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Surface temperature fluctuations that occur locally underneath departing bubbles in pool boiling are
shown to result in local heat transfer coefficients ranging from 1 to 10 kW/cm2. These estimates were
reported in the literature involved both numerical and experimental approaches. Significantly higher
heat fluxes are associated with flow boiling than pool boiling under similar conditions of wall superheat
and liquid subcooling (e.g. at boiling inception and at critical heat flux). These enhancements are primar-
ily caused by the convective transport, acceleration/distortion of the bubble departure process as well as
the resultant potential enhancement of the local surface temperature fluctuations.

In this study we measure the surface temperature fluctuations using temperature micro/nano-sensors
fabricated on a silicon wafer during flow boiling on the silicon wafer which is heated from below. The
silicon wafer is clamped on a constant heat flux type calorimeter consisting of a vertical copper cylinder
with embedded cartridge heaters and K-type thermocouples. Micro/nano-thermocouples (thin film ther-
mocouples or ‘‘TFT”) are fabricated on the surface of the silicon wafer. High speed data acquisition appa-
ratus is used to record temperature data from the TFT at 1 kHz. A fluorinert was used as the test fluid (PF-
5060, manufacturer: 3M Co.). The calorimeter and surface temperature measurement apparatus is
housed in a test section with glass walls for visual observation. The liquid is pumped from a constant
temperature bath to maintain a fixed subcooling during the experiments under steady state conditions.
The transient temperature data from the FFT array during flow boiling on the silicon wafer is analyzed
using fast Fourier transform (FFT). The FFT data is analyzed as a function of the wall heat flux and wall
superheat. The number of temperature peaks in the FFT data is observed to increase with increase in wall
heat flux and the peaks are found to cover a wider spectrum with peaks at higher frequencies with
enhancement of heat flux. The surface temperature fluctuations, especially at small length and time
scales, are perturbed potentially by the coupled hydrodynamic and thermal transport processes, resulting
in enhanced local and global heat flux values. Boiling incipience condition and the flow boiling data are
compared with correlations reported in the literature.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In this work we report the measurement of surface temperature
fluctuations using surface micro-machined array of temperature
sensors for studying micro-scale features in nucleate boiling dur-
ing flow boiling conditions. This study is relevant for various ther-
mal management applications such as spray cooling, energy
conversion devices, insulation systems for cryogenic systems and
energy storage, materials processing and futuristic applications
(e.g. ablation cooling for high speed civil transport). An enhanced
understanding of micro-scale features in flow boiling will enable
the development of non-linear dynamic models for characterizing
the underlying coupled hydrodynamic and thermal micro-scale
mechanisms on a boiling surface.
ll rights reserved.

: +1 979 845 3081.
).
Boiling is the most efficient mode of heat transfer. Peak heat
fluxes exceeding 6 MW/m2 have been estimated from local tem-
perature fluctuations measured during pool boiling on horizontal
surfaces (Luttich et al., 2006). These estimates were obtained by
applying inverse heat conduction models on temperature fluctua-
tion data. The temperature fluctuation data were obtained by using
optical probes in the liquid pool in the vicinity of nucleating bub-
bles during pool boiling. However, these temperature fluctuations
were reported to be sparsely distributed in space and existed for
ephemeral durations (less than 2 ms).

Boiling is a highly non-linear phenomenon where the governing
mechanisms for the transport processes are strongly coupled. For a
given working fluid, the variables affecting boiling heat flux in-
clude wall superheat, nucleation site density, bubble diameter,
contact angle, heater orientation, gravity, etc. (Dhir, 1993, 1998).

Micro-scale temperature transients during pool boiling were
measured by using micro/nano-scale thermocouples (also known

mailto:dbanerjee@tamu.edu
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


Nomenclature

Ch constant, Ch = 1 + cosh
D diameter
hlv enthalpy of phase change (from liquid to vapor)
k thermal conductivity
l liquid property
ONB onset of nucleate boiling, property value at ONB
Pr Prandtl number
Re Reynolds number (for liquid flow only)
sat saturation property
T1 temperature at thermocouple location 1

T2 temperature at thermocouple location 2
Tw wall temperature (or temperature on the boiling sur-

face)
v vapor property
w property at wall temperature
Dx distance between thermocouple location
x measurement uncertainty of an experimental parame-

ter
h contact angle
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as ‘‘thin film thermocouples” or ‘‘TFT”) by Ahn et al. (2006). Fast
Fourier transform (FFT) of the temperature fluctuations were used
to estimate the temporal features. The largest value of the fre-
quency peaks was observed to increase with wall superheat. The
number of frequency peaks was also found to increase with wall
superheat. These results suggest that the number of time scales
for the coupled thermal and hydrodynamic features increases with
increase in wall superheat. Pool boiling experiments on cylindrical
heaters was used to analyze the spatially averaged experimental
data for transient temperature to categorize the various regimes
of boiling (Shoji, 2004; Shoji et al., 1995; Zhang and Shoji, 2003).

Significantly higher heat fluxes are associated with flow boiling
than pool boiling under similar conditions of wall superheat and li-
quid subcooling (e.g. at boiling inception and at critical heat flux).
These enhancements are primarily caused by the convective trans-
port, acceleration/distortion of the bubble departure process as
well as the resultant potential enhancement of the local surface
temperature fluctuations. However, no literature data exists on
the nature of local temperature transients during flow boiling on
horizontal heaters.

In this study we measure the surface temperature fluctuations
using temperature micro/nano-sensors fabricated on a silicon wa-
fer during flow boiling on the silicon wafer which is heated from
below. The silicon wafer is clamped on a constant heat flux type
calorimeter consisting of a vertical copper cylinder with embedded
Fig. 1. Schematic layout of t
cartridge heaters and K-type thermocouples. Micro/nano-thermo-
couples (thin film thermocouples or ‘‘TFT”) are fabricated on the
surface of the silicon wafer. High speed data acquisition apparatus
is used to record temperature data from the TFT at 1 kHz. A fluor-
inert was used as the test fluid (PF-5060, manufacturer: 3M Co.).

2. Experimental setup

The experimental setup consists of the flow boiling test section,
a constant temperature bath for pumping the working liquid and a
high speed data acquisition unit for recording the temperatures
from the experimental apparatus. The constant temperature bath
consists of a digital mode chiller-heater unit (Model 9602 circulator
from Polysciences Inc.). The unit consists of a cubical storage tank
with a stirrer (size 26 � 26 � 26 cm), a centrifugal pump which
can be programmed for five different speeds ranging from 9 to 15
liters per minute, and a heat exchanger unit to digitally control
the temperature of the bath. In all the experiments the Reynolds
number for the working liquid was maintained at a fixed value of
4375, (based on the hydraulic diameter of the rectangular cross sec-
tion of the test apparatus). The bath temperature can be regulated
from�25 to 150 �C. The test section consists of a rectangular cham-
ber housing the heater apparatus (calorimeter), along with the inlet
and outlet for fluid flow. A schematic of the experimental setup is
shown in Fig. 1. The test section has a 10 cm � 10 cm cross section
he experimental setup.
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and is 20 cm long. The test section is made of aluminum and acetyl
frames. Aluminum and Acetyl were chosen for their rigidity, low
coefficient of thermal expansion and for ease of machining of the
frame. The top and the two sides of the test section were fitted with
glass windows visual observation of the flow boiling regime as well
as to perform high speed image acquisition of the bubble formation
and departure process for future flow boiling studies. The copper
block was heated using 750 W cartridge heaters. Total of eight car-
tridge heaters were embedded into blind holes that were horizon-
tally machined in the vicinity of the bottom edge of the copper
cylinder. The cartridge heaters are used to supply 6 kW of total heat
input to the copper cylinder. The power to the cartridge heater was
controlled using a DC power supply (Ratings: 6.6 kW, 125 Volts,
53 A; manufacturer: Amrel Inc.). Smaller blind holes were drilled
horizontally and at various radial angles into the copper cylinder
at 17 locations. K-Type wire bead thermocouples were inserted in
these holes to enable heat flux calculations in the vertical direction,
as shown in Fig. 2. The K-type thermocouples are formed from wire
bead junctions of chromel and alumel wires. K-Type thermocouple
Fig. 2. Diagram showing the location of the inserted K-type thermocouples and the em
copper cylinder.
was chosen for their superior linear response (the Seebeck coeffi-
cient varies by less than ±5%) in the temperature range of interest,
chemical inertness at high temperatures (both chromel and alumel
alloys are doped with silicon oxide for protection against oxidation)
and broad range of operating temperature (from �300 to 700 �C).
Up to five pairs of thermocouples were inserted into the calorimeter
to estimate the heat flux values in the vertical direction at different
radial locations. These five pairs of thermocouples are separated by
5, 10.5 and 16 cm distances, as shown in the Fig. 2.

The copper cylinder is mounted on a base plate below the test
section. The base plate height is adjusted to keep the test surface
(mounted on the copper cylinder) to be flush with the bottom sur-
face of the test section. For example, during the experiments with
the silicon wafer the height of the base plate is adjusted so that the
silicon wafer surface is flush with the bottom surface of the test
section.

Additional thermocouples are placed inside the test section to
monitor the liquid temperature, the temperature of the ambient
and the glass windows. The surface temperature transients on
bedded catridge heaters in the calorimeter apparatus consisting of the machined



Fig. 3. Schematic showing the location of the K-type thermocouple junctions for
the thin film thermocouple (TFT) array.

M. Sunder, D. Banerjee / International Journal of Heat and Fluid Flow 30 (2009) 140–149 143
the silicon wafer were measured using micro/nano-sensors. The
sensors consist of a thin film thermocouple (TFT) array, as shown
in Fig. 3. The fabrication of the TFT array is described in the next
section. All the thermocouples in the experimental apparatus are
connected to a high speed data acquisition system (NI-DAQ, sup-
plier: National Instruments). The NI-DAQ consists of an amplifier
unit, a signal conditioning module, an isothermal terminal block
and an M series multifunction device. The maximum sampling rate
of the data acquisition apparatus is 100 kHz for 16 channels. Lab-
view software (by National Instruments) was used to program
and control the data acquisition unit from a desk top computer.
To augment the capabilities for low noise and high bandwidth of
the NI-DAQ unit, aluminum foils were used to cover the thermo-
couple wires and the foils were grounded to eliminate any noise
captured from the ambient electro-magnetic interference (EMI)
or surrounding electrical appliances in the laboratory.
Fig. 4. Image of the K-type thermocouple junction fabricated by the overlap of the chrom
obtained by scanning electron microscopy (SEM). The TFT is 30 microns wide and 250–
3. Micro/nano-fabrication of the thin film thermocouple (TFT)
array

The concept of TFT was first introduced by Marshall et al. (1966)
for investigating surface temperature transients due to friction in
tribological studies. The use of TFT for measuring surface tempera-
ture transients during pool boiling was first reported by Sinha
(2006) and refined further by Ahn et al. (in print). A similar proce-
dure was used for micro/nano-fabrication of the TFT array in this
study. The thermocouples in this study are formed by overlapping
junctions of chromel (Ni: 90% and chromium: 10%) and alumel
(Ni: 95% and aluminum: 5%) patterns on a silicon wafer surface. A
3 inch diameter silicon wafer is diced in the required shape to fit
the test section (Figs. 1–3). The wafer is then spin coated with a po-
sitive photoresist (SC-1827, manufacturer: MicroChem Inc.) to a
thickness of 1.8 microns using a programmable spin coater. Using
a photo-mask the photoresist is exposed under an ultra-violet
(UV) source on a photolithography instrument (Q4000MA Mask
Aligner, manufactured by Quintel). The exposed pattern on the sil-
icon wafer is developed using MF-319 developer (manufacturer;
MicroChem Inc.). The developed pattern is cleaned with DI water
and an oxygen plasma ‘‘de-scum” step is performed to remove
any photoresist residue in the exposed areas (this is performed to
enhance adhesion of the metal layers in subsequent steps). A post
exposure bake is performed to enhance mechanical rigidity and
evaporate any adsorbed moisture in the unexposed photoresist
layer. An adhesion layer consisting of 25 nm layer of chromium is
deposited on the silicon wafer using physical vapor deposition
(PVD) technique. This is immediately followed by deposition of
250 nm layer of chromel using PVD. ‘‘Lift-off” process is used to dis-
solve the photoresist, remove the extraneous metal thin film on the
photoresist and obtain the desired metal traces (or patterns) that
are deposited on the silicon wafer surface. The wafer is cleaned in
an ultra sound bath using PG remover solution (manufacturer:
MicroChem Inc.), to remove the photo resist. Using a different
photo-mask the silicon wafer is subjected to a similar ‘‘lift-off” pro-
cess to deposit chromel patterns. The junctions formed by the over-
lapping of the chromel and alumel patterns provide the required
array of TFT. The TFT array is subsequently used in the flow boiling
experiments to measure the surface temperature fluctuations on
el and alumel thin film layers of the thin film thermocouple (TFT) array. Image was
500 nm thick.



Fig. 6. Fast Fourier transform of the temperature transients obtained from a thin
film thermocouple on silicon wafer at wall superheat of 7 �C and 10 �C subcooling
during flow boiling at Re = 4500.
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the silicon wafer that is heated from below. The thermocouple junc-
tions thus formed are 30–50 microns wide and 250–500 nm in
height. One of the thermocouple junctions is imaged using scanning
electron microscopy (SEM) and is shown in Fig. 4. The fabricated
TFTs provide high spatial and temporal resolution of the measured
temperature fluctuations during the flow boiling experiments. The
overall micro/nano-fabrication process for obtaining the TFT array
on the silicon wafer is shown schematically in Fig. 5. At the end of
the metal patterns for both chromel and alumel, square shaped
‘‘bond-pads” are incorporated as a part of the photo-mask layout
design (at the opposite end of the TFT junction). The bond-pads
are larger in size (larger width but same thickness) and are used
to connect metal wires using wire bonding techniques for connect-
ing to the high speed data acquisition units. Additional details
about fabrication and packaging of TFT techniques, especially mod-
ified for boiling studies, are provided in Sinha (2006) and Ahn et al.
(in print). The high speed data acquisition system was connected to
the TFT array for acquiring temperature data at a sampling fre-
quency of 1 kHz for each individual thermocouple in the array.
Fig. 5. Schematic showing the individual steps in the micro/nano-fabrication of thin film thermocouples (TFT) on a silicon wafer. Starting from left, top: (a) blank 3 inch
diameter silicon wafer. (b) Photo resist SC-1827 is spin coated on the wafer at 3000 rpm. (c) After photolithography using photo-mask for chromel layer. (d) Patterned
chromel layer after ‘‘lift-off” process (physical vapor deposition of chromel layer followed by dissolution of the underlying photoresist layer). Starting from right, top: (e) after
photolithography using photo-mask for alumel layer. (f) Patterned alumel layer after ‘‘lift-off” process. (h) Wafer is packaged to form the electrical connection of the
respective thermocouples layers with chromel and alumel wires.
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4. Data analysis

MATLAB� software was used for analyzing the acquired tran-
sient temperature data. The collected time-temperature data were
analyzed using the fast Fourier transform (FFT) technique (Brenner
and Rader, 1976). FFT of the temperature fluctuations data (power
versus frequency) were plotted for different wall temperatures and
Fig. 7. Fast Fourier transform for the thin film thermocouple on wafer at 11 �C wall
heat and 10 �C subcooling during flow boiling at Re = 4500.

Fig. 8. Fast Fourier transform for the thin film thermocouple on wafer at wall
superheat of 16 �C wall heat and 10 �C subcooling during flow boiling at Re = 4500.

Fig. 9. Fast Fourier transform for the thin film thermocouple on wafer at 20.5 �C
wall superheat and 10 �C subcooling during flow boiling at Re = 4500.
are as shown in Figs. 6–13. The wall heat flux data is obtained by
calculating the spatial gradient of the temperature in the vertical
direction at different radial locations within the copper cylinder:

q ¼ k
DT i

Dxi
¼ k

T2 � T1

Dx
ð1Þ
Fig. 10. Fast Fourier transform for the thin film thermocouple on wafer at 4 �C wall
superheat and 14.5 �C subcooling during flow boiling at Re = 4500.

Fig. 11. Fast Fourier transform for the thin film thermocouple on wafer at 8 �C wall
superheat and 14.5 �C subcooling during flow boiling at Re = 4500.

Fig. 12. Fast Fourier transform for the thin film thermocouple on wafer at 12 �C
wall superheat and 14.5 �C subcooling during flow boiling at Re = 4500.



Fig. 13. Fast Fourier transform for the thin film thermocouple on wafer at 15 �C
wall superheat and 14.5 �C subcooling during flow boiling at Re = 4500.
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5. Experimental uncertainty

The thermocouples that are inserted into the copper block are
calibrated using a NIST calibrated mercury thermometer by
immersing them in a constant temperature bath (that is stirred
to maintain uniform temperature). The thermocouples and TFTs
are calibrated by maintaining the constant temperature bath at
steady state at different temperatures. The calibration of the ther-
mocouples is performed with a temperature stability of ±0.01 �C,
which provides a measurement uncertainty of ±0.025 �C. The
experimental uncertainty for estimating the heat flux in the verti-
cal direction within the copper cylinder was estimated using the
Kline and McClintock (1953) method:

xq

q
¼ xk

k

� �2
þ xT1

T2 � T1

� �2

þ xT2

T2 � T1

� �2

þ xDx

Dx

� �2
" #1

2

ð2Þ

The experimental uncertainty for the wall heat flux was estimated
to range from 55% at boiling inception to 23% at the maximum heat
flux point.

6. Experimental results and discussion

Experiments were performed for liquid subcooling of 10 �C and
14.5 �C with the working fluid (PF-5060, manufacturer: 3M Co.,
saturation temperature at 1 atmosphere = 57 �C).

6.1. Surface temperature data

The wall temperature measurements were performed using
TFT. The transient temperature data was analyzed using FFT tech-
Table 1
List of frequency peaks at different wall superheats

Figure number Wall superheat (DTw, �C)
DTw = Tw�Tsat

Number of peaks above 0.1 po
frequencies

6 7 4 peaks at 5, 5.5, 6, 6.5 Hz
7 11 4 peaks at 4, 5, 5.5, 6 Hz
8 16 8 peaks at 4, 4.5, 5, 5.5, 5.75,
9 20.5 10 peaks at 4.75, 5, 5.5, 6, 6.5
10 4 5 peaks at 4, 4.5, 5.5, 6, 6.5 Hz
11 8 7 peaks at 3.5, 4, 4.5, 5, 5.5, 6
12 12 10 peaks at 4.5, 5, 5.5, 6, 6.5, 7
13 15 11 peaks at 6, 6.5, 7, 7.5, 8, 9,

12.5 Hz
niques and are plotted in Figs. 6–13. Table 1 lists all the identified
peaks which are above a threshold power of 0.1 (the noise floor
was chosen to be below 0.1 based on the observation of the exper-
imental data for FFT). It is evident from the table that the peaks and
the frequency range (as well as maximum frequency) of the peaks
increase with the wall temperature (Tw).

It is observed that at a given value of liquid subcooling the num-
ber of frequency peaks above the threshold power value increases
with wall superheat. For example, at liquid subcooling of 10 �C, the
number of peaks increases from 4 (at wall superheats of 7 �C and
11 �C) to 8 (at wall superheat of 16 �C) to 10 (at wall superheat
of 20.5 �C). This increase is more dramatic at higher subcooling.
At liquid subcooling of 14 �C, the number of peaks increases from
5 (at wall superheats of 4 �C) to 10 (at wall superheat of 12 �C) to
11 (at wall superheat of 15 �C).

The value of the largest frequency is observed to increase with
superheat. For example, at liquid subcooling of 10 �C – the largest
frequency peak increases from 6 Hz (at wall superheat of 4 �C) to
9 Hz (at wall superheat of 16 �C) to 13 Hz (at a wall superheat of
20.5 �C). This increase in highest frequency value for a given super-
heat is even higher for increased subcooling. For example, the larg-
est frequency peak is at 9 Hz for wall superheat of 16 �C and liquid
subcooling of 10 �C, whereas the largest frequency peak is at
12.5 Hz for wall superheat of 15 �C and liquid subcooling of 14 �C.

These phenomena can be explained by the increase in bubble
nucleation density with superheat. It is expected that the bubble
diameter (or volume) at departure will not change significantly
with superheat since the bubble departure diameter is primarily
controlled by a balance of surface tension, contact angle and buoy-
ancy forces. Increase in bubble nucleation density can be expected
to increase the spatial distribution of temperature fluctuations and
the variance in the frequency of bubble departure. This implies that
as the bubble nucleation density increases there is a wider distri-
bution of the enthalpy content for each individual bubble during
the bubble departure process. Thus the rate of enthalpy being car-
ried away from the wall by the bubbles increases due to a net in-
crease in the number (or frequency) of bubbles per unit area as
well as due to a marginal increase in the variance (or the amount)
of enthalpy in each departing bubble on a statistical basis.

6.2. Onset of nucleate boiling (ONB)

Onset of nucleation was observed at a wall superheat of 4 �C
and 7 �C for liquid subcooling of 14.5 �C and 10 �C, respectively.
The wall heat flux at onset of nucleation was measured to be
2.4 W/cm2 and 3.3 W/cm2 for liquid subcooling of 14.5 �C and
10 �C, respectively. Davis and Anderson (1966) proposed an elabo-
rate correlation for predicting the wall superheat for ONB. Using
this correlation the wall superheat of ONB was obtained as 0.7 �C
and 0.8 �C for liquid subcooling of 10 �C and 14.5 �C, respectively.
Davis and Anderson (1966) proposed the following simplified cor-
wer and the Power (magnitude) at largest frequency (Hz) (liquid
subcooling, �C)

6.5 Hz, 0.1 power (10 �C)
5.5 Hz, 0.45 power (10 �C)

6, 7, 9 Hz 9 Hz, 0.1 power (10 �C)
, 7, 7.5, 8, 11, 13 Hz 13 Hz, 0.1 power (10 �C)

6.5 Hz, 0.2 power (14 �C)
, 6.5 Hz 6.5 Hz, 0.2 power (14 �C)
, 7.5, 9, 9.5, 9.75 Hz 9.75 Hz, 0.2 power (14 �C)
9.5, 10.5, 11, 11.5, 12.5 Hz, 0.45 power (14 �C)



Table 2
Wall heat flux data for different wall superheats and liquid subcooling during flow
boiling at Re = 4375

Wall superheat (DTw, �C)
DTw = Tw�Tsat

Heat flux (q, W/
cm2)

Liquid subcooling
(Re = 4375)

7 3.34 10 �C
11 6.35 10 �C
16 10.26 10 �C
20.5 14.32 10 �C
4 2.43 14.5 �C
8 5.39 14.5 �C
12 8.40 14.5 �C
15 11.76 14.5 �C
17.5 14.5 14.5 �C

Liquid Subcooling = 10 ºC

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25
Wall Superheat (ºC)

H
ea

t F
lu

x 
(W

/c
m

2 )

Experiment Rosenhow (1953)

Fig. 14. Comparison of flow boiling heat flux data with Rosenhow (1953) model for
liquid subcooling of 10 �C.
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Fig. 15. Comparison of flow boiling heat flux data with Rosenhow (1953) model for
liquid subcooling of 14.5 �C.
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relation for heat flux at ONB for fluids with low surface tension
(e.g. at high pressures) as:

qONB ¼
klhlvq

8ChrTsat
ðTw � TsatÞONB

� �2 ð3Þ

Using this correlation at a wall superheat of 4 �C and 7 �C the heat
flux value at ONB was predicted to be 2.05 W/cm2 and 6.29 W/
cm2, respectively. Hence the observed heat fluxes were under pre-
dicted by 15% and over predicted by 88% by this correlation.

This correlation (Eq. (3)) is similar to that proposed by Sato and
Matsumara (1964). However, the latter correlation does not ac-
count for contact angle. Using Sato and Matsumara (1964) correla-
tion the heat flux value would be 98% higher than the values
predicted by the Davis and Anderson (1966) correlation, since
the contact angle for the test fluid (PF-5060) is �10� on silicon.

To account for property variations for different fluids, Frost and
Dazlowic (1967) modified Eq. (3) and proposed the following
correlation:

qONB ¼
klhlvq
8rTsat

ðTw � TsatÞONB

� �2Pr2
v ð4Þ

Using this correlation at a wall superheat of 4 �C and 7 �C the heat
flux value at ONB was predicted to be 2.68 W/cm2 and 8.19 W/
cm2, respectively. Hence the observed heat fluxes were over pre-
dicted by 10% and 145% by this correlation, respectively.

These predictions therefore under predicted the wall superheat
required for the ONB condition while over predicting the heat flux
observed at the ONB condition. This is to be expected since the cor-
relations were obtained for commercially prepared surfaces which
have a propensity for higher nucleation density of bubbles com-
pared to the silicon wafer surface employed in this study. The sil-
icon wafer surface is atomically smooth (a single crystal plane is
exposed in these wafers). Therefore, it is expected that the nucle-
ation site density will be orders of magnitude less than the surfaces
used in the correlation. Also, this would explain the higher wall
superheat required for ONB than predicted by the correlations
since commercially prepared surfaces have a wider distribution
of cavities which cause ONB to occur at a lower superheat for larger
cavities. In this study the atomically smooth silicon wafer does not
have any cavities for nucleation to occur. Consequently, higher
wall superheats are required for nucleation incipience on the sili-
con wafers. Nucleation was observed to initiate on the edges as
well as the bond pads and the wire connectors on the periphery
of the silicon wafer (that were used for connecting the TFT array
on the surface). Following the nucleation at the edges and at the
periphery – additional nucleation was observed on the whole wa-
fer surface at higher wall superheats.

6.3. Heat flux data

The heat flux in the copper block in the vertical direction was
calculated at different wall temperatures using Eq. (1). The heat
flux data is listed in Table 2, corresponding to liquid subcooling
of 10 �C and 14.5 �C. Table 2 shows that the pool boiling heat flux
increases with superheat and subcooling, as would be expected.

Rosenhow (1953) proposed that the total heat flux in flow boil-
ing is composed of two components: that due to single phase liquid
convection (qspl) and that due to nucleate boiling (qnb). It was pro-
posed that the single phase component can be calculated using a
conventional estimate for single phase internal flow heat transfer
coefficient, e.g., Dittus and Boelter (1930) correlation (Incropera
and Dewitt, 1996). The additional nucleate boiling contribution
to the total heat flux can be calculated using the Rosenhow
(1952) correlation. The heat flux data obtained in this study was
compared to the predictions from the Rosenhow (1953) model
and is plotted in Figs. 14 and 15. It is observed that the predictions
from the correlations match the experimental data for liquid sub-
cooling of 14.5 �C within the limits of the experimental uncertainty
(except at the ONB). At liquid subcooling of 14.5 �C the correlation
over predicts the heat flux data by 9% at low wall superheats (ex-
cept at the ONB) and under predicts the heat flux data by 12% at
higher wall superheats. Similarly at liquid subcooling of 10 �C the
correlation over predicts the heat flux data by 26% at low wall
superheats (except at the ONB) and over predicts the heat flux data
by 4% at higher wall superheats. Hence the Rosenhow (1953) mod-
el is found to be in good agreement with the observed experimen-
tal data (except at the ONB).
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Additional comparisons were made with forced convective boil-
ing models proposed by Chen (1966) and Shah (1976). Figs. 16 and
17 show the comparison of experimental data with these predic-
tions. It is observed that at liquid subcooling of 10 �C the Chen cor-
relation under predicts the heat flux data by 39% at low wall
superheats and under predicts the heat flux data by 46% at higher
wall superheats. At liquid subcooling of 14.5 �C the Chen correla-
tion under predicts the heat flux data by 52–58% for all values of
wall superheats. At liquid subcooling of 10 �C the Shah correlation
over predicts the heat flux data by 36% at low wall superheats and
over predicts the heat flux data by 92% at higher wall superheats.
At liquid subcooling of 14.5 �C the Shah correlation over predicts
the heat flux data by 22% at low wall superheats (except for ONB
condition where it underpredicts by 9%) and over predicts the heat
flux data by 47–63% at higher wall superheats. The Shah correla-
tion is reported to have an error of 30% over the experimental data
used to generate the correlations.

Bennett and Chen (1980) proposed an improvement to their
earlier model by accounting for the property variation in their
model for different fluid properties. They proposed that the heat
flux data be multiplied by a correction factor (equal to Pr0:296

l ). After
adjusting for this correction factor, the values obtained from this
model are plotted in Figs. 16 and 17. At liquid subcooling of
10 �C the Bennett and Chen (1980) correlation under predicts the
heat flux data by 10–20% at low wall superheats and over predicts
the heat flux data by 6–11% at higher wall superheats. At liquid
subcooling of 14.5 �C the Bennett and Chen (1980) correlation un-
der predicts the heat flux data by 11–17% at low wall superheats
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Fig. 17. Comparison of flow boiling heat flux data with Chen (1966) model, Bennett
and Chen (1980) model and Shah (1976) model for liquid subcooling of 14.5 �C.
and over predicts the heat flux data by 7–14% at higher wall super-
heats. These predictions match the experimental data very well
within the limits of the experimental uncertainty.

The comparison with the correlation in the literature shows
that the Rosenhow (1953) model as well as Bennett and Chen
(1980) model provide the best match for the experimental data.
The experimental data is under predicted by the Chen correlation
and over predicted by the Shah correlation. A potential reason for
the good match with Rosenhow’s model is because this model is
based on a physical model. This physical model is based on divid-
ing the heat flux into two components which are assumed to vary
fairly independent of each other (single phase liquid convection
and nucleate boiling). In general, in the fully developed nucleate
boiling and at critical heat flux (CHF) the boiling process is fairly
independent of the convection mediated transport processes –
since lateral/vertical merger of nucleating bubbles at the wall –
are the dominant mechanisms for heat transfer rather than the
bubble departure process itself (which is the dominant transport
mode at onset of nucleate boiling).

In contrast the Shah correlation and Chen correlation are based
on heuristic approaches where the correlations are obtained by
regression analyses of experimental data based on several non-
dimensional parameters (e.g. boiling number and liquid flow only
Froude numbers). These models are based on the assumption that
the two phase heat flux is a multiple of the single phase heat trans-
fer. The multiplying factor is estimated using heuristic approaches
(or behavioral models rather than physical models). Hence, it is ex-
pected that these correlation will deviate from experimental data
when the conditions are distinctly different from the original
experiments the correlations are based on. In the present study,
an atomically smooth wafer silicon wafer was used which is ex-
pected to have a different nucleation density distribution at differ-
ent superheats compared to experiments based on commercial
surfaces. Also, a refrigerant is used (instead of water – which is typ-
ically used as the test fluid in the Chen model and the Shah model).
Hence, when the fluid property variations are accounted for (as in
the Bennett and Chen model) – the experimental data are found to
match the predictions very well and both predictions are found to
be within the bounds of the experimental uncertainty.

At the ONB, the single phase transport processes can affect the
boiling incipience conditions (and vice versa). Therefore the two
components of the total heat flux are not independent of each
other. Rosenhow’s model violates this condition and therefore does
not match the ONB heat flux data. In contrast, the heuristic models
proposed by Chen (1966), Shah (1976) as well as Bennett and Chen
(1980) match the ONB data very well. This potentially shows that
the ONB condition is governed by highly complex coupled and
non-linear processes that are better described using statistical
models (e.g. regression analyses) rather than by physical models
(e.g. mechanistic models; Dhir, 1998) or behavioral models (e.g.
chaos theory or fractal models; Shoji, 2004).
7. Conclusion

The results from the FFT analyses show that the number of fre-
quency peaks increases as the wall superheat increases. This
enhancement is even more pronounced at higher subcooling. This
result implies that there is an increase in the diversity of the spa-
tio-temporal scales for the different coupled thermal and hydrody-
namic transport mechanisms with increase in superheat and
subcooling. Closer analysis of the FFT graph shows that above a
threshold power level of 0.1, the maximum value of the peaks in
frequency domain increases to higher values with increase in both
superheat and subcooling. This can be explained to be due to in-
crease in bubble nucleation density with superheat, as well as
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due to higher enthalpy content of each bubble with increase in
superheat and subcooling.

The onset of nucleate boiling (ONB) is found to occur at higher
wall superheats and yields lower values of heat flux compared to
the values obtained from correlations reported in the literature.
The results show that the ONB condition is better described by sta-
tistical models than by physical or behavioral models.

The flow boiling curve (wall heat flux as a function of wall
superheat) is found to match the flow boiling model proposed by
Rosenhow (1953) as well as by the Bennett and Chen (1980) mod-
el. The models proposed by Shah (1976) over predicts the heat flux
data while the model proposed by Chen (1966) is found to under
predict the heat flux data. The correlations that account for the
transport processes (Rosenhow) and fluid property variations
(Bennett and Chen) are found to be in good match with experimen-
tal data.
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