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� Heat and mass transfer of shell and tube spray evaporators are still subjective for further enhancement.
� The advantage of spray cooling is its capability of additional heat removal.
� Highlight the key areas, which need attention such as enhancement techniques and falling film flow.
� Traditional heat transfer fluids have inherently poor thermal conductivities.
� Combining advanced and new technologies together can enhance functions and properties.
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Falling film heat transfer of horizontal shell-side evaporators remains of interest to scientists due to the
complexity of these phenomena for practical applications. However, characteristics of heat and mass
transfers of spray evaporators are still subject to further enhancement. This study is to review the
enhancement techniques and falling film flow especially the effect of nanoparticles suspended with
refrigerants in order to confirm their role. The study covers the influence of surface geometry (bundles
and external of tubes), normal single tube, low fins, and enhanced geometrical tubes; effect of additives;
and the applications and problems related to refrigerant-based nanofluids. Heat transfer area with en-
ergy related cost and the significant efforts on empirical correlations for heat transfer coefficient are
discussed. It is found that the interaction of the heat and mass transfer process on falling film flow and
contradictions of thermal physical properties of nanofluids should all be taken into careful consideration.
In addition, existing research on both heat and mass transfer regarding nanofluids are found to be
inadequate, and still requires extensive experimental and theoretical work on their salient parameters.
Finally, this study highlights the factors affecting efficiency, compactness, and cost of the spray evapo-
rator and the potential of enhancement techniques.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In industrial settings, falling-film evaporators can substitute
flooded evaporators in refrigeration systems, as its use is wide-
spread, owing to its high solution side heat transfer coefficient,
and its rather minuscule liquid inventory as opposed to flooded
evaporators. Despite the fact that evaporators of this form was
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initially patented in 1888 [1], there were only a small number of
researchers that were seriously working on it prior to the 1970s.
Since then, many investigators have studied this technology;
however, the work during the 1970s emphasized the utilization of
falling-film evaporators for ocean thermal energy conversion
(OTEC) systems, and this field was revived in the 1980s due to the
second world oil crisis. The working fluid used was water, or
ammonia in the case of (OTEC). The phasing out of CFC in the
1990s prompted a more widespread usage of falling-film evapo-
rators. Despite the obvious advantages vis-�a-vis refrigeration and
air-conditioning, falling-film evaporators are not widely used for
both applications. The reluctance of utilizing this technology is
due to the complications in disseminating liquids in a uniform
ent techniques on heat and mass transfer characteristics of shell and
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Nomenclature

CP specific heat, (J/kg K)
Do outside diameter, (m)
dp nanoparticle diameter, (nm)
g gravitational acceleration, (m/s)
Ga modified Galileo number or (kaptiza number),

ðr*s3=m4*gÞ
H liquid feeder height, (m)
h heat transfer coefficient, (W/m2 K)
k thermal conductivity, (W/m K)
Nu Nusselt number, (h/kl)ðv2l =gÞ1=3, dimensionless
p pressure, (N/m2)
Pr Prandtl number, k=rCP , dimensionless
Re Reynolds number
T temperature

Greek letters
a pool boiling heat transfer coefficient, (W/m2 K)
Ø concentration ratio of nanofluids
G liquid mass flow rate per unit length of tube (each

side), (kg/m s)
m dynamic viscosity, (kg/m s)
n kinematic viscosity, (m2/s)
r density, (kg/m3)
s surface tension, (kg/s2)
x capillary constant given by ½s=rl*g�1=2, (m)

Subscripts
crit referred to the critical state
l liquid
sat saturation
v vapor
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manner over a surface of a tube array to form thin films that are
suitable for evaporative heat transfers. This renders process
optimization of this system for the purpose of evaporation
extremely difficult. Also, the optimization of falling-film heat
exchanger requires a detailed comprehension of both the influ-
ence of wall superheat and solution sub-cooling on the ratio of
evaporation-to-sensible heat transfer. Evaporation heat transfer is
still a relevant and challenging research topic, despite the fact that
intensework on this area has been ongoing for decades. Thome [2]
and Ribatskia and Jacob [3] focused on studies published from
Fig. 1. (a) Bubble formation on tube surface and spr
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1994 to 2005. Recently, Fern�andez-Seara and Pardi~nas [4] focused
mainly on heat transfer and fluid dynamics of falling film evapo-
ration and to the best of our knowledge, only a few data is present
in literature on falling-film heat and mass transfers. This paper
reviews the literature on horizontal-tube and falling-film-type
evaporators, with special emphasis on defining the characteris-
tics of both heat and mass transfers of falling-film evaporators
under different enhancement techniques. Furthermore, other
factors, including pressure losses and cost effects, are studied as
well.
ay model. (b) Bubble agitation in liquid film [6].
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2. Falling film evaporation concept

Falling film evaporation is controlled by two different heat
transfer processes. The thin film evaporation is a heat transfer
mechanism controlled by conduction and convection across the
film, where phase change occurs at the interface, and whose
magnitude is directly related to the thickness of the film, and the
form of the film. Increasing the heat flux will initiate the boiling of
the nucleates; and the bubbles of vapors expands and moves along
the films in tandemwith the flow in a way that will allow both thin
falling-film evaporation and nucleate boiling to be poignant in heat
transfer, as it is dependent on both heat flux and liquid mass flow
rates [3,5]. Instability mechanisms are vital to the evaporation of
falling films. Viscosity, gravity, and surface tension effects usually
dominate liquid film flows. The circumstances may give rise to
interfacial waves on the thin liquid film that might strongly affect
the vaporization rate by increasing the interfacial area and
enhancing the convective transport near the interface [6]. Fig. 1
shows the spray profile and evaporation phenomena on the
liquid film of flow boiling. It is also known that there are three
distinct regime that are discernable from spray cooling heat
transfer [7]; a low temperature regime where the liquid evaporates
at the free liquidevapor interface, a high temperature regime
where liquid films are in a film-boiling-like state, and vapor bub-
bles are generated at the superheated hot wall. The third regime is
the transition from the low temperature to the high temperature
region.

3. Effect of surface geometry on falling film evaporator

3.1. Overview on shell and tube evaporator

Shell-and-tube evaporators arewidely used in chillers, industrial
refrigeration, and heat pumping applications. In refrigeration sys-
tems, the evaporator cools the fluids (liquid or air). The refrigerant is
only there to absorb the energy of the fluid that we want cooled,
which result in the refrigerant being boiled. The classification of
refrigeration evaporators are conducted as per the liquid feed
method being used, in the form of direct-expansion evaporators,
flooded evaporators, and overfeed evaporators. An expansion valve
fills the direct expansion evaporators, which functions as a regulator
of liquid flow that passes through the evaporator. The working
concept of a flooded evaporator involves completely filling it with a
liquid refrigerant to wet the internal exposed surface, which will
improve its heat transfer coefficient. Some examples are discussed
in Refs. [8e14]. Horizontal-tube falling film evaporators belong to
typical overfeed evaporators. Falling film evaporators seems to be a
viable replacement for both air-conditioning and refrigerating ap-
plications, due to their higher cycle efficiency, lower costs, and
negligible environmental impact, owing to its reduced refrigerant
charges (e.g. the overall refrigerant inventory decrease along with
the penalty [15]), enhanced heat transfer (e.g. Zeng et al. [16] in
their results found that the spray evaporation coefficient is 65%
higher than the flooded boiling bundle), minimizing the evapora-
tor's size (e.g. Ayub et al. [17] in their design of spray evaporator, was
a half-bundle shell and tube configuration). A number of studies
related to the effects of the falling film evaporator in refrigeration
systems have increased in the last few years. Their studies indicated
that the spray evaporators are superior to flooded evaporators when
employed in heat transfer applications [18e22]. The advantage of
spray cooling is its capability of additional heat removal, mostly by
impacting droplets and surface renewal effects, which is highly
beneficial in both boiling and non-boiling regimes. There has been
quite a number of works being done on the experimental, analytical,
and numerical aspects of sprays and spray cooling over the past
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decades, mostly in the quest to comprehend the basic mechanisms
of sprays and spray cooling behavior, e.g. Refs. [23e31]. Moreover,
there are various parameters that affect the performance of shell
and tube evaporators, and these were determined by numerous
experimental and theoretical investigations [32e39] designed to
understand the characteristics and behaviors of shell and tube
evaporators. The influence of spray parameters upon its ability to
remove heat has formed the topic of many researches over the
years. Zeng et al. [16,20,22,40] analyzed the effects of heat flux,
saturation temperature, spray flow rate, nozzle height, and nozzle
type (standard angle or wide-angle) with a 3-2-3 triangular. The
results showed lower heat transfer coefficients with wide-angle
nozzles, as shown in Fig. 2a. It was concluded that in spray evapo-
ration via spray nozzle, the effect of tube bundles are less pro-
nounced at reduced saturation temperatures, low spray flow rate,
minuscule nozzle heights, or standard angles, as opposed to wide-
angled nozzles, displayed in Fig. 2b and c.

Chang et al. [19] analyzed the performance of triangular-pitch
shell-and-tube evaporators from the perspective of heat transfer
via an interior spray technique. It was determined that the heat
transfer performance for this type of spray evaporator system is
better than that obtained using a pool boiling type system. As a
matter of fact, it is quite difficult to realize a uniform, all-
encompassing distribution, which will in turn influence flow and
drying, more so in deep setting bundles, as shown in Fig. 3.

The heat transfer enhancement achieved by the effect of liquid
sprays impact is associated with the heat flux at different inclina-
tion angles, and in Refs. [41,42], their results showed that the
maximum critical heat flux (CHF) was always realized with spray
impinging normal to the test surface; increasing angle of inclina-
tion away from the normal decreased CHF appreciably. Lin et al.
[43] analyzed the influence of the spray axis's incident angle (0�,
45�, 60� and 75�) upon the performance of heat transfer of a
rhombus-pitch shell-and-tube interior spray evaporator. The opti-
mum heat transfer was achieved at an incident angle that was
slightly lower than 60�, shown in Fig. 4. It is rather obvious that the
spray cooling method is far superior in terms of heat transfer at all
values.

3.2. Single horizontal tube and smooth tube

Generally, studies involving smooth tubes encompass parame-
ters such as heat flux and flow rates. The film's thickness distri-
bution and average thickness outside a horizontal tube has already
been measured by numerous investigators [44e48]. The results
showed that circumferential angle, intertube spacing, and the film's
Reynolds number mainly affect the distribution characteristics of
the film's thickness. Based on the experimental data of Hou et al.
[47], a new correlation has been suggested to predict the film's
thickness. The correlation results and the corresponding standard
deviation are shown in Table 1.

d ¼ c
�

3mLG
rLðrL � rGÞg sin b

�1=3�S
D

�n

(1)

It should also be pointed out that heat transfer coefficients are
almost independent of flow rates in the context of convection-
dominated conditions [46,49], while it increases with G [50], and
also increases with an increase in the distributor's height, reduction
of piping diameters, increase of the evaporation boiling point, and
the reduction of the total temperature difference Dt [46]. Further-
more, increasing flow rates increases the heat transfer coefficients
after a certain minimum value has been achieved [51]. This critical
value might be representative of a transition phase from laminar-
to-turbulent film flows [52]. Mohamed [53] examined the effect
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Fig. 2. Spray evaporation performance for: a) standard nozzle and wide nozzle at d ¼ (0.75 inch) with pool billing. b) Tube bundle at nozzle height of 10.2 cm and c) tube bundle
with different nozzle heights [16,40].

Fig. 3. Liquid film distribution in triangular-pitch tube with spray nozzle by Chang
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of rotational speed of the tube on the horizontal falling-film
behavior. The flow mode transitions, film's thickness, and the
film's wavelength were studied as well. It is recommended that the
tube speed of rotation not exceed the maximum speed of rotation,
which might result in an unstable falling-film. At least two works
suggested a tube-spacing effect on the mode transitions [54,55],
and highly simplified the thermodynamic analysis to predict the
transitions between falling-film modes. The simplified analysis of
interfacial energy result in a new scaling relationship for the
transitional Reynolds numbers for all the falling-film mode tran-
sitions, and was found to be Re ¼ Ga1=4

ffiffiffiffiffiffiffi
S=x

p
. The effects of viscous

pure liquids on falling-film evaporating were studied byWeise and
Scholl [56], and their results showed a significant enhancement in
wave development due to the film's distribution. They discovered
that nucleate boiling could be allowed without causing film in-
stabilities over a significant range of wall superheating.

3.3. Finned and enhanced tube surface

The utilization of passive techniques can improve heat transfer
by a factor of 10 compared to those on plain surfaces. Finned
et al. [19].
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Fig. 4. Variation of heat transfer coefficient with surface heat flux as function of spray
incident angle (0� , 45� , 60� and 75�) for spray rate of 2.6 l/min and saturation tem-
perature of Tsat ¼ 16 �C [43].

Table 1
Correlation of measured film thickness [47].

b (�) C n D (mm) SD

0� <b � 90� 0.97540 �0.16670 25.4 0.0987
90� < b � 180� 0.84978 �0.16479 25.4 0.0627
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surfaces can also improve the performance of plain tubes. To
improve the performance of falling-film, the artificially formed sits
must be conducive to nucleate boiling at lower temperature dif-
ferences, increase internal turbulence of the films, and enhance the
Fig. 5. Heat transfer enhancement by nozzle spray evapo
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heat transfer area. One of the earliest work on enhanced heat
transfer for spray evaporation of ammonia was by Zeng et al. [57],
who analyzed the ammonia spray evaporation heat transfer per-
formance of single low-fin and corrugated tubes. It was proven that
the heat transfer coefficient of spray evaporation is higher by a
factor of 2.8 compared to its counterpart with single plain tube
under spray conditions, as shown in Fig. 5. The predictive methods
for pool boiling heat transfer coefficient (a) available in the litera-
ture at present are empirical or semi empirical, especially for heat
transfer conditions relevant in practice. The heat transfer coeffi-
cient is proportional to Aqn. The boiling heat transfer coefficients
were obtained by the Wilson-plot technique. This correlation has
been fitted to experimental data near the atmospheric pressure.
The uncertainty of the heat transfer coefficient was given to ±13%.
The heat transfer coefficients primarily increase with heat flux
(8e60 kW/m2) and saturation temperature (�23.3 to þ10 �C). It
was shown that the pool boiling heat transfer coefficient increase
from (500e2000 W/m2 K), while the heat transfer coefficient of
spray evaporation increase from (1000e5000 W/m2 K) at all satu-
ration temperatures.

Garcia et al. [58] conducted an experimental and numerical
study of small capacity ammonia shell and tube evaporator with
external low fin tubes. The results showed that the traditional
smooth tube shell and tube evaporators are still quite ubiquitous in
ammonia applications in developing countries. Silk et al. [59]
analyzed the influence of both improved surfaces and spray incli-
nation angles. The surface enhancements consisted of cubic pin fins,
pyramids, and straight fins, while PF-5060 was the working fluid.
The results proved that the straight finned surface demonstrated the
best performance, and spray angles exceeding 15� removed any
liquid remaining on the heater's surface, mostly due the multi-
nozzle array stagnation zone phenomena. Ayub [60] presented an
overview of improved heat transfer in ammonia systems and future
trends in the development of compact heat exchangers for ammonia
refrigeration. The proposal involved the usage of multiple types of
tubes with high efficiencies for an ammonia spray evaporator. Oliet
et al. [35] presented a novel model of fin-and-tube evaporators in
the context of non-uniform in-tube heat transfer. A single-tube heat
exchanger was selected as a representative of an ammonia liquid
ration on a plain, low-fin and corrugated tube [57].
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overfeed evaporator in order to demonstrate the capabilities of the
model in determining the fin, tube, and in-tube refrigerant local
conditions. Enhanced tube heat exchangers with pool boiling
evaporator were used for ammonia and other fluids for the purpose
of redacting the refrigerant's inventory of the plant. Christians and
Thome [61,62] tested falling film evaporation of different enhanced
tubes. Two enhanced boiling tubes, theWolverine Turbo-B5 and the
Wieland Gewa-B5, were tested using R-134a and R-236fa, and it was
determined that the R-134a outperformed R-236fa in the context of
refrigerants.

3.4. Structured enhanced surface

Surfaces that are structured are conducive to nucleate boiling in
films at reasonable temperature differences, enhance internal film
Fig. 6. Some enhanced surfaces
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turbulence, while also increasing the area viable for heat transfer.
Putilin et al. [63] analyzed the mechanisms of heat transfer of
flowing liquids that are moving downwards from horizontal and
profiled tubes. Liu and Yi [64e66] carried out an experimental
study for the enhancement of falling film evaporation heat transfer
of pure water, water/salt mixtures, and R11 across horizontal
smooth tubes and two kinds of structured tube bundles under at-
mospheric pressure. The results showed that the low-cost roll-
worked tube can greatly enhance the evaporation heat transfer
performance of the falling film, and make it comparable to those of
expensive commercial enhanced tubes, such as GEWA-T tubes; TE
tubes and HF tubes even at low and moderate heat flux levels. Kim
et al. [67] studied the evaporation in oval or flat tube with different
aspect ratios using R-410A as its working fluid. The results showed
that the evaporation heat transfer coefficient increases asmass flux,
for a low charge refrigerant.
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Fig. 7. Comparison of the overall heat transfer rates for the plain, oxidized, and
porous-layer coated tubes tested in the evaporator [71].
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heat flux, or saturation temperature increases, along with
increasing aspect ratio.

Many techniques are employed for filling film on tubes, sum-
marized in Fig. 6. The recently developed surfaces greatly enhance
the filling film heat transfer, allowing the distribution of liquid
refrigerant to occur at lower superheated wall, which ultimately
reduced the physical size of these heat exchangers.

3.5. Porous enhanced surfaces

Certain models that predict porous falling film surfaces from the
lack of film dimensions were proposed. Forrest et al. [68] analyzed
the influence of nanoparticle thin-film coatings upon the
augmentation of nucleate boiling heat transfer and critical heat
fluxes. It was concluded that the nanoporous structure, coupled
with the chemical constituency of these coatings, leads to
enhanced boiling behavior. Wang et al. [69] carried out an experi-
mental study on the mixing effect of falling film on coated division
tube by the thermal tracing technique. The results showed that the
convergent and accumulated liquid film at the coated division
promoted better mixing, renewed liquid film interface, and further
increased the liquid film side heat transfer efficiency. Lee et al. [70]
analyzed the influence of a micro-scale porous layer coating on
solution wetting and heat transfer of a horizontal-tube and falling-
film heat exchanger. The results proved that the rate of heat
transfer of the porous-layer coated tubes was higher by a factor of
two compared to their plain tubes counterparts. K€oro�glu et al. [71]
studied the effect of copper oxidation in NaOH aqueous solutions
by a chemical immersion method to create nano/micro-scale sur-
face morphology on heat transfer surfaces and control their liquid
wettability. The surface wetting and heat transfer performance of
Fig. 8. (a) Photo of the porous-layer coating bonded to the plain tube, (b) 250� magnified S
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three different evaporators of plain (untreated), oxidized, and
porous-layer coated tubes were compared. Fig. 7 compares the total
heat transfer rates (Qh,tot) with the sensible heat transfer rates (Qs)
of the tube arrays for the plain, oxidized, and porous-layer coated
tubes. It was shown that among three different evaporators of plain
(untreated), oxidized (in 0.1MNaOH solution for 48 h), and porous-
layer coated tubes, the oxidized tubes always demonstrated higher
heat transfer rates than the plain tubes, and outperformed the
porous-layer coated tubes for higher solution flow rates.

K€oro�glu et al. [72] analyzed the influence of tube rows of sin-
tered micro-scale porous-layer coating on both solution wetting
and system-wide heat transfer, and surmised that performance can
be doubled at minimum solution flow rates. It is assumed that this
is caused by the spread of capillary-driven liquid and evaporation of
thin films at the menisci on the coating. Recently, Bogan and Park
[73] conducted an experimental study on the influence of solution
subcooling and wall superheat on sensible and evaporative heat
transfer in a falling-film heat exchanger using of coated tubes (plain
and porous). It was observed that the enhancement of the porous
layer coated tubes was most pronounced when evaporation dom-
inates, i.e., low solution Reynolds number, low subcooling, and high
wall superheat. Fig. 8(a)e(c) illustrates the Scanning Electron Mi-
croscope (SEM) micrographs of the samples.

3.6. Horizontal smooth tube bundles

The major problem with spray evaporators is non-uniform dis-
tribution of the feed ammonia as a film outside the tubes. The
importance of uniform feed distribution cannot be over-
emphasized. To maintain a continuous liquid film, the feed liquid
must be uniformly distributed around the periphery of each tube,
and the flow to each tube must be uniform [2,52,74]. They proved
the fact that the coupled nature of this phenomenon renders the
optimization of this system strictly for the purpose of evaporation
to be extremely complex. In order to mitigate this problem, it is best
to disperse a little subcooling, which increases the sensible heat
transfer from the upstream tube rows, and maintain the fully-
wetted thin-film evaporation conditions on the bottom most
rows. The results from a salineewater spray evaporator demon-
strated a decrease of 30% in heat transfer coefficients between the
top and bottom tube rows [21], due to non-uniformly distributed
liquid around the periphery of the tube. The proposed pattern is
called falling-film mode, and might be crucial to heat transfer. Li
and Kottke [32] performed an experimental study on the local heat
transfer coefficients at the outer surface of tubes in shell-and-tube
heat exchangers with the staggered tube arrangement. The results
showed that the heat transfer was not homogeneously distributed
over the tube's surfaces. Thome [75] observed the liquid flow on a
row of tubes for two different film flow rates, including flow
contraction and intertube flow modes, as seen in Fig. 9. This flow
contraction was also observed and described by Fujita and Tsutsui
[76], and their results for the topmost tube demonstrated 10e20%
lower heat transfer coefficients than the other four tubes arrayed
EM image of the porous coating and (c) 1000� magnified SEM image of the inset [73].
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Fig. 9. Schematic of liquid film breakdown from Ref. [75].
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below it. Moreover, the liquid moving through the tubes does so in
many forms, such as drops, columns, or sheets, as shown Fig. 10,
and depending on the flow rate of the liquid, the physical proper-
ties of the liquid, and the separation of the tubes. At lower flow
rates, as shown in Fig. 10(a), the liquid flows in the form of drops
from one tube to another. When the flow rate is increased as shown
in Fig. 10(b,c), the pattern is converted to circular jets or a contin-
uous sheet. To study the phenomena of dry-out, entrainment, and
the transport properties in the droplet regime, it is necessary to
determine the dimensions of the drops, the distance between
them, and the size of the frequency. The flow patterns observed in
falling-film heat exchangers have been idealized and described by
Mitrovic [77]. Ruan et al. [78] analyzed the influence of counter-
current gas flow and liquid feeding length on falling-film mode
transitions for a liquid flowing over horizontal tubes. Their results
Fig. 10. Possible flow patterns of the liquid falling from one tube to another (Mitrovic 1986)
sheet mode [76].
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proved that the influence on mode transition relies on the prop-
erties of the fluids, and can be framed in the context of unsteadiness
and film thickness. Refs. [79,80] proposed a more intricate classi-
fication of flow patterns for transitional modes in a quiescent
setting, and generalized a flow pattern map that predicts flow
modes, shown in Fig. 11. In solar desalination units, Zheng et al. [81]
studied the mechanism of both falling film evaporation and
condensation. It was surmised that falling film enhances both the
process of mass and heat transfers, which prompted the design of a
set of highly effective, small, and compact version of the unit.
Negeed and Awad [82,83] analyzed the influence of the tube's
configuration and the operating conditions on the evaporation
rates of a horizontal tube bundle. The results showed that both
evaporation rates and Nusselt numbers increases by increasing
tube surface temperature, increasing tube outer diameter,
decreasing both the evaporation pressure and the inlet liquid sub-
cooling.

3.7. Finned and enhanced tube bundle

Due to the fact that enhanced tubes are for tube bundles, it is
imperative to be aware of whether the data from tube bundles will
significantly differ from its single tube counterparts. Pospisil et al.
[84] presented an experimental study on the backsplash charac-
teristic of the liquid film on a wetted tube bundle with a structured
surface in the atmospheric pressure. Different surface structures of
the tubes were tested, namely smooth tubes, sand dressed tubes,
tubes with ribbing, single, and double grooved tubes. Chang [85]
conducted an experimental study on the spray using R-141b as a
coolant on horizontal low-finned tube bundle, with a triangular-
pitch and a fin count of 1000 fins/m. Fig. 12 shows the heat trans-
fer performance of the low-finned tubes in the tube bundle when
the liquid catchers are attached. Yang and Wang [86] numerically
and experimentally analyzed the performance of the horizontal
heat transfer tube bundles in falling film evaporators with an HFC-
134a liquid trickling distribution system. The tubes Turbo-B, Turbo-
BII and Turbo-EHP type were utilized for simulation. The Turbo-
EHP demonstrated superior heat transfer performance compared
to the plain, Turbo-B, and Turbo-BII tubes. Moreover, the total heat
transfer rate of the Turbo-EHP tube is 62.6% higher than that of its
plain tube in falling film evaporators counterpart. Li et al. [87]
studied the heat transfer characteristics of falling film evapora-
tion on horizontal tube arrays, and their results showed that tubes
with both enhanced outer and inner surfaces provides high heat
flux. Furthermore, it is also observed that the increase in Reynolds
number decreases the heat transfer enhancement ratio of the fall-
ing film's evaporation.

Li et al. [88,89] performed an experimental study on falling film
evaporation of water on 6-row horizontal enhanced tube bundles
: (a) droplet mode, (b) the jet mode liquid leaving the tube as a continuous column; (c)
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Fig. 11. The falling-film modes between horizontal tubes and flow regime map [79,80].
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in a vacuum condition. Turbo-CAB (19 fpi and 26 fpi), Korodense,
and smooth tubes were tested in a range of film Reynolds number
from about 10 to 110. It was observed that the tubes with enhanced
inner surface provide better heat transfer performance. Turbo-CAB
tubes have the best heat transfer enhancement of falling film
evaporation in both regimes, but Korodense tubes' overall perfor-
mances were better when the tubes were fully wet. Correlations
were obtained to predict the heat transfer coefficients and the heat
transfer enhancement ratios of the enhanced tubes, with errors of
less than ±30%.

Nuo:e:wet ¼ 7:42 R�0:679
e B�0:235

O

8<
:

Re >54; CAB� 19 fpi
Re >43; CAB� 26 fpi
Re >65; Korodense

9=
; (2)
Fig. 12. Heat transfer performance of individual low-finned tubes with [85].
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Christians and Thome [61,62] investigated the falling-film
evaporation of a single tube row bundle and a three-row tube
bundle with the express purpose of determining the local heat
transfer coefficients. Four types of tubes were tested: a plain tube,
an enhanced condensing tube (Gewa-CþLW, Wieland Werke, Ulm,
Germany), and two enhanced boiling tubes (Turbo-EDE2,
Wolverine, Hunstville, Alabama, USA; Gewa-B4, Wieland Werke,
Ulm, Germany). Two refrigerants, R134a and R236fa, were tested as
well. In the setting of pool boiling, the tubes performed in a su-
perior manner compared to the tubes tested by Roques [90]and
Habert [91], and demonstratedminimal dependence on the applied
heat flux. The level of degradation was reduced when the test was
conducted in falling-film settings.
3.8. The effect of liquid feeder configuration

In the case of convective heat transfer, the configuration of the
liquid feeder might be capable of increasing the coefficient of heat
transfer via the increase of convective effects that are linked to
liquid impingement on a tube's surface. To improve conventional
methods, different strategies are available in literature, for example,
Chang and Chiou [18] conducted an experimental study on the spray
using R-141b as a coolant on a horizontal staggered tube bundle. It
was found that the heat transfer performance for spray cooling with
a liquid film collector was much better than the pool boiling. Fig. 13
shows the differences of the overall heat transfer coefficients with
and without liquid collectors under the same spray rate. Tatara and
Payvar [15] introduced some liquid spray and drip boiling into the
bundle for low pressure refrigerants. The placement of a distributor
plate is important, as it was shown that putting it under a bundle
improves heat transfer, and this is especially poignant in the case of
lower vapor mass fluxes. Feeder heights can also affect heat trans-
fers via the modification of the flow mode or by increasing the
impingement velocity. Increasing the feeder height will also result
Fig. 13. Comparison of overall heat transfer (with and without liquid collector) [18].
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in superior spray distribution [50]. From Negeed and Awad [82,83],
it was shown that the construction of water collectors adjacent to
the bottom-heated tubes improves the rate of evaporation. Chang
[85] proposed a liquid catcher modification that enhances the per-
formance of shell-and-tube heat exchangers. Fig.14 shows the liquid
catchers collecting liquid films. The work in Refs. [86,92] utilized a
distributor as a designated tool that will uniformly disperse the
refrigerant on the bundle equally, as shown in Fig. 15. The results
also proved that the skewed distribution of refrigerant flow in-
fluences the performance of falling-film evaporators. In non-boiling
settings, the distance between the spray and a hot surface is vital
towards cooling improvements [27,28].

3.9. Tube passes arrangements

The arrangements of the tube are influential vis-�a-vis the per-
formance of evaporators. Multiple arrangements results in varying
effect on the overall performance of heat transfer [16,21], where it
was seen that the square-pitch bundle almost always results in
higher spray evaporation coefficients as opposed to triangular-
pitch bundle at a low saturation temperatures, as seen in Fig. 16.
From the results obtained by Yang andWang [86], it was found that
the tube arrangement affects the heat transfer coefficients and the
dry-out area, as shown in Fig. 17.

4. Effect of pressure drop and vapor fraction

In any heat exchanger, not only a higher overall heat transfer
coefficient is desirable, but a small pressure drop is also expected in
order to reduce pumping power. Designing a heat exchanger re-
quires balancing factors between thermal design and pressure
drops. Estimating the loss of pressure for fluids in a tube is rela-
tively simple, but it gets more complicated for fluids in shell-side
flows. In the effort to compute pressure drops across bundle
tubes and window sections, actual flow patterns have been taken
into consideration [93,94]. The total pressure drop of a fluid is due
to the variation of kinetic and potential energy of the fluid, and that
is due to the friction on thewalls of the flow channel. Thus, the total
pressure drop DPtotal is calculated from Ref. [75]:
Fig. 14. Liquid film distribution with liquid catchers [85].
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DPtotal ¼ DPstatic þ DPmom þ DPfrict (4)

For a horizontal tube, there is no change in the static head, i.e.
H ¼ 0 so DPstatic ¼ 0. The momentum pressure drop reflects the
change in kinetic energy of the flow. The separated flow model
considers the two phases to be artificially separated into two
streams, each flowing in its own respective pipe. The areas of the two
pipes are proportional to the void's fraction. The momentum pres-
sure drop is calculable by the input of the inlet and outlet vapor
qualities. When measuring two-phase pressure drops for evapora-
tion in horizontal tubes, for instance, the frictional pressure drop is
Fig. 16. Comparison between the square-pitch and triangular-pitch bundles at nozzle
height of 5.08 cm. Ammonia at Tsat ¼ 10 �C, d ¼ 0.75 inch, pitch ratio of 1.25 and
standard-angle nozzles [16].
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Fig. 17. Compression between different tube pass arrangement and average falling film
factor (filled symbols) with refrigerant mass flow rate for Turbo-EHP [86].
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obtainable by subtracting the momentum pressure drop from the
measured total pressure drop, since the static pressure drop is
nonexistent. Numerous methods are available for predicting the
pressure drop and different parameters. Under boiling conditions,
Khodabandeh [95] preformed an experimental study on the influ-
ence of heat flux, system pressure, mass flow rate, vapor fraction, on
the heat transfer coefficient. It was found that the heat transfer is
weakly dependent on vapor fraction, but highly dependent on heat
flux and system pressures, indicating that nucleate boiling is the
dominant mechanism. Refs. [96,97] measured the pressure drop for
two-phase flow over the tube bundle. It was found that the frictional
pressure drop was primarily a function of mass flux and vapor
quality. For flat tube flow boiling [98], their results showed that the
frictional pressure drop increases as the quality or mass flux in-
creases, saturation temperature decreases, and is independent of
heat flux. The frictional pressure drop also increases as the aspect
ratio increases. For falling-film evaporation and condensation pro-
cesses, Zheng et al. [81] pointed out themost workable processes for
both heat and mass transfers. When the operating temperature is
over 90 �C and the inner pressure is less than 15 kPa, the perfor-
mance ratio of the unit can reach 2.35, while its yield ratio can reach
about 135 kg/h. Experimental results of Xu et al. [99] for an adiabatic,
two-phase vertical up and down flow of airewater mixtures across a
horizontal tube bundle showed the effect of void fraction and two-
phase pressure drops on the flow pattern. It showed a strong mass
velocity effect, where for a given quality, a higher void fraction is
obtained with increasing mass velocity. Assad and Lampinen [100]
proposed a model of a countercurrent flow laminar falling film
during evaporation. The interfacial shear stress is detrimental to-
wards the evaporator's performance only in the case of countercur-
rent flow. The increase in the distance between the plates increases
the cooling rate and decreases the pressure drop of vapor. Ribatski
and Thome [101] provided a review related to the evolution of void
fraction, two phase flow behaviors and pressure drop on the shell
side of staggered and in-line tube bundle for upward, downward,
and side-to-side flows for adiabatic airewater flows.
5. Summary of empirical correlations

Several correlations ware recently extended to compact evap-
orators, fin tubes, and binary mixtures. A correlation of hþ as a
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function of the film's Reynolds and Prandtl numbers was deter-
mined. Table 2 list falling-film evaporation heat transfer coefficient
and Nusselt number from many researches along with the types of
working fluids, pressures, temperature ranges, and evaporator
designs.

6. Effect of enhanced fluid on heat and mass transfer

There are quite a number of works devoted to deeper under-
standing of phenomena and critical parameters that are related to
spray cooling heat transfers. This is especially evident in literature
detailing the fact that previous studies focused upon the influence
of spray parameters on the cooling heat flux, and it was confirmed
that the volumetric spray flux dominates heat transfer [23,24],
mass flux of ejected fluid [28], droplet sizes and spray velocity
[102], surface impact velocity [31,103], and fluid temperatures
[92,104]. Chen et al. [105] performed an experimental study on the
effect of spray parameters (mean droplet size, droplet flux, and
droplet velocity) on critical heat flux (CHF) in subcooled water
spray cooling. The results showed that the droplet velocity was the
most dominant effect on CHF and heat transfer coefficients.

6.1. Effect of surfactant

Ammoniaewater solution is also an attractive alternative to
ozone-depleting chlorofluorocarbons (CFCs) and CO2-emitting
hydrofluorocarbons (HFCs) used in conventional vapor compres-
sion systems and absorption cooling system. Numerous researchers
studied the absorption process and the effect of surfactants on heat
and mass transfers in absorption chillers [106e110]. The small
addition of heat transfer additives causes interfacial turbulence via
the Marangoni effect, leading to improved heat and mass transfer
performances [111]. Kim et al. [112] showed that the addition of
surfactant increases the absorption performance by a factor of 4.81.
Kim et al. [108] also indicated that the addition of surfactants
(2E1H, 700 ppm) reduces the size of the absorber by 63.0%, while
the application of binary nanofluids (Cu, 1000 ppm) reduces it by
54.4%. Moreover, under boiling phenomena, [113,114] provided
state-of-the-art knowledge of boiling phenomena with surfactants
and polymeric additives. The influence of the properties of the 12
hydrocarbons and surfactants and polymeric additives on heat
transfer in nucleate pool boiling, bubble dynamics, and interfacial
phenomena is taken into account by the heat transfer coefficient.
The effect of different surfactant additions on heat transfer in spray
cooling during evaporation has been investigated extensively in
both analytical and experimental aspects [26,115,116]. Their results
showed that the addition of a surfactant to water droplet reduces
surface tension and increases its spreading on a solid surface. The
results from Nordgrent and Setterwall [117] showed that the con-
centration of surfactant plays a key role in influencing surfactants
with regards to the behavior of falling liquid films. Cheng et al. [118]
studied heat transfer enhancement via the addition of high-alcohol
surfactant (HAS) and dissolving salt additive (DSA) in spray cooling.
It showed that both HAS and DSA could significantly enhance the
heat transfer of water spray cooling at a suitable concentration and
the HAS, especially 2-ethyl-hexanol. Recently, Yang et al. [119]
conducted an experimental and theoretical study of the influence
of surfactant on the preparation and stability of ammoniaewater
nanofluids.

6.2. Prospects of nanofluid

Spray cooling was determined to be an effective method of
cooling heated surfaces. Basically, spray cooling involves the
evaporation of impinging jets of droplets onto a heated surface,
ent techniques on heat and mass transfer characteristics of shell and
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Table 2
A survey of available of heat transfer correlation for falling film evaporator.

Ref. no. Eq.
no.

Correlation Data bank Comments

Zeng et al. [16] 5
N ¼ 0:0678 Re0:049 Pr0:296ðpsat=pcritÞ0:456

�
qD

ðTcrit�TsatÞk

�0:704 Ammonia, 3-2-3 triangular-pitch

Zeng et al. [21] 6
Nu ¼ 0:0495 Re�0:00399 Prðpsat=pcritÞ0:261

�
qD

ðTcrit�TsatÞk

�0:722 Ammonia, 3 by 3 square-pitch

Shahzad et al. [6] 7
hevaporation ¼ 0:277

"
hfg$g$D2$r21

Vt2$m1

#�0:333

ðReGÞ�2:11ðPrÞ4:55
�

d
D

��0:422Vt0:503

2
4�2exp� S

So

�
� 1

��0:41
 
Tsat
Tref

!14:7
3
5þ

2
40:885� q

DT

�1 Vg

Vref

!�0:34
3
5

For seawater salinity. This correlation captures both film
surface evap. and bubble agitation effects

Armbruster and
Mitrovic [45]

8
Nui ¼ 0:948 ReLPrL

2 Ga
1
3

 
1� exp

 
� 2 Ga

1
3Num

ReLPrL

!!�
s
d

�m
Num ¼ 0:938 Re1=9L Pr1=3 Ga�1=9

Water, smooth, unheated tubes (diameter 19.5 mm)

Prost et al. [49] 9 hþ ¼ 1:6636 Re�0:2648
L Pr0:1592L

15 < Re < 3000, 2.5 < Pr < 200

Zeng et al. [57] 10
Nu ¼ 0:0568 Re�0:0058 Prðpsat=pcritÞ0:323

�
qD

ðTcrit�TsatÞk

�1:034 Ammonia, single 1575 (fins/m) tube �23 < Tsa<10

Christians and
Thome [61]

11
hplateau Do

kl
¼ 9:623*104

0
@ Doq2o

h
5
2
lv
mref ðrl�rvÞ

1
A0:0328

ðG1:2449
t�s Þ

R134a and R236fa for enhancement tube Nucleate pool boiling

Putdm et al. [63] 12 hsm ¼ 0:295 k
dðRedÞ0:63ðPrÞ0:36

hPro =hsm ¼ 0:53ðRedÞ0:11ðb=zÞ$exp½�0:23ðb zÞ�
To take into account the influences of fin pitch in the range of 3.0e11.8 mm.

hPr=hPro ¼ 1:33ðS=SoÞ0:45exp½e0:31ðS=SoÞ�

For cross flow over the in-line tube bundles. For the
whole range of 2 � b/z � 6 profile geometry (1.4
mm < b < 4.0 mm; 0.5 mm � z � 2.0 mm;
2 < b/z < 6; 3.0 mm � S � l 1.8 mm)

The width-depth ratio for a groove (b/z)

Ribatski and
Thome [74]

13 h ¼ 4:2*103Pr0:22q0:38wet M
�0:5Ra0:2ð0:0024 Re0:91top Þ þ hdryð1� ð0:0024 Re0:91top ÞÞ

Re ¼ 6:93*105
 

qo
ðrl�rvÞh3=2

lv

!0:47

R134a, horizontal plain tubes Falling film with nucleate boiling

Chun and
Seban [163]

14
hfilm ¼ 0:821 m2

1
g$r21$k

3
1

�0:333
ðReGÞ�0:22 Pure water, 319e391 K, electrical heated single

vertical tube, OD e 28.58 mm, thickness e 0.1 mm,
length e 292 mm

Sernas [164] 15
h ¼ Ck2l

 
g
v22l

!1
3�

4G
m2l

�0:24�
v2l
a2l

�0:66 Horizontal tube falling film evaporation The parameter combinations of d ¼ 25 mm,
C ¼ 0.01925 and when d ¼ 50 mm,
C ¼ 0.01729

Han and
Fletcher [165]

16
hevaporation ¼ 0:0028 m2

1
g$r21$k

2
1

�0:333
ðReGÞ0:5ðPrÞ0:85

Pure water, 322e400 K, Electrical heated single
horizontal tube, OD e 50.8 mm, thickness e 1.7 mm,
length e 254 mm

Shmerler and
Mudawwar [166]

17 h*E ¼ 0:038ðReGÞ0:35ðReGÞ0:95 Pure water, electrical heated single vertical tube,
OD e 25.40 mm, length e 781 mm

Fujita and
Tsutsui [167]

18 For 1st tube : Nu ¼ ðRe�2=3
f þ 0:008ðRe3f ÞðPrÞ0:25Þ1=2

For 2nd and 5th tube : Nu ¼ ðRe�2=3
f þ 0:01ðRe3f ÞðPrÞ0:25Þ1=2

Freon R-11, electrically heated five horizontal copper
tubes, OD e 25 mm

Xu et al. [46] 19
hevaporation ¼ 5:169� 10�11hfg$g$D2$r21

Vt2$m1

�0:333
�

d
D

��0:422Vt0:503�
1þ dmax�dmin

d

� De-ionized water, 323 K, horizontal copper
tubes evaporator

Chien and
Tsai [168]

20 Nucv ¼ 0:0386ðReGÞ0:09ðReGÞ0:986 R245fa, 278 K & 293 K, horizontal smooth tubes
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Fig. 18. Comparison of the thermal conductivity of common liquids, polymers and
solids [131].
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where the act of evaporation acts as a cooling medium. This is
especially effective at low temperatures and also with the utiliza-
tion of fluids containing nano-scale metallic particles. The inte-
gration of metallic or oxide nanoparticles to normal coolants (e.g.,
water, glycol and refrigerants) with the express purpose of
improving both their thermal conductivities and heat transfer was
done by Choi and Eastman [120]. Wang and Xu [121] proved that
this integration actually improved thermal conductivities, cooling
efficiencies, reduce operating costs, and also enhances heat flux. It
should also be pointed out that in terms of volume fraction, the
addition of these nanoparticles are rather small, but their corre-
sponding effect is rather significant, and these improvements
comes without the side effects that are common in slurries, such as
clogging, erosion, sedimentation, and large increases in pressure
drops. Fig.18 shows the comparison of thermal conductivity of heat
transfer fluids and nanofluids. Also, thermal conductivity
enhancement of some refrigerants with nanoparticles is shown in
Fig. 19. Elias et al. [122] numerically studied the effect of different
nanoparticle shapes (such as cylindrical, bricks, blades, platelets,
and spherical) on the performance of a shell and tube heat
exchanger operating with nanofluids. Raja et al. [123] performed an
experimental study on the heat transfer characteristics of
Fig. 19. Comparison of knf/kf among CNTeR113, CNTewater and spherical-particle-R113
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Alumina/water nanofluid in an STHE, with the aid of coil insert. The
overall heat transfer coefficients were increased by 17%, 29.4% and
33.5% for volume concentration percentages of 0.5, 1 and 1.5 of
Alumina/water nanofluids, respectively. Lotfi et al. [124] studied
the heat transfer enhancement of multi-walled carbon nanotube
(MWNT)/water nanofluid in a horizontal shell and tube heat
exchanger. The results showed the heat transfer enhancement in
the presence of multiwalled nanotubes in comparison with the
base fluid. Godson et al. [125] conducted an experimental study on
the heat transfer characteristics of silver/water nanofluids in a shell
and tube heat exchanger. The results showed that the maximum
enhancement in convective heat transfer coefficient of 12.4% and
an effectiveness of 6.14%. Farajollahi et al. [126] carried out an
experimental study to investigate the heat transfer characteristics
of g-Al2O3/water and TiO2/water nanofluids in a shell and tube heat
exchanger under turbulent flow conditions. The experimental re-
sults for both nanofluids indicate that the heat transfer character-
istics of nanofluids improved with Peclet number. Sarkar [127]
studied the performance improvements of cooled shell-and-tube
gas cooler, as well as CO2 cycle using Al2O3, TiO2, CuO and Cu
nanofluids, and the effects of various design and operating pa-
rameters. The maximum cooling COP improvement of transcritical
CO2 cycle for Al2O3$H2O was 26.0%, whereas that for TiO2$H2O was
24.4%, and for CuO$H2O, it was 20.7% while for Cu$H2O, it was
16.5%. Yang et al. [128] studied the effect of 20 types of nano-
particles mixed pairwise orthogonally with 10 types of dispersants
being added in ammoniaewater, respectively, to observe the
dispersion stability of suspension. This begs the question of
whether these fluids are suitable for falling film applications,
basically, whether the change of phases in such suspensions will be
beneficial or harmful vis-�a-vis heat transfer. In the course of uti-
lizing nanofluids for convective cooling, one must also keep in
mind the features of its boiling nucleates. This is due to the fact that
despite the nanofluids not being attracted to one another with
respect to two or three phase applications, in the course of local
convective heat transfer at high heat flux, the boiling limit of the
nucleate pool might be exceeded. Therefore, it is imperative that
the features of nanofluids under multiple conditions is explicitly
known, as this will help us eschew unwanted effects such as the
localization of hot spots, which will result in the significant
degradation of the components that are to be cooled.
[132] knf, thermal conductivity of nanofluid; kf, thermal conductivity of pure fluid.
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Table 3
Summary of studies on pool boiling of refrigerants based nanofluids.

Previous studies Nanofluids type Thermophysical properties Flow type Main results

Park and Jung [136] (CNTs) e R123 and R134a Ø ¼ 1.0 vol% Nucleate boiling Large enhancement was up to 36.6%
Peng et al. [137] R113 and CuO nanoparticles ∅ ¼ 0e0.5 wt% Flow boiling Maximum enhancement of

heat transfer coefficient is 29.7%
Trisaksri and

Wongwises [138]
TiO2eR141b ∅ ¼ 0.01, 0.03 and 0.05 vol% Nucleate

pool boiling
Deteriorate the heat transfer of
R141b. No effect at small amount
of nanoparticle

Kedzierski and
Gong [139]

CuO e R134a/polyolester
(RL68H) mixture

10 nm diameter at ∅ 1.6 vol% Pool-boiling The nanoparticle caused heat transfer
enhancement relative to the heat
transfer of pure R134a/polyester

Lee et al. [140] Al2O3 and CNT-NH3/H2O ∅ ¼ 0.02 vol%
dp ¼ 25 nm for CNT
dp ¼ 35 nm for Al2O3

Pool boiling Absorption performance enhancement
was 29% and 18% for Al2O3 17%
and 16% for CNT

Peng et al. [141,142] Cu and diamond e R113/(VG68)
oil mixture

dp of 20, 50 and 80 nm nanoparticles/oil
suspension from 0 to 30 wt%

Nucleate
pool boiling

Heat transfer coefficient by a
maximum of 23.8% for CuO and
63.4% with diamond.

Henderson et al. [143] SiO2 with R-134a
R-134a/POE/CuO mixtures

∅ ¼ 0.05% and 0.5%
(0.02%, 0.04%, 0.08%) vol

Pool-boiling For SiO2 the heat transfer coefficient
decreases (up to 55%). For a 0.04%
CuO the heat transfer enhancement
of 52%, and with a 0.08% enhancement
of 76% was measured
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6.2.1. Pool boiling and two phase flow
There are quite a number of studies devoted to the character-

istics of boiling and nucleate pool boiling heat transfer of water and
refrigerant-based nanofluids. Defining the parameters of boiling
nanofluids was first taken up by Das et al. [129], where they studied
the effect of watereAl2O3 nanofluids in the context of boiling. The
results from this study described several useful factors that are
relevant to the design of cooling systems involving nanofluids,
especially in situations where overheating is a risk at saturation
temperatures. Table 3 summarizes studies involving nucleate pool
boiling, flow boiling, and the absorption of refrigerant-based
nanofluids. Recently, Saidur et al. [130] reviewed the performance
of suspended nanoparticles in refrigerants and lubricating oils in
refrigeration systems. The results are indicative of the fact that
HFC134a andmineral oil with TiO2 nanoparticles performswell and
in a safe manner in the refrigerator, resulting in a superior perfor-
mance. Nanofluids are not only capable of eradicating problems
such as sedimentation, cohesion, and corrosion, which might occur
in heterogeneous solid/liquid mixture with macro-or micro-sized
Table 4
Summary of studies on falling film absorption refrigerants based nanofluids.

Previous studies Nanofluids type Thermophysical properti

Kang et al. [144] Fe e CNT/H2O/LiBr ∅ ¼ 0.01 and 0.1
wt%. dp ¼ 100 nm
for Fe, dp ¼ 25 nm for CN

Jung et al. [145] Al2O3/H2O/LiBr ∅ ¼ 0.01, 0.05, 0.1
vol%, dp ¼ 1.3 nm

Yang et al. [146] Al2O3, Fe2O3 and
ZnFe2O4-(SDBS)/NH3/H2O

∅ ¼ 0.1e0.3 vol%

Kim et al. [133] SiO2/H2O/LiBr ∅ ¼ 0.01e0.005 vol%

Kim et al. [108] Surfactants with (Cu), (CuO),
and (Al2O3)

∅ ¼ 0.1 vol%

Pang et al. [147] (NH3/H2O)/Ag ∅ ¼ 0.005%, 0.01%, 0.02%
Kim et al. [148] Surfactant and Cu, CuO and Al2O3

into NH3/H2O
dp ¼ 50 nm, ∅ ¼ 0e0.1 v
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particles, but is also capable of significantly increasing the thermal
performance of the base fluids. Research involving nanofluids are
divided into five groups: (1) stability analysis and experiments; (2)
property measurement such as thermal conductivity and viscosity;
(3) convective and boiling heat transfer; (4) mass transfer in binary
nanofluids; and (5) theoretical analysis and model development.

6.2.2. Falling film flow
The effects of falling-film flow of binary nanofluids on the ab-

sorption process have been studied by several researches with the
purpose of improving the performance of the absorber. Table 4
summarizes the studies of falling film and absorption of
refrigerant-based nanofluid. A few data on the effect of falling film
flow of binary nanofluids on heat transfer in spray cooling during
evaporation is shown. Kim et al. [133] analyzed falling-film flow of
binary nanofluid to determine the effect of key parameters, such as
SiO2 nanoparticles concentration on the distribution stability in
the H2O/LiBr nanofluids. It was also determined that the maximum
improvements of both heat transfer and mass transfer rates
es Flow type Main results

T

Falling film absorption CNT (average 2.16 for 0.01 wt% and
average 2.48 for 0.1 wt%), Fe (average
1.71 for 0.01 wt% and average 1.90
for 0.1 wt%)

Thermal conductivity
measurement

Thermal conductivity of the binary
nanofluids increases with the particle
volume concentration and enhances
by 2.2% at 0.1 vol% concentration condition

Falling film absorption The effective absorption ratio by 70%
and 50% with Fe2O3 and ZnFe2O4

Falling film absorption The maximum improvements of
heat transfer rate and mass transfer
rate reach 46.8% and 18%, respectively

Ammonia bubble
absorption process

The addition of surfactants (2E1H,
700 ppm) can reduce the size of
absorber up to 63.0%, while the
application of binary nanofluids
(Cu, 1000 ppm) can reduce it
up to 54.4%.

. Bubble absorption 55% at 0.02 wt% Ag nanoparticles
ol% Bubble behavior Absorption performance up to 5.32 times
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Fig. 20. Heat transfer rate versus solution mass flow rate of SiO2 binary nanofluids for
each condition [128].
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reached 46.8% and 18%, respectively, when the concentration of
SiO2 nanoparticle was 0.005 vol%. Deprived of surfactants, the
performance of heat transfer is enhanced via the addition of
nanoparticles, as shown in Fig. 20. Chang et al. [134] analyzed the
influence of particle volume fraction on spray heat transfer per-
formance of a nanofluid that is made up of de-ionized water and
Al2O3 particles, with a diameter of 35 nm. The particle volume
fraction is defined as 0%, 0.001%, 0.025%, or 0.05%. The results
showed that the high-volume-fraction nanofluids are incompat-
ible with spray cooling. However, low-volume-fraction nanofluids
(i.e., 0.001 vol%) demonstrated significant improvement in the
efficiency of spray cooling, as shown in Fig. 21, due to the fact that a
sizeable number of the nanoparticles ricochet from a heated sur-
face in a direct manner or are removed by subsequent incoming
droplets. Ruan and Jacobi [135] studied the characteristics of heat
transfer of multiwall carbon nanotube suspensions (MWCNT
nanofluids) in intertube falling-film flow. Water-based and
ethylene-glycol-based nanofluids are prepared at concentrations
Fig. 21. Variation of heat transfer coefficient with surface heat flux as function of
particle volume fraction for test surface roughness of 1.4 mm.
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of 0, 0.05, 0.14 and 0.24 vol%. The results showed that the coeffi-
cient of heat transfer based on similar Reynolds number at up to
20% or higher were detected for ethylene-glycol based nanofluids.
Currently, the mechanism involved in the enhancement of heat
and mass transfers via falling-film flow remains murky and
incomplete. There is still work to be done on the subject, especially
with regards to experimental and theoretical work on many
influential parameters, as this field in particular is still in its
nascent stage.

7. Economic studies on cost parametric

After the mechanical design was completed, it was time for cost
analysis. An overall design, in general, is the one that meets the
performance requirement at a minimum cost, which includes
capital cost (the costs of materials, manufacturing, testing, ship-
ment and installation) and also operating and maintenance costs
(the costs of fluid pumping powers, repair and cleaning). There are
many interdependent factors that must be taken into account
while designing and optimizing a heat exchanger. A low cost
evaporator that would use the lowest possible heat transfer areas
has already been developed [17,149,150], while others minimize
the cost of STHEs [151e155]. Their results observed a reduction of
total costs to up to 50% and more. Several other investigators also
used strategies based on genetic optimization algorithms [156,157].
Thermoeconomic and exergy analysis in the thermal design was
described by Refs. [157e159]. Due to the widespread use of this
equipment, their efficient design has been analyzed from different
perspective, such as exergetic analysis by Refs. [160e162] that fo-
cuses on a study of a device, based on the exergy transfer effec-
tiveness method to evaluate factor and other relevant parameters
for heat exchangers as a component. The above review anticipated
knowledge of cause-effect relationships between design solutions
and the cost estimation of conventional heat exchangers. The
approach in the capability requires the use and building of a full-
scale knowledge-based model for predicting the total cost of
compact heat exchangers. This approach solves the complex design
in predicting the total heat exchanger cost at any phase of the
design process.

8. Conclusions

Spray cooling heat transfer is a complex phenomenon. The
outstanding issues discussed in this work regarding understanding
the process and technology development are very challenging.
Enhanced surface tubes have been appropriately applied in multiple
applications with limited success. Moreover, most authors took into
account the capital cost involved in the heat transfer area and energy
related costs that are connected to overcoming friction losses in fluid
flow (pumping losses). The results from heat transfer showed that
nanofluids are especially effective in enhancing the flow boiling heat
transfer and falling-film flow of binary nanofluids of refrigerants.
However, the mechanisms involved in this enhancement with
nanofluids and nanoparticles are currently unknown. The inversely
proportional relationship between heat transfer and the diameter of
the nanoparticles also remain unclear. The challenges in particle
circulation and the murky effect of falling film evaporation based on
the binary nanofluid of a refrigeration system remains unaddressed.
In the future, research should be directed towards the effect of the
particle material, its shape, size, distribution, and concentration on
the performance of spray cooling. The experimental results on the
fundamental properties, such as specific heat, density, viscosity, and
enthalpy of nanofluids remainminuscule in literature. There are also
potential in exploring research to experimentally determine these
factors. Currently, we are still without a reliable correlation between
ent techniques on heat and mass transfer characteristics of shell and
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heat transfer correlations for ammoniaewater falling films via the
addition of nanoparticles.
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