Korean Chem. Eng. Res., 60(4), 525-534 (2022)
https://doi.org/10.9713/kcer.2022.60.4.525
PISSN 0304-128X, EISSN 2233-9558

T|4EAEI0L MY MAS I3 BRI
Zrd -0l

X%bl—ﬂ]ts]—_ﬁr_ §]_6
61186 FFOIA 7 8

(2022 62 28U A, 20221 7€

18

o1z X914 Bt B8 YOl 45 T

EA - uple

IR
58H-

fuw 77 Adsta

FAE A, 2022 79 22 AjED)

Performance Evaluation of a Closed-Loop Pressure Retarded Membrane Distillation for
Brackish Water Desalination and Power Generation

Gyu Sang Cho, Jun-Seo Lee and Kiho Park’

School of Chemical Engineering, Chonnam National University, 77 Yongbong-ro, Buk-gu, Gwangju, 61186, Korea
(Received 28 June 2022; Received in revised from 18 July 2022; Accepted 22 July 2022)

(@}
pui

2 AFellM= B3 1719 §A] ABAke] 7Fs3t pressure retarded membrane distillation (PRMD)2] #5322
A% s BV T
= o & 01]L1/<] AAreko] ok 7k Eo]tq 90 C oA Iq] o}x%x%o Z%Ed ko) 7].‘:6]— e 3‘;1—0]:_;%
o] 17401]/\1 3 gLy 7157t FdE W &= oA Ak
TE7F 13 g/Li wsle u) &

AR TRl Aga 44

7 95 F52 0.6 kg/s5 UERITE
YA 8.04 kg/m*/hre] 7S UERILE 7]
YERA] ekokar, st &
oAUX] Atoleh= &

[e)

T AR o} HhLo}‘ﬂ Y
el A Feh 7142 ARg-3lA PRMDE %ﬁﬁF 2ol H &

of
el

o|Alo

asisich. A4 A3k 80 T

el ot o] AT
129 & oA B s

4 o]ﬁ},_

\:xu_

Abstract — In this study, we investigated the applicability and optimal operating strategy of a closed-loop pressure
retarded membrane distillation (PRMD) for brackish water desalination. For effective operation with net power generation,
high temperature of heat source over 90 C and feed flow rate at 0.6 kg/s are recommended. At 3 g/L of feed concentration,
the average permeate flux and net energy density showed 8.04 kg/m?/hr and 2.56 W/m?, respectively. The average
permeate flux and net energy density were almost constant in the range of feed concentration from 1 to 3 g/L. Compared
to the case with seawater feed, the PRMD with brackish water feed showed higher average permeate flux and net energy
density. Thus, PRMD application using brackish water feed can be more effective than that using seawater feed in terms
of power generation.

Key words: Brackish water desalination, Energy harvesting, Desalination, Process modeling
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Fig. 1. Schematic diagram of CL-PRMD. The solid and dashed lines denote fresh water and brackish water streams, respectively.
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18k 4= glo}, B3k CL-PRMD: Q3|71 2481 ulEell, 7]
7157 g AR A AE dud)E 8 BEElE 4 ol

o158 Bl Al2Elef IEE AAl E2) S =Y & 9ltHi12].

)
U‘.

2.2, EHE oz

CL-PRMD®] 54& ohuir] )3 818 vl 41 o]g31s]
©h CLIRDE 85 92-0] 5ol 4 thefel allens
= Alelskass DCMD] 12|k AR DCMDe]| o8-
gl 228 A= JE| 7 F-8-8190c) o] g3t 284 R dll g}
=20 47 HoleE Fal 13 AL daskivhz,

2 AT = A ARE 7HsE ul, F3 A (hollow-fiber) EFY

Qe AR v 35 399 A B 527

Table 1. Operating conditions and parameters

Operating conditions in the MD module

Cold feed Hot feed
temperature 25[C] 60-90 [TC]
pressure 10-25 [bar] 1.1-1.3 [bar]
flow rate 0.2-1.0 [kg/s] 0.2-1.0 [kg/s]
concentration 0 [wt%)] 3.5 [wt%]

Brackish water Waste heat
temperature 20[C] 95[TC]
pressure 1 [bar] -

Pump Hydro-turbine
efficiency 0.85[-] 0.95[-]
Parameters

Porosity 0.75 [-]

Tortuosity 1.15[-]

Pore size 45 [nm]
Membrane Membrane thickness 60 [um]

Membrane contact angle 165 [°]

Thermal conductivity of the membrane  0.25 [W/m/K]

Membrane compaction 15 [%]

Air conductivity 0.012 [W/m/K]

Fiber length 0.5 [m]

Shell side diameter 0.1 [m]
Module Packing density 0.65 [-]

Number of fibers 36,848 [#]

Fiber inner diameter 0.3 [mm]

Total membrane area 20.64 [m?]

Heat transfer coefficient 1000 [W/m?%/K]
Heat exchanger Pressure loss ratio 1 [%]

AT, 5[C]

MD FE-5 ARE-SIThIL 7Hg gt AlE | 0]3S MATLAB X271

22 o) g3l KWHAOH, WE U thE 2710 AAT Fu i
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2-2-1. N 73 9=

MD ““H?HIOJS_ 2dE w7] wiel Ak 0w A=
21 ZRT} Ak gl frlEls HAE DA 1
9l ‘?J?—%—% ks 1513}”4 NA7F R H RIS Tl 2l ddo] Ay
gt webx 7155 v He, 21 ANE S uhs FashA]

o] uj o] 7]EHo] ¥ A7 oS A 73 ¢F¥ (liquid entry
pressure, LEP)O]2}1L 3t} LEPS] #k2 UREA © 2 Young-Laplace
W Ale ol gell that ol Akt 5= Qlv17].

LEP = _ZEGrcosG 1

B 713 B2 Al (pore geometry coefficient)©| ™, 7] 3
gol7] wjief| 19] 32 Zh=t) o A9 ¥ A, 0= AA|lS

7] Ao A 2] Mgl WB ol we] HE7L ho 7] 2] Hizdolt},

web] MD S5 20 A f915 (a0l LEPRO} 22 Hels
7hallad qkelt. 2 o] 1ol whEw[10], PRMD g4l %
7HE 15 bk Slelo] 5855 B ) AeE A 5
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SHCH18,19]. wWebA 5712] Knudsen EAFE (D F) &} 7)Aol 4] €] &
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Ty = Tyt L. 27)
Cr
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Feed flow rate (kg/s)

Fig. 2. Effects of heat source temperature and feed flow rate on
average permeate flux.
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Fig. 3. Effects of heat source temperature and feed flow rate on
recovery.
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Fig. 4. Effects of heat source temperature and feed flow rate on both
of generated and consumed energy density.
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Fig. 5. Effects of heat source temperature and feed flow rate on net
energy density.
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Fig. 6. Effects of brackish water concentration on average perme-
ate flux and net energy density.
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Nomenclature

CL
DCMD
ERD
LEP
MD
OL
PRMD
PRO
TOEC

: closed-loop

: direct contact membrane distillation

: energy recovery device

: liquid entry pressure

: membrane distillation

: open-loop

: pressure retarded membrane distillation
: pressure retarded osmosis

: thermo-osmotic energy conversion
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- vapor flux [kg m?s]

: vapor pressure at the membrane surface [Pa]

: total membrane resistance [m s']

: Knudsen diffusion constant of water [m?s']

: diffusion coefficient of water in the air [m?s™]
- heat flux [W m?]

: heat flux through membrane [W m]

h : heat transfer coefficient [W m? K]

Niper  : number of fibers [#]

d, : outer diameter of the hollow fiber [m]

d; : inner diameter [m]

d,, : logarithmic mean diameter [m]

d, : hydraulic diameter of the shell side [m]

dgy, : shell side diameter [m]

k : thermal conductivity [W m™ K]

k,, : thermal conductivity for two phase composite material
[Wm! K]

kg : thermal conductivity of air [W m™ K]

kg : thermal conductivity of the membrane material [W m™ K]

F : mass flow rate [kg s™']

Cr - heat capacity rates [J K™ s7]

Cr,. - larger value of the cold and hot side heat capacity rates [J
K's

Cr,., :smaller value of the cold and hot side heat capacity rates
[JK's"]

C, : specific heat capacity [J K kg'!]

Teomp - 1atio of increase in total membrane resistance [%o]

P,. : environmental pressure [atm]

L : length of the hollow fiber [m]

R : gas constant [J mol'K!]

M : molecular weight of water [g mol™']

Py, : partial pressure of air trapped in the pores [Pa]

P : total pressure in the pores [Pa]

r : average pore size [m]

q : actual heat transfer in the heat exchanger [J s™']

AH : enthalpy of the vaporization [J kg']

U : overall heat transfer coefficient [W m?2 K]

A : heat transfer area [m?]

T : temperature [C]

E s energy [J s

Greek letters

s : pore geometry coefficient

] : membrane thickness [m]

e : effective porosity

€ : effectiveness factor

n : efficiency

6 : contact angle [°]

0, : yaw angle [°]

U : viscosity [Pa s]

533

: density [kg m™]

: linear flow velocity of the solution [m s™']
: liquid surface tension [N m™']

: tortuosity

: packing density

Dimensionless groups

Nu
Pr
Re

: Nusselt number
: Prandtl number

: Reynolds number

Superscripts and subscripts

b
m
C

H

HT
HX
BW
s

w

pump

W

10.

: bulk solution

: membrane surface

: Cold stream in the heat exchanger (brackish water) or in
the membrane module (fresh water)

: Hot stream in the heat exchanger (fresh water) or in the
membrane module (brackish water)

: hydro-turbine

: heat exchanger outlet of the freshwater stream

: heat exchanger inlet of the brackish water feed stream

: salt

. water

: pumpl or pump 2
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