Effect ‘of Ultrasonic Waves on Mass
Transfer Rates of Selected Fluids

H. SCOTT FOGLER and KLAUS D. TIMMERHAUS

University of Colorado, Boulder, Colorado

The application of ultrasonic energy to o fluid in o capillary has resulted in greatly increased
rates of mass transfer (of the order of 800 to 2,000% above that without insonation) to occur at
specific heights in the capillary. Reproducible results with several selected fluids (carbon tetra-
chloride, acetone, ethanol, and methanol) have shown that these specific heights are always
at the half wavelengths of the particular fluid investigated, The mathematical model developed
herein predicts that at these half wavelengths, the fluid particle displacement of the ultrasonic
wave becomes quite large, exceeds the threshold value necessary for the stability of the surface
waves, and causes droplets to be ejected into the vapor above the surface in the form of a fog.
The resulting decrease in the diffusional path length of the ejected fluid provides the final

mechanism for an increased mass transfer from the capillary tube.

The application of ultrasonics to chemical processes has
received considerable attention in recent years. Such ap-
plications include precipitation of corrosive aerosols, dry-
ing of heat-sensitive materials, increasing of chemical re-
action rates of certain chemical reactions, and increasing
of heat transfer coeflicients in specific gas-solid systems. In
most of these examples, the ultrasonic waves were ap-
plied to the gas phase; however, in the work reported
here, the ultrasonic waves were applied directly to the
liquid phase in an attempt to determine their effects on
the rate of mass transfer.

Preliminary investigations were carried out with an
ultrasonic cleaner as the wave source. These waves were
transmitted from the cleaner through a coupling fluid to a
constant temperature bath that contained a vertical capil-
lary. The liquids studied were placed in the capillary and
their rate of mass transfer was obtained by measuring the
height of the gas-liquid interface with a cathetometer as
a function of time. The ultrasonic cleaner could not be
varied in frequency or output power. This deficiency was
rectified ultimately by the design and construction of an
ultrasonic wave generator that could be varied in both
frequency and intensity.

EQUIPMENT AND EXPERIMENTAL PROCEDURE

The basic electrical circuit is shown in Figure 1. The oscilla-
tor transmits a signal of between 0 and 20 v. to the amplifier.
Here the signal is amplified and the proper phase relationship
between the current and voltage is obtained by a careful ad-
justment of the bias, frequency, and liquid level in the crystal
tray. Probes are attached to the cable which leads directly to
the crystal. This permits monitoring of the voltage, current,
and phase relationship between the voltage and current quan-
tities on an oscilloscope. The maximum output power of the
crystal in this arrangement is about 12 w. The lead zirconate
piezoelectric crystal used in this research operates at a fre-
quency of about 100 kilocycles/sec. The crystal is epoxied to
the lower surface of a thin 0.008-in. stainless steel tray that
supports the coupling fluid. The lower side of the crystal is
exposed to the atmosphere to avoid unnecessary constraints on
the crystal. The tray to which the crystal is cemented is %a-in.
X 4-in. X 6-in. A wooden box gives support around the edges.

Figure 2 shows the arrangement of the glass capillary tube
and the associated measuring equipment with respect to the
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crystal. The liquid to be studied is placed in the bottom seg-
ment of the capillary tube, 1.5 mm. I.D. and 5 cm. in length;
the latter is attached to a horizontal section of glass capillary
tubing of the same dimensions as the vertical tube. Dry air is
blown through this horizontal glass tubing and across the capil-
lary junction to maintain essentially a zero concentration of
the evaporating liquid at this junction. A small vertical tube
extends 2 cm. above the junction of the bottom capillary tube
and the horizontal glass tubing. This extension permits filling
the capillary tube with the fluid under investigation by insert-
ing a 0.5 mm. O.D. intramedic tubing, which is attached to a
hypodermic syringe, into the capillary tube.

The seal at the lower end of the capillary tube was ground
to a thin flat membrane. During experimental runs, this flat
portion of the capillary was positioned within 1 mm. of the
stainless steel tray surface. Operating characteristics of the
crystal were impaired whenever the bottom of the capillary
accidentally touched the tray surface. The micrometer with
the needle point, shown to the left of the figure, was used to
measure the liquid level of the coupling fluid, which was water
in all cases. This coupling fluid level was maintained at a con-
stant height during the course of a run by spreading a layer of
dodecyl alcohol on the surface of the coupling finid to cut
down on evaporation losses. Since the height of the coupling
fluid in the tray seriously affects the electrical impedance of
the crystal, careful adjustments were necessary—simultaneously
with the frequency adjustment—until the proper ghase re-
lationship between voltage and current was obtained.

POWER:
SUPPLY

CRYSTAL
AMPLIFIER

. CURRENT AND VOLTAGE
——{ OSCILLATOR

Fig. 1. Schematic diagram of electrical circuit.
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Fig. 2. Schematic diagram of apparatus.

EXPERIMENTAL RESULTS

The rate of mass transfer was determined by measuring
the rate of fall of the gas-liquid interface in the capillary.
This was done with a cathetometer and an electric timer.
The height of the interface, voltage, current, and phase
relationship between the voltage and current were re-
corded at various time increments. The frequency of the
ultrasonic wave was fixed at 99 kilocycles/sec. When no
insonation was applied to the experimental system, normal
diffusion occurred in the capillary and the interface level
receded at a rate predicted by the well-known diffusion
equations. When insonation was applied to the system,
however, the interface level first fell at a rate approxi-
mately equal to that when no insonation was applied.
Then a point was reached at which a sudden surge in
evaporation occurred and the level dropped very rapidly
during an approximate time interval of 5 to 30 sec. After
this, the level again decreased to a rate approximately
equal to that when no insonation was applied, until the
next point of sudden increase was reached. These points
of sudden increase occurred at regularly spaced intervals
down the capillary tube. When the distance between
these intervals was evaluated, it was found to be equal to
one-half the wavelength of the standing wave in the capil-
lary column. That is, as the height of the liquid level fell
in the capillary, sudden increases in the rate of mass trans-
fer occurred at integral half wavelengths, while no ap-
parent increase in rate was observed between these half
nodes. The term half-node refers to the point correspond-
ing to the half wavelength distance in the capillary and
also where the sudden evaporation takes place. Various
liquids such as benzene, ethanol, methanol, carbon tetra-
chloride, and acetone were studied; all yielded the same
result. The results of these studies are shown in Table 1.
The experimental values of the half wavelength were de-
termined by measuring the distances between the large

increases in mass transfer. The first value indicates the
experimental value obtained for the first pair of points of
rapid mass transfer, while the second value represents the
experimental value as determined from the next successive
pair of points in the capillary. At the half-nodes, it was
difficult to measure the mass transfer rate precisely, since
the interface level fell so rapidly. The rate of mass transfer
observed at these half-nodes showed an increase of 800
to 2,000% over the rate observed between the nodes.
Figures 3 and 4 show a plot of the rate of fall of the gas-
liquid interface (mm./unit time) vs. the depth of the in-
terface in the capillary measured from the junction of the
capillary tube and the horizontal glass tubing for carbon
tetrachloride and acetone, respectively. The distance be-
tween the peaks was equal to the half wavelength in the
liquid. At the half-nodes where the surges in mass transfer
occurred, violent fogging was noted and small droplets of
the fluid under investigation could be observed shooting
up in a fountain effect above the surface.

SOLUTION TO THE ONE-DIMENSIONAL WAYE EQUATION

The fact that the increase in mass transfer occurs at in-
tegral half wavelengths suggests some sort of resonance
phenomena. The wave reinforces itself at these half-nodes
and large particle displacements and particle velocities are
obtained at the gas-liquid interface. This can be shown by
solving the wave equation for the particle displacement at
the gas-liquid interface. Since the thickness of the ground

a
[e]
T

wn

Q
T
T
N
|
i

N ol hid
o [e] Q
T T T

Rate of Fail of Interface, mm/I100sec.
o
T

0 ) I ) ) o= 2 .
o] 1.0 20 30 40 S0 8.0 7.0 20 90
Depth of Interface in Copillory Below a Fixed Reference Point,mm

Fig. 3. Rate of mass transfer with insonation as a function of liquid
level in the capiliary tube for carbon tetrachloride.

TaBLE 1. EXPERIMENTAL VALUES OF HaLF WAVELENGTHS

Theoretical values of

the half wavelength Experimentally determined values of

Liquid Run in the fluid the half wavelength in the fluid Maximum
/2, em. /2, em. A/2, cm. Voltage,v. Current,amp. % error

Methanol 1 0.562 0.555 250 0.0270 1.2
2 0.565 225 0.0265 0.5
3 0.535 325 0.0230 5.0
4 0.555 430 0.0180 1.2
Benzene 5 0.625 0.630 400 0.0120 0.8
Carbon tetra- 8 0.468 0.465 0.465 270 0.0210 06
chloride 0.460 1.7
7 0.455 128 0.0530 3.0
8 0.468 220 0.0690 0.0
Acetone g 0.593 0.600 0.600 375 0.0840 1.2
10 0.605 160. 0.0420 2.0
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Fig. 4. Rate of mass transfer with insonation as a function of liquid
level in the capillary tube for acetone.

bottom surface of the glass capillary and the distance be-
tween the bottom of the glass capillary and the oscillating
surface of the crystal are quite small {on the order of 0.8
mm.), the equations can be derived by assuming that the
crystal transmits directly to the liquid in the capillary. In
the liquids studied, the attenuation coefficient for the
ultrasonic wave in the liquid is extremely small (for ex-
ample, for acetone « = 3 X 107 nepers/cm.). The Liquid
is regarded therefore to be nonabsorbing and the ultra-
sonic wave is assumed to be undamped. Under these con-
ditions the wave equation takes the form (1)

% o
T )

The boundary conditions of this second-order partial
differential equation are given in terms of the excess pres-

sure, as defined by (2)

P=—Cgpo-@ (2)

P is the excess pressure produced by compression of
fluid particles. At the gas-liquid interface, this excess pres-
sure is zero. The crystal is oscillating at a frequency of 99
kilocycles/sec. and the particle displacement at the liquid-
crystal surface varies as the cosine of wt.

At zero time the fluid particle velocity will be taken as
zero, and the fluid particle displacement at the crystal
surface will be ¢*. These boundary conditions can be ex-
pressed in the following manner:

de
t=0 —=0f 0
> ot ory >

t=0 e=¢" y=0
y=10 «=¢" cos of fort>0 (3)
y:l P=20fort>0

The wave equation can be solved by the separation of
variables technique. Let

(g t) =Y(y) T(1) (4)

A A
EeY'T=YT" (5)

e=(Esiniy+Ncos-li-y) (Feosut+ Dsinpt) (6)
c c

The velocity can be obtained from Equation (6) by differ-
entiating ¢ with respect to time.

e _ n "
3t—=p. Esin-;y-%—Ncos;-y

(—Fsinpt+ Dcospt) (7)
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Att = 0, 3¢/8t = 0 for all y; thus, D = 0. Now let A =
E - F and B = N ' F; then from Equation (6)

e=(Asin%y+Bcosf-y)cos;t (8)
At the crystal surface, y = 0.

e®coswt=DBcospt (9)
Therefore

B= e',,u,_= o, k. = w/c = 2a/\,

The excess pressure is found by differentiating ¢ with re-
spect to y, and multiplying the resulting expression by
—p.C”" as indicated by Equation (2).

d
P=—poc”—5;—=—pcz(Acosk.,y—e*sink,,y)k‘,COSwt

(10)
At the gas-liquid interface, y = 1

P=0=—p,c"k, (Acosk,l—¢® sinkJd)cosot (11)

Since Equation (11) must be true at any time, the expres-
sion enclosed in the parenthesis must be equal to zero.
Therefore

sin k.

cos k1

A=¢"

(12)

The following equation thus gives the fluid particle dis-
placement as a function of time and vertical distance
above the crystal surface.

a[ sin kI sin k.y -+ cos k.l cos k.y
€= €

s k1 ] coswt (13)

Let e, = €® cos of where ¢ represents the oscillatory
fluid particle at the crystal surface.

e eo[sin kul sin ky + cos k.l cos ky ] (14)
cos k,l
At the gas-liquid interface, that is, at y = [
€ 1
: " coskd (15)

As the liquid in the capillary evaporates, the height of
the interface I above the crystal is continually changing.
The absolute value of the ratio ¢/e, is plotted as a func-
tion of the ratio I/x, in Figure 5. The height of the inter-
face is divided by the wavelength on this plot so that it
may apply to any, rather than to one specific, liquid
studied. As cos k.[ approaches zero, the ratio ¢/e, tends
toward infinity. This occurs when

Amptitude Ratio, &/&,

" . : 1 . . N L :
14 15 16 L7 L8 19 20 25 22 23 24 25
(Depth of Intarfoce Betow o Fixed Reference Point) / Wavelength /N

Fig. 5. Theoretical values of particle displace-
ment amplitude ratio as a function of depth
of gas-liquid interface in capillary.
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]17 n=123,... (16)

or
i
4
Thus at integral half wavelengths, the fluid particle dis-
placement at the gas-liquid interface becomes infinite for
the case of the undamped wave. For the damped wave the
fluid particle displacement can be shown to be finite but
quite large. A comparison of Figures 3 and 4 with Figure
5 shows that the large experimental increase in mass trans-
fer with observed acoustical fogging occur at integral half
wavelengths in the same manner as that predicted by the
above theory for the particle displacements at the inter-
face.

n
l—-é-)\a"i‘ (17)

EQUATION FOR THE SURFACE WAVES

A mechanism for this acoustical fogging at integral half
wavelengths can be described by considering the hydro-
dynamics of a free surface. Farag;y was one of the first to
observe that horizontal waves were produced on the liquid
surface in a cylindrical vessel by applying vertical oscilla-
tions to the bottom of the vessel (3). In discussing the
equations describing these waves, we assume that the fluid
is incompressible, that the flow is irrotational, and that a
rough approximation to small viscous dissipative forces
can be made. Euler’s equation for an inviscid fluid, which
is developed in numerous texts, can be expressed in the

form (4, 5)
= 2 F,

Bx, -

3u¢ + aih
-_— u
ot !

(18)
By applying this momentum balance to the forces involved
bere, the following expression is obtained:

T +X *coswt (19)
—6-;--*-“,:3;:7_ —_—— ¢ € w COSw
The last term of Equation (19) represents the oscillatory
force on the surface layer produced by the ultrasonic
waves. Since the flow is irrotational and incompressible
op

Uy = — ——

(20)

and

V=0 (21)
The small viscous forces involved will be incorporated in
the term representing the body forces.

X,=——g (22)
If it is assumed that the deviation of any fluid particle
from the state of uniform flow is resisted by a force pro-
portional to the velocity and viscosity, then

fc = —‘Cnﬂ-ut (23)

This was first proposed by Lamb (6) and later modified
by Eisenmenger (7). The latter indicated that this ap-
proximation for viscous damping for surface waves is
obeyed best when

C, = (2k)* (24)

This law is not an altogether natural one, but it serves to
represent approximately the effect of small dissipative
forces, without interfering with the frrotational character
of the motion. By replacing the velocities with the gradi-
ents of the velocity potential and combining Equations
(19) through (24), we obtain the following expression.
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_9 (E£)+£"€:%ww)=— 9 Qﬂ)

ax, ot 2 @ ox: S p
] 4k’p 3¢ 3
—— : — *coswt 25
ax; (ng) + P 0% 0Xs (xﬁ @ e ¢ ) ( )

This expression can be integrated with respect to x. and
the constant of integration (which can be a function of
time) set equal to zero (8). The fluid particle velocities
are indeed quite small, estimated to be the order of 0.13
ft./sec. (9), in comparison with the other terms; there-
fore the square of these terms can be neglected. The effect
of gravity on low-amplitude high-frequency surface also
is quite small (7) and can be neglected. With these opera-
tions and modifications Equation (25) reduces to

d K,
f_gb_—é_._l'?;-}-yelw"cos@t_‘_.g-‘-::o
ot P P

(26)
The solution to Equation (26) is aided by the following
conditions, definitions, and substitutions. Once a particle
is on the surface it remains on the surface. For this par-
ticle on the surface one can write

y= (%) (27)

The inside pressure on the surface is the negative product
of the surface tension and the reciprocal curvature of the
surface

Iy

= T — 8
P o (28)
Equation (26) now takes the form
a4 4K T &
——5;:-— ppd)-}-ne;wzCOSmt-——;-—a;z—;"O (29)

Since the velocity amplitude of the surface wave should
decrease in the liquid as one moves away from the inter-
face and as surface waves are produced in the x coordinate
direction, the following start is made for the solutions to
Equations (21) and (29). The amplitude of the surface
wave consists of a time-dependent part and a coordinate
part, while the velocity potential consists of a time-de-
pendent part and two coordinate dependent parts.

¢ = Re*(t) *¥ " cos kx
n=Dbq*(1) cos kx

(30)
(31)

By substituting Equations (30) and (31) into Equation
(29), along with the condition at the liquid surface that
the time rate of change of the amplitude of the surface
wave is equal to the vertical component of velocity, that is

LN JA (32)
ot Iy
we cobtain
Fn® AKw on® (Tk” )
N Bk t $=
6t’+p 6t+ - +ao’kcosat )y 0

(33)

If we let 9® = M(t) e=% e and § = wt/2 be a dimen-
sionless time then Equation (33) reduces to Mathieu’s
differential equation (10, 11). »

%ﬂiﬁ* (a—2qcos28) M =0

( TK 4k
a=4\ ———
po po

(34)

where

) and q=——2k€x

The general solution for small values of g is of the form
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M(9) = e H(8) (35)

H(9) is a series of sine-elliptic and cosine-elliptic Mathieu
tunctions. For the model presented here

H(8) = S.sin (8 ~ o) + S, sin (3¢ — o)

+ Sssin (B8 —o) +..... + Cycos (36 — o)

4+ Cscos (58 —o) +..... (36)

The prefixes S,, Ss, ... .. and G, Cs,..... are dependent
on the Mathieu parameter g. For small values of g, the
characteristic index y takes the form

1
'y=———27q=ke; (37)
The final form of the solution is expressed in terms of the
amplitude of the surface wave

4
nzbexp[(y—ﬁ)i]H(—ai)coskx (38)
o /2 2

DISCUSSION

From Equation (38) which expresses the amplitude of
the capillary wave, it is evident that, since time is always
increasing, the amplitude of the surface wave grows quite
large whenever the exponent is positive. From this, one
can obtain a critical value of y as

4K

Yo = ———

pe

(39)

The only parameter in y that varies is the fluid particle
displacement e, since the frequency is fixed. The critical
or threshold value of the fluid particle displacement is

.
pw

Equation (15), which expresses the ratio of the fluid
particle at the interface to the fluid particle displacement
at the crystal surface, can be written in the form

(40)

€c

(41)

where M, is a magnification factor depending upon the
height of the interface above the crystal surface in the
capillary. This equation shows that M, goes to infinity at
integral half wavelengths for the case of no wave damp-
ing. When damping of the ultrasonic wave in the fluid is
considered, the result is essentially the same, except that
a finite limit is placed on M, at the antinodes (9). For
the liquids considered, the damping coefficients yield a
value of M, of the order of 10* at the integral halt wave-
length. Thus the fluid particle displacement at the gas
liquid interface becomes very large at these integral half
wavelengths.

This mathematical model predicts that as the liquid
level in the capillary recedes and passes through integral
half wavelengths of the standing wave, the fluid particle
displacement at the gas-liquid interface exceeds the criti-
cal value ¢, necessary for the stability of the surface waves.
This permits the amplitude of the surface waves 7 to be-
come large, unstable, and to cap, causing their crests to
be ejected into the air as droplets. The diameter of these
droplets is estimated to be the order of 20 microns (12).
Once these droplets are in the gas phase above the inter-
face, evaporation takes place at an increased rate due to
the increased surface area. The evaporation from these
droplets then saturates the gas phase above the interface.
This essentially moves the saturation plane closer to the
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top of the capillary T and shortens the diffusional path
length, so that the rate of diffusion is increased, and sud-
den increases in the mass transfer are possible. The pre-
dicted points of atomization of the droplets in the capﬂfary
coincide with the observed points of fogging.

Another mechanism of interest concerns cavitation near
the interface; this is also under investigation as a possible
explanation of ultrasonic fogging. However, this mechan-
ism appears to come into play only at high acoustical
powers. At lower powers, which were applied in this re-
search, the surface wave mechanism appears to be the
correct mechanism. Lang’s experimental correlation re-
lating the droplet diameter to the wavelength of the sur-
face wave indicates the strong plausibility of this mechan-
ism at low acoustical powers (12).

SUMMARY

As the gas-liquid interface in the capillary tube recedes
because of evaporation, certain points are reached at
which Jarge increases in the rate of mass transfer are ob-
served. The distance between these points is equal to
one-half the wavelength of the ultrasonic wave in the lig-
uid. The mathematical model presented in this study pre-
dicts that at these half wavelengths the fluid particle dis-
placement of the ultrasonic wave will become quite large
and exceed the threshold value necessary for the stability
of the surface waves. The large amplitude of these waves
causes the resulting crests to cap and to eject their peaks
into the air as droplets. These droplets then saturate the
air column above the gas-liquid interface and allow the
evaporated liquid to diffuse out at an increased rate due
to the reduced diffusional path length. The predicted
levels of acoustical fogging coincide with the observed
levels of fogging.
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NOTATION

constant

constant in Mathieu’s equation
maximal capillary wave amplitude, cm.
constant

velocity of sound in the fluid, cm./sec.
proportionality constant, sq. cm.
constant

constant

i component of viscous force, dynes/cc.
constant

i component of force, dynes/g.
gravitational constant, cm./sec.’
solution to Mathieu’s equation

wave number of ultrasonic wave, cm.™
wave number of surface wave, cm.™
height of gas-liquid interface in capillary tube,
cm

N O 1

ngsﬂmda:qm:hmupﬁ o e

M = solution to Mathieu’s equation

M, = magnification factor

n = integer 1,2, 8, ....

N = constant

P = excess pressure produced by the ultrasonic wave,
dynes/sq. om.

p = fluid pressure, dynes/sq. cm.

q = parameter in Mathieu’s equation
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constant
surface tension, dynes/cm.

i

= separation of variables parameter, only a function

of ¢
t = time, sec. )
4y = i component of velocity, cm./sec.
u; = { component of velocity, cm./sec.
v = y component of velocity, cm./sec.
x: = i coordinate distance
%; = { coordinate distance
% = 1y coordinate distance
X. = 1 component of body force
% = y coordinate distance

separation of variables parameter, only a function
of y

Greek Letters

e« = ultrasonic wave attenuation coefficient, neper/cm.

v = characteristic Mathieu function index

v. = critical value of Mathieu function index

e = fluid particle displacement, cm.

€® = maximal value of fluid particle displacement at
the crystal surface, cm.

€. = particle displacement caused by the crystal at the
crystal surface, cm.

& = particle displacement at gas-liquid interface, cm.

n = capillary wave amplitude

n* = time dependent part of capillary wave amplitude

¢ = dimensionless time

A = wavelength of surface wave cm.”

A, = wavelength of ultrasonic wave, cm.*

p = surface viscosity

® = constant defined by Equation (6)

p = density of fluid, g./cc.

po = constant equilibrium density, g./cc.

o = phase angle in solution to Mathieu’s equation =
/4

¢ == velocity potential

¢* = time dependent part of velocity potential
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A Generalized Equation for Computer

Calculation of Liquid Densities

LEWIS C. YEN and S. S. WOODS

Phillips Petroleum Company, Bastlesville, Oklahoma

A generalized equation explicitly relating reduced density to reduced temperature and

reduced pressure has been developed for calculating liquid densities of pure compounds on a
digital computer. The analytical formulation is based mainly on a modified corresponding states
principle and the graphical correlation of Lydersen, Greenkorn, and Hougen. The calculated
densities from the equation reproduce the literature data within 2% for sixty-two saturated
liquids and nineteen compressed liquids.

With the aid of a pseudocritical method and a generalized equation of vapor pressure, the
same equation is readily applied to the estimation of liquid mixture densities. The method of
Prausnitz and Gunn is chosen for the evaluation of pseudocritical constants. For fifteen binary
systems, one ternary system, and one quinary system, the one hundred fifty-nine calculated
densities agree with the literature data to within 3%. This method is limited to pseudoreduced

temperatures less than 1.0.

The principle of corresponding states has been used
extensively in correlating and predicting volumetric prop-
erties and thermodynamic functions. Based on a modified
form of the principle which contains a third parameter,
%, Lydersen, Greenkorn, and Hougen (9) have devel-
oped a generalized correlation for liquid densities of pure
compounds over a wide range of temperatures and pres-
sures. This correlation, presented in both graphical and
tabular form, has been thoroughly reviewed and found to
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to be accurate to about 2 to 5% (13). When experimental
data for liquid densities are not available, the generalized
correlation has been widely used for the prediction of
liquid densities in engineering work. However, this use
has been limited to manual calculations. While digital
computers are increasingly used in process calculations
throughout the industry, the adoption of the Lydersen-
Greenkorn—Hougen correlation for computer work would
require a storage for a large number of points and exten-
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