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ABSTRACT

This paper quantifies the influence of diamond nanoparticles on the pool boiling performance
of R134a/polyolester mixtures on a roughened, horizontal, flat surface. Nanofluids are
liquids that contain dispersed nano-size particles. A lubricant based nanofluid
(nanolubricant) was made by suspending 10 nm diameter diamond particles in a synthetic
ester to roughly a 2.6 % volume fraction. For the 0.5 % nanolubricant mass fraction, the
nanoparticles caused a heat transfer enhancement relative to the heat transfer of pure
R134a/polyolester (99.5/0.5) up t0129 %. A similar enhancement was observed for the
R134a/nanolubricant (99/1) mixture, which had a heat flux that was on average 91 % larger
than that of the R134a/polyolester (99/1) mixture. Further increase in the nanolubricant mass
fraction to 2 % resulted in boiling heat transfer degradation of approximately 19 % for the
best performing tests. It was speculated that the poor quality of the nanolubricant suspension
caused the performance of the (99.5/0.5), and the (98/2) nanolubricant mixtures to decay over
time to, on average, 36 % and 76 % of the of pure R134a/polyolester performance,
respectively. Thermal conductivity and viscosity measurements and a refrigerant\lubricant
mixture pool-boiling model were used to suggest that increases in thermal conductivity and
lubricant viscosity are mainly responsible for the heat transfer enhancement due to
nanoparticles. Particle size measurements were used to suggest that particle agglomeration
induced alack of performance repeatability for the (99.5/0.5) and the (98/2) mixtures. From
the results of the present study, it is speculated that if a good dispersion of nanoparticlesin
the lubricant is not obtained, then the agglomerated nanoparticles will not provide interaction
with bubbles, which isfavorable for heat transfer. Further research with nanolubricants and
refrigerants are required to establish a fundamental understanding of the mechanisms that
control nanofluid heat transfer.

Keywords: additives, boiling, diamond, enhanced heat transfer, nanotechnology, refrigerants,
refrigerant/lubricant mixtures
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INTRODUCTION

Energy efficiency isaprimary component for net zero energy, high performance green
building-design (OSTP 2008, EPA 2008). Chillersthat provide air conditioning for buildings
consume nearly 13 % of total building electric expenditures (EIA, 2008). Consequently, a
cost-effective means for improving the efficiency of chillers would facilitate meeting green
building goals. In recent years, nanofluids, i.e., liquids with dispersed nano-size particles,
have been shown to be a potential means for enhancing the performance of chillers. For
example, Liu et al. (2009) have demonstrated that a water-based nanofluid in the evaporator
improved the efficiency of alaboratory chiller by more than 5 %. In addition, Appendix A
illustrates the potential of refrigerant/Iubricant-based nanofluids for improving R134a chiller
efficiency is greater than 2 %. Given that nanoparticles are not likely to be trapped by filters
or increase abrasion because of their small size (Bahrami et al., 2006), they appear to be a
viable option for improving chiller performance.

In addition to water-based nanofluids, lubricant-based nanofluids, i.e., nanolubricants, have
been used to improve refrigerant boiling heat transfer that will, likewise, benefit refrigerant
cycle performance. For example, recent studies by Kedzierski (2009) and Bi et al. (2007)
have recommended the use of nanolubricants as a means for improving efficiencies of
chillers and refrigerators, respectively. In addition, Marquis and Chibante (2005) discuss the
improved lubricating qualities of nanolubricants for engines. Inasimilar manner for
engines, improved lubricity is aso expected to benefit the performance of the chiller
compressor by reducing power requirements.

Nanoparticle properties are crucial for determining the performance characteristics of
nanolubricants. According to Bobbo et al. (2009), the way in which nanoparticle material,
dimension, shape and concentration affect nanolubricant properties is complex and not well
understood. Marquis and Chibante (2005) point out that nanoparticle size is more influential
in determining thermal conductivity than is the shape of the nanoparticle. Kedzierski (2009)
has shown that the concentration of CuO nanoparticles may determine whether an
enhancement or a degradation in refrigerant/lubricant boiling heat transfer is obtained. The
same study also showed that the improvement in thermal conductivity was not the governing
factor in determining the magnitude of the enhancement despite CuO having nearly two-
orders-of-magnitude greater thermal conductivity than the base lubricant. Clearly,
knowledge of how the properties of nanoparticles influence the heat transfer behavior of
nanol ubricants must be obtained before the performance can be optimized.

In order to further investigate the influence of nanoparticle thermal conductivity on
refrigerant/lubricant pool boiling, the boiling heat transfer of three R134a/nanol ubricant
mixtures on aroughened, horizontal, flat (plain), copper surface were measured. A
commercial polyolester lubricant (RL68H)" with a nominal kinematic viscosity of 72.3 um?/s
at 313.15 K was the base lubricant that was mixed with nominally 10 nm diameter, dry diamond
nanoparticles. Diamond nanoparticles have many commercia applicationsincluding usein

! Certain commercia equipment, instruments, or materials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor isit intended to imply that the
materials or equipment identified are necessarily the best available for the purpose.



polishing, tooling and die work. The RL68H/diamond mixture (nanolubricant) was made by
ultrasonically mixing commercial diamond nanoparticles without a surfactant with pure
RL68HA over afive-month period. The mixture was made such that 2.6 % of the volume was
diamond particles. The volume faction was chosen so that it was large enough to give alarge
thermal conductivity, while small enough so that the viscosity would be acceptable for
compressor applications. The particle size and dispersion was measured with a light
scattering technique and a sieving technique and was found to have a wide range of
agglomerated particles between approximately 10 nm and 250 um. The RL68H/diamond
(97.4/2.6)% volume fraction mixture, ak.a. RL68H2C, was mixed with pure R134ato obtain
three R134a/RL68H2C mixtures at nominally 0.5 %, 1 %, and 2 % RL68H2C mass fractions
for the boiling tests. In addition, the boiling heat transfer of three R134a/RL68H mixtures
(0.5 %, 1 %, and 2 % mass fractions), without nanoparticles, was measured to serve as a
baseline for comparison to the RL68H2C mixtures.

APPARATUS

Figure 1 shows a schematic of the apparatus that was used to measure the pool boiling data
of thisstudy. More specifically, the apparatus was used to measure the liquid saturation
temperature (Ts), the average pool-boiling heat flux (q"), and the wall temperature (T,,) of the
test surface. The three principal components of the apparatus were the test chamber, the
condenser, and the purger. Theinternal dimensions of the test chamber were 25.4 mm x

257 mm x 1.54 m. Thetest chamber was charged with approximately 7 kg of refrigerant,
giving aliquid height of approximately 80 mm above the test surface. As shownin Fig. 1, the
test section was visible through two opposing, flat 150 mm x 200 mm quartz windows. The
bottom of the test surface was heated with high velocity (2.5 m/s) water flow. The vapor
produced by liquid boiling on the test surface was condensed by the brine-cooled, shell-and-
tube condenser and returned as liquid to the pool by gravity. Further details of the test
apparatus can be found in Kedzierski (2002) and Kedzierski (2001a).

TEST SURFACE

Figure 2 shows the oxygen-free high-conductivity (OFHC) copper flat test plate used in this
study. The test plate was machined out of a single piece of OFHC copper by electric
discharge machining (EDM). A tub grinder was used to finish the heat transfer surface of the
test plate with a crosshatch pattern. Average roughness measurements were used to estimate
the range of average cavity radii for the surface to be between 12 um and 35 um. The
relative standard uncertainty of the cavity measurements were approximately + 12 %.

Further information on the surface characterization can be found in Kedzierski (20014).

MEASUREMENTSAND UNCERTAINTIES

The standard uncertainty (u;) is the positive square root of the estimated variance u. The
individual standard uncertainties are combined to obtain the expanded uncertainty (U), which
is calculated from the law of propagation of uncertainty with a coverage factor. All
measurement uncertainties are reported at the 95 % confidence level except where specified
otherwise. For the sake of brevity, only an outline of the basic measurements and
uncertainties is given below. Complete detail on the heat transfer measurement techniques

2 The equivalent mixture is RL68H/diamond (91.3/8.7) in terms of mass.



and uncertainties can be found in Kedzierski (2000) and Appendix B, respectively.

All of the copper-constantan thermocouples and the data acquisition system were calibrated
against aglass-rod standard platinum resistance thermometer (SPRT) and a reference voltage
to aresidua standard deviation of 0.005 K. Considering the fluctuations in the saturation
temperature during the test and the standard uncertainties in the calibration, the expanded
uncertainty of the average saturation temperature was no greater than 0.04 K. Consequently,
it is believed that the expanded uncertainty of the temperature measurements was less than
0.1K.

Twenty 0.5 mm diameter thermocouples were force fitted into the wells of the side of the test
plate shown in Fig. 2. The heat flux and the wall temperature were obtained by regressing
the measured temperature distribution of the block to the governing two-dimensional
conduction equation (Laplace equation). In other words, rather than using the boundary
conditions to solve for the interior temperatures, the interior temperatures were used to solve
for the boundary conditions following a backward stepwise procedure given in Kedzierski
(1995)3. The origin of the coordinate system was centered on the surface with respect to the
y-direction at the heat transfer surface. Centering the origin in the y-direction reduced the
uncertainty of the wall heat flux and temperature calculations by reducing the number of
fitted constants involved in these calculations.

Fourier's law and the fitted constants from the L aplace equation were used to calcul ate the
average heat flux (g") normal to and evaluated at the heat transfer surface based on its
projected area. The average wall temperature (T,,) was calculated by integrating the local
wall temperature (T). The wall superheat was calculated from T,, and the measured
temperature of the saturated liquid (Ts). Considering this, the relative expanded uncertainty
in the heat flux (Uq') was greatest at the lowest heat fluxes, approaching 10 % of the
measurement near 20 kW/m?. In general, the Uq remained approximately between 3 % and
6 % for heat fluxes greater than 50 kW/m?. The average random error in the wall superheat
(Utw) remained between 0.06 K and 0.14 K. Plots of Uy and Uy versus heat flux can be
found in Appendix B.

EXPERIMENTAL RESULTS

Heat Transfer

The heat flux was varied approximately between 7 kW/m? and 130 kW/m? to simulate a
range of possible operating conditions for R134achillers. All pool-boiling tests were taken
at 277.6 K saturated conditions. The data were recorded consecutively starting at the largest
heat flux and descending in intervals of approximately 4 kW/m?. The descending heat flux
procedure minimized the possibility of any hysteresis effects on the data, which would have
made the data sensitive to the initial operating conditions. Table 2 presents the measured
heat flux and wall superheat for all the data of this study. Table 3 gives the number of test
days and data points for each fluid.

3 For the record, Table 1 provides functional forms of the Laplace equation that were used in this study in the
same way aswas done in Kedzierski (1995) and in similar studies by this author.



The mixtures were prepared by charging the test chamber (see Fig. 1) with pure R134ato a
known mass. Next, ameasured mass of nanolubricant or lubricant was injected with a
syringe through a port in the test chamber. The refrigerant/lubricant solution was mixed by
flushing pure refrigerant through the same port where the lubricant was injected. All
compositions were determined from the masses of the charged components and are given on
amass fraction basis. The maximum uncertainty of the composition measurement is
approximately 0.02 %, e.g., the range of a 2.0 % composition is between 1.98 % and 2.02 %.
Nominal or target mass compositions are used in the discussion. For example, the “actual”
mass composition of the RL68H in the R134a/ RL68H (99.5/0.5) mixture was 0.51 %

+ 0.02 %. Likewise, the RL68H mass fractions for R134a/ RL68H (99/1) and the R134a/
RL68H (98/2) mixtures were 0.98 % + 0.02 % and 2.00 % + 0.02 %, respectively. Using the
same uncertainties, the nanolubricant mass fractions as tested with R134a were 0.49 %,

1.02 %, and 1.97 %.

Figure 3isaplot of the measured heat flux (q") versus the measured wall superheat (T, - Ts)
for the baseline measurements of the refrigerant/pure-lubricant mixtures at a saturation
temperature of 277.6 K. The boiling curve for pure R134a, taken from Kedzierski and Gong
(2009), is shown as the leftmost solid line. The open circles, squares, and stars represent the
measured heat flux (") versus the measured wall superheat (T, - Ts) at a saturation
temperature of 277.6 K for the R134a/RL68H (99.5/0.5), R134a/RL68H (99/1), and
R134a/RL68H (98/2) mixtures, respectively. Five days of boiling the R134a/RL68H
(99.5/0.5) mixture produced 140 measurements over a period of approximately one week.
The solid lines shown in Fig. 3 are cubic best-fit regressions or estimated means of the data.
Four of the 140 R134a/RL68H (99.5/0.5) measurements were removed before fitting because
they were identified as “outliers’ based on having both high influence and high leverage
(Beldley et al., 1980). Each of the data sets presented here exhibited a similar number of
outliers and were regressed in the same manner. Table 4 gives the constants for the cubic
regression of the superheat versus the heat flux for all of the fluids tested here. The residual
standard deviation of the regressions - representing the proximity of the data to the mean -
aregivenin Table5. The dashed linesto either side of the mean represent the lower and
upper 95 % simultaneous (multiple-use) confidence intervals for the mean. From the
confidence intervals, the expanded uncertainty of the estimated mean wall superheat was, on
average, 0.11 K and 0.05 K for superheats less than and greater than 8 K, respectively.
Table 6 provides the average magnitude of 95 % multi-use confidence interval for the fitted
wall superheat for all of the test data.

A general overview of the effect that the variation in the pure lubricant mass fraction has on
R134a/lubricant pool boiling can be obtained from Fig. 3. Comparison of the three mean
boiling curves shows that the superheats are within approximately 1.4 K of each other for the
entire tested heat flux range. For the most part, the superheat for the refrigerant/Iubricant
mixturesis 1 K to 3K greater than that for pure R134a indicating a heat transfer degradation
with respect to pure R134a. Kedzierski (2001b) has shown that, in general, degradations
associated with increased |ubricant mass fractions occur when the concentration induced
bubble size reduction, and its accompanying loss of vapor generation per bubble, is not
compensated by an increase in site density. Typically, heat transfer degradations have been
observed to increase with respect to increasing lubricant mass fraction. The present
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measurements are inconsistent with this trend in that the heat transfer performance of the
(99.5/0.5) mixture and that of the (99/1) mixture are, for the most part, the same. To add to
the inconsistency, the (98/2) mixture exhibits a heat transfer enhancement compared to the
(99.5/0.5) and the (99/1) mixtures for heat fluxes greater than 10 kW/m?. Although the
measurements are inconsistent with typical refrigerant/lubricant data, they are fairly
repeatable within this study and with respect to the previous study by Kedzierski and Gong
(2009). The boiling curves for the present (99.5/0.5) and the (99/1) mixtures agree with
those given by Kedzierski and Gong (2009) for the same mixtures on the same surface.
However, the superheat for the present (98/2) mixture is approximately 1.5 K less than what
was measured in the previous study for the same conditions. The reason for why only two of
the three data sets are repeatabl e between this study and the Kedzierski and Gong (2009)
study is not known. Kedzierski (2001b) has shown that refrigerant/lubricant pool boiling
with larger [ubricant concentrations typically exhibit greater between-run variability. Also,
Kedzierski (2006) has shown that, on occasion, a boiling surface can perform asif it has two
different sets of active cavities on a given day with one being more favorable for boiling than
the other. Considering the above, and without a better explanation, the discrepancy between
the two (98/2) data sets over roughly ayear between measurements can be explained as a
potential characteristic of refrigerant/|ubricant boiling with greater lubricant concentrations.

Figures 4 through 6 presents the boiling heat transfer measurements for the three
refrigerant/nanol ubricant mixtures of R134aand RL68H2C. Figures4 and 6 show that the
R134a/RL68H2C (99.5/0.5) mixture and the R134a/RL68H2C (98/2) mixture both exhibit a
significant between-run variation manifested in a stratification of the daily boiling curves. In
general, the performance for the (99.5/0.5) and the (98/2) refrigerant/nanol ubricant mixtures
was stable and repeatable for the first few days; following the stable period, the performance
degraded for successive test days. However, the R134a/RL68H2C (99/1) does not exhibit
this behavior, i.e., the (99/1) daily boiling curves are random with respect to one another and
the data scatter istypical of refrigerant/lubricant boiling. A more detailed discussion of these
measurements is given in the following.

Figure 4 shows the measured heat flux (q") versus the measured wall superheat (T,, - Ts) for
the R134a/RL68H2C (99.5/0.5) mixture at a saturation temperature of 277.6 K. Thirteen
boiling curves (one for each test day) were measured over the span of approximately a
month. The measurements are separated into three groups as represented by the three
different symbols used in the plot. The close circles represent measurement made over the
first three days where the surface was initially exposed to diamond nanoparticles. As
represented by the plus symbol, successive measurements resulted in an average gain of
approximately 0.2 K in superhest relative to the previous day’ s measurements, i.e., an
increasing degradation in heat transfer performance as the surface experienced more boiling
hours. The deterioration of the heat transfer performance with increased usage was believed
to be caused by the accumulation of diamond nanoparticles on the surface. To test this
hypothesis, the boiling surface was cleaned with acetone and a commercial copper cleaner in
an attempt to remove the nanoparticles from the surface. The open circles centered with plus
signs represent the boiling measurements that were made over the next three days after the
surface was cleaned. The measurements that were made after cleaning agree well with those
taken after the first three days of test for heat fluxes greater than roughly 80 kW/m?. For
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measurements between approximately 10 kW/m? and 80 kW/m?, the superheat is roughly
0.2 K lessfor the cleaned surface than for the first three days of test. All in all, cleaning has
restored the heat transfer performance of the boiling surface. The solid line along with
confidence intervals documents the fit of the six best test runs, i.e., three boiling curves after
theinitia run plus three boiling curves after cleaning the surface. The average expanded
uncertainty of the estimated mean wall superheat for the fitted refrigerant/nanol ubricant
mixture was 0.23 K and 0.13 K for superheat greater than and less than 6 K, respectively.

Figure 5 shows the measured heat flux (q") versus the measured wall superheat (T, - Ty) for
the R134a/RL68H2C (99/1) mixture at a saturation temperature of 277.6 K. Eight boiling
curves were measured over the span of approximately two weeks. Unlike the
R134a/RL68H2C (99.5/0.5) measurements, the measurements for the (99/1) mixture
exhibited a modest random variation in performance rather than a continuous degradation
with respect to test day. For most heat fluxes, the R134a/RL68H2C (99/1) superheat
measurements, represented by the closed squares, agree well with the six best measurement
days for the R134a/RL68H2C (99.5/0.5) mixture. In fact, the mean boiling curve for the
(99.5/0.5) mixture differs from the mean for the (99/1) mixture by no more than
approximately 0.2 K. The average expanded uncertainty of the estimated mean wall
superheat for the fitted refrigerant/nanolubricant mixture was 0.12 K and 0.06 K for
superheat greater than and less than 8 K, respectively.

Figure 6 shows the measured heat flux (q") versus the measured wall superheat (T, - Ts) for
the R134a/RL68H2C (98/2) mixture at a saturation temperature of 277.6 K. Ten boiling
curves were measured over the span of approximately three weeks. The measurements for
the (98/2) refrigerant/nanolubricant mixture exhibit a behavior similar to that of the
measurements for the (99.5/0.5) refrigerant/nanolubricant mixture. The first four days of
measurement for the (98/2) mixture, as represented by the closed stars, are fairly repeatable
and random between runs. Consequently, the first four days were regressed together and are
shown as the solid and dashed lines representing the mean and 95 % confidence interval,
respectively. The average expanded uncertainty of the estimated mean wall superheat for the
fitted refrigerant/nanolubricant mixture was 0.17 K and 0.10 K for superheat greater than and
lessthan 7 K, respectively. The plus symbols show measurements taken after the first four
days at a degraded performance. The open circles centered with plus signs represent the
boiling measurements that were made after cleaning the surface. Cleaning restored the
performance of the surface for higher heat fluxes for one run, but had essentially no effect on
the performance for another run.

A more precise comparison of the R134a&/RL68H and the R134a/RL68H2C hest transfer
performances relative to R134a and R134a/RL68H, respectively, isgiven in Figs. 7 and 8.
Figure 7 plots the ratio of the R134a/RL68H mixture heat flux to the pure R134a heat flux
(9"pL/q"p) versus the pure R134a heat flux (") at the same wall superheat. Figure 7
illustrates the influence of lubricant mass composition on the R134a/RL68H boiling curve
with solid lines representing the mean heat flux ratios for each mixture and shaded regions
showing the 95 % confidence level for the mean. Overall, lubricant for all compositions has
caused a heat transfer degradation relative to the heat transfer of pure R134afor all measured
q"p. The refrigerant/lubricant pool boiling heat flux is shown to be between roughly 20 %
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and 60 % of that of the pure refrigerant. The minimum performance for each
refrigerant/lubricant mixture is approximately 20 % of the performance of pure R134a. For
example, at roughly 64 kW/m?, the minimum heat flux ratio for the R134a/RL68H (99.5/0.5),
and the R134a/RL68H (99/1) mixture was 0.22 £+ 0.26, and 0.19 + 0.15, respectively. The
minimum heat flux ratio for the R134a/RL68H (98/2) mixture was 0.23 + 0.45 at
approximately 34 kW/m?. Overall, the average heat flux ratio for the R134a/RL 68H
(99.5/0.5), the R134a/RL68H (99/1), and the R134a/RL68H (98/2) mixture for the heat flux
range shown in Fig. 7 for each fluid was 0.27, 0.24, and 0.48, respectively.

Figure 8 details the effect that the diamond nanoparticles had on the R134a/RL68H boiling
curves for the repeatable, best performance runs as described in the discussion of Figs 4 and
6. Thefigure plotsthe ratio of the R134a/RL68H2C heat flux to the R134a/RL68H heat flux
(9"c/q"pL) versus the R134a/RL68H2C mixture heat flux (9" c) at the same wall superheat.
The three different compositions are represented by three different lines where each
R134a/nanolubricant mixture is compared to the R134a/pure-lubricant mixture at the same
mass fraction. A heat transfer enhancement exists where the heat flux ratio is greater than
one and the 95 % simultaneous confidence interval s (depicted by the shaded regions) do not
include the value one. Figure 8 shows that the R134a/RL68H2C (99.5/0.5) and (99/1)
mixtures exhibit a significant boiling heat transfer enhancement over that of the
R134a/RL68H (99.5/0.5) and the R134a/RL68H (99/1) mixtures (without nanoparticles),
respectively. The heat flux ratio varies between roughly 0.8 and 2.29 for the
R134a/RL68H2C (99.5/0.5) mixture for heat fluxes between 4 kW/m? and 120 kW/m?. The
R134a/RL68H2C (99/1) mixture shows a maximum heat flux ratio of approximately 2.14 at
approximately 54 kW/m?. The R134a/RL68H2C (98/2) mixture shows a maximum heat flux
ratio of approximately 1.17 and aregion between 11 kW/m? and 40 kW/m? where no
difference can be established between the two fluids because the confidence intervals include
the value of one. Overal, the average heat flux ratio for the R134a/RL68H2C (99.5/0.5)
mixture and the R134a/RL 68H2C (99/1) mixture from approximately 15 kW/m? to

120 kW/m? was 1.98, and 1.91, respectively. The average heat flux ratio for the
R134a/RL68H2C (98/2) mixture from approximately 11 kW/m? to 75 kW/m? was 0.81.

Given that the boiling curves showed a surface aging effect for the (99.5/0.5) and the (98.2)
mixtures with nanoparticles, Fig. 9 provides the heat flux ratios, as donein Fig. 8, but for the
two worst performance runs shown in Figs4 and 6. In thisway, Figs. 8 and 9 can be used to
bracket the observed performance for tests conducted with nanoparticles in this study.* The
heat flux ratio for the R134a/RL68H2C (99/1) mixtureis the same as was presented in Fig. 8
with the exception that it is plotted against the refrigerant/pure-lubricant heat flux rather than
the refrigerant/nanolubricant heat flux. The maximum heat flux ratio for worst performing
R134a/RL68H2C mixtures was 0.92 + 0.07 and 1.37 + 0.11 for the (99.5/0.5) and the (98/2)
mixture, respectively. Averaged for heat fluxes between approximately 5 kW/m? and

80 kW/m?, the heat flux ratio for the worst performing R134a/RL68H2C runs for the (98/2)
and the (99.5/0.5) mixtures was 0.36 and 0.76, respectively.

“ Because of the consistent trend of the stratified data, it is likely that alarger degradation would have been
exhibited by the worst performing mixtures had more data runs been taken.
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Particle Size

The size of the diamond nanoparticles in the nanolubricant was measured with a Dynamic
Light Scattering (DL S) technique using a 633 nm wavelength laser and a sieving technique
using a syringe filter and an optical microscope. The two methods were required because the
diamond nanolubricant was very polydispersed and contained particles that were larger than
what could be measured with the DL S technique.

The DL S technique was used to measure particles sizes less than 1000 nm. Approximately
0.01 g of the nanolubricant was mixed with approximately 3 g of toluene and pushed through
a1l um syringe filter into the sample cuvette that was analyzed with the DL S system. An
index of refraction of 2.42 for diamond was used in the Brownian motion based calculation
that was done internally by the DL S instrument for the particle size. The uncertainty of the
packaged DL S instrumentation was confirmed with a NIST traceable 60 nm nanofluid
standard. The measured diameter of the standard with the DLS system was within 5 nm of
range of uncertainty of the standard. For the diamond nanolubricant, for particles smaller
than 1 um, the 10 nm diameter® diamond nanoparticles were agglomerated primarily into two
clumps of 30 nm and 400 nm with a bandwidth of approximately + 60 % for each of
approximately equal intensities. Consequently, for particles smaller than 1 um, the
nanolubricant had nearly an equal number of nearly discrete diamond nanoparticles (single or
clumps of 2 to 5 particles), and agglomerated clumps of approximately 40 particles.

The 1 um syringe filter material used above was examined with an optical microscope.
Figure 10 shows the diamond particles that can be seen in the filter are between roughly

10 um and 50 um. However, particle agglomeration as large as 250 um was observed when
the mixture was left to settle over several weeks. Jillavenkatesa et a. (2001) show that it
would require thousands of size measurements to obtain an uncertainty in the size
distribution for a 95 % confidence level. Consequently, only an approximate range for the
particle sizeis given here.

Combining the results of the two measurement methods shows that the nanolubricant is not a
good dispersion. The particles are dispersed from single 10 nm diameter particlesto
agglomerations of particles aslarge as 50 um. The large clumps of particles are expected to
settle and further agglomerate as demonstrated by the 250 um agglomerations observed in
the aged sample. In other words, the diamond nanolubricant dispersion made in this study
was not stable and experienced settling over time.

DISCUSSION

Asfar asrefrigerant boiling is concerned, there are two direct consequences that an
agglomerated nanolubricant-dispersion has on heat transfer. Thefirst isthat the
polydispersed nanolubricant has a very large viscosity: approximately 450 um?/sat 313.15 K,
which is nearly a 550 % increase over the viscosity of the pure lubricant (see Appendix C).
Kedzierski (2001b) showed that increases in lubricant viscosity resulted in improvementsin
boiling heat transfer. From this, it is shown below that the viscosity increase of the diamond

® The 10 nm particle diameter was specified by the manufacturer of the nanopowder that was used to make the
nanol ubricant.
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nanolubricant is largely responsible for the boiling heat transfer enhancement associated with
this particular refrigerant/nanolubricant mixture. The second consequence of a poor
dispersionisthat it can cause a heat transfer instability if the particles are large enough to
settle over time despite the vigorous mixing as caused by the boiling.

A previous study (Kedzierski, 2009) suggested that nanoparticle interaction with bubbles was
the main boiling enhancement mechanism of boiling refrigerant/CuO-nanol ubricant

mixtures. In order for the interaction to occur, the nanoparticles must remain suspended in
the lubricant excess layer that resides on the boiling surface. Nanoparticles that become
lodged in surface cavities are likely to degrade heat transfer performance vialoss of bubble
nucleation sites. Particles that are not governed by Brownian motion, i.e., particlesthat are
too large, are not likely to provide favorable and stable interaction with bubbles. Over time,
the larger particles are likely to agglomerate and settle onto the boiling surface. The
worsening performance over time exhibited by the (99.5/0.5)-nanolubricant mixture and the
(98/2)-nanolubricant mixture is speculated to be adirect result of particle settling over time.

The above argument suggests that nanoparticle interaction with bubblesis not likely to be
responsible for the heat transfer enhancements that were observed for the
refrigerant/diamond-nanol ubricant mixtures. Considering that diamond-nanoparticle
interaction is not the governing heat transfer enhancement mechanism, then isit possible for
increased nanolubricant viscosity to be the cause? In an attempt to demonstrate that it is,
Fig. 11 compares the enhancement ratio for the R134a/nanol ubricant mixtures to those
predicted by the refrigerant/Iubricant mixture, pool-boiling model given in Kedzierski
(2003). The dashed lines of Fig. 11 are predictions from the refrigerant/Iubricant pool
boiling model while using the properties of the refrigerant and the measured fluid properties
of the nanolubricant (see Appendix C and Appendix D) at the 2.6 % diamond volume
fraction. Overall, the model predicts the relative stratification of the boiling measurements
for the three mixtures with the smaller nanolubricant mass fractions having the best
improvement. In addition, fairly good absolute agreement was achieved between
measurements and predictions for each nanolubricant mass fraction. For example, the heat
flux ratios for the (99.5/0.5) mixture and the (98/2) mixture were overpredicted, on average,
by roughly 5 % and 26 %, respectively. Similarly, the (99/1) mixture is underpredicted by
about 25 % on average. Given that the model cannot account for nanoparticle interaction
with bubbles, the agreement suggests that the boiling heat transfer enhancement with the
nanolubricant of this study was due mainly to favorable changesin fluid properties, i.e.,
increases in liquid viscosity and thermal conductivity® with respect to the pure lubricant.

At thispoint it is appropriate to address the stable performance of the R134a/RL68H2C
(99/1) mixture and how it relates to the above discussion. It was noted by Jillavenkatesa et
al. (2001) that the particle distribution in a nanofluid has the potential for significant
variation. Considering this and the wide range of particle size of the diamond nanol ubricant
of this study, it may have been possible that the nanolubricant that was used to make the
R134a/RL68H2C (99/1) mixture had |ess particle agglomeration than what was used to make
the other two mixtures even though it was taken from the same batch. If thiswere the case,

® As shown in Appendix D, the nanoparticles resulted in an approximate 7 % increase in the thermal
conductivity of that of the pure lubricant.
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there would be less particle settling, which would lead to greater measurement repeatability
between runs. In addition, the boiling heat transfer performance was on average 25 %
greater than what was predicted by the model based on refrigerant/lubricant properties.
Potentially, that 25 % difference, if it is not due to prediction errors, could be due to particle
interaction as caused by a better nanofluid suspension.

Future research is required to investigate the influence of the particle material, its shape, size,
distribution, and concentration on refrigerant boiling performance. In particular, the
importance of having a good dispersion in promoting nanoparticle-bubble interaction should
be verified with further refrigerant boiling studies with well-dispersed diamond
nanolubricants. Sarkas (2009) suggests that this may be more easily said than done because the
surface chemistry of diamond may be well suited for encouraging particle agglomeration. As
aresult, the surface chemistry of diamond nanoparticles must be altered (eg., hydrogen-atom
terminated bonds, Sarkas (2009)) before it can become a viable material for chiller
nanolubricants. Further investigation in this area and with other nanoparticle materials may
lead to atheory that can be used to develop nanolubricants that improve boiling heat transfer for
the benefit of the refrigeration and air-conditioning industry.

CONCLUSIONS

The effect of diamond nanoparticles on the boiling performance of R134a/polyol ester
mixtures on aroughened, horizontal flat surface wasinvestigated. A nanolubricant
containing diamond nanoparticles at 2.6 % volume fraction with a polyolester lubricant was
mixed with R134a at three different mass fractions. Because the nanolubricant was
polydispersed with relatively large agglomerated particles, the boiling heat transfer
performance was shown to degrade with time for two out of three of the test mixtures and
was likely due to particlesfilling nucleation sites. As aresult, measurement comparisons
were made for both the worst and the best-case heat transfer performances. For the best case,
the 0.5 % nanolubricant mass fraction, the diamond nanoparticles caused a heat transfer
enhancement relative to the heat transfer of pure R134a/polyolester (99.5/0.5) on average of
98 %. A similar enhancement was observed for the R134a/nanolubricant (99/1) mixture,
which had a heat flux that was on average 91 % larger than that of the R134a/polyol ester
(99/1) mixture. Further increase in the nanolubricant mass fraction to 2 % resulted in a
boiling heat transfer degradation of approximately 19 % on average for the
R134a/nanolubricant (98/2) mixture. For the worst case, the R134a/nanolubricant (98/2)
mixture and the R134a/nanolubricant (99.5/0.5) mixture exhibited a 64 % and a 24 %
degradation, respectively. The R134a/nanolubricant (99/1) mixture performance did not
degrade over time, and as a result exhibited a consistent 91 % enhancement.

From the results of the present study, it is speculated that if a good dispersion of
nanoparticlesin the lubricant is not obtained, then the agglomerated nanoparticles will not
provide interaction with bubbles, which is favorable for heat transfer. The clumps of
nanoparticles can provide heat transfer enhancement via purely fluid property effects, i.e.,
increasesin liquid viscosity and thermal conductivity. These property improvements persist
only aslong as the particles remain suspended in the lubricant excess layer. Reductionsin
boiling heat transfer performance increase as the agglomerated nanoparticles settle out of the
excess layer and into the cavities of the boiling surface. For this reason, unless the surface
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chemistry of the diamond nanoparticles can be altered, diamond-nanolubricants do not
appear to be aviable material for chiller applications.

The present study demonstrates the necessity of having the particles well dispersed in the
nanolubricant so that the particles remain suspended to provide a favorable performance and
induce interaction with bubbles for further boiling heat transfer enhancement.
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NOMENCLATURE

English Symbols

An regression constant in Table 4 n=0,1,2,3
COP Cosefficient of Performance

Ecor percent increasein COP

En percent increase in heat transfer coefficient
k thermal conductivity, W-K™*m™

LMTD Log-Mean-Temperature-Difference, K
q"  averagewall heat flux, W-m?

T temperature, K

Tw temperature at roughened surface, K

U expanded uncertainty

Ui standard uncertainty

X model terms givenin Table 2

Greek symbols

AT  temperature difference, K

ATs  wall superheat: Ty, - Ts, K
kinematic viscosity, m*s™
liquid density, kg-m™
volume fraction

baseline
R134a/RL68H2C mixture
evaporator
neat lubricant

L nanol ubricant

np nanoparticles

p pure R134a

PL R134a/RL68H mixture

g heat flux

r refrigerant-side

) saturated state

Tw  wall temperature

w wall, water-side

1%
p

¢

English Subscripts
B

C

e

I
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Table1l Conduction modéd choice

Xo= constant (all models)

X=X Xo=y X3= Xy

X =52y

Xs= Y(3X*-y?)  Xe=xX(3y*x%) X7=x*+y*-6(x*)y’
Xg= yx3-xy>

Fluid

Most frequent models

Pure R134a
(file: nan134.dat)

X1,X3 (73 of 145) 50 %
X1,X> (61 of 145) 42 %

R134a/RL68H (99.5/0.5)
(file: RL68508.dat)

X1,X3 (70 of 186) 38 %
X1,X> (53 of 186) 28 %
X1,X2,X3 (16 of 186) 9 %
X1,X2,X5 (15 of 186) 8%

R134a/RL68H (99/1)
(file: RL68108.dat)

X1,X> (48 of 68) 70 %
X1,X2,X4,Xs (11 of 68) 17 %

R134a/RL68H (98/2)
(file: RL68208.dat)

X1,X2,X3,X4,X6 (148 of 192) 77 %
X1,X> (15 of 192) 8 %
X1,X2,X4 (12 of 192) 6 %
X1,X3,X4,Xs (12 of 192) 6 %

R134a/RL68H2C (99.5/0.5)
(file: RL682C5.dat)

X]_,Xz,x4,X6 (66 of 132) 50 %
X1,X2,X4 (41 of 132) 31 %
X1,X» (26 of 132) 19 %

R134a/RL68H2C (99/1)
(file: RL682C1.dat)

X1,X2:X4 (61 of 157) 39 %
X]_,Xz,x4,X6 (54 of 157) 35 %
X1,X» (31 of 157) 20 %

R134a/RL68H2C (98/2)
(file: RL682C2.dat)

X1,X2,X3 (82 of 170) 48 %
X1,X2,X3,X5 (30 of 170) 18 %
X1,X3 (24 of 170) 14 %
X1,X» (17 of 170) 10 %
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R134a/RL 68H (99.5/0.5)

File: RL68508.dat

AT "
(K) | (wim?)
10.32 116530.
10.31 112031.
10.21 103754.
10.15 100404.
10.11 96638.
10.05 90091.
9.99 83962.
9.93 78027.
9.91 73816.
9.83 69284.
9.76 63475.
9.66 58614.
9.56 53753.
9.47 48704,
9.35 44594,
9.23 40925.
9.02 35766.
8.77 30727.
8.57 27527.
8.37 24341.
8.03 19604.
7.72 16362.
743 14263.
6.98 11577.
6.50 9231.
5.76 8636.
4.68 6597.
3.84 5523.
10.39 112519.
10.30 107887.
10.21 101229.
10.15 95861.
10.10 91404.
10.05 85530.
9.98 78460.
9.90 73773.
9.84 68731.
9.75 63641.
9.66 59059.
9.54 53728.
9.42 49164.
9.32 45560.
9.07 39414,
8.90 35163.
8.71 31571.
8.53 27965.
8.30 24405,
7.65 16340.
7.33 14167.
6.90 11676.
6.41 9337.
5.49 8356.
4.81 7004.
3.76 5424,
10.44 116431.
10.34 111065.

Table 2 Pool boiling data

10.05 84294.
9.98 79641.
9.92 73314.
9.75 67602.
9.64 62618.
9.54 57911.
9.47 54281.
9.33 49663.
9.17 44896.
9.00 39985.
8.83 35908.
8.57 30861.
8.38 27431
8.10 23223.
7.89 20428.
7.64 17291.
7.23 14057.
6.86 11894.
6.18 10666.
5.69 9164.

4.32 6513.

4.05 6706.

R134a/RL68H (99/1)
File: RL68108.dat

10.27 104987.
10.19 99971.
10.14 95956.
10.07 89674.
9.99 83888.
9.94 79382.
9.89 74433.
9.83 68440.
9.73 63599.
9.63 58043.
9.54 54298.
9.38 48390.
9.28 45117.
9.08 40033.
8.91 35681.
8.70 31496.
8.52 28463.
8.19 23454.
7.97 20347.
7.66 16762.
7.34 14469.
6.92 11905.
6.26 10782.
5.65 8825.

4.67 6926.

3.83 5636.

10.42 120566.
10.38 116578.
10.30 109692.
10.22 105491.
10.15 101345.
10.07 95369.
10.07 91027.
9.99 84082.
9.95 78680.
9.87 73526.
9.81 68571.
9.74 64715.
9.61 58904.
9.51 54138.
9.40 50370.
9.24 45315.
9.10 40935.
8.90 36430.
8.67 32118.
8.50 28850.
8.19 23768.
7.91 20296.
7.62 16918.
7.35 14810.
6.81 11422.
6.39 9572.

5.57 8641.

4.73 7113.

3.74 5552.

10.46 120526.
10.39 116239.
10.35 109862.
10.29 104554.
10.22 100105.
10.14 93451.
10.10 90053.

ATs "
(K) | (wimd)
10.25 118103.
10.28 113002.
10.28 105254.
10.28 99486.
10.21 95658.
10.12 89979.
10.00 84252,
9.88 79554.
9.74 74454.
9.58 68618.
9.46 64579.
9.29 59660.
9.15 55301.
9.04 50759.
8.90 45812,
8.84 41681.
8.75 36179.
8.61 30916.
8.47 27016.
8.23 22618.
8.07 20131.
7.84 16993.
7.36 13218.
6.98 10912.
6.30 10367.
5.60 8341.
4.43 5943,
3.75 5336.
10.36 119191.
10.31 111568.
10.30 104746.
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8.98 49036.
8.89 44810.
8.80 39427.
8.71 35380.
8.54 29280.
8.46 27234.
8.24 22275.
7.98 18296.
7.63 14628.
741 12702.
6.94 10658.
6.31 10247.
5.70 8427.

4.63 6522.

3.95 5500.

10.10 112337.
10.13 107678.
10.12 102200.
10.06 96154.
9.99 89381.
9.93 86944.
9.83 81215.
9.72 75920.
9.61 71412,
9.49 66592.
9.34 62119.
9.19 57555.
9.03 52063.
8.92 47317.
8.82 41983.
8.72 36601.
8.62 33121.
8.48 28843.
8.32 25038.
8.10 20962.
7.85 17443.
7.50 13870.
7.16 12141.
6.58 11471.
5.92 8934.

5.08 7182.

4.30 6121.

3.48 4854.

R134a/RL68H (98/2)
File: RL68208.dat

10.26 99381.
10.21 94476.
10.12 88538.
10.04 83963.
9.93 79440.
9.79 73354.
9.65 69245.
9.47 64650.
9.29 59860.
9.14 55358.
9.00 50349.
8.91 46737.
8.83 41077.
8.74 36009.
8.59 30856.
8.44 26603.
8.34 23328.
8.08 19211.
7.75 15541.
745 13721.
6.99 10732.
6.36 10498.
5.66 8331.

4.69 6589.

3.76 5220.

10.43 114657.
10.42 110621.
10.33 105206.
10.27 99751.
10.22 94779.
10.14 89320.
10.02 82882.
9.91 78673.
9.78 74271,
9.63 69512.
9.43 64311.
9.27 60038.
9.09 56120.
8.94 50271.
8.82 45535.
8.73 39619.
8.66 35826.
8.47 29307.
8.39 27339.
8.14 22305.
7.90 18517.
7.64 15230.
7.28 12307.
6.74 10112.
6.36 10819.
5.56 8137.

4.68 6615.

3.52 4774.

10.24 108599.
10.22 105031.
10.17 98178.
10.13 93115.
10.07 88551.
9.98 83276.
9.87 78066.
9.73 72899.
9.61 68671.
9.43 63448.
9.26 59875.
9.11 54381.

ATs g
(K) | (W m°)
9.28 118820.
9.19 114625.
9.13 108529.
9.13 103213.
9.13 97132.
9.14 93051.
9.07 86651.
8.98 81482.
8.87 77160.
8.75 71899.
8.62 66241.
8.49 61881.
8.28 58561.
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8.11 52472.
7.97 47748.
7.87 43441.
7.76 39142.
7.64 34122.
7.51 29497.
7.38 25615.
7.25 21423.
7.12 17756.
6.95 15356.
6.52 11420.
5.98 10124.
5.32 7536.
4.41 5745.
3.40 4553.
9.39 114646.
9.45 111225.
9.48 106491.
9.49 101451.
9.50 96409.
9.41 90555.
9.27 84661.
9.14 81022.
9.00 76101.
8.87 71887.
8.72 67240.
8.46 62432.
8.31 58716.
8.18 52865.
8.07 48501.
7.95 43888.
7.86 39981.
7.70 34279.
7.57 29768.
7.40 24235.
7.31 20731.
7.16 17061.
6.93 14640.
6.64 11844.
6.10 8582.
5.24 7392.
4.48 5880.
3.78 4922,
9.37 115105.
9.40 112951.
9.41 106956.
9.43 101222.
9.42 96344.
9.38 91672.
9.24 85317.
9.11 80866.
8.98 76044.
8.83 71168.
8.63 66397.
8.45 62487.
8.30 58372.
8.18 54157.
8.07 50547.
7.94 44403.
7.83 39577.
7.69 34996.
7.58 31093.
7.43 25598.
7.29 21450.
7.11 16973.




6.88 14350.
6.61 11924.
6.22 9385.

5.48 8146.

4.60 6108.

3.79 4907.

9.18 114154.
9.12 108925.
9.23 106271.
9.17 98968.
9.14 93870.
9.09 88903.
9.02 84121.
891 79877.
8.76 T4475.
8.58 69819.
8.38 65851.
8.20 61596.
8.09 57272.
7.98 52138.
7.89 48173.
7.76 42626.
7.55 34402.
7.44 30326.
7.36 27744.
7.24 23878.
7.10 20105.
6.93 16279.
6.72 14053.
6.36 10907.
5.83 9631.

5.24 7677.

4.20 5594.

9.25 118655.
9.18 113393.
9.12 106664.
9.17 101728.
9.14 97407.
9.09 92943.
9.00 87215.
8.90 82707.
8.77 77265.
8.64 73402.
8.47 68526.
8.28 64674.
8.13 60308.
8.02 55938.
791 50403.
7.80 45360.
7.69 400981.
7.56 35956.
7.43 31549.
7.30 26799.
7.16 21808.
7.06 18510.
6.83 15275.
6.58 12608.
6.10 9408.

5.52 8527.

4.56 6272.

3.77 4977.

9.08 113866.
9.10 108123.
9.21 104324.
9.16 97150.

9.10 93140.
9.00 87333.
8.88 84245.
8.76 79292.
8.61 74635.
8.47 68913.
8.31 65480.
8.07 60598.
7.90 53591.
7.80 49472.
7.73 45953.
7.63 41298.
7.52 36258.
741 31956.
7.28 27131.
7.16 22571.
7.05 19201.
6.83 15103.
6.56 12724.
6.15 9766.
5.70 9073.
4.81 6478.
3.92 4982.
9.27 128095.
9.13 122923.
9.08 116788.
9.08 107734.
9.12 103804.
9.09 98066.
9.03 93773.
891 87566.
8.78 82607.
8.65 78174.
8.54 73918.
8.40 69494.
8.12 64968.
7.99 60717.
7.90 56644.
7.79 51022.
7.69 46686.
7.57 41670.
147 37265.
7.38 31613.
7.24 27052.
7.11 23132.
6.99 18920.
6.81 15478.
6.60 13440.
6.16 10106.
5.67 9216.
4.87 6780.
3.62 4704.
2.72 3696.

R134a/RL68H2C (99.5/0.5)
File: RL682C5.dat

AT "

(K) (W/m?)
9.37 128681.
9.35 124707.
9.32 119061.
9.27 113496.

9.22 107514.
9.14 101835.
9.10 97237.
9.02 91431.
8.96 86610.
8.91 81779.
8.84 76801.
8.77 71153.
8.70 66259.
8.60 60147.
8.57 57074.
8.48 51435.
8.38 45602.
8.23 39025.
8.14 34932.
8.05 30367.
7.90 25916.
7.78 20457.
7.51 17612.
7.07 12834.
6.47 10079.
5.96 8767.

5.08 6955.

4.13 5293.

3.12 4003.

9.81 128592.
9.72 121746.
9.68 117621.
9.62 113165.
9.56 108788.
9.50 104356.
9.41 98606.
9.34 92938.
9.25 87210.
9.19 82862.
9.13 78516.
9.06 73706.
8.99 69199.
8.87 62260.
8.79 59041.
8.67 53280.
8.54 49494.
8.43 45095.
8.29 39002.
8.20 35469.
7.95 29464.
7.78 24939.
7.61 21241.
7.42 17693.
6.88 12556.
6.36 10110.
5.62 7854.

4.91 6465.

4.01 4865.

9.93 130504.
9.88 125349.
9.80 118127.
9.73 113549.
9.64 107779.
9.56 102407.
9.53 97461.
9.45 92736.
9.36 86953.
9.27 81334.
9.20 76511.
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7.76 31883.
7.57 27840.
7.35 23954.
7.09 19991.
6.85 16646.
6.46 12525.
6.00 8979.

5.66 9683.

5.07 7096.

9.76 124474,
9.73 121213.
9.68 116846.
9.60 110916.
9.53 106487.
9.44 101279.
9.36 96947.
9.27 90852.
9.17 86017.
9.00 78786.
8.90 74483.
8.81 70310.
8.70 64053.
8.63 60060.
8.57 55137.
8.54 49577.
841 43214.
8.29 39701.
8.08 34538.
7.91 30354.
7.67 25696.
745 22521.
7.21 19221.
6.83 14865.
6.39 12293.
6.07 10106.
547 8642.

4.77 6422.

3.83 4758.

315 4068.

R134a/RL 68H2C (99/1)
File: RL682C1Ldat

9.13 72331.
9.05 67049.
8.96 61355.
8.86 57174.
8.74 51950.
8.64 47279.
851 41408.
8.42 37301.
8.29 33252.
8.11 28263.
7.91 24130.
7.64 18666.
7.33 16569.
6.95 13342.
6.33 10124.
5.63 8018.

4.74 6279.

3.88 5050.

9.55 132323.
9.43 125121.
9.39 123866.
9.24 116963.
9.15 111203.
9.08 106531.
9.00 101572.
8.88 95446.
8.82 92545.
8.71 86940.
8.61 81521.
8.52 T7474.
8.38 71091.
8.27 66702.
8.18 63325.
8.07 58512.
8.06 53383.
7.98 46365.
7.87 41964.
7.69 36622.
7.51 32599.
7.35 28896.
7.12 24575.
6.87 20484.
6.54 15793.
6.24 12424.
5.79 8997.

9.68 131318.
9.64 126941.
9.55 120352.
9.47 117026.
941 111405.
9.33 106779.
9.27 102152.
9.13 95146.
9.03 88430.
8.96 85315.
8.85 80121.
8.75 75510.
8.64 70508.
8.54 65303.
8.44 61129.
8.33 55681.
8.26 50227.
8.23 45071.
8.11 40572.
7.89 34690.

AT "
(K) | (wim)
9.46 128677.
9.37 124195.
9.31 119401.
9.22 114417.
9.12 108546.
9.03 104010.
8.93 99473.
8.85 95391.
8.77 89731.
8.68 84285.
8.60 79949.
8.50 74994.
8.38 69852.
8.30 64730.
8.27 60656.
8.20 55151.
8.06 49479.
7.99 45080.
7.89 39815.

7.77 35734.
7.66 31336.
7.54 26776.
7.36 21524.
9.64 126205.
9.54 122093.
9.48 118384.
9.40 113707.
9.31 107731.
9.21 102826.
9.12 96759.
9.03 92389.
8.94 87523.
8.86 82497.
8.76 77493.
8.70 72920.
8.63 68235.
8.53 62794.
8.43 58666.
8.36 53862.
8.24 48884.
8.12 43051.
7.98 40210.
7.85 35043.
7.75 31464.
7.54 25527.
7.39 22014.
7.08 16711
6.70 12621.
6.34 10237.
5.61 7152.
4.78 5316.
9.73 125817.
9.73 125817.
9.56 117936.
9.46 110998.
9.40 107282.
9.32 1031109.
9.20 96653.
9.11 91517.
9.02 86692.
8.87 83029.
8.81 79910.
8.71 73432.
8.67 70396.
8.55 64446.
8.48 60167.
8.32 54547.
8.24 50593.
8.10 44137.
7.99 39575.
7.82 33945.
7.71 30527.
745 24153.
7.23 20081.
6.93 15720.
6.67 13103.
6.13 9379.
5.48 7034.
4.86 5650.
9.84 129497.
9.74 124579.
9.68 121438.
9.57 115664.
9.50 111308.
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8.13 46723.
7.95 40255.
7.87 36501.
7.87 36501.
7.70 30730.
7.59 27621.
7.35 22687.
7.04 18331
6.75 15412.
6.22 11466.
5.58 8730.
4.64 3008.
9.61 122915.
9.51 121471.
9.42 114874.
9.36 110227.
9.32 102942.
9.20 100245.
9.14 92228.
9.07 87851.
9.01 82593.
8.94 77756.
8.81 71668.
8.73 67275.
8.67 62813.
8.61 58860.
8.50 53835.
8.37 48712.
8.23 45948.
8.09 40369.
7.96 35102.
7.86 31779.
7.49 24032.
7.31 20730.
7.13 18462.
6.64 13810.
6.21 11047.
5.62 8309.
4.83 5999.
391 4564.
9.71 127771,
9.61 123557.
9.58 118969.
9.47 113597.
9.38 111131
9.31 106027.
9.24 101531.
9.18 93253.
9.10 87623.
9.02 83078.
8.96 78108.
8.90 73908.
8.76 67479.
8.64 64730.
8.59 58656.
8.48 55616.
8.40 48275.
8.24 44033.
8.08 38308.
7.83 31236.

9.40 107264.
9.30 101524.
9.24 97834.
9.16 93313.
9.03 88818.
8.95 84657.
8.85 79967.
8.69 69751.
8.54 63444.
8.44 58689.
8.27 52627.
8.11 46818.
8.00 42313.
7.84 37110.
7.68 31710.
7.52 27971,
7.25 22433.
6.93 17890.
6.55 13882.
6.02 10348.
5.36 7591
4.56 5732.
9.76 118499.
9.67 114579.
9.59 109897.
9.49 104602.
9.41 99957.
9.34 95178.
9.24 90786.
9.12 84695.
9.05 80562.
8.94 75016.
8.83 70453.
8.76 66495.
8.64 60958.
851 55856.
8.41 50574.
8.28 48375.
8.17 41521.
8.05 36945.
791 34058.
7.73 29039.
7.56 24915.
7.31 20491.
7.07 17203.
6.67 13329.
6.29 10778.
534 7028.
4.60 5499.
9.46 123620.
9.33 121718.
9.32 114883.
9.23 109583.
9.19 105447.
9.06 101550.
9.02 94445.
8.96 89555.
8.87 84701.
8.80 79468.
8.73 75333.
8.62 68874.
8.49 64820.
8.44 61899.
8.34 56458.
8.27 52767.
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R134a/RL 68H2C (98/2) 0.87 89329. 7.70 35656.
File: RL682C2.dat 9.70 84535, 7.54 31203.
9.51 81887. 7.31 26222.
AT, q" 9.28 76601. 7.04 20828,
(K) (W/m?) 9.14 72540. 6.68 15889.
10.05 126642. 9.00 68464. 6.32 12514.
0.94 125026. 8.79 62342, 5.96 10201.
9.90 120356. 8.68 58779. 5.40 7406.
9.89 112258. 853 54326. 4.61 4826.
9.83 107774. 8.33 49614. 10.83 120575.
9.85 103375. 8.15 44565. 10.63 116435.
9.75 96874. 8.01 39820. 10.55 113803.
9.66 89681 7.87 35665. 10.49 109212.
9.54 85837. 7.65 30627. 10.32 102775.
9.40 81550. 7.51 27199 10.22 99495.
9.22 79014, 7.34 22992. 10.08 05324,
9.10 72439, 6.93 16894, 9.97 92346.
8.95 69728. 6.57 13143, 9.85 88936.
8.80 65479. 5.97 9390. 9.69 84404,
8.64 60240, 5.40 6828. 953 79927.
8.54 56672. 473 5049. 9.37 76005.
8.38 51072. 10.47 129618. 9.15 70602.
8.30 47471 10.43 124567. 8.97 66368.
8.14 41263. 10.43 120124 8.76 61280.
7.99 36925. 10.39 114666. 8.65 58241.
7.79 32105. 10.30 108922. 8.48 53597.
7.65 28237. 10.18 104506. 8.25 48714.
7.42 23230. 10.02 99221, 8.01 43986.
7.10 17799. 9.83 93315. 7.82 38951.
6.75 14069. 9.72 90120. 7.68 35426.
6.34 11220. 9.52 84234. 7.48 30686.
5.64 7459. 9.35 78967. 7.27 25743,
497 5378, 9.20 75481. 7.08 22192.
10.63 125777. 8.99 70179. 6.69 16219.
10.43 121770. 8.86 66807. 6.24 12381.
10.33 116258, 8.70 62330. 5.84 9982.
10.32 112346. 859 58242. 5.28 6990.
10.29 107570. 8.44 54381, 4.48 4775,
10.24 103046. 8.18 48846. 4.06 4120,
10.12 98001. 8.04 45041
10.02 03380, 7.83 39218.

28



Table3 Number of test days and data points

Fluid (% mass fraction) Number of days Number of data points
R134a/RL68H (99.5/0.5) 5 140
37K <AT:<£104K
R134a/RL68H (99/1) 5 139
34K <AT:<10.2K
R134a/RL68H (98/2) 7 196
46 K <ATs<94K
R134a/RL68H2C (99.5/0.5) 6 173
20K <AT;<11.0K
R134a/RL68H2C (99/1) 8 209
39K <AT;£9.8K
R134a/RL68H2C (98/2) 4 116

20K <AT;<110K
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Table4 Estimated parametersfor cubic boiling curvefitsfor plain copper surface

ATs=Ao +A1q" +A 0" 2 +Asq°
ATsinkelvinand " in W/m?

Fluid Ao A, A, A3z

R134a/RL68H (99.5/0.5)

37K <AT;<80K -2.61744 1.53865x10° | -7.90723x10° | 1.42030x10*2

80K < AT, <10.4K 6.31756 1.04716x10* | -1.04866x10° | 3.87711x107%°

R134a/RL68H (99/1)

70K <ATs<85K 5.32234 2.15798x10™* | -4.70526x10° | 3.69708x10**

85K < AT <10.2 K 8.84983 -3.43454x10° | 1.02037x10° | -5.37251x107%°

R134a/RL68H (98/2)

B.OK <AT;<7.6K 4.99947 1.72434x10* | -4.00430x10° | 3.44925x10°%

76K <AT.<9.4K 8.32071 -5.83664x10° | 1.36938x10° | -6.90808x10™°

R134a/RL68H2C (99.5/0.5)

20K <ATs<6.0K -1.19475 1.39445x10° | -8.19999x10° | 1.61847x10*2

6.0K <AT.<11.0K 5.82014 8.87405x10° | -8.91876x107'° | 3.44299x10™"°
R134a/RL68H2C (99/1)

39K <ATs<80K 2.57920 4.76275x10* | -1.54634x10° | 1.74274x10"

80K < AT, <9.8K 6.22948 6.16698x10° | -5.11209x10%° | 1.90483x10™
R134a/RL68H2C (99/2)

38K <ATs<7.0K 2.53524 5.19727x10* | -2.02001x10% | 2.82220x10™"®

70K < AT <104 K 6.79020 1.58930x10° | 4.04274x10%° | -2.37051x107%°
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Table5 Residual standard deviation of AT

Fluid u (K)
R134a/RL68H (99.5/0.5)
37K <ATs<8.0K 0.20
8.0K < AT, <10.4K 0.04
R134a/RL68H (99/1)
70K <AT:<85K 0.04
85K < AT, < 102K 0.05
R134a/RL68H (98/2)
60K <AT:<7.6K 0.11
76K <AT;<9.4K 0.14
R134a/RL68H2C (99.5/0.5)
20K <AT:<6.0K 0.19
6.0K < AT < 11.0K 0.25
R134a/RL68H2C (99/1)
39K <AT,< 80K 0.15
8.0K < ATs<9.8K 0.11
R134a/RL68H2C (99/2)
38K <ATs<7.0K 0.14
70K < AT < 104K 0.14
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Table6 Average magnitude of 95 % multi-use confidence interval for mean T,,-Ts(K)
Fluid u (K)
R134a/RL68H (99.5/0.5)
43K <AT;<95K 0.22
95K <ATs<10.2K 0.03
R134a/RL68H (99/1)
70K <ATs<85K 0.03
85K <AT;<10.2K 0.04
R134a/RL68H (98/2)
6.0K <ATs<7.6K 0.08
76K <AT;<94K 0.09
R134a/RL68H2C (99.5/0.5)
20K <ATs<6.0K 0.23
6.0 K <AT;<11.0K 0.13
R134a/RL68H2C (99/1)
39K <ATs<80K 0.12
8OK <AT;<9.8K 0.06
R134a/RL68H2C (99/2)
38K <ATs<7.0K 0.17
70K <ATs<104K 0.10
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Brine cooled
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Vapor to shey
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® Temperature measurerment
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Fig. 1 Schematic of test apparatus
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Fig. 2 OFHC copper flat test plate with cross-hatched surface and thermocouple
coor dinate system



Fig. 3 R134a/RL68H mixturesboiling curves
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R134a/RL68H2C (99.5/0.5), plain surface.
T, =277.6 K, descending ¢", fluid heating

AT (K)

Fig. 4 R134a/RL68H2C (99.5/0.5) mixture boiling curves
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Fig. 5 R134a/RL68H2C (99/1) mixture boiling curves
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Fig. 7 Boiling heat flux of R134a/RL68H mixturerelative to that of pure R134a
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without nanoparticlesfor best performance dataruns
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Fig. 10 Agglomerated diamond nanoparticlesin syringefilter material
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APPENDIX A: NANOLUBRICANT POTENTIAL

This appendix presents the results of athermodynamic cycle and heat transfer analysis to
determine the potential improvement in chiller coefficient of performance (COP) as
caused by a given improvement in refrigerant side boiling heat transfer. The design
conditions and operating specifications of a representative 1110 kW (315 ton), R134a
chiller manufactured in the year 1990 (retrofitted R12 chiller) was chosen as the baseline
and taken from the manufacturer’s catalog data. The entering and exiting sink and source
temperatures were taken from design conditions for the chiller and held constant
throughout the analysis. The entering and leaving condenser water temperature was
302.6 K and 307.9 K, respectively. The entering and leaving evaporator water
temperature was 285.4 K and 279.8 K, respectively. The baseline Log-Mean-
Temperature-Difference (LM TDg) of the condenser and that of the evaporator before
nanolubricant treatment was 5.6 K and 3.4 K, respectively. Figure A.1 taken from
Fischer et al. (1994), roughly confirms the representative value of the reported COP for
the baseline chiller at approximately 6.03 for the year 1990. The analysis assumed
isenthal phic expansion and adiabatic compression at an isentropic efficiency of 0.84. The
compressor efficiency was chosen so that the cycle would match the quoted COP of the
baseline chiller and was held constant throughout the analysis.

The split of the water-side/refrigerant-side heat transfer resistance for the evaporator of
the baseline chiller was found to be 68 %/32 %. In other words, the refrigerant-side
temperature difference (AT,) and the water-side temperature difference (AT,,) were 68 %
and 32 % of the LM TD, respectively:

LMTD = AT, +AT, =0.32LMTD,, +0.68LMTD, (A.1)

The percent increase in the refrigerant-side heat transfer coefficient (En) was used to
reduce the magnitude of the refrigerant-side heat transfer resistance while maintaining the
magnitude of the original baseline water-side resistance. Hence, the improved LMTD for
the evaporator was calculated as:

0.32

1+ 5
100

LMTD, =

+0.68 |LMTD, (A.2)

Nanoparticles are assumed to not affect the performance of the condenser.

Figure A.2 shows the percent increase in the COP (Ecop) for agiven E;, and the
assumptions of the analysis. The figure also shows that if the boiling performance of a
representative 1990 chiller could be improved by 100 %, the chiller would realize an
improvement of approximately 1.6 % in the COP. The chiller COP would be improved
by approximately 2.2 % for an Ey, of 200 %.
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Fig. A.1 Efficiency of centrifugal chillersat industry rating conditions (Fischer et al.,

1994)
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R134a water chiller COP improvement for a given
evaporator enhancement with nanolubricants
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Fig. A.2 R134a water chiller COP improvement for a given evaporator enhancement
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APPENDIX B: UNCERTAINTIES
Figure B.1 shows the relative (percent) uncertainty of the heat flux (Uy) asafunction of
the heat flux. Figure B.2 shows the uncertainty of the wall temperature as a function of
heat flux. The uncertainties shown in Figs. B.1 and B.2 are "within-run uncertainties."

These do not include the uncertainties due to "between-run effects' or differences

observed between tests taken on different days. The "within-run uncertainties’ include
only the random effects and uncertainties associated with one particular test. All other

uncertainties reported in this study are "between-run uncertainties" which include all

random effects such as surface past history or seeding.
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Fig. B.1 Expanded relative uncertainty in the heat flux of the surface at the 95 %

confidence level
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APPENDIX C: LIQUID VISCOSITY AND DENSITY MEASUREMENTS

This appendix presents the liquid density and viscosity measurements for the 2.6 %
volume fraction diamond nanolubricant. A Stabinger Viscometer was used to measure
the dynamic viscosity and the density of the liquid nanolubricant at approximately
313.15 K. During the measurements, the atmospheric pressure varied between 0.12 MPa
and 0.09 MPa at an approximate altitude of 137 m above sealevel at Gaithersburg,
Maryland, USA. The viscometer uses a vibrating U-tube to determine the density. The
kinematic viscosity reported here is obtained by dividing the dynamic viscosity by the
density.

The operation principle of the Stabinger Viscometer relies on rotating concentric
cylinders. Theliquid sample of a Stabinger Viscometer is contained in the annulus of a
concentric cylinder where the inner cylinder is hollow and of 1ess mass than the sample.
This allowstheinner cylinder to float freely and center by centrifugal forcesin the
sample when the outer cylinder is spun by arotating magnetic field. Viscous shear forces
on the liquid transfer the rotation to the inner cylinder. Measurements on the inner
cylinder are used to calculate the difference in speed and torque between the outer and
inner cylinder, and thus, the dynamic viscosity. Wasp et a. (1977) have recommended
concentric cylinder viscometers for use with solid-liquid suspensions. All calculations are
internal to the instrument and the results are displayed on a LCD screen and printed on
rolled paper.

The viscometer-manufacturer quoted uncertainty for the 95 % confidence level for the
kinematic viscosity and the density was + 0.35 % and + 0.5 kg-m™>, respectively. The
viscometer was used to measure the density and viscosity of a calibration fluid with a
nominal density and viscosity at 293.15 K of 1320 mm?-s* and 845.4 kg-m’®,
respectively. Residuals between the measurements and the calibration standard over the
same temperature range of this study were within the quoted specifications of the
manufacturer.

Table C.1 presents the liquid density and viscosity measurements for the 2.6 % volume
fraction diamond nanolubricant (RL68H2C). The average liquid viscosity of RL68H2C
at 313.15 K is470 mm?s* + 15 mm?s™. The average liquid density of RL68H2C at
313.15K is 1020 kg-m?+ 1 kg-m™,

Table C.1 RL68H2C liquid viscosity and density measurements

T (°C) v (mm?/s)  (kg/m?)
40 461.78 1021.7
40 457.55 1021.6
40 451.98 1019.3
40 451.98 1019.3
40 487.26 1018.8
40 487.26 1018.8
40 487.26 1018.8
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APPENDIX D: LIQUID THERMAL CONDUCTIVITY MEASUREMENTS

This appendix presents the liquid thermal conductivity measurements for the 2.6 %
volume fraction diamond nanolubricant. A transient line-source technique (Roder et al.,
2000) was used to measure the thermal conductivity of the liquid nanolubricant at
approximately 299.15 K. According to Vadasz (2006) the transient line-source technique
isthe most accurate for measuring the thermal conductivity of nanofluids aslong as test
duration is short enough to minimize natural convection, but long enough to minimize
dual-phase-lagging effects. Lee et al. (1999) estimate that a measurement that is less than
5sindurationislesslikely to induce natural convection from the wire. The dual-phase-
lagging effect arises from the difference in the heat capacities of the base-fluid and the
solid particles, which resultsin a“delayed response to any temperature variation in the
neighboring fluid” (Vadasz, 2006). Although the dual-phase-lagging effect was not
calculated for the present measurements, example cases given by Vadasz (2006) shows
that this effect is minimized for measurement durations of 5 s.

From the above, it appears that a measurement duration of approximately 5 sis preferred
in order to minimize errors using the transient line-source technique. The present
measurements were made with a packaged instrument (KD2 Pro) that has a pre-
determined measurement duration of approximately 30 s. The average liquid thermal
conductivity of the 2.6 % volume fraction diamond nanolubricant from the measurements
presented in Table D.1 was 0.1418 W/m-K + 0.0005 W/m-K at 25.9 °C + 0.3 °C.

The thermal conductivity of a nanolubricant (k_) can be estimated from the volume
fraction (¢), the thermal conductivity of the base-lubricant (k), and the thermal
conductivity of the nanoparticles (k) as (Wasp, 1977):

Koo ( knpj
+2-2¢| 1-
k =k i a (D.1)

) ﬁ+ 2+ ¢(1- k”p]
K K

The thermal conductivity of the base-lubricant is approximately 0.132 W/m-K
(Kedzierski and Gong, 2009). The ky, was averaged from two values obtained from
Wolter et al. (2003) for diamond with random fiber texture (550 W/m-K £ 60 W/m-K )
and that taken from Baumeister et al. (1978) for diamond (554 W/m:-K). Using the above
thermal conductivities and a volume fraction of 0.026, eg. (D.1) gives avaue of

0.1424 W/m-K, which iswithin 0.4 % of the measurement. Considering the agreement
between the prediction and the measurement, the potential measurement errors due to
natural convection as induced by along measurement time appear to be insignificant.
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TableD.1 RL68H2C liquid thermal conductivity measurements

T (°C) K (W/mK)
25.27 0.143
26.12 0.142
26.22 0.142
26.36 0.142
26.48 0.141
25.93 0.143
26.00 0.144
26.23 0.141
26.00 0.141
25.15 0.141
25.03 0.141
25.27 0.142
25.31 0.142
26.16 0.142
26.63 0.140
26.27 0.142
26.25 0.142
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