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When we spesk of heavy olls and light oils, we are really referring
to their viscosity or resistence to shear. Now the tangential
stress of shear is also confused with the normal stress of adhesion,
vhich causes wetting. As we shall soon see, the fact that mercury
does not wet the glass stirring rod does not mean that it has no
viscosity. Whether & fluid wets a boundary or not, the interaction
of the respective molecules is such that there can be no slip either
between the fluid and the boundary or between different parts of the
fluid., Thus, if one boundary is moved parallel to another, a vis-
cous fluid contained between them will undergo a continuous shear
or angular deformation as delineated by the wveloelty gradient. This
is known as Couette flow., If we were to measure the force per unit
area ¢ regulred to move the cne boundary or to hold the other sta-
tionary, its ratio to the rate of deformation would be & direct in-
dication of the dynamic viscosity of the fluld. ILines of hydro-
gen bubbles produced along a flne wire by periodlc electrolysis of
a glycerine-water solution show the typical Couette velocity dlatri-
buticon,

A deviece using the CQouette principle for the measurement of viscos-~
ity is formed by two nested cylinders sco closely spaced that their
curvature can be neglected. By moving the outer cylinder at any
degired speed and by measuring the force on the inner one through
the torque on the suspension, the viscosity can be determined. Here
the fluld is water, and the prevailing speed produces a certain de-
flection of the immer cylinder. Now the fluid is mercury, which is
seen to be more vlscous than water, in that even a lower speed would
s%ill profhice a greater deflection. Finally, the fluid 1s simply
the air of the atmosphere, which is also seen to be viscous, though
very mich less so than elther weter or mercury.

If the measurements of sheasring stress and rate of angular deforma-
tion were plotted against each other, for what is known as a Hew-
tonian fluid (such as water, mercury, or air) all points would fall
on a astraight line, the constant slope of which would represent cone
stancy of the viscosity. A line with a steeper slope would thus
indicate a fluid with a higher viscosity, and a line with a less-
steep slope one with a lower viscosity. A non-Newtoniaen fluid, on
the contrary, is cne for which the plotied points follow a curve
rather than a straight line. A good example is a liquid suspension
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of finely divided solids, some of the new dripless paints illus-
trating this behavior to an extreme degree. Such a non-Newtonlan
fluld is characterized by a curve which indicates an initial stress
at zero rate of deformation and a viscosity thet deereases with in-
creasing deformation rate.

Whereas Couette flow is produced by a moving boundary,- what is Known
as Poiseuille flow involves the movement of a fluid between steation-
ary boundaries as the result of pumping or the-sction of gravity.
For reasons of force equilivrium, the intensity of shear must vary
acrogs the flow at the same rate that the piezometric head varies
along the fiow., Since the longitudinal piezometric gradiemt must
be the same at =1l points, the lateral shear gradient must also be

a constant. And since in a Newtconian fiuid the shear must vary with
the velocity gradient, the veloeity must be distribuited paraboll-
cally across the flow section, as use of the hydrogen-bubble method
in a solution of glycerine and weter indeed shows 1t to do.

Anguler deformation in uniform Polseuille flow was expressed as a
simpie velocity gradient. In general nonuniform fiow it 1s the sum
of the velocity gradients in two perpendicular directlons. Now
rotation was seen in the second film to be the difference of the
same two gredients. It is thus posaible to have rotational flow
without deformation, as in a tank of any liquid turning cn its axis
at constant speed; conversely, the metion of & viscous liquild be-
tween cylinders having tangential velocities that are inversely pro-
portional to their radii is, despite its deformation, completely
irrotational. Flow between closely spaced parallel boundaries will
be rotationnl in any plane perpendicular to the boundary but essen-
tially irrotational in the plane of motien. This gives rise to the
Hele-Shaw method of showing patterns of irrotational flow through
use - paradoxically - of a viscous fluid, as approximated by sprink-
ling dye crystals over the thin sheet of free-surface flow on this
water table. By ard large, however, the motion of a viscous fluid
is likely to be rotatiocnal in all planes.

The linear and psrebolic velocity profiles of Couette and Poiseuille
fiow will be combined if there exist both induced flow due io rela-
tive movement of the boundaries and through flow Gue to pumping or
gravity., Bvidently, the net result can be either additive or sub-
tractive, depending upon the relative magnitudes and directions of
the two types of flow, even to the extent of producing backflow in
part of the cross section. If, now, the originally parallel bound-~
aries are slightly inelined to one ancther, conditions of continuity
will require the two types of flow to be subiractive where the spac-’
ing is wider and additive vhere it is narrower. Since the head must
drop in the direction of the Poiseuille type of flow, there will be
a pressure build-up between the end sections; in other words, the
two boundaries terd to be forced apart by the flow. Such is the
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elementary principle of viscous lubrication, as demonstrated by
this model Kingsbury thrust bearing. The supporting shoes can tilt
as the surface above them turns, the load being maintained by the
pressure in the £ilm of lubricant - in this case air. Metal-to-
metal contact obviously does not occur $ill motion nearly ceases.

As illustrated by this sphere settling in glycerine, fluid deforma-
tion iz also involved in flow around immersed bodies. In fact, the
resistance to such relative motion is called deformation drag, be-
cause its effect upon the surrounding fluid extends so far away
from *+he body. As a result, a sphere falling near a boundary will
be retarded more than one farther awsy. Similarly, each of a group
of spheres will affect the motion of its neighbors. The density
does not appear in the resistance equation known as Stokes' law,

" because it applies only when inertial effects are negligible in

comparison with viscous effects. BSince the Reynolds nmumber repre-
sents the ratio of inertial and viscous effects, for Stokes' law to
be valid the Reynolds number must be very lew. At higher values,
Stokes'! law no longer applies, for inertial effects then become im-
portant, as 1s 1llustrated to an extreme degree by this slow-motion

“scene of a bubble in water.

In all flows which involve mass action, it is not the dynamic vis-
coslty A+ which is significant, but its ratio to the density p ,
called the kinematic viscosity v . Viscous fluids of different
densities flow under gravity through smsll passages such as bhese
at speeds inversely proportional to their kinematic viscosity. The
dynsmic viscosity of mercury is greater than that of water, but its
kinematic viscosity is evidently swaller., A heavy gas, however,
having a dynamic viscosity much smaller then water, has a much

; greater kinematic viscosity and hence flows far more slowly.

In Poiseuille flow through uniform tubes, the velocity distribution
is parabolic, just as in the case of plane Polseuille flow, The
resistance which it encounters is likewise independent of the fluid
density, becsuse of the lack of acceleration in the zone of uniform-
ity. At the inlet of such a tube from a reservoir, however, not
only does aceeleration occur, but the parabolic velocity profile
develops only with éistance dovnstream. For the same glycerine solu-
tion at hipgher speed the development is appreciably less rapid than
it was at Lower speed, while for fast-moving water the parabola
develops extremely slowly. Such flows evidently involve inertial
effects and hence depend upon the Reynolds mumber. In fact, the
relative distance from the inlet required to estabiish the parabolic
velocity distribution increases directly with the Reynolds number.

Much the same situation is found in flow past an immersed body.
When the liguid is a glyecerine solution and the speed is low, the
zone of appreciasble fluid deformation is gquite large, but as the
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speed is increased, the zope of deformation becomes more restricted
to the vicinity of the tody. Vhen the glycerine is replaced by
wvater, the zone becomes still narrowver, and at sufficiently high
Reynolds pumbers it is apily called a boundary layer. The pressure
distribution on the body can then be evaluated according to the
approximately irrotational flow outside the boundary layer, and the
distributicon of shear according to the fluid deformation within the
highly rotational region of the boundary layer itself. The latier
effect alone can be studied conveniently in the flow along a thin
flat piate, The boundary shear causes the velocity to vary from
zero to that of the passing flow, § Dbeing the nominal boundary-
layer thickness. Now, however, the primery reference dimension is
the distance from the leading edge, sc that the Reynolds number in-
creases directly with the velocity and with displacement along the
boundary. As shoum by the hydrogen-bubble technique, close to the
leading edge of the plete & is thus swall; 10 times as far down-
stream 1% is visibly greater; 100 times as far, the laysr has thick-
ened still more; evidently the boundery-layer thickness continues to
increase with distance from the leeding edge, though at an ever-
decreasing rate. Through the momentum principle, the relative thick-
ness of the layer and the relative intensity of the boundary shear
can both be expressed as negative powers of the diatance Reynolds
nuUEher .

Laminar flow eventually becomes unstable to disturbances of an inter-
mediate size or frequency, the range of which increases with the Rey-
nolds number. If such éisturbsnces are present in the flow, its
orderly character will Geterlorate rapidiy into the irreguler state
known &s fluid turbulence. The careful injection of dye at the
rounded inlet of a pipe wlll reveal simllar occurrences. The flow
is seen to be stable at low Reynolds numbers even though it is obvi=
ocusly digturbed, If the Reynclds number Ry, 1is sufficiently high,
however, even imperceptible disturbances 1 produce the onset of
turbulence in sudden bursts, as can also be cbserved at the pipe
outiet. {The fin seen below the laminar jet is simply Llow-velocity
fiwid from the wall region.) Once R exceeds sbout 2000, existing
disturbances will generaily lead to turbulence, whereupon the sur-
face of the jet will take on a totally different character. Here

the initial disturbance is provided by separation at the edge of an
unrounded inlet. Multipie dye jets now permit the Formation and’
lateral spread of the individual eddies to be followed,

Though fluids are treated as homogeneous, it is really the inter-
action of the individual molecules that produces the viacous effects.
For instance, the kinematic wiscosity is - at least for a gas - pro-
portional to the product of the molecular spacing and the moleculsr
velocity. Fluid turbulence can be imagined to have somevhat the
same properties, but on a molar rather than & molecular scale. Thus,
the combinaticon of an eddy size and an eddy velocliy is ealled the
kinematic eddy viscosity. The simple expression for the shear in
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uniform flow in terms of the molecular viscosity can now be ex-
tended to inelude the eddy viscosity as well. I% should be noted
that, whereas v 1s a funetion of fluid properties; ¢ depends
wholly on the state of motiocn.

’
_ /’ The comparative roles of ¢ and Vv can be seen from diasgrams of the
Y4 Laminar velocity distribution for laminar and turbulent flow., 3Because of
T /’ the mixing process, the velocity in the jurbulent wone is much more
y 4 nearly constant. At the wall, where the turbulence is inhibited,
Turbulent the velocelty gradient and hence the intensity of shear is thus many
} times as great as in purely laminar flow,
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This disparity is also evident from a plot of the resistance coef-
- C{~R;"'5 ficient ageinst the Reynolds number for the boundary layer. The
1o = line for purely turbulent fiow lies farther and farther above that
g(;, - for laminar Flow as the distance Reynolds number increases., Tf lam-
e AR"‘p“ inar flow becomes turbulent at some intermediate value, the compos-
4 ite ewrve will spproech the turbulent limid only asymptotically.

log Ry Much the same situatlion 1s found in pipe resistance, though row the

leminar case is actually independent of the Reynolds number. Again
the resistance to turbulent flow is many times as great. If the

~—————— pipe 1s rough, it masy still behave like a smooth one at intermedl-

\JN ate Reynolds mumbers, when viscous effects at the wall are still
- appreclable, but like a fully rough one at high Reynolds numbers.

v An increase in relative roughness will simply displace the curve In

the direction of hlgher resistance.

log f
FRy

tog Ry . We have dealt aso far with the kind of flow in which boundary shear
plays en essential role, Arother kind 1s that in which the shear
tekes place far from a boundary, between nelghboring zones of dif-
i ferent velocity, called free-shear flow. This is illuatrated very
Smoke plume rises, © effectively by the plume of smoke from burning incense, the plume
bresks, and rising because of the buoyancy of the heated air. As 1t rises,
diffuses shear with the surrounding ailr brings this into motion as well.
With increasing distance from the source the flow becomes more and
more susceptible to the disturbances present in the air and eventu-
ally breaks dovn into the apparently haphagzaré motion classed as
turbulent.

Smoke jet from nozzle The characteristics of free turbulence are illusitrated even more
graphically Dy o jet produced by submerged efflux from a nozzle
rather than by convection from a socurce of heat. Now no external
forece like gravity acts upon the flow beyond the nozzle section.
The jet expands in the form of & cone, the mean velocity-distribu-
tion curve having & similar form at section after section, and the
corresponding momentum flux M remaining constant, But the volume
flux Q will steadily increase through alr entrainment, and the
kinetic-energy flux E will rapidly decrease through dlssipationm.

Yhether the fluid is a ges or a liquid, seen at normal speed or in
slow motion, turbulence is evidently a heterogeneous eddy pattern
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superposed upon the mean flow. Desplite its lack of order, two sig-
nificent features are readily apparent: the average eddy intensity
and the average eddy scale. Each can be determined from the veloc-
ity fluctuations recorded by the hot-wire anemometer, s fine re-
gistance wire on a forked probe, the elecirical signal of which
varies with the rate of cooling, which in turn varles with the speed
of the flow, On such a record of signal versus time, the meen veloc-
ity is glven by the average elevation of the curve. The root-mean-
square emplitude of the velocity fluctuatlon then represents the
average intensity of the eddy motion, and the mean period of the
fluctuation indicates the aversge scale of the ecddies.

Moving the hot wire diametrically across a jet shows a typlcal rise
and fall in mean velocity, eddy intensity, and eddy scale. On the
other hand, as the wire is moved outward along the jet exis, the
mean-velocity signal now belng elimirated, the intensity i1s seen

to diminish and the seale to increase with distance from the nozzle.
There is no limit, of course, Yo elther the scale or the intensity.
of turbulence. Such small-scale eddies produced by heat from & gas
flame do not differ in kind from dengercusly violent boils in &
river below a spillway, or from large atmospheric disturbances that
require time-lapse photography to make their motion mpparent.

Tn addition to the eddy viscosity, the eddy scale, and the eddy
intensity, in flow along a boundary or in a jet one Further char-
acteristic of the furbulence should be noted., Thils is the apparent
ghear that it produces. . Such shear hes already.been expressed In
terms of the eddy viscosity and the mean velocity gradient. It is
also given by the mean product of the velocity fluetuations in the
two directions. At the axis of a conduit or Jet where the shear 1s
zero, the circular patiern of hot-wire signals shows that the fluc-
tuations are randomly distributed, whereas the eliiptical pattern
of negative correlation corresponds to the zone of intense shear
near the edge of the jet or wall of the conduit.

Turee essential phencmena remain to be described: turbulence pro-
duction, turbulent mixing, and turbulence decay. Turbulence produc-
tion at any point depends primarily upon the intensity of turbulent
shear snd the gradient of the mean velocity. Eddles are generated,
to be sure, by any body causing separation, like the bars in a -
grid, but such form effects will be discussed in the next f£ilm.
Well dowvmstream fraom the grid there is nelther a mean velocity
gradient nor a state of mean shear, and hence no more turbulence

is produced. In 8 boundary layer or free-shear zone, on the other
hand, new turbulent eddies are constantly being formed. This repre-
sents elther work done by shear, pressure gradient, ox welght, or
else a loss of kinetic energy by the mean flow.

Turbulent mixing depends upon two factors: the eddy viscosity or
diffusion coefficient, and the gradient of the quantity being mixed -
such as turbidity, heat, or dye. In the absence of turbuience, the
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diffusion can only be molecular; even i turbulence exists, there
must slso be e difference in concentration from zone to zone of
the- quantilty being diffused - represented here by-color_- for the
mixing to have any effect. 5o far as-the turbulence proper‘bies
are concerned, the efficiency of mixing will vary directly with
both the eddy-intensity and-the eddy scale.

Now the core of’ any isolated eddy, lf.k& that of -this ring vortex,
will tend to thicken with time because of the visedus. “shear within
it.,  However, the veloclty flelds of {wo or more vortices in the
seme vielnity will each cause the other's core to stretch and there-
by grow progressively thinner. As each eddy of an actual turbulence
pattern is thus forced to reduce its scale, the viscous dissipation
within it becomes steadily more rapid. Thus, whereas it is primar-
11y the large eddies that do the mixing, it is primarily the small
ones that accomplish the transformation of mechenical energy into
heat. This can be seen by & simple modification of the expression
for viscous shear into the power form of laminar dissipation. In
terms of turbulence characteristics its counterpart indicates thet
the dissipation rate is proportional to the viscoslty, the square
of the eddy intensity, and the inverse square of the eddy size. The
smallest eddies thus decay most rapidly, snd it is for this reason
that the eddy scale increases with dlstasnce away from = plpe wall
or aleng the axis of a Jet., Here, for example, after paasage of
the grid the average size of the remaining eddies is seen to in-
crease steadlly with time.

Through what iz obviously a very complex process, turbulence thus
drains energy from the mean flow, modifies the mean flow pattern
through shear and mixing, and wltimately produces its own decay by
the same viscous resistance to deformation discussed at the opening
of this £ilm. The whole situation ia nicely descrived by L. F.
Richardson's well-known parody on a child's verse: “Big whirls have
little whirls, which feed on thely velocity; little whirls bave
smaller whirls, and sc on to viscosity.”



