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A Study on the Flux and Heat Transfer of Direct Contact Type
Module Applied for a Pilot Scale Membrane Distillation Process
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ABSTRACT

In this study, a direct contact membrane module was manufactured to be used in a pilot scale membrane distillation
process to treat 3 m*/day of the digestate produced from anaerobic digestion of livestock manure. In order to investigate
the performance of the membrane module, permeate flux was measured with and without spacer inside the module
under various condition of temperature difference and cross flow velocity (CFV) through the membrane surfaces. Flux
recovery rate after chemical cleaning was also investigated by applying three different cleaning methods. Additionally,
thermal energy consumption was theoretically simulated based on actual pilot plant operation conditions. As results,
we observed flux of the module with spacer was almost similar to the theoretically predicted value because the installation
of spacer reduced the channeling effect inside the module. Under the same operating condition, the permeate flux
also increased with increasing temperature difference and CFV. As a result of chemical in-line cleaning using NaOCl
and citric acid for the fouled membranes, the recovery rate was 83.7% compared to the initial flux when NaOC| was
used alone, and 87% recovery rate was observed when only citric acid was used. However, in the case of using only
citric acid, the permeate flux was decreased at a rapid rate. It seemed that a cleaning by NaOCl was more effective
to recover the flux of membrane contaminated by the organic matter as compared to a cleaning by citric acid. The
total heat energy consumption increased with increasing CFV and temperature difference across the membrane. Thus,
further studies should be intensively conducted to obtain a high permeate flux while keeping the energy consumption
to a minimum for a practical application of membrane distillation process to treat wastewater.
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I mls 2 9 S S HES 2ot Y HEA 280 FaRs U Z0jHR| Olsof ket St

w7} A7 A "otk olu] A5 A Alolof A H(Direct Contact Membrane Distillation, ©|3} DCMD)
d B e v EeuE wj A sko] AR AE o A 7HsAde W 2 AYe Soto] AHE A
o] =& o] &shAl YL FIIEHS =R fFdelA #l7F ATHKim et al., 2016). & Aol A= A3 A+
Aelaer o]FstA gt olFet V= FUTE ANE v o R 3E/Y Y AF SWEE 155
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FH&lu)S 95 5 o] 84 29 ¥ Aty FFA oz AAE 2 BE50 of|JA] 4xH]
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Hglul Zupy 2AHO QL2 jm@oa i I A2 DCMDRE2] J5B7HE AT AdHA +
Ho|7] mio] HAS HE|aee Ay oA & 92t Ao (Fig 2). ZE|HE Afelo] FiL o
olz=9l a2 Abolo] L& xpo]2 AASHA L5} Z o] = water bath(Scilab SB-11)9} & w2l7](DIC
L Ao| ZaslrkSchofield et al., 1990). 3}A| 7 24 193-1)E 53l o¢x Y47t 3213, RigiHe=
o grost Szl o= ) Haju wExAe] g  SAWE F YAH At S22 "ot ol
w2 QlE] 9920 A HEhw o] o)EslA Hy, — BuEY| WHel= AVhe sRES AlE EE 5
ol golko] ew AEle} HEjdo] ex Aae of  AEeE ¥AAAY Fdeot Ases AHEE
oAN AR EBgae] Aotz olojch. HatA o
Aal Ent0S 025}y QA Lo A] LAl Table 1. Specification of Membrane used in DCMD module
£ 4 %A FaaFolor sha, el § Material PVDR
Qe Q& A% Mo A8 Folok Tk weA Pore size (um) 0.22
28490 29 2AL AAS] dele ol Porosity 0.75
A ouix] o] tjst AT} o] Zo] BHolr), Thickness (um) 125

2 7ME2En 7] Al Ro]es mxzoz Effective area (m? 0.0576
A elste] WrEaly] oste] XA AEA] Hajul =ap Thermal conductivity (W/m/K) 0.041
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Fig. 2. Schematic diagram of DCMD performance test: (1)
feed reservoir; (2) pump; (3) flow meter; (4) heat
exchanger; (5) DCMD module; (6) permeate reservoir;
(7) analytical balance; (8) water bath; (9) tap water;
(10) thermometer
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Fig. 3. DCMD module without spacer(a) and with spacer(b)
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1 OIS 2 9F 3 24 AES 2ot 2y A 2Eo| Fugs I o] ojso) &gt a7
F<(Cross flow velocity, CFV)©] 0.09 m/s=2 Fd3t =4 ZANA §UL] 2= 60~63 °C, Ao 2=
oAl Amo|AE AX|g BEM HAX|EIA] 2 HEI 23~25 °C, CFV= 0.2 m/s& -A|3819it}.

of

thsto] ARl Akt ojuf] Ao A= Eeut oA
et fE= SH)oll 22 AAJskeiThFig. 3). ol %
20| A7t AXE REof thsto] o W FiGE
(CFV)ol| w2 Bt WIlE A E 7] 9iste] Sk
4 0.09 m/se} 0.18 ms2] = 71X 27 giste] {24
Z7] EE 65 C= Ut A4 & &HshiA Tk
&5 Sk e Aol oA fdaet fE
227t e o] gk o] FHE AAbE= AR
tisto] Fihf&S S5t A E A fda
erl 270 ulg} 58-61.6 °C, A4 2L 27-36.8
Cx A= et Aga BF 2 Al2A
(Human Corp. Human power)E ©|-8-5}o] A4t de ionized
waterS A5G, 25 S8 =4 AH|(WIW nult
3420)5 o]-gsto] AAzte® ZA5HITh

2.2.2 22|19 MiFol| 2let =

o} g 20 WAL W FB BES o] 8
AR Aus vigon §7] odBdn 2] o
AEZ] AAZS Yot 3}3FA A A (chemical cleaning)-2
YSFCHKIm et al,, 2016). T, A13) Atoflxd= Al Al
TS HEoA Zalslo] A9 Mg aRt vt
H, 2 ﬁ?oﬂ/\ = 29 22 glo] A& 0.2
m/s-J £r g 445 gl B BE Y2 &3AA
= in line YO &2 3Pt AFS F Al 7HA

o HE waem AWt A WA WAL
3% sodium hypochlorite (NaOCl) &S 0]83}of 5
AZHESE AlsEA e ol 2 f7E o 2
= AAE stk = wA Al
3% citric acid (CsHsOy) £NTHS o] g-8lo] 5A7+ECr
AGsERAL, 971A= F71E e 9 2d=Ee Al

EHEL
_E (

= HHog

=2 11

A%t & 4 Qes owat Alolch Al WA AlgelA
£ 3 WASHE WA A S 2 52 B o

Saoz Agstgt A A

Atel wee wEol bak A4 AR 24 3]
Sleto] 2oiel ahof gt A1 Alge speick Mg 1 A
AL 715 7] 23908 3052 AHSto] o ]
FUEAe ashs Bgold B Rakase) 10 23 OUX M Mz 22
Undhe OJ3t7} 1948 o USiSIck RS it ot S 2 ol e el dlol el
7] ool 04 LErb shdstel AgSAOT, o lacld Aelew ol BaA s, ol ¥
K432 Table 2] L}Ewo%u} A LB GRS FE oure) AdEo] og ofF3 Hejn FAS B £
Table 2. Composition of feed solution i}%}ﬂfjﬂ 7k wrehal 2= ;Q‘?E?—OA Ol?EE L}%
_ 2 glen), the A()-@E E@T 4= YrkSouhaimi
Components Concentration (mg/L) and Matsuura, 2011).
SS 386.7£52.5
COD 1,611.6%x115.5 Qn =Qc + Qv (1)
TN 741.8+£22.9
NH,*-N 731.2+66.2 Qc = -ka/& % (Tt - Tinp) @
TP 31+3.3
PO,-P 12.5+1.5 Qv = Jw x AHvw ®)
pH 8.5%0.1 AHyw = 1.7535 x T + 2,024.3 @)
Table 3. Condition of chemical cleaning experiment
Run Main target of foulant to be Cleaning agent Cross Flow Velocity Cleaning time
cleaned (m/s) (hours)
1 Organic 3% NaOCl 0.2 5
2 Inorganic 3% Citric acid 0.2 5
3 Organic + Inorganic 3% NaOCl + 3% Citric acid 0.2 54+ 5
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o714, Que Be|uhE Fall olEdt & daF (W),
Qs Aol oJgt o) dF (W), Q= =571 Fato]
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] freles & EHY Al £ 2910 2% (K), e
Aelge] Ekf (Lm'h), AHywis 2573 29 o
Kkg), T= F9] A2 =K)oleh Z2]9he] d7=
=9} FAE AT S 7 2 Aol AMSE 22
alof| tiafj A= ZF2F 0.041 Wim/Le} 125 imE 28513 ct
(Souhaimi and Matsuura, 2011). 2|9 FHO] &% (Tys
& Top) A A FIHFE (w2 Aol A At

T oS g o] gsto] 2 = ATHKim, 2017
Lawson and Lioyd, 1997).

olggt Aoy ol s U+ k= A
& wEbA B SR 3 e AHHoR {4
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Table 4. Flux observed with various operating condition

Yse- AR OISR 2R |
7

Aletgich. Run 19] 49 Asjo| S 2|5k k& 4
oA 894 2% 61.6 °C, A4 &% 248 °C, CFV
0.09 m/s ° AAAE LHx7 tsto] Eahg&e
444 Lm’/hr 2 $=E 9tk Run 29] 3§ Aol A&
RS & 89l &% 582 °C, A4 &%= 273 °C,
CFV 0.09 m/s o] AAAE S-xANAN B4
9.46 Lim'/hr2 ZA =ik Auo]A A2 Z(Run 1)3}
S(Run 2)¢] ATES Hmahy, A T 5949 A4
o] JAAH] 2 2pol= AX] Ao vla 16% WA
AE QAR 058 gL Ado|AS HXF A
Q7 A2 ARLE 113% B &7 BSEA o] A1
o|MS MR ke AL A4 F nE YRS Eitst
= FUEe} Aelart BE WRoA b AA FH
T3 Bz g 52 $3la £ §Z(pathway)S 3
dote] EFoERA Eejute] AA| {5 W2 (effective
area)o] 712517 El= 2Y'd % (channeling) FA4fo] 2y
3t17] wolch wh, 5ol A7} A E Run 29] 4
oL Ano] A& ¢lste] A S Hadsto] &
A9} M4t u AR S FLsHA EeHA Fos
W AH oz ¢& v W7 gu] Ensts 557]9
ool Wrh @] W] BEEE FIHEE Avo]
A7t Q= mE| Hste] Z7lslA

Aozt AA] gl &5kl CFVE 0.09 m/sofl
A 0.18 m/sE 28] =7HA1Z o] BE38-42 946 12.18
L/m*h oA 12.18 L/mh& °F 29% Z7}3l%ich o=
o} Eue Fashe 9E(CFV)O $HE5E fAlet
g 3 Abelo] FAEOl e EHE BASH(heat
transfer boundary layer)o] AAME o] (A9 &%7F uf
Eow £4 glo] AIHoR AgE 4 YES 557
gholek. ol2jgt Aol AL SERD @ato] Has)
SHA E940 Z27)s1A] FrkLiu et al, 2013).

Run Feed temp. | Permeate temp. | ATemp. | Cross Flow Velocity Spacer Observed flux | Predicted flux
(0 (0 Q) (m/s) (L/m?/hr) (L/m?*/hr)
1 61.6 24.8 36.8 0.09 X 4.44 12.27
2 58.2 27.3 30.9 0.09 (0] 9.46 10.14
3 58 31 27 0.18 (0] 12.18 12.93
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- [ ]
14 = Predicted e 3% NaOCl
- - — — 15 ® }, ®
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3 8 d
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4
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Fig. 4. Observed flux and predicted flux on Run 1(Spacer
X, AT=36.80C, CFV=0.09m/s), Run 2(Spacer O, A
T=30.90C, CFV=0.09m/s), Run 3(Spacer O, A
T=270C, CFV=0.18m/s)

Fig. 5. Variation of permeate flux after chemical cleaning
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5] A '8“ VS =] N
A _g{ﬁoﬂ ;u:]f Zﬂ ; ff;oﬁ;f i %;2" e AL SRS T A3 Erese 1412
=3t AT} 242 1227, 10,14, 1293 Linthr 2 Aap  Lm/A7HA] SIS =90, 016 Run 12} ®H o= A4
=3I} (Kim, 2017). Fig, 4. o= 7] Eabg pagr O OF THRE A8 Rk fAp 124k A
o} dlol ofgk o33 vmste] rehgiek. oy T F T 10 L ol =R
& 2P OF =g eAee 27 s, N8 AT 7] FIEE 1648 Limdhr cju] £t
6.7%, 5.8%= AHo|AZ Az|5kA] kL Run 19] # £<& 3| EE2 Run I, Run 2, Run 3 Z+Z} 81.8, 87,
S5 Agst BEGT oSzl 2 Aol gigley, 857 %= Al 7bA 24 B wlsegh S HEHHL
o] 9FA] wmolslE Aw|o]A7} MR EXA] ko 7 o} HA|TE 7] L AEZ ol didt A (3% NaOCl)S
& AGY Aol ofs) AA| fE o o] gast T Run 13 Run 3014 sad Fapqdo] S
of Exhfdol WA BEHL WY, Fupas oz m oM RAERII 10 Limthro] =Sl 7hA) 124
2o olejgt AakE whgetx] Foke webs w3 AFE AR R, R7] e asdel dt A9
WO RS RIf4 g &3] mjEtolth Citie acide 8% Run 20041 A9 oI 1%
5 Erhso] 345 Aast AL AT 4 Y9l
3.2 2ajat ™ol o5t Enjea 3|28 t}. o]& Citric acid ¥re.2&= Eajv 3 U 3= |
Fig st AAAHO) T B BupAsl Fags o) o ) SREES WARAE A
7] wpEoln], ufebA] 7HEEw @] Lstohe o4
HEHS U S SR SRS 168 oo g nepy Zuy AL Beu A9 A
Wi'he 5] O1F 9 grastol 20020l A £ 00 oot e 2w sk okge 1)
10 Limhr ojste] i erdaet of N8 o oo o ane wae sd wides
A Table. 3.9] Run 1 of sjgate AAL st T T o
1 Ad} EakgLo] 1348 Limhr 2 3]E =9t o] Citric acid] SJet g Taishe Aol 5 29 Al]
) of EVAY Ao Bt
5 SAZF EoF Wi 1323 Lim¥hr 2 93347} oA
@iom AFBte] 1247E olF Fdpfgol 10
jhr o|3hE ZHASFT of U Table. 3.9 Run2 of O S0lILAX| 241
oHE‘ro}h ARE Stk A olF FTaES A A9 A olgdtel AxE HEd] o3t
1434 Lin'he 7b4) SIS E|QA 8)8E Fabaso]l o oux] offakat $57] Fab] ofg 1 oA of
AHARE FAEA 5T 2 vk Ao R Pasly] B Table 5o ANSIATE BUAT L8 HolojA
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Table 5. Heat energy consumption in Membrane Distillation

Feed Permeate Cross Flow . Heat flow rate (kcal/hr)
temp. temp. Velocity PredlCtid fux . . Total
0) ) (m/s) (L/m*/hr) Convection Conduction (Heat Fnergy consumption)
0.09 7.51 9,328 10,052 19,380
50 20 0.18 10 12,450 13,021 22,502
0.27 11.13 13,870 14,302 23,922
0.09 12.03 15,017 12,717 27,734
60 20 0.18 16.55 20,725 16,795 33,443
0.27 18.74 23,487 18,623 36,205
0.09 17.73 22,236 14,975 37,211
70 20 0.18 25.25 31,777 20,189 46,752
0.27 29.11 36,700 22,623 51,676
o # F F5CFV)o] S7Fe5 o] sk & B A EES AL, AA 9d5 A
57 Tl ofgt < o]&=(convention)t HH = =4 270 7]9kste] AofqA] o] - B dofufA] &
of &gt o]&(conduction) L7 F7t5te Y= B HgE AledlolAd skl A7-dd) et 22 A8
Ak o 29 F9 FHCFV)o] S7MdeE 2EE & =&Y BE UjRel AdolAE AT A9
= S Haggtoe sy Fakf&ol Frtstal, A © Ad™ aE HaAA ol2H dSAeF AR
G)ollA AAE wrel o] 57| Fibo ot T Fa&o] HEEHUoH ojnf 2rEAtol7t & o
o FF Fir&ol HHstER A= CFVEZtel W 242 ol 39 E0545(CFV)7F 271842 125 a
2t < ol s = F7FsHA "t (Liu et al, 2013). & © PSS Sk e dd el disto] S
Aol o7t ol s Ff= A% 2ol #U+2 NaOCl# Citric acidES ©]-83F0] 31314 in-lined] 42 4 g

Hejgo] L& Holo] wsa o] L& o] o]

CFV7l 27}842 SR8 d4hs 7447w

Lo & Aolg §AAZ 4 dome Amd] o

ol5e oA 27187 Bt HUAT CFVEA A
_El'_

ez}
=
£ AU 849 exAo &4
.

A fASHE A BE RReEe S/, Sikg
Go] F7FASE A FolUA| olEHE Z7SH
gtk wheb Ragso] S7he dolux] F dule
o 378 zat

>

2 E

£ ATel A HEEe B7]4st) Heg 95t ot

A3 FREMYY) 9 F% FAE FE] 9 29
BES A Aastech AAE Belu mEe A%
A o

w7 gJetol Thoat 270l Fakid: @ Al

=
ol
ol
e N
=

3k A}, NaOCIRHS A3 49 3582 27| £
£ tiH] 83.7% 3, Citric acid?H2 AMESH H$- 3 &
B2 87% 4=Zo|t}. 3}A|yt Citric acidyHe AFHEEH= 7
St B8 EuhaaS A5 I ME SeE
B840 7tavt o 01 weom o= NaOCloj| |35}
R71BA 71915 U 0 IR AL 4T
5] RE A ZF7] 2o s ey oA A
o] A9 Eahg o] Z7ERE AA) o] o] F
apo] Z7Nstol whel douix] 2uleF oA F71e =
o} o} SUnEe o] g3t Stul4 Helo A A B
oA o] ALAS &Ly A= o]Bst o R] A
Ao FAFENE o ERGEHS o
& 4= glofok & Aoltk. whebA] FF Aol AL Fef
=

2§kl i‘ﬂ Ch=a % 17] H?‘P Nl
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