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PARAMETER OPTIMIZATION FOR z-FACTOR CORRELATIONS TO
PREDICT JOULE-THOMSON INVERSION CURVE

SUMMARY

When a real gas undergoes a volumetric process, a temperature change is usually
observed. Temperature change is experienced during production at the perforations,
throughout surface and subsurface chokes, at the surface where heavier hydrocarbons
are removed at the processing facilities and compression and liquefaction of natural
gas. Temperature change accompanying volumetric change is known as Joule-
Thomson effect. The sign and magnitude of the temperature change may be
determined by using Joule-Thomson coefficient.

If Joule-Thomson coefficient is positive, then the gas temperature decreases as a result
of expansion. Under the condition where the coefficient is negative, expansion process
increases the gas temperature. If Joule-Thomson coefficient is identically zero, no
temperature change will be observed as a result of volume change. Projection of the
pressure-temperature pairs at which Joule-Thomson coefficient becomes zero creates
an envelop on the P-T plane. This envelop is known as Joule-Thomson inversion
curve. The inversion curve separates the P-T plane into two regions where the
temperature changes have opposite signs. All gases have different inversion
conditions.

Measurement of inversion condition for gases requires precisely controlled
experimental conditions. As a result of experienced difficulties in the experimental
setups, the inversion data is limited in the literature. In lack of sufficient experimental
data, some correlations, equation based prediction methods and molecular simulation
techniques are all used to compute the inversion characteristics of the different gases.
None of these methods are able to predict the inversion conditions accurately.

The aim of this study is to search the applicability of several z-factor correlations
extensively used in petroleum and natural gas engineering in prediction of Joule-
Thomson inversion curve. Adjustable parameters of the correlations would be
optimized to improve the accuracy of the inversion curve computations. Since these
equations are readily programmable, they will be valuable tool in engineering
calculations.
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JOULE-THOMSON TERSINME EGRISININ BULUNMASINDA z-
FAKTORU KORELASYONLARI ICIN PARAMETRE OPTIMiZASYONU

OZET

Joule-Thomson etkisi gazlarin sabit entalpi sartlar1 altinda hacimsel degisime maruz
kalmas1 sonucunda ortaya ¢ikar ve bu olay ¢cogunlukla gazlarda sicaklik degisimiyle
sonuglanir.

Joule-Thomson etkisi ilk olarak James Joule ve William Thomson tarafindan
gerceklestirilen bir deneyde kesfedilmistir. Bu deneyde gazlar sabit entalpi kosullari
altinda basing degisimine maruz birakilmis ve hacim degisimine ugrayan gazlarin
sicakliklarinda degisim gozlenmistir. Deneyler sonucunda ilk durumdaki sicaklik ve
basing degerlerine bagl olarak gazlarin sicaklifindaki degisimin artan veya azalan
dogrultuda olabilecegi fark edilmistir.

Bu artis veya azalisin dogrultusu Joule-Thomson katsayisiyla modellenir. Eger Joule-
Thomson katsayisi sifirdan biiyiikse genlesen gaz sogur ve esdeger olarak hacmi
diisiiriilen gaz 1sinir. Katsaymin sifirdan kiiciik olmasi1 durumda ise genlesen gaz 1sinir
ve esdeger olarak sikisan gaz sogur. Joule-Thomson katsayisinin sifira esit oldugu
durumlarda ise gazlarin sicakliginda bir degisim gézlenmez.

Joule-Thomson katsayisinin sifira esit oldugu basing-sicaklik ikililerinin basing-
sicaklik diizleminde izdiisiimii bir egri olusturur. Bu egriye Joule-Thomson tersinme
egrisi ad1 verilir. Bu egri genlesme ile olusan artis veya azalis yonilindeki sicaklik
degisim bolgelerini birbirinden ayirir. Egrinin i¢inde kalan bolgede genlesme
sonucunda soguma goriiliirken, egrinin disinda kalan bolgede genlesme ile 1sinma
goriiliir. Farkli gazlar icin egrinin seklinde benzerlik olsa da farkli gazlar farklh
tersinme degerlerine sahiptirler.

Petrol ve Dogal Gaz miihendisligi alaninin bir¢ok uygulamasinda sicaklik ve basincin
dogru olarak modellenmesi ancak dogru Joule-Thomson etkisinin bilinmesiyle
miimkiin olmaktadir. Ozellikle dogal gazin kuyu igerisine perforasyonlardan gegerek
akist sirasinda, iiretim borulariyla ylizeye tasinmasinda ve ylizeyde genlestirilerek
icerisindeki agir hidrokarbonlardan uzaklastirilmas: sirasinda gaz sicakliginda
degisimler goriiliir. Ayrica Joule-Thomson etkisinin dogru olarak tahmin edilmesi
kuyu testlerinin sonuglarinin yorumlanmasinda da dnemlidir.

Gazlarin tersinme noktalarini belirlemek i¢in ¢ok hassas sicaklik 6l¢timlerine ve basing
kontrol mekanizmalarina ihtiya¢ vardir. Deneysel diizenekte karsilasilan zorluklardan
dolay1 literatiirde deneysel olarak belirlenmis tersinme basing ve sicaklik verisi
oldukca kisithidir. Bu alandaki eksikligin giderilmesi i¢in bazi korelasyonlar, durum
denklemi yaklagimlart ve molekiiler simiilasyon yontemleri ile tersinme egrisi verileri
elde edilmeye calisilmistir. Denenen yontemler ile elde edilen tersinme egrileri
ozellikle ytiksek sicaklik ve yliksek basing bolgelerinde (list tersinme egrisi) hatali
sonuglar vermekte ve degerler kullanilan yaklasima bagli olmaktadir.
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Bu calismanin amaci petrol ve dogal gaz mithendisliginde yaygin olarak kullanilan z-
faktori korelasyonlarinin ( gaz sikistirilabilirlik faktorii ya da gaz sapma faktorii olarak
da isimlendirilir) Joule-Thomson tersinme egrilerinin hesaplanmasi amaciyla
uygulanabilirliklerinin arastirilmasidir. Ayrica kullanilan iki parametreli indirgenmis
durumlar yasasina uyan bu korelasyonlarin katsayilarinin optimize edilerek tersinme
egrilerinin daha duyarli olarak hesaplanabilirligini géstermektir.

Bu amag¢ kapsaminda kullanilan z-faktorii korelasyonlari, Dranchuk-Abou Kassem
korelasyonu, Hall-Yarborough  korelasyonu ve  Dranchuk-Purvis-Robinson
korelasyonudur. Her ii¢ korelasyonda iki parametreli esdeger durumlar yasasi
temellidir. Kullanilan korelasyonlarin deneysel olarak elde edilen z-faktori
degerlerinin dogrusal olmayan regresyon analizi yontemiyle parametreleri elde
edilmistir. Ayrica bu korelasyonlar ayarlanabilir katsayilara sahip olduklarindan,
deneysel verilere gore yapilacak parametre tahmini ile mevcut formlart korunarak yeni
parametreler gelistirilebilecektir.

Bu calisma kapsaminda, oncelikle Joule-Thomson katsayisi gaz sikistirilabilirlik
faktorii degerinin sabit basingta sicakliga gore degisimi (sabit basingta z faktorii
degerinin sicakliga gore tiirevi), evrensel gaz katsayisi, 1s1 kapasitesi, basing ve
sicaklik parametrelerine bagli olarak matematiksel olarak bir denklem formunda
tanimlanmistir. Bu denklemde tiirev terimi hari¢ diger tiim terimler pozitif degerler
alabileceginden Joule-Thomson katsayisinin isareti sadece gaz sikistirilabilirlik
faktoriiniin tiirevi tarafindan kontrol edilir. Tersinme egrisinin hesaplanmasinda
denklemin sag tarafinin sifir degerini almasi ile sicakligin, basincin ve 1s1 kapasitesinin
etkileri de ortadan kalkar ve yalnizca z faktoriiniin sabit basincta sicakliga bagli olan
degisiminin sifira esit oldugu noktanin bulunmas yeterlidir.

Yukarida adlar1 gegen korelasyonlar indirgenmis basing ve sicaklifin fonksiyonu
oldugundan, Joule-Thomson katsayisi denkleminin indirgenmis biiyiikliikler cinsinden
yeniden yazilmasi gerekir. Bu ifadenin gelistirilmesi ile z-faktoriinlin indirgenmis
sicakliga gore tiirevi Dranchuk-Abou Kassem, Hall-Yarborough ve Dranchuk-Purvis-
Robinson korelasyonlar1 kullanilarak bulunmustur. Joule-Thomson tersinme egrisi z
faktorlinlin sabit indirgenmis basingta, indirgenmis sicaklifa gore tiirevinin sifir
oldugu noktalar olarak hesaplanmistir. Olusturulan tersinme egrileri literatiirdeki
metan deneysel verileri ve yine referans olarak kabul edilen REFPROP (referans
termofiziksel Ozellikler programi) uygulamasindan elde edilen metan tersinme
degerleri ile karsilastiriimistir.

Karsilastirilma sonucunda Dranchuk-Abou Kassem korelasyonu alt tersinme egrisinin
tahmininde deneysel verilerle uyum gosterirken, maksimum tersinme basinci noktasi
civarinda deneysel verilerden farklilik gdstermistir. Ust tersinme egrisinin tahmininde
ise korelasyon ayni basariy1 gosterememektedir. Benzer olarak Hall-Yarborough ve
Dranchuk-Purvis-Robinson korelasyonlar1 da alt tersinme egrisinde deneysel
degerlerle benzerlik gosterirken maksimum tersinme basinci noktasi ve iist tersinme
egrisinde iyi sonuglar verememistir. Dranchuk-Purvis-Robinson korelasyonu
fonksiyonel form olarak Dranchuk-Abu Kassem korelasyonunun 6nciisii oldugundan
dolay1, sonuglar1 da benzerlikler gostermektedir. Hall-Yarborough korelasyonu ise
fonksiyonel olarak degisik bir forma sahiptir. Bundan dolayr maksimum indirgenmis
basing civarinda farklilasmaya baslamakla birlikte, yiliksek indirgenmis basinglarda {ist
tersinme egrisini orijinal katsayilarla tahmin etmede daha basarilidir.

Tez galismasinin amact dogrultusunda z-faktorii korelasyonlarinin tersinme egrisinin
her bolgesini dogru bir sekilde tahmin edebilmesi i¢in Dranchuk- Abou Kassem ve

XXIV



Hall-Yarborough korelasyonlarinin katsayilari, literatiirdeki deneysel veriler ve
REFPROP verileri kullanilarak optimize edilmistir. Yapilan optimizasyon islemiyle
Hall-Yarborough korelasyonu referans degerlerle tam uyum gosterirken, Dranchuk-
Abou Kassem denklemi ¢ok az miktarda da olsa referans degerlerden sapma
gostermistir. Buna ek olarak Dranchuk-Abou Kassem korelasyonunun daha dogru
sonuglar verebilmesi i¢in optimizasyon islemi iki parcada yapilmistir. Bunun i¢in
referans olarak kullanilan degerler alt ve iist tersinme egrilerini temsil edecek sekilde
iki parcaya bolinmiis ve her iki veri setinde de ortak noktalar regresyona dahil
edilmistir. Her bir veri seti i¢cin Dranchuk-Abou Kassem parametreleri yeniden
bulunmustur. Bu islemle iki farkli parametre seti olusturulmus ve bu parametre
setinden bir tanesi alt tersinme egrisini digeri {ist tersinme egrisinin tahmin
edilmesinde kullanilmistir. Tahmin edilen sonuglar referans sonuglarla tiim bolgelerde
tam olarak uyum gostermistir.

Bu calisma kapsaminda ayrica, korelasyonlarla elde edilen tersinme degerlerinin hata
analizleri yapilmis ve parametreleri iki par¢a halinde optimize edilmis Dranchuk-Abou
Kassem korelasyonu tersinme egrilerinin tahmini i¢in en iyi alternatif oldugu
saptanmigtir.
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1. INTRODUCTION

All real gases undergo temperature changes when their volume is changed.
Temperature of natural gas also changes during production at the perforations, inside
the tubing, through the surface chokes and at the surface where heavier hydrocarbons
are removed at the processing facilities. The change of the gas temperature at the
different parts of the production system depends on the prevailing pressure and
temperature conditions. Depending on the initial pressure and temperature condition
of gas, temperature change could be in either increasing or decreasing direction. This

phenomenon is known as Joule-Thomson effect in thermodynamics.

Proper prediction of Joule-Thomson effect is needed in petroleum industiries
especially in gas reservoirs applications. Accurate knowledge of temperature and
pressure conditions in production string is critical for many applications.The Joule-
Thomson effect should be properly included in numerical simulation equations in

order to get correct results in gas flow calculation.

In petroleum and natural gas reservoir engineering applications, reservoir fluid
temperature will be decreased by expansion in general. Nevertheless, temperature
increases of a few degress are possible in high pressure-high temperature (HPHT)
reservoirs. Such bottomhole temperature increases around the perforations are

reported by Jones [1] and by Baker and Price [2].

The importance of Joule-Thomson effect has been subject to lots of studies some of

them is given below:

Jamaloei and Asghari [3] presented a study about Joule-Thomson effect in well testing,
production testing and monitoring. According to them Joule-Thomson cooling is one
of the important dynamic parameters lead to diffences between flowing bottomhole
temperature and static formation temperature at that depth. They also mentioned that
hydrocarbons flowing from formation to the well experince a pressure drop that causes

temperature changes in the fluid because of the Joule-Thomson effect.



Jamolei and Asghari [4] present another study about the Joule-Thomson effect as a
second part of the previous study. In the second part they mentioned Joule-Thomson
effect on carbon dioxide injection into depleted gas reservoirs, prediction of wellbore
temperature profiles, and the impact of thermal stress on the wellbore stability.

Another study about Joule-Thomson effect belongs to Pakulski [5]. In his study,
during flow-back operations and production in deeper water, he showed the cases that

hydrate formation observed mostly due to Joule-Thomson effect.

Batesole and Wilkes [6] have mentioned Joule-Thomson effect in underground gas
storage. They stated that the Joule-Thomson effect is usually the dominant factor in
determining the change in gas temperature for underground storage reservoirs. It is
most notable near the wellbore where most of the pressure drop takes place, and is
therefore, a greatly contributing factor to hydrate formation.

Oldenburg [7] targeted the importance of Joule-Thomson cooling effect during carbon
dioxide injection into depleted gas reservoirs. He stated that formation permeability
and so, injectivity could be decreased by formation of hydrates when the Joule-
Thomson cooling effect was large.

Steffensen and Smith [8] were the pioneer who explained the influence of Joule-
Thomson effect in the interpretation of temperature logs. Joule-Thomson heating of
water and cooling of gas can have notable amount of influence on temperatures

because of pressure drop during flow around the production-injection wells.

App [9] stated that the importance of Joule-Thomson effect could not be disregarded
in high-pressure low permeability reservoirs. The high drawdown in such reservoirs
could increase wellbore temperatures due to Joule-Thomson expansion of reservoir
fluids.



2. LITERATURE REVIEW

The prediction of inversion curve has been a subject to many studies in the literature.
There are studies in the literature about direct measurement of Joule-Thomson
inversion data as well. The early studies of the Joule-Thomson effect and inversion

curve are generally experimental works.

As one of the early studies, Roebuck and Osterberg [10-12] measured the Joule-
Thomson coefficient of helium and described their methodology and apparatus used
in work. In addition, they extended their study for argon and nitrogen using the same
apparatus. Using the same experimental apparatus they also provided the

Joule-Thomson inversion curve data.

Another pioneer study presented by Budenholzer et al. [13]. They determined
the Joule-Thomson coefficient of methane at a temperature range of 294.26 °K to

377.5944 °K and for pressure range of atmospheric pressure to 10.3421 MPa.

Gunn et al. [14] stated that directly determining the values of Joule-Thomson
coefficient was difficult and unreliable in the vicinity of inversion point. For this
reason, they generate a correlation that is function of reduced parameters for nearly
spherical molecules. For this purpose, Joule-Thomson inversion data including argon,

methane, ethane, carbon monoxide were used from various literature studies.

According to Miller’s [15] study, Joule-Thomson inversion data can be determined for
all gases effectively by applying corresponding states principle with the exception of
hydrogen (H2) and helium (He). He generated an empirical correlation from the
existing Joule-Thomson inversion data, moreover the shape of inversion curve, Trmax
(reduced maximum inversion temperature) and Trmin (extrapolated minimum reduced
inversion temperature) were discussed. He found that among the other equations of
state (EOS), inversion curve Redlich-Kwong EOS was the best equation in predicting
the inversion curve. Miller also stated that prediction of the inversion curve is a real

test for predictive ability of an EOS.



In Dilay and Heldemann’s [16] study, four equation of states Soave-Redlich-Kwong
(SRK), Peng-Robinson (PR), perturbed hard-chain (PC) and Lee-Kesler (LK) were
studied for their capacity to predict the Joule-Thomson inversion curve. All of them
were able to predict lower branch of the inversion curve, but none of the equations
produced adequate results at the upper part of curve. Lee-Kessler equation produced
the most precise prediction data among the others. The authors also mentioned that
calculated low-temperature branch of inversion curve was not sensitive to the EOS
parameters. However, the maximum point of inversion curve and high-temperature

branch show great deviations increasing with the acentricity.

Colazo et al. [17] were compared the seven cubic equation of state to predict the
inversion curve for simple fluids. The results compared with empirical correlation
presented by Gunn et al. This comparison indicated that the predicted maximum
inversion pressure directly depends on the difference between EOS and real fluid
critical compressibility factors. Among the seven equations, original Redlich-Kwong
(RK) EQS, the Martin (1979) Clasius type EOS and Trebble -Bishnoi EOS were found
to be the most suitable ones.

Maghari and Matin [18] studied the ability of five van der Walls type EOS to predict
the Joule-Thomson inversion curve. Adachi-Lu-Sugie, Kubic-Matin, Twu-Coon-
Cunnigham and Deiters predict lower part of Joule-Thomson inversion curve
adequately except Yu-Lu equation of state. According to authors, usually high
temperature part and maximum point of inversion curve are verified to be sensitive to
the used EOS. The result of the study shows that Deiters EOS supplied the most correct
prediction in the sensitive part.

Darwish and Al-Muhtaseb [19] compared four different EOS’ for the prediction of
inversion curve and spinodal curve loci of methane. They discussed the difference of
prediction and experimental data with using Gunn et al. correlation. They found that
Trebble-Bishnoi equation were reliable at reduced temperatures of below 2.3. Redlich-
Kwong and modified Peng-Robinson equations were good below reduced pressure of

9.5 and 10 respectively.

Colina and Olivera-Fuentes [20] developed new version of van der Walls, Redlich-
Kwong and Peng-Robinson EOS’ using experimental inversion data of air. These
modified equations produced better results than more complex, multi-parameter

noncubic equations of state.



Castillo et al. [21] used Lee-Kesler and Boublik-Alder-Chen-Kreglewski equation of
states to predict Joule-Thomson inversion curve for non-simple fluids and they
generated new correlations depend on these EOS’ as a basis. They suggested that
predictions were fairly reliable and these data can be used in place of experimental

values.

Matin and Haghighi [22] used some equations of states that include two, three or four
parameter cubic EOS for testing adequacy of prediction of Joule-Thomson inversion
curve. These EOS’ were modified Patel-Teja (MPT), modified Peng-Robinson (MPR)
by Melhem-Saini-Goodwin, Iwai-Margerum-Lu (IML), modified Redlich-Kwong
(MRK) by Souahi-Albane-Kies-Chitoreu and Trebble-Bishnoi (TB). All of the
equations tested in their study gave agreeable results for the lower part of the inversion
curve. In the maximum point of the curve and above, TB equation showed relatively

sufficient match with experimental data and Gunn, Chuech and Prausnitz correlations.

Colina and Muller [23] used isobaric-isothermal Monte Carlo molecular simulation to
predict the Joule-Thomson inversion curve for Lennard-Jones fluid. They also
mentioned that molecular simulations may be used to predict thermophysical

properties at experimentally inaccessible conditions.

In Chacin et al. [24] study, the Joule-Thomson inversion curve for carbon dioxide was
predicted by using molecular simulation technique. The Lennard-Jones model was
employed for modeling the fluid-fluid interactions. The simulation results were
compared with experimental data. The predicted results were quantitatively agreeable

to the experimental data.

In Collina et al. [25] study, prediction of Joule-Thomson inversion curve for CO> and
n-alkane series was done by using molecular based the Soft SAFT equation of state.
Comparison with the experimental and correlative data showed good agreement. There
was a strong dependency on the set of molecular parameters used in the simulation
runs especially near the maximum point of the inversion curve and in the high
temperature region. Soft-SAFT equation enable to predict inversion curve for a
condition that reduced pressure values up to 40 and reduced temperature values up to

almost 5.

Haghighi et al. [26] compared five EOS’ in predicting the inversion curve. Among

those, modified SRK equation of state by Mathias and Copeman and Harmens-Knapp



equations produced good predictions in the low temperature region. The predictions
of modified Peng-Robinson EOS by Ruzy and Vdwl1 equations were found to be

inadequate.

Vrabec et al. [27] presented the molecular simulation results of the Joule-Thomson
inversion curves for 15 pure fluids and air as a mixture and compared these results
with a reference EOS. The comparison gives excellent matches for full range of
inversion curve. They claimed that molecular models can be employed reliably for the

simulation of molecular scale phenomena.

Bessieres et al. [28] used pressure-controlled scanning calorimetry (PCSC) and Monte
Carlo simulation to determine the methane inversion curve. They concluded that to
figure out the complex behavior of the Joule-Thomson inversion curve with higher
quality, a combination of experimental techniques and molecular simulations should

be used.

Maghari and his colleagues [29] calculated the Joule-Thomson inversion curve using
SAFT-CP equation of state for sixteen pure fluids, twelve of them were non-polar and
four of them were polar fluids. They concluded that the SAFT-CP equation could
predict the experimental data for non-polar fluids. In the case of polar fluids, low

temperature branch predictions were satisfactory.

Haghighi and Bozorgnehr [30] used five recent equation of state to predict the Joule-
Thomson inversion curve of some fluids (Argon, carbon dioxide, methane, ethane and
butane). All of the five EOS were van der Walls type and they were: Wang-Gmehling
(WG) EOS, modified Peng-Robinson by Twu-Coon-Cunnigham (PR-TCC) EOS,
Riazi-Mansoori (RM) EQOS, Geana EOS and modified Peng-Robinson-Stryjek-Vera
proposed by Samir I. Abu- Eishah (PRSV2) EOS. They compared these EOS outcomes
with experimental data and stated that the results were similar and most of EOS were
more or less could predict low temperatures branch with the exception of RM equation.
On the other hand, for higher temperatures they mostly failed. Haghighi and
Bozorgmehr also determined these equations’ maximum inversion pressure and

temperature for every component used in their work.

Vrabec et al. [31] determined the Joule-Thomson inversion data of methane, ethane,
nitrogen, carbon dioxide and their mixture with using molecular simulation and
modeling. They compared these data with DDMIX, SUPERTRAPP, BACKONE and



GERG-2004 equations that were defined as the most advanced equation of state for
computing inversion conditions. In addition to that the results of pure substances were
compared to REFPROP data as a reference. They concluded their study with following
results. Molecular modeling and simulation have similar result as BACKONE, which
is an equation of state based on molecular simulation. SUPERTRAPP and DDMIX are
not very reliable. They also stated that molecular simulation and modeling is the
method of choice to predict Joule-Thomson inversion curve for mixture because no

such complicated equation of state are available.

Abbas et al. [32] tested the reliability of the Joule-Thomson (JT) coefficient of the
carbon dioxide, argon and some binary systems (carbon dioxide-argon and methane-
ethane) using the group contributing equation of state VTPR. Besides, they calculated
inversion condition of some compounds, their binary and ternary systems with this
equation. They compared results of VTPR equation with available experimental data,
corrected experimental data (REFPROP) and molecular simulation results of Vrabec
et al. They found that attained results for JT coefficient and JT inversion curves were

in resemblance with experimental findings.

Figueroa-Gerstenmaier et al. [33] identified molecular simulation methodology based
on the NPH MC (Monte Carlo algorithm for fixed number of particles, specified
pressure and enthalpy) to determine Joule-Thomson coefficient, Joule-Thomson
inversion curve and isoenthalps for ethane-based refrigerants (R125, R134a and
R152a) in wide range of thermodynamic conditions. Figueroa-Gerstenmaier et al.
compared their simulation results with results obtained from the REFPROP software
package and obtained good agreement. They also suggested that more precise quantum
and statistical mechanical calculation of refrigerant would enhance the reliability of
molecular simulation calculation of isoenthalps, Joule-Thomson coefficients and

Joule-Thomson inversion data.

Nichita and Leibovici [34] calculated the Joule-Thomson inversion curve for two
phase mixtures. The inversion curve for a mixture obtained by these authors using
cubic equation of state (Soave-Redlich-Kwong and Peng-Robinson EOS). The Joule-
Thomson inversion curve in the two-phase region is not a continuation of its single

phase branch. There is a discontinuity at the phase envelope.

The latest study about prediction of Joule-Thomson inversion curve belong to Patankar

and Atrey [35]. They calculated Joule-Thomson inversion curve for mixture of



nitrogen-methane and nitrogen-methane-carbon dioxide using Peng-Robinson,
Redlich-Kwong and Soave-Redlich-Kwong equations of state and compared these
results with Vrabec et al.’s molecular modeling and simulation results. The
calculations were performed assuming single-phase conditions. Patankar and Atrey
also constructed inversion curves of pure hydrogen and neon with trying different
acentric factor values and stated that inversion condition calculated for pure fluids

could be improved by choosing a proper value of acentric factor.

In Dogan’s [36] study, Joule-Thomson inversion curve were computed using two, two-
parameter equation of states written in reduced forms (van der Walls and Redlich-
Kwong) and a reduced form z-factor correlation (Dranchuk-Abou Kassem). The
results were compared against the experimental data published in the literature to
figure out the effectiveness of the two parameter equations in prediction of Joule-

Thomson inversion curve

Dilsiz [37] examined the derivative behavior of z-factor correlations by using
thermophysical properties (residual enthalpy and entropy). She used Dranchuk-Abou
Kassem and Hall-Yarborough correlations to calculate the thermophysical properties
with different mixing rules. Moreover, she investigated effect of the mixing rules on

the prediction of residual properties.

Since the inversion data are limited in the literature (especially for the upper section
of the curve), several correlations, EOS based prediction methods, and molecular
simulation techniques are used to compute inversion conditions of various gases. With
the exception of some molecular simulation applications, none of these methods is able
to predict inversion conditions accurately because the methods used in predictions are
not suitable for high reduced temperature and pressure conditions.



3. MOTIVATION AND PURPOSE OF STUDY

Proper knowledge of the Joule-Thomson effect is necessary for many petroleum and
natural gas engineering applications. However, direct measurement of inversion
conditions requires precisely controlled experimental conditions. As a result of
experienced difficulties in the experimental setups, the inversion data are limited in
literature. In lack of adequate experimental data, some prediction methods are used to
compute the inversion characteristics of different fluids. However, none of these

methods is able to predict the inversion conditions accurately.

The main purpose of this study is to examine the applicability of three
two-parameter (Trand Py) corresponding state type z-factor correlations (Dranchuk-
Abou Kassem, Dranchuk-Purvis-Robinson, and Hall-Yarborough) in prediction of
Joule-Thomson inversion curve. Adjustable parameters of these correlations should be
optimized to improve the accuracy of the inversion curve computations. In accordance
with this purpose, the details of the methodology used for improving predictions will

be given in following chapter of this thesis.

In parameter estimation chapter, the parameters of the Dranchuk-Abou Kassem and
Hall-Yarborough correlations are optimized by keeping the functional forms using all
available experimental data and reference data including methane-ethane binaries (up
to 10 per cent ethane) together to predict inversion conditions adequately. The
optimization data mainly consist of reference data since experimental data is very

limited especially in the high temperature branch of the inversion curve.

The experimental data are taken from Perry’s chemical engineering handbook [38]
which are concentrate on the lower inversion zone and Bessieres et al.’s study [28]
which are concentrate on maximum pressure region, the reference data are taken from
REFPROP reference program. All these data set are given in Appendix B. Moreover,
the Matlab codes used in this study are given in Appendix A.






4. MODELING OF JOULE-THOMSON EFFECT

Temperature change of a gas upon volumetric change is modelled with Joule-Thomson
coefficient. In this section, Joule-Thomson experiment, mathematical formulation of

the Joule-Thomson coefficient, and Joule-Thomson inversion curve are explained.

4.1 Joule-Thomson effect

Joule-Thomson effect is a thermodynamic phenomenon that takes place when a fluid
passes through a restriction. This throttling process usually accompanied with a change

in temperature under isenthalpic conditions.

Joule-Thomson effect was discovered in an experiment conducted by James Joule and
William Thomson in 1852 [39]. In the experiment, they supplied gas at steady rate
(constant rate) through a tube that are separated into two parts with a porous plug and,
the whole system is isolated from the surroundings to prevent heat exchange. The
apparatus of Joule-Thomson experiment is shown in the Figure 1.1. Pistons are moved
in the same direction to create pressure differences between separated parts. The
pressure at the upstream side of the restriction is kept higher than the downstream part
to ensure controlled expansion inside the porous plug.

Insulated walls
Piston mamtatning Piston mamntaining
high pressure low pressure
—»7 e

Control Porous
surface plug

Figure 4.1: Joule-Thomson experiment apparatus.[40]
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During the experiment, the gas occupies a volume V1 at pressure P; and temperature
T1 before the expansion and a volume V; at pressure P> and temperature T after the

expansion.

The total work done by system can be defined as the summation of work done by the

pistons.

0 Vz
w=—[RdV - [PRdV =RV, - RV, (4.1)

v, 0
From the first law of thermodynamics, change in internal energy is equal to work done

by system since there is no heat exchange between the apparatus and the surroundings:

AU =U,-U, =w (4.2)
Uz _Ul = Plvl - P2V2 (4-3)
U +BV,=U,+PV, (4.49)

By definition of enthalpy (H= U+PV), Equation 4.4 can be written as H1= H and this
equation shows that enthalpy of the system is unchanged. Therefore, this procedure is
an isenthalpic expansion and the experiment measures the change in temperature of
gas with the change in pressure at constant enthalpy. On a temperature-pressure graph,
the Joule-Thomson process can be sketched as an isenthalpic curve (Figure 4.2). The
line ABC shows the effect of decreasing the exit pressure on the exit temperature. The

point B is known as the inversion pressure.

Isenthalpic
___________________ curve

Temperature, T

Inversion
pressure

By :P]

Pressure. o

Figure 4.2: Isenthalpic curve for flow through a porous plug.[40]
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According to Figure 4.2, direction of temperature change depends on the initial
condition of pressure and temperature. Another words, temperature change could be
in decreasing or increasing direction. This signed change of temperature during
throttling process is modelled using the Joule-Thomson coefficient. Joule-Thomson

coefficient represent the slope of the constant enthalpy line at P-T plane:

_(G_TJ 4
Hy = P ), (4.5)

The enthalpy constraint on the partial derivative may be converted to the measurable

coordinates using the chain rule:

oH oT oP
(a—Tl(a—pl (a—Hl Y (46)

#,-F&) &
oP ), \oP ) \eH ), (47)

oT
Hyr =(8_P)H = (4.8)

By knowing that

dH =TdS +VdP (4.9)

The pressure derivative of enthalpy may be written as

oH 0S
)T (410

The partial derivative of entropy can be replaced by its equivalent using the Maxwell

equations.
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Then the pressure derivative of enthalpy becomes

oH oV
)5 (412

On the other hand, temperature derivative of enthalpy has a special name of constant

pressure heat capacity

oH
G = (a—_l_jp (4.13)

The final expression for Joule-Thomson coefficient may be written as
1 oV
=—|T|=| -V 4.14
Hir C, { (a-l- ]P } ( )

4.2 Joule-Thomson Inversion Curve

If Joule-Thomson experiment is repeated for different set of inlet pressure and
temperatures and results of experiment are plotted at P-T plane as a constant enthalpy
lines, the inversion points of these lines will construct the Joule-Thomson inversion
curve. Intersection of the ordinate and inversion curve is called maximum inversion

temperature as shown in Figure 4.3.

Inside the inversion curve where the Joule-Thomson coefficient is positive ( z,; >0),

the gas temperature decreases as a result of expansion (equivalently temperature
increases as a result of compression). Outside the inversion curve where the coefficient

is negative (u,; < 0), expansion process increases the gas temperature (equvalently

temperature decreases with decreasing volume).
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Constant enthalpy
lines
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Cooling zone  __—F_ Heating zone

Figure 4.3: Joule-Thomson inversion curve and constant enthalpy lines.[41]
If the Joule-Thomson coefficient is identically zero, no temperature change will be
observed as result of the volume change. Projection of P-T pairs at which the Joule-
Thomson coefficient becomes identically zero creates an envelop on the P-T plane.
This envelop is known as the Joule-Thomson inversion curve. The inversion curve

seperates the P-T plane into two regions where the temperature changes have opposite

effects.
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5. CORRESPONDING STATE PRINCIPLE AND PREDICTION OF
JOULE-THOMSON INVERSION CURVE

The details of method used for predicting the Joule-Thomson inversion curve using
two parameters corresponding state z-factor correlations will be given in this section.
Additionally, REFPROP reference software used to produce inversion curve data is

introduced.

5.1 Corresponding State Principle

Corresponding state principle was developed by J. D. van der Walls for the first time.
van der Walls showed that all pure substances’ pressure, volume and temperature
properties can be explained with two parameters equation of states in theoretically. For
different substances, quantitative pressure-volume relations are not similar at constant
temperature. However, according to corresponding state principle, when the reduced
pressure and volume are taken as reference parameters for pressure, volume and
temperature relationship of single component gases, two different substances which
have similar structures show resembling properties. Corresponding state principle can

be expressed in following equation generally.

| —

f( —)=F(F.V,T)=0 (5.1)

c

JU|T
< <
_|

where

P: System pressure

Pr: Reduced pressure

Pc: Critical pressure

T: System temperature
Tr: Reduced temperature

Te: Critical temperature
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V: System volume
V. Reduced volume

V.: Critical volume

5.1.1 Reduced parameters

For single component gases, critical point is the end point of vapour pressure curve.
The pressure and temperature are called as critical temperature and critical pressure at
this point. The gases having same reduced values show similar physical behaviour.
This is the basic rule of the corresponding states principle. The basic parameters of
corresponding state principle are reduced pressure and reduced temperature. The

expression of reduced parameters is given below:

T =T/T, (5.2)
R=PIR (5.3)
Where system properties (Temperature and Pressure) and critical properties should be

expressed in the same unit.

5.2  Two Parameter Corresponding State z-Factor Correlations

The basis for the numerical hydrocarbon gas z-factor correlations is the graphical
correction published by Standing and Katz in 1942 [39]. Among the many numerical
z-factor correlations, Hall-Yarborough, Dranchuk-Purvis-Robinson, and Dranchuk-
Abou Kassem equations are chosen for this study. According to Kareem et al [40],
these three correlations, described in the following subsections, are extensively used

in the petroleum industry for their accuracies and low maximum errors.

5.2.1 Hall-Yarborough correlation

In 1973, Hall and Yarborough [41] presented an equation of state that precisely
represents Standing and Katz chart. This equation of state based on Staring-Carnahan
equation of state, and equation parameters were obtained to match the Standing and

Katz chart data. Hall-Yarborough equation is given in the following form;

0.06125P. t )
Z= {—p} exp[-1.2(1-t)’] (5.4)
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In Equation 5.4, t represents the inverse of reduced temperature value

.
t=2 (5.5)

whereT  represent pseudo-reduced temperature and Y represents reduced density that

can be obtained from as the solution of the following equation.

Y+Y24yi-y®
(1-Y) (5.6)
(14.76t - 9.76t" + 4.58t°)Y * + (90.7t — 242.2t% + 42.4t°)Y #**72%) = 0

F(Y)=-0.06125P, texp(-1.2(1-t)") +

where P, is pseudo-reduced temperature.

The derivative of Equation 5.6 with respect to reduced density (Y) is given in following

equation.

2 ay3, y4
o) _Lrav+av 4 +¥ _(29.52t-19.52t% +9.16°)Y
oY (1—Y) (5l7)
+(2.18+2.82)(90.7t - 242,217 + 42.2t%)Y (1622

This non-linear equation could be solved with Newton-Raphson iterative method and
the value of reduced density can be found. According to Tarek [45], this method is

recommended for application if the pseudo-reduced temperature is higher than one.
5.2.2 Dranchuk-Purvis-Robinson method

Dranchuk, Purvis and Robinson [46] published a correlation based on the Benedict-
Webb-Rubin equation of state. Developed correlation has eight parameters and these
parameters were obtained using Standing and Katz chart using non-linear regression

analysis. The equation has following form:

b egle i

(5.8)
{% pi(1+ APt )exp(-Ap? )}

pr

where p, is reduced gas density and given by Equation 5.9.
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pr

Py (5.9)

Parameters which are used in the Equation 5.8 are given in Table 5.1.

Table 5.1: Parameters of Dranchuck-Purvis-Robinson Method

Coefficient Coefficient Values
AL 0.31506237
Az -1.0467099
Az -0.57832729
A4 0.53530771
As -0.61232032
As -0.10488813
A7 0.68157001
Asg 0.68446549

Dranchuk-Purvis-Robinson method is operative within the following ranges;
0.2<Pp<30
1.05 < Tpr<3.0

Dranchuk-Purvis-Robinson equation is a precursor of Dranchuk-Abou Kassem

equation.
5.2.3 Dranchuk-Abou Kassem correlation

Dranchuk and Abou Kassem correlation [47] is one of the two parameters
corresponding state correlations. Dranchuk and Abou Kassem correlation has 11

parameters to simulate Standing and Katz chart. In this equation, z-factor may be

|

written in terms of reduced parameters as follows:

A B A A LA A AL Al A
7= Al+T +T§r+Trj‘,+T5}pr+{A€’+T jLszr},or Agl:Tpr+

pr pr pr

5>

) (5.10)
Ay (Lt A ) D exp(-A, ) +1

pr

where p, is reduced gas density defined in Equation 5.9.

Equation 5.10 includes the z value at the both side of equation, therefore; it must be
solved iteratively. The constant coefficients in Equation 5.10 are obtained with

nonlinear regression analysis and calculated with matching 1500 data point from
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Standing and Katz chart. According to Tarek [45], Dranchuk-Abou Kassem equation
can be employed in the range of 1.0 < Tpr < 3.0 for reduced temperature and 0.2 < Py
< 30.0 for reduced pressure and gives results with 0.585 percentage error. Parameters

which are used in the Equation 5.10 are given in Table 5.2.

Table 5.2: Parameters of Dranchuck-Abou Kassem Correlation

Coefficient Coefficient Values
AL 0.3265
Az -1.0700
Az -0.5339
AV 0.01569
As -0.05165
As 0.5475
A7 -0.7361
As 0.1844
Ag 0.1056
A1o 0.6134
A1 0.7210

53 REFPROP Reference Program

REFPROP reference program developed by the National Institute of Standards and
Technology (NIST) and, this program provides thermodynamic and transport

properties of fluids and fluid mixture.

REFPROP [48] data is calculated by the most precise pure fluid and mixture models
currently applicable. Equation of state explicit in Helmholtz energy, the modified
Benedict-Webb-Rubin equation of state and extended corresponding states (ECS)
model are implemented by REFPROP for the thermodynamic properties of pure fluids.
Mixture computation uses a model that employs mixing rule to the Helmholtz energy
of the mixture components; it uses a separation function to account for the separation

from ideal mixing.

REFPROP contains GERG-2008 and AGA-8 which are standards employed in the
natural gas industry. GERG-2008 [46] is the equation of state for the thermodynamic
properties of natural gases, this equation based on 21 natural gas component some of
them are methane, nitrogen, carbon dioxide. The normal range of validity of GERG-
2008 includes temperatures from (90 to 450) K and pressure up to 35 MPa where the

most certain experimental data of the caloric and thermal features are represented to

21



within their accuracy. The extended range reaches from 60 to 700 K for temperature
and up to 70 MPa for pressure. GERG-2008 will be adopted as an 1SO Standard (ISO
20765-2/3) for natural gases.

54 Prediction of Inversion Curve

Measurement of Joule-Thomson inversion curve requires precisely controlled
experimental conditions. As a result of experienced difficulties in experimental setups,
the inversion data is limited in literature. In lack of sufficient experimental data some
correlations, equation state based prediction methods and molecular simulation

techniques are all used to compute inversion characteristic for different gases.

In the present study for predicting inversion characteristic, three of two parameters
corresponding state type z-factor correlations are used. These are Dranchuk-Abou
Kassem (DAK) correlation, Hall-Yarborough (HY) correlation and Dranchuk-Purvis-

Robinson (DPR) correlation.

As mentioned before, Joule-Thomson inversion curve creates an envelope on the P-T
plane that separates the regions at which the gases are either cooling or heating. On the

inversion curve, the Joule-Thomson coefficient is identically zero.

In the previous chapter, the Joule-Thomson coefficient was written in terms of the
constant pressure heat capacity, pressure, molar volume and temperature. In Equation
4.14, partial derivative of volume with respect to temperature can be rearranged using

real gas equation on one mole basis:

PV = zRT (5.11)

(ﬂj _i(ﬂ] R )
oT ), otU P ), PaT (5.12)

) B[z,
or ). P \oT ), (5.13)

If this expression is inserted into the Joule-Thomson coefficient equation, the

following will be obtained.

_L1|RT*(a) RT
frec P \ar), P (5.14)
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Equation 5.14 can be simplified as follows:

RT(a
#r = pc, ot ), (5.15)

In the right-hand side of Equation 5.15, R, T, P, and Cp are all positive and the sign of
the Joule-Thomson coefficient is controlled by the partial derivative of the z-factor.
Equation 5.15 may be written in terms of reduced parameters if the following

conversions are made:

T=T,T. (5.16)
P=P,P, (5.17)
dT =TpCdTpr +TprdTpC (5.18)
dP =P, dP, +P, dP, (5.19)

Since dT,, and dP,. terms are identically equal to zero, Equation 5.15 is expressed in

reduced parameters as follow:

RTprszc( oz j
Hy = (5.20)
P,P.Co| 0T,

pr
Since at the Joule-Thomson inversion point, Wt becomes zero, Equation 5.20 is

reduced to the following simpler form:

0z
Eg?prl =0 (5.21)

pr

At this point inversion curve may be computed in terms of reduced properties. The
two-parameters corresponding states z-factor correlations based on the Standing-Katz
chart. Our primary concern in this study is to compare temperature derivative
properties of Dranchuk-Abou Kassem and Hall Yarborough correlations. Dranchuk-
Purvis-Robinson correlation is also used since this correlation is a precursor of the

Dranchuk-Abou Kassem equation.

To compute the inversion curve the following steps are taken:
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As the first step, all three equations are coded as functions of reduced properties. Since
all three equations have z-factor at both sides of the correlation equations, Newton-
Raphson algorithm is used to solve the non-linear equations. The code is also modified
to run with Matlab’s fzero function to check correctness of our code. The fzero [50]
function uses a combination of bisection, secant and inverse quadratic interpolation

methods.

As the second step, the derivatives are evaluated numerically by using central
differences method with a step size of 0.0001. Analytical derivatives of the equations
were also taken and compared to validate the results. There is no significant changes

in the results when the numerical derivatives are used.

Finally, as the third step, Equation 5.21 is solved by using Matlab’s fzero function Ty
starting from 1.01 to 5.0 with 0.1 increments. This type of calculation is very similar
to the phase envelope calculations in vapor-liquid equilibria. Since reduced pressure
can take two values for a given reduced temperature value, the iteration variable has
to be taken as the reduced pressure. The currently computed reduced pressure value is
taken as the initial guess for the next iteration step.

Initially, methane data is used to compare the results. The experimental data were taken
from Perry’s Chemical Engineering handbook [38] and Bessieres et al.’s [28] study.
Since most of the data available is concentrated on the low temperature range of the
curve, REFPROP reference program is also employed.

REFPROP reference program can compute the thermodynamic properties as a function
of pressure and temperature. If pure component data is required, those thermodynamic
properties may be retrieved in terms of reduced properties. The reference program has
no options to compute the inversion points. To overcome this problem, the Joule-
Thomson coefficient is computed as a function of reduced pressure while reduced
temperature is held constant. Then, the turnover point is refined in a much narrower

temperature range. The point at which pr changes the sign is the inversion point.

Figure 5.1 shows calculated inversion data from Dranchuk-Abou Kassem correlation
for methane, experimental data and inversion data from REFPROP reference program.
Cross plot of predicted versus reference values of inversion pressure is given in Figure
5.2.
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Figure 5.1: Inversion curve from DAK correlation calculated with original
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Figure 5.2: Cross plot of predicted by DAK vs. reference values of inversion
pressure.
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Figure 5.1 shows that the experimental and the REFPROP data are in close agreement
at the low temperature branch of the inversion curve. DAK correlation slightly
underestimates the experimental data. Incompatibility increases at the maximum
pressure region and above 2.5 value of reduced temperature, resemblance completely
disappears. The functional form of the correlation is not capable of following the
experimental data. It should be noted that upper temperature limit for the correlation
is 3.0.

Figure 5.3 shows that Hall-Yarborough correlation represent an acceptable agreement
at the lower branch of the inversion curve but underestimates the middle and upper
branch up to T, value of 4. Functional form of the correlation is in closer agreement
with the experimental data compared to the DAK correlation. Figure 5.4 shows the
comparison of the inversion pressures that are measured by Hall-Yarborough

correlation and reference inversion pressure.

Finally Figure 5.5 shows the predictions of DPR correlation. Since the correlation is
simpler form of the DAK correlation similar conclusions are valid. The difference
between the DPR correlation predictions and the reference data is larger. Figure 5.6
shows the comparison of the inversion pressures that are measured by DPR correlation

and reference inversion pressure.

Figure 5.7 reveals that none of the correlations used in this study can predict entire
curve. DAK and DPR correlations can predict the lower branch of the inversion curve
in close agreement while HY correlation has a more robust shape but fail to predict the

curve in the maximum pressure and temperature regions.

As a final conclusion of this chapter, Dranchuk-Abou Kassem and Hall-Yarborough
correlation coefficients should be optimized to improve the inversion curve predictions

without changing the original form of the correlations.
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Figure 5.4: Cross plot of predicted by HY vs. reference values of inversion pressure.
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6. PARAMETER ESTIMATION

Prediction of the Joule-Thomson inversion curve by using the z-factor correlations
based on the Katz’s chart was found inadequate especially in the high temperature

branch as proved in the previous chapter of this thesis.

In this chapter, the parameters of the DAK and HY equations are optimized by keeping
the functional forms of the z-factor correlations using reference data including
methane-ethane binaries (up to 10 per cent ethane) from REFPROP and experimental
data from literature. This type of approach is especially preferable to make the
previously developed codes usable and predict full range of inversion curve
adequately. The optimization data comes mainly from REFPROP reference program,

since data is very limited especially in the high temperature branch of the curve.

The differences between the reference and predicted data are calculated using sum of
squares error (SSE). Sum of squares error of prediction, also known as the residual
sum of squares, is the sum of squares of residuals. It is a measure of the inconsistency
between the data and the assumed model. A small SSE shows a close fitting of the
model to the data. SSE is used as an optimality criterion in parameter and model

selection.

According to Drapper and Smith [51], In model with single descriptive variable, SSE
is given by:

SSE = Z Y. — f(x) (6.1)

Where 'y, is the i value of the variable to be estimated, x; is the i"" value of the
descriptive variable, and f (x) is the predicted value of y. .

In this work, MATLAB’s optimization routines are used for parameter optimization
keeping the functional forms unchanged. MATLARB’s fminsearch function uses

Nelder and Mead (NM) (or simplex search algorithm) originally published in 1965
[52]. NM algorithm is designed for multidimensional unconstrained optimization
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without using the derivatives. The method uses four different procedures to find the
minimum: reflection, expansion, contraction, and shrink. The inner working of the
algorithm is out of scope of this study and may be find somewhere else such as Nash
J.C. [53].

6.1 Parameter Estimation for Dranchuk-Abou Kassem Correlation

All available experimental and reference data is used with equal weight to regress the
DAK correlation. The regression results are given in Table 6.1. R-squared value for
this optimization run is 0.9951. Cross plot of the data and predictions are given in
Figure 6.1. The agreement between the values are acceptable in the low-temperature
region of the curve. In the maximum inversion pressure region and high-temperature
section of the curve, the agreement is still requires an improvement. The new
coefficients over-estimates the data in the maximum pressure region while there are
positive and negative deviations in the upper part of the curve. The functional form of
the DAK correlation cannot predict the entire curve precisely with one set of

coefficients.

Table 6.1: Parameters of DAK correlation estimated by using reference data.

Coefficient Coefficient Values
Aq 0.372857
A -0.963299
Az -0.797675
Ay 0.015154
As -0.077576
As 0.230204
A7 -0.150227
Ag -0.040879
Ag 0.308500
Ao 0.776886
A1l 0.800990

To increase the precision of the predictions, inversion curve data is divided into two
parts and new parameters for each part are re-optimized. In order to do keep continuity,

common data points for both data sets are used.
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DAK correlation (one parameter set).
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The weighted SSE values are determined with following equation:

SSE = 3 (W (3 — f (X)) 62)

where, w, are the weights of data points i.

In two sets of optimization for DAK correlation, the point with reduced temperature

value 2.9 is used as a weighted point to keep continuity.

To determine parameters of DAK correlation for lower inversion curve, the data that
are chosen in range of 1.05 < T, < 2.9 are used. The results are given in Table 6.2.

The same procedure is applied for upper inversion curve, with using reference data in

range of 2.9 < T\ < 4.9 and obtained new parameters are tabulated in Table 6.3.

Table 6.2: Parameters of DAK correlation for lower inversion curve.

Coefficient Coefficient Values
Aq 0.216104
A -1.192575
Az -0.579851
As 0.015341
As -0.055257
As 0.604008
A7 -0.679496
Ag 0.191558
Ao 0.093118
Aqo 0.692834
A1 0.732255

Table 6.3: Parameters of DAK correlation for upper inversion curve.

Coefficient Coefficient Values
Ar 0.397296
Ao -1.005186
As -0.429393
AV 0.015362
As -0.052815
As 0.199828
A7 -0.291067
As 0.243582
Ag 0.142355
Ao 1.045814
A1 0.830423
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Lower and upper inversion curves are computed separately with using parameters in
Table 6.2 and Table 6.3 and the results are plotted in Figure 6.3 and Figure 6.4. The
final plot including both curves are shown in Figure 6.5, the cross plot of the
experimental, and predicted values are shown in Figure 6.6. In Figure 6.5, the
continuous green line is the upper inversion curve and obtained with using parameters
tabulated in Table 6.3. The continuous blue line represents the lower inversion curve
and it is determined with using parameters in Table 6.2. As shown in the figure the
inversion curve generated by two-segment correlation shows the excellent agreement

with the data in all regions (R-squared value is 0.9990).

JTIC
251 * REFPROP,Experimental data and Binary data

Reduced Temperature
(%)
1

Reduced Pressure

Figure 6.3: Lower inversion curve from DAK correlation calculated with optimized
parameters.
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Figure 6.6: Cross plot of measured vs. reference and experimental data with two sets
coefficients.

6.2  Parameter Estimation for Hall-Yarborough Correlation

In order to estimate new parameters without disturbing the structure of Hall-

Yarborough correlation, HY correlation is written in the following form.

Y+Y2+Y3-Y* ~
(1-Y) 6.3)
(Ct—C,t2 +C,})Y2 +(C,t —Ct? + Ct)Y &%) — g

Where, C1-C8 are parameters which should be estimated in the HY correlation.

F(Y)=-0.06125P, texp(-1.2(1-t)") +

As in the DAK correlation, these parameters are found because of the minimization of
SSE values between the reference data and the predicted data.

Table 6.4 shows the estimated parameters of Hall-Yarborough correlation.
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Table 6.4: Parameters of HY correlation estimated by using reference data.

Coefficient Coefficient Values
C1 13.037330
C> 5.404216
Cs 5.158509
Cs 77.022020
Cs 282.777973
Ce 46.918170
Cy 2.543076
Cs 3.234061

Figure 6.7 shows the Joule-Thomson inversion curve from HY correlation calculated
with above parameters. As it can be seen from the figure that HY correlation shows
good prediction capabilities in all regions of the inversion curve with the new

coefficients.

Figure 6.8 indicates, cross plot of measured inversion pressures versus reference

inversion pressures.

JouleThomson Inversion Curve

35T

JTIC
* REFPROP Experimental data and binary data

25

Reduced Temperature
(%)

Reduced Pressure

Figure 6.7: Inversion curve from HY correlation calculated with new optimized
coefficients.
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Figure 6.8: Cross plot of measured vs. reference and experimental data for HY
correlation.

According to Figure 6.7 and Figure 6.8, Hall-Yarborough correlation can be reliably
used to predict inversion curve of natural gases with high methane percentage. There
is no need optimization for Hall-Yarborough correlation by separating two parts since

this correlation gives results adequately.
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7. CONCLUSIONS

The main purpose of this thesis is to test the capability of the z-factor correlations
based on the Katz’s z-factor data in predicting the Joule-Thomson inversion curve and
then optimize the parameters to improve the predictions as necessary. The following

conclusions are reached at the end of this study:

1. Joule-Thomson inversion curve is computed for Dranchuk-Abou Kassem,
Dranchuk-Purvis-Robinson and Hall-Yarborough correlations. All three correlations
give reasonable results in the lower inversion branch. On the other hand, these
correlations were failed in upper inversion branch and at the peak point of inversion
curve. Hall-Yarborough correlation shows better agreement at the high temperature

region.

2. Parameters of Dranchuk-Abou Kassem correlation is optimized by using
experimental and REFPROP reference data including methane-ethane binaries (up to
10 per cent ethane). New coefficients give more accurate results than non-optimized
version of Dranchuk-Abou Kassem correlation. Yet more improvements are necessary

at the maximum inversion pressure region and high temperature branch of the curve.

3. To improve the predictions from Dranchuk-Abou Kassem equation, inversion curve
data 1s divided into two parts (1.05 <Tr <2.9 & 2.9 < Tr < 4.9) and new parameter
sets are estimated. The resulting correlation with two sets of parameters has a R-

squared value of 0.9990 which is an indication of close fit.

4. Hall-Yarborough correlation has a better functional conformance compare to
Dranchuk-Abou Kassem equation. The reference and experimental data can be
predicted with the Hall-Yarbrough with a single set of optimized parameters. The
coefficients of reciprocal of the reduced temperature are chosen while keeping the

original form of the equation.

5. We expect that the new optimized parameters will improve the enthalpy calculations
using these two correlations. However, this conclusion is yet to be proved in another

study.
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APPENDIX A

clc;
clear all;
close all;

Tpr=1.1:0.1:4.9; %Tpr range

Ppri=4; %Initial Ppr values
for i=1:numel (Tpr)
P(i)=fzero(@num,Ppri,[],Tpr(i)); %DAK correlation

Phy(i)=Ffzero(@num2,Ppri,[],Tpr(i));%HY correlation

Pzp(i)=Ffzero(@num3,Ppri,[],Tpr(i));%DPR correlation
Ppri=P(i);

fprintf('%F\t%f\n',Tpr(i),P());

end

refprop=xIsread('JTIC.x1sx"', 'methane','A2:B41"');
expdata=x1sread('exp]TIC.xIsx", 'Sheetl', 'R2:528");

%ITIC from DAK,REFPROP and experimental data

figure

plot(P,Tpr,'b")

hold on

plot(refprop(:,2),refprop(:,1),"'.r", 'Markersize',10)
hold on

plot(expdata(:,1),expdata(:,2),"'*g")

grid on

xTabel ('Reduced Pressure');

ylabel('Reduced Temperature ');

legend('JITIC from DAK correlation','JTIC from REFPROP','JTIC from Experimental
data');

%ITIC from HY,REFPROP and experimental data

figure

plot(Phy,Tpr,'b")

hold on

plot(refprop(:,2),refprop(:,1),"'.r', 'MarkerSize',10)
hold on

plot(expdata(:,1),expdata(:,2),"'*g")

grid on

xTabel ('Reduced Pressure');

ylabel('Reduced Temperature ');

legend('JITIC from HY correlation','JTIC from REFPROP','JTIC from Experimental data');

%ITIC from DPR,REFPROP and experimental data
figure
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plot(Pzp,Tpr,'b")

hold on

plot(refprop(:,2),refprop(:,1),"'.r", 'Markersize',10)
hold on

plot(expdata(:,1),expdata(:,2),"'*g")

grid on

x1abel('Reduced Pressure');

ylabel('Reduced Temperature ');

Tlegend('3ITIC from DPR correlation','JTIC from REFPROP','JTIC from Experimental
data');

%ITIC from DAK,HY,DPR,REFPROP and experimental data

figure

plot(P,Tpr,'b")

hold on

plot(Phy,Tpr,'r")

hold on

plot(Pzp,Tpr,'m")

hold on

plot(refprop(:,2),refprop(:,1),"'.r", 'Markersize',10)

hold on

plot(expdata(:,1),expdata(:,2),"'*g")

grid on

xTabel('Reduced Pressure');

ylabel('Reduced Temperature ');

legend('JTIC from DAK correlation','JTIC from HY correlation', 'JTIC from DPR
correlation', 'JTIC from REFPROP','JTIC from Experimental data');

% derivative term for DAK correlation
function [ f ] = num( Ppr,Tpr )
h=0.0001;
f=(zad(Tpr+h,Ppr)-zad(Tpr-h,pPpr))/(2*h);
end

function [ z ] = zad(Tpr,Ppr )

z=1;

for i=1:100

Al1=0.3265; A2=-1.07; A3=-0.5339; A4=0.01569;
A5=-0.05165; A6=0.5475; A7=-0.7361; A8=0.1844;
A9=0.1056; Al10=0.6134; A11=0.721;

Q=(0.27*Ppr) /Tpr;

D1=(A1+(A2/Tpr)+(A3/TprA3)+(A4/TprAd)+(A5/TprA5))*Q;
D2=(A6+(A7/Tpr)+(A8/TprA2))*QA2;

D3=(A9* ((A7/Tpr)+(A8/TprA2)))*QA5;
D4=(A10/TprA3)*QA2;

D5=(A10*A11/TprA3)*QA4;

D6=-A11%QA2;

D7=exp(D6*zA-2);
F=z-((D1*zA-1)+(D2*zA-2) - (D3*zA-5)+((D4*2zA-2+4D5%2zA-4)*D7) +1) ;
Ftl=-D1*zA-2;

Ft2=-2*D2%zA-3;

Ft3=-5*D3%zA-6;
Ft4=(-2%D4*zA-3%D7)+(D4*zA-2*D7*-2%D6%2zA-3) ;
Ft5=(-4*D5%zA-5%D7)+(D5%zA-4*D7*-2*%D6%2zA-3) ;

Ft=1- (Ft1+Ft2-Ft3+Ft4+Ft5);
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correction=F/Ft;

if (abs(correction)<l.e-6);
break;

end

z=z-correction;

end

end

% derivative term for HY correlation

function [ f ] = num2( Ppr,Tpr )
h=0.01;
f=Chy(Tpr+h,Ppr)-hy(Tpr-h,pPpr))/(2*h);

end

function [ z] = hy( Tpr,Ppr )
y=0.00001;
t= 1/Tpr;

a=0.06125*t*exp(-1.2*(1-t)A2);
for i=1:100

Al=(y+yA2+yA3-yAd) /(1-y)A3;

A2= - (14.76%t-9.76%tA2+4.58%tA3);
A3= (90.7%t - 242.2%tA2+42.4%tA3);
Ad= (2.18+2.82*%t);

Bl= (1+4*y+4*yA2-4%yA3+yA4) /(1-y)A4;
B2=29.52%t-19.52%tA2 +9.16 *tA3;

B3= 2.18+2.82*%t;

B4= 90.7%t-242.2%tA2+42.4%tA3;

B5= 1.18+ 2.82*t;

f= -a*Ppr + Al + A2*yA2 + A3*yAA4;
fp= B1-B2*y+B3*B4*yAB5;

corr=f/fp;

if (abs(corr)<l.e-6);
break
end
y=y-corr;
z=a*pPpr*(1/y);
end

end
% derivative term for DPR correlation
function [ £ ] = num3( Ppr,Tpr )

h=0.01;
f=(zdp2 (Tpr+h, Ppr)-zdp2(Tpr-h,Ppr))/(2*h);
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end

function [ z] = zdp2( Tpr,Ppr )
z=fzero(@zdp,1,[],Tpr,Ppr);

end

function [ f ] = zdp(z,Tpr,Ppr )

A1=0.31506237; A2=-1.0467099; A3=-0.57832720;
A5=-0.61232032; A6=-0.10488813; A7=0.68157001;

T1=(A1+(A2/Tpr)+(A3/TprA3));
T2=(A4+(A5/Tpr));
T3=(A5*A6/Tpr);
T4=(A7/TprA3);
T5=(0.27*Ppr/Tpr);

Q=((0.27*Ppr)/(z*Tpr));

A4=0.53530771;
A8=0.68446549;

F=1+T1*Q+T2*QA2+T3*QA5+(T4*QA2* (1+A8*QA2) *exp (~A8%QA2)) - (T5/Q) ;

end

Parameter optimization code for DAK

clc;

clear all;
format short;
global model_Pr;

filename = 'wholebinaryl.xlIsx';

sheet = 1;

x1Range = 'A8:A135';

Trdata = x1sread(filename,sheet,x1Range);

sheet = 1;
x1Range = 'B8:B135';

Prdata = x1sread(filename,sheet,x1Range);

plot(Prdata,Trdata,'.r');
hold on;

fun = @(x) sse(x,Prdata,Trdata);

x0 = [0.3265;-1.07;-0.5339;0.01569;-0.05165;0.5475; -

0.7361;0.1844;0.1056;0.6134;0.7210];
fitcoef = fminsearch(fun,x0);

for i=1:11
fprintf('A%d=\t%f;\n',i,fitcoef(i));

end

function [ f ] = num(C Pr,Tr,coef )

51



h=0.0001;

f=(zad(Tr+h,Pr,coef) - zad(Tr-h,Pr,coef))/(2.0%h);

end

function [retval]= sse(coef,Prdata,Trdata)

for i= 1:numel(Trdata)

Pr_ini= Prdata(i);

Pr_inversion(i)= fzero(@num,Pr_ini,[],Trdata(i),coef);
end

sum= 0;
for i= 1l:numel(Trdata)

sum= sum + ((Prdata(i) - Pr_inversion(i)))A2;
end

retval= sum;
end

function [ z ]= zad( Tr,Pr,coef )

Al= coef(1);
A2= coef(2);
A3= coef(3);
Ad= coef(4);
A5= coef(5);
A6= coef(6);
A7= coef(7);
A8= coef(8);
A9 = coef(9);

Al0= coef(10);
All= coef(1l);

if (Pr < 1.E-20)
z= 1.0;
return;

end

z= 1.0;
z= zbeggs(Tr,Pr);
if(z < 0.)
z= 0.2;
end

for i = 1:50

Rhor= 0.27*Pr/(z*Tr);
R2= Rhor*Rhor;

cl= Al + A2/Tr + A3/TrA3. + A4/TrA4. + AS5/TrAS.;
Cc2= A6 + A7/Tr + A8/TrA2.;

c3= A9*(A7/Tr + A8/TrA2.);

c4= A10*(1.+A11*%R2)*(R2/TrA3.) * exp(-All*R2);
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F=2z- (1. + cl*Rhor + c2*R2 - c3*RhorA5. + c4);

dF= 1.+ cl*Rhor/z + 2.*c2*R2/z - 5.%*c3*RhorA5./z;
dF= dF+2.*A10%R2*(1.+A11*R2-(A11*R2)A2.) * exp(-Al1l*R2)/(z*TrA3.);

correction = F / dF;
if (abs(correction) <= 0.000001)
return;
end
z = z - correction;
end

z= 0.0;

end

function [z]= zbeggs(Tr,Pr)

E= 9.*%(Tr-1.);

F= 0.3106 -0.49*Tr + 0.1824*Tr*Tr;

A= 1.39%(Tr-0.92)A0.5-0.36*Tr-0.1;

B= (0.62-0.23*Tr)*Pr + (0.066/(Tr-0.86)-0.037)*Pr*Pr + 0.32%PrA6./(10.AE);
C= 0.132 - 0.32*%10g10(Tr);

D= 10.AF;

z= A + (1.-A)/exp(B) + C * PrAD;

end

Parameter optimization code for HY

clc;

clear all;
format short;
global model_Pr;

filename = 'wholebinaryl.xlIsx';

sheet = 1;

x1Range = 'Al7:A135"';

Trdata = x1sread(filename,sheet,x1Range);

sheet = 1;

x1Range = 'B17:B135"';
Prdata = x1sread(filename,sheet,x1Range);
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plot(Prdata,Trdata,'.r');
hold on;

fun = @(x) sse(x,Prdata,Trdata);
x0 = [14.76,9.79,4.58,90.7,242.2,42.4,2.18,2.82];
fitcoef = fminsearch(fun,x0);

for i=1:8
fprintf (' Chd=\t%f;\n",i,fitcoef(i));
end

function [retval]= sse(coef,Prdata,Trdata)

for i= 1l:numel(Trdata)

Pr_ini= Prdata(i);

Pr_inversion(i)= fzero(@num,Pr_ini,[],Trdata(i),coef);
end

sum= 0;
for i= 1:numel(Trdata)

sum= sum + ((Prdata(i) - Pr_inversion(i)))A2;
end

retval= sum;
end

function [ f ] = num(C Pr,Tr,coef )

h=0.0001;

f=Chy(Tr+h,Pr,coef) - hy(Tr-h,Pr,coef))/(2.0*%h);

end

function [ z ] = hy(C Tr,Pr,coef )
Cl= coef(l);
C2= coef(2);
C3= coef(3);
C4= coef(4);

C5= coef(5);
C6= coef(6);
C7= coef(7);
C8= coef(8);

y=0.00001;
t= 1/Tr;
a=0.06125*t*exp(-1.2*(1-t)A2);

for i=1:1000
Al=(y+yA2+yA3-yA4) /(1-y)A3;
A2= -(Cl*t-C2*tA2+C3*tA3);

A3= (C4*t - C5*tA2+C6%*tA3);
Ad4= (C7+C8%*t);
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Bl= (1+4%y+4%yA2-4*yA3+yA4)/(1-y)A4;
B2=(C1*t-C2%tA2 +C3*tA3)*2;

B3= (C7+C8*t);

B4= C4*t-C5*tA2+C6%tA3;

B5= ((C7-1)+C8*t);

f= -a*Pr + Al + A2%yA2 + A3*yAA4;
fp= B1-B2*y+B3*B4*yABS5;

corr=f/fp;

%disp(corr)

if (abs(corr)<l.e-6);
break

end

y=y-corr;

z=a*Pr*(1/y);

end

end
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APPENDIX B

Table B.1: Inversion data from REFPROP.

Tor Por Tor Ppor

1.05 4.789789 2.75 11.39464
1.10 5.514308 2.80 11.14038
1.20 6.791620 2.90 10.89422
1.25 7.352904 3.00 10.61721
1.25 7.348367 3.00 10.61469
1.25 7.358536 3.00 10.63759
1.25 7.389108 3.00 10.70109
1.25 7.440140 3.00 10.7899
1.30 7.867568 3.10 10.31179
1.40 8.769778 3.20 9.980001
1.50 9.520768 3.25 9.805372
1.50 9.514813 3.25 9.830081
1.50 9.529152 3.25 9.898145
1.50 9.571409 3.25 9.992076
1.50 9.639614 3.30 9.623628
1.60 10.13903 3.40 9.244207
1.70 10.63993 3.50 8.84309
1.75 10.84201 3.50 8.843068
1.75 10.85733 3.50 8.865239
1.75 10.90236 3.50 8.925988
1.75 10.97304 3.50 9.006788
1.80 11.03641 3.60 8.421487
1.90 11.33952 3.70 7.98051
2.00 11.55885 3.75 7.746342
2.00 11.54777 3.75 7.76005
2.00 11.56288 3.75 7.79537
2.00 11.60618 3.75 7.834652
2.00 11.67254 3.80 7.521204
2.10 11.70280 3.90 7.044573
2.20 11.77887 4.00 6.551599
2.25 11.78145 4.00 6.532173
2.25 11.79648 4.00 6.531063
2.25 11.83912 4.00 6.522059
2.25 11.90247 4.00 6.488513
2.30 11.79375 4.10 6.043248
2.40 11.75348 4.20 5.52047
2.50 11.66345 4.30 4.984187
2.50 11.65266 4.40 4.435271
2.50 11.66916 4.50 3.874514
2.50 11.71545 4.50 3.828774
2.50 11.78225 4.50 3.796451
2.60 11.52850 4.50 3.697615
2.70 11.35289 4.60 3.302579
2.75 11.24386 4.70 2.719953
2.75 11.26341 4.80 2.126882
2.75 11.31772 4.90 1.523298
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Table B.2: Inversion data from Bessieres et al.’s study.

Tpr Ppr Tpr Ppr
1.584470 9.978308 2.345226 11.60521
1.684155 10.41215 2.507870 11.49675
1.715635 10.62907 2.670514 11.27983
1.783841 10.84599 2.749213 11.06291
1.846800 11.06291 2.833158 10.84599
1.925498 11.27983 2.964323 10.62907
2.030430 11.49675 2.995803 10.41215
2.088143 11.60521 3.079748 9.978308

Table B.3: Inversion data from Perry’s Chemical Engineers’ Handbook.

Tpr Ppr Tpr Ppr
1.059811 4.880694 1.453305 9.219089
1.096537 5.422993 1.532004 9.761388

1.13851 5.965293 1.621196 10.30369
1.180483 6.507592 1.736621 10.84599
1.227702 7.049892 1.915005 11.38829
1.274921 7.592191 2.098636 11.58351
1.332634 8.13449 2.098636 11.58351
1.390346 8.67679
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