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Abstract:

To provide information for the design of flash desalination plants, the dynamics of a 2-tank flash
evaporator were studied. Using the 2-tank evaporator available in the Montana State University
Chemical Engineering Laboratory, transient data were obtained for step increases and decreases in the
temperature of the hot feed water to the first flash tank in the system. A digital computer model was
written for the 2-tank evaporator that describes the dynamic response of the system. The computer
model was rewritten to describe a 4-tank evaporator, and tested for stability to upsets in temperature of
the inlet flow streams.

The digital computer model proved to be very versatile in predicting both steady-state operating
conditions and responses to various upsets in the inlet streams. Stability of a multi-tank flash
evaporator follows from the stability of the end tanks of the system. Stable operation exists only over a
narrow range of temperature and flow rates near specified design values. Upsets in the entering stream
temperatures of greater than 5—10 degrees Centigrade cause the water levels in the evaporator tanks to
rise or fall beyond the range of stable operations. Increasing the evaporator tank size slows the rate of
response to upsets but does not change the equilibrium operating conditions. Changing the tube bundle
heat transfer rate changes the equilibrium operating conditions but does not affect stability.
Proportional-Integral control of the inlet temperature and flow rate to the first flash tank is necessary
for stable operation. If the feed brine temperature is variable, it must also be controlled. Temperature
upsets entering the system are quickly corrected by Proportional-Integral control, and do not upset the
system more than 1/2 degree Centigrade past the second tank.
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ABSTRACT

To provide information for the design of flash desalination plants,
the dynamics of a 2-tank flash evaporator were studied. Using the 2-tank
evaporator available in the Montana State University Chemical Engineering
Laboratory, transient data were.'‘obtained.for step Increases and decreases
in the temperature of the hot feed water to the first flash tank in the
system. A digital computer model was written for the 2-tank evaporator
that describes the dynamic response of the system. The computer model
was rewritten to describe a h-tank evaporator, and tested for stability
to upsets in temperature of the inlet flow streams.

The digital computer model proved to be very versatile in
predicting both steady-state operating conditions and responsés to
various upsets in the inlet streams. Stability of a multi-tank flash
evaporator follows from the stability of the end tanks of the system.
Stable operation exists only ‘over a narrow range of temperature and flow
rates near specified design values. Upsets in.the entering stream
temperatures of greater than 5-10 degrees Centigrade cause the water
levels in the evaporator tanks to rise or fall beyond the range of stable
operations. Increasing the evaporator tank size slows the rate of -
response to upsets but does not change the equilibrium operating
conditions. ‘Changing the tube bundle heat transfer rate changes the
equilibrium operating conditions but does not affect stability.
Proportional-Integral control of the inlet temperature and flow rate to
the first flash tank is necegsary for stable operation. If the feed
brine temperature is variableée, it must also be controlled. Temperature
upsets entering the system are gquickly corrected by Proportional-Integral
.control, and do not upset the system more than 1/2 degree Centigrade past
the second tank.




. INTRODUCTION

The stgady growth.of.urban population‘centers in arid areas and
the fixed quantities‘of-g50ﬁnd water in ﬁbn—arid:areas have forced man
to look to the séa to meet thg ever-increasing deﬁand for fresh water. .
Presently; the cheapest way to purify seawater or brackish water for
human consumption is by flagh desalination. In this evaporative process,
seawater is heated to about 250 °C and cascaded through a series of tanks,
each at a sgcceedingly lower temperature and pressure. Vapor flashes off
from the brine and is condensed, yielding pure fresh water. Two flash
desalination plants, one in Florida and one in Cuba, are currently
' producing fresh water from seawater where other supplies of fresh water
are not available. The Office of Saline water, an agency of the
. Department of the Interior, is working to develop the technology of
flash desalination to the point that fresh water from the sea ﬁill be

economically attractive.

The proper design aﬁd instrumentation of a large flash
desalination plant demands a knowledge of both steady-state and
transient response data. No'transient data for a flash evaporator has
been published in the literature, and no digital éomputer model is
available thét describes unéteady—state behavior. This study was
undertaken to obtain transient data from the 2-stage flashuevapdrator
available in the Montana State University”dhemical éngineering‘laboratory‘

and to describe the transient behavior of the system in a digital
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computér simulation. It is hoped that the results of this study may be

useful in the design of future flash evaporators.




BACKGROUND

A schematic drawing of an N-stage flash evaporator is given in
Figure 1. Fresh seawater feed is circﬁlated‘thréugh,a tube bundle
starting with stagg N. As the feed moves toward stage 1, it is ﬁarmed
-from its enteriﬁg témbefaturel ‘The.%arﬁéd éééwater exits from the
evaporator énd‘énters thg“;ﬁeam‘heat egchanger, where its température
reaches the in}et temperature. Seawater -enters fank 1 and fléshes to
an equilib?iﬁm teﬁpgrathr; iéss thanftﬁé“inlef‘temperature and reaches
a‘corresponding vapor pressure. The water that flashes is:condensed
into drip trays and removed ags product. The heat of condensation warms
the incoming feed in the tube bundle. Tank 2 contains water at a lower
temperature and vapor'pressure; hence ﬁater flashes across the orifice
between the two tanks. This pfoéess continues through tank N, where

roughly 50% of the water has been flashed off. The waste brine is

discarded. A more detailed flowsheet is available (19).

The first practical multi-stage flash evaporation plant conétruéted
in the United States was completed at San Diégo in 1962 and moved to the
Guantanamo Naval,Bas; in Cuba in 1964 (12,6), wﬁere it was combined with
a steam power generation plant. Subsequently, the Bolsa Island project
Waé proposed in Southern California as a combinéd power—desaltiné project,
but was discontinued when cost estimates r6se dramatically. The Office
of Saline Water (OSW) has'proppsed 6ther large projects, ranging from 50

to 250 million gallons product water per day. Designs with comprehensive
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cost estimates and complete scale drawings of equipment and
instrumehtation,wereldone_(18;19,26), butuno %lash.desaiination plants
were constructed. A comprehensive hy%rid computer simulation (21) was
written by Electronic,Associates, Inc., to test the design submitted
by Fluor {19) to the Office of Saline Water. Using 12 differential
equations and 4l supporting equations to describe the conditions in
each. flash tank, EAL .developed a mathematical model for a 39-tank
flash evaporator. Because no experimental data were available describing
the operation of a flash evaporgtor, Electronics Asséciates, Inc., could
not test the model for transient‘response to upsets. By estimating data
where needed, EAT did develoé a staftup procedure and predict.that for
steady-state operation the specified product ﬁater rates could be met.
To supply practical experimental data for largé flash desalination

plants, the OSW is presently building a flash test modulé with a capacity

of 17 million gallons product water per day (22).

Kogan (14) derived equations that describe the flash evaporator
with respect to gregﬁest steam economy and maximum thermodynamic
efficiency. Arad (L) has done a system analysis of a large flash
desalination plant in which he studied plant éost‘versus plant life,
performance, efficiency, and effectiveness. Narsimhan (17) derived the
differential equations describing a multiple-effect concentratiﬁg
evaporator, simplified these equations, applied boundary conditions, and

solved the differential equations mathematically. Andre and Ritter (3)

- "
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" took experimental data on a double-effect concentrating evaporator and
wrote a digital ¢omputer model describing their system. Andersen,
Glasson, and Lees (2) compared experimental- data from a single—effect
concentrating evaporator With‘the_results pf an analog computer
simulation of the system, and éﬁggested possible control schemes.
Ttahara (11) used dynamic programming to optimize the design and
operation of both a multiple;effect‘coneentrating evaporator and a

multi-stage multi-effect flash evaporator in the $gteady state.

Dynamic studies have been done concerning the behavior of
reactors (7,15), packed liquid-liquid extraction columns (5), and
distillation columns (24). Sevefal.other paﬁers, perhaps more\cléseky
related, haye been written concerning heat exchanger dynamics (1,8,13).
In each faper, a mathematical model was analyzed using én analog
computer; a digital computer, or a tabulated solution to a differential

equation.

When this project was begun in October 1966, no experimental data
could be found in the literature describing either the transient or
steady-state operation of a flash evaporator. No computer'simulation
‘of a flash evaporator was available at that time. The EAI hybrid
computer simulation was completed in October 1967, and the results
were published in condensed form in January 1969. A complete copy of

the EAT simﬁlation was not obtained until September 1969.




T

Transient.experiméhtél data ﬁere taken on the flash evaporator
in the Montana State University chemical engineering laboratory from
Sepfember 1968 through February 1969. To explain the data, a
simulation of the 2-tank flash.evapo;ator was needed. First an analog
computer simulation was used, and when this proved inadeqpate a digital
computer simulation was written. The subsequent examination of the
complete EAT report.showed that the approach of each of the two
pfojects was considerably diffefent, A detailed comparison will be

made later.




DESCRIPTiON OF EQUIPMENT
The 2-stage flash evaporator available in the Montana State
University chemical engineering laboratory had been used previously to
correlate 2—pﬁase flow through an orifice (10).. Original instrumenta—
tion consisted of 10 thefmocouples used to.measure yarious temperatufes,
2 temperature recorder-controllers, a temperature recorder, a thermopilé,

and 2 U-tube manometers. (See Figure 2.)

To better monitor the eﬁapérator and produce controlled upsets,
several'changes in instrumentation were made. A Masoneilan Littlé‘Scotty
1/2" pneumatic control valve was placed in the in;et flow line and" |
connected to a Foxboro proportional flow controller to regulafe the
inlet flow rate. ‘Two Magnetrol level transducers were purchased, one
for eaéh.tank, to indicate the liquid levels. A ﬁressure.transducer
was obtained to monitor the pressure in ténk 1, and a differential
pressure transducer was ordered to monitor the pfessure drop between
taﬁks. Thermocouple wells 2, 3, and.AA' (Figure 2) ‘were used to
monitor respectively the inlet temperature, the temperature in tank 1,

and the temperature drop between tanks.

Modifications to the equipment included:

1. Closing the valve to the product-water pump so that no air
could leak back into the system through the pump packing.
Product water condensed as before, maintaining the heat
balance,.and dripped back into the tank in small quantities
that did not alter the material balance. ‘
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2. Placing vapor bleed lines to a vacuum pump so that any air
leaking into the -system was removed.

3. Inserting a bypass around the pneumatic steam-supply valve to
the steam heat exchanger so that better step changes in the
inlet temperature could be made.

4. Permanently placing a 0.875" diameter orifice in place between
tanks 1 and 2. (Bee Figure 3.)

5. Using pure water (no salt added).

6. Recycling all Water!in a closedlsystem so that a constant nass

balance was mainta;ned.

A déta acquisition system, developed by the Electronics Research
Laboratory (ERL) at MSU (Figure -4); was used to collect the raw data.
Ten input channels were monitored each 20 seconds by the digital
voltmeter. Output by the teletype was both a data listing and a
punched paber tape. The pﬁnched paper tapes from each run were
converted to data card decks £o enable analysis on MSU's SDS Sigma~T
computer. . The reduced data were listed and plotted using the computer

lineprinter.
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EXPERIMENTATL, DATA

The data‘inputs read by the data acquisition system are listed
below:

1. T temperature of feed brine entering tank 1

2. T temperature in tank 1

3. AT temperature drop from tank 1 to tank 2

L. P vapor pressure in tank 1

5. AP  pressure drop from tank 1 to tank 2

6. H height of water in tank 1

T. H ‘ height‘of.watervin tank 2
(See Appendix 1 for a complete definition of variable names.) The 3
additional channels of the data acquisition system were ﬁsed to monitor
the source voltage of the 'D' dry cell.

. s .
The scan rate of 1 scan every 20 seconds gave 3 data points for

each variable each minute. The digital voltmeter read to a maximum
value of 99.99 millivolts, with an accurécy of + .0L mv; For TO and Tl’
with typical readings of 5.00 my, measurement error was + .0l mv.per
5.00 mv. or 0.4% of calibration. For AT, with a typical reading of 1.00
mv. , measurement error was + .01 mv. per 1.00 mv. or é% of calibration.

Pl, AP, Hl’ and H, were measured above 10.00 mv. , and hencé were

2

accurate to the accuracy of the calibration.

TO and T, were calibrated between an ice bath and a boiling-water

1
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' bath. Since all runs Weré'near the boiliné-point, the calibfations

were felt to be good within 1/2°C. . AT was calibrated between 2 boiling
water baths and an ice water—boiiing’watef bath, a difference of 95 °C.
The total mv. output at a difference of 95 °C matched that given in the
thermocouple tables for an iron-constantan thermocouple. However,

since a small temperature difference was measufed.(3—h °C) compared to
the calibration, the calibration accuracj was unknown. P, was calibrated

1
during every run becauéé of drift. Hl and H2 were‘stable to drift but
were dependent upon the water density, which was temperature depeﬁdent.
Since temperature increase runs and temperature decrease runs covered
different température ranges, one calibration of Hl and H2 Wés run for
témperature increase runs, and one calibration waé run for temperature

decrease runs. The source 'D' cell was replaced periodically to insure

source stability.

Startup and lineout of the evaporator took from 2-3 hours, while
each run lasted from 35-L40 minutes. Step increases and decreases in
To were run because they were the easiest to produce and, therefore,

‘ r
the most reproducible and accurate. Eight temperature increase runs
and 4 temperature decrease runs were chosen out of many of each.typé
as reproducible runs at one set 6£ operating conditions. The runs of
each type were ave?aged arithmetically for initial steady;state value,

maximum value from the .step upéet, and final line-out value to give a

composite run for a step rise in TO and a step drop in To. (Figures 5-12.)
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The solid lines are composite runs; the points are actual points from

and upsets

one run. A rise in TO produces a corresponding rise in Tl

in AT and AP. A rise in T. increases the vapor pressure in .tank 1,

1
forcing more water out of tank 1 into tank‘2, thus raising the level in
tank 2. AT épd AP rise gharply‘as.hotter‘water enters tank 1, and then
fall to new equilibriumlvaiues as‘the‘hotter water enters tank 2.

A droﬁ in‘TO produces a corresponding .drop in-Tl and upse?s In AT and |
AP. A drop in Tl decrea;es the pressure inﬂtank 1, forcing less water
out of tank 1 into ténk 2, thus droppigg the levelyin‘tank 2. AT and

AP drop sharply as cooler water enters tank i, and then rise to new
equilibrium values as the cooler water enters ténk.?. For a tempefature\

rise, the flow rate is 9450 #/hk. For a température drop, the flow rate

is 9300 #/nr.

Upon examination of the composite éurves, several‘peculiarities
of .the system were noticed. Response of the system to a step increase':'
in inlet temperature is slower than the response of the system to a step
decrease in ;nlet temperature. Furthermore, although the AP curves
return nearly to the initial values, tﬁe AT curves do not. Nor do the
AT curves follow similar but inverted paths as do the AP and T, curves.

1

And., the displacement of the T, curve from the‘To curve is not constant,

1

but varies from run to run and within any one run itself.

In spite of the seemingly inconsistent features of these runs, the

»




2k
curves resulting from step input temperature changes were reproducible.

The composite runs agree very well with at least one run for each

temperature upset.




THEORETICAL DEVELOPMENT
In order to explain the transient behavior of the 2-tank flash
evaporator, the theoretical relationships between the variables were
developed. Differential equations were written describing the process.

About stage 1 (see Appendix 1 for a complete definition of terms used):

Fo < .
t : B
i\ R
F_ hy Fy
428 i ¥ — et -
ik
o}
Heat balance:
Input [FOCP(To—tref) + Fon(tg-tref)] A
. - A
Output [Fle(Tl tref) + Fon(tl tref)] )
tl+t2

1 i = + A6

Accumulation pLVle(Tl tref) + lelel + Wle( 3 v ef)le
tl+t2
_{OLVle(Tl_tref) r: plelHl 7 Wle( 2T tref)}|e
S Focp(To-tref) # Focp(t2—tref) s Fle(Tl-tref)
dT dav av
PG S S R e 4 kit g 0.1 —h y plEOrt s
op 1 ‘ref Lp1de L'p 1 ds L'p ref 46 (1)
dp

av, i dt,  at
— I + ——
1000 4T Y A R e e Al

+ H
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Mass Balance:

Input FOAe
Qutput FlAe

Accumulation (le V0 Y| + a0 ~ (leL + vy 1le

Oy

o = Ty = FglVyey * vye, 1 “ (2)

Energy balance on vapor space:

Input FOCP(TO - T_) A8

1
2

, . |
Output (UA), (T, - —45-5) 40

Accumulation A, p v 16 + A6 - AoV le
| Tl vl 1 Tl vl 1

tl+t2)

2

) - (UA)ZL(T]. -

Or, FOCP(TO -1, =
av 'dpvl

1 i
W " M V130 : : - (3)

1Vv1 1

Volume in stage 1l:

Vl + Vl‘= Qonstant

()

The flow of water bebtween flash,tanks.of,a flash evaporator through a

sharp=edged orifice was correlated by R. C. Huntsinger (10) as:

/ S o, Lt




a(-ap)%g 112 D(-tp)g /% 1.826 , . .7h3k
5 3/20 = 37583(—““fi7§£_”-i C(:éggi
uoA U ' : e
Or, with D = .875 in.
' . .17k .2566 o :
_ oo B P . 569k .
Q = 0.19207 A‘l56h (-4P) #/min. . (5)
Where, u = #/ft.- hr.
p = #/ft3
A = ft - 1b/1b
- m
AP = 1bf/ft°
Q = flow, #/min.
Vapor pPessure equation?
N 1668.21 G :
Log, P = 7.9668 - 538 ¢ = °¢ _ (6)

g
]

mmHg

For stage 2, the following equations were developed as those for

stage 1:

Heat balance, stage 2:

Flcp(Tl_tref) - Focp(tS—tref) - FZ(TE_tref) o Focp(tZ_tref) -
ar av, av o av,
o1l T8 TPt @8 T Prlplrer @8 T p%éHQQ a8 (7)
dp
‘ o W at, - dt
+ H 2 +2¢ (——§-+ ——éj

-VéVE de 2 “p'ae  ae




_2‘8_ “‘\ .
Mass balance, stage 2:

_a | ‘
Fi-F, = 3 (VpPp, * Vepvg) ‘ ' (8).

Energy balance, vapor space, stage 2:

t3+t2 -'ggvz
F.C (Tl—T2 - (UA)2(T2 - =3 ) = A v2 3
(9)
av
2
+ A P —_—
T2 v2 46
Volume, stage 2
ay -adv .
2 - __=2 (10)
de de

These equations define the 2-tank flash evaporator.




ANAT.OG COMPUTER MODEL
The first attempt to solve the system of differential equations
and auxiliary equations describing the 2-stage flash evaporabtor was
made using the TR-48 aﬁalog computer.. The following simplifications
were made:

~t_ and t in the tube bundle were

. 1. Temperature drops tl 5 2—t3

given fixed vélueé because of the limiting calculation

capabilities of the analog computér.

2. The vapor pressure of water as f(T°F) was linearized as .

P = 1.36%¥7-212.6 cm Hg.

3. The vapor density of water as f(T°F) was linearized as

Py = .0006%T—-. 0902 #/ft3—°F.

4. For average values, oy, = 60.0 #/ft3 and_p% = 0.032 #/ft3.

5. A heat capacity for water of 1 BTU/#-°F was used.

The area of tank 1 was measured at 8.88 ftg, and the area of tank 2

was measured at 6.57 ftz. The total rectangular volume of each tank

was measured, and the tube bundle volume was subtracted from each,

3

giving volumes 1 and 2 equal to 2L4.9 £t~ and.18.9 ft3, respectively.

Neglecting tube bundle holdup Wi,and‘vapor density and volume

terms, changing the volume terms to height times area terms and ex-

pressing the heighis in inches, and létting ﬁr = 0°F in Equation 1

ef

4

gives:




=30~

ar 6. T-A. dh
L1 g S i Ml 8
&  p A F (T =ty tt,) =Ty 75— (12)

The total differential of HEquation 2 is:
dpL dpvl dvl
v + v, ———

av,
F_ ~F ) o =
136 1 de vy a9

o " ¥17PL3s *
B avy
The sum of the last three terms is less than 1, while °r, T5 is

greater than 100, allowing the last three terms to be neglected. Thus,

Equation 2 becomes:

av; o | “
1 _1 :
ae T p (F, = Fy) (2)
L
Or,
dh
1 _ 12 e
& iy (F, - F), "h; = inches | - (13)

Similarly for stage 2, neglecting the tube bundle holdup Wé and vapor

density and volume terms, and letting,tr = 0.0 in Bguation T gives:

ef
T Prlihy, OB
12 ao

= p - - —
T "o i, FqTy - F(Ttgrty)

23 (1h)
22 .

And, for Eguation 8, by expanding to the total differential and
neglecting the last 3 ﬁerms, the reéulting mass balance on stage 2 is:

dh .
2 12 I
18 —'DLAz (Fl—FO), - h, = inches (15)

Auxiliary Equation 5 reduces to:

. 5694

F, = 2433.859 (-AP) #/hr. (16)




-31-
The pressure drop between tanks, using a linearized vapor pressure for
water, is:

(-&P) = .1867 (n -h,) + 1.3‘6(17142) , (17)

This systenm of'eqﬁatiéns was'amplitude scaled and time scaled and
wired onto the TR-48 analog computer. Using this simple system, 46 of
the 48 available amplifiers were used, as well ag all multiplier units

and one VDFG unit to generate F. = £(AP). This simplified system

1
simulation behaved only qualitatively like the experimental data for
Hl and H2 corresponding to a step change in TO (Figure 13). The -
simulation showed such great stability that values of Hl and H2

returned to original levels. Values of H2 as a function of FO (Figure

14) lined out to steady-state levels .from a picked starting value of
12 inches of water 'qualitatively the same as real evaporator data

would. Howéver, time ‘response of the simulation was 2 to 3 times

'slower than the experimental data. Because the TR-L8 analog computer

was used to capacity for this simplified model, no changes were made
in the model and analog computer work was dropped in favor of a digital

simulation.





















































































































































































































































































