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ARTICLE INFO ABSTRACT
Keywords: Jet impingement cooling technology is applicable to control temperature of devices, where very
Cone heat sink high heat flux is generated within a small area. This paper is about the improvement of the jet

Jet impingement

Heat transfer improvement
Numerical simulation
Boundary layer reduction

impingement cooling efficiency by the heat sink geometry modification. Two reference cases were
sourced from the literature — flat heat sink and modified one with cone in the jet stagnation re-
gion. Such a change improves cooling capability by more than 10%. Presented thermal fluid-solid
interaction numerical results are focused to understand better the physics of that improvement
and proposed the next step of shape optimization.

Two geometrical parameters were investigated — cooling channel’s height and cone’s side wall
deformation radius. That includes twenty radiuses for each of three heights. Together with two
reference cases, sixty-two shapes were analysed. Such extensive parametrical study was possible
thanks to the usage of 2D axisymmetric model, which very well matched to the referenced 3D
analysis and experiment. It was concluded, that cone deformation impact varies with the cooling
channel’s height. For the optimum geometrical configuration, 11% cooling capability improve-
ment was concluded in comparison to the reference flat surface (8% due to the channel height’s
reduction and 3% due to the cone’s deformation).

1. Introduction

Jet impingement concept is known for decades and is used successfully in many industries. It includes thermal drying of continuous
sheets, turbine cooling, de-icing of aircraft wings and cooling of microprocessors. Variety of fluids are used as a working medium. As an
example, Badur and Bryk [1] concluded that certain steam injection can help to reduce steam turbine acceleration time by one third.
Water is one of the most accessible and efficient heat transfer fluids. Its specific heat capacity is few times larger than gas alternatives,
so it is often used in heat transfer experiments. Tang et al. [2] used it in the jet impingement experiment using a novel single cone heat
sink. In general, such cooling system is applicable to the devices where very dense heat flux is generated, so the excessive heat cannot
be transferred by the heat exchange surface extension. The examples of jet impingement cooling application are highly integrated
electronic devices, microelectromechanical systems, high-power lasers and highly thermally loaded turbine components like blades
and inner casings. The motivation of presented work is further improvement of jet impingement cooling system by changing shape of
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Nomenclature

H height, mm

R radius, mm

\% velocity, m/s

Nu Nusselt number,

Nu area-averaged Nusselt Number,

Nu, Nusselt number at given radius,

h heat transfer coefficient, W/(m?K)

h area-averaged heat transfer coefficient, W/! (m?K)
h, heat transfer coefficient at given radius, W/(m?K)
q heat flux, W/m?

Qon normal area-averaged surface heat flux, W/m?>
qm normal heat flux at given radius, W/m?

T temperature, K

Ts area-averaged surface temperature, K

T, temperature at given radius, K

T; jet temperature, K

L characteristic length, m

r radius, mm

p pressure, Pa

I unit tensor,

t* total viscous stress tensor, Pa

b gravitation force, N

e the sum of specific internal and specific kinetic energy, J/kg
qt total heat flux, W/m?

Jk diffusion flux of turbulent kinetic energy k, 1/s°
Je diffusion flux of kinetic energy dissipation &, 1/s*
Sk source of turbulent kinetic energy, m?/s°

Se source of turbulent kinetic energy dissipation, m?/s*
Nu,ay; area-normalized local Nusselt number,

Nu, ; local Nusselt number at given radius,

ri local heat sink radius, m

ria local heat sink radius preceding to r;, m

Greek symbols

a angle, deg

p) thermal conductivity, W/mK

p density, kg/m>

Acronyms

FSI fluid-solid interaction

CFD computational fluid dynamics

PTC positive temperature coefficient

2D two-dimensional

3D three-dimensional

FEA finite element analysis

CSD computational solid dynamics

FVM finite volume method

RNG renormalization group

RANS Reynolds-averaged Navier-Stokes

Yt wall function

SIMPLE semi-implicit method for pressure-linked equations
Subscripts and superscripts

i index

r radius

s surface

j jet

k kinetic energy
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€ kinetic energy dissipation
AN area-normalized

t total

n normal

the heat sink. Thanks to that, gas engines could be operated at higher efficiency (higher temperature) and microprocessors could work
at a higher load.

Thermal Fluid-Solid Interaction (FSI) is an analysis method which offers a proper micro/nanoscale description of heat transfer
phenomena across the boundary between solid and fluid. Badur et al. [3] discussed and implemented an advanced Reynolds-Stanton
analogy to improve mathematical modelling of thermal energy transportation.

Basic jet impingement cooling concept contains a jet of fluid which impinges into flat surface at 90 deg. angle. However various
modifications of it are the subject of extensive worldwide research programmes. Sharif and Afroz [4] reported average Nusselt number
for twin opposite directed impingement jets concluded that 90 deg. angle is the most efficient one. Attalla et al. [5] reported average
Nusselt number for twin parallel jets and found that the most efficient angle varies between 0 and 20 deg., as it depends on jets’ size
and position. Draksler et al. [6] investigated multiple impinging jets in hexagonal configuration. Nusselt Number distribution plot
revealed that large-eddy structures augment local heat transfer also in areas between jets. He and Liu [7] investigated jet impingement
cooling using lobed nozzles. They concluded that shape has some impact at low nozzle-to-wall distance, but average Nusselt number
improvement is within few percent. Baghel et al. [8] analysed inclined free surface liquid jet impingement. They found that peak
Nusselt number decreases from 0 deg. to 15 deg. then it increases until the inclination angle of 45 deg. Xu et al. [9] reported that finned
target surface can improve Nusselt number significantly for the optimized fin width and height. Yang and Peng [10] performed a study
of non-uniform fin height heat sink. Obtained results show that most of analysed cases are worse than the uniform pin-fin heat sink.
Only few configurations are slightly more efficient than reference uniform case. Choo et al. [11] experimentally tested air assisted free
water jet impingement at low nozzle-to-surface distances. It was found that stagnation Nusselt number increases significantly for very
low distances (below 0.1 of inlet diameter).

Hu et al. [12] modelled surface roughness with sinusoidal wave. They concluded that roughness plays dominant role in the cooling
effectiveness. Sundararajan et al. [13] experimentally tested jet impingement into rough surface. It was found that multi-protrusions
case increases more heat transfer coefficient than can be attributed to the area enlargement. Singh et al. [14] checked the correlation
between the micro-roughness shapes and jet impingement heat transfer enhancement. It was found that concentric shapes are more
efficient than traditional cubic and cylindrical ones. Ortega-Casanova and Molina-Gonzales [15] found that concentric tabs around the
stagnation point always reduce average cooling effectiveness in comparison to the flat surface. Rao et al. [16] analysed a row of
impingement jets cooling flat and roughened surface. They found that micro W-shaped ribs can enhance heat transfer coefficient by
nearly 10% with negligibly increased pressure loss. Li et al. [17] investigated the impingement heat transfer in a high-pressure turbine
inner casting. They concluded that cambered rib structure increases average Nusselt number significantly in comparison to the smooth
surface.

Singh and Ekkad [18] tested and analysed the cross-flow impact to the multiple impingement jet cooling configuration. They found
an interesting trend that a maximum crossflow was more efficient than intermediate crossflow scheme. Ligrani et al. [19] found that in
general crossflow is detrimental to the local Nusselt number performance, but for some tested configurations crossflow fluid results in
the opposite trend. Sunden et al. [20-22] tested and analysed the vortex generator pair, which reduces the detrimental crossflow
impact. They found that delta and rectangular winglets can significantly augment the jet impingement heat transfer by promoting the
jet penetration.

Li et al. [23] performed a comparative study on gas turbine leading edge cooling. They concluded that single vortex cooling has the
highest heat transfer coefficient but the highest-pressure loss. It appeared that middle-double vertex cooling is the best compromise
between cooling efficiency and pressure drop. Azimi et al. [24] investigated slot jet impingement of a concave surface. The maximum
Nusselt number has been obtained at the stagnation point and monotonically decreased along the concave surface. Liu et al. [25]
analysed jet impingement cooling on the concave surface. They found that spanwise jets’ offset can enhance cooling effectiveness for
low Reynolds numbers. Zeng et al. [26] performed a numerical investigation of mist/air impingement cooling on ribbed concave
surface. They found that air/mist two-phase flow is more efficient than single-phase case with the penalty of increased pressure drop.
Zhang et al. [27] analysed case of impingement jet heating of engine inlet guide strut. They found that heating effectiveness is tightly
dependent on the normal jet-to-impinged surface distance. Sunden et al. [28] studied the jet impingement cooling characteristics in a
rotating chamber. Due to the Coriolis and centrifugal forces, stagnation points were shifted downstream, which resulted in crooked
cooling jets and impingement reduction.

Wang et al. [29] investigated turbine leading edge interaction between jet impingement and effusion cooling. They found that film
cooling holes act like coolants’ interceptors, so mass flow is highly dependent on the distance from the stagnation region. Cho et al.
[30] optimized the impingement/effusion cooling system to minimise thermal stress. They observed that very high stresses occur near
the film cooling hole, even for the low average temperature. Zu et al. [31] investigated integrated impingement/pin/effusion cooling
configurations. They proved that installing an array of cylindrical pins to the double-wall impingement/effusion structure is beneficial.

Nasif et al. [32] simulated jet impingement heat transfer onto a moving disc. It was found that the relative velocity increase en-
hances the cooling efficiency. Jeng et al. [33] investigated jet impingement into a rotating pin-fin heat sink. They concluded that
average Nusselt number can grow or drop with the increase of rotational Reynolds number, which is a function of tested geometry.
Muszynski and Mikielewicz [34] studied the microjet array cooling system. They proposed a Nusselt number analytical correlation
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which agreed with the experiment within 30% error bounds.

Wongcharee et al. [35]. investigated the effect of using swirling impingement jet generated by the threaded nozzle. For the
investigated cases, the jet delivered through the twisted lobed nozzle with twist ratio of four yielded a maximum average Nusselt
number. Xu et al. [36] performed a similar investigation, concluding that the local Nusselt number at the stagnation point of the
swirling impingement jet with the swirl angle of 45 deg. is 11.4% higher than for the conventional circular jet. Amini et al. [37]
extended swirling jet analysis by a pair-of-jets interaction study. By doing this they obtained a heat transfer enhancement up to 10%.

The main objective of this paper is to explore the heat sink shape’s impact into the water jet impingement cooling enhancement.
Presented study is based on 2D axisymmetric thermal-FSI model, which was validated against the Tang et al. [2] experiment. They
concluded that an area-averaged Nusselt number is improved by 8% by adding 45° cone in the stagnation area. Equally important, this
study resulted with creation and validation of thermal-FSI model, which can be used in further assessments of heat sink shape
modifications. The additional goal is to support the advanced thermal-FSI extension proposed in works [3,38], which so far has been
used for steam and gas turbine analyses [39,40]. Zitkowski et al. [41] explored the gas turbine heat recovery system proposed by
Szewalski. Some forms of analysed impingement cooling can be used in heat exchangers aimed to increase Bryton cycle’s efficiency.

Due to the analysed size of the humped-cone heat sink, local recirculation zones can be considered as a microflow. In recent years,
numerous state-of-the-art papers were published in the field of microflows and nanofluids, which contain tiny nanoparticles. Zhang
et al. [42] analysed the magnetic effects of zinc/aluminium-oxide kerosene nanofluid flowing over complex surfaces with stretching
and shrinking features. They found that the velocity and temperature profiles are enhanced or reduced (depends on the geometry) by
increasing the magnetic field parameter. Same author examined also the electro-magnetohydrodynamic non-Newtonian fluid flow
[43] through the porous material fixed between a pair of two parallel plates. They concluded that the presence of the magnetic field
enhances the temperature profile but retards the velocity profile due to the opposite Lorentz force. Abo-Elkhair et al. [44] studied the
magnetic force effects of hybrid bio-nanofluid (Au-Cu). Using the Adomian decomposition method they obtained expressions of ve-
locity, induced magnetic field components, magnetic pressure, stream function, magnetic force, joule heating, shear stress and Nusselt
number. Bhatti et al. [45] studied the Arrhenlus activation energy on the thermo-bioconvection nanofluid flow over a Riga plate. They
found that the velocity profile strengthens with the increase of the bioconvection Rayleigh number and magnetic field. Badur et al.
[46]. considered the Navier-Stokes slip boundary conditions following from the mass and momentum balances within a thin, shell-like
moving boundary layer. They classified different mobility mechanisms connected with the transpiration phenomena, important for
flows in micro- and nanochannels. Same author [47] reformulated basic concepts of fluid mechanics in order to account some
enhancement phenomena in micro- and nanoflows. Work [48] is based on the thermal transpiration approach developed in Ref. [46].
The microscale transient calculation was compared against the experiment and theory proposed by Reynolds. On top of that, Badur
et al. [49] extended a general form of surface forces (friction and mobility component) to collect the effects of bulk and surface fluid
motion.

This paper’s structure is as follows. Section 1 presents the literature overview describing various aspects of fluid’s jet impingement.
The experiment details are shortly presented in Section 2. Section 3 contains a brief summary of the thermal-FSI approach taken in this
study. The results exposition is given in Section 4. Concluding remarks are formulated in Section 5.

Fig. 1. Structure of the single cone heat sink jet device (symmetrical view).
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2. Model validation

Results presented in this paper are based on an experiment performed by Tang et al. [2], where the surface of the heat sink is cooled
by the water jet impingement. The comparison between flat (¢« = 0 deg.) and conical (¢ = 45 deg.) surface revealed that cooling
efficiency was improved by 8.5%.

It was decided to conduct an analytical study to improve the shape of the novel single cone heat sink concept. To make this happen,
a 2D axisymmetric preliminary thermal-FSI model was built and validated against Tang et al. [2] experiment. That is a crucial part of
presented study, as every viscous model available in CFD software is an approximation of a complex physical processes.

2.1. Jet device

Single cone heat sink jet device presented on Fig. 1 was tested by Tang et al. [2]. It contains solid blocks at the bottom and a cooling
channel at the top. Aluminium base is heated by the PTC (positive temperature coefficient) heater with the constant heat flux density q
= 80 W/cm?, which is conducted through adjacent blocks towards the heat sink at the top. Impingement surface is an area where heat
is absorbed by the water stream and transported towards the outlet pipes. Fig. 1 presents symmetrical view of stream flow, which is
injected at the top (v = 6 m/s), dispersed radially at the cone, recirculated at the side surface and redirected towards outlet pipes.

Fig. 2 and Table 1 show key dimensions of analysed heat sink. Angle @ = 0 deg. is a reference flat surface. For all other analysed
cases o = 45 deg. was used. The difference between tested and modelled cases is the Rz arc which is situated exactly at the lower half of
the cone’s surface.

Fig. 2 presents the section of the actual heat sink, which is not an axisymmetric geometry (compare with Fig. 1 3D view). Two outlet
pipes are the only non-axisymmetric feature, so it was decided to convert them for analysis to the one continuous ring with the
consistent exit area.

2.2. Criteria number

An area-averaged Nusselt number was used as a criterium for the cooling enhancement assessment. According to Tang et al.
experiment [2], average Nusselt number for the flat surface is 1238.7 in contrast to the 1373.7 for the 45deg. conical case.
The local Nusselt number at given radius can be calculated according to (1):

kL gnl

N = =i, - 1)

(€Y

where Nu, is a Nusselt number at given radius [—], h, is a heat transfer coefficient at given radius [W/(mZK)], qrm represents normal
heat flux at given radius [W/m?], T, is a temperature at given radius [K], T; represents jet temperature [K]. For analysed case,
characteristic length (heat sink diameter) L = 0.032 m and water thermal conductivity 2 = 0.6 W/mK.

Area-averaged Nusselt number can be calculated according to (2):

inlet
R4
(_
H a
R3
outlet «— \ / \
R1
R2
47

< |
r <« |

Fig. 2. Heat sink key dimensions.
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Table 1
Heat sink experimental parameters.
a [deg] R4 [mm] R; [mm] R, [mm] R3 [mm] H [mm] v [m/s] q [W/cmz]
45 and 0 2 4 16 none (flat) 16 6 80
— hL gL
Nu=——= @
)

where Nu is an area-averaged Nusselt Number [—], h represents area-averaged heat transfer coefficient [W/(mzK)], q, is a normal
area-averaged surface heat flux [W/(mz)], T; represents area-averaged surface temperature [K].

3. Analysis

Analysed preliminary thermal-FSI model is based on heat sink device tested by Tang et al. [2]. It was concluded that geometry
presented on Fig. 1 is very close to the axisymmetric case, so 2D finite element analysis (FEA) model was build. This was done in
contrast to Tang et al. approach [2], where 3D section was modelled. Comparison revealed that 2D axisymmetric result is very close to
the experiment and 3D model, so it was used for further analysis. Table 2 shows that both models are within 5% error to the
experiment, therefore acceptable.

3.1. Governing equations
Analysed 2D axisymmetric preliminary thermal-FSI model couples solid and fluid domains at the boundaries. In this approach, CSD

(computational solid dynamics) analysis is based on the heat conduction equations, which is a standard approach in FVM (Finite
Volume Method) software. On the fluid side physics is much more complex, which can be described by the set of equations below

P pv 0 0

o | oY (pvev) +pl t pb

AR +div¢ (pe +p)v =div{ t'v+q" 3 +<{ pS, 3
pk pvk Ji PSk
pE pVE Je PSe

where p is a density [kg/rng], v represents velocity [m/s], p is a pressure [Pa], I is a unit tensor [—], t' is a total viscous stress tensor
[Pal, b is a gravitation force [N], e represents the sum of specific internal and specific kinetic energy [J/kg], ¢' is a total heat flux [W/
mz], Ji is a diffusion flux of turbulent kinetic energy k [1 /s3], J is a diffusion flux of kinetic energy dissipation € [1/ 54], Sk represents
source of turbulent kinetic energy [m?%/s%], S, is a source of turbulent kinetic energy dissipation [m?/s*].

According to Tang et al. study [2], tested case can be well approximated by the k-¢ RNG viscus model, which is one of the most
popular RANS (Reynolds-Averaged Navier-Stokes) models. However, the full thermal-FSI approach requires analysis of stress, strain
and deformation, similar like in article [34].

3.2. Analysed geometries

Sixty-two geometries were analysed in total, which can be group in four categories. First is the reference group, because it contains
two geometries experimentally tested by Tang et al. [2] — flat surface and 45 deg. cone. Both models were used to validate analysed
FVM model. Second group contains twenty models with cone modification shown on Fig. 2. Radius Rz was not present in the
experiment, but in analysis it varies from 1.4 mm to 20 mm. After results’ comparison it can be said that 20 mm arc is so large, that it is
an equivalent of a straight line (45 deg. tested cone). Third and fourth groups are similar to the second group, but they contain altered
cooling channel height (H = 12 mm and 10 mm) [Fig. 2].

Table 2

Thermal-FSI CFD model validation table.
Cone angle 0 deg. 45 deg.
Experimental Nu [—] 1238.7 1343.7
Tang et al. 3D analysis Nu [—] 1254.6 1399.1
2D axisymmetric analysis Nu [—] 1290.9 1347.2
Tang et al. 3D error [%] 1.3 4.1
2D axisymmetric error [%] 4.2 0.3

6
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3.3. Model summary

The entire 2D axisymmetric thermal-FSI model has been discretized by a quadrilateral dominant mesh, steeply refined in the
normal surface direction. Performed sensitivity study proved that further mesh refinement does not change the computational results
significantly. Furthermore, consistent mesh refinement was used for all analysed cases, so similar numerical error is expected for all
analysed geometries. It has been assumed that the channel’s surface is smooth and homogeneous. Wall function Y* below one has been
implemented for most impingement surface. The standard SIMPLE (semi-implicit method for pressure-linked equations) method was
employed for pressure-velocity coupling. The second order upwind schemes were chosen for the solution of the convection term in
governing equations. The diffusion terms have been central-differenced with the second order accuracy as well. The detailed meth-
odology of numerical integration regarding the set of governing equations can be found in work [35].

4. Results
4.1. Field of velocity

Velocity plots presented below visualise differences between analysed geometries. Fig. 3 compares two reference cases - flat surface
and 45 deg. cone. Water at the room temperature is supplied in the middle and gradually dispersed towards the outlet. First significant

difference refers to the stagnation zone located directly below the inlet pipe, where recirculated water reduces impingement effect. In
the flat heat sink, recirculation (insulating) bubble is formed due to the fact, that “trapped” fluid is uniformly washed around with no

Velocity [m ¥elocit AL\
ector i
7.0

Vector 1
7.0 _ )
Recirculation bubble

around stagnation point

rryyryryy.

A)

Recirculation bubble

Heat transfer
peak zones

Heat transfer
peak zone

D)

C)
Wall jet| Transition| Stagnation

Wall jet Stagnation

Fig. 3. Reference heat sink velocity (H = 16 mm) — A) vector plot of flat case, B) vector plot of 45 deg. cone case, C) contour plot of flat case
(detailed view), D) contour plot of smooth cone case (detailed view). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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escape path. That state is improved in the conical heat sink, because described bubble cannot be formed at the tip of the cone. The other
key difference is the induction of heat transfer transition zone at the bottom of the cone. High velocity spots along impinged surface
mark regions where streamlines have some velocity towards the metal. That creates shear force which reduces the thickness of
insulating boundary layer, resulting with heat exchange improvement (heat transfer peak zones on Fig. 3C-D). This is also reflected on
Fig. 9, where two Nusselt number peaks are coincident with local high velocity regions.

Fig. 4 presents two extreme geometries from the second group containing nominal height of the cooling channel (H = 16 mm). The
only difference between them is the radius Rz (Fig. 2) which affects local Nusselt number distribution. In analysed cases it varies from
1.42 mm to 20 mm, which is very close to the smooth cone (Rs = co mm). That modification introduces additional positive and
negative Nusselt number peaks in the middle of the cone (Fig. 9). The second pair of peaks at the cone’s bottom are present in the tested
smooth cone, but Rz arc modifies their sizes. Negative peaks are well shown on Fig. 4A as low velocity spots on both sides of R3 arc.
These recirculation zones are caused by the surface discontinuity. Two positive Nusselt number peaks are presented on Fig. 4B as high
velocity spots on both sides of cone’s bottom. Upper one is affected by Rs arc, which redirects streamlines resulting in reduction of
insulating boundary layer. Lower high velocity spot is driven by the flow’s impingement into the flat base surface.

Fig. 5 presents a pair of velocity plots obtained for narrow cooling channel (H = 10 mm). Flow structure and description are similar
to the nominal case (H = 16 mm on Fig. 4), but the main recirculation zone is restricted due to the reduced channel’s height. That
modification is influential to the average Nusselt Number.

4.2. Cooling efficiency

Fig. 6 presents a summary of all analysed geometries (apart from two reference cases). Each curve for given channel height “H” is
based on twenty Rz analysis points at 1-mm step. The reference “H” height is 16 mm, as it was used in the experiment performed by
Tang et al. [2]. Both high performing curves can be divided on four regions — steep initiation below 2 mm, slow climb between 2 and
15 mm, sharp transition between 16 and 17 mm and plateau above 17 mm. Steep initiation region occurs, because the recirculation
zone behind the hump decays very quickly with R3 radius growth. It is caused by the fact, that every hump is consistently fitted at the
bottom half of the cone side surface (centre point position is a function of arc size). Slow climb region is formed by the steady heat
exchange enhancement at the hump surface and horizontal part below the cone. Following sharp transition region (R3 between 16 mm
and 17 mm) is caused by the interaction between horizontal flow and lower mirror vertex (Fig. 3B). Due to the shape of the fluid
domain, part of the horizontal flow is reversed (lower mirror vertex) and such secondary flow interacts with the boundary layer of the
horizontal main flow. For low and medium R3 radiuses (less than 16 mm), this disturbance leads to the consistent Nusselt number
improvement at the horizontal surface, which is the most of the heat exchange area. This effect weakens as the cooling passage height
decreases. Regarding the plateau zone, Table 3 compares high R3 cases with the smooth cone (R3 = co mm). It can be concluded that R3
> 16 mm values are very close to the smooth cone, so further R3 arc increase has a negligible effect to the heat transfer enhancement.
The consequence of that is that curves in Fig. 6 are expected to be flat above the value of 16 mm.

Further analysis of Fig. 6 leads to the interesting conclusion that 12 mm channel is generally better than 10 and 16 mm ones (not
applicable to the plateau zone). This is another consequence of a complex non-linear hump-driven interaction between primary and
secondary flows. A similar type of transition phenomenon was analysed in the work [50], which is based on the dimensionless
slip-length (Navier number). It is particularly important in prediction of closures for laminar to turbulent transition undergoing via
eddies detachment from the slip layer of nanochannels.

Velocity

7.0
6.3
5.6
4.9
4.2
3.5
2.8
21
1.4
0.7

0.0
A) [m SA-1]

B)

Fig. 4. Heat sink velocity for rounded cone (H = 16 mm) — A) Rz = 1.4 mm, B) R3 = 20 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Velocity
Contour 1

7.0

B)

Fig. 5. Heat sink velocity for rounded cone (H = 10 mm) — A) R; = 1.4 mm, B) R3 = 20 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Average Nusselt number vs. radius R,

1460
T 1440
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2 1400
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2 1360 —o—H=16mm
a 1340 —e—H=12mm
g 1320 H=10mm
$ 1300
¢ 1280
< 1260
0 5 10 15 20 25
Radius Ry [mm]
Fig. 6. Area-averaged Nusselt number vs. radius Rs
Table 3
Summary table — Nusselt numbers for high R; radiuses.
Average Nu [—] H =16 mm H =12 mm H =10 mm
smooth cone 1347.2 1391.3 1417.5
R3 =20 mm 1345.1 1387.5 1416.3
R3 =19 mm 1344.7 1387.8 1416.3
R3 =18 mm 1344.5 1387.9 1415.7
R3 =17 mm 1344.8 1387 1415.6
R3 =16 mm 1401.6 1437 1427.2
Radial distribution of Nusselt number (H=16mm)
5000
4500 n
T 4000 1
5 3500 1
£ 3000 i R3= 1.4mm
2 2500
2200 \V) N ”R 0 T R3=2mm
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Fig. 7. Radial Nusselt number distribution for chosen Rs radiuses (H = 16 mm).
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Comparison between analysed cases revealed, that the best cooling performance occurs at point H = 12 mm and R3 = 16 mm.
However, that point is at the edge of sharp Nusselt number drop, so tiny Rz radius variation can cause few percent cooling efficiency
drop. From the robustness point of view, the best design point is H = 12 mm and Rz = 11 mm.

4.3. Local cooling efficiency

Fig. 7 presents the radial Nusselt number comparison between key Rz values. The reference curve is the smooth one (cone without
Rs arc), as this is the geometry tested by Tang et al. [2] and used to validate thermal-FSI model.

Fig. 7 presents four of twenty two cases analysed for channel height H = 16 mm. R3 = 1.4 mm is the smallest analysed hump
(Fig. 4A), because smaller radius cannot be fitted. Smooth curve is an equivalent of a very large radius (R3 = co mm), so it is an upper
limit. Taking this into account, all intermediate radiuses should be placed between those two boundary lines. Due to the geometrical
similarities, all four lines have similar regions. Central point (r = 0 mm) is characterised by a very high Nusselt number, because jet is
split there at the cone tip. Local minimum around 2 mm radius marks the recirculation point at the hump. Sharp peak afterwards is
induced by the local impingement into the hump side surface. Second low point around 4 mm radius is a consequence of recirculation
region between the hump and horizontal surface. Sudden peak adjacent to it is driven by the local impingement into the horizontal
surface. Its position is a function of the hump radius - the smaller radius, the larger recirculation below it leading to impingement at the
higher radius. From Fig. 7 perspective, optimization process should minimise area of low peaks and maximise the impact of positive
peaks.

The smallest arc (R3 = 1.4 mm) drops average cooling efficiency even below the flat surface level. The reason being is that small
radius creates significant low-performing recirculation regions, which outweigh the improvement at positive Nusselt number peaks.
This is reflected is the graph on Fig. 6.

The second analysed arc (R3 = 2 mm) is much better than the smallest one due to the reduction of recirculation zones and shifting
them closer to the stagnation point. Fig. 7 shows that positive peaks are also higher, but less influential due to their closer position to
the stagnation zone.

Radius Rz = 11 mm is considered as the optimum size from the performance and robustness point of view. In comparison to the
smooth-case distribution, it offers advantage due to the second peak region which is not present in the reference (smooth) cone. The
other region which is improved in R3 = 11 mm case is the transition zone at the flat heat sink surface (r > 4 mm). Fig. 7 shows relatively
small impact, but it is significant due to the high radial position.

To properly access the impact of certain zones into the area-averaged Nusselt number, Fig. 7 needs to be normalized into the local
heat exchange area. Otherwise it can be incorrectly concluded that the stagnation area has significant impact to the mean heat ex-
change efficiency. In fact, the stagnation area has a minor effect due to its relatively small area in comparison to the entire heat sink.
Fig. 8 presents area-normalized local Nusselt number which is a representation of local contribution into area-averaged Nusselt
number. Simple average of Fig. 8 curve is equal to the area-average of Fig. 7 curve. That makes Fig. 8 graph a much clearer repre-
sentation why one heat sink geometry is better than another. In this case, local Nusselt number comparison is more helpful to make
right decision about further shape’s improvements.

Detailed analysis of Fig. 8 can help to understand why Rz = 11 mm radius is better than other three cases. It appears that its main
advantage over two shorter Rz radiuses is the smallest recirculation zone at the 4 mm position. Differently from that, advantage over
smooth (no hump) curve is distributed mainly along the large horizontal surface. This part of curve is influenced by the complex
interaction between main and secondary flows induced by the channel dimensions.

Fig. 8 graph was generated according to the (4). For the visualization process, each curve from Fig. 7 graph was split into 200 equal
bands Nuy;, where index i varies from 1 to 200. This equation compares the local stripe’s area with the entire heat sink and multiplies it
by the local Nusselt number. Constant factor 200 is used for visualization - it converts the under-curve area into the average value on
the graph.

The simplification behind the (4) refers to the stagnation area normalization, where all geometries are assumed to be flat. This error
can be neglected due to the fact, that affected area is small (r < 2 mm), so not very influential to the area-averaged Nusselt number.

Area normalized radial distribution of Nusselt number
(H=16mm)

2500
2000
1500 = R3= 1.4mm
1000 = = =R3=2mm

———R311lmm
500

smooth

Area-normalized Nusselt number [-]

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

r[m]

Fig. 8. Area-normalized Nusselt number distribution for chosen R3 radiuses (H = 16 mm).
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Radial Nusselt number distribution for R;=10mm

H=16mm

AAAAAAAAA H=12mm

H=10mm

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
r[m]

Fig. 9. Radial Nusselt number distribution as a function of channel height H.
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Where: i is a radial distance index on Fig. 7 [—], Nuyay ; is an area-normalized local Nusselt number on Fig. 8 [—], Nu, ; is a local Nusselt
number on Fig. 7 [—], Rz is a heat sink radius (Table 1) [m], r; is a local heat sink radius [m], r;_; is a local heat sink radius preceding
tor; [m].

4.4. Channel height impact

Fig. 9 presents the channel height impact on the Nusselt number radial distribution. It shows clearly why H = 16 mm average
Nusselt number is worse than 10 mm and 12 mm. The difference is driven by the local Nusselt number difference at the large, hor-
izontal part of the heat sink (r > 5 mm). As mentioned previously, area-averaged Nusselt number is more influenced by the high
radiuses due to the area correction. As a consequence of that, modest difference presented in Fig. 9 became significant when comparing
area-averaged values.

Heat transfer coefficient at the horizontal part is influenced by the interaction between primary and secondary flow (lower mirror
vertex shown on Fig. 3A). Due to the shape of the fluid channel, main flow is split on forward an reversed parts, which eventually are
reattached along the horizontal part of heat exchange surface. This reattachment is stronger in the narrower channels, hence the
cooling enhancement occurs.

The average change between 10 mm and 12 mm is relatively small, so some secondary effects decide why H = 12 mm is better than
H = 10 mm one.

This paper extends the current knowledge about the single jet impingement system, which most often is based on the flat heat sink.
Such cooling system is applicable to the devices, where very dense heat flux is generated over the small area. In such a case, simple
extension of heat exchange area is not an option, so cooling enhancement needs to be obtained by the improvement of heat exchange
factor. One way to achieve that is the boundary layer thickness reduction by introducing cone in the stagnation area. Such a solution
eliminates stagnation recirculating bubble and creates efficient transition zone below the cone (Fig. 3D). That solution is based on the
novel single cone heat sink experiment performed by Tang et al. [2].

Presented numerical simulation results explore further improvements of heat sink shape including deformation of the cone side
surface. Hump deformation creates a specific step along the washed surface, leading to the induction of local recirculation and sec-
ondary impingement zones. Analysis revealed, that for most cases, cooling efficiency balance of those two regions is positive. The only
exception is the smallest hump (R3 = 1.4 mm), which has worse performance that the smooth cone.

Presented results should be read from the qualitative and quantitative perspective, as this assessment captures quite a complex
interaction between jet, heat sink and fluid channel shape. An important conclusion is that hump has a positive impact to heat ex-
change intensity, so it can be successfully multiplied forming a series of curved turbulators around the stagnation area. It is recom-
mended to further explore the improvement potential of proposed modifications.

5. Conclusions

This paper extends the current knowledge about the single jet impingement system, which most often is based on the flat heat sink.
Such cooling system is applicable to the devices, where very dense heat flux is generated over the small area. In such a case, simple
extension of heat exchange area is not an option, so cooling enhancement needs to be obtained by the improvement of heat exchange
factor. One way to achieve that is the boundary layer thickness reduction by introducing cone in the stagnation area. Such a solution
eliminates stagnation recirculating bubble and creates efficient transition zone below the cone (Fig. 3D). That solution is based on the
novel single cone heat sink experiment performed by Tang et al. [2].

Presented numerical simulation results explore further improvements of heat sink shape including deformation of the cone side
surface. Hump deformation creates a specific step along the washed surface, leading to the induction of local recirculation and sec-
ondary impingement zones. Analysis revealed, that for most cases, cooling efficiency balance of those two regions is positive. The only
exception is the smallest hump (R3 = 1.4 mm), which has worse performance that the smooth cone.
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Presented results should be read from the qualitative and quantitative perspective, as this assessment captures quite a complex
interaction between jet, heat sink and fluid channel shape. An important conclusion is that hump has a positive impact to heat ex-
change intensity, so it can be successfully multiplied forming a series of curved turbulators around the stagnation area. It is recom-
mended to further explore the improvement potential of proposed modifications.

An area averaged Nusselt number was used as a criterion for the heat enhancement assessment. Main conclusions from this study
are listed below:

(1) Cone shape modification can improve heat transfer efficiency of a single cone heat sink. This can be done by introducing a hump
in the lower zone of the cone, which resulted in Nusselt number improvement between 1% (H = 10 mm channel) and 3% (H =
12 mm channel).

(2) A combined effect of cone modification (R3 = 16 mm) and channel’s height reduction (H = 12 mm) gives heat transfer
enhancement by more than 6.6% in comparison to the reference (smooth) cone. However, for practical application, this
improvement is not robust, as it could halve for Rz arc increase by 1 mm (to 17 mm). That is the reason, why the optimum
dimensions are H = 12 mm and Rz = 11 mm, which enhance heat transfer by 6.5%.

(3) The comparison between the optimum case (H = 12 mm, Rs = 11 mm) and the conventional flat surface heat sink revealed heat
transfer enhancement by 11%. This is a combined effect of modified cone and channel’s height reduction.

(4) Cone’s shape modification based on hump induces two heat transfer transition regions, which can enhance area-averaged
Nusselt number. They appear in locations where washed surface is not continuous (hump is not tangent to the adjacent ge-
ometry). This is different to the flat surface (no transition region) and to the smooth cone which induces single transition region.
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