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ABSTRACT

The European Project Cheap-GSHPs, recently approved, aims at reducing the total cost of shallow geothermal
systems by 20-30%, also improving actual drilling/installation technologies and designs of Ground Source Heat
Exchangers (GSHEs), in combination with a holistic engineering approach to optimize the entire systems for
building and district heating and cooling applications, across the different underground and climate conditions
existing within the EU. In this frame, the efficiency of the system heat pump/GSHE will be an important task and a
part of this project will be on the analyses of possible alternative secondary fluids to be used in the geothermal
probe. Here, two different commercial suspensions of fumed Al,O; nanoparticles in water will be considered as
possible efficient secondary fluid. Four different concentrations will be studied for each nanofluid, i.e. 3%, 5%, and
30% or 40%, and the stability, thermal conductivity and dynamic viscosity of these fluids will be characterized, in
order to analyse their possible employment as thermal fluids.

1. INTRODUCTION

Nanofluids, i.e. suspensions of nanometric solid particles (metal oxides, metals, carbon, etc.) in liquids (such as, for
example, water, glycols, oils and coolants), have been proposed, due to their thermal, rheological and tribological
properties, as promising fluids for various applications [e.g. Choi (2009), Saidur et al. (2011), Celen et al. (2014),
Yu et al. (2007)].

In particular, in the geothermal field, some nanofluids have been proposed as possible thermal vectors, promising
high heat transfer efficiency and better performance.

Recently, a project, called “Improving the Efficiency of Geothermal Heat Pumps”, has been founded by the U.S.
Environmental Protection Agency's Small Business Innovation Research Program (KIT, 2012). In this project, the
employment of nanofluids formed by fumed alumina (Al,Os) dispersed in water or water and propylene glycol
mixtures was found to improve the heat transfer and the overall efficiency of the geothermal heat pumps (GHPs)
systems (Patent US, 2011). For this reason, in order to evaluate a possible operating fluid for the systems studied in
the European Project Cheap-GSHPs, two commercial suspensions of fumed Al,O3 in water were studied at different
compositions.

Stability and thermal conductivity of these nanofluids have been carefully characterized and will be described in this
paper. Also dynamic viscosity was analysed in order to evaluate the nanofluids performance as geothermal fluid. At
this scope, Mouromtseff numbers were considered to estimate the thermal effectiveness of the these nanofluids
compared with water.

2. EXPERIMENTAL

2.1 Materials
Two different commercial nanofluids, produced by Evonik, were used in this study: Aerodisp W440 and Aerodisp
W630. Both are water based nanofluids with Al,O3 at 40 wt% and 30 wt%, respectively. Negligible amounts of bio-

16" International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016



2284, Page 2

cides and preservatives are dispersed in the nanofluids. No information are available about the presence of
dispersants.

Bidistilled water (CARLO ERBA, Bidistilled water, CAS Nr 7732-18-5) was used to dilute the original nanofluid
and obtain other nanofluid compositions (0.5 wt%, 3 wt% and 5 wt%). After sonicating the original nanofluids for 1
h, the amount of bidistilled water necessary to obtain the various compositions was weighed by an analytical balance
(Gibertini E42S 240 g FS), with an uncertainty of 0.002 g, and added to sample of the original nanofluids.

2.2 Nanofluid preparation and stability characterization

A Zetasizer Nano ZS (Malvern), based on the Dynamic Light Scattering (DLS), was used to analyse the average
dimension of the nanoparticles in solution. A detailed description of this apparatus has been given in previous paper
(Fedele et al., 2012). The range of size which can be measured is from 0.6 nm to 6 um. All size measurements were
taken at 298 K. To perform optimal size measurements, samples of the original nanofluids were diluted to 0.5%,
considering dimensional distribution of nanoparticles inside the solution is generally independent on the
concentration [e.g. Colla et al. (2014)].

After sonication, the Al,O; mean particle diameter, measured 3 times for each sample, was around 136 nm for W440
and 149 nm for W630: Fig. 1 shows the particle size distribution, according to the intensity detected by the
Zetasizer. The absence of particle micrometer-sized aggregates confirmed the good stability of the obtained
dispersions. The following analysis was made to determine the tendency of the particles in suspension to settle down
along time. Two samples of the fluid were put in two different measurement cuvettes. The first sample was
measured almost every day for thirty-one days, without shaking the fluid, to evaluate the changes in size distribution
due to natural sedimentation. The second sample was also measured almost every day for thirty days after sonication
of the fluid to evaluate the changes in size distribution after mechanically removing the sedimentation. The variation
along time of Al,O3; nanoparticle mean diameters are shown in Fig. 2. In the case of static solutions, the mean size
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Figure 1: Nanoparticle size distribution for the W440 and W630 nanofluids diluted at 0.5 wt%

slightly decreased to around 82 nm for W440 and to 95 nm after 31 days, indicating a partial precipitation. However,
after sonication for 1 h (second sample), a mean particle size very close to the original was always recorded for both
fluids, suggesting the absence of further aggregation phenomena. This behavior suggests the fluids could be applied
in systems were the forced circulation allows to continuously stir them, preventing the deposition of nanoparticles
and maintaining the size distribution as in the original fluids.
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Figure 2: The variation along time of the nanoparticle mean diameters. Empty symbols stay for stirred samples,

The Zeta potential of nanoparticles was measured by the Zetasizer Nano (Malvern). In general, the higher the Zeta
potential, the higher the stability of the particles in suspension. Al,Os—water nanofluid Z potential was around 49.6
mV for W630 and 47.5 mV for W440, both higher than the empirical limit of 30 mV over which a colloidal solution
should be stable.

2.3 Dynamic Viscosity

Some preliminary viscosity measurements have been performed in the temperature range between 303 K and 323 K
at atmospheric pressure for the suspensions W440 at 40 wt% and W630 at 30%, and also for the diluted W440 at 3
wt% and 5 wt%, by means of a rotational rheometer with a plate-cone geometry (AR-G2 rheometer TA
Instruments), applying the methodology described in Bobbo et al. (2012). The declared instrument accuracy is 5%,
even if the tests performed on water showed an uncertainty lower than 2% (as explained below in 3.1).

2.4 Thermal Conductivity

Thermal conductivity data were measured at ambient pressure and in a temperature range between 283 K and 323 K
by means of a TPS 2500 S (Hot Disk), shown in Fig. 3. It is based on the hot disk technique and can measure the
thermal conductivity and thermal diffusivity of several materials. A description of the apparatus is given in Fedele et
al. (2012), while a theoretical description of this method is provided in He (2005). In case of liquids, the sensor is
immersed in the fluid and a full contact is provided by means of a specifically built container, maintained at
isothermal condition by a water thermostatic bath. The power supplied for each measurement was 40 mW and the

Hot Disk sensor Computer

Figure 3: Scheme of the thermal conductivity measurements apparatus (TPS 2500 S, hot disk).
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time of the power input was 4 s. The declared instrument accuracy is 5%, even if the tests performed on water
showed an uncertainty around 1% (as explained below in 3.1).

3. RESULTS AND DISCUSSION
3.1 Experimental results

3.1.1 Dynamic viscosity: Viscosity data are necessary to understand the actual potentiality of the fluids to be
employed as thermal vectors in the geothermal probe. Some preliminary tests were performed in order to identify
the best fluids for this application.

To test the actual accuracy of the rheometer, water dynamic viscosity was measured in the temperature range
between 303 K and 323 K. The results were compared with Refprop 9.1 database (Lemmon et al., 2010), and the
data agreed well within 2%.

Some viscosity measurements were initially performed for the original solutions W440 and W330, at 40 wt% and 30
wt%, respectively. The results, shown in Table 1, taken at atmospheric pressure and 313 K and 323 K, indicate a
huge viscosity enhancement, due to the high nanoparticles concentrations, especially for the W630. In fact, even if
the concentration is lower (30 wt% instead of 40 wt%) for this nanofluid, the viscosity increases more than 100
times that of water.

This difference is probably due to the presence of different dispersants in the suspensions. For this reason, the
solution W630 was disregarded and the attention moved on the W440, trying to find the optimal compromise
between the enhancement in thermal conductivity and dynamic viscosity with the proper dilution.

Then, the solution W440, at 40 wt%, was diluted at 3 wt% and 5 wt%. Preliminary results show an enhancement in
terms of dynamic viscosity up to 5% for the solution at 3 wt% and up to 20% for the solution at 5 wt%, both at 303
K and 323 K. However, more experimental data are needed to better understand the rheological behaviour of these
fluids.

Table 1: Dynamic viscosity and dynamic viscosity enhancement related to pure water (from Refprop 9.1
database) as a function of temperature

W440 40 wt% W630 30 wt%
T T
(K) (P:S) H xp/ Hwater (K) (P’;l S) H exp/ Hwater
313 0,01130 17,3 313 0,06717 102,9
323 0,00965 17,6 323 0,07656 140,0
W440 3 wt% W440 5 wt%
T 7 T U
(K) (Pa-s) /uxp/ Hwater (K) (Pa-s) ,Uexp/ M water
303 0,000839 1,05 303 0,000915 1,15
323 0,000571 1,04 323 0,000656 1,20

3.1.2 Thermal conductivity: Thermal conductivity of the selected nanofluids was measured with the aim to evaluate
the enhancement on the thermal conductivity of water, as a function of concentration and temperature, obtained by
adding Al,O5 nanoparticles.

To estimate the actual accuracy of the measurements, tests have been performed with water in the given range of
temperatures. By comparison with thermal conductivity data calculated with Refprop 9.1 database (Lemmon et al.,
2010), the experimental data differed from literature less than 1%, well within the 5% uncertainty declared by the
manufacturer.

Table 2 reports the data obtained from the measurements for all the nanofluids in the range of temperatures between
283.15 K and 333.15 K. Fig. 4 represents the thermal conductivity as a function of temperature. Thermal
conductivity of nanofluids was higher than that of water and basically increased with temperature for all the
nanofluids. At the same time, thermal conductivity clearly increased with reference to water at increasing
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nanoparticles concentration. The fluctuation in experimental results are mainly related to the uncertainties in the

measurements.

Table 2: Thermal conductivity and thermal conductivity enhancement related to pure water from Refprop 9.1

database as a function of temperature

W440 3 Wt% W440 5 wit% W440 40 wi%
T pl Jerol At T A ool | T L | Aol water
K) | (WimK) (K) | WmK) (K) | (WimK)
2843 | 0.604 1.04 2839 | 0611 1.05 2841 | 0798 | 1.37
2932 | 0.609 1.02 293.7 | 0618 1.03 2935 | 0801 | 1.34
3033 | 0.639 1.04 3036 | 0.645 1.05 3036 | 0833 | 135
3136 | 0.666 1.06 3135 | 0672 1.07 3134 | 085 | 1.36
3233 | 0.695 1.09 3233 | 0.699 1.09 3233 | 0881 | 1.37
3336 | 0.706 1.08 3336 | 0.718 1.10 3333 | 0884 | 135
W630 30 wt%%

T A Dexol st

(K) | (WmK)

283.9 0.700 1.20

203.8 0.710 1.18

305.9 0.732 1.18

313.3 0.754 1.20

323.3 0.766 1.19

333.2 0.778 1.19
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Figure 5: Thermal conductivity enhancement as a function of temperature (interpolation lines highlight the
trends only)

Figure 5 reports the enhancement expressed as the ratio between the thermal conductivity of the nanofluids and that
of water, calculated with Lemmon et al. (2010). At the lower concentrations, the enhancement is quite low at lower
temperatures. However, it increases and becomes significant at the higher temperatures, being more than
proportional with respect to concentration (up to 10% for W440 5 wt%). This is connected to the almost linear
dependence of thermal conductivity of nanofluids with temperature, while water thermal conductivity increases less
when temperature increases. The enhancement for the nanofluids at higher concentrations is practically constant
with temperature and less than proportional with respect to the concentration (around 36% for W440 40 wt% and
around 20% for W630 30 wt%).

1,0
F| o W440 3wt%
[| ® W440 5 wt%
09 : ® w440 40 wt%
"™ || ¢ W630 30 wt%
L |---Water (Refprop 9.1)
a L *
|¥ 0!8 | *
o | °
€ L
S 07
= L
0,6 r
05 NN I N [ Y Y N I Y Y Y T A [ Y Y AN T Y T Y S ) [T N S 1
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Figure 4: Thermal conductivity as a function of temperature (interpolation lines highlight the trends only)

16" International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016



2284, Page 7

3.2 Mouromtseff number
A theoretical evaluation of the heat transfer behaviour of a fluid can be performed by calculating the Mouromtseff
number applying the general expression, valid for single phase forced convection (Mouromtseff, 1942)

j,apbcc
Mo = Tp (1)

For a fluid flowing in a fixed geometry at given velocity, the larger the Mouromtseff number the larger will be the
heat transfer rate. To apply this equation, valid at given temperature, it is then necessary to know the properties
involved: thermal conductivity, density, heat capacity and dynamic viscosity. In the case of nanofluids, thermal
conductivity and viscosity must be measured being not linearly dependent on nanoparticles concentration, while
density and heat capacity can be calculated assuming a linear behaviour with reference to volumetric fraction
applying the following equations:

pnf=¢'pnp+(1_¢)'pbf (2)
Pnf " Cppp = P Pup Conp +1-9- Pbf * Cppg 3)

The enhancement in heat transfer obtainable adding nanoparticles to water can be evaluated through the ratio
between the Mo number for the nanofluid and that of water. If the ratio is higher than 1, the nanofluid is more
efficient in heat transfer than water.

In this case, the Mouromtseff number can be calculated for W440 3 wt% and W440 5 wt% at 303 K and 323 K.

In case of internal laminar regime, the ratio is given simply by:

Monf _ ﬁ
Moy, - Aw (4)

In case of internal turbulent flow, the Mo number is given by the following expression:

10-67!)0.86%88

Mo=2—£_‘%_ (5)

”’0'47

and then the ratio is obtained by applying this equation to the nanofluid and the water.
By applying equations 1 to 5, the following values, summarized in Table 3, for the ratio of Mouromtseff number has
been achieved for laminar and turbulent flow regime at the temperatures 303 K and 323 K.

Table 3: Relative heat transfer through Mouromtseff number between nanofluid W440 3 and 5 wt% and water
at 303 K and 323 K in laminar flow regime and turbulent flow regime.

Mo,/Mo,,
W440 3 wt% W440 5 wt%

T Laminar | Turbulent | Laminar | Turbulent
(K) flow flow flow flow
303 1.04 1.01 1,05 0,99
323 1.08 1.05 1,09 0,99

The enhancement is higher in laminar flow than in turbulent flow for both fluids, as already observed in other cases
(e.g. Bobbo et al., 2011). In laminar flow, the enhancement is similar for the two fluids, and increasing with
temperature from around 5% at 303 K to around 9% at 323 K. In turbulent flow, only W440 3 wt% shows some
increment, even if relatively significant only at 323 K (around 5%). W440 5 wt% is penalised by the higher viscosity
at both the considered temperatures. These results, even if only theoretical and preliminary, being connected to
limited experimental results, suggest the possibility that the at least W440 3 wt% could be successfully applied in
the geothermal especially at the higher temperatures.

16" International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016



2284, Page 8

4. CONCLUSIONS

Under the European Project “Cheap and efficient application of reliable Ground Source Heat exchangers and
Pumps” Cheap-GSHPs, recently approved, with the ambition to reduce the total cost of shallow geothermal systems
by 20-30%, several nanofluids will be tested as possible secondary fluids in the heat pump-geothermal probe
system.

Two different commercial suspensions of fumed Al,O3 nanoparticles in water were considered in this work and the
less penalising in terms of lower viscosity was considered for additional dilution, in order to get the best
compromise between thermal conductivity and dynamic viscosity. Stability, thermal conductivity and dynamic
viscosity were analysed for four different concentrations, i.e. 3%, 5%, and 30% or 40%.

According to the results and a preliminary analysis of the Mouromtseff number, the fluid with the lowest
concentration, i.e. W440 3 wt%, seems to have some possibility to be applied, at least at temperatures higher than
40-50°C. With reference to the heat pump system under development within the project, this means the nanofluid
will be probably not suitable as thermal vector in the ground loop, while it could be used as a secondary fluid to
distribute heat from the condenser either to fan coils (inlet temperatures around 40-50°C) or to radiators or air
heaters (inlet temperatures around 60-70°C). However, additional measurements, in particular viscosity and heat
transfer coefficient, are necessary and will be performed in the near future to better understand its applicability and
potentiality in the final system.

NOMENCLATURE
Cp specific heat (J/kg K)
Mo Mouromtseff number O]
T temperature (K)
wit% nanoparticles weight fraction (%)
Greek symbols
A thermal conductivity (W/m K)
) density (kg/m®)
)7 dynamic viscosity (Pas)
() nanoparticles volumetric fraction O]
Subscript
exp experimental
nf nanofluid
np nanoparticles
w water
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