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Cooperative Research and Development Final Report

Report Date: August 27, 2020

In accordance with requirements set forth in the terms of the Cooperative Research and
Development Agreement (CRADA), this document is the final CRADA report, including a list
of subject inventions, to be forwarded to the U.S. Department of Energy (DOE) Office of
Scientific and Technical Information as part of the commitment to the public to demonstrate
results of federally funded research.

Parties to the Agreement: John Deere Electronic Systems, Inc. (JDES) (formerly John Deere
Electronic Solutions)

CRADA Number: CRD-15-00592

CRADA Title: Two-Phase Cooling for High Packaging Density Planar Inverter

Responsible Technical Contact at Alliance/NREL:

Kevin Bennion | Kevin.Bennion@nlr.gov

Name and Email Address of POC at Company:

Brij Singh | SinghBrijN@JohnDeere.com

Sponsoring DOE Program Office(s):

U.S. Department of Energy Office of Energy Efficiency and Renewable Energy, Vehicle
Technologies Office, Electric Drive Technologies Program

Joint Work Statement Funding Table Showing DOE Commitment:

Estimated Costs NREL Shared Resources
a/k/a Government In-Kind
Year 1 $60,000.00
Year 2 $60,000.00
Year 3 $60,000.00
TOTALS $180,000.00
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Executive Summary of CRADA Work:

The project objective was to utilize two-phase heat transfer to enable compact and power-dense
inverters. The high heat transfer capacity and near isothermal characteristics of two-phase
cooling can enable higher power densities, reducing the size and cost of the power electronics
system. This project focused on developing efficient, passive (no pump or compressor) two-
phase cooling strategies that consist of an air-cooled condenser and evaporator.

This report describes the modeling work conducted to design the evaporator and air-cooled
condenser for a prototype inverter development work underway in the John Deere. Prototypes of
the final evaporator and condenser designs were then fabricated via 3D printing for testing.
Experiments on the evaporator confirmed that this component can meet the heat load and
junction temperatures requirements for Si IGBT (insulated-gate bipolar transistor) inverter.
Experiments with the air-cooled condenser were not possible due to leaks through the condenser
walls.

Summary of Research Results:

This report contains Protected CRADA Information, which was produced on 08/27/2020 under
CRADA No. CRD-15-00592 and is not to be further disclosed for a period of five (5) years from
the date it was produced except as expressly provided for in the CRADA.

Task 1: Evaluate two-phase cooling of JDES’s planar inverter via modeling

The National Renewable Energy Laboratory (NREL) conducted finite element analysis (FEA) to
model two-phase cooling of the Si IGBTs to be used in the prototype of JDES’s inverter. The
objective was to evaluate the feasibility of using boiling heat transfer (two-phase cooling) to cool
the inverter’s power devices, e.g. Si IGBTs. The FEA modeled one switch (due to symmetry)
and included all the package/ substrate layers, including the interface layers (solders and thermal
grease), and imposed heat transfer coefficients (HTCs) on the boiling surface to simulate boiling
heat transfer. The boiling HTCs were varied to evaluate the effect of the two-phase cooling
performance on the total heat dissipated. At each HTC value, the IGBT and diode heat values
were adjusted to reach a maximum junction temperature of 150°C. The thermal modeling results
were used to compute the HTC requirements to achieve the heat dissipation target value.

Figure 1 shows the normalized heat dissipated (heat / target heat) at various boiling HTC values.
Normalized heat values greater than one indicate that the condition exceeds the target heat
dissipation. The results show that HTC values >45,000 W/m?-K can achieve the desired heat
dissipation. This level of performance is well within the measured HTCs for boiling heat transfer
(see Task 2 results). Moreover, the use of a copper substrate enables slightly higher heat
dissipation as compared to using aluminum.
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Figure 1. The normalized heat dissipation (heat / heat target) versus the evaporator boiling HTC.
Copper and aluminum substrate materials were evaluated.

Task 2: Select the refrigerant for the two-phase cooling system

Refrigerants HFC-134a, HFC-245fa, HFO-1234yf, HFE-7100, and FC-72 were evaluated to
determine the best coolant for this application. Boiling heat transfer performance (HTC and
critical heat flux [CHF]), pressure versus temperature relationship, and refrigerant safety were
factors considered when selecting the refrigerant. Figure 2 shows the CHF versus temperature
curves for the five refrigerants. The graph on the left is the performance on smooth (plain)
copper surfaces. The graph on the right uses a microporous boiling enhancement coating. As
shown, the use of the coating significantly increases the CHF (i.e., the maximum heat flux that
can be dissipated in the nucleate boiling regime) by 50%-140%. HFC-245fa was selected due to
its relatively lower pressure and higher CHF at the expected operating temperature ranges (80°C-
100°C).
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Figure 2. CHF values for six refrigerants at various saturated temperatures. Plain surface CHF
values are shown on the left, and microporous-coated surface CHF values are shown on the right.
A scanning electron microscopy image of the microporous boiling enhancement coating is
provided.

Figure 3 shows HFC-245fa boiling HTCs measured on plain and microporous-coated surfaces.
As shown, plain surfaces can produce HTCs approaching 45,000 W/m?-K while the use of
microporous-coated surfaces yields HTCs >100,000 W/m?-K.
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Figure 3. HFC-245fa boiling HTC versus heat flux for plain and microporous-coated surfaces.
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Task 3: Design and optimize the thermal performance via modeling
Evaporator Design

The evaporator (boiling component) was designed using FEA thermal modeling to dissipate the
target heat load while keeping junction temperatures <150°C. Designing the evaporator to
operate below the CHF was a challenge for this project due to the device’s high heat flux.
Various evaporator concepts were developed to spread heat and decrease the heat flux at the
boiling surface to operate below the CHF limit. The various concepts listed in Tables 1 and 2
were modeled using FEA. Table 1 shows the results for the plain evaporator while Table 2 shows
the results for the microporous-coated evaporator. Representative HTC values from Figure 3
were imposed as boundary conditions to simulate boiling for plain and microporous-enhanced
evaporators. Maximum heat loads were imposed to the devices (volumetric heat generation) to
compute the maximum junction temperatures and boiling surface heat flux values. The boiling
surface heat flux values were computed as the directional heat flux values normal to the boiling
surface and were compared against experimentally measured CHF values (Figure 2). As shown
in Table 1, the initial baseline case was predicted to produce heat flux values that were ~4 times
greater than the CHF target value (well above the CHF limit, thus not a viable design).

Table 1. Normalized heat flux values computed at the evaporator’s boiling surface and maximum
junction temperatures for various evaporator designs. The results are for a plain (no boiling
enhancement coating) evaporator.

5

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications.


http://www.nlr.gov/publications

Table 2. Normalized heat flux values computed at the evaporator’s boiling surface and maximum
junction temperatures for various evaporator designs. The results are for an evaporator with
microporous boiling enhancement coating.
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Figure 4 shows the results of a study to optimize the dimensions of Evaporator Design 1.
Increasing the height for Design 1c is predicted to decrease the heat flux values. Only Design 3e
combined with the microporous coating is predicted to operate below the CHF. This design was
fabricated and tested (see Task 4). A Record of Invention (NREL ROI-18-17) was submitted for
the evaporator concept developed in this project.
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Figure 4. Normalized heat flux values versus the normalized height for Evaporator Design 1. The
result for the initial baseline design is also provided for comparison.

Condenser Design

Computational fluid dynamics was used to design the air-cooled condenser to dissipate the
required heat load and minimize the condenser size. Various condenser concepts were developed
to identify the most viable concept. Table 3 lists the four condenser concepts that were evaluated
for size, pressure drop, amount of heat rejection, ease of fabrication, and level of refinement.
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Only Concepts 2 and 3 were predicted to meet the heat dissipation, size, and pressure drop
requirements. Concept 3 was selected because its design is believed to be more suited for current
fabrication methods.

Table 3. Summary of the four condenser concepts that were evaluated.

1 Yes N/A No 4 1

2 Yes Yes Yes 5 2
3 Yes Yes Yes 3 3
4 No N/A N/A 1 1

Variations of Concept 3 were modeled to predict their thermal performance. The pressure drop
versus flow rate characteristics from a commercially available, low-profile axial fan were
imposed in the computational fluid dynamics model as a fan boundary condition. The flow rate
was then dictated by the condenser pressure drop and fan performance. Figure 5 plots the
predicted performance for variations of Concept 3 along the fan curve. A Record of Invention
(NREL ROI-17-107) was submitted for the air-cooled condenser concept developed in this
project.

10
o)
© o9
o
(]
% 0.8
&8
= 0.7
Qs
0 c
E,‘E 06
0 e
€35 g5
g -
- X
©
g £ 0.4
g3
ES o
o S
Z T
@ 02
>
&
0.1
2
o
0.0
0.0 0.2 0.4 06 0.8 10

Normalized Flow Rate (flow rate / maximum fan flow rate)

Figure 5. Computational fluid dynamics-predicted operating points for various condenser
concepts plotted along the fan pressure versus flow rate curve.
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Task 4: Experimentally characterize the thermal performance of the two-phase cooling
system

Evaporator Experiments

Prototypes of the final evaporator design were 3D printed to experimentally confirm the
modeling results. Two evaporator prototypes were 3D printed out of copper using a selective
laser sintering technique (Figure 6). A copper microporous boiling enhancement coating was
applied to one prototype, and the other was left uncoated (plain). The coating was fabricated by
Celsia Inc. and was applied by sintering micrometer-sized copper particles to the boiling surface.

Figure 6. 3D printed evaporator prototypes (Photo Credit: Gilbert Moreno, NREL)

An apparatus was designed and fabricated to test the performance of the two evaporators (Figure
7). A liquid (water-ethylene glycol [WEG])-cooled aluminum condenser was fabricated and used
to evaluate the evaporator performance. The condenser was used to condense vapor to a fluid
that drained back to the evaporator via gravity. An aluminum manifold was fabricated and
located between the evaporator and condenser. The manifold connected the evaporator to the
condenser and contained multiple threaded ports. The threaded ports were used to install
thermocouples to measure the refrigerant vapor and liquid temperatures, an absolute pressure
transducer to measure vapor pressure, a pressure relief device, and a charging port.
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Figure 7. Images of the two-phase cooling system that consists of an evaporator and condenser
(Photo Credits: Gilbert Moreno, NREL).

Resistance heaters were used to simulate the devices for these experiments. The resistance
heating system consisted of two ceramic heaters (one IGBT heater and one diode heater) and a
heater support structure. The support structure also provided thermal insulation and was
fabricated from 3D printed Ultem and machined Vespel materials (Figure 8). FEA thermal
modeling was used to design the resistance heating system to minimize heat losses and to ensure
that all materials operated within allowable temperature limits.
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Figure 8. CAD drawing of the resistance heating system (left) and FEA-computed temperature
contours of the heater support structure.

9

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications.


http://www.nlr.gov/publications

Experiments were first conducted to evaluate the effect of the refrigerant (HFC-245fa) quantity
(total fluid volume) on evaporator heat dissipation. Figure 9 plots the normalized heat (heat over
the target heat) versus the HFC-245fa volume. The results show that a small quantity of fluid
(~20 mL) is required to dissipate the required heat load.
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Figure 9. Normalized heat versus HFC-245fa liquid volume.

Figure 10 plots the normalized heat versus the condenser WEG inlet temperature. The WEG
temperature sets the initial refrigerant (vapor and liquid) temperature of the system. Tests were
conducted at WEG inlet temperatures of 25°C, 40°C, and 50°C. The results show that increasing
the WEG temperature enables higher heat dissipation. This effect is a result of an increase in
CHEF at higher pressures. Figure 10 also plots the normalized heat versus the heat ratio. The heat
ratio is defined as the IGBT heat over the diode heat. As expected, more heat can be dissipated
when the heat is more evenly distributed between the two heaters (i.e., heat ratio = 1).
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Figure 10. Normalized heat versus WEG inlet temperature (left) and normalized heat versus IGBT-
to-diode heat ratio (right).
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Condenser Experiments

The air-cooled condenser design (Concept 3, Table 3) was fabricated out of aluminum via 3D
printing (Figure 11). The condenser and the evaporators were to be assembled together to test the
thermal performance of the entire two-phase cooling system (evaporator and air-cooled
condenser). However, several leaks were detected on the condenser during initial hydrostatic
pressure qualifications that prevented any further tests. The leaks are associated with 3D metal
printing limitations that can form porous structures. NREL’s air test bench would have been used
to provide the air flow across the air-cooled condenser (Figure 11). Both parties agreed it was
acceptable to discontinue work on this element due to time and funding limits.

air manifold

N . ——— .3 e

=S —
o

Figure 11. Images of the 3D printed, air-cooled condenser with attached air manifold (left) and air
test bench to conduct the experiments (right) (Photo Credits: Gilbert Moreno, NREL).

Subject Inventions Listing:

None
ROI #:
NREL ROI-18-17 Evaporator for Passive Two-Phase Cooling of Concentrated Heat Sources

NREL ROI-17-107 Compact Air-Cooled Condenser
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