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ABSTRACT

The development of the Navy integrated Power and Energy Corridor (NiPEC) involves the
deployment of modular, self-contained universal converter units known as the integrated Power
Electronics Building Blocks (iPEBB). An iPEBB unit sees primary heat generation through four
rows of MOSFET switches and a transformer, which produce 9600W and 1100W of waste heat
respectively. In response to the Navy's prohibition of direct liquid cooling, indirect liquid cooling,
which sees the iPEBB unit in dry contact with a liquid-cooled cold plate, has been chosen as a
potential thermal solution. A half-IPEBB thermal model was created and tested in steady state
using computational fluid and thermal simulation. The chosen cold plate design using a flow rate
of 8.4 gpm and inlet temperature of 25°C was found to reduce MOSFET temperatures to a
maximum of 148°C, providing 2°C of margin to operational limits. Heat pipes were explored to
counter the high temperatures (>100°C) seen within the ferrite transformer core, resulting in highs
between 82°C and 118°C for the range of possible ferrite thermal conductivities. This preliminary
analysis confirms the viability of indirect liquid cooling for the MOSFET switches of the iPEBB
unit and provides insight into the design of the cooling solution for the transformer core. These
findings will inform the requirements of the system-level cooling solution and offer a reference
for future experimental testing of the iPEBB unit.
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1. Introduction

The past century has seen rising naval ship capabilities push the requirements of onboard
power demands, with the United States Navy estimating that the current typical ship output of
10MW will multiply to over 80MW within the next half century [1]. In order to meet the rising
demands of next-generation technologies, the Navy is pursuing the development of an electric
naval force. The goal is to produce a framework for an electric ship that improves power
distribution and capacity while lowering the maintenance and manpower demands of current
vessels. Through the Office of Naval Research (ONR), the Electric Ship Research and
Development Consortium (ESRDC) has worked to achieve this goal through the development of
integrated electronic power systems [2].

Current work has been focused on the Power Electronic Power Distribution Systems
(PEPDS), which aims to create a robust electrical system that utilizes modern high-power
components to supply both AC and DC signals to wherever they are needed throughout the ship
[3]. By accommodating all potential types of electrical loads, PEPDS will allow for the
consolidation of ship energy systems into one inter-connected network, enabling redundancy
between zones. The PEPDS framework seeks to capitalize on this robustness to create a universal,
scalable power corridor known as the Navy integrated Power and Energy Corridor (NiPEC), which
will house all main electrical distribution and conversion components. Future ships will be
designed from the onset to accommodate this corridor, allowing for critical bus components to be
placed in locations that reduce the complexity of inter-zone connections and ensure survivability.

NiPEC is designed to consist of stacks of modular subunits called the Navy integrated
Power Electronics Building Block (iPEBB). The iPEBB is designed to be a power-dense, self-
contained, replaceable unit capable of providing universal power conversion needs when grouped
with other iPEBB units [4]. This methodology greatly improves the resilience of the ship’s
electrical system, as multiple subsections of the corridor will be capable of meeting the power
demands of any failed section. At a section level, relying on multiple iPEBBs ensures that the
failure of any one unit does not completely eliminate power distribution to the connected
components. The plug-and-play design of the iPEBB also allows for quick and easy replacement
of any unit by the ship’s crew, reducing the complexity of system repairs.

In order to meet the robust distribution and conversion requirements, the iPEBB makes use
of high-power semiconductors that produce 9.6kW of heat loads that must be regulated in order to
maintain critical electronics below 150°C [4]. In addition, a high-frequency transformer with heat
losses of 1.1kW must also be managed. Cooling the iPEBB presents a significant thermal
challenge, as the easily removable nature of the unit has resulted in Navy prohibitions on traditional
direct liquid cooling methods. Recent work has identified indirect liquid cooling through a
detached cold plate as a potential thermal solution [5]. This design would allow for a leak-proof,
liquid-driven heatsink that does not contribute to the weight of the iPEBB unit.

This study will seek to investigate the feasibility of an indirect-liquid cooling solution for
the iPEBB unit. A cold plate design derived from a previous thesis will be used. A thermal model
of the iPEBB with its cold plate will be created for the usage of computational fluid and thermal
analysis in Solidworks Flow Simulation. The goal is to determine the cooling performance under
worst-case loads and varying levels of physical contact between the cold plate and iPEBB surface.
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The results from this analysis will be used to inform the thermal requirements of future design
iterations as well as offer a baseline for experimental validation of the cooling solution.

The remainder of the thesis will be organized as follows. First, section 2 will give an
overview of the functionality and purpose of the iPEBB, as well as provide context for its various
subcomponents. Next, section 3 will explore the construction of the iPEBB thermal model and
review the steps taken to ensure the accurate portrayal of the unit. Section 4 will contain images
and tables of the simulation results as well as a discussion of the implications of the data. Lastly,
Section 5 will summarize the findings of this research and provide insight into next steps for the
thermal analysis of the iPEBB.

2. Background

In order to ensure high quality results, it is critical to accurately capture the thermal
properties and behaviors of the iPEBB and its components. This section will provide an overview
of the assumptions and thermal requirements of the relevant heat-generating electronics, as well
as those of bodies that influence the flow of heat in the system.

2.1 iPEBB

The current design of the NiPEC architecture calls for the usage of “rack” configurations,
where iPEBB units are stacked vertically in order to achieve the number required for a given
subsection’s power demands. Similar to a computational server storage rack, iPEBB units are
designed to be removable and replaceable in the case of failure or required maintenance. In order
to achieve ease of handling, the weight of the iPEBB is restricted to a maximum of 35 lIbs.
Similarly, the external footprint of the unit is designed to allow for quick maneuvering through
naval ship corridors, with the current iteration having outer dimensions of 550mm x 300mm x
100mm, as shown in Figure 1.

Navy iPEBB V3

Figure 1: (Left) Isometric view of the Navy iPEBB. Exterior casing dimensions shown in
mm. (Right) Depiction of iPEBBs in a stacked “rack” configuration. Number of iPEBBs
and stacks can be scaled to meet the power demands of the specific subsection of the ship.
Planned mounting and cooling hardware are not depicted in the image [4].



The dominant sources of heat generation within the iPEBB consist of 96 MOSFET
switches and 1 high-frequency transformer, resulting in a total waste heat generation of
approximately 10.7kW. A cross section view of the iPEBB internals can be seen in Figure 2. Due
to restrictions on direct liquid cooling, the current design relies on the solid conduction of heat
through the iPEBB baseplate, also known as the common substrate, to the outer top and bottom
surfaces of the unit, which act as the de facto heatsinks for the assembly. The iPEBB must be able
to maintain components under their maximum temperature limits in order to prevent performance
throttling and potential electronic damage. With the high-stakes wartime scenarios that connected
loads will experience, reduced performance is not an option. In order to adequately meet thermal
requirements, this study will use the previously proposed concept of indirect liquid cooling, which
consists of a fluid-chilled cold plate in direct contact with the outer iPEBB surfaces. The presence
of a regulated low-temperature heatsink aims to improve the flow of heat through solid conduction
and ensure sufficient temperature margin for the critical heat-producing components.

The main limitations faced in iPEBB cooling are currently unit weight and size
requirements. The current iPEBB iteration weighs 31 Ibs without the inclusion of thermal
management hardware, leaving less than 4 Ibs of on-unit weight for a cooling solution [4]. In
addition, the chosen heatsink solution must be of reasonable size to maintain the ease of handling
by human operators, as well as not interfere with current plans for the aforementioned rack
configuration. It is preferred that the development of a cooling solution does not require any weight
reduction or major design overhaul to the current iPEBB unit. The following subsections will go
into further detail regarding the thermal characteristics and limitations of the components within

the iPEBB.

Rack Level
Cooling

Figure 2: Top cross-section view of an iPEBB half-shell with the regions containing the
main heat generating components highlighted (SiC MOSFET switches/bridges in red and
blue, transformer in orange). The iPEBB consists of two symmetrical shells mirrored
vertically about the yellow dotted line. The geometry and heat loads of the top and bottom
subassemblies are identical. The two outer surfaces of the substrate shells, labeled in cyan,
are designed for conduction to the rack-level cooling solution, which for this study consists
of an aluminum cold plate through a thermal interface pad [4].
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2.2 8SiC MOSFET Bridges

The electrical layout of the iPEBB utilizes silicon carbide (SiC) MOSFET switches situated
on the inside surface of the common substrate. Each MOSFET has a surface footprint of lcm x
Icm, with the base of the component being mounted to the substrate through a sintered-silver
connection of less than 30% porosity. Each half of the iPEBB unit contains 48 MOSFET switches
in a two-row layout, with a spacing of 2cm between each unit. The MOSFET configuration can be
seen in Figure 3. As both halves of the iPEBB are identical, there are a total of 96 MOSFET
switches in the unit.

80 60 60|60 60 60 60 60 B0
Half-Bridge

mim

Qf

)| () NS NGNS (.

De-link Capacitors

}
7

00 00 |EME
T O
i are die

Figure 3: Top view of the iPEBB half-substrate with the SiC MOSFET switches shown
in a two-row configuration. There are 48 switches mounted onto the substrate, with the
other mirrored half of the iPEBB containing an additional identical set [6].

The MOSFET switches dissipate waste heat when in operation, and for the iPEBB unit are
estimated to produce a worst-case load of 100W each under full load. This includes the maximum
estimates for both conduction and switching losses, both of which will be considered
simultaneously for this study as the goal is to safely ensure adequate thermal margin under the
edge cases. This translates to 4800W of MOSFET losses per iPEBB half, or 9600W for the entire
unit. The maximum component temperature limit to prevent damage to the SIC MOSFET switches
is 180°C; however, for this study a safety margin of 30°C will be applied, resulting in a model
upper limit of 150°C. Due to the quantity of MOSFET switches and their close proximity to one
another, it is likely that the heat generated by each MOSFET will overlap with those around it,
resulting in the units experiencing concentrations of high heat flux. As the MOSFETs are restricted
to using conduction as the direct form of heat transfer, this will require strong cooling from the
proposed cold plate to ensure that component temperatures can be managed.
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2.3 Transformer

The second source of notable heat generation within the iPEBB is the high-frequency
transformer. The current electrical layout contains one transformer per iPEBB unit, which consists
of a Ferrite N49 core, copper coils, and an insulating mica sheet. The transformer is also split into
two identical halves, with each being mounted directly to an iPEBB half-substrate and separated
by the insulating sheet. For each transformer half, the ferrite core is built from a rectangular base
of dimensions 150mm x 110mm x 23mm and two cylindrical cores of diameter 50mm and height
23mm. The coils consist of 6600/46 AWG litz wire with a silk sleeving and are mounted to the
insulating sheet. An overview of the transformer geometry is shown in Figure 4.

Semi-conductive or
conductive pamnt/gnd

1

Insulating sheet
(mica, ceramic)

\

Core tied to
primary potential

Primary winding

Core tied to

_ Secondary winding
secondary potential

Figure 4: Overview of the current iteration of the iPEBB transformer. The top and bottom
faces of the rectangular core are mounted directly to both inside iPEBB substrate surfaces.
Note that the copper windings are mounted to the insulating mica sheet, and do not come
into direct contact with the core material on either half [7].

The heat losses from the transformer can be split between those of the cores and coils, with
both being considered secondary to the cumulative losses of the MOSFET switches. The
transformer core dissipates 80W in each rectangular base and 30W in each cylindrical body,
resulting in a total transformer core generation of 280W. Cooling for this load will be split evenly
between the two substrate heatsinks. The temperature limits to be used for the N49 ferrite core are
performance driven, as an optimal range in transformer efficiency exists at core temperatures
between 60°C and 80°C, and losses rise exponentially at core temperatures over 100°C [8]. Each
of the four transformer coil windings dissipates 200 W, resulting in 800 W of heat for the iPEBB.
For the coils, the copper itself'is only limited by its melting point of 1085°C, however the insulating
materials of the litz wire have an upper temperature limit between 125°C and 175°C, with 125°C
representing the conservative limit.



The current mounting design for the transformer coils to the rest of the iPEBB system
remains to be determined; however, it is known that the coils will be directly mounted onto the
mica sheet, which will also be in direct contact to the two transformer cores. The extremely low
thermal conductivity of the mica sheet (k;,icq = 0.75 W/m-K) results in negligible heat flow
between the transformer core and coils. The primary method of cooling the transformer coils will
be dependent on further design of its integration with the rest of the iPEBB system and common
substrate. Due to insufficient information regarding the cooling path for the coils, this project will
omit the losses generated within the coils and limit its scope to the cooling of the MOSFET
switches and transformer core. Future work will investigate cooling solutions for the transformer
coils.

2.4 Common Substrate

The two halves of the iPEBB unit are built upon a base panel known as the common
substrate. This base is formed by alternating sheets of copper and Risho, a dielectric epoxy resin
composite that will be referred to by its manufacturer’s name. The copper layers serve to disperse
heat generated from the electronics, whereas the Risho layers are required to ensure voltage
isolation. A breakdown of the layer composition with layer thicknesses can be found in Figure 5.
The outer surface of the “bottom copper” layer will be in direct contact with the indirect liquid-
cooling cold plate.

As a whole, the substrate provides mechanical integrity to the iPEBB and plays a crucial
role in the cooling of the components. Due to the lack of cooling medium inside the iPEBB, all of
the waste heat generated will flow through the common substrate and to the cold plate mounted on
the outer side. The heat flow through the Risho layers poses the largest challenge with the common
substrate, as its low thermal conductivity (10 W/m-K) compared to the copper layers (398 W/m-
K) will serve as the main source of thermal resistance through this body.

Top Cu, 0.4 mm
Risho 1, 120 ym

Mid Cu, 2 mm
Risho 2, 120 ym

/ BotCu, 2 mm

Figure 5: Exploded view of the iPEBB common substrate with layer thicknesses noted.
The “bottom copper” and “Risho 2” layers extend to cover the length of the iPEBB.
MOSFET switches are mounted to the upper face of the “top copper” layer. The
transformer core is mounted to a second, detached, “middle copper” layer that is located to
the side of the one shown [4].
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2.5 Thermal Interface Pad

In order to improve heat flow between the common substrate and cold plate cooling
solution, a thermal interface pad of PGS graphite will be attached directly to the shared surface.
When any two solid materials are in contact, surface imperfections at the microscopic level result
in the formation of voids that reduce the true contact area for heat to flow, creating a non-negligible
thermal resistance. PGS graphite sheets act as a filler, being able to deform to occupy these voids
and subsequently reduce the thermal resistance of the interface. This is important for the successful
cooling of the iPEBB as reducing the thermal resistance from the heat-generating units to the cold
plate will improve heat flow and result in lower maximum electronic temperatures. A
demonstrative depiction of PGS graphite in this use-case is shown in figure 6.

2)Thermal Interface

Heat sink Heat sink

Decreasing the thermal resistance — )
and diffusing the heat e PGS Graphite sheet
Package
PGS Graphite sheet L ——
— — Heat source
N e S §

| __ Without PGS
' T i
1

Package ’ With PGS

M The peak temperature
drops
; Surface temperature of
Figure 6: Vendor illustration depicting the benefits of employing a PGS graphite sheet to
decrease thermal contact resistance [9].

%

! the package

The effective thermal conductivity of the PGS sheets, in the direction normal to the contact
surfaces, varies with the pressure that is applied on them. Recent work investigating the thermal
properties of this material depicts the relationship between pressure and thermal conductivity in
Figure 7. The current design for the iPEBB rack mounting mechanism will apply a compressive
force to the bottom and top of the iPEBB-cold plate assembly, sandwiching the PGS interface pads
in the process. This thesis will consider the thermal performance of the cooling system under a
range of application pressures; however, the baseline scenario will assume a uniform pressure of
10psi.
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Figure 7: Thermal conductivity of PGS pads at different applied pressures, based off an
experimentally determined fourth-order curve of best fit. The iPEBB unit is assumed to
experience 10psi of applied pressure from the mounting mechanism, resulting in a thermal
conductivity of the PGS pad of 1.36 W/m-K [10].

2.6 Cold Plate

The indirect liquid cooling concept is built around an aluminum cold plate, which sees a
flow of cooled deionized water run through internal pipes to lower temperatures throughout the
plate. This cold plate design is separate from the iPEBB unit itself and ensures that no fluid will
be flowing to or near the critical electronic components. The performance offered by a liquid-
cooled heatsink will be needed to manage the high heat fluxes seen in the iPEBB. The design used
in this study was created in a previous project and utilizes a crossflow configuration within the
cold plate [5]. As the cold plate is designed to be rack-mounted and detached from the iPEBB, it
does not contribute to the weight or volume of the iPEBB unit itself. This feature addresses the
mobility and handling limitations previously mentioned. Under this design, support structures on
the rack will be needed to provide a securing mechanism for the plate, providing the 10psi
clamping force onto the assembly that determines the thermal characteristics of the PGS thermal
interface pad. An image of the cold plate with its internal flow is shown in Figure 8.
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Figure 8: Current iteration of the iPEBB cold plate for an indirect liquid cooling solution.
Inlet water (blue) enters the cold plate and wraps around the body to provide crossflow
cooling over the center area. Warm water (red) on both sides is then routed to the outlet
port. Two cold plates would be used per iPEBB unit, with one in contact with each common
substrate. Note that the common substrate and thermal interface pad would be in direct
contact with the recessed central rectangular area of the cold plate [5].

Current plans involve using a deionized-water closed loop dedicated to the cooling of the
iPEBB cold plates in a given section. The fluid in these loops will be cooled in a local heat
exchanger by the ship-wide chilled water system. Results from previous simulations estimate that
a mass flow rate of 0.5245 kg/s through a cold plate inlet port is required to maintain iPEBB heat
loads under their specified temperature limits [5]. In addition, analysis of the ship-wide cooling
loop determined that cold plate inlet water temperatures of a range of 15°C to 35°C would be
attainable [11]. Along with testing the cooling performance under various application pressures,
this study will also investigate the inlet temperatures required to achieve adequate cooling
performance.

2.7 Heat Pipe Theory

Heat pipes are sealed, hollowed-out tubes that utilize the phase-change of a working fluid
to efficiently transfer heat from a heat source to a heatsink [12]. The structure of a heat pipe consists
of an outer casing, commonly made of copper, and an internal vacuumed region with surface
geometry optimized for the two-phase operation of the working fluid. The fluid, which is typically
distilled water, absorbs heat in the warm end of the heat pipe until evaporation, after which the
newly formed vapor travels towards the cool end of the structure and experiences condensation.
The resulting heat is absorbed by the local heat pipe structure and transferred externally to the
connected environment or heatsink. Meanwhile, capillary action forces the condensed fluid
towards the evaporator end, creating a passive continuous cycle. A representative image of a heat
pipe is shown in Figure 9.
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Figure 9: Depiction of a heat pipe in typical operation. The top shows the internal motion
of heat and fluid. Below this is a representation of the cross-sectional geometry of the
structure [12].

Heat pipes offer a low-profile, low-weight thermal management solution that can conform to
various geometries and heat load situations. The usage of capillary action means that the heat pipes
require no moving parts, giving long lifespans and minimal maintenance requirements. The
benefits of heat pipes are reflected in their wide applications in electronic thermal management,
from usage in cellular devices to spacecraft operations [13].

The usage of heat pipes in multiple configurations will be studied as a means of supplementing
the cooling to the transformer core. The presence of the mica sheet, which has an extremely low
thermal conductivity (ki =0.75 W/m-K), between the two halves of the transformer core means
that the common substrate serves as the only path for heat flow for the core losses. The relatively
tall height of the core and low thermal conductivity of ferrite N49 (kfeprite = 4-7 W/m-K) creates
notable thermal resistance for heat generated in these areas. There is particular concern for the
cylindrical bodies of the core, as their positioning as the furthest solids from the iPEBB heatsink
and heat generation of 30W each may cause high concentrations of temperature that are unable to
be regulated by the cold plate alone. Heat pipes in contact with these warm regions will be tested
for cooling performance within the core body.

14



3. Thermal Model Design

One of the benefits of computational thermal analysis is the ability to simulate the
performance of a cooling solution quickly and accurately; however, the usefulness of the results is
dependent on the design of an accurate model. This section will walk through the assumptions and
approximations that were made in the construction of the iPEBB thermal model. The model will
consist of only one-half of the iPEBB, with the performance assumed to be identical between the
two symmetric halves. Following this, the results of the various tested scenarios will be shown, all
of which were performed as steady-state cases within Solidworks Flow Simulation.

3.1 Material Properties

As a steady-state model is being used, thermal conductivity is the only property relevant to
the solving of the simulation. All materials used, except the PGS interface pad, are modeled as
isotropic. Temperature-dependent datasets within the Solidworks library exist for several of the
common materials and will be used where available. These tables can be found in the appendix.
For all other materials, recorded values at room temperature will be used. Material properties for
all relevant bodies within the iPEBB model are shown in Table 1. Note that the transformer coils
and mica sheet are omitted from this study.

Table 1: Material Properties of iPEBB Thermal Model

Component Material Thermal Conductivity
[W/m-K]
MOSFETs Silicon Carbide (SiC) Temperature Dependent
(Solidworks)
Transformer Core Ferrite N49 4 —7][14]
Copper Common Substrate Copper Temperature Dependent
Layers (Solidworks)
Risho Common Substrate Risho 10 [4]
Layers
Thermal Interface Pad PGS 0.91 @ Spsi 400
1.36 @ 10psi (in-plane) [15]
1.71 @ 15psi
(through-plane)
[10]
Cold Plate Aluminum (unfinished) Temperature Dependent
(Solidworks)

The material finish of the cold plate is yet to be determined; therefore, the properties of
unfinished aluminum, a common option in commercial cold plates, will be used [16]. As
mentioned in the background, the thermal conductivity of the PGS interface pad varies with
applied pressure and will use a baseline value of 1.36 W/m-K at 10psi. Lastly, the range provided
for the ferrite N49 core reflects typical values found in all ferrite materials produced by the
manufacturer. Due to the large (~75%) variance in this range, all cases will be run for both the
lower and higher extremes of 4 and 7 W/m-K respectively.
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3.2 Heat Load Modeling

The MOSFET switches represent the largest heat-generating components within the
iPEBB. Each of the 48 switches per iPEBB half will be modeled by the volume of the component
baseplate, which consists of a thin rectangular prism of thickness 0.18mm and base dimensions
4.36mm x 7.26mm. This volume is given the material properties of Silicon Carbide (SiC). The
geometry and pattern of the MOSFETs reflects that which was outlined in the background. Applied
on each of these MOSFET bodies is a constant volumetric heat load of 100W, resulting in a
uniform heat generation flux. For the results, the maximum temperature reached within any of the
MOSFET volumes will be recorded.

The attachment method between the MOSFETs and the upper layer of the common
substrate is a silver-based sintered interface. A cross-sectional view of the MOSFET interface is
shown in Figure 10.

48 pm I

31.65 mmZ2Area

‘ To common substrate and cold plate

Figure 10: Cross-sectional view of the MOSFET-substrate interface with the sintered
adhesion layer included. This layer is not modeled geometrically within Solidworks;
however, its thermal resistance is included through the application of an effective thermal
resistance at the area of contact between the MOSFET baseplate and copper layer.
Dimensions are not to scale.

Whereas the thermal resistance within solids is calculated by the computational solver, the
impact of this sintered layer can be captured through its effective thermal resistance. By assuming
the layer is of uniform thickness, the body can be treated as a two-dimensional slab. The typical
thermal conductivity of silver-based sinter with <30% porosity is estimated to be 151.6 W/m-K,
and bond line thicknesses of 13-48 pm are common [17]. Using a conservative thickness value of
48 um gives the following area-independent thermal resistance, which is applied to the area of
interest.

L  48x107°m
sinter w
k A

(151.6- )

=317 %x 1077 K -m?/W (1)

The other heat generating component, the transformer core, has a distribution split between
its individual cores and cylinders, which is visualized in Figure 11. Similar to the MOSFETs,
losses are being modeled as volumetric heat loads originating from their respective bodies. Each
member of the transformer core is given the material properties of Ferrite N49. Results for the
transformer core will record the maximum temperature among the three bodies.
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Mica Sheet
(not modeled)

Core Cylinder I— — Core Cylinder

30w 30w Coils
(not modeled)

Core Base
80W

Figure 11: Breakdown of transformer core heat generation distribution for an iPEBB half-
transformer. The generation of heat within each body is uniform. Mica sheet and coils are
shown but are not modeled.

3.3 Heat Pipe Modeling

The first step in creating a heat pipe model was to determine the geometry and path of the
design. A preliminary concept was created consisting of two 75mm-long flat-faced heat pipes,
each with a cross sectional area of 11.4mm x 2.5mm. This first concept, which will be referred to
as the “Side Heat Pipes” variant, places a heat pipe in contact with the side face of both transformer
core cylinders and the top surface of the common substrate. This design utilizes an evaporator
length (Iength in contact with heat source) of 14.3mm and condenser length (length in contact with
heatsink) of 32.2mm. The performance potential of this geometry was validated for the operating
temperatures and heat loads expected using an industry-created heat pipe modeling tool [18]. An
image of the concept can be seen in Figure 12. Included in this concept is an intermediary saddle
piece connecting the heat pipe to the transformer core. This copper attachment is intended to
improve contact between the flat heat pipe and curved core surface, improving the flow of heat at
this interface.

a)

Heat Pipe

Heat Pipe

b) Copper Heat Pipe
Intermediary
Saddle

Figure 12: a) Image of the “Side Heat Pipes” concept. The transformer coils are included
in this image to confirm vertical clearance to the heat pipes. b) Exploded view of the heat
pipes with the copper intermediary saddle.
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An analytical model was created following the process provided by Advanced Cooling
Technologies (ACT) [19]. This involves splitting the heat pipe into two separate bodies within the
thermal model, the inner vapor space and an outer envelope including the interior wick geometry,
copper wall, solder interface, and effects of evaporation and condensation. For the heat pipe
envelope, the model captures the radial resistance of the components. Using values provided from
ACT for typical heat pipe properties results in the following area-independent thermal resistances:

-4
RepgerA = = = 22220 ™ — 535 % 1076 K - m2/W )
k (19,2
L 3.05x107% _
ReopperA = 7 = @Tﬂ)m =8.02x 1077 K -m%/W (3)
mK
Rwick,evap&condA =320x107°K - mZ/W 4)

Summing up the resistances and choosing the model heat pipe envelope to have a thickness
of 0.04” (1.02mm) allows us to find the effective thermal conductivity of our bulk heat pipe
structure.

L 1.02x1073 w
keff,env = = - UL 26.7 — (5)

(Rsolder+RcoppeT+Rwick,evap&cond)A 3.81x1075K'm2 /W mK

The effective thermal conductivity of the vapor space can be approximated when assuming
a dominant direction of heat flow in the axial direction using Fourier’s law. For the temperature
difference, heat pipes typically see drops of about 2-5°C along their length, with 5°C representing
a conservative estimate [19]. The effective length of the heat pipe is defined using the lengths of
the evaporative section lgy,qy, condensing section l.4,4, and adiabatic section l,4.

lefr =
The amount of heat flow through the vapor space was estimated by accounting for the
conduction path through the rectangular ferrite base and to the common substrate. The thermal
resistor network for the extended model can be found in the appendix. Through iteration, an
estimated 23.6W and 19.9W of heat pass through each vapor space when the ferrite core has
thermal conductivities of 4 and 7 W/m-K respectively. The reason for the variance is due to the
reduced thermal resistance of the core material in the 7 W/m-K case, resulting in a higher
percentage of the total 30W of heat generated flowing through that path compared to the 4 W/m-
K case.

M_F log = 51.8mm (©)

Using these values, along with the known cross-sectional area of the heat pipe, allows us
to arrive at the following effective thermal conductivity values for the vapor space.

Qale w .

Keffvapora =~k = 80309 —  (With Kfrrie=4 W/m-K) (7)
Q7le w .

Keffwapors =~k = 67844 —  (With Kfprire = 7 W/m-K) (8)
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A second heat pipe concept was created with the intention of improving temperature
performance of the inner regions of the transformer core cylinders. The “Imbedded Heat Pipes”
concept sees two circular cross-section heat pipes placed within bored-out versions of the
transformer core. These pipes have a diameter of 8mm and length of 4lmm and are shown in
Figure 13.

e e

2mm gap to top
3mm gap to bot

Figure 13: Image of the “Imbedded Heat Pipes” concept. The vertical clearances to the top
and bottom of the core surfaces are shown.

Due to the continuous sources of heat input along the length of the heat pipes and lack of
any clear “evaporator” and “condenser” lengths, a first order model was instead used to
approximate this heat pipe concept. Also provided by ACT, this approach consists of modeling the
heat pipe as a solid body with a high thermal conductivity that results in a 5°C temperature
difference along its length [20]. For the imbedded heat pipes, an effective thermal conductivity of
1500 W/m-K was found to meet these requirements and will be used going forward. As this
concept removes cross-sectional area from the bodies, additional losses in the core are expected.
Following a first order estimate of the Steinmetz equation, core losses for each individual body
can be estimated by the following [20]:

1
X 75 )

PCOTB
Taking the reduced areas into consideration results in losses of 32.01W in the cylinders
and 81.23W in the rectangular bodies for configurations using the imbedded heat pipes.

We must also develop an effective thermal resistance for the adhesion methods not
included in the current heat pipe models. For the side heat pipes, the adhesion from the copper
saddle to the ferrite core was not included in the analytical heat pipe envelope modeling. Similarly,
the 1% order approach for the imbedded heat pipes did not include any adhesion resistance. Thermal
epoxy will be used for both interfaces, which has a typical thermal conductivity of 2.1 W/m-K and
bond thickness of 15 um [21]. This gives the following area-independent thermal resistance.

A=Lt_ 15X10~%m
epoxy4l — ; = W
(21-)

R =7.14%x 10" K -m2/W (10)

One of the downsides of the usage of heat pipes that must be included is the induced losses
generated within the copper envelope during transformer operation. The passing of electrical
current through the transformer coils induces electrical flow within surrounding conductors and is
responsible for the modeled losses within the ferrite transformer core [7]. This same application
of Faraday’s law applies to any copper heat pipe that is placed near the areas of flux leakage, which
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occur around the transformer coils. Although the heat pipe variants being tested do not fall within
this area of concern, a value of 5W of heat generation within each heat pipe will be applied as a
conservative estimate. Like other sources of heat generation, this value will be applied as a
volumetric heat load.

3.4 Boundary Conditions and Simulation Settings

The boundary condition of most interest in the iPEBB thermal model pertains to the cooling
system and flow of fluid through the cold plate. All cases use deionized water as the cooling fluid.
The temperature-dependent properties of deionized can be found in the appendix.

Also shown in Figure 14 are the positions of the inlet and outlet boundaries, which were
defined as the exposed faces of the two fluid connection ports. For the inlet port, a static pressure
of 100psi (689 kPa) was applied along with a fluid inlet temperature of 25°C. The outlet port
defines the mass flow rate through the system and is set to a value of 8.4 gpm (0.525 kg/s). Note
however that these parameters define the baseline scenario, with the inlet fluid temperature being
varied in one of the studies. Water temperatures of 15°C, 25°C, and 35°C will be tested for the
non-heat pipe iPEBB configuration. A turbulence intensity of 2% is applied to the inlet flow to
account for possible fluctuations from the mean velocity, an effect commonly seen in pipe flow.

The simulations are running as steady-state analyses, and therefore are not considering any
implications of time-dependent phenomenon. A computational domain encompassing the entire
solid model is used and can be seen in Figure 14. The boundaries of this domain are set to be
adiabatic, preventing any additional cooling from surrounding ambient air. The flow of water is
contained within the internal channels of the iPEBB cold plate. Outside of this domain there is no
air or any other fluid being modeled, omitting the effects of buoyancy-driven natural convection.
Radiation is also being neglected within this model, giving conservative results that rely on
conduction as the sole method of heat transfer from the heat generating components.

Outlet

Inlet

Figure 14: iPEBB thermal model with its computational domain shown. The domain has
dimensions of 690mm x 503mm x 101mm and includes all solid components. Note that
the inlet and outlet ports are represented by cylindrical caps, onto which the boundary
conditions listed are applied.
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Solidworks utilizes a volume-based mesh for the subdivision of the domain space. Local
areas of high-fidelity mesh were used around the heat generating components of the MOSFETs
and transformer core in order to improve the accuracy of results near these critical features.

The conditions for convergence for the solver are the achievement of steady state for the
following parameters: inlet surface mass flow rate, outlet surface static pressure, and the
temperatures of all solid components.

4. Results and Discussion

Results for the baseline conditions can be seen in Figures 15 and 16. As a reminder, the
MOSFETs have a target temperature limit of 150°C, while the transformer core has a target limit
of 80°C and acceptable limit of 100°C.

a) b)

Temperature [*C]

Figure 15: Simulation results for the MOSFETSs under the baseline simulation conditions.
Shown above are a) top and b) cross-section views of the temperature distribution. The
MOSFETs saw a maximum temperature of 148°C. Results for the MOSFETs remain
constant when varying the thermal conductivity of ferrite.
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“ | p)

Temperature [*C]

Figure 16: Simulation results for the transformer core under baseline conditions. Cross-
section views for when the thermal conductivity of ferrite is set to a) 4 W/m-K and b) 7
W/m-K are both shown. The transformer core saw maximum temperatures of 151°C and
100°C in the two cases respectively. Note the sharp gradient at the line between the
cylindrical columns and rectangular base. This is a result of the bodies being modeled as
separate volumetric heat sources, with the cylinders having a per-area heat generation rate
~3x higher than the rectangular body.

Following these baseline cases, the simulation was run under three different water inlet
temperatures of 15, 25, and 35°C, as well as three application pressures of 5, 10, and 15 psi. Each
of these parameters were varied independently, with all other properties and conditions remaining
unchanged from the baseline. The forms of the resulting temperature gradients were identical to
those of the baseline case; however, the resulting maximum temperatures can be seen in Tables 2
and 3.

Table 2: Simulation Results for Varying Inlet Water Temperatures at 10psi
Inlet Water | Max MOSFET Max Transformer Core

Temperature | Temperature Temperature [°C]
[*Cl [*C] kferrite =4 kferrite =7
W/m-K W/m-K
15 141 143 91
25 (baseline) 148 151 100
35 156 160 109

Table 3: Simulation Results for Varying Application Pressures at 25°C
Application | Max MOSFET Max Transformer Core

Pressure Temperature Temperature [°C]
(pSi) [OC] kferrite =4 kferrite =17
W/m-K W/m-K
5 155 152 100
10 (baseline) 148 151 100
15 144 151 99
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Finally, cases using the baseline conditions were run using the heat pipe configurations
described earlier. A third heat pipe setup utilizing both of the outlined concepts simultaneously
was also tested. All heat pipe configurations had identical MOSFET results as the baseline case,
and therefore temperatures within the transformer core will be focused on. A summary of the heat
pipe results can be seen in Table 4. Figures 17, 18, and 19 show a cross-sectional view for each of
the heat pipe cases.

Table 4: Simulation Results for Heat Pipe Study at 10psi, 25°C

Configuration Max Transformer Core Temperature [°C]
Kierrite =4 Wim-K | Kfeprire =7 W/im-K

Baseline, No

HPs 151 100
Side HPs 127 86
Imbedded HPs 129 88
4 HPs 118 82

i b)

Temperature [°C]

Figure 17: Simulation results for the transformer core with the side heat pipe
configuration. Results are shown for both when the thermal conductivity of ferrite is set to

a) 4 W/m-K and b) 7 W/m-K. In the kfepriee =4 W/m-k case, the transformer core reached
a maximum temperature of 127°C, 24°C cooler than the baseline. Similarly, the kfopyi¢e =
7 W/m-K scenario saw a 14°C drop in maximum temperature to 86°C.
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Temperature [*C)

Figure 18: Simulation results for the transformer core with the imbedded heat pipe
configuration. Results are shown for both when the thermal conductivity of ferrite is set to
a) 4 W/m-K and b) 7 W/m-K. In the k¢t =4 W/m-k case, the transformer core reached
a maximum temperature of 129°C, a similar trend as in the side heat pipe case with a
temperature drop of 22°C from the baseline. Similarly, the kfeprire = 7 W/m-K scenario
saw a maximum temperature to 88°C, 12°C below the baseline.

a)

i
i

is b) ]

20
Termperature [*C)

Figure 19: Simulation results for the transformer core with a 4 heat pipe configuration.
Results are shown for both when the thermal conductivity of ferrite is set to a) 4 W/m-K
and b) 7 W/m-K. This configuration was built from combining the analytical model of the
side heat pipes and 1% order model of the imbedded ones. This resulted in maximum core
temperatures of 118°C and 82°C in the low and high ferrite thermal conductivity cases
respectively.

The baseline results show that the indirect liquid cooling design is capable of maintaining
MOSFET temperatures below the target limit of 150°C. Cross-section views show that the
common substrate adequately spreads the heat generated from the MOSFET units, overcoming the
effects of heat overlap that were an initial area of concern. Stepping into the study of fluid inlet
temperature shows that the cold plate as designed, and with a flow rate of 8.4 gpm, is capable of
adequately cooling the MOSFETs up to an inlet temperature of 25°C. Varying the application
pressure of the PGS thermal interface pad proved to have a large impact on the cooling capability
of the fluid flow, with a value of 5 psi resulting in MOSFET temperatures above 155°C. This
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sensitivity to the thermal conductivity of the PGS pad shows it presents a bottleneck in the flow of
heat from the MOSFETS and to the cold plate.

The baseline cooling configuration, however, fails to maintain areas of the transformer core
below 151°C, well above the specification limit of 100°C. The poor heat spreading within the
bodies that compose of the core results in high temperatures accumulating towards the regions
furthest from the cold plate. While varying inlet water temperatures did affect the cooling
performance for the core, indirect liquid cooling remained unable to lower core temperatures to
acceptable levels. Varying the application pressure of the PGS pad had little to no effect on core
temperatures. It was revealed that the thermal conductivity of the ferrite acts as the dominant
source of thermal resistance in the path between the transformer and the cold plate. Testing the
ends of the range of thermal conductivity values resulted in a change of 50°C in core temperatures.

Observing the issues with cooling the transformer core inspired the pursuit of the heat pipe
concepts, with the goal of supplementing the cooling provided by the cold plate by targeting the
warmer, upper areas of the transformer core. The simulations showed that utilizing heat pipes to
improve the flow of heat from the warmer regions to the cooled common substrate did succeed in
lowering temperatures by over 12°C, however, was unable to cool all areas of the cylindrical bodies
for the case of a lower ferrite thermal conductivity (Kferrite =4 W/m-K).

5. Conclusion and Future Work

The project was conducted with the goal of validating the indirect liquid cooling concept
for the thermal management of the Navy iPEBB unit. A computational thermal model was built to
mimic the geometry and thermal behavior of an iPEBB half unit, with particular detail given to
the 100W per unit heat generating MOSFET switches and 140W generating half-transformer core.
Thermal simulations using Solidworks Flow Simulation were used to estimate the temperature
distributions under worst-case steady state loading, both under a baseline configuration and with
varying inlet water temperatures and mounting application pressures. In addition, three designs
using heat pipes were studied as means of assisting with the cooling of the transformer core.

Results showed that the chosen cold plate design with a flow rate of 8.4 gpm, inlet water
temperature of 25°C, and unit external application pressure of 10 psi was capable of maintaining
MOSFET temperatures to a maximum of 148°C. Reducing inlet water temperature and increasing
application pressure on the outer faces of the iPEBB-cold plate system would further increase the
positive temperature margin for the switches. The temperature profile of the transformer core was
largely dominated by the low thermal conductivity of the ferrite N49 material it is made of, with
the bulk geometry contributing to high thermal resistances and concentrations of high temperatures
in the cylindrical bodies. Heat pipes were effective at lowering these temperatures, with maximum
values between 82°C and 118°C for the 4-heat pipe configuration across the range of thermal
conductivities.

The use of heat pipes does result in additional heat losses within the heat pipes, and in the

case of the imbedded designs within the transformer core itself; however, these were accounted
for within the thermal model using numerical estimates. Overall, heat pipes proved to offer a low-
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profile, low-weight method of reducing transformer core temperatures. More work is needed to
confirm the implications of such additions on the electrical performance of the iPEBB unit.

The main limitation of the project was the uncertainty surrounding the thermal conductivity
of ferrite N49, as the large relative range of likely values resulted in a ~50°C variance in
transformer temperatures in cases without heat pipes. Also, the modeling of the heat pipe is
considered to be only an approximation of actual performance, however this estimate was made
using conservative assumptions. Ultimately the use of conservative assumptions when designing
the iPEBB thermal model were taken to offset these concerns. Examples of such decisions include
limiting the methods of heat transfer to conduction only through the neglection of convection and
radiation, as well as using worst case, steady state heat loads.

Future work for this project would be centered on validating the simulation results through
testing of an experimental model. This includes physically verifying the thermal conductivity of
the N49 ferrite material. A parallel of this project may include looking into the use of air-cooling
within the iPEBB unit for cooling purposes, both independent of and in support of the cold plate
design. The results of this paper will serve as a foundation for further modeling work on the iPEBB
as well as future analysis of similar applications.
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Appendix

Temperature-dependent Thermal Conductivity Tables for Selected Materials:
(All sourced from Solidworks Engineering Database Library)

Silicon Carbide (SiC):
Temperature Thermal conductivity Thermal conductivity
203K 150 WIm*K) WMk
473K 126,68 Wim*) 0. '\
BTIK T7.5 Wil m#*h) 137,95 Py
126,83 \
1375 \\
10167 \
N\
89.53 s,
750 \ K
293.00 HAET B46.33 E73.00
36633 48200 EO3ET
Temperature
Copper:
Temperature Thermal conductivity Thermal conductivity
4K 18200 Wirm*) WMk
10 K 24000 Wim*K) 2=t
20K 10800 Wim*K) Sealld ]
40 K 2170 Wiim*K)
20 K 580 WImHK) 1Ee+04
150 K A28 WIm*K)
200K 213 WIm*K) 2604
00K A0 WImHK) P
400 K 393 WImHK)
800 K 370 WIm*K) 427250
800K 365 WImM*K) L
1000 K 352 WImHK) 327.00 bl - i i a
1356.2 K 327 WI(mPK) 4.00 454 72 a05.47 1256.20
22937 E20.10 13083
e : Temperature
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Aluminum (unfinished):

Temperature Thermal conductivity Thermal canductivity
41 A5T00 WIm=K) wWhimK)
2.4e04
10K 23300 Wi m*K)
20K 11700 WIm=K) Sealld
40 K 2400 WIm=R)
a0 K 430 Wi mER) 16204
150 K 248 Wi(m*K)
200 K 237 Wim*K) 1dadle
300 K 23T W mER)
T480.00
400 K 240 Wi mER)
G500 K 230 Wi (mEK) 400,00
800 K Z20 Wi (mEK)
9334 K Z25 WimER) 220,00 WY S P 4
] 4.00 3380 EZ23.60 933,40
N 158.490 482,70 Tra.a0
Temperature

Resistor Network for Transformer Cylinder Core (with Side Heat Pipes):

R_saddle R_epoxy

’_/\/\/\/\/—/\/W\/-. T_core_cvlinder_avg
=

Q_HP l Q_ferrite

‘ Core Cylinder
R_HP_envelope_evap

Core Base

R_HP_vapor

R_core_base

NN

Top Copper

R_HP_envelope_con

L T_top_copper_avg

Saddle Resistance:
L 15 X 10~ °m
Repoxy = 1= W - = 0.0435 K/W
epoxy (21 W)(1'64 X 10~4m?)
L 0.002m
Reqadie = = 0.0324 K/W

kcopperA (380 %)(1.63 X 10‘4m2)



Heat Pipe Resistance:

; L 0.001m
ey kemA (26,67 W )(1.63 x 10-4m2)
m

= 0.234 K/W

L 0.0518m _
RHP,vapor - Kyap a4 - (80309%)(3.04-><10‘6m2) = 0.212 K/W (fOI‘ kferrite =4 W/l’l’l-K)
L 0.0518m _
RHP,vapor - Kyap,74 - (67844.%)(3,04.><10—6m2) = (0.251 K/W (fOI‘ kferrite =7 W/m-K)
L 0.001m
Rup envetope,cond = kA = W - =0.104 K/W
env LA -
(26.67 mK)(3.67 X 10=*m?)
Ferrite Resistance:
L 0.023
Rerrite = = T — =230K/W (for kferpire = 4 W/m-K)

kpaA (4%)(0.0025m2)

L 0.023m
kA (7%)(0.0025m2)

Rferrite = =131 K/W (fOI' kferrite =7 W/m-K)

Finding Heat Flow (for kfoprite =4 W/m-K):
Reore = 230 K/W

RCOTB

= 23.6W

Qup = Qtotal
o Rcore + RHP

Qcore = Qtotal — Qup = 6.4W
Finding Heat Flow (for kferyite = 7 W/m-K):
Ryp = 0.67 K/W
Reore = 1.31 K/W

RCOTB

= 19.9W
core + RHP

Qcore = Qtotar — Qup = 10.1W

Qup = Qtotal R
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Temperature-dependent Properties for Deionized Water:
(sourced from Solidworks Engineering Database Library)

Wilm

"]

Thermal conductivity
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Temperature
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