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In our previous Tilms, separation of flow from a boundary was
treated as a purely geometrie effect. A plate, or orifice dia-
phragm, for example, is usually too thin for the flow to follow
without an impossibly low pressure at the edge; separation simply
reduces the curveture of the limiting streamline till a physi-
cally possible pressure fieid is realized. In general, however,
seperation requires not only an adverse prescure gradient, as in
any region of deceleration, but also a zonme of already retarded
flow a6 is produced by shear in the boundary layer.

Here the central streamlines do not separate as the pressure
rises toward the point of stagnation, because the flow between
them is not otherwise retarded. But the fluid in contact with
a splitter plate is mlready at rest and cannot be further de=
celerated, so that separation must take place if the flow is to
conbinue. As the boundary layer develops around any body of
appreciable curvature, the point of separation rapidly moves
forward from the zone of meximum prescure rise at the rear to
the zone where deceleration first occurs. As a matter of fact,
no change in boundary elignment is really necessery, just so
long as there ie & shear zone of low velocity and an adverse
pressure gradient, such as prevails beneath the Tront of this
undular surge moving slowly ageinst the flow.

Separation leads to three important occurrences. First, it
chenges the anticipated Tlow pattern; for instance, this channel
expansion obviously does not cause the flow itself to expand =s
rapidly as desired. Second, it produces boundary drag, thereby
expending energy through the generation of eddles, which rapidly
transform to turbulence. PFipally, 1t can lead to oscillation

of the flow, with a corresponding pressure fluctuation, boundary
vibration, noise generation, and perhaps even structural damage.

Though separation is very essentlal in the operation of para-
chutes and baffles, it should in general be avolded by the con-
trol of the boundary layer or the pressure gredient, or of both
together. If the boundary moves with the flow, for example,

the retardation by shear is offset, and separaticn obviously is
prevented. Much the same eliminatlon of separation is realized
if, as is now beginning to occur, fluid is discharged tangentislly
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into the boundary-layer region through boundary slots., Fven
better results will next be seen to obtein as the boundary lsyer
fluid is sucked into the slots as rapidly as it is retarded., A
change in the pressure field as a whole is provided by the intro-
duction of guide vanes. These can be made to conform to the
original boundery, and thus increase the relatlve radius of
curvature locally, or else the whole strueture can be redesigned
accordingly, as in the case of this miter bend; the fiow is ob-
viously much worse without the venes, but much more efficient
once vanes have been installed.

A type of Buler number that indicates the effect of separation

i knowm a8 the drag coefficient - the longitudinal force exerted
by the flow per unli projected area in its ratio to the sitagne-
tion pressure. Por extreme degrees of separation, as must occur
at the edges of this disk, measurement of the pressure distribu-
tion at the numbered piezometers on the front and rear faces will
ghow the cause of the drag. As alr now begins to flow from left
to right, the fropt of the disk becomes subject to positive pres-
sure and the rear to spprecisble suctiom. The integral of the
pressure distribution will yield the same force as that measured
on such an air-tunnel dynamcmeter.

The high drag of the yellow disk can be reduced appreciably by
adding a rounded front, which minimizes the curvature of the
separation surface and thus someyhat alleviatea the pressure re-
duction at the rear. gSeperation is almost completely elimineted
by adding a well-fared tailpiece to reduce the adverse pressure
gradient. Since there can be no resistance to steady ilrrota-
tional flow around a body without separation, practically the
only resistance now is thet of shear within the boundary layer.
Under optimunm conditions the process called streamlining can re~
duce the drag some 95%. Since the resisting foree varies with
the projected ares of a body as well as with its shepe, at the
same velocity this streamliped form would then produce no more
resiptance than a disk of less than a quarter its dilameter.

A sphere is intermediste between poor streamlining and good
ghreamlining. As can be seen from the distribution of pressure
measured at the numbered plezometers, when flow takes place from
left to right the low pressure at the rear compared with the

high pressure at the front indicates that separation stilil cccurs.
As is shown by injecting smoke Into the wmke, the line of sepa-
ration ls even ahead of the midsection. Making the boundary
layer turbulent prematurely by & trip wire tends 4o reduce the
separation tendency, as is evident From the ghift of the sepa-
tation point to the rear of the aidsection.

Compared with a body producing two-dimensional flow, like this
long plate, a more nearly axisymmetric body like a square has &
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much higher wake pressure and hence & much lower drag per unit
area. The drag coefficient of a equare plate, therefore, is
increased by cuibting it into more nearly two-dimensional strips
and slightly separating them. A body that is in the wake of an-
other, being in a zone of reduced veloeity, experiences a great
reduction in dreg, as any ¢yclist who has coasted along behind
a truck is well aware.

These elementary prineciples aliso apply to more complicated
structures such as buildinge. Roofs should not be designed for
only positive loading, since in high winds they are most likely
+0 be lifted by suction due to separation than they are to be
blown in. Chimmeys, obviously, should not terminate within zones
of separation or the smoke will fill the region behind them.
™ig is seen to be the case zlmost regardless of the direction
from which the wind comes. Probably the most unstreamlined body
is & parachute, but cbviocusly even this can be designed for ma-
neuverability. Moreover, even the human body in free fall can
control its turning moment about three different axes, as this
skydiver clearly shows.

The mathematical concept of circulation introduced in connection
with vorticity in our second film is also useful in connection
with the side thrust exerted upon certain bedies in relative mo-
tion. Defined as the line integral of the tangential component
of the velocity around a closed curve, I represents the tendency
of the fluid to circulate in one direction or another around the
curve.

The circular streamlines of an irrotational vortex are all lines
of constant cireculation, for the velocity varies inversely and
the circumference directly with the radius. HNow if the velocity
field of such a vortex is superposed upon the velocity field of
irrotational flow arcund & body - say 8 circular cylinder - the
velocity on the one side will be augmented and on the other side
diminished, in proportion to the relative strength of the cir-
culation, and the flow pattern will change accordingly. Where
the velocity is increased, the pressure will be reduced, and vice
versa, so that a side thrust will be exerted upon the cylinder.

Such circulation is produced in actwality through boundary-layer
shear if a body is rotated. This is illustrated quite graphical-
ly by this light cylinder of paper rolling down & miniaiture ski
Jump., Because of the cross thrust that its turning produces, it
deviates markedly from its normal parabolic trajectory. The same
phenomenon is encountered in the deflection from its normsl tra-
jectory of a spinning baseball or ternnis ball.

If a eylinder 1s moved without rotating, on the other hand, oscil-
lation of the patiern will produce, through the development of
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cireulation first in one direction and then the other, an alter-
nation of side thrust, which 1s at the root of such phenomena ag
the singing of telephone wires in the wind, or the nolse gener-
ated by this rod as it iz awung through the air.

Observation of the flow pattern behind such a cylinder will re-
veal the alternate shedding of wvortices either side of the center
line, the circulation around each vortex being Jjust the opposite
of the momentéry circulstion sround the cylinder producing the
side thrust. The succession of such vortices is called the
KdrmAn vorbex trail. if the cylinder is free to osciliate under
the side thrust, as it is if suspended from light springs, it
will gradvally develop an oscillatory motion in the trensverse
direction and eventunlly move back and forth over a distance
about equal to its diameter. An elliptical cylinder with mejor
axis in the direction of the flow will have a more limited eampli-
tude of coscillation, whereas one with its major axis normal to
the flow will oscillate much more markedly. Some ssymmetric
forms (like either this semicirecular cylinder or ice-encrusted
telephone wires) are unstable in that they will tend to oscillate
farther and farther, with eventual breskage of the suspension ag
a result. A similar sort of instability 1g found in various
structural sections, in particular the Tacoms Narrows Bridge here
seen oscillating in a high wind prior te ultimate failure.

A body that is so designed as to take maximum advantage of flow-
induced eross thrust is known as & lifting vane. The cireulation
of the starting vortex seen here is maiched by an equal and oppo-
site Lift-producing circulation around the foll. The fact that
circulation actually occurs sround the foil is seen from the
vortices that detach as the foll is stopped. A lift coefficient
can be written for a vane of length % and chord ¢ as the
lifting force per unit vane area in its ratio to the stagnation
pressure. According to the circulation theory of 1ift, this
coefficient is proporticnal to the relative circulation, which
in turn is proportional to the sine of the angle of attack of
the vane.

A plot of the measured Lift coefficient against angle of attack
shows good agreement with the elrculation theory at small angles,
but & great deviation at high angles 28 the phenomenon known as
stall occurs. By means of gmoke fllaments, the gradual develop-
ment of stall, or leading-edge separation, ia readily seen from
the change in flow pstiern around this symmetrical vane as its
angle of attack is continuously increased. Piezometers at the
numbered points around the profile of a vane show that in a
steady crossflow the circulation induced with growing angle of
atteck produces s pressure below and a suctlon above the vane,
the difference increasing as the angle of attack increases $1ll
stall suddenly occurs.
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As seen from this polar disgrem of 1ift versus drag, a well-
designed lifting veane will display an efficiency, or ratio of
Lift to drag, as high as twenty-five or thirty. This ia for an
aspect ratio, length over chord, that is very great. As the
agpeet ratlo decreases, however, the ratio of 1lift to drag
steadily diminishes. This is because of a tip effect much like
that of the shortered plate, in which flow oecurs arcund the end
and diminishes the pressure difference. BSmoke [ilaments near
the middle of a vane show only & two-&imensional separation ef-
feet. HKear the end, however, as the vane is inclined first this
way and then that, the pressure on one side and suction on the
other give rise te an additional circulation effect, which is
evidenced by an Iintense tip vortex. This end view of the same
vana shows the growth of the tip vortex to perfection. The re-
sulting flow directly behind the vane has a downward component,
called downwash, which necesearily increases with decreasing
agpect ratio. Lifting vanes are used not only for the wings of
airplanes, but also under medern hydrofoil boats Lo 1ift the
hulls completely cut of the water, as seen on this Grumman craft
being tested for the Maritime Administration. Elimination of
wave resistance obviocusly leads to much greater speed and sta-
bility.

The First uee of the lifting-vane principle occurred many centu-
ries ago in connection with the windmill forerunners of the more
recent sirplane propeller shown here. Since each radlal section
of a propeller moves with a different veloeity, for efficient
design the blade as a whole must vary contiruously in shape from
tip to hub. Rach sucecessive element of the blade has the zawe
forwvard speed but a tengential speed that is proporticonal to the
radius; hence each will have a different angle of advance, and
this in turn makes necessary & variable angle of the blade, For
the single blade element now shown, the forward speed and the
tangential speed determine its direction of motion relative to
the fluid; this and the geometry of the element then control the
angle of attack. The Lift and drag, measured relative to the
direction of motion, evidently both contribute to the axial
thrust of the propeller and to the tangential force that is in-
volved in the torque.

A ship propeller usually has blades of large chord so that the
load is distributed over a greater area and the local pressure
drop will normally not be great enough to produce cavitation.
Here tests conducted under extreme conditions in a cavitation
tunnel of the Navy's David Teylor Model Basin show by water-
vapor formation the decrease in slipstream diameter that must
alwaye occur as the propeller accelerates the pagsing fluid.
When the same state of flow is seen in slow motion, the tip
vortex is found to yield a spiral tube of water vapor which
shows the actual complexity of the slipgtream.
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Encasing a propeller im a duct, as in a pump or turbine, elimi-
nates both the tip effect and the necking down of the slipstream.
The pitch of the blades is often variable from the braking timit
to full feather in order %o control the efficiency and other
operating characteristics. Blowers, pumps, and turbines vary
from the axisl-flow or propeller type just shown to the radial-
flow or centrifugal type like this Allis-Chalmers turbine. A
radial flow unit is shown schematically in the laboratory. The
stationsry guide vanes give the oncoming flow a tangential com-
ponent, whick ideally is brought again to zero by the time the
flow leaves the moving runner. The work that is done by the
fluld on the runner is proportionsl to the change in circulation
that is produced. If the camera is now rotated at the same
speed to show the flow relative to its blades, these are seen to
act as lifting vanes, much like those previously discussed. The
components of bhoth 1lift and drag evidently control the tangential
force on the rumner that does the useful work. However, Lf the
rate of flow, direction of approach, and rmmner speed are not
properly related, an effect comparable to stall will oceur and
the efficiency will be reduced.

A fluid coupling, which serves as & shock-free connecbion between
driving and driven wachinery, consists of a pump (the shaft and
blades at the left) and a turbine (the shaft and blades at the
right) compactly combined in a single housing. If the space is
filled with & fluid of appreciable density, turning the inmput
shaft and blades will cause the output blades and shaft to yield
the same torgue whether rotating or stalled, because the cireu-
lation must increase and decrease by the same amount as the fluid
passes from one side to the other and back agaln. Inclusion of

a pet of stationary vanes, here shown in red, permits the cireu-
lation to be changed without dolng work, so that the output vanes
will yield s higher or lower torgue; such a unit is called a
torgue converter, Proper shape of the stationary vanes will even
permit the output torque to be reversed in sign.

The general principle of using stationary guide vanes {here seen
in the upper portion of this open medel of an aircraft jet engine )
85 well as moving blades is the basis of most propulsive ma-
chinery. Though the elements are carefully shaped, and used in
many successive stages, they are all basically lifting vanes.
Here, however, not orly the density and viscosity of the gaseous
fluid must be considered, but also 1ts compressibility - a proper-
ty of which the effects will be treated in detall in the next and
lagt film of this series.



