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ABSTRACT
An extensive experimental investigation has been carried out to study salt crystal-
lizer behavior and performance for both units with external and internal heat ex-
changer. The general objectives of the work were to gain a deeper understanding of
the phenomena which play a role, so that salt crystallizer design becomes more of a
science and less of an art.

Based on the results of the investigation, a design procedure for salt crystallizers
is put forward. This procedure comprises calculation of pressure loss and heat
transfer surface area, and also a correlation of mean crystal size as a function of
operating conditions. The latter correlation is derived from nucleation and growth
kinetics, which have been determined experimentally.

A computer program has been developed which can be used for optimization of
design in cooperation with the NEM (Leiden, Holland), as manufacturer of salt
crystallizers.

INTRODUCTION
Crystallization of sodium chloride is by necessity ef-

fected by evaporation because the solubility is scarcely a
function of temperature. Most evaporating crystallizers
used in modern industrial practice are of the forced circula-
tion (mixed suspension), circulating magma type. These
crystallizers typically produce salt with an average size in
the range of 400-600 /Am. Users specifications for white
salt include purity, shape and size distribution (mean size
and uniformity) of the crystals. The latter basic properties
affect the flow, handling, storage and packaging charac-
teristics of the crystalline material. Designers of industrial
crystallizers are thus faced with the problem of predicting
the crystal size distribution (CSD) with sufficient accuracy.
The reliability of most design methods is, however, poor
due to the shortage of pertinent data concerning crystalliza-
tion kinetics and process configuration. The lack of data,
applicable to industrial systems, arises from the complexity
of the unit operation of crystallization. Crystallization is
governed by complicated processes, that through their in-
teraction generate the crystal size distribution. Some insight
into the mechanisms of crystallization may be provided by
the information flow diagram depicted in Figure the prod-
uct magma concentration is determined by the mass bal-
ances and the solubility curve. The degree of supersatura-

tion is determined by the rate of evaporation, the rate of
discharge as well as by the total crystal surface area in the
vessel. The supersaturation then is the driving force for the
rate of formation of nuclei and the rate of growth, which
both are influenced by the suspension hydrodynamics. The
nucleation rate is moreover dependent on the magma con-
centration. Nucleation and growth kinetics and the mean
crystal residence time as a function of particle size, which
depends on suspension hydrodynamics, finally determine
the crystal size distribution through the numbers balance.
The latter states that the number of particles within any
given size range must be conserved at steady state. The
crystal surface area available for deposition follows from
the CSD, thus completing the feedback loop.

Although crystallization is known to be a very complex
operation, rapid progress has been made in the past decade
through quantitative techniques based on the numbers or
population balance. The numbers balance is a powerful tool
for the analysis and prediction of the performance of par-
ticulate systems, that has opened the possibility to extract
the nucleation rate and the growth rate simultaneously from
the crystal size distribution of a Mixed Suspension, Mixed
Product Removal (MSMPR) system. This has led to both
empirical correlation of crystallization kinetics and to fun-
damental nucleation mechanism studies. As a result a
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Figure 1. Crystallization information flow diagram.

number of crystallizer design procedures based on number
balance techniques has been put forward. The key to suc-
cess of these procedures lies in the availability of kinetic
data and in adequate modeling of the actual commercial
system in terms of the numbers balance. Although crystal-
lization kinetics may be readily obtained from small-scale
MSMPR units, application of the data to design of large-
scale units may be rather hazardous, since the effect of scale
on nucleation and growth is in general not fully understood.
Consequently, if the design possibilities using the numbers
balance are to be exploited to their full advantage, informa-
tion must be available derived both from laboratory
MSMPR equipment and from pilot scale crystallizers,
wherein the production regime of crystallization is repro-
duced.

The present paper deals with the selection and design of
evaporative salt crystallizers. The relative merits of the two
basic types of evaporator (viz. internal and external circula-
tion) will be discussed and a brief summary will be given of
the results of a concomitant experimental and theoretical
study in assessment of design criteria for salt crystallizers.
Attention will be focused on the development of a blueprint
for design of internal calandria systems comprising num-
bers, material and energy balance equations. Furthermore
requirements of heat transmission and hydraulic transport
will be taken into account.

An important feature of the design model will be the
development of two relations for crystallization and heat
transfer respectively, which describe the working volume of
the crystallizer as a function of the pump impeller power
input per unit mass of slurry. The present design procedure
can be used for process optimization and is an extension of

the model for design of stirred tank cooling crystallizers,
presented in a previous paper (1). The method will be illus-
trated for the case of a low temperature MSMPR evaporator
and a rough estimate of the equipment costs of two variants
will be given.

SALT CKYSTALLIZERS

Depending on the location of the heat exchanger,
through which the heat for evaporation is introduced, two
basic types of forced circulation equipment can be distin-
guished. The two designs, namely the internally and the
externally forced circulation types of NaCl crystallizer are
schematically shown in Figure 2. The main equipment
characteristics are summarized in Table 1. In both cases
agitation and circulation are caused by recycling of the
slurry with an axial-flow pump (having a large capacity and
low head). The circulating magma is heated in a single-pass
long-tube vertical heat exchanger, which is placed far
enough below the liquor level to suppress boiling in the
tubes and at the top tubeplate. Thus salting (encrustation)
within the tubes and tube blockage, which would reduce the
circulation rate, are prevented. Both evaporators shown in
Figure 2 may be fitted with an elutriation leg for purposes
of counter-washing with fresh feed brine, thickening and
classification of the product salt.

The internal circulation crystallizer, as shown in Fig-
ure 2, evolved from the standard short-tube vertical Calan-
dria evaporator, which had low tube velocity (poor heat
transfer), low circulation rate and non-uniform velocity dis-
tribution through the tubes. These basic weaknesses have
been surmounted in the present design, which also features
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INTERNAL CIRCULATION I EXTERNAL CIRCULATION  

Figure 2. The two basic salt crystallizer designs.

a dished base designed to promote off-bottom suspension
and eliminate stagnant zones underneath the draft tube. The
magma may circulate either up the draft tube and down the
annulus or vice versa. A serious drawback of internal calan-
dria machines is the large-diameter annular tubeplate,
which, especially for large-capacity units, may be an impor-
tant cost-factor. Depending on operating conditions and
plant capacity it may be necessary to provide the shell of an
internal heater with bellows to prevent unacceptable thermal
expansion stresses on the heater tubes.

For external circulation systems the design of vaporizer
and heating element do not interdepend and the latter gener-
ally features a more convenient length to diameter ratio.
Compared with the swirling flow pattern created by the
submerged tangential inlet in external circulation crystalliz-
ers, the flow pattern in internal circulation systems is far
less complicated. Since the main direction of flow in the
latter is vertical (versus horizontal in the former case) the
crystals may be more effectively carried up to the boiling
zone where they grow. An additional advantage of the ver-

tical flow pattern lies in the relative simplicity of scale-up.
In the design of vaporizers with horizontal tangential inlet
and vortex breaker (to eliminate excessive vortex-formation
in the pump suction line) both the Froude number and the
ratio between vaporizer diameter and inlet diameter playa
prominent role. Due to the presence of circulation piping
and bends, external circulation is achieved against higher
heads and, therefore, requires more power per ton capacity
than an internal circulating loop.

An important factor in the design of evaporators is the
boiling behavior. Reliable data concerning the maximum
allowable vapor velocity (which determines the vaporizer
diameter) are normally wrapped in mystery and it has not
been published whether internal circulation causes more
uniformly distributed boiling than external circulation, In
industrial practice vapor heads are frequently provided with
mesh-type separators to minimize entrainment losses.

The liquor level in external circulation machines must be
kept appreciably above the tangential inlet in order to sup-
press boiling and prevent salting within the inlet pipe. This
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TABLE

Main Characteristics of Salt Crystallizers with internal and
External Circulation

INTERNAL CIRCULATION EXTERNAL CIRCULATION

Direction of main flow	 axial
	

tangential

Construc Lion	 monolithic	 supporting steel

& compac t
	 work

Axial–flow pump	 vertical
	

horizonta l

method of operation, however, results in short-circuiting
from inlet to bottom outlet of liquor that has not flashed to
equilibrium at the pressure in the vaporizer (2). Short-cir-
cuiting results in an increase of the temperature level of the
liquor circulating through the heat exchanger, hence in an
undesirable decrease of the logarithmic mean temperature
difference available for heat transfer between the heating
steam and the circulating magma. Although comparative
studies of short-circuiting have not been reported, it may be
expected that the degree of short-circuiting will be less in
internal circulation machines.

Few studies are available on the effects of operating con-
ditions and crystallizer design on mean crystal size and crys-
tal size distribution in manufacturing plants. On the basis of
the work of van 't Land et al. (3, 4) it may be inferred that
internal circulation systems are capable of producing
coarser salt than crystallizers with external circulation and
that crystallizer design affects median crystal size more dis-
tinctly than operating conditions. The CSD in terms of
population density of white salt was moreover found to
deviate from the straight line which the numbers balance
thoery predicts for MSMPR systems. This deviation
seemed less for internal calandria units. It should be noted
however that the observations of the above workers may be
particular to the systems studied and thus lack general
validity.

From the foregoing considerations it may be evident that
both types of salt crystallizers have their merits and that the
present state of knowledge does not permit an unequivocal
choice between the two alternatives.

SUMMARY OF EXPERIMENTAL WORK

An engineering-oriented study has been carried out dur-
ing the past years to gain a deeper understanding of crystal-
lization behavior, particle mechanics (segregation and clas-
sification) and scaling-up of salt crystallizers. Continuous
crystallization experiments have been performed both in a
50 liter evaporative MSMPR crystallizer and in a 10 t/day
capacity model of an industrial evaporator with tangential
inlet and bottom central outlet (external circulation). The
latter semitechnical unit was designed so that the industrial
crystallization environment was appropriately reproduced.
The MSMPR crystallizer featured a hollow draft tube fitted
with a low-clearance impeller and a special dished base to
improve crystal suspension. Full details of the experimental
and theoretical work are given elsewhere (5). Some impor-
tant observations and conclusions are summarized below.

The population density distributions of the salt produced
in the pilot-scale evaporator with tangential inlet were simi-
lar to those found industrially (deviating from the ideal
MSMPR distribution). Mixing of the solid phase was found
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to be very poor: uniform suspension of the crystals was not
attained and considerable radial maldistribution of solids
occurred. The results of the work indicated that this
phenomenon of internal classification influenced the CSD
both directly, through residence time distribution, and indi-
rectly, through selectively exposing the growing crystals to
spatial variations of supersaturation. Thus, it was inferred
that classification contributes significantly to the anomalous
shape of the population density distribution generally found
for industrial NaCI crystallizers with external circulation.

Since it was demonstrated that the degree of classifica-
tion could not be appreciably reduced by changing operating
conditions, an additional series of experiments was per-
formed with reversed external circulation. By axial intro-
duction of the magma, crystals were carried up more effec-
tively to the boiling zone and the larger particles were
retained in the evaporator body rather than circulated through
the circulating line. This may lead to suppression of both
primary and secondary nucleation. Median crystal sizes
were generally found to be larger for the case of reversed
circulation than for tangential flow operation. It was
moreover demonstrated that thermal short-circuiting was
virtually non-existent and that boiling was uniformly distrib-
uted and definitely not more vigorous than in conventional
operation. The experiments thus strongly suggested that the
unfavorable effects of classification and short-circuiting in
tangential inlet machines can be offset by reversing the di-
rection of external circulation.

The 50 liter crystallizer with draft tube agitation was
shown to conform to the MSMPR concept. The crystal
growth rate of NaCI was independent of crystal size except
when rounded particles were produced due to abrasion. Nu-
cleation and crystal growth rates were obtained from ex-
perimental crystal size distributions and could be described
over a wide range of operating conditions by power law
kinetics of the form

where B° is the rate of nucleation, M 51 is the magma con-
centration, e is the impeller power consumption per unit
mass of slurry and G is the linear crystal growth rate. Rela-
tion (1) applied to both a propeller and a pitch blade type of
agitator. The power consumption, e, contains the impeller
power number representing the effect of impeller design.
The mode of nucleation was predominantly secondary and
the rate of nucleation at constant impeller speed was lowest
when the propeller was used.

SALT CRYSTALLIZER DESIGN PROCEDURE

Choice of crystallizer. External circulation crystalliz-
ers are successfully operated in industry and their design is
in most cases based on extensive past experience on scales

not too far removed from the evaporator to be designed.
However, when product specifications are very strict, de-
sign of these machines tends to be difficult because informa-
tion regarding classification and distribution of supersatura-
tion in large-scale evaporators is not available. The concept
of reversed external circulation proposed earlier, offers dis-
tinct advantages over the tangential flow system, but still
lacks the maturity to justify application on the large-scale.
The simple vertical flow pattern in units with internal circu-
lation is capable of producing a well-mixed crystal suspen-
sion with uniform properties. These systems may therefore
effectively approach a MSMPR crystallizer and the above
kinetics of crystallization, though derived on a much smaller
scale, can be used by first approximation in the numbers
balance based design of internal calandria crystallizers. For
MSMPR crystallizers a coefficient of variation of 50% is
predicted which is relatively high and may be undesirable
commercially. This may be obviated by employing an elu-
triation leg for purposes of, classification at the cost of
MSMPR behavior. The definite choice of crystallizer will
depend on economical considerations (e.g. comparison of
over-all plant cost) which are not easy to judge from an
academic point of view.

The integral design procedure proposed in the present
paper will be illustrated for an internal calandria evaporator.
The geometry and basic design parameters of the unit cho-
sen are depicted in Figure 3. The direction of flow is down
the draft tube. The base of the crystallizer is formed so that
magma velocities are sufficiently high and off-bottom sus-
pension is attained. The draft tube extends beyond the heat-
ing element on both sides, to promote uniform flow distribu-
tion through the heater tubes and suppress short-circuiting.
An important design parameter affecting the hydrodynamics
in the vaporizer is the ratio of draft tube velocity and annular
velocity, 0. A second parameter, a, is defined as the ratio
between the heater tube inner diameter, D i , and the pitch of
the tubes, p, and determines the heater tube velocity for
given value of the velocity in the annulus. The vaporizer
shell may in practice be fitted with a conical section be-
tween boiling zone and heater, to reduce the diameter of the
heater tube plates. For reasons of simplicity the present
design method is limited to cylindrical vessels of constant
diameter. The walls of the crystallizer and the tubeplates are
made in monel-clad and the heater tubes in cupro-nickel.

The following aspects of the design of the internal circu-
lation system shown in Figure 3, will be discussed in the
next sections. These are material, energy and population
balances, entrainment, crystallization kinetics, heat trans-
fer, internal loop pressure drop, and suspension of crystals.
Equations will be developed which will be subsequently
used to calculate the main equipment dimensions for a given
set of design input variables (e.g. rate of production, me-
dian crystal size, heater tube diameter).

Material balances. In formulating the material balances
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Figure 3. Internal calandria crystallizer design.

over a crystallization system the choice of the various pro-
cess parameters and their dimensions is rather important. For
the present development the definition of the symbols is
given in Figure 4. For a binary system with one feed stream
containing no crystals, one product stream and evaporation
of the solvent (parallel feed, parallel product discharge) the
general balance equations are

overall mass balance:

&if flimpS + OWL Omv (kg1S)
	

(2)

solute balance:

d)vtcr	 OvPSL MSL	 (tivp. L CI} (kgNaa/s)
	

(3)

The magma concentration, M 51,, is based on unit suspension
volume and in the overall mass balance a distinction is made
between a crystal mass flow rate, cti nws, and a mother liquor
mass flow rate, 4„,„ 1, . Thus the contribution of the solid
phase to the volumetric and mass flow rate has not been
neglected in this case. The balance equations can be solved
to give a relation for the magma concentration which re-
duces to

CAMV	 o f 
M tiL

WvpSL PL.f
(kern")	 (4)

when composition and liquor density of feed and product
stream are approximately equal, or more rigorously

PIA)	 C P 	 (5)
PLI	 C r

Since the rate of salt production, P, is given by

P -}vp SL
	 (6)

equation (4) can be directly used to evaluate the rate of
evaporation, when P and the feed conditions are given

(Amy	
Cf 

ef 	 (kgis)	 (7)

The magma concentration is fixed when in addition to the
rate of product withdrawal has been chosen (or vice versa).

The vaporizer diameter, T, can be calculated from the
vapor load using entrainment correlations. The maximum
allowable vapor velocity is normally given in terms of vapor
velocity head or the square root of the relative vapor-liquid
density difference. The vapor load per unit cross-sectional
area of vaporizer may thus be readily evaluated for a given
vapor temperature.

Energy balance. The total heat flow, 43, ,,„ which has to
be transferred to the system is described by the energy bal-
ance

= Pijrzir Ca (Tr -' Tp)	 Qr P	 (1), r	 (8)

where Ca r is the specific heat of the feed brine, Q. r is the
heat of crystallization and r is the heat of vaporization. The
heat of crystallization is very small for salt and may be
neglected. The heat flow necessary for evaporation of the
solvent is much larger than the first term on the right-hand
side of Eq. (8).

Population balance. The complete modeling of an in-
dustrial crystallizer in terms of population balance equations
is at present only possible for relatively simple systems. For
Mixed Suspension Mixed Product Removal ( MSMPR)
crystallizers, which are substantially well-mixed, without
internal classification or classification at the product off-
take point, and where the effect of breakage and attrition
may be neglected, the steady state population balance may
be written (6)

8(Grt)	 n
SL	 T
	 (9)

where G is the linear crystal growth rate, n is the population
density of crystals of size L and T is the draw-down time.
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Figure 4. Definition of variables.

When the growth rate is independent of size, this equation
can be solved to give

n = —
B° 

exp	 (#im.m3 slurry) (10)
G	 GT

where B° is the rate of nucleation. This relation uniquely
determines the crystal size distribution in terms of crystal-
lization kinetics and draw-down time. The magma concen-
tration, Ms L , can be obtained from the third moment of the
above crystal size distribution

B°
= 61C0 -67 (Gr)4 (kg/m'3 )	 (1 1)

where kv is a volume shape factor and ps is the density of
the crystals. For MSMPR conditions it can be shown (6)
that the median crystal size of the product (50%, weight
basis) is given by

L;,„-= 3.67 Gr	 (12)

The application of the above equations to design of in-
dustrial crystallizers may be hazardous, since many indus-
trial systems do not obey the MSMPR concept. The basic
population balance may be modified to take deviations of

size dependent growth or classification into account, yield-
ing equations similar to Eqs. (11) and (12) containing a
parameter which may be a function of operating conditions
(1). It has been alluded to previously that salt crystallizers
with internal circulation may effectively approach a
MSMPR system, especially when vertical velocities are
sufficiently high to carry up crystals to the boiling zone and
the axial-flow pump is designed so that crystal damage is
minimized. The present design procedure will be based on
the MSMPR concept.

Crystallization kinetics. In addition to the description of
the crystal size distribution, suitable kinetic expressions are
needed for crystallizer design. Since growth and nucleation
rates cannot be calculated from first principles, the kinetics
of crystallization must be determined experimentally. This
may be readily achieved for laboratory scale MSMPR
equipment. Nucleation and growth rates obtained in this
way may be correlated by a power law expression of the
form

B° = kne'Cri Mis L	(#/m3 slurry . ․ )	 (13)

where E is the power input per unit mass of magma and k„,
h, i and j are empirical constants. The rate constant k„ is
likely to depend on the presence of impurities, the tempera-
ture and the geometry of the system. It is assumed here that
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nucleation is predominantly secondary in nature, hence the
dependence on the specific power input (7). When equa-
tions of the above type are applied in commercial situations,
it should be borne in mind that k t, and also h, i and j may be
a function of the scale of operation.

Crystallization design relation. On the basis of the
kinetic correlation, Eq. (13), and the expressions for the
magma concentration, Eq. (11), and the median crystal
size, Eq. (12), an equation can be derived which can be
directly applied to crystallizer design. Elimination of B"
between the first two equations and rearranging gives

correlation between c and V may be derived on the basis of
classical heat-exchanger optimization. This will be detailed
below.

The power required for mixing and circulation will in a
later stage also be represented by the power consumption
per ton capacity of salt, E', which may be calculated from
the specific power input.

Heat-transfer. Neglecting the contributions of the feed
and product stream, which are very much smaller than the
rate of internal circulation, the energy balance becomes

w' (km, r
	

(19)

(Grt' s - 	 "E-h 
M' 

71-1
6k,psk„

1	 	
(14)

By combination with Eq. (12), the median crystal size be-
comes

E—h M4i2 	 3
L50' 3.671 61(vPskii

(15)

The median size characterizes the product and is an im-
portant input variable for crystallizer design. From Eq. (15)
some important conclusions may be drawn: for example
when j = 1, the magma concentration has no effect on the
median particle size. The exponent i describes the relative
kinetic order of nucleation and growth. When i > 1 the
median size can be increased by increasing the mean reten-
tion time of the crystals.

Equation (15) can be rewritten in terms of the rate of
production, P, and the crystallizer volume, V, since

V 	 V Mst.

wvp.sL

Thus

WE I 1/1-
1-0 = kc	

Eh PI-

where

ke = 3.67 (6k,p,kr,)-1,6,3)

When the kinetic constants are known and the rate of
production and the median size are given, Eq. (17) de-
scribes the relationship between V, M and e. The correla-
tion reduces to a function of two choice variables once the
magma concentration is fixed. The crystallizer working
volume is largely dependent on the brine level and the heat-
er tube length as the vaporizer diameter is determined by
the allowable vapor load. From heat transfer considerations
it follows that, for a given heat load, the heater tube length
(or heat-transfer surface area) depends upon the tube veloc-
ity and hence on the specific power input, e. Thus a second

The total heat flow is determined by the rate of produc-
tion and the feed composition via Eq. (7) and is equal to the
heat flow to be transferred in the internal heater

cti„ . = U. A. LMTD	 (20)

where U is the over-all heat-transfer coefficient, A is the
heat-transfer surface area and EMTD is the logarithmic
mean temperature difference. The total heat load is also
given by

(1),,V = Orric ep.sLATc
	 (21)

where thmc is the mass flow rate of circulation, ;is ', is the
specific heat of the slurry and AT, (= To -T) is the tem-
perature rise through the heater. The rate of circulation can
be written

4„, = vtpst,Nt-4Dt-
IT	

(22)

where v t is the tube velocity, N, is the number of tubes, and
Dt is tube inner diameter. The number of tubes may be ap-
proximated analytically via the parameters a and [3

(23)

(24)

p	 —
o	 T

D	
1

d
	 (25)

For an equidistant triangular pitch of the heater tubes, it can
be shown that the two-dimensional "porosity" of the tube-
plate is

(16)

(17)

(18)

a = Dt

=
P v,

or

2,Tce2
=porosity 

zr
rn2 tube

m tubeplate)
(26)
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Also

porosity - 	
—
4

(V- Da2 )

Combination of Eqs. (25), (26) and (27) gives

N,	 - 	t+g 2 \7	 aD
g	 T

The parameter a will be used later along with the heater
tube outer diameter/pitch ratio.

The heat-transfer surface area based on tube outer diame-
ter is

A = N,	 Dt „	 (29)

LMTD-  
TT 

I 
T - T•In 	
T,	 T„
	 (31)

The magma entering the heat exchanger has not flashed to
equilibrium at the vaporizer pressure due to short-circuiting
and the driving force for liquid-vapor heat-transfer in the
boiling zone.
Hence

+	 (32)

When AT. is known, the LMTD can be evaluated using
Eqs. (30) and (32).

The over-all heat-transfer coefficient, U, comprises the
condensate and the magma film coefficients (ht. and re-
spectively) and the wall resistance (1(h„ ).

(27)

(28)

where 1.4 is the tube length and Ow is the tube O. D,
Eqs. (19), (21), (22) and (28) yield

1	 1	 1 4- 
U	 hi„

(33)

r 	 +0 a' Om ,
ATC 	  

II-	psi coil,	 /3	 1"2

Using conventional correlations for the film coefficients it
(30)	 can be shown that (see appendix I)

This equation can be used to evaluate AT as a function of a,
13 and v, when the rate of production, the feed conditions
and the crystallization temperature are known.

Referring to Figure 5 the logarithmic mean temperature
difference can be written

Figure 5. Definition of temperatures.

Dt„
D In

	

c5„,„„	 '"	 D,	 1	 Di„ 
	K e ( Du, N;	 K. , (D,	

(34)

where K.„ and contain the physical properties of the con-
densate and the suspension, respectively, A., is the thermal
conductivity of the wall material and cb,,„ is the condensate
mass flow rate.

Combination of Eqs. (19), (20), (28) and (29) now yields

U. LMTD 13
CI) /nv r	 . 1+13 2;3	 .( aDi 1

— (35)
Di.

With the help of Eqs. (31) and (34) this equation will be
used to calculate I,, as a function of a, /3, ID, and vt . The
working volume of the system can thus be calculated when
the brine height required to suppress boiling at the upper
tubeplate is also known. For a given set of values of a, D,
and vt ; the heater pressure drop may be determined, which
contributes significantly to the over-all resistance over the
closed loop and, hence, to the specific power input. The
heater geometry and the tube velocity accordingly play a
dominant role in determining the second relationship be-
tween E and V.

It should be noted that the tube length is limited by the
following factors: I) commercial availability, 2) mechan-
ical considerations (e.g. tube vibrations) and 3) enhanced
accumulation of condensate at the lower tube ends, reducing
the condensate side film coefficient.
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E„
APc 

ij sa V PSL

An extra allowance of 15% is taken into account in the
evaluation of the actual heat-transfer surface area (i.e. L,).

Circulation pressure drop and power consumed. The
total circulation pressure drop, A Pc , can be described by the
sum of the individual resistances based on heater tube
velocity

AP, =NI/
2	 ' '

The pressure coefficients, K, are on the one hand con-
stants, which may be taken from the literature (e.g. V.D.I.
WArme- Atlas) and on the other hand, for the tubes, func-
tions of tube geometry and Fanning friction factor. An extra
allowance of 25% will be included later in the calculation of
the over-all pressure drop.

The effective power consumed by the axial-flow pump
for mixing and circulation is given by

(W/kg)	 (38)

The power consumption per ton capacity of salt, E', is

,	 Ove A Pc E
dip P

NS1/ 1!4 or kWh/ton)	 (39)

Suspension of crystals. The minimum fluid velocity to
attain suspension of the crystals may be taken from the
literature on vertical hydraulic transport. According to
Brauer (8) the minimum transport velocity is equal to five
times the terminal velocity of the largest particles. For salt
crystals of 1 mm size, the terminal velocity is for example
approximately 0.1 m/s, resulting in a minimum upward
velocity of 0.5 m/s. For the present crystallizer geometry
the lowest system velocity is in the annular space below and
above the heating element.

(N/ma )	 (36)

—  Ove a pe 
e	 ,gyp (W )	 (37) DESIGN LNFORMATION FLOW DIAGRAM

where ctivc. is the volumetric rate of circulation and yi p is the
over-all pumping efficiency. The specific power input
then is

The interrelationship between the design parameters
and the equations derived previously is shown in the infor-
mation flow diagram depicted in Figure 6. The diagram
illustrates the sequence of calculation, starting from a set of

Figure 6. Interrelationship between design parameters and equations.
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design input variables (the upper row of parameters in the
diagram). The diagram comprises the following parts:

1)calculation of the power consumption per ton capacity
of salt as a function of the crystallizer working volume, f,
(V, e`j, on the basis of known kinetics of crystallization and
given values of the rate of production, magma concentration
and median crystal size and using the crystallization design
relation; (Fig. 7)

2) evaluation of the rate of evaporation for given rate of
production and feed composition using the mass balance
equation. Next, calculation of the total heat load, 4), , and
the vaporizer diameter, T;

3) calculation of the heater tube length as a function of
the tube velocity for a given set of values of Dt , /3 and a (or
0. D./pitch ratio), using the energy balance over the heater
and the equations for LMTD, U and Lt , respectively. The
tube velocity is varied between the minimum slurry trans-
port velocity in the tubes and a maximum velocity,; which
must be specified. The tube length determines the total tube
weight of cupro-nickel and the crystallizer working volume".
The total system pressure drop and the power consumption

Figure 7. Plots of the crystallization relationship, f, (E', Cl), for
various median crystal size.

can be evaluated for the geometry and tube velocity chosen.
The heat-transfer and pressure drop calculations thus result
in a second set of data, f (V, e'), in numerical form, and

5) the solution to the design problem can finally be ob-
tained from the points of intersection of arrays of curves
representing f, (V, c') and f, (V, E') for various a, and Eh.
The design output data found for the point of intersection
may be used for detail design so that equipment costs may
be estimated in order to arrive at the optimum process con-
figuration.

It should be noted that the present procedure does not
include the design of the circulating pump. Also, restric-
tions on the concentration of those inorganic impurities,
which may crystallize from the mother liquor, have not been
imposed.

ILLUSTRATION OF THE DESIGN PROCEDURE

A number of computer programs have been used to
perform the above calculations for variables a, /3, D, and v,
and to determine the points of intersection of the functions f,
(V, e') and f, (V, c'). As stated, the calcuiations apply to
the design of a crystallizer of the configuration shown in
Figure 3. Table 2 lists the design input data which have
been kept constant throughout the present calculations.
Though the magma concentration can be freely chosen, a
constant value of MEL has been used here (Eq. (17) can be
utilized to assess the effect of magma concentration, e.g. for
constant specific power input, a lower value of MSL will
result in a larger crystallizer volume). The diameter of the
vaporizer is 7 m and the steam demand is 27.4 kgis for the
operating conditions chosen (vapors supplied by a preced-
ing effect are normally used for purposes of heating). It has
been discussed previously that it is assumed that the crystal-
lizer satisfies the MSMPR concept and that it is permitted
to use the kinetic constants derived on the laboratory scale.
The kinetic constants listed in Table 2 were obtained from
preliminary experiments in the 50 liter MSMPR crystallizer
and their applicability is actually limited to a smaller range
of operating conditions compared with the constants re-
ported in paragraph 3. The constants used are however suf-
ficiently accurate for the present purpose.

Calculations in which the heater tube velocity was var-
ied, have been performed for the combinations of parame-
ters shown in Table 3. The function fl (V, c') was evaluated
for 1,50 = 400, 500, 600, 650 and 700 min. Some of these
curves are plotted in Figure 7. Typical results of heat-trans-
fer and pressure drop calculations are shown in Table 4.
Such data were used to construct plots representing f, (V,
c'). An example of a complete e', V-diagram showing the
crystallization curve for 1,50 = 650 Arn and three heat-trans-
fer/pressure drop curves for various a, is given in Figure 8.
The points of intersection shown in this diagram represent
three crystallizer operating points which all conform to iden-
tical design specifications. The points of intersection were
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TABLE 2

Design Input Data

Rate of production
Magma concentration
Feed concentration
Feed density
Feed specific heat
Vaporizer pressure
Vapour temperature

ATs

Heater inlet temperature

Steam condensation temperature

Maximum vapour load

Minimum annular velocity

Over-all pumping efficiency

Density of salt crystals

Specific heat of salt crystals

Specific heat of magma

Dynamic viscosity of magma

Heat of vaporization

Boiling point elevation

Height to suppress boiling
at the upper tubeplate

Kinetic constants

10 kg/s
	

(-0.3*106 Va.)

365 kg/ m 3 	( psi 1350 kg/m 3 )
320 kg / m 3 	(saturated at 52°C)
1185 kg/ m 3
3290 ]/kg°C
78 mbar

47.5°C
2.5°C

50 °C
62 °C
	

(saturated steam)

2.5 ton/m 2.h
0.5 m/s

50 0/0

2155 kg/m 3
877 jikg aC

2640 3/kg°C

2.3*103 Ns/m 2
2.38*106 j/kg
6,5°C

2.4 m

kN .4x1015 	j=0.8

TABLE 3

Variation of Geometrical Design Parameters

tube diameter. velocity ratio tube diameter/pitch ratio

ASA(inch) Dt (mm) Dto(mm) P p/Dto

1.5 42.7 48.3 1 1.25 ,	 1.40 ,	 1.55

2.0 54.8 60.3 0.5 ,	 07 , 0.9 , 1.0 1.25 -0-1.53 (8 steps)
1.2 ,	 1.4, 2.0 , 3.0

3.0 82.8 88.9 0.5	 , 1.0 , 3.0 1.25 ,	 1.40 1.55

4.0 108.2 114.3 1 1.25 ,	 1.40 ,	 1.55

6.0 161.5 168.3 1 1.25 ,	 1.40 ,	 1.55



at-.1 38 Nt =3908
a..1 47 , Nt z 3670
a.1.47 , Nt r 3452

Dt = 54,7 mm I
D t o =60.3 mm

P=1 
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TABLE 4

Typical Results of Heat - Transfer and Pressure Drop Calculations

v t
(m/s )

V
(m 3 )

Lt
(m)

A
( m 2 )

A Pc
(103 N/m2)

C'
(kWhiton)

AT
(C)

total tube
weight (ton)

D t = 54.7mm 1.00 352 5.4 4155 3.35 1.71 2.0 94.8

Dt0=60.3mm 1.25 328 4.8 3674 4.60 2.93 1.6 83.8

a. =1.38 1.50 312 4.3 3352 6.07 4.64 1.3 76.5

p =1 1.75 300 4.0 3121 7.77 6.93 1.1 71 .2

N t -- 3908 2.00 292 3.8 2946 9.68 9.86 1.0 67.2

Figure 8. A e-V diagram for L50 = 650 Am and various a.

normally evaluated numerically. Crystallizer operating
points are for instance listed in Table 5, illustrating the
effect of a for p ---- I, D, = 2" and = 650 ,um. The total
tube weight is a rough measure for the equipment cost and
may be directly used for preliminary cost-guestimation. The
power consumption, E', and the heating steam requirements
contribute to the annual manufacturing cost (the total cost of
electrical power is, however, usually much smaller than the
steam cost).

The effects of tube diameter, velocity ratio j3 and pitch/

tube diameter ratio a on crystallizer geometry and operating
conditions in the operating point have been inferred from
the above calculations. For the design situation given it was
shown that at constant a and /3 large tube diameters are
unfavorable both in terms of power consumption and crys-
tallizer volume (tube length). For tubes smaller than 2" the
resultant tube lengths were quite small, involving a large

number of tubes to be installed. Attention was focused for
these reasons on a configuration featuring 2" tubes.

The influence of the parameter a for 2" tubes and
constant 13 was generally not very dramatic. Though in-
creasing the pitch/diameter ratio results in an appreciable
falling off in the number of tubes, the heat-transfer area and,
hence, the total weight of cupro-nickel tubes are only
slightly affected (compare Table 5). It was also demon-
strated that the power consumption is not a strong func-
tion of a. The cost of the cupro-nickel tubes contributes
significantly to the over-all equipment cost and the calcula-
tions thus indicate that the latter will not be very sensitive to
variation of a.

Figure 9 depicts the general trends of the crystallizer
volume, the power consumption, the number of tubes and
the total weight as a function of p (all for the crystallizer
operating point). The plots apply to 2" heater tubes, a me-
dian crystal size of 650 and two values of a. As op-
posed to a, the parameter /3 has a strong effect on the total
tube weight and on the number of tubes, while the power
consumption is more or less unaffected. A small value of p
reduces the costs of cupro-nickel and the tubeplate manufac-
turing cost (less holes, smaller width which reduces tube-
plate thickness) and should thus be chosen to minimize the
overall equipment cost.

To complete the design procedure and optimize the de-
sign, the costs of the resulting crystallizers should be esti-
mated as a function of a, D, and especially s . Integral
optimization would for instance involve assessment of tube-
plate cost in dependence of the design parameters and would
be rather cumbersome to accomplish. The costs of two al-
ternatives with widely different values of 13 but conforming
to the same design specifications, have been estimated to
gain an impression of the comparative costs. The estimate is
based on detail design of the crystallizer shown in Figure 3
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TABLE 5

Crystallizer Operating Points as a Function of a for 2" Heater
Tubes, 13 4 1 and U 	 650 iLm

a. Nt v t
(m/s)

V
(m3 )

A
(m 2 )

APc
00 3 N/m2)

C I
( kWh/ton)

A cTc
(C )

total tube
weight (ton)

1.38 3908 1.39 317 3463 5.39 3.83 1.42 77.4

1.42 3670 1.45 326 3425 5.77 4.02 1.44 76.5

1.46 3452 1.50 336 3402 6.13 4.16 1.48 76.0

1.51 3254 1.57 345 3361 6.67 4.46 1.50 75.1

1.55 3072 1.63 356 3335 7.20 4.72 1.54 74.5

1.60 2905 1.69 366 3312 779 5.00 1.57 74.0

1.64 2751 1.74 378 3300 8.36 5.24 1.61 73.7

1.68 2609 1.80 389 3281 9.06 5.57 1.64 73.3

fitted with expansion bellows in the outer shell of the heat- 	 proposed design procedure may essentially be applied in-
ing element. The design characteristics and associated costs 	 dustrially.
are listed in Table 6. It may be seen from these data that the
tubeplate cost differs by a factor of 2 and the over-all
equipment cost by a factor of 1.3, for /3 0.5 and /3 = 3,
respectively. These differences seem to be sufficiently sub-
stantial to justify the adoption of the proposed design
method in actual practice.

Outside film coefficient:

APPENDIX I

Evaluation of overall heat-transfer coefficient.

1	 1	 1	 1
1.1 +c	 VI,	 hi.

SUMMARY AND CONCLUSIONS

The characteristics of salt crystallizers with internal and
external circulation have been discussed and a summary has
been given of the results of experiments carried out in a
pilot-scale and a bench-scale crystallizer. The problem of
equipment selection has been dealt with on the basis of the
comparative merits of both types of salt crystallizer. An
integral design procedure for crystallizers with internal cir-
culation has been put forward. In the development of the
design algorithm it has been attempted to integrate thermal
and hydraulic design with requirements of crystal size dis-
tribution. Calculations have been performed to illustrate the
design method and to investigate the effect of the geometry
of draft tube and heating element on the resultant process
configuration. The ratio of draft tube velocity and velocity
in the annulus was shown to be an important design factor,
strongly affecting the total heater tube weight. Over-all
equipment costs of two crystallizers with different velocity
ratio (but conforming to the same design specifications)
were found to differ by 30% or Dfl 10'. The results of the
calculations suggest that it may be worth-while to devote
adequate attention to salt crystallizer design and that the

H3

h,	 1,8(Reer l' 	

where

4 dime. Re, = 
71-n,D,„N,

and: k, pc and n, are the thermal conductivity, density and dy-
namic viscosity of the condensate, respectively, 4:,„„.„ is the con-
densate mass flow rate, which is approximately equal to the rate
of evaporation. Eq. (I, 1) may be written

= lc (  D,„	 V3	
(Witn2 .C)	 (1.3)

where

3

(1.4)

Wall resistance:

by- 	
13„, In  Di

2 A.,„:
(W/m2 .C)	 (1.5)

(Eq. 33)

(1.2)
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Figure 9. Crystallizer volume, power consumption, number of heater tubes and total tube weight
as a function of g.
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TABLE 6

Detail Design and Costs of Two Alternatives for P = 10 kg/s,
= 365 kg/m", L5o = 650 Am

VESSEL I VESSEL II

0.5 3.0
2" 2"
1.51 1.51
7 7

5.7 4.0

0.64 1.5
2170 4340

64.6 111.7
2892 5000

6.75 5.80

404 368
1.8 1.5
21.4 20.4

250 300

20-26 20 -26
75+10 90 + 10

310	 635

3.39	 4.34

tube diameter

T (m)

Dd (m)
tubeptate width (m)

Nt

total tube weight (ton)
heat-transfer area (m 2)

Lt (m)
V (m3)

vt (m/s)
over-all height of vessel (m)
total vessel weight (ton)

vessel watt thickness (m m)

thickness tubeptate (mm)
(monet clad mild steel)

tubeptate cost (103 Dfl)
(incl. manufacturing cost)

over-all equipment cost (1060ft)
(excl. axial-flow pump)

where X„ is the thermal conductivity of the wall material. h, is 	 where
based on the outer heat-transfer area.

Inside film coefficient;
cpsi."= 0.027 	 0, 7

L
(1.9)

Nu = 0.027 Re".8 Pr"3	(1.6)	
hi must be based on the outer heat-transfer area. Hence

Or

= 0,027 ( 130/iPsi.)° •8 (Cpsi. IN "3
Dt	(Dt v1)0 ' 0

(1.7)	 ht.	 -
Dt„	 D 4

(1.10)

where 77, L, is the dynamic viscosity of the slurry and X L is the ther-
mal conductivity of the mother liquor.

Rearranging gives

By combination of Eels. (1.3), (1.5) and (1.10) the overall heat-
transfer coefficient can be written

V{
hi = ICs 

Dt°–
(1.8) -

U

Dt„

mcu	
u3+ D,, In Dt

1	 Du,
Dto l^It )	 2 au	 Ki (Dtv,) .8



Notation.

A
13°
of

Cp

CPf

CpSt-

Dd

D,

G

g

hia
h,,„
h,	 j
kn

Kc

K,
k i

L

1•50

Lt

LMTD
MSL

n
NL

p
P
Pe
AP,
Qc,
r
Re,
T
Tr

T,
T,„

To

T,
AT,
AT,
U
V
va

heat transfer surface area
rate of nucleation
salt concentration in feed
salt concentration in product stream
specific heat of feed
specific heat of magma
draft tube diameter
impeller diameter
inner heater tube diameter
outer heater tube diameter
linear crystal growth rate
gravitational constant
brine level in vaporizer
condensate heat-transfer coefficient
inside (magma) heat-transfer coefficient

based on tube O.D.
wall heat-transfer coefficient
kinetic constants
nucleation rate coefficient
volume shape factor of crystals
constant in crystallization design relation
constant in equation for h,
constant in equation for h,
pressure drop coefficient
crystal size
median crystal size
heater tube length
logarithmic mean temperature difference
magma concentration
population density
total number of heater tubes
heater tube pitch
rate of salt production
power consumption of circulating pump
closed loop pressure drop
heat of crystallization
heat of vaporization
Reynolds number for condensate film
vaporizer diameter
feed temperature
product temperature
vapor temperature
heater inlet temperature
heater outlet temperature
condensation temperature
temperature rise through the heater
difference between T i and T,
over-all heat-transfer coefficient
crystallizer suspension volume
velocity in the annulus

rre
*in-

0s

kg/rtr'
kg/m2
ilkg°C
J/kg°C
m
m
m
m
m/s
m/s'
m
W/m2 .°C
WIn-t2 .°C
W/m2 .°C
W/m2 .°C

m,
m

m
°C
kg/m3

/m1

m
kw's

Nitre

J/kg
J/kg

m
°C

Wine .°C

riP
m/s

V1

Vd

Of

A Study on Integral Design 	 249

heater tube velocity	 mis
draft tube velocity 	 mis
pitch/tube diameter ratio
annular to draft tube velocity ratio
specific impeller power input	 W/kg
power consumption per ton capacity of salt kWh/ton
thermal conductivity of condensate 	 W/m.°C
thermal conductivity of wall

	
W/m.°C

thermal conductivity of mother liquor
	

W/m.°C
viscosity of condensate
	

Nsinf
over-all pumping efficiency
density	 kg!m'
volumetric flow rate	 th'is
mass flow rate
	 kg/s

heat flow rate
draw-down time
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