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ABSTRACT

In this study, the flow and heat transfer characteristics of a liquid jet impinging on cylindrical cavity heat
sinks with a local body heat source were numerically investigated. The Transition SST turbulence model was
validated and adopted. The parameters of structure and flow, including d/D = 2, 3, and 4, h/D = 0.05, 0.10,
0.15, and 0.20, and Re = 5,000, 10,000, and 23,000, were investigated. The results revealed that the adoption
of a cylindrical cavity structure can improve the heat transfer capacity of the heat sink. A horseshoe vortex
introduced by an inclined jet near the cavity edge region improved the heat transfer performance. The
maximum enhancement of the cylindrical cavity heat sink was 11.8% compared with the flat plate heat sink

when d/D = 3, h/D = 0.15, and Re = 23,000.
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NOMENCLATURE
D nozzle diameter Nux local Nusselt number
Dheat heat source diameter Re Reynolds number
Dplate heat sink diameter Uo inlet velocity
d cylindrical cavity diameter
H nozzle-to-plate distance AH nozzle length
h cylindrical cavity length 0 heat sink thickness
NUave average Nusselt number Oheat heat source thickness

1. INTRODUCTION

With the advancement of technology and the needs
of products, electronic components are developing
toward high integration, miniaturization and high
energy consumption. Meanwhile, the problem of
rising heat flux density is becoming increasingly
more significant, and a series of enhanced heat
transfer technologies and heat sinks have been
developed to address this issue. Among them, the
impinging jet has been greatly valued by
researchers due to its extremely high heat and mass
transfer rates, and the convenient adjustment of the
system.

Research on impinging jets was conducted as early
as 1977, when Martin (1977) researched several
factors affecting the heat and mass transfer between
impinging air jets and solid surfaces, including the

turbulence properties, the target surface parameters,
and the angle of impact, and derived the correlation
of the impinging jet for engineering applications by
summarizing numerous works of existing literature.
Buchlin (2011) investigated the heat transfer by
convection of single and multiple jet systems.
Experimental data obtained from infrared
thermography are compared to CFD simulations.
He pointed out the effect of the jet tilting, thermal
entrainment and jet confinement in particular.
Chandramohan et al. (2016) investigated the
variation in temperature, heat transfer coefficient
and Nusselt number of a hot plate subjected to
multi-jet air impingement cooling. They found that
significant contributions on outputs are due to the
effect of H/D ratio and Reynolds number.

The heat sink, an important component of the
impinging jet, is one of the factors that enhances the
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heat transfer effect of the jet. Different structures of
heat sinks have been investigated for optimal heat
transfer performance, including the plate/pin-fin
heat sink, micro-channel heat sink, porous medium
heat sink, protruding pedestal heat sink, and cavity
heat sink.

Wong and Indran (2013) numerically investigated
the effects of variable channel and inlet widths both
with and without fillet profiles on the flow and heat
transfer characteristics of plate-fin heat sinks. The
results showed that the thermal performance could
be enhanced by fillet profiles. Abouali and
Baghernezhad (2010) employed rectangular and arc
groove shapes to enhance the heat removal rate for
single-phase cooling in micro pin-fin heat sinks.
They numerically investigated the pressure drop
and heat transfer characteristics of single-phase
micro pin-fin heat sinks for laminar flow, and found
that the grooved micro-channels had higher heat
removal rates than the simple micro-channel. Zhao
et al. (2016) numerically investigated the flow and
heat transfer characteristics of a micro square pin-
fin heat sink, and compared them with the
characteristics of a micro column pin-fin heat sink.
The results indicated that the micro square pin-fin
heat sink presented better thermal performance than
micro column pin-fin heat sink when the porosity
and located angle were 0.75 and 30°, respectively.

Tuckermann and Pease (1981) first designed a
micro-channel heat sink that cooled silicon-
integrated circuits with a heat flux of 790 W/cm?2.
Huang et al. (2017) applied the field synergy
principle and numerically simulated the heat
transfer characteristics of a micro-channel heat sink
with and without different dimple structures. The
results revealed that the micro-channel heat sink
with convex dimples exhibited the best overall
performance. Robinson et al. (2018) designed a
micro-channel jet heat sink using the MICA
Freeform process. When the flow rate was 0.5
L/min, the effective heat transfer coefficient was
found to reach 400 kW/ (m? « K), and the heat sink
could therefore be used to cool electronic
components with the target heat flux density of 1
kW/cm?.

Chan (2015) experimentally investigated the heat
transfer characteristics of an aluminum foam heat
sink subjected to an impinging air jet. He found that
when the Reynolds number was low, the thermal
performance of the foam heat sink was better than
that of a pin-fin heat sink with the same porosity,
and the trend was reversed for larger Reynolds
numbers. Kumar and  Pattamatta (2017)
experimentally investigated the convective heat
transfer performance in jet impingement cooling
using various porous media configurations via the
liquid crystal thermography technique. They
discovered maximum enhancements in the average
Nusselt number by 52.71% and 74.68%, and the
Nusselt number in the stagnation region by 58.08%
and 53.80% when the Reynolds number was 400
and 700, respectively.

In the current study, the structures of the jet
impinging on the protruding pedestal include
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square, spherical, and conical structures. Fleischer
and Nejad (2004) investigated the effect of a square
protruding pedestal on impinging jets. They found
that the average heat transfer was increased by 5%-
15% compared to that of a flat surface.
Additionally, when the Reynolds number was low
and the jet diameter was large, the flow separation
and reattachment at the edge of the pedestal were
found to be large. Zhang et al. (2013) studied a
single jet impinging on a spherical protruding
surface. They concluded that both heat transfer
enhancement within the stagnation region and the
increase of the heat transfer area led to the overall
heat transfer improvement of the jet impinging on a
protruding target surface. Tang et al. (2017)
proposed the use of a jet array cooling cone heat
sink, and analyzed the influence of parameters
including the cone angle, nozzle diameter, jet
Reynolds number, and heat flux density on the
average heat transfer performance of the cone heat
sink. The results showed that the heat transfer
performance of the cone heat sink was superior to
that of a flat plate heat sink.

The research on the heat transfer enhancement
technology of jet impingement on a cavity is
currently concentrated on spherical cavities.
Terekhov et al. (2009) measured the distributions of
flow velocities, the fields of pressure and the heat-
transfer coefficients inside the cavity, and found
that, at a certain depth, the cavity generates a large-
scale toroidal vortex, essentially influencing the
heat transfer. Xie et al. (2013) numerically
investigated the flow and heat transfer
characteristics of a single jet impinging on a
dimpled surface. They found that the range of the
Nusselt stagnation area expanded with the increase
of the depth, and obtained the correlative
expressions of the local Nusselt number, the Nusselt
number in stagnation points, and the average
Nusselt number.

In recent decades, the cylindrical cavity structure
for jet impinging has also gained attention. Shuja et
al. (2005; 2007; 2009) and Yilbas et al. (2009)
studied the influence of the nozzle cone angle, the
diameter and depth of the cavity, and the jet
velocity on the flow and heat transfer characteristics
of an air jet impinging on a cylindrical cavity heat
sink with a surface heat source. The results showed
that increasing the cavity diameter and jet velocity
significantly changed the fluid flow structure, and
that the heat transfer rate was affected by the nozzle
cone angle, the jet velocity, and the diameter and
depth of the cavity. In their research, an air jet was
adopted, wherefore the effective flow and heat
transfer area of the jet were limited due to the
characteristics of the gas; additionally, a constant
temperature boundary and uniform heat flux
boundary were utilized, and no other types of heat
source were considered.

In summary, heat sinks of different structures can
enhance the heat transfer capacity to varying
degrees. At present, researchers have systematically
studied the heat sinks of most structures, but less
research has been conducted on the cylindrical
cavity heat sink. Therefore, in this paper, the flow



Z.G. Tang et al. / JAFM, Vol. 14, No. 3, pp. 723-732, 2021.

D

Nozzle

Jet 5
gement) <

"
mpin,

-
-
<

-

-
-
-

4H

~ ‘\\_// " Surface S
T a

\ Impinging

\
ez
=
&
H

Impinging

1 b1
H.cal Heat .~ Diear B
Sink Source D
plare

Fig. 1. Schematic of a section for jet impinging on a cylindrical cavity heat sink.

and heat transfer characteristics of liquid impinging
on the cylindrical cavity heat sink with a local body
heat source are analyzed from the perspective of
fluid flow with the comprehensive consideration of
various factors, and the heat transfer performance of
the heat sink is evaluated from many aspects.

2. PHysicaAL MODEL AND NUMERICAL
METHOD

2.1 Physical Model

The section of a physical model for a single liquid
jet impingement cooling system is illustrated in Fig.
1. The coolant (water) throughout a circular nozzle
impinged on a cylindrical cavity heat sink, and
aluminum was selected as the material for the entire
heat sink. A simplified chip structure considered as
a local body heat source was placed in the middle of
the bottom of the heat sink. Other sizes of the jet
system are also identified in Fig. 1. The simplified
nozzle was 10 mm in diameter (D) and 10 mm in
length (4H). The heat sink had a diameter (Dpiate) of
130 mm and a thickness (0) of 8 mm. At the top of
the heat sink was a cylindrical cavity. The distance
(H) from the nozzle to the upper surface of the heat
sink was 20 mm. The jet Reynolds number (Re), the
diameter ratio (d/D), and relative depth (h/D) of the
cylindrical cavity were used as variables in this

approximations, the associated governing equations
were established as follows.

Volume fraction equation:

v,-Ve; =0 ()
Continuity equation:
V-(pyV)=0 2
Momentum equation:
V- (peVV) = pest - F =VP+V (124 VV) 3
Energy equation for fluid:
VW E) =V (ke VT,) 4)
where,
Zn:aipi E

E=— ©)

ap

i1
Energy equation for solid:
V- (kVT,)=0 (6)

The density, viscosity, and thermal conductivity are
respectively given by the following equations:

work. These parameters are listed in Table 1.

Table 1 Main geometry of a single jet
impingement cooling system

P =0 Ps +(1_ai)pair (7)
u=oup + =) (8)
k=ak +1-a)k,, 9)

Parameters Values
Reynolds number (Re) | 5000, 10,000, 23,000
Diameter ratio (d/D) 2,3,4

Relative depth (h/D)

0.05, 0.10, 0.15, 0.20

The governing equations were solved by a CFD
solver, FLUENT. The RANS method was
employed to solve the Reynolds stress. The

2.2 Governing Equations and Parameter
Definitions

In this study, the maximum velocity was less than 3
m/s for each case. The fluid flow was considered to
be incompressible, steady, and axisymmetric. The
VOF formulation was adopted to solve the water
and air interface, and radiation dissipation and
gravity were ignored. By employing these

convection term was discretized by the second-
order upwind interpolation scheme. The coupling
between pressure and velocity was handled by the
SIMPLE algorithm. The residuals were less than 10
5. The parameters for the evaluation of numerical
results are defined below.

Jet Reynolds number:

Re:&OD

Hy (o)
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where D is the inner diameter of the nozzle, up is
the mean velocity of the nozzle exit, pr and us are
the density and dynamic viscosity of water,
correspondingly.

Local Nusselt number:

-
(T =T )k

w,X

Nu (11)

where g, Tw, x, Tf, and ks are respectively the heat
flux, temperatures of the wall and fluid, and thermal
conductivity of water.

Average Nusselt number:

_ ZNu,dA
~ dA

Nu (12)

ave

where Nuy, i is the local Nusselt number for each
discretized element, and dA; is the area of each
impinged element.

2.3 Turbulence Modeling Validation

The selection of turbulence models is difficult for
the accuracy of the calculation results, although
many turbulence models are currently provided in
FLUENT. Each turbulence model possesses its own
application scope and limitation. The commonly
used turbulence models which were considered for
initial comparison with the relevant experimental
results were the Realizable k-¢ model (Elebiary and
Taslim 2011), v?-f model (Bhagwat and Sridharan
2016), SST k-w model (Yang et al. 2014), and
Transition SST model (Zhang et al. 2013). The
verification model used was a single impingement
jet with detailed experimental data of heat transfer
characteristics. The main parameters and boundary
conditions of the numerical simulation were the
same as those used in the experiments (Baughn and
Shimizu 1989; Baughn et al. 1991; Yan et al.
1992).

280

T Baughn[25]
240 k- \\ Baughn[26]
\ Yan[27]
200 \ ~ = - Realizable k-&
LB —-—-SST k-
160 /o U —— Transition SST
= ;

3
r/D
Fig. 2. Comparison of the local Nusselt numbers
between different turbulence models and
experimental results.

The experimental and numerical data are presented
in Fig. 2. The v2-f, SST k-w, and Transition SST
models agreed well with the experimental data,
though the Realizable k-¢ model did not. The curve
of the v2-f model increased when 1.5 < r/D < 2.5.
The low local Nusselt numbers were shown to be in
the stagnation region for the v?-f and SST k-w
models. Thus, the Transition SST model was
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adopted to solve the momentum equation. The
curves of the Transition SST model agreed well
with the conical experimental data. The numerical
results were slightly low, but the trend of the local
Nusselt numbers were revealed to be in the
stagnation region. The transport equations for the
Transition SST model are listed below:

o o( oy
—(uy)=P, -E +P -E + — 13
paxl ( |}/) n n 72 72 6)(' [/.l axl] ( )
0 0 JRe
—(uRe,)=P,+— 9 14
paxi ( i 9) 0 o [0'9/‘ ox j (14)

where P,1 and E,; are the transition sources, Py2 and
E,> are the destruction sources, and Py is the source
term for transition momentum thickness Reynolds
number.

2.4 Boundary Conditions and Grid Details

The computational domain contained both fluid and
solid domains. The three-dimensional geometric
model was simplified to a two-dimensional model,
and one-half of the two-dimensional geometric
model was regarded as the entire computational
domain in accordance with the assumption of
axisymmetric flow in Section 2.2. At the nozzle
inlet, the flow was fully turbulent with a turbulence
intensity of 4.1%, and the fluid temperature was
300 K. The pressure outlet was the atmosphere. The
impinged surface, which is the coupling surface of
fluid and solid, was non-slip, and its initial
temperature was 300 K. The axis boundary
conditions were utilized on the fluid/solid
symmetric centerline. A constant heating power of
200 W/cm? was applied to the simplified chip heat
source. Other solid surfaces were adiabatic walls.

The 2D computational grid is illustrated in Fig. 3.
The structured grid, generated by ANSYS ICEM
software, was adopted to obtain results with
appropriate accuracy and efficient computation. The
refined grid was carried out in the entire heat sink
and the region of water flow. The Y+ per case was
less than 1.0.

A grid sensitivity test was performed to ensure grid
independence for numerical simulations. The main
parameters were Re = 10,000, d/D = 3, and h/D =
0.10. Four grid sizes were designed to discretize the
computational domain. Table 2 lists the predicted
average Nusselt number (Nuave) and the center point
temperature (Tsta) Of the cylindrical cavity. The
deviation between Grid 3 and 4 is the smallest; thus,
the design of Grid 3 was adopted for all cases
considering the amount of calculation.

3. RESULTS AND DISCUSSION

This section exhibits the numerical results of the
flow and heat transfer for a water jet impinging on a
cylindrical cavity, and the results are discussed. The
investigated variables were the jet Reynolds number
(Re = 5000, 10,000, and 23,000), the diameter ratio
(d/D = 2, 3, and 4), and the relative depth (h/D =
0.05, 0.10, 0.15, and 0.20) of the cylindrical cavity.
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Fig. 3. Details of grid design on boundary layer.

Table 2 Grid independence test results

Grid 1 Grid 2 Grid 3 Grid 4

Grid number 35,026 42,812 51,952 63,034

Nave \_/al_ue 81.14 83.01 84.36 83.82
Deviation/% -2.30 -1.63 0.64 -

Tua Value/k 322.2 322.9 323.3 323.1
Deviation/% -0.22 -0.12 0.06 -

T T

20
r/mm

Flat plate heat sink

1 L J

0o 10 30 20

The fluid flow was evaluated with contours of
velocity and static pressure, and the streamline
distribution of the jet area. The heat transfer study
included the temperatures of the heat sinks,
distributions of the local Nusselt numbers, and the
average Nusselt numbers.

3.1 Flow Characteristics

The contours of velocity and local static pressure
for the jet impinging on a flat plate heat sink (Re =
10,000) and a cylindrical cavity heat sink (Re =
10,000, d/D = 3, and h/D = 0.10) are demonstrated
in Fig. 4. The axial and radial directions are
presented with the coordinates z and r, respectively.
Dimensionless velocity, which is the ratio of local
velocity to inlet velocity, was adopted.

The jet flow velocity was accelerated after punching
out the nozzle. In the free jet region, the maximum

727

Cylindrical cavity heat sink
Fig. 4. Contours of velocity and static pressure.

ratio of the velocity of the jet impinging on the flat
plate was 1.16, and that of the jet impinging on the
cylindrical cavity was 1.17. As the jet impinged on
the stagnation region, the axial velocity of the jet
was greatly reduced due to the obstruction of the
plate, the fluid was forced to flow to both sides, and
the radial velocity was increased, as presented in
Fig. 5. A local high-pressure zone was observed in
the stagnation region. On the flat plate heat sink, the
velocity recovered after the fluid broke away from
the stagnation region, and reached the level of the
free jet region. The fluid continued to flow along
the wall, and the static pressure on the wall was
small. However, on the cylindrical cavity heat sink,
fluid flowed along the bottom surface and continued
to impact the sidewall of the cavity after breaking
away from the stagnation region. Next, the fluid
leapt out of the cavity and then hit the plate again
after reaching a certain height, and a local negative
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pressure zone was observed in this area. In
accordance with the characteristics of velocities and
pressure distributions, the near-wall flow area of the
cylindrical cavity heat sink was divided into four
regions, namely the stagnation region, wall jet
region |, cavity edge region, and wall jet region II,
as shown in Fig. 4(b).

The stagnation region existed in an area where the
range of r/D was less than 0.6. As it approached the
bottom of the cavity, the axial velocity decreased
sharply, while the radial velocity gradually
increased. The fluid was forced to flow to both
sides due to the obstruction of the plate, and a local
high pressure zone was formed. The larger the jet
Reynolds number, the greater the pressure in the
high-pressure zone due to the greater fluid impact.
For different heat sink structures (different values of
d/D and h/D), the distributions of velocity and static
pressure of the jet flow in the stagnation region
were nearly identical, as shown in Figs. 6 and 7.

axial velocity
Fig. 5. Distribution of the velocity of a cylindrical
cavity heat sink.

radial velocity
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Fig. 6. Velocity contour (left), static pressure
contour (right) and streamlines at different

cavity diameters.
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There was a short wall jet region | before the jet
flow exited the stagnation region to the edge of the
cavity. The radial velocity increased rapidly and
eventually reached the maximum velocity of the
free jet region. The static pressure gradually tended
to 0 when d/D = 3 and 4. When d/D = 2, the wall jet
region | was almost non-existent due to the too-
small diameter of the cavity. Additionally, the
larger the value of d/D, the longer the wall jet
region I.
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Fig. 7. Velocity contour (left), static pressure
contour (right) and streamlines at different

cavity depths.

The jet flow reached the cavity edge region after the
short wall jet region I. The velocities and pressure
changed dramatically, and two vortexes appeared
here. The radial velocity of the upper fluid was
reduced to a small level, and then restored to its
previous level. The radial velocity of the underlying
fluid in the cavity rapidly decreased to zero and
then became negative, creating a vortex. When the
fluid leapt out of the cavity, the axial velocity was
negative, the rate first increased and then decreased,
and when the fluid rose to the highest point, the
velocity became 0. Then, when the fluid fell again
against the plane, the axial velocity was positive; it
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first increased and then decreased to 0. The radial
velocity of the bottom layer of the fluid after
leaping out of the cavity changed from positive to
negative, and a vortex formed again. Additionally, a
local negative pressure region was formed here.
When d/D increased, the negative pressure zone
decreased slightly; when h/D increased, the
negative pressure zone increased obviously.

When the fluid leapt out of the cavity and impacted
the plate again, as shown in Fig. 8, the velocity near
the wall was small, the local pressure on the wall
was high, and the streamlines were separated to
both sides. These characteristics are similar to those
of the stagnation region when a jet impinges on a
flat plate. Thus, this zone is also called the
secondary stagnation region, and the impinging
flow is called the secondary jet, which is an inclined
jet. The fluid on the left of the secondary zone
upward along the wall flowed opposite to the
mainstream direction, and the velocity increased
over the secondary stagnation zone. The high-
velocity fluid for the secondary impingement was a
result of upstream flow separation. The flow
separation, secondary jet, and wall confinement
induced a horseshoe vortex in accordance with its
cause. When d/D increased, the local high pressure
region decreased; and when h/D increases, the local
high pressure region increased.

z/mm

===

10 1

10 2

r/mm
h/D =0.2, d/D = 3, Re = 10,000

12 14 16 18 20 22 24 14 16 18 20 22 24

r/mm

VAig 0.1 0.2 03 0.4 0.5 06 0.7 0.8 09 10 L1 1.2 :
Fig. 8. Velocity contour (left), static pressure
contour (right) and streamlines in the cavity

edge region.

The jet then flowed into the wall jet region Il. The
axial velocity disappeared, and the static pressure
dropped to 0. In addition, due to the friction of the
plane and the viscosity of the fluid, the radial
velocity gradually decreased and tended to be
smooth. However, the recovery of the radial
velocity was worse when h/D was increased.

3.2 Heat Transfer Characteristics

The temperature distributions of cylindrical cavity
heat sinks with different typical structures are
presented in Fig. 9. Because the body heat source
was located at the center of the bottom of the heat
sink and was small in volume, the high temperature
was concentrated in the center area. The
temperature in the heat sink area away from the heat
source decreased rapidly. As is evident from the
temperature distribution diagram, the partial cavity
structures had significant cooling effects compared
with the flat plate heat sink. Additional heat transfer
details are difficult to obtain from the temperature

-50 30 110 190 270 350 430 510 590 Pa

729

distributions of heat sinks; thus, the Nusselt number
was used to evaluate their thermal performances.

The local Nusselt numbers of different parameters
are presented in Fig. 10. Overall, the local Nusselt
number decreased as r/D increased. Figures 10(a),
10(b), and 10(c) respectively present the effect of
different Reynolds numbers and different values of
d/D and h/D on the distributions of local Nusselt
numbers.

In the stagnation region, the local Nusselt number
was in a higher level. Because the bottom of the
cylindrical cavity was a plane, the distribution of
the local Nusselt number of the cylindrical cavity
heat sink in the stagnation region was almost
identical to that of the flat plate heat sink. It is noted
that the local Nusselt number first decreased
slightly and then increased with the increase of r/D.
Its maximum value was 19.1% higher than that of
the stagnation point. The distributions of local
Nusselt numbers with different cavity structures
were similar. However, overall, the higher the
Reynolds numbers, the higher the local Nusselt
numbers. Unlike when Re = 5,000 and 10,000,
when Re 23,000, the local Nusselt number
decreased slightly after increasing.

In the wall jet region 1, as r/D increased, the Nusselt
number decreased sharply as the fluid impacted the
sidewall of the cavity and the radial velocity
decreased dramatically. The higher the Reynolds
number and the larger the value of h/D, the faster
the decrease of the local Nusselt number. A larger
d/D indicates a longer wall jet region I, and the
slower decline of the local Nusselt number.

In the cavity edge region, the complex flow
structure caused the local Nusselt number curve to
fluctuate greatly, and the local Nusselt number here
presented three peaks. The impact of the fluid on
the sidewall of the cavity caused the near-wall
surface Nusselt number to increase rapidly and form
the first peak, which is similar to the vertical impact
of the jet from the nozzle. The fluid then reached
the edge of the cavity, and the flow boundary layer
here was rapidly thickened; thus, the heat transfer
was seriously deteriorated, and the local Nusselt
number was decreased. Its minimum was less than
13 for the structure of d/D = 3, h/D = 0.10. The
fluid leapt out and impacted the top of the sidewall,
and the flow boundary layer here became thin; thus,
the local Nusselt number increased again to form
the second peak. The fluid then fell and impacted
the plate again, and a horseshoe vortex was formed
here. In general, the horseshoe vortex first
weakened the heat transfer, and then strengthened
it. Therefore, after reaching the second peak, the
local Nusselt number first decreased and then
increased to finally reach the third peak. The
mechanism of heat transfer enhancement was the
same as that of the stagnation region with a slanted
jet impacted on the plate. As the d/D increased, the
heat transfer enhancement performance of the
horseshoe vortex weakened. The area of the
horseshoe vortex clearly expanded toward the edge
of the plate when h/D = 0.20, and its heat transfer
enhancement performance was slightly weakened.
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Fig. 9. Distributions of temperatures of heat sinks, Re =10,000.
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Fig. 10. Distributions of the local Nusselt numbers.
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In the wall jet region Il, the local Nusselt number
continued to decrease with the increase of r/D.
Additionally, the local Nusselt number curves under
different structures, including the flat plate,
gradually coincided. However, the Nusselt numbers
of the cavity structure were all lower than those of
the flat plate. This is because the fluid spread out on
the plate, the flow was gentle, and the structure was
single; however, the velocity of flow in the cavity
structure was lower. This also demonstrates that the
upstream flow and heat transfer differences have
less influence on this region.

The heat transfer difference between different
conditions was well studied from the radial
distribution of the local Nusselt numbers, which are
difficult to be used to directly and accurately
summarize the overall heat transfer capacity of the
heat sink. Thus, the average Nusselt number was
introduced to evaluate the overall heat transfer of
the heat sinks. The average Nusselt number is
defined by Eq. (12). The range of r/D from 0-4 was
examined, and the average Nusselt numbers are
listed in Fig. 11. In the figure, the average Nusselt

number of the plate heat sink was taken as the
reference for that of different cavity structures at
different Reynolds numbers. When Re = 5,000 and
10,000, the average Nusselt numbers of various
cavity diameters at h/D = 0.05 and various cavity
depths at d/D = 2 were all lower than those of the
flat plate. As d/D increased, the average Nusselt
numbers of h/D 0.10 and 0.20 increased
gradually, while that of h/D = 0.05 decreased. When
h/D = 0.15, the average Nusselt numbers reached
the maximum at d/D = 3; the maximum was 11.8%
higher than that of the flat plate heat sink.

4. CONCLUSION

This work numerically investigated the flow and
heat transfer characteristics of a liquid jet impinging
on a cylindrical cavity heat sink with a local body
heat source at different Reynolds numbers and
cavity structures. The Transition SST turbulence
model was validated and adopted. The main
conclusions are as follows.
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Fig. 11. Distributions of the average Nusselt numbers.

The cylindrical cavity structure can improve the
heat transfer capacity of the heat sink. Compared to
the flat plate heat sink, the maximum enhancement
was found to be 11.8% when d/D = 3, h/D = 0.15,
and Re = 23,000. However, the small-diameter (d/D
= 2) and shallow-depth (h/D = 0.05) cylindrical
cavity was found to not enhance the heat transfer
performance, and even deteriorated it. Both had
similar flow and heat transfer characteristics in the
stagnation region due to their similar structures. The
local Nusselt number of the cylindrical cavity heat
sink near the sidewall area of the cavity was much
lower than that of the flat plate heat sink. An
inclined jet was observed after the fluid leapt out of
the cavity, which introduced a horseshoe vortex.
The average Nusselt number of the cylindrical
cavity heat sink was found to be higher than that of
the plate heat sink in most cases.
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