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HIGHLIGHTS

e Rapid global population growth significantly increases the demand for clean water.

o This study introduces a method to repurpose waste heat from air conditioners for seawater desalination.
e Vortex generators improve evaporation rates by increasing airflow velocity and turbulence.

e CFD simulations confirm the effectiveness of this approach for household-scale desalination systems.

ARTICLE INFO ABSTRACT

Keywords:
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Water is essential for human survival, yet freshwater resources are scarce and limited. In Indonesia’s coastal
regions, only 66.54 % of the population has access to clean water, highlighting a significant challenge. This issue
is further intensified by global warming, which has increased dependence on air conditioners, resulting in
substantial waste heat emissions. While often overlooked, this waste heat contributes to local warming and
presents an untapped energy resource. Repurposing this energy for innovative applications, such as seawater
desalination, offers a promising solution to mitigate clean water shortages. This study proposes using waste heat
from household ACs for seawater desalination through evaporation, enhanced by vortex generators. The research
examines variations with and without vortex generators across different cross-sectional areas, affecting airflow
velocity. Results indicate that using vortex generators significantly increases evaporation rates at all wind speeds.
These devices enhance airflow velocity and turbulence, boosting heat transfer and accelerating evaporation.
Through Computational Fluid Dynamics (CFD) simulations, the research aims to demonstrate how vortex gen-
erators can improve evaporation, offering a practical solution for cooling and desalination at a household scale.
This novel approach could significantly benefit water-scarce regions, providing an efficient, cost-effective so-
lution utilising existing household technology.

1. Introduction Indonesia is home to many communities residing in coastal areas.

However, they face serious problems related to water scarcity. Only

Water is a vital substance needed by humans and other living or-
ganisms. With the growth of the global population, the water demand
has increased rapidly. Estimates show that a 15 % increase in the world
population will reduce the availability of clean water by 40 % [1], while
the amount of freshwater constitutes only 2.8 % [2] of the total water on
the Earth’s surface. Because water is so essential, water scarcity can
trigger humanitarian, political, and even racial issues [3]. Water scarcity
poses a significant global threat and increasingly impacts regions in
Indonesia.

As an archipelagic country with the longest coastline in the world,

* Corresponding author.
E-mail address: dan.mugisidi@uhamka.ac.id (D. Mugisidi).
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about 66.54 % of them have access to clean water, forcing the majority
of coastal residents to use murky and saline water for daily needs such as
washing and bathing, while for drinking water, they have to purchase it
[4]. Water scarcity is just one of the various problems faced by coastal
populations in Indonesia. Global warming is another current issue.
Global warming has transitioned from a potential threat to an urgent
global crisis. The Earth’s temperature has increased significantly in the
past three decades [5]. This temperature rise has caused climate change
and is linked to the increasing incidence of severe weather events [6]. In
addition, the higher temperatures increase the demand for air
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conditioning (AC), especially in tropical regions like Indonesia. How-
ever, it should be noted that the AC units currently used in households
and industries also emit hot air. This is due to the working principle of
AC or heat pumps that take hot air from inside the room and expel it
outside [7]. Therefore, this research will use heat pumps’ waste hot air
to evaporate seawater. The resulting vapour will then be condensed to
produce clean water. Previous studies have shown that airflow is very
adequate in the evaporation process [8]. The problem to be investigated
is how to use the waste hot air from ACS to produce clean water through
the desalination process, particularly for coastal communities in
Indonesia.

Several studies have been conducted using heat pumps for desali-
nation and cooling rooms. Heat pumps have been combined with multi-
stage flash (MSF) and membrane distillation (MD) [9] for cooling and
desalination processes. Srinivas used a staged system for desalination
and cooling [10]. Junling combined heat pumps with vacuum to process
wastewater [11], while several researchers only used heat pumps as
desalination units [12,13,14]. However, heat pumps are used only at a
large scale for air cooling and desalination. In contrast, Indonesia and
many other places use heat pumps or ACs more commonly used for
residential purposes.

Therefore, this research proposes a problem-solving approach to
using household-scale AC units as air conditioners and desalination units
by utilising the hot air released by the AC. The evaporation process will
be integrated with a vortex generator to accelerate it. Thus, the second
problem to be investigated in this research is integrating vortex gener-
ator technology to enhance the evaporation process in desalination units
so that clean water can be produced efficiently without compromising
AC performance.

The vortex generator is a component that disrupts the flow and in-
creases flow velocity [15], leading to vorticity [16] that reduces flow
pressure [17]. Vortex generators have been shown to enhance heat
transfer, such as in cooling tower ducts and air channels [18]. Further-
more, since the evaporation pressure at the water surface is greater than
the pressure in its surroundings [19] the reduction in flow pressure with
the presence of a vortex generator will accelerate the evaporation
process.

Based on the literature review, no household-scale desalination unit
has used evaporation solely through flow integrated with a vortex
generator, whether using a heat pump or not. This represents a novelty
in developing more efficient and affordable desalination technology in
this research. Additionally, computational fluid dynamics (CFD) simu-
lations will be employed to obtain research results, allowing for a
detailed analysis of the airflow dynamics and the impact of the vortex
generator on the evaporation rate.

2. Methodology

This study utilises Ansys CFD software to conduct simulations. The
basic governing equations of flow through the channel are summarised
in terms of continuity, momentum and energy balance equation as
follows:

The continuity equation,

;t//vpd\f—&-//ApV-dK:O @
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The momentum equation in the x-axis direction
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The simulation was conducted using Computational Fluid Dynamics
(CFD) software with the following configurations:

The turbulence model employed was the k-omega SST model. This
model was chosen because the SST formulation effectively captures
long, straight fluid flows, such as those found in flat regions, while the k-
omega formulation enhances accuracy in regions with detailed flow
structures and around suction areas. This selection ensures a balance
between computational efficiency and predictive accuracy, particularly
in capturing the complex interactions within the flow domain.

For the wall boundary condition, a no-slip condition was applied to
model the reduction in fluid velocity near solid surfaces, generating a
boundary layer effect. This condition was specifically assigned to the
wall glass within the geometry to accurately represent the interaction
between the fluid and solid surfaces.

At the inlet, a normal velocity condition was applied, where both
velocity magnitude and liquid volume fraction (gas phase) were defined.
To replicate realistic operating conditions, the inlet velocity was set to
1.8 m/s with an inlet temperature of 51°C.

For the outlet, a static pressure (outflow) condition was imposed at
the outlet region to simulate the expected flow behaviour, ensuring
numerical stability and consistency with experimental conditions.

Humidity modelling was activated to account for phase change ef-
fects, particularly the evaporation process, which is influenced by
thermal conditions. The ambient temperature was set to 33°C to simu-
late the heat-induced vapour generation and assess the impact of hu-
midity variations on evaporation rates.

Simulations focus on evaporation within a channel downstream of
the air conditioner (AC) condenser, where airflow reaches temperatures
up to 45°C. The airflow passes through the channel above the water
surface, with varying cross-sectional areas of the channel set at 0.03,
0.024, 0.018, 0.012, and 0.006 m?, as illustrated in Fig. 1.

Fig. 1 indicates the section to be simulated by red arrows, high-
lighting where water evaporates into vapour. Other areas are not
included in the simulation as they are not the primary focus of this
research. This study concentrates explicitly on water evaporation.

As mentioned earlier, simulation variations are achieved by altering
the cross-sectional area of the channel without a Vortex Generator

Fig. 1. Simulation model.

Submission ID trn:oid:::1:3241937419



G'-'I turnit’_n Page 8 of 14 - Integrity Submission

Heriyani et a

(NVG) and with a Vortex Generator (VG), as shown in Fig. 2.

The vortex generator used in this study is a V-shaped design, as it
effectively directs airflow and generates efficient vortices without
excessive flow resistance [20]. The choice of parameters is based on
prior experimental and numerical studies. A height-to-channel height
ratio of 0.47 was selected as it provides a balance between vortex
strength and flow obstruction, ensuring enhanced mixing without
inducing excessive drag [21], as pressure drop can be reduced by up to
43.9 % when the height ratio is less than 50 % [22]. The longitudinal
pitch ratio of 0.18 was chosen because it maximizes vortex interaction,
promoting turbulence intensity while preventing premature vortex
dissipation [23]. The 30° angle of attack was selected as it has been
shown to yield the best compromise between vortex strength, flow
attachment, and overall thermal-hydraulic performance [24]. These
design choices were validated through previous research and optimized
for effective heat transfer and flow control.

The simulation model in this research simplifies the interface be-
tween air and water without fully capturing complex interfacial phe-
nomena such as surface tension, evaporation-driven heat transfer at the
molecular scale, and air-water interaction dynamics. Surface tension is
excluded as its effect on large-scale evaporation is negligible, and grid
independence testing shows that increasing the mesh from 160,000 to
900,000 elements improves evaporation by only 6.25 %, making its
modelling inefficient. Similarly, evaporation-driven convective flows
are omitted since the system is dominated by forced convection from AC
condenser airflow, with a reduction in channel cross-sectional area
increasing evaporation rates due to turbulence rather than natural
convection. Humidity diffusion is also neglected as vapour transport is
primarily driven by advection, with experiments showing that vortex
generators enhance evaporation rates by 57 %, proving that turbulence
has a greater impact than molecular diffusion. Despite its limitations, the
model effectively demonstrates the impact of vortex generators on
evaporation rates, aligning well with experimental data. These simpli-
fications maintain computational efficiency, physical validity, and
experimental consistency while accurately capturing the dominant
evaporation mechanisms.

The modelling of the interaction between air and water during the
evaporation process utilises a fluid domain, where warm air from the
condenser flows over the water surface, influencing the evaporation
rate, as illustrated in Fig. 3.

Fig. 3 illustrates the fluid domain (flow area) simulated in the CFD
process. The analysed fluid domain is situated between the input (AC
condenser) and the output, featuring two types of fluids: the air domain
and the water domain. The initial water volume is 0.01 m®.

In solving the fluid flow equations using CFD simulations, the fluid
domain is divided into small elements (grid), referred to as mesh, as
shown in Fig. 4.

Fig. 4 above illustrates the mesh utilised in the CFD simulation. The
chosen element type is hexahedral, known for its structured grid that

Submission ID trn:oid:::1:3241937419
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Fig. 3. Simulation domain.

enhances numerical stability and accuracy. This study considers the
skewness and orthogonal quality values sufficient because they meet
and exceed the standard thresholds used in CFD simulations. A skewness
value below 0.25 is typically deemed acceptable, and an orthogonal
quality value above 0.7 is considered good. The values of 0.08 and 0.98
ensure minimal numerical errors and optimal flow simulation, aligning
with best practices in CFD modelling. A grid independence test was
performed to ensure the reliability of the simulation results. This test
determines whether the results are consistent across different mesh
densities, confirming that the chosen mesh configuration does not
significantly influence the findings.

Table 1 presents the outcomes of this grid independence test. A
relative difference in results below 10 % establishes the validity of the
simulation model used in this study. The 10 % threshold is commonly
adopted in CFD studies as it represents a balance between computational
cost and result accuracy, ensuring convergence of the numerical solution
while maintaining efficiency [25]. This suggests that the numerical so-
lution has achieved convergence. According to commonly applied CFD
methodologies, a relative difference of less than 10 % is an acceptable
criterion for grid independence [26]. Additionally, the residual analysis
shows that the residual values consistently decrease and remain within
an acceptable convergence threshold of 10 [27]. This ensures that the
solution remains stable and is not significantly affected by further mesh
refinement.

The selection of 600k mesh elements was based on the percentage
difference analysis, which remained below 10 %, as well as the
Richardson extrapolation method [28]. This technique is used to esti-
mate numerical errors and ensure that further mesh refinement provides
only marginal accuracy improvements compared to the significantly
increased computational cost [29]. This methodology aligns with best
practices in CFD grid validation, where excessive mesh refinement does

Fig. 2. Simulation variable.
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Fig. 4. Simulation mesh.

Check Mesh Quality Yes, Errors
Target Skewness Default 0.9)
Smoothing Medium
Skewness
Min 2.0559¢-007
Max 022148
Average 790556000 ue—
Standard Deviation 8.5112¢-002
Check Mesh Quality Yes, Errors
Target Skewness Default (0.9)
Smoothing Medum
[cin e T NEN -l
Min 0.89333
Max 1.
Average 097897 ——
Standard Deviation 2.6431e-002
Table 1
Grid independency test.
No Mesh Evaporation rate %Difference
(kg/s.m®)
1 160k 1.12 -
2 250k 1.73 54.46
3 400k 2.27 31.21
4 600k 2.56 12.78
5 900k 2.72 6.25

not substantially improve results but significantly increases computa-
tional load [30]. Therefore, the selection of 600k mesh elements is
considered optimal, achieving a balance between computational effi-
ciency and simulation accuracy. The generated mesh primarily consists
of hexahedrons, offering high resolution and computational efficiency,
as shown in Fig. 5. For detailed regions, polyhedral meshes are utilized
due to their superior capability to conform to objects with high
curvature.

The verification of CFD results can be conducted using data from
experimental research or previous studies [31] to ensure that the CFD
model accurately represents physical phenomena. In this study, the
simulation results were verified using evaporation data obtained from
experiments without a vortex generator, using an experimental rig
shown in Fig. 6 and an experimental scheme in Fig. 7.

As shown in Fig. 7, feed water is pumped into the processed water
tank using Pump 1 until it reaches capacity. If the tank reaches full ca-
pacity, excess water flows back to the feed tank through the return line.

(A)

Fig. 6. Experimental rig.

When the water level decreases, the pump automatically refills the tank.
Water from the processed water tank is then circulated using Pump 2 to
the heat exchanger, where it is heated by the waste heat from the out-
door air conditioner (AC). The heated water returns to the processed

Fig. 5. Simulation mesh without VG (A) and using VG (B).
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Fig. 7. Experimental scheme.

tank, ensuring continuous thermal energy transfer. In addition to heat-
ing the water, the airflow from the outdoor AC is directed through the
evaporation area to accelerate the evaporation process. The processed
water undergoes phase change into vapour and moves along the airflow
direction. The air, now carrying water vapour, is directed into the
condenser, where the temperature is maintained at approximately 20°C.
The condensed water is subsequently collected in a storage tank. The
cover in the evaporation area is adjustable, allowing its height to be set
between 2 cm and 14 cm above the water surface, which provides
flexibility in optimizing the evaporation process. Multiple sensors are
deployed to monitor system performance. Temperature is measured at
various points, including the outlet of the outdoor AC, the inlet and
outlet of the evaporation area, the inlet and outlet of the condenser, and
the ambient environment, using PT100 sensors (-50°C to 110°C, + 0.1°C
accuracy). Humidity levels are recorded at corresponding points using a
digital hygrometer (10 %-99 % range, 1 % resolution, & 1 % accuracy).
A weighing scale with a capacity of 20 kg (0-20 kg range, 0.5 g reso-
lution) is used to measure the weight of water in the feed tank. The
measurement begins once the processed water tank is fully filled. The
reduction in water weight is used to quantify the evaporation occurring
in the evaporation area. Air velocity is monitored using an anemometer
GM-816 (0-30 m/s range, 0.1 m/s resolution). Additionally, the pres-
sure in the evaporation area is measured using a Pressure Meter PCE-
PDA 1 L to ensure optimal operating conditions.

3. Results

The simulation results presented in this article focus on the airflow
velocity as influenced by the reduction in cross-sectional area and the
corresponding evaporation rates. This analysis encompasses scenarios
both without vortex generators (NVG) and with vortex generators (VG).

The investigation highlights how variations in the channel’s cross-
sectional area impact the airflow’s velocity. As the area decreases, the
airflow velocity tends to increase due to fluid dynamics principles,
particularly the continuity equation, which states that the mass flow rate
must remain constant from one flow cross-section to another.

The comparative results between the two configurations—one using
vortex generators and the other without—will provide insights into the
effectiveness of vortex generators in enhancing the evaporation process.
This study aims to contribute to the understanding of optimising desa-
lination techniques, particularly for applications in coastal areas where
water scarcity is a critical issue. By demonstrating the impact of airflow
velocity on evaporation rates, the findings will highlight the importance
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of flow dynamics in improving desalination efficiency.

The increase in airflow velocity caused by the vortex generator, as
shown in Table 2, is closely related to the evaporation process. Table 2
illustrates that airflow velocity increases as the cross-sectional area of
the channel decreases. When vortex generators are applied to the
channel, the airflow velocity increases significantly compared to the
channel without vortex generators (NVG). This occurs because vortex
generators create longitudinal vortices that disturb the boundary layer,
reduce thickness, and enhance fluid mixing. As a result, higher airflow
velocity leads to more efficient removal of water vapour from the sur-
face, accelerating the evaporation process. Additionally, the increased
airflow velocity, as reflected in the data from Table 2, also accelerates
the transfer of thermal energy from the water surface to the surrounding
air.

With better flow distribution and higher turbulence, the heat
absorbed from the water surface can be transferred more efficiently to
the air, ultimately speeding up evaporation. Longitudinal vortices can
significantly improve flow distribution and momentum transfer in small
channels, enhancing evaporation efficiency by optimising pressure dis-
tribution within the microchannel [32]. Moreover, these findings align
with other research, showing that decreasing the cross-sectional area of
the channel improves flow distribution and momentum transfer in
microchannel systems, further enhancing evaporation efficiency [33].
Thus, the implementation of vortex generators not only optimises
thermal and fluid performance in systems such as heat exchangers and
cooling mechanisms and enhances evaporation rates, as demonstrated in
Table 3.

Table 3 compares the evaporation rates for the NVG and VG con-
figurations. Channels equipped with vortex generators show signifi-
cantly higher evaporation rates. The average increase in the evaporation
rate, approximately 57 %, is due to enhanced fluid mixing and contin-
uous disruption of the thermal boundary layer, which improves heat
transfer efficiency.

There are two key implications of this increase in evaporation rate.
First, improved mass transfer facilitates the removal of saturated air near
the water surface, allowing for higher evaporation efficiency. Second,
disrupting the stagnant air layer near the liquid surface ensures a
continuous supply of dry air, creating a higher concentration gradient
for evaporation. These findings emphasise the importance of vortex
generators in applications such as desalination, where optimising
evaporation efficiency is crucial. Micro-vortices can accelerate evapo-
ration by increasing turbulence and reducing boundary layer thickness
[34]. The higher evaporation rates observed in vortex-induced systems
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Velocity contour.
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cross-sectional
area

NVG

VG

0.03 m?

0.024 m?

0.018 m?

0.012 m?

0.006 m?

are closely related to the reduction of the thermal boundary layer
thickness, which speeds up the transport of water molecules from the
liquid surface to the airflow [35].

This enhanced airflow leads to a more efficient evaporation process,
as the constant replacement of saturated air with drier air increases the
evaporation rate. The findings presented in Table 3 highlight the posi-
tive impact of vortex generators on evaporation efficiency, making them
a valuable component in systems designed for desalination or other
thermal applications. Additionally, the increased evaporation rates
observed in the presence of vortex generators contribute to the effec-
tiveness of water desalination techniques and offer potential improve-
ments in various industrial processes where evaporation is a key
mechanism.

To validate the CFD results, the evaporation rate obtained from the
simulation was compared with experimental data. This comparison is

Zl'j ‘turnitin Page 11 of 14 - Integrity Submission

presented in Table 4, which displays the deviation between CFD results
and experimental data.

This comparison shows that the maximum deviation between the
CFD results and the experiment is 6.99 %, which is still within the
acceptable error range for CFD studies, typically 5-10 % [35]. These
findings confirm that the numerical model used is capable of reliably
representing the physical phenomena, thereby increasing confidence in
the simulation results [36],[37].

Furthermore, the evaporation results from the simulation were
verified against the experimental evaporation data, as presented in
Fig. 8.

Fig. 8 shows that the evaporation rates from the simulation closely
match the experimental results, forming an almost linear relationship
with a coefficient of determination (R?) of 0.9804. This indicates that the
simulation results align well with the experimental data [38], with a
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Table 3
Evaporation rate.
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cross-sectional

NVG VG
area
0.03 m?
0.024 m?
0.018 m?
0.012 m?
0.006 m?
Table 4 5.00
Result deviation. S R?=0.9804.-*
Configuration Evaporation Rate Evaporation Rate Deviation (%) E 4.00 oo
(CFD) (kg/s'm®) (Experiment) (kg/s-m?) =
o 3.00 TN
NVG 2.56 2.42 5.79 e
VG 3.98 3.72 6.99 E 2.00 . ‘
o e
£ e
deviation of only 7.1 %. The high agreement between the simulation E’_ 1.00
and experimental data demonstrates that the CFD simulation approach X
. . o s 0.00
is reliable for predicting VG’s mass transfer enhancement effects. Low 0.00 100 500 300 .00 500
deviation in CFD simulations when modelling the effects of vortices on ' ’ o T ’ '
mass and heat transfer [39]. Subsequently, the simulation results for Simulation Evaporation
evaporation without a Vortex Generator (NVG) are compared to those Fig. 8. Simulation-based model verification against experimental data.

with a Vortex Generator (VG), as shown in Fig. 9.
The findings presented in Fig. 9 further validate the analysis,
demonstrating the impact of vortex generators on evaporation rates. The
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Fig. 9. Evaporation rate NVG and VG.

simulation results depicted in Fig. 9 reveal that using vortex generators
increases the evaporation rate by an average of 57 % compared to sys-
tems without vortex generators. This enhancement is primarily due to
the effect of vortex generators in increasing the flow velocity along the
surface, which causes flow instability (turbulence) and the development
of boundary layers and vortices [40]. These effects, in turn, amplify the
temperature gradient between the surface and the surrounding air [41].

The research findings indicate that applying vortex generators (VG)
in evaporation systems, such as those used in desalination or industrial
drying processes, provides significant advantages in terms of thermal
efficiency. VG increases the evaporation rate, reducing operational time
and energy consumption. The optimisation of VG design holds great
potential for further improving thermal efficiency. The optimal VG ge-
ometry can maximise evaporation rates and heat transfer under various
environmental conditions [42]. VG significantly enhances evaporation
efficiency in desalination processes [43], thereby lowering operational
costs.

Evaporation occurring within the channel can be described by the
equation J=Kp, (Ps—Pa), where J represents the mass transfer rate due to
evaporation and kp, is the mass transfer coefficient. Ps and Pa are satu-
ration vapour pressure at the surface and partial vapour pressure of the
surrounding air, respectively. The vortex generators enhance the mass
transfer rate by promoting turbulence and improving the mixing of the
fluid, which in turn increases the effective mass transfer coefficient ky,.
This leads to a more efficient transfer of vapour from the surface to the
surrounding air, driven by the vapour pressure difference. The influence
of the vortex generators results in higher evaporation rates compared to
a system without such enhancements.

Implementing VG in evaporation-dependent systems, such as evap-
orative cooling or industrial drying, provides substantial benefits. VG
accelerates the evaporation process and reduces the additional energy
required to maintain the temperature gradient, thus improving opera-
tional efficiency. This increase in evaporation rates also enables the
design of surfaces involved in heat and mass transfer to become more
compact without compromising performance. As a result, material costs
can be reduced, and overall system performance can be enhanced.
Therefore, the impact of vortex generators on flow and evaporation
offers an efficient and innovative approach to improving the perfor-
mance of thermal and fluid systems.

4. Conclusions

This study confirms that vortex generators significantly improve
evaporation rates in desalination systems by harnessing waste heat from
air conditioners. The results indicate an average increase of 57 % in
evaporation rates when vortex generators are employed, attributed to
the induced turbulence that improves fluid mixing and thermal energy
transfer. This research highlights the effectiveness of vortex generators
in optimising airflow dynamics, leading to more efficient heat transfer
and evaporation processes.
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From a scientific perspective, this work contributes to understanding
fluid dynamics and heat transfer mechanisms in evaporative systems. It
provides a novel approach for utilising existing household technologies,
such as air conditioning units, to address pressing issues related to
freshwater scarcity, particularly in coastal regions. Additionally, the
findings pave the way for further exploration of innovative solutions in
thermal management, potentially influencing the design and efficiency
of future systems in domestic and industrial applications. The study
encourages the adoption of vortex generators as a feasible method for
improving thermal efficiency, thereby promoting sustainable practices
in water desalination and environmental management.
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