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MATHEMATICAL MODELS OF THE SUGAR END

KARAGODIN, MICHAEL, Ph.D., The Amalgamated Sugar Company, P.O. Box 87,
Nampa, Idaho 83653 U.S.A.

One of the methods to improve and optimize technology and equipment is to use
mathematical simulation for a process (called engineering models). Two mathematical
simulation models will be presented today. These models are a vacuum pan model and
a sugar end model.

Part 1
Vacuum Pan Model

A dynamic engineering model for the vacuum pan was developed utilizing non-linear
differential equations and equations for material and energy balances.

The computer program is able to calculate over 20 output parameters (including crystal
size and brix of the fillmass) for a specified period of time. It utilizes input parameters
of the process (brix of the syrup, number of crystals, initial size of the crystals, absolute
pressure, mass of the charge and apparent purity of the syrup).

Figure 1 shows an example simulating low raw pan boiling. The apparent purity =

73.5%, and the DS = 77%. In 5 hours and 15 minutes, we can boil 65.1 tons of
fillmass with the brix = 95.6, and the average crystal size = 131 micron.

o

I 6.8 n 73.5
TEMD. HAS, w67, 7 SUPERS « 0.796

uau " -u 9 VISCOSITY W = 1.411
HASS B = MASS CRYST.= ¢.0 CRYSTAL $12E = 0.0
CRYST. vrwcl'r! -n 0000 G CRYST.= o
STEAM FLOW = 158.6 SYRUP FLOW = @
PURITY H -‘!! ! 1‘0']‘AL STEAN = a.08d
BRIX FPILLM.= i CRYST.= a.00
DATA © '.'ua n 9 90

HE o TEMP.HAS.%71.3 SUPERS.= 1.262
BRIX H =85.8 VISCOSITY M = 1.48%

S H = 2003 MASS CRYST.= 0.0 CRYSTAL SIZE = 17.6
CREST.VELOCITY =0.0741 € CRYST.= 1190.726
STEAM FLOW = 7i%8.& SYRUP FLGW = 74116.79
PURITY M =73.% 'roﬂl. STEAK = 1.7%¢
BRIX FILLM.=85.8 A CRYST.= 0.06

DATA : 7158 150000 : 1
TIME= 32.0 TEMP.MAS.=71.3 BUPERS.= 1.25%
BALX M =85.5 VIsCos M = § 486
MASS M = 21.% HASE CRYST.= 0.1 mrr AL SILE = 24.7
CRYST.VELOCITY =0.0699 CRYST.= E1%8.459
STEAM - 7150.6 sraue FLOW = 117:59 3
PURITY M =73.5 TOTAL STEAH = 1.849
BRIX FILLH.=85.5 \ CRYST.= 0.3%
DATA 3 7158 s0000 1 1

TEMP.HAS.=71.0 SUPERS.= 1.220
nl: n ~l5.1 VISCOSITY M = 1. ul
MASS W= 21.8 HASS CRYST.= CRYSTAL SIIE = 30.1
CRYST.VELOCITY =0.0524 G CRYST.= 13471.%
STEAM FLOW = 7158.6 SYRUP FLOW = 52646.1%
PURITY M =71.4 TOTAL STEAM = 1.%09
BRIX FILLM.=65.6 A CRYST.= 0,80
DATA 71%8.& 50000 % &9
TIME= 60.0 TEMP HAS.=72,3 SUPERS.= 1.187
BRIX M =27.4 VISCOSITY M = 9.714

HASS M =  20.9 HASS CRYST.= 4.1 cn\'mr. SIZE = 71.
CRYST. mcm =0.0043 G CRYST.= $167.81%
STEAM T158.6 SYRUP FLOW = S8425.26
PURITY K = ‘1’! TOTAL STEAM = 1.520
nlux FILLM.=89.5 \ CRYST.=16.32

H 7156 43450 9 318
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- 7 Vlmlﬂ K -li.ol‘lﬂ

Bestidtyts, REGs Ul g s
¥5T. =6.061 T 688

STEAN

FLOW = 1966.8 SYRUP FLOW = ©
PURITY M =54.3 TOTAL STEAN = 15,147
BRXX FILIX, =93.¢

% CRYST.=40.23

Figure 1.
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The results from this model are very close to the results of the actual process. The
model can be used as an engineering verification of different process strategies. This is
done by changing input parameters. For example, by changing the number of crystals,
we can see how the crystal size and batch time will change.

As an example, we wanted to determine the effect on crystal size and boiling time
resulting from addition of a vacuum pan. With the help of the model, we realized we
needed to increase the number of crystals from 3*10'" to 6*10'? and decrease the steam
flow by 50%. As a result of this, we would receive approximately the same amount of
fillmass (63.2 T) with the same brix (95.7), Figure 2. The average crystal size increased
to 221 microns (by 90 microns), and the process time increased by 4 hours from 5 hours
15 minutes to 9 hours 15 minutes.

DS [ Mer.| do| ABS| M| AR
77 | 6E+12]| 10) 5.5 |22 | 73.3
ME= TEMP.HAS . =67.7 SUPERS .= 0.796
Uﬂ:l H -'Jl 9 VISCOSITY M = 1,411
MHASS M = HASS CRYST.= 0.0

21 CRYSTAL SIZE = i0.0
CRYST. Vlmlﬂ -ﬁ 0000 G CRYST.= 0

STEAM FLOW = SYRUP FLOW = o
PURITY M =73, ! mﬁl. S5TEAM =  0.060
BRIX FILLM.=78.9 \ CRYST.= o.00
DATA : 86.2 0 9 540
TIHE= 32.0 P.HAS.=71.2 SUPERS.= 1.270
BRIX N =85.8 v:smsu‘v H o= 1.486
5 H= a0, M ¥ - CRYSTAL SIZE = 18,0

= 3181.6
FURITY M =73.5 TOTAL STEAM =  1.81s
LM L]

(3 CRI'“ = 378.1457
SYRUP FLOW = B1040.0%

BRIX FI =85, \ CRYST.= 0.01

DOATA @ 3181 100000 1 1}

TINE= 31,0 TEMP.MAS.=71,3 SUPERS.= 1.260
BRIX M Uls L] Vlimllﬂ B -1, lll

MASS W = CRYSTAL SILIE = 35,4

21.
tln‘ll' VELOCITY =0.0727

STEAM FLOW = 3181.6
PURITY M =73.5 TOTAL STEAM = 1,843
BRIX FILLM.=8%5.
3181 10000 1 1

€ CRYST.= 1346.071
SYRUP FLOW = 107921.%

1 CRYST.= 0.06

DATA ¢

TIME= 34.0 TEHP.HAS.=71.1 SUPERS.= 1.213

BRIX M =05.6 VISCOSITY H = 1. ild

HASS M = a.a0 CRYSTAL SIIE = 131.%

1.3 IASS CRYST.=

1 .‘ -
PURITY M =73.5 TOTAL STEAM = 1.86%
=856
DATA @ 3181 40000 L 1

G CRYST.= 2958.015
SYRUP FLOW = 14329.86

% CRYST.= 0.18

TIHE= 15.8 TEMP.MAS.=T1.1
DRIX M =85.5 VISCOSITY H = 1.450
MASS M=  21.8 MASS CRYST.= 0.1
CRYST. VELOCITY =0, 06240

3,47 TOTAL STEAM =  1.896
BRTX FILLN Cdb. 6
DATA : 3181 30000 9 60

SUPERS.= 1,240
CRYSTAL SIZE = 37,

G ars—r = 4071.81¢
SYRUP FLOW = 45305.0%

L CRYST.= 0.32

TIHE= 60. TEMP.HAS.=71.3
BRIX H =85.6 VISCOSITY M = 1.916

L MASS ST.= 2.4
CRYST.V 3

1x . .
DATA : Jisr o 9 558

SUPERS.= 1.120
CRYSTAL SIZE = 102.9
G CRYST.= lllﬂ &5
SYRUP FLOW =

t CRYST.=10.40

TEHP.HAS . =80. 2

SUPERS.= 1.200

JTIME=SS5.0.
BRIX M w92.8 VISCOSITY W =16.000
- -

CRYST. ITY =0.0013
ETEAN

CRYSTAL SIEE = 321.4
G CRYST.= 21.813

= 1641.5 SYRUP FLOW = 3151.276
FURITY M =54.7 TOTAL STEAM = 14.806
BRIX FILLM.=95.7 L CRYST.=39,72

Figure 2.
In developing the conductivity curves for the low raw pan system, we had to determine
the super-saturation on the intermediate green with different purities at the same
temperatures. Calculations using the following model gave the needed results. These
results permitted determination of the proper seeding point conductivity for different

intermediate green (Syrup) purities.

Many other examples have been evaluated with good results. This engineering model
of vacuum pan boiling can be helpful in evaluating process improvement.
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Part IT
Sugar End Model

This model can be used for analyzing different technological schemes and capacity
changes in the sugar end.

The model is based on the sugar end material balance and includes all process flows and
sugar end equipment (Figure 3).

Figure 3.

The following input parameters are needed to perform the necessary calculations: Thick
juice flow to the sugar end, purity and RDS of thin and thick juice, RDS and % crystals
for the filimasses, Quentin process sugar losses and non-sugar removal as well as beet
slice rate.
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As a result of calculations, you will receive all the output data for the sugar end
parameters, starting from the thin juice and finishing with the molasses and low raw
sugar. This includes the mass, amount of sugar and non-sugars in the products (in
tons/100 tons beets), sugar content, dry solids and apparent purity (Figure 4).

THICK JUICE MASS

TOHS OF BLETS
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Figure 4.
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Figure 5.

This calculation will also give the amount of crystallized sugar losses in the centrifugal.
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To evaluate centrifugal behavior, additional input parameters must be provided, including
purity and RDS of the greens after the centrifugation. Crystal loss through centrifugation
can then be determined (crystals coming through the screen and melting) as well as non-
sugars left on the crystal surface and water used in the centrifugals (Figure 5). From
these values the new output data is calculated.

The program also gives the capacity evaluation of equipment. After inputting the
capacities of the vacuum pans, crystallizers, and dryer into the program, you will receive
information about the number of pans and centrifugals required for the current thick juice
flow to the sugar end.

It also shows how often to drop the pans, crystallizer retention time and the amount of
granulated sugar that will be produced.

The engineering model compares favorably to the real data and can be used in different
ways.

Example 1: You can analyze the non-sugar recycle (Figure 4 Column 4), which is equal
to 1.86 - (1.48 + 0.04) = 0.34 T/100 T beets or 22.4%.

Example 2: You can figure out how much sugar crystals are recovered in the
centrifugals if you improve the centrifugal behavior or technology (Figure 5).

Example 3: You would be able to analyze the result of changing the number of vacuum
pans or centrifugals (Figure 6- for Plant C). Let’s say, we are going to increase the
number of low raw pans from 2 to 3. The program would show that if you did not
increase the total mass flow of the thick juice, you would have to increase the batch time
by four hours. And using the math model for the vacuum pans, you will see it will
increase the average size of the crystal by 90 microns. This will lead to lower molasses

purity.

CAPACITY  EVALUATION
INFUT DATA FOR PAN, CENTHIFUCALS AND CHYSTAI LLizERs

THE RESULTS OF CAPACITY EVALUATION ©
PANS/CAY REQUIRED:

masa

TOTAL BOURS IM CHYSTALLIEERS = 38.0

WIMGER OF DRYERE REQUIRED = 1.0

FUGAR RECOVIRY ACROSE TR FUGAR END = 5i.4
CRATLATED  SDGAR  PROCDCED (ovi/day] =162id.4

Figure 6.
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Example 4: If you increase the slicing capacity of the plant by 30% (Plant A) and use
the low raw pans with the same batch time (8.3 hours). Then, you would need to
increase accordingly by 1 the number of white, high raw and low raw pans, and the
number of centrifuges should be changed by 3 for the low raw and white, by 1.5 for high
raw and by 1 for affination. Number of holding tanks will be increased by 4 (Figure 7

& 8).

FAPACITY CvALLATION

1T DATA FOR FAN, CEONTRITUCALS AMD CHYSTALLIZ B

CAPACITY [1M ToMS): of 1'“ MUITE PR =
OF THL BICH MW WAN =
Sr TNE Low mAd PAN =
MOLOING TaME =
LR

AL %128 41RO ceb fest §

1876 cull fwur )
3140 cub fant )
#7% cun Cear )

™
MANY ROLDING ﬂ\ns wiLL mE

e -
THE WMITE C/f CAPACITY (TOWs/MoLM] = 13,707
WICH Raw ar CAPACITY = 6. 100
AW CJF CAPACITY = 3.543
-ll'fh\“’lal C/F CAPACITY = 3,708
THE CAPACITY OF THE DRYER (TOWS/NOUW) = 33,63

THE RESULTS OF CAPACITT EVALUATION ;
FANS (DAY RECUIRED:

MHITE = 34.0
WICH EAM = 11.)
[T |

& FAS DROP OLCURIMG EVEST =es-ece-ee WOURS

WHITE - .71
llﬂnl-lll

*THBER OF FANS REQUTRID: WEET SLICEO - WPt ifeus (1002]

Ll 1.3 BOURS BATONY = 18
BICH BN [4.0 WOURS RATCH) = 1.0
Low RN (5.) MOURS EATCH) = 3.0
Lo A (11,0 BOURS RATON} = 4.0

ROIDING  TANKE
AVERACE RITENTION TIME (BOORS) = 6.9

TOTAL WOURS WITH CHNTSTALLITING = L3.4

FIALR OF ORTERS RSQUIRED = |.0

SOCAN RECOVERY ACROSS THE SOGAN DD = #é.1
CRANTLATED  FUCAR  FROOUCTD (owt/day) =33718.7

Figure 7.

CAPACITY EvALUATION

(HPUT DATA FOR R CONTRITUEALL AMD CRYSTALLILERS ©

EAFACTTT (EN TOWS) BF THE LT Puw o wR NTIIN
or me Rk Wk PN - $slediie
2¢ e EaAM PAN = 4E.14062
r THC hou:an: TANE = 36 88§11
POS MY WGLALNG TANRS WELL OC OFERATED = |9
THE WniTE CiF camaciTe |N-lmn~n| - 13727
RAM C/F CAP - &, 504
Low Rhw /P CAPACITY 1343
AFFINATION C/F CAPACITY = 5,704
THE CAPACITY OF THE CRYER (TOMS/MOUR| = 83,43

THE WESULTS OF CAPACITY EVALUATION
PARS/OAT RDMUIRED:

b1z

A PA¥ DROP OCCURING EVERY ==-c-e--vv HOURS
" WRITE - 0.3%
HISH RAM = 1 853
oM RAM = .13
WMUMEIN OF PANS REQUTRED: BELT SLICES » 10300 1raey {1201
MHITE (3.1 HOURS BATCH) = [ w“e
RICH pow i!.ﬂ MOURS BATON) = 1.7 :
u:umj ] BOURS EATCH) = 3.9 i
Low RAM (11.0 WOURS BATCM) = 3.7 ]

NOUREEN OF CONTRIFUGALS REQUIREID:
WHITE L&
BICH In - le 3
H!Mlu- 5. :

AVOLCE l.lg:::.:i TIME (WOURS) = §.%

TCTAL HOURS WITH CRYSTALITIERS = 14.%

FIMELR OF CRYERS MPOUIRED = 1.3

SUCAR RECOVERY ACROSS TEE SUCAR BND = 4.1

CRANUTATED CUCAR PRODUCED (cut/day) =110146.0

Figure 8.

Example 5: These mathematical models could be used for cane sugar production as
well. If a raw sugar plant has a three boiling system on "magma" and we want it to be
converted to white sugar production. In this case, the model will help to evaluate how
to do it, using the same number of vacuum pans and increasing the number of

centrifugals (Figure 9 & 10).

CAVAGITY  ©YMLUATION
JPUT DATA FOR PAR. CONTRIIIVALY AND CRYSTALLILERS |

CAPACITY LIN TORSI: OF THE & - Pax 5. 43843 [ 2000 cub fwwt |
THE B - Pam 18142 [ 2000 cub fest }
SrINE Corm - 181 428 [ 2000 cub fast |
OF TNE cRysTLITEN = 133078 {4971 cub fmat )
Wow WANT CHYSTALLIEEAS WILL B OPTRATCO
THE A+ €/ CAPACITY (TUHd/MOUN) = 376
I e CH‘ CM’MIYI' ;.“
lﬂ‘l!l !‘I@ E.ir ara:m'
THE CAPACITY OF THE ORYER [TOMS/MOUN; = 3

THE BESULTS OF CAPACITT EVALUATION :

PAMSCAY RECULRID:

4= PAN = v
5 - PAN = “n
€ - pAn = a1
A PAN DROF OCCURING EVERY =--s-c-sn HOURS
A= BAM = dab
B- PAR = abE
€+ FAN = Bl17

WIRGEN OF PANS RECUTNED:

A = PAN (5.8 HOUMS BATCH) = 1
B - PAN (3.9 ROUNS BATCH] = 3.0
€ = PAN [18,1 ROURS BATCH) = 2.0

WHAEH OF CENTAIFUGALE REQUINED:

h~Er = 3.9
8- CIF = 3.4
C=C/F = LY

VERTICAL CRYTTALLIIERS
AVERASE RETINTION TINE (ROURS) =04, 0

TOTAL WOURS WITH MOLOING TANES =
WIWNER OF DRYERS RIQUIAED = 1.0
SUCAR RICOVERY ACBOSS THE §UCAR END = 91,3

CRANULATED SOCAR  FRODUCED (cwt/day] =13349.8

.2

Figure 9.

CAPACTTY  EVALUATION
IWWT DATA FBR FAN, CONTRIFGGALE AND CAYSTALLITERS |

CAPACITY (IN TONS)1 OF THI A - PAN = 6. 61648 1000 cub fest
OF THE € - PAN = 101,428 ! 1000 cub et
OF THE & = PAN = 453334 0 cub Eeat
OF THE 5 = FaN_ = T, E3865 2000 cub Feet
OF THE CRYSTALLITEN 1343098 } 4971 cub fest
HOW PANT CRYSTALLITERS WILL BE Oﬂn‘tln 2
THE WMMITE C/F CAPACITY (TOMS/SOUN) = 1.7
C = CfF CAPACITY = 2,11
AFFINATION C/F CAPACTTY = 539
4= /Y CARACITY = 1.7
LoaS{r, ormcrmy - T
THE CAPACITY OF THE ORYIN (TOWO/BOUR] = 34
THE MESTLTS OF CAPACITY FVALUATION i
ANS/DAY EIQUTRED:
A=mas 111
€= pa o= 3.3
A== B
$-7Ar = 12
A PAS DROP OCCURISS EVENY ~—— o BOURS
A= PAEw 307
C - FAN = .82
4 - FAN = 1.70
5= AN e T8
FUNEER OF FANT EEQUTRED;
A - FAN (3.0 BOURS BATCN] = 1.3 (4.3 WOURS KA -
C = FAN (10.3 NOURS BATCH) = 1.3 s.)lumnt'gi. ,_;'°
A - FAA (2.5 HOURS BATER) = 0.3 3.7 MOUWS BATCH) = 1.0
5 = FAN (5.0 HOURE BN o T4 BOURS BATOH) = 1.0

A=CiT= 5.7
€ - cir e 1004
NATTON= 3.3

4 =Cr= 4.4
S-gres 1.7

VERTICAL CRYSTALLILERS
AVERACE RETENTICH TIME [HOURS) =31.7

TOTAL WOURS WITH WOLDING TANES - 0.3

FUMSER OF DRYERS REQUIRED = 1.0

SUSAR RECOVEMY ACROSS TE SUCAR DWD = 93,3
CRAKULATED  GUGAR  #BODUCED [owt/day] =13081.7

Figure 10.

As you can see from these examples, the engineering models presented are powerful
tools used to analyze and improve beet and cane sugar factories and refineries.
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