#39%  BS5H PR A N S Vol.39  No.5
2023 3 H Transactions of the Chinese Society of Agricultural Engineering Mar. 2023 35

TRER IR AW R B R SRR R A B M A
AEE KOEN AER ARG

(L RIH R SAHL R AR 2B, TR 325035; 2. WL R &R0 File, B 310020)

O T @RI AR A AR A IR BRI, W SR T R R AR R AT R G
ge, FET R R R AR, SRR T KRG E, Y8 LA RACHIN GO T AT E
B SRS AR A A S0 9, (B Matlab B BEAT IS AR TS, B HTIRAE S H00 R G R RS2 R
WIS LSRR RGMIE R B SR 50 1.6 kg/(m®h)Fl 48 pS/lem, ALINFRAERE Sw. M RGMERERSL C,, H AN
71.88 kWh/t flI 8.88, LU AT A BT BRI R GE T RE 74.7% . BUSE SRR, AbRRREIE M, FEATHL RN,
TEYERE REL Cop Vb s BERMREE . HERWAE LUSBIEME 38 n, EAHIIIREDRUS, Cop . Bk, ZRGEA RN
WREME. SRR RRE, N AT R R

A BB A, REE; MUREARE%; Bt Tk

doi: 10.11975/j.issn.1002-6819.202209130
FESES: TKS; S216.4 SCEKFRERD: A

AR, B, EF%, F RBREANRZSBESBRERZ BTSN, RIUTIEFR, 2023, 39(5): 35-42.
doi: 10.11975/j.issn.1002-6819.202209130 http://www.tcsae.org

SI Zetian, CHEN Ping, REN Xiujin, et al. Characteristics analysis of the combined system for the mechanical vapor recompression and
vacuum membrane distillation of sulfuric acid wastes[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions

SCEHRES: 1002-6819(2023)-05-0035-08

of the CSAE), 2023, 39(5): 35-42. (in Chinese with English abstract) doi :

http://www.tcsae.org

0 5

TR IR E N — R AR JEORE, BR T AEANER . Ak U0
BRE S TV ITTH BN 2 46, AR AV AT 2 R 531
Iz, Bl e A RS ISR S . AR,
BT A P2 A TR AR V& JG DA SR SR AR 3 = ik
L, AR A RE BRI, B
A IE BB YR IR 2 MR T Gy, b4 5] LRIk,
AE— LA E W AR, AT T 6 i 22 4 B R
KEaE. HET, MRRERAAEEEZDPR. SRR,
2254 REHL FRALFE R (single effect evaporation, SEE)
FZ %475 K& (multiple effect evaporation, MEE) 54,
Wil A AE 7> BRI REFER . RIS R, BATRRE
P U, R, AEEL R A FE AR R R RN
RZATI BT K

JEEZE TR — PR XS R B 4 B I AR, S DABRK B
FUIE e b, AE B 28930 Z I R3N F, s
HI7K 73 FAE B TH 28 R I AL BE A, s B oy
T AL, SEIETRI S Al B MR A MK
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membrane distillation, AGMD) . K $130 (sweep gas
membrane distillation, SGMD ) F1 & JE 3\ ( vacuum
membrane distillation, VMD) . F:H1, VMD B AREIAE
A0 1 LA AR R PR S G s IR IR S 25V R %, WE AR
i 1M IR HLRG Tk, O 2 N T KR AL
JROK A ER AR 2R 4 DL K B N TSR AR O
CRISCUOLI 2P H] VMD $5 At 5 i BEAT B K 4 -
WU 22 H VMD R GiAH B 1K IR ek, —ut
W 5T H 22 R F B VU 4 %% (polytetrafluoroethylene,
PTFE) JEALFACFESRER I, FEHUAS T RAFHI AR,
ZHANG %R VMD IRGEBRERIAT, o ek ik
100%. 27 ISR R HUE 45 & VMD AR B IR 14 0
BRI % T A 92.15%.

SRTT, B 1) VMD B 3 DL 3 i 25 7R B
ENI#GAR, FFIEZRIERRICEE, BdEE. f
. MUMZZ/A T ESE (mechanical vapor recompression,
MVR) U1 S0 38 72 2R ) IR IR & 28V R4 L
R4, R E ST, R AR R IR BRI,
AT 78 23 [ENSCR IR ZERE R, R — P e e A .
LI 2SR 7595 s 45 o AR (R AR 8 VMID 1L FE i 7
B IR ZEFRIE A, @IS o B TN 78 R REAE =19 2
M. WANG %K T —% MVR #i4 VMD i#/K
RWRG, FEIT T RERF KRR REFRME

25 FPnk, #%F MVR-VMD RS0 FERR R, TI
AR EZE U BIR M 8E, R BRI e 56 E H Y
RERUR . ASCUBRIRIEHBCNT AN &, Wit 17—
MVR-VMD #%t, @@ 2 E Ay, Sk A B AR Al
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RIWBHEAHZE &7, WL T #ES808 MVR-VMD
RERIMERETITEM, AT T RERTTRENE. &
FEPEMFREE RS, LA MVR-VMD £ 48 K940 AL ¥ Al
Tl b RS

1 WEABEERERERBRRS

ASCHESLH MVR-VMD &G4 1 fos, £%
B EHERLKAE . R ZIREARL. s, %
BOKFE . MR, AR LIRS . R2gudid sk
T ARIECR HERLK R T R BRI TN — e L, TR
NI HOAE F R BN AL A T, T e A AR
TEEZ RGEMRAER R AT — & M AR, %
A P BRI ) 7K A3 B G 52 BT B i R
T, BERTE Ko TR —E M EZE R, TEREHM
AL Z W) T AL BEBEM, B E OB
NZEFEE AN AR08 R, Pk N 36 HAG S R R R VA R
FERE I, BV Tk N TS K NV KA, 6 S
A IR 40 T 2 A5 IR [F13E R K AR 4k SRR IR IR 4, TR B
EWEZ JGHN T —DMRIHRA . KRGTE BV T
BANMRIIR, BATRRE Z JEER] BT e R RIS .

(TP @ @ Heat exchanger
4 ®
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Distilling tank| ¢

HAH

Vacuum

HZ Bl
Motor

BERRBE " K R

ke 1
Sulfuric acid waste Recovery of condensal FETURATHL

Compressor

pirkiinae o
Flow meter JE 1346

il A Pressure gauge
Auxiliary

SEL i
heat source MR

Thermometer

R
Circulating pump
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Note: 1, 2, 3, 4, 5 and 6 are the solution inlet of the VMD (vacuum membrane
distillation) module, the vapor outlet of the VMD module, the vapor outlet of the
steam compressor, the condensate outlet of the heat exchanger, the concentrated
solution outlet of the VMD module and the concentrated solution outlet of the
heat exchanger.

B 1 AR AT R4 AR R B 2 G2 R,
Fig.1 Composition of mechanical vapor recompression and
vacuum membrane distillation
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M X, = MX, (2)

b My My R0 M 5 BOHERHEWE. 2R BRI
AU, kefs: X0 Fl X 52 BHERMA ORI HRHEN
JREDEL %o

Res- P R
M h = M,h, + M h, (3)

T Ay by FI hs G RN BERHE TR 287 HURHE U B
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Y01 B ZFL A A 99K = A e o o 2 e 3 T ) A%
R TR RIS R, FEIBRE O N
O =h(T; -T;,)

T

r= 2 (4)
Md _ (5)
A

A Ty R R AR, K Ts RN R
K Tp Rl T 20 500 R0 JE = AR 3 0 A0 A 2 T i %
Ks d NKIER, ms A NEBRNHREE, W(mK); Nu
NEEFEIREG e NATRAE R RE), W/(m’-K).
PSRRI O, ITRIR N
Q. =NAH (6)
b NOABRE R, kg/(m>h); AH NIRALER, ki/kg. 7
FETRENIRE N, 2SI S AP RPY, S #f i
R E T T RN
h(T —T.)= NAH 7
VTS S 28 TR A AT A A 8 1) [ I R i 2 R A 0t
P JELA% I 7 R R
N = KnAP (8)
R AP ARSI, AP=Pwm—Py, Hh Py, P,
73 ) Al S A 28 T AR 9 s 95 3 I /K 285K 7
Pa; K, NEEIEAL R 250, ke/(m*-s-Pa), HAHHURTELL
Py DA IS Y SR IR . TR D RNAE R, — it ik
6 W) 8 30 A P S R YRR 2 AT T AR B, T A AR AL
T 3 AN ) AL R R AT R BEOR AR, A SO IR
IS 2L A2k P P 4D R A 33 2 YT RA 9 30 R 26 2R R R 5 1 VR
ERE, HER:

n 2 MwP
Kn=[1.064 75 (Mg 19578 (Mo 1 (g
70 RTm 70 p,RTn

X r REESLAE, pums e AFLBREE, %; 0 AMRIEFE, m;
w HBIE, Pars: T AHIHTERT 5 My JK o F AR 52
B ROGHESHIREH M T WBALTHIRRE, K Py
HIEALTEIEST, KPa.
2.2 FREDGN
IR LI Th 2% 262
= B, (10)
T]th * TJme * 7] mo

ot s Joth AR, K/kes o WAHR, %o e
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com he

Rrf ATy B B ML R, B DA S
REKIEANRE 2 2, Ks T, NIBBEMIKAR 5 X R
ISR EATERE, K ATywp AR AL HERHE 515
B F7 FAKBRRE 2 %, K.
2.3 thiAsR

VA I 45 YRR S 25 T A 0 2 A VB R B 98
PP RE

M_(h,—h)=M,(h,—h,) (13)
TCH By T b 53 5 9 FAAMN P S A RN 74A L IV LS

K/kg.
2.4 RGMEEITMNIERR
AT INAREERE (specific heating energy consumption,
Shee) AETRZEK 1t KT TR LHIINAABEFE, THEWIT:
 Wem
" Ndm
b A AT, m®.
RGPERE R E (performance coefficient, C,,) AW
TE e I PR (R B 5 AR RUE A ML RE 2 BB,
K, RGMREEFHAE S, HEWR:
wzﬁﬁijﬁ s
Weom

S QUY)

3 ISR

T AFEAST MVR-VMD RS w471k, #18%k H
H SR KON B R A TR AR5
3.1 KA

F SRR T A7 TR KA 1, I BB Rl
IKFE o P RS ZE A £ R s B R R A2 7=, #4EEA PTFE i,
LN 0.2 um, FLEZFEA 80%, FRIEAIA 20 m*. Z&IKIE
ALV SRR RERIE AR, ThEh 3 kW #ilat il
WIS R, BN 4.94 m*. JEIRAE LA
RFENWAR, AN 2.2 kW B E B IR LKA,
%N 0.81 kW. K2 N MVR-VMD R4RIHEE .
3.2 HWAR

I T BEARE R G AR A BRI . B
Je, KA LR 2R B AN R RHE B . PR RS E M
R T RGBEEEM KB SR, 0 RE KR .
FR, B EFRIREAEN 5 R A 0 e A A% 25 0k
BRI TR EE . R K RESH, RGN
RERLR. & 1 RIKRSUERHEAR S N T IRIFRE
SRR, AAMRIE T ER 3R, 4 RECT A

5 s

1mp  Vacuum pump

B2 AUREAARE G RE RS AR E
Fig.2 Experimental device of the mechanical vapor
recompression and VMD system
x1 MEYUFESEERESY

Table 1 Types and technical parameters of measure instruments

A= :J B =) [=Ene] e :
IR 2 WEEE g fE Hhs
Measuring object Measuring Type Range Accuracy
equipment
WEBALEER R o
Feed flow rate of ~ VE T Ui LZB-100  8~40 m™h’ £2.5%
VMD module
VA fAVE BF
R HFEF WSS-512 273.15~373.15K  £1.5%
Fluid temperature
AU FAHE  YZ-100  -0.1~0MPa  +1.0%
Vapor pressure
ARG HELF  BZ-1 09990 uS-em” 2%
Liquid conductivity
I EDA N
b - ~ +
Distilling tank level aay / 0~30 cm 1.0 mm
LML R IR HiE: 0~750 V. +1%
Voltage and current of  $fxUFEER  DT26 )
motor Ht: 020 A  £2.5%

3.3 AR5

BT P S r i BUE AL, o Lh B SR BERNE
ITEUERISRAR, ARG R B SRR ISP RLE R, X4
SRR RATIRUE o FERERRRE . IBIE M ) A AR A5 A
25y BN 358.15 K 56 kPa FIl 3 K [I4E1E R, R
R OZERRIE () S#Hadst DWE0KEE (7)) 1
RIS SHAE AR IE W 3 Fros, WIE iR ZE
TREFAE 15% AN, BB B A nT B S AR 1 AAOME
AR AR A AR — 3, HE KRR ZENT 15%,
BB AT 5, PRSI KA R T .

362

361F WW?

360 w7, (KU Simulated value)
o 7, (Al Simulated value)
o 7, (A1 Experimental value)

i) Temperature/K

359 o T, (iIX%:fii Experimental value)
3581 - ———s—8—8—1
- % g @ EI[' EI[' EI['
357F @
3 1 1 1 1 1 1 1 1 J
%6 1.0 1.1 1.2 1.3 14 15 1.6 1.7 18

HERHATH Feed velocity/(m-s™)

B3 dhuARARE () S3AEL 0ARKRE (T,) B
B A= KB AT P
Fig.3 Comparison of the simulated and experimental values of
outlet steam temperature (75) and condensate water temperature (7})
at the outlet of heat exchanger
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4 RGBSR

4.1 RFEEITIHFM

PLESRAKAZER NS, EERHRE. #RHRE. &
MR SR 3 AR AL B 2 3 38 358.15 K. 2.8 m/s.
54kPa fl 2 K M0, FRARGEHE LHETRE, e
iZAT 1 h Ja, BEEN 1.6 kg/(m*h), KBS EN
48 pS/em, BRAKT HRKMHEFE (200 pS/em) , &
Wy KRG R EOKAER 4. B TR R4
HIARER A 30 Hz, IEAAHLIEE H T 39 518 54 F162.5 kPa,
ATynp F1 AT 735904 1.74 F1 3.74 K, 380 5 K45 HL
BUR LR AT L, AR RS i) R 4 WL D) 2 K 1
(0.81) THHEFHIIZEN 2.3 kW, S M C,, 751K
71.88 kWh/t 1 8.88, ANz ki FRAN 75 /b & [ HL REIK 5))
JE4ENL, TR THFEAN AR, TRESCR R . P
MR RG IS TR, TFRZ THRE, SRk 2. MR
2 A[Al: RGEAFHERNR . HERNRGEAZEME T
BIResRa ek, B EIEE N 3.00 kg/(m>h), B
HECA 0.6 kg/(m*h), RGBS BRI P IR
e, SEPLRERNR AR E K .
=2 ARERBREEE (T)  #ERERE (1) fEENED (P

TEGRERE (V)

Table2 Membrane flux (V) under different feed temperature (77),
feed velocity (V) and permeate side pressure (P,)

TV/K Vi/(m-s™) Py/kPa N(kg-(m*h)™)
353.15 1.6 44,0 1.18
357.15 1.6 44.0 224
361.15 1.6 44.0 3.00
353.15 1.0 44.0 1.00
353.15 1.8 44,0 1.24
353.15 1.6 40.0 2.00
353.15 1.6 47.0 0.60

4.2 BITSEXRZ MRS

DR BV W AR S i B B, 388 e 2% 3] A 5%
YIME T MR SCHR[29-30], SRS SEBRER ER VA TR ME S 40
Ikt R RS 2 Wt EHERY, 418 BB W
TEAFREE . IR NHE, A, ARG
S P, S RS R0 B 1P R R 2
0.55%-+ 0.34%- 10.2%F1 0.31%, L& 155 BRIE TR
MWSEI R . SETESTIECARER, gl HRE T,
FIH Matlab FRAFFEATIEARKAR . AR 2 bR R 46 WL A8
JEAAFR AL BRAR B, W8 Z& K H A 200 kg/h, 1@ E{H
AL TR B . HERHELRE . HERNAE BB IE M R
NESH RGBT TR R o
4.2.1 R A 450708

70 3ERHIR R . HERL R R e A B AR R 2N
358.15K. 1 m/s 1 6 K MIZAET, HEERKREXT ATyvps
AT pom~ JEAENLINRAN C,, HISZmNE 4. & S BoR, HERE
WEEI 5%IEINE 35%0, ATywp M 5.39 K 0%
12.24 K, AT M 11.39 K BN Z 18.24 K, FEZiHLIZ

FARIHLAN 12.1 kW B IIZE 20.60 kW, Cop A 10.88 FRIE A
6.56. XS K BERNR BERE N, S SR R RERE N, B4
A% Pt UL RE B 880, A 7 ORAIE I AL 25
FUE AR, BERRIEE, BEMNGENE K2
FEAR, BUE ATywp AT ATcom TEHTIN, PRIE IS 45 WL 75 1 4
FERITh G, BT RGE Cop W/

—— AT,
| AT,

1% Temperature/K
o

4 SI 12) ]IS 2;) 2I5 3I0 3I5
HERLH [ Feed concentration/%
B 4 AR E AR S SEMNE ) T AR FIRE £
ATyup PR A 0 R A FR £ AT, 097570
Fig.4 Effects of feed concentration on saturation temperature

difference between feed solution and pure water under osmotic side

pressure ATy p and compressor inlet and outlet steam saturation

temperature difference AT,

22 12
—=— JE4iHL L)% Compressor power
20+ +Cop 111
2 gl
= 18 10
o]
216 {9 &
14} {8
12} 17
10 6

5‘ 1‘0 IIS 2I0 2‘5 3‘0 3I5
HERLAK Y Feed concentration/%
A5 #ARE RGN R A R A C,, 9 R

Fig.5 Effects of feed concentration on compressor power and

performance coefficient C,,

4.2.2 HHHR TR 4R

TE 33t BH AL T RN e 8 AR AR 2208 1 m/s FIT 6 K 1) 2%
RN, AFRERRE FERHREX ATvmps ATecoms JE
FEWLIHRA C,, M i 6. B 7 fios, EERHKE
—EMELT (L 20%A60) , 2tkHEE M 353.15K
WA 363.15 K WY, ek R ZE A R TR S VIR 455 T 1D e
BIGI, KoY EUE R G, A T AR A B
2, AT BREK S FRAMARE L, BREKS T
TINS5 75K, BRI IR R K 2895 R 3G m, AT
YeRplEE MR R R, BIEMN BN E ¥ m, Suf
ATymp I AT com TR/, BT I 48 ELI N, T A 75
IEAEHLTI M 15.56 kW /N2 13.81 kW, 1M C,, M 8.60
Bn=E 9.53,
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B HERLEL % Feed temperature/K
AT,y 1t —m—353.15 ——355.65 —A—358.15 —v— 360.65 ——363.15
AT,,: —0—353.15 —0—355.65 —4—358.15 —v— 360.65 —<—363.15
2

% Temperature/K

1 1 1 1
5 10 15 20 25 30 35
HEBHK ¥ Feed concentration/%

B 6 dtAREF AR EA ATymp F7 AT 19770
Fig.6 Effects of feed concentration and feed temperature on
ATVMD and ATCOm

FEAFHLI) L Feed temperature/K
Compressor #353.15 -e-355.65 -4 358.15 -+ 360.65 <+363.15
power:
Cop: -8-353.15 35565 4 358.15 =+ 360.65 <+363.15
3

2r

)% Power/kW
>

HERHA)E Feed concentration/%

B 7 AR A AR A R R C 0B
Fig.7 Effects of feed concentration and feed temperature on
compressor power and C,,

4.2.3  BAHARERA A A4 RA
FEBERHR LRI FA AL IR 22 358.15 K F1 6 K 11
FAET, AR E T HERNRE S A ATymps ATcoms
FEAEHLIIZF C,, B W&l 8+ &1 9 Frow, TERPRNRRE
—EMIEOT (BL25% A% , MRl A 1.0 m/s 3
INZE 1.8 my/s IS, 93 JEE ZEL AP P Bt R VA AR 1) iy e P 3
Plin 5 R R R T80, AR T AL U AR, AR
7K 3 TR 7 785, PR IRIK 8 3 in, N T
PREFFRE A RIE 2R, V29 75 20 R 738, 38 AT
TEA ATeom THIE/N, PTREAEEG0RN, AT R 48 1Th
M 15.94 kW I8/ 2 14.29 kW, 11T C,, M 8.36 3411 %2 9.29.
HERHfUH Feed velocity/(m-s™)
ATyt —m—10 —0—12 —A—14 —y—1.6 —4—18
ATt —B—1.0 —0—12 —&—14 —v—16 —<—18

i % Temperature/K

N s O
T

1 1
5 10 15 20 25 30 35
HERHK % Feed concentration/%

B8 AR E A AR A ATyp F7 AT 89770
Fig.8 Effects of feed concentration and feed velocity on
ATVMD and ATCOm

RN H Feed velocity/(m-s™)

B INIES
&iﬁﬂeﬁi —=—10-—e—12 —A—14—v—16 <18
power:
Cpt —0—10—0—-12 —A—14 ——16 —<—18
2 - 14
20} 413
112
Z 18 1n
2 16} d10 &
L
N 141 49
= 48
12} 1,
10 6

1 1 1
5 10 15 20 25 30 35
HEEA S Feed concentration/%

B9 HANRE AR AT R B F A C,, 09700
Fig.9 Effects of feed concentration and feed velocity on
compressor power and C,,

4.2.4 BEME ST IAFEG R

TERPRRAT A AR 22 M 1.0 mys F1 6 K (41
s ANFEHEERRE FZBIEME 156 ATops ATeoms E4EHLH
M Cp M 10 B 11 FOR, ARTHERREE . 20k
TRFERIHERIALE, BB X AR R S RS
SR/ DAERRREE 30% 61, 24i33E M 71 35.0 kPa
HEINZE 45.0 kPa B, X RIKZEVAOAITR SN, T A
HECYERRSIE M D 2R AIR 22N, U ATy M1
AT o IR/, BT ELE ELIR N, ATTAE AR RSB T2 A
18.44 kW Jil/INE 17.43 kW, 1Tl C,p M 7.30 I 7.65.

%1% M K J1Permeate side pressure/kPa
ATy: —8—350 —8—37.5 —A—40.0 —y—42.5 —4—450

AT, : —0—350 —0—37.5 —A—40.0 —v—42.5 —<—45.0
18-

i % Temperature/K

10 ll5 2I0 2I5 30 35
HERHAKE Feed concentration/%
B 10 #FRREAFEME DT ATyvp F2 AT o 495 7H
Fig.10 Effects of feed concentration and permeate side pressure
on ATyyp and AT,
153 Fk J1Permeate side pressure/kPa

AL
Compressor *35.0 375 -4-40.0 425 4450
power:
Cpt =350 0375 4400 425 <450
22 12
20} {11
2
§ 18} 410
% g
< 16} 1o ©
R 14} 18
12+ {7
1ol

3 1I0 1I5 2I0 2IS 3I0 35
HERLH<E Feed concentration/%
B 11 AR E AR M E ) 3 B G F A C,, 8977
Fig.11 Effects of feed concentration and permeate side pressure
on compressor power and C,,
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4.3 RETEEM. ZFMMFERE I

T, RH B RE 2N VMD K0T L,
XIPIF RGRITRENE . AR RIS ES AT AT

PLH UL S t/h BOBRER IR R ACFE & A, K HL FE A
5%IRA A 35%, i AR HIKE N 4.28 the VMD R4
AR TOKTFEE 11t 2895, 280 220 on), R
WA 4.28x1.1x220=1 036 Ji/h; 2 FE VAR E 5
M, MVR-VMD ZRGHHEK 1 t KFHHEFEHEEL
100 kWh, $ZHEELH 0.6 70/kWh, T HL 9% A 4.28%100%0.6=
256.8 JG/h; %4 TAERFE 7200h 115, VMD #l
MVR-VMD ZAFIZAT 9N 745.92 F1184.90 Ji7t, HHEE
T VMD £%;, MVR-VMD RGi4FE1i4 % H N 561.02 Jivt.
BBEAEHURAA 100 F5 78R, W EHRIYN 2 S H
PR 1 kg 287000 1 FE PRI B R E 5 0.145
F10.404 kg i+ 5, VMD Al MVR-VMD R Gi4Fi6 1T 2
FRIEN 4917.6 F11245.6 t, ] MVR-VMD #%itt VMD
RGTFITAWIE3 672 t, TTRERA 74.7%. FIRIERE 1 kg
PRIERE B A . LR A E S AR 2.49,
0.075 1 0.037 5 kg™ it5, MVR-VMD %4tk VMD %
G RHE AR . EARE . BEAY SR
9143.28. 275.4 M1 137.7 t.

IRIRI K . K FE K (double effect evaporation,
DEE) . —=%(#& ) (three effect evaporation, TEE) .« MVR.
VMD . # 7 % 7% ¥ ( heat pump-vacuum membrane
distillation, HP-VMD) %%t5 MVR-VMD &4t 17# )
PEREXT LB, 4n# 3. SEE, DEE, TEE fl MVR %%t
R 22 X B A B A AT R B, B AR
90%% 45, 1fii VMD, HP-VMD 5 MVR-VMD % %)%
BB TR B, B8R EIE 99.9%. R,
VMD REGAE5 BB THARH AT . 54, i) LA
R RG 75 R BERET S AR BT ol %0 AT VMD 5
HP-VMD %%i, MVR-VMD ZR 4 [ISCAIH 1 A — k2%
R, ATRERER/DN . %8 LFTiA, MVR-VMD R4i{E
SIERCR. TR E. TREE. ST DL RO BT A 2
ZHMBEAEHE RS, KRB HFTE .

#3 TRZELZRGMEEEXTE

Table 3 Performance comparison of different evaporation
systems

Fh2E Type SEE DEE TEE MVR VMD HP-VMD MVR-VMD
Separation 90 90 90 90 999 999 99.9
efficiency/%

AT RERE
Specific energy ~ 159.5 108.8 58 23.7 159.5 699 40.4

consumption/(kg-t™)

HET, E MM MVR-VMD £ %t &b BB 12 15 v Ak
TFRE BTN B, AT ER MVR-VMD R4tJE T/
RRIE RS0, MR E A SRR A, fE iR
JE B IREE R 28 R o i e i, B et = TAE
SAF TV R B SR R R R I I AR RS, WA S b
FRUBRKERMEBEBRMER XL, HiT
MVR-VMD A& =K M RERCR . A, BT HE

KK SRR MIPE R 2257, R B ROKAEE SRR PR
BEAT RGVERERU D AT A R A — IR, BRIV
TR OB sy, AR ZER . WL E I RBH A A IR A
] IEAE MR R PRV S5 068 i M v VR AR A B & T
FONAITH 3R B br TV N 5%, A0 H 5 R 5 3
BT e U L TR R PR W ) 78 Ak

5 4

NT R RAEEE T A R R 2. ARAE, ek Bk
M A2 7= R R AR B R R W, AR SR T Fl
MVR-VMD £%t, #idxf &G 7152 LR 4518

D RIEEE R R LN ERACHZE RS R, FERPRHEE
HERMRE . BB MK ) A A SR R 228 358.15 K.
2.8 m/s\54.0 kPa il 2 K 2614~ , BEIE &4 1.6 kg/(m*h),
FEKHL RN 48 uSlem, 1M RGE Spee M Cop 7 HH
71.88 kWh/t 1 8.88.

2) LGS RV LIRIRIA WO R R R, 1R
FERRZE — B, ARG N, R 4E N 48 bR )
FEIEIN, (HRGVERE REL C,p /s b RHERE . 3R
HANBIEM R 3, EAENUE 46 R ThRER N, (H C,,
.

3) FHE T H#M SEE, DEE, TEE fl MVR #%,
VMD, HP-VMD 5 MVR-VMD % % 4> B % F & ik
99.9%, fEAEMERE T TILAME . R, MHET VMD
5 HP-VMD %%, MVR-VMD Z4i ¥ B A w240 Re ks
Mo WK, LEEHEN . VHESEEE, MVR-VMD &
GEAHE RN, KERHFTS .
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Characteristics analysis of the combined system for the mechanical vapor
recompression and vacuum membrane distillation of
sulfuric acid wastes

SI Zetian', CHEN Ping?, REN Xiujin!, XIANG Jiawei'*
(1. College of Mechanical and Electrical Engineering, Wenzhou University, Wenzhou 325035, China;
2. Zhejiang Academy of Special Equipment Science, Hangzhou 310020, China)

Abstract: In order to efficiently recover and treat sulfuric acid waste produced in the industrial and agricultural production and
utilization process, a combined system of mechanical vapor recompression (MVR) and vacuum membrane distillation (VMD)
was proposed and designed in this paper. A compressor was employed to compress the secondary vapor evaporated from the
sulfuric acid solution in the VMD module. Then, the compressed vapor with a higher pressure and temperature was used to
heat the feed solution in the heat exchanger, which not only recovered the latent heat of internal secondary vapor but also
saved the external heat source and cooling water. The proposed system could complete the entire evaporation process by itself,
and realize the efficient recovery and utilization of sulfuric acid waste through the complement advantages of VMD and MVR.
Firstly, mathematical models were established in the light of the mass and energy conservation principles, the system
experimental setup was constructed and then the experiments were carried out to verify the accuracy and reliability of the
established mathematical models as well as the feasibility of MVR coupled with VMD. Then, the calculation program of
thermodynamic performance was then developed and solved by the iteration with the aid of the Matlab software. The effects of
operating parameters including feed concentration, feed temperature, feed velocity and permeate side pressure on
thermodynamic characteristics were investigated. The following conclusions could be obtained: A series of experiments were
carried out with the tap water as feed, under the conditions of feed temperature, feed velocity, permeate side pressure and heat
transfer temperature difference of heat exchanger were 358.15 K, 2.8 m/s, 54.0 kPa and 2 K, membrane flux and condensate
water conductivity were tested to be 1.6 kg/(mz-h) and 48 pS/cm, and specific heating energy consumption (Sy..) and
performance coefficient (C,,) were found to be 71.88 kWh/t and 8.88. The simulated results indicated that when the heat
transfer temperature difference of the heat exchanger was constant, increasing the feed concentration increased the saturation
temperature difference between inlet solution and outlet vapor of the VMD module (ATyyp) and saturation temperature
difference between inlet vapor and outlet vapor of the compressor (AT..,), which led to the increase of the compression ratio
and power consumption of the compressor while the decrease of the C,,; increasing the feed temperature, feed velocity and
permeate side pressure would decrease the values of ATyypand AT, resulting in the decrease of the compression ratio and
power consumption of the compressor while the increase of the C,,. Compared with single-effect evaporation, double-effect
evaporation, three-effect evaporation and MVR systems, the separation efficiency of VMD, Heat pump-VMD and MVR-VMD
systems was up to 99.9%, with obvious advantages in separation performance. However, compared with VMD and Heat
pump-VMD systems, the current MVR-VMD system was more efficient and energy-saving. Obviously, considering the
characteristics of separation and energy saving, the MVR-VMD system has greater advantages and broad prospects for
development and application.

Keywords: sulfuric acid; membrane distillation; membrane flux; mechanical vapor recompression; unit heating energy
consumption; energy saving



