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Abstract The evaporation of water from an aqueous solution is widely used in the food, desalination, pulp, and chemical
industries. Usually, a large amount of energy is consumed in the evaporation process to boil off water due to atmospheric
pressure. As a way of improving the energy efficiency of the evaporation process, the combination of multiple effect evaporation
and thermal vapor recompression has been proposed and has become a successful technique. In this study, 4 multiple-effect
falling film type evaporators for sugar solution are designed and the energy efficiency of the system is analyzed in response
to the selection of the steam ejector position. Energy efficiency is increased and vapor is more compressed in the steam
ejector as the Thermal Vapor Recompression (TVR) is arranged in the rear part of the evaporator system. A simplified
0-dimensional evaporator model is developed using non-linear equations derived from mass balances, energy balances, and
heat transfer equations. Steam economy is calculated to compare the evaporation performance of the 4 proposed evaporators.
The entrainment ratio, compression ratio, and expansion ratio are computed to check the ejector performance.

Key words Multiple effect evaporator(th% 8852 7]), TVR(Thermal Vapor Recompression)(2 <71 A=),
Steam ejector(5 7] ©] A E]), Steam economy(Z 7] °]-&&)
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Table 1 Input conditions for evaporator system validation

7, 308.15 F 27.78
7, 384.55 z, 65
7; 372.78 z, 15
7 363.10

T, 354.48

7 34225

Table 2 Validation results of evaporator system

solution calculation error[%]
Vi 8.19 8.31 1.4
Vi 5.00 5.08 1.6
v, 5.30 5.31 0.2
Vi 5.47 5.44 0.6
v 5.60 5.54 1.1

Table 3 Input conditions for steam ejector validation

Entrainment ratio

Primary flow rate[kg/h]

b, P, P, 15, 0.235, 1.2
T 1, 4752, 379.1, 396.8
7]71.,77(1 085, 085

Table 4 Validation results of steam ejector

solution calculation[kg/h] error[%)]
d 524 524 0.0
d, 104.3 105.1 0.8
dy 242.8 244 .4 0.7
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Table 5 Dimensions of ejector
Case 2 Case 3 Case 4 Case 5

d 69 69 69 69
d, 123 129 137 158
d, 311 278 278 308

Table 6 Operation conditions for multiple effect evaporator

system
Steam inlet flow rate[kg/s] 2.8
Steam inlet temperature[K] 424.15
Feed flow rate[kg/s] 22.2
Feed temperature[K] 333.15
Feed concentration[%] 20.9
Solution outlet temperature[K] 332.23
S7IELRT7NE GEo] e 9N =E] AV
7RI OFA Q7o) 7L fmle] vl s
F Al

27 3719] grelo] wldlsn o AE 4
e Z7dske] Aade AReA gt

252 MsH

Table 6 Case 2~52] SEA|AEl9] 27| Sh 2ot}
424.15 K, 490 kPa®] 5717} 2.8 kg/s®= 3535 333.15 K,
20 kPa, 20.9%2] &Mo] 222 kg/s® FUHT &N
ET2EE 33223 K2 5UsH 7HAEs S w S7]0]
|58 o] 83l T TS ol on o] AE 9
A2 Ao wE oAy o] {5, FE], BFHE
aske] o] AE 9] HeS EA e

7]0]-8-$(Steam economy)

olN

= 10
SE= % 1o

%] (Entrainment ratio)
w=m,/m, (1

¢+=H](Compression ratio)
Cr=P,/P, 12)

= %] (Expansion ratio)

B=r/P, (13)

(© SAREK

2.6 ZEA L JHE 3 BHAE

261 CIES ST EAIAH MH 2 HMs24M

T Syete BRE FU)E E3EHE 7HA S
Rl 71717ke] EEA E sk ek &k
t SR de 02k B¥S sHgete] geslslsl
o 0z YL §, 4 27N Z ALkEoe] b
571 E-2 Yo e Jd/EAG dAgEE,
A AZE SOl gk ae= §HA &t

2
e TeeTe SaEs 27k SU19 S
aeshA ekt e rle 23k SV FAdl
v & SEIR 7Hste] oA

Fig. 62 TVRE &3 Case 2-59] 579 &%
FrE yEhd 2efzolrt &9 E4 ke 27
Aoz Hgelon®g 1,2, 35ke] Suv]e] Smut
a#ste] vt o] AHE FuAAE] 3

I S W

jm
WA 5 FRA2E AAHY LEREEE
=

r
Mz BT oo 2 o BN A

FHgom Fuvle] Frow A4m Fuvle] &
£ agEA el geEe exd ne s
How 7pgaglone W) sdow s 2
o] mE S]] he2 A
95
90
85
g
Py
5 80
<
8
=¥
£ 75
=
704
65 T T T
T1 T2 T3
Fig. 6 Temperature distribution of multiple effect evaporator
system.

439



3.2 CEEE3Y7| & TVR MsE4

Fig. 7 Case 1-52] 70| &8-S v 3k 18]z oj}.
TVRE A-83H4] 9 %—%‘Ali‘%ﬂﬂ Case 11t} TVRS
xl—il—t‘f} Case 2- 5q =u ij‘%o] 1:1 E9)o o] X“H =
Favle) Frtow R s Fus
Case 2 5«1 IR R R = e
o]-& skl B3ds
°j ﬂ}xl‘%‘ wholl &2Hgk Case

=9k

Fig. 8L

‘BSW 1 071

Fl

283k Case 2-59] o]|AH A5S H]|
] &

g ool o S ZHWM Foos v

= PPulEDS PYEHCHE S0 FEE
o Farl A4 B8] e e
239tk Fig. 69 1S B3 3w FRoz

_4

o

6.0

—o— S.E
5.5 o——¢

4 /
o, 7

i}

&
W
1

Steam Economy
>
(=]
1

30 T T T T T
casel case2 case3 case4  caseS

Fig. 7 Evaporation performance comparison.

35 4.5
0w [
oG 4.0
—A—FEr A
30 L35 -2
L s
30 8
v
2 25 r 8
s - F2.5 o
= | g
=] o
gz L2.0 ©
g 204 | 3
= =
5 L15 &
£
R=|
15 r1.0 g
L (=]
53]
-0.5
10 ; ; ; ; 0.0
case2 case3 case4 caseS
Fig. 8 Ejector performance comparison.
440

5% 279 Lxt e oo we e 3
A3 FUsgTh web o A8 E Fu]9 Fuo
2 A E5E 23 3719 e gasY BUW =
7e] FEge et 23 F719] Gl qhael wheh
PR ENE FEach £3 olAEelN 2 279
el shse 21e] Ao £ A ne
OJAEI7} FHA LR O] Frbie] wjx B2 o] A

i
ol A F719] 452 o 2 HE= I E%U}

4. 4 E

o
o
1:01‘
ofo
ol\
mﬂ:

bA 9] Z7]0) 883k o AEl9] £
pule] ujwE F3) SuIsh o e
St FUASDE T dl o AelE
EXDIE S
I 3719l ghetol
e

]

A
e
jur}

ol

o
3:0 ON’

Ao XL O ox T off 7
A o oo N o
© Lo ez
o% L 1%
Tk o

el of
ok o

=09 |0

om

‘:‘a‘/ﬂ *@Oﬂ ZH e 57

off mt zQ ofN WL M of{ ox I
(e}

e
2
o
o, off
T
i

AEd 5 9

w dae daEried Az A ARl
(BK21= 2] 2)8] A& gton, oo A=y,

References

1. Walmsley, T. G., Walmsley, M. R. W., Neale, J. R,
and Atkins, M. J., 2015, Pinch Analysis of an Industrial
Milk Evaporator with Vapour Recompression Techno-
logies, The Italian Association of Chemical Enginee-
ring, Vol. 45, pp. 7-12.

2. Hamed, O. A., Zamamiri, A. M., Aly, S., and Lior, N.,
1995, Thermal Performance and Exergy Analysis of a
Thermal Vapor Compression Desalination System, Energy
Convers. Mgmt, Vol. 37, No. 4, pp. 379-387.

3. Kim, D. W. and Choi, S. M., 2016, Design and evalua-
tion of multiple effect evaporator systems for concen-
trating black liquor, 52" The Korean Society of Com-
bustion (KOSCO) Symposium, Buyeo, Korea, pp. 279-
281.

4. Kern, D. Q., 1950, Process Heat Transfer, McGraw-Hill.

5. Christie, J. G., 2003, Transport Processes and Separation
Process Principles 4" ed, Prentice Hall.

6. Abid, T. A., Heyd, B., and Vasseur, J., 2009, Experi-

(© SAREK



7] ol AY fAol] mE tgFa gL A B AeEA

mental results and modeling of boiling heat transfer
coefficients in falling film evaporator usable for eva-
porator design, Chemical Engineering and Processing,
Vol. 48, No. 4, pp. 961-968.

7. Kaya, D. and Sarac, H. 1., 2007, Mathematical modeling

of multiple-effect evaporators and energy economy,
Energy, Vol. 32, No. 8, pp. 1536-1542.

8. Lee, C. M., Lim, J. Y., and Yun, R., 2015, Investigation

of MVR and TVR in Chemical Processes by Using
Waste Steam, Korean Journal of Air-Conditioning and
Refrigeration Engineering, Vol. 27, No. 4, pp. 201-
206.

. El-Dessouky, H., Ettouney, H., Alatiqi, I., and Al-
Nuwaibit, G., 2002, Evaluation of steam jet ejectors,

(© SAREK

10.

11.

12.

13.

Chemical Engineering and Processing, Vol. 41, No. 6,
pp. 551-561.

Sarma, G. and Barma, S. D., 2010, Energy Management
in Multiple-Effect Evaporator System : A Heat Balance
Analysis Approach, Gen. Math. Notes, Vol. 1, No. 2,
pp. 84-88.

Nayak, M., 2012, Design and simulation of a multiple
effect evaporator using vapor bleeding, A Thesis of
Bachelor degree in Chemical engineering, National In-
stitute of Technology, Rourkela, India.

Holland, C. D., 1975, Fundamentals and modeling of
separation processes, Prentice Hall.

Geankoplis, C. J., 2003, Transport processes and Sepa-
ration Process Principles 4" ed, Prentice Hall.

441



oy
By
e

A
>
2

q,

O:
r

The Mach number of the primary fluid at the nozzle outlet plane

2, Pp =1/~
= - — 14
M, \/7—1 ( ) 1 (14)

B 2
The Mach number of the entrained fluid at the nozzle exit plane

(=1/7)
2 P,
Y B | - 15
M, \/7_1 ( 2) 1] (15)

Critical Mach number at point 4

*

‘/l/[[)Z + wjl/]e? ]—;/ T})

M= VA+w) T +wT,/T)

*

(16)

The relationship between A and /" at any point in the ejector

« | M(y+1)
R ey e (47

Mach number of the mixed flow after the shock wave

: 2
M+ ——
I Gt V)
My=—0 (18)
2y Mi—1
(y—1)
Pressure increase across the shock wave at point 4
Py 1+4M}
= — (19)
1 LA
Pressure lift in the diffuser
P [n(y—1) }W””
G 20
7 [ 5 M+ (20)
The area of the nozzle throat
m RT +1 (y+1)/(—1)
w= \/ r(211 @
BN oym, 2
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The area of the nozzle outlet

2

—1

1
pess
P2

The area of the diffuser constant area

Pp T
ag = a, P (1+w)|14+w

c

+1

(H—’y

2

Aﬁg)

(y+1)/(y=1)
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