MATHEMATICAL MODELLING AND SIMULATION IN PULP
MILL OPERATIONS

A THESIS

Submitted in partial fulfilment of the
requirements for the award of the degres
of
DOCTOR OF PHILOSOPHY
in

APPLIED MATHEMATICS

by
DEEPAK KUMAR

§g1cc NOG Z |583

Y

DEPARTMENT OF PAPER TECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE-247 667 (INDIA)

APRIL, 2011



OINDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE, 2011
ALL RIGHTS RESERVED )



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE

CANDIDATE’S DECLARATION

[ hereby certify that the work which is being presented in the thesis entitled
MATHEMATICAL. MODLLING AND SIMULATION IN PULP MILL
OPERATIONS in partial fulfilment of the requirement and for the award of the Degree of
Doctor of Philosophy and submitted in the Depariment of Paper Technalogy of the Indian
institute of Techrolopy Roorkee, Roorkeg, is an authentic record of my own work carried
out during a period from January, 2006 to April, 2011, under the-supervision of
Dr. V.P. Singh, Professor, and Dr. Vivek Kurnar, Assistant Professor, Department of Paper
Technology, Indian Institute of Technology Roorkee, Roorkee.

The matler presented in the theéis has not been submitted by me for the award of

any other degree of this or any other Institute_

B

This is to certify that the above statement made by the candidate is correct to the

best of our knowledge.
U *
— '
(Vivek Kumar) (V.P.Singh)
Supervisor Supervisor

Date o£fHEETI 6 [4 |y
Ny

The Ph.D. Viva-Voce Examination of Mr. Deepak Kumar, Research Scholar, has been
heldon..oovvierniinnnnn. . i

Signature of Supervisors Signature of External Examiner



Abstract

i —

Pulp and paper industry is an encrgy intensive industry. Huge' amount of raw material,
chemical, energy and water are consumed in the process of paper manufacturing. Some energy
intensive subsystems of the integrated pulp mill that are the focus of present study are brown
stock washing, multi-effect evaporation, and multi-stage bleaching which significantly .affect
the economy as well as envitonment. In the present study the dynamic model bas been
developed by using material & energy balanee and various other patametric equations reported
in the literaturs in last five decades. Dynamic model helps us in better understanding of the

process and behavior of its variables, thereby helps in determining a better control system.

The work presented on the washing subsystem is based on dynamic simulation of sinple and
multi stage brown stock washing (BSW) systemt. Mathematical model for puip washing was
described by using basic material balance equation (lransport Ef.]uation) and including the
relevant mathematical equations for adsorption-desorption isotherms (linear as well as non-
linear). To validate the solution techniqué the transport equation 1s solved by using *pdepe’
solver in MATLAB source code and compared with the results of analytical given by Brenner
(1962) as well as results of Grahs (1974) obtained through numerical methads, The results
show the good agreement, After the validation of the solution technique (“pdepe’ solver) the
solution of single stage washing is obtained by using different adsorption-desorption isotherms
to show the suitabifity of the isotherm coupled with ithe washing model. Rate of mass
aceumulation in the solid phase due to adsorption-desorplion is taken into consideration for
evalnation of the solute concentration in the fiber by the linear isotherms given by [Lapidus and
Amundson (1952), Perron and Lebeay (1977) and Sherman (1964)] and non linear Langmuir
isotherm. Linear isotherm based model gives satisfactory profile, although the model with
isotherm given by Sherman (1964) gives the erratic values of the solute concentration.
However, non linear Langmuir isotherm is the best suitable for the satisfactory model
performance, Further for the simulation of washing model for multistage ;vashing non linear
Langmuir isotherm is used with various boundary conditions. The system of simultaneous
differential equations (i.e. transport équation and adsorption isotherm) is selved by using
‘pdepe’ solver in MATLAB source cods with various boundary conditions for the sodium ion
specie. Data obtained by Grahs (1974) for the species sodium (Na") by using softwood (pine)
sulphate pulp is used for simulation, On the basis of the solution, three dimensional (3-D)

graphs of the behavior of solute concentration with respect to time as well as cake thickness are
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" obtained for singlc stage and for each washer of multistage ‘washing systcm. For the optimal
control of the multistage washing system the parametric effect of various parameters namely (i)
Peclet number, (ii) kappa number and (iii) porosity also studied for the individual washer. The
breakthrough curves are also plotted for exit solute coqcenffgtion versus time and cake

thickncss for each washer of the four stage washing system.

The transport equation is given by

) 553

oz" 0z et} L\ ot
The “pdepe’ solver used in the present investigation is simple, elegant and convenient for
solving two pomnt boundary value problems with varying range of parameters and show a

comparable performance with average numerical errors. The use of MATLAB for the

simulation of such type of complex system is a good alternative to the available techniques.

The work presented on the evaporation subsystem is based on the dynamic simulation of multi-
effect cvaporation system. The dynamic behavior of mult-effect cvaporator system of a paper
.indus‘[ry is obfained by disturbing the feed flow rate, feed conceniration, live steam temperature
and feed temperature, For this purpose an unsteady-state mode! for the multi-effect evaporator
system is developed for backward, mixed and split feed sequence respectively. Fach effect in
ll_ié -Iiropess» is represented by a number of vanables which are relatcd by-the energy and
material balance-equations for the feed, product and vapor flow. In this study a generalized
mathematical model is proposed which could be applied to any mumber of effects and all kinds
of feeding arrangements likc forward feed, backward feed, mixed feed and spilt feed in the
MEE system with simple modifications. The model developed is based on the work proposed
by Aly and Marwan (1997). To study the dynamic response of any chemical process Initial
values of the process variables are needed. For this purpose steady state solution of the system
is obtained first. Data for simulation purpose is taken from literature given by Gupta (2001).
The range of operating parameters is also taken from the literature and duly modified valucs are
considered according to Indian Paper mill evaporation conditions. The steady state solution of
the dynamic model is obtained by taking the accumulation terms equal to zero and- using
*fsolve’ solver in MATLAB source code for the solution of simultaneous non]ilnea.r algebraic
equations. To predict the system time-dependent parameters under various transient conditions
the solution of the system of simultancons nrd'inary differential cquatiohs is obtained by using

‘ode45’ solver in MATLAB source code. To study the dynamic response of outgeing liquor

1i



and steam characteristics (Concentration of outgoing liquor and steam temperature)

disturbances is applied on various input variables such as fced flow rate, feed concentration,

steam temperature and feed temperature.

The parametric influences of various input parameters on output parameters steam consumption
(SC), steam econcmy (SE) and area requirement (A) for backward, mixed and split feed
sequences is studied by cbtaining the steady state solution by varying the range of input

parameters and find that in all cases the mixed feed sequence is optimal.

As no dynamic data are available for further validation, further comparisons could not be made
at this time. However, the steady-state validation together with the fact that the observed
responses follow the same nature of the dynamic responses of the fundamental distributed
paramacter model, based on first-principles knowledge about the fluid dynamics and heat
transfer processes. The dynamic behavior of each effect’s temperature and product
concentration was studied by disturbing the liquor flow rate, feed concentration, steam and feed
temperatures by £10% step input for backward, mixed and split feed seqﬁ%nces. The
disturbance in feed temperature does not bring noticeable change in the temperature and
product concentration of each effect, Temperature of each effect is changed significantly while
no significant change in the product concentration is observed with disturbance in feed
temperature and steam temperature. The dynamic behavior of eflect’s temperature with reébéct
to disturbances in feed concentration shows slight change in temperature, but chanpc in product
concentration is significant. The transient study shows that the ste;':ldy state 18 rf:igc'héd more
quickly for temperature in comparison of the solid concentration and all of the responses

converge in a smooth fashion for all the fced sequences.

The work presented on the bleaching subsystem is based on the modelling and simulation of
multi-stage bleach plant. Steady statc model is described for DED bleach plant based on the
work presented by Dogan and Guruz (2004). In the steady state modelling, model equatio'ps
related to mixer are simple mass balance equations and are easy to solve. Study of the pulp
washing operation is already done in the present study. So the main focus is on the modelling
of retcntion tower. The most important parameter in the modelling of retention tmlvver is the
bleaching reaction kinetics. In the literature different kinetic models are ‘proposed. Most of the
delignification models are based on the kinetic study conducted by Ackert et al. (1975). Ackert
(1973) presented chlorination kinetics model comprising by two parallel reactions, identified as

fast substitution and slow oxidation. Based on this siow fas! combination of the reaction Tessier
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and Savoie (1997) presented a kinetic model for 100% chiorine dioxide delignification based on
experimental data. Bleaching reaction kinetics for chlorine dioxide substitution were also studied
by Chandranupap and Nguyen (2000), Barroca et al. (2001), Barroca and Castro (2003), Gu and
Edwards (2003) and Jain et al. (2007, 2009). An attempt has been made to study the kinetic models
for chlorine dioxide and extraction stages reported in [iterature and evaluate their suitability for
indigenous raw material. For the purpose laboratory experiment is done for the chlorine dioxide
and extraction stages and studied the kappa number reduction with respect to dii:fererlt times as
well as temperatures. For suitability of kinetic models given by some earlier researchers, the
solutions of the kinetic models are fiited with the experimental results. It is found by comparison
that the kinetic models given by Jain et al. (2009) fitted well and can be used for the modelling
purpose. However, the expetiment should be carried out to get the exact value of the kinetic

parameters i.e. activation energy and frequency factor.
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Chapter-1

Introduction

Manufacturing of quality product at competitive prices, environmental degradation, acute
shortages of raw material and energy, increasing prices of all basic inputs and environmental
considerations have forced the enginecrs to adopt design of process, plant and equipment in a most
quantized or dcterminisfic way. For the purpose Mathematical medeling and simulation is
becoming a very popular tool. Mathematical models are developed through interaction of

Mathematics, Engineering, and Physical Science.

Mathematical modelling and simulation are used in several arcas of systems enginecring. In
Chemical processes Mathematical models of complex operations are developed using various
process phenomena like flow mixing, reactions, heat and mass transfer, etc. to gain a thorough

understanding of what s really going en inside the process. Analysis of such models is used .

further to optimize process inputs, research and development and new product/process  : -

development. In product design, models are used in defining effects of variables on product quality

and amount. In process design, modelling, simulation and optimization methods [Mohan and Deep |
(2009)] are nowadays used in studying alternatives for process equipment and connections to =,
optimize process operation and 1o find best ways to utilize raw materials and energy:é' Equ ipmcﬁt L
sizing also utilize medelling and simulation. In control engineering, modelling and simulation are .

utilized in determining control strategies for the process. Simulation is also an interesting tool for
process operat-ion. It is employed in disturbance and alarm analysis, in start-up and shut—dowﬁ
planning, in real time control, optimization, and in operator training. The word sim‘ulétion is then
not restricted to the solution of the model equations but it is thought to encompass the '_wholc
process of model construction, model validation and model use. In pulp and paper in&ustry'
simulation is used on four typical levels forest sector (regional, nationg] and international),

corporate, mill and process. In the present study the main attention is directed to process level.

Pulp and paper industry is an cnergy intensive industry. Huge amount of raw material, chemical,
energy and water are consumed in the process of paper manufacturing with the requirement of
large labor force. Some energy intensive subsystems that are the focus of present study are brown

stock washing, multi-effect evaporation and bleaching, which significantly affect the economy as
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well as environment. Mathematical approach to quantify the optimal parameters will be of
immense potential to alleviate many problems faced by the paper indusiry. Systematic
Mathcmatical modelling of each subsystem is therefore an imperative necessity to solve the above
issues onc after another. Mathematical models of these seciions have becen proposed in the
literature for last five decades and deteils with referénce are discussed in the chapters of the

respective sections.

The basic mechanism of pulp washing consists of dilution, agitation, extraction and displacement,
Generally, the pulp slurry is diluted and mixed thoroughly with weak wash liquor or clean water in
the vat and the fibers are extracted from the slurry due to vacuum inside the drum. In diéplacement
washing the wash liquor or water passes thiough the pulp bed in a piston like manner, pushing out
the liguor which is associated with the pulp. Ideally, it is possible to displace one volume of the
liquor in the pulp with the same amount of clean water. Practically it is impossible due to the

porous structnre of the pulpfibers.

As a first step towards-improved pulp washing, the mill must be able to quahtify the performance
of their existing washers. This can lead to improvements in the existing :system and define
renchmark for evaluating new equipment, systems and techaclogy. The rotary drum vacuum
vasher js the most common pulp washing dovice.in use today. Rofary. vacuum multistage washer
ontaining 3-4 stages.is:a widely preferred picce of equipment. around. the globe because of its.

implicity in design and flexibility in operation.

f one gocs through the study of the models developed by some earlier researchers, it is observed
H;.t majority of the ihvestigaiors have followed the axial dispersion mode! in one or the other
wrm. Further the investigators had followed either the linear or finite rate adscrption isotherm ta
srrelate the concentration of the solute in the liquor and concentration of the sotute on the fibers.
Tost of the researchers have developed mathematical model and solved for single stage washing to
.duce the Mathematical complexities. In the present study an up-io date review of mathematical
odels relating to pulp washing or similar systems with gr without adsorption is made. Kuo (1960)
as the first to introduce the concept of film resistance in the washing of pulp fibers, After that
eretneiks (1972) have followed the micro and macroscopic study o% the washing process by
mbining the models for particle phas¢ and the bulk fluid phase. There are various other
vestipators who have contributed a large to the émdy of the washing of pulp fibers. Brenner
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(1962), Potucek (2001, 2005) has followed the linear one dimensional axial dispersion model to
study the washing behavior of pulp fibers and granular particles. Al Jabari et al. (1994), Kukreja et
al. (1995, 1998), Kumar (2002) have considered the lincar along with the dispersion diffusion
based transport equations. However, Fogelberg and Fuglcberg (1963), Hartler and Rydin (1975),
Ohlsson and Rydin (1975), Grahs (1976), Gullichsen and Ostman (1976), Eriksson and Gren
(1996), Arora et al. (2006a, b) used non linear Langmuir adsorption isotherm and obtain the
solution of washing model by using different solution techniques fur single stage washing. Tervola
and Rasanen [2005] used the Donnan equilibrium and overall cation iransfer model to correlate the

concentration between fwo phases.

No wotk found in the literature on the dynamic simulation of multistage washing system by using
linear or monlinear adsorption isatherm with the transport equation. The effects of various
parameters on performance of single stage brown stock washer in paper industry were studied for
different species of black liquor by some earlier researchers like Grahs (1974), Kukreja (1996), .
Kumar (2002), Arora et al. (2006a, b) and Kumar et al. (20093, b) but no parametric studies were

found in the literature for multistage washing.

Evaporators are widely used in the chemical industry to concentrate weak solution and recover:
solvents. It is used in industries like paper, sugﬁf and caustic soda to concentrate black liquor;:
sugar cane juice dnd caustic soda solutions respectively. The Pulp and Paper industry, which is the;
focus of the present investigation, predominantly uses the Kraft Process in which black liquor is-
generated as spent liquor. This liquor is concentrated in multiple effect evaparator (MEE) house
for further processing. Rao and Kumar (1985) pointed out that the Multi-effect evaporator system
alone consumes around 24-30% of the total steam consumed in a large'Indian paper mill.
Therefore, it calls for a thorough investigation into its analysis and various energy reduction

schemes.

A wide range of mathematical models for multiple effect evaparators (MEE) in process industry
including paper industry are well reported in the literature. These Mathematical models are
differentiated on the basis of the heuristic knowledge, which is incorporated in their development
and the technique used for simulation. For the steady state analysis of MEE systein, mathematical
models and design of single as well as muiti-stage evaporation have been reported in the literature
since last five decades. A few of these were developed by Rao and Kumar (1985), Lambert et al.
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(1987), Ray (1995), Patel and Babu (1996), Cadet et al. (1999), Ugrin and Urbicain (1999), Ray
and Singh (2000), Ray and Sharma (2004), Bakker et al. (2006), Kaya and Sarac (2007), Karimi et
al. (2007), Bhargava et al. (2008a, b), and Khanam and Mohanty (2010). For the modelling of
multi-effect evaporation pmce;ss majority uf. the investigators have discussed the steady state
model in terms of nonlinear equations and obtain the solution after converting the nonlinear

equations into linear and then solved by various numerical techniques.

Dynamic modelling is a powerful tool for predicting the changes in the system vﬁriables under
transient condition, Nowadays, dynamic programming is consideted a must in designing control
systems of various processes. This help into better insight into the working of the process assists in
the desigr-n of the control system for optimum operation. Efficiency and Energy conservation are
among the most important factors considered, while designing the system. A way of achieving
these objectives is the design of the better control system as well as the knowledge of the various
system parameters under different conditions. This could be done in a better way by the knowledge

af the dynamic behavior of the system.

Although the methods of design and steady state operation of single and multi-effect evaporators
we well documented in the literature but not so extensive work on the dynamic behavior of MEE
iystem is available in. the literature. The dynamic behavior of two or three effect MEE systems in
srocess industries like sugar, food aﬁd desalination ete. are studied by few rescarchers such as.

\ndre-and Ritter (1968), Bolmstedt (1977), El-Nashar and Qamhiyel'(1990), Tonelli et al. (1990),
nd Miranda and Simpson (2005).

lo more work presented on the dynamic response of MEE system in Paper industry except
tefanov and Hoo (2003, 2004). Théy developed a fundamental dynamic model, based on first
rinciples knowledge about the fluid dynamics and heat transfer processes for evaporation side of
ngle plate (lamella) of a falling film cvaporator that accounted for the condensation side of the
late, the heating/flashing at the evaporator entrance, the evaporator inventory, mixing and

circulation flows but neglecting the effect of BPR.

hemical pulps are bleached by the addition of chemicals such as chlorine, chlorine dioxide or
rpochlorite. The bleaching process removes lignin from the pulp, which reduces the yield of a

ip produced from a given initial quantity of wood. Bleached pulps generally give stable high-
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brightness pulps. The concern about the environmental effects of chlorinated organic in bleach
plant effluents is steadily increasing. In the interest of reducing environmental impact of pulp mill
effluents, many companies are examining ways to modify effluent composition and reduce effluent

volume, In the extreme, reduced efflucnt volume means a closed effluent-free pulp mill operation,

In modelling of pulp bleaching most of the investigators discussed the modelling of various
delignification as well ag brightening stages. In the modelling of the retention tower of a bleach
plant the most important parameter is the bleaching reaction kinetics, In the literature different
kinetic models are proposed such as Ackert (1973), Ackert et al. (1975), Singh et al. (1975),
Axegard (1979), Ni et al. (1995), Tessier and Savoie (1997), Chandranupap and Nguyen (2000},
Barroca et al, (2001), Barroca et al. {2003), Gu and Edwards (2003), Jain et al. (2007, 2009). Most
of the delignification models are based on the kinetic study canducted by Ackert et al, (1975). The
kinetic models discussed in the literature try to describe and/or explain the chemical and physical
interactions bctween the bleaching agent and the pulp fibers. No standard kindtic model is

presented in the literature.

Mathematica) models of aforesaid sections for multistage systems generate a number of lincar,
non-linear, homogenecous, non-hombgcneous, algebraic, ordinary, and partial differential
equations, the solutions of which are somctimes cumbersome, intricate and bewildered. For the
sofution of the mathematical models various methods are used like analytical™techniques,
numerical methods and optimization procedures. MATLAB is well-known among the control
community. It offers excellent performanee qualities for designing regulation algorithms. This
makes it the best candidate for accomplishing the objective of fostering interdisciplinary

infegration if thermo hydraulic models can be implemented.

The transport equation deseribing the pulp washing model is a non homogeneous, linear, first
degree, second order, parabolic, partial differential equation. Further the transport equation is
combined with the adsorption isotherm which is in the form of first order partial differential -
cquation. The solution of the transport model with adsorption isotherm simultaneously is very
typicdl task and practically appears to be unsolvable for multistage washing system, even by using
any sophisticated numerical techniques. The problem for single washer with its simplified version
has been salved analytically by Brenner (1962), Kukreja (1996) using Laplace transform and
mumerically using Orthogonal Collocation by Grahs (1975) and Arora et al. (2006a, b). Al-Jabari et
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al, (1994) used Galerkin finite clement method with the predictor-corrector. time integration
technique for the forward-backward Euler type. Arora et al. (2006a, b) first discretized the partial
differential equations into differcntial algebraic cquations, which are then solved ﬁsing adel5s
solver separately. Kumar (2002) attempted to solve the washing mode! using Finite. differcnce
method, Solutioh of such type transient convection-diffusion-reaction problems are also obtained .
by Liu and Bhatia (2001) by Petrov-Galerkin methoed and Alhumaizi (2006) by moving collocation
method. While Tervola (2006) developed a Fourier series solution method for solving a multistage
countercwrrent cake washing problem by using the advection-dispersion model presented by
Brenner (1962) in a segregated and a non-segregated wash effluent circulation. To reduce the
mathematical complication Tervola (2006) did not include the adsorption isotherm with the
transport equation. All these methods are very complex and time consuming Application of such
solution techniques in control systems is not possible due to the more processing time and
involvement of high mathematical skills at operator level. Using these techniques the parametric
study lor mu]ﬁstagc-\;t;ashi{l.g is very typical task. Thus for the solution of washing model use. of a.
dilferent:numerical technique like pdepe solver in MATLAR can be a good idea, which is easy (o
1se, more efficient in processing time and gives the results with accuracy,- Pdepe solver solves
nitial-boundary value problems for systems of parabolic and eiliptic purtial differential equations
I; lthe one space variable x and time t. Pdepe solver first discretized the partial différcntia]
:quations into ordinary differential algebraic. equations.. The ordinacy differential , algebraic -
:quations (ODEs) resuiting from the discretization in space are integrated to obtain the solntions,

or the given vatues of time.

‘he evaporator governing equations are, s usual, the overall mass balance and the solute mass
alance, the enthalpy balance, and the heat transfe;- rate cquations around each effect. These
quations are nonlinear due to the dependence of the coefficients on temperature and composition,
1ese being unknowns, and solution is feasible only by either linearizing the equations or using 7
onlinear techniques [Koko and Joye (1987)], which have proved to be not always successful. The
wltiple effect evaporator a‘rrangemenls are quite cumbersome to perform calculations because the
eady state model of MEE system contains the system of nonlinear equations. Selution of the
eady state model was abtained by various researchers by using different solution fcchniqués.
umbert et al. (1937) presented a caleulation procedure in which the series of nonlinear algebraic

uations that govern the evaporator system reduces into lincar form and solves them iteratively by
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linear technique, e.p. Gaussian Elimination. Koko and Joye (1987) solved the system as fully
nonlinear simuitaneous equations, governing the MEE sysiem by using nonlinear equation solver
IMSL-ZSCNT. The ISLM packaged software routine ZSCNT uscs a secant method in the solution
of sets of non linear algebraic equations. Ray and Singh (2000}, Ray and Sharma (2004) and Ray
et al. (2004) first covert the equatians into linear form and then used Newton Raphson method with
Jacohian matrix method and method of Gauss elimination with partial pivoting supplemented with
LU dscomposition with the aid of Hilbert norm and program was developed in FORTRAN-77
language. Bhargava et al. (2008g, b), and Khanam and Mohanty (2010) developed a computer
program in FORTRAN 90 and runt on Pentium ¥V machine, using Microsoft FORTRAN Power
Station 4.0 compilet, to solve such type of models. All these methads are lengthy and so much

time and programming skills is required for the development of the program in FORTRAN or in

any other languages.

The dynamic mede] develaped in the present investigations contains a number of simultaneous non
lincar ordinary differential equations. For the solution of ordinary differential equafiﬂns (ODEs)

initial values of the variables are needed. To fulfill the requirement of initial values the sieady state - .

o
EFa

solution of the model is obtained first by putting the accumulation terms is equal to zero, Thus by
using these methods the solution of dynamic mode] of MEE system is very tough task. Thus for the
solution of models in steady state conditions, ‘(soive’ sofver in MATLAB can be uged which is an’
equation solver used to selve ronlinear equations by the least squares method. For so)ulmn of the -f"‘
unsteady state (ODESs) mode] and to predict the dynamic behavior of the system ‘ode45” solver in |
MATLAB can be used,. which sclves initial value problems for ordinary differential equations
{ODEs). Ode45 is based on an explicit Runge-Kutta (4, 5) formula. If is a one-step solver - in

computing v (ta), it needs only the solution at the immediately preceding time point, y (tn-1).

The model deseribed for the waste minimization of DED bleach plant are in the form of linear
equations and also contains the chemical reaction kinetics in the form of ordinary differential
equations. Dogan and Guruz (2004) used FORTRAN source ¢ode and subroutines for the
simulation of whole bleach plant. Jain et al. {2009) used Visual Studio 2005 (Visual Basic for
interface) and C++ for simulations, the differential equations was solved by using finite difference
combined with explicit Euler method. Sarwar et al. (2010) deals with DpE,D), bleaching of Trema
orientalis (Nalita) soda-AQ pulp with kappa number 17.8. The effects of kappa factor, bleaching



tempetature ahd consistency in the Dy stage on final pulp properties were studied. Responses of
bleached pulp properties to the process were analyzed vsing statistical sofiware (SPSS 13). In the
present Investigation a much easier technique is investigated for the solution of such type of linear
equations and kinetic models. Thus for the solution of linear equations of models is obtained
directly by MATLAB or may be used ‘fsolve’ solver and for the solution of the system of ODE

equations “oded5’ solvers in MATLARB source code is used.

Thus in the present investigation MATLAB is used for situlation of such energy subsystems. The

major objectives of the study are
Objectives:

» Dynamic sinulalion of single and multi stage brown stock washing (BSW) system by using

linear and non linear adsorption isotherms.

» Dynamic simulation of muliti effect evaporator (MEE) system by considering equal heating

surface areas in evaporator bodies.

» Modelling and simulation of DED bleach plant.



Chapter-2
Modelling and Simulation of Pulp Washing System

2.1 Introduction

Pulp washing is a key unit operation in pulp and paper mills which significantly -affects the
economy as well as the environment. Chemical pulps are produced by digesting wood chips in
chemical liquor. The output from a digester is & high consistency stock of fibers suspended in a
solution containing dissolved lignin and digesting liquids often containing alkaline chemicals.
Before further processes can be performed on the fibers separated from the wood chips, the
dissolved lignin and digesting chemicals referred to as black liquor must be separated [rom the
fibers. To minimize downstream problems and the production of undesirable waste products, the
better than 99 % of the black liquor must be separated from the fibers. The process of separating

the dissolved lignin and digesting chemicals is referred to as the washing process.

The objective of the pulp washing is to remove the soluble undesired products i.e. black liquor
containing organic solids (lignin), inorganic solids (Na, Mg, Ca and K ibns). Removal of these

undcesired products reduces the consumption of chemicals in subsequent sections, which in turn .

produce less poliutant. Ideally pulp should be washed using less amount of wash water and with... .

maximum remova) of black liquor solids. Dilution must be minimized because after separation of
the fiber the black liquor and all wash water is evaporated and the residue is burnt to produce
energy and ash, The ash referred. to as smelt, contains an aikaline resjdue which is processed to
create the digesting liquor thus completing the digestion cycle by recycling the chemicals used to

digest the }ignin in the wood chips [Gallagher (1599)].

The basic mechanism of pulp washing consists of dilution, agitation, extraction and displacement.
Generally, the pulp slurry is difuted and mixed thoroughly with weak wash liquor or ciean water in
the vat and the ftbers are extracted from the slurry due to vacuum inside the drum. In displacement
waghing the wash liquor or water passes through the pulp bed in a piston like manner, pushing out
the liquor which is associated with the pulp. Ideally it is possible to displace one volume of the
liquor in the pulp with the same amount of clean water. Although, practically it is impossible due
to the porous structure of the fibers. The phenotncnon of diffusion and dispersion dominates the

washing theory.
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Several types of washing devices have been introduced in recent years, most notably the pressure
washer. There has also been renewed interest in wash press. Several conﬂggrations of multiphase
washers are available. Both atmospheric and préssure diffusers are used in a variety of
applications, However, conventicnal rotary dram vacuum. washer is by far the most common pulp
washing device in use today. Rotary vacuum muliistage washer containing 3-4 stages is a widely
preferred piece of equipment around the globe because o its simplicity in design and flexibility in
operation. Conventionally vacuum washer systems are operated by back end analysis, soda loss or
tonductivity is mensured of the last washing stage and there is little, if any information on the
washing performance of the individual stages. As a first step tlowards improved washing the mill-
must be able to quantify the performance of their existing washers. This can lead to improvements
in the existing system and define benchmarks for evaluating new cquipment, systems and
technology [Leddy (1998)].

Rotary vacuum washer vonsists of a wire mesh covered cylinder which rotates-in.a vat containing
slurry, Duting each rotation of drum, various zones are formed. These are: cake. formation,
dewatering, washing, drying, -blow and discharge, and dead zone. QOverall performance of the
washer depends critically upon cake formation and washing zones. For a typical rotary vacuum
washer working for brown stock and bleach washing, total area combining these two zones may be -
around 70-75% of the area of drum.

Zake formation and washing zones contribute to maximum amount of filtrate. During the cake
ormation zone vat consistency and fractional submergence play an important role whereas in cake
vashing zone porosity, cake thickness, time of washing, liquor speed in cake ‘pores are the key
actors. The cake formation, dewatering znd cake drying zone are alfected by the saturation due to
he simuitaneous flow of the liquor and air, Hence, it is clear that the parameters and mechanism
walved in each zone arc different and therefore a single mathematical mode! cannot be used to
redict the functioning of each zone. A major amount of air is extracted in dewatering and drying
ones along with the filirate, exhibiting a two-phase flow system. Thus their contribution towards
1c displacement of black liquor is net much significant. Therefore, the solute removal efficiency is
miined mainly to the washing zone alone. In fact, efficiency of @ washer is highly dependent on

e design and area coverage of the washing zone.
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The present study is mainly concentratcd on the washing zone. The mechanism of pulp washing
involves fluid mechanics associated with mass transport phenomenon related to diffusion and
dispersion. This is further complicated by the adsorption, desorption, foaming and channeling,
Various studies have shown that diffusion and dispersion significantly affect the washing
operation. The speed at which the diffusion of black liguor solids inside the fiber voids and the
surrounding liquor takes place is dependent on the concentration difference of the black liquor
solids at inside and outside the fibers as well as time alfowed for diffusion, temperature and
turbulence around the fibers. Larger concentration difference, higher temperature and higher

turbulence lead to faster diffusion which results in fast cquilibrium.
2.2 Modelling and Simulation of Pulp Washing: A Review

Washing of cellulose fibers i the pulp mill is a combination of dilution/drainage and displacement
operations. The theoretical treatment of these operations basically has been based on macroscoplc
models of the washing equipment. For a more detailed description of the dlsplacement washmg,

mictoscopic model is suggested.

In macroscopic models the process is described in terms of material balances around the washing ..

stages and used o study the parametric influence on the performance of washing system. These «. .

models cannot account for various mass transfer mechanism of washing such as sorption, diffusion':.. -

and dispersion. Studies of washing system by using macroscopic models were described by some 1
earlier researchers such as Tomiak (1973), Norden et al. (1973), Phillips and Nelson (1977),
Norden and Viljakainen (1980), Norden et al. (1982), Norden and Viljakainen {1983), Luthi
(1983), Nierman (1986), Cullinan (1986), Oxby ct al. {(1986), Haywood (1993), Kukréja et al
(1995, 1996, 1998), Pacheco ct al, (2006) and Anttila et al, (2007).

Tomiak (1973) developed a Mathematical theory of pulp washing and reslurrying, which woﬁld
permit comparing different liquor recovery systems in general and predicting the performance of
multi-stage counter current washing from laboratory, pilot plant, or full scale tests for single stage
washing system in particular. Norden et al. (1973) described the Mathematical models for the
efficiency of recircufation of fiquor and washing drum based upon experimental investigations and
investigated only the washing-out alkali. The influcnce of various Opérating variables and the wash

liquor ratio upon the efficiency factor of washing drum was shown graphically. The efficiency
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factors of three drums in series were also compared when each drums runs under cquivalent
opcrating conditions. Phillips and Nelson (1977) described the various types of equipment using
diffusion or displacement washing principles, Combinations of these equipments with other types
of washing systems were examined. A rapid, simplified method of estimating salt cake losses from
any combination of washing equipment was also prescnted together with performance figures.
Norden and Viljakainen (1980) have described the calculation of washing processes stepwise in
series when equilibrium between wash liquor and the pulp is influenced by the adsorption
processes. The equilibrium curve is approximated with the help of two or more straight lines when
adsorption effects were included. The outlet concentration was calculated with the help of Norden
efficiency factor. Norden et al. (1982), Norden and Viljakainen (1983) applied a simple mass
transfer model to pulp washing on rotary drums. The model comprises two parameters, the number
of mass transfer units of a differential contact semi batch washing stage and wash liquor ratio. The
mode! and superposition method were applied to a drum washer with one, two and three washing
zones. The mass transfer corrclation based on the measurement on an industrial . vacuum washer -
was prescnted for both pine and birch sulphate pulp. A numerical example of multi-zone washer
calcuiations was also presenited. Luthi (1983) used the cquivalent displacement ratio to compare
the test results from any pulp washer and to compare washers of different designs, independent of
inlel and discharge consistency while Nicrman (1986) used the Norden Efficiency.to predict.the:
serformance of counter:current pulp washers..Cullinan (1986) stated that, counter current-washing ...
of pulp on rotary filters is a mass transfer process amenable to analysis by the classical techniques
f non equilibrinm staged operations. Such analysis esiablishes the connections among the overall,
tage, lacal efficiencies and underlying mass transfer rute in the wash zone. Haywood (1995)
ncused on modelling of horizontal belt washers, The seven stage horizontal belt washer at
impson Tacoma Kraft mill was used for modeliing purpose. The data was used to develop the
CGEMS models showing stage wise working efficiencies, displacement ratio and overali dilution
ictor, Kukreja et gl (1995, 1996, 1998) described some parameters of rotary vacuum washer
arformance and their correlati:-)ns‘ These parameters were the wash liquor ﬁsage (cilution factor,
ash liquor ratio), solute removal (wash yield, displacement ratio, and solid reduction ratio) and
Ticiency parameters (soda loss, Norden’s and modified Norden's efficiency parameters, %

ficiency). Pacheco et al. (2006) presented a calculation proceﬂure for rotary drum vacuum filters

ed in brown stock washing. In the model of a rotary vacuum filter, brown stock washing was

litted into a set of basic unit operations. These operations were modeled by combining mass
12



balance equations with constant pressure filtration equations. This set of equations was solved by
using system/cngineering analysis methodology. Anttila et al. (2007) illustrated the performance of
various washers and washing systems and the effect of washing system on the other parts of the
processes. The results also iilustrated the importance of minimizing the amount of washing water
and applicability of duplex steels in the washing scction and, introduced the novel method for

recovering acids that are bound as esters during washing,

Microscopic models primarily define the mechanism of the washing process. These models are
based on filtration theory of {low through porous media and also take care of diffusion, dispersion
and adsorption-desorption phenomena occurring due to electrolytes/ macromolecules, water and
fiber interactions. Microscopic models were used to study-the washing system by various
investigators such as Kuo (1960), Brenner (1962), Sherman (1964), Pellett (1966), Neretnieks
(1974), Grahs (1975), Perron and Lebeau (1977), Han and Edwards (1988), Cullinan (1991),
Lindsay (1994), Al-Jabari et al. {1994), Kukreja (1996), Eriksson and Gren (1996), Kumar (2002), _'
Potucek ( 1997, 2001a, 2001b, 2003, 2005), Babu and Gupta (2004), Tervola and Ra;;nen (2003), -
Arora et al. (20004, b), and Tervola (2006). Some of the process models by these reseatchers are

presented in Table 2.1,

Kuo (1960) developed a model for the washing of filter cakes, assuming that mass transfer existed -
between the stagnant film and the bulk fluid. Author presented a mode! with the asstimption that -
wash liquor followed the plug flow in the cake pores. The flow channel and the filtrate film were
taken to be uniform cross section with transport of solute between the wash liquor and the filtrate
occurring at a rate proportional to the solute concentration. The model equations were solved
analytically using Laplace transform. Brenner (1962) presemted an axial dispersion model
depending upon axial dispersion coefficient only. In this model neither the concentration of solutc
adsorbed on the particle surface nor the porosity of the bed were considered and the Danckwart’s
boundary conditions had been followed. Laplace transform technique was used for the analytically

solution of the model.
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Table 2.1 Mathematical models for pulp washing used by previous investigators
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- Sherman (1964) has developed the Mathematical model on similar lines with Brenner (1962), and
followed the step input boundary conditions instead of Dankwart’s boundary conditions. The
model was applied en viscose fibers and glass beads. The bulk fluid concentration and the
concentration of solute adsorbed on particle surface were related by linear adsorption isathcrm.
Pellett (1966) extended the model of Sherman (1964) by accounting for intra-fiber diffusion of a
solute lincarly adsorbed to the viscose fibers, as well as for fiber to liquid phase mass fransfer
resistance and studied the longitudinal dispersion of solute, intra particle diffusion of solute and
liquid phase mass transfer for the particles. of eylindrical and spherical geometry by using a
modified step function input, The studies of Sherman (1964) and Pellett (1966) provided insight
into the modelling of washing of pulp fiber bed. Neretnieks (1974) presented a Mathematical
model for continuous counter-current adsorption. The mechanisms of the instantaneous diffusion
in the particles, film resistance and dispersion in the fluid phase were included. The eguilibrium
hetween the phases was assumed to be linear. The influence of particle size, bed length and
velocities .on--the . adsorption: -efficicney was discussed: The models -equations were: solved by
Laplace transform method: Grahs (1975) developed .a Mathematical .model- for displacement
washing of packed beds of porous materials, especially cellulose fibers. The model took into
consideration, dispersion, linear or nonlincar adsorption of substance on the solid material, zones
of stagnant liquor, and the variable consistency in the packing material in the bed. The equations
were solved numerically:by a double orthogonal collocation. method.- Perron-and Lebeau. (1977) -
had taken the model equation without considering the effect of longitudinal dispersion-coefficient
and presented static modcls of washers after a theorctical analysis of the different phenomena
taking place on a drum of a rotary drum washer, and then dynamic models were reported. A
mathematical expression had been fofmu]ated for cake length and [iltrale {low rate through cake
formation zone using Darcy’s law by assuming constant pressure drop, negligible hydrostatic
pressure and non compressibility of cake. The diffusion of the solutc within the fibers towards the
washing liquor was described by a differential equation which was solved assuming that the mass
transfer rate through the stagnant film is finite. For the solution of the model Laplace transform
tcchniciue was used. Han and Edwards (1988) presented a new washer model and applied it to
optimize filter washing operation and control. The mat formation in th_e model was déscribed by
Ruth’s cquation and a variable specific resistance. For a given drum speed and vacuum, the mat
thickness and vat level were calculated from these [iitration consideration. Using this model author

concluded that to minimize total dissolved solids (TDS) carryover from brown stock washing for a
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fixed shower flow: drum vacuum was the most impertant operating variable. Cullinan (1991)
developed a mode! of primary mass transfer mechanisms inifolved in pulp washing, diffusion and
displacement with the erhphasis on the different behavior of the inorganic and organic components
of the liﬁuur. The model matchcd well with the available data. The significance difference between
sodjum and lignin removal is quantified. This has important implications in regard to the potential
for the production of chlorinated crganics in subsequent bleaching operations. Lindsay (1994) has
followed the dispersion model in terms of the radial coordinates for dye transport through porous
media and assumed the effective dispersion coefficient (Dg) to be constant. Al-Jabari et al. (1994)
modeled theoretically the précess of flow through a packed bed of pulp fibers and deposition of the
tibers of fillers paséing through the bed. The flow was described by a residence time distribution
and assumed to be completely segregated so that the bed can be divided into a number of scctions,
each characterized by a constant fluid velocity. The modci described the deposition process in the
constant velocity sections by the system of two partial differential equations (PDEs) describing
particle transport and deposition kinetics, The transport equation consisted of convective, unstcady
state and rate of deposition terms. The equation describing the kinetics was of a Langmuir type,.
similar to the one desecribing gas molecular adsorption. This system of PDEs, along with
appropriate boundary and initial conditions, was solved numerically for the two dependent
variables (particlc concentration in suspension and [iber) and then the exit solute concentration is
calculated to give the particle break through curves, The system of PDEs was solved by using
Galerkin finite element method, with the predictor-corrector time integration techmique of the
forward-backward Euler tvpe. Kukreja (1996) have followed the axial dispersion mode! with lincar
and finite rate isotherms with Danckwart’s boundary conditions and attempt has been made to
define possible applicable performance evaluation parameters used by various investigators and
compare te cach other. The most important parameter is the efficiency of the washing expressed in
terms of the solute concentration in the discharged as well as extracted liquor and the filtrate flow
rate with or without the filter medium resistance. Laplace Transform was used for the solution of
the pulp washing model. Eriksson and Gren (1996) presented a model which combined both
micropore (particle phase) and macropore (bulk fluid phase) diffusion models to study the washing
behavior of filter cakes, The model was based on the washing operation of lime mud used in: pulp
and paper industry. For the simulation experimental data of granular particles having spherical
geometry has been used. Kumar (2002) derived the Mathematical models for washing zone of a

rotary vacuum washer from basic equation of continuity in one dimensional form for flow through
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porous mnedia with adsorption and desorption isotherm equations for lwo species namely Na™ and
lignin. Parametric effects of various input parameters were studied by plotting the breakthrough
curves. Finite difference method was used for the solution of pulp washing models. Potucek (1997,
2001a, 2001b, 2003, 2005) followed an axial dispersion model similar to Brenner (1962). The
linear rate adsorption isotherm was used to correlate bulk fluid concentration and the cencentration
of solute adsorbed on the particle surface. Author studied the behavior of softwood pulp fibers.
The data of washiﬁg cell consisting of a vertical plass cylinder 110 mm high and 36.4 mm inside
diameter and closed at the lower end by a permeable septum was used to validate the model. The
interpretation of numerical and experimental values was made using the statistical tools. Babu and
Gupta (2004) studied a mathematical model for a fixed bed isothermal adsorption column with
porous adsorbent. Simulation was carried out to understand the influence of axial dispersion,
external film resistance, and solid diffusion resistance on adsorption using the above model. The
mathematical equations were solved s‘imultaneously using finite difference explicit scheme. The
effects of flow rate, mass of.adsorbent and. initia! concentration- of adsorbate were studied: Rapid. -
occurrence- of breakthrough time was obscrved for higher flow rates of effluent, lower mass of
adsorbent and high initial concentration of effluent. Tervola and Rasanen (2005) described the
cake washing of freely mobile ions by an advection dispersion equation proposed by Brenner
(1962), combined with Donnan equilibrium-and an overall ion transfer model between the external
liquid phase and.the.fiber phase.of the-kraft pulp..The ion exchange rate. coefficients. between. the .
phases were determined from the earlier published leaching test results for oxygen delignified
Scandinavian hardwood kraft pulp. The calculated results for various elements during the acid
displacement were compared with the published displacement experiments. Arora et al. (2006a, b)
presented an extended mathematical model related to diffusion—dispersion during flow through
multi-particle system. The technique of orthogonal collocation on finite clements was applied on
the axial and radial domain of the systcm of governing partial differe:ntial equations. The
convergence and stability of the sclutions was also checked. Effect of different pafameters like
axial dispersion coefficient, reaction rate kincties, interstitial velocity, bed porosity, cake thickness,
and patticle radius on exit solute concentration was presented. Numerical results were found
matching with the cxpcrimental results significantly. Tcr'lvola (2006) developed a Fourier series
solution method for solving a multistage countercurrent cake washing problem, so that the solute
concentration gradient inside a cake bet\yeen washing stages was obtained. The cake washing

process was describcd by the advection~dispersion equation presented by Brenner (1962). The
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model was solved to explore the multistage countercurrent cake washing in a segregated and a
non-segregated wash effluent circulation, The segregated wash effluent circulation gave better
solute recovery than the non-segregated wash eflluent circulation especially when the wash ratio

was taken near to one.

Some researchers coneentrated mainly on the control of the pulp washing system but in the process
they did dynamic modelling of washing system. Bender et al. (1988) developed an operation on
line computer-system for controlling the brown stock washers. Nase and Sjoberg (1989) analyzed
the benefits that could be achieved with a multi-variable control system over a conventionzl
control system in a washing plant. The basic idea was to allow the levels of the filtrate tanks to
fluctuate within certain limits and in that way act as a buffer in the event of disturbances. Turner et
al. (1993) studied the dynamic bchavicr of a brown stock washing system and minimize the effect
on process disturbances on the removal of dissolved solids from the pulp. The operation of brown
stock washing plant was simulated using PAPDYN, a dynamic modular mmulat[gn packape.
Turner and Livingstone (1995) developed a method to separate a repl‘esematwe stream of filtrate
from washed pulp leaving the last drum washer in the brown stock area. This development allowed

automatic feedback control to be implemented in the washing area for the first time at many mills.

Mathematical models of any process are required to be validated. Validation is carried out by
comparing the solution ol the model with plant data or experimental data generated in the
Jaboratory. Experiments are also carried out for estimation of various parameters of ph-jisical model
equations. Experiments have been carried out by various investigators for the study of mechanism
of pulp washing. Gren and Grahs (1973) presented the results from washing experiments on pine
lsulphate pulps of different yield. Grahs (1976) found well suited mathematical model proposed in
earlier investigation for the displacement washing of cellulose fibers by the analysis of results from
washing experiments. Gren and Storm (1985) studied the influence of some fundamental variables
of the displacement washing operation on softwood kraft pulp in laboratery experiment. The
cxperimental data obtained in this method can be a basis for the design of efficient washing
cquipment and can be used in the study of fundamental mechanism:s of the displacement washing.
Penttila et al, (1986) carried out the experimental work on labt;ratory'scale, and a thrce-stage drum
washing plant was simulated. Wong and Reeve (1990) carried out experiments on nylen and

various modified pulp fibers using Potassium Chloride. They studied the unsteady state diffusion
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in fiber bed and observed that in fiber suspension, the effective diffusivity decreases linearly with |
increasing [iber volume fraction, where this fraction represents the total volume of fibers and
encumbered water. Author also observed that fiber volume fraction can be cstimated by the water
retention value or hydrodynamic specific volume and hence the effective diffusivity of 2 solute in
any bed of fibers can be calculated. Potucek and Skotnicova (2002) investiga.ted the mechanism of
the displacement washing of unbleached kraft pulp in a laboratory washing cell. Wash liquids with
various pH values varying in the range from 2 to 11 were used to displace black liquor from the
pulp bed. Using the step function input change method, the washing breakthrough curves obtained
experimentally were described by the axially dispersed plug flow model. Potucek and Pulcer
(2004) simulated brown stock washing by using a laboratory displacement washing cell. The
disl.nlacement of black liquor from the kraft pulp bed was described by the dispersion flow model
containing one dimensionless parameter, the Peclet number, for alkali lignin and sodium as the
tracers. Potucek and Pulcer [2006] investigated the two basic mechanisms of displacement
washing of pulp fibers with urea solutions. Experiments were carried in a laboratory washing cell
that simulated a single stage ot displacement washing. The siep-change method was employed in
invcstiéation of alkali lignin profile in outlet stream of washing effluents. The addition of urea
solution with wash water resulted in decrease in a liquid layer immobilized on the fiber surface. It

had a positivé effect on the washing efficicney expressed in terms of the void local efficiency.

Besides pulp washing modzls few other investigators have déveloped the models for some other
systems but quite similar to pulp fibers. Sridhar et al. (1994) and Sridhar (1996a, 1996b, 1999)
studied the affinity separation of a packed bed model using non lincar adsorption isotherm.
Mathematical model was formulated to include the mass transfer cocfficients, film resistance
coefficients and porosities of bed and particle, The model was defined for glass beads having
| spherical geometry. The efficiencies were calculated for both the solute recovery and adsorbent
atilization. The set of nonlinear equations were solved by moving finite element method and
orthogenal collocation. Liao and Shiau (2000) followed the axial dispersion model with linear
adsorption isctherm to check the removal of phenol from the solution in the activated carbon and
the amberlite resins XAD-4 fixed bed adsorbers. Author solved the set of equations analytically
using Laplace transform. Szukiewicz (2000) presented an approximate model for the diffusion
reaction processes, The model was developed using radial coordinates to describe reaction in

porcus spherical particles. Liu and Bhatia (2001) described the adsotption. problems ‘with steep
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gradients in bidisperse solids and obtainced the solution by using a semi diserete Petrov-Galerkin
finite element method. Farooq and Karimi (2003) presented a dispersed plug flow model for steady
state laminar flow in a tube with first order sink at wall involving two dimensions. The two
dimcnsional model was reduced to a one dimensional model using the iterative techniques and then
solved analytically. Alhumaizi (2006) simulated the diffusion-convective-reaction problem by
using adaptive collocation method. The method was based on dividing the solution domain into
active and inactive zones in such a way that the collocation points remain concentrated in regions

of solution variation.

I'rom the detailed analysis of the above models, it is observed that majority of Lhe investigators
have followed the axial dispersion model in one or the other form. Kue (1960) was almost the first
to introduce the concept of film resistance in the washing of pulp fibers. After that Pellett (1966)
and Neretneiks (1974) have foflo_wed the micro and macroscopic study of the washing process by
combining the models for particle phase and the bulk fluid phase. Majority of the investigators
have followed either the linear or finite rate adsorption isotherm to correlate ME;ulk fluid
concentration and the concentration of solute adsorbed on the particle surface to reduce the
mathematical complexities. Grahs (1975) and Arora et al. (2006a, b) have followed the Langmuir
adsorption isotherm to solve their model for single stuge washing. There are various other
investigators who have contributed a large 1o the study of the washing of pulp fibers, e.g., Norden
et al. (1973), Gren and Storm (1985), Luthi (1985), Cullinan (1991), Smith and Duffy (1991),
Turner et al. (1993). One commen feature of the above authors is that all of them have worked on
wood pulp fibers either hardwood or sofiwood. Majority of the investigators have presented the
generalized model for fibers and granular particles. Grahs (1975) have given a model especially for
pulp fibers by introducing the terms like consistency of fibers, fiber porosity and the amournt of
solute adsorbed on the fiber surface. However, the radius of swollen fibers, film resistancc mass
transfer coefficients and volume equilibrium constants were ignored. Thesc parameters have their
effect on the washing behavior of pulp fibers as discussed by Sherman (1964), Pellett (1966),
Perron and Lebeau (1977), Gren and Storm (1985) and Potucek (1997). As these parameters have

their impact in the washing process, these can’t be ignored during the Mathematical modelling of

the equipment.
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2.2.1 Mathematical model of pulp washing

The objective of the present study is to extend the mathematical model in an elaborative manner to
describe the washing process and then solved by using a straightforward numerical technique. In
this investigation an attempt has been made to describe the detatled model, compatible with the
practical system. The mechanics involved is the sum of displacement of the liquor by movement of
water plug controlled by fluid mechanics, dispersion due to back mixing, diffusion to
concentration gradient and adsorption desorption due to relative affinity of various solutes towards
the fiver surface. Kecping the above considerations, mode! is developed for single stage washing
by considering simple material balance equation and solved numerically using pdepe solver in
MATLAB source code. To improve the washing performance the solution is further extended for
multistage washing system. Parametric effects are also studicd on the wash ing efficiency of multi-

stage brown stock washer for some important parameters.
2.3. Deseription of Mathematical. Model of Pulp Washing

In order to get the relevant description of the main phenomena, displacement washing operation is

separated from the other washing operations and schematically described as follows:

The mat of pulp fibers can be assumed to be stationary packed bed. of homogeneous symmetrical’
cylindrical fibers. Instantaneous:behavior of any system of this-type can.only be-expressed by an .
equation involving the variables and their partjal derivatives. For selting up a differential equation,
vonsider 4 thin slice of a filter cake (pulp mat) as shown in Figure 2.1, through which filtrate or

wash water flows

c(z, t) c(z+ Az, t)
—» - — —»

Id— z—>|r|-1f_\.2+

Figure 2.1 A simple shell balance

2.3.1 Model attributed to axial dispersion

Considering axial dispersion only, material balance across the simple shell shown in Figure 2.1, in

the z direction can be written as
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Rate of Mass of solute in + Rale of Mass production by chemical reaction -
= Rate of Mass out + Rate of Mass Accumulation in the liquid

If A' is the area of the bed, g is the total average porosity (sum of porositics in the displaceable
liquid g4 and in the immobile phase &), u is the velocity of the liquor in the mat, ¢ is the

concentration in the liquid phase, the equation in onc dimension can be written as:

e A, + (008 Ay =[-8 A'A | M

where z < z<z + Az,

Taking & and A' as constant and taking the limit as Az — G, one can obtain the following equation,

o), uf29), . 2 |
el el

The above cquation contains primarily one accumulation term, related to dispersion- diffusion.

Using Fick’s sceond law of diffusion, i.e. e
du a%c |
—c|— =D, +Dy)— 3
C[azj ( L \)(522] ()

it reducces to,

8’¢) (8¢ dc
oo 55 () Lo

According to Sherman (1964) the longitudinal dispersion coefficient Dy, is a function of flow i

patiern within the bed (unless very low flow rates are used). The molecular diffusion coefficient

Dy is very smal! (1000 times less) compared to Dy and so may be neglected.

dlc f Oc dc |

Model equation {5) of pulp washing for axial dispersion is same as obtained by Brenner (1962) for
the washing of ccllulose fibers. This equation represents the basis for the mathematical models of
displacement washing, where t is the time from the commencement of the displacement, z is the

distance from the point of introduction of the displacing fluid, ¢ = ¢ (2, t) is the solute
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concentration in the liquor, Dy is the axial dispersion ccefficient, u is the average interstitial

velocity of the fluid u = :W and L is length of the bed.
£

[F

2.3.2 Modecl attributed to axial dispersion as well as particle diftfusion

In this model two accumulation terms are considered, one related to dispersion- diffusion and
another related to adsorption-desorption. Other terms are velacity gradient and convective flow
terms. In this case the material balance across the simple shell given in Figure 2.1, in the 7

direction can be written as:

Rate of Mass of solute in + Rate of Mass production by chemical reaciion
= Raie of Muss out + Rare of Mass Accumulation in the liquid phase + Rate of Masy acerimulaiion

in the solid phase due to Adsorption-Desorption.

The equation in one dimension can be writtcn as:
1 1 a 1 1
(uce A'), | -(uce A')ypp,,, = [5{(0 g A'Az+n(l-g,)A'Az}], | (6)

where z < z< 7 + Az. Taking &;and A' as constant and taking the limit as Az — 0, one can obtain

the following expression,

{2l ) on 2 -e 2) .

The above equation contains principally two accumulation terms, cne related to dispersion-
diffusion and another related to adsorption-desorption. Using Fick’s second law of diffusion the

following equation is obtained,

2 ac o I - %,
™, + D)(az—] - [a] . [é) *%[EJ | (®)

Again using the assumption of Sherman (1964), that molecular diffusion coefficient Dy is very
small compured o Dy, and so may be neglected. Writing (1-g,)/c; as p for convenience, the equation

{(4) may be writlen as :
24



2

o 25} E (2 A -

This is a non homogeneous, linear, first degree, second order, parabolic, partial differential
equation. Here u, & and D are functions of z while ¢ and n are functions of both z and t. As the
lumen of the fiber is porous and the same is true with the wall of the fiber, the porosity values for
these cases arc different from the porosity of the interfiber mass. Therefore three porosity values
are required to rcpresent the pulp mat system. It is extremely difficult to dlstmbumh precisely
between the values of porosity at the lumen and at the wall, Therefore, for pra(.tu.d] calculatmns
thesc arc assumed to be the same. Hence, 10 describe the system, two porosity values are assumed,
one for the interfibers g4 and another for intrafibers g, so that €5 + £, = £, the total porosity for the
entire system. The model equation (9) is same as dispersion mode!l for pulp washing given by

Sherman (1964), Pellett (1966) and Kukreja {1996).

2.3.3 Adsorption-desorption isotherm for various specics of black liguor .

To inter-relate the intrapore solute concentration and the concentration of solute adsorbed on the
fiber surface two types of isotherms are followed namely, linear adsorption isotherm and non
linear adsorption isotherm. Vast literature is available for linear adsorption isotherm [Brenner
(1962), Lapidus 2nd Amundson (1952), Sherman (1964}, Pellett (1966), Neretneiks {1972), Perron
and Lebeau (1977), Worng and Reeve (1990), Lindsay (1994), Kukreja et al. (1995); Potucek
(1997), Liu and Bhatia (2001), Liao and Shiao (2000)]. This adsorption isotherm is followed
because it lincarise the differential equation describing the behavior of fluid flow and reduces the
 mathematical complexitics. Paucity is there in the literature regarding nen linear Langmuir
adsorption isotherm for pulp fibers. Fogelberg and Fugleberg (1963), Hartler and Rydin (1975),
Ohlsson and Rydin (1975), Grahs (1975), Gullichsen and Ostman (1976), Eriksson-and Gren
(1996), Arora et al. (2006a & b) are among the few investigators who have studied Langmuir
adsorption isotherm for pulp fibers. The details of the adsorption isotherms which are used in the

present investigation are as follows.

Lapidus and Amundson (1952) used the adsorption isotherm given by

o0 L Ke—k,n (10
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and assumed that the rate of adsorption is finite and plotted the effect of longitudinal diffusion for
an infinitc eolumn in which equilibrium is established lccally. Initial adsorbale concentration was

assumed to be zero.

Sherman [1964] described the adsorption of diacetyl solution by perous viscous fibers with simple

isotherm equation i.e.

n=kcor§rl=k@ (11)
ot ot

and assumed that the liquid solid concentration inside the fibers and surrounding the fibers to be
identical at any time and at any position within the bed, implying that diffusion both within the
fiber and between the fiber and the surrounding fluid is sufficiently rapid which does not affect the

rate of the overall transport pracess.

Perron and Lebeau [1977] used the isotherm equation i.e.

on

—=k(c—n 12

2 (c—n) (12)
the diffusion of the solute within the fibers towards the washing liquor is described by-a partial
differential equation (12), which is solved assuming that the mass transfer rate through the stagnant

film is finite,

Fogelberg and Fugleberg (1963) used Langmuir adsorption isotherin to describe the relationship
between the congentration of the solute in the liquor and concentration of the solute on the [ibers

Alc

(+B¢) 3)

i.(.‘,. n=

where A and B are Langmuir constants.

Adsorption isotherms given hy equations (10), (11) and (12) are linear while the Langmuir
isotherm given by (13) is non linear. For the present study the adsorplion isotherms given by
equations (10), (11), (12) 1s used for the simulation of single stage washing and equation (13) is

used for the simulation of multistage washing also.
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2.3.4. Initial and boundary conditions

Slightly different initial and boundary conditions have been proposed by various investigators,

[nitial and boundary conditions are used in the present investigation are given below:

Most of the investigators have used initial conditions i.c.
c(z,t)=Con(z,t)=Np att=0,z€(0, L) (14)

Brenner (1962), Grahs (1975), Kukreja (1996) and Kumar (2002) uscd following boundary

condition at the inlet of the bed is
dc .
uc—DLE:11Ls,at2=0forallt>0 (15)

Perron and Lebeau (1977) give the boundary condition at the inlet of the bed
c=C,,atz=0andt>0 (16)

At bed exit boundary condition given by (17) is used by many investigators such as Brenncr
(1962), Grahs (1575), Kukreja (1996) and Kumar (2002) and Arora et al. (20064, b)

%=0,atz=Landt>0 (17
In the present investigation two cases arise for two different boundary conditions at inlet of the bed
given by (14) and (15) together with bed exit (17). Various models of pulp washing have been
developed which are plausible, with consideration of the effect of longitudinal dispersion
coefficient and simple adsorption isotherm models both linear as well as non linear. These possible
models are summarized in the Table 2.3 in Dimensionless form. Transport equation (9) of pulp
washing model is same for all the models except the model 1 in which the transport equation (5) is

used. The models are also differed by subjccting to various initial and boundary conditions.

2.3.5. Conversion into dimensionless form

Models are converted into dimensienless form by using certain dimensionless parameters like

Peclet number (or Bodenstein number), dimensionless time, dimensjonless thickness and
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dimensionless concentration given in Table 2.2. Sincc the models are differ with respect to

adsorption isotherm so the expression of some varigble in dimensionless form is changed

accordingly.
Table 2.2 Dimensionless parameters
[ Parameters Dimensionless | Model No. | Notations
form ‘
Peclet number, P ul, 1,2,3,4, | u— Constant in terms of porosity [(1-e)/&]
Pe E—I 5: 6: 7) 8:- 9 .
_ . - . 3
Dimensionless . ” 12,34, ¢ — Concentration of solute in liquor, kg/m
thickness, Z L 56789 C— Dimensionless, solute concentration in liquor
Dimensionless o ut 1,2,3,4,5 .
time, T L &89 C, — Concentration of solute inside the vat,
| T ut 6,7 kgg/m’”
(l + }Lk )L C,— Concentration of solute in wash liquor,
Dimensionless c-C, 1,2,3, 4,5 kgfrnJ
concentration C= C._C ,6,7 :
of solute in i D, — Longitudinal dispersion coefficient; m%s
liquer, C c=_C% 8,9
Cp K — Dimensionless mass transfer coefficient
Dimensionless n-C, 2,3,4,3
concentration N= C.C k — Mass transfer coefficient, 1/s
of sohute in ¢ .
fiber, N N=KC 6,7 k, — Mass transfer coellicient, 1/s
n 8,9
N= ky — Mass transfer coefficient, 1/s .
Dimensionless K = Ky 1,2,4 L — Length of cake, m
mass transfer X
. 2 .
cocficient, K K =1 35 n — Concentration of solute on the fiber, kg/m’
G (Constant) koL 1,2,4 . .
G =—== Ny — Concentration of solute on the fiber, at the
u s inlet, kg/m’
G= E 17 .
u t— Time, s
H (Constant) K-1C, |124
= “__CG _C u — Liquor speed in cake pores, m/s
8
H=0 3,5 z — Cake thickness at time t, m
u’(Constant) . N, 8,9
H'=—
Co
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Table 2.3 Existing mathematical models for washing zone used in present investigation

(Dimensionless Form)

S. | Transport Equation Adsorption Boundary Conditions Remark
No. Isothcrm
L. B2C p (BC EC) C{0,T)=1,For T>0 & Solution technique
FE] vl ey  — validation
dZ oz oT % o, stz=1
OZ
2 _ N -
s Gl (13 e [SC , & . aN) % - G(H+KC-N) C(;](,:T)_ 1,ForT>0 & Single stage solution
0Z gZ &T oT ) L0 atz=1
2 3 aN C(0,T)=1,For T>0 & Single stage solution
N a(j:P(achoc M X aleen) (60) r gle stag
az 6z oT ' ar) L _o wze
(37
2 ~ . n
4 _:?_C Pe aC ac  éc oC ;1?-1-\1— E= G(l-l+KC-N) o« PeC,At7=0, T>0 & Single stage solution
©| a2 oz or "or) |7 oz
K
ZZs0atZ=1
az. "
2 S- ] ]
5 o€, P (GC +— oc P@' a G(C-N) x_ PeC,ALZ=0,T>0 & ingle stage solution
A oz o1 ' 8r) | T oz
E =0,atZ=1
0z
6C oC  oN N aC c{0,T)=1,ForT>0 & Single stage solution
6. az==Pe o ar "ar) | o Sar ac
—=0, atZ =1
ingle st fon | .
y _p 0L NY g X pgmze0.Tr08 Single stage solution ..
: 322 37 ar a aT aT oz,
x. 0,atZ=1 -
/4
aC_, (8 & N _ ABC,C | C(0,T)=LForT>0 & Single stage and
8. a7t G aZ ar K aT = (1 T BC C) e ~ M‘ultlstagc sol}lllon
v o 0, atZ=1 with parametric
study
9. a*C aC 8C 8N ABC.C | &€ Single stage and
=Pal = Ty w0 | —=PeC,AtZ=0,T>0 & ' ;
Azt ( a7 aT K E:‘TJ (I +BC,C ) Multlstage so[ptmn
aC with parametric
- 0,at Z=1 study

The Peclet number (Pe) is a measure of the relative importance of advection to diffusion. Diffusion

here is turbulent diffusion. The higher the Peclet number, the more important is advection. Peclet

number is a dimensionless number relevant in the study of transport phenomena in fluid flows,

which takes care of local velocities u, bed thickness L. and longitudinal coefficient Dy, (Pe =

uL/Dy). For constant bed depth it can show the variational effect of u and Dy. All models with

respective boundary and initial conditions in dimensionless form are given in Table 2.3.
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2.4 Solufion Technique

The model concerned with the unsteady state cperation of brown stock washing leads to a system
of partial differential equations. Selection of solution technique depends on kind of partial
differential equation like Homogeneous/ non-homogeneous, linear / non-lincar c;r quasi linear,
order and degree of equation, nature of the equation like parabolic, elliptic and hyperbolic or a
mixed type tricomi form. To answer these questions it is an imperative necessity to go on to the
details of the genesis of the differential equation. While the answers to the few questions are
straight forward; some are difficult to answer. In this section the model developed is defined to

what category it belongs? Thereatter the solution technique is sought for,

The model developed of pulp washing is a non homogeneous, linear, first degree, sccond order,
parabolic, partial differential equation. The mathematical model of pulp washing for axial
dispersion only ig given by transport equations (5). For axial dispersion as well as particle diffusion
the pulp washing model is given by transport equation-(9), combined with the corresponding
equation of isotherm. For the solution of these washing models various-boundary conditions are:

used as mentioned earlier,

When washing model given by transport equation (9) is combincd with any lincar as well as
nonlinear adsorption .isotherms then it becomes extremely intricatc in nature: and practically
appears to be unsolvable for multistage washing system; even by using any sophisticated numerical -
techniques. As mentioned earlier that the problem for single washer with its simplified version has
been solved analytically by Breaner (1962), Kukreja (1996) using Laplace transform and
numerically using Orthogonal Collocation by Grahs (1975) and Arora et al. (20064, b). Arora et al.
(20062, b) first discretized the partial differential equations into differential algebraic cquations,
which are then solved using odel3s solver separately. Kumar (2002) attempted to solve the
washing model usiﬁg Finite difference method. Solution of such type transient convection-
diffusion-reaction problems are also obtained by Liu and Bhatia (2001) by Petrov-Galerkin method
and Alhumaizi (2006) by moving collocation method. While Tervola (2006) developed a Fourier
series solution method for solving a multistage countercurrent cake washing problem. All these
methods are very complex and time consuming. Application of such solution techniques in control
systems is not possible due to the more processing time and involvement of high mathematical
skills at operator level |Kumar et al. (2010b)T,
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In the present investigation a different numerical technique for the solution of such types of models
is sclected, which is easy to use, more efficient in processing time and gives the results with
accuracy i.e. pdepe solver in MATLAB scurce code. Pdepe solver soives initial-boundary value |
problems for systems of parabolic and elliptic partial differential squations in the one space
variahle x and time t. Pdepe solver first discretized the partial differential equations into ordinary
differential algebraic equations. The ordinary differential algebraic equations (ODEs) resulting
from the discretization in space are integrated to obfain the approximate solutions for the given

values of time.
2.5 Validation of the Solution Technique

For the validation of the solution technigue (pdepe solver), the solution of displacement washing
model 1 (Table 2.3) is obtained by taking Pe = 100 using pdepe solver and compared with the
analytical and numerical solutious of Brenner (1562} and Grahs {(1975) respectively. Same data is .,
used for simulation. The 3-Dimensional (3-D) behavior of the dimensionless concenfration with-.
respeet to the dimensionless time and dimensionless cake thickness is shown by thesFigure 2.2:...

The results of all three different solution techniques up to T= 1.2 is presented in the Table 2.4.

[Since the solution for Pe = 100 by Brenner (1962) and Grahs (1975) is available in the literature
up to T = 1.2]. To see the steady state behavior of the solution some imaginary layers:of the cake -
are considered and for the solution dimensionless time is increased from T = 1.0 to:T = 2.0 as-,
shown in Figure 2.2. The comparison of the results at dimensionless distance ai Z = | for all values

of dimensionless time with work of previous researchers is shown in the Figure 2.3,

Comparison shows that pdepe solver gives pood accuracy and the magnitude of error is very low.
It can be secn that at T = (.5 the error is 0.04% which is minimum and oscillate up to 9.13% in
such a way that at T = 0.6 error is 0.44%, at T = 0.7 error is 2.16%, at T = 0.8 crror 15 4.39%, at T
=09 etror is 2.89%, at T = 1.0 error is 3.81%, at T = L.1 error is 8.53%, at T= 1.2 error is 9.13%
[Singh et al. (2008)].
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Figure 2.3 Comparison of the solutions of model 1 for Pe = 100
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Table 2.4 Comparison of solutions at same Pe = 100 for different solution techniques

Dimcnsionless Analytical Solution by | Numerical Solution by Numerical Solution
Time T Brenner (1962) Grahs (1975) by pdepe
0.0 1.0000 1.0000 1.0000
0.1 1.0000 1.0000 1.0000
0.2 1.0000 [.0000 : 1.4000
0.3 1.0000 1.0000 1.0000
0.4 1.0000 1.0000 1.0000
0.5 1.0C00 0.9993 0.9996
0.6 0.9598 1.0004 0.9954
0.7 0.9935 0.9931 0.9720
0.8 0.9361 0.9361 0.8930
0.9 0.7521 0.7521 0.7303
1.0 0.4721 0.4721 0.490i
1.1 - 0.2273 0.2269 0.2467
1.2 0.0854 0.0853 0.0776

2.6 Solution of the Washing Models for Single Stage

Eight different models (models 2 to 9) are presented in Table 2.3 to describe the single stage -
washing. For control purpose the-transient behavior of the solute concentration in the.black liquor
is of more interest, rather than- s;lute concentration in fiber. Thus in the present work value of =
&N/IT in terms of 8C/0T, C, Co, N and Ny is obtained by differentiating the isotherm equation, and
then substituted in the transport equation and an attempt has been made to salve these equations
directly by using ‘pdepe’ solver in MATLAB source code. Data obtained by Grahs {1974) for the
species sodium (Na') is used for simulation (Table 2.5). For obtaining much accurate solution of
the above mentioned washing models, dimensionless bed depth as well as dimensionless time is
divided into 21 equal parts and then the influence of these parameters (Z and T) on C is estimated,
To study the steady state behavior of the breakthrough curve some imaginary layer of' the cake is
considered and dimensionless time is increased from T = 1.0 to T = 2.0. The behaviors of exit
dimensionless solute concentration with respect to dimensionless time as well as dimensionless
cake thickness are shown by 3-D graphs, which are shown from the Figurc 2.4 to Figure 2.11.
Also the solutions at dimensionless distance Z = 1.0 are obtained and so the value of C (1.0, T) are

presented in Table 2.6 for corresponding values of dimensionless time T.
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It is clear from figures that the dimensionless coneentration of the solute in the liquor deercases
with the increase of the dimensionless time, whereas increases with the increase in the
dimensionless distance. As transportation equations of all models are same and that is why the
behavior of the dimensionless concentration with respect to the dimensionless time and
dimensionless distance of all models from 2 to 9 are similar as depicted by the Figure 2.4 to Figure
2.11 respectively. This is similar trend as obtained by earlier workers such as Brenner (1962),

Grahs (1975), Kukreja (1996), Kumar (2002) and Arora ¢t al. (2006a, b).

Table 2.5: Data for Simulation for sodium speeies

Parameters | Valucs Unit
L 0.105 m

Dy, 10.8*%107 m’/s
g, 0.928 -

u 7.33*107 m/s
C 0.570 Kg/m’
Cq | 0.005 Kg/m’
A 0.01263 m*/Kg
B 3,953 m*/Kga

Tuble 2.6 Solutions of the models 2 to 9 for single stage washing

Dimensionless | Model-Z | Model-3 | Model-4 | Model-5 | Model-6 | Model-7 | Model-8 | Model-9

Tiime

0.0 1.0000 1,0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0400

0.1 0.9999 1.0000 0.9999 1.0000 1.0000 1.0009 1.0000 1.0000

- ¢.2 0.9598 1,000 0.9998 1.0000 1.0000 1.0000 1.0060 1.0000

0.3 .9997 1.0000 0.%997 1.0000 1.0000 Lopoo 1.0000 1.0000

i 04 0.9996 1.0G00 0.9996 1.0000 1.0000 1.0000 1.0000 1.0000

0.5 0.9991 0.9996 0.999] 0.9996 1.0000 10000 0.99492 (.9992

i 0.6 09947 0.0933 0.9948 0.96954 0.0998 0.9998 0.9621 0.9922

0.7 0.9713 0.9719% 0.97 14 0.9720 0.0984 0.0985 D566 0.9563

038 0.8941 0.3948 0.8943 0.8950 0.9915 0.9916 0.8533 0.8535

09 0.7294 0.7300 0.7297 0.7303 0.2680 0.5681 0.6602 0.6605

1.0 0.4894 0.4899 04897 .4501 02089 0.5091 0.4154 0.4153
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Numerical solution computed with 21 mesh points.
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In the present investigation a different numerical technique for the solution of such types of models
is selected, which is casy to use, more efficient in processing time and gives the results with
accuracy i.e. pdepe solver in MATLAB source code. Pdepe solver solves initial-boundary value
problems for systems of parabolic and elliptic partial differential equations in the one space
variable x and time t. Pdepe solver first discretized the partial differential equations into ordinary
differcntial algebraic equations. The ordinary differential algebraic equations (ODEs) resulting
from the discretization in space are integrated to obtain the approximate solutions for the given

values of time.
2.5 Validation of the Solution Technique

For the validation of the solution technique (pdepe solver), the solution of displacement washing
model 1 (Table 2.3) is obtained by taking Pe = 100 using pdepe solver and compared with the
analytical and numetical solutions of Brenner (1962) and Grahs (1975) respectively. Same data is
used for simulation. The 3-Dimensional (3-D) behavior of the dimensionless concentration with
respect 1o the dimensionless time and dimensionless cake thickness is shown by the Figure 2.2,

The results of all three different solution techniques up to T = 1.2 (s presented in the Table 2.4.

[Since the solution for Pe = 100 by Brenner (1962) and Grahs (1975) is available in the literature
up to T = 1.2]. To see the steady state behavior of the solution some imaginary layers of the cake
arc considered and for the solution dimensionless time is increased from T = 1.0 to T = 2.0 as
shown in Figure 2.2. The comparison of the results at dimensionless distance at Z = 1 for all values

of dimensionless time with work of previous researchers is shown in the Figure 2.3.

Comparison shows that pdepe solver gives good accuracy and the magnitude of error is very low.
It can be seen that at T = 0.5 the error is 0.04% which is minimum and oscillate up to 9.13% in
such a way that at T = 0.6 error is 0.44%, at T = 0.7 error is 2.16%, at T = 0.8 error is 4.39%, at T
=0.9 error is 2.89%, at T = 1.0 error is 3.81%, at T = 1.1 error is 8.53%, at T = |.2 error is 9.13%
[Singh et al. (2008)].
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2.7. Multistage Pulp Washing

To maximize washing effectiveness, while at the same time minimizing the amount of water used,
counter flow washing is used. Counter flow is an engineering technique wherein two process
streams interact as they move in opposite directions. As applied to pulp washing this means a
series of washers is set up with the final wash being performed with clean water. The waste water
from the last washer is then used to wash the stock in the second from the last washer. Water from
the second to last washer is used to wash stock in a third to last washer and so on for the total
number of washers’ used. Typically three or four washers are required to adequately clean the

black liquor from the digested pulp [Gallagher (1999)].

Mathematical treatment of the multistage countercurrent cake washing process is challenging. As
the cake travels without reslurrying and is washed with progressively cleaner wash liguid, it
develops a concentration profile or gradient that varies from stage to stage. [Crotogino et al.
(1987), Cdwards et al. (1976), Tomiak (1979b), Wakeman and Tarleton (1999)]. 'Thus, ditférent
recoveries are obtained at different stages. Tomiak (197%a) developed a method for predicting the
performance of a belt filter. The method was based on the material balance equations for an
individual stage; a fraction of the original liquid which is left in the cake discharges from a stage
and washes liquid addition makes a contribution to the average overall cake concentration in the
subsequent stages. The same sort of approach was used for solute material balance equation and a
performance parameter for each stage was given; for instance the fraction of recoverable solute
removed from the cake in each stage [Haywood (1995), Wakeman and Tarleton (1999]. Other
models are based on the theories developed by Tomiak (1973) in which the cake was represented
with a number of perfectly mixing cells in series. In multistage countercurrent cake washing,
mixing cells create an array. The wash effluent from the current stage to the previous stage
circulates counter currently, The number of the mixing cells in the stape controls the washing
efficiency for the stage. Ala-Kaila {1997) and Bilmez ct al. (2000) applied a similar approach.
Tervola (2006) developed a Fourier series solution for multistage counter current cake washing.
The cake washing process was described by the advection-dispersion equation given by Brenner
(1962). The solution method was employed to explore the multistage counter current cake washing

in segregated and a non-segregated wash cffluent circulation.
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In the present investigation a typical four stages counter current washing system is considered. A
series of four washers are set up for pulp washing, with the final wash being performed with clean
water. The steady state material balance equations can be easily be obtained for each washer with
the help of the Figure 2,12 [Kukreja ([996)].

Blow Tank

F 5 5 §
h2 b *! r2 *% r3
—r_lj_l "y d1 ' q2 1

sd ‘Waush Water

3
To Bleach
Pant

 SeatTunke | L seatmonk |

2

Seal Tank

bl 7.0084

Scal Tank

2 2.50%

To Evaporator <

Figure 2.12 Flow diagram of a counter current washing system with four drum washers
2.8. Solution of Pulp Washing Models for Multistage

The pulp washing model as obtained in previous section with transport equation (9) and nonlincar
Langmuir adsorption isotherm are used. The numerical solution is obtained for two different
boundary conditions. Thus the models 8 and 9 (Table 2.3) are considered for the solution of multi-

stage washing.

To find the solution of models 8§&9 for multi-stage the values of various process parameters for
washing zone of a washer is used given by Grahs (1974) for sodium ion species and are presented
in Table 2.5. Steady state data of nearby paper mill presented in Table 2.7 is used for the solution

of washing zone models for all four washers (stages).
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Table 2.7 Process data of four stage brown stock washing system [Kukreja (1996)]

| Input Parameters | Washer 1 | Washer 2 Washer 3 Washer 4
Cyi (%) 1.25 1.25 1.25 1.25
Cpa (%0) 12.00 12.00 13.00 14.00
% (%) 13.59 7.29 2.62 0.96
X (%) | 700 2.50 0.90 0.50
X (%) 15.00 7.00 2.50 0.90
g (%) 10.12 3.77 1.58 0.30
x (%) 15.00 7.00 2.50 0.90
Li (kg/Kg) 79.00 76.00 79.00 79.00
L, (kg/Kg) 10.33 10.33 9,69 9.14
L: (kg/Kg) 82.00 §2.00 82.00 82.00
Ly (ke/Kg) 7.33 7.33 6.69 6.14
L. (kg/Kg) 72.31 T1.67 7167 72.31

The washing liquor {or the washers’ 1, 2 & 3 contains the dissolved salids 7.00 %, Z.SQl%, 0.9 %
and in the last washer, fresh water is used which also contains 0.5% dissolved sSIids. The
incoming pulp from the digester has the consistency 12%. In the vacuum: rotary filter the feed
consistency is 1.25% and thc discharge consistencies are [2%, 13% and 14% (Table 2.7). The
feed flow (1.25%) is thickened in the cake forming stage of the filter to the discharge consistency
(let assume), so for instance (1/0.0125 - 1/0.120) kg/kg liquid is removed in the first washer. The
filtrate coming from cake forming stage and from the displacement washing zone are mixed
together. This filtrate is used for the dilution from the previous washer discharge to the feed
consistency (1.25%). Peclet number of each washer (displacement zone) is calculated so that the

measured dissolved dry solids or sodium values are near to the calculated values.

Peclet number has been included as dimensionless parameters in the solution of the models. For
the washer No. 1, the Peclet number Pe = 71.26 (by using Pe’=. u L / Dy) has been used based on
the simulation data presented in Table 2.5. Based on the data given in Table 2.7, the dimensionless
time for the first and second washers is Lg/Lg i.e. 10.33/7.33 = 141, for the third washer is
5.69/6.69 = 1.45 and finally for the last washer is 9.14/6.14 = 1.49. Thus the exit dimensionless
solute congentration for washer No. 1 & 2 is taken at T = 1.41 and similarly for third and fourth

washers at T = 1.45 & T = 1.49 respectively. The exit dimensionless solute concentrations for all
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four washers at aforesaid values of dimensionless time are also presenied in Table 2.8, for both the

modzls,

Table 2.8 Solutions of the models 8 & 9 for four washers (stages)

Model 8 Model 9

T | Washer | Washer | Washer | Washer | Washer | Washer Washer | Washer
No. 1 No, 2 No. 3 No. 4 No. 1 No. 2 Na. 3 No. 4
0.1 1.0000 | 1.0000 1.0000 [.0000 1.00Q0 1.0000 1.0000 1.0000
0.2 | 1.0000 | 1.0000 1.0000 | 1.0000 | 1.0OOO | 1.0000 ! 1.0000 [ 1.0000
0.3 | 1.0060 | 0.9998 0.9997 | 0.8997 [ 1.0000 | 0.9998 | 0.5997 | (,0996 -
04 | 1.0000 [09964 [ 0.9949 | 0.9946 | 1.0000 | 0.9963 | 0.9947 | 0.9944
0.5 |0.9991 | 0,9769 0.9704 | 0.9695 | 0.9991 | 0.9764 | 0,9656 | 0.9686
0.6 {09919 |[0,021] 0.9067 | 09016 | 0.9219 | 0.9297 | 0.904% | 0.9027
0.7 1095% | 08195 0.7985 0.7954 0.9594 | 0.8172 | 0.7957 | 0.7925
0.8 | 0.8708 [ 0.6832 0.0604 | 0.6568 0.8704 | 0.6803 0.6569 | 0.6533
0.9 | 0.7085 |0.5357 0.5153 | 0.5118 | 0.7080 | 0.5327 | 0.5118 | 0.5082
1O | 04997 | 0.3950 0.3827 0.3795 (0.4393 0.3963 0.3756 | 0.3762
1.[ | 03039 |0.2856 0.2732 | 0.2702 | 0.3037 |.0.2834 | 02706 | 0.2675
1.2 | D.1682 | 0.1933 0.1892 0.1863 0.1681 0.1976 0.1872 | 0.1842

1.3 | 0.0991 10,1377 0.1284 | 0.1254 | 0.09%0 | 0.1365 | 0.1269 | 0.1239

14 | - — | 0.0831 — . 10.0820
1.41] 0.0733 | 0.0925 0.0733 | 0.0918 | -
145 |~ - 0.0706 | - — - | 0,0697 | -
149 | —mm [ 0.0570 — - | 0.0563

Based on C vs. T data of previous washer, the Peclet number of subsequent washer is obtained by
using algorithm given by Kumar (2002). The Peclet number for displacement washing zone of
second and subsequent washers are estimated approximately by considering open vessel as uscd by
Han and Edwards (1988), Edwards ct al. (1986) and Potucck (1997). The following algorithm

given by Kumar (2002) is used for calculating the Peclet mumber for the subsequent washers.

e Obtain C vs. T data for the first washer by solution of the model

S Y TCAT,
Hi ut the mean ti e
¢ lindo ime ZCiATi
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¢ Find the spread of the distribution, measured by the variance representing the spread of the

distribution o> :M— T,
> CAT,

¢ Fit the dispersion model for the large extent of the dispersion for open vessel

2 D 10
6, = =10( L= —
T ulL Pe

The Peclet number obtained by this algorithm for washers No 2, 3 & 4 for both the models 8§ & 9

are presented in Table 2.9,

Exit dimensionless solute concentration for previous stage washer is converted into absolute
concentration and is used as initial concentration for the subsequent washer. Dimensionless initial
solute concentration on fiber i.e. Ny, porosity term p' etc are calculated by using initial absolute

concentration of previous washer and are also presented in Table 2.9 for all four washers..

Table 2.9 Peclet Number (Pe), Ny and ' for all four washers

Washer No. Model-§ Madel-9
Pe | N, (Kg/m’) W Pe | Ny (Kp/m’) u'
1. 71.26 | 0.009 1.23x10-3 | 71.26 0.009 1.23x10:3
2. 21.94 0.002 3.93x10-3 | 21.93 0.002 3.93x10-3
3. 19.90 | 0.0002 5.60x10-3 | 1990 | 0.0002 5.60%10-3
4, 19.70 | D.DO0OI 3.88%10-3 | 19.67 | 0.00001 3.88%10-3

Dimenstonless bed depth as well as dimensionless time is divided into 21 equal parts and then the
influence of Z & T on C is estimated. The behavior ol exit dimensionless solute concentration with
respecl 1o dimensionless time as well as dimensionless cake thickness are depicted using inpul
curve al Z = 0 to break through curves at Z = 1, by 3-D graphs which are shown from the Figure
2.13(a) to Figure 2.13(d) for model 8 and Figure 2.14(a) to Figure 2.14(d) for model 9 for all four
washers respectively. The washing results for both the models are slightly different at three to four
decimal places, so it may concluded that the boundary conditions do not influence much on the

washing results.

41



Numedea] galufion compued with 21 mesh poirds,

Dimenslonless Concenlration ©

Dimensioniess Distance 7

Humerizal solution computsd with 21 Mesh points,

Dimensloniass Consentration C

Dimensioriess Distanee Z

(a) C vs. Z & T profile for washer No. 1

(b) C vs. Z & T profile for washer No. 2

Meaeslced sedtion ceerpred with 21 mesh polais.

\

-
ey -
P
by
! |
A
R VI R DR, SRS SR §

o

-
:
t

13

=

=

3
%

B

Dimeneiontose Cenceonlration C

k.

Dimansionkss Distana

Numereal saktiod eommputed with 21 mesh paints.

4

=

?

T

]

1
i TR P P §

Dimansinniess Goncentration ©

Dimensiontess Tre T

Dimensicmess Distarce 2

(c) C vs. Z & T profile for washer No. 3

(d) C vs. Z & T profile for washer No. 4

Figure 2.13 Solution of different stages (washers) for model-8

42




=
&=
+
=
=
4

=
=3
4
-
-
+

o
=
+
Py
*
¢

o
[
:
+
-
>
1

Dimeneianless Consantration C
Dimensignlzss Concentralion C

—c
I

Dimensiorless Distance 2

{a) C vs. Z & T profile for washer No. 1 (b) C vs. Z & T profile for washer No. 2

Numericad sution compubed with 21 mesh points. Nurnereal sohtion computed with 21 mesh poits,

Dim ensigoniasa Conceantration C
Dimenslonlesds Corcentration ¢

() C vs. Z & T proflle for washer No. 3 {d) C vs. Z & T profile for washer No. 4

Figure 2.14 Solution of diffcrent stages (washers) for model-9




2.9‘Anhlysis of Parametric Effects on Efficiency of Multistage Brown Stock Washers

Tl"m effects of various parameters on performance of single stage brown stock washer in paper
iﬁdﬁétry are studied for different species of black liquor by some earlier researchers like Grahs
(1974); Kukreja (1996), Kumar (2002), Arora et al. (2006a, b) and Kumar et al. (2009, b). Grahs
(1974) studied the effects of dimensionless time, wash ratio, longitudinal dispersion coefficient,
mass transfer coefficient and cake poresity for sodium and lignin ion species of black liquor.
Kukrcja (1996) discussed the various parametric effects with a view to analyze the performance of
brown stock washer and interrelationship between various parameters like fractional submergence,
rpm ﬁltrate flow rate, cake thickness, inlet vat consistency and fiber production rate, Kumar
(2002) studled the parametric effect by modifying the range of the parameters used by Grahs
;(1974), usmg two different kinds of linear adscrption isotherms in the model! for both sodium and
hgmn specles Arora ‘et al. (2006a) studied the parametric effect of various parameters like Peclet
number, interstitial velocity, cake thickness, bed porosity, reaction rate constants and distribution
ratm__ on exit solute concentration. One common feature of the above work is that all have studied
ﬁw. paré‘rﬁetric effect for single stage washing to reduce the mathematical complexities, The
paramefrlc study for the multlstage washing system is very typ:cal task. Recently the author
studied the effect of various parameters on the exit solute concentration by varying the range of
parameters at mid cake thickness as well as bed exit by using three linear adsorption isotherms for
both sodivim and li;gﬁin species using pdepe solver in MATLAB source code for the solution of
models for single stage washing [Kumar et al. (2009a, b)]. In the present study the parametric
effects are studied for four stage washing system. Non linear Langmuir isotherm is used to
correlate the interfiber and intrafiber concentration. Thus for the effects of various parameters like,
Peclet number, kappa number and porosity on efficiency of multi-stage brown stcke washers are
obtained by solving the models 8 & 9 (Table 2.3) for four stage washing system with different
values of the above i)arametcrs. The range of basic input parameters is used as given by Kumar
(2002). In order to achieve the above goal one needs some data for the fiber, fiber bed, kraft black
liquor concentration such as, cake thickness, pulp pad consistencies, velocities through bed and
Lang}nujr constants. In the absence of any reliable industrial data, the data given by Grahs (1574)

(Table 2.5) has been used for the basis of simulation.
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The parametric effects of Peclet number, kappa number and porosity are shown by the C vs. T
graphical representations for constant bed depth at Z = 1.0 and the effects of dimensionless cake
thickness and dimensionless time are shown by C vs. Z & T profiles (3-D graphs) for the various

values of parameters for sodium ion species.
2.9.1. Effecis of peclet number vn exit solnie conceniralion

The range of Peclet number from 20 to 110 is found to be valid for pulp washing as suggested by
earlier investigators including Grahs (1974) and {urther modified by Kumar (2002). The effect of
Peclet number is studied for the same range. To see the steady state behavior of the curves some
idle layer of the cake is considered and behaviour of the solution curve is also checked by
increasing the dimensionless time from T = 1.0 to T = 2.0, The variation in the Peclet number is
applied in the first washers and the influence on C vs. T profiles is studied for all four washers.
The Peclet number for the second and subseguent washer is caleulated as discuss previously in
section 2.8. The effects of Peclet number on the exit solute concentration for all four wg’shers are
shown from Figure 2.15 to Figure 2.22 for both the models 8 & 9. In the first washer, the stream of
the curves start from C = 1.0, descending differently but however canverge at T = [.1] and again
diverge from each other in topsy-turvy manner, this fact is found to be in agreement with Kumar
(2002). For Pcclet number below 20 (say 10 to 19} morc deviation in the profile is _bbscrvcd.
Hence the higher Peclet number shows the minimum deviation in the shape ofbrcakthroﬁ;iéh curves
as shown in the C-T profiles (Figure 2.15 and Figurc 2.16) of washer | for both modcls 8#}& 9. The
deviation for Pe =20 1s maximum for T = 0.5 to T = 1.0, which continually decreases for higher
Peclet numbers. The Peclet number has significant influence on dynamic behavior of solute
concentration for washer | which decreases continudusly for washer 2 to 4 for both the models as
shown from Figure 2.17 to Figure 2.22. This is due to the range of variation in Peclet number for
first washer 1s from 20 to 120, which reduces in second washer from 19.69 to 22 49, for third
washer from 19.65 to 19.96 and for the fourth washer is from 19.664 to 19.672 for mode! 8 (range
for model 9 are slightly ditferent).
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2,9.2, Effcets of kappa number on exit solute concentration

The Kappa number is an indication of the residual lignin content or bleachability of wood pulp.
Although, it should be noted that there is no general relationship between the Kappa number and
the lignin content, and it depends on type of raw material and delignification process. Neither pulp
washing model equation nor Langmuir adsorption isotherm contain any term related to kappa
numbct. However it was observed by the previous rescarcher that Langmuir constants depend on
the kappa number. Grahs (1974) reported a linear relationship, if ¢/n is plotted against ¢, if the
isotherm is of Langmuir type. It is, then easy to determine the Langmuir constants A and B from
the intercept and slope of the straight line. ['or the purpose four sample of pine sulphate pulp of
different kappa number is used. Thus for the parametric study of kappa nuniber the data obtained
by Grahs (1974) (Table 2.10) is used in which Langmuir constants A and B is obtained for four
different pine sulphate pulps {pulp of different kappa numbers).

The solutions of the both washing models is obtained for all different values of the kappa number
and C vs. T profile arc shown by the Figure 2.23 to Figure 2.30. Vearying the kappa number from
22,410 72.6 in the first washer, a very small deviation observed in the C-T profiles for all washers
which is negligible in the engincering practice. If some imaginary layer of the cake is considered
and solution is obtained by incresing the dimensionless time from T = 1.0 to T = 2.0, the
breakthrough curve reaches the steady state for all washers. It is also clear by the C vs. T profile
that the curve for the first washer is stcady state at T = 1.5 while for other washer at T = 2.0 for

bath the models 8 & 9.

Table 2.10 Peclet Number for all four washers

8. No. | Kappa Number A B
L. 22.4 0.01324 6.586
2. 434 0.01401 5.232
3. 49.7 0.01263 3.955

4 726 | 001195 2.798
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2.9.3. Effects of porosity on exit solutc concentration

Porosity is defined as the ratio of the volume available for flow to the total volume. Porosity of the
mul is an important factor as the hydrodynamics of the filtration is highly influenced by the porous
path through which the fluid will move. Tn the present case, porosity is based on the average
consistency of the mat during the cake formation zone. The air effect on the porosity has been
neglected. Porosity of the puip suspension varies from 0.1 to (.99, but is always less than 1.
Longer range is considered to cover not only the entire range of suspension hebetated by the stock
in the paper making process in practice, but also to cover the porosity value of the flowing zone
(0.7 to 0.85), stagnant zone (0.1 to 0.2) and total mcan porosity values above 0.90. So for the study
of the effect of porosity on exit solute concentration, the vatue of the porosity is taken from 0.1 to

0.95 as used by Kumar (2002).

The variation in the porosity is also applied on first washer and then the influence in C vs. T profile
is observed for all washers for both the models 8 & 9. The C vs T profiles for different porosity At
the bed exit i.e at Z = 1.0, arc shown from the Figure 2.31 to Figure 2.38 for both the models f'(;ri- |
sodium ion species of black liquor. The deviation in the breakthrogh curve start after T = 0.5. For
the porosity values below 0.40 (say 0.10 to 0.30) significant deviations in the profile is observed, ...
and while the higher porosity values show the practical{y no deviation in the shape of breakthrough. -
curves. From the figures, it is also clear that maximum deviation is observed at € = 0,10 for all-four _
washers. It is also obsereved that deviation incrcses from first washer to last washer. To study the.
steady state behavior of the curve some imaginary layer of the cake is considered and effect is also
checked by increasing the dimensionless time from T = 1.0 to T = 2.0. From the figures it is also
clear that the washer | achieves steady state before T = 1.5 while all other washers achigve steady

state after T=1.5.
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2.10. Conclusion

In the present investigation pulp washing models based on diffusion model of longitudinal mixing
in beds of finite length with varying initial and boundary conditions applicable to displacement
waishing with axial dispersion and particle diffusion are proposed. Firstly, the solution of washing
mode! based on axial dispersion only was obtaincd, The mode] with varying initial and boundary
conditions is proposed to be solving through pdepe solver in MATLAB source code. The present
solution technique is validated with the solutions of Brenner (1962) with analytical method and
Grahs (1975) based on numerical technique {Orthogonal Collacation) for same Peclet number
(Pe=100). The results are in good agreement with the analytical solution by Brenner (1962) and
numerical solution by Grahs (1975) with negligible error and shows better accuracy than Kumar

(2002).

In further investigation mathematical models described for washing zone applicable to
displacement washing: with-axial dispersion-and particle diffusion.of a rotary vacuum washer-in -
Paper Industry has been studied. Linear.as well as non-linear (Langmuir isotherm) adsorption
isotherms are used to describe the relationship between the concentration of the solute in the liquor
and concentration of the solute on the fibers. The numerical solutions of the pulp washing model
are obtained for the various adsorption isotherms by.using different boundary conditions with the
help bf “pdepe™ solver-in MATLAB source code. For obtaining much.aceurate solution of the .
above mentioned washing models, dimensionless bed depth as well as dimensionless time is
divided into 21 cqual parts and then the influence of these parameters (7 and T) an C is estimated.
The behaviors of exit solute concentration with respect to time as well as variable cake thickness
are shown by 3-D graphs. It is clear from ﬁgures; that the dimensionless concentration of the solute
in the liquor decreases with the increase of the dimensionless time, whereas increases with the
increase in the dimensionless distance, which is same as obtained by earlier workers. Thus it is
observed that with change in the cake thickness and time, significant changes occur in the
concentration profiles. Numerical results thus obtained are compared with earlier workers
analytically and numerically. The comparison shows that results are in good agreement with both
analytically as well as numerically and also show the suitability of the isotherm coupling with the

washing model [Kumar et al. (2010a)].
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For the investigation of multistdge counter current washing system based on mathematical models
derived for displacement washing with axial dispersion' and particle diffusion are proposed.
Langmuir adsorption isotherm is used to deseribe the relationship between the concentration of the
solute in the [iquor and concentration of the solute on the fibers. The numerical solution zre
obtained for four stages in counter current marner by using “pdepe” solver in MATLAB sourcc
code and taking Pe = 71.26 for first washer based on the simulation data. Peclet numbers for
second and subsequent washers are obtained by using the algorithm given by Kumar (2002). For
each stage of a series of four washers, the variations in the dimensionless solute concentration with
respect to dimensionless time as well as dimensionless cake thickness are shown by 3-D graphs
[Kumar et al. (2010b)]. Parametric effect of the various parameters is also studied for varying

range of parameters for each washer individually of the four stage washing system.

The following conclusions may be dralwn from the present study

l. Boundary conditions do not influcnce significantly on the washing results. ar

2. Pdepe solver can be used successfully for the solution of mu!tistage pulp washing mode!.

3. The pdepe solver used in the present investigation is simple, elegant and convenient for solving
two point boundary value problems with varying range of parameters and show a:comparable .

performance with QUICK method in terms of CPU time and average numerical errors.

4. The algorithms in this solver are easy to set up, and so the method represents an advantage and

good alternative to the available techniques for such type of problems.
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Chapter-3
Modelling and Simulation of Multi-effect Evaporation System

3.1 Introduction

Indian pulp and paper mills using hardwood and bamboo as a major raw material are
predominantly based on a kraft pulping process. Kraft pulping process (also called soda- sulphate
process) user recycled white liquor (2 mixture ¢f primarily NaOH, Na;zS, Na;CO; and many other
minor constituents) from soda recovery process. A bluck diagramm of the entire process of pulp
mill, including the chemical recovery process is presented in Figure 3.1, This process flow diagram

shows rclationships among major operations and processes involved for paper making.

The chemical pulping processes involve cooking of wood (c.g. hardwood-cucalyptus, softwood-
pine) or non-wood (bamboo, bagasse, rice straw, wheat straw, kenaf, jute stick, mesta ete.) with
cooking chemicals at different concentrations and a delinite liquor to raw material ratio called bath
ratio in a pressure vessel called “Digester” by means of direct or indirect steam. The temperature
(140°C—-175°C) and pressure (5-9 bar) are maintained for a present time schedule (cooking time 90
min-150 min). The time at temperature is also another process parameter besides chemical dose, -
bath ratio and pressure which control the pulping process. Instead of a batch process, continuous
digester can also be an option. The eooking proccss softens and dissolves cementic material, lignin
holding the fibers in wood/mon-wood and results in their ready separation when the pulp is
discharged or blown from the digester by lowering pressure. The fibers remain intact and subjected
to various operations like coarse screening, washing, {ine screening, cleaning, bleaching, stock
preparation-refining/ beating, wet end operations, pressing, drying, calendaring, recling, winding
and final finishing for producing paper. Brown stock washing (BSW) system is the main key
equipment to separate pulp fibers from the black liquor associated with the pulp after blown down
from the digester. The waste liquor obtained after washing the pulp with fresh water is as earlier
mentioned a black [iquor, which contains a large amount of inorganic (sodium and calcium based)
and organic chemicals (poly-dispersed lignin and carbohydrate based) in varying proportions.

Typical constituents of bamboo based black liguor are shown in Table 3.1,
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Table 3.1 Weak kraft black liquor constituents

S. No. Organic Compounds Inorganic Compounds

1. | Ligneous Materials (Polyaromatic in character) Sodium Hydroxide
2. | Saccharinic Acids (Degraded Carbohydrates) . | Sodium Sulphide
3. | Low Molccular weight organic acids Sodium Carbonate
4. Resin and Fatty Acid Soaps Sodium Sulphate
5. Sugars Sodium Thiovsulphate
0. Sodium Polysulphides
7. Elemental Sulphur

L 8. Sodium Sulphite

The spent liquor is therefore most important as it contains many valuable chemicals which can be
regenerated economically in a process called chemical recovery process. The recavery of
chemicals in turn gives large amount of thermal cnergy in form of process steam, Co-gencration of_-‘ )
electrical power can also be a byproduct if pressure in the boiler is raised to a higher level.,
Therefore the entire economy of the pulp and paper industry depends largely on the performance .
of its chemical recovery section. In fact the lignin and other organic components in black liquor,
generate heat when incinerated in a recovery furnace which in turn penerates steam and electricity,
as indicated above. The recavery operation is largely influenced by the vrganic. and its solid.
contents of black liquor, its handling, and processing methodology. Generally, -the operation....
invelves concentration in an evaporator, combustion in a furnace at a concentration of 64-65%
solid contents, and causticizing of sodium carbonzte to sodium hydroxide by slaked lime in a series
of equipments (green liquor clarifier, lime slacker causticizers, recausticizers, mud washers, mud
filters etc.) and fina! calcinations of lime sludge for time recovery. Concentration in evaporation
operation generally performed in a long tube vertical (LTV) or Falling film evaporator,
Evaporation is done economically in multiple effcel evaporator (MEE) consists of 4 to 7 stages.
Generally 10-17 % of the dissolved black liquor solids are processed in a multiple effect
evaporator system (MEE) to forin concentrated black liquor of approximately 50% solids. During
the evaporation process the various physico-chemical properties are changed because of increase in

concentration and change in tcmperature and pressure,
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The energy economy-of a-MEE system is also influenced by the design of liquor flow sequence. As
a matter of fact, MEE may be arranged in a variety of ways. Forward feed, backward feed, mixed
feed and parallel feed are four general designs of liquor flow sequences. Parallel flow has its own
limitation for black liquor concentration, Due to very high viscosity of concentrated liquor and its
non-newtonian characteristics, it becomes difficult to process black liquor in a forward feed
sequence. However, this is employed in Sugar Industry. Many North American black liquor
evaporation plants generally employ a 5-6-4-3-2-1 or 6-5-4-3-2-1 liquor flow sequences. Literature
is also available [Bhargava et al. (20083, b)] which indicates that backward feed usually results in
the best overall economy (balancing both capacity and steam economy, defined as vapor generated
per _méss of externally supplied steam). Thereforc backward feed is the most commbnly employed
sequence. To save some emount of clectrical encrgy the mixed feed sequence are also prevalent in
many of the pulp and paper mills. However, it is not clearly known that in which body the weak
black liquor as a feed should be introduced to get the: best economy or least. steam: consumption.
Although, it is a fact that with the change of the sequence the economy and energy efficiency will

also be changed. Therefore, there is an imperative necessity to pay attention to these aspects.

Long tube vertical (LTV) evaporator is widely used natural circulation cvaporator. It has along
tube bundle fitted with a shell. The shell is projected into a larger diameter chamber or. vapor head
at the top. The- feed enters-the:tube bundle at the-bottom, flow through the. tubes;once, while:
undergoing vigorous boiling, and discharges into the vapor head and impinges on a deflector plate
above the free top end of the tube bundle. This removes most of the entertained liquid droplets
from the vapor. The concentrated liquor leaves the vapor chamber through a pipe and lS
withdrawil. The principle advantage of the LTV evaporators are; high heat transfer coefficient, low
cost, low liquid hold up and less floor space requirement, The disadvantages are: high headroom

requirement, unsuitable for viscous and scale-forming materials.

In the falling film evaporator liquid flows down in the inner walls of the tubes in a vertical tube
bundle. The tubes are heated by condensing steam or any other hot liquid on the shell side. As the
feed liquor flows down the tube wall, water vaporizes and the liquid concentration gradually

increases. Thick liquor is withdrawn from the bottomn and the vapor goes to a separator where the
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entrained liquid droplets are scparated. Heat transfer rate in falling film evaporator is quite high
and the contact time of the liquid with the hot wall remains fow. For these reasons, device is
suitable for heat-sensitive materials, Use of falling film technology has been found in a wide
variety of engineering application, although its application in pulp and paper industry is recent

practice [Alhusseini et al. (1998)].

The evaporation process consumes maximuwn energy in paper manufacturing operation. It is
reported that in cellulosic liber and filament industries in India, the consumption of steam in
evaporation process comes about 1,75 x 10 tons per year [Pollard et al. (1992)]. Rac and Kumar
(1985), Kumana (1990) pointed oul that the Multi-e(fect evaporator system alone consumes around
24-30% of the total steam consumed of a large paper mill. Therefore, it calls for a thorough
investigation into its analysis and various encrgy reduction schemes. In order o achieve this, it
would be desirable to develop mathematical model that can be used to predict the p‘e;rrformance of

-t

the evaporation process.
3.2 Modelling and Simulation of Multi-effect Evaporation: A Review

Various researchers developed the mathematical model of the MEE system of various process
industries based on steady statc conditions, Lambert et al. (1987) developed a system .of non-linear
equations governing the general MEE system (applicable for various industries) and presented a
calculation procedure for reducing this system to a lincar form and solved iteratively by the Gauss
elimination technique. Boiling point rise (BPR) and nonlinear enthalpy relationships in terms of
temperature and solid concentration were included in the model. The results of linear and nonlinear
techniques were compared. Koko and Joye (1987) compared the linear and non-linear method and
demonstrated that, linear method is faster, much more stable, and have more desirable convergence
characteristics then widely used nonlincar method. Patel and Babu (1996) developed the computer
program for the design and calculation procedure of single and multiple effect evaporaters for

general evaporation plant.

El-Dessouky et al. (1998), El-Dessouky ct al. (2000), Al-Ansari et al, (2001), and Khademi et al.

{(2009) discussed the modelling and simulation for MEI: system for the desalination process. El-
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Dessouky et al. (1998) developed mathematical model of the muitiple effect evaporation (MEE)
desalination process to determine the effects of the important design and operating variables on the
parameters controlling the cost of producing fresh water, The model assumed the practical case of
constant heat transfer areas for both the.evaporarors and feed preheaters in all effects. In addition,
the model considered the impact of the vapor leak in the venting system, the variation in
thermodynamic losses from one effect to another, the dependence of the physical properties of
water on salinity and temperature, and the influence of non condensable gases on the heat transfer
coefficients in the evaporators and the feed preheaters. The modified fixed-point iterative
procedure was used 1o solve the large number of highly nenlincar equations describing the MEE
desalting system. The algorithm s consisted of 10 calculation blocks and 6 logical blocks. The
algorithm was implemented using L-A-§ computer aided language. El-Dessouky et al. {2000)
presented a performance analysis for the paralle! feed multiple effect evaporation system. Analysis
was performed as a.function of the heating steam temperature, salinity of the intake seawater; and
number- of effects. The mathematical models of the parallel and parallel/cross flow MEE systems
included basic material and energy balance cquations as well as correlations for estimating the heat
transfer coefficients, -the thermodynamic losses, pressure drops, and physical propertigs. The
iterative procedure based on Newton's method with-an iteration crror of 10 was used for the
solution-of the models. Results were presented. as a function of parameters controlling the unit
procuct cost, which included the specific heat transfer area, the: thermal performance ratio, the
conversion ratio, and the specific [low rate of the cooling water. Al-Ansari et al. (2001) modeled
the single effect evaporation desalination process with adsorption heat pump. The mathematical
model for the single effect adsorption vapor compression desalination system included balance
equations for the evaporator, feed pre-heaters, adsorption bed, and desorption bed with certain
dssumptions. The analysis gave variations in the thermal performance ratio, the specific heat
transfer area, and the specific flow rate of cooling water, Khademi et al. (2009) presented the
steady-state simulation and optimization of a six-effect evaporator in desalination process with
provision of its relevant sofiware package. In tlhis investigation, the modelling equations of each of
the existing building blocks were wrilten in steady-state condition. These equations were used for
simulation and process optimization of the entire vaporizing unit while exercising the simplifying

assumptions. The effect of different parameters on consumed steam produced distilled water and
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performance parameter (GOR) was presented. The feed mass flow rate, condenser pressure and

operating time were optimized for this system.

Various iﬁvestigators Cadet et al. (1999), Ugrin and Urbicain (1999), Bakker ct al. (2006), Kaya
and Sarac (2007) and Karimi et al. (2007) studied and developed steady state model of the
evaporation plant related to food/juice industries. Cadet et al. (19;?3_9) developed a model based on
energy and mass balance of the cvaporator system. The model included semi-empirical equilibrium
functions and was implemented in a sugar plant. Ugrin and Urbicain (1999) presented an algorithm
for the design and simulatior of multi-eflect evaporators, with forward and backward feed. The
mass and enthalpy balances and the heat transfer rate equations posed around each effect were
linearized as suggested by Lambert et al. (1987)," and a new iterative scheme was proposed to
ensure convergence and stability while considering boiling-point rise. Bakker et al. (2006)
demonstrated that the control of the concentrated total solids exiting from a multi-pass, multi effect
falling film evaporator can be enhanced by the use of cascade architecture. ]g addition t_{;
measuring the primary process variable (the final concentrate total solids), & surrogate process\
variable (the total solids after the first pass) was measurcd and used in the cascade strategy. Kayé
and Sarac (2007) developed a mathematical model for multiple-cffect evaporators. These
evaporators had cocurrent, countercurrent and parallel flow operation options. Each :gperation w@é
investigatcd with and without pre-heaters. The effcet of pre-heating on cvaporatiog; process was
investigated from the point of encrgy cconomy. Karimi ct al. (2007) used inferential cascade
control. The control of three-cffect falling-film cvaporator in Isfahan milk powder factory was
discussed. It was shown that by using lincar Kalman filter and process measurements, total solid
concentration of {irst effect product can be significantly estimated. The estimated state was used in
inferentizl cascade control as secondary measurement. The resulls of inferential cascade control -

algorithm were compared with those of conventional feedback control algorithm.

Researchers such as Ray and Singh (2000), Algched and Berntsson (2003), Ray et al. (2004), Ray
and Sharma (2004), Fang and Zhiming (2004), Bhargava et al. (2008a, b), and Khanam and
Mohanty (2010) studied the modclling and simulation of the evaporation plant of a Paper Industry.
Ray and Singh (2000) altempted to design a sextuple effect black liquor evaporator system for
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paper industry and developed a éystem of 12 nonlinear simultanecus equations based on steady
state mass and energy balances, heat transfer rate, equilibrium -relationships and physico-
chemical/physico-thermal preperties of liquor. Algehed and Berntsson (2003) suggested a novel
design for evaporation plant and reported that using this design, live steain demand for evaporation
can be reduced with approximately 70% compared to a conventionally designed evaporation plant.
Ray et al. (2004) compared the performance of split feed sequences, with and without condensate
flash and product flash. As usual the models are based on steady state mass balance, cnthalpy
balance and heat transfer rate equations interlinked with overall heat transfer cocfficient, obtained
from the model given by Gudmundson (1972), and suitable correlations of physico-thermal
propetties of black liquor including BPR values as a function of temperature and concentration. A
programme was developed in FORTRAN-77 language. The numerical techniques used was
Newton Raphson method with Jacobian matrix and method of Gauss elimination with partial
pivoting supplemented with' LU decomposition: with the aid of Hilbert norms. The gains in SE,
reduction in SC and area requirement were quantitatively estimated. The algorithm -developed-is
general in nature and can. be used for any other sequences practiced in Indian mills with the
required modification. Ray and Sharma (2004) extended the above algorithm for mixed feed with
condensate and product flash [or-additional advantages of energy gains and higher steam. economy -
in mixed. feed: sequence.-I'ang and' Zhiming.(2004) presented a.mathematical model based on-a- -
turbulent two-phase flow with- multiple components to investigate the transport processes of black
liquor in a falling film evaporator. Akanksha et al. (2007) studied the problem of gas absorption
into a falling film reactor in the case of an instantaneous reaction. A diffusion—convection—reaction
model was developed taking momentum, mass and heat transfer cffects into. account. The
performance of the model was examined for sulphonation of tridecylbenzene. The resultant
cquations were solved using a finite difference backward implicit scheme, Bhargava et al. (2008 a
& b) developed a nonlinear-moedel for a sextuple effect flat falling film evaporator (SEFEFE)
system employed for concentrating weak black liquor in an Indian Kraft Paper Mill. The model
incorporated different operating strategies such as condensate-, feed- and product-flashing, and
steam- and feed-splitting. The developed made! was used to analyze six different feed flow
sequences including backward s well as mixed flow sequences. For these feed flow sequences the

cffects of variations of input parameters vapor lemperature and feed flow rate on output parameters
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such as steam consumption and stcam cconomy were studicd to find the optimal feed flow
sequence. Khanam and Mohanty (2010) proposed diffcerent enerpy reduction schemes (ERSs) to
reduce the consumption of steam for a multiple eflcct cvaporator (MEE) system. These ERSs were
condensate-, feed- and product-flashing and vapor bleeding. Further a new scheme was proposed
where condensate of vapor chest of an effect was used to preheat the liquer, entering into that

effcct using a counter current heat exchanger.

Scanty literature is available on siatistical modelling of such type of heat and mass transfer
process. Prasad et al. (2002) investigated the influence of data uncertainty on the performances of
concentric counter flow heat exchanger using a method based on two point distribution {TPD). For
the studies, the available deterministic solution [Prasad (1987)] and TPD analysis [Karmeshu and
Laru-Rasano (1987)] were utilized. Expressions were presented for the expected values, variance
and standard deviations due to uncertainties in fluid inlet temperaturcs and igl_]ea‘c transfer

coefficients separalely as well as due to their combined efTect,

&2
b

Although the methods of design and steady state operation of single and multi-effect evaporators’
of various process industry including paper industry, arc well documented in the literature. The
dynamic behavior of two or three effect MEE systems in process industries like sugar, food,:
desalination and paper is studied only by few researchers. [n the bepinning, interestiin developing:
Mathematical models for multiple effect cvaporators was focused on the \'fibssibility of"
incorporating open loop simulations for conventional control purposes. However, in the 1970Fs,
most studies have emphasized the development of stale space models to incorporatc ‘the use of
multivariable controllers and state estimations. First, the steady-state condition, and then the

dynamic behavior of the equipment were analyzed [Newell and Lee (1989)].

In the beginning there was also a combination of empirical models and theoretical derivations.
Johnson (1960) presented several empirical mnodels with the aim of obtaining an adequate
representation of the plant and its control system for a falling film evaporator. On the other hand,
Andersen et al. (1961) described an evaporator through five ordinary differential equations; after a
reduction and linearization, the mathematical modecl was utilized to simulate control with an analog

‘computer. Kropholler and Spikins (1963) described an empirical input-output model of a one-
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effect evaporator and-analyze_d the PID controller tuning. Andre and. Ritter (1968) adequately .
described the open loop dynamic response of a laboratary scale double cffect evaporator by a
* simple mathematical mode! based on the unsteady state material and energy balances associated
with the various.elements of the system. Excellent agreement was achieved between the
experimentally determined response of the cvaparator to large disturbances in stcam rate and fecd
rate and the predicted response based on the digital computer solution of the non lincar model.
Bolmstedt and Jernquist (1976, 1977) developed a computer program to simulate the stcady statc
condition of a multiple effect evaporator and presented a dynamic simulator through blocks that
can be utilized to simulate more complex plants. Bolmstedt (1977) developed a computer program
for simulation of the dynamic behavior of general multiple effect evaporation plants. The computer
program, called DYNELF, consisted of a number of dynamic blocks comi)rising the necessary

differential and algebraic equations for evaporator vessels, flash tanks, heat exchangers, etc.,

DYNEFT was used- in- combination with a. previously presented computer program, called = -

INDUNS, for calculation..of all the necessary initial values. INDUNS perform a design or
evaluation calculation of the desired multiple effect evaporation plant, and transfers the steady-

stale data as well as the flow sheet data to DYNEFF. El-Nashar and Qambhiyeh (1990) developed a

simulation model for predicting the transient behavior of Multi-cffect.stack-type (MLES) distillation - -

plants. Transient  heat: balunce equations were: wrilten for each plant component. in terms- of the
unknown temperatures of each effect. The equations were solved simultaneously to yield the time-
dependent effect of temperature as well as Iperformance ratio and distillate production. Madel was
validated with actual plant operation data obtained from the MES evaporator at Abu Dhabi solar
desalination plant. The results of the simulation progrum were further compared with data taken
during start-up, and agreement was found to be reasonable. Tonclli et al. (1990) presented a
computer package for the simulation of MEE for the concentration of liquid foods and studied the
dynamic response. It was based on a non-linear mathematical mode! and an illustrative case study
for a triple effect evaporator for apple juice concentrate was presented. The response of
disturbances in steam-pressure and feed flow rate obtained by the solutions of the mathematical
model was. in exccllent agreement with the experimentally determined response. Hanbury (1995)
presented a steady-state solution to the performance equations of a Multi-effect distillation (MED)

plant. The simulation was based on a linear decrease in boiling heat transfer coefficient, unequal
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inter effect temperature diffcrences, and equal cffect thermal loads from the second cffect down.
The developed model was successfully used in describing the dynamic behavior of MED systems.
Aly and Marwan (1997) developed a dynamic model for the MEE process to study the transient
behavior of the system. This model allowed the study of system start-up, shutdown, load changes
and troubleshoating in which the plant performance changed significantly. LEach effect in the
process was represented by a number of variables which are related by the energy and material
balance equations for the feed, product and brine flow. These equations were solved
simultancously to predict thc dynamic bchavior of system. The effect of feed flow, feed
temperature, live steam flow changes on plant performance parameters such as temperature, brine
salinity, product flow ratc and brinc lcvel was investigated to test the validity of the medel. Cadet
et al. (1999) proposed a model to be inscrted in a control strategy which included as many real
physical properties as possible. The final aim was to widen the validation domain of the nonlinear ..
control. The dynamic accuracy of the nonlinear mode! was of great importance in the contro] =

performances. Winchester and Marsh (1999) developed and analyzed a model of a falling film &

3

cvaporator with mechanieal vapor recompression for the purpose of examining the coupling and

functional controllability of the three core conirol loops for effect temperature, product dry mass &

fraction and product {low rate. Miranda and Simpson (2005) described a phenomenological, .

Y

statfonary and dynamic model of a multiple effect evaporator for simulation and control purposcs. :
The model included empirical knolwledgc about thermo physical properties that must be i
characterized into a thermodynamic equilibrium. The developed model consisted of differential
and algebraic cquations those were validated using a parameter sensitivity method using industrial
plant data. The simulation results showed a qualitatively acceptable behavior. Svandova et al.
(2006) did the stcady-siate analysis and dynamic simulation of a methyl tertiary-butyl ether
(MTBE} reactive distillation. Thé basic kinctic model of MTBE production was applied for
simulation of the process in a CSTR with total candenser. The steady-state behavior of the system
was studied in tefms of the input parameters, i.e. feed (low rate of methanol, feed flow rate of
hydrocarbons, reflux ratio and heating rate and ratio of hydrocarbons in the feed. The dynamic
behavior of the system during the start-up of the CSTR with total condenser was studied.
Gonzalez-Bustamante ¢t al. (2007) devcloped the models based on the strict fulfillment of

conservation laws-mass, linear momentum, angular momentum and energy and implemented in the
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MATLAB/SIMULINK cnvironment (and its toolboxes and blocksets). Thus, a real integrated
design platform is provided covering process and control techniques. The model developed has
been applied to the analysis of transients in a natural gas line which supplics a boiler at a steam-

electric power plant.

No work presented on the dynamic reéponse of MEE system in paper industry except Stefanov and
Hoo (2003, 2004). Stefanov and Hoo (2003) developed a distributor parameter model (System of
partial differential equations) of black liquor falling film cvaporatar, based on first principles
kn_oyvlpdigp, about the fluid dynamics and heat transfer processes for a falling film lamella type
evapg;réf'él'-. Primarily, the model describes falling film evaporation on one lamella. The model was
solved ulsing orthogonal collocation on finite elements in the presence of scaling and disturbances
in the mass feed rate, feed dry solids content;, and wall temperature. Stefanov and Hoe (2004)
extended a single plate model te develop a fundamental distributed parameter model of a multiple-.
effect falling-film evaporator plant that consisted of one super concentrator and four falling film
evaporators and solved numerically. The model describes the important phenomena of
evaporation, heating, and condensation for different hydrodynamic regimes as well as the pressure
dynamics of the multi-effect evaporator plant. Experimental investigations were performed to
determine the model. dimensions. Stefanov and Hoo (2004) studied the dynamic. respbnses for...
backward feed sequence. The:effect -of boiling:puint rise. was -neglected. and: LSOD: (Livermore:. -
solver for ordinary differential equations, implicit system) solver, included in ODEPACK given by
Hindmarsh (1982) was used for simulation, The ¢xecution time was approximately 14 hona 1.2
GHz Athlon node, which was equivalent to 1 h of real time for the dynamic simulatiqn of plate

type falling film MEE systcm. This technique is complex and mere time consuming,

By the analysis of the above models, it is obscrved that majority of the investigators have followed
the material, cnergy balance equations for developing the mode! of MEE system and obtained the
Steady stale simulation by using different kind of techniques. Some of them also studied the
dynamic behavior of the MEE system by taking the disturbances in the input parameters for

various industries. Normally the main diffcrence among these mathematical models is the heuristic
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knowledge which is incorporated in their development and as wet! as the technique which is used

for simulation.

In. the present investigation an attempt has been made for study of dynamic responses for tubular
type falling film MEE system. The lumped paramcter madel (System of ordinary differential
equations) of sextuple effect falling tilm evaporator system of a paper industry is developed by
using unsteady state energy and material balance equations and Physico-thermal properties of
black liquor including the effect of boiling point rise for backward as well as mixed and split-féed
sequenees. The transient behavior of the system is studied by disturbing the input paramefers like
feed flow rate, foed concentration, feed temperature snd steam temperature, For the steady 'state

and dynamic simulation ‘fsolve’ and ‘odc45’ solver in MATLAB source code “dre used

respectively.

3.3 Physico-Thermal/Chemica) Propertics of Black Liquor and Water

To formulate material and energy balance cquation in each body of multiple effect evaporator
system, expressions of physical propertics of black liquor are needed. These physico-chemical
propertics are the explicit function of concentration of both the organic and inorganic constituents
of black liquor and temperaturc as well. These propertics change with the variation of the
temperature and pressure from first 1o last cffect and also from bottom to the top of*éach effect of
multiple effect evaporator system. The important physico-chemieal/ physico-thermal propetties of
black liquor are: Density {p), specific heat (C;), Boiling Point Rise (BPR), lLatent heat of
vaporization etc. The relationships for some of the important properties are discussed below and

the expressions used in the present study are presented in Table 3.2.

3.3.1 Density of black liquor (p)

Density of black liquor varics with, solid concentration, temperature and ratio of organic Lo
inorganic constituents and type of raw material. High temperature and low inorganic matter
decrease the density values. However, the effect of temperature on density of black 1iE1uor is

usually neglected when compared to the effect of changes in solid conent.
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Regestad (1951} presented following useful cxpression relating the density of black liquor to solid

contents.

p=1007+60X-0495T (3.1)

where X = total solids (%), and T = temperature in °K

Veeramani and Koorse (1975) calculated experimentally the density or specific gravity of black
liquors obtained from pulping of fibrous raw materials such as bamboo, bagasse, salai, eucalyptus
and mixed hardwoods at 70°C, using commercial samples and the results were presented in graphs

with concentration as a parameter.

Another empirical equation given by Gullichsen and Fogelholm (2000) for estimation of density is

as follows
Pas = 997 + 649 X | (3.2)
Pas is liquor density at 25°C in kg/m’.

For estimation of density at any temperature the following correlation was given hy Gullichsen and

Fogelholm (2000)
Pr/ pes= 1.008 — 0.237 (1 /1000) — 1.94(171000)* (3.3)

Ray and Singh (2000} & Ray and Sharma (2004) reported Lhe following expression for the density
of black liquor '

p = 1007-0.495 T+0.6 X (4

where T is black liquor temperature, °C, X is solid concentration and ‘p’ is density of black liquor

in kg/m?

75



3.3.2 Specific heat of black liquor (C;)

Organic and inorganic constituenis of black liguor tend to decrease specific heat. Specific heat of
black liquor, C,, is a function of solid content and temperature. Specific heat of black liquor

decreases with increase in solid content as well as increase in temperature.

Gullichsen and Fogetholm (2000) used the following relationship to estimate specific heat of black

liquor
Cp=4.216(1-X) + {1.675+ (3.31T)/1000} X + (4.87-20T/1000) (1-X) X (3.5)

Ray and Singh (2000) & Ray and Sharma (2004) rcported the following empirical equation for

specific heat of wood based black liquor as 2 function of the above parameters.

C,= 4190 [1.0-3.234{X/ (1.8T + 32)}] (3.6)
where C, is black liquor specific heat in kl/kg’C

X the dry solids concentration, T is the temperature of the black liquor, °c.

3.3.3 Speeific heat of water (Cpw)

Based on the data reported by Perry ct al. (1963) the correlation of specific heat of water with

temperature is expressed as follows.

This is valid for temperature ranging from 273 °K to 383 °K.

Cew=4211.2-2,1036(T) + 0.0035706 (T%) — 0.0016983(T*) + 0.35052 x 10°%(T™ (3.7
where Cpwis in kl/kg °C.

3.3.4 Boiling peint rise (BPR)

To calculate the effective temperature difference in each stage of multiple effect evaporators,
boiling point rise (BPR) plays an important role. The boiling point rise is the difference between

the boiling temperaturc of black liquor and that of pure water at the same pressure. Boiling point
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rise is smaller at lower concentration and increase with increase in solid content. In fact, it is a
strong function of solids content of black liquor while it is a very weak function of pressure and
hence temperature. An increase of 1° C in saturation temperature due to increase in saturation

pressure results in about 0.6 % rise in boiling point rise.

Hultin (1968) reported the boiling point rise as a function of solid content (TS) as follows:
BPR =K [(18) {100- (TS)}] | (3.8)
where K is a constant,

Another relation to estimate boiling point rise of the black liquor is given by Gullichsen and
Fogelholm (2000)

BPR = {6.173 X -7.48 X% + 32.747 X3* {1+ 0.6(T1-3.7316)/100} (3.9)

Ra’yl and Singh (2000) and Ray and Sharma (2004) reported the following empirical equation for
BPR of the black liquor is

BPR =414 (X-1)
X= Solid-concentration,
Tl= Temperature of black liquor at specified pressure, in °C

3.3.5 Latent heat of vaporization of water (3)

Latent heat is the heat released or absorbed by a chemical substance or a thermodynamic system
during a change of phase that occurs without a change in temperature. For striking enthalpy
balance around different effects of cvaporator, the temperature dependence of latent heat of
vaporization, saturation pressure of water, enthalpy of saturaled waler, and enthalpy of satwrated

steam are required.

Perry ct al. (1984) is suggested the following relation for the latent heat of vaporization
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). =72519.5- 2,653 (T)
where T is in °C and 2. in kl/kg
Ray (1995) propaosced the following equation for latent heat of vaporization
A =60347.4—-169.558(T) + 0.858193 (T%) - 0.00211784 (T%) + 0.00000176 (T
where T is in °K and X in ki/kg molc
3.3.6 Enthalpy of saturated watcr (hl)
Enthalpy of saturated water given by Perry et al. (1984) is
hl=aT+f
where = 4.1832 and 8 =0.127011 and T is in “K, and enthalpy in kl/kg
3.3.7 Enthalpy of saturated steam/ vapor (hv)
The enthalpy of saturated steam proposed by Perry ct al. (1984 is as follows
hv=yT+56

where v =1.75228 and 5 =2503.35 and T is in °K and cnthalpy in kl/kg
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Table 3.2 Physico-thermal properties of black liquor, saturated steam and condensate

S. | Properties Equations Function Reference

No. ) Parameters

I. | Boiling Point | BPR = {6.173 X -7.48 X + X = Solid Gullichsen
Rige 32.747 XAy {1+ 0.6(Tv- Concentration and

3.7316)/100} Fogelholm

2. | Black Liquor | p=(997+ 649 X) {1.008 -0.237 | Tv=Steam (2000}
Density, (T1/1000) — 1.94(T1/1000)*} | Temperature, "C
Kg/m?

3. | SpecifieHeat | Cp=4.216(1-X)+
Capacity, {1.675+(3.31TIV1000 } *X Tl = Black Liquor
k)/kg.°C, + (4.87-20T1/1000) (1-X) X* Temp. in °C,

4, Enthalpy of hl=a T B, T = Temperature of Perry et
saturated Where o —=4.1832 water, 'K al. (1984)
water and B =0.127011,

5. | Enthalpy of | hv=yT+38, T = Temperature of
saturated Where y = 1.75228 steam, "K
stcam and 5 = 2503.35,

6. | LatentHeatof | A =2519.5-2.653 T T = Temperature of

Vaporization,
kJ/kg

steam, °C
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3.4 Modelling and Simulation of MEE System

3.4.1 System description

The Multiple Effect Evaporators (MEE) systcm sclected for present investigation is a sextuple
cffect falling film evaporator (SEFFE) system that is being operated in a nearby Indian Kraft Paper
Mill for concentrating weak black liquor. The schematic diagram of a backward feed SEFTE

system is shown in Figure 3.2.

W =Wle-Wil, Wy =Wl,-Wl, Wi=Wla-Wls Wi=Wly-Wiy W= W W WgsF-wi,
/l:k'— | I e 11—
W,
Steam 1 . N __"
i!’ Coﬁdén
2 Wi b — wi 2 ?
Wi wi wi
+— — — — «— «— PLENS
Preduct . Feed
4 ¥ v ] v v
cl Cl c! Cl. C5 Ca

Figure 3.2 Schematic dingram of multiple effect evaporator

Each effect accommodates threc streams, namcly tubc-side heating stream, vapor produced
through the evaporation process, as well as the liquor low from onc effect to another, Each stream
is defined by a number of independent variables like flow rale, temperature and solid contents. The
streams are also defined by some dependent variables such as pressure and enthalpy. A typical
representation of the model variables for i™ effect is shown in the Figure 3.3. These conventions

are followed throughout the wark.
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Steam input ‘ Vapor penerated
WVi-l, h\','_|, T\'i.1 1 " in, TVi, hVi

Black liquor input

| Wlm. X{H, Tl:“r]a
" bl piny

Evaporator

W—Mass flow rate, kg/s

X— Solid content, %

: — p-+Density of black
Black liquor ouiput liquor, kg/m’

Wi, X Tl bl T—sTemperature in, °C

h—Enthalpy, kl/kg

Subscripts

i—Effect number

I—-liquor
Condensate . c—Condensate,
Wiy, heyy v—Vapor

Figure 3.3 Block diagram with variables used for the i™ effect

3.5. Development of Mathematical Modecl

In the present investigation the lumped parameter type (systcm of ordinary differential equations)
mathematical model of sextuple effect (tubular falling film with liquor flow inside the tube) falling
film evaporator system of a paper industry is developed based on the work proposed by Aly and
Marwan (1997) by using unstcady state cncrgy and material balance equations and
physico/chemical propetties of black liquor for backward feed sequence. The material and energy
flow for i effect is shown in the Figure 3.3. Model equations are developed for i* effect by using
material and energy balance equations. The equations stating the physico/chemical properties of
the black liquor are presented in Table 3.2. The following assumptions are made for the

development of the model.

» Vapor generated by the process of concentration of black liquor is saturated.
» [Energy and mass accumulation in the vapor lump is very small as compared to the enthalpy

of the steam and can be neglected.
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Model is extended by considering boiling point rise (BPR) with increasing concentration of
solution. After the devclopment of the model for backward feed, the model also developed for

mixed as well as split feed sequences.

3.5.1. Mathematical modelling for sextuple effect evaporalors using backward feed sequence

The flow diagram of liquor, stream and condensate for the backward feed is shown in the Figure
3.4. In the backward feed sequence, feed is introduced to the [ast effect and partly concentrated
liquor flows to the fifth, fourth, third, second and then to the first effect from which the
concentrated liquor is withdrawn. Saturated steam is fed to the shell of the first effect, and vapor
generated thercin flows to the shell of second effect and acts as the heating medium there. The
vapor generated in the sccond effect supplies heat for boiling the liquor in the third effect. In this
. manner steam generated in cach effect is supplicd to the next effect. The steam generated in the

last effeet is condensed by the condenscr.

Wv=Wh-W1l, Wv=WhL-W], Wy=W,-Wl; Wi, =Wl-Wly Wvo=Wi-Wls Wy, =Wlg- W,

Ll

Steam (W)
__b_

A

k2

h 4

s

L 4
AN
v

Wi, Wh | Wl Wi Wi

¥
C, Product C, C, Cs C, Ic.

L’ Condcnser

Feed (F)

~ Figure 3.4 Flow diagram of Sextuple backward feed evaporator (—6—5—4—3-2-1)
Material balance for liquor in the i effect:

diM]i(t)f-Wlm S WI, - Wy, (3.14)
1
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Where Ml is mass in Kg
Energy balance for liquor in the i effect:
d

— (ML () *hl; )= Wi,
(ML) * b, ) = Wi

i+]

hl;,, = WLkl — Wv;hv, + Wy by, - Wy, he (3.15)

and Wy, = _Q
hv, ~he,,

Q is the rate of heat transfer and also  Q=U A (Tv,, -Tv, -BPR,)
Where U is the overall heat transfer coefficient (OHTC), k)/sec.m?°C
A is the shell area, m?

Material balance {or solids in i effect;

LML (0% X, (0)= Wh X,y - WIX,

The vapor and liquor in i® cffect are in cquilibrium and the relation for the. liquor and .vapaor: .-

(3.16)

temperature defined in terms of boiling point risc (BPR) is as follows:
Tl; = Tv, + BPR | (3.17
where boiling point risc (BPR) is a function of temperature and solid concentration

Differentiating equation (3.17) with respeet to time we get.

Gy oL 2 2 Y2 3,08
= L0 [dtT\g,i(t)){1+(aTVBPRiJ}+[aXBlRi](at)(i(t)] (3.18)
Now MI; can be written as:

Ml = AL p, (3.19)

where p; is the density of the liquor for ™ effect, which is the function of temperaturc and solid
concentration, A is the shell area of the evaporator and L; is the liquor level for i" effect.

Differentiating cquation (3.19) with respect to time

d d d '
—ML . {t) = AL .(t)| — +Ap. | —L;(t 3.20
Since p; is a function of temperature Tl and concentration X, this equation reduces into equation

(3.21} by substituting of %T 1. (t)irom equation (3.18) and rearranging he terms.
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d d d g d
S MLO _Ap,(dTL,i(t))+AL [t)[—lp J{l + = BPR }(ETV,@]

(3.21)
8 d 0 d
AL . —p. I —BPR . — X (t

. m{[atpl][ax R .]+[BX p, ]}[d[ . ))
Comparing the resuitant differential equation (3.21) with equation (3.14) we get
Cl= cz[d L{t)]+C3[d Tv (t)]+c4(ix (t)]

dt dt ' (3.22)
whetre

= W1, - Wl - Wy,

C2 = Ap,

sl - ()
oo e ) )

Enthalpy is a function of tempcrature. Differentiating ME(C)Y*hI{t) with respect to time and. .

substituting %TIi (t){rom equation (3.18) and -(%Ml.(t) from the equation (3.21)
t

d d d o
(E-Mli(t))hl, + Ml i(t)(at—hll] = Apih]i[-d—L 0 ] + ALi(t}[l + oy BPR i]

ol ) (o o3 of )
e e RERY RN

(3.23)
Comparing the resultant differential equation (3.23) with equation (3.15) we get
C5= Cﬁ[i I, (t)}rC?(E Tv, (t))+C3[iX ; (1)]
at dt \dt (3.24)
where
C5=WIL,hl,, —~WLhl =Wy hy, + Wy, hv, - Wv_hc,
C6 = Ap;hl,
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7 a 5}
3 7, 7, g % g
C8=AL, (t)pi{(ﬁ hl ](ax BPE, J (—aih[i J}+ALE (Ohl, {[BII J(ax BPR, J ( = )}

Finally differentiating MIL;(t)*X;(t) with respect to time and substituting the value of %Mi(t) from

cquatioﬁ (3.21) and rearranging the equation and representing it in the form of coefficients .

CE‘:P:CIO(;i L. (t)]+ C]l[(i Tv. (t))JrCIE( d X. (t)] (3.25)
where

Co=Wl X, - WLX,

CIC = Ap;X,

CH = AL X, [;l P, J{H{%Bmi)}
CI2=AL, [pi +X, {(% P Iix BPR‘)*(%"‘ JH

Thus the equations.(3.22), (3.24) and (3.25) form a set of differential equations representing the
liquor flow inside the evaporator and the. salid content of the liquor for the i effect. These final- .
equations, represents the dynamics of multi-effect evaporators, derived from basic energy and
mass balance equations and using various terms related to physical properties of black liquor,
water and steam like density and specific heat of the liquor, boiling point rise (BPR), enthalpy of
water and saturated steam. Further equations are applied to all the six effects fori=1,2, 3,4, 5
and 6.

3.5.2. Mathematical modelling for sextuple cflcet evaporators using mixed feed sequence

"

The flow diagram for mixed feed (6+<—5 4—3—2—1) is shown in Figure 3.5. In this case the feed
is given to 5™ effect and the thick liquor from 5% goes into 6" and from 6™ into 4" up to the first

effect. To obtain the model equations for the mixed feed few changes are requited in the feeding
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variables of the model developed for backward feed. The material balance as well as cnergy

balance is changed for the 4™, 5™ and 6™ in terms of feeding variables.

Material and energy balance for liquor in the i effect for i = 1, 2 and 3 can be represented by

equations (3.22), (3.24) and (3.25).

Since in the mixed feed sequence the feed is given to [ifth effect and then thick liquor move from

5™ to 6% and from 6% to 4% effect thus the material balance equations for i =4, 5 and 6 are given by

Fori=4 %Ml4(t)=ng—Wl4—Wv4 ‘ (3.26a)
Fori=>5 %Mhmﬂ_wh — W, (3.26b)
Fori=6 th-Mlﬁ(t) = Wi;— Wl - Wy, (3.26¢)
Wy =WL-W1, Wv=WhL-W] Wip=WI,-Wl, Wy =Wl-Wl, Wvs=lp-Wls Wy =Wl-W,
Steam (Wwg) | ’
] Z . < L‘
< wl; é &
ot
W1, wl; Wi,
' l
Wla
L 4 Feed (F)
G Product C, C, C, C, C,
—|—> Condenser

. . . I v
Figure 3.5 Flow diagram of Sextuple mixed feed evaporator (6«5 43 -2—1)

Similar changes are applied to obtain, cnergy and solid balance for i = 4, 5 and 6. Finally, for
mixed feed, the changed expressions of the cacfficicnts C), Cs and Co are obtained for i =4, 5 and.

6 as follows

Fori=4 Cl=WI, -WI, —Wv,,
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C5=WLhl, - WI,hl, = Wv,hv, + Wv,hv, - Wv;he,
C9 = WI X, - WX,
Fori=5 Cl=F-WI, - Wv,,
C5=Fhi; - WLhl, —Wv,hv, +-‘\’Vv,,lw4 -Wv4hc4’
C9 =FX, - WLX,
Fori=6 Cl=WI, - WI, - Wv,,
C5=WLhl; ~Wihl, —Wv,hv, + Wy;hv, -sthcﬁ,
C9 = WILX, - WIX,
"The remaining ceoefficients from C2, C3, C4, C6, C7, C8, C10, CI1 and C12 are same as backward feed

sequence fori=11to 6.
3.5.3. Mathematical modelling for sextuple eifect evaporators using split feed sequence

The flow diagram for split feed is shown in the Figure 3.6. In this case of split feed the feed is
equally given to 5% and 6™ effects and the thick liquor from bath 5™ and 6™ effect moves into 4™
effect and from 4™ to 3™ effect and so on up to the first effect. To obtain the model.equations for
‘the split feed few changes are required. in: the feeding variables in the model developed for
backward feed. For the split feed the malerial, energy and solid balance equations are changed for-

the 4™ 5 and 6™ effect in terms of feeding variables.

Materiai and engrgy balance for liquor in the i" effect for i = 1, 2 and 3 can be represented by
equations (3.22), (3.24) and (3.25). Since in the split feed sequence the feed is divided equally to
fifth and sixth effect and then thick fiquor move from 5 and 6® together into 4™ and from 4" to 3

up to the first effect, thus the material balance equations for i =4, 5 and 6 are given by

d

Fori=4 EM|4(I)=W15+W1E"WI4—WV4 (3.27a)
Fori=5 i,y =E - wi, - wy (3.27b)
d 2 ? ’
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Fori=6 ditM]"m:g‘w“ Wy, (3.27¢)

W\'FW l;—Wl. WV‘!:W]J'WI; ‘\IVV3=‘WI4' WIJ Wy=Wl, + Wlﬁ'W|l WV5=F 2 -Wls W\Tﬁ:—"FfQ'W]s

—™
Steam (W) I
__..— -

< I

k4
k

4
b

< <
- "
WL, wl, Wi, )
F'y [ 3 h L
Wi
F/2 F/2
Y ¥
Cl Product Cz C: Cq : Cs Cﬁ
—LD Condenser L Fecd (F) —
— 5 3
Figure 3.6 Flow diagram of Scxtuple Split feed evaporator 4—3-2--1
—0

Similar changes are applied to obtain, encrgy and solid balance for i = 4, 5 and 6. Finally, for split .
feed, the changed expressions of the coefficients C;, Cs and Co are obtained for i = 4, 5 and 6 as.:

follows

Fori=4 Cl=Wj,+Wl, -Wl, -Wv,,
C5=WLhl; + Wihl, - WL hl, - Wy hv, + Wy hv, - Wy;he,
C9 = WX, + WIX, -~ WX,

Fori=5 CI =§—w15 Wy,

C5=ghIF WL — Wy, hv, + Wv,hy, - Wy;he,

C9=§XF—W]5XS

Fori=6 Cl=§—Wlb - Wy,
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F
(35=-5h1F - WLhl, —~Wv,hv, + Wv,hv, - Wv,he, -

9= gxr ~WILX,

The remaining coefficients firom C2, C3, C4, C6, C7, CR&, CI10, CI{ and C12 arc same as backward feed

sequence fori=1to 6.

J.6. Simulation Studies

To study the dynamic response of any chemical process initial values of the proccss variables are
needed, For this purpose, steady state solution of that system is obtained first. Data for simulation
purpose is taken from literature. The range of aperating parameters are taken according to Gupta
(2001) as shown in Table 3.3 and duly modified according to mill coriditions. For the cla]culation of
the rate of heat transfer an overall heat transfer coefficient (OHTC) is required. For falling filn
evaporator, the range of overall heat transfer cocfficient (OHTC) is given by various researchers.
Typical values of overall heat transfer coefficients between 500-2500 k Cal/h m? °C is suggested by
Dutla (ZOOS)I for the general evaporators, Algehed and Berntsson (2003) suggested the values of
OHTC nearly 1300 W/m? °C for black liquer evaporation. Gullichsen and T ogelholm (2000) gave
the range of OHTC between 500-2000 W/m” °C for all six effects of a sextuple evaporator system to
raising the concentration- of black liquor from '10% ta 50%. Afierdiscussion with few Indian paber -
mills, values of OHTC are taken in the range of 1000-1200 k Cal/hm® °C for the present study and

the values for each effect are presented in Table 3.3

Table 3.3 Range of operational parameters [Gupta (2001)]

8. No. | Opcrational Paramcter Paramcter’s Range | Values
1. Liquor feed flow rate, kgisec 18.00-25.00 23.98
2. Liquor feed Temperature, “C 70.00-90.00 30.00
3. Liquor fced concentration 0.10-0.52 0.10
4, Steam Temperature, "C 135-140 139
5. Last body saturation, 'C 48-52 49
6. | Liquor product concentration 0.48-0.52 0.50
7. Heat transfer Cocfficicnts 1000-1200 1000 (1), 1050 (3i), 1100 (iii),
(k Cal/hm*"C) : ' | 1150 (iv), 1175 (v), 1200 (vi)

89



3.6.1 Solution technique

A number of engineering problems can be formulated into differential equations, The analytical
methods of solving differential equations are applicable only to a limited class of equations. Quite
often differential equations appearing in physical problems do not belong to any of these familiar
types and one is obliged to resort to numerical methods. These methods are of even greater

importance when we realize that computing machines are now rcadily available which reduce

numerical work considerably.

The multiple effect evaporator arrangements are quite cumbersome to perform calculations for. To
ease the workload a developed computer based methods to perform the calculations is used. Thus
for the solution of models in steady state conditions, “fsolve’ solver in MATLAR is used, which is
an equation solver used to solve nonlincar equations by the least squares method. Fo‘rl the solution
of unsteady state model ‘ode45’ solver in MATLAB is used, which solves initial value problems
for ordinary differential equations (ODEs). Ode45 is based on an cxplicit Runge-Kutta (4, 5)
formula, the Dormand-Prince pair. It is a one-step solver - in computing y (tn), it needs only the

solution at the immediately preceding time point, y (tn-1).
3.6.2 Steady state simulation

Steady statec model of the MEE system for backward feed is obtained by equating the accumulation -
terms in the cquations (3.22), (3.24) and (3.25) to zero ice. C, =10, Cs=0 and Co = 0. After
substituting the expressions of enthalpies, boiling point clevation and liquor density etc. and hcat
transfer rate, 12 nonlinear equations in 12 unknowns arc obtained similar to the previous work
carried out by Gupta (2001). Similarly the systems of 12 nonlinear equations with 12 unknowns
arc obtained for mixed and split feed also by using the modified values of Cy, Cs and Cy as
discussed in sections 3.4.3.2 and 3.4.3.3, For obtaining the steady state solution of the sextuple

effect evaporator system there is a need to solve the system of nonlinear simultaneous equations.

The steady state sofution is presented in Table 3.4, Table 3.5 and Table 3.6 for backward, mixed
and split feed sequences respectively. The input valucs are shown in bold face in the respective

Table. The required steam, heat transfer area and Steam economy (SE) is calculated and also
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presented in aforesaid Tables. SE is the ratio of total water evaporated in MEE system with fresh

steam consumption.

Table 3.4 Steady state solution of sextuple effect evaporator for backward feed

(—6—5—-4—3-2-1)
Effects

Items I I [1I v v VI
Input Liquor Concentration (kg/kg) 0.2849 0.2033 0.1608 | 0.1352 | 0.1184 0.1
Output Liquor Concentration (kg/kg) 0.5 0.2849 0.2033 | 0.1608 | 0.1352 0.1184
Input Liquor Flow (kg/Sec) 8.417 11.7976 | 14.9092 | 17.7402 | 20.2613 23.98
Output Liquor Flow (kg/Sec) 4,796 8.417 11.7976 | 14.9092 | 17.7402 | 20.2613
Input Liquor Temperature (°C) 99,1216 | 83.0459 | 70.555 | 60.0491 | 50.125 80
Output Liquor Temperature (°C) 125.0388 | 99,1216 | 83.0459 | 70.555 | 60.0491 | 50.125
Input Steam Temperature (°C) 139 110.8637 | 94.065 | 80.2413 | 68.6686 | 58.6385
Output Steam Temperature (°C) 110.8637 | 94.065 | 80.2413 | 68.0686 | 58.6385 49.
Input Steam Flow (kg/Sec) 3.9076 3.621 3.3806 | 3.1116 2.831 2.5211
Output Steam Flow (kg/Sec) 3.621 3.3806 | 3.1116 2,831 2.5211 3.7187
Boiling Point Rise (°C) 14.1751 5.0566 | 2.8046 | 1.8864 1.4106 1.125
Specific Heat (kJ/kg.’C) 3.3005 | 3.6333 | 3.7769 | 3.8569 | 3.9072 | 3.9406
Heat Transfer Area (m%) 600.5748
Stream Consumption (kp/Sec) 3.9076
Total Evaporation (kg/Sec) 19.184
Steam Economy 4.9094

3.6.3 Model validation

[FFor the validation of model solution is compared with solutions provided by earlier workers.
Researchers have used different input data for obtaining the solution. Input data used in the present
work is same as used by Gupta (2001). The steady state results obtained are in good agreement
with the results presented by Gupta (2001) for backward feed. Data given by earlier researchers
such as [Ray and Singh (2000), Ray and Sharma (2004) and Ray et al. (2004)] is also used for the
steady state solution of the model for backward, mixed and split feed sequence. The results

obtained show the good agreement with the results of above researchers.
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Table 3.5 Steady state solution of sextuple effect evaporator for mixed feed

R

4= 3 —» 2 —» 1

645

Effects
Items H 11 HI v v VI
Input Liquor Concentration (kg/kg) 0.2883 0.2067 | 0.1639 | 0.1401] 0.1 0.1157 i
Qutput Liquor Concentration (kp/kg) 0.5 0.2883 | 0.2067 | 0.163% | 0.1157 0.1401
Input Liquor Flow (kg/Sec) 8.3173 11.6031 | 14,627 | 17.1105 | 23.98 20.73
Output Liquor Flow (kg/Scc) 4,796 83173 | 11 6031 | 14.627 20.73 17.1105
Input Liquor Temperature (°C) 99.4662 | 83.4384 | 71.0077 | 50.419 80 61,3928
Qutput Liquor Temperature (°C) 125.2157 | 99.4662 | 83.4384 | 71.0077 | 61.3928 | 50.419
[nput Steam Temperature {°C) | 139 111.0319 | 94.3051 | 80.5579 | 60.0649 |+60.2439
Qutput Steam Temperature (°C) 111,0319 | 943051 | 80,5579 | 69.0649 | 60.2439 | 49 |
Input Steam Flow (kg/Sec) 3.8028 3.5213 3.2858 | 3.0239 | 2.4835 3.25
Output Steam Flow (kg/Sec) 3.5213 3.2858 | 3.0239 | 2.4835 3.25 3.6195
Boiling Point Rise (°C} 14.1838 | 5.1611 2.8805 | 1.0428 | 1.1489 1.419
Specific Heat (k1/kg.°C) 3.3006 3.6275 | 1.7704 | 3.8507 | 3.9506 3.8024
Heat Transfer Arca (m®) 591.9614
Stream Consumption (kg/Scc) 3.8028
Total Evaporation (kg/Sec) 19.184
Steam Economy 5.0447
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Table 3.6 Steady state solution of sextuplc effcct evaporator for split feed

7 5)4——» 3—»2—p1
—*56
Effects
Items | I I v v VI
Input Liguer Concentration (kg/kg) 02864 | 02045 | 01617 | 0.1377 0.1 0.1
Ei{;im; Liquor Concentration (kg/'kg) 0.5 02864 | 0.2045 | 0.1617 | 0.1330 0.1427
Input Liquor Flow (kg/sec) 8.3720 11,7261 | 14.82903 | 174203 | 11.99 11.99
Output Liquor Flow (kg/sec) 4.79% 8.3726 | 11.7261 | 14.8293 | 9.0157 | 8.4046
Input Liquor Temperature (°C) 101.4446 | 36.2425 | 74.4873 | 59.2380 80 80 |
Output Liquor Temperature (°C) 126.3474 | 101.4446 | 86.2425 | 74.4873 | 65.2961 | 53.18
Input Steam Temperature (°C) 139 | 112.1079 | 96.2997 | 83.3752 | 72.5542 | 61.3498
Output Steam Temperature (°C) 112.1079 | 96.2997 | 83.3752 | 72.5542 | 61.3498: 49
Input Steam Flow (kg/sec) 3.8492 | 3,5766 | 3.3535 | 3.1032 | 2.591 2.9743
Output Steam Flow {kgfsec) 3.5766 | 3.3535 | 3.1032 | 2.591 | 2.9743 | 3.5854 |
Boiling Point Rise (°C) 142395 | 51449 | 2.83673 [ 1.9331 [ 3.0463 4.18
“Specific Heat (kVkg.°C) 3301 | 3.632 | 37761 | 3.857 | 3.646) | 3.6044
| Heat Transfer Area (m?) 652.775
Sircam Consumption (kg/sec) 3.8492
Total Evaporation (kg/sec) 19.184
Steam Economy 4.9839

3.7 Model Application

Study of the effcct of various input parameters on performance of various feeding scquences is
also studicd by varying the range of input parameters. Optimal feed sequence is obtained by

comparing the steam economy of all three feed sequences.

The dynamic responses due to disturbances by step input in various input parameters are also
studied. Responses in the face of disturbances are shown by graphical representation with respect

to time. The responses are studied by the step input of £10% in the various input parameters.
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3.8 Parametric Effcct on the Performance of Various Feeding Sequences

The results obtained from the solution of the models are plotted in graphs and parametric
influences are interpreted. Effect of various input parameters on output parameters of MEE system
can be measured by different characteristic like stcam consumption (SC), steam economy (SE),
and area requirement (A). In the present work to study the performance the MEE system, the effect
of various input parameters on stcam economy (SE) is described and shown from Figure 3.7 to’

Figure 3.12. Finally the optimal feed sequence is obtained.

3.8.1 Effect of feed temperature on steam cconomy

Figure 3.7 shows the effect of feed temperature on steam cconomy (SE) for backward, mixed and
split feed respectively. With the risc of feed temperature from 70 to 90°C, the SE increases linearly
for all the feed sequences. This is due to the fact that the increase in the feed temperature leads to
an increase in the feed enthalpy. From the Figure 3.7 it is clear that the mixed feed si;qucnce is

optimal for the entire range of feed temperature considered for the present study.
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Figure 3.7 Effect of feed temperature on steam economy
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3.8.2 Effect of steam temperature on steam economy

Figure 3.8 shows the effect of steam temperature on SE for backward, mixed and split feed
respectively. With the rise of steam temperature from 130 to 140°C, the SE decreases for all the
feed sequences. This is due to the decrease in latent heat of the steam with increase in steam

temperature. From the Figure 3.8 it is clear that the mixed feed is the optimal sequence.
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Figure 3.8 Effect of steam temperature on steam cconomy

'3.8.3 Effect of feed {low ratc on steam cconomy

Figure 3.9 shows the effect of feed flow rate on steam economy (SE) for all three sequences. With
varying the feed flow rate from 18 to 25 kg/s, there is no noticeable change in the SE for all the

sequences. It is clear from the Figure 3.9 that the mixed feed is optimal sequence.

3.8.4 Effect of feed concentration on stcam ¢cconomy

Figure 3.10 shows that the effect of varying feed concentration from 0.10 to 0.18 on steam
economy (SE) for all three sequences. With the risc of feed concentration the SE decreases with
increase in feed concentration for all the feed sequences. Mixed feed remains optimal for the
entire range of feed concentration. The similar trend is reported by carlier workers [Gupta (2001),

Ray and Singh (2000)].
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3.8.5 Effect of product concentration on steam c¢onorny

Figure 3.11 shows the effect of varying product target (i.c. cutput of the first effect) concentration
on stcam economy (SE) for all three sequences. Figure 3.11 shows that the SE increases with
increase in target product concentration for all the feed sequences. The mixed feed sequence is
found optimal for the entire range of feed flow rate. This is duc to larger amount of water
evaporated. But at the same time increase in target concentration may pose other problem like flow

af liquor which is not considered in the present study.
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Figure 3.11 Effect of product concentration on stcam economy
3.8.6 Effect of Iast body temperature on steam economy

Figure 3.12 shows the effect of varying last body (i.e. output of the first effect) temperature on
steam economy (SE) for all three sequences. It is clear from the Figure 3.12 that last body
temperature does not have much effect on SE. For all the scquences slight but insignificant change
is observed in SE when changing the last body temperature. This may be due to the fact that

overall effect of last body temperature on the At of each effect is very small.
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Figure 3.12 Effcct of last body temperature on steam cconomy
3.9 Dynamic Simulation

For the dynamic simulation first order nonlincar differential equations (3.22), (3.24) and (3.25) are
solved simultancously for all the six effects representing backward feed and modified form of
these equations for mixed and split feed. The initial conditions for the system variables at time =0
are the values obtained from steady-state solution of the system. The simultaneous solution of such -
types of nonlinear ordinary differential cquations is extremely intricate in nature, even by using

sophisticated numerical techniques.
3.10 Dynamic Response of MEE System for Yarious Feed Sequences

The dynamic response on system variables of MEE is studied by creating four types of
disturbances namely (i) in feed flow rate, (ii) in fecd concentration, (iii) in live steam temperature
and (iv) in fecd temperature as step input function. System variables selected were (i) Temperature
of each effect and (ii) Output concentration of cach cffeet. The disturbance is taken as a step input
of £10%. Responses to the disturbance for the last (6™ and first (1%) effects are presented from the
Figure 3.13 to Figure 3.20 for backward feed, Figure 3.21 to Tigure 3.28 for mixed feed and Figure
3.29 to Figure 3.36 for split feed. These graphs are plotted with respect to time to show how the
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variables approach to the new steady state conditions. For the estimation of time for achieving new
steady state conditions, times constant (z) is also calculated and shown in each plot and also

presented in Table 3.7, Table 3.8 and Table 3.9 for backward, mixed and split feed respectively.
3.10.1 Time coustant (r)

In physics and engineering, the time constant, usually denoted by the Greek letter t (tau), is the rise
time characterizing the response to a time-varying input of a first-order, linear time-invariant (LTI)
system. Physically, the constant represents the time it takes the system's step response to reach 1-
/e = 63.2% ol its final (asymptotic) value. In the time domain, the usual choice to explore the time
response is through the step response to a step input, or the impulse response to a Dirac delta
function input. Time constants are a feature of the lumped system analysis (lumped capacity
analysis method) for thermal systems, used when objects cool or warm uniformly under the

influcnce of convective cooling or warming.

3.10.2 Dynamic response of sextuple effect evaporator for the backward feed

The MEE system is in backward feed (—6—5—4—3—2—1); hence the input liquor enters the
cvaporator system from the 6™ effect and then thick liquer from 6" effect t¢ 5" and from 5™ to 4™
and up to the first effect. Dynamic responses duc £10% step input in last (connected with

condenser i.e. 6™) and first effect (connected with live steam i.e. 1™) in cach case of backward feed

are given as follows.

Table 3.7 Time constant for dynamic response due to 10% step input change in various input

variables for bacloward feed sequence

Input Variables Time Constant () in Second
6™ (Last Effect) 1* (First Effect)
Temperature | Concentration | Temperature | Coneentration
Feed Flow Rate -10%% 264 2880 330 20760
+16% 262 2640 324 17340
Feed Concentration -10% | © 266 3390 312 19440
' +10% 260 3408 312 19860
Steam Temperature -lG% 265 4380 337 20100
+10% 264 4440 332 19800
Feed liquor -10% 25% 3240 336 19890
Temperature +10% 264 3300 329 19960
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3.10.2.1 Effect of varying feed flow rate

For the variation in the feed parameters the disturbance is applied in the last effect. The effect of
+10% step input in feed flow rate on the temperature and concentration of last (6™) and first (1%)
effects are shown in the Figure 3.13 to Figure 3.14 respectively. The temperature “and
concentration of both the effects show an increase or decrease with decrease or increase in the feed
flow rate. It is obvious as fresh sieam supply rate is constant and water to be evaporates and
decreases per unit time. The plots (behaviors) show the similar nature as shown by Stefanov and:-
Hoo {2004). Time constant shown in Table 3.7 indicates that response time for temperature change
is much less than that of concentration change. Also the steady state in 6 effect is achieved at a

faster rate than the 1% cffect. This is obvious as in backward feed sequence; feed enters first in the

6" effect so the disturbance dampencd out in the 6" effect at faster rate.

Variation in the Temparature of 6th effect with 10% decrease in feed flow rate
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Variation in the Product Concentration of 5th effoct with 10% decrease in feed flow rate
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Figure 3.13 Response of 6" effect by disturbing + 10% in the feed flow rate

Variation in the Temperature of 1st effect with 10% decrease in feed flow rate

130 . ‘ T —
. 1201 -
< —
- 1107 -
190 T = 330 sec
90 L I 1 I P 1
0 500 1000 1500 2000 2500 3000
Time {sec}
Variation in the Temperature of 1st effect with 10% increase in feed flow rate
130 T T 1 .
120+ T= 324 sec N
o
e Mo __ .
100+ -
90 1 1 - N ! 1
0 500 1000 1500 2000 2500 3000
Time (sec)

101



Variation in the Product Concentration of 1st effect with 10% decrease in fead {low rate
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Figure 3.14 Response of 1* effect by disturbing = 10% in the feed flow rate

3.10.2.2 Effeet of varying feed coneentration

For the variation in the feed concentration the disturbance is applied in the last effect. The effect of
+10% step input in feed concentration on the temperature and concentration of last and first effect
are shown in the Figure 3.15 to Figure 3.16 respectively. The dynamic behavior of effect’s
temperature with respect to disturbances in feed concentration shows slight but insignificant
change in temperature. However the change, it obscrved is unidircctional i.c. the temperature
increases irrespective of incrcase or decrease in feed concentration. The changes in product
concentration of both the effect show increasc or decrease according as the feed concentration is
increase or decrease. This may be due to the fact that A1 across the evaporator system rcmains
constant and vapor-liquid equilibrium of each effect remains almost unchanged for the optimum
performance. The nature of the plot is in agreement with the finding of Stefanov and Hoo (2004).

Time constant shown in the Table 3.7 indicates that response time for temperature change is much
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less than that of concentration change. Since the feed is backward thus the steady state in 6™ effect

is achieved at a faster rate than the 1™ effect

Variaticn in the Temperature of 5th effect with 10% decrease in feed concentration
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Variation in the Product Concentration of 6th effect with 10% increase in feed concenfration
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Figure 3.15 Response of 6'" effect by disturbing =+ 10% in the feed concentration
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Variation in the Product Concentration of 1st effect with 10% increase in feed concentration
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Figure 3.16 Response of 1* effect by disturbing == 10% in the feed concentration

3.10.2.3 Effect of varying stecam temperature

In backward feed MEE system live steam enters in the first effect. Thus for the variation in the
steam temperature, the disturbance is applied in the first effect. The effcct of +10% step input in
stcam temperature on the temperature and concentration of last and first effects are shown in the
Figurc 3.17 to Figure 3.18 respectively. The 10% change in steam temperature results in increase
or decrease in the temperature of both the effects before obtaining the steady state for 10% increase
or decrease respectively. 10% disturbance in steam temperature does not result in any noticeable
change in the product concentration of both the effects. Howeyer after scale down Y-axis value it
was observed that product concentration increase and then decrease or decrease and -then increase
for 10% increasc or decrease in the steam temperature respectively. The plots show the similar

nature as shown by Stefanov and Hoo (2004).

105



Variation in the Temperature of 6th effect with 10% decrease in steam temperature
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Figure 3.17 Response of 6" effect by distu rbing £ 10% in the steam temperature
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Variation in the Temperature of 4 st effect with 10% decrease in steam temparature
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Figure 3.18 Response of 1% effect by disturbing = 10% in the steam temperature
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3.10.2.4 Effect of varying feed temperature

Since feed liquor enters in the last effect, thus for the dynamic response of the feed temperature the
disturbance is applied in the last effect. The effect of £10% step change in feed temperature on the
temperature and concentration of last and first effect are shown by the Figure 3.19 to Figure 3.20
respectively. It is evident from the figures that 10% disturbance in fecd temperature does not bring
noticeable change in the temperature and product concentration each effect. However after scale
down Y-axis, it is observed that temperature of the both the effect increases and decreases to
obtain the steady state with an increase and decrease in feed temperature and the product
concentration of cach effect first decreases and then increases to obtain the steady state with a very
small fluctuations about the steady state up to four to five decimal places in the value of
concentrations of both the effect and conversely for 10% increase in feed temperature. The results

of Stefanov and Hoo (2004) arc similar in nature.
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3.10.3 Dynamic response of sextuple cffect evaporator for the mixed feed

In the mixed feed MEE system such as (65 4—3—2—1); the input liquor-enters the evaporator

system from the 5" effect and then thick liquor from 5™ effect to 6" and from 6™ to 4™ and up to
the first effect. In this section dynamic responses due £10% step input in last and first effect in

each case of mixed feed are given as follows.

Table 3.8 Time constant for dynamic response due to 10% step input change in various input

variables for mixed feed sequence

Input Variables Time Constant (1) in Second
6" (Last Effect) 1" (First Effect)
Temperature | Concentration | Temperature | Concentration
Fecd Flow Rate -10% 272 3696 328 20412
+10% 265 3354 323 16656
Feced Concentration . -10% 258 4068 312 19200
+10% 258 4080 312 19500
Steam Temperature -10% 270 3460 335 24300
+10% 270 3720 330 21320
Feed liquor -10% 258 3340 320 20090
Temperature +10% 261 3400 327 20060

3.10.3.1 Effect of varying feed flow rate

In the pi'csent case of mixed feed input thick liquor enters the evaporator system from the 5"
effect. Thus for the variation in the feed flow rate the disturbance is applied in the 5 effect. The
effect of £10% step input in feed flow rate on the temperature and concentration of last effect
(connected with condenser i.e. 6™) and first effcct (connected with live steam i.e. 1¥) are shown by
the Figure 3.21 & Figure 3.22 respectively. The temperaturc and concentration of both the effects
show an increase or decrease with decrease or increase in the feed flow rate. It is obvious as fresh
steam supply rate is constant and water to be evaporates and decreases per unit time. The plots are
of similar nature as shown in the backward fced sequence. Time constant shown in Table 3.8
indicates that response time for temperature change is much less than that of concentration change.

15‘.

Also the steady state in 6™ effect is achieved at a faster rate than the 1® cffect, which is similar as

in backward feed.
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Variation in the Temperature of 6th eflect with 10% decrease in feed flow rate -
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Figure 3.21 Response of 6™ effect by disturbing + 10% in the feed flow rate
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Varfaticn in the Temperature of 1st effect with 10% decrease in feed flow rate
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Figure 3.22 Responsc of 1% effect by disturbing £ 10% in the feed {low rate
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3.10.3.2 Effect of varying fced concentration

For the dynamic response of the feed concentration ihe disturbance is applied in the 5" effect. The
effect of +£10% step input in fced concentration on the temperature and concentration of [ast (6%
and first effect (1*) are shown from Figure 3.23 to Figure 3.24 respectively. The dynamic behavior
of effect’s temperature with respect to disturbances in feed concentration shows slight but
insignificant change in temperaturc. However the change, it obsctved is unidirectional ie. the
temperature increases irrespective of increase or decrease in feed concentration. The changes in
product concentration of both the effect show increase or decrease according as the feed
concentration is increase or decrease. This may be due to the fact that AT across the evaporator
system remains constant and vapor-liquid equilibrium of cach effect remains almost unchanged for
the optimum performance. Time constant arc presented in the Table 3.8 indicates that responsc

time for temperature change is much less than that of concentration change.

Variation in the Temperature of 6th effect with 10% decrease in feed concentration
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Variation in the Product Concentration of 6th effect with 10% decrease in féed concentration

0.16 | . I T .
_ T = 4068 sec
h -
g 0.14\\\
4
X 0.12F -
0.1 I i 1 1 1
0 0.5 1 1.5 2 2.5 3
Time {sec) <10

Variation in the Product Concentration of 8th effect with 10% increase in feed concentration

0-16 1 T T 1 1
2 0.14 f//— T=4080sec |
o
=
=< 0.12} -
0.1 | { | | |
0 0.5 1 1.5 2 2.5 3
Time (sec} %1 04

Figufe 3.23 Response of 6™ effcct by disturbing £ 10% in the feed concentration

Variation in the Temperature of 1st effect with 10% decrease in feed concentration
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Variation in the Product Concentration of 1st effect with 10% decrease in feed concentration
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Figure 3.24 Response of 1™ effect by disturbing + 10% in the feed concentration
3.10,3.3 Effect of varying steam temperature

In MEE system with mixed feed, live steam enters in the first effect. Thus for the variation in the
steam temperature the disturbance is applied in the first effect. The effect of £10% step input in
stecam temperature on the temperature and concentration of last and first effect are shown from
Figure 3.25 to Figure 3.26 respectively. The 10% change in stcam temperature results in increase
or decrease in the temperature of both the effects before obtaining the steady state for 10% increase
or decrease respectively. 10% disturbance in s(cam temperature does not result in any noticeable
change in the product concentration of both the cffects. However after scale down Y-axis value it
was observed that product concentration increase and then decrease or decrease and then increase

for 10% increase or decreasc in the stcam temperature respectively.
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3.10.3.4 Effcet of varying feed temperature

Since feed liquor enters in the 5™ effect for the mixed feed, thus the dynamic response of the feed
temperature the disturbance is applied in the 5™ cffect. The effect of +10% step change in feed
temperature on the temperature and concentration of last and first cffect are shown by the Figure
3.27 to Figure 3.28 respectively. It is evident from the figures that 10% disturbance in feed
temperature does not bring noticeable change in the temperature and product concentration each
cffect. However after scale down Y-axis, it is observed that temperature of the both the effect
increases and decreases to obtain the steady state with an increase and decrease in feed temperature
and the product concentration of each effect first decreases and then increascs to obtain the steady
stale with a very small fluctuations about the steady state up to four to five decimal places in the
value of concentrations of both the effect and conversely for 10% increase in feed temperature.

The natures of the plots are similar as for backward feed.

Variation in the Temperature of 6th effect with 10% decrease in feed temperature
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Variation in the Product Concentratior: of 6th effect with 10% decrease in feed temperature
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Figure 3.27 Response of 6" ¢ffect by disturbing £ 10% in the fecd temperature

Variation in the Temperature cf 1st effect with 10% decrease in feed temperature
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Variation in the Preduct Concentration of 1st effect with 10% decrease in feed temperature
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Figure 3.28 Respouse of 1st effect by disturbing + 10% in the feed.temperature

121



3.10.4 Dynamic response of sextuple cffcet evaporator for the split feed

The dynamic responscs due to disturbances in varicus input parameters are studied by using split
feed in which the total feed is divided equally into 5 and 6™ effect. Hence the input liquor- enters
the evaporator system from the 5™ and 6™ effects and then thick liquor from 5" and 6™ jointly
move into to 4% and from 4™ into 3% and up to the first effect. Dynamic responses due to 10%
step input in last and first effect for cach case for split feed ure given as follows. Time constants

are calculated for each plot and arc indicated in plots.

Table 3.9 Time consiant for dynamic response due to 10% step input change in various input

vuariables for split feed sequence

Input Variables Time Constant (1) in Second
6" (Last Effect) 1* (First Effect)
Temperature | Coneentration | Temperature | Concentration

Feed Flow Rate -10% 261 0480 337 ~21480
| +10% 258 8100 323 16630
Feed Concentration -10% 264 6390 3i2 22440
+10% 264 6408 312 20360

Steam Tomperature 10% 264 #3806 | 336 2107 |
+10% 258 4440 330 19662
Feed liquor -10% 258 3240 312 23890
Temperature +10% 252 3300 336 22935

3.10.4.1 Effect of varying fced flow rate

For the dynamic response of the feed parameters the disturbance is applied in the feed of 5™ and 6™
effects simultancously. The effect of £10% step change in feed flow rate on the temperature and
concentration on last (connecled with condenser i.e. 6™) and first effect (connected with lie steam
i.e. 1%) are shown from Figure 3.29 to Figure 3.30 respectively. The temperature and concentration
of both the effects show an increase or decrease with decrease or increase in the feed flow rate. It is
obvious as fresh steam supply rate is constant and water to be evaporates and decrcases per unit

time.
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Variation in the Temperature of 6th effect with 10% decrease in fead flow rate
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Figure 3.29 Response of 6" effect by disturbing = 10% in the feed flow rate
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Variation in the Temperature of 1st effect with 10% decrease in feed flow rate
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Figure 3.30 Responsc of 1% effect by disturbing + 10% in the feed flow rate
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3.10.4.2 Effect of varying feed concentration

For the dynamic response of the feed concentration the disturbance is applied in the feed of 5™ as
well as in the 6™ effect. The effect of £10% step input in feed concentration on the temperature and
concentration of last and first effect are shown {rom Figure-3.31 to Figure 3.32 respectively, The
dynamic behavior of effect’s temperature with respect to disturbances in feed concentration shows
slight but insignificant change in temperature. However the change, it observed is unidirectional
i.e. the temperature increases irrespective of increase or decrease in feed concentration. The
changes in product concentration of both the effcct show increase or decrease according as the feed
concentration is increase or decrease. This may be duc to the fact that AT across the evaporator
system remains constant and vapor-liquid equilibrium of each effect remains almost unchanged for

the optimum performance.

Variation in the Temperature of 6th effect with 10% decrease in feed concentration
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Variation in the Product Concentration of 6th effect with 10% decrezase in feed concentration
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Figure 3.31 Response of 6'" clfect by disturbing £ 10% in the feed concentration
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Variation in the Temperature of 6th effect with 10% decrease in steam temperature
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Figure 3,33 Response of 6™ cffect by disturbing £ 10% in the steam temperature
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Variation in the Temperature of 1st effect with 10% decrease in steam temperature
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Figure 3,34 Response of 1% effect by disturbing = 10% in the stcam temperature
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3.10.4.4 Effcct of varying feed temperature

For the dynamic response of the {eed temperature the disturbance is applied in the 5™ and 6"
cffects simultaneously. The effect of £10% variation in feed temperature on the temperature and
concentration of both the effect are shown from Figure 3.35 to Figure 3.36 respectively. It is
evident from the figures that 10% disturbance in feed temperature does not bring noticeable change
in the temperature and product concentration each effect. However after scale down Y-axis, it is
obscrved that temperature of the both the effect increases and decrecases to obtain the steady state
with an increase and decrease in feed temperature and the product concentration of each effect first
decreases and then increases to obtain the steady state with a very small fluctuations about the
steady state up to four to five decimal places in the value of concentrations of both the effect and

conversely for 10% increase in feed tlemperature,
Y P
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Variation in the Product Congentration of Gth effect with 10% decrease in feed temperature
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Figure 3.35 Response of 6™ effect by disturbing + 10% in the fecd temperature

Varjation in the Temperature of 1st effect with 10% decrease in feed temperature

130 ‘ — —
120} 1
&
g 110} ~
T=3123s¢&¢C
100} -
90 ) 1 1 } 1
] 500 1000 1500 2000 2500 3000
Time (sec)
Variation in the Temperature ¢f 1st effect with 10% increase in feed temparature
1 30 [ - 3 T T T
__ 120 .
QD
~ 110¢ 1=335sec
100~ | 1
aq L- - - . ! L. J
0 500 1000 1500 2000 2500 3000
Time (sec}

131



Variation in the Product Concentration of 1st effect with 10% decrease in feed temperature
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Figure 3.36 Response of 1% effect by disturbing £ 10% in the feed temperature
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3.11 Conclusion

Dynamic modeling is an effective tool in determination of process variables i1:1 transient conditions.
For designing an effective and efficient control system, it is always desirable to have thorough
knowledge of the system behavior in different conditions as well as detailed knowledge of
;iariati011 in the process variables under transient condition. There is always a desire in the process
industry for easier to use and more affordable advanced control technologies and products. There
are many complex control problems being handled by traditional control methods that are no
longer effective. Due to the regulatory control problems that continue to plague day to day
operations in process plants, the results arc loss of productivity, quality, and competitiveness. So
we need an eflective controller, suiting to our system. Dynamic model helps us in better
understanding of the process and behavior of its variables, thereby helps in determining a better
control system. Thus.in.the present investigation an unsteady-state lumped parameter models were
developed for sextuple effect falling film evaporator for backward, . mixed and split feed sequences.
for concentrating the black liquor by using material, energy balance cquations and parametric
corrclations. For the steady state and dynamic simulation the ‘fsolve’ and ‘ode45” solvers in
MATLAB source code is used. The model is validated for the steady state solution using literature

data.

The parametric influences of various input parametets on output parameter stcam economy (SE)
for backward, mixed and split feed sequences is studied by obtaining the steady state solution by
varying the range of input parameters feed temperature, steam temperature, feed flow rate, feed
concentration, product concentration and last body temperature for a fixed set of other parameters.
With the increase of feed temperature stcam cconomy SE increascs while decreases with the
increase in steam tcmperature. With the increase of feed flow rate SE remains constant while
decreases with the increase of feed concentration. With the increase of product concentration SE
increases and with the increase in last body temperature SE increases slightly. Based on the
parametric study on steam economy it may be concluded that the mixed feed is always optimal for

varying range of all parameters.
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In the present investigation an attempt has been made also for dynamic simulation for tubular type
falling film MEE system by using ‘ode45’ solver in MATLAB source code. For the purpose the
dynamic model is developed by using mass and cnergy balance equations. Because no dynamic
data are available for further validation, further comparism_ls cannot be made at this time.
However, the steady-state validation together with the fact that the observed responses follow the
same nature of the dynamic responscs as given by Stefanov and Hoo (2004) for the fundamental

distributed parameter model for the MEE system.

The dynamic behavior of each cffect’s temperature and product concentration was studied by
disturbing the liquor flow rate, feed concentration, stcam and feed temperatures by +£10% step
input for backward mixed and split feed sequences. Since in all three feed sequences, last effect
(6™ is connected with condenser and the first effect (1) is connected with live steam. So the
effect of £10% step input of aforesaid parameters on the tcmperature and concentration of _last (6™

and first (1*) effects is studied.

The effect of +:10% step input in feed flow rate on the temperature and concentration of last (6")
and first (1*) effects show an incrcase or decrease with decrease or increase in the feed flow rate
for all three feed sequences. The effect of x10% step input in feed concentration on the
temperature last (6™) and first (1*) effects show a increase or decrease irrespective of increase or
decrease while concentration of both effects show increase or decrease according as the feed
concentration is increase or decrease for all three feeding sequences. The 10% increase in steam
temperature show increase in the temperature of both last and first effects before obtaining the
stcady state and decrease for 10% decrease for all three feeding sequences. When the steam
temperature is increases by [0% the solid concentration of both the effect first increase and then
show a exponential decay to obtain the stcady statc and conversely for 10% decrease for all three
feeding sequences. The effect of £10% step input in feed temperature on the temperature of last
and first effect show an increase and decrease to obtain the steady state with an increase and
decrease in feed temperature for all three feeding sequences. When the feed temperature. decreases
by 10%, the product concentration of last and first effect first decreases and then increases to

obtain the steady state with a very small {luctuations about the steady state in four to fifth decimal
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places in the value of concentrations of both the effect and conversely for 10% increase in feed

temperature for all three feeding sequences.

The transient study shows that the steady state is reached more quickly for temperature in
comparison of the solid concentration and all of the responses converge in a smooth fashion for all
the feed sequences. When £10% step input is applied on feed concentration, it was shown that the
slight changes in temperature occur that are unidirectional i.e. the temperature increases in

respective of increase or decrease.
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Chapter-4
Modelling and Simulation of Pulp Bleaching System

4.1. Introduction

Bleaching is a chemical process applied to cellulosic materials to increase their brightness.
Brightness is the reflectance of visible light from cellulosic cloth and paper i.e. pulp fibers formed
into sheets. Bleaching processes are applicd to cellulosic textiles, woven articles made from cotion
and linen and cellulosic pulp, in the form of agueous suspensions of individual fibers separated
from cellulosic raw material such as woad and non-woody materials like cotton stalks, straw, reed,
jute, suparcane (bagassc) and bamboo. Bleaching increases the capacity of the paper for accepting
printed or writlen images and so increase its usefulness, Bleaching s also effective in removing

unwanted particles that contaminate pulp fibers [Dence and Reeve (1996)].

The whiteness of pulp is measured by its ability to reflect monochromatic light in comparison to a *
known standard (usually magnesium oxide). The instrument most commonly used for the purpose
is the Zeiss Elrepho reflectance meter which provides a diffuse light source, Fully bleached sulfite
pulps can give brightness as high as 94, and unbleached kraft pulp as low as 15 Elrepho units.
Unbleached pulps exhibit a wide range of brightness valucs. The sulfite process produces relatively -
bright chemical pulps, up to 65 Elrcpho units, whereas those produced by the kraft, soda and semi
chemical processes can be quite dark. Mechanical pulp brightness is mainly a function of the
species and condition of the wood pulped. Generally, only those species providing brlghtness

values over 35 Elrepho units are utilized for mechauica! pulping [Smook (2001)1.

Cellulose and hemicelluloses are inherently while and do not contribute to pulp color. It is
generally agreed that “chromophoric groups™ on the lignin are principally responsible for color.
Oxidative mechanisms are believed to convert part of the lignin’s phenolic groups to quinone-like
substances that are known to absorb light. Heavy mctal ions (e.g., iron and copper) are also known
to form colored complexes with the phenolic groups. Extractive materials also can contribute to the

color of mechanical pulps made from resinous woods.
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Two approaches are used in the chemical bleaching of pulps. One approach is to utilize chemicals
that selectively destroy some of the chromophoric groups, but do not materially attack lignin. The
other approach is to almost totally remove residual lignin. The scleetive approach (often referred to
as “brightening” to distinguish it from true bleaching) is used for high yield pulps with significant
lignin content. This methodology is limited in many cases for achieving brightness values in the
range of 70 Eirepho units, but under [avorable circumstances, values above so can also be
obtained. Although the brightness gains can be substantial, no known method of selective
brightening produces a permancnt brightening effect. Exposure to light and atmospheric oxygen

causes (he lignin to rapidly discolor, as can be readily observed with old newspapers.

To produce high-quality, stable paper pulps (as well as dissolving grades), bleaching methods that
delignify the pulp must be used. Thus modemn bleaching is achicved through a continuous
sequence of process stages utilizing different cheimicals and conditions in each stage, usually with
washing between stages, The early stages of bleaching are usually considered as a continuation of
the delignification process started in cooking. The later slages (brightening) employ oxidizing
agents to scavenge and destroy the residual color. The entire bleaching process must be carried out

in such a way that strength characteristics and other papermaking properties are preserved.
4.1.1 Bleaching sequences

Bleaching is carried out in.a continuous sequence of distinct stages. In the fiest stage, (C, C/D or
Dyon) chlorine and/or chlorine dioxide are used to delignify the pulp. The delignification stage is
followed by an extractien stage (E, Eo or Eop) where the alkali soluble lignin is removed with
caustic, oxygen and/or hydrogen peroxide. In the following stages (D, E, and 1),), pulp brightness

is increased by climinating the chromopheric groups in the lignin.

Multi-stage application of bleaching chemicals provides imuch greater benefits, Interstage washing,
which removes dissolved impuritics, is partially responsible for improvement in the extent and
efficiency of bleaching, and in addition multistage sequences take advantage of the different action
of cach chemical and provide synergy in bleaching or delipnilication. A classic cxample of
syncrgy between stéges is the partial sequence CE, chlorination followed by extraction with

sodium hydroxide. Chlorination oxidizes and fragments the lignin but, because it is carried out
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under acidic conditions, only part of the degraded lignin dissolves. The following extraction stagc
is extremely effective in removing the lignin degraded.in the preceding chlorination stage. The

commonly applied bleaching sequences are shown in Table 4.1.

Table 4.1 Commonly applied chemical treatments and their shorthand designations

8. No. Bleaching Sequence Conditions
1. Chlorination (C) * Reaction with clemental chlorine in acidic medijum
2. Alkaline Extraction (E) | * Dissolution of reaction products with NaOH
3. Chlorine Dioxide (D) = Reaction with ClO; in acidic medium )
4, Oxygen (O) * Reaction with molecular oxygen at high pressure
in alkalinc medium
5. Hypochlorite (L) * Reaction with hypochlorite in alkaline medium
6. Peroxide (P) » Reaction with peroxide in alkaline medium
7. Ozoug (£) * Reaction with czone in acidic medium

Lower brightness levels can be achieved with fewer stages. A level of 65 Elrepho?i;fmits can be
easily reached with CEH or OH scquence. Inicrimediate levels of brightness can be a":ihievcd with
CED, DED, OCED, CEHH, CEHD, or CEHP. Stages between four to six stages a;e commonly
used to achieve “full-bleach” brightness level of 89-91, Numerous CEHDED and CEDED full-
bleach systems are in opecration dating from 1960’s and 1970’s. Increasing environmental
awareness forcing paper industry in all over the world to switch towards elemental chlorine frec
bleaching. Chlorine in the first and subsequent stage was substituted by chlorine dimﬁ%é which by
virtue of 2.63 times oxidizing power than elemental chlorine reduced results into less chemical
consumption and pollution. Recently Indian pulp industry has also start shifting to elemental
chlorine free (ECF) bleaching. The pulp mills that were using Cl; will need process improvements.
Engineers and operators in theses mills will have to go through a learning process to operate ECF
bleach plants. Process modelling can facilitate this transition process by evalualing process

alternatives and operating conditions using simulation instead of costly mill trials.
4.2 Modelling and Simulation of Bleaching Plant: A Review

A number of simulation studies have been cartried out in order to optimize and control the bieach

plant in respect minimization of cost as well as the amount of effluents coming-out from the bleach
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plant. Freedinan (1974) achieved the bleach plant optimization in two stages. First, nonlinear
models were formed to represent the bleach reactions in various blcaching stages. Second, the
models were used as constraint equations for input to a linear program. The control set points
based on the models were optimized, Myers et al. (1989) used GEMS for the optimum design and
for the determination of operating conditions of an oxyécn delignification system in order to
minimize the delignification costs and to reduce the total organic chlorine emissions from the
bleach plant. Brooks et al. (1994) used simulation to evaluate the conversion of conventional
blcach plant for total chlorine free (TCF) blcaching based on hydrogen. peroxide delignified
softwood. Parsad ct al. (1996) and Jamcel et al. (1996) made an economic analysis through
simulation of a kraft-oxygen mill with modifications in the pre-bleaching and bleaching systems to
incorporate TCF, ECF and closure issues. Gupta (2001) modified the work of Freedman (1974)
according Indian paper mill conditions. Gupta (2001) also presented the equation to evaluate

pollution loads in terms of COD in a bleach plant effluent.
COD = 2.4 * A Kappa Number + 0.61 (earry pver solids) (4.1)

Where A kappa number = K-K;, Ko, being floor kappa number. Ky depends on the type of fibers
(FHW, SW etc.), pulping condition, control measures, lignin contenl and type of lignin. Exact value

of this parameter is gencrally not known and to be calculated through experiments.

Dumont et al. (2006) stated that modern bleach plant can be operated with help of sensor-based
contral systems, and their economic performance depended heavily on set points chosen by the
operators. For this purpose a novel set poin{ gencration foo! was proposed to minimize the

chemical consumption for a multi stage bleach plant.

Dogan and Guruz (2004) proposed a bleach plant model in which cach stage is composed of three
unit operations as mixer, retention tower and washer and presented a process units and variables of
a bleach plant as shown in the Figure 4.1. [n a bleaching stapge, mixers are used io mix the fiber
suspensions with bleaching chemicals, stcam or recycle streams. Authors presented the mass
balance equations in the mixer for the liguor, fibres, chromophores, chemicals and dissolved solids
based on the assurption of perfect mixing and quasi-steady-slate, The retention tower was

described as the sequence of CSTR-PFR-CSTR reactor in series as proposed by Wang (1993).
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Ficure 4.1 Process units and variables of the bleach plant

The modelling of the drum washer was done by dividing it into three parts; as the“dilution vat,*
drum filter and seal tank. In the dilution vat the liquer from the seal tank is mixed with the main :
pulp stream in order to dilute the pulp to the desired consistency. Therefore, it was modeled as a |
steady-state mixer. The drum filter is used 1o remove the dissolved solids and unreacted chemicals_b
from the pulp with wash water. Dogan and Guruz (2004) used Norden efficiency approach
[Norden (1966), Norden and Pekkanen (1987)] in order to model the drum filter. In the model, the .
Norden efficiency factor was taken as 3 for all the washers, In the seal tank the part of the liquor
coming from the drum filter is recycled back into the dilution vat and the rest of it is sent to the

sewer. Thus, the seal tank was modeled as a splitter.
4.2.1 Bleaching rcaction kinclics: A review

Research in the area of bleaching reaction kinetics has nol caught up with the rapid changes in the

past few years. Although many papers have been published on reaction kinetics of chlorine

delignification and chlorine dioxide substitution [Ackert ct al. {1975), Germgard and Lindberg

(1982), Germpgard (1983), Germpard and Karlsson (1985), Germgard et al. (1987), Mackinnon et

al. (1993), Saltin and Edwards (1993), Ni et al. (1995)], only a few papers in the literature arc

devoted to 100% chlorine dioxide delignification kinetics. Initial attempts to describe kinetics of
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bleaching stages could not produce the kinetic expression but made some important observations.
Chapnerkar (1961) showed that most of the reaction had taken place before his first data point at
five minutcs. Karter (1968) later used a flow reactor.io study the first several minutes of the
reaction, and concluded that the reaction was complete after one minute. His data indicated that the
reaction was much more rapid than Chapnerkar (1961). For the first time Ackert (1973) presented
chlorination kinetics model comprising by two parallel reactions, identified as fast substitution and
slow oxidation and assumed that only “active lignin”, i.e. total lignin minus the “floor-level”
lignin, participated in the reactions. In his experiments, Ackert applied a large excess of chiorine,
so that the decrease in chlorine concentration during reaction could be neglected. Furthermore, The
scientiftc cﬁmmunity is still divided on how to explain the existence of “floor level” lignin. Two
hypotheses were proposed. The [irst one assumed that the reaction rate was limited by the
formation of the so-called “immobilized chloralignin” layer [Pugliese and McDonough (1989)].
The. second assumed the formation of “blocking groups” during chlorination [Berry and Fleming
(1987)]. The worl_{ p‘roposed by Ni ct al. (1990, 1995) supported the second hypothesis and
pnmpos;sc-i._ a series '-of 1rtp:a<;ti.0ns that lead to the formation of (hese “blocking groups” namely tri-

chierolignin.

Ackert ct al., (1975) presented experimental data and kinctic models which described the
chlorination of kraft pulp both in a dilute suspension and in a fibrous mat. Singh et al. (1975)
studied the kinetics of each stage of a bleaching sequence, CEMD, and also provided the
information ;)n bleaching cffect of the chemicel and its rate of disappearance with time elapsed. In
general terms each stage was similar in that a rapid blcachin’g reaction took place immediately
following the mixing of pulp and chemical. The rapid bleaching rcaction phase at chlorination,
caustic extraction, hypo-chlorite oxidation and chlorine dioxide reaction produced about 80%,
65%, 60% and 70% of the total bleaching cffect of the stage, respeetively. Following this was a
slower bleaching reaction period at each stage which was studicd in more detail. The author also
cxplained the order of kinetics in various stages such as the initial rapid reaction of chlorine
followed a first order kinetics in chlorine concentration whereas slow reaction was found to follow
a second order kinetics in chlorine concentration. Axegard (1979) conducted the experiments,
designed fo achieve a kinetic model for the first extraction stage. The majority of the experiments

were carried out at low pulp consistency in order to provide for good mixing and possibilities of an
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accurate determination of the alkalinity. Russcll and Freiberg (1989) stated that the increasing in
recycle ratio in a chlorination stage in a pulp bleach plant could strongly affect the corrosivity of

process streams and change kinetics of chemical reactions occurring in those streams,

Ni et al. (1995) developed the Chlorination kinctics based on a delignification mechanism of kraft
pulp chlorination proposed by Ni et al. (1990), which closcly linked demethylation and
delignification during chlorination and also defined tri-chloro-guaiacyl units in chlorinated
softwood kraft lignin as the ‘blocking groups™. Theory of blocking groups was first proposed by
Berry ahd Fleming (1987) to explain the existence of the so-called “floor-level” lignin remain in
highly chlorinated pulp. Heterogencous rcaction kinctic model proposed by Pugliese and
McDonough (1989) suggested that chlorination was limited by diffusion of chlorine due to
progressive pore closurc as chlorination continues. Homogencous reaction kinetics of chlorination
of softwood kraft pulp has been prescnted by a number of authors. Mackinnon (1993) showed that
Ackert’s model resulted in unrealistic predictions of the chlorine concentration and l[gnm content
for practical conditions when most of the applied chlorine is consumed. A weakness of modecl was
that the kinetic equations were sclected based on their ability to represent the data rather than on

fundamental understanding of the chlorination mechanism.

Wang (1993) examined different models in order (o represent the retention tower and concluded
that in the modelling of retention tower the most important parameter is the bleacﬁ?ng rcaction
kinetics. Author suggested the percentage of the residence time taken by plug ﬂowgﬁas found to
vary from 79 to 85% for C tower and 82-90% for E and D towers. Therefore, in the modelling of
the retention tower, the ratio of the residence time of the plug flow to overall residence time is
taken as 0.8 for C tower and 0.9 for the other towers. Tessier and Savoie (1997) presented a kinetic
model for 100% chlorine dioxide delignification based on experimental data. The model consisted
of two ordinary differential cquations representing the slow and fast reactions of lignin with
chlorine dioxide. In addition the lincar relationship between the chlorine tﬂiioxide.consumption and
the kappa number decrease. The relationship was found to be independent of the unbleached pulp
kappa number. Chandranupap and Nguyen (2000) stated that the pH had a pronounced effect.on
both kinetics and bleaching efficicncy of chlorine dioxide delignification. Chlorine dioxide

delignified a Eucalyptus globulus kraft pulp at a faster rate and more effectively, at pH 4 than at
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pH 2 or pH 10. The findings were consisient with previous supgestions that the kinetics and
stoichiometry of chlorine dioxide delignification depend on the degree of conversion of chlorine
dioxide into inactive chlorate and chlorite. Barroca ct al. (2001) studied the chlorine dioxide
delignification of different unbleached kraft pulps from Eucalyptus globulus, having kappa
numbers of 12 to 18, in the temperature range of 285 °K to 358 °K. The effect of the unbleached
pulp kappa number on the initial fast phase of delignification was investigated with respect to the
depletion factors for kappa number and chlorine dioxide concentration. Furthermore, the behavior
of the floor lignin content of the pulp, or the floor kappa number, was analyzed within this range.
The results showed that all pulps exhibit a similar pattern, with respect to temperature, in depletion
factors for kabpa number and chlorine dioxide concentration. Barroca and Castro (2003) studied to
invcstigate the kinetics of first chlorine dioxide bleaching stage of a Eucalyptus globulus kraft
pqu.. The bleaching reaction was described by an initial short but very fast step, followed by a
slower step. The proposed model for the D, stage was based on both the light absorption
cocfficient and the chlorine dioxide concentration. A sct of two depletion factors for the chlorine -
dioxide concentration <and for the-light absorption coefficient was described. as a function of .
temperature for the ‘fast and short steps of the reaction. The longer and slower periods were
described by a homogencous model. A nonlinear relationship between the chlorine dioxide
consumption and- the. decrease in the light absorption cocfficient was established,. which was
dependent. on. the extent of dclignification but independent of temperature., Morcover, a linear.
rclationship between the upper brightness limit and the temperature was observed. The fit of the-
experimental results obtained for different temperatures, initial chlorine dioxide concentrations and
initial Jight absorption cocfficients was very good, revealing the ability of the model to predict

typical mill operating conditions.

Gu and Edwards (2003) presented a unificd kinetic model for chlorine dioxide and clemental
chlorine bleaching. The purpose of this model was to represent mill bleaching stages for process
ifnprovements and 6perations. The modcl provided much more information than traditional
bleaching kinetic models. However, this model ;vas not for understanding basic bleaching

mechanisms. To identify model parameters and validate the model various laboratory bleaching

data was used.
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Yoon et al. (2004) used principal component analysis to classify various bieaching response
variables, including end pH, kappa number, viscosity, and optical properties such as brightness,
into different categories. Statistical methods, including factorial design, multiple regression, and
response surface methodology were then used successfully to serecn the importance of bleaching
factors and their interactivns. Further models wete ¢stablished to control, predicate, and optimize
the bleaching responses. In most cases, the results of empirical modelling coincided well with
those from conventional research metheds, but the empirical methodelogy was more economic or

less laboricus.

Jain ct al. (2007) focuscd on cvaluation and comparison of the different modelling approaches of
the ECF bleaching process. The important parameters and tendencies were determined from the
existing models and cxperimental data. ldentification of these key governing parameters led to
proposc ncw comprehensive empirical models, which were simpler, more accurate, applicable to
broader range of process conditions and easily adjustable (if required) with different kmds of wuud
specics. Mathecmatical models were developed for the first chlorine dioxide (Dg) and extraction :
(Eo) stage. The chlorine dioxide consumption with respect to kappa number decrease was found to
be dependent on temperature, initia! kappa number and initial chlorine dioxide charge, The mmal
ratio of slow and fast kappa numbers in extraction stage was found to be dependent on kappa__;

factor in Dy stage.

Jain et al. (2009) presented new and improvcd scmi-cimpirical mathematical models for all the ~
chlorine dioxide stages and extraction stages (including oxygen and/or peroxide reinforced) in full
elemental chlorine free (ECF) bleaching sequencc. The models predicted variations of kappa
number pH brightness, and bleaching chemical consumption at cach step of multistage ECF
bleaching sequences. The aims of this study were to improve the kinetic and stoicheometric
equations involved in the chlorine divxide stages [Dg, Dy, D3] for their predictability for different
kinds of softwood and hardwood pulps and to model the extraction stages with or without oxygen
and/or hydrogen peroxide reinforcement [E, (EO), (EOP), (EP)]. The predicted results ﬁﬁcd very
closely to a wide range of laboratory and literawure data, the predictability was extended to a

greater variety of pulps (sofiwoods and hardwood pulps, kraft and other alkaline pulps).
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From the detailed analysis of the above models, it was obscrved that through most of the
investigaters developed the kinetic models by using different methodology but the bleaching
rcactions were described similarly i.e. an initial short but very fast step followed by a slower step.
However these models can not be termed standard models as the value of the parametrilc constants
used to describe these models i.e. activation energy and {requency factor were reported different by
different authors. Theses constants are dependent on the type of raw material and process

conditions.

For the first chlorine dioxide stage most of investigators usced kinetic mode! structure similar to the -
one proposed by Tessicr and Savoie (1997) for the fast and slow reactions as well as the presence

of unreactive lignin or floor lignin.

The rate of the fast lignin removal is given by

=R (€10, K,
dt 4.2)
witile the rate of slow lignin removal s given by
r =1 0,1k,
dt (4.3)

where ry and.r; are the.rate.of-reaction for. fast:and slo w.delignification. reaction:(kappanumber/s);:
K¢ and K are the kappa number associated to fast and slow lignin (m] 0.1 mol/L KMnO,/g fiber)
and [CIOa] is the concentration of chlorine dioxide (mol/L) and kr & ks are the reaction rate

constants.
The reaction rate constants, kr & k,arc assumed to follow the Arrhenius law

k; =k, exp(-I:a/RT) @)

k, =k, exp(-Ea/RT) s
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For the first extraction stage maost of investipators used kinetic mode! structure similar to the one

proposed by Axegard (1979) for the fast and slow rcactions. The kinetic structure presented by

Axegard (1979) is as follows.

L=~ dK’:f =k g [OH]™ K “.6)
f= = =k [OH] K,
4.7)
The reaction rate constants, ks and kgsare given by
kg = Kgp exp(-Eg/RT)* (4.8)
kg, =k, exp(-Ea/RT)*f (49

The expression in extraction stage for the ratio of the content of initial fast reacting. lignin to the -
content of initial slow reacting lignin is given by Axcgard (1979) is

Ken _ o [OH [*#exp(-28000RT) * f (4.10)

Esf
Initial ratio of slow and fast kappa number suggested by Jain et al. (2009)

Ken =27200(-13604 %" +7.8719%( - 0.1266)*[OH "* exp(-2800 VRT) * [ @

Es®

where Ea; and Ea, are the activation encrgy for fast and slow delignification reaction (kJ/mol) and
-T is the temperature (°K) and R is the ideal gas constant (8.314 kJ/mol.K). ky (kep) and Keo (Keso)
are frequency factor of the fast and slow delignilication reaction (L/mol.s) and f is the kappa
factor. The values of the activation energy, frequency factor and the values of floor lignin for Dy
stage and expression of the ratio of floor lignin for £ stage reported in the literature are presented
in the Table 4.2. However it can be scen thal kinelic parameters i.e. activation energy and

frequency factor vary with the raw material.
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In a medern pulp mill thal produces elementally chlarine-free (ECFF) pulp, the 13 stage plays a
critical role in determining the end results such as final brightness and pulp strength. It is very
important to have accurate and robust models that can be used in controlling and optimizing the
process. As more and more pulp mills in India are swilching 10 100% chlorine dioxide in the first
bleaching stage to respond to environmenial regulations, there is a need for a kiretic model for
chlorine dioxide bleaching of indigenous raw material so that it can be used for process

optimization or model based conirol strategics.

Table 4.2 Activation encrgics, frequency factors and floor lignin for 100% chlorine dioxide

and extraction stages

First chlorine dioxide stage

B Fast Delignification Reaction Slow Delignification Reaction
S.No. | Eu; K Floor Ea, K Rcferences | Floor
(kJ/mol) | (IL/mol.min) | Lignin | {kJ/mol) {L/moLmin) Lignin
. |429 2.23x10° | Ky=0.3K, | 18.7 24.0 Tessler and | Ka=0.4Ko
(softwaod) Savoie
' (1997)
2. 68 2.6x10" Ka=03Kq |2 2247 Jain ct al. Kn=0.5K
(soltwood) (2009)
K11;0.35K0 1.2 Kﬂ=0.44Ku
(hardwaood)
i First extraction stage
3 39 1.96x10° Expression | 2 0.0103 Axegard Expression
given in (1979) . given in
4 39 6.85x16" equation | 2 0.0165 Jain et al. equation
4.10 (2009) 4.11

[n the present study, a steady-state model of a throe stage bleach plant (DED) has been developed

based on the work presented by Dogan and Guruxz (2004) to optimize the chemical eonsumption.

Further in the present invéstigation the possible applicability of the carlier kinetic models in

reproducing the experimental findings was tested. An attempt has been made to investigate the

suitability of the kinetic model's parameters taken by eatlier researchers for indigenous raw

materials namely (i) mixed hardwood and (ii) bagasse pulp for first chlorine dioxide delignification
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stage and for extraciion stage. For the purpose kinetic mode! reported in literature are solved first
and fitted with the results of laborztory experiment. The experiments of chlorine dioxide stage with

the first extraction stage were performed on laboratory scalc.
4.3 Mathcmatical Modelling of the Ileach Plant

The flow sheet of DED bleaching plant is shown in Figure 4.2. Each stage is composed of three
unit operations as mixer, retention tower and washer as show in Figure 4.1. Considering that the
concentration of reactants is very high in the beginning and fairly low in the end than it is assumed
that all retention towers are acting as single PFR. During (urther course of study all three retention
towers are considered as PFR. Proposed mathematical models for mixer, PFR, dilution vat, drum

filter and seal tank arc presented in Table 4.3.

Model equations related to mixer are simple mass balance equations and are easy to solve. Study
of the pulp washing operation is done in the previous chapter of the present work.:So the main
focus of the present study is on the modelling of retention tower (PFR). The most importani’
parameter in the modelling of PFR is the bleaching reaction kinetics. In the present investigaticn
kinetic model structure for the chlorine dioxide stage given by Tessier and Savoie (-19975—

[equations (4.2) to (4.5)] and for extraction stage given by Axegard (1979) is used.
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Table 4.3 Mathematical models of a bleach plant [Dogan and Guruz (2004)]

Liquors Fibers Kappa number Residual Chemical/ Dissolved Solids

Mixer C C
| F =F
F,=F, + W, "l-—C,,, 'I“C,i

i F L, =EL;;+WM,

PFR F, = F, C,l. = Cri ﬂ:—r di; R C!" r
d a1-c, ¥
Dilution | F, = F+ W, - Filpsi + W My,,
Vat Lo, = F
Drum c. C. RW -1
Filter F[ [_'C'Fl =Fi | -.CP LI)S,[ ={M“_\-2 +W/F"—](Lm' —MD&: )Whﬁ.‘l’l RW 1

{M ps2 + FL(LD.\-,: -Mp, )when RW =1where RW = —L\f—‘-
: 1

* N

Wy=W,+F -F W My + Flpe —Fly,
Mg =
W,
Seal W, =W, +W, Mima = Mpg, .
Tank u
4.4. Experimental Study

4.4.1 Materials

Unbleached mix hardwood kraft pulp and bagasse pulp were procured from two different pulp and
paper mills in India. The pulps were hand washed with plenty of water, screened, air dried, and
stored in polythene bags for further bleaching experiments in the laboratory. All the chemicals
used were of analytical grade. pH of the pulp suspension was adjusted with 1M NaOH and 1M
Ha2804 solutions. Sedium chlorite (NaClQ;) solution was used for in situ generation of chlorine
dioxide (Dg stage) bleaching and NaOH for alkaline extraction (E stage) of the pulp after chlorine

dioxide stage.
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4.4.2 Experimental procedure

The pulp was subjected to DoE bleaching in the laboratory, where Dy and E stages refer to chlorine
dioxide and alkaline extraction with NaOH. Kappa numBers of the unbleached and bleached pulps
was determined according to the standard Tappi Test Procedure T- 236 as given in Table 4.5. The
unbleached pulp was soaked in water, disintegrated in laboratory disintegrator, and used for
bleaching studies for each experiment. Bleaching sequence (DgED;) was optimized to obtain the
85% ISO brightness by varying the kappa faclor from 0.25-0..35. 85% ISO target brightness is
achieved at kappa factor = 0.35, hence further experiment were conducted at 0.35 kappa factor.

The chlorine demand was calculated on the basis of kappa number as follows:
Total chlorine demand (0.D. basis) = 0.35 % kappa number

70 % of the total chlorine demand was given in the first Dy stage. For Do stage 40 g (0.D. basis)
unbleached pulp was used. Out of this 20 g was stored for measuring Dy kappa number and
remaining 20 g was used for subsequent £ stage. Do and D¢E kappa numbers of bleached pulps
were measured as a function of time. For parametric calculation kinetics at four different
temperatures was also studied. All the experiments were done (wice and average values reported.
The blcaching conditions for Do and E stages of DoliDy bleaching scquence are summarized in the

Table 4.4.
4.4.2.1 Chlorine dioxide bleaching Stage (1))

Calculated amount of NaClQ, solution and water was mixed with disintegrated pulp so that
starting pH was bctween 3-4 and the pulp consistency was 0% at which the bleaching was
performed for the desired time in polythenc bags kept in water bath at desired temperature. The
pulp was mixed from time to time. The polythene bag was removed and the pulp was washed. The

end pH was measured afier the bleaching.
4.4.2.2 Alkaline extraction (E)

The required amount of alkali (NaOH) and walter were mixed with the pulp suspension to give a
pulp consistency of 10 % in polythene bag. The bag was placed in a water bath maintained at 70
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°C. The pulp was kneaded from time 1o time for proper mixing. The end pH was recorded. After
alkali extraction the pulp was washed with the plenty of water (distilled water) and stored in fridge

at 4 °C for determining kappa number.

Tablc 4.4 Bleaching conditions for I}y and E stages of DyED; bleaching sequence

Parameter DyED, Bleaching Sequence
Dy stage E stage

Cla, (%, of total chemical charge) 70 | e
NaOH (% O.D.pulpp | - ]
Temperature (°C) 50, 60, 70 and 80 50, 60, 70 and 80
Consistency (%) 10 10
pH 3.5 11.3
Time (min) 180 90 -

4.4.3. Standard test pracedure
4.4.3.1 Analysis of NaClO; bleach liquor

20 g/L solution of NaClQ, was prepared. In 10 ml. of diluted bleach liquor, 10 m! of 10 %
potassium iodide and 10 ml of 10 % acctic acid were added. This solution was titrated with 0.IN
sodium thiosulphate solution by adding 0.5% starch as indicator. The end point was blue 1o

colorless. The active chlorine (g/L) was calculated as
Active chlorine (g/L) = Nornality of bleach liquor x 35.5
() Disintegration of pulp

Before bleaching the air dried pulp was disintegrated to break the fiber bundles and lumps. Air
dried pulp was soaked in water overnight and then disintegrated in laberatory disintegrator

(maximum 20 g O.D. pulp in | run) for 3 minutes, Then the water was drained on a screen and the
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pulp was squeezed and kept in refrigerator in polythenc bags for not more than 7 days. This wet

pulp was uscd for further bleaching experiments.
(b) Preparation of Sheets for kappa number determination

The consistency of the disintegrated pulp was adjusted to 1 %. The pulp suspension was
transferred into a hand sheet former. Water was then drained from the hand sheet former, so as to
give sheet of about 5 g O.D. weight. The pulp was picked with the help of 2 blotting papers and
then pressed with metallic plate and air dried. The sheets were protected against dirt and dust. For

kappa number determination the sheets were stored in polythene bags.

Table 4.5 Standard test methods followed for analysis

Test Number Description

SCAN C 18: 65 Disintegration of chemical pulps for testing

SCAN C 26: 76 FForming of hand sheets for physical testing of pulp.
T-236 Kappa number of pulp

T 610 om-87 ~ Preparation of indicators and standard solutions

4.5 Experimental Results-

Experiment has been conducted for first chlorine dioxidce stage at the same operating conditions by
taking four samples at four different temperatures i.e. 50, 60, 70 and 80 9C. The data obtained only
for kappa number reduction for Dy stage arc presented in the Table 4.6 and Table 4.7 for mix

hardwood and bagasse and for E stage for bagasse pulp in Table 4.8 respectively.
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‘Fable 4.6 Kappa number at different temperatures and times for Dy stage for mix hardwood

Time (min) | Kappa No. | Kappa No. | Kappa No. | Kappa No.
at50°C at 60 °'C at 70 °C at 80.°C

0 23 23 23 23
1.5 16.32 15.87 15.18 14.95
2.5 13.51 12.92 12.12 12.03
4 11.26 10.56 10.46 9.46

7 7.88 7.00 6.12 6.02
10 5.88 5.68 5.43 5.13
15 5.18 5.12 4.39 4.79
30 4.36 4.25 4.11 4.11
50 3.67 3.50 3.40 3.39
75 3.43 3.18 3.17 3.16

Table 4.7 Kappa number at different temperatures and times for Dy stage for bagasse pulp

Time (min) | Kappa No. | Kappa No. | Kappa No. | Kappa No.
at 50 °C at 60 °C at 70 °C at 80 °C

0 15 15 15 15
1.5 12.44 11.06 10.84 10.44
2.5 [1.19 10.01 9.97 9.63

4 9.60 8.50 8.39 7.89

7 6.23 6.05 6.65 6.63
10 4.49 4.25 5.45 5.25
15 3.91 3.78 4.63 427 .
30 3.71 3.70 3.80 3.53
50 3.51 3.40 3.35 3.31
75 3.38 3.35 3.12 3.06
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Table 4.8 Kappa number at different temperatures and times for E stage for Bagasse pulp

Time (min) | Kappa No. [ Kappa No. } Kappa No. | Kappa No.
at 50 °C at 60 °C at 70 'C at 80 °C

0 15 15 15 15
1.5 12.65 11.65 10.37 9.87
2.5 10.32 9.32 8.01 7.90

4 7.37 6.87 5.69 5.55

7 5.28 4.88 4.35 4.18
10 4.28 3.98 3.86 3.32
15 3.88 3.32 3.04 2.87
30 3.51 3.02 297 2.56
50 3.15 297 2.81 2.36
75 3.01 2.87 2.80 2.15

4;6. So!ution of Kinetic Models

Solutions of .the kinetic models are obtained for thc same operating conditions as used in the
experimental work (temperature, initial chlorine dioxide concentration and hydroxyl ion
concentration) at’ different temperatures. For the solution of the models, Dy stage kinetic
parameters given by Tessier and Savoie (1997) [soﬁWood] and Jain ct al. (2009) [softwood &
hardwood] and E stage kinctic parameters given by Axcgard (1979) and Jain et al. (2009) are used.
Solution of the kinetic models is obtained by using ‘odc45’ solver.in MATLAB source code and
presented from Figure 4.3 to Figure 4.10 for Do stage and Figure 4.11 to Figure 4.14 for E stage
along with experimental data. It can be observed from the figures that models given by different
researchers follow the similar trend. However models give different values of floor lignin and
initial ratio of slow and fast kappa number for Dy and E stage respectively. It is interesting to see
that the models proposed by Jain ct al. (2009) almost coincide for softwood and hardwood cven
though author has reported different valucs of kinctic paramciers (activation energy) and floor

lignin.
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4,7. Results and Discussion

For the suitability ol kinetic parameters for indigenous raw material namely (i) mixed hardwood
(ii) bagasse, kinetic models for Dy, stage at different temperatures along with the experimental data
are presented from the Figure 4.3 to Figure 4.10. Similarly kinetic models for [ stage along with

experimental data are presented from Figure 4.11 1o Figure 4.14.
4.7.1. Chlorine dioxide stage

Kinetics for mix hardwood Ipresentcd from the Figure 4.3 to Figure 4.6 show that experimental
data fitted more closely with the models given by Jain ct al, (2009) than model given by Tessier
and Savoie (1997). Value of floor lignin from the experiment is found 20.8 % of initial kappa
which is very close to the value suggested by Jain et al, (2009) and while differ significantly with
the value suggested by Tessicr and Savoie ([997). It can be seen from the figures that slow
reaction rate equation given by Jain ct al. (2009) fived very closciy with the experimental data.
However, fast reaction plot of experimental data is not as stecp as the plot of model equations.
Hence during the lab experiment fast reaction continued beyond till 8 minutes while Jain ct al.
{2009y and Tessicr and Savoie (1997) suggested that it is completed in less than 1 min, This may
be due the fact that [aboratory experiments were conducted in polythene bags and which resulted

in very slow mixing of chemica! and pulp.
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Figure 4.4 Experimental data (Dg) and models prediction at 60 %C for mix hardwood
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Figure 4.6 Experimental duta (Dg) and models prediction at 80 'C for mix hardwood
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Kinetics for bagasse is prescnied from the Figure 4.7 to [igure 4.10. It can be seen that
experimental data fitted more closely with the models given by Jain et al. (2009) than model given
by Tessier and Savore (1997), Valuc of floor lignin from the experiment is fount 21% of initial
kappa which is very close to the value suggested by Jain et al. (2009). For both the raw material it
can be scen from the figures that slow reaction rate cquation given by Jain et al. (2009) fitted very
closely with the experimental data. However, fast reaction plot of experimental data is not as steep
as the plot of model equations. Hence during the lab experiment fast reaction continues till
approXimately 10 minutes while Jain et al. (2009) and Tessicr and Savoie (1997) suggested that it
is completed in less than 1 min. This may be duc the fact that laboratory experiments were

conducted in polythene bags und which resulied in very slow mixing of chemical and pulp,
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Figure 4.7 Experimental datu (Do) and models prediction at 50 °C for bagasse
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Figure 4.8 Experimental data (Dg) and models prediction at 60 *C for bagasse
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Figure 4.9 Experimental data (1)) and models prediction at 70 °C for bagasse
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Figure 4.10 Experimental data (Dy) and models prediction at 80 °C for bagasse
4,7.2. Extraction stage

The kinetics for the first extraction stage is very complicated since {he reaction rate with respect to
its effcct on kappa number is high and variable. Furthermorc, both the activation energy and
frequency:factor. with respeet.io hydroxide ions are variable. Distcgarding the very slow reaction
dominating the-rate: afier-passage of several hours, the reaction may ‘be described by a simple
model which~assumes-that-the rapid initial phasc and the slow final phasc are two separate first

order reactions with rcspccthto the kappa number.

Kinetics for bagasse are presented from the Figure 4.11 to Figure 4.14 show that experimental data
fitted more closely with the models given by Jain ct al. (2009) than model given by Tessier and
Savoie (1997). It can be seen from the figures that slow reaction rate equation given by Jain et al.
(2009) fitted very closely with the experimental data. Fowever, fast reaction plot of experimental
data is not as steep as the plot of model cquations. Hence during the lab experiment fast reaction
continued beyond 7 to 8 minutes while plot of model given by Jain et al, (2009) shows that it is
completed in approximately in 2.5 minutes. This may be due the fact that Jaboratory experiments

were conducted in polythene bags and which resulted in slow mixing of dissolved lignin in alkali.
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4.8. Conclusion

In the present investigation an attempt has been made to find the suitable kinetic model for two
different type of indigenous raw material. It may be concluded by the present study that for the
indigenous raw material the model given by Jain et al. (2009) for the first chlorine dioxide and
extraction stages may be used. However to find the accurate kinetic model for the indigenous raw
material the complete experimental work is required to obtained the actual activation energy
results in slower fast reaction than model given b}; Jain et al. (2009). This prompts in concluding
that the activation energy and frequency factor for bagasse and indigenous hardwood are quite
different. But same results obtained by hardwood and softwood models of Jain et al. (2009) and
similar trend shown by experimental data shows that this difference in the values is more due to
experimental rﬁethodology rather than the nature of raw material. This is substantiated with the
fact that temperature does not have impact on the reaction time of fast reaction as shown by the
data. This is possible only when the reaction slow down due to poor mixing. Hence it can be
concluded that the models given by Jain can be used for modelling purpose. However the

experiment should be carried out to get the exact value of the kinetic parameters.
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Chapter-5

Conclusions and Recommendations

In the present work simulation studies of different sections of an integrated pulp mill namely pulp
washing, multi-effect evaporation and pulp bleaching is carricd out. Mathematical modelling and
Stmulation ol these sections is very typical task. In order to achieve this goal, available models in
the literature are inspected in terms of their limitations. After the analysis necessary modifications
and some useful assumptions are taken to resolve these limitations. Further these models are
extended and solved to describe more complicated issues such as dynamics of multistage washing
and multi-effect evaporator system. The present work utilizes MATLAB as a solution technique

for solving these highly complex model equations.

5.1 Pulp Washing

In the present work model for counter current four slage brown stock washing has been described
in the same manner as has been done by different workers [Kuo (1960), Brenner (1962), Sherman -
(1964), Pellett (1966), Neretnieks (1972), Grahs (1975), Perron and Lebeau (1977), Han and
Edwards (1988), Kukreja (1996), Kumar (2002) and Arora et al. (2006a, b)] for pulp washing
‘system along with the cffcet of dispersion-diffusion as used by some workers |[Lapidus and
Amundson (1952), Brenner (1962), Sherman (1964), Neretnieks (1972}]. It may be mentioned that.
some workers [Brenner (1962), Wong and Reeve (1990), Tervala (2006)] neglected adsorption
desorption isotherms. Some other school of thoughts have neglected dispersion effects [Kuo
(1960), Perron and Lebeau (1977)]. Even in adsorption isotherms inve;stigators used different types
of equations [Grzhs (1975), Kukreja (1996), Kumar (2002), Arora et al (20062, b)] and some
[Tervola and Rasanen (2005)] used the Donnan equilibrium. The solution technigques used by
different worker are also remarkably different. No investigator studied the multistage washing

system by using linear or nonlinear adsorption isotherm.

In the present investigation multistage counter current washing system based on mathematical
model derived for displacement washing with axial dispersion and particle diffusion with different
boundary conditions is proposed. Non lincar Langmuir adsorption isotherm is used to describe the
relationship between the concentration of the solute in the liquor and concentration of ihe solute on

the fibers. The numerical solutions arc obtained for four stages in counter current manner by using
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“pdepe” solver in MATLAB source code. Peclet number for the first washer was taken from the

literature and for second and subsequent washers is obtained by using the algorithm given by

Kumar (2002). For each stage of a series of four washers, the variations in the dimensionless solute

concentration with respect to dimensionless time as well as dimensionless cake thickness are

shown by 3-D graphs; Parametric effect of the various parameters is also studied for varying range

of parameters for each washer individually of the four stage washing system.

The major conclusions of the study are as follows

»

An unsteady-state mathematical mode] was described for a pulp washing system using

material balance equations. The model for single stage washing system is further extended

for multistage washing system.

The solution of single stage washing is obtained by using different adsorption-desorption
isotherms to show the suitability of the isotherm coupling with the washing model.

Rate of mass accumulation in the solid phase due to adsorption-desorption is taken into
consideration for evaluation of the solute concentration in the fiber by the linear isotherms
given by [Lapidus and Amundson (1952), Perron and Lebeau (1977) and Sherman (1964)]
and non linear Langmilir isotherm.

Linear isotherm based model] gives satisfactory profile, although the model with isotherm
givén by Sherman (1964) gives the crratic values of the solute concentration. However,
non linear Langmuir isotherm is the best suitable for the Satisfactory model performance.
Boundary conditions do not influence significantly the washing performance results.

The ‘pdepc’ solver used in the present investigation is simple, elegant and convenient for
solving two point boundary value problems with varying range of parameters and shov} a
comparable performance with average numerical errors.

The use of MATLAB for the simulation of such type of complex system is a good
alternative to the available techniques,

The parametric effects of peclet number, kappa number and porosity are shown by the C
vs. ‘|' graphical representations for constant bed depth at Z = 1.0 and the effects of
dimensionless cake thickness and dimensionless time are shown by C vs. Z & T profiles (3~
D graphs) for the various values of parameters for sodium ion species for four stage counter

current brown stock washing,
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» For Peclet number below 20 (say 10 to 19) more deviation in the profile is observed.
Higher Peclet number shows the little deviation in the shape of breakthrough curves as
shown in the C-T profiles of washer 1. The deviation for Pe = 20 is maximum for T = 0.5
to T = 1.0, which continually decreases for hi gher Peclet numbers.

» The effect of Peclet number on dynamic behavior of solute concentration decreases
continuously for washer 1 to 4. This is due to the fact that the range of variation in Peclet
number for first washer.is from 20 to 120, which narrow significantly from washer 2 to 4.
For example for second washer the range of paclet number ca!culated is from 19 to 22 and
for third and fourth washer is from 19 to 20.

> Varying the kappa number from 22 to 73 in the first washer, a very small deviation
observed in the C-T profiles for all washers which is negligible in the engineering practice.

> The variation in the porosity is also applied on first washer and then the influence in C vs.
T profile is observed for all washers. The C vs T profiles for different porosity at the bed
exit i.e at Z = 1.0, are shown for sodium ion species of black liquor. The deviation in the
breakthrogh curve start after T = 0.5. For the porosity values below 0.40 (sayi‘O.IO to 0.30)
significant deviations in the profile is observed, and while for the higher porosity values

show the practically no deviation in the shape of breakthrough curves.

5.2 Multi-effect Evaporation

Vast literature has been reported in last five decades on mathematical models and dé;ign of single :
as well as multi-stage evaporation for the steady state analysis [Rao and Kumar (1985}, Lambert et
al. (1987), Ray et al. (1992), Ray (1995), Patel and Babu (1996), Ugrin and Urbicain (1999), El-
Dessouky et al. (1998), Cadet et al. (1999), El-Dessouky et al. (2000), Ray and Singh (2000), Al-
Ansari et al (2001), Ray and Sharma (2004), Bakker et al. (2006), Karimi et al. (2007), Kaya and
Sarac (2007), Bhargava et al. (2008a, bj, Johansson et al. (2009), Khademi et al. (2009), and
- Khanam and Mohanty (2010)].

Many investigator [Andre and Ritter (1968), Bolmstedt and Jernquist (1976), Bolmstedt (1977),
El-Nashar and Qamhiyeh (1990), Tonelli et al. (1990), Hanbury (1995), Aly and Marwan (1997),
Cadet et al. (1999), Winchester and Marsh (1999), Miranda and Simpson (2005), Svandova et al.
(2006), Gonzalez-Bustamante et al. (2007)] studied the dynamic béhavior together with steady
state analysis for various process industries.
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Scanty literature [Stefanov and Hoo (2003, 2004)] is available on the dynamic response of MEE
system in paper industry. Stefanov and Hoo (2003, 2004) used a distributor parameter model
(System of partial differential equations) based on first principles knowledge about the fluid
dynamics and heat transfer processes for a falling film lamella type evaporator. Stefanov and Hoo
(2004) studied the dynamic responses for backward feed sequence and neglecting the effect of
boiling point rise. No work presented on the dynamic response of MEE system in paper industry

by using lumped parameter model (System of ordinary differential equations).

In the present investigation an attempt has been made for study of dynamic responses for tubular
type falling film MEE system. The lumped parameter model of sextuple effect falling film
evaporator system of a paper industry is developed by using unsteady state material and energy
balance equations and physico-thermal properties of black liquor including the effect of boiling
point rise for backward as well as mixed and split feed sequences. The transient behavior of the
system is studied by disturbing the input parameters like feed flow rate, feed concentration, feed

temperature and steam temperature.
The major conclusions of the study are as follows

» An unsteady-state mathematical model was developed for a sextuple effect backward,
mixed and split feed evaporator by using material and energy balance equations"with
physico-chemical and thermal properties of the black liquor.

> In the present work for the stcady state and dynamic simulation the ‘fsolve’ and ‘ode45’
solvers in MATLAB source code are used respectively. The solution is obtained for a range
of input parameters taken from the literature,

> Simulations results obtained using MATLAB source code shows a comparable
performance and so it may concluded that with the use of MATLAB it is possible to have
better control of such complex system. -

> Based on the steady state solution of the model the effect of variation of various input
parameters on steam economy is studied. It may be concluded that mixed feed is always
optimal for entire range of each parameters.

» The dynamic response on system variables of MEE is studied by creating four types of

disturbances namely (i) in feed flow rate, (ii) in feed concentration, (iii) in live steam
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temperature and (iv) in feed temperature as step input function, System variables selected
were (i) temperature of each effect and (ii) output concentration of each effcct.

The disturbance is taken as a step input of +10%. Responses to the disturbance for the last
(6™ and first (1) effects are presented in grapilical form for backward, mixed and split
feed.

For each response curve times constant (t}) is also calculated.

‘The temperature and concentration of both the effects (6™ and 1*) show an increase or
decrease with decrease or increase in the feed flow rate. It is obvious as fresh steam supply
rate is constant and water to be evaporates and decreases per unit time.

The dynamic behavior of effect’s temperature with respect to disturbances in feed
concentration shows slight but insignificant change in temperature. However the change, it
observed is unidirectional i.e. the temperature increases irrcspective of increase or decrease
in feed concentration. |

The changes in product concentration of both the effect show increase “or decrease
according as the feed concentration is increase or decrease. This may be due to the fact that .
AT across the evaporator system remains constant and vapor-liquid equilibrium of each .
effect remains almost unchanged for the optimum performance.
The change in steam temperaturc results in increase or decrease in the temperature of both
the effects bafore obtaining the steady state for increase or decrease respectively. However '
the disturbance in steam temperature does not result in any noticeable change ifi the product
concentration of both the effects. Although after scaling down Y-axis value it is observed
that product concentration increase and then decrease or decrease and then increase for
increase or dccrease in the steam teinperatufe respectively.

It is evident from the figures that disturbance in feed temperature does not bring noticcable
change i the temperature and product concentration each effect. However after scaling
down Y-axis, it is' observed that temperature of the both the effect increases and decreases
to abtain the steady state with an increase and decrease in feed tempcerature and the product
concentration of each effect first decreases and then increases to obtain the steady state
with a very small {luctuations about the steady state up to four to five decimal places in the
value of concentrations of both the effect and conversely for increase in feed temperature.
Dynamic behavior of each effect’s temperature and praduct concentration while disturbing

the liquor tlow rate, feed concentration, steem and feed temperatures by :10% shows that
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the steady statc is reached more quickly in temperature in comparison of the solid

concentration and all of the responses converge in a smooth fashion.

5.3 Pulp Bleaching

In 2 modern pulp mill that produces elementally chlorine-free (ECF) pulp, the Dy stage plays a
critical role in determining the end results such as final brightness and pulp strength. It is very
important to have accurate and robust models that can be used in controlling and optimizing the
process. As more and more pulp mills in India are switching to 100% chlorine dioxide in the first
bleaching stage to respond to environmental regulations, there is a need for a kinetic model for
chlorine dioxide bleaching of indigenous raw material so that it can be used for process

optimization or model based control strategies,

Scanty literature is available on the 100% chlorine dioxide bleaching. In the present investigation
the possible applicability of the earlier kinetic medels in reproducing the experimental findings
was tested. An attempt has been made to investigatc the suitability of the kinetic model’s
parameters taken by earlier researchers for indigenous raw materials namely (1) mix hardwood and
(ii) bagasse pulp for first chlorine dioxide stage and using oniy bagasse pulp for the extraction
stage. or this purpose the experiments of first chlorine dioxide stage with the first extraction stage
have done on laboratory scale. For this purpose the kinetic models given by Tessier and Savoie
(1997} and Jain et al. (2009) is selected. Solution of these kinetic models is obtained by using
‘ode45’ solver in MATLAB source code. For the suitability of the kinetic models, the model

predicted results were fitted with the experimental data.

It may be concluded by the present study that the model given by Tessier and Savoie (1997} and
Jain et al. (2009) can be used for the bagasse indigenous raw material but for the hardwood there is
a need of some modifications in the values of frequency factor and the values of the activation

energy may be used as usual.

5.4 Recommendations for future work

Based on the entire investigations the following recommendations can be made for future work in

these arcas

5.4.1 Pulp washing
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Model should be further extended for the other washers like pressure, horizontal washer,
belt washer, screw press ctc.

Reverse trend of N-T profile can be obtained for the multistage washing system.

The solutions of the washing mode] with or without using adsorption-desorption isotherms
arc available in the litereuture by various techniques. Thus (o obtain the best suitable
technique there is need of comparison of all the available soltuion technigues reported in
the literature. Comparison may be based on closeness with analytic solution along with the
convergence of the solution techniques or CPU time.

Experiemnt should be conducted to find out the data for simulation for Na™ and lignin
species of indigenous raw material, |

Nonlinear multi-variate statistical analysis of the effects of the aperating variables can be
altemnpted to examine the effect of temperature, thickness and consistency of the mat (at
inlet and discharge conditions), and sperficial velocity of liquor/wash water onwashing
efficiency. .

Elaborate experimmmt should be conducted in an industrial BSW with various kinds of pulp
obtained from hardwood, bamboo, non woods like bagasse and straw which are the main
raw material for pulp and paper industry. It may be mentioned that the this present work is
based on the softwood (pine) sulphate pulp.

Experiments need to be carried out to find the displacement ratio for different number of
stages of BSW for accurate estimation of parameters for evaporator and bléach plant,

particularly soda loss, and COD loss.

5.4.2 Muli-effect cvaporation

5

Evaporator should be optimized with various feed sequence or PFR with all possiable
economy measures like utilization of condensate and product flash in order to reduce both
electrical and thermal energy consumption,

With unsteady-state simulation, the economic influence of the-optimized time of operation
can be analyzed.

In the present investigation optimum feed sequence is obtained using steam economy.
However a cost optimization function should be obtained including pumping and man

power cost,
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The recent trend in the design of evaporator is 1o use unequal heating surfuce areas in
evaporator bedies. Therefore it will be importance to consider this aspects [or concentration
of black liquor in MEE. |

Detailed study on the modelling of physico-chemical propertise of black liquor based cn
experimental measurements qf different Indian pulp mill liquor from varieties of raw

materials and their blends followed by simulation needs carcful attention.

5.4.3 Pulp bleaching

»

v

Simulation of the stcady state model for DED bleach plant is required for waste
mininization and to calculate the pollution load in terms of COD.

In the preseent work only kappa number measurmnient was done. Detailed laboratary
experiment of chlorine dioxide and extraction stage bleach is required including pH
measurment, ClO, cosumption and resudual chemical measurement to develop kinetic
model for indigenous raw material.

Present work is carried in the laboratary at flask level. More accurate results can be
obtained by performing experiments on lab scale reactors.

The laboratory hased experiment should be carried out to estabilish the relation among
AOX, COD, soda loss and TOCL for various bleaching sequences like ECF with various
chlorine di oxide substituion and also for TCF bleaching sequence.

Cost optimization of multistage bleach plant using non- linear techniques shoul be carried

out.
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