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Abstract: In this paper, a parabolic trough humidifying solar collector-based solar still (PHSC-SS) is proposed.
Its purpose is to apply some important performance improvement techniques to the flat plate humidifying solar
collector-based solar still (flat plate HSC-SS), to significantly improve overall system performance. These
included the use of parabolic trough solar concentrators and the design of humidifying solar collectors from
evacuated tube collectors. The results reveal that, unlike flat plate HSC-SS, which must operate with a turbulent
airflow regime to achieve optimum overall performance, PHSC-SS must operate with a laminar airflow regime
and high inlet and outlet temperatures of air (at least 55 °C and less than 100 °C, at atmospheric pressure) in the
heat collector element. For 900 W/m? of incident solar irradiance, 2 m? of solar collector area, and 0,00042 kg/s
of air flow rate, the maximum energy efficiency, exergy efficiency and daily freshwater productivity of PHSC-
SS were found to be 68,12%, 14,87% and 1,697 kg/h, respectively. Whereas for the same incident solar irradiance
and solar collector area, and 0,1 kg/s of air flow rate, those of the flat plat HSC-SS were 72,9%, 1,12%, and
between 1,07 — 2,923 kg/h (for inlet and outlet temperatures of air less than 30 °C, at atmospheric pressure),
respectively. Although in some extreme cases freshwater productivity of flat plate HSC-SS can be higher than
that of PHSC-SS, it should be noted that laminar airflow regime confers great advantages to PHSC-SS. These are
higher air temperatures at condenser inlet (which ease water condensation process), no need of an auxiliary cooling
device (needed in the flat plate HSC-SS), less mechanical vibrations of system, reduced condenser size, and less
energy consumed by air blowers. Furthermore, the upper limit of the PHSC-SS is a PHSC-SS that operates without
air flow, but rather by vaporization of water droplets at boiling point from absorber, followed by their suction to
condenser, similarly to a flash evaporation.

Keywords: seawater desalination, parabolic trough humidifying solar collector, heat collector element, energy
efficiency, exergy efficiency

PARABOLIK OLUKLU NEMLENDIRICi GUNES KOLLEKTORU BAZLI GUNES ENERJILi
DESALINASYON SiSTEMININ TEORIK PERFORMANS DEGERLENDIRILMESI

Ozet: Bu makalede, parabolik oluklu nemlendirici giines kolektérii bazli giines enerjili desalinasyon sistemi
(PHSC-SS) dnerilmektedir. Amaci, bazi 6nemli performans iyilestirme tekniklerini diiz plaka nemlendirici giines
kolektorii bazli desalinasyon sistemine (diiz plaka HSC-SS) uygulamaktir. Genel sistem performansini 6nemli
olgtide iyilestirmek i¢indir. Bunlar arasinda parabolik oluklu giines yogunlastiricilarinin kullamim ve nemlendirici
giines kolektorlerinin tahliye borulu kolektorlerden tasarlanmasi yer almaktadir. Sonuglar, optimum genel
performans elde etmek i¢in tiirbiilansl bir hava akisi rejimiyle ¢alismasi gereken diiz plakali HSC-SS'nin aksine,
PHSC-SS'nin laminer bir hava akisi rejimiyle ve 1s1 kolektérii elemaninda yiiksek hava giris ve ¢ikis sicakliklariyla
(atmosferik basingta en az 55 °C ve 100 °C'den diisiik) calismas1 gerektigini ortaya koymaktadir. 900 W/m? gelen
giines 151, 2 m? giines kolektorii alan1 ve 0,00042 kg/s hava akis hiz1 igin PHSC-SS'nin maksimum enerji
verimi, ekserji verimi ve tatli su tiretkenligi sirasiyla %68,12, %14,87 ve 1.697 kg/saat olarak bulunmustur. Ayni
gelen giines 151mimi, giines kolektorii alani, ve 0,1 kg/s hava akis hiz1 i¢in diiz plakali HSC-SS'nin elde edilen
degerleri sirasiyla %72,9, %1,12 ve atmosferik basingta 30 °C'den diisiik hava giris ve ¢ikis sicakliklari i¢in 1,07
- 2,923 kg/saat arasinda olarak bulunmustur. Bazi asir1 durumlarda diiz plakali HSC-SS'nin tath su verimliligi,
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PHSC-SS'den daha yiiksek olsa da, laminer hava akimi rejiminin PHSC-SS'ye bilyiik avantajlar sagladig
belirtilmelidir. Bunlar, kondenser girisindeki daha yikksek hava sicakliklart (suyun yogusma islemi
kolaylagtirmasi), yardime1 bir sogutma cihazina gerek olmamasi (diiz plakali HSC-SS'te gereklidir), sistemin daha
az mekanik titresimi, kondenser boyutunun kii¢iilmesi ve hava iifleyiciler tarafindan daha az enerji tiiketilmesidir.
Ayrica, PHSC-SS'nin iist sinir1, hava akisi olmadan c¢alisan bir PHSC-SS'dir. Bu sistem, kaynama noktasindaki su
damlaciklarinin absorberden buharlastiriimasi ve ardindan kondensere emilmesi ile ¢alismaktadir. Bu, bir flag
buharlagsmaya benzemektedir.

Anahtar Kelimler: deniz suyu desalinasyonu, parabolik oluklu nemlendirici giines kolektorii, 1s1 toplayici

elemani, enerji verimliligi, ekserji verimliligi

NOMENCLATURE

a : length of the collector cross-section area (m)

A : area, projection area of parabolic trough refl. (m?)

Ay : cross-sectional area of absorber (m?)

Agext : absorber outer area (m?)

Ag,ine : absorber inner area (m?)

Ag,ext © glass envelope outer area (m?)

At glass envelope inner area (m?)

¢p : specific heat at constant pressure (J/kg.K)

¢, : specific heat at constant volume (J/kg.K)

d : diameter (m)

D,p : mass diffusion coefficient of substance A into substance B (m?/s)
Dy, 0-qir : mass diffusion coefficient of water into air, especially liquid water
from absorber surface into air passing through the collector (m?/s)

E : incident solar irradiance (W/m?)

e, : emissivity of glass cover or overall emissivity between the sky and the
glass cover

E,, : incident solar exergy (W)

eg : emissivity of absorber

eqe - overall emissivity between abs. and glass envelope

f : Darcy friction factor

hy : specific enth. of liq. water sprayed into system (J/kg)

hy g : latent heat of water vaporization (J/kg)

hg : specific enthalpy of water vapor (J/kg)

hgar, : specific enth. of saturated water vapor at the glass cover temperature
(J/kg)

hger, : specific enthalpy of saturated water vapor at the absorber
temperature (J/kg)

Rumass : mass transfer coefficient (m/s)

hying : convective heat transfer coefficient resulting from wind effect
(W/m?.K)

h : enthalpy of moist air per unit mass of dry air (J/kgry ain), convective heat
transfer coefficient (W/m?.K)

K (i): incident angle modifier

k : thermal conductivity (W/m.K)

L : length of heat collector element (m)

Le: Lewis number

M : molar mass, molar mass of moist air (kg/kmol)

iy : mass flow rate of moist air (kg/s)

m : dry air mass flow rate passing through the system (kg/s)

My Fickisiaw : Water evaporation rate from absorber or liquid water surface
derived from Fick’s law (kg/s)

Myyq : maximum water mass flow rate that can be evaporated into the system,
(kgfs)

ny: number of brackets

Nu: Nusselt number

Nuy: Nusselt number for a fully developed flow

p: partial pressure (Pa), perimeter

P : total pressure (Pa), and (atm) in the expression of Dyp, 1 atm = 101325
Pa

Pq: partial pressure of dry air in moist air (Pa)

Pe: Peclet number

Pr: Prandlt number

Q: heat transfer, total enthalpy, total enthalpy variation (W)

R, : gas constant of dry air (J/kg.K)

Re: Reynolds number

Sc: Schmidt number

Sh: Sherwood number

s¢: entropy of liquid water sprayed into system (J/kg.K)

sg : water vapor entropy (J/kg.K)

T : temperature (K)

y : proportion y of the water mass flow rate that reaches the abs. to the total
sprayed water mass flow rate (0 <y < 1).
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Abbreviations

ETC: evacuated tube collector

HCE: heat collector element

HDH: humidification — dehumidification

HSC-SS: humidifying solar collector-based solar still

ISD: interfacial solar desalination

MSEF: multi-stage flash

PCM: phase change material

PHSC: parabolic humidifying solar collector

PHSC-SS: parabolic humidifying solar collector-based solar still
SAH/SWH-HDH: solar air and water heaters-based humidification —
dehumidification

SAH: solar air heater

SAH-HDH: solar air heater-based humidification — dehumidification
SS: solar still

SWHE: solar water heater

SWH-HDH: solar water heater-based humidification — dehumidification

Subscripts

0: dead state, ambient environment

1: state 1 of air, state of air at system inlet
2: state 2 of air, state of air at condenser inlet
a: absorber

abs: absorbed

amb: ambient environment

b: bracket

bb: base of bracket

ci: condenser inlet

co: condenser outlet

cond: conduction

conv: convection

e: glass envelope

evap: evaporation

ext: external

f: moist air, air flowing through the heat coll. element
g: gas in vacuum annulus (air in this study)
int: internal

opt: optical

r: reflector (parabolic trough reflector)

rad: radiation

s: sun

sat: saturated state

wa : liquid water sprayed into system

Greek symbols

a : absorptivity,

y: product of effective optical efficiency terms

&: molecular diameter (m)

I': specific heat ratio

AT : difference between air temperature at heat collector element outlet and
inlet (K or °C)

€ : roughness of the inner wall of the collector (m)

Ney : exergy efficiency

7 : energy efficiency, optical efficiency

A: mean free path (m)

u : dynamic viscosity of moist air (kg/m.s)

v : kinematic viscosity of moist air (m?/s)

p : density, density of moist air (kg/m?)

py: clean mirror reflectivity

o : Stefan-Boltzmann constant (W/m?.K*)

T, : transmissivity of glass envelope

@(i): collector geometrical end losses

1 : exergy of moist air per unit mass of dry air (J/kg(dry air)
Pyq © exergy of liquid water per unit mass (J/kg)

 : humidity ratio of moist air (Kgwater) / Kg(dry air)

@ : molar ratio between water vapor concentration and dry air concentration
in moist air (Molwater) / Mol (dry air)



INTRODUCTION

Direct solar desalination systems are among the major
research on seawater desalination technologies for
freshwater production. Although they are not yet used
on an industrial scale because of their low
productivity, they are of great interest for small-scale
and low-cost freshwater production. They are
characterized by the fact that seawater directly
receives incident solar irradiance, heats up, and
evaporates into air, unlike indirect desalination
systems where it receives solar energy through heat
exchangers.

Direct solar desalination systems can be classified into
three technologies: solar stills (SS) (Abbaspour et al.,
2022; Alatawi et al., 2022; Angappan et al., 2022;
Elgendi et al., 2022; Kabeel et al., 2017; Kaushal &
Varun, 2010; Muthu Manokar et al., 2014,
Sampathkumar et al., 2010; Sharshir, Yang, et al.,
2016), humidification—dehumidification = (HDH)
systems (Alnaimat et al., 2021; Chauhan et al., 2021;
Kasaeian et al., 2019; M & Yadav, 2017; Rahimi-
Ahar, Hatamipour, & Ahar, 2020; Santosh et al., 2019,
2022), and interfacial solar desalination systems (ISD)
(Liang et al., 2021; Luo et al., 2021; Trinh et al., 2022;
Wang et al., 2022). This paper is part of research for
designing a solar still with improved overall
performance. Solar stills have been widely developed
and studied, and still attract interest because of the low
cost of materials and easiness of system construction.
The techniques that have been applied in earlier works
to improve their performance can be summarized as
follows (Welepe et al., 2022):
modification of the shape of solar still
(Durkaieswaran & Murugavel, 2015; Ghandourah
et al., 2022; Kumar Chauhan & Kumar Shukla,
2022b; Mohammadi et al., 2020; Prasanna &
Deshmukh, 2022; Sambare et al., 2022;
Saravanakumar et al., 2022; Shanazari & Kalbasi,
2018; Siddula et al., 2022),
heat transfer optimization by using evacuated tube
collectors (ETC) (M. A. Essa et al., 2021; Shafii et
al., 2016), corrugated absorber (H. Ahmed et al.,
2022; Elshamy & El-Said, 2018), absorber coating
(Chandrashekara & Yadav, 2017; Kumar Chauhan
& Kumar Shukla, 2022a), fins on absorber
(Dhivagar et al., 2022; Kabeel & Abdelgaied,
2017; Velmurugan et al., 2008; Yousef et al.,
2019), porous absorber (A. F. Mohamed et al.,
2019; Shah et al., 2022; Thakur et al., 2022;
Yousefetal., 2019), nanofluids (Bait & Si—Ameur,
2018; Elango et al., 2015; Kabeel et al., 2014b,
2014a; Mahian et al., 2017; Meng et al., 2022;
Nijmeh et al., 2005; Sharshir, Elkadeem, et al.,
2020; Sharshir et al., 2017, 2019),
the use of solar concentrators and auxiliary heat
sources (Bahrami et al., 2019; Chandrashekara &
Yadav, 2017; Elminshawy et al., 2015; Hashemi et
al., 2020; Jafari Mosleh et al., 2015; Maliani et al.,
2020; Nassar et al., 2007; Nayagam et al., 2022;
Wu et al., 2017),
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water vapor mass transfer optimization from the
evaporation surface to the condenser (Peng et al.,
2022), and separation of condenser from
evaporator to avoid water vapor condensation on
glass cover, which decreases its transmissivity and
therefore freshwater productivity (Al-Otoom &
Al-Khalaileh, 2020; Elminshawy et al., 2015;
Ibrahim & Dincer, 2015; Shoeibi,
Kargarsharifabad, Rahbar, et al., 2022; Wu et al.,
2017),

preheating seawater and regulating its flow rate by
using wicks (Abdelaziz et al., 2021; Abdullah et
al., 2019; Abdullah, Omara, Essa, Alarjani, et al.,
2021; Abdullah, Omara, Essa, Younes, et al., 2021;
Dhindsa, 2021; F. A. Essa, Alawee, et al., 2021; F.
A. Essa, Omara, et al., 2021; Fayaz et al., 2022;
Jobrane et al., 2021, 2022; Modi, Maurya, et al.,
2022; Modi, Patel, et al., 2022; Modi & Modi,
2019; Negi et al., 2022; Omara et al., 2013;
Sharshir, El-Samadony, et al., 2016; Sharshir,
Eltawil, et al., 2020; Younes, Abdullah, Essa, &
Omara, 2021; Younes, Abdullah, Essa, Omara, et
al., 2021; Zaheen Khan, 2022), water pumps
(Abozoor et al., 2022; M. M. Z. Ahmed et al.,
2022; Kumar et al., 2014), rotating belts (Al-
Otoom & Al-Khalaileh, 2020; Saced et al., 2022),
glass cover cooling (Elashmawy, 2019; Kousik
Suraparaju & Kumar Natarajan, 2022; Sharshir,
El-Samadony, et al., 2016; Sharshir et al., 2017;
Sharshir, Rozza, Joseph, et al., 2022; Sibagariang
etal., 2022), s

the use of heat storage materials such as latent heat
storage or phase change material (PCM) and
sensible heat storage (H. Ahmed et al., 2022; Al-
harahsheh et al., 2018; Al-Harahsheh et al., 2022;
Arunkumar & Kabeel, 2017; Chandrashekara &
Yadav, 2017; Deshmukh & Thombre, 2017,
Elashmawy & Ahmed, 2021; Jafari Mosleh &
Ahmadi, 2019; Mohanraj et al., 2021; Poonia et al.,
2022; Saeed et al, 2022; Shoeibi,
Kargarsharifabad, Mirjalily, et al., 2022),
breaking water surface tension by using cracked
trays, air bubbles, water vaporizers, and foggers
(Abed et al., 2021; Dumka & Mishra, 2020; El-
Said et al., 2021; El-Said & Abdelaziz, 2020; F. A.
Essa, Abdullah, et al., 2021; Fallahzadeh et al.,
2020).

Many comprehensive reviews of these enhancement
techniques have been conducted over time (Abbaspour
et al., 2022; Alatawi et al., 2022; Angappan et al.,
2022; Elgendi et al., 2022; Hussein et al., 2024;
Kabeel et al., 2017; Kaushal & Varun, 2010; Mehta et
al., 2024; Muthu Manokar et al., 2014; Omara,
Ahmed, et al., 2024; Omara, Alawee, et al., 2024;
Sampathkumar et al., 2010; Sharshir, Yang, et al.,
2016). In general, most systems integrate two or more
enhancement techniques (Welepe et al., 2022).

Abbaspour et al. (Abbaspour et al., 2024) investigated
the efficacity of a vertical solar still (VSS), focusing
on variables such as wick selection, condensate plate



wettability, and device dimensions. The research
highlighted 5.1% performance enhancement with
cotton wicks compared to gauze, and 34% increase in
freshwater production with super hydrophilic plates
over super hydrophobic ones. In addition, optimal
VSS dimensions of 32 cm % 30 cm were identified.
The authors declared that these findings underscore
the potential for enhancing VSS efficiency, offering
valuable insights for addressing global water scarcity
and facilitating clean water access, with the maximum
daily freshwater production rate reaching 1.250 kg per
m? of solar receiver.

Mabhala and Sharma (Mahala & Sharma, 2024) studied
the combined impact of rectangular fins, gravels (G),
and phase change material (PCM) on the efficiency of
pyramid solar stills, comparing conventional solar
stills (CSS) with modified ones (MSS). Experimental
results, conducted in Uttar Pradesh, India, during May
2023, revealed significant improvements in daily
productivity, energy, exergy efficiency, and economic
and environmental parameters for MSS + G, CSS + G,
and MSS, compared to CSS. Notably, MSS + G
demonstrates 4.82 L/m*> (84% increase) of daily
freshwater productivity, 30.58% (81.1% increase) of
maximum energy efficiency, 3.4% (273% increase) of
maximum exergy efficiency, and a 0,02 $/L (29.2%
reduction) of cost per liter of fresh water produced,
alongside mitigating 19.14 tons of CO:z emissions.
Saha et al. (Saha et al., 2024) experimentally studied a
novel solar-energy-driven water purification system,
by incorporating vacuum pressure and paraffin wax
(PCM) as an energy storage material into a
conventional double-slope solar still. The system was
designed to enhance freshwater production in remote
areas lacking grid electricity and underground water
access. Experimental results demonstrated an increase
of 63% in daily freshwater productivity i.e., from
5.46 L/m*to 7.03 L/m? along with 82% (28.72%
enhancement) of maximum energy efficiency and
8.3% (22.43% enhancement) of maximum exergy
efficiency for the modified system compared to the
conventional one. These findings highlighted the
potential of vacuum-pressure and PCM integration to
enhance solar still performance, offering a cost-
effective solution for freshwater production in
resource-constrained areas.

Ziapour et al. (Ziapour et al., 2024) conducted a study
on an innovative single-slope solar still desalination
system with an enhanced modeling approach, aiming
to address global desalination challenges. Through
energy, exergy, and economic analyses, the system's
performance is evaluated in cities such as Boushehr,
Lisboa, Riyadh, and Tripoli. By utilizing flat reflectors
and semi-transparent modules, the system achieved
notable daily freshwater production values ranging
from 11.15 kg/day to 15.58 kg/day across the cities.
The analysis also revealed that despite promising
outcomes, the system's reliance on weather conditions
poses a limitation, suggesting the need for future
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research to minimize this dependency and scale up
production capacities.

Lauvandy et al. (Lauvandy et al., 2024) designed and
studied a low-cost floating solar still prototype to
address water scarcity issues in rural areas,
particularly on Sumba Island, Indonesia. Constructed
from accessible materials like PVC pipes, mica sheets,
foam blocks, and towels, the solar still is easily
replicable by local communities. Testing conducted in
Bandung, Sumba, and Jatiluhur Dam during the dry
season demonstrated the prototype's ability to produce
significant amounts of fresh water, ranging from 0.590
kg/day to 1.165 kg/day. The authors concluded that
despite its effectiveness, limitations such as reduced
evaporation rates due to cover saturation and warmer
temperatures hindering condensation are noted, and
further optimization are needed for long-term
reliability and durability.

Elashmawy et al. (Elashmawy et al., 2024)
investigated a tubular solar still with two troughs to
enhance evaporation and energy efficiency while
reducing freshwater production costs. Conducted in
Suez, Egypt, the two-trough device demonstrated a
significant increase in freshwater productivity (36.1%)
and energy efficiency (43.46%) compared to the
single-trough device. Daily freshwater productivity
for the two-trough and single-trough devices were
6.83 L/m?/day and 5.02 L/m%day, respectively, with
energy efficiencies of 54.5% and 37.99%,
respectively. Moreover, the two-trough configuration
reduced water production costs by 22.3%, reaching
$11.78/ton. Future research suggestions of this work
include  testing triple-trough  configurations,
investigating shadow effects, conducting deeper
thermal analysis, and exploring solar concentrating
techniques to further enhance tubular solar still
performance.

Pandey and Naresh (Pandey & Naresh, 2024)
performed experimental investigation on a modified
pyramid solar still (MPSS) integrated with a pulsating
heat pipe (PHP), aiming to enhance freshwater
productivity, energy efficiency, and cost-effectiveness
compared to conventional pyramid solar stills (CPSS).
Experimental investigations conducted in Surat City,
India, revealed that the MPSS consistently
outperforms the CPSS. For instance, at a water depth
of 2 cm, the MPSS achieved a daily freshwater
productivity of approximately 4.10 L/m?day
compared to CPSS's productivity of 3.05 L/m?/day,
with 25.51% increase in energy efficiency compared
to CPSS as well. Future research directions suggested
by the authors include exploring advanced heat
transfer =~ mechanisms, integrating  additional
enhancements like fins and phase change materials,
and employing computational fluid dynamics
modeling for further optimization and validation.

Amin et al. (Amin et al., 2024) integrated metallic
thermal transfer constituents and parabolic trough



collectors (PTC) into passive tubular solar still
configurations, alongside beeswax phase change
material (PCM), to produce fresh water. The
developed model combines a heat exchanger (HE) and
beeswax PCM. The empirical analysis revealed a
significant enhancement, with 8.06 L/m?%/day (66.18%
increase) of freshwater productivity and a maximum
energy efficiency of 76% (54 % average). Whereas the
TSS without HE and PCM achieved a freshwater
productivity and energy efficiency of 2.5 L/m?%day
and 16.10%, respectively. Finally, the authors
declared these outcomes underscored the effectiveness
of the developed tubular solar distillation system in
consistent and reliable freshwater generation, driven
by strategic integration and operational synergy.

Luo et al. (Luo et al., 2024) investigated a desalination
system based on a unidirectional heat transfer solar
still, integrating efficient evaporation with waste heat
recovery for high energy utilization. The design
optimizes light transmission and condensation
functions while integrating high-performance
interfacial evaporation materials and minimizing heat
loss through unidirectional heat transfer. Using a self-
made hydrogel sponge, outdoor experiments
demonstrated an evaporation rate of 6.0 kg/m*h and a
freshwater productivity of 4.5 kg/m*h under an
average sunlight intensity of 1.07 kW/m? with
potential for further improvement. The authors stated
that this study contributes valuable insights into
optimizing interfacial evaporative solar stills,
advancing solar desalination through system structure
design and evaporation material development.

Somwanshi and Shrivastava (Somwanshi &
Shrivastava, 2023) studied a closed loop inclined wick
solar still (CLIWSS) with an additional heat storage
reservoir to address freshwater scarcity in remote
regions. The CLIWSS operates in a closed loop,
continuously feeding warm water back into the still. A
thermal model of the CLIWSS was developed and
validated, showing enhanced freshwater productivity
compared to a typical Inclined Wick Solar Still
(IWSS). For Jodhpur, India, the CLIWSS achieved a
maximum hourly freshwater productivity of 1.025
L/m?/h in May and 0.556 L/m*h in December. The
total daily freshwater productivity for summer and
winter was 8.432 L/m? and 3.618 L/m?, respectively,
representing increases of 115% and 98% compared to
conventional IWSS. The CLIWSS offered a
competitive and cost-effective solution for solar
desalination in India, particularly for remote and small
communities, according to the authors. They also
conducted a similar study on a closed loop inclined
wick solar still augmented with an external bottom
reflector (CLIWSSR) (Somwanshi & Shrivastav,
2024). The daily freshwater productivity of the
CLIWSSR in a typical winter day in Raipur,
Chhattisgarh, India was 6.106 kg/m?, whereas the that
of the CLIWSS in the same day was 5.047 kg/m?, that
is, an increase of 21%.
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Ahmed et al. (H. Ahmed et al., 2022) designed and
studied a solar still modified with a corrugated
absorber plate and PCM. As a result, the freshwater
productivity of the solar still with PCM was 4.5 L/day
against 4.1 L/day for the solar still without PCM.

Sharshir et al. (Sharshir, Rozza, Joseph, et al., 2022)
carried out experiments on a new trapezoidal pyramid
solar still augmented with multi-thermal enhancers
such as hang wicks, glass cover cooling, solar
concentrators, and nanofluid (copper oxide, CuO).
The results showed freshwater productivity, energy
and exergy efficiencies of the system compared to
those of the conventional solar still were improved by
147.3%, 144.2%, and 275.5%, respectively. They also
conducted a similar study (Sharshir, Rozza,
Elsharkawy, et al., 2022), with TiOz-based nanofluid.
Freshwater productivities obtained were 7 L/m*day
and 3.08 L/m?/day for the modified pyramid and
traditional solar still, respectively, with daily energy
efficiencies of 83.8% and 37.87%.

Tuly et al. (Tuly et al., 2022) investigated an active
double slope solar still incorporating an internal
sidewall reflector, hollow circular fins, and
nanoparticle (Al203) mixed PCM. The maximum
freshwater productivity and maximum energy
efficiency achieved were 1.853 L/day and 21.56%,
respectively. Moreover, they noticed significant
improvements in freshwater productivity of 61.36%
and 92%, respectively, in the modified solar still with
pure PCM and that modified with nanofluid mixed
PCM, compared to that of the conventional solar still.

Algsair et al. (Algsair et al., 2022) conducted a
theoretical and experimental study on a drum solar still
augmented with a parabolic solar concentrator, PCM,
and nanoparticles coating. As a result, they obtained a
system energy efficiency of 72%, and the maximum
improvement in freshwater productivity noticed was
320% compared to that of the conventional solar still.

Despite these enhancement techniques, solar stills
have the disadvantage of having excess water in
evaporation chamber, i.e., the amount of water that
receives solar energy at each instant is much higher
than the evaporation rate. In fact, this increases the
time needed to reach optimal evaporation
temperatures and prevents optimal energy extraction
from the solar absorber, leading to an increase in
energy losses to the external environment and in
exergy destroyed (Welepe et al., 2022).

To resolve this issue, Welepe et al. (Welepe et al.,
2022) designed a new type of solar collector, named
humidifying solar collector, in which the amount of
water that receives solar energy at each instant equals
the evaporation rate. Then, they studied the
performance of a flat plate humidifying solar
collector-based solar still. As a result, freshwater
productivity, energy efficiency, and exergy efficiency
reached 2.9 kg/h, 73%, and 1.6%, respectively, under



900 W/m? of incident solar irradiance. As a conclusion
of their study, they stated important recommendations
to improve overall system performance. These were
the use of solar concentrators (parabolic trough,
parabolic dish, Fresnel mirrors) to increase the solar
irradiance received by the water to evaporate, and the
design of humidifying solar collectors from ETC to
decrease heat losses to the ambient environment.

This paper applies these recommendations or
performance enhancement techniques by designing
for the first time a parabolic trough humidifying solar
collector-based solar still (PHSC-SS), with an ETC as
heat collector element (HCE). Like in (Welepe et al.,
2022), the performance parameters that will be
investigated are energy and exergy efficiencies, dry air
mass flow rate required, and the maximum water flow
rate that can evaporate and saturate that air. The
system operates in a closed air cycle to recover the
energy contained in exhausted air from condenser. In
this condition, freshwater productivity equals
evaporated water flow rate.

Therefore, a theoretical investigation of the PHSC-SS
performance is carried out in the following. Its
thermodynamic model is developed and validated, its
performance is analyzed, then a comparison between
its freshwater productivity and those of some solar
stills previously designed and studied in the literature
is presented.

METHODOLOGY
DESCRIPTION

AND SYSTEM

The PHSC-SS has fundamentally the same operating
principle as the flat plate HSC-SS. The difference is

Solar irradiance

., ., \, \,
\, \, \, \,
, \, N, N,
, . \, \,

\, \,

\, \,

\, \, \, \,

\, \, \, \,

\, \, \, \,
\, \, \, \,
N, N, N, N,

Saturated air

Water sprayers

Saturated air

that the PHSC-SS uses a parabolic trough solar
reflector and ETC as absorber for improved
performance.

Hence, thin seawater droplets are sprayed uniformly
on the absorber, then heat up, evaporate, and saturate
the air passing through the HCE (Welepe et al., 2022).
The resulting moist air is directed to the condenser to
produce fresh water. Because the system operates in a
closed air/open water loop as illustrated in Figure 1,
and the sprayed water amount corresponds to the
maximal value that can evaporate and saturate the
incoming air flow rate, freshwater productivity equals
the evaporated water flow rate, which in turn equals
the sprayed water flow rate since there is no liquid
water discharge from HCE.

Note that this control can be achieved by an external
electronic circuit and sensors, which control the values
of water and air flow rates circulating in the system,
and then command water pumps and air blowers.
These values are dynamically provided by the
resolution of thermodynamic equations in section 3.

Energy and exergy equations will be solved in the
Engineering Equations Solver (EES) software. Some
thermodynamic and physical properties relations,
therefore, will be skipped since they are included in
the source code of this software.

Figure 1 presents the schematic diagram of the PHSC-
SS, which includes its main components (PHSC,
Condenser) and the circulation paths of air and water.
The numbers 1 and 2 on this figure represent the state
of air in the psychrometric chart (See Figure 5).

Saturated air

Fresh water

O

Parabolic Humidifying
Solar Collector (PHSC)

>

Dehumidifier /
Condenser

Figure 1. Schematic diagram of the PHSC-SS operating in closed air/open water loop. Adapted from (Welepe et al., 2022).

Figure 2 presents the longitudinal section view of the
PHSC’s HCE, with the heat and mass transfer
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mechanisms occurring inside and around it. This helps
in establishing energy balance equations of Section 3.
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Figure 2. Longitudinal section view of the HCE of the PHSC: Heat and mass transfer mechanisms occurring inside and
around it. Adapted from (Forristall, 2003; Padilla et al., 2011; Welepe et al., 2022; Yilmaz & Mwesigye, 2018).

Figure 3, like Figure 2, shows the heat and mass particularly useful in system thermodynamic analysis,
transfer mechanisms occurring inside and around the as unlike Figures 2 and 3, it simplifies the
PHSC’s HCE, but in a cross-sectional view, to representation of heat and mass transfer mechanisms,
enhance the representation of the system. Figure 4 and therefore energy balance equations.

depicts the thermal circuit of the PHSC’s HCE. It is

Sky

Qe,a bs

Glass envelope - e Qa-e.conv ,_,—"f Qe—skyrad
\

Qa—e.rad ’J_[j
,_IJ“’ Qe-amb.conv

Vacuum - ae ——

Sprayed water

Moist air - f
(Saturated)

Water sprayer

Absorber - a

Qbracket,cand . .
Selective coating

Ambient environment — amb, 0

Parabolic trough reflector

a

Figure 3. Cross-sectional view of the PHSC: Heat and mass transfer mechanisms occurring inside and around it. Adapted
from (Forristall, 2003; Padilla et al., 2011; Yilmaz & Mwesigye, 2018).
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Figure 4. Thermal circuit of the PHSC. Adapted from (Forristall, 2003; Padilla et al., 2011).

As for Figure 5, it shows the psychrometric path
followed by air in the PHSC-SS, operating in closed
air/open water loop. In this operating scenario, air
remains saturated and follows the path 1-2-1, state
1 being the desired initial state of air at the HCE
inlet, and state 2 being the desired state of air at the
HCE outlet.

Path 1-2: heating and humidification of air in the
HCE.

Path 2-1: cooling and dehumidification of air in the
condenser (direct contact condenser), with
freshwater production by water vapor condensation.

To investigate the performance parameters of this
system, its thermodynamic analysis must be carried
out.
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Figure 5. Air path in the PHSC-SS operating in closed air/open
(FlyCarpet, 2021; Welepe et al., 2022).
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water loop on the psychrometric chart. Adapted from



THERMODYNAMIC ANALYSIS
Assumptions

The following assumptions are considered:
According to Forristall (Forristall, 2003), for short
parabolic solar collectors (less than 100 m in
length) a 1D energy balance gives reasonable
results.

The pressure in the system is equal to atmospheric
pressure. Since the system operates in a closed
loop, and therefore, the internal pressure is
controllable, especially under laminar air flow
conditions.

Thin water droplets sprayed into the HCE adhere
to absorber surface, heat up to absorber
temperature (since water depth in the HCE is
negligible), and evaporate into the flowing air.

No water droplet is carried away by the air stream,
meaning that the proportion of the water mass flow
rate that reaches the absorber to the total sprayed
water mass flow rate equals 1.

Energy analysis of the PHSC-SS
Energy balance equations

- Energy balance equation of glass envelope

. . . . . e =
Qe,abs + Qa—e,rad + Qa—e,conv - Qe—sky,rad + Qe—amb,conv ae (ea

- Energy balance equation of absorber

Qa,abs = Qa—?,rad + Qa—e,.conv + (2)
Qa—f,conv + Qa—f,evap + Qbracket,cond

Qu—fevap = Quapor — Quiquia 3
- Energy balance equation of air flow in the PHSC
Qs = Qa-r.conv *+ Quapor @
Expressions of heat transfer mechanisms
Solar energy absorption

This heat transfer mechanism is expressed as
follows(Padilla et al., 2011):

Qeavs = PrY@K(@D@M)AE, with A=al (5

Qa,abs = noptK(i)go(i)AE: with Nopt = (6)
PrY (Te@a)n

Duffie and Beckman (Duffie & Beckman, 2013)
recommend the value (7,a,), = 1.017,a,.

In this study, K(i) = 1 and ¢(i) = 1 as assumed in
(Padilla et al., 2011). The factor y is the product of
effective optical efficiency terms as given below
(Padilla et al., 2011):

Their values are presented in Table 1.

6
Y = 1_[%'
i=1

Indeed, these factors are optical imperfection factors.

O]

Table 1. Effective optical efficiency terms (Forristall,
2003; Padilla et al., 2011).

Factor and optical properties Symbol | Value
. Luz black e 0.974
HCE shadowing chrome
Luz cermet Y1 0.971
Twisting and tracking error Y2 0.994
G@ometry accuracy of the collector va 0.980
mirrors
Mirror clearness Ya 0.950
Dirt on HCE ¥s 0.980
Miscellaneous factor Ye 0.960
Clean mirror reflectivity Or 0.935

Radiation

The below expressions are used (Yunus A. Cengel,

2011):

Qa—e,rad = eaeAa,extO-(T; - T:), with

1

+ (1_96) (da,ext
€e deint

)

(8)
M

Qe—sky,rad = eesAe,extG(Te4 - Ts%cy)s with )

€es = €¢

Tgiey = 0.0552 x Tg-> for a cloudless sky
(Evangelisti et al., 2019).

(10)

Many relations of sky temperature exist. But in
general, it doesn’t have a great effect in solar collector
performance, unlike in radiative cooling as a passive
cooling method where it has a significant effect
(Duffie & Beckman, 2013). The radiative properties of
different HCEs are given in Table 2.

Table 2. Radiative properties for different HCEs (Forristall,

2003).
Envelope Coating Coating
. transmittance | absorptance emittance
Selective
coating @ @
100 400
°C °C
Luz black 0.935 0.94 0.11 | 027
chrome
Luz cermet 0.935 0.92 0.06 0.15
Solel
UVAC 0.965 0.96 0.07 0.13
cermet a
Solel
UVAC 0.965 0.95 0.08 0.15
cermet b
Solel
UVAC
cermet avg 0.965 0.955 0.075 0.14
(average
values)
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In this work, the Solel UVAC cermet avg is considered
as the HCE of the PHSC-SS, with coating emittance at
100 °C.

Convection
Convection in annulus

The annulus is filled with air under vacuum. The use
of an evacuated annulus aims to minimize convective
and conductive heat losses. Therefore, vacuum
pressure must correspond to the free molecule regime
or near free molecule conditions, i.e., approximately
0.0001 Torr (0.013 Pa) (Forristall, 2003; Padilla et al.,
2011). In this case, convective heat transfer in the
annulus is expressed as follows (Forristall, 2003;
Padilla et al., 2011; Yilmaz & Mwesigye, 2018):

haeAa,ext (Ta - Te) (1 1)

Qa—e,conv =

hee =kys/(A+B), A=

O'Sda,ext ln(de,int/da,ext)’ B = (12)
ba ((de,int/da,ext) + 1)
2-a Iar-s
b=(5) Gmp) T=a/a (13)
1.38x10723xXTge _
A= V282P Tae - (14)
(To +Te)/2

The coefficient @ ranges from 0.01 to nearly 1. For
most gas—solid interactions the value a = 1 could be
assumed in the absence of relevant information; and
for air, § = 3.66 X 1071% m (Padilla et al., 2011).

Convection between the envelope and the ambient
environment (Forristall, 2003; Padilla et al., 2011)

Qe—amb,conv = hwindAe,ext (Te - Tamb) (15)

The expression of h,,;,4 depends on ‘wind’ and ‘no
wind’ conditions (Forristall, 2003; Padilla et al.,
2011). In this study the value 10 W/m?.K is considered
as an average value for free convection (Forristall,
2003; Padilla et al., 2011).

Convection between absorber and air (Yunus A.
Cengel, 2011)

Qa—f,conv = haan,int(Ta - Tf)’ with (16)
Aa,int = T[da,intL

har = kNu/dg i, a7

Nusselt, Reynolds, and Prandtl numbers are needed in
evaluating h .

Re = 1iedg ine/ A, e = m(1+ w), (18)
Ay =mdZ ;,;/4  (Yunus A. Cengel, 2011)

The expressions of Nusselt number for short pipes are
given as follows (Kakag et al., 2012):

Nu = [3.66% + 1.613(PeD,,/L)]*/3, Pe= (19)
RePr, for laminar air flows (Re < 2300)

Nu = Nuoo[l + (Dh/L)2/3], for turbulent (20)
air flows

The expression of Nu,, is (Kakag et al., 2012; Yunus
A. Cengel, 2011):

(f/8)(Re — 1000)Pr

Nie = 127 (7 /8)05 (Pro/s — 1)

ey

With 3 x 103 < Re < 5 x 10° and 0.5 < Pr < 2000
(Yunus A. Cengel, 2011). This relation can also be
considered valid for 2300 < Re < 10* (Kakag et al.,
2012).

The value of f can be evaluated from (Yunus A.
Cengel, 2011):

1.11
L = _18log [6—'2 + (S/Dh) ] (22)

Conduction

To be maintained at the focal point of parabolic
reflectors, HCE is supported by support brackets. This
contact leads to conductive heat loss to the ambient
environment. To express it, each support bracket is
considered as an infinite fin, whose perimeter is
0.2032 m, cross-sectional area is 1.613 X 10~* m?,
with a thermal conductivity of 48.0 W/m.K (plain
carbon steel at 600 K) as described in (Forristall, 2003;
Padilla et al., 2011). In this case the expression of
Qpracket.cona 1S given as (Forristall, 2003; Yunus A.
Cengel, 2011):

Qbracket,eond = nypy hpPpkpAp(Tpp —
Tymp) With Tpp =T, —10 (Forristall,  (23)
2003), hy = hyina
To determine the number of support brackets, it should
be considered that there is a support bracket at each
end of every HCE, i.e., about every 4 m of HCE’s
length (Forristall, 2003).
Evaporation and enthalpy variation of moist air

These heat transfer mechanisms are expressed as
follows (Yunus A. Cengel, 2011):

Qf = m(h, — hy) (24)

Qu-f evap = Mwa (hg@Ta - hf@Twa), with (25)
Myq = m(wz - w1)

Qvapor = mwahg@Ta (26)

Qliquid = mwahf@Twa (27)



System energy efficiency

The expression of the energy efficiency of the HCE
is:

_ Mhy=(Mhy+1wahrary,,)
= = =
m[hy—h1—(W2—w1)hfaT,,q]
AE

(28)

,A=aXL

Exergy analysis of the PHSC-SS

The expression of the exergy of moist air per unit
mass of dry air is (Bejan, 2016):

Y = (cpa + )T, (—T" 1-1 —T")
i — \C w;C —1—1In
i pa i“pv)f0 TO TO

P.
+ (1 +@&)R,T, 1np—’
5 0 (29)
~ 1 Wi
+ RaTO ((l)l’ lna_o
1+ @,

1+®;)]1
+( +wl)n1+w

)

@; = 1.608w;, @, = 1.608w,, i€ {1,2}

i

The dead state is that of the outside air and the pressure
in the system is considered equal to atmospheric
pressure (see paragraph 3.1. for assumptions), i.e.,
Pi = Po.

On the other hand, the expression of exergy of liquid
water per unit mass is (Bejan, 2016):

Ywa = hf(Twa: Py) — hg (To, Pvo)
- TO (Sf (Twa: PO)
— Sy (TOJ pvo))

(€2))

The expression of the exergy rate from the sun is given
as (Ge et al., 2014; Jafarkazemi & Ahmadifard, 2013;
Kalogirou et al., 2016; Sadaghiyani et al., 2018):

Gl
TS
The expression of the exergy efficiency of the HCE
is (Bejan, 2016):

1

3

. . 4T,
E,=AE(1-=2+

3T, (32)
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nex,ps
exergy rate obtained (output)

= (33

sum of provided exergy rates (input) )
i,

Eex + mwalpwa + mlpl

MODEL VALIDATION

The operating principle of the flat plate HSC, as well
as its thermodynamic analysis and model were
detailed and validated in (Welepe et al., 2022). The
same thermodynamic analysis was applied to the
analysis of the PHSC. Moreover, all the specificities
related to the HCE of PHSC, which have been
modeled and validated in (Forristall, 2003; Padilla et
al., 2011), have been scrupulously respected and their
thermodynamic model applied. Consequently, it can
be stated that the thermodynamic model of the PHSC
used in this work is also valid and will provide reliable
results. Nevertheless, it is still useful to check whether
the current model follows the well-known
thermodynamic law that depicts the evaporation of
water from the absorber of HCE into air. That law is
named Fick’s law and leads the mass transfer by
diffusion. In this study, it is about water diffusion into

aitr. (30)

Although there are some simplification formulae of
Fick’s law, all derive from the following expressions
(American Society of Heating Refrigerating and Air-
Conditioning Engineers Inc. (ASHRAE), 2021;
Lienhard IV & Lienhard V, 2020; Yunus A. Cengel,
2011):

hmass = DABSh/Dh (34)

Sh is derived from the relations of Nu by substituting
Pr with Sc.

SC:Vf/DAB (35)
Dap = Dy,o—air = 1.87 X

10_1°(Tf2'072/P) (36)
mwa,Fick!slaw = hmass (pwa,a (37)

- pvapor,f)Aa,int

Pwaw and p,. are evaluated at saturation state
(Welepe et al., 2022).

Figures 6, 7, and 8 present the comparison results of
freshwater productivities obtained from the current
model and Fick’s law, for an incident solar irradiance
of 900 W/m?2, 600 W/m?, and 300 W/m?, respectively.
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Figure 6. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 900 W /m?2.
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Figure 7. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 600 W /m?2.
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Figure 8. Comparison of freshwater productivities obtained from the current model and Fick’s law, for E = 300 W /m?2.

In these figures, laminar and turbulent flow effects
can be distinguished. Laminar and turbulent parts
are separated by a jump or a sudden change of
values (for instance, at AT =31 °C in Figure 6).
Turbulent regime corresponds to the smallest AT
values, i.e., before the jump, while laminar regime
corresponds to largest AT values, i.e., after the
jump. These figures show a good fit between the
model of the HCE developed in this work and that
of Fick’s law. The discrepancies are acceptable for
this study. This is justified by the fact that, although
the study is theoretical, it is based on systems,
models, and equations that have been studied and
validated in earlier works [21,113,114].

RESULTS AND DISCUSSION
Performance analysis of the PHSC

Curves of performance parameters

Table 3. Dimensions of the PHSC and other quantities.

The performance parameters investigated are
energy and exergy efficiencies, the required dry air
mass flow rate and the maximum water mass flow
rate that can be evaporated, i.e., to be sprayed on
absorber. Table 3 presents the dimensions of the
PHSC, and other quantities needed to carry out the
study.

The investigation is performed following three
parameters which are the most important ones that
can affect system performance. These are the
incident solar irradiance (900 W/m?, 600 W/m?, 300
W/m?), air temperature at the HCE inlet (25 °C, 40
°C, 55 °C, 70 °C), and air temperature variation
between HCE inlet and outlet (1 to 74 °C, outlet
temperature being less than 100 °C).

All equations were solved in EES software, and the
curves of performance parameters were plotted in
MATLAB software. Figures 9 — 14 present these
curves.

Quantity Value (m) Quantity Value (m) Quantity Value
dgext 0.097 [ 0.117 n, 2

dgint 0.095 a 1 Tomb 25°C
Ao oxt 0.121 L 2 Twa 20 °C
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Figure 9. Performance of the PHSC for E = 900 W /m?. a) Energy efficiency, b) Exergy efficiency.
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Figure 10. Performance of the PHSC for £ = 900 W /m?. a) Required air mass flow rate, b) Water mass flow rate to be
sprayed.

E =600W/m2,y =1,T,, = 20°C E = 600W/m?,y =1,T,, = 20°C
71 - T - T T T T 70
——T1=25°C —T1=25°C
I - = :T1=40°C| | 601 - —:T1=40°C
e —-—T1=55°C —-—-T1=55°C
\ ——T1=70°C 50 If ——T1=70°C
691

n (%

0 10 20 30 40 50 60 70 80

80
AT=T,-T, (°C) AT=T,-T,(C)
a) b)

Figure 11. Performance of the PHSC for E = 600 W /m?. a) Energy efficiency, b) Exergy efficiency.
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Figure 13. Performance of the PHSC for E = 300 W /m?. a) Energy efficiency, b) Exergy efficiency.
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Figure 14. Performance of the PHSC for E = 300 W /m?. a) Required air mass flow rate, b) Water mass flow rate to be

sprayed.

From these curves, the effects of solar irradiance,
airflow regime and air temperatures are noticeable
and presented in the following sections.
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Effect of solar irradiance

All performance parameters increase with solar
irradiance. However, the increase in energy and
exergy efficiencies is slight, i.e., a maximum
difference of about 4% and 0.3% respectively,
between E =300 W/m? and E =900 W/m?2.



Note that, these are efficiencies (percentages) not
the values of useful energy and exergy which, on
the other hand, significantly increase with solar
irradiance. Whereas air and water mass flow rates
almost triple from E = 300 W/m? to E = 900 W/
m?, i.e., almost by a proportionality ratio of solar
irradiance.

This slight variation of energy and exergy
efficiencies with solar irradiance is due to vacuum
in the annulus of HCE, the use of low emissivity
absorber and glass envelope, and water evaporation
from absorber surface which minimizes absorber
temperature. In fact, these efficiency enhancement
techniques allow approaching the lowest levels of
heat losses and exergy destroyed, i.e., system
performance limit, whose percentages, therefore,
remain practically constant with the variation of
solar irradiance. Consequently, since air and water
flow rates carry useful energy and exergy, there is a
significant increase in their values with solar
irradiance.

In contrast, for the flat plate HSC, all these
performance parameters increase significantly with
solar irradiance (Welepe et al., 2022).

Effect of airflow regime

The effects of laminar and turbulent airflow regimes
can be observed on the curves of water mass flow
rate to be sprayed and energy efficiency, i.e.,
Figures 10, 12, 14. Laminar and turbulent parts are
separated by a jump or a sudden change of values.
Turbulent regime corresponds to the smallest AT
values, i.e., before the jump, while laminar regime
corresponds to largest AT values, i.e., after the
jump. The jump region corresponds to the transient
regime. For example, for T; = 25°C, energy
efficiency decreases with AT for turbulent airflow
regime and increases for laminar airflow regime.

Furthermore, larger values of the water mass flow
rate to be sprayed, which is equal to the evaporated
water mass flow rate and the freshwater
productivity, correspond to the smaller air mass
flow rates, and therefore to a laminar air flow. This
result is opposite to that of the flat plate HSC-SS
studied in (Welepe et al., 2022). It is particularly
important because it shows that the PHSC-SS does
not need to operate with a turbulent airflow regime
to produce higher amounts of fresh water, unlike the
flat plate HSC-SS. A laminar regime is sufficient
and necessary, allowing to process reduced air mass
flow rates. Therefore, the condenser size of the
PHSC-SS can be much smaller than that of the flat
plate HSC-SS. In addition, smaller air mass flow
rates reduce mechanical vibrations of the system
and energy consumed by air blowers.
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This analysis shows that the upper limit of
freshwater productivity of the PHSC-SS is reached
when air mass flow rate equals zero, i.e., with
absorber temperature at least equal to water boiling
point to cause direct evaporation of sprayed water
droplets by ebullition. Thus, the upper limit of the
PHSC-SS is a PHSC-SS operating without air flow,
rather by ebullition and evaporation of water
droplets from absorber, and suction of the resulting
water vapor to condenser.

Thus, this system is similar to a flash evaporation-
based desalination system like the multi-stage flash
(MSF) system which is a well-known indirect solar
water desalination technology. But, with the
difference that in the upper limit of the PHSC-SS,
water receives solar energy in the evaporation
chamber (the HCE), whereas in the MSF system it
receives heat in a heat exchanger before entering the
evaporation chamber. This remark can justify why
indirect solar desalination technologies so far offer
higher freshwater productivity than that of direct
solar desalination technologies.

Effect of air temperatures

For a given inlet temperature of air (T;, temperature
at HCE inlet), air and water mass flow rates
decrease and increase, respectively, with its outlet
temperature (T,, temperature at HCE outlet). On the
other hand, for a given outlet temperature of air,
both increase with its inlet temperature. However,
for high values of inlet temperature of air (from
T, = 55° C) water mass flow rate slightly varies to
become almost constant. But a small increase is still
beneficial since it is the desired product. Therefore,
an inlet air temperature more than 55 °C should be
chosen.

This point shows that to obtain higher freshwater
productivity, the system must operate with high
values of inlet and outlet temperature of air.
However, these temperatures must be less than the
water boiling point, i.e., 100 °Cat atmospheric
pressure, to remain within the validity conditions of
the system operating principle and its
thermodynamic model.

Combined effects of airflow regime and air
temperatures

For a given inlet temperature of air (T}), its outlet
temperature (T,, corresponding to its temperature at
the condenser inlet) for a turbulent airflow regime
is less than that of the laminar airflow regime. As a
result, with a turbulent airflow regime,
condensation of water vapor will be more difficult,
since heat extraction from air in condenser strongly
depends on the temperature difference between air
and cooling water. For instance, with a cooling
water at 20°C in condenser, the heat transfer with a



saturated air at 70°C is higher than that with a
saturated air at 40°C. That is, the condensation rate
of water vapor from the saturated air at 40°C is less
than that from the saturated air at 70°C.

Moreover, whatever the airflow regime, system
energy and exergy efficiencies range from 64.9 to
70.2% and from 3.1 to 15.1%, respectively. Unlike
the flat plate HSC-SS, whose energy efficiency
ranged from 28 to 73%, and whose values of more
than 64.9% (minimum value for the PHSC-SS)
were only obtained with highly turbulent air flows
(Welepe et al., 2022).

Note that although turbulent air flows induce better
energy efficiency and freshwater productivity in the
flat plate HSC-SS, they involve higher air flow rates
than the laminar airflow regime, leading to more
mechanical vibrations of the system, more energy
consumed by air blower, and larger condenser.

Additionally, they imply low air temperatures at the
HSC outlet (condenser inlet), which can make
difficult the water condensation process. Unlike
laminar air flows in PHSC, which lead to higher air
temperatures at the HCE outlet and thus condenser
inlet, as shown in Figures. 9a, 11a and 13a.

Furthermore, whatever the airflow regime, exergy
efficiency of the flat plate HSC ranged from 0.62 to
1.6% (Welepe et al., 2022), i.e., significantly lower
than that of the PHSC (3.1 to 15.1%)).

Therefore, the PHSC-SS must operate with a
laminar airflow regime and high inlet and outlet
temperatures of air in HCE to achieve optimum
overall performance. Moreover, with a laminar
airflow regime, the assumption that no water
droplet is carried away by the air stream is more
plausible since air flow rates are low.

COMPARISON BETWEEN THE
FRESHWATER PRODUCTIVITY OF THE
PHSC-SS AND THOSE OF SOME DIRECT
SOLAR DESALINATION SYSTEMS IN THE
LITERATURE

For a reliable result, the comparison is performed as
described in (Welepe et al., 2022), i.e., for all
systems, by using a proportionality ratio, freshwater
productivity is estimated for the same total energy
received chosen as base of calculations. This base
of calculations considers incident solar energy and
secondary heat sources employed for heating water
and air. Omitted from the calculations is the

mechanical energy generated by water pumps, air
blowers, and other devices, as the pertinent values
were not available in the scrutinized articles.

The base of calculations is the aggregate solar
energy received per unit time by 2 m? of parabolic
trough reflectors operating under 900 W/m? of solar
irradiance, i.e., equivalent to1800 W (Welepe et al.,
2022). The result of calculations is summarized in
Table 4. In that table, the terms SAH-HDH, SWH-
HDH, and SAH/SWH-HDH mean solar air heater-
based HDH solar desalination system, solar water
heater-based HDH solar desalination system, and
solar air and water heaters-based HDH solar
desalination system, respectively (Welepe et al.,
2022).

Freshwater productivity of the PHSC-SS is
estimated for E =900 W/m?, T, =70°C and
AT = 20 °C (i.e., T, = 90 °C). Since it operates in
a closed-air loop, and there is no liquid water
discharge from HCE, amounts of water sprayed,
evaporated water and condensed water (fresh water)
are equal. Therefore, its freshwater productivity in
kg/s can be read from Figure 10b. Its value in kg/h
is given in Table 4.

Note that, in Table 4, the unit of values in column
“Average freshwater productivity (kg/m?.h)” is
kg/m?.h. However, since in some articles that have
been reviewed, the total area of solar absorber plus
reflectors was not provided, the unit kg/h is used
and mentioned near the corresponding values.

The freshwater productivity of PHSC-SS is higher
than those of most previous direct solar desalination
systems.

Among systems having higher freshwater productivity

than the PHSC-SS, there are:
HSC-SS, with Tci = 27°C and Tco = 20°C.
Although in this operating condition the system
has higher freshwater productivity, it should be
noted that it operates with turbulent air flows or
higher air flow rates (0.1 kg/s in the HSC-SS
against 0.00042 kg/s in the PHSC-SS for optimal
performance), which imply low air temperatures at
condenser inlet which make difficult the water
condensation process and impose the use of an
auxiliary cooling device. Since the current
condenser operates with ambient water. This also
leads to more mechanical vibrations of system,
increase condenser size, as well as energy
consumed by air blowers.

Table 4. Comparison of freshwater productivities of the PHSC-SS and some direct solar desalination systems in

the literature (Welepe et al., 2022).



Average

. Average Average Average freshwater
incident Vi
Type of total freshwater productivity for a
Authors solar . g Remarks
system irradiance energy productivity(k | total energy input of
. 2
(W/m?) input (W) g/m*.h) 1800 W (kg/h)
Ghandourah et SS 700 700 0.5 (kg/h) 1.29 Pyramid solar still with corrugated
al. (Ghandourah absorber plate.
etal., 2022)
Algsair et al. SS 750 - 0.954 - Use of parabolic solar
(Algsair et al., concentrator, PCM, and
2022) nanoparticles coating.
Saeed et al. SS 750 - 0.915 - Use of corrugated drum and nano-
(Saeed et al., based phase change material.
2022)
Tuly et al. (Tuly SS 400 415 0.206 (kg/h) 0.89 Active double slope solar stills
etal., 2022) incorporating internal sidewall
reflector, hollow circular fins, and
nanoparticle mixed PCM.
Ahmed et al. SS 480 507.36 0.19 (kg/h) 0.674 Utilization of a corrugated
(H. Ahmed et absorber plate and phase change
al., 2022) material
Essa et al. (F. SS 656.75 - 0.5 1.096 Utilization of external mirrors to
A. Essa, enhance solar energy absorption.
Abdullah, et al.,
2021)
Essa et al. (M. SS 682.41 - 0.48 1.270 Incorporation of an ETC with
A.Essaetal., internal porous material
2021) functioning as fins, facilitating the
heating of water.
Abed et al. SS 592.5 959.11 0.4 0.461 Integration of an external SWH
(Abed et al., along with four high-frequency
2021) ultrasonic vaporizers.
Al-Otoom SS 852.4 1278.6 4.113 8.684 Implementation of a rotating belt
and Al- featuring black painted aluminum
Khalaileh (Al- lips and a kaolin solution
Otoom & Al- (hygroscopic solution) within the
Khalaileh, system.
2020)
Bahrami et al. SS 900 - 0.93 0.930 Deployment of a parabolic dish
(Bahrami et al., solar collector. Operates with
2019) boiling water.
Shafii et al. SS 890.88 0.54 1.091 Implementation of an ETC
(Shafii et al., featuring stainless-steel wool
2016) embedded within the tube for
water heating.
Elminshawy et SS 572.5 1687 2.75 2.939 Integration of 1000 W electric
al. (Elminshawy water heaters, complemented by
etal., 2015) external mirrors.
Abdelazizetal. | SWH/ 775 3276 0.858 (kg/h) 0.471 Incorporation of an ETC as SWH,
(Abdelaziz et SAH- with high-frequency ultrasonic
al., 2022) HDH humidifier.
Alrbai et al. SWH- - - 3.85 (kg/h) - Deployment of an ETC as a SWH,
(Alrbai et al., HDH coupled with a water fogger in
2022) both the humidifier and

dehumidifier.
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Mohamed SWH- - 5003 6.99 (kg/h) 2.515 Combination of ETC, insulated
etal. (A.S. A. HDH tank, auxiliary electric heater.
Mohamed et al.,
2021)
Rahimi-Ahar et SAH- 1123 3930.5 1.8 (kg/h) 0.824 Vacuum pump to decrease
al. (Rahimi- HDH humidifier pressure, and promote
Abhar, water evaporation. Incorporation
Hatamipour, of an ETC as a SWH, paired with
Ghalavand, et a flat plate solar collector.
al., 2020)
Zubair et al. SWH- - - 0.87 - ETC is utilized as SWH.
(Zubair et al., HDH
2017)
Deniz and Cinar SAH- 730.56 2483.9 - 0.439 Flat plate SAH and flat plate
(Deniz & Cinar, HDH SWH are used.
2016)
SWH- 692.5 1385 1.091 2.836 ETC is utilized as SWH
HDH
SS 692.5 775.6 0.464 1.207 Hot brine exhausted from a HDH
. system is used.
Sharshir et al.
(Sharshir, Peng, . .
etal, 2016) SS 692.5 775.6 0317 0.823 A conventional solar still
Hybrid 692.5 2160.6 0.474 1.233 ETC is utilized as SWH in the
SS-HDH HDH system. Solar still is fed
with hot brine exhausted from
HDH system.
Welepe et al. 900 1800 0.535 1.07
(Welepe et al.,
2022)
Tei=29°C
Teo = 25 °C SA Asg/oo;h duc]t]—sllapc?d ﬂatdplate
solar collector is used.
HSC-SS Without fins, auxiliary heat
Welepe et al. 900 1800 1.462 2.923 sources, or solar concentrators.
(Welepe et al.,
2022)
Tei=27°C
Tco=20°C
Present study PHSC-SS 900 1800 0.848 1.697 Use of an ETC and parabolic
trough reflectors, without fins and
auxiliary heat sources.

The solar still designed by Al-Otoom and Al-
Khalaileh (Al-Otoom & Al-Khalaileh, 2020). In
this system, heat transfer is increased by fins, and
by a rotating belt which brings mechanical energy
not considered in the evaluation. This system also
uses a duct-shaped flat plate solar collector like in
the HSC-SS and thus should require much more air
flow rates than the PHSC-SS, leading to the
consequences evoked in the first point.
SWH-HDH. These systems used an ETC as
SWH. That is, solar energy is only concentrated
in water with fewer energy losses. Thus, the
outcome can be justified by the fact that the
amount of evaporated water is commensurate
with the energy received by liquid water.
However, larger water and air quantities are
pumped, that is, larger electrical and mechanical
energies are required by circulation pumps and
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air blowers. In addition, these systems generally
use higher number of HCE (more than one), plus
a separate humidification chamber (humidifier)
that make them more cumbersome. Whereas,
only one HCE is used in the PHSC-SS, and also
serves as the system’s humidifier.

The greatest advantage that PHSC-SS has in front of
those systems is that it operates with laminar air flows,
i.e., with lower air flow rates. This leads to higher air
temperatures at condenser inlet, which eases the water
condensation  process, decreases mechanical
vibrations of system, and lowers condenser sizes and
energy consumed by air blowers.

In addition, PHSC-SS can operate with high air
temperatures at HCE inlet (T, = 70 °C for instance).
Indeed, since cooling water temperature must be lower



than air temperature at condenser outlet, i.e., HCE
inlet, high air temperature at HCE inlet allows a wide
range of cooling water temperatures in condenser. For
instance, for T; = 70 °C, temperature of cooling water
in condenser must be less than 70 °C, while it must be
less than 20 °C in HSC-SS since Tco = 20 °C, and
equal to or less than the ambient temperature in most
desalination systems.

Furthermore, for equal air temperatures at condenser
inlet, equal cooling water temperatures in condenser,
and equal air flow rates to be cooled, the water
condensation process in PHSC-SS will require less
cooling water quantity or flow rate than other
desalination systems, and therefore less energy
consumed by cooling water pump, since in PHSC-SS,
air temperature at condenser outlet can be much higher
than that of air at condenser outlet of other desalination
systems, with optimal system performance.

Finally, since there is no water exhausted (brine) from
the HCE, salt grains will crystallize on absorber
surface and thus, negatively impact the performance
of the PHSC-SS. Nevertheless, this can be resolved by
a regular cleaning of the HCE, water-based cleaning
particularly, which is part of system maintenance.

CONCLUSION

The recommendations of the study carried out by
Welepe et al. (Welepe et al., 2022) on the flat plate
humidifying solar collector—based solar still (flat plate
HSC-SS) suggested that using solar concentrators
(parabolic trough, parabolic dish, Fresnel mirrors),
and designing humidifying solar collectors from
evacuated tube collectors, could be very interesting
deals because these techniques are known to
significantly improve overall system performance.
Hence, the purpose of the present study was to
implement  these  performance  improvement
techniques in a parabolic trough humidifying solar
collector-based solar still (PHSC-SS), and its
objective was to theoretically assess system
performance. The main results obtained can be stated
as follows:
Unlike flat plate HSC-SS, which must operate with
a turbulent airflow regime to achieve optimum
overall performance, PHSC-SS must operate with
a laminar airflow regime and high inlet and outlet
temperatures of air from the heat collector element
(HCE) to achieve optimum overall performance. In
addition, laminar airflow regime implies higher air
temperatures at condenser inlet, which ease the
water condensation process (thus freshwater
productivity), and lowers mechanical vibrations of
system, condenser size, and energy consumed by
air blowers as well.
Vacuum in annulus, low emissivity absorber and

glass envelope, and especially the newly
introduced enhancement technique (water
evaporation from absorber surface which
minimizes absorber temperature) allowed

approaching system performance limit, i.e., the
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lowest levels of heat losses and exergy destroyed
in the PHSC-SS, whose percentages, therefore,
remain practically constant with the variation of
solar irradiance. Consequently, since air and water
flow rates carry useful energy and exergy, there is
a significant increase in their values with solar
irradiance.

The upper limit of freshwater productivity of
PHSC-SS is reached when air mass flow rate
equals zero, i.e., with absorber temperature at least
equal to water boiling point to cause direct
evaporation of sprayed water droplets by
ebullition. That is, the upper limit of the PHSC-SS
is a PHSC-SS operating without air flow, by
ebullition and evaporation of water droplets from
absorber, and suction of the resulting water vapor
to condenser. Thus, it is similar to a flash
evaporation-based desalination system.

This last point introduces the future scope of this work.
It would be interesting to design and study such a
system, with attention to the effects of pressure
variation on its performance, since decreasing
pressure lowers water boiling point and therefore
promotes water evaporation.
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