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FAVORITE PAPER #1

• “Wind” (linear process) tries to create a most favored wavelength ~ 1-3 cm: Where do all of the rest of 
the waves come from? 
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• Researchers in the geophysical world had examined the problem and 
had concentrated on situations of perfect “resonance” —

• special selections of wavelengths of 2 or 3 waves (effectively a 
collection of overtones) where one of the group could excite others.

• The pitch of a violin string, or any musical instrument for that 
matter is a collection of overtones that result from an “forcing” at 
one of them with “energy” transferring between them

• K&H approach allowed for imperfect resonance — 
which is the most prominent energy transfer 
mechanism. 

K&H: FORMULATION WAS NOVEL
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EQUATIONS
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THE EQUATIONS

• This was done for the case of no viscosity and also 
approximately for weak viscosity — to show wave 
decay as well as interactions. 

• Oh..  they also did experiments that showed the 
evolution of waves and the formation of different 
sets of overtones even when the waves were not 
perfectly resonant. 
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FIGURES FROM KIM’S THESIS
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EXPERIMENTS: CONFIRM BASIC PREMISE
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EXPERIMENTS: THEORY IS QUANTITATIVELY 
CORRECT



Department of Chemical and Biomolecular Engineering, University of Notre Dame chemeprof.com

FOLLOW UP
• We studied waves for more than 20 years.  Our nonlinear 

theories followed the basic ideas of Kim and Hanratty, 
augmented by advances in nonlinear dynamics and 
numerical spectral techniques.

• But the nonlinear coefficients on the quadratic terms 
match K&H for sufficiently high Reynolds numbers.

• Work previous to K&H, that had relied on exact 
resonance, could not be extended to deal with a 
complete spectrum of waves
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ANALYSIS:  UPDATED VERSION OF KIM AND HANRATTY
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MECHANISMS AT PLAY IN WIND-GENERATED 
WAVES

s

Cubic self 
interaction

Cubic self 
interaction

phase angle ~π

not phase-locked

phase angle ~π/16

A1 A1* A1

A1 A1* A1

A2 A1* 
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SIMULATION OF WAVE SPECTRUM



MATCHED DENSITY, VERTICAL 
INTERFACE TWO-LAYER FLOW



WAVE MAP FOR ROTATING COUETTE FLOW EXPERIMENT  
GALLAGHER, LEIGHTON AND MCCREADY, PHYS. FLUIDS,1997  

 
LEFT OF THE LINE, ONLY SHORT WAVES ARE UNSTABLE  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GAS-LIQUID FLOW IN PACKED 
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DISTURBANCE EVOLUTION WITH DISTANCE IN REACTING SYSTEMS

• “Trickle” bed reactors: pulsing

Also 
studied 
heat 

transfer 
with same 

idea
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FAVORITE PAPER #2

• I wish I had been in the room when these data 
first were presented to outside researchers!

• There should have been a collective gasp!
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MOST STUNNING DATA SET IN ALL OF TURBULENT MASS 
TRANSFER?
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PAPER TWO
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SCALING REMOVES REYNOLDS NUMBER
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FIRST:  TWO PAGES OF ANALYSIS!
THEORY 

The Use of Eddy Diffusion Coefficients 
Theoretical guidance for the correlation of turbulent 

mass transfer coefficients has been obtained by solving the 
mass balance equation using an eddy diffusion coefficient 
~ ( y ) .  In this approach, tlie mass flux to a plane perpen- 
dicular to the y axis N is given by 

The usual procedure is to represent the eddy diffusivity 
as 

L = b(Sc) y + n  
V 

where y+  is the distance from the wall made dimension- 
less using the friction velocity and the kinematic viscosity 
of the fiuid. Son and Hanratty (1967) have shown that 
the solution ok the mass balance equation at high Schmidt 
numbers using (4) gives 

The dependency of K , +  on Sc can then be related to the 
exponent n and the influence of Schmidt numbers on the 
coefficient b. 

Since for Sc + rn the thickness of thc concentration 
boundary layer becomes vanishingly small, the velocity 
ficld influencing the variation of E ( y) can be reprcsented 
by the first term of a Taylor series in y. Thus, as shown 
in pages 279-282 of the book by Rilonin and Yaglom 
(1965) the time average, the component of the turbulent 
velocity fluctuations perpendicular to the wall, and the 
turbulent eddy viscosity are given as 

(8 )  

(9) 

(10) 

- u = u4 y+  
- 

0' = ( , 2 ) ' / z  = kl 0' y+2 

2 = k2y+3 + k3y+4 
V 

If it is assumed that turbulent mass transport is analogous 
to momentum transport in that E is proportional to V T ,  

then it would follow that either c - y+3 or E - yf4 ,  de- 
pending on whether k2 = 0. 

Another theoretical approach for estimating the expo- 
nent in (4) is to use a Taylor series expansion of the con- 
centration field as well as the velocity field. Then 

where k4 is a proportionality constant. The eddy diffusivity 
can be related to the fluctuating concentration and velocity 
field by using a Reynolds transport coefficient 

Since 

- dC 
VC = - E ( Y )  - 

dY 
- 
vc = R v' c' 

where R is the correlation coefficient for y -+ 0,  it follows 
that the limiting behavior of E ( y) for y + 0 is 

(13) 

4Y)  - 
E +  = - - - R klk4 Y + ~  

V 

A number of researchers have assumed that (14) is valid 
throughout tlie concentration field and that the correlation 
coefficient R is independent of Schmidt number to argue 
from ( 7 )  that K,+ - Sc-'I3. 

Levich (1962) has taken a slightly differcnt approach. 
He has assumed that 

d C  
C' = k 5 d  T - 

JY 
where T is a time constant characterizing 
fluctuations in the immediate vicinity of the 
is a proportionality constant. Then 

where T +  = T v * ~ / v .  Levich assumed that the correlation 
coefficient R is independent of Sc to a r g x  that E +  - y + 4  
arid from ( 7 )  that K,+ - SC-"~. 
Criticism of the Assumption that t(y) is Given by the limiting 
Value for y + 0 

The assumption that ~ ( y )  is given by the limiting value 
for y -+ 0, hquation (14) ,  does not appear to be consis- 
tent \vith present knowledge regarding the concentration 
field. The reason kor this is that the region over which 
the limiting relation is valid, &, becomes vaiiishmgly small 
comparcd to the thickness of the concciltration boundary, 
S,, layer as Sc + w ,  

The thickness S, can be defined by 

where S,+ = S , V * / V .  Consequently, a,+ - Sc-p, with 
1/4 < p < 1/3. The differential equation describing the 
concentration fluctuation is obtained from the mass balance 
equation as indicated by Hinze (1959) : 

ac - dc di? 
- + + - + v - - + u - -  
d t  ax dy ax 

a - - a (uc)  - - a (vc - - vc) - - (wc) (19) 
dX au az ., 

The orders of magnitude of several of the terms appear- 
ing in this equation have been examined by Sirkar and 
Hailratty ( 19 i 0 ) .  They showed that for large Schmidt 
numbers, a2c/ay2 is large compared to a2c/ar2 and a W a 9  
and that W d t  is large compared to v( &/ax) or u (aC/ax). 
Equation (19) then simplifies to 

a 
( u + c + )  

dc + 

at+ 

a 
( w + c + )  - - ( v + c +  - v + c + )  (20) 

a -- 
a2 + au + ., 

where t, y, u, u, and w have been made dimensionless 
using wall parameters u' and V .  c and c have been made 
dimensionless using Cn. The term ( l /Sc)  (d2c+/dyt2) 
which governs the influence of molecular diffusion should 
be of prime importance close to the wall and therefore 
should play a role in detcrrnining the limiting behavior of 
ey as y + 0. Since the transient term dc+ /a t+  is of the 
same order as ( l /Sc)  ( d 2 c + / d y f 2 )  close to the wall, we 
conclude that the thickness of the region over which the 
limiting relation for the eddy diffusivity is valid has the 
dependency 
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SL+ -sc-w (21) 
Since 6,+ - Sc-'/3 or -'I4, it follows that 6Li/6,+ + 0 as 
s c +  00. 

The above conclusion can be illustrated by solving the 
form of (20) that is linear in the fluctuating quantities: 

ac + 

at+ 
- 

This will be done for the case of a harmonic variation U +  

(23) 
A o+ = vy+2e'o+t+ 

The term 

-= 
1 -+ €+  

sc 
dY + 

since the mass flux does not vary significantly through the 
concentration boundary layer for Sc + CO. The solution 
of (22) can be expected to be of the form 

(25)  
A c+ = c &+t+ 

so that (22) becomes 
A 

A 

h A 
For small y+, where the amplitude c varies linearly with 

y+, the term iw+ c is of the same order as (l/SC) (a2 C/ 
ay+2).  For large y+, the molecular diffusion term is negli- 

gible and c varies in a way similar to that suggested by 
Levich in (15) : 

A 

A 

dc+ h c = - -  0 Y + 2 d U +  
iw+ (27) 

A sohtion to (26) has been presected by Shaw (1976) 
and by Shaw and Hanratty (1977) for the boundary con- 

ditions that c = 0 at y+ = 0 and as y+ + 00. The ampli- 

tude of the concentration fluctuations is given as I c I = 
( c c *)''a, where c* is the complex conjugate of c. The 

calculated from (26 )  for a+ = 0.0628 ratio 

A 

A 

A h  

$ 1  
A dC+ 

I V t  dyf 
and for P +  = 0.00032y+4 is shown in Figure 1, where the 
distance from the wall has been normalized with respect 
to 6,+ - (1/Sc1/4). The value of a+ used in this calcula- 
tion was taken as the median frequency of the fluctuations 
of u in the viscous sublayer determined from the measwe- 
ments of Lee ( 1968). The calculated amplitude was found 
to be independent of the form chosen for e + .  The same 
profile was obtained for E +  = 0.000463y+3.38. 

One of the results of this calculation is that as y+ + 0 

or that 

This is consistent with (14),  but, contrary to the as- 
sumption usually made, the coefficient is found to depend 
on Schmidt number. The solid line in Figure 1 is ( 2 7 ) ,  
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Fig. 1. Amplitude of the Concentration fluctuations calculated from 
the linearized equation. 
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Fig. 2. Polarization curves for different anode configurotions ot 
SC = 695. 

and the broken lines represent the region where the con- 
centration fluctuations are affected by molecular dausion. 
These show the linear dependency on y+  at small y+ given 
by (11). If the edge of the concentration boundary layer 
is defined as C / C b  = 0.99, then it is located at the value 
of y+ (Sc) '/4 indicated by the arrow in Figure 1. From 
Figure 1 it is seen that the fraction of the concentration 
boundary layer over which molecular diff usivity is influ- 
encing the concentration fluctuations becomes progres- 
sively smaller as the Schmidt number increases. 

Of particular interest is the result that for Sc + co the 
variation of the concentration fluctuation over almost all 
of the concentration boundary layer is not influenced by 
molecular diffusion. That is, it is given by (27).  This 
would suggest that the eddy diffusion coefficient for Sc 
00 should be represented by an equation of the form 

6 +  = g ( y + )  (30) 
If the simplified version of the mass balance Equation 
(22) were valid, we would get 

g ( y + )  - Y + 4  (31) 
as suggested by Levich. However, there is no reason to 
expect that the nonlinear terms in (20) are negligible for 
large y + .  Consequently, we must anticipate that g(y+)  
could be more complicated than the Levich relation. 
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MOST STUNNING DATA SET IN ALL OF TURBULENT MASS 
TRANSFER?
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WARREN STEWART TAKES A SHOT AT WHY!
Not this!
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HIGH FREQUENCIES ARE “FILTERED”
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SO WHAT IS GOING ON?

• “Boundary-Layer arguments (as in Prandtl) suggest that convection and diffusion must balance near the wall.

• Numerical simulations by Back and McCready (1988) indicate that only the term with normal velocity is causing 
net transport.

• Continuity equation requires that v ~ y2 

• All of this leads to K ~ S-2/3 not -.704

• Ex:  Rotating disk, Thermal Boundary-Layer

• … First part is easy.  The mass transfer coefficient is non-dimensioqnalized with v*.   The friction velocity scales 
with “all” of the energy in the flow.

• However, as Tom and multiple students have told us, the mass transfer boundary layer is essential a low-pass 
filter so that much of the “energy” of the flow is not effective in cause mass transfer…

• Hence K/v* should fall off more quickly with S than -2/3.  

• Why “perfect” power law for such a large range? and why -.704?

• God wanted it this way!

We know the equation
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CONVECTION AND DIFFUSION TIME SCALES MUST BALANCE
Can reduce membrane diffusion 

resistance from length of pore to just 
radius of pore by correct choice of 

oscillation frequency
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POSSIBLE APPLICATION TO BONE TISSUE
• Your bones respond to stresses by growing larger and more dense.

• Dramatic effect in various athletes.

• Effect known for a century, “Wolff ’s Law” — osteocytes are sensitive to stress and respond chemically.

• Is this the entire story?

• How come humans suffer considerable bone mass loss with continuous exposure to microgravity?
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CHE 487:  WIDER IMPLICATIONS
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CHE 487
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TOP OF FOOD CHAIN!
Tom was an Advisory Editor for Prentice Hall
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FORTUNE “30”, 1980 — 2016
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CONCLUSIONS
• Just two examples of a couple hundred papers

• Ground breaking approaches 

• Value well beyond specific example

• Results of continuing value

• Tom was one of the best people in the “top of the food-chain” field of engineering 

• Intrinsic quality of the research, 

• intellectual depth and broad utility and of educational core 

• relevance to developing industrial sectors

• Can we stay there?
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POSTLUDE
• We could “scale up” these:


