N; =moles of component { formed by reaction

N, = nitial total moles

1 = partial pressure of component i, mm. Hg

Pic = initial partial pressure of component {

P =total pressure, mm. Hg

P, = initial total pressure

r = rate of reaction, g.-moles ethylamine/ (g.-catalyst)
(min.)

1o, 3 = initial and final reaction rates

Subscripts

AN = acetonitrile
DEA = diethylamine
DEI = diethylimine
EA = monoethylamine
TEA = triethylamine
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Dynamics of a Multiple-Effect

Evaporator System

Presented is the development of a model for a system of
evaporators at unsteady state operation, as well as a com-
parison of the dynamic behavior of the system predicted
by the model with that observed in field tests. An objective
of this project was to develop a suitable model of the
process on the basis of the fundamentals of heat transfer,
mass transfer, fluid flow, and the information commonly
available from the design prints. The model predicts not
only the dynamic behavior of the system to an upset in
any of the operating variables but also the new steady
state solution.

The field tests were made on the Freeport Demonstra-

Correspondence concerning this article should be addressed to Professor
C. D. Holland.
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tion Unit, located at Freeport, Texas. This plant was con-
structed under the direction of the Office of Saline Water,
U. S. Department of the Interior. The details of the con-
struction, operation, and successes achieved by this plant
are well documented (10, 12, 14, 26).

The unit operation of evaporation is relatively old; yet
many of the calculational procedures proposed by McCabe
(20) in 1934 are still widely used. Principally, because
of the need for fresh water, the evaporation process has
enjoyed renewed interest in recent years (I, 2, 9 to 12,
14 to 16, 18 to 21, 25 to 27). Although numerous investi-
gations on the dynamics of heat transfer and distillation
processes have been reported (7, 13, 17, 23, 24), no study
of the dynamics on a multiple-effect evaporator has been
reported.
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DESCRIPTION OF THE DESALINATION PLANT

A simplified flow diagram of the process appears in
Figure 1. The design capacity of the plant was one mil-
lion gallons per day, with a steam consumption of less
than 0.08 lb. of supply steam per pound of gross product
(26). The plant (see Figure 1) consisted of 17 effects of
the long tube vertical (LTV) evaporator. The falling film
version of the LTV evaporator was used. The first 12 ef-
fects of the plant were built as separate units, and each
effect was sized according to its particular requirements.
The last five effects were constructed in a single module.

Each evaporator consisted of a vertical shell-and-tube
heat exchanger, which was mounted over a vapor-liquid
separator. Noncondensables were removed continuousl
from each effect through the use of vapor bleeds, whicg
were vented to the atmosphere, to the vapor space of the
next effect, to the acid treater, or to the vacuum system.
Most of the evaporators were equipped with 2-in, X 22 ft.,
16 gauge tubes. The total areas for heat transfer varied
from 3,000 to 4,000 sq. ft. per effect. Demister mats were
used to prevent the entrainment of process liquid in the
vapor leaving the sump of each evaporator.. The process
liquid entered the evaporator tubes through a suitably
designed distirbutor at the top of each evaporator.

The feed (sea water) was heated slightly before it en-
tered the acid treater (see Figure 1) where the carbon
dioxide and dissolved air were removed. The seawater
feed, acidified with sulfuric acid, entered the top of the
tower through a full-cone nozzle, and was neutralized with
caustic upon leaving the column. Steam from the steam
bleed of effect 18 was introduced below the packing at a
fixed flow rate. The vapor flow rate from the tower was
controlled manually at a flow rate that was greater than
the inlet vapor flow rate by an amount which would cause
a temperature drop in the flashing feed of about 1°F.

In forward feed operation, the pretreated, preheated
feed and steam from the supply line were charged to the
first effect. Slightly concentrated process liquid - was with-
drawn from the sump of the first effect and charged as
feed to the second effect. Vapors from the first effect be-
came the steam for the second effect. The condensate
leaving each effect was, of course, the desired product;
however it contained sensible heat which was recovered in
part by use of a heat exchanger at the first effect and by
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Fig. 1. Simplified flow diagram of the evaporator system.
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Fig. 2. Composite model for evaporator effect j and its associated
auxiliary equipment.

flashing in the condensateflash tanks at the subsequent
effects.

Effects 10 through 17 had provisions for recycling liquid
from the sumps of these effects to increase the liquid load-
ing on the walls of the tubes. Effects 11 through 14 had
alternate feed inlets which permitted sump-to-sump flow.
Both of these options are shown in Figures 1 and 2 for
effects 2 through 17, since these options were included
in the mathematical model for all effects except the first.

Feed preheaters 1 through 12 were shell-and-tube heat
exchangers. These preheaters were mounted vertically and
adjacent to the evaporators; see Figures 1 and 2. Since
the flow of steam to each preheater was unrestricted, the
steam chest of each evaporator and the shell of its as-
sociated preheater were at the same pressure. Due to the
piping configuration, condensate removal was self-regu-
lating. Venting of the noncondensables was set by hand
valves in the vent lines provided for each effect. Effects
2, 8, and 6 each had two preheaters with parallel steam
flow and serial feed flow. In the model, each pair was
treated as a single preheater. The feed preheaters for ef-
fects 13 through 17 were located within the steam chests
of the respective effects, togeher with the evaporator tubes
as indicated in Figures 1 and 2.

A detailed description of this plant, its equipment, and
its operation (prior to the addition of the five-effect
module) was given by Dykstra in 1965 (10). Additional
details pertaining to both the 12- and 17-effect operations
of the plant are available from the annual reports (14)
by the operating company, Stearns-Roger Corporation, to
the Office of Saline Water, U. S. Department of the In-
terior.

"MODELING TECHNIQUES EMPLOYED

Since the heat transfer models utilized in the modeling
of the desalination unit are applicable to numerous other
processes, a brief development and analysis of these models
follow.

Formulation of the Heat Transfer Model for
Large Cylindrical Walls

By large cylindrical walls is meant that the thickness
of the wall is small relative to the internal and external
radii 7, and rp, respectively, so that the area term 2arL
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in the rate expression

ar
Q k2arL T (1)
may be approximated with good accuracy by use of either
2ariL or 2atoL. It is further supposed that the length L is
large so that a temperature gradient exists only in the
direction of 7.

The relatively large mass of metal contained in the
system of evaporators represented an appreciable capacity
for the storage of energy. This capacitance cannot be
neglected in any realistic analysis of the dynamics of the

rocess. However, the use of the classical equation for
heat transfer by conduction at unsteady state [see Equa-
tion (5)] in the analysis would result in a tremendous
task. To reduce the amount of effort required in the anal-
ysis, an approximate model for the transfer of heat through
large cylindrical walls at unsteady state was employed.

The proposed model makes use of the fact that at steady
state, the mean temperature Ty, at which the heat content
of the walls should be evaluated is approximately equal
to the arithmetic average of the internal and external sur-
face temperature Ty and T,. This equality Tao = T is
readily shown (3).

The model was formulated such that the condition
Tov = Tm is satisfied at steady state operation. In particu-
lar, let one half of the thermal resistance of the metal wall
be concentrated at r = r; and the other half at r = 7.
These thermal resistances are called effective thermal con-
ductivity films, and they are assigned zero masses. Then
the thermal resistance per film is given by

Resistance per 1[r—n
effective thermal }= ——[ ] (2)
conductivity film 2 L k2eriL

The film coefficient corresponding to this equivalent re-
sistance is given by

%
- (rg —11)

The heat transfer model and its corresponding temperature
profile at steady state are shown in Figure 3. Examination
of this model shows that at steady state, it provides the
correct wall temperatures needed in the formulation of
the rates of heat transfer to and from the wall as well as
the correct heat content of the metal wall.

For the case where no approximations are made with
respect to the relative sizes of 7, and r,, appropriate ex-
pressions for T, and the resistances of the effective thermal
conductivity films have been developed by Burdett (3).

(8)

Ca

Comparison of the Temperatures Predicted by the
Heat Transfer Model at Unsteady State with the
Theoretical Values

In the following comparisons, it is supposed that the
ratio ro/ry is approximately equal to unity. Consider the
boundary-value problem having the boundary conditions
depicted in Figure 4. This problem corresponds to the
case of a metal wall in contact with steam at x = [ and
the surroundings at x = 0. At x = I, the steam film co-
efficient is denoted by h, and the steam temperature by T's.
At x = 0, an effective film resistance is used to represent
tl3e combined resistance offered by the insulation and the
air film to heat transfer. The effective film resistance is
denoted by 1/h; and defined by
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where A is the internal surface of the cylindrical section of
metal wall, the subscript ins. refers to the insulation, and
the subscript air refers to the air film.

At time £ = O the metal wall is at the uniform tempera-
ture T4 of the surroundings, and at time ¢t = 0+ the
steam (with the saturation temperature Ts) is turned on.
The corresponding partial differential equation is given by

T eI (0<x<L >0
= (0SE<hi>0) ()

where a = k/pCy. The boundary conditions are as follows:

aT
k—g;—hl(T—TA)=0, (x=0, t>0)

k%+hz(T—-Ts) =0, (x=14¢>0) (6)

T=Ts (t=0, forallx)

The following solution to this problem is readily deduced
from the result given by Carslaw and Jaeger (6) (case IX
on page 126).

T(x,t) — Ta ( 1 ) -
———————— — p— - Bﬂct
o o=+ Z}l CuDnYa(x) e~
(7
where

[2(Ba? + Hs?) ]2

Br{(Bn® + Hi2) [1(Bn? + Ho?)+ Hp1+ Hi(Ba? + H) P’

{NSULATION -
AIR FILM ;

INSULATION ~—-EFFECTIVE THERMAL CON~
AIR FILM -, ¢ . DUCTIVITY FILMS
S N

X0 x=4 X=0
HEAT TRANSFER MODEL OF
THE SEMI-INFINITE SLAB

SEMI~INFINITE SLAB

Fig. 4. Hgat transfer model of a semi-infinite slab in contact with
air on the insulated side and steam on the other side.
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4 = ————————— Hy = hy/k, Hy = hy/k;

1 1
Til— + ?1:+ l
_ g+ HP ]
D‘ = [chosﬂ,l][-'&‘a_—Hle ]a
Yn(x) = BnCalBn cos Bux + Hj sin Bux] ;

ﬁl: BZ’ ..
(8 — H:H,) sin gl — B(Hy -+ Hj)cos Bl = 0.

The result given by Equation (7) may be used to deter-
mine the mean temperature Tw(¢) which is required to
give the correct heat content of a finite section of the slab
at any time ¢ > 0 as follows:

. » B = first n positive roots of

Tnt) ~ Ta= 3§, (TG0 - Tdds (®)

When the integrand [T(x,t) — T4] is replaced by its
equivalent as given by Equation (7) and the indicated
integration is caried out, the result so obtained may be
rearranged to give

Tu(t) — Ta _ (1 1)
=T, _°“\m 732

1 < .
— 3 2 CaiDa(Da+ Hi)e ™o (9)

n=1

For the boundary-value problem under consideration,
the differential equation of the corresponding heat transfer
model (see Figure 4) is given by

Ua(Ts — T) — Uy(T — Tp) = lpc.,‘;t—T (10)

where
1 lns A A l 1 1 1
—= tom T E— .
Ul (kA) ins. (hA) air 2k Uz 'steam 2k

Separation of the variables in Equation (10), followed by
integration and rearrangement, yields

)]

A comparison of the values of T (¢) predicted by the heat
transfer model as given by Equation (11) with the theo-
retical values given by Equation (9) is presented in Fig-
ure 5. The heat transfer coefficients and other parameters
used to compute the results shown in this figure were of
the same order of magnitude as those for the system of
evaporators under consideration.

T(t) — Ta _( U,
Ts—Ta NUi+U,

A Limiting Case for the Heat Transfer Model

The boundary-value problem corresponding to an evapo-
rator shell with a perfect insulator on one side and steam
with an infinite film coefficient on the other side is de-
picted in Figure 6. The postulate of an infinite value of
the steam film coefficient amounts to taking the surface
temperature of the wall on the steam side equal to the
saturation temperature Ts of the steam. The partial dif-
ferential equation is again given by Equation (5), and
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Fig. 5. Comparison of the results given by the heat transfer model
with those given by the solution of the corresponding boundary-value
problem (see Figure 4).

the boundary conditions are as follows:

T(xs 0) =Ty, (0 <x< Z)
a_T(&.t_)_ =0, (¢>0)
ax
T(l, t) = Ts, (t > 0)

The solution satisfying both the partial differential equa-
tion and the boundary conditions may be stated in terms
of either a Fourier series of cosines or a series of comple-
mentary error functions (6, 8). Of these two forms of the
solution, only the later is given because it is said to con-
verge (4) more rapidly for small values at/12,

Ts — T(x,t) <
—_—— =1 (= 1)
Ts—Ta s
2 ni- 2 1)1
erfc.(_n_t_)___i.}_ erfc(_n_—}-_)_i_x_ (12)
2(at) /2 2 (at) 12

The result given by Equation (12) may be used to
determine that mean temperature which is required to
give the correct heat content of a section of the slab in a
manner analogous to that demonstrated for Equation (8).
The corresponding result is given by

Tm(t) — Ta ___2(_“1)1/2

Ts—Ta 2
1 i nl
7242 3 (= Driefe—0o L (18)
t)1/2
(at)
n=1
EFFECTIVE THERMAL CONDUC-
PERFECTLY PERFECTLY IIVITY FILMS
INSULATED INSULATED

Ts

T(x,o)=TA

=
=
=
=
==
X =

o X:=£
HEAT TRANSFER MODEL OF

X=0 x=L
SEMI-INFINITE SLAB

THE SEMI-INFINITE SLAB

Fig. 6. Heat transfer model of a semi-infinite slab which is per-
fectly insulated at one end and the temperature is constant ot the
other.
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Values of ierfc z have been tabulated by Carslaw and
Jaeger (6).

For the boundary-value problem under consideration,
the differential equation of the corresponding heat transfer
model (see Figure 8) is given by

2k dr
— (Ts — T) = pCy — 14
7 (Ts = 1) =bCv— (14)
Separation of the variables followed by integration and
rearrangement yields

T(f) —Ta
Ts— Ty

A comparison of the theoretical values of the temperature
ratio given by Equation (18) with those predicted by
use of Equation (15) appears in Figure 7.

=l—e—7 (15)

Errors in the Mean Temperatures Predicted by the
Heot Transfer Model for Large Cylindrical Walls

The solutions given by Equations (9) and (11) cor-
respond to a system having conditions which are far more
severe than any which existed during the test runs. The
boundary conditions [see Equation (6)] suppose that the
initial temperature of the metal at the time of the upset
is equal to the temperature T4 of the surroundings. To
obtain some idea of the difference in the mean tempera-
tures of the wall given by the solution of the boundary-
value problem [see Equation (9)] and the heat transfer
model [Equation (11)]; consider the case where Ty =
80°F. and Ts = 250°F. That is, the initial temperature of
the metal and the surroundings is 80°F, and time £ = 0,
one side of the metal wall is suddenly exposed to saturated
steam at 250°F. The initial time step used in the program
for the system was 0.5 min. Then for ¢ = 1/120 hr,, the
following results are obtained from Figure 5: the solution
of the boundary-value problem gives Tr, = 248°F. and the
solution of the heat transfer model gives T, = 243°F.

The boundary conditions given above Equation (12) are
also more severe than those which existed during the test
run. For purposes of illustration, consider the case where
the initial temperature T4 of the metal is 240°F. and the
temperature Ts of the steam in contact with one side of
the wall is suddenly changed to 270°F. [In the actual upset

]
1.0 SOLUTION OF /‘/‘_’f
BOUNDARY -VALUE
PROBLEM V//
! =
— 0.8
- N HEAT TRANSFER
! MODEL
("]
\,F—, 0.6
' A - 0.04167 FT
~ 0.4 A 1
]
>
= 0.2
[ W—)
%0 0,001 , 0.002 0.003
o< L ,FT

?

Fig. 7. Comparison of the results given by the heat transfer model
with those given by the solution of the corresponding boundary-value
problem (see Figure 6).

Page 1084 September, 1971

(see Figure 12%), the steam temperature changed only
0.5°F. during the first time step of 0.5 min. after the upset
in the flow rate of the steam.] At the end of 1/120 hr.,
the mean temperature given by the solution of the bound-
ary-value problem is T,, = 269.90°F., and the solution
for the heat transfer model is T = 269.72°F. These re-
s(ul;s) may be obtained by use of the Equations (13) and
15).

Heat Transfer Model for the Tubing of the
Steam-heated Heat Exchangers

The proposed model for the thin metal walls consists
simply of taking the mean temperature of the walls equal
to the steam temperature. For the case of thin walls such
as those found in the steam-heated heat exchangers, the
mean temperature found by solving the boundary-value
problem is approximately equal to the wall temperature
predicted by use of the heat transfer model.

Heat Transfer Model for the Liquid in the Feed Preheaters

The proposed model for the liquid in the feed preheaters
consists of the use of the steady state relationships to
describe the rate of heat transfer occurring at the beginning
and at the end of any time period during the transient
analysis of the process model. Support for this model is
the fact that the process fluid undergoes plug flow through
the tubes with little axial mixing, and the fact that the
residence time of the fluid in the exchanger was short com-
pared with the time intervals used in the numerical solu-
tion for the system of evaporators.

FORMULATION OF THE MODEL FOR THE
SYSTEM OF EVAPORATORS

First a statement of the assumptions upon which the
model is based is presented, and then equations typical of
those required to describe the model are presented.

1. The masses of metal in evaporator tubes and in the
feed preheater tubes are denoted by Mrg; and Myy;, re-
spectively. These masses of metal are taken to be at the
temperature T¢; of the condensing steam in effect §. This
approximation is based on the fact that the steam film co-
efficient was relatively large compared with the liquid film
coefficient, and the fact that the tube walls were relatively
thin, The tubes and the heat transfer model are displayed
in Figures 1, 2, and 18.%

2. The mass of metal Mys; of each evaporator effect j
which is exposed to condensing steam or condensate on
one side and the suroundings on the other is assigned the
temperature Tws; (see Figure 19%). One-half of the ther-
mal resistance of the metal wall is assigned to an equivalent
film on each side of the wall,

8. The holdup of energy by the insulation was taken
to be negligible relative to the holdup of energy by the
feed, process liquid, condensate, and metal in the evapora-
tor system. This approximation rests primarily on the fact
that the actual mass of the insulation was relatively small.

4. The mass of metal Mwz; of each effect § which is in
contact with the process liquid on one side and the sur-
roundings on the other is taken to be at the temperature
Twi; (see Figure 20%).

5. The discharge temperature Tg; of the process liquid

# A statement of the complete set of equations, a description of
Test Run No. 2, Figures 11 through 25, Tables 3 through 19, and a
generalized scaling procedure for the Raphson method has been de-
posited as documents 01455 and 01457 with the ASIS National Auxiliary
Publications Service, ¢/o CCM Information Sciences, Inc., 909 Third
Ave., New York 10022 and may be obtained for $2.00 for microfiche or
$5.00 for photocopies.
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Fig. 8. Models for the condensate holdup and feed preheater for
the first effect.

from the tubes is computed by use of Diihring lines based
on the condensate temperature of the next eftect and the
mass fraction Xg; of salt in the liquid discharged from the
tubes of evaporator effect j; see Figure 21.°

6. The pressure drop between the sump of one effect
and the steam chest of the next effect is taken to be neg-
ligible.

7. In the rate expression for the transfer of heat from
the condensing steam at temperature Tc; to the process
liquid flowing down through each evaporator tube, the
discharge temperature Tg; of the process liquid is used in
the potential term (T¢; — Tg;). This approximation is con-
sistent with the fact that the heat transfer coefficient Ug;
employed was calculated at steady state operation on the
basis of the discharge temperature.

8. The accumulation of mass or energy of process liquid
in the evaporator tubes is taken to be negligible relative
to the accumulation of mass or energy of process liquid
in the sump of effect .

9. The total amount of steam condensate associated
with each effect is denoted by Mcj; see Figures 2 and 8.
Except for the first effect the mass of condensate Ic; is
taken to be at the saturation temperaure of steam T¢;, at
the pressure in the steam chest. For the first effect, the
mass of condensate $c; in the lines between the steam
chest for the first effect and the condensate flash tank for
the second effect is concentrated in a perfect mixer. For
all rate of heat transfer calculations, the steam in each
effect is taken to be at T¢; except for the first effect,
where it is taken to be equal to the saturation tempera-
ture Tco of the supply steam. However, superheat if
present in the steam entering the steam chest of a given
effect is taken into account in the enthalpy balances.

10. The effect of noncondensables on the operation of
the system of evaporators is taken to be insignificant be-
cause of the venting of the steam chest of each effect.

11. The mass of vapor (steam) in the steam chest in
the evaporator and in the feed preheater as well as the
vapor in the condensate-flash tank is taken to be negligible
relative to the mass of condensate associated with each
effect.

12. The mass of sea water feed in the preheater and
preheater-feed lines between effects § and § — 1 is taken
to be concentrated as the mass 9r; of a perfect mixer as
shown in Figures 2, 8, 9, and 22.* For all effects except
the last one, wherein the holdup is associated with the
acid treater, the mass of the holdups is taken to be inde-
pendent of time. This assumption reflects the fact that the
feed lines between effects were full at all times. The mass
of metal in the feed lines associated with effect j is taken
to be concentrated in the mass Mr; at the temperature
Tr; of the perfect mixer. In the first effect, mass Mp; in-
cludes part of the mass of metal of the preheater. For the
last effect, mass M7 includes part of the mass of metal
of the acid treater. This assumption is consistent with
the fact that a change in temperature at a point in the
piping has a magnitude and a time response similar to

¢ See footnote on page 1084.
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Fig. 9. Composite model of peripheral equipment in the evaporator
system.

that predicted by the temperature T’s;.

13. The dynamic behavior of the feed preheaters may
be represented at any instant by the equations describ-
ing the steady state behavior of heat exchangers.

14. The mass of process liquid in the sump and in the
lines associated with effect j is taken to be concentrated in
the sump with a mass denoted by ;. This mass of liquid
is taken to be perfectly mixed at the temperature T1; but
not necessarily in thermal equilibrium with the vapor
steam Vg;.

15. For sump-to-sump flow, the process liquid stream
L;—; upon entering the sump of effect § is assumed to
flash adiabatically at the pressure in the sump as indi-
cated by the model of the adiabatic flash.

16. The instantaneous flow rate of the condensate from
the flash tank of effect j to the flash tank of effect j + 1
is given by the corresponding fluid flow relationships for
steady state flow. This assumption is based on the fact
that the pipes were full of an incompressible fluid at all
times and that the response time of the fluid flow portion
of the system was negligible relative to the response times
for other process variables. :

17. The masses of the metal components associated
with the preheater of the first effect are taken to be con-
centrated either in mass Mc: at temperature T¢; or in
mass Mgy at Tr;. The concentrated masses are taken to be
located in the perfect mixers of the model for the pre-
heater as shown in Figure 8.

18. The dynamic values of the variables for the final
condenser (see Figure 9) are related by the conventional
steady state equations,

19. The holdup of energy in the metal masses associ-
ated with the final condenser and feed preheater 18 is
assumed to be constant. This assumption is based on the
fact that large upsets in the major process variables pro-
duced only small changes in the temperatures in the final
condenser and in preheater 18.

20. The acid treater (see Figure 9) is represented in
the process as an adiabatic flash process wherein the
amount of sea water flashed is held constant by regulating
the flow rates of the stripping steam entering and leaving
the tower, For the evaluation of steady state conditions,
the amount of sea water flashed is regulated to achieve
a preassigned drop in temperature of the vapor leaving
relative to the feed entering the flash process. For the
evaluation of the transient behavior following an upset,
the amount of sea water flashed is assumed to be constant
at the value established during the steadv state period
preceding the upset. The holdup of liquid in the acid
treater is taken to be regulated by means of a proportional
controller during unsteady state operation.
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21. Flow rates of the process liquid between evapora-
tors are taken to be regulated by proportional controllers
that detect changes in the mass holdup ;. Because of
the noncylindrical shapes of the sumps, the mass 9. is
not linear with the level measurement. Therefore the pro-
portionality factor of each controller is made a function of
My; in the numerical treatment in order to correct for
this nonlinearity.

22. To allow for the holdup of the feed in the piping
between the feed pump (where the upsets in the feed
composition occurred) and the evaporator module, a plug-
flow section with holdup Hpys is assumed to exist, as indi-
cated in Figure 9. This holdup is positioned before pre-
heater 18 because most of the estimated holdup actually
occurs there.

23. If any holes develop in the evaporator tubes of an
effect, leakage of condensate and vapor occurs from the
steam chest into the evaporator tubes. Provision for setting
the condensate leakage rate Cy; is provided in the model
as shown in Figures 2 and 21.* Allowance for vapor leak-
age is made by adding any estimated leakage to the esti-
mate for the vapor bleed V. Both of these leakage param-
eters were estimated from an analysis of steady state data.

FORMULATION AND SOLUTION OF THE EQUATIONS
REQUIRED TO DESCRIBE THE MODEL FOR THE
SYSTEM OF EVAPORATORS

Based on the assumptions stated, the equations required
to describe each part of the model for the system were
developed (3); these equations are also available else-
where.® To demonstrate the procedures used, equations for
two parts of the model are developed below.

Energy Balances on the Masses of Metal Walls Exposed
To Steam (or Condensate) and the Surroundings

As indicated in Figures 2 and 19,* these balances in-
clude the metal walls which were in contact with steam
on one side and the surroundings on the other side. The
relatively small amount of metal which was in contact with
condensate instead of steam was also included in this energy
balance. In view of Assumptions 2 and 3, the energy bal-
ance over the time period from t, to #, + At for any evapo-
rator effect j (1 = j = 17) is given by

o AL
ft" [Qws; — Qas;ldt = Mwsihwsj|tn+at

— Mwsihwsjle, (16)

When the implicit method (5, 17) is used to approximate
the integral on the left-hand of Equation (16), the fol-
lowing result is obtained upon rearrangement:

#[Qws; — Qasil + (1 — ) [Q°wsj — Q°asj]

Mus;[hws; — h°ws;
_ wsilhws; wsjl 0 an
At

where the p is the weight factor which may be arbitrarily
selected as any number lying between 0 and 1. The super-
script © is used to denote the values of the variables at the
beginning of the time period under consideration, and the
absence of a subscript is used to denote the values of the
variables at the end of the time period under consideration.
The rates of heat transfer to and from the metal wall are

© See footnote on page 1084.
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given by
Qwsy = (UA)swi(Tco — Tws1);
Qwsi = (UA)wsj(Tc; — Twsy), (2=j=17); (18)
Qasi = (UA)asj(Tws; — Ta), (1=j=17).

where 1/ (UA) ws; and 1/(UA) 4s; consist of the resistances
offered to heat transfer in accordance with the heat trans-
fer shown in Figure 19.°

Material and Energy Balances on the
Contents in the Evaporator Tubes

These balances are based on Assumptions 1, 5, 6, 7 and
8. The model for this portion of the system is presented
in Figures 2, 18,® and 21. In this case the holdup of mass
and energy in the evaporator tubes is taken to be negligible,
and thus the accumulation of energy [see, for example,
the right-hand side of Equation (16)] is equal to zero for
all choices of ¢, and t, + At. Consequently the integral
of the input/time minus the output/time [see, for example,
the left-hand side of Equation (16)] is equal to zero for
all choices of ¢, and , 4 At in the time domain of interest.
Thus the integrand is identically equal to zero for all t.
For such cases, the energy or material balance is stated
in its instantaneous form corresponding to the end of the
time period under consideration. The material and energy
balances as well as the boiling point elevation expressions
for the process liquid in the evaporator tubes follow.

FXp1 — Lg Xg1 = 0

oj—1L;—1X1,j-1 + LpiX1; — Lg;iXg; = 0,

F—Lg — Vg1 +Cr =0

aj~1Lj—y 4+ Lgj — Lg; — Vg; + Cpy = 0,

(2=j=17) (19)

Fhgy 4+ Qg1 — Lethes — VeyHgy + Crahery = 0

@j-1Lj—1hy;~: + Lrjhe; + Qgj — Lgshe;
— Vgshe; + Crihery = 0,

(2=i=17)

(2=4=17)
where

Qm = (hA)El(Tco - TEl);
Qr; = (hA)gi(Tc; — Try), (2=j=17).

The temperature Tg; of the liquid in the evaporator tubes
is computed by using Dithring lines, which may be repre-
sented as follows:

mTesje1+b—Tg=0, (1=4=17) (20)
1

where the slope m depends upon both Xg; and T¢,5+1, and
b depends upon Xg; alone; that is, m = m(Xg;, Tc,j+1)
and b = b(XEJ).

ANALYSIS OF THE RESULTS OF FIELD TESTS

The predicted behavior of the plant at a given set of
operating conditions and -physical parameters was ob-
tained by solving the equations of the model for the values
of the independent variables at the end of each time step.
The complete mathematical model consisted of 380 equa-
tions of the same general form as those shown for Equa-
tions (16) through (20) in 380 unknowns. These equa-
tions were solved simultaneously for the variables at the
end of each time step by use of the Newton-Raphson

* See footnote on page 1084.
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method (5, 17). A §eneralized scaling procedure was
employed.® Also, in order that any At > 0 might be used at
any point in the sequence of calculations without having
the inherited error become unbounded, a x = 0.6 was
used. The selection of this value of g was based on the
results of a preliminary study of the dynamics of a single-
effect evaporator. In this study it was shown that the
inherited error was bounded, provided 0.5 = u = 1.

The program for the unsteady state model could be
used to obtain the steady state solution for the given set
of operating conditions by setting p = 1 and by setting
At = 10% hr. This choice of values for u and At had the
effect of the elimination of the input and output terms
at the beginning of the time step as well as the elimination
of the accumulation terms and thereby gave the steady
state equations corresponding to the final steady state. In
the application of the Newton-Raphson method, approxi-
mations were used for certain of the partial derivatives. In
particular, the partial derivatives of the liquid enthalpies
with respect to the salt content were taken equal to zero.

On the average, about four iterations of the Newton-
Raphson method were required per time step. About 15
iterations were required to solve the initial steady state
problems. More trials were required to solve the steady
state problem than were required for any time step of the
unsteady state problem because the initial guesses for the
steady state problem were poorer than those for the un-
steady state problem. The initial guesses for the steady
state problem were obtained by use of a relatively simple
scheme which was similar to those commonly used; see,
for example, Perry (22). The initial guesses for the values
of the variables at the end of each time step consisted of
taking them equal to the values of the variables which
were found at the end of the previous time step.

Determination of Equipment Parameters

Physical dimensions of the holdup volumes, the surface
areas, the masses of metal, and the types of material of the
heat sinks were obtained from the construction blueprints
of the plant. Since effective values were needed in the
model, some personal judgment was used in assigning
part or all of a mass (or volume) to its counterpart in the
process model.

Heat transfer areas for the tubes of the preheaters and
evaporators were obtained from the status records of the
plant e%uipment. Coefficients of heat transfer for the vari-
ous exchangers were determined from the results of recent
steady state test runs performed and reported by the plant
personnel. Since the coefficients of heat transfer for LTV
evaporators vary with operating temperature (26, 27), the
values used in the numerical evaluation of the mathemati-
cal model were adjusted for the effect of temperature by
use of the relationship reported by Standiford (27). In
particular, the derivative of the heat transfer coefficient
hg; with respect to Tg; was taken equal to the slope of
the line given by Standiford (27).

Other film coefficients® employed were computed by use
of relationships given by Perry (22). Physical properties
of the metal walls, tubing, piping, and the insulation were
taken from Perry (22), as well as the thermodynamic and
physical properties of steam and water. Enthalpies, specific
heats, and boiling point elevations of the brine process
liquid were taken from references 2 and 25. The data and
parameters used in the model are presented in Appendix
Cc.*

Test Run 1 consisted of a sequence of upsets in the
salt concentration of sea water feed; see Table 1. These

® See footnote on page 1084.
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TAaBLE 1. OPERATING CONDITIONS OF THE EVAPORATOR
SysTEM FoR TEsT Rux 1

Parameter Initial value

Sea water feed rate, M 1b./hr. 480
Concentration of brine in feed, C.F. 0.935
Temperature of feed, °F. 82
Temperature of steam to effect No. 1, °F. 300
Dew point in first steam chest, °F. 270
Steam rate to first steam chest, M 1b./hr. 26
Cooling water supply rate, M 1b./hr. 986
Temperature of cooling water, °F. 82
Temperature of atmospheric air, °F. 80

Control method for steam = pressure

Upset schedule Type Time Step
Time, Upset New of constant, size,
min. variable value change min. min.

0 C.F. of feed 0.692 Linear 1.0 0.5

7 C.F. of feed 0.632 Linear 0.5 0.5

10 C.F. of feed 0.560 Linear 0.5 0.5
25 C.F. of feed 0.756 Linear 0.0 1.0
30 2.0
350 5.0
80 10.0

upsets were achieved by diluting the incoming sea water
with product water from the plant. Samples of the process
liquid were taken at the outlets of the feed pump, the acid
treater, and the evaporator sumps. Flow rates, tempera-
tures, and sump levels were monitored and recorded by
instruments in the control system.

Salt content of each sample was determined by mea-
suring its refractive index. The refractive index was cali-
brated against the salt content as determined by titration
of the calibration samples with silver nitrate. The salt con-
tent of the samples was expressed in terms of the concen-
tration factor (C.F.), which represented the ratio of the
chlorinity of the sample to the chlorinity of normal sea
water (10). Chlorinity is the total amount of chlorine
(grams) contained in 1 kg. of sea water in which all of
the bromide and iodide have been replaced by chloride.

Two sets of variables were used for the comparison of
the experimental and calculated results of this field test
run, namely, the vapor temperatures and the salt concen-
trations of the brine process liquid. The temperatures of
the vapors leaving effects 1 through 12 were monitored
during the transient operation by means of thermocouples
located in the vapor lines leaving each effect. Salt concen-
trations were determined for the samples which were
withdrawn from the discharge side of pumps used to
transfer (or recycle) the brine process liquid.

Prior to making Run 1, the plant was brought to a
steady state with the process variables at typical operating
levels, and then the salt concentration of the feed was upset
as shown in Table 1. Operation specifications and param-
eters for the system of evaporators are shown in Appendix
C.* Temperatures of the exit vapors and the concentrations
of the brine process liquid leaving the sumps at the initial
steady state are presented in Table 2. The average devia-
tion between the measured and the calculated tempera-
tures for the first 12 effects was 1.9°F. If the temperatures
indicated by the thermocouples were dew point tempera-
tures rather than the actual temperatures of the super-
heated vapors, then the measured temperaures should be
compared to the condensate temperatures of the steam

# See footnote on page 1084.
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chests of the next effect. When such a comparison was
made, an average deviation of 0.9°F. was obtained for the
first 11 effects, and a deviation of 4.4°F. was obtained for
the twelfth effect. The higher deviation for the twelfth ef-
fect was attributed to the low value of the heat transfer co-
efficient use in the calculation; see Table 5.° Thus the
agreement between the measured and calculated tempera-
tures was relatively good, without making any adjustment
of the heat transfer coeflicients or vent rates.

The experimental salt concentrations of the brine process
liquid which flowed from the sumps of the evaporators
were in good agreement with the values calculated by use
of the model; see Table 2. The good agreement between
the calculated and observed concentrations at steady state
operation implies that the agreement between the actual
and the calculated flow rates of the brine process liquid
was also good.

Throughout the sequence of upsets in the salt concen-
trations of the feed, the temperatures and flow rates of
the process streams remained relatively constant. The con-
centration of salt in each of the process liquid streams
leaving each of the sumps varied with time as predicted
by the model; see Figure 10. Samples of the various
process liquid streams were taken at times at which it
had been anticipated that the break-points of the time-
concentration curves would be included. Levels of process
liquid in the sumps were measured with differential-pres-
sure transmitters, which were read by use of the display
meters located in the control room. The flow of purge
water through the pressure taps into the sumps caused
significant errors in the determination of some of the
liquid levels. Because of this difficulty, estimates of the
actual levels were made by use of the break-points in the
time-concentration curves. These estimated levels were
utilized in the calculational procedure. In Table 7* both
the measured levels recorded during the test and the
estimated levels are listed.

The good agreement between the calculated and mea-
sured slopes of the time-concentration curves following
the break-points (see Figure 10) demonstrates that the
holdup of the process liquid is adequately described by
the use of perfect mixers in the process model.

In a second sequence of upsets of the feed rate (called
Test Run 2), good agreement between the observed and

TABLE 2. STEADY STATE VAPOR TEMPERATURES AND BRINE
CONCENTRATIONS FOR TEsT RUN 1

Conc. of brine from

Temp. of exit vapors, °F. sump (C.F.)
Effect Measured  Calculated Plant Calculated
No. at plant from model sample from model
1 262 262.8 0.97 0.98
2 262 255.3 1.02 1.03
3 246 246.9 1.08 1.08
4 239 240.0 1.13 1.13
5 231 231.6 1.18 1.18
6 223 224.5 1.24 1.25
7 214 216.7 1.30 1.32
8 206 209.1 1.38 1.39
9 197 199.1 1.48 1.47
10 186 188.9 — 1.56
11 176 178.3 1.66 1.67
12 167 165.2 1.78 1.78
13 155.5 1.89 1.90
14 144.1 2.05 2.05
15 133.0 2.22 2.21
16 122.0 2.39 2.39
17 1104 2.58 2.54
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Fig. 10. Concentrations of brines leaving evaporators sampled during
Test Run 1.

predicted behavior of the system of evaporators was ob-
tained, as described elsewhere.®

No attempt was made to use the results of the test runs
to obtain values of the parameters except for the level
controllers on the evaporator sumps. Also, an estimate of
the condensate leakage was made for Run 1 in order to
account for inconsistencies in the brine concentrations
which were observed at the initial steady state prior to
the upset.

Thus the initial steady state values and the unsteady
state values of the variables which were calculated by use
of the model represent a fair evaluation of how well the
steady state and dynamic response of a system of evapora-
tors could be predicted by use of the proposed model.
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NOTATION

a = constant as defined below Equation (7)

A = area perpendicular to the direction of heat trans-
fer, sq. ft.

® See footnote on page 1084.

AIChE Journal (Vol. 17, No. 5)



C; = flow rate at which condensate leaves evaporator
effect j. Ib./hr.

Cs. = constant as defined below Equation (7)

Cv, Cp = heat capacities at constant volume and constant
pressure, respectively, B.t.u./(lb.) (°F.)

D, = constant as defined below Equation (7)

h = enthalpy of a liquid phase B.t.u./lb. Also, the
coefficient of heat transfer is denoted by this
symbol and has the units of B.t.u./(hr.) (sq. ft.)
(°F.)

H = enthalpy of the vapor phase, B.t.u./Ib.

H,, H, = constants as defined below Equation (7)

k = thermal conductivity, B.t.u./(?lr.)(ft.)(°F.)

! = thickness of metal wall, ft.

L = flow rate of process liquid, Ib./hr.; also used to
denote the length in feet along the axis of a
cylinder

= slope of Diihring line; see Equation (20); also
used to denote the mean value of a variable

M = mass of liquid holdup, Ib.

M = mass of metal holdup, Ib.

P; = pressure in the vapor space of evaporator effect j,
Ib./sq. ft.

Q = rate of heat transfer, B.t.u./hr.

r = radius of cylindrical shell

S¢ = sea water feed, Ib./hr.

T = temperature, °F.

U = overall coefficient of heat transfer, B.t.u./(hr.)
(sq. ft.)(°F.)

V= flow rate of vapor. Ib./hr.

w = flow rate of coolant to the final condenser, 1b./
hr.

X = mass fraction of the solute

Y. = function as defined below Equation (7)

Greek Letters

a; = fraction of the liquid L; entering the tubes of
evaporator effect j (see Figure 2); also used to
represent the ratio (k/pC,) in Equation (5)

Bn = n* positive root of the equation presented below
Equation (7)

P = density, Ib./cu. ft.

” = 3.14186 radians

n = weighting factor for the implicit method

Mathematicol Symbols

[f(t)1° = value of the function f(t) at the beginning of
the time period under consideration

— f e~ Ydy, the complementary error func-

erfc 2=
T z
tion
® e—?
jerffcz = f erfc £ df = —— — z erfc z, the integral of
z
mw

the complementary error function

Subscripts

av = arithmetic average

A = surroundings or ambient conditions

AF = adiabatic flash of the sea water feed

AF; = adiabatic flash of the process liquid (2 = j = 17)

B = bleed

BA = bleed to the surroundings

C = saturation conditions for steam

E = evaporate; also refers to the conditions in the
tubes of an evaporator

F = feed
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Ic

~—.

a-Ne

<wn

wSs

= intermediate condition of the condensate leaving
the first effect (see Figure 8)

effect number (j = 1, 2,°3, ..., 17), and sub-
scripts j = 18, 19, and 20 refer to streams treated
by peripheral equipment

process liquid at the conditions in the sump
condition of the feed leaving a feed preheater;
see Figures 2 and 8

steam

vapor

variables associated with the transfer of heat
from steam to a metal wall; also used to denote
the mean temperature of the wall. The symbol
AS refers to the transfer of heat from this wall
to the surroundings
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