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Mixing on Valve Trays and in Downcomers 

of a Distillation Column 
N. E. WELCH, L. D. DURBIN, and C. D. HOLLAND 

Because of the increased use of the valve type of tray in 
distillation columns, this investigation was initiated. The mix- 
ing on each of two consecutive trays of a distillation column 
was determined. This column contained three Glitsch V-1 
ballast trays. The residence-time distribution function and the 
eddy diffusivity were determined by means of the injection of 
a salt tracer followed by downstream monitoring. The output 
responses were correlated by use of an eddy diffusion model. 

Considerable effort has been devoted to the theoretical de- 
scription of mixing in flowing streams. The importance of mix- 
ing in distillation columns results from the fact that it is 
closely related to the plate efficiency. 

Danckwerts ( 6 )  advanced the residence-time-distribution 
theory for an agitated Aow system. This theory is based on the 
idea of an infinite number of entering streams which are des- 
tined to reside in the flow system a certain time so that a 
com lete distribution of fluid-residence times is produced. 

persion by the cumulative effect of the action of many small 
eddy fluctuations. Danckwerts ( 6 ) ,  Taylor ( 1 7 ) ,  and Tichacek 
( 1 8 )  developed the diffusion model for the analysis of the 
dispersion of a nonreacting tracer in an agitated flow process. 
The diffusion model is frequently approximated by the cas- 
caded stirred-cell model. The overall dispersion in such a 
model is described by the choice of the proper number of 
perfect mixers. The similarity of the diffusion model and the 
cascaded stirred-cell model has been shown by Kramers and 
Alherda ( 1 2 )  and by Aris and Amundson ( 2 ) .  Variations of 
this model with recirculation and bypass streams have been 
discussed by Levenspiel ( 1 4 ) .  

In order to determine the residence-time-distribution func- 
tion, dynamic methods of testing are required. Kramers and 
Alherda ( 1 2 )  and many other investigators have employed 
step function and frequency response methods. For certain 
boundary conditions, Levenspiel and Smith (IS), van der Laan 
( 1 3 ) ,  Aris (I) ,  and Bischoff (4) describe the use of the 
means and variances of the impulse response for the analysis 
of experimental results. 

Recently several investigators have studied liquid mixing on 
distillation trays. Kirschbaum ( I 1  ) described mixing on distil- 
lation trays by use of the cell model. Johnson and Marangozis 
(10) employed a splashing factor and the cell model in the 
description of the results for a singIe perforated plate. In the 

Tay P or (17 )  formulated the theory of turbulent mixing or dis- 

Texas A and M University, College Station, Texas 

analysis of the results for bubble-cap trays, Oliver and Watson 
( 1 6 )  made use of the concept of recirculation without mass 
transfer. Gilbert ( 9 )  utilized the diffusion model to interpret 
the frequency response results for both bubble-cap and per- 
forated trays. The diffusion model was employed by Gerster 
et al. ( 8 )  in the analysis of the results for bubble-cap trays. 
Foss et al. ( 7 )  employed step functions in the investigation of 
sieve trays. Baker and Self ( 3 )  investigated longitudinal 
diffusion on a large sieve plate. 

EQUIPMENT AND OPERATING PROCEDURE 

The distillation column (Figure 1) employed in this investi- 
gation contained three plates that were 27 in. in diameter and 
were spaced 18 in. apart. A drawing of one of the pIates is 
presented in Figure 2. 

Air was blown into the column through a 5-in. line by a 
centrifugal blower that was capable of delivering 1,200 cu. ft. 
of air/min. (a t  standard conditions) against a head of 27 in. 
of water. Water was pumped into the top of the column 
through a 2-in. line by two centrifugal pumps, each of which 
was capable of delivering 180 gaI./min. of water under the 
conditions of the experiment. Both the air and water lines 
were fitted with the necessary orifices and manometers re- 
quired for making flow measurements. Water was recirculated 
though two storage tanks, each of which had a capacity of 
180 gal. 

External conductivity cells were attached to the downcomers 
of the first and second plates. In the first twenty-nine runs, 
the bare conductivity probes extended to the downcomer. In 
runs 30 through 69, the probes were located about 2 in. ex- 
ternally from the downcomer. In both cases liquid was with- 
drawn through the cells. The conductivity probes in these cells 
were connected to a conductivity monitor which was essen- 
tially a full wave rectifier. The conductivity monitor was con- 
nected to a d.c. source circuit in reverse bias in order to sup- 
press the background signal for effective utilization of the full 
chart width. A brush recorder with two channels was used to 
record the conductivity signals. The data obtained are given 
in reference 20 and elsewhere.* 

Tabular material has been deposited as document 7919 with the 
American Documentation Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be obtained for $1.25 for 
photoprints or 35-mm. microfiIm. 
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Fig. 1 .  Sketch of a distillation column. 

An injector was used to produce a pulse input of concen- 
trated salt solution. This injector consisted of a steel cylinder 
that was provided with an air line and pressure regulator at 
the top and a solution line and solenoid valve at the bottom. 
The solenoid valve was connected with the event marker of 
the recorder. 

To minimize mass transfer in the column, all of the equip- 
ment was isolated in a room and the experiments were per- 
formed in an environment that was nearly saturated with the 
solvent. The temperature of the room did not vary by more 
than '-c 2°F. throughout the course of the investigation. 

Since the recording equipment was sensitive to both humid- 
ity and to temperature, it was necessary to calibrate it at the 
operating conditions, Actually, the combined system ( conduc- 
tivity cells, conductivity monitor, d.c. bias circuit, and re- 
corder) was calibrated against salt solutions of known con- 
centrations as described by Welch (20). Also, prior to making 
each set of runs, certain adjustments of the equipment were 
made (20). 

After the measuring and recording equipment had been 
properly adjusted, the solvent to be used for the given run 
was circulated through the column for about 20 min. in order 
to saturate the environment with solvent vapor and to obtain 
a constant temperature on each plate. 

The injector (Figure 1 )  was first charged with a sodium 
chloride solution (approximately 20% by weight) and then 
pressurized to approximately 40 lb./sq.in. The solenoid valve 
of the injector was opened and closed by manipulating a switch 
which was also connected to the event marker of the recorder. 
Each injection consisted of 50 to 150 ml. of the salt solution 
which entered the liquid (a t  the position indicated in Figure 
1 )  during a time interval that was usually about 0.2 sec. The 
precise time interval required for injection was indicated by 
the event marker of the recorder. The concentration of the 
salt was measured at each of two locations by conductivity cells 
1 and 2. These measurements were recorded as a function of 
time. 

The liquid mixtures consisted of water-isopropyl alcohol, 
water-glycerol, and water-sodium silicate whose physical prop- 
erties spanned the following ranges: surface tension, 22 to 
72.7 dynes/cm.; viscosity, 0.82 to 6.7 centipoise; density, 
0.961 to 1.122 g./cc. Experimentation followed the same pro- 
cedure as described for water except for the calibration ad- 
justment which has been described by Welch (20). 

The pressure drop across each plate ranged from about 2.6 
to 4.5 in. of water. In the investigation of the effect of air- 
flow rate (runs 1 through 29), air rates that ranged from 530 
to 980 cu. ft./min. ( a t  32°F. and 1 atm.) were employed. In 
this range of flow rates, the ballast units were either in or almost 
in the fully open position. The ballast unit changed from the 
partially open to the fully open position in the near neighbor- 
hood of the lower flow rates employed. Liquid rates ranging 
from 36 to 120 gal./min. were used, 

Fig. 2. Sketch of a V-1 ballast plate, 

TIME-DOMAIN SOLUTION OF THE PARTIAL 
DIFFERENTIAL EQUATION USED TO DESCRIBE THE 
DIFFUSION MODEL 

When the mixing on the plate of a distillation column 
is attributed to eddy diffusion, it can be represented by 
the  following partial differential equation: 

8% av dY D - - u - = -  
ax2 ax at  

This differential equation is applicable provided the fol- 
lowing assumptions concerning the mixing process are 
made. 

1. The only concentration gradient existing on the 
plate is the one in the x-direction. This implies perfect 
mixing in the vertical and horizontal directions that are 
perpendicular to  the direction of flow. 

2. The departure of the outer boundaries of the plate 
(between the downcomers) from parallel plates (see Fig- 
lire 2 )  is neglected. 

3. The depth of liquid on the plate is taken to  be the 
same for all values of x. 
Assumptions 2 and 3 taken together imply that the cross- 
sectional area of the liquid is independent of x. At least 
two interpretations of the input signal in terms of bound- 
ary conditions exist. I n  the following discussions, these 
interpretations are presented by the use of two models. 
In the first model the plate is taken to be semi-infinite in 
length and in the second the plate is taken to be infinite. 

Since all of the solutions employed contained some tap 
water, the flowing fluid contained a residual concentration 
of salt at t = 0 for all x. Let this concentration be denoted 
by  'IIr (x, 0). For  such cases the use of Laplace transforms 
is facilitated by use of the  function +(x, t )  defined as 
follows : 

(1) 

+ ( x ,  t )  = F(x ,  t )  - T ( x ,  0) ( 2 )  
Restatement of Equation (1) in terms of this function 
yields 

T o  focus attention on the details of the physical proc- 
ess and its interpretation, the boundary conditions are 
stated in terms of a change in the concentration (called a 
pulse) of the liquid entering the system rather than in 
terms of the popular Dirac-delta function (5). At time t 
= 0, it is supposed that the given solvent is flowing a t  
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the volumetric rate, 9, across the plate, and + ( x ,  0 )  = 0. 
At time t = to, the concentration of the solution entering 
the plate at x = 0 is abruptly changed to a fixed value. 
Experimentally, this was achieved by injection of the con- 
centrated salt solution into the liquid at the a proximate 
position x = 0. This pulse is injected during J: e time in- 
terval from to to to + 8. No further injection of the salt 
solution is made after time t o  + 8. One interpretation of 
the physical process is represented by the following set of 
boundary conditions. 

Boundary Conditions for Model I (semi-infinite plate) 

(1) J r ( X 7 0 )  = o  ( x >  0) 
(2) lim+ ( x , t )  = 0 

(3a )  + ( O , t )  = 0 ( t  < t o )  
X-3 m 

Boundary condition ( 3 c )  is an approximation of the actual 
concentration at x = 0. Although the injection of salt at x 
= 0 ceases at time to + JB, it does not necessarily follow 
that $(O, t )  = 0 for t > to + 8. To realize this boundary 
condition any salt at x = 0 at time t = t o  + /3 must be 
swept away immediately by the forward motion of the 
liquid. Because of the relatively higher velocity of the 
liquid passing the downcomer weir, boundary condition 
(3c)  probably represents a good approximation. 

Let $(x, s) be the Laplace transform of + ( x ,  t )  with 
respect to t. Transformation of Equation (3)  and bound- 
ary conditions (2) and (3) yields 

( 2 )  

(3) 

lim + ( x ,  s) = 0 

L { + ( O ,  t )>  = +(O, s) 
x +  co 

The solution of Equation (4)  that satisfies boundary con- 
ditions (2) and (3) is 

+(x, s) = qJ(0, s) em5 = 

Since 

L-1 {+(O,s)} = $ ( O ,  t )  [defined by boundary (6) 
condition ( 3 a ) ,  ( 3 b ) ,  
(3c) 1 

18 
-ht - - 

the desired solution is found by the use of the convolu- 
tion integral as follows: 

By the mean value theorem of integral calculus 
ux - 

A Z D  

4 
+ ( x , t )  = - e  f [ t - ( t 0 + a j 3 ) ] 7 0 S a S l  (9) 

The response to a perfect pulse or the impulse is defined 
as follows: 

ux 

ux 

-- A e =  f ( t - t o )  - 
9 

If time is counted from the instant just prior to the intro- 
duction of the pulse; that is, to = O f ,  the final result may 
be expressed as follows: 

In the correlation of the experimental results, Equation 
(10) was restated in the following dimensionless form 

Model II. Infinite Plate 
Another interpretation of the physical process described 

above consists of considering the plate to be of infinite ex- 
tent on each side of x = 0, the point at which the impulse 
in concentration is introduced. Also, eddy diffusion is as- 
sumed to occur freely in both directions at x = 0; that is, 
the obstruction offered by the weir to back diffusion is 
neglected. 

The solution of this problem presented by Levenspiel 
and Smith (15)  in terms of T and N follows: 

It should be mentioned that in the strictest sense of the 
interpretation of the physical process, the partial differ- 
ential equations do not apply at the underflow and over- 
flow weirs of the downcomers. At these positions both the 
cross-sectional area (perpendicular to the direction of 
flow) and the linear velocity of the liquid differ from those 
on the plate. 

As discussed in the next section, the data were corre- 
lated by use of both Equations (11) and (12), and both 
equations correlated the data equally well. Thus, at the 
relatively large Peclet numbers ( N  = N p e / 4 )  employed, 
the approximations involved in the representation of the 
system by either Model I or Model I1 [Equations (11) and 
(12) ] are of the same order of magnitude. 

The length of the flow path used in the correlation of 
the data was approximate; it was measured from the point 
of introduction of the salt tracer to each of the monitoring 
positions. These lengths were taken as 3 ft. and 6 ft., re- 
spectively. 

CORRELATION OF THE EXPERIMENTAL RESULTS BY 
USE OF THE TIME-DOMAIN SOLUTIONS 

The procedure used to correlate the results by use of 
Equation (11) is presented. The correlation of the results 
by use of Equation (12) is performed in an analogous 
manner. In the analysis of the results, twenty-five to thirty 
concentrations and the respective times were taken from 
the output response for each run at each of the positions, 
namely x = 3 ft., x = 6 ft. This gave a total of about 
3,500 experimental observations. In the initial analysis, an 
N was found by trial for each run. The best value of N for 
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a given run was taken as that one for which the sum of 
the squares of the error, 4 (experimental+ (calculated), 
was a minimum. The first approximation of N was calcu- 
lated by use of expressions involving the mean and the 
mean-square times: 

(14) 
Since 

For Model I, the integrals appearing in Equations (13) 
and (14) have the following values: 

sr + ( x , t )  dt = A / q  

or 

In the first twenty-nine runs (Table l ) , *  the liquid and 
air flow rates were varied. The output responses for each 
run were recorded as a function of time at two positions 
(at x = 3 ft. and x = 6 ft). The best value of N was 
found by a least-squares fit for each run at each of the 
positions. The cumulative-relative frequency of N / x  was 
plotted vs. N / x  on probability-graph paper as shown in 
Figure 3. Since a straight line was obtained, the variations 
of N / x  were random; that is, the values of N / x  differ be- 
cause of chance rather than because of variations in the 
liquid and air rates. 

When all of the experimental observations at x = 3 ft. 
were used simultaneously, it was found that for Model I 
[Equations (10) and ( l l ) ,  the time domain solution] 

N 
-= 0.85 

X 

This value of N was the one which minimized the sum of 
the squares of the deviations [+ (experimental) - 4 (cal- 
culated) 1. The standard deviation of the calculated values 
of 4 from the experimental values was 20.05. At x = 6 ft, 
the following result for the first twenty-nine runs was ob- 
tained: 

N - _  - 0.87 
X 

The standard deviation of 4 was = 0.1. For this value of 
N ,  plots of the calculated and experimental values of 
+ ( x , r ) ,  as given by Equation (11) for x = 3 ft. and for 
r = 6 f t .  vs. r, are shown in Figures 4 and 5, respectively. 

Runs 30 through 69 (Table 2 )  * were made to deter- 
mine the effect of the physical properties (surface tension, 
viscosity, and density) of the liquid on N / x .  Again the 
values of N / x  at x = 3 ft. and at  x = 6 ft. were deter- 
mined for each run. Since a straight line was obtained 
when cumulative-relative frequency of occurrence of each 
N / x  for this set of runs were plotted vs. N / x  on probabil- 
ity-graph paper, the variations of N / x  were random and 
not dependent on the physical properties of the liquid 

See footnote on page 373. 
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phase. I t  should be pointed out that the line for runs 30 
through 69 does not coincide with the one for runs 1 
through 29 because the location of the conductivity cells 
for the second set of runs produced a small time lag. 

When the data for runs 1 through 29 were correlated on 
the basis of Model I1 [Equation (12) ] the following re- 
sults were obtained: 
For x = 3 ft. 

N - = 0.87 
X 

For x = 6 ft. 
N - = 0.87 
X 

The standard deviations of the calculated and experi- 
mental values of 4 for x = 3 ft. and x = 6 ft. were = 
0.05 and = 0.1, respectively. 

The good agreement of the values of N / x  at x = 3 ft. 
and x = 6 ft. supports the use of the diffusion model for 
the description of mixing on plate and downcomer com- 
binations of a distillation column. Rearrangement of the 
expression for N / x  gives the final result 

D (sq. ft./sec.) = (-&) u = 0.29 (ft.) u (ft./sec.) (17) 

which is based on the value of N / r  = 0.86. 

USE OF THE LAPLACE AND THE FOURIER 
TRANSFORMS IN THE CORRELATION OF THE 
EXPERIMENTAL RESULTS 

A combination of the Laplace and Fourier transforms 
may be used in two ways to correlate the data obtained 
in this investigation. In the first method that is described, 
the transforms are used to determine the best value of N 
for the diffusion model. In general, this approach has the 
advantage over the use of the solution for the time domain 
in that the best value of N (or D )  may be determined by 
use of the transformed function, +(x, s), rather than the 
inverted function, $ (x, t )  . This approach is particularly 
advantageous when the inversion of the transformed func- 
tion is difficult to carry out. 

In the second method, these transforms are used to de- 
termine an approximate linearized model for the process. 
This method is most useful when no simple physical theory 
exists for the formulation of a model. 

Frequency Response 
When the parameter s of the Laplace transform is al- 

lowed to take on only pure imaginary numbers (s = to, 
i = - 1, and w is a real number, the frequency in 
radians per second), the transfer function for frequency 
response is obtained. The transfer functiqp for the diffu- 
sion model as given by Equation ( 5 )  is 

~ 

u x  ~ fio + h 

where for convenience 

30 ( io) = J, (x,/wW, 

$i ( jo)  = JI (0,  j - )  
When stated in terms of the dimensionless group N and 
the residence time tp, Equatioo (18) reduces to 

On the basis of the properties of the input pulse employed 
in this investigation, it is readily shown that 

Thus the absolute value (or magnitude ratio) and the 
phase angle of the function 4 are given by 

and 

2 112 

.=[I+(+)] + 1  

The Laplace and Fourier Transforms of a Pulse 

The Laplace (or Fourier) transform of a pulse in con- 
centration of the type employed in this investigation, 
namely 

A 
J, ( 0 ,  t )  = - 

84 
(0 < t < S )  

is given by 

J,i (jo) = s,” J, (0, t )  e-jot dt 

and the magnitude of J, i ( iw)  is 

c J 

The perfect pulse or impulse is defined as 

J 

where it is, of course, understood that o is finite. It is in- 
formative to compare the actual pulse employed in the 
investigation with a perfect pulse. Since 8 varied from 
about 0.15 to 0.3 sec., the actual pulse deviates most from 
the perfect pulse at  the combination of the largest @ and 
the largest frequency found for the system. The largest 
frequency was about 2 radiandsec. Thus, for the actual 
pulse 

f Gin . (2)(0.3) 7 

Hence, for all practical purposes the input pulse was an 
impulse, and Equation (23) reduces to 

A 

4 
$i(jW) =- 

Numerical Evaluation of the Fourier Tronsform 

To find N by use of either Equation (21) or (22), val- 
ues for 191 and <+ are needed. On the basis of the experi- 
mental results, values for these quantities can be obtained 
by means of the numerical evaluation of the Fourier trans- 
form. In this analysis it is supposed that experimental 
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values of + ( x ,  t )  are known at each of several values of t 
for each run at  each position. The details of the method of 
numerical integration of the function + (x, t )  have been 
described by Tou (19). In this method the abscissa (the 
time axis) is divided into equal increments of time, de- 
noted by At. In the interval t = n A t  - 1/2 At to t = 
nAt + 1/2 At, $ o ( x ,  t )  is approximated by its value at  
t = n At, namely $o ( a t ) ,  where 

n = 0, 1,2, 3 . . . 
On the basis of these approximate values of $0, the Fourier 
transform becomes 

t = (  ..$)At 

m 

n=O 

t = ( n  - ;) A t  (28) 
Since 

t = (  n + : ) A t  

t =  ( . - : ) A t  

Equation (28) reduces to 

( A t )  rCl0(nAt) e-jwnLlt (29) o A t  
n=o [ T i  

In view of Equation (29),  it follows that 

f o A t  1 

n=O 

For each w selected, the final result of the numerical cal- 
culational procedure may be stated as complex number 
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of the form 
+(io) = B ( w )  + j C ( o )  (31) 

[dJ(iw) I = d B 2  + C2 ( 3 2 )  

<dJ( fw)  = tan-l C / B  (33) 

Hence 

and 

In the evaluation of B and C ,  a time interval of 1 sec. 
(At = 1) was used in Equation (31). It can be shown that in 
order to avoid frequency folding, a At 5 rr/oo should be 
employed (19). The largest value of o (denoted by 0 0 )  

employed in Equation (31) was 2 radiandsec. Thus the 
At employed was less than =/ao, At 00 = 2 radiandsec., 
141 5 0.065. 

The data points shown in Figures 6 and 7 were ob- 
tained by the numerical evaluation of the Fourier trans- 
form of the experimental results, the time response curves. 
The solid lines were located by use of Equations (21) and 
( 2 2 )  and the value of N that was found by use of the 
time-domain solution. Alternately, N could have been 
found by curve fitting the points in either Figure 6 or 7. 
Approximotion by a Series of Stirred Cells 

Another approach to the description of mixing is to 
find the number of perfectly mixed cells which must 
be connected in series (also referred to as cascade stirred 
ce l l s )  in order to describe the experimental results shown 
in Figures 6 and 7. The transfer function for such a sys- 
tem follows: 

Then, in view of Equations (20)  and (27), it follows that 

The dimensionless form of the function in the time domain 
is found by taking the inverse Laplace transform of $0 (s) 
and combining the obtained result with the definition of 
d (X. 7) : 

(36) 

For one plate and one downcomer, the best fit of the data 
was obtained by taking k = 7. For two plates and two 
downcomers, a value of k = 10 was required to give the 
best curve fit of the data. The experimental results and 
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the results predicted by both the series of stirred cells and 
the diffusion models are presented in Figures 4, 5, 6, and 
7. 

CONCLUSIONS 

On the basis of the mechanism of eddy diffusion for 
turbulent mixing, the relationship, D (sq. ft./sec.) = 0.29 
(ft.) u (ft./sec.) was obtained for distillation columns 
with ballast trays. This value can be predicted within an 
interval of less than 8%, 95% of the time. Also, the con- 
centration is given by Equation (10). This relationship 
( D  = 0.2926) applies when air rates are employed so that 
the ballast units (or valves) are in the fully open position 

The mixing was found to be independent of the air flow, 
and the physical properties, surface tension, viscosity, and 
density had no significant effect on the eddy dsusivity, D. 

The use of the diffusion model for the description of the 
mixing on a ballast tray is supported by the fact that the 
resulting values of N and the eddy diffusivity were corre- 
lated with good accuracy by Equation (17) as well as the 
fact that N / x  varied less than 1% for a factor of two in 
position. 

At lower air %ow rates where the ballast units are in a 
partially open position, it may be found that the eddy 
diffusivity depends upon the air flow rate as well as the 
physical properties of the liquid. When air rates are em- 
ployed so that the valves are open, the results show that 
over the range of the variables investigated the maximum 
degree of mixing which can be achieved by passing air 
through the liquid is realized regardless of the physical 
properties of the liquid. With regard to the separation of 
the mixing on the plate and in the downcomer, it is antici- 
pated that the value of the concentration at the outlet weir 
as computed by Equation (10) would be conservative. 
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NOTATION 

A 
B, C = function of the w used in Equation (31), dimen- 

D = eddy diffusivity; sq. ft./sec. 
e = base for natural (or Naperian) logarithms 
f ( t )  = a function of time used in the development, de- 

h = u2/4D, l/sec. 
j =+T 

= pounds of salt contained in the input pulse, lb. 

sionless 

fined by Equation (7) 

m -  - L y F  2D 

n 

N 

= a counting integer, 0, 1, 2, 3, . . . 
= - = NpJ4, where Npe is the Peclet number, 

4 0  
dimensionless 

ux 

q = volumetric %ow rate of the liquid, cu. ft./sec. 
s = a parameter appearing in the Laplace transform 

S = cross-sectional area of the liquid in the direction 

t = time, sec. 
to 

of a function with respect to time 

of flow, sq. ft. 

= particular time the salt was injected into the liq- 
uid, sec. 

tn = residence time: length of the flow path divided 
- 
- t 
t2 

by the mean veloci6 of the liquid; ti = x/u, sec. 
= mean time, defined by Equation (13), sec. 
= mean-square time, defined by the Equation (14) ; 

sec2 
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A t  = increment of time used in the numerical evalua- 
tion of the Fourier transform of the time-response 
data, sec. 

= mean-linear velocity of the liquid across the 
plate, Wsec.  

x = distance traveled by the liquid; measured from 
the point of injection of the pulse of salt tracer, ft. 

Greek Letters 
/3 = period of time required to inject the pulse of 

salt solution into the system, sec. 
A = dummy variable in the convolution integral, 

Equation ( 8 ) ,  sec. 
a = 3.1416 radians 
T = dimensionless time; T = t / C p  

T = mean-dimensionless time, defined by Equation 

? = mean-square-dimensionless time, defined by 

- 

- (13) 

Equation (14) 
” ’(” ‘). the dimensionless concentration 

function kt the point of measurement 
= a function of tp, O, and N ;  defined after Equation 

(22),  dimensionless 
= concentration of the salt in the solvent at any x 

above that contained by the solvent before the 
injection of the pulse, lb./cu. ft. 

= value of + at x = 0 during the time period B 
= output value of + at any x and t 
= total concentration of salt in the solvent at any X, 

lb./cu. ft. 
= frequency, radians per sec; wo = the largest value 

of w employed in the numerical integration 

x 

+i 
4” 
T 

o 
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