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flow dynamics present significant obstacles. Feed channel spacers constitute a proven strategy for
mitigating polarization and fouling through enhanced fluid mixing and turbulence generation,
Hypersaline water thereby improving transport phenomena and permeate productivity. This work presents three
Energy consumption novel spacer designs (Mix-1, Mix-2, and Spiral), developed based on industrial mixing principles
Permeate flux to promote enhanced flow mixing and consequently improve mass and heat transfer mechanisms
within the feed channel. Comprehensive experimental evaluation was conducted using a

* Corresponding author.
E-mail address: alaa.ibrahim@uni.lu (A.A. Ibrahim).

https://doi.org/10.1016/j.csite.2026.107774

Received 26 September 2025; Received in revised form 26 December 2025; Accepted 29 January 2026

Available online 30 January 2026

2214-157X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


https://orcid.org/0000-0002-8987-514X
https://orcid.org/0000-0002-8987-514X
https://orcid.org/0009-0000-2149-1214
https://orcid.org/0009-0000-2149-1214
mailto:alaa.ibrahim@uni.lu
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2026.107774
https://doi.org/10.1016/j.csite.2026.107774
http://creativecommons.org/licenses/by-nc/4.0/

A.A. Ibrahim et al Case Studies in Thermal Engineering 79 (2026) 107774

laboratory-scale module across a broad range of operating conditions, including feed tempera-
tures of 45-75 °C, flow rates of 11-33 kg/h, and salinity concentrations reaching 70 ppt. Results
demonstrate that the Spiral spacer configuration achieved the greatest improvements, delivering
up to 95 % higher permeate flux, more than 35 % lower in specific energy consumption, and up to
85 % higher in thermal efficiency relative to baseline spacer-free operation.

1. Introduction

Water and energy supply are inseparably linked, and both are under increasing pressure due to growing demand and climate
change [1]. Freshwater scarcity and energy shortages have emerged as two of the greatest obstacles to sustainable development in
many countries. Today, nearly half of global freshwater withdrawals are consumed in power generation, while seawater desalination is
still heavily dependent on electricity [2].

Desalination of seawater and brackish water has therefore become a vital strategy to address freshwater scarcity. Over the past
decades, a range of technologies has been developed, with some reaching commercial maturity and others remaining under investi-
gation. These technologies can be broadly classified into membrane-based and thermal-based processes. Reverse osmosis (RO), a
pressure-driven process, dominates the membrane category, while multi-stage flash (MSF) and multi-effect distillation (MED) remain
the most widely applied thermal processes [3]. At present, RO accounts for approximately 84 % of the total desalination plants and
contributes nearly 69 % of the global desalinated water supply. MSF and MED together account for about 25 %, while emerging
techniques such as nanofiltration, electrodialysis, and others represent the remaining fraction [4]. Despite their success, these
technolo-gies are constrained by key drawbacks.

RO requires transmembrane pressures exceeding 60 bar to treat seawater with ~3.5 % salinity, demanding significant pumping
power. MSF and MED, on the other hand, require high-temperature operation, substantial thermal and electrical energy inputs, and
encounter scaling and fouling challenges [5,6].

Although conventional large-scale desalination techniques like RO and thermal distillation processes (MSF and MED) are exten-
sively utilized globally, their high energy demands and significant costs present challenges for smaller-scale and remote installations.
This has driven growing attention toward low-temperature and renewable-energy-driven desalination technologies. These include
humidification-dehumidification (HDH) systems and solar stills [7,8], which operate based on phase-change mechanisms and are
particularly suited for distributed or standalone water generation systems. While such technologies offer simplicity and compatibility
with solar energy, they generally suffer from low water productivity, large footprint, and limited scalability. Nevertheless, their
development underscores the expanding research focus on thermal desalination methods that can process high-salinity brines while
minimizing reliance on high-pressure systems and maximizing utilization of waste heat or sustainable thermal energy sources. Among
these emerging thermal desalination technologies, Membrane Distillation (MD) has gained prominence as a promising next-generation
solution.

MD technology thermally-driven separation through hydrophobic membrane technology to produce high-quality potable water
while meeting stringent environmental regulations [6]. Unlike RO, where separation is governed by high hydraulic pressure, MD is
driven by the difference in water vapor partial pressure across the membrane, which causes evaporation at the feed side of the
membrane and condensation at the distillate side. Since its introduction more than four decades ago, MD has been recognized as a
promising desalination technology due to its ability to operate at moderate temperatures (<80 °C), tolerate highly saline feeds, and
utilize low-grade or renewable heat sources while maintaining a 100 % theoretical rejection of non-volatile solutes, and high recovery
rate [9]. Based on condensation methods, MD can be implemented in four main configurations: direct contact (DCMD), vacuum
(VMD), sweeping gas (SGMD), and air gap membrane distillation (AGMD) [10]. Compared with conventional desalination technol-
ogies such as multi-stage flash (MSF), multi-effect distillation (MED), and RO, MD offers several advantages, including high separation
efficiency of non-volatile solutes (up to 30 times higher purity than RO); operation at much lower pressures (around atmospheric
pressure or below) than RO (operating up to 80 bar [11]), reduced sensitivity to salinity, no extensive pretreatment, compact design,
and the potential for direct integration with renewable energy sources, particularly solar heat [10-13]. These characteristics make MD
an attractive and competitive alternative for sustainable desalination. Moreover, recent studies have demonstrated that MD permeate
can achieve the high purity levels required for water electrolysis, making it suitable for direct green hydrogen production, particularly
when combined with waste-heat recovery or other renewable heat sources [14-19]. Ultrapure water (UPW) with conductivities below
0.8 pS/cm has been successfully produced from drinking water using MD test setups [15]. Additionally, investigations have indicated
that MD systems can generate distillate using the excess heat from electrolyzers at lower costs than conventional RO [16], demon-
strating the potential of MD water as a reliable feed for hydrogen production while reducing pretreatment requirements [14].
Nevertheless, conventional MD modules are limited by significant heat losses associated with external feed heating, as well as tem-
perature polarization (TP) the difference between bulk feed temperature and the membrane interface caused by latent heat of
evaporation and conduction through the membrane. TP reduces the vapor pressure gradient across the membrane, thereby lowering
permeate flux and increasing specific energy consumption [20].

Feed channel spacers have been introduced as an effective strategy for mitigating fundamental challenges in MD, including con-
centration and temperature polarization, limited flux, and membrane fouling. In addition to providing mechanical support to the
membrane surface, spacers enhance hydrodynamic conditions within the flow channel by inducing turbulence, thereby improving
mass transfer and mitigating polarization phenomena [21]. Since 2010, research on spacer design has expanded significantly, with
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novel geometries and materials increasingly explored to optimize performance and reduce energy consumption in membrane pro-
cesses [22-27]. The present study experimentally investigates two innovative spacer designs (mixer and spiral) across three distinct
geometric arrangements, with each design drawing inspiration from established mixing industry principles. These novel spacer ge-
ometries were initially introduced for membrane distillation applications through our previous numerical investigations [27], in which
their performance was compared with a commercial spacer (denoted as Cy45°) and a another cylindrical filament-based spacer
(denoted as Cy90°). The results demonstrated substantial performance enhancements, including an average improvement of
approximately 88 % in mixing behavior and nearly doubling the Nusselt number for heat transfer, while maintaining minimal pressure
drop penalties compared to empty channel configurations [27]. Building upon these promising numerical findings, this experimental
investigation seeks to translate the computational performance gains into tangible operational benefits, specifically evaluating
permeate flux production, specific energy consumption (kWh/m?), and thermal efficiency performance within an air gap membrane
distillation (AGMD) system. This work aims to demonstrate the practical viability of these innovative spacer designs for enhancing
AGMD system performance and advancing sustainable desalination technology.

2. Materials and methods
2.1. AGMD system setup

The experimental setup comprised a laboratory-scale flat-sheet Air Gap Membrane Distillation (AGMD) module featuring two
countercurrent fluid loops: a hot loop, through which the heated working fluid circulates, and a cold loop, through which the cooling
water circulates. Within the hot loop, a heating circulator equipped with an external coiled bath tank was employed to heat the
working fluids, which were controlled by different flow rates before entering the feed channel (entrance diameter of 6 mm). In the cold
loop, a cooling circulator was used to maintain the temperature of the water in the cold channel. Both the feed and cold channels were
identical in length, width, and height, measuring 254 mm x 10 mm x 4 mm, respectively, while the air gap had a height of 5 mm and
shared the same length and width. Thermocouples were utilized to measure the inlet and outlet temperatures in both loops, while a
pressure sensor monitored the inlet pressure to the feed channel. Fresh permeate was collected and weighed using a sensitive precision
balance, and an electrical conductivity meter was employed to assess the electrical conductivity of the four different feedwater and
permeate. Details of the devices used in this setup are listed in Table 1. The AGMD module was equipped with a hydrophobic
membrane crafted from microporous polyethylene, utilizing ultra high molecular weight polyethylene (UHMW-PE). The specifications
for this membrane are detailed in Table 2.

2.2. Experimental procedure and operating conditions

Prior to each experimental procedure, the AGMD laboratory module underwent a thorough inspection for leaks and was cleaned to
ensure consistent performance. Since the module is made of stainless steel, special attention was given to sealing. To prevent any vapor
escape through gaps, the module was carefully sealed using customized silicone flat gaskets, ensuring reliable tightness throughout the
experiments. The feed water was prepared to simulate three distinct types of saline water: brackish water, ocean/sea water, and
hypersaline water. These solutions were formulated by dissolving 100 % natural, additive-free salt sourced from the Guérande Sea
(France) into tap water characterized by very low baseline salinity. The salinity levels for each simulated water type are detailed in
Table 3. The prepared feed solution was introduced into the hot loop reservoir, and the system was subsequently assembled and
primed. The heating and cooling circulators were activated to achieve the desired inlet temperatures, and the system was allowed to
reach steady-state conditions.

To assess the performance of the AGMD system using four types of feedwater (tap water plus the three saline water types), two sets
of experiments were conducted: one set under a constant feed temperature of 65 °C with varying flow rates, and another set under a
constant flow rate of 27 kg/h with varying feed temperatures. The complete set of operating conditions for all experiments is sum-
marized in Table 4.

The flow regime within the feed channel was characterized by calculating the Reynolds number for all flow rates investigated.
Based on the channel geometry and operating conditions, the Reynolds numbers corresponding to feed flow rates of 15, 21, 27, and 33
kg/h were approximately 1270, 1780, 2280, and 2790, respectively. These values indicate that the flow remained laminar at the lower
flow rates and approached the laminar-transitional boundary at the highest flow rate. When the spacer was inserted, localized

Table 1

Devices used for system operation and data collection.
Device name Model Key specification
Heating Circulator SL-6, JULABO USA, Inc. Temperature stability +£0.01 °C
Refrigerated Circulator F32-ME, JULABO USA, Inc. Temperature stability +£0.01 °C
Thermocouples (TC) Type T Class 1, OMEGA.CO.UK. Accuracy: £0.5 °C
Pressure Sensor PXM309-002G10V, OMEGA.CO.UK. Accuracy: £0.25 % FS*
Conductivity portable meter HQ430D, HACH, USA. Resolution: 0.01 pS/cm - 0.1 mS/cm
Precision Balance JET4002G, METTLER TOLEDO, USA. Resolution: 1d” = 0.01 g

& FS represents the full-scale range and includes linearity, hysteresis, and repeatability, calculated using the Best Straight Line (BSL) method.
b Refers to a one-scale division, which is the smallest increment the balance can display.
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Table 2
Membrane specifications.
Properties Value
Material Polyethylene (PE)
Membrane thickness 110 pm
Membrane Porosity 0.85
Membrane pore size 0.20 pm
Air permeability, Gurley number 12.5 5/50 mL
Tensile strength (machine direction) 25 Mpa
Tensile strength (transverse direction) 21 Mpa
Membrane total area 2.54 x 1073 m?
Table 3
Feedwater properties.
Name Simulated Water type Salinity (S) [ppt]© Electrical Conductivity? () [uS/cm]
S1 Tap water 0.23 383
S2 Brackish water 15 25300
S3 Ocean/Sea water 36 60200
S4 Hypersaline 70 118000

Parts per thousand (ppt).
9The electrical conductivity values were measured at an ambient temperature of 19 °C.

Table 4

Operating conditions.
Parameter Value
Inlet feed temperature (Ty) [°C] 45, 55, 65, and 75
Feed flow rate (Q) [kg/hr] 15, 21, 27, and 33
Inlet cold temperature (T.) [°C] 14.5

turbulent flow patterns developed around the spacer filaments, generating additional mixing and disrupting the boundary layer.
Therefore, any improvement in heat and mass transfer is primarily attributed to these spacer-induced local hydrodynamic effects
rather than to fully developed turbulent flow.

Re=—— (€D)

where p [kg/m®] and x [Pa-s] are the fluid density and dynamic viscosity, v is the bulk velocity, and Dy, is the hydraulic diameter of the
channel. The fluid properties were evaluated at a representative bulk operating temperature of 60 °C, corresponding to the midpoint of
the experimental temperature range.

2.3. Spacer-filled AGMD

Three spacers’ configurations (Fig. 2) were implemented in the feed channel to investigate their impact on AGMD performance: a
single-filament mixer spacer (Mix-1), a three-filament mixer spacer (Mix-2), and a single-filament spiral spacer (Spiral), each
compared against a baseline empty channel (No-spacer) configuration. Previously we reported three-filament mixer and spiral spacer
designs, which demonstrated enhanced mixing and heat transfer characteristics in our prior numerical analysis [27] A newly devel-
oped single-filament mixer spacer was incorporated to investigate the influence of active membrane surface area, void fraction, and
overall system performance. The characteristics of all studied configurations are summarized in Table 5.

The mixer spacer, which replicates a twisted tape/Kenics-type structure, were designed with intersecting filaments to promote
turbulence and enhance both heat and mass transfer within the feed channel. The spiral spacer, resembling the low-pressure drop
(LPD) type, featured a helical geometry aimed at inducing swirling flow, thereby reducing temperature polarization along the

Table 5
Geometrical characteristics of feed channel Configurations.
Spacer name Void fraction (&) Contact area [m?] Membrane active area (Ay%)
No-spacer 1 0 100 %
Mix-1 0.9568 121.019 95.4 %
Mix-2 0.8704 363.057 85.71 %
Spiral 0.9194 241.205 90.50 %
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membrane surface. Both spacers were fabricated using a SLA printer, brand Prusa, Model SL1S and manufactured using Prusament
Model Resin (Prusa Research, Prague, Czech Republic). Each spacer was designed to match the feed channel's height (4 mm) and length
(254 mm), ensuring a proper fit and maintaining consistent flow geometry. Following the experiments, the spacers were examined, and
no deformation, swelling, cracking, or surface softening was observed. A post-use photograph (Fig. 1S) of the spacer is provided in the
supplementary data file. All spacers were placed in direct contact with the membrane surface within the feed channel. The no-spacer
configuration served as a control to establish baseline AGMD performance in the absence of any flow-altering structures.

2.4. Performance parameters

2.4.1. Permeate flux (J)

During the experiments, a temperature gradient was maintained between the hot and cold channels to establish a vapor pressure
difference, which acts as the primary driving force for water vapor generation in the feed channel. The hydrophobic nature of the
membrane prevents liquid water from passing through, permitting only vapor to cross the membrane. Upon reaching the air gap and
encountering the cooled condensing surface on the opposite side, the vapor undergoes condensation, resulting in the formation of the
permeate flux which represents the freshwater output from the device.

The permeate flux, denoted as J [kg/m2 h], was determined using the gravimetric method (Eqn. (2)) [28]. In this context, m
represents the accumulated mass of permeate [kg] that traversed the total effective membrane area A [mz] over the entire distillation
period t [h].

J= 2)

m
At
2.4.2. Specific energy consumption (SEC)
The specific energy consumption (SEC) is defined as the total energy input required to produce one cubic meter of distillate,
expressed in (kWh/m?®). It comprises two primary components: the specific thermal energy consumption (STEC), which is highly
dependent on the feedwater temperatures and reflects the thermal energy demand per unit volume of freshwater produced; and the
specific electrical energy consumption (SEEC), which, in the context of this study, corresponds to the electrical energy consumed by the
circulation pump during the distillation process [29]. The total SEC is given by:

SEC = STEC + SEEC 3)
The STEC is calculated as:

_Q.p
STEC = A 4)

Where p is the density [kg/m>], and Q; is the total heat energy in [kW] and can be calculated using this equation:
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Fig. 1. Schematic diagram for the test facility.
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Zoom in the feed channel

Mix-1-spacer Membrane

a) AGMD module with Mix-1 spacer

Zoom in the feed channel

Mix-2-spacer Membrane

b) AGMD module with Mix-2 spacer ¢) One filament of the mixer spacer design

Spiral-spacer Membrane

d) AGMD module with Spiral spacer e) One filament of the spiral spacer design

Fig. 2. AGMD module with two spacers' configurations: a) with Mix-1 spacer, b) with Mix-2 spacer, ¢) mixer spacer design, d) with spiral spacer,
and e) spiral spacer design (Additional close-up images are provided in Figs. 2S and 3S).

Q; :rf‘lf . CP (Th.in - Th.out) ®

Where my; is the mass flow rate of the feedwater [kg/s], C,, is the feed specific heat capacity (kJ/kg.°C), and T, and Tp.qy are the inlet
and outlet temperatures of the feedwater, respectively.
While the STEC is calculated as:

W, .p
EEC=—<r =
SEEC 2 (6)
Where W, is the electrical energy consumption of the feed flow pump in [KW] and can be calculated using this equation:
. mp.AP
Wer =7000 . 5. Npump @

Where AP [Pa] denotes the pressure difference across the feed stream, measured between the inlet and outlet, and Npump is the me-
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chanical efficiency of the feed pump, assumed to be 0.8.

2.4.3. Thermal efficiency (TE)

The thermal efficiency (TE) in MD quantifies the fraction of supplied thermal energy that is effectively utilized for water phase
change. This parameter represents the ratio between the latent heat consumed during vapor generation and the total heat input
delivered to the feed solution throughout the distillation operation. It can be expressed as [30]:

J.A. AH,

TE% =——F——7——— % 100 ®
mf-Cp-(Th.m - Th.out)

Where AH, is the latent heat of vaporization (KJ/kg).

2.4.4. Salt rejection (SR)

Salt rejection (SR) quantifies the MD system's capacity to retain non-volatile solutes, predominantly salts, thereby preventing their
transport to the permeate stream. In the present study, electrical conductivity (¢) served as a proxy measurement for total dissolved
solids (TDS) concentrations in both feed and permeate solutions. AGMD provides a significant advantage through its ability to
maintain consistently high salt rejection rates [31]. Accordingly, SR was calculated as:

SR% — <1 Ji") x 100 ©)
of

Where 0, and oy are the feed and permeate electrical conductivity in [pS/cm], respectively.
3. Results and discussion

Four AGMD configurations were subjected to systematic performance evaluation under varied operational conditions. The
experimental program encompassed four salinity concentrations (0.2-70 ppt), four feed temperatures (45-75 °C), and four flowrate
conditions (15-33 kg/h), generating a dataset of 128 experiments. This extensive experimental framework facilitated detailed char-
acterization of AGMD performance across a wide range of operational parameters. The spacer configurations examined in this study
were specifically designed to enhance internal flow dynamics, promote mixing characteristics, and minimize temperature polarization
phenomena. This section presents an analysis of how spacer architecture and feed solution salinity collectively influence critical
performance metrics, including permeate flux, thermal efficiency, and specific energy consumption.

Each experiment was performed for approximately 120 min. The system was allowed to thermally stabilize for 50-60 min prior to
data collection. Steady state was defined as a temperature fluctuation < £+0.5 °C at all temperature measurement points. Data for flux
and conductivity were recorded after stabilization for the remainder of the experiment. Under these conditions, no significant flux drift
was observed once steady state had been achieved, and no membrane wetting was detected. Fouling was, however, observed for the
hypersaline feed (70 ppt).

3.1. Effect of salinity on permeate flux across AGMD configurations

Fig. 3 illustrates the effect of salinity on permeate flux in the no-spacer AGMD configuration, which serves as the baseline
configuration in this study, under two operating conditions. At a constant inlet temperature of 65 °C (Fig. 3a), the permeate flux
increased with increasing feed flow rate due to enhanced turbulence and the corresponding reduction in temperature polarization at
the membrane surface. For the lowest salinity (0.2 ppt, representing tap water), flux increased by 40 % as the flow rate increased from
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a) b)

Fig. 3. Effect of salinity on permeate flux (J) in the no-spacer AGMD configuration: a) at constant inlet feed temperature of 65 °C, and b) at constant
inlet feed flow rate of 27 kg/h.
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10 to 35 kg/h. For brackish water conditions (15 ppt), the increase was around 29 %, whereas for seawater salinity (36 ppt), flux
increased by nearly 60 %. At the highest salinity tested (70 ppt, representing brine), the increase was about 40 %. Although the flux
improved with feed flow rate, its absolute magnitude decreased with salinity because of the reduced vapor pressure associated with
higher salt concentrations.

At a constant feed flow rate of 27 kg/h (Fig. 3b), permeate flux exhibited a pronounced dependence on feed temperature. As the
inlet temperature increased, the vapor pressure gradient across the membrane was amplified, resulting in a substantial enhancement in
flux. For tap water (0.2 ppt), brackish water (15 ppt), and seawater (36 ppt), the flux increased by about 300 % as the inlet temperature
rose from 45 to 75 °C. At the highest salinity (70 ppt, representing brine), the flux increased by nearly 530 % over the same temperature
range. However, the negative impact of salinity was again evident, with reduced flux at higher salt concentrations.

It is important to note that at 70 ppt, in addition to the reduction in flux caused by decreased vapor pressure, fouling effects were
visually detected (Fig. 1S). This indicates that highly concentrated brines not only suppress vapor transport thermodynamically but
also introduce operational challenges related to salt deposition, which may lead to long-term flux decline.

Overall, these results confirm that while both temperature and flow rate positively influence permeate flux, salinity consistently
suppresses performance, with feed temperature emerging as the most dominant factor.
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Fig. 4. Variation of Permeate flux (J) with feed flow rate (Q) at constant T of 65 °C, and feed temperature (T) at constant Q of 27 kg/h for different
spacer configurations (No-spacer, Mix-1, Mix-2, and Spiral) across modules $1-S4.
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3.2. Influence of spacer design on permeate flux

Fig. 4 presents the variation of permeate flux across four AGMD configurations (No-spacer, Mix-1, Mix-2, and Spiral) at different
salinity levels (S1-S4). The corresponding absolute flux values are provided in Table 1S in the supplementary information. In all cases,
the use of spacers enhanced the flux compared to the baseline no-spacer channel, confirming their beneficial role in improving hy-
drodynamics and heat transfer within the AGMD module. At low salinity (S1), the Spiral configuration provided the highest
enhancement, with permeate flux about 32 % higher than the no-spacer design at the maximum feed flow rate (33 kg/h), and up to 41
% higher at the highest tested temperature (75 °C), followed by Mix-2 and Mix-1. As salinity increased (S2 to S4), corresponding to
cases where salt was added to the feed water, the Spiral spacer continued to provide the greatest enhancement, producing fluxes
approximately 28 %, 38 %, and 52 % higher than the no-spacer configuration at the maximum feed flow rate (33 kg/h), and about 59
%, 43 %, and 95 % higher at the highest tested temperature (75 °C), respectively. Under these conditions, the performance ranking
shifted, with Mix-1 generally outperforming Mix-2, while both remained below the Spiral design.

This shift can be explained by differences in active membrane area, as shown in Fig. 5: although Mix-1 and Mix-2 share the same
filament design, Mix-1 exposes a larger fraction of the membrane surface (Ay % = 95.4) compared to Mix-2 (Ay % = 85.7). Although
Mix-2 promotes stronger turbulence at low salinity, its higher degree of surface coverage reduces the effective membrane area
available for vapor transport, which becomes particularly detrimental as salinity increases and the vapor pressure driving force is
already diminished. In contrast, the larger active area in Mix-1 allows more effective utilization of the membrane surface, giving it a
performance advantage over Mix-2 under saline conditions. This highlights a fundamental design trade-off: while both spacers provide
mixing benefits, maximizing the active area is more critical for sustaining flux at higher salinities. Overall, the results confirm that
spacer integration is effective in mitigating polarization effects and enhancing flux, with the Spiral geometry consistently providing the
greatest improvement, and Mix-1 performing more robustly than Mix-2 under saline conditions due to its higher exposed active area.

Across all studied cases, the permeate quality demonstrated the strong salt rejection capability of the AGMD module. Fig. 6 il-
lustrates the variation of average salt rejection (SR%) with feed salinity. SR% measured across all tested operating conditions are
provided in Table 4S in supplementary information. For all salted feedwater > conditions (S2-S4: brackish, seawater, and brine),
corresponding to salinities between 25,300 and 118,000 ppt, the membranes maintained excellent rejection, with SR% consistently
above 99.3 %. Only minor variations were observed across the tested conditions, and no significant decline in performance was
detected even at the highest salinity levels. These results confirm the robustness of the AGMD process in maintaining stable separation
efficiency and ensuring high-quality permeate under increasingly saline feedwater conditions.

3.3. Influence of spacer design on pressure drop (AP)

Fig. 7 illustrates the effect of spacer geometry on the feed-channel pressure drop (AP) as a function of feed flow rate in the AGMD
module. For all configurations, AP increases monotonically with increasing flow rate, reflecting the expected rise in hydraulic
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Fig. 6. Variation of average salt rejection (SR%) with feed salinity for four AGMD configurations.

resistance with higher axial velocities. Spacer-filled channels exhibit higher pressure losses than the empty channel due to increased
flow obstruction and enhanced hydrodynamic interactions induced by the spacer structures. The empty channel consistently shows the
lowest pressure drop, with AP values ranging from approximately 400 to 3500 Pa over the investigated flow rates. Among the spacer
configurations, the Mix-2 spacer produces the highest pressure drop across all examined flow rates, which can be attributed to the
presence of three mixer filaments that significantly increase flow resistance. In contrast, the Mix-1 and Spiral spacers exhibit com-
parable pressure-drop values, indicating similar hydraulic behavior despite differences in their geometrical design.

Fig. 8 presents the corresponding permeate flux for each configuration under the same operating conditions. As expected, the
permeate flux increases with increasing feed flow rate for all cases, which is associated with enhanced convective heat transfer,
reduced thermal boundary-layer thickness, and mitigation of temperature polarization effects. Although higher feed flow rates and
spacer-induced mixing led to increased pressure drop, the associated electrical energy demand remains relatively small. Since
membrane distillation is predominantly governed by thermal energy input, the overall energy consumption is mainly dictated by
thermal effects rather than pumping power [32,33]. Consequently, the observed increase in pressure drop does not offset the sub-
stantial gains in permeate flux achieved through tested spacer design.

25000

—

15 21 27 33
Q [kg/hr]

—o—No-spacer Mix-2 —#—Mix-1 —e—Spiral

Fig. 7. Effect of spacer geometry on the feed-channel pressure drop (AP) as a function of feed flow rate in the AGMD module using simulated
seawater (S3).
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Fig. 8. Feed-channel pressure drop (AP) vs. permeate flux (J) for different AGMD configurations: a) empty channel (no spacer), b) Mix-1 spacer, c)
Mix-2 spacer, and d) Spiral spacer. The data corresponds to the same operating conditions used in Fig. 7.

3.4. Specific energy consumption (SEC) analysis

The results demonstrate the effect of operating conditions and spacer configuration on the SEC in AGMD systems. As shown in
Fig. 9, SEC exhibits an inverse relationship with feed flow rate across all tested configurations (§1-S4). The corresponding SEC values
are provided in Table 28 in the Supplementary Information. In the absence of spacers, the laminar flow regime results in SEC reduction
primarily through increased axial velocity, which slightly decreases the thermal boundary layer thickness, reduces the bulk feed
temperature drop, and mitigates polarization effects. When spacers are introduced, however, the flow behavior is fundamentally
modified by the promotion of flow disturbance and localized turbulence. These hydrodynamic effects significantly enhance mixing,
minimize polarization phenomena, and improve both heat and mass transfer coefficients, ultimately yielding higher vapor transport
efficiency, greater permeate flux, and reduced thermal losses.

A similar trend is observed with respect to feed temperature, where increasing the feed temperature leads to a reduction in SEC.
This behavior is attributed to the sharp increase in vapor pressure difference across the membrane at elevated temperatures, which
strengthens the thermodynamic driving force for vapor transport. Consequently, higher feed temperatures yield enhanced permeate
flux while simultaneously reducing the energy requirement per unit volume of produced distillate.

The specific electrical energy consumption (SEEC), presented in Fig. 10, quantifies the pumping energy demand expressed in Wh/
m®. The Mix-1 and Spiral spacer configurations exhibit comparable SEEC values, whereas the Mix-2 spacer shows higher SEEC due to
its increased pressure drop characteristics. Nevertheless, the SEEC values remain substantially lower than the specific thermal energy
consumption (STEC), indicating that thermal energy requirements dominate the overall energy balance. Consequently, the total SEC is
predominantly determined by thermal energy input, with electrical energy representing a negligible contribution.

The comparative assessment of spacer configurations highlights distinct performance characteristics. The no-spacer configuration
consistently exhibits the highest SEC, reflecting limited heat and mass transfer performance. In contrast, the Spiral and Mix-1 spacer
designs generally achieve the lowest SEC values, underscoring the benefits of optimized flow patterns and enhanced mixing. Overall,
these findings confirm that both operating conditions, particularly high feed flow rate and temperature, and spacer geometry strongly
influence AGMD performance, with advanced spacer designs offering substantial energy savings.

The SEC measured in the present experimental study is higher than some values reported in the literature [29,30,32]. This
discrepancy can be primarily attributed to the design and construction of the AGMD module employed in this work, which was
fabricated in-house using stainless steel components. While stainless steel provides structural robustness and chemical resistance, its
relatively high thermal conductivity promotes increased heat losses to the surrounding environment, thereby increasing the overall
thermal energy demand of the system. These additional heat losses are consequently reflected in elevated SEC values. To mitigate this
effect, future AGMD module designs should consider the use of materials with lower thermal conductivity and/or enhanced thermal
insulation, which could significantly reduce heat losses and improve the overall energetic efficiency of the process.
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Fig. 9. Variation of Specific Energy Consumption (SEC) with feed flow rate (Q) at constant T of 65 °C, and feed temperature (T) at constant Q of 27
kg/h for different spacer configurations (No-spacer, Mix-1, Mix-2, and Spiral) across modules S1-S4.

3.5. Thermal efficiency (TE) evaluation

The thermal efficiency (TE%) data presented in Fig. 11 demonstrate positive correlations with both feed flow rate and feed tem-
perature across all tested modules (S1-S4). The corresponding TE% values are provided in Table 38 in the Supplementary Information.
This trend contrasts with the inverse relationship observed for SEC, reflecting the complementary nature of these two performance
indicators. With increasing flow rate, TE% improves because higher velocities reduce the extent of temperature drop along the feed
channel, allowing a larger fraction of the input heat to contribute to vapor generation. The influence of feed temperature is even
stronger, as higher temperatures amplify the vapor pressure gradient across the membrane, thereby increasing vapor flux and
improving the utilization of thermal energy.

The comparative analysis of spacer designs further reinforces this behavior. The no-spacer case consistently yields the lowest TE%,
reflecting limited heat transfer and poor energy utilization. In contrast, the Spiral and Mix-2 spacers achieve the highest TE% values,
confirming the benefits of optimized hydrodynamics and enhanced mixing in promoting more effective use of thermal input. Overall,
the findings demonstrate that both feed flow rate and temperature, together with appropriate spacer geometry, play critical roles in
maximizing the thermal efficiency of AGMD.

3.6. Overadll performance comparison
Fig. 12 details the percentage changes in permeate flux (J), specific energy consumption (SEC), and thermal efficiency (TE%)

12
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Fig. 10. Variation of Specific Electrical Energy Consumption (SEEC) with feed flow rate (Q) at constant T of 65 °C, and feed temperature (T) at
constant Q of 27 kg/h for different spacer configurations (No-spacer, Mix-1, Mix-2, and Spiral) across modules S1-S4.

relative to the no-spacer case for each module and operating condition. The results clearly demonstrate the benefits of incorporating
spacers into AGMD modules. Across all operating ranges, the use of spacers leads to substantial increases in permeate flux (J) and
thermal efficiency (TE%), accompanied by notable reductions in specific energy consumption (SEC). Among the evaluated designs, the
Spiral spacer generally provides the greatest improvements, with both flux and TE% increasing by 60-70 %, compared to about 50 %
for Mix-1 and 20-40 % for Mix-2 at higher feed temperatures, while simultaneously lowering SEC by more than 30 % in several
modules. The positive impact of spacers is particularly evident at elevated feed temperatures and higher flow rates, where stronger
vapor pressure gradients amplify the effects of enhanced mixing and heat transfer. Overall, the findings confirm that the proposed

spacer designs significantly improve AGMD performance by enabling higher distillate production with lower energy requirements and
higher thermal efficiency.

3.7. Spacer geometry and performance

While analyzing the experimental data, we found that the spiral spacer design, which provides an effective membrane area
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Fig. 11. Variation of Thermal efficiency (TE%) with feed flow rate (Q) at constant T of 65 °C, and feed temperature (T) at constant Q of 27 kg/h for
different spacer configurations (No-spacer, Mix-1, Mix-2, and Spiral) across modules S1-S4.

utilization of about 90 %, delivers the best overall performance when operating with saline feed water. As shown in Fig. 13, the 90 %
active membrane area associated with the Spiral spacer achieves the highest flux values across salinities S2-S4 at the highest tested
temperature (75 °C) and feed flow rate (33 kg/h). This is followed by the performance of Mix-1 (AM% = 86), while the lowest flux is
observed with Mix-2 (AM% = 95). These results indicate that membrane active area alone does not govern permeate flux, as spacer
filament geometry and the hydrodynamics it induces also play critical roles in AGMD performance. However, when comparing spacers
that share the same filament design, we found that a larger active membrane area consistently resulted in higher flux. Therefore, we
can conclude that optimizing both the active membrane area and the spacer design is essential for maximizing permeate flux and
overall AGMD performance.

4. Conclusion

This investigation presented and experimentally assessed three innovative spacer designs (Mix-1, Mix-2, and Spiral) within a
laboratory-scale AGMD system across diverse operational parameters. The experimental findings revealed that permeate production
rates are predominantly governed by feed temperature and flow rate, whereas elevated salinity levels diminish flux through reduced
vapor pressure differentials. The incorporation of spacer elements substantially improved system performance by alleviating polari-
zation effects and enhancing flow dynamics, with the Spiral design delivering the most significant performance improvements.

Relative to the no-spacer reference case, the Spiral spacer demonstrated remarkable, including flux increases of up to 95 % under
hypersaline feed conditions (70 ppt) at 45 °C and a flow rate of 27 kg/h, specific energy consumption reductions exceeding 30 % across
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Fig. 12. Percentage change in permeate flux (J), specific energy consumption (SEC), and thermal efficiency (TE%) relative to the no-spacer
configuration, as a function of feed flow rate (Q) at constant T of 65 °C, and feed temperature (T) at constant Q of 27 kg/h for different spacer
designs: a) Mix-1, b) Mix-2, and c) Spiral, across modules S1-54.

most tested conditions, and thermal efficiency improvements of up to 85 % under brackish feed conditions (15 ppt) at 45 °C and 27 kg/
h. The Mix-1 configuration demonstrated greater performance stability at elevated salinities due to its higher effective membrane
exposure, while Mix-2 highlighted the trade-off between enhanced turbulence and reduced active membrane area. All evaluated
configurations sustained exceptional salt rejection capabilities of 99.8 % in most tests, even at salinities reaching 70 ppt, validating
AGMD's reliability for high-concentration brine treatment applications.

The findings establish that advanced spacer geometries substantially improve AGMD operational performance, showing that flux is
not governed by active membrane area alone but also by spacer filament geometry and the hydrodynamics it induces. This underscores
the importance of simultaneously optimizing membrane exposure and spacer architecture to maximize system efficiency, with the
Spiral configuration serving as a clear demonstration of this principle through its superior energy efficiency, thermal utilization, and
water production capacity for desalination applications.
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