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NOMENCLATURE

effective area of liquid gas interface per unit volume, mz/m3

diameter of packed column, cm

coefficient of diffusion for solute gas in liquid, m?/h

total height of deaerator, cm

(kg mole/m3)
kPa

height of packing [(NTU)*(HTU)], cm

Henry's law constant,

height of packing equivalent to end effects, cm
height of transfer unit (using liquid), cm

kg mole
(h*m3) (kg mole/m3)

overall coefficient based on concentration

gas film coefficient,

kg mole
(h*m3) (kg mole/m3)

liquid flow rate, kg/(h*m?)

liquid film coefficient,

maximum liquid flow rate for a given packing, kg/(h'mz)

molecular weight

normalized percentage of deaeration, (Xi — Xo)/(Xi — Xe)

number of transfer units

pressure of gas in the gas phase, kPa
absolute vacuum air pressure, kPa
percentage of deaeration, (Xi — Xo)/Xi
liquid flow rate, m°/h

Reynolds number

empirical constant

Schmidt number

water velocity, cm/s

warm seawater flow, kg/h

concentration of solute in liquid entering tower,
ppm
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X4 concentration of solute in liquid leaving tower, iggagég? x 106,
ppm

Xe concentration of solute in liquid in equilibrium with gas phase

X cost of packing support plate, $/m?

y cost of liquid distributors, $/m?

z cost of packing, $/m3

a empirical constant

€ stage efficiency

f overall deaerator efficiency

u viscosity, Pa°‘s

o density, kg/m3
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ABSTRACT

Seawater deaeration is a process affecting almost all
proposed Ocean Thermal Energy Conversion (OTEC) open-cycle
power systems. If the noncondensable dissolved air is not
removed from a power system, it will accumulate in the con-
denser, reduce the effectiveness of condensation, and result
in deterioration of system performance. A gas desorption
study was initiated at Oak Ridge National Laboratory (ORNL)
to mitigate these effects; this study is designed to investi-
gate the vacuum deaeration process for OTEC conditions where
conventional steam—-stripping deaeration may not be applicable.
Studies were carried out in two areas: (1) vacuum deaeration
in a packed column and (2) deaeration in a barometric intake
system.

As the second in a series describing the ORNL studies,
this report (1) reviews previous relevant studies, (2) de-
scribes the design of a gas desorption test loop and a baro-
metric intake system, (3) presents the results of vacuum de-
aeration in a packed column and a barometric intake system,
and (4) discusses the savings that can be achieved when the
packed column is combined with the barometric intake system.

Vacuum deaeration laboratory experiments using three dif-
ferent kinds of packings in a packed column test section and a
series of barometric intake deaeration experiments have been
performed. A conceptual OTEC deaeration subsystem design,
based on these results, and its implications on an OTEC-open
cycle power system are presented.

1. INTRODUCTION

Deaeration (noncondensibles removal) is a gas desorption process.
Since the major power components of Ocean Thermal Energy Conversion (OTEC)
open-cycles (including Claude- and various lift-cycle concepts) will be
operating under a subatmospheric pressure environment, deaeration and/or
noncondensibles removal from the power systems are essential to maintain

the proper power generation efficiency.



A gas desorption study was initiated, and a test loop was assembled
to investigate various concepts of vacuum deaeration and noncondensibles
removal. The previous activities of the Oak Ridge National Laboratory
(ORNL) studyl included (1) theories of gas desorption, (2) design of ex-
periments, (3) previous relevant studies, (4) description of the gas de-
sorption test plan, and (5) preliminary test results and discussions.

In the present report, results of additional packed column tests on
different kinds of packings are presented, and the deaeration test of a
barometric intake system is discussed. In the Claude—cycle OTEC power
system, warm seawater at ambient pressure is fed to a vacuum flash evapo-
rator through a barometric intake system. The hydrostatic pressure of
wvater gradually decreases in the barometric intake pipe as warm seawater
flows upward. Dissolved air in seawater will be evolved under these con-
ditions. Claude had included the barometric intake deaeration concept in
his design of an OTEC open-cycle power system.2 Deaeration in a baromet-
ric intake pipe is affected by physical and geometrical parameters such
as system pressure drop, mass flow, friction, pipe diameter, and existing
nuclei in seawater. A literature search indicated no previous investiga-
tion on this subject. Barometric~leg deaeration should have the advantage
of partial predeaeration and thus avoid part of the cost penalty of adding
an extra component; a systematic study of the concept was initiated.

This report documents the deaeration experiments on packed columns
and the barometric intake system. Results derived from these tests are
used to update the conceptual baseline design of the deaeration subsystem

of the 100iWe open-cycle power system.



2. BACKGROUND

Gas desorption from water is a mass—-transfer phenomenon. Like any
transfer process, the movement of dissolved gas in the liquid phase is
driven by the overall available concentration gradient across the inter-
phase and is retarded by diffusional and interfacial resistances in and
between the phases. The rate of gas desorption in a device can be in-
creased for given concentration—-gradient differences either by reducing
the diffusional and interfacial resistances or by increasing the available
surface area. Falling film configuration is an example of a gas desorp-
tion device in which a high mass-transfer coefficient is maintained by re-
ducing the liquid film thickness. Steam or foreign-gas stripping is usu-
ally used in gas desorption operations to maintain a high overall partial-
pressure difference when the column is operated at higher total pressure.
Increasing the flow turbulence level by dynamic agitation or by statie
turbulent promoters can reduce diffusional and interfacial resistances.
The use of packing increases the interfacial area.

The mass-transfer coefficient ki 1s proportional to the molecular
diffusion coefficient D in the stagnant film theory and is proportional to
the square root of D in the penetration and surface-renewal theories.3™>
Among the other theories, ki was correlated with D to the nth power for
values of n lying between 0.50 and 0.75, depending on the fluid dynamic
conditions of the experiments,

The performance of a gas desorption device may involve two or more
means of maintaining a high concentration gradient: (1) steam stripping
and/or (2) reducing diffusional resistance and extending interphase area
by using packed columns and spray towers., However, the combination of
these effects and the complicated geometry make theoretical analysis dif-
ficult. 1In Sherwood and Holloway's study6 of gas desorption in a packed
column and in many later similar studies, simple theoretical models were
unable to predict the gas desorption phenomenon. Concepts of liquid and
gas film coefficients (k;a, kga), height of transfer units (HTU), and num-
ber of transfer units (NTU) were introduced and used to correlate gas de-—

sorption data empirically with various nondimensional parameters.



A modified version of the empirical correlation formula proposed by

Sherwood and Holloway2 is commonly used in gas desorption studies:
kya/D = a(L/w)1™(u/pD)1"s , (1)

and
(HTU)p, = 1/a(L/u)®(u/pD)S . (2)

These equations are derived from the dimensionless form, but an unknown
factor having the dimension of length is omitted from the left-hand side
and from the first group on the right-hand side of the equations. Because
of this omission the equations are not dimensionless, and the proportion-
ality constant a is expected to vary with the nature of the packing mate-
rial and the units employed.

Degasification is a major mass-transfer process in industrial unit
operation. Practical applications vary from degassing of petrochemicals
and industrial fluids to deaeration of boiler feed water and potable liq-
ulds. Many application-oriented degassing studies can be found in the
literature. Because of the unique OTEC conditions, only those studies in-
volving vacuum deaeration and seawater applications are of relevance to
this investigation; the studies include Knoedler and Bonilla’ (1954) on
packed-column deaeration, Chambers® (1959) on seawater spray deaeration,
Eissenberg's review? (1972) of the performance of deaerators in desalina-
tion pilot plants, and the vacuum degassing analysis by Rasguin et al,190
(1977).

Knoedler and Bonilla investigated vacuum degasification of water in a
packed column. A closed test loop was constructed, and oxygen was used as
the solute gas. Knoedler and Bonilla observed that end effects were ap-
preciable and depended primarily on temperature. Below the loading point
of liquid flow (i.e., liquid flow rate is less than 39 X 103 kg/h'mz),
their vacuum deaeration results for Stedman triangular packing were ex-—

pressed by the following correlation:

HTU = 1.478 (L)0<3 , (3)



A spray-type vacuum deaeration in connection with seawater desalina-
tion was investigated by Chambers.® 1In his experiments, air was used as
the solute gas with only the dissolved oxygen concentration measured by
Winkler titration. Assumptions had to be made as to the rate of nitrogen
release in determining the performance of the vacuum deaerator because
oxygen and nitrogen are both sparsely soluble in water. The dissolved air
content in the water at reduced pressures was computed from the dissolved
oxygen measurements by using Henry's law of gas dissolution and Dalton's
law of partial pressure for oxygen and nitrogen. Chambers® found that
this method was satisfactory for predicting the vacuum deaerator perfor-
mance and reported that the HTU for the spray—-type vacuum deaerator tested
in his experiment varied from 21.3 to 45.7 cm (0.7 to l.5 ft). His data
showed that the value of HTU approached 45.7 cm (1.5 ft) as the pressure
in the vacuum chamber was reduced. No correlation between HTU and vacuum
pressure was presented.

Eissenbergd (1972) has reviewed the operating experience of vacuum
deaerators for seawater distillation plants; these data came from tests at
plant facilities in San Diego, California; Freeport, Texas; Wrightsville
Beach, North Carolina; and Oak Ridge, Tennessee. Because of the stringent
degassing requirement for desalination plants, steam stripping was used.
To achieve high rates of desorption, a combination of flashing feed, spray
nozzles, and packed or tray columns was employed to increase the inter-
phase area and mass—transfer coefficient. Eissenberg concluded that sat-
isfactory deaerators for desalination plants could be designed using one
or more mechanisms but that further experimental work was required to op-
timize costs and to design full-scale units.

Rasquim, Lynn, and Hanson!? (1977) studied various methods of dis-
solved air removal from water in packed columns through mathematical mod-
eling. They studied cases of both countercurrent desorption (with and
without steam stripping) and cocurrent gas desorption. They found that
the gas removal rate in a two-stage cocurrent column was comparable to
the countercurrent column with steam stripping and that less energy was
consumed .

Very few studies have been performed on deaeration in a barometric

intake system. Marchand!! indicated that, from theoretical calculations,



only 3% deaeration was possible in the barometric intake configuration.
However, he did not elaborate on the method of calculation or any kind of

physical and geometrical effects on his calculation.



3. TEST LOOP DESIGN

The test loop design and description of the equipment for OTEC Gas
Desorption Test Facility (OTEC-GDTF) was explained in detail in Vol. 1
of the ORNL study.1 However, some modifications and expansion have taken
place since then, particularly with the addition of a barometric intake

configuration system to the gas desorption test column.

3.1 Modification of Dissolved Oxygen Measurement

As noted in the previous report,1 the on-line dissolved-oxygen ana-
lyzer (Beckman Model 7002) was used for the direct-dissolved oxygen con-
centration measurement in water. However, the performance of the oxygen
analyzer sensor in the vacuum enviromment of these experiments is subject
to question. Because of this problem, water samples were collected under
vacuum conditions in 1-L flasks, and they were then brought up to atmo-
spheric conditions (see oxygen-measuring station in the following subsec-
tion). Samples then were transferred into 300-cc biological oxygen demand
(BOD) bottles, and an oxygen analyzer (Yellow Springs Instrument Model 57)
measured the dissolved-oxygen content of water in parts per million. As a
supplemental check for verification and calibration of the sampling tech-
nique, water samples in BOD bottles were periodically sent to a chemical
laboratory for dissolved-oxygen content analysis by the Winkler wet ti-

tration method.

3.2 Description of Equipment

The OTEC-GDTF used in this investigation is shown in a flow diagram
(Fig. 1) and in an overall view (Fig. 2). These major loop components
are explained in detail in Sects. 3.3 through 3.10: (1) test section,
(2) vacuum system, (3) lower barometric-leg water storage tank, (4) upper
water storage tank and pumps, (5) oxygen-sampling stations, and (6) baro-

metric-leg materials.,
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3.3 General Flow Description

Flow directions for the barometric intake system are indicated by
arrows in the simplified schematic diagram (Fig. 3). The experimental
system consists of four components: a water holding tank equipped with
manual level control to maintain different water heights, a barometric
leg, a sampling station, and a water-returning system. Two separated

systems are used for aeration when the system is in closed-loop operation

ORNL-DWG 817866 ETD
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WATER TANK W l—(—
NUMBER 2 ROTAMETER T} OXYGEN
= >fAMPUNG OXYGEN
e TEMPERATURE STATION SAMPLING
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= TEST
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A PROBE FLOWMETER / BAROMETRIC LEG
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PUMP B PROBE ‘it
(M A
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e = - -LJ -
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! PROCESS WATER
|
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Fig. 3. Barometric intake simplified flow diagram.
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mode, and a building water line with a hand-regulated valve directly pro-
vides source water in once-through operations. The loop is designed to
operate under vacuum conditions and up to 310 kPa.

In the closed loop, water storage tank No. 1 (Fig. 3) was filled to
the desired height with air-saturated building water. Through the use of
a vacuum system, water was pulled up into the barometric leg. Water sam-
ples were taken as it entered the barometric leg and again at the end of
barometric intake leg as the water left to go into the test column. From
the test column, water was recirculated into the holding tank for closed-
loop operation or into a building drain for open-loop operation. During
the closed-loop operation, air was continuously injected into the system
by an array of air stones (Kordon Corporation No. 62501). 1In the open-
loop operation mode, air-saturated water was continuously fed from the
building water supply at a rate equal to that being drained. A manually
operated valve located at the top of holding tank No. 1 was used to main-
tain constant liquid level in the tank. Excess water entering the tank
was drained through valves located on the side of the tank (Fig. 4).
Water flow was measured by a turbine flowmeter (FLOW TECHNOLOGY) as it
entered tank No. 2, and its temperature was measured by thermistors

(Yellow Springs Instrument Company).

3.4 Test Section Packed Column

The primary function of the test section column in the barometric-leg
experiment is to provide a measuring station for temperature and a visual
liquid flow level. As the water leaves the barometric leg, it enters the
top—head section of the test section and passes through the main body of
the column where the temperature of the liquid is measured. The top-head
section also provides the connection to the vacuum source. The height of
water in the column also provides head pressure for pump A. The column
is made of clear plastic, and O-ring gaskets are used on all removable

connections.,.
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3.5 Flow Control Water Pumps

The water from the column was circulated by a 3.73-kW (5-~hp) cen-
trifugal pump (Allis Chamber 042-1-99-51) into tank No. 2, which is used
for secondary aeration for the closed loop. Water from tank No. 2 was
pumped by pump B, a 1.12-kW (1l.5-hp) centrifugal pump, through a turbine
flow meter (l-in. Flow Technology Model No. FT-16) and rotameter (Fischer
Serial No. XII-4425/2) back into the lower barometric-leg holding tank
No. 1 for closed-loop operation. Water was discharged to the building
drain system directly instead of to holding tank No. 1 in the case of

open—loop operation.

3.6 Oxygen-Measuring Station

The oxygen-measuring station consists of a 1-L flask connected to the
top of the barometric leg by 0.95-cm-ID Tygon hose (Fig. 1). The flask is
also connected and valved to the vacuum system, atmosphere, and a BOD bot-
tle drain point. These connections give the station flexibility. The
vacuum line equalizes the pressure of the flask to that of the barometric
leg while under vacuum. The atmospheric connection enables the water
sanple in the flask to be brought to atmospheric pressure without adding
any oxygen to the sample, and finally the valved drain enables the flask's
content to empty into a BOD bottle. This sampling procedure is similar to
the one employed by Knoedler and Bonilla’ in their study of vacuum deaera-
tion. The bottles can be analyzed by either the Winkler wet tritration
method or an oxygen analyzer (Yellow Springs Model 57 Oxygen Analyzer).
All valves are 3/8-in. tubing-connected vacuum bellow valves (Hoke Model

No. 4213Q64). All tubing is Tygon 3/8-in. ID and 5/8-in. OD.

3.7 Vacuum System

In the gas removal system, a 10,2-cm~diam (4-in.) steel line followed
by a 15.24-cm—diam (6-in.) pipe connects the top of the desorption column
to the vacuum equipment. An existing two-stage steam—jet ejector in the
building serves as the vacuum source. The ejector has a name plate capac-

ity of removing 13.6 kg/h (30 1b/h) of water vapor and 1.36 kg/h (3 1b/h)
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of air at 1.35 kPa abs (0.4 in. Hg abs). The vacuum pressure is con-
trolled by a vacuum pressure regulator. It is necessary to bleed a small
amount of air into the vacuum piping system to obtain satisfactory control

of the vacuum pressure under varying test conditions.

3.8 Barometric—~Leg Water Holding Tank

The barometric-leg water storage tank (Fig. 4) was fabricated from
1.27-cm stainless steel plate rolled into a drum 1.04 m in diameter and
1.83 m in height. This tank serves as a storage reservoir for the water
at full air saturation just before it enters the vertical barometric leg.
The tank is equipped with three drain ports at 11.4, 76.20, and 137.2 cm
from the bottom. Two of these three are valved lines, and the third is
simply an overflow protection drain., These two drain lines enable the
tank to maintain a constant level, while the outside building water enters
the tank from a 3.8l-cm process water line located at the top of the tank
and regulated by a globe valve. The tank is also a place of water aera-
tion and contains an array of air stones (Kordon Corporation) that are

connected to the building air supply at 800 kPa.

3.9 Barometric Intake System

A standard start—-up procedure was implemented for each day of ex-
perimental tests. All drains on storage tank No. 1 were closed, and the
building water fill line was opened. After a closely estimated water
level was achieved, the vacuum valve was opened and set on its desired
pressure for that day's run. As the barometric leg began to discharge
water into the test column, pump A was turned on and the water level in
the column was set to zero. In open—loop operations, all water was to be
drained after one pass through the loop; the building water fill line
again was turned on and regulated to maintain a constant level in water

storage tank No. 1.
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3.10 Steady-State Operation

After start—up, a constant level was maintained in both water tank
No. 1 in the packed column. Temperature and vacuum pressures were moni-
tored to determine when steady-state conditions existed.

Steady state was assumed when there was no significant change in tem-
perature (#0.1°C) and flow rate changes were less than %27 throughout the
system over a 10-min span. Once steady state was achieved, the following
data were recorded: (1) flow rate through the barometric leg, (2) tem~
perature of the water in the barometric leg, (3) parts per million of oxy-
gen content of the water in storage tank No. 1, (4) water samples taken as
it reached the top of the barometric leg (7.8 to 8.8 m from the water level
in tank No. 2), and (5) the system vacuum pressure. These experimental
data were fed to a computer to calculate the deaeration effectiveness of
barometric intake configuration.

After all data were recorded and water samples were taken for analy-
sis, the water flow rate through the barometric leg was changed; adjust-
ments were made until a new steady state condition was achieved. Experi-

mental data were again recorded, and the procedure was repeated.
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4. RESULTS AND DISCUSSION

4,1 Results of Vacuum Deaeration in a Packed Column

Vacuum deaeration of water was studied in a 28-cm-ID tower filled
with two kinds of packings: ceramic Raschig ring and plastic pall rings.
Packing heights were varied from 0 to 90 cm, liquid rates from 34,000 to
146,000 kg/h°m?2, and the column vacuum pressure from 3.4 to 34 kPa abs.
Liquid samples, taken at the top of the packing and at the outlet of the
tower, were analyzed by an oxygen analyzer to determine the concentration
of dissolved oxygen.

The first series of runs (110 in all) was completed, and the results

were presented in Vol. 1 of this report.1

In this first series of rums,
the packing was 3.8l-cm ceramic Raschig rings, and the measured deaeration
used for calculation of coefficients included deaeration that takes place
on the packing as well as between the sensor of the oxygen analyzer and
the top of the packed column. Because of the end effect, that is, the
additional deaeration that occurs in the inlet distributor and the deaer-
ated water reservoir of the packed column, data obtained in the first
series should apply only to the particular conditions of the test setup.

A new group of runs (121 in all) was then made in which the 1liquid
entering the packing was sampled at the top of the packing by using the
collecting flask and BOD bottle as described previously. These runs were
made with 2.54-cm plastic pall rings (Test Series 2) and 3.8l-cm plastic
pall rings (Test Series 3). Although the method of correlation presented
is based on the first series runs, the quantitative basis for the predic-
tion of mass—transfer coefficients is the new group of 121 runs. Data
obtained in the latter group are presented in Tables 1 through 4. Data on
the liquid film coefficient of the desorption of air from water for 2.54-
and 3.8l-cm plastic pall rings are shown in Figs. 5 and 6. MYMost of the
test data were obtained at temperatures within a few degrees of 25°C, and
the values reported have been corrected to 25°C by the use of empirical
relation.6

The effect of vacuum pressure is indicated by the data of Fig. 7,

taken from Test Series 3 with 3.8l-cm plastic pall rings.
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Table 1. Test Series 2 (l-in. pall rings)?@

TEST L TEMP  PAIR XI X@ XE NTU % b 6C PACKING HEIGHT
701 L176E405  82.1  5.86 4.46 4.43 1.57 .01 0.67 .934E-04  .351E+03 0.0
702 .176E+05 B2.1 5.86 4.48 3.46 1.57 .50 26.07 .934E-04  .350E+03 11.0
703 .172E+405 B82.1  5.81  4.3% 2,72 1.56 .88 37.47 .933E-04  .3S1E+03  22.0
704  .175E405 B2.0 5.81 4.43 2,36 1.56 1.34 49.03 .932E-04  .351E403  33.0
705  .210E+05 81.9 5.83 4.83 4.39 1.57 .14 9.1 L932E-D4 L332E+03 0.0
706  .210E405 82.0 5.83 4.%6 3.2 1,57 .72 35.28 .932E-04  .352E+403  22.0
707 .210E+05 82.0 5.83 5.08 3.46 1.57 .62 31.89 .932E-04  .352E403  11.0
708 .210E+05  82.1 5.89 4.82 2.46 1.58 1.30 48.96 .934E-04  .3IS1E+03  33.0
709 .242E+05 B1.7 5.88  5.51 4.0 1.38 .26 14.352 .929E-04  .IS4E+03 0.0
710 J242E+05  B1.6  5.97  5.463 3.74  1.61 63 33.37  .927E-04  .335E+03  11.0
711 .242E405 B1.6  5.97  5.40 3.1t 1.61 .93 42,41 .927E-04  .355E403  22.0
712 .242E+405 8t1.7 5.88  5.59 2.75 1.8 1.23 350.81 .929E-04  .3S54E+03  33.0
213 J273E+05  B1.7  5.86  5.59 4.78 1.38 .23 14,49  .929E-04  .354E+03 0.0
714 .273E+05 81.8 5.86 5.52 3.48 1.38 .63 33.33 .?30E-04 .353E+03 11.0
215 .273E+05 81,7 5.86 5.31 3.07 1.38 .92 42.18  .929E-D4  .354E+03  22.0
716  ,273E+05 81.8 5.86 5.51 2.80 1.58 1.17 49.18 .929E-D4  .354E+03  33.0
21 LA79E405  83.6  3.97  4.03 3.80 1.05 .08 5.7 L953E-04 . 338E+03 0.0
722 J179E405  83.6  3.97  3.95 2.97 1.03 .41 24.81 L953E-04  .338E+03 1.0
72 LA79E405  83.6 3.9t 4.01 2,25 1.03 .90 43.89 .992E-D4  ,33BE+03 22.0
724 179E+05  83.4 3.91 4,00 1.90 1.03 1.23 52.50 .952E-04 .33BE+D3  33.0
725  .210E+05 83.5 3.90 5.05 4.08 1.03 .28 19.21 L952E-04  .338E+03 0.0
726  .210E+05 83.5 3.90 5.05 3.05 1.03 .49 39.40  .952E-04  .338E+03 11.0
727 .210E+05 83.4 3.92 5.12 2.30 1.04 (.17 55.08 .950E-04 .339E+03 22.0
728 .210E+05  83.4  3.90  4.99 1.95  1.03 1.46 60.92 951E-04  .339E403  33.0
729 .242E405 83.8 3.90 5.08 3.95 1.03 .33 22.24 995E-04  ,336E+03 0.0
730 .242E405 83.8 3.90 5.03 3.00 1.03 .71 40.36 .955E-04  ,336E+03 11,0
731 «242E405 83.8 3.90 5.05 Z2.40 1.03 1.08 352.48 9G5E-04  ,336E+03  22.0
732 ,242e+05 83.8 3.92 4.95 2.00 1.03 1.40 59.60 .955E-04  .334E+03  33.0
742 L179E+05  B2.0  7.70 5.40 S.16  2.07 .13 .86  .932E-04  .351E+03 0.0
743 .179E+05  B2.0 7.70  5.30 3.67 2.07 .70 30.75  .932E-04  .3STE+03 14.0
744 L179E405 81,9 7.71 5.56 2.90 2.07 1.44 47,84  ,P320E-D4  .3IS2E+403  33.0
745 .210E+05  B2. 7.67 5.98 5.90 2,06 .02 1.34 .933E-04  .3S1E+03 0.0
746  J210E+05 82,1 7.70 5.72 3.76 2,06 .77 34.27 .934E-04  .3ISIE+03  14.0
747 L210E403  B1.9  7.70 5.65 2.99 2,07 1.36 47.08  .931E-04  .3I52E+03  33.0
748 (242E+05 81.6  7.72  5.99 5.02 2.08 .29 14.19  ,927E-04  .3SS5E+03 0.0
749 .242E+05  81.7 7.7 5.55 3.75  2.08 .73 32.43  .929E-04  .354E+03  14.0
750 .242E+05 81.7 7.71 5.85 3.12  2.08 1.29 44.67  .929E-04  .354E+03  33.0
751 J271E405  81.6  7.83  5.48 4.97 2.1 .22 12,50  .927E-04  .355E+03 0.0
752 L273E+03  B1.4  7.86 5.64 3.88 2,12 .69 .M -926E-04  .356E+03  14.0
753 L273E+05  B1.4  7.B6  5.95 3.20  2.12 1.27 44.22  .924E-04  LIS4E+03  33.0
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Table 1 (continued)

TEST L TENP  PAIR X1 X9 XE NTU p4 ] SC PACKING HEIGHT
757 J200E+05 82.4 2.03 4,27 3.87 0.54 .1t 9.37  .937E-04  .348E+03 6.0
738 .200E+05 82.2 1.92 £20 2.37  0.52 .69 43.57 .93I5E-04  .350E+03 14,0
739 .200E+05 82.3 1.92 3.96 t.50 0.51 1.25 42.12  .934E-04  .349E+03 33.0
760 J231E+05 82.2 1.88 4.46 3.80 0.50 .23 18.45 .93I5E-D4  .3IS0E+03 0.0
761 L231E405 82.2 1.95 4,33 2.40 0.352 .76 47.02 .935E-04 .3IS0E+03 14.0
762  J231E+05  82.2 1.95 4,41 1.60 0.52 1.33 45.29 .935E-04  .350E+03  33.0
763 L261E+05 B2.1 1.90 4.85 3.68 0.51 .31 24.12 .934E-04  .350F+03 6.0
764  .263E+05 82,1 1.88 4.34 2.40 0.50 .76 47.37 .934E-04 ,350E+D3  14.0
765  .261E+05 82.2 1.89 4.57 1.50 0.51 .41 67.18 ,935E-04 .350E+03  33.0
766  L210E+05 83.1 2.07 4.43 3.70 0.55 .21 16.48 .947E-04  ,JA1E+03 0.0
767  L210E+05 82.6 2.29 4.44 2.34 0.6) .78 46.85  .940E-04  ,JAEE+D3  14.5
768  L210E+05 82.6 2.29 4,45 1.42 0.6 1.56 48.09 .940E-04  ,344E+03  33.0
769 .242E+05 82.6 2.19 4.68 3.85 0.58 .23 17.74  .940E-04  .3J46E+03 0.0
770 .242E+05 82.7 2.19 4,53 2.32 0.58 .82 48.79 .941E-04  ,JASE+03  14.5
s L242E405 B2.7 2,29  4.46 1.50 D.41 1.46 46.37  .941E-04  .J45E+03  33.0

772 J273E+05 81.4  2.22 4.
773 .273E+05  81.6 2.08 4,
774 ,273E+05 B81.6 2.05 4

83 3.80 0.0 .28 21.33 ,928E-04  .355E+D3 0.0
72 2.3%9 0.56 .B2 49.36 .927E-04  .35SE+03  14.5
73 1.52 0.55 1.46 67.86 .928E-04  .35SE+03  33.0

775  J36BE+05 81.8 2.16 4,77 3.78 0.38 .27 20.75 .929E-04  .354E+03 0.0
776  .345E+05 81.7 2.04 4,76 2.50 0.55 .77 47.48  .929E-04  .3I54E+03 14,3
777 J345E+405 B81.6 2.02 4.67 1.64 0.54 1.33 64.88 .927E-04  .3ISSE+03  33.0

QVariables are expressed in the following units:

L = 1b/heft?

Temp = °F

Pyir = in. Hg

D = ft4/h

Packing height = in.



Table 2. Test Series 2@

TEST SERIES L PAIR  TEMWP HTYU HTU2S Hu KLA L/¥U K/DsC END EFF
701 - 704  .173E+405 5.84  82.1 2.093 2.23  2.04 .134E+D03 .857E+04 .643E+03 0.640
705 - 708  .21DE+05 5.85 82.0 2,540 2.72 2.04 .132E+03 .103E405 .434E+09 4.932
709 - 712 L242E405  5.92  81.7 2.865 3.03 2.05 .138E+03 .11BE+05 .651E+05 9.773
213 - 716 .273E+4D5 5.86  81.8 2.942 3,12 2.04 .149E+03  .134E+05 .716E+05 9.433
721 - 724 A79E+05  3.94  B83.6 2.329 2,52 2.00 .123E+03 .B892E+04 .3PI1E+03 1.798
725 - 728  L210E+05  3.90  B3.5 2,248 2.46 2,00 .149E403 .105E+05 .714E+03 7.998
729 - 732 J242E405 3.91 83.8 2.556 2.78 2.00 .152E403 L.121E+05 .729E+05 10.431
742 - 744 179E405 7.70 82.0 2,115 2,25 2.04 .136E+03 .B76E+04 .A51E+DD 3.332
745 - 747 210E+05 7.69 B2.0 2.083 2.21 2.04 .142E+03 .103E+05 .777E+03 2,227
748 - 7530 J242E+05  7.72  81.7 2,756 2.92 2,05 LJ141E+03  J118E+05 .677E+05 7.687
751 - 753 J272E+405  7.8% 81.9 2.639 2,79  2.05 .1466E+03 .133E+05 .79BE+0S 7.363
757 - 739 J200E+05 1.96  82.3 2.436 2,60 2.03 .132E+03 .982E+04 .432E+05 4.322
760 - 762 J231E405  1.93 82.2 2.510 2.67  2.03 .14BE+03 .114E+05 .711E+0S 7.659
763 - 765  J261E405 1.89  82.2 2,507 2.47 2.03 .1467E+D3 .128E+05 .802E+05 9.234
766 - 768  L210E+05 2,22 82.8 2,036 2.19 2,02 L.166E+03 .104E+05 .794E+05 4.935
769 - 7 2428405 2,22 82.7 2.228 2,39 2.02 .174E+03 .120E+05 .BIVE+DS 6.558
772 - 774 273E+405  2.11 0 81,4 2.329 2,46 2,05 .189E+03 .133E+05 .903E+05 8.025
775 - 777 J3b6E+05  2.07 B1.7 2,610 2,74 2,05 .22S5E+03 .17BE+05 .10BE+0Dé 8.863

AVariables are expressed in the following units:

L = 1b/h*ft?

Pyir = in. Hg

Temp = °F

HTU = ft

HTU25 = ft

= lbm/ft*h

kja = 1b mole/(h*£t3) (1b mole/ft3)
L/u = 1/ft

k/DSc = 1/ft?
End Eff = in.

6T
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Table 3. OTEC gas desorption test loop Test Series 3 (l.5-in. pall rings)?

TEST L TEWP  PAIR X1 X9 XE NTU X 1] SC  PACKING HEIGHT
900  L179E405 1.4 1,09 3.96 3.96 0.32 .00 0.00 .798E-04  .449E+03 0.0
701 798405 71.4 0 1.09 4,09 3.10  0.32 .30 24.2 J798E-04 L 469E+403  11.D
902 L179E405  71.4 1.09  4.00 2.24 0.32 .44 43.50 .798E-04  469E+403  22.0
903 .179E405  71.5  1.09  3.79 1.60 0.32 1.00 57.78 .799E-04  .469E+03  33.0
904  .I48E405 70.1  1.06 4.88 4.4 0.32 11 9.3 .784E-D4  ,4BAE+D3 0.0
905  .3468E+05 70.1 1.06 4.87 3.5) 0.32 .35 27.93 .784E-04  .484E+01 11.0
706  .368E+05 70.2 1.22 5.10 2.75 0.36 .49 46.08 .784E-04  .485E+03  22.0
907  .368E+05 70.2 1.12 4,82 2.18 0.33 .B? 54.77 .784E-04  _4B5E+03  33.0
908  .395E+05 1.4 1.09 4.64 4,11 0.32 .13 11.42 ,798E-04  .47DE+03 c.0
909  .395E+405  71.4  1.09  3.36 2.37  0.32 .39 29.46 .798E-04  .449E+03 (1.0
910 3958405 1.4 V.09 4.75 2.50 0.32 .71 47.37  .798E-04  .449E+03  22.0
711 LI95E405  71.4  1.09  4.76 2.11  0.32 .91 55.47 .798E-04  .449E+03  33.0
12 L2T0E+05  72.1  4.32  6.02 4.39  1.27 .42 27.08 .BOSE-04  .442E403 11.0
M3 L210E+05  72.1 4,40 6.06 2.95 1.29 1,06 51,32 .804E-04  .441E+03 33,0
914 .210E+03 73.4 4.46 5.95 4.35 1.29 .42 246.89 .822E-04  .445E+03  11.5
915 J210E+05 73.4 4,38 5.9 2.96 1.33 1.03 49.92 .821E-04  .444E+403  33.0

916  J242E405 72.0 4,39 6.12 4,46  1.29 .42 27,12 .BOSE-04  .462E403  11.0
917 .242E+405  72.0 4.40 6.12 3.48  1.29 .79 43.14  .80SE-04  .462E403 22.0
918 2426405 72.0 4.44  6.29 3.07 1.3t 1.04 S51.19  .80SE-D04 4626403 33.0

919 JJISE+05  73.3  4.36  6.39 4.55 1.27 .44 28,79  .B20E-04  .446E+03 11.0
920 .315E+05 73.4 4,36 6.29 3.52 1.26 .80 44,04 .B21E-04  .446E+03 22.0
921 L315E405  73.4 4.40 4.01 3.1 1.28 .95 48.25  .B21E-04  .446E+03  33.0
922 J3ISE+0S 71,2 4,39 6.47 4.56 1.30 .46 29.52  .794E-0D4  .472E+D3  11.0
923 J31SE+05 71,2 4.39  6.39 3.52 1.30 .83 44.91 .796E-04  .472E+403  22.0
924 3ISE+05  71.2  4.49  6.40 3.1 1.33 1.05 51.41 LJ96E-04  .472E403  33.5
925  .315E+405  73.9 4.34 46.10 4.32 1.26 .46 29.18  .B27E-D4  .439E+03 11.0
926  .I15E4D05  73.8B  4.56  46.0% 3.39 1.32 .Bl 44,33 .824E-04  .440E+03 22.0
927  JJISE+D5  73.9 4.56 4.04 2.96 1.32 1.06 50.99 .827E-04  .439E+03  33.0
928  .242E+05 72.5 8.2 6.39 5.12 2.4 .38 19.87  .811E-04  .456E+03  12.3
929  .242E+405 72.5 8.3t  6.70 4.08 2.43 .95 39.10 .811E-04  .456E+03  33.0
930 .242E405 72.4 8.28 4.41 S5.15 2,42 .38 19.66  .B09E-04  .457E+403  10.3
931 2426405 72.4  B.28  4.55 4.43 2,42 .72 32,37 .809E-04  .457E+03  22.0

932 L273E+405 73.4  B.24 6.31 5.12  2.40 .36 18.84  .B21E-04  .444E+03  11.D
933 .273E+05 73.4 B.3B 6.40 4.00 2.43 .93 37.50 .B21E-04 (446403 33.0
934  .273E+05 72.4 B.28  46.98 5.33 2,42 .45 23.44 .BI0E-04  .457E403 1.0
935 .273E+05 72.4 8.28 .49 3.89 2,42 1.07 41.85 .810E-04  .457E+03 33.0
936  .II1SE+05 73.4 B8.38  6.72 5.15  2.43 .46 23.36  .B24E-04  ,443E+03 11,0
937  .3156+05 73.4 B.40 6.70 4.35 2,43 .80 35.07 .824E-04  .A443E+03  23.0
938 .315E+05 72.4 B8.28 .91 5.11 2,42 .51 26,05 .B09E-04  .457e+03  11.0
939 .31SE+05  72.5 B.26 7.00 3.93 2,42 1.11 43.84 .BY1E-D4  .454E+03 34,0
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Table 3 (continued)

TEST L TEMP  FPAIR X1 Xé XE NTU X b SC PACKING HEIGHT
940  .36BE+DS 73,6  B.40  4.91 5.20 2,43 .48 24,75 .B24E-04  .443E+03 11,0
741 LJ6BE+DS  73.4  B.40  6.45 4.36  2.43 .78 34.44  .B23E-04  .443E+03 22,0
942 [ J6BE+05 73.4  B.40  6.68 3.96  2.43 1.02 40.72  .823E-04  .443E+03  33.0
943 .158E+05 467.4 8.38 6.81 5.40 2,57 .40 20.70 .749E-04  L529E+03  11.0
944  L15BE+05 47.4 B.38  4.86 4.40 2,57 .85 35.86  .749E-04  .529E+03  22.0
945  L1SBE+05  47.4 8.38  4.90 4.05 2.57 1.07 41.30 .749E-04  .529E+03  33.3

Ayariables are expressed in the following units:

L = 1b/h*ft?

Temp = °F

Psir = in. Hg

D = ft?/h

Packing height = in.

The values of HTU scatter between 70 to 100 cm at the testing vacuum
pressure range. The same conclusion was obtained from the data of the

first series with 3.8l-cm ceramic Raschig rings.1

The practical conclu-
sion is that HTU is independent of vacuum pressure. The data on HTU of
deaeration in 2.54- and 3.8l-cm plastic pall rings are shown in Figs. 8
and 9, respectively. These figures are plotted on log-log scale, and the
points scatter around a straight line up to quite high values of the lig-
uid flow rate.

Because of channeling of liquid near the walls of the packed column,
it is desirable to use an experimental column with a ratio of diameter to
packing dimension of at least 8:1 if the results are to be considered rep-
resentative of large scale operation (especially if the packed depth is
sufficiently great to permit channeling to develop). With the 12-in,
(30-cm) tower of this investigation, the minimum ratio was exceeded for
all packings used.

The packed height was likewise a compromise and was usually less than
common in industrial practice. A large packed height results in more de-
sorption and greater accuracy in measuring the rate of deaeration, but the

driving force at the bottom of the column is then very small and difficult



Table 4. Test

TEST SERIES L PAIR  TEMF HTU HTU2S MU
200 903  LI79E+05  1.09 1.5 2.754 2.%7 2.33
704 907  L368E+D5 1.12  70.2 3.435 3.15 2.37
708 211 LJ95E+05  1.09  71.4 3.461 3.22  2.33
712 713 L21DE+D3  4.44 72,7 2.907 2.75 2.30
716 918  .242E+05  4.41 72.0 2.971 2.79 2.32
919 927  JIISE+05 4.43 72.8 3.287 3.12 2.29%
928 931 242405 8.28  72.4 3.127 2.%5 2.30
932 935  J273E+05 B8.30 72.9 3.070 2.91% 2.29
936 93%  .3I5E4BS 8.33  73.0 3.083 2.%93 2.29
740 942  .34BE+05  B.40 73.6 3.383 3.24 2.27
743 45  JI5BE+DT  B.38  47.4 2.808 2.49 2.47

Aariables are expressed in the following units:

L = 1b/heft?

Poir = in. Hg

Temp = °F

HTU = ft

HTU25 = ft

W = 1bm/h*ft

kra = 1b mole/(h*£ft3)(1b mole/ft3)
L/u = 1/ft

k/DSc = 1/ft?
End Eff = in.

Series 3%

KLA

.104E+03
LA72E403
.183E+03
114E403
LI31E+03
LA54E+03
L124E403
.143E+03
144E+D3
L175E+03
.901E+02

L/MU

.7 63E+04
. 155E+0%5
J469E+0S
L922E404
. 104E+035
«139E+05
. 10SE+05
. 11BE+03
137E+405
. 162E+05
.639E+04

K/DSC

SO1E+05
.827E405
L8B1E+05
.963E+05
b28E+035
LA52E405
S946E+05
L682E+035
.7B3E+03
BIFE+0S
~A3IE+GS

END EFF

-0.450
4,492
J.752
3.424
4.750
8.098
3.410
3.730
6.839
B.953
4.019

(44
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kg mole
(h'm3)(kg mole/m3)
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LIQUID FILM COEFFICIENT [
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Fig. 5. Liquid film coefficient vs liquid flow rate when 2.54~-cm

(1-in.) plastic pall ring is used.
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Fig. 7. Effect of vacuum pressure on HTU at constant temperature.

to measure with accuracy. A very short packed height results in large
driving forces at both ends of the column, but the amount of air trans-
ferred is small and an appreciable fraction of the total transfer may take
place at the top and bottom of the packing in the regions of spray and
splashing. In our investigation, the packing height was varied from 15 to
90 cm.

The effect of packed height on NTU was investigated in our studies by
taking liquid samples just above and below the packing. That end effects
have indeed been minimized is evident from Fig. 10 (Tests 701 through 704
and 900 through 903); it shows a negligible variation of NTU at zero in-
tercept with packing heights, indicating uniform liquid distribution and

liquid-gas—-interfacial area.
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Fig. 9. Effect of liquid flow rate on HTU for 3.8l-cm (l.5-in.)
plastic pall ring.
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ORNL-DWG 81-8046 ETD

TESTS 184-186 701-704 900-903

SYMBOL o o a

AIR PRESSURE (kPa) 29.3 19.74 3.68

LIQUID FLOW RATE 49.3 85.9 87.4
18— {(kg/h-m2)(x103) _
‘7 HTU, HEIGHT OF 76.5 68.0 104.03

[~ TRANSFER UNIT (cm) P

[~ SIZE AND TYPE OF 3.31 cm CERAMIC 2.54 cm PLASTIC 3.31 cm PLASTIC
— PACKING RASCHIG RING PALL RING PALL RING

NUMBER OF TRANSFER UNITS

0 254 50.8 76.2 88.9
PACKING HEIGHT (cm)

Fig. 10. Relationship between NTU. and packing height at different
liquid flow rates and packing.

Extrapolating the line (Tests 184 through 186) of Fig. 10 to zero NTU
gives the height of additional packing that would be equivalent to the end
effect., This line (Tests 184 through 186) is from the first series of the
tests in which end effect was a problem. The end effect was minimized in
our recent data by placing a partition in the upper portion of the test
section and by improving the distributor system so that water comes down
through ten 15-cm-long tubes that actually touch the top of the packing.
In this case, the liquid flows down without falling through the air at all
and spreads out with no splashing.
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! was made un-

As described previously, the first series of 110 runs
der experimental conditions allowing measurement of some desorption in the
spray section above the packing and the water line leading to the column.
With the revised sampling technique and improvement of the distributor
system, the values of the new group are believed to be more representa-
tive of the packing efficiency under vacuum desorption of air.

Data from the new group of runs with desorption of air on 2.54- and

3.8l-cm plastic pall rings are presented in Figs. 11 and 12. 1In each

case, the data have been corrected to 25°C.

4,2 Correlation of Data

The method of Sherwood and Holloway6 on correlation of data in a
packed column is adapted in this investigation. They have shown that Kja
and HTU may be expressed as power functions of L for deaeration tests on
various packing materials as Kja a LI-M and (HTU)y, @ LP. The value of n
varies with both packing size and type; for the three sizes of rings
tested, it is 0.25 for 3.8l-cm ceramic Raschig ring, 0.34 for 2.54-cm
plastic pall ring, and 0.28 for 3.8l-cm plastic pall rings.

The effectiveness of mass transfer can also be correlated to Schmidt
number in the following relations:

KLa

a(L/u)l™n(sc)ls (4)

HTU

1
= (L/W)(sc)S . (5)

These relations are derived from the dimensionless form similar to
that used by Gilliland and Sherwood }2 in correlating data on vaporization
in a wetted-wall column, but an unknown factor with the dimension of
length is omitted in the left-hand side and in the first group on the
right-hand side of both equations. Because of this omission, the equa-
tions are not dimensionless, and the proportionality constant o may be
expected to vary with the nature of the packing material and the units

employed.
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Data from the first series are correlated by a value of 0.50 for s,
indicating that Kja varies as the 0.50 power of the liquid diffusivity for
the 3.8l1-cm ceramic Raschig ring. Sherwood and Holloway6 have concluded
that for mass transfer in a packed column the s value is 0.50 for all

sizes and types of packing. Therefore, Eqs. (4) and (5) would become

KLa

- - a(L/u)ln(ge)0.50 | (6)
1 0

HTU = — (L/w)7(Sc)0+30 | (7

Table 5 summarizes values of a and n for three packing materials

for which data are presented.

Table 5. Values of g and n for three
different packings (s = 0.50)2

Packing ab n
3.81-cm ceramic Raschig ring® 19.57 0.25
2.54-cm plastic pall ring 113.6 0.34
3.81-cm plastic pall ring 34.86 0.28

@The (1-n) values are the slope of lines in
Figs. 11 and 12. The o values are the intercept
of lines with the x-axis.

bA11 the quantities in Eqs. (6) and (7) must
be expressed in m*kg*h units if these values of
a are used.

®Data presented in Vol. 1 (Ref.l).

4.3 Maximum Flow of Water Through Packed Column

In the vacuum deaeration, loading is known as the condition where
(1) liquid holdup increases rapidly with liquid flow rate, (2) the free
area for gas flow becomes smaller, and (3) the pressure drop rises more

rapidly. Packed columns are operated best below this loading point.
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Flooding and loading velocities in random packings are well corre-
lated by 'I‘reybal.13 His method is adopted in this investigation to deter-
mine the maximum liquid (loading point) flow rates for each type of pack-
ing. The corresponding HTU values at a constant liquid flow rate (122,000
kg/h'mz) and at the maximum liquid flow rate are listed in Table 6.

Table 6. Maximum liquid flow rates for
different types and sizes of packing

Size Maximum liquid ?zg)
Packing (cm) fgow, Lmax2
[103 kg/(h*m?)]
& L S
Ceramic Raschig 3.81 122.0 92.0 92.0
ring
5.08 146.5 72.5¢ 76.5¢
Plastic pall 2.54 171.0 80.8 90.2
ring
3.81 220.0 88.4 103.9
8.89 293.0 126.5¢  133.84
9, = 122 x 103 [kg/(h*m?)].
bL = Lpag [kg/(h*m?)].

®The HTU values presented are from the model of Sherwood
and Holloway.

dThese values are derived from extrapolation by the
method shown in the Appendix.

4.4 Results of Deaeration in the Barometric Leg
of the Intake System

Vacuum deaeration in a barometric water-intake system requires bub-
bles to grow in depressurizing flow. The formation of bubble population
in a flow field is strongly influenced by the initial nuclei content. Be-
cause there is no solid surface other than the pipe wall for vacuum deaer-
ation in a barometric intake pipe, it is hypothesized that the rate of de-
aeration may be affected by the initial nuclei content in the incoming

water as well. The quantitative determination of the concentration and
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size distribution of bubble nuclei in the incoming water is beyond the
scope of this study but is being studied elsewhere by Hydronautics‘,.“+
However, a qualitative attempt to classify the nuclei content in this
study included three cases: low, moderate, and high nuclei concentra-
tions.

In the case of initial low nuclei content, the test water is left
overnight to eliminate as many bubble nuclei as possible, and the test
loop can only be operated in a once-through mode. In the moderate nuclei
content case, aeration is applied only after the barometric intake test
in water tank No. 2 (Fig. 3); aeration is applied to both water tank
Nos. 1 and 2 in the case of high nuclei content experiments. The vacuum
deaeration in a barometric water-intake system was tested in a 5-cm-diam
(2-in.) vertical pipe. Water was lifted through the pipe by vacuum pres-—
sure.

The water velocity varied from 60 to 180 cm/s. A series of runs for
the barometric intake system was completed, and results are presented in

Tables 7 through 9. In these runs, the water samples were taken at the

Table 7. Data of barometric system, 8.8-m intake
with moderate nuclei®

TEST L TENP PAIR v XI X9 XE p4 RE NPD
801 28.8 79.6 1.33 3.51 7.98 4.52 .37 18.3  .635E+05 .192E+00
Bo3 28.8 79.2 2.13 2.82 8.00 6.80 .59 15.0 .30BE+0S .142E+00
805 28.8 79.1 2.04 3.12 B.11 6.99 .56 13.8B  .561E+05  .148E+00
807 28.8 74.9 2.49 2.48 8.29 7.272 . 12.3  .456E+05  .135E+00
809 28.8 77.1 1.43 3.37 8.14 4.98 .46 14.3  .G91E+05 .151E+00
813 28.8 78.1 1.43 3.73 8.10 6.350 .40 19.8  .463E+03  .208E+00
814 28.8 78.1 2.3% 2.59 B.10 7.00 .46 13.4  .AGPE+05  .148E+00
815 28.8 77.8 1.87 3.28 8.10 6.95 .52 14.2  .5BOE+05  .152E+00
814 28.8 78,7 (.82 3.10 8.22 7.26 .50 11.7  .G55E+05  .124E+00
817 28.8 78.8 1.10 3.86 8.32 4.63 .30 20.3 .6%1E+05 .211E+00
819 28.8 78,9 2.22 2.35 8.24 4.98 .41 15.3  .457E+05  .165E+00

Ayariables are expressed in the following units:

L = ft
Temp = °F

o

air = in. Hg
V = ft/s

D = ft2/h



35

Table 8. Data of barometric intake with no nuclei?®

TEST L TEMF PAIR v X1 X9 XE b4 RE NFD
800 28.3 70.4 2.81 3.95 8.00 7.25 .84 9.4  L636E+05  .105E+0C
804 28.3 44.1 3.00 4.02 9.29 8.22 .93 11.5  .60%E+05 . 128E+GO
BO8 28.3 70.2 4.640 2.28 8.78 7.97 1.18 9.2 J367E+05  .109E+00
720 28.3 70.0 2.33 3.t3 8.03 7.50 .70 6.6  .S02E+05 . 723E-01
727 28.3 71.1 4.43 2.90 8.32 7.80 1.3 6.3  .471E+05  .742E-01
728 28.3 71.4 3.43 2.37 8.32 7.6%9 1.01 7.6  .3BGE+D5  .862E-DY
731 28.3 71.7 .82 5.85 8.30 7.25 .24 12.7  .936E+05  .130E+00
732 28.3 72.1 2.48 3.75 8.30 7.53 .73 9.3 J616E+05  .102E+00
733 28.3 73.8 1.14 5.10 8.41 6.%0 .34 18.0  .B3GE+05  .1B7E+00
734 28.3 73.6 1.86 3.35 8.41 7.10 .54 15.6  .D61E+05  .144E+00
735 28.3 72.1 3.02 3.95 8.20 7.50 .89 8.3  .449E+05  ,957E-01
739 28.3 74.9 3.67 3.02 B.12 7.49 1.03 7.8  .514E+05  .B91E-0!
747 28.3 75.7 2.33 4.02 B.10 7.20 .66 111 LEP1E+05  .121E+00

%yariables are expressed in the following units:

L = ft

Temp = °F
Pyjr = in. Hg
V = ft/s

D = ft2/h

entrance to the barometric leg and again at the end of barometric intake.
Tables 7 and 9 are for the condition of moderate nuclei when the intake
heights are 8.8 and 7.8 m, respectively. Table 8 shows the results of
barometric intake when few nuclei exist in the water. In this case, water
remains overnight in the tank undisturbed.

The barometric intake system deaeration is presented according to the

following equations:

PDA = a(v)b |, (8)
NPD = c(v)d s (9
NPD = e(Re)f . (10)

Table 10 summarizes values a through f for various intake heights and
amounts of nuclei. The percentage of deaeration (PDA) and normalized
percentage deaeration (NPD) vs water velocity (V) and Reynolds number

(Re) are shown in Figs. 13 through 22.
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Table 9. Data of barometric system 7.8-m intake
with moderate nuclei?

TEST L TEMP PAIR v XI X9 XE b4 RE NPD
711 25.5 74.2 1.49 5.48 8.45 7.59 .49 10.2  .925E+05  .108E+00
712 25.5 78.3 4.47 2.49 7.80 7.10 1.24 9.0  .443E+05  .107E+00
713 25.5 78.5 4.29 2.90 /.71 7.28 1.1% 3.6  J51BE+05  .459E-DI
714 25.5 78.1 3.87 3.38 7.78 7.17 1.08 7.8  .600E+DS  .910E-01
215 25.5 77.1 3.12 4.14  7.80 4.95 .87 10.9 .725E+05 .123E+00
716 25.5 78.7 2.20 4.%1  7.63 46.90 .62 9.8 .878E+05  .107E+00
717 25.5 78.6 1.27 5.46 7.70 46.50 .35 15.6  .976E+05  .143E+00
718 25.5 78.9 1.74 5.15 7.60 6.70 .48 11.8  .924E+05 .126E+00
721 25.5 76.5 3.13 3.73 B.25 7.42 .88 10.1  L.449E+05  .113E+00
722 25.5 77.1 1.75 4.1 B.18 7.50 .49 8.3 .807E+05  .8BSE-01
723 25.% 77.2 5.05 2.38 8.20 7.63 1.42 7.0 .418E+05  .840E-D1
724 25.5 77.9 4.59 3.12 8.12 7.50 1.28 7.6  .553E+05  .9064E-01
725 25.5 77.6 3.56 4.14 B.10 7.45 .99 8.0 .73DE+05 .915E-01
729 25.5 77.6 1.09 5.91 8.30 7.10 .31 14.5  .104E+06 .150E+00
730 25.5 77.9 2.41 5.13  B.40 7.40 .67 11.9  .909E+05  .129E+00
736 25.3 75.4 4.78 2.45 8.24 7.60 1.36 7.8  J419E+05  .930E-D1
737 25.5 75.8 4.53 3.38 8.22 7.63 1.2% 7.2 .581E+05  .851E-01
740 25.3 78.4 2.74 4.29 7.97 7.35 .74 7.8 .763E+05  .860E-01
741 25.5 78.4 2.02 4.98 8.16 7.10 .56 13.0  .88BE+05  .139E+00
742 25.5 78.8 1.48 5.54 8.00 4.79 .41 15.1  .993E+05  .159E+00
744 25.5 77.9 1.45 O5.64 8.1% 7.28 .40 11.1 99BE+03 . 11PE+OO
745 25.5 78.1 2.20 5.23 8.15 7.31 .61 10.3  .92BE405  .111E+00
746 25.35 78.3 2.83 4.56 8.21v 7.39 .78 10.0 .B13E+05 .110E+00
748 25.5 77.2 3.70 3.79 B.20 7.40 1.04 7.3 .b66E+D5  .838E-D1
749 25.5 77.4 4.13 3.34 8.05 7.45 1.135 7.5  .3B7E+05  .870E-01
750 25.5 77.4 4.39 2.82 8.05 7.35 1.28 8.7  .496E+05  .103E+00

Qyariables are expressed in the following units:

L = ft

Temp = °F
Pyir = in. Hg
V = ft/s

D = ft2/h
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Table 10. Empirical values for barometric intake systemq

Variables
Intake system

a b c d e f
7.8 m and moderate 0.340 0.691 0.843 0.525 0.03 0.523
nuclei
8.8 m and moderate 0.314 0.85 0.552 0.74 0.0048 0.74
nuclei
Variable height with 0.325 0.727 0.662 0.597 0.015 0.599
no nuclei
8.4 m and high 0.027 1.33 0.067 0.26
nuclei

%Eqs. (8) through (10).

ORNL—-DWG 81-7864B ETD

,35 51.3 70.8 88.5 106
—— |
" E | [ | =
3 5 — -
S h —t
z N _
= o)
< 2 — —
(s o
<
| I —
a 0 FE =
— — PDA = 26.67 x 1073 v133 -
ol IR PDA = (5.62 x 107%) Re'33 —
ol b B INTAKE PIPE = 5.08-cm ID ]
= 8.4 m TALL
o 2= WATER TEMPERATURE = 25°C + 3°C ]
100 | | |
60.96 91.44 121.92 1524 1829

FLOW RATE, V (cm/s)
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4.5 Application to OTEC Open-Cycle Plant
and Economic Evaluation

The experimental results and derived data from the gas absorption
tests were applied to the Westinghouse deaerator subsystem designls to
compute the deaerator cost and the pumping power for various packings.

The deaerator cost is based on the following:

"z = cost of packing, $353/m3 for ceramic Raschig rings and $141/m3
for plastic pall rings;
x = cost of packing support plates, $215.30/m2;
y = cost of liquid distributors, $269.10/m2.

The cost of the deaerator enclosure is not included in this summation
because it is considered to be part of the hull., Evidently, larger liquid
flow rates yield a lower-cost deaerator because the variation of the HTU
with liquid rate is small in the range tested.

The cost of the column internal derived by Westinghouse15 is repre-

sented as
HTU -
cost = [x +y+ z (m)ln(l - E) 1]/]__max thw > (11)
where
€ = stage efficiency,
Whsw = warm seawater flow, kg/h,
Lyax = maximum liquid flow rate for a given packing,
HTU = height of transfer unit, cm.

The items that contribute to the total deaerator height and the mag-—
nitude of each contribution are given in the Westinghouse study.15 The
height of major deaerator components excluding the packing height is
147.2 cm; this value is a realistic estimate.

The total height in centimeters of the packed column is then

h = 147.2 + hy , (12)
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where the height of packing is

1
h; = (HTU)(NTU) = HTU 1n< ) .

l—¢

Therefore, Eq. (12) can be expressed as

h = 147.2 — [(HTU)In(1l — €)] .

The pumping power in megawatts is

W oy h
MW = hsw

Whsw

© 36.65 x 1090

36.65n

(13)

(14)

x [147.2 + (HTU)In(l — €)~}] . (15)

The pump combined efficiency was assumed to be 0.715.

Results of deaeration cost and the pumping power for various packings

and for the barometric intake system (8.4-m height intake) are tabulated
in Table 11. Results are shown for the condition of 455 x 10® kg/h of

warm (27°C) seawater.

Table 1l. Deaerator cost and pumping power for various
packings and for barometric intake system®

Packing Size
(cm)

Barometric intake deaeration effect

Without

With

Deaerator Pumping
cost pover
(s x 108) ()

Deaerator Pumping
cost power
($ x 108) (M4)

Ceramic Raschig 3.81

ring 5.10
Plastic pall 3.81
ring 8.90

2.58 5.10
2.85 4.68
1.50 5.43
1.22 6.26

2.40 4,57
2.56 4.23
1.38 4.83
1.12 5.49

%arm seawater flow rate = 455 x 106 kg/h; deaerator effec-

tiveness = 0.80.
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Results indicate that use of the larger plastic pall ring has a very
favorable impact on the cost, but the power consumption is increased some-
what.

The deaerator cost estimates and the pumping power needs for baromet-
ric intake and a deaerator packed with different types and sizes of pack-
ing were computed according to Eqs. (8), (11), and (15) and are listed in
Table 11.
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5. CONCLUSIONS

The following conclusions were drawn from the experimental study for

vacuum deaeration in a packed column and in a barometric intake configura-

tion:

1.

Vacuum deaeration HTU information for two sizes of plastic pall rings
was obtained because there was no mass-transfer/HTU information in the
literature for the plastic pall rings.

We found that deaeration occurs in barometric intake to a packed col-
umn. In the system tested, deaeration of up to 27% was found for a
water flow rate of 1.8 m/s with high nuclei content., The barometric
intake will have the advantage of achieving a partial predeaeration
and thus reduce the cost of a full deaeration system. Deaeration in a
barometric intake may be affected by physical parameters such as water
flow rate, the existence of nuclei in the water, and the vacuum pres-
sure.

Our study indicates that with the barometric intake deaeration effect,
~10% reductions both in cost and pumping power can be achieved when

barometric intake is combined with the packed column.,



7.

8.

9.

10.

11.

12.

13.

14,

15.
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Appendix

ESTIMATED VALUE OF HTU FOR 8.89-cm (3.5-1in.)
PLASTIC PALL RING

As explained earlier, the ratio of the column diameter to packing
dimension should be at least 8:1., Because the diameter of the column
being investigated is 30.48 cm, 8.89-cm plastic pall rings could not be
used. Therefore, experimentally obtained data were extrapolated to esti-
mate the HTU for 8.89-cm pall rings.

The Sherwood and Holloway HTU valves for various sizes of ceramic
Raschig rings and different liquid flow rates in kilograms per hour per
square meter are given in Table A.l. The ratio of one HTU value to the
prior value is 1l.11 (Table A.1). Therefore, this table can be extrapo-
lated further by multiplying the last HTU value by 1l.11, thus yielding
the next HTU value when the ring size is incremented by 1.27 cm. This
same method has been used to extrapolate for plastic pall rings.

Table A.2 shows experimentally determined HTU values for two ring sizes
and flow rates.

The HTU ratio for the plastic pall rings at a flow rate of 9.76 x 10“%
kg/h°m?2 is 1.105, and the HTU ratio at a flow rate of 1.71 x 105 kg/h°m?2
is 1.075. Using these values, the HTU for an 8.89-cm plastic pall ring
can be extrapolated as shown in Table A.3.

HTUs can be defined by the following equation:
HTU = a(L)b , (A.1)

where a and b are changing with each ring and L is the liquid flow rate.
Consider the condition of the 8.89-cm pall ring in Table A.3:

L =9,76 x 10% HTU = 123.6

L =1,71 x 10° HTU = 129.54

Substituting these values into Eq. (A.l) yields the following simultaneous

equations:
123.6 = a(9.76 x 10*)P

129.54 = a(1.71 x 105)P
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Table A.l. HTU values for various
sizes of ceramic Raschig ring
. @ b
Ring sizes HT Ratio of HTU Ratio of
(cm) (cm) HTU,/HTU, (cm) HTU,/HTU,
2.54 35.11 41.48
1.11 1.11
3.81 39.01 46.02
1.11 1.11
5.08 43,29 51.22
a

85.4 x 103 kg/h°m2.

bl = 17.9 x 104 kg/hem2.
Table A.2. HTU values for plastic pall ring
Ring sizes HIW® Ratio of HTUP Ratio of
(cm) (cm)  HTUp/HTU;¢  (cm)  HTU,/HTU,?
2.54 75 90.22
1.105 1.105

3.81 82.91 97.0

aL = 9.76 x 10% kg/h°m?.

b

L

1.71 x 10° kg/h*mZ2.

Table A.3.
plastic pall ring obtained

HTU values for

by extrapolation method

Ring sizes HTu® P
(cm) (cm) (cm)
5.08 91,62  104.27
6.35 101.23  112.1
7.62 111.9 120.5
8.89 123.6 129.54

2L = 9,76 x 10* kg/hemZ2.

b

L =1.71 x 10% kg/h°*m?.
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Solving this system of equations yields a = 47.08 and b = 0.084, giving
the following equation for 8.89-cm plastic pall rings:

HTU = 47.08(L)0+084% | (A.2)

Substituting a flow rate of 2.93 x 10° kg/h°m? into Eq. (A.2) gives an HTU
of 135.5 cm.
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