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In this study we measure the flow boiling heat flux on a horizontal heater that is heated from below. The
horizontal heater consists of either a bare silicon wafer or a silicon wafer that is coated with multi walled
carbon nanotubes (MWCNT). The silicon wafer is clamped on a constant heat flux type calorimeter con-
sisting of a vertical copper cylinder with embedded cartridge heaters and K-type thermocouples. De-ion-
ized (DI) water was used as the test fluid. The calorimeter 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.

Boiling curves (wall heat flux as a function of heater temperature) were obtained for different flow
rates and liquid subcooling. Experiments were performed for two different flow rates and two different
liquid subcoolings. Flow boiling heat flux was enhanced by as much as 180% at boiling incipience for sil-
icon substrates coated with carbon nanotubes. MWCNT was less effective in enhancing heat flux as the
flow rate and liquid subcooling was increased. This anomalous behavior was explained using flow boiling
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models reported in the literature.
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1. Introduction

Boiling is a highly non-linear phenomenon with strong coupling
of the governing transport mechanisms (thermal and hydro-dy-
namic interactions). Apart from the fluid and heater thermo-phys-
ical properties, the variables affecting boiling heat flux include wall
superheat, spatial distribution of nucleation site density (Zhang
and Shoji, 2003), spatial distribution of bubble departure diameter,
contact angle, heater orientation, gravity, etc. (Dhir, 1993, 1998).
Flow boiling is affected by additional operational parameters such
as flow velocity, flow boiling regimes, quality (and void fraction),
surface features, operating pressure, pressure drop in liquid phase
and vapor phase (Carey, 2007).

Flow boiling enhancement has been explored in the literature
using micro-scale as well as macro-scale features in round tubes,
e.g., cruciform tube, internally finned tube and helically grooved
tube. Non-circular features have also been reported in the litera-
ture such as plate fin surface, micro-fins, twisted-tape inserts, off-
set or perforated fins and cross-ribbed surface (Carey, 2007; Webb,
1994; Thome, 1990). In addition, reducing the hydraulic diameter
(Dp) can enhance the heat transfer coefficient (h) in single phase
and two phase flow configurations (e.g., h x D,! in single phase
laminar flow for both constant temperature and constant heat flux
boundary conditions), but this is also at the expense of an even
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higher pressure penalty (e.g., Ap x D,* at constant volume flow
rate in single phase laminar flow).

Recently, nano-structured surfaces were shown to enhance pool
boiling heat flux. Pool boiling heat fluxes were enhanced by 30-
300% on heaters coated with multi walled carbon nanotubes
(MWCNT) using dielectric coolants (Ahn et al., 2006a,b). Silicon
wafers were coated with MWCNT using chemical vapor deposition
(CVD) process (Zhang et al., 2004). The augmentation of pool boil-
ing heat flux was observed to depend on the wall superheat, sub-
cooling and the height of the MWCNT. MWCNT of two different
heights were used: 9 and 25 pm. Both types of MWCNT enhanced
nucleate boiling heat transfer by 30-60%. In contrast, the MWCNT
of 25 um height enhanced film boiling heat transfer by 60-300%
while the 9 pm MWCNT did not cause any significant enhance-
ment. Prior numerical and experimental investigations (e.g.,
Banerjee and Dhir, 2001) predicted that for film boiling of refriger-
ant PF-5060 the minimum vapor film thickness is ~15 pm. Hence
the 25 pum MWCNT possibly disrupted the vapor film and en-
hanced the heat transfer while the 9 um MWCNT did not.

The different mechanisms responsible for enhancement of flow
boiling heat transfer on nano-structured surfaces and their rela-
tive contribution to the total heat transfer are the subject of this
study. The length scales affecting the physical mechanisms in boil-
ing range from nm to cm. The conventional mechanistic models
for boiling are based on continuum regime (Carey, 2007) and are
not applicable to non-continuum regimes that occur during boil-
ing on nano-structured surfaces. For example Hsu's criteria for
bubble nucleation theory (Carey, 2007) cannot be applied to
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Nomenclature

Csr surface constant for boiling correlation

Dy, hydraulic diameter = 4 times area of flow cross section/
wetted perimeter of flow

hy, enthalpy of phase change (from liquid to vapor)

k thermal conductivity

l liquid property
ONB onset of nucleate boiling, property value at ONB
p pressure

Re reynolds number (for liquid flow only)

T, temperature at thermocouple location 1

T, temperature at thermocouple location 2

Tw wall temperature (or temperature on the boiling sur-
face)

Ax distance between thermocouple location

w measurement uncertainty of an experimental parame-
ter

nano-structured surfaces. Hence additional experimental data are
needed to support new theories that are required for predicting
the boiling phenomena on nano-structured surfaces.

Kim et al. (2001) measured the thermal conductivity of MWCNT
to be in excess of 3000 W/mK. Therefore, the potential mechanisms
for heat transfer enhancement can be categorized to be primarily
due to scale effects (e.g., high surface area per unit projected area
or the “nano-fin” effect) and due to material property effects. These
effects can be itemized as follows (Ahn et al., 2006a,b).

The MWCNT structures serve as enhanced heat transfer surfaces
(“nano-fins”) which can augment the effective area of the heater
surface and enhance conduction and convection.

The higher thermal conductivity of Carbon Nano-Tubes (6) can
also enhance transient conduction to the liquid phase from the
heater surface (during periodic liquid-solid contacts after each va-
por bubble departure event).

In the nucleate boiling regime - the MWCNT structures disrupt
the “thermal micro-layer” region under the bubbles enhancing
mixing and thermal transport. The MWCNT structures disrupt
the vapor layer in film boiling causing periodic quenching of the
heater.

Additionally “cold spots” (Banerjee and Dhir, 2001) that form on
a boiling surface (due to coupled non-linear thermal and hydro-dy-
namic interactions) can be enhanced by MWCNT. This leads to spa-
tio-temporal re-distribution of the wall temperature which can
enhance the boiling heat flux.

In subsequent studies Sririaman and Banerjee (2007) employed
silicon substrates with nano-fins chemically etched out of the sili-
con substrate using Step and Flash Nano-Imprint Lithography
(SENIL) process. The height of the silicon nanofin arrays were var-
ied parametrically for each substrate (keeping the pitch and diam-
eter constant) to verify the effect of the material properties of the
surface nano-structures on pool boiling heat flux. The thermal con-
ductivity of silicon is 150-200 times smaller than MWCNT. There-
fore, if the conductivity effects dominate the enhancement of pool
boiling heat flux - silicon nanofins should demonstrate a lower
enhancement than compared to surfaces coated with MWCNT.
However, from experimental measurements it was observed that
silicon nanofins enhanced the critical heat flux (CHF) by 120%
and the enhancement was independent of the height of nano-fins
for nano-fin heights exceeding 100 nm. In contrast MWCNT en-
hanced CHF by only 60%. The silicon nanofins were of 200 nm in
diameter with a pitch of 900-1000 nm and had fixed heights rang-
ing from 100 nm to 600 nm for each substrate used in the study. In
contrast, MWCNT had a random pitch of 16-40 nm with diameters
of 8-16 nm and fixed heights of 9 um or 25 pm. These results show
that the enhancement of pool boiling heat flux is dominated by
scale effects (“nano-fin” effect) rather than by material property ef-
fects. These results also allude to the fact that the thickness of the
micro-layer thickness in nucleate boiling is ~100 nm or less.

In this work we report the enhancement of flow boiling heat
flux on a horizontal heater using surface nano-structures. The sur-
face nano-structures were obtained by in situ synthesis of carbon

nanotubes on diced silicon wafers using chemical vapor deposition
(CVD) techniques. This study is relevant for various thermal
management applications in electronics chip cooling, energy
conversion devices, cryogenic systems, energy storage, materials
processing and futuristic applications (e.g., micro-channel cooling).
An enhanced understanding of micro-scale and nano-scale features
in flow boiling will enable the development of novel devices for
thermal management.

2. Experimental setup

This study was designed for flow boiling in a macro-scale chan-
nel since micro-channel flow boiling is limited by the associated
pressure penalty. Also, “edge effects” in small heaters can distort
the boiling curve. Bakhru and Lienhard (1972) as well as Dhir
and Lienhard (1973) showed that edge effects can dominate during
boiling on “small” heaters. To eliminate distortions to the boiling
curve from the edge effects the heater dimension should be larger
than the boiling length scale, i.e., the “most dangerous” Taylor
instability wave; as well as at least an order of magnitude larger
than the capillary length (Carey, 2007). For properties of water
the capillary length scale is ~2.5 mm and the boiling length scale
is ~2.5 cm. This dictates that the size of the heater should be great-
er than 2.5 cm on each side. Hence, the heater size in this study
was chosen to be 5 cm wide and 7.5 cm long. The height and width
of the macro-channel was also chosen to be larger than the heater
size to eliminate any distortions to the boiling curve from the
“edge effects” arising from contributions from the side walls, top
wall or bottom wall.

The experimental setup consists of the flow boiling test section,
a constant temperature bath for pumping the working liquid and a
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 x 26 x 26 cm), a centrifugal pump which can be
programmed for 5 different speeds ranging from 9 to 15 I/min,
and a heat exchanger unit to digitally control the temperature of
the bath. The bath temperature can be regulated from —25 °C to
150 °C. In addition two centrifugal pumps were used to pump DI
water in and out from the constant temperature bath to the flow
boiling test section. A flow meter (Model: FL1504A, Vendor: Ome-
ga) was used to measure the flow rate of liquid at the inlet of the
test section.

The test section consists of a rectangular chamber 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. To eliminate wall effects that could potentially distort the
flow boiling on the nano-structured surfaces, the test section con-
figuration was realized utilizing a rectangular macro-channel of a
square cross section of 10 cm x 10 cm and the length of the test
section in the flow direction was 20 cm. A heater apparatus was
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Fig. 1. Schematic diagram of the experimental setup.

placed at the bottom of the channel on which a silicon wafer (bare
or coated with MWCNT) was mounted to serve as the flow boiling
surface. This configuration was designed for future studies involv-
ing high speed digital image acquisition. Using atomically smooth
silicon substrates in this study also helps to isolate the enhance-
ment effects of MWCNT from variability introduced by random
distribution of nucleating cavities on the side walls that can vary
from surface to surface for commercially finished surfaces (e.g.,
copper). Flow boiling curves (wall heat flux as a function of heater
temperature) are compared for bare silicon surfaces with that ob-
tained for silicon surfaces coated with MWCNT.

The test section is made of aluminum and acetyl frames. Alumi-
num 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 win-
dows 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 hea-
ter was controlled using a DC power supply (ratings: 10 kW, 125V,
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
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 oxida-
tion) and broad range of operating temperature (from —300 °C to
700 °C). Five thermocouples inserted into the central plain of the
calorimeter were used to estimate the heat flux values in the ver-
tical direction. Two of the thermocouples are at the most narrow

cross section (top section of the copper block) and are spaced
5 mm apart. The other three thermocouples are placed at a wider
cross section (in the mid-section) which are separated by 5, 10.5
and 16 cm distances, as shown in 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. All the thermocouples in the experimental
apparatus are connected to a digital data acquisition system (NI-
DAQ, Supplier: National Instruments). The NI-DAQ consists of an
amplifier unit, a signal conditioning module, an isothermal termi-
nal block and an M series multifunction device. The maximum
sampling rate of the data acquisition apparatus is 100 kHz for 16
channels. Labview 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 thermocouple wires and the foils were grounded to eliminate
any noise captured from the ambient electro-magnetic interfer-
ence (EMI) or surrounding electrical appliances in the laboratory.

3. Carbon nanotube (MWCNT) synthesis

Chemical vapor deposition (CVD) is a simple, cost-effective
method of synthesizing nanotubes (single walled or multi-walled)
on various substrates. Acetylene was used as the carbon pre-cursor
gas with the sample being heated to 675-700 °C. A Lindberg/Blue
M-tube furnace was employed for this purpose (the quartz tube
in the furnace has a diameter of 7 cm). Iron layer of 10-20 nm
thickness was vapor deposited on a silicon wafer (7.5 cm diameter)
using an electron-beam mediated physical vapor deposition (PVD)
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Fig. 2. Diagram showing the location of the inserted K-type thermocouples and the embedded cartridge heaters in the calorimeter apparatus consisting of the machined

copper cylinder.

process. The iron acts as catalysis for the carbon nanotubes to
nucleate and grow on the substrate. Prior to coating with MWCNT,
the silicon wafer was then diced to a size of 5cm x 7.5 cm. The
diced substrate is placed in the mid-section of the quartz tube in
the furnace. Gas flows through tubes to enter one end of the quartz
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Fig. 3. Scanning electron micrograph (SEM) image of multi walled carbon nanotube
(MWCNT) coated on a silicon wafer that was used for the flow boiling experiments.

tube in the furnace and flows along its axis and exits through an
insulating glass wool plug placed at the opposite end. To prevent
any contamination and to ensure safety the whole apparatus is
placed in a negative pressure chamber (with respect to ambient)
and negative gage pressure is maintained using an exhaust fan.
Gas temperature in the furnace is measured using a K-type ther-
mocouple. Nitrogen gas is used to purge the furnace of any oxygen
at approximately 824 sccm for 20 min. Then the furnace is turned
on, and heated to 200 °C. Then the temperature is raised by 50 °C
increments in every 7 min to a final temperature of 700 °C. The fur-
nace temperature is then allowed to stabilize and steady state is
usually achieved in 30 min. Then acetylene flow is started into
the quartz tube for one hour at 74 sccm. After acetylene exposure,
nitrogen flow is reduced to 194 sccm to prevent oxidation during
cool-down period. The height of the MWCNT coating is ~15-
30 um at the end of one hour of CVD synthesis. The diameters of
the MWCNTs in the coating were found to vary randomly between
10 and 50 nm. Fig. 3 shows the top view of the MWCNT coating ob-
tained by using a scanning electron microscope (SEM).

4. Data analysis

MATLAB® software was used for analyzing the acquired tran-
sient temperature data. The wall heat flux data is obtained by cal-
culating the spatial gradient of the temperature in the vertical
direction at different radial locations within the copper cylinder:
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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 are cali-
brated by maintaining the constant temperature bath at steady
state at different temperatures. The experimental uncertainty for
estimating the heat flux in the vertical direction within the copper
cylinder was estimated using the Kline and McClintock (1953)
method:

1
Wyq Wi\ 2 W1 2 W2 2 Wax\? ’

The uncertainty in thermal conductivity is estimated to be 1%.
The uncertainty machining accuracy is estimated to be within
100 pm, resulting in position uncertainty of 2%. The calibration of
the thermocouples is performed with a temperature stability of
+0.01 °C, which provides a measurement uncertainty of +0.09-
0.37 °C (at 95% confidence level). Hence, the experimental uncer-
tainty for the wall heat flux was estimated to range from +16% at
boiling inception to +4% at the maximum heat flux point.

6. Experimental procedure

The DI water was boiled in the constant temperature bath for
30 min prior to each experiment for degassing. After the degassing
step a centrifugal pump was used to pump water into the test sec-
tion. At this point the calorimeter apparatus was started. The flow
rate of the pumps was adjusted using a rheostat. The flow meter
was used to constantly monitor and adjust any variations in the
pump flow rate. The temperature in the calorimeter was monitored
using the digital data acquisition system. After steady state condi-
tions were reached the temperature data from the thermocouples
were recorded for 1 min. The power supply to the calorimeter was
incremented by 5 V after each steady state condition.

7. Experimental results and discussion

Flow boiling experiments were performed using de-ionized (DI)
water for liquid inlet temperatures of 40 °C and 60 °C (subcooling
of 60 °C and 40 °C, respectively) and at two different flow rates
of 0.13 and 0.17 I/s (mass velocities of 18 and 25 kg/m? s). The li-
quid flow only Reynolds numbers (Re,) corresponding to these
two flow rates are 2300 and 4300, respectively. The flow boiling
heat flux data measured by the calorimeter was compared for
the bare silicon substrate and the MWCNT coated substrate. The
heat flux data for different experimental conditions were com-
pared in this study.

7.1. Heat flux data

The heat flux in the copper block in the vertical direction was
calculated for each steady condition at different wall temperatures
using Eq. (1). The heat flux is plotted as a function of the copper
block top surface temperature in Figs. 4-6. Since the top surface
temperature of the silicon substrate (bare and coated with
MWCNT) could not be measured in this study, the plots are shown
with respect to the copper block top surface temperature. The data
for flow boiling of silicon in Figs. 4-6 correspond to a mass velocity
(G=18 kg/m? s and liquid subcooling of 40 °C). Table 1 lists the

heat flux enhancements between bare silicon wafer and the
MWCNT coated heater at different flow rates and subcooling.
The percentage enhancement was calculated by interpolating the
heat flux data from MWCNT experiments at a particular heater
temperature for which the experimental data from bare silicon

G = 18 kg/m?s, Subcooling=40 °C
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Fig. 4. Flow boiling heat flux is plotted as a function of the calorimeter (copper
block) top surface temperature for bare silicon substrate and silicon substrate
coated with MWCNT. The mass velocity of liquid at inlet is 18 kg/m? s and the water
inlet temperature is 60 °C (liquid subcooling of 40 °C).
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Fig. 5. Flow boiling heat flux is plotted as a function of the calorimeter (copper
block) top surface temperature for bare silicon substrate and silicon substrate
coated with MWCNT. The mass velocity of liquid at inlet is 24 kg/m? s and the water
inlet temperature is 60 °C (liquid subcooling of 40 °C).
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Fig. 6. Flow boiling heat flux is plotted as a function of the calorimeter (copper
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coated with MWCNT. The mass velocity of liquid at inlet is 25 kg/m? s and the water
inlet temperature is 40 °C (liquid subcooling of 60 °C).
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Table 1
Heat transfer enhancement with MWCNT (over bare silicon).
Heater G=18kg/m?s G=24kg/m?s G=25kg/m?s
temperature (AT)sub =40 °C (AT)sub = 40 °C (AT)sub = 60 °C
(°0) (%) (%) (%)
128 180 152 112
143 113 91 64
166 82 61 41
184 68 48 31

experiments were available (i.e.,, at 128 °C, 143 °C, 166 °C, and
184 °C). The heat flux value was interpolated between two nearest
experimental data points for a given heater temperature. Table 1
shows that the MWCNT coating is more effective in enhancing heat
flux at lower flow rates and lower values of liquid subcooling when
compared to heat flux data obtained for bare silicon surface (at
G =18 kg/m? s and liquid subcooling of 40 °C).

Fig. 4 compares the heat flux obtained for MWCNT coated sur-
face at G=17.9 kg/m?s and liquid subcooling of 40 °C. It is ob-
served that the MWCNT coating enhances the flow boiling heat
flux in the fully developed nucleate boiling regime (bubbly flow re-
gime) by 70-80% as the heater temperature is increased. Fig. 5
compares the heat flux obtained for MWCNT coated surface at
G =24.7 kg/m? s and liquid subcooling of 40 °C. It is observed that
the MWCNT coating enhances the flow boiling heat flux in the fully
developed nucleate boiling regime (bubbly flow regime) by 50-
60% as the heater temperature is increased. This shows that there
is a marginal decrease in the heat flux enhancement between
coated and uncoated heaters as the flow rate is increased. Fig. 6
compares the heat flux obtained for MWCNT coated surface at
G=24.7 kg/m? s and liquid subcooling of 60 °C. It is observed that
the MWCNT coating enhances the flow boiling heat flux in the fully
developed nucleate boiling regime (bubbly flow regime) by 30-
40% as the heater temperature is increased. This shows that
MWCNT is less effective in enhancing flow boiling heat flux as
the flow rate as well as the liquid subcooling is increased, for the
range of experimental parameters utilized in this study. This
behavior is consistent with saturated and subcooled pool boiling
experiments reported in the literature. Ahn et al. (2006a,b) showed
that the MWCNT coatings were more effective in enhancing pool
boiling heat flux on horizontal heaters during saturated boiling
than during subcooled boiling.

7.2. Boiling incipience

It is apparent from Figs. 4-6 that MWCNT is more effective at
initiating boiling incipience at a lower value of the heater temper-
ature than bare silicon substrates. This is to be expected since the
silicon wafer surface is atomically smooth (a single crystal plane is
exposed in these wafers). In contrast MWCNT coating provides a
wide distribution of nano-scale nucleating cavities (due to distance
between the individual nanotubes) along with micron-scale sur-
face roughness (due to variation in height of the nanotubes). There-
fore, it is expected that the nucleation site density will be orders of
magnitude less on the bare silicon wafer than the MWCNT sub-
strate. 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 periphery
of the bare silicon wafer. Following the nucleation at the periphery
- additional nucleation was observed on the whole wafer surface
at higher wall superheats. Fig. 7 shows the bubble distribution at
boiling incipience. The figure shows sparse nucleation on the wafer
surface with higher density of nucleation at the edges of the wafer.

Fig. 7. Image of bare silicon wafer at boiling incipience.

The MWCNT was highly effective in enhancing the flow boiling
heat flux at boiling incipience than in the fully developed nucleate
boiling (bubbly flow) regime. At G = 17.9 kg/m? s and liquid subco-
oling of 40 °C the MWCNT coating enhanced the flow boiling heat
flux at boiling incipience by 180%. At G = 24 kg/m? s and liquid sub-
cooling of 40 °C the MWCNT coating enhanced the flow boiling
heat flux at boiling incipience by 150%. And finally, at G = 25 kg/
m? s and liquid subcooling of 60 °C the MWCNT coating enhanced
the flow boiling heat flux at boiling incipience by 112%.

This trend in boiling incipience for flow boiling is contrary to
the trend observed in pool boiling. Experiments by Ahn et al.
(2006a,b) showed that the MWCNT more effective in enhancing
pool boiling heat flux at higher wall superheats and especially at
critical heat flux (CHF). This can be explained by using the models
for flow boiling (Rosenhow, 1953) and nucleate boiling (Rosenhow,
1952). Rosenhow (1953) proposed that the total heat flux in flow
boiling is composed of two components: that due to single phase
liquid convection (qsy) and that due to nucleate boiling (qnp).
Rosenhow assumed that at fully developed nucleate boiling (or
in bubbly flow regime) the two components contribute to the total
heat flux fairly independent of each other. It was proposed 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). If the liquid flow only Reynolds number (Rey,) is in the lam-
inar flow regime, the heat transfer coefficient can be estimated by
assuming the Nusselt number to be 4.36 (constant heat flux
boundary condition) or 3.66 (constant surface temperature bound-
ary condition). The additional nucleate boiling contribution to the
total heat flux can be calculated using the Rosenhow (1962) corre-
lation. In pool boiling there is no convective contribution. Hence,
the heat flux increases with wall superheat. Rosenhow proposed
the incorporation of a surface factor (Cy) to account for surface
wettability issues. Based on heat flux data from pool boiling exper-
iments, Sathamurthy and Banerjee (2007) estimated the value of
Css for MWCNT coated substrates to be 0.0034 and for bare silicon
substrates to be 0.003. Hence - MWCNT is found to enhance pool
boiling heat flux at higher values of wall superheat.

In contrast during flow boiling the boiling incipience is charac-
terized by more complex transport processes. At boiling incipience
the two components of heat flux (convective single phase and
nucleate boiling) are of comparable magnitude and are highly
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interdependent. Bubble nucleation can alter the effective surface
roughness and wall shear stress profile and therefore augment
the single phase convective component. In turn the single phase
component of heat flux can also affect the temperature distribu-
tion near the wall (can cause the temperature gradients to be stee-
per at the wall). This can suppress nucleation for very smooth
surfaces. MWCNT surfaces consist of protruding nano-structures
that act like “nano-fins”. This increases the effective surface area
near the wall causing more rapid growth of the thermal boundary
layer in the liquid phase leading to more enhanced density and
frequency of bubble nucleation. Hence, MWCNT are found to be
more effective in enhancing flow boiling heat flux at boiling
incipience.

MWCNT are found to be less effective in enhancing heat flux
at higher flow rates and higher liquid subcooling for similar rea-
sons as enumerated above. At higher mass velocities the shear
stress near the wall increases. This leads to formation of thinner
boundary layers. Thus, the nucleation density of bubbles is re-
duced along with the decrease in bubble growth rates and depar-
ture frequencies. The single phase convective component is
therefore more effective in transporting heat away from the wall,
especially in the presence of the “nano-fins” (MWCNT). At higher
subcooling the temperature differential is higher between the
heater and liquid in contact - leading to higher heat flux for
the single phase convective component. There is additional con-
vective heat transfer between the liquid phase and the liquid va-
por interface at higher subcooling (this component of heat flux
does not exist for saturated boiling). This single phase component
is enhanced further due to the presence of MWCNT coating.
Hence, for the same wall temperature - at higher subcooling
and at higher flow rates the single phase convective component
of the total heat flux is able to transport a higher proportion of
the total heat flux - which is at the expense of the nucleate boil-
ing component.

It is unlikely that the MWCNT structures at the wall are dis-
torted (or bent) significantly at higher mass flow rates since the
mechanical rigidity of these nano-structures are higher than that
of steel. Hence, the marginal enhancement of the shear stress at
the wall (associated with higher mass velocities) is unlikely to
cause any significant enhancement in strain on these structures.
Also, these nano-structures reside within the “inner layer” of the
turbulent boundary layer where the liquid momentum flux is neg-
ligible (compared to the free stream flow). Hence, increase in liquid
momentum (associated with higher mass velocities) is unlikely to
cause any significant distortions in these nano-structures.

8. Conclusion

Flow boiling heat flux was measured on bare atomically smooth
silicon substrates and substrates coated with MWCNT that was
synthesized in situ on the substrates using chemical vapor deposi-
tion (CVD) techniques. Experiments were performed for two differ-
ent flow rates and two different values of liquid subcooling. The
results can be summarized as follows:

1. It was observed that in the fully developed nucleate boiling
regime (bubbly flow) the flow boiling heat flux was enhanced
by 30-80%.

2. The enhancement levels were higher at lower flow rates and
lower values of subcoolings.

3. The MWCNT was more effective in enhancing the flow boiling
heat flux at boiling incipience. Heat flux was enhanced by
112-180% at boiling incipience when compared with bare sili-
con wafer.

4. The onset of boiling incipience was found to occur at lower val-
ues of heater temperature for the MWCNT compared to that for
bare silicon wafers.

This behavior can be explained by using Rosenhow (1953)
model by partitioning the total flow boiling heat flux into single
phase forced convective heat flux in the liquid and nucleate boiling
heat flux into the vapor phase. At boiling incipience the single
phase and nucleate boiling component mutually augment each
other. At higher mass velocities and liquid subcooling the MWCNT
“nano-fins” contribute a higher proportion of the total heat flux to
the single phase forced convective heat flux and therefore less
effective in enhancing the total heat flux.
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