VACUUM DEGASIFICATION OF WATER

A Thesis
Presented to
The Faculty of the Graduate School

University of Missouri - Columbia

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

by
Andrew J. Wilson

December 1979

Truman S. Storvick, Thesis Supervisor



The undersigned, appointed by the Dean of the Graduate

Faculty, have examined a thesis entitled

VACUUM DEGASIFICATION OF WATER

presented by

Andrew J. Wilson

a candidate for the degree of

Master of Science .
and hereby certify that in their opinion it is worthy of

acceptance .

e ‘

=2



December 1979 Wilson, Andrew J.
VACUUM DEGASIFICATION OF WATER

A procedure for design of a water vacuum degasifier is
presented for removing oxygen, carbon dioxide, nitrogen, and
argon from water from-'35 to 90 F. This procedure is based on
gas solubilities following Henry's law and diffusivities fol-
lowing the Stokes-Einstein equation. Column mass transfer is
described in terms of the number and height of overall liquid
transfer units, NOL and H.,. A computer performance program

OL

is presented.
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CHAPTER I
INTRODUCTION

The design of vacuum degasification equipment in demin-
eralization syétems for boiler feedwater treatment was stud-
ied. The dissolved gases requiring removal were oxygen and
carbon dioxide. The vacuum degasifier equipment consisted of
a packed column having dne or moré stages and a vacuum source.

The design of a vacuum degasifier was based upon the
water flow rate, temperature, concentrations of dissolved
gases and solids, and the required effluent gas concentra-
tions. The design variables were the column diameter, number
of stages, type and height of packing, and the stage pressure
and evacuation rate.

Henry's law was used to model gas solubilities. Cor;
relations for the solubilities of argon, carbon dioxide,
nitrogen, and oxygen by Weiss (51, 52) were used. The corre-
lations were compared with experimental data. Carbon dioxide
solubility was corrected for ionization. Dalton's law and
Raoult's law were also uéed to model gas-liquid behavior.

The mass transfer performance of a stage was based on
the liquid diffusivity of the gases and packing mass transfer
characteristics. MASPAC packing and its published performance
characteristics were used. The liquid diffusion coefficients

1



were aésumed to follow the Stokes-Einstein equation. The
Stokes-Einstein constant results for each gas were compared
to experimental diffusion coefficient data.

A design procedure for equipment selection was devel-
oped. Correlations for Nash air ejector performance were
developed for incorporation into the design equations. The
procedure outlines the selection of column diameter, type of
packing, the height of packing, and size of vacuum system in
each stage. A design performance program was developed to

evaluate degasifier designs.



CHAPTER II
VACUUM DEGASIFICATION

Vacuum degasification refers to the removal of dis-
solved gases from water by reducing their solubility with
vacuum. This takes advantage of the decreased gas solubility
at low pressure. Vacuum degasification is used as a water
treatment process where dissolved gases would pose problems
in the distribution and use of the water.

Vacuum degasification was first used to remove oxygen
from water to prevent corrosion in water pipeline systems
(38, 39, 1). Among its current applications vacuum degasifi-
cation is used in ion exchange demineralizers to remove dis-
solved carbon dioxide and oxygen in treating feedwater for a
boiler. It was this application to which this study was
directed.

The purpose of vacuum degésification in this applica-
tion is generally two-fold. The removal of carbon dioxide
feduces the anion exchanger load which results in reductions
in the size of the anion exchanger and in chemical consump-
tion. The removal of oxygen prevents corrosion in the demin-
eralized water piping to the boiler deaerator.

A typical vacuum degasifier column is shown schematic-
ally in fig. (II-1). This degasifier column has two stages

3
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containing packing. Water enters the top and is distributed
on and passes through the packing in each stage. An inter-
stage water seal allows maintenance of different pressures
while allowing the water to flow from the first to the second
stage. Vacuum is drawn at the top of each stage. The vacuum
source may be mechanical vacuum pumps, steam or air ejectors
or a combination of these devices.

In this study the vacuum degasifier was located in a
demineralization system, either following a primary cation
exchanger wheﬁ the primary anion exchanger contains strong
base anion resin, as shown in fig. (II-2), or following a
primary cation and anion exchanger pair when the primary
anion contains weak base anion resin, as shown in fig. (II-3).
In the first case the influent to the degasifier was deca-
tionized. The cations in the raw water have been removed and
replaced by hydrogen ions, resulting in an acidic water. The
water, in the second case, was neutral, having been deminer-
alized.

The typicai design conditions considered were those
shown on Table II-1. The leakage of ions from cation and
anion exchangers was taken to be less than 20 milligrams per
liter, sodium and chloride respectively, when the total dis-
solved solids of the raw water feed to the demineralizer was
less than 600 milligrams per liter. General limits for oxy-
gen and carbon dioxide were a maximum of 0.02 and 5.0 milli-
grams per liter respectively. Oxygen, nitrogen, and argon
were assumed dissolved to their atmospheric saturated solu-

bility at the given water temperature.
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TABLE II-1

TYPICAL DEGASIFIER INLET WATER
ANALYSIS RANGES

Primary Cation Primary Anion
Exchanger Effluent Exchanger Effluent

Na (mg/l as CaC03) 0 - 20 0 - 20

Cl (mg/l as CaCO3) 0 - 170 0 - 20

Co, (mg/l as C0,) 5 - 200 5 - 200
Oxygen (mg/l as 02) 0 - Saturated 0 - Saturated
pH 2.0 - 6.0 5.0 - 7.5
Temperature (F) 35 - 90 35 - 90



CHAPTER III
DESIGN CRITERIA

The design of a vacuum degasifier was based upon the
water flow rate, water temperature, concentrations of dis-
solved gases and total dissolved solids in the incoming
water, and the required effluent gas concentrations. The
design parameters which were varied to accomplish the
required degasification are the column diameter, the number
of stages, the type and height of packing, and the size of
the vacuum source. Temperature may also be adjusted to
improve performance, although this work did not consider it
as a design variable.

In a degasifier stage the pressure of the stage is
reduced by the vacuum pump or ejector so that the solubili-
ties of the dissolved gases are exceeded in the entering
water. The gases diffuse to the liquid-gas interface and dif-
fuse across the interface into the vapor phase where they are
removed from the stage by the vacuum pump or ejector. The
rate of transfer of thesé gases across the interface depends
upon the interface area, the diffusivities of the gases, and
the degree of supersaturation which exists in the stage.
Thus, the packing type selection, height of packing and
vacuum source size were based upon the mass transfer

3



10

characteristics of the packing ahd the solubilities and dif-
fusivities of the dissolved gases. The diameter of the colum
is determined by the hydraulic performance of the packing
media. The general design of the degasifier column followed
the recommendations of Eckert (13), Leva (27), McCabe and
Smith (29), and Treybal (46) with regard to packing size,

liquid distribution, and redistribution.

Column Diameter

The degasifier column diameter determination does not
follow general packed column design practice (55, 13, 27, 29,
46). Generally, packed column diameters are established by
assuming operation at 50 to 75 percent of loading. The low
gas flow rates in a degasifier column would allow the column
diameter to be almost the same size as the inlet water piping.
Thus, to provide the required interface area, packing heights
would be excessive. The degasifier diameter was selected to
be small enough to prevent channelling yet large enough to
obtain a reasonable column height. This in practice is a
cost optimization problem considering both the degasifier
co}umn and structural design. A flow of 25 gallons per min-
ute per square foot flow through the degasifier was assumed

in this study.

Gas Solubilities

The relationship of gas solubility to pressure most
often used in design is Henry's law (25, 23, 2, 19, 30, u0,

5). Henry's law can be stated as "the mass of gas dissolved
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in a given volume of solvent at constant temperature is pro-
portional to the partial pressure of the gas with which it is
in equilibrium" (16). Henry's law is generally followed by
gases of low solubility as long as pressures are not too high
or temperatures too low. Comparisons of the experimental
Henry's law constants with Henry's law correlations derived
from Weiss (51, 52) are shown in figs. (III-1) to (III-U4).
The correlations given by Weiss and correlation coefficients
are shown on Table III-1.

The correlations by Weiss (51, 52) correct solubility
with respect to salinity which is useful for sea water and
brackish water degasification. This correction accounts for
the "salting-out" effect in which the solubility of a gas
decreases as salinity increases. In the demineralization
systems studied, this effect was assumed to be negligible.
Typically, the total dissolved solids would be under 600 mil-
ligrams per liter which, if taken as sodium chloride, would
represent less than a one percent reduction in gas solubility.

Alternate Henry's law constant correlations for oxygen,
nitrogen, and argon have been developed by Benson and Krause
(3). Correlations of other authors are also reported and
discussed by them. The derived correlations are possibly
more consistent with theory, but the deviation from Weiss'
correlation was not significant enough to affect the results
of this work.

The experimental data for argon solubility reported by

Estreicher, Winkler, Lannung (4), Klots and Benson (24),
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TABLE III-1
HENRY'S LAW CONSTANT CORRELATIONS

Equation form for argon, nitrogen and oxygen is:
ln 8= Ay + Ay(100/T) + A;1n(T/100) + 50/00 (B, +

B, (T/100) + B3(T/100)2)

where the A's and B's are constants, T is absolute tempera-
ture, S°/oo is salinity in grams per kilogram, and 8 is the

Bunsen solubility coefficient (51).

A A A B B B

Gas 1 b2 ) Bt ) %3
N2 -59.6274 85.7661 24,3696 -0.051580 0.026329 -0.,0037252
02 -58,3877 85.8079 23.8439 -0.034892 0.015568 -0.0019387

Ar -55.6578  82.0262 22.5929  -0.036267 0.016241  -0.00201u44

Equation form for carbon dioxide is:

¢ = o
}nho Al + A2(100/T) + Aaln(T/IOO) + S /oo(Bl +

B, (T/100) + B3(T/100)2)

where Ko is the solubility coefficient in moles per liter

atmosphere (52).

Gas A By As B, B, By

— — — — — —

Cco -58.0931 90,5069 22.29%30 0.027766 -0.025888  0,0050578

2

16
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Antropoff, Morrison and Johnstone, Konig, Douglas (11), and
Murray and Riley (33) are shown in fig. (III-1). Close
agreement is shown by most points with Weiss' correlation.
The data of Konig appears to be high, while the data of
Estreicher and Winkler appears to be low. There was no
apparent reason found for these deviations.

The experimental data for carbon dioxide solubility
reported by Houghton, McLean, and Ritchie (18); and Li and
Tsui (28) are shown in fig. (III-2). Close agreement with
Weiss' correlation is shown for all points.

The experimental data for nitrogen solubility reported
by Winkler, Fox, Benson and Parker (4); Klots and Benson
(24) ; Adeney and Becker; Morrison and Billet; Douglas (11);
and Murray, Riley, and Wilson (35) are shown in fig. (III-3).
Close agreement with Weiss' correlation is shown for all
points.

The experimental data for oxygen solubility reported by
Winkler; Fox; Truesdale, Downing and Lowden (47); Elmore and
Hayes; Benson and Parker (4); Klots and Benson (24); Douglas
(11); Montgomery, Thom, and Cockburn (32); and Murray and
Riley (34) are shown in fig. (III-3). Close agreement is
shown by most points with Weiss' correlation. The data of
Truesdale, Downing and Lowden, and of Murray and Riley (3u4)
appears to be high. The deviation in the values of Truesdale
et al. have been attributed to systematic errors caused by
loss of iodine by volitilization. No explanation is apparent

for the deviation of Murray and Riley.
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The solubility of carbon dioxide in a neutral or high
pH water (pH greater than 6.5) is increased, because it
ionizes. At low pH values, the solubility approaches that
predicted by Henry's law. Weiss (52) suggested that the
solubility be corrected by the ionization constant determined
by Harned and Davis (17). The ionization constant was

expressed by the following correlation:

loglO KDI = - 3upu.71/T + 14,8435 - 0.032786T (III-1)

where K is the ionization constant and T is the temperature

DI
in degrees Kelvin. Using the method described by King.(22),

carbon dioxide solubility may be corrected as follows:

Xco. - Pco

(1 - KDI/lo“PH) (III-2)
2 2/H

002

where x is the concentration of carbon dioxide, p is
CO2 CO2

the partial pressure of carbon dioxide, and HCO2 is the
Henry's law constant.

At the low operating pressure of a vacuum degasifier
the gases may be assumed to follow ideal gas behavior.
Dalton's law of additive partial pressures may be assumed

valid. Dalton's law states that the total pressure is the

sum of the gas partial pressures (43) or:

niRT
P =g p; *© T v (III-3)

where P is the total pressure, and P; is the individual gas

component partial pressure.
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When Henry's law is applicable to components in low
concentrations, Raoult's law is valid for the component pres-
ent at high concentrationé. The liquid mole fraction of
water in a degasification system is very nearly unity and,
therefore, it can be assumed that water follows Raoult's law.

Raoult's law is expressed as (43):

Pi = ple (III-—”-)

1
where P; is the individual component vapor pressure and Xs is

. the component mole fraction. As the mole fraction of water
approaches unity, the partial pressure of water may be
assumed to be equal to the water vapor pressure. The vapor
pressure of water has been correlated by Wexler and Greenspan

(53) in the form:

' _ -4 a
Py o = 2.9522 x 10 ‘e (III-5)
2
where
Q= EO/T + El + EZ(T) + B(1nT)
with EO = -72u46,5822
El = 77.641232
E2 = 0.0057447142

B = -8.2470402

and T is the temperature in degrees Kelvin.

Mass Transfer

The mass transfer performance is determined by the gas

concentrations and diffusivities, liquid flow rate, packing
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type and depth, and the vapor flow rate and pressure as
established by the vacuﬁm system. The difference between the
gas concentrations and solubilities as determined by the
operating pressure is the driving force for mass transfer.
The gas diffusivities; liquid and vapor flow rates, and type
and depth of packing establish the mass transfer rate.

The overall and component mass balances for a single

degasifier stage as represented by fig. (III-5) are:

L x.
i

Fig. (III-5) Degasifier Stage

F=L4+V (III-6)
and

where F and L are the entering and exiting liquid flow rates,
Xg; and x. are the entering and exiting component concentra-
tions, V is the vapor flow rate, and Y3 is the component
vapor concentration.

From Henry's law for dissolved gas components in a

liquid,

% .
X: = p./H. (III-8)
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* ° 3 i . L3
where Xy is the component equilibrium concentration in a

liquid. From Dalton's law for the gas components in a vapor,
%
yi = Pl/P (III-Q)

*
where y; is the component equilibrium concentration in the
gas. Eliminating P between Equations III-8 and III-9, the

y = L3 '/P ( 0)
. - H X . III"l

If the vapor is assumed to be in equilibrium with the liquid
at the vapor-liquid interface, equation (III-10) may be sub-

stituted into equation (III-7) to yield:

%
Pxfi = in + VHiXi/P (III-11)

Because the mass of gas removed with respect to the
mass of liquid is small, the entering liquid flow may be
assumed to be equal to the exiting liquid flow. Equation

(III-11) may then be written as:

%
Fxfi = in + VHixi/P (III-12)

or by rearranging,
* -

The packing height (2) may be expressed as the product
of the number of overall liquid mass transfer units (NOL)
times the height of an overall liquid mass transfer unit

(HOL) (7, 12), or:
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z = (NOL)(HoL). ' (III-14%)

The number of overall mass transfer units is given by Foust

et al. as (15):

£ £
NOL = ln((xfi - xi)/(xi - xi)) (III-15)

The height of a liquid mass transfer unit (HL) has been cor-

related by Sherwood and Holloway (42) as:

o ._ 0.5
Hy = B (

L
My

n
) (NSCL) (III-16)

where the quantities B8 and n are characteristics of the par-
ticular packing, M1, is the liquid viscosity, L is the cross
sectional area liquid flow rate, and NScL is the liquid phase

Schmidt number. For MASPAC packing, figs. (III-6) and

)005

(ITI-7) show the quantity B(L/UL)n or Hi/(HSc as a func-

L

tion of cross sectional area liquid flow rate (5). The curves

shown by these figures were fit to the following equations:

0%y = ¢, + ¢

) 0 1

o
ln(HL/(NSc ln(L) (ITI-17)

L

where C0 and Cl are constants. The constants for MASPAC
FN200 and FN90 are shown on Table III-2.
The liquid phase Schmidt number (NScL) may be expressed

as:

ScL

where y is the liquid viscosity, pis the liquid density and

DAB is the liquid diffusion coefficient of the solute (A) in
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TABLE III-2

CONSTANTS FOR MASPAC PACKING

c c

Packing Type 0 . 71
FN200 -6.05879348 0.36812290
FN90 -5.75738798 0.37688520
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the solvent (B). The viscosity of water as a function of
temperature is given from 0 to 20 degrees centigrade by Hardy

and Cottingham (50) to be:

Log u = (1301/(998.333 + 8.1855 (T-20) (III-19)
+ 0.00585 (T-20)2)) - 3.30233

where p is the water viscosity in poise and T is the tempera-
ture in degrees centigrade. From 20 to 100 degrees centi-
grade Swindell (50) expresses the water viscosity as:
log —— = (1.3272(20-T) (III-20)
u
20
- 0.001053(T-20)2)/(T-105)

where U, is the water viscosity at the water temperature, Hop

T
is the water viscosity at 20 degrees centigrade, and T is the
temperature in degrees centigrade (50). Water density data

by Kell (50) was fit to the following equation:

o=y + C (D) + (M + c (D (ITI-21)
where
Cy = 0.99988782
C, = 5.8558112 x 107>
C, = 8.0158925 x 107°
Cy = 4.5214476 x 1070

T is the temperature in degrees centigrade and pis the den-
sity in grams per milliliter. A comparison of the density

data with the correlation is shown in fig. (III-8).
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Diffusion coefficient data for argon, carbon dioxide,
and nitrogen were fit to the Stokes-Einstein equation, which

is expressed as:

D = K(T/ y) (II1-22)

AB

where K is constant. St-Dennis and Fell (41) fit oxygen dif-
fusion coefficients to the Stokes-Einstein equation. The
values for K determined for each gas are shown on Table
ITI-3. Comparisons of the Stokes-Einstein equation with dif-
fusion coefficient data are shown on fig. (III-9) to (III-12).
As shown on these figures, the data show some deviations from
the correlation and inconsistencies with other data. No
attempt was made to account for those deviations or inconsis-
tencies. The argon data are those reported by Wise and
Houghton (54), and Duda and Vrentas (12). The carbon dioxide
data are those reported by Davidson and Cullen (9), Vivian
and King (49), Ferrell and Himmelblau (1l4%), Duda and Vrentas
(12), Ng and Walkley (37), Unver and Himmelblau (48) Tang and
Himmelblau (44), Thom et al. (45), and Malik and Hayduk (31).
The data for nitrogen are those by Wise and Houghton (5u4),
Ferrell and Himmelblau (14), and Ng and Walkley (37). The
data for oxygen are those reported by Davidson and Cullen
(9), Vivian and King (49), Wise and Houghton (54), Ferrell
and Himmelblau (14), Krieger et al. (26), Duda and Vrentas
(12), Ng and Walkley (37), Carlson (65, Jordan et al. (20),

Jordan and Bauer (21), and Davis et al. (10).
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TABLE III-3

STOKES-EINSTEIN EQUATION CONSTANTS

Gas K (gm cm/sec? K)
Ar 6.72 x 10" 10
co, 5.76 x 1010
N, 7.23 x 10710
0 6.92 x 10720
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The height of an overall mass transfer unit (HOL) is

related to the height of a mass transfer unit (HL) as follows:

HOL = HL + (Lm/me)HG (III-23)

where L and Gm are the molal mass velocities for liquid and
gas, m is the slope of the operating line, and HG is the
height of a gas mass transfer unit. Generally, the term
(Lm/me)HG is negligible in comparison to HL for vacuum
degasifiers, as HG is small and m is large, offsetting Lm
being much greater than Gm. Thus, the height of an overall
liquid mass transfer unit (HOL) may be expressed as being

equal to the height of a liquid mass transfer unit (HL), or:

=~ H (III-24)

Hop = Hy

The value for H, computed from eéuation (ITII-16) should

L
be corrected for packing height. The correction for the

packing height is:

5

H = Hi(z/s)o'1 (III-25)

L

for MASPAC packing, where Hi is the height of a liquid mass
transfer unit derived by equation III-16. This follows the
form outlined by Van Krevelin and Hoftijzer and modified by
Cornell, Knapp, and Fair (8).

The number of overall liqﬁid mass transfer units (NOL)
may be expressed by combining equations (III-14), (III-15),
and (III-25) to yield:
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®

X, X
Nop = 2/(HO(z/3)%+ 1% - an £2 = & (ITI-26)
OL L X, _ XY

or

e-z/(Hi(z/3)0'15) x.  x (III-27)

This result may be combined with equation (III-13) to give:

i . (1 - e™)(Fp/VH;) + e° (III-28)
T (1 - e™(FP/VH;) + 1

where

"

a -z/<H§<z/3>°'15).

Equation (III-28) represents the mass transfer performancé
model for each gas component in each degasifier stage. By
applying Dalton's law, the total evacuation or vapor flow
rate may be checked by adding up the component vapor flow
rates. This equation must be solved by trial and error for
each gas component dissolved in the feed water and must be

evaluated for each stage.



CHAPTER IV
DESIGN PROCEDURE

The following procedure was used to size the degasifier
column and vacuum system. It was assumed that the liquid
flow rate, inlet and desired outlet gas concentrations, and

temperature were known.

1) The degasifier column diameter was selected based
upon the liquid flow rate assuming a molal mass velocity of
25 gallons per minute per square feet.

2) The size and type of packing was chosen consistent
with the column diameter and liquid flow rate. The maximum
recommended packing size to column diameter ratios for sev-
eral packings are as follows (13, 5):

Rasching Rings 1:30
Berl Saddles 1:15
Intalox Saddles 1:15
Pall Rings 1:10 to 1:15
MASPAC 1:12,

3) The packing height and vacuum system capacity were
computed using equation (III-28) and the desired outlet gas
concentrations computed. The vacuum system selection was

based on the air ejector performance curves shown on figs.

36
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(IV-1) to (IV-5) (36). The performance curves were fit to

the function:

InV = C, + C; 1n P + cz(lnp)2 + C5(1np)? (IV-1)

where V is the evacuation rate in actual cubic feet per min-
ute and P is the pressure in inches of mercury. The con-

stants for the air ejectors are given on Table IV-1.
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Air Ejector
Model No.

2.80
3-170
3-280
4-1450

CL-2003

TABLE IV-1

AIR EJECTOR FUNCTION CONSTANTS

¢
4,.37780u480
5.11801154
5.67209302
6.16024028

6.8308u4125

!

0.49571115
0.48624600
0.19574653
0.31855518

0.44517675

43

€

-0.71514278
-0.88448594
-0.72743787
-0.45069421

-0.57762708

Cs

.20616891
.30729692
34458044
.103u48750

.13724532



CHAPTER V
DESIGN PROGRAM

A design performance program was developed to evaluate
degasifier designs. A flowchart of this program is shown on
fig. (V-1). A listing of the program is included as Appendix
A. Example designs were run and are included as Appendix B.

The program requires the following input data:

. number of stages,

. vacuum system type of each stage,

. temperature,

. liquid flow rate,

. 1inlet dissolved gas concentfations,

. packing height of each stage,

. column diameter, and

. packing type.

The program results output are the pressure, evacuation rate,

and outlet gas compositions of each stage of the degasifier.

4y
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COMPUTER PROGRAM LISTING
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APPENDIX B
TYPICAL DESIGN CASES



TYPICAL DESIGN CASES

Example design cases were run to illustrate the effect
of design variables upon the system design. In the first
case, shown on Table B-1, the design was based upon the fol-

lowing data:

1. The inlet water flow rate was 650 gpm.

2. The system operating temperature was 45° F.

3. The inlet concentration of carbon dioxide dissolved
in the water was 15.4 milligrams per liter. The other dis-
solved gas constituents were assumed to be present at their
atmospheric solubility.

4, The degasifier was assumed to be located following
the primary cation and anion exchangers and therefore the pH
is only affected by the presence of dissolved carbon dioxide.

5. The vacuum degasifier design assumed a six foot
diameter, two stage column with ten feet of MASPAC FN200
packing per stage. A NASH Model 3-170 air ejector was evac-

uating each stage.

The results indicated that this degasifier could be
expected to meet the limit of 20 micrograms per liter oxygen,
but would be somewhat marginal in achieving 5 milligrams per

liter carbon dioxide.
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