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ABSTRACT

This thesis explores the effects of nitrogen

concentretion upon three compositioncl meterisl belence

[a\)

methods of treating the non-hydrocerbon frzction for

e ges-condensate reservoir. The three methods ere es
follows:

1. The non-hydrocerbon fraction may be considered
as it azctuelly occurs in both the liguid end varor
phase of the reservoir fluid.

2. The. non-hydrocerbon frection mesy be considered sas
existing only in the vapor phzse of the reservoir
fluid.

3. The non—hydrocarbon fraction méy be treated as
pert of a hydrocerbon fraction. In the cecse of
nitrogen, the non-hydrocarbon frection is edded
to the methane frection.

z

Recoveries of reservoir fluids are cilculated using

'-Jo
H-
H.
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each of the avove methods &t nitrogen concentrations
ranging from 1 to 18 mole per cent. These recoyeries
ere compsred on the basis of the percentage recovery

of the reservoir materisl initielly in plece. Recovery
trends with nitrogen concentration end pressure zre
shown for esch of these compositional materizl balance
methods.

Originel vapor volumes of the reservolr are cal-
culated end compared using each of the compositional
material balaﬁce methods presented ebove. The deviz-
tions of the original vepor volumes es calduiated by
methods twc end three from the original vepor volumes
czlculated by method one, are presented as a function
of nitrogen concentration which renges from 1 to 18
mole per cent. The effect of pressure upon these originsl

veapor volume celculections is elso presented.

iv
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INTRODUCTION

It 1s customary in thelpractice of petroleum englnesr-
ing to charscterize crude oills and naturel gases as simple
mixtures of paraffinic hydrocarbons. These mixtures are

broken into components ranging from methane through hexane

(o))

and & psuedo-component known as the ﬁeptanes-plus fraction.
This heptanes-plus fraction contains all ths hyérocarbon
fractions hesvier than hexane and 1s characterirzed by an
apparent molecular weight and specific gravity.

Crude olls and naturzal gsses may also contaln materials
other than hydrocarbons. The non-hydrocarbon components
most cdmmonly found are nitrogen, carbon dloxlde ancd hydrogen
sulfide. Propér treatment of these non-hydrocarbon fractlons
lg crucisl when dealihg with 2 compositionzl material balance

for a hydrocarbon reservolr. The success of the compositional

balance rests upon accurate representation of the phase
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behavior of the reservoir fluid. However, mény of the
routines and correlations used in compositional material
bslences already consider the presence of small amounts
of nitrogen end cerbon dioxide. This is true becausé the
hydrocarbon mixtures used in the preparation of the corre-
lations contsined smell amounts of these non-hydrocarbon
compounds. These same correlations end procedures ere
for the most part generated empiricelly or by meking use
of simplifying essumptions in otherwise rigorous scientific
relationships. In either cese, the precision of these
routines znd correlsations are limited by their nsture.
Also, the use of measured field end PVT data ere necessary
and the precision of these input dete are also limited
by their nzture. Since the whole 1s but the sum of its
parts, the precision of the bzlance is limited by the
nature of its internel workings. Therefore, it behooves
the engineer to study well the choices aveailsble to him
and to select that which will represent the non-hydrocerbon
fraction of the reservoir fluid within the degree of
precision of which the balance is capsble. The choices
most often available ere as follows:

1. The non-hydrocarbon fraction may be trected es it

actuzlly occurs in both the liquid snd vapor nhases
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of the reservoir fluid. This necessitates determina-
tion of equilibrium ratios for the non-hydrocarbon
components.

2. The:non-hyﬁrocarbon cOmpohents may be consicered
as exlsting only in the vapor phase of the mixture.
While this approach is.not as rigorous das that
just discussed, it does allow the non-hydrccarbon
fraction to exert influence on the balance with-

out using equilibrium ratios.

"

. -The non-hydrocarbon components may be considered
as part of a hydrocarbon fraction. In the case
of nitrogen, the non-hycérocarbon fraction 1s added
to the methane fraction. This approach disregards
any direct influence the non-hydrocarbons may have
on the balance but yielcs satisfactory results when
concentrations of non-hydrocarbons are low.
It is obvious that the engiqoer‘s cholice will depené upon
the concentration of the non;hydrocarbon fraction in the
reservolr fluié. This thesis.presents a study of the effect
of nitroéén concentration upoh the three compositional
material balance methods for treating the non-hydrocarbon
fraction mentioned abtove. In e2dcdition, it presents the
balance itself which i1s a phase kehavior mocdel of & gag-

concensate reservoir.
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REVIEW OF LITERATURE

Conventional depletion drive calculetion methqu,
such as described by Tarner (1944) are'essentially material
belance calculations coupled with relative permeability
concepts for recovery predictions. These methods hsave
a number of szssumptions in common--the most serious of
which ignores the liquid recovered from the gaseous phase
of the reservoir fluid. This essumption yields satis-
factory results as long as a black oil or dry ges reservoir
is under consideration. ‘When the gasecus phase of the
reservoir fluid begins to contribute significently to
liquia production, &s is the case for volatile oil or
condensete reser&oiré, this assumption invelidates the
conventional &pproach.

The cornpositionsl material belaence wes developed

to take into zccount the liquid produced #t the surfece
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from the vepor phese in the reservoir.

Allen and Roe (1950) presented one of the first
compositional meterial bslences available in the litersture.
Their study was limited to a constant volume gazs-condensate
reservoir, assuming an immoble liquid phasé; The theoreti-
bcal'performance of the reservoir &as celculeted under the
two seperate assumption of flesh snd differentizl vepori-
zetion.

Brinkman (1954) developed a component-type material-
balance method for application to a solufion—gas drive
black o0il reservoir. Woods (1955) presented a case history
of a volatile 0il reservoir and stressed the importence
of the subsurface semple enalysis of the original reservoir
fluid. Jscoby and Berry (1957) modified Brinkman's
method and applied it to a constant volume, depletion
drive, volatile 0il reservoir. Their paper illustrates
the importance of considoring the vapor phase as & major
cOntributor to liquid production. The predicted liquid
recovery using the component balsnce was more then twice
thét oredicted by conventional methods. Jecoby and Berry
(1958) subsequently extended their procedure to include
pressure maintenance by injection of dry ges at a constant
reserveoir pressure.

- Ridings (1958) was the first to consider a depletion
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mechanism other than & simple solution-geas drive when
using & compositional material balance. His method
ellowed for the effectslof weter encroachment upon a
volatile oil reservoir. Lohrenz, Clark and Frencis
‘(1963) presented & sophisticated component-type material
belence which in its most comprehensive caée could handle
a solution gas-gas cap-water drive réservoir with water
production, waeter influx, separate or conmingled pro-
duction from the o0il snd gas zones, eny surfece processing
arrangement and ges injection into the gas &nd/or oil
zores.

In the studies of the component-type material belences
mnentioned sbove, no great emphasis was pleaced upon the
presence of non-hydrocerbon fractions in the reserveir
fluid. Allen and Roe (1950) did use the presence of small
amounts of nitrogen, which were not included in their cal-
culetions, as one explenation for veriation vetween observed
and theoreticel reservoir performence. Brinkmen (1954)
used & coiipletely hydrocerbon system. Jacoby and Eerry
(1957) used, as en exempole, a reservoir fluid containing
small smounts of nitrogen and carbon dioxide. They msde
no mention. of any special procedures to consider the non-
hydrocarbon frections. Lohrenz, Clark snd Frencis (196%)

presented the most detziled procedure for tresting non-
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hydrocarbon frections. Specizl equetions were set up

to fit the equilibrium ratio values from the NGPSA
Engineering Data Book fér low concentrations of hydrogen
sulfide, nitrogen and cerbon dioxide. Ven der Waal's
simple constants were used-for the non-hydrocarbons in
the procedure of Alani -and Kennedy (1960) for calculating
liguid densities. In the remainder of the empirical
procedures used, the non-hydrocerbons were trected in

the same menrer as the hydrocarbons.

This seeming disregard'for the non-hydroccrbon
fraction of & reservoir fluid is not hard to understand
for there is not a wealth of useful literature evailable
on the actions of non-hydrocerbon matter in a natursal
hydrocerbon environment. However, Eilerts, Carlson zand
Mullens (1948) did explore the effect of nitrogen content
upon the volumetric behavior of nstursl gases. They
presented a procedure for celculating the effect of
nitrogen on the compressibility factors of nitrogen-
natural ges mixtures. The effect of carbon dioxide
on coupressibility factors of hydrocarbon mixtures has
not been explored in as much deteail. Reamer, Olds,
‘Sage and Lacey (1943 znd 1945) presented data on the

binary systems of methane-carbon dioxide and ethane-
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carbon dioxide which we%e used to develop a compressibility-
factor chart. Réamer, Sage and Lacey (1950) presented
compressibility factors for hydrogen sulfide.

A few pazpers have ap?eared covering the effects
of non-hydrocerbons on the phase behavior of reservoir
fluids. Poettman and Katz (1946) presented equilibrium
ratios for cerbon dioxide in a natural gas-condensate
system exploring a range of 1 to 10 mole per cent cerbon
dioxide. Jacoby and Rzasa (1952) presented experimentsal
equilibrium ratios for nitrogen, cerbon dioxide and
hydrogen sulfide in two natural gas-absorber oil mixtures.
Jacoby (1953) presented equilibrium ratio date pertaining
to nitrogen, cerbon dioxide and hydrogen sulfide in a
natural gas-condensate system. Vagtborg (1954) thained
equilibrium data for light hydrocarbons, nitrogen, carbon
dioxide and hydrogen sulfide in a reservoir fluid containing
35 mole percent hydrogen sulfide.

A good correlation for determining equilibrium
ratios for carbon dioxide &nd hydrogen sulfide is not
available in the literature. It appears that the equilib-
rium ratios for these two non-hydrocarbon components
may, unlike hydrocerbons, depend strongly on concentra-
tion level. This invelidates extrapolation of work

done with binary systems to multi-component nstural systems.
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Equilibrium ratios for nitrozen do not seem to be as
affected by concentration. In fact, recent binary and
ternary data obtzined at the University of Texas are
lérgely the basis of the equilibrium ratio charts for

nitrogen in the 1966 NGPSA Engineering Data Book.
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THE COMPOSITIONAL MATERIAL BALANCE

The compositional meterial balence used in this
study is similer tq that presented by Allen and Roe
(1950). This balance is divided into two mazin computa-
tional branches--Past Performence and Future Performence.
The pest performance routine utilizes known production
data to calculate the original vapor pore volume of
the reservoir. Future performance cslculations predict
the production behavior of a reservoir knowing certein
past and present data. Both procedures are presented
below-along with the assumptions imposed on the balence
by either its nature or the limitations of this study.
A discussion of the internal subroutines peculiar to
this falance is &lso presented.

PAST PERFORMANCE

Calculetion of the original vapor pore space using
the compositional materiel belance involves a trial and

error approach. It is necessary to know the composition

10
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of the originel reservoir fluid, pressure and production
history, enelyses of the produced materizl and suitable
equilibrium retios for the reservoir fluid et existing
reservoir conditions.

An initiel vapor volume is assumed and converted
into moles of reservoir fluid. The number of moles of
reservoir fluid produced to date is determined from the
production deta. Knowing these values, the composition
of the existing fluid in the reservoir is calculated.
The vapor-liquid meke-up of this fluid is determined
by flashing the fluid at existing reservoir conditions
using the apprOpiateAequilibrium ratios. Knowing this
vapor-ligquid eaquilibria, the volumes occugied by each
phase under reservoir conditions are calculezted. The
sum of these volumes is compered to the initiel ezssumed
vepor volume. If they do not agree within the limits
imposed on the balance, another velue for initial vapor
volume is assumed and the procedure is repeated. Figure
1 is & flow dizgram of this procedure showing»the
equations used. The eppendix contzeins the nomenclazture
used in these equations.

FUTURE PERFORINANCE

The prediction of production behavior by & composi-

tionel meterial balence is an explicit procedure when
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there is single'phase flow in the reservoir. When

. considering a condensate reservoir, this means only the
gas phase 1s flowing. It is necessary to know the com-
position of the original reservoir fluid, the original
vapor pore space of the reservoir and appropriate equilib-
rium ratios at reservoir conditions. Presuming the
reservoir fluid initially exists as a single phase, a
pressure decrement is selected which will bring the

fluid below the dew point. Thevvapor—liquid.equilibfia
at this lower pressure is determined by flashing the
fluid at reservoir conditions. The volumes occupied

by each phase are calculated and summed. The difference
between this volume and the original vapor pore space

is presumed to bs the production for the pressure decre-
ment. This productioﬁ has the composition of the vapor
phase and is deducted from the reservoir fluid leaving

a new reservolir fluid occupying a volume equal to the
original vapor pore volume, The composition of this

new réservoir fluid is calculated by meéns of a compcnent
balance, A new pressure decrement is selected and the
process repeated until the reservoir pressure is depleted.
Akcumulative count is kept of the moles of each component

produced to give ultimate production in moleé. Figure 2



13
T-1112

is a flow diagrem of this procedure showing the equations
used. Again the &ppendix contains the pertinent nomencla-
ture.

ASSUMPTIONS

The simplifying assumptions that zre either.inherent
or superimposed on the bclance by limiting this study
to a gas-condensate reservoir are:

1l. The natural gas in the reservoir is initially

above 1ts dew point.

2. Any liquid formed by retrograde condensation

in the reservoir is irmmobile.

3. The reservoir pore volume occupied by reservoir

fluid is constant.

4. There exists no recovery mechanism except

depletion drive from fluid expansion.

5. There is complete equilibrium between liquid

and ges phases throughout the reservoir.

INTERNAL SUBROUTINES

Much of the validity of the compositional meterieal
balance rests upon the internel subroutines end procedures
used to celculete or correleate properties of the reservoir
fluid. A discussion of the significent intern&l workings

of this compositional materiel belance is presented below.
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Density of 0il

Determination of oil density is accomplished by
the method of Alani and Kennedy (1960). This method is
an empirical adaptation of Van der Waal's equation of
~state and is applicable to both pure liquid hydrocarbons
and to normal reservoir systems. Common ﬁon—hydrocarbon
fractions may be treated in the same manner as the hydro-
carbon fractions by using the applicable empirical con-
stants.

Density of Gas

The density of the vapor fraction is determined
by application of the perfect gas law corrected by use
of the compressibility factor Z. The relationship is
as follows:

pM g

P =
& ZRT

Z is an empirical correction factor to the perfect gas
law and is a function of pressure, temperature and gas
composition. Brown, Katz, Oberfell and Allen (1948)

presented the correlation most often used to determine

the Z factor for methane-rich natural gases. The

14
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correlation incorporates the compositional parameter

into the pressure &nd témperaturé parameters‘by utilizing
'pseudo—reduced properties for correlating purposes. An
adaptation of this correlation is utilized in this study
to form a 20 x 25 metrix of Z vealues versus pseudo-
reduced temperzture and pseudoéreduced pressure respec-
tively. A teble look-up routine using linear inter-
polation is used to contact the matrix.

An option is included to correct the compressibility
factor for nitrogen concentreation. The method used is
thet presented by Eilerts, Carlson and Mullens (1948).
They defined an additive compressibility factor Za as

-follows:

2o = (Zn'¥n> +<Zg : <l'yn>>

The true conmpressibility factor Z is then expressed by

the reletionship:

Eilerts and co-workers presented the correction factor C
es a function of pressure &nd tempercture for two nitrogen

concentrations-—7.907 and 18.280 mole per cent. The
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values of C at reservoir pressure, temperature and these
nitrogen concentrations are read into the compositional
material balance and linear interpolation used to adjust
for actual nitrogen concentration in the reservoir vepor
phase.

Molecular Weight

The molecular weights of the reservoir liquid and
gaseous phases are determined in the same manner. The
property is ectually the average moleculer weight of =
mixture end is defined mathemetically &s the summetion
of the products of the individual nmole fractions of the

mixture times their respective molecular weights.

Flash Calculations

The flaéh celculation is used to determine the
vapor-liquid meke-up of & hydrocerbon mixture. It entails
the use of equilibrium ratios which may be defined as
the ratio of the mole fraction of a constituent in the
vapor phase to the mole fraction of the constituent in
the liquid phase. The equilibrium retios used in this
study ere input data. The procedure‘of solution in a
flash celculation is as follows:

1. Knowing the eppropriate equilibrium retios for

each component in the mixture, a velue for V

16
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is selected. This fixes the velue of I since
IJ + V = 10

The following equation is solved

m m zg
Z X3 7 z L + VK. = 1.
i=1 i=1 1
m
If }5 X5 = 1, the problem is solved and
i=1

the velue sssumed for V is correct. The values
celculeted for the xi's represent the enelysis
of the liquid. The zanelysis cf the veapor is

calculeted by the relationship:

m
If ZS x. # 1, then a new value is assumed

i
i=1

for V &nd the process is repeated.
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COMPUTATIONAL PROCEDURE

The purosose ofrthis study 1is to explore the effect
of nitrogen concentration upon three compositionsl meterial
balance methods of tresting the non-hydrocerbon frection
for a ges-condensete reservoir. The three methods are
presented in the introducti.n ol this thesis and ere
reiterczted below:

1. The non-hydrocarbon fractipn nay be considered

as it actuelly occurs in both the liquid &nd vapor
phase of the reservoir fluid.

2. The non-hydrocsrbon fraction mzy be considered as
existing only in the vapor phase of the reservoir
flwuid.

5. The non-hydrocerbon fractibn may be treated as
pert of & hydrocerbon fraction. In the case of
nitrogen, the non-hydrocarbon fraction is added

to the methene fraction.

18
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CALCULATION ROUTINE

The procedure used to generate compsrative data in
the computation of the originel vepor volume of the
reservoir for methods one, two and three utilizes both
the Future Performence end Pest Performence routines of
the compositional.materiél belance. An initial reservoir
fluid composition containing a_given emount of nitrogen
is selected. Using the Future Performance routine of
the compositional meterial belance and considering the
‘nitrogen as existing in both the vapor and liquid phases,
production date is generated'for & given pressure decre-
ment. Then using the Past Performance routine, and applying
each of the three methods of trezting the nitrogen fraction
to the production deta from the prediction routine, an
original reservoir vapor volume is calculeted for each
of the three methods. In other words, the production
data from the prediction routine reflects or is altered
to reflect the following:

1. The nitrogen fraction existing in both the vepor

and liquid pheses of the reservoir fluid.

2. The nitrogen fraction existing in only the vepor

phease of the reservoir fluid.

3. The nitrogen fraction being added to the methane

fraction of the reservecir fluid.
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The originel vapor volumes that are celculeted are those
that would have to have existed before production commenced
in order to yield the above versions of the production
data. Another pressure decrement is seleéted end the
routine continued until the reservoir pressure is con-
sidered depleted. At this point, the initial reservoir
fluid composition is edjusted to reflect a different
nitrogen concentration and the entire procedure is repeated.
Figure 3 is & flow chert of this computation procedure.

Comparative deata for reservoir fluid recoveries by
methods one, two and three zre generated using the Future
Performence routine of the compositional meterial balance.
Recovery data, using method oné, were celculated as par
of the computetion procedure for the originel vapor volume
of the reservoir. Recovery date using methods two and
three are computed in a like menner tresting the nitrogen
fraction &s preséribed in the definitions of methods two
and three.

Seven different nitrogen levels renging from 1 to
18 mole per cent are considered in this study. An average
of 28 equzl pressure decrements are considered for each
nitrogen concentration.

RESERVOIR DATA

The deta used in this thesis zre from an artificially
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conceived condensate reservoir. Thé pore space occupied
by the reservoir fluid is arbitrarily taken to be 100

.cu ft. The composition of the nitrogen-free reservoir
fluid is teken from & clessicel peper on condensate
fluids by Rolznd, Smith and Kaveler (1941) znd describes
a fluid with a convergence pressure of 4000 psia, existing
at 4000 psie end 200° F. The dew point of this fluid

is 3360 psia. This paper &lso provides the necessary
heptanes-plus dets and equilibrium ratios for the hydro-
carbon constituents. Equilibrium ratios for nitrogen

are taken from a:modified Winn nomograph as presented

by Hadden znd Grayson (1961). Table 1 presents the
nitrogen~free compositional date and Figure 4 illustrstes
the equilibrium retios used in this study.

It was essumed that the presence of nitrogen would
heve no effect upon the equilibrium ratios of the hydro-
carbons. This &ssumption wss made on the beses of the
insensitivity of these equilibrium ratios to hydrocsrbon
composition. The methene concentretions of the fluids used
by Roland, Smith and Kaveler (1941) to determine these
equilibrium ratios, varied from 50 to 90 per cent of the
total fluid with little effect on the equilibrium ratios.
Since nitrogen is not much more volatile then methane,

it was assumed that a verying nitrogen fraction would
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not affect the equilibrium ratios of the hydrocarbons.

As mentioned previously, seven nitrogen 1evéls were
explored in this study. The compositions of the reservoir
fluids containing these nitrogen levels were derived from
the nitrogen-free reservoir fluid by subtracting & pro-
portionate share of the giVen nitrogen fraction from
eech hydrocerbon fraction. The compositions of these
ertificiel reservoir fluids conteining the verious nitrogen
levels ere presented in Teble 2. It should be noted that
for the nitrogen-free fluid, Rolend, Smith and Kaveler
(1941) did not separate the butznes and pentanes into the
normal &and isomeric frections. This was done, for the
vurposes of this thesis, by arbitrarily assigning one-
hslf of each fraction to each category. The criticsl
properties of each component, excepting the heptanes-
plus fraction, azlong with velues for moleculecr weight
were tuken from Eilerts (1957). The critical pro-
perties of the heptanes-plus fraction were teken from a
correlation by Matthews, Rolsand and Katz (1942) and were

assumed to remain constent and not vary with pressure.
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RESULTS

Calculeations for this study were made using a
Burroughs B5500 digitel computer. The compositional
meterisl belence was written in FORTRAN II end translated
by the machine into ALGOL 60 for actusl running. All
reservoir celculations were stopped &t a reservoir
pressure of 500 psia because this pressure includes
the economic limit of most condensate reservoirs.

Any eveluation of the Future Performence portion
of the compdsitional materiel balanee is necesserily ean
evaluation of the recoveries predicted by this routine.
Recoveries &re expressed as a percentege of the moles of
--méterial, celculated by the particulaer compositionsl
material belance method under study, to be origineslly
in place in the rescrvoir. Teble 3 and Figure 5 present
the recovery at 500 psia of totel reservoir fluid versus

nitrogen concentration in the original reserveoir fluid

23
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for methods one, two and three. Table 4 znd Figures 6
through 13 present the same deta for the individuel
components of the reservoir fluid. Figure 14 illustreates
the effect of pressure upon the cumuletive total liquid
recoverj &t the 18 per cent nitrogen levels in the original
reservoir fluid for compositional meterisl balance methods
one, two end three. febles 3 end 4 end Figures 5 through
14 are designed to show the effect of pressure znd/or
nitrogen concentretion upon the three compositional
meteriel belance methods of treating the nitrogen frec-
tion in the Future Performance routine of the composi-
tionsl materisl belances.

The Psst Performznce routine of the compositionel
materiel balsnce is concerned with czlculating the
original vepor vclume of the reservoir that existed
before production commenced. Since method one is the
most rigorous epproach to celculating the originsl vepor
volume of the reservoir, methods two &nd three zre
compéred on the basis of the average aﬁsolute relcetive
deviation of the original vepor volume; celeulated
using methods two aﬁd three, from the original veapor
volume éomputed using method one. The avergge-absolute

relative deviation, hereafter referred to s the deviation,

24
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is defined mathematically es

i=m i
S 1o Tl o 100
D = i=1 \F
m N

where V1 is the velue of the originel vapor volume of
the reservoir &s caiculated by method one end Vx the
value of the originel vepor volume as celculected by
either method two or three. The peremeter m is the
number of pressure decrementS considered for the parti-
cular initiazl nitrogen concentretion under study. D
is the devietion of the originel veapor volume of the
reservoir, s celculated by the psrticulsr compositional
‘mzterial balsnce method under study, from the originsal
vapor volume of the reservoir as ceclculeted by method
one. These deviations sre & function of nitrogen con-
centraetion in the initiasl reservoir fluid end ere
presented s such in Figure 15.

-The differences in the originel vepor volumes of
the reservoir es celculated by methods one, two and

three sre also function of reservolir pressure. Figures

Ay

16 and 17 depict this behevior et nitrogen concentrations

of 5 eand 18 mole per cent in the initiezl reservoir fluid.

#
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The3differenc§s in the originsl vegor Volumes, calculeted
by methods two end three sre highllightéd by comparing
the volumes on the basis of what frection they are of
.the originel veapor volume celculeted by using method
one.

figures 15, 16 znd 17 ere designed to show the effect
of pressure and/or nitrogen concentrztion upon the three
compositional matericl balaﬁée methods of trezting the
niﬁrogen fraction in the Psst Performence routine of the

compositional meteriel beslance.
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DISCUSSION OF RESULTS

The three compositicnal meterial belsnce methods
of treating the non-hydrocervon frection presented in

this s ere reiterated below:

ct

ot

oy
e
5

The non-hydrocecrbon frection mey be consicered

-

as 1t ectually occurs in both the 1iqui6 end vEopor
phase of the reservoir fluid.

2, The non-nydrocerbon frection mey be considered es
existing only in the vszpor phese of the reservoir

fluid.

.
7]

3. The non-hydrocerbon fracticn msy ve trected &
pert of & hydrocezrbon frection. In the case of
nitrogen, the non-hydrocarbon fraction is =zdded

to the methane fraction. .

For esse of notstion these compositionzl mutericl belance

27



methodszre often referred to in tuis study &s methods one,
two and three taking thelr numerical designation from the
order in which they are presented above.

The recoveries of totsl reservoir fluid predicted
by the three compositionel material balance methods of
treating the nitrogen frection are very similar. This
is readily illustreted by Table 3 and Figure 5. Figure
14 expresses cumulative recovery cslculeted by methods
cne, two and three s & function of pfessure at the
1854 nitfdgen level. It is evident thet the recoveries
czlculeted by eech method ere &lso very similer through-
out the entire pressure spectrum. “hile the differences
in the recoveries of totel reservoir fluid predicted by
the three methods zre smell, very definite trends ere
eapperent. Recoveries of totel reservoir fluid predicted
be nethods one eand two cre nearly identical and show
& gecr asing recovery with en incressing nitrogen fresction.
Recoveries of total reservoeoir fluid predioted by method
three show an increesing recovery with en increasing
nitrogen frectidn.
The nearly identicel results produced by methods
one tnd two ere indioativé of the veoletile naeture of

nitrogen. In other words, at the reservoir conditions
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specified in this study, nitrogen exists «lmost entirely
in the vepor phase, sb little difference in recovery

is noted by considering the smell ffaction of nitrogen
thet exists in the liquid phese. The decreasing recovery
of totel reservoir fluid with incre:sing nitrogen content
of the initizl reservoir fluid, shown by methods one end
two, can be exslained by exemining the reccveries of the
individusl components of the reservoir fluid. Figures

6 through 1% and Teble 4 illustrete the effect of nitrogen
conicentration upon the recoveries of the individusl com-
vonents of the reservoir fluild es celculseted by methods
one, twe end three. It 1s immediately apperent for
metheds one znd two that the recoveries of methéne,
ethene znd nitrogen follow the same trend of decrezsing
recovery witi increesing nitrogen concentration as is
followed by the recoveries of total reservoir fluid for
methods one end two. 3Since the methane and nitrogen‘

+f

frection mske up over 85% of the reservoir fiuid, it
is the 1influence of these components thet most affect
the totel reservoir fluid concentrations. Seemiﬁgly,
increcsing the nitrogen Jraction forces more methane,
etrane and'nitrogen into the liquid phese thus lowering

the recoveries of the total reservoir fluid szlong viith
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the recoveries of these individual components.

The recovery of propane, s calculsted by method
one, does not seem to have & deflinite trend with an
increasing nitrogen concentration.. However, the recovery
of propene calculeted by method two end the recoveries

of the components, buteane through hey:tanes-plus, cel-
culéted by both methods one @nd two show e definite

frend of increasing recovery with an increesing nitrogen
I'raction.

By definition, method three dces not consider the
recovery of nitrogen. The recovery of metnzne celeu-
Llated by method three decresses very slightly with
increassing nitrogen concentration in the initial reservoir
fluid. lowever, the remeinder of the components, ethsne
through heptenes-plus, show increesing recovery with an
incressing nitrogen frection when celculcted by method
three. This accounts for the increasing recovery of
totel reservoir fluid with en increasing nitrogen fraction
shown by nmethod three.

nereasing nitrogen concentration

s}

The effect of an

[

for methods one and two 1is seemingly to decrecse the
recoveries of the more volztile comoonents such es

nitrogen, metheue and ethene while increcsing the
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recoveries of the intermediate &énd heesvy ccmponents.

In the caese of the compositional meterial belence under
study, this is compereble to saying that sn increasing
nitrecgen fraction drives ean increasing enmount of the
more volatile components intc the liquid phese of the
reservolr fluid. Conversely, the intermediste and hesvy
components are driven toward the vavor phase of the
reservoir fluid. Actuelly, similear behayior is observed
for method three. However, since the nitrogen fraction
is added to the methane frsction in the execution of

method three, whet reeclly is observed is the effects of

a slightly incressing methsne frection. OSince the increase

in methsne concentration is slight and the voletility of

3,

ct on the

@

methane less than that of nitrogen, the eff

[é7
Sy

P

ot

em 13 mucn less than 1s observed when using methods

Although recoveries of reservoir fluid predicted
by methods one, two end three ecre very similer, such is
rot the case for the calcﬁlation of the originzl vepor
volume of the reservoir. Differences esre smzll in the
original vapor volumes celculcted by methods one and two

but significant differences exist vetween these velues

znd those calculsted by method three. At the 18% nitrogen

,}1
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levels, the deviation from the value calculated by
method one of the original reservoir vapor volume cal-

-

culated by method two is 0.506% as compared to 17.818%
for method three. Figure 15 illustrates these differences
over the full range of nitrogen concentrations.

Figure 15 utilizes the average absolute relative
deviation values defined in the preceeding section to
represent the differences in the original reservoir vapor

volumes calculated by methods one, two and three. Figures

and 17 show the average absolute relative deviation to

[9)

1
e a slightly biased statistical parameter in that the
valuesg show definite trends with pressure variation.
A1l three compositional material balence msthods
seem to be acceptable for predicting recoveries for a

condensate reservoir whose non-hydrocarbon fraction is

-

limited to nitrogen. The difference in the total reser-

e
c

volr fluld recovery at 500 psiz as calculated by methods
~ 2 3 63{ . 4. — . - s
one and tnree is only 1.68% at a nitrogen concentration
of 18% in the initial reservoir fluid. Therefore, it
would seem that due to ease of use, method two which
ftreats the nitrogen fraction as always existing in the
vapor phase, 1s the best possible choice for predicting

reservolir fluid recoveries even at relatively high

32
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nitrogen concentrations.
Unfortunately, the szme cannot be szid for deter-

mination of the original vepor volume of the reserveir.

In this cese method three produces @ lzck of precision

in thé comnositionel meterisl belence thet is epproximetely
equal to the level of nitrogen in the reservoir fluid.

Por exsmple, & nitrogen level of 15 mole per cent in

the initial reservoir fluid will yield &n initiael reser-
voir vepor volume devisting 15.575% from & like velue

czleculated by method one. HMeessured field end PVT deate

o)

are seldom more accurate than *3%. The aversge devia-
tion of the Aleni end Kennedy (1960) method for deter-
mining oil density is given as 1.6%. The correlation
for determining the compressibility fszctor hes an
EVEerage abecluta devistion of 1%. Thus, it would seen
thet method three would secldom be accepfable for deter-
rnining the originel vavor volume of the reservoir at
nitrogen concentreztions of more then 3 mole per cent in
the initiel reservoir fluid. Method two, however, even

et & concentraetion of 18 mole per cent in the initisl

rese-volr fluid, deviastes only 0.506% rrom & like valus

calculated by wethod one. Therefore, methed tuo, which

consilders the nitrogen fraction es being in the vapor
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state at £11 times, &and which is easier to apply then
rnethod one, seems to be the best possible metnod of
determining the original vCpor volune of the reservoir
et nitrogen concentretions of 3 mole per cent or more
in the initiel reservolr fluid.

In summetion, it should be remembered that the

=thods

\")

recoveries of reservoir fluild predicted using m
one, two and three are comnpzred on the reletive basis
of percentege recovery. Therefore, in order to prediét
sctuael quantities of produced materisl, it is necessary
tc kunecw the originel vapor volume of the reservoir. IT
the determination of the originel vepor volume of the
reservoir is ecccomplished by e meens independent of the
compositional meteriel belance, cny one of the three
compositional material belesnce methods for trezting the
nitrogen fraction cen be used to estimate'qu&ntities of
produced meterial. However, only methods one end two
are accepteble comnositional materiszl balance methods
for computing the originsl vepor volume of the reser-

voir st nitrogen concentraticas of 3% or umore.

34
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CONCLUSTIONS

The purpose of this thesis was to exemine the
eifect of nitrogen concentration upon three comnositionsl
nsbterisl balance methods of treating the non-hydrocsrbon
fraction for & gas-condenscte reservoir. These three

meithods sre presented below:

o

1. The non--hydrocerbon frzction may be considered
es it ectuslly occurs in votn the liquid end vepor
phese of the reservoir fluid.

2. The non-hydrocarbon frection muy be considered as
existing only in the vevor phese of the reservoir
fluid.

3. The non-hydrocurbon frection may be treated as
pert of & hydrocirbon frection. In the czae of
nitrogen; the non-hydrocirbon frection is edded

to the methene fraction.
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All three compositional material methods were found
to be acceptable for calculating reservoir fluid re-
coveries at nitrogen concentrations of up to 18 mole
per cent in the initial reservoir fluid. However,
method two is recommended for routine use because

of its ease of applipation. .

Only methods one and two weve found satisfactory
for computing the original vapor volume of the reservoir
at nitrogen concentrations of 3 mole per cent or more
in the initial reservoir fluid. The lack of precision
shown by method three, in calouléting the original
vapor volume, 1is approximately =squal to the nitrogen
concentration in the initial reservolir fluid. Method
two is again recommehded for routine use because it 1is
nearly as precise as method one and is easier to apply

since equilibrium ratios for nitrogen are not needed.
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Symbol

NOMENCLATURE

Description

Frection of reservoir fluid in

ligquid phase

I'rection of reservoir fluid in
vapor pnes

Density of reservoir fluid in

e

liquid phase

Tensity of reservoir fluid in

vapor phase

Molecular weight of reservoir

fluid in ligquid phese

Molecular weilght of reservoir

fluid in vepor phese

Initial density of reservoir

fluid

Initial moleculer weight of

reservoir fluid

Composite molal volume

Initial hydrocarbon volume of

the reservolr

Assumed initiel hydrocarbon volume

of the reservoir

Celculated initiel hydroczrbon

volume of

the reservoir

41

Units

1b

1b

1b

cu

cu

cu

cu

per cu

per cu

per cu

ft

ft

ft

£t

ft
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T

De

9]

cription

Initiel number of moles of
reservoir fluid

Cumuleative produced moles of
reservoir fluid

Number of moles of component
"i" produced to date-

Increment of reservoir fluid
expansion during pressure
decrement

Incremental moles produced
during pressure decremncnt

Reservolr pressure
Reservoir temperature

Universal gas constent

Gas. compressibility factor

Additive compressibility
factor

Compressibility factor for
nitrogen

Compressibility factor for
hydrocarbon fraction of
reservolir fluid

Additive correction fae
for the compressibilit
fector of & netursl ge
contalning nitrogen

Praction of component "i" in
the initiazl reservoir fluid

Units

moles

moles

moles

cu ft~1b

(mole) (sq in.) (°R)

Equilibrium ratio for component "i"
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Symbol Description Units

7. Fraction of component "i" in the
reservoir fluid

'.J

X4 Fraction of component "i" in the
liquid phese of the reservoir
fluid

Y5 Fraction of comnonent "i" in the

vapor phase of the reservoir fluid

D Average ebsolute relative
devietion '
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Table 1

COMPOSITION OF NITROGEN FRLE RESERVOIR FLUID
4000 psia -- 200° F

Component Mole Fraction
Methane 0.86270
Ethane 0.03%380
Propane 0.02330
Iso~-Butane 0.01035
N-Butane 0.01035
Iso-Pentane 0.00345
N-Pentane 0.003%45
Hexune 0.00900
Heptanes + 0.04360
1.00000

Heptenes-Plus Properties

Specific Grevity 0.766
Molecular Veight 1158.5
Criticel Temperature 1060 °r

Critic:1l Pressure 405 psie

44
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Recoveries of Total Reservoir Fluid

N, Conc% Recoveries
Method 1 Ilethod 2 Method 3
1 84.99 84.77 84.85
3 84.95 84.74 84.96
5 84.75 84.70 85.07
T 84.67 84.65 85.18
10 84.56 84.59 85.35
15 84.40 84.52 85.62

18 84.36 84.48 85.78



47

T-1112

99°¥8 89°¢g ¥¥°¢8 99°98 ¢2°68 GL'G8 Y0°88 L2°98 0£°98 - 28°98 L4°98 8L
6 Y8 YL L8 9¢°¢8 LSG°98 GL°GR L2te8 10°8] 16798 96°98 - LL°L8 89°98 6L
196°¢8 LY Ce 6£°¢8 L7°98 ¥5°48 256°68 80°88 76°98 86°98 - €LTLB 1e7L8 oL
69°€8 9¢°¢8 LE°¢8 1°99 0L°G8 2L°68 11°98 62°L8 €2°L8 -  8L°88 L9°L8 L
06°¢8 0¢°¢B8 LL°¢B G2°98 08°G8 48°4¢8 C1°88 PG L8 G6° L8 - 26°88 ¢6°L8 g
cetes mrdmw 76 ¢8 LL°98 16°G8 L0'98 GL°88 LL°L8 6L°L8 -  68°88 LL'88 ¢
¥1°¢8 0L°C8 6¥°€8 0L°98 10798 8L°98 G1°88 20°88 00°88 - 02°68 2¥°88 l
¢ c L ¢ 4 l ¢ 2 L ¢ Z L
POYL S POYL S poy3al] POy SN
susdoad auBY}y auBY3 9y T U8FoI} TN
%89TIBA000Y 2,0U0) °q

PINT JIT0AI8E8Y YUY JO sjusuodwo) IBAPTATPUL JO B3TJIDA00Y

F 9TqEl



48

T-1112

YLt LS
$0°9¢
Ly ¢
JAONEAS
6L LS
e 0¢
¢6°62

€9 ¢y
GL ¢y
¥6° LS

02¢°6¢

1AAN%Y

89°c¢

L6°62
c

POY3I S
sausqd

Geo Ly
§l°6¢
28 Le
66°6¢
28° ¥¢

18°G¢

Ly ve

oH

L9
LL°29
09°09
6§65
25786
<L LS
26°96

16°99 82°G9 90°GL
€1°99 98°¢9 ZL°¥L
¢6°29 9¢°29 19°2L
80°L9 80°Ll9 GL°LL
€8°6G 12°09 8lL°LL
¥6°86 €€°09 86°0L
02°LG LE6S 96769
2 ! ¢
POUL I
auBXoH
Rmm.ﬁhm\woomm

(ponuTiu0)d)

l.m.

|

[+})

¥0° 9.
09° 6L
69°¢L
96 2L
¢8°LL
66°0L
v1°0L
2

POylIa

cL°6l
el
Geoel
96°2L
80°2L
€6 1L
IAARW)

ausquag

FCENT

¢v°1L8
96° 08
01°08
09°6L
L2 6l
06 8L
06°8L

lg° L8
90° 18
Le*08
LL°6lL
LET6L
00°6L
1G°8L
¢

89°08
608
¥0°08
LL 6L

6v° 6L

2v6L
¢ 6L
L

por3ell
sueqng

31l
Gl

0]

%oU0D ¢

N



T-1112

FIGURE NO.1 PAST PERFORMANCE

INPUT DATA

Zrrs Ppi

p » K

ASSUME AN
INITIAL VAPOR
VOLUME OF THE

RESERVOIR

N

\

DETERMINE

RESERVOIR FLUID

TN

DENSITY AND MOLECULAR \ /~7 » Mr
WEIGHT OF THE INITIAL

"

\

DETERMINE THE

=

IN THE RESERVOIR

TOTAL NUMBER MOLES OF ny =
RESERV NITIA
SERVOIR FLUID INITIALLY /oI/MI

Y

&

DETERMINE THE
COMPOSITION OF
EXISTING RESERVOIR
FLUID

TN

Zjs (np-21;)—np;

(ny—np)

\

FLASH RESERVOIR
FLUID TO DETERMINE
. VAPOR-LIQUID
EQUILIBRIA

)

v,L
Xis Yi

N

A

DETERMINE THE

o)

AND VAPOR PHASE

DENSITY AND MOLECULAR
WEIGHT OF THE LIQUID

AL M1 Pg
Mg

N

 j

DETERMINE THE
VOLUME OCCUPIED BY

THE EXISTING RESERVOI

/\

FLUID

R |V = (m—"p)

NS

COMPARE THE
CALCULATED RESERVOIR
’ VAPOR VOLUME
WITH THE ASSUMED

VAPOR VOLUME

v
IF VOLUMES
AGREE CALCULATION
IS ENDED
ELSE

¢
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FLASH THE RESERVOIR
FLUID AT THIS
PRESSURE TO
DETERMINE VAPOR-LIQUID
EQUILIBRIA

A
NI

DETERMINE THE DENSITY
AND MOLECULAR
WEIGHT OF THE LIQUID
_ARD VAPOR PHASES

I
N

DETERMINE THE
VOLUME OCCUPIED BY
THE RESERVO!R FLUID AT
THIS PRESSURE

TN
NG

y

DETERMINE THE
DIFFERENCE IN THE PRESENT
VAPOR VOLUME .
AND THE ORIGNAL VAPOR
VOLUME

TN
N

)

ASSUMING THIS VOLUME
DIFFERENCE 1S

PHASE, CONVERT [T
T0 MOLES

T3 N
g~

COMPUTE COMPOSITION
OF NEW RESERVOIR
FLUID

N
N

FIGURE NO.2 FUTURE PERFORMANCE

INPUT  DATA ZIi» VI
fp Ky

SELECT A

PRESSURE

DECREMENT

v, L

Xi1 Vi

/OL:ML
Pg s My

- [ ir — "p '][VM]

A4v=v—yy

PRODUCTION FROM THE varor] L7y = [Zl v ] [/ag]

Mg

b =( (ﬂf—'ﬂp)’zl')'." (A”p "yl.}'}

50
KEEP CUMULATIVE
COUNT OF PRODUCTION ’.7p—'”p+.Anp

IN MOLES

IF PRESSURE IS
DEPLETED CALCULATION
IS ENDED

' ELSE

ﬂI__ np



FIGURE NO. 3 CALCULATION ROUTINE

, SELECT AN INITIAL
' RESERVOIR FLUID
COMPOSITION

A

i

GENERATE PRODUCTION
DATA FOR ONE PRESSURE
DECREMENT
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FIGURE 5 RECOVERY OF TOTAL
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| FIGURE 7 RECOVERY OF METHANE
A = METHOD NO. |
. ® = METHOD NO.2
[0 = METHOD NO. 3
.1 __.:




T-1112 56

FIGURE 8 RECOVERY OF ETHANE §
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FIGURE 9 RECOVERY OF PROPANE
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. FIGURE 10 RECOVERY OF BUTANE
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FIGURE 11 RECOVERY OF PENTANE
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i FIGURE 12 RECOVERY OF HEXANE
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FIGURE 13 RECOVERY OF HEPTANES +
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- FIGURE 4 CUMULATIVE TOTAL LIQUID
RECOVERY AS A FUNCTION OF PRESSURE
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n FIGURE I5 DEVIATION OF Vg1
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FIGURE 16 ‘FRACTKION OF ORIGINAL
VAPOR VOLUME AS A FUNCTION
— OF PRESSURE AT A NITROGEN ‘
CONCENTRATION OF 5 MOLE PERCENT }
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FIGURE 17 FRACTION OF ORIGINAL VAPOR
B VOLUME AS A FUNCTION OF PRESSURE
AT A NITROGEN CONCENTRATION OF 18
B MOLE PERCENT '
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