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Abstract

An experimental investigation was carried out for predicting the critical heat flux (CHF) of convective boiling of
saturated liquids for a round jet impinging on the horizontal jet stagnation zone. The model of maximum liquid subfilm
thickness based on the Helmholtz instability was used to derive a semi-theoretical equation. The experimental data of
four liquids: water, ethanol, R-113 and R-11 were employed to determine the correlation factor. The impact velocity
ranged from 0.5 m/s to 10 m/s and the diameters of the jet nozzle ranged from 3 mm to 10 mm. A semi-theoretical cor-
relation was proposed for predicting CHF of convective boiling for saturated liquids jet impinging on the stagnation
zone in a wide range.
� 2005 Published by Elsevier Ltd.
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1. Introduction

Liquid jet impinging cooling of hot plate, as a highly
effective cooling method, has been widely used in iron
and steel industry, nuclear power process and many
microelectronic devices making and thermal manage-
ment processes. According to the ranges of plate temper-
atures, the heat transfer modes may be divided into
forced convection, nucleate boiling, transition boiling
and film boiling. For liquid jet impinging boiling on
the hot plate, the assessment of the critical heat flux
(CHF) is very important to understand the burnout phe-
nomenon in nucleate boiling and represents the largest
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cooling capacity for the jet cooling. The geometries of
a liquid jet impinging on a horizontal hot plate can be
divided into two modes. One mode is the free film flow
as shown in Fig. 1(a) named as the mode A in this paper,
in which a great 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. In general, for this geometry condition, the jet
impinging cooling experiments can be only carried out
for the forced convection and nucleate boiling heat
transfer regimes. After the boiling critical crisis oc-
curred, the heat-transfer surface would be divided into
two zones of the jet stagnation zone and dry-out zone
and hence the temperature and heat flux of the heat-
transfer surface would be not uniform. The second mode
is the stagnation jet flow as shown in Fig. 1(b) named as
the mode B in this paper, in which the heat-transfer sur-
face and the jet nozzle have a same diameter and the
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Nomenclature

c correlation factor (–)
d diameter of jet nozzle or the heated surface

in mode B (m)
dn diameter of jet nozzle in mode A (m)
D diameter of the heated surface in mode A

(m)
g gravitational acceleration (m s�2)
G mass flux of liquid jet, qlV (kg m�2 s�1)
h heat transfer coefficient (W m�2 K�1)
hfg latent heat of evaporation (J kg�1)
q wall heat flux (J m�2 s�1)
qc,0 critical heat flux for saturated liquid

(J m�2 s�1)
P pressure (Pa)

Pr Prandtl number (–)
v impact velocity of jet flow at nozzle exit

(m s�1)

Greek symbols

DT wall superheat (K)
k thermal conductibility (W m�1 s�1)
m cinematic viscosity (m2 s�1)
q density (kg m�3)
r surface tension (N m�1)

Subscripts

l liquid
v vapor
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heat-transfer surface is in the jet stagnation zone. For
this geometry condition, the jet impinging cooling experi-
ments can be extensively carried out in total boiling re-
gimes including transition and film boiling with uniform
wall temperatures and wall heat fluxes.

In the past two decades, for the mode A, The studies
associated with CHF of saturated and sub-cooled
liquids on the disk or rectangular plate have been
performed extensively. A variety of the experimental re-
sults have been reported and various semi-theoretical
correlations and empirical correlations have been pro-
posed for predicting CHF for different parameter ranges
such as impact velocities, ratios of liquid density to
vapor density, heater geometries and multiple jet sys-
tems [1–11].

For the jet impinging boiling of the mode A, the
mechanism of the burnout is evidenced to be the dry-
out of the free flow liquid film, which is assumed to be
equal or proportional to the maximum liquid subfilm
thickness proposed by Haramura and Katto [12], at
the edge of the heat-transfer surface. The dry-out phe-
Fig. 1. The schematic diagram of the physical m
nomenon takes place firstly at the edge of the heat-trans-
fer surface and extends rapidly to whole free flow zone.
After burnout phenomenon occurred, only the stagna-
tion zone could be impinged directly by current flow
and liquid flow would be splashed completely off the
heat-transfer surface at the edge of the stagnation zone
along the radial direction. Following equation could
be derived theoretically using the model of maximum
liquid subfilm thickness for the mode A [5].

qc;0
Ghfg

¼ 0.280
qv

ql

� �0.467
1þ qv

ql

� �1=3

� rql
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Monde et al. [10] proposed a simply empirical corre-
lation as follow:
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odel: (a) the mode A and (b) the mode B.
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where D and dn denote the heated disk diameter and the
nozzle diameter, respectively. G denotes the mass flux of
jet flow. The applicable range of D/dn has not been de-
fined clearly for the above two correlations. It is evident
that the above correlations can not been used to the
mode B, in which D/dn is equal to or less than unity
and jet boiling is limited in the stagnation zone.

Comparing with the mode A, the studies of the
critical heat flux for the mode B are insufficient. These
studies focused mainly on the boiling heat transfer of
sub-cooled water [13–18]. A few data of CHF were
included in the experimental results for the nucleate boil-
ing heat transfer. Recently, Liu and co-workers carried
out theoretical and experimental studies concerning the
CHF of the mode B using the saturated water and
sub-cooled water [19,20]. In their studies, a theoretical
CHF model, which is similar to that of the maximum
liquid subfilm thickness proposed by Haramura and
Katto [12], was employed and a semi-theoretical correla-
tion was proposed for predicting the CHF of the satu-
rated liquids as the follows:

qc;0
Ghfg

¼ c 1þ qv

ql

� �1
3 rql

G2d

� �1
3 qv

ql

� �1.4
3

ð3Þ

where G is equal to qlV. C is a correlation factor and it
could be determined from the experimental data. Be-
cause the physical properties are constants for the vari-
ous saturated liquids at a fixed test pressure, by
rewriting Eq. (3), we get

qc;0 /
V
d

� �1=3

ð4Þ

In the study of Liu and Zhu [19] for the saturated water
jet on a stainless steel foil heated directly by a DC power
supply, the following correlation was obtained at atmo-
spheric pressure condition.

qc;0 ¼ 0.36� 106
V
d

� �1=3

ð5Þ

From Eq. (4), the correlation factor in Eq. (3) can be
determined as 0.132 for the saturated water.

Up to now, the fundamental data of CHF of the
mode B is poor still. No any data from liquids expect
water can be employed to check Eq. (3). It is still un-
known that whether Eq. (3) is available in a wide range
when the working substances or the physical properties
change.

In the present study, an experimental study was car-
ried out for investigating the CHF of convective boiling
of various saturated liquids including water for a round
jet impinging on the steady heated stagnation zone
which has the same diameter as that of the jet nozzle
(model B). The form of Eq. (3) is still employed as a fun-
damental correlation for predicting the CHF of the
model B for various liquids. The effects of the physical
properties on the correlation factor and the exponents
of the correlationwere investigated inwide range. Finally,
a correlation was proposed for predicting CHF of the
model B for various saturated liquids.
2. Experimental apparatus

In this study, steady heat transfer experiments were
carried out for the nucleate boiling regime to obtain
boiling curves and determine critical heat fluxes in the
steady state. Fig. 2 shows the schematic diagram of
the experimental apparatus. It mainly consisted of the
heating block, the circulation system of water, the mea-
suring devices and electric power supply. Fig. 3 shows
the schematic diagram of the test box, in which a heated
block was mounted. 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, and it was heated with a ribbon
electric heater (main heater) twisted outside of the cop-
per bar. The isinglass sheet was used as the insulator be-
tween the copper bar and main heater. The copper bar
was placed in a thick ceramic tube; a ribbon electric hea-
ter (auxiliary heater) was twisted outside of the ceramic
tube for preventing the heat losses from the heated
block. Six different sizes of circular heat-transfer sur-
faces with diameters from 12 mm to 3 mm were used
in this experiment and they corresponded to four round
nozzles with the same diameters. In the upper column of
the copper bar, three U0.1 mm thermocouples were hor-
izontally inserted at the center axial line of the copper
bar. The distances between the thermocouples 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 mea-
sured by a digital voltmeter and then fed into a com-
puter, which converted them to wall temperature and
wall flux using a steady one-dimensional thermal con-
duction equation along the vertical direction. One of
them was fed into a PID temperature controller as a feed
back signal, which then adjusted the power supply. In
the tests, the electric power of the auxiliary heater was
carefully adjusted for preventing the heat losses from
the main heater. The test box made of stainless steel
and had a diameter of 250 mm and a height of
200 mm. The space inside the test box was filled by
asbestos. All of the measurements were performed in
the steady state, the temperature and heat flux of the
heat-transfer surface were calculated from the tempera-
ture difference between two thermocouples mounted
on the center axial line of the copper bar. An alarm ther-
mocouples inserted at the bottom of the copper bar was
connected to a temperature controller that prevents the
maximum temperature of the copper bar from exceeding
700 �C. In this experiment, it has been confirmed that



Fig. 2. The schematic diagram of the experimental apparatus.

Fig. 3. The schematic diagram of a heated specimen.
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the assumption of one-dimensional heat conduction is
essentially satisfied in the upper column of the copper
bar by a numerical simulation and test results.
Ion-exchanged water (the maximum electric conduc-
tivity was less than 10 (lX cm)�1 in the experiments),
chemical-pure ethanol, R-113 and R-11 were used as
the test liquids. The test liquid was heated to be close
to the saturation temperature under atmospheric pres-
sure in the high-level water tank, which was fitted with
two immersion heaters on its bottom section and a reflux
condenser mounted above the tank. Then, the test liquid
was drained from the liquid tank by a pump, passed
through a regulating valve and a flow meter into the
jet nozzle made of a long copper glass tube, in which
the test liquid was heated to the saturation temperature
by a heater amounted on the nozzle and the temperature
of the test liquid was measured by the thermocouple, the
liquid jet impinged onto the heat-transfer surface, then
was drained into a drain tank to be recycled. The dis-
tance between the heat-transfer surface and the nozzle
was fixed at 5.0 mm in all tests. Prior to the formal tests,
it has been affirmed that the distance between the heat-
transfer surface and the nozzle has no effect on the jet
boiling characteristics.

During operation, electric power was increased grad-
ually. The computer not only measured the wall temper-
ature and wall heat flux instantaneously, but also gave
an alarm when the wall temperature increased quickly



Table 1
Experimental conditions in the present study

Test fluid Water, ethanol, R-113, R-11

Heating condition Steady state, constant wall heat
flux

Test pressure Atmospheric pressure
Impact velocity (m/s) 0.5–10
Nozzle diameter (mm) 3, 4, 6, 8, 10, 12
Jet height (m) 0.05
Substrate Copper block for all
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Fig. 4. Temperature distributions of thermocouples in the
heated body.
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and did not attain a steady state. Such an alarm means
that the boiling crisis has occurred; therefore, the electric
power was cut automatically off. After the boiling crisis
occurred, the test was repeated from the steady state of
the former time, the output electric power increased
slowly in an increment of 2% 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 critical heat flux.

Table 1 shows the experimental conditions. In this
experiment, the impact velocity of water ranged 0.5 m/s
to 10 m/s, and, the wave of the impact velocity was lim-
ited within ±4%. Six different specimens with cross-
section diameters from 12 mm to 3 mm were used in this
experiment and they corresponded to four the same
round jet nozzle diameters, respectively. The impact
velocity was calculated with an accuracy of 2% of reading,
associated with the measurement of the liquid flow rate.
The calibration errors of the thermocouples were less than
0.2 K. The liquid jet temperature was measured with an
accuracy of 0.2 K. The maximum location deviation be-
tween thermocouples was about 0.1 mm. The maximum
uncertainties of the wall superheat and wall heat flux were
about 12%. The maximum uncertainty of the critical heat
flux was 13%. In special, for the tests used water, the max-
imum uncertainty of the critical heat flux was 4%.
nozzle.
3. Results and discussion

Fig. 4 shows some samples of the temperature
distributions in the upper column of the copper bar at
different experimental conditions. The temperatures
measured by the thermocouples are on the abscissa,
and the distances from the wall along the vertical direc-
tion are on the ordinate. The measured results clearly
show linear temperature distributions along the vertical
direction in the upper column of the copper bar.

Fig. 5 shows a sample of the experimental results of
fully developed nucleate boiling regime at the stagnation
zone for ethanol jet using the jet diameter of 8 mm. Heat
transfer data are plotted in the form of boiling curves
(wall heat flux against wall superheat) for different im-
pact velocities.
Kutateladze�s empirical correlation [21] is also shown
in Fig. 5 in form of solid lines for comparison
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It is clear from Eq. (6) that prior to fully developed
nucleate boiling, higher velocities increase the heat
transfer coefficient and delay boiling incipience. Because
the objective of this study is investigation of the CHF,
hence, the other experimental data for various test liq-
uids have not been presented in this paper.
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In fully developed nucleate boiling regime, the data
resulted from different impact velocities generally con-
verged into essentially the pool nucleate boiling curve.
The data for different liquids are reasonably well agree-
ment with the Eq. (6) and are rather higher than the
calculated values. These deviations may be resulted from
the different surface configurations such as surface
roughness. The insensitivity of the boiling curve to
changes in compact velocity indicates that heat transfer
in the fully developed nucleate boiling regime is domi-
nated by bubble activity at the surface, regardless of
the contribution of single-phase turbulent transport in
the bulk flow. This phenomenon is similar to other
forced convective boiling characteristics. However, the
effect of impact velocity is become more significant at
the CHF, which is delayed with increasing impact veloc-
ity. This trend is attributed to increased liquid-solid con-
tact with the hot surface and decreased void fraction in
the liquid flow. Not shown here, the CHF is also delayed
with decreasing jet diameter. This trend is attributed to
decreased flow distance of the incoming liquid though
the liquid subfilm layer.

By Eq. (4), in theoretical, there exists a linear relation
between the CHF and (v/d)1/3. Fig. 6(a)–(d) show the
experimental results of the effects of (v/d) on the CHF
for four test liquids. One CHF data of R-113 proposed
by Ma and Bergles [15] are also shown for comparison in
Fig. 6(c). It is found that there exists a good linear rela-
tion between the CHF data and (v/d)1/3 for all liquids.
Therefore, the form of Eq. (4) resulted from the theoret-
ical resolution is available.

For the case the test pressure is greatly lower than the
critical pressure, the term of (1 + qv/ql)

1/3 in Eq. (3) is
very close to unity, therefore, qc,0 would be the function
of (qv/ql). Fig. 7 shows the effect of (qv/ql) on the CHF
using the present experimental data. It is also found that
there exists a good linear relation between the dimen-
sionless CHF data and (qv/ql)

1.4/3. Therefore, the form
of Eq. (3) is available in a wide range tested. It is con-
firmed from the experimental data that the exponents
in Eq. (3) are correct; the further work is to determine
the correlation factor in Eq. (3).

By using a least-square fit, the correlation factor in
Eq. (3) was determined from the experimental data of
CHF obtained in the present study (82 data). Good
agreement between the CHF data and the prediction is
obtained for C = 0.130. Table 2 shows the errors of
the CHF predications by Eq. (7).

qc;0
Ghfg

¼ 0.130 1þ qv

ql

� �1=3 rql

G2d

� �1=3 qv

ql

� �1.4=3
ð7Þ

The correlation factor in Eq. (7) is less 2% than that in
Eq. (5). Eq. (7) resulted from a copper surface test is
very close to Eq. (5) resulted from a stainless steel sur-
face test. This fact shows that the effect of the substrate
of the metallic surface on the CHF has no been found.
Fig. 8 shows the compared results between the CHF
data and the calculated values from Eq. (7). The vast
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Table 2
Errors of the CHF predictions

Test fluid N E1 E2 E3

Water 25 �0.025 �0.039 0.002
Ethanol 20 0.005 0.021 0.001
R-11 16 0.013 0.036 0.001
R-113 21 0.019 0.022 0.001

Total 82 0.008 0.032 0.002

N: data numbers.
Average error: E1 = R(1 � qcal/qexp)/N.
Mean deviation: E2 = Rj1 � qcal/qexpj/N.
Standard deviation: E3 = R(1 � qcal/qexp)

2/N.
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magnify of the data agree well with the predictions of
Eq. (7) within the relative errors of ±10%. Eq. (7) could
be recommended for predicting the CHF of jet boiling at
the stagnation zone for the saturated liquids in a wide
range.
4. Conclusions

An experimental investigation was carried out for
predicting CHF of convective boiling for a round satu-
rated liquids jet impinging on the horizontal jet stagna-
tion zone. In the present study range (the impact
velocities range from 0.5 m/s to 10 m/s and the diameter
of the jet nozzle ranges from 3 mm to 12 mm), the fol-
lowing conclusions were obtained.

1. Both the impact velocity and the nozzle diameter
have strong effect on CHF. Higher CHF was
achieved with higher impact velocities or less nozzle
diameters. The relation of qc,0 / (V/d)1/3 is available
for the saturated liquids jet.

2. There exists a good relation between the CHF data
and (qv/ql)

1.4/3 in the present study range.
3. Dimensionless Eq. (7) correlates the CHF data and

could be recommended for predicting CHF of jet
boiling at the stagnation zone for various saturated
liquids.
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