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An experimental study of the rimming flow established inside a partially fluid-filled cylinder
rotating around a horizontal axis of rotation is described. For the first time effects of granular
additives on transition boundaries between flow states adopted by the fluid for different
experimental conditions are studied. For the granule-free fluid and low filling levels we confirm
results of previous authors showing that the ratio of viscous stresses and gravitational force remains
constant along the transition boundaries considered. For higher filling levels our new data indicate,
however, that the gravitational force becomes increasingly more important. For the solid—liquid
two-phase flow our data reveal that even small amounts of granular additives can have a significant
effect on a suitable parameter defined to characterize the transition boundaries. Granular additives
can lead to the stabilization of states and to the extension of the parameter range over which certain
states can be observed. It is shown that the origin of the observed effects appears to be associated
with an increased bulk density of the solid—liquid flow. For high granule concentrations a pattern of
equally-spaced circumferential granular bands is observed to form on the inner cylinder wall. It is
speculated that these bands form as a consequence of the mechanism which has been referred to as
shear-induced migration/diffusion in the literature in the past. It appears that the granule-band
pattern has not been observed previously for the flow investigated her&99® American Institute

of Physics[S1070-663199)04508-0

I. INTRODUCTION ies concerned with transition to spatio-temporal chaos
(Melo,! Melo and Douady, Vallette, Edwards, and Gollub,
We consider one example of a general group of flowsvallette, Jacobs, and Gollfjb However, the rimming flow
conventionally classified as coating flows. The particular exand coating flows in general, also appear frequently in indus-
ample studied here is the flow established inside a partiallyrial applications. Therefore they evidently bear significant
fluid-filled cylinder which rotates around a horizontal axis of relevance to numerous topics in applied engineering science
rotation. While the cylinder rotates fluid is dragged up and(Karapantsioset al.’ Benkreiraet al.® Wilhelmson et al.,’
around the inner cylinder wall. This flow is usually referred Chew).
to as a rimming flow. Depending on the rotation rate, the It appears that topics related to the rimming flow were
filling level and the fluid properties, various distinct and eas-irst considered in the literature by WhiteWhite and
ily observable flow patterns can be displayed by the fluidHiggins® and Phillips'* The first study focusing on the ac-
inside the cylinder. Such a formation of a variety of differenttual flow patterns adopted by the flow appears in the work of
patterns is a typical feature shared by many coating flowsBalmer? who summarizes briefly some qualitative results of
The flow patterns, or flow states, of the rimming flow revealan experimental investigation. Surprisingly, however,
themselves as relatively simple, stationary or nonstationaryBalmer only describes one single example of the variety of
flow structures in some cases and as very complex patterns flow patterns which can indeed be displayed by the flow.
others. The majority of patterns adopted are, however, markProbably the most complete and in-depth description to date
edly distinct from each other and most of them are relativelyof the various flow states associated with the rimming flow
easy to reproduce. Any two flow states are, generally, separas very recently been published by Thoroddsen and
rated from each other by a well-defined, state-transitiorMahadevart® Their paper also contains what appears to be a
boundary. These features make the rimming flow an ideafairly comprehensive overview of the relevant literature on
paradigm for the study of some questions associated witthe subject so that we will refrain from repeating a similar
fundamental problems in fluid dynamics. In recent years thisummary here. We would, however, like to add two further
flow has, for instance, been the scope of interest in the corpublications to this summary. The first of these publications
text of research involved with pattern-formation phenomends by Sanders, Joseph, and Bealtrgho appear to be the
on one-dimensional fronts, as well as in the context of studenly authors who consider fundamental aspects of the rim-
ming flow for a non-Newtonian fluid. The second, very re-
“Author to whom correspondence should be addressed. Electronic maif€Nt, publication is by Hosoi and MahadevdrThese au-
pit@eng.warwick.ac.uk thors describe a linear numerical stability analysis and
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The cylinder is rotated by a variable-speed 12 V dc mo-
tor via a belt-drive mechanism as indicated in Fig. 1. By
means of a manual speed controller the rotational frequency
f of the cylinder can be adjusted between O<Hz
<4.7Hz. For low angular velocities the rotation rate was
determined by measuring the time required for a certain
number of cylinder rotations by means of a stopwatch. For
Variable higher rotational speeds, whenever it was not possible to
i}’gg}dr reliably count the number of cylinder rotations, the rotational

frequency was measured by means of a handheld, mechani-
FIG. 1. Sketch of the experimental set-up. cal tachometer. The measuring accuracy of the tachometer is
+1 rpm. The rotational velocity of the cylinder is expressed
in terms of a Reynolds number Re defined as
present new results for the axial instability of the free-surface
front. wrgh

The purpose of the present paper is to document first Re= '
results associated with an aspect of the flow which, to our
knowledge, has not been considered previously in the exist-
o . where
ing literature. The question addressed concerns the effects 0
small, granular additives on the state-transition boundaries
between different flow states displayed by the rimming flow. |, — v )

We will also document, for the first time, the observation a 2ol

new pattern developing in the flow when the fluid contains a

sufficiently high concentration of granules. The main goalsrepresents a measure for the mean thickness of the coating on
of our ongoing research are to determine how and to ultithe inner wall of the cylinder.

mately understand the physical mechanisms whereby succes- The fluid used is silicone fluidAmbersil, F111/50D

sive increases of the granule concentration modify the flowrhe manufacturer's data sheet states that the density of the
states and, in particular, the transitions between differensilicone fluid ispr=0.973 g cm? and that its kinematic vis-
states in coating flows. cosity is v=5.0cnfs ! at 25°C. These values represent

It is well knownt® that under certain conditions the flow with sufficient accuracy the properties of the silicone fluid
of solid—liquid suspensions can be described by appropriatduring the experiments when its temperature was approxi-
bulk fluid properties. Here we will attempt to determine if mately 211 °C.
evidence exists which would allow us to attribute any influ-  The granular material added to the silicone fluid are
ences of granular additives on state-transition boundaries apherical glass bead&otters-Ballotini, Spheriglass 1619
the rimming flow to modifications of bulk fluid properties grade CP0OD We have measured the density of the beads as
such as the bulk viscosity or the bulk density. Although wepg=(2.500+0.003)x 10° kg m 3. The manufacturer's data
approach the flow from a fundamental viewpoint it is evidentsheet states that the diametky of 90% of the beads lies in
that the results of our research will be of interest, for in-the interval between 250m and 425um.
stance, in the context of applications involving mixing in From a balance of Stokes drag, gravitational force and
solid—liquid suspension flows in the food, pharmaceutical obuoyancy force one can determine the settling velo¢igf
processing industry. the granules in the pool of silicone fluid in the cylinder as
Vg= (df5 0/18w) - (pc— pg)- For the present experiment one
estimates thaVs is of the order of 0.015cm$. The turn-
over of the fluid in the pool proceeds on a typical velocity

Our experiments were carried out employing an apparascale given byW;=wr,. For the present experiments this
tus which is, in principle, very similar to those used in pre-velocity is in the range of 0.94cmb<V;<148cms™.
vious related studies. A sketch of the apparatus is shown ifrom this one gets 63V;/Vs<9870. Hence, the typical
Fig. 1. The facility consists, briefly, of a hollow, transparent flow velocities are between two and four orders of magnitude
cylinder with an inner radius of ;=5.00=0.01cm and a larger than the settling velocity of the glass beads. On the
lengthl=27.0 cm which rotates with an angular velocity basis of these consideration one expects that the beads will
around a horizontal axis of rotation. The cylinder is manu-remain uniformly mixed throughout the fluid as long as no
factured from Acrilite(Blanson Ltd., Leicestérwhich is a  additional mechanisms are activated which result in granule
material enabling an exceptionally high-clarity viewing of segregation.
the flow behavior through the cylinder wall. We specify the amount of granular material introduced

For the experiments the cylinder is partly filled with an in the liquid by the granule mas$é which is added per cubic
amount of fluid of volume/. The cross-sectional area of the centimeter of silicone oil. We also refer, interchangeably, to
cylinder occupied by the fluid is thus=V/l. The filing  the amount of granules added in terms of a quantity defined
fraction of the cylinder is defined a&/A, with Ao=7rr(2) on the basis of the liquid volumAV which the granules
representing the total cross-sectional area of the cylinder. displace. The displaced volumeV is given by

N Rotating Cylinder

()

14

Il. EXPERIMENTAL SETUP AND METHODS
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MAI
AV=1-AA=——, (3
PG
where AA is the associated change of the cross-sectional |
cylinder area occupied by the fluid. The modified cross- | }
sectional area\,, of the cylinder which is occupied by the
mixture of fluid and granules together is then

M
1+ —

PG
The modified filling fractionA,/Ag as a result of adding
granular material is thus

An_A [ M

Ao Ao PG
We will generally refer to the amount of granules added in
terms of this modified filling fraction. It is advantageous to
use this quantity as it provides one with a better feel for the
two properties(the granule mass per unit volume of liquid
and the filling level of the cylindgrwhich are necessarily
changed simultaneously when adding a certain amount of !
granules to the fluid.

As a consequence of the addition of granules to the fluid
the mean thickness of the coating on the inner wall of the
rotating cylinder also changes. The modified mean thickness
h,, is obtained by replacing the volumé in Eq. (2) by V
+AV. Correspondingly, an associated modified Reynolds
number Rg, is then obtained by replacing the heidghin Eq.

(1) by h,,. As will be seen it is not necessary to account for
a modified viscosity to calculate Revhenever this modified
Reynold number is employed in the context of the particular
issues addressed here.

A,=A+AA=A. . (4)

: ©)

FIG. 2. Visualizations of flow states displayed by the granule-free system

11l. EXPERIMENTAL RESULTS for a filling fraction of A/A,=0.144. (a) Modulated front,w~8.7 rad s?,
) Re~3.1. (b) Localized structuresp~9.4 rad s*, Re~3.4. (c) Hydrocysts,
A. Flow patterns in the system free of granules w~11.5rad s, Re~4.2

Figure 2 shows a sequence of photographs which illus-
trate the main flow states dealt with throughout the remain- . .
der of this paper. The scale of the pictures can be inferreg' Flow patterns in the system containing granules
through the cylinder length=27 cm which corresponds ap- As long as the amount of granular material introduced in
proximately to the width horizontally across each picture.the system remains below a certain critical concentration all
The photographs displayed were obtained from an experitransitions between flow patterns observed in the granule-
ment for which the rotating cylinder was partly filled with free system appear in qualitatively similar form in the system
silicone fluid free of granular additives. The figure primarily containing granular additives. However, as will be seen later,
serves to define the terminology adopted here which is reeven small granule concentrations can affect the fluid dy-
quired to follow the discussion of our results. Neverthelesspamics through measurable influences on the state-transition
we have not repeated a visualization of the trivial state, thdoundaries.
flat-front state, in our Fig. 2. If required the reader is asked to  For low granule concentrations we have observed that
refer to Fig. 3a) of Melo! to view a visualization of this the granules remain approximately uniformly distributed
state. The various flow patterns will be referred to as indi-throughout the fluid at all times. This is consistent with our
cated in the caption of Fig. 2. The flow visualizations shownbrief theoretical considerations in Sec. Il concerning this
are qualitatively very similar to corresponding photographsmatter. However, for granule concentrations above a critical
by other authorgMelo,! Thoroddsen and Mahadevanob-  value of M ~0.12gcm® (corresponding toA,,/A~1.048
tained under comparable experimental conditions. Figure 2 isr A,,/A;~0.15) the flow displays a qualitative difference.
not intended to give a comprehensive overview of all theThis difference is illustrated by the photographs in Figs.
possible flow states that can be displayed by the system. F&a)—3(c). The experiments have shown that above concen-
such an overview the reader is referred to the article byrations of M. a pattern of equally-spaced circumferential
Thoroddsen and Mahadevdrand the references contained bands forms on the inner cylinder wall. This pattern is a
therein. result of granule accumulations at certain locations along the
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FIG. 4. Wavelengthn of the granule-band structure as a function of the
Reynolds number Re for four different granule concentratidns

shown in Fig. 3 has not been previously documented in the
literature in association with the flow geometry studied here.
FIG. 3. Visualizations showing the granule-band structure which developgiowever, the banding structure of our Fig. 3 is very similar
above the critical granule concentration Mf,~0.12 gcm 3. The photo-  to structures observed by \]ar}és]’anes and Thomég’and
graphs shown were obtained favi~0.33gcm?® (corresponding to recently by Tirumkudulu et a|_20 in horizontal Taylor—

An/Ao~0.151). The wavelengths and the angular velocities associated . . . . .
with t?\e photo)graphs are) )\31_7 cm, w:0.33?rad/s,(b) A~2.3cm, » Couette systems which were partially filled with fluid con-

=1.68 rad/s,(c) A~3.9 cm, w=23.67 rad/s. taining granular additives.
In the case of the present flow geometry one might sus-
pect that the band structure is related to the disking or hy-
span of the cylinder. The pattern develops if the cylinder isdrocyst pattern which can be observed in systems free of
left to rotate undisturbed for a few minutes. Neighboringgranules. We will argue that it is very unlikely that this is the
granular bands are separated from each other by a narrogase. The hydrocyst pattern was first documented in Fig. 1
region of fluid which is almost free of granules. The angularand Fig. 2 of Balmel? and in Fig. 2 of Karweit and
velocity of the cylinder at which the granular bands first Corrsirf* and it has more recently also been documented in
form decreases with an increasing granule concentration iRig. 22a) of Thoroddsen and MahadevihThese authors
the fluid. For higher granule concentrations of aroundreport that the pattern generally occurs at higher filling frac-
0.366 gcm® the bands were observed to occur for cylindertions and at rotational frequencies of a few cycles per sec-
rotation rates as low as~0.03 Hz. ond. This is in agreement with our own results presented in
One can estimate the value of the modified dynamic visthe following section. As was already indicated granule
cosity u, of silicone fluid corresponding to the critical gran- bands form, however, at significantly lower rotational speeds
ule concentration oM. According to EinsteilY (see also and filling fractions than the hydrocysts in a granule-free
Sod"®) the modified dynamic viscosity,, of an incompress- system. This appears to indicate that the origins of the two
ible fluid containing solid spheres is given Qy,,=ux(1  somewhat similar looking patterns are not the same.
+2.5a) for small @, wherea is the proportion of the total Figure 4 displays the wavelengthof the granule-band
volume occupied by the particles. With the data provided instructure as a function of the modified Reynolds numbegf Re
Sec. Il one determineg=4.865gcm?*s ! and one finds for four different concentrationd! of granular additives.
that M,~0.12gcm > corresponds to a value @f~0.048.  The data were obtained from experiments for which the ini-
With this one obtaingu,~5.45gcmts 1. This represents tial filling fraction before the introduction of granules was
an increase of the the dynamic viscosity of 12% in compari-A/A;=0.144. The modified Reynolds number is based on
son to the viscosity of the granule-free silicone fluid. With that angular velocityw at which each of the patterns with a
the values for the fluid and the granule density one can fureertain number of bands was first observed. Once a pattern is
ther determine that the bulk density associated with  formed it remains stable over a certain Reynolds number
~0.12gcm3is 1.046 g cm®. This represents an increase of interval before the number of bands slowly changes again.
approximately 7.5% in comparison to the density of theFigure 4 suggests that there is a minimum pattern wave-
granule-free silicone fluid. length of \~1.7 cm which is approached at low Reynolds
To our knowledge the formation of the granular bandsnumbers. The figure shows that the wavelength increases

Downloaded 04 May 2005 to 137.205.200.20. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2024 Phys. Fluids, Vol. 11, No. 8, August 1999 O. A. M. Boote and P. J. Thomas

substantially with the Reynolds number and, hence, with the
angular velocity of the cylinder.

It is noted that in the present context there is no need to
account for a modified viscosity of the fluid when calculating
the modified Reynolds number displayed on the abscissa of
Fig. 4. Once bands begin to form a single viscosity value
can, evidently, not be defined as there are simultaneously
regions of high and low granule concentrations. Employing
the value corresponding to the viscosity of the fluid just be-
low the critical granule concentratiod . does, of course,
result in using the same viscosity value for all four data sets
of Fig. 4. This would, consequently, only rescale thaxis
slightly but it would not affect the data interpretation.

Thoroddsen and MahadeVameport that hydrocyst for-
mation in a granule-free system is initiated at the end walls.
The number of structures increases with an increasing cylin- |
der rotation rate until the entire span of the cylinder is filled
with equally-spaced hydrocysts. Once this state is esta[f_l.G.. 5. Visualizations showinga) modulated—frpnt state in a system con-
lished the associated pattern wavelength is independent of cﬁ?'”g granulesw = 6.6 rad/s,(b) localized, stationary U-shaped structures

. ween granule bands,=8.2 rad/s, for a relatively low granule concen-
at most, only weakly dependent on the rotation rate of thQration of the order oM =0.174 g cm*® and an initial filling fraction of
cylinder*3?1This is consistent with our own observations. arounda/A,~0.13.

It substantiates our earlier speculation that the granular
bands, whose pattern wavelength increases substantially with
the rotation rate, are unlikely to be a visualization of the It was not possible to decide if it is the flow prior to the
hydrocyst pattern. development of the modulated front which initially gives rise

Nevertheless, Fig. 4 also reveals that the wavelength ape the formation of the granular bands and, hence, determines
pears to be independent of the amount of granular materiaheir number and fixes their spatial position. Alternatively,
added. This would suggest that the band structure is nahe granular bands might, following the initiation of their
formed as a consequence of the granules altering the systefsrmation, result in a modulated-front state which is indeed a
dynamics as such. It consequently appears to suggest that thigferent state than the one observed in the granule-free sys-
bands represent a visualization of a modified realization of aem. It is interesting to note that a certain type of modulated-
feature also present in the granule-free system. In this corfront state with evidence of some cell structure has also been
text it should be noted that the magnitude of the wavelengtlobserved very recently by Fried, Shen, and Thorodtfsen
of the granule-band pattern is of the same order as the waverrotating cylinder which only contains granules and no fluid
length of the patterns referred to as “sharkteeth” and “fish-whatsoever.
like” by Thoroddsen and Mahadevihand which are dis- With regard to the discussion of Tirumkudut al?° it
played in their Fig. 10 and Fig. 16. Nevertheless, similar towould, in summary, appear that the granule-band pattern ob-
the hydrocyst structure these patterns are also establisheds#rved in our experiment has a similar origin as the structures
much higher angular velocities of the cylinder than thedeveloping in their horizontal Taylor—Couette system.
granule-band pattern. However, as is expressed by Fig. 11 dfirumkuduluet al. attribute the band formation in their sys-
Thoroddsen and MahadeVdrthe wavelength of the shark- tem to the mechanism which has been referred to as shear-
teeth pattern increases with the angular velocity of the cylinduced migration/diffusion by Leighton and AcrivésBy
inder, like the granule-band wavelength, at least in a certaithis mechanism particles are assumed to migrate from re-
velocity interval. gions of high shear to regions with low shear and from re-

Our observations appear to have shown that granulegions with high particle concentrations to regions with low
band formation is initiated while the fluid in the cylinder is in concentrations. However, as the main concern of this paper
a flat-front state. Upon increasing the cylinder speed a disis not the granule-band structure we will not elaborate here
tinct modulated front is observed to develop. The centers ofny further on this feature of the flow.
the (already developedgranular bands then each coincide
with the location of a wave crest on the modulated front as is . o
illustrated in Fig. %a). When the cylinder velocity is in- C. State-transition boundaries in the system free of
creased further the modulated front breaks down. Thé:]ranules
troughs of the modulated front then develop into stationary, Before commencing to determine the influence of granu-
U-shaped structures as displayed in Figlb)5 These lar additives on the state-transition boundaries it is necessary
U-shaped structures are similar to the structures shown ito ascertain that our experimental facility is indeed suitable
Fig. 2(b) for a granule-free fluid. Upon further increasing the to reproduce with sufficient accuracy results previously ob-
angular velocity the U-shaped structures subsequently deained by other researchers. In order to verify this we com-
velop into patterns very similar to the hydrocysts in granulepare our results with the results of Méldvelo has carried
free systems which are shown in Figcp out a study under experimental conditions closely matching
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18 L ; 1 — =0.182, values ofa) Re=5.51, (b) Re=5.94, and(c) Re
16 - - =6.58. With reference to these Reynolds numbers and to
- . ] Melo’s Fig. 3 it can be seen that the transition from the
14 - Homogeneous Film Cascade flat-front state via the modulated-front state to the state dis-
12 B i playing localized structures has occurred over a very narrow
L . Reynolds number interval df Re=<0.2. This is in very good
o101 Localised Structures . guantitative agreement with the behavior observed in the
o 8 L Flat Front | present experiment as becomes evident from the data dis-
i P 4 played in our Fig. €) for filling fractions in the interval of
6 Hydrocysts v . 0.135£A/A0§ 0.145. It is emphasized that it is not a simple
r pe 1] matter to adjust the system parameters such that the modu-
4 - L, /] lated front state is displayed as the parameter regime over
2 % xia " 1 which the state occurs is so narrow.
- ==\ Modulated Frontl ] For filling fractions above approximatel/A,=0.145
00_0 005 01 045 02 o025 (corresponding tA?>~ 130 cnf in Melo’s notation we have
AlA, observed that the flat-front state changes into the state dis-
playing localized structures without initially adopting the in-
18— ' T ‘ ] termediate state characterized by the modulated front. The
16 B Homogeneous Film _ data displ_aye_d in Melo’s Fig. _2 reveal that t_he same behavior
L _ 4 occurred in his system. This is expressed in his figure by the
14 - Dt 7 boundary located atA?~190 (corresponding toA/A,
12 B | ~0.176 in the present notatiprmvhich separates regions 2
i - and 3 of his figure.
®1o - . In order to facilitate a more quantitative comparison be-
@ [ Datanotavailable Cascade 1 tween the overall fluid dynamics of Meld’sind the present
8 i | system we will analyze our data analogous to the procedure
6L - followed by him. The results of this analysis can then be
¥ Double Front | compared to the data of Melo’s Fig. 2. Following Melo and
4r Localised ] other previous authot$*we define a dimensionless param-
5 '_ Structures ] eterA as
| Flat Front
0 N R N N E NS R ~ C wrgr
00 005 01 015 02 025 A=—pe™ ohe (6)

Al A,

_ 3 _ In Eq. (6) C=w?ry/g characterizes the ratio of centrifugal
FIG. 6. State diagrams for the transition between different flow states whenyg gravitational forces = h/r, identifies the filling level of
the cylinder is filled with silicone fluid free of granular additives. The rota- . . . .
tional speed is(@) increased from restb) decreased from initially high the cylinder and Re is the Reym?lds number as defined in Eq.
rotation rates by a sequence of successive small increments. (1). By means of the cross-sectional avea V/I of the cyl-
inder occupied by fluid together with E(R) one can replace
h in Eq. (6) by A. This yields

those of the present investigation. He used a cylinder with (27-,)2”3(,,

the same diameter as the one used here and a silicone fluid A= T aAZ (7)
with the same viscosity as the fluid used during the present g

experiments. With reference to Eq(6) it can be seen that characterizes

Figures §a) and 6b) show state diagrams for the tran- the competition between viscous stress and gravitational
sition between different flow states when the cylinder isforce. Inspection of Eq.7) shows thatA is constant along a
filled with silicone fluid which is free of granular additives. straight line in a plane displaying as a function oA. The
The two figures correspond to experiments during which theequation can, thus, be employed to determinexperimen-
angular velocity was, respectively, increased and decreasedlly. Whenw= 0., Wherew, is the critical velocity associ-
by a succession of small increments. The time interval beated with a particular state transition boundakyreflects the
tween two successive velocity changes was, as in the case obnstant force ratio of viscous stress and gravitational force
Melo’s study, of the order of 30 rotation periods or longer. for the transition considered. Hence, it is reasonable to as-

From the data provided by Méldt is possible to calcu- sume that the two experimental facilities display sufficiently
late the value of the Reynolds number, as defined here in Egimilar dynamics when the values of for corresponding
(1), for the flow states shown in his Fig. 3 and Fig. 4. Forstate transitions in both systems are approximately equal.

Melo’s Figs. 3a)—3(c), which corresponds to a filling frac- Figure 7 displays our experimental data &gy as a func-
tion of A/A,=0.136, one findga) Re=2.35, (b) Re=2.49, tion of A? for three different state transitions. The data are,
and(c) Re=2.55. Accordingly one finds for his Figs(a&— as in the case of Melo'sFig. 2, for a decreasing angular

4(c), which corresponds to a filling fraction oRA/A, velocity of the cylinder. The data displayed are for the tran-
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: aware of any other data which could be used for comparison.
201 Homo - o With regard to the _physical interpretation qf the p_aramAter
geneous Brm ° a our new observation suggests that at higher filling levels
, o transition either becomes more strongly dominated by gravi-
\Ol A tational forces or, alternatively, that it no longer depends on
- \ the interplay between viscous stresses and gravitational
F % We, ] forces alone.
OA \wc i A comparison of the boundaries for the instability of the
g% flat-front state in our Figs.(®@) and &b) reveals that there is
A 1 no appreciable hysteresis for 023/A;,<0.19. This cor-
roborates similar observations reported by Melabove
: A/Ay=0.19 the transition scenario for increasing and de-
/ X et twg | creasing cylinder rotation rates is fundamentally different
0 A T S R S R such that comments concerning hysteresis are not applicable.
0 50 100 150 200 250 300 350 400 Hysteresis effects are, however, present for the stability
A® (cm4) boundaries of the homogeneous-film state in the spin-up and
spin-down case. This is in agreement with the observations

FIG. 7. Diagram showing present experimental data in a representatiopecently reported by Thoroddsen and MahadéeNan.
displaying the rotation rate. of the cylinder at the point of transition as a

function of A2,

T T T T T T T T T T T

Flat Front

D. State-transition boundaries in the system
containing granular additives
sition from the homogeneous film to the state displaying 1 o i o
Melo™ has focused in his study on the investigation of

traveling disturbances; ); for the transition from the trav- . ” ; ;
. . 2 . . . . those particular state transitions which were also discussed
eling disturbances to the state displaying localized, statlonarM . - . ;
ere in the preceding section. In order to be able to quanti-

disturbancesd. ); and for the transition from the flow state . _.. : )

, i o . tatively relate data obtained in a granule-free system to the
displaying localized, stationary structures to the ﬂat'fromcorresponding behavior in a system which is modified
state @ ). The flow transitions considered here and they,qugh granules we will, in the remainder, continue to focus
nomenclature used are entirely analogous to the representgn these state transitions. The diagrams in Fi¢®.dhd 8b)
tion in Melo’s' Fig. 2. illustrate how increasing amounts of granular additives influ-

The lines shown in our Fig. 7 represent least-square fitgnce transition boundaries between these states. Fig(aes 8
through those of our data points for whisR<200cnf (cor-  and gb) display, respectively, results obtained for the state-
responding toA/A,=0.180) together with the additional transition boundaries for the case of increasing and decreas-
necessary condition thab(A?=0)=0. We have not in- ing angular velocities of the cylinder.
cluded those data points in the linear least-squares fits for |n Figs. §a) and &b) the amount of granules added is
which A>200cnf as Fig. 7 reveals thak is evidently no  expressed, according to E), in terms of the modified
longer constant for filling heights above this value. From thefilling fraction A,,/A,. The ordinate displays the associated
least-squares fits one finds the following values of the parammodified transitional Reynolds number Reefined as de-
eter At A,=2.36, A;=1.74, andA,=2.08. The corre- scribed at the end of Sec. Il. For low granule concentrations
sponding values obtained by Mélare A,=2.14, A;  the modified Reynolds number should here, strictly, be based
=1.56, andA,=1.67. The values of\, and A; of both  on the modified bulk viscosity!” of the fluid which is at-
experiments differ by about 10% and are, thus, in goodained following the addition of the granules. However, for
agreement. The values fdr, differ by approximately 25%. the larger concentrations abo®e,/A,=0.15, when granule
Considering the relatively limited number of data points onpand formation is initiated, it is not possible to uniquely
which the least-squares fits are based, the value§ydior  define such a modified viscosity. The viscosity value of the
both experiments show a reasonably satisfactory agreemenfranule-free fluid was, thus, used to calculate the values of
Consequently it appears justified to conclude that the dynarrRQn in Figs. §a) and 8b). This makes it necessary to inter-
ics displayed by our rotating-cylinder system are sufficientlypret Re,, in the context of this figure, as merely the nondi-
similar to the dynamics displayed by Melo’s system. mensionalized rotational velocity of the cylinder.

It was already indicated above that for values Af The data points foA,,/Ay=A/Ay,=0.144 in Figs. &)
>200cnf (corresponding toA/Ay>0.18) it is not reason- and §b) correspond to the transitional Reynolds numbers for
able to approximate our data points in Fig. 7 by linear leastthis particular filling fraction for the granule-free liquid. The
squares fits. For filling levels above the level associated withnitial filling fraction of A/Aq=A,/A,=0.144 was chosen
A?>200cnf the value ofA decreases. Mefohas only in-  pecause it is located, with regard to Figa6 within that
cluded two single experimental data points for one of theparameter range in which the most interesting dynamics can
state transitionsd. ) at values ofA*>200cnf in his Fig. 2. pe expected.

As he does not comment on the behavior of the system for The addition of a certain amount of granules necessarily
larger filling fractions it is not known whether his system did results in an associated change of the filling fraction. Conse-
indeed also display the behavior observed here. We are nquently, Fig. 8 cannot unambiguously distinguish between
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6 —— 1 different type of modulated front. This is reflected in Fig.
3 Homogeneous Film AR 1 8(a) through the line initially represented by circles for
5 Ean i Am/Ag<<0.15 and continued foh,/Ay=0.15 by stars. The
oy ,/W’ Hydrocyst continuation of the line marked by the circles into the region
Al ig%" v yaroers i of A,/Ay=0.15 is an extrapolation based on the slope sug-
o Bt R e | gested by the data points in the region just belaw/A,
£ e XX e Localised Structures =0.15.
t:(\]:) 3 ‘?’%BE\EF&@/ TB-e——Boe- ) Figure 8 further shows that the velocity interval over
Modulated Front | which the modulated-front state is observed is significantly
2r oo “ broadened by increasing amounts of granular additives. In
% y g g
e Granular Bands sppear | the granule-free system the modulated front is only observed
1 Flat Front \.*\/ above this boundary 7 over a very narrow Reynolds-number interval and in a very
i T 1 narrow regime of filling fractions as was revealed by the
0 S discussion of the results shown in Figap It was empha-
014 0145 015 A0'1/5:Z 016 0165  0.17 sized above that it is not a simple matter to adjust the system
m? 70 parameters such that a modulated front is displayed by the
67— T 1 ; granule-free system. In the rimming flow containing granular
- Homogeneous Film 1 additives, however, it is not at all difficult to tune the system
5 , : into a modulated-front state. In this sense the influences of
Eﬂ:f:i‘:fces granular additives can, thus, be interpreted as having a strong
4k ¢ P i stabilizing effect on the modulated-front state.
% ﬁg%‘ _..xff:g e | The remaining state-transition boundaries appear to be
Eal x& " Localised Stractures | less strongly influenced by the addition of granular material.
o %% .E{E*E,,-&*B\-a \\\\\ = | Considering the ambiguity which arises from filling-level ef-
ol ; 0 Modulated Front | fects and which is associated with the data representation in
\@@\D_@/e“e\\ Figs. 8a) and 8b) it does not seem appropriate to attempt to
© | comment in detail on these boundaries. Nevertheless, there
r Flat Front T appears to be slight drop in the critical transition velocity
1 from the modulated-front state to the regime displaying lo-
1 L 1 i | 1

calized structures as well as for the transition from the
localized-structure regime to the regime showing hydrocysts.
If this drop is indeed significant then it has to be attributed,
FIG. 8. Influence of increasing amounts of granular additives on the transifor the same reasons as above, to the granules affecting the

tional Reynolds number associated with the state-transition boundaries. Thgynamics of the system rather than to a modification of the
data displayed were obtained after adding increasing amounts of granulemling fraction

additives to an initially granule-free system with a filling fraction/AfA, .. . . . . .
=A,/A,=0.144. The rotational speed of the cylindeXasincreased from A similar behavior as in the case of Increasing Cyl'nder

rest, (b) decreased from initially high rotation rates by a sequence of sucVelocities is observed for the corresponding state-transition
cessive small increments. boundaries in the case of decreasing cylinder velocities. A

comparison of corresponding boundaries in Fig®) &nd

8(b) reveals, similar to the granule-free case, relatively pro-
effects caused by the granular additives, as such, and thoseunced hysteresis effects for the stability boundary of the
superposed effects which are simply a result of the modifiethomogeneous-film state. The remaining boundaries show
filling fraction. The anticipated filling-level effects can be less appreciable hysteresis effects.
inferred from the data of Figs.(®, 6(b), and Fig. 7. Never- We will now obtain some quantitative information con-
theless, Fig. 8 reveals that there is a marked effect of theerning the physics responsible for changes of the locations
granular additives on the state-transition boundary betweeaf the state-transition boundaries. In Sec. IlIB it was de-
the flat-front and the modulated-front state. Figurés &nd  scribed that the granules remain uniformly distributed
8(b) show that the critical rotational velocity at which this throughout the fluid for lower granule concentrations. Under
transition occurs decreases. With reference to FHg) this  these conditions the granules will not significantly affect the
velocity is, however, expected to increase if the change wasurface tension of the silicone fluid. It thus appears reason-
simply a result of an increased filling fraction. Consequentlyable to assume that influences on the transition boundaries
the observed drop in the critical transition velocity for between two flow states should be reflected only through
Am/Ao=<0.15 is a consequence of the granules affecting theffects arising from the competition between an increased
fluid dynamics and not a result of the associated change dfulk viscosity and an increased bulk density of the fluid. This
the filling fraction. competition can be studied and quantified by considering the

Above A,,/Ay;=0.15 granule bands form. As discussed effects of granule addition on the value of the paramdter

in Sec. Il B, it was then not possible to decide whether theWe assume that remains the appropriate parameter to char-
onset of the modulated-front state coincides with band foracterize the ratio of viscous stresses and gravitational forces
mation or whether the bands initiate the development of as long as the granule concentration remains below the criti-

0 L | L ) L
0.14 0.145 0.15 0.155 0.16 0.165 0.17

A/ A

Downloaded 04 May 2005 to 137.205.200.20. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2028 Phys. Fluids, Vol. 11, No. 8, August 1999 O. A. M. Boote and P. J. Thomas

3.0 — T T T T - creasing amounts of granular additives for all of the dis-
i Homogeneous Film 1 played state-transition boundaries. With regard to the physi-
25 - cal interpretation of\ it can consequently be concluded that
}%\Q,’? S\@\ N N - 1 the addition of granular material appears to result in more
20 I T 4 pronounced effects on the gravitational forces then on the
I S Hydrocysts ] viscous stresses. This suggests that the observed effects of
<15 &Eﬂx O | granular additives on the locations of the state-transition
' i 9B Localised Stuctures | boundaries in question are mainly a consequence of a modi-
S, e fication of the bulk density of the fluid rather then of a modi-
10 - oX Modulated Front 13| ] . ) ) . 4 L. ) .
I fication of its bulk viscosity. This is the main result of this
s * ) Granular Bands appear ] Stu dy
0.5 - Flat Front \\* / above this boundary T
0oL e IV. SUMMARY AND CONCLUSIONS
‘0.14 0.145 015 0155 016 0.165 0.17 . . . N
Am/ Ag We have experimentally investigated the rimming flow
established inside a partially fluid-filled cylinder which ro-
30 ' ' T tates around a horizontal axis of rotation. For the first time
. effects of granular additives on transition boundaries be-
B Homogeneous Film B - I .
25 tween certain flow states adopted by the fluid in the cylinder
I ¢ ' T have been studied. For the granule-free flow we have essen-
20 % £ Travelling - tially corroborated the results of previous authors. We have
A %x% X‘i_ﬁ*\ Pl o confirmed that for the investigated state transitions the ratio
<15 % o k' G S - of viscous stresses and gravitational forces remains constant
=" Localised Structures . -
i %ﬁm EUS‘E_E_\_ﬂ | along each state-transition boundary as long as the filling
R WP Q I | level of the cylinder is below a certain critical level. For
1.0 \, gModulated Front ~~0 . .
© 6 Pe | higher filling levels, however, our new data suggest that
T i gravitational forces start to become increasingly more impor-
0.5 Flat Front tant.
[ 1 1 l | | Our experiments concerned with the influence of granu-
004 0145 045 0455 016 0165 047 lar additives on the flow have shown that state transitions
Ayl Ay remain qualitatively similar to those in the granule-free sys-

tem as long as the granule concentration is below some criti-
FIG. 9. Influe_nce of i_ncreasing amounts of granular _additives on the. parameg| level. Nevertheless, it was found that even small granule
eter A associated with the state-transition boundaries. The data displayed . L .
were obtained after adding increasing amounts of granular additives to afoncentrations can have a significant influence on the actual
initially granule-free system with a filling fraction oR/A,=A,/A,  transition boundaries. Granular additives can lead to the sta-
=0.144. The rotational speed of the cylinder(@ increased from rest) bilization of certain flow states and to an increased parameter
decregsed from initially high rotation rates by a sequence of successivpange over which states can be observed. In particular it was
small increments. found that the effects on the investigated transition bound-

aries appear to be due to an increased bulk density associated

with increasing granule concentrations of the solid—liquid
cal value ofM .~0.12 g cm 3 above which granule-band for- flow.
mation is observed. For higher granule concentrations an apparent qualitative

For a granule-free system the value/ofvas expected to change in the flow structure was observed to occur. This

be constant along each state-transition boundary in the plar@hange was reflected in the formation of a pattern of equally-
displayingw, as a function ofA?. This was confirmed to be spaced circumferential granular bands on the inner cylinder
correct by our experimental data displayed in Fig. 7 for fill- wall. These bands form as a consequence of the accumula-
ing levels with A?<200 cnf (corresponding to filling frac- tion of particulate material at certain positions along the span
tions A/Ay=<0.18). As long as the filling fraction remains of the cylinder. This pattern has apparently not been previ-
below A/Ay=<0.18 any changes af, which follow the ad- ously documented in the literature for the flow studied here.
dition of granules to the system, consequently indicate howt was observed that the wavelength of the band pattern is
the ratio of viscous stresses and gravitational forces at themdependent of the granule concentration and that it increases
point of transition has been affected for the particular statevith the angular velocity of the cylinder. It was concluded

transition considered. that the pattern is probably formed as a result of shear-
Figures 9a) and 9b) display the value of\ as a func- induced migration/diffusio®
tion of the modified filling fractionA,/A, for the data of We are currently planing a more systematic study of the

Figs. 8a) and &b). With respect to our above discussion we effects of granular additives on state-transition boundaries of
expect A to be independent oA, /A, along each state- rimming flows. The planned experimental program will in-
transition boundary as long 28 A,=A,,/A;<<0.18. Figures vestigate comprehensive parameter ranges for the fluid den-
9(a) and 9b) show that the value oA decreases with in- sity and its viscosity as well as for the particle size, density,
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