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Abstract

Heat transfer measurements taken at atmospheric pressure in silica nano-solutions are compared to similar mea-
surements taken in pure water and silica micro-solutions. The data include heat flux vs. superheat of a 0.4 mm diameter
NiCr wire submerged in each solution. The data show a marked increase in critical heat flux (CHF) for both nano- and
micro-solutions compared to water, but no appreciable differences in heat transfer for powers less than CHF. The data
also show that stable film boiling at temperatures close to the wire melting point are achievable with the nano-solutions

but not with the micro-solutions.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Considerable research is currently underway to un-
derstand the heat transfer behavior of nano-solutions, or
solutions obtained by adding small concentrations of
nano-meter sized particles to liquids [1-3]. One area of
interest is in boiling flow systems, where the ability to
enhance heat transfer would improve the overall effi-
ciency of the systems, reduce operational cost and pro-
vide greater safety margins if the maximum heat flux
limit could be increased. The effect of nano-particles on
heat transfer is currently hard to predict; in one recent
study [4], the heat transfer in a pool boiling system ac-
tually decreased with the addition of Al,O; particles. In
this work, the pool boiling behavior of silica particles
with diameters ranging from 15 to 3000 nm is studied,
and boiling curves are generated from the nucleate
boiling to the film boiling regimes under atmospheric
pressure.

* Corresponding author. Tel.: +1-518-395-6799; fax: +1-518-
395-5353.
E-mail address: vassall@kapl.gov (P. Vassallo).

2. Description of experiment

The experiments were conducted by passing current
through the NiCr wire horizontally suspended in satu-
rated deionized water at atmospheric pressure. The NiCr
wire (~75 mm length) was soldered to 18 gage copper
lead wires and held tightly underwater using threaded
rod attached to a steel cover. A Pyrex dish contained the
water (~300 ml); the wire was fully wetted and no effect
on the data was observed as the water level decreased
from ~12 mm above the wire to ~6 mm as the experi-
ments progressed. A Kenwood power supply (20 A ca-
pacity) operating in constant current mode provided the
power and calibrated Keithley and Hewlett-Packard
multi-meters were used to measure the current and
voltage to within 1 mA and 1 mV respectively. The water
was heated to boiling within the Pyrex dish using a
Thermolyne hot plate and the bulk boiling temperature
was measured with a type-K thermocouple.

In taking the data, the system resistance was first
measured through the power supply, meters and lead
wires by connecting the lead wires together and mea-
suring the voltage at low power (<1 A). This system
resistance was subtracted later from the resistance
measurements obtained with the NiCr wire attached to
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the lead wires. The system resistance was between 0.08
and 0.11 Q, depending on the length of the lead wires. A
baseline measurement of the NiCr wire resistance was
taken at the beginning of each data run in boiling water
at 100 °C. This resistance (typically 0.6-0.7 Q) was cal-
culated from:

RW:;—RS (1)

where Rw = NiCr wire resistance, ¥ = measured voltage,
I=measured current (<1 A) and Rs =system resistance
excluding NiCr wire. The system was cycled several
times by applying upwards of 10 A to the wire (signifi-
cant boiling) and returning to ~1 A (no boiling) to
confirm the repeatability of the baseline value to within
+0.001 Q. The boiling curve data were then taken by
slowly increasing the current and recording the current
and voltage readings at each point. Note: boiling was
initiated at a few isolated spots on the wire when the
current was ~2.5 A. If the wire was taken to failure, at
some current level (>12 A) the wire would either sud-
denly break or become red and subsequently break as
the current was increased. If measurements in particu-
late solutions were desired, some limited data (<10 A)
were usually taken in water to confirm the expected re-
sponse of the wire, then the water was replaced by the
solution with no other changes being made. This im-
proved the reliability of subsequent comparisons be-
tween the pure water boiling curve and the boiling curve
in the particulate solutions.

The boiling curves were generated by deriving the
wire temperature from a known temperature—resistance
relationship and obtaining the heat flux from the mea-
sured current and resistance. The temperature-resis-
tance curve was obtained for NiCr from technical data
summarized by Hyndman [5]. This curve did not go all
the way to the melting point (terminated at 1200 °C) so
the curve was extended to the melting temperature (1400
°C) by including the present burn-out data. The tem-
perature—resistance relationship has the form:

T ( R
Tbase - f (Rbase ) (2)

Eq. (2) indicates that it is more important to know the

percent increase in wire resistance relative to the baseline

value (in this case, T = 100 °C) than it is to know the

absolute value of the resistance. In this way, any con-

stant bias in the measurements is effectively removed.
The heat flux was obtained from:

q// — I 2RW
nDL

(3)

where Ry is given by Eq. (1), D is the wire diameter and
L is the wire length.

3. Results and discussion
3.1. Pure water data

The boiling curve data taken in pure water are
summarized in Fig. 1. The wire superheat is defined as
(Tw — 100 °C) ! and the heat flux is defined as in Eq. (3).
The typical regions of pool boiling first described by
investigators such as Nukiyama [6] and Jakob and Linke
[7] are observed here as well. At low superheats (i.e., <10
°C) the natural convection regime is observed where no
boiling occurs, then a sharp rise in heat flux is evident as
nucleation begins. The nucleate boiling regime continues
until the maximum heat flux is reached whereupon the
vapor blankets the wire and the temperature suddenly
rises as transition occurs into the film boiling regime.
The wire usually breaks, or melts, at the location of
maximum flux (also called critical heat flux, or CHF) or
shortly after entering the film boiling regime. The bold
data points in Fig. 1 indicate data sets that were taken to
failure while the remaining points indicate data sets
limited to lower powers.

The Zuber correlation for CHF [8] is given as:

Gy = 0131059} (g0 Ap)* (4)

This correlation is included in Fig. 1 and predicts the
data well. For most of the data sets, the wire fails close
to this critical heat flux. In one data set, the wire was
observed to fail at ~25% higher than the others at
AT = 60 °C. This is believed to be due to some different
surface characteristics for that particular wire that
would affect its nucleation site density and lead to its
ability to sustain higher heat fluxes. This effect, and the
scratched wire data in Fig. 1, will be discussed more
later. In general, though, most new wires fail within 10%
of the Zuber prediction, and this can be used as the basis
for subsequent CHF comparisons.

The nucleate boiling expressions in Refs. [9,10], ap-
plicable for larger diameter horizontal cylinders, and in
Refs. [10,11], applicable for small cylinders (and here
evaluated at D = 0.4 mm) are also included in Fig. 1.
Both expressions adequately bound the present data.
The surface characteristics of the wire will affect the
boiling curve somewhat (demonstrated by the shift in
the curve for the scratched wires in Fig. 1) and may
explain some of the deviations between the data and
prediction. The important things to note in Fig. 1, for
later comparisons with nano-solution data, is the scatter
in the data and the trend indicated by the data curve fit.

! This is a nominal value of the water boiling temperature,
corresponding to P = 1.0133 bars. The uncertainty in water
boiling temperature is estimated as £0.4 °C, which reflects the
small day to day variations in atmospheric pressure experienced
within the test environment.
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Fig. 1. Boiling curves of NiCr wire (D = 0.4 mm) in pure water.

The data scatter is mainly due to the uncertainty in the
temperature calculation. Based on a resistance uncer-
tainty relative to baseline of £0.15%, the uncertainty in
temperature calculation is £8.2 °C at a given heat flux.
The uncertainty in heat flux is mainly attributed to the
uncertainty in the wire diameter and length. The heat
flux uncertainty is estimated to be +2%.

3.2. Silica particle data

The silica nano-solutions were studied first. Both
nano-solutions were obtained from Cornell University;
they included nominal 15 and 50 nm diameter particles
at volume concentrations between 2% and 9% (water
being the solvent). The final concentration used in these
tests was 0.5% by volume, obtained by mixing the ap-
propriate amounts of deionized water and nano-solution
together. This is a nominal value and may have changed
somewhat during the experiments as evaporation oc-
curred (about 25% of the water was evaporated by the
end of the tests). However, even if all the particles re-
mained in solution (i.e., none was carried away by the
vapor) the particle concentration at the end of the test
would have only increased from 0.5% to 0.67%; this is
not believed to significantly affect the results described
or conclusions drawn.

All of the data for the silica particles is shown in Fig.
2. Also shown is the curve fit for the pure water boiling

data. Within the scatter of the data, the boiling curves
for both 15 and 50 nm particles follow the pure water
boiling curve throughout the nucleate boiling regime up
to the CHF limit, then continue significantly higher (i.e.,
~60% higher) before transitioning into the film boiling
regime. There does not appear to be any heat transfer
enhancement in the nucleate boiling regime, but the
CHEF limit is clearly increased for the nano-particles. >
For two of the data sets using 15 nm particles, the wire
failed transitioning into film boiling, while for the third
data set, the wire failed well into the film boiling regime.
The wire glowed a bright red for the last ten data points
before breaking. A similar trend was observed for the 50
nm particles, with an even greater increase in sustainable
heat flux. The wire never failed in the 50 nm solution and
was able to sustain the maximum current for the power
supply (20 A). It is noted that a silica coating (0.15-0.2
mm) was observed on the wire at the end of testing,
indicating some possible surface interaction with the
wire at higher heat fluxes.

To examine the system response to larger silica par-
ticles, a 0.5% volume solution of 3 pm silica particles

2 Although some of the silica boiling curves appear higher
than the mean pure water curve fit, the particular baseline water
points are close to their corresponding silica points and, at best,
indicate a minor enhancement for heat fluxes less than CHF.
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Fig. 2. Boiling curves of NiCr wire (D = 0.4 mm) in silica—water solutions.

was also tested. Remarkably, the larger silica particles
again dramatically increased the CHF point, with no
significant improvement observed at lower powers. One
large distinction between the 3 pm silica particles and
the nano-particles is that the wire always failed prior to
entering the film boiling regime for the larger particles.
Another distinction is that many of the larger 3 um
particles quickly settled out in the bottom of the Pyrex
dish while the nano-particles remained more dispersed.
This limits the overall attractiveness of micron sized
particles in a flowing system where fouling is a concern.
At the end of the tests, a thin silica coating (0.025-0.05
mm) was observed on the wire.

The coating of the silica suggests a possible surface
roughness effect that would change the nucleation site
density and improve the heat transfer [12]. To test this,
wires were artificially roughened with emery paper and
tested in pure water. The results are shown in Fig. 1.
Indeed, the increased roughness led to a higher attain-
able heat flux at a given wire superheat within the nu-
cleate boiling regime and even a higher CHF point than
the virgin wire. However, it does not appear that this
alone would explain the dramatic heat-fluxes attained
with the nano-solutions nor, for that matter, with the 3
um silica solution. More work is needed to fully un-
derstand the mechanisms responsible for these large
gains in heat transfer at high heat flux. One thing is
clear: the addition of nano-particles vs. micron sized

particles allows a significant increase in heat transfer at
high heat flux and leads to sustainable operation within
the film boiling regime at temperatures close to the
melting point. The 50 nm silica solution allows a maxi-
mum heat flux about 3 times that of pure water and
nearly twice that allowed with the 3 um silica solution.
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