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Abstract

Experiments investigating the thermal and
hydraulic performance of a sieve tray direct
contast heat exchanger (DCHX) were conducted using
a 275 geothermal fluid as an energy source and
different hydrocarbons as working fluids. The
baseline performance tests with the direct contact
unit were conducted with isobutane. The thermal
performance of the unit met or exceeded the design
goals for individual tray thermal efficiencies and
pinch points. Hydraulically the column operated
near recommended design fluid velocities. Follow-
ing the completion of these tests, the DCHX was
operated with different mixtures of hydrocarbon
working fluids. Different combinations of the
isobutane/hexane family were tested followed by a
series with propane/isopentane fluids. The testing
conducted with the direct contact unit showed that
the sieve tray column is a very efficient heat
exchange device although some degradation in boil-
ing tray efficiency and column throughput were
noted when mixtures were used.

INTRODUCTION

As part of the Department of Energy's
Geothermal Conversion Technology effort, a special-
ly designed sieve tray direct contact heat ex-
changer (DCHX) was tested with the 60kW Heat Cycle
Research Facility at the Idaho National Engineering
Laboratory (INEL) Raft River geothermal test site
located in southern Idaho. The Heat Cycle
Research Facility is used to test different compo-
nents and/or concepts associated with the genera-
tion of electrical power from binary geothermal
power cycles. This work was supported by the
U. S. Department of Energy, Deputy Assistant
Secretary for Renewable Energy, Geothermal and
Hydropower Division, Contract No. DE-AC07-761D0-
1570.

The purpose of the testing of the DCHX with
the facility was to evaluate the thermal and hy-
draulic performance of a sieve tray direct con-
tact heat exchanger in a geothermal application.
In this type of heat exchanger there are no physi-
cal boundaries such as a tube wall separating the
fluids. This type of heat exchange device has
significant potential when the brines being used
have high levels of dissolved solids and are prone
to cause scaling and corrosion of heat exchange
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surfaces. Although some previous testing has been
done with sieve tray direct contact heat exchang-
ers, this is the largest column tested in geother-
mal applications, and this effort included testing
of mixed hydrocarbon fluids. Mixtures do not boil
at a constant temperature for a fixed column
pressure, and their use can potentially decrease
the cycle irreversibility and improve performance
if the countercurrent flow path can be maintained
in the column. The trays in the sieve tray column
are thought to help in this respect and allow for
the use of working fluid mixtures in direct con-
tact applications.

Facility and Component Description

The 60kW Heat Cycle Research Facility is a
small-scale geothermal binary power plant which is
similar to full-scale plants in most aspects except
size. Because it is a research facility, it has
been built with the flexibility to operate in
different configurations utilizing various compo-
nents; the basic plant cycle, though, remains the
same. A flow schematic of the facility with the
principle power cycle components is depicted in
Figure 1. For the direct contact tests, the energy
from the geothermal fluid is transferred to a
hydrocarbon working fluid in the DCHX column.
Since the two fluids are physically in contact
with each other, it is necessary to boost both
fluids to the DCHX operating pressure using a
geothermal fluid boost pump and the working fluid
boost and feed pumps. The geothermal fluid enters
the column at the top and flows out the bottom
preheating and vaporizing the working fluid which
enters the bottom of the column as a 1iquid and
leaves near the top as a vapor. The effluent
geothermal fluid is then discharged to a holding
pond prior to reinjection. The working fluid vapor
leaving the DCHX can be expanded through a turbine
which drives a generator or through a turbine by-
pass valve which drops the pressures of the vapor
prior to its entering the condenser. (The turbine
was not used during the DCHX operation as it would
have required modification to match the DCHX vapor
flows.) In the condenser the working fluid vapor
is desuperheated and condensed, and the condensate
is pumped back into the DCHX for another heat
exchange cycle. In order to reduce the effect of
noncondensable gases dissolved in the geothermal
fluid on the cycle performance (particularly the
condenser), the facility is equipped with a
geothermal preflasher to remove noncondensables
from the geothermal fluid before it enters the
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cycle, and a secondary vent condenser which mini-
mizes working fluid losses when noncondensables
gases are vented from the working fluid system.

If measures are not taken to remove and/or minimize
effects of the noncondensable gases, these gases
accumulate in the condenser adding their partial
pressure to the condensing pressure and inhibit the
condensation process; the net result being higher
condenser pressures.

The direct contact heat exchanger tested in
the Heat Cycle Research Facility is a sieve tray
or perforated plate column designed and built for
this application by the Wahl Company of Claremont,
California. This column which is approximately
1 ft in diameter and 19 ft long is schematically
shown in Figure 2. The column is a vertical unit
containing 20 trays and downcomers which provide
for the ordered passage of flow through the column.
In this application the lighter working fluid is
dispersed as drops from the holes or perforations
in each plate. These drops rise through the
heavier geothermal fluid because of the buoyancy
force on the drop, and collect and coalesce under
the next tray and vessel wall. This process of
drop forming and coalescing is repeated at each
tray as the working fluid moves up the column,
heating as it rises through the geothermal fluid.
The heavier geothermal fluid flows as the con-
tinuous medium horizontally across each plate
transferring heat to the working fluid, and then
passes down to the next plate through a disengage-
ment space formed by the downcomer on each plate.

spaced at 6-inch intervals and have 3-inch long
downcomers. The next two trays, i.e., 18 and 19,
make up the boiling section where the working
fluid is vaporized. The perforations in all of
the trays, or plates, have a diameter of 1/8-inch.
The upper tray, number 20, is a drawoff tray not
used in this testing.

Discussion of Thermal and Hydraulic Performance

The primary emphasis in baseline tests with
the isobutane working fluid was on the thermal
performance of the preheating trays. The main
indicator of the performance of these trays is the
thermal tray efficiency which is a measure of how
efficiently heat is transferred during the contact-
ing of the fluids. There are more than one specif-
ic definition of tray efficiency, the simplest
being the "overall" efficiency which is the ratio
of the number of ideal trays required to exchange
the thermal energy to the number of actual trays
required to transfer the same amount of energy. In
an ideal tray the working fluid would leave at the
same temperature as the geothermal fluid. This
efficiency term is similar to the one proposed by
Sheinbaum(2) for direct contact heat exchangers,
and is a common term used in direct contact columns
used for mass transfer{3). The overall efficiency
can be found graphically from the construction of
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temperature-heat exchanged (TQ) plots for the two
fluids involved in the heat transfer process. A
second definition of tray efficiency that can be
used is a more local term involving the conditions
for an individual tray. It can be expressed as

the actual heat transferred to the theoretical heat
transferred in an ideal tray. In evaluating the
results from the direct contact testing both of
these efficiency definitions were used. The indi-
vidual tray efficiency was used primarily in the
baseline tests were the analysis procedure and
fluid properties were incorporated into a computer
program for data reduction. When mixtures were
evaluated, the overall efficiency term was used
because of lack of the time and resources required
to modify the programs for the mixtures properties.

Another indicator of the column thermal per-
formance is the pinch point or minimum approach
temperature between the two fluids., This indicator
actually reflects the tray efficiency and the
number of trays available for heat transfer. If
the tray efficiency is high and the column has a
sufficient number of trays for boiling and preheat-
ing, then the DCHX should be able to achieve small
pinch points. The volumetric heat transfer co-
efficients were also evaluated; however, the
difficulty in defining the volumes in which heat
transfer occurs makes this value hard to compare
for different heaters.

The column thermal performance is to some
extent affected by the column hydraulics, i.e.,
smaller drops heat up at a faster rate than larger
drops. Any effort to reduce the drop size must be
tempered by the increase in mass transfer and the
increase in the potential for the drops formed to
be swept along, i.e., carried under, with the
geothermal fluid. The velocity at which the drops
rises, or terminal velocity, is approximately
proportional to the square root of the drop dia-
meter; thus, smaller drops rise more slowly in
the column. If the velocity of the continuous
fluid (geothermal fluid) exceeds the terminal ve-
locity of the drop, then the drop will be swept
along in the continuous fluid stream, or mechan-
ically entrained. This terminal velocity and the
minimum flow area for the continuous fluid (usually
the downcomer region), establish the maximum geo-
thermal fluid flow rate through the column.

The prediction of the terminal rise velocity
of a drop is usually based on a known drop diameter
and the assumption that a drop behaves as a solid
sphere as it rises. Investigators of the drop
formation process in 1iquid-liquid systems have
noted that this assumption is valid up to a certain
drop diameter after which the terminal velocity no
longer increases and may, in some cases, decreaig
A correlation was developed by Treybal and Klee )
for predicting this terminal velocity limit. For
the conditions and fluids used in the baseline
tests, this upper terminal velocity limit was ap-
proximately 0.56 ft/s in the preheating section.

If the geothermal fluid velocity exceeded this
value, then any drop formed would be “carried
under” with the geothermal fluid stream.

Although the intent of the DCHX testing was

not to investigate the different mechanisms of drop
formation, it was necessary to consider the differ-
ent mechanisms in interpreting the operating limits
encountered in the column. At Tower orifice or
hole velocities, the drops are uniform in size and
break off at regular intervals. As the hole veloc-
ity is increased, a point is reached where a jet
will form at the orifice and the drop formation
mechanism changes. While these drops are not
necessarily uniform in size, there is some consis-
tency at the lower jet velocities, and the average
drop size can be predicted. As the hole velocity
increases, the jet length increases, and a point

is reached where the average drop size formed is at
a minimum. In mass transfer applications this
point is referred to as the velocity producing the
maximum interfacial area(4) and is the recommended
maximum hole velocity to be used in the design of a
sieve tray DCHX(1). ~Further increases in the hole
velocity produce more irregularity in the drop
formation until the jet reaches a maximum length
and begins to breakup in a random manner, and the
drops have no uniformity in size(5).

RESULTS
Baseline Tests

The baseline performance testing with the
direct contact heat exchanger consisted of bringing
the column to a "flooded" condition over a range of
DCHX boiling pressures using an isobutane working
fluid. A "flooded" condition was considered to be
that point where the carryunder of working fluid
and/or the carryover of geothermal fluid were
sufficient that column stability could not be main-
tained. For a particular boiling condition, the
flow rates were increased in small increments, with
data taken at each flow step until the column
flooded. The data coliected for each tested
condition at the "near flooded" (just before
flooding) condition is listed in Table 1.

The data collected was inputted into a com-
puter program developed for the analysis of the
DCHX thermal performance with an jsobutane working
fluid. This program, which generated a predicted
temperature profile from measured flow rates and

TARE 1: BCNK BASELINE PERFONMCE WITH ISOBUTARE

Test Run

Parsmter e 2 3 ‘ [ 7
Soiler Pressure, Psta Me7 M50 394 242 83 M2
Outlet UF Vaper Tespevature, °F 96" 20.7° M.0° 208" 190.4°  150.5°
Inlet ¥ Flow Aate, 1b 1Co/W 3% [ “e 7568 225 asa?
Inlet & Tesperature, F %.9° 21" 683" 284" 261 260.6°
Ostlat G Tempersture, °F 209" 190.1° 170" HET 163" e
Ialet & Flow Rate, T GF/hr 17605 15537 1434 133 12136 %656
veruge Total soet toed, Btupe 5 108 023 L2 LA 2404 L0 LAy
Promasting Hest Leas, x 10% Btaser 043¢  0.601 0.608 0.611  0.520  0.304
Sefling test Losd, x 10° Btusmr 0.0 0.603 0.7 0793 0.9 1.3
Prodmater Tray Efficioncy s 08 e ns n ng
Seiling Tray Ef¥iciency, Plate 18 " wx e o o %08
Plate 13 2.8 9.5 w3 1005 L X X
Pinck Poimt, Prodictad, °F 0.0 0. 0.2 0.05° 010 0.2
Tolwmtric Heat Transfor Coefficient
Promeater Trays Stusme-ft2.F @S2 5100 1070 10354 10666 9670
Sofling Trays Stupme-1t)-"F 2097 289%2 21300 22957 19688 13690
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fluid temperatures at the bottom of the column,
allowed the individual tray efficiency to be varied
along with the mass flow ratio and the local tray
carryunder. In general, the carryunder term did
not have a significant effect on the results
obtained unless it was made unreasonable large.

The mass flow ratio was varied until the predicted
column temperature profile matched the experimental
measurements in the upper portion of the preheating
section. This adjustment was made to compensate
for instrument error or oscillations in the column
in order to obtain consistent heat balances. After
the mass flow ratio was corrected, the individual
tray efficiency was varied until the predicted and
measured column temperature profiles in the pre-
heater section matched. Although it was possible
to vary the individual tray efficiency from tray to
tray, it was found that satisfactory results could
be obtained if the individual tray efficiency was
held constant throughout the preheating section.

An example of the matching of the predicted and
measured temperature profiles is shown in Figure 3
for one of the baseline test conditions. For this
particular run little correction was required for
instrument error, and at an individual tray effi-
ciency of 74 percent the best match was found
between predicted and measured temperature pro-
files. This temperature profile also graphically
demonstrates the small pinch points that were
obtained during the DCHX operation.
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Fig. 3: DCHX Temperature Profile

The DCHX thermal performance for the baseline
test runs is also summarized in Table 1. The in-
dividual tray efficiencies are given for the pre-
heating section, along with the pinch point, heat
loads, and volumetric heat transfer coefficients.
Although it is difficult to identify any trends in
the preheating tray efficiency, it is significant
that the efficiencies obtained (except in test run
1 which was not brought to flooding) were equal to
or exceeded the design value of 70 percent. Boil-
ing tray efficiencies were calculated using a
combination of temperature measurements and pre-
dicted enthalpy changes. ‘Given the uncertainty
in measuring accurately an intermediate geothermal
fluid temperature between boiling trays, any
significance of apparent trends in boiling tray
efficiencies is questionable and the only signifi-
cant conclusion is that the boiling trays had

sufficient capacity for the conditions tested.

The pinch peints for tests conducted were
small, much smaller than could be accurately
measured with the instrumentation available. In
matching the preheating section temperature profile
pinch points ranging from 0.02%F to 0.30%F were
obtained. These pinch points increased as the
heat load for the column increased and it would
appear from those results that the pinch point
is more sensitive to the heat Toad in the boiling
section than that in the preheating section (the
largest pinch point obtained occurred at the lowest
preheating heat load).

The volumetric heat transfer coefficients (Uv)
were defined using the heat transfer that occurred
in these sections, the total volume where heat
transfer could have occurred, and the log mean
temperature difference. The log mean temperature
differences were determined using the pinch point
obtained in matching the preheating section temp-
erature profiles. The preheating section volume
was defined as the volume of the column from the
top of plate 1 to the bottom of plate 18, less the
volume of the downcomers. The boiling section
volume was defined as the volume in the column
from the top of plate 18 to the bottom of the
demister. The bottom of the demister was selected,
as this represents the upper 1imit as far as the
thickness of the boiling region is concerned. (If
the boiling occurred at a level above the demister,
excessive carryover of water could occur and the
column would be unstabie.) Perhaps the most
significant observation one might make from these
heat transfer coefficients is that the Uv values
for the preheating section are relatively constant
(reflecting the fact that the preheating occurs
over a fairly well defined region).

From a hydraulic standpoint, the DCHX op?rated
near the recommended working fluid flow rates(1)
which corresponds to the plate orifice velocities
that produce the average drop size at the maximum
interfacial area. The working fluid velocities
through the plate orifices varied from 0.69 to
0.98 ft/s. These velocities generally matched or
were slightly higher than the velocities predicted
to produce the maximum interfacial area throughout
the preheating section with the exception of plate
17. The upper preheating tray (number 17) was
designed to also serve as a drawoff tray allowing
working fluid near the saturation temperature to
be removed from the column. In order to accomplish
this, the hole area in this plate was reduced by
about 60 percent. This reduced area producing
orifice velocities ranging from 1.71 to 2.03 ft/s.
For those runs which approached a "flooded" condi-
tion, this velocity exceeded that predicted to
produce the maximum jet length (corresponds to
irregular jet breakup and a lack of uniformity in
drop formation). It is not known whether the
hydraulic working fluid 1imits in these tests were
imposed by the operation at the velocity producing
the maximum interfacial area in the lower portion
of the preheating section, or if they were imposed
by the irregular breakup of the orifice jet in
plate 17 with the formation of a number of very



small drops.

In comparing spray and sieve tray direct con-
tact device, the sieve tray column is reputed to
have a thermal advantage, but is said to have a
lower mass throughput capacity than a spray tower
of similar dimensions{1). To compare the through-
put capacity relative to spray towers, the super-
ficial velocities of the sieve tray DCHX in the
baseline tests with isobutane were compared to
those of the DSS column(6) and the 500kW column{7)
both of which are spray tower units. This compari-
son, shown graphically in Figure 4, is somewhat
inconclusive. The throughput of the sieve tray
DCHX compares favorably with the relative capacity
of the 500kW spray tower, however, this spray
tower was never brought to a "flooded" condition
so that!an increment in capacity performance could
be estimated. A comparison with the high tempera-
ture cycle test performance of the DSS spray tower
indicates the sieve tray DCHX had a throughput ad-
vantage. When compared to the low temperature
cycle test performance of the DSS unit, the spray
tower had an advantage. This point represents the
probable operating limit for the DSS column and
indicates that the spray column has, as reputed,

a throughput advantage over the sieve tray column.
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Fig. 4: DCHX Throughput Comparison

Mixed Working Fluids

Following the completion of the baseline tests
with isobutane, the second sequence of tests was
conducted with working fluids consisting of differ-
ent mixtures of hydrocarbons. The first fluid
tested was a 0.95 isobutane/0.05 hexane {mass
fraction) followed by 0.90 iC4/0.10Cg and 0.85 iCq/
0.15 Cg. The plant was then drained and filled
with propane which was tested briefly to get a
reference data point. Isopentane was then added to
the plant working fluid system and the mixture
adjusted to a 0.95 C3/0.05 iCg composition. After
testing this mixture, 0.90 C3/0.10 iC5 and 0.85
€3/0.10 iC5 fluids were tested.

The mixture tests showed that these hydro-
carbon mixtures could be preheated and vaporized in

a sieve tray DCHX. The thermal performance of the
column, in terms of the minimum approach tempera-
ture or pinch point obtained, with mixtures was not
at the same level as with the isobutane working
fluid. This does not mean that the thermal perfor-
mance with mixtures was poor as pinch points from
0.3% to 2.3%F were obtained (the higher pinch point
corresponded to those mixtures having the highest
concentration of the minor component). It merely
accentuates the level of thermal performance ob-
tained in the baseline tests with isobutane.

As indicated previously, the evaluation of the
tray efficiency in the mixtures tests was not done
with the computer program developed for the base-
line tests. In these cases the overall efficien-
cies were determined using column T-Q plots for
each set of conditions. An example of one of these
T-Q plots and the determination of the overall tray
efficiency is shown in Figure 5 for a 90% iC4, 10%
Ce mixture. This figure also shows that this
particular fluid reached its "bubble point" (where
the first bubble formed) well within the preheating
section of trays. (These mixtures do not boil at a
constant temperatures for a fixed column pressure.)
In fact, the upper 8 of the 17 preheating trays
were being used for boiling. This was typical of
all the working fluid mixtures tested, the results
of which are summarized in Table 2. These results
which also include corresponding results for the
pure fluids tests, show the trend of the number of
trays required for boiling increasing as the con-
centration of the minor component was increased.
This occurred for both families of mixtures tested.
These results also show that the overall preheating
tray efficiency appears to be quite independent of
the fluid used, but for the trays in which boiling
occurred, the overall tray efficiencies were not as
high with mixtures as they were for isobutane.

When the preheating trays were used for boiling,
their efficiencies were Tower than when used for
preheating, and were lower than the efficiencies of
the trays designed for boiling.
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Fig. 5: Mixture T-Q Plot

In the mixture tests, the throughput capacity
of the sieve tray column was reduced considerably.
As the concentration of the minor component in the
mixture increased, the maximum throughput for the



TABLE 2: DCHX PERFORMANCE FOR MIXTURES
Flow Rate Tray Efficiency
{1bmshr) X
Outlet Number of

Test Column Pressure WF Temperature Preheat Bailing Trays Trays with
Run  Working Fluid {psia) °F Work Flow Geofluid (Overail) (Overall) 18, 19 Boiling
1 Isobutane (IC4) " 446 250 3636 17605 33 . 100,98 2

2 Isobutane (1Cq4) 365 231 6282 15537 49 - 99,98 2

3 Isobutane (IC4) 329 221 6984 14354 54 - 100,98 2

4 [sobutane (IC4) 294 211 7569 13334 (1] - 100 1

] Isobutane (ICq) 236 190 8325 12136 55 . 99 1

6 Isobutane (IC4) 146 151 8887 9656 85 -~ 90,99 2
MX1  0.95 1€4/0.05 Cg 222 202 5220 8520 - 80 , 62 50{18+19) 3
MX4  0.95 1C4/0.10 Cg 195 208 3190 4900 . 82 29 42(18+19) 10
MX6  0.95 1C4/0.10 Cg 247 225 e 5860 46 21 48(18+19) 10
MX7  0.85 [C4/0.15 Cg 166 204 2200 3730 4 23 52(18+19) 12
PRP 6 Propane (C3) 484 182 4600 4750 82 -~ 98(18+19) 2
Mx11l 0.95 €3/0.05 IC5 439 186 4380 4690 66 45 54(18+19) 4
MX14 0.90 C3/0.10 ICS 393 183 2370 2800 50 26 * 8
*Could not determine because of local temperature inconsistencies.

column decreased. The hydraulic limit in the mix- column). The geothermal fluid flow rates encoun-

ture tests is thought to be imposed by the section
of the column doing the boiling since the through-
put of the column appears to vary inversely with
the number of preheating trays in which boiling
occurs. These trays are not designed for handling
Targe quantities of vapor flow; they are closely
spaced and have relatively short downcomers leaving
little space for the boiling to occur. The en-
trainment of liquid brine in the vapor, "weeping"
of brine| through the plate perforations, and the
“venting!' of working fluid up the downcomer are
suspected of contributing to, if not causing, the
breakdown of the column hydraulics when boiling
occurs in the preheating trays.

CONCLUSIONS

The| sieve tray direct contact heat exchanger
tests copfirmed that this type of column is an
excellent heat exchange device particularly when a
single component working fluid was used. The
thermal performance of the preheating trays
appeared: to be independent of the type of working
fluid used provided the flow rates were above
certain ﬂeve]s. The individual tray efficiencies
for these trays were at or near the design goal of
70 percent at the higher flows, and the overall
efficiencies were generally around 50 percent for
both pure fluids and mixtures. The pinch points -
obtained with the sieve tray column were small,
particularly in the baseline tests with isobutane
where pinch points of 0.3°F and less were obtained.
In the mixtures tests the pinch points were higher
although they were still less than 2.3°F. The
efficiencies of the trays used for boiling were
not as high with mixtures as they were with isobu-
tane. For all the pure fluids tests, two boiling
trays were more than adequate for the boiling heat
duty. This was not the case with mixtures, and as
the concentration of the minor component increased,
the number of trays designed for preheating but
required to do boiling also increased.

In the baseline tests the column was operable
at the working fluid flow rates predicted to pro-
duce the maximum interfacial droplet area (minimum
average drop size) from the sieve plate orifices
(the recommended operating point for this type of

tered in the baseline tests corresponded to the
terminal velocity of a drop with a diameter of

1-32 inch (a common droplet size used for specify-
ing the continuous fluid velocity in these types of
columns). In the mixtures tests the throughputs
dropped considerably. The primary cause for this
decrease is felt to be the result of boiling in the
upper preheating trays which were not designed for
this type of duty. When compared to spray tower
direct contact columns, the sieve tray compares
favorably though the spray towers appear to have

a throughput advantage.
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