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ABSTRACT

In earlier communication (1) a generalised algorithm is developed for design and
simulation of black liquor multiple effect evaporator system (MEE) with a typical
backward feed sequence. In the present investigation the above algorithm is extended
for backward feed sequence involving splitting of feed and distributing equally the
same to the last two bodies of the set and the results of the two sequences are
compared. Further comparison is made if flash from condensate and product are
used for additional advantages of energy gains and higher steam economy in a typical
backward feed sequence with no splitting of feed. Significant saving in steam
consumption with enhanced steam economy has been achieved but with slight increase
of heating surface demand for the evaporator system. This is however tested with
a sextuple effect multiple effect evaporator system which is found to be optimum
based on curent operating and equipment cost. The procedurefor the latter is designed
by developing mathematical models based on the set of 17 non-linear simultaneous
equations unlike the former two where 12 equations are needed for steady state
mass and energy balance , enthalpy balance heat transfer rate equations coupled
with models for overall heat transfer coefficients and physico thermal properties
of black liquor including boiling point rise calculations. A number of iterative
schemes is developed for each parameter with the help of Fortran 77 computer
program, interlinked with each other and solved for the desired objective The systems
of non linear equations are solved by Newton-Raphson method with Jacobian matrix
and method of Gauss elimination with partial pivoting with the aid of Hilbert norms.
The benefits -accrued in terms of reduced steam consumption and enhancement of
steam economy are quantified for a set of typical operating parameters normally
used in a paper mill. This procedure appears to be newer for rapidity of convergence
and estimates the energy consumption more accurately and efficiently.
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is one of them. In fact the MEE is a device to
concentrate black liquor for delivering it to the
recovery furnace for steam and power generation with
recovery of spent chemicals present in the black liquor.
It is well known that MEE operation is a bottleneck
in terms of major energy consuming operation in a
paper mill. Some investigator (1-7) developed steady
state Mathematical models of MEE with usual mass
and energy balance equations, heat transfer rate
equation, equilibrium relationship and solved by linear
and non-linear techniques iteratively. The equations
for MEE for soda black liquor & sugar juice has also
been discussed by Kern (7). The overall heat transfer
coefficient based on temperature & heat flux values
have been developed and them empirically fitted with
450 sets of industry data by Gudmundson (8). Ray etal.
(9) reviewed the correlations of all physico-thermal
properties of black liquor and discussed the suitability
of each equations. Parametric influence on steam
consumption, (SC), steam economy (SE) and area
requirements (A) w as mainly studied. Singh and Ray
have studied in d e tail the backward feed sequence (1),
and split feed sequence (10) with more realistic
operational parameters and further investigated the
impact of condensate flash and product flash on energy
factors for backward feed sequence (11). In all these
investigatons instead of using equations for
equilibrium relationship for boiling point rise,
correlations of latter has been coupled in the main
program. As a result the 4 N equations needed for
sextuple effect evaporator have been reduced to smaller
number of equations. The system is designed with an
aim to make the system most energy efficient and cost
effective. In this present investigation firstly a
comparison has been made between backward feed
sequence and the same with the feed splitted and
distributed euqally to the last two bodies, and then
subsequently with addition of condensate flash and
product flash in some of these sequences. The present
work therefore extends the work previously
communicated (1,10,11) for a backward feed MEE
system to backward feed flow sequence with feed
splitting and to backward feed flow sequence with
utilization of flash vapour from condensate and
product. It is not out of place to mention that these
designs, especially the splitted flow sequence are very
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popular in North American paper mills. To the best of
author's knowledge this type of systematic analysis is
scarce.

MATHEMATICAL MODELS:

In previous communication (1) it has been shown
that the minimum annual cost based on prevaling
market prices corresponds to six number of bodies (1)
Six body or sextuple effect evaporator is thus the most
feasible MEE set for the present investigation as a
basis for modelling and simulation of black liquor
concentratin system for paper industry.

It is wellknown that the modelling of sextuple
effect evaporator system will start with steady state
equations for total mass balance. component mass
balance, energy balance, heat transfer rate, and
equilibrium relations for boiling point rise for all the
bodies. The steady state modelling of backward feed
sequence has been discussed in earlier communications
with detailed derivation for the first effect (1). In the
present modelling the additional complexities arise
due to feed splitting favoured by North American mills
and also accomodating the terms related toboth
condensate and product flash utilization in the
constitutive equations of a backward feed sequence.
Hence remodellling of the systems incorporating both
condensate and flash utilization should be attempted
a fresh. When the feed is splitted and euqally
distributed between two bodies, 5th and 6th of as
sextuple effect evaporator system, the equations for 4
5 and 6 effect of the sextuple effect black liquor
evaporator system will different and hence can be
derived accordingly with suitable modifications of the
equations. Based on the approach of Holland (5) for
sextuple effect evaporator system for the evaporation
of black liquor, without detailing of the derivation the
general mass and energy balance equations for flow
sequence due to backward feed, splitted fed and
backward feed with condensate and product flash for
any body of an N body set are presented here. However,
all the equations presented here are scaled form of the
functions. The effect of scale deposition is not included
in the modelling.

2.1 Case I: Mathematical model for a sextuple effect evaporator system with
backward feed: (6 >5—> 453 ->2->1)

For the design procedure of a sextuple effect evaporator system for backward feed

sequence the model gives rise to a set of 12 independent nonlinear algebraic

equations in scaled form in 12 unknowns.
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g = Lo+1 T/ A{CP ps1(unsy + BPR ey / Ts) —CP, (us+ BPRy/ Ts)}+(ln‘] n-I)/ As
(Anit CPVBPR,.) - (Lnsi-1a) A {(Aa+CPVBPR,) — CP,, T ((u,+

BPRW To} - (la+i-1a)/ As (ctu, +B/Ts) Ts ...(1)
Sil =U,Tas/50. Ay Ung — (upt BPRn/T‘:)}— (ln'l n-l)/ As ()\'n-l+ CPvBPR n-l)
=1,3....15;n=12...... 6) ..(2)

2.2 Case lI: Mathematical model for a sextuple effect evaporator system with

split feed: 5

( >4953->2-1)
6
For the design procedure of a sextuple effect evaporator system with the split feed
scquencc as shown in above structural representation, the model gives risec again to a
sct of 12 independent nonlinear algebraic equations in scaled form in 12 unknowns.
2 = lnn T/ A{CP (U ye + BPR iy / Ty =CPyy (upt BPRy Ty b +(1n-101) A
(Ana+ CPVvBPR,.) - (Lnsi-10)/ As {(An+CPVBPR,)) - CP, T, ((u,+

BPRH/ Ts): - (l vl*l‘ln)/ }~s ((X.Un +B/Ts) Ts (3)
giv U Taan/50. A, {ung — (uy+ BPRy/T) = (-1 0.1 Ay (An.i+ CPVBPR )
(=13....11;n=1,2...... 0) ..(4)

2.3 Mathematical model for a sextuple effect evaporator system with backward
fced andwith condensate and product flash: (6 55— 4953 >2—51)

FFor the design procedure of a sextuple effect evaporator system with the above
design, the modct gives rise to a set of 17 independent nonlinear algebraic equations
in scaled form in 17 unknowns.

(a) Case HI:Backward feed with condensate flash tank:
= lnHTs/ }vs :CP n+i (U n+el T BPR n+l /Ts) ”Cpn (un+ BPRn/ Ts)}+ (ln"l n-l+
m .y )/ }\v\' (;\n-l + CPVBPRn-I) - (l n+|'ln)/ )\-s {()\-n+CPVBPRn) - Cpn Ts ((un+

g

BPRW T+ myhna/h - (Lon-la) Ay (au, +B/To) T, ...(5)
L I:U.,T\Lln/S(). }v\ :Un-l‘(un"' BPRII/T\')}_(IH'I natm n-l)/ AA-S (kn-l+ CPVBPR n-l) -
Myt Anat/ A (=13....11;n=12...... 0) ...(0)

The general equation for I** to 5™ condensate flash tank:
8i =(( ln —ll + n]l)ATs /As )( un-l"un)‘ rnnT S/A'S (Yun+Z /Ts)
(1=13,14,..17; n=1,2,...5) -(7)

(b) Casg _lV:Backward feed with condensate flash and additional flash tank:
For add'mon of flash vapour utilization in the system with condensate flash il; the
prcceedmg models only fourth to sixth body will be affected.

The equations for backward feed with condensate and product flash with suitable
modifications can also be derived in the similar way as under:
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EFFECT NO. 4
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g7= lsTs/ ;\,s {CP5 (U5 +BPR5 / TS) —CP4 (U4+ BPR4/ Ts)}+ 1(,TS/ )\,S{CP(, (U(, +
BPR; / Tsy —~ CP4 (ust+ BPRY/ Ty} + (l4-I3+ms+my)/ A (A3+ CPVBPR;) -

EFFECT NO. 5

(l [ l5)/ )"s ((XUs +B/T9) Ts

EFFECT NO.6

(1.0-16)/ Ag (atug +B/Ty) T

(Is- 13)/ As {(Ag+CPVBPRy) — (15 -ls)/ As (ctug +B/Ts) Ts (8)
g28=U T,as/50.A4 {uz — (us+ BPRY/T,)}— (ls-Li+my+my)/ A (A3+ CPvBPR3) ...(9)
gy = l(, Tb/ 7\5 {CP(, (U(, +BPR 6 / Ts) —CP5 (U5+ BPR5/ Ts)} + (1 5 -l4+m4)/ 7\.5

(A4t CPvBPRY) - (0.5 - Is)/ A; {(As+CPvBPRs) — CPs T ((us+BPRs/ Ty} —
...(10)
210=UsTsa5/50. As {us —(us+ BPRs/To)}— (I's -ls+ms)/ Ay (As+ CPVBPR ) (1)
g1 = TJ A {CP(uy+BPRY/ Ty —CPq (ug+ BPRy/ T} + (I -lstmis)/ A
(As+ CPvBPRs) - (1.0-I6)/ A {(Ae+CPVvBPR,) — CP,, To((us+BPRy/ Ty} —
(12)
g 12 =U,Ta/50.% {us— (uo+ BPRY/To)}— (I -ls+ms)/ A(As+CPVBPRs) (13)

Where Y= y- a and Z= 3-} and where the constants «, f3, y and d have the values
4.1832,0.127011, 1.75228 and 2503.35 respectively.
The diagrammatic skcktches of the above design alternatives are depicted in

Appendix-A.

SOLUTION OF MODELS:
SELECTION OF MATHEMATICAL METHODS:

The mathematical models invelves nonlinear
algebraic equations which are difficult to solve. Many
investigators (1,4-6,10,11) developed algorithms
which reduce the systems of non linear algebraic
equations that govern the evaporator system to a linear
form by any means and solve them iteratively by a
linear technique, e.g. Gaussian Elimination etc.
Holland (5)has reported that the Newton Raphson
Jacobian matrix method followed by method of Gauss
elimination is the best to solve the system of non-linear
equation. Newtons algorithm is widely used because it
more rapidly convergent than other methods. An
algorithm based on Gudmundson model (8) is
developed as shown in appendix-B and used as a
subprogram. A separate subroutine/suprogram is also
developed for estimating physico thermal properties of
black liquor (1) All the subroutines/subprograms are
interlinked with the main program for mass, energy
and heat transfer rate equations.

In the present investigation Newton-Raphson
Method with Jacobian matrix and method of Gauss
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Elimination have been used with partial pivoting and
Hilbert Norms to solve the system of non linear
equations thus generated. The set of a non linear
equations governing the system in matrix form can be
written as:

JAX, = - g, ....(15)

Where ] is the square Jacobian matrix of order
12,12 and 17 for present sequences: i.e., backward feed
split feed and backward feed with condensate and
product sequence respectively. AX and g,  are
conformable vectors.

On the basis of an assumed set of values for the
elements of the column matrix X the corresponding
values of the elements of J and g_are computed.

COMPUTER SIMULATION AND MODEL
VALIDATION:

Computer programs based on FORTRAN-77 have
been developed for all the three cases separately with
the following initial approximation. Initially the
evaporation rates and areas are considered equal
as: vj=v;aj=a(lsjs 6) .. 20)
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Case - T and II :

The knowns variables are: F, T, X, T, T, x_(x,) U,
U, .. U,, and BPR,, BPR,,.. BPR,. The unknowns
variables are: v,, 1, 1, .. I, u, u, ..u, a,
and X, X, ... X

Case-III and IV:

The knowns variables are: F, T, X, T, T, x_ (x))
U, U, U, and BPR,, BPR ... BPR,. The unknowns
variables Are v, 1,, 11, ol u,u, . u,m,m,..m,
m,, a and x,, X,, ... X, The term X can be calculated
by mass balance for SO]ld F,=Lx (i =1,2..6).
The specified variables are latent heat of vaporisation
boiling point rise (BPR) and specific heat (CP) etc.
which can be calculated by different correlations for

all the three cases.

Kern's (7)data for six effect evaporator body with
backward feed sequence( without considering scale
deposition) is used for model validation. As explained
the oveall heat transfer coefficient from Gudmundson'
model (8) and physico chemical and thermal properties
of kraft black liquor such as density, viscosity, specific
heat and thermal conductivity etc from Ray etal. (1,9)
are also employed. The model predicted data matches
well with Kern's data indicating the accuracy of the
model developed in this present investigation

RESULTS AND DISCUSSION:

Earlier works (1,3,4) have shown that the out put
parameter SC, SE and A, are quite sensitive to
variation in the steam temperature, T,, liquor feed
temperature, T, feed concentration, X, feed
temperature, T, and feed flow rate, F. The values of
above input parameters are selected in such a way that
they must lie within the normal mill's operating
conditions. How ever the effect of scale deposition-is
not considered. The variations of steam temperature,
T, on SC, SE and A at various values of T, T, X and
F are displayed with the same trend for spht feed also
as for truly backward feed flow sequence as shown
earlier (1). There are marginal difference of the value
observed. The split feed sequence gives better result.
These are shown in figs. 1-15. From the figures it is
evident that with the increase of T,, SC increases, SE
decreases and A drops; with the increase of T, SC and
A drops but SE increases; with the increase of X, SC,
SE and decrease; raising the value of T, SC decreases
but SE and A increase; increasing F the increase of SC
and A are observed with SE remaining almost
constant.
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The most advantageous point is to increase the
feed temperature. Therefore comparison between two
sequences are made on T only.

With the increase of T by 10°C (70°C to 80°C)
the SC decreases by 3.4-3.5% with split feed in
comparison to 2.2-2.3% saving for normal backward
feed The requirement of A is increased to approx 3.0%
incase of split feed as 2.55% in the case of truly
backward feed flow sequence. However these values
are estimated on different operating conditions. If
same operational conditions are used the split feed will
always be superior compared to backward feed
sequence. This is clearly evident in Table 1. As the
split feed needs splitting of the feed through valves and
various connections and requires pipe lines. In India
the use of split feed is apparently limited though it is
always better than backward feed sequence in all
respects.

The gain by using condensate and product flash
from a truly backward feed will now required to be
quantitatively evaluated as given in the following
paragraphs.

COMPARISON OF SC SE AND A AMONG
VARIOUS PROPOSED OPTIONS FOR
BACKWARD FEED SEQUENCE EXCEPT
SPLIT FEED:

In this Section the SC SE and A values are
compared if a six body truly backward feed sequence
(A) is extended for additional heat economy measures
viz, condensate flash utilization (B) and with further
addition of product flash (C).

The effects of T, T, X, T, and F, on SCI SE and
A for the above three cases follow the usual trend as
expected. The variations are shown in fig. 16-30.
These are quite self explanatory. With the rise of feed
temperature, decrease of SC, increase of SE, and rapid
decrease of A are noticed. This is valid for all the cases,
namely A B,C.

The variations of other parameters are examined
through graphical correlations and the following
observations are made at 80°C of feed temperature:

a. The SE values are enhanced with utilization of
condensate flash and further enhanced with
addition of product flash. The gain in steam
economy has been found to be on the order of 5.7
and 5.6 for the design C at st eam temperature,
130°C and 140°C respectively.
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TABLE 1
Comparison among various options of evporator designs (Kern's Data)
(F = 18.144 kg/s, x, = 0.152, T, =76.67°C, T, = 137.78°C, T, = 51.67°C, x, = 0.405)

( Backward Split feed BFFS BFFS )
Parameter Feed flow flow with combined % gain,
sequence sequence condensate condensate C-A'/D-A'
(BFFS) (No flash) flash flash and
A D B product flash C
SC, kg/s 2.6119 2.5671 2120 | 1.9894 23.83/1.72
SE, kg/kg 4.340 4.417 5.346 5.697 31.20/1.77
A m? 295.566 292.46 303.539 306.619 03.74/0.71
\_ J

Note : (Value from chosen sequence - value from BFFS) x 100/Value from BFFS

The steam saving of 18.8% (A to B) can be
accomplished if condensate flash is utilized. The
use of product flash decreases the steam
consumption further on the order of 6.0-6.2%
(B to C).

b. The SE values at steam temperature of 137.78°C
and feed temperature of 70°C found are 4.269,
5.257 and 5.569 respectively for without flash,
with condensate flash and with combined
condensate and product flash, indicating
economy gain on the order of 23% and 29.6%
respectively.

The advantage in terms of reduction of SC,
enhancement of SE, and disadvantage of extra
heating surface are found to be 23.85% 31.2% &
4.2% respectively if one shifts from the design
A to the design C at 80°C as feed temperature at
fixed set of other input parameters as mentioned
in the figures.

c. Nearly 2.6% more area is to be provided in the
case of system with condensate flash in
comparison to the system without flash. The
system with combined product and condensate
flash demands extra area on the order of only 1%
thus, becoming total 3.6% over and above the
system without any flash.

On closer scrutiny of the results of simulation on
computer the following inferences can be made:

It is established that in the Back ward feed
sequence C is better than B and B is better than split
feed D and the latter is better A considering all the
aspects of steam consumption, steam economy and
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particularly area compensation effects on total cost.
This is also verified from the data given in Table 1
which is obtained from Kern (7). The values are onthe
same level as indicated in above. Thus confirms the
accuracy of estimation of benefits.

CONCLUSIONS

For a given number of stages the mathematical
procedure computes design variables such as area (or
area ratio between effects), externally supplied steam
flow rate, stage temperature and flows, etc. For a
multiple effect evaporator (scaling is not considered).
Significant improvement has been found in terms of
benefits in energy consumption though slight increase
of heating surface requirements is observed.

® The most advantageous point is to increase the
feed temperature. Around 3.4-3.5% steam
saving is possible if one uses split feed flow
sequence in comparison to truely backward feed
sequence (2.2-2.3%) steam saving normal
working conditions if one increases the feed
temperature by 10°C.

® The split feed sequence is always better in terms
of reduction in steam consumption, gain in
steam economy and reduction in area demand
though marginally.

® The advantage in terms of reduction of SC,
enhancement of SE, and disadvantage of extra
heating surface are found to be 23.85%, 31.2%
& 4.2% respectively if one shifts from the design
A to the design C at 80 C as feed temperature
at fixed set of other input parameters. The steam
saving of 18.8% can be accomplished if

IPPTA  CONVENTION ISSUE 2001



kd
£ 304
3 284
S 264
8 241
E 22]
N 4
€ 204
S 18] F=18.144 kgfs, %=0.15 X,70.4
g ] T=70°C T,5167°
S 1.6 vy ——
@ 100 110 120 130 140 1
Steam Termperature,T, °C
‘Fig-1 Influence of Steam Temperature
on Steam Consumgtion

50

65 Fui8 144 ks, M=0.15, Xp=0.40,

W 604 TH=70°C, Trm61.67°

£e

g 50 !

w i

g 45 \\ }
: - 5
; & 490 ‘
; as . . i
! 100 110 12 10 140 1 !
I Steam Temperature, Ts ° |
; Fig2 Irfuence df Stearn Tarmperature ]
i on Steam Econany :

i

304 '

28+

264 \\\

24+

22

Steam Consummtion ,SC kg/s

204 F=18144kg5 %015 X040,
184 TATTBC T, 5167
a

1.6 Fmmpypy—ymp——y—r—r—r—y

490 5 60 70 8 90 100

Feed Temperatwre T, °
Fig- 4 Effect of Feed Tamperature
on Steam Consumption

1800 F=18.144 kgfs, X%=0.15, X,20.40,
1600 T=70°C, 7,=5167°
. 1400 T
€ 1200
< 1000
L]
® 800
< 600
400
200 e
100 110 120 130 140 150
SteanTenm,T,"C
Fir 3 Influence of Steam Tavperature
anAvea
6.5+
F=18 144 ky's, X=0 15, X,50 40,
& 601 778
4 T,=137 78°C. T,=5167"
£ 554
[+] <
S 504
m <
45
] 4.0 4
an 4
35 — Trpp—p— J
0 S 60 70 30 90 100
Feed Temperature, T,, °C
Fig-5 Effect of Feed Termperature
on Steam Economy

Area, A, m?

335 F=18 144 kys. X=0.15 X,=040,
3254 N TATC TS
3154
3054
295
2854
275 +=—r—v—v——v—v—y—v—y——v— J
40 5 6 70 8 9w 100
Feed Temperature, T, °
Fig- 6 Bfedt of Feed Tarperature
on Area

IPPTA CONVENTION ISSUE 2001

89




EVAPORATION

"3‘3.0
@ 28
B 24
€22
§2.0 Fet8. 144 Ig's, X,2040, T,=137.78°
O 18 Tan°C T,6167°
§1.e...........
@ 010 012 04 01 018 00
Fead Concertration, X%
Fig-7 influence of Feed Conoeriration
an Steam Consusmption
:mi F=18.144 Iy, X040, T,=177.78°
3!): T=0'C, T,6167°
£ 39
< 01
‘W 290
£ »]
204
2D ey pes—pe———,
010 012 0¥ 0¥ 018 0
Fead Concartration, %
Fg- 9 infuence of Feed Concentration
o Area
w 5-2‘ F=18.444 /s, XA0 15, X,2040
»n 56 TG T-10°
2 o0
521
g 50’
‘34,8:
g 467
34.4: — e
& 42;

4.0 v L g v L] v T ¥ T T
D R % %5 B @
Last Body Tarperature, T, °
g 11 Bect of Last Body Terperatr
on SeamEoorony

»n 60 Forlt 14 Igys, X040 T, T2 78°
g‘ TARC T6167°
50
€ 40
g 35 v v ¥ ' L) v ) ’ ) LA
010 012 014 016 018 0
Fead Concantration, )¢
Rg8 inuence of Fesd Coxertraion
onSeamEroTy
2 28,
@ 2] — —
s
3 22;
E L 1’,!137.78'(3.'5’7“0
S 184—r—r—r—r—r—r——r—r—
w 5N RV N % B O
Last Brxly Tevparatuse, T,°
Fg 10 Bled of Last Body Terperature on
SeamConsupion
m!
4 i 144 )g's, %0 15, X,2040,
:mJ T =78 T=0°
E 3
< !
3
- 3104
04
0 R H®N 5 B8 D
Last Bocy Terparature, T, °
Fg12 Bed of Last Body Terrperature
anArea

IPPTA CONVENTION ISSUE 2001




[}

v 12 v L v ¥

(]

2s;

g 9

g 67

§ 1

£ 41

g )

3 2] X015 X=04QT137.78°C
s 1 T=M°C, T,%6167°C
2

(7]

10 2 0 40

Liquor Feed RowRate, F, igfs
Fg- 13 Bfledt of Liquor RowRate on
SeamConsuvption

0

/i
]

Steam Economy,SE
» (3]
g .o

o~

F=18 144 kys. %20 15, X, 2040,
T=20"C. T.5167°C

) Y ———1

110 120 130 140 150

SumenT.,"c
Fq 17 Hiet o Seamilarperanse
On Seam EcoranTy

>
2

%)
- o
8

8751
s *0nxoarawml
~ 7251 TR T516°C
E conl
< 501
S ]
< 0]
51
w-
275 vty
10 p. o) K o) L 1] 20
Uiquor Fead RowRaia, F, igfs
Fg-15 Blect of Liquor FlowRete
o /ea
651 Copenan of Npee A
1 A.88C -
601 o~ 8
4 "-C

6073
w 58- X015, %2040T=137.78°C
? 561 T=20C Ta6167°C
»54_
§ 201
«
W 48]
£ 461
54"' > \ g > *
N 4217
40 e s e ]
10 p.o} K 1) 490 50
Liquor Fesd FlowRute, F, g's
Fig-14 Bect of Liquor Row Rale an
Seam Econony
it
03.0 of e
X.88C g
x28
0 ~c
g-26
B
322
g /
§1_8 F=18 144 /s, %20 15 %2040
@ 6 TRCTSe7'C
00 10 120 10 10 19
Steam Tenperatire, T,, °C
Fig- 16 Bect of Seam Tarporaure
an SeamConaunpiion
Cormparaan of - A
1800 1 SeqamomA 88C
1600: F=18.144 koys, XI=0 15, Xp=0 40 -8
1400 1 T=70°C.Tn=5167°C —-C
-~ 9
€ 1200 1
< 10001
= 4
& 807
em-
m<
200 LA 2 ancs mem s s e |
100 110 120 130 140 150
StumTemmu‘,Ts"c
Fig- 18 Influence of Steam Termperature
on Asea

IPPTA

CONVENTION ISSUE 2001

9



EVAPORATION

: - el ’ gl
| & Copmiendl spanxs | 651 !
| 3’3.01 x_:;c |-=-gy! | x88C “"B
| g 287 P | W 601 Orpeenc sy -
@] |*C; =
i 826' >_J“ 5 > ./././/.
! S 24 i : g 1
£ 1 % g 507
322' .\‘\‘\‘\' ' co 1
§20. b\p\o\’\‘ : 54‘5
£ 181 Fe18. 144 ks X=Q 15 X040 : i 407 P12 144 1S, =015 X040
g TATBCTA167C ; 1 TARBCTSIEC
51,6 T v vy vy T Evd 35 L —rrTryr Lo vl
40 50 6 70 & 9D 100 LH H & MW L DO 10
Feed Termperatire, Tr, °c Fadtmwaue.T;."C
Fig- 19 Effect of Feed Tarperaure fig-D Bect of Feed Tenperature
on SeamCoraunption on Seambconay
“ “ x
530 ‘
o= +8
U 281
; -
< 261
o
5 241
E
2 2]
(S I
E18] rausigsx0a T3 e
s T=0C.T=5167°C
an 16 pp—p————— T Y
010 012 014 016 018 0
Feed Tarperaare T, 'C Feed Carvertration X
T g 22 Influence of Feed Concartration
Fig-21 Bed of Feed Tamperaure pt :
mAea SeamCoreUTEtan
. A
2 301 A '
xm Qyvprecnd susam -+-B 304 Curpanscn o ssq.ercss -8B
- 281 A.B&C : ABSC
a7 +C 101 ~C|
8'2.5 '\\’ ~ 3109
:24. = :
£ < 307
3 22 ‘\‘\\ S 201
] X
820' <m. .
- { P8 1aaigs %0 TTBC N
51,8' F=18 144 by's, X040 T.=137.78°C 201 . s
e T,=70°C. T=6167°C 1 1=10°C. T6167°C
& 16+—r—Tr—r—r—r—r—r—r—r ) gy
016 012 014 Q16 018 0D Q10 012 014 016 018 0D
Feed Concertration, % Feed Concertration, X
Rg 2 infuse of Feed Concertrabion g 24 Infiuence of Feed Concertrabon on Avea
n SeamCoantbn

IPPTA CONVENTION ISSUE 2001




" a . - A
:g A'.I: . | =B
w :
n 54 bl
£ 52 o
2 50
8 6 Fr18.144 ks, %=0.15 X,=0.40
g 48 T,=137.78°C. T=70°C
E 48 !
:‘! 44 .__—_.____._____,_—-4 |
(2] 42 i
40 ey v |
0 5 54 5 58 € ;
LzstBodmian"
Fg- 25 Influence of Last Body
Temperature on Steam Econamy .
Companson of sequances. ——A
350 - A.BAC
1 -8
340 5 ‘
1 . —=C
E 330-:
< 3204
L]
4 1 -
< 310 4
300 F=18.144 kls, X=0 15, X»=0 40,
4 1:=137.78°C. T=70°C
290 T
50 52 54 56 58 60
Last Body Temperature, T, °C
Fig- 27 Influence of Last Body
Temperature un Area
——A I
6.0 Copymend spvos l
58 A.BSC LN
w i
m. fg e hid b h —-o—C i
> 9, i
§ 52 . . .
o 50
O 48 %=0 15, X,0 40.T,=137 78°
E 46 1,-70°C, 1,5167°
@
17)- 44
42 M
4.0 gy v
10 20 0 40 S0
Liquor Feed Flow Rate, F, kg/s
Fig- 29 Stean Economy
as a Functionof Liquor Flow Rate

. T -
I | a 4 sqarom ——A
i 587 AB& | =B
! w 561 — i
. 54] : -C
: §‘52- — —a | T
! 2 50 F=18 144 kg's, X=0.15 X,20.40,
: u«°} 484 T,5137.78°C. T=70°C
| E 481
: § 44] .____.___.__,_._—-—-0
P 42] 1
U 40 gy !
‘ 06 5 54 58 58 € |
Last Body Temperatire, T, © :
Fg-26 influence of Last Bady
Terrperatre on Steam Economy
o Iy
0 85 Conparmnof seperces :
o A.B8 =B
X
8 64 -C:
£ o
- !
B
€ 44
3
" <
5
0 29 %7015 X=040T,-17.78°
g ] T-0C T5167°
& O ey
10 2 0 40 S0
Liquor Feed Flow Rats, F, kg's i
Fig- 28 Steam ConsuTption
as a Function of Liquor flow Rale
\ 750 A-o-A'!
: 8 “
g CGnpownd s
8000 -8
725,04 -C
. E 65001
' < 57501
z 5000 4
: 4250 4 .
: %001 X0 15, X,70.40,T,=137.78
1 1=10%, 1,61.67°
2150 —— Prp—p——)
10 2 0 40 50
Liquor Feed Flow Rate, F, kg's
Fig- 30 Area as a fuction
of Liquor Flow Rae

IPPTA CONVENTION ISSUE 2001

93



EVAPORATION

APPENDIX -A
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Sextuple Effect Evaporator System With Backward Feed and With Condensate and Product Flash Tank
(6-5—4—3-21)
condensate flash is utilized. On use of product respectively for without flash, with condensate
flash decreases the steam consumption further flash and with combined condensate and product
on the order of 6-6.1%. flash, indicating economy gain on the order of

23% and 29.6% respectively.
The SE values found are 4.269, 5.257 and 5.596
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respective equations(1)

Estimate the approximate value of heat flux q, Wim?
Estimate Ty as suggested by Gudmundson(8)
Estimalc Z

Calculate the limiting valuc of Bound|

Bound 1= 19500+2000 Logitm — 95 (Teuit)

JF i <1.0 then put py, = 1.0 in cquation of Bound].
o Estimate T

Ci=Z +[-0.0515 +0.0505 Z) F vs
Z = 1.0 +0.01 x Tanh ((q - Bound1 ¥21800) Tyun
H - Taun<0.0 then put Tw=0.0 in Z.

e Culculate the limiting values of Bound2

Toup = Tin <Trs
A heat balance on tic tube gives the increment of heat flux as

e Ay=Toupx Cox Fx 000181 x0.61/1.321

o At extremely low heat flux, when q<Bound2,

Bound2= 4300+100 Logjtm ~ 14.0 (Trw)

I jam 1.0 then put p = 1. 0 in cquation of Bound2.

For bound 2 s.q$20000W/m c..:lculmc

U= 0.981 C'%(0.2334 ¢ - 0.1006 x 107 ¢’ +0.1362 x 107 4"}
For Bound 2 4>20000 W/m U=Uat q=20000W/m

e Cup™ 1.0 +0.04 x T, [(Bound 2- q)/Bdund 2)!
1 Tuw<0, put Ty =0 in the later equation.
e Calculatc the overall heat transfer cocflicicnt as under
U= [h+ (U.m..., -h) X /Bound2] x Cyp; when q<Bound2,
h=0.023. Re"*, pr % /D

APPENDIX-B

ALGORITHM FOR CALCULATIONS OF HEAT TRANSFER COEFFICIENT BASED ON
GDMUNDSON'S MODEL (8)

The overall heat transfer coefficient, U is a function of q,i.e. U=f(q) which in turn is a function of

various physico-thermal properties. In adition one has to know its boiling temperature, temperature of
subcooling, superheating, maximum t emperature and flow rate . The procedure is depicted as under:

Esimate p(C.T), Ba(C.T), CHC.T), K(CT) for black liquor from

Calculate F liquor feed flow rate per unil cross sccuoml arcakg/m's.

Toax™ 15.0+{0.12 = 0.00} (Toou) F +[3.0- 0.025 (Twuin) low...—() 12

(Tboil) The function Tanh (tangent- -
o Estimate T hyberbolicus), was chosen due to its
Tn™ Tiox = Tin . limiting values which are given as:-
e Estimate the values of corrclation factor C
C=C.*Cp*Cs 1>Tanh(x)>1
"
C, = 1.0-0.07858 jun + 0.002735 jia” = 0.1092 x 107 s’ : (0<piur<15) _ o
C, = 1.576- 0.095 log pi(pte>15) The superheating liquid feed

Cyr =<1.02 + 0.0476 (Tau) - 0.364 x 10” (Ton) +0.946 x 107 " (Thoil)*

NOTE:

Cf is directly proportional to the
liquid feed rate and decreases with
increasing feed rate for q>Boundl. When
q>Bound 1, Cf may increase with
increasing feed rate especially with greatly
subcooled liquid feed.

contribtes an increase inheat flux. If the
liquid feed is superheated then extra vapour
is flashed off in the tube which will be
equivalent to a certain increase in the heat
flux.

The correction factior for subcooling
considers the varourable effect of the
subcooling of the liquid feed on the over all
heat transfer coefficient.

The values of h and U are to be
adjusted are adjusted from mill data are
correction factors due to liquor .viscosity,
boiling point, liquid feed rate. and
subcooling respectively.

® Nearly 2.6%more area is to be provided in the
case of system with condensate flash in
comparison to the system without flash. The
system with combined product and condensate
flash demands extra area on the order of only 1%
thus, becoming total 3.6% over and above the
system without any flash.

On closer scrutiny of detailed results of

IPPTA CONVENTION ISSUE 2001

simulation on computer the following inferences can
be drawn :

The gain in economy and reduced steam usage in
terms money scores over the penalty in capital cost of
extra heating surface of evaporator. Enormous
financial benefits can be accrued if considered on
annual basis.



® It is established that in the Bacward feed
sequence C is better than B and B is better than
split feed and the latter is better A'.

® The algorithm developed can be extended to
many other process industries which use
backward feed multiple effect evaporator.

NOMENCLATURE
A Area of evaporator body, Heat transfer area, m’

a. Fractional heating area of the effect defined by aj
=A/(50.F), sm¥kg

BPR Boiling point rise, °C,k
C Condensate from steam chest

CP Specific heat of liquor; kl/kg °C

1

Liquor feed rate , kg/s

A function defined by as g =f/f
Specific enthalpy of the vapour, kl/kg
Specific enthalpy of liquor kl/kg

Liquor flow rate from the effect. kg/s

Z - 5 @m o®

flash vapour kg/s
n  Number of effects in the set

Q Rate of heat transfer across the tube from the
steam/vapor to the liquor, w

T  Saturation temperature of water at pressure P,°C

U Overall heat transfer coefficient, W/m’k

V vapour flow rate from the effect, kg/s
x  Mass fraction of solute in the liquor

Imyu and v are scaled liquor flow rate, flash
vapour flow rate, temperature and vapour flow rate
defined by I=L=/F, m/=M./F,u=T,/ T,and v,

1 ] ] 3 j] ] 8 j
=V,/F respectively.

SUBSCRIPTS AND GREEK LETTERS

f- feed; p-output product; s- steam, saturation v-
vapour

v - Latent heat of vaprozation, kJ /kg

EVAPORATION
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