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Abstract
This paper presents experimental results on the study of the effects of ejector adiabatic absorber on heat and mass transfer of 
binary nanofluid with heat transfer additives (2-ethyl-1-hexanol and gum Arabic). In this case, H2O/lithium bromide-alumina 
nanofluid was suggested due to a growing interest in absorption heat transfer working fluid for solar energy application. 
An experimental setup — ejector test rig — was designed to study the absorption, heat, and mass transfer rate as a result 
of refrigerant vapour mass flow entrained by the ejector adiabatic absorber. The study was carried out at different solution 
mass flowrate (0.051 to 0.17 kg/s) with three prepared sample solutions, which include pure LiBr solution, LiBr-Alumina 
nanofluid without heat transfer additives, and LiBr-Alumina nanofluid with heat transfer additives. The absorption rate, mass 
transfer coefficient, heat transfer rate, and heat transfer coefficient for the three samples were reported. On the other hand, 
the percentage enhancements for all the parameters — at a suitable flow rate of 0.085 kg/s — due to the addition of alumina 
without and with heat transfer additives were recorded. The absorption rate enhancements were 25% and 96%, the enhance-
ment rates of mass transfer coefficient recorded were 20% and 82%, the heat transfer rate enhancements were 85% and 183%, 
and the heat transfer coefficient enhancements obtained were 72% and 156% with addition of alumina nanoparticles only and 
alumina nanoparticles with heat transfer additives respectively. Material mass balance analysis suggests that mass inflow in 
the ejector equals to the mass outflow from the ejector, indicating a complete absorption of the entrained refrigerant vapour 
beyond which falling film absorption can occur due to concentration. This article also presents experimental evidence of 
the capability of ejector as strong adiabatic absorber, heat, and mass transfer component, which were earlier reported using 
numerical models.
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Nomenclature
2E1H	� 2-Ethyl-1-hexanol
A	� Area, m2

AG	� Arabic gum

ANF	� Alumina nanofluid
ANPs	� Alumina nanoparticles
COPT	� Thermal coefficient of performance
Cp	� Specific heat capacity, kJ/kgK
EB	� Ejector booster
h	� Heat transfer coefficient, kW/m2K
H	� Enthalpy, kJ/kg
HTA	� Heat transfer additives
HTR	� Heat transfer rate
HTC	� Heat transfer coefficient
k	� Thermal conductivity, mW/m.K
ṁ 	� Mass flowrate, kg/s
MTC	� Mass transfer coefficient
Δṁ

ar
 	� Absorption rate, kg/s

∆T	� Change in temperature
Q	� Heat transfer rate, W
T	� Temperature, K
U	� Global heat transfer coefficient, W/m2K
x	� LiBr mass fraction
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Greek
β	� Mass transfer coefficient, m/s
ρ	� Density, kg/m3

Subscripts
ar	� Absorption rate
bf  	� Base fluid
c 	� Coolant
d 	� Discharge
in 	� Inlet
nf  	� Nanofluid
out 	� Outlet
p 	� Primary
sol 	� Solution

Superscripts
eq 	� Equilibrium

1  Introduction

Ecological devices, which control temperature, are essen-
tial and important for the environment and our own society 
[1–6]. They are currently an integral part of the large number 
of industries for further growth and low-carbon processes 
[7]. The area of this niche application is very wide, and it 
ranges from energy management of buildings [8], electronic 
devices [9], and food preservation [10], to industrial and 
residential heating and cooling [11]. Refrigeration systems 
play a vital role in improving the entire living conditions 
of human life [12], and hence, the method of absorption 
cycle of refrigeration and their improvement have gained 
immense interest. As stated by Bravo et al. [13], it enhances 
the efficiency of utilisation of low-grade heat. The frequent 
use of such particular fluids with absorption cycles are the 
solutions of LiBr and NH3. H2O/LiBr pair is used in air 
conditioning of room or space cooling. NH3/H2O brings into 
effective action for the cooling factor of the sub-zero degree 
Celsius element and air infiltration of freeness. H2O/LiBr 
systems are associated with crystallisation and corrosion 
issues, which need further research. However, the NH3/H2O 
system requires a very costly rectifier, which separates two 
ionic liquids, since, in the generator, both water vapour and 
ammonia are produced [14]. This is expected to overcome 
many of the promising properties of the refrigerant because 
of its large latent heat, low costs, and very low impact on 
the environment.

Absorption refrigeration systems have emerged as a 
means of substituting the conventional vapour compres-
sion refrigeration systems, as they can utilise various 
forms of renewable energy sources such as solar energy 
and waste heat from industrial processes to enhance a 
friendly environment [15, 16]. The absorption process in 
refrigeration generally involves the use of a basic solution 

here called the absorbent to take in the refrigerant vapour 
which itself becomes weaker until the refrigerant is evap-
orated in the generator [16]. The process of generating 
high-pressure refrigerant vapour from weak/dilute solu-
tion in the generator to the condenser and the reabsorption 
of the low-pressure refrigerant vapour by the absorbent 
(strong solution) from the evaporator back to the genera-
tor is known as the refrigeration cycle. Air conditioning 
uses vapour absorption refrigeration system with the use 
of water-lithium bromide pair. This system does not pro-
vide the sub-zero degrees temperature for refrigeration. 
As refrigeration do not go beyond 273 K, therefore, it is 
used in the applications, which requires the temperature 
above 273 K, thus allowing room temperature operation.

The selection of working fluid pair, particularly the 
refrigerant, is pivotal as it regulates the working conditions 
of the absorption refrigeration system [16]. The proper-
ties of good refrigerants include having low molecular 
mass, high enthalpy of vaporisation and cooling capacity, 
and also being non-flammable and nontoxic, which are 
exhibited by the natural refrigerant, water [17]. H2O/LiBr 
pair is one of the most widely used and effective working 
fluid pairs in absorption refrigeration systems due to their 
environmental friendly and nontoxic nature [18, 19]. This 
working fluid pair is widely utilised in large air condition-
ing and food preservation systems in which LiBr solution 
serves as the absorbent and water as the refrigerant [20]. 
The absorption properties and heat and mass transfer rates 
of this working fluid (H2O/LiBr) can be enhanced by the 
addition of fine particles [21], and additives — such as 
gum Arabic (a dispersion stabilisation agent) and 2-ethyl-
1-hexanol (a surfactant) —according to Lee et al. [22]. The 
surfactant, 2-ethyl hexanol, is a very important additive in 
H2O/LiBr working fluid as it reduces surface tension [23, 
24] and decreases crystallisation temperature [25, 26] of 
the solution.

Recently, research has gained momentum in ejectors for 
use in absorption refrigeration systems as adiabatic absorb-
ers. Ejectors or jet pumps utilise pressure energy contained 
in high-pressure fluids to entrain low-pressure fluids in a 
system, thus increasing system and cycle efficiency [27]. 
In addition, in absorption refrigeration system, ejectors 
are used for entrainment of refrigerants and/or recovery of 
waste heat and mixing them with the high-pressure strong 
base solution. Hence, this acts as a very compact adiabatic 
absorber [27, 28]. Since the ejector has no movable parts, 
no fuel or lubrication is required; therefore, no maintenance 
cost is involved. In addition, the device is also known for 
pressure increase without direct mechanical energy con-
sumption, which is the main characteristic. This allows 
the ejector to be compact and cheaper than installing other 
devices to generate pressure, such as multiple pumps and 
compressors [29, 30].
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Vereda et al. [27] in their numerical model had shown 
that absorption refrigeration system incorporated with an 
ejector has even higher thermal coefficient of performance 
at lower driving temperature compared to both systems with 
diabatic absorber and conventional adiabatic absorber at a 
higher driving temperature. A simulation model presented 
by Manu et al. [31] on single-stage vapour absorption of 
H2O/LiBr in a heat pump for cooling electronic chips had 
proposed a superior absorber load reduction. It also shows 
an improvement in coefficient of performance (COP) by 
over 17% (0.7145 to 0.8421) as chip temperature rises from 
303 to 323 K. The model was also compared and confirmed 
numerically to those of Rubio-Maya et al. [32], Ebrahimi 
et al. [33], and Joudi and Lafta [34] with minor deviations. 
However, these theoretical studies were not experimen-
tally verified. In another work by Hasan Sh. Majdi [35], a 
computer simulation program was developed to modify a 
solar-assisted absorption refrigeration cycle with H2O/LiBr 
through the introduction of an ejector. The findings had 
revealed a remarkable improvement of 30–85% enhancement 
of the coefficient of performance (COP) at evaporator tem-
perature between 273 and 283 K, and 8–60% between 298 
and 318 K temperatures of the condenser for same operat-
ing conditions obtained by a basic cycle. This is yet another 
rumination of the capabilities of the component working 
with H2O/LiBr.

Several experimental investigations have been carried 
out recently on thermal performance of heat transfer system 
using nanofluid as the working fluid. Arya et al. [36] studied 
thermal performance of a flat heat pipe using carbon nano-
tube-water nanofluid, and the results obtained were fascinat-
ing. An optimum value of 0.8 filling ratio and 40% enhance-
ment of heat transfer coefficient (HTC) were obtained from 
an experimental test rig. Another experimental investiga-
tion vindicates that pool boiling heat transfer coefficient 
increases with increase in heat flux, while the presence of 
surfactants in nanofluid reduces surface tension of the fluid, 
which results to significant bubble formation and transport, 
and this enhances heat transfer from heating source [37]. 
Sarafraz et al. [37] reported enhancement in heat transfer 
with significant surface wettability due to addition of a small 
amount (0.1 wt.%) of surfactants; SDS, SDBS, and Triton 
X-100 in CuO-water nanofluid. Heat transfer is found to 
shrink due to fluid backflows when velocity is increased; 
however, its mechanism is changed. On the other hand, fluid 
velocity decrease leads to the attainment of maximum fric-
tion coefficient and increase velocity gradient effects and 
velocity boundary layer augmentation. The behaviour of heat 
transfer of nanofluids in a cavity shows that augmenting both 
Reynolds number and nanoparticle concentration results to 
an increase in heat absorption and uniform temperature dis-
tribution [38]. Li et al. [39] also reported the presence of 
nanoplatelets of graphene enhances thermal conductivity 

from 0.61 to 0.67 W/(mK) and heat transfer mechanism as 
a result of thermophoresis effects and heat transfer boosting. 
Furthermore, a considerable increase in HTC was reported 
by augmenting nanofluid flowrate and heat flux [40]. In addi-
tion, nanoparticle concentration was said to improve HTC in 
force convective heat transfer region, but diminishes HTC in 
the nucleate boiling region [40]. For both force convective 
and nucleate boiling heat transfer regions, HTC is strongly 
controlled by heat and mass flux. These recent experimental 
investigations on thermal performance of heat transfer sys-
tems have identified the remarkable influence of nanoparti-
cles and surfactants for improved performance.

Most of the literatures reviewed presented numerical 
models on the efficiency of ejector adiabatic absorber but not 
verified experimentally in real-time applications. Although 
the ejector adiabatic absorber technology is already known 
for absorption refrigeration, the lack of sufficient validation 
experimentally has retarded rapid implementation of this 
new innovative technology by industries and manufactur-
ers of heat pumps and refrigeration systems. In this work, 
an experimental approach was undertaken to explore the 
extensive theoretical models proving the potential for the 
technology. H2O/LiBr-Alumina nanofluid is chosen due to 
its high demand and its recent development in absorption 
heat transfer fluid for solar energy applications. Incorporat-
ing the working fluid pair with heat transfer additives such 
as 2-ethyl-1-hexanol (2E1H) and gum Arabic (GA) could 
improve its absorption, heat, and mass transfer rates accord-
ing to Lee et al. [22]. This is the first experimental study 
of a custom-made ejector adiabatic absorber with similar 
working fluid. Lee et al. [22] studied the effect of the heat 
transfer additives on the falling film absorption of H2O/LiBr-
Alumina nanofluid, which is the only similar study closely 
related to the present article. This article will present an 
ejector experimental test rig for testing the novel working 
fluid. An ejector designed and fabricated with minimum 
pressure loss is proposed to be suitable. This integrated 
setup of H2O/LiBr-Alumina nanofluid with ejector adiabatic 
absorber is intended for possible application in solar energy 
system with the scope of further reduction in maintenance 
cost, complexity of solar trigeneration system, and system 
efficiency improvement.

2 � Methodology

2.1 � Materials

This section focusses on the preparation of nanofluid incor-
porating 0.01 wt% of alumina nanoparticles (ANPs) in an 
aqueous solution of 55% by weight LiBr basefluid. In addi-
tion, 150 ppm of surfactant (2E1H) and 0.01 wt% of gum 
Arabic (GA) — a dispersion stabilising agent — were added 
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into the basefluid for mass and heat transfer enhancement of 
the nanofluid. The nanofluid was prepared into three vari-
ous sample compositions. These samples were used in an 
ejector-boosted absorption system for evaluation of absorp-
tion, heat, and mass transfer performance. The reagents used 
for the chemical synthesis of the LiBr-ANF include aqueous 
LiBr solution (55%wt), Al2O3 nanoparticles (20 nm), gum 
Arabic powder, and 2E1H, which are all of high purity, pur-
chased from Sigma-Aldrich (Table 1).

2.2 � Sample preparation

Three samples were prepared for examination with a proto-
type ejector-boosted absorption system. The samples include 
sample 1, LiBr solution (55% wt.); sample 2, LiBr-ANF 
without HTA; and sample 3, LiBr-ANF with HTA. Sample 
1 was prepared from anhydrous LiBr and distilled water. 
Samples 2 and 3 were prepared using the two-step method 
for nanofluid synthesis. The two-step method involves the 
dispersion of the ANPs into the base fluid, LiBr solution, 
followed by magnetic stirring for 30 min and then ultra-
sonication for 150 min to obtain the corresponding nano-
fluid. However, in preparing sample 3, ANPs were initially 
treated with the surfactant, 2E1H for surface functionaliza-
tion, while the base fluid, LiBr solution, was prepared with 
gum Arabic (GA) powder added. The surface functionalized 
ANPs were allowed to stand for 20 min for proper adsorp-
tion before dispersion. This method of nanofluid preparation 
with HTA was designed and reported by Muhammad et al. 
[41] (Fig. 1).

2.3 � Experimental rig setup

An experimental test rig was set up to conduct the series 
of measurements using a custom-made ejector adiabatic 
absorber by Transvac Systems Limited, UK. The ejector 
was designed based on the parameters required for these 
particular measurements, and the specifications were pro-
vided to the supplier for fabrication of the dedicated ejector 
unit. Emphasis was given to the study of absorption refrig-
eration phenomena in a closed-loop circulation having 
intended application in a trigeneration system. The working 
fluid, H2O/LiBr-ANF, was circulated by pumping into the 

ejector to investigate the key properties of refrigerant vapour 
entrainment and absorption. The results were assessed to 
estimate the parameters for understanding physical mecha-
nisms of heat and mass transfer. The rig was designed as 
a close loop system as shown in Fig. 2, which runs within 
a designed operating conditions subjected to a test matrix 
(Figs. 3 and 4).

The rig consists of two solution tanks, both of which 
were connected to a variable speed pump operated at 
3.0 bar pressure. A 3.0-kW steam generator was installed 
to generate a low-pressure refrigerant vapour into the ejec-
tor, which is connected to an overhead water tank supply-
ing water from 3 m above. The ejector was mounted on 
a rigid support 2.0 m height from ground level and 2.2 m 
width connected to the pump via a 0.5-in. stainless steel 
pipe (316). The ejector discharge was connected to the 
inlets of the solution tanks. Pressure transducers, T-type 
thermocouples temperature sensors, mass flow metres, 
and conductivity sensors were inserted in the pipelines 

Table 1   Sample solutions 
description

HTA heat transfer additives, NP nanoparticles, GA gum Arabic, 2E1H 2-ethyl-1-hexanol

Sample description Composition

S1 Reference solution no HTA no NP LiBr/H2O
S2 Nanofluid without HTA LiBr/H20 + Al2O3 NP (LiBr-ANF)
S3 Nanofluid with HTA LiBr/H2O + Al2O3 

NP + GA + 2E1H (LiBr-
ANF + HTA)

LiBr solution 
preparation 55% wt.

LiBr solution + gum 
Arabic

ANPs + 2E1H
20mins

Dispersion of ANPs

Magnetic stirring 
30mins

Ultra sonication 
2.5hrs

Fig. 1   Schematic nanofluid preparation by a two-step method [41]
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at both upstream and downstream of the ejector to record 
both input and output data. These sensors were connected 
to an instrumentation and control unit, which are finally 
connected to a data acquisition system. This transforms 
the sensor output signals to numerical values that can be 
further analysed for a wide range of parameters. The pres-
sure relief valves were installed on the high-pressure side 
(upstream of the ejector) and on the steam generator for 
safety purposes (Table 2).

2.4 � Experimental procedure

LiBr 55%wt solution and H2O were added into the LiBr 
tank-1 and an overhead water tank for steam generator 
respectively. When the valve connecting the solution 
tank-1 to the pump is switched on, the valve that con-
nects the overhead water tank to the steam generator is 
also turned on simultaneously. A bypass was provided 
at the pump outlet before a flow control valve to return 

Fig. 2   Schematic layout for 
an ejector-boosted absorption 
experimental test rig, where 
P is the Pump, EB for ejec-
tor booster, and SG for steam 
generator

Fig. 3   Image of prototype ejec-
tor adiabatic absorber fabricated 
by Transvac ltd

Fig. 4   Ejector adiabatic 
absorber experimental test rig Data acquisition system
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excess flow back into the solution tank. The weak solu-
tion discharged from the ejector has two possible return 
tanks depending on whether one needs only to measure 
the solution conductivity in the pipe or in the tank at the 
end of each run; therefore, the valves are turned on and 
off as appropriate.

The steam generator is first switched on as it takes about 
3 min for the vapour to be generated to the ejector. The solu-
tion pump is subsequently switched on to provide the desired 
flow rate setting. The solution flows into the ejector at pres-
sure Pp (bar), temperature Tp (K), mass flow rate ṁp (kg/s), 
and conductivity Cp ( mS∕cm

.
 ) were measured. The ejector 

circulation is operated efficiently to be able to entrain and 
mix the solution with the vapour generated in the system. 
The resulting values of pressure Pd (bar), temperature Td (K), 
mass flow rate ṁd (kg/s), and conductivity Cd ( mS∕cm ) were 
also collected using their respective sensors. Signal outputs 
from the sensors are transmitted through a data acquisition 
card to a “LabView” system where readable data files are 
obtained for processing. The testing of LiBr solution only 
had served as a baseline for the comprehensive analysis of 
the new binary nanofluid prepared, LiBr-ANF with HTA. 
Lee et al. [22] originally proposed this working fluid recipe, 
which was considered in this article for investigation cover-
ing ejector-boosted absorption system.

2.5 � Governing equations

The experimental results were obtained from the series of 
trial run under different operating conditions using the ejec-
tor test rig. The data were analysed and evaluated focussing 
on the energy, solution concentration, heat, and mass transfer 
equations that are based on the following equations.

Thermal energy equation

Energy balance equation

Mass balance equation

(1)Q = ṁCpΔT [22]

(2)
Q = ṁc.inCpc

(

Tc.out − Tc.in

)

= ṁsol.pHsol.p

−ṁsol.dHsol.d + ΔṁarHv [22]

Solution concentration balance

Heat transfer equations

Where

And,

This equation can be reframed since in this case there is 
no coolant.

So, for the mass transfer equation we have

Also,

All symbols are defined in the Nomenclature section.
The ejector was customised for minimum pressure loss, 

and this is evident from the pressure results recorded in 
Table 3. This provides the ejector with both absorption and 
recompression characteristics at the same time.

2.6 � Uncertainty analysis

Equations 1 to 10 can only be calculated based on the inde-
pendent measured variables: temperature, pressure, elec-
trical conductivity, and mass flowrate of the solution and 
refrigerant. The measurement of uncertainty contributing to 
the performance metrics of the absorption, heat, and mass 

(3)ṁsol.p + Δṁar = ṁsol.d [22]

(4)xpṁsol.p = xdṁsol.d [22]

(5)Q = UAΔTLM [22]

(6)UA = hcAc +
1

Rw

+ hsolAsol [22]

(7)ΔTLM =
(Tsol.p−Tc.out)−(Tsol.d−Tc.in)

ln[(Tsol.p−Tc.out)∕(Tsol.d−Tc.in)]
[22]

(8)ΔTLM =
(Tsol.p)−(Tsol.d)

ln[(Tsol.p)∕(Tsol.d)]
[22]

(9)Δṁar = ��AΔTLM [22]

(10)ΔTLM =
(xeqp −xp)−(x

eq

d
−xd)

ln[(x
eq
p −xp)∕(x

eq

d
−xd)]

[22]

Table 2   The uncertainties of 
sensors used on the ejector 
experimental test rig

Sensor type Measurement Uncertainty

Coriolis mass flow metre Mass flowrate of solution and refrigerant  ± 0.101% of reading (20 to 1)
Electrical conductivity probes Concentration of solution  ± 0.3% of reading (20 to 1)
Pressure transducers Pressure of solution and refrigerant  ± 0.25% of reading (20 to 1)
T-type thermocouples tempera-

ture sensors
Temperature of solution and refrigerant  ± 0.28 °C (20 to 1)
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transfer rates can be computed by Kline and McKlintock 
technique [42].

The uncertainty in absorption rate measurement from 
Eq. 3 can drive as follows:

where,

Solution concentration measurement uncertainty can be 
calculated using Eq. 19 from Eq. 4.

Δṁar = ṁsol.d − ṁsol.p

uΔṁar
= ±

[

(

msol.d

Δṁar

𝜕Δṁar

𝜕msol.d

umsol.d

)2

+

(

mref .

Δṁar

𝜕Δṁar

𝜕ṁsol.p

uṁsol.p

)2
]

1

2

(13)ṁsol.d =
Δmd

Δt

(14)Δmd = msol. +mref .

(15)

uΔmd
= ±

[

(

msol.

Δmd

�Δmd

�msol.

umsol.

)2

+

(

mref .

Δmd

�Δmd

�mref .

umref .

)2
]

1

2

(16)

uṁsol.d
= ±

[

(

Δmd

ṁsol.d

𝜕ṁsol.d

𝜕Δmd

uΔmd

)2

+

(

Δt

ṁsol.d

𝜕ṁsol.d

𝜕Δt
uΔt

)2
]

1

2

(17)ṁsol.p =
Δmsol.p

Δt

(18)

uṁsol.p
= ±

[

(

Δmsol.p

ṁsol.p

𝜕ṁsol.p

𝜕Δmsol.p

uΔmsol.p

)2

+

(

Δt

ṁsol.p

𝜕ṁsol.p

𝜕Δt
uΔt

)2
]

1

2

(19)u
xdṁsol.d

= ±

[

(

Δx
d

x
d
ṁ

sol.d

�x
d
ṁ

sol.d

�Δx
d

uΔx
d

)�

+

(

Δt

x
d
ṁ

sol.d

�x
d
ṁ

sol.d

�Δt
uΔt

)�

+

(

Δm
d

x
d
ṁ

sol.d

�x
d
ṁ

sol.d

�Δm
d

uΔm
d

)�

+

(

Δt

x
d
ṁ

sol.d

�x
d
ṁ

sol.d

�Δt
uΔt

)�
]

�

�

Heat transfer measurement uncertainty

The mass transfer measurement uncertainty

Unlike the total uncertainty for SCB and MB, the uncer-
tainties in temperature and time interval between measure-
ments have the most significant contribution to the total 
uncertainty results obtained for absorption, heat, and mass 
transfer rates. The experiment was conducted with a very 
high precision, repeatability, and reproducibility (Fig. 5).

3 � Results and discussion

Following the preparation of samples and the experimen-
tal test rig setup, each sample was run in the rig and the 
experimental data collected as shown in Table 3 to calcu-
late and study other parameters. The resulting absorption 
rate, MTC, HTR and HTC were obtained. Solution con-
centration change and the material mass balance were also 
reported. Figure 6 presents experimental results of vapour 
absorption rate of samples in an ejector adiabatic absorber.

It is clear from Figs. 6 and 7 that, with the addition of 
HTA, absorption rate and MTC increase significantly. The 
absorption rate gives optimum values across all flow rates 
for sample 3 containing HTA, which can be explained 
from the enhanced Gibbs-Marangoni effect. The surfactant 
allows a significant reduction in surface tension, which 

(20)uQ = ±

[

(

�Q

�UA
uUA

)2

+

(

�Q

�ΔTLM

uΔTLM

)2
]

1

2

(21)

Δṁar = ��AΔTLM = ±

[

(

msol.d

Δṁar

𝜕Δṁar

𝜕msol.d

umsol.d

)2

+

(

mref .

Δṁar

𝜕Δṁar

𝜕ṁsol.p

uṁsol.p

)2
]

1

2

Table 3   Data from ejector test 
rig for different parameters

ṁsol.p(kg/s) ṁsol.d(Kg/s) xp(%) xd(%) Pp(bar) Pd(bar) Tp(K) Td(K)

0.051 0.0517 55 54.3 2.98 1.94 292.6 291.9
0.068 0.0685 54 53.6 3.01 1.97 293.6 292.8
0.085 0.0864 53.5 52.6 3 2.08 294.4 293.6
0.102 0.1036 52.5 51.7 3.01 2.1 295.3 294.5
0.119 0.1208 51.7 50.9 3.01 2.1 296.2 295.4
0.136 0.138 50.9 50.1 3.02 2.09 297.1 296.3
0.153 0.155 50.1 49.5 3 2.11 298.0 297.1
0.17 0.1722 49.4 48.8 3 2.12 298.9 298.0

1671Emergent Materials (2021) 4:1665–1678



1 3

enables absorption of more refrigerant vapour. In ejector 
adiabatic absorption, the refrigerant vapour is absorbed by 
the solution itself at the exit of the primary nozzle (inlet 
section), and it is also entrained into solution channel at 
the mixing chamber by the high-pressure solution. The 
combined effect exhibited by this flow system gives it an 
edge over a conventional adiabatic absorber, which primar-
ily relies only on the ability of solution to absorb refrig-
erant vapour through falling film absorption mechanism.

The HTR and HTC of the samples from the ejector adi-
abatic absorber test rig show a steady increase in values 
as heat is transferred from the evaporator (in this case the 
suction line) to the ejector discharge section with increas-
ing solution mass flowrate more than what was reported 

earlier by Lee et al. [22]. This implies that the ability of 
ejectors to reabsorb rejected heat from a thermal system 
back into the solution is enormous. The higher the mass 
flowrate, the larger the surface area for heat and mass 
transfer, and the greater the waste heat or refrigerant 
vapour entrained into the ejector mixing chamber. How-
ever, beyond the designed flowrate of the ejector, choking 
occurs at the throat or mixing chamber, thereby causing a 
decrease in rate of heat and mass transfer (Figs. 8 and 9).

The HTR and HTC of sample 3 having HTA are higher 
compared to those without HTA. However, in both cases, 
samples 2 and 3 containing ANPs show a significant 
increase when compared to sample 1 without ANPs. This 
shows the significant impact of nanoparticle dispersion to 

Fig. 5   Plots of total calculated 
uncertainty in each measure-
ment in the experiments, where 
SCB is the solution concen-
tration balance, MB is mass 
balance, HT is heat transfer, MT 
is mass transfer, and Abs. rate is 
absorption rate
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HTR and HTC of a base fluid. This phenomenon is dif-
ferent in the case of absorption rate and MTC where only 
the addition of HTA presented a large increase, which is 
earlier explained.

The nature of material mass balance results presented 
in Fig. 10 can be explained in accordance with Eq. 3. It 
implies that the refrigerant vapour from the evaporator 
and concentrated solution from the generator enter into the 
ejector where both streams mix and form a dilute solution 
at the discharge. The solution mass flow balance reveals 
that across all the operating flow rates, about 99.5% of 
the mass inflow of refrigerant vapour and concentrated 
solution is recovered as mass outflow at the discharge of 
the ejector, i.e. as dilute solution, which is expected. The 

degree of dilution of the solution tells us about the extent 
of the refrigerant vapour absorbed into the solution in the 
absorber.

The solution concentration decreases with increas-
ing absorption rate, which is a function of solution mass 
flow rate as shown in Fig. 11. The concentrated solution 
dilutes as soon as it exits the primary nozzle, and dilution 
becomes higher with more entrained vapour in the mixing 
chamber. Since the solution recirculates three times before 
leaving the absorber to the generator, the solution becomes 
more diluted and weaker in concentration as it finally gets 
into the generator. This dilution of the concentrated solu-
tion is what is always expected, indicating the amount of 
refrigerant vapour absorbed.

Fig. 7   Nanofluid testing: mass 
transfer coefficient against solu-
tion mass flowrate
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3.1 � Enhancement analysis

Enhancement analysis was conducted with results from the 
most stable operating flowrate within the results reported, 
which is 0.085 kg/s. The percentage enhancement in absorp-
tion rate, MTC, HTR, and HTC between the three samples 
was computed and presented in Fig. 12. Absorption rate 
recorded enhancements of 25%, 96%, and 57% with nano-
particles, nanoparticles + HTA, and HTA addition respec-
tively. MTC recorded enhancements of 20%, 82%, and 52% 
for the same samples. These enhancement values obtained 
by the addition of nanoparticles for both parameters were 
solely due to entrainment of refrigerant vapour as a result of 
increase in density of the fluid. It could be seen that enhance-
ments for both parameters tripled when nanoparticles and 

HTA were added compared to that when only nanoparticles 
were added. This is because as more refrigerant is entrained 
due to density difference, the sample (En – NPs + HTA) 
containing HTA also enhances absorption and mass transfer 
through Gibbs-Marangoni effect. Similarly, in the sample 
(En − HTA), enhancements were solely due to reduction in 
surface tension of the solution leading to Gibbs-Marangoni 
effect, since both samples contain ANPs. There is no density 
difference in this case. However, a slight viscosity increase 
may be present, which has no effect on absorption rate and 
mass transfer coefficient.

On the other, the ejector adiabatic absorber presents a 
remarkable percentage enhancement of HTR and HTC in 
all the three samples. The HTR recorded enhancements 
of 85%, 183%, and 53% for samples with nanoparticles, 

Fig. 9   Nanofluid testing: heat 
transfer coefficient against solu-
tion mass flowrate
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nanoparticles + HTA and HTA addition respectively. HTC 
recorded enhancements of 72%, 156%, and 48% for the 
same samples. The enhancement for both HTR and HTC 
when nanoparticles were added was due to a double effect. 
The density difference between the two samples as earlier 
explained and the Brownian motion of ANPs in suspen-
sion allow the transfer of significant amount of heat. The 
enhancement when both nanoparticles and HTA were 
added presents an excellent result as a result of a triple 
enhancement effect. The first being the density difference 
between the two samples then the Brownian motion of the 
nanoparticles and the presence of the HTA. Each of the 
three effects provides significant amount of heat transfer 
enhancement to the system. Lastly, enhancement obtained 

when HTA was added to LiBr-ANF was due to the addition 
of HTA alone.

Figure 13 presents results for relative absorption rate, 
MTC, HTR, and HTC for LiBr-ANF and LiBr-ANF + HTA 
samples relative to LiBr solution sample, and for LiBr-
ANF + HTA sample relative to LiBr-ANF sample. The rela-
tive parameters were computed using the following equation 
below.

The relative values obtained were all greater than 1, 
meaning that for each parameter computed, the sample has 

(22)
R(���������) =

(���������)������(���� − ���)∕(���� − ��� +���)

(���������)�������
�������(�������
����)

Fig. 11   Solution concentration 
(%) against absorption rate (g/s)
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higher value than the reference sample. Therefore, param-
eters with relative values of ≥ 2 mean that the sample is 
twice the value of the reference sample. In Fig. 13, it can 
be seen that the HTR has a relative value of 1.8 for LiBr-
ANF with reference to the LiBr solution, which means it 
has twice the HTR of LiBr solution sample. Similarly, the 
LiBr-ANF + HTA sample has twice the relative values of the 
reference sample for all the parameters analysed.

The addition of gum Arabic is highly significant as a sta-
bilising agent. Gum Arabic allows keeping the nanoparticles 
in a uniform suspension making fluid stable. It is possible 
that gum Arabic reduces the heat and mass transfer rates. 
This decrease is due to three factors, namely:

1)	 increase in viscosity of the fluid,
2)	 decrease in mobility or speed of nanoparticles, and
3)	 decrease in “effective collision” between nanoparticles.

Gum Arabic is a high molecular weight organic com-
pound containing mainly polysaccharides and some per-
centage of protein, which when dissolved in the solution 
increases the viscosity of the fluid. Since this fluid is pumped 
through the ejector adiabatic absorber, it passes through a 
constricted nozzle and throat (mixing tube), which are about 
three times smaller in diameter than the main pipe through 
which the fluid flows. Thus, increase in viscosity leads to 
increase inflow restriction, consequently decreasing entrain-
ment of the secondary fluid (refrigerant vapour), thereby 
decreasing absorption, heat and mass transfer rates. Sec-
ondly, when gum Arabic dissolves, the sugar polymer and 
protein molecules adsorb to the surface of the nanoparti-
cles thereby forming protein and sugar polymer layers. This 

allows the nanoparticles to be suspended at a relatively fixed 
position with limited movement. Thirdly, these protein and 
sugar polymer layers formed on the nanoparticles increases 
their size reduce their speed and direct contact. Because of 
the layer formed, there is no longer an effective and direct 
collision among particle surfaces. Gum Arabic has an 
adverse effect on nanofluid performance by hindering its 
thermal property, a limit on particle movement and entrain-
ment potential for the nanoparticle flowrate that should be 
taken into account for the selection of constituent materials 
of nanofluid. This has been the reason why the new synthe-
sis procedure presented in Fig. 1 was adopted. The method 
mitigates the aforementioned phenomenon of gum Arabic 
effects through surface functionalization of nanoparticles 
with surfactant and was developed by Muhammad et al. [41].

The enhancements obtained from ejector-boosted absorp-
tion system under the same operating conditions such as 
flowrate (0.054  kg/s) are significantly higher than the 
enhancement recorded from a falling film absorption system. 
The ejector high entrainment capability is responsible for the 
augment in percentage enhancements obtained.

4 � Conclusion

In an attempt to study the efficacy of an ejector adiabatic 
absorber for heat and mass transfer in an absorption system, 
a custom-made ejector with minimum pressure loss was 
used with a novel working fluid (LiBr-ANF + HTA) already 
experimented on a falling film absorber for the purpose of 
comparison. To conclude on the effects of ejector adiabatic 
absorber on the binary nanofluid based on the experimental 

Fig. 13   Relative values for the 
three samples for absorption 
rate (Abs Rate), mass transfer 
coefficient (MTC), heat transfer 
rate (HTR), and heat transfer 
coefficient (HTC), where En 
– NPs is the enhancement due 
to addition of nanoparticles to 
LiBr solution, En – NPs + HTA 
is the enhancement due to 
addition of nanoparticles and 
heat transfer additives to LiBr 
solution, and En – HTA is the 
enhancement due to addition 
heat transfer additives to LiBr-
ANF
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results obtained, analysed, and discussed, the following con-
clusions were drawn.

1.	 When alumina nanoparticles were added to pure LiBr 
solution, relative enhancements of 1.3, 1.2, 1.8 and 
1.7 were recorded for absorption rate, MTC, HTR and 
HTC respectively relative to the LiBr solution. These 
enhancements are a typical effect of the ejector absorber 
due to a slight increase in density with negligible 
increase in viscosity. As the density of the working fluid 
pumped into the ejector increases, the heat and refriger-
ant vapour entrainment also increases.

2.	 When HTA was added to LiBr-ANF, the relative 
enhancements were almost thrice for HTR (2.8) and 
HTC (2.6), while for the absorption rate and MTC 
recorded, 2 and 1.8 respectively are a huge enhance-
ment in heat and mass transfer using the ejector adi-
abatic absorber when compared to that of a falling film 
absorber as presented in Table 4.

3.	 The mass balance and solution concentration balance 
results presented in Figs. 10 and 11 respectively prove 
the ejector as an efficient adiabatic absorber. It means 
that the mass inflow is equal to the mass outflow of ejec-
tor at a different flowrate, which is also an indication that 
the absorption rate is not only due to the concentration 
of the solution, but also due to the effect of the ejector 
adiabatic absorber.

Finally, with the conclusions reached, the effects of ejec-
tor adiabatic absorber cannot be over emphasised in absorp-
tion heat transfer system. Its compact nature and the absence 
of movable parts can reduce both size and maintenance cost 
of an absorption machine. It high efficiency in heat and mass 
transfer and capability to utilise low heat can further provide 
high thermal efficiency (COPT).
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