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Evolution of the Wake in Unsteady Flow and Transverse Fcrces
d

.

The cresent state of knowledge of time-dependent flows in general anAn improved

of the transverse forces in particular is very unsatisfactory.i f this knowledge
understanding of some basic unsteady flows and the applicat on otial

to new design techniques will prove useful and should provide substanimprovcments in performance, reliability, and costs of many fluid devices.
situations, it is logical to inquire what generally distinguishes unsteadySince almost any aspect of fluid motion includes unsteady effects in someIn the broad class
and quasi-steady behavior, and why are they di.fferent?
of problems that can be treated by linear theory, unsteady effects are
important when some time scale of the physical motion is comparaole to thethat is, when L/Ut is of order 1 or greater.
basic fluid dynamic time scale:Here L, U, and t are the characteristic length, velocity. and time,Truly unsteady flow problems are nonlinear, where either
the equations of motion or the boundary conditions, or wth, contributeThe aforementioned time scale is still relevant,
respectively.

strong nonlinearities.but the nonlinear effects may preclude the simple linear addition of
unsteady phencmena to steady solutions, regard 1.ess of the frequency.
The nonlinear unsteady effects are, of course, 'more difficult to analyze
end model.

Impulsively-started and uniformly-accelerating flows are common examples
'

l l
of non-steady boundary layers and have some practical importance particu ar y
when an accident sets the fluid impulsively in motion about the bodiesFurthermore, impulsively started flow is one of those.*

unsteady flow situations for which analytical and nume. ical solutions. immersed ih it.
exist at least for small times and relatively Ita Reynolds numbers.

At the very early stages of motion, the vorticity doe's not have enough'
Thus, the boundary layers are very thin and the flow is

The fluid force acting on the body is primarilytime to diffuse.
essentially irrotational. =1+C C being the added
inertial and the inertia coefficient is Cmass coefficient obtained from the potential theor),. for bodies without
sharp corners (e.g., circular cylinder), the separation does not occurFurthermore, it does not necessarily initiate at the
downstream stagnation point (as in the case of an elliptic cylinder).immediately.

For two-dimensional cylinders, it can be shown (Schlicting 1968), thatat a place where the absolute value
the separation begins after a time tFor a circular cylinder started impulsively froms

rest to a constant velocity, the distance covered until separation beginsThe separation begins
of du/dx is largest.

is s = 0.351R, r being the radius of the cylinder. .

at the rear stagnation point.

For a uniformly accelerating cylinder the same distance ii; s = 0.52RFor a
and obviously greater than that for the case of impulsive motion.The distance covered by the

sphere impulsively set in motion s = 0.392R. sphere until' separation begins is larger, as in the case of the circularEvidently,
'

sylinder, when the sphere is accelerated uniformly from rest.
'
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the rate of acccleration as well as the history of motion is important
-,

.

in the calculation of the relative distance covered prior to the occurrenceFor bodies with sharp corners separation starts imediatelyof separation.
and the added mass coefficient is not necessarily equal"to that given by
the potential theory for the unseparated flow.

of the impulsively started motion of theTheoretical investigation
circular cylinder in a fluid otherwise at rest are confined mostly toSuch a motion
carly times and very low Reynolds nuabers (about 100).was first considered by Blasius (1903) and his work was later extended
by Goldstein and Rosenhead (1936), GUrtler. (1944), Schuh (1953), Watson
(1955), and Hundt (1955). It was found, as noted earlier, that the
boundary layer separates from the surface of tha cylinder after a :.ertain!

time lapse, the time and location of the separation dependino ca theThe separation point
Reynolds number and the bluffness of the body.then moves rapidly around the cylinder until at large times they coincide,

with the points of laminar separation for steady flow.
' Finite-difference tecnniques have been employed by several investi-

'

.

gators (Payne 1958; Hirota & Miyakoda 1965; Kawaguti & Jain 1966; Ingham
1968; Jain & Rao 1969; Son & Hanratty 1969; Thoman & Szewczyk 1969;
Collins & Dennis 1973; Uu & Thompson 1973; Wang 1967; Panikker & Lavan '

;.
1975; Coutanceau & Bouard 1977). .

'

There are very few experimental data fer either impulsively-startad
or uniformly accelerated flow at sufficiently high Reynolds numbers, i.e.,

-

,

for Reynolds numbers in the order of 10,000. There are no experimental
data for Reynolds numbers in the supercritical 'and transcritical regimes.

'

|, This is partly because of experimental difficulties encountered in
establishing impulsively-started or uniformly-accelerated flows and '

,

partly because of the instrumentation required to measure the transientIn fact, the force that acts on the cylinder inquantities invol .d.
impulsively started flow has been measured directly only by Sarpkaya (1966).

Schwabe (1935) used a circular cylinder with a radius of R = 1.7 inch.The velocity of the
Experiments were conducted in an open channel with water.
cylinder was U = 'O.328 inch /sec. The Reynolds number was about 600.
A careful examination of Schwabe's work tends to indicate that Schwabe's
drag coefficient'is about twice the steady-state value, and still increasing
with time when the cylinder has, moved about 9 body radii. It appears that
considerable arrount of experimental error may have been involved in the'

evaluation of the pressures and hence in the resulting drag coefficient.

Bingham, Weimer, and Griffith (1952)' carried out a number of experiments
in a shock tube to observe the influence of Reynolds and Mach nuaber
on the impulsive loading of a 0.5 inch cylinder. The pressures were

,

. determined from the density fields and the drag coefficients were calculsted: i!0flE of the foregoina investicationsby an integration of ~ the pressures.
dealt with the transverse force resul tinn frca the vortex shedding.

i

The impulsive flow has long been regarded as cnologous to the evolution '

of separated flow about slender bodies moving at high angles of atLack in
the subsonic to moderately supersonic-velocity range. The approximate
flow similarity between the development of the cross-flow with distance
along the inclined body of uniform diameter and the development of flow|

; .' with time on a cylinder in impulsive flow is known ag the " cross--flow"
:
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This analogy was first suggested by Allen & Perki~ns. (1951)
;

>

and subscquently used by many other researchers to calculated in-plancanalogy.-

r.ormal force and out-of-plane force (sid.? force nonnal to the plane of
A detailed discussion of the analogy, extensive measurements

for various- nosc-shapes and body combinations, and the most pertinentreferences may be found in (Thomson & Morrison 1971; Bostock 1972; and
flight).

lamont & Hunt 1973). ' <

According to the analogy the progressive development of the wake
along the body when viewed in cross-flow plancs is similar to the gr'wth
with time of the f'.ow behind a two-dimensional cylinder started impulsively

Close to the body nose no wake exists' whereas further down-the lee side. Thesefrom rest.
. stream two syn:nctrically disposed vortices form on

vortices are fed by vortex sheets containing boundary-layer fluid whichFurther along the body first one and then
has . separated from the body.
the other of these vortices detaches and moves downstream at an angleOther vortices form on the lee side of the body at

'

to the free st' ream. This process

increasing distance and behave in a similar manner. continues along the body length and a flow cross-section taken at right
.

angles to the axis far from the nose has the appearance of a vortexThe flow pattern is depicted in Figs.1 and 2 and resembles a
s' pace-time plot of the flow past a two-dimensional cylinder startedThe evolution of the vortices from a synnetric
street.

impulsively from rest.to an asymmetric configuration is clearly visibl,e in Fig. 2. .
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Evolution of the vortices behind the body at 30 degree incidence.Fig. 2
l

The evolution of the drag and transverse-force coefficients for '

various bodies at various angles of attack has been measured by La:r: ant &
Figures 3 through 5 short the most representative results.

-

Hunt (1976).Evidently, the in-line force reaches a maximum at a time of about 5, i.e.,
at Ut/R = 5, and then gradually decreases to its steady-state value of 1.2.
The reason for the initial rise in the drag coefficient is the rapidEviden tly,
accumulation of vorticity in the two sya: metric vortices.A similar rise in the
the Reynolds number is in the suberitical range.
drag coefficient is also expected for flows in the supercritical Reynoldst

.

. number range although there is, at present, no experimental data to suppor
i ..

this conjecture (See Sarpkaya 1966)..
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Figures ,3 and 4 show that the lif t coefficient (non-dimentionalized
,.,.

'

by means of the cross-flow dynamic head and the cylinder diameter)has a typical value of about 0.6 in the early stages of motion (Ut/R = 12).t 0.3.
.iubsequently, the lift coefficient decreases to a value of aboullous. The weakest
Yhe reascus for the foregoing observations arc as fo

-

vortex is always the first vortex shed in any unsteady flow started fromIn fact the
The strongest vortex is alt.'ays the second vortex.

first maximum in the lif t curve occurs at the time of the shedding ofVortices which are subsequently shed have strengths
rest.

the second vortex. Partly because of this reason and partly
intermediate to the first two.because of the fact that the vortices are situated relatively further
downstream, the lift coefficient shows some decrease following thefor

The additional decay in Ckncidenceshedding of the first few vortices.
very large values of Ut/R is applicable only .to the bodies atand represents the transition between the developing flow over the front-

.

Thus, one should not

part of the body and the effect of the blunt end. assume, on the basis of the analogy, that the lift coefficient in anThe fact that
accelerating flow will continue to decrease with time.

.this is not so will be demonstrated shortly.
.

Figure S shows the variation of the maximum lift coefficient withEvidently, in the suberitical range
two representative Reynolds numbers.(i.e., Re in the order of 50,000), the lif t coefficient is about 1.3It should be e
and decreases rapidly with increasing Reynolds number. corresponds to the critical

.

observed that the Reynolds number at 110,000
.

range in which the lift coefficient reaches its minimum value.

As noted earlier, the foregoing results have been obtained by
Lamont & Hunt (1976) through the use of a slender body at an angle of

Furthermore, they have been presented herein as an indirect
evaluation of the lift coefficient through the use of the impulsive flow -attack. -

One must, therefore, keep in mind that these coefficients are
* -

only for an impulsively started flow about a cylinder and liold true only
analogy.

in the regions of flow where the impulsive-flow analogy is not expected
In susnary then one finds that the lift coefficient in

an impulsively started flow about a cylinder may reach a typical valueof about 0.6 in the early stages of motion for Reynolds numbers in the
to hold true.*

For smaller Reynolds numbers, the maximum liftorder of 100,000.
coefficient may be as large as 1.2. Lamont & Hunt did not obtain any

data for higher Reynolds numbers. .

,

' A very extensive literature search has revealed that no investigator
has ever measured the transverse force on a body immersed in a time-The only exception being the work carried out by the

Sarpkaya (1977-b)dependent flow.

present writer with uniformly accelerating flows. conducted a series of experiments in a vertical water tunnel of 2 ft
.

-

by 2 ft cross-section with circular cylinders ranging from 3 inch toThe flow was subjected to uniform acceleration of2 to 20 ft/s2),5 inch diameter.
desired constant magnitude (du/dt ranged from 0.2 f t/s

.
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The purpose of the investigation was partly to. measure the. transverse
force and partly to re-examine the drag force obtained approximatelyThe drag force measurcaents have
15 years ago (Sarpkaya et al.19G3).
yicided nearly identical results with a scatter 1 css than~ 5";. .

The transverse force was non-dimensionalized with the dynamic head

of the -instantanicus velocity and the diameter of the cylinder, i.e.,= (Instantanicus value of the transverse force)/(0.5plDU ) where U is'The lif t coefficients obtained2

C|1e corrcsponding instantanicus veloci.ty.in this manner are then plotted as a function of Ut/R = 2s/R where s ist
2

the displacement of the fluid (i.e. , s = 0.5Ut = 0.5.dU/dt.t ), .

Figures 6 through 9 show the results for v'arious cylinders andEach figure contains the results of two or more repeat
'

Also shown inaccelerations.
runs with the same cylinder at the same acceleration.
cach figure are the corresponding instantaneous Reynolds numbers.

-

Figur.e 6 for which Re = 60,000 at Ut/R = 50, shows that the liftFigure 7
coefficient remains fairly constant at a value of about 0.5.

120,000 at Ut/R = 50, shows that the lift coefficient

begins with a maximum value of about 0.4, then decreases to about 0.3as the Reynolds number goes through values in the order of 60,000, and
for which Re =

then increases slightly to about 0.4. Figure 8, for which Re = 400,000
Finally, Figure.9 for which

at Ut/R = 50, shows a similar variation.Re = 600,000 at Ut/R = 50, exhibits a nearly constant lift coefficient
.

of about 0.3.
Firstly,

Several conclusions may be drawn from the foregoi0g.
the lif t coefficient is not uniquely determined by the Reynolds number
(e.g., note that the lift coefficient at Re = 60,000 iri Figs. 6 and 7The history of the flow appears to play some role'

are not the same), Secondly, there does not
in the evolution of the transverse force.appear to be any dramatic changes in the lift-force coefficient as the

.

100,000. This may

Reynolds number goes through values in the order ofeither mean that the accelerating flow has not yet gone through the
critical transition even though the Re;,, olds number exceeded values,' -

or that the passage through the transition region inof about 300,000.

a unifomly accelerating flow is not as dramatic as it is in steady
Einaly,. it is evident from a comparisen of Figs. 3 and 4 withflous.

Figs. 6 through 9 that the lift coefficients predicted through the use
of the impulsive flow analogy are fairly close to those obtained withSuffice it to note that the impulsivelyuniformly accelerating flows.
started flows are more likely to yield an initially larger lift coeffi-

-

. cient because of the more rapid, accumulation of vorticity in the
'

symmetrically growing vortices.
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