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Abstract

Instantaneous torques driving the turbulent flow between two rotating disks equipped with blades and enclosed in a fixed cylin-
drical cell are measured. The flow is studied by varying the rotational frequency of one stirrer while the other is set to a fixed
rotational frequency. Many flow configurations, defined as the rotational frequency ratio S of the disks are studied from the co- to
the counter-rotating regimes. For the entire range of S, the driving torques, means and fluctuations give a satisfactory match with
similarity laws having no dependence on the Reynolds number. This allows the study to be restricted in the range S = [—1; +1].
In the detail, the counter-rotating regime seems to be insensitive to the Reynolds number in the range —1.33 < S < —0.69 that
correspond to the well known two cell structure configuration. On the contrary, a significant dependence with the Reynolds number
is found for the co-rotating regime. Flow transitions marked by strong torque fluctuation crisis are observed for both the co- and
counter-rotating regimes. Mean flow visualization elucidates the flow topology corresponding to these transitions.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The flow between two rotating disks is of practical importance in many industrial devices. From a fundamental
point of view, this flow is very complicated, and depends drastically on the boundary conditions [1]. Simple questions
such as: does the flow still rotate for very high Reynolds numbers in the counter rotation regime? have stood as a
major problem' [2]. Most studies, theoretical, experimental or numerical are devoted to the problem initially set by
von-Kéarman: the flow between two infinite smooth disks. When the disks are not infinite, the condition imposes severe
constraints on the flow leading to very different solutions [3]. With smooth disks, it is established that within the case
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1 This theoretical problem opposed G.K. Batchelor and K. Stewartson in the 50’s. Both point of views have been then unified because of the
non-unicity of the solutions [3].

0997-7546/$ — see front matter © 2006 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.euromechflu.2006.05.004



0. Cadot, O. Le Maitre / European Journal of Mechanics B/Fluids 26 (2007) 258-270 259

(A)
fr @ Top disk
Lr RN | RSSSSYY 30mm
——
NI
o | H =320
[ V : i /=65 mm
E D N 190mm i &= rr}n'/ h=17 mm
i~ d >|
ZB\E éﬁL E " @=175 mm I
] 1 N
AN Y | . (b)

+fa @ Bottom disk

(a)

Fig. 1. Cross section (a) of the cylindrical experimental cell. The total volume of fluid is contained within a surface X' consisting itself of three
parts. A fixed part (dashed line) of surface Xy corresponding to the wall’s cell, and two rotating parts corresponding to X1, the surface of the top
disk and X', the surface of the bottom disk. Detail (b) shows one disk with the arrangement of the six blades.

of the counter-rotating regime, there is a transition for a given Ekman number and rotational frequency ratio from
a one cell to two cell structure (primary reported by Lugt and Haussling [4], and checked numerically by Dijkstra and
van Heijst [3]). This transition corresponds to the emergence of a detached shear layer on the disk having the slower
angular velocity.

The flow considered in this paper, though concerning finite disks, differs from the previous studies because the disks
are equipped with blades pushing the flow (see Fig. 1). This type of flow, and especially in the exact counter-rotating
regime is now extensively used in the aim of studying fundamental aspects of developed turbulence. The reason comes
from appreciable advantages given by a closed flow (compared to classical open flows) and has been successfully used
for the comprehension of turbulence in, for instance: dynamical structures observations [5] and characterizations [6],
global power fluctuations [7,8], drag reduction by polymer additives [9], passive scalar intermittency [10], particule
accelerations [11] and magneto-hydrodynamics turbulence [12]. Particularly, this flow has been found to follow the
Kolmogorov K41 scaling (no viscosity dependency) for the global mean power injection (or mean dissipation) [13,14]
and the global fluctuation of the injected power for the exact counter-rotating regime (S = —1) [8,14].

To our knowledge, only a few articles are devoted to the characterization of the global flow properties in this
geometry (disks with blades) for any S. Marié et al. [15] characterized the mean kinetic momentum by means of
LDV measurements in the exact counter rotating regime (S = —1). Very recently, Ravelet [16,17] explored the flow in
the counter-rotating regime (S < 0) by means of mean global torque measurements and PIV velocity measurements
and found a global transition from a one cell to a two cells flow for § = —0.78 similar to those observed for smooth
disks [4].

An interesting issue for fundamentals in turbulence is the properties of the temporal fluctuations of large scale
quantities [7]. Our system allows for reliable measurement of torque fluctuations due to turbulence [8,14]. Question
as: how does the torque fluctuations depend on the rotational frequency ratio S for both co- and counter-rotating
regimes has not been addressed yet.

The aim of the present work is two fold. First, it is a contribution to the characterization of the flow produced
between disks with blades having differential rotations (for a wide range of rotational frequency ratio S) which has to
be linked with previous available results in the literature about forced flows in the same configuration, but with smooth
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disks. Secondly, we seek for relations between the magnitude of the torque fluctuations and the mean flow structure,
for a given S, by means of flow visualizations.

The characterization is obtained by mean of instantaneous torque measurement on both disks. We are interested
in the evolution of the mean torques and their fluctuations (rms value) for both disks versus the rotational frequency
ratio S. The present work is organized as follow; the experimental set up is first presented in Section 2 and concerns
the experimental geometry, torque measurements and flow visualization. Section 3 is a preliminary and will recall
the momentum budget equation for this geometry [15] as well as some symmetry properties of the flow forcing. The
results are presented in Section 4 and discussed in three parts in Section 5. These three discussions are about similarity
laws, the one to two cells transition for the counter rotating regime and the dependence of the torque fluctuations on
the rotational frequency ratio.

2. Experimental set-up
2.1. Experimental cell

Titon and Cadot [14] have previously described this experimental cell in detail. The turbulence is generated in
a closed cylindrical cell (V = 11 liters) between two rotating stirrers (disk with blades) of radius R = 8.75 cm spaced
a distance H = 320 mm apart (see Fig. 1 for specific sizes). Two DC servomotors regulated by servo amplifiers (from
Parvex) independently drive each stirrer. The motors are configured to keep the disks rotating at constant angular
velocity £2, independently of the torque exerted by the turbulence on the disks. This is done by using a tachymetry
feedback loop, a regulation system that adapts the torque delivered by the motors to maintain the imposed angular
velocity. The time response of the control loop is 0.05 s, implying a high-frequency cut-off of 20 Hz (see [14] for
further details). For lower frequencies, the image of the electric current measured as a voltage output of the regulation
gives an instantaneous measurement of the torque. The electric current is directly proportional to the torque following
the Laplace law. 1 volt of torque signal output corresponds to 0.52 N'm. In the following the torques are presented
in arbitrary units for which 1 AU of torque = 0.52 N m, and the frequencies of rotation are in Hz. The instantaneous
torque delivered by each DC servomotor, I évl (t)and I- TM () are analyzed with a data acquisition board and LABVIEW
software.

For the present experiments the working fluid is always water and only the angular velocities on both disks are
varied. The Reynolds number reaches at maximum, a magnitude of: Re = (|£2p — $2T| R2) / Quwater) < 200000.

2.2. Instantaneous turbulent torque measurements

The drag torque I (¢) due to the fluid flow on the disk i (i = B or T) rotating at the angular velocity £2; is computed
by subtracting from the motor’s torque I"ZM (1), the torque due to the torques of mechanical friction losses Fis which
were measured independently in the empty cell (full of air). We have:

L) =M@ — 15 (2).
2.3. Flow visualization

Visualization is realized by seeding the water with particles (PVC powder), having an average diameter of 150
microns and a density d = 1.35. Since their density is larger than that of water the particles are also used as indicators
of the pressure field in the cell. The cross flow (corresponding to Fig. 1 view) is video taped in a light sheet produced
by a 4 Watt Argon laser. The shutter of the camera is set to 1/6 s and the image rate is 1/50 s (each frame results
from an integration of the flow during a 1/6 s time duration sliding window). The particles appear white on a black
background, and mainly follow the velocity field escaping the large coherent low-pressure region because of their
higher density than water.
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3. Preliminary
3.1. Preliminary: momentum budget equation

The total flow of volume V is enclosed by a fixed cylinder of surface Xw and two rotating disks of surface X'
and Xt (see Fig. 1). Let X = Xw + X + X1 denote the total surface. The budget equation for the momentum taken
from the symmetry axis (A) (see Fig. 1) expressed in cylindrical coordinates system reads:

%//f?/\pﬁdt:—/ (7/\pﬁ)(ﬁ—ﬁs).ﬁdS+//[?Ap§dr-{-//(;7/\%.,7)(15, (1)
v z

) 14

where 7 is the unit vector, normal to the surface and pointing outward the fluid volume, # the local velocity of the
flow, iis the local velocity of the solid wall, o the fluid density, g the gravity and o the total stress tensor. The left-hand
side is the rate of change of the total kinetic momentum. The first term on the right-hand side is the flux of kinetic
momentum through the total surface and is zero since the surfaces are non-porous implying # — iis = 0. The second
contribution is the external volume force torque, only due to gravity here, is also zero since this force is uniform and
the integration performed with respect to a symmetry axis (A) of the system. The third contribution is the momentum
of any surface forces applied on the surface total X'. Since the total surface is basically composed of three individual
surfaces (see Fig. 1): this last term involves three contributions:

/ (F Ag-i)dS = Tp + I + T, )

X

I is the torque exerted on the bottom disk, It the torque exerted on the top disk and Iy is the torque exerted on the
inner wall of the fixed cylinder. The budget equation for the kinetic momentum thus becomes:

ad R -
5///r/\pudt=r]3+1—'”r+rw. 3)
\%4

By taking the time average of Eq. (3), the left-hand side term becomes zero for stationary turbulence which leads to
the simple relationship:

(I') + (I'r) + (I'w) = 0. “4)

The top and bottom time-averaged torques are strongly correlated by the torque exerted on the inner wall of the
cylinder.

3.2. Symmetries

There are two symmetries of interest in this study. The first is in respect of the rotational direction (that we will
refer as the rotational direction symmetry) and the second to the top and bottom exchange (that we will refer as the
inversion symmetry).

The rotational direction symmetry is expressed as:

Is(fB = fo; fr=f)=—1I8(fB=—fo; fr=—1),

I'r(fs = fo; fr= ) =—-It(fs=—fos fr=—1) ®)
and the inversion symmetry is expressed as:

Ig(fs = fo; fr=f)=Ir(fs=f: fr= fo). (6)
4. Results

4.1. Turbulent torques exerted on the disks vs. the rotational frequency ratio

A typical experiment consists of a series of measurements that we call a run (see Table 1). For a run, we set the
rotational frequency of one of the disks to fy and vary the other one with a rotational frequency f. When a stationary
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Table 1
The three experimental runs #1, #2 and #3 with the corresponding ranges of the rotation frequencies for both top and bottom disks. The parameter
S is the frequency ratio

/B fr S=flfo §'=1/s
Run #1 fo=58Hz —-10.6Hz < f <11.5Hz [—1.83;1.98] [...;=0.54]U[0.50;...]
Run #2 —10.8Hz < f < 10.6 Hz fo=5.8Hz [—1.86; 1.83] [...;—0.54]U[0.55; .. ]
Run #3 fo=45Hz —102Hz < f <10.9 Hz [—2.26;2.41] [...;—-0.441U[0.41;...]

regime is reached, we measure the time averaged torque of the bottom disk (/B), and the top disk (I'r). The typical
fluctuations of the torques are measured as the root mean square torques of both forcing devices, we denote them by
8 It for the top disk and 6 I for the bottom disk:

8Pr=/(I3)—(Ir)? and &Iy =,/(IF)— (Is)2

The time durations on which the averagings are performed are long enough (typically 1 to 2 minutes depending on
the rotation frequencies) to insure a good statistical convergence of the torque fluctuations. The measurements are
repeated for different values (about 110 values) of f in the range —2 fy and 42 fj). Three experimental runs were
performed (see Table 1); run #1 and run #2 have an identical fixed rotational frequency fj, but it is imposed by the
bottom disk in run #1 while it is imposed by the top disk in run #2. In run #3, as in run #1, the fixed rotational
frequency is imposed by the bottom disk but with a smaller magnitude. The results are displayed versus the rotational
frequency ratios either defined as: S = f/fo or 1/S = fo/f, where fy always refers to the fixed frequency and f to
the variable frequency of the run. Table 1 lists the variations of both quantities for the three experimental runs.

The rotational frequency ratio S characterizes the flow configuration (for instance: S = 41 for exact co-rotation).
If both the top and bottom rotational frequencies are multiplied by the same factor, S remains unchanged but the
Reynolds number is different. Then, two measurements at equal S in run #1 and run #3, which have different
fo imposed at the same motor, allow for a direct comparison of the torque characteristics at identical flow con-
figuration but different Re. Moreover, in a given run one frequency is held fixed while the other is varied (see
Table 1). As a consequence, each run usually investigates a flow configuration twice due to the inversion symme-
try of the experiment. For instance, in run #3, measurements made at S = —2(fg = 4.5 Hz; fr = —9 Hz) and for
S =—1/2(fg =4.5 Hz; fr = —2.25 Hz) correspond to the same flow configuration but different Re. Thus, there are
two ways to vary the Reynolds number at fixed flow configuration: by selecting a different fy (as done in run #1 and
#3) or by exchanging S by 1/ in the same run. Finally, run #1 and run #2 having the same fj, but imposed to oppo-
site motors, a measurement for one disk at a flow configuration S (resp. 1/5) in run #1 should be exactly equal to the
measurement for the opposite disk at 1/S (resp. S) in run #2, because their Reynolds numbers are equal and because
of the symmetry relation (6). This last correspondence allows for a verification of the actual symmetry properties of
the experimental system.

In Figs. 2(a) and 2(b), we reported respectively the mean and the fluctuating torques of the top and bottom forcing
devices as a function of S = f/fj. Torques are divided by the square of the fixed rotational frequency fo, to define
a “dimensionless torque” with respect to the only variable quantities of the experiments, say the frequencies of ro-
tation. The dimensionless torque is similar to a friction coefficient. However it could be useful for comparison with
other works to introduce the dimensionless « torque defined as I" = /c,o.QgRS. The conversion from our arbitrary
“dimensionless torque” presented in our Figs. 2—4 and « is: k = 2.81 x 1 AU of I'/f2.

The symmetry properties of the apparatus is first checked in Fig. 2(a) for the mean torque, by comparing (I')/ f§
[resp. (I'r)/ fé] measured in run #1 at S to (I'r)/ f% [resp. (IB)/ fTZ] measured in run #2 at 1/S, as discussed above.
To ease the comparison, the measurement of run #2 are plotted as a function of §" = 1/§, such that the symmetry is
directly deduced from the fact that the solid lines (measurements of run #1) and the crosses (measurements of run #2)
are superimposed.

Also, the measurements of run #3 (circles) and run #2 (lines), both plotted as functions of S, while being performed
at different reference frequencies fj clearly superimpose too, suggesting that the “non-dimensional” torques as defined
above only depend on the rotational frequency ratio S and not on the Reynolds number.

The torque fluctuations are shown in Fig. 2(b); even if the superimposition of the measurements of run #1 (lines)
and those of run #2 (plotted as a function of §” = 1/§ with crosses) is not as good as for the mean torque in Fig. 2(a),
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Fig. 2. Torque measurements versus the rotation frequency ratio S. The dimensionless time averaged torques (a) (I°r)/. fl% and (I'B)/ fé are displayed
for two different fixed rotational frequencies of the bottom disk (run #1 and run #3, see Table 1). In (a), (IB)/ f% and (I'r)/ f% measured in run #2
are respectively the symmetric (see Eq. (6)) of (I'T)/ f]% and (I'B)/ f]% measured in run #1. The dimensionless torque fluctuations (b), § 't/ f]% and
8I'B /fé are displayed for two different fixed rotational frequencies of the bottom disk (run #1 and run #3, see Table 1). In (b), /5 / f% and 811/ f%
measured in run #2 are respectively the symmetric (see Eq. (6)) of §I°r/. fé and 61B/ f% measured in run #1.

the inversion symmetry is checked rather satisfactorily. It can be concluded that the experimental set-up provides quite
accurate measurements of the instantaneous torques for run #1 and run #2. However, there is much significant discrep-
ancy in the measured fluctuations of the top disk torque between run #3 (filled circles) and run #2. We believe that this
discrepancy is due to small axisymmetry defects in the mechanical apparatus inducing spurious (non-hydrodynamical)
fluctuations which become significant when the hydrodynamic torque has low magnitude. The contribution of these
defects to the measured fluctuations is essentially negligible in run #1 and run #2. In run #3 on the contrary, exper-
iments are performed at a frequency fp lower than for run #1 and run #2, with lower hydrodynamical torques and
noticeable impact of the defects on the measurements as a result, especially in the low fluctuations magnitudes around
S =—1/2 and S = 1. In fact, the top motor is probably plagued by an axisymmetric mis-balance causing an overesti-
mation of the torque fluctuations at low rotational frequencies. This claim is supported by the fact that these defects
have no impact on the mean torque measurements and the much better agreement between run #1 and run #3 for the
measured fluctuations on the bottom disk.

Except this minor defect in run #3, the measured torque fluctuations when non-dimensionalized by the square of
the rotational frequency clearly exhibit a dependence on the rotational frequency ratio S only. This observation can be
further verified from the data of a single run (run #1 for instance). As explained above, in a run a flow configuration
is generally inspected twice (at S and 1/S) corresponding to two different Reynolds numbers (the largest being
for S if |1/S| < 1 and vice versa). Then if the torque characteristics are actually Re independent, equivalent flow
configurations should lead to consistent measurements for S and 1/S. To check the inversion consistency, one has to
compare properly renormalized torques characteristics measured on opposite disks. The results of such consistency
analysis is presented in Fig. 3 for the measurements of run #1. To make easier the appreciation of the consistency,
all the data are plotted in the range —1 < S < 1. The measurements that were actually performed for —1 < § < 1
are directly plotted using lines, while those corresponding to an actual experiment with |S| > 1 are first transformed
to their symmetric counterpart before being plotted using crosses. Thus, the consistency can be directly appreciated
from the agreement between the lines and the crosses. Fig. 3(a) confirms the expected consistency of the mean torque
measurements for run #1 and so support the weak dependence of the mean driving torque with regard to the Reynolds
number. A similar conclusion can be drawn from the inspection of the torque fluctuations reported Fig. 3(b). However,
a better superimposition is found in the counter-rotating regime compared to the co-rotating regime. This effect could
be ascribed to the viscosity as discussed below.
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Fig. 3. Similarity laws checking for the dimensionless averaged torques (a) and the dimensionless fluctuation torques (b) for run #1 versus
S € [—1, 1]. The measurements indicated by crosses are deduced from the torque measurements for S < —1 and S > 1 and are plotted vs. S’ = 1/S.
For this representation the two symmetries of Egs. (5) and (6) are needed (see text).

4.2. Torque exerted on the inner cell wall

The time averaged torque exerted on the inner wall of the cylindrical cell is computed from Eq. (4). We first
consider the continuous lines in Fig. 4 that show the non-dimensional wall torque (Iw)/ fé for both run #1 and #3
versus S. The modulus of the non-dimensional torque plays the same role as a friction coefficient. On Fig. 4, we can
see that both non-dimensional wall torques deviate significantly from each other showing a clear Reynolds number
dependence. Run #3 (performed at a lower Reynolds number) always has a larger non-dimensional torque modulus
than run #1 (performed at a larger Reynolds number at a given §). The larger the Reynolds number, the smaller
the modulus of the non-dimensional torque or the friction coefficient. This dependence with Re is consistent with
the friction law measured in flat plate at zero incidence. Now if we look closer in the case of the counter-rotating
regime, we find both runs to have a better superimposition in a range around S = —1, indicating a small dependence
on Re. We can also check the dependence on Re by changing S by 1/§ for a given run (this is done by applying the
symmetries of Egs. (5) and (6) on both runs as in Fig. 3). We obtained the crosses for run #1 and the straight crosses
for run #3. We also observed that crosses and lines all collapse in a range around § = —1. The flow configuration
corresponding to § = —1 is particular. The wall torque here is zero since it results from the two opposite frictions due
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Fig. 4. Dimensionless averaged torque over the inner smooth wall versus S € [—1, 1] for run #1 and #3. The measurements indicated by crosses
are deduced from the measurements within the ranges S < —1 and S > 1 and are plotted vs. S’ = 1/S. For this representation the two symmetries
of Egs. (5) and (6) are needed (see text).

to the opposite rotations. For this case, it is impossible to state on the dependency of the friction with Re. For the other
flow configurations, of the range —1.33 < S < —0.67, the wall torque does not seem to depend on Re.

4.3. Visualization of the flow as a function of S

We have so far quantified the torque’s magnitudes, symmetries and scaling, we now turn to the complex structure
of the torques evolution with the frequency ratio. Our idea is to understand the torque behavior with the help of the
global time averaged flow visualization. We restrict the study between —1 < § < +1 only (this restriction is justified
because of the symmetries and the scaling laws properties displayed in Fig. 3). In Figs. 5 and 6 the frequency of the
bottom disk is set to 4.5 Hz.

We first focus on the counter-rotating regime. Fig. 5 shows the flow section for 3 negative values of S and for S = 0.
The first picture in Fig. 5 shows the exact counter-rotating regime S = —1. The time averaged flow consists of a cell
point centered in the middle of the cell. Above and below this stagnation point we can observe four cell structures that
are actually the cross section of two re-circulation tores. In the literature [1-5] on rotating disks, this flow topology
is referred as a two cells flow structure. They are the result of the radial ejection with a central suction on both disks.
The separation of both tores is marked by a strong radial jet coming from the cylinder wall to the centre. For § = —1
the separation is exactly in the middle plan of the cylinder. On the next picture, S = —0.53, the separation moves
above (actually, closer to the lowest velocity rotating disk) and only one re-circulation tore is now observable near the
bottom disk. The flow at § = —0.2 is very similar to that of § = —0.53. At § =0, we observe a strong coherent jet
orientated from the top disk to the bottom disk. A very surprising feature is the presence of a very strong depression
(appearing black) at the centre of the top disk (that is not rotating).

For the co-rotating regime, the flow also seems to encompass transitions. At § = 0.2, the strong depression on the
top disk disappears, and reappears again for S = 0.35. In this case, the vertical jet becomes much weaker. For larger
values of S, the vertical jet is even not observable anymore. From S = 0.65 to S = 1 we observe the increase of a large
depression along the vertical symmetry axis of the cylinder. For the values of S < 1, the depression is concentrated
only around the cylinder axe, while it takes the entire volume of the cylinder at S = +1. At S = +1, all the particles
are localized in the mid plan and near the wall, where the flow rotation is the weakest (due to the dissipation occurring
at the cylinder wall). The small white regions appearing in the middle are air bubbles introduced in the flow through
a leak in the watertight joints.
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S =-1 §=-0.53

Fig. 5. Flow visualization of the counter-rotating regime, S < 0. The bottom disk’s rotational frequency is set to 4.5 Hz.

5. Discussion
5.1. Similarity laws for mean and fluctuating torques

The mean torques on both disks are found to depends mostly on the rotational frequencies (Figs. 2(a), 3(a)). We
can thus model the mean torques as:

I's(fB; fr) = fefrHr(S) and I’t(f; fr) = fBfrHB(S),

where Hr(S) = Hg(1/S) (due to the inversion symmetry) is a non-dimensional function which depends only on the
geometry of the system. At first order, this system does not depend on the viscosity (in the range of our measurements)
whatever the frequency ratio. This observation was already reported [13] but only for S = —1 who ascribed this effect
to an inertial stirring of the turbulence. The system actually seems to be inertial even for a larger range of frequency
ratios. However, if we look closer, some significant effect due to the viscosity (i.e. Re) is found on the total torque
exerted on the inner wall of the cylinder (Fig. 4). In this case, a large amount of the total energy is dissipated on the
smooth wall. For instance for S = 1, the bulk rotates as a solid body and most of the strain, hence the dissipation is
only localized on the inner smooth wall. The friction law is here similar to what is reported in smooth plates, where it
is a function of Reynolds number; the larger the Reynolds number, the smaller the friction coefficient [18]. In addition,
it is interesting to note that for the counter-rotating regime around S = —1 (approximately —1.33 < § < —0.67), there
is a domain in which the total wall torque coefficient does not depend on the Reynolds number (Fig. 4). This result
seems in contradiction with the friction law of smooth plates at zero incidence [18]. The friction law being essentially
related to the thickness of the turbulent boundary layer, which decreases as the Reynolds number increases, it leads us
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Fig. 6. Flow visualization of the co-rotating regime S > 0. The bottom disk’s rotation frequency is set to 4.5 Hz.

to assume that the constant friction reported in our measurements could be due to a Reynolds-independent thickness
of the turbulent boundary layer over the inner wall of the cylinder. This effect would be due to the strong elongational
stress at the wall between the cells as suggested by Fig. 5 at § = —1. Further investigations are yet to be performed to
confirm or to find another explanation for this effect.

We also measured the fluctuations of the driving torque for any flow configurations from the co- to the counter-
rotating regime. From Figs. 2(b) and 3(b), we can deduce that the fluctuations do not depend on the Reynolds number
in the counter-rotating regime (S < 0). Since the averaged torques are also Re independent, the rate of fluctuations is
then a constant that only depends on S. These observation is consistent with previous results that were obtained for
S = —1 only [14]. For the co-rotating regime, we think that there is a dependence with the Reynolds number. Since in
Fig. 3(b), crosses are performed at larger Reynolds number, the experiment indicates that the fluctuations decrease as
Re increases.

5.2. The transition at S = —0.69

One of the most striking transition that can be observable on the torque measurements occurs at S = —0.69 (or
§ = —1.45) in Figs. 2 and 3. This transition can be related in the flow to the transition from a one cell flow structure
to a two cell flow structure. Such transition has already been reported in cases of counter-rotating smooth disks [3,4].
A two cell structure corresponds to a situation where the centre part of both disks sucks the flow. The two cells are
clearly observable in Fig. 5(a) for S = —1 and correspond to the sections of two re-circulation tores. A one cell
structure corresponds to a situation where the centre part of the disk having the larger frequency rotation sucks the
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Fig. 7. Laser Doppler velocimetry measurements of the orthoradial velocity profile vg(2z/H) along a vertical axis located at R;; =0.7R. z =0
defines the middle plan of the cylindrical cell and H is the distance separating both disks. The vertical bars correspond to the rms values of
the velocity. When the disks are equipped with blades, the velocity profile corresponds very schematically to the dashed thin line, that joins the
boundary condition at the disks without any velocity gradient. In contrast, with smooth disks, the velocity profile should join the boundary condition
at the disks through a thin viscous boundary layer as depicted by the dashed thick line.

flow, while the centre part of the other disk having a lower rotation frequency ejects the flow. Such a situation is
observable in Fig. 5(d) for S = 0 where only one recirculation torus is present. In previous works concerning smooth
disks, the transition is found to depend strongly on the Ekman number but to be independent of the aspect ratio of
the experiment [3,4]. The Ekman number compares the thickness of the boundary layer on the disk to the distance
between both disks. It is defined as: Ek = (§/H)?. In smooth disks experiment the velocity gradient are located in the
boundary layer (see Fig. 7) on the disk and decreases (as the Ekman number) when the Reynolds number increases.
For an inertially driven flow (disks with blades), the situation is very different since the mean flow does not present
any velocity gradients in the vicinity of the disks but are distributed in the bulk (see Fig. 7). There is in this case an
effective [19] boundary layer in the bulk that does not depend on the Reynolds number which should correspond to
a very large Ekman number. Dijkstra and van Heijst [3] computed analytically the critical value for the transition S,
in the case Ek — +o00 and found S, = —2/3. The value is very close to ours (—0.69 compared to —0.67), it then
confirms the similitude between the smooth disks flow with a large viscosity (large Ek) and the mean flow of the
inertially driven turbulent flow. The reason for this similarity is the large efficiency in both cases of the momentum
transport in the flow. We can notice that the critical value obtained in our experiment is slightly larger. This effect
could be related to the detail of the azimuthal velocity profile that is linear in the flow produced by smooth disks at
infinite Ekman number and having a tangent hyperbolic shape in our flow (see Fig. 7). The experiment of Ravelet [16]
confirms the role of the mean flow detail since a transition at S = —0.78 is found with their geometry.

5.3. The torque fluctuations versus S

In Fig. 3(b), the torque fluctuations present drastic changes versus the rotational frequency ratio S. There are two
very distinct maxima at S = —1 and S = 0.06. A third local maximum is also observable at § = 0.23. For the exact
counter rotating regime, S = —1; the mean flow corresponds to a stagnation point in the middle of the cell (see
Fig. 5(a)). This type of flow is known to be very unstable [20] which then could explain the large magnitude of the
fluctuations. For larger rotational frequency ratio, the torque fluctuations have a minima for § = —0.60 which is close
to the transition between the one and the two cells flow structures (see discussion 5.2). The torque fluctuations then
increase continuously from S = —0.6 to § = 4+0.06 where the magnitudes of the fluctuations are comparable to those
at S = —1. The flow instationarity here is probably related to the vortex breakdown dynamics that appear in the rotor
stator configuration [21].
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For larger values of S, the fluctuations decreases mostly until the co-rotating regime S = +1. However, a transition
is observable around S = 0.2. This transition could be related to the appearance of a second recirculation cell similarly
to the counter-rotating regime (read discussion 5.2). Actually it is known [22] that if the cylinder is fixed, both disks
should produce a suction leading to a two cell flow structure for § = +1. The flow should then undergo a transition
between S =0 and S = +1. On our visualization, it is difficult to check this idea. The picture S = 0.2 in Fig. 6 gives
some indications. One can observe a strong suction due to the top disk that rotates the fastest, but also a small torus
section on the bottom disk, showing that the bottom disk sucks the flow as well. This figure then suggests that the flow
consist in a two cells structure at S =0.2.

6. Conclusion

The measurements of the torques driving the turbulent flow for this geometry provide results about the similarity
laws. The flow is found to be fully inertial for any contribution of the torques (disks and smooth inner cylinder wall)
for the rotation angular velocity ratio in the range —1.33 < § < —0.67. This range corresponds to the existence of
two cells in the bulk. We then believe the strong elongational stress at the wall to be responsible for this inertial
behavior. For this range the similarity laws for the torques are then simple; whatever the Reynolds number explored,
the dimensionless torque (mean and fluctuation) only depend on S. For a given ratio S, the dimensionless torques of the
bottom and the top stirrer respectively are identically equal to those obtain for the ratio 1/S of the top and the bottom
stirrer respectively. For rotational frequency ratios outside this range, we find the energy injection to depend on the
viscosity, mainly due the torque exerted on the inner smooth wall that behave now as a conventional turbulent friction
law. However, the similarity laws discussed above are reasonably followed and a good representation of torques can
be given in the range S = [—1; +1]. Global transitions are observed versus S, shown by abrupt changes in both the
mean torques and the torques fluctuations. A transition occurring at S = —0.69 is clearly identified corresponding to
the well known one to two cell transition. A similar transition is also detected in the co-rotating regime (S > 0).
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