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CONTINUOUS CRYSTALLIZATION OF HIGH EXPLOSIVES
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ABSTRACT

Nitroguanidine (NQ) is a high explosive that is commercially avail-
able in low bulk density form (O. 20 to O. 30 g/cma). This low bulk
density limits its usefulness as an explosive.

High bulk density NO can be produced from a NQ-N, N-dimethyl -
formamide-Versamid 125 system when crystallized in a mixed suspension
mixed product removal crystallizer. Bulk densities ranged from O. 92
to 1.05 g/cm= for the operating conditions used.

The effect of agitator speed, growth rate, and solids concentration
on nucleation rates was determined using a multiple linear regression
technique. The resulting equation is: B = O. 19 (rpm)l” - (G)l” 68 (MT)O” ‘.
The result is consistent with postulated secondary nucleation mechamsms.

Nucleation rate, number per ml mother
liquor per unit time

NOMENCLATURE

Concentration in exit mother liquor, g/ml
solution

Concentration in feed solution, glml
solution

Concentration from volubility diagram,
g/m~ solution in crystallizer

Constant relating to agitator speed

N, N-dimethylformamide

Growth rate, @/rein

Order of nucleation relating to growth rates

Order of nucleation relating to solids con-
centration

Constant

k
m

k
n

kv

L

‘T

m

n

n(L)

n
o

Q.
1

Q(L)

Constant

Constant

Constant relating to vokmetric shape factor

Particle size, ~

Total weight of crystals per unit volume of
mother liquor, g/ret

Mass of crystal, g

Population density, number per unit volume
mother liquor per unit size

Population density function

Nuclei density, number per unit size per ml
mother liquor

Flow rate into crystallizer, ml/min

Function re~ating product removal to size L



Q Flow rate out of crystallizer, ml/min
o v Volume of crystallizer, liters

rpm Agitator speed, revolutions per minute w Mass fraction

s Supersaturation = C -C s, g/ml of so~ution x Dummy variabIe

t Time, min P Density, g/cma

T Holding time, min

I. INTRODUCTION

A. Background

Nitroguanidine (NC2) is a high explosive that

was first used by the Germans in World War I. .Its

main practical use is as an ingredient of flashless

propellant mixtures. 1 It is also used as an explo-

sive for various military applications.

The molecular weight of NQ is 104 and the

empiricai formula is C& N402. Jousselin2 synthe-

sized it first in 1877 by dissolving guanidine nitrate

in fuming nitric acid through which nitrous oxide

was bubbled. This solution was heated for a few

minutes, after which it was poured into water to

precipitate the product. The most practical current

method of preparing NQ is that of adding guanidine

nitrate to concentrated sulfuric acid. 3

NQ has a crystal density of 1.77 g/cm3. 4 In

the production of NQ, which involves a final water

crystallization, c rystals are produced in a fine

needle form having a bulk density of O. 20 to O. 30

gfcm=.

A crystal product of this type has many

characteristics that limit its usefuhess. For

instance, the detonation velocity of No at a density

of 1.0 g/cm2 is 5300 m/see, s while the detonation

velocity of trinitrotoluene (TNT) has a lower va~ue

of 5060 m/sees at the same density. Ordinary

TNT can be manually packed to this density, but

the NQ, even when intensely pressed by mechanical

methods, can be compressed to densities approach-

ing 1.0 g/cm= only with difficulty. Further, its

low weight per unit volume causes shipping and

storage problems. Another disadvantage of this

which makes it difficult to use in slurries for

pouring into shells, bombs, or other containers. 7

These problems can be alleviated if crystalli-

zation of NC) into a more useful form could be

implemented. Pritchard and Wright’ describe a

procedure in which NC2 is dissolved in boiling water

and introduced into methanol. Bulk densities of

O. 96 gfcm= have been produced by this method.

Cave, Krotinger and McCalebe reported the effects

of varying the rate of crystallization of NQ from

water to which wetting agents were added. How-

ever, the melting point of the product was Lowered,

indicating contamination.

The above studies were carried out in batch

processes. It is often difficult to reproduce the

product exactly, especially its crystal size distri-

bution, habit, and purity, from batch to batch. A

better method for studying crystal size distribu-

tions, habits, and purity would be found in a con-

tinuous process. A continuous mixed suspension

mixed product removal (MSMPR) crystallizer is an

ideal too~ for studying crystallization processes. s

As in any process, material and energy

balances are necessary to describe the system. In

crystallization processes, however, material and

energy balances do not provide an adequate

description of the state of subdivision of the par-

ticulate matter. A balance involving crystals in

discrete size ranges that can be related to opera-

ting conditions of the crystal~izer is needed. This

balance is called a numbers or population balance.

The crystal size distribution, habit, and purity of

NQ can be studied by incorporating the population

,

*
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type of NQ is the interlocking of its fine needles,
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balance with the kinetics of formation and the where P is the density of the particle and kv is a

growth rates of particles. shape factor.

B. Population Balance The mass of particles in the size range L to L

The development of the population balance can + dL in a volume of liquid V can be represented as

be facilitated by recognizing that as mass and
dm = ~kvL=n(L)dL . (5)

energy must be conserved, so must the number of

discrete particles. ‘o A change of phase from The mass in a finite range L1 to h can be

liquid to solid in a solution crystallizer results in a found by integrating Eq. (5), thus

co~lection of discrete particles of various sizes,
La

shapes, and ages. By the proper representations
m(btk) =~kv

J
L3n(L)dL .

of birth, growth, and death rates, one can account
LI

for all particles. Such an accounting is called a

population balance. 11
Simi~arly, the total mass can be found by

(6)

Since particle size is important in crystalliza- .-

tion systems, the population of particles wi~~ be = Pk
“r v J

L%( L)d L . (7)

defined as a function of size. Let n(L) represent o

the number of particles as a function of size L per
The mass fraction, W(LI, b), and cumulative mass

unit volume of solid-free liquid in a liquid-solid
fraction, W( L), can be found from

particulate system. This function is defined as the

population density, and the number of particles
k

found in size range L to L + dL in a volume of
pk

f
L3n(L)dL

v
LI

solid-free liquid V can be represented by W(Ll, k) =
‘T

(8)

dN = Vn(L)dL (1)
and

where N is the number of crystals, n(L) is the

population density as a function of L (this function
L

is yet to be determined), and V is the volume of
pkv

f
L=n(L)d L

liquid in the crystallizer. W(L) = 0 M (9)

The number of particles per unit volume of
L

liquid in a finite range ~ to L2 can be found by A similar development can be made for the

dividing Eq. ( 1) by V and integrating surface area of the particles and can be found in

L
Ref. 10.

N(Ll, &J =
J

n(L)d L (2) If an equation for n(L) can be determined, the

L1
development described above provides a convenient

method for determining the number of particles
and, similarly, the total number of particles is

from a screen analysis.
m

J

To deve~op an equation for n(L) using the
NT = n(L)dL . (3)

population balance, a continuous MSMPR crystal-
0

lizer is used. g Figure 1 schematically represents

If we assume that the mass, m, of each particle crystal ~izers of this type. They are characterized

can be related to the cube of its size, then by a clear feed so~ution of constant composition, a

(4)
well mixed slurry, and an unclassified product
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Fig. 1. Continuous mixed s~tspension mixed
product remova~ crystallizer.

removal. The force driving the dissolved material

to change to the solid phase can be provided by

cooling the solution, “evaporating the solvent, or

adding a nonsolvent liquid to cause precipitation.

The classical statement of conservation,

Accumulation = Input - Output (lo)

is now applied at steady state to the number of

particles in an arbitrary size range, AL, and time

interval, At: la

[NPUT OUTPUT

VG1nlAt = VG2 n2At + C2nALAt (11)

where G is the linear growth rate and Q is the pro-

duct flow rate. The number of crystals growing

into a size range of interest is considered the input,

while the output is represented by the number of

crystals growing out of the range of interest plus

the number of crystals removed from the crystalli-

zer.

Dividing Eq. ( 11) by At and rearranging, we

arrive at

Taking the limit as AL approaches O

v d(Gn)
—+ Qn. O .

dL

(12)

(13)

If we let V/Q = r, the ho~ding timet Eq. ( 13)

becomes

( 14)

McCabel= observed that crystals in suspension

often grow at the same rate, regardless of their

initial size, when subjected to the same conditions;

that is, G # G(L). This has become known as

McCabe’s AL law of crys~al growth. Assuming that

it ho~ds in this study, Eq. ( 14) reduces to

Defining no to be the population density of

(15)

embryo-size crystals and letting the size of these

crystals approach zero, Eq. ( 15) can be integrated

L

JJ

dn dL
—=-
n FT “

n o
0

Upon integration we arrive at

()Ln.n o exp
-aT “

(16)

(17)

This form of the equation has been used suc -

cessfully by many investigators.
S, 11,14, 16, 1S, 17

From a screen analysis of product crystals,

population densities at mean sizes of screen frac-

tions can be calculated by using an equation devel -

oped from Eq. (8)

W MT
(18)

n ‘pk EaAL
v

where AL is the difference between the screen

under consideration and the size of the screen

immediately above, and ~ is the average of these

two sizes.

Population de%sities obtained from Eq. ( 18)

are plotted as a function of size ~ on a semilog

plot. The resulting straight line has a slope of

- l/ G?and an intercept of no.

Data often deviate from this relationship; how-

ever, an alternative method, proposed by Randolph

and Larson, =o can be developed as follows:

.

.

*
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If we substitute Eq. ( 17) into Eq. (7), we get

‘T “o ~L3exP(-&)dL ~ (19)=Pkn

o

Letting x . (L/GT), Eq. ( 19) becomes

m

MT = kvno(GT)4
J

Xa e-xdx . (20)

o

Recognizing the integraL as the gamma function,

we can evaluate it as 3 factorial. Eq. (20) wiLl

reduce to

M = 6pkvno(G~)4 .
T

(21)

By using a cumulative size distribution plot,

weight percent for a given size can be determined.

Using a gamma function table and the weight per-

cent, w(x), chosen from the distribution pLot, a

corresponding x can be found. From x = (L/G7),

a vahe for G can be calculated for a given holding

time in the crystallizer. MT is independently

measured from experimental conditions in the

crystallizer. By using Eq. (21), a value for no

can be caicu~ated. A value for the nucleation rate,

Bo, can be obtained from the nuc Lei density, no, as

follows:

dn dn .L
-=~L”~=noG “

(22)

Evaluating Eq. ( 22) at zero size gives the nuclea-

tion resuLt as

B. = noG . (23)

This equation assumes that alL the crystals enter

the distribution as nuc Lei and grow to the larger

particles.

c. Nucleation Kinetics

Nucleation or crystal formation can take place

by homogeneous, heterogeneous, or secondary

mechanisms. Homogeneous nucleation occurs

spontaneously from highly supersaturated solutions.

When it occurs, alL the dissolved soLids drop from

solution. Homogeneous nucleation does not seem to

occur in industrial crystallizers, which generally

operate at lower values of supersaturation. Hetero-

geneous nucleation is nucleation that is catalyzed by

foreign materiaLs such as dust particles. Both

homogeneous and heterogeneous nucleation occur at

supersaturation levels that are too high for good

crystaL growth. Secondary nucleation occurs when

nucleation is induced by the presence of crystalline

solid or seed crystals. In most industrial crystal-

lization processes, secondary nucleation is the

dominant mechanism of crystaL generation. 17

Mason and Strickland -Cons tablele have sug-

gested three types of secondary nucleation. The

first is initial breeding, caused by washing crystal

dust from dry seed crystals placed in solution. The

second type is the result of breakage of needle and

dendritic growths from crystal surfaces. The

third is collision breeding, induced by coL~isions of

crystals with each other and with solid portions of

the crystallizer.

[n secondary nucleation, collision breeding can

be caused by crystal collisions with impeller blades

or other surfaces on the crystallizer, as weL~ as by

crystal-crystal contacts. Clontz and McCabe 1=

showed that a large number of nuclei were produced

from crystaL-crystal contact.

The NQ forms small twinned nee.Le crystals

when produced by the rapid addition of water to

saturated NQ solutions. Fine dendrites are pfo -

duced by this method, which is characteristic of

high supersaturation levels. These supersaturation

levels generate nuclei by a homogeneous nuclea-

tion mechanism.

The Longer retention times and better mixing,

which can be achieved in a cooling crystallization

process for NQ, favors the production of larger

crystals.

For mixed suspension systems, growth rates

are very nearly linear functions of super saturations:

G=kgS . (24)

5



It has also been shown that the dependence of

secondary nucleation on supersaturation in mixed

magma crystal ~izers can be expressed by simple

power law kinetic models:ll

Bo~$=kmSl . (25)

Nucleation and growth are occurring in the

same environment; therefore, they are dependent

on the same level of supersaturation and Eqs. (24)

and (25) can be combined to give

B. = knGi (26)

or

B.
no E — = knGi ‘1 .

G
(27)

The MSMPR crystallizer does not distinguish

between nucleation mechanisms. Further, experi-

ments such as Clontzls== and Mason Rsla do not pro-

vide empirical kinetic correlations for nucleation

rates that can be used in determining operating

conditions and scale-up for industrial crystallizers,

However, Youngquist and Randolph17 have tried to

bridge this gap between the mechanism studies and

purely empirical kinetics by measuring the output

suspension from a MSMPR crystallizer in situ

with a Coulter counter which is capab Ie of size

measurement down to 3 p . These studies produced

the relationship for an ammonium sulfate-water

system:

B. = kv(rpm)7”e4 Gl”2a MTO”g= . (28)

The strong dependence of nucleation rate on the

stirrer speed provides substantia~ evidence that

secondary nuclei are generated by collisions of

seed crystals with the impeller blades.

Rates of nucleation and growth can also be

varied by using surface and ionic additives. How -

ever, we do not yet know how to select an additive

that will produce a given effect in a given system.

Shor and LarsonLO found that ionic additives

increase the crystal size (reduce nucleation) and

surface active agents decrease the crystal size

(increase nucleation) on potassium sulfate. Liu

and Botsaris 15 used a MSMPR crystallizer to deter-

mine the effects of lead ion (Pb++) additives on the

nucleation and growth rates of NaC 1. They found

that the nucleation and growth rates, as well as

the dominant sizes, can be correlated by a Bimple

power function of impurity concentration. The

exponent in their nucleation rate equation [ same

as Eq. (27)] was a constant independent of impurity

concentration. The relative orders of nucleation

and growth rates were the only things that changed.

II. PRESENT STUDY

A MSMPR crystallizer was designed and

built for use with high explosives. The functionality

of the equipment was tested with an ammonium

sulfate-water-methanol system before using an

explosive material. This was done to ensure that

explosives cou~d be handled safely in the system.

Using the population balance method described

here, nucleation and growth rates were determined,

and the nucleation kinetic property, i, from Eq.

(2? was found to be 4.8. This compares well with a

value of 4. 0 reported by Larson, Timm, and

Wolff. ‘4 It a~so compares well with a value

reported by Robinson and Roberts as between 4 and

5.20 From these experiments we concluded that

the equipment described here is an efficient

MSMPR crystallizer.

On the basis of an unpublished report describ-

ing work performed in a batchwise manner, N, N-

dimethylformamide (DMF) was the solvent chosen

for the crystallization of NQ for this study. The

volubility of NQ in DMF is an order of magnitude

higher than its volubility in water. Figure 2 shows

the sohbilities as a function of temperature for

NO in DMF and water. Crystallizing N(2 from

water (by the batch method) also caused problems

in the thermal stability of the product. The DMF-

NQ crystallization process done batchwise gave

much better thermal stability than the water pro-

cess.

.

.

.
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Fig. 2. Volubility of NQ in DMF and water.

The objectives of this study are to produce a

high bulk density crystal and to determine the

nucleation kinetics for the NQ-DMF system.

Preliminary runs indicated that a concentra-

tion of 20 wt~~ NQ in DMF would be the optimum

OperatiOnal feed concentration. Holding time and

agitator Speed were picked as variables in the

study of the nucleation kinetics. The aim was to

determine whether the agitator speed produced an

observable effect on the nuc leation kinetics when

screen analysis was the method of particle size

characterization.

The first series of runs using NQ-DMF pro-

duced crystals of low bulk densities. These

crystals were twinned and agglomerated. This

will be discussed in the Results section.

Versamid 125 was then added in an attempt to

modify the crystal habit. Versamid is a polyamide

resin that is used as a wetting agent and as a

curing agent for epoxies. It is a condensation

polymer of dimerized linoleic acid and ethylene

diamine. 21 Blocky single crystals with high bulk

densities were produced by this method. Photo-

micrographs and values for bu~k densities will be

reported in the Results section,

Six runs were performed with constant NQ -

DMF-Versamid concentrations in the feed solution.

Versamid concentration in the feed solution was

O. 0 I wt% and the NQ was nominally 20 wt%. Agita-

tor speeds of 200, 250, and 300 rpm were selected.

Holding times of 18 and 30 min at each speed were

used.

HI. EXPERIMENTAL EQUIPMENT AND PRO-
CEDURE

A. Apparatus

Figure 3 shows a process flow diagram of the

continuous MSMPR crystallizer used for these

studies. Feed tanks A and B are 190-liter stain-

less steel vessels. The tanks are jacketed for

solution heating or cooling. Operating tempera-

ture ranges from 20 to 100” C. The receiver tank

is identical to the feed tanks except that its capacity

is 380 liters. Figure 4 is a photograph of the

apparatus.

The crystallizer reactor is a jacketed cylin-

drical stainless steel vesse~ 35.6 cm high by 25.4

cm diam. Three baffles are equally spaced 120”

around the periphery of the crystallizer. An 18-

cm-high by 16-cm-wide cooling coil is placed

inside the crystallizer. The agitator, placed

inside the coil, circulates the solution up the

annulus and down the inside of the coil. A Dynalco

tachometer indicates the agitator rpm.

The volume of the liquid in the crystallizer

varies between 7. 8 and 8. 0 liters, because a

liquid level control device periodically operates

the discharge valve. Crystallizer ‘temperature is

controlled by the flow of hot and co~d water mixed

through two control valves. Temperature is held

at *2° C. Cooling water is circulated through the

jacket and the coil inside the crystallizer.

The pumps in the system are Hills -McCanna

double-headed diaphragm pumps with a single

motor. Each head has an independent stroke

adjustment, thus giving an equivalent of four pumps

with two motors. Capacity of the recirculation

pump (P- 1) is 22 liters per minute. This pump

transfers solution through an in line Pall filter to

7
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Pall Filter
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Fig 3. Process flow diagram of the crystallizer.

.
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.
Fig. 4. Crystallizer system.
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remove solid impurities. The crystallizer feed

pump (P-2) has a capacity of 500 ml/min.

In this system crystallization can be accom-

plished either by cooling the hot saturated solution

or by adding another nonsolvent liquid, causing

precipitation of the desired product.

B. Material

The NQ packaged in 22. 7-kg drums was pur -

chased from Cyanamid of Canada Limited.

Technical grade DMF was purchased from

Matheson, Coleman, and Bell.

Versamid 125 was purchased from General

Mills, Inc. , Chemical Division.

c. Procedure

Ninety-one kilograms of DMF was placed in

feed tank A and heated to 90” C. The circu~ation

and feed pumps were turned on and the discharge

from both pumps was directed back into the feed

tank. This allowed the feed and circulation lines to

be heated to operating temperatures before the

introduction of the NQ.

Twelve grams of Versamid 125 was then added

to the hot DMF and the so~ution was allowed to cir-

culate for 30 min. NQ in the amount of 22.7 kg was

added to the DMF-Versamid solution. The entire

solution was allowed to circulate for another 30 min

to ensure homogeneity. The feed pump was

adjusted to the flow rate to give the desired holding

time. The agitator was set to the desired speed

as indicated by the tachometer. The crystallizer

was charged with seed crystals and mother liquor,

corresponding to the slurry concentration expected

during the run.

The feed was then directed to the crystal~izer

and al~owed to run for 10 holding times. Samples

were taken from the discharge of the crystallizer

by use of a stainless steel Buchner-type funnel.

The funnel has a 400-mesh stainless steel screen

for filtration. After the mother liquor was drawn

off, the crystals were washed in butyl acetate and

placed in a vacuum oven to dry.

The sample was wet screened using buty~

acetate as the transfer fluid. The flow rate was

approximately 150 m~/min of butyl acetate. Each

screen was washed for 2 min and then removed

from the stack. The openings in the screens were

710, 500, 350, 250, 177, 125, 88, 62, 44, and 30g.

The feed concentration of NQ was nominally

20 Wtqo. Versamid 125 concentration was O. 01 wt’%.

A sample of feed solution’ was evaporated to dry-

ness and the residual NQ weighed to determine the

actual feed concentration.

Agitator speeds of 200, 250, and 300 rpm were

maintained at each of two holding times for the

determination of nucleation kinetics. The holding

times were nominally 18 and 30 min.

IV. RESULTS

A. Bulk Dens ity

Six preliminary runs were conducted using NQ

dissolved in DMF. Table 1 shows the bulk densi-

ties of the crysta~s produced under various

operating conditions.

The product crystals exhibited twinned and

multicr ysta~ habits. The larger crystals were

agglomerated into snowball-like masses, and

smaller crystals were a fine, twinned, need~e-like

product. The combination of snowball and slender

needle forms gave low bulk densities. Figure 5 is

a photomicrograph of the crystals.

TABLE I

BULK DENSITIES AND OPERATING
CONDITIONS FOR NQ-DMF SYSTEM

Feed
Holding Tempera- Concen - Bulk

Time ture tration Density
Run (rein) (“c) rpm (wt%) (g/cm$

1 15 25 200 19 0.54

2 20 25 300 18 0.25

3 20 15 250 19 0.23

4 40 15 250 20 0.13

5 20 15 200 17 0.30

6 40 30 200 17 0.35

9



Fig. 5. Crystals produced from NQ-DMF system.

The product offered no advantage over the

commerical NQ and therefore was not accept ab~e.

In an attempt to transform the NQ from a

multi crystal to a single-crystal habit, Versamid

125 was added. We hoped that the Versamid, which

is used as a wetting agent in some applications,

would wet the surface of the nuclei and inhibit fur-

ther nucleation on the surface without affecting the

growth rate.

Six runs were made using the NQ-DMF-

Versamid system. The feed concentration was

established as 20 wt% NQ in DMF. The concentra-

tion of Versamid was O. 01 wt’%. The concentration

of the feed was measured by evaporating a known

weight of feed solution to dryness and weighing the

residue. Table It gives the bulk densities of the

product crystals and the operating conditions used

to produce these densities.

The products were blocky, single crystals of

high bulk densities. Figure 6 shows a crystal

10

TABLE II

BULK DENSITIES AND OPERATING
CONDITIONS FOR NQ-DMF-VERSAMID SYSTEM

Run

7

8

9

10

11

12

Fig.

Feed
Holding Concen - Bulk

Time tration Density
(rein) rpm (Wt%) (g/cm’)— .

18 200 19.98 1.02

19 250 19.20 1.04

18 300 19.60 1.04

30 200 19.37 1.01

30 250 19.80 0.963

30 300 18.71 0.92

6. Crystals produced from NQ-DMF-
Versamid system.

produced by this system. A few of the larger

crystals in these runs were slightly twinned, but

not to the extent that occurred with the NQ-DMF

system.

B. Nucleation Kinetics

Because of the multicrystal growth, we felt

that the NQ-DMF system did not produce crystals

that wou~d give meaningful nucleation kinetics.

Population density plots, made for a few runs,

showed a distribution skewed toward larger sizes

due to multicrystal growth.

Nucleation kinetics were determined for the

NQ-DMF - Versamid system only. Size distribution

data from screen anaiysis were used to determine

population densities. The appendix contains data

.

.
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obtained from screen analysis for the six rum plotted

as cumulative weight percent. Population densities

for the various size fractions up to size 214 # were

calculated from Eq. (18). Crystals larger than

214 I.Jexhibited slight twinning and were not used in

the calculations. More than 99~0 of the crystal

population occurs in the screen fractions up to

214 jA.

Figures 7 through 12 show the population den-

sities versus crystal size for the~e runs.

The data were fitted with a Least squares com-

puter program and plotted on semilog paper. The

growth rates were calculated from the known hold-

ing times and the slope, which was equal to l/GT.

The nuclei density was the intercept on these plots.

To test the mass balance for these runs, the

totaL so~ids concentration, M
T’

was calculated

from Eq. (.21). Nuclei density and growth rates

obtained from population density plots were used

for the calculations. Since crystals larger than

214 P were not considered, the calculated value of

MT was, in all cases, slightly lower than the

experimentally measured value.

Table III contains the operating conditions and

nucleation kinetics for the NQ-DMF-Versamid

system.

Using Eq. (23), values for nucleation rates

were calculated. Because of secondary nucleation

considerations, the effect of the agitator speed on

the nucleation rates was investigated. Figure 13

is a plot of the nucleation rate versus agitator

speed. The two distinct curves represent high

growth rates with short holding times (high driving

forces) and low growth rates with long holding

times (low driving forces).

An increase in nucleation rates was observed

as agitator speeds were increased at high driving

forces. At conditions of lower driving forces, the

agitator speed seemed to have no effect on nuclea -

tion rates.

Ho!4ing tire* =16 min

A@otor sped. 200 rpm

6,= 3i?.63 p

no .1335 (NO./mbp)

SizoL (~)

Fig. 7. Population density for run 7.

1

Holdiwtkm =191nkl

Agitatw spwd. 250 rpm

6,= 30.73p

no =1575 (K.hl.p)

●

SizoL (~)

Fig. 8. Population density for run 8,

0
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Haldinq tinw = 18 mln

Agitataf spwd = 300 ~

G ~20.95p

nO =2769 (No./II@ )

●

I 1 1 I

50 100 200

SIzo L /:)

Fig. 9. Population density for run 9.

1 I I 1

Holding time . 30 min

Agitator speed = 250 rpm

G,= 37.66&

no= 1260 (w./ml”#l)

●

. .

1 1 I I

50 100 150 ?.00

Slzo L (p)

Fig. 11. Popu~ation density for run 11.

12

D

o

I I I 1

Haldima tinw =30 *

\ wttOtor wed =200 m

a,* 36.43 p

nO = 1215 (No.hl. P)

●

I I I I
50 100 150 200

Slza L (P)

Fig. 10. Population density for run 10.

I I I I

Holdhw ?bw “ 30 min

wotor wod = 300 rpm

I&. 34.46 p

nO .13Z0 (No./ml”p)

●

●

1 I I I

50 100
six,L i~]

200

Population density for run 12.

0

0
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Run

7

8

9

10

11

12

TABLE 11[

NUCLEATION KINETICS FOR NC2-DMF-VERSAMID SYSTEM

Holding Agitator ‘T ‘T
Time Speed G ‘O Experimental Calculated
(rein) (rpm) (~fmin) (No. /ml”#) (g/ml) (g/ml)

18 200 1.81 1335 0.0230 0.0161

19 250 1.62 1575 0.0168 0.0149

18 300 1.61 2769 0.0231 0.0206

30 200 1.28 1215 0.0325 0.0281

30 250 1.26 1260 0.0336 0.0260

30 300 1.15 1320 0.0225 0.0198

,,aoom~
Agitator Speed (rpml

Fig. 13. Effect of agitator speed on nucleation
rate.

A multiple linear regression analysis was

applied to the data, and the result, described in a

form similar to Eq. (28), is shown as

B. = (O. 19) (rpm)l. s4 (G)l. ss (MT)”.09 . (29)

These results, plotted as Bo/(rpm)l. ‘4

(MT)”. 0’ versus G, appear in Fig. 14.

c. Yield

I.0

0.9

O.a

0.7

0.6

0.5

0.4

0.3

0.2

I

●

I
Lo 1.5 2.0

G (p/rein)

Fig. 14. Nucleation rate versus growth rate.

The yield from a MSMPR crystallizer can be

obtained from a material balance. The weight of

NQ in the inlet stream must equal the weight of NQ

13



in the outlet stream plus the weight of solids

removed as product.

The concentration of NC2 in the mother liquor

can be found from

QOC = f2iC i - QOMT (30)

where C is the concentration of the NQ dissolved in

the mother liquor, Ci is the NQ concentration in

the feed stream, and M
T

is the concentration of

solids leaving the crystallizer. Qi and Q. are the

flow rates into and out of the crystal~izer, respec-

tively.

The yield is equal to the NQ produced, divided

by the total amount of NQ

tion. Thus ,

C)iCi - QOC
yield =

QiCi - Q C
0s

available for crystalliza-

(31)

where C~ is the concentration at the saturation

temperature. At steady state, the flow rate in,

Qi, equals the flow rate out, Q
o’

and Eq. (31)

reduces to

C.-c
yield = & .

i s
(32)

Table IV gives the values for the yie~d for the

six runs. The low values are typical of Class I

crystal ~izers, in which a measurable stable super -

saturation exists. In Class 11 crystallizers with

immeasurable super saturations, the value of C

approaches Cs and high yields result.

TABLE IV

PRODUCT YIELDS FOR
NQ-DMF-VERSAMID SYSTEM

Holding
Time Yield

Run (rein) (%)

7 18 33

8 19 27

9 18 34

10 30 49

11 30 47

12 30 40

A sample of mother liquor was evaporated to

dryness and the residual NQ weighed. The weight

fraction of NQ in the mother liquor was O. 167.

The weight fraction of NQ in the feed was 0. 198.

From MT, as calculated by Eq. (30), and a

measured density of O. 985 gJcma for the mother

liquor, the weight fraction of solids leaving the

crystallizer was calculated to be O. 031. The same

weight fraction was experimentally measured as

O. 032.

Growth rates for these runs were plotted as a

function of supersaturation in Fig. 15. Data from

this plot, coupled with the population balance and

the mass balance, can be used to simulate NQ

crysta~lization in crystallizer of arbitrary con-

figurations. Thus, using the crystal-size distri-

bution algorithm developed by Randolph and

Larson, ‘0 the following set of equations would be

sufficient to describe the size distribution, pro-

duction, and yield in a Class I steady-state backed

mixed crystallizer:

.0-

1.6

1.2
~
E
\
a

w 0.8

0.4

I 1

.

/

●
.

()~
o 0.02 0.04 (

C-C~ (g NQ/ml solution)
Fig. 15. Growth rate versus supersaturation

(c-Cs).
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Population Balance

Mass Baiance

Nucleation Kinetics

Growth Kinetics

Solids Concentration

Production

Yield

~~=
dL

QiNi - [QO(L)] n

.

QiCi = QOC + Pk
J[ 1QO(L) nL= dL

v
o

B. = kn(rpm) D GiM~

G =kg(C - Cs)

m

MT = Pk
f

nLs dL
v

o

m

P = pkv
J

Qo(L)nL3dL

o

Ci-c
Yield = —

Ci - C5

(33)

(34)

(35)

(36)

(37)

(38)

(39)

The kinetic parameters k k D, i, and j, have
n’ g’

been determined for the NC1-DMF-Versamid system

in this study, thus permitting prediction of crystal-

lizer performance with various crystallizer designs.

v. CONCLUSIONS

1. High bulk density NQ crystals can be pro-

duced from a NQ-DMF-Versamid system in a con-

tinuous mixed suspension mixed product removal

crystallizer. Bulk densities ranged from O. 92 to

1.05 g/ems for the operating conditions used.

2. The effect of the agitator speed, growth

rate, and solids concentration on the nucleation

rate was determined using a multiple linear

regression technique. The resulting equation is:

B. = O. 19 (rpm)l” w (C)1-6* (MT)O”~. This result

is consistent with postulated secondary nucleation

mechanisms.

3. The kinetic parameters k = O. 19, kg =
n

57. I, D = 1.54, i = 1.68, and j = 0.09, have been

determined for the NQ-DMF-Versamid system.

Coupling these parameters with the population and

mass balances, crystallizer performance for

various crystallizer designs can be predicted.
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APPENDIX

CUMULATIVE SIZE DISTRIBUTION PLOTS

.
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Fig. A-1. Run 7.
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Fig. A-3. Run 9.
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Fig. A-2. Run 8
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Fig. A-4. Run 10.
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Fig. A-5. Run 11.
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