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A B S T R A C T

Absorption Heat Pumps (AHPs) become attractive when low-grade energy sources power them. The water/LiBr is 
a commonly used working solution in which water is used as a refrigerant which is economical, abundant, non- 
toxic and natural refrigerant. However, water/LiBr AHPs faces an inherent challenge in operating at higher 
concentrations, which restrict their capability for cooling at high heat sink temperatures or for heating appli
cations. LiBr crystallizes in water/LiBr solution at high concentrations, limiting the operational range and 
affecting the performance of the absorption cycle. Ionic Liquid (IL) can be added as an anti-crystallisation ad
ditive to improve the solubility of LiBr in absorbent solution. In this work, 1,3-Dimethyl-1H-imidazolium 
chloride [DMIM][Cl] is used as an additive containing a 6 % mass fraction in absorbent (LiBr+[DMIM][Cl]). 
This paper aims to characterise the wettability and heat and mass transfer processes for water/(LiBr+[DMIM] 
[Cl]) and water/LiBr solutions at air- and water-cooling thermal conditions. A horizontal tube falling film 
absorber is used in the present investigation. The new solution shows no adverse effects on the heat and mass 
transfer processes compared to water/LiBr; thus, both solutions performed similarly. The increase of 3 %, 8 %, 
and 3 % on average is noted for water absorption mass flux, heat transfer coefficient and absorber heat duty, 
respectively, at a cooling water temperature of 50 ◦C, with solution inlet subcooling of -3 ◦C and an absorbent 
concentration of 64 %. Additionally, the new working solution water/LiBr+[DMIM][Cl]) shows better wetta
bility of absorber tube than water/LiBr, which is favorable for the absorption process.

1. Introduction

The demand for cooling is instantly rising due to population, eco
nomic growth and climate change. A prediction hints that by 2050, 
almost two-thirds of households worldwide will be equipped with air 
conditioning [1]. Likewise fossil fuels are used for residential heating 
purposes at present. However, the utilization of synthetic refrigerants 
and fossil fuels are contributing to the greenhouse gases emission and 
accelerating the global warming. Natural refrigerants and renewable 
energy resources for heating and cooling indoor spaces can potentially 
play a substantial role in decreasing the impact of these problems. Un
like from vapor compression technology which consumes more elec
tricity and uses synthetic refrigerants, absorption technology presents an 
attractive solution for energy and environmental challenges. Absorption 
chillers are intriguing when powered by low-grade energy sources. This 
technology’s lowered energy consumption and environmentally friendly 

attributes make it more attractive.
Several working mixtures have been suggested for absorption tech

nology; however, plenty of these have been ended for a variety of rea
sons, including high cost, high corrosiveness, safety, environmental 
risks, poor transport qualities or chemical instability. The ammonia and 
water working solution is one of the most used working pair in industrial 
absorption refrigeration systems due to the excellent thermodynamic 
and thermophysical characteristics of ammonia [2]. Despite many ad
vantages of this working pair, it requires higher driving temperatures 
and a rectifier to successfully separate ammonia and water due to the 
inherent volatile nature of water. Moreover, toxic nature of ammonia 
makes it unsuitable for space cooling and heating. It can cause coughing, 
nose and throat discomfort, while higher concentration can damage the 
lungs or even leads to death [3]. Another commercially available 
working pair for space cooling applications is the water/LiBr mixture, 
where water is the refrigerant (natural), which is affordable and 
non-toxic in nature [4–7]. Moreover, water/LiBr absorption systems can 
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operate at lower activation temperatures and usually require wet cool
ing batteries for heat dissipation.

Nevertheless, water/LiBr AHPs face a fundamental challenge when 
operating at higher LiBr concentrations, as this limits their capability for 
cooling at high heat sink temperatures or for heating applications. 
However, preferring an air-cooled absorption system can offer greater 
benefits in terms of less space and maintenance by eliminating the 
cooling tower. Absorption chillers can be more compact by integrating 
an air-cooled system. However, the air-cooled absorption chillers are 
rarely available commercially. LiBr crystallization issue limits the 
operational range and affects the performance of the absorption cycle. 
Various ideas have been tested to solve the LiBr crystallization issue in 
recent years. Addition of chemical crystallization inhibitors and 
improvement of heat and mass transfer are among the effective strate
gies to reduce the LiBr crystallization issue [8]. Reimann et al. [9] 
introduced "Carrol" solution, which contains water/LiBr, ethylene glycol 
(crystallization inhibitor) and 1-nonylamine (to enhance heat and mass 
transfer). Although this solution resulted in improvement of solubility 
and film heat transfer coefficient, but 1-nonylamine was ultimately 
replaced by phenylmethyl carbinol as it formed chemically refractory 
copper soaps when heated in the presence of copper oxide. Additionally, 
because of the presence of ethylene glycol in the vaporized refrigerant 
from the generator, Inoue [10] and Park et al. [11] suggested adding a 
rectifier for this working mixture. Bourouis et al. [12] experimentally 
studied the absorption of water vapour in water/(
LiBr+Lil+LiNO3+LiCl) falling film vertical tube absorber at air-cooling 
thermal conditions. The new aqueous solution demonstrates lower 
crystallization temperature and better mass transfer, hence making it 
beneficial particularly for air-cooled system. Kim et al. [13] evaluated 
the theoretical COP of three potential working fluid solutions for 
air-cooled absorption chillers: LiBr+H2N(CH2)2OH+H2O, LiBr+HO 
(CH2)3OH+H2O, and LiBr+(HOCH2CH2)2NH+H2O. They found that 
LiBr+H2N(CH2)2OH+H2O provided the widest operating range but 
found various issues involving corrosion, reduced heat and mass transfer 
performance, and need for a rectifier. Improvement of heat and mass 
transfer performance of the solution in absorption chillers is also bene
ficial to reduce the size of the absorption machines. Yoon et al. [14] 
performed experimental study to investigate the heat and mass transfer 
performance of falling film LiBr+LiI+LiNO3+LiCl and LiBr aqueous 
solutions using helical absorber. The heat and mass transfer of 
LiBr+LiI+LiNO3+LiCl solution was improved up to 5 % as compared to 

LiBr solution. In an experimental work by Yoon et al. [15], heat transfer 
was studied by adding the normal octyl alcohol as additive in water/LiBr 
solution. The experiments were conducted using horizontal tube 
absorber. The results showed 35–90 % improvement in the heat transfer. 
Lin et al. [16] added 2-ethyl-1-hexanol as additive in water/LiBr and 
found the improvement in mass transfer of almost double. They used 
vertical falling film absorber for their experimental study.

Aiming to improve the solubility of LiBr in water/LiBr solution to 
address the operational limitations related to this solution, ILs, a distinct 
category of liquid salts composed of charged particles called ions, gained 
notable interest in absorption technology [17,18]. They are thermally 
stable, non-flammable and can exists in liquid phase over a wide range 
of temperatures. To avoid crystallization problem, Araújo et al. [19] 
used 1-ethyl-3-methyl-imidazolium ethylsulfate ([EMIM][EtSO4]) and 
1-ethyl-3-methyl-imidazolium tetrafluoroborate ([EMIM][BF4]) as ab
sorbents with water as a refrigerant to simulate the performance of 
absorption refrigeration systems. They found COP and exergy efficiency 
values for water/[EMIM][EtSO4] solution close to those of water/LiBr 
solution. Zhang et al. [20] used 1-ethyl-3-methylimidazolium dime
thylphosphate ([EMIM][DMP]) as absorbent and water as a refrigerant, 
to simulate the performance of an absorption chiller. They found a lower 
performance for new solution comparatively to water/LiBr solution. 
Królikowska et al. [21,22] studied the impact of various ILs as additives 
on the solubility of a water/LiBr solution. Their work showed that even a 
little amount of IL in the water/LiBr solution, substantially improved the 
solubility of the solution. Latorre et al. [23] reported a study about the 
quantitative and structural assessment of water association in solutions 
of water/LiBr-1,3-dimethylimidazolium chloride ([DMIM][Cl]). They 
found that the quantity of water retained as bulk water in case of 
addition of additives exceeds in comparison to water/LiBr case.

The absorber maintains a vital importance in the absorption chillers, 
having a significant impact on the performance, cost, and size. A typical 
design of absorber is the horizontal tubes falling film, which enables the 
simultaneous transfer of both heat and mass [24–27]. These horizontal 
tubes design is the most commonly available in commercial absorption 
chillers. Wettability is crucial for the absorption process taking place in 
the absorber. Improved wetting confirms a larger surface area of the 
absorber tubes are in contact with the working fluid, which is important 
for effective absorption of the refrigerant vapours. A poor wetting 
characteristic of the solution may not spread evenly over the absorber 
tubes. A preferential path on the absorber tubes can lead to the 

NOMENCLATURE

Ay surface area of tube, m2

B Refers to particular property
D pipe diameter, mm
cp specific heat capacity, J/kg. ◦C
ṁ mass flow rate, kg/s
ṁv vapor absorption mass flux, kg/m2.s
L pipe length, m
n number of pipes
k thermal conductivity, W/m.K
˙Qabs absorber heat duty, kW

h heat transfer coefficient, kW/m2.K
U overall heat transfer coefficient, kW/m2.K
Un Uncertainty
T temperature, ◦C, K
V velocity, m/s
ΔTlm log mean temperature difference, ◦C
Γ solution mass flow rate per unit of wetted pipe length, kg/ 

m.s

X concentration, kg/kg
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
p pressure, kPa
⍴ density, kg/m3

μ viscosity, Ns/m2, mPa.s

Subscript
c cooling water
s solution
i inlet
in inner
o outlet
out outer
v vapor
w water
sat saturation
ss stainless steel
SHE Solution Heat Exchanger
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formation of dry patches, which reduces the effective surface area 
available for absorption, leading to a lower overall vapor absorption 
rate. It is often challenging to maintain uniformly distribution of the 
solution on horizontal tubes of the absorber.

The solubility of LiBr in water/LiBr solution can be improved by 
adding IL as additive. At air-cooling thermal conditions and in reversible 
mode for heating application, the operating concentration of LiBr in the 
strong solution leaving the solution heat exchanger (SHE) is at the verge 
of crystallization. The absorber is unable to operate at high LiBr con
centrations due to this risk; hence, the cycle driving temperature range is 
limited which compromises the performance of overall system. There
fore, the use of IL as additive becomes significant, thus providing a 
privilege to operate the cycle at higher temperatures of the driving heat 
source, thereby enabling the absorber to function at higher absorbent 
concentrations. In a recent work by CREVER research group in collab
oration with LOCIE [28], [DMIM][Cl] (6 % of absorbent mass fraction) 
was added to water/LiBr solution in an absorption chiller prototype. The 
operating range of the chiller was improved by adding a small amount of 
[DMIM][Cl], with negligible impact on the thermal performance of the 
prototype. Hence, adding [DMIM][Cl] at 6 % mass fraction of absorbent 
demonstrates better solubility of the absorbent solution without signif
icantly affecting the water/LiBr thermodynamic properties. So, there 
was a need to study the influence of [DMIM][Cl] in water/LiBr solution 
on heat and mass transfer performance of the absorber which is the most 
vital component of the AHPs. In this study, [DMIM][Cl] is added as an 
additive in water/LiBr solution to determine and compare the heat and 
mass transfer performance of water/(LiBr+[DMIM][Cl]) solution with 
the conventional water/LiBr solution. The wettability and heat and mass 
transfer performance of both solutions are investigated using a typical 
horizontal tube falling film absorber. This is the most widely used 
configuration in commercial absorbers. The new solution includes 6 % 
[DMIM][Cl] by mass as part of the absorbent (LiBr+[DMIM][Cl]). The 
study is carried out at both water-cooling and air-cooling thermal con
ditions. To the best of authors knowledge, no experimental study is 
currently available which reports this comparison. To perform this 
study, the paper is structured as follows: firstly, the experimental setup 
used in this study is described in Section 2 followed by the methodology 
in Section 3. Afterwards, the comparison of experimental data with 
literature is presented in Section 4, while the results are presented and 
discussed Section 5. Finally, the key findings are concluded in Section 6.

2. Experimental setup

To study the effect of adding [DMIM][Cl] in water/LiBr solution on 
wettability and heat and mass transfer processes, a horizontal tube 
falling film absorber is used. The experimental setup comprises three 
basic circuits: one for the solution, the other for cooling water, and a 
third one for the vapor line. The key component under study in the 
experimental setup is the absorber, which consists of six horizontally 
aligned stainless-steel pipes connected in series to make a tube as shown 
in Fig. 2. The solution distributor is placed above the tube, aligned with 
them to ensure perfect distribution of the solution over the tube. Cooling 
water circulates through the tube in a crossflow pattern comparative to 
the solution, while the solution flows co current with the vapor. Two 
peep hole windows are installed in the absorber so that the flow distri
bution can be visualized. The design parameters of the absorber are 

listed in Table 1. The generator is used to generate the vapors, using 
thermal resistance installed within it, which are then transported to the 
absorber through vapour line. A storage tank is used to store the 
condensed water coming out from the absorber in case of raising the 
concentration of the solution. Two Coriolis Micromotion type mass flow 
meters are located in the solution circuit at the entrance and exit of the 
absorber to measure the density, temperature and flow rate of the so
lution. Two Huber thermal baths are used to control the temperature of 
the solution and cooling water at inlet of the absorber. Plate heat ex
changers are placed to exchange the heat at desired locations. A Rose
mount Magnetic tube flowmeter is used to measure the flow rate of 
cooling water. Two TUTHILL (TEC) pumps are used to regulate the flow 
from generator to absorber and from absorber to generator. A Mitsubishi 
inverter is used to adjust the frequency of the two pumps. Aplitex PT100 
temperature sensors are used to measure the temperatures at desired 
locations. A pressure transducer (WIKA) is utilized to determine the 
pressure of absorber and generator tanks. An Agilent data logger is used 
to display and record the operational data. A Leybold vacuum pump is 
used to maintain the vacuum conditions inside the system. A two 
component TITAN epoxy is applied to paint the inner walls of the 
absorber to avoid possible corrosion. To provide a clearer insight into 
the experimental setup, a detailed schematic diagram and workbench 
are presented in Figs. 3. and 4.

The experimental arrangement enables the operation of the absorber 
in a continuous mode under steady state conditions. In the experiments, 
steady-state conditions were achieved after 30 min for each independent 
variable constant. For the data presented in this study, an average of at 
least 5 min of data is used for each steady-state condition. As an 
example, Fig. 1 illustrates the cooling water temperature at absorber 
inlet and outlet for water/LiBr under water cooling thermal conditions 
at solution flow rate of 0.0125 kg/m.s, as a function of time. Although 
after 20 min, the curve starts to stabilize, a duration of 30 min was 
typically selected to ensure that all other variables also reached steady- 
state conditions.

3. Methodology

The methodology implemented to determine and compare the heat 
and mass transfer performance of water/(LiBr+[DMIM][Cl]) with 
water/LiBr solutions using a horizontal tube falling film absorber is re
ported in this section. The selection of the anti-crystallisation additive 
and preparation of the new solution is described in Section 3.1. The 
thermophysical properties of the new solution, water/(LiBr+[DMIM] 
[Cl]), are presented in Section 3.2. Section 3.3 provides detail about the 
data reduction and the definition of the absorber performance param
eters considered in the analysis of the simultaneous heat and mass 
transfer taking place in the absorption process. The experimental con
ditions employed in this study are given in Section 3.4. The uncertainty 
involved in the experimental results is given in Section 3.5.

3.1. Additive selection and solution preparation

During the selection of the most suitable commercial IL as an anti- 
crystallisation additive for this study, two necessary criteria were 
adopted. First, the decrease in the crystallization temperature of at least 
10 ◦C with respect to water/LiBr solution at 65 % of absorbent mass 
fraction, and second, a vapor pressure of the absorbent mixture at 
identical concentrations close to that of water/LiBr. A working solution 
with lower vapor pressure is desirable as it indicates a stronger affinity 
between the water and the absorbent. Therefore, among five distinct ILs 
in water/LiBr solution (1,3-dimethylimidazolium chloride [DMIM][Cl], 
1-Butyl-3-methylimidazolium bromide [BMIM][Br], 1-Butyl-3-methyli
midazolium chloride [BMIM][Cl], Tris-(2-hydroxyethyl)-methyl- 
ammonium methyl sulfate [MN((CH2)2(OH))3][MeSO4], and 1-Butyl- 
3-methylimidazolium acetate [BMIM][OAc]), [DMIM][Cl] exhibited a 
decrease of >10 ◦C in the crystallization temperature and vapor pressure 

Table 1 
Design parameters of the absorber.

Parameter Value

Total pipes (connected in series to make a tube) 6
Wetted length of a pipe 400 mm
Spacing between pipes 30 mm
Outer diameter of pipe 16 mm
Thickness of pipe 1 mm
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closest to that of the water/LiBr at a mass fraction of 6 % in the absor
bent. More detailed information about the selection of the IL is available 
in [28].

The water/(LiBr+[DMIM][Cl]) solution was then passed through the 
thermal stability test. The sample was prepared in glass vessel and 
stirred for 30 min. The solution was divided into two sealed vessels, with 
one sample maintained at room temperature and the other placed in an 
oven at 95 ◦C. The pH and NMR spectra of the prepared samples were 
analysed after 14 days. The results indicated no significant changes in 
pH or structure compared to the spectra of the freshly prepared sample. 
The experiments were repeated after 32 days. The NMR spectra were 
found to be similar to those of the sample analysed at 14 days. The pH 
was approximately the same compared to the 14th day sample.

To prepare the new solution, [DMIM][Cl] powder (with 97 % purity) 
was initially placed within a desiccator (a sealed container linked to 
vacuum pump) for a duration of two days. The purpose was to eliminate 
the moisture content if present in the powder. Following this, the 
required quantity of [DMIM][Cl] mass, equal to 6 % of the absorbent 
(LiBr+[DMIM][Cl]) concentration, was extracted. In absorbent (LiBr+
[DMIM][Cl]), the mass fraction of 6 % is attributed to [DMIM][Cl] while 
the remaining 94 % consists of LiBr. Prior to depositing the powder into 

the tray, it was thoroughly cleaned. In the final step, [DMIM][Cl] was 
added into the water/LiBr solution while maintaining continuous stir
ring, resulting in the formulation of the new solution water/(LiBr+
[DMIM][Cl]). The new solution includes [DMIM][Cl] as part of the 
absorbent, along with LiBr.

3.2. Thermophysical properties of new solution

The properties of the new solution water/(LiBr+[DMIM][Cl]) were 
determined experimentally in the CREVER research group [28] [30]. 
The solubility temperatures in the absorbent mass fraction range of 0.58 
to 0.69 for water/LiBr and water/(LiBr+[DMIM][Cl]) solutions are 
presented in reference [28]. In absorption heat pumps, the absorber 
solution inlet is the critical location for LiBr crystallization. This occurs 
because the temperature drops after the solution heat exchanger (SHX), 
and the solution exhibits a high concentration of absorbent. A decrease 
of 15 ◦C in the crystallization temperature for water/(LiBr+[DMIM] 
[Cl]) solution in comparison to water/LiBr at 65 % of absorbent mass 
fraction was noted. This clearly indicates the potential benefit of adding 
[DMIM][Cl] to water/LiBr solution, as it significantly improves the 
solubility range of the solution and provides a greater safety margin 
against crystallization. The improvement in solubility can enable the 
absorption chiller to operate at high LiBr concentrations that are 
required for dissipating heat in the absorber and condenser at high 
temperatures, thus removing the necessity of a direct-contact cooling 
tower and can enable to operate reversibly for heating applications. The 
properties of the solution water/(LiBr+[DMIM][Cl]) including density, 
viscosity, specific heat capacity and vapor pressure at absorber inlet 
conditions are provided in

Table 2. The plots for all the properties of the new solution over a 
wide range of mass fraction and temperatures are provided in reference 
[28]. The density of the solution water/(LiBr+[DMIM][Cl]) is found 
lower as compared to that of water/LiBr solution. A lower density of the 
solution indicates that it is closer to the density of the water in com
parison to water/LiBr solution. Viscosity of the water/(LiBr+[DMIM] 
[Cl]) solution is higher as compared to that of water/LiBr solution at 64 
% mass fraction. The specific heat capacity of the solution water/(LiBr+
[DMIM][Cl]) is higher as compared to that of water/LiBr solution. This 
can be favorable regarding heat and mass transfer perspective as a so
lution with higher heat capacity can absorb more heat without signifi
cant temperature rise, resulting in a lower solution film temperature at 
the absorber tube in comparison to the solution with lower heat ca
pacity. The vapor pressure of water/(LiBr+[DMIM][Cl]) solution at 
saturated temperature and mass fraction of absorber inlet conditions is 
provided in Table 2. At identical mass fractions, the vapor pressure is 

Fig. 1. The variation of temperature over time until steady-state conditions are achieved.

Fig. 2. Horizontal tube falling film absorber (Internal view).
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Fig. 3. Experimental setup schematic (adapted from ref [29]).

Fig. 4. Experimental workbench. (1) Absorber, (2) Generator, (3) Plate heat exchangers, (4) Control Panel, (5) Storage tank, (6) Thermal baths, (7) Pumps, (8) 
Preparation tank, (9) Coriolis meters, (10) Flowmeter, (11) Pressure sensor, (12) Temperature sensor and (13) Data logger.
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kept same for both solutions to compute the saturated temperatures 
ensuring the same subcooling at the absorber inlet. Therefore, both the 
solutions will have same potential to absorb the vapors.

3.3. Data reduction

The measured variables, as listed in Table 3 are used to calculate the 
parameters essential for the analysis of heat and mass transfer governing 
the absorption process. These parameters are calculated as follows:

The absorbed vapor mass flow rate is determined by applying the 
mass balances at the absorber: 

ṁs,i + ṁv = ṁs,o (1) 

ṁs,i .Xi = Xo .
(
ṁs,i + ṁv

)
(2) 

The absorber heat duty is calculated using the subsequent equation: 

Q̇abs =

˙

ṁw .cp,w .
(
Tw,o − Tw,i

)
(3) 

The overall heat transfer coefficient is calculated using the following 
equation: 

U =
Q̇abs

Ay .ΔTlm
(4) 

where Ay represents the outer surface area of tube 

Ay = Π .Dout .L .n (5) 

The logarithmic mean temperature difference ΔTlm is calculated 
using the following equation [26]: 

ΔTlm =

(
Ts,i − Tw,o

)
−
(
Ts,o − Tw,i

)

ln (Ts,i − Tw,o)
(Ts,o − Tw,i)

(6) 

The heat transfer coefficient on the solution side is determined as 
follows: 

hs =

⎛

⎜
⎜
⎝

1
U
−

Dout.

(

ln Dout
Din

)

2.kss
−

Dout

Din.hw

⎞

⎟
⎟
⎠

− 1

(7) 

Using the Dittus-Boelter correlation, the heat transfer coefficient of 
the cooling water is determined using the following equation [32]: 

Nu =
hw.Din

kw
= 0.023.Re0.8

w .Pr0.4
w (8) 

The Reynolds Number for cooling water is calculated as follows: 

Rew =
VwDinρw

μw
(9) 

The solution mass flow rate per unit length is calculated using the 
subsequent equation: 

Γs =
ṁs

2.L
(10) 

Reynolds number of the solution film is calculated using following 
equation: 

Refilm =
4.Γs

μ (11) 

3.4. Operating conditions used in the experiments

The experimental setup was controlled to deliver the actual oper
ating conditions of the absorber when integrated in a single-effect ab
sorption cycle with heat dissipation at both air-cooling and water- 
cooling thermal conditions. The operating conditions selected in the 
present study, as presented in Table 4, are in the range reported by 
several researchers [33] for typical horizontal tube falling film 
absorbers.

3.5. Uncertainty analysis

The uncertainty analysis was performed for the calculated parame
ters necessary for the analysis of heat and mass transfer processes 
associated with the instrument’s uncertainty. The accuracy of 4 wires 
temperature sensor PT-100 was ±0.02 ◦C, while the accuracy in Coriolis 
flow meter was ±0.01 ◦C in temperature, ±2 kg/m3 in density and ±0.2 
% in flow measurements. The accuracy of Rosemount Magnetic tube 
flowmeter was ±0.25 % full scale. The uncertainty in parameters was 
calculated using Root Sum Square method (Eq. (12)), proposed by Kline 
& McClintock [34]. 

Un(Y) =

((
∑

i

(
∂Y
∂xi

err(xi)

))2)1
2

(12) 

Where, Un(Y) is uncertainty in parameter Y, which is function of number 
of independent variables (xi). The uncertainty at each point is shown in 

Table 2 
Properties of water/LiBr and water/(94 %LiBr+6 % [DMIM][Cl]) solutions.

water/(LiBr+[DMIM] 
[Cl])

water/LiBr [31] Relative percentage difference 
Δ =

Bwater/LiBr − Bwater/(LiBr+[DMIM][Cl])

Bwater/LiBr

Density (kg.m-3)
⍴ (T = 51.0 ◦C, X = 61 

%) = 1630
⍴ (T = 53.0 ◦C, X = 61 
%) = 1721

5 %

⍴ (T = 55.5 ◦C, X = 64 
%) = 1698

⍴ (T = 60.0 ◦C, X = 64 
%) = 1780

4 %

Dynamic viscosity (mPa.s)
µ (T = 51.0 ◦C, X = 61 

%) = 4.11
µ (T = 53.0 ◦C, X = 61 
%) = 4.55

9 %

µ (T = 55.5 ◦C, X = 64 
%) = 6.02

µ (T = 60.0 ◦C, X = 64 
%) = 5.27

14 %

Isobaric specific heat capacity (kJ/kg. ◦C)
Cp (T = 51.0 ◦C, X =

61 %) = 2.11
Cp (T = 53.0 ◦C, X =
61 %) = 1.88

12 %

Cp (T = 55.5 ◦C, X =
64 %) = 2.06

Cp (T = 60.0 ◦C, X =
64 %) = 1.80

15 %

Vapor pressure (kPa)
p (T = 51.0 ◦C, X = 61 

%) = 1.3
p (T = 53.0 ◦C, X =
61 %) = 1.3

–

p (T = 55.5 ◦C, X = 64 
%) = 1.3

p (T = 60.0 ◦C, X =
64 %) = 1.3

–

Table 3 
Variables measured from experimental setup.

Variables Locations in Fig. 3

Temperatures PT5, PT9, PT10, PT12
Pressures TP1, TP2
Flow rates C1, C2, CA
Densities C1, C2

Table 4 
Operational range applied in this study.

Air-cooling thermal 
conditions

Water-cooling thermal 
conditions

Pressure 1.3 kPa
Solution inlet subcooling − 2 to − 3 ◦C 4 ◦C
Solution mass flow rate per unit 

length of pipe
0.0121–0.0225 kg/m.s, (Refilm 8–20)

Cooling water inlet temperature 40 ◦C to 50 ◦C 28 ◦C to 31 ◦C
Cooling water flow rate 229 l/h, (0.0636 kg/s), (Rew 11,000–17,000)
Concentration 64 % 61 %
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the plots in positive and negative directions.

4. Comparison of experimental data with literature

Most experimental investigations on horizontal tube falling film 
absorbers reported in the open literature focus on the heat and mass 
transfer processes using water/LiBr as the working fluid. There is no 
published data for the use of [DMIM][Cl] as an additive in water/LiBr 
solution. For this reason, a comparison was carried out in the case of 
water/LiBr solution with horizontal tube falling film absorbers having 
nearly similar design and operating conditions to the present investi
gation. A comparison between previous studies [26,35] and the current 
study is provided in Table 5. In both studies, solution distributor was 
placed at the top of the horizontal tube and the solution flows from the 
top to bottom to wet the tube. The cooling water flow was in a crossflow 
direction relative to the solution flow. The tube was connected in series 
within a single column. The design specifications are given in Table 5. 
The values obtained for the refrigerant absorption mass flux, heat 
transfer coefficient on the solution side, and absorber heat duty in the 
current study are in the range comparing to the results of Yoon et al. [26] 
and Kyung et al. [35], with a few exceptions. For instance, a difference of 
5 % on average is noted in refrigerant absorption mass flux by increasing 
the solution flow rate 0.0156–0.0225 kg/m.s (Refilm13–20) as compared 
to the results of Yoon et al. [26]. Similarly, the difference in absorber 
heat duty is found 10 % on average by increasing the solution flow rate 
0.0156–0.0225 kg/m.s as compared to data reported by Kyung et al. 
[35]. This deviation might be due to few variations in the design of the 
absorber and experimental operating conditions.

5. Results and discussion

The results are presented and discussed in this section to compare 
water/LiBr and water/(LiBr+[DMIM][Cl]) solutions used in the hori
zontal tube falling film absorber at both air-cooling and water-cooling 
thermal conditions. The comparison is focused on: (i) flow pattern of 
the solution over the horizontal tube, and (ii) heat and mass transfer 
involved in the absorption process. The analysis is carried out with the 
addition of 6 % [DMIM][Cl] mass fraction in the absorbent (LiBr+
[DMIM][Cl]). The operating conditions considered in this work are re
ported in Table 4.

5.1. Solution flow over horizontal tube

The solution flow distribution over the horizontal tube of the 
absorber is shown in Fig. 5. At low solution flow rates (i.e. 0.0121 kg/m. 
s or Refilm=10), droplet fall flow pattern is more noticeable as compared 
to high solution flow rates (i.e. 0.0225 kg/m.s or Refilm=20). During the 
entire experimental campaign, significant attention was given to address 
dry patches. Every test was conducted under conditions where no dry 
patches were present on the tube. If there was any occurrence of a dry 
patch, it was eliminated timely by adjusting the flow rate. However, dry 
patches were noted while observing the absorption process over an 
extended duration, mainly at low solution flow rates as shown in Fig. 5. 
The presence of these dry patches can affect the absorption process 
because a significant portion of the tube’s effective surface area is 
inactive in terms of absorption. It was interesting to observe that these 
patches were less common while using the new solution water/(LiBr+
[DMIM][Cl]) as compared to water/LiBr solution. This can be attributed 
to the lower surface tension of the new solution, which was noted as 82 
mN/m, compared to 91 mN/m for water/LiBr solution, at 60 % absor
bent mass fraction and 22 ◦C of temperature, perhaps can improve the 
wettability of the tube, leading to avoid the formation of preferential 
paths. Another possibility can be, when there is an uneven distribution 
or concentration gradients in the absorbent solution, it can lead to the 
crystallization of LiBr in specific areas, resulting in the appearance of dry 
patches on the tube surfaces. This phenomenon is more likely to occur at 
higher concentrations of LiBr. It is noteworthy that the utilization of 
water/(LiBr+[DMIM][Cl]) solution results in improved wettability 
considering absorption over prolonged periods at higher absorbent 
concentrations.

5.2. Heat and mass transfer

In this section, heat and mass transfer characteristics of water/ 
(LiBr+[DMIM][Cl]) and water/LiBr solutions in a horizontal tube falling 
film absorber are analysed at both air-cooling and water-cooling thermal 
conditions. Water absorption mass flux, solution heat transfer coeffi
cient, and absorber heat duty are considered as efficiency parameters.

5.2.1. Water absorption mass flux
Water absorption mass flux versus solution flow rate is shown in 

Fig. 6 at air-cooling thermal conditions. It increases with an increase of 
the solution flow rate, which was expected as more solution will be in 
contact with the vapors to absorb them. The water absorption mass flux 
at Tc,i = 40 ◦C is found higher as compared to Tc,i = 50 ◦C for both water/ 
(LiBr+[DMIM][Cl]) and water/LiBr solutions. For instance, water ab
sorption mass flux is found 0.00225 kg/m2.s and 0.00195 kg/m2.s for 
water/(LiBr+[DMIM][Cl]) solution at Tc,i = 40 ◦C and Tc,i = 50 ◦C 
respectively, at 0.0191 kg/s.m (Refilm =13) solution flow rate. A lower 
inlet cooling water temperature helps to maintain a lower temperature 
of the solution film on the absorber tube surface. This enhances the 
solution’s ability to absorb more water vapor at film interface to reach 
equilibrium. Moreover, water absorption mass fluxes are found to be 
slightly higher for water/(LiBr+[DMIM][Cl]) as compared to water/ 
LiBr. This is found 5 %, 3 % and 3 % higher (on average) for water/ 
(LiBr+[DMIM][Cl]) as compared to water/LiBr solution at Tc,i = 40 ◦C, 
Tc,i = 45 ◦C and Tc,i = 50 ◦C, respectively. As the subcooling at the inlet is 
same for both the solutions, the potential to absorb vapors is same. The 
improvement in wettability as explained in Section 5.1 can be the reason 
for this increase. Another reason for this increase can be related to the 
higher specific heat capacity of water/(LiBr+[DMIM][Cl]) as compared 
to water/LiBr solution at identical mass fraction of 64 %, as listed in 
Table 2. A solution with higher heat capacity can absorb more heat 
without significant temperature rise, resulting in a lower solution film 
temperature on the absorber tube surface in comparison to the solution 
with lower heat capacity. Hence this enhances the solution’s ability to 
absorb more water vapor at film interface to reach equilibrium.

Table 5 
Comparison of experimental data of current study with literature.

Kyung et al. [35] Yoon et al. [26] Current study

Concentration of LiBr 
(%)

60 61 61

Water flow rate 
(kg/s)

1.262 × 10–4 

m3/s
Vw=1.2 m/s 0.0636 (Vw= 0.7 

m/s)
Solution flow rate 

(kg/m.s)
0.01 – 0.049 
Refilm (11 – 37)

0.014 – 0.03 
Refilm (12 – 25)

0.01215 – 
0.02257 
Refilm (10 – 20)

Solution inlet 
temperature 
( ◦C)

47 
(sub cooling at 
inlet 0 ◦C)

47 48 
(sub cooling at 
inlet 4 ◦C)

Cooling water inlet 
temperature 
( ◦C)

30 32 28 – 31

Water absorption mass 
flux 
(kg/s.m2)

​ 0.00212 – 
0.00276

0.00168 – 
0.00241

Heat transfer 
coefficient 
(kW/m2.K)

0.72 – 1.142 ​ 1.02 – 1.34

Absorber heat duty 
(kW)

0.698 – 1.062 ​ 0.646 – 0.768

Design specifications 1 Column 
4 Rows 
L = 0.36 m 
d = 19.05 mm

1 Column 
10–16 Rows 
d = 9.52–15.88 
mm

1 Column 
6 Rows 
L = 0.4 m 
d = 16 mm
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Similarly, at water-cooling thermal conditions, the water absorption 
mass flux is higher at Tc,i = 28 ◦C as compared to Tc,i = 31 ◦C (as shown 
in Fig. 7). It is because of the same reason as explained earlier. Moreover, 

the water absorption mass flux is found marginally higher for water/ 
(LiBr+[DMIM][Cl]) as compared to water/LiBr, which is 2 % and 3 % on 
average. It can be due to the better wetting of the tube and higher 

Fig. 5. Solution distribution on horizontal tube.

Fig. 6. Water absorption mass flux at air-cooling thermal conditions.

Fig. 7. Water absorption mass flux at water-cooling thermal conditions.
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specific heat capacity of water/(LiBr+[DMIM][Cl]) solution as 
explained earlier. It can be noted that at both air-cooling and water- 
cooling thermal conditions, although there is a slight increase in water 
absorption mass flux by adding [DMIM][Cl] as anti-crystallisation ad
ditive in water/LiBr solution, it is notable that the new solution shows no 
adverse effects on the water absorption mass flux.

5.2.2. Solution heat trasnsfer coefficient
As shown in Fig. 8, the solution side heat transfer coefficient in

creases with an increase of the solution flow rate at air-cooling thermal 
conditions. It was expected as higher solution flow rate results in 
improved wetting of the surface of tube inside the absorber. Hence, heat 
transfer is enhanced as contact area between the solution and absorber 
tube surface increases. The solution heat transfer coefficient is found 
higher at Tc,i = 50 ◦C as compared to Tc,i = 40 ◦C. For instance, heat 
transfer coefficient is found 2.427 kW/m2.K and 1.292kW/m2.K for 
water/(LiBr+[DMIM][Cl]) solution at Tc,i = 50 ◦C and Tc,i = 40 ◦C, 
respectively, at 0.0156 kg/s.m (Refilm =11) solution flow rate. It can be 
explained by transport property, viscosity. The viscosity of the solution 
is higher at lower solution temperature and is lower at higher solution 
temperatures (can be seen in reference [28]). Therefore, at Tc,i = 50 ◦C, 
the solution film temperature would be higher in comparison to Tc,i = 40 
◦C. Higher solution film temperature corresponds to lower viscosity of 
the solution, which leads to thinner thermal boundary layer and facili
tates better heat transfer from the solution to the tube’s wall. Moreover, 
the solution heat transfer coefficient of new solution water/(LiBr+
[DMIM][Cl]) is found higher as compared to water/LiBr. It is 14 %, 9 % 
and 8 % higher (on average) at Tc,i = 40 ◦C, Tc,i = 45 ◦C and Tc,i = 50 ◦C, 
respectively. This can be explained due to the better wettability of the 
water/(LiBr+[DMIM][Cl]) solution as compared to water/LiBr as 
explained in Section 5.1.

Likewise, the solution heat transfer coefficient at water-cooling 
thermal conditions, is found higher at Tc,i = 31 ◦C as compared to at 
Tc,i = 28 ◦C (Fig. 9). The reason is the same as described above in this 
section. Moreover, it is also found that the solution heat transfer coef
ficient of water/(LiBr+[DMIM][Cl]) is higher as compared to water/ 
LiBr. It is 6 % higher on average at Tc,i = 28 ◦C and Tc,i = 31 ◦C. It is 
noted that the heat transfer coefficient of the new solution water/(LiBr+
[DMIM][Cl]) is found higher as compared to water/LiBr at both air- 
cooling and water-cooling thermal conditions.

5.2.3. Absorber heat duty
As shown in Fig. 10, the absorber heat duty increases with solution 

flow rate at air-cooling thermal conditions. It was expected as more 
water vapor can be absorbed at higher solution flow rates, which results 
in more heat being released that needs to be removed. The absorber heat 

duty is found higher at Tc,i = 40 ◦C as compared to Tc,i = 50 ◦C. For 
instance, absorber heat duty is found 0.89 kW and 0.66 kW for water/ 
(LiBr+[DMIM][Cl]) solution at Tc,i = 40 ◦C and Tc,i = 50 ◦C respectively, 
at 0.0156 kg/s.m (Refilm =11) solution flow rate. It was expected as 
absorber heat duty is directly related to water absorption mass flux. 
Moreover, the absorber heat duty of the new solution water/(LiBr+
[DMIM][Cl]) is found higher as compared to water/LiBr. It is 6 %, 4 % 
and 3 % higher (on average) at Tc,i = 40 ◦C, Tc,i = 45 ◦C and Tc,i = 50 ◦C, 
respectively. It is due to the higher water absorption mass flux for water/ 
(LiBr+[DMIM][Cl]) solution compared to water/LiBr. The reason for 
higher water absorption mass flux is explained earlier in Section 5.2.1.

Similarly, at water-cooling thermal conditions, the absorber heat 
duty is higher at Tc,i = 28 ◦C as compared to Tc,i = 31 ◦C, as shown in 
Fig. 11. The reason is that the water absorption mass flux is higher at Tc,i 
= 28 ◦C as compared to Tc,i = 31 ◦C. It is 3 % and 4 % higher (on average) 
at Tc,i = 28 ◦C and Tc,i = 31 ◦C, respectively. Despite the small increase in 
the absorber heat duty, it is significant that the new solution water/ 
(LiBr+[DMIM][Cl]) performed quite similar compared to the conven
tional water/LiBr at both air-cooling and water-cooling thermal 
conditions.

6. Conclusions

In this work, water/(LiBr+[DMIM][Cl]) and water/LiBr solutions 
used in horizontal tube falling film absorber are compared based on their 
heat and mass transfer characteristics. The role of [DMIM][Cl] is as an 
anti-crystallization agent. The main findings are herein summarized: 

• The wettability of horizontal tube was better for water/(LiBr+
[DMIM][Cl]) solution as compared to water/LiBr, which is beneficial 
for longer term operation of the absorber.

• The heat and mass transfer parameters indicated that the new solu
tion water/(LiBr+[DMIM][Cl]) performed similar (marginally bet
ter) in comparison with water/LiBr solution, hence the addition of 
small amount of [DMIM][Cl] had no adverse effects which is the key 
finding of this work. Whereas the addition of [DMIM][Cl] provides a 
significant improvement in the solubility which was demonstrated in 
previous CREVER research work. A decrease of 15 ◦C in the crys
tallization temperature for water/(LiBr+[DMIM][Cl]) solution in 
comparison to water/LiBr at 65 % of absorbent mass fraction was 
noted. The improvement in solubility is beneficial for absorption 
heat pumps operating in cooling mode at air-cooling thermal con
ditions or in heating mode, which requires high absorbent concen
trations in the solution circuit. Air-cooled absorption systems have 
significant benefits, including their compact size due to the absence 
of cooling towers and associated infrastructure, as well as lower 

Fig. 8. Solution heat transfer coefficient at air-cooling thermal conditions.
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maintenance and operational costs. Furthermore, the improvement 
in solubility allows to work with higher effectiveness of solution heat 
exchangers, which can improve the overall COP of the absorption 
cycle.

• Water absorption mass flux was found to be slightly higher for water/ 
(LiBr+[DMIM][Cl]) as compared to water/LiBr at both air-cooling 
and water-cooling thermal conditions. The maximum increase of 5 
% was noted at Tc,i = 40 ◦C. The solution side heat transfer coefficient 

Fig. 9. Solution heat transfer coefficient at water-cooling thermal conditions.

Fig. 10. Absorber heat duty at air-cooling thermal conditions.

Fig. 11. Absorber heat duty at water-cooling thermal conditions.
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was found higher for water/(LiBr+[DMIM][Cl]) as compared to 
water/LiBr at both air-cooling and water-cooling thermal conditions. 
The maximum increase of 14 % was noted at Tc,i = 40 ◦C. The 
absorber heat duty was found higher for water/(LiBr+[DMIM][Cl]) 
as compared to water/LiBr at both air-cooling and water-cooling 
thermal conditions. The maximum increase of 6 % was noted at 
Tc,i = 40 ◦C.
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