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-STATEMENT OF THE PROBLEM

To evaluate the applicability of distributions of
residence times for calculating the filrst-order conversion
occurring in continuous, homogeneous, liquld-phase, flow-

systems.



CHAPTER I

INTRODUCTION

Greater and greater use is being made of continuous processes
in the chemical industry. A continuous process consists of a number of
individual units of equipment through which materials are moving in a
more or less continuous manner., The different units vary greatly in
design from the point of view of flow behavior. Some units, which have
a great deal of mixing in the direction of overall flow, behave like
perfectly-mixed systems. Others, which have very little or no mixing
in the direction of overall flow, behave like ideal slug-flow systems.
Then there are others»whose béhavior is neither perfectly-mixed nor
slug-flow. These are the pileces of equipment for which there is a great
need fof having general methods for predicting their performance.

Danckwerts(le) has suggested how the distribution of residence
times for msny of these systems could be used as a model for predict-
ing their performance. There is yet very little data which has been
taken to evaluate the distribution of residence times model as applied
to wany processes. Among these 1s chemical reaction. Very little experi-
mental work has been published in the literature tQ determine whether or
pot the distribution of residence times model propnéed for predicting
the amount of conversion in homogeneous, first-order systems is valld.
This research was undertaken in order to evaluate the distribution‘of

residence times model for homogeneous, first-order, reacting systems.
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Related Data in the Literature

In determining flow patterns and the amount of chemical reac-
tion occurring in continuous systems some investigators have made meas~
urements inside the systemss others have made measurements only on the
outlet stream, in the former group are Aiba(l), who has measured flow
patterns in stirred reactors and Prausﬂitz(25’26), who has measured
concentration fluctuations in a packed column., In the latter group are
Gilliland(l6), who has measured the distribution of residence times and
conversion occurring in fluidized s&stems; Cleland(é), who has predicted
the distribution of residence times and has measured the amount of
first-order conversion occurring in viscous-tubular reactors; Kawamura(go),
who has measured the distribution of residence times and the amount of
second-order conversion occurring in a horizontal cylindrical reactor,
and Nagata(23) who has measured the distribution of residence times and
the amount of first-order conversion occurring in columns with various
numbers of compartments and stirrers. Danckwerts(9’ll’12) has suggested
methods for measuring concentration fluctuations both inside a system
and on the exit stream.

Measurements made inside a flow system have the advantage that
in general, they describe the flow system more completely than measure-
ments made only on the outlet stream, but measurements made inside a
system are in general more difficult experimentally and tedious than
measurements made on the outlet stream, In the experimental work which

was performed for this thesis all measurements were made on the outlet

stream,



CHAPTER II

THEORY

Suppose that to a continuous reactor of constant volume V the
inlet and ouktlet flow rates are constant and equal to v. The bulk resi-
dence time for the system is %a Some elements of liquid will spend a time
less than % in the system and .others will spend a time greater than'g in
the system, that is, the elementé will have a distribution of residence

times in the system.

Pulse Experiment

In order to visualize the distribution of residence times suppose
that at time t = 0 a pulse of tracer of quantity Q is injected into the in-
let stream to the reactor. Let C(t) be the concentration of tracer in the
outlet stream for such an experiment. A graph of C(t) against t might appesr

as shown in Figure 1. The rate at which tracer leaves the reactor is

oy TIME, t
Figure 1. Concentration as a Function of Time.
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vC(t) and the amount of tracer leaving during the interval O to t is

Lf vC(t)dt. Then the fraction of tracer leaving during time O to t is
t vClt

jé —*é—l dt. Since v is the length of 1 residence time, then © = %Y =

the number of residence times, Then
t

-—i—l = E(B) be the distribution of residence times for

a pulse input. Then the fraction of tracer leaving during O to © resi-
o y
dence times is 4} E(6)de. Iet

y e
F(®) = jE(G)dQ (1)

(o]

so that F(0) is the fraction of tracer leaving during O to © residence

times, If the reactor is under. steady-state flow conditions then F(@)

is also the fractipnAof liquid throughput which has been in the reactor

residence times ranging from 0 to 0.

When time becomes very great all the dye has left the reactor.
Therefore |
limit o '
0 »w f E(e)de = 1.0 (2)

0

-~ StemeunctiQh Experiment

'Sﬁppose tracer is fed to a continuous flow system as a step-

function. For @ < 0 no tracer has entered the system, For © > 0 all
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the liquid entering is tracer. ILet F'(6) be the fraction of liquid in
the outlet stream at residence time © which is tracer. Buttracer is
liquid which has been in the system residence times ranging from O to Q.
Therefore F'(0) is the fraction of liquid in the outlet stream which has
been in the system residence times ranging from O to ©. But in the pre-
vious sectlon the fraction of liquid in the outlet stream which had been
in the system residence times ranging from O to © was F(8), Therefore
F'(9) = F(®) and from now on the prime will be omitted. Note that by
Equation (1) o

F(0) = f £(0)a(6)

In the step-function experiment the rate at which tracer leaves
the reactor is vF(®) and the amount of tracer which has left during O to

0 residence times is

t e

va(Q)dt =V f F(e)de

e} o

g .
Let [y 1(0)d6 be the fraction of liquid in the system at resi-
dence time © which is tracer. The quantity of tracer in the system at

yo!
residence time © is V fo 1(6)de.

Upon Summarizing:

Moles of tracer in during time O to 6 = vt = VO = vfg a0
Moles of tracer out during time O to © = V&fIF(G)dG
Moles of tracer in the system at time © = V&? 1(e)de

Moles of tracer in the system at time 0~ = 0
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A material balance for the system for the interval O to @ is:

Tracer 1rb - Tracer out = Trﬁger present at time o
v fdg f F(Q)d@=V‘f 1(e)ae
0 : [0}
e e
f [1 - F(e) ] de = f I(e) de
(6]
but
' im R
05w fI(O)d.G = 1.0 (3)
K .

that is, when time becomes great, only tracer is present in the reactor.

Therefore,

14
0 _flm f [1 - F(8)] a6 = 1.0 (%)

"F(@) might appear as shown in Figure 2.

1.0 \

N

‘Number of Residence Times, ©

Figure 2, F(0) as a Function of ©.



First Moment

The first moment of the distribution of residence times

lim
e >

E(0)d@ = dF(9)., Therefore

E(9) is fog E(9)d0. But from Equation (1) it follows that

. e o

o f oE(0)a0 = g, /f‘gw(g)

o | o

From Figure 2 it can be seen that the Qlf?w &? 6dF(6) is the

cross-hatched area which was proven by Equation (4) to be 1.0, Therefore,

o 0
g:I.'.i_.)lﬂl f OE(9)de = Qlf*fm f [1-F(0)] a6 =1.0 (5)
0

oo
Q

that is, the first moment about an abscissa of zero of the E(®) func-
tion is 1.0,

For any continuous flow system there are two materlal balances.
The first is that the total fraction of material of all ages leaving the
system in the outlet stream is 1,0, This is Equation (2). The second
is that the total fraction of material of all ages inside the system is
1.0, This is Equation (3). Equation (5) shows that the first moment
of ‘E(@) is identical to the internal material balance. Thus either the
two material balances or the outlet material balance and the first
moment can be used to check to determine whether tracer is actually be-
having as a tracer, Capen(5) and Truesdale(29) have discussed the value

of these equations as checks,
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Distribution of Residence Times Model

_Danckwerts(lo) hag proposed the distribution of residence times
model for predicting the amount of first-order conversion occurring in
homogeneous, liquid-phase, flow systems. Suppose that for any system the
distribution function E(8) and the reaction rate constant k are known.

By the distribution of residence times model any flow system is equivalent
to a series of slug flow reactors in parallel in which liquid gpends time
©, where @ may be anywhere from O to «, The fraction of the tétal reactors
in which 1liquid spends times ranging from O to © is the fraqtiqn~of the
liquid which has residence times ranging from O to ¢ in the §ystem and by
Equation (1) equals {? E(e) d8. The conversion in each reéctor is 1 - 7™

where T is the length of one residence time. The conversion for the system

is then the average conversion for all the reactors

_ Jlin, f (1 - eE®)5(0) a (6)

It is the object of this research to evaluate this model, that
is, Equation (6), for calculating the amount of convergion occurring in

first-order, homogeneous, liquid-phase flow systems.



CHAPTER III

BATCH REACTION RATE CONSTANTS

In order to predict conversion using the distribution of resi-
dence times model it is necessary to know the reaction rate constant as
well as the distribution function. Reaction rate constants were measured
by a series of batch experiments and correlated over the range of vari-

ables used for continugus runs,

- ‘Description of the Reaction

The reactfbn.used.for.all experimental work was the hydrolysis
of tertiary-butyl-bromide. in aquecus ethyl alcohel. The mechanism of
this reaction is simultanéaus, nuclegphilic, substitution and elimina-
tipn,(18»19927) The first step, the ilonizatien of tertiary-butyl-bromide,
is the rate-controlling step and is common to both substitution and
eliminationw(l9)

Br
+

CH3-C—CH3 - CHg - C - CHy + Br”

CHB | CH;

The bromide ions then react by any one of three fast reactiens

to form HBr quantitatively.
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OF
+ .
CHs; - C - CHs + Br™ + { 20 — HBr + CHs - C - CHj
| CHs-CHpOH
Cii3 CHs
CH
5

- HBr + CH3 -C=-0 n'CHQCH3

CH3

~ HBr + CHs - C = Ch

CHB

According to Bateman(5) the amount of second order reaction
is not measurasble and so the reaction consists essentially of the uni-
molecular ionization of tertiary-butyl-bromide followed by rapid forma-
tion of HBr. From the mixing viewpoint the reaction is first-order and

is the same as a radioactive decay reaction,

Materials

The aquegus ethyl alcohol was C.Pf, 95 percent alcohol which
was diluted to the desired concentration with distilled water.

Tertigry—butyl—bromide was prepared by a modification of the
method of Sudborough. (@8) Silice gel was used in place of calcium
chloride as the drying agent. Final purification of tertiary-butyl-
bromide was by distillatien, the fraction boiling between 73.1 and

73.6°C/760 mm. being used for all kinetic work.

Other materials which were used were C.P. acetone to quench

the reaction, carbonate-free sodium hydroxide as the alkali for titrating

the solutions and phenolphthalein as indicator.
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Analytical Mgthgds

Analysis of Tertiary-Butyl-Bromide Solutions

Semples of the tertiary-butyl-bremide in aqueous ethyl alcochol
solution were removed from the reacting system by a 25 ml., pipette. The
contents of the pipette were drained into approximately 250 ml. of cold
acetone in order to quench the reaction., While the tertiary-butyl-
bromide solution drained into the acetone the flask containing the
acetone was shaken vigorously in order to dissolve the tertiary-butyl-
bromide solution in the acetone as quickly as possible in order tevébtainl
a rapid quench, The time at which the solution began and finished leav-
ing the pipette was recorded and the arithmetic average time was used to
compute kinetic constants.

The quenched tertiary-butyl-bromide seluti¢n was then immedi-
ately titrated with carbonate-free sodium hydroxide using phenolphthalein
as the indicator. A blank correction was made for the acidity of ace-
tone and ethyl alcohol.

Using estimates of the maximum values of temperature of quenched
solution, time required for titration and water content of acetone, the
maximm error in fractienal conversion by assuming zero conversion to be
occurring while the selution was quenched was 0.0012. The actual error
in general was probably considerably less because maximum estimates. of
each of the variables were used.

In order to determine the initial quantity of tertiary-butyl-

bromide in the solution samples were allowed to react to completion
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during a period of from ten to twenty hours at 20 to 25°C. The samples
were then titrated, as described previously for the partially-reacted

samples, with carbonate-free sodium hydroxide,

Determination ef the Concentration of Ethyl Alcohol in the Solvent

The concentration of ethyl alecohol in the aqueous ethyl alcohol
used in the reaction was determined by a Westphal balance. The balance
was calibrated by solutions whose concentrations were determined by a

pycnometer,

-Equipment

The reaction vessel was a five hundred ml,, three-necked, glass
flask with two vertical creases each 1/2 in, deep. The flask was creased
in order to increase the rate of mixing, Weissberger(io) has described
the creasing of glass vessels, The stirrer was a bent glass rod and was
7/8 in, in diameter. The diameter of the vessel between creases was 2-3/8
in, The speed of stirring was approximately 1000 r.p.m. MacDonald(21)
has summarized what several investigators have found to be high enough
stirrer speeds to ensure sufficient mixing for kinetic purposes. Using
this discussion as a basis it was considered that 1000 r.p.m. was high
engugh for the creaged reactor which has Jjust been described. The stir-
 rer was sealed by the glass tubing seal described by Mbrtonf(ez) Tempera-
ture was maintained constant by immersing the reaction vessel in a con-
stant-temperature, water bath., The reactor temperature was measured by
a thermometer which could be read to 0,01°C and was calibrated agéinst a

National Bureau of Standards thermometer,
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Procedure

Four hundred ml. of aqueous ethyl alc@k@l.were placed in the
creased flask, described in the previous section, and brought to tempera~
ture in the constant temperature bath., After the temperature of the
alcohol had remainedAconstant for at least fifteen minutes 4 ml. of
tertiary-butyl-bromide were injected into the aqueous ethyl alcehol by
a 5 ml. hypodermic. The mean time of injection was considered to be the
time of start of reaction., Periodically samples were withdrawn by a
25 ml. pipette, quenched and titrated as described on page 11. The
creased flask was stirred except when samples were being withdrawn.
Stirring was stopped during sampling in order to prevent the pipette
from being broken by the stirrer, The temperature of the reacting solu-

tion was recorded at least once between samples.

Calculations and Data

Batch reaction rate constants were calculated for the time
intervals between successive samples using the integrated form of the

first-order rate equation,

2,306 ... 1
k = 222l log ———
T 08 T ¢ (7)

Since temperature changes up to + 0.1°C during the course of
the reaction the temperature for each interval was determined by plotting
temperature as a function of time and using the average temperature for
each interval. The average temperature for each interval was the inte-

grated average temperature for the interval.
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For the tertiary-butyl-bromide reaction, rate of reaction
yaries greatly with both temperature and concentration of ethyl alcohol.
A series of batch runs at temperatures varying from 23 to 28°C and
aqueous alcohol concentrations varying from .64 to .68 mass fraction
ethyl alcohol were made, These data are presented in Table L. bThe

colurms are as follows:

Column Description

1 Rﬁn number

2 Temperature, °C

3 v Mass fraction alcohel in the aqueous
ethyl alcohol ’

L Initial concentratlon of tertiary-butyl-
bromide, meles / 1.

5 Time between samples, sec.

6 Fractional conversion for the interval,

based upon there being zero conversion
at the beginning of the interval

7 Reaction rate constant, sec,”L
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J-12
J=12
J=12
J=12

J-13
J-1%
J-1%
J-14
J-1k
J-1k
J=1k

J=15
J=15

J-15

J=16
J-16
J-16
J-16

Temp.

T°C.

25.02
25.14
25.11
24.90
25.03

25.06

25,06

25.03
25.16
25.19
24,98
25.08
25.07

25.03
23,1k
23.13

22,99
23,12
23,13
23.08

2,98
25,13
25,18
2k, 90
25.07
25,13
25,13

22,91
23.05

23,14

25.00
23.11
23.12
23,1k

.6612
6612
6612
6612
6612

,6612°

6612

6612
,6612
6612

.6788
.6788
.6788
.6788
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TABLE I. BATCH KINETIC DATA

J088
,088
,088
.088
.088
,088
.088

.088
.088

088
,088
088

.088
.088
.088

.088
.088
088
.088

.088
.088
.088

088
1088
1088

,088
.088
.088

.088
.088
.088
.088

p)

Time
t, Sec.

250
Lho
450
250
380
390
iTelo

260
340
390
250
410
360

220
380
510

240
360
450
k70

262
390
340
242
288
350
360
240
320
420

260
340
330
340

6

Conversion

.2600
L4065
32k
.2k29
.3568
JITTL
L4011

3027
.38k2
57
.2834
4387
4129

.2380
L3463
4498

1912
-2789
3D
3754

,2541
3614
3436
,2310
2824
3435
3463

1875
.2kg1

.3245

1702
200k
.2263
.2270

T

10?5_

Sec

e

N S S S

[

=

e el

.20k
.186
«259
A13
.161
21k
.282

387
26
.513
333
409
79

087
1.119
1.172

. .88k
.908
-949
.001

.119
.150
.238
085
152
.202
181

865
.895
<934

.718
.T40
.T778
157
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TABLE I. BATCH KINETIC DATA (CONT'D)

1 2 3 L 5 6 7
Run Temp. CEtoH c Time Conversion 105k
Number T°C. ° t, Sec, Sec™t
J-17  24.88 .6788 .088 250 .1982 .884
J-17 25,01  .6788 .08 290 2376 .935
J=17 25.03 .6788 .088 310 2237 L9lL
J=17 25.03 .6788 .088 370 .2981 .957
J-18 24,96 .6788 .088 2ko .1938 .898
J-18 25.06  .6788 .088 310 2475 917
J-18  25.06 .6788 .088 350 2877 .969
J-18 25.06 .6788 .088 360 .2957 LOTh
J-19  28.05 .6788 .088 230 .2588 1.302
J-19  28.16 ,6788 .088 250 .2926 1.385.
J=19 28.07 .6788 .088 350 .3870 1.398
J-20 27.78 .6612 .088 220 .2845 1.522
J=20 27.95 6612 .088 320 4ok 1.646
J=20 28.02 6612 .088 320 4167 1.685
J=21  27.85 6612 .088 220 .2832 1.513
J=21 27.93 6612 .088 260 3473 1.635
J-21 27.97 6612 .088 290 .3881 1.694
J=26 2k, 97 656 .088 290 2841 1.152
J=26  25.10 .6568 .088 280 .2872 1.209
J=26  25.09 .6568 .088 310 .3200 1.2k4k

J-26  25.05  .6568 .088 390 .3763 1.210
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Correlation of Batch Constants

Grunwald(l7) has suggested that the best way to correlate reaction
rate constants for tertiary-butyl-chloride over & wide range of alcohol

concentrations is

logk = A' - B'C!
og ETOR (8)

where A' and B' are constants and C'ppoy is the mole fraction of ethyl
alcohol, Over the narrow range of alcohol concentrations used in this
research mass fraction and mole fraction are nearly exactly proportion#l

to one enother. Therefore Equation (8) can be rewritten as

— " o_
logk = A BCETOH

where A" and B are constants and CETOH is the mass fraction of ethyl
alcohol.

‘The variation of k with temperature is normslly correlated by

E
logk = A"'- -
€ R(T + 273.1)

where A" ' and E/R are constants and T is the temperature in °C.
The expression used to correlate data in terms of both alcohol

concentration and temperature was

E

R(T + 273.1) (9)

log k. = A - BCETOH -

This equation is the sum of the two previous equations. Since the ranges

of variables were small it was not considered necessary to add the term

DCpmog

T+ 231" The constants in Equation (9) were determined by a least
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square fit of the data in Table I, and the equation became

4,6b1.22
log k g8 = 15.901 ~ 5.0223 Cypop = T4 273.10 (10)

b < C < .68

ETOH

23 < T°C < 28

Co .088

1

where T is the temperature in °C,

Crpog 1s the mass fraction of ethyl alcohol on the tertiary-
butyl-bromide free basis,

Co is the initial concentration of tertiary-butyl-bromide.

The 95 percent'confidence limits for the general type of
correlation of which Equation (10) is an example are given on page
530 of Duncan(ih).

Hence the 95 percent confidence limits for log k 088 are:

©,6h1.20 /
15.9501 - 5.,0223 Cppog - m + 02957 ( 0182 +

1

1367 (Cgrog - -6623)° + 614.6 x 107 (7555 - -00335436)°

' ‘ \l/2
+ 1,243 x 10" (C - .6623) (TT%W - .00335436)
TABLE II

PERCENTAGE DIFFERENCE BETWEEN CONFIDENCE LIMITS AND VALUE
PREDICTED BY EQUATION (10)

CErog Teq Percentage of
' k

.6623 25,02 0.93

.6400 125.02 2,01

.6800 25.02 1.69

.6623 23.00 1.55

.6623 28.00 2.01



At C and T equal to .6623 and 25.02 respectively, the mid-point

ETOH

of the correlation, the confidence limit is narrowest. Most of the contin-

uous runs were made very close to this point. Therefore the 95% confiderce

limits for the continuous runs would, in general, be the value predicted

by Equation (10) i.l%, The multiple correlation coefficient rl.23 = 0,988.
A series of runs were made at various initial concentrations of

tertiary-butyl-bromide. These data are presented in Table ITII. Columns

1 through 7 are the same as described on page 14 for Table I. Column 8

is the rate constant at 25.10°C and was computed from the data in column

T by using the activation energy given by Equation (10). All the data

were taken in the same aqueous ethyl alcohol solution. By performing a

least square fit of the data in Teble IIT, the change in k is
kco -k g8 = k.o88(°'58°)('0880"_co) (11)

where 0.580 is the constant determined by the least square fit and C-0 is
the initial concentration of tertiary-butyl-bromide in moles/l. The
slope of Equation (11) is significantly different from zero at a signifi-
cance level of 5 percent.

The 95% confidence interval for kc -k 088 is
o .

2
k_088(o.580)(.0880 - co) + .0k25 \/.0714 + 63.72 (co - .0668)

This is equal to k, - k_ ogg * 0.13% at the ends of the interval

Co
specified by Equation (11).



Run
Number
J-26
J-26
J-26
3-26

J=27
J-27
J=27

J-27

J=28
J-28
J-28

J=28

. d=29
J-29
J~29

J=-29

BATCH KINETIC CONSTANTS AT VARIOUS INITIAL CONCENTRATIONS

Temp.

TC

24,97

25,10
25.09
25,05

24,98
25,06
25.05

25.01

2k,92
25.05
25.03
24,98

2k, 92

2k, 98
25.01

24,96

EtOH

.6568
.6568
.6568
.6568

.6568
6568
6568
.6568

.6568
.6568
.6568
.6568

6568
.6568
.6568
.§568
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TABLE III

OF TERTIARY-BUTYL-BROMIDE

n
Co
.0880
,0880
.0880
.0880

0453
.0k53
0453
Q453

Q754
0754
L0754
L0754

0584
.0584
Q584
0584

p)
Time
t, Sec.
290
280
310

390

260
320
310

570

270
28
340
R)

288
290
370
460

6

Cofiversiaon

2841
.2872
3200

.3763

.2678
5229
.3230
. 3640

2700
2895
.3367
12k

2864
.2998
. 3694
4338

- 107k

Sec”

1.152
1.209
1,24

1.210

1.199
1.219

1.258

1.223

1.166
1.221
1.207

1.208

1.172
1.229

1.246

1.237

10°
ko5, 10°C
1.172
1.209
1.246

1,218

1,217
1.225
1,266
1.237

1.193
1.229
1.217

1.226

1.199
1.2k47

1.260

" 1.258
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Disgussion
For the hydfolysis of tertiary-butyl-bromide in aqueous ethyl
slcohol a survey of the literature revealed that no measurements of
reaction rate constants have been reported in 70 volume percent ethyl

alcohol.,

Bateman(j)

has measured constants at 60, 80 and 90 volume percent
ethyl alcohol, These data were later checked by Cropper(s). If Equation (9)
is used to interpolate between the values at 60 and 80 volume percent alcohol

then the following comparison can be made by using Equations (10) and (11)

at 25,00°C and Cy = .05.

Mol Fraction k k
ETOH Bateman Equations % Difference
io & 11
4102 ,001479 o001499 + 1,33
nl“516 0001179 0001190 = O 060
L4539 .000959 .000946 - 1.41

When the approximate nature of the correlation is considered and

(3)

also that Bateman did not indicate that he made more than one megaurement
at each concentration, the agreement is within the generally accepted limit
of 1 to 2% for reaction rate constants.

Equation (10) gives an energy of activation of 21,240 compared to

the value of 21,700 reported by Bateman(5)o



CHAPTER IV

CONTINUQUS FLOW SYSTEMS

The pulse response technique, which was used by Yagi(ﬁe), Ebach(l5)

(13)

and De Maris , was used for measuring all distribution functions. The
mathematics of the pulse technique is discussed in Chapter II. From this
pbint on in this thesis & distribution function or the distribution of

residence times will always refer to E(@) rather than F(6) or I(e). Also
t will be time and © the number of residence times. r will be the length

of 1 residence time, so that, t = 10,

Description of Dyes

Pontamine Fast Turquoise 8GID Conc. 150%, which was manufactured
by E.I. du Pont de Nemours and Company, wasvused to measure some of the
distribution functions in distiiled water.

For the remainder of the runs(in water and all the runs in aqueous
ethyl alcohol, eosin bluish, manufactured by the National Aniline Division
of Allied Chemical and Dye Corp. of Pharmaceutical Laboratories was uéed

as dye. The formule for eosin bluish is

Eosin Bluish (4,5 - dibromo - 2, 7 - dinitrofluorescein)
For all runs in the presence of tertiary-butyl-bromide Pontachrome
Blue Black R.M, Conc, was used. This is a vegetable black and was manufac-

tured by E.I., du Pont de Nemours and Company.

-DDa
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Flow sttem

The flow diaéram.for the continuous reactor system is shown in
Figure 3. The system can be broken up into the flollowing sections:
1. Inlet flow system which includes equipment to measure
and control the rates of flow and the temperatures of
the inlet streams to the reactor.
2. The reactors
(a) One-compartment reactor
(b) Glass-bead reactor
(c) Two-compartment reactor.
5. Colorimeter, recorder and dye injection system.
4, The remctor outlet system which included level control,

flow measurement and sampling.

Equipment
Reactor Inlet Flow System

The feed to the reactor consisted of a solution of unreacted
tertiary-butyl-bromide dissolved in aqueous ethyl élcohol. The tertiary-
butyl-bromide and aqueous ethyl alcohol streams were combined just before
entering the reactor. Before coming together each of the two streams was
controlled with regard ﬁaﬂfloWrate and temperature.

Prior to each run ethyl alcohol was diluted to the desired con-
centration, thoroughly mixed and pumped to either a 12 or 5 gallon glass
bottle which was used as a storage and constant-head tenk. Constant head
was maintained by the method described by Page(zu) . The storage bottle

was calibrated with respect to volume, and the flow rate was determined

by the displacement from storage during an interval of time. An inclined
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manometer was used to indicate whether the flow-rate was constant. The
flow-rate was adjusted by means of the stop-cock nearest the reactor. The
aqﬁeous ethyl alcohol was brought to the temperature of the constant-
temperature bath by pdssing the aqueous ethyl alcohol through 16 feet of
7 mm. glass coils immersed in the constant-temperature beth. Either l/h
in. inside diameter Tygon tubing or 7 mm. glass tubing was used for the
ethyl alcohol lines from storage to the junction between the aqueous

ethyl alcohol and tertiary-butyl-bromide streams.

The tertiary-butyl-bromide storage vessel was a 1-3/L4 in. I.D. glass
vessel which was 18 in. long. It was maintained as a constant head tank in
the same menner as the aqueous ethyl alcohol storage tank., Flow was adjusted
by the stop-cock shown in Figure 3 and the constancy of flow rate was in-'
dicated by a small rotameter which had é sapphire bead. Flow-rate was
megsured by displacement from storage. The lines between the storage
tank and the junction with the aqueous ethyl alcohol line were either
1/8 in. I.D. polyethylene tubing or 6 mm. glass tubing.

‘Bgfore entering the reactor the aqueous ethyl alcohol and tertiary-
butyl-bromide streams were brought together by a 7 mm. glass Y joint. Follow-
ing the Y was a short, irregulgrly'bent glass coil, the diameter of which
increased and decreased. irregularly. This coil served to dissolve the
tertiary-butyl-bromide in the aqueous ethyl alcohol. The volume of the

mixing coil was included in the reactor volume.

Reactors
The reactor temperatures were controlled by placing the reactors

in a constant-temperature bath. The temperature of the bath was controlled
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by a heater operated by a mercury-switch and Trimount Electronic Relay
System, Cooling water was passed through coils in the bath{in order to
help equalize the times of heating and cooling. |

An Eastern, model 8, heavyhduty laboratory gtirrer was used for
all reactors. The number of revolutions of the stirrer in a measured time
interval was mehfsured by & mechanical counter which was connected directly
to the upper end of the stirrer shaft. This eliminated any possibility of
the stirrer shaft rotating a different number of times than the shaft of
the counter. The voltage to the stirrer was maintained constant by a
constant-voltage transformer. The shaft and propeller stirrers were 316
stainless steel.

The space between the shaft of the stirrer and the reactor Pl§xi-
glas cover was sealed by the glass tube seal recommended by'Morton(EE).
Some of the details of the seal are indicated in Figure 4. The seal con-
gisted of a 1 l/h in. length of 12 mm, glass tﬁbing,whose I.D, was 10 mm.
‘The glass tubing was held in place by a rubber stoppgr Which served as a
shoulder to rest on the Plexiglas cover. The stopper was sealed to the
reactor cover by Sauereisen cement and Pyseal. Vapor was prevented from
passing up the narrow annulus between the glass tube and stirrer shaft by
a piece of rubber tubing,which on one end fitted over the end of the glass
tube and on the other end pressed against the stirrer shaft. Also some Dow
Corning stopcock grease was placed inside the annulus.

One-Compartment Reactor
TR .

The reactor which was used for all runs in which a .one-compartment

reactor was run under reacting conditions is shown in Figure 4, The reactor
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was a 2000 ml. glass beaker with T mm. glass tubes for inlet and outlet
lines and a line to the reactor level -measuring monometer,

The reactor cover consisted of 1/8 in. Plexiglas which. was
sealed to the reactor wall by number 31 Sauereisen c@ment, The Plexiglas
cover and Sauereisen cement were coated with a l/h in, layer of Pyseal in’
order to insure the tightness of the reactor. The cover contained two holes.
One was for the stirrer shaft. This seal was described in the previous
section. The other hole was for the reactor thermometer. The thermometer
seal is shown in Figure 4. It consisted of a rubber stopper through which
extended the thermometer. The stopper was sealed to the Plexiglas cover
with Sauereisen cement and Pyseal.

Stirring was accomplished by a 1 1/2 in, diemeter three-bladed
propeller, which the Mixing Equipment Co, claimed was & model of commercial
propellers. The stirrer shaft was mounted vertically in the center of the
reactor and the stirrer was 3 in, from the bottom of the reactor.

Liquid volume in the reactor was measured by a calibrated inclined

manometer, A calibration curve is shown in Figure 28.

“" Glass-Bead Reactor

The two glass-bead reactors, which are shown in Figures 5 and 6,
weie slightly different from each other in that the depth of the glass beads,
the height of the side tubes and the height of the reavtors were different.
.Each reactor consisted of two concentric compartments. .Each inner compart-
ment was & 2 5/16 in. I.D., 2 17/32 in. 0.D., glass tube in a 2000 ml.
héakerq A space of 1/4 in, existed between the end of the tube and the

bottom of the reactor. The inner compartment in each reactor contained
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a 1 in. diameter propeller stirrer while the outer compartment, which was
the space between the tube and the reactor wall, was filled with 6 mm. glass
beads. Overall flow in the reactor was down through the inner compartment
and up through the glass beads.

The reactor cover and method of sealing were the same as for the
one-compartment reactor described in the previous section. Each cover
contained four holes., One was for the stirrer shaft., Two more were for
reactor thermometers in beoth compartments. The fourth was for the inlet
feed line. The seals on all four of these holes were the same as for the
one-compartment reactor. The reactor level menometer was connected to

the bottom of the reactor.

wo-Compartment Reactor

The two-compartment reactor, which is shown in Figure 7, was a
2000 ml. beaker in which a horizontal circular baffle divided the reactor
into two compartments, one above the other. Flow was into the upper com-
partment and down through the four holes in the baffle, down through the
lower compartment and out through the reactor outlet at the bottom of the
reactor. The upper compartment contained a 1 1/2 in. dismeter propeller
stirrer which was mounted concentric to the reactor and 1 3/8 in. above
the baffle, The reactor cover and seal were the gpme as for the one-
compartment reactor, The cover'cohtained three holes. Oné was for the
gtirrer and the other two were for the thermometers for the two compart-
ments. The seals for these holes were again the same as for the one-

compartment reactor.
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Colorimeter Recorder and Dye TInjection -

The dye concentratioﬁ.in the exit stream leaving the reactor during
the tracer part of each run was measured continuously by & Beckman Mbdel C
colorimeter, This type of colorimeter is designed for measuring concentra-
tions of solutions in test-tubes, The colorimeter‘was converted to & con-
tinuous colorimeter by running the 7 mm. glass tube from the reactor through
the sﬁace in the colorimeter where a test-tube normally is placed. The
response of the colorimeter was fed to a Speedomax, Type G, one-second-
response recorder so that a continuous record of the distribution function
could be obtained. The wiring of the colorimeter was modified as ghown in
Figure 8 so that the output of the colorimeter could be fed to the recorder,
‘The voltage to the colorimeter and recorder was controlled by a constant-
voltage transformer. The calibration of the colorimeter in terms of dye
concentration is described in Appendix III,

Dye, the concentration of which was 60 g./1.,was injected through
a piece of Tygon tubing into the inlet stream by a hypodermic at a point
between the mixing coil and the inlet to the reactor. vThe volume of dye
varied from 2 to 6 ml., depending upon whether the reactor volume was
1100 or 2200 ml. and on how high the peak in the distribution of residence
times was., MacDonald(Ql) used 3 ml. for a 1950 ml. reactor. The time of
injection was from five to ten seconds. bThe dye was injected into the inlet
stream nearly perpendicular to the direction of flow. The dye hit the tube
wall and was dissolved in the inlet stream. If the dye had been injected in
the direction of flow then the dye would have entered the reactor at a
velocity much higher than that of the inlet stresm. The hypodermic needle

was stainless steel,



To3stsax wgo 2/T Mg OMI ¥

Io9sTsex wmo /T M4 OMT 9y

V.

J9qawoTquajod ugo 0002 MdM J¥T 4

"9INOIT) I93SWIIOTOD) Y3 JO UOTIBOTITPOW g SImITd

+
- o
d430¥023y

AN Ol

o

or
s -

4313



=35=

' Reactor Outlet Flow System 1

All lines in which there Was,terfiaryhbutyl~bromide, that is,
all lines froﬁ the Y to the end of the outlet line, were either 7 mm. glass
tubing or 1/4 in. inside diameter polyethylene tubing. The only exception
was the short length of Tygon tubing through the wall of which dye was in-
Jected.

Samples of the outlet stream were removed through the T which is
shown in Figure 3. The T was located vertically below the, reactor and at
a low enough point so that the liquid would flow into a 25 ml. pipette at
the same rate that liquid was flowing in the outlet stream. During -sampling
the outlet line was shut off just beyond the sampling point and the sample
was withdrawn at, as close as possible, the outlet stream flow-rate from
the reactor. Before sampling the sampling tee was thoroughly purged in order
to obtain a good sample, The conversion as measuréd in the samples was
corrected for time of withdrawal and for the time required for flow of
liquid from the reactor outlet to the sample point. This correction i;
described more fully in sample calculations on page 75 in Appendix II.

The reactor level controller is shown in Figure 9. The bottom
of the level controller was .a rubber stopper. .Since the level controller
was at least three feet beyond the sample point there was no possibility
of the rubber influencing the sample compositions.

The liquid from the level controller was collected and measured

in order to measure the reactor outlet'stream rate. Measurements were made

during periods when no sampling or purging were occurring.
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Procedure

In most runs both the distribution of residence times and conversion
were measured.

Before the run was begun the aqueous ethyl alcohol and tertiary-
butyl-bromide feed tanks were filled, A sample of aqueous ethyl alcohol was
taken in order to measure its ethyl alcohol content. :The method for measur-
ing the concentration of:ethyl alcohol is describedbon page 12, -The con-
stant temperature bath, in which thereactor and coils preceding the reactor
were immersed, was brought up to the desired temperature which in general
was between 24.5 and 25,.5°C. The stirrer, colorimeter and record asmplifier
were turned on so that they could warm up and reach steady-state conditions,
After the bath had reached temperature the aqueous ethyl alcohol and tertiary-
butyl-bromide streams to the reactor were begun. While the regctor was
filling, flow-rates were checked and adjusted until they were approximately
the desired values, Then the level controller was adjusted until the
desired volume of liquid‘in the reactor was maintained. From time to time,
while the sysfem was approaching steady-state, flow-rates, reactor liquid
level, reactor temperatures and concentration of reacted tertiary-butyl-
bromide in the exit stream were checked.

After the system had reached steady-state the following measure-
ments were made, A sample set of data is shown in Table X in Appendix II.

Time of reading

Level of aqueous ethyl alcohol in the feed tank

Level of tertiary-butyl-bromide in the feed tank

Aquecusvethyl alcohol flow manometer
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Tertiary-butyl-bromide rotameter

Reactor level

Reactor temperatures

Bath temperature

Propeller speeq

Flowrate of the outlet stream from the reactor

Room temperature

Samples from the outlet stream were then taken. Sample data are

presented in Table IX on page 76 . The following readings were taken.

. Time of start of sampling
Time of completion of sampling
Time of start of quenching

Time of completion of quenching

Total ml. of standard alkall to neutralize the partially reacted
sample less blank correction
i
Total ml. of standard alkali to neutralize the completely

reacted sample less blank correction.

The remaining columns in Table IX were quantities calculated from
these measurements. All the measurements ghown in Tables IX and X were
then repeated.

The distribution of residence times for the system was then measured.
The recorder trace for run 45 in the two-compartment reactor is shown in -
Figure 23, Before dye was injected recorder traces corresponding to 0 and

100% transmittence were made, Zero % transmittance occurred when the
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colorimeter light was turned off. One hundred % transmittance was the
transmittance of clear solution. The time corresponding to a mark made
on the recorder trace was recorded, At the end of the distribution function
a second such measurement was made., These two readings not only served to
relate the time of pulse injection to the recorder time but also served to
check the recorder speg@. The mean time of dye injection into the inlet
stream to the reactor was recorded. Further details of dye injection
appear on page 33. From time to time while the tracer experiment was
being run checks were made on temperatures,_flOWarates and liquid levels
to see that the system was remaining at steady-state. The distribution
function wag run until the recorder did not change value for approximately
one rgsidence time. The traces corresponding to 100 and 0% transmittance
~ were ggain made. The colorimeter and recorder were then shut off. Then
two more sets of readings as shown in Tables IX and X were méde of flow-
rates, temperatures, etc. This completed one run. Each run consisted of
one measurement of the distribution of residence times and four measurements
of reactor comppsition and reactor variables. The calculations for obtain-
ing the distribution of residence times and material balances are shown in
Appendix II. |

-The proceduré for runs in which the distribution of residence
 times was measured under non-reacting conditions was the same as described
in the previous paragraph, except that no outlet compositions were measured.
The procedure for runs in which the distribution of residehce timés was not
measured, but nreaction was faking place, was the same as described in the

previous paragraph except that the tracer experiment was omitted.
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Data

_Preliminarx

Twenty-one, preliminary, pulse runs/were.made to determine whether
the distribution of residence times,E(8), in & oneicompartment reactor was
changed appreciably by changing reactor variables such as length of residence

time, propeller speed, etc.- The data for these runs are presented in Table IV,

Column Description
1 Run number
2 Volume of liquid in the reactor, ml.
3 Flowrate, mly/min.
N

" Length of one residence time, min.
Reactor temperature, °C,
Propeller speed, r.p.m.

.Dye used as tracer

Lo =~ O W\

Liquid
9 to 29  Distribution of residence times, E(9), as a function
| of the_numbér of residence times.
30 Internal material balance or first moment
31 Conversion predicted by the measured distribution of
residence times using kT = 1.0.

32 Conversion predicted by the pérfectly—ﬁixed distribu-

tion using kT = 1.0.

33 Conversion in column 31 - conversion in column 32,
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One-ngggrtmentABeactor

Following the one~compartment resctor preliminary runs under
non~reacting conditions, a seriés of runs under reacting conditions were
perfﬁrmed«in the one~-compartment reactor. The details of the reactor are
_déscribed.en page 26 and the procedure is discussed on page 37. The data

for these runs are given in Tables V and VI. The headings for Teble V are:

Columm
X Run number
2 - L4 E(9) as & function of the number of residence times
hs Internal material balance or first moment
46 Meterial balance for all the liquid entering and
;1eaving the reactor |
b7 gMaterial balance for tertiary-butyl-bromide

The distribution funptionﬂ ere shown in Figure 11,

In Table VI the headings are:

Column
1 Run number
2 Volume of liquid in reacter, ml.
3 Mean overall flow-rate, ml,/min.
A Lepgth of one residence time, min,
,5 Reactor temperature, °C
6 Propeller speed, r.p.m.
T Mass fraction of alcohol in the aqueous ethyl

alcohol.
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Column

8 Was a tracer experiment attempted;-
9 Measured fractional convarsion,
10 Fractiona; conversion calcﬁlated,by using the
‘perfectlyimixed.distribution-of residence times,
11 Fractional conversion calculated by using the
measured distribution of resideﬁce times,
12 .Relativé_een%ersion différénce baéed upon the
perfectly-mixed distribution of residence times.,
13 Relastive conversion difference based upon the

measured distribution of residence times.

Glass-Bead Reactor

The glass-bead reactor is discussed in detail on page 28.
Figures 5 and 6 show sketches of the reactors used in runs 27.through
30 and 37 through 41 respectively. The distribution functions are given
in Teble V and are shown in Figure 12. The remainder of the data for the

glass-bead reactor is given in Teble VII, The column headings are:

Column
1 . Run number
2 Volume:of liquid in reactor, ml. \
3 Meen ovérall flow-rate, ml,/min,
ﬁ Length of onevresiQence time, min.
5 Inlet reactor tgﬁberﬁture, °C

6 Outlet reactor temperature, °C
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T Propeller speed, r.p.m.
8 Mass fraction of alcohol in the aqueous ethyl alcohol
9 Measured fractional conversion

10 Fractional conversion calculated by using the measured

distribution of residence times..
11 Relative conversion difference based upon the measured

distribution of residence times,

Two-CQmEartment,Reactor‘

The two-compartment reactor is described on page 31 and shown in
Figure 7. The distribution functions are given in Table V and are shown
in Figure 13. The remainder of the data for the glass-bead reactor 1is given
in Teble VIII. The columns headings are the same as those for Table VII and

are given on page U4T.
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CHAPTER V

DISCUSSION OF THE CONTINUOUS REACTOR DATA

The data are discussed fremvboth.an engineering approach and
from a statistical approach. The englneering approsch is to discuss
whether the differences between measure@ conversions and conversions
calculated from the measured distributions are of engineering importance

while the statistical approach is to show whether the differences are real.

.Engineering Approach

Preliminary Data

The distributions of residence times,,E(e),,er twenty-=one pre-
liminary runs under non-reacting conditions in the one-compartment reactor
;re presented in Teble IV and jhe column headings are described on page 40.
Using an arbitrary value of kr = 1.0 the conversions, calculated by using
these measured distributions of residence times in Equation (6), are shown
in column 31. The conversion assuming a perfectly-mixed distribution and
kt = 1.0 is 0,5000, Column 33 is the difference between conversion as
calculated by the measured distributions and the conversion calculated
by a perfectly-mixed distribufion, From an engineering viewpolnt these
differences are small and their effect is generally not important com-
pared to the uncertainty in kinetic constants and the ability to control
reactors. These data indicate that in general for a smgll one-compartment
reactor in which the dismeter and height are approximstely equal that the
distribution of residence times from the.engineering,vieﬁpoint is rather
insénsitive to: chénéés in propeller speed provided that the speed is

greater than 30 r.p.m.; changes in residence time for residence times

-53=
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greater than eight minutes; differences in the position of the feed
entrances to the reactor as shown in Figure lO;_changesfin baffling
arrangements provided that the baffles do notressentially divide the
reactor into two or more compartments; changes in the number of p%o-
pellers on the same shaft; and chaﬁges in the distance of the propeller

from the bottom of the reactor,

One-Compartment Reactor Data

Following the one-compartment reactor préliminary runs under
non-reacting conditions avseriesiof runs under reacting conditions were
performed in the one-compartment reactor., The distributions of residence
times, E(e), are presented in Table V and are shown in Figure 11.

The cenversion data are presented in Teble VI and are shown in
Figure 14, In addition to the measured conversions, included'also are
conversions calculated by Equation (6) from the perfectly-mixed distribu-
tion and from the measured distributions of residence times,

From Figure 14 it is seen that conversion level varies from run
to run. These differences in level are not important because they are N
caused by differences in temperature, residence time and ethyl alcohol
concentration between runs. The important part of the figure is the
differences between measured and calculated conversions.

The measured conversions are, in 27 out of 31 samples, higher
than conversions calculated by making the assumption of perfect mixing.
Based on complete conversion being lOO% this difference averages
(0.5 + 0.2)%. See page 90 for the calculation of 0.2, the 95% confidence

Interval, From an engineering viewpoint this difference is unimportant.
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For the one-compartment reactor, measured conversions and those
calculated from the measured distributions are presented in columns 9 and
11 of Table VI, .In four out of eleven samples the measured conversions
-are higher than the calculated conversions. Basethn complete conversion
being 100% the average difference~iﬁ conversion is (aooé.i 0.4)% and is of

no engineering importance.

Glass-Bead,Reacto::Dqta

| The details of the glass-bead reactors are described on page 28 .
The data for these reactors are presented in Tables V and VII and the
column headings for these tables are described on pages 43 and 47 Figure
15 shows conversion as calculated by the measured distribution of residence
times as afunction of measured conversion where the measured conversion is
the average of 4 samples for the run.

Upon comparing measured and calculated conversions in columns

9 and 10 of Table VII it is seen that for 20 out of 31 samples the megsured
conversions are higher than those calculated by the distribution of residence
times. The difference between measured and calculated conversions is even
smaller than that shown in Table VII, because the calculated conversions
are based upon the temperature of the first compartment which was cooler
than the second compartment. The difference in temperature, when measured,
was not more than 0,25°C. In any case the difference between measured and

calculated conversion is not of engineering .importance,

Two-Compartment Reactor Dats

The two-compartment reactor is described on page 31 and & sketch

of the reﬁctor*is shown in Figure 7. The distribution functions for these
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riuns are presented in Teble V and are shown ln Figure 13, The remainder
of the data for these runs are presented in Table VIII, The column head-
ings for these tables are described on pages 43 and 50.

The average of the 4 measured conversions for each rungand the
conversions calculated by the measured distributions of residence times
are shown in Figure 16, Based upon complete conversion being,lOO% the
measured conversions are on the average (2.1 + 0.7)% higher than the
conversions calculated by the measured distributions of residence times.
In addition all 20 measured conversions are higher than the corresponding’
calculated conversions. The differeﬁge in conversion for the two~compart-
ment reactor is much larger than for the other reactors and may be of

engineering impertance,

Statistical Approach

In the previous section differences between measured and
calculated conversions were discussed from the viewpoint .of engineering
importance. In this section the statistical significance of the differ-
ences will be discussed.

In order to evaluate statistically the differences between
measured and calculated conversions it is desirable to consider a differ-
ence which would be expected to be constant for all runs. If such a
difference is used then there is the possibility of considering all the
data at once in one statistical test.

The continuous rﬁactor coﬁﬁersions being considgred in this thesis
vary in level from run to run. Differences between measured and predicted

conversions would be. expected to vary with conversion level. A quantity,
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Fi,,which will be called the relative conversion difference based upon the

distribution of residence times i is defined as

A

£ - 13

s.F.0. " Tp.m.D.

where f 1s the measured conversion
fi is the conversion calculated by using the distribution of
re  residence times i in Equation (6).

f is the conversion calculated by using the slug-flow dis-

S.F.D.

tribution of residence times in Equation (6).

fP.MDDa is the conversion calculated by using the perfectly-mixed
distribution of residence times in Equation (6).

Conversion level was varied much more widely for the glass-bead
reactor than for the other reactors. Figure 19 shows relative conversion
differences based upon measured distributions for the glass-bead reactor,
The slope of the least square straight line is not significantly different
from zero at a significance level of 5 percent. Since conversion level
was varied much more widely for the glass-bead reactor than for any other
reactor, then relative conversion difference is a satisfactory quantity to
use for statistical tests when conversion level varies from run to run.

The statistical procedures for testing and evaluating relative
conversion differences for each reactor were:

(1) An i-chart, Duncan(lh) page 285, was used to determine
whether the mean value of F for any run was significantly different from

the mean, ?, for all the runs. In no case was the difference sufficiently

great to reject the null hypothesis that the means came from the same
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universe of values, The upper and lower limits were

TN

F+

where F is the mean value of F for all runs
N is the number of samples per run
6%‘13 an estimate of o'y , the universe standard deviation of means
of all runs.
The universe standard deviation of means is the standard error of F.

(2) Bartlett's test, Duncan(lh) page 470, of homogeneity of
variances was used to determine whether the variances for each run came
from the same normal universe. The null hypothesis was that the variances
were a homogeneous set. Using a significance level of 5%; for no series
of runs was the hypothesis rejected.

(3) After the two previous tests had shown that the hypotheses,

- that the means and variances for each run were from the same universe, did

(1)

not need to be rejected, then a?lz test, Duncan page 412, was performed
to determine whether the data were approximstely normally distributed. The
null hypothesis, that the values of F were approximately normally distribu-
ted, was not rejected at a significance level of 5%.

(4) Tests (1) through (3) indicated that it was reasonable to
assume that the data for each reactor were homogeneous and approximately
normally distributed. The data weré then used to estimate a universe
variance and mean. This variance and mean were used in evaluating the
null hypothesis that the relative conversion differences were zero. A

5% significance level was used. The results of these tests will be dis=-

cussed in the sections which follow.
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One-Compartment Reactor Data

The relative conversion differences based upon the perfectly-
mixed and the measured distributions of residence times are shown in
columns 12 and 13 respectively of Table VI,

In some of the runs dye was present and in others it was not
present. The mean values of relative conversion difference based upon
the perfectly-mixed distribution when dye was present and not present
were .060 and .0L49 respectively. At a 5 percent significance level
Qhe difference between these means was not significantly different from
zero., Thus it was not necessary to reject the hypothesis that dye does
not have a significant effect upon fractional conversion. The data were
then combined and treated together.

The relative conversion differences based upon the perfectly=-
mixed distribution are shown in Figure 17. Tests (1) through (4), as
describéd in the previous sectidn, were performed upon this data. The
‘mean value of relative conversion difference was .053 and the estimated
universe standard deviation was .052 and the number of samples was 31,
For the test of the null hypothesis that the mean value of relative con-
version difference was not significantly different from zero the value of
Z was 5.7. (See page 102 for the definition of Z.) Upon using a 5%
significance level the null hypothesis was rejected and it was concluded
that measured conversions were significantly higher than thése predicted
by the perfectly-mixed distribution for the one-compartment reactor.

Relative conversion differences based upon the measured distribu-

tions of residence times are shown in Figure 18. Tests (1) through (L),
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which are described in the previous section, were performed on these data.
For the test of the null hypothesis that the mean conversion difference
was zero, the mean value of relative conversion difference was -.0l7 and
the standard deviation was .060. For a samfle size of 11 this difference
was not significantly different from zero at a significance level of 5%
when using a t-test. (See page 102 for the definition of t.) Therefore
the differences between measured conversions and those calculated by the
measured distributions of residence times were not significantly differ-

ent from gzero for the one-compartment reactor.

Glass-Bead Reactor Data

The relative conversion differences based upon the measured
distributions of residence times for the glass-bead reactor are presented
in column 11 of Table VII and these data are shown in Figure 19, Tests
(1) through (4) described on page 60 were performed upon these data. The
mean value of relative conversion difference was .034 and the estimated
universe standard deviation was .099. The number of samples was 31. At
a 5% significance level the mean difference was not large enough to
make it necessary to reject the hypothesis that the difference was zero.
On page 56 it was discussed why this mean difference is actually even
smaller than .034, Therefore, for the glass-bead reactor, measured con-
versions were not significantly different from those calculated by the

measured distributions of residence times.

Two-Compartment Reactor Data

The two-compartment reactor relative conversion differences based

upon the measured distributions of residence times are presented in column
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11 of Teble VIII and are shown in Figure 20. All 20 relative conversion
differences are greater than zero, The null hypothesis, that the mean
value of relative conversion difference was zero, was rejécted and it was
concluded for the two-compartment reactor that the measured conversions
were significantly higher than those calculated by the distribution of

residence times.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Summarx

Conversions calculated from the measured distributions of
residence times for the one-compartment reactor were about five percent
of the distance between conversions calculated'by the perfectly-mixed
and slug-flow distributions. Similarly conversions calculated from the
glass~bead and the two-compartment reactor distributions were 80 and
55% respectively, of the distance between the perfectly-mixed and slug-
flow conversions. For the reactors with distribution functions relativelyi
close to perfect-mixing or relatively close to slug-flow, measured con- |
versions were not significantly different, at the 5% significance level,
from conversions calculated by the measured distributions of residence
times. For the reactor with a distribution function intermediate between
perfect mixing and slug flow, measured conversions, at the 5% significance
level, were significantly higher than those calculated by the measured dis-
tributions of residence times.

Representative distribution functions for the three reactors

are shown in Figure 21.

Conclusions
(1) A preliminary survey of the distributions of residence times
for & small, stirred, one-compartment reactor in which height and dlameter
were about equal indicated that differences between conversions calculated

from the measured distributions and conversions calculated by assuming a
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perfectly-mixed distribution were not important in most engineering
applications. The ranges of conditions investigated were for propeller
speeds greater than 30 r.p.m.; for residence times greater than 8 min.;
for entrance positions of the feed as shown in Figure 10; for any baffl-
ing arrangements in which the reactor was not divided essentially into
two or more compartments; and for either one or two propellers on the
same shaft at various distances from the bottom of the reactor.
(2) For the one-compartment reactor, measured conversions,
at a 5% significance level, were not significantly different from con-
versions calculated from the measured distributions of residence times.
The conversions were about 5% of the distance between conversions calcu-
lated for a perfectly-mixed and a slug-flow distribution of residence times.
(3) For a reactor in which conversions were about 80% of the
distance between conversions calculated for a perfectly-mixed and a slug-
flow distribution of residence times, measured conversions, at a 5%
significance level, were not significantly different from conversions
calculated from the measured distributions of residence times.
(4) For a reactor in which calculated conversions were about
55% of the distance between conversions calculated from a perfectly-
mixed and a slug=-flow distribution of residence times, measured conversions,
at a 5% significance level were significantly higher than conversions calcu-
lated by the measured distributions of residence times. Based upon complete
conversion being 100% this difference between measured and predicted
conversions, at a 50% conversion level, was (2.1 + 0.7)% and may have

been of engineering importance.
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(5) The reaction rate constant for the hydrolysis of tertiary-
butyl-brdmide in aqueous ethyl alcohol was given by the following correla-

tion

4,641 .22

log k.088 = 15.9501 - 5.,0225C - T+ 275.10

over the following ranges.df conditions
B < ¢ < .68
23 <T°C < 28
C, = .088
For other initial concentrations of tertiary-butyl-bromide the

following correction was applied to the reaction rate constant
koo " K088 = X 08 (+560)(.0880 - Co)

.05 < Cy < .088



APPENDIX I

ADDITIONAL DERIVATIONS

Calculation of Conversibniwhich hes Occurred Before Sempling

£f=0 Reactor f Sa.mpling f+AfF >

Figure 22, Sampling Model

Let f be the fractionalconversion occurring in the reactor and Af
the additional conversion occurring during sempling time At. If the conver-
sion occurring during sampling is assumed to be equal to the conversion

occurring in & batch reactor in time At , then

AT = (1-£)(1 - ™Y (13)
and therefore
~-kAt
- e-kAm

Maximum Error Caused by Using & Mean k

The temperatures in the two-compartment reactor differed by a
meximum of 0.25°C. The maximum error caused by using & mean k instead of
k's for each compartment will now be estimated.

From Figure 13 it can be seen that the distributions of residence
times for the two-compartment reactor are approximately that for two perfectly-

mixed reactors in series, The error caused by using a mean k will be estimated

by using the distribution for two perfectly-mixed reactors in series.

-73-



i

Using the data of run 4k

-1
ty = 2k, T7°C k; = .001187 sec.
tp = 25,02°C k, = .001222 sec.™
TS Ty = 5.89 min.

Conversion Using k's for Each Compartment

ke 7T
BT 001187 x 60 x 5.89 . 2ossp
f = 1+kym 1+ ,001187 x 60 x 5.89 +2955

ko T
g, =22 _ 2001222 x 60 x 5.89 = 30161

1+k, s 1+ ,001222 x 60 x 5.89
£ o= £ +1, (1 - fl) = 450800

Conversion Using an Average k
K7y 0012045 x 60 x 5.89
f zf = = X 2 =.288
1 2 1+kT 1+ .0012045 x 60 x 5.89 995
£ o= £ + £ (1 - 1) = .50801
% error = L £002%
50,800

Therefore the error caused by using a mean k for the two-compert-

‘ment reactor is negligible.



APPENDIX IT

DETAILED DATA AND SAMPLE CALCULATTONS

Calculations for Run}h5

In this section detalled data and sample calculations for run 45

are presented.

Klso smample calculations for the statistical tests are

glven on page 86 . For Table IX the column headings are:

Column

1

® =X o

9
10

11

Description
Sample number
Time of start of sample withdrawal from the system.
Time of completion of sample withdrawal from the system.
Time of start of quench of sample.
Time of completion of quench.of sample.
Sampling time, sec.
Net ml. of NaOH required to titrate the sample.
Net ml, of NaOH required to titrate a sample which
has completely reacted.
Product of reaction rate constent and gampling time.
Conversion occurring in the reactor and during sampling.

Calculated conversion occurring in the reactor,

The volume of the system between the colorimeter and the sampling

point was 14 ml,

The total volume of liquid withdrawn during sampling was

28 ml, The sampling time equalled the average time for liquid to flow from

the reactor outlet to the sampling point, plus the difference between the

average quenching time and the average time for sample withdrawal.
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Mo = %% x 13 + (b6 + 25)'; (15 + 0) = 34,5 sec,

In column 9, k = ,001281. See page 85 for the calculation of k
from the batch correlation.

In column 10, f + Af = 2.0 .5859
Lo k5

From Equation (14) A

e o (£4t6) -(1-e" )
e-kAm
= ,5676
For Table X the column headings are:
Column Description
1 Time corresponding to the measurement in column 2 or 3.
2 Level of aqueous ethyl alcohol in storage.
3 Level of tertiary-butyl-bromide in storage.
L Reading of the inclined manometer indicating the

aqueous ethyl alcohol flow-rate,
5 Reading of the tertiasry-butyl-bromide rotameter.
6 Reading of the inclined manometer indicating liquid

level in the reactor.

7 Temperature of compartment 1, °C.
8 Temperature of compartment 2, °C,
9 Temperature of bath, °C.
10 Propeller speed, r.p.m.
11 Flow rate of liquid leaving reactor, ml./min.

12 Room temperature, °F.
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Aqueous Ethyl Alcohol Flowrate

The aqueous ethyl alcohel flowrate was measured by the displace~

ment from the storage bottle.

Time Level Volunme
2,55:30 32.0 31.40
4,50:30 15.8 11.30
1.55:00 55:16

The volume of liquid in the storage bottle was obtained from the

level in storage by the calibration given on page 95.

Aqueous ethyl alcohol flowrate = %%;18% = 174.8 ml./min.

Tertiarnyutyl—qumide Flowrate
The tertiary-butyl-bromide flowrate was also measured by the

amount of liquid leaving the storage bottle.

Time Level
2.56:00 15,86
4,51:00 6.13
1.55:00 9.73

The volume of the storage bottle was calibrated in terms of .
liquid level. The calibration on page 97 showed that volume was directly

proportional to level,

Tertiary-butyl-bromlide flowrate = l6'fi5xoo‘ 3 - 1.408 mla/mina

Reactor Materisl Balance

Total flowrate to reactor = 1Th,8 + 1.4 =176.2 ml./min,

Outlet flowrate from rFactor = 174,0

Volume out 174,0

Overall material balance = Volume in = 176.0 = ,988

Average overall flowrate 175.1 ml./min.
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Bulk Residence Time

The reactor volume was calibrated in terms of the height of liquid
in the reactor inclined menometer. From the calibration on page 99 the

reactor volume was 2085 ml.

)]

(@]
|CI)

\J1

. v o_ -
Bulk residence time = 7 = 175.1 11.91 min.

—3

Tertiary-Butyl-Bromide Material Balance

Concentration of tertiary-butyl-bromide in the combined inlet

stream to the reactor = 1.408 x 1.186 _ 06961 moles/1.
137.0 x 175.1

Concentration of tertiary-butyl-bromide in the outlet stream
41,05 x .0k204

from the reactor = .06903 moles/1.

25.00 ;
Tertiary-butyl-bromide material balance
_ Material out _ .06903 _ 992
Meterial in .06961 )

Calculation of the Distribution Function from the Recorder Trace

The dats and calculations of the distribution function from the
recorder trace, shown in Figure 23, are presented in Table XI. Points

read off the recorder trace are shown in columns 1 and 2.

Column Description
1 Number of chart divisions and proportional to time.
2 Height of trace.
3 Relative height of trace or fractional transmittance.
L Concentration of dye in outlet stream; obtained from

column 3 by the calibration on page 92.

1,664n
11.91

speed was 1.664 divisions/min,

5 Number of residence times © = , where the chart

6 Distribution of residence timeé'E(Q) = Ygé?l
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SAMPLE CALCULATION OF THE DISTRIBUTION

»830
.361
.270

1181
.199

829
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TABLE XTI

FUNCTION FROM A RECORDER TRACE

G ey G
rlooo Byl e Ll

I/1,

1.000
460
.36
256
227
,218
2240
277
.323
.36k
o
.505

° 570

631
684
° 736
L 781
.821
.856
- 904
LOk0
.961
976
.98k
° 987
.990
- 994
+996
.998
.999

c(e)

.0000
.0680
.0988
.1207
.1311
.1348
.1261
.1138
.0996
0720
.0601
. OLok
0405
0337
L0271
.0218
,0171
.0139
.0089
.0053
-003k
-0022
.0015
.0012
0009
-0006
- 000k
.0002
.0001

-.:,‘._
KSR TN I 1=
. s Lkt T )

\n\n\njr§r4ruo&ugu

>

S

1,664n
11,91

-03
eell
.25
-39
23
.67
81
-9
1.09
1.23
1.37

° o

2

°

AB8T&H B IW

®

®
1 o

6

E(8)

o 000
. 354
513
626
682
700
.656
<590
.513
437
o 3Th
312
257
.210
JATh
141
.113
.089
072
LOk6
o 028
.018
011

o 006
+005
.003
001
+001
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If the chart reading for clear liquid was arbitrarily set at

0.000, then the reading for 0% transmittance was 0.830. The relative

height of trace
0.8%0 '

The values of E(6) in column 6 were obtained by normalizing

height of trace =

the C(8) curve given in column k4.

First Moment

In Table XI, E(9) is given at non-integral values of 6, E(9)
was plotted as a function of 6 and values were read off at integral values
of 8. These values of E(9), along with other quantities used in calculating
the first moment and conversion, are glven in Table XII, which has the

following column headings.

Column Description
1 © = The number of residence times.
2 k76 where k = the reaction rate constant.
V

T == , the length of 1 residence time

'{f-

8 = the number of residence times.

3 e~k
L4 E(e) = Ygégl
5 e As

The first moment of the distribution function was calculated

from E(6) in column 4 and 646 in column 5 of Teble XII.
9 &
o Himit Jf G6E(6) do = 2: E6l9
0 o
For run 45 the firét moment was 1,044,
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TABLE XIT .

SAMPLE CAICULATION QF.THE FIRST MOMENT:AND CONVERSION '

1 2.- 3 p 5
) k70 e~kT0 E(8) oA 0
. 025 .023 JITT . 000 .0012
.1 .092 .912 i332 .01
2 ..183 834 479 .02
3 275 759 572 .03
oA . 366 693 635, Ok
o5 458 .633 676 05
3 6 550 577 ] 706 .06
.7 641 .527 695 07
°8 733 0)‘1'80 0665 068
9 438 621 .09
1.0 915 400 +566 .10
1.1 1.01 .36k s511 11
1.2 1.10 «333 459 .12
1.3 1.19 304 L4100 «13
L.k 1.28 278 . 362 o1k
1.5 1.37 254 0322 .15
1.6 1.47 .230 .280 .16
1.7 1.56 .210 243 A7
1.8 1.65 192 201 27
2.0 1.83 .160 +160 40
2.2 2,02 .133 .120 oLl
2.4 2.20 111 082 A48
2.6 2,38 .093 061 .52
2.8 2.56 07T <Ol 56
3.0 2.75 « 06k 030 .60
3.2 2.93 053 021 Ran
3.4 3,11 ~OU5 016 .68
3.6 3.30 .037 L011 .72
3.8 3.48 .031 .009 .76
4,0 3.66 026 -007 .80
4,2 3.85 021 006 .8k
bk 4,03 .018 005 .88
4,6 4,21 015 .00k .2
4.8 4,40 012 003 .96
5.0 4,58 .010 L0 1.00
5.2 Y76 ,009 001 1.04
Sk 4,95 007 001 1,08
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As discussed on page T the first moment or internal material

balance served as a check of a measured distribution function.

Conversion Calculated by the Measured Distribution of Residence Times
The conversion as calculated by the measured distribution of

residence times was given by Equation (6).

0
)
fyp, =1 - elitgn.oo \/F e E(e) de
o]
[od
21‘2 A O R
o

For this run fiy = 0.5452

Calculated Reaction Rate.CQnstant

It was shown on page 75 that a mean reaction rate constant could

be used without introducing error.

- 25“05 + 250:!;9 = 25.1200
2

mean
Cprog = «0539

Ugon meking these substitutions in Equation (10).

15,9501 = 5.0223 (.6539) - 4,641.22 [ (273.1 + 25.12)

1}

lOg k.088

.001267 sec. T

]

k 088

- where k.088 was the reaction rate constant for an initial concentration
of tertiary-butyl-bromide of .088 moles/liter. For an initial concen-

tration of .0696 moles/liter, by Equation (11).
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k0696 = K 088 = .001268 (.580)(.0880 =~ ,0696)
k = ,001281 sec,™t
L0696 = ¢ y

Conversion Calculated by the Perfectly-mixed Distribution

. _ .kt . _ 11.91 x 60 x .001281
P.MD. " 1 4 ke 1+ 11.91 x 60 x ,001281

= W79

Conversion Calculated by the Slug Flow Distribution

f = l - e-.'l ‘ = u5998

Relative Conversion Difference Based Upon the Measured Distribution

Function

o £ - fyp, 5676 - 5h52 _ qg)
" g, " Toap, 7998 - HTD

Sample Calculations for Statistical Tests

Effect of Dye

The relative conversion difference data ini: Table VI was tested
to determine whether dye had an effect upon conversion. The null hypo-
thesis was that the difference between relative conversion differences
in the presence and absence of dye was zero., Let 1 and 2 be subscripts
denoting the presence and absence of dye respectively.

For the data in Table VI

Fy 04902

]
il

06004 Fy
N = 12 No 19

2
of = 00272 0, = .00227

il

I,_I
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The variances were close enough to being equal to assume that
the variances for the two universes were equal. Since the sampleé were

small the t-test described by Duncan(lh), page 394, was used.

Using a two-tailed test and a 5% significance level the critical
t was 2.045. Therefore the hypothesis was not rejected and the data did not

indicate that dye had a significant effect upon conversion.

X - Chart
The tests described on page 60 were then performed upon all the
data used in the previous section.

The null hypothesis was that the means of all runs were the

same
F = .0533
oF = .0359
Hence an unbiased estimate of the standard error 6% = ,0398
N = 31
The upper limit was A
= 3%
F + — = ,1130
Ji
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The lower limit was

A .
%%
- e = m 30065

o

None of the means .for the runs were outside this interval,

el

1

Therefore, the hypothesis was not rejected.

Barlett s Test

‘Bartlett's Test which was described on page éﬂ., was used to test
for constant variability. The null hypothesis was that the variances for
the individual runs were a homogeneous set,

TABLE XIIT

SAMPLE CALCULATIONS FOR BARTLETT'S TEST

Nﬁgger o° log o°
11 .001859 7.2693 = 10
12 000511 6.7084 = 10
13 .000891 5;9500 - 10
14 | 001941 7.2880 - 10
15 000642 6.8075 ~ 10
16 .000147 6,1673 = 10
17 .002129 7.3282 - 10
33 ,001025‘ 7.0107 - 10

—2
Arithmetic mean = ¢ = 0011437

log @ = 7.05832 - 10

log geometric mean = 6,94117 - 10



Let p = the number of variances

Then p =8 and n =N-1 =3

G = 2.3026 pn (log arithmetic mean - log geometric mean) (14)
= 64Tk

E=1+2%1 -1.1025 (15)

. Jnp

T 2.755

For n =7

X2 = 16,

05 16,0

The hypothesis was not rejected

X2‘Test of Nermality

From the results of the last two tests it was reasonable to
assume that the means of the runs could be used to estimate a universe
mean and the variance of the runs could be used to estimate a universe
variance, |

The null hypdthesis was that the data were normally distributed

with ¥ = .0533 and o' = .052

N =31
Let ¥ = the theoretical frequency
and y = the actual frequency

TABLE XTIV

SAMRLE CALCULATIONS FOR THE TEST OF NORMALITY

Upper limit 2
of class Z Y y 1X;§%J2l_
.00 -1.05 L. 557 L .068
03 - L6 5.766 8 865
.06 I3 6.789 7 007
.09 T3 6.66% B L16
.12 1.32 L,34%0 L 027
® © 2,883 3 .005
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The hypothesis was not rejected.

Significance of the Mean

The previous test had shown that the data can reasonably be
assumed to be approximately normally distributed. The null hypothesis for
this test was that the mean, f, of the relative conversion differences

based upon the perfectly-mixed distribution was zero.

N =231

F =.0533

o' = ,0520

Z =E-3—,@= 5.7

For a 5 percent significance level Z = 1.96.
The hypothesis was rejected and it was concluded that the relative

conversion differences were significantly different from zero.

Confidence Interval for the Mean

The 95 percent confidence interval for F is

B t _/'N’ - 00533 + -0183
But - f = .0052

M. P.M.D.
Therefore the 95 percent confidence interval for ?ﬁ - ff M.D

.0183 x .0052
-0032 + L0533

1]

(0.5 + 0.2)%

i



APPENDIX IIT

CALIBRATIONS

Dye Concentration as a Function of Colorimeter Reading

The amount of dye in the stream leaving the reactor was measured
by a colorimeter which was calibrated by solutions of dyes mixed up to
desired concentrations. A calibration curve for "Pontachrome" blue black
r.m, conc., in aqueous ethyl alcohol containing .0575 moles of HBr per

liter is shown in Figure 24, The calibration follgwed Beer's Law very

closely
log = = K¢
To
where
I = the intensity of incident light
I = the intensity of emergent light
C = the concentration of dye
K = the absorption coefficient

Thermometer Corrections

The thermometers when totally immersed in liquid were calibrated
against thermometers which had been callbrated by the National Bureau of
Standards. The calibrations are presented in Table XV and are shown in
Figure 25. The standard thermometer for readings 1 through 9 was PRINCO
460641, and for readings 9 through 15 was PRINCO 461707, ~In Table XV

correction was true temperature minus the thermometer reading.
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TABLE XV
THERMOMETER CALIBRATIONS

___Corrections °c B
Reading Temperature AMINCO PRINCO EXAX EXAX EXAX

Number °¢ 4002 224273 478 7375 7601
1 16,32 -.07 -.13 - 07
2 16.59 +,13
3 19,67 -0 -, 06 -0
L 24,93 -0k -.02 -0k
> 25.12 +.07
6 29.38 -.03 +.05 - 02
7 35.76 +.10
8 45,69 +.,03
9 51.63 -.05 -.04

10 50.51 - Ob
11 59.81 - .0
12 70.30 -.13
13 79.97 -.12
14 90.10 -.15

15 99.26 +.06
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Aqueous Ethyl Alcohol Feed Bottles
The volumes of the aqueous ethyl alcohol feed bottles were
calibrated in terms of liquid level, These data are presented in Table

XVI and are shown in Figure 26.

TABLE XVI
CALIBRATION OF THE AQUEOUS ETHYL AILCOHOL FEED BOTTLES

Volume Liquid Level

Liters "~ 3.gal, bottle 5.gal.bottle . | 12 gal. bottle
1 3.9 3.60 o
2 6.60 5,64 7.8
3 9.25 7,58
b 11.91 9.39 9.6
5 14,53 11,28
6 17.14 13.09 - 11,4
7 19.78 14.90
8 22,39 16.71 13.1
9 24,99 18.55

10 27459 20,37 1,7
11 30,56 22,19

12 2k, 02 16.4
13 25.85

1L 27.67 18,0
15 29,51

16 31.30 19.6
17 33.20

18 35.23 21,3
19 38.63

20 22,9
22 2k,5
2k 26,1
26 27.7
28 ‘ 29.3
30 30.9
32 32,5
34 34,1
36 35.7
38 37.4
Lo 39,2

k2 I
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Figure 26, Volumes of the Alcohol Feed Bottles.
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Tertiary-Butyl-Bromide Feed Bottle

The volume of the tertiary-butyl-bromide feed bottle was cali-
brated in terms of liquid level., These data are presented in Table XVII -
and are shown in Figure 27. The volume level relation was found to be

linear and the slope was 16,6l ml./cm.

TABLE XVII

CALIBRATION OF THE TERTTARY-BUTYL-BROMIDE FEED BOTTLE

Liquid ILevel Volume
Cm, Ml.
25,56 505.1
24,00 478.1
22,73 457.1
21.02 429k
19.80 409,3
18.27 382.3
16,88 359.3
15.59 337.1
14,09 313.2
12,43 283.8
11,18 263.2
9.70 - 238.8
8,35 216.7
6.77 188.9

541 166.5
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Figure 27, Volume of the Tertiary-Butyl-Bromide Feed Bottle,
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Two-Compartment Reactor Volume

The liquid level in the reactors was measured by an inclined
manometer. The reactor volumes were measured as a function of liquid
level. For the two-compartment reactor the calibration is presented in

Table XVIII and shown in Figure 28,

TABLE XVIII

VOLUME OF THE TWO-COMPARTMENT REACTOR

Liquid Reactor

Level Volume, ML,
39.9 1930
42,8 1962
4,0 1979
48,1 2025
49.7 2041
57.0 2116

57.2 2119
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Figure 28, Two-Compartment Reactor Volume Calibration,
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B, B!
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Crron
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fp.MD;
f5,F.D.
Fq

F(9)

NOMENCLATURE

Constants

Censtants

Initial Concentration of tertiary-butyl-bromide,
moles/1.

Mass fraction of alcohol in the agueous ethyl alcohol

Concentration of tracer in the exit stream for a
pulse experiment, grams/ml.

Constant
Activation energy, cal./mble

Non-cumulative distribution function for the outlet
stream, dimensionless

Measured fractional conversion, dimensionless

Fractignal conversion calculated by using any dis-
tribution of residence times, dimensionless

Fractional conversion calculated by using a measured
distribution of residence times, dimensionless

Fractional conversion calculated by using the per-
fectly-mixed distribution of residence times, dimen-
sionless

Fractlonal conversion calculated by using the slug-flow
distribution of residence times, dimensionless

Relative conversion difference based upon the distri-
bution function i, dimensionless

Cumulative distribution function for the outlet stream,
dimensionless

Defined by Equation (14)
Defined by Equation (15)

Intensity of the emergent light beam

=101~
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Is Intensity of the incident light beam

1(e) Non-cumulative distribution function for the reactor,
dimensionless

k ‘Firstwvord,er reaction rate constant, sec,~1

kq " First-order reaction rate constant in a solution -

whose initial concentration ¢f tertlary-butyl-
bromide is Cq moles/l., sec.~t

K Absorption coefficient

n Degrees of freedom

N Sample size

P Number of variances

Q Quentity of tracer injected in the pulse, grams
risik Multiple correlation coefficient

R Gas constant, 1.987 cal./mole °K.

t Time measured from the intrnductién of the signal

in a tracer experiment, sec.

t Deviation of a variable from its mean divided by an
estimate of the universe standard deviation based
on the sample standard deviation, dimensionless

tey @ point of a t distribution, dimensionless
T | Temperature,  °C
v Volume of flow system, ml.
'y Actual frequency
Y Theoretical frequency
Z A varisble measured from the universe mean in terms of .

the universe standard deviation
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Other Symbols:

o Ievel of significance

2] Number of residence times, dimensionless
T Mean residence time, .Y\; S€C,
@ Variance
o' Standard error
= An estimate of o'
F F
o:F"_ Standard error of F
X2 Sample sum of squares divided by the universe variance

8

Infinity
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