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Fluid mechanics is a large and rapidly growing field. The first volume ot 
the Journal of Fluid Mechanics covered all of 1956 and contained about 400 pages. 
Since 1960, in this journal alone, almost 24,00 pages 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 grow­
ing. Imagine a scientific meeting, where the latest advances in fluid 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 
impaction 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 fluids through 9tl sands, and many mechanical and chemical en­
gineers expounding on~ seemingly endless variety of processing problems. It la, 
of course, impossible to describe adequately all the significant advances in fluid 
mechanics in the space available. Instead, I will take a very restricted view and 
ask what aid the science of fluid mechanics can give tb ~the practicing chemioal 
engineer working mainly in the process i .ndustries. One might gain the impression, 
from skimming recently published texts on fluid dynamics, that the subject has 
reached maturity, 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. Typical problems are: After the rupture of the bursting disk on 
a vessel containing a vaporizing gas-liquid mixture what will be the rate of dis­
charge of liquid t hrough the line? What part of the vessel contents will be 
carried out througl1 the line? How rapidly will the pressure in the vessel drop 
to a safe level? If one wishes to protect the particles suspended in an agitated 
tank from exce·ssive 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 distlllgtlon column at high veloctty splash on the wall opposite and 
be partially 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 
vortexlng of gas into t l1e pump suction? How thick will be the head of froth on 
top of a viscous liqulrl in a reactor and what will happen to its thickness when 
the vapor velocity in the re~ctor is raised? 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 pipe? Will a reactor whose heat evolution ls removed 
by a bolling of a liquid perform smoothly or will it act as a "geyser"? can one 
mix non-newtonian fluids in a tank by jetting a stream of liquid into them? How 
will the dispersion point in a distillation tower using perforated plates be af­
fected by a drastic change in the properties of the fluids, such as a large in- · 
crease in the liquid viscosi ty and a large decrease in gas density? Will a con­
ventional pneumatic atomizing nozzle function satisfactorily on a gas of very 
hi gh density? Ought one to increase or decrease the velocity in 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 ln t he sense that they have not 
been formulated neat ly like a textbook problem. Nothing warns the enginee.r to be­
ware of an instability or to beware of a change in regime of atomization. No one 
gives him t ~e hint that t he affects of viscosity are negligible but that capillar­
ity must be considered. In all cases, · the first step, and indeed, the greater 

t of the eolut ion lies in the proper formul~tion of the problem. To succeed 
~!~e, with a reasonable score, the engineer needs to know intimately t he 11 thinga 
that happen", the _"phenomena" of fluid mechanics. Once these are recognized, he 
can find expert help in the published literature with regard to simplifyi ng con­
cepts, qusnt1tative formulation, methods of solution, or perh~ps he may even find 
the solution to his immediate probleml 

With thia in mind we limit ourselves here to describing a few lesser -lmown 
henomena selected I fear somewhat capriciously , but with the intent of illus­

trating the great diversity, fascination and utility of fluid mechanics as viewed 
by a chemical engineer. 

Fluids flowing past solid, or fluid, bodies exert forces on that body - drag 
d lift The calculation of these forces, which is probably the most technically 

t~portant problem in fluid mechanics is now fairl y well understood. A few novel 
studies throwing light on the sources of the drag, are worth mentioning. Li and 
Kusukaw; (31) have shown that in the absence of viscosity, heat conduction, and 
diffusion,arag is yet induced by a finite rate of attaining chemical aqu111brium. 
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Other dissipative proceaaea normally increase drag. Por example, complete solu­
tions for the very slow motion of a sphere 1n an electrically conducting and 
m<.gnet1cally susceptible fluid are now available. 
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In calculating the drag on a body one can easily overlook the effects of ac­
celeration of deceleration. If a particle moving through a fluid has no "memory" 
its kinematic state is determined by its velocity relative to the fluid or ita 
Reynolds number in dimensionless terms. If it has a "memory" although this memory 
is short, the drag is, in addlt16n, 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 ' 

D)p dv 
u2 dt . 

Data on accelerational drag effects are rare. Ingebots (24) data ~eproduced here 
in Figure 1 show that drag coefficients for accelerating arops and solid particles 
are sometimes vastly different from the drag coefficients for steady flow. 

It has been shown by Sproull (.!!:J) 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 mean 
free path of the gas molecules because of collisions with the small solid particle 
The other, advanoed by Saffman (.!i:.Q) is that the particles act to change the stab-
1li ty <;,haracteristics 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 ao!id body can be achieved by coating the surface with a special type 
of compliant coating, the artificial "porpoise skin." Benjamin(]±) has applied 
linearized stability theory to the problem to test the assumption that the re­
duced drag is caused by a stabilization of the boundary layer with respect to the 
onset of turbulence. He finds that there should be three modes of instability 
with the flexible surface but only one with the rigid boundary. The possibility 
of stabilizing 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) hBS 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 this 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 oceanic 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 again there have been mysterious explosions whose 
cause was subsequently traced to static electricity." The early theories of elec­
trokinetics, of ten the only ones finding their way into the textboo.ks, if that, 
are inadequate to explain the ease with which intense potentials can be produced 
by flow. Only by introducing modern concepts of turbulent diffusion has it 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 is strongly disrupted by the turbulence. On the theoretical side 
these 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 cold 
streams without the use of moving parts. Thermodynamic efficiencies are surpris­
ingly high in a well designed tube. One commercial device can separate~ cfm of 
air at 70°F into a cold stream of .8 cfm at .!+O°F and a hot stream at 90°F. The 
tube·is only 1/4 inch in diameter and 8 inches long. There is, of course, nothing 
.iyste rious about such energy separation. Hartnett and Eckert (20) point out that 
vrdinary isothermal Poiseuille flow also causes AD energy separi'Eion. 
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r;:; ·.~.- ln-tne·-paat aixteen years there hav_e appeared over a hundred publications 
'4taling with the vortex tub~ effect f;!estley (47}1. The recent articles of Rey­
nalda {37) present the most easily understood explanation of the various mechanism 
leading~o the energy separation. Three effects are important. First is the 
Knoernachild effect, which describes the heat exchange due to a compressible lump 
ot fluid moving rapidly through a pressure gradient and consequently undergoing 
adiabatic expansion or contraction. Second, there is an Archimedean or buoyancy 
effect, which makes the ligh.ter clumps of fluid move inwards. Third, the turbu­
lent stresses furnish a means whereby one layer of flu.id can do work on the ad­
jacent layers. All of these effects are also important in determining the energy 
exchange taking place in the a~mosphere. 

Vibration effects flow in several ways. The streaming currents that flow 
away from a sound transducer a·re well known. More spectacular are the inter­
actions of vibrations with a free surface. 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, shoWB the almostexplosive 
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 hydraulic tank to study surface 
properties of fluids~ He measured the surface viscosity of pure water, finding 
a value of abo~t 10·~ dyne sec/cm! Operating on a similar principle is •the 
oscillating 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 spacingbetween 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 is 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 
Jiarris (21) 7. Such a jet does not always issue from the orifice with its dia­
meter uncnanged but, depending on conditions, may contract shortly after leaving 
the tube or, more commonly, it may expand. Careful measurements of this effect 
are potentially capable of giving information about the nature of non-newtonian 
fluids. 

A rather puzzling effect in the realm of vibrations was found by Hughes 
(23) in measuring upta~e of carbon dioxide by water drops..falling through a gas. 
Tne transfer rates correlAte with a postulated "eddy" mixing inside the drops 
supposedly caused by their vibration as they f~~l through the gas. For a linear­
ized model 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 degree 
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 str1king is the observation 
by . Christiansen and Hixson (9) tharone can make a dispersion of drops of almost 
exactl e ual sizes the adjusting the velocity with which a liquid jet issues be­
neath {heqsurface of another liquid. This phenomenon is so precisely controllable 
as to be useful as a means for meas,uring dynamic surf ace tensions. 

The mechanics of particles, botl1 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 lar e not too small}, how to suspend them, transport them, collect 
and coalesce th:m. In these areas fluid mechanic is but slowly making the change 
from art to science. 

Dombrowski and Hooper {10) emphasize the rather surprising fact that t~~ 
average drop size formed in atomization from fan sprays first decrea~esi~~ =-

d it i raised but later increases. This is in accor w pr 
~~!~~!sg!:dee~;omymo~els of the instability of sheets of liquid movi~ re}a~!ve 
to a as Their photographs show clearly changes in the mode of brea Po e 

:~e::!Y•~o! ~:,:~~~~~s:rt~~;e~ia~:s.:~=~t!~c1~:1!~~;"r;~mF~~~=~~~::~Ie!~=::~et, 
the drops formed there being relativeiybi:Z-g~~eat; ~~d!~~~ed~~ps differini marked­
leading edge of the sheet becomes uns a , 
ly in size from those disrupted from the sides of the sheet. 

fl id ti 1 moving through another fluid. 
When~~ ~~~~~=i~=~sr~~t1:h:J~~~i:nt ~reata:s !e:sured b~e;f~ai~pl:~:nn:!:r• 

o2g /gco, or a r~!ated ~~:=~' !~!e!:~P t~e v:~!r:~:ri; ~~ longer· spherical but·., 
number is near un Y or a d, di ~n flow conditions drop size and on the is distorted in complex ways epen ng_ , 
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P:operties ~f the fluids. Perhaps the lea.st understood of the forms · that -appear 
a .,·e. those WJ. th ~harp cusps. For drops falling under grav1 ty a ."tear drop" vi th 
& ~i ngle cusp a~ the rear is observed LJ'~raroui and Kintner (13) 7, for a drop in 
Couette flow a "sigmoid shape" is induced with cusps at eitherend IISumscheidt 
and Maeon ( 39)7 o '-"~ 

• 
As a problem in the statics branch of fluid mechanics, the theoreti cal and 

experimental work of Allan and MAson (1) on the equilibrium shape and burst of 
drops subjected to electric fields is Tnteresting. They predict that the drop wil 
be deformed into a prolate spheroid and that it will ·burst when its eccentricity 
would otherwise exceed ff. By assuming that each half of the burst drop reta~ns 
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 
distorted to oblate spheroids rather than to prolate spheroids as required by the 
theory. · 

The ways in which atomization can occur are almost bewildering in their com­
plexity. Rumscheidt and Mason· (39) have summarized the classes of drop breakup 
that they have observed in a Couette flow apparatus (concentric counterrotating 
cylinders). As shown in 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 s~ear rate is increased, finally forming a "sigmoidal" drop 
with two cusplike 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 breakup is also observed when the viscosity ratio is near one. 
Then . the drop is drawn out -into a long fine filament which breaks up into many 
drops of almost equal size. · 

·rn the same apparatus, Forgacs and Mason (15) have observed the behavior of 
small flexible fibers (mainly wood fibers). As-Pigure 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 i~ observed that the particles in dilute, initially uniform, sus­
pension of spheres in Poiseuille flow are concentrated eventually into an annular 
region about halfway between the a.xis and the wall. Previous theories, which pos­
tulate a lag between the particle and the neighboring 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 a.xis move 
initially outwards. 

The contention of Goldsmith and ?1eson ( 17) that solid particles whether 
spheres or elongated, stick close to the tubewall if initially placed there is 
explained by Oliver as being due t

0
0 the very small size of the particles used by 

them. There is, however, no denying Goldsmit~ and Mason•s observation that fluid 
particles move away from the wall at yelocities which greatly exceed that for a 
similar solid particle. Related observations bearing on this point are those of 
Rumscheidt and Mason (39). A fluid particle is placed in a nyperbolic flow ap­
paratus consisting of four cylinders rotating with the . proper senses in .a liquid 
substrate. A particle of another fluid suspended in the center of the apparatus 
exhibits circulation as shown in Figure 8. The circulation is made visible either 
by fine suspended solids or by similar fine suspended liquid drops. Only in the 
case where the tracing particles are liquid is the cross-shaped zone indicated -on 
the figure swept free of tracer particles. 

Lately t here has been a reawakening to the intriguing role played by surface 
h sics in the flow of fluids. The wide diversity of these phenomena is evident 

fr~m the review of scriven et al (4.2). To cite only two examples, Jebsen-Marwedel 
( 25) has described the erosion of tlie walls of glass melting furnaces at a series 
- d it t the ~lass/~as interface and has attributed this un-

of r!gul~~!~ns~~c!hepfl~wainduced by surface tension variations caused by the so-
usua P~f the wall material in the melt. Another example ls the beautiful experi­
lution f the Lan uirs• ( 30) on the evaporation of ethyl ether out of water solu-
ments o gm itation of the surface is very evident and the role of sur-
tion. ~lontaneo~: ~~ arresting the agitation is demonstrated dramatically by the 
face ac ve agen d from ~urning ether vapors by the addition of a drop 
quenching of the flame fo~eof this reawakened interest there have been produced 
of oleic acid. As atresu tion pictures fcrrell and Westwater (36~/ illustrating 
several very interes ~ mo 1 Ined is the very fast, o ten almost ex­
"interfacial turbulence •t As yettfo!x~e~ls that one often sees in these pictures. 
plosive, growth of nascen convec 

i i models for mass t .ransfer at a fluid-tluid 
The classical chemichaltendgi neree~i ~~d by the recogni ti.on of the wide occ~~n.c_~· 

i nterface have been somew a sc • .. 

• 
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.0r apont•n•-··-asitation or· the 1ntertace 1n the case of system• wpere mass ill 
·~l~g tran•ferred. That these .models still have their uaea c,m be attributed part• 

7 to the equally dramatic effect of surface active materials in arresting the 
•pontaneoua agitation. One :lndeed wonders whether most plant streams may not be 
:~t1c1ently contaminated to substantially suppress these bizarre effects. In any 
•••, considerable doubt 1a thrown on the validity of inferences drawn from com­

tbarat1Te teats on mass transfer equipment in whioh care is not taken to reproduce 
• type and degree of contam1nation. An urgent requirement for the chemical en­

gineer 11 one · or more reliable "meters" for characterizing the mechanical effects 
ot aurtace active materials, Any phenomena exhibiting these effects which are 
au!'ticiently reproducible and accurately measurable are, . therefore, well worth our 

.notice. The work or Haberman (19) on the rise of circulating and non-circulating 
bubbles through tubea, • the measurement of zeta potentials of falling jets (11), 
and ~he rnany phenomena described by Myaela, Shinoda, and Frankel (J!i) Pre worth 
mentioning in this regard. 

The latter authors, in their intriguing monograph on aoap films, describe 
many of the phenomena associated with the drainage and rupture of this films. In 
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" 
apota at the bottom surface and the upward convection of theae apota 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 bubbles intro­
duced at the bottom of a veaael fil~ed with liquid. 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 fluids out of this films formed by the boundaries between two objects. 
The usual approach taken in attempts at theoretical explanations has been tmsatia-· 
fying since it la assumed that the shape of the bodies enclosing the thin film la 
uninfluenced by the force generated by the approach. A quite similar problem 
arises in the theory of hydrodynamic lubrication where it is found that the de­
formation of even solid bodies can be important in influencing the rate or drain­
age of the films. Christensen (8) shows how one may obtain aolutions for the 
flows and pressure induced in the gap between two solid cylinders as they approach 
one another. Besides considering the case where the solids are perfectly rigid · 
and the viscosi.ty is constant, he considers the effect of pressure on t he viscosi t3 
of the fluid filling the gap and also the effect of plastic deformation of the 
solids. The shape pf ttle permanent set given to the solid bodies ls very depend­
ent on the "lubrication" conditions. One might have here a model for calculating 
film drainage in cases where the fluid viscosity depends on layer thickness. 

The problem of predicting the condit i ons of flow on thin films flowing under 
gravity has long interested chemical engineers. A rev i ew of the work on th i s 
problem is instructive in showing both the power and the limitations of theoreti­
cal fluid mechanics at its present stage of development • . 

WhRt happens when a liquid film flows dow~ a flat 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 liquid has been well distributed. ftt 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~ 
ipnery, another change occurs. The appearance of the surface. is modified and t he 
trend of average film thi ckness as a function of flow rate shows a break. The 
second transition is usually identif i ed with the transition from laminar to turbu­
lent flow since the Re ynolds number at which it is occurs is near 2000. Between 
this transition and t he lower one the flow is lami nar but has pronounced waves on 
the surface. The waves evidently will affect mass and heat transfer and ar e 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 att~mpted as 
early as 1924 by Kapitza (26). His analysis was apparently very successful since 
it predicted 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 b·e solved by the classical method.of 
linearized disturbances and that many of the mathematical~diff 1cult l es t hat beset 

· this technique in other problems could be avoided since asymptotic methods ~p­
propriate for small Reynolds numbers can be used. Using Yih 1 s suggesti on, Ben­
jamin (3) solved the problem and concluded, rather astonishingly, that the flow 
18 unstable at all Reynolds numbers, no matter how small. The theory, in this 
form apparently contradicts the experiments showi ng a fairly well defined tran­
sit!~. Benjamin noted, however, that the rate of growth of disturbances is very 
small until the Reynolds number attains a value of about 10. He taerefore made 
the suggestion that the flow disturbances, altho~h unstable at low Reynolds 

... -
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n,-qubers have· not had auff1c1ent time to develop to detectable aize Fi re 8 
shows the results of a quantitative development of this idea. One.can ~~fine the 
pseudo-critical Reynolds ~n:mher 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 1s seen t~at 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 B~njamin has not been ' 
accepted by Teilby and Portalsky (WJ.) and(~) who have made the most recent and 
extensive series of measurements orthe transition. 

One is justified, of course, in questioning the assumptions in Benjamin's 
analysis. One of these, that the ambient phase exerts no drag on the film has 
been removed by Graebel (18), who considered the case of countercurrent fl~w 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 Reynold; numbers. 
However, if the channel ls inclined as little as 1/2 degree off vertical the flow 
ls now stabilized below some definite Reynolds number. This sensitivity of the 
analyses to small changes points the moral of not generalizing t he results of 
theoretical calculations too fast. 

All these .analyses assumed the interface to be perfectly compliant. But the 
experiments by Tpilby 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~tjon has 
never been made. As Gibbs has pointed . out, in any multicomponent system, the 
phase interf~ce must exhibit an apparent elasticity or resJstance 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. rt is curious that no one hF.s invest igP. ted 
the stability 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 is that of a 
this film driven by friction exerted by another fluid. It occurs in transpiration 
cooling and in the annular flow regime of gas-liquid pipe flow. Knuth (28)has 
shown that waves are raised on the film at film Reynolds numbers larger man about 
200. The first attempt to explain this observation theoretically was made by 
Feldman (14). He formulated the stability problem for the case where the driving 
fluid behaves as if it were laminar near the interface. The results of t he analy­
sis do not agree with the data of Knuth, the Reynolds number for transition being 
about an order of magnitude higher than the experiments would lead one to believe. 
Since in the experiments, the driving pl1ase 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 condiUon 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 making this assump­
tion, they are not entirely convincing. The ultimate test must be comparison 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 substanti-
ally confirmed. 

One may, I think, draw a moral from t he history of these attempts to predi ct 
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 wit~ data. Such analyses must at 
present be regarded as secondary, though admittedly they are very powerful tools, 
to experimental observations. 

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 ?ilm. 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 destr~ys the 
apparent good agreement of this analysis with the data which was shown in Figure 

In view of the comments made by 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 transition to turbulence In 
thepopular rotating concentric cylinder apparatus. Very precise measurements of 
torque were made for contrasting series of runs in which the relative speed of 
rotation was increased or decreased. Within the accuracy of the experiments, 
which was very good, it appears that there is no hysteresis in this particular 
transi tion. 
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Let us now return to the question posed at the beginning of the paper: To 
what extene can the chemical engineer use the r e sults of fluid mechanics in the 
solution of his everyday problems? We must, I think, confess that there are a 
great many problems where the aid furnished by the conventional literature is 
slight; many of his problems must be solved by the engineer himself without the 
aid of the professional fluid mechanician. The approech may be purely empirical 
or the engineer himself may have to become an expert in fluid flow. DPily, the 
chemical engineer gives his opinion on problems similar to the ones listed in the 
introduction . Often the answer is given tacitly, sometimes unfortunately, un­
knowingly, in the act of making of approving a design. Fortunately, luck is often 
with him; his design works well without his understanding fully why. Most success-· 
ful, however, is the engineer who hP.S formulated the relevant proplems 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 lmow 
or cannot economically find out, and has the courage to assess realistically the 
rl• k• of uncertainty 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 is important for all or us to look sharply at 
the "things that happen 11 , 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 cont.aining water. Doea not the roiled surface of the 
bubble strongly resemble · the roil~d 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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