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ABSTRACT

Spray columns, baffle plate columns and perforatedﬁ]ate columns
are equipment used in fhe chemical process industry as mass transfer
devices. They also have potential use as heat transfer equipment for
extracting energy from corrosive or fouling fluids.

Spray columns are .the simplest of the 1liquid-liquid exchange
equipment as they have no internal devices; however, they havé proven
to be the least efficient as liquid-liquid mass transfer equipment and
thus, are not'_often used in extraction processes. Perforated plate
columns are widely used in chemjca1 extraction processes due to the
abﬂ'ity to control the number of process stages; 1"..e. a defined fraction
of a stage ~ .5-.7 will exist between each pair of trays.

The purpose of the present work was to compare the performahce of
a spray column and a sieve tray column as a liquid-liquid heat ex-
changer. In carrying out these studies a 15.2 cm (6.0 in) diameter
column, 183 cm (6.0 ft) tall was utilized. The performance of the
spray column as a heat exchanger was shown to correlate with the model
of Letan-Kehat which has as a basis that the heat transfer is dominated
by the wakeshedding characteristics of the drops over much of the
~column length. This model. deﬁ'nes several hydrodynamic zones along
the column of which the wake formation zone at the bottom vappears to
have the most efficient heat transfer.

The column was also operated with foﬁr 'perforated plates spaced
two column diameters apart in order fo take advantage of the wake
formation zone heat transfer. The plates induce coalescence of the
dispersed phase and reformation of the drops, ahd thus cause a repeti-
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tion of the wake formation zone. In the present wdrk, it is shown
that the overall volumetric heat transfer coefficient in a perforated
p]ate column is increased by a minimum of eleven percent oyef that in
a spray column. A hydrodynamic model that predicts the performance of

a perforated plate column is suggested.
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NOMENCLATURE

A

Red
Rep
Rep

area
heat cépacity

diameter of thermocouple bulb

diameter of droplet

diameter of column

friction factor

duration of continuous ﬁhase, drop and wake temperature sequence
acceTerafion of gravity |

gravitational constant

convective heat transfer coefficient

percent of heat lost from column

thermal conductivity

volume of wake elements shed per volume of drop and unit length of
column

mass of thermocouple bulb
mass flow rate

volume of wake shed

mass of droplet

ratio of wake to drop volumes

wake volume

volumetric flow rate

(0 Cp)d/ (° Cp)c

Vda/Ve |

Reynolds number of thermocouple bulb
Reynolds number of column

Reynolds number of droplet



of

time

time for a droplet to rise through the wake formation zone
temperature |

experimental temperature

overall volumetric heat transfer coefficient
volume of droplet

volume

superficial velocity = Q/A

actual velocity |

terminal droplet velocity

wake shedding velocity

height along column axis

thermocouple time constant

density

holdup

holdup at flooding

viscosity

Subscripts

W

continuous phasé

dispersed phase

inlet

number éf plate

top of the wake shedding zone
outlet

top of the wake formatidn zone

wake

- height
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INTRODUCTION

Geothermal energy has been ufih'zed for the production of electri-
cal power for a number of years in a few unique vapor dominated reser-
voirs such as the Geysers in California. The increase in world energy
demand has created an interest in developing ofher geothermal sites.
The potential geothermal resources in the Western United States have
an estimated potential of producing 385,000 MWe by the year 2000 and
could if developed greatly reduce the dependence of other resources.

Geothermal resources occur in three types of reservoirs: vapor
dominated, hot dry rock, and liquid dominated. As mentioned, the use
of vapor dominated systems for production of electrical power has been -
successfully demonstrated. Development of hot dry rock reservoirs will
require new drilling and energy extractive technology. Liquid dominated
systems hold the greatest potential for contribution to U.S. energy
self sufficiency within the next fifteen to twenty years as they are
estimated to be twenty times more prevalent that vapor dominated systems
[11. |

Convenfiona] binary cycles appear to be economical for producing
electrical power from liquid dominated systems that are low in dissolved
solids. However, many g¢eothermal brines are of a corrosive and/or
fouling nature being heavily 1aden.w1'th dissolved solids 2], Non-
conventional heat exchange equipment must be develope»d in order to over-
come the fouling problem that would occur in co’nventioné] shell and tube
heat exchangers. It has been shown that conventional heat exchangers
would be the major capital cost item.in a planf, other than the cost of

drilling the geothermal wells. A type of heat exchanger that would



reduce the volume necessary to support the heat ]oad in addition to
eliminating the fouling problem would make the economics of the liquid
dominated systems‘more competitive with other energy sources.

This study concentrates on the design of a direct contact heat
exchanger to be used és a preheater in a binary power producing cycle
Tike that shown in Figuke 1. . The apparatus is a vertical column
arranged for counter-current flow of two immiscib]e fluids. The
geothermal brine would flow downward through the column and contact the
1e$s dense wofkingv fluid which would be dispersed into small drops
flowing upward. The drops would be heated by the brine and conversely
the brine would be cooled by the drops. Ideally a small temperature ‘
difference is possible throughout the column depending upon the therma]
capacitance of the two fluids and their relative flow rates. This
design eliminates small easily fouled tubes and increases the ratio of
the total area of thermal contact to the volume of the heat exchanger.

The preheater typically will carry about 30 percent Qf the heat
duty in the cyc]e[3], however, it will require a greater volume than
the boiler because it will involve sensible heat transfer as opposed to
latent heat transfer. A direct contact boiler design has been inves-
tigated by Jacobs, Boehm; and Hanson[3]. The brine temperatures in
the preheater are significantly lower than in the boi}er, thus it is
more probable that precipitation of any dissolved solids will occur in
it. |

Direct contact heat exchange introduces two problems. First, the
two fluids must be at the same pressure. If the well pressure is 1e;s

than the optimum turbine pressure then a brine pressure boost pump will
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be necessary. A]fhough this pump will reduce the net work done by the
cycle, the closer approach temperatures possible from. direct contact
heat exchange will help to compensate for the increased pump work.
” The other problem involves the choice of a working fluid. The
brine and the working fluid will be mutually soluable to some degree so
some of the working fluid will be removed witﬁ the brine probably neces-
sitating a separation system for working f]uid'recovery. The accompany-
ing fact that a small amount of brine will be dissolved in the working
f1uid will have the desirable effect of 1n¢reasing the available
enthalpy of the fluid expanding through the turbine, however, this

‘mixture may require another separation system. Because the equilibrium

solubility of the working fluid in the brine will probably increase
with decreasing temperatures, the chbice of a working fluid will be
governed in part by its solubility in the brine at the temperatures
present in the preheater. The working fluid mu§t also have suitable
tﬁermodynamic properties in order to maximize thé power production.
The binary cycle is most efficient when the working fluid is super-
critical in the primary heat exchanger and when it leaves the turbine
as a saturated vapor[3]. Refrigerants and Tlight hydrocarbons have
desirable thermddynamic properties. The hydrocarbons become favorable
wﬁen working fluid availability and total economics are considered,
however; the exact fluid selection will depend on the characteristics
of the particular well. Although the heat transfer properties éf hydro-
carbons are poor, the decreased size and therefore cost of the direct
contact heat exchange system will compensate for this.

Possible working fluids that have been considered‘by Jacobs, Boehm,
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and Hanson[3] 1né1ude'pentane, isobutane propane, hexane, R—lil, R-113,
~and R-114. Some cyclic hydrocarbons have also been found to meet the
requirements. Pentane, hexane, and isobutane are preferred due to
their Tow relative cost and due to their Tlow solubility in the brine.
There are several types of counter-current flow devices that have
conventionally been ﬁsed for mass transfer which could also serve as
direct contact 11qu1d;1iquid heat exchéngers. These include spray
towers, baffled towers, perforated plate towers, and wetted-wall-towers.
. Spray towers afe the simpTest design and have high throughput, however,
they have the disadvantage of possible strong back mixing. Baffled
towers reduce back mixing however they would cadse coalescencelof the
dispersed phase. The perforated plate tower has a lower throughput,
however, it has(been shown to be abouf twice as efficient for mass
transfer as the baffled tower. The wetted-wall-tower would.reduce the
amount of volume necessary for separation of the two fluids, but this
is at the expense of the surface area available for heat transfer.
The problem with backvmixing in a spray tower can be solved by
keeping the ratio of tower he1l'ghth to diameter large. It appears that
values of 7 to 10 for this ratio are édequate. However, the heat
transfer coefficients observed in spray towers do not appéar~ to be
large. In some portions Qf a spray tower Letan and Kehat have indicated
that the heat transfer is reducéd by a wéke shedding>mechanism. Reduced
heat transfer on a vo]umetric.basis may thus result from a tall tower,
however as previous]y noted a tall tower is required to prevent back:
mixing. Thus, a perforated plate tower may be more desirable despite

the lower throughput as it could lead to the requirement of a signifi-
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cantly lower volume heat exchanger. Thé purpose of the present work is
to evaluate the prior conclusions and models conéefning spray columns
and to evaluate the relative performance when perforated plate internals
éfe added. As most of the existing data have been obtained using kero-
sene as the dispersed phase, it was also used in the present work de-
spite the fact that it is not a likely geothermal binary working‘f1uid.
Further it is a safer fluid to use in the 1aboratory being less vo]éti]e
than pentane, isobutane or hexane. |

In this thesis rgsu]ts for the spray tower were compared with the
results of Lletan and Kehat, and Plass. The tower was then run with
four perforated plates and the results were compared to determine the
extent to which the heat transfer is improved by reducing the amount of

back mixing.

PREVIOUS WORK

A heat exchange system that has been designed for a particular
geothermal site must be optimized in terms of power produced per exist-
ing unit flow of geothermal fluid. Previous experimental heat transfer
results have therefore been correlated in terms of the ratio of the
working fluid flow rate to the existing brine f]ow‘rate, and in terms
of the holdup, which is defined as the volumetric fraction of the
dispersed phase in the column. Holdup is a function of the fluid flow

rates and the particle Reynolds number of the}dropleté in the dispersed
phase. | |

The heat transfer that is being measured occurs in the volume of

~ the exchanger above the dispersion plate at the working fluid inlet and
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below the level of the COntinuous-phase in the column. Above this level,

referred to as the interface, the dispersed phase droplets coalesce and

the two fluids are no Tonger in contact.

| The experimental results in Plass have been presented in terms of

an overall volumetric heat transfer coefficient as defined below*
Q ocpAT
VA Tm

Uy = (1)

The volume in Equation (1) refers to the volume discussed above, and the
log mean temperature difference is taken about the boundaries of this
volume. It can be shown that the thermal contact area per unit volume in
the coTumn is given by 6b/dp. This relationship can be used to relate
the volumetric heat transfer coefficient to a surface coefficient:
& U

Uy =— (2)

Heat tranfer correlations obtained from experiments where the flow

is Taminar may be applied to columns of varying sizes as long as the
flow conditions are laminar, however, results obtained from turbulent
flow systems may only be applied to identical systems. The Reynolds

number of the column is given by[4]

VC pcD ‘ pd
Rep = ———(1 - 415 [1 + (—- 1)I.

He : Pc

For a value of Rep less than 2300 flow is laminar otherwise it is tur-

bulent.

Plass conducted experiments in a 6 inch (18.24 cm) diameter column

* See notation



utilizing Chevron Insulating 0i1 as the dispersed phase. A dispersion
plate with an array of 3.18 mm (0.175 1in) Ho]es and one with 1.60 mm
(0.063 in) holes for which average droplet diameters were 6.40 mm (0.253
in) and 3.10 mm (0.122 1in) respectively, were tested.* The following
correlation, based on the entire volume above the distribution plate,

was obtained[5].

Uy = 45000 (p - 0.05) e 0-57R 4 600 Btushr ft3°F (6 > 0.05)
: (3)

120004 Btu/hr Ft3°F (6 < 0.05)

th
Letan and Kehat have developed a model for a direct contact heat

exchahger‘based on experimental results obtained using a 15.2 cm (6.0
in) diameter column. Kerosene was used as the working ﬂuid,‘ and 'it
was dispersed into 3.50 mm (0.127 in) diameter droplets. Two‘modes of
~ operation referred to as dispersed packing and dense packing of droplets
were investigated. It was found for both modes that the heat transfer
in the column is controlled by the fluid mechanics of the system and not
by the resistance to heat transfer inside or at fhe surface of the
dropé; The wakes of the drops play a dominate ro]e in the fluid
mechanics of the system. It was also fpund that, although, 1owér flow
rates are required for a dense packing mode, more heat is'transferred,
and; therefore, thié mode is more desirab]é. However the dense mode is
difficult to obtain in practice.

Letan and Kehat have divided the spray column into five hydrodynam-

ic regions as shown in Figure 2: (1) wake formation, (2) intermediate,

* These droplet diameters were obtained from correlations in the liter-

ature.
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(3) wake shedding, (4) mixing, and (5) coalescence. The wake formation
zone occurs a short distance above the dispersion plate where boundary
layer separatibn begins to occur on the drop. This disturbance causes
turbulent motion in the continuoﬁs phase close to the boundary of the
drop enhancing wake to drop heat transfer, and it causes the drop to
oscillate resulting in turbuTent mixing inside the drop. - The fluid in
front of the boundary layer separation point remains at the local con-
tinuous phase temperature while the fluid in the highly mixed zone
behind the separation point quickly comes to thermal equi]ibfium with
the drop and then is carried upward as a wake.* It is in this zone
that most of the wake to drop heat transfer occurs; however, conduction
and convection from the wake to the continuous phase are negligible
cohpared to that higher in the column.

The intermediate zone occurs only in the dispersed mode of packing
when the wake has reached its maximum volume, and no mass or therefore
heat, is transferred into or out of the wake. In the dense packing mode
a temperature jump of the continuous phasé occurs instead, due to the
backmixing that occurs in the wake shedding zone. 1In the next zone
wake shedding occurs such that the flow rate of the continous phase
into the wake through the boundary layer equals the flow rate of the.
cdntinuous phase expelled from the wake. The elements that are shed
from the wakes have been effectively backmixed with the continuous

phase modifying its temperature and reducing the driving force for heat

* Because this boundary layer fluid gives up heat to the drop and then
joins the wake which is made up of colder fluid from lower down in
the column, the drop temperature eventually exceeds the wake temper-
ature.
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transfer. This zone represents the greatest.portion of the column.

Near the continuous phase inlet there is a zone where all drops,
the incoming continuous phase, and wakes returning from the coalescence
zone are mixed. This mixing causes a temperature jump in both phases
as shown in Figure 2. Finally the drops approach the upper interface
and coalesce. The wakes are detached and flow back down to the mixing
zone.

The hydrodynamics that have been found to occur in these zones
clarify the desired role of perforated plates in improving the heat
transfer efficiency of a column by reducing the distance in the
column over which fluids are backmixed and by causing the wake shedding
zone to reoccur above each plate.

Letan and Kehat have also examined the effects of fluid prbperties,
column height and droplet size. The relationship between the volumetric
flow rates, the fluid properties, and the thermal driving force can be

seen from a steady state energy balance around the column.

ATc :
" Rr = - — (4)
ATd
where
Qd
Rz —
and
_ (Qcp)d
r =
(Dcp)c

They showed theoretically that the optimum value of the ratio of thermal
capacities of the two streams Rr is equal to unity, and their experi-

mental results support this conclusion. However, this value cannot
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necessarily be selected in the geothermal power cycle as other factors
-may set the flow ratio and the fluid selection. From their model it was
also concluded that for long columns the closest approach temperatures
are obtianed for values of Rr < 1[6]. In addition the continuous phase
temperature jump at the inlet is minimized for Rf < 1 in. long columns.
The effect of backmixing. is reduced in long columns as the distance
that a wake is carried upward becomes small in relation to the column
length. A parametric study of Letan showed that increased droplet size
increased the fequired length and decreased the required diameter of the
columnl7].

A semi-empirical relationship between the slip velocity and'the
holdup has been obtained by Richardson and zakil81. 1t is expressed

in terms of the terminal velocity of the droplets as shown:

Vg = Vg (1 - 0)" | (5)
where m= 3.65 Reg < 0.2
m= (4.35 Rey, 003 - 1) 0.2 <Rey <1
m= (4.45 Re,"0-1 - 1) 1 < Re, < 500
m=1.39 500 < Reg
1 4 (Dd - pc) Reo He
and Vi=—[—d — V2. -~ -
f 3 P p dn p
c pPc
24
where = — Rey < 0.1
Req
18.5
f = 2 < Rey < 500
Re 0-6 0



f

0.44 500 < Re, < 2 x 10°
f=0.2 2 x 10° < Rey
The slip velocity is defined as
Vg = Vg + V., (6)
and from the definition of superficial velocity it can be shown that
this is also equal to
Vyq Ve

Ve = - (7)
STy T

Lapidus and E]gin[gJ have combined Equations‘(S) and (7) and made
a plot of the holdup ¢ against the superficial velocity of the contin-
uous phase V. with the superficial ve]oc{ty of the dispersed phase V(4
as a parameter. They have shown that there are two regions on the plot
corresponding to dense packed operation and dispersed packed operation
separated by a flooding line representfng the disruption of stable flow
condition. At flooding: | |

aV
oYe -0 (8)

Rl f'
Vd

and the value of ¢ § can be found from carrying out this differentia-
tionl10], ExperimentaT results in this study will be compared with the
predictions of Equations (5) and (7). :

Letan and Kehat have developed a theofetica] model for prediéting'
the axial temperature’prof11e3“of.both phases 1in the column assuming
plug flow. Equations are genefated from energybba1ances taken around
the drops ahd wakes in each of the.previouS1y_described regions of the
columnl111.0121, 1o parameters dealing with the wake volume are re-

quired to solve the equations for the dispersed packing mode and three
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are required for the dense packing mode.
In this thesis the effects of the hold up and the flow rate ratio
will be .investigated. Experimental results will be compared to the

predictions of Letan and Kehat and Plass.

Sy -

EXPERIMENTAL

A 183.0 cm (6.0 ft) tall, 15.2 cm (6.0 in.) diameter, uninsulated
schedule 80 pipe was used as the heat exchanger column. The water
inlet pipe extended 43.2 cm (17;0 in.) down from the flange at the top
of the column. VWater entered the column through 16 axial hoies in the
inlet pipe. The distribution plate at the kerosene inlet was contained
in a bell-shaped pressure vessel welded to the bottom of the column as
shown in Figure 3. The surface of the plate was 24.1 cm (9.49 in.)
below the bottom of the column. In an experiment performed by Dr. H.
R. Jacobs at the University of Utah a variety of perforated plates were
tested to optimize throughput and droplet uniformity. It was found
that the flat perforated plate shown in Figure 4 was desirable and that
1.93 mm (0.760 in.) diameter perforations produced droplets of nearly
the same diameter as those in the experiments of Letan and Kehat (3.50
mm, (0.138 1in.)). This type of plate was used for the distribution
plate and also for the perforated plate baffles.

Several windows were placed in the column so that droplets. could
be observed and so that the interface location and holdup could be
measured. The inlet and outlet temperatures as well as the axial
temperature profile inside the column were measured by 3.16 mm (0.124
in.) ungrounded, shielded, type K Omega thermocoup]es.' Fast response

0.25 mm (0.01 1in.) grounded, shielded, type K Omega thermocouples
=14~
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were uéed to measure temperature differences caused by the passage of
the droplets and their wakes. Figure 5 shows the thermocouples and the
windows.

Four perforated plate baffles were used to convert the column from
a spray tower to a perforated plate tower. The plates shown in Figure 6,
were spaced 30.5 cm (6.0 ft) apart. A 15.2 cm (6.0 in.) down spout
provided a flow region for the doanard flowing watervfo f1low pést the
plates while the kerosene coalesced beneath the plates. The résu]ting
flow pattern is shown in Figure 7.

A Cat Model 1010 piston pump was used to pump water from a 151
lTiter (40 gal) steam jacketed kettle through the column and back into

the kettle. The water temperature was controlled by a Van Waters and

Rogers thermoregulator which operated a solenoid valve on the steam '

Tine. A similar pump forced kerosene from a tank, through the co]umh,

- through a shell and tube heat exchanger where it was cooled by cold

water, and back to the tank. Flow was measured by CE Invalco 19 mm
turbine-type flow meters installed on the column outlet lines for both
kerosene and water. The hot water kettle and pump are shown in Figure
8 and the kerosene tank is shown in Figure 9.

Data was taken under steady-state operating conditions for the

column first operated as a spray tower and then as a perforated-plate

tower. The arrangement of the thermocouples in the column is_shown in
Figures 10a and b. In Figure 10a the thermocouples Tlabeled with an
"s" subscript, indicating slow response, measure an average temperature;
and the ones having an "f" subscript, indicating fast response, measure

temperature differences. In Figure 10b the thermocouples just under

-16-
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each plate have been relabeled with "w" and "k" subscripts, and they
measure the temperature of the continuous phaﬁe invthe downspout and
the coalesced kerosene respectfve]y.

Data from all the thermocoup1eslwere recorded on the Fluke Model
2044B data logger which sampled the outputs every .38 seconds. A
Houston Model 6452 strip chart recorder was also used to record the out-
put of the fast response thermocouples. The recording instruments are

 shown in Figure 11.

Fluid flow rates, column pressure, and the level of the kerosene-
water inferfacé in the column were also nbted. At the end of each run,
bbth pumps and all inlet andiout]et ya1Ves were simultaneously shut off.
Once all the kerosene drop]ets has risen and coalesced, the new kero-
sene-water interface level waé noted. The ratio of the new interface

- Tevel to the 1eve1vduring operatidn pfovided means of calculating the
hold up. An overall view of the experimental apparatus is shown in

Figure 12.

ANALYSIS OF RESULTS

Data was taken for a rénge of flow ratios, R, in the dispersed
packed mode of operation and is tabulated in Appendix D. Attempts to
obtain data for the dense packed mode of operation wefe unsuccessful
because the location of the interface became very unstable and steady
state operafion could not be achieved. Values of the Rr product were
generally restricted to the range of .24 to .60,v The ideal range of
Rr ~ 1, according to Letan, was not often achfeved due to the formation

of kerosene-water emulsions at high kerosene flow rates.*

* For kerosene flow rates exceeding 0.265 Tit/sec (4.20 gal/min), emul-
sions formed almost immediately, probably caused by turbulence due
to the velocity of the jet at the distribution plate. This flow rate
corresponds to a jet velocity of 25.3 cm/s (0.83 ft/sec).
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Figure 11. Recording Instruments
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The Reynolds number in the column was approximately 1300 for a
typical hold up value of 0.10. This value corresponds to laminar flow
based on Letan's suggested correlation for Rep. Therefore, the model
propoed by Letan and Kehat should apply to the present apparatus.

The first step in the analysis was to determine the actual con-
tinuous phase, droplet, and wake temperatures from the thermocouple
outputs.* For each run the slow response thermocouple outputs were
averaged over time, and the maximum and minimum outputs of the fast
response thermocouples were each averaged over time. These results
were then corfected to account for the thermocouple response time.

Because the fast response thermocouples were small the temperature
gradient inside the thermocouple bulb was 1ignored and first order
response was assumed. The maximum and minimum recorded temperatures
correspond the the continuous phase and the wakes respectively. If
the actual temperature variation is assumed to be a step change from
the continuous phase temperature to the wake temperature, the experi-
mental and actual temperatures are related approximately by:

- U, - Td et 4T (9)

Ue

<
!

ca tgmagt
=[U, - T, J e wwidid o (10)

where
te = F (1 -4 - oM

tg= P
ty= MM

= duration of sequence
d==hNMcp

*  The thermocouples were periodically surrounded by the continuous
phase, droplets, and wakes. From the output of the fast response
thermocouples on the strip chart recorder, it appeared that a
reasonable frequency for this sequence was .5 seconds.



The convective heat transfer coefficient in the time tonstant was cal-
culated from the following correlationl13] for the conditions of each

run.

hd -
—= 2+ [0.4 Red0'5 + 0.06 Red0'67] Pr0‘4'(u5/uw)0‘25
R

3.5 < Rey < 7.6 x 10
0;7 < Pr < 380

The thermal capacity of the thermocoup]e bulb was determined from infor-
mation provided by the manufacturer. |

The slow response thermocouples were shielded by 0.32 cm (0.125
in.) copper tubing, and their outputs corresponded  with the maximum
temperatures recorded_by the fast response thermocouples. The correc-
tion for the fast response thermocouples at these maximum temperatures
was very samll because tﬁe'thermocoup]es were exposed to the continuous
phase for a long enough time to equilibriate. Therefore, it was assumed
that the slow response thermocouples were measuring the continuous phaée

temperature and 'did not see' the passing drops and wakes.

SPRAY COLUMN

Temperature Profiles

Model of Letan and Kehat - The experimental continuous

phase and wake temperature profiles, chrected_for thermocouple response
time wére plotted together wifh the three profi1es’from the model of
Letan and Kehat as a function of ‘co]umn height above 'tﬁe dfspersed
phase injection plate. The energy'ba]ances.that they used to derive
the profiles for the dispersed packed mode of operation are shown

below.



Yake Formation Zone :L14] No heat is transferred to the continuous

phase in this zone so its temperature remains constant. The temperature
of the droplet at the top of this zone can be determined by integrating
the heat balance on the drop, shown in Figure 13a, over the entire zone:

Tas = (Tdi - Teo) exp (- M/r) + Teg - (11)
The variable "M" represents the ratio of the wake volume to the drop
volume. The wake volume is one of two experimental parameters in the
model. The balance around the entire zone in Figure 13b gives the
wake temperatuhé at the top of the zone:

Tws = /M (Tgi - Tds) + Teo (12)

Intermediate Zone: No heat transfer occurs.

Wake Shedding Zone: Since this zone represents the longest portion

of the column, it is desired to obtain the temperaturé profiles as
functions of z. Letan and Kehat accomplished this by dividing the
heat balances in Figures 13c and 4 by dz. Solvable equations were
obtained by defining a sgcond experimental parameter:
m 5:&. fﬂEL ~ : (13)
vp dz

so m represents the mass of wakes shed per volume of drop and length

of column. The resulting equations are:

dTqg m

+—(Tq - Tc) =0 (14)
dz r
dTy, m
— —(Ty - Tq) =0 (15)
dz r



dTe  m '
+— (T, - Tc) =0 (16)
dz p

where P-= 1/R + M
Letan and Kehat solved these three equations simultaneously to obtain
the temperature profiles in this region.

Mixing zone: In this zone.it is assumed that all outgoing streams
are at the same temperature. The balance in Figuré 13e can be simpli-
fied to |

" Tei = [R(r + M) #1173 To1 - R(rTqy + MT7) (17)
and |
Te1 = Tdo
The continuous phase inlet temperature can also be obtained from a
balance around the entire column, as shown:

Tei = Teo = Rr(Tay - Tdo) | (18)

Length of the Wake Shedding and Intermediate Zones - In order

to compare plots of the experimental and calculated temperature profiles

it was necessary to determine the Tength of the wake formation zone plus

the intermediate zone. From the experimental results of Letan and
Kehat the Tlength of these two zones, barticular]y the intermediate
zone, seems to _decrease with increasing values of R and 4. Their
expérimenta] result for R=1 and¢ =  0.6, whiéh is in the present
range of operation, was a total length of about 70 cm (27.7 in.).

From a survey of the 1%terature it appears the velocity at which
the transition from non-oscillating to oscillating drobs occurs coin-

cides approximately with the start of wake shedding[15j. This transi-
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Energy Balances For Model Of Letan And Kehat
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Energy Balances for Model of Letan and Kehat - Continued
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tion has been found to occur at Reynolds numbers from 200 to 500. It
has also been found that wake shedding occurs at intervals of 0.05 to
_0.08 seconds depending on the Reynolds number of the drop[16] which
gives an indication of the amount of time réquired for a wake to form.
Ry assuming a transition velocity, Vg, the point at which wake
shedding begins to occur can be calculated from a force balance around
the drop and its wake. The force balance is given by:
| Bouyant Force - Drag Force = Mass of Particle and Wake x
Resulting Acceleration
or
1 g m 1 -a(t)

— 1d3 ¢ - pg) —- f— dy? P N(t)E— = m, - (19)
6 I¢ 8 9c 9c¢

where ™

Assuming that

equation 19 simplifies to

= - Rep < 500
dt c +dV(t)
o |  (20)
dv a2 - b2 y(t)2
dt c +dV(t) Rep’> 500
where al = (o.-04)g
c d’:
He Pec '
b2 = 13.88 (——)*6 Rey, < 500
Ocdp pd
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b2 = .33 —— ~ Rep, > 500
dp
c=pdg
M
d = pc—~—
VS

tg = [A—In — - B—In —n—] (21)
b a b a
where 1 ¢ d
A= —[—+—]
2 a b
1 ¢ d
B= —[—-—]
2 a b

At this value of the Reynolds number the wake shedding velocity is about
| 5.8 cm/sec (0.20 ft/sec) and the time before shedding occurs is less
than a tenth of a second. Pased orn this ca]cﬁ]ation it was decided
that the wake formation zone is very short. The combined Tength of
the wake formation zone and the intermediate zone in the present appar-
atus appeared to be approximately 25.4 cm (10 in.) judging from the
axial continuous phase temperature profile.

Heat Loss and Radial Temperature Profile - Letan and Kehat

ignored heat losses from the co]qmn and assumed that the radial temper-
ature profile was flat. HoweQer, in this experiment an average of 12
percent of the heat was lost from the column and a radial teMperature
profile, shown in Figure 14,. vas observed; The gradual temperature
drop toward the Wall between b aﬁd a in Figure 14, was assumed due to
heat loss. However, the sudden temperature drop at .c coufd not be

explained as a témperature gradient due to radial heat loss.
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It has been observed that under certain conditions, particles in
a Poiseuille flow field will migrate to a specific radial Tlocation
near the wall. Jacobsenl17] solved for the resultant radfa]v axial
and torsional forces on a particle in a specified Poiseuille flow
field. He found that it is possible to set the axial velocity, rota-
tional ve]bcity, and the radial position such that the forces on the
particle are zero. The temperature drop at point c¢ in Figure 14 could
be due to a collection of dispersed phase droplets at that radial
position; a]thbugh, the kerosene droplets are more- buoyant than the
particles in suspension. The outputs of only the thermocouples located
in further than point d, which is a region of no radial gradient,
were compared to the model.

Axial Temperature Profiles - A plot of the present experimen-

tal profiles (corrected for time response is shown with those predicted
by the model of Letan and Kehat in Figure 15 (refer to Appendix A for
explanation). Thev remaining plots are shown in Appendix A; It can
be seen that the experimental continuous phase wake temperature profiles
agree with the model to within at least 13 and 18 percent respectively.
The predicted temperature was usually less than the experimental temper-
ature for both profiles. Uncertainties such as the location of the
start of the wake shedding zone and the values of the wake parameters
could account for the differenceQ The'bﬁrameteré that were used to
apply the timé reép@nse cérrécfion f&r thév thermocouple, such as
the hold up, the thermocoupTettime‘coﬁstaht,:and the frequency of the.
actual temperature’sequence were also $ubject tb uncertainty;

- The values of the wake parameters suggested by Letan and Kehat
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were used:
¢ Mo m
0.06 1.0 0.023
0.06-0.4  0.83  0.03
> 0.4 0.83  0.023

Hendrix, Shashikant, and Johnson[15] find that the amount of backmixing
in a column decreases as the flow rates bf both phases are increased
so perhaps the wake parameters are also functions of the flow rates.

Overall Volumetric Heat Transfer Coefficient

The experimental overall volumetric heat transfer coefficients
are tabulated in Table 1 along with those predicted by the correlations

of Plass and Letan and Kehat.* It should be noted that Plass used

" Equation (7) to calculate hold up, and althouah, Equation (7) did not

predict the present experimental hold up, it was used in Equation (3)
for the purpose of comparing the present results to those of Plass.

Table 1 shows that the correlation of Plass fits the present
data to within 30 percent for values of R areater than .7 and less

than 1.4. For values of R outside of this range the fit was poor.
The experimental setup used by Plass was identical to the present
one except for the method of flow rate measurement, the size and number
of holes 1in the_distributidn p]ate, and the working fluid. However,
the insu]ating 0il Was found to.haﬁé'é deﬁsity~heat capacity product

nearly the same as that of kerosene. Scatter in the agreement could

* Due to the difficulty of nmihtaining steady state operations with
this apparatus, the experimental coefficients varied as wmuch as
15 percent durina a particular run , so the averages were tabulated.

- =35~



_98_

Table la. Spray Column: Overall Volumetric Heat Transfer Coefficient

(.204 < Q¢ < .225 1it/sec) (.56 < R < 1.42)

Run ¢ (exper) | b (Ca]c) R Qe (1it/sec) Uy (kca]/m3hr°C)
| . Uy (exper) Uy (Letan and Kehat) Uy (Plass)

24 0.06 0.06 0.65 | 0.214 19736 24046 13601
25 0.14 0.10 0.98 0.225 37150 32136 30230
26 ? 0.11 1.18 0.208 45464 33050‘ 50078
27 0.11 0.09 0.97 Q.213 36509 30342 26209
28 - 0.11 0.10 1.08 0.208 36926 31223 29088
29 0.03 0.06 0.69 0.206 22364 24158 12047
30 ? 0.14 - 1.42 0.204 58537 36205 38497
31 0.08 0.04 0.60 0.199 19496 21259 8651 |
32 0.16 0.10 1.00 0.224 34336 34284‘ 29989
33 0.08 0.05 0.56 0.217 18567 21675 9612
34 0.13 0.07 0.85 0.206 26065 27042 18487



_[E_

Table 1b. Spray Column: Comparison of Results to Letan and Kehat, and Plass

Uy = Letan and Kehat

Uyt (Plass)

Run (exper) ¢ (calc) R Uy (exper) U, (exper)
24 0.06 0.06 0.65 1.22 70.69
25 0.14 0.10 0.98 0.87 0.81
26 ? 0.11 1.18 0.73 1.10
27 1 0.11 0.09 0.97 0.83 0.72
28 011 0.10 1.08 0.85 0.79
29 ' 0.03 0.05 0.69 1.08 0.54 -
30 ? 0.14 1.42 0.62 0.66
3 0.08 0.04 0.60 1.09 0.44
32 0.16 0.10 1.00 0.93 0.87
33 0.08 0.05 0.56 1.17 0.52
34 0.13 0.07 0.85 1.04 0.71



be a result of experimental error in flow rate measurement. Differences’
in the distribution plate and the working fluid would be more likely
to result in a constant offset in the agreement. In the present experi-
ment, the distribution plate contained more holes which would increase
the number of droplets and therefore the surface area avai]abfe for
heat transfer.

The coefficient predicted by the model of Letan and Kehat is also
shown in Table 1. The agreement in this case is within 20 percent
| excluding the run with R = 1.40. This larger value of R possibly
approached the dense packed mode in which the model does not apply. The
agreement was best (within 17 percent) for R values between 0.85 and
1.10.

Letan and Kehat modeled an insulated column. However, in the pre-
sent case the heat loss varied from 7 to 18 percent of the heat input.
fhis loss would seem to result in a constant offset in the agreement
by overestimating the gxperimenta] heat transfer coefficient. The
experimental coefficient can be corrected for this loss as shown bé]ow.

The overall heat balance is

H

(1 - H) (hpcp)c (Tci - Tco) .
(r;]pcp)c (TCi - TCO’)

(WCp)d (Tdo - Tai)

or

1]

By using the value of Tcy” in place of the measured continuous phase
outlet temperature in the log mean temperature difference, the corrected
value of the heat transfer coefficient can be obtained. This correction
reduces the experimental coefficients by something less than 10 percent,

however, it can be seen that with this correction the agreement with the

=38~



model is still plus or minus about 17 percent.

Correlating Heat Transfer to Flow Rates and Holdup - The over-.
all heat transfer coefficient appears to be a strong function of R and

Vo or . For the present range of continuous phase flow rates (V¢ =

0.204 - 0.225 lit/sec or 3.24 - 3.57 gal/min) relationship of Uy and R
was found to be linear. The cérre]ation shown below fits the experi-
mental results within at least 14 percent. |
| U, (kcal/mhreC) = 46264 R - 9687 (22)
Experimental fesu]ts are compared with the prediction of Letan and
Kehat, Plass, and Equation (22) in Figure 16.
The heat transfer coefficient éan be vobtained in terms of the
calculated holdup by writing Equation (2) in terms of R as shown,
VT : |
R=6 [— (1-6)"-(1-¢)1] (23)
Ve _
The term in parentheses changes very little over the present range of
. holdups for a constant continuous phase velocity, making Uy also féir]y
Tinear function of the calculated holdup. The relationship between Uy
and the experimental holdup was not obvious; however; it is suspected
that the measured ho]dub was subject to'experimehta1_errdr due to the
difficu]ty of seeing the exact interface in the present apparatus.
From earlier runs over é wider rangé of R values it appears that
Uy increases with R up to a value of approximately R = 1.90. Above
this va]ue the opposite trend occurs. It was also noticed that for a
constant va]ue R < 1, heat transfer fngfeased as continﬁous phase flow
rate increased. For a value of R = 1.50 the heat trénsfer decreased

as the continuous phase flow rate increased.
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Results from a preheater in é 500 kw pilot plant at Raft River,
Utah are shown in Table 2. They agree with Plass's correlation to with-
in 3 pefcent. |
PERFORATED PLATE COLUMN

The perforated plates were designed sucﬁ that the column could be
operated in the same range of flow rates as the spray tower. Furthér the
free area (of the down spout) wés such that the velocity of the ﬁontinu-
ous phase in_ the down spout would never exceed the upward vélocity of
the drops. The depth of kerosene build up beneath each plate was cal-
culated from a correlation by Treybal[lgj relating the geometry, orifice
velocities, and fluid properties. This length was found to be 11.0 cm
(4.3 in.) and; therefore, the down spouts were made 15.2 cm (6.0 in.)
1ong'as a safety factor. The length of the wake formation zone was
calculated to be so short that the only factor limiting the distance
between a plate and the down spout above was smooth flow of the contin-
uous phase. The distance was chosen to be 30.5 cm (12.0 in.) as that
would be comparable to fhe Tength of the wake formation zone and the
intermediate zone in the spray tower.

Experimental runs were made for values of R from .85 to 1.40. One
set of runs was made with vo]umetric flow rates comparable to those
used in the spéry column, and the other set of runs was made with
lower flow rates. o

The effect of higher flow rates for all va]ue§ of R was to increase
the overall volumetric heat transfér coéfficiént and td decrease the
approach temperature at the bottom of the column. For R values of‘

one or greater, the intermediate water and kerosene temperatures were
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Table 2. Pilot Plant Spray Column

(calc)

Uy (ca]/m3hr°C)

: v Uy, (Plass)
(exper) l (Plass) Uy (exper)
1.81 .19 36648 36558 1.00
1.85 .13 23040 23824 0497
1.94 .11 18607 19198 0.97



hétter for the higher flow rates. However, for smaller values of R
the intermédiate temperatures were not affected by the flow rates.

Comparing perforated plate to spray tower performance for Simi1ar
operating conditions; in a11 cases the overall volumetric heat transfer
coefficient was improved. The water outlet temperature was 13 to 18°F
colder and the kerosene temperature at the intefface was hotter.

Temperature Profiles

The kerosene temperature under each plate was cooler than the
temperature that would exist at the top of the'wake_shedding zone as
predicted by the model of Letan and Kehat. It is»proposed that between
each plate the wake formation zohe is followed by an intermediate zone
in which no heat transfer occurs.* Then near the kerosene interface
is a zone where partial mixing occurs. As they slow down to coalesce,
the drops are assumed to transfer heat back to the wakes until their
temperatures have equilized. A temperature jump of the continuous
phase occurs at this point aé the down coming fluid mixes with these
wakes which are still cooler.

The notation used for this model is shown in Figure 17. The energy
balance for the wake formation zone is shown in Fiqure 18a. Equations
(11) and (12) still give the drop and wake tempefatures at the top of

this zone and they are restated below in the new notation.

M |
Tdsj = (Tdj+1 - Tcje1) exp ) + Teju (23)
r
r ' . . .
Twsj = (Tdi+1 - Tdsj) + Tegel (24)

* With the perforated plate column this zone could be due to stagnant
reaions of the continuous phase caused by the obstruction of the
plates.
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Figure 18b shows the energy balance in the top .zone. The heat that
is transferred from the drops back to the wakes in this zone is given by
Vg b Cpda (Tass - Taj) = Wa (e (Taj - Tusg)e  (25)
An overall heat balance is shown in Figure 18c. Ene}'gy is conserved
in the model if the temperafure of the kerosene held up under the plate
is given by v |
de = [MTwsj + erSj]/(M +r). (26)
Finally the continuous phase temperature in the down spout, given below,
is found from the overall balénce.
Tej = Rr (de - de+1) + Tej+l (27)
The continuous phase, droplet, and wake temperature profiles were
calculated from 4Equat1’ons (23), (24), (26), and (27). This model fit
the experimental pfdfﬂes to within 5 percent in the region of the top
three plates. The fit was within 15 percent at the bottom plate. A
plot comparing the profiles is shown in Figure 19 (refer to Appendix
B for explanation), and the remaining plots are shown in Appendix B
and C for‘ M = 0.83 aﬁd 0.50 respectively. It can be seen that more
heat is transferred below the bottom plate than is predicted by the
model. A possible reason for thjs deviation is that vt_he dispersed phase
appeared to consist of smaller droplets (resulting in‘a' larger surface_
area and improved heat tran’s'fer)_ as it ca_fﬁe out of the distribution
plate than were formed coming out of any o‘f,., the succeeding plates.
Comparing Appendix B, Where ‘the fast response tHermocoup]e ‘time
constants were calculated using an estimdted holdup, to Appendix C,

wherebthe calculations were made using the holdup from Equation (7),

it can be seen that the resulting temperatures are more reasonable for
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Energy Balances for Model of Perforated Plate Column

VdM(pCp)C(T Twsj) + Vd(pCp)d(de+l- T

cj+l~

Figure 18a. Wake Formation Zone: Overall Balance
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Taj l | TT.dJ'.

Ve Vc+ MVd ‘ :
Téj ‘ VdM(pCp)c(Tij— ch+l) + Vd(pCp)d(T
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V.M A . . .
d d Figure 18b. Partial Mixing Zone:
Twsj Tdsj

Vd(pcp)c(ch_,ch+1)+Vd(pCp)d(de+1_ de)=0

Figure 18c. Entire Region Between Plates
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the estimated holdup which was generally higher than the calculated

value.

Overall Vq1umetric Heat Transfer Coefficient

The overall volumetric heat transfer coefficients are tabulated
in Tables 3 and 4 for M = 0.83 and 0.50 respectively. Coefficients
for the perforated plate column are considerably agreater 'than those
for corresponding conditions in_the spray column as shown in Table 5.
‘Based on the volume below the interface in the column, the model pre-
dicts the coefficient to be within 11 to 28 percent of the experimental
result for M = 0.83 and from 2 to 11 percent for M = 0.50. Also tabu-
lated in Tables 3 and 4 is a comparison of calculated and experimental
coefficients based on the volume between the middlie two pTates as this
reagion is'not influenced as much by end effects. Here the agreement
was between 2 and 17 percent for both values of M. It is appafent
that the model 1is not strongly affected by the value of M; however,
the actual value of M could have been different in the perforated
plate column due tov the increase droplet sizes noticed above the
perforated plate baff?eg as compared to those above the distribution
plate. It should be noted that the heat transfer between the two
middle plates was considerably better in every case than in the region
between the distribution plate and the' first perforated plate. The

heat transfer also drops off above the top perforated plate.

Correlating Heat Transfer and Flow Rate - Within the  oper-
ating rangé of the present experiments the overall volumetric heat
transfer coefficient was shown to be a linear function of the flow rate
~ratio and the continuous phase flow rate. The function shown helow fits

the data to within 3 to 14 percent, as shown in Table 6.
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Table 3&. Perforated Plate Column: Overall Volumetric Heat Transfer Coefficient

(M = 0.83)
Run 3 (est.) R Q. (Tit/sec) | U, (kcal/mhrec)
From Interface Between Two Middle Plates
(exper) (model) ’ (exper) (mode)
35 0.15 ~  1.40 2.70 38432 44936 47243 44423
36 o1 108 2.72 29733 32873 | 48669 40354
38 | 0.14 0.95 3.53 41908 53475 : 47130 54068
39 0.11 0.83 3.79 13302 50012 - 45369 50303
40 [ o1 L2 3.12 | 54532 65970 | 57207 53153

-6h=

Table 3b. Perforated Plate Column: Comparison of Results to Mode

Run - ¢ (est.) R Qp (Tit/sec) Uy (mode])/Uv (exper)
’ ' From Interface ] Between Two Middle Plates
35 0.15 1.40 2.70 1.17 . 0.94
% 0.11 .08 2.72 | 1.11 0.83
38 0.14 0.95 3.53 | 1.28 1.15
39 0.11 0.83 3.79 1.18 1.11

40 0.14 1.23 3.12 _ 1.21 1.02



Table 4a. Perforated Plate Column: Overall Volumetric Heat Transfer Coefficient

(M = 0.05)
Run ¢ (calc) R Qc (1it/sec) Uy (ca]/m3hr°C)
From Interface Between Two Middle Plates
(exper) (model) (exper) (model)
35 - 0.11 1.40 0.170 : 38432 36044 ‘ 47243 44423
36 0.08 1.08 0.171 ' 29734 26382 48668 40354
38 0.09 0.95 0.222 41909 42893 . 49229 51601
39 0.09 0.83 0.239 | 93303 40837 45368 50303
40 0.11 1.23 0.197 54532 52916 ‘ 57207 58153

\.OS.‘.

Table 4b. Perforated Plate Column: Comparison of Results to Model

(M = 0.50)
Run ¢ (calc) R Qc (Tit/sec) | Uy (model)/Uy (exper)
. | From Interface J Between Two Middle Plates
35 - 0.11 - 1.40 2.70 | 0.94 - 0.94
36 0.08 - 1.08 2.72 0.89 0.83
38 0.09 0,05  3.53 | .02 |
39 0.09 6.83 3.79 0.9 o 1.11

40 , - 0.11 ~1.23 : 3.12 0.97 1.02



Table 5. Comparison of Spfay Column to Perforated Plate Column for Similar Operating Conditions

-15-

SPRAY COLUMN PERFORATED PLATE COLUMN Uy (spray)
Run R Q. (1it/sec) Uv(kca1/m3hr°C) Run Q. (Tit/sec) Uy (kca]/m3hr°C) Uv(pléte)
34 0.85  0.206 - 26065 39 0.239 43303 .60
25 098 © 0.225 37150 38 0.222 41909 .89
26 40 0.197 54532 .83

1.18 ~ 0.208 45464
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Perforated Plate Column:

" Table 6. Comparison of Experimental Results to Calculated Values
(Equation 28)

Run R Ve (cm/sec) U, (Egn. 28)(kca1/m3hr°C) Uy (Eqn. 28)/U, (exper)
35 1.40 1.01 43985 1.16

36 1.08 1.02 28771 0.97

38 0.95 1.32 43606 1.04

39 0.83 1.42 44806 1.03

40 1.23 1.17 0.86
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U, (kcal/m3hreC) = ~95015 + 48845 R + 6964C V. (cm/sec)  (28)

CONCLUSION
- With the present apparatus it .was found that the heat transfer
performance of the perforated plate column was significantly improved
over thét in é spray column for similar operating conditions. It was
also found that the heat transfer between the two middle plates in
the column was better than that for'the entire column indicating that
end effects in the column reduce heat transfer.

Overall volumetric heat transfer coefficienfs in the range of
19,000 to 58,000 (kcal/m3hr°C) [1200 to 4000 (Btu/ft3hr°F)] were
obtained in a 183.0 c¢cm (6.0 ft) tall, 15.2 c¢cm (6.0 in.) diameter column.
Due to unavoidable fluctuations in operating parameters, heat transfer
results varied as much as 15 percent during sohevruns. Considering
this uncertainty the agreement between»experimenté] results and tﬁeo-

retical models was considered to be‘good.

Spray Column

The wake and continuous phase temperature profiles of Letan and
Kehat were within at least 18 percent of the experimental profiles
measured in the center of .the column. Although letan and Kehat
ignored the radial temperatﬁre profiTe, ft was observéd in the experi-
mental results. |

Predictions of the ‘overa11'_vo1umetri§‘héat transfer coefficient-
from the correlation of Plass wéfe within 10 to 28 percent of the
results for R values between 0.70 and 1;26.‘ The coeffitient calculated

from the model of Letan and Kehat was within 4 to 27 percent of the
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experimental result for values of R less than 1.2. Thekagreement for R
values outside of this range was poor. At a flow rate rafio of 1.40
the model predicted a coefficient much less than that which was ob-
tained.

For a relatively constant continuous phase flow raté of approxi—
méte]y 0.215 1lit/sec (3.40 gal/min) the heat transfer was found to be
linear with respect to R (R < 1.90) as given below

U, (kcal/mShr°C) = 46264 R - 9687

v
For higher values of R (R > 1.90) it was found that the heat transfer
decreased as R was increased. It was also observéd that constant
values of R less than one, heat transfer increased as the continuous

phase flow rate was increased. However for larger values of R (R >

1.50) the opposite trend occurred.

Perforated Plate Column

A hydrodynamic model was proposed for the volume between plates.
The model proposes a wake formation zone and intermediate zone, like
those of Letan and Kehat, followed by a partial mixing zone where the
drops are cooled by their own wakes as they slow down to coa]escé under
the upper plate. The temperature profiles predicted by.the model were
within 5 percent of the experimental profiles. The overall heat

transfer coefficient was normally within plus or minus 17 percent of

N
e

the experimental value. . _ —

In the current rénge of operation (R < 1.40), the overall vo]uégg:\\\\\
ric heat transfer was increased as the flow rates 6f both phases were
increased and the approach temperature at the bottom of the column

was decreased. The heat transfer in this range was found to be a
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linear function of the flow rate ratio and the continuous phase flow

rate as shown.

U, (kcal/m’hr°C) = - 95015 + 48845 R + 69649 V. (cm/sec)

Further Work

It is suggested that further work be done with a glass column to
facilitate accurate measurement- of interface levels holdup, and drop
size. Variation in the two phase flow pattern with operating parameters
could also be observed. More fast response and shielded (slow response)
thermocouples ghou]d be 1installed to obtain detailed experimental
temperature profiles for use in mode]fng the apparatus. Also a level
indicator should be installed to keep the Tevel of the interface con-
stant by éutomatica]]y adjusting flow valves. |

The perforated plate cq]umn should be run over a wider range of
operating conditions to determine the optimum and the number of plates
should be varied as well. A larger tower might facilitate a wide

range of operation by allowing for greater throughput.
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-~ SPRAY COLUMN TEMPERATURE PROFILES

In the following plots the experimental radial temperaturé as
determined from the slow response thermocouples is shown by three fine
lines labeled b, ¢, and d, in order of increasing distance from thé
column wall (refer to Figure 14). The three profiles shown by thick
lines were calculated from the model of Letan and Kehat and represent
the wake droplet and continuous phase temperatures listed from coldest
to hottest. Triangular shapes mark the maximum and minimum temperatures
seen by each fast response thermocouple. Other experimental continuous
phase‘and dispersed phase temperatures are shown by rectangies .and
diamonds respectively.

Following each plot is a page giving a numerical comparison of
the model and the experimental results. These comparisons are made
at the level of each fast response thermocouple in the column with
number 14 being the lowest in the column. Also given are durations
in seconds that the fést response thermocoup]es are exposéd to the con-
tinuous phase, dfop]ets, and wakes denoted R1, R2, and R3 respectively,
and defined in Equation (10). The corresponding fast and slow response

thermocouple time constants in seconds~1 are given by Al, A2, and A3.
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PERFORATED PLATE COLUMN TEMPERATURE PROFILES: M = 0.83

In these p]ots the experimental profiles are shown by thin'lines
and the profiles calculated from the model are shown by thick Tlines.
Triangular shapes mark the maximum and minimum temperatures‘ seen by
each fast response thermocoup]e. Other continuous phase and dispersed
phase temperatures are shown by rectangles and diamonds respectively.
Horizontal dashed lines fndicaté the level of each plate.

Following each plot is a page giving a numerical cdmparisdn of
the model and the experimental results. The comparisons are made just
below the Tevel of each plate with the first one being below the Towest
plate. Also given are the durations in seconds that the fast response
thermocouples were exposed to the continuous phase droplet, and wakes
vdenoted R1, R2, and R3 respectively. The corresponding fast and slow
response thermocouple time constants in seconds-1 are given by Al, A2,

and A3.
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PERFORATED PLATE COLUMN TEMPERATURE PROFILES: M = 0.50

In these plots the experimental profiles are shown.by thin lines
and the profiles calculated from the model are shown by thick lines.
Triangular shapes mark the maximum and minimum temperatures seen by\
each fast response thermocouple. Other continuous phase and dispersed
phase temperatures are shown by rectangles and diamonds respectively.
Horizontal dashed 1ines indicaté the level of each plate.

Following each plot is a page giving a.humerica] comparison of
the model and the experimenta]'results. The comparisons are made Jjust
below the level of each plate with the first one being below the lowest
plate. Also given are the durations in seconds that the fast response
thermocouples were exposed to the continuous phase droplet, énd vakes
denoted R1, R2, and R3 respgctive]y. The corresponding fast and slow
response thermocouple time constants in seconde1 are given by Al, A2,

and A3.



—'96\4

T
.

ll}p{;}lyyityytll1t11ln1}ljl;1ijt}11;}]

R EvRRRRRLARARERRALRIRERIRALIZRIRIELRELE

|

UDH=2885 BTU/HR ET3
" UDE=2943 BTU~HR ‘FT3
UDN=2773 BTU/HR FT3

"RUN HUMBER 35
AUERAGE uaLUEs g

:.HOLbUP =811 " CR=1, 44>
Gb= 3.76 GPM

L= 4,86 FT .
BTU/HR FT3 F

F
F
F

CENTIRES

CENTIREY
CHIDDLE)
- (MIDDLEY

Ill‘lllllllllllllllllllllllllﬁlllllllqulllllll llllllllllllllllllllll]llllllllllllllllm-

B
N v 1]

88 98 108

TEMPERATURE . ¢F)

ii1@

129

136

Temperature Values, Run Number 35

146

158

1!:8




-/6-

:;uHTrP TE%P
V_Tiak#jgiaﬁLﬁ

1

Pt ok fek e M

Bl et 110

Rl NUMBER 38 - - -

~1E PEF’IHEHTRL TEﬁP MINU° UHLUE CHLLULFITED FROM WODEL

COLURAN - W DIFFERENCE
l'DL’h‘TH 8": :':f. DIFFEREHCE““-

LB

®« & B8 u .
ol -

n.opoone oWy

.. O !..éll.,-rjAkQ
3-\.‘! [¥q] Fxl -‘J.

r.fr';’ Lo e

EAS

E ?EHE TEMP

# Al FJ :

"ﬂ

s
=
)

JER Y TN F SRR
!
VDI o

G

R < AR

o
0.4

L % Bornd
—
vl

YO

I
0

B L e A TN

o U g
“H 0
S

L




_86_

RUN NUMBER.36

- E’ .. AUERAGE UALUES - | o
- E' 'HOLDUP=0.88: (R=1.8%> .- 5
. F aC=-2.72 °GPH - ~m: o .
78, E @D= 2.93 GPMH . .
B L="4.33 FT
55‘:. E _H"-B,'_"B : e
 Ei—uwe=1yne BIUZHR FT3 F (ENTIREJ

n

F
: UDM=2652 BTU-HR FT3 F (ENTIRE)
- ‘UDE=2838 BTU/HR"FT3 F (MIDDLE>
' UDI?"»’SIS BTU-HR FTZ F (HMIDDLEZ

o L
Dr}

i emame. )

o3
i L “_H_'
U LB

(I

© (INY 1B

1§ 1SETRLRIRRRRARRIIERERRIRALS RaABIRRRRLNRRERARRASRARA

133222323300 llilllit,ljllllllljlllllIllllﬂlllulllllllll_lllllllljllllllLllllll_lllllllullllll]

sa 9o 106 110 120 138 149 150 169
| ' TEMPERATURE (¢F) | '

o
o
DR - )
_\,E
(o)

Temperature Values, Run Number 36



_66_

‘:MHTER TEHD

g
L
-

2mwwm&a%

LR )

o~ b

B Y T e

C L e e

‘A?RJH hUﬁBER 3E SR - UL = T
:QE“PEPINENTRL TEHP HINUc UﬁLUE PHLCULﬂTED FRUM MODEL :

‘1~ﬁULiHN A —-=DIFFEREHCE
: DLUHN 8t~~ s DIFFEREHLE

xﬁ

Q‘F’*”k*iékzb~

R

Gy 1 n-:n:

SO
o _
woae

mm&m{
—

m

=

m
g

AL

=

)
Cx
H
fr;ﬁ;g_gﬁ
ww TR P
iy
xs ]
=
-~
b

m
R e

s
GO

I o

SUGLe N

w oW W e
L N T S Y

. :f_-\_]‘@‘,;d“:r.l o .'.' ..:

T A
e 1Y
uTe
Y
o
i
Lo g

o pan

L ]
L g

; »".-.‘l_{';juhf'




=001~

- .

G pmamr L

TR G
e ,
Y

Gd
LX)

CIH» 18

48

Innunlnﬂlnulllilllﬂlnlnl"lnnllﬂilHTlI‘H

,
o

 3ARER)RRRARRARRREILIZIEES

~RC=
Qb=
L=
R=

< -UDE=3873 - BTU/HR FT3
UDH=322113TU$HR:FT3

-3
&

(f_Ma

. —UDE=2616 ETU/HR FTZ F
UDI=3338 BTU/HR FT3 F (ENTIRE)
F

3.953.GPH.

. .RUN NUMBER 38" . R
.0 AUERAGE UALUES - -
© HOLDUP=8,09 -.(R=0.,99>

. 3.34 GPH . -

'91 95 2

B.58 ... . .

o
o)

Y
o)

CENTIREY

{HIDDLE)
CHIDDLE)

1eg 110 120 136~ 140 158 160
TEMPERATURE (F) L | '

Temperature Values, Run Numbek'38



-1t~

RUN HUMBER' 38

EXPERIMENTAL- TENP HINUb UﬂLUE CHLCULQTED FRUN MUDEL  .»

T COLUMH: . == DIFFERENCE -
- colm 8157 .~DIFFERENCE

.4$Q7Er TE“F

:15ABQ5)’5 ;

q3.4
fgw.lUG B
- 1= P

T
o

S :'

IQGMpG}fijV

XN
[’
ST e

5
'''''''''

P Ry,
- 113
a - e ; T
S PR

i
—

T m

e’

jea

=

-

~

_“h“*$~,@QQﬂ*n s and!

PR NuCT OV B RS £ ¢ IR Y 13 pr;-
bl 1.2 R
Xl L DR

K l,ﬂ-—h, . Swo-
LA v

eI
i
e
r“_,'
s

-’

[

m

X I-x‘.



-¢01-

e
e

—
e

CING

‘hﬁr7.f T

-
S

=orod.

'#3

é8- 70 g - 99 166 -118 128 138 148 150

. UDH=3148 BTU/HR, FT3

RUN ‘NUMBER 39 .

- 7. AUERAGE UALUES - =~ " o
HOLDUP=0.89 (R=0.89> -
QC= 3,79 GPM . ¢

L GD= 3.1 GPM . .

L= 4,83 FT
R= 8.83 .

“LUDE=2783 BTU/HR FT3 F
- Ubh=3175 ETU/HR FT3 P CETIRE)
E

CENTIRE)

UPE=2832 BTU~/HR FT3.F ¢MIDDLE)

-
AR 3 ’ e bt ISSSSE S L4

TEMPERARTURE (F?

Temperature Values, Run Number 39

160



-£0T-

-fhcpo EHE TEHP S
. »lT"i?fEﬂ?"#l QLFJ E'“)

CRUN HUMBER 38 o SR N
E”FEPIHEHThL FEMP HINUS- UQLUE CQLCULHTED FRON MDDEL
T COLURN @ - DIFFERENCE »

ffgfbaLunH =K DIFFERENCE
'uq ER” TEHP I L:_ﬂ._
'#ﬁagﬁT }NFJ R -1¢3)

(PR uXR e C RN

a L ] -
RO

4
&
.
e
o

938
186, 7
“188. 2

w % om .

[ S A I 2 o
T
1

S s e ‘T‘_J

N N (:c 1 (2

DY T

(W]
[ax]
DY W
i
S
[ax]
I
o
LA
[an]
A
g
B |
[
e
na
3
{81
[ux]

@
e =d
BETE N
«Jd
da
iy -+,
"o
[y
g
i

o L)
e 3
X

B U T
i

I I
Cara G



01>

(0
Kon] -

meme

el o I

=gy

(IH> 18

56

o
A U

QC=
< Qb=
L=,
- B=

" RUN HUMBER .48
. .AUERAGE UALUES - . . | <
HOLDUP=6.11. - (R=1.23>

3,12, GPH
g‘ GPH

FT

HM=:8.

79

~TUDE=3404 ‘BTU/HR FT3

" E . UDH=4118 BTU-HR FT3
. UDE=3571 BTU/HR FT3

E. . UDN=2638 BTUZHR. FT3

80

(ENTIRE}
(ENTIRE)
CMIDDLEY A
CHIDDLEY

mTham™m

50 168 11e 120 138 148 150
 TEMPERATURE ¢F> . '

Temperature Values, Run Number 40

160



~GoT=

~RUN. NUMBER 48 - ' : SR o
CEMPERIMENTAL TEHP MIHUS unLUE CHLFULQTED FRUH MUDEL
U COLUBNTE =+ DIFFERENWCE. - . .

o DOLUMN. Bﬁ~~=a DIFFERENLE ' :
’MQ;E& TEHP |
N ';'8 ¢ ;.)

~{

]

:a:

SRR
ST

j.a,'g(g..(’o_m.'. :' .

| 'EEHE TEHP



APPENDIX D

~106~



DATA
The averaged data for each run is given in this Appendix. The
- thermocouples are numbered 1 through 18 on all computer printouts.

Refer to Figure 10 for the location of these thermdcoup1es.
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