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Abstract

In this study, the coating process on the copper surface with titanium dioxide (TiO2) has been introduced. The coated surface exhibits
extremely high affinity for water and the solid–liquid contact angle decreases nearly to zero by exposing the surface to ultra-violet light.
This superhydrophilic characteristic was applied to nucleate boiling heat transfer of water jet impingement on a flat heated plate. By
making use of this special heat transfer surface, the nucleate boiling heat transfer and the critical heat flux (CHF) of a bar water jet
impingement on a large flat superhydrophilic surface was experimentally investigated. The experimental data were measured in a steady
state. The purified water was employed as the working liquid. Three main influencing factors, i.e., subcooling, impact velocity and the
surface coating condition, were changed and their effects on the nucleate boiling heat transfer and the CHF were investigated. The empir-
ical correlations were obtained for predicting the CHF of steady boiling for a small round water jet impingement on a large flat super-
hydrophilic surface. The experimental results show that the CHF on the superhydrophilic surface is about 30% higher than that on
conventional copper surface by decreasing the solid–liquid contact angle.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2), one of the photo catalysts, has
recently come into the spotlight because of its very attrac-
tive nature. One of its marvelous natures, which was
discovered quite recently by researchers, is the superhydro-
philicity [1]. When the surface coated with TiO2is irradiated
by ultra-violet light, the solid–liquid contact angle for
water decreases with time and finally reaches almost zero.
This nature has various practical applications in the heat
transfer field. By making use of the superhydrophilic heat
transfer surface, the heat transfer characteristics of
liquid–vapor phase change phenomena like boiling can be
enhanced by ultra-violet irradiation [2,3].
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The mechanism of super hydrophilicity is divided into
three processes [1]. In the first process, when the surface
of TiO2 is irradiated by ultra-violet light, a pair of electron
and hole is created by excitation. hm ? e� + h+. In case of
usual photocatalytic reaction, this electron-hole pair reacts
with oxygen or water that are adhering to the surface and
then produce superoxide radical anions ð�O�2 Þ and hydroxyl
radical (�OH). However, in case of photo-induced superhy-
drophilicity, TiO2 crystal surface itself is reduced and oxy-
gen vacancy is created. e� + Ti4+ ? Ti3+, 4h+ + 2O2�?
O2. Ti3+ is immediately oxidized by oxygen in the air
and, on the other hand, oxygen vacancy bonds water mol-
ecule in the air. Finally, hydroxyl group (OH) is created on
the surface and this acts as chemisorbed water layer.

Water jet cooling has been widely used in the iron or
steel industry, nuclear power processes and many micro-
electronic devices manufacturing and thermal management
processes. For liquid boiling jet impingement on the hot
plate, the assessment of the CHF is very important to
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Nomenclature

cp,l specific heat (J/kg K)
D diameter of heat transfer surface (m)
d diameter of jet nozzle (m)
G mass flux of liquid jet (kg/m2 s)
h heat transfer coefficient, (W/km2)
hfg latent heat of evaporation (J/kg)
L the sampling length
Nu Nusselt number, Nu = hd/k
q wall hat flux (W/m2)
qc,0 CHF of saturated water (W/m2)
qc CHF of subcooled water (W/m2)
Pr Prandtl number
Re Reynolds number, Re = vd/m
Ra Average roughness, Ra ¼ 1

L

R L
0 jZðxÞjdx

Rq standard roughness, Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
L

R L
0 ZðxÞ2 dx

q
Z the ordinate of the profile curve
DTsat wall superheat (K)
DTsub subcooling of water (K)
v impact velocity of jet flow at nozzle exit (m/s)
x axial position in the copper block (M)
Z orthogonal position (M)
k thermal conductivity (W/m2 K)
m kinematics viscosity (m2/s)
r surface tension (N/m)
ql liquid density (kg/m3)
qv vapor density (kg/m3)
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understand the burnout phenomenon in nucleate boiling
and represents the largest cooling capacity for the jet cool-
ing. Many researchers have proposed a lot of semi-theoret-
ical semi-empirical correlations for predicting the boiling
heat transfer in nucleate and film boiling regimes, and the
CHF for water jet impingement on conventional metal
plates [4–17]. The geometries of a liquid jet impinging on
a horizontal hot plate can be divided into two modes.
One mode is the free surface jet, in which a large heated
disk or rectangular plate is cooled by a small liquid jet
and the ratio of the heated disk diameter to the nozzle
diameter is much larger than unity. Another mode is the
stagnation surface jet, in which the ratio of the heated disk
diameter to the nozzle diameter is less than unity or equal
to unity, and the heat transfer surface is in the jet stagna-
tion zone. In the past two decades, for the free surface
jet, the studies associated with the CHF of saturated and
sub-cooled liquids on the conventional metal surface have
been performed extensively. The typical empirical correla-
tion was proposed by Monde [4] for predicting the CHF
of saturated liquids as below,

qc0

GH fg

¼ 0:0757
qv

ql

� �0:275 rql

G2d

� �1=3
1

1þ 0:00113 D=dð Þ2
ð1Þ

In the subsequent research, Monde [7] has proposed an
empirical correlation for predicting the CHF of the sub-
cooled liquids as below,

qc

qc0

¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4CJa
p
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:
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Up to now, the research about the free surface jet has con-
fined to the conventional surface and has not considered
the effect of the solid–liquid contact angle on the critical
heat flux. Only Liu [18] reported the effect of the superhy-
drophilic surface on the critical heat flux of jet boiling at a
stagnation zone. The study on the effect of the solid–liquid
contact angle on the jet boiling is very insufficient.

Take the previous studies into consideration; an experi-
mental study was carried out to investigate jet boiling heat
transfer characteristics on the superhydrophilic surface
under the free surface condition in this study. The main inter-
est was focused on the effect of the solid–liquid contact angle
on the nucleate boiling and the CHF points. The boiling heat
transfer and the CHF on the conventional copper surface,
the TiO2 coated surface and the superhydrophilic surfaces
(TiO2 coated surface under the exposure of ultra-violet light)
were compared with each other. Three influencing parame-
ters, subcooling, impact velocity and the contact angle, were
changed and their effects on the nucleate boiling and the
CHF were systemically studied. the empirical correlations
were obtained for predicting the nucleate boiling heat trans-
fer coefficient and the CHF on the superhydrophilic surface.
2. Coating process

The superhydrophilic surface was made by the dipping
method in the coating process. In the dipping method,
TiO2 colloid was used. The specimen is a copper block.
Prior to dipping, the specimen is cleaned and dried. The
heat transfer surface was polished to mirror finish and
washed by hydrochloric acid and then by the acetone and
ion-exchanged water. When the surface becomes dry, the
specimen is dipped into TiO2 colloid then extracted slowly.
After this dipping process, the specimen, hydrolyzed in the
moist air for 24 h, is put into the muffle and heated to
450 �C by a heating velocity of 5 �C per minute. The spec-
imen is heated for an hour in the muffle and allowed to cool
slowly. The thickness of the coated layer was measured by
an interferometer. The thickness was about 1 lm. The TiO2

coated surface will produce superhydrophilic characteristic
after being exposed to ultra-violet light gradually. After
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2 h, the superhydrophilic characteristic remains stable and
the surface wettability would not change any more.

The contact angle is measured by means of sessile drop
method in room temperature. The specimen is irradiated
with ultra-violet lights of the peak wavelengths between
275 nm and 315 nm. For the superhydrophilic surface,
the water drop would entirely expand on the superhydro-
philic surface and covered the whole surface. Therefore,
the accurate value of the contact angle cannot be obtained.
However, it can be confirmed that the contact angle on the
superhydrophilic surface is close to zero. When there is no
ultra-violet light, the contact angle on the TiO2 coated sur-
face is between 20� and 40�, while the contact angle on the
copper surface is between 40� and 70�. Afterwards, the
TiO2 coated surface under the ultra-violet light is named
as the superhydrophilic surface and the TiO2 coated sur-
face not exposed under the ultra-violet light is named as
the TiO2 coated surface.
Fig. 1. Roughness profiles and microphotographs of the co
The different ultra-violet luminous intensities were used
for irradiating the TiO2 coated surface. It is found that the
luminous intensity has no effect on the contact angle. on
the other hand, the effects of the thickness and non-unifor-
mity of the TiO2 coated layer on the wettability also have
not been found in the prior test.

By making use of atomic force microscope, the surface
roughness on the conventional copper surface and the
TiO2 coated surface can be measured. the pictures of sur-
face roughness are shown in Fig. 1. In addition, the 2d
and 3d microphotographs of the two surface states are also
shown in Fig. 1.

As to the copper surface, the average surface roughness
Ra = 194.01 nm and standard surface roughness Rq =
254.93 nm. However, for the TiO2 coated surface, Ra =
106.61 nm and Rq = 130.92nm. It is found that the rough-
ness on the TiO2 coated surface is significantly less than
that on the copper surface.
pper surface (left) and the TiO2 coated surface (right).



Fig. 3. Schematic diagram of test box.
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3. Experimental procedure

Fig. 2 shows the schematic diagram of the experimental
apparatus. It mainly consisted of the water tank, the test
box, the circulation system of the test liquids, the measur-
ing devices and the electric power supply. Fig. 3 shows the
schematic diagram of the test box. Ion-exchanged water
was used as the working liquid. Before the test run starting,
the temperature of water was firstly increased to a set value
by an auxiliary heater in the water tank and the coated sur-
face was exposed to the ultra-violet light for 2 h. When the
test run started, the water was drained from the water tank
by a pump, passed through a regulating valve and a flow
meter, flowed into the jet nozzle made of a quartz glass
tube, in which the temperature of the water was finally
measured by a thermocouple. The distance between the
heat transfer surface and the nozzle was fixed at 5.0 mm.
The heated block was a vertical copper bar having
50 mm diameter and 120 mm height, whose top surface
was a smooth, horizontally circular heat transfer surface.
The copper bar was heated with a ribbon electric heater
(main heater), which was twisted outside of the copper
bar. The superhydrophilic surface heat transfer surface
was coated with TiO2. The isinglass sheet was used as the
insulator between the copper bar and the main heater.
Fig. 2. Schematic diagram of t
The copper bar was placed in a thick ceramic tube; another
ribbon electric heater (auxiliary heater) was twisted outside
of the ceramic tube to prevent the heat losses from the cop-
he experimental apparatus.



Fig. 4. Layout of measuring thermocouples in copper block (unit: mm).

Table 1
Experimental conditions

Experimental parameters Value of parameters

Test liquid Ion-changed water
Reynolds number of jet flow (Re) 2.5 � 104–4 � 105

Heating condition Steady
Wavelength of ultra-violet light 275–315 nm
Test pressure Atmospheric pressure
Jet impact velocity, v (m/s) 0.5–6.5
Diameter of nozzle, d (mm) 4
Diameter of heat transfer surface, D (mm) 20
Subcooling, DTsub (K) 0–74
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per bar. Fig. 4 shows the layout of measuring thermocou-
ples in the copper block. The horizontal heat transfer sur-
face with diameter of 20 mm was used in this experiment.
In the upper column of the copper bar, three 1.0 mm/£
thermocouples were horizontally inserted at the center
axial line of the copper bar. The distances between the ther-
mocouples were 3.0 mm and the distance between the top
thermocouples and the heat transfer surface was 2.0 mm.
Signals from the thermocouples mounted in the copper
bar were measured by a digital voltmeter (Agilent-
34950 A) and then fed into a computer, which converted
them to the wall temperatures and wall fluxes by using a
steady one-dimensional thermal conduction equation along
the vertical direction. One of them was fed into a PID tem-
perature controller as a feedback signal, which adjusted the
power supply. In the tests, the electric power of the auxil-
iary heater was carefully adjusted to prevent the heat losses
from the main heater. The test box, which was made of
stainless steel, had a diameter of 250 mm and a height of
200 mm. The space inside the test box was filled by asbes-
tos. All of the measurements were performed in the steady
state, the temperatures and heat fluxes of the heat transfer
surface were calculated from the temperature differences
between two thermocouples mounted on the center axial
line of the copper bar. A monitor thermocouple inserted
at the bottom of the copper bar was connected to a temper-
ature controller that prevents the maximum temperature of
the copper bar from exceeding 750 �C. Our prepared exper-
iment and other concerning studies have shown that the
boiling heat transfer coefficients either in the stagnation
zone or in the free flow zone were the same for a jet boiling.
Therefore, the boiling heat transfer characteristics on the
whole heat transfer surface can be represented by that on
the stagnation point. In the present experiment, three ther-
mocouples were mounted on the upper column of the cop-
per bar, as shown in Fig. 3. The temperature distributions
showed very well linear relationship. Therefore, the one-
dimensional heat conduction in the vertical direction satis-
fied in the upper column of the copper. Furthermore, the
numerical simulation that has been carried out by previous
researchers has also verified this conclusion.

During each run, electric power was increased gradually.
The computer not only measured the wall temperature and
wall heat flux instantaneously, but also gave an alarm when
the wall temperature increased quickly and did not attain a
steady state. Such an alarm means that the boiling crisis
has occurred; therefore, the electric power was automati-
cally cut off. After the boiling crisis occurred, the test was
repeated from the steady state of the former time, the out-
put electric power increased slowly by an increment of 1%
of the electric power of the former time. When the boiling
crisis occurred again, the test was stopped and the wall heat
flux of the former time was determined as the CHF.

Table 1 shows the experimental conditions. In this
experiment, the impact velocity ranged from 0.5 to 6.5 m/
s, and, the wave of the impact velocity was limited within.
±4%. The diameter of the heat transfer surface was 20 mm,
and the diameter of jet nozzle was 4 mm, respectively. The
calibration errors of the thermocouples were less than
0.2 K. The maximum location deviation between thermo-
couples was about 0.01 mm. The maximum deviation of
calculated thermal conductivity was estimated as 2%. The
maximum uncertainties of the wall superheat and wall heat
flux were about 4% and 6%.

4. Results and discussion

Figs. 5 and 6 show respectively the experimental data of
the nucleate boiling regime for the saturated water and the
subcooled water jet impingement on the superhydrophilic
surface for the impact velocity ranging from 1 to 6 m/s.
As a comparison, the empirical correlation by Wolf et al.
[10] for predicting the jet boiling heat transfer of water
on a stainless steel surface was also shown in Figs. 5 and 6.

q ¼ 63:7DT 2:9
sat ½W=m2 K� ð3Þ

The jet boiling experiment of water on the copper surface
was also carried out in the present study. The experimental
data agreed reasonably well with Eq. (3). Therefore, in
Figs. 5 and 6, the calculated values from Eq. (3) may de-
note the jet boiling heat transfer on the copper surface.



10 1 10 2
103

104

E
q.

(4
)

Pool boiling CHF

E
q.

(3
)

q 
/ k

W
 m

-2
 

ΔTsat / K

Saturated water
 v=1 m/s
 v=2 m/s
 v=4 m/s
 v=6 m/s

Fig. 5. Boiling curves of saturated water jet on the superhydrophilic
surface with different velocity.

Pool boiling CHF

ΔTsat / K
101 10 2

103

10 4

E
q.

(4
)

3x10 4

E
q.

(3
)

q 
/ k

W
 m

-2
 

Subcooled water 
ΔTsub=74 K 

 v=1 m/s
 v=2 m/s
 v=4 m/s
 v=6 m/s

Fig. 6. Boiling curves of subcooled water jet on the superhydrophilic
surface with different velocity.

100 101

Eq.(5
)4x103

8x103

2x103

Eq.(1
)

4x10-1

Saturated water
d=4mm, D=20mm

 Superhydrophilic surface
 TiO2 coated surface
 Copper surface

q co
 / 

kW
 m

-2

v/ ms-1

Fig. 7. The CHF of saturated water jet impingement on superhydrophilic
surface with different velocities.

1688 Y.-h. Qiu, Z.-h. Liu / International Journal of Heat and Mass Transfer 51 (2008) 1683–1690
It is found that the nucleate boiling incipience on the
superhydrophilic surface is greatly delayed. The experimen-
tal range mainly belongs to the forced convective regime.
In the fully developed nucleate boiling regime, the boiling
curves are quite steep. To each velocity, the superheat cor-
responding to the CHF lies in a narrow range from 50 to
55 K. The boiling curves resulted from the different veloc-
ities essentially converge into a steep line. The superhydro-
philic surface plays an important role to the jet boiling heat
transfer characteristics.

In the author’s previous study [18], which experimen-
tally investigated the nucleate boiling heat transfer charac-
teristics of a round water jet impingement in a flat
stagnation zone with the same size as the jet nozzle on
the superhydrophilic surface, the following empirical corre-
lation was proposed and it could well predict the nucleate
boiling heat transfer of water jet on a superhydrophilic sur-
face on a stagnation zone.
q ¼ 2:8� 10�9 � DT 9
sat ð4Þ

The present experimental data from the free surface jet sys-
tem which has a small jet nozzle and a large heat transfer
surface still can agree well with the predictions of Eq. (4)
within the relative errors of ±6%. Therefore, it is confirmed
that the formation of jet (free surface jet or stagnation zone
jet) has no any effect on the nucleate boiling characteristics
on the superhydrophilic surface.

Fig. 7 shows the compared results of the CHF data of
the saturated water jet boiling among the superhydrophilic
surface, the TiO2 coated surface and the copper surface.
According to the Eq. (1), we have known that there exists
a function relation between qc,0 and v for the saturated
water jet on the conventional metal surface. No matter
for the superhydrophilic surface or for the TiO2 coated sur-
face, it is found that there still exists a same relation
between the CHF and v as for the conventional metal sur-
face. Therefore, the form of Eq. (1) is still available for the
superhydrophilic surfaces. The difference is that the CHF
on superhydrophilic surface is about 30% higher than that
on the conventional metal surface. Therefore, for the
superhydrophilic surfaces, using a least square fit within
the relative errors of ±5%, the CHF predicting correlation
can be presented as the follow.

qc0

GH fg

¼ 0:0985
qv
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� �0:275 rql
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1

1þ 0:00113 D=dð Þ2
ð5Þ

Fig. 8 shows the experimental data of the CHF for sub-
cooled water jet impingement on the superhydrophilic
and copper surfaces with different velocities. Similar to
the case for the saturated water jet boiling, for the sub-
cooled water jet boiling, there still exists a good propor-
tional relation between the CHF of the superhydrophilic
and copper surfaced. The CHF on the superhydrophilic
surface is about 30% higher than that on conventional me-
tal surface for the different velocities and subcooling in the
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test range. Therefore, the effects of the superhydrophilic
surface on the CHF are the same either for saturated water
or for the subcooled water.

Fig. 9 shows the comparison of the CHF data of the
subcooled water jet on the superhydrophilic surface with
Eq. (2) for different subcoolings. Here, the qc and qc,0

respectively denote the CHFs of the subcooled water and
the saturated water on the superhydrophilic surface. Eq.
(2) correlates the CHF data with the maximum relative
errors less than 5%, and can still be used for predicting
the CHF of the subcooled water jet boiling on the superhy-
drophilic surface. Since the CHF on the superhydrophilic
surface increases 30% than that on the copper surface
either for saturated water or for the subcooled water at
the fixed flow parameters, Eq. (2) can be naturally
employed for predicting the CHF on the superhydrophilic
surface.

For a stagnation zone jet, the CHF on the superhydro-
philic surface is about 50% higher than that on common
ΔTsat / K
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Fig. 9. The effect of subcooling to the CHF on the superhydrophilic
surface.
copper surface [8]. It is confirmed that the formation of
jet has great effect on the increase of the CHF. The reason
should be from difference of the flow construction.

To the pool boiling, it has been well known that the
CHF is increasing with the decreasing of the solid–liquid
contact angle. The mechanism has been theoretically dis-
covered by many researchers [19–21]. But to jet boiling,
the relationship between the contact angle and the CHF
may be more complicated than that of pool boiling. We
suggest that for the superhydrophilic surface, as in the pool
boiling, the infiltration capability toward the liquid subfilm
on the heat transfer surface is increasing. Therefore, the
great CHF is needed for occurring boiling crisis.

The solid–liquid contact angle is the function of both the
physical properties of the solid surface and the working
liquid. Almost all of the researchers carried out the various
jet boiling experiments by making use of conventional
metal heat transfer surface such as copper, stainless steel
etc. Therefore, for the conventional metal surface, the solid
surface physical properties are basically constant, and the
contact angle mainly depends on the physical properties
of working liquids. Namely, the magnitude of contact
angle can be represented as a function of the surface ten-
sion of liquids. The effect of the different contact angle
between the high wettability liquids and weak wettability
liquids on the CHF may be represented as the effect of
the surface tension. However, for the superhydrophilic sur-
face, the contact angle not only depends on the liquid phys-
ical properties, but also depends on the surface physical
properties. Therefore, the contact angle is a special param-
eter. Its effect cannot be included only in the effect of sur-
face tension. To understand the combined effects of both
the surface physical properties of solid surface and working
liquids, a lot of further work is needed.

5. Conclusions

An experimental investigation was carried out for pre-
dicting CHF of a bar water jet impingement on a large flat
superhydrophilic surface. The following conclusions were
obtained.

1. The superhydrophilic surface can significantly increase
the CHF of water jet boiling on a flat heat transfer sur-
face under the free surface jet condition., because it
remarkably decreasing the solid–liquid contact angle.

2. The superhydrophilic surface delays greatly boiling
incipience and worsen the boiling heat transfer in the
fully developed nucleate boiling regime.

3. The qualitative effects of the impact velocity and the
subcooling of water on the CHF for the superhydrophil-
ic surface are the same as that for the conventional cop-
per surface. However, the CHF on the superhydrophilic
surface is about 30% higher than that on conventional
copper surface.

4. The empirical correlations (4) and (5) are obtained for
predicting the fully developed boiling heat transfer and
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the CHF of steady boiling for the saturated and sub-
cooled water jet impingement on the flat superhydro-
philic surface.
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