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Optimization of three-dimensional boiling enhancement structure at
evaporation surface for high power light emitting diode
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Abstract: A theoretical model of phase change heat sink was established in terms of thermal resistance network. The influence of
different parameters on the thermal resistance was analyzed and the crucial impact factors were determined. Subsequently, the
forming methods including ploughing—extrusion and stamping method of boiling enhancement structure at evaporation surface were
investigated, upon which three-dimensional microgroove structure was fabricated to improve the efficiency of evaporation. Moreover,
the crucial parameters related to the fabrication of miniaturized phase change heat sink were optimized. The heat transfer
performance of the heat sink was tested. Results show that the developed phase change heat sink has excellent heat transfer

performance and is suitable for high power LED applications.
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1 Introduction

Due to the limitations of materials, devices, circuits,
system requirements etc, almost 85% of the energy from
the light emitting diode (LED) chip power input is
converted into heat [1,2]. Heat accumulation results in
the rapid increase of junction temperature, thus causing a
series of problems: (1) disastrous electrode slow or bad
failure, (2) epoxy resin failure, (3) phosphor degradation
failure, (4) color drift, (5) lower luminous efficiency, and
(6) reduced service life. Thus, heat dissipation is the
primary problem restricting the development of high
power LED [3—6].

According to the research, more than 90% of the
heat generated by the LED chip can only be dissipated
by the encapsulating heat sink [7], and then to the
surrounding environment through the external system
radiator. Therefore, there is an urgent need of a kind of
encapsulation-level heat transfer element suitable for the
high heat flux of high-power LED. When the power of
single LED (I mm x 1 mm) reaches 2 or 3 W, its chip
heat flux density is far more than the limit of air
convection heat dissipation (100 W/cm?) of the
aluminum/copper materials. Thus, the traditional metal

solid heat sink with the air cooling methods has been
unable to meet the requirements. On the other hand,
phase change heat sink belongs to the gas/liquid cooling
pattern, which has high thermal conductivity and
excellent isothermal property, with a heat transfer
coefficient up to 5 kW/(m?-°C). Therefore, phase change
heat sink heat transfer device is a good choice for high
power LED packaging, able to meet the demand of heat
dissipation under high heat flow density conditions [3—6].

Much research activity has been directed to this
field [8—14]. Representatively, JAJJA et al [I5]
investigated the influence of fin spacing onto
microprocessors’ operating temperature. It was found
that 0.2 mm fin spacing generated the lowest base
temperature of 40.5 °C at a heater power of 325 W.
HUANG et al [16] investigated thermal and fluid fields
inside a LED lamp using numerical simulation. Upon the
numerical model, they facilitated the determination of
the optimal design of a LED lamp having 36 fins and an
inner-shell thickness of 1 mm to increase heat dissipation.
KIM et al [17] applied numerical simulation to seek the
optimum thermal design of a heat sink consisting of a
crevice-type vapor-chamber heat pipe in LEDs. They
investigated the effects of the metal core printed circuit
board (MCPCB) by virtue of the substrate thicknesses
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where the LEDs are mounted. Upon their study, a power
of 40 W LED is applicable to a high-power package in a
confined area. RAMOS-ALVARADO et al [18]
evaluated the thermal performance of liquid active
cooling devices that were fabricated on InGaN/sapphire
chips to be used in high-power LED arrays. Full 3D
numerical simulations were used to model mini-channel
cold plates and micro-jets. It comes to a conclusion that
the mini-channel cold plate is better than micro-jets for
the cooling of high-power LEDs.

It is noted that the existing copper/aluminum heat
sink is hard to meet the needs of high power LED heat
dissipation. Therefore, a miniaturized phase change heat
sink suitable for high power LED with a low thermal
resistance and high heat transfer efficiency was
developed, to adapt to high heat flux condition in the
narrow space.

2 Theory analysis of phase change heat sink

2.1 Theoretical model

High-power LED phase change heat sink
structurally belongs to the composite structure of soaking
plates, as shown in Fig. 1(a). Accordingly, soaking slab
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Fig. 1 Theoretical model of phase change heat sink:
(a) Variable cross-section structure; (b) Thermal resistance
network diagram

theory can be applied to the analysis of thermal
resistance of phase change heat sink. In order to simplify
thermal resistance network of the phase change heat sink,
the hypothesis is as follows: (1) The evaporation area is
approximately equal to the heating area of the wick at the
evaporation side, and there is no heat change between the
cylindrical wall of the phase change heat sink and the
outside, so heat is dissipated completely by the
condensation side; (2) The wick at the evaporation side
does not run dry, and the evaporation area is filled with
liquid. On the basis of the above assumptions, the
thermal resistance network of the phase change heat sink
is shown in Fig. 1(b).

From the thermal resistance network, the thermal
resistance of the phase change heat sink is as follows.

(1) The thermal conduction resistance of the solid
metal at outer and inner surface of the evaporation side
R

tsl

es — 5 (l)
Aesﬂ's

where the thickness of the solid metal at outer and inner
surface of the evaporation side is f£;, the thermal
conductivity coefficient of solid metal is 45, and the heat
transfer area of the evaporation side is 4.

(2) The thermal conduction resistance of the wick at
the evaporation side R..:

Ry =— 2
S )
where the thickness of the wick at the evaporation side is
tw1, the thermal conductivity coefficient of the wick is Ay,
and the heat transfer area of the wick at the evaporation
side is Ay
(3) The thermal convective boiling resistance at the
evaporation side Ry:

1
Ay,

R, 3)

where the convective boiling heat transfer coefficient is
hy, and the boiling area of the evaporation side is Ay.

(4) The flow heat resistance of the steam under the
small end of the heat sink Rf:

Ry = 2lluly )
TEDVIA hfg

where the dynamic viscosity of the steam is y,, the flow
distance of the steam under small end diameter is H,,,
the diameter of the steam chamber at the small end is D,
the vapor density is p;, and latent heat of vaporization is
hfg.

According to Clausius—Clapeyron equation, the
temperature decrease of steam flow is
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APT.
AT, = ——con. (5)

Y lthg
The pressure drop of steam loop is

APV _ 8/uvlilein (6)

4
A g

where r,; is the radius of the steam chamber, and T, is
the temperature at the condensation end.

(5) The flow heat resistance of the steam under the
big end of the heat sink Ryp:

— 32#VHV27;2
W(Dgz - Dv21 )2 /qzhfzg

()

vi2

where the flow distance of the steam under big end
diameter is H,,, and the diameter of the steam chamber at
the big end is D,,.

(6) The heat transfer resistance of the metal shell of
the heat sink R:
_ h12+”2_”1 . . hy . (8)

ﬂ/ls[l’i —(7’1 _tsl) ] Tf/ls[’”z —(1’2 - 32) ]

where the height of the outer wall at the small end is 4,
the height of the outer wall at the big end is #,, the radius
of the small end is r, the radius of the big end is r,, the
wall thickness of the small end is ¢, and the wall
thickness of the big end is #,.

(7) The convective heat resistance at the condensing
side R.:

R, = !
o,

where the convective heat transfer coefficient at the
condensing side is 4., and the condensation area of the
condensing side is 4..

(8) The thermal conduction resistance of the wick at
the condensing side R,,,:

sct

€))

Ry =—D2 10

~ e (10)
where the thickness of the wick at the condensing side is
tw2, the thermal conductivity coefficient of the wick is Ay,
and the heat transfer area of the wick at the condensing
side 1S Agy.-

(9) The thermal conduction resistance of the solid

metal at outer and inner surface of the condensing side
Re:

:ts_2 (11)

where the thickness of the solid metal at outer and inner
surface of the condensing side is #,, and the heat transfer
area of the condensing side is 4.

According to the thermal resistance network
diagram in Fig. 1(b), the total thermal resistance is

R.R
(Ry +- 2+ ROR
f1 T Ry
Rtotal = Res +Rew + Rv R * +Rcw +Rcs
Rb + vl Y2 +Rc +Rsct
val + va2
(12)

2.2 Analysis of thermal resistance and structural

parameters

According to Egs. (1)—(10), the relationship
between thermal resistance of phase change heat sink
and the height of the small end and the big end can be
obtained and exhibited in Fig. 2. With the increase of the
height of %, and h,, thermal resistance of phase change
heat sink increases as well. From the perspective of the
speed increase, thermal resistance of phase change heat
sink increases faster with the increase of /; than that of
h,, showing that A, has larger influence on the thermal
resistance of phase change heat sink. As phase change
heat sink must meet basic packaging requirements, with
the minimum total thermal resistance of phase change
heat sink as the goal, /; should be chosen with smaller
values, while 4, with relatively large values if the total
height is a constant.
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Fig. 2 Relationship between height and thermal resistance of
phase change heat sink

The proportion of thermal resistance of every part
of the phase change heat sink to the total thermal
resistance is compared. It is found that the thermal
resistance of steam chamber dominates in the total
thermal resistance of the phase change heat sink.
Consequently, the proportion of thermal resistance of
each part to total thermal resistance of vapor chamber is
shown in Fig. 3.

It can be seen from Fig. 3 that the thermal
convective boiling resistance at the evaporation side
accounts for almost 93.70% of the total thermal
resistance of steam chamber, and the convective heat
resistance at the condensing side accounts for about
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6.29% of the total thermal resistance of steam chamber.
The sum of the two is very close to the total thermal
resistance of steam chamber. Therefore, the thermal
convective boiling resistance at the evaporation side
dominates in the total thermal resistance. With the
minimum thermal resistance as the design goal, it should
be focused on lowering the thermal convective boiling
resistance at the evaporation side. Thus, in the design of
phase change heat sink, the enhanced boiling efficiency
of the inner surface at the evaporation side should be
improved, i.e., heat transfer performance of a phase
change heat sink depends on the manufacturing of
boiling enhancement structure at the evaporation side.
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Fig. 3 Proportion of thermal resistance of each part to total

thermal resistance (R,,) of vapor chamber: (a) Ry/R,; (b) R/Ry,

3 Forming method of boiling enhancement
structure at evaporation side

Boiling enhancement structure at the evaporation
side is a kind of planar structure. However, the
traditional planning forming method cannot be applied to
machining the boiling structure at the bottom of the
evaporation side. Accordingly, ploughing—extrusion and
stamping methods with the assistance of special
clamping were applied to machining three-dimensional
boiling structures at the end face of the phase change
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heat sink. Firstly, spiral microgroove was machined at
the circular plane of the evaporation side, as shown in
Fig. 4(a). Secondly, radial microgroove was machined
using the stamping forming method on the basis of the
spiral microgroove, as shown in Fig. 4(b). Finally,
three-dimensional microgroove was formed, where the
radial and circumferential connect with each other within
the plane of the evaporation side. This kind of
microstructure can not only ensure the working
substance circulation, but also enhance boiling, thus
improving the performance of evaporation.

Spiral
Substrate microgroove
(b)
3D boiling
Substrate structure

Fig. 4 Boiling enhancement structures at evaporation side:
(a) Spinal microgroove; (b) Radial microgroove

Spiral microgroove was machined using a common
lathe specially clamped at the evaporation side. In the
process of machining the boiling structure outside the
pipe, the cutter was installed vertical to the axis of the
work-piece and the direction of feed is in line with the
direction of the axis of the work-piece. When it comes to
the boiling structure at the evaporation side, the
work-piece was fixed on the lathe chuck, and the cutter
was installed parallel to the axis of the work-piece. The
direction of feed is along the direction of the diameter of
the work-piece. In the process of the rotary motion of
spindle, a constant feeding was maintained, and in such a
way, spiral microgroove was machined at the inner
surface of the evaporation side.

Stamping method was applied to the formation of
radial microgroove at the bottom of the evaporation side.
The work-piece is fixed on the rotating disk, and the
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direction of the stamping cutter is in line with the
direction of the axis of the work-piece, where the cutting
tool reciprocates up and down. After the determination of
the stamping depth, the cutting tool moves downwards to
stamp the work-piece, forming a radial microgroove.
After that, the cutting tool moves upwards and at the
same time the rotating disk is rotated by a certain angle.
Subsequently, the cutting tool moves down again to form
another microgroove. The included angle between these
two microgrooves is equal to the rotated angle of the
rotating disk. Repeating the former steps until the entire
plane is processed, the radial microgroove boiling
structure can be formed with the center of the work-piece
being the origin. This kind of structure is advantageous
to the liquid flow from the radius to the centre of the
evaporating surface.

4 Results and discussion

4.1 Effect of ploughing—extrusion feedings on
morphology of microgrooves

Experimental study was conducted with different
feedings f and ploughing—extrusion depths a,, using a
blade having a main extrusion angle of r,=30°, auxiliary
extrusion angle of »7=10°, main shaping angle of f=15°,
and auxiliary shaping angle of f=5°. The experimental
results are shown in Fig. 5. According to the experiment,
the helix distance d,, depends on the feeding fp, i.e.,
there is a proportional relationship between the two. If
there is a small feeding, the helix distance will be small
as well.

Figure 5 shows the morphologies of microgrooves
with different dy, when @,,=0.3 mm. In the case of
dy=0.5 mm, the height of the fin is 0.27 mm, as
shown in Fig. 5(a). It is found that the height of the fin
increases with the increase of dp, when dy, is relatively
small. This is due to the effect of extrusion and trim
during the formation of the microgrooves. With the
increase of dj,, part of the metal flow is higher than
primitive plane due to the extrusion to the bottom of the
microgrooves, resulting in the formation of sharp-shaped
fin at the top.

With the further increase of dy,, auxiliary grooves
are formed due to the accumulation of the metal extruded
to the edge of microgrooves. When dy=1.5 mm, the
height of the fin reaches a maximum value of 0.59 mm,
as shown in Fig. 5(b). The height of the fin does not
further increase due to the fact that there is no extrusion
or trim to the fin when d, is larger than 1.5 mm, i.e.,
there is no interference between microgrooves and fins.
When d,,=1.96 mm, the height of the fin is 0.54 mm, as
shown in Fig. 5(c). According to the experiment, the
width of the auxiliary grooves increases with the increase
Ofdph.

FPC-SEM

Fig. 5 SEM images of circumferential grooves under different
feedings: (a) ay=0.3 mm, d;;=0.5 mm; (b) @;;=0.3 mm, d,=

1.5 mm; (¢) ap=0.3 mm, d,,=1.96 mm

It can be observed that, the height of the fin
increases with the increase of feeding when dy, is
relatively small. When d, increases to a critical value,
the height of the fin gets to the maximum. And then, with
the further increase of d,, the height of the fin decreases
slowly. The relationship between the height of the fin and
the helix distance of the ploughing—extrusion is shown in
Fig. 6. Consequently, when performing the ploughing—
extrusion, there exist different optimal values in terms of
different ploughing—extrusion depths, which can be
determined by similar experiments as above.

4.2 Effect of ploughing—extrusion depths on
morphology of microgrooves
The morphology of microgrooves is not only
influenced by f,, but also influenced by ay,. The
morphologies of microgrooves with different a,, are
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Fig. 6 Relationship between helix distance of ploughing—

extrusion and height of fin

shown in Fig. 7, with dj, as a constant of 0.5 mm. It can
be seen that the depth of the microgroove increases with
the increase of ay,. The residual metal between the
grooves starts to yield due to the extrusion of the
auxiliary extrusion surface A4, and the trim of the
auxiliary forming surface 4's, and then bends towards the
normal direction of the auxiliary forming surface 4.

The height of the fin is 0.2 mm as a,, is equal to
0.1 mm, as shown in Fig. 7(a). During the formation of
microgrooves, there is not interference between two
adjacent grooves as the feeding is larger than ay;,, making
the height of the fin larger than the ploughing—extrusion
depth ay,. When ayy, is increased to 0.3 mm, the height of
the fin is 0.27 mm, which is due to the fact that the
deformation zones of two adjacent grooves contact with
each other, making the decrease of the height of the fin
resulted from the trim effect, as shown in Fig. 7(b). It can
be observed that the width of the microgroove is

narrowed due to the trim of the auxiliary forming surface.

Thus, the ratio of depth to width is increased, making the
ability to store liquids and gases increase as well, which
is beneficial to the boiling of the working fluid. When a,;,
is further increased to 0.5 mm, the height of the fin is
0.43 mm due to the effect of trim, and a large number of
flashes are generated as the feeding is too small, as
shown in Fig. 7(c).

The ratio of the height of the fin to the
ploughing—extrusion depth with a constant helix distance
of 0.5 mm is shown in Fig. 8. It can be seen that the
height of the fin increases with the increase of the
ploughing—extrusion depth, but in contrast, the ratio of
the height of the fin to the ploughing—extrusion depth
tends to decrease. This is due to the fact that, with the
increase of the height of the fin, the effect of trim is
strengthened. Therefore, both the ploughing—extrusion
depth and the feeding have a great impact onto the
formation of microgrooves.

FC-SEM

Fig. 7 SEM images of circumferential grooves under different
apy: (2) apy=0.1 mm, dy;=0.5 mm; (b) @,;=0.3 mm, d;;;=0.5 mm;
(¢) apy=0.5 mm, d;;;=0.5 mm
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Ploughing-extrusion depth, a,,/mm

Fig. 8 Ratio of height of fin to ploughing—extrusion depth

4.3 Effect of velocity of ploughing—extrusion
According to the ploughing—extrusion process, the
cutting speed changes continuously with the approaching
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of the cutting tool from the outer diameter to the center
of the work-piece. The cutting speed is the largest at the
outer diameter of the work-piece. With the approach to
the centre of the work-piece, the cutting speed is
gradually reduced, resulting in a possible bonding of the
copper with the cutting tool. Therefore, the spindle speed
should not be too low, with 50—100 r/min advisable.

In the process of the ploughing—extrusion, dy, and

apy have a decisive role in the formation of microgrooves.

Assume that the thread pitch depth and the
ploughing—extrusion depth at the critical point of
pruning are dp, and a,.,, respectively, and the minimum
spindle speed without adhesive failure is 71,,:

nzng,

dph > dpcv (13)
aph < Apey

With the conditions in Eq. (13) satisfied, there is no
interference during the formation of microgrooves, and
the height of the fin is consistent with the height of a
single groove fin, resulting in a composite structure made
up of V grooves and U grooves.

nzng,

dph < dpcv (14)
App > Apey

With the conditions in Eq. (14) satisfied, there exists
interference during the formation of microgrooves,
resulting in a single structure made up of V grooves. The
height of the fin decreases due to the trim effect, and
flashes are generated, even resulting in a substantial
accumulation of metal unable to be processed.

N<Npgy (15)

With Eq. (15) satisfied, irregular burrs are produced,
and microgrooves cannot be formed.

4.4 Effect of stamping depth on morphology of

microgrooves

The morphologies of microgrooves with different
stamping depths are shown in Fig. 9. Figure 9(a) shows
the morphology of microgrooves with a stamping depth
(a.) of 0.2 mm and a spacing (d.) of 0.4 mm, where there
is no interference between grooves. Figure 9(b) shows
the morphology of microgrooves with a stamping depth
of 0.3 mm and a spacing of 0.4 mm. It can be observed
that the formation of the current groove has an impact on
the previous groove. This is due to the fact that, with the
increase of the stamping depth, the thickness of the metal
between the grooves decreases, making the metal tilt
towards the direction of the previous groove under the
extrusion of the cutting blade, resulting in an increase of
the depth-to-width ratio since the width of the previous

groove decreases. When the stamping depth is increased
to 0.5 mm, and the spacing is increased to 1.0 mm, the
morphology of grooves keeps consistent with a single
groove, as shown in Fig. 9(c). Thus, it can be seen that
the morphology of grooves is determined by the
stamping depth and the stamping spacing.

FPC-SEM

Fig. 9 SEM images of V grooves under different stamping
depths and spacings: (a) a.=0.2 mm, d.=0.4 mm; (b) a.=0.3 mm,
d.=0.4 mm; (¢) a:=0.5 mm, d.=1.0 mm

4.5 Mutual effect between spiral grooves and radial

grooves

When the ploughing—extrusion parameters meet
Eq. (12), the circumferential spiral structure is made up
of top-sharp V grooves, and after stamping, the
optimized three-dimensional boiling enhancement
structure is formed, as shown in Fig. 10. If Eq. (12) is
satisfied, three-dimensional finned structures with
obvious bending are formed when dj;, gets larger, and
this kind of structure is the optimal fin structure.
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Fig. 10 Three dimensional boiling structures with sharp fins:
(@ aw=a~0.2 mm, d,=0.5 mm; (b) a=a~0.3 mm,
dpr=1.24 mm

4.6 Heat transfer performance testing of developed

phase change heat sink

The heat sink testing platform was developed, as
shown in Fig. 11. The heat transfer performance of the
phase change heat sink with different input powers was
tested. The test results using pure water as the working
fluid under heat load of 3 and 5 W are shown in Fig. 12.
It is seen that temperature increases with the increase of
input power. When input power is 3 W, the time duration
to reach system balance takes about 60 min. The highest
temperature is 39.2 °C. When the input heat power rises
to 5 W, the time to reach the balance is about 48 min.
The highest temperature is 54.7 °C. To make a
comparison, heat transfer performance of metal solid
heat sink was tested. Under the input power of 3 W, the
balance temperature of the metal solid heat sink is up to
68.2 °C, as shown in Fig. 13(a). When the input power is
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Fig. 13 Heat transfer performance of metal solid heat sink:
(a) Input power of 3 W; (b) Input power of 5 W
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further increased to 5 W, the maximum temperature
reaches 101.7 °C, as shown in Fig. 13(b). Therefore, the
developed phase change heat sink has much better heat
transfer performance than traditional metal solid heat
sink.

5 Conclusions

1) A theoretical model of phase change heat sink in
terms of thermal resistance network was proposed, upon
which the influence of different parameters on the
thermal resistance was analyzed and the crucial impact
factors were determined.

2) The forming methods of boiling enhancement
structure in evaporation investigated
including ploughing—extrusion and stamping method,
upon which three-dimensional microgrooves structure
was machined to improve the efficiency of evaporation.

3) Crucial parameters related to manufacturing of
miniaturized phase change heat sink were analyzed and
optimized.

4) Heat transfer performance of the developed phase
change heat sink was tested and compared with that of
solid metal heat sink. The results show that the
developed heat sink has excellent heat transfer
performance and is suitable for high power LED
applications.

surface were
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