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Abstract An experimental study was performed to char-
acterize the boiling heat transfer of impinging circular
submerged jets on simulated microelectronic chips with a
nominal area of 5 mm · 5 mm. The heat transfer modes
included natural convection, partially developed nucleate
boiling, fully developed nucleate boiling and critical heat
flux. The study included the effects of jet parameters and
fluid subcooling on the nucleate boiling. The results
showed that the nucleate boiling data varied only with
fluid subcooling regardless of jet parameters and that both
the pool and impingement nucleate boiling curves at the
same subcooling condition were well correlated. The high
heat flux portions of the boiling curves with jet exit
velocities greater than 10 m/s were corrected for the ele-
vated saturation temperature. A new expression was
developed with an interpolation method to construct the
partially developed nucleate boiling curve.

Keywords Jet impingement, Boiling heat transfer, Critical
heat flux, Highly wetting liquid

Nomenclature
C, c1, c2 empirical constant
cp specific heat at constant pressure
d interior diameter of jet nozzle, m
D diameter of the heated surface, m
g gravitational acceleration, m2/s
h local heat transfer coefficient, W/(m2 K)
hfg latent heat of vaporization, J/kg
H height of the test section, m
I current intensity, A
k thermal conductivity, W/(mK)
m, n exponent used in equation
p(r) local pressure along the impingement surface,

N/m2

pj jet exit pressure, N/m2

q¢¢ heat flux, W/m2

r radial distance from the stagnation point, m
R electrical resistance of the heater,
S area of the heated surface, m2

T temperature, K
DTsat wall superheat, (Tw – Tsat), K
DTsub fluid subcooling, (Tsat – Tl), K
u exit velocity of liquid jet, m/s
v(r) velocity of the inviscid free stream, m/s
z nozzle-to-plate spacing, m
Grc
� modified Grashof number at the center of the

heater, g b q¢¢H4/(16 km)
Nuc Nusselt number at the center of the heater, Hh/

(2k)
Rac

� Rayleigh number at the center of the heater,
Grc
� Pr

Raw
� Rayleigh number based on the width of the

heater
Pr Prandtl number, Cp lk
q density, kg/m3

esub correction factor for liquid subcooling
r surface tension, N/m

Subscripts
c single phase convection
CHF critical heat flux
fd fully developed boiling
fd, i fully developed boiling at superheat for incipient

boiling
l liquid
s boundary layer solution
sat saturation
v vapor
w heated surface

1
Introduction
Thermal design and control of sophisticated equipment
have long been major areas of application of heat
transfer technologies since heat flux exceeding 1 MW/m2

began to be extensively utilized in processes related to
energy resources, power, aviation and spaceflight.
Recently, transient cooling technology, which is used for
synchron X-ray components, laser diode arrays, fusion
systems and cutting lasers or plasma arcs, has been
developed for heat fluxes above 1000 MW/m2 [1]. This
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has stimulated heat transfer researchers and engineers to
explore more efficient cooling means for thermal prob-
lems, which are encountered especially in the design of
electronic and microelectronic equipment, in order to
maintain the optimal thermal environment.

Due to its normal, not parallel flow, resulting in a local
thinner thermal boundary layer at the stagnation zone,
liquid jet impingement heat transfer with boiling has been
considered one of the most promising techniques to
accommodate high heat fluxes while maintaining a reliable
wall temperature [2]. The applications of this high per-
formance technique are wide-ranging and include indus-
trial localized cooling in internal combustion engines and
high power electronic applications, quenching of metals
and other materials in manufacturing processes, emer-
gency core cooling of nuclear reactors, medical cryosur-
gery of malignancy and cancers [3] and X-ray devices and
military transient cooling in rocket nozzles [4] and laser
weapons [5].

A full understanding of the heat and mass transfer
process, especially in fully developed boiling regimes, is
necessary in order to efficiently control and improve
thermal environments for advanced equipment. Consid-
erable efforts have been made to study the effects of fluid
velocity and subcooling on boiling heat transfer [6]. Ruch
and Holman [7] performed boiling experiments for a jet
of R113 impinging on a downward-facing heated surface
and found that, for fully developed nucleate boiling,
the heat flux was independent of impingement velocity
(1.23 � 6.87 m/s). Similar results were reported in
subsequent publications by Monde and Katto [8], Ma and
Bergles [9, 10], Lee and Simon [11], Mudawar and
Wadsworth [5], Gersey and Mudawar [12] and Wolf et al.
[13] Contrary to previous results, Yilmaz and Westwater
[14], Ma et al. [15] and Huang and Witte [16] reported that
nucleate boiling curves shifted slightly to the left with
increasing fluid velocity.

Fluid subcooling influence on nucleate boiling heat
transfer is another ambiguous academic problem
remaining in this field. Monde and Katto [8] examined
the effect of subcooling for both water (DTsub £ 30 K)
and R113 (DTsub £ 16 K) and commented that their
experimental data were independent of subcooling and
coincided with the results for saturated boiling at higher
wall temperatures. This conclusion is inconsistent with
the data obtained by Lee and Simon [11] and Gersey and
Mudawar [12]. Interestingly, Nonn et al. [17] thought the
nucleate boiling heat transfer might be affected by
moderate changes in the degree of subcooling (DTsub =
20 � 30 K) depending on the heat flux or wall superheat.
However, opposite data were also reported by Nishikawa
et al. [18], Del Valle and Kenning [19], Ma and Bergles
[10], Grimley et al. [20], Huang and Witte [16], Nakay-
ama and Behnia [21] and Yu et al. [22]. Wolf et al. [13]
inferred a relationship between h and q¢¢ from the generic
expression for fully developed nucleate boiling and it was
of the form:

h ¼ q00

q00
c

� �1=n
þDTsub

ð1Þ

This expression reveals that h is a function of both q¢¢ and
DTsub. For a fixed heat flux, the convection heat transfer
coefficient varies monotonically with increasing or
decreasing fluid subcooling. Equation (1) also shows that
the relationship between h and q¢¢ is not truly linear on a
log-log scale.

It is well understood that nucleate boiling heat transfer
is significantly influenced by the surface condition of the
heaters, including roughness [22], material [23], wettabil-
ity [40], cleanliness [24] and aging [25]. Boiling thermal
behavior is not only influenced by the surface condition at
the moment of transfer but also by the thermal process
associated with the surface before the moment of transfer
because the subcooled boiling flow is in a complex non-
equilibrium state involving the vapor bubbles and the
subcooled liquid. These undesirable factors prevent the
comparison of data. Thus, the boiling tests should be
carried out according to rigorous procedures in order to
improve the data reproducibility and comparability,
especially when highly wetting liquids are used as the
working fluids. In this case, Bergles and Chyu [26] and
Marto and Lepere [27] collected consistent experimental
data. Recently, Yu et al. [22] and Zhou and Ma [28] used
this established approach to successfully perform the
investigation on nucleate boiling inception.

The objective of this investigation was to characterize
the boiling curve of impinging circular submerged jets of
subcooled R113. The investigation clarified the effects of
jet exit velocity and fluid subcooling on fully developed
nucleate boiling curves as well as the relation between pool
and impingement boiling curves. As far as the present
authors know, this is the first time that nucleate boiling
curves have been corrected for the change in saturation
temperature associated with the elevated stagnation pres-
sure of high velocity jets.

2
Experimental apparatus and procedure

2.1
Experimental apparatus
The apparatus used to perform the experiments is sche-
matically shown in Fig. 1. R113 was selected as the
working fluid and circulated in a closed loop that had
provision for filtering, metering, preheating and cooling.
The sides and bottom of the test chamber shown in Fig. 2
were constructed of plexiglas to allow observation of the
test section. Single flush-mounted heaters were employed
in this study as simulated microchips. A main heater and
four auxiliary heaters regulated by a Variac were utilized
to control the pool temperature and reboil the test liquids.
The vapor was condensed and returned to the vessel by
gravity from a copper condenser using tap water for
coolant. A submerged cooler was employed to maintain
the test fluid at subcooled conditions in the boiling tests.
The temperature in the test chamber was measured with a
40 gage iron-constantan thermocouple, yet the pressure
was considered close to the atmosphere due to the flexible
nature of the plastic seal at the top of the chamber. The
saturation temperature was calculated from the local
pressure.
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The nozzle used in this study was made of modified
hypodermic needles. The sharp point of the needle was
ground using an emery cloth, and a small drill bit was
rotated into the exit to detach any remaining lip or burr.
The nozzle had an interior diameter of Ø0.96 mm and
Ø1.01 mm and a length of 30 mm and 35 mm. The large
length-to-diameter ratio ensured the full development of
laminar pipe flow at the nozzle exit. The nozzle was fixed
on a three-dimensional coordinate rack and could be ad-
justed with respect to the test section with placements
accomplished within ±10 lm. The jet temperature was
monitored by a thermocouple of the same type placed
inside the plenum box close to the entrance of the jet tube.

The test section assembly was vertically fixed on one
side of the chamber about 70 mm below the free surface of
the pool and is presented in Fig. 3 in detail. The main part
was a strip of 10 lm thick constantan foil with a heated
section of 5 mm · 5 mm (nominal) exposed to the coolant.
The strip on either side of this active section was soldered
to copper bus bars, which were in turn connected to power
leads. The heated section of the foil was connected to a
bakelite block inserted between the copper bus bars. The
assembly was cemented in a plexiglas disk fixed in a brass
housing with a screwed flange. The test section was highly
insulated thermally by fibreglass to minimize heat loss.
The temperature of the center of the inner surface of the
heater was measured with a 40 gage iron-constantan
thermocouple, which was electrically insulated from the
heater yet was in close thermal contact. The active section
of the constantan foil was used as an electrical heating
element as well as a heat transfer surface. AC power to the
test section was provided by a 50 A power supply. The
intensity of the current through the test section was
measured with an ammeter.

2.2
Experimental procedure
The test section surface was cleaned carefully with acetone
and R113 before each test. The stagnation point was
determined by a systematic search for a minimum heated
foil temperature. The experiments were then performed
according to the following rigorous procedures.

2.2.1
Surface aging
Here, the surface aging procedure similar to one used in
Refs. [22, 26, 27] was employed in this study. The test
section surface was submerged into a liquid pool of R113
at room temperature for about 10 hours.

Fig. 1. Schematic layout of flow loop

Fig. 2. Schematic diagram of test chamber
and instrumentation. 1 Stabilized voltage
supply, 2 Voltage regulator, 3 Voltage
transformer, 4 Ampere meter, 5 Test
section assembly, 6 Thermocouples, 7 MV
meter, 8 Switch, 9 Flexible plastics, 10
Three-dimensional coordinate frame, 11
Test chamber, 12 Jet nozzle, 13 Cooler, 14
Valve
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2.2.2
De-gasing procedure
At the start of each test, the main heater was powered
vigorously to boil the liquid pool for 1 hour in order to
degas the bulk fluid thoroughly while the whole system
ran. It should be noted that the test section was not heated
until the experiment started.

2.2.3
Generating bulk fluid conditions
After degassing, the bulk fluid was brought to a subcooled
condition. The cooler, with water as the coolant, was
employed to keep the bulk liquid at a subcooled
temperature.

2.2.4
Heating procedure
The power to the test section was increased from zero
continuously and slowly. The rate of heat flux increase was
about (1 � 2) · 103 (W/m2)/min. When a steady state was
reached, the relevant parameters were measured at that
heat flux condition, and then the heat flux was increased
again to measure the boiling curves. Special attention was
paid to the heat flux increase prior to incipient boiling
point and burnout. A steady state was reached about 2 � 3
minutes after the power level was increased.

2.2.5
Reducing power procedure
The heat flux reduction method was identical to the
method for increasing the heat flux.

2.3
Data reduction
Heat flux was calculated from the electrical power supplied
to the test section and the area of one side of the heated
surface. The nominal heater surface heat flux was deter-
mined using the following formula:

q00 ¼ I2R=S; ð2Þ

where the cold resistance R was measured accurately with
direct current before the experiment. The area S of the
heater surface was carefully measured for each test section
with a tool-maker’s microscope of 1 lm resolution.

Calculations established that for these forced convec-
tion conditions the heat flux at the center of the heater was
not significantly reduced by conduction to the substrate
and to the copper bus blocks or by thermocouple lead
losses. The measured wall temperature at the heater center
Tw was therefore taken as the local value. The fluid tem-
perature at the exit of the nozzle was controlled with the
auxiliary heaters situated before the nozzle exit in the
experiments so that the temperature difference between
the jet fluid and the bulk fluid was less than ±0.5 K. The
local heat transfer coefficient was calculated from the heat
flux, with the local wall temperature Tw and bulk fluid
temperature Tl as follows:

h ¼ q00=ðTw � T1Þ; ð3Þ

Boiling heat transfer data is generally presented in the
form of q¢¢ vs DTsat or h vs q¢¢ for the jet parameters and
subcooling.

2.4
Experimental uncertainty
There are particular sources of uncertainty in the present
experiment. The variation of foil thickness causes non-
uniformity in electric current distribution, which results in
a subsequent variation in surface heat flux. The supplier’s
specification claims the containment of foil thickness
variation to be within ±3 percent of the nominal value.

The only way to assess uncertainty due to the ther-
mocouple bead is to perform parametric analysis. We
estimate possible thermal resistance across the adhesive as
6.9 � 27.6 K/W. Heat flow to the back of the heater
assembly was estimated by heat conduction analysis. With
jet impingement, the conduction loss was less than 1
percent of power input to the heater. Heat loss through the
bakelite was estimated as only 0.1 percent of the power
input. The uncertainty arising from positioning of the
thermocouple bead was 1 K at maximum. The thermal
resistance across the foil was negligible, typically
0.018 K/W.

Another source of uncertainty was concerned with
lateral heat conduction in the foil. Examining a cylindrical
control volume of foil material below the impingement
point, it showed that the maximum Dh/h was 0.78. The
greatest uncertainty regarding the heat transfer area re-
sulted from the practice of soldering the foil to the elec-
trodes. Using a specially designed jig, it was found that the
heat transfer area varied within a range of 25 ± 0.5 mm2 on
different test surfaces. Due to the nozzle remaining well
within the potential core, gravitational contraction of the
jets was considered negligible and the jet exit velocity was
equal to the impingement velocity.

Other sources of uncertainty were mundane; they lie in
instruments and thermo-physical properties of the work-
ing fluid. All the thermocouples were calibrated to an
accuracy of ±0.1 K before the experiments. The uncer-
tainties in heat flux and heat transfer coefficient were
determined to be less than ±4.5% and ±5%, respectively.
The uncertainty in the Reynolds number was affected by
the measurement of the flowrate and the nozzle’s interior
diameter. When the flowmeter was carefully calibrated,

Fig. 3. Details of electrically heated test section. 1 Power lead, 2
Voltage tap, 3 Thermocouple, 4 Tank wall, 5 Fiberglass, 6 Epoxy,
7 Plexiglass, 8 Bakelite, 9 10 lm thick constantan foil, 10 Copper
block, 11 O-ring
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and the nozzle’s interior diameter was precisely inspected
under a toolmaker’s microscope, the uncertainty in the
Reynolds number did not exceed ±5%.

3
Experimental results and discussion

3.1
Single-phase natural convection
Although single-phase free convection is the simplest
cooling method for electronic devices, the experimental
data are taken routinely to check the apparatus and
instrumentation. For the convenience of comparison with
experimental and theoretical values, the present data col-
lected from the vertical heaters were reduced to Nusselt
and Rayleigh numbers defined on the same characteristic
length as Nuc and Rac

� used by Park and Bergles [29]. The
results are plotted in Fig. 4. In order to demonstrate the
increase in heat transfer coefficient due to size effect, the
predicted curve of laminar boundary layer solutions
developed by Fujii and Fujii [30] was also used in the
figures for a vertical surface with constant heat flux:

Nuc;s ¼
Pr

4þ 9 Pr1=2þ10 Pr

� �1=5

ðGr�c PrÞ1=5 ð4Þ

For R113, the heat transfer data tested with chip size
heaters (5 mm · 5 mm) in this study is consistent with the
data of Ma and Bergles [9] and Park and Bergles [29], and
all the present data collapsed at the same line with a cor-
relating expression of Nuc = 4.283 Rac

0.116, yet significant
increase of the heat transfer coefficient was recorded in
comparison with Eq. (4), mainly due to the decreased
heater width.

Park and Bergles [29] generated a correlation expres-
sion for R113 to elucidate the width effect. Comparison of
the present results with Eq. (5) is illustrated in Fig. 5. It

was shown that Nuc/Nuc,s decreased markedly with
increasing Raw

�1/4. The results showed a correlative rela-
tionship.

Nuc

Nuc;s
¼ 1þ 362:5

Ra�0:2732
w

� �0:4752

ð5Þ

3.2
Fully developed nucleate boiling

3.2.1
(1) Jet parameters and fluid subcooling effect
Much research has been done to study the effects of jet
parameters and fluid subcooling on fully developed
nucleate boiling heat transfer. All the tests were performed
rigorously in subcooled conditions according to rigid
experimental procedures with a nozzle diameter of
1.01 mm.

Seven boiling curves were generated from the same test
section at pool and impingement boiling conditions to
verify the influence of jet velocity. The results are shown in
two kinds of presentation formats: q versus DTsat

(Fig. 6(a)) and h versus q (Fig. 6(b)). Pool boiling repre-
sents the limiting case of zero velocity. For submerged jets
of R113, the data obtained in Fig. 6(a) show that fully
developed nucleate boiling curves are independent of jet
exit velocities ranging from 0 to 11.355 m/s. Thus, the high
heat flux regime of impingement boiling curves are simply
an extension of the data for pool boiling with identical
fluid subcooling to larger heat fluxes and wall superheats.
This is mainly attributed to the fact that jet exit velocity
has a negligible influence on the generation, growth and
collapse of vapor embryos because the latter occur within
cavities on the test section surface for highly wetting

Fig. 4. Comparison and correlation of single phase free convec-
tion data

Fig. 5. Comparison of the present data with the correlation [28]
using Raw

� based on heater width
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liquids like R113 [28]. As shown in Fig. 6(b), it appears
that the heat transfer coefficient for nucleate boiling is
independent of jet exit velocity.

Many tests were performed with the nozzle displaced so
that the measuring stations were located in the wall jet
region rather than at the stagnation point. Fig. 7 demon-
strated that the fully developed nucleate boiling curves
merged for fluid flow direction of r/d = 0, 2, 3.5 and 5 and
coincided with the extrapolation of the pool nucleate
boiling curve. Ruch and Holman [7] and Wolf et al. [13]
reported that flow direction had no appreciable effect on
fully developed nucleate boiling.

Open publications have relatively scant information on the
influence of subcooling on nucleate boiling. Fig. 8 depicts
the effect of fluid subcooling on both pool and impinge-
ment boiling heat transfer. The high heat flux portions of
the nucleate boiling curves shifted markedly to the left
while fluid subcooling varied from DTsub = 18.5 K to 27.6 K.

Previous studies excluded the fact that the jet impinges
the stagnation point with exit velocities exceeding 10 m/s.

Fig. 7. Effect of fluid flow direction on boiling curves

Fig. 6. (a, b) Effect of jet exit velocity on boiling curves

Fig. 8. Effect of fluid subcooling on both pool and impingement
boiling curves
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When this happens, the nucleate boiling curve shifts to
the right of the low velocity curve. Ma and Bergles [10]
reported this phenomenon, yet did not give any explana-
tion for it. It is known that the pressure distribution
controls the local saturation conditions along the
impingement plate surface. At the stagnation point,
impingement velocity sharply decreases to zero while the
pressure increases correspondingly to a maximum value,
which can be obtained from the Bernoulli relation [31]:

pðrÞ ¼ pj þ q½u2 � v2ðrÞ�=2; ð6Þ

where v(r) is the velocity in the inviscid free stream.
Eq. (6) indicates that p(r) elevates with decreasing velocity
in the inviscid free stream and reaches a maximum value
when the velocity is zero at the stagnation point. The
saturation temperature may be gained from the relation of
R113 between the saturation temperature and the satura-
tion pressure given by You and Simon [32]. The nucleate
boiling curves with jet velocities beyond 10 m/s at the
stagnation point are therefore displaced due to the cor-
rected local saturation temperature, and the results are
depicted in Fig. 10. The subcooled boiling curves with
velocities of 11.36 m/s and 10.89 m/s increased sharply
from DTsub = 18.5 K and 27.6 K to 40.9 K and 45.9 K,
respectively. Thereby, both curves were located to the left
of the original corresponding pool boiling curves. It is
expected that they should coincide with the extrapolated
pool boiling data with the same subcooling, as is the case
with low jet velocity.

3.2.2
(2) Correlation and comparison of the nucleate
boiling data
An attempt was made to get two correlations of q¢¢ versus
D Tsat and h versus q¢¢ to predict the fully developed

nucleate boiling heat transfer from a least-squares fit,
independent of jet parameters and fluid subcooling.
Detailed information of coefficients and exponents of the
correlation expression is listed in Table 1. Comparisons of
correlation expressions with the same subcooling between
pool and impingement boiling heat transfer indicate that
the exponents were closely consistent with each other, yet
the exponents had some moderate differences between
them largely due to the difference in jet velocity.

In order to further elucidate the influence of jet exit
velocity, all the data of fully developed nucleate boiling
heat transfer were collected and presented in Fig. 11(a, b).
Two correlation expressions of the totals at different
subcoolings were obtained, expressed as:

DTsub ¼ 18:5 Kð43 data in allÞ q00 ¼ 0:201DT4:25
sat

rms ¼ 0:88
ð7Þ

h ¼ 0:0848 q000:891 rms ¼ 0:95 ð8Þ

DTsub ¼ 27:6 Kð74 data in allÞ q00 ¼ 8:26DT3:32
sat

rms ¼ 0:92
ð9Þ

h ¼ 0:0986 q000:871 rms ¼ 0:96 ð10Þ

By comparing the total expression with expressions con-
taining only pool or impingement boiling data with the
same subcooling listed in Table 1, it was found that a
slight discrepancy (within ±12.6%) existed between them.
Considering the complexity of nucleate boiling heat
transfer, this degree of discrepancy is acceptable, and is
largely attributed to the discrepancy in jet exit velocity
between pool and impingement boiling. Moreover, as
shown in Fig. 11(a), nucleate boiling data shift markedly

Fig. 10. The correction of impingement boiling curves with high
jet exit velocity

Fig. 9. Effects of low and high jet velocity on boiling curves at
the stagnation point
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to the left when the fluid subcooling varies from 18.5 K to
27.6 K. However, a very faint variation is perceived from
Fig. 11(b). This could be explained by Eq. (1), which
shows that the convection heat transfer coefficient of
nucleate boiling does not vary monotonically with heat
flux to the test section assembly.

In order to verify the reliability of the nucleate boiling
data of this study, a comparison of the present results with
the previous experimental data was done and the results
were illustrated in Fig. 12. All the tests were performed
with R113 as the working fluid. Although Ruch and
Holman [7], Monde and Katto [8] and Katsute and Kurose
[33] measured data from free jets, their data generally
agreed with the results of this study. The data obtained by
Ma and Bergles [10] with a submerged jet agreed especially
well with the data obtained in these experiments.

3.3
Partially developed nucleate boiling
No test was designed particularly to examine partially
developed nucleate boiling due to its irregularity and
unsteadiness. However, it is possible to construct the
boiling curve in the partial boiling region of the knee of
the boiling curve with the incipient boiling point located.
The interpolation method proposed by Bergles and Ro-
hsenow [34] was used to correlate the partial boiling data:

q00 ¼ ½q002c þ ðq00fd � q00fd;iÞ
2�1=2; ð11Þ

The present authors proposed a modified interpolation
method based on Eq. (11), expressed as:

q00 ¼ ½q003c þ ðq00fd � q00fd;iÞ
3�1=3; ð12Þ

where qc¢¢ is single phase convection heat flux. The values
of qfd¢¢ and qfd,i¢¢ are the fully developed nucleate boiling
heat flux and the corresponding pool boiling heat flux at
the specialized superheat for incipient boiling. The boiling
curves predicted by Eqs. (11) and (12) are superimposed
on the data in Fig. 7. The experimental data and the

predicted values agree well. Basically, the heat flux
in Eqs. (11) and (12) asymptotically approaches fully
developed boiling at high wall superheat and the heat flux
at the incipient boiling point.

3.4
Critical heat flux (burnout)
When the jet was directed at the center of the heater, the
over heated zone was around the edges. This suggested
that the existence of a thin liquid sublayer beneath the
large coalescent vapor bubbles might be the primary
source of cooling for the surface prior to CHF in pool
boiling as well as external forced convection boiling sys-
tems [5]. Once liquid inflow from the bulk liquid to the
sublayer became insufficient to balance the rate of sublayer
evaporation, burnout occurred. Usually, the burnout
happened at the extreme end or edges of the heater.

Generally, critical heat flux increases with elevating
impingement velocity [35 � 39] of q¢¢CHF to u1/3 and
fluid subcooling [5, 8], yet the dependence on fluid
subcooling is rather weak. Fig. 13 presented all the
burnout data at different jet velocities and fluid flow
direction conditions. It is obvious that the lower set of
points is for edge placement of the jet or lower jet
velocity. The present burnout data is consistent with the
data of Ma and Bergles [9] and higher than that of
Monde and Katto [8]. It was confirmed with Monde and
Okuma [36] and Katto and Yokoya [38] that the
enhancement of critical heat flux was primarily attrib-
uted to lower disk-to-nozzle diameter ratio used in the
present study.

The generalized correlation of the burnout heat flux
data in a simple forced convection boiling system with an
impinging jet was proposed by Monde and Katto [8] and
was expressed as follows:

qCHF=ðqVhfgÞ
u

¼ 7:45� 10�2 ql

qv

� �0:725 r
qluD

� �1=3

ð1þ esubÞ

ð13Þ

Table 1. Correlation of both
pool and impingement
nucleate boiling curves

Boiling type DTsub/K u/m/s r/d q¢¢(W/m2)=
c1DTsat(K)n

h(W/m2K)=
c2 q¢¢(W/m2)m

c1 n c2 m

Pool boiling 18.5 – – 0.250 4.14 0.115 0.862
27.6 – – 7.10 3.37 0.079 0.891

Impingement boiling 18.5 – – 0.428 4.02 0.097 0.873
– 0 96.7 2.42 0.530 0.747
– 2 33.5 2.80 0.151 0.848
– 3.5 363.6 1.88 0.981 0.688
– 5 160.5 2.24 0.359 0.779
0.32 – 224.2 2.09 0.434 0.760
1.06 – 138.1 2.28 0.507 0.749
2.05 – 131.0 2.31 0.447 0.760
4.76 – 102.5 2.47 0.310 0.793
7.37 – 34.1 2.83 0.160 0.845

Impingement boiling 27.6 – – 8.26 3.32 0.090 0.886
– 0 353.6 2.24 0.163 0.834
– 2 105.2 2.51 0.105 0.866
– 3.5 30.1 2.91 0.065 0.905
0.76 – 8.49 3.32 0.080 0.888
2.08 – 5.87 3.42 0.105 0.866
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where esub is the correction factor for liquid subcooling.
This was given as:

esub ¼ 2:7� ql

qv

� �1=2

� cpðTsat � TlÞ
hfg

� �2:0

ð14Þ

Fig. 14 showed the comparison of the present burnout
data at subcooled boiling with the predicted values of
Eq. (13) with the correction factor esub of Eq. (14). The
agreement between the present data and the Eq. (13) is, in
general, good. Eq. (13) is within ±40% of 85% of the
experimental data. It also showed that surface tension has
an important influence on the onset of burnout phenom-
enon for an impinging jet of R113.

4
Summary and conclusions
Nucleate boiling characteristics of a single flush-mounted
heater were investigated with an impinging jet of R113.

The heat transfer modes included natural convection,
partially developed nucleate boiling, fully developed
nucleate boiling and burnout. All the experimental data
were correlated and compared with previous results. The
main conclusions of this study are given below.

Fig. 11. (a, b) Correlation of both pool and impingement nucleate
boiling data with identical subcooling

Fig. 12. Comparison of the present data of nucleate boiling with
previous experimental results

Fig. 13. Comparison of the present burnout data with previous
experimental results
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(1) A significant increase in laminar natural convection
was recorded in comparison with the predicted value
of Eq. (4) due to the reduced heater size.

(2) The experimental data showed that the high heat flux
regime of the nucleate boiling curve was independent
of the jet parameters and shifted to the left with ele-
vated fluid subcooling. Thus, pool and impingement
boiling may be described by the same equation at the
same subcooling.

(3) For jet impingement on the stagnation point with jet
velocities greater than 10 m/s, the nucleate boiling
curves shifted to the right due to the elevated satura-
tion temperature. The relation between the pressure
and the saturation temperature of R113 was used to
correct the boiling curves and the subcooling, with the
boiling curve shifting markedly to the left and the
subcooling increasing.

(4) A new expression obtained using the interpolation
method to predict the partially developed nucleate
boiling curve agreed well with the experimental results.

(5) The critical heat flux values in this study were higher
than previous experimental values due to the lower
disk-to-nozzle diameter ratio.
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