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Microchannel heat sink for high power laser mirror with water cooling was analyzed as a function of
microchannel geometry and operation parameters. A comparative analysis of the thermal deformation
on the mirror surface without cooling and that with cooling revealed that the maximal thermal defor-
mation on the mirror surface could decrease from about 0.115 pm to around 0.040 pm under the laser
power of 200 W/cm? by using microchannel heat sink designed. In order to enhance the performance of
microchannel heat sink, the effects of channel width, channel depth, fin width, mirror thickness and
cooling region were investigated. The results indicated that the heat transfer performance of the
microchannel heat sink could be further improved by narrow and deep channel, narrow fin, thin mirror

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The heat-induced deformation of laser mirror has become
a serious obstacle to the development of high power laser with the
increase of laser power and working time. When the thermal defor-
mation exceeds a critical value, the beam quality will decline
prominently; and in the worse situation the mirror will destruct, or
even burst. More accurately, if the amount of deformation is from L/ 10
to L/4, the laser beam quality will decline sharply and the laser output
power will decrease obviously [1]. Therefore, it is crucial to keep the
mirror temperature within a certain range. In order to resolve the
problem, many researchers have presented different ways to prevent
the deformation of mirror by reducing thermal effect [2—5].

Kasamatsu et al. [2] presented the constitution of a cooling type
total reflecting mirror that the cooling water, as coolant through the
rear surface of a reflecting mirror, was recycled so as to cool the
reflecting mirror and the outside frame. Bluege [3] reported a phase
change cooling technique for mirror including a mirror substrate
with a reflective front major surface and a rear major surface.
Rosenfeld and North [4] introduced heat exchangers based on
porous media which could be used to cool high heat load optical
components as well as other high heat flux applications. Lee and
Kim [5] analyzed the performance of the thermoelectric cooler and
concluded that increasing the element thickness with the large
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number of thermoelectric pairs or decreasing the cross sectional
area of the element can improve the performance.

Compared with the liquid cooling, the phase change cooling and
the thermoelectric cooling can avoid the vibration and distortion of
the mirror. However, the cooling effect of the phase change cooling
is limited by the time interval between two shoots in the high
power laser. Furthermore, the thermoelectric cooling efficiency is
limited by the figure of merit [6,7].

In this study, the cooling technology using microchannel heat
sink with special geometrical configuration was designed to
minimize the thermal deformation and weaken the vibration and
distortion, which were induced by temperature rise and water
impact. The present work was inspired by a technique designed
by Tuckerman and Pease [8], in which microchannels
(50 x 300 um) were etched in a <100> silicon wafer of 400 pm
thickness. The authors observed that the heat transfer coefficient
increased with decreasing channel width for laminar flow in
a channel. Subject to the designed dimensions, a heat flux of
790 W/cm? was achieved with a maximum substrate tempera-
ture rise of 71 K using water as the coolant.

The Nusselt number is an important parameter for the optimum
design of microchannel heat sink. Nevertheless, whether the Nus-
selt number in microchannels agrees with conventional classical
theory in both the laminar and turbulent regimes still remains as
one of the most controversial issues.

Shortly after the initial work of Tuckerman and Pease, Wu and
Little [9] conducted experiments to measure heat transfer charac-
teristic of nitrogen gas in the trapezoidal silicon microchannels
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Nomenclature

a channel width, mm

A total heat exchanger area of microchannel heat sink,
mm?

Ac cross sectional area of fin, mm?

b channel depth, mm

c fin width, mm

Cp specific heat, J/kg K

d mirror thickness, mm

dp, hydraulic diameter, mm

E young modulus, GPa

G shear modulus, GPa

h heat transfer coefficient, W/m? K

he effective heat transfer coefficient, W/m? K

I(r,t) laser power density, W/cm?

k thermal conductivity of mirror, W/m K

ke thermal conductivity of coolant, W/m K

ke thermal conductivity of fin, W/m K

I length of each channel, mm

L laser wavelength, nm

m fin efficiency constant defined by Eq. (11)
n number of channels

Nu Nusselt number

P perimeter of microchannel, mm

Q volumetric flow rate, mL/min

r radial coordinate

To irradiation region radius, mm

r cooling region radius, mm

r mirror radius, mm

Re Reynolds number

T temperature of mirror, K

To ambient temperature, K

Tc temperature of cooling water, K

u velocity of fluid through each microchannel, m/s

Uy displacement in r direction, pm

U, displacement in z direction, pm

z longitudinal coordinate

Greek symbols

o channel aspect ratio defined by Egs. (7) and (9)

ot thermal expansion coefficient, K

Yz shear strain in the rz direction

€ volume strain

&r normal strain in r direction

& normal strain in z direction

€0 normal strain in 6 direction
Poisson’s ratio

P density, kg/m>

oy normal stress in r direction, Pa

o, normal stress in z direction, Pa

o normal stress in f direction, Pa

n reflectivity

Nf fin efficiency

A Lame constant, GPa

0 azimuthal coordinate
kinematic viscosity, Pa s

Trz shear stress in the r z direction, Pa

with widths of 312—574 um and depths of 89—97 um, and found
average Nusselt numbers were higher than those predicted by the
conventional correlations for fully-developed laminar and turbu-
lent flows. The authors considered the very large relative roughness
of microchannels could improve heat transfer coefficient.

Rahman and Gui [10] found the Nusselt number was high in
the laminar regime and low in the turbulent regime through the
experiment on heat transfer characteristics of water in micro-
channels etched in <100> silicon wafers. Wang and Peng [11]
investigated the forced convection of water and methanol in
stainless steel rectangular microchannels. The result showed that
the liquid velocity, liquid properties and geometry of micro-
channels all had significant influences on the heat transfer
coefficient. However, Wang and Peng have not compared their
results with the conventional correlation. Harms et al. [12]
concluded the local Nusselt number agreed reasonably well
with classical developing channel flow theory via the test of the
single-phase developing convection of water in <110>silicon
rectangular microchannels.

Qu and Mudawar [13] investigated the heat transfer charac-
teristics of a single-phase microchannel heat sink consisted of an
array of rectangular microchannels with width of 231 um and
depth of 713 um, which was fabricated by using oxygen-free
copper as the base and a polycarbonate plastic plate as the cover.
The results showed that the conventional Navier—Stokes and
energy equations can adequately predict the fluid flow and heat
transfer characteristics of microchannel heat sinks. Lin and Yang
[14] tested forced convection heat transfer performance of water
in two stainless steel tubes with inside diameter of 123 um and
962 um by means of a non-contacted liquid crystal thermography
(LCT) method for micro tube surface temperature measurement.
The test results fitted very well with those ones predicted by the
conventional correlations.

From a chronological analysis of the experiment results, the
deviations between the heat transfer behavior in microchannels
and the one in large-sized channels are decreasing, due to the rapid
improvement of micro fabrication and advanced measurement
means. Nowadays, most researchers tend to support the viewpoint
that the conventional theory on the Nusselt number is still to be
valid for microchannels.

In this study, the analysis is based on the correlation of Nus-
selt number for fully-developed laminar flow quoted Shah and
London [15] and introduced by Philips [16], who has detailedly
analyzed the forced convection and liquid cooled microchannel
heat sinks.

2. Analysis

The structure of microchannel heat sink operating with water
used to cool down the high power laser mirror and the cross section
of microchannels are shown in Fig. 1. The effects of the inlet and
outlet chambers are designed to weaken the direct impact of
cooling water to the mirror and to eliminate the vibration and
distortion of the mirror as far as possible. The number of micro-
channels that can be accommodated in given a, ¢ and r; (radius of
water cooling region) is given by

na+n-1)c = 2r; (1)

The length of each channel [; (1 <i < n) is fixed by its position in
given q, ¢ and ry, as shown in Fig. 1.

The hydraulic diameter dj, is calculated from the microchannel
dimensions as

4ab
T 2)
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Fig. 1. Decompose diagram of the microchannel heat sink.

The velocity of fluid, u, through each microchannel, is calcu-
lated via

_Q
u=_5 (3)
where Q is the total volumetric flow rate.

The Reynolds number for each microchannel is
Re — dnttp 4)

uw

To determine the thermal performance of microchannel heat
sink, it is necessary to know the value of the heat transfer coeffi-
cient, which is given by

Nu : kc
h = a (5)

The Nusselt number is a function of several parameters, some of
which are: the microchannel geometry, the coolant properties, the
coolant flow rate and the flow regime (laminar, transitional, or
turbulent).

In channel flow, the Nusselt number at the channel entrance is
indefinitely high. In this study, it is assumed that the channel flow is
fully-developed laminar flow. Thus the Nusselt number obtained in
this way will be conservative. Fig. 2 shows the Nusselt number for
fully-developed flow in rectangular channels with three walls
transferring heat under uniform axial heat flux and uniform
peripheral wall temperature.

The equation of the Nusselt number with a by the least square
fitting is expressed as follows,

Nu :8.2327(1 —1.8826a + 3.7671a% — 5.813903 + 5.3607a*

- 1.9993a5) (6)

where

a = a/b(b > a) (7)

Nu = 5.3836(1 — 2.6872a + 6.7527a% — 8.346803 + 5.0862a*
~ 1.14440°) 8)

where

@ = bja(b < a) 9

i a=alb + a=bla

2 1 1 I n n I 1 1 1

00 02 04 06 08 10 08 06 04 02 00
a

Fig. 2. The Nusselt number as a function of « for a microchannel with three walls
transferring heat.
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The walls separating the microchannels can be treated as rect-
angular fins. The fin efficiency given by Eckert and Drake [17] is
shown as follow,

__tan h(mb)

Ul b (10)
where

hpP
m = keAc (11)

The total heat exchanger area A of microchannel heat sink is
calculated as

A= :I(ali +2bli7]) (12)

The simulation model is the mirror layer part in Fig. 1. The
temperature distribution in laser mirror is given by the following
heat conduction equation [18].

oT 1 9/0T\ 8T
pcp——l<{7x§(r§> +@} =0 (13)

The thermal stress and thermal strain in the laser mirror under
the action of a given temperature distribution can be expressed by
the thermoelasticity equation [19].

Equilibrium equations

00y 0Tz  Op — 0y

%r Oz -0
or oz r (14)
0Trz +6f72 +Trz -0
or oz r
Geometry equations
_ Our U _ oy
T T 2T (15)
e ouy
T =z T ar

Physics equations

or = e+ 2Ger — E-ar(T - Tp)

7y = e+ 2Geg — 7Ear(T — To)

0, = Ae+ 2Gey — ﬁaT(T —To) (16)
Tz = GYpgy € =6 +&+¢&

_ _E
= 214

where 1 is Lame constant, expressed as A = Ev/(1+v)(1 — 2v).

3. Numerical simulation

As mentioned in the part of Analysis, the geometry structure of
the model used in Comsol Multiphysics is the mirror layer part in
Fig. 1. ‘General Heat Transfer’ mode is applied to calculate heat
transfer by conduction and convention, while ‘Solid, Stress—Strain’
mode is applied to calculate the thermal stress and strain. For
‘General Heat Transfer’ mode, initial temperature of the model is
considered as ambient temperature, which is,

Tli—o = To (17)

Boundary condition of irradiation region is constant heat flux,
which equals the absorbed light intensity, expressed as,

oT

ko = (1 —nI(r,b) (18)

z=d,0<r<ry

Boundary condition of cooling region is the convection between
cooling water and mirror wall, represented as,

oT

z=0,0<r<n

Boundary conditions of other region are thermal insulation,
expressed as,
7k%|z:d,rn<r§rz =
7"%|z:0,rl<r§rz =0 (20)
7k%|0§z§d«,r=rz =

The heat transfer coefficient (h) is calculated according to
equations (6)—(9). The corresponding total heat exchanger area can
be obtained based on equation (12). However, the heat exchanger
area cannot be expressed in the calculation model because the
geometry structure of the model is just the mirror layer part. So, an
effective heat transfer coefficient (he) is adopted; and correspond-
ing heat exchanger area is replaced by the area of cooling region.
The effective heat transfer coefficient (he) is expressed as,

he = h-A/m-r? (21)

For ‘Solid, Stress—Strain’ mode, the constraint condition of axial
boundary is fixed, while the constraint condition of radial boundary
is free.

Some hypothetical conditions for numerical simulation and
physical properties of silicon are listed in Tables 1 and 2, respec-
tively. Besides the hypothetical conditions in Table 1, the following
assumptions are predefined: laser irradiation is uniform; the
thermal deformation is the deformation along z direction; the flow
in microchannels is laminar flow; the natural convective heat
transfer is negligible; the physical properties of the mirror and
water are constants; the temperature of cooling water and ambient
temperature are both 293 K.

Under the hypothetical conditions in Table 1, the temperature rise
of the mirror with cooling is less than 5 K. Therefore, it is reasonable to
neglect the natural convection. Besides, the Reynolds number in
microchannels is less than 1000; and the maximal temperature rise of
cooling water is about 0.4 K (supposing the laser energy absorbed
totally by cooling water). So, it is reasonable to assume that the flow in
microchannels is laminar flow and the temperature of cooling water is
constant. Moreover, the mesh size is small enough to validate the
simulation results independent of mesh size.

4. Results and discussion

The effect of laser power on the temperature rise and thermal
deformation on the mirror surface is analyzed under the condition

Table 1

Hypothesis conditions for numerical simulation.
Hypothesis conditions Value Unit
Laser power density (I(r,t)) 200 W/cm?
Reflectivity (1) 99 %
Mirror thickness (d) 2.0 mm
Mirror radius (r3) 28.5 mm
Cooling region radius (r;) 235 mm
Irradiation region radius (ro) 15.0 mm
Channel width (a) 1.0 mm
Channel depth (b) 2.0 mm
Fin width (c) 1.5 mm
Water flow rate (Q) 500 mL/min
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Table 2

Physical properties of silicon.

p (kg/m>) k (W/m K) E(GPa) or (1076 K1) ¢p (J/kg K) v (1)
2329 153 190 2.63 713 0.28

of no cooling. Subsequently, the effect of other parameters will be
analyzed with cooling. All parameter values are fixed in Table 1
except the target one during the analysis procedure.

4.1. Analysis of the mirror surface under different laser powers
without cooling

The temperature rise and thermal deformation on the mirror
surface are analyzed after the mirror surface being irradiated for the
duration of 10 s by different laser powers under the condition of no
cooling, while other relevant parameters are fixed as shown in Table 1.

Fig. 3 presents the temperature rise and the thermal deforma-
tion distribution on the mirror surface after being irradiated for the
duration of 10 s by different laser powers. From Fig. 3, it clearly
shows that the temperature rise and the thermal deformation on
the mirror surface would increase in respond to the increase of the
laser power level. Moreover, the maximal temperature rise exceeds
15 K under the laser power of 150 W/cm? and the corresponding
maximal thermal deformation reaches around 0.080 um, which is
more than one-tenth of He—Ne laser wavelength (632.8 nm).
Therefore, it is necessary to cool down the mirror in order to ensure
the beam quality of the laser, by controlling the thermal deforma-
tion being less than one tenth of He—Ne laser wavelength.

35.0
a —a— I=150W/cr

o —e— [=200W/cm’
G —A— [-250W/em’
1 —v— =300W/em’
& 250
5
= 20.01
Q
=
g
L)

10.0 . . ' . .

0 5 10 15 20 25 30
Radial distance (mm)

0.18
b —=— 7=150W/cm’
2 0167 —e— F=200W/cm’
2 —— [=250W/am’
g " —v— F=300W/am’
g
£ 0121
&
4 010
=
E 0.08 -

0.06 -N\.\H

T
0 5 10 15 20 25 30
Radial distance {mm)

Fig. 3. Temperature rise and thermal deformation on the mirror surface under
different laser powers.
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4.2. Transient analysis of the mirror surface with cooling

Under the conditions in Table 1, the temperature rise and the
thermal deformation on the mirror surface are analyzed after the
mirror surface being irradiated for different time durations with
cooling. Fig. 4 shows the temperature rise increases as the time
elapses and then inclines to stable state after 10 s both in the
mirror centre along axial direction (from the cooling face to the
irradiating face) and on the mirror surface along the radial
direction at different time, respectively. It is shown that the

a
364
¥ 34
2
=
E 39 | —=—{=lg
g —e— (=08
e —h— =58
g 301 —¥—1=10s
= —<—stable
2.8 -
0.0 05 10 15 20
Axaal distance (rmm)
b 4.0

—s—f=1s
——{=2s
—&—{=5s
—v—£=10s
—«—stable

-
o
\

Temperature rige (K)
— N
[=-] [=-]

0.0

0 5 lIO 1I5 20 25 30
Radial distance (tnm)

Thermal deformation (um)
o
=

0.00

0 5 10 15 20 25 30
Radial distance (rrrn)

Fig. 4. Temperature rise in the mirror centre along axial direction and temperature rise
and thermal deformation on the mirror surface along radial direction.
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Fig. 5. Temperature rise distribution on the mirror surface at the moment of 10 s.

temperature rise in the mirror centre increases slowly along axial
direction at different time and the increasing extent of tempera-
ture rise is less than 1 K. Therefore, the thermal deformation on
the mirror surface can be evaluated qualitatively from tempera-
ture rise on the mirror surface. In other words, the thermal
deformation increases with the increasing temperature rise on the
mirror surface. Fig. 4 presents that the temperature rise on the
mirror surface decreases along the radial direction. The maximal
temperature rise has decreased from more than 20 K to lower than
4 K under the laser power of 200 W/cm? compared with the

a 80 —&— =0.5mm

) —+—g=1.0mm
g 1 —h—g=1.5mm
o 60 —v—a=2.0mm
Q 6.
= —¢— a=2.5mm
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b 0.06
—a— ¢=0.5mm
”é“ 0.05 - —— ¢=1.0mm
= —A— g=1.5mm
5 0.04 4 —¥y— a=2.0mm
b= —4— =2.5mm
B
E 003
‘s
o
'EE; 0.02
& 0011
000 T T T T T
0 5 10 15 20 25 30
Radial distance (mm)

Fig. 6. Effect of channel width on the temperature rise and thermal deformation on
the mirror surface.

condition of no cooling. As shown in Figs. 3 and 4, the corre-
sponding maximal thermal deformation has reduced from about
0.115 pm to around 0.040 um (less than one tenth of He—Ne laser
wavelength). So, the beam quality of the laser could be ensured
effectively. The detailed temperature rise distribution on the
mirror surface at the moment of 10 s is shown in Fig. 5.

4.3. Effect of channel width

The effect of channel width on temperature rise and thermal
deformation on the mirror surface is analyzed when other condi-
tions are fixed in Table 1. As seen from Fig. 6, the temperature rise
increases with increasing the channel width. When channel width
changes from 0.5 mm to 2.0 mm (b/a > 1 at this stage), the Nusselt
number would decrease in respond to the increase of channel
width (shown in Fig. 3); and heat transfer coefficient decreases
because of the decreasing Nusselt number and the increasing
hydraulic diameter of the channel. Besides, the increase of the
channel width has caused the decrease of the channel numbers,
which further lead to the decrease of the heat exchange area. When
channel width increases to 2.5 mm, the Nusselt number continu-
ously decreases, because the value of depth to width ratio is less
than 1 but over 0.6, at which the Nusselt number reaches a low
plateau according to Fig. 3. Meanwhile, the corresponding heat
transfer coefficient and the heat exchange area decrease as well.
Thus, the heat transfer performance of microchannel heat sink
decreases with the increased channel width because of the
decreasing product of heat transfer coefficient and the heat
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Fig. 7. Effect of channel depth on the temperature rise and thermal deformation on the
mirror surface.
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Fig. 8. Effect of fin width on the temperature rise and thermal deformation on the
mirror surface.

exchange area. In addition, it could be concluded that the thermal
deformation decreases as the temperature rise decreases and the
maximal thermal deformation is around 0.055 pm, which is less
than one-tenth of He—Ne laser wavelength.

4.4. Effect of channel depth

From Fig. 7 we can see that the temperature rise on the mirror
surface decreases in the radial direction with the increase of the
channel depth. It is due to the increased product of heat transfer
coefficient and the heat exchange area with the increase of the
channel depth. Furthermore, the analysis procedure is similar to the
one of analyzing the effect of channel width. In Fig. 7, it can be seen
that the thermal deformation decreases from about 0.002 pm to
0.003 pm corresponding to every 0.5 mm increment of channel
depth. The maximal thermal deformation decrease occurs when the
channel depth changes from 1.0 mm to 1.5 mm because of the
relatively large increasing amount of the Nusselt number in this case.

4.5. Effect of fin width

As shown in Fig. 8, the temperature rise on the mirror surface
would increase if the fin width is increased. The increase of the
fin width leads to the decrease of the channel numbers, which
further cause the decrease of the heat exchange area. At the same
time, heat transfer coefficient keeps invariant because of
constant channel width and channel depth. Therefore, the
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Fig. 9. Effect of mirror thickness on the temperature rise and thermal deformation on
the mirror surface.

maximal thermal deformation could be gradually improved with
the decreased fin width.

4.6. Effect of mirror thickness

In Fig. 9, it is shown clearly that the temperature rise on irra-
diation region of the mirror surface decreases with the increase of
the mirror thickness. Under the condition of the same laser power
and reflectivity, the smaller the mirror heat capacity is, the higher
the average mirror temperature is. That is why the maximal
temperature rise occurs in the mirror of 1.0 mm thickness, and
minimal temperature rise occurs in the mirror of 3.0 mm thickness.
Besides, the conduction through the mirror along the radial direc-
tion increases with the increase of mirror thickness, because of the
increasing cross sectional area of the mirror. That is why the
difference of temperature rises between the irradiation region and
the non-irradiation region decreases with the increase of the
mirror thickness. Furthermore, it can be found that the thermal
deformation decreases as the mirror thickness decreases. This is
due to the thermal deformation accumulates along axial direction
and is not influenced by the increasing temperature rise gradient
along the radial direction. This implies that if the temperature rise
gradient is the same, the thinner the mirror thickness is, the less the
thermal deformation is. Consequently, under the condition that the
rigidity requirement of the mirror is satisfied, it is better to choose
the thinner mirror.
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Fig. 10. Effect of cooling region on the temperature rise and thermal deformation on
the mirror surface.

4.7. Effect of cooling region

From Fig. 10, it demonstrates that the temperature rise and the
thermal deformation on the mirror surface are greatly decreased by
using the microchannel heat sink. Under the same effective heat
transfer coefficient (3950 W/m? K) which is determined by the
dimensions of channels in Table 1, the temperature rise on the
mirror surface decreases with the increase of cooling region. When
the irradiation region radius is larger than the cooling region radius,
the temperature rise on the mirror surface is higher on the edge of
the mirror and lower in the middle, since the edge of the mirror is
not cooled down by the cooling water via convention directly.
However, when the irradiation region radius is less than cooling
region radius, the temperature rise on the mirror surface distri-
bution is changed in the opposite way. While irradiation region
radius equals to the cooling region radius, temperature rise
gradient on the mirror surface approaches to zero. Compared with
non-irradiation region, the extra heat irradiation region absorbs
from laser releases to the cooling water. Moreover, the thermal
deformation gradient on the mirror surface is not obviously
decreased as the temperature rise gradient on the mirror surface
approaches to zero, as the thermal deformation is mainly induced
by the temperature rise gradient along the axial direction. There-
fore, under the same heat transfer coefficient, the cooling region
should be designed as large as possible in order to obtain the
minimum thermal deformation.

5. Conclusions

The thermal deformation on the mirror surface could be
controlled less than one-tenth of He—Ne laser wavelength and the
laser beam quality can be ensured by using microchannel heat sink
designed. Under hypothetical conditions of numerical simulation,
the temperature rise on the mirror surface inclines to stable state
after 10 s. For the geometric structure of the microchannel, under the
same diameter of the cooling region, the heat exchange area
increases in respond to the increase of the channel depth. However,
it would decrease if the channel width and the fin width increase.
Therefore, high aspect ratio (depth to width ratio) is favorable to
improve the heat transfer performance of the microchannel heat
sink. Meanwhile, the thermal deformation can be further decreased.
Under the condition that the rigidity requirement of the mirror is
satisfied, it is better to choose the thinner mirror. With the same heat
transfer coefficient, the cooling region should be designed as large as
possible in order to obtain the minimal thermal deformation.
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