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FUNDAMENTAL PRINCIFLES OF FLOW

by
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When a fluid such as air or water flows, ite verious perts - unlike
those of a moving solid - usually behave go differently that it ls
difficult to comprehend at a glance the detailed system of motion.
The flow can be made visible, however; by smoke, dye, floats, or
the aluminmum powder scattsred on the surface of the water flowing
past this foil. One can then indicate by the length and orientaticn
of arrows the magnitude and direction of the velocity wvector at yar-
ious key polmts. Finally, cne can draw through the field a seried
of stresmlines in such & way that each line would be tangent to the
velocity vector at every point of ite length. In flow of this sort
the same pattern of streamlines is directly revealed by streaks of
dye.

If, instead of the fluid movieg past the stationary foil, the foil
moves through otherwise still fluld; a totelly different pattern

muet preveil. Row the streamlines are displaced with the body, and
the velocity vector bence varies not only with relative location but
aleo with time. The moving streamlines show only the instantaneous
direction of motion at each point, and the pathline of a single par-
ticle deviates considerably from each tangent etreamline. The streak-
lines produced by dye released at fixed points, moreover, are dis-
tinet from both stresmlines and pathlines except at common podots of
tangency.

muﬂmmmmmmmmmtmufmia
that the first was steady or invarisble with time and the eecond was
uneteady or varlgble with time. TFor the particular case of a fodl
and fluld with a constant relative wvelocity between them, one pattern
can be changed lnto the other by the prineiple of relative motlon.
In other words, the difference is & matter of viewpolint, regardless
of whether the fluid is stationary and the model moving, as in &
towing tank, or the model is statlonery and the fluld moving, as in
wind tunnels spd weter tunnels, In either case “the unsteadiness
regults from relative motion between the model and the point of ob-
pervation. Whenever possible, it is advisable to change the unsteady
flow into a steady one by means of this principle, not only becayise
the patterns of streamlines, pathlines, and streaklines are then
identical and do oot change with time, but because the mathematical
expressions describing them are also mach simpler.
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In these two equations for the tangential and normal compensnts of
aceeleration, the first terms on the right measure the part due to
the unsteadiness of the flow (the change in veloclty with time at
each point), called local acceleration, while the sscond terms meas-
ure the part dus to the pooundformity (the change in velocity with
position along & streoasmlins), enlled convective acceleraticn. If,
by the principle of relative motion, & flow can be changed Irom un-
steady to steady, the local terms become equel to zero and need no
longer be considered. This is obviously a great simplification.

It ie possible, however, only if the flow takes place with constant
relative velocity and without change in boundary form or orientation.

There are, unfortunately, many cases of flow which carmot be made
gteady, no matter how one looks at them. For example, s moving body
osed simply turn or change in speed; a nozzle need merely be varied
in diecharge or direction; or o wave, instead of progressing through
water at constant depth with practically constant speed and form,
need only approach and break upon & beach to change ita specd and
form completely. Soch flow can never be made to appear steady.

The passage formed by a closed surface combtrolled in shape by &
group of streamlincs is known ea a stream tube, and the fluld con~
tained within it is called a stream filament, By definition of a
gtreamline, there can be no flow through the walls of a stream tube.
Bence, unless the fluld expands or is compressed during motlon, at
any ilnstant the rate of flow past successive sectlons of the tube
mast be the same, in accordance with the prineiple of contimuity.
The velecity of the fluid in the filament must therefore wary from
section to secticn in inverse.proportion to ita cross-sectlonal ares.
In two-dimensional or plene motiom, the velocity is thus Iinversely
proportional to the spacing of the streamlines. A two-dimensiomal

" flow pattern with streamlines enclosing the same incremental rates

of flow hence shows at & glance not only the direction but also the
relative magnitude of the velocity at all points.

In mechanics it 16 customary to represent not only linear weloolity
v but also angolsr velocity o wectorislly. In fluld motion the
angular velocity et a point is ealled vorticity, and - like stream-
lines - vortex lines can be imagined tangent to the vectors at all
points, The fluld onclosed by & group of vortex lines is called’a
vortex filament. Just as the product of the velocity and croas=-
gectional area of & stream filement is Enown a8 the rate of flow 4,
the product of twice the vorticity and the cross-secticnal area of
a vortex filement is known as the circulstion M . A thecrem of
Helmholtz, like the continulty principle, states that the circula-
tion must be the same at sll sections of a vortex filament. The
vorticity thus varies inversely with the area of the filament.

Such conditions ave very graphically i1llustrated by this vortex
forming intormittently behind a model spillwey. A less violent
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vortex is responsible for eroding the sand bed at the bage of
& model btridge pler. A very viclent kind forms the core of &
tornado.

In genoral, vorticity is mot restricted to lsolated filsments but
varies according to the welocity distribution throughout the mov-
ing fluid. It is then necessary to define it mathematically in
terms of the veloeity gradient. If the component of -the velcelty
vector in ¢one direction varies with distance in & normal directlon,
then the two ends of & line (or a floating match stick) normal to
the velocity components will move at different speeds and the line
(or stick) will tend to rotate with an mnguler speed equal to the
velocity gradient. The same is true of & line (or stick) in e
direction that is perpendicular to the rirst, & pegative velocity
gradient now indicating rotation in the spme positive sense. The
pet vorticity in a given plane depends upon the average of the
veloclty gradients in the twe pormal directiong., Thie in twmn
would be indiceted by the average tendency of two lines (or sticks)
at right angles to each other to rotate.

In the case of water in a tank rotating sbout ite axis, the veloelty
varies directly with the radius. Obviously, lioes or sticke either
tangential or normal to the etreamlines will rotate, just as they
would in the vortex fllsments seen before. However, 1f the veloc-
ity varies inversely with the redius, as it tends to do in the ield
of flow surrounding s vortex filsment, whether above a drain or in
& tornado, & line or stick in the tangential direction will tend to
rotate in the opposite sense from one in the normal, but at the same
rate. Two perpendicular sticks fastoned together will then not
rotate at all. Such flow 16 called irrotationsl. The central fila-
ment iteelf, of course, 1s highly rotational.

Flow in concentric cireles is not the only kind that is sometimes
highly rotationn]l and scomstimes almost irrotational. Uniform flow
petwesn parallel walle is uwsually rotatiooml. On the contrary,
elther nomndform or uwnsteady flow that 1s rapldly accelerated is
very nearly irrotational. HNow the important part sbout irrota-
tional flow is that the flow pattern can be approximated graphi-
cally (or mathematically) by the construction of & network of
streamlines and normal lines which are so spaced that they divide
each other locally into equal parts. As may be. shown mathemati-
cally, for any shaps of the splid boundaries relative to which the
fluid moves, there is only one corroct flow net, and after a little
practice {with rather plentiful use of the eraser) its first
approximation can be wvery rapidly sketched. It is of interest to
note that the pereolation of eilther a ligquid or a gas through a
permesble material {like the earth below a dam) will also be indi-
cated by a flow net if the material 1s of the same porosity in all
directions at all points.  Moreover, the same net will correspond
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The acceleration of a fluid, like that of any substance possessing
mass, requires the action of & force. The types of force which must
be considered are three in number: that vhich is normal to a surfoce,
that which is tangentisl to a surface, and that which 1s exerted
upon the fluid body as a whole. The body type of foree includes

not only mass attractlion, ome result of which ls fluid welght, but
also inertial effects if the &'Alembert concept of "reversed effec-
tive force" 1s adopted - which we shall pot do, OSimilarly, tan-

. faree, or shear, results from the fluld viscosity. As a
matter of fact, if properties such as weight and viscosity are
ignored for the present, then the ounly type of accelerative force
left to consider is the normal ome, which we call pressure.

Presgure cannot in itself cause acceleration 1f 1t is the seme on
all sides of a fluid element. Only if the pressure 1s higher at one
point than st another will the fluid accelerate in the direction of
the pressure drop. Indeed, the force per unit volume in a glven
direction is equal to the rate at which the pressure per unlt area
decreases in that direction. According to the Newtonlan relation-
ship, this must equal the mass per unlt volume - or density - times
the corresponding component of the acceleration.

It iz thus posaible to egquate the force per unit wvolume in the tan-
gential and normal directicns to the doensity times the local acecler-
ation and the convective accoleration in those directions. Conslder-
ing these equations term by term, we see that in uneteady, uniform
motlon the pressure must decrease tangentislly if the magnitude of
the fluld velosity is to increase locally with time, as in this uni-
It must decronse pormally if the direction of the
valoeity is to change locally with time, as when coe plays a hose

We ghall discuss a fow cases of unsteady flow at a later time. For
the present let us note that for steady, irrotatlonal flow the egqua-
tions of acceleration can be integrated to yleld a very coovenient

end significant pressure-veloeity relationship. Thie statea that at

load does not vary. Then, 1f vs e the velecity at some reference
point, the pressure-velocity relationship can be given a dimension-
‘the right side of which - and hence also the left (now o
of local Fuler mmber) - is determined by the flow net.



Streaml ines and
pressure diagram
for cylinder with
hemispherical nose

Pitot tube, close=up
and in air tunnmel
with gages

Pitot cylinder
Five-hole tube

Adlr tunnel and
presgure gage

Venturl meter
and gages

Elbow meter and
EBges

Separation from
inelined foil

Flow met for abrupt
conatriction

Dssclve to separation

at constriction

DMasclve to water Jet
beyond constriction

DMesolve to flow net
for Jet

This equation serves as the baslis for many instruments which are
used to measure velocity, pressure, and rate of flow. For esnmple,
it states that as the velocity becomes equal to zero at the nose of
& body, the pressure there will riss by an amount squal to the dy-
pamic pressure, as in the ordinary stagnation tube. The pressurs
either partway around the nose or far back alomg the side of such a
tube, oo the other hand, is that of the undisturbed flow, and the
difference between the tip and side readinge is thus the dynamic
pressure;, as given by this Prandtl-type Pitot tube. BSuch a Pltot
tube is here being used to indicate the velocity distribution along-
side a body of rewvolutlicn; note the different indications of wvelocity
change as the tube leaves the boundary of the body and as it reaches
the edge of the stream. Veloeity tubes can also have many cther
forms, such as this two-hole magnitude end direction indicator for
two-dimensional flow, or this flve-hole instrument for determining
the veloclty m@itudnn:ﬂdjmﬁiminm three~dimensional
flow.

Instead of the acceleration of flow arcund a body, the acceleration
of flow through & condult transition ean bé used in the same mannar
to produce a pressure change that varies io a known way with the
velocity change - for example, the contractlon preceding the test
sectlon of an eir or water tunnel. A similar condition forms the
basis of what is known as e Venturi meter. In fact, any boundary
form that produces a change in the direction or the magnitude of
the velooity - even a pipe elbow = can be used to measure the veloe-
ity or rate of flow. Often, of course, as in the case of the elbow,
the pressure-veloclty relationship is more complex than that for
irrotational flow, and the meter sust then be calibrated.

(ne reason for the faillure of a fluid to move according to the flow
pet le the phenomenon known as separation, which gccurs in boundary
reglons of too-rapid deceleration. As we shall see in & subsequent
film, such separation is often the result of appreciable rotatlion-
ﬂiw{dmmﬂmm}mmnmthhmmmm
A type of eeparaticn which is of interest now is that due to bound-
ary angularity, The flow pet for & sharp boundary angle would call
for an infinite velocity At the corner; which is physically lmpos-
sivle, Instead, the flowv separates from the boundary and the mesn
surface of ssparation tends to assume & curvature which is compati-
tle with the requiremsnt of copatant pressure along it. The forma-
tion of secondary eddies in the separation zone is eliminated in

the case of & liguid jet in contact with the atmosphere; the ghape
of such a jet beyond the polot of separation from the boundary can
now be predicted from an analysis related to the flow net, and orl-
fices and nozzles thus become useful flow meters once the degree of
Jjet contraction (and thence the Buler mumber) hes been determined.

Another phenomencn that limite use of the pressure-veloelty rela-
tionehip is called cavitation. As Osborns Reymolds demonstrated
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with & glass Venturl tube nearly a century ego, the velocity can be
increased to the point that the pressure drops locally to the vapor
magnitude; the 1iquid then begina to boil at normal temperature.
Much the same phenomencn is seen to occcur behind this cylinder in

a water tunnel as the veloclty is gradually increased. Ounce the
flow has becoms discontinuous because of the vapor pockets, neither
the contimuity equation nor the flow pet and pressure-velocity rela-
tionship can be applied, until the cavitatlion has progressed to such
s stage that the elongated wvapor pocket has become comparable to any
other stable surface of separation.

The simple contimulty and pressure-veloclity relaticnships have per-
mitted the comparison of conditions between various points of a mov-
ing fluid. Egually useful forms are obtained if the elementary
eguations are Integrated pnot only from section to section of &
stream tube but also from one stream tube to the next to encompass
& conslderable portlon of the space through which the fluid moves.
The integrated contiouity equation has such the same form as before,
except that V now represents the average veloeity over the area
of the entire flow section. The integrated scceleration equation
takes either of two forms depending upon the mamner of derivation.
(ne - the work-gnergy form - looks much the same as the pressure-
velocity relationship for the flow met but 1s written pow in terms
of averages over the cross sectlon. The other - the impulse-momentum
form - 1s basicelly different In that it is & vector rather than a
soalar expression. The three eguaticns thus provide essentially in-
dependent tools, which can hence be used together in solving prob-
lems.

For example, in efflux from a nozzle, the continuity equetion will
relate the velocity in the hose and jet to the crose-sectional arce
eod the velume rate of flow; the momentum eguation will relate the
force of the deflected jet to the macs flow rate and velocity change;
and the epergy equation will relate the pressure shead of the noz-
zlas to the density arpd square of the velgelity change. The force
required to modify the speed or direction of a flowing fluld has
been used in one way or another for many centuries. The common
lawn sprinkler is the modern counterpart of an ancieot Greek steom
toy. To prevent a similar movement of hydroelectric penstocks,

the forces at bends must be absorbed by tremendous concrete anchors.
If such forces are not statieally counterbelanced, as in the sprink-
ler or this runavey balleon, then o useful means of propulsion is
at hand, As & matter of fact, the reaction to Jet formation is not
only the most popular form of propulsion today, but in simplified
terme it 1o o ooteworthy exsmple of the interslgnificance of the
three flow relationshipa.

Vhercas space rockets, like the runawey balloon, carry their own
fluid to eject = terrestial jetes - whether alr or water - can take
in at the front what they later eject at the rear; in accordance
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with continuity requirements. In this cutewny model of & simpll-
Tied jet-engine pod, the propeller operates 1n a larger section
than if it were in the open and hence - as seon from the contiouity
and energy equatiocnc - at lower veloeity and higher pressure. For
ecomparable reasons, the high-velocity Jet will emerge from the rear
of the onclosed unit at the same pressure as the surrounding fluid,
However, the unit will be displaced in the opposite directlon by
the reaction to the foree required to change the flow from low to
high wvelecity, in accordance with the momentum equation. In mctunl
operation, the thrust ie balanced by the drag exerted by the sur-
rounding flow, as similated by the experimental atream of this sir
tunnel. For a full understanding of the latter elfect, reference
must be oade to & subseguent film on form resistance.



