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CHAPTER I
INTRODUCTION

Submerged aerobic cultures of microorganisms are used in a wide range
of applications, from food and drug production to waste-water treatment.
Of the many essential requirements for cell growth, the most difficult to
fulfill are the supply of oxygen and the removal of heat. Because of the
low solubility of oxygen in the aqueous phase, one of the most challenging
aspects of fermentor design is to continuocusly dissolve sufficient oxygen
in the medium where the microorganisms grow. The rate of oxygen transport
from the sparged gas phase to living organisms has frequently been the
rate controlling factor in fermentations. The general objectives involved
in fermentor design therefore include maximizing the oxygen transfer rate
and minimizing the power requirement.

While many fermentor designs have been proposed for increasing the
oxygen transfer rate and minimizing the power consumption, one of the most
cromising designs was found to be the airlift fermentor which was first
ratented by Lefrancois and coworkers in 1955. The possible advantages of
the airlift fermentor over a stirred tank are:

1. possible savings in operating expense because of low power consump-

ticn,

i~

. ease of zonstruction and low cost,

Lo
.

simplicity and, therefore, reliability.

Note especiallv that sterility problems introduced by an impeller shaft are
avoided, which become more important as scale increases. Alsc, improvements
might be expected in fermentations which are affected adversely by impeller
shear.

Airlift fermentors have been designed, constructed and used for a



variety of experiments and applications. Tvpes of airlift fermentors in-
clude the concentric airlift (Hatch 1973, Blenke 1979), rectangular airlifet
(Gasner 1974), the external recycle airlift (Kanazawa 1975), the split-
cylinder airlift (Belfield 1976, Orazem et al. 1979), and multistage air-
1lift columns (Orazem et al. 1979). Recent applications of airlift devices
for fermentations, single-cell protein production and waste-water treatment
have demonstrated the efficiency of airlift devices for mass transfer. The
results of Hatch (1969) show that a potentially large decrease in the power
requirement can be achieved with a bench scale airlifc fermentor. Snedecor

and Wang (1976) have cultured Streptomyces niveus (novobiocin) by batch

fermentations in 100 liter and 200 liter airlift fermentors. Their results
indicate that novobiocin production in an airlift fermentor is as good or
better than results obtained with stirred tank fermentors. They also showed
that the airlift fermentor was superior to an seration tower with respect
to oxygen transfer at the same air flow rates and power inputs. Malfait and
coworkers (1981) used airlift fermentors for filamentcus media in their
studies which showed a significant improvement in mass transfer of oxygen
to the aqueous phase as compared to mechanically agitated systems. They
also showed that savings in energy cost were in excess of 50% for airlift
fermentors.

The present investigation seeks to improve the design of airlift de-
vices. A split-cylinder airlifc has been constructed with an acrylic
cylinder bisected by a wertical baffle. As air is sparged on one side of
the baffle, liquid circulation occurs from the upflow zone to the head
region and down the other side. The split-cylinder airlift is of simple
construction with low power requirements. The reduced wetted area per unit

volume increases the liquid velocity which enhances bubble break up and



increases the interfacial area for mass transfer.

Other objectives of this research include advancement of knowledge of
vertical two-phase flow, mass transfer, bubble behavior and growth in air-
lift fermentors and the effect of viscosity upon fermentation processes.
These goals were to be attained by:

1). Investigation of turbulence structures in vertical, buoyancy-

driven two-phase systems by dynamic pressure fluctuation analysis.

2). Investigation of the mechanics of bubble break up and coalescence

with the aid of bubble size distribution measurements in airlift

fermentors.
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CHAPTER II

TURBULENCE STRUCTURES IN TWO~-PHASE FLOW
I. Introduction

Efficient dispersion with a view to obtaining large interfacial areas
is of great importance for heat and mass transfer processes in gas-liquid
systems, In most industrial bioreactors in practical use, gas dispersion
is caused mainly by turbulence (Schugerl 1980).

Turbulent flow produces primary eddies which have a wave length {(or
scale) of magnitude roughly similar to the transverse dimensions of the main
flow stream. These large primary eddies are unstable and disintegrate into
small eddies by vortex stretching until all of their energy is dissipated by
viscous forces. When the Reynolds number of the main flow is high, most of
the kinetic energy is contained in the large eddies, but nearly all of the
dissipation occurs in the smallest eddies. If the scale of the main flow is
large compared with that of the energy dissipating eddies, a wide spectrum
of intermediate eddies exist which contain much of but dissipate little of
the total energy. In the process the directional nature of the primary
eddies is gradually lost.

Xolmogorov (1941) concludes that all eddies which are much smaller than
the primary eddies are statistically independent of them, and that the pro-
perties of these small eddies are determined solely by the local energy
dissipation rate per unit mass of fluid. Thus, at large integral scale
Reynolds numbers, the small eddies should have a universal character, First,
they are locally isotropic whether the large scale motions are isotrepic or
not. Second, the moticn at very small scales is chiefly governed by viscous
forces, 1In this long series of processes leading to the smallest eddies,
the turbulent motion adjusts itself to some definite state. The further

down the scale, the less che motion is dependent on the large eddies.



Since in all of the dispersing devices in the operating range of prac-
tical importance the gas dispersion takes place in accordance with the
mechanism of turhulence, it is to be expected that a relaticnship exists
between the characteristics of the turbulence and the efficiency of the
gas dispersion. Turbulent motion cannot be characterized by mean velocity
and turbulence intensity alone. Distribution of turbulent energy which is
mainly influenced by the presence of turbulent eddies, is also important.
In the following sections, the scales of turbulence, turbulence power spec-
trum, and energy dissipation spectrum are c¢onsideread; they are bhelieved to

be the kevy guantities for gas dispersion in two-phase systems.

2. Scales of Turbulence

Turbulent eddies have a broad energy distribution or spectrum (Hinze
1973). TFor turbulent flow many length and velocity scales coexist and cne
can define a Reynolds number based upon any one of these length scales and
the corresponding velocity. For the combination of N and v, the Xolmegorov
microscales, the Reynolds number is of order 1, i.e.

nv

“1 (2.1
u

turbulence must cease to exist - i.e. 7 and vV are the limiting "small scale”
components of the turbulenc field. The dissiparion rate per unit mass £ of

these elements is purely viscous and thus

Combining both relations leads to the Kolmogorov microscale and velocity

exprassed in terms of v and €

L /.
T o= (va/ej‘/*, vo= (yeytit 2.3

E



€ can also be identified with inviscid dynamics using the integral
scale L and the corresponding velocity U. The amount of kinetic energy per
unit mass in the integral scale turbulence 1s proportional to Uz; the rate
of transfer of energy is assumed to be proportiomal to U/Z. The rate of
energy supply to the small scale eddies is thus of order Uz'U/R. This
energy is dissipated at a rate €, which should be equal to the supply rate.

Hence (Taylor 19353)
€ ~ U3/2 (2.4)

which states that the rate at which turbulence dissipates its energy is
determined by the "turnover" time of the most emergetic eddies; note that
this expression is independent of viscosity.

The "number of degrees of freedom" can be dafined by

3/4 3/4

Re {2.5)

% ~ (UL/V)

and is a measure of the range of length scales available to turbulent modes.

3. Turbulence Power S5pectrunm

Turbulence structure can also be described by spectra in which turbu-
lence signals consist of disecrete overlapping signals of different fre-
quencies and amplitudes. According to Tavlor (1935}, a definite eddy size
can be associated with each particular frequency. High frequencies repre-

sent small eddies and low frequencies represent large eddies, sinca

Ul
L n
Consider the component uy cf the turbulence velocity fluctuations at

2 fized point in the flow field. We assume that this field is quasi-steady,

so that 1t is statistically homogeneous with respact to time. There then
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exists a constant average value of ulz, which can be considered to consist

of the sum of the contributions of all the frequencies n. Let El(n) dn be

2 :
the contribution to u of the frequencies between n and n + dn; the one-

1

dimensional distributicn function El(n) then has to satisfy the ceondition

= o] —

i) El(n) dn = u 2

1 (2.6)
o]

This power spectrum can be calculated from the autocorrelation function,

Ry (1),

— O]

E,(n) = 4 u12 g R (1) Cos (2mnt) dr 2.7

or directly from the original signal by Fourier transforming it. The

Eulerian time correlation RE(T) is derfined as

ul(t)ul(t+T)

(248)

et

2
1

Rp(T) =

u

The wava-number spectrum is similar to the frequency spectrum and is

defined by

Ul
- b ] r9

E'L(I‘:l) z,n. -':'l (n) \'—--9)
so that

- 2

r - (7

; El(Kl) dKl g (2.10)
where

K, = 1.8 , the wave number

1 U1

It has been mentioned by Schugerl (1980) that effective gas dispersion

is possible only if the fraction of microturbulence is sufficiently large.
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The power spectrum of the microturbulence would therefore have to have con-
siderable influence on the turbulent gas dispersion. TFigure 2.1 shows a
one-dimensional energy spectrum in stirred tanks for various tank dimensions
as given by van der Molen and van Maanen (1578). As usual, the energy con-
tent of the turbulent eddies was plotted as a function of the wave number X.
From this diagram one can see the well-known phenomenon that large eddies
have high energy content. With increasing wave number the energy contentc
decreases., Considerable energy losses occur when energy is transmitted from
large primary eddies to the micro eddies. According to Schugerl (1980), the
efficiency of gas dispersion for a bubble column with static spargers is
higher than that for stirred tanks, because primary eddies of a considerably
smaller size are produced in bubble columns. Therefore, the lower range of
wave numbers of the energy spectrum, in which the energy is useless for gas

dispersion, is missing in bubble columns.
4. Energy Dissipation Spectrum

Eddias of different size have different energy dissipation capabilities.
It can be shown that the spectrum of the dissipation, ¥(x), is given by

(Batchelor 1667, Hinze 1975)
"
P (k) = 20KTE (k) (2.11)

The dissipation rate per unit mass € is given by
== [+~] 2
e =) %) de = 2u/ x "E (k) dk (2.12)
0 o
From Equations (2.11) and (2.12) one can racognize that the smallest eddies

have the highest energy dissipation rates, whereas their enmargy content is

negligihle compared to the large eddies.



NOMENCLATURE

E ¢ power spectrum

2 + integral length scale of the turbulence

sl : frequency associated with turbulent eddy

RE : Eulerian correlation function

Re : Reynolds number

t ¢ time

uy : component of fluctuating velocity in direction 1
¢4 : main stream velocity

Ul : mean velocity in direction 1

v : Kolmogorov microscale of velocity

Greek Letters:

£ : energy dissipation rate per unit mass
n : Kolmogorov microscale of length

< :  wave number

v : kinematic viscosity

7 : time delay

] : energy dissipation spectrum

Subscripts:

1 : direction 1 or cne-dimensional
!
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CHAPTER III
BUBBLE BREAK-UP AND COALESCENCE IN FERMENTATION
1. 1Introduction

In the pharmaceutical industry, the productivity of fermentations is
frequently limited by the transfer of oxygen from the gas phase to the
organism in the liquid. Three important factors affect the rate of mass
tranafer in gas-liquid contactors: the liquid phase mass transfer coeffi-
cient kL’ the interfacial area a, and the degree of liquid mixing in the
system. In systems that are well-mixed, the mass transfer coefficient kL is
not greatly affected by liquid hydrodynamics, changes in the interfacial area
generally control the mass transfer rate. Ulbrecht and Ranade (1978) report
that kLa can be reduced by a factor of two in viscous sclutions and by a
factor of ten or more in viscoelastic polymer solutions, primarily due to
the decre;se in interfacial area.

Two phenomena, bubble bhreak-up and coalescence, control the bubble size
distribution and thus the interfacial area. Bubble break-up is controclled
by the liquid phase hydrodynamics and is affected by the physical properties
of the liquid, the power input to the system and by the sparger design in
scme cases. There ars several types of flow regimes that a bubble may experi-
ence in a gas-liquid contactor. These fields can be described as turbulent,
laminar or stagnant with respect to the bubble. The mechanism of break-up
varies greatly over the range of hydrodynamic conditions. Bhavaraju et al.
(1978) have suggested that at low and moderate viscosities bubble break-up
is related to liquid-phase turbulence and is independent of conditions in the
sparzer orifice, but there is no unanimity of opinion with regard to phenomena
occurring in the liquid phase. In the investigation cf bubble coalescence in

a swarm of bupbies rising through a deep pool of liquid, Otake st al. {(1977)



found that the liquid viscosity largely determines the extent of bubble
coalescence., They also observed that when a following bubble approaches the
leading bubble closely enough, it appears toc be accelerated and gathered into
the back of the leading bubble. The critical distance at which the leading
bubble began to exert a noticeable influence on the following one was within
about three to four diameters of the leading bubble. The condition for the
occurrence of coalescence was determined in terms of overlap between the
projectad areas of the two bubbles.

The purpose of this chapter is to study the mechanisms involved in bubble
break-up and coalescence with the aid of bubble size distribution measurements
in an airlift fermentor. The effect of liquid viscosity, electrolyte and

power Iinput on ccalescence and break-up are also examined,

2. Mechanisms of Bubble Break-Up and Coalescence

Bubble Break-Up

The mechanism of bubble break-up in commercial gas-sparged devices is
vncertain., If one formulated a 1ist of plausible causes of bubble siza
raduction, it might include: viscous shear, impingement, resconant brezk-up
(bv critically-sized eddies or vorrex-induced oscillation), Rayleigh-Taylor
instability, and dvnamic pressure deformation.

Clift, Grace, and Weber (1978) have discussed impingement, rescnant
break-up, and Rayleigh-Taylor instability. The former, of course, is highly
dependent upon flow pattern and equipment contiguration; obstructions placed
in the flow field are requisite. Resonant break-up by vertex—shedding and
Rayleigh-Taylor instability are probably not common mechanism for bubble size
reduction in air-1ift fermentors, although Sevik and Park (1973) have sug-
gasted that wiolent deformaticn will occur if a bubble encounters zan exciting

=

eddy frequency that matches its fundamental mode of vibraticn.
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Hinze (1955) predicted mechanisms for droplet break-up in various flow
fields by suggesting that droplet break-up is the result of viscous shear
forces and turbulent pressure fluctuations in the vicinity of a droplet. He
also pointed out that in dispersions where drops are larger than the Kolmo-
gorov microscale, 1, dynamic pressure forces rather than viscous shear forces
contrel the breakage processes. For a turbulent flow in water with € = 1000

3

cmz/sec , n = 0.0056 em; at a dissipation rate of 100 cmzfsec3, n = 0.01 cm,
For high viscosity medium such as CMC solution with viscosity equal to 16 cP
and € = 1000 cmzfsec3, n = 0.045 cm; it seems likely that only the smallest
bubbles present in a fermentor could be affected by viscous shear. If we

assume that bubble break-up is caused by dynamic pressure forces and opposed

by surface tension forces, then at the point of breakage, these forces must

balance:
B P
c = 4o 15
5 k 3 (3.39
max
T
where d ig the maximum stable bubble diameter in this flow field, and u”

iz the mean square value of the fluctuating velocity over a distance dmax'

This balance leads to the prediction of a critical Weber number:

T (3.2)

Undef highly turbulent conditions bubble break-up can be modeled with
the statistical theory of turbulence, even thcugh flow fields in proccess
equipment are generally nonisotropic. If the phenomena of interest occur in
the equilibrinm range of wavenumbers, however, the assumption of local isoc-
tropy can be invoked. For this case, the main contribution to the turbulent
kinetic energy 1s made by the fluctuations in the wavenumber region where the

Kolmogereov (-5/3) distribution law is wvalid. In this inertial subrange the
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three dimensional wavenumber spectrum E(K) is solely determined by the energy

disgsipation rate £ and wavenumber K:

E(k) = a82/3 =373 (3.3)

Since the energy content of this spectrum btetween wave number K and Kk + dk,

is E(k)dk, one finds

R fo=)

u2 = [ E(k)dk = [ a82/3 K*S/B d (3.4)

: / dmax 1 /dmax

Integrating Eq. (3.4) we obtain

a 23 (3.5)

where C1 = 1.53¢, and is approximately equal to 2.0 according to Batchelor

(1951}

If we assume that the viscous shear force is not important, then we

obtain from Eq. (3.2)

o)
¢ max N 2/3 _
s C1 (e dmax) = const
or
_ 3/5 -2/5
dmax = C(o/pc) E (3.6)

On introducing dimensionless groups into Eq. (3.6) we get

5
o _od u ~2/5
i s (3:7
uc DCU

This simple result also follows directly from dimemsicnal reascning once it
has become evident that cnly the quantities Pos T and £ determine the size
of the largest bubbles. 1If we want to apply this result to nonisotropic

turbulent flows, we must assume that the turbulence pattern is locally iso-

tropic for wavenumbers comparable to thz inverse size of the largest bubbles.
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Furthermore, nonisotropic turbulent flows are usually not homogeneous, and
so the energy input and dissipation rate are not constant across the flow
field; moreover, there is no equilibrium between energy input and dissipaticn
rate at each point. In this case, even if local isotropy 1s present, the drop
size as determined by Eq. (3.6) is still a function of the space coordinates.

For Weber numbers close to the critical value, McBride et al. (1980) have
observed several other mechanisms. The first is a "turbulent" mechanism,
which results in the explosion of dispersed phase droplets into many smaller
droplets of similar size; the second is a "vortex stretching'" mechanism, which
results in the stretching and break-up of globules into twc relatively large
daughter drops and many small satellite droplets. The most prevalent 1is a
"turbulent shear" mechanism where a drop is stretched to some great length
before it breaks into two drops of approximately equal size. A fourth mech-
anism occurs less frequently and involves a small drop being stripped from a
larger one. According to their experiments, the turbulent shear mechanism
of break-up seems to prevail. Drops near the center of the tube ara stretched
and oscillate. As these oscillations grow a distinct dumbbell shape can be
identified. This dumbbell then splits into two daughter drops, cne of which
is usually slighetly larger than the other.

Otake et al. (1977) also observed another twvpe of bubtle break-up that
does nect £all into any of the above categories. They found that a rising
bubble, trailing another and displaced horizontally from the leader's center-
line, undergoes deformation and rupture at a critical distance of separation.
In contrast, when the two bubbles were vertically aligned coalescence usually
took place. This photographically-observed breakup phenomenon seems tc be
related to the vortex street generated by the leading bubble; the vertical

compressicn 1s a consequence of the trailing bubble's encounters with vortex
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structures at the edge of the wake. The leading edge of the deforming bubble
experiences concomitant shear stress directed towards the wake interior. This
effect, assuming asymmetrical binary breakage, should lead to the larger frag-
ment mcoving into the center of the wake region with smaller fragment being
ejectad; the photographic evidence presented by Otake et al. appears to sub-

stantiate this hypothesis.

Bubble Coalescence

Bubble coalescence plays a significant role in determining the bubble
size distribution and interfacial area in all sorts of gas-liquid contacting
devices, and plays a dominant reole in gas-liquid separating equipment. In a
typical gas-sparged contactor or reactor, coalescence is detrimental because
it decreases the surface area of the bubbles; in a separator it is desirable
because it increases the size and hence the rise velocity of the bubbles.

Bubble coalescence is usually considered to be a three-step process con-
sisting of:

. Approach of two bubbles to within a distance of lO_'4 - 107" cm.

oy

Further thinmming of the liquid laver between the bubbles to 1007 - 10

]
.

cm.
3. Rupture of the film via an instability mechanism.

The first step of coalescence has been studiad by several authors. De Nevers
and Wu (1971) performed experiments on air bubbles in glycerine and in water.
They studied the interaction and coalescence of bubbles rising-in-line, by
using high-speed cinematography. The resulting coalescence behavior has been

cecrrelated by a simple " wake capture ' model which assumes that each bhubble
trails a wake, and that the bubble coalescing from below accelearates when it

entars the wake of the leading bubble and thus overtakes the leading bubble.

Bhaga (1979) also studied che ceoalescence of two vertically aligned bub-
P o
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bles in highly viscous liquids photographically. He observed that the trail-
ing bubble has relatively little influence on the velocity and the shape of
the leading bubble, but the wake of the leading bubble has a significant effect
on the velocity and the shape of the trailing bubble. The behavior of the bub~-
ble formed by coalescence depends on the viscosity of the liquid as well as
the size of the interacting bubbles. Walter et al. (1982) suggested that the
chinning process of a liquid film separating two coalescing bubbles consist of
two parts. The first stage is a very rapid stretching of the film down to a
thickness where forces acting on the film are statically balanced. The sacond
stage of film thinning is the further thinning of the pseudoequilibrium film.
The mechanism of this step is the pressure induced drainage of the liquid be-
tween the immobile surfaces of the film.

Marucci et al. (1972) investigated the ccalescence process in low to
medium viscosity Newtonian fluids. They studied bubbles growing side-by-side
by using high speed photography. The rupture process was very fast (<1/5000
sec.}), and it was concluded that the film drainage process was the rate de-
ternining step. Mcbride et al. (1980) have designed a flow system to study
angle collisions in turbulent flow fields. Results indicate that wake capture
is the most common tvpe of coalescence mechanism for angled approaches. Ex-—
perimental time constants are of ourder 10--3 to 10_2 seconds, which agree with

the results for film rupture times.

a

3. Bubble Size Distribution and Size Distribution Dynamics

Bubble size distributions in zas-liquid dispersions evelve as a consequance
of droplet breakage, coalescence, mass transfer and pressure changes. The dy-
namic character of breakaze and coalescence in emulsification has been recogn-
ized by some workers (Valentas at al. 1966, Bajpai et al. 1976) who have

attempted a prediction of drop-size distributions by the method of population
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balances. However quantitative predictions are precluded by lack of

adequate information about droplet breakage and coalescence rates.

Valentas, Bilous and Amundson (1966) considered both breakage and coale-
scence as occurring at finite rates and predicted drop size distributions
which, however, were not compared with experimental observatiomns.

Zeitlin and Tavlarides (1972) have simulated the drop-phenomena in an agi-
tated system by dividing the system into two zones, first the zone of high tur-
bulence where breakage of drops predominates, secondly the zone of circulation
where only coalescence takes place. But, no adequate information is available
about breakage and coalescence frequencies which appear in their work.

Narsimhan et al. (1979) have proposed a model for transitional breakage
probability of droplets in agitated lean iiquid-liquid dispersions based on
the mechanism of breakage due to deformation by relative velocity fluctua-
tions. An universal dimensionless equilibrium drop size distribution is
derived using a population balance equation. But only a qualitative comparison
of the derived equilibrium distribution with the experimental observations
was made because parameter in this model cannot be evaluated accurately due
to lack of informaticn.

Akita and Yoshida (1974) have used photographic techniques to determine
interfacial areas in bubble columns; thev found that bubble size distribution

could be adequately described by the log-normal law:

fidy = .

D
1 exp[_ (an . 2!’1?) ] (3.3)

V2T a dg 2(% 0 )"

where d is the bubble size, d is the geometric mean bubble size, and Gg is the

geometric standard deviaticn. The two parameters for this density function, d

and Gg, can be found directly from a plot of data upon logarithmie probability
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paper, since:

d = geometric mean bubble size = dSO?

o] = geometric standard deviation d84.132/d50z

In the air-lift fermentor under steady state conditions, the total bubble
volume V12 in a narrow size interval (dl’ dz} will be spatially wvariable
(vlz(z)) due to: breakup, coalescence, mass transfer and pressure effects. By
carefully controlling system parameters, the dynamic effects in the model fer-

mentor can be restricted to pressure, breakup and coalescence, thereby per-

mitting application of the conservation equation:

f—l—z-= B +q (Z) - H,,(2) + G,,(2) - G, ,(2) (3.9)
dz dz " 11 12 22 12
where Hllz the production of volume within (dl, dz) by coalescence of
smaller bubbles per unit height.
1ot the reduction of volume within (dl, dz) by coalescence of
bubbles in this interval per unit height.
G22: the producticn of volume within (dl, dz) by breakup cf larger

bubbles per unit height.
G,,: the reduction of volume within (dl’ dﬁ) bv breakup of bubbles

in this incerval per unit height.

If we can formulate Hll’ Hl?’ qu and G17 from theoretical or dimensional
arguments, then we may be able to predict the bubble size distribution in the
fermentor. Otherwise we need to measure qu(Z), then use this experimental

data to £it the proposed forms for Hll’ le, G,, and G,,. For lean svstems

coalescence is negligible and the terms H11 and qu may be omitted.
4 -
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4. Experimental Procedure

A cyclindrical airlift fermentor has been constructed with optically-flat
glass panels for bubble size distribution analysis. The fermentor is 136 cm
high, 15 cm diameter and alr is introduced on the upflow side through 38 1.6
mmt holes (see Fig. 3.1). Experiments were conducted for four different sys-
tems: air-tap water, air-salt water (0.6% NaCl), air-CMC solution (0.5%) and
air-CMC solution (0.87%). Surface tension measurements were made using a
Fisher Surface Tensiomat Model 21. The physical properties of these systems
are compiled in Table 3.1.

Rheological Behavior

The rheological behavior of Newtonian fluids can be characterized by
their viscosity which was measured by the Cannon-Fenske viscometer. For non-
Newtonian fluids such as pseudoplastic solutions rheological properties can
be characterized by their fluid consistency index K and flow behavior index n.
CMC (carboxymethyl cellulose) solutions are pseudoplastib and follow the power

law of Qstwald-de Waela:

T = Xy© (3.10)

where T is the shear stress and % is the shesar rata.

TYoigt =t al. (1980) have constructed curves to show the dependence of
X and n on CMC concentration. The apparent viscosity u, of CMC solution is
given by

Lan-1 R
U Xy (3.11)

For estimsting PP the shear rates in the fermentor with wvaricus superficial
gas velocities are required. To this end, the relaticn proposed by Nishikawa

et al., (1977) was used. Hence, the apparent viscosity is given by

. R n-1 _———

u, = K(507,) Vo 2 4.0 cm/s (3.12)
or o = K{i00 v yn-1/2 V., < 4.0 cm/s (3.13)

Ia B G/ G . T ]
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where VG is the superficial gas velocity in the fermentor.

Gas Hold-Up

The mean relative gas hold-up, E is defined by

G.I

V-V H-H
1L 1.
E, = = (3.14)
v H
where V :the volume of the bubbling layer.

VL:the volume of the bubble-free liquid layer.
H :the height of the bubbling layer.

HL:the height of the bubble-free liquid layer.

The determination of EG was carried out by measuring H and HL in the fermentor.
Bubble Size

A direct photographic method for bubble size distribution analysis has
been develcped in which negativas are scanned and reduced to histographic data

by means of a Bausch & Lomb Omnicon system. From the bubble size distribution,

the Sauter mean diameter.ds, is calculated by

(3.15)

= 01

where n, is the frequency of the bubbles with the diameter d,. The maximum
+

stable bubble diameter dﬂax was determined from the cumulative bubble size

il

distribution by selecting d = D,. where D corresponds to 957% cumu-
: max 95 G5

lative volume.

Specific Interfacial Araa

The specific interfacial area with regard to the liquid volume, a, can

be calculated by Eq. (3.16):



GEG

ds(l - EG)

assuming the bubbles have a nearly spherical shape.

Power Tnput

24

(3.16)

The power input in airlift fermentor can be calculated by applying steady

state macrcscopic energy balance for the gas phase over the upflow zone as

shown in Eq. (3.17):

Pa

AL/2V) + 88 + S §2-+ W+ Fa=0
Pl G
where 1/2V2 the kinetic energy of gas per unit mass.
¢ : the potential energy of gas per unit mass.
Ps density of gas.
Pl : pressure at gas sparger.
P2 ! pressure at the top of fermentor.
W : work done by the unit mass of gas.
F friction loss of gas per unit mass.

(3.17)

If we neglect the friction less F, and assume ideal gas behavior, then the

power input P can be obtained by Eq. (3.18):

T o= Wro.= 7o R ta (2/P) - g - 1/2(v,0 - v, 5]
G TG MG =2 = 2 1 ==
where P o power input.
T ! volumetric gas flow rate.
R ! gas coastant.

T : absolute temperature.

{(3.18)
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g  gravitational acceleration,
M_, : gas molecular weight.
V. : gas velocity at the inlet of control volume.

V, : gas velocity at the outlet of control volume.

However, since the second and the third terms together make up only 0.2% of

the overall power input, the power input due to gas expansion dominates:

RT

P = F — P 3.19)
P Fpg Mg 2n (Pl/ 5) ( )
The energy dissipation rate per unit mass of liquid, €, is given by
¢ VP (3.20)
¥ Pe

where VU is the liquid volume in che upflow zone.

Tiguid Circulation Velocity

The liquid circulation velocity can be obtained by making a force balance
which involves equating the drag force to the buoyancy force on the downflow
side bubble which is nearly static. According to Levich (1962) the liquid cir-

culation velocity for air-water system is given by

UT.. a 2 .\...._.B. (3.20)

where rB ig the bubble radius.

Critical Weber Number

The critical Weber numbers were calculated by substituting Eq. (3.5)

into Eq. (3.2) and letting C, = 2.0.
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Integral Scale Reynolds Number

The integral scale Reynolds number Re_ is defined by Eq. (3.22):

T

OCUIZ
ReI = n
c

(3.22)

where ¢ is the integral length scale of the turbulence which is roughly

equal to the width of the flow, and U_ is the integral velocity scale which

I
can be obtained by applying Eq. (2.4) if the average energy dissipation

rate £ is known.

All the experiments were conducted with bubble-free liquid level about

4 cm below the top of the baffle.
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5. Discussion of Results

A study of the mechanism of bubble breakup and coalescence in airlift
fermentors has been conducted using macrophotography and image analysis to
measure bubble size distribution for different systems at various air-flow
rates. A typical example of cumulative volume distribution for the air-tap
water system is plotted on logarithmic probability paper as shown in Fig.
3.37. 1If the data on the logarithmic probability paper can be approximated
by a straight line, then they are adequately described by the log-normal
distribution. This figure indicates that the log-normal distribution is
satisfactory except at very large sizes.

The probability density functions shown in Fig. 3.5 to Fig. 3.33 are
obtained by numerically differentiating cumulative volume distributions and

passing them through a digital triangular filter:

)

L3 ]

£ = ;
£, = (f;_, + 3, , + 5§ +3f, , + £ /13 (3.2

A smoothing filter has an effect equivalent teo broadening the width of the
bands of the histogram. However, use of the triangular smoothing has the ad-
vantage that while discontinuities in the curve are removed, only relatively
small dispersion of the data occurs. The basic characteristics of the curve
are preserved. Comparisous of the original data with the data after smooth-

ing are shown in Fig. 3.34 to Fig. 3.36.

Flow Bahavior

The liquid nRycrodynamic characteristics are shown in Table 3.2. The
flow patteruns for tap water and salt water show highly turbulent conditions
judging from the integral scale Reynolds number of the system. Visually, all
systems do appear to be turbulent within the range of flow rates examined

although the Integral Revnolds number for CMC sclutions are much smallar
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than those for the tap water and salt water systems. The conditions of liquid
turbulence can also be justified by applying the critericon of Bhavaraju et al.
(1978) which states that the ratio of the scale of energy containing eddies to
the scale of energy dissipating eddies should exceed 200 for the
existence of liquid turbulence. As can be seen in Table 3.2, the ratio £/n is
greater than 200 for all of the systems studied.

The integral velocity represents the velocity scale of the largest eddies
in the flow field with a length scale roughly equal to the width of the flow
R (radius of the column) and is obtained by applying Eq. (2.4). This velocity
gcale should be approximately equal to the mean liquid velocity in the upflow
zone. A comparison of integral velocity with liquid circulation wvelocity for
tap water syvstem is shown in Table 3.3; notice that both velocities are of the
same order of magnitude, but the mean liduid velocities are a;ways a little
smaller than the integral velocities within the experimental range of air flow
rates. One possible source of error results from neglecting the holdup differ-
ence between the upflow zone and downflow zone, causing the underestimation oI

mean liquid velocities on the upflow side.

Dynamics of Bubble Size Distribution

The dynamics of bubble size distribution for tap water system are shown
in Fig. 3.5 to Fig. 3.1l. As can be seen from Fig. 3.5 to Fig. 3.7, the pro-
bability density func;;on in each case gradually shifts towards the small
bubble region as the cbservation moves from the bottom window (#1) to the top
window (#4); furthermcrs, the higher the window position, the more uniform
the bubble size distribution. This dvnamic behavior can be explained by the
continuous breakage of primary bubbles when they leave the sparger and ars
exposed to the turbulent flow field. The influence of power input on bubble

size distribution has been shown in Fig. 3.8 to Fig. 3.11. It is evident ircm
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these figures that the bubble size decreases with increasing air flow rate.
The decrease in the critical bubble size (which is the size of the maximum
stable bubble diameter in a turbulent flow field) with an increase in dynamic
pressure forces as a result of a higher air flow rate causes the bubble size
distribution to shift towards the smaller size range. This is because bubbles
larger than the critical bubble cannot survive in the turbulent flow field.
However, the bubble coalescence frequency also increases with higher air flow
rate and thus will tend to offset bubble break-up resulting from the increase
in dynamic pressure forces. Fig. 3.8 to Fig. 3.11 show that the bubble size
is reduced significantly when the air flow rate is increased from 30 ft3/hr
to 60 ftsfhr, however, the bubble size distribution does not change too much
when the air flow rate is further increased to 90 ft3/hr. This is due to the
effect of bubble coalescence which can be neglected at low air flow rates
(lean dispersions) but will become mcré important at higher numerical densi-
ties (higher gas hold-ups).

The eifect of electrolyte on bubble size distribution is shown in Fig.
3.12 to Tig. 3.18 for salt water system which has an ionic strength equal to
0.1 gmoles/liter. A striking difference can be seen by comparing the bubble
size distributions éf the tap water and salt water systems. The bubble size
of salt water system is significantly reduced for each window examined when
the air flow rate 1is increased to 90 ft3/hr. This is probably due to a de-
creased coalescence rate because of repulsion between individual bubbles as
a result of the collection of like charges on their surfaces and a decreased
surface tension because of the electrolyte in thea solutiom.

The influence of liquid viscosity on bubble size distribution is shown
in Fig. 3.1% to Fiz. 3.33; the bubble size reduction can still be observed
from window #1 to window #3 for 0.57 CMC solutionr within the range of air

flow rates studied. BHowever, for 0.3% CMC solution the bubble size does not
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have a significant change from window #2 to window #4. And the increase of
air flow rate no longer contributes to bubble size reduction, moreover, it
causes an increase of bubble size apparently because of the increase in bubble
coalescence frequency. This can be explained by the shifting balance between
bubble break-up and bubble coalescence at higher viscosities. This reasoning
can also be justified by comparing the critical bubble size for tap water and
CMC solutions as listed in Table 3.4; the higher the viscosity, the larger

the maximum stable bubble diameter.

Effect of Energy Input on the Critical Bubble Size

An illustration of the influence of energy input omn the critical bubble
size has been shown in Fig. 3.2 to Fig. 3.4 for the four systems studied.
In Figure 3.2, the critical bubble size is proportional to the =0.38 power
of energy input which is very close to the theoretical value -2/5 in Eq.
(3.7). If we consider only the low viscosity system as shown in Fig. 3.3,
the slope of the regression line is -0.49 which is slightly lower than the
theoretical value. DBut for the high viscosity system the slope is -0.36 as
shown in Fig. 3.4 which is larger than that of the low viscosity system,
however, it is not too different from the theoretical value. This is pro-
bably due to the fact that higher viscosities increase the quantity of energy
dissipated by viscous forces and lessen the efficiency of power used in the
bubble breakage process.

A comparison of critical Weber numbers for four different systems appears
in Table 3.4, TFor tap water and salt water systems the critical Weber number
is about 3~4 and dces not change significantly with air flow rate. For CMC
solutions the critrical Weber number is between 5 and 7 and also does not vary

much with air flow rate.



81

The effect of power input on bubble size can also be justified by compar-
ing the variation of the Sauter mean diameter with superficial gas velocity as
shown in Fig. 3.41. The Sauter mean dlameter decreases with increasing super-
ficial gas velocity for tap water and salt water systems just as expected. For
the 0.5% CMC sclution the Sauter mean diameter does not change significantly
with superficial gas velocity, but fer 0.8% CMC the Sauter mean diameter in-
creases with superficial gas velocity due to the inefficient use of power

available for bubble breakage.

Effect of Superficial Gas Velocity On Gas Hold-Up

The influence of superficial gas velocity on gas hold-up is shown in Fig.
3.38. As can be seen from this figure, the gas hold-up for salt water system
is higher than that for the tap water system except for the lowest flow rate.
This is because small bubbles generated in the salt water system have a longer
mean residence time than that of the larzer bubbles generated in the tap water
system. However, CMC solutions contain large bubbles which have a shorter mean
residence time than that of the bubbles generated in the tap water system, 30
thev have a lower gas hold-up as compared to the tap water system.

A comparison of the specific interfacial area for four dififerent systems
is shown in Fig.3.42. The addition of an electrolyte has a significant effect
on the specific interfacial area as compared to the other three systems with
the same power input. This is due to the combined effect of the increase in gas

hold-up and the decrease of the Sauter mean diameter with power input.
6. Conclusions

The results of the experiments described in this chapter, lead to the
following conclusjons:

i) The mechanism of bubble break-up is mainly due to the dvnamic pressure
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iii)

iv)

vi)

32
fluctuations in the vicinity of the bubble at positions remote from
the sparger for the four systems in the range of air flow rates
examined.

The integral velocity scale was found to be approximately equal to
the mean liquid wveloecity for tap water system.

The efficiency of power input for bubble size reduction decreases
with increasing liquid viscosity because higher viscosities dissipate
more energy.

The addition of an electrolyte may increase the gas hold-up and de-
crease the mean bubble diameter which results in a higher specific
interfacial area.

The critical Weber number is about 3~4 for low viscosity systems and
is about 5—~7 for CMC solutions; Wec is relatively independent of the
air flow rate.

The maximum stable bubble diameter is roughly proportional toc the
-2/5 power of the energy input, and it can be closely predicted using

Bg. (3.7)-



NOMENCLATURE

a : 1interfacial surface area per unit volume of liquid

[#=]

variation of bubble volume with respect to pressure change

c, Cl ¢ proportionality constant

d : diameter of bubble

d ! geometric mean bubble diameter

dl, d2 : bubble diameter in interval 1 and 2 respectively

dmax : maximum stable bubble diameter

ds : Sauter mean bubble diameter

D95 : bubblg diameter lie in the 95 percentile of the density
function

E : three-dimensional wave number spectrum

EG : gas hold-up

£ : probability density function of the bubble size

F : volumetric gas flow rate

F : friction loss of g;s per uﬁit mass

z : acceleration due to gravity

i : gassed liquid height

HL : ungassed liquid height

x' : proportionality constant

liquid phase mass transfer coefficient

e
..

K ¢ fluid consistency index

£ : integral length scale of turbulence

M : molecular weight

n : flow behavior index

n, + frequency of the bubble with size di

P static pressure

P :  power Input

P PE T Dpragcures at gas sparger and teop of fermentor respectively



34

Ty : bubble radius

R i  gas constant

Re : Reynolds number ( = %E—)

T : absolute temperature

u ¢ fluctuating velocity

g 3 main stream velocity

v, VL ¢ volume of bubbling layer and bubble-free liquid layer respec~
tively

VG : superficial gas velocity

VU : liquid volume in the upflow zone

Vl, V2 : gas velocity at the inlet and outlet resvectively of control
volumn

le : total bubble volume in a size interwval (dl’ dz)

We ¢ Weber number ( = E%Eii )

Z ¢ distance from the sparger in the fermentor

Greek Letters:

o : proportionality censtant

; : shear rate

€ : energyv dissipation rate per unit mass

n : Kolmogorov microscale

K ! wave number

i

H ¢ viscosity

v : kinematic viscosity

0 : density

g : surface teusion

Ug : geometric standard deviation

T : shear stress

% : the potential energy of gas per unit mass



Subscripts:

a ¢ apparent value

c +  continuous phase or critical value
G : gas phase

i : bubble size interval

I : integral scale

-

liquid phase

U : upflow zone
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Table 3.1 Properties of materials used ( at 25°C )

Materials 1 3 g/cm3 M OT fhq, cP 6, dyne/cm
Tap Water 0,989 0.89 64.8
Salt Water 0.991 0.90 55.3
CMC (0.5%) 0.994 6.20 - 6.66 68.7

CMC (0.8%) 0.993 13.40 = 15.99 65.4
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Figure 3.2

Variation of critical bubble size with energy input.
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CHAPTER IV

WALL~PRESSURE FLUCTUATIONS IN TWO-PHASE SYSTEM

1. Introduction

The characterization of viscous fermentation media often requires
measurement of system responses for which simple, direct procedures are
not available. An indirect method that has seen little investigation
involves measurement of the wall-pressure fluctuations associated with
airlift fermentor operation. In particular, there is some indication
that the spectra obtained by Fourier transformation of the pressure
autocorrelation may be used to illuminate changes in the bubble size
distribution occurring as the result of coalescence and/or breakup. The
purpose of this chapter is to discuss the methods used for the
analysis of the dynamic pressure fluctuations and the results. A
review of previous work and underlying theory on this subject is
also presented.

The measurement of mean total pressure or fluctuating total pressure
in hydrodynamic investigations can be achieved with a properly designed
Pitot tube; surface pressure fluctuations can be observed with a flush-
mounted transducer. In either case, however, one must consider the
spatial resolution of the instrument -- if the entire pressure-fluctuation
spectrum is to be measured, then the Pitot tube diameter should be smaller
than the Kolmogorov microscale, n where

/4 4. 1)

n= eyt
Vv is the kinematic viscosity and € is the dissipation rate per unit
mass. Pressure transducers may respond to fluctuations generated within
the boundary laver or beyond. The latter case is common with transducers

connected to the wall surface by a tube; such installations also

suffer from signal delay governed by the length of the tube and the



velocity of sound in the medium used. As Bradshaw (1971) has noted,

the mean pressure recorded by small Pitot tubes corresponds to

P+ 30 w? + u z ug) (4.2)

—

+ u

= ha

2

where P is the static pressure, U is the mean velocity, and the ui's
are the flucruating velocity components. Bradshaw cbserves that it
is very difficult to measure static pressure fluctuations in most
laboratory flows. Assuming the hydrodynamic pressure fluctuations
can be determined, even approximately, some further developments

are possible. Following Tennekes (1977), we note that

p{k) = '%‘OUZCK‘) (4.3) .

where p is the fluctuating cowmponent of pressure and Kk is the wave
number. In the inertial subrange, the three-dimensional wave-number

spectrum is

E(k) = aE
ince the total eddy energy at wave number K is roughly proportional
to KE(k), we find

wlich = pe2/3K~-2/3 (4.5)

Thus, the spectrum of pressure fluctuaticns, SP(K), arising from £luid

motions in the inertial subrange shculd be

Sp(K) . p2 84/3 K-?!B (4.6)

In the case of the surface-mountad transducer the spatial resclution of
the instrument has a decided effect upon frequency spectra. For example,

Geib (1969) has found that for frequency spectra,

2/3 -5/3 (4.4)
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S
measured _ f(Ei) (4.7)

Sactual Uc

where d 1s the diametar of the transducer and Uc is the phase or con-
vection veloeity and 1 is the circular frequency. For vertical, two-
phase flows, the passage of a buoyant bubble or particle can produce
three distinct response characteristics in suitably sensitive flush-
mounted transducers due to: sound or noise of approach, the pressure
field around the object, and the wake or vortex-street behind the object.
The first of these is not likely to be significant unless the velocity
of approach is very high. The second can be approximately quantified

by using results from potential flow theory; in the case of a sphere,
P-p = -;—pvz(l 4 %sinzﬁ) (4.8)

where v is the approach or relative velocitysand O is che angle measured
from the forward stagnation point. By virtue of the symmetry of ideal
flow, the minimum local surface pressure will occur at & = n/2 radians.
For spherical objects in water with a relative velocity of 5 cm/sec,
(p - p,) varies from about 12.5 dynes/cm2 to -15.6 at the location of
maximum veloeity. In real fluids at high velocities, of course, the
pressure variation is not that extreme; see Fage (1937), for example.

In order to quantify wake-induced pressure fluctuatiomns, it is
necessary to know characteristic wake or vortex velocities. The char-
acteristic frequency of such fluctuations can be determined from know-

ledge of the Strouhal number,

df
L = 4.9)

and the convection velocity. In Eq.(4.9)s 4 is the object or cylinder

diameter, f Is the radian frequency of sheadding and v is the
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characteristic relative velocity. Roshko (1954) has measured St for
flow past circular cylinders at Reynolds numbers ranging form 60 to
about 7000; at Re = 200, for example, St = 0.19. A cylindrical object
in water with a diameter of 1 cm and a relative velocity such that Re = 200
would yield £ = 0.38-1, or about 0.06 Hz. This is the shedding fre-
quency for one side of the cylinder -- since this is an alternating
phenomenon, the frequency encountered in the center of the vortex
street (at a fixed position relative to the cylinder) would be roughly
0.12 Hz. A wall-mounted pressure transducer would record periocdic
pressure fluctuations in the wake at a different frequency, one deter-
mined by vortex spacing and the advection velocity; the signal, of
course, should be one of deca?ing intensity since each vortex is

attenuated with time as shown by Lamb (1945):

T -r2/4vt

vg = — (1L - &

T ) (4.10)

where [' is the vortex strength,r is the vortex radius and t is time.
Roshko (1954) has noted that in a real wvortex street, at large dist-
ances from the cylinder, the reilative velocity between vortex struc-
tures and the fluid approach zero. He also reports that the ratio

of vortex spacing to cylinder diameter, 2/d, has a nearly constant
value of 8. Thus, for the example cited above, the wall-mounted
pressure transducer would record a vortex-derived signal at a frequency
of about v/8 Hz.

In the vertical two-phase flows of interest here, the vortex-—
inducing bluff bodies are bubbles with characteristic shapes ranging from
spharical to prelate, from symmetric to convolute. Furthermore, the
high numerical density of bubbles and the interaction of vortex-streets

makes interpreration of wall pressure fluctuations as distinct form
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and wake phenomena impractically difficult. Hubbard and Dukler (1966)
pioneered the use of wall pressure measurements for characterization

of horizontal two-phase flow regimes. The observed dynamic pressure
records aré strikingly different for dispersed plug and slug flowss

slug flows were found to produce large amplitude fluctuations of low

(<1 Hz) frequency while plug flows gave more uniform fluctuationg with
frequencies on the order of 3 or 4 Hz. Hubbard and Dukler also Fourier-
transformed the pressure autocovariance, R(T), to obtain frequency spectra.

By definition,

s,(@) = 5= R

-

R(1) dt (4.11)

where

p(e) plt + 1)

2
P

Since R{(T} 1is an even function, the Fourier cosine transform is used

R(T) = (4.12)

and the resulting spectrum is one-sided. The measured spectra exhibited
the following characteristics: ia the annular £low regime, spectra
were found to have lsolated peaks at about 2.5 Hz; in the slug flow
regime, major peaks were typically located around 1 Hz; one spectrum
measured in the plug flow regime exhibited two principal peaks, located
at about 2 and 4 Hz. Since it is evident that pressure fluctuations
associated withrwake phenomena can have fraequencies greatly in excess
of 10 Hz, we infer tha: either the instrumentatiocn lacked the necessary
sensitivity or the energy coutent of such signals was so low as to be
insignificane.

Recent studies of liquid-phase turbulence in air-water flows

include Schugerl (1682) and Lance and Bataille (1983); vertical, two-phase
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flows have been discussed by Taitel et al., (1980). Schiigerl (1982) has reported
one-dimensional spectra in bubble column measured by hot-film anemometry at
various superficial gas velocities (VG's). When the air was sparged

through perforated plates, VG did not greatly affect the spectra; with

a porous plate with 5 um openings, however, the integral

o0

i Fll(Kl)dKl (4.13)
where F is the one-dimensional longitudinal spectrum, went through

11

a maximum and then decreased with higher V Schugerl attributes this

G’
behavior to the dampinpg effect high numerical bubble densities have

upon turbulence. It is interesting to note that the spectra reported

by Schiigerl contain an extensive region with a slope of -2 and virtually

no part of the observed spectra follows the Kolmogorov, or -5/3,

power-law. It has been suggested by von Weizsacker (1948) chat a

1
Lance and Bataille {1983) used both hot-film and laser-Doppler

spectral dependence of K indicates substantial structural fluctuaticn.
anemometry in their study in which 5 mm bubbles were combined with
grid-generated turbulence in a water tunnel. Void fractions (relative
hold-ups) in their studvy were restricted to values £ 3%. They found

two distinct regimes; at low hold-ups, grid-generated turbulence was
dominant and at higher values, bubbles were fcund to transfer a sign-
ificant amount of kinetic energy to the liquid phase. The tramsiticmn
hold-up value between the two regimes was also found to vary with
relative intensity, but typical values were on the order of 1 to 2%.
Spectra measured by Lance and Bataille indicate a range of wave numbers

-8/3 for a veoid fraction of 2.56%.

i { F ; &
in which 'll(Kl) Ky
Taitel et al. (1980) were primarily concerned with flow pattern

transitions in vertical, two-phase flows; identified patterns {or



regimes) are bubble, slug, churn and annular. Flow pattern maps are
presented and the regimes identified as functions of superficial gas
and liquid velocities. Bubble flow does not occur in small diameter
tubes except at very high liquid flow rates. The column diameter

associated with bubble flow is given by

1/4
2
o, 8D
T < 4.36 4.14)
(p;-P;)0 ( )

where bubbla flow occurs at low liquid flow rates only when this cri-
teria is violated. For a vertical air-water system in a2 4 cm diameter
pipe, the bracketed quantity is 3.87. Thus, only studies performed

in relatively large columns or towers will generally violate Eq.(4.14).
By their results, most studies in émall tower reactors and coluymns

will involve slug or churn-flow patterms.
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2. Experimental Procedure

A cylindrical plexiglass airlift column has been constructed as
shown in Figure 3.1 in the previous chapter. Five pairs of pressure taps
distributed along the length of the column were used with Gould-Statham
pressure transducers to measure wall pressure fluctuations; the smaller
of the pressure transducers had a + 0.15 psid pressure range while the
larger one had a + 0.7 psid range. The appropriate tap for each measure-
ment was connected to the input port of the transducer while the reference

port was maintained at a pressure equal to the static value.

The pressure signals were fed to an online correlation and prob-
ability analyzer (Honeywell Model SAI-43A) which calculated the auto-
correlation functions of the fluctuating signals. An online Fourier
transform analyzér {Honeywell Model SAI-470) performed a Fourier analysis
on the functions calculated by the correlator. The outputs from the two
analyzers could be sent to either an X-Y plotter or am oscilloscope. Fi-
gure 4.1 illustrates the instrumentation assembly described above.

Air flow rates ranging from 30 scfh to 250 scfh were used and measurad

using Dwyer air-flow rotameters.

Three different air-liquid systems were studied; the liquid media
were tap water, salt water, and CMC solution. Two different CMC con-

centrations, 0.5% and 0.8% by weight, were used in this study.
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3. Discussion of Results

Experiments performed with single, large hemispherical bubbles
rising through both CMC solution and water reveal four sharply dis-
tinct pressure phenomena recorded with the wall-mounted transducer.

The first of these is a formation and adjustment phase in which the ob-
served wall pressure increases dramatically while oscillating with a
decaying amplitude and a characteristic frequency of about 20 Hz.

These superimposed fluctuations probably result from damped interfacial
disturbances and/or surges in the sparger following bubble detachment.
The second phase is indicatad by a precipitous drop in pressure observed
as the bubble passes the transducer port; under the experimental
conditions employed, this phenomenon occurred over a period of about
200 msec. The third phase was detected during pressure recovery im-
mediately after the bubble passed the pressure port, when small fluec-
tuations with typical frequencies on the order of 8 to 10 Hz were
observed. These disturbances undoubtedly result from the wake (vortex
structures) trailing the bubble. Finally, fairly large variations in
coclumn pressure were recorded after disengagement of the bubble at

the top of the column due to the interfacial disturbance. These
oscillations had a very low frequency, typically about 0.5 Hz, and
slowly decay in amplitude. Phenomena observed for air bubbles r?sing
in pure water were quantitatively similar. An illustration of these
results is shown in Figure 4.2,

A typical autocerrelarion curve and its Fourier transform, which
were calculated on-line, of the wall pressure fluctuations measured at
location P_ (see Figure 3.1) for air flow rate of 60 ftB/hr in an

5

air-tap water system is shown in Figure 4.3. This was done for each
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system at locations P, through P_ using air flow rates ranging from 30 ft3/hr

1 5

to 250 ££°/he.

The magnitude of the pressure fluctuations was characterized using
the standard deviation of the fluctuaticns about the mean, and the
dominant frequencies present inm a given signal were obtained from
the corresponding spectra (or the Fourier transformation of the auto-
correlation curve). The magnitude of the autocorrelation curve at
zero time lag was used to estimate the standard deviation value. Eq-
uvation (4.12) gives the normalized autocorrelation function which

in the non-normalized form would be:

R(T) p2 = p(t)p(c + T) (4.15)

where the overbar indicates a time-average. Since p(t) represents
pressure fluctuations, ETET = 0 for a statistically stationary process.
Therefore with zero delay (T = Q) the right hand side of Eq.(4.15) gives
the variance of the pressure fluctuations. The root mean square (RMS)

of the pressure fluctuations is the square root of the average of the
right hand side of Eq.(4.13) for 1 = Q.

Figures 4.4 and 4.5 show the measured values of the RMS of the pressure
fluctuations for tap water and salt water as a function of superficial gas
velocity at various pcsitions of the column. The values appear to increase
with the distance from the sparger with the results at the two highest
pressure taps being very similar. The increase of the RMS of the pressure
fluctuations with the height of the pressure tap may reflect an increase in
dynamic energy content of the two-phase system associated with liquid
turbulence, oscillating interfacial motion, and wakes associated with rising
bubbles. The results suggest that there may be a dynamic energy transport
process associated with airlift system that occurs as the gas and liquid flow

cocurrently upward and some time is needed to reach a steady state condition.
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Figures 4.6 to 4.9 show the comparisons of the RMS values for tap water
and salt water as a function of superficial gas velocity from Pl to P4.
As can be seen from these figures, the RMS values of the pressure fluctua-
tions for salt water are larger than those for tap water except at the
highest peosition P& in which both are essentially similar. This is probably
due to the different resistance of the dynamic energy transport process
for tap water and salt water systems in the transition region (the region
close to the sparger). The dynamic energy transport process in the region
close to the sparger may be in part due to the breakage of the primary
bubbles which tend to transfer energy from the gas phase to liquid phase
and gas-liquid interface. This is because vortices are generated and sur=-
face energy between the gas-liquid interface is increased during the
bubble breakage process. And the surface tension force may play an im-
portant role in this energy transport process because it tends to prevent
the bubbles from breaking up. This implies that the lower the surface
tension force, the easier the energy transport process in the upward co-
surrent two-phase system.

Figures 4,10 and 4.11 show the RMS values of the pressure fluctuations
for tap water and (0.8% CMC solution as a function of superficial gas velo-
city., In Figures 4.12 to 4.14, results for tap water and 0.8% CMC are
compared at positions P

P,, and P respectively. In all cases, the RMS3
s

1.7 4’
of the pressure fluctuations is lower for the CMC solution than for tap
water. This is an expected result because more energy is dissipated by
viscous forces in CMC solution and the magnitude of the pressuré fluctuations
is also damped to a greater extent by fluids with higher wviscosity.

The RMS of the pressure fluctuations presented in Figures 4.4 to 4.14
appeaf to increase linearly with the superficial gas velocity. This is

probably due to the faet that the power input, P, in Eq.(3.19) is directly
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proportional to the volumetric gas flow rate, F, and the superficial gas

veloeity, VG’ is given by

v, = £ (4.16)

where A is the cross sectional area in the upflow zone of the airlift columnm.
So if the RMS of the pressure fluctuations is directly related te the dynamic
energy content of the system, then it can be shown to increase in an approxi-
mately linear manner with superficial gas velocity.

Figures 4.15 to 4.29 show the spectra of pressure fluctuations at loca-

tions P, through P_ with air flow rate ranging from 30 ft3/hr to 150 ft3/hr

1 5
for tap water, 0.8 wt.Z and 0.5 wt.”7 CMC solutions. Figures 4.15 to 4.19
indicate that the spectra of pressure fluctuations for tap water at locations
Pl and P2 contain three distinct regions: the first is the peak with fre-
quency between 4.5 and 5 Hz, the second is the region with frequency around
10 Hz, the third is the region with frequency between 15 and 20 Hz. There is
no signal was detected with frequency beyond 35 Hz. This implies that the
characteristic frequencies of the equilibrium range eddies cannot be detected
by the existing instrumentation. The first peak with frequency around 4.5 to
5 Hz is probably due to the passage of the primary bubbles; this peak is
less significant at PA and P5 as compared with that at Pl and Pz. This is
because the primary bubbles break up when they leave the sparger and go up
the column, so that at a lower position in the column (Pl and PZ} the dynamic
pressure fluctuations due to bubble passage are more significant than those
at P& and PS' The second region with frequency about 10 Hz is probably
due to the vortex shedding (wake behind the bubble) according to the

single bubble experiments. As can be seen from Figures 4.15 to 4.19, this

peak 1s more significant at low air flow rate as compared with that at
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higher air floy rate. This is because at higher air flow rate the vortices
generated by different bubbles interact each other, so that this peak is
less distinct and gradually loses its identity with increasing air flow
rate. The third region with frequency between 15 and 20 Hz may be due to
either energetic eddies (energy containing eddies) or the interfacial
oscillation of the bubbles. There is reason to believe that interfacial
oscillation may contribute substantially to pressure signals received in

the 10 to 30 Hz range. Lamb (1932) has shown that for a spherical globule,

(4.17)

where fB is the radian frequency of the interfacial oscillation. For tap
water with 0 = 70 dyne/cm and ﬂc='1 g/cm3, the air bubble with rB = (0.4 cm
will have the characteristic frequency about 18 Hz. On the other hand, the
experiment performed by Lance and Bataille (1983) in order to study the
turbulence in the liquid phase of a bubbly air-water flow has shown that
the turbulent eddies in the system they investigated have a typical integral
length scale g = 2 c¢m, when the mean liquid velocity is about 30 cm/sec.
Thus, these energetic turbulent eddies should have a characteristic frequency
around 15 Hz. It appears that a separate experiment should be devised to
differentiate between eddy~induced signals and interfacial oscillation.

If we only compare the spectra of the dynamic pressure fluctuations in
the range of frequency between 15 and 30 Hz in Figures 4.15 to 4.19, the

spectrum at P, is always the broadest and the peak frequency is the highest

4

as it contains more energetic turbulent eddies with higher frequency and

more bubbles with smaller size than the other three positions (Pl, P_ and PS)'

2

It suggests that the turbulence at Ph is more intense than that at other

three positions causing the RMS value of the pressure fluctuations at Pa to



98

be larger than the others. As can be seen from Figures 4.15 to 4.19, there

is one distinct peak with frequency between 0 and 5 Hz at P.. This may be

5
due to the static pressure fluctuations which are caused by the change of
the liquid head.

Some striking differences can be seen if we compare the spectra of
pressure fluctuations for CMC solutions (0.8% and Q.5%) as shown in Figures
4.20 to 4.29 with those for the tap water system. The spectra for 0.5% CcMC
solution at P1 are similar to those for tap water except the magnitude of
the pressure fluctuations due to the liquid turbulence and interfacial
oscillation 1s decreased dramatically, and only the dynamic pressure
fluctuations due to the bubble passage and vortex shedding are iImportant.
As we go to the higher viscosity with 0.87%7 CMC solution, the spectrum at
Pl is only significant at characteristic frequencies around 5 Hz. This is
probably due to the more significant of the damping effect and the lower
intensity of the liquid turbulence in high viscosity media as compared
with those in the tap water system. Spe;tra of the pressure fluctuations
at Pl for 0.8% CMC solution are essentially due to the passage of the
primary bubbles. Furthermore, the dynamic pressure fluctuations due to
and P, for CMC solutions (0.8%

2 4

and Q.5%) than those for tap water. This is because the metastable bubble

bubble passage are more significant at P

size in high viscosity system is larger as compared with that in tap water
system. Thus, the contribution of the signals due to bubble passage is

larger for CMC solutions than that for tap water.
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4. Conclusions

The results of the experiments described in this chapter lead to the
following conclusions:

i) The RMS of the pressure fluctuations is shown to increase in an
approximately linear manner with the power input and is closely related
to the dynamic energy content of the two—-phase system associated with
liquid turbulence, oscillating interfacial motion, and wakes associated
with rising bubbles. The higher the RMS value of pressure fluctuations,
the larger the dynamic energy content in the system.

ii) High viscosity media in the upward cccurrent two-phase flow are less
efficient for the energy transport process because more energy is
dissipated by viscous forces.

iii) The RMS of pressure fluctuations is basically composed of two components:
the first is the static pressure fluctuation which is caused by the
change of the liquid head, the other is the dynamic pressure fluctuation
which is due to the local pressure variation because of the bubble
passagza, the wake behind the bubble, the turhulent eddies, and the in-
terfacial oscillationm.

iv) The magnitude of the static pressure fluctuations is relatively small
compared with the dynamic pressure fluctuations in low viscosity
systems. This is because the gas hold-up is nearly constant. The vari-
ation of the liquid head above each pressure tap is small as compared
with the local pressure fluctuations. The characteristic frequencies
of the static pressure fluctuations are between Q and 5 Hz.

v) The dynamic pressure fluctuations due to bubble passage are more signi-
ficant in CMC solutions and their characteristic frequencies are about

4 ~ 5 Hz which are roughly independent of air flow rate.



vi)

vii)

The frequency associated with the vortex shedding (wake behind the
bubble) is approximately on the order of 8 ~10 Hz; it is less signi-
ficant at higher air flow rates because of the interaction of the
vortices.

The largest contribution to the spectrum of pressure fluctuations in
tap-water system is the dynamic pressure fluctuations due to the in-
terfacial oscillation and energetic turbulent eddies which have a

characteristic frequency between 15 and 20 Hz.

100
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NOMENCLATURE

d ¢ diameter of transducer or cylinder diameter

D : column diameter

E ¢ three-dimensional power spectrum

b : radian frequency of shedding

Fll : one-dimensional longitudinal spectrum

g 1 acceleration due to gravity

2 : vortex spacing

n : circular frequency associated with turbulent eddy

P : dymamic pressure fluctuation or pressure around a circular
cylinder

- : free stream pressure

P : static pressure

r : vortex radius

R : autocorrelation function of pressure signals

Re :+ Revnolds number ( = %é»)

S : spectrum of pressure fluctuations

df

5t : Strouhal number ( = ;f-)

t :  time

u f fluctuating velocity

Ups uz, u3 g c?mponent of fluctuating velocity in 1, 2, 3 direction respec-
tively

u : main stream velocity

Uc : convection velocity

v : relative velocity

Greek Letters:

a : proportionality constant

e |
.

vortex strength

: energy dissipation rate par unit mass

™
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n ! Kolmogorov microscale of length
e ¢+ angle measured from the forward stagnation point
'S ¢ wave number

v : kinématic viscosity

p : density of fluid

a : surface tension

T : time delay

Subseripts:

c : convection

G ¢ gas phase

L ¢+ liquid phase

D ! pressure

g + angular direction

Ly 2¢ 3 : direection 1, 2, 3 respectively
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Figure 4.3 Autscorrelation (below)} and Fourier transform of the auto-

correlation (spectrum of pressure fluctuations) (above) for

air~tap water system at location P5 for air flow rate of

50 ft3/hr.
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for tap water and 0.8 wt. % CMC soclution at pressure tap
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Figure 4.l5 The spectra of pressure fluctuations feor air-tap water
at air flow rate of Z0 ft3/hr at various distances from

the sparger (see Fig. 3.1 for locaticns of pressure taps).
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Figure 4.16 The spectra of pressure fluctuations for air-tap water
system at air flow rate of €0 ft3/hr at various dis-
tances from the sparger (see Fig. 3.1 for locations of

pressure taps).
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FTigure 4.17 The spectra of pressure fluctuations for air-tan water
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at air flow rate of 90 ft /hr at various distances from

the sparger (see Fig. 3.1 for locations of prassure taps).
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Figure 4.18 The spectra of pressure fluctuations for air-tap water
. 3 . .
at air flow rate of 120 ft7/hr at various distances from

the sparger (see Fig. 3.1 for locations of pressure taps).
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Figure 4.19 The spectra of pressure fluctuations for air-tap water

. - 3 . .
at air flow rate of 150 ft”/hr at various distances

the sparger (see Fig. 3.1 for locations of pressure
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Figurs 4.20 The spectra of pressure fluctuations for air-CMC (0.8 wt.%
. . 3 3 . .
gsolution at air flow rate of 30 ft /hr at variocus distances

from the sparger (see Fig. 3.1 for locations of pressure

taps).
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Figure 4.21 The spectra of pressure fluctuations for air-CMC (0.8 wt.%
”
solution at air flow rate of 80 ft~/hr at various distances
from the sparger (see Fig. 3.1 for locations of pressure

taps).
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Figure 4.22 The spectra of pressure fluctuations for air-CMC (0.8 wt.%)

3 " 3 A ;
solution at air fiow rate of 90 ft /hr at various distances

from the sparger (see Fig. 3.1 for locations of pressure
taps).
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Figure 4.23 The spectra of pressure fluctuations for air-CMC (0.8 wt.Z%)
solution at air f£low rate of 120 ft3/hr at various distances

from the sparger (see Fig. 3.1 for locations of pressure

taps).
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Figure 4.24 The spectra of pressure fluctuations for air-CMC (0.8 wt.7%)

solution at air flow rate of 130 ftB/hr at various distances

from the sparger (see Fig. 3.1 for locations of prassure

taps).
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Figure 4.25 The spectra of prassure fluctuations for air-CMC (0.5 wt.%)

; G 3
solution at air flow rate of 30 ft /hr at various distances

from the sparger (see Fig. 3.1 for locations cf pressure
taps).
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Figure 4.26
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The spectra of pressure fluctuations for air-CMC (0.5 wt.Z)
solution at air flow rate of 60 ft3/hr at various distances
from the sparger (see Fig. 3.1 for locations of pressure

taps).
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Figure 4.27 The spectra of pressure fluctuations for air-CMC (0.5 wt.%)
solution at air flow rate of 90 ft3/hr at varicus distances

from the sparger (see Fig. 3.1 for locations of pressure

taps).
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Figure 4.28 The spectra of pressure fluctuations for air-CMC (0.3 wt.Z%)
, - 3 ; ;
solution at air flow rate of 120 f£t”/hr at various distances
from the sparger (see Fig. 3.1 for locations of pressuras

taps).
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Figure 4.29 The spectra of pressure fluctuaticns for air-CMC (0.5 wt.Z)
. . & 3 ,
solution at air flow rate of 150 ft /hr at various distances

from the sparger (see Fig. 3.1 for locations of pressure

taps).
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CHAPTER V

RECOMMENDATIONS FOR FUTURE WORK

. The mechanism of bubble break-up appears to be mainlv due to the dvnamic

pressure fluctuations in the vicinity of the bubble which are closely
related to the kinetic energy of the turbulent eddies. It is therefore
suggested that the influence of the turbulent energy spectrum on the gas

dispersion be investigated directly.

The maximum stable bubble diameter can be predicted by applying isotropic
turbulence theory, and it was found to be proportional to the -2/5 power
of the energy dissipation rate, €. Since € is a spatially variable quan-
tity, it is recommended that the local energy dissipation rate in airlift

fermentors be investigated.

Bubble coalescence was found to have a significant influence on the bubble
size distribution under higher air flow rate conditions. In order to pre-
dict the dynamic behavior of bubble size distribution at higher energy in-
put conditicns the bubble coalescence frequency should be formulated in
terms of the fluid properties and the operating conditions either by

theory, dimensional reasoning or probabilistic model.

The bubble size was found to be a spatial variable in the airlift column.
It is therefore suggested that Eq. (3.9) be improved by offering plausible
formulations of Hll’ le, Gl2 and 822 from either theoretical or dimen-

sional arguments in order tec simulate the dynamic behavior of the bubbles.
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APPENDIX

The experimental data of the bubble size distribution for different
systems at various air flow rates and window positions are shown in the
following tables. The first column of the table is the bubble diameter,
the second column is the number of bubbles with diameters larger than the
corresponding bubble diameter in the first column. The third column shows
the cumulative volume distribution, the fourth column the probability
density function and the fifth column gives the probability demnsity func-

tion after smoothing.
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The dynamic behavior of the bubble size distribution and the wall
pressure fluctuations in a vertival, buoyvancy-driven, turbulent gas-liquid
flow was investigated. The objectives included the advancement of knowledge
of vertical two-phase flow, the characterization of the turbulent structures
and the bubble behavior in airlift fermentors and the effect of liquid wvis-
cosity upon fermentation processes.

Three different air-liquid systems were studied; the liquid mediz were
tap water, salt water and CMC solutions with concentrations 0.5 wt.? and 0.8
wt.%. The gas bubbles were photographed in the upflow zone of the 6.0 in. I.
D. airlift column at wvarious distances from the sparger. The negatives were
then analyzed using a Bausch & Lomb Omnicon Image Analysis System which con-
verted the photographic data into a histegraphic tabulation of bubble size.
An on-line statistical study of the pressure fluctuations in airlift fermen-
tors was also conducted by using pressure transducers, a correlation and
probability analyzer and a Fourier transform analyzer.

The mechanism of bubble break—~up appeared to be mainly due to the dy-
namic pressure fluctuations in the vicinity of the bubble at column positions
remote from the sparger. The maximum stable bubble diameter was found to be
proportional to the -2/5 power of the energy input and to increase with li-
quid viscosity and surface tension. The standard deviation of the pressure
fluctuations was found to increase in an approximately linear manner with the
power input and was closely related te the dynamic energy content of the two=
phase system. Furthermore, the nature and origin of the pressure fluctuations

were identified by experiments performed with single bubbles.



