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Technical Report R-595
Y-F015-11-04-611
by

J. S. Williams and A. S. Hodgson, Ph D

ABSTRACT

A multistage flash evaporator utilizing diesel generator waste iieat has
been developed for desalination. After preliminary experimental studies, a
unit was constructed to operate continuously from a variable heat supply
and produce between 2,500 and 6,000 gpd of freshwater. Interstage brine
transfer is automaticelly regulated by level controllers in each stage, thus
eliminating the need for manual control of the unit as the generator load and
hence heat output varies. All-aluminum construction has reduced corrosion,
and the unit has performed satisfactorily during test$. Typical experimental
data is included.
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INTRODUCTION

For the production of potable water from seawater, the Naval Shore
Establishment has used vapor compression distillation units primarily devel-
oped during World War tl. The equipment was designed to provide a portable,
self-sufficient machine to supply drinking water to forces imrnediately after
establishing a beachhead. |t is admirably suited to this purpose, and to date
no satisfactory substitute has been found. Consequently, with few exceptions,
desalination plants at advanced bases have been equipped with batteries of
these relatively smzli, combat-size units. These units were not designed for
this sort of application, and consequently maintenance and logistics problems
have been magnified.

. Study of the relatively permanent advanced base utility system reveals
a disturbing failure to use the waste heat from available energy sources. This
failure is understandable when it is recognized that the major emphasis has
always been placed in the Military Readiness Program on the requirement for
independent systems. The recent trend towards the creation of more and
more semipermanent shore facilities, offers the opportunity of demonstrating
the feasibility of energy conservation by integrating power generation and
water desalination into one system. This report covers work done to develop
a desaiination system utilizing waste heat from a diesel electric generator,

Waste Heat as an Energy Source

In any practical power system there is a portion of the energy input
which is not recoverable as useful work; in many cases this energy is discarded
as waste heat. The efficiency of the system is directly proportional to the
heat that is recovered. A comparison may be made between a simple packaged
fire tube boiler and a complex power plant boiler with numerous heat
exchangers and economizers. Very little heat is lost in the latter, and any
significant cx ternal demand for heat from this plant would reduce the power
output. On the other hand, utilizing the stack gas heat from the small boiler
would improve its overall efficiency.

The Navy relies aimost entirely on diesel electric generator plants at
all the outlying bases. The internal combustion engine is an inefficient device,
and not more than 40% of the input energy is converted into useful work, the



remaining energy being lost in the cooling water, exhaust system, and as
tadiation. Much of this waste heat is recoverable by relatively simple means,
and designers and planners should recognize the potential of utilizing this
energy by locating facilities requiring heat nearby. Such facilities as laundries,
distillation plants, air conditioning units and space heating should be consid-
ered as opportunities for the use of waste heat.

Desalination by multistage flash distillation utilizing diesel engine
waste heat is the subject of interest in this instance. Design criteria and cost
figures for this type of equipment have been published.?

Multistage Flash Distillation Utilizing Waste Heat

To prove the feasibility of producing potable water from seawater
utilizing diesel generator waste heat, a series of tests have been conducted at
NCEL over a number of years.

In 1963 a 24-stage flash evaporator was developed and evaluated.?
The unit was designed to produce 200 gal/hr when utilizing waste heat from
a 60-kw diesel generator. The operation of the system proved satisfactory in
most respects, and to complete the evaluation the unit was shipped to the
Coast Guard at Marcus Island, where it was installed in the power house,3

Reasonable success was achieved with this prototype unit under field
testing, although it became apparent that design improvements were required
for completely satisfactory operation. Due to design restrictions in the heat
acquisition system at Marcus Island, both the total heat available and the
maximum brine temperature were much lower than during the previous tests
at NCEL. The fact that the overall pressure difference across the evaporator
was insufficient to force the water all the way through the unit led to consid-
erable difficulty in operating the unit satisfactorily. Flooding in the lower
pressure stages resulted in brine rarryover and product contamination. Some
improvement was obtained by eliminating stages, but it was evident that
modifications were required if a multistage flash evaporator was to be used
under varying conditions of heat input and brine temperature limits. The
results of the field test proved the practicality of the concept and also showed
that the flash evaporator required no additional personnel to operate it,
minor adjustments and hourly readings being made by the man on watch in
the power house,

This report covers the work done to develop a multistage flash
evaporator incorporating design improvements for satisfactory operation.
The objective has been specifically to develop a reliable unit to produce
6,000 gpd of freshwater with waste heat available from diesel generators
having capacities ranging from 60 kw to 150 kw. The unit must be capable
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of operating continuously on variable heat input without manual control.
Additional features of easy maintenance in the field and ease of transpor
tation were also considered.

EVAPORATOR DEVELOPMENT

A study was initiated to determine the best appfoach to designinga“
multistage flash evaporator that would operate satisfactorily over a wide
range of heat input without manual adjustment. ‘A design optimization
study? was undertaken to provide guidelines for evaporator development.
From previous experience, it was apparent that variable flow through the
flashing chambers would be necessary for the system to operate within a
constant temperature range. Initially, it was decided to establish a fixed
temperature at the brine heater outlet. This fixed temperature could be
preset at different values depending upon circumstances, but once set,
would not be changed during operation. For example, with a heat source
at 2150F, a brine heater temperature of 190°F is possible, or with a heat
source at 190°F, the brine heater temperature would be about 165°F. It
was first decided that aluminum should be used for the construction of the
unit because its resistance to corrosion from brine is superior to that of steel;
another advantage of aluminum is that it is lighter and less expensive than
copper alloy materials. In order to test components of the control system,

a small preliminary eight-stage experimental flash evaporator was constructed
in the Laboratory shops. The design capacity of this preliminary unit was
approximately 5,000 gpd when a heat source providing 600,000 Btu/hr was
used. To accelerate fabrication and provide easy modification capability of
this unit, 10-gage steel sheet was used for shell material and 3/8-inch (OD)
admiralty metal tubes was used in the condensing section. Each stage had
about 25 12 of heat transfer surface furnished by 60 tubes 6 fect long. The f
unit is shown in Figure 1. '

A simple, reliable method of variable flow control through the flashing
chambers was required. An attempt was made to use water legs of varying
length in the evaporator; these would have no moving parts and the static
pressure of the water in the legs was to maintain a fixed pressure—temperature
relationshio in the unit. However, it was found that the water in the legs
flashed to steam, resulting in the loss of static head and consequent flooding
and lack of contro!l. This method was discarded, and a search was under taken
for a more suitable controf mechanism.
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Figure 1. Prototype multistage flash evaporator.

The interstage brine passage permits the flow of brine and prevents
the passage of vapor from one stage to the next. A steam trap similar to
those used on condensate lines was thought of as a possible means of control.
Commercially available equipment is designed for much higher pressures than
those encountered in this application, is high priced, and does not have suffi-
cient capacity. In an effort to overcome these problems, it was decided to
develop a suitable control mechanism at the Laboratory. After several
unsuccessful attempts to utilize simple floats, this approach was abandoned.
Although floats are theoretically suitable, the large size required made these
devices impractical.

At this time a mathematical model of a multistage flash desalination
process was developed and a computer study was carried out to ensure that
automatic control of interstage brine transfer was a practical approach for
satisfactory operation with a variable heat input to the sysiem.® It was
concluded that a level controller in each stage was the best means for
accomplishing the desired results; in order to incorporate a suitable size of
valve, it was decided to use a double-ported valve actuated by a fioat on a
lever arm. This valve was to be located on a well in the bottom of each



v e g g ey

ot e 7 e

- e eae

(i Sanad

T TR

:;
1

!
i
f
i
r
i
[
V.

evaporator stage. The above experiments were all carried out on the
experimental steel evaporator, and the data were used in the computer
program. It was not feasible to further modify the steel unit, add the well
necessary for the new valve, and fully test the control system. During the
latter part of the test program on the steel evaporator, constructicn of the
aluminum unit was started. The wells for installation of the contro! valves
were included, and testing continued with the aluminum unit.

A commercial double-ported drainer valve was tested with some
success. However, the largest size made would not handle the required flow
at low pressure differences and, therefore, had to be abandoned.

A similar valve was fabricated at the Laboratory for this present
application {Figure 2). The valve bodies were constructed of 3-inch aluminum
pipe tees.

Interstage distillate control is accomplished with the float valve shown
disassembled in Figure 3. These valves are contained in the cylindrical alumi-
num pots, which may be seen on the side of the evaporator in Figure 4. .

The evaporator was found to perform well with these valves installed.
Good results were obtained with flow rates up to 40 gpm and pressure differ-
ences as low as 0.1 psi.

MULTISTAGE FLASH EVAPORATOR

The basic principle of operation conforms to standard multistage
tlash distillation procedures and a flow diagram of the unit is shown in
Figure 5. Seawater enters the system through a motor valve which is con-
nected to a temperature sensor installed in the feed line to the first stage of
the evaporator at the brine heater outlet. A preset, constant temperature at
the brine heater outlet is, therefore, established. The feed passes through a
pair of parallel ion traps containing expanded aluminum and into the con-
denser of the eighth stage of the evaporator. After passing through the
condensing section of each stage, the hot feed goes through the brine heater,
which consists of a heat exchanger supplied with low pressure steam on the
experimental unit. The feed enters the flash chambers, contro! being i
established by the float valves installed in the wells below each chamber,
Product water is removed from each stage at a rate controlled by the float
valves. A schematic diagram of the control system is shown in Figure 6.
Waste brine is removed by a pump and the rate is controlled by a hydraulic
motor valve actuated by a pilot float valve connected to the eighth stage
brine well. The vacuum system consists of three water eductors operating
on seawater. Vacuum lines are connected to the first, fifth, and eighth
stages, diaphragm valves being used for control. Interstage orifices permit
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further control of pressure. Vacuum sealing of the entire evaporator is
essential, and noncondensable gases are vented through condenser and
vacuum pump.

The entire unit is constructed of aluminum and is illustrated in
Figure 4. The main structure is made of 1/4-inch aluminum plate, with
each condensing section containing 63 aluminum 3/8-inch (OD) tubes
attached to 3/8-inch-thick tube plates. The tubes are 40 inches long and
are laid out on a 5/8 x 5/8-inch triangular pitch; each stage has 20.6 ft2 of
heat transfer area. A double set of condensor tubes is shown in Figure 7.

The evaporator itself is 3 feet 8 inches x 9 feet in plan and 4 feet
high. The volume of the complete test unit including the vacuum system,
pumps, etc., is approximately 420 ft3. 1t would be anticipated that a pro-
duction unit would occupy about 350 ft3.

Figure 2. Cutaway view of float mechanism and vaive
controlling interstage brine transfer,
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OPERATION AND TESTING

The evaporator was run under
various conditions to test the automatic
contro! system and performance capa-
bilities. tnstrumentation includ~dJ a
feed water flow meter, water purity
analyzer for the product, thermom-
eters, and stage proc~ v meanuraemaont,
the flow meter and thermometers
may be seen in Figure 4. The pressure
measurements were taken in each
vapor space; a typical range of pres-
sures is shown in Figure 8 for the
eight stages. ‘

A number of minor problems
occurred initially, but these were
easily remedied, and the unit has been
operated successfully for several
hundred hours, Freshwater output of
2,500-6,000 gpd was obtained with a
heat input of 250,000 to 600,000
Btu/hr. This quantity of heat would be
obtainable from generators of 60- to
150-kw capacity. The use of aluminum .
has resulted in limiting corrosion to an  Figure 3. Disassemb!
insignificant level. A certain amount and valve controlling interstag
cf scaling of the condenser tubes has distillate transfer, o
occurred, but this has not yet atfected
the operation of the unit. :

The evaporator has proved to be capable of operating with a minimurn
of manual control and should be ideally suited for military requirements,

The computer program was designed to determine the suitability of
the control mechanism in the experimental steel evaporator, and experimental
and computed data agreed well, To generate theoretical data for the alumi-
num unit, it would be necessary to modify this computer program for the -+
new physical and operating conditions, Howaver, the experimental data
collected for the aluminum unit show good agreement with the trends pre-
dicted by the computer program.
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Figure B. Stage pressure measurement gage,

The Appendix contains detailed information on the performance of
the aluminum desatination unit., Data are given on the heat transfer coeffi-
cients; on the effect of heat input on the feed rate, product rate, and
coefficient of performance; und on the pressure and temperature variations
within the operating unit.
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FINDINGS

1. The evaporator will produce between 2,500 and 6,000 gpd of freshwater
on 250,000 to 600,000 Btu/hr of waste heat supplied from diesel generators
ha+ing nower outputs ranging between 60 and 150 kw.

B I O

2. The control systems for automatically adjusting interstage brine transfer
and interstage distillate transfer permits the unit to operate from a varlable '
heat source without manual control. %

oy

3. Alummum construction has produced a unit which is lighter and more
resistant to corrosion than comparable steel units.

RECOM."ENDATION

A new 16-stage prototype unit should be built and tested in the f:eld
to determine any problems which may arise under actual operatmg condmons
by Seabees. :
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Appendix

EXPERIMENTAL DATA FOR MULTISTAGE FLASH EVAPORATOR

Range of Experimental Variables

Heat input 230,000-660,000 Btu/hr
Feed temperature 75-900F
Heater outlet temperature 135-210°F

Dependent Variables

Feed (brine) flow rate 13-40 gpm

Stage pressures:

First stage 9.5-25 in. vacuum

Eighth stage 28.3 in. vacuum minimum
?roduct rate 0.9-4.0 gpm
Overal averae hout 100-550 Btu/(hr)(ft2)(OF)
Coefficient of performance 2.5-3.51b/1,000 Btu

HEAT TRANSFER COEFFICIENT

From the experimental data recorded during the operation of the

still, it is possible to calculate an overall heat transfer coefficient for the unit,

Figure 9 shows the variation of the average overall heat transfer coefficient.-
with feed rate for two values of the controlled variables. The "‘average’’ heat

transfer coefficient refers to the average value over the eight stages for eacH B

case,

The heat transfer coefficient is shown to increase for mcreasmg flow
rate and increasing heater outlet temperature. The effect of i mcreasmg the
flow rate is to increase the tube-side heat transfer coefficient, Wthh is
strongly dependent on the velocity of the water in the tubes.- The shell- sude
heat transfer coefficient, that is, condensing coefficient, is dependent on the

temperature; an increase in heater outlet temperature results i m an increase m
the overall heat transfer coefficient.

12




Heat Transfer Coefficient [Btu/(hr)(f12)(°F)]

600
] | | |
Heat input = 270,000 to 500,000 Btu/hr
O Heater outlet temperature = 180°F
o~
Feed temperature = 78°F
500 {m —t
Heat input = 136,000 to 270,000 Btu/hr
[3 Heater outiet temperature = 140°F /o)
Feed temperature = B0°F D/
400}~ —
300 -
200 |- -
100 L | ] i 1

] 10 20 30 40 50
] Feed Rate (gpm)

Figure 9. Variation of average experimental overall heat
transfer coefficient with feed flow rate.

EFFECT OF HEAT INPUT RATE ON THE FEED RATE

The heat input to the system varics as the diese! generator load
varies. This is the most important variable of the system, and the flow rate
is controlled by the temperature-regulated valve to maintain a constant -
heater outlet temperature. Figure 10 illustrates the effect of heat load on ,
the feed rate for two values of heater outlet temperature and approxumately
the same feed temperature, It is clear that as the feed and heater outlet
temperatures approach each other, the slope of the curve mcreases consud
erably, and the feed rate becomes more sensitive to the vanatuon in heat

13
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input. A small change in the heat load at & low heater outlet temperature

must be compensated for by a larger increase in feed rate to maintain a
" constant heater outlet temperature. '
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b Heat outlet temperature = 140°F
O Feed temperature = 78°F
251 Heater outlet temperature = 180°F "1
a
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O
m / | | l
200 300 400 . 500 600

Heat Load (1,000 8tu/hr)

Figure 10. Experimental variation of feed rate with heat load,

EFFECT OF HEAT INPUT ON PRODUCT RATE AND COEFFICIENT
OF PERFORMANCE

The freshwater produced by the unit for various heat loads is shown
in Figure 11 for two heater outlet temperatures. It may be seen that the pro-

- duct rate is dependent to a great extent on the heat input. . The two curves

on the graph are almost coincident and of the same slope. This shows that
the coefficient of performance, defined as the pounds of freshwater produced
for every 1,000-Btu heat input, is relatively constant regardless of the heater
outlet temperature. This is verified by calculation and it was found that the
coefficient of performance decreased from a value of 3.0 to 2.65 when the
heater outlet temperature was decreased from 180°F to 140°F, The fact

14



that the coefficient of performance decreases only 15% with the above
alteration in the heater outlet temperature illustrates that the multistage
flash evaporator is an efficient device for utilizing low temperature waste
heat. No conclusive trend in thc effect of heat load on the coefficient of
performance could be found. Experimental errors were sufficient to mask
any etfect that may have occurred, and it is concluded that the coetficient
of performance is not a strong function of heat load. It may be noted from
Figures 10 and 11 that for the lower heater outlet temperature a small
increase in the heat load results in a large increase in the feed rate but only

a very small increase in the product rate. A much greater percentage of the
feed passes through the blowdown. ' :
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Figure 11, Experimental variation of product water flow rate
with heat load.




INTERSTAGE PRESSURE DROP

The interstage pressure drop is illustrated for several conditions in
Figures 12 and 13. For constant feed and heater outlet temperatures, the
interstage pressure drop varies little over a wide range of heat input (Figure
12). As the difference between the feed and heater outlet temperature
decreases, the interstage pressure drop decreases and becomes very small
for the last two or three stages in the unit (Figure 13).

‘A typical temperature profile for the unit is shown in Figure 14 to
illustrate the temperature differences involved in each stage of the evaporator
under operating conditions. :
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Interstage Pressure Drop (in. of Hg)
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Figure 12. Experimental interstage pressure drop for 78°F
feed water and 180°F heater outlet.
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Temperature (°F)
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Figure 14, Temperature profile.
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