International Journal of Heat and Fluid Flow 50 (2014) 378-385

X y—
HEAT AND
FLUID FLOW

T

[

Contents lists available at ScienceDirect

International Journal of Heat and Fluid Flow

N

2

1

journal homepage: www.elsevier.com/locate/ijhff

Jet impingement in a crossflow configuration: Convective boiling
and local heat transfer characteristics

@ CrossMark

Geehong Choi, Beom Seok Kim, Hwanseong Lee, Sangwoo Shin, Hyung Hee Cho *

Department of Mechanical Engineering, Yonsei University, 50 Yonsei-ro, Seodaemun-gu, Seoul 120-749, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2013

Received in revised form 7 August 2014
Accepted 29 September 2014

Available online 18 October 2014

Flow boiling accompanied impingement jet was highly desired to enhance convective heat transfer. The
secondary jet impingement system was designed to get enhanced heat transfer performance. The fluidic
behavior was analyzed through visualization, and the local heat transfer was evaluated using an array of
resistance temperature detector (RTD) sensors. The dielectric fluid FC-72 was used as coolant, and flowed
through the rectangular channel with flow rate of Re = 6000 and saturated condition. We confirmed that
the jet blowing ratio significantly influenced to the fluidic structure and local heat transfer distributions.
Reinforced convective motion by jet flow removed bubbles on the heating surface, and increased local
heat transfer coefficient by 59% with decreased wall superheat by 11% at the jet blowing ratio of 1:5.
Whereas more intensified convective flow could delay onset of nucleate boiling (ONB) by disturbing ther-
mal boundary layer at the jet blowing ratio of 1:10. Critical heat flux (CHF) increased quasi-linearly by
increasing of the jet blowing ratio leading to the reinforcement of total fluidic momentum. Based on
the results of the various jet blowing ratios and consequent local/overall heat transfer data, we conclude
that the jet blowing ratio of 1:5 is an optimized condition for enhancing heat transfer coefficient at a
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given exit quality in the tested blowing ratios.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Boiling heat transfer is an effective cooling technique, as large
amounts of heat can be dissipated due to the latent heat of evapo-
ration of the coolant (Chen et al., 2009; Lu et al., 2011). Boiling heat
transfer has been used in applications for power plant, refrigeration
system, and electronic devices. Boiling can be divided into two cat-
egories: pool boiling, which occurs in stationary flow, and flow boil-
ing, which occurs in forced convective flow. In flow boiling, forced
convection of the coolant is accompanied by a phase change, which
can dissipate large amounts of heat due to the latent heat of evap-
oration (Hu et al., 2011; Morshed et al., 2012). The convective flow
influences the phase change characteristics considerably. The tem-
perature of the working fluid affects the development of the ther-
mal boundary layer (Zou, 2010), and also influences the bubble
dynamics near the surface (Jia and Dhir, 2004). Large mass flow
rates can remove efficiently bubbles from the heating surface, fur-
ther increasing the heat flux that can be achieved (Harirchian and
Garimella, 2008; Kew and Cornwell, 1997).
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Jet impingement is another powerful cooling technique, and has
been used to intensify forced convection effects on flow boiling
(Cho et al., 2011; Guo et al,, 2011). An impinging jet can cool a
heating surface using a small amount of coolant; thus, it is an effec-
tive technique for cooling local hot spots (Li et al., 2014; Rhee et al.,
2003). The heat transfer characteristics of impinging jets have been
reported in a number of studies (Cooper et al., 1993; Craft et al.,
1993; Hrycak, 1981; Hwang et al, 2001; Li et al, 2013;
Livingood and Hrycak, 1973; Shin et al., 2009; Zuckerman and
Lior, 2006). Jet impingement can be categorized according to the
type of jet; categories include free surface, plunging, submerged,
confined, and crossflow jets. However, the flow characteristics
are the principal factor affecting flow boiling. The flow characteris-
tics of free surface, submerged, and circular array jets have been
investigated by varying the ratio of the jet hole diameter to the dis-
tance between the nozzle and surface (Cardenas and Narayanan,
2012; Shin et al., 2008; Wu et al., 2007). The principle feature of
jet flow is a concentrated coolant supply at the heating surface.
By employing impinging jets in boiling heat transfer, the nucleate
boiling region is extended, and the critical heat flux (CHF) can be
increased (Li and Liu, 2012). It has been shown that CHF increases
with the jet velocity, and the effect of the impinging jet is more sig-
nificant when the distance between the jet nozzle and the heating
surface is small (Katto and Kunihiro, 1973). A semi-empirical
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Nomenclature

A area of the heater

a calibration coefficient

b calibration coefficient

C heat capacity

h heat transfer coefficient

I current

k thermal conductivity

L latent heat

M jet blowing ratio of secondary jet velocity to main flow

velocity

m mass flow rate

Q heat transfer rate

q" heat flux

R resistance

T temperature

t thickness of the wafer
%4 voltage drop

X exit quality

1 boundary layer thickness
Subscripts

e exit

f fluid

i local RTD sensor number
in inlet

l liquid

loss loss

net net

p constant pressure condition
R RTD sensor measured
sat saturated

Si silicon

S single phase

t thermal

w wall

correlation to predict CHF at various jet impingement conditions
was reported by Qiu and Liu (2005).

Despite a number of reports of jet impingement applied to boil-
ing heat transfer, it remains a challenge to achieve a large heat
transfer rate. In this study, we applied jet impingement in a cross-
flow configuration to flow boiling to investigate the cooling perfor-
mance. The local heat transfer rates were evaluated using a
resistance temperature detector (RTD) array, which was fabricated
using micro-electro-mechanical system (MEMS) technology. The
dielectric coolant FC-72 was used as the working fluid. The temper-
ature of the fluid was controlled at 56 °C, the saturation tempera-
ture of FC-72, to exclude subcooling effects, and the experiments
were carried out at atmospheric pressure. In this study, as an
experimental variable, the flow conditions were changed by vary-
ing the jet blowing ratio, which is the ratio of the secondary jet
velocity to the main flow velocity (Amano and Sundén, 2014);
the main flow was fixed so that the Reynolds number was 6000
based on main flow velocity. Four different blowing ratios were
investigated using the RTD sensor array, and the local heat transfer
characteristics were examined.

2. Experimental design
2.1. Experimental system

The experimental system is presented schematically in Fig. 1(a).
The main reservoir contained the working fluid. An immersion
heater was placed in the working fluid and operated for about
1h to achieve degassing. The working fluid was maintained at
atmospheric pressure. A magnetic pump (TXS5.3, Tuthil Co., CA)
and a three-phase motor (LG-OTIS, 0.5 hp, 3500 rpm) were used
to pump the working fluid through the closed circulation loop.
The motor speed was controlled using an inverter, which was con-
nected to the three-phase motor. The working fluid passed through
a flow meter (ULTRA mass MK II, Oval Co.), and the total mass flow
rate was monitored using an indicator (FC100P, FLOS Korea Co.).
The temperature of the working fluid was controlled using a heat
exchanger (Flat-plate, Model 131001694), and maintained closed
to 56 °C, which is the saturation temperature of the FC-72 working
fluid (3 M). Temperature deviation between the inlet and outlet of
channel was less than 0.5 °C, thus the averaged fluid temperature
was used as a bulk fluid temperature on the heating surface in
the saturated condition. The working fluid was divided into the
main flow and the secondary jet flow. The bypass rate was regu-

lated using a flow-control valve, and the mass flow rate of the sec-
ondary jet was measured using an additional flow meter (M006-
1T1, Autoflow Co.). The electrical signals for measuring the temper-
ature, pressure, and mass flow rates were acquired using a data
acquisition system (DAS) composed of an RTD signal module
(National Instruments, SCXI-1503) to monitor the temperature dis-
tribution and a data logger (Agilent, 3490 A, 20 channels) for the
additional parameters. The electric currents were supplied using
a power supply (300 V, 10 A, KSC).

The test section was fabricated using acrylic, and assembled
into upper and bottom parts to form a fluid-flow channel, as shown
in Fig. 1(b). During the experiments, the fluid was contained in the
settling chambers installed at the inlet and outlet of the flow chan-
nel to stabilize the fluid flow. Temperatures and pressures of the
working fluid were measured in those settling chambers using J-
type thermocouples (Omega) and pressure gauges (PMP 4070 for
absolute pressure, PMP 4170 for differential pressure, GE Druck),
respectively. The thermocouples were inserted at mid-height to
measure fluid temperature, and covered by hard sheath to prevent
bending by fluid flow. The cross-sectional dimensions of the main
flow channel were 8 mm x 8 mm in square with hydraulic diame-
ter of 8 mm. The total length of the channel was 375 mm, and the
length of the upstream region was 230 mm, which was sufficient
for the flow to be fully developed. The jet flowed through a circular
aperture with a diameter of 3 mm, located above sensor 1, and
passed secondary channel with length of 30 mm, in which the sec-
ondary jet flow is sufficient to develop (Cengel et al., 2012). The
sides of the test section of the heated region were composed of
transparent quartz windows for flow visualization. The test section
was covered by a thermally insulating material to reduce heat loss
to the environment.

The boiling experiments were conducted by measuring the wall
temperatures as functions of the heat flux conditions. The jet blow-
ing ratio was the principal factor characterizing the impinging jet.
The main flow was maintained at Re = 6000, and the jet blowing
ratio was varied over the range of 0-10.

2.2. RTD sensor fabrication

The RTD array sensor was fabricated on a p-type Si wafer
(Boron-doped, (100) orientation, with resistivity in the range of
1-20 Q cm) using MEMS technology (Kim et al., 2014). Pt was used
for the RTD wire patterning because its resistance is proportional
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Fig. 1. Schematic diagram of the experimental apparatus: (a) flow boiling e

to the temperature. The three points used to measure the resis-
tance were located starting at the center at 1.5 mm intervals in
the downstream direction, termed sensors 1, 2, and 3. The resis-
tance of each RTD was over 500 Q at room temperature to get more
sensitive measuring of RTD sensors. An insulation layer was depos-
ited on the Pt sensors, and an indium tin oxide (ITO) heater was
defined on top of this insulation layer. Two Au electrodes were pat-
terned on both ends of the ITO heater to supply current, and con-
nected to a copper block on the bottom. Thus, heat was transferred
on the opposite side of the wafer to the RTD sensors.

3. Data acquisition

The experimental data were acquired at a sampling rate of
60 Hz using DAS, and then time-averaged at each point. The boiling
characteristic curves were evaluated using the data reduction pro-
cedures described below.

3.1. Applied heat flux

The applied heat flux from the ITO heater can be calculated
from the voltage drop across the heater and the current as follows:

) VxI
-2 Vx 1

where Q is the heat transfer rate, A is the area of the heater, V is the
voltage drop, and I is the current in the heater. When boiling was
developed near CHF, local wall temperature was fluctuated unstably
more than 20° of centigrade within 1 ms or increased suddenly. The
value of CHF was estimated by adding the half of increment

Rﬂmm== 2 RTD sensors

xperimental system, (b) test section for investigating the flow boiling.

between the unstably fluctuated heat flux and the previous heat
flux of that (Rainey et al., 2003).

3.2. Wall temperature

The wall temperature distribution was evaluated using the RTD
sensor array. The resistance of the RTD sensors was measured at
temperatures over the range of 293-329 K, i.e., from room temper-
ature to the boiling point, and calibration relationships for the RTD
temperature were obtained at the three resistance detecting
points, i.e., Tg; = a;-R; + b;, where Tg; is the RTD temperature of sen-
sor i, R; is the resistance of sensor i, and a; and b; are the calibration
coefficients. However, the heat transfer surface was on the side of
the wafer opposite to the RTD array. The thickness of the silicon
substrate was thin of 500 um compared to the heater size, thus
the wall temperature was calculated using Fourier’s law for one-
dimensional thermal conduction (Chen et al., 2009; Kim et al.,
2014; Lu et al,, 2011), i.e.,

ke
q' =" (T —Tw) )
where kg; is the thermal conductivity of the silicon substrate, t is the
thickness of the wafer in the direction of the heat flux, Ty is the tem-

perature at the RTDs, and T,, is the wall temperature.

3.3. Heat transfer coefficient

To analyze the spatial dependence of the jet impingement cool-
ing under flow boiling conditions, the local heat transfer coeffi-
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cients were evaluated based on Newton’s law of cooling, which is
expressed as follows:

q" =h(T, - Tj) 3)

where Ty is the bulk temperature of the working fluid controlled to
the saturated temperature, which was averaged by the inlet and
outlet fluid temperatures of the channel. The wall and fluid temper-
atures were used to determine the local heat transfer coefficient.
The fluid temperature was measured at the inlet settling chamber,
and was maintained at the saturation temperature of FC-72.

4. Uncertainty analysis

The experimental uncertainties were calculated based on the
method proposed by Moffat (1985). Uncertainties in the dimen-
sions and measurements were considered in the evaluation of
the main variables. The error in the patterned length of the sensor
was +0.2%, and the error in the temperature measured by the ther-
mocouple was 0.05%. Based on the calibration process of the RTD
sensors, an uncertainty of 1.2% was applied to the wall tempera-
ture. The calculated Reynolds number had an uncertainty of
0.15%. Conductive heat loss through the silicon substrate was com-
puted using a commercial CFD code, Fluent (ANSYS, version
6.3.26). Effective heating area was evaluated based on the assump-
tion that the area of heat transferred by convection was the same
with the area of heat spreading. The heat flux deviation caused
by heat spreading was considered as conductive heat loss, the eval-
uated heat loss was 6.3%. Based on this, the uncertainty of heat flux
including CHF was calculated by following equations;

1
oq" SVN?  (OIN® (AN [oqp |’

=|(— = — 4
=)0 () (%) @
voltage drop, current and heating area of the heater were used, and
the evaluated uncertainty of the heat flux was 6.4%. The uncertainty

of the wall temperature was calculated in the thin silicon substrate,
and the investigated wall temperature uncertainty was 6.9%.

1
oh oq"\*  (6Tw\> (0T \*|*
O _ (o) | (Ofw) , (o (5)
h q" Tw Tf
The uncertainty of the heat transfer coefficient was evaluated

considering the deviation of heat flux, wall temperature, and fluid
temperature, and the value was 9.4%.

5. Results

The flow boiling curves are plotted in Fig. 2 at the three loca-
tions of RTD sensors to analyze the effect of the jet on flow boiling
with previous study in convective flow (Yuan et al., 2009) and free
surface jet condition (Cardenas and Narayanan, 2012). In the sin-
gle-phase region, the gradient of the boiling curves increased
slightly as the jet blowing ratio increased. The single-phase heat
transfer region was extended at higher jet blowing ratios of 1:10,
and the onset of nucleate boiling (ONB) was delayed. The intensi-
fied forced convection due to the jet flow increased CHF. Wall
superheat decreased in a jet blowing ratio of 1:5 at the sensor 3.
Low wall superheat at a given heat flux corresponded to high cool-
ing performance. The wall superheating was related to the heat
transfer coefficient using Eq. (3).

The heat transfer coefficient is an important indicator of the
heat transfer characteristics. The local heat transfer coefficient
can be evaluated based on the boiling curves. Fig. 3(a) shows the
distribution of local two-phase heat transfer coefficients from the
sensors 1 and 3 as functions of the heat flux, and Fig. 3(b) shows
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Fig. 2. Local flow boiling curves at the three sensors according to the jet blowing
ratio (Mj; means the jet blowing ratio of secondary jet velocity to main flow
velocity). The sensor 1 is positioned under the jet hole, and other sensors are
arrayed with the interval of 1.5 mm. “No jet flow” means that only the main flow
was used.

these as functions of the exit quality, x.. As the main flow passed
the heating surface, the boiling development was suppressed at
the upstream compared to the downstream from the heater. Thus,
phase change occurred actively by fully developed thermal bound-
ary layer in the downstream region, and the local heat transfer
coefficient increased along the flow direction. As shown in
Fig. 3(a), a greater heat flux is required to achieve boiling at higher
jet blowing ratios; thus, the curves are shifted to the right at high
jet blowing ratios. The exit quality represents the amount of boil-
ing (Megahed, 2012), and can be used to compare the heat transfer
performance at the same boiling condition but different mass flow
rates. It is defined as follows:

1
=1 [ & Gy T~ T ®)

Xe

where L is the latent heat, Q,; is total supplied heat, 1 is the mass
flow rate, and G, is the heat capacity. Therefore, the effect of the
impinging jet can be compared at a given exit quality, which
improves the heat transfer coefficient as the jet blowing ratio is
increased. However, the measured heat transfer coefficient at the
sensor 3 for a jet blowing ratio of 1:5 was significantly higher than
that for a jet blowing ratio of 1:10 even though the injected mass
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Fig. 3. Distribution of heat transfer coefficients at two sensors: (a) as a function of
the heat flux, (b) as a function of the exit quality.

flow rate less. Fig. 4 represents the ratio of the local heat transfer
coefficients at the sensors 2 and 3 to that at the sensor 1. The heat
transfer coefficient at the sensor 2 did not change significantly with
the jet blowing ratio or exit quality. On the other hand, the heat
transfer coefficient at the sensor 3 changed obviously, and was
the largest at a jet blowing ratio of 1:5.

To evaluate the enhanced heat transfer by jet, the change in the
heat transfer coefficient compared to the case with no jet flow is
shown in Fig. 5. The presented two-phase heat transfer coefficient
was averaged over the exit quality range of 0.004 < x, < 0.006. The
local heat transfer coefficient was increased by the jet due to the
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Fig. 4. Ratio between the heat transfer coefficient at sensors 2 and 3 compared with
that at sensor 1 as functions of the jet blowing ratio as boiling developed.
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Fig. 5. Variation of the heat transfer coefficients compared to the case with no jet
flow for the three different jet blowing ratios and at three sensors. hje is the heat
transfer coefficient with no jet flow and sensors 1, 2, and 3 are arrayed from the
center in the downstream direction.

intensified forced convection. As the jet blowing ratio increased,
the mass flow rate of the working fluid at the heated surface also
increased. At the sensor 3, the average two-phase heat transfer
coefficient was increased by 59% and wall superheat was main-
tained relatively lower by 11% in a jet blowing ratio of 1:5 com-
pared to the case with no jet. The jet blowing ratio of 1:5
provided the greatest improvement in the cooling performance at
the sensor 3, better than the case with a jet blowing ratio of
1:10, and consistent with the x,—h distribution as shown in
Fig. 3(b). The maximum heat transfer coefficient at the sensor 3
at a jet blowing ratio of 1:5 was 16% greater than that in a jet blow-
ing ratio of 1:10. Based on the heat transfer coefficient distribution,
the cooling performance was not proportional to the jet blowing
ratio, and a jet blowing ratio 1:5 had the highest local heat transfer
coefficient at the sensor 3 for the tested conditions.

To gain further insight into the heat transfer phenomena, we
carried out visualizations of fully developed boiling at a heat flux
of 20 W/cm? with a high speed camera of 4000 fps. The gray box
with arrow described in Fig. 6 is the location of jet hole, and the
small white squares indicate the location of sensors. The dot line
indicates interfacial boundary forced by the mainstream and the
jet flow. As shown in the visualization results, the impingement
point of the jet at a jet blowing ratio of 1:5 occurred at the sensor
3; therefore, this point was cooled effectively by impingement jet
flow. The large coolant momentum due to the high mass flow rate
intensified the forced convection, and the jet flow catalyzes bubble
detachment. When the jet blowing ratio was 1:10, the jet flow was
dominant and the main flow was not sufficient to control the flow
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ratio of 1:10.

momentum near the heating surface. For this reason, bubble
detachment in the downstream direction was minimal. The ratio
of the heat transfer coefficient increased with the jet blowing ratio.
The jet flowed in the crossflow direction and merged with the main
flow, which led to increase thermal transport at the sensor 3 com-
pared with that at the sensors 1 and 2. Therefore, the change in the
heat transfer rate was the largest at a jet blowing ratio of 1:5. At
this jet flow condition, the jet momentum was the greatest at the
sensor 3, and the jet promoted bubble detachment. Forced convec-
tion improved bubble nucleation, and cooling performance was
maximized.

These flow characteristics influenced the overall boiling heat
transfer. Fig. 7 shows ONB and CHF evaluated from the averaged
data from the three sensors as functions of the total mass flow rate.
The total mass flow rate is the summation of the main flow rate
and the impinging jet flow rate. The CHF was enhanced quasi-lin-
early by increasing the total mass flow rate, and increased by 61%
at a jet blowing ratio of 1:10 compared to the case with no jet flow.
This was because a greater heat flux could be transferred by the
larger amount of coolant. However, ONB did not change until the
total flow rate reached of 2.0 kg/min, which corresponds to a jet
blowing ratio of 1:5, at which point it increased rapidly by 61%
at a total mass flow rate 2.8 kg/min, which corresponds to a jet
blowing ratio of 1:10. The reason that ONB increased so sharply
can be explained by considering the fluid flow behavior using the
visualization data. A phase change was not initiated at the heat flux
of 20 W/cm? in a jet blowing ratio of 1:10, and bubbles were not
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Fig. 7. Boiling heat transfer characteristics for the average data of three sensors as
functions of the total mass flow rate.

observed in Fig. 6(d). When the jet velocity was zero, only the main
flow existed in the channel, as shown in Fig. 6(a). Fig. 6(b) shows
the flow when the jet velocity was equal to the main flow and
the jet flow was injected from the ceiling of the channel. The jet
flow at a blowing ratio of 1:1 did not significantly affect the heat
transfer at the heating surface as the amount of jet flow was small

Fig. 8. Schematic diagram illustrating the effect of the impinging jet on flow
boiling. (a) No jet flow, (b) jet blowing ratio of 1:5, (c) jet blowing ratio of 1:10.
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compared to the amount of main flow. However, at a jet blowing
ratio of 1:5, the jet impinged on the heating surface close to the
sensor 3. When the total mass flow rate was less than 2.0 kg/
min, the jet did not impinge on the heating surface, and the nucle-
ate convection was affected by the main flow only. At a jet blowing
ratio of 1:10, the jet flow was dominant and impinged on the
whole heating surface. The temperature profile in thermal bound-
ary layer of boiling has been assumed that it is distributed linearly
as Zuber (Zuber, 1959) suggested. Based on the assumption, the
thickness of thermal boundary layer can be estimated through
Eq. (7) (Basu et al., 2002; Chang et al., 2010; Kandlikar, 2006; Li
et al., 2008). Thus the intensified jet flow increased the single-
phase heat transfer coefficient, and resulted in a thin thermal
boundary layer.

k
o = h—; (7)

where k; is the thermal conductivity of the liquid and hs is the sin-
gle-phase heat transfer coefficient. A thin thermal boundary layer
requires a larger wall superheat to cause a phase change of the
working fluid (Hsu, 1962). Therefore, the disturbed flow caused
by the large jet flow ratio of 1:10 delayed ONB, and CHF was
enhanced due to the increased total mass flow rate.

A thermal boundary layer developed in the direction of the
main flow, and boiling occurred as described by the schematic dia-
grams shown in Fig. 8. As discussed before, the properly combined
impingement jet and duct flow removes bubble effectively on the
local heating surface, thus heat transfer coefficient become the
highest at the jet blowing ratio of 1:5. Therefore, the combined
heat transfer by impingement jet and duct flow occurred most
remarkably with the jet blowing ratio of 1:5 compared to the other
jet blowing ratios.

6. Conclusion

For the application of jet impingement to forced convective
boiling, we tried to design a secondary jet impingement system
which is favorable to enhance overall and local heat transfer per-
formances. Local heat transfer and bubble flow characteristics
were experimentally evaluated using local temperature-measuring
RTD array sensors and high speed camera, respectively. Based on
these experimental results, we analyzed jet induced fluidic behav-
iors over a heat transfer surface. Jet blowing ratio, which is the
velocity ratio of secondary jet to mainstream, was a principal factor
on local heat transfer characteristics as well as overall boiling per-
formances. The jet blowing ratio was critical to determine the flu-
idic structure with regard to stagnant behavior of impingement jet,
and it consequently dominated the local heat transfer distribu-
tions. As the jet blowing ratio increased, the single-phase region
was significantly extended to the local upstream region of heater
due to reinforced convective motion by jet flow. Concentrated jet
momentum in the jet blowing ratio of 1:5 could catalyze bubble
detachment more effectively, and lead to low wall superheat by
11% with increased local heat transfer coefficient by 59% compared
to no jet condition. However, when the jet disturbed the develop-
ment of thermal boundary layer over the heating surface, ONB was
retarded. Especially under the excessive jet blowing ratio of 1:10,
heating region was totally disturbed by strong stagnant fluidic
behavior, therefore ONB was remarkably delayed. On the other
hand, CHF quasi-linearly increased according to the increase of
jet blowing ratio leading to the reinforcement of total fluidic
momentum. Based on the demonstrated results about the jet blow-
ing ratio and consequent local/overall heat transfer, we suggest
that the jet blowing ratio of 1:5 is an optimal condition for enhanc-
ing heat transfer coefficient at a given exit quality. Moreover, this

improved convective heat transfer technique can be potentially
used to enhance cooling capacity at large heat generated system
such as power plant, refrigeration system, and electric devices.
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