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Abstract—This paper compares the indirect cooling method
using a heatpipe and air-cooled circular fins with conventional
cooling methods like forced air convection and forced water
convection for cooling power electronics placed underground.
A two-module dual active bridge power converter with re-
configurable outputs for electric vehicle charging is used for the
thermal analysis. The comparison is based on specific constraints
imposed by semiconductor switch surface area requirements
and the maximum junction temperature limit. A detailed anal-
ysis is presented, and performance parameters like convective
resistance, pressure drop, and mechanical pumping power of
the cooling systems as the function of volume flow of working
fluid are obtained. Commercially available cooling components
like extruded fin heatsinks, cold plate, and heat exchanger are
used for conventional cooling methods analysis. Whereas indirect
cooling using heatpipes and air-cooled circular fins is designed
by performing individual analysis on a heatpipe sizing, air-cooled
circular fin design, and heatpipe integrated base plate. This work
also highlights the equivalent thermal resistance model for each
cooling system.

Index Terms—Heatpipes, underground power electronics, ther-
mal resistance, thermal management, thermal analysis of power
electronics

I. INTRODUCTION

Placing sizable power converters for electric vehicle (EV)
chargers underground is primarily done in facilities where
space is constrained. High-power EV chargers with large
footprints occupy a significant amount of space in parking
areas. This limits the available parking space and compromises
vehicle maneuverability. Therefore, the utilization of under-
ground converters facilitates saving space.

In contrast to the power converter placed above the ground,
underground power converters are preferred to be sealed to
protect from dust and water ingress, making heat dissipation
from them challenging. Additionally, power electronics semi-
conductor components like MOSFETs and SiCs have high
heat flux and require a component-level cooling mechanism
to ensure that the junction temperature of the switch is within
a safe operating area. Therefore, for the reliable operation of
the power converter, heat dissipation from the underground
placement of the power converter needs to be managed effec-
tively.

Limited attention has been given to the thermal manage-
ment of the power electronics when placed underground. One

The project was carried out with a Top Sector Energy subsidy from the
Ministry of Economic Affairs and Climate, carried out by the Netherlands
Enterprise Agency (RVO). The specific subsidy for this project concerns the
MOOI subsidy round 2020.

specific study [2] shows the packaging and thermal modeling
of wireless charger coils and power electronics for in-road
installation. This study typically deals with cooling power
converters using neighboring soil. The cooling performance is
seen as dependent on the load profile and thermal conductivity
of the surrounding soil, which varies with environmental
conditions. To remove this dependency and unpredictability
of cooling performance, the present work focuses on cooling
methods that dissipate heat into the air. Electronics cooling
methods are generally classified based on heat flux attainable
at specified temperature differences [1]. In addition to this,
other considerations like power consumption, volume, cost,
and maintenance of the cooling system can also influence the
decision to select a cooling method.

In practice, widely used cooling methods for power elec-
tronics thermal management are based on forced air convection
cooling with heatsinks and forced liquid convection cooling
using cold plates. Literature [3]–[6] highlights the usefulness
and advances of these basic cooling methods in power elec-
tronics. Apart from these two cooling methods, a promising
indirect cooling method using two-phase cooling technology
has been investigated in recent years. Devices like heat pipes,
thermosyphon systems, and micro-channels evaporators have
been developed for cooling electronics [13]–[15] and high
power electronics [7], [8]. In two-phase cooling, latent heat of
vaporization is exploited to transport heat over long distances
with a corresponding small temperature difference [9]. Conse-
quently, indirect cooling using a two-phase cooling technology
can be a potential cooling method for underground power
electronics installations. It can transfer high heat load into the
air without the need for vents and allow the sealing of the
underground power electronics.

In this work, only the DC-DC part of the EV charger is
considered for thermal analysis. A 25kW Two-module re-
configurable Dual Active Bridge (DAB) topology is used.
Conventional cooling methods like forced air convection and
forced water convection are compared to an indirect cooling
method using heatpipes and air-cooled circular fins. These
cooling methods are designed to restrict the maximum junction
temperature to 120◦C, and the temperature variation of other
components like power inductors, power transformers, and
filter capacitors are not considered in this thermal design. The
study aims to present analytical equations to calculate each
cooling method’s convective thermal resistance and pressure
drop characteristics. The thermal resistance models are also
presented to show the heat flow paths. Finally, a qualitative
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Fig. 1: Two-module Re-configurable Dual Active Bridge.

and quantitative comparison of the cooling method is made
based on performance parameters like heat convective trans-
fer coefficient, pressure drop, volume, mechanical pumping
power, cost, maintenance, and the possibility of sealing power
electronics.

II. UNDERGROUND EV DC-DC POWER CONVERTER AND
LOSSES

Two-module DAB topology with re-configurable outputs, as
shown in Fig. 1, is used for cooling method analysis. DAB can
be optimally designed for high efficiency at full loads with the
help of zero-voltage switching (ZVS) capability. Regardless,
when operated at partial powers, the efficiency of the DAB
suffers due to operation in non-ZVS region [19].

Each module of the two-module DAB topology operates at
12.5kW power and 750V input voltage Vg . The combined
output voltage Vo can be 150V-500V in parallel mode and
300V-1000V in series mode to charge high-voltage EV bat-
teries. Switch C1, C2, and C3 connect modules in parallel or
series to obtain the required voltage range. This analysis uses
single-phase shift modulation to control the output power.

A. Total losses in switch for EV DCDC converter

Since the design criteria of the cooling system are based
on the junction temperature limit, estimating power losses in
the primary side and secondary side switches for the entire
operating range becomes crucial. Both conduction losses and
switching losses given by (1) and (2) are combined to calculate
the total loss in the switch Qsw−pri and Qsw−sec. Where
Irms,sw is the RMS current in the primary or secondary
switch, Ron is drain-source resistance when the switch is ON,
fs is switching frequency, and Eon, and Eoff are the tun-on
and turn off switching energies respectively.

Qcond = I2rms,swRon (1)

Qsw = (Eon + Eoff )fs (2)

Non-idealities like parasitic capacitance and dead time are
ignored, and the ZVS region is based on the current direction

at the switching instances [20]. Turn-on switching losses are
considered zero when the converter is operated in the ZVS
region. Fig. 2 shows the total losses in the single switch on
the primary and secondary sides. Due to the identical operation
of modules, only one module is considered in the loss analysis.
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Fig. 2: (a) Qsw−pri, (b) Qsw−sec power loss for entire operating range in
Watts

It is observed that the loss distribution in the primary and
secondary switches is different, and the worst-case combined
primary and secondary switch loss occurs at maximum out-
put voltage and minimum output current set at 5.5A. The
combined loss and individual switch loss at this worst-case
operating point are shown in Table I. The cooling system
design analysis in the following sections is carried out for
the condition highlighted in Table I

TABLE I: Losses in DAB switches

Losses Power Condition
Single primary switch (Qsw−pri) 38 W

Single secondary switch (Qsw−sec) 15 W
Switch loss of one module, consisting of 4
primary and 4 secondary switches (Qmod) 212 W

Vo: 500V
Io: 5.5A

Total switch loss for two modules (Qtot) 424 W

B. Switch thermal model and geometry

A simple thermal resistance model consisting of a junction
to the case thermal resistance Rjc and case to heatsink or cold
plate surface resistance Rcs is used to represent 1D heat flow
in switch and thermal interface layer (TIM). Both primary and
secondary side switches are identical, and Rjc value of 0.46
◦C/W is specified in the datasheet of C3M0016120K SiC,
for the TO-247 package using a thermal conductive gel sheet
as TIM, Rcs is 0.4 ◦C/W .

For the worst-case loss of 38W, as observed in the single
primary switch from Table I, the maximum surface temper-
ature of sink or cold plate Ts,max is calculated as 87.3◦C,
assuming junction temperature is restricted to 120◦C.

There are a total of 16 switches in a two-module DAB con-
verter. 8 on the primary side and 8 on the secondary side. The
minimum area, including the headroom for all 16 switches, is
165mm x 150mm. The maximum surface temperature Ts,max

and switch surface area impose the constraints for designing
and selecting cooling system components.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2025 at 10:11:03 UTC from IEEE Xplore.  Restrictions apply. 
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III. FORCED AIR CONVECTION COOLING FOR
UNDERGROUND POWER ELECTRONICS

Cooling underground power electronics using forced air
convection is challenging due to the enclosed space where
maintaining good airflow can be difficult. Underground enclo-
sures cannot have open vents or louvers on the sides as all
the surfaces except the top of the underground enclosures are
in contact with the soil. Therefore, guided airflow with filters
is required to bring atmospheric air from the top surface with
limited dust and water ingress.

air inlet 

 

air ventillation

air

 air duct

 

 

Fig. 3: Forced air convection cooling of underground power electronics.

Fig. 3 shows the cooling of underground power electronics
using forced air convection. Here, two heat transfer mech-
anisms are utilized. Underground enclosure ventilation and
forced convection cooling for power electronic components.
The primary objective of ventilation is to displace the air inside
the underground enclosure by pressurizing the enclosure. In
comparison, forced convection cooling primarily improves
the convective heat transfer rate and reduces component
temperatures. In the following section, both these cooling
mechanisms are analyzed considering the ambient temperature
of Ta 32◦C, which is equivalent to the inlet temperature Ti

for the underground enclosure.

A. Underground enclosure ventilation

The underground enclosure is ventilated using the duct with
the exhaust fan. The exhaust fan displaces the air inside the
underground enclosure with the help of the vent connected to
the top surface. The exhaust fan flow rate can be estimated
based on the conservation of energy equation for the steady
flow of fluid in the tube given by (3) [1]

Q̇ = ṁcp(Te − Ti) (3)

Where Q̇ is the rate of heat transfer to the fluid and
Ti, and Te are the mean fluid temperature at the inlet and
outlet, respectively. ṁ is mass flow rate and cp is specific
heat capacity of the fluid. The bulk temperature within an
enclosure refers to the average air temperature. The bulk mean
temperature inside the tube is the arithmetic mean of the inlet
and outlet temperature given by the (4) [1]

Tb = (Te + Ti)/2 (4)

Based on (3) and (4), the bulk mean temperature for
different flow rates is obtained for inlet temperature of 32◦C
and power dissipation of Qtot as shown in Fig. 4(a). The
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Fig. 4: (a) Bulk mean air temperature with respect to the volume flow rate
of the air, (b) Surface temperature FEM simulation of 2-D Enclosure with
perpendicular vent arrangement

higher the volumetric flow rate, the lower the bulk mean
fluid temperature inside the enclosure. The conservation of
energy given by (3) used to estimate bulk mean fluid inside
the tube does not necessarily hold for the enclosure with a
cuboid shape with arbitrary inlets and outlets. This can be seen
in Fig. 4(b), which shows 2-D enclosures with perpendicular
vent arrangement simulated using COMSOL Heat transfer in
fluids. The bulk mean temperature is derived by averaging
surface area temperatures. The average bulk mean temperature
derived is 36.1◦C. The loss dissipated is Qtot, inlet temp is
32◦C, the flow rate is 0.08 m3/s, and channel thickness is 0.12
m. Constant power at the bottom surface is assumed as the
boundary condition, and the rest of the walls are considered
adiabatic.

In practice, the power electronics converter placed on the
bottom surface will not act like a constant power heat source.
But, it will dissipate losses through forced convection cooling.
Based on results obtained from the CFD simulation, it can
be deduced that the bulk mean temperature Tb inside the
enclosure depends on the following factors:

• Volumetric flow rate of the air.
• Size of the underground enclosure.
• The placement of inlet and outlet vents with respect to

the heat source.
• Resistance to airflow caused by the placement of the

power converter inside the underground enclosure.
For the design of forced air convection cooling of power

electronics components, it is assumed that the bulk mean
temperature Tb inside the underground enclosure is maintained
and evenly distributed at 35◦C by the exhaust fan operating at a
flow rate of 0.08 m3/s based on Fig. 4(a). In practice, baffles,
guides, or additional fans inside the underground enclosure
can be used to guarantee even air distribution. The bulk mean
temperature Tb will be used as an inlet air temperature for the
forced convection cooling for power electronics components.

B. Forced air convection cooling for power electronics com-
ponents

Cooling power electronic components with the help of
forced air convection strongly depends on air velocity and the
surface area of the heat source [1]. An extruded-fin heatsink

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2025 at 10:11:03 UTC from IEEE Xplore.  Restrictions apply. 
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with a fan is utilized as a standard air cooling method to
achieve the desired switch junction temperature.

This work uses the composite model from [22] to determine
the heat transfer coefficient. This analytical model combines
fully developed and developing flow between isothermal par-
allel plates and is widely used to predict the performance of
the heatsink [23].

TABLE II: Extruded fin heatsink parameters

Parameters Values
Height of heatsink (hsink) 0.04 m

Width of the heatsink (wsink) 0.0934 m
length of the heatsink (lsink) 0.3 m

Height of fins (hfin) 0.037 m
Thickness of fins (tfin) 0.001 m

Space between fins (sfin) 0.002422 m
Number of fins (nfin) 28
Length of fins (lfin) 0.3 m

Conductivity of heatsink (ksink) 238 W/mC
Unfinned surface area (Aunfin) 0.0196 m2

Finned surface area (Afin) 0.0225 m2

Qsw_pri

Qsw_sec

Tj_pri

Heatsink 1

Tj_sec Tc_sec

Rjc

Rjc

Rcs

Rcs

Tc_pri Ts Tb

Rsa

x4

x4

Fig. 5: Equivalent thermal resistance network for forced air convection cooling
of power electronics.

Two extruded-fin heatsinks are used, each of dimensions
300mm x 93.4mm x 40mm from Advanced Thermal Solution.
Each heatsink consists of one module of DAB converter, i.e.,
4 primary and 4 secondary switches. Therefore, loss dissipated
by heatsink is Qmod as summarized in Table I. Parameters of
the heatsink are specified in Table II [21]. Fig. 5 shows the
thermal resistance network for one heatsink.

The model from [23] assumes no spreading resistance and
no bypassing of the flow. Equation (5) developed by Teertstra
et al. [22] gives the Nusselt number Nub from which the heat
transfer coefficient for nfin heatsink can be derived. Re∗b is
the channel Reynolds number given by (6) [22], v is kinematic
viscosity of air (m2/s), vavg is the average velocity of air
(m/s) and Pr is the Prandtl number.

Nub =

[(
Re∗bPr

2

)−3

+

(
0.664

√
Re∗bPr1/3

√
1 +

3.65√
Re∗b

)−3]1/3
(5)
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Fig. 6: (a) Single heatsink convective thermal resistance and surface temper-
ature as a function of air flow rate, (b) Single heatsink air pressure drop as a
function of air flow rate.

Where Re∗b = Reb

(
sfin
lfin

)
and, Reb =

vavgsfin
v

(6)

Total heatsink to ambient convective resistance Rsa is given
by (7) and heat transfer coefficient h by (8).

Rsa =
1

h(Aunfin + ηfinnfinAfin)
+

hsink

(ksinkwsinklsink)
(7)

h =
Nubkair
sfin

(8)

Where, kair is the conductivity of the air (W/mK), and fin
efficiency ηfin for straight rectangular fin is given by (9) [1]

ηfin = tanh(mhe)/(mhe)

m =
√
2h/(ksinktfin)

he = hfin + tfin/2

(9)

Finally, the heatsink temperature can be estimated by the
(10). Where Tb is considered as 35◦C as discussed in Section
III-A. Fig. 6(a) gives the surface temperature Ts and convec-
tive thermal resistance Rsa characteristics with respect to flow
rate.

Tsink = QmodRsa + Tb (10)

The static pressure difference ∆P between the fluid inlet
and outlet correlates with the impedance characteristic of
the cooling system. ∆P is directly related to the power
consumption of the fan or pump to maintain the flow [1]
and is analyzed in this section. The pressure difference across

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2025 at 10:11:03 UTC from IEEE Xplore.  Restrictions apply. 
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the heatsink is analytically obtained using the models from
[23]. This model utilizes the forces balance equation on the
heatsink as shown in (11) [24]. Where apparent friction factor
fapp is for hydrodynamically developing flow is given by (15)
[23]. This equation is suitable for estimating pressure drops
in power electronic enclosures since the duct is usually non-
circular and has a short length. Mechanical pumping power
Wpump is the product of volume flow rate (m3/s) and ∆P
(N/m2) [1].

∆P =

(
fappnfin(2hfinlfin + sfinlfin)

hfinwsink

+Kc +Ke

)(
ρv2ch
2

)
(11)

Where ρ is density of air (kg/m3), vch is channel velocity
and given by (12) [23], Kc and Ke are loss coefficients for
sudden expansion and contraction. given by (13) [23]

Vch = Vavg

(
1 +

tfin
sfin

)
(12)

Kc = 0.42(1− σ2)

Ke = (1− σ2)2
(13)

Where σ = 1− (nfintfin/wsink) (14)

fappReDh =

[(
3.44√
L∗

)2

+ (fReDh)
2

]1/2
(15)

Where L∗ = lfin/(DhReDh)

ReDh = VchDh/v
(16)

Reference [23] gives the friction factor Reynolds number
group to compute fReDh. Dh is the hydraulic diameter of
the duct and is approximated as 2sfin [23]. Fig. 6(b) shows
a pressure drop and mechanical pumping power plot as a
function of the volume flow of the air for the single heatsink.

IV. FORCED LIQUID CONVECTION COOLING FOR
UNDERGROUND POWER ELECTRONICS

Forced liquid convection is usually preferred when the heat
flux is about tens of W/cm2 [3]. Cold plates are typically
used to absorb and transfer heat from the component. There
are several different types of cold plate technologies, like tube
cold plates, fin pin cold plates, and microchannel cold plates
[5]. The trend is to increase the surface in contact with the
liquid to improve the heat transfer coefficient [5].

In this section, thermal analysis is done using a tube-based
cold plate with a tube-fin liquid-to-air heat exchanger. Fig.
7(a) and 7(b) show the placement and block diagram of the
close-loop liquid-cooled system. The system has a cold plate
on which switches are thermally coupled. A working fluid,
in this case, water, moves through the cold plate and absorbs
the heat from the components, which is further dissipated into
the air using air-to-liquid heat exchangers. A pump is used to

circulate the water in the system, and a reservoir is placed to
accommodate the expansion-contraction of the working fluid.
The same ambient temperature Ta of 32◦C as in the case of
air convection cooling is assumed.

The analysis uses the cold plate and heat exchanger data
from the manufacturer. The goal of the analysis is to ensure
that the surface temperature Ts of the cold plate can be
maintained lower than Ts,max for a known volume flow rate
when the system operates in a closed loop. The temperature of
the cold plate inlet fluid temperature T1 cannot be equal to or
lower than the ambient temperature Ta. T1 is chosen as 40◦C,
which accounts for some headroom over ambient temperature.
The single cold plate dissipates the entire power loss Qtot, and
no spreading resistance is considered in this analysis. Fig. 8
shows the equivalent thermal resistance network for the cold
plate. The outlet temperature of the cold plate T2 is given by
(17).

T2 =
Qtot

ṁcp
+ T1 (17)

Cold plate maximum thermal resistance Rcp,max is given
by (18), where the maximum surface temperature of the cold
plate surface Ts,max is the same as determined in Section II-B.

Rcp,max = (Ts,max − T2)/Qtot (18)

The cold plate is chosen such that its thermal resistance
Rcp is lower than the calculated maximum thermal resistance
Rcp,max for the desired flow rate. In this case, Rcp,max is
0.10436 ◦C/W at 2 LPM flow rate when the power dissipated
is Qtot. Therefore, 152mm x 177.8mm 6-pass, Hi-Contact cold
plate from Aavid manufacturer [25] is chosen, as it meets
the required thermal resistance and the switch area criteria
given in Section II-B. Fig. 9(a) shows the thermal resistance
characteristic of the cold plate, and the data is obtained from
the manufacturer.

After selecting the cold plate, the liquid-to-air heat ex-
changer can be selected based on the capability curve provided
by the heat-exchanger manufacturer. The capability curve of
the heat exchanger is the function of the volume flow of the
liquid in the tube as well as the volume flow of the inlet air.
The capability is specified in W/◦C which is the amount of the
heat removed from the heat exchanger at the given difference
between water and air temperature at the inlet of the heat
exchnager [1] as shown in (19).

air

pump

heat 

exchanger air ventillation

(a)

Cold plate

Pipe

Air-liquid 

heat exchager
Pump

T1T2

Ta

Air

Qtot

(b)

Fig. 7: (a) Forced liquid convection cooling for underground power electron-
ics, (b) Forced liquid cooling close loop system.
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Qsw_pri

Qsw_sec

Tj_pri

Tj_sec Tc_sec

Rjc

Rjc

Rcs

Rcs

Tc_pri Ts

Rcp

x8

x8

Ta

Cold plate

T2

1/(� Cmin)

Liquid-air

heat exchnager

Fig. 8: Equivalent thermal resistance network for forced liquid cooling of
power electronics.

Capability =
Qtot

T2 − Ta
= εCmin (19)

The capability data from the manufacturer is the product
of the effectiveness ε of the heat exchanger and minimum
heat capacity rate Cmin. Based on the maximum temperature
of the cold plate outlet fluid T2 derived from (17), ambient
temperature Ta, and capability curve, the copper tube-fin heat
exchanger M05-100 from Aavid manufacture is selected [26]

To verify if the heat exchanger in a loop with a cold plate
can meet the cold plate’s surface temperature requirement
Ts,max, (20) is used to plot the surface temperature of the
cold plate Ts with respect to flow rate of liquid as shown in
Fig. 9(a). Where the variation in Rcp with respect to flow rate
and εCmin is provided by the manufacturer. Ch is the heat
capacity rate of the hot fluid, which in this case is water.

Ts = Qtot

[
Rcp +

(
1

εCmin
− 1

Ch

)]
+ Ta (20)

Fig. 9(b) shows the pressure drop of liquid flowing through
the cold plate and heat exchanger with respect to the flow rate,
and the data is provided by the manufacturer [25], [26]. Fig.
9(b) also shows the mechanical pumping power Wpump which
in this case is a product of a combined pressure drop of a cold
plate and heat exchanger with the volumetric flow of liquid.

To maintain T1 constant to 40◦C, the heat exchanger air-
side flow rate of around 160 CFM is required and is obtained
from the capability curve given by the manufacturer [26]. The
manufacturer also provided the air-side pressure drop data
[26]. At 160 CFM, the air-side pressure drop is given as 55
Pa, resulting in the air-side pumping power of 4.15 W.

V. INDIRECT COOLING USING HEATPIPES AND
AIR-COOLED CIRCULAR FINS

The heatpipe is a self-contained structure that achieves high
thermal energy conductance utilizing two-phase fluid flow
with capillary circulation [9]. The latent heat of vaporization
is exploited to transport heat over long distances with a
corresponding small temperature difference [9]. The effective
thermal conductivity of the heat pipe depends on the length,
diameter, orientation, working fluid, container, and wick struc-
ture. Several other limits govern the heat transport capacity of
the heatpipe, viz. capillary limit, sonic, entrainment, viscous,
and boiling, and are discussed in [10], [11].
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Fig. 9: (a) cold plate thermal resistance and surface temperature as a function
of liquid flow rate, (b) cold plate and heat exchanger liquid pressure drop as
a function of liquid flow rate

The use of heatpipe is commonly seen in power elec-
tronics thermal management. In most applications, heatpipe-
embedded heatsinks are used to reduce the thermal spreading
resistance [16], [17] and [18]. In some high-power density
applications, heatpipes are coupled with magnetic components
to transfer the heat to the local heatsink [7], [8]. This section
presents a step-by-step design methodology and analysis for
the indirect cooling of switches using heatpipes. Fig. 10 shows
the structure of the heatpipe integrated power electronics
and air-cooled circular fins. The orientation of the heatpipe
is vertical, with the condenser section on top connected to
circular fins and the evaporator section on the bottom cou-
pled to the switches. In this arrangement, the gravitational
force assists the working fluid in flowing from the condenser
section to the evaporator section and, therefore, enhances the
power-carrying capability of the heatpipe. The length of the
evaporator, condenser, and adiabatic section of the heatpipe is
shown in Fig. 10.

lc = 20cm

le = 20cm

la = 40cm

air

 air-cooled 

circular fin bank
 

heatpipe

Fig. 10: Indirect cooling using heatpipe and air-cooled circular fins for
underground power electronics.

The cooling system design process involves heatpipe design
and sizing, heatpipes integrated base plate design, and air-
cooled circular fin bank design. The design process is iterative,

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2025 at 10:11:03 UTC from IEEE Xplore.  Restrictions apply. 



7

and various parameters can be optimized in these individual
design steps. In the following sections, each of the design steps
and analysis is shown.

A. Heatpipe design and sizing

TABLE III: Heatpipe design parameters.

Parameters Values
Evaporator length (Le) 0.2 m
Condenser length (Lc) 0.2 m
Adiabatic length (La) 0.4 m

Outer diameter of the pipe (dop) 0.0127 m
Thickness of the pipe (tp) 0.8 mm

Inner diameter of the pipe (dip) 0.0119 m
Vapour diameter (dv) 0.0109 m
Wire diameter (dw) 1.143e-04 m
Mesh number (N) 3937 m−1

length of joint (Lj) 0.102 mm
Area of joint (Aj) 0.008 m2

Pipe wall radial resistance (Rp,c, Rp,e) 1.2911e-04 C◦/W
Liquid-wick resistance (Rw,c, Rw,e) 0.0465 C◦/W

Evaporator contact resistance (Rext,e) 2.556e-04 C◦/W
Power carried by each heatpipe (Qhp) 70.66 W

The heatpipe’s power-carrying capability depends on several
factors, as mentioned before. However, a preliminary selection
of working fluid, container, and wick structure is required
before sizing the heat pipe for the application. There are
various resources [10], [11] that highlight the proper selection
of these design parameters. This application uses copper-water
heatpipes with a two-layer 100 mesh copper screen wick
structure.

The sizing of the heatpipe requires the selection of core
diameter, wick sizing, and container thickness such that it
meets the power-carrying criteria of the heatpipe for the
given length, diameter, and orientation [12]. Table III gives
the design and sizing parameters of the heatpipe used in
this application. In total, six heatpipes are used to transport
power Qtot from the base plate to the fins. The selection
of the number of heatpipes also depends on the temperature
gradient between the evaporator and condenser ends, ∆T ,
that is proportional to the heatpipe power Qhp, and thermal
resistances.

Once the heatpipe design and sizing are defined, the capil-
lary power limit is computed to check if the required heat
transport lies below the capillary limit. Fig. 11 shows the
capillary limit of the heatpipe with respect to the operating
temperature range. This limit is calculated based on the analyt-
ical equation provided in [11], which expresses the difference
in capillary pressure across the liquid-vapor interface in the
evaporator and condenser region. Based on the capillary limit
graph, it is verified that the designed heatpipe can carry the
Qhp in the estimated operating range of 30◦C to 80◦C.

The thermal resistance of the heatpipe determines the tem-
perature gradient across it. The simplified thermal resistance
network model of heatpipe is used in this analysis, and only
the pipe wall radial resistance (21) and liquid-wick resistance
(22) at both the evaporator and condenser section is used [11].
The values of these resistances are given in Table III.

Rp,x = log
(dop/dip)

2πLxkp
(21)

Fig. 11: Capillary limit of the heatpipe with respect to operating temperature.

Rw,x = log
(dow/diw)

2πLxkeff
(22)

where keff is the effective wick permeability and is given
by (23) [11], and Lx is the length of evaporator Lx = Le or
condenser Lx = Lc.

keff =
kl[(kl + kw)− (1− ϵ)(kl − kw)]

[(kl + kw) + (1− ϵ)(kl − kw)]
(23)

where, ϵ wick porosity for wrapped screen wick is given by
(24) [11] and kl and kw is the thermal conductivity of liquid
and wick material.

ϵ = 1− (1.05πNdw)/4; (24)

B. Air-cooled fins design for the heatpipe condenser section

The heatpipe’s condenser surface area can be extended by
adding circular or flat fins to the heatpipe. The cross-flow
over the finned heatpipe arrays can increase the heat transfer
coefficient. This analysis considers aluminum circular fins
connected to the heatpipe condenser section. The tubes are
arranged staggered in the direction of flow. Fig. 12 shows
the staggered tube arrangement. The fins are welded to the
heatpipe, and contact resistance is ignored. Table IV shows
the design parameters of the circular fins heatpipe arrays.

The correlation used in calculating the heat transfer co-
efficient is obtained from regression analysis from reference

dt

dr

P2
P1

s

L1

30
o

 P1/2

L3

L2

 P2/2

airflow

L

half tube

Fig. 12: Circular fins heatpipe staggered array, top and side view.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 23,2025 at 10:11:03 UTC from IEEE Xplore.  Restrictions apply. 



8

TABLE IV: circular fin heatpipe array specifications

Parameters Values
Width of the fins (w) 0.002 m

Root diameter of the fin (Dr) 0.0127 m
Length of the fin (L) 0.02 m

Diameter of the fin tip (Dt) 0.0695 m
Space between the fins (s) 0.008 m

Number of rows (nr) 2
Transverse distance between the heatpipes (p1) 0.07 m

Longitudinal distance between the heatpipes (p2) 0.07 m
Fin density (N) 100 m−1

Surface area of the all the fins (Af ) 0.9324 m2

Surface area of tube between the fins (Aw) 0.0383 m2

Minimum free flow area (Smin) 0.0321 m2

σ is Smin/(L3L1) 0.6562
Height of the bank of heatpipe array (L1) 0.2 m
longitudinal length of heatpipe array (L2) 0.14 m
Transverse length of heatpipe array (L3) 0.245 m

Conductivity of fins (kfin) 238 W/mC

[27]. Equation (25) gives a correlation to calculate the average
Nusselt number.

Nu = 0.242Re0.658Pr1/3
( s

L

)(p1

p2

)−0.09

F1F2 (25)

This correlation is valid for the following conditions [27]:
• 2000 < Re < 40,000
• 0.13 < s/L < 0.57
• 1.15 < p1/p2 < 1.72
Where Reynolds number Re is given by (26), F1 in-

corporates variation in the fluid property and is given
by Prandtl number evaluated at bulk temperature Prbulk,
and heatpipe wall temperature Prwall. F1 is calculated as
(Prbulk/Prwall)

0.26 and F2 is a correction factor and is 0.84
for two rows [27].

Re =
vmaxDr

v
(26)

Where vmax is the maximum velocity evaluated at the
minimum free flow area given by (27)

vmax =
ṁ

ρSmin
(27)

Circular fin heatpipe array to ambient convective resistance
Rha is obtained from (28)

Rha =
1

h(Aw + ηfinAf )
(28)

Where h is the convective heat transfer coefficient calculated
for the entire array and is given by (29) [27] and ηfin is the
fin efficiency and is given by(30), [27].

h =
Nukair
Dr

(29)

ηfin = tanh(mθ)/(mθ)

m =
√

2h/(kfinw)

θ =
Dr

2

(
Dt

Dr
− 1

)(
1 + 0.35log

(
Dt

Dr

)) (30)

The flow over the tube bank, in this case, the heatpipe array,
is considered as internal flow [1]. For the constant surface
heat flux boundary condition on heatpipes and circular fins,
the maximum surface temperature of the heatpipe array can
be computed at the exit of the array. Equation (31) gives the
maximum surface temperature of the heatpipe array. Here,
the exit temperature of the heatpipe array Te is based on the
conservation of energy, given by (3).

Tfin,array = Te +QtotRha (31)

Fig. 13(a) shows the variation of convective resistance of
circular fin heat pipe array Rha as well as shows the surface
temperature variation of heatpipe fins array Tfin,array with
respect to the volume flow of the air.

The pressure loss calculation across the circular fin heat-
pipe arrays is obtained from correlation from reference [28].
Equation (32) gives the total static pressure loss for the array
[28].

∆P = (ka + nrkf )
ρv2max

2
(32)

Where ka is the pressure loss due to acceleration and is
given by (33), whereas kf is the pressure loss due to friction
as is given by (34) [28].

ka = 1 + σ2 (33)

Kf = 4.71Re−0.286

(
L

s

)0.51(
p1−Dr

p2−Dr

)0.536

(
Dr

p1−Dr

)0.36

(34)

The correlation in the (34) is valid for the following
conditions [28]:

• 103 ≤ Re ≤ 105,
• 1.54 ≤ L/s ≤ 5.67
• 1.18 ≤ (p1−Dr)/(p2−Dr) ≤ 2.07
• 0.13 ≤ Dr/(p1−Dr) ≤ 2.86
Fig. 13(b) shows the static pressure drop across the heatpipe

circular fin array as well as mechanical pumping power
Wpump as the function of the volume flow of air.

C. Heatpipe integrated base plate

Aluminum baseplate of length lbase of 200mm, width wbase

of 150mm, and height hbase of 40mm is used based on the
criteria given in Section II-B. This base plate incorporates
6 heatpipes, and the interface consists of Solder 63Sn/37Pb
with effective thermal conductivity of 50 W/m◦C. The contact
resistance at the evaporator is given by the (35).

Rext,e = Lj/(kjAj) (35)

Where Lj is the length of the joint and Aj is the area of the
joint as mentioned in Table III. The thermal resistance of the
base plate accounts for the heat flow path between the surface
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Fig. 13: (a) Heatpipe array thermal resistance, fin array surface temperature
and base plate surface temperature as a function of air flow rate, (b) Static
pressure drop across circular fin heatpipe array as a function of air flow rate.

area of switches and the heatpipe given by (36), assuming that
the heatpipes arrays are placed at the center of the base plate.

Rbase =
(hbase/2)

(kbaselbasewbase)
(36)

Where kbase is the thermal conductivity of aluminum. Once
the Rbase is known, the surface temperature of the heatpipe
integrated baseplate can be computed and is shown in Fig.
13(a) as variation in Ts with respect to the volume flow rate
of air.

The equivalent thermal resistance network for the indirect
cooling of power electronics using heatpipes and circular fins
is shown in Fig. 14.

Qsw_pri

Qsw_sec

Tj_pri

Tj_sec Tc_sec

Rjc

Rjc

Rcs

Rcs

Tc_pri Ts Ta

Rbase

x8

x8

Rext,e Rp,e Rw,e Rw,c Rp,c

Rext,e Rp,e Rw,e Rw,c Rp,c

Rext,e Rp,e Rw,e Rw,c Rp,c

Tfin,arrayTbase

Heatpipe 1

Heatpipe 5

Heatpipe 6

Rha

Heatpipe integrated baseplate
Circular fin 

heatpipe array

Fig. 14: Equivalent thermal resistance network for indirect cooling using
heatpipe and circular fin array.

VI. COMPARISON OF COOLING METHODS FOR
UNDERGROUND POWER ELECTRONICS

The cooling methods are designed for specific constraints
like the surface area requirement of the switches and the max-
imum junction temperature limit of the switches. The quan-
titative comparison is done based on the pressure drop, heat

transfer convective resistance, mechanical pumping power, and
the volume of the cooling system. Whereas, The qualitative
comparison is based on cost, maintenance, and the ability to
isolate power electronics from the external environment by
sealing. The cooling system’s performances are evaluated for
surface temperature Ts of 46◦C. This limit is far below the
Ts,max and is chosen because this is the temperature a liquid-
cooled system can achieve at a minimum flow rate based on the
data provided by the manufacturer. The following section gives
the details of how these performance parameters are evaluated,
and they are highlighted in Table V.

A. Performance parameters of air-cooled system

The performance parameters of the underground ventilation
system are not evaluated, but its effect on bulk mean tem-
perature Tb is used as inlet air temperature for deriving the
performance parameters of forced air convection cooling as
discussed in Section III-B. The performance parameters are
evaluated when heatsink temperature Ts is maintained at 46◦C.

• Ts of 46◦C is achieved at 98 CFM rate for one heatsink.
• Convective heat transfer resistance Rsa of 0.0514◦C/W.
• Pressure loss ∆P for one heatsink is 373 Pa.
• Pumping power required Wpump of 17.2W for one

heatsink. For two heatsink Wpump is 34.4W
• Dimension of one heatsink [21]: 0.3m x 0.0934m x

0.04m, combined volume of two heatsinks: 0.00224m3.
Volume comparison excludes air duct and fan.

B. Performance parameters of water-cooled system

For the water-cooled convection cooling design based on
Section IV, the following performance is achieved when Ts

of cold plate is maintained at 46◦C.
• Ts of 46◦C is achieved at 2.6 LPM rate.
• Convective heat transfer resistance Rcp of 0.0143◦C/W.
• Pressure loss ∆P for cold plate: 1.5 PSI and ∆P for heat

exchanger: 0.943 PSI, combined ∆P is 2.443 PSI.
• Pumping power required Wpump 14.48W, and heat ex-

changer air-side Wpump is 4.15W. The combined pump-
ing power is 18.63W

• Dimension of cold plate [25]: 0.152m x 0.1778m x
0.014m, dimensions of heat exchanger [26]: 0.16m x

TABLE V: Comparison of cooling methods.

Parameters Forced air
cooling

Forced liquid
cooling

Indirect
cooling

Convective
resistance 0.0514◦C/W 0.0143◦C/W 0.0122◦C/W

Pressure drop 373 Pa 2.443 PSI
(16.8 kPa) 133.3 Pa

Pumping
power 34.4W 18.63W 45W

Volume 0.00224 m3 0.00507 m3 0.00188 m3

Maintenance low high low
Cost low high high

Sealing of
power

electronics
No Yes Yes
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0.0889m x 0.33m. Combined volume: 0.00507m3. Vol-
ume comparison excludes connecting pipes and water
pump.

C. Performance parameters of indirect cooled system

For the indirect cooling using heatpipe and air-cooled circu-
lar fin design based on Section V, the following performance is
achieved when Ts heatpipe integrated baseplate is maintained
at 46◦C.

• Ts of 46◦C is achieved at 715.4 CFM rate.
• Convective heat transfer resistance Rha of 0.0122◦C/W.
• Pressure loss ∆P for circular fin heatpipe array is 133.3

Pa.
• Pumping power required Wpump is 45W.
• Dimension of heatpipe integrated base plate: 0.2m x

0.15m x 0.04m, dimensions of circular fin heatpipe
array: 0.2m x 0.014m x 0.245m. Combined volume:
0.00188m3. Volume comparison excludes heatpipes.

VII. CONCLUSION

The paper has presented a quantitative and qualitative
comparison of three cooling methods - forced air convection
cooling, forced water convection cooling, and indirect cooling
using heatpipe and air-cooled circular fins for the DCDC
part of the EV charger placed underground. The cooling
systems are designed to meet the junction temperature limit
and surface area requirement of the semiconductor switches.
The primary performance parameters, such as convective heat
transfer resistance, pressure drop, and mechanical pumping
power as the function of working fluid volume flow, are
presented. It can be observed that the indirect cooling method
has a smaller convective resistance for the given volume
of the cooling system, which results in a compact cooling
system. Additionally, it can also allow easy sealing of power
converters. These are the desirable characteristics of a cooling
system for underground EV chargers. The overall cooling
performance of the indirect cooling method can be improved
by optimizing the design to reduce the pressure drop and
thermal resistance from the semiconductor switch case to the
surface of the circular fins.
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