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ABSTRACT

Current standard military vehicle thermal managemsystems are based on single phase air/liquid
cooling. To meet increasingly stringent demandshigh power electronics thermal control, two-phaseling
solutions show great potential and can satisfy tleed for compact and high heat flux heat acquisijtio
transport and dissipation under vibration and shadnditions. One novel two-phase cooling technolibhgy
has been developed in this work is a new Heat Pgap (HPL), which exploits the advantages of bathth
pipes and loop heat pipes while eliminating théiocomings. Similar to heat pipes and loop hegepj the
HPL operates on evaporation and condensation obeking fluid and uses capillary forces in the wick the
fluid circulation. Unlike in a heat pipe, the liquiand vapor in the HPL flow in separate passagederfaom
smooth wall tubing. This results in a low pressdrep and consequently great heat transfer capaaitg
distance over which the heat can be transferréithe evaporator wick in a HPL is also made in-sfitough a
low cost manufacturing process and has a high tlaéronductance, much like the low cost traditiohaht
pipe wick. To demonstrate the HPL technology, a pamnh 3kW HPL thermal management system was
successfully designed, built and tested in an envitent representative of military combat vehicldgs system
consisted of six compact plug-and-play HPL modutesch HPL module was designed to transport 500W of
waste heat from two discrete high power devicearorlectronics board to a chassis level thermal thas was
a pumped liquid loop. The HPL evaporator (or heatirce) temperature was maintained below 80°C with
heat sink temperature of 30-50°C. The advantagebeMPL technology include: (1) Passive operatiom
high reliability; (2) Low cost in-situ wick fabri¢@n; (3) High conductivity evaporator wicks; (4phg distance
heat transfer capability; and (5) Insensitivityuibration/shock and gravitational orientation.

INTRODUCTION

It is becoming increasingly common to mount vehicle
powertrain electronics directly onto the internahtbustion
engines and transmissions instead of the traditiocations
inside the passenger compartment. The new packagnd
aims to shorten the connection wires between thetreinic
components and the control objects, accomplishirmgem
compact and cost-effective packaging with greatesigh
flexibility. However, this approach introduces \akion-
induced issues to the powertrain electronics, which
eventually can deteriorate the structural and ogoli
performance of the electronics.

From the data available [1], the vibration conditoin
commercial automobiles ranges from 10 Grms (roctme

square of acceleration) on the engine and trangmiss 3-5
Grms in the passenger compartment. Unlike commercia
vehicles, military combat vehicles may have addaio
shock sources from gun firing, ballistic launch aaarupt
maneuvering. The mechanical shock environment mbet
vehicles is classified as Basic, Gun Firing, Opena
Ballistic or High Intensity. A “Basic” shock can lz 30 G

in an 11 ms half-sine wave, while a “High Intensisjhock
can be 1,200 G in a 1 ms half-sine wave.

Heat pipes have become a commonly used technotogy f
electronics cooling, because of their high thermal
conductance, inherent simplicity, passive operagind high
reliability. However, heat pipes are limited in ithdéeat
transfer capacity and distance, because of thesymesirop
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in the liquid flow in the thin annular. Loop heapes (LHP),
an emerging technology for satellite thermal cdntare
orders of magnitude more capable in heat transfpadty
and distance than heat pipes [2-4]. Some receotteffiave
been made to “transition” the LHP technology tadstrial
electronics cooling [5-6]. In general, LHPs requirecision
machining and integration of fine pore wicks. Tlhss a
significant cost driver and inhibitor for high vohe
application of such devices.

As mentioned, the shock and vibration experienaed i
commercial and military applications pose significa
challenges and can adversely affect the performaofce
passive capillary-driven devices, such as heat spiped
LHPs. Resonant vibrations, for example, can breadk t
liquid-vapor meniscus in the evaporator wick rdagltin
poor performance. Mechanical shocks may also diistioe
fluid distribution in the hydraulic lines of the oaphase
loop. This is important because the fluid distribatgreatly
affects the start up behavior and long-term opegati
characteristics of a LHP. While short transientsy nmat
have a significant impact, large amplitude and qubic
shocks can displace the liquid and alter the peréorce of
the loop for an extended period of time. Large naedtal
shocks can also damage the internal structure efLtiP
evaporator such as the knife-edge seal.

In the work presented in this paper, the develogrém
novel capillary-driven two-phase electronics coglin
technology named the Heat Pipe Loop (HPL) was dmesdy
which adopts the advantages of both the heat piddaop
heat pipe designs while eliminating their shortaogsi The
operating principle and heat transfer performanoeleu
vibration and shock environments is also discus8e8kW
electronics cabinet thermal management system wiith
plug-and-play HPL modules was successfully dematesr
where each HPL module could transport 500W from two
discrete high power devices on an electronics bdara
chassis level thermal bus.

NOMENCLATURE

Ak wick cross-sectional area {m
D transportation line diameter (m)
f friction factor

K ok wick permeability (f)

L transportation line length (m)
Lok wick effective length (m)

m mass flowrate (kg/s)

P capillary pressure (Pa)

Re Reynolds number

Mk mean pore radius (m)

0 density (kg/rf)

o surface tension (N/m)

AP HPL loop pressure drop (Pa)
AP, porous wick pressure drop (Pa)
U liquid dynamic viscosity (Pa s)
AP, porous wick pressure drop (Pa)
7 liquid dynamic viscosity (Pa s)

HPL WORKING PRINCIPLE

Figure 1 illustrates the basic concept of the HPL
technology, which is U.S. patent pending. The HBhsists
of the following components: a capillary evaporator
(responsible for generating the capillary forcest tirive the
working fluid), a condenser, a liquid reservoir @osure a
reliable startup), and liquid and vapor transpiots. Similar
to heat pipes and LHP's, the HPL relies on the enadion
and condensation of a working fluid and uses thalleay
forces in the wick for the fluid circulation. Thedt applied
to the evaporator vaporizes the working fluid i thick.
Driven by the vapor pressure, the vapor flows tgrothe
smooth vapor line and enters the condenser. In the
condenser, the vapor is cooled and condenses i,
which is sent back to the reservoir via the ligliiee. The
capillary pressure generated by the liquid/vapderface
(meniscus) in the evaporator wick surface provides
pumping force that delivers the working fluid tcetlick.
The maximum capillary pumping pressure in the evaioo
wick and the fluid pressure drop in the loop deiaarthe
heat transfer capability of the HPL. To ensureetaporator
wick is always in contact with the working fluiche volume
of the reservoir and the working fluid inventoryedeto be
carefully designed. This is important to guarantes the
startup of the HPL is reliable under all operatomditions.

Figure 1. Concept of the heat pipe loop (HPL)

In contrast to a traditional heat pipe, the ligaitd vapor
in a HPL flow in separate lines that are made afkieiss,
smooth wall tubing (low pressure drop), which erdenthe
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heat transfer capacity and distance over which heat
transfer. Also, the evaporator wick in a HPL, kelithat
used in a loop heat pipe, is an in-situ made, higgrmal
conductance, non-inverted meniscus wick, which ovps

the evaporator thermal conductance and reduces the
manufacturing cost.

The HPL developed in this work used copper as the
envelope material and water as the working fluiche T
evaporator was a cylindrical copper tube (0.75" Q\ilih a
sintered copper powder primary wick. The reserweas
integrated with the evaporator and the liquid stoire the
reservoir was delivered to the heat zone by thaamy wick
capillary. The liquid in the evaporator absorbeel ltleat. The
vapor exited the evaporator and entered a 0.25"v@or
line. The vapor was subsequently condensed and the
returning liquid from the condenser flowed throual®.25"

OD “bayonet” tubing to the primary wick before enmg the
reservoir. A phosphor bronze screen secondary wick
attached on the bayonet tubing was used to enswe t
continuous liquid supply to the primary wick undal
operating conditions, including cold startup, rapeht load
variation, and gravitational orientation variatiol.copper
baffle with punctuated holes was incorporated iasitle
reservoir to restrict the liquid “churning motiogenerated
by vibrations.

Table 1. Specifications of the HPL

Evaporator OD (in 0.75
Reservoir Volume (cc 15.7
Vapor Line OD (in) 0.25
Vapor Line Length (in) 2.6
Liquid Line OD (in) 0.25
Liquid Line Length (in) 16.5
Condenser ID (in 0.25

Condenser Length (in 6

Heat Zone Length (in 1.0
Wick Thickness (in) 0.056
Wick Pore Radiuspm) 28
Wick Permeability (rf) 5.83x10"
Wick Porosity 40%

The detailed specifications of the HPL are listedl'able
1. The HPL heat transport performance is deterthinethe
balance between the capillary pressure providedthey
primary wick and the overall pressure drop in tapl

The major pressure drop in the HPL is due to thaidi
flow in the porous primary wick, defined by Darcy’aw.

AP, = Hiyig M
pKWiCkANiCk

while the pressure drop in the vapor or liquid loen be
calculated as:

1)

(2)

The capillary pressure is a function of the wickepmadius
and the liquid surface tension:
p = 20

cap —

©)

Based on the wick properties and HPL geometri¢sdis
Table 1, the HPL should be able to transfer heab80W
and maintain the evaporator temperature at 68°Q it
50°C heat sink.

VAl
AP = f(Re)p—
( e)pzD

HPL SYSTEM DESCRIPTION

EMI kAl i
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—
=
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Figure 2. Typical layout of the electronic controller/invarte
box for an Army FCS
A typical electronic controller/inverter box for a
representative FCS (Future Combat System) has seven
electronics circuit boards as illustrated in Fig@rgl] where
each controller board typically has a 6 inch x &hin
footprint. The controller board is attached to asdis by
wedge-locks with a mounting pitch height of approately
1.0 inch. The waste heat generated by these ehéciro
boards is dissipated mainly by air convection, wWhic
becomes more and more incompetent with fast dexetop
of high power electronics.

Quick Disconnecting Fitting

[ [

HPL Condenser

Thermal Bus

To/From External IIX & AC

Figure 3. Thermal architecture of an HPL electronics
cabinet cooling system
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To address the future cooling requirements in t&S F
electronics cabinet, a new thermal architectureised as
shown in Figure 3. Each circuit board has an aasediHPL
cooling module that is used to collect waste heanfhigh
power components in the board and transport thetbetae
chassis. The HPL employs also has 'plug-and-plegyntal
connector that mates with the cabinet chassis thlebmus.
This allows the circuit boards to be convenientigtalled
and removed from the chassis, making the thermal
connections with the same ease as the electricaleabions.
The cabinet chassis thermal bus is a Pumped Ligoap
that receives the heat from HPL's and rejectsdta heat to
a system heat exchanger.
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Figure 4. Typical (a) vibration and (b) Shock Profiles of
FSC-Variant Body/Frame Mounted Components [1]
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The FSC-Variant Body/Frame Mounted Components also
must be able to sustain significant vibrations amdcks
during normal operations. Figure 4(a) shows a sgr&tive
PSD profile of the vehicle’s body and frame in aSHike
military vehicle. The PSD curve produces a maximum
vibration level of about 5 Grms. Figure 4(b) shates shock
profile of the same vehicle with a half-sine pulsk 40
Gpeak for 10-15 ms. Clearly, the FCS electronigsireet
and the HPL cooling system will have to functiomoperly
when subjected to these vibration/shock profiles.

TEST APPARATUS

CTPL Module - 1

EY

&y . @

Evaporators 3 Cor

Figure 5. Schematic of a 3kW HPL electronics cabinet
cooling system

A schematic 3kW HPL thermal management system
designed for electronics cabinet cooling (with éhif the
six 500W HPL modules) is shown in Figure 5. The bars
in the figure represent the thermocouple locatidie HPL
cooling system consists of one pumped liquid loogd aix
parallel connected 'plug-and-play’ HPL modules. HRL
modules acquire heat from the discrete mockup releicis
board heat sources, and transfer the heat to théeosers
that were thermally coupled with the pumped liglodp.
The pumped liquid loop acts as a cabinet chassisl le
thermal bus that receives heat from the HPL modale$
rejects the total amount of heat to the system éveatianger.
The pumped liquid loop includes: a heat exchanger,
reservoir, a flowmeter, a gear pump and manifolast t
collect the coolant from the HPL modules. A flatpldeat
exchanger (FG3X8-24) transfers heat between theppdm
liquid loop coolant and a constant temperature amol
supplied from an exterior Temperature Control WmECU)
that simulates the working environment. In our geshe
pumped liquid loop coolant flowrate was monitorgdthe
flowmeter (Omega FPR 312) and controlled by the DC
voltage supplied to the gear pump (Hopkins-Cartdrsdo
24V Water Pump).

Condenser

Pinch Welded
_____ pe e Degassing Port
.

~
_ - Liquid Lines

Fiber Glass Base Plate Heater Block

Figure 6. Solid model of individual 500W HPL module
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Figure 6 shows the 500W HPL module solid model. Due
to the limited space inside the electronics cabamet rough
vibration/shock working environment, the HPL modmiast
be compact and the mass must be minimized while
maintaining the structural integrity. The HPL maalwas
mounted on a 7" by 10" supporting fiber glass platere
each module consisted of two separated 250W HRWs.

1" long saddle shape aluminum heater blocks with
embedded electric cartridge heaters simulatedldutrenics
board high power heat sources and were clampechen t
0.75" O.D. HPL evaporators. The reservoirs weregrdated
with the evaporators to further reduce the systiem s

In our design, the two evaporators in each HPL rfeodu
had their own separate vapor/liquid transport lirexd
shared the same condenser, yet there was no phffsida
communication between the two loops. The sharinghef
condenser was simply mechanical and structural. The
condenser was made of copper with three (3) paralle
internal channels that were 6" in length. The ligabolant
from the chassis thermal bus flowed through thedteid
channel that was connected to the quick disconfitéogs
shown in Figure 7. The counterflow vapor from theot
loops was subsequently cooled and condensed iothe
two channels in the condenser.

The condenser was installed on the chassis sittedfiPL
module and outfitted with quick-disconnect fittinfis the
liquid coolant inlet and outlet such that it could easily
plugged into or disconnected from the thermal les,the
pumped liquid loop manifold. This versatile desigmables
the heat acquired by HPL modules to be readilysfemed
to the pumped liquid loop.

Flat Plate HX

HPL Modules

Figure 7. The 3kwW I—iL system for electronics cabinet
cooling with 3 HPL modules installed

Figure 7 shows the test setup for a 3kW HPL eledtso
cabinet cooling system. The entire system was pmrka
with 24 inch x 24" inch footprint that was 12 inshrll. The
HPL modules were also covered with foam for thermal
insulation. All the components were hard mountedao

Garolite base plate supported by aluminum framdse T
lower manifold of the pumped liquid loop distribdt¢he
cooling water into the modules while the upper rfadi
collected the warm water from each module and thckd

into the Flat Plate heat exchanger.
B 4 I

electromagnetic shaker for vibration/shock tests.

Instruments including accelerometers and thermdesup
were carefully installed to provide accurate chemazation
of the transient system/component level thermapaorse
and the vibration/shock spectrum during thermalleyc
testing. The system was then mounted to an eleeigoetic
shaker table as shown in Figure 8. The positionghef
thermocouples are shown in Figure 5.

A typical thermal cycle test of the HPL system begath
a cold system. The heat supply was turned on, altalvfed
by subsequent increase in the heat load afterethedrature
realized. The maximum heat load applied on each HPL
module was 500W. Each individual HPL loop in each
module had up to 250W load. The system heat sink
temperature was constant during the testing. Thecyde
tests were also performed while the HPL system was
subjected to a vibration/shock environment (spedifin
Figure 4) generated by the electromagnetic shakbe
vibration in one of the three space directions was
continuously applied on the HPL during the entlermal
cycle tests. The shocks were applied in a disaretaner:
one shock per minute with alternative +/- polastie
Orientation tests of the HPL module were conduetefbur
different space orientations:

(1) Nominal, as shown in Figure 7.

(2) Horizontal, where all the components in the HPL

module were at the same elevation.
(3) Vertical-1, where the evaporators were vertically
oriented and the condenser was on the top.

(4) Vertical-2, where the evaporators were vertically

oriental and the condenser was at the bottom.
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TEST RESULTS

Most of tests of the HPL cooling system were penied
in the nominal orientation. The same heat load pvasided
to each electric heater. The heat sink temperataeset to
50°C simulating the hottest working environment.eTh
maximum heat transfer capabilities and the corneding
evaporator temperature are listed in Table 2.

Table 2. Thermal performance of HPL modules with a fixed
50°C heat sink temperature; nominal orientation.

Qmax Evap. Temp.

(W) Q)
wovr | S w00 |2
T iy —
o)y —
wovs | LT sy | T
iy —
v | B0y [T

From this baseline data, it can be concluded that t
maximum heat load and heat flux on each HPL evapora
can reach 250-270W. The maximum heat flux can be
applied on the evaporator is 30W/cmEach HPL module
also was able to reject heat up tg.£= 500-540W such that
a 6 module HPL cooling system could achieve the 3kW
electronics cabinet cooling requirement without perator
dryout and system overheating. The evaporator testyoe
was able to be maintained between 68-76°C, below th
electronics junction temperature limit. The tempem
difference between evaporators within one modules wa
mostly due to the variation of the wick pore sizasd
permeabilities, caused by the fabrication incoesisies. It
should also be noted that the test results agreeg well
with the thermal model predictions reported in grevious
section.

Thermal cycle tests of one of the six HPL modulesev
shown below. The HPL module with a heat load upaGow
was tested under stationary, vibration and shociditions.
The temperature variations during these tests laoers in
Figure 9, 11 and 12, respectively. It can be séeat the
evaporator temperature stabilized in a very shertopl of
time although subject to a rapid heat load vanmtiblo
noticeable temperature fluctuations were observedng
this transient heating period.

The evaporator temperature was highest in the H@p.I
The next highest temperature was in the vapor. The
temperature difference between them was deterniigetie

evaporator wick thermal resistance and the heatdhplied.
The condenser not only turned the vapor to theidigbut
also provided additional subcooling to compensheeheat
leak from the evaporator to the reservoir. Thefdhe
returned liquid had a cooler temperature than tirelenser
inlet vapor temperature. After the liquid returnsa the
reservoir, it was again heated by the evaporatar leak and
its temperature was raised to the saturation teabyoer.

The HPL showed very good temperature repeatabilit
when identical heat loads were applied. In théictary
tests, the temperature of the (two) evaporatorssiaslized
at 70°C with 400W during the heat load rampingamj the
temperature returned to roughly the same value tifteheat
load was decreased to 400W. Similar trends were als
observed in the vibration/shock tests.

—— 1-Vapor 1-Liquid 1-Reservoir ——2-Evap
— 2-Liquid —— 2-Reservoir —— Coolant — — Heat Load

920 550

—1-Evap
—— 2-Vapor

80

~
o

Temperature (T)

350

20 300
5 15 25 35 45 55 65 75
Time (min)

Figure 9. Stationary thermal cycle test of HPL in
“Nominal” orientation, 50°C heat sink
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2-Liquid

1-Liquid
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@ ~
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Figure 10. Vibration thermal cycle test of HPL in
“Nominal” orientation, 50°C heat sink
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Figure 11. Shock thermal cycle test of HPL in “Nominal”
orientation, 50°C heat sink

The vibration/shock working environment had minimum
performance. No

impact on the HPL system thermal
significant structural damage was observed afteg lterm
vibration/shock operation. In the particular cas®wn in
Figure 9, 11 and 12, the HPL module achieved 50@at h
dissipation under
evaporators temperatures were similar. However,esoim
the evaporators in other HPL modules showed red@;gd
when vibration/shock was applied. This was partle do
the evaporator wick fabrication inconsistency. Arest
contributing factor may have been the meniscusidisnce
caused by the vibration/shock that in turn may heekiced
the capillary pressure.

Additional tests with more intensive vibration/skpe.g.,
24 Grms vibration or 123 (g, the HPL modules still
functioned properly without significant degradationtheir
performance.
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Figure 12. Thermal cycle test of HPL module in
“Horizontal” orientation, 50°C heat sink
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Figure 13. Thermal cycle test of HPL module in “Vertical-

1” orientation, 50°C heat sink

As mentioned, orientation tests of the HPL systearew
conducted in four space orientations. When the Ri®dule
was in the “Veritcal-1" orientation, the loop wasorking
under a gravity-aided situation, i.e., the liquidriing fluid
in the condenser was stored at a higher elevatiam that in
the evaporator. The additional pressure head owtr&ing
fluid assisted the capillary pressure in circulatas the fluid
in the loop. However, the liquid supply from theseevoir to
the primary wick became purely relied on the capjliflow
from the secondary wick. On the contrary, when L
module was in the “Veritcal-2” orientation, the oo
circulation became working against the gravity. Bhe
liquid pool in the reservoir ensured the primaryckvivas
always in contact with the liquid and provided exgravity
to help the capillary.

The test results showed similar heat transferoperdnce
and temperature characteristics in all four origéots. This
demonstrates the insensitivity of the HPL system
orientation. The results of a HPL module in the fidontal”
and “Vertical-1" orientations are shown in Figurg and
Figure 13, respectively. Both were tested up toVB0&nhd
did not reach the capillary limit. Both systems destrated
similar steady-state and transient behavior.
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Figure 14. Heat load dependences of the evaporator
temperature and wick thermal resistance

The HPL evaporator temperature and wick thermal
resistance at various heat loads and heat sinkeemnpe
(30°C and 50°) are shown in Figure 14. The wickrtred
resistance was defined as the ratio of the temperat
difference between the evaporator surface and #porv
divided by the heat flux.

The HPL had a slightly higher heat transfer cajitgbdt
lower heat sink temperature; notably,Q= 270W at 30°C
heat sink and Ry = 260W at 50°C heat sink. In addition,
the HPL operated at a higher temperature with idieat
sink temperatures. The evaporator temperature also
increased with an increase in the heat load. Far loads in
the range of 200W to 250W, the evaporator tempegatu
increased about 3.1°C in both cases due to the fieegth
of the condenser that required higher vapor tentperao
reject additional amount of the heat load.

As shown, the wick thermal resistance also dectkase
when the applied heat load increased. The wickmiber
resistance ranged from 0.2-0.3 K%W when the heat load
reached the capillary limit, which is very closetie thermal
resistance of traditional heat pipe wicks.

CONCLUSION

A 3kW electronics cabinet thermal management system
with six plug-and-play HPL modules was successfully
demonstrated. Each HPL module was able to transport
500W heat from two discrete heat sources, simugahigh

power devices on an electronics board, to a chdssa
thermal bus while maintaining the evaporator beRQFC.
The maximum heat flux of the HPL evaporators was
30W/cnf.The HPL cooling system demonstrated desirable
thermal management features, such as healthy taittlis,

no temperature fluctuation during heat load vaoiati
transient, and good thermal repeatability. It hasher been
confirmed by experiment that the HPL cooling perfance
was not adversely affected by the vibration or &hfoc the
conditions tested: Vibrations (5Grms, 0-2,000Hz)d an
shocks (40Gpeak in 10-15 ms). The HPL system ciperat
was also insensitive to the gravitational orieotati The
evaporator wick thermal resistance (flux-based) @&s0.3
K-cm2/W similar to traditional heat pipe thermasistances.

In summary, the HPL technology demonstrated: (1)
passive operation and high reliability; (2)low castsitu
wick fabrication; (3) high conductivity non-invede
evaporator wicks; (4) long distance heat transératility;
and an (5) insensitivity to vibration/shock or gtational
orientation.
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