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Abstract

Scaling in conventional black liquor evaporators has presented problems for decades, impeding the improvement of
productivity in paper mills. Recent investigations suggest that falling film technology may effectively minimize black
liquor fouling and improve productivity in a paper mill. This finding motivates the current work to analyze the
transport phenomenon, enrichment and scale fouling of black liquor in a falling film evaporator. In the paper, a
mathematical model based on a turbulent two-phase flow with multiple components is presented to investigate the
transport processes of black liquor in a falling film evaporator. A phenomenological model of crystallization fouling is
used to predict the fouling process. The results show the relationship between heat and mass transfer occurring within a
very thin viscous sublayer close to the heat transfer surface, and the influence of soluble solids concentration and
thermal boundary condition on the enrichment and scale fouling of black liquor.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Black liquor, the by-products of the chemical recov-
ery loop in the pulping and paper industry, is a highly
viscous alkaline organic mixture that includes water,
lignin, cellulose, and inorganic sodium salts [1]. Sodium
carbonate (Na,CO;) and sodium sulfate (Na,SOy) are
the major inorganic species in black liquor, and both
sodium salts contribute to the formation of encrusta-
tions in conventional black liquor evaporators. Sodium
carbonate and sodium sulfate form the double salt
burkeite (2Na,SO,-Na,CO;) when they co-crystallize
[2,3]. In a modern pulping mill, a multi-effect evaporator
system is usually designed to concentrate black liquor
from 14-18% up to 68%. However, soluble scale fouling
does occur in a conventional black liquor evaporator,
which is an obstacle to improving productivity in a
pulping mill [3].

Pioneering work by Grace [4] at the Institute of Paper
Science and Technology (IPST) in the 1970s showed that
soluble scaling in long-tube vertical (LTV) evaporators
always occurred if black liquor were concentrated above
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the solubility limit of Na,SO, and Na,CO;. Grace called
this concentration the “critical solids” point for soluble
scale formation. Siiren [5] found that a solids concen-
tration of approximately 48% was the beginning point of
scale formation for typical black liquor. Several empir-
ical correlations have been advanced to predict the
critical solids point [6,7].

The soluble scale fouling of black liquor is not only a
concentration-driven process, but also a heat-sensitive
development. These dissolved salts display an abnormal
behavior of reduced solubility with increased tempera-
ture. The limit of the salts may be exceeded if black li-
quor is enriched to produce a high concentration of
solids. The result will be precipitation both in the bulk
solution and on heat transfer surfaces, leading to a heat
transfer coefficient drop [8].

The contact time between black liquor and a heated
surface is critical to controlling soluble scale fouling. In
the pulp and paper industry, the conventional technol-
ogy used in black liquor evaporators is rising film
evaporators, in which the black liquor feed enters the
bottom of the steam-heated tubes and flows up inside
them. The soluble scale fouling occurs due to the
supersaturation of black liquor suspending in the eva-
porator. In falling film evaporators, however, the black
liquor enters at the top; and a thin, fast-flowing film
immediately coats the wall as a result of gravity. This
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Nomenclature

a thermal diffusivity (m?/s)

cP soluble solid concentration (%o)

cv water component concentration (%)
Gy soluble solid mass concentration (kg/m?)
Cp drag function

Cp specific heat (kJ/kg K)

Cs concentration at surface (kg/m?)

d droplet diameter of liquid phase (m)
D mass diffusivity (m?/s)

E.t activation energy (J/mol)

F interaction momentum between phases
g gravity vector (m/s?)

heg heat of evaporation (kJ/kg)

Kj; or K;; interface momentum exchange coefficient
between jth phase and ith phase (kg/sm?)

L length of falling film (m)

m mass (kg)

j; mass transfer from jth phase to ith phase
(kg/s m?)

T mass transfer from ith phase to jth phase
(kg/sm?)

P pressure (Pa)

Pry turbulent Prandtl number

R perfect gas constant (8.314 kJ/kmol K)

Re Reynolds number, Re = 41"/

R¢ fouling resistance (m>K/kw)

ny, ' evaporation and condensation coefficient

Sc, turbulent Schmidt number

T temperature (K)

Ty fluid-deposit interface temperature (K)

u velocity at x direction (m/s)

u velocity vector (m/s)

v velocity at y direction (m/s)

w Na,CO; + Na,SO; wt% on total black li-
quor solid

stream-wise coordinate

position vector

transverse coordinate

channel width if falling film evaporator (m)
effective sodium (%) on total black liquor
solids

NQE o=

Greek symbols

o volume fraction

u dynamic viscosity (N s/m?)

0 density (kg/m?)

Dol black liquor density (kg/m?)

04 deposit density (kg/m?)

r mass flow rate per unit film width for a
planar film (kg/ms)

k turbulent kinetic energy (m?/s?)

€ turbulent dissipation rate (m?/s*)

0 time (s)

Ad deposit thermal conductivity (w/m K)

Subscripts

0 initial condition

c condensation

e evaporation

eff effective transport coefficient

iorj ith phase or jth phase

ij or ji interface between ith phase or jth phase
in inlet

1 liquid

Iv or vl transfer between liquid and vapor phases
mixing

saturated

turbulent

solid

vapor

wall

g<me—»ga
=

process leads to a short contact time, a high heat transfer
coefficient, and a low pressure drop. Recent investiga-
tions have found that falling film technology could
minimize the fouling of black liquor if it were employed
in both evaporators and high-solids concentrators [1].
Falling film evaporators become an attractive alternative
to conventional black liquor evaporators in many pul-
ping and paper mills.

Falling film technology has been found in a wide
variety of engineering application, although it is still a
new innovation in pulping and paper industry [9].
Since Nusselt [10] determined the theoretical stream-
wise velocity profile for a liquid film at the free
interface in 1916, a significant amount of research on
falling film hydrodynamics—both experimental work

and theoretical analyses—has been conducted over
the last few decades [11]. Most of this research was
carried out on laminar film and waviness of the gas—
liquid interface [12,13]. Solutions of water and pro-
pylene glycol were usually used to form thin films in
these studies.

Research on transport phenomena in falling films
was reviewed by Seban [14] and by Killion and Garim-
ella [15]. Seban and his coworkers [16,17] theoretically
investigated evaporation from a liquid water film into a
pure water vapor. Their studies focused on the transport
process in the liquid film. A similar analysis was carried
out by Yiiksel and Schliinder [18]. Several of the earlier
studies focused on heat and mass transfer in the gas
flow, in which the very thin liquid film was assumed to
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be replaced by appropriate boundary conditions. These
kind of studies were carried out over flat plates or inside
a circular pipe [19,20]. The transport process in both gas
flow and liquid film has been analyzed by Shembharkar
and Pai [21], Baumann and Thiele [22], Yan [23], and
Tsay and Lin [24]. Although they considered turbulent
gas flow, liquid film was still assumed as laminar. The
major difference among them was the definition of liquid
film temperature profile. The first two assumed the
temperature profile across the film was linear, and the
later two considered the profile as fully developed lam-
inar.

The literature reviewed did not accurately reflect the
coupled relationship of transport process in a black li-
quor falling film evaporator. Black liquor falling film
evaporation is a two-phase flow because the evaporation
process occurs along a near-vertical heat transfer sur-
face. Heat and mass transfer within black liquor falling
film takes place between the liquid and vapor phases.
The driving forces of the transport phenomena vary with
the local temperature, soluble solids concentration gra-
dient, and equilibrium condition at the interface between
liquid and vapor. When the black liquor solids concen-
tration is beyond its solubility limit, precipitation will
occur in the bulk solution, leading to deposition and
fouling on the heat transfer surface [6]. Hence, under-
standing the transport processes and soluble solids
concentration profile of black liquor is important for
utilizing black liquor falling film evaporators in a
modern paper mill. The thermal properties of black li-
quor also affect the transport processes. The Prandtl
number of black liquor is ten times higher than that of
water. For a film of a given Reynolds number, a typical
film thickness of black liquor could be more than an
order of magnitude greater than that of water. Thus the
performance of a falling film of black liquor is signifi-
cantly different from that of a film of water or other low-
viscosity fluids.

Considered little is known about the performance
of black liquor falling film evaporators, the present
effort will be useful in improving productivity for the
pulp and paper industry. The current work is to
numerically simulate the transport, enrichment, and
scaling of black liquor in a falling film evaporator, in
conjunction with the corresponding experimental work
carried out at Georgia Tech [1] and IPST [32]. A set
of mathematical formulae based on volume fraction is
presented to describe a turbulent two-phase flow with
multi-species. A two-dimensional computational fluid
dynamics code is employed to investigate the transport
processes of a black liquor falling film evaporator,
coupled with a modified empirical model for analyzing
the scale fouling of black liquor. The simulation in-
cludes the fluid flow and heat transfer, and the
enrichment and scaling of black liquor in a falling film
evaporator.

2. Mathematical model
2.1. General

In a black liquor falling film evaporator, black liquor
feed enters at the top of the evaporator, flows downward
along the steam-heated surface in the form of a film, and
leaves from the bottom. Vapor separated from the liquid
is carried aloft and exits at the top. Fig. 1 is a schematic
of the falling film evaporator considered in the study.
The heated surface is a vertical plate subjected to a
uniform high temperature. As mentioned earlier, black
liquor is a multi-component fluid. The evaporation of
water species in black liquor will result in black liquor
enrichment. Therefore, black liquor falling film includes
vaporized water and enriched black liquor. The vapor-
ization process leads the film developed into a turbulent
flow.

As shown in the schematic of the falling film evapo-
rator, the basic assumptions made include these: (1)
black liquor consists of water and soluble black solids;
(2) a black liquor falling film is considered as a two-
phase flow, including vapor and enriched black liquor;
(3) precipitates are assumed not to affect the hydrody-
namic characteristics of the vapor-liquid flow; (4) the
turbulent transport is described through adding an eddy
transport coefficient to the molecular ones, and effective
transport coefficients are given by pu. = 1+ 1y, Qer =
a+ ay, Deir = D + Dy; and (5) momentum and mass ex-
changes are considered between phases.

2.2. Governing equations
Governing equations of the fluid flow in the falling

film evaporator are based on a two-phase model. The
fluid flow is considered to consist of thin falling film and

Black liquor
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Fig. 1. Schematic of falling film evaporator.
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uprising vapor. The thin falling film is a two-phase flow
along the heated wall, and the uprising vapor is a single-
phase flow in the center. The flow is considered in two
dimensions. The position vector, X, expressed in
Cartesian coordinates, is given as X = xi + yj; the vapor
and liquid fluid velocity vectors, U,;, are given by
U,' = uii + v; j .

The concept of volume fraction is employed to analyze
the multiphase flow, as well as the mass and momentum
transfer between vapor and liquid phases. Volume frac-
tion represents the volume occupied by each phase. The
conservation equation of volume fraction is described as
> a; = 1. Based on the concept of volume fraction, the
laws of conservation of mass, momentum, energy, and
species are satisfied by each phase individually.

The conservation of mass, which governs the ith
phase in the multiphase flow, is given by

U Vo, =22, (1)
where m,, = —m”

The momentum conservation for the ith phase in the
multiphase flow is described as

1 1 _Fy
V(a,U,Ul)zf;VPJr—VSl+(x,g+—j, (2)
where g is only in the x-direction, and the stress tensors
V - §; are given by

V5=V (ai:ui‘cffVUi)' (3)

The last term in Eq. (2) is the interaction term that
includes momentum exchange and mass exchange at the
interface of phases, as described by

Fji = =Fy = K;(U; = Uy) + i Uy (4)

Note: In Equation (4), if mass transfer occurs from
the jth phase to the ith phase (rir; > 0), U; =U;
otherwise, U;; = U;; so it is given by

m;Uj; = max |0, ri; |U; — max|0, —rir; |U;. (%)

To predict the heat and mass transfer within the
multiphase flow, an energy equation is presented for the
ith phase as follows:

Hijihgg

V- (O(,UITI) =V (ai,effvT;') +
PiCpi

(6)

Since black liquor is considered to include a water
component and soluble black liquor solids, the conser-
vation equation of the mass fraction of the water com-
ponent and soluble black solids can be described as
unity: ¢® + ¢¥ = 1. An additional conservation equation
is required for predicting the mass fraction of the water
or soluble black liquid solids in the liquid phase. The
equation is given as

V- (ot,-U,»c}’) =V- (oc[D,.,el1~Vc,l-’) + é:.’, (7)

where ¢° is caused by the water mass exchange between
liquid and vapor phases, and ¢® = —¢¥.

2.3. Momentum and mass transfer at the interface of
phases

As shown in Eq. (4), the momentum exchange at the
interface of the vapor and liquid phases is based on the
exchange coefficient, K,,. The current falling film is a
vapor-liquid flow. The exchange coefficient for this type
is described as follows:

R ®)

where Cp is a drag function based on the flow situation.
In the current turbulent flow, Cp is considered as 0.44.
|U; — U,| is the relative phase velocity between the ith
and jth phases.

A simple phenomenological model for a vapor-liquid
flow is used to determine the mass transfer between
phases, which is described as follows:

If Ti 2 T;ata me = rlvalp](Ti - Tiat)/Tsata (93)
If [} < T, e =0, (9b)
If 7, < Tty 1t = 1oty pu(Toat — T0) / Teans (9¢)
If Tv >~ T;‘dlu mc = 0 (9d)
Therefore,

mlv = 7mvl = mc - mc~ (10)

Only the mass exchange caused by evaporation and
condensation is considered here because mass transfer
caused by other reasons is relatively slight.

2.4. Eddy transport coefficients

Turbulent transport is considered through adding
eddy transport coefficients into molecular coefficients;
the results are called effective transport coefficients, such
as Uep = U+ Uy, et = a + ay, Deff =D —‘—Dt

The thermal eddy diffusivity a; is caused by the tur-
bulent transport, which is calculated from the eddy
viscosity u, by using a further equation involving the
turbulent Prandltl number Pr;.

Hy
= . 11
N P (1)
Although some authors gave a transversal distribu-

tion function for the turbulent Prandtl number, the
majority of the authors considered Pr, as a constant
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value over the film [19]. In the current study, Pr is
considered as a constant value.

The mass eddy diffusivity is calculated from the eddy
viscosity, g, by using an equation involving the turbu-
lent Schmidt number Sc;

_ M
t pSCt ’

(12)

where the turbulent Schmidt Sc, is assumed to be equal
to the turbulent Prandltl number Pr,.
The eddy viscosity is related to k& and & by the
expression
k2
Ht:pcﬂz7 (13)

where the coefficient C, is an empirical constant that has
the empirically derived value C,, = 0.0845.

The turbulent kinetic energy £ and dissipation rate ¢
in Eq. (13) are determined by the RNG-based k—¢
turbulent model. The log-law equation is employed in
the current turbulent model to relate the wall shear
stress to the fluid velocity at a short distance away
from the wall.

2.5. Boundary conditions

In the study, a no-slip wall is considered. The gov-
erning Eqgs. (1)-(6) are subjected to the boundary con-
ditions. Thus the boundary conditions at the wall
followed (refer to Fig. 1) uy,=u=v,=v =0 and
T,=T,=T,aty=0.

At the interface between vapor and liquid, heat and
mass transport are coupled by the governing equations;
ie., Egs. (1), (2) and (6) are employed to predict the
velocity, temperature, and species concentration in the
falling film evaporator.

To save computer time, a symmetric mesh is adapted.
Thus all gradients at symmetric line (or y = W /2, W, the
channel width) are considered to be =zero; thus

Quy 0w oy O _ g % _ 0% _ Qo O
T oy oy oy 2y oy _0’ and y =0 at
y=Ww)2.

The initial condition includes the temperature and
velocity field. The temperature is considered to be con-
stant, and the velocity profile is assumed to be a static
field. Vapor is filled within the initial flow field. The
initial value for the profile of velocity, temperature, and
concentration are given as u, =u =v, =v =0,
T,=T =Ty, and o, = 1.

Meanwhile, the inlet conditions are considered to be
a uniform profile of velocity, temperature, and concen-
tration. However, falling film is a two-phase flow along
the vertical heated surface. The variables, such as tem-
perature and velocity, need a function to express the
mixing characteristic in the two-phase flow. Therefore,
the following mixing variables are presented as bulk
variables of density, temperature, and velocity vector,

which are used in analyzing the flow characteristics of
two-phase flow.

Pm = Z%Pn Cpm = Z“icpiy
iVi [T[ i iU[

= 2%Pel gy, = 24P (14)
PmCpm Pm

Note that in all the above formulations, the transport
properties of black liquor are calculated from Rama-
murthy et al. [25] and Zaman and Fricke [8]. The
transport properties of vapor come from Incropera and
DeWitt [26].

3. Numerical method solution and model validation

On the basis of using the finite-difference method
derived by integrating over the meshed control volume,
the governing equations for the two-phase flow model
are solved through incorporating the SIMPLE algo-
rithm of Patankar and Spalding [27]. Since the govern-
ing equations are involved in non-linearity and the
coupling of relative variables, iterative numerical pro-
cedures are conducted until the convergence is reached.
The solution is considered to converge if the sum of the
normalized residuals has fallen below a specified level 9,
ie.,

Z‘Rn|/Rn,ref<57 (15)

where R, is the local residual of the n equation and R, ¢
ref is the reference quantity. In the current study, the
convergence is assumed to be reached when ¢ is less than
0.001.

To validate the model, two pure liquid falling film
flow conditions are considered here: one is the low-
Reynolds laminar flow, and the other is high-Reynolds
turbulent flow. The results are illustrated in Fig. 2. In
Fig. 2(a), the triangle series is the current turbulent
simulation; the diamond series is the Nusselt [10] re-
sults; the solid and white square series are Adomeit and
Renz [13] and Karimi and Kawaji [11], respectively.
The Reynolds number of the solid series is 800, and the
number of the other series is 2338. Fig. 2(b) illustrates
the laminar comparison of the current prediction with
experimental data at a low Reynolds number (<50).
The triangle series is the current simulation; the solid
and white square diamond series are the Nusselt [10]
results; the white square series is Portalski [28]; and the
solid square series is Wilkes and Nedderman [29]. The
results show a fair match with experimental data
whether the Reynolds number is low or high. There-
fore, the model can predict the performance charac-
teristics of a falling film evaporator with reasonable
accuracy.
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Fig. 2. The comparison of predicted with experimental data; in (a) the Reynolds number of the solid series is 800 and that of the space

series is 2338; in (b) the Reynolds number is <50.

4. Numerical analysis and discussion

The geometric scales of falling film evaporators have
been determined through laboratory experiments done
by Smith and Hsieh [1]. To simulate the transport
processes of black liquor falling film, two cases were
carried out to reflect both experimental and industrial
scales. A 1.8 m-long falling film [1] was employed to
investigate the fundamental process of the application
of black liquor in a falling film evaporator. Based on the
simulation of the 1.8-m-long falling film, a 10 m-long
falling film, the scale of an industrial black liquor falling
film evaporator, was analyzed. The details are listed in
Table 1. All geometries are considered here in two
dimensions, and the width of the plate is assumed to be
infinite.

Since the soluble black liquor solids composition is
affected by the molecular weight distribution of the lig-
nin, the transport properties of black liquor vary with

Table 1
Geometric scales of falling film evaporators and the boundary
conditions of black liquor

1.8 and 10

0.05

348, 368, and 388
348, 368, and 388
358, 378, and 398

Length of plate (m)

Half-width of channel (m)

Inlet temperature of liquid film (K)
Inlet temperature of vapor stream (K)
Wall temperature (K)

Inlet velocity of liquid phase (m/s) 0.2

Inlet velocity of vapor stream (m/s) 0.3

Inlet falling film thickness (m) 0.01

Inlet solid concentration (%) 35, 40, and 45

the degree of delignification of wood species. In the
current work, only typical black liquor is considered.
The composition of soluble solids includes 20% sodium,
9% sodium carbonate, and 2.3% sodium sulfate. The
ratios of Na,CO;/Na,SO, and organic/inorganic mate-
rial are assumed as 80:20 and 60:40, respectively.
According to the critical solids point model [6], the
current critical solids point is around 49%. In the current
study, fluid properties are based on the temperature and
black liquor solids concentration.

4.1. Tranport of black liquor in a 1.8-m falling film
evaporator

Since the fluid flow in a falling film evaporator is a
two-phase flow, the two-phase film thickness is defined
by the distance from the heated surface to the location
where the volume fraction of the liquid phase is not less
than 1%. All falling film thicknesses in the study follow
this definition.

The numerical analysis results of a typical two-phase
flow in a 1.8-m-long falling film evaporator are plotted
in Fig. 3. In the case, black liquor solids concentration is
40%; inlet black liquor temperature, inlet vapor tem-
perature, and wall temperature are 368, 368, and 378,
respectively. As shown in Fig. 3(a), the volume fraction
of the liquid phase decreases gradually while the falling
film falls down along the heated surface. A liquid falling
film is developed into a vapor-liquid flow. In the
velocity profile view in Fig. 3(b), the two-phase film
seems to move down together. The phenomenon is
caused by the density difference in liquid and vapor. For
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(d)

Fig. 3. The prediction of a typical two-phase flow for a 1.8-m-long falling film: (a) volume fraction of liquid phase; (b) velocity profile;
(c) turbulent kinetic energy profile; (d) turbulent dissipation profile. The Reynolds and Prandtl number are 2650 and 19.6, respectively.

a control zone with a certain velocity, a small volume
fraction of liquid still possesses a higher momentum
than vapor because the density of liquid is three orders
of magnitude higher than that of vapor. As a conse-
quence, liquid and vapor move together. Fig. 3(c) and
(d) illustrate the turbulence and diffusion profile in the
falling film evaporator.

Fig. 4 shows the profiles of velocity, temperature, and
black solids concentration in a 1.8-m-long thin falling
film. In Fig. 4(a), the velocity of the liquid film accel-
erates under the force of gravity while the falling film
periphery contracts to a section smaller than the inlet
film thickness because of fluid inertia. This section is
known as the ““vena contracta.” After the vena contracta,
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Fig. 4. Profiles of velocity (a), black liquid concentration (b), and temperature (c) in a 1.8-m-long falling film. The Reynolds and

Prandtl number are 2650 and 19.6, respectively.

the fluid stream expands slowly because of the turbulent
interaction of water vaporization, as would also occur in
the case of a 10-m-long falling film.

In Fig. 4(c), a very steep temperature gradient is seen
in the viscous sublayer near the heated surface. The
peripheral temperature of falling film, however, has no
variation, as is illustrated more significantly in Fig. 5(a).
This lack of variation is due to the short contact time
between the process fluid and the heat transfer surface.
Another reason is that the Prandtl number of black li-
quor is quite high. All the heat supplied from the heated
wall is absorbed within the viscous sublayer, which leads
the temperature profile to become uniform beyond it. In
the current case, the contact time is less than 2 s and the
Prandtl number is 19.6; by comparison, the Prandtl
number of water is 1.9 at the same condition. As the
length of the falling film increases, the temperature of
the falling film periphery would be affected to some
degree, as illustrated in Fig. 4(c).

Consequently, the concentration of the black liquor
solids occurs in a similar way. The vaporization of water
species always occurs within the sublayer closest to the
heated surface because of the rapid temperature varia-
tion there. The volume fraction of the liquid phase at the
sublayer of the falling film is significantly reduced
compared with its neighboring zone (Fig. 5(b)). The very
thin zone is dominated by a vapor-enriched two-phase
flow, and the black liquor solids concentration is en-
riched there as well. The highest solids concentration of
black liquor is found near the heat transfer surface, and
the other locations show a slow decay in the concen-
tration value from the heat transfer surface to the falling
film periphery, as seen in Fig. 4(b). This situation is due
to the strong turbulence and diffusion caused by evap-
oration inside the falling film, as illustrated in Fig. 3(c)
and (d). Maximum turbulent dissipation exists at the
heat transfer surface, where the vaporization of water
species happens. In addition, the high turbulent dissi-
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Fig. 5. Transverse profiles of film temperature and the volume
fraction of liquid phase in a 1.8-m-long falling film; The Rey-
nolds and Prandtl number are 2650 and 19.6, respectively.

pation benefits the transport of the black liquor solids
concentration from the high to the low zone.

To further understand the flow dynamics character-
istics of a falling film evaporator, it is necessary to
investigate the performance of a pure liquid falling film,
which has no evaporation process. In the study, one case
is considered without heat and mass transfer between
the gas and liquid phases. Fig. 6 shows the velocity
profile of a pure liquid falling film. A pure liquid falling
film is considered to be a fully developed flow at 1.2 m
away from the entrance. Compared with Fig. 4(a), two
significant differences are found. First, the film thickness
of a pure liquid falling film decreases, as illustrated in
Fig. 6. Its film thickness decreases 25% more than that of
an evaporative falling film. The second difference is the
flow characteristics of a falling film, caused by the
evaporation process in the sublayer close to the heated
surface. The evaporation process forces an evaporative
falling film to expand in thickness and become unstable.
The simulation result shows that a pure liquid falling

film always keeps the single phase present. However, an
evaporative falling film develops significantly into two-
phase flow, although the falling film is still dominated by
the single phase at the entrance.

4.2. Effect of solids concentration and thermal boundary

Black liquor enrichment is strongly sensitive to the
black liquor solids concentration and thermal boundary
condition. Fig. 7 plots the effect of black liquor solids
concentration and thermal boundary condition on the
enrichment of the solids concentration at the exit of a 1.8
m-long falling film.

The thermal properties of black liquor are strongly
dependent on black liquor solids concentration. For
35%, 40% and 45% black liquor solids concentrations,
their Prandtl numbers are 14.8, 19.8, and 33.1, respec-
tively. Usually, a high Prandtl number results in low
thermal diffusion. In Fig. 7(a), the black liquor solids
concentration is illustrated as diminishing from the he-
ated wall to the periphery of the falling film, and the
major enrichment of black liquor occurs within the small
zone. On the other hand, black liquor solids concen-
tration also affects the movement of falling film. The
Reynolds numbers of 35%, 40% and 45% black liquor
solids concentration are 3552, 2649, and 1568, respec-
tively. A higher Reynolds number is positive in forming
a thinner faster-flowing film coating the vertical heated
surface, which results in a higher heat transfer coeffi-
cient. This is beneficial to the enhancement of black li-
quor enrichment. The enrichment of black liquor with a
high Reynolds number is more effective and efficient
than that of a mixture with a low Reynolds number. For
example, after the enrichment of black liquors at Rey-
nolds numbers of 3552, 2649 and 1568 in a 1.8-m-long
falling film, their bulk solids concentrations increase by
3.2%, 2.8%, and 2.1%, respectively.

Fig. 7(b) illustrates the effect of the surface-to-bulk
temperature difference on black liquor enrichment. The
effect of the surface-to-bulk temperature difference on
black liquor enrichment is significant, especially near the
surface of a heated wall. Adjusting this difference is an
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Fig. 6. Profile of velocity in a 1.8-m-long pure liquid falling film. The Reynolds and Prandtl number are 2650 and 19.6, respectively.
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Fig. 7. Effect of soluble solids concentration and thermal boundary condition on black liquor enrichment at the exit of a 1.8-m-long
falling film (a) is soluble solids concentration; (b) is surface-to-bulk temperature difference; (c) is wall temperature.

effective method of controlling black liquor solids
enrichment. A difference of within 5-10 K is reasonable
to enrich black liquor and minimize scale fouling if the
bulk black liquor solids concentration is higher than
40%. Meanwhile, it could improve the productivity of
the whole process without any scale fouling if adopting a
higher surface-to-bulk temperature difference for a low-
solids black liquor effect in a multi-effect system.

The temperature of the heated surface slightly affects
the enrichment of black liquor. This is because black
liquor is a heat-sensitive fluid. Varying heated surface
temperatures would affect the soluble limitation and
bulk liquid properties further, to modify the black liquor
flow. Fig. 7(c) shows that a higher temperature on the
heated surface has a positive effect on improving the
concentration process for black liquor, which is mean-
ingful to the enrichment of low-solids black liquor in a
multi-effect system.

4.3. Fouling of black liquor in a 1.8-m falling film
evaporator

Fouling control is a critical problem experienced in
pulping and paper mills (Muller-Steinhagen and Branch,
1997). Precipitation and scale fouling occurs if the black
liquor solids concentration is beyond the solubility limit.
Therefore, an understanding of the crystallization and
scaling mechanisms will aid in finding a solution to
minimize the formation of these encrustations.

Recently, Foster et al. [31] and Muller-Steinhagen
and Branch [30] presented the empirical models for
predicting heat transfer fouling. These models were not
suitable to predict scale fouling of black liquor because
they did not consider the critical solids point for fouling

of black liquor. A modified phenomenological model
based on soluble solids concentration and Muller-
Steinhagen’s and Branchs’ empirical model [30] is pre-
sented to generalize the mechanisms leading to fouling,
as well as find the governing process parameters. The
revised model considers the following assumptions: (1)
the deposition process is controlled by a chemical reac-
tion on the heat transfer surface; (2) there is a positive
concentration driving force between the bulk and sur-
face; and (3) the system is considered as a quiescent,
diffusion-controlled system. Based on these factors, the
precipitation of black liquor is described as:
o k(G- (16)
t

The foregoing equation is a general order rate
equation of a chemical reaction. For a quiescent, diffu-
sion-controlled system, » would be equal to one. The
surface rate constant K, is assumed to follow the Ar-
rhenius equation:

E,
Kr:Kexp(f ‘”). (17)

RT;

Based on the following equation, the deposition rate
per unit area is related to the fouling resistance.

Om aRf

— = pgrd— 18
ot Patd o’ ( )
where p, and 14 are the deposit density and thermal
conductivity, respectively. Thus, the fouling resistance
could be written by

oR _ Ka _ ( Eu
ot~ pata PR,

)(cb _q), (19)
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where E, = aEy, C, — Cs = py(cr —¢s), and ¢ =
0.8547-0.0147 - Z — 0.0095 - .

An analysis based on the experimental data [30]
provided an estimate of the constants in the equations,
such as ’;‘;‘—f(: = 0.072 m? K/kW min, E, = 3431 kJ/kmol,

and o = 0.95 + 10¢;/(0 + 30).

Fig. 8 illustrates the validation results between the
predicted and experimental data. The experimental data
came from Smith and Hsieh’s experimental test [1],
which was conducted at a 383 K steam temperature, a
10-gpm circulation rate, and 0.75 Na,CO;/Na,SO;. Fig.
8 illustrates that the current model is reasonably accu-
rate in predicting the fouling process in black liquor
falling film.

Fig. 9(a) illustrates that the inlet bulk solids con-
centration of black liquor has a significant effect on the
fouling rate in a black liquor falling film evaporator.
When the inlet solids concentration is 45%, the fouling
resistance is five times higher than when it is 40%. No
fouling appears if the inlet black liquor concentration is
35%. The maximum soluble solids concentrations of
35%, 40%, and 45% black liquor at the heated wall are
45.4%, 51.2%, and 56.6%, respectively. The latter two
are beyond the critical solids point, which could result in
severe scale fouling. Therefore, when the black liquor
solids concentration is high, a strategy is needed to
control fouling.

As a heat-sensitive fluid, the surface-to-bulk tem-
perature difference and thermal boundary condition are
important factors in controlling black liquor fouling
rate, as seen in Fig. 9(b) and (c). The foregoing anal-
ysis pointed out that increasing the surface-to-bulk
temperature difference has a positive effect on the
enrichment of black liquor. A large surface-to-bulk
temperature difference, however, is shown to accelerate
the scaling rate in Fig. 9(b). The inclination becomes
more severe with an increase in the heat transfer tem-
perature difference. In particular, a large surface-to-
bulk temperature differential has a strongly negative
effect on controlling scale fouling for a black liquor
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Fig. 8. Comparison between the predicted and experimental
data from Smith and Hsieh [1].
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Fig. 9. Effect of soluble solids concentration and thermal
boundary condition on fouling resistance as a function of time
(a) is soluble solids concentration; (b) is surface-to-bulk tem-
perature difference; (c) is wall temperature.

with a high solids concentration. The ideal surface-to-
bulk temperature difference is around 5-10 K. It is also
seen in Fig. 9(c) that wall temperature has a slight ef-
fect on scale fouling. A low wall temperature is positive
for soluble scaling control. The soluble limitation of
black liquor is in opposition to temperature. The scale
fouling of black liquor is strongly related to enrich-
ment; thus optimization of the thermal boundary is
necessary to reduce the fouling of black liquor in a
falling film evaporator. The current analysis suggests
that a lower surface-to-bulk temperature difference and
lower surface temperature are reasonable ways to im-
prove both concentration enrichment and control of
soluble scaling for a high-solids-concentration black
liquor.
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4.4. An industrial case study

Unlike the equipment in the testing laboratory, an
industrial-scale falling film evaporator is usually as tall
as 6-10 m [1]. A study based on a 10-m-long falling film
evaporator was carried out to simulate performance at
the industrial scale. The study conditions were a black
liquor flow of 0.2 m/s, a wall temperature of 378 K, an
initial black liquor solids concentration of 40%, and a
heat transfer temperature difference of 10 K.

Fig. 10 shows the profiles of velocity, temperature,
and black solids concentration within a 10-m-long fall-
ing film. In Fig. 10(a), the entire phenomenon of the
vena contracta is more pronounced than in Fig. 3(a).
Significantly, the process fluid expands slowly through
turbulent interaction with a gas stream after the vena

contracta. Although the major temperature gradient still
occurred within a thin, highly viscous sublayer, the
peripheral temperature gradient of the falling film did
not remain flat as it did previously, as plotted in Fig.
10(c). The numerical data illustrate that this is the con-
sequence of vapor migration within the falling film. Fig.
10(b) shows the profile of the soluble solids concentra-
tion.

Fig. 11(a) illustrates the effect of falling film length on
black liquor enrichment. From Fig. 11(a), the bulk black
liquor solids concentration is enriched from 40% to 48%.
Therefore, a 10-m-long falling film evaporator is suitable
to serve as a high concentration effect in a multi-effect
system. The phenomenon of this enrichment is closely
related to heat transfer and turbulent process. A higher
heat transfer coefficient between the liquid film and the
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heated wall leads to rapid black liquor enrichment after
a short entrance region; then the bulk enrichment be-
comes flat because plenty of vaporized water dominates
the zone close to the heat transfer surface; finally the
length of the falling film is over 6 m, the bulk enrichment
is enhanced due to strong turbulent diffusion. In the 10-
m-long falling film, however, there is a region where the
black liquor solids concentration is beyond the critical
solids point. From Fig. 11(a), the maximum soluble
solids concentration of local black liquor along the wall
is nearly 60%. This concentration will result in precipi-
tation and fouling on the heat transfer surface.

Fig. 11(b) shows the fouling resistance profile of the
10-m-long falling film as a function of falling film loca-
tion and time. Over time, the fouling resistance becomes
more significant, especially after 24 h. Soluble scale
fouling is closely related to the soluble black liquor
solids concentration. Consequently, the bottom region
of the falling film suffers more severe fouling resistance
than others. Therefore, a periodic wash is still important
to maintain continuous performance in a modern pulp
mill. Fig. 11(a) also illustrates fouling resistance as a
function of time and of the length of the falling film. It
has been found that there is no significant fouling of a
1.8-m-long falling film on the heat transfer surface.
However, fouling becomes worse as the length of the
falling film increases at a certain running time. For a 6-
m-long falling film, fouling becomes worse after 36 h,
while fouling for a 10-m-long film is relatively worse in
24 h.

5. Conclusion and recommendation

In this paper, a computational fluid dynamics model
based on a turbulent two-phase flow with multi-com-
ponents is presented to investigate the transport pro-
cesses of black liquor falling film into a rising vapor
stream. The results illustrate that most of the heat and
mass transfer of black liquor film occurs at a very thin
viscous sublayer close to the heat transfer surface.
Vaporized water dominates the zone. The concentration
of black liquor is caused by water vaporization and
highly related to the length of the falling film. The fur-
ther prediction illustrates that evaporation annihilates
part of the downward momentum of a falling film,
leading the velocity of an evaporative falling film to be
less than that of a pure liquid falling film.

The influence of both soluble solids concentration
and thermal boundary conditions on the enrichment in a
black liquor falling film evaporator is investigated in
detail. The results illustrate that a higher surface-to-bulk
temperature difference is positive to low-solids black li-
quor enrichment.

A crystallization fouling based on a non-equilibrium
chemical reaction at a heated surface is presented to
analyze the scale fouling of black liquor. The current
fouling model could be used to estimate an optimal
cleaning cycle for black liquor evaporators. Soluble scale
fouling from black liquor is very sensitive to the liquor
solids concentration and the thermal boundary condi-
tion. For a higher-solids black liquor, a high Reynolds
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number, a low surface-to-bulk temperature difference,
and a low surface temperature could be effective meth-
ods of improving both the liquor enrichment and soluble
scale control.

In a 10-m-long falling film, the bulk black liquor
solids concentration can be enriched from 40% to 48.5%.
The local soluble solids concentration close to the wall
around the bottom could be beyond the critical solids
point, where soluble scale fouling may form on the
vertical heated surface. Therefore, a 10-m-long falling
film is a reasonable way to achieve a high-concentration
effect in a multiple-effect evaporator to minimize the
extent of fouling.

Additional thermophysical properties data for black
liquor will be needed to further investigate the design of
black liquor falling film evaporators to optimize their
performance.
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