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Zero-Power consumption based
evaporative cooling for rated
current conduction in SiC mosfets
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This work demonstrates a highly efficient, zero-power-consumption evaporative cooling system for
managing heat generated by SiC MOSFETs operating near their current capacity. The system employs
capillary-driven water transport through cotton ropes to an aluminum heatsink, where cellulose paper
spreads the water for even evaporation. The process effectively lowers the junction temperature

(Tj) of the MOSFETs, monitored in real-time using the correlation between its on-resistance (R,)

and TJ Evaporative cooling dissipates 42% of total heat without a fan and 89% with a fan. COMSOL
simulations are performed and can closely match experimental data, highlighting that optimizing heat
transfer between the lead frame and heatsink and increasing the cooling fin height are the keys to
further improve the evaporative cooling efficiency. This study offers a sustainable and efficient cooling
solution for high-power SiC MOSFETs, reducing reliance on energy-intensive cooling systems and
demonstrating potential scalability for industrial applications.
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Owing to the high breakdown electric field and high thermal conductivity of SiC, metal-oxide-semiconductor
field-effect transistors based on SiC (SiC MOSFETs) have recently found widespread applications in the 800-
V powertrain traction inverters of electric vehicles, for which high power, high efficiency and high-power
density are necessary!~>. Compared to conventional insulated gate bipolar transistors based on Si (Si IGBTs),
the SiC MOSFETs have about 10 times thinner epitaxial layers and much lower turn-off switching loss because
of unipolar conduction. As a result, the SiC MOSFETs can offer higher efficiency and higher power density
compared to Si IGBTs, achieving peak efficiency up to 99% and power density more than 40 kW/L for electric
vehicle traction inverters*®. On the other hand, compared to lateral GaN high electron mobility transistors (GaN
HEMTs), the SiC MOSFETS are vertical and based on homoepitaxial layers, thus exhibiting much better voltage-
blocking capability and hard switching reliability®’.

Inadequate cooling can lead to serious thermal reliability issues. In general, SiC MOSFET-based inverter
modules of electric vehicles use liquid-cooling systems, in which water flows through a heatsink to dissipate
heat, enabling cooling in high power density’. However, this setup requires additional components like
pumps, tubing and coolant, further increasing weight, complexity and cost. Furthermore, the pumps power
consumption reduces overall efficiency, and inadequate water flow rates may lead to hotspots, especially under
high loads. Recently, double-sided cooling, which dissipates heat from both sides of the module, has shown the
potential to achieve more uniform temperature distribution and lower thermal resistance. When paired with
advanced packaging technologies, such as silver sintering, this approach can further improve cooling efficiency
and enable thinner and lower-inductance designs®!?. However, double-sided cooling requires intricate thermal
management on both sides!"!?, often involving specialized bonding materials that add potential reliability
challenges due to unmatched thermal expansion and stress at interconnects!'>!4,
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Immersion cooling, which submerges SiC MOSFETs in electrically insulating oils, offers direct contact and
thorough surface cooling'®. However, it requires a sealed enclosure to prevent leakage, and the dielectric oil may
degrade over time, necessitating maintenance and posing contamination risks. Additionally, immersion cooling
has limited scalability due to the space needed for immersion tanks. Phase-change cooling technologies, such
as vapor chambers'®, heat pipes!”, thermosyphons'®and two-phase immersion cooling!>!?, are highly efficient
methods for managing heat in various applications. These systems rely on the natural process of phase change,
where a working fluid evaporates when heated, carrying away heat, and then condenses, releasing it at a cooler
location. The heat pipes and thermosyphons use the evaporation and condensation cycle to transfer heat, while
the two-phase immersion cooling submerges components in a dielectric fluid that undergoes phase change.
The vapor chambers distribute heat evenly across a flat surface, making them ideal for compact spaces. These
technologies are generally considered energy-efficient because they do not require external power sources like
pumps or fans to move the coolant, relying instead on fluid dynamics. However, their environmental impact
depends on factors such as the materials used in manufacturing, the choice of working fluid and the maintenance
required, with some coolants potentially being harmful or requiring replacement over time. Overall, phase-
change cooling offers a “green” solution. However, the sustainability of phase-change cooling depends on careful
material selection and proper system management.

In this work, we demonstrate that the heat generated by a discrete SiC MOSFET conducting alarge DC current
close to the current rating can be effectively dissipated by water evaporation on the surface of a conventional
aluminum heatsink. Without consuming any external power, which we define as zero-power consumption
in this work, the liquid water can be transported to the heatsink via cotton ropes and then spread all over
the heatsink surface through cellulose paper by means of capillary force. Compared to other phase-change
cooling technologies, the setup is simple and cost-effective and only water is consumed during the evaporative
cooling process. The comparison between traditional cooling techniques and the evaporative cooling technique
proposed in this work is summarized in Table 1. By measuring the on-resistance ( Ron) between its drain and
source terminals and using the Ron versus junction temperature ( 7}) curve, the T of the SiC MOSFET can
be monitored in real time during the heating process. When the drain current ( Ip) is as large as 6 A, the Tj
is estimated to be 142.7° C, demonstrating that by solely relying on evaporative cooling, the T of the SiC
MOSFET can be maintained lower than the T} maz (150° C'). Without consuming any power for cooling,
the power density of the discrete SiC MOSFET in combination with the evaporative cooling structure is about

1 W g™ Lastly, the thermal-fluid-evaporation process taking place on the heatsink surface is investigated in
COMSOL. The simulation results are closely matched with experimental data. An efficient heat transfer from
the lead frame to the heatsink and an optimized heatsink fin height are identified as the critical steps to further
improve the evaporative cooling efficiency.

Evaporative cooling system setup

To demonstrate the effectiveness of the evaporative cooling experiment, the TO-247 lead frame of the discrete
SiC MOSFET was tightly screwed to an H-shape aluminum heatsink with a thin layer of heat transfer grease
in between. The heatsink outer surface was attached with a layer of cellulous paper (grade 2 quantitative filter
paper) and five cotton ropes (5 mm in diameter) were sandwiched between the six cooling fins (Fig. 1(a)). The
cotton ropes transport water to the heatsink, while the cellulous paper evenly spreads the water all over the
heatsink surface for evaporative cooling (Fig. 1(a) and 1(b)). During the experiment, one end of the cotton
rope was constantly immersed in a large beaker of water, while the other end of the cotton rope was directed to
another beaker for collecting the transported water. The whole process is facilitated by capillary force without
consuming any power. Experimentally, the water flow rate can be obtained by measuring the total mass of water
flowing through the cotton ropes over the measurement time ( 10 min). When the SiC MOSFET is turned off,
the water flow rate of the five cotton ropes is 2.84 + 0.02 cm® min ™" and the cooling fin surface temperature
is about the room temperature ( 25.1° C'), as can be seen in Fig. 1(c). When the SiC MOSFET is conducting a

Cooling Technique Working Principle Advantages Disadvantages Ref.
Liquid Cooling (with Forced convection using water pumped | « High cooling efficiency « Requiring pump, tubing, coolant 3
Heatsink) through channels to carry away heat « Suitable for high power density « Risk of hotspots at low flow
o . . . « High complexity in packaging
Double-Sided Cooling I&Ie?t d‘SSH’ ation from both s@es of the | « Better temperature uplformlty « Reliability concerns due to unmatched thermal 910
evice using advanced packaging « Reduced thermal resistance -
expansion
. . Devices submerged in dielectric oil for | « Thorough surface cooling * Requiring Seakd endos}l e . 15
Immersion Cooling R . . N . « Maintenance issues (fluid degradation)
direct and uniform cooling « Suitable for high power - o
« Limited scalability
Phase-Change Cooling . . . . . .
Heat transferred via phase-change « High efficiency « Environmental impact depends on coolant/materials
(Vapor Chamber, Heat : d condensation of - ! ial fluid deeradati 16-19
Pive. Th h d (evaporation and condensation of a « Passive operation « Potential fluid degradation
ipe, Thermosyphon, an. King fluid . ot L ; . .
. working fluid) « Uniform temperature distribution | « Complexity in design and fluid selection
Two-phase Immersion)
« Low-cost
Proposed Capillary- Passive water transport through cotton | « Passive operation « Requiring water reservoir refill This
Driven Evaporative via capillary action, followed by surface | « Scalable « Potential degradation of cellulose paper and cotton ork
Cooling evaporation to dissipate heat « Environment friendly (only ropes in long term W
evaporating water)

Table 1. Comparison between traditional cooling techniques and the evaporative cooling technique proposed
in this work.
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Fig. 1. (a) 3D schematic of the discrete SIC MOSFET tightly screwed to the evaporative cooling structure,
including the heatsink, cotton ropes and cellulous paper attached to the heatsink surface. The three pins of
the TO-247 package are bent 90°, so that the heatsink can face upward for evaporation with the SiC MOSFET
discrete affixed to a printed circuit board. (b) Bright field image of the heatsink with five cotton ropes. (c

and d) Thermal images of the heatsink with five cotton ropes when the SiC MOSFET is conducting 0 A and

6 A, respectively. (e) Circuit schematic of the SiC MOSFET being biased at Vigs = 15V and conducting a
constant Ip, which is provided by a DC power supply in the constant current mode. Under this condition, by
measuring the Vpg with a volt meter, the Ron = Vps / Ip of the SiC MOSFET can be monitored in real
time.

constant current of 6 A, the water flow rate increases to 3.87 + 0.01 em® min™' and the cooling fin surface
temperature increases to 62.9° C, as can be seen in Fig. 1(d). At this surface temperature, steam rising from the
heatsink can be observed by bare eyes. It is worth noting that under the biasing condition of Vgs = 15V and
constant Ip, which was provided by a DC power supply (GW Instek PLR 20-36) in the constant current mode,
by measuring the Vps with a volt meter (GW Instek GDM-8255 A), we can achieve real time monitoring of
Ron = Vps/Ip of the SiC MOSFET (Fig. 1(e)).

Device characterizations

The Ron versus T} curves of the discrete SiC MOSFET (W ol f speed, C'3M0350120D) were derived from
the Ip- Vps curvesat Vs = 15V, obtained at various 7 values using the Keysight B1500 A semiconductor
device parameter analyzer (Fig. 2(a)). The TO-247 lead frame was placed on top of the probe station heating
chuck with a thin layer of heat transfer grease in between, while the TO-247 front side was covered by a piece
of cotton cloth for reducing convection heat loss. Therefore, the lead frame temperature, measured by a K-type
thermocouple, can be approximated as the 7 of the device. Moreover, pulsed IV measurement was applied for
minimizing the additional heat generated during the Ip- Vps measurement. Based on the Ip versus Vps
curves at different T}, the Ron versus T; curves with different Ip can be derived (Fig. 2(b)). Since the SiC
MOSEET is biased at a sufficiently large Vos (15 V), the Rox increases as the T increases, which is commonly
observed for ensuring the current balance among multiple SiC MOSFETs connected in parallel.

Results and discussions

Based on the Ron versus T} curves in Fig. 2(b), real time monitoring of T; can be achieved. As an example,
after the SiC MOSFET conducted Ip = 6A for 5min, the steady state Ron was measured to be 0.556 Q
and Tj can be estimated as 142.7° C'. To systematically investigate the influence of water flow rate on the T}
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Fig. 2. (a) Measured Ip versus Vps curves of the SiC MOSFET discrete at Vs = 15V and different T}.
(b) Ron versus T curves of the SiC MOSFET discrete at Vgs = 15V and different Ip. Ron is equal to the
inverse of the slope of Ip versus Vps curve.

at different Ip, in addition to the five cotton ropes mentioned previously, evaporative cooling experiments
using three and ten cotton ropes were also conducted. The water flow rates of three and ten cotton ropes are
equal to 1.45 & 0.01 cm® min~"' and 4.01 £+ 0.01 cm® min~! when the SiC MOSFET is off, and increased
tobe 1.97 4+ 0.02 cm® min~! and 5.63 + 0.07 cm® min~! when the SiC MOSFET turns on (Ip =6A
), respectively. In addition to the decrease in surface tension, the increase in viscosity is another reason for the
increase in water flow rate at elevated temperatures®.

For comparison, evaporative cooling in a non-zero-power consumption condition is also demonstrated,
in which the whole experimental setup is the same, except that an axial AC cooling fan (Sunon, SF11592
A-1092HST.GN, 92 mm x 92 mm x 25 mm) is positioned approximately 5.9 cm above the heatsink to enhance
the convection and evaporation. Once the SiC MOSFET turns on, the T rapidly increases and enters a steady
state in 5 min as shown in Fig. 3(a). With five cotton ropes for water transportation and Ip equal to 5, 5.5
and 6 A, the steady state values of T are 115.7° C, 127.7° C and 142.7° C without cooling fan (zero-
power consumption) and 91.6 © C, 100.9° C'and 112.1° C with cooling fan (non-zero-power consumption),
respectively. In overall, the T); can be lowered by about 30° C' with the help of cooling fan. The condition of Ip
equal to 7 A with cooling fan (purple solid line in Fig. 3(a)) yields about the same T (about 140° C') as the
condition of Ip equal to 6 A without cooling fan (green dotted line in Fig. 3(a)).

The steady state powers, power densities and 77 values of the SiC MOSFET conducting Ip ranging from 5 A
to 7 A and being cooled by different evaporation conditions are summarized in Fig. 3(b). The dotted straight
line follows the equation: power X Rinjc = T; — Tc, where power is the conduction loss ( I 2D X Ron)and
Rynje is the junction-to-case thermal resistance obtained from the datasheet ( 2.5° C W ™!) and T, the TO-
247 lead frame temperature, is set as 100° C. For each given power, a data point closer to the dotted straight line
means the T is closer to 100° C. In general, using cooling fan leads to lower T} and T than not using cooling
fan (i.e. zero-power consumption cooling). Furthermore, without cooling fan, using ten cotton ropes (hollow
triangles) for water transportation can always yield lower T} and T. than using five (hollow stars) and three
cotton ropes (hollow crosses). In contrast, when cooling fan is applied to enhance convection and evaporation,
five cotton ropes (solid stars) can achieve the lowest 7T; and 7. compared to ten (solid triangles) and three
cotton ropes (solid crosses). As illustrated by the insets in Fig. 3, compared to five cotton ropes, ten cotton ropes,
although having higher water flow rate, suffer from less evaporation area. Therefore, a well balance between the
water flow rate and evaporation area is critical to achieve the lowest T and T at a given power.

To characterize the evaporative cooling efficiency, which is defined as the percentage of total heat
(I,% x Ron) dissipated through evaporation, the evaporation rates were measured to be 1.4, 4.9 and

8.1 mg s~ " for Ip = 0 A without cooling fan as background, Ip = 6 A without cooling fan and Ip = 6 A
with cooling fan, respectively. Using the latent heat of water vaporization (2406 J g~ " at 40° C)?!, the heat
dissipation through evaporation can be calculated as the product of net evaporation rate and latent heat, that is

8.4 W for Ip = 6 A without cooling fan and 16.1 W for Ip = 6 A with cooling fan. In other words, out of
the total heat generated due to the SiC MOSFET conduction loss, 42% (= %3 x 100%) is dissipated through
evaporation for Ip = 6 A without cooling fan and 89% for Ip = 6 A with cooling fan. As indicated by the
results, the evaporative cooling efficiency can be doubled with the help of cooling fan.

To further investigate the thermal-fluid-evaporation process taking place on the heatsink surface, three-
dimensional time-dependent finite element simulation using COMSOL was performed. Four heat transfer
behaviors are considered, including solid conduction, air and vapor convections, water evaporation and thermal
radiation. Particularly, the incompressible Navier-Stokes equations are solved for the Laminar water flow, which
describes the capillary action in the cotton ropes??. For modeling the turbulent air flow induced by the cooling
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Fig. 3. (a) Measured time-dependent 7T of the SiC MOSFET discrete biased at Vgs = 15V and

Ip =5to7 A (500 mA steps) and cooled by evaporation using five cotton ropes, with and without cooling
fan. (b) Measured steady state powers, power densities and T} values of the SiC MOSFET under various
evaporation conditions, including three, five, and ten cotton ropes, with and without cooling fan. The dotted
straight line follows the equation: power X Rynje = Tj — Te, where Rypje= 2.5° C W™ 'and T. =
100° C.

fan, the k — € model is used, where k represents the turbulent kinetic energy and e the turbulent dissipation
rate?>. A nonlinear pressure versus volumetric flow rate curve provided by the manufacturer is used to model
the cooling fan. The simulated airflow velocity near the heatsink surface ranges from 0.5 to 2.5m s~ *. To
accurately describe the moisture distribution as a result of evaporation, the heat and moisture transport equations
with temperature-dependent vapor saturation concentrations are applied?’. For the thermal radiation from the
SiC MOSFET die, the Stefan-Boltzmann equation is used?, with the surface emissivity assumed to be 0.9 for
the package and 0.3 for the heatsink. For modeling the R¢xjc of the TO-247 package, the following layers
were considered: 350 pm SiC substrate ( 380 W m ™' K1), 4 1y m Al bonding pad (247 W m ™' K~ 1%,
50 pum die soldering layer (57 W m ™K ~1)%, and 1mm Al lead frame (247 W m ™' K1), The package
encapsulant has a relatively low thermal conductivity of 0.25 W m ™' K ~'%. For heat conduction calculation,
although the cellulose paper (0.076 W m™'K~"') and cotton rope (0.059 t00.082 W m™'K~') in dry
condition are thermal insulating®®3!, they are permeated with water during operation. Therefore, a thermal
conductivity close to liquid water (0.603 W m™"K ') was used in modeling the wet cellulose paper and
cotton ropes.

Next, we present the thermal images of the discrete SiC MOSFETS after conducting Ip =6 A for 1, 2.5
and 5 min without and with cooling fan in Fig. 4(a) and 4(b), respectively. At 5 min, the hot spot corresponds
to the location of the SiC MOSFET die. Furthermore, a package temperature difference of 28.7° C' between
the conditions with ( 45.8° C) and without cooling fan ( 74.5° C) was observed. This result is close to the
T; difference between the conditions with cooling fan ( 112.1° C, green solid star in Fig. 3(b)) and without
cooling fan ( 142.7° C, green hollow star in Fig. 3(b)). Most importantly, under the same condition (Ip = 6 A
and five cotton ropes for water transportation), the COMSOL simulation results are closely matched with the
experimental results (Fig. 4(c)-(d)). Furthermore, the simulated T at different time points after conducting
Ip = 6 A are consistent with the experimental T versus time curves (Fig. 4(e)). It is worth noting that the
evaporative cooling efficiency can be influenced by several factors collectively. Therefore, instead of focusing
on one parameter, we performed another simulation with multiple key parameters varying in certain ranges,
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Fig. 4. Experimental thermal images of the SiC MOSFET discrete after conducting Ip = 6 A for 1, 2.5
and 5 min without (a) and with (b) cooling fan and using five cotton ropes for water transportation. (c

and d) Simulated thermal images under the same conditions as (a) and (b). (e) Experimental and simulated
time-resolved T of the SiC MOSFET after conducting Ip = 6 A with and without cooling fan. Here the
experimental time-resolved curves are reproduced from the solid (with cooling fan) and dashed (without
cooling fan) green lines in Fig. 3 (a). (f) Simulated time-resolved T} of the SiC MOSFET after conducting

Ip = 6 A with and without cooling fan. Here the cellulose paper and cotton ropes are removed for modeling
the condition without evaporative cooling.

including the ambient temperature (24 £ 0.5° C), the inlet water temperature (23 £ 0.5° C), the relative
humidity (45 £+ 5%), and the water flow rate (3.9 & 0.1 cm® min™"). The resulting 7} showed a lightly
skewed distribution, with the maximum at 145.9° C, the minimum at 141.0° C, the average at 143.0° C and
the standard deviation equal to 0.9° C.

The heatsink design plays a significant role in cooling. How efficiently a heatsink dissipates heat can be
characterized by the heatsink surface-to-ambient thermal resistance ( R¢nsq), which can be calculated by using
the equation: Ripsq = (T — To — P4 X Runjs)/Pa®? where T, is the ambient temperature ( 24° C), Py
is the thermal power generated by the SiC MOSFET (If’) X Ron), and Rinjs is the junction-to-heatsink
surface thermal resistance (3.1 K W™1!). Based on the T; in Fig. 4(e) and the Ron versus 7Tj curve in
Fig. 2(b), the simulated Ry¢ps, after conducting Ip = 6 A for 2 min is equal to 1.6 and 2.3 K W ™! with
and without cooling fan, respectively. In contrast, when the cellulose paper and cotton ropes are removed, i.e.
without the evaporative cooling, under the same condition, the simulated R;psq significantly increases to 4.6
and 4.9 K W~! with and without cooling fan, respectively. Moreover, without the evaporative cooling, the 7T
surges to well above T ;nax immediately after the SiC MOSFET turning on and continues to increase (Fig. 4(f)).

Moreover, based on the cross-sectional temperature distributions, the heat transfer between the lead frame
and heatsink is identified as the critical step for further improving the evaporative cooling efficiency. Regardless
of cooling fan, a nearly constant temperature difference of about 11° C' is observed between the lead frame
and heatsink (Fig. 5(a)). For experiment, a thin layer of heat transfer grease with a thermal conductivity of
4 W m~' K~ was applied between the lead frame and heatsink. For the COMSOL simulation in Fig. 4(c)-(e)
and 5(a), the thermal conductivity of the heat transfer grease was also set to be 4 W m ™K' and the film
thickness was assumed to be 100 ;2 m. Next, the influence of the thermal conductivity of the heat transfer grease
is investigated (Fig. 5(b)). For the SiC MOSFET conducting Ip = 6 A without cooling fan, the temperature
difference between the lead frame and heatsink decreases from 12.1° C to 4° C' as the thermal conductivity
increases from 4 W m ™ 'K~ to 20 W m ™' K. For the thermal conductivity larger than 2 W m™'K~*,
the T} can be kept lower than T maz ( 150° C).

Lastly, the potential scalability of the zero-power consumption evaporative cooling is demonstrated using
COMSOL simulation (Fig. 6), in which the key parameters are pre-calibrated as in Fig. 4. Three SiC MOSFET
discretes are placed in parallel, sharing one heatsink (length = 87 mm, width = 30 mm and height = 22 mm)
and adopting a similar evaporative cooling scheme as for the single SiC MOSFET discrete in Fig. 1(a). Another
module of three SiC MOSFET discretes is placed in close proximity. With the two modules facing each other,
the cooling water is flowing from two sides to the center through cotton ropes. Each SiC MOSFET conducts
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Fig. 5. (a) Simulated cross sectional temperature distributions of the SiC MOSFET discrete after conducting
Ip =6 Afor 1, 2.5and 5 min without and with cooling fan. (b) Simulated temperature difference between
the lead frame and heatsink (blue line) and simulated T (red line) for the SiC MOSFET discrete conducting
Ip = 6 A without cooling fan as a function of the thermal conductivity of the heat transfer grease. The
evaporative cooling is based on five cotton ropes.

Ip = 6 A, generating heat about 20 W. In other words, a total 120 W of heat, which is equivalent to the
power loss of a 12 kW converter with 99% efficiency, can be dissipated by the evaporative cooling system.
Moreover, we found that with only one layer of cotton ropes (15 lines for one module), the T); can be reduced
from 140.2° C to 132.6° C, if the heatsink fin height is increased from original 14 mm to 44 mm (Fig. 6(c)).
More impressively, when using two layers of cotton ropes (30 lines for one module), the T} can be further
lowered to 129.9° C' and 124.8° C' with the heatsink fin height equal to 14 mm and 44 mm, respectively.
While the above simulation demonstrates scalability, some limitations of the evaporative cooling system
should be addressed. First, once the absorption of water of a cotton rope reaches saturation, its fluid transport
efficiency may no longer exhibit further improvement. When dissipating high power of heat, in order to achieve
low T}, a larger number of cotton ropes are necessary (Fig. 6(c)). Second, prolonged exposure to water and
other environmental factors (such as air pollutants and microorganisms) at elevated temperatures may cause
degradations of the cellulose paper and cotton ropes. Therefore, for better reliability, it is important to explore
novel water transporting materials with high water absorption capacity and long-term stability.

Conclusion

The proposed evaporative cooling system effectively dissipates heat in SiC MOSFETs operating at high currents,
maintaining the junction temperature (7};) well below the rated maximum junction temperature (7} maz)
without consuming additional power. Experimental and COMSOL simulation results validate the efficacy of the
cooling system, emphasizing the importance of optimizing water flow rates, lead frame-to-heatsink heat transfer
and heatsink fin height. The inclusion of a cooling fan further improves cooling efficiency, demonstrating the
system’s adaptability to varying power demands. This innovative cooling strategy holds promise for energy-
efficient thermal management in advanced high-power semiconductor devices and modules.
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Fig. 6. (a) 3D view and (b) bottom view of the two evaporative cooling modules for six SiC MOSFETs, each

conducting Ip = 6 A and generating heat about 20 V. With the two modules facing each other, the cooling
water is flowing from two sides to the center through cotton ropes and capillary force. (c) Simulated T} versus

heatsink fin height for the evaporative cooling modules using one layer (blue line) and two layers (red line) of

cotton ropes.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
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