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ABSTRACT 
A two-phase heat spreader has been developed for cooling 
high heat flux sources in high-power lasers, high-intensity 
light-emitting diodes (LEDs), and semiconductor power 
devices.  The heat spreader uses a passive mechanism to cool 
heat sources with fluxes as high as 5 W/mm2 without requiring 
any active power consumption for the thermal solution. The 
prototype is similar to a vapor chamber in which water is 
injected into an evacuated, air-tight shell.  The shell consists 
of an evaporator plate, a condenser plate and an adiabatic 
section.  The heat source is made from aluminum nitride, 
patterned with platinum.  The heat source contains a 
temperature sensor and is soldered to a copper substrate that 
serves as the evaporator.  Tests were performed with several 
different evaporator microstructures at different heat loads. A 
screen mesh was able to dissipate heat loads of 2 W/mm2, but 
at unacceptably high evaporator temperatures.  For sintered 
copper powder with a 50 �m particle diameter, a heat load of 
8.5 W/mm2 was supported, without the occurrence of dryout.  
A sintered copper powder surface coated with multi-walled 
carbon nanotubes (CNT) that were rendered hydrophilic 
showed a lowered thermal resistance for the device. 
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NOMENCLATURE 
A  cross-sectional area, m2 
d  mesh wire diameter, m 

pD  particle diameter, m 

gD  channel depth, m 
h  heat transfer coefficient, W/m2K 
K  permeability, m2 
L  length, m 
m�  mass flux, kg/s 

P�  pressure differential, Pa 
conQ   condensation heat, W 

effr  effective pore radius, m 
t thickness, m 

T�  temperature differential, K 
W  mesh opening, m 

gW  channel width, m 
 

Greek symbols 
�  porosity 
�  viscosity, Pa s�
�   mass density, kg/m3 
�  surface tension coefficient, N/m 
�  contact angle 
 
Subscripts 
cap  capillary 
con  condenser 
eva  evaporator 
l  liquid 
 

INTRODUCTION 
There is a growing need for effective thermal management of 
high-performance electronic devices.  A common temperature-
control solution is the use of a fan and heat sink to actively 
cool the heat source.  Active liquid cooling systems are also 
receiving increased interest.  These systems can generate even 
higher convection coefficients if combined with 
microchannels, or if two-phase flow is allowed to occur.  In 
non-consumer devices such as lasers or concentrator 
photovoltaic systems, these liquid-circulating systems are 
regarded as the best solution. However, the pumping power 
required to support active liquid cooling systems is a major 
disadvantage. 
 
The development of new cooling technologies that can 
manage high heat fluxes and reduce manufacturing cost while 
at the same time reduce power consumption by the thermal 
solution is highly desired.  A vapor chamber is the most 
widely used example of a passive cooling device.  
Commercial vapor chambers can support heat fluxes of 
approximately 1 W/mm2 [1].  Zhao et al. [2][3] developed a 
bi-dispersed wick structure which achieved  a cooling rate of 
3.3 W/mm2.  Many other wick structures have been reported 
in the literature, both in terms of detailed experimental results 
and analytical modeling efforts [4-22].  In addition, carbon 
nanotubes (CNTs) have been shown to enhance boiling heat 
transfer [23-27].  Few passively cooled devices offer heat 
dissipation levels approaching 5 W/mm2.  Cai et al. [28] 
developed a patterned CNT array evaporator surface that was 
shown to support a heat flux of 6 W/mm2; however, such a 
surface was not incorporated into a device-level heat spreader.    
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The purpose of the present work is to develop a two-phase 
heat spreader capable of removing greater than 5 W/mm2 of 
heat flux from a device, and to experimentally demonstrate 
this performance. 

 
HEAT SPREADER DESIGN 

Reduction of the thermal resistance across the evaporator is a 
key bottleneck to achieving high heat flux passive cooling.  A 
prototype heat spreader unit is developed with a provision for 
evaluating multiple evaporator surface designs.  This 
prototype is depicted in Fig. 1.  
 

 
Fig. 1  Cross-sectional diagram of the prototype heat spreader. 
 
The heat spreader is designed to be inserted into a thermal 
stack as a flat plate.  The top surface serves as a condenser and 
the lower surface as an evaporator. The walls connecting the 
top and bottom are adiabatic and provide a fluid return path. 
 
Condenser 
The condenser plate is shown in Fig. 2.  A screen mesh is 
attached to the condenser plate by diffusion bonding to assist 
in spreading the condensed liquid and to increase the 
condensation area. The active area of 70 mm x 70 mm is 
sufficient to support the condensation of 200 W of heat if the 
superheat temperature of the condenser is 2 K and the heat 
transfer coefficient is 2000 W/m2K [29]. 
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A thermocouple is attached at the center of the outer surface of 
the condenser plate. 
  

 
Fig. 2 Detailed view of the condenser plate at the top of the 
heat spreader. 
 
The pressure drop in the screen mesh on the condenser surface 
[30] is estimated from  
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The pressure  drop calculation assumes that four flow paths 
exist, as illustrated in Fig. 3.  Each flow path has 10 mm width, 
35 mm length and 0.48 mm depth. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3  Fluid flow paths assumed in prediction of the 
condenser section pressure drop. 
 
For the design of the heat spreader in this study, the flow rate 
is estimated using the latent heat of water and an evaporation 
heat flow rate of 125 W (corresponding to a flux of 5 W/mm2 
over an area of 5 mm x 5 mm).   
The capillary pressure drop in the condenser is given by 
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Based on this calculation, a screen with a mesh size of N = 30 
was chosen. 
 
Adiabatic fluid flow section 
The middle part of the device is shown in the photograph in 
Fig. 4.   A screen mesh is welded on the inside of the sloping 
side walls.  Further, four rolled screen meshes are positioned 
on this wall mesh to ensure an adequate flow path between the 
condenser and the evaporator.  In addition, 60 grooves are cut 
into the surface beneath the screen mesh by end milling. The 
pressure drop for flow through these grooves is estimated by 
treating the grooves as rectangular channels. 
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Fig. 4 Photograph of the adiabatic section. 
 
 
Evaporator 
The evaporator structure is the main focus of this study.  
While many enhanced evaporator structures have been 
explored in the literature, the structure of interest in the 
present work is an evaporator coated with an array of carbon 
nanotubes (CNT) operating under capillary-fed flow.  Such a 
surface has been previously investigated in the literature, but 
for the enhancement of nucleate pool boiling. A sintered 
copper powder surface coated with a CNT array is developed 
in the present work for use as an evaporator.  For the purposes 
of designing the heat spreader, however, the pressure drop 
through the wick and the capillary pressure provided by the 
wick are based on calculations for a screen mesh and bare 
sintered copper powder, and the effect of the presence of 
CNTs is not considered in these estimates. The flow in the 
evaporator is modeled in a manner similar to the illustration in 
Fig. 3. The flow length is 18 mm and the flow width is 7 mm.  
The depth is 0.05 mm for a #200 screen mesh and 1.5 mm or 
0.5 mm for the sintered copper.  The effective radius and the 
permeability of the sintered copper are calculated as shown 
below, with the diameter range of the copper particles being 
38-63 μm.  
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Estimation of the maximum heat flux 
Using the equation (1) and (2), the required supply pressure 
can be calculated (in Pa) as 
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Therefore, the difference in the capillary pressure and the 
pressure drop in the system must be more than 373 Pa in order 
to circulate the working fluid in this device. 
 

Table 1 gives the results of this estimation for the different 
evaporator wick structures investigated. 
 
Table 1 Difference in pressure in case of each wick structure.  
The screen mesh and thick sintered wick show negative values 
which implies that they cannot support 5 W/mm2 of input heat 
flux. 
    

 capevaP ,� , 
Pa 

levaP ,� , 
Pa 

P� ,  
Pa 

#200 mesh 1895 3732 -1837 
Thick sintered 
powder (1.5 mm) 

11461 4072 7389 

Thin sintered 
powder (0.5 mm) 

11461 12216 -755 

 
The thicker sintered powder evaporator is clearly the only 
candidate wick that can provide the appropriate fluid-feeding 
capable of providing 5 W/mm2 of heat flux capability.  It is 
estimated that the #200 screen mesh is capable of cooling 2.5 
W/mm2.  Fig. 5 shows a picture of the actual device. The 
tubing on the side is used for evacuating the air, filling the 
working fluid, and draining excess liquid. 
 
 

 
Fig. 5 Photograph of the assembled heat spreader. 
 

 
EXPERIMENTAL SETUP AND SAMPLE 

FABRICATION 
 
Heater Chip 
This experiment requires a concentrated heat source that 
produces extremely high heat fluxes of greater than 5 W/mm2.  
This was achieved using a patterned platinum film as shown in 
Fig. 6.  The resistance of the heater so fabricated is 120 �.  
 



 

 

 
Fig. 6  Detail of the heat source: plan view and cross-section 
of the layered structure. 
 

 
 

 
Fig. 7 Photograph of the heat source after soldering to the 
evaporator substrate and quality of solder joint as revealed by 
scanning acoustic tomography. 

The central pattern in the heat source acts as a temperature 
sensor.  The temperature of the heat source is detected by the 
change in its electrical resistance.  This chip is soldered to  the 
evaporator substrate as shown in Fig. 7 using Au80Sn20 
(melting temperature: 278 °C).   
 
A quantitative evaluation of possible void areas in the solder 
joint was performed using scanning acoustic tomography 
(SAT).  The observed examples are shown in Fig. 7, with the 
red areas indicating voids.  The evaluation ensures that the 
void areas comprise less than 5% of the total area. The lead 
wires powering the heat source are shown in Fig. 8.   
 

 
Fig. 8 Image of the back side of the heat spreader showing the 
heat source. 
 
The heat loss from the back side of the heat source must be 
quantified in order to predict the heat flux provided to the 
evaporator.  Heat loss was estimated as illustrated in Fig. 9.  
 
 
 
 
 
 
 
 
 
Fig. 9  Schematic approach for heat loss evaluation. 
 
The actual heat supplied to the evaporator substrate can be 
found by measuring the temperature rise of the liquid between 
inlet and outlet of the cold plate.  Results of the heat loss 
estimation are shown in Fig. 10, which shows a heat loss of 
approximately 14% of the supplied electrical power. 
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Fig. 10  Relationship between supplied heat and that which 
enters the heat spreader. 
 
The temperature of the sensor is calibrated in a furnace. As 
shown in Fig. 11, the resistance of the temperature sensor in 
the heat source was found to vary linearly with temperature.  
The temperature is measured by the thermocouple on the heat 
source. 
 

 
Fig. 11  Calibration data for the temperature sensor.  The 
temperature value on the x-axis indicates the measurement 
from a thermocouple attached to the heater chip. 
 
Experimental setup 
The exposed surface of the condenser plate of the heat 
spreader is attached to a water-cooling jacket to reject the heat 
from the device.  The interface conductance is improved using 
grease and 40 °C cooling water is circulated through the jacket.  
Therefore the condenser temperature is approximately 40 °C.  
Fig. 12 shows an image of the assembled test setup including 
the jacket and insulation.  After mounting, the heat spreader is 
first evacuated and is then charged with the working fluid, 
pure water, up to full capacity.  The amount of water and the 
inside pressure are then reduced in small steps by heating.  
The ideal amount of charge is different for each heat flux, and 
therefore, different amounts of charge were used in different 

test samples. Any extra liquid degrades the heat transfer 
coefficient in evaporation and condensation. 
 

 
Fig. 12 Photograph of the assembled experimental setup.  
 
Evaporator surface preparation 
The screen mesh evaporator was attached to the evaporator 
substrate by diffusion bonding.  This mesh was made of 
oxygen-free copper.  For the sintered sample, sintering was 
performed in a furnace at 950�C in an argon atmosphere [31].  
Both samples are shown in Fig. 13.  
 

 
Fig. 13  Screen mesh evaporator (left) with mesh number of 
#200 and thickness 0.1 mm.  Sintered copper evaporator 
(right) of particle size 50 �m diameter and thickness 1.5 mm. 
 
CNTs were deposited on to the sintered copper substrate from 
ethanol by thermal chemical vapor deposition.  A catalyst 
layer prepared by sputtering Fe/Al /Al2O3 ensured good CNT 
growth and anchoring.  The CNT evaporator is shown in Fig. 
14. The multi-walled CNTs fabricated by this process were 
estimated from SEM images to be 20-25 �m long and 50-100 
nm in diameter.  The CNTs, which are hydrophobic as 
fabricated, were exposed to ultraviolet radiation which 
damage the surface of the CNTs and render them hydrophilic.  
This is a critical requirement for the current application.  
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Fig. 14 CNT-coated sintered copper evaporator (top); SEM 
image of CNT-coated sample (middle); and magnified SEM 
image of CNT-coated sample (bottom).  
 

 
TEST RESULTS 

 
The measured thermal characteristics of the three types of 
evaporator are described in this section.  The superheat 
temperature in these results is defined as the difference 

between the heat source sensor temperature and the condenser 
temperature. The condenser temperature is measured by a 
thermocouple mounted on the outside of the condenser plate.  
Fig. 15 shows that the screen mesh evaporator can support a 
little more than 2 W/mm2.  Heat fluxes above 2.1 W/mm2 
could not be tested because the resulting temperature exceeded 
the melting point of the solder; this heat flux, therefore, is not 
the dry-out limit for this surface.  The superheat temperature 
was 185°C at 2 W/mm2.  This superheat is excessive for 
cooling an electronic device. 

 
Fig. 15  Thermal performance of the screen mesh evaporator.  
The maximum value of 2.1 W/mm2 is not indicative of dry-out, 
but instead discontinuation of the test due to the melting point 
of the solder having been reached. 
 
Fig. 16 shows test results for a sintered copper powder 
evaporator and showcases the excellent performance of this 
surface for a heat spreader application.  The device was able to 
dissipate 8.5 W/mm2.  Even beyond this flux, it is not dry-out 
which limits the performance of this surface, but instead 
damage to the heat source wires, which burned out at 9 
W/mm2.  In addition, this sample used a larger charge of water 
in order to accommodate a higher heat flux, which leads to a 
higher superheat.  
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Fig. 16  Thermal performance of the sintered copper 
evaporator.  The maximum value of 8.5 W/mm2 is not 
indicative of dry-out, but instead discontinuation of the test 
due to damage to the heat source wire. 
 
It is interesting to note that the analysis in Table 1 indicates 
that the thin sintered evaporator could not handle 5 W/mm2.  
However, the experiments show that the sample was able to 
readily dissipate this amount of heat.  The apparent 
discrepancy is likely due to the simplified modeling of the 
flow path in the condenser and evaporator.   
 
As a result of the good performance of the thin sintered 
sample, this sample was selected to be coated with CNTs.  Fig. 
17 shows the effects of the added CNT array.  In this case, the 
amount of working fluid used to charge the heat pipe was 
adjusted for a heat input of 5 W/mm2.  Comparing the sintered 
copper with and without CNTs, the CNT-coated sample 
supports higher heat fluxes at a given superheat than the bare 
sample.  At a given heat flux, the CNT-coated sample operates 
at a superheat that is more than 10 K lower than that of the 
uncoated sample.  The thermal resistance of the coated sample 
is 0.27 K/W, while the uncoated sample shows a resistance of 
0.37 K/W. These thermal resistances are based on an input 
heat flux of 5 W/ mm2. 
 
 

 
Fig. 17 Comparison between the CNT-coated and bare 
sintered powder evaporator. 
 

 
CONCLUSIONS 

A two-phase heat spreader for ultra-high heat flux applications 
was developed, as was an experimental facility for evaluating 
its performance. The results from the experimental 
investigation revealed that the heat spreader device can 
dissipate up to 8.5 W/ mm2 using a sintered powder wick 
evaporator structure. Coating the sintered powder evaporator 
with a hydrophilic CNT array reduced the temperature drop 
across the evaporator by as much as 10K for a given heat flux. 
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