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Abstract

Despite the increase in heat transfer properties of nano-fluids, they are not currently
used in vapour absorption refrigeration systems (VARS), and there is little literature on the
flow boiling behaviour of concentrated salt solutions with nano-particle suspension. A
potential novel working fluid solution for a vapour absorption refrigeration unit capable of
utilising very low grade waste heat is acetone and zinc bromide, and this fluid is investigated
here as the salt solution with graphene nanoparticles in suspension in flow boiling similar to
that found in VARS. Nanoparticle concentration, boiler temperature, and flow rate are
investigated. The Rohsenow constant in the flow boiling correlation for the nanofluid acetone
| ZnBr2 with graphene on a stainless steel surface is found to be 0.217. By increasing the
particle concentration from 0 to 05 vol.%, heat flux and heat transfer coefficient on the heated
surface increase from 8638 W/m? and 106 W/m2K to 13164 W/m? and 167 W/m?.K,
respectively. The steady pressure of the system increases with increasing loading of the
nanoparticles and consequently the saturation temperature increases. This is because of the
increased vapour generation as a consequence of improved heat transfer properties. Heat
transfer coefficient islinearly proportional to temperature difference between the fluid and wall
(e.gincreases from 78 W/m?.K to 145 W/m?.K when the temperature difference increase from
102 K to 135 K) in the range tested and the heat flux correspondingly reflects a quadratic
relationship with temperature difference. Increasing nanofluid flow rate reduces both the
production of acetone in the condenser and the salt concentration in the strong solution
reservoir. Regarding properties of the fluid, the density and the specific heat follow the smple
mixture combination rule; the thermal conductivity of the nanofluid increases by 4.5 % with
increasing the loading the particles to 0.5 vol. %, following reasonably well the correlation of
Suganthi [1]; the viscosity increases linearly with concentration of nanoparticles (e.g increases
from 3.22 m Pass to 4.5 m Pas by increasing the concentration from 0 to 0.5 vol. %) ; the
stability of the nano-salt-fluid is affected by the density of the basefluid. The nanofluid showing
good stability for 4 hours and during the circulation of the fluid in the rig. Over the range of
temperaturestested, the salt solution demonstrates characteristics of nucleate boiling behaviour
and offers significant improvement over the properties of the base fluid in terms of boiling
effectiveness, indicating that it will provide improved operation in aVARS situation.



Key words
Flow boiling, heat transfer, refrigeration system, acetone / ZnBr», Graphene, nano-salt-
fluid, rectangular duct, experiment.

Introduction

Flow boiling heat transfer occursin vapour absorption refrigeration systems (VARS) as
well asin various industrial areas, such as refrigeration systems in many applications, power
generation, chemical engineering, high-power electronics, and nuclear reactor cooling [2].
Improvements in flow boiling heat transfer systems can improve energy efficiency and offer a
route to reduce global energy consumption, e.g. in the United States, air conditioners consume
6% of electricity produced, costing annually $29 billion and 117 million metric tons of CO>
released into the environment [3]. To improve the heat transfer of the fluid, the behaviour and
the properties of the fluid itself can be enhanced. Nanofluids are an aternative to existing heat
transfer fluids for thermal and industrial applications, due to their modified thermo-physical
properties which can enhance the efficiency of processes such as boiling [4].

The early stages of boiling start with single phase natura convection, with heat
transferred from the hot surface to the fluid; after this, nucleate boiling begins, which is atwo
phase natural convection process. In nucleate boiling, bubbles are created and grow from the
hot surface. If the heat flux through the surface is further increased, then a layer of vapour
forms between the hot surface and the liquid which is film boiling. The process between
nucleate and the film boiling is transition boiling [5].

The number of studies of nanofluid boiling has increased significantly over the last
decade with emphasis mainly on pool boiling [6-18] rather than flow boiling [19-26], even
though flow boiling has more applications (such as boiling in microchannel's, steam generation
in helical coilsand in nuclear reactor cores) [27]. There are severa recent experimenta studies
on flow boiling effects of nanofluids with significant consequences for enhancing boiling heat
transfer. Boudouh et al.[20]. Found that the local heat flux, vapour volume fraction and heat
transfer coefficient increase with increasing nanoparticle concentration and varying axia
location when he studied boiling heat transfer and pressure drop through arectangular channel
of nanofluid. Another experimental study was directed by Lee and Mudawar [21] to discover
the benefits of spreading (Al203) nanoparticlesin water for microchannel-cooling applications.
They found improvement of the heat-transfer coefficient for single-phase laminar flow;
however, in the two-phase regime, the nanoparticles settle and form large agglomerations in
the fluid, which can block the entire microchannel. This clogging problem is a serious issue if
nanofluids are to be incorporated in microchannel cooling of microelectronics components,
where any temperature excursions can result in temperature hot spots and possible thermal
failure of the device. Xu and Xu [28] studied Al>Os/H20 (0.2 wt.% concentration, 40 nm
nanoparticle diameter) nanofluid flow boiling in a micro-channel (0.1 mm x 0.25 mm). The
heat transfer was enhanced and they provided the bubble departure frequency is greater and the
bubble contact angle is smaller in nanofluid. Based on the theory of nanofluids, the concept of
nano-refrigerants has been projected. Studies on nano-refrigerants ([7], [19], [29], [30], [31],
[32]) have shown that adding nanoparticles to refrigerants can improve the heat transfer



coefficient of the base fluid. Simultaneously, energy conservation and emission reduction are
achieved. Henderson et a. [19] studied the flow-boiling heat transfer of R-134a-based
nanofluids in a horizontal tube and found that the nanofluid has an insignificant influence on
the flow pressure drop compared to the base fluid and that the heat transfer coefficient increases
to double over the base-fluid. Sun and Yang [32] investigated the flow boiling of nano-
refrigerants (Cu/R141b, Al/R141b, Al.O3/R141b, and CuO/R141b) in a horizontal channel
with 10 mm inner diameter. They presented that the heat transfer of nano-refrigerants are
increased with increasing mass fraction, quality and velocity.

CHF improvement during forced convection of flow boiling of a nanofluid on a short
heated surfaceis experimentally studied by Ahn et a. [22]. They found that the nanofluid flow
boiling heat transfer is enhanced under forced convection and they suggest that this
enhancement is mostly caused by the nanoparticles depositing on the heater surface during
boiling. Kim et a. [25] studied subcooled flow boiling (boiling adjacent to a surface hotter
than the saturation temperature (Ts), whilst the bulk temperature of the local fluid is below Ts)
using different types of nanofluid. They found that the heat transfer coefficient of the nanofluid
increases during boiling and that the flow boiling critical heat flux (CHF) (point a which
transition from nucleate to film boiling occurs) was enhanced using nanoparticles. Kim et al.
studied another case [33] by investigating the enhancement of CHF for alumina nanoparticle
based nanofluid in water at low pressure. They found that the CHF can improve up to 30%
with 0.01 vol. % of alumina nanoparticles. [34] reported that the CHF increased more, as the
higher pH levels (up to 12.3) of SiO. nanoparticles—water nanofluids, relatively little influence
on the nucleate boiling regime. [35] stated that the CHF in water based Al>O3 nanofluids is
improved by up to 51% compared to pure water but the boiling heat transfer coefficient is
considerably degraded. They theorised that the reasonable effect for the changes in boiling heat
transfer performance was the nanoparticle deposition onto the surface, which was confirmed
by the surface roughness measurement after nanofluid boiling tests and the consequent change
in nucleate site density.

Not all studies confirm the enhancement of boiling heat transfer as the nanoparticles
concentration increases. For nucleate boiling, the heat transfer coefficient was sometimes
decreased [36], [37], unaffected [18], [38], rather than increase by nanoparticles as mentioned
before. For example, Abedini et a. [39] investigated experimentally a comparison of nanofluid
flow boiling in vertical and horizontal tubes. They found that the subcooled flow boiling
decreases with increasing concentration of TiO2 nanoparticles in water. They aso found that
the bulk temperature decreases at the end of the channel in the nanofluid compared to water,
implying that the vapour volume fraction increases in the nanofluid because of enhancing in
the heat flux as the nanoparticles concentration increase. Witharana [40] in 2003 confirmed
experimentally that the boiling heat transfer coefficient behaviour of the nanofluid depends on
the type of nanoparticles, where Au (0.001 wt. %)-water nanofluid showed aclear enhancement
in the heat transfer coefficient but SiO2 (0.04 wt. %)-water and SIO2 (0.025 wt. %)-ethylene
glycol (EG) showed weakening of the heat transfer coefficient. These resultsimply that careful
consideration of nanoparticle to base fluid is necessary to enhance heat transfer.



Although other studies investigate the effect of concentration of nanoparticles on heat
transfer or critical heat flux in both pool and flow boiling [19, 24, 41-44], it isnot done for salt
nano-fluids. Likewise, there are many studiesrelated to the flow pressure drop across a heating
section [20, 21, 23], but no study is found related to the effect of nanoparticles on the overall
pressure of the boiling system, i.e. on the saturation pressure of the solution. In this work, the
properties of the nano-salt-fluid (acetone / ZnBr, (basefluid) — Graphene (nanoparticles)) are
investigated. The acetone / ZnBr2 chosen due to the low temperature operations (the process of
separating two fluid vapours from each other) in VARS comparing to other working fluid [45,
46]. The effects of the nanoparticle concentration (0, 0.1, 0.2, 0.3, 0.4, 0.5 val. %), the boiler
temperature (411, 418, 426, 436 and 446 K) and the flow rate of the nanofluid in the boiler
(2.3, 3.66, 4.2 and 7.1 ml/s) on the heat transfer, saturation temperature of the solution,
temperature of the fluid, saturation temperature, concentration of the salt in the strong solution
reservoir (SSR) and condenser flow rate are investigated. This study gives a better
understanding for the behaviour of the salt nanofluid flow boiling in the rectangular duct which
represents the boiler inaVARS.

Experiments

1- Preparation of nano-salt-fluid

Acetone/ ZnBr2 with 50 wt. % ZnBr» was prepared by dissolving 500 g of ZnBr into
500 g of acetone which made 0.734 L of solution producing the measured density 1362 kg /m?3.
With this solution the effects of boiler temperature and flow rate were investigated on the
solution without nanoparticles. After each test, acetone was used to flush the rig in case some
salts or nanoparticles stuck in the pipes or joints. A further identical sample of acetone/ ZnBr2
was prepared for addition of nanoparticles using the two step method, which was then tested
in the same way as the base fluid.

According to the density of Graphene ((catalog Number:06—0210/25g) were purchased
from Strem chemical, Ltd. Company), 1800 kg/m?®with 6-8 nm thickness and 5 um width and
the volume fraction required for 0.1 vol. %, 1.32 g of nanoparticlesis required.

The solution is sonicated (ultrasonic excitation) before each test with a sonication probe
(Cole-Parmer 750 Watt Ultrasonic homogenizer) using 45% of the maximum amplitude for 30
minutes to break the particle agglomerations. The proper sonication time was found in a
separate test performed with four samples with different times of sonication (without
sonication, 30 mins, 1hour and 2hours). The sonication for 30 minutes was chosen for two
reasons: firstly, the stability of the sample with 30 minutes sonication is better than the sample
without sonication and it does not differ significantly from the one hour and two hours
sonication samples. Secondly, with longer time of sonication the solution becomes warm and
a part of the acetone evaporates from the solution. The stability of a nanofluid is a key issue.
Graphene in acetone/ 50 wt. % ZnBr» shows a good stability for 4 hours as shown in Figure 1,
then the particles commence sedimentation (during the circulation of the fluid in the rig the
nanoparticles remain suspended for an even longer time). The stability of this solution is
affected by the density of the basefluid which depends on the concentration of the ZnBr»; by
making the salt (ZnBr2) concentration 60 wt. % the nanofluid stays stable for 30 hours. But in
this experiment, the 50 wt. % salt concentration isimportant because it effects on the viscosity



in the strong solution reservoir of the VARS, which would turn cause crystals to form in the
process vessels. The duration of sonication beyond 30 min shows insignificant change in the
stability. Therefore, 30 min sonication was chosen.

To analyse the distribution of the particles in the fluid, after the sonication, the sample
was imaged with Transmission Electron Microscope (TEM). The samples for TEM were
prepared by casting severa drops of the sample solution onto copper-mesh holey-carbon film
TEM grids (Holey Carbon support films (HC range), and samples are dried under ambient
conditions). Figure 2 shows the graphene on the carbon film. Figure 2a shows the graphene
particles on both film. The particles appear in a different levels of shading between grey and
black because of the thickness of the particles, which caused by the agglomeration. Whereas
the thick part of the body makes a black trace because the thick part prevent the electrons
stream to pass through it and most of these electrons scattered in the high angles. While, the
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Figure1: Sampleof acetone/ZnBr2 (50 wt.% ZnBr2) with 0.1vol. % Graphene. After sonication
for 30 minutes, shows stability till 4 hours.

grey colour means a thin part of the body, which allows most of the electrons to pass. Figure
2b shows a bodies of graphene stuck on the carbon film and the shading levels a'so mean
overlapping several particles. Figure 2c showsacrystallising of ZnBr» appearsin ablack colour
also it shows a single particle stuck on the carbon film. From figure 2d, it can recognised that
there are some grains of the ZnBr2, which have very small size (around 1 nm).

2- Properties of the solutions

The properties of the working fluid were measured for different concentrations of
nanoparticles. The density of the pure acetone / ZnBr» (50 wt. % ZnBr2) was found equal to
1360 kg/m® however in the [47] is 1581 kg/me. Also different concentrations of ZnBr, were
investigated which all gave asignificant difference. The possible explanation for thisdifference
is that [47] may assume that when the salt (ZnBr») is added and dissolved in the acetone, the
volume of the acetoneis not changed. The volumetric flask used in this measurement was with
the narrow neck, which reduce the errors. Thefluid level ontheflask’s mark may have an error
of £0.5 mm and the diameter of the neck of flask is 10 mm, which makes the error range on
volume (+0.4%) for the 10 ml prepared solution. Regarding the nanofluid, the experimental
results compared well with a smple mixture combination method in Equation 1 showing a
good agreement as shown in Figure 3a.
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Figure 2: Different TEM images of graphene suspend in the acetone/ ZnBr2 on the Copper mesh
holey Carbon film.

pnr = (1 —¢@,)ps + @pp, Equationl

Where p and ¢ are the density and the volume fraction, and subscripts p, f and nf
represent particles, base fluid and the nanofluid respectively. The density of the nanofluid
increases with increasing concentration of nanoparticles, for example, the density increases
from 1360 to 1362.7 kg/m® when the concentration increases from 0 to 0.5 vol. %. To get a
better idea of the actual data of the density and characterize the uncertainty of these values, the
measurement for each case was repeated fivetimesin different sized containers. Figure 3aalso,
shows the mean uncertainty (Equation 2) (the actual value of x will be somewhere in a
neighbourhood aroundx,,,..,,- This neighborhood of valuesis the uncertainty in the mean) was
found for each concentration measurement.

Xmean = % Equation 2

Where x and N are the reading and the number of measurements respectively.

The thermal conductivity of the different concentrations of nanofluid were investigated
using thermal conductivity analyser C-THERM TCI. The samples are sonicated for 30 minutes
before measuring to ensure the distribution of nanoparticles in the fluid. The thermal



conductivity increases from 0.150 to 0.157 W/m.K when the concentration of the graphene
nanoparticlesincreasesfrom 0 to 0.5 vol. %, this means that the thermal conductivity increases
by 4.5% by adding 0.5 vol. % of the nanoparticles to the solution. The experimental results
have compatibility with the Suganthi model (Equation 3) [1] as shown in Figure 3b . The test
is repeated 5 times for each sample and the uncertainty calculated in the same way as the
density calculation (k is the thermal conductivity).
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Figure 3: Effect of the nanoparticles on a) density and b) thermal conductivity of the acetone/ ZnBr2 (50

vol. % ZnBr2) bars show the uncertainty of each reading.

The heat capacity of the nano-salt-solution was aso investigated using TA instrument
Q10 Differential Scanning Calorimetry DSC. Also, each test was repeated 5 times after
sonication. The experimenta heat capacity of the pure acetone/ ZnBr2 is 1.14 (Jkg.K) and it
decrease to 1.131 (Jkg.K). The heat capacity reduces with increasing concentration of
graphene. Also comparing the results with a simple mixture combination method (Equation 4)
used by different researchers [48, 49], the experimental result shows a good agreement with
the theoretical as shown in Figure 4a (c, is the heat capacity).

Ccong = (1= @p)pcp s + @pcpp  Equation 4

There is evidence that particle type affects viscosity, but most derived correlations
assume that only concentration is significant. The viscosity of the graphene nano-salt-fluid was
derived from tests on ZnO in acetone zinc bromide solution nanofluid. A trendline equation of
the ZnO nanofluid (Equation 5) (u is the viscosity) was obtained using an hts-VROC
viscometer rheometer on a chip. No further measurements were available on viscosity of
nanofluids in this work, and the graphene nanofluid viscosity was therefore assumed from the
similar ZnO nanofluid in the same base fluid over the lower range of particle concentrations
tested. The viscosity of acetone found as 0.308+0.007 mPa.s using both Equation 2 and
Equation 5. The concentrations of the ZnO used in the same acetone /ZnBr> (50 wt. % ZnBr»)



were between 0 - 1.2 vol. % and the maximum uncertainty was found at the concentration of
1.2, for which the viscosity is 4.79+0.4 m Pa.s.

Uns = —6669.3 92 +197.29¢ +3.32  Equation 5

Figure 4b shows how the viscosity of the Graphene nanofluid increases with increasing
concentration of nanoparticles according to Equation 5. Viscosity is significant for the power
needed to pump the solution to the rig circulation.
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Figure 4: Effect of the nanoparticles on a) heat capacity and b) viscosity of the acetone/ ZnBr2 (50 vol. %

ZnBr?»). Barsshow uncertainty of each reading for Figure a.

3- Flow boiler experimental setup and procedure:

In thetest rig, shown schematically in Figure5 aconsists of 1 L weak solution reservoir
(WSR), supplies an R400BL conical revolution micropump and flow rate controller (made by
TCS Micropumps Company) which transports the weak solution (WS) from the WSR to the
boiler via an EPDM rubber tube, which is chemically compatible with the acetone/ZnBr»
solution. The boiler in Error! Reference source not found. has a 250 W strip heater (15 cm
length, 1.5 cm high and 3.6 cm wide) fixed to flat plate heat exchanger and has 5 K-type
thermocouples separated by 3 cm distance between them. The temperature of the boiler is
controlled via a PID controller (Omega CSi8D series). The strong solution (SS) with the
acetone vapour (refrigerant) pass to the strong solution reservoir (SSR) with Dreschel bottle on
top to separate the refrigerant, (ie acetone vapour) from the SS. The refrigerant enters the
condenser (Liebig condenser) cooled by tap water (flow rate =26 g/s) and then the refrigerant
reservoir (RR). Both the refrigerant and the SSR are terminated by valves at the base. The ends
of the last two reservoirs are connected with the WSR using a three way adapted tube.

After preparing the working fluid, it is loaded to the WSR, the pump is activated to
measure the flow rate of the system by collecting the solution in the SSR for several volume
levels indicated on the flask. The flow rate is controlled via a potentiometer on the controller.
Oncetheflow rate is achieved, the boiler heater element is activated at the desired temperature
using the PID controller.



The solution passes through the pump from the WSR to the boiler, where it boils.
Acetone vapour (refrigerant) is produced, then both the solution and the refrigerant are
collected in the SSR. The refrigerant fills all the empty space in the SSR, expands and expels
any air in therig to the condenser and the refrigerant reservoir (RR). By increasing the vapour
intherig, the pressureincreases. Dueto non-condensableair in the system, the refrigerant can’t
condense in the condenser. To extract the air, the join between the condenser and the RR is
opened and closed quickly when the pressure reaches 1.3 bar. The pressure decreases, and by
generating more vapour it increases again to 1.3 bar, the join is opened and closed again to
expel more air. At the third time al the air is expelled as shown in Figure 7. The condenser
then (after 1100 s from the system operations) starts to condense the refrigerant, see Error!

WSR: Weak Solution reservoir RR: Refrigerant reservoir

SSR: Strong Solution reservoir N.I: National instrument
TS: Thermocouple PID: Temperature controller
PS: Pressure Sensor FC: Flow controller

0

Figure 5. Equipment schematic of the high pressure side of the VARS. Weak solution
reservoir (WSR) delivers the weak solution (WS) to the pump, controlled by the flow
controller (FC). The pump suppliesthe boiler heated by 15 cm x 3.6 cm strip heater (250 W).
The strong solution and the acetone vapour separate in the strong solution reservoir (SSR).
The vapour condensein a Liebig condenser then collected in the refrigerant reservoir (RR).
The SSR and RR outflows converged in the WSR. Completing the cycle.
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Figure6: Strip heater (boiler) used in this experiment. Type Caloritech, 250 W.

Reference sour ce not found.. The temperature of the flow in the condenser rapidly increases
to the saturation temperature (60°C). The absolute pressure of the system stabilizes when the
condensation and the boiling rates are equal. The condensing rate is calculated by measuring
the flow rate of the refrigerant which collects in the RR. Both the SS and the refrigerant mix
again in the three-way pipe junction to produce a WS collected in the WSR (completing the
cycle) then the process is continued.
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Figure 7: Thetemperature of the condenser and the absolute pressure of the system asa
function of time. In case (flow rate 3.6 ml/s, 426 K and 0 concentration of nanoparticles).



4- Calculation and measurement of the parameters:

To anaysethe outcome from the experiment, the following parameters are investigated:
heat flux, heat transfer coefficient, Rohsenow correlation constant and the concentration of the
salt and the nanoparticles in the solution.

Flow boiling heat transfer is complicated and difficult to correlate as it depends on two
effects, the bubble creation with the flow near the hot surface and sweeping of heater by the
liquid. There are no genera correlations for flow boiling data. The heat transfer rate combines
from both nucleate boiling and forced convection phenomena [50]. As described in Equation
6

q" =qw+ q¢ Equation6
Where q,, isthe nucleate boiling, g, is single phase convection boiling.

The most important part of a boiling process is nucleate regime boiling. The heat flux
can be estimated using the earliest and most successful correlation used by many researchers
such as [51] and [52]. This correlation was developed by Rohsenow and it applies for clean
surfaces and depends mainly on the properties of the fluid as well as a constant for surface-
fluid interaction (Cs). The Rohsenow nucleate boiling correlation is

Q(PI_PU)] 0.5 Cp,l(Tw_Tsat)
o PTlCSfog

Quw = ,ulhfg[ ]3 Equation 7

Where u isthe liquid phase viscosity (3.23 mpa.s (measured)), i, isthe latent heat for
acetone (518 kJkg [53]), p; is the liquid density (1360 kg/m? (measured)), p, is the acetone
vapour density (0.824 kg/m?® [54]), o is the surface tension between liquid and surface (0.024
N/m [55]), cp, is the heat capacity of the liquid (1140 Jkg.K (measured)), the thermal
conductivity to measure the Prandtl number (Pr) is 0.152 W/K.m (measured), C;r Rohsenow

constant (dimensionless), Hy, enthal py( 106.4 kJ/kg) [56]).

During the tests conducted over several hours, there was no evidence of particle
deposition in the boiler channel as verified by flushing the system with pure acetone at the end
of each campaign. The flushing acetone emerged clear indicating that there was no deposited
nanoparticles, and no deposited salt on the walls of the boiler. Therefore, there is no
anticipation for the nanofluid and the nucleate boiling regime tested, that there will be any
significant deposition, which effect on Rohsenow constant. The C, of acetone/ ZnBr2 on the
stainless steel (boiler metal) is unknown. We found the Cr depending on the Equation 7 using
the electricity power input, which equals 48.8 W (the average power consume by the boiler as
the PID controller switching the power between on and off to control the temperature) for all
the cases (different flow rate and different wall temperature) and the average C;r was
calculated. The C,f is dependent on the surface temperature. In the case of studying the effect
of the nanoparticles and the flow rate, the boiler temperature is constant (426 k) which has C¢
equal to 0.217. However, in the boiler temperature variation test, the average of 0.217 is
between the maximum and the minimum, which is a reasonable first analysis for heat flux
calculation. In single component fluid boiling, the properties of the liquid remain constant; in



the salt solution, as the boiling temperature increases, the concentration of the solution
increases and some effect will therefore be experienced as noted in Table (1).

The single phase heat flux g/ could found by
q¢ = h. (T, — T,,) Equation8

Nuk
D

Nu= 0.019 Re*/>pr®* Equation 10

h, = Equation 9

Table 1 the values of the C« at different flow rate and wall temperature.

Flow Rate (ml/s), Tempe\:\;?]ulre ),
at 426K wall Cor at 3.66 ml/sflow Cor
temperature cate
231 0.211 411 0.177
3.35 0.217 418 0.198
3.66 0.215 426 0.217
4.27 0.220 436 0.239
71 0.222 446 0.255
Average 0.217 Average 0.217
Total average 0.217

5- Error analysis

The thermocouple uncertainty is stated as +2.5 °C and pressure transducers +0.04% of
the scale (makes the maximum error in the pressure 3 bar * 0.0004 = £0.0012 bar) [57]. The
tolerance in the thermocouples affects directly on the cal culations of the heat flux then the heat
transfer coefficient. The heater temperature fluctuated, e.g. when the controller was set on 426
K, the temperature of the heater fluctuated between 424 K and 432 K. Therig was not insulated
and heat loss was likely in some sectionsi.e. losses from the wall of the heater, walls of WSR,
walls of SSR and the tubes.

Preparation of the nanofluid causes some errors during weighing and checking their
volume. Another source of error is measuring the properties of the solution. There are some
random errors which cannot controlled such as:

+«+ Changing the properties of the solution by changing the laboratory temperature during
the test. The temperature of the first day of the test was 23 °C and it fluctuated between



20 and 26 °C and this will effect on the properties of the solution and heat loss to the
environment.
+ Some salts and nanoparticles deposited on the walls of the rig (in the joins and the
tubes) which affects concentration of the ZnBr, and nanoparticles in the solution.
Some acetone vapour may escape from the rig during the ventilation (opening the joint
between the condenser and the RR to extract air from therig).
Some acetone vapour condensed on the wall of the SSR. So, not al the vapour
generated in the boiler condensed in the condenser.

X/
°e

X/
°e

The flow rate variation was checked for one case for the basefluid with temperature
(426 K) repeated 5 times, and the volumetric flow rate showed a small differencein each time.
The other parameters uncertainty of the mean value for each parameter calculated depending
on Equation 11:

Uncertainty = 2max—fmin  Eoation 11

2,/Average

The measured values and the uncertainties cal culated are in acceptabl e range which was
3.685 + 0.040 ml/s for the flow rate and 8703.89 + 85.14 W/m?, the data are shown in table (2)
where q"' calculated through Equation 7 and U isthe overall heat transfer coefficient calculated
via Equation 12
q" = U (T, — Ty) Equation 12

Table 2: showsthe measured valueswith the uncertainty for data measured and calculated for 5 trailsfor
one casefor pureacetone/ ZnBr2 solution and controlled temperature =426 K.

Parameters Isttrial | 2ndtrial | 3rdtrial | 4thtria | Sthtrial | average | Measured
value

Flow  rate | 3.57 361 3.66 3.70 3.75 3.66 3.685+0.04

(ml/s)

q" (WIm?) 8558 8618 8653 8745 8939 8702 870385

UW/m2K) | 10311 | 103.59 103.87 104.11 105.17 103.97 103.96+0.46

Trmean (K) 343 342.80 342.69 342 341 342.30 342.29+0.44

T s (K) 335.3 335.1 335 334.7 334 334.82 334.82+0.29

Cond. Flow | 0.075 0.076 0.077157 | 0.0785 0.08 0.077331 | 0.0773+0.0011

(ml/s)
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1- Effect of the concentration of Nanoparticles at constant flow rate and boiler

temperature.

In this part of the work, the effects of increasing nanoparticles in the base fluid on the
system pressure, heat transfer, heat transfer coefficient, saturation temperature of the system,
average boiler temperature and the condenser flow rate are studied. The concentrations used
are 0.1, 0.2, 0.3, 0.4 and 0.5 val. % with a constant flow rate and temperature of the lower
surface of the boiler of 3.63 ml/sand 426 K, respectively.

Figure 8a shows that the steady state boiling pressureincrease from 1.13 bar to 1.24 bar
when the concentration increases from 0.1 % to 0.4 %. Increase in the nanoparticle
concentration will increase the heat transfer and the thermal conductivity of the fluid, which
hel ps generate more vapour from the boiler. The line of the highest concentration (0.5 vol. %)
cuts out at 2550 (s) because it caused repeated failure of the pump on three separate occasions,
most likely due to an increase in pump operating temperature which in turnislikely connected
to theincreased boiling temperature and therefore general risein system operation temperature.
Because the pressure is affected by nanoparticle concentration, the saturation temperature at
the condenser side for pure acetone is also affected as shown in Figure 8b, increasing according
to the increase saturation pressures.

Figure 9 illustrates heat transfer coefficient and heat flux (calculated via Equations 6-
10) tending to increase as the concentration of the nanoparticles increases. The particles assist
heat transfer from the surface into the liquid. Heat flux and heat transfer coefficient increase
from 104 W / m?. K and 8.65 kW / m? to 167 W / m?. K and 13.16 kW / m?, respectively, when
the particle loading risesfrom O vol. % to 0.5 vol. %. Thethermal conductivity of the nanofluid
is enhanced with increasing the nanoparticles. Despite the thermal diffusivity being greater
than Brownian diffusivity of nanoparticlesin theliquid [58, 59], nano-particles undergo inter-
particle collisions, and thermal interactions with molecules of the fluid and with the surface of
the heater and these effects compound to increase the heat transfer [60, 61].
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Figure 8: Steady stateregionsthe a- pressure b- saturation temperature of the pure acetone at different
concentration of nanoparticlesin VARS.
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Figure 9: Relationship between the heat flux and the overall heat transfer

coefficient in the boiler with the different concentration of nanoparticlesin
VARS.

Figure 10 shows that increasing the concentration of the nanoparticlesfrom 0to 0.5% vol.
raises the average boiling temperature from 342.7 K to 347 K. The saturation temperature of
the acetone over the strong solution increases from 332.7 K to 335 K as shown in Figure 10a.
Heat flux in Figure 9 increases due to increased thermal conductivity; the condensation rate
increases around 3.6 times as shown in Figure 10b; the salt concentration in the SSR increases
as more acetone | eaves the sol ution; the concentration of the nanoparticlesincreasein the SSR.
The enhanced heat flux seen in Figure 9 gives rise to improved nucleate boiling, and therefore
a greater yield of acetone; this in turn raises the concentration of the solution in contact with
the vapour in the SSR; that is what causes the increase of the acetone saturation pressure and
temperature since the masstransfer driving potential for acetone absorption isthe concentration

of the salt solution, which attracts the vapour back into the solution in competition with the
condenser.
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Many studies include the effects of the surface temperature on the parameters [6, 13,
22, 36, 62-66]. In thisstudy the effect of the wall temperatureisinvestigated for the basefluid
(dat solution without nanoparticles) because the similarity of the behaviour between the
basefluid and nanofluid. 5 different surface temperatures, 411, 418, 426, 436 & 446 K, were
studied their effects on the boiling of the salt solution at the constant flow rate (3.35 ml/s). The
saturation temperature of acetone in the salt solution with 50 wt. % ZnBr> under atmospheric
pressure and the saturation temperature of pure acetone are 340 K and 330 K [47], respectively,
and they increase with increasing the pressure of the system.

Increasing boiler surface temperature increases the pressure generated in the system as
shown in Figure 113, e.g. at 411 K the pressureis 1.16 bar and at 446 K the pressure stabilized
at 1.39 bar. With increasing heated surface temperature, the time to stabilize decreases (when
the condensing rate is equal to the boiling rate). At 411 K, the pressure stabilized after 40
minutes, however, it is stabilized in 25 minutes for 446 K case. At higher temperature, the salt
solution vapour pressure increases producing a higher system pressure. The saturation
temperature of the pure acetone is less than the boiling point of the salt solution [47].

Figure 11b shows how the saturation temperature of the pure acetone, measured in the
entrance of the condenser, increases with increasing temperature of the boiler. Increasing the
boiler temperature will increase the vapour pressure of the system and consequently increases
the saturation temperature of the acetone in the condenser. The points on each of the curves
mean that the acetone starts to condense, and these points also show that the acetone condenses
faster with a higher boiler temperature. The condensing process starts before stabilising the
pressure for example in case of 411 K the condensing starts at 28 minutes, however, at 446 K
it starts at 10 minutes. This behaviour happen because with lower temperature, less vapour
generates which takeslonger timeto replace with the cold air in the system, which is necessary
to extract to start the condensation process. However, with higher temperature more vapour
generates, the pressure increase quickly, and when the joint between the evaporator and the
condenser opened (as mention in section 3 (Flow boiler experimental setup and procedure))
each time, asufficient cold air extract, which help to rev the condensation process.

The average temperature of the vapour/liquid mixture leaving the boiler also depends
on the boiler temperature. Because the volume fraction of vapour is the mgjority phase by
volume at exit from the boiler, and the vapour in the boiler cannot exceed the saturation
temperature, then the temperature of the mixture at SSR is between 343 K and 349 K depending
on the pressure, but the liquid temperature will be higher, which was not measured in this study.

Many studies such as [6, 13, 36, 62, 63] show that the relationship between the heat
flux and the temperature difference between the wall and the saturation (ATy,;) is linear.
However, alinear relationship but with two gradients; a dight initial slope, then the gradient
increases has been reported [22] . Another study [66] found an exponentia relationship
between the heat flux and AT, . This relation appears because, by increasing AT, transient
and film boiling take over, which decrease the rate of heat flux. In our study the AT;,; was
between 102 °C and 135 °C and the overall heat transfer coefficient (U) increase approximately
linearly but the heat flux (qy,) reflects aquadratic increasing with increasing AT, Suggesting



that the process is in the nucleate boiling range. The gradient of both q;, and U are different
(Figure 12) because they depend on different AT,; and AT,,.., &s described in Equations 6-
12 by the boiling and forced convection contributions of the heat flux. By increasing the AT,
in our cases, the relation becomes quadratic according to the left side of the typical positive
skew curve seenin heat flux vs. AT, for flow boiling heat transfer indicating acondition well
within the nucleate boiling regime.
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The concentration of the salt rises in the SSR as the boiler temperature increases, but
even a the highest boiler temperature (446 K), the mass fraction increases only from 0.5 to
0.512 as shown in Figure 13. It adso shows how the condensed acetone flow rate in the
condenser increases correspondingly.
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3- Effect of the flow rate of the basefluid at the constant boiler temperature.

The effects of the flow velocities on the boiling behaviour of the nanofluid was studied
by different researchers[6, 22, 36, 67]. Four different flow rates, 2.31, 3.66, 4.27 and 7.1 ml/s,
are investigated to determine the influence on heat transfer, temperature at the outlet, vapour
generation in the boiler and the pressure of the system which in turn control s both the saturation
temperature and the condensation rate in the condenser. At 2.31 ml/s, the pressure starts from
the atmospheric and rises gradually to 1.2 bar which has a saturation temperature of the pure
acetone of 60 °C and for the salty solution (50wt. %) is 74 °C [47].
Figure 14 shows that the heat flux and the heat transfer coefficient increase from 7878
W/m? and 93 W/m?.K to 9931 W/m? and 124.5 W/m?.K respectively when the flow increases
from 2.31 to 7.1 ml/s. Heat transfer coefficient is the ratio of the heat transfer rate against the
temperature difference across the surface layer and fluid boundary layer, and the heat capacity
depends on the thermal conductivity of the boundary layer and its thickness only. Changing
the velocity can influence the surface temperature and the measured liquid bulk temperature.
Thevelocity might change (i.e. decrease) the thickness of this stagnant vapour layer where heat
transfer is conductive. As aresult the heat transfer coefficient increases. Thereis aso increase
dueto convection in the fluid (heat sink) just above the boundary layer which isinduced by the
motion.
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coefficient in the boiler with the different flow rate.

When the fluid enters the boiler, itstemperature increases as it flows. The temperatures
are measured by five thermocouples which extend to the middle of the channel as shown in
Error! Reference source not found.. The vapour volume fraction increases during the flow,
and at the outlet of the boiler the vapour volume fraction can be more than 90% depending on
the case. Evaporating the acetone in the boiler makes the concentration of the salt (ZnBry)
increase in the SSR.

The average boiler exit temperature increases with increasing the flow rate. For
example the temperature increase from 67 °C to 73°C when the flow rate increases from 2.31
to 7.1 ml/s as shown in Figure 15a. This behaviour happens because, with higher velocity, a
lower proportion of vapour is generated causing higher liquid fraction in the boiler, but with
lower flow, more vapour generates which cannot be warmer than the saturation temperature
and because the heat capacity of theliquid is higher than the vapour, then the liquid gains more
thermal energy and becomes warmer. Thisistrue for acertain limited range of flow rate, after
that the average temperature of the solution should decrease with increasing velocity.
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Figure 15a aso shows the temperature of the acetone vapour at entry to the condenser
decreases with increasing flow rate. It decreased from 64 to 59 oC when the flow rate increased
from 2.31 to 7.1 ml/s. This is because with increasing velocity, and consequent reduction in
vapour generation there is a decrease in the pressure of the system and consequently of the
saturation temperature. The concentration of the ZnBr2 in the SSR becomes more than 50wt.
% depending on the velocity with increasing flow rate. The concentration of the ZnBr»
decreases due to evaporating more acetone which means with lower velocity, higher ZnBr»
concentration in SSR as shown in Figure 15b. The condensed acetone flow rate decrease from
1.07 ml/sto 0.782 ml/s by increasing the flow rate in the boiler from 2.31 to 7.1 ml/s.

Conclusion

This study used a new nanofluid (nano-salt-fluid) acetone /ZnBr2 based on graphene
nanoparticles as the working fluid in the higher pressure part of a vapour absorption
refrigeration system to look at how the different concentration of the nanoparticles (0 — 0.5
vol.%), boiler temperature (411, 418, 426, 436 and 446 K) and flow rate (2.31 - 7.1 ml/s) affect
the behaviour of flow boiling. Also, the preparation and the properties of the new solution has
been investigated. The results obtained can be summarized as:

Regarding the preparation and properties of the nanofluid, it wasfound that the stability
of the acetone / ZnBr, based Graphene is mainly dependent on the density of the basefluid
(ZnBr2 concentration); thefluid is stable for 30 hours at 60 wt. %, and 8 hours at 50 wt. %. The
density, therma conductivity and viscosity increase with increasing the nanoparticles
concentration, however the heat capacity decreases. The thermal conductivity increases by
4.5% with adding 0.5 vol. % of Graphene to the solution.

The Rohsenow constant of acetone/ ZnBr; based Graphene on the stainless steel found
as 0.217 depending on the Rohsenow nucleate boiling correlation and the power input. The
stabilized pressure of the system will increase with increase in the concentration of the
nanoparticles consequently, the saturation temperature increases aso. An increasing
relationship appears for increasing the heat flux and the heat transfer coefficient with increasing
the particlesloading. The condensing rate of acetone vapour is maximum at high concentration
because of the high temperature difference of saturation and thewall temperature, consequently
the concentration of the salt in the SSR increase. With increasing the boiler temperature the
vapour generation increases which increases the pressure and the saturation temperature.

The heat flux and the heat transfer coefficient also riseswith increasing Twai — Tsa. The
average solution temperature in the boiler increases with increasing the flow rate. Because with
higher flow rate less vapour generates means more liquid exist in the boiler which means the
fluid can gain more heat to become wormer. Higher flow rate makes the saturation temperature
of the condenser decrease and consequently, the condensed acetone flow rate in the condenser
drops then more salt concentration in the SSR existing. The general indication is that a small



proportion of nanoparticles can offer a benefit on providing improved boiling at lower
temperatures where the temperature potential above saturation reduces.
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