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ABSTRACT

This paper describes the effects of a combination of rib and pulsating flow on heat transfer enhancement in an mm-scale model that simulates the
narrow flow passages in cooling devices of downsized electronic equipment. This research aims to develop a novel water cooling device that increases
heat transfer performance while inhibiting pumping power. Our recent study has reported that a combination of pulsating flow and rib could enhance
heat transfer performance relative to the simple duct. In the present study, to verify the optimal rib height for improving heat transfer by pulsating flow,
we evaluated the relationship between heat transfer performance of pulsating flow and rib height through three-dimensional computational fluid
dynamics (CFD) analysis. The cooling performance index 7 was calculated to evaluate the improvement of the heat transfer performance of pulsating
flow relative to a steady flow. Higher height ribs help to achieve higher heat transfer performance regardless of the flow pulsation. However, pressure
drop also increases significantly, and the level of the heat transfer enhancement by the higher ribs is dependent on the time-averaged Reynolds number.
By evaluating the cooling performance index, we clarified the optimum rib height that can enhance heat transfer while inhibiting the increase of the

pressure drop.
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1. INTRODUCTION

Today's electronic devices have high-performance features that
meet the various needs of users. Electronic equipment has also been
downsized to meet miniaturization needs. Advanced cooling design
methods and techniques of miniaturized electronic equipment are
strongly demanded (Velardo et al., 2021). One example is power devices
for inverters. Inverters control motors' rotation speed by converting direct
current power from batteries to alternating current power at an arbitrary
frequency and a random current. Inverters play a crucial role in electric
vehicles (EVs). From saving energy, the share of EVs in the global
market is expected to grow significantly. The role of inverters is expected
to diversify more than ever. It is a fact that some countries have already
decided to forbid sales of new gasoline cars and diesel cars in the near
future to create a sustainable society.

In such a global EV shift, EVs must have higher vehicle
performance, longer driving distance, and downsizing to enhance the
mountability on a vehicle. However, the high performance of EV
electronic drive systems also increases heat dissipation and power
consumption. In addition, the thermal management of products becomes
extremely complicated due to the downsized body's dimensional
restrictions of the cooling device. This issue is common to not only EVs
but also other electronic devices. In order to maintain the operation of
electronic devices, it is necessary to achieve efficient cooling so that the
mounted components inside the devices do not exceed the operation
guarantee temperature. Thermal management of electric vehicles is one
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of the trend problems of heat transfer design in applications. For example,
Singh et al., 2021 have reported an investigation of thermal management
of the electric vehicle battery system.

Water cooling devices are widely used for heat dissipation from
electronic devices such as power devices and processors, which have
high dissipation density and are difficult to cool by forced air convection
cooling. Methods to improve water cooling performance include
increasing the flow rate of the water, increasing the heat transfer area
such as a heat sink (e.g., Yabo et al., 2019), and mounting turbulence
promoters, such as ribs (e.g., Yang et al., 2018) and vortex generators
(e.g., Bons et al., 2000, Boonloi et al., 2022). In particular, the rib array
is widely used in narrow flow passages to enhance heat transfer. However,
high-performance pumps are needed in these techniques because these
techniques generate high-pressure drops. High-performance pumps also
produce more noise and consume more power. A new cooling method
that features power-saving and improved cooling performance should be
developed for the above reasons.

This study aims to develop a novel cooling device that can achieve
high cooling performance in high-density packaging electronic
equipment. Pulsating flow is observed in blood flow in the living body.
If all the blood vessels in the human body are lined up end to end, the
total length could wrap around Earth more than two times. Sakai (2010)
disclosed that the blood transport system could perform long-distance
blood transport quickly. This blood transport is achieved by the heart's
pumping system, which generates pulsating flow, one of the remarkable
flow characteristics of the human body. Such flow pulsation phenomena
as blood flow have been confirmed in nature. The existence of flow
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pulsation may have some beneficial effects on flow systems. It was
reported that pulsating flow could be used as a novel cooling method in
fan-cooled electronic equipment. Fukue et al. (2014) evaluated the
effectiveness of pulsating airflow for cooling high-density packaging
electronic equipment and investigated heat transfer performance around
a cylindrical obstruction experimentally, which simulated an electronic
component. They found that the cooling performance of the pulsating
airflow, in which the time-averaged supply flow rate of cooling air was
lower than the steady airflow, was almost the same as that of the steady
airflow. The pulsating flow showed some beneficial effects for cooling
electronic equipment. We set our sights on applying pulsating flow in a
next-generation cooling system with the high cooling performance from
these backgrounds.

We focused on a combination of a rib and pulsating flow. Our recent
study (Hiratsuka et al., 2020) showed that the combination of pulsating
flow and the rib enhanced heat transfer performance against the
combination of steady flow and the simple duct. However, we were
unable to investigate the design information of rib dimensions to
optimize the heat transfer performance of the combination of pulsating
flow and rib. Some researchers have recently reported about the pulsating
flow and the ribs. For instance, Davletshin et al. (2020) have clarified the
pulsating flow's heat transfer and flow patterns around a single rib
through the experiment. Yang et al. (2018) have investigated the heat
transfer performance in the ribbed channels while changing the installed
angle of the ribs. However, these researches investigated the heat transfer
of the ribbed channel under higher Reynolds number conditions, that the
flow condition was turbulent flow. In addition, these previous researches
investigated the ribbed channels that there are enough clearance between
the top of the ribs and the celling of the flow passage. In the miniaturized
cooling devices for electronic devices, the dimensions of the coolant
passage is generally restricted. Therefore the clearance around the rib
becomes narrow. Moreover, the higher flow rate cannot be supplied and
the optimum heat transfer enhancement method under laminar flow
conditions has to be investigated. Therefore, to develop an optimum heat
transfer enhancement method for narrow flow passage in the cooling
devices of miniaturized electronic equipment, more detailed information
of heat transfer and flow performance of the pulsating flow and the rib
should be obtained under narrow flow passage and laminar flow
conditions.

In this study, we investigated the relationship between the heat
transfer performance of the pulsating flow and the height of a rib
mounted in a mini-channel, which simulates flow passage in a water-
cooled mini-channel. We conducted three-dimensional computational
fluid dynamics (CFD) analysis to clarify the relationship between the
heat transfer enhancement by the pulsating flow and the rib height to
optimize the pulsating flow's enhancement.

2. METHOD OF CFD ANALYSIS

2.1 Outline of Mini-Channel Model

Figure 1 shows a schematic of a calculation model of the mini-
channel investigated in this study. This calculation model simulates the
water-cooled mini-channel in miniaturized water cooling devices found
in electronic equipment. The dimensions of the model was normalized
by the mini-channel height da. The mini-channel length was 25 dg, and
its height was dg. The rib was mounted 10 dg behind the inlet of the mini-
channel to enhance heat transfer. The rib width was 1/2 dq. The rib height
& was varied between &/dd = 0.1 and &/dd = 0.8 to evaluate the effect of
the rib height on the heat transfer performance of the pulsating flow. For
comparison, an analysis of the flow without the rib (hereinafter called
"&/da=0.0") was additionally conducted. The working fluid was water.

The heat was generated from the bottom of the flow passage to
simulate the heat generation of electrical chips. The heat transfer
performance on the bottom of the channel was evaluated in the range of
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Fig. 1 Schematic of CFD analysis model

5 times the mini-channel height (5 dq) at both upstream and downstream
of the rib.

The governing equations were the equation of continuity, the
Navier-Stokes equation, and the energy equation (The Open CAE Society
of Japan, 2016). They are shown below.

(@) Equation of Continuity

[vﬂj:o o

(b) Navier-Stokes Equation
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(c) Energy Equation
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where u [m/s] is velocity vector, t [s] is time, P [m?/s?] is static pressure
divided by reference density, v[m#/s] is kinematic viscosity, T [K] is
temperature and o [m?/s] is thermal diffusivity.

2.2 Conditions of CFD Analysis

Table 1 shows the conditions of the CFD analysis. Transient CFD
analysis was performed from the initial condition to the quasi-steady
state. Figure 2 shows the condition of the pulsating waveform. The shape
of the waveform was a trapezoidal wave close to the square wave. The
waveform was the same as in our previous paper (Hiratsuka et al., 2020).
The waveform acceleration period was 0.5 sec. And the deceleration
period was 0.5 sec. For comparison, steady flow analysis was also
conducted in which the time-averaged flow rate was the same as the
pulsating flow (hereafter called “0 Hz”). The following Reynolds number
was determined using the time-averaged flow velocity. The relationship
between the inertial force and the fluid flow's viscous force was used to
decide the time-averaged supply flow rate condition.
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where ugq [m/s] is the time-averaged flow velocity in the channel, and de
[m] is the hydraulic diameter in the channel. To evaluate the effects of
the pulsating flow in the lower supply flow rate condition observed in
narrow cooling channels, the time-averaged Reynolds number was set
between 10 and 600.

Figure 3 shows the boundary conditions of the proposed model.
Figure 3(a) shows the boundary conditions of the velocity. In the case of
the steady flow, the inlet velocity was set to a constant. On the other hand,
in the pulsating flow, the inlet velocity was changed periodically. All the
walls were treated as no-slip walls. Figure 3 (b) shows the boundary
conditions of the pressure field. The inlet boundary and each wall
boundary were constant pressure gradients and the outlet boundary was
constant pressure. Figure 3 (c) shows the boundary conditions of the
temperature field. The inlet boundary was the constant temperature. The
other walls were treated as the thermal insulation boundary. The surface
of the rib was represented as the insulation. We aimed to evaluate the
level of heat transfer enhancement by the rib on the heating surface of
the mini-channel. Therefore the heat transfer in the rib itself was not
considered. The uniform heat flux condition was set on the heating
surface, and the heat was generated into the channel.

The mesh number of the model was about 2,000,000. The mesh
number was decided by the preliminary calculation, in which the
relationship between the mesh number and the calculation result was
evaluated. Table 2 shows the conditions of the mesh resolution
evaluation of the proposed calculation model. As the preliminary
calculation, a relationship between the time-averaged temperature rise
distribution on the heating area behind the test rib (rib height = 1/2 dd)
and the mesh resolution under the pulsating flow condition in the case of
Re = 500. Figure 4 shows the difference in the temperature rise
distribution. The temperature distribution of Model 2 shows excellent
agreement with Model 1, which has the most significant mesh number.
Therefore, we accepted Model 2 as the mesh resolution of the proposed
calculation model. Practically, to reduce the calculation cost, the mesh

Table 1 Conditions of CFD Analysis

Flow condition Laminar
Working fluid Water
Reynolds number 10, 20, 40, 100, 200, 400, 600
Frequency 1 Hz, 0 Hz (Steady)

Mesh number

2,072,000 ~ 2,084,000

Ratio of rib height and channel
height &/dd

0.0,0.1,0.2,05,0.8
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resolution near the output boundary in the investigated model, in which
the effects of the mesh resolution on the flow and heat transfer
characteristic around the rib become small, was decreased, and we
optimized the calculation cost. Therefore, the final mesh number of the
proposed model became about 2,000,000. About the time division, the
time step of 1 cycle was automatically controlled during the calculation
to keep the maximum Courant number below 0.5.

2.3 Evaluation Method of Heat Transfer Performance

The change of the heat transfer coefficient of the pulsating flow was
evaluated by Nusselt number, pressure drop characteristic, and flow
visualization. The local Nusselt number Nux and the average Nusselt
number Num are expressed as follows:

h, -2d
Nu, == € 5
X 7 (5)
Nu —ijNudA 6
LY R (6)

where A [W/(m-K)] is the thermal conductivity of water, and A [m?] is
the heat transfer area of the heating surface of the mini-channel. The
characteristic length of the Nusselt number was defined as twice the
height of the flow passage. The local Nusselt number was evaluated
every 1/2dq in the flow direction, as shown in Fig. 5. The local heat
transfer coefficient hy [W/(m?-K)] was evaluated by the following
equation:

q
h =00 )
T _Tﬂuid

wall,x
where g [W/m?] is heat flux from the bottom surface, Twanx [K] is the
local temperature on the bottom surface, and Truid [K] is the inlet
temperature of the water.

On the other hand, the pressure drop was also evaluated. The cooling
performance index 7 was calculated to evaluate the improvement of the
heat transfer performance of the pulsating flow against the steady flow
(Webb and Eckert, 1972).

St, / St
N
(f,11,)
where St (= Nu/(Re/Pr)) is Stanton number and Pr is Prandtl number. The
subscript p indicates the value of the pulsating flow, and the subscript s

indicates the value of the steady flow without rib. f is Fanning's friction
factor and is defined as follows:

= ®)

_ APd,

f
pull

)

where p [kg/m3] is the water density, | [m] is the flow passage length, and
AP [Pa] is the pressure drop. AP was obtained from the static pressure
difference between the position 2dq rear the inlet boundary and 2dq before
the outlet boundary.

Results of the proposed analysis were evaluated by the time-averaged
value as shown in the following formulas.

1
Re(time—averaged) = EJ. Redt (10)
t
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3. RESULTS OF CFD ANALYSIS
3.1 Nusselt Number

Figure 6 shows the change of the time-averaged Num in the case of
Re = 200. We can see that the average Nusselt number of the pulsating
flow became higher than that of the steady flow regardless of its height.
On the other hand, the level of heat transfer enhancement by the pulsating
flow depended on the rib height. When the rib height became higher, a
higher heat transfer coefficient was confirmed.

Figures 7 through 9 show the relationship between the distance from
the rib and the time-averaged Nux of the steady flow and the pulsating
flow at various Reynolds numbers. Figure 7 shows the results for &/da =
0.2; Fig. 8, for &/dd = 0.5; and Fig. 9, for &/da = 0.8. The horizontal axis
is the distance from the rib, and the dotted line is the rib position, as
shown in Fig. 1. The time-averaged Nux became higher as the time-
averaged Reynolds number became higher regardless of the existence of
the flow pulsation. Additionally, the time-averaged Nux became higher
in the pulsating flow than in the steady flow. In particular, on the
downstream side, the time-averaged Nux by the pulsating flow showed a
higher heat transfer coefficient against the steady flow. In addition, the
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peak value of the time-averaged Nux and the peak position were
dependent on the time-averaged Reynolds number and the rib height.
When the rib height became higher, the time-averaged Nux was enhanced.
However, the peak heat transfer coefficient position moved to the
downstream side of the channel. The results demonstrated that the rib and
the pulsating flow could enhance heat transfer. On the other hand, the
level of heat transfer enhancement by the pulsating flow was dependent
on the rib height and the Reynolds number.

Time-transient change of the averaged Nusselt number on the heating
surface with the rib in the case of Re = 200 was denoted in Fig. 10. We
can confirm that the transient change of the heat transfer was confirmed
according to the change of the pulsating motion.

3.2 Flow Visualization

We also investigate a relationship between the flow pattern around
the rib and the heat transfer enhancement. Figure 11 shows the velocity
distribution on the x-y cross-section at the center of the z-direction.
Figure 12 demonstrates the velocity distribution on the x—z cross-section
at the middle of each rib height. The flow patterns for &/ds = 0.5 and &/dq
= 0.8 are denoted. The steady flow patterns, the acceleration period of
the pulsating flow, and the deceleration period of the pulsating flow are
denoted, respectively.

To begin with, the results for the steady flow indicated that flow
separation at the rear of the rib appeared regardless of the Reynolds
number and the rib height. However, the area of the flow separation area
was changed by the Reynolds number and the rib height. From
comparing the distribution of the time-averaged Nux with the flow pattern,
the heat transfer decreased in the flow separation area. The position of
the peak heat transfer became closer to the reattachment point of the main
flow. From Fig. 8, in the case of Re = 600 and &/d4 = 0.5, the peak point
of the time-averaged Nux cannot be confirmed. In the case of &/d4¢ = 0.8,
a similar tendency can also be confirmed when the Reynolds number
exceeds 200. In these cases, the reattachment point of the main flow
cannot be observed on the surface of the heating area. Therefore, the
unique peak point of the heat transfer coefficient was not caused.

On the other hand, when pulsating, the flow separation area and the
reattachment point's position were changed against the steady flow. In
practice, during the acceleration period of the pulsating flow, the position
of the reattachment point moved from the near the rib to the downstream
side of the channel according to the acceleration of the flow.

This change of flow stirred the flow behind the rib. During the
acceleration period, the generation of the vortices was observed behind
the rib. In addition, during the deceleration period, the mixing of the
water between the main flow and the rear of the rib was confirmed
regardless of the rib height. When the rib height became higher or the
Reynolds number became higher, the peak velocity of the generated flow
behind the rib during the deceleration period became faster, and the
structure of the flow pattern became complex.

From these results of the flow visualization, we can conclude that the
generation of the flow pulsation can stir the flow behind the rib during
both the acceleration period and the deceleration period. The generation
of the additional flow by the pulsation enhances the mixing of the water
between the main flow and the rear of the rib. This enhances the heat
transfer around the rib. The level of the mixing is dependent on the rib
height and the Reynolds number.

Here, the heat transfer performance in front of the rib was enhanced
against the steady flow when pulsating. This was caused by the increase
in the peak velocity of the flow when pulsating. In this study, when the
time-averaged Reynolds number is the same, the peak flow velocity of
the pulsating flow is higher than the steady flow, as shown in Fig. 2.
Significantly during the acceleration period, the fast flow impinges to the
leading edge of the rib and enhances heat transfer in front of the rib. The
difference in the peak flow velocity also enhances heat transfer in front
of the rib against the steady flow.
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3.3 Cooling Performance Index

We discuss the whole cooling performance around the rib. Hereafter,
we discuss the heat transfer and the pressure drop characteristics by using
the time-averaged values.

Figure 13 shows a relationship between Reynolds number and the
average Nusselt number on the heating surface at various rib heights.
Figure 14 shows the relationship between Reynolds number and change
of pressure drop at various rib heights. Here, results was normalized by
the result of the steady flow. Therefore, when Nump/Nums is higher than
1.0, the average Nusselt number of the pulsating flow becomes higher
than that of the steady flow experiment when the time-averaged supply
flow rate is the same.

This result indicated that the level of heat transfer enhancement was
dependent on the rib height. On the other hand, the pressure drop
increased with the Reynolds number, and this tendency was confirmed
regardless of the rib height. In particular, the increase of the pressure drop
became significant because of the narrow clearance in the case of &/dd =
0.8. Therefore, the higher rib height can enhance heat transfer by the
pulsating flow; however, the pressure drop also increases.

In order to evaluate the optimum rib height from the viewpoint of
both the heat transfer and the pressure drop, we discuss the relationship
between the cooling performance index # (defined as Eq. (8)) and the rib
height. Figure 15 shows the relationship between # and the Reynolds
number. When z becomes higher than 1, we can judge that the level of
the heat transfer enhancement is higher than the level of the increase of
the pressure drop. In the case of &/ds = 0.1, 0.2, and 0.5, n was higher
than 1 regardless of the time-averaged Reynolds number. In these cases,
we can conclude that enough heat transfer performance against the
pressure drop increase is achieved. In contrast, the decrease of # was
observed in the case of &/dd = 0.8. This is attributed to the significant
pressure drop increase relative to the increase of the heat transfer
performance. Therefore, from the viewpoint of the increase of the heat
transfer performance of the combination of the pulsating flow and the rib,
while inhibiting net power consumption of the pumps, a design of an
optimum fin height against the Reynolds number should be conducted.

4. CONCLUSIONS

In order to enhance the heat transfer in the narrow water cooling channel
in the miniaturized cooling devices, we investigated the relationship
between the heat transfer performance of the pulsating flow and the
height of the rib mounted in the water channel through three- dimensional
CFD analysis. Through the investigation, we draw the following
conclusions:

The heat transfer enhancement by the pulsating flow can be
confirmed regardless of the rib height. The level of the heat transfer
enhancement is dependent on the rib height. This is caused by the flow
pattern change around the rib by the generation of the pulsating flow.

The pressure drop characteristic becomes higher due to the pulsating
flow generation and the higher rib height. When thermal cooling is made
much necessary, the higher rib height is suitable. When the pressure drop
is taken into consideration, the optimal rib height that promotes the heat
transfer by the pulsating flow is changed by the Reynolds number. From
the viewpoint of the cooling performance index, a design method of an
optimum fin height should be developed against the pulsating flow
condition. Future research will discuss a rib design guideline to optimize
the heat transfer performance while controlling the pressure drop.
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NOMENCLATURE

heat transfer area on bottom surface of mini-channel (m?)
width (mm)

diameter (m)

Fanning’s friction factor (Time-averaged) (-)
acceleration due to gravity (m/s?)

rib height (mm)

heat transfer coefficient (W/(m?-K))

flow passage length (m)

time-averaged Nusselt number (-)

static pressure divided by reference density (m?/s?)
Prandtl number (-)

heat flux (W/m?)

I= 3

QE'UZ—:IQQ o o>
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Re Reynolds number (-)
St Stanton number (-)
T temperature (K)

t time (s)

u velocity (m/s)

\Y flow rate (m?3/s)

Greek Symbols

a thermal diffusivity (m?/s)

AP pressure drop (Pa)

o height (m)

n cooling performance index (-)
) thermal conductivity (W/(m-K))
v kinematic viscosity of water (m?/s)
p water density (kg/m?3)
Subscripts

d channel

e hydraulic value in mini-channel
fluid fluid

m average

max maximum value

p pulsating flow

r rib

S steady flow

wall bottom surface

X local

0 reference
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