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Experimental determination of the main features of
the viscous flow in the wake of a circular cylinder in
uniform translation. Part 2. Unsteady flow

By MADELEINE COUTANCEAU AND
ROGER BOUARD

Laboratoire de Mécanique des Fluides, Université de Poitiers, France
(Received 24 May 1976)

The plane flow induced by the impulsive start of a circular cylinder previously
at rest in a still fluid is investigated experimentally by a visualization tech-
nique. The details of the flow field at the different stages of its establishment are
pointed out, and the effect of the wall upon the evolution of the flow in time is
examined. Photographs of the flow patterns are presented. This study corre-
sponds to that range of Reynolds numbers for which a closed wake exists and
adheres stably to the cylinder.

1. Introduction

Using the apparatus and experimental technique described in part 1 of this
paper, we have visualized, at different stages of its establishment, the flow pro-
duced when a circular cylinder, previously at rest in a still fluid, is impulsively set
in motion at time ¢ = 0 with a constant speed ¥} in a direction perpendicular to
its generating lines. For this purpose, photographs were taken at different values
of the Reynolds number Ee and at different dimensionless times t* after the
start of the motion, where £* is the ratio between the true time ¢ and ¢,, the time
taken by the cylinder to cover a distance equal to its diameter D (* = ¢/t, with
to = D[Vp).

The range of Reynolds numbers (based on the cylinder diameter) that we
have investigated corresponds approximately to the case where a stable closed
attached wake exists downstream of the cylinder. Our experimental technique
refers the fluid motion to axes moving with the cylinder, and we examine the
influence of the wall by varying the ratio A between the cylinder and tank
diameters.

We shall compare our results with numerical and experimental data found in
the literature. Theoretical investigations of the problem have, in most cases,
obtained the features of the steady flow by a time-limit process (Payne 1958;
Hirota & Miyakoda 1965; Kawaguti & Jain 1966; Ingham 1968; Jain & Rao
1969; Son & Hanratty 1969; Thoman & Szewczyk 1969; Collins & Dennis 1973;
Wu & Thompson 1973). The work of Wang (1967) and Panikker & Lavan (1975),
who were interested only in the initial behaviour of the flow for, respectively,
Re = 100 and Re = 500, has also to be considered. There are very few experi-
mental data concerning this problem. Honji & Taneda (1969) and Taneda (1972)
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Ficure 2. Velocity distribution on the flow axis behind a eylinder
for different times {* when Re = 20, A = 0-07.

study the evolution in time of the closed-wake length, but it seems that no
measurement of the velocity distribution has been made. The motivation behind
this research is, in particular, to provide detailed information in this field.

2. Flow pattern visualizations

The visualization photographs of figure 1 (plate 1) show the evolution of the
flow in time when Re = 42-8, A = 0-12 and 1-1 < £* < 6-1; these photographs
have been made with a camera moving with the cylinder, the motion of the two
being coupled by the apparatus. It is seen, in particular, that the wake spreads
out as t* increases. When the cylinder is set in motion the initial flow isirrotational
everywhere; then the vorticity is progressively diffused from the cylinder wall and
the flow separates from the body and forms standing eddies. The length, the
separation angle and the width of this closed attached wake grows with time.

Such photographs, taken successively at regularly increasing times following
the start of the cylinder, allow us to determine the evolution in time of the
velocity field and of the various typical flow parameters, especially those con-
cerning the closed wake.
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F1Gure 3. Velocity distribution on the flow axis behind & cylinder
for different times t* when Re = 31-2, A = 0-07.

3. Evolution in time of the velocity distribution on the flow rear axis

Using methods similar to those described in the first part of this paper, we have
measured the velocity distribution on the flow axis downstream of the cylinder
for different values of each of the parameters governing the phenomenon: the
Reynolds number Re, the diameter ratio A and the time * measured from the
impulsive start of the cylinder.

As an example, we give the evolution in time of the axial velocity distribution
for A = 0-07 and different Re values: Re = 20, figure 2; Re = 31-2, figure 3;
Re = 40, figure 4. Analogous curves have been obtained when A = 0-024 and
A = 0-12 and also for other Reynolds numbers. On these curves, the presence of
the closed wake is revealed by the existence of negative velocities on part of the
axis: in this wake, near the axis, the flow direction is opposite to the general one.
The closed-wake length appears clearly: it is measured by the axial distance
between the zero-velocity point and the rear stagnation point corresponding to
the origin of the curves.

The analysis of the curves allows us to point out properties which, for the
most part, do not seem to be mentioned in the literature:

(i) fora given Reynolds number and a given diameter ratio, the velocity curves
evolve in time towards the limiting curve corresponding to the established
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Fi1cUuRrE 4. Velocity distribution on the flow axis behind a cylinder
for different times t* when Re = 40, A = 0-07.

regime,} the smaller the Reynolds number and the greater the ratio A the more
rapid the evolution;

(ii) when the closed-wake length is stabilized at its limiting value, the velocities
still continue to evolve sensibly, during a certain period of time, within the stand-
ing eddies as well as outside this region;

(iii} the velocities are established more quickly inside the closed wake than
outside, being, in general, established more and more slowly as one goes further
away from the cylinder;

(iv) in the closed wake, during the flow establishment, the velocity reaches,
at any given moment, a certain maximum value at a point on the flow axis.
At a certain stage in the wake evolution, this velocity Umax goes through a
maximum.

4. Evolution in time of the maximum velocity Up,,

In figure 5 we have represented graphically the variation of the maximum
velocity Umax against the time £* for A = 0-07 and 0-12 and for different Re values.

1 We call ‘established regime’ the regime for which the evolution in time of the flow
features, in the explored domain, is sufficiently faint not to be perceived by our measure-
ment techniques.
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Figure 5. Evolution with time ¢* of the maximum velocity on the flow axis within the
cylinder wake for different values of Re and A: ll, A = 0:12; A, A = 0-07.

The values for the established flow are added as limiting curves. The existence
of the maximum just mentioned is clearly seen on these curves. It is seen that,
for a given A, the smaller the Reynolds number the sooner the corresponding
‘peak’ appears. This time deviation is, however, relatively small within the
range of Reynolds numbers studied but it increases when A decreases.

We remark also that the ‘peak’ occurs at a time ¢} which becomes smaller
as A increases, i.e. as the wall comes nearer, especially as Re becomes higher.t
Finally, it appears that for any given Reynolds number the height of the peak
increases with A, particularly at the higher values of Re, while for a given A (i.e.
for a given wall effect) the height of the peak increases with Reynolds number.
The variation with Re is clearly stronger than the variation with A.

Up to the present, this rather remarkable phenomenon of the existence of
a peak does not seem to have been pointed out, either by theoretical investigators
or by experimenters; however, the work of Honji (1975) suggests a similar effect
at higher Reynolds numbers for starting flow down a step.

5. Evolution in time of the closed-wake geometrical parameters

The particular fineness of our visualization technique allows us to measure
the main geometrical parameters of the closed wake with good accuracy, even
during the first stages of its evolution. So that we can compare our present results

1 Our curves do not correspond to exactly the same Re value for understandable
experimental reasons, but taking into account the faint variation of % between the two

Re values relative to each of the pair of curves, the phenomenon is unquestionable; further-
more it is confirmed by the curve drawn for A = 0-12 and Re = 42-8,
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Figure 6. Evolution with time #* of the cylinder closed-wake length for Re ~ 20 and for
different A values: ¢, A = 0-18, Re = 19-7; W, A = 0-12, Re ~ 20-4; A, A = 0-07,
Re = 19-9; @, A = 0-024, Re = 20; — —, A = 0, Re = 20. Comparison with theoretical
data: V, Re = 20, Kawaguti & Jain (1966).
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Fiaurr 7. Evolution with time #* of the cylinder closed-wake length for Re ~ 31 and
different A values: ll, A = 0:12, Re = 31-5; A,A =007, Re=312; -~—, A = 0, Re = 31.
Comparison with theoretical data: V, Re = 30, Kawaguti & Jain (1966); {, Re = 30,

Thoman & Szewezyk (1969). Comparison with experimental measurements: O, Re = 312,
Honji & Taneda (1969).



Viscous flow in the wake of a cylinder. Part 2 263

30 T T T T T T
o
a v
v
2.5 b= o x * .
x [a]
o] o
i}

20 b= —
Q15 -
3

/
10 |- .
Il/+

05 -
[ ]
Io

] i ] i i 1
0 2 4 6 8 10 12 14

t*
Ficure 8. Evolution with time #* of the eylinder closed-wake length for Re ~ 40 and
different A values: ll, A = 0-12, Re = 38-6; A, A = 0:07, Re = 41; — —, A = 0,
Re = 40. Comparison with theoretical data for Be = 40: ¥V, Kawaguti & Jain (1966);

+, Ingham (1968); A, Jain & Rao (1969); x , Son & Hanratty (1969); [], Collins & Dennis
(1973). Comparison with experimental measurements: O, Re = 40, Honji & Taneda (1969).

with those obtained in part 1 of this paper, we now give the length of the wake,
the position of the vortex cores, the separation angle and the shape of the
closed wake.

Wake length L

The evolution in time of the closed-wake length Z has been studied, on the one
hand, at constant Ee for different A values, and, on the other hand, at constant A
for different Re values, in order to isolate the respective effects of each of these
parameters.

Influence of the wall upon the variation of L in time. In figures 6-8 the variation
of the length L in time for different values of A is shown when Re ~ 20, 31 and 40,
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respectively. The important, and sometimes remarkable, effect of the wall upon
the evolution in time of L is clearly shown by these curves. Extrapolating the
results down to A = 0, the curves relative to the unbounded flow have been
deduced. The wake lengths corresponding to the established regime, as given in
part 1, are indicated as limiting values. We have also compared, in these figures,
the theoretical results obtained by different authors using numerical methods,
and the experimental data given by Honji & Taneda (1969) and Taneda (1972).

The analysis of our curves shows the following at a given Re value.

(i} For the wake length, the more important the wall effect the shorter the
establishment period; we have made a similar remark for the velocities previously.

(i1) The evolutionin time of the wake length is independent of theratio A at the
beginning of the motion: during this initial period, the wall has no sensible effect
and the length is the same as it is in the case of an unbounded flow.

(iii) Below a certain Reynolds number, the evolution has an interesting
character: the wake length passes through a maximum value, at which time the
closed wake is more spread out than it is when established. This phenomenon,
which appears clearly on the curves of figure 6, when Re ~ 20, is probably caused
by a wall effect because the greater the value of A the more significant is the
phenomenon. It is particularly pronounced and even spectacular in the case
A = 0-18 and Re ~ 20, where we see that the standing eddies appear, increase for
a certain time, then decrease so much that they disappear completely, so that
in the established regime these eddies no longer exist for these parameter values.
This phenomenon can be considered as a consequence of the two remarks that we
have made before: for small Reynolds numbers the wake-length establishment
is more rapid and the wall effects do not occur sensibly at the beginning of the
motion, so that, when these effects occur, they cause a regression of the closed
wake which had developed as though there were no wall effect.

(iv) The greater the ratio A the more quickly the wake length reaches its
maximum.

Comparing now the results found in the literature, we find that, in a general
way, during the initial period of the evolution, the results obtained by theoretical
methods are close enough to those that we have deduced from our experiments,
but they deviate more or less rapidly afterwards (Kawaguti & Jain 1966; Thoman
& Szewcezyk 1969; Son & Hanratty 1969; Jain & Rao 1969). From this point of
view and for Re = 40, Collins & Dennis’s results (1973) agree most with ours and
those of Payne (1958), Ingham (1968), Wu & Thompson (1973) differ most.

From the analysis of the experimental results of Honji & Taneda (1969), it
appears that the average evolution of the wake length is comparable with ours,
but the dispersion of their points is rather marked, especially in the first part of
the motion and for their smallest Reynolds number values. There, the standing
eddies being very small, the measurements are difficult particularly as these
authors determined the closed-wake length directly on the photographs. As we
have mentioned before, our method using the velocity curves is certainly more
accurate.

Influence of the Reynolds number upon the variation of L in time. The variation
in time, for different Reynolds numbers of the length L, has been represented
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F1gure 9. Evolution with time £* of the cylinder closed-wake length for A = 0.
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Ficure 10. Evolution with time ¢* of the cylinder closed-wake core abscissa for
different values of Re and A: i, A = 0-12; A, A = 0:07; — —, A = 0.
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Ficure 11. Evolution with time ¢* of the cylinder closed-wake core ordinate for
different values of Reand A: W, A = 0-12; A, A = 0:07; — —, A = 0.

graphically in figure 9 for the case of infinite flow (A = 0). We see that the closed-
wake length is almost a linear function of time at the beginning of the establish-
ment period. Then the curves tend towards their asymptotic value, doing so
more quickly for small Re.

In contrast to what Honji & Taneda proposed for 31 < Re < 1500, we find
that the linear sections of the curves of L against ¢* for different Reynolds
numbers do not coincide. However, the greater the Reynolds number the smaller
is the difference between the straight sections, and in the case Re > 100, which
we have not investigated here, it is possible that the deviations become so faint
that they are no longer measurable and that therefore the straight lines seem to
be the same.

Evolution in time of the position of the vortex cores (a,b)

The position of the vortex cores is located by the distances a and b: a represents
the distance between the line that joins the cores and the rear stagnation point,
and b is the distance between the cores.

Influence of Be and A upon the evolution of a. The variation of the distance a
with the time ¢* is presented in figure 10 for A = 0-07 and 0-12, and several
values of Re. We find behaviour similar to that of the wake length L. In
particular, when Re ~ 20 the value of a is greater, for a time, than it is for
the established regime. This behaviour is still measurable when Re ~ 30 and
A = 0-12, and, within experimental accuracy, is more pronounced than it is for
the wake length.

On the other hand, from the curves of a against ¢* for different values of A but
a constant Reynolds number, it appears that the curves are merged during the
first phase of the motion, showing again that the wall effect is perceptible only
after a certain lapse of time.

Influence of Re and A upon the evolution of b. We give in figure 11 the evolution
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Ficure 12. Evolution with time ¢* of the cylinder closed-wake separation angle for
different A values: li, A = 0:12; A, A = 0:07; — —, A = 0. Comparison with theoretical
results: A, Kawaguti & Jain (1966); (1, Jain & Rao (1969); V, Son & Hanratty (1969);
{, Thoman & Szewezyk (1969); O, Collins & Dennis (1973), Re = 40; +, Thoman &
Szewczyk (1969), Re = 30.

of the distance b that characterizes the cross-section of the closed wake. Close
to the start of the motion, the distance b changes more rapidly than the corre-
sponding wake longitudinal characteristics; afterwards, however, it is slower.
On the whole, the establishment period is shorter than the period associated with
a and L. For these parameters, we could not compare our results with other
results; it seems that these characteristics have been neither calculated, nor
measured.

Evolution in time of the separation angle

We have measured the separation angle 6 corresponding to the separation of
the main flow from the wall of the cylinder and we have studied its variation in
time for the same Reynolds numbers and the same diameter ratios A as those
selected before. We give in figure 12 the corresponding evolutions, together with
the theoretical results of Kawaguti & Jain, Son & Hanratty, Thoman & Szewzyk,
Jain & Rao and Collins & Dennis. No experimental result seems to have been
published for this feature.

The accurate determination of g is difficult especially during the initial stage
of the flow development when, on the one hand, the values are very small and,
on the other, as is shown in figure 12, the variations are abrupt; cumulative
errors result in the length and time measurements.

For very small times, most theoretical results seem to fit well with the pro-
longation of the curve that we have deduced from our experiments by extrapola-
tion down to A = 0. For 1 < #* < 5 they differ sensibly whereas for ¢* > 5 the
results of Kawaguti & Jain and Son & Hanratty again agree satisfactorily.
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Fiaure 13. Evolution with time ¢* of the cylinder closed-wake shape for different
A values: ll, A = 0:12, Re = 20-3; A, A = 0:07; Re = 20.

F16ure 14. Evolution with time ¢* of the cylinder closed-wake shape for different
A values: ll, A = 0-12, Re = 30-3; A, A = 007, Re = 31-2.

F1gUurE 15. Evolution with time ¢* of the cylinder closed-wake shape for different
A values: B, A = 0-12, Re = 38:6; A, A = 0:07, Re = 40.

Evolution in time of the attached-wake shape

The evolution of the outside boundary of the attached wake has been determined
during the establishment period for A = 0-07 and A = 0-12. The corresponding
graphicrepresentations are given in figures 13-15, for Reynoldsnumbers of about
20, 31 and 40, respectively.

No comparisons are possible because, with the exception of Thoman &
Szewczyk (and their figures are too small to allow us accurate readings), authors
have given only the steady-state values that they obtained, their purpose being
to calculate the features of the established flow.
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£ 05 1 15 2 25 4 6 8 10 12
Re
Kawaguti & 20 0 023 042 057 069 097 101
Jain (1966) 30 ! 009 o035 057 076 090 136 171 179
012 040 062 085 101 156 213 248 251 2515
404 g, 352° 48-1° 50-6° 51-7° 522° 52-8° 532° 534° 537° 537°%
Ingham (1968) 40 L 028 044 060 076 107 137 153 160
Thoman & 50 {L 010 028 048 066 082 125 157 171 177 179
Szewezyk (1969) g [325° 4420 448° 45:0° 450°
40 Us\39°  466° 474° 477° 478°
Jain & Rao 40 L 013 032 051 071 092 144 203 248 264 265
(1969) 6, 33-9° 458° 49.2° 50-7° 51-3° 51-9° 524° 526° 527° 527°
Son & Hanratty 40 L 014 036 064 085 108 163 220 245 254 254
(1969) 6, 41° 49°  50-6° 515° 52°  527° 533° 535° 537° 53-7°
Collins & Dennis 40 L 009 033 058 078 0907 142 181 200 211 216
(1973) 6y 33-8° 483° 50-3°
Wu & Thompson 36 L 020 032 044 077 117 146 170 1-88

(1973)

TaBLE 1. Numerical values of the closed-wake parameters L and Og
given by different authors for an indefinitely extended flow.

The boundaries that we have drawn for the highest values of t* correspond, in
practice, to the established flow (except in the case A = 0-12, Re = 38-6), and
therefore these figures show that the wake-shape variation is very strong in the
initial stages, i.e. between 0 < t* < ¢}, t7 being almost independent of A. This
stage of the motion corresponds, in fact, to the stage when the wall effect is
negligible and the evolution of the features of the wake is quasi-linear.

It was noticed that, at the beginning of the establishment period, the evolution
of 04 and of the maximum closed-wake width was more rapid than the evolution
of the length.

In the case Re = 20, the phenomenon that we have mentioned is particularly
well pointed out: the closed wake is larger, at a given instant of the evolution,
than it is when the flow is established.

List of the principal numerical data

In table 1 we have collected the values of the length L and of the separation
angle g, for a flow of indefinite extent, given in the literature either by means of
curvest or by means of numerical values (these we have indicated by *). In
table 2 we have recapitulated the values of L, fg, @ and b deduced from our
experiments when Re ~ 20, 31, 40 and A = 0, 0-07, 0-12 and 0 < #* < 12.

From the analysis of our results, it appears that the flow in the closed-wake
regime can be considered as stabilized for the Reynolds numbers 20, 31, 40 when
the times ¢* are respectively equal to or greater than 9, 10, 12 for A = 0-07, and
10, 9, 10 for A = 0-12. As the evolution of velocities is slower than the evolution
of the geometrical parameters of the wake, the times that we give are those for
the establishment of the velocities.

1 The values read on the curves of the cited authors may be lacking in precision because
their diagrams are sometimes printed using a very small scale.
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\< 1 2 3 4 5 6 8 10 12
A Re

0-12 204 L 022 054 075 080 072 065 062 062 062
20-3 a 012 023 029 031 026 023 022 022 022

b 0-37 040 042 041 040 039 039 039

Og 38-4° 41-2° 41-4° 40-8° 40-7° 40-6° 40-6° 40-6°

0-07 199 L 022 054 075 083 078 075 074 073 073
20 a 012 023 031 033 032 029 028 028 028

b 0-37 041 042 043 043 043 043 043

Og 38-4° 41-4° 42-3° 42-2° 42-2° 42-2° 42-2° 42.2°

0-024 20 L 022 054 075 087 087 087 0-87 087 0-87
0 20 L 022 054 075 088 093 093 093 093 093
a 012 023 031 033 033 033 033 033 033

b 0-37 041 044 045 046 046 046 046

Oy 38-4° 41-4° 43-1° 44-1° 44-7° 44-9° 44.9° 44-4°

0-12 315 L 032 o070 100 1-21 126 126 126 126 1-26
30-3 a 015 032 042 047 045 044 043 043 043

b 035 043 046 047 047 047 047 047 047

Oy 43-5° 46° 47-4° 48-1° 48:2° 48-2° 48-2° 48:2°

007 31-2 L 0-32 070 1-03 124 1-36 139 139 1-39 1-39
a 0-15 032 042 048 050 051 051 051 051

b 035 043 047 049 050 051 051 051 051

Og 43-5° 46-4° 48-1° 49-1° 494° 494° 49-4° 49-4°

0 31 L 032 070 103 1-28 147 156 159 159 1-59
30 a 0-15 022 042 049 054 055 055 055 0565

b 035 043 048 050 052 0563 054 054 054

Og 43-5° 46-7° 48-5° 49-5° 50° 50-1° 50-1° 50-1°

0-12 386 L 0-36 074 111 138 157 163 1-64 164 1-64
a 017 036 051 058 060 060 060 060 060

b 0-38 047 051 052 052 052 052 052 0-52

Oy 41-2° 46-5° 49-1° 50-4° 51-1° 51-3° 51-3° 51-3° 51-3°

0-07 41 L 0-36 074 1-11 141 162 1.79 1-94 1-96 1-96
40 a 017 036 051 061 066 069 069 069 0469

b 038 047 032 054 055 056 056 056 056

0y 41-2° 46-5° 49-3° 51° 51-8° 52-3° 52-5° 52-5° 52-5°

0 40 L 0-36 074 111 141 165 185 205 218 2-19

017 036 051 062 069 073 075 075 075
0-38 047 052 055 056 058 059 059 059
s 41:2° 46-5° 49-3° 51° 52-1° 52.7° 53-1° 53-4° 534°

D SR

TasrLe 2. Numerical values of the closed-wake geometrical parameters
deduced from our experiments.

6. Conclusion

The study that we have presented here of the unsteady plane flow induced by
the impulsive start of a cylinder previously at rest in a still viscous fluid allows
us to point out some general properties concerning the evolution of the hydro-
dynamic field, especially in the closed wake:

(i) atthe beginning of the motion, the transverse features evolve more quickly
than the longitudinal features;

(ii) the closed-wake geometrical parameters are stabilized sooner than the
velocity field, particularly on the flow axis, so that, when the theoreticians limit
their investigation to the calculation of these geometrical parameters, the flow
can appear to them ag established when in fact it is not;
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(iii) in general, a wall effect speeds up the establishment of the flow, although
this is not always the case for the lower Reynolds numbers;

(iv) the greater the Reynolds number is the more rapid is the evolution in time
at the beginning of the motion; the total establishment time, however, is greater.

Further, the systematic analysis of the wall effect has shown that the establish-
ment period can be divided into two stages: a first stage when no perceptible
wall effect exists and the flow develops as though indefinitely extended, and
a second stage when the wall effect appears clearly and accelerates the evolution
in time.

The fact that the wall effects are negligible at the beginning of the motion and
that the establishment of the flow tends to be more rapid when the Reynolds
numbers are small allows us to interpret the following phenomenon which has
been pointed out experimentally: under certain conditions, the wake can be
larger at certain moments of its evolution than it is in the established regime and
it is even possible that it appears during the establishment period and disappears
afterwards.

Finally, the precision of our measurements allows us to compare our results
with those provided by theoretical investigations; the corresponding conclusions
can serve as a verification and guidance to perfect the calculation techniques.

The authors are grateful to Prof. J. M. Bourot, Director of the Fluid Mechanics
Laboratory of Poitiers, for supervising this research and they wish to thank
J.R. Defaye for his help in translating this text into English and P. Falaise for
contributing to the elaboration of efficient experimental techniques.
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