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A thermal ground plane, flat heat pipe (30 cm � 7.6 cm � 4.5 mm thick) was developed as a passive heat 
spreading component for electron ics cooling. The combination of multiscale titanium wick fabrication 
with laser welding results in an all-titanium device which is light (500 g) yet strong, hermetically sealed,
and compatible with water. Numerical simulations were used to optimize the grooved wick design by
minim izing viscous drag present in any large scale heat pipe, while maintaining sufficient capillary force.
Nanoporous titania coats the grooved wick to further enhance wettability. The resultin g heat pipe was 
tested on two different test configurations, and is capable of a maximum heat flow rate in vertical (reflux)
orientation of 500 W for chip temperatures of 100 �C, and 1000 W for chip temperatures of 150 �C. This 
translates into a maximum effective thermal conductivity of �8000 W/m K. Such a high thermal conduc- 
tivity indicates that the Titanium Thermal Ground Plane is an effective heat pipe, and when combined 
with a heat sink, useful for cooling an array of electronic components.

� 2013 Published by Elsevier Ltd.
1. Introduction 

Thermal managemen t of electronic components is becoming 
increasingly critical as transistor density and power density of
integrated circuits increases. Heat pipes are commonl y used to
transport heat in electronic components . Commer cially available 
heat pipes are commonly of the copper-tube format [1]. These 
are inexpensive, and very successful in some markets, particular 
in cooling graphics cards or GPU’s for gaming applications , where 
heat from a chip needs to be dispersed locally. When scaled up
in length and power, many copper tube heat pipes can lose effi-
ciency. As the transport distance increases, viscous drag of the wick 
– which is sintered copper or copper mesh – will ultimately be- 
come sufficiently large and dramatically decrease mass flow rate.
To address increasingl y high heat and heat flux requiremen ts,
researchers have investiga ted heat pipe improvements such as
loop heat pipes [2,3], enhanced conductivity nanofluids [4], and ar- 
rays of embedded miniature heat pipes [5–8]. Heat pipes with 
nanofluids use working fluids seeded with nanoparticles to in- 
crease fluid conductivity , and have been shown to improve greatly 
heat pipe performance. Miniature heat pipes use an array of small 
diameter heat pipes or channels in a flat format and can move high 
heat flux of 140 W/cm 2 [8,9] over short distances (12 cm total 
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length). However, for large distances, miniature heat pipes may 
lose efficiency due to viscous drag.

Nanopor ous coating of micro-wick structure is also of interest 
in heat pipe enhancement. It has been shown, both theoreticall y
and experimental ly, that a porous coating on groove structures im- 
proves heat transfer coefficient through improved evaporation 
[10–12]. Wang and Catton for example, find the heat transfer rate 
due to evaporation in triangular grooves to be 3–6 times greater 
when coated with a thin porous layer. A nanostructu red titania 
(termed NST) coating for titanium TGP is incorporated in the heat 
pipe reported in the current manuscr ipt.
2. Device design 

The Ti-TGP, or Titanium Thermal Ground Plane was develope d
in response to the need for a large format, thin, flat heat pipe, or
a Thermal Ground Plane, optimized for moving large amounts of
heat from mounted chips to a distantly located heat sink. In the 
Ti-TGP, we addressed this challenge by (1) using a multiscal e wick 
for the best balance of capillary force and viscous drag, and (2)
optimizin g wick geometry through numerical simulation. Tradi- 
tional copper heat pipes are heavy, limited in power capability,
and, due to the tube shape and thermal mismatch issues, difficult
to mount efficiently on semiconductor chips. The Ti-TGP addresse s
these problems with a thin, flat format with a relatively compliant 
mounting surface, light yet strong case material (titanium), and 
heat load design optimized through numerical simulations. A small 
scale (3 cm � 3 cm) Ti-TGP was develope d first, and proved our Ti- 
multiscal e wick concept, with effective thermal conductivi ty
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Nomenc lature 

A cross sectional area of wick (m)
ATGP cross sectional area of Ti-TGP (m)
d distance between grooves (m)
g groove width (m)
gx gravity component in streamwi se direction (m s�2)
hg vapor chamber depth (m)
hf groove depth (m)
hfg latent heat of vaporiza tion (J kg�1)
k thermal conducti vity (W m�1 K�1)
K wick permeabi lity (m2)
L wick length (m)
DPcap capillary pressure (Pa)
Q heat flow rate (W)
Rc thermal contact resistance (W K�1)

T temperatur e (�C or K)
w wick width (m)

Greek symbols 
c surface tension (N m�1)
l viscosity (Pa s)
q density (kg m�3)

Subscript s
v, g vapor
f, l liquid
eff effective
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keff = 350 W/m K [13]. The current Ti-TGP required several changes 
in design, dimensions and processing to accommod ate the larger 
size (8 cm � 40 cm); as a result it is not only more versatile, but of- 
fers much better performanc e.

The TGP is intended to operate either flat, or in reflux orienta- 
tion (vertical; hot side down), and weight should be minimized.
Heat flow rate should be maximized while keeping the chip tem- 
perature below about 100 �C. These requirements suggest a tita- 
nium-water heat pipe with custom designed grooved wick. A
cross-sectio nal diagram of the final design is shown in Fig. 1; de- 
sign considerations are detailed below.

2.1. Titanium design advantages 

The low conductivity of titanium (k = 21 W/(m K)), compared 
with copper (k = 400 W/(m K)), can result in a high thermal resis- 
tance through the Ti-TGP case. This is mitigated however, by the 
high fracture toughness of titanium, which allows the case to be
very thin without suffering mechanical failure. Additionally , for 
long heat pipes, Rcase is of diminishi ng significance compared with 
the thermal resistance due to viscous drag. For large heat pipes, the 
attractive mechanical properties of titanium, such as the density to
stiffness ratio, and fracture toughness, are increasingly important.
Titanium heat pipes have been used previously in space applica- 
tions, where weight is critical [9,14].

The multiscale fabricatio n capability of titanium is another 
attractive feature: it can be (1) macromachined using traditional 
machining processes , (2) microfab ricated using micropatterne d
masks and wet or dry etching, and (3) hermetically laser welded 
[15,16]. Additional processin g described in the following section 
can add a nanostructu red coating to the wick. Titanium is highly 
compatible with water, which is the best working fluid for our 
applications . Titanium is therefore a well-suited material for heat 
pipes that require a cm to meter scale envelope, a lm to mm scale 
wick, with a nm scale porous coating.

2.2. Super-wetting surface: NST 

Wettability of the titanium-w ater interface is an important fac- 
tor in wicking velocity, which drives heat flow rate. To improve 
wettability, and decrease effective contact angle to near zero, a
nanoscale super-wetti ng surface treatment was integrated with 
the wick design. We previously develope d a process by which tita- 
nium can be oxidized with heated hydrogen peroxide to yield a
highly porous surface we term Nano-Str uctured-Titani a (NST)
[17], with pore features on the order of 100 nm (Fig. 1). NST 
substanti ally improves wettability; we have shown that adding a
NST coating to a microscale wick can increase wicking velocity 
by 70% [13]. Higher wicking velocity will lead to higher heat flow
rate, and better performanc e. The porous coating is also expected 
to improve performanc e through improved evaporati on, as previ- 
ous work with porous coatings on grooved wicks demonstrat ed
[10–12]. The integration of a semi-porous titania coating on a
grooved titanium wick in a titanium envelope presents a elegant 
heat pipe that is potentially lightweight, strong, efficient, and long 
lasting.

2.3. Geometry and assembly 

The Ti-TGP is designed in two titanium pieces: wick and back- 
plane. The wick substrate is processed, first through etching to cre- 
ate the micro-scale wick structure, and then through NST process 
described above, to create nanoscale structure. The backplan e with 
vapor chamber, mounting holes, and feed-through holes, are 
macro-mach ined. Wick and backplane are hermetically sealed to- 
gether with pulsed laser welding. Modified titanium SwagelokTM

fittings are welded on access holes in the backplane for the purpose 
of fill ports. Although only one port is ultimately required, proto- 
type designs included two ports for flexibility. Assemble d device 
is shown in Fig. 2.

2.4. Wick design 

The wick design is based on manufacturing constraints, simula- 
tion, and testing. It consists of a microscal e groove structure over- 
laid with nanoporous titania (Fig. 1). For the small-scale Ti-TGP 
develope d earlier, we used an array of pillars [13,17,18], but for 
this large-scale heat pipe, grooves were chosen. In this section,
we optimize microscale groove dimensions g (groove width), hf

(groove depth) and d (distance between grooves) in a wick of
length L and width w.

The purpose of the wick is to return liquid from the condenser 
to the evaporator through capillary force (and gravitational force,
in reflux orientation) and against viscous drag. In order to discover 
the optimum geometry to balance these forces and yield highest 
heat flow rate, and with foundation from [18] and [6], we devel- 
oped a model to balance capillary pressure drop with pressure 
drop due to viscous drag, and maximize heat flux (details in sup-
plementa ry material ):

_Qheat;max ¼
2whfgbDPcap=Lþ ðqf � qgÞgxc
ðlf =qf hf K þ 12lg=qgh3

gÞ
ð1Þ



(a)

(b) (c)

Fig. 1. Cross sectional diagram of Ti-TGP design (not to scale; center section omitted). The Ti wick substrate with etched wick is laser welded to the Ti backplane, with 
recessed vapor chamber. A heat sink can then be mounted to the left hand side (condenser region) while heat sources are mounted between strengthening ribs in the 
evaporator region. Under operation, water fills the wick, evaporating above the heat sources, and condensing at the heat sink. SEM of multiscale Ti/TiO 2 wick, cut to show 
cross sectional profile. Etched grooves in Titanium substrate are 250 lm deep � 350 lm wide. The etch process creates surface roughness (visible striations) on the order of
1–5 lm. (c) The titanium is oxidized to produce the NST structure, which has features on the order of 100 nm. This creates a super-hydrophobic surface, which improves the 
wetting characteristics of the wick structure.

Fig. 2. Ti-TGP, top and bottom views. The TGP was constructed by laser-welding the wick (bottom view) to a machined backplane with vapor cavity (top view). The backplane 
has two fill-ports, mounting holes around the edge, and feed-through holes for electrical access through the center. Bottom view shows support ribs to prevent bowing under 
vacuum, and feed-throughs in evaporator section, which are replaced with solid welded posts in condenser section. Heaters or chips will be mounted between support ribs.
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where hfg is the latent heat; qf, qg , lf, and lg are the liquid and gas 
densities and viscositi es; and gx is gravity. The wick permeabilit y is

K ¼ 1

2h2
f ðgþdÞ

X1
n¼0

1
k5

n

kng�sinhkng� 1�coshkng
sinhkng

� �
ðcos hkng�1Þ

� �( )
ð2Þ

where kn = (2n + 1)p/2hf, n > 1. We use liquid and vapor properties at
60 �C; gx = 0 (horizontal orientation ); and hf = 200 lm (reasonable 
maximu m etch depth for our current proces s). We then can then 
optimize wick dimensions d and g by calcul ating maximum heat 
flow rate for: 50 lm 6 d 6 500 lm and 50 lm 6 g 6 500 lm. These 
ranges were constrained based on microfabri cation capability. Fig. 3
shows contour s of maximum heat transfer rate for this paramete r
space. Therefore, to obtain the greatest heat transfer rate in horizon- 
tal orientation , we use hf = 200 lm, g = 350 lm, d = 50 lm for the 
groove geometry , which gives a maximum heat flow rate of



Fig. 3. Numerical simulation results: level curves of maximum heat transfer Qmax as
a result of the capillary limit, for operation in the horizontal orientation. Results are 
plotted for 200 lm groove height, which yields much higher heat flux than 100 lm
groove height (not shown). These results, as well as fabrication limitations, resulted 
in wick design parameters h = 200 lm, g = 350 lm, d = 50 lm. Inset shows groove 
parameter nomenclature.
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500 W. In the reflux (vertical) orientation , capillary pressure is less 
important , and maximum heat flow rate increases steadily with 
gap, with less dependenc e on groove separation, d. With the same 
groove dimens ions, in the vertical orientation , the maximum heat 
flow rate is estimated to be Qmax,capillary = 6000 W. From analysis of
entrainm ent, boiling, and sonic limit (supplemen tary material ), we
expect the heat flow rate to be limited by capillary pressure in hor- 
izontal operation , and by entrainmen t in vertical operation .
2.5. Charging 

The TGP charging station was designed to allow precise filling of
the TGP with optimum water volume such that at the target oper- 
ating temperature, there is sufficient liquid volume to wet the 
wick. This is difficult to calculate a priori due to the variable menis- 
cus in groove, and to areas with unpredictab le flooding or dryout,
such as fill ports, or internal support structures. The fill volume 
was therefore optimized via trial and error. It is also essential to
avoid introduct ion of any noncondensible gasses, as they will par- 
tially block the TGP operation and result in lower heat flow rate.
The TGP charging manifold was designed to minimize nonconden- 
sible gas by incorporating water-degas cycles, and pre-fill evacua- 
tion of the TGP. The TGP is evacuated to 4 mTorr prior to filling;
deionized water is degassed through three freeze-pu mp-thaw cy- 
cles. The water is forced into a graduated burette through a combi- 
nation of pressure and temperature different ials, and then a
precise volume is bled into the TGP.

A custom copper-nickel fill tube was swaged to a modified tita- 
nium SwagelokTM fitting welded to the TGP. The pinched seal, and 
the entire TGP are hermetic; weight of the TGP has not decreased 
over 3 months of moderate testing. An initial fill volume of
5.2 mL resulted in premature dryout, and so the device was re- 
charged with a fill volume of 7.2 mL, resulting in better perfor- 
mance. Future optimizati on of fill volume may further improve 
performanc e.
3. Thermal test setup 

The Ti-TGP was tested at UCSB and at an independen t testing 
facility located at the Army Research Laborato ry (ARL) in Adelphi 
MD. The UCSB test setup (Fig. 4) was designed to approximat e
operating conditions, with accommodations for budget, versatility,
and extra diagnost ics. For example, only 8 of the 24 mounting 
strips were used. Each mounting strip is designed to accommodate 
a row of IC’s, but in the UCSB test set, a cartridge heater embedded 
in an aluminum heater block is used instead. Thermocoupl es
embedde d in the block allow heat flow rate monitoring. Cooling 
was supplied by a laborator y water chiller in combinati on with a
4-pass cold plate, interfaced to the Ti-TGP via a
76 mm � 76 mm � 6 mm copper block.

Thermal paste (Arctic Silver 5) was used at all interfaces be- 
tween the TGP and the test set. The thermal resistance at the inter- 
face was estimate d using manufacturer’s data for thermal 
conductivity (k = 8.7 W/m K) and an estimated effective contact 
layer thickness t = 500 lm. The contact resistance was estimated 
Rc = t/k � 500 m2K/W. Although this order of magnitude estimate 
was confirmed through testing of a metal plate of known thermal 
conductivity , tests also demonst rated Rc can change by a factor of
10 or more with slight adjustment s in mounting. In particular, be- 
cause the wick was somewhat flexible, the degree of contact be- 
tween the TGP and the test set increased with TGP internal 
pressure , which increased with temperature . As a result, it was dif- 
ficult to determine contact resistance accurately.

Thermocoupl e temperatures were acquired using a National
Instrume nts data acquisition platform (compact DAQ), and re- 
corded via a Labview program every 10 s. Cooling water remained 
constant temperat ure through each test, while heater voltage was 
incremen tally increased. Each data point shown below was taken 
after test set and TGP had reached steady temperat ure, after 10–
15 min.
4. Results & discussion 

4.1. Thermody namic diagnostics: vapor temperat ure 

Under ideal conditions, a heat pipe contains only liquid and 
vapor water under saturated conditions, where the pressure 
and temperature are related by the water saturation curve. Inter- 
nal pressure variations vary slightly due to viscous drag and cap- 
illary pressure, and are small compared with the internal 
thermod ynamic pressure. If the internal pressure is approxi- 
mately uniform, then the adiabatic region of the TGP will be iso- 
thermal The TGP vapor temperature is estimated by measuring 
the case temperature using thermocoupl es fastened to the top 
surface of the TGP.

The results for operation in flat orientation (Fig 5) indicate that 
the temperat ure profile is approximately isothermal along the 
length of the TGP, except at the extreme edges. Temperatur e at
the coldest end of the condenser is lower. This may be due to an
accumulation of noncond ensible gas (NCG), which is not con- 
strained to the saturation temperature, but can range between 
the condenser and vapor temperature s. The temperature drop at
the distal end of the condenser is much smaller for higher vapor 
temperat ure. This is presumably because lower temperature re- 
sults in lower thermod ynamic internal pressure, allowing the 
NCG to expand in the condenser end. Heat transfer is minimal 
where NCGs flood the condenser surface, and so the NCG and the 
TGP top surface above it, are colder. An improved method for elim- 
inating NCGs would be advantageous. The evaporator temperature 
at the edge of the TGP for the highest heat flow rate, 220 W, indi- 
cates dryout, and the presence of super-heate d steam. In this case,
the capillary pressure of the wick was not sufficient to overcome 
viscous pressure drop. These vapor temperature measureme nts 
along the heat pipe allow confirmation of saturation condition s,
and a diagnostic tool for the Ti-TGP.



Fig. 4. UCSB test set thermocouple (TC) position and nomenclature. TC’s Tv1�7 are taped to the top of the TGP; Heater thermocouples (Ta, Tb) are glued in holes drilled into the 
heater risers. The riser top temperature Tji is calculated based on extrapolation from the riser thermocouples Tai, Tbi. TGP junction temperature Thi is then calculated assuming 
a thermal paste contact resistance.

Fig. 5. Vapor temperature along the length of the Ti-TGP, in the 0� (flat) orientation.
Temperature drop at cold end is much more pronounced than in the previous figure,
as volume of noncondensible gas is larger at lower temperature and pressure. At
220 W, the temperature of the evaporator end rises steeply, indicating dryout.
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4.2. Performance metric: thermal conductiv ity 

Although the Ti-TGP cannot strictly be evaluated using thermal 
conductivity , because the temperature profile is not linear, for 
Fig. 6. Effective thermal conductivity assuming an empirically derived contact 
resistance (Rc = 5 � 103W/K). Lower error bar extends to Rc = 0; upper error bars 
extend to Rc = 7.5 � 103W/K. We conservatively estimate the effective conductivity 
lies in this range.
comparis on purposes, it is helpful to define an ‘‘effective’’ thermal 
conductivi ty:

keff ¼ QLeff =ðThot � TcoldÞATGP; ð3Þ

Q is heat flow rate, approximat ed with electrical power; Leff is effec- 
tive length (19 cm), Thot and Tcold are evaporat or and condenser 
charac teristic temperatur es and ATGP is the cross-sectio nal area of
the TGP.

Thermal conductivities of the Ti-TGP were measured in both 
test sets in the vertical orientation, assuming zero or finite contact 
resistance, and are shown in Fig. 6. Effective thermal conductivi ty
ranges from about 3000 to 8000 W/m K, depending on the applied 
power, and contact resistance assumptions , for the heat flow rate 
range 300 W < Q < 1200 W. This emphasizes the fact that effective 
thermal conductivity cannot be a universal standard measure ment 
for heat pipes, as it is for homogeneous materials. Neverthel ess, we
can understand some important trends. For low heat flow rate, the 
Ti-TGP is less efficient at moving heat, resulting from the lower va- 
por mass density associated with lower vapor temperature , and 
that noncond ensible gas occupies a larger volume of the vapor 
chamber. Performance can also decrease if the heat flow rate is
too high, due to local wick dryout.

5. Conclusion s

We have developed a titanium-ba sed flat heat pipe, Ti-TGP, that 
measure s 40 cm long � 7.6 cm wide � 5 mm thick, weighs 500 g,
with an effective thermal conductivity of k = 5000–8000 W/m K.
When combined with a cooler such as a high efficiency heat sink,
the Ti-TGP is capable of removing up to Q = 1 kW of power from 
mounted chips, or about Q = 500 W of power if chip surface tem- 
perature is limited to 100 �C. The titanium material is well suited 
for many heat pipe applications, because it has a high strength- 
to-weight ratio, high fracture toughnes s, corrosive resistant in
harsh conditions, and is highly compatible with water. In addition,
it is the only material that can be microfabricate d, macro-ma- 
chined, and hermetically welded. The titanium-ba sed thermal 
ground planes are applicable to high-perform ance applicati ons,
where large scale, lightweight, and high performance thin, flat
thermal ground planes are important.
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Appendix A. Supplemen tary data 

Supplement ary data associate d with this article can be
found, in the online version, at http://dx.doi .org/10.1016/ 
j.ijheatmasstr ansfer.2013.01.064 .
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