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Interface instabilities during displacements of two miscible fluids
in a vertical pipe
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We study experimentally the downward vertical displacement of one miscible fluid by another in a
vertical pipe at sufficiently high velocities for diffusive effects to be negligible. For certain viscosity
ratios and flow rates, the interface between the two fluids can destabilize. We determine the
dimensionless flow raté&). above which the instability is triggered and its dependence on the
viscous ratidM, resulting in a stability map).,= U (M). Two different instability modes have been
observed: an asymmetric “corkscrew” mode and an axisymmetric one. We remark that the latter is
always eventually disturbed by “corkscrew” type instabilities. We speculate that these instabilities
are driven by the viscosity stratification and are analogous to those already observed in core annular
flows of immiscible fluids. ©2001 American Institute of Physic§DOI: 10.1063/1.1343907

I. INTRODUCTION A few papers have addressed the study of miscible fluids
displacements in pipes. Petitieans and Maxwdttigve per-

The hydrodynamic stability of two-phase flow in pipes formed experiments on the displacement of a viscous fluid
and channels has been the subject of many experimental aglycerin of viscosityz, and densityp,) by a less viscous
theoretical investigations in the past. Yibonsidered plane one (a glycerin—water mixture of viscosity, and density
Couette—Poiseuille flow of two superposed layers of fluids ofy,) in a vertical tube. The authors observed the formation of
different viscosities between two horizontal plates. Hea finger of injected fluid and measured both the speed of the
showed that the flow is unstable for all Reynolds numberstip of the fingerV, and the average velocity,, at the bot-
no matter how small, and that the primary cause of instabilittom exit of the pipe. From this measurement, they computed
was the viscosity stratification between the fluids. Thethe average thicknes®f the film of viscous fluid left behind
mechanism was further elucidated by Hirfoho identified  on the tube wall. Variations dfwere investigated as a func-
it as being related to the vorticity jump at the interface.tion of the Pelet number Pe 4V ,R/D (whereD is the dif-
Hickox® presented a similar linear stability analysis of steadyfusion coefficient between the two fluids aRdthe pipe ra-
concentric flow of two fluids in a vertical circular tube. He dius), the Atwood number At (%,— 1,)/(75,+ 7,), and the
considered both asymmetric and axisymmetric disturbancegravity parametefF =2g(p,— p1)R?/ 7,Vy,. For large val-
to the primary flow using long wave expansions. No situa-ues of PeQ(10°), t was found to attain an asymptotic value
tions were encountered for which the primary flow wasdepending only on At and tended to the asymptotic value of
stable to both types of disturbances simultaneously, but the.37 when At=1, the limit of infinite viscosity ratio.
parameter range he studied was relatively limited. Lajeunesseet al1° studied experimentally and theoreti-

In a series of companion papérs, Joseph and collabo- cally the axisymmetric downward vertical displacement of
rators studied both theoretically and experimentally the staene miscible fluid by another lighter one in both Hele—Shaw
bility of core-annular flow for a variety of different situations and tube geometries. They focused on the large Peclet num-
(free-fall, forced flow, with or without gravity effectsbut  ber regime for which a well-defined interface separates the
focused on the case of lubricated pipelining, with the lesswo fluids. The shape of this interface was studied as a func-
viscous fluid near the wall. It was shown that core-annulation of the viscosity ratioM = 7,/%,, and the normalized
flows are stable for a very small set of conditions. Chen, Baiflow rate, U=87%,V,/R?*(p,—p;)g. Three different do-
and Josephand Bai, Chen, and Josébperformed experi- mains were delineated in th@/,U) plane. In the first do-
ments on the stability of core-annular flow of immiscible main, the shape of the interface is a self-propagating tongue.
fluids (water/oi) in vertical pipes. The experiments were Domains 2 and 3 are characterized by the presence of a
conducted in an inverted-shaped pipeline, so that both up- “shock” along the tongue profile for which all the points on
flow and downflow conditions could be studied simulta-the interface travel with the same speed. In the case of Hele—
neously. They observed that the flow could be stable or unShaw flows, theoretical and experimental results were found
stable, contradicting Hickox’s long-wave prediction, but into be in good agreement for the first two domains, but not for
agreement with their prediction of a window of stability in the third, where the thickness of the shock was observed to
the parameter space. The unstable flows exhibited two difsaturate at a value depending on the viscous ratio. Similar
ferent patterns: a large amplitude axisymmetric wave theyesults were obtained for cylindrical tube flow. In experi-
called “bamboo wave” and an asymmetric “corkscrew” ments done in the FAST Lab, Orsay, France, one of us
wave. (E.L.), in collaboration with J. Martin and D. Salin, first
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FIG. 2. Different types of flow observedn) Stable finger(b) Axisymmet-
L ric mode.(c) Corkscrew mode.

= under the effect of molecular diffusion (R40°—1C). In
this high Pelet number regime, a well defined interface
separates the two fluids.

The experimental tube was enclosed in a square box
T - filled with glycerin, which matches the Plexiglas optical in-
! dex within 1% and thus reduces lens distortion from the
" round walls of the pipe. Experiments were recorded using a 3
2R CCD XL-1 Canon camcorder and digitized at a rate of 20
frames per second through an interface video d&tion
LG3) linked to a computefPower Macintosh G3

FIG. 1. Schematic of experimental apparatus.

. L. . IIl. RESULTS
discovered that such miscible flows in tubes can become

unstable at sufficiently high flow ratésThe present work is When the pump is started, an advancing finger of in-
motivated by this discovery: our main Objective is to mea-jected fluid is Created, but the more viscous fluid is not to-
sure the stability boundary and characterize the instabilitfally displaced from the tube: a thin layer of this more vis-
modes. cous fluid is left on the wall of the pipe and surrounds a
finger of injected fluid as it travels. Over a range of low rates,
this flow is stable and steady, with an apparent sharp inter-
face between the fluidstig. 2(a)].

For sufficiently high flow rates the interface destabilizes

The experimental setup consisted of a cylindrical tube oto either an axisymmetric or nonaxisymmetric shape. The
lengthL=1 m and radiusR=3 mm (Fig. 1). The injected axisymmetric mode consists of sausage-shaped drdfliets
fluid was water of viscosityy; and densityp,. In order to  2(b)] that travel with the same speed as the finger tip. The
visualize the interface, we dyed the water with Chicago Skynonaxisymmetric mode, which we call the *“corkscrew
blue 6B until it is saturated, so that it has the same propertiesiode,” is shown in Fig. &). Depending on the viscosity
for all experiments: we further assume that the dye does nattio, it is either the primary mode or it evolves from the
change the viscosity of water. The displaced fluid, of viscosaxisymmetric mode. We observed that a slight misalignment
ity 7, and densityp,, was a mixture of water and glycerin, in verticality of a straight pipe can trigger the corkscrew-type
the viscosity of which varied in the range 4—384 mPa s. Coninstability at low flow rates: extreme care was taken to en-
sequently, two decades in the viscosity ratio were covered isure that the tube was vertical.
these experiments, while the density contragt—p;)/ For large values of the viscous ratid4, the “usual”
(po+p4) varied from 5<10 4 to 0.11. evolution of an unstable flow was from the stable interface to

To obtain an initially flat horizontal interface, the pipe the axisymmetric mode, eventually disturbed by a corkscrew
was first partially filled to within a few centimeters of the top instability. At relatively low viscous ratiod, the corkscrew
with the displaced fluid injected from the bottom through mode sometimes formed so rapidly that it was impossible to
valve C(Fig. 1) while air is removed through valve A. The verify if it resulted from a previous axisymmetric mode. It is
pipe was then totally filled by injecting the second fluid therefore not clear if the corkscrew mode should be consid-
through valve B. We made sure that this fluid flows down theered as a secondary instability of the axisymmetric pattern or
walls of the pipe so that it meets the first fluid very smoothly.as a possible unstable mode of the primary flow.
This procedure took a few minutes to complete so that, due We constructed a map of the different flow regimes ob-
to diffusion, the initial interface extended somewlffabout  served. Data were acquired on the thickness of the displaced
0.1 mm) along the direction of the pipe axis. Also note that afluid left on the wall and the wave length of the axisymmet-
stabilizing density difference was necessary to achieve thec mode. These will be discussed in a later paper. Here we
initial condition of a flat interface. Subsequently, fluid 1 wasfocus on the critical speed for onset of instability. Each ex-
injected at a constant flow rate through valve B by means operiment was characterized using the control parameters in-
two pumps(FMI-LAB model RP-D), connected in parallel. troduced by Lajeunessat al.,' that is the viscosity ratid/
The injection flow rate, ranging from 0.01 to 0.25 L/min, and the normalized flow rat®), defined in Sec. | above.
was high enough that the two fluids do not have time to mixFigure 3 shows the type of flow observed as a functioMof

Il. EXPERIMENTAL APPARATUS AND PROCEDURE
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andU. Circles correspond to stable flows, stars refer to flowswith error bars extending from the highest value Uf
that first destabilize in an axisymmetric pattern, eventuallyreached for stable flows to the lowest value reached for un-
leading later to an asymmetric pattern, and triangles correstable flows. FoM > 18, U, increases withM. On the con-
spond to flows that first destabilize in a corkscrew patterntrary, forM <18, U decreases witM. This is not surprising
Keeping in mind that the distinction we make between cork-as we expect).. to diverge forM =1 where both fluids have
screw and axisymmetric instability is subjective, Fig. 3 indi- the same viscosity. Because of the limited capacity of our
cates that corkscrew modes seem to dominate at relativejpumps, we were not able to reach the unstable area below
low viscous ratiosM(M<84.4), whereas axisymmetric M=10.7.

modes dominate at largd (M >84.4).

. F|gure 3 also shows that thé&JEM) plane can bg di- V. SUMMARY AND CONCLUSIONS
vided into two areas: a stable one and an unstable including
both axisymmetric and asymmetric instability modes. We  We report the observation of instabilities during the
therefore determined/-dependent thresholds i above  downward vertical displacement of one miscible fluid by an-
which the interface destabilizes. Figure 4 plots this criticalother lighter and less viscous one in a vertical pipe. The high
dimensionless spedd, as a function of the viscosity ratio Peclet numbers regime was considered so that diffusive ef-

U 54 FIG. 4. Dimensionless critical speed vs the viscosity
¢ ratio. The points correspond to the experimental mea-
surements: the smooth curve is to guide the eye and has

no theoretical significance.
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fects were negligible and an apparently sharp interface coulBrance. He is grateful to Jerome Martin for his help in con-
be defined between the two fluids. For sufficiently high flowducting the experiments which led to that discovery. This
rates, the finger interface destabilizes into either an axisymyork was part of a study exchange between Ecole Polytech-

metric pattern or an asymmetric corkscrew mode. After thissique, Paris, and Stanford University. J.S. thanks the Depart-
work was complete, we became aware of some similar obment of Chemical Engineering for hosting his stay.

servations by Balasubramanianall? In a very preliminary

X E.L. was supported by a grant from the U.S. Department
study, they observe the corkscrew mode for displacement

s Energy, Office of Basic Energy Sciences. G.M.H. ac-

the less viscous fluid by a more viscous one. Formation of : . .
corkscrew mode was also observed by Galedrdl® in the E?gg\;\;l:ﬁges the support of the NASA Microgravity Sciences

case of miscible displacement of viscoelastic fluids in a ver-
tical pipe. Further work must be done to establish the con-
nection between these recent observations and the study re-
ported here.
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