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CONTROLLED-TREND PARAMETER VARIATION TESTS
ON THE OSW WRIGHTSVILLE BEACH THREE-STAGE
FLASH EVAPORATOR, AUGUST 1970

S. J. Ball N. E. Clopp, Jr. J. G. Delene

ABSTRACT

A series of tests was run on a three-stage experimental flash evap-
orator at the Office of Saline Water Test Station at Wrightsville Beach,
North Carolina in August 1970. The purpose of these tests was to determine
correlations to be used in dynamics and control studies of future large-scale
multistage flash (MSF) desalting plants connected to nuclear~reactor heat
sources.

Results from controlled-trend tests to study nonequilibrium losses
and interstage orifice brine flow behavior were analyzed and correlations
were determined. This trend test method greatly enhanced the output rate
of useful information. With special consideration given to measurement
and data-acquisition problems, internally consistent and reproducible
results were obtained.

The combined effects of nonequilibrium loss and hydraulic behavior
on stage and overall plant stability and operability were studied. The
resulting data and correlations were compared with the currently used design
correlation, and recommendations were derived for future tests.

Keywords: *experimental data + *Wrightsville Beach Plant + *multistage
flash distillation + *nuclear energy sources + *brine flow + *dynamic
characteristics + flash evaporation + parameiric studies + hydraulic
structures + operating experience + orifices

1. INTRODUCTION

A major objective of the experimental desalting program is fo obtain informa-
tion necessary for plant designers to predict the performance characteristics of
large-scale multistage flash (MSF) plants. Although most work of this type is
supported by the Office of Saline Water (OSW), the Atomic Energy Commission

(AEC) is sponsoring studies of coupling and control characteristics of large MSF plants



which are to be connected to a nuclear heat source by a turbine~-generater plant. A
series of AEC-sponsored tests were run on the OSW three-stage flash evaporator
[designed, built, and operated by the Baldwin-Lima~Hamilton Corp. (BLH)] at
Wrightsville Beach, N. C., from August 3 to 14, 1970. The main purpose of these
tests was to design models and to determine correlations for use in a simulmor] so that
the dynamics of large MSF plant designs can be predicted. Ultimately, the simulation
will include the coupled turbine-generator and reactor plant dynamics.

In this report, the authors discuss only two tests: (1) trend tests made to investi-
gate nonequilibrium losses and interstage orifice flow behavior, and (2) chemistry effects
tests. Other tests made during August 3-14 included dynamics tests and blow~through
experiments, and these will be reported elsewhere.2—4

Specifically, the trend tests were designed to obtain accurate nonequilibrium
loss and crifice flow-rate data and correlations for one particular test stage configuration,
which was a 7-ft long stage with no baffles or flashing devices. This configuration had
quite poor efficiency and operational characteristics, and clearly would be undesirable
for use in a production plant. The data, correlations, and observations derived from
the tests are useful, however, in that they demonstrate the kinds of relationships and
problems that may be encountered in other stage designs. The test procedures, data
collection, and analysis techniques which were demonstrated would also be directly
applicable to other stage designs.

Although the development of a stage design that has good efficiency and
operational characteristics is a reasonable objective, it is, however, only part of the
problem of MSF plant design. It is also necessary to be assured of reasonable behavior
when a large number of stages are coupled together, as well as when the entire evaopora-
tor is coupled to its heat source. Large~plant designers should keep these broader
considerations in mind before incorporating "improved" stage designs in such plants.

The authors are grateful to Mr. E. N. Sieder, formerly of the Office of Saline
Water, U.S. Department of the Interior, for making the evaporator available and to all

the Wrightsville Beach BLH personnel for their help, particularly Mr. Merl Neal.



2. THE TREND TEST METHOD

The use of controlled~trend parameter variation tests on evaporators was con-
ceived during tests on the ORNL "“flow box," a leaky, plywood, single-phase hydraulic
mock=-up of a three-stage MSF plant. During head vs flow tests, a natural leakage of
water from the box caused convenient, gradual head variations. When data taken
periodically were analyzed, acceptable and smoothly varying correlations were calcy-
lated.

The basic idea of the trend test is to measure the response of a plant while one
input parameter is slowly varied over the range of interest, holding all other input
parameters (where possible) fixed.

The usual method of obtaining steady~state correlation data from evaporators is
to let the entire plant settle at a desired set of operating conditions and then fo record
the required data. This procedure is repeated at other specified sets of conditions, and
several such runs can be made in a day. Making use of data from a number of such
tests, one can calculate variations in the response functions of interest, such as non-
equilibrium losses or discharge coefficients, and then correlate these variations with
input parameters, such as brine levels, flashdown, flow rates, etc. The problem with
this method, however, is that the resulting correlations usually are inconclusive, in
that the differences between the data and the "best fit" equations are excessive. We
suspected that the cause of one major difficulty was that these response functions are
sensitive to small changes in several different input parameters, some of which would
vary between tests and from day to day. Significant errors can result if these parameters
are not reestablished accurately or if they are not measured accurately and considered
in the correlation.

In contrast to the usual method just described, a feature of the trend test method
is that the changes in the input parameter being varied are likely to be responsible for
changes in the response function; hence, deviations in the response can be attributed

with greater confidence to deviations in the "trended" parameter.
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Another important feature of the trend test methed is its greater efficiency
(in terms of an increased information rate output). For example, while o trended
parameter is being varied slowly over its full range of inferest, data are taken continu-
ously. Since during this period of variation the entire plant does not have to be in an
equilibrium condition, the trended parameter can be voried over the total range of interest
in much less time than in the case of steady~state tests. A most important point is that
the maximum rate at which the parameter can be varied is determined by the stage
dynamics~~not the entire plant dynamics-—whici: makes the rate usually an order of
magnitude lower. To consider a subsystem (the test stage) in a quasi~steady~-state
condition, while the total system (the test plant) is not in such a condition, is a well~
established technique. In nuclear reactor kinetics, one can accurately calculate the
initial response to a change in reactivity by assuming that the prompt neutrons are
instantly in equilibrium (i.e., their lifetime equals zero instead of~10m5 sec) ond by
neglecting the much slower effects of the deluyed neutron and thermal feedbacks.
Likewise for the trend tests, the assumption that a stage is in equilibrium will be valid
if the trend rate is low enough. The maximum allowable rate can be calculated or
determined by trial and error.

For the BLH 7~ft test stage, typical tray brine and condenser tube holdup times
were about 3 and 6 sec, respectively. If one assumes (conservatively) a total stage-
holdup and heat-transfer time~constant of 20 sec and if the input temperature were

changed at the rate of 1°F/20 sec, the maximum output "error," or deviation from the
true steady-state value, would be 1°F. Similarly, for an input rate of 1°F/200 sec,
(0.005°F/sec), the maximum output error would be 0.1°F. Typical rates used in these
trend tests for nonequilibrium loss measurements were 0.001~0.002°F/sec; the maximum
rate was 0.003°F/sec. The rates were limited more by the low data-logging rate than
the evaporator time~constants. Trend tests for determining orifice flow characteristics
were run at much higher rates becaouse the response times of the tray brine hydraulics
were faster and the logging rates of the magnetic tape logger (1 complete scan/sec)

were higher . The typical irend rates in these tests were as much as 10 times higher

than those in the nonequilibrium loss tests.



In general, the results of the trend tests compared favorably with those of the
steady-state tests, indicating thot the trending rates used were satisfactory.

One inherent problem in evaporator testing is that it is usually not possibie to
vary only one evaporator parameter ot a time. This is illustrated as follows. If we
consider an orifice flow-rate test to determine effects of flashdown on the discharge
coefficient and assume that the flashdown is varied between near zero and maximum
while the flow rate, downstream level, and the orifice height are held fixed, we shall
find that as the flashdown increases the vapor pressure difference (APV) across the
orifice will increase, making the upstream brine level decrease. Thus, any effects on
the discharge coefficient are due both to the increasing flashdown (and APV) and the
decreasing upstream level. To determine the individual effects requires other types of
tests that will enable separation of these effects during analysis of the data.

Derivation of the forms of empirical correlation equations (even if one assumes
that all significant parameters are being considered) is a difficult task for nonlinear
multiparameter devices such as flash evaporators. Without the proper forms, even very
clever coefficient variation schemes will not enable good data fits. From observation
of evaporator behavior during trend tests, the forms of good correlating equations often
become readily apparent to the observer. Examples of this are described in Sect. 5.

Final optimization of coefficients and fine~structure model details are usually
left to automated means. Many such means, i.e., computer codes, are available.

Implementation of trend tests requires more control devices and instrumentation
than are usually available on test evaporators. Also, efficient data-collecting and
analysis equipment is required, since the information output rate is usually large. Af the
BLH plant, several control systems and transmitting instruments were added for the tests.
Data were recorded both on the BLH data acquisition system (DAS), which produced data
on IBM cards, and on an ORNL Beckman-Anscan magnefic tape logger. Both the card
and the tape outputs were later analyzed on ORNL computers. One serious drawback
of this procedure was that practically all of the data were analyzed ofter the tests had
been completed, i.e., very little information from analyzed data could be applied in

making decisions on how to conduct the remaining tests. An on-line computer data



system will be installed in place of the DAS to provide virtually instantaneous data

analysis. The system is scheduled to be installed and operational in late 1971,
3. GENERAL DESCRIPTION OF THE EVAPORATOR

The three-stage plant was designed to simulate a section of a full-scale com-
mercial desalting plant, primarily for the purpose of studying flashing phenomena. With
appropriate control of the heating and cooling sources, stage brine temperatures from
100 to 250°F, flashdowns from 1 to 6°F, and specific flows up to 1.2 x 106 Ib/hr per ft
of width could be achieved. Brine was circulated through the 21-in. wide, 31-ft long,
and 6-ft 8-in. high flash chamber, and then recycled back through a brine cooler, three
external condensers, and a brine heater before it reentered the inlet stage (Fig. 1).
Normally the test (middle) stage length is 15 ft; however, its length had been reduced
to 7 ft shortly before these tests were run. (The 7-ft length was required for another

test series unrelated to these tests.)

4. INSTRUMENTATION AND CONTROLS

4.1 Equipment

Of the instrumentation and controls added for the tests (Fig. 2), the d/p trans-
mifter, convertfers, recorders, and controllers were all industrial-grade electronic
instruments, except that the orifice height transmitter, SX, waos designed at ORNL.
Signals from these instruments were conditioned for readout and logging by the BLH
data~acquisition system (DAS) and an ORNL magnetic tape logger. Selected variables
were monitored by a two-pen sirip~chart recorder during the trend and dynamics tests.

In addition to the added instruments, the original BLH temperature measurement
system was used. This system consists of ~40 high~quality platinum resistance tempera-
ture detectors (RTD's), each with an individual half-bridge completion network and all

tied to a common power supply. The RTD circuit outputs were 1 mV/°F and generally
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set to read directly in degrees Fahrenheit (and tenths) on the DAS. The locations of
these RTD's are shown in Fig. 1.

To measure the saturation (wet bulb) vapor temperature in the test stage, two
special wick assemblies (Fig. 3) were installed, using standard RTD elements as sensors.
However, this sensor wos not completely successful. In several runs, measurements
by these wet-bulb probes agreed within 0.5°F with corresponding vapor pressure
measurements, but in other runs they were as much as 3°F lower. We conjectured
afterwards that the wick was too heavy, occasionally resulting in overcooling. We
plan to use a lighter wick in subsequent tests.

Controllers for inlef-plus-test-stage flashdown temperature (by varying steam
flow to the brine heater) and stage 1-to~2 brine level difference (by varying the
recirculating brine flow rate) were added for the trend tests. An alternative to the
flashdown temperature controller was also used on occasion; by substitution of a fixed
(dummy) signal for the stage 2 outlet temperature signal, the stage 1 inlet temperature

was controlled directly. The original method of controlling the sump brine level by

RS " EVAPORATOR SHELL
—-- VAPOR ME/’
\ ~—
RTD PROBE ” /-GAqu WICK
s L -
2 [
L__A_ 3”EXPOSED J X FREEE
LENGTH THIELD
~ SIGHT GLASS
WATER LEVEL S
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Fig. 3. RTD Wet-Bulb Assembly.
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varying the blowdown was modified so that the brine level in the test stage could be
controlled instead. An additional controller (not shown in Fig. 2) was installed

between the condenser and the catch tonk. This controller was added because changes in
inventory in the distillate tank during trend runs had given false measurements of the
distillate rate.

While most of the control and measurement methods were standard, the
continuous distillate rate measurement is explained as follows. We assumed that for a
given catch tank calibrated leak opening (valve position), the leak rate was related to
the depth of the water in the tank. For a fixed flow into the tank, then, there wos a
corresponding steady-state leve!. Changes in the flow rate were observed as chonges in
catch tank inventory; hence, the distillate rate could be computed as a function of the
catch tank level plus the rate of change of the level. Details of the procedure used are
given in Sect. 10.1.

The measurements not logged automatically were the test stage absolute pressure
(several precision gauges), sight gauges and manometers for reading tray brine levels
ond stage~to-stage vapor pressure differentials, and a pH meter for monitoring blowdown

brine.

4.2 Measurement Consistency Checks

Since acquisition of internally consistent data was a significant problem, the
entire system was studied to determine the causes of these inconsistencies. As aresult,
three specific measurement procedures were developad to help improve the quality
of the data:

1. In addition to ice bath calibrations, the RTD probes were calibrated in place
at operating temperatures. To do this, the heating and cooling sources were
shut off and the brine was circulated until the temperature around the loop became
isothermal (or nearly so). Then 8 to 12 complete data scans were made with the
BLH-DAS. If RTD probe drift was negligible, the data were used directly for probe
calibration. In most cases, however, particularly at higher temperatures, signifi-

cant drift rates were unavoidable. Hence, a computer program was designed to
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normalize the data to correct for the drift, including the skew, since it took ~94 sec
for a complete scan of the data. To obtain the reference temperature for each

case, all RTD signals were averaged. The consistency of these measurements was
confirmed by an error of <0.1°F. At higher temperatures the corrections were

a few tenths of a degree or less, but there were occasional corrections of as much os
1°F.

The use of an average temperature from several RTD's located in the tray brine to
obtain mean inlet and outlet temperatures had been a questionable practice, because
the velocity and temperature profiles in the tray brine were known to be nonuniform.
A test of the validity of such measurements demonstrated clearly that this was indeed
a poor practice. The test consisted of gradually lowering the brine level in the inlet
stage (by decreasing the brine invénfory and periodically raising the interstage orifice)
while measuring the test stage flashdown, both by averaging the tray brine RTD probes
(four each at the inlet and outlet) and by heat balances, i.e., both by measuring the
test stage distillate rate and the condenser coolant brine AT. A plot of flashdown

as measured by the tray brine probes (FD2M) versus flashdown measured from the
condenser AT (FD2C) is shown in Fig. 4. In this (‘and other) tests, FD2C proved to

be uniformly accurate when checked against distillate rate measurements. Hence, the
tray brine RTD probes were no longer used to determine accurate bulk temperatures,
and stage 1 and 2 tray brine outlet temperatures used in correlations were computed by
subtracting flashdowns (FD1C and FD2C) from the stage 1 inlet brine temperature
(TBI1). TBI1 was measured by two RID probes in the inlet pipe. Because axial
traverses of these probes during a run showed no noticeable temperature gradient,
these temperatures were assumed to be good indications of the mean temperature .
While the effects of elecitrical (60 Hz) noise on the RTD readings were minimal,

there was appreciable temperature fluctuation "noise" in some RTD signals. The
noisiest signals were from the tray brine and the brine inlet to stage 1, where the

rms fluctuations were ~0.3°F on the short (faster response) probes. For this reason,
several scans of the data were required to obtain good confidence in the RTD read-

ings. Specifically, for the two TBIl probes, the probability that the average of one
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scan of data (two samples) was <0.1°F of the true average was only 0.36. Thus,
four scans of data (eight samples) per point were used, giving-a confidence level
of 0.65 for a 0.1°F tolerance (0.84 for o 0.15°F tolerance).
In addition to measurement techniques, other sources of error contributing to
inconsistent data were considered, namely, effects of additions of antifoam and acid and

of changes in condenser bundle venting rates. These are discussed in Sect. 7.
5. RESULTS OF NONEQUILIBRIUM LOSS CORRELATION TESTS

5.1 Definitions ond Basic Measurement Problems

" Nonequilibrium loss" is one of several terms used in the industry to denote the
difference between the actual and the ideal temperatures of the tray brine leaving o

stage. Other equivalent terms in common use are "submergence loss," "

approach to
equilibrium," and "delta-prime" (A"). There is also some disagreement about the precise
definition of nonequilibrium loss. The actual mean outlet temperature of brine from a
stage is usually higher than the stoge saturated vapor temperature because of two factors:
(1) a chemical effect, or boiling point elevation (BPE), that is caused by impurities or
dissolved solids in the brine; and (2) thermal and hydrodynamic effects caused by
imperfect mixing, insufficient time for superheated brine to vaporize completely, or a
greater total static head (vapor plus liquid) on the brine near the bottom of the tray
which increases the brine boiling point.

In this report nonequilibrium loss is defined as only that loss which can be
affected by the design of the flash chamber, i.e., only thermal and hydrodynamic
effects. In Fig. 5 the relationships of the pertinent stage temperatures are shown and
the definition of nonequilibrium loss is illustrated.

The values of A’ vary considerably, depending on stage design, temperature,
and other operating conditions; their general range is from~1°F or less to 5°F. It is
difficult to accurately measure A’, because it requires measurement of a small difference
between two temperatures (both of which are difficult to measure) and accurate knowledge

of the boiling point elevation (BPE).
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Fig. 5. Temperature Diagram Showing Definition of Nonequilibrium Loss (A”).

Direct measurements of the mean outlet temperature of tray brine are made
complicated by nonuniform temperature and velocity distributions and by fluctuations.
As discussed in Sect. 4, mean tray brine outlet temperctures derived from heat balance
calculations are probably more accurate. It is also difficult to make direct measurements
of wet~bulb vapor temperatures in a stage, opparently because the wick has a tendency
to be either too wet or too dry. Measurement of only the dry bulb temperature is not
adequate because the amount of vapor superheat is unknown and varioble (Fig. 5).
Inference of the saturation temperature from an absolute pressure measurement is possibly
subject to error because of an unknown partial pressure from noncondensable goses.

Nonequilibrium losses discussed in Sects. 5.2 and 5.3 are based on time-averaged
BLH-DAS data (an average of four or more data sets), heat-balance-derived tray brine
outlet temperatures, absolute-pressure-derived saturation temperatures, and BPE values

calculated from measured salt concentration and bulk temperature.

5.2 Test-Stage Nonequilibrium Loss Correlation

The test stage was o 7-ft long, 21-in.-wide empty chamber with rectangular

orifices at both ends. The OSW had chosen this to be a reference (or base) case in a
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series of tests that included variations of stage length and several different flashing

device configurations.

The ranges of operation covered in the tests are shown in Table 1.

Table 1. Ranges of Test Stage Operating Conditions

Brine  Measured

Brine Flow Rate Temperature  Flashdown Level A
(Ib/he per ft width) (°F) (°F) {in.) (°F)
0.7-1.0x 1° 125 - 160 2.0-4.517-30 2.5-6.0

These data were taken with the BLH-DAS and logged on IBM cards. In addition
to the temperature, flow, and level data scanned automatically (1 complete scan every
94 sec), the absolute pressure in the vapor space of the test stage was read manually
with a precision gauge after every scan. Generally, these data were obtained during
controlled trend tests, and steady-state runs were made occasionally to verify data
obtained in the trend tests, which they did.

An empirical A’ correlation equation was derived from a total of 90 sets of data.
Fach data set was an average of at least four complete BLH-DAS scans. The form of the
equation was derived from observation of the trend test results. For example, there
appeared to be a strong positive dependence of A’ onbrine level and a negative
dependence on flashdown. The brine level effect appeared to be dependent on both
level and temperature; changes in the level had less effect on A’ at higher temperatures
and at higher absolute brine levels. There was also an apparent effect due to acidity.
Since acid concentration was not known, this factor in the correlation equation is
approximate, at best. Attempts to detect some dependence of test stage A’ on the
brine flow rate, upstream stage A’, and cross-product terms of level and flashdown
resulted in negligible (if any) improvement in the correlation.

The resulting empirical equation for A’ fit the data to within an rms error of
0.25°F (Fig. 6), and it applies only to the geometry of this particular stage and to the

operating ranges in Table 1:
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A" (°F)~2.05 +(0.82 - 0.0035TBI2) (L, -~ 10) - 0.5FD2 ~ 0.35AC (1a)
for L, < 24 in.,
A" (°F)~2.05 +(0.82 - 0.003578I2) (0.3, +6.8) ~ 0.5FD2 - 0.35AC (1b)
for Ly, = 24 in.,
where

TBI2 = test-stage tray brine inlet temperature, °F,

[, = test-stage fray brine level, in.,

FD2 = test-stage flashdown, °F,

AC = 1.0 if the loop contains acid and O if it does not.

These equations include oll BLH-DAS trend and steady-state test data taken during the
2-week period, but not data taken during special tests of effects of antifoam and acid
oddition transients, condenser bundle venting transients, ond blow~through character~
istics. These special tests (except blow through) are described in Sect. 7.

The correlation was optimized by a manually controlled parameter search
program on a time-shared computer. Since the quantity of data was not excessive, rms
fit errors were calculated very efficiently for each try. With the "hands-on" feature
of the time-share system the form of the equation could be modified rapidly, thus
requiring much less time to achieve an optimized correlation equation than would be
required with a batch computer.

A plot of measured vs calculated values of A’ for a sample trend run shows that
trends of A’ with brine level and flashdown are quite clear (Figs. 7a and b), although
other tests were required to determine the individual effects. In Table 2, some of the
run parameters and measured and calculoted values of test stage A’ are tabulated. The
first (or high) brine level part of run 8072 (denoted by asterisks) shows an apparent
transient effect due to the addition of an antifoaming agent. (This effect is discussed

in more detail in Sect. 7.)

More complete data for these runs is available from the authors on request.

5.3 Inlet-Stage Noneqguilibrium Loss Correlation

An empirical equation to correlate A’ was also determined for the inlet stage

(stage 1) of the evaporator. This equation is similar to Eq. (1) derived for the test
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20

Table 2. Test Conditions for Test Stage Nonequilibrium Loss Runs ~
Comparison of Measured and Calculated Values®

A’ (stage 2)

Pt Run W L2 1812 FD2C  Expt'l  Calc  Error

1 8062 «969 2086 139.4 2.13 4034 4459 25
2 8062 +968 20.39 139.3 2.18 4:33 4.41 « 08
3 8062 «967 2040 1393 2.15 de 45  Ae43 ~e 02
4 8062 +969 2070 1393 2413 be bl G154 ~«10
5 8063 «972 2024 139.4 1.98 4857 4. 46 ~s11
6 8063 +270 20.12 139.4 2.08 433 4.37 e 04
7 8063 2967 1991 13%.4 2.26 4. 18 4.21 «03
8 8063 +967 19.91 13%9.4 2.29 4-09 4.20 «11
9 8063 «968 19.54 139.5 2.35 3.80 4.04 e 24
10 8063 +250 19.01 1397 2.55 3«55 3.76 «21
11 8063 «921 1792 139.8 2.71 2.86 3.31 .45
12 8063 e936 1764 1398 2.66 298 3.25 «27
13 8063 «9243 17.31 139.8 2.59 285 3.17 » 32
14 8063 «e944 17607 1398 2.55 2.66 3.11 e 45
15 8064 «974 21.28 141.1 1.93 520 4676 ~e44
16 8064 974 21066 14303 2024 be 76 .64 -.!2
17 8072 e 966 26436 14442 336 5.86 5.01 -.85"
18 8072  +962 24.50 144.2 3.92  5.43 4.55  ~.88"
19 8072 «364 246 44 14309 3081 5015 4062 “053
20 8072 « 965 24450 144.3 3.83 5«19  4.59 -. 60"
21 8072 «962 24.26 144.4 385 516 455 ~e 61"
22 8072 «964 24413 14442 393 4683 451 - e 32
23 8072 0964 23020 14403 40]3 4035 4-14 “021
24 8072 « 262 23.04 144.7 4.23 4,15 4,02 ~e13
25 8072 «961 23-12 1444 6 4,23 4o 16 4405 ~e11
26 8072 «962 23.02 144.6 4.20 418 404 ~ela
27 8072 e962 22415 144.3 427 3.71 3e74 «03
28 8073 « 958 22.03 144+ 7 4036 3e64 3¢ 64 «00
29 8073 s 958 22627 1435 4.23 377 383 «056
30 8073 « 360 22.28 143.0 4.17 368 3.89 «21
31 8073 e961 2190 142.9 4.23 3.93 3.74 -e19
3? 8073 261 22.12 141-7 ‘4:0“4 4He D1 396 -« 05
33 8073 «961 22.58 141.3 3.88 4,06 4.20 «14
34 8073 e260 21693 1404 375 4,01 4.10 « 09
35 8073 «e958 2195 140.1 3.70 407 4014 «07
36 8073 «F58 22.15 139.6 3.75 389 4.20 « 31
37 8073 +9592 21.88 138.4 3.64 4002 4.22 «20
38 8073 «961 2216 13746 343 4e25 4o 45 « 20
39 8073 « 359 21«74 1368 3e42 3«86 4435 49
40 8073 « 958 2172 1362 3429 413 4.43 « 30
41 8073 «+956 21.¢1 1355 3.19 4. 21 be 477 «26
42 8073 «957 21.28 1345 3.03 4¢33 447 ol 4
43 8073 «958 2093 133.2 2.80 4e £5 4452 07
44 8073 e P60 Z21e14 1322 2.66 4¢ 62  4.70 « 08
45 8073 «960 21.13 131.7 2.51 4e7S 4079 «04
46 8073 «360 2088 130.9 2.48 Ae bl 46 TS o 14
47 8073 +963 2104 1306 2¢42 4+ 57 4.85 28

“See page 43 for explanation of column headings.
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Table 2. Test Conditions for Test Stage Nonequilibrium Loss Runs -
Comparison of Measured and Calculated Values (continued)®

A’ (stage 2)

Pt Run W L2 1812 FD2C  Expt'l Calc  Error
45 8C74 «972 27.29 1311 2.02 597 6.45 . 48
49 8074 « 970 27.28 131.2 2.02  5.91 6o 45 54
50 8074 « 966 25.82 131ed4 1.94 5.93 6.32 -39
51 8074 « 360 L22+65 131.2 2.24 520 5.49 - 29
52 8074 «958 22.27 1308 2.20 515 5.39 24
53 8074 0960 19099 13006 2-46 4-59 4045 "'014
54 8074 e959 18.54 130.6 2.83 358 3.73 «15
55 8074 « 959 1694 1303 306 2e96 3.05 - 09
Sé 8102 « 811 1942 119.7 232 de b4 4.67 =03
57 8102 «B12 19.34 1207 2.53 4482 4.50 -+32
59 8102 + 813 19. 42 1231 2.85 bde 65  4.29. -2 36
60 8102 «+811 19.36 124.3 3.11 456 4.10 ~ed6
61 8102 « 822 19.22 1255 3.32 4.22 3.90 -2 32
62 8102 +830 19.35 127.1 3.63 398 3.74 -4
63 8102 «8BE4 19.21 128.1 3.82 375 356 ~e19
64 8102 +866 19.29 128.7 3.84 3.79 3.56 -2
65 8103 « 847 19.50 132.9 3. 41 4.00 372 -+ 28
&6 8103 « 847 19.37 1362 3.80 3.27 3.37 - 10
67 8103 e B 44 19.26 1374 4.01 307 3.19 « 12
68 8103 «B47  19.12 138.1 4.20 2.94 3.02 . 08
&9 8113 « 678 1911 125.2 3.93 3.21 321 + 00
70 8113 « 678 19.14 125.0 3.80 299 3.30 «31
71 8113 + 678  19.09 123.9 3.38 334 3.52 « 18
72 8114 « 703 1914 123.1 321 343 365 - 22
73 8114 + 624 20.12 123.9 3.29 3265 3.96 «31
T4 8114 « 667 21.06 124.9 3.30 Ae 43  4.028 ~e15
75 8114 2660 22.62 125.7 3.23 4699 488 ~o i1
716 8114 + 663 24.22 127.0 3.17 530 5.40 « 10
77 gl114 « 664 25.71 128.1 3. 02 5.95 5.58 ~-e37
78 Bl14 e 669 27.22 128.4 2.95 604 S5e77 -7
79 8114 « 672 28B.65 128.5 2.80 580 .00 + 20
80 8141 + 900 24.82 162.5 2.07 4.58 44.24 ~234
gz 8142 «+ 900 24.93 161.8 2.11 4653 4.27 - 26
84 8142 « 899 24478 161.8 2.09 4e 4] 4427 ~el4
85 8143 « 904 29.44 161.8 235 beTh Hed9 =0.25
Bé6 8143 « 903 2B.97 161.9 2.32 4TS5 4o 46 -+ 29
87 8143 «901 PBe 48 162.0 2.31 4074 4.43 ~¢31
88 8143 + 901 26.00 161.9 2.20 455  4.30 -«25
90 8144 « 892 1970 1617 376 2.40 2.28 ~e12
91 8la4 «893 2025 161.7 3.66 239 2.47 « 0F
92 8145 2893 2024 1617 372 2.31 Ped4 «13
93 8145 «893 20.35 1617 3459 Pedd4 2.53 « 09
g4 8145 «893 20.23 1617 372 239 2e.44 +05
95 8145 + 893 20.43 1617 367 2,37 2.5 T
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stage. Although the inlet stage is quite atypical (particularly because the brine flow
enters from the side), a A’ correlation was of interest: (1) to check the test and
measurement methods based on the consistency of the A’ values; (2) to determine if the
correlation for the inlet stage was of the same form (but with different coefficients)

as for the test stage, suggesting that equations of this form might be applicable to a
wider class of stage designs; and (3) to obtain experimental data which later could be
verified in the hybrid computer stage dynamics model.

The resulting inlet stage A’ data and correlation indicate that the data are
indeed consistent and that the form of the equation is similar to the test stage correla-
tion. The ranges of operating conditions are shown in Table 3.

These test conditions are about the same as those for the test stage study (Table 1)
except for a narrower range of flashdowns and o wider range of brine levels.

The same techniques and disclaimers s for the test stage also apply here. The
resulting correlation, which fit the measured inlet stage A’ data to within 0.2°F error,

is

A’ (°F)a 1.46 +(0.30 - 0.0017 TBI1) (L, - 10) - 0.2 FD1 - 0.35 AC (2a)
for , <30 in.,
A" (°F)a 1.46+(0.30 - 0.0017 TBI1) (1.5, -25)-0.2FD1 ~0.35 AC (2b)
for I3 = 30 in.,
where

TBI1 = inlet stage tray brine inlet temperature, °F,

Ly = inlet stage tray brine level, in.,

FD1 = inlet stage flashdown, °F,

AC =1.0 if the loop contains acid and zero if it does not.

Table 3. Ranges of Inlet Stage Operating Conditions

Brine  Measured
Brine Flow Rate Temperature  Flashdown  level A

(Ib/hr per ft width) (°F) (°F) (in.) (°F)

0.7 -1.0x 10° 125 -~ 160 1.7-3.1 16-37 1.0-3.4




23

As before, the results of the trend and steady-state tests were generally in
close agreement. Test conditions, with measured and calculated A’ values, are given
in Table 4.

Although the forms of the correlating equations for the inlet and test stages
were similar, there were four significant differences in the results:

1. the values of inlet stage A’ were generally much lower, ranging from 1.0 to
3.5°F (vs 2.5 to 6.5°F);

2. the reduced dependency of A’ on level for brine depths greater than 24 in.
observed for the fest stage was not apparent for the inlet stage;

3. for brine depths greater than 30 in., the inlet stage A’ showed an increased
dependence on level (no data were recorded for test stage levels greater than
30 in.);

4. alfh’ough there was an apparent increase in the test stage A’ in run 8072
following addition of an antifoam agent, the corresponding A’ measurements for

the inlet stage showed no such effect.
6. RESULTS OF INTERSTAGE ORIFICE FLOW RATE CORRELATION TESTS

Probably the most crucial correlations required in calculating MSF dynamic
behavior are those that describe interstage orifice flow rates. Early in the develop~
ment of MSF plants, Silver5 discussed stability and control and stated that the most

difficult MSF control problem is to keep all the free brine levels af reasonable values,

and "....the success or failure of a multistage flash distillation plant depends critically

upon the design of the brine flow passages between stages.” In a frequency response
study of a model of large MSF plant designs, Ball noted the important effect of the
orifice flow characteristics on overall plant stability.” Later investigations using a
digital simulator showed that the predicted behavior is very sensitive to assumptions

7
about the orifice behavior.” Van Winkle8 recently pointed out the urgent need for

good flow correlations. A theoretical and experimental investigation by MIT sfudenfs9

of single-phase hydraulics in an MSF mock-up stage noted the high sensitivity of
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Table 4. Test Conditions for Inlet Stage Nonequilibrium Loss Runs -
Comparison of Measured and Caiculated Values®

A’ (stage 1)

Pt Run W Ll TBI1 FIC  Expt'l  Cale Error

1 8062 « 969 2664 60 141.1 1-7S 1.99 2.11 « 12
2 8062 e 968 26657 1410 1.72 1.88 2.12 24
3 8062 « 9267 2683 1410 1.70 198 P13 «15
4 8062 ¢ 269 27«15 1410 1.70 2.13 2.15 «02
5 8063 «972 27.02 141.1 1.75 2.06 2.13 «07
6 8063 «970 26408 141.2 1476 193 2.07 o 14
7 8063 ¢ 967 25.52 141.1 167 2.03 2.06 «03
8 8063 «9867 2554 141.1 1.72 193 2.05 0.12
9 8063 +9368 24.83 141.2 1.72 1.80 2.01 e 21
10 8063 « 950 22. 69 1414 168 182 1.88 «06
11 8063 e 921 1918 1415 1.66 143 1.67 24
12 80623 » 936 1949 141.5 1.70 155 1.68 «13
13 8063 2943 18.02 141.6 1.76 1«48 1.58 + 10
14 8063 P44 17+ 64 1415 175 1.29 1.56 e 27
15 8064 « 974 2793 1430 191 2.05 2.10 <05
16 8064 e 974 27« 41 145.3 2.04 1«71 197 26
17 8072 +966 2783 147.2 2.97 159 175 «16
19 8072 ¢ 364 2612 146.8 2.95 1.58 1¢68 «10
20 8072 ¢« 965 26421 147.3 3.03 162 1.66 04
21 8072 «262 25.99 1475 3. 09 1«61 1«63 « 02
22 8072 « G 64 25«71 147-3 311 1+ 45 le 62 17
23 8072 «e964 24470 147-3 3.01 1«48 1.59 «11
24 8072 «962 24431 1478 3.12 1«39 1.53 14
25 8072 «e961 2432 1477 3.12 1.40 1.54 o1 4
28 8072 e 62 24440 1477 3.11 135 1.54 «19
27 8072 e 962 22. 72 147+ 4 3.07 l1el4 1e 47 « 33
28 8073 « 958 22. 05 147.8 312 119 1«42 e 23
29 8073 « 958 2333 146.4 2.94 1.37 1.55 « 18
30 8073 e 960 23.74 145.9 2.95 135 158 « 23
31 8073 «e961 23. 41 1458 2.86 1.61 159 -« 02
32 8073 « 961 24.33 1444 2468 1« 74 1.71 -e03
33 8073 «961 Pbs 64 144.1 2.81 1«65 170 « 05
34 8073 + 9860 24.98 143.2 2.78 1. 68 1475 « 07
35 8073 « 958 24,63 142.9 2.78 1. 61 174 «13
36 8073 « 958 2494 142.2 2.65 1. 65 180 15
37 8073 «959 25.11 140.9 2.55 1. 81 1.86 - 05
38 8073 «261 25.91 140-.1 251 1.85 1.94 « Q09
39 8073 ¢ 959 25.79 139.2 2.42 1. 62 1.98 ¢ 36
40 8073 « 958 25.90 1385 2.35 1.93 2.02 « 09
41 8073 « 956 25.96 137.8 2433 1.81 2.04 «23
42 8073 « 957 26.20 136.8 2. 28 1.81 2.10 « 29
43 8073 » 358 26+ 55 1354 2.19 1.95 2.18 e23
44 g073 « 360 2707 134.3 2.09 2.00 2.27 27
45 8073 e 960 2724 1338 207 220 2.30 e10
a6 8073 « 360 27.29 132.9 1.99 2.15 2.34 e19
47 8073 « 963 27867 1326 2el4a 237 «23

2:03
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Table 4. Test Conditions for Inlet Stage Nonequilibrium Loss Runs -
Comparison of Measured and Calculated Values (continued)®

A’ (stage 1)

Pt Run W L1 TBI1 FDIC  Expt'l Calc  Error
48 8074 «972 37,39 132.8 1.70 373 343 -»30
49 807 4 «970 36.79 132.9 1.71 360 335 =~0.25
51 8074 «960 29,77 133.1 1.92 2+ 50 2.53 «03
52 8074 » 958 28.92 132.8 1.97 2«31 2.47 « 16
53 807 4 2960 2597 1326 2.03 223 2.25 - 02
S4 8074 e 959 22.55 132.7 2.09 1.79 1.98 « 19
55 807 4 «959 16.73 132.4 2.11 1+37 1.54 17
56 8102 811 22612 121.9 2.21 2eS51 2e14 ~e37
57 8102 «B12 2176 123.0 2.28 2. 60 2.07 -e53
58 g102 « 826 21.68 124.4 239 246 2.0P - o444
59 8102 «B13 2090 1257 2.56 232 189 - 43
60 8102 811  20.10 126.9 2.61 2«25 179 ~s 46
62 g102 «e830 17+.25 130.0 2.95 1.75 1.44 -« 31
63 8102 «B64 1606 130.9 2.83 159 136 ~e23
64 8102 866 15.89 131.5 2.85 1e64 134 -+ 30
66 8103 «eB847 1653 139.0 2.84 1e36 1.31 ~.05
67 8103 B4 1544 140.2 2.84 120 1.23 «03
68 8103 «847 1540 140.9 2.85 1.28 1.22 ~ .06
69 €113 e 678 20.66 128.0 2.78 179 143 -e36
70 8113 « 678  21+45 127.7 2.72 158 1.52 ~«06
71 8113 «BTB R22.27 12645 2461 1«66 163 ~+03
72 %114 <703  20.91 125.7 2.956 1«45 154 « 09
74 8114 e 667 23435 1277 2.81 196 1.65 - e 31
75 Blla4 » 660 24697 128.7 2.99 184 1.73 -2 11
76 8114 e 663 26045 130.2 3.16 175 177 .02
717 8114 664 2790 1313 318 1«84 185 «01
73 8114 2669 29.18 131.5 3.11 2.02 1.95 - 07
79 8114 s 672 31.01 131.6 3.09 1:84 P2+13 « 29
80 8141 « 900 . 28.40 165.0 2.48 119 «97 -e22
g1 8141 « 898 26493 1651 2455 »93 293 - 00
82 8142 «G00 28440 1643 2647 1«14 1.00 ~-s 14
83 8142 «900 28.02 164.5 2.52 1«14 »97 - 17
84 8l4ag ¢899 26436 164.3 2.53 + 99 « 94 ~:05
85 8143 «304 34.07 164.,2 2+.39 157 1,18 ~+ 39
86 8143 + 903 33.07 164.3 2.43 1«50 1.13 -e37
87 8143 +901 32.76 1864.4 2.42 1. 41 1.12 - .29
88 8143 «+901 30.28 184.3 2.45 1.23 1.04 ~+19
89 8143 896 2621 163.9 2,46 113 e 96 -a17
91 8144 «e 893 PReT0 164.2 2.47 «94 1.01 « 07
92 8145 +893 28.71 1641 2643 1.01 1.02 <01
93 8145 +B93 29.16 164s2 247 1.06 1.02 ~e04
94 8145 «B93 28.98 164x1 2.41 1.04 1.03 ~e01
95 2145 +893 29.10 164.1 237 108 1.04 - (4
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flow to effective contraction coefficient and energy loss variations, which made flow
correlations difficult.

Previous attempts at obtaining orifice flow correlations from a considerable
amount of flashing-flow operating data, obtained from tests both by ORNL and by BLH,
resulted in several different expressions for flow which would typically fit the dota to
within 10% rms error. However, although these correlations predicted nominal flow
rates fairly accurately for a given set of operating conditions they could not predict
the effects on flow of trends in the various controlling parameters such as brine levels
and vapor pressure drops. 10 It was postulated that by use of controlled trend tests the
form of a good empirical equation could be derived from inspection of the results.

In the August 1970 test series, 17 orifice flow trend tests were run, with data
scanned at 1-sec intervals using the ORNL logger. The ranges of operating conditions
in these tests are shown in Table 5. Since this study did not cover the full ranges of
these parameters, any flow calculations using the resulting correlation, even within
these ranges, should be regarded s tentative, at best.

The empirical correlation equation derived for the inlet tray brine flow rate
in the test stage accounts for most of the significant trends in the flow data. Data
were taken during 10 trend tests in which the brine flow was maintained ot a constant
rate and other parameters (such as levels and flashdown) were varied. These data
showed that as the upstream level was increased, the required total head increcsed
markedly, and the relative effectiveness of the vapor pressure difference decrecsed.
An empirical flow equation based on these duata was constructed to fit the data from the
10 runs to within 2.7% rms error. Data from all 17 sets of flow tests, including those

“in which the recirculating flow rate was varied, were fitted to 3.2% rms error.

Table 5. Ranges of Operating Conditions for Orifice Flow Tests

APV QOrifice Inlet Test Stage
Brine Flow Rate Temperature Height, Stage Level Level
(Ib/hr per £t width) (°F)  (in-Hy0) 5.7y (in.) (in.)

0.7 -1.0x 10° 125165 4-19 6.3-9.5 14-33 16 - 27
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The characteristics of the resulting equation for a particular orifice height
(8.5in.) and 'various flow and level conditions plotted in Fig. 8 show such significant
features as large positive slopes of the total head vs upstream level; steeper slopes at
higher flow rates; and at higher levels, an increased spread between the two curves
for each set of flow and leve!l conditions.

That the normal flow=stabilizing effect in open~channel flow, relating the
flow and levels, was substantially altered is also shown in Fig. 8. For example, an
increase in inlet flow rate to stage 1 makes its level L increase; consequently the total
head APT is increased and the flow rate out of stage 1 is increased accordingly. As the
slopes of the total head vs L; curves become steeper, however, the increase in total
head required to properly adjust the flow out of the stage becomes greater. Thus,
steeper slopes indicate a greater destabilizing tendency in the inherent flow control
mechanism, and the results show this tendency fo be more prevalent at the higher
flows.

The increased spread between the curves for (L ~ L4 =2 in.) and
(le - L3 =-2in.)seen at higher brine levels represents a stabilizing effect on the
inherent flow control. (This can be shown, with some effort, by postulating a start-
ing set of operating conditions and then determining how much I; must change to
cause a given change in flow, with L and APv remaining constant. If turns out that
the wider the spread of the AL curves, the less Ly must change; hence, the more
stable the stage hydraulics.)

Equation (2) shows that the inherent stability is reduced as the flow rate
increases and the upstream level 1 decreases. From Eq. (2), it also appears that
the importance of the downstream level Ly (relative to L, and APvcpor) is quite high
over much of the operating range, meaning that potentially seribus overall plant

stability problems would be likely.
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Fig. 8. Test Stage Inlet Orifice Flow Equation - Total Head vs Upstream
Brine Level for Constant Flow and Leve! Difference.

The flow equation plotted in Fig. 8 is

L ~L, +AP
0.165f5H<1 s VE+O.HZEDBL+1.22)

2.64 + EDBL

W:

where
W = brine specific flow rate, lb/hr per ft of width x 107,
BH = orifice height, in.,
L = ypstream (midstage) brine level, in.,
Lo = downstream (midstage) brine level, in.,
APVE = effective vapor pressure drop, in. HzO,
AP, = [1-0.181 (DBL - 1.22)] AP,
APV = vapor pressure drop from stage 1 to 2, in. HZO'
DBL = dimensionless upstream brine level equal to L /@H,

EDBL = (DBL ~ 1) for DBL < 3.47 and 2.47 for DBL > 3.47.
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The correlation equation was derived mainly through use of a time-shared computer
program which permitted rapid feedback of fit information, followed by a more detailed
parameter gradient search routine on the ORNL IBM 360/91. The form of the equation is
different from the usual versions of the classical orifice equation, where flow varies as
some power (~0.5) of pressure drop.

Data used in fhé correlation, diong with calculated flow values, are shown in
Table 6. These data were extracted from runs in which many more points had been
recorded and were selected because they covered the parameter ranges as evenly as
possible. Figure 2 shows an example of such point selection; here the discharge
coefficient Cd from a standard version of the classical orifice equation is plotted vs
upstream level. Each point on the plot represents the average of 20 complete scans of
data. Due to the very large number of raw data points involved, a complete set of all

data is not included here.

7. EFFECTS OF ANTIFOAM AND ACID ADDITIONS AND CONDENSER
BUNDLE VENTING RATE CHANGES

7.1 Antifoam Effects

Experiments were run on five different days to determine the effect of the
addition of antifoam agents on A’. Preliminary calculations had indicated that the
concentration of antifoam following aslug addition would become uniform throughout
the loop within 10 min. The experimental data, however, clearly indicate a settling
time of 60 to 90 min. Figure 10, which shows the error in the A’ correlation vs time
following two slug additions of antifoam, indicates clearly that transient increases in
antifoam concentration increased the measured values of A’. Llong~term effects on A’

of varying degrees of antifoam concentration, however, were not discernible.

7.2 Acid Effects

The addition of a gallon or more of concentrated sulfuric acid after several

days of high pH ¢10.7) operation had a dramatic effect on plant operation (e.g.,
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Table 4. Test Conditions for Orifice Flow Trend Tests - Comparison of

Measured and Calculated Flow (Eq. 3) ©

Run L1 1.2
12003 16,00 19.87
12003 18.C3 19.67
12C03 20623 19.57
12003 23,89 19,51
120C3 28e44 2037
12003 32.28 21401
12065 30660 2Ca512
120CS 2937 20Ge58
12005 27000 ZCQQZ
120C5 23.87 19.93
12005 22444 19,85
12006 23.16 2C.18
12006 2049 <012
12006 1797 19,97
12006 15,75 19.90
12006 14,25 2GeYC0
13011 22.5C 1775
13011 24,56 18,81
13011 275C 20e4 4%
13011 30,83 224810
13011 33.85 27.(C1
13012 33.,5¢ 27,09
13012 32.062 26,75
13Cle 30G.86 2620
13012 294 ¢ 25488
13G13 29.90 26609
13013 2€10C 2375
13013 23,08 €301 5
13013 19.1¢ 20 .49
13013 16648 20e 75
13013 14,21 1%9.24
13015 c230 21695
13015 2431 22,15
13015 25.9€& 22635
139015 2757 22460
13015 29.57 23s%2
13015 207 € 24e58
13C15 3] .83 25.28
13016 31.i1 244 3)
13016 28e57 22eC5
13016 25.03 20,28
13016 22«1 1971
13016 1918 17,60
13016 17.0¢ 1667
13016 15.51 16,24
12016 13,72 16615
13018 <£1.<8 18022
13018 23485 1860E8
13018 24080 19542
13018 259G 2Ce2T7
13C18 2796 22.21
13018 3Ce45 25453
13018 3l 6% 26655

w
AP, OH TBI2 Expt'l Cale  Error (%)
9.37 Ee 81 13208 Ce8(5 00764 “¢011
8e 84 BaBl 1328 U0eB26 (eT89 =450
e 62 8:81 132.8 00832 (0822 ”1.22
5011 8. 81 132.7 D.BEBC GeB63 ~1+99
€. 97 Bef8l 133,86 C(a921 (e865 -T7aC4%
6.22 8.81 133.9 03982 00906 “7.77
Ee12 Se51 13646 1a040 GCs951 =~8.51
Ce B9 oSl 13€43 (o994 Ce951 ~—4434
7.44 9051 135.4 09946 G.QLH ’2.92
e C9 9250 129,8 0.35%5¢ C(C.866 la38
Se4l Ge50 1256 CoTET7 GCeB22 4067
4e 96 Ge50 123,.2 0.7€8 Ce80C7 2647
Te 32 Ge50 12666 07585 (0835 6e42
Te85 G650 128.1 (787 (6811 3.09
Be 45 9450 129.1 0.785 0,792 Ce @2
8,97 9450 12% 4 CeTEE Ce 772 ~1la73
3«96 8950 13U03 Ce?ég C.7S° “1.75
Se 18 8250 131.3 Ue7£8 (o786 2e 34
5. 99 6650 133,7 0,773 0794 2072
5+ 36 8450 134.5 Co773 00780 0,86
Te 66 8s 50 139.3 GeT76 0s T6C -~2e05
8.20 8:50 139.9 0.776 00759 ‘2.15
96 81 850 14le9 Ca775 Q772 ~Ce4l
12. 24 Bo5C 13744 D26773 0.78& 1,69
13,04 854 1371 WU.TT3 06786 le 74
13433 €50 1374 0,775 (o791 2eCFE
12623 865C 1370 Q.,77T1 (.803 4elb
11.€5% 850 13760 Qo769 CoTT7 1.03
9.75 8.50 13299 00759 (e T69 ”0902
10.88 8050 134.5 00770 Co759 “1.49
Se 91 Ea50 13262 0768 GaT44 =3412
9077 £e48 13203 00764 6-757 ”Cugé
Ge 36 Be48 1326t 0e7(5 CoT66 Del6
Ge 61 Be48 13342 0,767 06787 2657
9 Ti 8248 1335 GaT766 4797 405
G2 Be48 133,06 (o769 CaTTY 1.10
8e 66 Se48 13451 0T7T0 (773 Ce34
Te97 Be#8 13406 D771 Qo762 ~14C7
7.55 “80@8 13“07 Co??l C.77] ”U.Ub
Te23 8048 13407 G769 (G779 le30
6o 62 Be48 134t CaTEL (775 ielb
€e b2 Be4B 134.2 Go7t5 (e78C le92 .
e 56 Be48 133,83 CaT€2 (o778 2el4
6e 57 8448 133,46 (4762 Co77C 1.C9
€e €9 €e48 13345 0.7€62 (o768 Ve 83
60 96 Be 43 1230 0e7él La753 “i,C4
7.90 7.95 13596 0.815 Cc777 '4a66
7091 7.95 135@9 09811 00775 “49?8
8024 7095 13651 Ce?gl bo778 ”Ioéq
Be 9C Te95 13642 G773 0,777 D056
Se 62 Te95 13¢e2 QoT4T7 o753 Le 82
Ge BO 7095 136.1 05724 00716 "1916
Ye 66 7'95 13601 Co?EZ 05709 "3010
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Table 6. Test Conditions for Orifice Flow Trend Tests ~ Comparison of
Measured and Calculated Flow (Eq. 3) {continued)®

Run L1 L2
13019 3080 26429
13019 28440 23.23
13019 24,49 21.10
13019 2232 20652
130619 18430 19.4C
13019 1535 19.70
13028 30438 15,13
13028 30.38 19.88
13028 30,79 20.52
13028 30471 20659
13028 28,98 20633
13028 27409 Z0.33
13028 21.87 20429
13028 20,19 19439
13030 27447 1%432
12030 25442 184.9¢
13C30 24413 19.81
13030 21«74 19.15
13030 19.,85 19.81
13030 18.23 1G.74
13030 15461 18.56
13032 3250 19,25
13032 29487 2C.23
13032 2B.07 1Ge19
13032 24,70 19.5C
12032 22.52 19.03
13034 31l.1C 19,73
13034 294i2 20422
12034 24.73 20413
13034 21e%4 19.79
130364 1993 19,12
13034 17483 1G6.76
12034 16451 19468
14010 28454 2Ce7%
14010 26463 2C.79
14Gl0 24431 2C.84
14010 234,48 20,53
14010 224.iC 21.09
140i0 19462 2079
14028 17,23 22,63
14028 2Ce45 22624
14028 22487 21464
14028 2487 £le75
14028 27.61 21.88
14028 29491 22466
14028 32472 24058
14628 35,01 27.10
14029 28,96 21606
14029 28442 2VeE5
14029 2705 2l.06
14029 24e83 20e86
14029 23e49 20.89
14029 21465 20.50

W
AP, OH TBRZ Expt'l Calc  Error (%)
Qe 60 .,.ﬁq; 13 5{??‘%72 1 Ceb96 -2s52
Se B4 T+95 1360 0,720 0,729 1,24
G.73 7«95 1364 0,719 CoT751 4e43
9e 22 Te95 13664 Co715 (e732 2eté
9045 7495 13642 0e71% Ca727 1483
9092 7.95 136-1 0.713 (0685 ’3.92
6e 50 Te95 13646 (o889 00861 -3,15
7020 7.95 13603 0.861 (¢849 “1.40
Te 74 Te95 136e& CoeB845 (o848 0«38
Te 32 7495 130666 Ce822 04847 179
Be 49 Te95 13740 Ca8C0 04821 2e60
8 90 795 1372 0,775 C.787 1.57
Se 30 Te95 13742 Ce732 (0,732 Ce2C
Fe 46 Te95 1373 04723 (o754 be2b
6023 8.45 133.5 00358 Q. 830 -3.24
7.60 8.45 16200 Qe BGH Ce847 ~242%
9. 05 Be4S5 14Te5 04859 yUeB3€& -~-24,62
10617 8e45 14947 (0856 (o864 Ge95
11,23 Be45 15148 G(Ge858 0.850 <«(0.92
11.51 8.48 15205 00357 00848 ”1.C4
12,03 Be48 15342 04855 (o845 -l.15
12 66 699 164e3 0,858 0.916 6677
14434 60699 1b64eT C(u822 (o854 3,88
14,3} 6099 16448 0,820 GeB852 3.88
15.49 Ge 99 165-0 0.791 0.786 'Oo63
15.51. 6699 16542 UeT78T7 0e804 2614
15,12 be2T 16544 0,789 (C.821 4403
1€a.17 6627 16548 (4762 LaT784 e 82
170C2 6027 16602 00738 0’730 ‘1.14
iT7e43 6a 27 1664 ¢ Cs729 Ce702 ~3e66
17.4C €e27 16608 04727 04728 0elé
17.48 627 1672 0,703 CeTl4 le63
i7.83 6e2T 16701 Qa7C5 GaT32 3.8C
4o 83 G 68 14645 0,623 0e902 ~2e29
6.83 G669 14Te4 (e918 0,922 Ce4l
Be 71 GebB 14943 0o917 06937 2018
Se 56 9669 1505 0916 0965 5633
11.0¢ Geb68 152.& Co917 (e972 509¢
1152 Qe 70 15344 Co915 Ue971 6elb
18.30 7.48 163.1 0-883 0-820 '7.15
iB.58 Tea8 1629 Co88C (o842 ~4426
18429 Te48 1628 (a883 CaB55 ~3,20
18435 Te48 16249 CoB84 0e851 -3,74
18, C4 Te48 16342 Co €85 G884 ~Ge9
1Be15 Te48 16230 (aBIC (Ce8T3 ~1495
17.11‘1 7'048 16207 O.BE7 00823 "‘7022
16675 Ta48 162:6 (o910 (aB%2 ~1430
164 8C Te48 16248 0,884 Ge90C5 2036
17.60 Toe48 163.0 CeB83 (s8T8 ~C453
18e42 Ta48 16390 Ge884 (GeBBL ~Uu029
186 54 Te4B8 163.1 0882 0,885 Ce37
186 60 Te48 16240 CoB81 0.89C 1.Cc2
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once it caused a blowthrough between stages 1 and 2) and played havoc with the A’
correlations. After the pH had settled down (at ~6.5), however, the effects on A’
appeared to be consistent. The long-term effect on A’ is possibly due to the acid

increasing the boiling point elevation (BPE) of the brine.

7.3 Condenser Bundle Venting Rate Effects

Although there was evidence that in some cases increasing the venting rate
tended to decrease the A’, the tests were inconclusive because of the way the venting
rate affected flashdown and the strong influence of flashdown on A”.

The notably poor overall heat transfer coefficients U obtained for the stage 2
condenser bundle were also of concern. After the first series of flashing runs, we noted
that there was a distinct difference between the performance of the upper and lower
two sets of tube bundles. The upper bundles were much more efficient than the lower
ones, with values of the condensing coefficient (including all fouling) 50 to 300%
greater. Since the coefficients for the upper bundles were usually fairly high (between
700 and 1000 Bty hr™> £t °F1), and the upper bundles were physically closer to the
stage, we assumed that any noncondensable blanketing of the lower bundles would

probably not affect the internal performance (i.e., A’) of the stage itself.
8. DISCUSSION OF RESULTS

8.1 Combined Effects of Nonequilibrium Loss and Orifice Flow Behavior on
Stoge Operating Characteristics

As noted previously, the particular stage design tested (i.e., 7-ft long with a
plain, rectangular orifice and no flash enhancers) had poor efficiency characteristics.
Besides their influence in reducing efficiency, the high values of A’ observed can also
be related to a detrimental effect on the hydraulic behavior. For example, as a stage
level decreased, its A’ decreased. A smaller A’ value indicates that the vapor tempera-
ture is closer to the mean brine temperature (i.e., hotter), and the correspending vapor

pressure is higher. This is in opposition to the inherent inventory control mechanism
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in open-channel flow, where a decrease in inventory (brine level) decreases the static
head in the stage and thus increases the inlet flow and decreases the outlet flow. Hence,
a positive dependence of A’ on level has a destobilizing tendency which indicates that
flash enhancer and baoffle designs that minimize this dependence would help to improve
the hydraulic stability. Tests run loter by BLH on the 7-ft stage with several different
flash enhancer devices indicated just such desirable reductions in the dependence of A’
on level. A comparison of measured A’ values and those computed with the empty-stage
correlation equation showed little improvement in A’ values at low brine levels but
significant improvements at higher levels.

In a study of single-phase MSF stage hydraulic stability, Wichner” calculated
criteria for stability based on hydraulic considerations alone. He concluded that in the
BLH flashing flow tests the stage levels were more unstable than expected based on his
criteria. A possible explanation is the destabilizing effect of the positive dependence
of A’ on level. He also observed an inherent stabilizing effect of baffles on the single-
phase hydraulics. Hence, baffles and other flash enhancer devices that reduce A’ would

tend to be doubly effective in improving stage stability.

8.2 Variations in Overall Test Stage Efficiency

Nonequilibrium loss is but one of several factors that contribute to loss of
efficiency of stage operation. Other factors, such as BPE, condenser tube fouling, or
vapor leakage due to blow~by or blow-through, are also important; like A’, these
factors also can be affected by operating conditions. In the design of an economically
optimized desalting plant, one should consider the variations in efficiency that would
be caused by expected variations in operating conditions. For example, o plant design
with stage efficiencies that are very sensitive to small perturbations in operating
parameters may be less desirable than one with a lower pedk efficiency but with less
sensitivity to parameter changes. Thus, experimental data showing trends in some
overall measure of stage efficiency, as well as A, would be of interest. As an example,
Fig. 11 shows a plot of the test stage cooling effectiveness as a function of brine level

for two different tests. The cooling effectiveness €. is defined as the ratio of the actual
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cooling (AT) of the tray brine to the ideal cooling AT (i.e., where the brine is cooled

to the temperature of the inlet coolant TCi):

Bi Bo 3)

Figure 11 shows that a decrease in tray brine level of about 10 in. increased the cooling
effectiveness by about 50% in one run (8074) and 25% in the other (8114). In run 8074,
the level decrease was accompanied by an increase in flashdown of about 1°F, but the

flashdown remained fairly constant in run 8114,

8.3 Comparison of Nonequilibrium Loss and Orifice Flow Data with
Current Design Correlations

A general, though perhaps oversimplified, statement of the philosophy used in
development of the currently-used design correlations is that these correlations were
derived for predicting evaporator behavior at specified reference design conditions.
Although these correlations may be satisfactory for design point calculations, they do
not predict accurately the stage performance as the operating conditions in the evapor-
ator are changed. This point is substantiated by the results of a A trend test and an
orifice flow trend test.

Figure 12 shows measured A’ test stage flashdown in run 8073, along with A’
as predicted by the current OSW design equation (Sect. 10.2) and the equation
derived from the present trend tests. (The points shown are the averages of eight scans
rather than four to reduce clutter.) This figure illustrates clearly how the design
equation, which does not include a dependence on flashdown, fails to predict the trend.
Table 7 shows the results of all 95 A’ points as calculated by the OSW design equation.
The rms error of the predicted values was 0.58°F; the averoge predicted value was 0.3°F low.

As discussed in Sect. 6, the total head required for a given flow rate varies
considerably with brine level. The current orifice flow design equation (Sect. 10.2)

includes this effect only through the velocity-of~approach factor, which does not
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adequately account for the trend. This is shown in Fig. 13 as tray brine flow rate vs
total head (APV + 1 - lg) for trend run 13016. Figure 13 also shows the flows pre-~
dicted by the design equation and the equation derived from the present tests. Table
8 gives fhe results of all orifice flow points as calculated by the design equation, for
which there was an overall rms error of 10.7%. From o "steady-state design" point of
view, the design equation is quite good, especially when one considers that this
equation was derived from data on a 14-ft long (rather than the present 7-ft) stage,
which would have significantly different hydraulic characteristics. However, from

a dynamics, or plant operation, point of view, the design equation is inadequate.

The present tests and both design correlations described in this report pertain
to plain, flat-bottom brine trays. These may be considered as basic cases with which
the performance of various flash enhancer devices and baffles can be compared. In this
respect, especially, inferpretation of the data should not be based only on comparisons
of reference design point performance. In addition to the basic problem of obtaining
"equivalent" operating points for different cases, there is a necessity that each stage
will be operated over a range of conditions. Hence, the respective correlation
equations should be compared, such as those derived from the present trend tests, and

both efficiency and operating performance should be considered.
9. CONCLUSIONS AND RECOMMENDATIONS

Test and analysis procedures were developed that improved quality of data and
correlations. The controlled~trend fests enhanced the information ocutput rate, provided
readily discernible parametric relationships, and yielded reproducible results in the
presence of inherent measurement problems such as nonuniform tray brine temperature
and velocity profiles, brine temperature fluctuations, and RTD calibration shifts at
higher operating temperatures. Data recorded with antifoam agents and acid in the
system were internally consistent and the correlations were reproducible for nonequilibrium
loss over a wide range of conditions. (A corollary observation is that if one does not

consider such problems, the data are likely to be inconsistent and nonreproducible.)
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Table 7. Test Conditions for Test Stage Noneguilibrium Loss Runs -
Comparison of Measured Values with Design Equation Calculations?
A’ (stage 2)

Pt Run W L2 TB12 FD2C  Expt'l Calc  Error

1 8062 0969 20086 13904 2013 4034 3062 '072
2 8062 « I 68 20. 39 139.3 2.18 4033 352 ~e81
3 3062 967 20. 40 139.3 2.15 40485 3451 -9 4
4 8062 « 969 20.70 139.3 2.13 de64 3eB8 ~1.06
S5 8063 «972 20.24 139. 4 1.98 457 3ed4b6 ~1e11
6 8063 «970 20.12 139.4 2.08 4,33 344 -« 89
7 8063 967 12.91 1394 2.26 4,18 3e4] -~ T7
g 8063 «967 19.91 13%9. 4 2.29 4409 36 42 ~eb67
9 8063 e 268 19.54 139.5 2.35 3.80 3.34 - hib
10 8063 « 950 19.01 139.7 255 3.55 3.22 ~+33
11 8063 «921 17.92 139.8 P2.71 2.86 2498 0.12
12 8063 « 936 17.64 139.8 2e 66 2.98 294 -e04
13 8063 « 943 17.31 139.8 Pe 59 285 P89 D4
14 8063 «F 44 1707 132.8 2455 Pt 2.84 «18
15 8064 «974 21.28 141.1 1.93 520 363 ~1:57
16 8064 0974 21'66 14303 2024 4076 3067 ’1009
17 8072 966 26436 144.2 336 S«86 S5.06 -«80
18 8072 0962 24.50 144-2 3-92 5043 405& ‘089
19 8072 -964 24044 14309 3081 5-15 4.53 “-62
20 8072 «e965 24.50 1443 3.83 S.19 453 ~e b6
21 8072 «962 24.26 1444 385 Se16 be 46 ~e70
22 8072 964 24013 1442 393 4.83 be L4 -+ 39
23 8072 G864 2320 144.3 4413 4635 4e 21 ~el14
24 8072 «262 23.04 144¢7T 423 4415 4e16 «+ 01
25 8072 961 23.12 144. 6 423 4,16 4.18 « 02
26 8072 « 962 23.02 144, 6 420 4018 4615 -e03
27 8072 « 962 22.15 144.3 4e 27 371 3.95 « 24
28 8073 «958 22.03 1447 4436 3e64 3691 «27
29 8073 «958 22.27 143.5 4.23 377 4901 24
30 g073 « 960 22.28 143.0 He 17 3. 685 4.03 « 35
31 8073 « 9261 21.90 142.9 4023 3.93 395 « 02
32 8073 « 961 22. 12 1417 4004 4001 403 « 02
33 8073 «961 22+ 58 141.3 3.88 4,06 415 « 0%
34 8073 « 960 21.93 140e4 375 4. 01 4.01 - .00
35 8073 «958 21.95 140.1 3.70 4207 4,02 -~ «(05
36 8073 « 958 P2« 15 1396 3«75 389 4410 «21
37 8073 «959 21.88 1384 3«64 402 4607 « 05
38 8073 0961 220,6 13706 3043 4025 4-16 “009
39 8073 e 959 21.74 136:8 3+42 386 408 « 22
40 8073 « 958 21. 72 136.2 3.29 4013 4609 ~e (4
41 8073 «956 Ple 61 1355 3.19 4.21 4407 ~el14
42 8073 0957 21028 13405 3003 4-33 4002 ”031
43 8073 «958 2093 1332 2.80 4045 3496 ~o 49
44 8073 -960 21014 132-2 2-66 4062 4005 '~S7
45 8073 «960 2113 1317 2.5 4075 4.05 -+ 70
46 8073 e 960 20.88 1309 2., 48 Leb1 4002 - 59
47 8073 0963 2].04 13006 2-42 4057 4-07 ‘050



41

Table 7. Test Conditions for Test Stage Nonequilibrium Loss Runs —= Comparison of
Measured Values with Design Equation Calculations (continued)®

A’ (stage 2)

Pt Run \ L2 TBI2 FD2C  Expt'l Colc  Error
48 8074 e 972 27.29 131.1 2.02 S.97 6.07 «10
49 8074 «970 27.28 131.2 2.02 591 6.05 «14
50 B074 e9266 2582 1314 1.94 593 DBe4asb -~ 47
51 8074 0960 22-65 13102 202& 5:20 b b -+ 74
52 B074 <958 22.27 1308 2.20 515 4.36 -«79
53 8074 «960 19.99 130.46 2.46 4059 380 -+79
54 8074 +959 18.54 130.6 2.83 3.58 3.51 ~-«07
55 8074 +959 1694 130.3 3.06 2,96 3.20 e 24
S6 8102 e811 1942 119.7 2.32 464 386 ~.78
57 8102 +B12 1934 120s7 2+53 4,82 383 ~+99
58 8102 <826 19.31 122.0 2.67 4068 381 -e87
59 8102 «813 19.42 123.1 2.85 465 379 -e86
61 8102 e822 19.22 1255 3.32 4622 371 ~+51
62 8102 »830 19,35 1271 363 398 3.72 - 26
63 8102 «864 19.21 128.1 3.82 375 3.72 -«03
64 8102 e866 19,29 12847 384 3+79 3.72 -« 07
65 8103 «847 19.50 132.9 3.4] 4.00 3.53 - 47
66 8103 +B47 1937 1362 3.80 3627 342 «15
67 8103 +B44 1926 1374 4.01 3.07 3.37 + 30
68 8103 +847 19.12 1381 4.20 2.94 (3.34 « 40
69 8113 <678 19.11 125.2 3.93 321 354 «33
70 8113 «678 19.14 125.0 3.80 2.99 3.54 55
71 8113 « 678 19.09 123.9 3.38 3.34 3.53 «19
72 8114 « 703 19.14 123.1 3.21 3«43 3459 + 16
73 8114 e 694 20.12 1239 3.29 365 3.78 +13
74 8114 « 667 21.06 124.9 3.30 4443 3.92 =51
75 Bl14 «£60 22+.62 12567 3+23 499  4.27 - 72
76 8114 » 663 2422 1270 3617 530 466 ~e b4
77 B114 e 664 2571 128.1 3.02 595 5.05 -+90
78 Bl114 e 669 27,22 128.4 2.95 604 5455 -« 49
79 8114 « 672 28s.65 12845 2.80 580 6.08 =28
80 8141 «900 24.82 1625 207 458 3.48 =1.10
g1 8141 e 898 24.97 162.6 2.18 4437 353 ~=8a
82 8142 e300 24493 1618 2611 453 3.54 -+99
83 8142 e 900 24.90 162.0 1.99 4654 3.51 -1.03
84 8142 eB99 24478 161+8 2.09 4¢41 3.50 =91
85 8143 e 904 29.44 1618 235 4e T4 480 « 06
86 8143 «903 28.97 161.9 2.32 475 4.64 ~«11
87 8143 «201 28.48 162.0 2.31 de T4 4o 48 ~e26
88 8143 0901 26000 16109 2'20 4'55 3081 ~-eT74
89 8143 « 896 24.29 1614 2417 4e 47 342 ~1.05
90 8144 «892 19.70 16t.7 3:76 240 2.70 30
91 8144 «B93 2025 161.7 3.66 2439 R2.78 e 39
92 8145 «e893 20-24 161.7 3.72 231 2.79 o 48
93 B145 «893 2035 1617 3.59 2.44 2.79 «35
94 8145 «eB93 2023 1617 3«72 239 2.79 « 40

25 8145 «e893 20.43 1617 3e67 237 2.82 « 45
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Fig. 13. Comparison of Measured and Calculated Values of Interstage
Orifice Flowrate Showing Independence of Flow on Total Head.
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An empirical correlation for interstage orifice flow was derived which accounted
for most of the trends within limited operating parameter ranges. The combined effects
of hydraulic and nonequilibrium loss were important to the operational stability of a
single stage.

We recommend that trend test methods be developed further and applied to all
stage designs tested at the Wrightsville Beach three-stage unit and the San Diego nine-
stage MSF module. Correlations for stage nonequilibrium loss and hydraulic behavior
should be obtained over the entire operating range of interest, and their effects both
on single-stage and overall plant stability and efficiency should be evaluated.

Development of several improved measurement and data-acquisition capabilities
is urgently needed. A more reliable measurement method for saturation temperature
is required. Development of a reliable means for measuring tray brine temperature and
velocity profiles is essential to a determination of nonequilibrium losses at the MSF
module, because no method exists for measuring mean tray brine outlet temperatures
from individual stages. The installation of an on-line computer at Wrightsville Beach
should satisfy the data~acquisition needs of the three-stage plant; however, the data-
acquisition capabilities at the San Diego module must be revamped to be suitable for

the experiments recommended herein.

CJExplcna’rion of column headings in Tables 2, 4, 6, 7, and 8:

W brine recirculation flow, Ib/hr per ft of width x ]0_6
L] stage 1 brine level, in.
L2 stage 2 brine level, in.

TBI1  stage 1 inlet tray brine temperature

TBI2  stage 2 inlet tray brine temperature

FD1C flashdown of stage 1, computed from condenser heat balance
FD2C flashdown of stage 2, computed from condenser heat balance
AP, vapor pressure drop from stage 1 to 2, in. HyO

CH height of orifice between stages 1 and 2, in.
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Table 8. Test Conditions for Orifice Flow Trend Tests - Comparison of
Measured Flow with Design Equation Calculations®

Run Ll 12
12003 16,00 19,67
12003 1803 19467
12003 206232 19,57
12003 22,89 19,51
12003 28444 20437
12003 32,28 21,01
12005 30.6C 20053
12005 25e37 20456
12005 27,00 20,92
12005 234687 19493
12005 2244 19685
12006 23.16 20.18
12006 20645 20e12
12006 17.97 19,97
12006 15675 19,90
12006 14,25 20610
13011 22450 17,75
13011 24,56 18,81
13011 27.50 20444
13011 30683 22460
13011 33.85 27,01
13012 33,59 27.09
13012 322e62 26475
13012 30686 26420
13012 29042 25.88
13013 29.9C 264,09
13013 26610 23,75
13013 23,08 23,15
13013 19.10 20440
12012 16448 20475
13013 14621 1934
13015 22430 21,95
13015 2431 22,15
13015 25,96 22635
13015 27.57 22.68
13015 29457 23692
13015 30c76 24,58
13015 31,82 25,38
13016 31411 24.31
13016 28457 22405
13016 25.03 20,28
13016 22441 19,01
13016 1918 17,60
13016 17.06 16487
13016 15651 16434
13016 13072 16415
13Ci8 21.98 18.22
13018 22,69 18.88
13018 2448C 19642
13018 25499 20.27
13018 27.96 2231
13018 30645 2553
13016 21.64 26455

w

AP, OH  TBI2 Expt'l Cale  Error (%)
9'37 8081 132.8 00805 0@679 '15.71
8¢ 84 8081 13248 GeB26 0737 =~10.81
8&62 8081 132.3 00832 09804 '3040
8011 881 132.7 0880 0.894 1.55
66 97 Ge8l 1336 0931 0,953 2e32
€e 22 .81 133,9 {.982 1,009 280
6o 12 GeS51 13646 1.040 1,064 2e28
He 89 G651 13663 02994 1,053 Se 97
To 44 Se51 135.4 (o946 05994 5405
66 Q9 G650 1292 Co854 0,883 3e 34
547 Fe50 125,86 0.787 0,808 2569
4496 G650 123,22 00788 0,798 1,24
Te 32 9250 12646 0,785 0,807 2.83
7@85 F 50 12801 00787 00741 ”5083
8¢ 45 QeBL  129s1 0a785 (00682 ~13.14
8e ST GeS0 1294 0.TEL 0,627 —20.27
3096 8@50 13303 03769 09734 "4051
Se18 Be50 1319 0Co768 0,805 476
5e 9% 8650 133.7 00773 06861 1l.4%
5e36 8650 13405 0,773 06869 12.%2
Te 66 8,50 139,9 04776 0,889 14,50
8¢ 20 €450 132.9 0,776 0.895 15.38
e 81 8650 1419 OCe775 06924 19019
12¢ 24 Be50 137,44 Q773 02957 23,79
13,04 8e54 1371 0772 06960 24.15
13633 6650 137.,4 0.775 00968 24,91
12,23 8e50 137.0 0771 0.911 18,14
11,65 €u5C 13740 0,769 0,833 8.30
Ge 15 8650 1329 0769 CaTh2 =338
104 88 8450 134a5 (2770 00635 ~9,72
goql 8650 13202 0.768 C.637 “17e00
G 77 Be48 13263 0764 (o785 277
Se 26 e48 13206 0.765 0,822 7257
Fe 61 Ce%B8 13352 0767 (869 13.35
Se 71 B8e48 12345 0765 0904 18,01
Se42 848 133e¢ Co769 (0911 18,53
Be 66 8e48 13%4,1 (e77C (e3902 17.19
Te 37 8048 13406 0,771 0888 15,23
Te 55 Be48 134T Qo771 0eB8BB 15,16
Te 23 Eo#8 13467 (o763 CoBT7T 14,02
be 62 8e48 1344,4% 0766 0,815 Gell
Ge &2 848 13422 0.765 04781 2,10
6.56 8.48 133, 8 0762 Oe 732} "4004
&e 57 8e 48 1336 0,762 Ce692 ~9.11
6069 3048 133;5 0e7é2 09670 ”12002
6o 99 Be48 1320 0,761 0623 =16,77
TeS0 Te95 13526 (0815 Ce779 ~4,37
7391 7.95 135@9 0@811 09803 “0@95
8e 2% Te95 13601 06791 0.8B25 heddh
809C TeS5 13662 0sTT2 0848 965
Fe £2 Te95 13662 0747 (e859 15400
Qe 86 ToS5 13€el 0724 0Ue841 16618
e 62 TeS5 13¢el 0722 04839 14463



45

Table 8. Test Conditions for Orifice Flow Trend Tests - Comparison of

Measured Flow with Design Equation Calculations (continued)? W

Pt Run L1 L2 AP, OH  TBI2 Expt'! Calc  Error (%)

54 13019 30,80 26429 9e 60 TeS5 135.9 04721 o823 1l4el4
55 13019 28,00 23.23 9e B4 TaS5 13640 0,720 0e842 16693
56 13019 24,49 21.10 9472 Te95 136e¢4 04719 06812 12485
57 13019 22,32 20652 = Se22 Te95 13&6e4 0715 Ce758 6603
58 13019 1843C. 1940 e 45 TeS5 13602 Qo714 Ce691 =3424
59 13C19 15435, 19,70 9092 Te95 1366l 06713 040602 =15053
60 13028 30638 19.13 6e 50 7495 13646 0889 0.914 285
61 13028 30e3E 19.88 Te 20 TeS5 136e3 0861 04913 6006
62 13028 30,79 20.52 Te 74 Te95 13646 Ce845 04920 8483
63 13028 30,71 2059 Te 92 Te95 136e& 06822 04920 10.63
64 13028 28458 20633 Ee 49 Te95 13740 04800 CeS03 12487
65 13028 27,05 2033 8e 90 Te95 1372 04775 06871 12442
66 13028 21.87 20639 Ge 20 Te95 1372 0e732 G753 2.81
67 13028 20.19 19,39 Qe b Te95 13743 04723 Ca745 3,02
68 13030 27T.47 19,32 6o 23 Be%5 133.5 (.858 04895 4e27
69 13030 25442 18696 To 60 BetS 142.0 0,866 0.893 3.08
T0 13030 24.12 19,81 9«05 8e45 147.5 0,859 0,878 2620
71 13030 2174 1915 10417 Be5 14947 06856 0,872 1,92
T2 13030 1985 1981 11,22 Be45 151.8 0.858 0.838 =-2,31
73 13030 18623 1974 11.51 Ee48 152¢5 CeB857T 0e813 =5,17
T4 13030 15461 19456 12403 Boh8 15362 O0oBES 0,774 =9,48
75 13032 32450 19425 12.66 6a99 164,3 0,858 0,945 10,11
76 13032 2987 2023 1l4a34 60699 16447 04822 Ca916 1le41
TT 13032 28607 1919 14¢31 6099 164e8 06820 0,905 10,38
78 13032 24.7C 19,90 15,49 £e99 1650 0,791 0,859 8.63
79 13032 ¢22.52 19«03 154,51 €e99 16562 O06TET CaB4l 6e83
80 13024 31,10 1973 1%.12 66 2T 16564 0,769 (o854 8020
81 13034 29413 20e23 1€617 6027 1658 04762 0a835 9456
82 13034 24,72 2013 17.02 6o 2T 166e2 04738 04,787 €467
83 13034 21e54% 1979 17443 6027 16666 (0729 06753 3230
84 13034 1%e932 19«12 17440 6e27T 16648 0,727 0741 1.89
85 13034 17083 19.76 17048 be 27 16702 0.703 00698 “0.69
86 13034 16451 19468 17.83 6a27 16Tel 04TC5 Ueb6BT =2455
87 14010 284,54 20,75 4e 82 Ce 68 14665 06923 0,976 5.72
88 14010 264£3 20679 6s 83 9669 14Te4 04918 0,987 Te56
89 14010 24,321 20.84 8a71 Ge 68 14943 CoS17 C.982 Teld
90 14010 23.48 20653 Se 56 9¢69 15045 (6916 1,002 9438
91 14010 22.10 21.09 114,06 CeGE 15266 0917 (o997 8467
92 14010 19662 2079 1153 Se 70 153c4 Q0.915 0960 4097
93 14028 17622 22463 18430 Te48 16341 0882 (4752 =10,28
94 14028 20445 22.24 18.58 Ta48 16249 0880 0o8ET ~1e47
95 14028 22487 21464 18429 Te4B 16248 CeB883 0,916 3.71
96 14028 24487 Z21e75 18435 To48 16209 0e884 Co948 728
9T 14028 27.61 21.88 17.82 Te48 16300 06885 0a981 10872
98 14028 29491 226€6 18404 TehB8 16362 0885 1.008 12,87
99 14028 3272 24658 18015 Te48 16340 Co890 1,021 14.¢€8
100 14028 35401 27.10 17,41 Te48 16267 CoBET 1.000 1276
101 14029 28499 2106 1é&eo7% Te4B 162646 0s910 0,999 9.73
102 14029 28442 2055 1648C Te48 1628 06884 1.GC0 13,09
103 14029 27.05 21.06 17.6C Te4B 16360 06883 0,983 11.33
104 14029 24483 20,86 18442 Te4B 16340 0884 Ca.967 Ye36
105 14029 234G 20689 18,54 Te4uB 163,1 0882 Cs947 Te36
106 14029 21465 20450 18,60 T4 163¢0 06881 (o918 4019
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10. APPENDIX

10.1 Test Stage Distillate Rote Measurement

The distillate rate from the test stage was measured using the existing weigh
tank by installing a d/p cell to measure liquid level and a valve in the drain line
to vary the flow out of the tank. The flow out of the weigh tank for a given valve
setting was dependent on the level of water in the tank, and the rate of change in the
level of water was dependent on the difference between the flow info the tank and
the flow out of the tank. To ensure that the flow into the weigh tank wos equal to the
amount of product being produced, the test stage distillate tank was equipped with

level controller.

10.1.1 Theory of Operation

The range of flow rate that could be measured using this technique depended
on the valve setting and the height of the weigh tank. The following equation

describes the flow out of the tank with no inflow:

W= 4)

where

Oy
I

% = valve constant, dependent on valve position,

o
I

= liquid height in weigh tank,

W

(o]

outflow.

The flow out of the tank with the same conditions can also be described by

the following differential equation:

where
= liquid density, Ib/ff,

y
A = cross-sectional area of weigh tank, fi*.
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By equating Egs. {4) and (5), the following differential equation is obtained:

.___.:_.:--___lidf. (6)

By integrating and squaring Eq. (6), the equation for liquid height as a function of

time is obtained:

(O ~ .\
h=h .._;‘EJ_P_H k ).z ) 7)
°© vA ZyA

where ho is the initial liquid height ot t = 0. This demonstrates that liquid height

vs time with outflow and no inflow is a quadratic function of time.

10.1.2 Calibration Technique

The outflow for any given valve setting was calibrated by filling the weigh
tank and recording the liquid level at equal time intervals with a data logger as the
tank drained. By a regression line analysis of the data the coefficients for the

following equation were determined:

h(hY=a + ot +apt®. (8)

During the draining process, h(t) is monotonic; therefore, the value of h(t)

uniquely determines the value of t. Solution of Eq. (8) for .t yields:

1
f:z;(-%+ ,\/fv— 4(@2)(%'“)) (9)

The outflow of the weight tank in terms of the regression coefficients is obtained

from Eq. (5) and

dh = q, + 20,1 (10)

QiQ.

to obtain

WO:AY (g +2a5t].
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With the value of t determined from Eq. (9), the calibrated outflow from the weigh tank

during drainage is

Wo = Ay & - 4az (@ - h) . an

10.1.3 Determination of Distillate Flow Rate

During a run, the distillate flow rate was determined from

W= Ay Gh+ AV E - Aa (e - ), (12)

where Wi is the distillate flow rate in Ib/sec. The value of g—?— was determined from
two successive readings of the weigh tank level, and the difference was divided by the

time interval between the samples. For the installed tank, the value of Ay was

172.3 Ib/ft.

10.2 Currently Used Design Equations

The "current technology" A’ or submergence e,quc:tion]2 for unbaffled stages
is
SUBA = 2.6743 exp(-0.012216t ) exp(0.07 * depth) exp (0.476 fray flow )

—
. 0 SUBA L/10 v
A" = SUB = (5 + SUBA) | = oga

where
o} = stage temperature decrement, °F,
L = stage length, ft,
t = brine temperature, °F,

depth = brine depth, in.,

tray flow= mass flow rate of brine, Ib/hr-ft.

13

An empirical flow equation in common usage is one derived by AMF * for

plain orifices:

AP 0.455
-0 ()

W = 400, 000 ( T
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where
W = interstage flow rate, lb/hr,
A = interstage orifice area, ff*,
A, = cross-sectional area of brine leaving upstream stage, ft7,
AP = (AP, * Ah)/ (1 - A7/A7), in. Hy0,

APV= interstage vapor pressure difference, in. HZO’

Ah = interstage static liquid-ievel difference, in. H,0.
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