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Velocity field for Taylor—Couette flow with an axial flow
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The flow in the gap between an inner rotating cylinder concentric with an outer stationary cylinder
with an imposed pressure-driven axial flow was studied experimentally using particle image
velocimetry(PIV) in a meridional plane of the annulus. The radius ratio wa<.83 and the aspect
ratio wasI'=47. Velocity vector fields for nonwavy toroidal and helical vortices show the axial
flow winding around vortices. When the axially averaged axial velocity profile is removed from the
velocity field in a meridional plane, the velocity field looks much like it would with no imposed
axial flow except that the vortices translate axially and the distortion of the azimuthal velocity
contours in meridional plane related to the vortices is shifted axially by the axial flow. The velocity
vector fields for wavy vortices also show axial flow winding around the vortices. Again, removing
the axial velocity profile results in a flow that appears similar to that with no axial flow. The path
of the vortices is generally axial, but the vortices periodically move retrograde to the imposed axial
flow due to the waviness of the vortices. The axial velocity of helical vortices, both nonwavy and
wavy, is twice the rotational frequency of the inner cylinder indicating a coupling between the axial
translation of the vortices and the cylinder rotation. Little fluid transport between vortices occurs for
nonwavy vortices, but there is substantial transport between vortices for wavy vortex flow, much
like supercritical cylindrical Couette flow with no axial flow. @999 American Institute of
Physics[S1070-663199)01412-9

I. INTRODUCTION The research described above focused on the first insta-
bility transition from stable Couette—Poiseuille flow to trans-
Pressure-driven axial flow in an annulus between a rotating toroidal or helical vortex flow. Higher order instability
tating inner cylinder and a fixed outer cylinder has severatransitions have been mapped out in the Taylor number-
important engineering applications including journal bear-Reynolds number plane. Early work differentiated only two
ings, biological separation devices, and rotating machineryynstable flow regimes beyond stable Couette—Poiseuille flow
A Centrifugal |nStab|l|ty related to the curved streamlines Ofand Tay|or vortex flow: turbulent Tay|0r vortices and fu”y
the flow results in toroidal Taylor vortices in the annulus. tyrpulent flow with no vorticed'~?® More recent experi-
Taylor's linear stability analysis for cylindrical Couette bW ments identified a rich variety of flow regimes including
can readily be extended to include an axial flow in the annuyransiating wavy vortices, translating helical wavy vortices,
lus for axisymmetric disturbances in a narrow annula”gap  +,rpulent wavy vortices, and vortices with random

or an arbitrarily wide annular gaf? At transition to super- \yavines24-2° Other recent experiments have considered the
critical flow, the flow consists of toroidal Taylor vortices .,.«s transfer character in Couette—Poiseuille #ow.
translating with the imposed axial flow at a theoretical ve- Although the stability of the flow and the variety of flow

L?C'%_ngabOUt, 1.2 t'm?S thel mean \(/je_locny ,Of tr;eh al),('all regimes for cylindrical Couette flow with an imposed axial
ow. c.)naX|slymr'netr|c analysis pre icts pairs of helical g, 1ave been studied in depth, the velocity field has not
vortices with an inclination opposite that of the base flow forbeen studied in detail. Limited hot-wire and laser Doppler

. . 0 .-
axial Reynolds ”“”ﬁbers above a critical vaftie. E_xperl ., velocimetry(LDV) measurements of the time-averaged axial
mental results confirm the appearance of translating toroidal . o ) . .
nd azimuthal velocities at high axial Reynolds numbers in-

vortices at low Reynolds numbers and helical vortices at,. : . '

higher Reynolds numbet8-1% The axial flow stabilizes the dicate that the azimuthal velocity prl%zlfz has very steep gra-

cylindrical Couette flow such that transition to Taylor vortex ?_lenlts nearbbotrt] V\;ﬁns Of_ tlh; annuld ' Thg ratio of thet_

flow occurs at a higher Taylor number than with no axial aylor number 1o e axial Reynolds NUMbET, Tepresenting

flow.11:1214-1Recently, cylindrical Couette flow with an im- the ratio of centrifugal to advective accelerations, has been
' ’ o3When the ratio is large, the

posed axial flow has been used to compare absolutely adﬁseq to characterize the fl ) ) . .
convectively unstable regimés’-2° vortices are strong and their effect is readily apparent in the

velocity field. When this ratio is small, the dominant axial
velocity overwhelms the supercritical vortices resulting in
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culated to the upper constant-head reservoir by a pump. The

|
Inlet .Z/{A//{://////’ | X727 deleterious effect of refraction at the curved inner and outer
7 %i AiZ7Zzh A surfaces of the outer cylinder was eliminated by enclosing
Honeycomg’ ' the outer cylinder in a square glass box and using a fluid
N | having a refractive index matched to that of the glass both as
: the working fluid and to fill the space between the outer
e ' cylinder and the box.
\W\\~\- The working fluid was a mixture of water, glycerol, so-
d=0.89 | — dium iodide to increase the solution’s refractive index, and
di=8.68 T trace amounts of sodium thiosulfate to prevent a yellowish
P! ! tint in the solutior®* Silver-coated hollow glass spheres
Outer —T do=10.46 L=41 (Potters Industries, NJvith an average diameter of 14m
Cylinder ' were added as seed particles in a volume concentration of
: 1.0X 10 *. The particles had a density of 1.6 gfrwhich
o~ Cl;ll?nedrer was slightly less than the density of the working solution,
Glass Box ;l ' 1.62 glcni as measured with a hydrometer. The particles
EZ ] . J reflect the light uniformly in all directions and were small
Outlet1+ Z== —W s enough to stay in suspension for several hours and accurately

follow any velocity fluctuations in the flow? The nominal

FIG. 1. Sketch of the experimental apparatus. Dimensions are in cm. kinematic viscosity of the solution was 3430 % m?s.

The fluid temperature was measured before and after each
experiment and varied by no more than 2 °C. The viscosity

field for cylindrical Couette flow with an imposed axial flow. o .
We are particularly interested in the axial translation of vor-Was measured at the beginning and end of each experiment
P y using a Canon—Fenske viscometer.

B . e et 16" s paper he il Reynods number s dfine s
averaged, single point hot-wire .;;md LDV measurements foﬁe.z\Nd/V' wherew is the. average axial velocity based on the
this flow3b‘32 we used PIV to provide time-resolved mea- ax_lal volur_ne flow ratgd is Fhe width of the annular gap, and

' v is the kinematic viscosity. Although the Taylor number,

Sf;ﬁ?i?i:fﬂ;w Ir:atjciﬁle?r:grsxglljrvﬂgggrgmznr&eirﬂ& r('jaelwhich relates the centrifugal forces to the viscous forces, has
P : ’ geveral different forms, we usea=r;Qd/v. wherer; is the

ams_ymmetnc and nonaxlsymmetrqwav_y or helica vortex radius of the inner cylinder ard is the rotational velocity of
regimes, whereas previous computational work was purel¥he inner cylinder. This form of the Taylor number, often

: ;33
axisymmetric’ called a rotating or inner Reynolds number, is used because
it is simple and consistent with the form used in several
recent studie$?82%3637|n a typical series of experiments,
The flow system consisted of two concentric cylinders,the axial Reynolds number was set using a valve downstream
an inner rotating acrylic cylinder and an outer glass cylinderof the flow cell. Then the speed of the inner cylinder was
with diameters 2,=8.680-0.003cm and £2,=10.46 slowly, linearly ramped to obtain the desired Taylor number.
+0.03cm, respectively, as shown in Fig. 1. The resultingThe flow was allowed to reach steady state, usually about 15
gap width wasd=r,—r;=0.89 cm, and the radius ratio was min after reaching the desired rotation rate, before taking
n=r;/r,=0.83. The inner cylinder was driven by a stepperdata. We estimate the uncertainty in the Reynolds number
motor allowing computer control of the rotational speed ofand Taylor number to be 3% to 4%, primarily due to varia-
the inner cylinder to better than 0.1%. The two cylinderstions in fluid viscosity and uncertainty in the dimensions of
were held concentric by aluminum endcaps. The ratio of thehe apparatus.
length of the annulus to the gap width whs=46.6. The The flow velocities were measured using a TSI, Inc. Par-
working fluid flowed from an upper constant head reservoitticle Image Velocimetry(PIV) system based on cross-
into a deep annular groove in the upper endcap through fourorrelating a pair of images, thus eliminating directional am-
tangential inlet ports to provide circumferentially uniform biguity. An electronically shuttered 10 W argon laser was
flow. The fluid then passed through a flow-straightening secused to illuminate a meridional plane. The laser sheet had a
tion in the upper endcap consisting of two honeycomb secthickness of 0.2 mm with=0.5% variation in thickness in
tions (0.5 cm thick with a cell diameter of 0.1 gron either  the measurement field and was carefully aligned in a meridi-
side of a 2:1 contraction section to straighten the flow and tmnal plane to avoid anomalous apparent radial velocity com-
provide an end boundary condition in the test section ofponents caused by the azimuthal path of the particles through
nearly axial flow with minimal radial and azimuthal velocity the thickness of the laser sheet. Since the through-sheet ve-
components. The fluid exited the flow cell via a deep annulatocity in the azimuthal direction was so much larger than the
groove in the lower endcap. The axial volume flow rate wasneasured axial and radial velocities, care was taken to assure
controlled by a valve downstream of the flow cell and mea-that the laser sheet timing was short enough and the laser
sured with an electromagnetic flowmet@urbo Instruments, intensity great enough to capture a largely overlapping popu-
model MG71) at the exit of the flow cell. Fluid was recir- lation of particles in two consecutive images, even near the

Il. EXPERIMENTAL APPARATUS AND PROCEDURE
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25 gimes, since that was not the purpose of this study. The
power spectrum of stable Couette—Poiseuille fl@P) is
20 featureless. The spectrum of nonwavy, nonhelical laminar
vortices (LV) exhibits a single spectral peak related to the
15 axial translation of vortices through the measurement region
Re along with higher-order harmonics. Wavy vortex fl§WwV)
. exhibits peaks related to the axial translation of vortices and
the azimuthal waviness as well as linear combinations of
5 these frequencies and their higher harmonics. Under certain

conditions, the waviness takes on a random charéiaf/)
characterized by a broad fundamental peak. Toroidal and he-
100 120 140 160 180 200 220 240 lical vc_)rt|ces cannot b_e e_a5|ly_ _dlfferentlated using _spef:tral
Ta analysis but are readily identified from flow visualization
using a very low concentration of reflective titanium dioxide

FIG. 2. Conditions at which experiments were conducted in the Ta-Recoated mica flakés (5-25 um across and about 0,am
plane. Curves indicate approximate boundaries between flow regimes. Rehick, Superpear| 120c, Mearl CO)“p.

gimes include nonvortical Couette—Poiseu{l&P) flow (-), nonwavy lami-

nar vortex(LV) flow (@), wavy vortex(WV) flow (O), nonwavy helical

vortex (HV) flow (A), helical wavy vortex(HWV) flow (A), and random Il. VELOCITY VECTOR FIELDS
wavy vortex(RWV) flow (). ’

The raw velocity vector fields in the frame of reference
of the apparatus are useful in obtaining a general sense of the
inner cylinder where the through-sheet velocity is greatest. Alow field, but since the axial velocity related to the vortices
TSI, Inc. Cross-Correlation CCD camera positioned perpenis about the same magnitude or less than the axial velocity
dicular to the laser sheet was used to record the particlassociated with the imposed axial flow the vortices are diffi-
images in the illuminated plane about one-third of the flowcult to detect visually. One option is to view the vortices
cell height from the bottom of the flow cell, in the middle of with the spatially averaged axial velocity subtracted from the
the region where the flow is fully developed. velocity field*! which is equivalent to viewing the vortices
Images were acquired with a custom-written image acin a reference frame translating at the average axial velocity
quisition program that allowed arbitrarily sized images to beof the flow. This permits the identification of individual vor-
collected at 30 Hz until the computer's memory was com-tices so that their motion can be followed, although the de-
pletely filled. Two different types of measurements weretails of the vortex velocity field can be somewhat distorted,
made in order to study both the spatial as well as the temparticularly near the walls of the annulus. Instead we sub-
ral dependence of the flow. For the spatial measurementgiacted the axially- and temporally-averaged axial velocity
~180 image pairs measuring 640 axially by 210 radiallyprofile (w), which is a function of radius, from the velocity
pixels were captured at a net rate of 15 Hz. The time betweewector field. By removing the superposed axial velocity pro-
laser pulses for an image pair was 0.008—-0.010 s. Velocitfile, the distortion of the vortex velocity field by the axial
vectors were calculated at a grid of 31 points in the axialvelocity profile is minimized making details of the vortices
direction and 9 points in the radial direction using an inter-more clearly evident.
rogation region of 32 by 32 pixels. For frequency measure-  The normalized time- and space-averaged axial velocity
ments, as many as 9000 small image pairs located at therofile that was subtracted from the instantaneous velocity
center of the spatial measurement area and measuring #@ld is shown in Fig. 3 for all five vortical flow states along
pixels axially and 32 pixels radially were sampled at 15 Hz.with the theoretical axial velocity profile for stable, laminar
The critical Taylor number at the onset of Taylor vortex annular Poiseuille flow. The averaged velocity profiles for
flow for »=0.83 with no axial flow isTa,= 102, based on a unstable flow are remarkably similar to the stable theoretical
cubic spline fit to the data provided by DiPrima and velocity profile. The only difference seems to be the slightly
Swinney?® The parameter space investigated in this paper isuller velocity profile near the inner cylinder resulting from a
100<Ta<215 and 1.6.Re<23. This parameter space in- slight shift of the velocity profile toward the inner cylinder,
cludes several different flow regimes previously identifiedapparently due to vortical transport of axial momentum to-
using flow visualization and spectral analysis of the lightward the inner cylinder and consistent with previous hot-
reflected from the seed particles in the flow figld®?°Fig-  wire studies’®3! Also noteworthy is that the velocity profiles
ure 2 indicates the conditions in the Taylor number-Reynoldsor the five different vortical flow states are quite similar to
number plane at which measurements were made. The natus@e another. Together these two results indicate that the vor-
of the flow at those values was based on spectral analysis @tal flow has only a very small effect on the axial velocity
the axial and radial velocity data sets using 9000 image pairgrofile and that the effect is largely independent of the details
similar to the methodology to detect the flow regime basedf the vortical flow state.
on laser Doppler velocimetry and reflected light
measurements:*° The curves show the approximate bound-
aries between flow states, but these boundaries are not in- An example of the time series of the velocity field for
tended to represent the exact demarcation between flow reonwavy, nonhelical laminar vorticedV) with the axial

A. Nonwavy vortices
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FIG. 3. The normalized average axial velocity profile for nonwavy laminar
vortex (Ta=123, Re=5.3) flow (@, solid curve, wavy vortex(Ta=139,
Re=5.0 flow (O, dashed curye nonwavy helical vorteXTa=129, Re
=14.2 flow (A, solid curve, helical wavy vorteXTa= 167, Re=14.2 flow

(A, dashed cunjeand random wavy vorte&T a=215, Re=23.2) flow (¢,
dot—dash curve All curves are interpolated through the data using cubic
splines. The theoretical velocity profile for stable, laminar annular Poiseuill
flow is shown as a heavy solid curve.

velocity profile removed is shown in Fig. 4. In this and sub-

e
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FIG. 5. Radial and axial velocity vectors with azimuthal velocity contours at
Ta=123 and Re5.3. The upper line in each frame is the rotating inner
cylinder; the lower line is the stationary outer cylinder. The contours repre-
sent the azimuthal velocity normalized by the speed of the inner cylinder,
thus ranging from 1.0 at the inner cylinder to 0.0 at the outer cylinder in
steps of 0.1. The length of the velocity vectols,) divided by the gap
width (d) in the figure represents the velocity normalized by the speed of the
inner cylinder.(a) Velocity field including the axial velocity profile(b)
Velocity field with the axial velocity profile removed.

sequent figures, the velocity field is shown at several time
instants with time progressing from top to bottom. Since the ] ]
velocity field repeats over a readily measured time periodinstant, the flow looks almost identical to nonwavy vortex

the velocity field was ensemble-averaged over several real

low with no axial flow*? For instance, the vortex cells are

izations. The upper line at each time instant represents tHfgéarly square, the outflow is substantially stronger than the
rotating inner cylinder, and the lower line represents the stalnflow, and there is negligible cross flow between vortices.
tionary outer cylinder. Vortex centers are marked with anfNevertheless, the left-to-right axial translation of vortices as

asterisk based on the interpolated position of minimum speegh@pe-constant units from frame to frame resulting from the

in the meridional plane,w¢+v2)*?, using a weighted aver-

age over a X 3 neighborhood of spatially adjacent measure-

ment points. The left to right axial flow is evident from the

axial flow is clearly evident.
Figure 5 shows the azimuthal velocity contours super-
posed on the velocity vector field for the nonwavy, nonheli-

rightward translation of the vortex centers. At any given timeC@l vortices shown in Fig. 4. The length of the velocity vec-
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FIG. 4. Time series for nonwavy laminar vortex flow Ba=123 and Re

=5.3 with the axial velocity profile removed. Time progresses from top to

bottom. The upper line in each frame is the rotating inner cylinder: the lowe
line is the stationary outer cylinder. Time between frames is 1.025 s.

tors (L,) divided by the gap width(d) in the figure
represents the velocity normalized by the speed of the inner
cylinder (v/Qr;=L,/d). Figure 3a) shows the axial-radial
velocity vectors as measured in the frame of reference at-
tached to the apparatus. The left-to-right axial flow is evident
as a strong stream of fluid winding around vortices that do
not fill the annular gap and appear alternately displaced to-
ward the inner and outer cylinders. In our previous papers we
have called this “winding” flow®*** Removing the axial
velocity profile, shown in Fig. &), results in vortices that

fill the gap, are centered in it, and have stronger outflow
regions than inflow regions. In fact, these vortices appear
nearly the same as they would with no axial flow imposed.
As shown in Fig. 3, the spatially averaged axial velocity
profile that has been removed in going from Figa)5to
Figure 8b) is nearly identical to the velocity profile for
stable laminar Poiseuille flow in an annulus. Thus, it appears
that winding flow is nearly a linear superposition of annular
Poiseuille flow and nonwavy Taylor vortex flow.

The azimuthal velocity component for nonwavy flow
can be calculated numerically from the radial and axial ve-
locity components using the azimuthal momentum equation
and noting the axisymmetry of the flo¥® The calculation is
performed by resampling the experimental measurements
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onto a uniform grid, finite differencing the azimuthal mo-

mentum equation, and solving the resulting system of linear ~—===— == Sl il
’m

simultaneous equations using matrix methods. The no-slip 7o S u~mmm—— T T T g,

B ol e N el SR

boundary condition is imposed at the inner and outer cylin-
ders. To minimize numerical errors related to random error
in the velocity field data, this procedure works best on en- a
semble averaged velocity fields. Since the shapes of the vor-
tices do not change, the velocity fields can be averaged over
the entire data set by shifting each data set axially by an
amount equal to the axial propagation distance of the vorti-
ces relative to the first set to generate an ensemble averaged
velocity field. The resulting azimuthal velocity contours in
Fig. 5 are distorted from the straight horizontal contours that
would appear if no vortices were present. The cause of the b
distortion of the azimuthal velocity contours is clear from the 6. 6. Radial and axial velodit ors for helical vortéay) fiow at
: H . o. | n Xlal v Ity v I r | V W
Iovyer part .Of the .flgure’ where the axially averaged mead?a: 129 aidaRZM.g. '?heeczfltgur:creoprsescént fhgzzi;ute:al)ve?ocig nor-
axial velocity profile has been subtracted from the VeClorSplized by the speed of the inner cylinder, thus ranging from 1.0 at the inner
The vortices advect high azimuthal momentum fluid fromcylinder to 0.0 at the outer cylinder in steps of Q4. Velocity field includ-
near the inner cylinder outward and low azimuthal momendng the axial velocity profile(b) Velocity field with the axial velocity profile
tum fluid from near the outer cylinder inward. When an axial r_emoved. The length of_the velocity vectors divid_ed by the gap width in the
flow is present, the extrema are somewhat downstream of ﬂ_{l ure represenA:0.5 tlmeithe ve_locny normallzt_ed by the _speed of the
’ er cylinder for(a) and A=1.25 times the velocity normalized by the

inflow or outflow regions. This result is different from that speed of the inner cylinder fdb).
for nonwavy Taylor vortex flow with no axial flo%¢ where
the extrema in the bulges of the contours are exactly aligned
with the inflow or outflow regions between vortices. The
imposed axial flow transports azimuthal momentum down{ocation of the extrema in this case are shifted more than in
stream at the same time that it is being carried radially, shift¥ig. 5, so that they are nearly aligned with the vortex centers
ing the extrema in the azimuthal velocity contours down-rather than the inflow—outflow regions demonstrating the
stream from the radial outflow regions. Measurements astrong effect of the axial flow on the radial transport of azi-
other axial Reynolds numbers clearly show that the offset ofnuthal momentum.
the extrema from the inflow—outflow regions increases with  The measurements shown in Figs. 5 and 6 and similar
the axial flow rate confirming that the shift in the extrema ismeasurements for the LV and HV flow regimes have some
a result of the axial transport of azimuthal momentum. general trends. First, the inflow and outflow regions consist

At higher axial Reynolds numbers for which the vorticesalmost entirely of radial velocity once the axial velocity pro-
become helical, the character of the flow field changes sigfile has been removed, indicating that there is very little axial
nificantly as shown in Fig. @), where the velocity normal- transport between vortices due to the vortical motion itself.
ized by the speed of the inner cylinder is equal to a scalindNearly all of the axial fluid transport between vortices is a
factor A times the length of the velocity vectors divided by result of the imposed axial flow. Second, the vortical flow
the gap width ¢/Qr;=AL, /d). The stronger axial flow re- advects high azimuthal momentum outward from the inner
lated to the higher axial Reynolds number necessary taylinder and low azimuthal momentum inward from the
achieve helical vortices is evident in the seeming disappeawuter cylinder. This effect increases with increasing Taylor
ance of the vortices altogether for the velocity field as meanumber as the vortices get stronger. Third, the axial flow
sured. Here the imposed axial flow is so strong that it overadvects the azimuthal momentum, axially shifting the mini-
whelms the velocity related to the vortical motion. The onlymum and maximum displacement of the azimuthal velocity
evidence of the vortices is the sinuous nature of the axiatontours downstream. Finally, when the axial velocity profile
flow. However, when the axially averaged mean axial velocis removed, the vortices remain centered in the annulus re-
ity profile is subtracted from the data, the vortices are readilygardless of the axial Reynolds number. Thus, the appearance
apparent, as shown in Fig(l§. The vortices appear similar of a winding flow in a frame of reference attached to the
to those in Fig. &), in spite of their being helical rather than apparatu$Fig. 6(a)] is simply due to the superposition of the
toroidal. The azimuthal velocity component was calculatedannular axial flow and the vortical flow. The ratitae/Re,
for nonwavy helical vorticegHV) in the same manner as which represents the relative strength of centrifugal effects to
was done for the nonhelical vortices. In this case the axisymaxial momentum effects, is useful to characterize the nature
metry is broken by the helical inclination of the vortices, butof the flow field in the reference frame attached to the
since the helical inclination is slight, less than?8%2the  apparatus>*® For Fig. 5a), Ta/ Re~23 is large indicating
resulting error is minimal if axisymmetry is assumed. Againrelatively strong vortices that, though displaced toward the
the azimuthal velocity contours are distorted by the axialWwalls of the annulus, are readily evident in the figure. How-
flow, but not nearly so much as at the lower axial Reynoldsever in Fig. 6a), Ta/ Re~9 is smaller indicating stronger
number in Fig. 5 in spite of the similar Taylor numbers. Thisaxial flow resulting in a winding flow without visible vorti-
effect can be attributed to the higher axial velocity. The axialces.
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FIG. 7. Radial and axial velocity vectors for wavy vorté#/V) flow at Ta=139 and Re-5.0. Frames are shown for 9 time stgfi®m top to bottom
spanning the period of one traveling wave, with the first and last frames representing the same phase in the traveliag\Wetaty field including the
axial velocity profile.(b) Velocity field with the axial velocity profile removed. The arrow in the lower right corner represerfts Q.2

B. Wavy vortices locity field at nine time instants is shown with time progress-
ing from top to bottom. Eight time instants correspond to the

muthal waviness. In this case, ensemble averaging the veloP€riod of one azimuthal wave of the wavy vortex, so that the
ity fields without removing the features of interest is quite first and ninth frames depict the same phase of the azimuthal

difficult since two phenomena, axial translation and azi-vave. Comparison of the first and lastinth) frames illus-
muthal traveling waves, occur at incommensurate frequendates the axial translation of the vortices over the period of
cies. As a result, there is no time period over which theone azimuthal wave. Before the axial velocity profile is sub-
velocity field will repeat exactly. So averaging was carriedtracted from the vectors, the winding axial flow is clearly
out by ensemble averaging consecutive image pairs over @vident in Fig. Ta). The nonuniform translation velocity of
time period of 4% of the azimuthal wave period, which the vortices is evident after the axial velocity profile is re-
ranged from one image pair to four image pairs. We considefmoved, as shown in Fig.(). For instance, the counter-
three cases of wavy vortex flow: Wavy toroidal vortices, clockwise vortex on the left side of the first frame moves
wavy helical vortices, and random wavy vortices. downstreantright) in frames 1-4, but then moves upstream
The velocity field for nonhelical wavy vortedVV) flow  in frames 5 and 6, before continuing downstream in frames
is shown in Fig. 7. Here and in subsequent figures, the ve7—9. The retrograde motion is related to the azimuthal wavi-

At higher Taylor numbers the vortices acquire an azi-
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ness. In the case of no axial flow, the traveling wave passinthe flow gives way to random wavy vorteRWV) flow.
through a particular meridional plane results in the appearThis flow is characterized by wavy vortices that change
ance of the vortex center oscillating axiaffy/In Fig. 7(b), shape rapidly, may be helical or toroidal, and often display
the axial oscillations related to the azimuthal traveling wavedislocations where a two vortex pairs on one side of the
add to the axial translation of the vortex due to the axialcylinder appear to merge into a single vortex pair on the
flow. When the portion of the vortex in the meridional mea- opposite side of the cylindéf. The velocity vector fields
surement plane is moving axially against the axial flow, theshown in Fig. 9 depict the random nature of the flow. At
vortex center moves retrograde to the axial flow. Thus, thesome time instants, for example frames 4-6, the flow is simi-
vortices in Fig. Tb) oscillate axially due to the passage of lar to that for helical flow in Fig. 8. Before subtracting the
the azimuthal waviness of the wavy vortex, while continuallyaxial velocity profile, the fluid appears to wind around vor-
making progress in the same direction as the net axial flowtices, shown in Fig. @). After subtracting the axial velocity

A fundamental difference between wavy vortex flow andprofile, shown in Fig. &), the transfer of fluid between vor-
toroidal vortex flow, each with no imposed axial flow, is that tices characteristic of wavy vortex flow are evident in frames
a significant portion of fluid is transferred from one vortex to 4—6, although the flow is less well ordered than in Fig)8
another for wavy vortice®*® whereas toroidal vortices are But at other times, the character of the flow is much differ-
essentially closed cells. When the axial velocity profile isent. The vortices are not evident at all for some time instants
subtracted from the vector field the cyclic transfer of fluid before the axial velocity profile is removed from the data
between vortices inherent in wavy vortex flow without an[frames 2 and 3 in Fig. @]. The velocity fields with the
imposed axial flo#? is apparent, as shown in Fig(J. The  axial velocity profile removed. Fig.(B), demonstrate the
cycle of transport between vortices is evident when one conrandomness in the flow even more clearly. The vortices often
siders a particular vortex, say the leftmost vortex in the firsichange substantially in shape, size, and separation as they
frame. At certain times during the cyclérames 4-Y the translate axially. In some framés, 2, 4, and § a net axial
vortex grows as it fills with fluid from neighboring vortices, flow apart from the imposed axial flow is evident. At times
while at other timegframes 1, 2, 8, and)dt shrinks as it the vortices appear strong and fill the annulitames 5 and
loses fluid to its adjacent vortices. Similar growth and7), while at other times the vortices are quite wetkmes 2
shrinkage of wavy vortices occurs when there is no axiaBnd 3, displaced against one walirame 4, or displaced
flow.*? However, at certain instants during the cycle of oneagainst opposite wallframes 1 and 6
wave passing the measurement plane in the case of no im- We have observed dislocations where one vortex catches
posed axial flow, there is an instantaneous net axial flow agp with the next downstream vortex so that they are side by
fluid winds around vortices. This type of instantaneous axiabide at the same axial location but are substantially weaker
flow related to the waviness is not apparent in Fi¢o)7 than the surrounding vortices upstream or downstream of
although it does appear at higher Taylor numbers even witthem. The side-by-side vortices obliterate each other and dis-
an imposed axial flow. appear as a pair to maintain the counter-rotation of the re-

At higher axial Reynolds numbers the vortices are heli-maining vortices. It is likely that this dislocation mechanism
cal wavy vorticegHWV). Figure 8 shows wavy helical vor- is related to the interaction between the axial transfer of fluid
tices at Ree14.2 andTa= 167, somewhat above the transi- characteristic of wavy vortices and the imposed axial-
tion to waviness. The flow winding around the vortices isthrough flow.
quite evident before the axial velocity profile is removed It is difficult to observe any oscillations in the axial po-
from the data, shown in Fig.(8. When the axial velocity sition that could be related to the axial motion of the vortex
profile is removed from the data, shown in Figbg the flow  center due to the waviness of the vortex in Fig. 9, though
closely resembles that of wavy vortex flow without an im- flow visualization using reflective flakes and frequency mea-
posed axial flow in that there is significant transfer of fluid surements based on PIV data clearly show the presence of
between adjacent vortices at certain points in the cycle. Invavy vortices with a random character. Apparently the axial
addition, there are instances where there is a net axial flounotion due to the waviness is so much smaller than the axial
winding around the vortices even after the axial velocity pro-motion of the vortices due to the imposed axial flow and is
file has been removed, similar to the case with no axiaBo random in its occurrence that it is not detectable within
flow.*? For instance, in frame 3 fluid winds around the vor- the resolution of our measurements.
tices to the left, opposite to the net axial flow.

The helical nature of the flow is not evident from the
meridional plane velocity field shown in Fig(l8, and the
waviness of the flow is somewhat difficult to detect from the Based on the velocity vector fields, various spatio-
velocity field. However, close examination of the leftmosttemporal properties of the Taylor—Couette flow with an im-
vortex in frame 1 indicates that the vortex moves to the righipposed axial flow can be examined. We first address the
more slowly in frames 1-3 than in frames 4—6, slowingwavelength of the vortices and their axial motion. The axial
down again in frame 7 before it exits the measurement dovelocity of a vortexw,q.ex, iS related to the wavelength of a
main. Furthermore, the power spectrum of the velocity fieldvortex pair,A, and frequency of vortices passing a point due
clearly shows an additional peak characteristic of the wavito the axial motionf ., throughw,,q;te,= A f .
ness. Consider first the frequency due to the axial translation

At higher Taylor numbers and axial Reynolds numbersof vortices,f,,, calculated from the power spectrum of the

IV. FLOW STATE PROPERTIES
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FIG. 8. Radial and axial velocity vectors for helical wavy voriéRVV) flow at Ta=167 and Re=14.2. Frames are shown for 9 time stéffjem top to
bottom spanning the period of one traveling wave, with the first and last frames representing the same phase in the trave(@dAetmaity field including
the axial velocity profile(b) Velocity field with the axial velocity profile removed. The arrow in the lower right corner represerfis Q.2

velocity fields. For nonhelical, nonwavy vortical flofiV), points on this line include all eleven nonwavy helical, wavy
linear stability theory and experiments indicate tligt is  helical, and random wavy vortex statée/o pairs of points
proportional to the average axial velocity of the flow andoverlay each otherfor Re,=14.2 or 22.4 and 122Ta
thereby coupled directly to the axial Reynolds number at<215. Thus, it appears that the axial translation of the heli-
transition to vortical flow?!! But there is a slight depen- cal vortices is directly coupled to the Taylor number, inde-
dence off ,, on Ta for the two LV data points in Fig. 10. For pendent of the axial Reynolds numbéWe intentionally
these two points Re differs by a factor of 2.8, liyt differs  plottedf,, as a function off,. rather than as a function of Ta
by a factor of 2.5. This suggests a slight dependence of th® most clearly show the relation. If Ta is used, slight differ-
axial motion of the vortices upon Ta in addition to depen-ences in viscosity from experiment to experiment result in
dence on Re, once Ta is above that for transition to vorticaslightly more deviation from the linear fit through the data.
flow. We are aware of no theoretical basis for this relationship,
For helical statesHV, HWV, RWV), the frequency of although some evidence of a linear relationship between the
vortex passagef,,,, is directly related to the rotational fre- frequency for the axial translation of vortices and the fre-
quency of the inner cylinderf;., as shown by the linear quency of the inner cylinder can be extracted from the results
relation in Fig. 10. The least-squares line fit to the helicalfor stability analysis for helical vorticesThere are too few
states isf = 2.01f,. with an R? value of 0.9998. The data data points for nonhelical wavy vorticé#/V) to determine
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FIG. 9. Radial and axial velocity vectors for random wavy vortBXxVV) flow at Ta=215 and Re-23.2. Frames are shown for 9 time stéfrem top to
bottom spanning the period of one traveling wave, with the first and last frames representing the same phase in the trave(@dAetmaity field including
the axial velocity profile(b) Velocity field with the axial velocity profile removed. The arrow in the lower right corner represerfis Q.2

the dependence of the vortex passage frequency on inngbrtices for Rg,=14 and 12ZTa<152 (large trianglel
cylinder rotation. For the five data points at low Ta there is a linear dependence

Figure 11 shows the wavelengihof a pair of vortices  of the pair height on the Taylor number as shown by the

normalized by the gap width. The vortex pair wavelengthgjnear regression fit in Fig. 11 for helical and weakly wavy
were calculated by finding a maximum in the autocorrelanor*.nelical vortices. The linear trend

of the radial and axial velocity components and are, there ' broken betwega
fore, based on the velocity field across the entire gap width,_ 152 andT'a= 160 where the pair height suddenly increases

. 0 . ) ]
The results are consistent with the approximate flow visual-by 20%. There are 00 few data points at other axial Rey

ization measurements at similar Reynolds and TaylornOIdS nhumbers to determme if similar tre_nds oceur.
numberg® Clearly there is substantial variation in the vortex ~ 1h€ VOrtex translation speed normalized with the aver-
pair height. At transition from stable flow to nonhelical Tay- @9€ axial velocity shown in Fig. 12 was determined from the
lor vortex flow the theoretical pair height is almost exactly Vortex pair wavelength and the frequency of axial passage of
2d for »=0.83% In nearly all cases, regardless of the struc-VOrtices,Wyorex=Afay. We also include data obtained in an
ture of the vortices, the wavelength is less than this value fogarly similar study in our lab based on the translation speed
Taylor numbers above the critical Taylor number. This trendof the vortex centers for 8Re,, =33 and 11&Tas< 3204

is particularly evident for a particular series of data, helicalClearly, the normalized velocity of the vortices is indepen-
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FIG. 10. Frequency of vortex passadg,, as a function of inner cylinder
frequencyf;.=Q/2m, for nonwavy laminar vorteXLV) flow (@), wavy
vortex (WV) flow (O), nonwavy helical vortexHV) flow (A), helical wavy
vortex (HWV) flow (A), and random wavy vortefRWV) flow (<¢). The
trend line for helical and random wavy states is for conditions of,Re
=14.2 or 22.4 and 122Ta<215.
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FIG. 12. Vortex translation speed normalized by the mean axial velocity as
a function of Ta/Re for nonwavy laminar vortéxV/) flow (@), wavy vortex
(WV) flow (O), nonwavy helical vortexHV) flow (A), helical wavy vortex
(HWV) flow (A), and random wavy vortefRWV) flow (< ). Large sym-

bols are results from frequency of vortex passégarrent study, small
symbols are from measurements of vortex spgeef. 41).

dent of the flow regime, the axial velocity of the fluid, and above the critical Taylor number. At the lowest ratios of
the parameters of the flow. Plotting the same data against Rea/Re (Ta/Re<12), the normalized vortex velocity remains

or Ta rather tharm a/Re, results in a similar random distri-
bution of data.

within a smaller band than at higher ratiosTad/Re. Perhaps
the relatively strong axial flow carries the vortices along with

The theoretical vortex translation speed for nonwavy to-t largely unaffected by the character of the vortices for low

roidal vortices is also shown on Fig. $2The theoretical

ratios of Ta/Re. At larger ratios off a/Re, the vortical flow

value of w1/ W=1.17 is based on linear interpolation of is prominent so that it may exert a stronger influence on the

the theoretical results for a radius ratio p¥ 0.83 at axial

Reynolds numbers from 1(6he minimum Reynolds number
that we consideradto 20 (the maximum Reynolds number
for which the analysis is valid The experimentally mea-

axial translation of vortices. An example is the nearly sta-
tionary wavy vortices Wyoitex=0) at 43=<Ta/Re<53. An
island of nearly stationary vortices within the region of trans-
lating vortex flow has been noted by other researcHAs,

sured vortex translation speeds for toroidal vortices are nedut the vortices were helical, not wavy. Stationary nonheli-
the theory in some cases. The deviation of the experimertal, nonwavy vortices have also been observed in two-liquid
from the theory in other cases is most likely a consequencéiows* and under the condition of very low Reynolds
of the theory being applicable only at transition from stablenumber'® In any case, no explanation has yet been offered
to supercritical flow, whereas the experimental data is wellegarding the physics behind the appearance of nearly sta-
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FIG. 11. Vortex pair wavelength as a function of Taylor number for non-

wavy laminar vortexLV) flow (@), wavy vortex(WV) flow (O), non-wavy
helical vortex(HV) flow (A), and helical wavy vorteXHWV) flow (A).

The wavelength for random wavy vortex flow could not be measured due to

the randomness of the flow. Large symbols are data points ferlReThe
line indicates a trend in the Rel4 data at low Ta.

tionary vortices in certain small regions of the Raparam-

eter space. The vortices in this case appear nearly as they
would with no axial flow at all. The vortex centers follow
nearly closed elliptical paths along the centerline of the an-
nulus, which is typical of wavy vortex flow with no axial
flow.*?

The absence of any trend in the data in Fig.(d2when
the same data is plotted versus Re of 3iaggests that there
is no general relationship between the vortex translation
speed and the axial velocity of the fluid, even though at
transition to vortical flow an exact relation exists. The strong
dependence of supercritical cylindrical Couette flows on star-
tup condition® and details of the apparatus, suggests that
the vortex translation speed, like the general character of
supercritical wavy vortex flow, is strongly dependent on geo-
metric details of the apparatus and/or the procedure to reach
the final operating conditions.

Recent measurements of the velocity field in wavy Tay-
lor vortex flow with no axial flow have shown that signifi-
cant fluid volume is transferred axially across vortex bound-
aries due to fluid winding around the vortic¥s.The
direction of the axial transfer of fluid due to the waviness is
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the same as the direction of the axial displacement of the 0.15
vortices due to the waviness. The instantaneous axial Rey-
nolds number related to the axial flow between vortices with @ 010 -
no imposed axial flow can be as large as the axial Reynolds @
number due to the imposed axial flow in this paper. Thus, a 2 %051 .
key question is the relative importance of the instantaneous ,C_E 4
axial transfer of fluid between vortices that is due to the o % by L2
waviness of the vortices compared to the imposed axial flow. E s A
To address this issue, the volume flow rate across a vor- < 005y * ° :
tex boundary was determined as a fraction of the volume g . |
flow rate due to the imposed axial flow by finding the net ="
fluid volume transferred across a vortex boundary after the 0.15 ‘ ‘ , ,
axially averaged axial velocity profile was removed from the 100 120 140 160 180 200
velocity field. We calculate the net volume of fluid flowing @) Ta
across a vortex boundar@,e, for a situation like that 0.30
shown in Fig. 8) over several azimuthal waves. This is 8
done by first finding the vortex boundary, defined as the 50‘25 L o 8
instantaneous axial location at which extrema in the radially ©
averaged radial velocity occycorresponding to radial in- %o.zo -
flow and outflow regions This is followed by numerically = © A
integrating the axial flow across that axial position to Qgf; © 0.15 1
at that instant. The time-averaged volume of fluid trans- E *
ferred, (Q), represents the net average axial flow rate 010 . .
across vortex boundaries. The net volume transferred be- © N
tween vortices is expressed as the net flow rate across vortex |2 %% boa A
boundaries normalized by the flow rate of the imposed axial
0.00 ‘ : ‘ '
flow, or 100 120 140 160 180 200
(®) Ta
& FIG. 13. Volume flow rate across vortex boundaries as a fraction of the
WW(rg— r|2) ' axial volume flow rate for nonwavy laminar vortékV) flow (@), wavy

vortex (WV) flow (O), nonwavy helical vortexHV) flow (A), and helical

The net volume transferred represents fluid flowing acros&avy vortex(HWV) flow (A). (&) Net volume transferredb) Total volume
. . . transferred.

the vortex boundaries due to the difference between the in-
stantaneous axial velocity profile at the vortex boundaries
and the time averaged axial velocity profile. In addition t0gma)| indicating nearly independent vortex cells. Again this
the net fluid volume transferred across vortex boundaries, thgssyit is surprising given the axial velocity profile, and it
total volume transferred across the vortex boundaries can bﬁjggests that the vortices are quite robust in spite of the
calculated based on the absolute value of the difference bgynosed axial velocity. Nevertheless, this result is consistent
tween the instantaneous velocity profile at the vortex boundgith the appearance of the velocity field after subtracting off
ary and the time averaged axial velocity profile. Since thne mean axial velocity profile. For wavy vorticéspen
total volume transferred between vortices includes flow imosymbols) the fractional volume transferred is significant
and out of a vortex at the vortex boundary, it represents thghich is consistent with the high degree of fluid transport

degree of mixing of fluid between vortices. ~ between vortices characteristic of wavy vortices with no im-
The net fractional volume transferred between vortices iSosed axial flowr?

shown in Fig. 18a). Negative net volume transferred indi-
cates that fluid is transferred upstream, an_d vice versa. IQ. SUMMARY
nearly all cases, the net volume transferred is less @%b
of the imposed axial flow rate. This small net volume trans-  Previous research has shown a rich variety of flow re-
fer indicates that the flow is indeed very nearly a superposigimes that can occur for cylindrical Couette flow with an
tion of the vortex motion and the axially averaged axial ve-imposed axial flow, depending upon Taylor number and
locity profile. This is a somewhat surprising result in that oneReynolds numbers. It would seem likely that the interplay
might expect the no-slip condition on the axial velocity pro- between the imposed axial flow and the Taylor vortices
file to cause some sort of distortion of the vortices that couldvould result in significant distortion of the vortices. The ve-
lead to transfer of fluid across vortex boundaries, especialljocity fields for nonwavy vortices show the axial flow wind-
given that the vortex translation velocity can be quite differ-ing around vortices or even overwhelming the vortices so
ent from the average axial velocity of the fluid. that the vortices are not even apparent. But when the axial
The total fractional volume transferred across vortexvelocity profile is removed, the velocity field in a meridional
boundaries is indicated in Fig. 8. For nonwavy vortices plane looks much like it would with no imposed axial flow
(filled symbols, the total volume transferred is relatively except that the vortices translate axially and the distortion of
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