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25 ABSTRACT

27 The present study aims to quantify experimentally the individual and simultaneous
29 effects of carbon nanotubes (CNTs) and advanced surfaces on the performance of an
31 NH3/LiNO;3 tubular bubble absorber. Operating conditions are those of interest for use
33 in air-cooled absorption chillers driven by low temperature heat sources. Firstly,
35 experimental tests were performed with the tubular absorber fitted with an inner smooth
surface to analyse the effect of adding carbon nanotubes (0.01wt %) to the base mixture
38 NH3/LiNOgs. Then, the tubular absorber was tested using an inner advanced surface tube
40 both with and without adding carbon nanotubes to the base mixture NH3/LiNO3. The
42 advanced surface tube is made of aluminium and has internal helical micro-fins
44 measuring 0.3 mm in length.

Results show that the maximum absorption mass flux achieved with the CNT binary
nanofluid and the smooth tube is up to 1.64 and 1.48 times higher than reference values
49 at cooling-water temperatures of 40 and 35 °C, respectively. It is also found that
51 simultaneous use of CNT nanoparticles and advanced surfaces resulted in a more
53 pronounced increase in the absorption mass flux and solution heat transfer coefficient

55 with respect to the smooth tube absorber with NH3/LiNO3 as a working pair.

o8 Keywords: Bubble absorber, carbon nanotubes, advanced surfaces, ammonia, lithium
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Highlights

o We experimentally studied the passive intensification of the ammonia absorption
process with the NH3/LiNO3 mixture in a tubular bubble absorber.

e We analyzed the effect of carbon nanotubes (CNTs) and advanced surfaces on the
absorber performance working with NH3/LiNO3.

e The use of CNT binary nanofluid in the smooth tube significantly increased the
absorption mass flux compared with NH3/LiNO3.

e The simultaneous use of CNT nanoparticles and advanced surfaces resulted in a

more pronounced enhancement of the absorption mass flux.

Nomenclature

A heat transfer area, m?

C correction factor

Cp heat capacity, kJ.kg™*.K™*
diameter, m
friction factor

1

D

f

F ammonia absorption mass flux, kg.m?2.s’
h heat transfer coefficient, kW.m2K™

k thermal conductivity, kwW.m.K*

LMTD logarithmic mean temperature difference, °C

m mass flow rate, kg.s™

Nu Nusselt number

oD outer diameter, m

Pr Prandtl number

Q thermal load per unit of area, kwW.m
Qns thermal load, kW

Re Reynolds number

U overall heat transfer coefficient, kW.m?2.K*
v volumetric flow rate, I.h™

T temperature, °C

P pressure, kPa

Subscripts:

AB absorber

Al aluminum

CNTs  carbon nanotubes

Cw cooling-water
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Eq equilibrium

In absorber inlet

Inner  inner diameter of the tube
NH; ammonia

0 outer tube

Out absorber outlet

Outer  outer diameter of the tube
Sat saturation state

Sol solution of NH3/LiNO;

Sub subcooling

Greek letters:
AT  temperature difference, °C
AP total pressure drop, kPa

p density

1. Introduction

The potential of absorption refrigeration cycles driven by residual heat or solar thermal
energy has been recognized for a long time. Over the last years, the interest and
necessity to progress in the development of absorption chillers have led to studies of
several techniques to improve their performances and make them more competitive than
mechanical compression systems. Current research on absorption chillers is essentially
focused on the study and development of new cycles and of new working fluids.
Well-known drawbacks of the conventional working fluids for absorption refrigeration
systems such as crystallization, corrosion and low operating pressures for H,O/LiBr
cycles and refrigerant vapor rectification at the desorber outlet for NH3/H,O cycles have
increased the interest of researchers in new working mixtures. Investigations with the
NH3/LiNO3 mixture have resulted in this mixture being considered a promising
alternative working pair for absorption refrigeration cycles driven by low temperature
heat sources (Gensch [1], Aggarwal and Agarwal [2] and Infante Ferreira [ 3]).
Refrigeration systems with NH3/LiNO3 as the working fluid can be air-cooled since
high condensation temperatures can be achieved without crystallization problems. They
also can be operated at low generator temperatures and refrigerant vapor rectification at
the generator outlet is not needed (Antonopoulos et al. [4], Sun [5], Abdulateef et al. [6]
and Infante Ferreira [7]). Accordingly, refrigeration systems with NH3/LiNOg are highly
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recommended for solar cooling applications. However, previous experimental studies
showed that the main drawback of NHs/LiNOs is its high viscosity, which limits heat
and mass transfer processes in the absorber, as compared to the use of NHs/H,O
working fluid (Abdulateef et al. [6], Infante Ferreira [7], Ayala et al. [8], Heard et al.
[9D).

Regarding the most recent experimental research works with NH3/LiNOs3, studies on the
boiling heat transfer in plate heat exchangers have been reported by Oronel et al. [10],
Zacarias et al. [11] and Venegas et al. [12]. Oronel et al. [10] reported an experimental
study on the saturated boiling process in a plate heat exchanger for NH3/LiNO3; and
NH;/(LiINO3;+H,0) working fluids. The authors analyzed the different boiling regimes
(convective, nucleate and film boiling) that take place as well as the effect of operating
parameters such as mean vapor quality, heat flux and solution mass flux on the boiling
heat transfer coefficient for both NH3/LINO3 and NH3/(LINO3+H,0). Meanwhile,
Herrera et al. [13] performed an experimental and numerical study on the performance
of a horizontal tube falling film generator operating in a 10 KW NH3/LiNO3 absorption
refrigeration prototype. The falling film generator was made of carbon steel and
operated at a pressure of 15.56 bar.

In 2011, Bourouis et al. [14] obtained the first patent for a water-cooled or air-cooled
single-stage absorption chiller using NH3/LiNOg3 for solar cooling applications. These
absorption chillers have as the main characteristic the use of brazed plate heat
exchangers in all components. In the same year, Rivera et al. [15] evaluated
experimentally the performance of an intermittent refrigeration system operating with a
NH3/LiNO3z mixture. The system developed has a nominal capacity of 8 kg of ice/day
and was capable to obtain evaporation temperatures as low as -11 °C. Llamas et al. [16]
reported experimental results of an air-cooled 5 kW NH3/LiNO3 absorption cooling
prototype driven by solar energy. COP values reported a range between 0.35 and 0.4.
Zacarias et al. [17] conducted an experimental evaluation of an adiabatic absorber
working with the NH3/LiNO3 mixture using a flat fan nozzle at the absorber top and a
plate heat exchanger as a sub-cooler for the solution coming from the generator.
Similarly, Ventas et al. [18] and Zacarias et al. [19] reported experimental results of the
adiabatic absorption process with the NH3/LiNO3; mixture using a fog-jet injector.
Moreno-Quintanar et al. [20] published the experimental performance of a solar
powered intermittent absorption refrigeration system with both NH3/LiNO3; and

NHa3/(LiINO3+H,0) for ice production. In this study, it was found that at some operating
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conditions the solar coefficients of performance using the NH3/(LiNO3;+H,0) mixture
were up to 24 % higher than those obtained with the NH3/LiNO3; mixture and that the
initial generation temperatures were up to 5.5 °C lower than those required for the
NH;/LiNO3 mixture.

Studies employing intensification techniques to improve heat and mass transfer
processes in the absorber, such as mechanical treatments, i.e. scratching tube surfaces to
increase surface roughness and the use of advanced surface, or the addition of small
quantities of a surfactant, which causes interfacial turbulence, to working fluids have
been carried out more frequently in over the last years. Recently, optimization of
nanoparticles synthesis and reduction in the acquisition prices has also allowed for the
inclusion of nanotechnology in absorption refrigeration systems as a technique for
enhancing heat and mass transfer processes. In this case, the working fluid is usually
called binary nanofluid, which means binary mixture with nano-sized particles.

Studies on absorption process with advanced surfaces may include the use of plate heat
exchangers. Kang et al. [21] characterized the absorption process and reported
correlations for heat and mass transfer with NH3/H,O mixture in a plate heat exchanger
with enhanced surfaces such as offset strip fin (OSF) and falling film configuration.
Furthermore, Cerezo et al. [22] carried out an experimental characterization of a
corrugated three channel plate heat exchanger as a bubble absorber with NH3/H,O and
compared the results with those achieved by using a theoretical model.

Intensification of the absorption process in a H,O/LiBr falling film on horizontal tubes
using several advanced surfaces, hatched tubes and surfactants has also been reported in
the literature (Miller [23], Yoon et al. [24] and Park et al. [25]). These studies showed
that improvements stemming from the use of mechanical treatments were not as high as
enhancements induced by the chemical agitation of surfactants and that the synergistic
effects were rather small.

Experiments on the effect of nanoparticles (CNTs, SiO) in the H,O/LiBr solution
employed as working pair in falling film absorbers have also been evaluated (Kim et al.
[26] and Kang et al. [27]). The results showed that adding CNTs particles to the
H,O/LiBr solution significantly increases mass transfer rates, up to about 2.48 times for
a nanoparticles concentration of 0.1 wt. % [26].

Several experimental studies employing an NHs/H,O mixture as the working pair have
also been reported in the literature. Kim et al. [28, 29] studied the effect of different

kinds of nanoparticles (Cu, CuO, and Al,O3) and surfactants on the absorption rate in



©CO~NOOOTA~AWNPE

bubble mode without heat removal. Results showed that NH3/H,O with 2-Ethyl-1-
hexanol as surfactant and Cu nanoparticles at 0.1 wt. % presented the highest increase
of the absorption rate (5.32 times higher than reference values) at the highest
concentration of ammonia employed. Similar experimental studies on bubble absorbers
with NH3/H,O and many kinds of nanoparticles (CNTs, Al,O3; and Ag) were carried out
and reported by Ma et al. [30-31], Lee et al. [32] and Pang et al. [33] taking into account
key parameters such as the mass fraction of nanoparticles and initial ammonia
concentration. Some of these studies with CNTs do not include heat removal [30- 31].
Researchers have studied and discussed the mechanisms that may justify the increase in
the thermal conductivity and convective heat transfer coefficient of nanofluids with
respect to the base fluid [34-38]. Based on the proposed mechanisms, it is clear that heat
transfer enhancement with nanofluids is not only due to the increase in thermal
conductivity but also to the slip mechanisms, such as the Brownian motion, which refers
to the random motion of nanoparticles, and thermophoresis caused by the temperature
gradients, with the effect of the slip mechanisms being more detrimental.

Since heat and mass transfer are analogue processes, investigations on nanofluids have
also showed outstanding mass transfer enhancements [27-33, 39-45]. These studies
reported that possible reasons for the mass transfer enhancements in bubble absorbers
are the induced micro disturbances and the increase in the gas-liquid interfacial bubble
area due to motion and nanoparticles interaction. Moreover, Krishnamurthy et al. [39]
showed that an optimum volume fraction of nanoparticles could result in a mass transfer
enhancement higher than that observed in thermal conductivity. It is worthy of mention
that because of the different operating conditions and methodologies employed in
investigations dealing with mechanisms of transport phenomena in nanofluids,
agreement with possible theories has not been established.

With regard to the intensification of the absorption process with the NH3/LiNO3 mixture
as working pair, Oronel et al. [46] experimentally studied the absorption processes with
the NH3/LiNO3z and NH3/(LiNO3+H,0) mixtures in a three channel plate heat exchanger
with L type corrugations. In this work, the effect of the main operating conditions on
absorber performance, such as solution concentration and flow rate and cooling-water
flow rate and temperature, was evaluated and empirical correlations for Nusselt and
Sherwood numbers of the solution were proposed on the basis of the experimental data.
Recently, Amaris et al. [47] have studied the effect of inner advanced surfaces in tubular

bubble absorbers in the ammonia absorption process using NHs/LiNO3 as a working
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pair. Experiments in the bubble absorber with a smooth internal tube have also been
performed and the results were compared with those achieved using the advanced
surface tube. The absorber performance with advanced surfaces using two tube lengths
(1 and 3 m) and two tube diameters (8 and 9.5 mm) have also been investigated. Results
from this work have shown that the maximum absorption rate achieved with the
advanced surfaces was up to 1.7 times higher than that of the smooth tube.

In the present paper, the individual and simultaneous effects of the carbon nanotubes
(CNTSs) and aluminum advanced surfaces on the heat and mass transfer processes in a
tubular bubble absorber is experimentally studied. The NH3/LiNO3z mixture is used as a
working pair, due to its promising potential for solar cooling applications. Experiments
were performed in an experimental set-up under operating conditions of interest for

solar air-cooled absorption refrigeration equipment.

2. Experimental procedure details

2.1 Experimental equipment

Fig. 1 shows a diagram of the experimental equipment used to study the ammonia
absorption process. Measuring equipment such as RTD temperature sensors (T),
pressure transducers (P), magnetic flow meters (F) and Coriolis flow meters (C) was set
as shown in Fig. 1. Measuring equipment is connected to a data acquisition unit.

The experimental equipment consists mainly of three circuits: the solution circuit, the
cooling-water circuit, and the heating-water circuit. The solution circuit (dark and pea
green lines) comprises two stainless-steel tanks (ST1 and ST2), an electric resistance
(R3), a magnetically coupled internal gear pump, a heat exchanger (SHE), a vapor-
liquid separator (VLS) and the test section where the ammonia absorption process takes
place. The cooling-water circuit, which allows the heat released from the absorption
process to be removed, consists of a 5 kW heater (R2), a magnetic flow meter, a pump,
and a heat exchanger (HX1). The heating-water circuit, which allows the solution to be
heated to the required inlet thermal conditions, consists of a 5 kW heater (R1), a water-

water heat exchanger (HX2), a pump and a magnetic flow meter.

2.2 Test section
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The absorber, which consists of a double pipe heat exchanger, was tested with inner
smooth and advanced surface tubes of 8.0 mm (outer diameter), Fig. 2. The advanced
surface tube tested, supplied by Hydro, is an aluminum tube with internal helical micro-
fins measuring 0.3 mm in length and a helix angle of 20°. The inner diameter of the
advanced surface tube (internal equivalent diameter) was measured at the fin tip
diameter. Both tubes are one meter long with a heat transfer area of 0.025 m?, have an
internal equivalent diameter of 0.006 m and an annular hydraulic diameter of 0.0025 m.
The ammonia vapor and the solution flow in co-current configuration from the bottom
to the top of the absorber and the cooling-water flows in counter-current through the

annulus channel.

2.3 Carbon nanotubes

In order to study the effect of nanoparticles on the ammonia absorption process with the
NH3/LiNO3z working pair, multi walled carbon nanotubes (CNTs) were selected. Fig. 3
shows a TEM image of the tested multi walled carbon nanotubes. CNTs have
outstanding thermal and mechanical properties and it is easier for heat to move rapidly
for long distances along the high-conductivity fibers (Eastman et al. [48]). Additionally,
due to the fact that CNTs do not chemically react with ammonia as may happen with
metal based nanoparticles (Ma et al. [41, 42] and Yang et al. [49]), CNTs seem more
suitable for use in ammonia based working fluids. On the other hand, studies on the
reaction of the carbon nanotubes to salts such as lithium nitrate have not been found and
this should be taken into consideration for further research.

Before the CNTs were introduced into the base solution, they were subjected to a
chemical treatment to achieve a better dispersion and suspension. CNTs were treated
with Nitric acid (70 %) and hydrogen peroxide (35 %), and then washed with deionized
water until a neutral pH-value of 7 was reached (Datsyuk et al. [50]). Fig. 4 shows a
picture of the binary nanofluid with the CNTs (0.01 wt. %) added to the NH3/LiNOs
solution just after preparation and after 24 hours in a motionless state there was only a
slight sedimentation. Due to the fact that during the experimental study, the CNTs —
NH3/LiNO3 mixture was in constant recirculation, sedimentation was not a problem.
Although sedimentation occurred several days after stopping the experimental setup, an
optimum dispersion was reestablished after two hours of running. Specifications of the
carbon nanotubes are summarized in Table 1.

2.4 Absorber efficiency parameters
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In each experiment, once a steady-state regime was reached, measured parameters of the
operating conditions were maintained and recorded for around 15 minutes.

Parameters considered to assess the absorber performance are presented below.

The ammonia absorption mass flux (Fag), which quantifies the capacity of the system to
absorb ammonia vapor from the evaporator, is defined as the absorbed ammonia mass
flow rate per unit of heat transfer area.

m
FAB — NH 3, Absorbed (1)

AExchange
The absorber thermal load is determined from the measured data on the water-side.

Que = Mg, - CPgy '(Tc:w,om _TcW,ln) (2)
The solution heat transfer coefficient (hse) in the tubular absorber is obtained from Eq.
(3).

1 1 Ln(Doy/Dpe), 1 (3)
U * DOuter hSol : D 2 ’ kAI DO hC

Inner uter ' 'cw

Where the overall heat transfer coefficient U is given by Eq. (4).

- e @
AExchange -LMTD

The cooling-water heat transfer coefficient (hcy) in the tubular absorber was determined
by using Gnielinski’s well-known correlation for the Nusselt number [51], Eq. (5).

[ (f/8)-(Re-1000)-Pr

Ucw _{ 05 (py2/3 } (%)
1+12.7(F /18)(Pr*°-1)

where Ci is the correction factor for flows in annular spaces, Petukhov and Royzen [52],

and f is the Darcy friction factor taken from the correlation developed by Petukhov [53].

D -0.16
C=0.86 (LJ (6)

inner,o
Finally, the degree of subcooling of the solution at the absorber outlet (ATsyp) indicates

the available absorption potential.

ATSub = (TSOI,Eq,Out _TSoI,Out) (7)

where Tsoigq0ut 1S the equilibrium temperature of the solution at the absorber pressure

and actual outlet concentration of the solution. Solution concentrations in ammonia at
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the absorber inlet and outlet were determined from the density and temperature values
measured by Coriolis flow meters using the density correlation reported by Libotean et
al. [54].

2.5 Uncertainty determination

The method for calculating the uncertainty of the parameters described in section 2.4 is
reported in Technical Note 1297 of the National Institute of Standards and Technology
NIST, and implemented in the EES software (Taylor and Kuyatt [55]). Table 2 shows
the error of measurement in the recorded experimental data and uncertainty of the
calculated parameters under study taking into consideration a 95 % confidence interval.

3. Experimental results and discussion

Most significant results of the experimental study into the absorption process with
NH3/LiNO;3 fluid mixture and carbon nanotubes (CNTSs) are presented below. More
detailed results can be found in the PhD thesis by Amaris [56].

First shown are the experimental results achieved with a double pipe heat exchanger and
smooth surface with and without CNTs into the base mixture NHs/LiNOs. Then, a
comparison is made between the results of using smooth and advanced surface tubes
with the base mixture and the binary nanofluid. Finally, experiments using two CNT
concentrations, two cooling-water temperatures and the advanced surface tube are
presented.

Table 3 shows experimental operating conditions, set due to their interest for air-cooled
single-effect absorption refrigeration cycles with NH3/LiNO; at evaporation and
condensation/absorption temperatures of 5 °C and 40 °C, respectively.

During the experiments, the cooling water flow was kept in the transition regime in
order to avoid too high an uncertainty propagation in the absorber thermal load and
solution heat transfer coefficient, caused by small differences in the water-side

temperature.

3.1 Effect of the multi-wall carbon nanotubes

In this subsection, the effect on the performance of the absorber by adding CNTSs to the
base mixture NH3/LiNOs is analysed. The concentration of CNTs in the base mixture
was initially set to 0.01 wt. %, based on previous studies in the literature dealing with

the effect of CNTs on absorption capacity when added to mixtures of absorption

10



©CO~NOOOTA~AWNPE

refrigeration cycles (Kang et al. [26] and Lee et al. [32]) and on CNT stability tests
performed in our study. Experiments were carried out varying the solution mass flow
and cooling-water temperature. Results are compared between the CNT binary
nanofluid and base fluid mixture using the tubular absorber with an inner smooth
surface.

Fig. 5 shows the trends of the absorption mass flux and solution heat transfer coefficient
for the smooth tube absorber with and without nanoparticles. It is observed that by
decreasing the cooling-water temperature, the ammonia absorption mass flux increases
due to the fact that a wider temperature difference in the cooling-water side allows for
increased heat dissipation and, therefore, higher ammonia absorption capacity. At a
cooling-water temperature of 40 °C and a solution mass flow ranging from 20 to 70
kg.h'l, ammonia absorption mass flux of the base fluid mixture NH3/LiNO;3 varied
slightly between 0.0032 and 0.0035 kg.s’m™, however, a significant increase from
0.0038 to 0.0054 kg.s*m™ was observed for CNT binary nanofluid (Fig. 5a). Moreover,
at a cooling-water temperature of 35 °C, ammonia absorption mass flux varied from
0.0039 to 0.0042 kg.s*m™ for the base mixture and from 0.005 to 0.0063 kg.s*m for
the CNT binary nanofluid. Hence, the maximum values of the absorption mass flux
achieved with CNT binary nanofluid were about 1.64 and 1.48 times higher than those
of the base fluid mixture at cooling-water temperatures of 40 and 35 °C, respectively.
This indicates that the effect of nanoparticles is more significant when the absorption
potential is lower.

Fig. 5b shows that the solution heat transfer coefficient of base fluid mixture increased
from 0.9 to a maximum of 1.78 kW.m?K™ and from 1.13 to 2.09 kW.m?K™ for CNT
binary nanofluid when the solution mass flow was varied from 20 to 70 kg.h™. Hence,
the maximum value of the solution heat transfer coefficient achieved with CNT
nanofluid was about 1.29 times higher than the corresponding value for the base fluid
mixture. As depicted in Fig. 5b, the effect of the cooling-water temperature on the
solution heat transfer coefficient is less pronounced for both case studies.

Similarly, the absorber thermal load with CNT binary nanofluid is about 1.32 and 1.49
times higher than for the base fluid mixture at cooling-water temperatures of 40 and
35 °C, respectively (Fig. 6a). Regarding the sub-cooling degree of the solution leaving
the absorber, Fig. 6b shows that subcooling values are higher for the cooling-water
temperature of 35 °C and this parameter is hardly affected by the solution mass flow.

11
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For the operating conditions considered in this work, subcooling values are below 6 °C
which means that the absorber operated near to its optimal capacity.

3.2 Simultaneous effect of carbon nanotubes and advanced surfaces

A comparison between the individual effect and simultaneous effect of carbon
nanotubes and advanced surfaces on the absorber efficiency parameters is illustrated in
Figs. 7 and 8. Specifications of the advanced surface tube used were given in sub-
section 2.2. The data in these figures correspond to a CNT concentration in the base
fluid mixture and a cooling-water temperature of 0.01 wt. % and 40 °C, respectively.
Fig. 7a shows ammonia absorption mass flux achieved experimentally for the selected
case studies. At low solution flows, the absorption mass flux values for the base fluid
mixture NH3/LiNO3 and advanced surface tube are close to the results achieved using
CNT nanofluid and a smooth tube. However, at high solution flows, the effect of the
advanced surfaces on the ammonia absorption mass flux is more pronounced.
Absorption mass flux values for the base mixture NH3/LiNO3 and the advanced surface
tube are about 1.09 and 1.17 times higher than those achieved using CNT nanofluid and
a smooth tube at solution mass flows of 40 and 50 kg.h™, respectively.

Regarding the simultaneous effect of the CNTs and advanced surfaces on the absorber
performance, Fig. 7a shows that combining both intensification techniques resulted in a
sharp increase in absorption capacity. At the selected operating conditions, ammonia
absorption mass flux for the binary nanofluid and advanced surface tube ranged from
0.0041 to 0.0063 kg.s™m™, which represents 1.61 to 1.80 times the values achieved
using the base fluid mixture NH3/LiNO3 and the smooth tube. Nevertheless, the benefit
achieved by the combined effect of the carbon nanotubes and advanced surfaces is more
pronounced at low solution mass flows and is gradually reduced as the solution mass
flow increases approaching the results obtained with advanced surfaces without
nanoparticles.

As commented previously for the absorption mass flux, the numerical values of the
absorber thermal load for the case studies: (i) CNT binary nanofluid with the smooth
surface tube and (ii) base fluid mixture NH3/LiNO; with the advanced surface tube,
were similar (Fig. 7b). However, the solution heat transfer coefficient values using the
CNT binary nanofluid with the smooth tube were slightly lower than those of the base
fluid mixture using the advanced surface tube (Fig 8a). Moreover, the simultaneous use

of CNTs and advanced surface tube resulted in a more significant increase in the

12
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absorber thermal load and solution heat transfer coefficient at high solution flow rates,
which is a clear sign of a synergistic effect. Induced turbulence by micro-fins and
constant nanoparticle interaction with the rough wall surface may facilitate the bubble
breaking, its absorption by the solution and a significant increase in heat transfer.

Maximum values of the absorber thermal load and solution heat transfer coefficient
were, respectively, about 1.35 and 1.40 times higher than the values achieved using the
base fluid mixture and the advanced surface tube. The solution heat transfer
improvement with the binary nanofluid is more pronounced due to an increase in the
absorber thermal load and also because a lower logarithmic mean temperature
difference was obtained. The subcooling degree of the solution leaving the absorber at
the selected operating conditions was similar for all considered case studies and lower
than 4 °C (Fig. 8b). The improvement observed in the absorption rates using both CNTs
and advanced surface tube, resulted in a higher solution concentration at the absorber
exit and, therefore, a lower equilibrium temperature. Moreover, the increase in the
solution heat transfer coefficient caused a decrease of the same magnitude in the actual
temperature of the solution leaving the absorber, allowing the degree of subcooling of

the solution to remain almost constant.

3.3 Effect of carbon nanotube concentration and cooling-water temperature

Fig. 9 shows experimental data conducted to study the effect of CNT concentration on
the absorber performance using the advanced surface tube. The experiments were
performed at cooling-water temperatures of 35 and 40 °C and CNT concentrations of
0.01 and 0.02 wt. %. Higher CNT concentrations were not considered because poor
stability of CNT in the base fluid mixture was observed increasing nanoparticle
concentrations. Similar results for the stability of CNTs in the base fluid mixture were
obtained by Cuenca et al. [57] in their study on the thermal conductivity of the
NH3/LiNO3 fluid mixture with CNTSs.

As observed in Fig. 9, no significant variations were obtained in the absorber
performance parameters between the sets of data corresponding to CNT concentration at
0.01 and 0.02 wt. %. At a cooling-water temperature of 35 °C, ammonia absorption
mass flux increased from 0.006 to a maximum of 0.0078 kg.s™m™ (Fig. 9a) and the
absorber thermal load increased from 6.5 to 13.4 kW.m™ (Fig. 9b) when the solution
mass flow was varied from 15 to 65 kg.h™. With regard to the solution heat transfer

coefficient, sets of data depicted in Fig. 9c at the selected cooling-water temperatures

13
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and CNT concentrations have similar values and show similar trends as the solution
flow increases. The solution heat transfer coefficient ranges between 1.12 and
3.65 kW.m?K™.

3.4 Effect of carbon nanotubes on the total pressure drop

Fig. 10 shows the pressure drop measured in the smooth tube absorber with and without
CTNs and also in the advanced surface tube with and without CTNs. It is worthwhile to
highlight that the presence of CNTSs in the working fluid hardly affects pressure drop in
the smooth tube at the selected operating conditions. It can also be observed that the
total pressure drop values for the advanced surface tube with the base fluid are slightly
lower than those for the smooth tube. This issue is attributed to a thinner wall thickness
in the advanced surface tube in comparison with the smooth tube which in turn results
in a slightly higher passage area and a lower flow velocity.

Fig. 10 also depicts that total pressure drop values for the advanced surface tube
absorber with a CNT concentration of 0.01 wt. % are slightly lower than those for the
smooth tube with the base mixture. However, pressure drop values for a CNT
concentration of 0.02 wt. % are slightly higher than the values for the smooth tube
absorber with the base mixture. According to these results, it can be expected that the
total pressure drop increases for higher CNT concentrations and solution flows.
Therefore, the use of a very small fraction of CNTs in the base fluid mixture
significantly enhances the heat and mass transfer processes in the absorber without
penalizing the pressure drop, viscosity and density of the mixture.

4. Conclusions
In this paper, two passive techniques, namely carbon nanotubes (CNTSs) and advanced
surfaces, used to intensify heat and mass transfer processes in a tubular bubble absorber
with NH3/LiNO3; mixture as working pair have been experimentally investigated. The
individual and simultaneous effects of both techniques on the absorber efficiency
parameters have been analyzed at operating conditions of interest for absorption chillers
driven by low temperature heat sources. From the experimental results, the following
conclusions are drawn:
e Carbon nanotubes significantly improve the ammonia absorption process in the
tubular bubble absorber with the NH3/LiNO3 mixture. With respect to the

reference values, maximum enhancement achieved on the absorption mass flux
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with carbon nanotubes was of about 1.64 and 1.48 times at cooling-water
temperature of 40 and 35 °C, respectively, while maximum value achieved for
the solution heat transfer coefficient with carbon nanotubes was around 1.39
times higher.

o The effects of the intensification techniques on heat and mass transfer processes
are more pronounced as the solution mass flow increases. Moreover, it was
observed that the mass fraction employed for carbon nanotubes does not affect
pressure drop at the operating conditions under study.

e Regarding the simultaneous effect of carbon nanotubes and advances surfaces,
experimental data showed an outstanding improvement in the absorption mass
flux at low values of the solution mass flow. However, at high values of the
solution mass flow, enhancement was less pronounced and the results were very
close to those achieved with the base fluid mixture and advanced surfaces.
Moreover, an important synergic effect was observed in the solution heat
transfer coefficient.

e Absorber performance with CNT concentrations of 0.01 and 0.02 wt. % showed
no significant differences. Both CNT concentrations showed good stability in
the base fluid during experiments.
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Table 1 - Specifications of the carbon nanotubes.

Multi Walled Carbon Nanotubes

Nanoparticles supplier Cheap Tubes inc.
Outer Diameter 20-30 nm
Inside Diameter 5-10 nm
Purity >95 wt. %
Bulk density 0.28 g.cm™
Length 10-30 um

Table 2 - Experimental uncertainty.

Parameters Uncertainty
Sensors
Temperature, T (°C) +0.1
System pressure, P (%) +0.25
Solution mass flow rate, m (%) +0.1
Solution density, p (kg.m™) +0.5
Coolant flow rate, Vew (1.h™) +0.24
Tubular Absorber
Tube diameters, mm 0.02
Tube Length +05%

Calculated parameters
NHj3 absorption mass flux, Fag +
Absorber thermal load, Q +13.6 %
Solution heat transfer coefficient, hsg +1

Table 3 - Experimental operating conditions.

Parameters Range
Solution temperature at the absorber inlet, °C 45
Cooling-water temperature at the absorber inlet, °C 35.0-40.0
Ammonia mass fraction of the solution at the absorber inlet,  0.452
Absorber pressure, kPa 510
Solution mass flow rate, kg/h 10.0-72.0
Cooling-water flow rate in the tubular absorber, I/h 80-100
Carbon nanotubes concentration in the solution, wt. % 0.00-0.02
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Fig. 1 - Diagram of the experimental equipment
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Fig. 2 - Tubular absorber test section and cross-section view of the advanced surface
tube.

Fig. 3 - TEM picture of the tested carbon nanotubes.
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Fig. 4 - CNTs into the base fluid mixture NH3/LiNOs.

24



©CO~NOOOTA~AWNPE

[a] 80

7.0 1
5 o
2 6.0 1
S =] o
= o o
- 5071 o o
n 4 < °
o
£ 4.0 1 Q ° o) o R
- A A A
2 30 A 4
2]
= 20 A aTcw 40°C

©Tcw 35°C
1.0 A ©Tcw40°C-CNTs
OTcw35°C-CNTs
0.0 + + + + + + + i
0 10 20 30 40 50 60 70 80
mso [kg.h]

Fig. 5 - Effect of carbon na
heat transfer coefficient.

[a] 120

[b] 3.0

25
:x 20
£ 15
i .
3 10
=

05

0.0

ATcw40°C
0Tcw 35°C
©Tcw40°C-CNTs
BTcw35°C-CNTs

10 20 30 40 50 60 70 80

Msa [kg.hr']

notubes on: [a] NH3 absorption mass flux and [b] solution

ATcw40°C
©Tew 35°C
10.0 1 ©Tcw40°C - CNTs o
BTcw35°C-CNTs a
8.0 A
= o
£ o
: o
6.0 A
E o 0 [¢)
= o e
o | o A
4.0 (0] X A
L
2.0 4
0.0

0 1'0 2'0 3'0 4'0

I'T.1SoI [kg-h-ll
Fig. 6 - Effect of carbon
subcooling.

50 60 70 80

nanotubes on:

[a] 80
7.0
— °
=]
"é 6.0 ° °
5] o
X 50 e o g
n ] 4 ©
T 40 4
£ %, N A A
2 30 o 8 4
o
= 2.0 DAdv. tube
© Adv. tube with CNTs
1.0 A Smooth tube
<© Smooth tube with CNTs
0.0 + + t t t t t !
0 10 20 30 40 50 60 70 80

mso [kg.h]

[b] 10.0

8.0

6.0

ATsup [°C]

4.0

20

ATew40°C
0Tcw 35°C
©Tcw40°C-CNTs
BTcw35°C-CNTs

o

Pog
o> @
obm
o> @
o
>

0.0

[b] 0.0 1

8.0 1

6.0 1

Q [kW.m?]

4.0 1

2.0 1

0.0

10 20 30 40 50 60 70 80

mso [kg.h]

[a] absorber thermal load [b] degree of

@ Adv. tube

© Adv. tube with CNTs

A Smooth tube

¢ Smooth tube withCNTs e

@ [=]
(-]
] <
e v = °
[S] A
a © > IN A A
e A

10 20 30 40 50 60 70 80

Msor [kg.hr']

Fig. 7 - Effect of carbon nanotubes and advanced surfaces on: [a] NH3 absorption mass
flux and [b] absorber thermal load.

25



©CO~NOOOTA~AWNPE

4.0

=

35 4
3.0 A
25 4
2.0 1

1.5 1

hsol [KW.m-2K-1]

1.0 A1

0.5 A

OAdv. tube

©Adv. tubewith CNTs

A Smooth tube

© Smooth tube with CNTs

[b] 10.0 -

0.0

t t t t
10 20 30 40

mso [kg.h]

0 Adv. tube
© Adv. tube with CNTs
8.0 4 Smooth tube
¢ Smooth tube with CNTs
[=] —_
O 6.0
=
(<) o 2
a ¥ e
A 4.0 4 A
= .
A ® o 8 (4)9 Fe =
(<)
=]
2.0 1 o
t t t 1 0.0 t t t t t t t 1
50 60 70 80 0 10 20 30 40 50 60 70 80

Msa [kg.hr!]

Fig. 8 - Effect of carbon nanotubes and advanced surfaces on: [a] solution heat transfer
coefficient and [b] degree of subcooling.

[a] 100 - [b] 18.0 1
OTcw35°C - CNTs 0.01wt.%
16.0 1 © Tcw40°C - CNTs 0.01wt.%
_ 801 o | ATcw35°C- CNTs 0.02wt.%
z Ag A L 140 Tcw40°C - CNTs 0.02Wt.% o
S o a o 120 4 N
- 6.0 o A 9 ° N - R
‘ 0 o N ;
“‘gn ° £ 10.0
£ ¢ 2 804 £ “
o 4.0 41 ° = o = o e
=, (o [= N
. 6.0 1 Y ]
£ OTcw35°C - CNTs 0.01wt.% ° 8
2.0 ©Tcw40°C - CNTs 0.01wt.% 4.0 1 °® >
ATew 35°C - CNTs 0.02wt.% 20
©Tcw40°C-CNTs 0.02wt.% .
0.0 ; ; ; ; ; ; | 0.0 N N N N N N |
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Msoi [kg.h?] mMsoi [kg.h?]
[c] 50
BTcw 35°C - CNTs 0.01wt.%
©Tcw40°C - CNTs 0.01wt.%
2.0 ATcw35°C-CNTs 0.02wt.%
©Tcw40°C - CNTs 0.02wt.%
= o
£ 30 °
E ’ L0
= Fo
=3 - °
~ 20
3 %D R
°
el
1.0 a o
0.0
10 20 30 40 50 60 70

Mso [kg.h?]

Fig. 9 - Effect of carbon nanotubes concentration and cooling-water temperature on: [a]
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coefficient.
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