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Abstract. Spatially developping vortices found in curved boundary layers (G6rtler vortices)

are
investigated experimentally using

a new
technique for simultaneous velocity measurements

on a full spatial profile with the Ultrasonic Doppler Velocimetry (UDV). The two velocity com-

ponents perpendicular to the main flow direction
are

measured. We first characterize the spatial
growth of the velocity perturbations (radial and transversal) due to the stationary vortices. The

sinuous mode of the secondary instability is identified and
we

find
a

spatial dependance for the

frequency and amplitude of oscillation of the unstable vortex. We illustrate the transition to

the turbulent regime showing the clear role of the secondary instabilities in the process.

R4sum4. Nous nous
intdressons h la croissance spatiale de vortex longitudinaux qui appa-

raissent sous
l'elfet de la force centrifuge dans

une
couche limite se

ddveloppant
sur une paroi

concave. Cette instabilitd induit des perturbations du champs de vitesse perpendiculaires h la di-

rection de l'dcoulement moyen. Les profils de vitesse correspondant sont mesurds par Vdlocimdtrie

Doppler Ultrasonore (UDV). Dans le cas de rouleaux stationnaires nous
obtenons

une
@volution

spatiale des composantes radiale et transversale de la vitesse dans les tourbillons, caractdrisde

par une zone
de croissance exponentielle suivie d'une zone

de saturation due aux nonlindaritds.

Dans le
cas

instationnaire, nous identifions le mode sinueux de l'instabilitd secondaire et nous

observons
une

ddpendance spatiale de la frdquence et de l'amplitude des oscillations des
vor-

tex. Nous illustrons ensuite le r61e moteur de ces
instabilit@s secondaires dans le mdcanisme de

transition vers le rdgime turbulent.

1. Introduction

The three-dimensional centrifugal instability of a boundary layer over a concave wall occurs

when the centrifugal force due to the streamline curvature is unbalanced by the radial pressure

gradient and gives rise to longitudinal counter-rotating rolls called G0rtler vortices [Ii. Since

their discovery, they have been the subjects of a lot of experimental [2-10j, numerical [10-13j
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and theoretical study [14-18j. Recent reviews of these works are given by Saric [19j and

Floryan [20j. This interest is justified by, in one hand, practical importance in some industrial

situations like transition processes, such as on curved turbine blades or in chemical reactors,
and, in the other hand, understanding the mechanisms which will lead to turbulence, especially
with streamwise vortices. The experimental study of this kind of longitudinal structures has

always been a challenging task in the unstable regime: we could only use local measurement

techniques like hot-wire anemometry [2,3j or Laser Doppler Velocimetry (LDV) [6-8j. The first

is an intrusive method and implies the building sophisticated rakes to have a several points
simultaneous measurements [2j. The second one, if non-intrusive, is only local and, as for hot-

wire anemometry, it is impossible to study simultaneously the temporal evolution of the entire

structure. The results presented in this paper have been obtained with a new development
of the Ultrasonic Doppler Velocimetry (UDV) [21j which combines the time flight technique
of the ultrasonic anemometer with the Doppler effect. As a consequence this instrument

(Signal Processing DOP 1000) allows the non-intrusive measurement of a nearly instantaneous

velocity profile projected on the beam axis at very high acquisition rate. It is well adapted to the

characterization of recirculations superimposed on a mean flow like the G6rtler rolls. Moreover,

as emphasized in [20j, it has not yet been possible to measure accurately all three disturbance

velocity components in the G6rtler vortices, especially the two components perpendicular to

the mean flow which are presented in this study.
This paper is organized as follows: in a first part we present the experimental facilities

and the principle of the velocity profiles measurements. In the next section we report and

discuss measurements of velocity time series in various situations corresponding to scanning
the velocity field in different directions of the space. We investigate the spatial growth of the

velocity perturbations for the stable G6rtler vortex, before studying the unstable vortex and

the spatial dependance of the characteristic oscillation frequency. Finally, we briefly illustrate

the transition to turbulence through the time series where we see the occurence of strong and

intermittent vortical structures.

2. Experimental Methods

2.I. APPARATUS. The experiments were conducted in a low speed hydrodynamic channel

specially designed for the study of the G0rtler instability [4, 7-9]. The flow is driven by gravity
from a water tank (300 liters) through a settling chamber (honeycomb) and a convergence

to a straight section and then to the curved plate (Fig. I). Its cross-section is 10 cm wide

for 5 cm high and has an inner radius of curvature R
=

10 cm. All the portions, from the

settling chamber to the curved section were fabricated from Plexiglas 10 mm
thick to allow

visualization. We can proceed to bulk injection of the dye and for the particles just before the

settling chamber I.e. far from the test section, or dye sheet injection 10 cm before the curved

plate. The Reynolds number Re
=

~~
is based on the height d of the cross-section and on

v
the mean flow velocity Uo measured in the middle of the cross-section.

2.2. VELOCITY PROFILE MEASUREMENTS AND VISUALIzATIONS. The experimental ve-

locity measurement technique is the Ultrasonic Doppler Velocimetry which is a simple and

powerful tool to explore complex flows. We present in this paper the first study of this kind of

flows using UDV. Its advantage is its ability to deliver a complete velocity profile on a full line

of variable length at relatively high acquisition rate (fe
ci 40 Hz), and no longer local mea-

surements like other anemometers or previous versions of UDV. As suggested by its name, the

principle of the system is based on Doppler shift of ultrasonic waves by particles inseminated
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Fig. 1. Sketch of the experimental apparatus, from reference [7].
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Fig. 2. Schematic representation of the principle of Doppler shift in UDV. V+ (resp. V- represents
the velocity of

a
particle coming to the transducer (respectively going away from the transducer).

(in our case amidon particles of typical size 50 pm),
or naturally present in the flow. More

precisely, a pulsed ultrasonic emission allows to measure the distance and the velocity of the

objects responsible for the Doppler shift. If the transducer emits a signal of a given frequency
Fe, and a particle goes through the ultrasonic beam with a velocity v and with an angle a

relative to the beam axis (Fig. 2), then the corresponding Doppler frequency shift seen by the

transducer is:

FD
"

+
~~~ ~°~~°~

(i)
c
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where c is the sound velocity in the media. In other words we measure the component of the

velocity vector projected on the ultrasonic beam axis. As we know a, we can deduce from the

records the value of the velocity modulus u and then the two components: u
cos(a) and u sin(a).

In our case, c =
1500 ms~~ for sound's celerity in water, a =

0 and the emission frequency
Fe

=
4 MHz, so that the particle's velocity in meters per second is simply proportionnal to the

Doppler frequency:

u =
1.875 x 10~~FD [ms~~] (2)

As for the LDV no previous calibration is needed to obtain the exact value of the velocity.
Nevertheless it is important to know that this technique can only be used in low acoustic

impedance media like water or viscous solutions, and then can not be used in air.

The obvious improvement of the present version of UDV in respect to LDV is its ability
to deliver a global measurement (full profile) instead of a local one in the beam's intersection

in LDV. Thanks to this new UDV version we can get up to 35 profiles of 108 points long by
seconde. By the opposite the ultrasonic beam diffraction is very large (around 5 mm) compared

to a Laser beam (0.I mm). Even if the resolution in the ultrasonic beam's direction can be

good (down to 0.I mm), the spatial resolution of the UDV is poorest than with LDV. This is

the main disadvantadge of the UDV technique.

In our installation we can perform at the same time visualization of the cross section by Laser

Induced Fluorescence (LIF) which will be compared to the corresponding velocity profiles. The

Laser Induced Fluorescence visualization technique, widely used in hydrodynamic experiments,
consists in injecting Fluoresceine dye in the water and enlightening it with a plane Laser sheet.

It allows us to see the structures with vorticity perpendicular to the plane, as illustrated by
Figure 4 which will be commented in the next section. An other important point to notice

is that the LDV can be used together with UDV, which means having information on the

longitudinal velocity component together with, for instance, a transversal velocity profile.

3. Results and Analysis

3.I. TRANSVERSE VELOCITY COMPONENTS OF THE VORTICES. The stability of flows

over concave walls is governed by the G6rtler number G
=

~°~ ~ ~~~,
with Uo the free

v R

stream velocity, b the boundary layer thickness, v the cinematic viscosity and R the radius of

curvature. This centrifugal instability results in a system of counter-rotating vortices aligned
in the flow direction [Ii. We define x as the streamwise coordinate, along the curved surface,
the y-axis is taken as the normal to this wall and z is the spanwise coordinate (Fig. 3).

The first set of experiments consists in measuring the velocity component profiles at different

positions around the G0rtler 1,ortices in a given cross-section of the elbow for a fixed free-stream

velocity (Uo Cf 5 cm s~~). We can see in Figure 4 visualizations in the cross-section of the

stationary flow showing the strong vortical structures called the G6rtler vortices and the three

lines where we measured the signals. The picture is blurred by the amidon particles injected
in the flow with the fluoresceine.

We show in Figure 5 the corresponding instantaneous spanwise velocity w(z) profile for a

given radial position yo "
10 mm

(line I). This measurement illustrates the principle of the

velocimeter and allows us to check the validity of the data. The side wall position corresponds

to z =
0, and the extremity of the profile z =

75 mm, I-e. 25 mm from the right side wall of

the rectangular section. The first peak corresponds to the Ekman recirculation in the corner of

the duct. The following sinusoide corresponds to a small G0rtler vortex strongly distorded by
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Fig. 3. Coordinates and representation of the longitudinal G6rtler vortices over a concave
plate.
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Fig. 4. Visualization of the structures present in the cross-section (a
=

65°) while recording the

velocity profiles.

the Ekman recirculation. After that we obtain the well known modulated velocity profile w(z)
of the G0rtler rolls as a function of z, changing signs from one roll to the other as expected.

The same way we measured the radial velocity profile u(y) on each side of a roll (lines 2 and

3), and we see in Figure 6 its corresponding changing of signs. On the line 3 (between the rolls)

we observe an outflow region iv < 0) while the line 2 corresponds to the inflow region with a

motion of the fluid from outside the boundary layer to the concave plate. From the distortion

of the u(y) profiles and also from the fact that umax (outflow)
ci 2umax (inflow in a region larger

than the inflow region, we can deduce that the vortex is in a strong nonlinear regime, far from

the initial linear regime where the velocity modulations are harmonics. This effect creates a

strong dejection motion from the concave wall to the outer part of the boundary layer with a
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Fig. 6. Instantaneous u(y) velocity profile on each side of roll.

velocity near one third of the free stream velocity Uo. The shapes of the w(z) and u(y) profiles

compare well with the previous numerical calculations [10,12,17] and the few experimental

measurements [2, 3j
As we get a complete profile in a very short time (it

=
50 -100 ms),

we can apply this tech-

nique to transient and unstationary phenomena, which would not be possible with a classical

local anemometer, making a ponctual velocity acquisition and then needing much more time

to get a complete profile. This is illustrated in the following section.

3.2. CHARACTERIZATION OF THE EVOLUTION OF THE GORTLER VORTEX WITH THE

LONGITUDINAL POSITION IN THE CURVED CHANNEL. The second set of recording consist

in measuring the w(z) profile for different x positions along the concave wall for a given free
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Fig. 7. Spatial evolution of the w(z) profiles through the G6rtler vortex for three positions along
the

concave
wall for Uo

#
3.5 cm

s~~

stream velocity Uo
"

3.5 cm
s~~ and a fixed y position (y

=
2 mm). We show in Figure 7

the w component profiles measured in the two G0rtler rolls as a function of the spanwise z

coordinate, obtained at three different positions x =
20°, x =

50° and x =
80°. The vortices

are stable: only a weak temporal shift is observed around x =
50°. The growth of the vortex

intensity is clear and can be characterized by the evolution of their wavelengths ~ and of their

amplitude A
=

(wr wi) /2Uo where wr and wi are respectively the maximum of the w velocity

on the right side roll, and on the left side roll. The evolution of these two parameters is shown

in Figure 8. The wavelength is nearly constant in the first two thirds of the concave plate and

then becomes larger in the last third. In the same time the amplitude grows exponentionally
in the first half of the wall and then saturates at 70° where it begins to decrease. The first part

can be fitted with an exponential exp (-fix) with fl
=

2.03 x
10~~ the linear spatial growth

rate. In the last thirty degrees the vortices begin to spread slowly, loosing their strength in

the same time. The 20i~ growing of the wavelength is compatible with the one observed by
Petitjeans for Uo

"
6 cm

s~~ [7, 8j.

We also perform measurements of the radial component of the velocity u(y) at the lateral

position corresponding to the upwash region for Uo
"

8.9 cm
s~~ We characterize the spatial

evolution of the perturbations by the evolution of the root mean square of the radial component
f/ u(y)~dy]~/~ where d is the heigth where the perturbation vanishes, which is a measure of

the global strength of the perturbation energy, and by the evolution of the height hm of the

maximum of u(y) [14]. This is represented in Figures 9a and 9b. Here we can notice the

maximum of urms at x r3 65° followed by a sharp fall of the perturbation's energy in the

last twenty degrees of the channel, associated with the continued effect of the increase of the

wavelength of the vortices observed in Figure 8 and the saturating effect of the nonlinearities

[7, 8]. The heigth of the vortex (Fig. 9b) increases until the middle of the channel where it

becomes constant before increasing again in the last ten degrees where the vortex is nearly
lifted up from the wall.
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3.3. CHARACTERIZATION OF SECONDARY INSTABILITIES OF THE GORTLER VORTICES.

The nonlinear evolution of the G6rtler vortex lead to the triggering of secondary instabilities

for increasing free-stream velocities which will make the G0rtler vortices unstable and finally
lead to their breakdown into turbulence. They are identified since the experimental work of
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Fig. 10. Time series of the
w component at three different spanwise positions in the unstable

G6rtler vortices; z =
4.85 cm, b) is right between two rolls while

z =
4.1 cm, a) is the left one roll

and
z =

5.75 cm, c) the right one. The record
are

taken at y =
I-I cm in the upper part (hat) of the

mushroom and at x =
60°.

Swearingen and Blackwelder [2] and are known as the sinuous mode and the varicous (or sym-
metric) mode. The first is generally related to an inflectional normal profile of the streamwise

velocity component. The former is caused by the existence of a strongly inflectional spanwise
wake-like profile of the u velocity component [13,17]. The unsteadiness of the flow makes its

experimental analysis, and especially velocity measurements, a challenging task. To study this

problem we benefit from the spatio-temporal velocity measurements of UDV. In Figure 10 we

show three simultaneous time series of the w velocity component measured at three different

spanwise positions in the G0rtler vortex. The records are 54 secondes long for 1024 points cor-

responding to a time step it
=

5 x
10~~

s between each acquisitions. The free-stream velocity

Uo
=

7 cm
s~~ is high enough to make the vortex naturally unstable I.e. without any forcing of

the frequency. As explained in the figure caption, the three spanwise positions correspond to

the centers of each roll and to their common edge between them. On the z =
5.75 cm, record

we can see a nearly regular sinusoidal motion with a mean period
r =

7 s. Nevertheless we

notice that the oscillating motions of the two rolls are not completely correlated which means

that the two rolls in the G6rtler vortex do not necessarily have a solid body motion. It illus-

trates the difficulty to clearly identify the nature of the secondary instability through a single
point time serie measurement. This situation will be common to any channel flow with small

aspect ratio
~

(with L the width of the cross section and d the heigth of the cross
section)

d
where the influence of the walls will be very strong like in a Dean flow. The side walls will

generate Ekman cells while the upper wall will induce a detachment of the boundary layer. In

fact each roll is clearly the subject of the strong influence of the surrounding structures which

can be seen in Figure 4 where we witness the existence of a second G0rtler vortex, on the

left side of the cross section, completely distorded by the the Ekman recirculation and which

is animated of a clear erratic motion. We conclude that this erratic motion affects the more

regular sinusoidal motion of the G6rtler vortex in the middle of the cross section, and then

explain the differences between the time series at z =
5.75 cm and the one at 4.i cm.
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Fig. 11. Time serie of the w(z) profile through the two G6rtler rolls. Black stands for the maximum

positive value while white stands for the the maximum negative value. The picture is 2 cm wide, from

z =
4 cm to z =

6 cm.
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Fig. 12. Time series of the
v component at two different positions for Uo

"
5.6 cm

s~~. Position 1

is in the outflow region, between the two rolls. Position 2 is on the left side of the roll (inflow region).

As a matter of fact we achieve to identify the sinuous nature of the secondary instability
only through the time series of the complete w(z) velocity profile through the G6rtler vortex.

This is represented in Figure ii by a spatio-temporal diagram of the velocity profiles. The

gray scale colour represent the value of the velocity: white for w = wm;n (negative) and black

for
w = wm~x (positive). In this picture it becomes easier to conclude on the sinuous motion

of the rolls pair.
The same analysis holds for Figure 12 where we show time series which are not simultaneous

for we can only have a u(y) profile for a fixed (x, z) coordinates. Nevertheless one can notice

the strong difference between the mean modulus of u and the amplitude of the oscillations in

the inflow region (position 2) and in the outflow region (position i), a result which confirms the

influence of the quickly oscillating structure on the left side of the G0rtler vortex that we saw

on the visualization. From the previous results we expect that it will be easier to identify the

natural oscillation period of the vortex in the outflow region I.e. between the two rolls. The

slow motion observed in the outflow region is then probably the natural period of the G6rtler

vortex.
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After that, we tried to characterize the spatial evolution of sinusoidal motion. For this we

looked at the time series of the u(y) velocity profile taken in the outflow region at five x positions
along the curved plate for Uo

"
s-G cm

s~~ and at seven x positions for Uo
=

9.8 cm
s~~. We

investigated the evolution of two quantities: the frequency F obtained by Fourier analysis of

the temporal series and the amplitude of the oscillation As, I.e. the difference between the

minimum and maximum value taken by the velocity along the time serie. The results are shown

in Figures 13a and 13b. We can see that the amplitude of the oscillations has a maximum

for x =
50°, I.e. nearly in the middle of the curved plate. The frequency evolves spatially, as

shown in Figure 13a, We also have to emphasize the existence for every position of a weak low

frequency modulation l§ m 0.05 Hz for x > 50°. This result is confirmed by a spatio-temporal
analysis of video records of flow visualization we lead in similar experimental conditions where

we observed the same evolution for the frequency with Uo
"

3.75 cm
s~~

3.4. LAMINAR-TURBULENT TRANSITION IN THE BOUNDARY LAYER. An other important
feature of the G6rtler instability is its ability to trigger the transition to the turbulence in

the boundary layer over a concave wall for a smaller Reynolds number than over a fiat plate

[22, 23j. This last set of experiments consists in measuring the signal in a fixed position in the

boundary layer near the concave wall for increasing flow velocity Uo I.e. increasing G6rtler

number. This way, we can characterize the transition to the turbulence in the boundary
layer with the evolution of the w(z) profile according to the free-stream velocity and in the
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Fig. 15. Time serie of
w velocity component during the transition to turbulence.

same time see the destabilization of the structures using the LIF technique. We start from an

unstable G6rtler vortex, having a lateral oscillation motion produced by secondary instabilities

(Uo
"

9.75 cm
s~~ and Re

=
4800), and we increase continuously the flow velocity to see

the vortex breakdown and finally the settling of the turbulent regime (Uo
"

22 cm
s~~ and

Re
=

10 000). Figure 14 is an image processing of a time serie of 1024 w(z) profiles illustrating
the transition to turbulence due to an increase of the mean longitudinal velocity. For this

record we use the highest sampling frequency Fs
=

33 Hz and the smallest possible sensibility
to avoid saturation. The records are 29 s long for 1024 profiles. At the begining, we observe

the sinusoidal structures of the previous chapter. The contrast is not very good at the begining
because the amplitude of the velocities is much higher at the end of the time serie than at the

begining. For higher free-stream velocity, the G6rtler vortices start to breakdown. Here the

similitude with the smoke wire flow visualization of the spatial breakdown of the vortices due

to Swearingen and Blackwelder [2] is striking. In one case we have velocity profiles as a fuction

of time with increasing Uo velocity and in the other one a visualisation of the vortex breakdown

along the concave plate with increasing boundary layer thickness but it gives the same kind of

picture. In both cases we observe the destabilisation with increasing G0rtler number. This is

illustrated by Figure IS where we show the strong increase of the amplitude of the oscillations

as well as the frequency of the unstationary motion. Work is in progress now to characterize

the statistical properties of the turbulent regime [23j.
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4. Conclusion

We have presented in this paper the first experimental study of G0rtler vortices using the

Ultrasonic Doppler Velocimetry. The spatial evolution of the transverse velocity perturbations
has been quantified, which completes a previous study of the longitudinal velocity perturbation
through Laser Doppler Anemometry [8j. We also show the role of the geometry of the channel

for an accurate experimental analysis of the secondary instabilities of the G6rtler vortices. In

particular the side walls of the channel generates strong Ekman recirculations which perturbes
the G0rtler rolls and then perturbes their oscillation motion. Nevertheless we show and quantify
for the first time a spatial dependence for the oscillation frequency of the unstable longitudinal

vortices. The destabilization of the velocity field in the transition to the turbulent regime is

emphasized but a more systematic study of the dynamic of the rolls during the breakdown

process, which was beyond the scope of this paper, is under progress.
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