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Abstract

This paper presents an extensive review of heat and mass transfer correlations

in the framework of sorption machines operating based on the falling film tech-

nology, in which ammonia-water and lithium bromide-water are used as the

working fluid pairs. Heat and mass transfer correlations (Nu, Sh) as functions

of falling liquid film flow regime (Re) are summarized as well as the applica-

tion range and geometrical configuration. In order to compare the correlations

found in the recent and classical literature, graphs were constructed for com-

paring purposes of those correlations trends within the application range of

absorption refrigeration machines.
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1. Introduction

Edmond Carré developed the first absorption refrigeration machine in 1850

using a water and sulphuric acid (H2SO4) mixture as the working fluid pair,

requiring a large quantity of this acid to absorb a small quantity of water vapor

in order to achieve the refrigeration process. However, in 1859, Ferdinand Carré5

used the ammonia-water pair as working fluid, because of its properties: stabil-

ity, low normal boiling point (44◦C), and good ammonia affinity to water [1].

Currently, lithium bromide-water and ammonia-water pairs have been the most

common working fluid pairs used in commercial absorption refrigeration cycles

(ARC). The former operates in vacuum such as in Edmond Carré’s machine,10

and the second one in a positive pressure such as in Ferdinand Carré ’s machine.

An ARC is constituted by two pressure levels as depicted in Fig. (1); the low

pressure level (evaporator and absorber) and the high pressure level (generator

and condenser). These two levels are connected by two expansion valves (EV1

and EV2) and one solution pump, in its simplest configuration. The solution15

pump drives the strong liquid solution from the absorber to the generator in

ammonia-water technology (or the weak liquid solution for the lithium bromide-

water solution). At the generator, the solution flows over heated surface in the

falling film generator, whose function is to separate the refrigerant (ammonia
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or water vapor) from the liquid solution. Next, the vapor refrigerant is driven20

to the condenser, rejecting the heat to the environment, Q̇con. The condensed

refrigerant reaches the evaporator, going through an expansion valve (EV2)

reducing the pressure and the temperature by the Joule-Thomson effect to re-

ceive the heat load (Q̇eva) by evaporation. Next, the vapor refrigerant enters

the absorber at the vapor state, in which it is absorbed by the weak solution25

(or strong for lithium bromide-water solution). Heat (Q̇abs) is rejected to an

external coolant as the absorption process takes place, and then the solution is

pumped to the generator closing the cycle.

It is worth mentioning that both the absorber and the generator are the

main components of the absorption system because that there is a simultaneous30

heat and mass transfer process [2], in which the refrigerant changes phase [3]. In

addition, the heat and mass transfer coefficients in those components are char-

acterized by low values [4]. On the other hand, when ARC is compared with a

vapor compression cycle (VCC), the former has lower coefficient of performance

(COP), particularly if the absorption machine works beyond its design speci-35

fications, e.g. the vaporization temperature, or the cooling thermal load, due

to a problem of partial evaporation at the evaporator. Additionally, the COP

is also sensitive to the heat source temperature in the desorber, the cooling

temperature of the evaporator, and flow rate of the strong solution. Therefore,

enhancing the heat and mass transfer process leads to a reduction in costs and40

in the sorption machine size.

A heat transfer review of falling film of single component has been studied by

severals researchers. Thome [5] carried out a review of falling film evaporation

on both smooth and enhanced tubes focusing on working fluids as alternative

refrigerants including ammonia; he found that the falling film technology pro-45

vides a higher heat transfer coefficient than flooded evaporators. Killion and

Garimella [6] carried out a complete critical review of falling film technology in

absorption processes, in which these efforts were focused analyzing the mathe-

matical model that have been used to the simultaneous heat and mass transfer

processes. Ribatski and Jacobi [7] carried out a critical review of falling film50
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Figure 1: ARC Diagram

evaporation process over horizontal tubes (single and tube bundles), covering

hydrodynamic studies and the heat transfer coefficient affected by several op-

eration conditions on smooth and enhanced tubes. They pointed out that the

falling film technology presents inconveniences due the liquid film maldistribu-

tion and dry-out problems. However, the installation of a wire mesh over the55

distributor homogenized the liquid flow and guaranteed the total wettability over

the first tube [8]. Prost et al. [9] analyzed the heat transfer behavior falling

film evaporator under several operation conditions for the food industry. They

reported some Nusselt number correlations from the literature. Narváez-Romo

and Simões-Moreira [10] carried out a literature review of falling film evapora-60

tion, studying the parameters affecting the heat transfer coefficient. Tomforde

and Luke [11] carried out a review over falling film absorbers focused to horizon-

tal tubes only, in which lithium bromide-water, and R134a-Dimethylacetamide

(DMAC) were the working fluid pair studied.

The falling film technology has widely been studied, existing several works65

focused on the heat and mass transfer analysis for this technology applied to an

ARC. However, we have found an opportunity to emphasize over the agreement

between numerical and experimental studies based on the correlations that re-

searchers have been obtained. Therefore, the objective of this paper is to review

all the correlations of the heat and mass transfer in falling film technology car-70

ried out in sorption processes for the two most common working fluid pairs;
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ammonia-water and lithium bromide-water. In the first place, a review of the

mean definition correlations and the classical hypothesis assumed to compute

the heat and mass transfer coefficients are presented. Next sections, the trans-

fer correlations involving ammonia-water solution and lithium bromide-water75

systems are discussed, in which each one was classified by application (absorp-

tion or desorption) and geometry disposal. Additionally, these correlation are

summarized in tables by application range and by test rig specifications. Next,

others relevant falling film studies are showed, whose working fluid are different

to the current study, but these have been used in ARC researches. Finally,80

the heat and mass transfer mapping of these correlations were carried out in

a realistical operational conditions of an ARC for refrigeration (−20◦C) and

air-conditioning 7◦C applications.

The study too aims compare the heat and mass transfer correlations, looking

for a standard comparison for further studies, due that, currently, there are not a85

heat transfer correlation for ammonia-water falling film in absorption processes

using nanoparticles [12].

2. Heat and mass transfer using falling films technology in sorption

processes

The falling film technology can be used in different applications, such as in90

ARC. In this technology, there is a large heat transfer contact area between the

wall surface and the liquid falling film, enhancing the heat removal for the ab-

sorption process case [2]. However, the whole heat and mass transfer resistance

is concentrated in the thin liquid falling film [2, 13], and that transport process

occurs within this film due to steady-state diffusion and heat and mass diffusion95

[13]. Fig. (2a) shows the general falling film technology on horizontal tubes and

Fig. (2b) the temperature and concentration profiles for the absorptions process

in a vertical plate. The generation process is used for evaporation or distillation

processes, in which the wall temperature (Tw) is higher than the liquid falling

film temperature (Tl), allowing the phase change (pure substance entering at the100
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saturated condition), or the separation process (no binary azeotrope substance

entering at the saturated condition).

On the other hand, in the absorption process, the wall temperature (Tw) is

lower than the liquid falling film (Tl), removing the heat of absorption (Q̇abs)

and absorbing the vapor (ṁ′′abs) into the liquid falling film as shown in Fig.105

(2b), i.e., the heat of absorption is released at the liquid-vapor interface only,

yielding an increase of the average film temperature (Tb), which diminishes the

vapor solubility and, therefore, the absorption rate is strongly controlled by the

intensity of heat removal from the liquid falling film to the coolant (q̇c) [2],

while s and S are the inter-tube distances, respectively; Tc, Tint and Tv are the110

coolant, interface, and vapor temperature, respectively; xb, xint and y are the

average concentration of the liquid falling film, the concentration of the liquid

falling film at the interface, and the vapor concentration, respectively;

Figure 2: a) Falling film in horizontal tubes and b) temperature and concentration profiles

for the ammonia-water absorptions process in a vertical plate (adapted from [2])

2.1. Heat and mass transfer coefficient calculation

In the falling film technology, the thermal resistance analogy is used to com-115

pute the global heat transfer coefficient between the bulk solution and the cool-

ing or heating fluid, U , given by Eq. (1),
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1

U
=

1

hl
+

Do

2kw
ln
Di

Do
+

Di

Dohconv
+ f (1)

where hl is the heat transfer coefficient on the film, hconv is the convective

heat transfer coefficient associated to the secondary fluid, kw the tube wall120

thermal conductivity, Do, and Di, the external and internal tube diameter, and

f represents the fouling factor resistance (0.0002m2 ◦C W−1 [14] and [15] in

ammonia-water pair, or 0.00009m2 ◦C W−1 [16] in lithium bromide-water pair).

Heat and mass transfer coefficients cannot be directly evaluated from an

experimental work. Therefore, they must be computed from measured quan-125

tities (e.g. temperature, concentration, liquid density) thanks to the Newton’s

law of cooling. This relation involves a difference in temperature, which takes

into account, the wall temperature (Tw) and the interface temperature (Tint) in

most of the cases. However, depending on how viscous sublayers are assumed

both near the wall and near the liquid-vapor interface, two partial heat transfer130

coefficients can be defined (Fig. 2b) [2]:

• between the bulk liquid (Tb) and the wall (Tw):

hl,w =
q̇c

Tb − Tw
(2)

• between the liquid-vapor interface (Tint) and the bulk liquid (Tb):

hl,int =
ṁ′′abs∆iabs
Tint − Tb

1

ET
(3)

where, ET represents the Ackermmn’s correction factor:

ET =
∆iabs
cp

ln(1 + cp(Tint − Tb)/∆iabs)
Tint − Tb

(4)

in which, q̇c, ṁ
′′
abs and iabs represent the transferred heat to the cooling fluid,135

the absorbed mass flow rate per area and the absorption specific enthalpy, re-

spectively; cp is the specific heat at constant pressure.

Yüksel and Schlünder [2] employed ET ∼= 1. Nevertheless, this approxima-

tion stands for low values of heat flow through the liquid film, hence assuming a
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linear profile for the temperature [13]. Thus, the average heat transfer coefficient140

reads:

hl =
ṁ′′abs∆iabs
Tint − Tw

(5)

The mass transfer coefficient (km) is defined by Eq. (6), while (ρl) and P

represent the liquid density and the system pressure, respectively.

km =
ṁ′′abs

ρl ln(1− xb)/(1− xint(Tint, P ))
(6)

The use of the logarithmic mean difference is one of the most commonly used

methods to compute the heat and mass transfer coefficient due to its simplicity145

[17]. However, Islam [18] and Fujita and Hihara [17] show that the logarithmic

mean potential occurring in the average heat and mass transfer coefficient defi-

nition (Eqs. 7 and 8) presents wide deviations from experimental results. Due

to that, the conventional method takes into account two separate processes of

heat and mass transfer; the first one is the heat transfer from the liquid falling150

film to the cooling fluid, and the second is the absorption of refrigerant from the

vapor phase to the cooling fluid, causing errors when there is not a non-linear

temperature distribution of the liquid falling film in the absorber. However, the

cooling fluid temperature distribution along the tube length is nearly linear [18].

Therefore, the logarithmic mean difference should be used only for low global155

heat transfer or under limited conditions [17].

hl =
q̇c

L∆Tlm
(7)

and in the mass transfer coefficient definition:

km =
ṁabs

L∆xlm
(8)

where, ∆Tlm and ∆xlm are the logarithmic mean temperature and concentration

differences (Eqs. 9 and 10), respectively; q̇c, ṁabs, and L are the heat transferred

from the liquid falling film to the cooling fluid, the absorbed mass of the vapor160

refrigerant into the liquid falling film, and the length of the absorber,

∆Tlm =
(Tl,i − Tc,o)− (Tl,o − Tc,i)

ln
(
Tl,i−Tc,o

Tl,o−Tc,i

) (9)
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∆xlm =
(xi,eq − xi)− (xo,eq − xo)

ln
(
xi,eq−xi

xo,eq−xo

) (10)

where, Tl and Tc are the liquid falling film temperature and the cooling fluid

temperature (both i-inlet and o-outlet), respectively; xeq is the interfacial equi-

librium concentration in Tl.

Another way to evaluate the heat or mass transfer coefficient is by employ-165

ing a heat and mass transfer analogy, in which both transport mechanisms are

considered merely diffusional through the liquid falling film (e.g. rectification

process) and given by Eq. (11) [19], where Mm, Sc and Pr are the molec-

ular weight, Schmidt number (0.6-2500) and the Prandtl number (0.6-2500),

respectively.170

hl
km

= cp Mm

(
Sc

Pr

)2/3

(11)

Finally, for simultaneous heat and mass transfer processes, Treybal [20] proposed

working with a corrected heat transfer coefficient (hl
∗), in which the effect of

mass transfer on heat transfer were taken into account (Eqs. 12-13). Note that

the effect of mass transfer on heat transfer can improve or deteriorate the heat175

transfer coefficient depending on both process directions, while ṁi is the mass

flow rate for the ith component:A and B

hl
∗ = hl

c

1− e−c
(12)

c =
ṁAcp,A + ṁBcp,B

hl
(13)

Thus, from an experimental work, the link between measured quantities and

a relevant definition for transfer coefficients must be established carefully. Con-180

sequently, the resulting correlation has to be compared with other studies, as

already done in many previous works (see Tab. 3 and Tab. 6)
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2.2. Definition of dimensionless numbers, Nu, Sh and Re

Nusselt [21] analyzed the isothermal condensation phenomenon on a flat185

plate for a pure substance, assuming: laminar regime, Newtonian fluid, constant

properties, and without inertial forces from the vapor acting at the interface,

obtaining a correlation of the average heat transfer coefficient as a function of

the acceleration of gravity, g, the Reynolds number, Re, and the fluid properties;

dynamic viscosity, µ, density, ρ, and the liquid thermal conductivity k.190

hl
k

(
µl

gρl(ρl − ρv)

)1/3

= 1.467Re−1/3 (14)

Neglecting the vapor density (ρv), and by the definition of kinematic viscosity

(ν = µ/ρ), Eq. (15) yields,

Nu =
hl
k

(
ν2l
g

)1/3

=
hlLc
k

= 1.467Re−1/3 (15)

in which, Lc = (ν2/g)1/3 is known as the characteristic length or viscous length

scale. However, the Nusselt number (Nuδ) can be expressed (see e.g. [22, 23],

as a function of the film thickness, δ, given by:195

Nuδ =
hlδ

k
(16)

where δ may be used for the Nusselt film thickness, δNu, in which, Γ represents

the mass flow rate per unit length on each tube side, and θ the tube angle from

the top or the wettability of the tube.

δNu =

(
3µΓ

gρl(ρl − ρv) sin θ

)1/3

∼=
(

3νΓ

ρlg sin θ

)1/3

(17)

Many correlations are based on Nu (Eq. 15), while others are based on Nuδ

(Eq. 16). In order to carry out a comparison between correlations, a common200

base must be established. Fortunately, both correlations are interchangeable

and interconnected by the following correlation:

Nuδ = (0.75Re)
1/3

Nu (18)
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In the same way, the Sherwood number, Sh, is defined as:

Sh =
km
Dm

(
ν2

g

)1/3

(19)

and by

Shδ =
kmδ

Dm
(20)

Thus, the relations are linked by:205

Shδ = (0.75Re)
1/3

Sh (21)

Analogously, the Reynolds number involves the hydraulic diameter, Dh as

the typical length:

Re =
ρV Dh

µ
=

4ρV δW

µW
=

4ṁ

µW
=

4Γ

µ
(22)

or the typical length can be taken as the film thickness, δ (see e.g. [2, 24, 25])

Reδ =
ρV δ

µ

W

W
=

ṁ

µW
=

Γ

µ
(23)

Thus, the relation between these two correlations for the Reynolds number

reads:210

Re = 4Reδ (24)

where, V represents the average fluid velocity, W the width or depth, ṁ the

mass flow rate. The ratio Γ = ṁ/Pwet between the mass flow and the wet

perimeter, is summarized in Table 1,

Table 1: Mass flow rate per unit length for various geometries

Γ, [kgm−1s−1] Geometry

ṁ
2W Horizontal tube or flat plate (both sides wet)

ṁ
W Flat plate (one side wet)

ṁ
πD Vertical tube

12



2.3. Classical hypothesis

In order to establish correlations for heat and mass transfer coefficient in215

sorption processes involving the falling film technology, standard hypotheses are

assumed, such as steady-state, incompressible fluid, Newtonian fluid, thermody-

namic equilibrium at the liquid-vapor interface, thermal physical properties are

constant, non-condensable gases in mixture, and no chemical reactions. How-

ever, some additional specific assumptions are commonly encountered in the220

literature:

• Fluid flow assumptions

– Laminar flow regime [2, 4, 14, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,

32, 33, 34, 35, 36, 37]

– Turbulent flow regime [2]225

– No wave generation at the liquid-vapor interface or smooth falling

film. (Waves -known as wavy laminar- improve the heat and mass

transfer in the liquid falling film due the transport process. The

capillary effects are significant in low Reynolds numbers (Re ≤ 200),

and the inertial effects are relevant in higher Reynolds number (Re ≥230

200)[28]. However, a complete analysis of the simultaneous heat and

mass transfer integrated to wave generation onto the interface is com-

plex) [4, 22, 23, 34, 35, 36]

– Wavy flow [28]

– No interfacial shear or stagnated vapor at constant pressure [2, 4, 22,235

23, 27, 30, 31]

– Shear stress acting at the interface [14, 24]

– Wall friction term is negligible [2, 24, 26]

– Vapor and liquid flows are homogeneous [26]

– No viscous dissipation (in low Reynolds number, this implies low flow240

velocities and, therefore, viscous dissipation can be neglected) [23, 28]

13



– No pressure or velocity gradient in the main flow direction [4, 14, 23]

– Transport governed by the convective-diffusion [28]

– 2-D Model [28]

• Thermal transfer assumptions245

– No nucleate flow boiling regime [23, 34, 35, 36]

– No heat transfer at the vapor phase [22, 23, 24, 27, 28, 30, 37]

– Thermal resistance of tube wall is negligible [22, 23, 34, 35, 36]

– Heat and mass transfer coefficients constants along the absorber tube

[24, 26]250

– Vapor pressure driving equal to 0 at the inlet. No thermal entrance

effects [2, 22, 23]. In contrast, Nakoryakov et al. [38] carried out an

analysis of these effects in absorption/desorption processes, or Cerro

and Whitaker [39] for general transport processes

– Cross-streamwise diffusion. No diffusion in the flow direction [22, 23,255

24, 28, 30, 34]

– Wall temperature along the tube length changes in a linear fashion

[23]

– Constant wall tube temperature [25, 30]

– No isothermal absorption [2], [24]260

– Saturation temperature in the inlet condition [30, 32, 28]

– Subcooling temperature in the inlet condition [27, 32, 40]

3. Transfer correlations involving ammonia-water solution

ARC driven by ammonia-water pair can be used in applications of tempera-

ture ranging from subzero Celsius degree owing to the ammonia thermodynamic265

properties. Most studies on transfer correlations in literature focus on the ab-

sorber.
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3.1. Absorber

The most frequent devices involving falling film are horizontal tubes, vertical

plate surfaces and helical coil tubes.270

3.1.1. Horizontal tubes

Bohra [31] carried out an experimental study on an ammonia-water ARC us-

ing the falling film technology, in which 24 tubes (4x6) of 0.0095mOD and 0.29m

length were used. Flow patterns and the transport process were analyzed in his

test bench, segmenting the absorber into six distinct parts. The lowest tubes275

of the array (where the cooling fluid enters in counter-current configuration)

obtained higher ammonia absorption rates, similarly to Lee [37] and Lee [41].

In addition, the increase of the solution mass flow rate promoted an upgrade

of the heat transfer coefficient because the liquid falling film reached a higher

wettability on the tube wall. On the other hand, the heat transfer coefficient280

decreased as the absorber pressure (Pabs) and the weak solution concentration

(xws) were also decreased.

The global heat transfer coefficient (U) ranged from 753 to 1853W m−2 ◦C−1,

the film heat transfer coefficient ranged (hl) from 923 to 2857 W m−2 ◦C−1, the

vapor mass transfer coefficient (km,v) ranged from 0.0026 to 0.25 m s−1, and the285

liquid mass transfer coefficient (km,l) ranged from 5.51·10−6 to 3.31·10−5m s−1.

The following correlations represent the heat and mass transfer experimentally

obtained by Bohra [31],

Nusselt number in the segmented liquid falling film, Nuseg,δ

Nuseg,δ = 7.589× 10−3Re1.04Pr0.45
(
Pabs
345

)−0.145
(25)

290

Sherwood number in the segmented liquid falling film, Shseg,δ

Shseg,δ = 1.298× 10−4Re0.57Sc1.32
(
Pabs
345

)0.644

(26)
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Lee [37] studied the absorption process in the same test rig as Bohra [31],

focusing on the analysis of the overall absorption process, in which both the

vapor and the liquid phase correlations were obtained.295

Nusselt number in the liquid falling film, Nuδ

Nuδ = 3.22× 10−3Re0.945Pr0.743
(
Pabs
345

)−0.269
(27)

Sherwood number in the vapor phase, Shv

Shv = 2.708× 10−11
(
GrvScv
Jav

)1.256(
Prl
Scl

)−1.681(
µl − µv
µv

)1.426

(28)

whileGr and Ja are the Grashof number and the Jakob number, respectively.

Sherwood number in liquid falling film, Shδ300

Shδ = 7.437× 10−4Re0.397Sc1.04
(
Pabs
345

)0.8841

(29)

where, Pabs is given in [kPa]. Next, Lee et al. [42] carried out an study focused

to the absorption rates over horizontal falling film absorbers, using the same

test rig and covering the influence of the operational effects over the heat and

mass transfer rates. In addition, they compared their results with Wilke [43],

Hu and Jacobi [44], Kwon and Jeong [14], and Meacham and Garimella [45].305

Daguenet-Frick et al. [46] used this work to compare the heat transfer coefficient

in water vapor absorption in aqueous sodium hydroxide process. However, the

Reynolds number was not over the validation range [42]

3.1.2. Vertical surface

Kang et al. [27] carried out an experimental work on ammonia-water falling310

film absorption process using a vertical surface (110× 130× 34 mm3) with off-

set strip fins (OSF). The simultaneous heat and mass transfer coefficients were

analyzed and computed for different operation conditions such as (a) inlet tem-

peratures of the weak liquid solution (Tws = 17 − 37.2 ◦C) and the ammonia

vapor (Tv = 54.5− 66.5 ◦C), (b) mass flow rate of weak liquid solution (ṁws =315

0.004−0.01015kg s−1) and the ammonia vapor (ṁv = 0.00062−0.00090kg s−1),
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and (c) weak liquid solution concentration (xws = 5, 10, and 15 %). The ab-

sorber used water as secondary cooling circuit (ṁc = 0.0647 − 0.0797kg s−1),

circulating in a counter flow configuration to the liquid falling film. A rectifica-

tion process of the wet ammonia vapor was reached before being absorbed by320

the liquid falling film in the absorption process due to the deeply low level of

ammonia vapor purity (y = 64.7−79.7%) and to the inlet subcooling conditions.

The heat and mass transfer ranged from 500 to 2100W m−2 ◦C−1 and from

1.0 to 55 × 10−5m s−1, respectively. The increase of the falling film Reynolds

number and the mass flow rate of ammonia vapor enhanced the Nusselt and325

the Sherwood number. However, the Nusselt number was more affected by the

liquid mass flow rate than the mass flow of ammonia vapor, while the Sherwood

number was more affected by the Reynolds number of ammonia vapor than the

Reynolds number of liquid solution. On the other hand, the Sherwood number

values were higher than the Nusselt number owing to the Lewis number, meaning330

that the effective thickness of thermal boundary layer is thicker than that of the

diffusion boundary layer [27]. The following Nusselt and Sherwood number

correlations were obtained,

Nusselt number in the liquid falling film, Nu

Nu = 8.530× 10−2Re1.518l Re0.1759v

(
Tv − Tl
Tl

)1.8790

i

(
xv − xl
xl

)−0.5756
i

(30)

335

Sherwood number in the liquid falling film, Sh

Sh = 6.996× 10−6Re0.8874l Re1.265v

(
Tv − Tl
Tl

)0.8844

i

(
xv − xl
xl

)0.5304

i

(31)

Lee et al. [47] compared the performance of falling film and bubble ab-

sorbers for the same operation conditions. Bubble absorbers reached a better

performance than falling film for low liquid Reynolds numbers and high vapor

Reynolds numbers because there was a partial wettability of the tube in the340

falling film technology [4]. However, the bubble mode may transfer less heat to

the cooling fluid than the falling film for a high liquid solution and low ammonia

vapor, resulting in a higher heat generation than of the falling film.
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Nusselt number in the liquid falling film, Nu

Nu = 0.01369Re0.5103l Re0.02461v

(
Tv − Tl
Tl

)0.2977

i

(
xv − xl
xl

)0.1438

i

(32)

Sherwood number in the liquid falling film, Sh345

Sh = 658.46Re0.0195l Re0.9571v

(
xv − xl
xl

)−0.0639
i

(33)

3.1.3. Helical coil

The helical geometry may be an alternative to obtain a more compact ma-

chine because the heat transfer area per unit volume increases. Jeong et al.

[15] experimentally investigated the performance of the heat transfer coefficient

without mass transport in a coiled tube absorber for various operation condi-350

tions such as (a) solution flow rate (ṁws), which was up to 0.06kg s−1, (b)

ammonia vapor (ṁv) ranged from 0.00009 to 0.00042 kg s−1, and (c) inlet

concentration (xl) between 1.2 to 2.2 %. The tests were carried out with and

without the ammonia absorption process, using a counter-flow absorption in

which density (ρl), temperature (T ), and pressure (P ) were used to find the355

ammonia concentration.

The heat transfer coefficient (hl) was enhanced when the solution flow rate

(ṁl) increased (for both with and without absorption process). However, the

heat transfer coefficient (hl) associated with the absorption process was lower

than the heat transfer obtained for pure water at the same mass flow rate360

because the ammonia vapor feeding in a counter-flow to the falling film caused an

uneven distribution or a stagnation of the liquid falling film [15]. Nevertheless,

the mass transfer (km) behavior was not studied on the test rig. Finally, the

Nusselt number as a function only of the Reynolds number was proposed for

ammonia-water365

Nu = 0.00022Re 50 ≤ Re ≤ 300 (34)

Kwon and Jeong [14] experimentally analyzed the effect of the vapor flow

direction over the heat transfer coefficient (hl) for the absorption process at

three different concentrations (3, 14, and 30 %) in a helical coil configuration.

18



The effect of the mass flow rate (ṁl) and the temperature of the weak liquid

solution (Tws) were investigated in the laminar regime (Re=10-250). A 0.6m370

tube length and 0.0127m OD was manufactured as a helical coil heat exchanger

at 0.0827m and 0.08m of an average diameter of a coil (#30) and the header

height, respectively. For the balance equations of the absorption process, the

heat transferred from the absorber to the cooling fluid circuit was expressed for

both absorption processes (heat latent transfer) and change in the solution tem-375

perature (sensible heat transfer). The effects of vapor flow over the heat transfer

coefficient (hl) were prominent when there was a counter-flow absorption and

a low ammonia concentration (3%) because, in small concentrations, the vapor

has high specific volume. Moreover, the liquid falling film flow pattern may be

affected by a high velocity of the vapor flow. The Nusselt number was higher380

in the co-current absorption than in the counter-flow absorption. However, at a

higher ammonia concentration (30%), the behavior of the Nusselt number was

similar for both co-current and counter-flow absorption processes. In addition,

the increase in the liquid solution mass flow rate improved the heat transfer

coefficient. On the other hand, the effect of the weak liquid solution temper-385

ature over the heat transfer was negligible when it was compared with other

operational parameters.

The Nusselt number for the liquid falling film for co-current absorption is

given by Eq. (35), where τ∗v is a non-dimensional shear stress detailed by Kwon

and Jeong [14].390

Nu = 1.975× 10−3Re0.6895l τ∗−0.0249v (35)

Nusselt number in the liquid falling film for counter-current absorption

Nu = 1.683× 10−4Re0.8672l τ∗−0.3018v (36)

3.2. Generator using horizontal tubes

Zavaleta and Simões-Moreira [36] analyzed a falling film generator (distiller)

to optimize the concentration (y) and the mass flow rate of distilled (ṁy) when395

19



the ammonia vapor is separated from the ammonia-water solution, researching

some mean parameters such as strong solution concentration (xss), strong solu-

tion mass flow rate(ṁss), rectifier temperature (Trect), wall temperature (Tw)

and strong solution temperature of inlet (Tss). A horizontal tube bundle ge-

ometry was used as a generator and rectifier, analyzing the hydraulic behavior400

of the liquid film and the distillation degree of purity. In the first one, a to-

tal wettability on the tubes was reached due to the small intertube distance,

(S −D = 2 mm), homogeneous liquid distribution, and a superficial treatment

by sand blasting over the wall tube.

A distilled ammonia concentration (y) up to 99.74% was obtained for an405

ammonia-water concentration of xss = 49%. In addition, the purity of distilled

ammonia (y) was enhanced when the strong solution mass flow (ṁss) and the

strong solution concentration (xss) were increased, or when the average rectifier

temperature (Trect), wall temperature (Tw) in the generator, and the strong

solution temperature (Tss) were reduced. The experimental work was carried410

out for a strong solution mass flow of 0.0160 to 0.0276 kg s−1 equivalent to

Reynolds numbers of 108 to 246. They employed two ammonia concentrations

(0.37 and 0.49). The concentration of ammonia distilled (y) was increased,

and the distilled mass flow rate (ṁy) was diminished with the increase of the

mass flow rate (ṁss) when the wall temperature and the rectifier temperature415

were kept constant, because the heat transfer coefficient diminishes due to the

thickening of the liquid film, increasing the thermal resistance throughout the

liquid film. According to the rectifier temperature, higher ammonia distilled

concentration was obtained at the cooler temperatures since it rejected more

water of the wet ammonia vapor [36].420

Regarding the wall temperature (Tw), the distilled mass flow (ṁy) improved

for the highest wall temperature (Tw) in the generator, however, the distilled

concentration diminished (y), because a higher wall temperature promoted the

evaporation of more wet vapor [36]. The following correlation was derived for
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the heat transfer on the liquid film:425

Nu = 0.75Re−0.27Pr0.4 (37)

3.3. Summary of transfer correlations

In this section, the correlations presented previously are summarized: in Tab.

2, the application range of the correlations related to ammonia-water solution

is summarized. Most of the correlations are devoted to the absorption machine.430

To our knowledge, there exists only one work in the literature proposing a

correlation for a generator using ammonia-water solution. The first and second

columns shows the author and the equation correlations, respectively; Next,

Prandtl, Reynolds and Schmidt numbers are showed; while temperature and

pressure of aplication are showed in the next two columns; finally, the two last435

columns present the concentration of the liquid solution (x) and the vapor (y),

and the remarks for each correlation. Finally, in Tab. 3, the configurations of the

experimental set up are summarized. The first column present the author, the

second column show the geometrical specifications; next column associates other

studies that they have been used to being compared; finally, some comments440

was carried out in the last column
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Table 2: Application range of the correlations

Author Correlation Pr Re Sc T,◦C P,kPa
x, %

y, %
Remarks

Falling film Absorber using Ammonia-Water solution

Bohra [31] 25, 26
2.2-10.4

0.5− 0.93

26− 157

-

45.4− 588.1

0.5− 0.53

14.8− 105.4

(−10.5)− 28.2
169− 520

5; 15; 25; 40

-

Jeong [15] 34
2.4− 3.9

-

20− 300

-
-

45− 54

66− 69
67− 117

1.2; 3.7

63; 77

Kang [27] 30, 31
3.8− 5.8

-

17− 24

-

33.8− 39.2

-

17.0− 37.2

54.5− 66.5
101.3

5; 10; 15

64.7− 79.7

Kwon [14] 35, 36
2.1− 3.8

-

10− 250

-
-

45− 60

-
17− 193

3; 14; 30

45.6; 84.4; 96.5

Lee [37] 27, 28, 29
2.2− 8.2

0.5− 0.93

29.7− 169.2

-

43.6− 362.7

0.5− 0.53

14.8− 105.4

(−10.5)− 28.2
169− 520

5; 15; 25; 40

-

Grv = 4223− 59893

Jav = 0.0098− 0.0387

Lee [47] 32, 33
3.8− 5.8

−

50− 700

25− 200

15.5− 20

−
101.3

0.1− 0.3

−

Other works using Ammonia-Water solution

Zavaleta [36] 37 1.68− 2.65 108− 246 - 87− 103 1460− 1611 37; 49 Generator

4. Transfer correlations involving lithium bromide-water solution

The sorption machine using lithium bromide solution works both at low

pressure (around 1 kPa) where the Li−Br solution absorbers the water vapor,

and at high pressure (around 10 kPa) where the desorption process occurs.445

Although the absorber constitutes the critical device in the machine, many

studies have also focused on the generator.

4.1. Generator

The main devices used for generators involving lithium-bromide pair are

vertical tubes and horizontal tubes.450

4.1.1. Vertical tubes

Shi et al. [34] carried out a mathematical simulation and experimental work

of a desorption process inside a vertical tube of 25mm OD and 760mm in length,

analyzing the influence of the heat flux and the volume flow rate over the heat

transfer coefficient for a single absorption pressure (97.25kPa), solution concen-455

tration of 49.5%, heat flux ranging 5 − 25kW m−2, and for Reynolds smaller

than 500 1. In the mathematical analysis, the interfacial effects, wave generation

1Reynolds number was defined as a function of the film thickness, Reδ
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Table 3: Summary of configuration studies on absorption and generation using ammonia

water
Experimental works using Ammonia Water: Configuration of study

Author Geometrical specifications Compared Comments

Bohra [31] Horizontal tube bundle 4Cx6R O.D =

0.0095m, L = 0.29m, S = 0.0201m

δw = 0.0007m Atotal = 0.210m2

Wilke [43], Dorokhov [48], Hu

and Jacobi [49] Kwon [14],

Meacham [50], Meacham [51]

Water counter-current cooling and

Counter-current absorption

Jeong [15] Coiled tube O.D = 0.0127mm, I.D =

0.0107mm Dcoil = 0.0827m

Water co-current cooling and Counter-

current absorption

Kang [27] Surfaces as offset strip fin stainless

steel 0.1 ∗ 0.13 ∗ 0.034mm3 Fin pitch

= 1.95mm, δw = 0.0002m Fin height

= 0.0048mm Atotal = 0.0143m2

Water counter-cross cooling and Co-

current absorption

Kwon [14] Coiled tube O.D = 0.0127mm, I.D =

0.0107mm, L = 0.6m Atotal = 0.024m2

Water co-current cooling and

Co/counter-current absorption It

took into account the shear stress at

the vapor-liquid interface It used the

same test rig as Jeong [15]

Lee [41] Three surface types smooth plate, hair

lined plated treated by laser, and plate

treated by sand paper (higher wetta-

bility) 0.112 × 0.264 × 0.0003m3, and

Atotal = 0.0296m2

Bubble, Water counter-current cooling

Counter-current absorption

Lee [47] Three surface types smooth plate, hair

lined plated treated by laser, and plate

treated by sand paper (higher wetta-

bility) 0.112 × 0.264 × 0.0003m3, and

Atotal = 0.0296m2

Lee [47]: bubble tecnology Bubble Water counter-current cooling

Counter-current absorption

Zavaleta [36] Horizontal stainless steel tube bundle

7 Col x10Row δw = 0.001m, O.D =

0.008m, L = 0.15m AT = 0.264m2

Hu and Jacobi [49], Wilke

[43],Chun and Seban [52] Mitro-

vic [53], Owens [54], Fujita [55]

Generator-Rectifier Heating by thermal

oil-Generator Water cooling-Rectifier

Ammonia water. A 100% surface wet-

tability was achieved for Re above 100

up to nearly 250 Properties by EES and

Conde [56]

in the liquid film, changes in film thickness, and pool boiling by superheating

(only by the evaporation on the interface) were neglected. In addition, the per-

formance of the flooded generator and the falling film evaporator were compared460

for the same heat flux.

The heat transfer coefficient (1000−1800W m−2 ◦C−1) was enhanced when

the heat flux was increased for different volume flow solutions. However, the

heat transfer rate decreased with the increases of the volume flow solution when

the Reynolds number was less than Reδ ≤ 500 or Re ≤ 2000, and for Reδ ≥465

500. The heat transfer behavior was the opposite when the volume flow was
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incremented because there was a regime transition from the laminar to the

turbulent regime.

According to the numerical and experimental analysis, both results of the

heat transfer coefficient were compared, having the heat transfer coefficient un-470

derestimated by the numerical study due to the simplified hypotheses previously

mentioned. Finally, the falling film evaporator had the best performance of the

heat transfer coefficient for heat flux lower than 12.000W m−2 as compared

with the flooded generator.

Heat transfer coefficient (±19% maximum deviation) for the liquid-phase475

hl = 14009.87q′′w
0.0764

Re−0.5391l (38)

Later, Shi et al. [35] built a test rig to investigate the heat transfer be-

havior for a vertical in-tube falling film generator, testing different heat fluxes

(10 − 25kW m−2) and concentrations of lithium bromide (49.5 − 58%) for a

laminar regime (Re = 287−770), and for other operation conditions such as (a)480

generation pressure of 9.725kPa and (b) volume flow rate range of 7−14ml s−1.

A 25mm O.D stainless steel tube and 760mm length was employed, in which

the lithium bromide solution was fed inside the tube top in the saturated con-

dition. In addition, the falling film technology was compared with the flooded

generator as well.485

According to the inlet concentration of lithium bromide solution, the change

in this parameter promoted the variation in the thermophysical properties,

meaning the increases of the viscosity and the surface tension when the con-

centration was increased, diminishing the inertial flow effects, and thus, the

convection heat transfer decrease on the solution side. On the other hand,490

the increase of the heat flux may have modified the heat transfer mechanism

from the evaporation process given at the interface to the evaporation process

accompanied by nucleate boiling, which implied increase of the heat transfer

coefficient, as usual. However, Shi et al. [35] did not study these phenomena

in an independent fashion. Finally, the heat transfer coefficient in the falling495
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film technology reached higher performance (up to 4 times) than flooded tube

generator, making the design of a desorption equipment more compact.

Heat transfer coefficient for the liquid-phase

hl = 129.7712xi
−0.8058q0,2422w Re−0.0856l (39)

where, xi is the weak solution concentration at the inlet condition and qw is the

heat transferred by the wall.500

4.1.2. Horizontal tubes

Jani et al. [30] developed a model to analytically study the heat and mass

transfer coefficient in a falling film generator over a horizontal tube bundle, in

which the Reynolds numbers (in the laminar regime without wave generation),

tube diameter, tube spacing, and thermophysical properties were analyzed. The505

model took into account three regions over the horizontal tubes for different heat

and mass transfer phenomena, being (a) impingement region on the top of the

tubes, (b) vertical liquid sheet for the tube spacing, and (c) tube bundle for

all horizontal tubes. Prandtl numbers ranged from 7 to 10, Reynolds number

ranged from 100 to 500, generation pressure from 5 to 10kPa, and lithium510

bromide concentration from 50 to 60%.

The average heat transfer coefficient decreased with the increase of the num-

ber of tubes in the vertical position in the bundle tube, being expressed as a

function of the tube numbers (N) and the heat transfer coefficient (h) of the

first tube, hN−0.25. For low Reynolds numbers (Re ≤ 200), the increase in515

the Reynolds number improved the average heat transfer rate. However, above

this value, the effects of the Reynolds number over the average heat transfer

coefficient may be neglected as well as the generation pressure variations or the

superheating wall.

Nusselt number for the liquid phase for one tube520

Nu = 0.5441Re0.1597l Pr0.4563l D∗−0.3971s∗0.001626P 0.0213e−0.004598X (40)
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Nusselt number for bundle tube

Nu = 0.5441Re0.1597l Pr0.4563l D∗−0.3971s∗0.001626P 0.0213e−0.004598X ·N−0.25

(41)

where D∗ and s∗ represent the dimensionless tube diameter (D/Lc) and the

dimensionless vertical tube spacing (s/Lc), respectively. Lc represents the char-

acteristic length (ν2/g)1/3.525

Jani [57] proposed correlations for the dimensionless heat and mass transfer

coefficients obtained by numerical modelization. The configuration studied cor-

responds to a solution of Li − Br falling down over a horizontal single heated

tube.

The model used for the hydrodynamic part corresponds to the Nusselt solution530

(the stream-wise component of velocity is quadratic for a given cross section of

the liquid film) but varied following the angle along the tube. The transport

equations correspond to the steady advection-diffusion equations.

An increase of absorption pressure led to an increment of the saturation

temperature of the solution, reducing the viscosity of solution, and therefore,535

an enhancement of the heat and mass transfer coefficient. On the other hand,

the viscosity could be increased with a higher inlet concentration, negatively

affecting the equipment performance [57]. The correlations obtained were

Nusselt number for the liquid phase

Nu = 0.7893×Re0.16587l Pr0.37275l Sc−0.041769l D∗−0.40335 (42)

Sherwood number for the liquid phase540

Sh = 0.002×Re1.0023l Pr−0.74049l Sc1.3455l D∗−1.0006 (43)

where D∗ represents the dimensionless diameter of the tube as previously de-

fined. The range of validity holds for values of Pr between 7 and 10, values

of Re between 100 and 500. The pressure values from 5kPa to 10kPa and the

concentration of lithium bromide used was around 50% to 60%

According to the results, the Nu number increased as the Rel number also545
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increased, but seemed to be unaffected by the Scl number. The Sh number

grew linearly with the Rel number but remained proportionally inverse to the

tube diameter. An increase of the generator pressure (or saturation tempera-

ture) and/or a reduction of the inlet concentration improved the heat transfer

coefficient due to the thinning of the falling film by a decrease of the viscosity.550

4.2. Absorber

Most of the works devoted to absorbers using lithium bromide-water solution

are focused on vertical flat plate and horizontal tubes.

4.2.1. Flat plate

Kim and Ferreira [32] studied the heat and mass transfer coefficients en-555

hancement, for vertical plate absorber, thanks to the presence of wire screen,

when the Rel number is varying (from 40 to 110). In their investigation, four

different liquid films are used: pure water and a 50% Li− Br solution, with or

without 100 ppm of 2-ethyl-1-hexanol (2-EH) as additive. The experimental

setup uses a flat copper plate that may be covered by a wire screen. For the560

whole 39 data set obtained, the range used for pressure was from 0.7 to 2.9kPa.

The mass flow rate at the inlet varied from 0.6× 10−3 to 7.7× 10−3kg s−1.

The resulting correlations are given by

Nusselt number for the liquid phase

Nu = a×ReblPr0.5l (44)

Sherwood number for the liquid phase565

Sh = c×Redl Sc0.5l (45)

where, for 4 configurations (over the 10 performed), the coefficients are presented

in Table 4.

The global result shows that the presence of the wire screen tends to decrease

both heat and mass transfer coefficients of Li− Br solution when mixed with570
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Table 4: Constant for equations (44) and (45)

Configuration a b c d

Solution, Bare 0.0249 0.069 0.896 -0.3

Solution, Screen 0.00493 0.469 0.965 -0.343

Solution + 2-EH, Bare 0.0259 0.247 2.623 -0.265

Solution + 2-EH, Screen 0.0166 0.279 0.886 -0.24

the 2-EH additive. Specifically, for the heat transfer coefficient, the screened

surface slightly enhances transfers by promoting the wetting surface of pure

Li− Br solution, in comparison with the bare surface. Yet the reciprocal occurs

when 2-EH is added: the screen tends to reduce the heat transfer. For the mass

transfer, the Sh number remains higher when the solution is water-cooled than575

for the adiabatic case. In the former configuration, the presence of the wire

screen tends to weaken the mass diffusion when the 2-EH additive is used. The

wire screen produces the converse effect (increasing the mass diffusion) for so-

lutions without additive. The presence of the wire screen seems not to produce

any significant effect on the Sh number for other configurations.580

However, the authors highlight that their analysis does not take into account

incomplete wetting. Moreover, an error analysis yielding a possible error to heat

transfer coefficient estimation of ±20%, in case of water-cooled absorption.

Karami and Farhanieh [22] carried out a numerical study of the simultaneous585

heat and mass transfer phenomenon in the absorption process in a vertical plate

using the lithium bromide-water as the working fluid, analyzing (a) the effects

of the solution mass flow (Re = 5 − 150), (b) inlet cooling temperature, and

(c) the inlet solution concentration. A fully implicit finite-difference method

was used to solve the one-dimensional mass, energy and momentum equations,590

analyzing the grid size effects and then employed the 800 × 160 mesh, and the

mass flux value as convergence criteria (10−6).
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The temperature distribution across the film thickness was assumed to be

linear due to the dominating heat only conduction effect, in which the lowest

temperature profile was obtained in the last section of the absorber. The mass595

transfer rate reached a maximum value of 5.1799×10−3kg m−2s. The local heat

transfer coefficient changed as a function of the vertical position on the plate

(up to 5 times). Nevertheless, the local mass transfer coefficient was strongly

dependent on the vertical position (up to 12 times), having the highest values

in the first section of the absorber [22]. The correlations based on the numerical600

results were,

Nusselt number for the liquid phase

Nuδ = 0.4767Re0.0477l Pr0.334l (46)

Sherwood number for the liquid phase

Shδ = 0.1329Re1.0571l Sc0.334l (47)

Later, Karami and Farhanieh [23] carried out the similar numerical modeling

to analyze the simultaneous heat and mass transfer behavior for different inclina-605

tions of the flat plate, covering from the quasi-horizontal position (β = 10◦) up

to the vertical position (β = 90◦). The absorption mechanism occurring within

the film was modeled by the 2D steady advection-diffusion equations, tested

for the absorption pressure of P = 1kPa, inlet solution temperature fixed at

45◦C, whereas the inlet concentration was 60%. The properties of the lithium610

bromide-water solution were taken from McNeely [58].The Reynolds number

ranged from 4 up to 150 for different flat plate inclinations, β, proposing the

following correlations,

Nusselt heat transfer for the liquid phase

Nuδ = A ·ReBl Pr0.334l (48)

Sherwood number for the liquid phase615

Shδ = C ·ReDl Sc0.334l (49)
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with coefficients A,B,C and D depending on the angle and given by equations

(50) to (53).

A = 6× 10−8β3 − 2× 10−5β2 + 1.4× 10−3β + 1.58× 10−2 (50)

B = −1× 10−7β3 + 3× 10−5β2 − 3× 10−3β + 5.637× 10−1 (51)

C = −2× 10−7β3 + 3× 10−5β2 − 2.3× 10−3β + 1.31× 10−1 (52)

D = 3.23× 10−6β2 − 6.19× 10−4β + 1.16 (53)

Following their results, the averaged Nu does not seem to be highly affected

(variations inferior to 0.07) for different inclination at Rel = 20.5, whereas the

averaged Sh number reduces by about 42% (from 46 to 27) when the angle620

goes from 10◦ to 90◦. Moreover, the formulas performed shows that the optimal

angle for the averaged Nu seems to be for an inclination around β = 85◦.

4.2.2. Horizontal tubes

Babadi and Farhanieh [59] developed an analytical study of the heat and

mass transfer phenomena in the lithium bromide-water absorption process over625

a horizontal tube for operation conditions such as (a) Reynolds number ranging

from 5 to 100, (b) absorption pressure of 1kPa, (c) inlet concentration of 62%,

(d) wall temperature of 32◦C, and (e) inlet temperature of 40◦C. The average

heat transfer coefficient ranged between 2000 and 5000 W m−2 ◦C−1.

A large temperature difference between the tube wall and the inlet solution630

promoted the highest value of heat transfer rate. In contrast, at the outlet

region, the heat transfer decreased due to the thickening of the liquid film,

increasing the thermal resistance. Moreover, the film thickness was associated

with the Reynolds number changes, meaning the diminishing of the heat transfer

rate with the decreasing of the Reynolds number due to the viscosity effects635

were more prominent than the inertial effects. In the opposite behavior, a high

Reynolds number promoted convective heat transfer rate. Nevertheless, the

Reynolds number influence was more dominant over the mass transfer than

over the heat transfer rate [59]. Banasiak and Kozio l [60] used this study to

compute the heat transfer coefficient640
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Nusselt number for the liquid phase

Nu = 0.45Re−0,23l Pr0.33l for Re < 60 (54)

Sherwood number for the liquid phase

Sh = 1.03Re−0.146l

(
Scl

1000

)1.42

for Re <

(
Scl

5367

)−3.61
(55)

Sh = 0.094Re0.29l

(
Scl

1000

)2.6

for Re >

(
Scl

5367

)−3.61
(56)

4.3. Summary of transfer correlations

Table 5: Application range of the correlations

Author Correlation Pr Re T,◦C P,kPa x Remarks

Generator falling film using Lithium bromide-water solution

Jani [30] 40, 41 7− 10 100− 500 60− 140 5− 10 50− 60

Jani [57] 42, 43 7− 10 100− 500 60− 140 5− 10 50− 60 Sc = 268

Shi [34] 38 3.8− 4.7 ≤ 500∗ 126− 150 97.25 49.5− 58 q′′ = 5− 25kW/m2

Shi [35] 39 5.6− 10.61 287− 770 126− 150 9.725 49.5− 58 q′′ = 10− 25kW/m2

Absorber falling film using Lithium bromide-water solution

Babadi [59] 54, 55, 56 28.5 5− 100 40 1 62

Karami [22] 46, 47 17.7 5− 150 45 1 60

Karami [23] 48, 49 17.7 5− 150 45 1 60 Inclined plate

Kim [32] 44, 45 ∼= 11− 15 40− 110 18− 42 0.7− 2.9 50
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Table 6: Summary of configuration studies on sorption process using lithium bromide

Author Geometrical specifications Compared Comments

Analytical and Numerical works using Lithium Bromide: Configuration of study

Babadi [59] Horizontal tube D = 20mm Method: finite difference method. As-

sumes the total wettability of the tube

Jani [30] Tube bundle D = 19.05mm,S = 0.03m Kim [61], Jani [62] Method: Non-linear differential equa-

tions solved by Runge-Kutta. The posi-

tion tube effect on the row tube bundle

is analyzed

Jani [57] Horizontal tube D = 19.05mm Kim [61], Shi [35], Nusselt [21] Method: implicit Crank-Nicolson

method

Karami [22] Vertical plate L = 1m Medrano [63] Method: Fully implicit finite difference.

Properties: Florides [16], and McNeely

[58]. Convergence criterion: mass flux

(10−6)

Karami [23] Incline plate L = 1m Medrano [63] Properties: Florides [16], and McNeely

[58]. Method: Implicit finite differ-

ence. Convergence criterion: mass flux

(10−6)

Experimental works using Lithium Bromide: Configuration of study

Kim [32] Flat plate-smooth copper surface and

copper+wire screen Screen: woven with

0.38mm copper wire, having 22 meshes

per inch. 0.095x0.540m Atotal =

0.0513m2

Heat transfer: Hoffmann [64]

Mass transfer: Yih [65] Nagaoka

[66], Kim [67]

Adiabatic condition are tested too.

Properties: thermodynamic properties

of [68] k, µ of [69], and Dm of [70]

Shi [34] Vertical tube L = 0.760m, O.D =

0.025m

Study with modelization

Shi [35] Vertical stainless steel in−tube δw =

0.002m, O.D = 0.025m, L = 0.76m

Overall heat transfer in-tube falling film

is 4.37 times higher than immersed gen-

erator
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5. Other works devoted to transfer coefficient study645

Some other works focus on establishing a formula for heat transfer coefficient.

These works may involve the specific geometric length (whose influence has been

suggested in the previous graphs), or the study is simply dedicated to fluid

couples other than ammonia-water or lithium bromide-water.

5.1. Works using lithium bromide-water couple650

Yüksel and Schlünder [2] carried out an experimental study of a non isother-

mal absorption in liquid films for the laminar and turbulent regime, in which

the local and the average heat and mass transfer coefficients were analyzed. A

vertical tube with variable length (0 − 2.5m) and the counter-current absorp-

tion was configured. There was not any mass transfer resistance in the vapor655

phase and the film surface temperature was measured by infra-red pyrometer

(±0.3K).Two partial heat transfer coefficients were defined, being (a) from the

film surface to the bulk, and (b) from the bulk to the vapor-liquid interface.

For the former, the wall temperature and the bulk temperature were taken into

account, and for the second, the bulk temperature and the interface were taken660

into account (Eqs. 2 and 3). The average heat and mass transfer were given by,

h̄l =
ṁ′′abs∆iabs
Tint − Tw

(57)

k̄m =
ṁ′′abs

πDρ̄l
∫ L
0
ln( 1−xb(L))

1−xint(L)
)

(58)

For the turbulent regime, it was assumed that the interface temperature

has the same value as the bulk temperature, and the turbulence is damped in665

the vicinity of the vapor-liquid interface due to surface tension effects; thus,

at the interface, the heat, mass and momentum transfer were only possible by

molecular transfer, making possible to use an analogy between the temperature

and concentration profile (Nu/Sh) as follows [2];

(
1− xb

1− xint(Tint, P )
)

cp,water
cp,l

Le1−n =
cp,water
∆iabs

Tint − Tb + 1 (59)
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The n values are between 0.4 to 0.5 for isothermal falling film absorption.670

They found that assuming the same value for the bulk and the interface tem-

peratures led to low Sherwood numbers. However, their results of mass transfer

obtained by interface temperature measurements agreed well with the calcu-

lated by Nu/Sh analogy. In addition, for the Reynolds number in the 100−500

range, the mass transfer is highly sensitive to the vapor phase velocity because675

it amplified the shear stress over the interface. The turbulent regime is less

dependent on this condition because the mass transport is severe in the turbu-

lence [2]. According to the Nusselt number, the Nu/Sh analogy agrees with

that computed by interface temperature measurements, but when it take into

account the assumption of the same temperature between bulk and interface, it680

overestimates the Nusselt number.

Yüksel and Schlünder [24] carried out a mathematical modeling of turbulent

heat and mass transfer in a non-isothermal falling film absorption, in which the

mean assumptions were taken into account: (a) the transversal velocity does

not influence the momentum transfer, (b) no axial diffusive transport process,685

(c) no pressure gradients into the film, (d) shear stress acting on a differential

element of the film, (e) film thickness computed by continuity equation, (f)

eddy viscosity into the film determines the velocity distribution into the film,

(g) unidirectional mass transfer, and (h) equilibrium condition at the interface.

According to the profile of the eddy transport coefficients, it investigated several690

proposals, but it was found that most of the authors employed the van Driest [71]

equation for calculating the eddy viscosity profile near the wall tube. However,

near the interface, the authors supposed damped turbulence, in which the mass

transport takes place only near the interface [24].

Regarding to the Nusselt number, the numerical results that were computed695

using various eddy transport coefficients were higher than the experimental

results in Yüksel and Schlünder [2], however, the numerical mass transfer coef-

ficient agreed well with the experimental study because the assumption of the

turbulence model that considered the damping effect (near the wall and near the

interface) was suitable. In addition, they suggested a new dimensionless group700
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to describe the effect of the thermophysical properties in the Nusselt number.

Patnaik and Perez-Blanco [28] investigated the simultaneous heat and mass

transfer in the absorption process for the wavy film flow, employing an itera-

tive finite-difference method for a transient and two-dimensional (2-D) model,

testing the operation conditions such as (a) inlet concentration of 60%, (b)705

absorption pressure of 0.850kPa, (c) inlet temperature solution of 40◦C, (d)

surface temperature of 35◦C, and (e) wavy-laminar regime 200 ≤ Re ≤ 1000, in

which there are two types of wavy laminar. The mass transfer rate was found

to be higher in wavy laminar than in smooth laminar regime due to the inertial

and roll waves it promotes, enhancing the normal convective flux.710

Nu = δRelPrl

[
(Ti − To) +

(
xi − xo
xo

)
iabs
cp,l

]
(4L∆Tlm)

−1
(60)

Sh = δRelScl ((xi − xo)) (4Lxo∆xlm)
−1

(61)

Takamatsu et al. [29] studied the heat and mass transfer behavior in a

400mm long falling vertical in-tube absorber, comparing the results with the

previously reported 1200mm long, in which the effect of the solution flow

rate (0.013 − 0.025kg s−1), solution subcooling temperature (∆Tsub = 0◦C715

and ∆Tsub = 5◦C), and cooling water temperature (Tl,i = 34; 35◦C) were

tested. The experimental work found the total wettability of the tube when

the Reynolds number reached Re = 130. Nevertheless, the film break-down

may happen below this value, causing the deterioration of the average heat and

mass transfer coefficient. In addition, it pointed out that the logarithmic mean720

difference in concentration is not always valid for the absorber, diverging from

the real driving force of the absorption process. According to the absorption

process, when the solution was fed at the saturated condition (∆Tsub = 0◦C),

the absorption process started after the thermal boundary layer on the cooled

wall reaching the vapor-liquid interface, and for the subcooled condition, the725

absorption process began in the inlet of the absorber. The higher absorption

process was given at the first 400mm (15− 50%) when compared with the last

800mm section, explained due to the wettability problems, such as the breaking
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film. This allows concluding that the absorption process was deeply influenced

by the tube length [29].730

5.2. Works involving falling film technology

Nosoko et al. [25] carried out an experimental study of oxygen gas absorption

in falling water films over horizontal tubes in the laminar regime (10 − 150).

There was a complete tube wettability without additives, using copper tubes

and a capillary tube of distribution. It tested various tube spacings (2, 5, 10735

and 15mm) and flow rates, in which an isothermal film was assumed due to

the low heat of absorption of the oxygen. The logarithmic mean concentration

difference and the equilibrium condition at the interface were used to calculate

the mass transfer coefficient, in which all the tests were developed in atmospheric

pressure, and the temperature ranged between 18− 23◦C.740

It was concluded that the droplet flow promotes more increase of the mass

transfer than the sheet droplet because it penetrates the film depth, enhancing

the mass transfer coefficient at the wall-film interface, and the mass transfer

could improve up to 45%, on the Reynolds number 30 − 150. On the other

hand, the Sherwood number improved when the tube spacing increased from 2745

to 5mm, and it was kept constant for higher tube spacing, such as higher than

10 [25]. The following correlations were obtained:

Sh = 0.03777Re0.86l Sc0.5l (62)

NH3 Goel and Goswami [72] [73] used the Wilke correlation [43] to compute

the heat transfer cofficient for the laminar flow regime, in which Wilke [43]

studied the falling film heat transfer, and Kandlikar [74] showed the next follows,750

For Re ≤ 2460Pr−0.646

Nu = 1.92Re−1/3 (63)

For 2460Pr−0.646 ≤ Re ≤ 1600

Nu = 0.0323Re1/5Pr0.344 (64)
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For 1600 ≤ Re ≤ 3200

Nu = 0.00102Re2/3Pr0.344 (65)

For 3200 ≤ Re

Nu = 0.0087Re2/5Pr0.344 (66)

Takamatsu [29] showed that Chun and Seban [52] may be used for Reynolds755

number higher than Re=150. However, Chun and Seban [52] superestimates

the Nusselt number, in which Chun and Seban [52], [75] Laminar regime, Re ≤

2.44Ka−1/11 is given by

Nu = 0.822Re−1/3 (67)

Wavy laminar regime, 2.44Ka−1/11 ≤ Re ≤ 5800Pr−1.06760

Nu = 0.822Re−0.22 (68)

Turbulent regime, and the departure from the wavy laminar to turbulent regime

Re = 5800Pr−1.06

Nu = 0.0038Re0.4Pr0.65 (69)

Hu and Jacobi [44], sheet mode

Nu = 2.194Re0.28Pr0.14Ar−0.20
(
S −D
D

)0.07

(70)

Jet mode, and the departure from the jet mode to the sheet mode is Re =

1.431Ga0.234.765

Nu = 1.378Re0.242Pr0.26Ar−0.23
(
S −D
D

)0.08

(71)

Droplet mode, and the departure from the droplet mode to the jet is Re =

0.084Ga0.302.

Nu = 0.113Re0.85Pr0.85Ar−0.27
(
S −D
D

)0.04

(72)

Alhusseini et al. [76], Laminar regime

Nu = 2.65Re−0.158Ka0.0563 (73)
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Turbulent regime,

Nu =
Prδ∗1/3

A1Pr3/4 +A2Pr1/2 +A3Pr1/4 + C1 +B1Ka1/2Pr1/2
(74)

where770

• A1 = 9.17

• A2 = 0.328π(130 + δ∗)

• A3 = 0.289(152100 + 2340δ∗ + 7δ∗2)/δ∗2;

• B1 = (2.51x106δ∗1/3Ka−0.173)/Re(3.49Ka
0.0675)

• C1 = 8.82 + 0.0003Re775

• δ∗ = 0.0946Re0.8;

Shahzada et al. [77] modified the Han and Flecter’s correlation, getting;

Nu = 0.0017

(
ν2

gk3

)−0.276
Re−1/3Pr−0.75

[
2eS/So − 1

]0.07(Tsat
322

)0.73

(75)

and the modified of Chun and Seban’s correlation [52], getting;

Nu = 0.20

(
ν2

gk3

)0.23

Re1.66
[
2eS/So − 1

]0.006(Tsat
319

)−1.01
(76)

where, So = 30000ppm, while S is the salt concentration given in ppm, Tsat is

the saturation temperature given in K.780

Parken et al. [78], for the 25.4mm diameter tube.

Nu = 0.042Re0.15Pr0.53 (77)

for the 50.8mm diameter tube.

Nu = 0.038Re0.15Pr0.53 (78)

Mitrovic [53], for 160 ≤ Re ≤ 560

Nu = 0.01374Re0.349Pr0.5β (79)
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where, β = (S/D)0.158

1+e0.008Re1.32

Liu et al. [79] for 1.75 ≤ Pr ≤ 7.02; 800 ≤ Re ≤ 5000; 213 ≤ Ar ≤ 1546;785

10mm ≤ D ≤ 40mm,

Nu = 0.041Re0.3Pr0.66Ar−0.12 (80)

Chien [80] for R-245fa, 6.26 ≤ Pr ≤ 7.15; 115 ≤ Re ≤ 372; 0.000165 ≤

We ≤ 0.000168

Nu = 0.0386Re0.09Pr0.986 (81)

Narváez-Romo and Simões-Moreira [81] for water, 0.72 ≤ Pr ≤ 7.92; 160 ≤

Re ≤ 940790

Nu = 0.21Re−0.067Pr0.528 (82)

Leite [82] developed a numerical study of both absorber and generator, ap-

plying the finite difference method for an inclined plate, in which the mass,

species and energy balances were employed. Both components were modeled

for various operation conditions, testing the geometry dimensions, plate angle

of inclination, wall temperature and the inlet conditions. The results confirmed795

that the vertical position is the best position of performance, promoting a sta-

ble operation condition. Finally, it found a correlation to correlate the heat and

mass transfer over an inclined plate as a function of the vertical position, given

by:

FNu(β) =
Nu(β)

Nu(π/2)
(83)

800

FSh(β) =
Sh(β)

Sh(π/2)
(84)

FNu(β) = e−0.081(β−π/2)+0.054(β2−π2/4)−0.012(β3−π3/8) (85)

FSh(β) = e−1.712(β−π/2)+1.402(β2−π2/4)−0.392(β3−π3/8) (86)

These factors were obtained by fitting the numerical results of Karami and

Farhanieh [23]. In addition, the correlation of Kang et al. [27] was used to

compute the heat and mass transfer coefficient for the vertical position (β =

π/2).805
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Cerezo et al. [33] studied the absorption process using a corrugated plated

heat exchanger with three channels (effective surface area of 0.1m2), evaluating

the mean parameters that affect the absorption performance. Tests were ranged

for absorption rate flux from 0.0025 to 0.0063kg m−2s−1, solution heat transfer

coefficient from 2700 to 5400 W m−2 ◦C−1, and an absorber thermal load from810

0.5 to 1.3kW . The heat transfer coefficient increased almost linearly when the

solution flow rate increased due to the turbulent effect over the thermal layer on

the surface (a reduction). On the other hand, the Reynolds number changes did

not affect the mass absorption rate flux when the inlet concentration was 33%.

Moreover, a smaller concentration (between 29% and 33%) presented higher815

mass absorption rate flux for the same Reynolds number (Re = 290), being an

opposite behavior to the driving force definition. In addition, the heat transfer

coefficient decreased when the cooling water temperature decreased. Finally,

the highest heat transfer rate and mass absorption rate flux were reached for

higher values of absorption pressure.820

Next, an analysis of the heat and mass transfer behavior was carried out,

in which all the previous correlations (Nusselt and Sherwood numbers) were

evaluated and compared each other based on modeling and simulation of an

ARC, obtaining a possible heat and mass transfer mapping for refrigeration

and air-conditions applications.825

6. Heat and mass transfer mapping for refrigeration and air-conditioning

applications

Ammonia-water (NH3 − H2O) and lithium bromide-water (LiBr − H2O)

ARC have been simulated to find the typical operational conditions, in which

the mass and energy equations, thermophysical properties of mixtures and mean830

operational parameters were implemented through the Engineering Equations

Solver - EES). Therefore, for these conditions, the heat and mass transfer cor-

relations were evaluated as is showed in Fig. (3).
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Figure 3: Method to evaluate the heat and mass transfer coefficient in a realistic ARC

6.1. Modeling and simulation of ARC

An ARC modelization was carried out, taking into account all the compo-835

nents of the cycle such as generator, rectifier (for NH3−H2O only), condenser,

expansion valves, evaporator, absorber, and pump. Each one was analyzed as

an independent control volume, in which the mass, species and energy equations

were developed in a steady-stage regime. Next, the ammonia-water ARC will

be analyzed.840

6.1.1. Ammonia-water ARC

ARC modelization requires deep attention at the most critical processes

such as generation and absorption processes due to simultaneous heat and mass

transfer. Therefore, these components are analyzed as is shown in Fig. (4).

Figure 4: Control volume for the generation and the absorption process

The falling film generator is employed to separate the ammonia (2-label)845

from the ammonia-water strong solution (1-label) when a heat source is applied

(Qgen), in which the weak solution is the remaining solution after the separation

process (3-label). The rectifier is used to purify the ammonia vapor and hence

that condensed goes back to the generator (4-label). On the other hand, the

falling film absorber is used to absorb the ammonia vapor coming of the evap-850

orator (8-label) into the weak ammonia-water solution (11-label) that comes
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of the generator, and then the strong ammonia-water solution (9-label) is ob-

tained, as shown in Fig. (4), in which the (Qabs) is rejected to the coolant fluid.

The mass, ammonia mass, and energy equations are given by Eqs. (87-89) and

by Eqs. (90-92) for the generation and absorption processes, respectively; while855

ṁ, i and x are the mass flow rate, specific enthalpy and the ammonia mass

fraction, respectively.

ṁ3 + ṁ2 = ṁ1 + ṁ4 (87)

Q̇gen = ṁ2i2 + ṁ3i3 − ṁ1i1 − ṁ4i4 (88)

ṁ3x3 + ṁ2x2 = ṁ1x1 + ṁ4x4 (89)

ṁ11 + ṁ8 = ṁ9 (90)

Q̇abs = ṁ8i8 + ṁ11i11 − ṁ9i9 (91)

ṁ11x11 + ṁ8x8 = ṁ9x9 (92)

Several simplified hypothesis were carried out to solve the whole equation

system such as; (1) condensation temperature, Tcon = 40◦C; (2) evaporation

temperature, Teva = 7◦C; (c) thermal load, Q̇eva = 3.517kW 2; (d) generation860

temperature, Tgen = 100◦C, and (e) absorption temperature, Tabs =◦ C. In

addition, other assumptions were carried out to simplify the system, (a) quality

equal to qu = 0 - saturated liquid- in the 3, 4, 6 and 9 points; (b) quality equal

to qu = 1 saturated vapor- in the 2, 5 and 8 points; (b) two pressure levels

only: high pressure level in the 1, 2, 3, 4, 5, 6, 11 and 12, low pressure level865

2Thermal load was necessary to run the model, however, the thermal load affect directly

the equipment size
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in the 7, 8, 9 and 10 points; (c) generation process occurs in thermodynamic

equilibrium, T3 = T2; (d) the temperature in the point 4 is computed by the

arithmetic mean, T4 = 0.5∗ (T2 +T5) [83], (e) heat exchanger with infinity area,

Qsubcool = Qpre−heat, T11 = T12, and (f) isentropic pumping. Fig. (5) shows the

numerical results of the whole operational parameters such as ammonia-mass870

fraction (x), absorption pressure (Pabs) and generation pressure (Pgen), mass

flow rate (ṁ), just to mention a few.

Figure 5: Results of the simulation of the ammonia-water ARC

However, some parameters have been adjusted to cover the operation ranges

applied in refrigeration/air conditioning systems. The simulation was carried

out for two evaporation temperatures; Teva = −20◦C for refrigeration appli-875

cations and Teva = 7◦C for air condition systems, two condensation temper-
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Table 7: Operational conditions of the ammonia-water ARC

Cond. Tcon,
◦ C Teva,

◦ C Tgen,
◦ C COP Pabs, kPa Pgen, kPa xss,% xws,% Pr Sc

1 40 7 100 0.6245 554.1 1555 63.72 40.52 1.64 14.4

2 40 7 110 0.5157 554.1 1555 63.72 31.41 1.91 21.5

3 40 -20 100 0.5547 190.1 1555 41.51 40.52 2.29 37.3

4 40 -20 110 0.4606 190.1 1555 41.51 31.41 2.63 52.4

5 30 7 100 0.6083 554.1 1167 63.72 34.54 1.82 18.9

6 30 7 110 0.4779 554.1 1167 63.72 25.78 2.1 27.4

7 30 -20 100 0.5407 190.1 1167 41.51 34.54 2.52 46.9

8 30 -20 110 0.4298 190.1 1167 41.51 25.78 2.87 64.2

atures (Tcon = 40◦C and Tcon = 30◦C), and two generation temperatures

(Tgen = 100◦C and Tgen = 110◦C), aiming to achieve typical operation con-

ditions. All the simulation results are showed in Table (7), in which eight oper-

ation conditions were evaluated and showed at the first. The second, third and880

forth columns show the condensation temperature (Tcon), evaporation temper-

ature (Teva) and generation temperature Tgen, respectively; while, COP, Pabs

and Pgen are the coefficient of performance, absorption pressure and generation

pressure, respectively; Next, xss, xws are the strong and weak solution, respec-

tively. Finally, the last two columns show the Prandtl number (Pr) and Schmidt885

number (Sc) for the absorption conditions.

6.1.2. Lithium bromide-water ARC

For lithium bromide-water working fluid, the operation conditions were also

defined by the same previous analysis. The results are showed in Fig. (6), in

which the lithium bromide concentrations were defined at the design specifica-890

tions using the crystallization limit to define the weak solution concentration.

The generator temperature was declared as a function of the weak and strong

liquid concentration, turning out as a dependent variable. Evaporation tempera-

ture was only evaluated at 7◦C due to refrigerant properties (water). Therefore,

this technology is widely used in air conditioning applications. All the results895

are showed in Tab. (??), in which two operation conditions were evaluated and

showed in the first column, the second and third columns show the condensa-
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tion temperature (Tcon) and evaporation temperature (Teva), respectively; while

xss, xws are the strong and weak solution, respectively. Next, the coefficient

of performance (COP), absorption pressure (Pabs), generation pressure (Pgen),900

generation temperature (Tgen). Finally, the Prandtl number (Pr) and Schmidt

number (Sc) are computed.

Figure 6: Results of the simulation of the lithium bromide-water ARC

6.2. Heat and mass transfer mapping

6.2.1. Ammonia-water working fluid

Fig. (7) shows the Sherwood number as a function of the Reynolds number,905

whose mass transfer is enhanced as the Reynolds number is increased. However,

the mass transfer coefficient will strongly enhance as the absorption refrigera-

tion cycle achieves evaporation temperatures below 0◦C. Moreover, Fig. (7)

45



displays the possible mass transfer mapping for the ARC for the whole opera-

tional conditions given in Tab. (7). The mass transfer mapping from Bohra [31]910

agree with Lee [37]. However, Kang et al. [27] underestimates these values, in

which it may be explained by the conditions that the experiments were carried

out at the test rig (low purity of ammonia vapor). Therefore, the Sherwood

number in refrigeration/air conditioning applications may vary from 0.015 to

0.08. The operational conditions 2 to 7 were not shown in Fig. (7), but these915

values are found in Tab. (7), and in Tab. (2) the application range of these

correlations are displayed.

Figure 7: Sherwood number as a function of the Reynolds number for the ammonia-water

solution

Fig. (8) shows the Nusselt number as a function of the Reynolds number.

The first Fig. (upper-left side) displays the correlations used in the falling film

technology using other working fluids for an evaporation process, in which these920

correlations such as Narváez-Romo and Simões-Moreira [81], Zavaleta-Aguilar

and Simões-Moreira[36], Wilke [43] and Alhusseini et al. [76] show similar heat

transfer values from Bohra [31] for the Reynolds numbers between 100 and 150.

However, the fashion curves of these processes are opposite. The second Fig.

(upper-right side) displays a comparison between Jeong et al. [15], Kwong and925

Jeong [14], Lee et al. [41] and Hu and Jacobi [49], showing that these correlations

present similar results each other, i.e., Kwong and Jeong [14] correlation found

inside the operating range of Lee et al. [41] and Hu and Jacobi [49]. Therefore,

the Hu and Jacobi [49] correlation may be used to design the absorption process
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(droplet-column pattern flow). However, Jeong et al. [15] underestimates the930

heat transfer due to this correlation neglects the effects taken into account by the

Prandtl number. The third Fig. (bottom-left side) compares the correlations of

Kwong and Jeong [14], Lee [37], Jeong et al. [15], and Kang et al. [27], showing

the behavior of the Nusselt number for low Reynolds numbers (10 to 50). Kang

et al. [27] underestimates the Nusselt number as the Reynolds number increases.935

Finally, the last Fig. (bottom-right side) compares the correlation of Jeong et

al. [15], Kwong and Jeong [14], Lee [37] and Hu and Jacobi [49], in which all

the correlations have a good agreement. Therefore, Fig. (8) shows that the

Nusselt number may be vary between 0.001 and 0, 2 for the Reynolds number

ranged from 10 to 250 (with an exception of Bohra [31]). It is worthwhile to940

mention that the best performance of the heat transfer is achieved at the lowest

evaporation temperature (Teva = −20◦C) for all the correlations.

Figure 8: Nusselt as a function of the Reynolds number for the ammonia-water solution
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6.2.2. Lithium bromide-water working fluid

Fig. (9) shows the Sherwood number as a function of the Reynolds number,

in which the correlations display different behavior for the same operational945

conditions, i.e., Karami and Farhanieh [22] and Karami and Farhanieh [23] show

a strong dependence of the Sherwood number as the Reynolds number changes,

enhancing the mass transfer as the Reynolds number increases. In contrast,

Kim and Ferreira [32] show that the increase of the Reynolds number diminishes

the Sherwood number. It is worthwhile to mention that the Kim and Ferreira950

[32] correlations were experimentally obtained. On the other hand, Babadi and

Farhanieh [59] underestimates the Sherwood number as compared with Kim and

Ferreira [32], Karami and Farhanieh [22] and Karami and Farhanieh [23]. Fig.

(10) shows the behavior of the Nusselt number as a function of the Reynolds

number, in which the heat transfer improves as the Reynolds number increases.955

Nevertheless, the correlations of Babadi and Farhanieh [59], and Karami and

Farhanieh [22] shows an opposite behavior.

Figure 9: Sherwood number as a function of the Reynolds number for the Lithium bromide-

water solution

7. Conclusion

In this communication, a review study on heat and mass transfer correla-

tions is presented. The transfer correlations deal with sorption machine using960

falling film technology with ammonia-water solution or lithium bromide-water

solution. The review summarizes the operating range of each correlations within
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Figure 10: Nusselt number as a function of the Reynolds number for the Lithium bromide-

water solution

tables, as well as the specific configuration related to each correlation. A graph-

ical comparison of the transfer correlations is performed for a given operation

condition. The fact that the transfer correlations may behave differently calls965

for further study, specifically to implement the correlations into a more realistic

operational configurations related to the sorption machine.
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apparatus, in: Int. Conference of ESHS, 2010, pp. 441–449.
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[10] B. Narváez-Romo, J. R. Simões-Moreira, Falling Film Evaporation: an

Overview, in: Proceeding of 22nd Int. Congress of Mechanical Eng.

(COBEM), Riberão Preto, 2013, pp. 1–7.

[11] C. Tomforde, A. Luke, Experimental Investigations on Falling-Film Ab-

sorbers with Horizontal Tubes a Review, International Refrigeration and1000

Air Conditioning Conference at Purdue (2011) (2012) 2166.

[12] A. M. Abed, M. Alghoul, M. H. Yazdi, A. N. Al-Shamani, K. Sopian, The

role of enhancement techniques on heat and mass transfer characteristics

of shell and tube spray evaporator: a detailed review, Applied Thermal

Engineering 75 (2015) 923–940.1005

50



[13] R. Taylor, R. Krishna, Multicomponent mass transfer, Vol. 2, John Wiley

& Sons, 1993.

[14] K. Kwon, S. Jeong, Effect of vapor flow on the falling-film heat and mass

transfer of the ammonia/water absorber, Int. J. Refrigeration 27 (8) (2004)

955–964.1010

[15] S. Jeong, S. K. Lee, K.-K. Koo, F. Ziegler, et al., Heat transfer performance

of a coiled tube absorber with working fluid of ammonia/water/discussion,

ASHRAE Transactions 104 (1998) 1577.

[16] G. Florides, S. Kalogirou, S. Tassou, L. Wrobel, Design and construction

of a libr–water absorption machine, Energy Conversion and Management1015

44 (15) (2003) 2483–2508.

[17] I. Fujita, E. Hihara, Heat and mass transfer coefficients of falling-film ab-

sorption process, Int. J. Heat Mass Transfer 48 (13) (2005) 2779 – 2786.

[18] M. R. Islam, N. Wijeysundera, J. Ho, Evaluation of heat and mass transfer

coefficients for falling-films on tubular absorbers, Int. J. Refrigeration 26 (2)1020

(2003) 197–204.

[19] T. H. Chilton, A. P. Colburn, Mass transfer (absorption) coefficients pre-

diction from data on heat transfer and fluid friction, Industrial & Eng.

Chemistry 26 (11) (1934) 1183–1187.

[20] E. Treybal Robert, Mass-transfer operations, McGraw-Hill Book Company,1025

1981.

[21] W. Nusselt, Die oberflachenkondesation des wasserdamffes the surface con-

densation of water, Zetrschr. Ver. Deutch. Ing. 60 (1916) 541–546.

[22] S. Karami, B. Farhanieh, A numerical study on the absorption of water

vapor into a film of aqueous LiBr falling along a vertical plate, Heat and1030

Mass Transfer/Waerme- und Stoffuebertragung 46 (2) (2009) 197–207.

51



[23] S. Karami, B. Farhanieh, Numerical modeling of incline plate LiBr ab-

sorber, Heat and Mass Transfer/Waerme- und Stoffuebertragung 47 (3)

(2011) 259–267.
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