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Chapter 1

General Introduction

1.1 Agitated Vessels

A chemical plant consists of many kinds of organically linked basic oper-

ations, so-called unit operations. Even in the recent chemical industries,

where digital technologies have streamlined chemical plants, the performance

of each unit operation dominates the productivity of the whole of a chemical

plant. Mixing is one of the most common unit operations in various chemi-

cal processes with chemical reactions, extraction, crystallization, dispersion,

or drying. The specific aims of the mixing process are to homogenize fluid

temperature and material concentration and control the dispersion state of

the dispersed phase. In addition, mixing devices deal with several operations

simultaneously, such as chemical reactions and separation. Accordingly, en-

hancement of reaction and mass/heat transfer is also an essential objective

of the mixing operation.

The conventional agitated vessel, also called mixing tank, is the most
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Figure 1.1: Typical configuration of a mixing tank reactor.

common mechanical mixing device containing a rotating impeller, baffles, a

jacket or a coil for thermal control, and other measurement instruments as

shown in Figure 1.1. The agitated vessel often plays a principal role in the

process as a reactor for polymerization in the polymer industry1 or fermenters

in bio-industry,2 due to the large throughput and high heat and mass trans-

fer performance. In addition, agitated vessels are used supplementally in

pre-treatment and post-treatment processes. Consequently, the mixing tank

reactor often deals with multiphase flows with different physical character-

istics, such as solid-liquid, liquid-liquid, gas-liquid and even gas-soild-liquid

systems. Different properties of the agitated system lead to a wide variety
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of requirements for processes. Hence, the optimal design of a mixing tank

reactor is essential to accomplish an appropriate hydrodynamic state for the

successful performance of the process. Additionally, the understanding of

physical phenomena is necessary to realize the successful performance of the

process.

1.1.1 Transport phenomena in an agitated vessel

The operation of the agitated vessel process looks simple, such as filling up

the tank with the working fluid and rotating the impeller, but it is actually

not. The complicated physical phenomena can be found in the agitated

vessel and lead to difficulty designing agitated vessel processes. Therefore, it

is essential to understand momentum, mass, and heat transfer and estimate

consequently appearing characteristic properties, such as power consumption,

mixing time, shear force, and heat and mass transfer coefficients.

Power consumption

The rotating impeller provides momentum and kinetic energy to the working

fluid, and the fluid transports them to the vessel wall. In the laminar flow

at low Reynolds numbers, the kinetic energy supplied to the fluid is directly

converted to thermal energy. On the other hand, the kinetic energy is con-

verted to turbulent energy before being converted to thermal energy in the

turbulent flow. This thermal energy, in other words, dissipation energy, is

equivalent to the power consumption of the rotating impeller, which is an

essential variable to select an appropriate motor and estimate the different

3



kinds of effects of agitation on the process.

Nagata et al.3 provided the most commonly-used empirical equation of

the power number Np(= P/ρN3d5) for paddle impellers having two blades

in a non-baffled tank as follows.

Np =
A

Red
+B

(
103 + 1.2Re0.66d

103 + 3.2Re0.66d

)p (H

D

)0.35+b/D

(1.1)

where

A = 14 +

(
b

D

){
670

(
d

D
− 0.6

)2

+ 185

}
(1.2)

B = 10{1.3−4(b/D−0.5)2−1.14(d/D)} (1.3)

p = 1.1 + 4

(
b

D

)
− 2.5

(
d

D
− 0.5

)2

− 7

(
b

D

)4

(1.4)

Substituting the following critical Reynolds number into Equation (1.1) yields

the power number at the fully baffled condition.

Rec =
25(d/D − 0.4)2

b/D
+

b/D

0.11b/D − 0.0048
(1.5)

Hiraoka and Ito4 correlated the power consumption to the friction factor

at the wall of the vessel f and the modified Reynolds number ReG. Based

on the model by Hiraoka and Ito,4 Kamei et al.5 proposed the following

correlation equation, Equation (1.6), which gives a more accurate result for

the non-baffled tank even in the case of b′(= npb/2) > H.

Np0 =
1.2π4β2

8d3/(D2H)
f (1.6)
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f =
CL

ReG
+ Ct

{(
Ctr

ReG
+ReG

)−1

+

(
f∞
Ct

)1/m
}m

(1.7)

ReG =
πη ln(D/d)

4d/(βD)
Red (1.8)

Red =
ρNd2

µ
(1.9)

CL = 0.215ηnp
d

H

{
1−

(
d

D

)2
}

+ 1.83
b sin θ

H

( np

2 sin θ

)1/3

(1.10)

Ct =
{
(1.96X1.19)−7.8 + 0.25−7.8

}−1/7.8
(1.11)

Ctr = 23.8

(
d

D

)−3.24 (b sin θ

D

)−1.18

X0.74 (1.12)

m =
{
(0.71X0.373)−7.8 + 0.333−7.8

}−1/7.8
(1.13)

f∞ = 0.0151(d/D)C0.308
t (1.14)

X =
γn0.7

p b sin1.6 θ

H
(1.15)

β =
2 ln (D/d)

D/d− d/D
(1.16)

γ =

{
η ln(D/d)

(βD/d)5

}1/3

(1.17)

η = 0.711
0.157 + {np ln(D/d)}0.611

n0.52
p {1− (d/D)2} (1.18)

For baffled conditions, Kamei et al.6 provided the following estimation.

Np = {(1 + x−3)−1/3}Np,max (1.19)

x = 4.5

(
BW

D

)
nB

H/D

N0.2
p,max

+
Np0

Np,max
(1.20)

(
BW

D

)
n0.8
B = 0.27Np,max (1.21)

Some successful modifications of the correlation by Kamei et al. can be found
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for the pitched paddle,7 propeller/pfaudler,8 and large impellers.9

Mixing time

Mixing time, defined as the time required to achieve a complete homoge-

nization, is a significant parameter to evaluate the mixing performance of

a mixing process. Several experimental techniques have been developed to

estimate the mixing time, such as colorimetry, electrical residence tomog-

raphy, planer laser-induced fluorescence, thermography, conductometry, and

pH measurement.10 The non-dimensional mixing time NtM for the turbulent

flow can be usually correlated to the power number Np.11,12 On the other

hand, in the laminar flow, NtM decrease proportionally as the increase in

NpRed.13,14

Heat transfer

Several chemical reactions need high thermal controllability to enhance the

reaction rate or remove heat for process safety. Helical coils are typically

used to control the temperature in the tank for their high thermal efficiency.

Heat transfer in the agitated tank with a helical coil has been experimentally

and numerically studied for Newtonian and non-Newtonian fluids.15–17 On

the other hand, the heat transfer through the sidewall of the tank is often

conducted in order to simplify the geometry of the tank and for the ease of

cleaning. Heat transfer coefficients of the vessel wall have been, therefore,

investigated by many researchers.18–21 One of the most common estimations

of heat transfer in the turbulent regime is the semiempirical non-dimensional
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equation, Equation (1.22), in the form of the Nusselt number.22

Nu = KRe2/3d Pr1/3(µ/µw)
0.14 (1.22)

The coefficient K depends on the impeller configuration so that many values

have been proposed for various impellers.23–25

1.1.2 Geometric design of an agitated vessel

Among the pieces of equipment in the agitated vessel, the impeller, baffle,

and tank may control the hydrodynamics in the vessel. Therefore, literature

has investigated the optimal design of the equipment.

Impeller

The impeller is the centerpiece of the mixing tank reactor since the impeller

geometry and its operational condition have the most significant impacts on

the process performance. Various types of impellers have been therefore de-

signed to achieve the specific needs of the process. Impellers can be classified

with the flow state according to the impeller Reynolds number Red.

At high Reynolds numbers, the hydrodynamic flow in the vessel becomes

turbulent where the small impeller is often used. Small impellers are classified

into two types, i.e., radial-flow and axial-flow types. The radial-flow type

impellers, such as paddle, disk turbine, and pfaudler impellers, with vertically

attached blades discharge fluid to the radial direction by its rotating motion.

Then the fluid flow collides against the sidewall of the vessel and separates

into upward and downward flows, which forms two circulations in the vessel

7



and leads to the superior mixing. The axial-flow type impellers, such as

propeller, pitched paddle, and A310 impellers, discharge fluid to the axial

direction and form a single circulation flow pattern. This flow pattern has

an advantage in suspending solid particles being sunk in the vessel.

When the flow condition turns into the laminar regime as the decrease of

Reynolds number, anchor, helical ribbon, and helical screw impellers are used

instead of small impellers. These impellers can be found in many industrial

processes, e.g., paint, polymers, and food. The standard anchor impeller has

two vertical blades closely located to the vessel wall, which promotes heat

transfer from the vessel wall. However, it is well known that the anchor im-

peller offers a weak secondary circulation flow in the vertical direction, so

that recently some optimal asymmetric configurations of the anchor impeller

were proposed to obtain sufficient mixing.26 Helical ribbon and helical screw

impellers have close-clearance with the vessel wall and provide a stronger

vertical circulation than anchor impellers. An extensive literature has inves-

tigated the geometrical features of helical ribbon and helical screw impellers

and their mixing performance.27–29

One strategy to deal with flows in a wide range of Reynolds numbers uses

multi-impellers advocated by Western manufacturers. On the other hand,

since the 1980s, a Japanese manufacturer, Sumitomo Heavy Industries Pro-

cess Equipment Co., Ltd., has developed a large impeller, MAXBLEND®,30

which has different mixing mechanisms from multi-impellers. Afterward, var-

ious types of large impellers have been launched, such as FULLZONE® by

Kobelco Eco-Solutions Co.,Ltd., Super-Mix by SATAKE MultiMix Corpora-

tion, and Hi-F Mixer by Soken Tecnix Co., Ltd.

8



Plate baffle Pitched baffle Cylinder baffle Finger baffle Fin baffle

Figure 1.2: Typical configuration of baffles.

MAXBLEND® is the plate-shaped impeller which consists of the bot-

tom paddle and the upper grid. The hydrodynamic characteristics of the

MAXBLEND® impeller, which typically generates a vertical circulating flow

pattern, have been investigated in laminar31,32 and turbulent33,34 regions and

in both Newtonian and non-Newtonian fluids.35,36 MAXBLEND® shows su-

perior performance in many kinds of processes due to its high pumping ca-

pacity, uniform shear field, and good gas-liquid contact ability.31,37,38 More-

over, MAXBLEND® impeller can be applied to a bio-reactor, and many

experimental works revealed the high productivity of bio-material using the

MAXBLEND® impeller.39–41

Baffle

Figure 1.2 illustrates different kinds of baffles.42 Although the impeller selec-

tion is, of course, essential in a mixing tank reactor, the design of baffles is also

important because baffles significantly affect the hydrodynamic condition in

the vessel. Nevertheless, engineers’ interest in baffles is often less than that in

impellers. The standard baffle condition, four plate baffles one-tenth width

of the diameter of the vessel, is widely adopted as a tacit understanding.
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This baffle condition improves mixing by eliminating the vortex, often being

formed in the agitated vessel agitated at a high rotational speed. Moreover,

in processes with buoyant particles, not only the impeller type but also the

baffle configuration plays an important role in dispersing particles. Khazam

and Kresta43 pointed out that surface baffles offered a significant reduction

in the critical agitation speed for just drawdown of floating particles. Atibeni

et al.44 found that the triangular baffles performed better for the drawdown

of floating particles than either standard baffles or narrow baffles. On the

other hand, with settling particles, bottom baffles are widely used to disperse

particles.45 Regarding the baffle type, Major-Godlewska and Karcz46 experi-

mentally investigated the effect of the configuration of tubular baffles on the

power consumption using five different small impellers. In the laminar flow

region where the vortex is not formed, Kato et al.47 and Wang et al.48 re-

ported that isolated mixing regions could be drastically eliminated with the

installation of baffles at low Reynolds numbers using a visual decolorization

technique. Inoue et al.49 explained that the deformation of streakline occur-

ring around baffles contributes to eliminating the isolated mixing regions and

to enhancing mixing in the laminar flow in an agitated vessel. Furthermore,

as to the power consumption, Kato et al.50 investigated the effect of the baf-

fle length on the power consumption with several impellers and modified the

correlation equation between the Reynolds number and the power number.

As described above, recently, baffles have got attention and been investi-

gated to control and improve processes in the agitated vessel. However, the

effect of baffle configuration on the hydrodynamics and transport phenomena

in the vessel has not been sufficiently understood. Especially, the clearance

10



between a baffle and the sidewall of the vessel has not been studied enough,

although Furukawa et al.51,52 investigated the effect of baffle clearance on

mixing.

Vessel

The volumetric capacity of the tank and H/D are crucial factors for the

design of the tank, where H is the liquid height, and D is the diameter of

the tank, respectively.42 As H/D increases, the heat transfer area per tank

volume increases. However, the vertical circulation flow may become poor,

which affects the mixing performance. Besides, the mixing shaft should be

larger in diameter. In contrast, if H/D is small, the board thickness of the

vessel must be large, which leads to an increase in the material cost. A

mixing tank reactor is generally designed to satisfy H/D = 1–1.5. As a

reactor, high pressure in the vessel limits its configuration. Thus, the effect

of the geometric configuration of the vessel on flow characteristics has not

been studied in detail. For particulate processes, some shapes of the bottom

of the vessel were investigated to suspend solid particles.53

1.2 Solid-liquid process in an agitated vessel

Many industries deal with solid-liquid multiphase processes in agitated ves-

sels, such as agglomeration of solid particles, mineral treatment, crystalliza-

tion, preparation of the slurry, and synthesis of chemicals using solid cata-

lysts. Consequently, different issues can be found in solid-liquid processes in

agitated vessels.

11



Representative shear rate

Shear rate and stress rate in an agitated vessel are essential factors, especially

for particulate processes and bioprocesses. Sánchez Pérez et al.54 pointed

out the significance of shear rate: (1) shear rate directly affects the appar-

ent viscosity of the non-Newtonian fluid and consequently influences power

consumption and other mixing properties; (2) biological substance and sus-

pended solid particles may be damaged or form agglomerates due to the shear

rate. Therefore, estimation of the representative shear rate is essential in the

design and operation of solid-liquid processes.

Many different equations for the representative shear rate have been pro-

posed. Table 1.1 summarized the reported representative shear rate corre-

lated with the rotational speed of the impeller or power consumption, where

all of them were empirically obtained. The most common equation in Table

1.1 is the one proposed by Metzner and Otto,55 which suggests the repre-

sentative shear rate in the vessel is proportional to the rotational speed of

the impeller. This concept is widely accepted in processes dealing with non-

Newtonian fluids so that researchers have provided the proportional constant

for different impellers.56–59

Material deposition

In crystallization and mining processes, a hard deposit, called scale, attached

to the wall shown in Figure 1.3 is a significant issue since scale increases

cleaning costs and reduces production capacity. Moreover, scale hazards

the health of operators and may damage the equipment in the vessel. A

12



Table 1.1: Correlation equations for shear rate in the agitated vessel.

Equation Investigators
γ̇ = kiN Metzner and Otto55

γ̇ = ki

(
4n

3n+ 1

)n/(n−1)

N Calderbank and Moo-Young60

γ̇ = 4.2N

(
d

D

)0.3 d

b
Bowen61

γ̇ =
0.367

µ

{
P

V

(
V

VsNp

)0.42
}0.55

Hoffmann et al.62

Figure 1.3: Example of scale formation in a mineral processing plant
(a) neutralisation tank, (b) scale grown on its walls, from the paper by
Davoody et al.63

commonly used strategy to prevent scaling is adding chemical antiscalants

suppressing the growth of a scale layer, and promoting the dissolution of

the deposition. On the other hand, the industrial application of antiscalants

is strongly based on empiricism because the efficiency of antiscalants relies

on the type of chemical reaction. One of the other approaches to overcome

the scale issue is to control the hydrodynamic flow in the reactor. Hoang,64

Walker and Sheikholeslami65 and many other researchers had investigated the

hydrodynamic effects on scale formation and showed velocity in the reactor

had an important role in suppression of scale growth.
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Just suspended speed of the impeller

The efficiency of solid-liquid mass transfer around particles strongly depends

on available surface area and hydrodynamic conditions performed by the

impeller. Mass transfer around particles is typically promoted the most in

the completely suspended condition. However, solid particles tend to settle

to the vessel bottom since the density of particles is often larger than that of

the liquid in a vessel. Thus, particles should be suspended to enhance mass

transfer between liquid and solid phases by agitation.

Zwietering66 measured the critical rotational speed of different impellers

njs when particles moved freely in the vessel without sedimentation at the

bottom, called the just suspended speed. Also, Zwietering provided the

well-known correlation equation of njs for standard baffled vessels, Equation

(1.23), which was recently modified by Kamei et al.67

njs = Sν0.1d0.2p

(
g
ρp − ρ

ρ

)0.45

φ0.13D−0.85 (1.23)

Coefficient S depends on the geometric configuration of the vessel. Many

other researchers have shown that this correlation equation effectively esti-

mates njs for various systems.

1.3 Objectives

The present dissertation is devoted to resolving two issues in practical solid-

liquid processes using agitated vessels and providing beneficial guidelines to

design processes and geometrical configuration of the equipment. One issue

14



is the need for the representative shear rate in an agitated vessel to describe

the agglomeration process effectively. The spatial distribution of the shear

rate in a vessel leads to difficulty assessing the agglomeration behavior of

suspended particles. Therefore, the present work proposed a new represen-

tative shear rate which took the shear history into account, and investigated

the applicability of the offered shear rate using a simplified model of agglom-

eration.

Another issue is scaling on the vessel wall. Although the scaling is a

complex phenomenon including momentum, heat and mass transfer near the

vessel wall, the discussion in previous studies had been limited in the velocity

magnitude near the wall. Therefore, in the approach of controlling the hydro-

dynamics, transport phenomena near the vessel wall must be investigated in

detail to understand and suppress scaling on the wall. The present study nu-

merically investigated transport phenomena near the wall of the vessel with

a modified baffle configuration. Accordingly, the effect of baffle modification

was experimentally qualified.

1.4 Outline of contents

The present thesis is divided into the following sections as shown in Figure

1.4.

Chapter 1 provided the general introduction about agitated vessels. The

main focus of this work is the solid-liquid process in agitated vessels, espe-

cially agglomeration and scaling processes.

Chapter 2 proposed a new definition of a representative shear rate and

15



Chapter 1: Introduction

Agglomeration Mineral process (scaling)

Chapter 2:
Representative
shear rate

Chapter 3: Friction factor
at the baffled vessel wall

Chapter 4: Scale growth
experiment in a baffled vessel

Chapter 5: Conclusions

Figure 1.4: Thesis organization.

investigated an agglomeration process in the vessel agitated by a Rushton

turbine. The applicability of the proposed shear rate was discussed with a

simplified model of the agglomeration behavior of solid particles.

Chapter 3 numerically analyzed the transport phenomena at the sidewall

of the agitated vessel in the turbulent regime. A turbulent model was val-

idated with the theoretical values in a non-baffled vessel equipped with a

paddle impeller. The friction factors at the wall were compared between the

cases with and without baffle clearance. The effect of the installation baffle

clearance on practical processes was discussed based on the analogy between

momentum, heat, and mass transfer.

Chapter 4, as a verification of the consequence in chapter 3, investigated

the effect of the configuration of baffles in a practical process having the

issue of material deposition on the wall of the tank. The amount of scale

16



on the wall was experimentally quantified. Subsequently, the effect of the

configuration of baffles was discussed with the velocity distribution in the

vessel obtained by numerical calculations.

Chapter 5 gave conclusive remarks of chapters 2–4 and suggested some

potential future works.

17



Nomenclature

A = coefficient defined by Equation (1.2) [—]

b = height of impeller [m]

B = coefficient defined by Equation (1.3) [—]

BW = width of baffle [m]

CL = coefficient defined by Equation (1.10) [—]

Ct = coefficient defined by Equation (1.11) [—]

Ctr = coefficient defined by Equation (1.12) [—]

d = diameter of impeller [m]

dp = diameter of particle [m]

D = diameter of tank [m]

f = friction factor defined by Equation (1.7) [—]

f∞ = asymptotic value of f when Red → ∞ [—]

g = gravitational acceleration [—]

H = height of liquid in the tank [m]

ki = constant [—]

K = coefficient in Equation (1.22) [—]

m = coefficient defined by Equation (1.13) [—]

n = flow index [—]

nB = the number of baffle plate [—]

np = the number of impeller blade [—]

N = impeller rotational speed [s−1]

Np = power number [—]

Np0 = power number at non-baffled condition [—]
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Np,max = power number at fully baffled condition [—]

Nu = Nusselt number [—]

p = coefficient defined by Equation (1.4) [—]

P = power consumption [W]

Pr = Prandtl number [—]

Rec = critical Reynolds number [—]

Red = impeller Reynolds number [—]

ReG = modified Reynolds number defined by Equation (1.8) [—]

S = coefficient in Equation (1.23)

tM = mixing time [s]

V = liquid volume [m3]

Vs = volume swept by the impeller [m3]

x = coefficient defined by Equation (1.20) [—]

X = coefficient defined by Equation (1.15) [—]

Greek letters

β = coefficient defined by Equation (1.16) [—]

γ = coefficient defined by Equation (1.17) [—]

γ̇ = averaged shear rate [s−1]

η = coefficient defined by Equation (1.18) [—]

µ = liquid viscosity [Pa · s]

µw = liquid viscosity at vessel wall temperature [Pa · s]

ν = kinetic viscosity [m2 s−1]

θ = angle of impeller blade [—]

ρ = liquid density [kgm−3]
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ρp = particle density [kgm−3]

φ = weight percent of suspended solids to liquid [wt%]

20



References

(1) Ohmura, N.; Kitamoto, K.; Yano, T.; Kataoka, K. “Novel Operating

Method for Controlling Latex Particle Size Distribution in Emulsion

Polymerization of Vinyl Acetate,” Industrial & Engineering Chemistry

Research 2001, 40, 5177–5183.

(2) Ghobadi, N.; Ogino, C.; Yamabe, K.; Ohmura, N. “Characterizations

of the submerged fermentation of Aspergillus oryzae using a Fullzone

impeller in a stirred tank bioreactor,” Journal of Bioscience and Bio-

engineering 2017, 123, 101–108.

(3) Nagata, S.; Yamamoto, K.; Yokoyama, T.; Shiga, S. “Empirical Equa-

tions for the Power Requirement of Mixing Impellers, Having a Wide

Range of Applicability,” Kagaku Kogaku 1957, 21, 708–715.

(4) Hiraoka, S.; Ito, R. “ON THE RELATION OF POWER INPUT AND

TRANSPORT PHENOMENA AT THE WALL OF AGITATED VES-

SELS,” Journal of Chemical Engineering of Japan 1974, 6, 464–467.

(5) Kamei, N.; Hiraoka, S.; Kato, Y.; Tada, Y.; Shida, H.; Lee, Y.-S.; Ya-

maguchi, T.; Koh, S.-T. “Power Correlation for Paddle Impellers in

Spherical and Cylindrical Agitated Vessels,” Kagaku Kogaku Ronbun-

shu 1995, 21, 41–48.

(6) Kamei, N.; Hiraoka, S.; Kato, Y.; Tada, Y.; Iwata, K.; Murai, K.; Lee,

Y.-S.; Yamaguchi, T.; Koh, S.-T. “Effects of Impeller and Baffle Di-

mensions on Power Consumption under Turbulent Flow in an Agitated

21



Vessel with Paddle Impeller,” Kagaku Kogaku Ronbunshu 1996, 22,

249–256.

(7) Hiraoka, S.; Kamei, N.; Kato, Y.; Tada, Y.; Cheon, H.-G.; Yamaguchi,

T. “Power Correlation for Pitched Blade Paddle Impeller in Agitated

Vessels With and Without Baffles,” Kagaku Kogaku Ronbunshu 1997,

23, 969–975.

(8) Kato, Y.; Tada, Y.; Takeda, Y.; Hirai, Y.; Nagatsu, Y. “Correlation

of Power Consumption for Propeller and Pfaudler Type Impellers,”

Journal of Chemical Engineering of Japan 2009, 42, 6–9.

(9) Kato, Y.; Obata, A.; Kato, T.; Furukawa, H.; Tada, Y. “Power Con-

sumption of Two-Blade Wide Paddle Impellers,” Kagaku Kogaku Ron-

bunshu 2012, 38, 139–143.

(10) Ascanio, G. “Mixing time in stirred vessels: A review of experimen-

tal techniques,” Chinese Journal of Chemical Engineering 2015, 23,

1065–1076.

(11) Kamiwano, M.; Yamamoto, K.; Nagata, S. “Mixing Performance of

Various Agitators,” Kagaku Kogaku 1967, 31, 365–372, a1.

(12) Grenville, R. K.; Nienow, A. W. In Handbook of Industrial Mixing ;

John Wiley & Sons, Ltd: 2003; Chapter 9, pp 507–542.

(13) Mizushina, T.; Ito, R.; Hiraoka, S.; Watanabe, J. “Uniformalization of

Temperature Field in Agitated Reactors.” Kagaku Kogaku 1970, 34,

1205–1212.

22



(14) Takahashi, K.; Sugawara, N.; Takahata, Y. “Mixing Time in an Agi-

tated Vessel Equipped with Large Impeller,” Journal of Chemical En-

gineering of Japan 2015, 48, 513–517.

(15) Skelland, A. H. P.; Dimmick, G. R. “Heat Transfer Between Coils

and Non-Newtonian Fluids with Propeller Agitation,” Industrial &

Engineering Chemistry Process Design and Development 1969, 8, 267–

274.

(16) Pimenta, T. A.; Campos, J. B. L. M. “Heat transfer coefficients from

Newtonian and non-Newtonian fluids flowing in laminar regime in a

helical coil,” International Journal of Heat and Mass Transfer 2013,

58, 676–690.

(17) Prada, R. J.; Nunhez, J. R. “Numerical prediction of a nusselt number

equation for stirred tanks with helical coils,” AIChE Journal 2017,

63, 3912–3924.

(18) Calderbank, P.; Moo-Young, M. “The continuous phase heat and

mass-transfer properties of dispersions,” Chemical Engineering Science

1961, 16, 39–54.

(19) Sano, Y.; Usui, H.; Nishimura, T.; Saito, E. “Correlation of Heat Trans-

fer at the Wall of Mixing Vessel,” Kagaku Kogaku Ronbunshu 1978,

4, 159–165.

(20) Triveni, B.; Vishwanadham, B.; Venkateshwar, S. “Studies on heat

transfer to Newtonian and non-Newtonian fluids in agitated vessel,”

Heat and Mass Transfer 2008, 44, 1281–1288.

23



(21) Marui, M.; Tokanai, H. “The Effect of Large Particle Addition on

Heat Transfer from Side Wall in Turbulent Agitation Vessel,” Kagaku

Kogaku Ronbunshu 2021, 47, 21–95.

(22) Shinji, N., “Mixing: Principles and Applications,” A Halsled Press

book; Kodansha: 1975.

(23) Nagata, S.; M.Nishikawa; Takimoto, T.; Kita, F.; Kayama, T. “Jacket

Side Heat Transfer Coefficient in Mixing Vessel,” Kagaku Kogaku

1971, 35, 924–932, a1.

(24) Bourne, J.; Buerli, M.; Regenass, W. “Heat transfer and power mea-

surements in stirred tanks using heat flow calorimetry,” Chemical En-

gineering Science 1981, 36, 347–354.

(25) Kobashi, T.; Takahashi, T.; Kitamura, Y. “Heat Transfer Coefficient in

Agitated Vessel with Perforated Screw Mixer,” Kagaku Kogaku Ron-

bunshu 1990, 16, 46–50.

(26) Jo, H. J.; Kim, Y. J.; Hwang, W. R. “Enhancement of mixing per-

formance with anchor-type impellers via chaotic advection,” Chemical

Engineering Science 2021, 243, 116757.

(27) Kuncewicz, C.; Szulc, K.; Kurasinski, T. “Hydrodynamics of the tank

with a screw impeller,” Chemical Engineering and Processing: Process

Intensification 2005, 44, 766–774.

(28) Sanjuan-Galindo, R.; Heniche, M.; Ascanio, G.; Tanguy, P. A. “CFD

investigation of new helical ribbon mixers bottom shapes to improve

pumping,” Asia-Pacific Journal of Chemical Engineering 2011, 6,

181–193.

24



(29) Robinson, M.; Cleary, P. W. “Flow and mixing performance in helical

ribbon mixers,” Chemical Engineering Science 2012, 84, 382–398.

(30) Kuratsu, M.; Nishimi, H.; Mishima, M.; Kamota, T. “New Type Mix-

ing Vessel ”MAXBLEND”,” Sumitomo Heavy Industries Technical Re-

port 1987, 35, 74–78.

(31) Iranshahi, A.; Devals, C.; Heniche, M.; Fradette, L.; Tanguy, P. A.;

Takenaka, K. “Hydrodynamics characterization of the Maxblend im-

peller,” Chemical Engineering Science 2007, 62, 3641–3653.
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Chapter 2

Representative shear rate for

particle agglomeration

2.1 Introduction

Agglomeration of solid particles is a common unit operation in a wide range

of solid-liquid processes.1 Practical applications can be found in the wast

water treatment,2 polymerization3,4 and production of microalgae.5 The par-

ticle distribution and the shape of agglomerates significantly impacts on the

physical properties of the suspension and the operational condition of the

process. Furthermore, the product quality is directly affected by the prop-

erty of suspended agglomerates. It is, therefore, crucial to successfully predict

the agglomeration phenomenon and the property of agglomerates.

Generally, three different mechanisms describe the agglomeration of par-

ticles. One is the Brownian coagulation which is relevant for small particles.

The second one is sedimentation which should be considered for larger par-
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ticles colliding due to the difference in the settling velocity.6 The third one

is orthokinetic agglomeration induced by collisions between particles, in the

range of 1–40 µm in diameter, in the hydrodynamic flow. The orthokinetic ag-

glomeration can be found in many industrial processes,7,8 so that it has been

theoretically and experimentally investigated for decades. The shear rate is

the most significant dominant parameter of the orthokinetic agglomeration

since it corresponds to the velocity difference in particles. Smoluchowski9

proposed a basic mean-field model for the growth of agglomerates in a shear

field, and Swift and Friedlander10 experimentally validated the model. Usui11

established the thixotropy model considering Brownian and shear forces to

estimate the apparent viscosity of suspensions.

The representative shear rate in the flow should be estimated to effi-

ciently predict the orthokinetic agglomeration process. Indeed, theoretical

shear rates in some flows had been presented.12 However, these researches

on the representative shear rate for the orthokinetic agglomeration are of-

ten limited to the cases in simple flow systems, such as simple shear flow

or fully developed turbulent flow, where the spatial shear distribution is

homogeneous. However, the conventional agitated vessel, which forms the

inhomogeneous shear field, deals with many industrial particulate processes.

Consequently, agglomerates in the vessel have shear history, which results in

difficulty estimating the representative shear rate. Masuda et al.13 pointed

out that the shear rate for agitated vessels by Metzner and Otto14 could be

an overestimation due to the inhomogeneous shear field in the vessel. There-

fore, a new representative shear rate is necessary to describe agglomeration

in the agitated vessel.
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The present chapter proposes the representative shear rate for agglom-

eration in the agitated vessel. The agglomeration behavior of particles in

the vessel was discussed with this representative shear rate and a simplified

agglomeration model.

2.2 Proposal of the representative shear rate

The present work focused on the local residence time of particles to describe

the shear history. Figure 2.1 illustrates the conceptual diagram of the pro-

posed representative shear rate. Assuming a micro cube with volume ∆Vi

where the shear distribution is homogeneous, particles going through the

cube receive the shear force corresponding to the local shear rate γ̇i for the

residence time. The representative shear rate was defined as the weighted

averaged shear rate of the local residence time as follows.

γ̇τ =

∑
i
γ̇i∆Viτi

∑
i
∆Viτi

(2.1)

where τi (=
3
√
∆Vi/ui) is the local residence time and ui is the local velocity.

∑
i
means the summation in the whole space of the system. Here, particles are

assumed to flow on the streamline in the system without the isolated mixing

region. This representative shear rate can be regarded as the space-time

average of cumulative shear applied to particles in the agglomeration process.

On the other hand, the product γ̇iτi can be considered as the shear strain

applied to particles in a finite volume which is a reasonable expression for the

breakage process reported in the literature.15,16 This study obtained the local
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Figure 2.1: Conceptual diagram of the weight averaged shear rate based
on the local residence time τi.

shear rate γ̇i and the local velocity ui by the CFD calculation, respectively.

The volume of the micro cube ∆Vi was defined as the computational cell

volume.

2.3 Experimental

This study used polystyrene (PS) spherical particles as model particles, hav-

ing the average diameter of 4.37 µm and the specific gravity of 1.10, supplied

by Sekisui Kasei Co., Ltd. The surface of PS particles is usually charged

negatively in the medium, which leads to the repulsion of particles. The

electric interaction between PS particles was controlled by adding sodium

chloride [NaCl]. The presence of the salt in the suspension increases the

ionic strength, and the electric double layer is reduced approximately to the

Debye-Hückel length.

The suspension was prepared by dispersing 0.01–1.0wt% of PS particles

34



in the 68vol% glycerol aqueous solution with the viscosity of 0.028Pa · s and

the density of 1200 kgm−3. Note that the medium was prepared by mixing

pure glycerol and NaCl aqueous solution beforehand, and the concentration

of NaCl in the suspension was 1.3M. The suspension was stirred for at least

30min using a magnetic stirrer after adding PS particles to the medium.

Then, the particles were completely dispersed by the homogenizer (T50, IKA-

Works Inc.) for 1 h with controlling temperature in a water bath. After ho-

mogenization, the suspension was placed in the ultrasonic bath (AS22GTU,

AS ONE CORPORATION) for 1 h to break up any agglomerates. All prepa-

ration steps were carried out at 24 ◦C.

Figure 2.2 illustrates the experimental setup for the observation of ag-

glomeration in the agitated vessel. The suspension filled up the flat-bottomed

cylindrical vessel having the diameter of 108mm. The vessel was equipped

with a Rushton turbine and the diameter of the impeller was 52mm. The

rotational speed of the impeller was tested in the range of N = 45–240 rpm.

Accordingly, the Reynolds number was within Red = 81–432.

A small amount of suspension was sampled at the point 3 cm from the

liquid surface at a specific time interval. The sample suspension was diluted

by distilled water and particle size distribution (PSD) was immediately mea-

sured by a laser diffraction particle size analyzer (SALD-300V, SHIMADZU

CORPORATION). The particle size analyzer irradiates a laser beam to par-

ticles in the suspension and detects the diffraction and scattering light. Dif-

ferent sizes of particles have different patterns of diffraction and scattering

light. The device analyzes this optical pattern, then provides the PSD.

The relative magnitude of shear-induced collisions compared to collisions
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Figure 2.2: Experimental setup and schematic of the agitated vessel.

by Brownian diffusion and by sedimentation is qualified by the Péclet number

Pe and the particle Froude number17 Fr defined as follows, respectively.

Pe =
3πµ¯̇γξ3

4kBT
(2.2)

Fr =
Nd√

(s− 1)gξ
(2.3)

where µ is the viscosity of the fluid, ¯̇γ is the representative shear rate, ξ is

the diameter of a particle, kB is the Boltzmann constant, T is the tempera-

ture, s is the density ratio of sediment and fluid, and g is the gravitational

acceleration.

In this study, Pe was larger than 104 even at the lowest representative

shear rate, so that the Brownian coagulation was negligible. Also, sedimen-

tation was neglected since Fr was larger than 102 at the lowest rotational

speed of the impeller. Additionally, the agglomerates can be assumed to fol-

low the flow because the Stokes number for the largest obtained agglomerate
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was less than 10−6. The Stokes number St was defined as follows.

St =
ρpξ2N

18µ
(2.4)

2.4 Numerical setup

The flow in the agitated mixing tank was numerically simulated by an open-

source CFD software OpenFOAM version 7 to obtain the spatial distribution

of the shear rate. This work calculated the steady-state flow of the incom-

pressible Newtonian fluid. The governing equations were the conservation

equations and Navier-Stokes equations in a rotating frame as follows.

∇ · uR = 0 (2.5)

(uR ·∇)uR + 2Ω× uR +Ω× (Ω× r) = −∇p+ ν∇(∇uR + (∇uR)
%) + g

(2.6)

where uR is the velocity in the rotating frame, Ω is the angular velocity, r is

the position vector, p is the pressure, ν is the kinetic viscosity, and g is the

gravitational acceleration in the rotating frame. The existence of particles

was neglected to simplify the simulation. The velocity in the inertial frame

u can be obtained by the following equation.

u = uR +Ω× r (2.7)
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Accordingly, the shear rate γ̇ is defined by the rate of deformation tensor D.

γ̇ =
√
2D : D (2.8)

Here, D is defined as

D =
1

2
(∇u+∇u%) (2.9)

The multiple reference frames method is often applied to treat the rotational

motion in the agitated vessel. This has an advantage to obtain the velocity

field in the agitated vessel tank with baffles. In this work, however, the whole

computational domain was considered as the rotating frame since the vessel

used in the experiment had no baffles. The impeller and the shaft were set as

non-slip wall (uR = 0) in the rotating coordinate system. The top surface of

the vessel was set as slip wall and the other vessel walls were set as non-slip

walls (u = 0) in the fixed coordinate system. The computational domain was

discretized with hexahedral and tetrahedral grids using cfMesh of a meshing

tool. The total number of grids was over 3.8×105 and the maximum volume

was 1.17 × 10−9 in the tank. The SIMPLE scheme was applied to couple

the pressure with the velocity. The relaxation factors for each equation were

set as 0.9. The velocity field was regarded to make convergence after the

residuals of both velocity in the rotating frame and pressure reached less

than 10−6.
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2.5 Results and Discussion

2.5.1 Particle agglomeration in the agitated vessel

The present work used the number of particles consisting of each agglomerate

defined as the volume ratio of an agglomerate, called agglomerated number A

hereafter, to a single particle to describe PSDs. The original PSDs based on

volume were obtained by the laser diffraction measurement. Figure 2.3 shows

the variation of the median value of the agglomerated numbers A50 at each

rotational speed of the impeller. The median agglomerated number initially

increased as the agglomeration progressed and asymptotically approached a

constant value. Considering that agglomeration and breakage co-occur, the

balance between these two processes achieved equilibrium when the median

agglomerated number reached the constant value. The following exponential

type function could describe the temporal change of the median agglomerated

number.

A50(t)− A50(∞)

A50(0)− A50(∞)
= exp(−kt) (2.10)

where, A50(0) and A50(∞) represent initial and stable values of the agglom-

erated number, respectively, and k is the overall agglomeration rate. Both

the stable values of the agglomerated number and the agglomeration rate

increased with the higher rotational speed of the impeller corresponding to

the higher shear rate except for N = 45 rpm. This result means that the ef-

fect of agglomeration increased more than that of breakage as the increase in

shear rate within the experimental condition. Furthermore, the shear effect
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was not strong enough to break up larger agglomerates. When N = 45 rpm,

the overall agglomeration rate was larger than that in N = 70 rpm, which

implies that the shear rate was so small that breakup rarely occurs when

N = 45 rpm.

Figure 2.3: Agglomeration process at each rotational speeds of the im-
peller; curves represent the fitting results by the exponential function in
Equation (2.10).

Figure 2.4 shows probability density distributions of the agglomerated

number in the steady state at various rotational speeds. This study obtained

bimodal PSDs in all of the experimental conditions. Similarly, some pre-

vious works reported the formation of bimodal PSDs in the agglomeration

process.18,19 As the first population decreased in time, the second population

emerged, representing the formation of agglomerates from single particles.

The stable size of yield agglomerates (A ∼ 10.5) was independent of the

rotational speed of the impeller, that is, the shear rate in the vessel. On the
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Figure 2.4: Particle size distributions at various rotational speeds of the
impeller in the steady-state.

other hand, a larger amount of agglomerates was produced as the increase in

rotational speed of the impeller, which resulted in the larger median agglom-

erated number in higher rotational speed of the impeller as noted in Figure

2.3.

2.5.2 Simplification of the population balance model

The population balance model is one of the most widely used models to

describe the evolution of agglomerates, which includes difficulty solving a

partial differential equation in terms of time and space. On the other hand,

in this work, the population balance model was simplified to an ordinary

differential equation, considering that bimodal PSDs were obtained in the

experiment. The present subsection presents the simplification process.

Assuming that only two sizes of particles exist in the suspension as shown
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Figure 2.5: The agglomeration process providing the bimodel particle
size distribution.

in Figure 2.5, the temporal change of the total population of particles nt is

given by the summation of birth and death rates of those two sizes of the

particle as follows.

dnt

dt
= (B1 +D1) + (B2 +D2) (2.11)

The population of single particles decreases due to the orthokinetic agglom-

eration, so that, as Smoluchowski9 proposed, the death rate of single particles

D1 is given by

D1 = −4

3
ξ30 ¯̇γn

2
1 (2.12)

where ξ0 is the diameter of single particle, ¯̇γ is the representative shear rate,

and n1 is the population of single particles. Then, the population of agglom-

erates increases by the agglomeration process between single particles. The

birth rate of agglomerates is simply expressed as

B2 = −D1

A2
=

4

3
ξ30 ¯̇γn

2
1

1

A2
(2.13)

where A2 is the agglomerated number of yeild agglomerates. Several models
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for the breakage of agglomerates by shear force can be found in the litera-

ture, such as the exponential and power-low models.7,19 The simplification

process here defines B(= B(¯̇γ)) as the breakage parameter as a function of

the representative shear rate, and expresses the death rate of agglomerates

as

D2 = −Bn2 (2.14)

where n2 is the population of agglomerates. Then the birth rate of single

particles can be given by

B1 = −D2A2 = Bn2A2 (2.15)

Combining previous equations, Equation (2.11) can be transformed into

dnt

dt
= −

(
1− 1

A2

)
4

3
ξ30 ¯̇γn

2
1 + B(A2 − 1)n2 (2.16)

With the population ratio of single particle not forming agglomerates to

the initial total population, the total population nt can be rewritten as

nt

n0
=

n1 + n2

n0

= α +
1− α

A2
(2.17)

where n0 is the initial total population and α is the agglomeration ratio. Sub-

stituting this equation for Equation (2.16), the following differential equation
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Figure 2.6: Cumulative particle size distribution and fitting curves.

in terms of α can be obtained.

dα

dt
= − 8

π
φv

¯̇γα2 + B(1− α)

= −Aα2 + B(1− α) (2.18)

where φv is the total volume fraction which is constant during the process,

and A is the agglomeration parameter.

The present work obtained α from the PSD in terms of A. The PSD was

fitted by the cumulative log-normal mixture distribution function F (x) as

shown in Figure 2.6.

F (x) = αF1(x) + (1− α)F2(x), 0 ≤ α ≤ 1 (2.19)

Fj(x) =
1

2
erfc

(
− ln x−mj

σj

√
2

)
, j = 1, 2 (2.20)
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where mj and σj are constants. As agglomeration processes, α decreases and

approaches the stable value.

2.5.3 Effect of rotational speed of the impeller

Figure 2.7 shows the representative shear rate proposed in this work γ̇τ and

two conventional representative shear rates for comparison. One shear rate

is the volume-averaged shear rate γ̇vol calculated from the CFD result as

γ̇vol =

∑
i
γ̇i∆Vi

∑
i
∆Vi

(2.21)

Another shear rate γ̇m was proposed by Metzner and Otto14 as in Table 1.1.

γ̇m = km ·N (2.22)

where km is a proportional constant depending on the impeller. Here, km is

13.0 for the Rushton turbine.20 Each representative shear rate increased with

the increase in the rotational speed of the impeller. Figure 2.7 indicated that

the deviation between the proposed shear rate and the other two became

larger with the increase in the rotational speed of the impeller.

In the equilibrium state of the agglomeration process, the left hand of

the Equation 2.18 becomes 0. Accordingly, the breakage parameter B can be

calculated as

B(γ̇) = 8

π
φv

¯̇γ
αs

1− αs
(2.23)
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Figure 2.7: Effect of the rotational speed of the impeller on representa-
tive shear rates.

Figure 2.8: Breakage parameter; curves represent power-law fitting re-
sults.
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Figure 2.9: Agglomeration processes at (a) N = 45 rpm, (b) N =
120 rpm, respectively.

where αs is the stable value of α in the agglomeration experiment. Figure 2.8

plots the breakage parameter for each representative shear rate shown in Fig-

ure 2.7, and shows fitting curves using the power-low function. The breakage

parameter was successfully described by the power-low model except for γ̇m

at N = 45 rpm.

Figure 2.9 shows the temporal variation of agglomeration ratio for

N = 45, 120 rpm, respectively, when the particle concentration was 1.0wt%.

Curves represent the prediction results by Equation (2.18), where A was cal-

culated from the representative shear rate and the experimental condition,

and B was obtained from Figure 2.8. The agglomeration rate, in other words,

the rate of decrease in α, was faster when a larger shear rate was applied.

It was found that the shear rate estimated by the method of Metzner and

Otto was not reasonable for the prediction of particle agglomeration when

the particle concentration was 1.0wt% and N = 120 rpm. This is because

this method calculates the shear rate based on the power consumption of the

rotating impeller, which only represents the shear rate around the vicinity
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Figure 2.10: Shear field in the vessel agitated by the Rushton turbine
at N = 45 rpm.

of the impeller tip, although agglomeration may occur in the whole of the

vessel. On the other hand, the proposed representative shear rate considering

shear history enabled the most reasonable prediction.

The representative shear rate proposed did not work well when N =

45 rpm. Rather than that, the other two shear rates were more reasonable

for the prediction of the agglomeration process. Considering that there was

still a wide distribution of shear rate for N = 45 rpm as shown in Figure

2.10, this indicates that most agglomeration occurred around the impeller,

and particles or agglomerates just moved around in a distant space away

from the rotating impeller.
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Figure 2.11: Agglomeration process in different particle concentrations
at N = 120 rpm.

2.5.4 Effect of particle concentration

The current subsection presents the results at different particle concentra-

tions at the fixed rotational speed of the impeller N = 120 rpm to discuss the

applicability of the proposed representative shear rate. The temporal vari-

ation of α obtained from the experiment was fitted by the model Equation

(2.18). Then, the representative shear rate was estimated from the agglom-

eration parameter obtained by the fitting as Equation (2.24).

¯̇γ =
π

8φv
A (2.24)

Figure 2.11 shows the agglomeration process in terms of the agglomer-

ation rate for different particle concentrations. Curves correspond to the
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Figure 2.12: Comparison between experimentally estimated shear rate
and representative shear rates in different particle concentrations at N =
120 rpm.

fitting results. The agglomeration rate rapidly decreased, and the agglom-

eration rate increased with the increase in particle concentration, except

for 0.01wt%. This resulted from the increase in the collision frequency by

the increase in particle concentration. When the particle concentration was

0.01wt%, the agglomeration slowly progressed in the initial stage. However,

the apparent agglomeration rate was faster than that for 0.03%, suggesting

that the representative shear rate for the low particle concentration differed

from that for other particle concentrations.

Figure 2.12 compares the experimentally estimated shear rate and two

representative shear rates, i.e., one proposed in this work and one estimated

by the method of Metzner and Otto. Almost the same representative shear

rate was obtained when the particle concentration was higher than 0.03wt%,
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and the proposed one successfully estimated the representative shear rare for

agglomeration in the agitated vessel. On the other hand, a much high shear

rate was obtained at the particle concentration was 0.01wt%, which showed

a good agreement with the shear rate of Metzner and Otto. These results

imply that agglomerates formed around the impeller at the lowest particle

concentration since γ̇m represent the shear rate near the rotating impeller.

Also, it can be concluded that the local residence time should be taken into

account to consider the representative shear rate and design agglomeration

process when agglomeration may occur in the whole of the vessel.

2.6 Conclusions

The present chapter proposed the new representative shear rate for agglom-

eration as the weighted average shear rate of the local residence time. Then,

this chapter experimentally investigated the agglomeration process of micro-

scale particles using the Rushton turbine and assessed the applicability of the

proposed shear rate. The agglomeration experiment yielded bimodal particle

size distributions, and the stable size of produced agglomerate was indepen-

dent of the rotational speed of the impeller. Accordingly, the agglomeration

process was discussed using the ordinary differential equation, which is the

simplified population balance equation. The proposed representative shear

rate successfully predicted the agglomeration process except for the low ro-

tational speed of the impeller and the low particle concentration. It was

concluded that the local residence time should be considered to estimate the

representative shear rate in the design of agglomeration processes.
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Nomenclature

A = the number of particles consisting an agglomerate [—]

A50 = median value of A

A = agglomeration parameter, (= 8/(φv
¯̇γ)) [s−1]

B1, B2 = birth rate [—]

B = breakage parameter [s−1]

C = clearance between vessel bottom and impeller [m]

d = diameter of impeller [m]

D = diameter of vessel [m]

D = deformation tensor [s−1]

D1, D2 = death rate [s−1]

Fr = particle Froude number [—]

g, g = gravitational acceleration [—]

H = height of liquid in the tank [m]

k = overall agglomeration rate in Equation (2.10) [s−1]

kB = Boltzmann constant [JK−1]

km = constant in Equation (2.22) [—]

∆Li = edge length of the cube with volume ∆Vi [m]

mj = parameter in Equation (2.20) [—]

n0 = initial population of particles [—]

n1, n2 = population of particles or agglomerates [—]

nt = total population of particles [—]

N = rotational speed of the impeller [s−1]

p = pressure [Pa]
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Pe = Péclet number [—]

r = radial coordinate [m]

Red = impeller Reynolds number [—]

r = position vector [m]

s = density ratio of sediment and fluid [—]

St = Stokes number [—]

t = time [s]

T = temperature [K]

u = velocity [m s−1]

ui = local velocity [m s−1]

uR = velocity in the rotating frame [m s−1]

∆Vi = local volume or cell volume in CFD [m3]

z = axial coordinate [m]

Greek letters

α = agglomeration ratio defined by Equation (2.17) [—]

αs = α in steady state [—]

γ̇ = shear rate [s−1]

γ̇i = local shear rate [s−1]

γ̇m = shear rate proposed by Metzner and Otto as in Equation (2.22) [s−1]

γ̇vol = volume-averaged shear rate as in Equation (2.21) [s−1]

γ̇τ = representative shear rate defined in Equation (2.1) [s−1]

¯̇γ = representative shear rate [s−1]

µ = liquid viscosity [Pa·s]

ν = kinetic viscosity [m2 s−1]
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ξ = diameter of a particle or an agglomerate [m]

ξ0 = diameter of a single particle [m]

ρp = particle density [kgm−3]

σj = parameter in Equation (2.20) [—]

τi = local residence time [s]

φv = volume fraction of particle [—]

φw = weight fraction of particle [—]

Ω = angular velocity [s−1]
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Chapter 3

Friction factor distribution at

the sidewall of baffled vessels

3.1 Introduction

Scaling on the wall of agitated vessels is a complicated phenomenon, including

heat and mass transfer. Chemical reactions leading to a material deposition

can be promoted and suppressed by thermal control at the wall of the vessel.

The mass transfer at the wall of the vessel and around baffles is also significant

since materials often deposit on the place where the mass transfer is poor.

According to the Chilton-Colburn analogy in a fully turbulent regime, heat

and mass transfer directly relate to momentum transfer, in other words, the

friction factor at the wall. Therefore, investigations on transport phenomena

near the vessel wall based on the analogy are necessary to suppress scaling.

Literature had reported heat and transfer at the vessel wall. Hiraoka et

al.1 provided a correlation equation of the heat transfer coefficient near the

58



sidewall of the non-baffled vessel using the friction factor calculated by the

power consumption of the impeller, as follows.

(h/ρcpvθ)Pr2/3(1.7d/βD) = f/2 (3.1)

Shiobara et al.2 studied the similarity of heat and momentum transfer at

the sidewall of the non-baffled vessel and proposed the following correlation

equation in the form of j-factor.

jH(md/βD) ∼ f/2 (3.2)

where m is a correlation parameter calculated from the radius of cylindrically

rotating zone. On the other hand, many works had been done on mass

transfer at the vessel wall and around baffles3–5 as well as heat transfer.

Calderbank and Moo-Young6 pointed out the slip velocity plays an important

role in mass transfer between two phases. Thus, the friction factor, which

strongly relates to the slip velocity, is supposed to provide an estimation of

the mass transfer coefficient in the same way of Equations (3.1) and (3.2)

according to the Chilton-Colburn analogy.

Although works by Hiraoka et al.1 and Shiobara et al.2 provided meaning-

ful information on heat transfer, their results are limited to the average value,

not to local ones. The local value of the friction factor has been measured

along the axial direction on the wall of the non-baffled tank with small im-

pellers.7–9 However, the local distribution of the friction factor, heat or mass

transfer coefficient, is not clarified enough in an agitated vessel equipped with
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Figure 3.1: A neutralization tank inside view before de-scaling, from the
paper by Wu et al.10

a large impeller, even though the friction factor must significantly impact the

transport phenomena. Especially in baffled tanks, not only the axial but the

tangential distribution of the friction factor should be taken into account

since baffles make the flow unsymmetrical along the tangential direction and

poor mixing regions emerge around them, which results in the undesirable

reduction of mass and heat transfer there and hight potential for scaling as

shown in Figure 3.1.

The present chapter is devoted to this perspective by numerically study-

ing the local friction factor on the wall of a baffled vessel with a large impeller

in the turbulent regime using computational fluid dynamics simulation with

the SST k-ω model. Large impellers, the MAXBLEND® impeller here, are

typically superior to small impellers in the heat and mass transfer perfor-
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mance. Consequently, a large impeller is supposed to efficiently reduce the

amount of scale. This study focused on the baffle configuration, introducing

the clearance between baffles and the vessel wall to strength hydrodynamic

flow behind baffles.

In the present chapter, the fluid flow agitated by a paddle impeller was

calculated to validate the numerical procedure and obtained velocity near

the wall. Then, the friction factor distribution on the sidewall of the vessel

with the large impeller was numerically obtained and discussed.

3.2 Numerical setup

Two laboratory-scale stirred tanks with and without baffles were numerically

investigated. Agitation was provided by two different impellers, i.e., an eight

blade paddle impeller and a MAXBLEND® impeller. The geometrical de-

tails of the impeller, tank, and baffles are illustrated in Figure 3.2 and listed

in Table 3.1.

Numerical simulations were carried out by a finite volume method using

the commercial CFD software R-FLOW. All simulations were performed by

solving the continuity and Navier-Stokes equations. The SST k-ω model11,12

was adopted to investigate the transport phenomena near the wall in the

turbulent regime. As an eddy-viscosity model, the SST k-ω model consists of

two transport equations for the turbulent kinetic energy k, and for the specific

turbulent dissipation rate ω (= ε/k). The eddy viscosity µt is calculated from

the turbulent kinetic energy k and the specific turbulent dissipation rate ω as

µt = ρk/ω. The SST k-ω model uses a blending function to switch between
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Figure 3.2: Impellers: (a) paddle, and (b) MAXBLEND® (dimensions
in millimeters).

the k-ε model in free-stream turbulent flow and the standard k-ω model in

the viscous sublayer near the nonslip wall.

The established computational region consists of two domains, i.e., sta-

tionary and rotating domains, as shown in Figure 3.3. The stationary domain

corresponds to the vessel without baffles for the paddle impeller and with

baffles for the MAXBLEND® impeller. On the other hand, the rotational

domain does the impeller and the mixing shaft. The diameter of the rotating

domain is larger than that of the impeller and does not contact baffles. In

addition, the upper surface of it is the same level as the stationary domain,

and the lower surface has a slight gap with the tank bottom. Thus, the rotat-

ing domain completely contains the impeller and shaft. The velocity in the

stationary domain was calculated based on the momentum balance with that

in the rotating domain. The rotational domain rotated counterclockwise.

The total number of cells discretized unequal intervals was 6.26× 105
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Table 3.1: Impeller, tank and baffle dimensions

Impeller Parameter Value
Paddle d 150 (= 0.5D) mm

b 30 (= 0.1D) mm
D 300 mm
H 300 (= D) mm
nB 0 –

MAXBLEND® d 71 mm
b 130 mm
D 132.5 mm
H 150 mm
nB 4 –
BW 10 (= 0.075D) mm
BH 150 (= H) mm
BC 0 or 10 mm

in the stationary domain and 9.6× 10−4 in the rotating one for the paddle

impeller (58 × 180 × 60, 20 × 240 × 20; the radial, azimuthal, and axial

directions, respectively). Those for MAXBLEND® impeller were 6.32× 105

(31× 204× 100) in the stationary domain and 2.12× 105 (26× 80× 102) in

the rotating one, respectively.

In the simulation, the top liquid surface of the tank was regarded as a slip

wall, and the other tank walls, baffles, impeller, and shaft surface were set

as nonslip walls. The fully turbulent flow of an incompressible Newtonian

fluid (ρ = 1.0 × 10−3 kgm−3, µ = 1.0 × 10−3 Pa · s) was calculated at

Red = 3.0 × 104 for the paddle impeller, and at Red = 8.0 × 103 for the

MAXBLEND® impeller.

Steady state simulations were performed to obtain the initial flow veloc-

ity for the time dependent calculation by adopting a sufficient number of

iterations to guarantee that the residuals of all the velocity components were
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Figure 3.3: Stationary and rotating domains in the CFD simulation;
note that a non-baffled tank was used for the paddle impeller.

lower than 9.0× 10−6. Then time dependent simulations were carried out

with the time step of 1.0× 10−3 s, where the Courant number was at least

lower than 0.7. The present chapter shows the calculation results after over

10 times of impeller rotation.

3.3 Results and Discussion

3.3.1 Validation of calculation model

Although many numerical investigations on the flow in agitated vessels can

be found during the development of CFD, few of them focused on the friction

factor or the near-wall velocity distribution. In this study, thus, not only the

numerically obtained values of bulk velocity were validated by experimental

results reported in the literature, but the near-wall velocity distribution was
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compared with the theoretical value.

Figure 3.4 shows the comparison of the tangential velocity distribution at

different vertical positions for the paddle impeller. The tangential velocity

was normalized by the impeller tip velocity U0. The numerically obtained

tangential velocity distribution was not dependent on the vertical position as

indicated in the literature.13,14 It can be also seen that the numerical results

in r > rd agree well with the reported experimental values by Nagata et al.15

and Yoshida et al.13 Moreover, the model correctly predicted the linear trend

in r < rd, which is typically regarded as rigid body rotation. These results

demonstrated the validity of the CFD calculation in the bulk region in the

present study.

center wall

present
study

Figure 3.4: Tangential velocity distribution for the paddle impeller,
Red = 30000, ×: Nagata et al.,15 +: Yoshida et al.13

Hiraoka et al.16 proposed a universal expression of tangential velocity near
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the sidewall in the non-baffled tank within the turbulent regime for paddle

impellers;

u++ = 5.75 log y++ + 5.5 (20 < y++ < 70) (3.3)

where

u++ = u+

(
βD

1.7d

)
, y++ = y+

(
βD

1.7d

)
(3.4)

u+ =
uθ

u∗
w

, y+ =
yu∗

w

ν
(3.5)

and u∗
w is the friction velocity. In this study, u∗

w was calculated by the normal

gradient of the tangential velocity at the sidewall of the tank as follows:

u∗
w =

√

ν
∂uθ

∂r

∣∣∣∣
wall

(3.6)

Hiraoka et al. also indicated that u++ and y++ must satisfy the following

relationship near the sidewall, namely, viscous sublayer.

u++ = y++ (3.7)

Figure 3.5 shows the numerically obtained non-dimensional tangential ve-

locity profile and model lines. At the viscous sublayer, the velocity profile

certainly coincides well with Equation (3.7). In the range of 20 < y++, a

linear trend corresponding to the model can be found in the semilogarith-

mic scale and the calculated velocity agreed well with the model value. As

Tamburini et al.17 pointed out, at the very high Red, eddy-viscosity models
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Figure 3.5: Universal tangential velocity distribution for the paddle im-
peller.

including the SST k-ω model slightly overestimate the power consumption

of the impeller due to the turbulence anisotropy. Even though the SST k-ω

model provides larger power consumption, Tamburini et al.17 also concluded

that the SST k-ω model was reliable enough to predict the flow in an agi-

tated tank both with and without baffles. The calculation in this study also

provided a reasonable estimation so that the the simulation results here were

regarded to be validated both at the viscous sublayer and in the range of

20 < y++.
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Figure 3.6: Vertical velocity profile for the MAXBLEND® impeller,
CFD: this work, PIV: Hidalgo-Millán et al.18

3.3.2 Flow fields induced by the MAXBLEND® im-

peller

Figure 3.6 describes vertical velocity at z/H = 0.88 as a function of the ra-

dial distance for the MAXBLEND® impeller. Experimental data obtained

by particle image velocimetry (PIV) measurement by Hidalgo-Millán et al.18

were used to validate the numerical results. Dashed lines represent the ra-

dial positions of the impeller and the baffle tips. While a downward flow was

formed within r < rd, an upward flow was observed in the range of r > rd,

which can lead to a great mixing performance. This flow pattern can be typ-

ically found in the PIV measurement18 and other experimental works. CFD

results show good agreement with the experimental data, which indicates

that the numerical results for the MAXBLEND® impeller were reliable.
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Figure 3.7 shows the comparison of the velocity field in the r-z plane

for θ = 45◦ in baffled vessels without and with baffle clearance. Numerical

results were averaged in a single rotation of the impeller. It can be observed

that the flow induced by the impeller paddle moved both upward and down-

ward. Consequently, a vortex flow was formed in the lower part of the vessel

regardless of baffle clearance. In addition, a large vortex can be seen in the

range of z/H > 0.4 in the case without baffle clearance, which is consistent

with previous experiments.18,19 When the clearance was added between the

sidewall and baffles, the flow in z/H > 0.4 became more complex. The sin-

gle circulation observed in the vessel without baffle clearance was divided

into two circulations. This deformation of the flow pattern by adding baffle

clearance may affect the mixing performance so that further investigations

are needed for engineering applications.

3.3.3 Effect of baffle clearance on the friction factor

The friction factor for a flat plate in the turbulent regime is defined as

f =
τw

ρU2/2
(3.8)

where τw (> 0) is the shear stress at the wall and U is the velocity at the

edge of the turbulent boundary layer. On the other hand, Hiraoka et al.20

defined the friction factor of an agitated vessel based on the characteristic

velocity vθ in the same manner as Equation (3.8).

f =
τw

ρv2θ/2
(3.9)
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Figure 3.7: Dimensionless velocity magnitude for the MAXBLEND®

impeller; (left) BC = 0, (right) BC = 0.075; note that the velocity
magnitude was normalized by U0.

As reviewed above in Equation (3.2), Shiobara et al.2 showed an analogy be-

tween momentum transfer and heat transfer using the friction factor defined

by Equation (3.9) so that this chapter discussed this friction factor as well.

The present work calculated τw based on the slip velocity u∗
w to obtain the

friction factor as follows.

τw = µ
∂uθ

∂r

∣∣∣∣
wall

= ρu∗
w
2 (3.10)

Figures 3.8 and 3.9 present axial profiles of the time-averaged friction

factor for vessels with and without baffle clearance using the MAXBLEND®
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impeller. Three azimuthal positions are compared: the center between two

baffles, in front of a baffle, and behind a baffle. The impeller rotated coun-

terclockwise. The continuous solid line in each diagram represents the value

calculated by the correlation equation of the friction factor for large impellers,

including the MAXBLEND® impeller.21 In the case without baffle clearance,

the friction factor had a maximum value around the paddle-type zone of the

impeller (z/H < 0.4) where tangential flow is strong. In contrast, a much

smaller friction factor can be seen in the range of z/H > 0.4.

In the case without baffle clearance, the friction factor at z/H < 0.4

decreased. In addition, while the friction factor between baffles (θ = 45◦)

slightly changed at z/H > 0.4, that around a baffle increased, especially

behind the baffle as shown in Figure 3.10. Here, the friction factor ratio was

defined as the ratio of two friction factors, f |BC=0.075/f |BC=0. Generally, an

increase in velocity in the turbulent region far from the wall leads to a de-

crease in the boundary thickness, consequently, the friction factor increases.

It is, therefore, concluded that this enhancement of the friction factor may

have been caused by the increase in flow velocity around baffles.

According to the analogy in transport phenomena, the increase in the

friction factor also significantly impacts mass transfer at the vessel wall. In

a mineral processing plant, the hard deposit is supposed to form on the wall

where the mass transfer is poor, especially behind baffles. Considering the

results here, low values of the friction factor at the upper part of the sidewall

around baffles correlate to the small transfer coefficient and result in a higher

potential for material deposition. Furthermore, the improvement of mass

transfer with baffle clearance, which corresponds to the increase in friction
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Figure 3.8: Axial profiles of the friction factor for the MAXBLEND®

impeller without baffle clearance, BC = 0.

Figure 3.9: Axial profiles of the friction factor for the MAXBLEND®

impeller with baffle clearance, BC = 0.075.
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Figure 3.10: Effect of adding baffle clearance on the friction factor.

factor, potentially reduces the scale adhesion in a baffled vessel. However, it

should be noted that, although the friction factor may play a crucial role in

the solid-liquid process, supersaturation or energy balance must be taken into

account as well. The next chapter experimentally investigated and discussed

the effect of adding baffle clearance on scaling.

Although baffles play a significant role in enhancing mixing performance

in an agitated vessel, they may lead to undesirable results in some processes

with heat control. The sidewall of an agitated vessel with jackets can be

thermally damaged where the local heat transfer is poor. This poor heat

transfer region may be predicted by detecting the region with a low friction

factor, resulting in a low heat transfer coefficient. Considering this point,

installing baffle clearance can be a reasonable option to avoid this problem.
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Figure 3.11: Variation of the friction factor over time: blue lines repre-
sent BC = 0 and orange lines represent BC = 0.075, respectively; (a-c)
z/H = 0.2, (d-e) z/H = 0.8.

3.3.4 Temporal variation of the friction factor

Figure 3.11 indicates comparison of the time variation of the friction factor at

z/H = 0.2 and 0.8. At z/H = 0.2, regardless of the existence of baffle clear-

ance, the time variation of the friction factor had a characteristic frequency

equal to 2 times the rotational frequency of the impeller. This resulted from

the strong tangential flow induced by the fluid discharge from the paddle of

the MAXBLEND® impeller. At z/H = 0.8, a remarkably large amplitude

of the fluctuation of the friction factor was observed around a baffle. This

large-scale fluctuation of the friction factor directly relates to the boundary

layer thickness of momentum and heat transfer. Indeed, the heat transfer

can be enhanced by an intermittent surface renewal of the boundary layer.22

Therefore, further investigation on the effect of the width of the baffle clear-

ance on the fluctuation of the friction factor is necessary to establish a global

correlation of heat transfer with Reynolds number and baffle clearance.
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3.4 Conclusions

The present chapter numerically investigated the effects of adding clearance

between baffles and the sidewall on the friction factor in a turbulent agitated

vessel equipped with a MAXBLEND® impeller. The velocity distribution

near the wall using a paddle impeller was compared with the estimation by

a model to validate the calculated results. The SST k-ω turbulent model

provided a successful prediction not only in the fully turbulent region but

in the viscous sublayer in the agitated vessel. Baffle clearance deformed the

circulation flow in the vessel, and the flow became much complex. While the

large value of friction factor at the sidewall was observed in the range with

a strong discharge flow, the friction factor was smaller in the other vertical

positions. The friction factor drastically increased by adding baffle clearance,

especially around baffles, which should reduce the material deposition in the

vessel. In addition, a large-scale fluctuation of friction factor was found,

which may lead to the further enhancement of the heat/mass transfer.
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Nomenclature

b = height of impeller [m]

cp = specific heat [J kg−1 K−1]

BC = clearance between tank wall and baffles [m]

BH = length of baffle [m]

BW = width of baffle [m]

d = diameter of impeller [m]

D = diameter of vessel [m]

f = friction factor [—]

h = heat transfer coefficient [Wm−2 K−1]

H = height of liquid in the tank [m]

jH = j-factor for heat transfer [—]

k = turbulent kinetic energy [m2 s−2]

m = correlation parameter in Equation (3.2) [—]

nB = the number of baffles [—]

N = impeller rotational speed [s−1]

Pr = Prandtl number, (= cpµ/λ) [—]

r = radial coordinate [m]

rd = radius of impeller [m]

Red = impeller Reynolds number, (= Nd2/ν) [—]

u∗
w = friction velocity [m s−1]

uz = axial velocity [m s−1]

uθ = tangential velocity [m s−1]

u+ = dimensionless velocity, (= uθ/u∗
w) [—]
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u++ = dimensionless velocity, (= u+
θ (βD/md)) [—]

U = velocity at the edge of the turbulent boundary layer [m s−1]

U0 = impeller tip velocity [m s−1]

vθ = characteristic velocity, (= βU0/2) [m s−1]

y = distance from the wall [m]

y+ = dimensionless distance, (= yu∗
w/ν) [—]

y++ = dimensionless distance, (= y+(βD/md)) [—]

z = axial coordinate [m]

Greek letters

β = coefficient, (= 2 ln(D/d)/{(D/d)− (d/D)}) [—]

ε = turbulent eddy dissipation rate [m2 s−3]

θ = azimuthal coordinate [◦]

λ = thermal conductivity [Wm−1 K−1]

µ = liquid viscosity [Pa · s]

µt = eddy viscosity [Pa · s]

ν = kinetic viscosity [m2 s−1]

ρ = liquid density [kgm−3]

τw = shear stress at the wall [Pa]

ω = specific turbulent dissipation rate [s−1]
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Chapter 4

Effect of baffle clearance on

material deposition on the

vessel wall

4.1 Introduction

Scale, as briefly summarized in chapter 1, has been a significant issue in

many industries with solid-liquid processes. The precedent experimental in-

vestigations showed successful suppression of the material deposition on the

wall by controlling hydrodynamics in the agitated vessel. Nawrath et al.1

experimentally examined scale growth in alumina refineries and suggested

that a slurry flow velocity of more than 2.9 m/s near the walls of the vessel

could reduce the rate of scale growth to zero on the vessel walls. Wu et al.2

applied swirl flow agitator to a mineral process and showed that the growth

of scale could be reduced compared to a conventional draft tube agitator sys-
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tem. Davoody et al.3 conducted a qualitative and quantitative investigation

on the scale deposition on the wall of an agitated vessel and showed that the

scale thickness was lower in the non-baffled vessel than in the baffled vessel.

Chapter 3 reported the drastic increase in the friction factor around baf-

fles by adding baffle clearance. This result implies that the baffle clearance

contributes to the reduction of scale on the vessel wall. The present chapter,

as a verification of the consequence in chapter 3, experimentally investigated

the effect of clearance between baffles and the vessel wall on the scale depo-

sition to overcome scale formation behind baffles. The experimental method

presented by Davoody et al.4 was used as a model of scale deposition, which

utilized the production reaction of magnesium hydroxide [Mg(OH)2]. The

amount of scale and its distribution on the sidewall were discussed with the

flow velocity in the tank obtained by numerical simulation.

4.2 Experimental

4.2.1 Quantification of scale formation

The disassemblable vessel made of stainless steel was used for scale quantifi-

cation experiments. Agitation was provided by a MAXBLEND® impeller

which was set to the vertical axis of the tank and driven by a motor as

shown in Figure 4.1. Two baffle arrangement was tested, i.e., the case with

and without clearance between baffles and vessel wall (BC/D = 0, 0.06).

Table 4.2.2 gives the geometric details of the tank, impeller, and baffles.

The scale used in this study is magnesium hydroxide [Mg(OH)2] formed
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from the chemical reaction between calcium hydroxide [Ca(OH)2] and mag-

nesium chloride [MgCl2]. The precipitate of Mg(OH)2 forms when pH is over

12 due to the reaction of dissociation of the weak acid. A 500mL of Ca(OH)2

solution with the concentration of 0.6M and a 500mL of 0.5M sodium car-

bonate [Na2CO3] solution were prepared as the initial liquid and fed into the

vessel. The vessel filled with the initial liquid was placed into a thermostatic

bath to keep the fluid temperature at 80 ◦C since the hot surface of the wall

encourages the deposition of Mg(OH)2. After the liquid temperature reach-

ing to a steady-state, 15 g of MgCl2 powder was gradually added into the

tank with agitation. The duration of the experimental run was 45min to

precipitate magnesium hydroxide on the vessel wall sufficiently. After pump-

ing out, the weight of the formed scale was measured as the difference in

the weight of the vessel before and after the experiment. The more detailed

experimental methodology can be referred to in the paper of Davoody et al.4

The present thesis shows the results when the rotational speed of the impeller

was in the range of N = 200–280 rpm since the scale could not be quantified

at the higher rotational speeds.

4.2.2 Flow velocity and power consumption measure-

ment

Flow velocity in the agitated vessel was measured by an ultrasonic velocity

profiler (UVP) to validate the numerical results. UVP is a powerful tool to

obtain flow field along the ultrasonic beam axis directly and is now used not

only in the pipe or duct flow5,6 but in the flow in complex geometries.7 An
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motor

Figure 4.1: Schematic of experimental setup and procedure.
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Table 4.1: Tank, impeller and baffle dimensions.

symbol parameter value
D Tank diameter 100mm
HT Tank height 200mm
HL Liquid height 160mm
HB Water bath height 220mm
d Impeller diameter 62.8mm
h Impeller height 139mm
C Impeller clearance from tank bottom 10mm

BL/HL Dimensionless baffle height 1
BW/D Dimensionless baffle width 0.1
BC/D Dimensionless baffle clearance 0 or 0.06
— The number of baffles 4

ultrasonic pulse wave is irradiated to the fluid containing tracer particles as

shown in Figure 4.2, and the probe then detects the Doppler shift frequency

of echoed ultrasound as a function of time. Flow velocity is calculated based

on the proportional relationship with the Doppler shift frequency. Detailed

principle of UVP measurement can be seen in the literature by Takeda.8

A commercial UVP device (UVP-DUO, Met-Flow SA) and co-polyamide

particles were used. The particle size was 80–200µm in diameter, and the

density was 1070 kgm−3. The ultrasonic pulse was emitted from the trans-

ducer at a pulse repetition frequency of 1.87 kHz. The diameter of the sensor

was 8mm, and the basic frequency was 4MHz. The geometrical configura-

tions of the impeller and acrylic-made vessel for UVP measurement were the

same as those shown in Figure 4.1 and Table .

The power consumption of the impeller was measured with a torque meter

(i-stirrer ls600, Trinity-Lab Inc.). The power consumption P was calculated

by Equation (4.1) using the rotational speed of the impeller and average
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Figure 4.2: Schematic picture of UVP measurement, reproduction from
UVP-DUO Monitor User’s Guide9 by the author.

torque T measured for at least 180 s in each run.

P = 2πNT (4.1)

The tank, impeller, and baffle were the same as those used in UVP measure-

ment. All measurements were done using the tap water at room tempera-

ture.

4.3 Numerical setup

In the present chapter as well, the flow velocity and flow pattern were nu-

merically obtained by a CFD software RFLOW (Rflow Co., Ltd.). The fluid

was considered as an incompressible Newtonian fluid having the same prop-
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erties as water. The conservation and Navier-Stokes equations were solved.

The SIMPLE algorithm was applied to couple pressure and velocity. Al-

though chapter 3 used the SST k-ω model, the standard k-ε model10 was

applied in the present chapter for reasons of stability and computational

cost. The boundary conditions and the established computational domains

are the same as those in chapter 3. The mesh number was 40× 120× 80 in

the radial, azimuthal and axial directions, respectively. The total number of

numerical cells was more than 3.8×105.

4.4 Results and Discussion

4.4.1 Velocity validation of numerical results

This chapter will discuss the tangential velocity later. However, the mea-

surement of tangential velocity was difficult due to the configuration of the

experimental apparatus. Alternatively, the numerical results were validated

by experimental results in terms of the axial velocity distribution.

The time-averaged axial velocity during 100 s was obtained from the time

series velocity data from the UVP measurement. Numerical results of the

velocity were also averaged in time. Figure 4.3 shows the vertical profiles of

the axial velocity component along the line defined by 2r/D = 0.9 and θ =

45◦ in the cylindrical coordinate system. As depicted in Figure 4.3, the good

agreement of the velocity distribution can be seen between experimental and

numerical results. Only some small discrepancies existed in the simulation

and experiment. However, two local maxima were observed, and the values
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Figure 4.3: Comparison of dimensionless axial velocity profile in the
vertical direction between numerical and experimental results.

at the two maxima were very similar. It indicated that the simulation model

was reliable, and the validity of the numerical procedure was confirmed.

4.4.2 Effect of impeller rotational speed on scaling

Figure 4.4 describes the effects of the rotational speed of the impeller and

baffle clearance on scale weight. The scale weight decreased almost linearly

with the impeller rotational speed regardless of the configuration of baffle

clearance. This tendency is consistent with the case of a small agitator,

the Lightnin A310,4 and also can be seen in the case of pipe flow.1 As Wu

et al.2 pointed out, removal of material deposit can co-occur with the scale

formation. Therefore, in this complex process, this result shows that the

removal of material deposits was much more accelerated than that of scale
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Figure 4.4: Effects of the impeller rotational speed and baffle clearance
on the weight of formed scale.

growth.

4.4.3 Effect of baffle clearance on scale deposition

Figures 4.5 and 4.6 illustrate the distribution of formed scale on the tank

wall with and without baffle clearance (BC/D = 0, 0.06), respectively. In

the photographs for the case without baffle clearance as shown in Figure 4.5,

baffles were attached to both sides of the disassembled vessel walls, which

were illustrated as striped boxes. On the other hand, the baffle was placed

on the center for the case with baffle clearance as shown in Figure 4.6. In all

the photographs, fluid flowed from left to right. In the case without baffle

clearance, the smaller weight of the scale was deposited on the vessel wall

in front of the baffles, while the weight of the scale was larger behind the
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baffles. A decrease in scale thickness and area of the sidewall covered by

scale was observed for BC/D = 0.06, which resulted in the decrease in the

weight of scale by the installation of baffle clearance as described in Figure

4.4. Moreover, the suppression of deposition behind baffles was significantly

improved in the case with baffle clearance. These results agree with the

expectation obtained in chapter 3 that the increase in the friction factor

contributes to the suppression of scale.

Figure 4.7 shows the numerically obtained tangential velocity between a

baffle and sidewall when the impeller position is θ = 45◦. The baffle is placed

at θ = 0◦ and flow goes through right to left (counterclockwise) in Figure

4.7. When BC/D = 0, the flow impinged on baffles, which resulted in a

decrease in tangential velocity in front of a baffle and behind a baffle. This

flow impingement caused erosion of scale in front of baffles, and a decrease

in tangential velocity behind baffles promoted scale growth, which was ob-

served in Figure 4.5. In the case with baffle clearance (BC/D = 0.06), the

velocity decrease around baffles completely disappeared, and a significant

increase in flow velocity near the sidewall can be seen. Because of contrac-

tion flow, tangential velocity drastically increased through the gap between

baffles and sidewall. Consequently, this higher flow velocity eroded deposits,

which resulted in a decrease in scale weight, as can be seen in Figure 4.4.

4.4.4 Effect of baffle clearance on power consumption

Most processes using agitated tanks are designed based on the power dia-

gram of the impeller since main equipment such as a motor must have a
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Figure 4.5: Distribution of scale deposition for BC/D = 0.
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Figure 4.6: Distribution of scale deposition for BC/D = 0.06.
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Figure 4.7: Tangential velocity profile in azimuthal direction at 2r/D =
0.92, z/H = 0.5 at N = 240 rpm.

sufficient impact on power consumption. The power consumption directly

affects the economy of the process. Figure 4.8 shows the relationship be-

tween the rotational speed of the impeller and the power consumption by the

correlation between the Reynolds number Red (= ρNd2/µ) and the power

number Np (= P/ρN3d5). The tested impeller rotational speed in scale ex-

periment N = 200–280 rpm corresponds to Red in the range of 1.3–1.8×104.

It was found that, in the turbulent region, installation of baffle clearance

slightly saved power consumption. However, it did not have a significant

impact on energy reduction. Considering the decrease in the scale deposition

shown in Figure 4.4, installation of baffle clearance can reduce scale under the

same energy consumption without adding chemical antiscalants and can be

a promising approach to intensify the process efficiency from the viewpoint
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Figure 4.8: Relationship between the power number and the Reynolds
number.

of operational costs and process safety.

4.5 Conclusions

The present chapter experimentally investigated the effects of clearance be-

tween baffles and vessel wall on the material deposition in turbulent flow

regime, using the MAXBLEND® impeller. The increase in the rotational

speed of the impeller suppressed scale growth both in cases with and with-

out baffle clearance. In the case without baffle clearance, the smaller scale

weight was obtained due to the flow impingement on baffles, which enhanced

the removal of the scale deposition. In contrast, the lower velocity magni-

tude behind the baffles resulted in the formation of more scale in amount.

Installation of baffle clearance caused contraction flow between the tank wall

94



and baffles, and, consequently, higher flow velocity reduced the scale deposi-

tion there. Measurement of torque of the rotating impeller showed that the

installation of baffle clearance did not reduce energy consumption. However,

from the viewpoint of operating cost and process safety, it can be a promising

approach to improve process efficiency.
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Nomenclature

BC = clearance between tank wall and baffles [m]

BL = length of baffle [m]

BW = width of baffle [m]

C = clearance between tank bottom and impeller [m]

d = diameter of impeller [m]

D = diameter of tank [m]

h = height of impeller [m]

HB = height of water bath [m]

HL = height of liquid [m]

HT = height of tank [m]

N = impeller rotational speed [s−1]

Np = power number, (= P/ρN3d5) [—]

P = power consumption [W]

r = radial coordinate [m]

Red = impeller Reynolds number, (= ρNd2/µ) [—]

T = time-averaged torque [Nm]

u = velocity [m s−1]

uz = vertical velocity [m s−1]

uθ = tangential velocity [m s−1]

U0 = impeller tip velocity [m s−1]

z = axial coordinate [m]

Greek letters

θ = azimuthal coordinate [◦]
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µ = liquid viscosity [Pa · s]

ρ = liquid density [kgm−3]
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Chapter 5

Conclusions

This dissertation aimed to obtain beneficial guidelines to design processes in

the agitated vessel. The conclusions of each chapter are as follows.

Chapter 2 investigated a particulate process in the vessel agitated by the

Rushton turbine. The distribution of shear rate in the vessel leads to difficulty

predicting the agglomeration behavior of solid particles. A representative

shear rate for particle agglomeration was defined based on local residence

time to take shear history into account. Chapter 2 offers the following results

and remarks.

• Bimodal particle size distributions were experimentally obtained so

that the population balance model was simplified. The proposed repre-

sentative shear rate successfully predicted experimental data using the

simplified model than Metzner-Otto’s shear rate and volume-averaged

shear rate.

• The shear rate obtained by fitting experimental data using the simpli-
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fied model showed good agreement with the proposed representative

shear rate in various particle concentrations.

Chapter 3 numerically analyzed the effect of baffle clearance based on the

transport phenomena in the turbulent regime. The used turbulent model,

SST k-ω model, was validated with the theoretical data in a non-baffled vessel

using a paddle impeller. The friction factors at the sidewall were compared

among the cases with and without baffle clearance. Besides, this chapter

discussed the advantage of installing baffle clearance in practical processes

based on the analogy. Chapter 3 clarified the following contents.

• The SST k-ω model provided an excellent prediction not only in the

fully turbulent flow region but in the viscous sublayer in the agitated

vessel.

• A strong discharge and tangential flow resulted in the large value of

friction factor at the sidewall of the vessel. The small friction factor

was smaller at the other vertical position. The friction factor directly

increased around the baffles by adding baffle clearance.

• A large scale of the fluctuation of friction factor was found, which may

lead to the further enhancement of the physical transfer.

Chapter 4 experimentally investigated a practical process in the baffled

vessel with the issue of material deposition on the vessel wall. Baffle clearance

was installed to overcome the scale formation around baffles. The following

results were obtained in Chapter 4.
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• The increase in rotational speed of the impeller suppressed scale growth

both in cases with and without baffle clearance.

• Installation of baffle clearance caused contraction flow between the tank

wall and baffles, and, consequently, higher flow velocity reduced the

scale deposition there as chapter 3 indicated.

• Measurement of torque of the rotating impeller showed that the instal-

lation of baffle clearance did not reduce energy consumption. Therefore,

the installation of baffle clearance is a promising approach to improve

process efficiency in the operating cost.

In chapter 2, this work proposed a new representative shear rate as a

guideline to design the particle agglomeration processes in the agitated ves-

sel and showed its applicability for the Rushton turbine. However, the in-

vestigation was limited to the particle concentration, where the suspension

viscosity can be regarded as that of dispersed fluid. Practical particulate

processes are often operated at higher particle concentrations to enhance

productivity. Further investigations are needed whether the proposed repre-

sentative shear rate provides successful prediction or not at higher particle

concentrations to obtain a global guiding principle to design agglomeration

processes. Additionally, the proposed representative shear rate should be

applied to different impellers to clarify whether it works efficiently or not.

Among geometric configurations of the agitated vessel, this dissertation

focused on the clearance between baffles and the sidewall of the vessel. Chap-

ter 3 discussed the advantage of installing baffle clearance based on the anal-

ogy in physical transfers. As shown in Chapter 3, the friction factor has spa-
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tial distribution in tangential and vertical directions, which indicates that a

Nusselt-type correlation equation with distribution function is necessary to

design baffled agitated vessels.

Chapter 4 clarified that the baffle clearance efficiently performed reducing

scale on the sidewall. Furthermore, the other baffle configurations, including

length, width, and shape, must affect the hydrodynamic flow in the vessel,

which should be actively studied in the future.
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Appendix A

Results of the agglomeration

experiment using the

MAXBLEND® impeller

Chapter 2 proposed a new representative shear rate and showed results of the

agglomeration experiment using the Rushton turbine. The present appendix

shares the experimental results of the MAXBLEND® impeller for reference.

The preparation procedure of the used slurry can be found in chapter 2. The

geometrical details of the MAXBLEND® impeller and the vessel are the

same as those used in the UVP measurement in chapter 4, but the vessel has

no baffles here.

The experimentally estimated representative shear rate shown in Figure

A.2 was calculated by the same process in chapter 2. Figure A.2 includes

the representative shear rate by Metzner and Otto. The constant ks (larger

one) was estimated by Furukawa et al.1
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Figure A.1: Agglomeration process for different particle concentrations
for the MAXBLEND® impeller at N = 100 rpm.

Figure A.2: Comparison between experimentally obtained shear rate
and representative shear rates for the MAXBLEND® impeller in differ-
ent particle concentrations at N = 100 rpm.
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Figure A.3: Shear field in the vessel agitated by the MAXBLEND®

impeller at N = 100 rpm.
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