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Abstract: Thermal management has become a critical issue for the reliable operation of electronic
devices, especially for pulsed heat sources with high heat flux. The intense temperature rise in a short
period puts forward high requirements on thermal management. In this work, a heat sink combining
the confined jet impingement with metallic phase change material (PCM) is proposed for the thermal
management of millisecond-pulsed heat sources. A transient model is established to simulate the
conjugated heat transfer. The heat transfer characteristics of a jet impingement heat sink and the
temperature responses under millisecond heat pulses are obtained, and the effects of jet structure
and metallic PCM thickness on the cooling performance are analyzed. Results show that the jet
impingement with a jet diameter of 2 mm and an impingement height of 2 mm can achieve effective
cooling on a 3 × 3.5 mm2 heat source, and the surface temperature is 62.2 ◦C for a constant power
density (150 W/cm2). Under the millisecond heat pulses with a peak power density of 600 W/cm2

and a duty cycle of 0.25, the temperature on the heating surface fluctuates in the same period with
the heat pulses, and the maximum temperature reaches 66.9 ◦C for a heat sink without metallic PCM.
An appropriate PCM thickness should be smaller than 0.1 mm so that the phase change can be cycled
within heat pulse intervals, and the maximum temperature can be maintained around the phase
change temperature (61.5 ◦C).

Keywords: jet impingement cooling; metallic PCM; liquid cooling; heat sink; millisecond heat pulses

1. Introduction

With the development of super-large-scale integration, industrial electrical equipment,
and consumer electronic products, the power density of electronic devices has been increas-
ing, and the requirements for thermal management techniques are becoming higher [1,2].
As the temperature of electronic devices increases by 10 ◦C, the safety and reliability of
their normal operation will decrease by 50%. Therefore, thermal management has become
a critical issue for the reliable operation of electronic devices, especially for pulsed heat
sources with high heat flux. The intense temperature rise in a short period puts forward
high requirements on thermal management.

Jet impingement cooling is one of the effective approaches to solving the heat dissipa-
tion problem of high-power electronic devices. As the high-speed liquid or gas impinges
onto the heater surface, a much thinner velocity boundary layer can be formed than the
channel flow, which helps to reduce the heat transfer resistance of forced convection. Jet
impingement cooling is preferred when strong cooling is required on a local area of the
heating surface. The liquid cooling medium can achieve better cooling performance than
the gas medium for jet impingement, especially for confined jet impingement. If the jet
space is small enough, the influence of gravity and other volumetric forces can be negligible,
and the confined jet impingement is suitable for applications in automotive, airborne, and
microgravity environments [3].

Many factors can influence the heat transfer performance of jet impingement cooling,
such as the geometrical structure of the jet (shape of the jet, jet height H, jet diameter
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d, depth of the nozzle l, jet spacing S, etc.), jet velocity, jet direction, physical properties
of cooling medium, surface structure to be cooled, etc. For single-phase confined jet
impingement, many studies have been performed on the heat transfer characteristics of
single jet and multiple jets [4–10]. Generally speaking, the cooling performance of single-
phase jet impingement improves with the increase in jet Re number and the decrease in
d. When H/d is in the range of 1 < H/d < 5, H has no obvious effects on the heat transfer
coefficient; when H/d is too large, the heat transfer performance tends to degrade. With
the same pump power and flow rate, the average heat transfer coefficient decreases with
the increase in S/d, while the heat transfer coefficient of the stagnation point changes little.

For devices with transient power fluctuations, phase change materials (PCMs) can
be used as an auxiliary temperature control method [11–13]. During the thermal design
process, the corresponding active cooling system can be designed in the light of the basic
heat load of the device, and PCMs can be equipped to prevent the device from overheating
during the transient power fluctuation. Without the phase change temperature control unit,
the cooling system needs to be designed according to the highest heat load, increasing its
cost and complexity. In recent years, metallic PCMs have been paid wide attention in the
field of thermal management [14–18]. Metallic PCMs have high thermal conductivity, low
volume change rate, and no phase separation, phase stratification or evaporation, which
provides an effective solution for thermal management.

DW Yoo et al. [19] studied the performance of plate-fin and pin-fin heat sinks com-
bining a metallic PCM for intermittent electronic equipment. The PCM was a Wood alloy
(50Bi/27Pb/13Sn/10Cd, melting temperature 70 ◦C). It was found that PCM could provide
additional heat capacity and reduce the size of thermal management equipment and energy
consumption compared to conventional heat sinks. Gaofeng Hao et al. [20] integrated
metallic PCM into an IGBT molybdenum plate and analyzed the effects of incorporating
PCM on normal working devices by the finite method. The results showed that the heat
pulse handling ability of the devices incorporated with metallic PCM was improved signifi-
cantly. PCM integrated into the heat sink [21–23] can serve as a thermal buffer for longer
power surges due to the larger volumes of PCM involved [24], while the thermal contact
resistance between electronic devices and heat sinks has still not been solved. Another
method is to embed the PCM into a substrate [25,26] or the interface between a heat sink
and an electronics package, which has limited buffer ability due to the small acceptable
PCM volumes but a favorable thermal contact performance [27,28].

In this paper, the thermal performance of a jet impingement heat sink with metallic
phase change material (PCM) is investigated for the thermal management of millisecond-
pulsed heat sources. A transient model is established to simulate the conjugated heat
transfer. The heat transfer characteristics of the jet impingement heat sink and the tempera-
ture responses under millisecond heat pulses are obtained, and the effects of jet structure
and PCM thickness on the cooling performance are analyzed. The results show that a thin
layer of metallic PCM is required for the cooling of millisecond-pulsed heat sources and
the peak temperature can be reduced by 5.4 ◦C under a peak heat flux of 600 W/cm2.

2. Numerical Methodology
2.1. Geometry Model

The total size of the heating surface was 72 mm × 50 mm, and eight 3 mm × 3.5 mm
chips were arranged along the central line of the length direction. The chips were millisecond-
pulsed heat sources, and pulse period was 4 ms, peak heat flux was 600 W/cm2 with a
cycle duty of 0.25. The average heat flux in other areas was about 1.2 W/cm2. A heat sink
combining the confined jet impingement with metallic PCM was proposed for the cooling
of the local high heat flux of millisecond pulses. The metallic PCM was embedded between
the contact surface of chips and the heat sink to reduce the temperature rise under the high
heat flux pulses using the heat storage capacity of phase change. The jet impingement was
used to remove the heat from the PCM.
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Numerical models were established to study the cooling performance of the heat
sink under the millisecond heat pulses. Firstly, a three-dimensional (3D) jet impingement
model without a PCM layer was built, and the effects of geometrical parameters on the
heat transfer characteristics were studied. The heat pulses were averaged over a cycle as a
constant heat source. Considering the symmetry of the heat sink structure, 1/4 of the jet
structure was selected as the simulation domain with a footprint area of 25 mm × 4.5 mm.
As shown in Figure 1a, the gray part is the solid region (aluminum), and the blue part is
the fluid region (glycol solution with a freezing point of −65 ◦C). A transient model was
constructed to study the temperature responses of the heat sink under millisecond heat
pulses and the effects of metallic PCM thickness. The simulation of the transient phase
change model greatly increases the computational cost. To reduce the calculation time,
the 3D model was simplified to a two-dimensional (2D) axisymmetric model as shown in
Figure 1b and its validation is presented in Section 3.2.1. The red part shown in Figure 1b is
metallic PCM and its area covers the entire chip with high heat flux.
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2.2. Model Assumptions and Governing Equations

The following assumptions were made to simplify the simulation model.

(1) The flow and temperature fields are symmetric with respect to the geometric symmetry
planes of the heat sink;

(2) The cooling medium is an incompressible fluid, and its thermophysical properties are
adopted at the average temperature of the inlet and outlet;

(3) As the temperature of the device will not exceed 100 ◦C, the thermal radiation of the
device to the external environment is negligible;

(4) The influence of gravity is negligible;
(5) The metallic PCM is assumed to be uniformly embedded between the contact surface

of chips and the heat sink;
(6) Convection heat transfer of the melted PCM can be assumed to be negligible due to

the small thickness.

Potthast F et al. [29] gave a critical Re number of 980 for the axial jet and 625 for the
radial jet, and the critical Re number is related to the jet geometry. Revill [30] mentioned
that a free jet is fully turbulent for jet Re number above approximately 1000~2000 and
laminar for Re number below about 100. According to these studies, it is considered that all
the jet flows are turbulent in this paper. In the current numerical calculation of engineering
turbulence, the most widely used method is the Reynolds-averaged Navier–Stokes (RANS)
method. Combined with the above assumptions, the following governing equations need
to be satisfied for incompressible jet impingement [31,32].

Continuity equation
∂

∂xi
(ui) = 0 (1)
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Momentum equation

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p
∂xi

+
∂

∂xj

(
µ

∂ui
∂xj
− ρu′iu

′
j

)
(2)

Energy equation

∂

∂t
(ρT) +

∂

∂xj

(
ρTuj

)
=

∂

∂xj

(
µ

Pr
∂T
∂xj
− ρT′u′j

)
(3)

where, u is the instantaneous velocity, m/s; i, j represent three coordinate direction identi-
fiers; ρ is the fluid density, kg/m3; µ is the dynamic viscosity of fluid, kg·m−1·s−1; Pr is the
Prandtl number of fluid; and −ρu′iu

′
j and ρT′u′j are the additional terms containing pulsa-

tions generated after time homogenization, called Reynolds stress and specific turbulent
heat flux, respectively.

To close the above RANS equations, it is necessary to connect the additional terms of
turbulence pulsation values with the homogenization equation values, that is, to introduce
the turbulence model. Choosing a suitable turbulence model is very important to improve
the reliability of numerical calculations. The k-ω turbulence model in COMSOL Multi-
physics software is based on the Wilcox revised k-ω model [33], which takes into account
the low Reynolds number, compressibility and predicts the propagation rate of free shear
flow. It performs well in internal flow problems and calculates more accurately flows with
strong curvature, separated flow, adverse pressure gradient, jet, and other phenomena.
Therefore, the k-ω model was selected. For the near-wall surface processing, the automatic
wall treatment was adopted, which can switch between low Reynolds number processing
and wall function processing according to the grid resolution and obtain more accurate
results with strong robustness.

The apparent Heat Capacity Method is used to model phase transition processes
in metallic PCM, where the PCM heat capacity is given as a temperature-dependent
function [34,35]. By solving a single heat transfer equation with effective material properties
for both phases, the apparent heat capacity formula provides implicit capturing of the
phase transition interface. The latent heat is taken into account by modifying the heat
capacity [36]. This method has been used to simulate the solid–liquid phase change
processes in many studies and has been proven to be effective [37–39]. It is assumed that
the phase transition occurs in a temperature interval between Tlower (Tlower = Tm – ∆T⁄2) and
Tupper (Tupper = Tm + ∆T⁄2). In the temperature interval, the phase state is expressed by a
smooth function, θ, which represents the liquid fraction and is equivalent to 0 before Tlower
and to 1 after Tupper. The expressions of the density (ρ) and the specific enthalpy (Hth) are
as follows.

ρ = (1− θ)ρ1 + θρ2 (4)

Hth =
1
ρ

(
(1− θ)ρ1Hth

1 + θρ2Hth
2

)
(5)

where, subscripts 1 and 2 indicate the material phase before or after transition, respectively.
Differentiating with respect to temperature and after some equation transformations, the
specific heat capacity is as follows:

Cp =
∂Hth

∂T
=

1
ρ

(
(1− θ)ρ1Cp,1 + θρ2Cp,2

)
+
(

Hth
2 − Hth

1

)dαm

dT
= Ceq + CL (6)

where, Ceq represents the equivalent heat capacity and CL represents the distribution of
latent heat (L), αm represents the mass fraction and is defined by

αm =
1
2

θρ2 − (1− θ)ρ1

(1− θ)ρ1 + θρ2
(7)
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The CL is approximated by

CL(T) = L
dαm

dT
(8)

The total heat released per unit volume during the phase change coincides with L
as follows. ∫ Tupper

Tlower

CL(T)dT = L
∫ Tupper

Tlower

dαm

dT
dT = L (9)

Therefore, the apparent heat capacity (Cp) applied in the heat equation is expressed by

Cp =
∂Hth

∂T
=

1
ρ

(
(1− θ)ρ1Cp,1 + θρ2Cp,2

)
+ L (10)

The effective thermal conductivity and the effective density are as follows.

k = (1− θ)k1 + θk2 (11)

ρ = (1− θ)ρ1 + θρ2 (12)

The metallic PCM used in this work was a 49Bi/21In/18Pb/12Sn alloy whose mean
temperature of the phase change (Tm) was 58 ◦C, and its thermophysical properties are
shown in Table 1.

Table 1. The thermophysical properties of the 49Bi/21In/18Pb/12Sn alloy [14,40].

Thermophysical Properties Solid Liquid

ρ (kg/m3) 9060 8200
Cp (J·kg−1·K−1) 323 721
k (W·m−1·K−1) 33.2 10.6

∆T⁄2 (K) 1.5
L (J/kg) 28,980

According to the symmetry assumption and the selection of calculation region, the
geometric central planes were defined as symmetrical boundaries. The coolant inlet tem-
perature was 35 ◦C, and the inlet volumetric flow rate (QV) of the single jet was 0.32 L/min.
The outlet gauge pressure was 0. The boundary heat source was set for the area where the
3 × 3.5 mm2 chip was located, and the heat flux (q”) was 150 W/cm2 for the simulation
cases of constant heat flux. q” was set to be 1.2 W/cm2 for the rest area around the chip.
For the heat transfer interface, the other boundaries were defined as adiabatic boundaries,
and the initial temperature of all areas was 35 ◦C.

2.3. Mesh Generation and Model Validation

Unstructured mesh was used, and the mesh of the fluid boundary region and chip
region were refined. The heat sink with a jet height (H) of 2 mm and a square-edged jet
diameter (d) of 2 mm was selected for the mesh independence tests. Models were simulated
with different numbers of meshes including 26,718, 68,546, 127,091, 323,075, and 998,199.
The maximum temperature of the heat sink bottom (Tmax) and the pressure drop (∆P)
were compared to evaluate the convergence with increasing mesh number. The criterion∣∣(X j − X j+1)/X j

∣∣ < 1× 10−3 was chosen for the mesh independence test, where X j is the
computed value of the variable for the current mesh and X j+1 is the value of the same
variable after mesh refinement. The results are shown in Table 2. To ensure calculation
accuracy and minimize computing costs, the mesh density of mesh 4 was selected for the
meshing scheme of other structures.
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Table 2. Results of the mesh independence test.

Mesh Number of
Cells

Tmax
/◦C

∣∣(Tmax
j−Tmax

j+1)/Tmax
j
∣∣ ∆P

/Pa

∣∣∣(∆Pj−∆Pj+1
)

/∆Pj
∣∣∣

Mesh1 26,718 63.83 6.75 × 10−3 196.11 3.68 × 10−1

Mesh2 68,546 63.39 1.27 × 10−2 268.35 1.70 × 10−1

Mesh3 127,091 62.59 5.67 × 10−3 222.79 2.75 × 10−2

Mesh4 323,075 62.24 6.11 × 10−4 228.93 2.81 × 10−4

Mesh5 998,199 62.20 — 229.00 —

Garimella S.V. et al. [4,6,41] carried out confined jet impingement experiments with
water as the cooling medium. The parameters in the experiments were as follows: the
jet diameter (d) was 1.59~12.7 mm, the Reynold number (Re) was 4000~23,000, and the
ratio of jet height to jet diameter (H/d) was 1~5. Based on the experimental data, the heat
transfer correlation was proposed for the Nusselt number of jet stagnation point (Nu0).
Under the corresponding experimental conditions, a two-dimensional axisymmetric model
for the confined jet impingement was constructed, and the relevant settings of the model
were the same as above. The simulation conditions were all within the applicable range
of the correlation. The results of Nu0 determined by the numerical simulation and the
experimental correlation are shown in Figure 2. The calculation values of Nu0 were in good
agreement with the values predicted by experimental correlation, and the deviations were
within ±10%.

Figure 2. Comparison of Nu0 determined by the numerical calculation and the correlation.

3. Results and Discussion
3.1. The Performance of Jet Impingement under a Constant Heat Load

Figure 3 shows the velocity contour and streamlines of confined jet impingement
when H is 2 mm and d is 2 mm. Taking this working condition as an example, the flow and
heat transfer characteristics of confined jet impingement are described. According to the
velocity characteristics, the confined jet area can be divided into two parts: the stagnation
area and the wall jet area. In the stagnation area, the velocity changes sharply from the
axial direction to the radial direction, and the momentum and energy change significantly,
showing a strong heat transfer capability. In the wall jet area, the working fluid shows a
decelerated flow and its velocity decreases with the increase in radial distance. Vorticities
are generated by violent impact and interference with other jets.
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Figure 3. The velocity contour and streamlines of confined jet impingement: (a) Velocity distribution;
(b) streamline distribution.

The distribution characteristics of the flow field affect the heat transfer of the impinged
surface. Figure 4 shows the heat transfer coefficient (h) distribution on the impinged surface,
the temperature (T) distribution on the heat sink bottom, and the variations of h and T along
the symmetric line. As seen in the figure, h at the stagnation area is much higher than that
at other areas due to the strong disturbance caused by a sharp change in velocity. With the
increase in radial distance, h decreases, and its distribution is approximately bell-shaped.
The large h in the stagnation area exactly meets the requirement of high heat flux chip heat
dissipation, and the lower h in the wall jet area is sufficient to satisfy the low power heat
dissipation of areas around the chip. The temperature at the center of the chip is the highest
and gradually decreases outwards. The maximum temperature of the heat sink bottom
(Tmax) is 62.2 ◦C, meaning the jet impingement can meet the heat dissipation requirements
of the heating surface under the constant heat load (150 W/cm2).

The heat sinks with different jet heights (H) were simulated with a specified jet
diameter (d) of 2 mm. Considering the device’s strict requirement on the size of heat
dissipation space, the jet height studied is between 0.5 to 2.5 mm. Figure 5 shows variations
of Tmax and pressure drop (∆P) with H. It can be seen that Tmax increases with the increase
in H, and the increase rate gradually decreases as H is larger than 1.5 mm, while the
pressure drop ∆P has an opposite trend with the maximum temperature. As the coolant
impinges into a confined space, the smaller the jet space, the stronger the disturbance
near the impinged surface with the same jet velocity, leading to a better heat transfer
performance but a higher pressure drop. However, the area influenced by jet impingement
is limited, and the weakening effect on disturbance due to the increasing jet space decreases
with the increasing jet height.
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Figure 4. The distribution of heat transfer coefficient and temperature: (a) the heat transfer coefficient
distribution of the jet impingement surface; (b) the temperature distribution of the heat sink bottom;
(c) the heat transfer coefficient and temperature distribution of the symmetric line.

Figure 5. The relationship between Tmax, ∆P and H when d = 2 mm.
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When H is 1 mm and 2 mm, the structures with a jet diameter (d) between 0.5 mm and
2.5 mm were simulated, and the results are shown in Figure 6. With the decrease in d, the
average inlet velocity (uave) and ∆P increase, Tmax decreases, and the change rate gradually
decreases. With the same d, the Tmax when H is 2 mm is higher than that when H is 1 mm
and ∆P is lower. Figure 7 shows the relationship between Re and Nu0. It is known that
with the increase in Re, Nu0 increases. In addition, with the decrease in H, Nu0 increases.
The higher the inlet velocity and Re, the bigger the turbulence intensity, and the stronger
the disturbance caused by the sharp change in velocity in the stagnation zone, meaning a
higher Nu0 and a better cooling performance can be achieved.

Figure 6. The relationship between uave, Tmax, ∆P and d when H = 1 mm, 2 mm.

Figure 7. The relationship between Re and Nu0 when H = 1 mm, 2 mm.

When H is 0.5 mm or d is 1 mm, the heat sink shows good cooling performance and
Tmax is much lower than other structures, but ∆P is also far higher than other structures.
Although the heat transfer performance of jet impingement can be enhanced with the
decrease in jet diameter d and jet height H, d and H should not be too small. In comparison, it
is more appropriate to take d as 2 mm and H as 2 mm, which has good cooling performance
as well as a moderate ∆P.
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3.2. Transient Performance under High Heat Flux Millisecond Pulses
3.2.1. Transient Responses under Millisecond-Pulsed Heat Sources without PCM

Based on the results under a constant heat load, the three-dimensional transient model
with the structure of d as 2 mm and H at 2 mm was built. The heat flux boundary condition
of the 3 × 3.5 mm2 chip was changed from constant heat flux to millisecond heat pulses
to obtain the temperature responses of the heat sink without a phase change temperature
control unit. To reduce the solution time, the transient model takes the steady-state result as
the initial value. Figure 8 shows the variations in Tmax under heat pulses. It can be seen that
Tmax fluctuates in the same period as the heat pulses. During the heat pulse interval, Tmax
decreases. When the heat pulse comes, Tmax rises rapidly and reaches 66.9 ◦C, 4.7 ◦C higher
than the steady state value of 62.2 ◦C. The high response temperature caused by high heat
flux pulses is detrimental to the reliability of electronic devices. Therefore, it is necessary to
add a phase change temperature control unit to reduce the response temperature.

Figure 8. The variations in Tmax under heat pulses without PCM.

The 2D axisymmetric model was used to calculate the transient responses with phase
transition and its validity was verified first before calculation. The volumetric flow rate of
the cooling medium and average inlet velocity of the 2D axisymmetric model are consistent
with the 3D model. The chip area is equal to the chip area of 3 × 3.5 mm2, and the other
boundary conditions are similar to the 3D model. For the 2D axisymmetric model, the
Tmax under basic heat flux is 62.2 ◦C, which is the same as the 3D model. The transient
result under the heat pulses is shown in Figure 8, and the initial value is also the result
of the steady state. It can be seen from the figure that the variation trend of Tmax of the
2D axisymmetric model is consistent with the 3D model. Therefore, the 2D axisymmetric
model is effective and can be used to further study the temperature responses of the heat
sink with metallic PCM.

3.2.2. The Effects of the Thickness of the Metallic PCM Layer

Metallic PCM can serve as a thermal buffer under heat pulses, but the effects of
the PCM thicknesses on the cooling performance need to be further studied. When the
filling thickness of PCM (δ) is 1 mm, the variations of Tmax and the average phase change
percentage of PCM (γ) are shown in Figure 9. It can be seen that during the calculation time,
Tmax rises to the mean temperature of the phase change (Tm = 58 ◦C), and is temporarily
maintained around Tm, but then rises to a higher temperature quickly. The increase in the
maximum Tmax slows down as it increases beyond 110 ◦C, but γ continuously increases,
indicating a steady state has not yet been reached. As the same trend of δ = 1 mm, When δ
is 0.5 mm, Tmax rises to Tm and is maintained around Tm temporarily. In addition, the time
when Tmax can be maintained around Tm is prolonged. After that, with the continuous
increase in γ, Tmax begins to rise, and the chip temperature cannot be kept within the
allowed range.
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Figure 9. The variations in Tmax and γ with time when δ = 1 mm, 0.5 mm.

Based on the above discussion on Tmax and γ, it can be seen that Tmax can be main-
tained around Tm if the metallic PCM can completely return to the solid state (γ = 0) before
the next heat pulse. If the PCM cannot fully recover to the solid state (γ > 0) during the heat
pulse interval, the metallic PCM adjacent to the heating surface will lose heat storage capa-
bility due to phase change. As the thermal conductivity of metallic PCM (33.2 W·m−1·K−1

for solid, 10.6 W·m−1·K−1 for liquid) is far less than aluminum (238 W·m−1·K−1), the heat
cannot conduct away efficiently through the PCM within a short period. Therefore, the
bottom temperature of the heat sink will start to rise when the next pulse comes.

According to the calculation results of δ at 1 mm and 0.5 mm, we can see that Tmax can
be maintained within a certain range for a longer time after reaching Tm with the decrease
in δ. The results of Tmax and γ when δ are 0.1 mm and 0.05 mm are shown in Figure 10.
It can be seen from the figure that Tmax and γ vary periodically when the thicknesses are
0.1 mm and 0.05 mm. The metallic PCM can be fully recovered to the solid state during heat
pulse intervals, and Tmax and γ have been stabilized within a short period. Tmax can be
maintained around Tm, and the maximum temperature is reduced from 66.9 ◦C to 61.8 ◦C
when δ = 0.1 mm and 61.5 ◦C when δ = 0.05 mm. Tmax changes little with the decrease in δ
from 0.1 mm to 0.05 mm, but the maximum γ is increased from 6.7% to 11.4%, indicating a
more effective utilization of PCM.
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Figure 10. The variations in Tmax and γ with time when δ = 0.1 mm, 0.05 mm.

Figure 11 shows the phase change process of the metallic PCM after reaching the
periodic state when δ = 0.05 mm (corresponding to 44 ms~46.2 ms in Figure 10). The liquid
fraction θ is 0 before the arrival of the heat pulse. During the heating period, the liquid
fraction θ and phase change region increase rapidly, and then gradually decrease to 0 after
the pulse. At the end of the heating period (45 ms), the phase change reaches its maximum,
with a liquid fraction θ greater than 0.9 at the bottom and the thickness is about 0.005 mm.
In the perpendicular direction, the phase change extends to 1/2 of the thickness, and the
liquid fraction θ decreased with increasing thickness. It can also be seen that the phase
change does not reach the periphery boundary even at the maximum γ, indicating that
PCM with the same area of the heat source can work efficiently. The smaller melting area of
PCM is due to the heat spreading from the heat source to the base of the heat sink, causing
a lower heat flux and temperature in the marginal area.
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Figure 11. The phase change processes of metallic PCM during a heat pulse cycle.

Figure 12 shows the transient change in heat flux on the upper side of the metallic
PCM during a heat pulse cycle (corresponds to 43~47 ms in Figure 10). Before the arrival
of the heat pulse (43~44 ms as shown in Figure 12a), the heat flux on the upper side of
the metallic PCM is maintained at approximately 20 W/cm2, while the heat flux of the
chip is 0. When the heat pulse hits (44~44.2 ms), the heat flux on the upper side of the
metallic PCM rises rapidly, but the maximum heat flux is much less than the peak heat flux
(600 W/cm2) of the chip. During the heating period (44.2~45 ms as shown in Figure 12a),
the heat flux decreases slightly due to the increase in liquid fraction. The heat flux in the
central region is lower than the periphery region due to phase transition and the sudden
drop in heat flux near the periphery boundary is due to the heat spreading from the heat
source to the base of the heat sink. After the heat pulse (45~47 ms as shown in Figure 12b),
the heat flux on the upper side of the metallic PCM decreases, and the area with high heat
flux shrinks gradually. When the liquid fraction θ reduces to 0, the heat flux above metallic
PCM also recovers to the value before the heat pulse. The change processes of heat flux
above metallic PCM during a heat pulse cycle demonstrate the thermal buffer performance
of metallic PCM.
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Figure 12. The change processes of heat flux on the upper side of the metallic PCM during a heat
pulse cycle: (a) 43~45 ms, the duty period with heat flux of 600 W/cm2 on the chip; (b) 45~47 ms, the
idle period with zero heat flux on the chip.

3.2.3. The Effects of the Heat Pluses’ Peak Heat Flux and Duty Cycle

Combined with the variations in Tmax and the phase change process during a heat
pulse cycle shown in Figures 10 and 11, it can be found that after reaching the melting
point, the temperature increase rate is small when the underlying liquid fraction θ is small,
while the temperature increases rapidly when the underlying PCM is almost complete
phase change. Therefore, if the high heat flux lasts for a longer time, the buffer effect of
the thin-layer PCM will not be obvious. With the same average heat flux and pulse period,
the millisecond pulses with a peak heat flux of 300 W/cm2 and a duty cycle of 0.5 were
employed to study the buffer performance of the thin-layer PCM (δ = 0.05 mm) under low
peak heat flux and large duty cycle pulse heating.

As shown in Figure 13, after reaching the periodic state, the temperature fluctuates
in the same period as the heat pulses and rises for half of the cycle. Tmax without PCM
reaches 64.4 ◦C, 2.2 ◦C higher than the steady state value of 62.2 ◦C and 2.5 ◦C lower
than the Tmax (66.9 ◦C) of high peak heat flux and a short heating period. The use of a
thin-layer metallic PCM makes the temperature decrease overall, and the highest Tmax is
59.1 ◦C, which is 5.3 ◦C lower than that without PCM. At the initial moment of the pulse,
the temperature increase rate with PCM is greater than that without PCM due to the lower
thermal conductivity of the metallic PCM. When the temperature increases to the melting
point, the temperature with PCM increases slower than that without PCM as a result of the
latent heat. Then, with the expansion of the phase change region and the increase in the
underlying liquid fraction θ, the temperature growth rate increases. As shown in Figure 14,
compared with the high peak heat flux and short-period heating, the average phase change
percentage γ decreases, but the phase change extends to more than 1/2 of the thickness in
the perpendicular direction, and the region of the PCM bottom with high phase change
degree is smaller, showing a better buffering performance. Therefore, low peak heat flux
and large duty cycle pulse heating can take full advantage of metallic PCMs.
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Figure 13. The variations in Tmax and γ with time under low peak heat flux and large duty cycle
pulses heating.

Figure 14. The phase change processes of metallic PCM during a heat pulse cycle under low peak
heat flux and large duty cycle pulses heating.
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3.2.4. The Comparison of Thermal Contact Performance between the Metallic PCM and
Thermal Silicon Grease

Tight contact between the heating surface and heat-dissipating devices is required for
effective heat management. In the studies above, the interface thermal resistance between
the heat sink and the heating surface was not taken into consideration. Generally, thermal
interface materials (TIMs) are used to fill the roughness of the coupled surfaces while
eliminating the air with low thermal conductivity [42]. Thermal silicon grease is one of the
traditional TIMs and has been widely used [43], while low melting point metal materials
show several advantages owing to their unique properties [44]. The thin-layer metallic
PCM embedded between the contact surface of the chips and the heat sink reacts as a
TIM exactly when dealing with power surges, improving the thermal contact performance
compared to the thermal silicon grease.

With the same filling area and thickness (0.05 mm) of the metallic PCM, the transient
response under heat pluses of thermal silicon grease (thermal conductivity is 3 K/(m W))
is shown in Figure 15. The peak heat flux is 600 W/cm2, and the duty cycle is 0.25. At
the very beginning of the heating period, the temperature of both the thermal silicon
grease and the metallic PCM rise rapidly until reaching the melting point of the PCM, the
temperature of the metallic PCM increases slowly and is controlled around the melting
point due to the phase change, while the temperature of the thermal silicon grease continues
to increase at a high rate and reaches 119 ◦C, 57.5 ◦C higher than the metallic PCM. After the
heating period, the temperature of the thermal silicon grease decreases rapidly, while the
temperature of the metallic PCM shows a more moderate decreasing trend both during and
after the solidification process due to its better thermal properties. Compared to the thermal
silicon grease, metallic PCM can achieve a lower temperature and a smaller amplitude of
fluctuations, showing a better thermal contact performance.

Figure 15. The transient response under heat pluses of the thermal silicon grease.

3.3. Comparison of the Current Study with Other Existing Numerical Studies

Numerous numerical studies have been established to demonstrate the potential of
heat sinks incorporated with metallic PCMs. Table 3 compares the current study with other
existing numerical studies, including the metallic PCMs, co-design of PCMs and heat sinks,
and numerical models. It can be seen that most of the existing designs combine PCMs with
finned heat sinks, and only the heat transfer and melting processes were considered in
the numerical models. For the conjugate heat transfer process involving convection heat
transfer, the heat transfer coefficient was calculated by correlation or set to constant. In
the current study, a thin-layer metallic PCM is embedded between the contact surface of
chips and the impingement heat sink, and the conjugated heat transfer processes involving
the convection heat transfer of fluid, heat conduction of solid structures and melting of
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PCMs are modeled. The above discussions of the simulation results have demonstrated the
effectiveness of the thermal performance of a jet impingement heat sink with a metallic PCM
for the thermal management of millisecond-pulsed heat sources, reflecting the innovation
of this work.

Table 3. Comparison of the current study with other existing numerical studies.

Author Metallic PCM Co-Design of PCM
and Heat Sink Numerical Model

DW Yoo et al. [19] 50Bi/27Pb/13Sn/10Cd Fill the fan cooled external
plate fin heat sink with PCM

PCM melting under forced
convection was modeled using

the enthalpy–porosity approach,
and the heat transfer coefficient

on the air-cooled channel surfaces
was calculated by correlation.

Gaofeng Hao et al. [20] Vrycul TP-III Integrate PCM into IGBT
molybdenum plate

Only the heat transfer and PCM
melting processes were involved,

and the apparent heat capacity
method was used to model phase

transition processes.

Ahmed et al. [45] 50Bi/27Pb/13Sn/10Cd Thin film metallic PCM in
direct contact with the chip

One dimensional model and the
enthalpy method were used to

model phase transition processes.

Xiaohu Yang et al. [21] 31.6Bi/48.8In/19.6Sn Fill the internal finned heat
sink with PCM

PCM melting processes were
modeled using the

enthalpy–porosity method, and
the natural convection heat

transfer coefficient of the heat sink
outer wall was set to constant.

Xiaohu Yang et al. [22] 49Bi/21In/18Pb/12Sn Fill the internal finned heat
sink with PCM

Only the heat transfer and PCM
melting processes were involved,

and the enthalpy–porosity
method was used to model phase

transition processes.

Present work 49Bi/21In/18Pb/12Sn
Embed PCM into the interface
between the chips and the jet

impingement heat sink

The k-ω turbulence model and
the apparent heat capacity

method were used to model the
conjugated heat transfer of

confined jet impingement cooling
and PCM melting.

4. Conclusions

In this paper, a heat sink combining the confined jet impingement with metallic phase
change material (PCM) was proposed for the thermal management of millisecond-pulsed
heat sources. A transient model was established to simulate the conjugated heat transfer
and the main outcomes from the present work are summarized as follows.

(1) Under the same volumetric flow rate of the cooling medium, the heat transfer of jet
impingement can be enhanced with the decrease in jet diameter and jet height, but the
pressure drop increases dramatically. For a jet diameter of 2 mm and impingement
height of 2 mm, the maximum surface temperature on a 3 × 3.5 mm2 surface of
a constant heat flux of 150 W/cm2 can be cooled to 62.2 ◦C with a coolant inlet
temperature of 35 ◦C.

(2) Under the heat pulses with a peak heat flux of 600 W/cm2 and duration of 1 ms
per 4 ms, the temperature fluctuates in the same period as the heat pulses, and the
maximum temperature is increased to 66.9 ◦C for jet impingement cooling. After
adding a thin layer of metallic PCM, the maximum temperature can be reduced to
61.5 ◦C.
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(3) The PCM thickness has a significant influence on the cooling performance. Results
show that the maximum temperature can be maintained around the phase change
temperature only if the melted PCM during the heating period can be completely
solidified within heat pulse intervals, suggesting that a thickness smaller than 0.1 mm
is appropriate.

(4) The heat pluses’ peak heat flux and duty cycle also have effects on the buffer per-
formance of PCM. Results show that low peak heat flux and large duty cycle pulse
heating can take full advantage of metallic PCMs.

(5) Compared to the thermal silicon grease, metallic PCM can achieve a lower temperature
and a smaller amplitude of fluctuations under pulses, showing a better thermal
contact performance.
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Nomenclature

Cp specific heat capacity (J·kg−1·K−1)
d jet diameter (mm)
H jet height (mm)
h heat transfer coefficient (W·m−2·K−1)
k thermal conductivity (W·m−1·K−1)
L latent heat (J/kg)
Nu Nusselt number
Nu0 stagnation point Nusselt number
∆P pressure drop (Pa)
QV volumetric flow rate (L/min)
q” heat flux (W/cm2)
Re Reynold number
T temperature (◦C)
Tm mean temperature of the phase change (◦C)
t time (ms)
u velocity (m/s)
Greek symbols
δ the thickness of metallic PCM (mm)
ρ density (kg/m3)
γ average phase change percentage (%)
θ liquid fraction
Superscripts
ave average
max maximum
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