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Abstract: Combinations of discrete equipment units were often used in suspension crystallization freeze concentration process in the past,
and as a result, the system was large and complicated to run. In this study, a multi-stage intelligently controlled freeze concentrator prototype was
tested and validated. This prototype adopted a trinity structure, which combined a scraped surface heat exchanger (SSHE), a crystallizer and a
washing column and equipped with an intelligent control unit. Based on the equipment, this study used the concentrated apple juice as an
example to test the performance parameters of the freeze concentrator. The concentration ratios of the first, second and third stages of freeze
concentration were 1.84, 1.40 and 1.32, respectively. The crystallization rates were 0.44, 0.36 and 0.22, respectively. The partition coefficients of
solid solutes in ice crystals and mother liquor were 0.03, 0.04 and 0.11, respectively. The recovery of solid solutes were 0.99, 0.99 and 0.98,
respectively. The heat transfer coefficients of SSHE at the cooling stage were 0.23+0.00 kJ-m2-°C™, 0.1140.02 kJ-m™?-‘C™" and 0.2240.02
kJ-m™?-°C"!, respectively. The heat transfer coefficients of SSHE at the freezing stage were 0.54+0.03 kJ-m™-C™!, 0.4440.02 kJ-m™-"C"" and
0.2940.01 kJ-m?-“C™, respectively. The rates of ice production were 0.90+0.05 kg/h, 0.90+0.05 kg/h and 0.30+0.06 kg/h, respectively. The
results showed that the system is simple and efficient, and the operational control of complex freeze concentration can be completed by the
machine.
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%14 1 10.50 3.12 28.90 -1.10 -4.80 4050 0.22
® F2R 2 18.60 1.19 29.90 -2.20 -4.60 2097 0.20
%3 3 26.80 0.56 30.20 -3.80 -4.40 1410 0.21
%14 4 10.50 3.12 29.80 -1.10 -3.90 3798 0.26
@ F2R 5 20.30 1.20 27.80 -2.50 -4.40 1854 0.23
%3 6 27.90 0.56 28.00 -4.10 -4.70 1332 0.21
F 1R 7 10.50 3.12 28.50 -1.10 -4.30 4158 022
® 2R 8 19.20 1.20 28.00 -2.30 -4.70 1845 0.22
% 3K 9 26.70 0.56 29.40 -3.80 -4.10 1398 0.24
# 1 5&FH 10.50+0.00 4002 0.23+0.03
%2 BT 19.40£0.90 1932 0.21£0.02
%381 27.10£0.90 1380 0.22+0.02

E: (1) A ER 4=0.0314 m?%; (2) F R a9 AR AE BIARR B4 EHER cp=3.94 kI-kg"-'C"; (3)$| @ F 4% 60 r/min;

(4) ©, @, ORKHF 1, 2, 3AEE.
F=2 BiFEME (B 11, 11 k) BIEASRAVIRARY U, BAKRE w B =2ASKINE

Table 2 Heat transfer coefficient (U,,,) and ice production rate (w) of the SSHE in freezing stage (stage |1 and I11) of the apple juice

5 H F%5  CyBx Ci/°Bx  Mjkg T/C T,/C Mkg /s Uy/kWm™T")  wikgh)
14 1 10.50 18.60 312 -170 0 630 136 6042 0.52 0.81
® %24 2 18.60 26.80 1.19  -3.04 690 036 2475 0.41 0.50
3% 3 26.80 34.50 056 489 740 012 1755 0.30 0.25
514 4 10.50 20.30 312 -1.72 650 151 5740 0.58 0.95
@ %24 5 20.30 27.90 120 332 7.7 033 1752 0.45 0.67
%34 6 27.90 35.70 056 522 81 012 1559 0.29 0.28
1% 7 10.50 19.20 312 -1.74 700 141 5381 0.54 0.96
® #24 8 19.20 26.70 120 -3.08 -800 034 1613 0.45 0.75
B3/ 9 26.70 36.80 056 -526 910 0.15 1524 277 0.36

%1814 10.50+£0.00  19.40+0.90 5721 0.54+0.03 0.90+0.05

% 24814 19.40£0.90  27.10+£0.90 1947 0.44+0.02 0.64+0.11

% 38R H 27.1040.90  35.70%1.10 1613 0.29+0.01 0.30+0.06

E: (1) BRRGEERBEARSE 1AL, H 2% LIL, $34K05L; (2) RiHVRE MAAZENE; (3) $ABR4=0.0314

2
m.
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e SR EIRNER] JIHGE n=60 r/min KIE, HIT
BN ANGE AT B A R BRI AR
e n] BefT EFERRCREROGE, Eiziad

LRGSR B ] BOE RN IR, Mot BRI
A SIS IR A A0 T2 R SO I S it

= 3 FTIEERR R E A M s RS2
Table 3 Effect of the rotational speed of the Scraper on the Performance of SSHE

$3%/(r/min)  FEIRZEFER(CHh) #1488 OkW  U/kI-m?C™

Un/(KIm?>Cy  Eokig & wikgh) ke WIkW hkg)

60 25.30 0.09 022
100 17.71 0.06 0.22
125 17.59 0.06 0.21
150 16.83 0.06 0.20
175 16.69 0.06 0.20
200 16.26 0.06 0.21
225 15.66 0.05 0.19
250 15.61 0.05 0.19

0.52 0.81 0.32
0.50 0.76 0.33
0.48 0.73 0.33
0.48 0.71 0.34
0.46 0.69 0.35
0.48 0.65 0.37
0.41 0.55 0.44
0.40 0.58 0.42

x4 BB

Table 4 Energy consumption of all the components of the

instrument
. AR 20 ERh3E
i e AR Bt
FIRFH AL 0.12 0.08 67.50
AR 0.15 0.12 82
5 E T
(PLC+R TR i) 0.03 0.03 100
F 4] R * 0.05 0.05 100
VIR 0.01 0.01 100
Bt 0.36 0.29 81.40
E: IR R 1R R G B R PR A AR
B, SALKRGEIR, HERIF DTGNS R

HAE.

Vo VR IR AR AN R HL A 28 50 7 2L AR PRI DA 20 A FA S
SRR I 4 From. RGP DGR KA HA B
TG, HUGEH G ISR B AL P ) SERR DA
HONT HARFRIE, W TR IR . e gt
RITIFEARRLL N, XL ZIFERZ AN K .

3.6 W4tk rv AR pv EURFE y Fodk

& f

TEAB T SE R AT T 2 G RIS, 549t
WRE (O TE=RAIATRIRAE TP igdTig i, Seie s
WK S FoR. HAREE. 4G, DAL 450%
AN BN AT 28 2 (] EUE 0 A AN TSR BE Al © B T S0 4G
o ARSI R RIBIRE N Co=10.5 °Bx, %%
£=1.04098 kg/L, SO0 SRR v=3.0 L, HE
M=3.123kg; HLIHER =394 kIkg'-Cs
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DR p TEIR ZVREE MR R HE S, TEE
FREEP, BT ISR E, p MEUEEY
IR/, AnASHIE TR A I 2 TE 0.0081 5 0.067 Z [H]
Ak, KRR EEIELE 97% LA E, Wik 6
fire MR Qin VNI, vk i s el 3 B
P4 I RERRL B PE VKR T E 51 RS Gy S A%
B UK R A . X — i St B, 5 R
SRR BRI T A LB AEVKE 2 AP AR Miyawaki 25
NHEFC, it s SRR 4a ) p B 5 R
FRFEA G, BRI S BN p . H4liE
PR R 8%, IEIUIUE N 4.79~5.49 m/s, VKR
AR 7~9 mm/nh B, RS p fHAE 0.25~03
ZIA), XL Chen %5 A\IRIEIBEISER . A T8
i 33t 2 it B UK RN R e 5 B s B [ 40 404
%%, Gunathilake 1 Miyawaki #8771 B8 VK & <
FRAERROK A 58 R AR IR, AF3E R 13.7
°Brix IR4HE 25.5 °Brix W, HyTEEZRIIS R
63.8% 32T+ 85%%. Samsuri 25 A\ T —Fh A HZ
TE R DA T P g o0 S A R IR 4 %,
e 7 B THE T T 256004k, 1SRN R p E
1E 0.17~0.3 2 [a], A B 02 PLE. SAmE, H
e N I TRIRAR, HHEid 4 - TR A B K S
BEf, AR Lt g ARk 4s, K-S BRI g
RE p ALVN T — AN EEY

M S FRTLAE H, IRGALL r 1R AR IR 4 (1)
HAG IR, BIRAEEERE N oo XA R
VKSR AT IS SRR B, UK RS B AR IR
ARG IR/, TR AT R SR 1 A E K
SEERIIZRIT, BRIV P RGN I B SR P2 A
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5 RTREMKRTRSENINEIRE, EZROFREIIETIRGELL. AR, SRE. EAYEENTL
Table 5 Changes of concentration ratio, partition coefficient, mass fraction of ice and soluble solid recovery yield in multi-pass freeze

concentration process

RE  Cl(g/100g)  Cul(g/100g) Ci/(g/100g)  r 14 S y Y X
#1R 10.50 19.40 0.53 1.84 003 044 0.99
%2R 19.40 27.10 1.14 140 004 036 0.99 0.95 1-Y=0.05
% 3R 26.80 35.70 3.86 132 011 022 098
A Y: BEE, FTEAFENRR, X BHAL
4 éﬁi ‘% Nf:therlands: Technical University of Delft, 1999 .
[51 Qin F G F, Russell A B, Chen X D, et al. Ice fouling on a
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