
tempering valve either below or above the top of the storage tank.
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Recom mendations

Users requiring a certain hot water temperature should periodically measure it, perhaps 
installing a temperature gauge by the outlet of the tempering valve.

Users should reduce the tempering valve setting if the storage tank reaches high temper­
atures, such as during the summer, and increase the setting when the tank is cold.

7.5 POLYBUTYLENE PIPING 

Conclusions

The polybutylene pipe tested had burst pressures averaging 3.7 MPa (540 psi) after 24,000 
cycles of hot water, cold water, and draining. It appears to be suitable for use in hot 
water systems that operate below 93° C (200° F) and offers potential for substantial cost 
reductions in installed pipe compared with copper pipe.

Recom mendations

Screening tests should be performed on polybutylene pipe in accordance with "Standard 
Practice for Screening Polymeric Containment Materials for the Effects of Heat and 
Heat Transfer Fluids in Solar Heating and Cooling Systems" (ASTM E862-82). If war­
ranted a prototype system with polybutylene piping should be built and tested.

Insulation must be installed carefully because of the high coefficient of thermal expan­
sion of polybutylene.
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SECTION 8.0 
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APPENDIX A 

TEST PROCEDURES

The following test procedures were developed at SERI, generally in the absence of stan­
dard test methods for equipment used in solar applications. They are not intended to be 
test standards or qualification tests but were designed specifically to determine the fail­
ure modes of various solar components in this task or to determine the performance of 
these components.

A.l DRAIN VALVE TESTS

A.1.1 Static Pressure Test

The objective of this test was to determine if any obvious manufacturing defects existed 
and whether the seals seated properly. We tested each drain valve prior to installation in 
the drain valve loop. Upon delivery, the drain valves were labeled, carefully inspected, 
and photographed (see Form 1 in Appendix B). The test setup is shown in Figure A-l. We 
used the following test procedure:

1. Install the drain valve in the test setup.
2. Energize the drain valve, opening the top ports.
3. Open valve VI.
4. Fill the drain valve with room-temperature water, taking care to eliminate 

entrained air.
5. De-energize the drain valve.
6. Pressurize the drain valve to 1.5 times its rated operating pressure.
7. Close valve V1.
8. Record the pressure (see Form 2 in Appendix B) for one hour.
9. If the pressure drops less than 10%, drain valve is considered to seat properly.
10. After testing, remove the drain valve.

A.l.2 Thermal Cycling Test

The objective of this test was to determine the effects of frequent thermal cycling on 
the drain valves. One valve from each manufacturer was subjected to this test. The test 
loop is shown in Figure A-2.

1. Install one drain valve from each manufacturer after successfully passing the 
static pressure test in the thermal cycling test loop.

2. Wire the valves to the control relays.
3. Set the tank temperature to 93° C (200°F).
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Open to atmosphere

Drain valve

Hydraulic
pump

coCD
oo

Legend

Union

pjj Pressure gauge 

O Isolation valve 

■D- Electric plug

Figure A-l. Drain Valve Static Pressure Test Setup

4. Automatically cycle the drain valves, 15 minutes on, 15 minutes off.
5. Record the date, valve number, counter, operational status, flow rate, ambient 

temperature, storage tank temperature, and pressure daily (see Form 3 in 
Appendix B).

6. Use petcocks to confirm that the drain valves fill and drain properly.
7. If drain valve fails, remove, inspect, photograph, and document failure.
8. Continue test until drain valves fail.

A.1.3 Infrequent Cycling Test

The objective of this test was to determine if drain valves are susceptible to failure if 
they are maintained in the fill position for extended time periods. Drain valves that 
drain only when low temperatures are encountered are subject to this condition.

1. After the drain valves have successfully passed the static pressure test, install one 
drain valve from each manufacturer in the test loop (see Figure A-2).

2. Wire the drain valves to a continuous power source.
3. Post a sign at power source, "Do Not Turn Off."
4. Observe drain valves daily, recording significant events.
5. After three months of continuous power, de-energize and evaluate drain valve.
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A.2 AIR VENT AMD VACUOM BREAKER TESTS

A.2.1 Thermal Cycling Test

The valves were labeled, inspected, and photographed. They were installed in the ther­
mal cycling loop (Figure A-2) and operated in conjunction with the drain valves, so that 
these valves completed a full cycle of operation every 30 minutes. The valves were 
externally inspected and their operation confirmed regularly. Petcocks were installed 
near the valves to permit manual air venting and vacuum breaking to ensure proper 
operation.

A.2.2 Low Ambient Temperature Test

This test was intended to evaluate proper air venting and vacuum breaking when the air 
vent and vacuum breaker (or combination air vent/vacuum breaker) were subject to 
freezing ambient temperatures. The following procedure was used with the storage tank 
at 38° C (100°F), and then at 16°C (60°F).

1. De-energize the drain valve that allows circulation to the valve to be tested.
2. Ensure that the loop has drained.

3. Enclose the valve to be tested 
(see Figure A-3).

4. Place dry ice in the enclosure, 
ensuring that none is on the valve.

5. Cover the enclosure, making sure 
that the thermometer is reading 
the temperature of the air and not 
the dry ice.

6. Wait until the air temperature in 
the enclosure stabilizes between 
-18° and 0°C (0°F and 32° F).

7. Record the valve number, time, 
and air temperature in the enclo­
sure (see Form 4 in Appendix B).

8. Energize the drain valve, refilling 
the loop. 9 10 11

9. Record the time required to fill 
the loop and the air temperature 
in the enclosure.

10. If the loop does not fill within 15 
minutes, note this and repeat the 
test from the beginning twice. 
Otherwise, go to the next step.

11. Wait until the air temperature in 
the enclosure stabilizes.

Thermometer

Figure A-3. Air Vent/Vacuum
Breaker Low Ambient 
Test Setup
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12. Record the time and air temperature in the enclosure.
13. De-energize the drain valve.
14. Record the time and air temperature in the enclosure upon draining.
15. If the loop does not drain within 15 minutes, note this and repeat the test twice.
16. Inspect the valve and note any observations.

A.3 CHECK VALVE TESTS

A.3.1 High Differential Pressure Test

The purpose of this test was to determine the ability of check valves to function as shut­
off valves in drainout systems. The check valves were labeled, inspected, photographed, 
and installed in the thermal cycling loop as shown in Figure A-4. Two solenoid valves 
were used to control the loop. A normally open (N.O.)* solenoid was used to control flow 
to a drain, and a normally closed (N.C.)* solenoid was used to shut off pressure from the 
upstream side of the solenoid. When the N.C. solenoid closed and the N.O. solenoid 
opened, water pressure forced the check valve closed. Any leaking could be observed in 
a clear section of the drain piping. The cycle for the test loop at 93° C (200° F) consisted 
of circulation for 9 minutes and then no circulation and a high differential pressure for 
1 minute. The ambient and storage tank temperature, tank pressure, flow rates, cycles, 
and observations were recorded daily (see Form 3 in Appendix B).

A.3.2 Low Differential Pressure Test

The purpose of this test was to determine if check valves are sufficient to prevent natu­
ral convective flows such as those caused by density gradients in a collector-storage 
loop. .

The check valves were labeled, inspected, photographed, and installed in a separate loop 
with visual indicators as shown in Figure A-5. Because the visual indicators could with­
stand only limited pressure, the loop was maintained at atmospheric pressure. After the 
check valves were installed and the loop filled, the storage tank thermostat was set to 
77° C (170° F). The fluid was circulated for 15 minutes and then was turned off for 
15 minutes. The ambient and storage tank temperatures, flow rate, cycles, and observa­
tions were recorded daily. The ability of the check valves to prevent natural convection 
was determined periodically.

The following procedure was used to check the sealing capability of the check valves:

1. Ensure that the loop is thermally equilibrated.
2. Stop the pump.
3. Record the time, counts, and temperatures (top of tank, top of loop, bottom of 

cold leg) (see Form 5 in Appendix B).

*N.O. and N.C. refer to the valve position when it is de-energized.
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To storage tank 
(see Figure 2-4)

N.O. IS

Clear tubing

From storage tank 
(see Figure 2-4)

Legend (see also Figure 2-4) 

Check valve

Solenoid valve

N.O. Normally open 

N.C. Normally closed

Figure A-4. High Differential Pressure Test Setup for Check Valves
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Thermal expansion tank 
and pressure relief

Sight
glasses

Dye injection

Storage tank 
and heater Junction box To control system

Legend (see Figure 2-4) Counter
f\| Check valve

NOTE:
1) Storage tank piping inside “---------” is heavily insulated. Other piping uninsulated.
2) Swing check valves installed horizontally, spring-loaded check valves installed vertically

Figure A-5. Low Differential Pressure Test Setup for Check Valves
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4. Slowly inject dye beneath the check valves, ensuring that air does not enter the 
pipe.

5. Record the time and progress of the dye.
6. Shut off leaking check valves.
7. Continue until temperatures reach steady state.
8. If necessary, flush loop to eliminate dye.
9. Test each valve twice.

A.4 TEMPERING VALVE TESTS

The objective of this test was to determine the performance and reliability of tempering 
valves for domestic use. Upon delivery, the tempering valves were labeled, inspected, 
photographed, and then installed in the thermal cycling loop as shown in Figure A-6. The 
tempering valves were subject to flow for 30 seconds in every ten minutes. After the 
valves operated for a suitable period of time, their performance was determined using 
the following procedure for tank temperatures of 49°, 71°, and 93° C (120°, 160°, and 
200° F) with the tempering valves set to 49° and 60° C (120° and 140° F).

1. Set the storage tanks to the desired temperature and circulate the water to ensure 
good mixing.

2. Adjust the setpoint of the tempering valve to be tested.
3. Close the isolation valves to each tempering valve.
4. Close valves VI and V2 to direct water through flowmeters.
5. Open the solenoid valve to the drain.
6. If the tempering valve is mounted above the tank, flush it with hot water before 

each test. If it is mounted below the tank, flush it .with cold water.
7. For the first test (transient response test), record the temperatures of cold, hot, 

and tempered water every 2 seconds until a steady mixed water temperature is 
reached, maintaining the hot water flow rate at 3.8 L/min (1 gpm). Repeat the 
test for a hot water flow rate of 7.6 L/min (2 gpm). For each test record the final 
cold water flow rate.

8. For the second test (steady-state response test), record the temperatures of the 
cold, hot, and tempered water every 10 seconds until a constant mixed water tem­
perature is reached for hot water flow rates of 1.9, 3.8, 5.7, 7.6, 11.3, 15.1 L/min 
(0.5, 1, 1.5, 2, 3, 4 gpm) (see Form 6 in Appendix B).

9. Monitor the tank temperature carefully to ensure that it does not decrease during 
the test. Flush the tempering valves before each test to start each individual test 
from the same reference point.

A.5 POLYBUTYLENE PIPING TESTS

The objective of this test was to determine the integrity of polybutylene pipe under con­
ditions common to active solar energy systems. The polybutylene piping was plumbed in 
a configuration using multiple elbows, tees, and valves, as shown in Figure A-7. A ther­
mal cycling test was performed as follows:
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, From storage tank 
(TCI, see Figure 2-4)

Top of 
storage tank

» TC2

CWS

isj
N.C. \/

Junction
box

To control 
system

Counter
Legend (see Figure 2-4)

Thermocouple

Solenoid valve

N.C. Normally closed

0 Tempering valve

Figure A-6. Tempering Valve Test Setup
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Legend

Ball valve

CWS Cold water supply

Gate valve

Solenoid valve

N.C. Normally closed 
N.O. Normally open

To drain

From tank t 
(see Figure 4-2)

Figure A-7. Schematic of Polybutylene Pipe Test Loop

1. At the start of a cycle, the solenoids are at their failsafe positions with the hot 
water inlet line solenoid (S2) closed, the cold water inlet line solenoid (S4) closed, 
and the loop inlet (S3) and outlet (S5) solenoid drain valves open.

2. Open valve S2 and close valve S3 to allow hot water to flow through the system 
for 1 minute.

3. Close outlet valve S5 to allow the system to reach temperature equilibrium over 
2-1/2 minutes.

4. Drain the system by opening valves S3 and S5, and closing valve S2.
5. Rapidly cool the system by allowing cold water to flow through the loop for 

2 minutes after opening valve S4 and closing drain S3.
6. Repeat the cycle with hot water at 93° C (200° F) displacing the cold water by 

closing valve S4 and opening valve S2.

This procedure is to test the system at over-design conditions. The loop will complete a 
cycle every 8 minutes. Quickly closing solenoids subject the system to mechanical shock 
at water pressures of 0.65 MPa (80 psig), while rapid interchanges of hot and cold water 
create large thermal stresses.
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APPENDIX B

SAMPLE TEST FORMS USED 
IN EXPERIMENTS
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Form 1
Valve Labels and Observations

Label Manufacturer Comments
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Form 2
Static Pressure Test

Valve
Pressure (psi) at Time (min)

Comments
0 1 2 5 10 20 30 40 50 60
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Form 3
Daily Log Sheet

TEST:
Drain valves (DV)
Air vents (AV)
Vacuum breakers (VB) 
Combination valves (CA) 
High AP check valves (HCV) 
Low AP check valves (LCV)

Date Valve 
(Type & #)

Counter
(Counts)

Status 
(0 = Oper)

(N = Nonoper)
Flow

(gpm)

Amb.
Temp.
(°F)

Tank 
Temp. 

(° F)

Tank
Press.
(psig)

Comments
(Initials)
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Form 4
Low Ambient Air Temperature Test

Tester_________

Tank Temperature

Date___________

DV CV AV Time Low Air 
Temperature Activity’ Comments

'Activity:
1) DV energized
2) Loop filled
3) DV de-energized
4) Loop drained
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Form 5
Check Valve Low AP Test

Counter 

Valve_

Date___

Tester

Time T7 
(° F)

C
O LL

h“ T9 
(° F)

Comments
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Form 6
Tempering Test Valve

Counter. 

Valve__

Date___

Tester

T(Set)
(120°,
140° F)

T(Tank) 
T1 

(° F)

T (Cold) 
T2 

(°F)

T (Hot)
T3

(120°, 140°, 
160°, 180°)

T(Mix) 
T4 

■ (°F)

Flow
Cold

(gpm)

Flow
Hot

(gpm)

Length 
of Test 
(min)

Comments
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Forstl
U.S. Dept, of Energy 
Washington, D.C. 20585

Mr. Barry P. Scott
ALIEN
2594-A Leghorn Street
Mountain View, CA 9^043

Mr. William Shertz
Argonne National Labs.
9700 South Cass Avenue 
Argonne, IL 60439

B.E. Sibbitt, M.A. Sc.
National Research Council Canada
Ottawa, Canada
K1A 0R6

Mr. Brian Silvetti
Calmac
150 S. Van Brunt Street 
Englewood, NJ 07631

Mr. Morris Skalka
CE-311
Forstl
U.S. Dept, of Energy
Washington, D.C. 20585

Mr. Dale Smotherman 
Tennessee Valley Authority 
310 Credit Union Bldg.
715 Market Street 
Chattanooga, TN 37401

Dr. Ing. H. Sofrata
Riyadh University
P.0. Box 800
Riyadh, Saudi Arabia

Solar Control Corp.
5721 Arapahoe Road
Boulder, CO 80303

Solar Development, Inc.
3630 Reese Avenue
Garden Industrial Park
Riviera Beach, FL 33404

Solar Industries, Inc.
2300 Highway 34
Manasquam, NJ 08736
Attn: Chief Engineer

Solaron Corporation
1885 W. Dartmouth Avenue
Englewood, CO 80110
Attn: Chief Engineer

Solar-Pak
Raypack
3111 Agoura Road
Westlake Village, CA 91361

Mr. Tim Stabell
Dicha
Box 21285
Nairobi, Kenya

State Industries
Ashland City, TN 37015

Mr. Bill Stoney
ESG, Inc.
2231 Perimeter Park Ste. 11
Atlanta, GA 30341

Taco, Inc.
1160 Cranston Street 
Cranston, RI 02920
Attn: President
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