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ABSTRACT

A study of the flooding limits of a large spray column used as
a three-phase direct contact heat exchanger is reported. Flood-
ing is defined here as pentane being carried out with cooled wa-
ter. The spray column had a diameter of 0.61 m (24 in) and
a height of 6.1 m (20 ft), although only half of this height was
used in typical operation. Normal pentane was utilized as the
dispersed phase fluid which was injected at approximately 30 C
(85 F). Water at approximately 85 C (185 F) was used as the
continuous phase. The pentane vaporized in contact with the
water, and this vapor and water vapor flowed from the top of
the column, and the cooled water exited from the bottom of
the column. Vessel pressure and each fluid’s flow rate were var-
ied during the course of the experiments. Plots of heat transfer
performance and flooding conditions are given.
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INTRODUCTION

Of the various types of direct contactors available, the spray
column is clearly the simplest in construction. While the possible
shortcomings of these devices have been pointed out many times
(e.g. backmixing and end effects [1], both of which can lead
to decreased performance), the low cost of the device is a very
appealing attribute. This is especially true when large duties,
and thus large devices, are required for a given application.

Heat transfer performance of spray columns is most often
stated in terms of the volumetric heat transfer coefficient, U,,
which is given by:

Uy = Quet/(LMTD-V) (1)

where Q. is the net heat transfer to the working fluid, LMTD
is the normal definition of the log mean temperature difference

and V is the active volume of the column (usually taken as the
volume of the continuous fluid with entrained dispersed fluid).

One of the most widely reported performance aspects of the
spray column is that the volumetric heat transfer coefficient in-
creases directly with the holdup (defined as the fraction of the
active volume that is made up of the dispersed phase). It is
most economical to operate at the highest holdup possible as
this will yield the maximum performance per unit volume of
equipment. At high holdups, however, the condition of flooding
can occur, and this is usually associated with a decrease in per-
formance. Flooding is the situation where the dispersed phase
is swept backward by the continuous phase. A small number of
approaches have been given in the literature to predict flooding
and these show significant disagreement (see discussion below).
There is no question, however, that this is an undesirable con-
dition for operation. In fact, it is suggested [2] that regular
operation should never occur at conditions greater than 90% of
the flooding holdup so that uncertainties in the flooding limit
will not cause poor performance and/or dispersed fluid loss in
the exit of the continuous fluid. Some workers suggest even lower
fractions.

Prediction of the flooding limit is difficult, but very impor-
tant. The need to estimate the conditions at flooding originates
during the design of the contactor because this situation sets the
diameter of the device. This has been covered for mass trans-
fer applications in classical texts (e.g. [3]). There is enough
similarity between flow fields in the (usually) isothermal flows
encountered in liquid/liquid mass transfer and the nonisother-
mal flows encountered in liquid/liquid heat transfer to design
heat transfer devices from mass transfer experience.[4] Unfortu-
nately when phase change occurs in a heat transfer application
there is not a body of knowledge in the mass transfer literature
to draw upon for defining the flooding limit.

Three of the often cited approaches for predicting flooding in
non-phase-change systems are those of Minard and Johnson [5],
Sakiadis and Johnson [6] and Richardson and Zaki [7]. A com-
parison of results predicted by the three techniques has recently
been given by Wright [8]. He has shown that great discrepancy
exists between the three methods.
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If the situation is confused for predicting the flooding limit of
non-phase-change systems, there is an absence of approaches for
the corresponding boiling case. Studies of boiling (usually called
“three-phase”) applications are quite limited, and very few of
these have addressed the flooding conditions.

Among the earliest and most comprehensive reports of per-
formance of three-phase spray columns is that of Sideman and
Gat. [9] They used a column 70 mm (2.75 in) in diameter and
about 300 mm (12 in) high to evaporate pentane with water.
They were able to measure holdup by quickly isolating the vessel
from the flow loop and measuring the decrease of water level af-
ter the pentane evaporated completely. The data indicated that
a maximum was found in the variation of the volumetric heat
transfer coefficient, but the physical flooding conditions were not
reached.

Blair, et al. [10] studied the evaporation of Refrigerant 113,
whose liquid density is higher than that of water, in a device
similar to that used by Sideman and Gat. Holdup was not mea-
sured. Although “carryover” conditions were reported, which is
in effect a kind of flooding, the density difference effects on the
physical situation make comparison difficult. Like comments ap-
ply to the data reported by Jacobs, et al. [11] for a larger, but
somewhat similar configuration.

Correlations for heat transfer in three-phase configurations
are limited. In most cases data is presented that actually applies
only to the boiling portion of the tower. Examples of this are the
results of Sideman and Gat [9] noted earlier and a compilation
of the few other sources of data given by Jacobs and Boehm. [4]

Few heat transfer correlations for liquid-liquid systems are
found in the literature either. Most of the existing data have
been plotted and correlated against holdup and volume flow ra-
tio. [4]

If spray columns are to be considered for low temperature
boiler applications like solar pond power plants and electric-
ity generation from waste heat streams, their maximum perfor-
mance has to be understood. Clearly the paucity of data relevant
to the heat transfer and flooding limits is a great impediment.
It was within this context that the present study was initiated.

EXPERIMENTAL DESIGN AND PROCEDURE

Quite simply, the experimental apparatus consisted of a tow-
er and two flow loops, one each for water and pentane. A sche-
matic of the system is shown in Figure 1.
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FIG. la. Schematic diagram of the apparatus used for the
present investigation.
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FIG. 1b. Diagram of spray column used for this work. The
active water level was kept near the half-way point, and hot
water was injected below this level from the pipe extending from
the top of the vessel.

The tower was designed from conventional 0.61 m (24 in)
pipe. While it was anticipated that a typical maximum working
height of the tower would be on the order of 3.05 m (10 ft), the
actual height of the vessel was set at 6.1 m (20 ft). A benefit of
doing this is to allow other configurations to be evaluated later
that may need a greater height than the initial configuration.

Normal pentane was selected as the working fluid as it would
yield absolute vessel pressures that were moderate, but not too
high. In specific, pressures of approximately 2-3 atm result when
typical inlet water temperatures of 85 C (185 F) are used. Nor-
mal pentane is also one of the more desirable fluids to use in
a direct contact power plant for this level of inlet temperature.
[12,13] Because of the lammability aspect of this fluid, all electri-
cal components and wiring were designed to be explosion proof.
To simplify the system, it was decided not to control the pen-
tane inlet temperature to the column. This omission later caused
minor problems when the ambient temperature was very high,
with premature boiling of the pentane a possibility. This vari-
ation in pentane temperature was reduced somewhat as needed
with temporary localized cooling on the inlet pipe.

Orifice plates were used to measure the flowrates of the hot
water and the liquid pentane. Known flow measurement accu-
racy resulted from this decision. Large flowrate ranges could be
accommodated quite inexpensively by changing the plates. Pres-
sure transmitters were connected in parallel with manometers to
indicate the pressure drops.

Temperature measurement was accomplished with the use
of shielded Chromel-Alumel thermocouples. 24 units were used
to determine temperatures throughout the system, including the
inlet and outlet stream temperatures as well as the temperatures
at various locations within the column. All thermocouple out-

puts, as well as the pressure transmitter outputs, were recorded
on a Fluke Datalogger.




A small shed was located about 15 m (50 ft) from the exper-
iment. All electrical instrumentation was located in the shed.
The location of the shed was set to minimize open sparks in too
close a proximity to possible pentane vapors.

The heat exchange functions of the loops were accomplished
by three devices. On the water side, a plate heat exchanger
( 93.4 square feet, 100 psig, 33 plates) was used. Steam, from
an adjacent utility power plant, at approximately 6 atm and
150 C was used to heat the water. To condense the pentane,
two shell and tube heat exchangers were used (the nameplates
on the exchangers indicated their areas are 124.1 sq ft and 219
sq ft). One of these latter two devices served essentially as a
desuperheater and the other served as a condenser. Cooling
water from the adjacent steam power plant was used to condense
the pentane.

The water and the pentane were stored in 1900 liter (500 gal)
galvanized storage tanks. A line was installed on the bottom of
the pentane tank so that condensed water could be drained as
needed. Both the overall level within the pentane tank as well
as the underlying water level could be determined by viewing
through a dual sight gauge arrangement. The top of the water
tank was outfitted with a line so that fluid could be drained as
desired. An additional line was connected to the water tank to
allow the installation of a pressure relief valve to vent water if
the system overpressured.

Pumping was accomplished by centrifugal, explosion proof
pumps. Construction of the pumps is stainless steel, Since the
required pentane flowrate varied over a very large range, a bypass
line, with a valve, was installed between the exit of the pump
and the pentane storage.

Three 10 cm (4 in) diameter windows were installed in the
tower, one above the other near the location of the interface.
Level was controlled manually by viewing the interface through
the windows and adjusting appropriate valves.

In a typical run, the final adjustments were made to achieve
the desired settings for flowrates, vessel pressure and level, and
water inlet temperature. Note that the pentane inlet temper-
ature was not controlled, but localized cooling using a water
stream on the inlet pipe and pump regions was used to com-
bat possible cavitation or premature boiling (e.g. in the inlet
nozzles) when needed.

Flooding conditions, if present, could be determined during
a run by briefly cracking a small valve on the top of the water
storage tank. The resulting sound of venting pentane vapor, if
present, was a very effective approach to this determination.

Data analysis took place after each day’s operation. The
analysis technique involved simple energy balances on each of
the fluids as well as on the column as a whole. Both calibrations
and calculated estimates of heat loss from the vessel were used
in predicting the net heat transfer between the fluids. Of par-
ticular interest was the generation of values for the volumetric
heat transfer coefficient, U,, which is defined in Eq. (1). V was
calculated from the average height noted in the viewing windows.

RESULTS AND DISCUSSION

Among the most basic data that resulted from the experi-
ment is information on the temperature distribution along the
column. While details of this are available for each of the approx-
imately 100 data cases from this work, only one representative
example will be shown here. See Figure 2. In this figure, the
temperatures that were actually read are shown as data points.
The vertical line just past the 3 m mark denotes the observed

active level during the run. It should be noted that the 85 C
(approximately) water inlet temperature is considerably higher
than is the temperature at the top of the active level. Since the
inlet temperatures were held constant, the vessel pressure had
the single largest effect on the temperature distributions in the
column. Note that for each case, though, a relatively uniform
temperature distribution is demonstrated.
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FIG. 2. Measured temperature data throughout the column for
a typical run. A vertical line above 3 m indicates the active
level, so temperatures above this height are for vapor. The high
temperature just below 3 m is the water inlet temperature,

Of fundamental interest is the variation of the overall vol-
umetric heat transfer coefficient, as defined by Eq. (1). This
is shown for a series of cases in Figures 3, 4, and 5. Cases for
two pressures and two water flowrates are given as parameters,
while the pentane flowrate is taken as the independent variable
of each figure. “Flow Rate Ratio” used in the figures is defined
as as the ratio of the mass flow rate of pentane divided by the
corresponding value for water. Since each data point represents a
separate steady-state run, points where multiple runs are shown
at the same values of the parameters indicate the kind of re-
peatability in the demonstrated in the experiment. (See more
discussion on this point below.) Figure 4 shows both flooded
and nonflooded cases. In the other two figures (3 and 5), all
points represent cases with no flooding. During the performance
of the experiment, it was noted that pressures above 3.2 atm (47
psia) could not be attained for the ranges of other parameters
used here. (Implications of this pressure limitation are discussed
again later.) It should also be noted that the maximum in the
U, vs. flow ratio curves shown by Sideman and Gat [9] is not
noted here, but physical carrying out of working fluid (flooding)
not attained by them was found here.

During the data gathering, readings were taken every 2 min-
utes. After approximately 20 minutes had elapsed from a small
change in one of the variables, steady-state conditions appeared
to have been achieved. Data readings continued for several more
periods. Then the complete set of data for the steady-state con-
ditions was reduced and plotted. Repeat runs were taken on
different days, The resulting high values, low values and best es-
timate values are shown in Figures 3-5. The error bands ranged
from 8-20% depending upon the particular run. A specific anal-
ysis was carried out to determine to what extent the U, values
were affected by the variation of the pentane inlet temperature.
For a range of 15 C in pentane inlet temperatures the resulting
error band varied between 7 and 10 percent. The bulk of the
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FIG. 3. Volumetric heat transfer coefficient variation with mass
flow rate ratio for a pressure of 2.04 Bars and a water mass flow
rate of 2.10kg/sec. Flooding was found for most of these cases.
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FIG. 4. Volumetric heat transfer coefficient variation with mass
flow rate ratio for a pressure of 2.94 Bars and a water mass
flow rate of 1.90 kg/sec. Cases where flooding occurred are also
shown.
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FIG. 5. Volumetric heat transfer coefficient variation with mass
flow rate ratio for a pressure of 3.28 Bars and a water mass flow

rate of 1.90 kg/sec are shown. Flooding was not found in any of
these cases.

data fell within this range of pentane temperature variations,
but some cases were higher.

From the experiments, the variation of the flooding limit
with the two mass flow rates and the vessel pressure has been
determined. See Figures 6-8, where maps of data points from
the experiment are shown plotted against water mass flow rate
and mass flow ratio. As before, points shown as a circle denote
where pentane was detected with the water exiting the column
(flooding). For higher pentane flow rates the possibility of flood-
ing decreases. If there is a point at which higher pentane flows
will result in flooding, these points could not be demonstrated
in these evaluations. The effect of pressure on the flooding limit
is summarized in Figure 9. As shown, the chance of flooding de-
creases for constant mass flow rate ratio for increased pressure.
Operational limits were encountered, so vessel pressures above
3.2 atm (47 psia) could not be attained for lower mass flow rate
ratios. This was due to the pentane saturation pressure effects
relative to the temperature conditions used here. The pressure
at the flooding point varies approximately as the inverse of the
pentane flow rate.
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FIG. 6. Map of mass flow rates investigated at 2.59 Bars, show-
ing flooding and no flooding cases.
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FIG. 7. Map of mass flow rates investigated at 2.94 Bars, show-
ing flooding and no flooding cases.
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mass flow rate of 2.10 kg/sec, showing flooding and no flooding
cases.

CONCLUSIONS

1. A 0.61 m (24 in) diameter tower direct contact heat ex-
changer has been built and operated using water at 85 C
as the heat source. Pentane was injected in the bottom of
the column, was vaporized by the water and left at the top
of the tower. An active column height of 3.05 m (10 ft) was
used in a spray column configuration.

2. It is found that the controlled variable that most influences
the temperature profiles within the column is the vessel pres-
sure. An increasing vessel pressure results in an increasing
vessel temperature. As was found in previous studies of
direct contact boilers, the temperature profile is fairly flat
throughout the column.

3. As expected, the variation of the volumetric heat transfer
coefficient showed an increasing trend when plotted against
the pentane mass flow rate. Conditions where pentane came
out with the water (flooding) were easily identified in the
experimental procedure. Uncertainties in the data for U,
were estimated to be between 8 and 20%.

4. Detailed studies of the vessel pressure effects on the flooding
limit are given here for the first time. It is found that the
pressure at the flooding point varies with the inverse of the
pentane flow rate, at constant water flow and inlet tempera-

ture. Unfortunately the pentane inlet temperature could not
be controlled closely in the present work, and this variable
introduces an uncertainty, estimated to be between 7 and
10%, in the results.
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