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Fluld mechanics is a large and rapidly growing field.
the Journal of Fluid Mechanics covered allyﬂ% 195233nd uontaiizdriizztvﬁégm;azia.
3ince 1960, in this journal alone, almost 2,00 pPages have been published each
year, about as many as are published in all the American chemical engineering
Journals. Not only in bulk, but also in diversity has Fluid Mechanics been Zrow=
ing. Imagine a sclentific meeting, where the latest advances in fluld mechanics
are to be presented, without regard for the professional interest of the author.
One would undoubtedly meet there a mathematician working on methods for solving
the non-linear flow equations, an aerodynamicist concerned with hypersonic flow,
a physicist formulating equations for the flow of plasmas, a meteorologist de-
vising models for the circulation in the atmosphere and another working on the
lmpaction of rain particles, an oceanographer mapping and predicting the ocean
currents and the effects of waves, a geologist with improved methods for compu-
ting the flow of flulds through otl sands, and many mechanical and chemical en=-
gineers expounding on a seemingly endless variety of processing problems. It 1is,
of course, impossible to describe adequately all the slgnificant advances in fluid
mechanics 1n the space available. Instead, I will take a very restricted view and
ask what ald the sclence of fluld mechanics can gilve tb-the practicing chemical
engineer working mainly in the process industries. One might gain the impression,
from skimming recently published texts on fluid dynamics, that the subject has
reached maturlty, that its laws are understood, and that solutions must follow
naturally on applying the deductive method. Let us see how far this is true with
regard to the questions in fluid flow that must be answered everyday by some chemi
cal engineer. Typlcal problems are: aAfter the rupture of the bursting disk on
a vessel contalning a vaporizing gas-liquld mixture what will be the rate of dis=-
charge of liquld through the 1line? Wwhat part of the vessel contents will be
carrlied out through the line? How rapidly will the pressure in the vessel drop
to a safe level? If one wlshes to protect the particles suspended in an agitated
tank from excessive degradation by collision with walls, impellers or other par-
ticles, what impeller speeds are tolerable? Will a jet of a gas=-liquid mixture
entering a distlillation column at high velocity splash on the wall opposite and
be partlally entrained to the tray above? Will the downward deflected portion of
that jet stir the liquid in tne sump enough to cause troublesome entrainment or
vortexing of gas into the pump suction? How thick will be the head of froth on
top of a viscous 1llquld iIn a reactor and what will happen to 1ts thickness when
the vapor velocity in the reactor 1s ralsed? How can one calculate the pressure
drop in a line carrying two phases and how does one know whether one of the phases
may settle out and block the plpe? Wlll a reactor whose heat evolution is removed
by a bolling of a liquid perform smoothly or will it act as a "geyeer"? (Can one
mix non-newtonlan flulds in a tank by Jetting a stream of ligquld into them? How
will the dispersion polint in a distillation tower using perforated plates be af-
fected by a drastic change 1n the properties of the fluids, such as a large in- .
crease in the liquid viscosity and a large decrease in gas density? Will a con-
ventional pneumatic atomizing nozzle function satisfactorily on a gas of very
high density? Ought one to increase or decrease the veloclty iIn a vibrating pipe-
line if one wishes to reduce the vibration?

In one respect, these problems are simple. For an answer often a simple yes
or no will suffice, or if it will not the quantitative answer need not be very ac-
curate. On the other hand, they are very complex in the sense that they have not
been formulated neatly like a textbook problem. Nothing warns the engineer to be=~
ware of an instablility or to beware of a change in regime of atomization. No one
gives him the hint that the affects of viscosity are negligible but that caplllar-

ity must be considered. In all cases, the first step, and indeed, the greater
part of the solution lies in the proper formulation of the problem. To eucceed

here, with a reasonable score, the engineer needs to know intimately the "things
that happen", the "phenomena" of fluld mechenics. Once these are recognized, he
can find expert help in the published literature with regard to simplifyling con=-
cepts, quantitative formulation, methods of solution, or perhaps he may even find

the solution to his immediste probleml

-lmown
th this in mind, we limit ourselves here to describing a few lesser
phanu::na, selected T fear, somewhat capriciously, but with the intent of illus-
trating the great diversity, fascination and utility of fluld mechanlcs as viewed

by a chemical engineer.

ds flowing past solid, or fluid, bodies exert forces on that body =- drag
and lf%:f The ca?ﬁuﬁatian of these forces, which is probebly the most technically
important problem in fluid mechanics is now fairly well understood. A few nove;ﬂ
studies, throwing light on the sources of the drag, are worth mentioning. Li :
Kusukawa (31) have shown that in the absence of viscosity, heat cunductiuniigni
diffusion, drag 1s yet induced by a finite rate of attaining chemical aqul rium.
1
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Other dissipative processes normally increase drag. For example, complete solu=-

tions for the very slow motion of a sphere in an electrically cond
m-znetlcally asusceptible fluid are now available. ¥ conducting and

In calculating the drag on a body one can easlily overlook the effects of sc-
celeration of deceleration. If a particle moving through a fluld has no "memory"
its kinematic state is determined by its velocity relative to the fluid, or its
Reynolds number in dimensionless terms. If it has a "memory" slthough éhiu memory
1s short, the drag 1s, in additién, a function of the derivatives of the velocity
with respect to'time. One needs to consider, as the next higher approximation,
how the drag coefficient depends on the dimensionless group

DBE dv
¥ EE o
Data on accelerational drag effects are rare. Ingebo's (2l) data fapruducad here

in Figure 1 show that drag coefficients for accelerating drops and solid particles
are sometimes vastly different from the drag coefficients for steady flow.

It has been shown by Sproull (43) that the addition of dust to the gas flow-
ing in a pipe can reduce the pressure drop. Two explanations of the effect have
been published. That of Sproull attributes the effect to a reduction of the memn
free path of the gas molecules because of collisions with the small solid particle
The other, advanced by Saffman (gg) 1s that the particles act to change the stab-
11ity characteristics of the flow and, by implication, the characteristics of the
fully developed turbulence in such a way as to reduce the pressure drop.

Kramer (29) has found that appreciable reductions in the drag that a fluid
exerts on a 80lid body can be achieved by coating the surface with a special type
of compliant coating, the artificial "porpoise skin." Benjamin (l4) has aepplied
linearized stabllity theory to the problem to test the assumption that the re-
duced drag is caused by a stabilization of the boundary lsyer with respect to the
onset of turbulence. He finds that there should be three modes of instabllity
with the flexible surface but only one with the rigid boundary. The possibility
of stabllizing the flow depends upon partially stabilizing the mode corresponding
to the rigid wall without "letting in" instabilities of the other types.

A surprising feature of the flow of suspensions of solids In liquids is the
behavior of turbidity currents in the oceans. It is difficult to reconcile the
great range and scouring power attributed by oceanographers to these currents with
the rather gentle slope of the terrain over which they are supposed to have occur-
red. Bagnold (2) hses discussed this anomaly and another one related to it associ-
ated with the transport of very fine solids by a turbulent stream flowing under
gravity. Suspensions containing grains smaller than about 50 microns in diameter
are sometimes observed to flow with a concentration gradient which increases up-
wards, at least in part of the stream. The ordinary model which would attribute
the suspending action to eddy diffusion acting in opposition to the gravity set-
tling of the particles is hard pressed to explain thlis anomolous concentration
profile. Bagnold, by a simple semiquantitative argument, shows how gravity can
supply the energy to keep the current suspended in this configuration and also
keep it flowing over the great distances and small slopes observed in the case
of the oceanlic turbidity currents. To start the flow, however, it is necessary
to postulate a very large scale avalanche.

At times the design engineer has overlooked the electrokinetic effects of
flow to his ultimate discomfiture. To quote from the text of Klinkenberg and
van der Minne (27): '"Time and agaln there have been mysterious explosions whose
cause was subsequently traced to static electricity." The early theorles of elec-
trokinetics, often the only ones finding their way into the textbooks, if that,
are inadequate to explain the ease with which intense potentials can be produced
by flow. Only by introduclng modern concepts of turbulent diffusion has 1t be-
come possible to explain the rapid charging that can occur in the turbulent flow
of even very slightly conducting liquids. These interesting effects are due to
the fact that the electrical double layer lies partly outside of the laminar sub=-
layer and hence 1s strongly disrupted by the turbulence. On the theoretlcal side
thege effects are interesting because of the dominant role played by entrance af-
fects and because of the extreme sensitivity of the results to conditions very
near to the wall. Figure 2 shows how the charging occurs and contrasts the lami=-

nar and turbulent flow cases.

As we have seen, a properly directed flow can separate electrical charges.
It can also separate energy. The Ranque-Hilsch, or vortex tube, some years ago
popularly called a Maxwell!s demon, easily separates a gas into hot and ¢old
streams without the use of moving parts. Thermodynamic efficlencles are surpris-
ingly high in a well designed tube. One commerclal device can separate L cfm of
alr at 70°F into a cold stream of .8 cfm at -4OOF and a hot stream at 90°F. The
tube 18 only 1/l inch in diameter and 8 inches long. There is, of course, nothing
vaterious about such energy separation. Hartnett and Eckert (20) point out that
ordinery isothermal Poiseuille flow also causes =n energy separation.
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¥- .. In The past sixteen years there have appeared over a hundred ubiicatinna

o éi with the vortex tube effect /Westley (L7)7. The recent argiclea of Rey-

2 8 (37) present the most easily understood explanation of the various mechsnism
eading to the energy separation. Three effects are important. First is the

E?narnachild effect, which describes the heat exchange due to = compressible lump

Of fluld moving rapidly through a pressure gradlent and consequently undergoing

adisbatic expansion or contraction. Second, there is an Archimedean or buoyancy

effect, which makes the lighter clumps of fluid move inwards. Third, the turbu-
lent stresses furnish a means whereby one layer of fluld can do work on the ed=-

Jecent layers. All of these effects are also important in determining the energy
éxchange taking place in the atmosphere.

Vibration effects flow in several ways. The stresming currents that flow
away from a dound transducer are well known. More spectacular sare the inter-
actions of vibrations with a free surfacs. Figure 3 shows the multinodal columns
of fluid that have been observed to form on an ultrasonic transducer (38). A
simple laboratory experiment, illustrated in Figure 3, shows the almost explosive

nature of ultrasonic atomization. The spray is ejected as discrete bursts of
very finely atomized particles.

One of the most Intriguing uses of vibrations is in measurement. Eisen-
menger (12) has used an ultrasonically excited hydraullic tank toc study surface
properties of fluilds He measured the surface viscoslty of pure water, finding
& value of about 10=5 dyne sec/cm! Operating on a similar principle is- the
oscilleting jet. In principle one can obtain information about the dynamic sur-
face tension from the spacing of the nodes in a jet issuing from a non-circular
orifice. The recent painstaking efforts of van Duyne (46) were not entirely
successful in this regard however. He found the spacing between successive nodes
on a jet of such a mixture as .01% acetic acid in water to decrease with distance
from the orifice rather''than to increase as one might at first have expected.
Evidently, some factor 1s still missing from the elaborate theory of the vibrating
Jet. This effect must be traced down before the vibrating jet can be exploited
fully as a measuring device. The attention given to the behavior of a jet of non-
newtonian fluids issuing from circular jets may throw some light on this problem
L‘Harria (21)_7. Such a jet does not always issue from the orifice with its dia-
meter unchanged but, depending on conditions, may contract shortly after leaving
the tube or, more commonly, it may expand. Careful measurements of this effect

g{aipntantially capable of giving information about the nature of non-newtonian
ulds,

A rather puzzling effect 1ln the realm of vibrations was found by Hughes
(23) in measuring uptake of carbon dioxide by water drops falling through a gas.
The transfer rates correlste with a postulated "eddy" mixing inside the drops
supposedly caused by their vibration as they fall through the gas. For a linear-
ized madel of a vibrating fluid sphere one would expect no gross mixing of con-

centric shells. One wonders whether non-linear effects can account for the degres
of mixing observed.

Resonance effects go hand in hand with vibration effects. The pronounced
effects of pressure resonance between a chamber and a growing and escaping bubble
were pointed out by Hughes et al (22). Perhaps more striking is the observation
by Christisnsen and Hixson (9) tha® one can make a dispersion of drops of almost
exactly equel sizes the adjusting the velocity with which a liquid jet issues be-
neath the surface of another liguid. This phenomenon is so precisely controllable
g8 to be useful as a means for measuring dynamic surface tensions.

The mechanics of particles, both fluid and solid, is a subject dear to the
heart of the chemical engineer. He wants to know how to make them (usually
neither too large not too small), how to suspend them, transport them, collect
end coglesce them. In these areas fluid mechanic 1s but slowly making the change

from art to science.

prowskl and Hooper (10) emphasize the rather surprising fact that the
averagzmﬁrnp size furmeg in Efémizatinn from fan sprays first decreases as the
smbient gas density is raised but later increases. This is in accord with pie-
dictions made from models of the instabllity of sheets of liquid moving rela ive
to a gas. Their photographs show clearly changes in the mode of breakup of Eua
sheets as a function of ambient gas density. As shown in Figure L, the brea hp :
at very low densities, takes place almost excluslively from the edges of that; set,
the drops formed there being relatively large. At moderate gas dagg%tiis, ;ked-
leading edge of the sheet becomes unstable, breaks up into drops d ering ma

1y in size from those disrupted from the sides of the sheet.

| ider next the single fluid particle moving through another fluid.
When %;: Eﬂrﬁigz tension 1is ﬂuffiEiant great as measured by the anlaﬁa nzﬁ?:r.
D°g /geo, or a related number, the drop 1s very nearly spherical. 'E ﬁ?ual 2
number is near unity or larger, however, the surface 1s no longeriap e i thah
im distorted in complex ways depending on flow conditions, drop s8izé an
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properties of the flulds. Perhaps the least understood of the :
- ¥ _ @ forms that appear
ére those with sharp cusps. For drops falling under gravity a "tear dr:p“ Efth

& single cusp at the rear is observed /Fararoul and Kintner (13) 7, for a drop in

Couette flow & "sigmoid shape" is in d
and Mason (39)7. g P duced with cusps at either end /Rumscheldt

As g problem In the statics branch of fluid mechanics, the ﬁﬂaur |
éxperimental work of Allan and Mason (1) on the aquilibriuﬁ.ahapa anﬂast;:% :?d
drops subjected to electric fields is Interesting. They predict that the drop wil
be deformed into a prolate spherold and that it will burst when its eccentricity
would otherwise exceed /2. By assuming that each half of the burst drop retains
its Individual charge they are able to estimate the charge separation caused by
the splitting. An experimental observation not explained is that some drops are

g;:znrtad to oblate spheroids rather than to prolate spheroids as required by the
Iy, |

The ways 1n which atomization can occur are almost bewildering in th om=
plexity. Rumscheidt and Mason (22) have summarized the classes nfgdrnp bii:k;pm
that they have observed in a Couette flow apparatus (concentric counterrotating
cylinders). As shown 1n Figure 5, adapted from their paper, there are three main
cases. At very low viscosity ratios, (inside/outside), the drop is progressively
stretched out as the shear rate 1s increased, finally forming a "sigmoidal" drop
with two cuspllke ends. From these ends continuous streams of very fine particles
are ejected. For viscosity ratios near unity, the drop develops a neck, which
then rapidly thins down and ultimately ruptures, leaving two almost equal sized
drops and several very much smaller satellite drops from the remnants of the neck.
A third type of bresakup 1s also observed when the viscosity ratio is near one.

Then the drop 1s drawn out into a long fine filament which breaks up intoc many
drops of almost equal slze. |

In the same apparatus, Forgacs and Mason (15) have observed the behavior of
small flexible fibers (mainly wood fibers). As Figure 6 shows these fibers follow
quite complex orbits. The more flexible form single loops or multiple helixes.

The interactions of particles with one another and with the walls of the con-
tainer holding them are vital to an understanding of the flow of suspensions.
Oliver (35) has recently repeated in more detail the experiments of Segre and
Silberberg. It is observed that the particles in dilute, initially uniform, sus-
pension of spheres in Poiseullle flow are concentrated eventually into an annular
region about halfway between the axis and the wall. Previous theories, which pos-
tulate a lag between the particle and the nelghboring flow, show that because of
induced rotation and the Magnus effect the particle ought to move always to the
center of the tube. Oliver's experiments show that particles initially near the
wall do indeed move inwards, but that also particles placed near the axis move
initially outwards.

The contention of Goldsmith and Meson (17) that solid particles whether
spheres or elongated, stick close to the tube wall if initiaelly placed there 1s
explained by Oliver as being due to the very small size of the particles used by
them. There is, however, no denying Goldsmith and Mason'!s observation that fluld
particles move away from the wall at velocities which greatly exceed that for a
similar solid particle. Related observatlons bearing on this point are those of
Rumscheidt and Mason (39). A fluld particle is placed in a hyperbolic flow ap-
paratus consisting of four cylinders rotating with the proper senses in a liquid
substrate. A particle of another fluid suspended 1in the center of the apparatus
exhibits circulation as shown in Figure 8. The circulation 1s made vislble elther
by fine suspended solids or by similar fine suspended liquid drops. Only in the
case where the tracing particles are liquid 1s the cross-shaped zone indicated on

the flgure swept free of tracer particles.

Lately, there has been a reawakening to the intriguing role played by surface
physics in the flow of flulds. The wide diversity of these phenomena is evident
from the review of Scriven et al (42). To cite only two examples, Jebsen-Marwedel
(25) has described the erosion of The walls of glass melting furnaces at a series

T d pits at the glass/gas interface and has attributed this un-
Egu:iggtgiéinﬂggcihanf1nw induced by surface tension variations caused by the so-

material in the melt. Another example 1s the beautiful experi-
Lut o o amgmuira! (30) on the evaporation of ethyl ether out of water solu-
tion. Spontaneous agitation of the surface 1s very evident and the role of sur-
face sctive agents in arresting the agitation 1s demonstrated dramatically by the
quenching of the flame formed from burning ether vapors by the addition of a drgp
of oleic acid. As a result of this raaﬂaganad interest therse hav? been pindgia
several very interesting motion pictures /Orell and Westwater & Rl ol s

" . As yet unexplalned 1is the very fast, often almost ex-
o o Mgt e cnniectibn cells that one often sees in these plctures.

plosive, growth of nascent .
| ing models for mass transfer at a fluid-fluild

ngineer
The classical chemlical eng ited by the recognition of the wide occurence

interface have been somewhat discred
£ I
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Of spontaneeus agitation of the interface in the case of s
stems ere mass 1s

:;F:g tzfnlflrrud. That these models still have their uaaz can b:hlttributad part-
spontan ® 8qually dramatic effect of surface active materials in arresting the
lﬂffigiunzi agitation. One indeed wonders whether most plant streams may not be
i énvliy contaminated to substantially suppress these bizarre effects. In any
p‘rlgiﬂﬂnzldurnblu doubt 1s thrown on the validity of inferences drawn from com-
the ¢t Ve tests on mass transfer equipment in which care is not taken to reproduce
ginao;p; and degree of °°ntHMInﬁt1““- An urgent requirement for the chemical en-
g 8 one or more rellable "meters" for charscterizing the mechanical effects
.ufriﬁiln: active materials. Any phenomena exhibiting these effects which are
Bett e ently reproducible and accurately measurable are, therefore, well worth our
bubbf' The work of Habermen (19) on the rise of circulating and non-circulating

e8 through tubes, the measurement of zeta potentials of falling jets (11),

and the many phenomena described by Mysel —
mentioning in this regard. ¥ FEAnLR, SIAR0GR, and Fremsl D) are, WO

The latter authors, in their intriguing monograph on soap films, describe
many of the phenomena associated with the drainags and rupturs of thiu films. 1In
certain cases, a soap film trapped on a vertical wire frame drains, not by a uni-
form thinning over the whole film, but rather by the formation of thin, "black"”
spots at the bottom surface and the upward convection of these spots through the
film until they coalesce with a larger region of black film floating atop the
ordinary film. The spots, behave as a two dimensional analog of bubblea intro-
duced at the bottom of a vessel filled with ligquid. They obey the two dimension-
al version of Stokes Law!

A determining step in the process of film breakage and of coalescence is the
drainage of Tluids out of this films formed by the boundaries between two objects.
The usual approach taken in attempts at theoretical explanations has been unsatis-
fying since it is assumed that the shape of the bodies enclosing the thin film 1is
uninfluenced by the force generated by the approach. A quite similar problem
arises in the theory of hydrodynamic lubrication where it 1s found that the de-
formation of even s0lid bodies can be important in influencing the rate of drain-
age of the films. Christensen (§) shows how one may obtain solutions for the
flows and pressure induced in the gap between two solid cylinders as they approach
one another. Besides considering the case where the s0lids are perfectly rigid |
and the viscosity is constant, he considers the effect of pressure on the viscosltj
of the fluid filling the gap and also the effect of plastic deformation of the
solids. The shape of thHe permanent set glven to the s0lid bodies is very depend-
ent on the "lubrication" conditions. One might have here a model for calculating
film dralnage in cases where the fluid viscosity depends on layer thickness.

The problem of predicting the conditions of flow on thin films flowing under
gravity has long interested chemical engineers. A review of the work on this
problem is instructive in showing both the power and the limitations of theoreti-

cal fluid mechanics at its present stage of development.

What happens when a liquid film flows down a flet surface under the influence
of gravity? At very low flow rates and near the top of the plate it flows with a
mirror smooth surface provided the liguld has been well distributed. At flows
above a certain critical rate, about 10 pounds per hour per foot of periphery for
water, rather regular waves develop on the surface. These waves grow rapidly as
the flow rate is raised. At much higher flows, say 1000 pounds per foot of per-
iphery, another change occurs. The appearance of the surface. 1s modified and the
trend of average film thickness as a functlon of flow rate shows a break. The
second transition is usually ldentified with the transition from laminar to turbu-
lent flow since the Reynolds number at which it 1s occurs is near 2000. Between
this transition and the lower one the flow is laminar but has proncunced waves on
the surface. The waves evidently will affect mass and heat transfer and ere there:

fore of interest to chemical engineers.

It would appear that the determination of the transition from smooth to wavy
flow would be amenable to theoretical analysis and indeed this was attempted as
early as 192 by Kapltza (26) ., His analysis was apparently very successful since
it predi¢ted the Reynolds number for transition accurately and showed the effect
of surface tension as well (see Figure 8). The paper has not been well received
however because of the obscurity of the procedure used. In 1954, Yih (48) made
the suggestion that this problem could be solved by the classical method of
linearized disturbences and that many of the mathemstical difficulties that beset
this technique in other problems could be avolded since asymptotic methods ap-
propriate for small Reynolds numbers can be used. TUsing Yiht's suggestion, Ben=-
jamin (3) solved the problem and concluded, rather astonishingly, that the flow
is unstable at all Reynolds numbers, no matter how small. The theory, in this
form, apparently contradicts the experiments showing a fairly well defined tran-
sition. Benjamin noted, however, that the rate of growth of disturbances 1s very
small until the Reynolds number attains a value of about 10. He therefore made
the suggestion that the flow disturbances, although unstable at low Reynolds
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nimbers have not had sufficient time to develop to detectabl :

shows the results of a quantitative davalupmang of this 1daa? HEEZ'EaﬁiﬁﬁginE the
Pséudo-critical Reynolds number as that at which the disturbances grow at a rate
which will double their amplitude during the time required for the film to move
One wavelength, It 138 seen that this model agrees with the data and also with
the formula of Kepitza obtained by a entirely independent route. One should note
however, that the explanation of the transition given by Benjamin has not been i
accepted by Teilby and Portalsky (4li) and (45) who have mede the most recent and
extensive series of messurements of the transition.

One is justified, of course, in questioning the assumptlions i y
analysls. One of these, that the ambient phase exerts no grag on ?hga?ggﬁinh:a
been removed by Graebel (18), who considered the case of countercurrent flow of
two fluids of the same viscosity but of different densities. He finds, as did
Benjamin, that the flow on a vertical place is unstable at all Haynald; numbers.
However, if the channel is inclined as little as 1/2 degree off vertical the flow
is now stebilized below some definite Reynolds number. This sensitivity of the
analyses to small changes points the moral of not generalizing the results of
theoretical calculations too fast.

All these analyses assumed the interface to be perfectly compliant. But the
experiments by Teilby and Portalsky and others show that the addition of surface
active agents suppresses waves formation at low Reynolds numbers. Although this
effect is understood qualitatively, a satisfying quantitative formul-tion has
never been made. AS Gibbs has pointed.out, in any multicomponent system, the
phase interface must exhibit an apparent elasticity or resistance to deformation.
Such an elasticity undoubtedly suppresses the waves.

AS noted above, a falling film shows the classical transition to turbulence
at a Reynolds number of about 2000. It is curious that no one hes Iinvestig=ted
the stsbility of this type of turbulent flow by the conventional techniques.
This configuration might facilitate comparative experiments on turbulent transi-

tion.

A flow closely related to that we have just been discussing 1is that of a
this film driven by friction exerted by another fluid. It occurs In trans iration
cooling and in the annular flow reglme of gas=liquid pipe flow. Knuth (28)has
shown that waves are raised on the film at film Reynolds numbers larger Than about
200. The first attempt to explain this observation theoretically was made Dby
Feldman (1l4). He formulated the stability problem for the case where the driving
fluld behaves as If it were laminar near the interface. The results of the analy-
sis do not agree with the data of Knuth, the Reynolds number for transition being
gbout an order of magnitude higher than the experiments would lead one to believe.
Since in the experiments, the driving phase was turbulent, it is natural to
question and modify the boundary conditions expressing the tractions exerted by
the driving phase on the surface. Miles (32) has done this. At first glance,
his modification to the shear stress condition at the surface is surprising. He
assumes that the stress there has the same value in the disturbed flow as in the
undisturbed flow., While cogent arguments can be advanced for meking this assump-
tion, they are not entirely convincing. The ultimate test must be compesrison of
predictions with experiment. In this respect, Miles is moderately successful.
He finds that the film is stable provided either the Reynolds number or the Weber
number is small enough. As is shown in Figure 10, Knuth's results are substantli=-

ally confirmed.

One may, I think, draw a moral from the history of these attempts to predict
conditions for the raising of waves. Theoretical analyses must be simplified
considerably in order to be tractible. It is possible by judicious juggling of
the assumptions to force the analyses to agree with data. Such analyses must at
present be regarded as secondary, though admittedly they are very powerful tools,

to experimental observatlons.

As a closing comment on this topic it is worth calling attention to the re-
cent paper of Bushmanov (6), who presents two analyses of the problem of the
stability of the falling Tilm. By the first approach, substantially the same as
Benjamin, he gets the wrong answer! By the second, he improves the analysis of
Kapitza, by relaxing some of the assumptions made but in so doing destroys the
apparent good agreement of this analysis with the data which was shown in Figure

In view of the comments made Dy Bushmanov to reconcile his analyses of the

stability of thin films with experiment, the article by caldwell and Donnelly (7)
is of great interest. They studied the hysteresis of transitlon to turbulence

thepopular rotating concentric cylinder apparatus. Very precise measurements of
torque were made for contrasting series of runs in which the reletive speed of

iments
rotation was increased or decreased. within the accuracy of The exper g
which was very good, 1t appears that there is no hysteresis in this particular

transition.
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Let us now return to the question posed at the beginning of the paper: To
what extent can the chemical engineer use the results of fluid mechanics in the
solution of his everyday problems? We must, T think, confess that there are a
great many problems where the ald furnished by the conventional literature is
slight: many of his problems must be sclved by the engineer himself without the
ald of the professional fluid mechanician. The approsch may be purely empirical
or the engineer himself may have to become an expert in fluid flow. Deily, the
chemical engineer gives his opinion on problems similar to the ones listed in the
introduction. O0ften the answer is given tacitly, sometimes unfortunately, un-
knowingly, in the act of making of approving a design. Fortunately, luck 1s often
with him; his design works well without his understanding fully why. Most success-
ful, however, is the engineer who hes formulated the relevant problems in his
mind, who has considered all the evidence that may bear on the answer, and has
designed into his product those features most likely to make it work and designed
out the sources of trouble. He has the honesty to recognize what he does not know

or camot economically find out, and has the courage to assess realistically the
risks of uncertalnty and to take these risks when justified.

In some years, perhaps, the engineer will have more help in solving his flow
problems. To advance this day it 1s important for all of us to look sharply at
the "things that happen'", examine them critically in the context of related phen-
omena and of theory and to point them out to one another. As a small contribution
I would call your attention to Figure 10, which shows an enlarged view of an air
bubble in a sparged vessel contalning water. Does not the roliled surface of the
bubble strongly resemble the roiled surface of a quiet but turbulent river and
ought not the characteristics of the roiling have some bearing on the mass trans-
fer rates calculated on the model of surface renewal?
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