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INTRODUCTION 
 

Figure 1 shows a typical commercial implementation of an Isothermal Systems Research, Inc. (ISR) 
double-loop, two-phase spray cooling system. This system, utilized in a hybrid electric vehicle (HEV) 
automotive application could be designed to use 85ºC transmission oil to cool a heat exchanger on a 
second loop. The heat exchanger would function to condense the vapor back to liquid inside a sealed 
enclosure for continuous spray cooling of the power electronics. In Oak Ridge National Laboratory 
(ORNL) tests of this proposed system, 85ºC water/ethylene/glycol (WEG) was used instead of 
transmission oil. WEG has better thermal properties, which was the basis for selecting it over 
transmission oil. 
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Fig. 1.  Conceptual structure of an ISR spray cooling system. 
 

The ISR system test setup that uses spray cooling to cool the IGBTs of a SemiKron inverter, and a stand 
alone SemiKron inverter (82kW at 70°C) is shown in Fig 2. A sealed enclosure is required to house the 
heat exchanger for the vapor, as shown in Fig. 3. The heat exchanger in the test was cooled by a second 
loop that uses 85°C WEG. Note that because the ISR spray-cooling system requires a second independent 
cooling loop, the final inverter may well be inherently larger than the commercial inverter utilizing a 
single cooling loop with a heat exchanger. The ISR test setup was constructed by modifying a standard 
SemiKron inverter.  To accommodate the modifications it was necessary to remove the dc bus capacitors. 
The volume normally consumed by the capacitors was replaced by the hardware necessary for the spray 
nozzles. 
 
The test results shown later in this report indicate that because the heat exchanger inside the sealed 
enclosure was not sufficient to maintain a liquid/vapor equilibrium at high heat loads, the pressure 
increased and activated the pressure safety valve at a junction temperature of 113.5ºC and an enclosure 
pressure of 5 psig. The test results also show that the aluminum enclosure was the major cooling source, 
and not the WEG heat exchanger. The aluminum enclosure did not have any external thermal insulation; 
therefore, the air pulled across the enclosure by the exhaust fan actually produced a cooling effect on the 
enclosure. This testing environment is very different from the under-hood environment, which can reach 
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temperatures of 140°C. In short, the substitution of WEG for transmission oil and the active cooling 
provided by the aluminum enclosure caused the cooling conditions for the test to be better than conditions 
that would exist in a real automotive environment. 
 
Before the load test was initiated, the ISR test setup was placed inside an environmental chamber to 
obtain the collector-emitter voltage vs temperature curves for each insulated gate bipolar transistor 
(IGBT) under a very low predetermined test current (9 mA for a total of 18 IGBT chips).  
 

 
 

Fig. 2. ISR spray cooling system test setup with Semikron commercial inverter. 
 

 

 
 

Fig. 3. Heat exchanger consisting of six cooling tubes.  
 

The pressure gauge of the sealed enclosure was calibrated as shown in Fig. 4. To prepare the enclosure for 
testing, the air had to be evacuated from the chamber because of the flammable nature of the spray 
coolant. A7 psia vacuum was drawn down on the sealed container and then purged with nitrogen to 
14.7 psia. After three rounds of this procedure, a vacuum was drawn to 7 psia, and 3800 ml of cooling 
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fluid was released into the aluminum enclosure. Three additional rounds of vacuum/pressure purges were 
performed. As a final step, a vacuum was pulled to 7 psia and a 9-psia nitrogen purge was conducted. The 
inverter system was then ready for testing.  
 

 
 

Fig. 4. Calibration of pressure sensor with gauge. 
 
Figure 5 depicts the ORNL test arrangement during the load test of the ISR test setup. For safety 
considerations, the ISR test setup was placed inside a ventilation chamber with an additional half-inch-
thick piece of Lexan between the inverter and the safety-glass sash door. This arrangement was required 
to meet physical, chemical, and mechanical safety requirements. 
 

 
 

Fig. 5. Inverter placed inside the ventilation chamber. 
 

A dc chopper circuit, shown in Fig. 6, was used for simultaneously loading all the IGBTs in the three legs 
of the inverter. The temperature readings took place when the chopper provided zero load current to the 
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inverter. The chopper frequency was around 10 cycles per second with 90 ms on and 9.4 ms off. The 
IGBT temperature reading took place when the chopper current was off.  The IGBTs were heated during 
the 90 ms on time.  The very short 9.4 ms off time, during which the readings were made, did not cause 
significant cooling of the IGBTs. 
 

 
 

Fig. 6. The dc chopper used during testing. 
 
Figure 7 shows the arrangement of the upper spray nozzles. Eighteen nozzles were used to spray the tops 
of 18 IGBTs. A separate set of 18 nozzles (not shown) were provided to spray the bottoms of the IGBTs.  
The test was conducted with both sides actively cooled. 
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Fig. 7. Arrangement of upper spray nozzles. 
 
Figure 8 shows the two micropumps rated at 36V, 3A, which provided a maximum power rating of 100W 
and were used for pumping fluid through the upper and lower nozzles. Their corresponding filters and 
pressure sensors are also shown in Figure 8.  
 

 
 

Fig. 8. Two micropumps utilized for the upper and lower nozzles. 
 
Figure 9 shows the chopper current and the junction temperature traces during the test.  
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Fig. 9. Chopper current and junction temperature traces. 
 

The plot of temperature vs time and the projected stabilized maximum temperatures for 30A and 400A 
loads, respectively, are shown in Fig. 10. The projected maximum stabilized temperature, ,∞T  is 
estimated by Eq. (1): 
 
 )1()( /

00
CteTTTT −

∞ −−+=  , (1)  
 
where t is the time measured from the initial time corresponding to the initial temperature, 0T , and the 
time constant C is a constant.  Any error from the calculated quantity in Eq. (1) is caused by the fact that 
the junction is cooled through multiple layers of different materials. The junction thermal model is 
represented by a relatively complicated structure function.  Using Eq. (1) the projected maximum 
stabilized temperatures are 94.6°C and 113.5°C for the 300A and 400A loads, respectively. The test was 
halted during the 400A load test because the safety valve was actuated by the pressure built up inside the 
enclosure. 
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Fig. 10. Junction temperature and projected stabilized maximum temperature. 

 
Table 1 shows that during load situations not exceeding 400A, the WEG inlet temperature was higher 
than the WEG outlet temperature. This meant the 85°C WEG heat exchanger was not cooling the inverter 
and became a thermal load on the inverter. Only when the load was higher than 400A with a higher 
coolant temperature, and the release valve actuated, did the WEG heat exchanger start to cool the two-
phase coolant. 
 

Table 1. WEG temperatures, flow rates, and pressures for second-loop cooling 
 

Time [sec] WEG [gal/min] WEG outlet [C] WEG inlet [C] WEG ΔP [psi] 
1735 2.69 84.4 85.3 17 
2350 2.69 84.4 85.3 17 
2750 2.68 84.5 85.4 17 
2830 2.66 84.7 85.6 17 
3510 2.65 84.7 85.4 17 
3950 2.71 84.7 85.3 17 
4100 2.63 84.7 85.4 17 
5460 2.69 85 85.3 17 
6410 2.7 85.5 84.5 17 

 
Table 2 shows the cooling power of the WEG heat exchanger. The negative heat exchanger power 
confirms the previous assertion that the 85°C WEG heat exchanger became a thermal load to the inverter. 
The inverter relied strongly on the cooling provided by the huge aluminum enclosure located inside the 
ventilation chamber. Note that in a hybrid vehicle, the inverter is situated under the hood, where the 
dependency on the enclosure cooling may be problematic. The calculation example of the dissipation 
power of the WEG heat exchanger for the first data line of Table 2 is shown in the Appendix. 
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Table 2. Data for calculation of cooling dissipation power of the WEG heat exchanger 
 

Time 
(sec) 

Inlet 
(F) 

Outlet 
(F) 

Delta 
(ºF) 

Flow 
 

Liter/sec 

Spec 
heat 

(
Flb

BTU
°⋅

) 

Spec 
gravity 

 
(kg/L) sec/BTU

W
 

lb/kg 
Exchanger 

(W) 
1735 185.5 183.9 −1.6 0.1697 0.8575 1.044 1054 2.2 −563.6 
2350 185.5 183.9 −1.6 0.1697 0.8575 1.044 1054 2.2 −563.6 
2750 185.7 184.1 −1.6 0.1691 0.8575 1.044 1054 2.2 −561.6 
2830 186.1 184.5 −1.6 0.1678 0.8575 1.044 1054 2.2 −557.3 
3510 185.7 184.5 −1.3 0.1672 0.8575 1.044 1054 2.2 −451.2 
3950 185.5 184.5 −1.1 0.1710 0.8575 1.044 1054 2.2 −390.5 
4100 185.7 184.5 −1.3 0.1659 0.8575 1.044 1054 2.2 −447.7 
5460 185.5 185 −0.5 0.1697 0.8575 1.044 1054 2.2 −176.1 
6410 184.1 185.9 +1.8 0.1703 0.8575 1.044 1054 2.2 +636.3 

 
 
Table 3 shows the capabilities for IGBT cooling at various temperature differences between the IGBT 
junction and the low pressure refrigerant. The cooling reached approximately 34 W/cm² before the release 
valve was actuated. The projected maximum steady junction temperature at 403 A, 995 W is 113.5°C. 
There is no doubt that the current loading could go higher than 403A while maintaining a junction 
temperature of 125°C  if the pressure buildup inside the enclosure could be prevented by improving the 
second-loop cooling. 
 

Table 3. Capabilities for IGBT cooling 
 

Time 
(sec) 

dc 
(A) 

dc 
(V) 

Power 
(W) 

IGBT 
W/cm² 

IGBT 
ΔT°C 

Coolant 
fluid    

temperature 
(°C) 

Pumps 
(W) 

Upper 
nozzle 
psia 

Lower 
nozzle 
psia 

Container 
(psia) 

1735 302.8 2.09 686.96 23.6 11.58 55.4 99.75 45 44 13 
2350 302.2 2.08 682.36 23.4 12.78 66.7 98.7 45 44 14.4 
2750 302.1 2.08 681.14 23.4 17.73 72.0 94.15 45 45 15.2 
2830 405.6 2.27 1002.02 34.4 17.25 72.5 92.4 45 45 15.4 
3510 403.6 2.26 998.06 34.2 17.21 86.2 88.9 45 44 17.2 
3950 403.8 2.26 994.90 34.1 16.59 91.8 87.15 44 44 18.6 
4100 453.6 2.35 1165.10 40.0 18.77 93.0 92.05 45 44 18.7 
5460 510.8 2.45 1368.14 46.9 15.93 101.6 138.95 30.6 42 18.7 
6410 603.2 2.61 1721.38 59.0 13.54 102.4 134.05 29.3 40 18.3 

 
 
Table 4 shows the relationship between WEG inlet temperatures, low pressure coolant fluid temperatures, 
and total IGBT losses. To begin the test, 3800 ml of coolant fluid was placed in the unit. Enclosure 
pressure data indicate that the vapor started to escape at t= 3950 seconds. After the test, 3460 ml of 
coolant was recovered. 
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Table 4. WEG inlet temperatures, low-pressure coolant fluid temperature, and total IGBT loss 
 

Time 
(sec) 

WEG inlet 
(°C) 

Coolant fluid    
temperature 

(°C) 

Total IGBT loss 
(W) 

Cooling power of 
exchanger 

(W) 
1735 85.3 55.4 686.96 −563.6 
2350 85.3 66.7 682.36 −5763.6 
2750 85.4 72.0 681.14 −561.6 
2830 85.6 72.5 1002.02 −557.3 
3510 85.4 86.2 998.06 −451.2 
3950 85.3 91.8 994.90 −390.5 
4100 85.4 93.0 1165.10 −447.7 
5460 85.3 101.6 1368.14 −176.1 
6410 84.5 102.4 1721.38 +636.3 

 
CONCLUSIONS 

 
The ISR double-loop, two-phase spray cooling system was designed to use 85ºC transmission oil to cool a 
heat exchanger via a second cooling loop. The heat exchanger condenses the working fluid vapor back to 
liquid inside a sealed enclosure to allow for continuous spray cooling of electronics. In the ORNL tests, 
85ºC WEG, which has better thermal properties than transmission oil, was substituted for the transmission 
oil. 
 
Because the ISR spray-cooling system requires a second cooling loop, the final inverter might be 
inherently larger than inverters that do not require a second-loop cooling system. The ISR test setup did 
not include a dc bus capacitor.  Because the IGBT conduction test indicated that the ISR test setup could 
not be properly loaded thermally, no switching tests were conducted.  Therefore it was not necessary to 
attach external capacitors outside the test setup. 
 
During load situations not exceeding 400A, the WEG inlet temperature was higher than the WEG outlet 
temperature. This meant that the 85°C WEG heat exchanger was not cooling the inverter and became a 
thermal load to the inverter. Only when the load was higher than 400A with a higher coolant temperature 
and the release valve actuated did the WEG heat exchanger start to cool the 2-phase coolant. The inverter 
relied strongly on the cooling of the huge aluminum enclosure located inside the ventilation chamber. In a 
hybrid vehicle, the inverter is situated under the hood, where the dependency on cooling provided by the 
enclosure may become a problem. 
 
The IGBT power dissipation with both sides being spray cooled was around 34 W/cm² at 403A, with 
995W total IGBT loss at 113.5°C projected junction temperature before the release valve was actuated.  
The current loading could rise higher than 403 A before reaching the 125°C junction temperature limit if 
the pressure buildup inside the enclosure could be prevented by improving the secondary cooling loop.  
This 34 w/cm2 was an average across all dies. 
 
There is no doubt that the cooling capability of the ISR spray-cooling test setup can be improved by 
(1) lowering the WEG inlet temperature from 85°C to say 70°C, this would condense the vapor better and 
lower the container pressure, (2) modification of the vapor condenser inside the container to cool both the 
vapor and the liquid of the 2-phase coolant,  in the present setup only the vapor is cooled by the condenser 
inside the container, and (3) lower the liquid temperature through (1) and (2) to avoid the vaporization 
that causes cavitations in the pump for ensuring the pump’s life expectance.  
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APPENDIX 
 

Example for Calculation of Cooling Power of WEG Heat Exchanger 
 
The specific gravity and the specific heat capacity for the 50% water ethylene glycol coolant solution at 
various temperatures are given as follows. 
 

Specific gravity of 
ethylene-glycol–based 

water solutions SG  
(% by volume) 

(kg/L)  

Specific heat capacity 
of ethylene-glycol–

based water solutions 
(Btu/lb⋅°F) 

Temperature  
(°F) 

50% by 
volume  

Temperature  
(°F) 

50% by 
volume 

−40    −40   
0 1.1  0 0.78 

40 1.088  40 0.795 
80 1.077  80 0.815 

120 1.064  120 0.832 
160 1.05  160 0.85 
200 1.038  200 0.865 

 
The cooling power of the WEG heat exchanger can be calculated through the following equation:  
 
(WEG outlet temp – WEG outlet temp) × flow × specific heat × specific gravity × W/BTU/sec × 

lb/kg = exchanger (W). 

For an example, substituting the values of the first data line of Table 2 into the equation gives 
 

(183.9°F–185.5°F) × 0.1697
sec

Liter
 × 0.8575

Flb
BTU

°⋅
 × 1.044

Liter
kg

 × 1054
sec/BTU

W
 × 2.2

kg
lb

 =  −563.6 W. 
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