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Legal Notice 

This report was prepared by Gas Technology Institute (GTI) as an account of the results of 
sponsored work.  Neither GTI, the members of GTI, nor any person acting on behalf of any of 
them:   
 

a. Makes any warranty or representation, express or implied with respect to the accuracy, 
completeness, or usefulness of the information contained in this report, or that the use of any 
information, apparatus, method, or process disclosed in this report may not infringe privately-
owned rights.  Inasmuch as this project is experimental in nature, the technical information, 
results, or conclusions cannot be predicted.  Conclusions and analysis of results by GTI represent 
GTI’s opinion based on inferences from measurements and empirical relationships, which 
inferences and assumptions are not infallible, and with respect to which competent specialists 
may differ. 

b. Assumes any liability with respect to the use of, or for any and all damages resulting from the 
use of, any information, apparatus, method, or process disclosed in this report; any other use of, 
or reliance on, this report by any third party is at the third party’s sole risk.   
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Executive Summary 

The objective of this project is to develop and demonstrate a residential radiant HVAC 
system with peak load shifting on the cooling system.  The major components of the system 
include radiant panels, water chiller, water heater, pumps and controls, and the hydronic 
distribution system.  This report covers the laboratory testing of the radiant panel prototypes to 
determine if the design would be adequate for the residential heating and cooling loads expected 
in the field for California hot/dry climates in the central valley and desert climate zones.   

Two panel prototypes developed by the Western Cooling Efficiency Center were tested in a 
chamber built at the Gas Technology Institute for testing, the manifold panel and the tube panel.  
The manifold panel was designed with parallel tubes and headers sandwiched between a 5 mil 
aluminum facing and a fiberglass board.  The tube panel design included a 32 mil aluminum 
sheet, a single tube in a serpentine shape, and a fiberglass board.  The two panels were mounted 
on a ceiling and tested for heating and cooling performance.   

A nominal 10 ft. by 10 ft. by 8 ft. room was built for testing purposes.  The room was made 
from standard residential construction components.  A mini-split heat pump was used to heat and 
cool the room to near the setpoint, and then a series of wound tubing on the floor of the room 
was used to introduce the radiant load on the panels.  A laboratory-grade heating and cooling 
system was built to both introduce the load and supply the panels with heated and cooled water 
at controlled flow rates for the test. 

For radiant performance testing, 32 tests were run in the laboratory – 11 for heating and 22 
for cooling.  An additional 27 tests were performed to assess the impact of a convective load for 
the heating season conditions and temperature stratification in the room.  The results of the tests 
were that the panels provided a heat flux of 16 to 18 Btu/hr/ft2 for the heating season and 10 to 
12 Btu/hr/ft2 for the cooling season (negative heat flux in this report).  The impact of introducing 
a 100 cfm fan in the heating season was significant, increasing the heat flux by 50%.  A similar 
result is expected for the cooling season.   

The tests supported the performance of these designs as a good solution for radiant HVAC 
system panels in a residential environment.  While the manifold design had better performance, 
the added complexity and risk of leaks in the large number of fittings favors the more simple 
tubular design. 

Addition tests on convection in the cooling season, the impact of painting the surface on 
heat flux, and the use of an above-the ceiling web of tubes placed below the insulation were 
identified and may be conducted if resources are available.   

.  
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Lab Test Apparatus 

A new lab test apparatus was built for testing the radiant panels in this project.  The 
apparatus consists of the following major components: 

The chamber – a nominal 10 ft. by 10 ft. by 8 ft. tall room build from lumber, insulation, 
and drywall.  A 1 ton Sanyo mini-split heat pump was used for heating and cooling the space to 
precondition the room, and a series of tubes was placed on the floor and wall to provide the load 
for testing. 

The HVAC system – this system was designed to both provide the load for testing and 
provide a controlled volume of heated and cooled water to the panels.  Sub-components include 
the water chiller, water heater, pumps and controls, hydronic distribution system, chiller heat 
exchanger and 300 gallon chilled water storage tank. 

Instrumentation – A Labview Fieldpoint data acquisition system was used.  One set of 
modules were designed to operate pumps and the chiller in response from the computer-based 
data acquisition system, and another set was used for collecting data on temperatures, flow 
volumes, and relative humidity in the chamber.   

Several figures follow showing system components. 

 
Figure 1  Test Chamber 
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Figure 2  Chilled Water Storage Tank (Background): Plumbing System and Chilled Water Heat 
Exchanger (Foreground) 
 

 
Figure 3  Mini-split Heat Pump (Foreground); Mini-Split Chiller for Chilled Water Production 
(Background) 
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Figure 4  High Efficiency Water Heater with Side-Mounted Heat Exchanger for Panel Hot Water 
Supply 
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Figure 5  MRT Globe, RH Sensor, Wall-Mounted Thermocouples, and Labview Fieldpoint 
Modules 
 

 
Figure 6 300 Pulses per Gallon Water Meter 
  



 

  6 

Radiant Panel Design Details 

Two radiant panel prototypes were designed for testing.  The manifold panel uses a parallel 
tubing arrangement leading to headers on opposite sides.  The tubing is sandwiched between a 5 
mil aluminum sheet and a high density fiberglass board.  The tubing panel uses a single tube in a 
serpentine shape sandwiched between a 32 mil aluminum sheet and high density fiberglass 
board.  Details of the two panel designs are as follows: 

Manifold Panel (also see Figure 7  Manifold Panel): 

· Size – nominal 4 ft. x 8 ft.  (actual 48.75 inches by 97.125 inches) 

· Aluminum thickness – 5 mil (.005 inches) 

· Fiberglass board thickness and density – 1 inch, 7 lb. per cubic ft density 

· Tubing material, size, layout – HDPE, manifold layout with tubes 2 inches apart 

· Mounting method – screw into ceiling joists with large washers or screw into ceiling 
joists through manifold end framing 

· Design issues – approximately 100 tube connections can leak 

 
Figure 7  Manifold Panel 
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Tube Panel (also see Figure 8  Tube Panel): 

· Size – nominal 4 ft. x 8 ft.  (actual 48.25 inches by 104.00 inches) 

· Aluminum thickness – 32 mil (.032 inches) 

· Fiberglass board thickness and density – 1 inch, 7 lb. per cubic ft density 

· Tubing material, size, layout – HDPE, serpentine layout with tubes 6 inches apart 

· Mounting method – screw into ceiling joists; small washers may be needed 

· Design issues – more robust design  

 
Figure 8  Tube Panel 
 

Test Plan 

The following summary includes several changes that were made after the system 
shakedown was concluded.  (The test plan was provided in detail in the Radiant HVAC Test Plan 
report.) 

 
Radiant Heating Tests 

The nominal operating conditions for the radiant heating system were 120 OF delivered 
water temperature, 0.3 gpm, and a chamber (room) temperature of 68 OF.  That condition was 
expected to produce a heat flux in the range of 15 to 20 Btu/hr/ft2.  Each of the main conditions 
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was varied to determine the impact of a normal range of variation on the performance of the 
panel.  The room temperature was varied from 60 OF to 74 OF in five increments.  The supply 
water temperature was varied from 80 OF to 140 OF in five increments.  The water flow rate was 
varied from 0.1 gpm to 0.5 gpm in five increments.  These 15 tests, summarized below in Figure 
9, were the basis for the radiant heating performance testing. 

 

 
Figure 9 Heating Test Conditions 
 
Radiant Cooling Tests 

The nominal operating conditions for the radiant cooling system were 58 OF delivered water 
temperature, 0.5 gpm, and a chamber (room) temperature of 78 OF.  That condition was expected 
to produce a heat absorption (negative flux) in the range of 10 to 12 Btu/hr/ft2.  Each of the main 
conditions was varied to determine the impact of a normal range of variation on the performance 
of the panel.  The room temperature was varied from 70 OF to 85 OF in four increments.  The 
supply water temperature was varied from 50 OF to 68 OF in three increments.  The water flow 
rate was varied from 0.1 gpm to 0.5 gpm in five increments.  These 12 tests, summarized below 
in Figure 10, were the basis for the radiant heating performance testing. 

 

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

1h 120 0.3 60
2h 120 0.3 64
3h 120 0.3 68
4h 120 0.3 70
5h 120 0.3 74
6h 80 0.3 68
7h 100 0.3 68
3h 120 0.3 68
8h 130 0.3 68
9h 140 0.3 68
10h 120 0.1 68
11h 120 0.2 68
12h 120 0.3 68
13h 120 0.4 68
14h 120 0.5 68
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Figure 10  Cooling Test Conditions 
 
Convective Heating Tests 

Convective heating test were performed to determine if the radiant performance of the 
heating system could be improved by the addition of a fan in the conditioned space (such as a 
ceiling fan).  For the tube panel, all 15 tests were re-run and for the manifold panel tests 1, 3, 5, 
6, 9, 10, 12, and 14 were run with a 100 cfm blower operating in the room (mini-split indoor 
section shown in Figure 5).  Cooling tests were not run for the convective condition. 

 
Stratification Tests 

Four tests were run to measure the stratification of air temperatures from floor to ceiling as a 
way of assessing the comfort of the occupants.  Test 6 in the cooling table was run for both 
panels, and test 3h in the heating table was run for both panels.  RTDs were mounted in a vertical 
line in the center of the room (not immediately below either panel) at 1 ft. increments beginning 
at the floor and stopping at 8 ft. 

 

 

 

 

Test 
Number

Water Inlet 
Temp. (oF)

Water Flow 
Rate (gpm)

Chamber 
Temp (oF)

1 58 0.5 70
2 58 0.5 75
3 58 0.5 80
4 58 0.5 85
5 50 0.5 78
6 58 0.5 78
7 68 0.5 78
8 58 0.1 78
9 58 0.2 78

10 58 0.3 78
11 58 0.4 78

12 58 0.5 78
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Raw Data Collected 

Data was collected every 5 seconds for the tests identified and logged into the GTI network.  
The following data was collected for each test: 

1. Time 

2. Elapsed Time 

3. Relative Humidity 

4. Water Storage Chilled Water HX Inlet Temperature 

5. Water Storage Chilled Water HX Outlet Temperature 

6. Manifold Panel Surface Temp - South 

7. Manifold Panel Surface Temp - Center 

8. Manifold Panel Surface Temp - North 

9. Tube Panel Surface Temp - South 

10. Tube Panel Surface Temp - Center 

11. Tube Panel Surface Temp - North 

12. South Wall - 25" 

13. South Wall - 49.75" 

14. South Wall - 74.875" 

15. West Wall - 25" 

16. West Wall - 49.75" 

17. West Wall - 74.875" 

18. North Wall - 25" 

19. North Wall - 49.75" 

20. North Wall - 74.875' 

21. East Wall - 25" 

22. East Wall - 49.75" 

23. East Wall - 74.875" 

24. Ambient Room Temperature 

25. MRT Globe  Temperature  

26. Manifold Panel Water Temperature Inlet 
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27. Manifold Panel Water Temperature Outlet  

28. Tube Panel Water Temperature Inlet 

29. Tube Panel Water Temperature Outlet 

30. Water Heater HX Inlet 

31. Water Heater HX Outlet 

32. Water Heater Inlet 

33. Water Heater Outlet 

34. Chilled Water Storage Supply 

35. Chilled Water Storage Return 

36. Panel Return Water Flow Rate 

37. Water Storage Supply Water Flow Rate 

38. Panel Supply Water Flow Rate 

39. Gas Meter (gas cubic ft) 

40. Panel Water Flow Rate (meter in chamber) 

From these values, the following were calculated for each test: 

1. Average Water Inlet Temp  

2. Average Water Outlet Temp  

3. Average Water Flow Rate  

4. Center of Panel Surface Temp 

5. Average Chamber Temp 

6. Average Room RH 

7. Panel Heat Flux 

An example of the raw data file is provided below in Figure 11.  A full set of raw data files is 
available from GTI. 

 
Figure 11  Raw Data File (example not readable) 

time elapsed elapsed
Relative 
Humidity

Water 
Storage 
HTX Inlet

Water 
Storage 
HTX 
Outle

RHPM 
Surface 
Temp - 
South

RHPM 
Surface 
Temp - 
Center

RHPM 
Surface 
Temp - 
North

RHPT 
Surface 
Temp - 
South

RHPT 
Surface 
Temp - 
Center

RHPT 
Surface 
Temp - 
North

South 
Wall - 25"

South 
Wall - 
49.75"

South 
Wall - 
74.875"

West 
Wall - 25"

West 
Wall - 
49.75"

West 
Wall - 
74.875"

North 
Wall - 25"

North 
Wall - 
49.75"

North 
Wall - 
74.875'

East Wall - 
25"

East Wall - 
49.75"

East Wall - 
74.875"

Ambient 
Room 
Temp

MRT 
Globe 

RHP 
Manifold 
Inlet

RHP 
Manifold 
Outlet

RHP Tube 
Inlet

RHP Tube 
Outlet

Water 
Heater 
HTX Inlet

Water 
Heater 
HTX 
Outlet

Water 
Heater 
Inlet

Water 
Heater 
Outlet

Water 
Storage 
Supply

Water 
Storage 
Return

RHP 
Return 
WFM

Water 
Storage 
Supply 
WFM

RHP 
Supply 
WFM

Gas 
Meter

RHP 
Chamber 
WFM

Avg 
Water 
Inlet 
Temp 

Avg 
Water 
Outlet 
Temp 

Avg 
Water 
Flow 
Rate 

Center of 
Panel 
Surface 
Temp

Average 
Chamber 
Temp

Average 
Room RH

Panel 
Heat Flux

2011-03-24 AM 11 23 00 1:53:59 113.9953 35.5477 64.4 63.7276 107.3759 106.5354 105.751 72.8047 74.1494 73.421 66.4732 67.4257 68.4342 68.7704 69.6109 75.0459 67.0335 67.7058 68.3782 65.8568 65.9689 66.4732 68.0981 67.8739 114.4564 109.2653 78.8395 88.8757 106.3525 115.4658 77.7148 82.8771 63.7853 73.1581 26.9212 0 25.9394 73.05 0.2455 0 0 0 0 0 0 24.30829
2011-03-24 AM 11 23 05 1:54:04 114.0788 35.5639 64.4 63.7276 107.3759 106.5354 105.751 72.7487 74.1494 73.421 66.4732 67.4257 68.4903 68.7144 69.6109 75.0459 67.0335 67.6498 68.2662 65.8568 66.0249 66.4732 68.0981 67.8739 114.4276 109.2365 78.8684 88.9046 106.3813 115.4658 77.8878 82.9059 63.7853 73.1581 26.9515 0 25.9697 73.05 0.2455 0 0 0 0 0 0 26.97954
2011-03-24 AM 11 23 10 1:54:09 114.1622 35.5753 64.4561 63.6716 107.3198 106.5354 105.751 72.7487 74.1494 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.3611 68.0981 67.8739 114.4564 109.2365 78.8684 88.9046 106.3525 115.4658 77.859 82.8483 63.7853 73.1581 26.9667 0 25.9848 73.05 0.2455 0 0 0 0 0 0 13.51984
2011-03-24 AM 11 23 15 1:54:14 114.2456 35.5817 64.4 63.6716 107.3198 106.5354 105.751 72.7487 74.1494 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.7058 68.3782 65.8568 65.9689 66.4732 68.1541 67.8739 114.4564 109.2365 78.8972 88.9046 106.2083 115.4369 77.8013 82.7041 63.7853 73.1581 27 0 26.0152 73.05 0.2455 0 0 0 0 0 0 27.21875
2011-03-24 AM 11 23 20 1:54:19 114.3291 35.5914 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.0934 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.9128 66.0249 66.4732 68.0981 67.8739 114.4564 109.2365 78.8972 88.9334 106.2948 115.4658 77.7437 82.531 63.7853 73.1581 27.0303 0 26.0455 73.05 0.2455 0 0 0 0 0 0 27.12922
2011-03-24 AM 11 23 25 1:54:24 114.4125 35.5979 64.4 63.7276 107.3759 106.5354 105.6949 72.8047 74.0934 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.4732 68.0981 67.8739 114.4564 109.2365 78.9261 88.9334 106.266 115.4369 77.7437 82.5022 63.7853 73.1581 27.0455 0 26.0606 73.05 0.2455 0 0 0 0 0 0 13.51984
2011-03-24 AM 11 23 30 1:54:29 114.4959 35.5963 64.4 63.6716 107.3198 106.5354 105.751 72.7487 74.0934 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.7058 68.3782 65.9128 66.0249 66.3611 68.0981 67.8739 114.3987 109.2653 78.9261 88.9334 106.266 115.4369 77.7437 82.4733 63.8141 73.1581 27.0758 0 26.0879 73.05 0.2455 0 0 0 0 0 0 24.0381
2011-03-24 AM 11 23 35 1:54:34 114.5794 35.5979 64.4 63.6716 107.3198 106.5354 105.751 72.7487 74.1494 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.3611 68.0981 67.8739 114.4564 109.2365 78.9549 88.9622 106.2948 115.4369 77.6571 82.4733 63.8141 73.1581 27.1091 0 26.1182 73.05 0.2455 0 0 0 0 0 0 27.12922
2011-03-24 AM 11 23 40 1:54:39 114.6628 35.6125 64.4 63.6716 107.3198 106.5354 105.751 72.8047 74.0934 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.3611 68.0981 67.8739 114.4276 109.2365 78.9549 88.9622 106.2948 115.4081 77.6283 82.5598 63.7853 73.1581 27.1242 0 26.1333 73.05 0.2455 0 0 0 0 0 0 13.44525
2011-03-24 AM 11 23 45 1:54:44 114.7462 35.6416 64.4 63.7276 107.3198 106.5354 105.6949 72.7487 74.0934 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.7058 68.3782 65.8568 66.0249 66.3611 68.0981 67.8739 114.4276 109.2365 78.9549 88.9622 106.266 115.4081 77.5706 82.7329 63.8141 73.187 27.1545 0 26.1636 73.05 0.2455 0 0 0 0 0 0 26.97954
2011-03-24 AM 11 23 50 1:54:49 114.8296 35.627 64.4 63.6716 107.3198 106.5354 105.6949 72.7487 74.1494 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.3611 68.0981 67.8739 114.3987 109.2365 78.9838 88.9911 106.2948 115.4081 77.4841 82.7329 63.8141 73.187 27.1848 0 26.1939 73.05 0.2455 0 0 0 0 0 0 26.82933
2011-03-24 AM 11 23 55 1:54:54 114.9131 35.6481 64.4 63.6716 107.3198 106.4794 105.6949 72.7487 74.1494 73.421 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.2662 65.8568 66.0249 66.3611 68.0981 67.8739 114.4276 109.2365 78.9838 88.9622 106.3525 115.4081 77.4264 82.6464 63.8141 73.1581 27.2 0 26.2091 73.05 0.2455 0 0 0 0 0 0 13.53429
2011-03-24 AM 11 24 00 1:54:59 114.9965 35.6416 64.4561 63.7276 107.3198 106.4794 105.6949 72.8047 74.1494 73.4771 66.4732 67.3697 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.8568 66.0249 66.3611 68.1541 67.8739 114.3699 109.2365 78.9838 88.9911 106.3525 115.3792 77.3687 82.6464 63.8141 73.187 27.2333 0 26.2394 73.05 0.2455 0 0 0 0 0 0 26.67965
2011-03-24 AM 11 24 05 1:55:04 115.0799 35.6966 64.4561 63.7276 107.3198 106.5354 105.6949 72.8047 74.2054 73.4771 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.4342 65.9128 66.0809 66.4732 68.1541 67.8739 114.341 109.2076 79.0126 89.0199 106.3236 115.3792 77.2822 82.531 63.8141 73.1581 27.2636 0 26.2697 73.05 0.2455 0 0 0 0 0 0 26.67965
2011-03-24 AM 11 24 10 1:55:09 115.1634 35.7161 64.4561 63.7276 107.3198 106.4794 105.6949 72.8047 74.2054 73.4771 66.4732 67.4257 68.4342 68.7704 69.6109 75.0459 67.0335 67.6498 68.3782 65.9128 66.0809 66.4732 68.1541 67.8739 114.3122 109.2365 79.0126 89.0199 106.3236 115.3792 77.2534 82.5022 63.8141 73.187 27.2788 0 26.2818 73.05 0.2455 0 0 0 0 0 0 10.5345
2011-03-24 AM 11 24 15 1:55:14 115.2468 35.7112 64.4561 63.7276 107.3198 106.5354 105.6949 72.8047 74.2054 73.4771 66.4732 67.3697 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.4342 65.9128 66.0809 66.4732 68.1541 67.8739 114.3699 109.2076 79.0126 89.0199 106.3236 115.3792 77.1957 82.6175 63.8141 73.187 27.3091 0 26.3121 73.05 0.2455 0 0 0 0 0 0 26.82985
2011-03-24 AM 11 24 20 1:55:19 115.3302 35.7549 64.4561 63.7276 107.3198 106.4794 105.6949 72.8047 74.1494 73.4771 66.4171 67.3697 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.4342 65.9128 66.0249 66.4732 68.1541 67.8739 114.3122 109.2365 79.0414 89.0488 106.2948 115.3792 77.1669 82.7329 63.8141 73.187 27.3424 0 26.3424 73.05 0.2455 0 0 0 0 0 0 26.37977
2011-03-24 AM 11 24 25 1:55:24 115.4136 35.7436 64.4561 63.7276 107.2638 106.4794 105.6949 72.7487 74.2054 73.4771 66.4732 67.3697 68.4342 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.9128 66.0809 66.4732 68.1541 67.8739 114.3122 109.1788 79.0414 89.0488 106.266 115.3792 77.1669 82.8483 63.8141 73.187 27.3576 0 26.3576 73.05 0.2455 0 0 0 0 0 0 13.38385
2011-03-24 AM 11 24 30 1:55:29 115.4975 35.7808 64.4561 63.7276 107.2638 106.4794 105.6949 72.8047 74.1494 73.4771 66.4732 67.4257 68.4342 68.7144 69.6109 75.0459 66.9214 67.6498 68.3782 65.9128 66.0809 66.4732 68.1541 67.8739 114.3699 109.2076 79.0703 89.0488 106.2371 115.3792 77.3399 82.7617 63.8141 73.187 27.3879 0 26.3879 73.05 0.2455 0 0 0 0 0 0 26.82985
2011-03-24 AM 11 24 35 1:55:34 115.581 35.7986 64.4561 63.7276 107.3759 106.5354 105.751 72.7487 74.2054 73.4771 66.5292 67.4257 68.4903 68.7144 69.6109 75.0459 67.0335 67.6498 68.3782 65.9128 66.0249 66.4732 68.1541 67.8739 114.341 109.2076 79.0703 89.0776 106.2948 115.3792 77.3976 82.6464 63.8141 73.187 27.4182 0 26.4182 73.05 0.2455 0 0 0 0 0 0 26.67965
2011-03-24 AM 11 24 40 1:55:39 115.6644 35.8051 64.5681 63.7276 107.3198 106.5354 105.751 72.7487 74.2054 73.4771 66.5292 67.4817 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.4342 65.9128 66.0809 66.4732 68.0981 67.8739 114.341 109.2076 79.0703 89.0776 106.266 115.3792 77.3976 82.5598 63.8141 73.187 27.4364 0 26.4303 73.05 0.2455 0 0 0 0 0 0 10.65425
2011-03-24 AM 11 24 45 1:55:44 115.7478 35.8374 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.2054 73.4771 66.5292 67.4257 68.4903 68.7704 69.6669 75.0459 67.0335 67.6498 68.3782 65.9128 66.0249 66.4732 68.1541 67.8739 114.3122 109.2076 79.0991 89.0776 106.2371 115.3504 77.3687 82.4445 63.8141 73.187 27.4667 0 26.4636 73.05 0.2455 0 0 0 0 0 0 29.1567
2011-03-24 AM 11 24 50 1:55:49 115.8314 35.7921 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.2054 73.421 66.5292 67.4257 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.3782 65.9128 66.0809 66.4732 68.0981 67.8179 114.3122 109.2076 79.128 89.0776 106.3236 115.3216 77.3111 82.358 63.8141 73.187 27.497 0 26.4909 73.05 0.2455 0 0 0 0 0 0 23.90324
2011-03-24 AM 11 24 55 1:55:54 115.9148 35.8115 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.2054 73.4771 66.5292 67.4257 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.3782 65.9128 66.0249 66.4732 68.1541 67.8739 114.3122 109.1788 79.128 89.0776 106.3236 115.3216 77.2534 82.3003 63.8141 73.187 27.5152 0 26.5061 73.05 0.2455 0 0 0 0 0 0 13.38385
2011-03-24 AM 11 25 00 1:55:59 115.9982 35.8342 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.2054 73.4771 66.5292 67.4257 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.4342 65.9128 66.0249 66.4732 68.0981 67.8739 114.341 109.1788 79.128 89.1064 106.3236 115.3504 77.3399 82.1849 63.843 73.187 27.5455 0 26.5364 73.05 0.2455 0 0 0 0 0 0 26.82933
2011-03-24 AM 11 25 05 1:56:04 116.0817 35.8488 64.4561 63.7276 107.3198 106.5354 105.751 72.7487 74.2054 73.4771 66.4732 67.4257 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.3782 65.9128 66.0809 66.4732 68.0981 67.8179 114.2834 109.1788 79.128 89.1064 106.3236 115.3504 77.4264 82.0696 63.8141 73.187 27.5758 0 26.5667 73.05 0.2455 0 0 0 0 0 0 26.52997
2011-03-24 AM 11 25 10 1:56:09 116.1662 35.8827 64.5681 63.7276 107.3198 106.5354 105.751 72.8047 74.2054 73.4771 66.5292 67.4817 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.4342 65.9128 66.0249 66.4732 68.0981 67.8739 114.2834 109.1788 79.128 89.1064 106.2948 115.3216 77.4264 82.0407 63.8141 73.187 27.5909 0 26.5818 73.05 0.2455 0 0 0 0 0 0 13.22121
2011-03-24 AM 11 25 11 1:56:11 116.1902 35.8876 64.4561 63.7276 107.3198 106.5354 105.751 72.8047 74.1494 73.4771 66.4732 67.4257 68.4903 68.7704 69.6669 75.0459 66.9214 67.6498 68.3782 65.9128 66.0249 66.4732 68.0981 67.8739 114.3122 109.2076 79.128 89.1064 106.3236 115.3216 77.3976 82.0696 63.843 73.2158 27.6061 0 26.597 73.05 0.2455 115.4652 109.7663 0.304863 106.7844 68.17358 33.28292 13.30876
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Data Analysis 

Raw data was analyzed to identify the performance of the panels with the operating 
conditions identified.  The results of each test are provided in the tables below.   

 
Figure 12  Radiant Heating Tube Panel 
 

 
Figure 13  Radiant Heating Manifold Panel (test stopped due to leaking panel) 
 

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1h 120 0.3 60 116.73 112.15 0.304 103.47 60.66 58.63 19.79
2h 120 0.3 64
3h 120 0.3 68 116.39 112.35 0.303 104.60 65.99 47.51 17.56
4h 120 0.3 70
5h 120 0.3 74 116.83 113.31 0.301 106.44 72.41 46.06 15.04
6h 80 0.3 68 74.41 74.12 0.335 73.69 66.75 42.75 1.41
7h 100 0.3 68
3h 120 0.3 68 116.30 112.43 0.310 104.47 67.32 37.94 17.16
8h 130 0.3 68
9h 140 0.3 68 133.83 128.62 0.302 118.42 68.53 49.57 22.47
10h 120 0.1 68 115.53 107.25 0.099 102.10 67.82 42.59 11.62
11h 120 0.2 68
12h 120 0.3 68 116.30 112.43 0.310 104.47 67.32 37.94 17.16
13h 120 0.4 68
14h 120 0.5 68 116.67 114.27 0.495 105.57 67.84 39.70 17.02

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1h 120 0.3 60 115.32 109.67 0.315 106.41 60.21 67.13 25.33
2h 120 0.3 64
3h 120 0.3 68 115.47 109.77 0.305 106.78 68.17 33.28 24.76
4h 120 0.3 70
5h 120 0.3 74
6h 80 0.3 68
7h 100 0.3 68
3h 120 0.3 68
8h 130 0.3 68
9h 140 0.3 68
10h 120 0.1 68
11h 120 0.2 68
12h 120 0.3 68
13h 120 0.4 68
14h 120 0.5 68
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Figure 14  Radiant Cooling Tube Panel 
 

 
Figure 15  Radiant Cooling Manifold Panel 
 

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1 58 0.5 70 58.09 58.97 0.513 63.38 70.03 38.02 -6.40
2 58 0.5 75 57.57 58.89 0.511 65.07 74.36 33.95 -9.62
3 58 0.5 80 57.43 59.50 0.498 68.18 80.27 32.24 -14.74
4 58 0.5 85 57.95 60.25 0.498 70.37 84.39 28.79 -16.43
5 50 0.5 78 50.13 52.81 0.495 63.61 77.51 27.74 -18.93
6 58 0.5 78 58.17 59.76 0.502 67.13 78.46 31.47 -11.40
7 68 0.5 78 68.00 68.72 0.497 72.47 78.17 33.89 -5.15
8 58 0.1 78 57.88 62.48 0.150 68.00 77.08 31.93 -9.79
9 58 0.2 78 58.32 61.38 0.205 67.74 77.46 37.56 -8.95

10 58 0.3 78 57.97 60.34 0.318 67.20 77.35 36.49 -10.76
11 58 0.4 78 58.24 60.16 0.406 66.93 77.37 35.98 -11.11
12 58 0.5 78 57.87 59.56 0.498 66.87 77.83 34.16 -12.01

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1 58 0.5 70 57.71 58.18 0.492 71.84 71.27 33.83 -3.34
2 58 0.5 75
3 58 0.5 80 58.74 59.62 0.504 80.13 79.65 31.74 -6.30
4 58 0.5 85 57.80 58.81 0.493 85.49 83.23 26.40 -7.14
5 50 0.5 78 49.96 52.39 0.518 62.26 77.42 26.65 -17.96
6 58 0.5 78 58.26 59.00 0.512 78.41 77.91 33.19 -5.42
7 68 0.5 78 68.35 68.74 0.505 77.65 77.08 29.16 -2.81
8 58 0.1 78 58.48 60.11 0.126 77.93 77.74 30.44 -2.93
9 58 0.2 78

10 58 0.3 78 58.39 59.37 0.312 77.69 77.71 33.18 -4.34
11 58 0.4 78
12 58 0.5 78 58.50 59.29 0.489 78.21 77.49 30.17 -5.53
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Figure 16 Convective Heating Tube Panel 
 

 
Figure 17  Convective Heating Manifold Panel 
 

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1h 120 0.3 60 115.87 107.97 0.277 96.49 60.88 30.51 28.21
2h 120 0.3 64 116.45 110.49 0.299 100.09 63.49 28.97 24.49
3h 120 0.3 68 117.01 111.45 0.314 101.40 65.98 28.09 24.91
4h 120 0.3 70 116.54 111.32 0.321 101.73 67.64 27.82 23.95
5h 120 0.3 74 116.41 111.27 0.296 102.95 73.44 41.90 21.59
6h 80 0.3 68 73.42 72.71 0.295 71.67 67.13 29.66 2.98
7h 100 0.3 68 107.03 101.90 0.295 93.06 66.56 27.82 21.65
3h 120 0.3 68 117.01 111.45 0.314 101.40 65.98 28.09 24.91
8h 130 0.3 68 125.05 117.85 0.293 106.74 66.33 27.46 30.16
9h 140 0.3 68 134.11 125.94 0.293 113.70 65.96 28.12 34.17
10h 120 0.1 68 114.60 102.81 0.111 95.87 66.24 37.52 18.83
11h 120 0.2 68 115.88 108.08 0.206 99.21 67.10 30.99 22.97
12h 120 0.3 68 116.11 110.84 0.300 101.00 66.95 38.83 22.77
13h 120 0.4 68 116.98 112.55 0.393 101.76 67.02 31.44 24.82
14h 120 0.5 68 115.42 112.13 0.508 101.14 67.43 41.87 23.82

Test 
Number

Water 
Inlet 

Temp. 
(oF)

Water 
Flow Rate 

(gpm)
Chamber 
Temp (oF)

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

1h 120 0.3 60 114.55 107.06 0.307 103.91 62.36 60.44 32.73
2h 120 0.3 64
3h 120 0.3 68 115.93 109.53 0.301 106.59 67.57 47.38 27.50
4h 120 0.3 70
5h 120 0.3 74 116.15 110.38 0.303 107.90 73.04 39.89 24.90
6h 80 0.3 68 73.97 73.13 0.304 72.13 66.26 57.68 3.67
7h 100 0.3 68
3h 120 0.3 68 115.93 109.53 0.301 106.59 67.57 47.38 27.50
8h 130 0.3 68
9h 140 0.3 68 132.01 123.18 0.298 120.02 67.65 59.47 37.55
10h 120 0.1 68 114.82 100.83 0.099 100.99 67.33 46.19 19.85
11h 120 0.2 68
12h 120 0.3 68 115.93 109.53 0.301 106.59 67.57 47.38 27.50
13h 120 0.4 68
14h 120 0.5 68 116.61 112.31 0.511 107.68 67.77 35.81 31.34
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Figure 18  Temperature Stratification Testing 
 

The following notes apply to raw data collection and data analysis: 

1. Where case 3h is shown in the water inlet temperature test group, it was repeated for 
some of the tests to measure variance and not repeated for others.  There was no 
significant difference in the result 

2. The setpoints for each test were the nominal condition desired for each test, in some cases 
the actual room temperature, supply water temperature, or flow rates varied. 

3. The average room temperature reported included all the wall and ambient air 
temperatures measured to better characterize the radiant environment. 

4. MRT temperatures were collected.  There was no significant difference between the 
MRT temperature and the bare RTD temperature near the MRT globe. 

5. Tests were not randomized – they were performed in the order shown. 

 

Discussion  

For the radiant heating tests, the performance of the panel was most strongly dependant on 
the delivered water temperature, then the chamber temperature, then the flow rate.  The flow rate 
is significant up to 0.3 gpm and then levels off.  At 0.3 gpm and 120 F delivered water 
temperature, expect 15 – 17 Btu/hr/ft2 heat flux or 510 to 600 Btu/hr for a 34 sq ft panel. 

 

Vertical Location, ft

Test Number

Avg 
Water 
Inlet 

Temp (oF)

Avg 
Water 
Outlet 

Temp (oF)

Avg 
Water 

Flow Rate 
(gpm)

Center of 
Panel 

Surface 
Temp (oF)

Average 
Chamber 
Temp (oF)

Average 
Room RH 

(%RH)
Heat Flux 
(Btu/hr/ft²)

0 1 2 3 4 5 6 7 8

6 Manifold Cooling 58.38 59.78 0.500 70.66 77.29 31.55 -9.93 76.80 77.52 77.56 77.40 77.48 77.56 77.48 77.49 77.19
6 Tube Cooling 58.16 59.78 0.506 67.05 77.25 31.35 -11.69 76.85 77.54 77.66 77.55 77.58 77.64 77.55 77.64 76.17
3h Tube Heating 115.72 112.21 0.323 104.36 68.81 36.75 16.20 68.23 67.54 67.74 67.83 68.11 68.49 68.76 69.30 74.32
3h Manifold Heating 115.47 109.77 0.305 106.78 68.17 33.28 24.76 66.02 66.33 66.73 67.26 67.82 68.42 68.71 69.52 74.69
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Figure 19  Effect of Chamber Temperature on Heat Flux for Tube Panel in Radiant Heating Mode 
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Figure 20  Effect of Water Inlet Temperature on Heat Flux for the Tube Panel in Radiant Heating 
Mode 
 

 
Figure 21  Effect of Flow Rate on Heat Flux for the Tube Panel in Radiant Heating Mode 
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In the cooling mode, flow rate is the most significant factor, followed by room temperature 
and then water inlet temperature.  At 0.5 gpm and 58 F delivered water temperature, the heat flux 
is -10 to -12 Btu/hr/ft2 (absorbed heat is negative) at a 78 degree room temperature.  That equals 
-340 to -408 Btu/hr for a 34 sq. ft. panel. 

 
Figure 22  Radiant Cooling Performance for the Tube Panel With Varying Room Temperatures 
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Figure 23  Radiant Cooling Results for the Tube Panel with Varying Water Inlet Temperature 
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Figure 24  Radiant Cooling Heat Flux for Tube Panel with Varying Water Flow Rate 
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A pure radiant environment is not likely in residential homes and some air flow can have a 
beneficial heat transfer affect.  Several tests were done on the heating performance of the tube 
panel with air flow of 100 cfm from the Sanyo mini-split fan operating on low speed.  The 
results show heating capacity can be increased from 17 to 25 Btu/hr/ft2 or about 50% when 
compared to the nominal value at 120 OF delivered water temperature at 0.3 gpm and a chamber 
temperature of 68 OF. 

 

 
Figure 25 Convective vs. Radiant Heating Performance 
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Finally, the stratification tests show very even room temperature in a purely radiant 
environment with slight variation at the floor and at the ceiling.  The radiant heating case shows 
the most increase above 7 ft. from the floor, rising 4 to 6 degrees.  With some convective air 
flow, it is anticipated that this variation will be reduced.  Figure 26, below, shows this variation. 

 
Figure 26  Temperature Stratification With Radiant Panels 

 

Results and Conclusions 

 

The radiant panels performed well in the laboratory testing.  The heat flux on the heating 
and cooling season tests fell in line with expectations and some increases in flow rate can 
improve panel performance at the expense of pumping power.  Results for each of the major test 
scenarios are provided in detail in the discussion section above.   

For the radiant heating tests, the performance of the panel was most strongly dependant on 
the delivered water temperature, then the chamber temperature, then the flow rate.  The flow rate 
is significant up to 0.3 gpm and then levels off.  At 0.3 gpm and 120 F delivered water 
temperature, expect 15 – 17 Btu/hr/ft2 heat flux or 510 to 600 Btu/hr for a 34 sq ft panel. 

In the cooling mode, flow rate is the most significant factor, followed by room temperature 
and then water inlet temperature.  At 0.5 gpm and 58 F delivered water temperature, the heat flux 
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is -10 to -12 Btu/hr/ft2 (absorbed heat is negative) at a 78 degree room temperature.  That equals 
-340 to -408 Btu/hr for a 34 sq. ft. panel. 

A pure radiant environment is not likely in residential homes and some air flow can have a 
beneficial heat transfer affect.  Several tests were done on the heating performance of the tube 
panel with air flow of 100 cfm from the Sanyo mini-split fan operating on low speed.  The 
results show heating capacity can be increased from 17 to 25 Btu/hr/ft2 or about 50% when 
compared to the nominal value at 120 OF delivered water temperature at 0.3 gpm and a chamber 
temperature of 68 OF. 

Finally, the stratification tests show very even room temperature in a purely radiant 
environment with slight variation at the floor and at the ceiling.  The radiant heating case shows 
the most increase above 7 ft. from the floor, rising 4 to 6 degrees.  With some convective air 
flow, it is anticipated that this variation will be reduced.   

The conclusions of this project are that the radiant panels have an acceptable heating and 
cooling heat flux capacity for field testing, but the manifold panel has design-related drawbacks 
that make it an unacceptable candidate for the field.  The tube panel produced an average heat 
flux of 16 Btu/hr/ft2 for the heating season and absorbed 11 Btu/hr/ft2 in the cooling season at 
nominal design conditions.  Increasing the water flow rate or modifying the delivered water 
temperature both increase system capacity at the cost of requiring larger chilled water storage 
volume or colder chilled water temperature and higher pumping power costs.  Higher heating 
season capacity can be achieved by increasing the hot water flow rate or temperature up to the 
limit of the water heater capabilities.  Using these techniques, the heating season heat flux can be 
increased to 22 Btu/hr/ft2 and cooling season heat flux can be increased to 18 Btu/hr/ft2.  Adding 
a convective element (100 cfm fan) in a room increases capacity up to 50% for heating when 
starting with nominal conditions and should have a similar beneficial effect for cooling. 
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