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CORE-ANNULAR FLOWS

D.D. Joseph,* R. Bai,” K.P. Chen," Y.Y. Renardy*

ABSTRACT

This paper gives a brief overview of the issues posed by the science and technology for
transporting heavy oilsin asheath of lubricating water. It touches on measures of energy
efficiency, industrial experience, fouling, stability, models of levitation and future
directions.

INTRODUCTION

Thereis astrong tendency for two immiscible fluids to arrange themselves so that the low-
viscosity constituent isin the region of high shear. We can imagine that it may be possible
to introduce a beneficia effect in any flow of avery viscous liquid by introducing small
amounts of alubricating fluid. Nature' s gift isevidently such that the lubricating fluid will
migrate to the right places so as to do the desired job. This gives rise to a kind of gift of
nature in which the lubricated flows are stable, and it opens up very interesting possibilities
for technological applicationsin which onefluid is used to lubricate another.

Water-lubricated transport of heavy viscous oilsis atechnology based on agift of nature in
which the water migrates into the region of high shear a the wall of the pipe where it
lubricates the flow. Since the pumping pressures are balanced by wall shear stresses in the
water, the lubricated flows require pressures comparable to pumping water aone at the
same throughput, independent of the viscosity of the ail (if it is large enough). Hence
savings of the order of the oil to water viscosity ratio can be achieved in lubricated flows.
Lubricated flow in an oil coreis called core annular flow, CAF for short.

Typicaly, waves appear on the surface of the oil core and they appear to be necessary for
levitation of the core off the wall when the densities are different and for centering the core
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when the densities are matched. We cdl these flows wavy core annular flow (WCAF).
Perfectly centered core flows (PCAF) of density matched fluids in horizontal pipes and,
generdly in vertical pipes, are possible but are rarely stable (Joseph & Renardy 1993;
Prezios et a 1989; Chen et a 1990).

The science behind the technology of CAF has given rise to a large literature which has
been reviewed by Oliemans & Ooms 1986 and more recently by Joseph & Renardy 1993.
This literature has many facets which include models for levitation, empirica studies of
energy efficiency of different flow types, empirical correlations giving the pressure drop
versus mass flux, stability studies and reports of industrial experience.

INDUSTRIAL EXPERIENCE

It is best to start this review with industrial experience since the potential of lubricated lines
for energy efficient transport of heavy oil gives this interesting subject an even greater
urgency. Heavy crudes are very viscous and usualy are somewhat lighter than water,
though crudes heavier than water are not unusual. Typical crudes might have aviscosity of
1000 poise and a density of 0.99 g/cm3 & 25°C. Light oils with viscosities less than
5 poise do not give rise to stable lubricated flows unless they are processed into water/oil
emulsions and stiffened.

Oil companies have had an intermittent interest in the technology of water-lubricated
transport of heavy oil since 1904. Isaacs & Speed 1904 in U.S. Patent #759374 were the
first to discuss water lubrication of lighter oils which they proposed to stabilize by
centripetal acceleration created by rifling the pipe. For sratified flow, Looman 1916
patented a method of conveying oils by passing them over an array of water traps at the
bottom of the pipe. An extended history of patents is presented in Joseph & Renardy
1993. The patent history of the subject as it is presently understood starts with the
application of Clark & Shapiro 1949 of Socony Vacuum Oil Company who used additives
to reduce the density differences between the oil and water and anionic surfactants to reduce
emulsification of water into oil. Clifton & Handley 1958 of Shell Development proposed
to prevent the emulsification of oil at pumps by removing the water before and inserting the
oil after the pumps. In fact, water-in-oil emulsions can be pumped in a sheath of water
despite the fact that the viscosity of the emulsion can be orders of magnitude larger than the
oil alone. In generd, lubricated flows are more effective when the oil is more viscous; the
water/oil emulsion is an “effective’ thickened oil whose density is closer to water. Kid



1968 of Exxon patented a CAF process for pumping heavy oils and water in oil emulsions,
surrounded by water, for fracturing subterranean formations to increase oil and gas
production. Ho & Li 1994 of Exxon produced a concentrated water in oil emulsion with 7
to 11 times more water than oil, which they successfully transported in CAF.

Syncrude Canada Ltd has undertaken studies of lubricated transport of a bitumen froth
which is obtained from processing of oilsands of Albertafor upgrading to Synthetic crude.
The ail (bitumen) is extracted from mined oilsands rather than pumped directly from the
reservoir. A hot-water extraction process is used to separate bitumen as froth from sand
and the average composition of the froth is 60, 30 and 10 weight % bitumen, water and
solids, respectively. Interna studies led by Neiman et d 1985 and recent studies at the
University of Minnesota have shown that the produced bitumen froth will self lubricate in a
pipe flow.

Lubricated transport of concentrated oil-in-water emulsions is also an issue. The
viscosity of such emulsions can be much smaler than the viscosity of the oil and may be
independent of the oil viscosity for large viscosities. This has motivated the consideration
of pumping heavy crudes through pipelines as concentrated oil-in-water emulsions. Lamb
& Simpson 1973 reports a commercia line in Indonesia which carries 40,000 barrels/day
of 70% oil/water emulsion in a 20-inch diameter line, 238 kilometers long. Another
commercial lubricated transport of Orimulsiont, a coal substitute fuel of 70% oil-in-water
produced in Venezuela and marketed by Bitor, can be accomplished naturaly since the
water for lubrication is aready there and will stick to the wall if the surfactant used to
stabilize the emulsion and the materia of wall construction is suitable (NUfiez et a 1996).

Probably the most important industrial pipeline to date was the 6-inch (15.2 cm)
diameter, 24-mile (38.6 km) long Shell line from the North Midway Sunset Reservoir near
Bakersfield, California, to the central facilitiesat Ten Section. The line was run under the
supervision of Veet Krukafor 12 years from 1970 until the Ten Section facility was closed.
When lubricated by water a a volume flow rate of 30% of the total, the pressure drop
varied between 900 psi and 1,100 psi a a flow rate of 24,000 barrels per day with the
larger pressure at athreshold of unacceptability which called for pigging. In the sixth year
of operation the fresh water was replaced with water produced a the well site which
contained various natura chemicals leached from the reservoir, including sodium
metasilicate in minute 0.6 wt.% amounts. After that the pressure drop never varied much
from the acceptable 900 ps value; the CAF was stable as long as the flow velocity was a
least 3 ft/s. Industrial experience suggests that inertiais necessary for successful CAF.



FOULING AND RESTART

Even though lubricated flows are hydrodynamically stable, oil can foul the wall. This
is an adhesion rather than a hydrodynamic effect and is not taken into account in the
equations used to study stability. The hydrodynamic stability of lubricated flow is very
robust even when oil wets the wall. A water annulus can lubricate an oil core even in a
pipe whose walls are spotted with oil. Sometimes, however, the fouling builds up, leading
to rapidly increasing pressure drops even blocking the flow. An example taken from an
experiment in which Zuata crude oil (o = 0.996 g/cm3, n = 1,150 poise a 25°C) from the
Orinoco belt was pumped through an 8" (20 cm) ID, 1-km pipeline with input fraction of
4% water and superficial oil velocity of 1.5 m/s as shown in Figure 1. The pressure
gradient increased monotonically from about 29 ps up to 174 ps due to the gradua fouling
of the pipes. If alowed to continue, the Zuata would completely foul and block the
pipeline.
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Figure 1. Fouling of the San Tomé test loop with Zuata crude. Input fraction
= 4%, supeficid oil velocity = 1.5 m/sec. Pressure losses increase
monotonically as the pipeline fouls. High blockage was experienced after 2 1/2
days of operation.

The experiments in Venezuela also showed that oil fouled some places more than
others, near pumping stations where the pressure is highest and the holdup and core wave
structure are developing and around line irregularities such as unions, bends, flanges and



curves. Another mgjor problem is an unexpected shut-down in the ling; the oil and water
stratify, causing the oil to stick to the pipe wall, making it harder to restart the line.

It is desirable to lubricate the oil core with as little water as possible because a smdll
water input alleviates the problem of dewatering. On the other hand, oil is more likely to
foul the pipe wall when a small amount of water is used, so it is desirable to suppress
fouling for thisas well as other reasons.

Remedia strategies to prevent fouling naturally alter the adhesive properties of the wall
which depend on the solid surface and the oil used. The different strategies that have been
tried were discussed by Ribeiro et d 1995 and by Arney et d 1995. The addition of
sodium silicate to the water will inhibit fouling of carbon steel pipes. It does so by
increasing the negative charge density of the steel surface through the absorption of SiO;?
ions. But the flowing water constantly washes the slicate ions from the sted pipe walls,
so a continuous supply is needed. The continuous addition of sodium m-silicate did not
completely suppress the fouling of Maraven's 54 km San Diego-Budare line by Zuata
crude. Sodium mesilicate also helps to make normaly hydrophobic quartz glass
hydrophilic. Although the effect lasts longer on glass than carbon stedl, it does not appear
to be permanent. A very substantial increase in the hydrophilicity of quartz can be achieved
by hydration in sodium m-silicate and a surface g may actudly form there. Desrable
aggregates in mortars of Portland cement are principaly quartz or slicates so that these
treatments should be studied further.

It iswell known that mortars of Portland cement form strongly hydrophilic calcium slicate
hydrate gels (C-S-H) naturaly in curing. The addition of small amounts of sodium m-
slicate appears to promote the calcium-silicate composition that renders the gel more
hydrophilic. The hydrophobic properties of the C-S-H gels are persistent but may slowly
degrade due to low changes in composition when immersed in fresh water. The
hydrophilic properties of a degraded gel can be restored by recharging the mortar in a
sodium silicate solution.

Cement linings may offer a practical solution to the problem of fouling because they not
only have good oleophobic properties but are commercially available at prices not greatly in
excess of unlined pipes. In the experiments reported by Arney et a. a pilot scale cement-
lined core-annular flow pipeline using No. 6 fuel oil never fouled in over 1000 hours of
operation. Repeated and determined attempts to soil properly hydrated cement-lined pipes
with heavy Venezuelan crudes under conditions modeling restart always failed. However,



if the pipe is not well hydrated, it will foul; clean up procedures for fouled cement pipes
should be devel oped.

Obvioudly, the restart of afouled pipe will be easier if the oil does not strongly stick to
the pipe wall. The restart is also easier if there is an open channel through which water
may flow. Such achannel can be opened by stratification under gravity in a large diameter
horizontal line. The flowing water will produce a propagating solitary wave near the
pump, which tends to partially block the flow of water in such away that the high local
pressure fingers water between the oil and pipe wall in an unzipping motion which restores
core flow as the wave moves forward. The open channel may be closed at places where
the pipe goes over a hill sincethe lighter oil will fill the pipe at high places and make restart
more difficult. In smal pipes, in which capillarity may dominate gravity, the oil will
stratify in slugs separated by water lenses in which water is trapped. A comparison of
pipdining in asingle large diameter pipeto paralle pipelining in many small pipesis given
in Joseph et al 1995.

FLOW TYPES

Two-phase flows, liquid-liquid, gas-liquid and liquid-solid flows, can be arranged by
dynamics into different configurations caled flow types. Various properties of the
solutions, like the pressure gradient needed to drive the flow and the area averaged velocity
of each phase, depend on the flow type.

The two phases of interest here are oil and water. To describe the arrangements of oil and
water which occur in experiments, it is useful to define superficial velocities

Upo=Q/A Uy =Qu/A, D)

where Q, and Q,, are the volume flow rates of oil and water and A =7TR; is the cross-
sectiona area of the pipe, and area averaged velocities

Uo=Qo/A:  Uw=Qu/Aw. 2)

where A, = TR? and A, = TR are the effective areas and R, and R, are effective radii
of oil and water in the pipe. The quantities are connected to measured volumes of V, and
V,, of ail in water in asufficiently largelength L of pipe, which could be one wavelength

in periodic flow, by



Vo=AL  V,=A,L. 3)

In PCAF, with ail inside, R, =R, and R = RZ - R?; the same formulas work for dll
lubricated pipelineswhen R isthe average radius of the core.

The holdup ratio of oil to water isdefined as

heQ/Qu_ Uy
VO/VW w

cile

(4)

This ratio is a property of the solution or flow type. In the case of an emulsion of smal
water droplets uniformly dispersed in oil, we could assume that the water moves with the
ail so that U, =U,, hence h = 1. This does not mean that the flow rates or superficial
velocities are equa because, say, only aredatively small amount of water could disperse
into small drops. Inthe case of PCAF, with only avery small water input so that the layer
of water outside is thin and auniform velocity for very viscous oil inside, we get

w =

Uo, ()

C
N

hence h =2. In vertica flow with a pressure gradient producing flow of water down

against a stationary buoyant slug of oil held in place by gravity, we have h = 0 because
Q, =0 even though the ail fills nearly all of the pipe.

Bai et al 1992 found some remarkable holdup results for vertica core flows. For bamboo
wavesin up-flow, h=1.39 independent of the flow rates. Though h varies between 0.8
and 1.4 with flow rates of oil and water, h — 1.4 for fast flows U,/U,, >5 (see Figures
14.3 and 14.4 in Joseph & Renardy 1993). Thus, h=1.4isagood value for up-flow and
fast down-flows in which buoyancy is not important. In the absence of better knowledge,
readers may assume h=1.4.

The lubricated arrangements of oil in water flow are PCAF, WCAF, slugs of oil in water
and drops of oil inwater. Well-dispersed drops of oil in water are sometimes called oil-in-
water (o/w) emulsions. Very concentrated o/w emulsions can be stabilized by surfactants.
Water-in-oil (w/0) emulsions are an oil continuous phase of an “effective” oil which can be
lubricated with water. Effective oils of high viscosity can be formed from water in low
viscosity oil emulsions (see Ho & Li 1994). When the water content of such w/o
emulsionsis high, the density of the effective il will be close to water.



We have already aluded to the fact that lubricated arrangements are hydrodynamically
stable. However, lubrication may fail to fouling, to stratification under gravity when the
density differenceislarge (and core speedstoo low to levitate the core off the wall) and to
inversion to w/o emulsions (which can be relubricated as “effective’ oils). Failure to
stratification at low speedsis characteristic in large diameter pipesin which capillarity is not
important. In small pipes, slugs of oil separated by water will stratify in the pipe.

A comprehensive classification of flow types for the case of matched density (oil plus
additive in water) was given by Charles et d 1961. An extensive classification of
horizontal oil-water flowsfor low viscosity light oils together with two-phase flow model
studies can be found inthe Ph.D. thesis of José Tralero (Tralero 1995). A classification
of flow typesin up- and down-flowsin vertical pipes can befound in Bai et al 1992.

The response of the two-phase flow to applied pressure gradients depends on the flow
type. Inthe engineering literature, the flow types are correlated with prescribed input data
in flow charts shown in cartoon form in Figures 2, 3, and 4. These figures ddineate
regions in the plane of Ug vs. Uy, where different types of flow are found. The borders
between the flow regions are not clearly defined, but there is a characteristic arrangement in
each region of Figures 2 and 3 that show flow types in experiments in the vertical inverted
loop used in the experiments of Bal et d 1992. The ail in the vertica flow experiment is
lighter than water so that buoyancy and the pressure gradient act in the same sense in up-
flow, where the core is stretched to produce bamboo waves (Figure 2¢) and in the opposite
sense in down-flow, where the core is compressed and may buckle in corkscrew waves
(Figure 3c). Cartoons of other structures which can be identified with different flow
regimes are shown below. For fast flows, buoyancy is relatively less important and the
flowsin up and down-flow are similar, short steep waves push into the water.

Flow charts together with some representative flow types are shown in cartoon form for
up-flow, down-flow and horizontal flow of alighter than water oil.
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Figure 2. Cartoons of flow chart and flow types in up-flows in a vertica
pipeline (cf. Figure 16.1, Joseph & Renardy 1993).
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PRESSURE GRADIENT AND MASS FLUX

It isdesirable to transport as much oil as possible at afixed pressure gradient. Joseph et d
1985 solved a variational problem of PCAF in which the flux of oil in apipe of radiusR; is
maximized with respect to the radius of R, of the oil core. The flux has a definite

_o1 Byz _Hy
R_L_mm R, m—u—o- (7)

maximum when

For very viscous oils, missmall and R = R, /+/2.

Of course, the pressure gradient depends on the flow type. In Figures5 and 6, we present
plots of the dimensionless pressure gradient 8 = Ap/p,, 0L, where Ap/L is the pressure

drop per unit length versus the input ratio U,,, /U, for different values of U, taken from the
vertical flow experiments of Bai et a 1992. The minimum pressure gradients are found for
flow types near to PCAF; wavy flows are energy efficient and the input ratio can be
controlled to achieve maximum efficiency.

The preferred dimensionless representation of pressure gradient vs. mass flux data is in
Moody charts of friction factor vs. Reynolds number. The definitions of core flows are
required. The problem of finding the definitions that correlate data from al sources on
friction factors and holdup ratios was considered by Arney et a 1993. They considered
datafrom 12 different sources and found a good fit of holdup data to the empirical equation

Hy = Cy[1+0.35(1-C,)] (8)

where H,, =V, /(V, +V,,) and C,, =Q,/(Qy +Q,) ae the volume ratio and mass flow
ratio. The radius ratio n=R /R, =,1-H,, for an average Ry can be computed from

input data. The value of 1 is needed in the definitions of the friction factor
_ 64 . [t up — flow

BO 9

A__— ’
O (T down —flow
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where

=28

_ 4pu = Po)gRe (1= )P[L+ *(m-1)]

° pu?[1+n*(m-1)

(10)

Pc is the composite density and U = (U0 +UW)/7TR22 is the overal superficia velocity.
The datafrom 12 authorsis plotted in the A—[] plane in Figure 6. Most of the data points
arein the region of turbulent flow where the Blasius formula A = 0.316/0%* applies. The
scatter in the data may be due to fouling of the pipe wall.

A model of core-annular flow in which the oil core is a perfect cylinder with generators
parallel to the pipewall, but off center, was studied by Huang & Christodoulou 1994 and
Huang & Joseph 1995 in laminar and turbulent flow to assess the effects of eccentricity and
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volume flow rate ratio on the friction factor and hold-up ratio. For the turbulence analysis,
the water was assumed to be turbulent and the core laminar. A standard k-& modd with a
low Reynolds number capability was adopted for the turbulence model. The agreement
between moded predictions, which have no adjustable parameters, and experimental and
field data from dl sources, was excellent. This result suggests that the mgor source of
drag isturbulence in the water.

EQUATIONS OF MOTION AND DIMENSIONLESS PARAMETERS

Oil and water areinregion 1 and 2 in a pipe of radius R,. The fluids are incompressible
with densities p;, p, and viscosities [y, Uy; divu=0 where u is the velocity which
vanishes at the pipe wall & R,. The conservation of momentum in regions | =(1,2) can
be expressed as.

)
prlZ +usOul=-Op+uD%u+p g (1)

where g is gravity and p is pressure. At each point x(t) on an oil-water interface
F(x(t),t) = C with possibly many different constants C for each drop or slug. At these
points the velocity is continuous [|u | = v —u, =0 and the stress traction is balanced by
the surface force

[| -p1+2uD[u]|] *n= 0,0+ Hon (12)

where o is the surface tension; [, 0 is the surface gradient for problems of Maragnoni
flow when gradients of o can be induced by temperature or concentration, H is the mean
curvature, D[u] is the rate of strain and n=0F/ |OF | is the normal a x(t). Since the
equations of theinterfaces F = C areidentitiesint, dF/dt +u+ n|OJF|=0.

To complete the mathematical specification of these problems we must specify the length of
pipe and inlet and outlet conditions. This specification is enormously complicated even
when the pipe is infinitely long, the only case so far studied, because there are so many
flows, each of great geometrical complexity. To obtain a more manageable problem
attention so far has been mostly confined to wavy flows with a continuous core given by
F=r-R(x,6,t) =0 periodic in x and 6 with a mean radius R, taken over x and 6

15



independent of t. A reasonable initial value problem is to prescribe the velocity and
position of dl points in the pipe initially and the volume flow rates @, and Q, a dl
subsequent times, together with periodic, boundary and interface conditions mentioned
above. Toget aconstant R, @ and Q, should be constant.

Dimensionless parameters for these problems cannot be uniquely defined and are chosen
artfully according to the purposes of the calculation (see Joseph and Renardy [1993] for
examples). In one choice, we choose a scale length R,, a scale velocity W =Q;/ nR22
which isthe superficia velocity of oil, ascaletime T = R, /W, and a scale prmrepzwz.
After substituting these scales into the equations one finds the following dimensionless
groups in the dimensionless equations following from (11) and (12) while dl other
dimensionless variables are form invariant, without these seven groups.

R

, . areradius, density, and viscosity ratios,
R 0 M

n

Re= % is the Reynolds number for the water,
2

f= %;2 is a Froude number,

s=—9 J isasurface tension parameter,

- pWR, R€’

Q

—= istheinput ratio.
Q&

Preziosi, Chen and Joseph [1989] argued that

1=£3%7 (13)
H2

is a better surface tension parameter than Sbecause it isindependent of velocity. When the
dengity is matched p; = p,, the gravity term may be removed by a hydrostatic pressure,

reducing the number of dimensionless parameters to five. In the case of a rigid, but
deformable core consdered in the direct smulation by Ba e a. [1995],
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! o = iy, ! Uy =0 and only four parameters,

R,n, J and h

are required where the hold up h, given by (4) may be obtained from % and n and

R :(1—n)Re=p2(Rz—R1>uﬂ2 (14)

STABILITY

Flow types are determined by stability. As the flow parameters change, some types of
flow lose and others gain stability. Thetheory of stability is the natural way to analyze the
trangition between flow types. Unfortunately, because general stability analysisis difficult,
most of the studies are confined to PCAF for which the linear stability analysis may be
reduced by norma modes to eigenvalue problems for ordinary differentiad equations.
Perfect core-annual flow is only possible for vertica pipes and for horizonta pipes when
the two fluids have the same density. For this idedized flow, al measures of flow
efficiencies, such as hold-up ratios, maximum volumetric flow rate for oil (the core fluid)
for a prescribed pressure gradient, and the minimum pressure gradient for delivering oil at a
required flow rate can be computed (Churchill 1988). The stability of PCAF is thus of
interest to lubricated pipelining, but other more difficult analysis of wavy and eccentric
flow needs to be done.

Linear Theories

A thorough review of stability studies prior to 1992 together with mathematical details can
be found in Joseph & Renardy 1993. Studies of linear stability of PCAF were done by
Hickox 1971, Joseph et a 1985, Prezios et d 1989, Hu & Joseph 1989, Smith 1989,
Chen et d 1990, Hu et d 1990, Bai et a 1992, Miesen et d 1992, Georgiou et d 1992,
Boomkamp & Miesen 1992, Lin & Lian 1993, and Hu and Patankar 1995. These studies
have shown that only the lubricated flow can be stable; PCAF with water inside and oil
outside is always unstable. On the other hand, for some operating conditions the
lubricating PCAF with the less viscous fluid (water) outside can be stable to both
axisymmetric and non-axisymmetric disturbances. In general, only thin lubricating layers
are stable, but even in this case the stability depends on flow conditions. If the flow is
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slow, capillary ingtability will be induced by interfacial tension. Inertia has a stabilizing
effect (Chen & Joseph 1991) and the capillary instability can be completely stabilized by
increasing the Reynolds number (Prezios et a 1989). Further increases in the Reynolds
number results in an instability due to interfacia friction, proportional to the viscosity
difference. Thisinstability leadsto awavy core flow (WCAF), which can be stable, and in
fact is the generic form of core flow in lubricated lines. The parameter range for which
PCAF isstableis very small.

The linear theory of stability of PCAF is an effective tool to study the transitions
between flow types when PCAF is unstable. As the parameters are varied, the growth
rates associated with different eigenfunctions may change their order and the change
corresponds to a change in the mode of instability seen in experiments as a change in flow

type.

The linear theory of stability also gives information about the mechanisms which induce
instability and the flow types which are associated with these mechanisms. Particularly
useful is the evaluation of the global balance of energy of the small disturbance with the
largest growth rate. Thisenergy analysis (Hu & Joseph 1989) leadsto the identification of
three mechanisms of instability: interfacial tension, interfacid friction, and Reynolds
stresses, which are thoroughly discussed in Joseph & Renardy 1993. Observed flow
patterns correlate very well with the dominant contribution from the energy budget. The
energy budget is apowerful diagnostic tool for the analysis of flow types and transition in
core-annular flows in pipes.

The effect of eccentricity on core-annular flow with matched densities is analyzed by
Huang & Joseph 1995. When gravity is absent, an eccentric core flow with a circular
interface is an unidirectional-flow solution to the governing equations under a constant
pressure-gradient. The position of the center of the core is indeterminate so that there is a
family of these eccentric core flows. It is found that an eccentric flow is stable when the
corresponding PCAF is stable, and that the linear-stability theory does not select a stable
center for core-annular flow in the density-matched case. This suggests that configurations
observed in practice are selected by nonlinear mechanisms. Furthermore, it is found that
the most amplified wave changes from a varicose type to a sinuous type as the eccentricity
isincreased. This may offer an explanation to the formation of the cork-screw waves
observed in the experiments of Bai et a 1992. In these experiments, an inverse U-shaped
pipe is used and the cork-screw waves are observed in the downward flow. It is very
likely that eccentricity isintroduced into the core when the fluids make the U-turn, and this
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eccentricity leads to the formation of the cork-screw waves which are sinuous. An
aternative explanation to the formation of cork-screw waves is given by Hu & Patankar
1995, who found that the most amplified mode in a verticad PCAF could be sinuous when
the oil coreisvery thin.

Nonlinear Theories

Nonlinear stability theories describe dynamics closeto PCAF in which some effects of
non-linearity are retained. Some flows which perturb stable PCAF near the threshold of
linear instability can be shown to satisfy Ginzburg-Landau equations. Other nonlinear
theories are based on the assumption that the waves are long relative to some preassigned
scale of length. The assumptions made by long wave theories may not be redized in the
realized fluid dynamics and the question of validity, separate from analysis, needs to be
addressed (see Chen & Joseph 1991, Chen & Joseph 1992 and Joseph & Renardy 1993).

There are regions of parameter space in which perfect core-annular flow is possible and
there is a threshold for instability, where it can lose stability to waves generated by
interfacial friction, or to capillary waves. The marginaly stable eigenvalue at criticdlity is
purely imaginary, and a Ginzburg-Landau equation can be derived for this Hopf
bifurcation.

The derivation of the equation near criticdity, using the techniques of multiple scales,
or acenter manifold theorem, is well known. Slow spatial and time scales are introduced
appropriately for awave packet centered at the nose of the neutral curve, and the long time
behavior of thiswave train is examined in the frame moving with its group velocity. This
theory applies to small-amplitude waves which modulate a monochromatic wave of the
critical wavelength.

Thereisaso interest to see what kinds of effects may be described by solutionslying in
the full solution set of Ginzburg-Landau equations. The formation of solutions and chaos
are two such effects which have been examined in a qudlitative way (see references in
Kerchman 1995). The numerical vaue of the Landau coefficient in the Ginzburg-Landau
equation depends on the specific flow conditions, such as whether the volume flux is kept
fixed or the pressure gradient fixed, and on assumptions made in the calculation of the
second-order correction to the mean flow (Renardy 1989).
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The nature of the bifurcation of core-annular flowsis determined by the red part of the
Landau constants. If this is positive, the bifurcation is supercritica and a finite amplitude
stable wavy flow exists. Thus, arobust form of |ubricated pipelining with thin lubricating
films is expected when the bifurcations are supercritical, but nonlinear failures may occur
when the bifurcations are subcritical. On the other hand, there are cases for which
increasing the thickness of the lubricating layer can change subcritical to supercritical
bifurcation. Detalls of the explicit coefficients for axisymmetric disturbances to core-
annular flow is given in Chen & Joseph 1991 (see dl Chapter VIII of Joseph & Renardy
1993). A sideband instability of the flow can lead to growth of the long wave mode, and
the excitation of 3D disturbances (Renardy & Renardy 1993)

There are many regions of parameter space in which perfect core-annular flow is not
achieved, and the Ginzburg-L andau type analysis does not apply. At least two other types
of nonlinear amplitude equations can be obtained for core-annular flow when the
wavelengthislong. Thefirstiswhereit islong compared with both the core radius and the
annulus thickness. Thistype of approach was pioneered by Benney 1966. For interfacial
instabilities, long-wave theories have been developed (Atherton & Homsy 1976, Williams
& Davis 1982, Hooper & Grimshaw 1985) leading to the Kuramoto-Sivashinsky equation.
The linear part of this amplitude equation is exact in the sense that the linear dispersion
relation reducesto that of the full problem in the same limit. The linear mechanism of shear
stabilization or destabilization is fully preserved in this amplitude equation, but the
dynamics is restricted to the longest waves which are usualy not the most strongly
amplified.

In a second approach taken by Frenkel 1988 and Papageorgiou e a 1990, the
wavelength is required to be long only compared with the annulus thickness and
wavelengths of the order of the core radius are allowed. Other assumptions on material and
flow parameters are required for validity and the contributions of inertia in the annulus is
neglected. Shear stabilization arises from the inertia of the core. Inertia in the annulus
would induce wave number multiplication and shorter and shorter waves. Theories of this
type might apply to situations in which the most amplified mode from linear theory is very
long; however, the linearization of this long-wave theory does not coincide with the full
linearized theory.

The situation with oil in the annulus has been modeled by a long-wave equation based on
lubrication theory (Kerchman 1995). Effects such as rotation and background oscillations
have aso been investigated with lubrication theory. The nonlinear evolution of core-
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annular flow within arotating pipe has been considered by Coward & Hall 1993. The flow
is found to be unstable to non-axisymmetric disturbances, which develop into finite
amplitude traveling waves in both axial and azimuthd directions. Coward et d 1995
derived a 3D generdization of Kuramoto-Sivashinsky equation for core-annular flow
where the pressure gradient is modulated by time harmonic oscillations. They examine the
effect of the background oscillations on steady states of KS equation, time-periodic states,
chaotic states, traveling wave solutions and traveling nonlinear dispersive states.
Oscillatory forcing such as this can be used as a dynamic stabilization or destablization
mechanism (Coward & Papageorgiou 1994).

Nonlinear theories of the type mentioned here have not yet given rise to practicaly useful
results and the study of validity should be put before the further development of these lines
of study.

LEVITATION OF CORE FLOWS

A surprising property of core flow isthat the flow in ahorizonta line will lubricate with the
core levitated off the wall even if the core is lighter or heavier than the lubricating water.
This levitation could not take place without a hydrodynamic lifting action due to waves
sculpted on the core surface. In the case of very viscous liquids, the waves are basically
standing waves which are convected with the core as it moves downstream. This picture
suggests a lubrication mechanism for the levitation of the core analogous to mechanisms
which levitate loaded dider bearings a low Reynolds numbers. Ooms et a 1984 and
Oliemans and Ooms 1986 gave a semi-empiricad mode of this type and showed that it
generated buoyant forces proportiona to the first power of the velocity to balance gravity.
In this theory, the shape of the wave must be given as empirical input.

Consider water-lubricated pipelining of crude oil. The ail rises up against the pipe wall
becauseit islighter than the water. It continuesto flow because it is|ubricated by waves.
However, the conventional mechanisms of lubrication cannot work. The saw tooth waves
shown in Figure 7 are like an array of dipper bearings and the stationary oil coreis pushed
off the top wall by lubrication forces. If c were reversed, the core would be sucked into the
wall, so the dlipper bearing picture is obligatory if you want levitation.
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Figure 7. Thecoreisat rest and the pipe wall movesto the left.

Obvioudly the saw tooth waves are unstable since the pressure is highest just where the gap
issmallest, so the wave must steepen where it was gentle, and smooth where it was sharp.
Thisleads usto the cartoon in Figure 8. To get alift from thiskind of wave it appears that
we need inertia, as in flying. Liu's [1982] formula for capsule lift-off in a pipeine in
which the critica lift off velocity is proportional to the square root of gravity times the
density difference is an inertia criterion. Industrial experience aso suggests an inertial
criterion, since CAF in the Shdl line could be maintained only when the velocity was
greater that 3 ft/s; at lower velocities the drag was much greater.

Figure 8. (After Feng et d 1995) (top) The interface resembles a dipper
bearing with the gentle slope propagating into the water. (middle) The high
pressure at the front of the wave crest steepens the interface and the low
pressure at the back makes the interface less steep. (bottom) The pressure
distribution in the trough drives one eddy in each trough.
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DIRECT NUMERICAL SIMULATION

Analysis of problems of levitation, transitions between flow types, pressure gradients and
hold-up ratios will ultimately be carried out by direct numerica ssimulation. Bai et d 1995
did adirect smulation of steady axisymmetric, axialy periodic CAF, assuming that the
core viscosity was so large that secondary motions could be neglected in the core. They
found that wave shapes with steep fronts like those shown in Figure 8 always arise from
the simulation. A selection of such shapesisshownin Figure9. The wave front steepens
asthe speed increases. The wave shapes are in good agreement with the shapes of bamboo
waves in up-flows studied by Bai et al 1992.

A new and important feature reveded by the smulation is that long waves do not arise
when the gap size tends to zero as is usualy assumed in long wave theories. As the gap
size decreases, n - 1, the wavelength E(n) decreases linearly with n as shown in Figure
10. This meansthat the wave shape hardly changes and a steep wave will stay steep in this
limit. It is the first solution ever to show how “sharkskin” waves arise as a naturd
consequence of the dynamics of lubricated flows without the specia assumptions
sometimes made in the rheol ogy literature to explain such waves shapes in extrudate flows.

Bai et a 1995 found athreshold Reynolds number corresponding to achange in the sign of
the pressure force (the area under the pressure curve) on the core from suction a Reynolds
numbers below the threshold, as in the reversed dipper bearing in which the dipper is
sucked to the wall, to compression for Reynolds numbers greater than the threshold, as in
flying core flow in which the core can be pushed off the wall by pressure forces (see
Figure 11).

The existence of thisthreshold does not prove that inertiais required for levitation of core
flows in which the density is not matched and the centering of flows of matched density
because in the axisymmetric case studied by Bai et d 1995, the pressure forces are always
balanced by an equal and opposite force an the other side of the core.
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Figure 9. (After Bai et d 1995) Selected wave shapes for water |ubricated
axisymmetric flow of oil and water with the same density p = 1.0 g/cm3, L =
0.01 poise and o = 26 dyne/cm for oil and water. The coreis stationary and the
wall moves to the right. The pipe diameter isR, = 1.0 cm. Qy and Q, aein
cm3/sec. Thedatafor each frameisgiven asa triplet of prescribed dimensional
values (R, Qo, Qu) and as atriplet of prescribed dimensionlessvalues[n, h, R]
where n = R /R,, histhe holdup ratio and Reynolds number R is defined by
(14). Thedimensionless surfacetension J =13 x 104 defined in (13) is for 4l
frames. The data for each dimensiona and dimensionless triplet is A (0.4,
12.6, 5.05), [0.8, 1.4, 250]; B (0.4, 22.6, 9.09 ), [0.8, 1.4, 450 ]; C (0.4,
37.7, 15.2), [0.8, 1.4, 750]; D (0.43, 34.9, 8.8), [0.86, 1.4, 420Q]; E (0.43,
43.6, 11), [0.86, 1.4, 525]; F (0.43, 69.7, 17.5), [0.86, 1.4, 840]; G (0.39,
26.1, 12), [0.78, 1.4, 600]; H (0.41, 35.2, 12.3), [0.82, 1.4, 600Q]; | (0.425,
45.4, 12.5), [0.85, 1.4, 600]. Frames A through F show that the wave front
steepens and the wavelength decreases for increasing R. Frames G through |
show how the wavelength shrinks as the thickness of the water layer decreases.
The wave shape does not change much as n is increased for given values of h
and R because the wavel ength and amplitude both decrease. This gives rise to
anearly “self smilar” wave shape leading to “sharkskin” as n - 1 (cf. Figure
10)
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Figure 10. (After Ba e d 1995) Curve a represents the wavelength
L(n) =13.463-14.087n for [R, h, J = [600, 1.4, 13 x 104; Curve b
represents the pressure gradient 8 vs. n under the same conditions. The
wave shapes for the points G, H, and | are shown in Figure 9. Curve a
extrapolatesto zero L with afinite n. We could not get convergent results for
n very close to 1. The extrapolation suggests a limiting zero value of
wavelength and amplitude leading to “ sharkskin.”
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Figure 11. (After Bai et a 1995) Pressure distributions on the interface for R
=0, 10, 250, 750 when [n, h, J] =[0.8, 1.4, 13 x 10¢]. The pressure force,
the area under the pressure curve, is negative for R = 0, 10 and is positive for
the larger values. The greatest pressureis at the forward points of stagnation.

FUTURE DIRECTIONS

Looking forward, the main scientific issue is the role of inertiain levitation and the main
technology issue is the remediation of fouling. Experiments and numerical simulations
suggest that inertia is required to levitate cores when the density is not matched and to
center them when they are. This issue should be resolved by further ssimulation in which
the assumptions of axisymmetry and therigid core are relaxed and the effects of gravity on
horizontal core flowsisfully considered.
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