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EQUILIBRIUM WATER CONTENTS OF NATURAL GAS DEHYDRATED
BY AQUEOUS DIETHYLENE AND TRIETHYLENE GLYCOL
SOLUTIONS AT VARIOUS TEMPERATURES AND PRESSURES
CHAPTER I

INTRODUCTION AND STATEMENT OF PROBLEM

Marketed production of natural gas has increased 83 per cent

.'.iin the .five-yea'r period from 1946 through 19511, and present indications
are that this increase in gas consumption will continue. To supply this
great demand for natural gas, vast gas gathering and transmission
systems have been constructed in the United States, Canada and Mexico.
To insure maximum ﬂow efﬁéiency in these systems, gas dehydration
has become an absolute necessity.

Gas dehydration is defined as tvhe removal of all liquid water
fnd enough of the water vapor present in the gas to prevent subsequent
condensation of water under all operating conditions. 2 Virtual‘lyAa'.ll
natural gas, as produced, contains some moisture. The principal source
is connate or interstitial water found in gas-and oil-producing strata3

and the gas is saturated with water vapor at the temperature and pressure

prevailing in the producing zone. Other sources of water are: (1) oil-

’field brine which is often produced in variakle quantities with gas and/ox
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pipe line dirt, and spent acid from gas prior to compression; (3) gas
transmission lines in which liquid water has a.ccurhulated; (4) water-
saturated absorption oils in gasoline plants.

The principal difficulties3 caused by moisture in gas are:
(1) formation of gas hydrates which plug pipe lines and pressure-control
devices, (2) accumulation of liquid water in pipe lines, thus decreasing
the transmission capacity, and (3) internal corrosion of well tubing,
is the simplest and most economical solution to these problems. 3
The dehydration of natural gas has passed from the status of
an art to that of an exact science through technical research and develop
ment in dehydration processes and equipment, 4 stimulated by an increas
ing demand for uninterrupted service from gas transmission lines oper -
ating at increasingly higher pressures. Extensive investigations of gas-
rxgents and methods have been evaluated. >’ 6, 7, 8

Diethylene and triethylene glycols are widely used as water

to improve these processes and to establish their limitations, investiga-

tions have been conducted to determine the vapor-liquid equili’bria of

0il; (2) wet scrubbers which employ fresh water to remove traces of salt,

fittings, production equipment, and pipe lines. Proper moisture control

hydrate-forming conditions have been reported and numerous dehydrating

vapor absorbents in certain natural gas dehydration processes. In order

gas-water -glycol systems at temperatures ranging from 60°F. to 100°F|
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at pressures from atmospheric to 2500 pounds per square inch absolute
with water-glycol solutions of 95 per cent and 100 per cent by weight

glycol. The vapor-liquid equilibrium data of Russell, ? Porter, 10

Boyd]‘].'

and Townsendl‘2 were obtained on a dynamic system in which a
mixture of natural gas and glycol solution flowed concurrently through a
50- or 75-ft. coil of 5/16-in. copper tubing. It was believe‘d that equil~-
ibrium was reacheq during the time of contact in the coil, and that the
dew point of the gas waslthe minimum for all conditions of temperature
and pressure investigated. However, field data taken by Campbelll?’v
6n industriai dehydration units showed lower dew points were obtained
than could be predicted from these sources, particularly in the higher:
pressure ranges.

Critical inspection of the dynamic system and the data obtained
ffom it revealed that, while a fair approach to equilibrium was obtained
at pressures ranging from atmospheric to 500 to 600 pounds per square
inch, at progressively higher pressures this approé.ch worsened due to
inadequate mixing of the liquid and gas phaées. The dynamic system
has been replaced by a static equilibrium cell in which water-saturated
natural gas, at a definite temperature and pressure, can b;e added to an

excess of water-glycol solution of known concentration and the mixture

agitated until true equilibrium is attained.




4

Statement _oi Problem and Method of Solution

This investigation was undertaken to determine the true effect-
gas at atmcspheric temperatures, relatively high pressures, and high
glycol concentrations. The method consisted of saturating natural gas

with water at temperatures of 70°F., 80°F., and 90°F.; at pressures

this saturated gas into an equilibrium cell containing'a substantial exceg

of 95 per cent to 100 per cent by weight diethylene glycol. The two phag

mixture was agitated until equilibrium was reached and the water conten
of the dehydrated gas was then measured by a suitable means. The
quantity of glycol present was in such great excess that the change in
water concentration in glycol was negligible. The procedure was re-
peated for triethylene glycol. Spot checks were obtained with two rela-
tively newlmateria.ls, "Dicol", a relatively crude glycol mixture, and
hexylene glycol. These data were compared with data obtained on di-
ethylene and triethylene glycol in order to determine if these new mater

ials were sufficiently effective to warrant future investigation.

iveness of glycol-water solutions in dehydrating water-saturated natural

varying from 500 to 2500 pounds per square inch absolute, and introducing

e

1t




CHAPTER II

THERMODYNAMIC CONSIDERATIONS

Vapor-Liquid Equilibrium

The study of vapor-liquid systems in equilibrium is aided by

the Gib‘tzs Phase Rule. 14 This rule may be written:
F=C-P+2 (1)
where:’
F = degrees of freedom at equilibrium
C = number of components in system
P = number of phases in equilibrium

If natural gas is assumed to be pure methane; thén the system
natural gas-water-glycol is a two phase, three component system.
lAccording to the Phase Rule there are then three degrees of freedom;
that is, temperature, preséure and composition of the system must be
specified before the system is fixed. The natural gas used in this in-
vestigation actually consisted of several components, but appiication of
the Phase Rule indicates that temperature, pressure, and composition
are still variables of tﬁe system in equilibrium.

This investigation is primarily concerned with the distribution
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of water, the second component in the systém natural gas-water-glycol,
between the vapor and liquid phases. Therefore, the equations develope
below will be applied to water as component 2, and will be cha.nged to
represent other components whenv required.
In a vapor-liquid system in equilibrium the chemical potentials
of a component in the vapor and liquid phases must be eqﬁal; fhat is,

By = R (2)
where: .

Ry = chemical potential in the liquid phase

p.'z = chemical potential in the vapor phase

Fugacity is directly related to chemical potential by the equation,

(dp.z =R T din fZ)T (3)
where:
By = chemical potential of component 2
R = gas constant
T = absolute temperature

fz = fugacity of component 2
It is evident that in a system in equilibrium at constant temperature the
fugacities of a component in the vapor and liquid phases must be equal;
that is,
f = f! v 4

' | (4

where:

( f2 = fugacity of pure component 2 in_the liguid phase

[oN)
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f} = fugacity of pure component 2 in the vapor phase

- The fugacity of a pure gas at any temperature and pressure may

be obtained most easily by the use of a fugacity coefficient graph. 15, 16
The ratio
: (# (5)
w - #a,
‘where:

JU= total pressure of the system

¥/ = fugacity coefficient of component 2 at the
temperature and pressure of the system

is plotted against reduced temperature and pressure. From the fugacity

coefficient obtained at any reduced temperature and pressure the fugacity

can be calculated as follows:

8= @) T (6)
The fugacity of pure liquid at its vapor pressure is equal to the
fugacity of its vapor in equilibrium with it. The fugacity of the vapor is

calculated from the fugacity coefficient as follows:

!
() p, |
= = #)p (7)
2 2
‘ 1 - !
or . (fz )P - \yz)P Pz (8)
2 2
where:
P2 = vapor pressure of pure liquid component
2 at the temperature of the system
(2.) = fugacity coefficient of component 2 at P

2P 2 and-temperature-of-the-systera 2
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or

The fugacity of a pure liquid at a pressure J| different from

its vapor pressure, Pz‘, 'is found as follows:

1n <f2);‘ - Vm (jT = PZ)

MZSPZ | RT

&) =), o g
2 - 2 Pz € RT
where:
V_ = mean molal volume of liquid component 2

between P, and JT at the temperature of

the system

The system methane -water-glycol is a mixture of three com-

fraction. It can be written:

rh
]
»

2 272 S
1 =
2= 2
where:
fz = fugacity of component 2 in the liquid phase of a
mixture
f_‘2 = fugacity of component 2 in the vapor phase of a
mixture

(9)

(10)

ponents, so a method for determining the fugacity of a component in a

or liquid, in an ideal solution can be found by the Lewis-Randall Rule.

By this rule the fugacity of a component is proportional to its mole

(11)

(12)

mixture must be considered. The fugacity of a component, either gaseq

1

7

us

X, = mole fraction in the liquid phase
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Yy = mole fraction in the vapor phase
It is -conveni_ent, in the study of equilibrium involving solutions.
to use a ratio of fugacities; the ratio of the fugacity in a given state to

the fugacity in an arkitrarily defined state called the standard state.

This ratio is called the activity. It is expressed as follows:

a’z =& f°2 _ A (13)

T
where:
'az = activity
fz = fugacity in the given state
f°2 = fugacity in the standard state at the same

temperature
If the standard state of a component which is in solution is
taken as the pure component at the temperature and pressure of the

solution, the activity is directly related to composition. When ideal be-

havior cannot be assumed, as in this investigation, it is necessary to
introduce an empirical factor which relates activity to composition.

This factor is termed the activity coefficient, @‘, which is the ratio of

activity to a numerical expression of composition. Using mole fractions
to represent compositions, the definition of the activity coefficient may

be written:

(14)
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where:
: é = activity coefficient of component 2 in the
vapor phase
a) = activity of component 2 in the vapor phase -
referred to the pure component
yz = mole fraction of component 2 in the vapor

phase
By combining Equations (13) and (14) the following equation
is obtained: _

f! .
b = 72—??- (15)
This equation permits the calculation of activity coefficients which may
be used to co'rrela.te and check experimental data for consistency as a
function of temperature, pressurecand composition.
By rewriting Equation (4) to designate fugacities in a mixture,
1

i.e., f = f

’ 5 and combining with Equation (13), written for both the

liquid and vapor phases, another relationship is obtained which may be
used as a criterion of equilibrium. The equation is:

-] — 1] ro 1§
a, 5, = a; 1% (16)
Equation (16) may be written:

al f°

2 2 _
— = — = K, (17)
2 2

Here K2 is termed the vaporization equilibrium constant of component 2.

The concept of the vaporization equilibrium constant was intro-
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duced by Souders, Selheimer and Brown 18 who expressed it bjr the
following -equation resulting from combination . of Equations (10) and

(17) with the definition of the fugacity coefficient:

L InOTE)

e P, (¥ e RT

K, = -'i" = 2 k- : | (18)
27 1 T (112)1‘ .

Attempts to use Equation (18) above to evaluate vaporization
constants for methane in the methane-water-glycol system are compli-
cated by uncertainty as to the proper values of the molal volume, Vm’

and vapor pressure of lic;(uid methane, Pl’ at room temperature, a

16

temperature far above its critical témperature. Gamson and Watson
proposed that the molal volume be expressed as a function of tempera-

ture by the following equation:

V_ = (Vzwz) (5.7+3.0 Tr) | (19)

m

where (V2 002) is the pfoduct of the molal liquid volume Vz and an ex-

pansion factor, @ _, plotied as a function of reduced temperature and

2

pressure at any selected condition.

The definition of (f"z) at all conditions is completed by means

of the vapor pressure equation:19
2
-A -20(T_ - b)
log P = p- +B -e r (20)
r

where A, B, and b are constants characteristic of the substance, It is

claimed-by Gamsonan d—Watsmlg—that—th‘rs—équ ationm extrapolates Togic=
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cally above the critical point.
Equations (18), (19), and (20) permit the calculation of the
equilibrium constant in an arbitrary but logical mannér which is definite
and reproducible;. However, before this relationship is useful it is
necessary to relate activities to mole fractions through the introduction
of activity coefficients.
The foll.owing equation may be written for the vapor phase:
G
a, =f = v, (21)
2

For ideal gaseous solutions of components which are not widely differ -
ent in properties, @é may be taken as equal to unity at moderate press-
ures and elevated temperatures. How'ever, since the components of the
methane -water -glycol system are widely different in their propert.ies,
and since the pressure range of this investigation is high, it is to be
expected that the vapor phase would be a non-ideal solution, and that
0é would not equal unity.
In the liquid phase there are two different types of deviation
from ideal solutions. It is convenient to replace the usual single activ~
ity coefficient by two separate activity coefficients to express each of
these deviations. The following equation can be written for the liquid

phase:

azk= Qz Y, %, (22)
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For ideal systems 02 equals unity at all conditions. For non-ideal

systems at low pressures where Y, may be taken as equal to unity, 4)2
may be determined by methods previously described. As the temperature
E.nd pressure in such a system are increased ¢2 tends to approach unity,

while deviations of yz from unity tend to increase.

are great differences in the molecular sizes, volatilities and chemical
properties of the three components. It is then to be expected that values

of Qz and y_ should deviate greatly from unity over the pressure range

involved.

where the activity coefficient group Q)zyz consists of:

Y., = activity coefficient of component 2 in the
2 liquid phase which takes into account de-
viations from ideal solutions caused by
differences in molecular size or volatility.

02 = activity coeificient in the liquid phase which
accounts for deviations from ideal solutions
caused by differences in molecular or chemical

type.

In the liquid phase of the methane-water-glycol system there

\

Combining Equations (17), (18), (21), and (22) gives:

Vv (7 -P
RT

2)
¢ by P °
2 22 2Y2F2¥ 2)p,

= K. =
X, 0'2 2 pLl (’J271\

= K} (23)

It was suggested by Gamson and Wa.tsonl6 that the ratio K'2 of
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the mole fractions in the vapor and liquid phases be termed the vapor-

ization ratio of component 2. It is evident from Equation (23) that the

vaporization ratio is equal to the thermody namic equilibrium constant
only in ideal solutions where the activity coefficients are each equal to
unity.

Equation (23) can be written as follows:

YZ B K 24
= T2¥2%™2 (24)
2

0,
1
[

single term B 5’ thus decreasing the number of individual activity co-

in which the ratio of activity coefficients has been replaced by the
efficients from three to two. Thus the amount of experimental data
required to evaluate the activity coefficients is decreased.

The equations developed thus far furnish a means of correlating
vapor -liquid equilibria data, and further use will be made of them in

Chapter VI, Aﬁalysis of Data.




CHAPTER III

EXPERIMENTAL APPARATUS

11

Equipment for Saturating Natural Gas

The flow diagram ft;r‘ saturating natural gas with water at any
predetermined temp_eratﬁre and pressure is shown in Figure 1. A photo-
graph is shown in Figure 2.

The natural gas is compressed to the desired pressure by a
three-stage, water-intercooled, Rix compressor. This compressor has
a rated capacity of ten standard cubic feet of gas per minute at a maxi-
mum working pressure of 6000 pounds per square inch.

The compressed gas is then passed through a gas-liquid separ-
ator and a lubricating oil vapor adsorber. The separator is made from
an 18-inch length of extra-heavy 2-inch steel pipe with welded caps. A
1/4 inch fitting for the inlet gas is welded into the side of the separator
halfway between the ends, a 1/4 inch fitting for the outlet gas is welded
at the top end of the separator, and a 1/4 inch drain is provided at the
Pottom end.

The oil vapor adsorber is made from an 18-inch length of extra-

heavy 2-inch steel pipe. It has a 1/4-inch gas inlet fitting into a 1 1/4-|

15
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View of Gas Saturating Equipment

Fig. 2.
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inch threaded plug which screws into the top of the dehydrator. This

1l 1/4-inch plug ié removed for filling the adsorber with approximately
one :pound of "Sova Bead', a silica gely-.alumina type of adsorbent manu-
factured by the Socony-Vacuum Oil Company. The bottom of the adsorber °
is closed by a welded cap with a 1/4 inch fitting for the outlet gas.
After leaving the adsorber the gas flow is split into two streamjs.
One stream, amounting to all gas delivered by the compressor in excess
of 25 standard cubic feet an hour, passes ’through a 25-foot length of
5/16-inch extra-heavy copper tubing immersed in a steam heated water
bath which is maintained at 210°F. This éxéess gas is then released to
the suction side of the compressor through a Fisher diaphragm motor
back-pressure valve at the rate required to maintain the desired press=+
ure on the system. The Fisher valve is actuated by a Taylor ""Ful-scope"
pressure controller which, in turn, is operated by a filtered, compressed
air supply.

The second stream of natural gas, amounting to approximately
25 standard cubic feet per hour, passes through a dehydrator, a tempert-
ature stabilizing coil, a water saturator, and a separator where the
moisture content of the gas is adjusted.

The dehydrator is made from a 24-inch léngth of extra-heavy
3 -inch steel pipe v?rith w.elded caps. A 1/4-inch fitting for the inlet gas

is welded into the side of the dehydrator midway between the ends. In-
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side the dehydrator and just above the gas inle£ fitting there is a weldg
steel plate, perforated with 1/16-inch holes, which acts as a support
for the desiccant. The top of the dehydrator is fitted with a 3/4 X 1/4-
inch bushing which is removed for filling the dehydrator with two pounds
of "Sova Bead". This bushing connects to the 1/4-inch gas outlet.

The temperature stabilizing coil, saturator, and separator are
immersed in the first of two constant temperature baths constructed of
10-gauge sheet steel. This bath is 36 inches long, 18 inches wide, and
36 inches deep. The temperature stabilizing coil is a fifty-foot length
of 5/16-inch O. D. X 0. 049 -~inch wall extra-heavy copper tubing. The
saturator is made from an 18-inch length of extra heavy 2-inch steel
pipe with welded caps and 1/4-inch fittings at each end. The saturator
has a capacity of 900 milliliters, but is filled with only 500 milliliters
when in service. The top half of the 4sa.tura.t_or is packed with three
copper gauze "Chore Girl" scouring pads which serve as a mist extractor.
The separator is identical in construction except that the 1/4-inch fitﬁng
for the inlet gas is welded into the side of the separator midway between
the ends.
The saturated gas next passes through two Meco pressure-reduc-
ing regulators in series, a U. S. Bureau of Mines high-pressure dew
point tester; and, finally, a third pressure-reducing regulator. The high

pressure saturated gas is expanded through the two Meco regulators to

an absolute pressure of 200 pounds per square inch aif the dew point tesfer.
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Here the dew point of the gas can be determined to check saturation of
the gas. The third pr.essixre' regulator reduces the pressure to atmos-
pheric and also regulates the rate of gas ﬁow through the saturating
system and the dew point tester.

Connections are so arranged that the' saturated natural gas can
be made to by-pass the pressure reducers and dew point tester, and

pass directly to the equilibrium cell where the latter is charged.

Details of Equilibrium Cell

The details of the equilibrium cell are shown by Figure 3 and
a photograph is shown in Figure 4. The upper cylinder is composéd of
a 16-inch long section!of extra-heavy 6-inch steel pipe, fitted on each
end with éxtra-heavy 2:1 elliptical welding caps. The top head is fitted
with a 1/4-inch connection comprising extra-heavy steel pipe fittings
and a 1/4-inch needle valve. The upper cylinder is joined to the lower
cylinder by two 1/2-inch extra-heavy steel pipes each with a union and
a 1/2-inch, 800-pound Hancock steel gate valve. For venting the .cylin-
ders so that liquid will flow easily from the upper cylinder.to the lower
cylinder, and vice versa, one of the 1/2-inch pipes e;gtehds into the
upper cylinder for the full iength of the cylinder. The othér 1/2-inch
pipe extends down into the lower cylinder for its full length. The lower

cylinder is composed of a 10-inch long section of extré—heavy 6-inch

seamless steel pipe fitted on each end with extra-heavy 2:1 elliptical
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welding caps. This lower cylinder is filled with 1/2-inch glass balls to

act as a gas-liquid contact surface. The bottom head of the lower cylin
der is fitted with a 1/4-inch high pressure steel connection and a 1/4-inch
needle valve. For filling the cylinder with glycol and for draining, a
5/16-inch extra-heavy copper tubing is connected to the bottom fitting
on the smaller lower cylinder. This tube extends upward to the top of
the larger cylinder, and is strapped to the outside of both cylinders. At
its upper end this copper tubing is fitted with a 1/4-inch needle valve
for regulating the rate of glycol flow into or ou't of the cell.

| The equilibrium cell is supported at its mid-point by a 1/2-inch
trunnion shaft fitted with an 8-'inch diameter V-belt pulley. The entire
assembly is supported on this shaft in a second constant temperature
water bath. This bath, constructed of 10-gauge steel plate, is 50-inches
long, 18 inches wide, and 50-inches deep.

The cell is rotated in the water bath through an arrangement of
two V-belts and four pulleys by a 1/3-horsepower 110 volt A.C. motor
coupled to a variable-speed torque converter.

Figures 5 and 6 illustrate the apparatus for the measurement
of the water content of natural gas by means of a thermistor bridge cir-
cuit, a modification of that described by Harris and Nash. 20 The re-
action cell consists of a wide-mouth, one liter vacuum bottle or Dewar

flask fitted with a large cork stopper. The gas flows into the reaction
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|cell through'a 1/4-inch glass tee, one leg of which also acts as the in-
let for the wires leading to the lower thermistor. The gas flows to the
bottom of the vacuum bottle and then upward through a vertical glass
tube, 12 inches long, 1/2-inch inside diameter, which is also fitted into
the large cOrk stopper. At the mid-point of the glass tube there is a
porous plug of glass wool which acts as a su‘pport for a two-inch layer
of 4/18 mesh calcium hydride particles. A No. 17A Western Electric’
thermistor is suspended approximately one inch above the calcium hydri
mass by wires entering the. glass outlet tee fitted into the top of the 1/2V
inch glass tube by means of a small cork stopper. A second thermistor
of the same type is supported by its electrical leads in the 1/2~inch
glass tube, being positioned one inch below the plug of glass wool. The
gas flows from the uppef end of the reaction cell to a Precision wet tes-t
meter.

The thermistor bridge circuit consists of two Wheatstone .Bridg
wired in parallel to two 1.5-volt dry cell A batteries. Each bridge con-
sists of a 1000 ohm and a 1500 ohm fixed resistance, a Leeds and North
rup 1000 ohm decade box and a No. 17A Western Electric thermistor
with a nominal resistance of 1000 ohms. The galVanometer circuit is
wired through spring loaded switches so that a single galvanometer can
be used for both circuits. The galvanometer is mounted in a Leeds and

Northrup Portable Precision Potentiometer Model No. 8662.

de

€es
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Equipment for Calibration of the Thermistor Bridge Circuit

———— o—

The thermistor bridge circuit is calibrated by use of the appar
atus shown in Figure 7 in conjunction with the gas saturating equipment
shown in Figur‘é 1. The saturated natural gas is dropped to near-atmosg-
pheric pressure through the dew point tester equipment a.n& is metered
through a capillary flow meter filled with 100 per cent triethylene glycol
as the manometer ﬂui&. The gas then mixes with dehydrated natural
gas which has p#ssed through a ""Sova Bead! dehydrator and a PZOS
drying tube. The mixture of wet and dry gas then flows to the rea;:tion
cell, and is finally metered in a Precision wet test meter. The "Sova
Bead' dehydrator is constructed from a 36 inch length of standard two-

inch pipe, and is completely filled with desiccant. The P O5 dehydrator

2
consists of a glass tube nine inches long, one-inch inside diameter,
filled with a four-inch column of P205 contained by two glass wool plugs.

Equipment for Measurement of the Water Content
of Natural Gas by Karl Fischer Reagent

The special apparatus used for measurement of the water con-
tent of natural gas by Karl Fischer reagent is shown in Figure 8. This

method is described in the U.O.P. Laboratory Manual. 21 The 100 milli-

liter absorption flask has a 3/4-inch mouth and a stopcock drain. The
3/4-~inch opening is fitted with a rubber stopper provided with suitable

holes for admitting a 6-millimeter gas dispersion tube, a 6-millimeter
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gas outlet tube, the tip of a 10. 00 milliliter buret, and two 3-millimeter
electrodes. The buret is sealed from the atmosphere by a 100 milliliter
dr*y'ing tube filled with "Dehydrite", anhydrous magnesium perchlorate.
The platinum electrodes are formed by sealing a platinum wire into a
Pyrex glass tube, and filling the tube with mercury to form the junction}
The gas passes through the gas dispersion tube into the Karl Fischer
reagent, and through the outlet tube to a "Sova Bea.d‘; dehydrator thence
to a Precision wet test meter. The dehydrator is a glass column approx-
imately four inches high, two inches in diameter filled with '"Sova Beads''.
The end-poinj: of the reaction of water vapor in the natural gas
with the Karl Fischer reagent is determined by the electrometric cir-

22

cuit™™ shown in Figure 8, comprising a Lieeds and Northrup Precision
Portable Potentiometer, Model No. 8662. The platinum electrodes are
connected by c'opper leads to the electromotive force terminals of the
potentiometer. The current through the solution is regulated by the
millivolt dial of the potentiometer to approximately 20 millivolts.

The water concentration of the glycol-water solutions is deter-
mined by titration in a standard Karl Fischer titration assembly. The

end-point is determined by an electrometric circuit identical to that

described above.
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Temperature and Pressure Measuring Equipment

T‘t;e temperature of each of the two constant temperature water
baths is dete':min'ed by a mercury-filled thermometer immersed in each
water bath. Temperatures are maintained constant to within fO. 5‘;F.
of 70°F. during calibration runs, and to within '!,' 1.0°F. of the desired
temperature during exéérimen{:al runs by manually adding ice or steam
as necessary to the water in the baths. Uniform temperature in the
water baths is maintained by continuous circulation of the water by a
centrifugal pump which draws water simultaneously from the bottom of
both baths and discharges to the tops of both b;.ths .

The temperature of the dew point of the saturated natural gas
is measured b}; a low-temperature, alcohol-filled thermometer provided
with the U.S. Bureau of Mines deyv point tester.

Gas pressure during calibration and experimental runs are
maintained at the de.;sir'e.d pressure within t10 pounds per square inch
bya Taylor "Fulscope' pressure controller. Ga§ pressure is indicated
by a 4000 pounds per square inch Bourdon-type gauge graduated in 100
pounds per square inch increments and calibrated to 10 pounds per
square inch.

The pressures reported in this investigation corresponding to
the equilibrium water contents of the various glycol solutions is that

indicated by a 4000 pounds per square inch Bourdon-type gauge which is

. lconnected-to-the-equilibrium-cylinder-after-thorough-mixing-of-the-contents
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in the cylindéf. This gauge is graduated in 50 pounds per square inch
increments and is also caiibra.ted to fIO pounds per square inch.

The pressure corresponding to the dew point temperature is
measured by a 600 pounds per square inch Bourdon-type gauge graduate
in 5 pounds per square inch increments and calibrated to t2 pounds per
square inch. Pressure in the dew point tester is maintained constant
within '_'_' 5 pounds peAr square inch by two Mecé pressure reducing regu-
lators in series upstream from the dew point tester and by a third

pressure-reducing regulator downstream from the tester.

d




CHAPTER IV
PROCEDURE OF COLLECTING EXPERIMENTAL DATA

Technique in Saturating Natural Gas With Water

A specific operating procedure for preparing saturated natural
gas was followed during the investigatic;ns. In bringing the apparatus ta
the desired pressure, the saturator was by-passed to.prevent »condensaj-
tion of moisture in the system. After the desired operating pressure
was attained, the gas was turned through the saturator and the gas fiow
through tﬁe dew point tester equipment was adjusted to approximately
25 standard cubic feet an hour. The equipment was allowed to operate
for an hour or more to reach a state of equilibrium, at which time the
gas was tested for saturation in the Bureau of Mines dew point tester.
Since the pressure of the gas in the dew point tester was 200 pounds per
square inch absolute, it was necessary to convert the dew point at that
pressure to a water content by the use of a water content graph. 23 This
water content, when converted to a dew point at the system temperature
and pressure, was checked to agree within 1°F. with the saturated water

content of the gas at the operating temperature and pressure.

33
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Technique Used in Filling and Rotating Equilibrium Cylinder

i  When it was determined that the galea.s saturadted, the dew
point equipment was completely by-passed and the equilibrium cell was
connected directly to the high pressure saturating system.

The equilibrium cell had previously been completely filled with
glycol of the desired concentration. The valves leading to the top of the
equilibrium cell from the gas saturating system were opened completely,
imposing system pressure on the cell. The glycol was slowly displaced
from the equilibrium cell through the copper tubing leading from the
bottom of the vessel and collected in a calibrated 18 liter bottle. The
rate of glycol flow was controlled by the outlet valve on the copper tube
at such a rate that the gas ﬂ.ow into the‘ equilibrium cell did not exceed
25 stapdard cubic feet an hour. Since the capacity of the»pp_pe”]’:_ cylinder
*waé 8885 milliliters, 9000 milliliters of glycol Wél;e displaced from the
cell and collected in the calibrated bottle. This left approximately 2000
milliliters of glycol in the lower cylinder. The equilibrium cell valves

on the inlet and outlet lines were closed and the connections to the satur+

ting system broken. Plugs were then screwed in the outlet valves and
rotation was begun in the constant temperature bath. Temperature of
The bath was maintained within 1°F. of the desired temperature by the

Taa.nual addition of ice or steam as required.

' Rotation rate was controlled at approximately one revolution per
|
|

minute—The—cell-wasrotated-for-at-least-two hours; andmmmany ruors——
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exceeded this by at least one hour. As determined by a series of pre-
liminary runs, this time interval permitted attainment of an equilibrium
state sufficiently close to true equilibrium. In fact, there was evidence
to indicate that fifteen minutes agitation would be adequate but the longez:
two~hour interval was adopted as a sa.fe minimum.

On all runs on diethylene and triethylene usiﬁg essentially 100
per cent glycol concentration, the equilibrium cell was separately filled
for each run. However, on the 95 per cent and 98 per cent glyéol con-
centration runs the equilibrium cell was filled initiall;} at 2500 pounds
per square inch and r,ota.v.ted for two hours. The water content v:-ras then
measured by the thermistor circuit. This measurement was usually
completed before the pressure in the cell had dropped more than 200
pounds per square inch so, for the next run, gas was bled from the cell
until the pressure had dropped to 2000 pounds per square inch. Then
the equilibl:ium cell was sealed and rotated again for two hours at this
new pressure. This dropping of pressure to the next lower pressure
run waé continued to the final run at 500 pounds per square inch. Com-
parison of the‘500 pounds per square inch dat; obtained by this method.
with that obtained by Russellg' and Porter1? on 95 per cent by weight
diethylene and triethylene glycols, respectively, indicates that this

method is satisfactory. A separate check was made on 98 per cent by

weight diethylene glycol at 500 pounds per square inch and 80°F. by

ﬁlling';the—e quilibrium-cell-initiallyto-that-pressure;—rotating-the—cell;
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and measuring the equilibrium water content of the gas phasé. The re-
sults were then ic:,ompa.red with the data obtained at essentially the same
conditions but arrived at by the pressure drop method described. Chec{
Run No, 107 at 515 pounds per équare inch, 80°F., -showed a water
content of 2.50 pounds per million standard cubic feet and compares
within experimental error with Run No. 106 at 505 pounds. per square
inch, 80°F., which showed a water content of 2. 05 pounds per million

standard cubic feet.

‘Technique in Mea.sdring ‘the Water Content of the Gas

After the equilibrium cell had rotated for at least two hours,
rotation was stopped, the cell was turned to an upright position, and
hoisted out of the water bath sufficiently to remove the plug in the inlet
valve ;)n top of the cell, and insert a pressure gauge to measure the
pressure of the system. This is the pressure recorded in the data at
the temperature of the water bath. Pressure was read to the nearest
10 pounds per square inch. The cell was then hoisted completely out of
the water to permit closing of the 1/2-inch valves connecting the upper

and lower cylinders. This was to prevent any further contact of the

glycol solution with the dehydrated natural gas, thus tending to maintain

;the gaseous phase at constant composition. The drop in gas pressure

Lesulting.from the taking of gas samples creates the tendency for the
l

as to pick up additional water, thus the equilibrium water content will
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not decrease during the taking of the sample. Errors in measurement
of the water contents should then tgnd to be in the direction of larger
values than the equilibrium values.

The cell was lowered back into thé water bath, and the pressure
gauge r'emoved.. The top valve was then carefully dried with a cloth,
and fitted with a 5/16-inch copper tubing connection. To this was attach- -
ed a 5-foot length of "Tygon'" plastic tubing leading to the reaction cell.
Gas flow from the equilibrium cell to-the reaction cell was regulated by
the 1/4-inch needle valve on top of the equilibrium cell at the rate of
two cubic feet an hour. This rate was maintained constant within 10
per cent of the desired rate.

Gas was allowed to flow lthrough the reaction cell for at least
an hour before thermistor circuit readings were made. Readings to the
nearest 0.1 ohm wére continued at 15-minute intervals until the resist-
ance ratio was constant in the fourth digit with an average deviation not
exceeding 0.0005 in a resistance ratio reading of approximately 0. 8250
for at least an hour. This corresponds to a water content average de-

viation of 0.3 pounds per million standard cubic feet.

Technique of Calibrating the Thermistor Bridge Circuit

The water content was determined from the ratio of the resist-

ance readings of the two thermistors by use of a calibration curve of

water content versus resistance ratio previously obtained by calibration
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of the reaction cell. This curve was obtained by use of the calibration

equipment of Figure 7. The PZOS dehydrated gas only was first pa;ésed
through the reaction cell at the rate of two cubic feet an hour as indicated
by the wet test meter. Thermisto'r resistance readings were ;caken until
their ratio femained constant within the &e sired limits for a-ppr‘éximate T
|1y one hour. The average of these readings was taken as the zero water
content. During this time natural gas saturated with water at 2000 pounds
per square inch and 70°F. was prepared and tested for saturation by theL
dev& point tester. The dry gas rate through the reaction cell was then

decreased, and the wet gas allowed to begin flowing at a rate, indicated

on the capillary flow meter, such that the total gas flow was two cubic

feet an hour. Resistance readings were again taken until their ratio re:

mained constant again for approximately an hour. The actual water con
tent was calculated from the known volume of wet gas in the total gas
volume, and récorded as the water content of the gas in pounds per
million standard cubic feet at 14. 7 pounds per square inch, 60°F.,
corresponding to the resistance ratio reading. In this way the data of
Table 6 were ol;t_ained and from these data the calibration curve of
Figure 9 was prepared.

Technique in Measuring the Water Content
of Natural Gas by Karl Fischer Reagent

Approximately 25 milliliters of Karl Fischer reagent were addr-

ed to the-absorption-flask-and-titrated-to-an-end-peint-with-a—standard—



39

methanol solution. ~Stirring was accomplished by allowing gas from the
equilibrium cylinder to bubble through the Karl Fischer reagent. Once
the end-point was reached, the flow of gas was stopped, and exactly twa
milliliters of fresh Fischer reagent was added to the neutral solution.
The wet test meter was adjusted to ’z.ei'oA reading, and the flow of dehy-
drated gas through the reagent was started. Flow was regulated at 1/2
to 1 cubic féet an hour. A faster rate caused excessive frothing of the
reagent and too much carry-over of entrained liquid. Approximately
two cubic feet of gas were required to react with the two milliliters of
Fischer reagent. Meter temperature pressure and rate readings were
taken at 15 minute intervals and averaged for calculation of the volume
of gas passed through the solution. From the water equivalence of the
Karl Fischer reagent, and the volume qf gas passed through to an end-

point, the water content of the gas was calculated.




CHAPTER-V
PROPERTIES OF MATERIALS AND EXPERIMENTAL DATA

Properties of Materials

The natural gas used in this investigation was obtained from
the mains of the Oklahoma Natural Gas Company, Norman, Oklahoma.
A representative analysis, determined by Mr. J. T. Bailey, Norman,
Oklahoma, is shown in Table 1. The actual composition of this gas
varied widely during the course of the research due to air injection by
the distributor to regulate the heating value of the gas.

The diethyliane and triethylene glycols used were commercial
grades with guaranteed 0.2 per cent maximum water content, contribute
by Carbide and Carbon Chemicals Company. The actual water contént
of these and other glycols used was determined by titration with Karl
Fischer reagent using an electrometric circuit to determine the end’
point. The triethylene and diethylene glycols, as received, were es-
sentially 100 per cent and 99. 8 per cent glycol, respectiv.ely. For runs
requiring essentially 100 per cent glycol the material was used as re-

ceived. The concentrated commercial glycol was diluted with the prope

d

H

amount of water to form the 95 per cent and 98 per cent by weight glycoi

40
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solutions. The final water concentration was checked by titration with
Kar‘l'l.f‘ischer.rea,_gent. All concentrations are believed accurate within
0.5 per cent by weight. Some properties of diethylene and triethylene .-
.glycol are presented in Table 2. These properties are those reported
by Carbide and Carbon Chemicals Company. 24
The "Dicol'" used was é commercial grade contributed by the

Wyandotte Chemicals Corporation, Chicago, Illinois. A representative
analysis furnished by the manufacturer is shown in Table 3. The hexylene
slycol used was supplied by Shell Chemical Corporation, and the physical
properties, as determined by Carbide and Carbon Chemicals CompanyZAL,

are shown in Table 4.

Karl Fischer reagent was prepared from absolute methanol,

pyridine, iodine, and sulfur dioxide as recommended in the U.O.P. Lab

oratory Manual. 2l This gave a Fischer reagent with a water equivalence

of approximately two milligrams of water per milliliter of reagent. This
solution was standardized before use every day by titration against a
standard water -methanol solution. Check determinations of the standard-

ization agreed within 0. 1 milliliter.

Thermistor Bridge Circuit Calibration Data

Table 5 gives the data for the variation of the thermistor circuit

resistance ratio for natural gas dehydrated by phosphorous pentoxide or

Fnhyd:ous magnesium perchlorate, or by both desiccants in series with
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TABLE 1

ANALYSIS OF NATURAL GAS

Sp. Gr., 0.7228
..Cbmponent

O

CO,

N2

CH
4

CZH6

C,H,
iC H
40

C H
4 10

105H12

C.H
57712

C,H
614

C H
7 16

Volume %

1.88
0.00
10. 16
72.07
9.82
4.25
0.41
0.88
0.19
0.17
0.10
0.07

100.00

Analysis by J. T. Bailey, Norman, Oklahoma
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TABLE 2

PHYSICAL PROPERTIES OF DIETHYLENE

AND TRIETHYLENE GLYGOLZ%%

Diethylene Glycol

Formula: HOCH_CH_OCH,CH_OH
2 2 2772

Molecular Weight: 106.12

Specific Gravity: 1.1184 at 20/20°C

Vapor Pressure:

760 mm at 245°C
0.01mm at 20°C

Solubility in water, 20°C: Miscible all proportions

Triethylene Glycol

: H
Formula HOCHZCHZOCHZCHZOCHZCHZO
Molecular Weight: 150.17

Specific Gravity: 1.1255 at 20/20°C

Vapor Pressure:

760 mm at 291.2°C
0.0l mm at 20°C

Solubility in water, 20°C: Miscible all proportioné
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TABLE 3

PHYSICAL PROPERTIES OF "DICOL"

Specific gravity: 1.10 - 1.11 at 20°C.
Water content: 0.5% maximum

Composition:
Diethylene glycol: 75% - 82%
Dipropylene glycol: 12% - 19%

Monoglycols: 6% maximum

‘Boiling range:
Initial Boiling Point: 226°F.

90% distilled at 248°F.

Material and data supplied by Wyandotte Chemicals Corporation,

Chicago, Illinois.




45

TABLE 4

PHYSICAL PROPERTIES OF HEXYLENE GLYC OL24

QH OH
Chemical Formula: CH,-G-CH_-CH-CH
3 2 3

: CH,

Molecular Weight: 118.17

Apparent Specific Gravity at 20/20°C: 0.9234
Boiling Point at 760 mm. Hg: 197.1°C

Vapor Pressure at 20°C: 0.05 mm. Hg.
Freezing Point: Sets to glass below -50°C.
Heat of Vaporization: 208 Btu/lb.

Absolute Viscosity at 20°C: 34.4 cps.
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phosphorous pentoxide in last position in the drying train. Also shown
is the effect of the amount of calcium hydridé in the reaction cell. These
data were taken over a pério.d .of several weeks, and represent resistance
readings taken when the change in room temperature did not exceed
approximately 1, 0°F. per hour. Variation in the zero water content
readings is believed to be due to factors such as sunlight and air drafts
in the laboratory which influenced the very sensitive thermistors.

Table 6 gives the data for the variation of the thermistor cir-
cuit resistance ratio with fhe water content of natural gas. After a
lapse of several months in use of the thermistor circuit, it was noted
that there was an increase in the resistance ratio readings. This re-
quired fecalibration of the circuit, and the recalibr'ation data is shown
at the bottom of Table 6. The shift did not appear to take place during
continuous operation for periods exceeding approximately one month.
Therefore, recalibration was carried out just before ea-ch new series
of runs. It was not believed necessary to run a complete set of points
for each calibration, but only points for zero water content and one
other point of known water content. Experimental data showed that the
water content -curves were parallel to each other within experimental
error.

The capillary flow meter used in metering the wet gas stream

was calibrated with a Precision wet test meter by adjusting the gas flow

through the capillary-flow-meter-to-give-a—series-of different-manometer




47

TABLE 5

VARIATION OF THERMISTOR CIRCUIT RESISTANGCE RATIO FOR
NATURAL GAS WITH ANHYDROUS MAGNESIUM PERCHLORATE

AND WITH PHOSPHOROUS PENTOXIDE

Desiccant Calcium Hydride,

Resistance Average Room
Ratio Deviation Temp., °F . depth, in.
0.83700 0..00057 74. 2 1P205 2
0.83737 0.00020 74.0
0.83761 0.00004 74.0
0.83733 0.00024 68.0
0.83648 . 0.00109 68.0
0.83702 0. 00055 68.0
0.83624 0.00133 67.8
0.83737 0. 00020 72.2
0.83741 0.00016 72.3 Anhy. Mg(Cl.(_)‘L)z 2
0.83707 0.00050 72.0
0.83564 0.00193 71.0
0.83599 0.00158 70. 4
0.83628 0.00129 70.0
0.83672 0.00085 70.0
0. 83689 0. 00069 68.6 3
0.83727 0.00030 69.0
0.83950 0.00193 70.7
0.83766 0.00009 70.3
0.83706 0. 00051 70.8
0.83754 0. 00003 71.7
0.83632 0.00125 69.3 P205 3
0.83798 . 0.00041 67.5
0.83694 0.00063 63.6
0.83739 0.00018 66.3
0.83809 0. 00052 63,3
0.83926 0. 00169 66.0
0.83736 0.00021 83.0
0.83755 0.00002 63.8
0.83751 0. 00006 63.8
0. 83861 0.00104 65.2
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Table 5 - Continued

Room

Resistance Average Desiccant Calcium Hydride,
Ratio Deviation  Temp., °F ’ depth, in.
0. 83881 0.00124 65. 8
0.83812 0.00055 65.5
0.83705 0. 00052 67.5
0.83655 0.00102 65.2
0.83790 0.00033 66.3
0.83927 0.00170 67.8
0.83931 0.00174 67.8
0.83905 0.00148 67.0
0.83998 0.00241 64. 4
0. 83681 0.00076 67.0
0. 83655 0.00092 66. 8
0.83992 0.00235 71.7
0.83744 0.00013 69.0
0.83691 0.00066 68.0
0.83643 0.00144 68.2
0.83615 0.00142 68.0
0.83663 0.00094 68.1 PZO 3
0.83655 0.00102 67.9
0.83905 0.00148 69. 2
0.83929 0.00172 68.9
0.93897 0.00140 68.9
0.83863 0.00106 69.3

Average Resisténce Ratio: 0.83757

: Average Deviation: 0.00087
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readings and measuring the different volume rates of gas flow. The

volume rate of gas flow was corrected to.standard cub ic feet of gas per]|
‘hour measured at 14. 7 pounds per square inch absolute and 60°F., and
plotted against the following function to obtain a straight line. The function

is,

= manometer readings in inches of

TEG ~ )
triethylene glycol
P, = flowing pressure of gas, inches of Mercury
Tf = flowing temperature, degrees Rankine

This calibration curve permitted the measurement of the quantity of wet
gas mixed with the total volume of wet and dry gas measured with the
wet test meter. From these data the water content of the gas being

passed through the reaction cell could be easily calculated.

Vapor -Liquid Equilibrium Data

Singe the Gibbs' Phase Rule required that equilibrium data for
'the two phase, three component system of water -glycol-natural gas be
taken as a function of temperature, pressure and compositiqn, data were
taken at temperatures of 70°F., 80°F., and 90°F.; at pressures vary-

ing from 500 to 2500 pounds per square inch absolute; at glycol concen-

trations of 95, 98, and essentially 100 per cent by weight. Tables 7, 8,
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TABLE 6
VARIATION OF THERMISTOR CIRCUIT RESISTANC]E RATIO
WITH WATER CONTENT OF NATURAL GAS
Gas rate: 2.0 fts/hr.

First Calibration

Resistance Water Content
Ratio Ibs/MMSCF#*
0.8343 0
0.8316 1.20
0.8302 2.29
0. 8285 3.55
0. 8254 4,35
0.8237 : 5.93
) 0.8226 7.09
0.8062 15.7

Second Calibration

Resistance ' Water Content
Ratio . 1bs/MMSCF*
0.83757 0
0. 82872 B 6.70

+ Plotted in Figure 9.

% Pounds per million standard cubic feet of gas measured at 14.7
lbs. per sq. in. absolute, 60°F.
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and 9 show the water contents of natural gas dehydrated by diethylene
glycol. Water contents §vere measured by the thermistor bridge circuit.
Tables 10 and 11 show the water content of natural gas dehydrated by
essentially 100 per cent triethylene glycol. The water content data in
Table 10 were measured by the Karl Fischer method while those of
Table 11 were determined by the thermistor bridge circuit. Comparison
of these two tables indigates substantial discrepancy. The inconsistendy
of the Karl Fischer data in this low concentration range led to abandon-
ment of this method for water vapor determinations in the gaseous
phase. Tables 12 and 13 show the water contents of natural gas dehy-
drated with lesser concentrations of triethylene glycol, water contents
being measured by the thermistor bridge circuit. Table 14 shows the
"check'points" of the water contents of natural gas dehydrated with
"Dicol" and hexylene glycol. These water contents were also determingd

by use of the thermistor bridge circuit.
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TABLE 7

WATER CONTENTS OF NATURAL GAS DEHYDRATED
BY 99.8 PER CENT BY WEIGHT DIETHYLENE GLYCOL®

Water contents measured by thermistor bridge circuit

Temperature Pressure, Water Content,

'Run No. 33 Psia.¥ 1Ibs/MMSCF*

40 70 2525 1.33

51 70 2035 2,52

41 70 1525 3.33

52 70 1020 0.90

42 70 535 1.83

45 80 2515 1.72

50 80 2015 0

43 80 1590 1.34 -

49 80 1030 0.63

44 ' 80 550 2,62

48 . 90 2515 1.05

46 90 1565 0.73

47 , : 90 510 2,08

+ Plotted in Figure 10,
% Pounds per square inch absolute.

* Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq. in. absolute, 60°F, '
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TABLE 8

WATER CONTENTS OF NATURAL GAS DEHYDRATED

BY 98 PER CENT BY WEIGHT DIETHYLENE GLYCOL"
Water contents measured by thermistor bridge circuit

' Temperature Pressure, Water Content,
Run No. ' °F Psia® Ibs/MMSC F*
73 70 2535 1.00
108 70 2415 0.40
74 70 2065 2.00
109 70 1985 0.80
110 : 70 1565 0.90
75 70 1525 - 2.83
76 70 1025 S 2.15
111 70 1015 1.20
112 70 545 1.00
77 70 510 3.55
102 80 2535 0.20
68 80 2535 2.48
69 80 2065 2.50
103 80 1845 2.60
104 ' 80 1605 1.10
70 80 1565 2.55
105 80 1065 1.40
71 80 990 3.80
107 80 515 2.45
72 : 80 510 3.33
106 80 : 505 2.05
78 90 2540 0.20
79 90 2090 2.15
80 90 1565 2.40
81 90 1135 2.43
82 ‘ : 90 515 6.80
+ Plotted in Figure 11.

* Pounds per square inch absolute.
* Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq. in., 60°F.
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-TABLE 9

WATER CONTENTS OF NATURAL GAS DEHYDRATED
BY 95 PER CENT BY WEIGHT DIETHYLENE GLYCOL"

Water contents measured by thermistor bridge circuit

Temperature, Pressure, Water Content,
‘Run No. °F Psia.* 1bs/MMSCF*
63 80 S 2505 2.27
64 80 2040 2.85
65 80 - 1545 4.63
66 80 ' 1015 : 5.66
67 80 490 9.35

+ Plotted in Figure 12.
* Pounds per square inch absolute.

* Pounds per million standard cubic feet of gas at 14. 7 lbs. per
sq. in. absolute, 60°F.
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TABLE 10

WATER CONTENTS OF NATURAL GAS DEHYDRATED
BY ESSENTIALLY 100 PER CENT TRIETHYLENE cLycoL'

Water contents measured by Karl Fischer reagent

Temperature Pressure, Water Content,

Run No. °F Psia.* 1bs/MMSC F*
23 70 535 3.59
24 70 : 1075 1.79
26 70 1515 1.71
20 80 505 2.76
19 80 515 4,42
18 - 80 520 2.30
15 , 80 1020 ‘ 3.09
21 80 1025 2.12
16 , 80 1507 . 1.84
17 80 2055 1.56
22 80 2315 1.88
25 90 545 3.32
28 ' 90 ' 1055 - 3.96
27 90 1575 1.82

+ These data are not plotted, but are presented only for comparison
with the data of Table 11.

¥ Pounds per square inch absolute.

¥ Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq. in. absolute, 60°F.
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TABLE 11

WATER CONTENT OF NATURAL GAS DEHYDRATED .
BY ESSENTIALLY 100 PER CENT TRIETHYLENE GLYCOL

Water contents measured by thermistor bridge circuit

Temperature, Pressure, Water Content,
Run No. °F. Psia® lbs/MMSC F*
31 : 70 2545 1.32
30 70 2035 0.32
29 70 1555 0.00
32 70 1090 1 0.87
33 70 515 0.73
34 80 2515 1.22
35 80 1540 0.93
36 80 540 2.10
37 90 2565 0. 60
38 90. 1540 1.25
39 90 o 565 1.056

+ Plotted in Figure 13.
% Pounds per square inch absolute.

* Pounds per million standard cubic feet of gas at 14.7 1lbs. per
sq. in. absolute, 60°F.




o B s T R S I e L P A ST oS

57

TABLE 12

WATER CONTENT OF NATURAL GAS DEHYDRATED +
BY 98 PER CENT BY WEIGHT TRIETHYLENE GLYCOL

Water contents measured by thermistor bridge circuit

Temperature,

Run No. °F.
88 70
89 70
90 70
91 70
92 70
53 80
54 80
55 80
56 80
57 80
83 90
84 90
85 90

" 86 90
87 90

Plotted in Figure 14.

in. absolute, 60°F.

Pressure,

Psia*

2545
2085
1420
1015

505

2515
2015
1535
990
455

2536
2055
1565
1005

515

Pounds per square inch absolute.

Water Content,
1bs/MMSC F*

1.05
1.00
2.75
2.50
2,70

0.87
1.20
0.90
1.73
4.35

2.27
3.33
2.00
2.05
4.17

Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq.
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TABLE 13

WATER CONTENT OF NATURAL GAS DEHYDRATED
BY 95 PER CENT BY WEIGHT TRIETHYLENE GLYCOL®

Water contents measured by thermistor bridge circuit

Temperature,

Run No. °F.
93 70

- 94 70
95 70
96 70
97 70
58 80
59 80
60 80
61 80
62 80

Plotted in Figure 15.

sq. in. absolute, 60°F.

Pressure,
Psia.®

Pounds per square inch absolute.

2535
2040
1600
1015

435

2525
2095
1515

1015

485

Water Content,
1bs/MMSC F*

2.35
3.10
2.17

' 3.60
6. 45

1.85
2. 80
3.50
4,12
7.85

Pounds per million standard cubic feet of gas at 14.7 1bs. per
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TABLE 14

WATER CONTENT OF NATURAL GAS DEHYDRATED
BY "DICOL" AND HEXYLENE GLYCOLY

Water contents measured by thermistor bridge circuit

+ These data are not plotted.
* Pounds per square inch absolute.

*¥ Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq. in. absolute, 60°F.

Glycol - Water
Run Concentration Temperature Pressure Content,
No. Glycol weight % °F. Psia® 1bs/MMSCE*
100 "Dicol" 95 80 1006 3.27
99 "Dicol" 100 70 555 2.00
98 "Dicol" 100 70 1040 2.31
101 Hexylene 100 70 2415 2.08




CHAPTER VI
ANALYSIS OF DATA

It is the purpose of this section to show graphically the results
of this investigation, to discuss the accuracy of the results, to describ
in detail the method used in correlzting the data, and to compare the

experimental data with that of other investigators. |

Accuracy of Data

The accuracy of the data presented will be discussed separately,
for the three distinct phases of this investigation. They are as follows
(1) determination of the zero water content point of the water measurin

instrument; (2) calibration of the water measuring instrument; and (3)

aqﬁeous glycol solutions.,

To determine the zero water content reading of the water measu
ing instrument a dry gas was prepared by passing the gas through a
phosphorous pentoxide or an anhydrous magnesium perchlorate drying
tube or through the tubes connected in series with the p.hosphorous
pentoxide tube in final position in the drying train. Since the residual
~water—content-of-gases-dehydrated by eittheranhydrousmmagnesiom———
60

[

[41%4

measurements of the equilibrium water contents of gases dehydrated by

r-



61

7 .

per~chlorate‘5 or phosphorous pentoxidezo is less than 0.1 pound per
million standard cubic feet, a gas of essentially zero water content was
so prepared and used in the determination of the resistance readings
corresponding to zero water content.

In observing the resistance readings corresponding to zero wate
content, resistances were read to the nearest 0.1 ohm. If an error of
fO. 1 ohm is permissible in the measurements of the two resisfé.nces,
then the error in water content. measurement would be less than 0.2
pounds per million standard cubic feet.

The resistance ratios corresponding to zero water content given
in Table 5 wére taken over é. period of several weeks and at times durin
which the variation in room temperature did not exceed 1°F. per hour.
These values were then averaged to give a value of the resistance ratio
éf 0.83757 with an average deviation of 0. 00087. Inspection of the data
presented in Figure 9 reveals that the average deviation represents an
error of approximately fO. 66 pounds per million standard cubic feet in
the water content measurement.

'I;he rra.tio of the fesistances of the two thermistors used in the
water measuring instrument was not affected by temperatﬁre changes

over a wide range so long as both thermistors were at the same temper

thermistors at any instant caused a great variation in the resistance rat

ature. However, a very slight difference in the temperatures of the two

g

i0

3 It is heli ] that di | lighi I air drafts in the lal _
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tory caused sufficient variation of the temperatures of the two thermistors
to account for the error of T0.66 pounds per million standard cubic fee
cited above.

Harris and Nash?0 report the effect of variable gas composition
on water content measurements to be negligible at the low ’Qater contents
employed in this investigation; Harris and Nash also report that varying
gas flow through the water measuring apparatus has negligible effect
when rates are held constant within '_*_' 10 per .cent.

Since the wet test meter used with this apparatus had an error of
less than one per cent, as determined by calibration at the rates involved,
the accuracy of the water content measurements is not affected by the
gas volume measurements.

In preparing the calibration curve presented in Figure 9, it was
necessary to mix a definite volume of wet gas with dry gas to give a
total flow rate of the mixture of two cubic feet per hour through the
water measurement apparatus. Possible errors in the preparation of
the wet gas were, (1) errors in measuring the temperature and pressure
in the saturator, and (2) errors in measuring the temperature and
pressure in the dew point tester. Since the temperature was maintained
within ¥0.5°F. and the pressure within ¥ 10 pounds per square inch of
the desired values in the saturator, the maximum error in the water

content of the gas would not exceed ¥ 0.4 pounds per million standard
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cubic feet. The temperature of the dew point of the wet gas was deter-
mined within £1.0°F. at 200 pounds per square inch absolute within a
pressure error of ts pounds per square inch, 'I'his corresponds to a
maximum error of 0.5 pounds per million standard cubic feet'in the
determination of the water content by use of the Bureau of Mines dew
point tester.

In mixing the wet and dry gases, two possible sources of error
are (1) errors in measurement of the wet gas through the capillary flow
meter, and (2) errors in measurement of the total gas volume by the

wet test meter. The maximum error obtained from compounding these

error in the water content of *0.40 poundé per million standard cubic
feet. From this it is evident that the error of ¥ 0. 66 pounds per million
standard cubic feet in the zero water content determination is still the
maximum of all errors discussed to this point.
In the measuring the equilibrium water contents of gases dehydra
by aqueous glycol solutions, the possible;errors.are (1)'errors in measy
ing the temperature and pressure of the equilibrium mixture,A (2) errors
in determination of the concentration of the glycol solutions, and (3)
errors due to faulty technique in analysis of the water content of gases.
Inspection of the experimental data presented in Figures 10 to

15 inclusive, shows that temperature and pressure errors would have

with the maximum error in the water content of the wet gas, gave a total

ited

T -

B#tl&eﬁfeé#wer—a—re&aﬁvely-w%&e%&ngﬁ%eth—tﬂnpmtﬂm&peﬁm- e.



WATER CONTENT OF NATURAL GAS

LBS. PER MMSCF AT 14.7 PSIA, 60°F

20
i A
—— ¥IRST CALIBRATION
.
- . ——— SECOND CALIBRATION
4 AN
\\
n
12 \\
0 N
ol
0] .
6 - . O\\ ’
\0\ A
4 ‘ T f \o\ <
_ _ N
o _ &\9 N
N
0 I~ D

806 808 8I0 812 8i4 8ie 818 820 822 824 826 828 830 832

.4 ) 3
RESISTANCE RATIO X 10

FIGURE 9. GRAPH OF CALIBRATION DATA FOR THERMI
BRIDGE CIRCUIT '

4 83?933

STOR

¥9




65

Inspection of Figures 16 and 17 shows that an error of ¥ 0.5 weight per
cent in the concentration of the aqueous glycol, solutions is, with one
exception, within the experimental error of 0,66 pounds per million
staﬁdard cubic feet, An error of 10.5 weight per cent in the concentra-

tion of 95 per cent diethylene glycol at 500 pounds per square inch absol

feet in the water content of natural gas in contact with the solution.

All errors discussed up to this point, with the single exception

million standard cubic feet. If there were no other sources of error, t
the average error in experimental data should fall within the limits of

accuracy of the instrument. However, there ?s one other source of errg
which somutimes caused the eror in experimental data to exceed that of
the instrument. This was caused by dehydration of droplets of glycol

solution sprayed into the sampling line c'onnecting the equilibrium cylind
and the water rfxeasuring instrument. Natural gas in the equilibrium cy;

linder at pressures exceeding 500 pounds per square inch-was dropped

valve. This large pressure drop sometimes caused droplets of glycol
solution to be sprayed from within the ¥alve to the walls of the sampling

line., The very dry, low-pressure natural gas then stripped the water

from the glycol droplets causing a substantially larger water content.to

|

causes an error of approximately 0.9 pounds per million standard cubic

noted above, should fall within the instrument error of ¥ 0. 66 pounds per

to atmospheric pressure in the sampling line by expansion across a needle

ute

en

DT

er

be indicated. This effect was especially pronounced for the 95 per cen
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and 98 per cent glycol solutionﬁ.

The error caused by the droplets of glycol solution was minimiz
by first opening the valve on the equilibrium .cylinder and discharging
the glycol spray to the atmosphere. The valve outlet was then thorouglh
ly dried with a clean cloth and, finally, the sampling line was attached.

In this manner the amount of glycol sprayed into the sample line was

error of ¥ 0.66 pounds per million standard cubic feet.

Correlation of Data

One of the pfincipal objectives of this investigation was to develd

perimental data presented in Tables 7 to 13, inclusive, based on the
thermodynamic approach outlined in Chapter II. It is conceded that thex
may well be other methods for correla.ﬁon of this phase of the problem,
and other methods were investigated. Some of these indicated some
merit. In general, they were more complex, required more data than
were available and promised rather limited usage. The disAcus sion that
fc;llows will point out some of the difficulties encountered in obtaining a
satisfactory empirical correlation.

Attempts were made using Equation (24), written for water as

component 2, thus:

very small, causing negligible errors that did not exceed the instrument

a broad, relatively simple and generally applicable correlation of the ex

L

3

P




67

to correlate the experimental data. Experimental valuesi0> 12

of Yo
and X,, mole fractions water ip the vapor and liquid phases, respective
ly, obtained at constant temperature a.pd glycol cpncentra:tion but at
varying pressures, Werel substituted into Equation (24) together with val
of K, calculated from Equation (18). It was thought that the values of
BZYZ obtained could be constant at all pressures under the conditions
of constant terﬁperature and glycol concentration. Results indicated

that Bzy 5 calculated in this manner was primarily a function of pressur

and relatively independent of temperature and glycol concentration. Th

variation of the B.Zy 5 values with pressure was as great as the variation

in the water content fieterminé.tions, so values of Bzy 5 obtained in this
manner were of no use in correlating the data.

In an attempt to devise a correlation method that would work, a
study was made on the méthane -water system in equililrium at various

temperatures‘ and pressures. Good experimental data(23 27) were

available on this system, and it was hoped that a method could be devel-

op‘ed from this study which could be extended to the methane-water-glyc

system.

Application of Thermodynamic Equa.ﬁons to the Methane-Water System

ues

[

Equation (24) can be written for methane as compoﬁent 1,

Vm(-ﬂ- "P],)
RT
e
y B,v,P,(¢) :
YL_ 1 -Erfl_.l]\'El =B1Y1K1 (25)
1 PA Y Vll.n, P SR

S
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At equiilibrium the following are trﬁe:
%, +x,=1.0 (26)
vy ty,=1.0 (27)
In addition, let it be required without explanation until later that the

following is true:

Y, tv,=1.0 (28)
Equations (24), (25), (26), (27) and (28) are five indépendént equations
with six unknowns in x, y, and y; so a solution for any single unknown
is impossible. However, v'alues of Y, in terms of Xy and X, can be ob-

tained by eliminating AR E and y, to give:

B.x,K;, -1
Y, = ByxK, 1711 . (29)

If the temperature and pressure of the methane-water system are fixed,

of Equation (18), values of the vaporization constants K1 and K2 were

calculated for both methane and water at various temperatures and
pressures. The use of Equation (18) for methane systems at room temp
eratures required the vapor pressure énd molal volume of liquid methan
above its critical temperature. Equation (20) was used in the following
form to estimate the vapor- pressure of the methane:

2
log p = -2:3383 -20(T )

+ 6.8800 - e
10 T

(30)

where:

then values of Kl and K, can be determined from Equation (18). By means

1€
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P vapor pressure in millimeters of Mercury

T.= reduced temperature

The vapor pressure of water was ’take'n from experimental data. 28

The molal volumes of pﬁre liquid methane and pure water were
obtained from Equa.t'ion (19) where the value of (V®W), which is a char-
acteristic constant for each component, was established from a single
molal volume measurement, Z’ and the corresponding value of (2, an
éxpansion factor, which is expressed by Wa.tson‘?‘9 as a function of re~
duced temperature and pressure.

It was found by trial and error that if values of Yoo K1 and K2

obtained at any temperature and pressure were substituted into Equation

(29), and B_x

,%, Was arbitrarily assigned a value of 1.0, then the calcu-

lated values of Byx, were constant, and approximately equal to the re-
ciprocal of the fugacity coefficient of liquid methane, (1)1)P1 determined
at the temperature of the system. Use was made of the information thu 5
obtained to calculate values of y, at any other 'temperature and pressure.
For example, values of K; and K, are determined for methane and water
at any temperature and preséure. These values of Kl and KZ’ together
with the values Box, = 1 and B x, = Z-DIITP— are substituted into
Equation (29), and the value of Y, is calculatéd. This term is simply

converted into water contents in pounds per million standard cubic feet.

W

Using the method described above, the water contents of methans

‘gas-at-saturation-at-various—temperatures-and-pressures-were—calculated.
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Table 15 shows a comparison. of calculated water contents with experi-

2

[e8)

mental values. Column 3 of this table shows the experimental values,
and column 4 shows the calculated values based on the assumption that
Byx; = 1.0 and B, x, = . Itis seen by comparing the values in

1 o,

these two columns that the agreement is reasonably good over the temp

erature and pressure range involved.

The requirement of Equation (28) that the sum of Y, and Y, equals
unity is an unusual requirement for activity coefficients. It is probable
that y 1 T vy are eqﬁal to a constant which is near unity in value. Any |

difference from unity is absorbed into Bx which in reality is an empini-

1
cal factor.

The importance of the term Y, for calculating the mole fraction
water in the vapor phase can be seen from an inspection of Table 16 in
which the value of each term of Equation (24) ¥5 = BZXZKZY 2» is shown
for the methane-water system at 80°F. at pressures from 14. 7 to 3000
pounds per square inch absolute.

The values of ,‘5&2 in Table 16 were calculated from experimental
data. 23 The values of KZ’ vaporization constant fqr water, were cal-
culated at 80°F. and the appropriate presksure by means of Equation (18).

1
The value of Byx, was assumed equal to 1.0, and the value of B x, =w;yp .

The values of Y, were then calculated by simultaneous solution of

Equations (24), (25), (27) and (28).
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TABLE 15

COMPARISON OF CALCULATED WATER CONTENTS OF METHA
GAS AT SATURATION WITH EXPERIMENTAL WATER CONTENTS

Calculated
Water Content;
Experimental B.x. =
Pressure Temperature, Water Content, 171 iz/li
L%
Psian °F. 1bs/MMSCF* Ibs/MMSCF& !
14.7 70 1190 1193
100 70 178 177
300 70 65 62.7
500 70 42.5 40.0
1000 70 24,7 24.8
1500 70 19.0 19.6
2000 70 15. 8 16.8
2500 70 14.3 ' 14.7
3000 70 13.0 . 13.2
14.7 80 1670 1680
100 80 242 248
300 80 - 89.0 87.6
500 80 58.0 - 55.6
1000 80 34.0 ' 34.3
11500 80 26.0 26.9
2000 80 21.4 22.9
2500 80 19.8 20.0
3000 80 18.0 18.0
14.7 90 - 2330 2355
100 90 335 343
300 90 122 o 120
500 90 ‘ 79.0 76.4
1000 90 46.0 46.9
1500 90 35.0 . 36.4
2000 90 29.0 30.9
2500 90 26.5 27. 1.
3000 90 24.3 24. 4

# Pounds per square inch absolute.

* Pounds per million standard cubic feet of gas at 14. 7'1bs. per
sq. in. absolute, 60°F.
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It is evident from an inspection of Column 5 of Table 16 that the
variation of y 5 is an important factor to be considered in Equation (24).
If the value of Yo did not decrease with increasing pressure, the value
of BZXZ would not be a constant, but would have to decrease with in-
creasing pressure. It is evident, therefore, that y 1 and Y, are relating
activities to mole fractions, and so are activity coefficients. The re-
quirement that Yy ty,= 1.0 is a special solution for this particular
system, and is not to be considered a general requirement for activity
coefficients. : .

Application of Thermodynamic Equations to the
Methane-Water -Glycol System —

A strict application of this approach to the methane-water -glycol
system requires the addition of terms to indicate the presence of glycol
in the system. An equation similar to Equation (24) can be written for

glycol as component 3:

¥3

x, - D3vsKs (31)
where the terms have the same significance for glycol as the correspond-
ing terms in Equation (24) have for water.

At equilibrium the following are true,

X +x, +x3 = 1 (32)

1l

yityatvyz = 1 (33)

In addition, again let it be required that the following is also true,
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TABLE 16

VARIATIONS IN THE TERMS OF EQUATION (24), y, = B,x,KyY 5,
FOR THE METHANE-WATER SYSTEM WITH PRESSURE AT 80°F.

Pressure, Mole Fraction, Empirical Vaporization Activity

Psia.* yle 03 Factor, Constant, Coefficient,
B,x, K,x103 Y,

14.7 3.52 1.00 34.45 1.02
500 : 1.22 1. 00 1.410 0. 865
1000- 0.716 1.00 1. 035 0. 692
1500 0.547 1.00 0.9575 0.571
2000 0.451 1.00 0.933 0.483
2500 0.417 | 1.00 0.930 0. 449
3000 0.379 1.00 0.9425 0.402

% Pounds per square inch absolute.
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YitYytysy =1 ' (34)
Equations (24), (25), (31), (32), (33) and (34) are six equations

with nine unknowns, excluding B BZ’ and B3, so that a simultaneous

1’
solution:for any single unknown is impossible. The three-component,
two-phase, methane-water-glycol system can be thermodynamically
fixed at equilibrium by setting the temperature, pressure and composit
of the system. Then the values of Kl; K,, and K3‘.can be calculated;
and values of X1, Xy, X3, and yj are approximatély‘known. This reduc
the number of equations and number of unknowns, but a simultaneous
solution for Vy: mole fraction water in the vapor phase, is gtill imposs;]
Therefore, certain simplifying assumptions are necessary before the
method of calcul;.tion of equilibrium water contents for the methane-
water system can be used for the methane-water-glycol system.

12

Experimental data™™ indicate that the mole fraction of triethylen

glycol in the vapor phase is of the order of 1 X 10-6. The mole fractior

6

water vapor ih most cases is greater than 20 X 10™°, which correspond
to 1.0 pounds per million standard cubic feet. No experimental data ar
available for diethylene glycol in the vapor phase, but the mole fraction
should be of the same order of magnitude as that of triethylene glycol.

Because of the small amount of glycol present in the vapor phase relatiy

to the amount of water in the vapor phase the mole fraction, V3 of

glycol in the vapor phase can be considered negligible. Then Equation

1011

ible.

e

}

-~

~]
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(33) would read,
¥y ty, = 1.0 (35)
In Equation (22) Y, was defined to be an activity coefficient whiqh
took into account ‘c'leviation‘s from the laws of ideal solutions resulting
from differences in molecular sizes or volatilities. The value of y 2
should then be proportional to the partial pressure of component 2 in
the mixtures. Then the values Y, and Y, in Equation (34) should be
proportional to the respective partial pressures of water and glycol in
the equilibrium mixture. In other words, Y, and vy 3 should bear a
definite ratio to each other depending on the relative amounts of water
and glycol and their relative pressures. If this can be assumed true,
then y ) and Y, could be replaced by y} in Equation (34) which would
then read,
Y FYy = L0 (36)
‘The solukility of methane in aqueous glycol solutions is compar ;-

10, 12

able to that of methane in water , 50 that the values of B_x_. for

171
methane should not differ greatly in water and glycol solutions. Hence

1
al fB = d for th th -water syst hould be
values o lxl (7715;-1 used for the methane-water system shou

applicable to the methane-water-glycol system.
Applying the considerations given above, which are equivalent

to assuming that the ternary system is a binary one, the following e-

quations remain:




vy = ByxKyyy o (25)
Y2 = Byx,Kov) (24)
v1 + y2 = 1 ' (35)
yl+y'2 = 1 (3’6)
Xt Xy Xy = 1 l(32)

| These equations can be solved simultaneously, eliminating 2R ET and

y'z, to give:
| 1 - Byx K|
= B K 1711
Y2 T P2t [ Box,K, - Byx,K]

(37)

This is the same as Equation (29) for the methane-water system. Fix-
ing the temperature, pressure, and composition of the methane -water-
glycol system will determine the values of yz» K, and K,, and if B;x;
is taken to be (”—15; for the met,hane‘-wa.ter system, then only Bzx2 1§
unknown.

Water content measurements were made on natural gas dehydrated
by 95, 98 and essentially 100 per cent by weight solutions of diethylene
and triethylene glycols at temperatures of 70°F., 80°F., and 90°F.,
at pressures varying from 500 to 2500 pounds per square inch absolute.
These water contents were converted into mole fractions to give the
values of Y, required in E'qua.tion (37). Values of K1 and K2 were cal-

culated for methane and water at the temperature and pressure of the

x, was arbitrarily taken to be the same as that

system. The value of B1 1

determined for the methane-water system at the same temperature; i. e},




7

3

Byx, = Values of B were then calculated. It was found that,

I
for the methane-water-glycol system, B,x, behaved just as it did for
the methane-water system; that is, independent of preséure and pr.ima.r ily
a function of glycol concentration and system temperature.

The calculated values of B 2%s for 99.8 per cent diethylene and
| 100 per cent triethylene glycols are shown in Tables 17 and 18, together
with values of B,x, obtained for the other glycols. Inspection of the
calculated values of Bzx2 for 99. 8 per cent diethylene and essentially
100 per cent triethylene glycol reveals quite a great variation in the,
terms. But an average value obtained for essentially 100 per cent
glycols, from a summation of all the terms except those specifically
listed, bad an average deviation of only 50 per cent. This large error
is not unexpected, however, because of the extremely léw water contents
measured, and because of the accuracy limits of the instrument. It
must be remembered that the water contents in these cases were of the
order of 1.0 pounds per million standard cubic feet, and that the accuracy
of the measuring instrument is no greater than 10. éé pounds per million
standard cubic feet. Also, it should ble‘ noted that the average value of
Bzx2 was obtained by including all data obtained at the three temperatures
of 70°F., 80°F., a.nd 90°F.

The average value of B,x obtained for each glycol was used,

2

together with values of K, and K, determined at 80°F. and at pressures

1
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varying from 500 to 3000 pounds per square inch absolute, in Equation
(37) to calculate values of Yo which were then converted into equivalent |
water contents in pounds per million standard cubic feet. The water

contents were then plotted on Figures 10 and 13 for diethylene and tri-

ethylene glycols, respectively. These water contents are represented |

by the solid black lines. Inspection reveals that this curve does repre
sent the majority of the data points. It is evi‘dent also that the effect of
temperature is not exﬁibited. It should be noted that the radii of the
plotted data points correspond to. the instrument error :of, t0. 66 pounds
per million standard cubi-c feet of gas. |

.The procedure given above was repeated for the 98 per cent by
weight glycol solutions. In this case it is plainly seen that the values of
B,x, are more nearly constant with an average deviation gf less than
32 per cent in the case of triethylene glycol, and less than 45 per cent
in the case of diethylene glycol. Water content measurements are still
low, and the accuracy limits of the instrument is still a large fraction
of the amount .of water measured. Again the average value of Bzx2
obtained by averaging all 98 per cent glycol data at all temperatures for]
each glycol was substituted into Equation (37) together with values of
Kl and K, determined at 80°F, and pressures varying from 500 to 3000
pounds per square inch absolute. The calculated values of y, were cons

verted into their equivalent water contents in pounds per million standard
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CALCULATED VALUES OF B,x;, EMPIRICAL FACTOR,
FOR AQUEOUS SOLUTIONS OF DIETHYLENE GLYCOL

TABLE 17

AT HIGH PRESSURES

99. 8 per cent by weight Diethylene Glycol

of Bzxz.

Temperature, Pressure, W ter Content Average
Run No. °F. Psia¥ Ibs/MMSCF#* B,x, deviation
40 70 2525 1.33 0.0905 0.0478
51+ 70 2035 2.52 0.1540 -
41 + 70 1525 3.33 0.1726 .-
52 70 1020 0.90 0.0369 0.0058
42 70 535 1.83 0.0487 0.0050
45 80 2515 1.72 0.0861 0.0434
50 80 2015 0 0 0. 0427
43 80 1590 1.34 0.0514 0.0087
49 80 1030 0.63 0.0188 0.0239
44 80 550 2,62 0.0508 0.0081
48 90 2515 1.05 0.0390 0.0037
46 90 1565 0.73 0.0204 0.0223
47 90" 510 2.08 0.0274 10,0153
 Average 0.0427 0.0206
¥ Pounds per square inch absolute.
* Pounds per million standard cubic feet of gas at 14.7 lbs. per
sq. in. absolute, and 60°F.
+ Runs No. 51 and 41 were omitted in calculating the average value
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Table 17 - Continued

98 per cent by weight Diethylene Glycol

0.0679

Temperature, Pressure, Water Content Average |
Run No. °F. Psia.  1bs/MMSCF Bjx, deviation
73 70 2535 1.00 0.0687 0.0008
108 70 2415 0. 40 0.0267 0.0412
74 70 2065 2.00 0.1233 0.0554
109 70 1985 0.80 0.0482 0.0197
110 70 1565 0.90 0.0472 0. 0207
75 70 1525 2.83 0. 1462 0.0783
76 70 1025 2.15 0.0883 0.0204
111 70 1015 1.20 0.0492 0.0187
112 70 545 1.00 0.0269 0.0410
77 70 510 3.55 0.0916 0. 0237
102 80 2535 0.20 0.0136  0.0543
68 80 2535 ©2.48 0.1243 0.0564
69 80 2065 2,50 0.1126  0.0447
104 80 1605 1.10 0.0424 0. 0255
70 80 1565 2.55 0.0966 0.0287
105 80 1065 1.40 0.0424 0.0255
71 80 990 3.80 0.1110 0.0431
107 80 515 2.45 0. 0454 0. 0225
72 80 510 3.33 0.0610 0. 0069
106 80 505 2.05 0.0372 0. 0307
78 90 2540 0.20 0.0072 0.0607
79 90 2090 2,15 0.0719 0. 0040
80 90 1565 2.40 0.0673 0.0006
81 90 1135 2.43 0.0564 0.0115
82 90 515 6.8¢C 0.0912 0.0233
Average 0

. 0303
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Table 17 - Continued

95 per cent by weight Diethylene Glycol

Temperature, Pressure, Water Content Average

Run No. °F. Psia. Ibs/MMSCF  B,x, deviation
63 80 2505 2.27 0.1133 0. 0363

64 80 2040 2.85 0.1272 0.0224

65 80 1545 4.63 0.1750 0.0254

66 80 1015 5.66 0.1673 0.0177

67 80 490 9.35 0.1652 0.0156
Average 0.1496 0.0235'
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TABLE 18

CALCULATED VALUES OF B,x;, EMPIRICAL FACTOR;
FOR AQUEOUS SOLUTIONS OF TRIETHYLENE GLYCOL
AT HIGH PRESSURES

100 per cent Triethylene Glycol

Temperature, Pressure, Water Content Average
Run No. °F. Psia} lbs/MMSCF* B,x, deviation
31 70 2545 1.32 0.0903 0.0564
30 70 2035 0.32 0.0195 0.0144
29 70 1555 0 0 0.0339
32 70 1090 0. 87 0.0357 0.0018
33 70 515 0.73 0.0190 0.0149
34 80 2515 1.22 0.0613 0.0274
35 80 1540 0.93 0.0350 0.0011
36 80 540 2.10 0.0403 0.0064
37 90 2565 0. 60 0.0224 0.0115
38 90 1540 1.25 0.0346 0.0007
39 90 565 1.05 0.0151 0.0188
Average . 0.0339 0.0170
98 per cent by weight Triethylene Glycol
Temperature, Pressure, Water Content Average
Run No., °F. Psia® lbs/MMSCF B,x; deviation
88 70 2545 1.05 0.0722 '0.0107
-89 70 2085 1.00 0.0618 0.0003 ’
90 70 1555 2.75 0.0144 0.0471.
91 70 1015 2.50 0.1022 0.0407
92 70 . 505 2.70 0.0681 0.0066
* Potnds per square inch absolute.

* Pounds per million standard cubic feet of gas at 14,7 lbs. per

square-inch-absolute;—660°F;
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Table 18 - Continued

98 per cent by weight Triethylene Glycol - Continued

Temperature, Pressure Water Content Average

Run No. °F. Psia. lbs/MMSCF  B,x, deviation
53 80 2515 0.87 0.0437  0.0178
54 80 2015 1.20 0.0529 . 0.0086
55 80 1535 0.90 0.0337 0.0278
56 80 990 1.73 0.0505 0.0110
57 80 455 4,35 0.0722 0.0107
83 90 2536 2,27 0.0849 0. 0234
84 90 2055 3.33 0.1102 0. 0487
85 90 1565 2.00 0.0563 0. 0052
86 90 1005 2.05 0.0441 0.0174
87 . 90 515 4.17 0.0558 0. 0057
Average 0.0615 0.0188

95 per cent by weight Triethylene Glycol

Temperature, Pressure, Water Content Average
Run No. °F. Psia. Ibs/MMSCF  Bpx, deviation
93 70 2535 2.35 0.1617 0. 0094
94 70 2040 3.10 0.1900 0.0377
95 70 1600 2.17 0.1158 0. 0365

96 70 1015 3.60 0.1472 0.0051
97 70 435 6.45 0.1470 0.0053
Average 0.1523 0.0188
58 80 2525 1.85 0.0927 0. 0296
59 ~ 80 2095 2.80 0.1273 0. 0050
60 80 1515 3.50 0.1310 0.0087
61 80 1015 4.12 0.1223  0.0000
62 80 485 7.85 0.1380 0.0157
Average 0,1223 0.0118
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cubic feet a.nz plotted in Figures 11 and 14 for diethyleﬁe and triethylene
glycols, respe;:tively. The solid curves obtained by joining these calcus:
lated points does properly represent the majority of the data points within
the accuracy of the instrument. Again the effect of temperature is not

ie'viden’c.

| The procedure was repeated for the 95 per cent by weight glycols,

|
;and best results were obtained from these data. The average deviation

;in B,x, for diethylene glycol is less than 16 per cent, and for triethylene
i .
t

iglycol it is less than 12 per cent. This is due primarily to the larger

iwater contents being measured. This reduces the effect of the limits of]

ia.'ccuracy of the measuring instrument. The effect of temperature first ‘

‘ .
definitely appears in the data obtained on 95 per cent by weight triethy- '

|
!

ilen.e glycol solutions. An averagé value of Byx,, obtained by a'veraginng :
fithe 70°F. a.nd 80°F., data, when used with values of K1 and K2 determinfed
Eat 70°F. and 80°F., did not give a satisfactory curve for either temperé—
Eature data points. Hence it was necessafy to determine an average valule
',ot"Bzx2 for each temperature, and use it v-vith K1 and Kz determined at
fhe same temperature. As is expected, the 80°F. c.urve is slightly highi-
:er than the 70°F. curve. |
The water contents calculated by the above procedure at 80°F. f

:for 100 per cent, 98 per cent, and 95 per cent by weight diethylene and .

{riethylene glycol solutions at pressures varying from 500 to 3000 pouncis
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per square inch absolute are presented in Table 19. It is believed that

ed for gases of similar composition to that used in this investigation.
Gases greatly different in composition would require more experimental
data. While theée values are for 80°F., they are satisfactory for use
over the temperature range of 70°F. to 90°F.

Figures 16 and 17 are cross plots of the experimental data pre

sented in Figures 10 to 15, inclusive. These figures make it possible
to predict water contents at intermediate glycol concentrations. The
term 100 per cent glycol is used to represent commercial glycol of
0.2 per cent maximum water content.

Figure 18 is a comparison of the 80°F. data obtained in this

8., These data compa.ré :

investigation with the data of Ru.sseil7 and Porter
reasonably well up to 1000 pounds per square inch absolute, but the in-
efficiency of the dynamic apparatus used by these investigators becomes
evident at higher pressures. Fortunately there has been little need for
these data in the higher pressure levels thus far, but the new data pre-
sented-here offer potentially attractive applications in this range. Indi-
cations are that the water contents will approach zero concentration at
the higher pressures using the more concentrated glycol solutions.

Investigation of ""Dicol'" and hexylene glycol revealed that, while

they showed dehydrating potentialities, there are other considerations such

‘as-vapor-pressure-and-resultant-vapor-losses-which-should-determine—

these values do best represent the experimental data, and are recommend-
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TABLE 19

SMOOTHED VALUES OF THE WATER CONTENTS OF NATURAL GAS
DEHYDRATED WITH DIETHYLENE AND TRIETHYLENE
GLYCOL SOLUTIONS AT 80°F.

Diethylene Glycol Triethylene Glycol
99. 8 per cent by Weight 100 per cent by Weight
Pljessure, Water Content, Pressure, Water Content,
Psia¥ 1bs/MMSCF#* Psia¥® 1bs/MMSC F*
500 2,37 " 500 .88
1000 - 1.46 o 1000 1.16
1500 1.15 1500 0.91
2000 0.97 2000 0,77
2500 0.85 2500 0.68
3000 0.77 ‘ 3000 0.61
98 per cent by Weight 98 per cent by Weight
500 3.76 500 3.41
1000 2.32 1000 2.10
1500 1.83 1500 1.66
2000 1.55 2000 1.40
2500 1.36 2500 © 1,23
3000 S 1.22 3000 1.10
95 per cent by Weight ' 95 per cent by Weight
500 8.30 500 6.79
1000 5.12 1000 4.18
1500 4.03 1500 3.29 .
2000 3.42 2000 2.79
2500 2.99 2500 2.45
3000 2.68 3000 2.20
*® Pounds per square inch absolute.
* Pounds per million standard cubic feet of gas at 14.7 1bs. per

sq. in. absolute, 60°F.
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their economic feasibility as commercial dehydrating agents. Since
the vapor pressures of these materials are much higher than those of -
diethylene and triethylene glycol, little use is expected except where
low cost sources make their use economically feasible.

Prediction of the Extent of Dehydration at High Pressure
" from Low Pressure Data

)

Data24 are availa.ble giving the effect of glycol concentration on
the dew points of natural gas dehydrated at atmospheric pressure with
diethylene and triethylene glycol solutions. These data, shown in Table
20, can be used to pred"ict the extent of dehydration of natural gas at
high pressures. The meéethod used can be described as follows: The
dew points from the above data can be converted into an equivalent water
content in pounds per million standard cubic feet by means of a water

content graph23

. The water content can then be converted into a mole
fraction Y2 of water in the vapor phase. This mole fraction, together
with values of .91 and K, vap!orization constants for methane and water,
can be su';)stituted into Equation (37) leaving only values of B 1% and
Bzx2 unknown. If the values of lel are assumed to be the same as
those determined for the methane-water system, then values of Bzx2
can be calculated. These values of BZXZ can be used with Equation (37)

to calculate the water content of the vapor phase at any other pressure

at the same temperature and glycol concentration.
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Using the method just described, values of B,x, were calculated
at atmospheric pre‘ssure and temperatures of 70, 80 and 90°F. for gly-
col concentrations of 0, 50, 60, 70, 80, 90, 95, and 98 per cent by
\y'ei'ghf diethylene and triethylene glycol. The results are shown in Table
21, it should be noted that BZXZ is primarily a fun.ction of glycol concen-
tration and only slightly influenced by temperature over the témpera.ture
range investigated.

The values of Bzx2 obtained for 95 per cent and 98 pe1; cent
diethlylene and triethylene glycol solutions at 80°F. were used to calcu-
late the equilibrium water contents of methane gas dehydrated by these
glycol solutions at 80°F. at pressures ranging up to 3000 p;unds per
square inch absolute. The calculated water contents are shown by the
dotted lines of Figures 10 to 15, inclusive. It should be noted that there
is r'ea.sonablj‘r good agreement of calculated water contents with experi-
mental water cogte'nts for diethyiene glycol solutions of all concentrations.
The agreement of calculated and experimental values is good for the 98
iJer cent trietﬁylene glycol solutions, but there is poor agréement for the
95 per cent tri’.ethylene glycol solution. Two different sets of data are
available on the triethylene glycols, and these are not consistent with
each other. The more recent data have been used in predictingdvalues
of B,x, for the triethylene glycols, but the earlier data. give much better

agreement.
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TABLE 20

THE EFFECT OF AQUEOUS SOLUTIONS OF DIETHYLENE AND
TRIETHYLENE GLYCOL ON DEW PQINTS OF NATURAL GAS
AT VARIOUS CONTACT TEMPERATURES 24 AND

ATMOSPHERIC PRESSURE '

Diethylene Glycol

70°F Contact Temp. 80°F Contact Temp. 90°F Contact Temp.

98 5.0 90 13.3 126 21.5 180

Triethylene Glycol

Dew Water Dew Water Dew  Water
Glycol, Point Content, Point Content, Point Content,
weight % °F.  1bs/MMSCF2> °F, 1bs/MMSCF °F. lbs/MMSCF
0 70.0 1190 80.0 1670 90.0 2320
50 63.5 930 73.4 1330 .83.3 1850
60 60. 6 850 70.5 1210 80.3 1700
70 56.8 730 66.5 1020 76.3 1450
80 50.0 580 59.6 820 69. 4 1160
90 37.7 365 47.0 520 56.2 730
95 21.8 187 30.0 265 38.3 370

98 12.5 125 21.0 178 29.3 252

70°F Contact Temp. 80°F Contact Temp. 90°F Contact Temp.
Dew Water Dew  Water Dew  Water
Glycol, Point Content, Point Content, Point Content,
weight % °F. lbs/MMSCFZ> °F. 1lbs/MMSCF °F. lbs/MMSGF
0 T 70,0 1190 80.0 1670 90.0 2320
50 64. 4 970 74.5 1380 84.3 1900
60 62.2 890 72.1 1250 82.0 1780
70 58.5 790 68.3 1140 78.2 1580
80 52.1 620 62.0 890 71.7 1260
90 38.0 370 47.9 540 57.5 770
95 25.5 215 34.5 315 44, 2 460
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TABLE 21

CALCULATED VALUES OF B,x;, EMPIRICAL FACTOR, FOR
AQUEOQOUS SOLUTIONS OF DIETHYLENE AND TRIETHYLENE
GLYCOLS AT ATMOSPHERIC PRESSURE

-

Diethylene Glycol

Glycol Bzx2 at 70°F. BZXZ at 80°F. B.zx2 at 90°F.
|weight %
0 1,017 . 1.017 1.035
50 .0.797 - 0.816 , 0.825
60 0.728 0. 743 0.758
70 0. 626 0.626 0. 646
80 0.497 0.503 0.517
90 0.313 0.319 0.325
95 0.160 0.163 : 0.165
98 0.0772 0..0773 0.0803

Triethylene Glycol

at 90°F.

Gl¥col BZXZ at 70°F. B‘ZXZ at 80°F. B‘ZXZ
weight % >

0 - 1.022 1.026 1.037
50 0.831 0. 848 0.847
60 0.763 0. 767 0.795.
70 0.678 0. 700 0.705
80 0.532 0.546 0.562
90 0.317 - 0,331 0.343
95 0.184 0.194 0.205

98 . 0.107 0.109 0.112
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It should be realized, however, that in the absence of high-
pressure data, low pressure data can be used to predict the equilibrium
water content at any pressure with some degree of assurance.

The Dew Point Method of Predicting the Water Contents
of Gases Dehydrated at Various Pressures

It has been the general practice of eng'iﬁeers who design gas
dehydration equipment to assume that the dew point depression obtained
on Wa.ter‘-saturated gas by the glycols is independent of pressuré. Hence
the dev&_' point depression obtained at one pressure would be the same ob+
tained at any other pressure when using the same concentration of ‘glycol
at the same contact temperature. The vaiidity of this assumption can be
tested by using the dew point depression data?4 obtained at atmospheric
pressure to calculate the equilibrium water contents of natural gas de-
hydrated by the same glycol coﬂcentrations at the same temperature but
at higher pressures. For exé.mple, as shown in Table 20, when Water-

saturated natural gas is contacted at atmospheric pressure and 70°F. by

a 98 per cent by weight diethylene glycol solution, the dew point of the

lga.s is lowered to 5°F. from the initial dew point of 70°F. Thus a 65°F.

]dev.v point depression is obtained. This same 65°F. dew point depression
i

should be obtained at all pressures when using a 98 per cent by weight

lycol solution at 70°F. to dehydrate water-saturated natural gas having

|

%a.n inlet dew point of 70°F.

i
i
!
i
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1

Stating this another way, when water-saturated natural gas at
70°F. is contacteci by a:98 per cent by weight diethylene glycol solution
at 70°F., the éutlet_idew point will be 5°F. at any pressure. It is then
a simple ma.tter to determine the equilibrium water content of the outlet
gas at any pressure by laying a straight-edge along the 5°F. tempera-
ture line on the water content graph,23 and reading the equilibrium watex
content corresponding to any desired pressure directly from the graph.
Values of the water confénts determined by use of the dew point
method are also shown by separate dotted lines on Figures 10 to 15, in-
clusive. It is seen that, in each case, the values of the dew point methad
are higher than experimental values, but it should also be noted that the
dew point values ciosely parallel the experimental values and follow the

same family curves.




CHAPTER VII

DISCUSSION

Apparatus Used for Water Content Measurement

In the initial planning of the research program for the éétermin
ationAof the water contents of natural gas dehydrated by various glycols,
it was decided that water contents were to be measured by adsorption
of the water vapor of natural gas on a solid desiccant and deterrr;ination
of the weight increase per volume of gas passed through the adsorbing
tube. Preliminary calculations indicated that approximately 10 to 30
standard cubic feet of gas would be required to furnish the weight of
water vapor necessary for accuracy in weighing the desiccant tube.

A ccordingly, the equilibrium cell was designed to contain approximately
50 cubic fee!: of gas measured at 80°F. and 14. 7 pounds per square inch

The excess volume of the equilibrium cell would prevent excessive

pressure drops during the taking of samples from the cell.
| During the initial runs attempts were made to adsorb water

vapor on '"Dehydrite', anhydrous magnesium perchlorate, but in using

100 per cent glycols the water content of the dehydrated gas was so low

?:hat there was no detectable weight increase of the desiccant mass. A

102
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more accurate method of measuring water content was sought, and use
of Karl Fischer reagent seemed promising. Attempts to use the Karl
Fischer reagent did not prove satisfactory for gases cdntaining less tha
10 pounds of water vapor per million standard cubic feet so the method
was discarded, and the thermistor brildge circuit adopted.

. The thermistor bridge circuit was first built according to the
description given by Harris and Df;.ashzo, in which only one Whéa.tstone
Bridge circuit was used and both thermistors were in the circuit. This
arrangement, however, was so sensitive that it was impossible to cali-
brate the circuit with sufficient accuracy. It is believed that the wide‘_'
deviations were due to relatively small changes in room temperature
caused by changes in atmospheric conditions, and air drafts in. the lab-
oratory. Attempts were made to change the wiring circuit, but these
were not satisfactory until two Wheatstone Bridge Circuits were built,
with only one thermistor in each circuit. |
A reaction cell similar to that described by Harris and Nash20

was first used. A tube of 1/2-inch inside diameter was recommended

for the calcium hydride chamber, but only one of 3/16-inch diameter

‘shown in Figure 5 was used. The larger volume of the vacuum bottle

served as a mixing chamber to dampen the effects of changes in atmos-

&;her.ic«condii;ions,_andﬁf»r-om—the—calibration—eur-ve—of—Eig»ur£—9—i-sapp aren

was available. Gas velocities through the hydride mass were considered

to be too great for dependable results, so the vacuum bottle arrangement

1t~
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ly satisfactory for use. It also possesses the advantage of being readily
constructed from m'a.tel"ial-s easily obtained from most laboratory stock
|rooms.

Harris and Nash recommended a calcium hydride mass of
approximately one gram. This amount was too small for the equipment
used in this investigation, so a two-inch layer of 4/18 mesh particles
was used instead. The increased amount of calcium hydride used only
requires a longer time to reach temperature equilibrium.

Using the same gas sample, attempts §vere made to study the
effects of varying amounts of calcium hydride used. After thermistor
resistance-ratio readings were constant, more hydride was added or
the whole mass réemoved, screened:and replaced. After closing the
reaction cell the resistance-ratio soon returned to its previous constant

reading.

Saturation of Natural Gas
This investigation ié a study of equilibrium conditions existing
among the componentg natural gas, water, and glycol in a mixture.
Therefore, equilibrium should be attained by an approach from either
direction, that is, by using either a bone-dry or a water-saturated gas
in contact with an aqueous glycol solution. However, in using glycols

of essentially 100 per cent concentration the water content of the glycols

was so low that water-saturated natural gas was used to insure the
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presence of sufficient water for measurement of the water content of
the vapor phase when equilibrium was attained. In all other runs, ex-
cept one, the initial filling of the equilibrium cylinder was made with
water -saturated natural gas for the run at 2500 pounds per squé.re inch,
thus approaching equilibrium from the "wet'" side. Runs at lower press-
ures were obtained by successively dropping the pressure to the desired
value from the higher pressure, thus approaching equilibrium from the
ndry" side.

The single run excepted above was Run No. 107 at 515 pounds
per square inch absolute in which the gas was introduced into the equili-
brium cylinder water-saturated at 80°F. and 515 pounds per square inch
absolute. This run wé.s to determine whether or not the same equilibritm
value would be obtained as was obtained by the pressure drop method.
Since the values obtained by both methods of appréa..ch to equilibrium
agreed within the accuracy of the instrument, it is evident that eithér
method of approach to equilibrium is satisfactory.

Technique of Obtaining Gas Samples from
the Equilibrium Cylinder

\

In taking samples of vapor and liquid phases in equilibrium it
is generally essential that the system temperature and pressure remain
constant while sampling. This is often accomplished by mercury dis-

placement of the same. The large volume of gas samples required in
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this investigation made the use of mercury displacement impractical.

Two equilibrium cylinders, connected by two pipes with valves, were:

decided upon to overcome this difficulty. Only the lower cylinder would

contain glycol, and this could be sealed off from the dehydrated gas in

the upper cylinder by the valves in the connecting pipes. Gas samples

could then be taken from the upper cylinder without effecting the content

of the lower cylinder. Since gas tends to pick up more water as its
pressure declines, it was decided that even though the drop of pressure
in the upper cylinder would tend to give a higher water content than the

equilibrium value, the actual water content would be so low that the

increase would be negligible. Experiment proved this to be true at high

pressures for pressure drops of about 200 pounds per square inch. The

only difficulty was encountered with 95 per cent and 98 per cent glycol

solutions at 500 pounds per square inch. The drop in pressure of 200

pounds per square inch necessary to obtain the resistance reading caused

the water content curve to pasé through a minimum value during the run
This minimum value was chosen as the water content,.

The insertion of the pressure gauge into the equilibrium cylind
er to obtain the preé_sﬁre of the system did introduce some possibility
of error by changing the volume of the éystem, and by introducing some
air and also some water. However, since the outlet into which the

gauge was inserted was also the gas sample outlet any entrapped air anc

S
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water would be immediately dispelled in taking the gas sample. The

change in volume of the system was negligible.




CHAPTER VIII
CONCLUSIONS

The results of this investigation may be summarized as
follows:

1. Smoothed data are presented on the equilibrium water vapor
contents of natural gas dehydrated by diethylene and triethylene glycols
of 95, 98 and essentially 100 per cent by weight concentrations at 80°F.

and at pressﬁres ranging from 500 to 2500 pounds per square inch.

®

2. The water vapor content of gases dehydrated with diethylen
and triethylene glycols decreases with increasing glycol concentration
and increasing‘ pressure within the limits of the investigation cited in
(1) above.

3. Variation in system temperature from 70°F. to 90°F. has
a negligible effect on watér vapor content of the dehydrated gases through-
out the ranges of glycol concentration and pressure investig?.ted.

4, A method is presented whereby the equilibrium water vapor
content of natural gas dehydrated, at constant temperature and at any
pressure, by glycols of known concentration may be estimated from data

obtained at atmospheric pressure.

108
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5. The commonly used but unconfirmed premise that dew
point depression of gases dehydrated by diethylene or triethylene glycols
of known concentration, at a specified temperature, is independent of
system pressure is substantially valid for quick estimating purposes,
though it is probably not sufficiently accurate for precise design of
dehydration facilities. |

6, For precise design purposes, the experimental data, and
the method for estimating equilibrium water vapor coni;,ents of natural
gases of similar composition dehydrated by diethylene or triéthyiene
glycols at intermediate concentrations, pressures and temperatures,
as presented here, are recommended.

7. Hexylene glycol and a poly-glycol mixtqfré known commer -
cially as '""Dicol'' show promise as gas dehydrating media é.nd might be
inve.s1vzigated in greater detail if other economic factors involved in theiz

use should warrant it.




APPENDIX

SAMPLE CALCULATIONS

Prediction of Dehydration at High Pressures from Data
Obtained at LLow Pressures

The sample calculation presented below illustrates the deter -
mination of Bzxz fl;om _a.tmospheriq pressure data, and the use of the
value of B,x, obtained to calculate the water content at a higher pressu
While the example uses atmospheric pressure data, the same procedur
could be used to calculate Bpx, from data obtained at any pressure.

Problem{ The dew point24 of natural gas dehydrated by 95
per cent by weight diethylene glycol at 80°F., 14.7 pounds per sqﬁare
inch absolute, is 30°F. This corresponds to a water content?3 of. 265
pounds per rcillion standard cubic feet at 14. 7 pounds per square inch
absolute, 60°F. Assuming that lel = (71]:)—;-‘1 , determine the value of
Bzxz, and use the vdue to calculate the equilibrium wat'er content of

A natural gas dehydrated by 95 per cent diethylene gly.cbl at 80°F. and
2000 pounds per square inch absolute.
Solution: Assume natural gas to be methane. Then at 14.7

pounds per square inch absolute, and 80°F., by Equations (18), (30),

110
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and (19),

0. 726 (14.7 - 4730)
10.71) (540)

_ 4730 (0.740) e

K== (1.0

= 132.0 (38)

Equations (18) and (19) together with the vapor pressure of water at

80°F. can be combined to givé the following:
0.289 (14.7 - 0.5)
10.72) (540
0.5067 (1.0) e ( ) (54D)
Ky = T(14.7) (1.0) = 0. 0345 (39)

1
Substituting these values of K; and K, together with ByX, = 97540

into Equation (29):
Vo = x5 Ko 29
2= e B1x Ky - BzXsz} (29)

1
| e (132.0) - 1
¥, = Byx,(0.0345) { 0. 740

1
W(132. 0) - BZXZ(O. 03445)

Converting the water content into Yp!

W, X 379 265 X 379
= » = e ¢ = 0.
Y2 =18.61 X 109 18,01 X 100 — 0-00558

Equating this value of y3 in Equation (29) and solving for Bzxzz
B,yxp = 0. 1628

This value of B,x) can now be used at the same temperature and glycol

concentration to calculate the value of y, at any other pressure by use

of Equation (29) and the appropriate values of K1 and KZ' For example

at 2000 pounds per square inch absolute, and 80°F:
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0.726 (2000° - 4730)

4730 (0. 740 (10.72) (540)
1° (25)00) (o).,glz) = 1.530

0.289 (2000 - 0. 5)
0.5067 (1.0) e (10.72) (540)

K, = ~(2000) (0. 30) = 0.000933
1 !
B1%) = 5740~

Substituting these values into Equation (29):
' (1.530) - 1
0.740 (1.530) -

1
0. 740

y, = 0.1628 (0.000932)

———(1.530) - 0.1628 (0.000933)
= 78.5x 1070
Y2 .

Converting ¥, into an equivalent water content:

6
. _YZX18.01X10 _ 78.3X18.01 _ '
WZ = 379 = 375 = 3,73 lbs., per MMSCF

This compares with an experimental value of 3. 42 pounds per million

standard cubic feet.

The Dew Point Method of Predicting the Water Contents
of Gases Dehydra.ted at Various Pressures

‘Problem: In Table 20 the dew point of natural gas dehydrated
by an aqueous 98 per cent by weight diethylene glycol solution at a con-
tact temperature of 70°F. and atmospheric pressure is 5°F. Using

the dew point method determine the equilibrium water content of this
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gas in conta;ct with the same glycol solution at 70°F. and 2000 pounds
per square inch absolute.

Solution: According to the water content 'graph?‘3 » the satur-
ated water content of natural gas at 5°F. and 2000 pounds per square
inch absolute is 1.5 pounds per million standard cubic feet at 14.7
pounds peir square inch absolute, 60°F. This compares with an experi
mental Wa’m;r content of approximately 1.0 pounds per million 'st_anda,rc
cubic feet.

Calculation of the Variation in the Water Content of Glycol
Solution Used for Natural Gas Dehydration

Problem: Natural gas saturated with water at 2500 pounds per
square inc‘t; gauge and 90°F. is contained in a éylinder of 8885 millilite
capacity. It is dehydrated by 2232 .rnilliliters; of 98 per cent by weight
solution of diethylene glycol. Calculate the change in the compositidn
of the glycol solution due to water absorbed from tae natural gas.

Solution: Assume natural gas to be methane. The volume of
gas measured at 14. 7 pounds per square in absolute and 60°F. can be
calculated as follows:

Critical Pressure, P_= 673. 1 psia.

Critical Temperature, t = -116.5°F.

. 2515
Reduced Pressure, P_r =573 = 3.74
_ 460 + 90

d d t , = =
Reduced Temperature, T_ %0 1165 1. 60
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Then from a compressibility factor chart,
Zl = .0._84

i

Using these valués_ the volume of the gas is,

=y P1Tpzp . 8885 . 2515' 520, 1

v
2 P,T,z, 28,320 14.7 7550  0.84

cylinder is,

60.4
26.0 X o6~ X 453,6 = 0. 713 gms.

is approximately 1.36 pounds per :million standard cubic feet.
water content of the dehydrated gas sample is,
60. 4
1.36 X Too- X 453. 6 = 0.0373 gms.
The water absorbed by the glycol is then,

0.713 - 0.0373 = 0.6757 gms.

of the glycol sample is,
2232 X 1.1075 = 2470 gms.

The water content of the 98 per cent glycol solution is,

The saturated water content of natural gas at 2515 pounds per
square inch absolute and 90°F. is 26. 0 pounds per million standard

cu'bié feet. 23 Therefore, the water content of the gas sample in the

The equilibrium water confent of natural gas dehydrated by 98

This quantity of water is absorbed in 2232 milliliters of 98 per cent

glycol having a density of 1.1075 grams per milliliter. So the weight

X X = 60,4 cu. f

Then the

t.

per cent diethylene glycol at 2500 pounds per square inch gauge and 90°F.
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0.02 X 2470 = 49.4 grams
To this is added the 0. 6757 g_ra.ms of water absorbed from the natural

gas, making the final water content of .the glycol,

4 . 0. 6 7 (
( 92:‘7; 0 7:75)-;( 100 = 2.024 per cent by weight

This increase in the water content is less than the accuracy of the

method used for the water content determination, so the change can be

' considered to be negligible.

i
i
i
!
i
i

|
i
!
|
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