8e[10A IAA

SDS |DJNYON] O
Pield oy ui uoyisodwo) sng ayy
uoyn.apisuo) ui Huidsoy)

U104 Ma( JDM PUD JUUO)
13JDM\ USamiog diysuoynjoy

(71 w1 ydoibouow

[pAIUYdS] HYID)
UOND]a.LI0) JBIDM - OYID | 649 N |

wisyuuBy ‘snoyyy snepy *Bul-1g
aynIspoy ‘YU|IRQ Y 1oyt07 Buj-uq joud Y IUYDSSUBIYDLIBA

ﬁ ¢ ay1ay |

IdA 9iYydliag-Hiiydsiio]

i — . R T T  e—t—

L R —

_——— = s R w— T







‘ydeaSouosy HHAD

S{K) JO 335N J4) YA UOPIILUOD Uf PAAINU] pupy Kue jo adewsp Lue 10§ I|qey aq Jou ||eys
1A PuB MLLI ‘91 DM 10d 13fold DHTD ayy uf Supedpgsed sapuedmod s ‘OuAD

HEL TR |

S-E06£9€-81C NESI

€05 68410 NSSI

AupuLagy Ut pajulg “pRmpal dinsnuoyy sy

‘UBKOYRQIoA

"Bunziesiaqy) P Sop pun lpuiy s ‘uaBojupsbunieqioisauaing w Bunsayoieds sep “faidoyoriw ‘aideyoioy)
sq0BiopaiA UaBIpUDIEOA 1P USsEMSBNZSND JaP ‘SSYINIPYIDN UBsIEMSBAZSND $3P SOP YING "end2y By

LOOZ POPRssNg - HqWo Bopsp IGA @

JuosiBnaziyy MuydssyBen TE

BUIBIEAG-BUIYISTIN-YIOSUBWN  TT yuyossBunBurmyds 1|
JuyoRoNys3 1Z UOHDYIUAILIOY /A IDON O]

[ WD 'OV dvD "IvD ‘WD 'avDl JIUYISOUDN PUR -ONjlyY OB 6
USIDJIBA BRINSISIUNIBLYSSY OF yuydasBunjabay pun -sBunianaig “geyy §
YISO /JUYIRWIDAN b1 yuydasbunwousg £
JuoyDawIng USRI 8 Juyaeibieuy 9

Y IUYPSUIZIPSAY /AIUYDHOT £ BJJOISISUNY /SHOISHPBAA PUR PUNIS) §
HOUDSHIAA PUN JluyR] 9| ussaaunaiuabuinog ¢
uyosyemuUny Gl UYPBEUSIDUBA €

LIS SHIUSUBG] SfIYDBIPUDT §7] yuyoesBunBipay g
yusiboy Auysepspiod g1 SIUSLISRUSLIYISOWN /AIUYDRISUOINANSUCY |

1AA LUHORIG-LLRHDSLYO4 19p Usyiay a1q

"DJOp |OjusSW
-adxs Y paiodwod aio ‘sarysnpul OB [DIIDU PUD SIMOIBYY Ul BQO]I0AD ‘sjutod mep puo
SIUDJUOD J3|DM JO] SPOLIBU UOISIBAUOD PUD -UOLDINDIOD WO SjNS3I SO [|am SO “POLRW Siy jo
g|nsal oy _\,__Oc_n_ oS jo uolonbs uosu ._...._om_.mcwn_ ayy uo pasoq .ﬂm_cwwm._n_ 1 [33L¥AA-D330)
POYiew UoHDjNNOD pesiwydo uo ‘ojop [ouswuadxa ay 4o uodnpoidal 9{0INJDD U 104
“|1orep w passnosip 1 “suastunade aayoedsal sy Buunp jussasd ‘uoyonys asoyd ay) “paioBisaaul
BJam saInpaw Tm_oi.nom jeInou) E:u?-__owcouc._.uu.z_::._ USASS PUD (s@10m-auDYR-SUOYIBW)
Anuigy suo ‘13iom-uoBio -uaboiiv -eunys -auoyiaw) swesds Aiouiq 1nod “lE a6 E-LOLOL
035 o Bupioooo) peyddo som uouDyy IBYSSIY-IOY DWBWOINOD By ‘Uo)DUILLBIRP
JUSILOD J2IDM BY] JOJ O D MBD D itm PEYOSYD PUD SI9SUBPLIOD OM PUD ICIDINOS ©
j0 uouado |NRI03 AQ 185 B1am SUINd MBP 18IDM BY| D07+ PUB D,GZ— ueamiaq sainjc
-adwal puo 10q 30| O dn ioq ¢ woy sBuns sy ut seunssaid Jo) smounddo waugunbe asoyd
MO|J STONUKUOD D JO SUDRW AQ PSUILIBIED BidMm DIOD JUBIUCD IB[OM PUD sjuod map JSIoAA

BjOi§ o uoyonby

3107 = BUDYIF —~ BUDYIBYY — SOL) [DINJON] — IO JUIC4 MB(] — UOHDII| JBUDS13-{D) IMIBWOIN0T)
= JUIBg ma] = |UBjUOY) aloaA — ainssald yBiy — ouqgnby ssoyy tuoyspuawnyoq AP 404

'0T'7S 3 '00'001 WA "€056-8£10 NSS! '§-€06/9€-81-€ NgS|
‘usjqo) /€ SOp|Ig 29 UsieS 08l

"100Z Bojap [QA 1HopIessng 649 IN € 24§ A 1og-14ydsHoy

SDO |[DINIDN JO PRty 34 Ul uowsodwiod

$09) a1 UoYDAPISUOT Ul Buidaay| JuIog Ma JBIOM PUD JUBIUD) JBOM UsImIdg dilfsuouDY
(1 W1 ydeaBouoyy jpownps) 935

UOYDJR.LIOY) JS{OM — HYID

SNOPY SNDYINY Y IDYIOT ‘YU IeQ

i



T

P

TS

v

Acknowledgements

Klaus Althaus and Lothar Oellrich would like to express their thanks to GERGWATER group for
supporting this project and for the numerous valuable discussions and contmbutions to the
successful finalisation of the work.

We also would like to express our gratitude to Dr.-Ing. Thorsten Engler for his help in translating
large parts of the thesis [249, where the GERGWATER calculation procedure is called BWT] and
for performing the lay out. Without his help the completion of this report would not have been
possible in due time.

Thyssengas (Germany) sponsored measurements and pasts of the project.

A windows compatible program containing the GERGWATER-method is available
from Ruhrgas AG, D-54138 Essen (Germany).

Contents

1 Introduction
1.1 Objective of this Work ...,
1.2 Dew Point and Condensation Point .....
1.3 The Water Content. ... P
2 Experimentat Part
3 Experimental Results and Discussion
3.1 Expenmental Results of the Dew Point Measurements ..........

3.2 Experimental Results of the Water Content Measurements ......
3.2.1 Binary Mixtures.
3.2.2 Ternary Mixiure {Methane-Ethane-Water)........
3.2.3 Multicomponent Mixtures {Natural Gases) .......

3.3 Discussion of the Phase Situation During the Measurements....

4 Development of the Model

4.1 Selection of the Model ........ iR s bRt b

4.2 A New Alpha-Function for Water...........

4.3 Data Base for the Parameter Optimisation ...

4.4 Binary Interaction Parameter (ki) ..o

4.5 Extent of the ABBIVEIE ... cesmimsnisrin revsasssrrmsrsessssssrssfrabassansas bbressdastasbsbrsbmsbes s s bbb b 9
4.6 The Calculation Program {GERGWATER]. ..o s essessssss o enemssd 40
5 Model Validation 41
5.1 Dew PoilL.c.....ccinnsssssismissmmsnssisrmeerasessssssen e — |
5.2 Water Content.. ' v b S B € |
& Comparison with Methods from Literature 45
T Summary 51

[ & 0wk e el R LA R i BRI R T, 00 A e ARy ke o g

+ bl

1=t big




-+

14 o

[

eI T H
" {SF5RL) [RINEN) S U0y €7'0

Gpl
arl™ "

Lrl”

trl

S

orl

BEL™

. 144 " Eﬂ.—n—.—.u

pEp

vEl”

¥l

(53
(17 R

a6l
6Lt

S Bt bR AT Aggiﬂﬁﬁwlﬂsggnzgﬂh Nl.ﬁ..ﬁw

sy eurg 170
HUROREPEA [PPOW S JO DINSYY PuE BlR] [MuswLadxT 70

BRI W00 NS 20 SN (BT T D

E:E:ﬂu&mﬁa?:o

SRS MOl &4
nEutB.... ._uE._..... PUE 5jUT0 Aaac] UG SpUnodo) SaMYXIRY Jo asusnjju] ¢4

..... Lty | EEEu_J Jo faang g

T R R SRR AR e rrrees EU}E#U—.FWEE_..“—%_{ I'4

udiFaq PPoW M o) uawaddng

e P e ST T TT T T I TN PP PPPST . H—d—ﬂhﬁns._iﬁm £3

sweidel 7g

PRk Frrmd e i R suonejauo’y [eaudwg g

74

T4 §

Lil

FLLTT
B
] qeicaday pue a.__n.aﬁa.._m 3y jo sueap Aq 153 20UARIIQ [RHLD TG

ol

HUOEIFAUO]) W0 MA(] - JUIIU0) J3)8 4, 20 BROLIIY
Enﬂ_: PRULR [, B oA SIUSWISANSEIRY IO IR T6°0
ﬂbI 30 un_._n.r 134 Y YU JUMUAINSEIRY SUMoA 1°6°d

60

801
801

“rsishfEly Alanisuss au o) juswsddng oﬁ_

Enn%ugﬂuﬁ?g_uhauhﬂ

“fge1] [9£1] (sag-2) sownen 4q 521 -121p00 179

___________________ SIUSUAUNSEIY SISLY-PEY Y] jo .._EE._w m_ .uuﬁ:ﬂm 2_.2 wwaddng 9'q

FEH] R

............

T leusga T5d
....... PR 15°a

LA

Lol

........ “SAANT) HMSSaL] UOLBWIGNS pue .h._o.an___.r §'d

1

H_...: ................................................... _UA-:U‘_” ﬂ!um.._.:..!.ﬁ. u.._.u ﬂ..._._.Eﬂﬂn—OU 5%3—._- I't+'a

£01

-
oy

UO RIS JSIU0 38, U Jo Auieussun £

s gy dgapgqronpousday pue Aiigereadsy jo susagy Aq sinsay A Sunpe) £7°d

............ EEEHEHE.H—.H ) JO S0(E A, U] EEM cTa

L1301 19edsay Lw SYNSIY YL J0 YYD 1T

mEHE..E-uE JUSGOT) R AN JO UONENEAY] [BINSNES T

,,,,,,,,, SUILANSEIPY WHUOT) IR £

" SIURIAMSER|A] Joanpy wiod mad 7°1°a

gD 0 UORENIRAG PUE LOBNIOYT |

suxnpadxg jo aopenieay 3 o) juawapddng

..... T u..w_ﬁx MO SBD) U JO SIURLITA O°T)

EHRIREERREIIRSY

e sdumend ¢
_Eh_ﬂ__{ a2E1) AMPIWNG 24 Jo sieawanbay mnoned ¢

s s (e R o&oﬁﬂ—.ﬁ oapip ) suowe|esu) eando £

Eéﬁn}ﬁgiﬁn '

“ramuamseapy umesdwa] 7

_EEU?HEEEEEE rra

~pomsinbay geq 1

dmag [emawpadxg aq o) uawaiddng

..... sups A Bundwes ¢'g

JUBLIAINS ey JUiog kvn_ Buwingg u_....._EuoO ﬂnu-_.._En_ u_n__.__wgn_ red

" poapy Suunseapy ay) go uondussaq] |'¢'g

_______ Joutpy Wiog MaQ ML £'F

- ganblugas ] FuLmsEapy JO NONRMIISSE T

T e ._ﬁﬂ.!.-._.-..-: .m.!h-h.ﬂ EH.:.—D. EEE ﬂ..m

MY M) JO IS 5660 U) IPPIUINE JO 5IIELL JO JUNINSEI [

EI m.___E__b.._ NEIPAH JO INOIATYG 3584 PUR SARIPAH TEY

BN, AT J0 molaRyag el |0V

.......... " IIARYSE Y £V

symg Jo suotienby 7y

...........Fr:.FF...............r:..........EE& EE-.MJ._..E Uﬁﬁ 'y

sapdpupg Jpueufpowiay j,

Xauuy




VI

Abstract

The water content of natural gases ofien poses problems during the production, transmission and
distribution of natural gas. These problems have increased due to the fact that the transportation
pressure of the pipeline system has risen over the year to maximum pressures of presently about
10 MPa. The problems with the water content aiso can be traced back to inadequate description
with currently available methods. The temperature and pressure range of interest in pipeline
transmission poses additional problems due to the possibie formation of solid precipitation in form
of gas hydrates or ice.

in order to solve these problems GERG founded a task group GERGWATER and decided to set
up a detailed project incorporating experimental investigations as well as the development of a
calculation procedure.

it is the aim of this monograph to present a sound method for calculating the water dew point and
the water content of natural gases that will be used as the GERG standard method. In order to
achieve this goal first measurements of water dew point and water content of key binary systems
methane - water, ethane - water and nitrogen - water were carried out. In addition ailso data for
the binary argon - water were assembled. Then of the water dew point and the water content of
seven natural gases typical for being distributed in the European pipeline grid were determined.
The majority of the data were collected in the pressure range of 5 to 100 bar (5, 15, 40, 60, 80,
100 bar) and for temperatures between - 15 °C and + 15 °C. Some data also were taken down to
-25°C and at + 20 °C,

To develop a reliable method for calculation of the water dew point and the water content of
natural gases the Peng Robinson (PR) equation of state was chosen as the basis. 1t tumed out that
a prerequisite for a good description of the water dew point and water content is a precise
representation of the saturation vapour pressure and sublimation pressure of water. To achieve
this goal, parameter a in the PR equation had to be made substance dependent. For all other
natural gas components the generalised form of the parameters could be retained. As a result of
the subsiance specific parameter a for water all binary parameters for binary systems containing
water had to be re-estimated. When investigating the influence of natural gas components on the
representation of the water dew point and on the water content it turned out that natural gas
compositions according to the standard analysis following 1506974-4 are sufficient for a accurate
calculation.

Within the temperature and pressure range under consideration the water dew point is represented
by the new method GERGWATER to within + 2 K. The new proposed GERG calculation
method is superior to the methods currently used in natural gas practice, such as Bukacek et al
{155], ASTM 1142-95 [59] or the diagrams according to McKetta et al [150], also in the version
of Wichert [157] or that of GASUNIE [149].

The GERGWATER method was developed at the lnstitmt fiir Technische Thermodynamik und
Kiltetechnik of the Universitit Karlsruhe (TH) (ITTK)' under contract to the Groupe Europeen
de Recherche Gazieres (GERG).

A windows compatible program containing the GERGWATER-method is available from Ruhrgas
AG, D-54138 Essen (Germany).

"In [249) the GERGWATER calcuiation method is called BWT (Berechnungsprogramm Wassergehalt Taupunkt)

Zusammenfassung

Bis in die Gegenwart treten Probleme im Betrieb von Gasforder-, Transport- und Verteilungsein-
richtungen bedingt durch den Wassergehalt von Erdgasen auf. Auch durch die Tatsache, daB der
Betriebsdruck in den letzten Jahrzehnten stetig anstieg auf derzeit maximal etwa 10 MPa, haben
sich diese Probleme noch verstiirkt. Eine der Ursachen des Aufiretens dieser Probleme liegt in der
ungeniigenden Beschreibung des Wassergehaltes von Erdgasen mit den gegenwiirtig in der Praxis
eingesetzten Bestimmungsmethoden. Der Temperatur- und Druckbereich des Pipelinetransports
wirft zusiitzliche Probleme durch die mégliche Ausscheidung fester Ablagerungen in Form von
Gashydraten oder Eis auf.

Um diese Probleme zu ldsen, bildeten europdische Gasgesellschafien in der Groupe Europeene de
Recherche Gaziere (GERG) ein Programm GERGWATER und beschlossen, ein ausfiihrliches
Projekt durchzufiihren, das sowohl die experimentelle Untersuchung als auch die Entwicklung
einer Berechnungsmethode zur Bestimmung der Wassertaupunkte und des Wassergehalts in
Gasgemischen beinhaltete.

Es ist das Ziel dieses Monographs, eine verlifiliche Methode zur Berechnung des Wassertaupunk-
tes und des Wassergehaltes vorzulegen, die als GERG Standardmethode eingesetzt werden kann.
Um dieses Ziel zu erreichen, wurden zunichst Messungen des Wassemtaupunktes und des
Wassergehaltes der binfiren Schliisselsysteme Methan-, Ethan- und Stickstoff-Wasser durchge-
fiibirt, Zusétzlich wurde auch das System Argon - Wasser vermessen. AnschlieBend erfoigten die
entsprechenden Messungen fiir sieben Erdgase, die typisch fiir die im européischen Erdgaspipe-
linenetz verteilien Erdgase sind. Der Hauptanteil der Daten wurde im Druckbereich 5 bis 100 bar
(5, 15, 40, 60, 80, 100 bar) und bei Temperaturen zwischen -15 und +15 °C gemessen; einige
Daten wurden auch bis -25 °C und bei +20 °C gemessen.

Die Peng Robinson (PR} Zustandsgleichung wurde als Basis fiir die Berechnungsmethode zur
Bestimmung des Wassertaupunktes und des Wassergehaltes von Erdgasen gewihlt. Es stellte sich
heraus, daB eine Grundvoraussetzung fir eine gute Beschreibung des Wassertaupunktes und des
Wassergehalts die exakte Wiedergabe des Sinigungsdampfdruckes und des Sublimationsdruckes
von Wasser ist. Um dieses Ziel zu erreichen, muflte der Parameter a der PR-Gleichung stoffspezi-
fisch angepafit werden. Fiir alie anderen Erdgaskomponenten wurde die generalisierte Form der
Parameter beibehalten. Wegen der stoffspezifischen Anpassung fiir Wasser muBten alle Bindrpara-
meter fiir die wasserhaltigen bindren Systeme neu angepaft werden. Bei der Untersuchung des
Einflusses von Erdgaskomponenten auf die Wiedergabe des Wassertaupunktes und des Wasserge-
haltes stellte sich heraus, dal zur Charakterisierung eines Erdgases die Standardanalyse nach 1SO
6974-4 ausreichend fiir eine zuverliissige Berechnung ist.

Innerhalb des betrachteten Temperatur- und Druckbereiches kann der Wassertaupunkt mit der
neuen Methode GERGWATER (Berechnungsprogramm Wassergehalt Taupunkt) innerhalb von
12 K wiedergegeben werden. Die neue vorgeschlagene GERG Berechnungsmethode ist damit den
gegenwiirtig in der Praxis eingesetzten Methoden nach Bukacek [155], ASTM 1142-95 [59] oder
den Diagrammen nach McKetia et al [150), auch in der Version von Wichert [157] und dem
Diagramm der GASUNIE [149] iiberlegen.

Die GERGWATER Methode wurde am Institut fiir Technische Thermodynamik und Kiltetechnik
(ITTK)? der Universitit Karlsruhe (TH) im Aufirag der GERG entwickeit.

Ein mit Windows kompatibles Programm, das die Berechnungsmethode GERGWATER enthilt,
ist von der Ruhrgas AG, D-54138 Essen, erhiltlich.

? In [249] wird die GERGWATER Methode mit BWT {Berechnungsprogramm Wassergehalt Taupunkt)
bezeichnet,
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1.1 Objective of this Work !

Xn

M mixture

MeOH methanol

N physical standard condition (101325 Pa, 273.15 K)
NGZ  gas meter (wet type)

0 pure compound

R reduced

SFK sealing liquid

STP standard reference state (101325 Pa, 60°F)
dew dew point condition

Gas,dry referred to dry gas composition

amb ambient

U above atmospheric pressure

w water

WwC water content

Erequentiy Useg Abbreviations:

oP
VPC
CAal2
CAD6
KF684
KF
cp
SM
MV
NB
NGZ
PR
SpC
SFK
Dp
wC
EOS

operation point

VapoUur pressure curve

Karl-Fischer Coulometer Mitsubishi CA-02
Karl-Fischer Coulometer Mitsubishi CA-06
Karl-Fischer Coulometer Metrohm KF-684
Karl Fischer

critical point

series of measurements

mean value

physical standard condition

wet type gas meter

equation of Peng and Robinson
sublimation pressure curve

sealing liquid

dew point

water content

equation of state

1 Introduction

1.1 Objective of this Work

Natural gas is mainly being transmitted by means of pipelines. The huge natural gas fields in
Siberia, in Algeria and in the North Sea are interconnected with the consumer countries by
pipeline systems [1]. Due to economic reasons the international transport is being realised at high
pressures {(up to PN 100 in onshore applications [2]). The gas is fed from the high pressure
network into the regional distribution grid. To be able to cover the large seasonal and daily
variations in delivery, gas is being stored in intermediate high pressure facilities and released to
cover the peak loads. In Germany in recent years several leached salt caverns have been
introduced for this purpose [3].

From a thermodynamic point of view natural gas is a multicomponent mixture, composed mainly
of methane. The water content results from natural fields, from saturation of the gas in cavems
and aquifer storages or from water remainders after pressure testing of the transport lines. Even
though present in small amounts only, a multitude of problems in production and transport of
natural gas may be traced back to the component water. Among others, the formation of corro-
sive media from sour gas constituents or the mechanical destruction of control systems by droplet
erosion may be attnibuted 10 the water content, too. The occurence of ice and hydrate formation is
tesponsible for problems in operation up to interruption of gas supply. Natural gas hydrates are
counted to the class of clathrates, which remain stable under pressure even above 0°C, unlike ice.
Hydrate formation leads to a reduction in the pipeline cross-section and in extreme cases the gas
transmission may be blocked completely.

To avoid these problems and the incurred high additional cost caused by the component water,
natural gas is dried prior to feeding into the pipeline system. In order to obtain an efficient design
of the drying plants, the exact knowledge of water dew point and water content as a function of
pressure, temperature and gas composition is a pre-requisite.

In this work the water content and water dew points of selected binary, one ternary and seven
multicomponent mixtures (natural gases) were measured at temperatures ranging from -25°C up
to +25 C and pressures berween 5 and 100 bar. The compositions of the natural gases cover the
range of gases being distributed in the Furopean network. The dew point mirror device and the
coulometric Karl-Fischer titration are discussed in detail in this menograph, with respect to their
possibilities and limitations. In the section "data reduction”, emphasis is put on the discussion of
phase equilibrium conditions prevailing during the measurements.

Using experimental and literature data of the binary systems, a new calculation method is
developed, which allows 1o estimate water contents as well as water dew points with a good
accuracy. For validation of the new method, experimental data from seven natural gases are used.
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4 Introduction Chapter |

2 Experimental Part 5

Standard state Vstp:  Pstp= 101325 Pa ( 14.7 psia) (1.4)
Tsre=288.71 K (60°F)

For a complete specification of the water content in "mg/m®", therefore the reference state has to
be given as well as the information, if it is referred to humid or dry gas conditions. In this work all
figures in "mg/m>" are referred to the dry gas mixture conditions.

2 Experimental Part

This chapter is dedicated to the design of the experimental set up as well as to the description of
its main parts including the applied measuring techniques. A detailed discussion of the experi-
mental methods, the uncertainty estimation and the sensitivity analysis is contained in annex C
and D,

Figure 2.1 shows a simplified block flow shect of the set up. The set up is designed according to
the continuous flow principle. A multistage procedure is applied, to obtain a fully saturated gas
flow. First, the gas is saturated with water in a saturator near room temperature®, Thereafter, the
gas is cooled down in two successive steps (condensers) to the required dew point temperature
and the excess water is removed. The experimental set up can be divided into four main parts,
following the gas flow routing:

+ gas supply with pressure control,

+ saturation unit,

¢ condenser umit, and

+ analytical unit.

A detailed flow sheet of the experimental set up is given in figure 2.2,

Dew point
mirror

saturation Two
Flow-
wwmnmowﬂw__m.f - near room- M condensers :._M”M_. —
temperature in series - Vent
_Aml-_uwmosmq. Wet type
coulometer Gas meter <m:v~
Gas- Saturation Condenser Analytical unit
supply unit unit

Figure 2.1: Block flow sheet of the experimental set up (according to [248])

The gas supply is assured via commercially available gas bottles, which are connected to the
pressure reduction station by a flexible high pressure coil. After passing a sinter metal filter, the
gas pressure is being reduced in a one stage pressure reducer to the inlet pressure of the following
pressure control valve V2. The electronically controlled valve V2 adjusts the plant pressure to the
set-value.

* The operability of the saturation unit has been verified during the commissioning tests with a dew point mirror,
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3 Experimental Results and Discussion

Dew point and water content measurements according to the procedure described in chapter 2
were carried out and evaluated for twelve systems. The following systems were investigated:

¢ the four binary mixtures methane-, ethane-, nitrogen-, and argon- water

» the temary system methane-ethane-water and

* seven multicomponent-water mixtures (natural gas-water systems).

The operating points were within a pressure range of 5 and 100 bar, the temperature was varied
between -25°C and +20°C. The major part of the measurements were carried out at

# the six pressures 5, 15, 40, 60, 80 and 100 bar and

» the seven temperamres -15°, -10°, -5°, 0°, 59, 10°, 15°C.

For some gases measurements were taken at selected pressures and at temperatures of -25°, -20°
and +20°C.

3.1 Experimental Resuits of the Dew Point Measurements

As discussed in annex D.1.2, cool down velocities of the dew point mirror of only 3-5 K/min
could be realised by using an extemal refrigeration cycle and a hand-controlled valve’, This
resuited in a larger uncertainty of the measured dew point temperatures than would be obtained
when applying the DIN recommendations. For this reason, the results of the dew point mirror
measurements are not presenied separately.

It should be noted as a result of the measurements, that in most cases, the dew point, given by the
equilibriurn apparatus, could be determined within an accuracy of 2 K, though a higher cooling

Table 3.1: Operating points with occurrence of (retrograde) hydrocarbon condensation for
natural gases NG2, NG4 and NGS5. (not meas.= operating point not measured)

3.2 Experimental Results of the Water Content Measurements 9

-25°C -20°C -15°C -10°C -5°C

60 bar ° ] NG3 NG5 NGS5

40 bar NG5 NG5 NG2, NG4, | NG2, NG4, | NG2, NG4,
NGS5 NGS NGS5

15 bar not meas.” | not meas® | NG4, NG5 | NG4, NG5 NGS5

* For the natural gas NG4, at 60 and 80 bar and temperatures of -20°C and -25°C, only water contents have been
measured. Due to a technical defect of the dew point mirror, no dew points were measured at these operating
paints. The occurrence of hydrocarbon condensation at these points is not proved. At the operating points -25°C

_and -20°C atthe 15 bar isobar, no measurements have been carried out (neither water content, nor dew point).
It should be noted that commercially available dew point mirrors in general only give the mirror temperature.
The devices do not include a indication of the cooling down velocity, Jt can therefore questioned, whether the

down velocity was applied and a partly lower water content occurred. For the natural gases NG2,
NG4 and NGS5, some operating points were located within the retrograde region (s¢e Table 3.1).
At these operation points, a water dew point measurement was considerably hindered by the
occurrence of a liquid hydrocarbon phase. Water dew points could not be determined, or only
with a large shift towards low temperatures (compared to the expected dew point temperature =
temperature TIR4 of condenser K2), because of the overtay by hydrocarbon condensation points.
The observed deviations amount up to 10 K.

3.2 Experimental Results of the Water Content
Measurements

In the following, experimental results of the water content measurements obtained within this
work, are presented and discussed by means of selected and representative diagrams. The plotted
measuring points represent a total mean value of all measurements, carried out at a operating
point (see eq. D.5 in annex D.2.4). This means that measuring points plotted in the diagrams, are
the result of at least two independently determined Karl-Fischer measuring series, with an extent
of at least 20 singular measurements, respectively. All together, more than 13,000 single
determinations of water contents have been carried out within this work, where the Mitsubishi
Karl-Fischer coulometer CA-06 has been applied nearly exclusively, due to its low uncertainty.
The isobaric plot of water contents versus temperature has been selected as a suitable
representation of the data. To highlight the membership of several experimental points to one
isobar, they were connected by a line. In the case if literature data were available within the range
investigated, these data were compared to the own experimental data. The uncertainty range was
not included into the graphs to keep clarity. In the range of small water contents the uncertainty
sums up to 20% of the value measured. For the water contents greater than 100 mg/Nm?® the
uncertainty of the measuring points lies within the size of the symbols in the logarithmic scale
(uncertainty <2.5 % of the measured value). Figure D.4 (in annex D.3) shows the course of the
uncentainty of the water content over the measured water content. For the 80 bar isobar of the
binary system methane-water the uncertainties were added as an example (see figure 3.1).

In annex G.] additional diagrams can be found. Figures G.2 and G.3 for instance allow to allocate
the location of the values measured in respect to the course of the hydrate equilibrium curve.
Those numerical values which have passed the statistical test are summarised in annex G.2 in
tabular form. All water content values in "mg/Nm? refer to the dry gas mixture.

3.21 Binary Mixtures

The water content of the four saturated pure gases methane, ethane, nitrogen and argon were
tneasured. With the exception of argon all the gases are major components of natural gas. The
noble gas argon is favoured as a thermodynamic model fluid as the one atomic molecule is

cooling down velocity of max.| K/min recommendations of DIN 51871 [5] can be kept with manual control
without the infonmation on cooling velociry.
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12 Experimental Results and Discussion Chapter 3

stable liquid phase could be detected for the 100 bar, -15°C pomnt via the endoscope system (see
annex C.3) during the running-in time and during the measuring period. The inner chamber of the

condenser was "optically dry” and free of any deposits during the measurements. A possible
explanation for the higher vatue of the 100 bar, -15°C point could be that the measurements were
mostly carried out over a metastable ice phase as the water content would be higher here than
over a stable hydrate phase. A significant change of slope can be detected for the system methane-
water (see figure 3.1 and 3.3) well above 0°C for the high pressures (60, 80, 100 bar)., According
to the above statements, this could be a hint that a hydrate phase could have been present during
the measurements. The change of slope of the isobars can be seen when comparing the water
contents of the systems methane-water (hydrate forming) and nitrogen-water (except of the
measuring point 100 bar/ -20°C, all points in the investigated area are located outside the hydrate
forming region) which is shown in figure 3.3. The location of the kinks of the isobars of the
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Figure 3.2: Measured water contents of the binary systems:
ethane-water, argon-water and nitrogen-water,
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methane system at 60, 80 and 100 bar coincide with the hydrate equilibrium line for pure methane
calculated according to Sloan [29].

Comparing the water contents for the methane- and nitrogen-water systems, figure 3.3 shows that
the measured water contents for the lower pressures (5 and 15 bar) as well as those for the higher
pressures {outside the hydrate region) are nearly identical. Inside the hydrate region, the water
contents of methane are lower than those of nitrogen. The differences between the water contents
of both gases increase with decreasing temperatures, when the distance to the hydrate boundary
of methane becomes larger. The statement of Campbell [148], that nitrogen shows lower values
of water content than methane, in general cannot be confirmed even when limiting to the
measuring points outside the hydrate region of methane. A direct comparison of the figures of the
measured water contents (table G.1) shows that only for temperatures of and above +10°C always
higher water contents were measured for methane. The deviations of 6-9% for pressures up to
70 bar as indicated by Campbell could not be noted during the own measurements outside the
hydrate region.

Figure 3.4 gives a comparison of the water contents measured for nitrogen- and argon-water
(numerical values se table F.1). Figure 3.4 verifies that measured water contents of both mixtures,
except of the isobar 80 bar, barely can be distinguished from one another. The diagram indicates
that for higher temperatures (see the +15°C poinis), the waier contents for the argon-water
system are slightly lower than the ones for the nitrogen-water system. However, a direct
numerical comparison is not possible as no measurements have been taken at this temperaiture for
nitrogen. Smaller water contents have been measured for argon compared to nitrogen at 80 bar.
No unambiguous cause for these systematic deviations of the measured values at this pressure
could be found. The point of 80 bar and -15°C for argon had already been classified in the
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Figure 3.3: Comparison of water contents of the methane-water and nitrogen-water binary
systems. Boundary of the hydrate range calculated with CSMHYD [29].



00} *AONBASOY JO sanjea |BuauELadxs s o) patjdde ausm [ g g JO SILMIBPIZSUN PAjRTINSD )t uoneunxoldde

189y 8 § “pIepums ays o) Furpaoaos uoe|NofeS € J0) passand aq o aary pinom Aag [6£1] apind-NIQ

a3 01 Jurpaoaoe) £(] XIUUR UL PAGUISIP U0 A OF SUIpuodsaLiod UCYBINIEI AJWELSIUN B JNG ALEY O} JGB(IRAR
aue sundiy indug (e 10N oM SIY JO 350y) 0) puodsaniod Aoyedsoy £q uanid sspuienaoun Supmsesw )

'SJOQUIAS SU) JO 9ZIS U MM IPLOUIOS KlESU SIUIEPIdUN 3 JO Sanfea Y ‘umoys ssipadosd
10 98uRL )} wLA "7 ( XeUUE Jo (¥S8M) Aurenasun [feisao padiejud au; jo sanfea Sy o) pued
-$3L103 HAMOUS SANUIBLAAUN Yy {(une 0Q[ ‘08 ‘09 ‘OF ‘07 ‘01) saunssaud tayBiy Apy3ifs je sanjea
UMO SIY HOO1 AONRASOY SB unssaud JoAO SULIBIOSE $B UMOYS U@ SIUAUOD Jaem yp amprocad
SAQGE 3U) WO JualaY I SHoM SI Jo uoidal paiednsaaul i uny 3uidy ‘(107] [007] AoqeAsoy
JO TIRP 3504 ila $HNSA wwmo Ay Jo uosuedwos oy moys ($°0) undy pue) o¢ pue ¢¢ samBiy

{[10Z] {00Z] rojeAsoy) Ajuo 20mos Juo wolj
219M 12AIMOL BIEP AMEISN] [V "SIUIWLAMISEA UMO ) AQ PaIaA0d awes a8url ay) ul ‘punoy
24or Uosueduiod Joj eep aurgeiay| (J3Em-duey)d Jo uondaoxas ynm) swsds Aleuiq Inoy I
3o saay) so (7 2n3y osje aas) palapisuod adues unmersduis) pue amssadd sy a1 uosuedwos
JO3NP © 10} S[qe|IRAR 1B BlEp M) AaA AJUO JBR S[BIAAL 7' XIUUR Wi BIEp 2Ireaa)] iy jo Sunsy
V SwRsAs AJBULG SU) JOJ ©JEp SMIBLS)I] 0) pasedilios aq [[a YoM St JO synsal [euswuadxs sy

‘[reIep U1 PAjEsN I ‘sjuaiuainseal i Suump
wiasaud sem oiym ‘aseyd pasuapuod ap Jo uonewns? ) ‘¢ sadeys yp swod |Euswnadxe
[enpiatpur ai) 0] aseyd pasuapuod Jjqejselowl (2aupinbi]) B Jo 20UNSIXD B NGLIE JOUNED
210 Jey) sajearpul unjesaduay s3ueyo aseyd ay Junewnse ur Auieusoun sy ‘sweiSep iy Woy
padnpap 3q ued adueyd aseyd qeqoud v Joj UIA[PY M3 B Jo sFues umesaduta) e A[uQ “sreqost
a1 jo adofs s woy uae) 3 ouued Jusys aseyd ay o sumesadwny sapdadsa a1 siutod
PUNSEI 31 UIIMISQ S|eAsalul ametadwsy aBie} AJaanejaa iy 0) osje anp ‘PAMSEIN SIUIOD
J2jeam AL JO SaLUIRLOUN JYj 0) angT ‘Iduepoduy Jo s 30ep sup ‘eseyd pasuapuod sy Jo puy
a3 0 1oadsau ynm sweidelp ay) Sugenjeas usym A[eIdadsg 00} ‘PAISPISUOD 3q O FARY SIUNUOD
1318 341 JO SIILEUAIUA ) ‘SIBGOSI I JO $ISINOD SN} PUE BIEP PAInSeatil At JULEN[eAs usym

“191eM-OUBLAW JOJ BB JIHEM
-uodie 10} 1eIPAY S43 SPISING P2)BdO] 2L Bour pajednsaaul ap ul swtod (e ‘D,02- req pof wiod
Buunsesw 31m SN0 1218 JaMO] DS [+ 18 JBq O0[ PUB 08 ‘09 ‘OF IV 'oPIoulod A[5esu JNem
-usdoliu pue -uogie J0 SIUAJU0D JaTEM I SB AuBPW Yim pasedwos usZouiu se Kjeau saABY3q
uodse jeyy 335 ued suo saunssad JaYBlY sy 1y (NABw | [-9) Walsks Jajem-suBIRAW Y} 10]
asou ueys soudy ApySis are Pem-uodie 10) SJUNUCD IMEM PRNSEIUW I} JEQOSE JBq ] Yl UQ

‘aama wnuqimba 3)espAy AEY)S AL 03 RVUEBISIP FUISEIIOUL LPIM SISEIIOU
aueld pue sueyisul Jo elep feustuLadxs sy) UM uoyRIAIp I uted ,0[- Y Jo uondaoxs
AP Y jey) s[EIsdl (['D 3|qe 995) sanjea fesuswinu ayg) jo nosuedwos v - wiN/Aw ¢ pue g7
2034 B JEQOSI 3[OUMm ) SO} SUOHRIASP U, "SUBYIIUL JOf ISOY) MO[aq 1] OS]B uo1Bal edpAy
3U) 3pISING SUBLNG 10) EIEP Y} AU} JBqOSI Jeq §| ) JOJ "IUBYIAW I0f Sanjea Ianoadsa gy
UBL UN/BW | € 0) ¢ AQ J9MO| 4B JBQ ¢ JB JUBYID J0f San[eA |Ruswuadya 3y uoidar apeupAy g
SPISUL (AURIIAW Yilas 3131 PAUIEIGO UIIQ IABY SIN[BA OU SB D0+ I8 d[qissod si uosuedwios ou)
S3N{EA JUDUOD JBM [BIILIP] A{JESU MOYS (SUBYID Put JUBLoW) SISES oy Jeq ¢ PUB .6+ 40

$1 SIUBIUB.NISDBLY IUBIUO]) L3IT 41 2Y1 JO SynsRY [DiudwLddyy 7°¢

‘swasAs Aeulq Jsrem-usdonu pue
121eM-U0SIe 2U3 JO §1USU0D Jajem Jo uostedwoy) g amBiy

9, ‘emesedwa)

oe 0z oL ] oL- 0z- oe-
T T T T T T T T T T 418
:
§ 3
\ * 3 g
1 + - qo0L F
\\ E e
1 3
Q
o 4
] 3
E . 4 0001
o e leqg uaboup / uobiy

‘puB)> 10f PAINSEaLU UI2Q JABY JUIWOD 1ojem ) JO sanfea Jarews Apydifs 1eq ¢ pue ¢ e (€0}
Ut 1By PIOU 3q UED )] "uotFal NRIPAY AP UM SN TBG §1 18 D07~ Jutod 3y Ajuo Juelgaw 105
saunssaid Yyoq 1y ‘uoLdas )BIpAY Jyi FPISING 3| 18q S 18 Dof [+ PUE Do 1+ PUB JBY € 12 D0+
pue 3.6+ 18 smod pamszow ayp swmSAS lejem-suetps Syl JoJ insa1 ayy Supen(ead usym
JUN02B OJUI UME} 9q O} ARy uodal uoneunoj NBIPAY ay 0} 10adsal U mep [BUAWLIXD
3 Jo uonesof oY) WeSy MY SHUIIANSEIAU UMO WOY J[QE[IRAR 31dm UOSUBAWOD 0] EEp
JoUyMMy ou 05 ‘SMssasd asay) JB INC PILUED 59M SMILXTUI 131EM-3UELID 10 SJUSWAINSEaLL L[Uo 58
PAPRIILT 10U ASM SUBYID JOJ JBqOST Jeq Of PUE $T 07 U IO BYep ] ‘saanixuu sojem-uodie pue
~3URIYA ‘~3UBLHIL Y} 10} TEP UL J1) JO uosLRALIOD B SMOJ[E (| 'D) XSUUR UI) 'y AndL]

([ Xouue
Ul s}lewssl S OS[E 995) BB PAY ) ulpim sinod mof € Jof A|ue paBlNsd sem JUAUOD
1o18m A sB Mo| Ajpanerudios sem eale SJRIPAY S WA SN 3y} SUSWAINSESW Y) 0} tond
puE samd whuqiymbs ARIpAY AP Jesu 31| sjulod pamsEaW i) S8 £]9Y]] JI0W AR St SUAUANSEIW
ay} Suump aseyd 201 sjqeszow e Jo uondumsse a1 -aseqd pasuapuod i) se 331 1240 uadoniu Jo
310 3y 0} paredwod JUSISHIP YIAW JOU 5t UOSIR JO JUAU0D JFIBM Y) 10 ‘301 qEIsEew (A[urewr)
NG IURIPUIY DLBULY 0 NP (A[PALSadsa M3y 00) 40 194 J0u) 194 SOpRIPAY Ou ausm auay) uodle
YAk -o[qissod suoisn[aucd a[qissod omp aIe APYL "SI0P XU JEem-suBylaw 2y se uaBoniu
0) pauedisnos SUSU00 IjEM JIMO] MOUS JOU Op ‘E2IE UOHEULIO) 31RIPAY A ulgim Suid] yBnoy)
UOAD D)6~ PUB G- AEQ Q01 1B UOSIE JOJ PRINSEau $IuNUOd 13)BM 34} Je) PAIOU 3q pnoys 3|

(£ 2mTy pue 7] X2uUe 938) ¥¥sep) Quienassun At Suippe Jaye JUIL0d 1MEM A
woy ML JUANUOD Jem 3 o jrur Auiepsoun saddn sy Suswes 1em (anssaud y31) mo|
e Auepizoun Y31y o 0) Snp panseat sanfea uodie ay) jo Py Hurepasun Jaddn at spisino e
sanyeA U011 AUt D5 [+ PUB S+ 1B A[UO 18y} SMOUS AJUIEHSOUN I JO UONEPISU0D Y 'uodie Jo
IN[EA ) JO AN[BA HMN[OSQR Y JO %01 IMOQE 216 SaNfeA paInseaw uafoniu pue uoFre aup usamiaq
FJUIYIP YL PAUNSEAU JUANUOI Jjem mo[ 00) Alqissod jo julod e se ¢£'¢ aundy jo uormssnosip

§ “aidoyn UOISSHISI(] PUD SHUSIY [PHDULIINT &l



16 Experimental Results and Discussion Chapter 3

When discussing the results of different calculation procedures (chapter 6), we will also come
back to the values calculated with Raoult’s law, with the programs CSMHYD in the 1990- [29]
and 1998-version [28] and those calculated with the GERGWATER-method, developed within
this work

which are also shown in figures 3.5 and 3.6. For now the courses of the GERGWATER method
merely serves for allocating the measured points to a isotherm. The comparison for the system
methane-water in figure 3.5 shows that the values measured in this work for the isotherms -10
and 0°C are below those of Kosyakov. With the exception of the points at 0°C at 40 and 100 bar
and 40-bar, -10°C the deviations between the measured points are within the uncertainty limits of
the water content measurements. This is verified by the overlap of the respective uncertainty
limits, For the -20°C isotherm the values are in very good agreement.

Also for the nitrogen-water system the overall agreement can be seen from figure 3.6. Only for
two measured points on the 0°C (40 and 60 bar) the deviations are larger than the uncertainties.

Kosyakov indicates that he took the water contents over ice phase'® even though the major part

of his measured data for the binary systems methane-, nitrogen-, and argon-water lie within the
hydrate formation region, ice only being a metastable condensed phase here. The possibility that
the hydrate phase is the stabie phase in the hydrate formation region was not considered by
Kosyakov. A possible cause of the deviations found for the system methane-water couid be the
existence of different condensed phases during the measurements. When measuring the water
content above a hydrate phase smaller water contents result compared to those cbtained above an
ice phase (sec annex A.4.2). Following this for the isotherms, shown for the measurements of this
work, a condensed hydrate phase could have been present, for those of Kosyakov a metastable ice
phase, respectively. At -20°C Kosyakov would have measured the water content above a hydrate
phase due 10 the very good agreement of the data. This assumption is, however, weakened by the
fact that Kosyakov's data also has measured slightly higher values for the system nitrogen-water
where only the point 100 bar, -20°C is within the hydrate formation region. This seems fo indicate
that the deviations are not due to different condensed phases but are due to the measuring
procedure or the measuring apparatus. Unfortunately, the publications of Kosyakov only contains
very scarce information on the measuring apparatus used and the measuring procedure. When
considering the uncertainties of the water contents the data therefore cannot be taken as an
indication for systematic deviations between the measured values due to different condensed
phases.

" The gas flowed over a bed of ice for saturation in the experimental set up of Kosyakov.

3.2 Experimental Resuits of the Water Content Measuremenis
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Comparison of measured water content data (this work) for methane-water
mixtures with experimental data by Kosyakov [200}, as well with calculated values
using Raoult’s law (eq. (E.3) over ice), the CSMHYD90-program [29], the
CSMHY D98-program [28], and the GERGWATER-method by this work (see
chapter 4), respectively.
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Comparison of measured water content data (this work) for mitrogen-water with
experimental data by Kosyakov [201}], as well with calculated values using Raoult’s
law (eq. (E.3) over ice), CSMHY D-programs {29] [28], and the GERGWATER-
method by this work (see chapter 4), respectively
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20 Experimental Results and Discussion Chapter 3

Table 3.3: Experimental water content data including information about the
most likety kind of condensed phase (see chapter 3.3 and annex

D.9.2)
Pressure, bar Water content, mg/Nm? Most likely kind of
_15°C _5°C condensed phase
100 2021 44,20 Hydrate (+ metastable ice)
100 19.92 44.06 Hydrate
80 19.94 41.97 Hydrate (+ metastable ice)
80 20.96 49.24 Hydrate

100G bar with approach via ice region probably was measured above a high content of metastable
ice phase (20.21 mg/Nm®) and is slightly higher (AWC= 0.29 mg/Nm?®) than the one reached with
approach over probable pure hydrate phase (19.92 mg/Nm?*).

Both values, however, do not deviate much from the water contents measured at 80 bar, -15°C,
In addition, a contradiction between the water contents measured and the assumed condensed
phase occurred at 80 bar, -15°C as well as 100 bar and 80 bar, -5°C measuring points. Al these
points a higher water content was measured above the condensed phase, being to a high
probability hydrate, than in the case where the condensed phase could have to be assumed as a
metasiable ice phase. Due to the high measuring uncertainties at these very low water ¢contents,
however, neither individual experimental values can be excluded nor the assumptions of the
respective kinds of condensed phases can be assumed to be wrong, A thorough discussion of the
possibie kinds of phases existing, is given in chapter 3.3,

A direct comparison of the values measured leads to the resuit that the values for the ternary
mixture methane-cthane-water scatter around the respective values for the binary methane-water
system with the exception of the -15°C isotherm and the 100 bar isobar. The result is that adding
3 mole-% to methane has no significant influence on the water content measured. Compared to
the binary mixture always slightly higher water contents for the temary mixture were measured
for the 100 bar isobar with the exception of the excluded +5°C point which, due to the special
approach, was measured above a metastable liquid phase (se¢ table D.10 and table G.1}. The
problem of evaluating the measured result taking into account the measuring uncertainties here
becomes especially obvious. In spite of the clearly detectable deviations the differences between
the measured water contents are still within the uncertainties of the values measured as is shown
for the system methane-ethane-water for the 80 bar isobar where the uncertainties are included.

3.2 Experimenial Results of the Water Content Measurements 21

3.2.3 Multicomponent Mixtures (Natural Gases)

The investigated multicomponent mixtures are natural gases, which have been filled into pre-
conditioned 50 dm? gas bottles directly at respective compressor stations in Europe'?. The natural
gases chosen, cover the main gas compositions of the European natural gas pipeline network.

Gas chromatographic analyses of the multicompenent mixtures' were carried out with different
scope. Table 3.4 contains a summary of the molar concentrations of the natural gases investi-
gated.

Table 3.4: Compositions of the natural gases NG1 to NG7 in mole-%, based on a standard gas
analysis. Components printed in italic, were determined by a 1SO 6974-3 detailed
gas analysis. Compound numbers correspond to table 4.2.

Component No. T NGI NG2 NG3 NG4 NG5 NG6 NG7
Helium 23 0015 0.028 0152} 0004 0043 | 0.038
Hydrogen 24 <

0.001
Oxygen 25 < 0.0!
Nitrogen 4 0840 | 1938 | 0912} 4.863 | 0.800 | 10.351 | 1.499
Carbon dioxide 5 0.109 | 0.851 0.167 | 1.732 | 1.291 | 25.124
Methane 2 ] 98.197 | 93.216 | 88.205 | 86.345 | 84.339 | 83.847 | 70.144
Ethane 3 0564 | 2915 | 8360 | 6.193 | 8.724 | 3460 | 2,520
Propane 6 0189 | 0715 1.763 | 1.550 | 3.286 | 0.657| 0.3%4
2-Methylpropane 7 0.029 ] 0.093 ] 0293 | 0214 | 0311 | 0.093 | 0.067
n-Butane 8 0.038 | 0.135] 0441 | 0314 | 0584 ] 0126 | 0.074
2,2-Dimethylpropane| 9 0001 | 0.002) 0003 | 0.002] 0001 ] 0006} 0.003
2-Methylbutane 10 0.007 | 0.029] 0.020]| 0.061 | 0080} 0.031!} 0.029
n-Pentane 11 0006 | 0.027 | 0.004 { 0.067 | 0.082 0.03 | o0.022
Cee 0.007 | 0.049 0.064 | 0.049 | 0069 0.118
¥ 99.995 | 99.949 | 100.01 | 99.928 | 99.954 [ 99.935 | 99.914

With the exception of the components helium, hydrogen and oxygen the range of the listed
components corresponds to the gas constituents which are analysed as a standard according to
1SQ 69744 {147]. N-Hexane, other hexanes and higher hydrocarbons are summanised in the
pseudo component Ce.. The methane content was used as criterion for sorting the dry gas
concentrations, The natural gases show a decreasing methane content with increasing numbering,
Due to possible side reactions with the chemicals at water content measurements, special care was

'? The gas bottles required were specially cleaned by Messer Gricsheim, Bottrop and delivered with a slight
nitrogen (quality 4.6) over pressure, The gas bottles including the pre-heated connections first were evacuated
after connecting them in parallel to the pipeline. Priot 1o filling the gas bottles were purged a few times with the
gas from the pipelines and again cvacuated in between.

"¥ We would like to thank N.V. Nederlandse Gasunie, Groningen for carrying out the extended gas analyses.
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Figure 3.8: Measured water contents for the natural gases NG1 1o NG7
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Continued: Figure 3.8: Measured water contents for the natural gases NG6 and NG7

Figure 3.9 allows a comparison of the water contents for the 60 bar isobar for natural gases NG1
to NG7 and for the binaries methane-and nitrogen -water. The corresponding diagrams for the
pressures 5, 15, 40, 80 and 100 bar are shown in figure G.6 in annex G.1.2. It can be seen that for
the pressures 40 to 100 bar the measured water contents were highest for the carbon dioxide rich
gas NG7. For 15 and 5 bar the courses of the water contents for all gases nearly coincide. No
influence of gas composition can be detected at these pressures. At the higher pressures the gases
NG1 to NG7 also show nearly the same values at temperatures higher than +10°C. Gas NG2 is an
exception at 100 bar. In the temperature range of +5 to +15°C it shows slightly higher water
contents. During the measurements a "humid" condenser chamber, that is formation of droplets
on the sapphire window, could be detected with the video endoscope system. This could be taken
as a hint that a metastable aqueous phase could have prevailed during the measurements. The
figures indicate that the courses of the water content diverge with increasing pressure to lower
temperatures. At water contents below 100 mg/Nm? deviations of the dew points of 5 K and more
resuit between the different mixtures at a given water content. At constant p and T, the differ-
ences in water content {even when excluding natural gas NG7) amount up to 30% (100 bar,
-15°C, natural gas NG4= 14.2 mg/Nm?, natural gas NG5= 20.3 mg/Nm?).
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28 Experimental Results and Discussion Chaprer 3

3.3 Discussion of the Phase Situation During the Measurements 29

No direct investigation of the condensed phase in the stain-
less steel lines, for instance by means of spectroscopic
measuring methods, were possible, as no instruments were
available and the experimental set up did not allow to
instali the highly sensitive measuring devices in the area of
the condensers. It should be noted that the condensers
including the lines were fully immersed in the cryostat bath.

The following hypothesis can be made for the processes,
occurring in the pipe: When approaching the operating
point via ice region a thin ice layer is formed on the inner
walls of the lines at cryostai temperatures below the
melting temperature of ice which forms the stable equilib-
rium phase in the ice region (see figure 3.11 and A.3). When crossing the phase equilibrium line
between the ice and the hydrate region ice is a kinetic hindered metastable phase at temperatures
below the melting temperature. In an undisturbed state (no energy ingress for instance by stirring
or turbulent flow, etc.) a direct change of ice into the stable hydrate phase only occurs very
limited and with large time delay [28] [144]. According to Makogon [30] this can be traced back
to the fact that the change from ice to hydrate below 0°C only shows a very slow kinetic as the
gas molecules first have 1o diffuse into the ice. The very limited freedom to move in the solid ice
crystal hinders the necessary reordering for hydrate formation. For the experiments carried out it
follows with a high probability that a metastable ice phase was present over a long time inside the
hydrate region, as long as the temperature inside the line was not raised above the melting
temperature of the ice. In case of crossing the melting pressure curve of the ice a increased
hydrate growth starts on the melting ice surface [145]. As the hydrate phase forms a stable
equilibrium phase within the hydrate 4

Figure 3.10: Dot like hydrate
precipitation at the gas
outlet pipe (see arrow).

region, a hydrate phase will grow on the Hydrate + liq. HC \
surface of the ice layer. With increasin

time inside the :E_,Mﬁ region more mznm_ o Vapor Pressurs HC

more ice surface is covered with hydrate m. H ‘n__. ate + Q.
and even though still a metastable ice Omm

phase exists inside the line, the vapour Sublimation

phase no longer is in direct contact with Pressure Weter .

ice. At complete coverage of the ice . liq. Water +
surface the equilibrium exclusively % Q, Gas

would be influenced by the hydrate

phase. ice + Gas r\%v

The condensed phase within the hydrate
region could not be detecied exactly 0°C T—>
with the means available in this work. In
dedicated experiments it therefore was
tried 10 reach dedicated conditions in

Figure 3.11: Schematic p,T-phase diagram for a
hydrate forming gas mixture, according
to [31] (see also figure B.2).

the line and inside the large chamber of condenser K2 by keeping special defined experimental
conditions and by doing so to recognise the influence of different condensed phases on the water
content. To isolate the phase effects comparative measurements were carried out with a methane-
ethane -water mixture (see chapters 3.2.2 and D.9.2) at identical operating points with differing
history and detailed fixed approaches for the operating points measured. Main emphasis was laid
on operating points inside the hydrate area which were approached in a defined way as well from
the ice and form the hydrate free liquid water region. A detailed description of the experimental
procedure, a tabular summary of the numerical results as well as a detailed discussion of the
experimental data are given in annex D.9.2.

Summarising, it can be noted as 2 result of measurements'® with a “well defined history”, that the
deviations between water contents determined in equilibrium with a hydrate-phase and a ice-
hydrate mixed phase were in between the uncertainty of the experimental set up. According to
Makogon (see table 3.5), who points out that significant differences in water contents above ice
and hydrate phases occur at low temperatures, it can be assumed that the phase equilibrium was
influenced mainly by the stable hydrate phase, even during the expenments with an (assumed) ice-
hydrate mixed phase, due to the small differences in water content measured.

For those measuring points which were approached via the liquid water region and which are
located inside the hydrate region with temperatures above the melting temperature of water (+5°C
measuring points and table D.10), larger differences in water content were observed. For these
points the pictures taken from the video endoscope system (formation of droplets on the

sapphire window, see figure 3.12) indicate that the water content measurements with the higher
content (with approach via liquid water) were measured above a metastable liquid phase.
Compared to the differences between the water contents above the different condensed phases
given by Makogon [30] here, however, smaller differences
in Wwater content were measured. :

For the measurements carried out according to the
standard measuring program (se¢ annex D.1) the higher
pressures were approached via the ice region, as has been
done for part of the experiments with the methane-cthane-
water system, in order to avoid too high water ingress into
condenser K2. As a rule the cryostat bath of condenser K2
was kept at a remperature of -10°C (K1 =+2°C) and the
pressure was slowly increased to the set pressure. By  Figure 3.12: Sapphire window,

following this procedure in most cases a deposit free and  almost completely covered by small
according to the monitor picture of the video endoscope  water droplets. The gas outlet pipe

Laas ouilet
T Dipe

is only shadowy recognisable.

¥ These measurements have been caried out for operating points, located in the hydrate region, and for
temperatures below the melting temperature of ice (see figure 3.11). Because of the routing over the liquid water
region in the second run of the measurements, ice could be precluded as condensed phase. ice only could have
existed, if a metastable liquid water phase would not have formed hydrate, but a metastable ice phase. No
literature information on such a possible phase change has been found.
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32 Developumiert of the Mode! Chapier 4

4 Development of the Model

The objective of this chapter is the development or the modification of an equation of state
(EOS), which is able to reproduce the measured water contents and dew points with highest
accuracy possible. The core region of the pressure and temperature range to be coverd is identical
to the region of the experimental data available. The desired application range of the model
reaches from -50° up to +40°C in temperature and 1 up to 300 bar in pressure. It contains a large
range, which is not covered by experimental data yet.

The binary interaction parameters (B1P) of the model were fitted against binary data only. The
results of the multicomponent systems, which were measured within this work, have been used to
fix the required extent of the analysis (see chapter 4.5), as well as for the validation of the model
(see chapter 5).

4.1 Selection of the Model

An extensive literature survey and own investigations have been carried out at the beginning of
the model development. It tumed out that the systems considered, can be described by relatively
simple cubic equations of state (CEOS), if the predictions of water contents and dew point
temperatures are regarded {166} [168] (169] [178] [181]). The more complex or theoretical based
equations are not expected to give better results than cubic equations of state [176] [177] [180]
(see annex E.3).

Therefore the choice of the models was restricted to CEOS. Moreover, these equations have
advantages in a clear and simple structure, an analyticai solvability and a reliable extrapolation
behaviour. For the phase equilibria calculation the homogeneous method has been choosen, which
means that components of ali phases are calculated with the same equation of state, So one has no
difficulty to fix a reference state for the supercritical components methane and nitrogen.

Among the numerous CEOS available, the equation by Peng and Robinson (PR) was sclected as a
base for an optimised calculation method, because of several reasons: The PR-EOS was especially
developed 1o describe properties of non polar substances such as hydrocarbons [16]. Its suitability
to describe the behaviour of complex hydrocarbon systems was proved in several publications in
lirerature (e.g. [177] [182]). Therefore, the PR-EOS proceeded as a standard tool for vapour
liquid equlibria (VLE) calculation in natural gas industries [171}. Besides this application the PR~
EOS found broad acceptance in many other fields of phase equilibria [164]. Based on this
equation parameter optimisations have been camied out successfully in several studies®® [183]
[1841[185].

** Some previous investigations (see [117] [190] [178)) may lead to the conclusion, that other CEOS are suitable
for a problem specific optimisation as well,

4.2 4 New Alpha-Function for Water 33

The disadvantages of the PR-EOS in its original version are known as the inaccurate reproduction
of the liquid densities and the critical region, as well as the limited applicability for electrolytes
and high polar fluids, exhibiting hydrogen bondings [171]. This disadvantages either do not touch
the objectives of this work or have been considered as correctable using adequate modifications.

A high accurate description of liquid liquid equilibria {LLE) or the gas solubility of hydrocarbons
in the liquid aqueous phase is not required. So the application of density dependent mixing rules
(e.g. [186]), asymmetric mixing rules (e.g. [23] [187] [188)), or mixing rules based on excess free
energy models {e.g. {189]) is not necessary.

Regarding the description of the gaseous phase, complex mixing rules ofen are not superior to
the simple mixing rules. In this case the number of free parameters is more crucial than the
structure of the mixing rules used. For that reason complex terms have not been considered. The
symmetric mixing rules by Van der Waals have been applied, to calculate the parameters a and &
of the modified PR-EOS (see equations (A.26) to (A.30)).

4.2 A New Alpha-Function for Water

A preliminary study showed, that the reproduction of the vapour pressure of pure water is a
fundamental condition for the prediction of the phase behaviour of wet natural gases.

The equation parameter a therefore has a significant influence on the vapour pressures of pure
substances, The calculation results substantially depend on the temperature function of the
a-Parameter, i.e. the alpha-function.

As shown in annex B, the generalised alpha-function of the PR-EOS is comelated using the
critical temperature T, and the acentric factor @ Anderko [12] points out, that the acentric factor
is no characteristic parameter for polar substgnees, This fact may lead to unsatisfying results, if o
is used in a correlation for those substances. For that reason it is not swrprising, that vapour
pressures of water are reproduced only with a poor quality, if the PR-EOS is used in its original
version. The relative deviation of the triple point pressure, for example, is larger than 20% .

To remedy this deficiency, many solutions have been proposed in literature, Most of them
improve the reproduction of vapour pressures of pure substances by a modified alpha-function
(see [167] [190]-[196]). Peng and Robinson themselves published a new alpha approach for water
already in 1980 [166].

 yr0.rea0 (Te) " = 1008568 + 08215 (1 - %) .1)
The recommended temperature range for equation (4.1) is 0.44< Ty < 0.72 (+12 to +193°C).

The PR medifications for water, which are available in literature, frequently were fitted to vapour
pressures in a large temperature range (e.g. from the wiple point up to the critical point). This
leads (in many cases) to larger deviations at the edges of the temperature range considered. In
figure 4.1 this behaviour is demonstrated at the example of the alpha-function according to
equation (4.1).
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36 Development of the Model Chapter 4

pressures. The maximum deviation of the calculated vapour pressures is smaller than 0.01% in the
whole temperature range considered. Furthermore sublimation pressures calculated with the own
alpha-function are reproduced within 0.45% at temperatures down to 233.15 K (40°C). Below
this temperature, at 223.15 K for exampie, the absolute deviation of the sublimation pressures
(Pscac-Pssct) 35 smaller than 0.09 Pa (while peer= 3.9 Pa). Extrapolation of sublimation pressures
beyond the temperature range considered (223.15K £ T < 313,15 K) will lead to increased
deviations, which is indicated by the function course.

With exception of water, for all other nawral gas components the original alpha-function
according to equation (A.24) and (A.25) was retained.

4.3 Data Base for the Parameter Optimisation

To complete the database for aqueous systems, in addition to the own measurements a broad
literature survey has been carried out. Srarting with the literature reviews by [51] [197] and [198],
emphasis was put on vapour liquid equilibrium data. The major important binary systems were:

s Water - Methane +« Water - Butane
+ Water - Ethane * Water - Carbon Dioxide
e Water - Propane * Water - Nitrogen

Figure 4.2 gives an overview about experimental water content data for the system water-
methane, available in literature. Additionally, experimental data from this work are included. For a
better comnprehension, the desired application range of the new calculation model is indicated.
Table F.1 (in annex F.2) contains a summary of the literature evaluation, with respect to the
number of experimental points, the temperature and pressure range, as well as a list of the
measured quantities, Water content data, which were measured under hydrate conditions
(according to the authors statements) are not included in table F.} (see table F.3).

Figure 4.2 and table F.1 give a strong indication, that no experimental data for the binary systems
are available for a major part of the pressure and temperature range, considered for the model
design. Among other reasons, for ethane and higher hydrocarbons this is caused by the limitation
of the vapour pressure curve. Above the vapour pressure curve of pure hydrocarbons a second
liquid phase may occur.

Measured quantities from literature were evaiuated with respect to the uncertainty in a second
step. The results are presented in table F.2 (in annex F.2). A final assessment of the experimental
data based on this information, however, has only a limited value, since in many cases only
estimations were used and ne uniform procedure to determine the uncertainties could be applied.

4.4 Binary Interaction Parameter (kij) 37
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Figure 4.2: P,T-diagram with water content data of the water-methane system, available in
literature and data from this work [248].

A preliminary consistency test of all available data (literature and this work) has been carried out
using different kinds of graphic plots. Unfortunately it was not possible to check the experimental
data with thermodynamic consistency tests (e.g. equation by Gibbs-Duhem), because required
data were missing in some cases [199]. Experimental data, which showed an uniypical behaviour
within these tests, were excluded from the data pool (¢.g. all methane-water data by Yarym-
Agaev [207)).

4.4 Binary Interaction Parameter (k;)

The reproducibility of phase equilibria of mixtures, calculated with equations of state is crucially
affected by the cross-term ay of the a-parameter, or the binary interaction parameter k; , respec-
tively. Interaction parameters usually are determined by fitting to experimental data. A generalised
procedure to estimate these parameters from the specific properties of the components, however,
did not succeed so far [221} [222] [223].

Because of the changed alpha-function, the binary interaction parameters for systems containing
water had to be refitted. Binary systems measured within this work and those data from literature,
which were classified as ,accurate”, have been selected for the data base (see discussion in
chapter 4.3). Experimental data of multicomponent systems have not been used.

In this work dew point pressures have been used to optimise the binary interaction parameters,
instead of bubble point pressures, which is more common in literature. The dew points have been
used because of two reasons. First, only gas phase compositions have been measured and second,
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40 Development of the Model Chapier 4

Based on these results, the extent of the natural gas standard analysis according to 150 6974-4
has been defined as sufficient for the objectives of this work. In addition, the pseudo component
Cs. is treated hke n-hexane in the calculations.

4.6 The Calculation Program (GERGWATER)

Table 4.2: Input data base for the calculation
Col, A: Components from natural gas analysis according to ISO 6974-4 [147]
Col. B: Components from extended natural gas analysis acc. to SO 6974-3 [146]

No. | Component A | B} No. | Component A B
| Water 14 | 2,3-Dimethyl butane (CsH,4) Ce | x
2 Methane x | x| 15 [3-Metylpentane+2-Methylpentane| Ce. | x
3 Ethane x | x| 16 [n-Hexane Cor | x
4 Nitrogen x | x| 17 | Cyclohexane (C¢His) Ce | x
5 Carbon dioxide x | x| 18 |Benzene Ce | x
6 Propane X x| 19 |[n-Heptane Co | x
7 2-Methyl propane x { x| 20 |[Methylcyclohexane (C/H)a) Cee | x
8 n-Butane x Ix) 2t |Toluene Cer | x
9 2,2-Dimethyl propane| x }x{ 22 |n-Octane Cee | x
10 | 2-Methyl butane % 1 x{23 |Helium X
1t | n-Pentane x §x] 24 |Hydrogen X
12 | Cyclopentane (CsHyg) x| 25 ]Oxygen X
13 | 2,2-Dimethyl butane | Cs | x

Within the model development, some of the core routines from the process simulation package
K-BP ("Karlsruhe-Berliner-Prozefi-Berechnungs-Paket” [228]) were used. With a suitable inte-
gration of these routines and the inclusion of own subroutines, the program was adapted to the
specific requirements, which became obvicus during the implementation and the following
verification of the performance of many types of EOS, or their modifications, respectively.

Based of these subroutines, a new calculation program GERGWATER was developed in
FORTRAN. A WINDOWS compatible program containing the GERGWATER-method is
available from RURRGAS AG, D-54138 Essen (Germany). Flow sheets of the water content and
dew point calculations are included in annex F.5.

5.1 Dew Point 41

5 Model Validation

This chapter is dedicated to the validation of the calcuiation procedure GERGWATER developed
in chapter 4. The binary methane - waler system as well as the multicomponent systems (natural
gases) NG1 to NG7 were taken as test systems. The calculated values for water content and for
the dew point were compared to the experimemtal data. As the large number of measuring data for
the natural gases were not used when developing the calculation procedure the comparison of the
calculated results with the experimental data gives an indication of the predictability of the model.
Table 5.1 gives a summary of the composition range covered by the natural gases under
investigation.

Table 5.1: Mixture composition covered by the natural gases NG1 to NG7

Min. Max. Min. Max.
Component mole-% | mole-% | Component mole-% | mole-%
Hetium - 0.152 | Propane 0.189 1.763
Hydrogen - 0.001 | 2-Methylpropane 0.029 0.293
Oxygen - 0.01 | n-Butane 0.038 0.584
Nitrogen 0.840 10.351 | 2.2-Dimethylpropane | 0.001 0.006
Carbon dioxide - 25.124 | 2-Methylbutane 0.007 0.08
Methane 70.144 | 98.197 | n-Pentane 0.004 0.082
Ethane 0.564 8.360 | Cs - 0.118

51 Dew Point

Figure 5.1 shows the absolute deviations between the calculated dew point and the outlet
temperature of the second condenser TIR4 (actual value for the dew point) for the binary system
methane-water, for the temary methane-ethane-water (T1-97/3) and for the seven natural gases
NGI1 to NG7. The tables G.3-G.6 and G.9 give the listing of the respective data. The calculated
value of the dew point is smaller (greater) than the actual value for the dew point when a negative
(positive) difference is shown. For calculation of the dew points the respective input data were
pressure, the dry mixture composition according to 1SO 69744 [147] and the experimental water
content (see chapter 3 as well as the data in annex G.2.1).

Figure 5.1 indicates that the deviations are nearly equally distributed around the zero axis™. The
deviations between the calculated and the actual value of the dew point decreases with increasing
temperature. Except of one value for natural gas NGS5 at 100 bar, -10°C deviations larger than
+2 K only occur at the low temperatures -10° and -20°C at the high pressures 80 and 100 bar for

# The mean deviation of all data points is -0.09 K.



001 1= "4/ 1) = UOUBIASP IAHB[3Y ,,

{z'a xsuue ¢} JUIPI0OIE UCHEULLISAP
RO J9jEM B JO AMTELIOUN PIPUAIXS = *¥56[] ) JUSIUOD J31eM PIUTULIZIP
Ajinuawniadya pue (YT LV MODUID) U0 I3)Ex PIIBJNO[ED Usdmiaq UODRIASC 17 ¢ undiL

HAUN/BW ‘tusiund serepn

[#10]+1 8 0001 0o0s 0
. — . . ——————— O

TOVEEN e [
101 e 1 — o
19N sef BieN & 0Oz- m.
gON seb jpimeN v ., g
GON seb jrimeN e 40 W
YON seb jneN v 5
MNZ seb jeimeN  «+ 0z m..
N seb jeineN o a
LON seb jeineN a 2
€261l o or £
auelyie & 3
<
o N 109 g
a [

I 1 08

o jo uosuedwod e smofje 7°¢ auny w1l umoys Osfe ([ '(] XOUUE 335) WTSE) LOLRILNSI JUSJU0D
deem B jo Auepsoun padie[us A 23UBI SIYY W SJUNUOD IdjEm PAUILSISD AJEuswuadxDd
3y; Jo Ajujzuadun By JAfFB[31 SU) UONEJAPISUOD OJUL 3YE) O} sty suo wede samBy asay
Buieniead usyM “(MIN/BW €07 ="M ‘WNABW §'9- =DMV ‘Do S1-12G 001 ‘5T 528 Jermpeu
wiod E1ep) o4pE JO AN[BA WRWIXBUL E 0) SIUSIUOD JTEM JIMO] JO UONOAUIP SUF UL SISEIIOUL JLUOD
J3jex P2INSE3UL 3U) PUB PIEINOJED Il USIMIRG UOUBIASP JANBIM SU[ °, %L MO[aq SI SABm[e
EAUCD JA)em PANSEIUL 3} WOL UOHBIAID 5318] B MOUS LalLm symod Bjep as0tp J0J AN/BW 00S
ueys 1212218 SHUSJU00 IABM JOJ UONBIAGP SANEIAL Y3 “40AMOH “({WIN/BW 00S< DA “SIU3tU0D
Joem yawy jo auei ay) samssaud mo) pue saumeiadwa) Y8y 12 D30 suoLBIASD 1531 AL

"S2U0 paInSEalu 2y} uel oy are sjunod JNem
P3IE[NI{ED AU Jey) SURDW YOlYm ‘SUOHBIASP Jamisod 10adXa 0) SBL SUO BAIR S)Y UF JBY) S1EIpUI
$1UAu00 Iojem Y1y 18 ®EP jo Jaquinu mo| Kjeanmedwos ayp ‘AunBw 05 MO[q SIUSCD
Jnem lof pangusip Ajjenbs aue suopelwp sanedsu pue aamsod Jeyy ssiedlpur 7'g amBLg

(Tt 21981 235} JUANUGD 13)eMm ) Jo UOHE[NI[ED 3y Jof Indur se uotisodwod
se2 Ap B a0] uonwspisuod ol uaye aam [Ly[] pL69 OSI o Sutpioode siskjeue sed
E JO Sjuauoditios JO Jaquinu Sy '|°Z'0 XSUUE UL §'0) PUB 7') SI(QEl Ul PIIS]| e ejep 2and3dsal
SUL UMD JIBM PAINSEIW JYY) PUE PIAIRNI[EI Y} UIIMIS] SUOHBIAIP ) SMOYs 7' aunBig

Wauoy JeleM 'S

i¥ U0 4BV T

BEp £7¢ 10§ aumpeiedwa) Juiod mop pauIep
Afeiusuuadsa pue (JELVMOUTD) Wi0od map PIIRINO[Ed UIBMIdq UOHEIAS(] 1| *§ 3In3L4

9,'eunjesedwe |

174 oL 0 oL oz oe-
T 4 T T M T T T .v..

HNZF —
*ABD UBALY ——

LON sefi jeumeN a
9oN seb jeinien
GON seb jeinjen
PON seb jeinjen
£ON seb [einjeN
ZON seb emen
LN seb [eimen

E/46-LL
sueyep

M oOpr» O + a4 e d
M ‘(-dxe--0je2) ‘dwe; Juod map “reQ

1500 (BUOHIPPE AJESSIDIULN SISNED a5BYyd PISUSPUOD B JO JDUBPIOAR JO MAILA UL
“iaaamot] *(3 Z SO Aurepaoun ue snuiw jutod map pale[nafes =) 1u1od map Yy o) anfeA PalNIIED
s mo[3q Jey sarf yowym Sulip sed ur qurod mop B Jo Jusuysalpe oy opis ,2jes™ 3y uo i
anjea parenoges s sautadid ur maia jo jutod jeuoyeiado 10 asyereda) oMol € 18 Indd0 Ajuo
AlI[B34 Ul UCHBSUIPLIOD J3jem JOJasoY [ -amesedusa) ySuw) 001 3e paripaud ag 1w Juiod mop ay)
B Spnyducs ues sue sFuer Anadosd sup w elep sy o adojs ay wou] “aunssasd sy Buseasou
pue ameiedw 3 Sulemo] Ajsnosusnuus usym Apysts aseasul uoyenojes julod mep Yy
Ul SUOHBIASP AU [, "UOLBIAPISUOD CJUI USNE) 24 P[OYS 6'D) QL) Ul UMOYS Puag sup ‘siuawuadxa Ag
PaI1aA0D Jou uordar e ur st jey; ‘uongejodenxs jo ede ue ui dmnpadosd uonenojed ay) Suisn uaym

"[8¥Z] 31 7 ueys 559
Apuesyudis st juiod map PIiEnofeD a3 Jo AJUTEMAOUN SU) Jey) Juswsels ayt sayusnl g amndy
ssa[ayMaAaN Jutod map PIIRINI[ED BL) UL SUCHBIAZD Y3R| 01 SPEJ] OS[B U0 J3JeM PIAUILLIIP
Aeauswuadxa ay) jo Hurepsoun Y3y g AKENASUL SIUSUOY JSjeM MO[ JO SUOIIPUOD ) 1€
JUAUOD Jem Jo anjea Induy A1essa0au Ay 01 AnIsus L19A $HOE UoheNfED Jutod map ay) osje
SV "SJUILCD JAJBM MO[ 1B Y | UBL} JUOLL JO SUONBIAIP O} PEI] UBD UONBUNISS JUIJUOD INEM 3 JO
Auiepaoun sy AJuo JBY) SMOYS |'E°(J XIUUB O LONBWNSS Y (7' XSUue 395 ‘o407 o) dn) ydiy
Si UORENI JAYOSIA- ]3] DLHIUWIOIROS A} UM PAMSEAU SIUNUOI J9em ) jo Luigpdoun dane(u
A MSH WHUOD JNem mo] KPwanxs Jo JJuBI Ayl UM e Y ZF ueyl ssow Aq Funelsp
sjutod ejep aY) |[e 1BY) JUNODOE QUL 3B 0) sey auQ ‘Juled map sy Jof N ZF Jo Ademdoe s3uel
uopipasd 3y} apisino pagesof are syutod eiep LZ¢ Al Jo 0] AUO ‘umoys sased JyBia au Jo Ay

§ w@idoy) HOHOPAD 4 (PO 4 4



44 Model Validation Chapter 5

differences berween the calculated and the measured water confents with the measuring uncer-
tainty of the experimental data. The courses of the curves show that the course of the uncertainty
of the calculation procedure Ucac.o can be estimated from the course of enlarged uncertainty
Ugsia plus a constant value of 15 mg/Nm?® taken from the diagram. At water contents below
100 mg/Nm? the uncerainty of the calculation procedure decreases linearly to the uncertainty
which is fixed by the measuring exactitude of the KF-coulometer applied at its lower analysing
limit (=10 pg water). As for the experimentally determined water contents the relative uncertainty
of the estimated water content is very high at low water contents (ppm-range,
WC < 260 mg/Nm?) for the calculated water contents.

In a simplified manner the following functional expression can be given for the (predictive)
uncertainty of the water content {WC,,.) calculated with the GERGWATER-method:

3 mg/Nm? £ WCey < 100 mg/Nm?:

Une cur WC ) ={ 33 mg /N’ +0167-wC,,, } (5.1)
WCak. 2 100 mg/Nm*:
U e cute. WC ) ={ 17.9 mg/ Nm® + 0021- we ,, }

From this it follows: WC e = WC e U e e (5.2)

For a calculanon result below 5 mg/Nm? the lower limit of WC,u..s is the value of the water free
probe (HC.aic.ae = 0 mg/Nm?); the upper limit of WC..x. ., in these cases can be estimated from
the uncertainty from equation {5.1).

The tendency of the calculation procedure to calculate too high dew points at high pressures and
low temperatures (< -10°C; range of low water contents: WC <50 mg/Nm*) as indicated in sub
chapter 5.1 in return has the consequence that at the these boundary conditions too low water
contents are found for this property range when calculating the water contents, When applying
the calculation procedure when designing or adjusting a gas drying plant this predictive behaviour
should be taken into consideration. In these cases, at high pressures and low temperatures, it is
recommended to take the upper limit of the water content resulting from adding the (positive
value) uncertainty to the calculated water content.

The slightly ,.worse® reproduction of the measured water contents by the calculation procedure
ensures that the result of the dew point calculation in all cases is on the safe side (see the
preceding chapter 5.1).
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6 Comparison with Methods from Literature

In this chapter selected experimental data of this work (see chapter 3) are compared with several
estimation methods for water content or dew points (calculation, diagram) from literature, as well
as the own method (GERGWATER). Emphasis is put on methods, which are widely used in
natural gas industries for calculation of water content and dew points.

Besides the own calculation method (GERGWATER), in particular the ASTM 1142-95 [59]
correlations are considered (eq. (E.1), eq.(E.4) respectively). To distinguish between the two
correlations given by ASTM 1142-95, results of equation (E.4) are called as ,ASTM* and the
results of equation (E. 1) are marked with the authors name {Bukacek et al. [155]).

As particularyly practical methods for water content - dew point conversion, the diagram by
McKetta et al. [150] in the revised version of Wichert [157] and a diagram by GASUNIE were
selected. The GASUNIE-diagram [149] is 2 converied water content diagram (into Sl-units and
standard conditions) by Campbell [148], which is almost identical to that one developed by
McCarthy [151]. The calculation programs CSMHYD by Sloan et al. (the 1998 version [28], in
the following called CSMHYD98 and the 1990 version, called CSMHYD90 [29]) have been
included into the investigations, though a dew point calculation for a given water content is not
provided. But the use of this programs makes it possible, to calculate water contents in the
gaseous phase above a solid hydrate phase. The physical standard condition has been choosen as
reference state for all methods and the dry gas mixture as reference gas volume {values in
“mg/Nm®"; see discussion in chapter 1.1.2). If necessary the results of the several methods have
been converted into this reference state.

A preliminary comparison between the calculation methods CSMHYD, GERGWATER and
experimental results of the methane-water binary system is already presented in figure 3.5
(chapter 3.2.1), It is shown, that calculation results by CSMHYD98 and CSMHYD90 (the
preceeding version) deviates in some cases {e.g. the 0°C-isotherm)?®, This indicates a medification
of the calculation method, referring to this important binary system. The CSMHYD98-values are
comparable to the expenmental data by Kosyakov, m contrast to the CSMHYD90-values. The
results of the CSMHYD90 method, however, are (apart from pressures higher than 80 bar) in
very good agreement to the own experimental data and the GERGWATER method, respectively.
For the example of the natural gas NG4 (in figure 6.2), the slightly better reproduction of the own
experimental data by CSMHYD90 compared to CSMHYD98 becomes obvious. In figure 6.1 and
6.2 it is proved at the 100 bar example, that both methods exhibt only negligible differences at
high pressures and low temperatures (see also figure 3.5). For the comparison only that part of
the 100 bar-isobar could be used, which is located in the hydrate region. This is caused by the
application range of the CSMHYD methods, wich are limited to

# No deviations have been found for the binary sysiem nitrogen-water, however,
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48 Comparison with Methods from Literature Chapter 6

e e mat R —
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Figure 6.3: Comparison of experimental dew point values with predicted ones for
severals calculation methods. Input values were water content data of natural
gas NG6 at given temperatures (-10°C, +5°C) and pressures (100, 80, 60, 40,
15, 5 bar) {248]

The correlation by Bukacek gives a good reproduction of the experimental data of the methane-
water system up 10 high pressures and temperatures. Because Bukacek used Old’s data [202] for
the development of his method, this was 10 be expected. The good connection of the own
calculation method (GERGWATER) to Old's data is shown in figure 6.1 (data point 103 bar,
+37.8°C). Together with figure G.2 it may be concluded, that Bukacek's values are located above
the own expenimental data for low temperatures (3 <+10°C at 100 bar, 3 <0°C at 5 bar),
independent of the hydrate region. The reproduction of water contents for natural gas NG4 is not
satisfactory for high temperatures, too. These statements can be ransferred to results obtained
with the water content diagrams by Wichert and GASUNIE, because the diagram values are
similar to those of Bukacek s method (see chapter 6.3)%",

In figure 6.3 deviations between calculated dew points (or readings from the diagram) and
measured equilibrium temperatures {(outlet temperature TIR4 of condenser K2) are plotted for
two isotherms (-10°C and +5°C) of natural gas NG6. The objective of this figure is to examine
the prediction capabilities of the different methods. The results of all calculations methods,
mentioned in the beginning of this chapter, are presented, except the method of Sloan®™.
Figure 6.3 shaws clearly, that overestimated water contents (Bukacek, Wichert®, GASUNIE)
correspond to underestimated dew points. At small water contents the deviations exceed 7 K. It is
proved by the almost equal deviations, that the methods by Bukacek, Wichert and GASUNIE are
based on an identical data base. It is assumed, that the experimental data used in these correlations

*? The results of Wichert and GASUNIE were not included into figure 6.1 and 6.2, because of clearness. As it is
shown in figure 6.3, the results of the methods by Bukacek, Wichert and Gasunic deviate approximately -2 K.
These differences are in berween the uncertainties of the methods (see discussion in annex E).

As aiready mentioned, a dew point calculation for a given water content is not provided by the CSMHYD-
programs.

¥ Correction vatues: Cg=1; Co=1

2

6 Comparison with Methods from Literature 49

cormrespond to water content data in a metastable equilibrium phase™, which is supported by the
course of the deviations (sec annex E).

These results confirm the statements by Jamieson and Sikkenga [57], which investigated methane-
water and methane-ethane-water mixtures and found out, that all diagrams read too low dew
points in comparison to the measurements. But the autors neither report the experimental data nor
the diagrams investigated.

In figures 6.1 and 6.2 i becomes obvious, that the (modified) ASTM-method reproduces the
experimental dew points at low temperatures and low pressures with a sufficient accuracy. But at
high pressures and low temperatures the deviations become significantly higher than 2 K. The
calculated dew points are always too high [248]. From figure 6.3 one may conclude, that the
courses of all methods converge for high water contents®', In that range, all methods predict dew
points within an accuracy of 2 K.

For a given water content, too low dew points

are predicted with the methods by Bukacek, t m_%”_w“w_ gas E2 g g
Wichert and GASUNIE. From this follows, that m-...mv & 3

these methods predict water contents (at a m, 100 o A |
given dew point), which are higher than the .m 4
experimental ones (sec figure 6.4). If water 15 1
contents, calculated by these methods, are used m o- Bukacek
to control the drying process, a water conden- m < —BWT
sation may occur already before the prescibed = 10l - m.mv. _
dew point is reached. To avoid a premature 220 10 0 10 20
water condensation, a lower water content has Temperature, °C

to be adjusted in the drying process.

Only the method developed in this work Figure 6.4: Difference between E..o&n:&
(GERGWATER) and the CSMHYD-methods water content (dew point, resp.)
at given dew point (or water
by Sloan (which are restricted to a limited content, respectively).
application range, however) allow the input of
accurate gas compositions. Wichert's (McKetta's) method makes use of a correction value, which
is coupled to the molecular weight. For the natural gases NG1 to NG7, all values were
determined to unity, because of the small differences in the molecular weight. Figure 3.9 shows,
that relative deviations berween the water content courses of natural gases with different
compositions may become large in the region of low water contents. This proves, that the gas
composition has to be considered as accurate as possible, particular in this region, though only a
limited number of components exhibit a significant influence (see chapter 4.5).

%% The water content diagram by Wichert (or McKena, respectively) contains an explicit hint, that the cousses of
the water content lines in the hydrate region are a matter of metastable phase equilibria, while the corresponding
stable equilibrium values are lower.

3! In this work, high water contents occur at low pressures only, because of the limited temperature range
considered.
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52 Summary Chapter 7

For water contents above 100 mg/Nm?® the uncertainty is < 2.5% of the value measured within the
range of properties under consideration.

In this work binary mixtures of water with the main components of natural gas methane, ethane
and nitrogen and with argon were measured at temperatures between -25° and +20°C and for
pressures from 5 to 100 bar. In addition a temary methane-ethane-water system (dry gas compo-
sition: 97 mole-% methane, 3 mole-% ethane) and seven multicomponent-water mixtures (natural
gas-water) were investigated in the same range of properties. The natural gases in their respective
composition correspond to the major natural gases distributed in the European pipeline network.
The range of properties investigated covers the major parts of the pressure and temperature range
relevant for the suprarcgional pipeline transpottation. The own measurements represent a subs-
tantial enfargement of the data available in open literature. The magnitude of the new data base
becomes clear when considering the number of more than 13000 water content measurements
carried out here. For part of the measurements (about 25%) a fully automatic variant of the
experimental set up according to 1SO 10101-3 was applied. A computer controlled major parts of
the manual operational duties. No difference between the data obtained in manual and in
automatic operation could be noted. During evaluation the results were also checked according to
the cniteria given in DIN ISO 5725-6:1994-12(E).

The experimental results were compared 1o the few data available in open literature. Except of a
few exceptions the deviations were within the uncertainty of the estimation of the water content,
A comparison of the water contents measured in this work for the seven natural gases resulted in
the finding that the course of the water content is mainly influenced by the major component
methane. At low pressures the differences in the courses of the water content for the different
natural gases are small. At high pressures and low temperatures (region of low water contents),
however, a recognizable influence of the gas composition was found. There were significant
differences in the courses of the water contents.

During the dew point measurements only cooling velocities of minimum 3-5 K/min at the dew
point mirrer couid be verified. In spite of this restriction the dew point temperature in the majority
of measurements could be estimated with an accuracy better than £2 K. With three natural gases a
region of retrograde condensation occurred during the dew point measurements. When evaluating
the experimental data it was found that, contrary to the dew point measurements, the water con-
tent measurements were nearly not influenced by this condensation of small amounts of hydro-
carbons in the high pressure part.

For the hydrocarbon mixtures under investigation a large number of the measuring points were
located in a region in which a solid hydrate phase forms the thermodynamically stable condensed
phase (hydrate region). Due 1o kinetic hindrance inside the hydrate region a metastable ice or
liquid water phase can prevail instead of the stable hydrate phase. As the condensed phase is
decisive for the measured water content in the gas phase more detailed investigations with respect
to the condensed phase were camried out for the temary methane-ethane-water mixture foilowing
special experimental procedures. It could be concluded from these results as well as from the
pictures taken with the video endoscope system that to a high probability hydrate has been the
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condensed phase determining the equilibrium inside the hydrate region. There were only very few
cases in which indications of a metastable subcooled liquid water phase could be noted.

The theoretical part of this work showed clearly that a very accurate representation of the vapour
and the sublimation pressure of pure water is decisive for a accurate calculation of the water
content and the dew point of the mixture, respectively. The equation of Peng and Robinson was
chosen as the basis for developing an optimised calculation method.

For improving the reproduction of the vapour and sublimation pressure of pure water the
generalised temperature function of parameter a had to be replaced by a individual temperature
function. The coefficients of this modified function were directly fitted to the vapour and
sublimation pressures of pure water, respectively. For all other components except water the
generalised temperature function of a as given by Peng and Robinson was kept. The simple one
parameter mixing rules of van der Waals were used.

The binary interaction parameters were determined from literature data as weil as from the own
data for the binary systems. Emphasis was laid on a good representation of the dew point when
adjusting the binary interaction parameters. From numerous test calcuiations it tumed out that the
standard analysis according to 1SO 6974-4:1984 was a sufficient input base for the dry gas
composition.

As only data for binary systems were used for establishing the calculation procedure the data for
the multicomponent systems, especialfy for the seven natural gases investigated, could be used to
validate the caiculation procedure as these data were not used for adapting the procedure. Jt
could be shown that the dew point temperature can be predicted by the calculation procedure
developed with an accuracy of better than 2 K in the pressure range 5 to 100 bar and tempera-
ture range -25° o +20°C. In addition by comparing the experimental data and the calculated
results for the natural gases the uncertainty of the calculated water content could be estimated.

Calculation methods and conversion procedures in common use in natural gas industry were taken
from literature. The comparison of the own calculation procedure with these calculation methods
and conversion procedures and the own experimental data revealed that the emors in the
prediction of the water content or the dew point, respectively, is substantially reduced by applying
the own simple caiculation procedure.

Summarising it can be stated that the new experimental data represent a substantial and imponant
enlargement of the existing literature data base. Compared to standard methods used today in
natural gas industry for prediction of the water content and the dew point the own newly
developed calculation procedure results in a considerable improvement of accuracy.

The newly established calculation procedure was transformed into a computer program which is
easy to handle and allows the calculation of the water content and/or the dew point temperature
taking into account the composition of the natural gas. The program already proved to be useful
for application in European gas companies. A WINDOWS compatible program containing the
GERGWATER-method is available from Ruhrgas AG, D-54138 Essen (Germany).
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56 Thernodynanic Principles Annex A

A.2 Equations of State 57

restrictions, many equations of state have been developed, which include the ideal gas law as
boundary condition, The equations may be divided into groups as follows [9] [10]:

¢ semi-cinpirical (cubic) equations,
¢ modified virial equations,
e pVT-calculations based on the principle of corresponding states,

* equations based on statistical thermodynamics.

In this chapter, only a sclected part of these groups will be discussed, since emphasis is put on
semi-empirical (cubic) equations in chapter 4, where the own calculation method (BWT) is
presented. For a more detailed description of the other groups, the treatises by Dohrm [9], Walas
[t1T and Anderko [12] may be recommended.

The first cubic equation of state has been developed by 1.D. Van der Waals in 1873 [14].

a RT a
TJIL?&TE, or p= == Prupatsion + Parcacuan (A.12)

v=b v

Atutractive forces between the molecules are taken into account by the correction term for
pressure -a/v. The quantity & is called co-volume. It is a measure for the inherent volume of the
molecuies and characterises the repuisive forces. The Van der Waals (VDW) equation was the
first one, which succeeded in a quantitative reproduction of the behaviour of fluids in the gas and
liquid phase simultaneously (with one equation, only). But it turned out, that this equation shows
an insufficient accuracy for many applications. So numerous cubic equations have been developed
in the last century, which often retain the division into attraction and repulsion term. Though all
those modifications differ in many details, they may be reduced to a general five parameter
structure ([9) [12] [13]).

__RT e(v-m
Tv=b (v=b)(V+bv+e)

» (A.13)

The vanabies ©, §, € and 1| for some important cubic equations of state are given in table A.1 .

Table A.1: Variables for equation (A.13)

Equation of state Abbr, e ) £ n
Van der Waals (1873} [14] VDW a o 0 b
Soave-Redlich-Kwong (1972) [15] SRK a(T} b (/] b
Peng-Robinson (1976) [16] PR a(T) 2b - b
Patel-Teja (1982) [17] [18] PT aft) bte -cb b

For the 2-parameter equations, both parameter (a and ) can be determined from the critical point
condition. The critical isotherm of a pure fluid exhibits a saddle point in the p,V-diagram, at the

critical point.
5 =0 H =0
HW v T=Tcrlt m <n T=Tcrit A>.—Av

For equations with more than two parameter, additional boundary conditions have to be defined.

Among all the improvements of the Van der Waals (VD'W) equation, the Peng-Robinson (PR)
equation [16] stands out. Originally developed for gas condensate systems, it proceeded as a
standard tool in many applications. Compared to VDW, the PR-equation has 2 modified attraction
term only. The PR-equation reads:

S a(h
P = T~ by b (A.15)

From the critical point conditions (eq. (A.14)) follows:

RPT?
a(T,,) =045724 . = (A.16)
enit

RT_,
b(T,,} = 00778 —= (AIT)
ﬁn-.:.

For temperatures different from 7, , a temperature dependent function o) is inroduced, to
obtain a better reproduction of the vapour pressure curve.

a(n) = (T, )a(T,) (A.18)
(T =5(T.,,) (A19)

T
L=1_ (A.20)

Term Ty is a non-dimensional function of the reduced temperature Tp. At the critical
ternperature it becomes unity. The b-parameter of the PR-equation is temperature independent.

Peng and Robinson found the functional form of the o-term using vapour pressures from
literature. They formed a linear refation between o and T":

a(T)" = 1+x(i-T,7) (A.21)

The coefficient xis a substance specific constant, which is generalised using the acentric factor @.

x=0374640+15422600-0.26992c° (A.22)



SJRIPAY UOI 10 ‘JES 0} 3URYIP uiew 3y 391 Jo wod Bunpw sy N §[ELT 2A0QR A[JENUISS?
saamedtadwsa) Y3y je aseyd pios e ur isixs Aew yarym o3 03 repwis ‘spunodwiod uoisnjoul se8
21 sRIpAY seny -aseyd pijos B 5B sajespAy seS uuoj Kew Jojem LM SUOQIED0IPAY JO SAIXIN

(SEIEIqTE Y SESpAH

‘(1e3ap U1 passnasip st sauryxiw Fuiunoy Meupdy Jo anoiaeyaq aseyd alojaq sty usaid st sappiy
sed uo AsaIns uOYS € ‘uoisuaylduiod oiseq B A3aU0d 0] ‘paleSussAul sauTXIW uoqieooIpAy
a3l jo uordas ajeapAy A ur pajesoj ate om sy jo syuod Suunseaw A jo ISON

saunixiiy Bujuuo ajeipii Jo JnojaeYysg aseyd pue sajeipAH Z'e'y

“Hiom sy Jo aFues-J*'d oy m zarem aamd
Jo wetdeip sseyd onewayeg 1y amdiy [ 297 UOHEORIPOWS
< 1 2.0 Ul SISIX3 991 “UOM STl Ul Pasapisuod ‘e8ues aumy
-esadwd) pue aunssaad 2 uf [;z] suonesyipow
301 uaeulp Y318 suquuxs  Jaep  -uoida
modea sy woy uodar 301 Y} SIPIAIP A2
ainssaud vonewigns Yy ISIX202 JaEm pinbip
pue sed samng samssaud anodea sgy 1y g wnod
[B25M2 3Y) 0 J W0y Sutd 2AmD aunssaud modea
3yl ‘(aem snoased pue pmbi ‘pios) Isixe
saseyd sanp Apeasfe sdurs ‘wopsay Jo sudap ou
sef Wa)sAs 3 ‘77 utod 9)duy oy 1y “1a1em 2und
vy Jo wewderp aseqd opewsyss e smoys |y amBij

J3jJeAA 3dNd JO JnojAeyag aseld L'E'Y

d Boj

*PISSTIOSIP ST JUSNIOH IANBM I UO UONEIO]
aseyd ayy pue aunssaud ‘amyeadwn Jo sioaye ayt ‘ainssasd Jueisuod 1B sureadeip-aseyd-uoney
-usduod-aunjeladway duewayds Butsn -uomsodwod juesuos je swesderp-aseyd-1'd jo suesu
Aq passnasip are swaisds umuqunba w dnotaeysq aseyd 1o sodwexs ‘sydesSered peu s ul

‘(saenpeyd) soapAy sed jo uonsuLIof U sajqeus aseyd
pinby 3suap ayi un s3NdI[OMI sjem Usamiaq sTulpuoq usBoapAy Iyl wmuswow jodip ySiy
531 0) anp “sasuelsqns Jejod 3uons ayy o) sSuolRq ‘RAIMOY 21BN "SPouBISqNS Jejod yeam Jo Lou
sIe ‘sased jeinjed Ul BULLNOO ‘SUOGEI0IPAY 3y *spimbif ur to ‘samssd ySiy je 21 ‘sanisuap
Y2iy e sejnatued eugiinba sseyd sy 5199)5e uonnqrosip a3reyd ayf ‘[¢z1] uonnquisip afieys>
Jenasjow ay st Auenb [enussss uy satuedosd Jenoojou juaagp Ajfuans gum saamxw
SE8 10 pijea SISty ‘(B 2a0qy papiedal sardads ayy Jo pury sy uo A[Suons spuadsp uonisodwos
sed ay) Jo asuanyur Sy, eLqinba aseyd aup pue $I040) JBJNII[OULISIUL S} UO SDUINGHUL UE IALY
sanpuenb urew ssoy) v -uowsoduwios sed pue ampesadwsy ‘amssad aue aseyd snoased oy wt
UUOD JAEM S 10§ SPNHUERD [BISNUD J50W JUY JBY) ‘PAALISP 3q UeD (R7°Y) 3Tu sseyd sup wor

65 LROLADYSET dStNAf £

saseyd jo lequunt = 4 spunodwios JO Jaquiny = N Wopaay Jo suBap =4 s

(8z'v) N+d=-T=d

157} [¥e] a1 aseyd $,59qI0) Aq pauruLIIap st
Sa|qeLEA 2[qLBL[2 221f JO JOQLUNU SY “‘WAISAS SNOIUIZOIRY B 104 “IES wnuqeinba (ssapyoeyd B)
ur st YoM “wysAs & 103 Apuspuadopul uasoyp 3q 1ou ued saseyd jR1aAss Ay ul suonisodiuca pue
S3QBLIBA 21)S FAISUIN JU JO A0S Y} ‘smofloj (9°Y) Pur (§y) suonipuod wnLiqu|inbs ayy wotd

dnolaeyeg aseyd ¢’V

‘([18t1 [12) [07] “3-a) soBryueape oy1oads wajqaud [essaas
apiaoad yowgm ‘[g1] 181%a op suonESHIpOW pue sau Suixiw Ausw amyelan] uf sanssaud yaiy
ye repnonred ‘euqimbo sseyd Jo Anjrqronpordal a3 uo aousnjzur Suons e saey A3l 'SISED I50W
s sanjea jews A[uo weqo sijsuresed uonoriaw yAnoy| ‘saruxnu Lreulq Jo wep wmyqipinba
pinby anodea 03 Sumy Aq pauruuajep are Apusnbay sanjea-fy asayl * Ay Jo1owered uonaelsUl
AlBUiq B guM PaI0aliod e uus-e 3 Jo o sjusioigfa00 sson sy ‘A[[euonippy sepeweied
a1y 10} Jo98] WYBlom B SB Pasn S| AIXIW U Ui sjuauodiLiod |BISARS 341 JO 'Y UOHORY Jjoul o4

Fray) o="y="y
9rv) Ty =Ty

sTv) (*y—1)To"of = ()%
rTv) ﬁ_u.w. = Hg
(€2v) EQEWW“ (I)*o

:speal 3t 3je)s jo uonenbs sspweied-7
© 104 'sjEem J9p uep Aq podo[ansp somi owpunuds Y e djqe[reaR sajru Surxnu jduns
ISOL Y|, WMXIW oyr Of Je(ius (1°d Suonipuod usAld Iui Jpun) SIABYIQ Yolym ‘Sisixa pmy
aind (jeonayrodAy) e jer ‘pawnsse st 1 ‘{6] Kiodtfi-,piny-auo, 3y uo paseq st ampasoud sy [
“safru Sunxnu Ag paysiqenss st siajaweled punodwod amd pue sisjewered Suixin usamiaq UOHE[RL
ayg (g *Hp) simpwesed Buixiu £q paminsqns aq 03 aaey spunodwod and 9y jo (g ‘D)
ssappweied uonenbs ayy ‘sanuadosd aungxnw jo suonegnafed ayy Joy sEls jo suonenba Adde o

STAMXIA

¥ xauuy soydppurig suupuipounioy s 8¢



60 Thermodynamic Principles Annex 4

is, that gas hydrates do not perform chemical bonds. Favourably, gas hydrates are formed at low
temperatures and high pressures, if molecules with fow molecular weight are in equilibrium with
waler.

At hydrate formation, water molecules are ordered in molecule cages of different size caused by
hydrogen bondings. The cavities are stabilised by the hydrocarbon molecules included (guest
molecules). Each cavity is occupied by one hydrocarbon molecute at most. But cavities may
remain empty. Gas hydrates belong to the class of non-stoichiometric compounds. Three different
kinds of hydrate structures have been identified, so far. They are called structure I, structure 1
and structure H. The structures are specified by an unit cell. The unit cell of structure I and
structure 11 is composed of cages with two different cavity sizes, respectively. Structure | consists
of 2 small and 6 large cavities. Structure 11 however, consists of 16 small and 8 large cavities (see
figure G.1). Structure H hydrates are formed by gas mixwres only. The unit cell is composed by
three cages of different size. At least two guest molecules must fit, to create structure H hydrates.
The question, which structure is formed and which cavities are occupied depends on the size of
the guest molecules and the gas composition.

Among the natural gas compounds, structure | is formed by "small”™ molecules like methane,
ethare, carbon dioxide and hydogen sulphide. Nitrogen, propane and isobutane, however,
stabilize structure Il hydrates. Hydrates containing larger molecules (e.g. n-butane, 2-methyl
butane) are only formed when small hydrate forming molecules are present, too. Natural gases
mainly form structure 11 hydrates, because sufficient amounts of hydrate formers are contained, as
a rule [28]. The phase behaviour of structure 1 and [l hydrates is nearly identical. So, it is not
distinguished between both structures, in the following paragraphs™.

Nucleation plays an important part in the formation of hydrates. Therefore a number of theoretical
approaches has been developed. But an experimental confirmation is still extremely difficult, since
the structure fragments (cluster) are in the order of ten to some hundred molecules only. The
clusters are caused by hydrogen bondings and are invisible with the naked eye. In the beginning of
the nucleation, near order structures between several water molecules and the guest molecule are
formed, which are subject to a continuous growth and decay process. An accelerated hydrate
forming and a macroscopic hydrate growth starts first, if a critical nucleation size is passed, due to
the unification of metastable hydrate cluster [22]. Dependent on the system considered and the
boundary conditions, the time unti] critical nucleation size is reached (called induction time), may
vary between minutes and days,

A necessary condition for a continuous hydrate growth, is a sufficient availability of water, as well
as hydrate forming guest molecules. That's the reason, why hydrate forming favourably happens at
phase boundaries [30] (liquid water-gas, or ice-gas, etc.). An intensive contact between the

* One condition for the formation of structure H hydrates is the existence of a liquid or solid hydrate former phase,
But only one mixture (at a few measuring poinis) exhibited a liquid hydrocarbon phase (see chapter 3.1), in the
investigations of this work. Furthermore the p,T-phase behaviour of structure H hydrates is similar to that of
structures 1 and 11, according to the state of the art {[28), p.173). That's why structure H is not mentioned
separatcly, in the following,

A.3 Phase Behaviour 61

phases, caused by stirring or by turbulent flow, reduces the induction time, i.e. favours the hydrate
forming. An extensive treatise of the hydrate subject can be taken from Sloan [28] [29), Makogon
[30], Nixdorf [31] and Englezos [32].

As aiready mentioned in the preceding section, nearly all of the major compounds in natural gases
are hydrate formers. The discussion of the phase behaviour of hydrate forming mixtures is carried
out with emphasis on volatile hydrocarbons, since this hydrocarbon group amounts to the largest
concentrations in natural gas.

The phase behaviour of hydrate forming mixtures differs essentially from the phase behaviour of
pure water, or the phase behaviour of dry hydrocarbon mixtures, respectively, Already simpie
binary water-hydrocarbon mixtures exhibit a complex phase behaviour [29] [33]. Water-
hydrocarbon systems generally are characterised by the partial soiubility into each other.
Compared to the good solubility of the natural gas compounds nitrogen and carbon dioxide in the
aqueous phase, the solubility of hydrocarbons is negligible. The solubility of n-alkanes, for
example, is in the order of some hundred ppm. At low temperatures, a solid ice or hydrate phase
may be formed. At very low temperatures, which are beyond the temperature range considered in
this work, a solid hydrocarbon phase may be formed additionally.

In figure A.2, some typical pressure-temperature phase diagrams for hydrate forming mixtures are
presented, The vapour pressure curve of pure water courses at the fower border of each diagram
(triple point pressure = 6.11 mbar) and therefore is not included into the diagrams. The following
abbreviations have been used for the several phases: ¥ for the vapour phase, Ly for the water rich
liquid phase, L for the hydrocarbon rich liquid phase,  for the solid ice phase and H for the
solid hydrate phase. The lines correspond to the equilibrium lines between the several coexisting
phases. At the quadruple points O, , four phases are in equilibrium. At @, , for example, hydrate,

Table A.2: Hydrate structure and location of the quadruple points (; for selected molecules
(sorted by increasing size of the guest molecules) [30]

Molecute ] T | T(K), P(bar) | T (K), P(bar) { Hydrate Occupied
Guest molecule | & (nm) (K) atQ atQ; structure cavity
Argon 0.38 150.69 { 2724, 87.00 | noQ, II smail + large
Nitrogen 0.41 126.26 | 271.9,143.38 | noQ, | small + large
Methane 0.436 190.55 | 2729, 25,63 [ no(Q, I small + large
Carbon dioxide | 0.512 304.21 | 273.1, 12,56 | 283.0,44.99 I small + large
Ethane 0.55 30533 | 273.1, 530 | 287.8,33.9 1 small + large
Propane 0.628 |369.85|273.1, 1.72 | 278.8, 5.56 il large
i-Butane 0.65 407.85 | 273.1, 1.13 | 275.0, l1.67 I large
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64 Thermodynamic Principles Annex A

for binary systems with volatile hydrocarbons (e.g. water-ethane, or water-propane).

Table A.2 gives an overview about the location of the quadruple points and the kind of the
hydrate structures formed, for selected pure substances. It is conspicuous, that the relatively small
molecules argon and nitrogen form structure 11 hydrates, which is contrary to the expectation
from the analysis of the molecule size. The reason is, that these molecules do not stabilise the
large cavities sufficiently, due to their small size. In structure 11, the ratio between small to large
cavities is higher, than in structure I. So a unit cell of structure I1 is more stabilised on an average.
Methane however, forms hydrates of structure 1, because of a better stabilisation of the large
cavities [22].

Dug to the induction time (to form the critical nucleation size) a crossing of the equilibrium line
into the hydrate region is possible, without forming of a hydrate phase. This phenomenon is called
metastable behaviour (see [28)-[31]),

Since natural gases are multicomponent mixtures, a clear presentation of the complex phenomena
is not possible in a pressure-, or temperature-concentration-diagram. But figure A.3 shows for
example three schematic temperature-concentration-diagrams for methane-water binary systems
at different pressures, since methane is the major component of natural gas. In the matter of this
work, particular the range of low water concentrations is of interest. To improve the resolution of
these regions, temperature and concentration axis in the diagrams are represented not to scale.
Especially the region of low water concentration is scaled up.

A methane rich liquid phase is formed at temperatures below the critical temperature (CP)Y, far
beyond the range considered in this work. A solid methane phase exists below 91 K only. For a
preliminary information, the triple temperature of pure water (0.01°C) is included into the
diagram. Triple point lines appear horizontal in the T,x-projection. Furthermore the solubility of
methane in liquid water is drawn exaggerated. Actually it is less than 0,1 mol% [28].

Figure A.3a gives an overview about the phase locations of the methane-water binary mixture at a
pressure below the quadruple point Q). Four phases (/~-Ly~H-F") coexist at the quadruple point. If
pressure is increased in direction to the quadruple pressure (pg;=25.6 bar), then the I-¥ area is
diminished until (3, vanishes, The triple point lines J-Ly-V and I-H-V become identical at the
quadruple point (see figure A.3b).

Figure A.3b shows the course of the equilibrium lines at a pressure just above the critical pressure
of pure methane (Perr.cis= 46 bar). Finally, the phase behaviour of the methane-water system at
80 bar is presented in figure A3¢. In this figure selected states are marked, as reference for the
following discussion, The superscript * stands for a gaseous state, while the superscript’or”
describes the comesponding equilibrium phase(s).

If temperature is decreased isobarically in a under-saturated methane-water mixture with 2

” Gibbs’s phase rule is appticable for stable systems only. If metastable phases occur, it is not valid any more,
The critical temperature of a binary methane-water mixture with a low water concentration is almost similar to
the critical temperature of pure methane [35].

A.3 Phase Behaviour 65

composition x, {state point 1 in figure A.3a and A.3c), then a liquid phase occurs at temperature
(2). The composition of the aqueous liquid phase reads state point (2'), in this example. At this
temperature the vapour phase is completely saturated with water. Temperature (2) therefore
corresponds to the dew point. The equilibrium line, where point (2"} is located, will be called dew
point line. At a further temperature decrease, the state points {2') and (2") courses along the
equilibrium lines (see figure A.3c). If the wiple point temperature (3) is reached, the three phases
Ly~H-V coexist. Phase Ly has the composition (3'), the hydrate phase (3") and the vapour phase
(3"). Below the triple point line Ly-H-V the hydrate phase H coexists with the vapour phase
V (state points 5 and 8), in the case of a stable equilibrium. But under certain conditions (e.g.
moderate cooling rate, missing nucleation cores, eic.) a metastable phase equilibrium may occur
[29]. At a further temperature reduction, the states foilow the extrapolated dew point and
solubility lines first. From this follows for example, that state point 4' (and 6') corresponds to a
subcooled liquid water phase, where state point 4" (and 6") represents the coexisting vapour
phase. But if the metastable equilibrium is disturbed, a transformation into the stable equilibrium
suddenly sets in. In this example, the metastable liquid phase (4’ and 6') transforms to the stable
hydrate phase (5' and 8'). At low water concentrations also a metastable ice phase (state point 7')
may occur. The water content in the vapour phase depends on the kind of the coexisting phases.
At a given temperature, the water content in the vapour phase is highest for a subcooled liquid
(6') and lowest above a hydrate phase (8"). Water contents above a metastable ice phase are
measured in between these values. Makogon carried out investigations®® on water contents above
the three condensate phases (Ly, I, H) at constant conditions [30] (see table 3.5). The deviations
in water content, for 100 bar and -10°C for example, were 3.9 mg/Nm?* (Ly-/) and 10.1 mg/Nm?
{(I-H). The detail in figure A.3c shows the effect of the phase location on the result of a dew point
measurement. Dependent on the kind of the condensed phase, which formed during the
temperature reduction, several dew points are measured. If a gas is cooled down (isobarically and
at a constant water content) starting at point 4, the following dew point temperatures may be
measured: point B at a stable hydrate-gas phase equilibrium, point C at a metastable ice-gas phase
equilibriurm and point D above a subcooled liquid water phase.

A comparison of the diagrams in figure A.3 highlights, that the phases which are formed depend
on the composition of the starting point (x;) and on pressure. In the pressure and temperature
range considered in this work, a aqueous liquid phase, an ice phase, or a hydrate phase may be
formed as a stable condensed phase. Liquid water, a subcooled aqueous liquid phase, or an ice
phase may exist in the metastable region. An intensive treatise to the subject of the complex phase
behaviour of hydrate forming mixtures may be taken from [29] [33] and [34].

% Makogon himself does not give any citation of the data. It is not evident, if the water contents are measured
values or calculated ones.
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[ Measuwrement of Traces of Humidiny: in Gases: Stare of the Are Annex B

B.3 The Dew Point Mirror 69

Even though a large number of measuring techniques already have been developed one has not
succeeded to fulfil all the requirements with a single technique. This is not surprising as fulfilling
one requirement in some cases can lead to violation of another. Therefore it is left to the user to
choose the measuring technique most suitable to him.

The respective systems {(measuring devices) obtain advantages and disadvantages typical to the
system, which in part can be traced back to the underlying physical measuring principles. Among
the physical processes used are phase transitions (dew point mirror), sorption of water vapour
(with salts, A%Q;, P-0s) or the interaction with electromagnetic waves (spectroscopy) [58]. In
general one can say that cither the water is separated from the gas (quantitative measuring of the
water content) or the special properties of water (dipole, absorption, etc.) or the consequences of
the water content on a substance can be considered [46]. Table B.1 gives an overview over the
principles of measurement of some selected methods.

Table B.1: Survey of selecied measuring principles (following [57])

Measuring technigue Measuring principle

Gravimetric hygrometer Increasing mass by adsorption of water.

Karl-Fischer titration Titration of absorbed water vapour by iodine.

Dew point mirtor Measurement of the temperature, where water droplets
condense on the surface of a cooled mirror.

Electrolysis hygrometer Electrolysis-current through P,0; is proportional to the amount

of absorbed water,
Oscillating crystal Frequency shift of a hygroscopic covered quartz crystal,
hygrometer
Capacitive hygrometer Shift of the dielectric properties by sorption of water.

Conduction hygrometer Shift of the electric conductivity of a glycol/ salt-solution.

One can divide the methods of gas humidity measurement following different points of view [46)
[52]. Whereas Liick [46] sorts the methods according to the different principles of effects, Heinze
[32] classifies the methods according to the exchange of energy between the measuring agent and
the measuring system. in addition to system characteristics Berliner {53] chooses the type of
output signal, distinguishing between electric and non electric signal as a criterion. Jamieson et al
[57] carried out a broad study to document the commerciaily available measuring devices for gas
hurnidity. For sorting the basic principles they divide between direct and indirect measuring
techniques as is done in general.

The direct methods directly measure the dew point as temperature (or the water content as mass
of water), In the ideal case no calibration is necessary. Therefore these techniques also are called
absolute techniques. The following measuring methods belong to the direct methods:

¢ the dew point mirror,

¢ Karl-Fischer-Titration and

¢ the Gravimetric Hygrometer.

With the indirect methods a physical property depending on the humidity is measured from which
the dew point or the water content has to be calculated. The indirect methods, being relative
methods, always require calibration. When calibrating the relation between the property measured
{conductivity, capacity, frequency etc.) and the water content or the dew point is fixed empirically
by comparing with a reference method. The indirect methods can be divided into three sub
groups:

e spectroscopic,

» chromatographic and

s hygroscopic methods.

The following two sub chapiers contain a detailed discussion of the measuring methods applied
here - the dew point mirror and the coulometric Karl-Fischer titration.

B.3 The Dew Point Mirror

This measuring methed is standardised in DIN 51871 [5], 1SO 6327 [64] and ASTM D1142-95
[59].

B.3.1 Description of the Measuring Method

For determination of the dew point with a dew point mirror the gas flows over a metal mirror - a
small high polished plate of gold, rhodium, platinum or nickel - in a pressure tight chamber.
During cool down of the mirror condensate forms on the mirror at the dew point temperature.
Condensate is detected by suitable means. The mirror temperature is measured with a resistance
thermometer directly attached to the back side of the mirror. Small scratches on the mirvor
surface serve as condensation nuclei.

In general optical methods which use the change in reflection characteristics at condensate
formation are applied for determining the dew point. The simplest method is to illuminate the
mirror surface and to divectly observe the mirror through an ocular. Cool down velocity is
controlied manually. The dew point mirror temperature in general is controlled opto-¢lectronically
in automated systems (62] [63] [70] {72].

Cascaded Peltier elernents are used for cooling down the mitror in automated systems. In manual
systems a refrigerant which is throttled in pressure by a manually operated valve near the mirror
flows on the back side of the mirror. Re-heating is accomplished by heat ingress from ambient or
by electric heating. The mirror temperature is measured by means of a resistance thermometer
placed directly on the back side of the mitror. The accuracy of the temperature measurement is
strongly influenced by the measuring device, the accuracy class, the response time and the
calibration of the temperature sensor. Figure B.2 shows a schematic of the measuring chamber of
a dew point mirror.
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72 Measurement of Traces of Humidity in Gases: State of the Art Annex B

occwrence. He also stresses the influence of solid and soluble impurities on the appearance of the
dew and frost pont. He does not, however, take into account the formation of a hydrate phase
from hydrate forming gas compounds in his discussions.

Lick [46] indicates that on the surface of the mimror about 50 pg/cm?* water have to be formed in
order to recognise the dew point. According to Berliner [53] condensate can be detected with the
help of optical methods already from about 3 pg/cm?®. Different lead times for accumulating a
certain amount of condensate have to be taken into account as a constant amount of water is
being carried with the gas stream 10 the mirror. During this time, however, the mirror is being
cooled down continuously. The error resulting from surpassing the dew point temperature,
therefore, is minimised when keeping the right balance between a short adjustment time (high
cooling velocity) and a low cooling velocity (long adjustment time).

Throtding the gas to near ambient pressure prior to the dew point measurement - according to the
recormendation of ASTM D1142-95 - has the advantage that the measurement in general is
being carried out outside the hydrate formation region. In case crystals form on the mirror surface
these will be ice crystals (frost point), Compared to the measurement under pressure a smaller
amount of water per unit volume is passed over the mirror, thus making the dew point estimation
more difficult due to this "dilution” effect caused by throttling.

B.4 The Karl-Fischer Titration

The determination of water content in natural gases with the help of Karl-Fischer (KF) titration is
laid down in IS0 10101. Part 3 of 1SO 10101 [89] as well as DIN 51869 {90] especially deal with
the coulometric KF titration. Based on the Bunsen reaction

2 H;0 + 1, + 50, — H,S0, + 2 HI (B.29)

the petrochemist Karl Fischer in 1935 developed an analytical method for determining water by
shifting the reaction equilibrium to the right in giving excess sulphur dioxide and by neutralising
the resulting acid by an organic base. Out of the substances investigated pyridine (CsHsN) proved
10 be an optimal base to have the existing water react stochiometrically with sulphur dioxide and
todine. Therefore the first KF reactant consisted of a solution of iodine and sulphur dioxide in a
water free solvent mixture of pyridine and methanot [73] {74]. The indication of the equivalence
point of the reaction was visualised by change of colour when titrating the water containing probe
with the dark brown KF reactant.

Until today research goes on [75] on clarifying the steps involved in the KF reaction and on
determining the equivalence point. The KF-reactants as well as the apparatuses used are
continuously being developed and adjusted to specific analytical problems [77]. The improved
methods for foilowing the reaction allow deeper and deeper insight into the interdependence of
the reactions of the components which turn out to be complex on closer inspection [78] [79).

Different stochiometries have been formulated in the course of years for the KF-reaction which
take into account the new reactions or intermediate products, respectively. The work of Scholz

B.4 The Karl-Fischer Timarion 3

[73], Wicland [74] and Fischer [80] document the progress made in this area. One of the major
recognition is the fact that methanol first believed only to be a solvent also takes part in the
reaction. Among others methanol reacts with sulphur dioxide to form mono-methyl-sulphite-ion
which in tum act as reactive compound.

+ - w.uo
NO:uOI + mOm Tv OIwOIN + mOwOIw A v
Taking this into account Scholz [73] has established the following system of reaction equations

(B.3) and (B.4):

OIuOI + mON + RN & sz_.:wOuO:w (B.31)
H.O + 1, + [RNH]SO,CH,; + 2RN — [RNH}SO,CH, + 2 [RNH]I (B.32)
with RN = Base

Also other alcohols can be used instead of methanol. Sulphur dioxide reacts with the alcohol to
form an ester which is being neutralised by the base. When using methanol the anion of the alkyl-
sulphuric acid forms the reactive component. It is oxidised by iodine to alkyl-sulphate consuming
water [83].

Pyridine, having been used over a long time develops a unpleasant odour and being questionable
from industrial medical point of view has finally been replaced by other bases by Scholz {73)
[81]-[85] in the early 80-ies. Imidazol has proven to be a very good replacement for pyridine, as it
leads to faster and more exact Gtrations. By using a pyridine free buffer solution with imidazol as
the base the equilibium also is shifted completely to the right in equation (B.4). In recent
investigations Cedergren [79] confirms the superiority of the base imidazol over pyridine as well
as the fact that the KF-reaction is of first order with respect to water, iodine and sulphur dioxide.

The KF-titration can be divided into two basic analytic groups with respect to dosing or
production of iodine, respectively:

¢ the volumetric titration and

¢ the coulometric titration.

During volumetric KF-titration the water containing probe is selved in a suitable alcoholic solvent
and is titrated with a KF-sofution. The volumetric titration is applied for estimation of larger
amounts of water in the range of 1 to 100 mg [83].

Compated to that the coulometric KF-titration is a micro method. Here, iodine is not dosed in
form of a solution but is directly produced in a iodine containing solution via anodic oxidation.
Due to its high analytic accuracy it is suited for estimation of extremely low amounts of water
(10 pg to 50 mg). Therefore, for measuring the water content of gases the coulometric
KF-titration is the preferred choice. Two types of cells are being distinguished for the coutometric
KF-titration:

s titration cells with diaphragm (two component cell, Figure B.3a) and
s titration cells without diaphragm (ene component cell, Figure B.3b).
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76 Measurement of Traces of Humidity in Gases: State of the Art

Sampling systems which are connected directly - as close as possible - to the gas containing
system via a bypass line are a proven method. Ample purging, the avoidance of dead volumes and
possibly trace heating of the probe lines ensure a representative sampling. It is optimal to purge
the bypass line continuously with measuring gas. Filters integrated into the bypass line as well as
separation vessels for conditioning of the gas can prolong the time for reaching a stable
equilibrium considerably, The systems have to be maintained regularly in order not to influence
the measuring results. Mayeaux [111] and Cremonesi [112) both describe iso-kinetic systems for
sampling from natural gas pipelines. ISO 10715 "Natural Gas: Sampling guidelines" [113]
contains additional recommendations and hints for this application.

C.1 Data Acquisition 77

Annex C
Supplements to the Experimental Setup

C.1 Data Acquisition

To allow the automatic acquisition of all relevant data, a respective program has been writien
which calls the data from a 6 % digit muitimeter (DMM 6001, Prema, Mainz) via a IEEE-488.2
controller {(National Instruments, Texas) in fully automatic mode. The 10 channel multimeter
measures the voltage signal of the pressure transmitters and the resistance of the temperature
Sensors.

C.1.1 Pressure Measurement and Control

The pressure is measured at PIR2 and PIR4 by absoiute pressure transmitters (WIKA,
Klingenberg, 1-100 bar, class 0.05% of end value}, which include a stainless steel thin film sensor.
The pressure sensors are connected via three line technique and posess a maximum outlet signal
of 10 V. Even though the manufacturer guarantees an intemal temperature compensation in the
range of -10°C to +40°C the pressure sensors PIRZ and PIR4 are held at constant temperature
above ambient by means of a PID controlled heating tape (Isopad, Heidelberg) inside an insulated
cabin. Therefore any influence of room temperature is excluded from the measurement. To avoid
condensation and eventual hydrate formation the lines near the pressure sensors PIR2 and PIR4
are trace heated by the same heating tape. PIR7, a relative pressure transducer (Burster,
Gemsbach, 0-200 bar, class 0.1% of end value) allows to check the pressure at the dew point
mirror.

All pressure transducers are installed in vertical position with the connection at the bottom and
short connecting lines. The energy is delivered from highly accurate constant voltage units.

Calibration of the pressure sensors was verified in built in condition with an oil pressuse balance
(Desgranges&Huot, Rodgau) with the exception of the pressure sensor used for measuring the
ambient pressure (WIKA, Klingenberg, 0-2.5 bar, class 0.05% of end value) which was calibrated
against a mercury barometer. The calibration was checked several times a year. Observed
deviations were within the measuring accuracy.

The plant pressure is adjusted and held constant by an electronic pressure control unit. The
pressure control unit (Type 250C, MKS, Miinchen) consists of a PiD-controller and the
respective electronic control valve {Type 248A - valve V2 in figure 2.2, max. operation pressure
103 bar). In normal operation the pre pressure for the pressure control unit is adjusted in the
pressure reducing unit PICI according to the desired pressure. Final control is done by the
electronic control unit, the requested pressure is pre set in the control unit by a potentiometer,
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80 Supplements to the Experimental Setup Annex C

C.3 Optical Installations (Video Endoscepe System) 81

on the membrane of the pressure reducer can influence the correct throttling of the gas flow. As
an additional safety device an over pressure valve was installed between pressure reducer and
control valve. In case of malfunction of the pressure reducer the over pressure valve SV1 opens at
a pressure of 125 bar and the gas is led to ambient via a separate purge line,

When being mixed with air the hydrocarbons examined in this work show a lower and upper
explosion limit (120] [121]. As ali parts of the plant are always operated at pressures above
ambient an explosible mixture can only be formed after leakage of the gas into the surrounding.
To avoid formation of an ignitable mixture (primary explosion safety) several measures were
taken. To prevent igniting of a explosible mixture (secondary explosion safety) parts of the set up
were carried out in explosion proof manner [123] [124] [125].

Besides a regular control of the tightness with leakage detectors the whole laboratory is de
aerated by a ventilator during operation of the plant. Due to the high air flow rate of about
3500 Now'/h the whole air of the room is changed within 2.5 min. In addition the main parts of the
plant are enclosed by a cover (see flow scheme figure 2.2) which possesses a separate ventilator
of about 1000 Nm*h. The design of the housing was executed in accordance with DIN 12924
[126]. Ventilator and plant were grounded in order to prevent static electricity. For a secure
operation of the de aeration unit the correct design of the ventilator system is decisive. The two
exireme cases of a sudden release of the gas from the main components and of a continuous
release of gas with sonic velocity at maximum plant pressure were taken into account.

In order to prevent refease of the whole content of the gas bottle in case of a leakage a gas wam
unit with two independent alarm levels (Auer EX-Alarm ED-90, Auer, Berlin) was installed for
surveillance of the set up. The gas sensor (Type 7600) which is located in the upper part of the
protective housing in the air flow continuously controls the passing air. When the pre set
concentration is reached a optical pre-alarm is issued. When the concentration set for the main
alarm is reached an acoustic alarm is started, magnetic valve MV2 is closed so that the plant is
disconnected from gas supply. The explosion proof ventilator still sucks in the air- hydrocarbon
mixture delivering it to outside ambient. The piant pressure in addition is reduced via the off gas
line. Even when lower concentrations are reached the main alarm is seif hold, SV2 remains closed.
3V2 also closes in case of power failure (focked closed position). In both cases the valve can only
be opened aiter the operation personnel has accepted the alarm. The gas wam unit was checked in
regular intervals with a test gas mixture,

C.3 Optical Installations (Video Endoscope System)

Already during the first measurements it became evident that in the area of the condensers
interruptions of the experimental operation occurred. They could be detected through a pressure
drop between PIR2 and PIR4. Due to these problems one wanted to have more information about
the status of the condensers. An optical system had been integrated into the condenser flanges.
One can observe a large portion of the inside of both condensers via the installed Video
Endoscope System. The visible portion can be seen in figure C.3, Selected photographs are
included in chapter G.1.3,

A sapphire window in each condenser allows to observe their content. The sapphire glass was
designed for a maximum pressure of 400 bar. In order to avoid any reflections the glasses were
annealed optically. As the condensers are located inside the cryostats completely surrounded by
thermostated liquid a guiding tube was instalied on the pressure less side of the windows ending
above the liquid surface. Through the guiding tube a wide angle endoscope (Opticon, Karlsruhe)
15 led to the window. The 90 ° wide angle as well as the 30 ° angle of the head end ensure that the
gas entrance opening as well as the wall opposite to it can be observed (grey shaded area in
figure C.3). To avoid possible condensation of air humidity inside the guiding tubes the
intermediate area is purged with nitrogen via an additional connection. Light is being provided
from a 150 W cold light source (FLQ 150, Hund, Wetzlar) via glass light fibres which are
integrated into the endoscope. No influence on the thermal equilibrium from the video system
could be detected. The pictures from the endoscope are taken by a CCD video camera and are
shown on a monitor afier processing by a PC equipped with a video card. A dedicated video
documentation systern offers the possibility to digitalise the pictures, to archivate them with
corresponding information and to process them further at a later stage. Both condensers were
equipped with a corresponding endoscope and a video camera. A scheme of the complete optical
installation can be seen on figure C.1.

Video Endoscope System
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[]

Digital Multimeter
— CCD-Camera A ‘ Prama DMM 6001
............. i _ ;

Gas flow

Condenser 1 Condenser 2

- | |
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—_—
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[+
3
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©
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Figure C.1: Schematic set up of the optical system

In order to be able to have a computerised automatic picture storage during non supervised
operation of the set up a communication routine has been implemented into the data processing as
well as into the picture processing system which allows remote control of both. This software is
located on a separate PC (see figure C.1). According to the programming the data acquisition
program can start picture taking and processing with the video card. The necessary accompanying
data for the respective picture, like date, time, measuring data recognition, operation parameter
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C.6 Variants of the Gas Flow Routing 85
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Figure C.3; Sectional drawing of the condenser and a sketch of the autoclave window for
the video endoscope systerm.

C.6 Variants of the Gas Flow Routing
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Figure C.4: Direct measurement of the dew point

In this flow routing the dew point is measured directly. Gas is conducted over the dew point
mirror fist, and flows into the vent after passing the wet type gas meter.

[A=EdEdE 1, ,
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Figure C.5: Direct measurement of the water content

In this flow routing the water content is measured by the Karl-Fischer-coulometer. Between two
water content measurements the gas is routed through the bypass line (dashed line). The gas flow
is controlled by the Rotameter.
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88 Suppl to the Evaluarion of Experiments Annex D

During all operating conditions of the plant a flow of 30 dm*h at ambient conditions (abt.
27 Ndm*h) is selected. The volumetric flow is adjusted by needie valves VI4 and V23 and
controlled regularly with the rotameter and the wet gas meter,

Prior to setting a new operating point, the temperature set point of the saturator is fixed first. The
thermostat is set to a minimum of +18°C, When choosing the operating temperature one has to
keep in mind that the saturator temperature always is located below the ambient temperature in
order to avoid the condensation of water in the lines prior to the condensers, In addition, the
temperature in the saturator at the specified pressure always has to be chosen definitely above a
possible hydrate formation temperature. The location of the hydrate equilibrium curve of the gas
under consideration can be estimated with the program CSMHYD of Sloan [28] [29].

The temperatures of the thermostats for the condensers are pre set in the thermostat heads. The
temperature of the first condenser is dictated by the one of the second. In case the temperature of
the second condenser is at or above 0°C the temperature of the first condenser is set 5 K above
that value, In case the temperature of the second condenser is below 0°C the temperature of the
first is set to +2°C, By doing this a possible formation of ice in condenser K1 is avoided.

In order to avoid a possible water ingress into condenser K2 and into the downstream analytical
section when going to high pressure a low temperature was pre selected (generally K1: +2°C, K2:
-10°C) and the desired temperatures of the thermostats were only set after reaching the pressure
set point.

When going to higher plant pressure first a suitable pressure for the control valve is adjusted in
the pressure reducer. Following that the plant pressure is increased step wise by the control
station. Experience has shown that a too fast pressure increase can complicate reaching a
stationary cendition in the plant. A pressure increase of 0.2 to 0.5 bar per minute has proven to be
adequate. In case the new operation pressure is below the prior instailed the new value is taken
for the pressure control. Due to the constant volume flow at the exit of the plant the plant
pressure is also reduced slowly when following this procedure.

D.1.1.4 Ruaning-in Period

As soon as the temperatures in the thermostats and the plant pressure have reached the prescribed
values prior to measurement the running-in period of three hours starts, During this time the dew
point mirror is purged continuously with measuring gas as it is the dew point that will be
determined first. After completing the dew point measurements the gas flow is re-routed through
the Karl-Fischer branch. The gas is routed directly up to the cell and by respective adjustment of
3-way valve H27 bypassed to the KF-cell into the wet gas meter. Purging time for the short
(about I m) line from needle valve V23 to the KF-cell is at least one hour prior to the stait of the
water content measurements. In case no dew point measurement have been carried out prior o
KF-measurements the KF-branch is purged during the whole three hour running-in period. It has
been proved by sensitivity analysis that the chosen running-in times warrant reaching equilibrium
conditions (see annex D.4.1). Pressure PIR4 and temperature TIR4 at the outlet of condenser K2
are regarded as the equilibrium pressure and temperature, respectively.

D.1 Execution and Evaluation of Experiments 89

D.1.1.5 Handling of Disturbances Caused by Hydrate Precipitation

When changing from a operating point with high equilibium water content to one with
considerable lower water content in some cases deviations from normal operation were observed
due to the high humidity ingress. Also operation of the plant over several days at high pressures
and low temperatures tumned out to be problematic. The disturbances were detected by a pressure
drop between PIR2 and PIR4, that is the pressure difference between condensers K1 and K2
increased. The cause for this were ice and/or hydrate deposits which reduced the free flow cross
section. In extreme cases the pressure drop increased up to 0.3 bar per minute.

During operation of the phase equilibrium plant care was taken that all parts - except of the
condensers - stayed outside the temperature range of possible solid phase formation. So due to
the comparatively Jow temperatures only in a few cases in the surrounding of the condensers ice
and/or hydrate formation conditions prevailed. The relatively small cross section together with the
sudden re-routing of the flow in the head of condenser K1 (figure C.3) made this section a
prominent place for formation of flow induced deposition. Obviously here are optimum conditions
for hydrate formation. Ice formation in condenser K1 is excluded as temperature TIR3 is always
kept above or equal to +2°C. In most cases the obstruction could be removed by partly taking the
condenser out of the thermostat bath and heating with a blower in the area of gas outlet line.
During this approximately 2-3 min. operation condenser K2 remained inside its bath. The
described procedure ensured a minimum disturbance of the equilibrium point and condenser K1
fast reached the set temperature again.

Compared to the first condenser substantially less blockages of flow were registered in condenser
K2. Thermodynamically this is to be expected as the amount of water possible for deposition and
the water concentration in the gas is much lower, so the water available for solid formation is
much less. Disturbances in K2 influence the phase equilibium much more, however, Deposits
were observed as well in the entry line as‘well as in the gas outlet line. No certain point at which
the problems occurred (as in K1) could be observed in K2. In general, measuring had to be
broken off as the pressure de-routed from the set pressure again soon after heating as the hydrate-
fice deposition was not removed completely and intervention from outside became necessary in
lesser intervals. To safely remove all traces of hydrates the whole condenser unit had to be heated
to a temperature well above hydrate formation temperature. According to literature [29] [30]
ordering structures can survive in case the hydrate formation temperature is only surpassed
slightly. This leads to an acceleration of renewed hydrate formation.

Due to the direct feedback of the measuring system on a change of operation conditions the
reaction to the above described operations were not detectable after a short period, which means
that the system fast comes into equilibdum conditions again (se¢ also the response of the system
on drastic changes in operating conditions in annex D.3.1}. In case small deviations from the
setpoint were observed prior to start of measurements and immediate countermeasures taken the
running-in time was prolonged respectively. In case of disturbance and immediate successful
removal during the dew point and Karl-Fischer measurements all respective measuring values
were marked and the series of measurements were increased. The marked values underwent a
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92 Supplement to the Evaluation of Experiments Annex D

Table D.1: Measuring range and accuracy of the Karl-Fischer Coulometer used

Type Measuring range Measuring accuracy
Mitsubishi CA-G2 10 pg - 30 mg H,O +5 pug form(H,0)< 1 mg

0.5 % of meas. Value for m(H»0) >1 mg
Mitsubishi CA-06 10 pg -100 mg H.O 13 ug for m(H-0)< 1 mg

£0.3 % of meas, value for m(H.0)>1 mg
Metrohm KF-684 10ug- 10 mg H:O | +5 ug for m(H,0)< 1 mg
<0.5 % of Meas. value for m{H20) >1 mg

A detailed description of the construction of the two and the one component cell is given in
annex B.4 together with a description of the analytic principle of the KF-titration, The KF-cell
was incorporated into the plant according to figure 3.4. This flow diagram comresponds fully with
the prescriptions of 130 10101-3 [89).

The connection from the stainless steel line to and from the glass connections of the cell were
realised with short Viton hoses. To facilitate the operation of the water content measurements
with KF-titration part of the measurements were taken via a automatic data acquisition scheme,
No difference in the results obtained manually and in automatic mode could be noted.

bypass line flow _
meter vent
wet gas P s
flow control .
Karl-Fischer molecular wet type
valve cell 1 sieve gas meter - vent

Figure D.1: Schematic design of the Karl-Fischer-titration set up for the humidity
measurernent of wet gases.

D.1.3.2 Chemicals

Exclusively products of HYDRANAL® from Riedel-de Haen, Seelze were used. For all the three
titrators HYDRANAL-Coulomat AG was used as anode solution. For the two component cells
HYDRANAL-Coulomat CG was used as cathode solution. For checking the conditioning of the

KF-celt reference solution HYDRANAL-Water Standard 0.1 and 1.0 was used (called standard
liquid hereafter).

D.1.3.3 Operational Check of the Apparatus

Prior to the estimation of the water content the KF-cell is checked with the standard liquid, the
water content of which is known exactly. A small quantity of standard liquid is injected into the
KF-cell through a septum via a 2 ml one way syringe made of plastic. It is advisable that the
syringe including the injection needle is purged two or three times with the standard liquid prior to
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jnjecting to remove all possible traces of humidity from the inner walls. The injected quantity of
water is measured by weighing the syringe immediately before and after injection with a high
precision balance (Mettler AT, resolution 0.01 mg). This value is compared with the reading of
the coulometer. The difference between both values should not exceed 1-2 ug, else the KF¢ll
will have to be reconditioned. During conditioning of the cell the chemicals are changed, the glass
connection checked and the molecular sieves are changed. Due to the high sensitivity of the
measuring principle the cell has to be extremely tight against humidity from ambient by greasing
the ground-in connectors. Used chemicals as well as non-tight cells are recognised by a high drift
of the KF-apparatus. More detailed information for preparation and servicing of the KF-cell can
be found in [73] {74] [83] (see also annex B.4).

Experience has shown that with a start drift of more than 4 pg/min water content measurements
can show a reduced reproducibility. In general a start drift of more than 6 pg/min led to measure-
ments with slopes no more tolerable. The data taken after each other showed a strong oscillation
about a mean value with changing in- and decreasing slope with non uniform trend.

D.1.3.4 Parforming the Water Content Measurements

Only when the KF-cell is conditioned sufficiently measurements of the water conient can
commence, The KF- apparatus is started and the humid gas is led through the KF-cell to deter-
mine the water content. The volume of the gas led through is controlled by the indication of the
wet gas meter, The volume taken is approximately 2 1. Depending on the amount of water led
through the coulometer needs additional time until ending the titration. In the measuring protocol
the exact probe volume, the temperature of the gas, the over pressure to ambient of the gas led
through the wet gas meter as well as the pressure PIR4 and temperature TIR4 in condenser K2
are noted. In addition the analysed absolute water content, the duration of the titration and the
(background) drift prior to and after the titration are taken.

A minimum of 20 KF-measurements are taken directly
one after the other per operating point. Figure D.2 gives
a typical slope of such a KF-measuring series. At the
start a clear running-in effect occurs which ceases after
about 4 to 7 measurements. This effect is mainly to be

Y A Avad  iribuied to the adsorption equilibrium, occuring
during the first measurements duc to the non purged
B parts of the lines to the KF-cell, the connecting line to
0 5 10 15 20 three way valve H27 to and including the glass frit as
Number of KF-measurement ~ well as the saturation of the KF-solution with the
measuring gas. In order to eliminate this running-in

Figure D.2: Typical course of a effect the first ten measurements were not taken into
KF-measuring series [248]  5ccount for the evaluation.
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100

. 80 g~ R this work

M 60 ---0--- r this work

mu —a— R DIN 51869
c 40 ---a-- 1 DIN 51869
x —e—R ISO 10101-3
w20 | -0 IS0 10101-3

0 50 100 150 200 250 300
Water content, mg/Nm?*

Figure D.3: Repeatability "r" and reproducibility "R" for coulometrically determined
water contents using the Karl-Fischer-methed. Values of this work as well as
according to DIN 51869 and to 1SO 10101-3.

Only those mean values of a operation point fulfilling the critical differential value criterion were
taken into consideration for calculation of the total mean value for the respective operating point.
Mean values not fulfilling the criterion were discarded. During the evaluation appreximately 5%
of the mean values were discarded due to this limit. A thorough description of the checking of the
repeatability and reproducibility limits, respectively, is given in annex D.15. Here also the
prerequisites for applying the vepeatability limit (repetition conditions) and the reproducibility
limit (comparison conditions) are given.

D.2.4 Overall Mean Value for an Operating Point

All mean values of the KF-measurernents that satisfied the statistical checking with the repeata-
bility and reproducibility limit were used in calculating the overall mean value. By performing
additional measurements it always was secured that a minimum of two KF-measuring campaigns
was available for finding the overall mean value. The calculated overall mean values are listed in
appendix G.2 for all gases investigated.

¥ we.u,

WC,p(T. P)=&—nr - (D.5)
with:
k : number of mean values with positive suatistical evaluation
WCopr Overall mean value of the operating point

WCsy, © Water content of j* Karl-Fischer measurement of a series
(= mean value of 10 single measurements satisfying the criterion)

D.3 Uncetainty of the Water Content Determination 97

D.3 Uncertainty of the Water Content Determination

This sub-chapter deals with the definitions and rules according to the "Guidelines for the
specification of the uncertainty of measuring” [139] (hereafter calied DIN ISO-guidelines) for
determining the uncertainty of measurements.

By camying out a measurement the measuring result gives a value for the property measured. The
(measuring) uncertainty is a measure for the scatter of the values that are dedicated to the
property measured. It reflects the inadequate knowledge of the exact value of the measured
property. Whereas the exact value of the deviation of the measured result from the “true” value is
unknown - cannot be known - the uncertainty connected with systematic and random influences
leading to the measurement deviation can be obtained [139].

Two different methods are distinguished for calculating the uncertainty. Method A is based on
several observations of property x;. The connected standard uncertainty - it is also called standard
uncertainty of type A - of property x; is calculated with the help of the standard deviation s and
the number n of the observations (measurements) [139):

5
uy(x)= T (D.6)

The standard deviation s characterises the "fluctuation width" of the measuring results. According
to equation (D.6) the standard uncertainty of type A can be reduced by increasing the number of
measurements n.

For method B information of the manufacturers, reference data, calibration papers etc. are used.
The standard uncertainty type B in general refers to reference data from handbooks and known
limits for the property x; (for instance the upper and lower error limit). As a rule a rectangle
distribution of all possible measuring result is assumed for the boundaries in which x; is located.
Assuming the boundaries 2a, the standard uncertainty of type B is calculated as follows [139):

a
ugl(x;)= B (D.7)

In case the property y cannot be measured directly but has to be calculated from N additional
propexties xy, xz.., xy via a function f

y=F(0.2,..xx8), (D.8)

the combined standard uncertainty u, is calculated as

2 AETAY 2 3 LA
u @TMT& AR 163 EDIHEN (D39)
i=l i=1
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100 Suppl to the Evaluation of Experiments Annex D

D.3 Uncertainty of the Water Content Determination 101

Table D.3: Input values for the calculation of standard uncertainties of type B

measured Maximum input value for the Main source of uncertainty
quantity standard uncertainty (Type B)
Mw,cA-2 Spgfors1mg Error limit CA-02, KF-684, resp.
TTIW F-684 0.5% for> 1 mg
My Ca-06 Jugfor<lmg Error limit CA-06

0.3% for> 1 mg
Onoz max. 20 mK Stability + ageing of A/D-converter
Pamb £2.5 mbar p.a. Stability + ageing of pressure tranducer
Poncz 0.02 mbar Reading error (estimated)
Vnez - -
TIR4 max. 20 mK Stability + ageing of A/D-converter
PIR4 £0.1 barp.a. Stability + ageing of pressure tranducer

got from the calibration against the oil pressure balance (see chapter C.1.1) and corrected via a
calibration curve. The resulting deviations of the characteristic curves with max. 0.025% always
remained weil below that given by the manufacturer of 0.05%. The positive systematic deviation
of 0.23% for the wet gas meter at a volume flow of 30 dm*h already is included in a correction
factor (see eq. D.1) and therefore does not have to be taken into account in the calculation of the
uncentainty®, The standard uncertainties of type B can be calculated with equation (D.7} from the
values listed in table D.9. To calculate the combined uncertainty the partial derivatives of f (eq.
(D.25)) and f* (eq. (D.26)) with respect to the measured property are needed, respectively. A
summary of the partial derivatives is given in table D.9 in annex D.8.

The caiculated standard uncettainties of type A and B as well as the single contributions of the
components to the combined uncertainty estimated according to equation (D.9) are listed in
table D.4. It can be seen from table D.4 that the uncertainty of the water measurement with the
KF-apparatus dominates the total uncertainty at low water contents, that is, at high pressures and
at low temperatures. At high water contents, that is at low pressures and at high temperatures, the
uncertainty of the water content estimation is of the same order of magnitude as those for the
pressure and temperature measuretnents. In example 2 the largest contribution to the uncertainty
is due to the pressure PIR4. The high uncertainty of pressure PIR4 is mainly due to type B
uncertainty part, which means the uncertainty due to lack of stability or due to ageing of the

* In case the hydrogen produced at the cathode is not led to ambient via the drying tower but is routed through a
small opening into the anode chamber as is done in the newer version of the Mitsubishi KF-cells the hydrogen is
added to the gas measured by the wet gas meter, For small water contents the amount of hydrogen produced can
be neglecied, At the high water content, for example 1350 mg/Nm? (example 2, table D.3) 1.68 Nml Hy/Ndm?®
hydrogen is produced at the cathode. In case the volume correction due to the added hydrogen is not carried out,
the calculated water content is too small by 2.27 mg/Nm?, This corresponds to an error of 0.17%. So the ervor is
smalier than the uncertainty part from recalculating to normal conditions (see also table D.6). As errors of this
magnitude only occur at these high water contents the hydrogen generation was not taken into account in the
evaiuation. During the calculation of the uncertainty it was assumed that it already is included in the error limits
of the KF-coulometer.

Table D.4: Calculated standard uncertainties of type A and B as well as the contributions of the
respective measuring quantities to the combined uncertainty {according to ¢q.(D.9))
for examples 1 and 2.

Measured Exampte 1 (-15°C, 100bar) Example 2 (+5°C, 5bar)
quantity x; ua(%) us(%i) uilx;) ua(xi) up(Xi) u{x;)
Mw,cA-02 0.0126 2.8868 1.6496 3.1623 6.6973 4.3097
Thw KF-684

TIhW.CA-06 0.0126 1.7321 0.9898 3.1623 40184 29755
oz 0.0190 0.0115 0.0021 0.0190 0.0115 0.1588
Pu 0.0949 1.4434 0.0263 0.0949 1.4434 2.0207
Poxgz 0 0.0115 0.0002 0 0.0115 0.0161
VNGz 0.0016 0 0.0139 0.0016 0 1.0673
TIR4 0.0032 0.0115 00199 0.0032 0.0115 1.0735
PIR4 0.0032 0.0577 0.0064 4.0032 0.0577 154101

pressure transmitter. The listed values indicate clearly that for an uncertainty calculation ageing
and stability of the pressure transducers used cannot be neglected. Unfortunately in many
publications the uncertainty of pressure measurcment only is given as the deviation of the
characteristic curves of the pressure transmitters. Especially with high precision pressure
transmitters - as is also the case in this work - this deviation as a rule is smaller than the deviations
due to ageing or the long term stabitity of the pressure transmitters. The results highlight that
calibration in regular intervals is necessary in order to exclude eventual ageing influences.
Example 2 indicates that a reduction of the uncertainty at low pressures can be achieved by
applying pressure transmitters with smaller ageing orfand a higher stability (see indications in
table D.3). The extended uncertainty cam be obtained by applying equation (3.9) from the
combined standard uncertainty from equation (3.9). Here a single value for t,, tes = 2 is used to
calculate the extended uncertainty Uss for a confidence interval of 95 % taking into consideration
the recortmendation of the DIN-ISO guideline [139]".

Table D.5 shows a listing of the extended uncertainties; in table D.6 the uncertainties arc shown in
relative figures, The contributions from recalculating to normal conditions (Ussm), from Karl-
Fischer analysis and recalculation to normal conditions (Ussxrwe) as well as setting equilibrium
(Uss.xara) for the total extended uncertainty (Ussw) are listed separately in both tables. At low

*' When going from the combined uncertainty to the extended uncertainty an additional problem occurs in that for
fixing the extension factor k, exact knowledge of the distribution functions of all influencing variables is
assumed. The central limit theorem requests that the variance of non normally distributed variables for
calculating the measuting property is significantly smailer than the variance of the measuring property. As the
rectangle distiibution up (o) at very low water contents as well as ug(PIR4) at very low pressures give a high
contribution to the combined standard uncertainty uc{WC) the requested conditions for the central limit theorem
tmay not be fulfilled. Using a %, value from a normal or t-distribution for calculating the extended uncertainty
then leads to higher k, values. For a confidence interval of 95% (p=0.95) the value of the rectanple distribution is
Ko = kes = 1.65. For the sytem under consideration an effective degree of freedom of vy 30 is calculated from
the Welch-Satterthwaite formula [139). Taking this into account for t, a value of tys = 2 results from the +-
distribution assuming a confidence interval of 95%.
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104 Supplement to the Evaluation of Experiments Annex D

to 5) the measured water content stabilises at 375 mg/Nm®. After the tenths KF-measurement the
temperature of the cryostat bath was changed from +20°C to -20°C. Due to the cooling of the
bath temperature TIR4 drops immediately. The water content follows comespondingly; it follows
with a time gap of a quarter of an hour (or 15 minutes). This can be seen when crossing 0°C,
which also can be traced back for the water content. The cryostat needs about 3.5 hours for
reaching the new set temperature of -20°C. From the point of reaching the set temperature (320"
minute) the measured water contents are shown in an enlarged scale. (The slight fluctuation of
TIR4 at 300 minutes shortly prior to reaching the set temperature is due to the PID-control of the
cryostat temperature).

When reaching the set-point temperature as a rule the three hours of rnning-in time start to
guarantee stationary conditions at the start of measurements. In the detailed section the mean
value (MV) of all measurements after the end of the running-in period (500™ minute) is shown as
a dotted line. In addition the uncertainty calculated in annex D.3.1 is shown. Already one hour
after reaching the new set temperature TIR4 = -20 °C all analysed water contents fall within the
uncertainty area of the final value of the measuring set. The measurements first still show a slight
downward trend before they oscillate around the mean value from the 380" minute. The
variations, however, are within the uncertainty limits and mainly are due to the conditions of the
chemicals caused by the large number of measurements. The slight drop in the measured values
after the 620" minute was caused by an imcrease of the drift from 0.00 pg/sec to 0.01 pg/sec and
therefore is no indication of a change in adsorption equilibrium in the lines leading to the KF-cell.

\
500 - 27 - .no.o._JI 25
| V- | Lz
t 25 5 ' ﬁ.. | = -20.03
400 A Lot gl MY -1 15 O
£ s 2 [ _._ _.x___..__ 0 ___ | -20.05 °
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Figure D.5: Long term measurement over a period of 13 hours. The operating temperature
of condenser K2 (TIR4) was lowered from +20°C to -20°C,
Constant operating pressure: 40 bar. Operating gas: nitrogen

D.4 Sensitivity Analysis 105

The course of the measurements clearly indicates the large influence of a changing drift during the
measurement of small water contents. Experience tells that an increase in the drift leads to output
of smaller analysed water contents.

By means of the long term measurements it became evident that a new stationary equilibrivm was
reached after a short period. If one takes into consideration, that the routing of the gas during
these measurements (series of dew point mirror and KF-cell) was about four times as long as with
a normal KF-measurement, the running-in time of three hours guarantees in all cases a new
equilibrium of the plant prior to the start of the actual measurement.

D.4.2 Gas Volume Measurement

The exact knowledge of the dry gas volume is a prerequisite for an exact calculation of the water
content in the gas phase from the mass of water analysed with the KF-coulometer (see eq. D.1).
In dedicated measurements the influence of the sealing liquid on the volume measurements was
investigated more closely.

When calculating the water content according to ISO 10101-3 it is assumed that the gas flow at
the exit of the wet type gas meter is completely saturated with water. First this assumption was
checked via water content measurements at the exit of the wet gas meter. The result was that with
the given boundary conditions the gas flow was not saturated 100 % but in average only 92.5%.
At a gas meter temperature of +23 °C this leads to an error of +0.22% in dry volume or -0.22% in
water content compared to complete saturation. Details are given in appendix D.9.1 "volume
measurement with the wet type gas meter”.

The phenomenon of a decrease of liquid in the anode chamber of the KF-cell when larger amounts
of gas were led through the KF-cell was a second major point of investigation. As methanol forms
the major part of the anode liquid as a first guess it was assumed that the decrease of the liquid in
the KF-cell was only caused by the loss of methanol. A mass balance for the methanol foss in the
KF-cell showed that the gas stream leaving the KF-cell nearly was saturated with methanol.

Due to its strong hygroscopic properties methanol is being removed from the gas stream in the
following wet gas meter (at the start being pure water). The consequence is that with each
KF-measurement the methanol content of the water increases. In case the gas stream entering the
wet gas meter is free of methanol - as is the case when bypassing the KF-cell - the gas is being
loaded with methanol when passing through the liquid of the wet gas meter. During this period
the methanol content of the liquid decreases slightly. During a complete measuring sequence
consisting of the bypass and measuring period the overall methanol content of the liquid slightly
increases. The methanol water mixture formed possesses a vapour pressure which is higher than
that of pure water. The difference between both vapour pressures increases with increasing
methanol content and increasing temperature in the wet gas meter,

In order to assess the quality of those water content measurements taken prior to the knowledge
of these facts the error resulting from it was estimated. The higher vapour pressure of the
methancl-water mixture compared to pure water leads to an error in the calculation of the dry gas
volume according to equation (D.1) which counteracts the error of incomplete saturation. By
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D.5.2 Methanol
The vapour pressure curve of methanol (MeOH) in the temperature range between +15°C and
Ten reads [131]:

[ Puseon |_ T T TV T T
S ) RO R O RO L

Using the coefficients: Ay = -8.54796, critical pressure MeOH: P = 80.9 bar;
B = 0.76982; critical temperature MeOH: To = 5126 K;
Cu = -3.1085;
Dn = 1.54481.

D.6 Supplement to the Statistical Evaluation of the
Karl-Fischer Measurements

The water content has been determined in & series of measurements (ki =2) for every operation
point and every type of gas. The extent of the series amounts at least to 20 points, Due to
running-in effects, the first 10 points have been discarded. Therefore, only the last 10 measuring
poinis contribute to the mean value of a Karl-Fischer measuring series. The correctness of each
value has been checked using a statistical test by Nalimov (see next section). The verification ont
outliers has been carried out directly after the 20® KF-measurement. This procedure made it
possible, to identify outliers at once, and they were substituted by a following (21™ measurement,
etc.). Until the ¢end of one measuring series, 24 measurements have been carried out at most, as a
result of this procedure. If the series still failed in a final check, the operating point has been
measured at a later date.

The statistical tests and the supervision of the measuring process has been controlled by a
program running on the process control computer, Since at least two series have been measured
for each operating point, the data were evaluated using the reproducibility and repeatability limits
{according to ISO 5725-6 [135]) in a second step. According to DIN I1SO 5725-1 [134] the
quantities repeatability limit ,.-** and reproducibility limit ,,R* are defined as follows:

¢ Repeatability limit, r: That range, in which the absolute difference between two individual
measured values, determined under conditions of repeatability, may be expected within a
probability of 95%.

¢ Reproducibility limit, R: That range, in which the absolute difference between two individual
measured values, determined under conditions of reproducibility, may be expected within a
probability of 95%.

Conditions of repeatability exist, if measurements are carried out by the same operator, the same
experimental method, in the same laboratory, in small time intervals for identical objects of
measurement. For conditions of reproducibility, these requirements are reduced to the identical
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object of measurement and the application of the same experimental method. In this work,
therefore conditions of repeatability have been assumed, if the same coulometer was applied. In
the case, if results obtained by different types of coulometers (e.g. Metrohm KF-684 and
Mitsubishi CA-06) and results by external laboratories were compared, conditions of
reproducibility have been assumed.

From the repeatability or reproducibility limit, respectively, a critical diffsrential value can be
derived which shall not be exceeded by the absolute difference of two mean values estimated at
the respective prevailing conditions. In case the absolute difference of two mean values exceeds
the critical differential value the mean values have to be questioned and additional investigations
have to be carried out in order to clarify the causes of exceeding the limit.

In this work for each operating point the mean values of the first and second run were taken to
form the differential value which was compared to the critical differential value which in turn had
been calculated according to the prevailing conditions (repeatability and reproducibility
conditions, respectively. See also the following chapter ,,Critical Difference Test by Means of the
Reproducibility and Repeatability Limit*). For calculating the values of the repeatability and
reproducibility limit always the group mean value of the water contents under consideration were
inserted. In case of exceeding the critical difference as a rule at least one additional run was
carried out.

In case more than two mean values were available the mean values were arranged in descending
manner (WCsya 2 WCsup = WCaue 2..) and it was checked whether the differential value of two
neighbouring mean values were greater than the critical differential value. Mean values not
satisfying the difference criterion with any neighbouring mean value were taken out of the group.

The overall mean value for the operating point is the group mean value of the remaining
consistent mean values.

D.6.1 Outlier-Test by Nalimov (r-Test) [136] [138]

The mean value WCgy; and the standard deviation ssy of the KF-measurement run were

calculated.
Swe,

we,, == - (DA

Swe, -we, )
ad— (D.18)

Ssm aln-1)

For the value WC;" most suspect to runaway or outlier, that is, the measuring value i which shows
the greatest difference to the mean value the following test value (PG") was calculated:

WC -We
PG n..i.|.k_A‘F (D.19)
S n-1
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As shown in figure D.6 straight lines with constant slope result for water contents greater than or
equal to 36 mg/Nm?,

D.7 Correlation of the Water Content Data

In order to be able to carry out the uncertainty calculation in chapter 3.4.1 a simple dependence of
the water content on pressure and on temperatures is needed. Therefore - standing in for all gases
under investigation - the measured water content of the main natural gas component methane was
correlated isobaric and isothermal.

The isobaric water content was fitted to a simple cubic polynomial:

log(WC, ) =a, +a, t+a, t* +a, ' (D27
ith _T
wit L= Ty (D.28)
T : temperature of aperation point in Kelvin (Ty=273.15 K)

agy  fit parameter

Table D.7: Coefficients for the isobaric correlation of the water contents according to

equation (D.27) -
Mothane 100 bar 80 bar 60 bar 40 bar 15 bar 5 bar
ag «21.5484 -26.3171 -26.0143 -23.7037 -21.8300 -20.9229
al 36.8888 46.8598 46.6196 42.2120 39.3917 32.0217
a2 -13.4565 -18.6412 -18.6024 -16.3796 -15.0185 -1.0203
a3 -0.0927 -0.0098 -0.0102 -0.0023 -0.0151 -7.0028

The temperature range of -25°C to + 20°C corresponds to reduced temperatures of 0.9085 to
1.0732. By reducing, the coefficients a, to a; show nearly the same order of magnitude. When
choosing an optimal fit function it tumed out that splitting the isobaric data set into two sub-
domains to take care of the comesponding solid and liquid phase, respectively, due to the
relatively small temperature range under consideration gave no superior results compared to the
polynomial approach. In addition, the exact transition temperature between the solid and the
liquid phase cannot be determined unambiguously from the data available. The continuous
description of the temperature interval with one cubic polynomial in addition has the advantage of
not showing a discontinuity. As a draw back of this approach a limited extrapolaribility is to be
expected.

Yw__ My P, Yw mg

snu n .h
PTIY RT, C1ey, PSS (D.29)
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P P—F
with Yo =h .lmxv* * (D.30)
P b,
P+ : saturation vapour pressure Poy (t >(0°C) and sublimation vapour pressure Py for

pure water according to equation.(D.14) and. (D.15), respectively
bo b, fit parameter
Table D.8: Coefficients for the isothermal correlation of the water contents acc. to eq. (D.29)

g&:m:mnooo AA8°C  1-10°C  [-5°C (1 5°C 10°c__i115°C __ [20°C

bi 26560 | 25689 | 67483 47042 | 482681 34015 ] 26430 276 75 | 27595 |
b2 110003 099851099731 1,081011.0062 ) 10194 (09644 ) 09923 ) 0,974 )
The approach for calculating the mole fraction of the water yw in the isothermal correlation has
been derived from the phase equilibrium equation. As a maximum of six experimental data per
isotherm were available for fitting (according to the pressures normally measured 5, 15, 40, 60,
80, 100 bar), an additional pseudo experimental value was added for the correlation at 1 bar (see
figure D.7). This pseudo experimental value was calculated according to simple Raoult’s law (see
equation (E.2)) from the vapour pressure of water and the pressure of 1 bar. By enlarging the
data basis in this thermodynamically consistent way the influence of the greater number of points
at the higher pressures is levelled out and the extrapolaribility of the correlation to lower
pressures is improved.

The minimisation of the sum of squares of the errors between measured and calculated water
contents was chosen as objective function. In addition the differences in water contents were
weighted with the standard deviation of the experimental values.

Min= MhFEOBEH (D.31)
=] Eupd
10000 ¢ i . E

" i | e Experimenial values | i
m 2O { — Isothermal comelation | 1
.WJ 1000 | .a...a.a..a..a.f L & Pseudo-exp.value | !
L i . _
c e, |
8 100 ¢ e 3

i . ]
3 i i H
L)
W Ao i i i i i [T DS S e T L S

1 10 100

Pressure, bar

Figure D.7: Example for an isothermal correlation.
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20 Measuwred Values:
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Figure D.8: Maximum deviation in dew point temperature
according to the extended uncertainty Uss e
v 20 F
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Figure D.9: Maximum deviation in dew point temperature according to the extended uncertainty
Ugsxr+np in the measured water contents.
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D.9 Supplement to the Sensitivity Analysis

D.9.1 Volume Measurement with the Wet Type Gas Meter

0.9.1.1 Measurement of the Gas Meter Exhaust Humidity

The surface of the sealing liquid (SFK) as well as the continuously wetted rotating measuring
chambers represent a large area for mass transfer for the gas flowing through the wet gas meter
(NGZ). Therefore when determining the dry gas volume the volume part resulting from the
vapour pressure of the sealing liquid psqx has to be deducted from the measured volume. If ideal
gas phase is considered the following results:

. Proz = Psex (9 )

vV, =V
oy ez Prcz

(D.33)

Puacz = pressure of the humid gas in the wet gas meter

In case the sealing liquid (SFK) of the wet gas meter is not pure water, the dry gas volume F,
cannot be determined solely with the saturation vapour pressure pow of pure water at the
ternperature of the wet gas meter Yygz (see equation 3.2). I, however, the sealing liquid still is
regarded as being pure water, the following emor results when estimating the dry gas voiume:
AV = Yy ~Varyisxamsen =1- Pugz = Pow P ugz)

7.34
Vey Vig Prcz = Psex (0 ygz) ( )

In order to check the assumption of a one hundred per cent saturation of the gas phase at the exit
of the wet gas meter measurements were carried out with pure water as the sealing liquid in the
wet gas meter.

Figure D.10 shows the experimental
set up for determination of the degree
of humidity after flowing through the

@ Vent 9
wet gas meter NGZ. Prior to the start | condencer Vent
of the measurements NGZ was freshly |_W_I KF-cellf — —.
/NGZ\

filled with de-minetalised water. CA-02

Argon 5.0 has been used as gas. With
a slight over-pressure to ambient the
gas flows from the plant into NGZ in
which it is in mass exchange with the
SFK. By positioning the three way ball valve (DWH) first purging of the line connecting to the
Karl-Fischer measuring device for about three hours is accomplished in order to guarantee
thermal and mass equilibrium between measuring gas and the wall of the connecting hose. A
Mitsubishi moisture meter {(model CA-02) was used as analysing device. In order to prevent

Figure D.10; Measurement of the degree of humidity
(experimental set up).
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120 Supplement to the Evaluation of Experiments Annex D

how many KF-measurements the sealing liquid has to be replaced at the latest. This has been done
for different boundary conditions.

In order to estimate the momentary methanol content a mass balance around the NGZ is being
performed with the following simplifications:

¢ Assuming an ideal gas mixture and ideal liquid phase one has:

the ideal gas law: pV=nRT (D.42)

Raoult's law: Pt Y =X Py (D) (D.43)

Dalton's law: Pt = M P (D.44)
1

L]

The system NGZ as well as the incoming and the outgoing sireams are isothermal and isobaric.

At the outlet of the KF-cell the gas stream is completely saturated with methanol.

At the outlet of the NGZ the gas stream is completely saturated with the sealing liquid SFK.
+ The change in moles of the sealing liquid is neglected.

The gas solubility of the components of the dry gas stream in the SFK is neglected.

One has to distinguish between the
enrichment of methanol in the sealing
:...ma ::.o.zﬂ liquid during the KF-measurement
NMoOHKEZ | Pmeonnaz (saturation case, see figure D.11) and
the de-saturation during the three
<mm 301 \: hours of purging with methanol free
(humid) gas prior to the start of &
water content measurement.

p.T = const.

Figure D.11: Entering and leaving mole straams for a
balance around the NGZ gas phase
(saturation case)
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dn
Mmﬁ: =8 (Y ueorsn = ¥ steonon) (D.45)
dx (T)- 1%
LoMeOH " T Gos .
Biez Mﬁ: = o _ﬂm..ﬂ oﬁ?l.«..?a:v (D.46)
ot __ = Paecon DYy (D47)
| % s = dr
Fuotss 1 = X yoons Ry -R-T
LoD B (D.48)
Xmeouss =1 = (1= % 10n,0) €XP)~ Mags R-T ? l__.av
Balance of meth
dn,,,
el =8By, (Y ueonse = Y weon.out} = ~Btas * ¥ sto0H.om (D49)
Eseonr _ _ Pouteort (D Poas (D.50)
AnGz & RT MeOH
- __Poveon(D) Wy o (D.51)
;—H«Euonm—-.dg:l BkﬁN.Nﬂ.u.. 10 dr
Poeon (T)-¥&
X oot = % weott 0 .axﬂﬁ ﬁ RT A__._ I?* (D.52)

Validation of the medel for ¢s nol accumulation:

In order to check the model samples of the sealing liquid were taken over a longer period and the
methanol content was estimated by means of gas chromatography (GC)*. Figure D.12 gives a
comparison of the results from the GC-measurements and the calculated results.

Vygz =25 dm? (= filling volume SFK in NGZ)
Model constants used:  p,, , =1kg/dm?

PuoV,
Ny ul._uﬁlhﬁnaﬁ mole
H,0

Figure D.12 indicates that the values obtained from the model at higher methanol contents always
are slightly above the measured ones. Among others this is a consequence of the model
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occur as a result of kinetic inhibition (ice or liquid water, dependent on the location of the
operating point, see annex A.3.2}. For the route through the ice-region it is to be expected, that
first a metastable ice phase is present, after reaching the hydrate-region. In the case of a route
through the liquid-water-region, a metastable liquid water phase is expected due to the kinetic
inhibition. This section treats the experimental procedure and results in detail.

Experimental Procedure

100 Route through liquid water region (second run)

—t

Pressure, bar
-
o

M R

Gas - Ice Gas - Lig. Water
d 1 L 1 1 'l 1
-25 -15 -5 5 15 25

Temperature, °C

Figure D.15: Route through the liquid-water-region (2™ run)

Route through ice-region (first run)

100 -

Pressure, bar
S

_ _ _ _ Gas - Liquid Water

-25 -15 -5 5 15 25
Temperature, °C

Figure D.16: Route through the ice-region (1* run)

Route for ™15-bar-points”
100 ¢ -
r Gas - Hydrate
[ Jrowe = 'N‘l-||q||-|-| lllllllll -
% . t
! )
.m- ! c Q H
b et . b d H
m | = i wedivieg 'Start
210 f ab a= 92.66 mg/Nm?
d b= 84.38 mgNm®
o ¢ =238.81 mg/Nm?* |
d = 491.92 mgNm* | |
| @ = 240.51 my/Nm? | |
Gas -lce Gas - Liquid Water
ﬂ ki i F 1 i L Fl
-25 -15 5 5 15 25

Temperature, °C
Figure D.17: Modified routes at 15 bar pressure

The pressures have been measured (in the order 100, 80, 60, 40 bar) in a first run through the ice-
region (see figure D.16) and in a second run through the liquid-water-region (see figure D.15),
starting at 10 bar and +15°C each.

After changing pressures or temperatures, & time interval of at least three hours was passed to
ensure equilibrium states. For the operating points -15°C/ 60bar and -15°C/ 40bar however, only
a first run has been carried out. At the beginning of each run, the sealing liquid of the wet gas
meter was changed and the KF-cell was conditioned (change of chemicals and molecular sieve).
Since the hydrate boundary is below the ?a_mum temperature of ice for the 15 bar-isobar, the
approaching route had to be modified according to figure D.17. Therefore, the sealing liguid and
KF-chemicals have been changed after measuring point "¢".

Additional information about the kind of the condensed phase could be obtained by visual investi-
gations of the condenser K2, using the video-endoscope-system. Three different kinds of visual
states were noticed.

» FREE: No precipitation on the sapphire window are visible.
The condenser watls are free of precipitation, too.

¢ GREY: The sapphire window is clear, but the
walls appear with a "white-grey" cover.

+ HUMID: At temperatures above the melting point, the sapphire window
is covered, but the walls are free of precipitation.

The respective water contents of each pressure- and temperature stage are listed in Table D.10,
together with the visual states from the endoscope system. At the measuring point "e" (15 bar),
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128 Supplement to the Evaluation of Experimenis Annex D

[145) report, that hydrate formation proceeds much faster in the presence of meiting ice
compared to “dry” ice. The heat of phase transition, emitted by the exothermal hydrate forming
process will be absorbed by the endothermal melting process. Additionally, the re-orientation of
water molecules is quite possible in the liquid phase. These reasons support the high probability
that water molecules, dismissed from the ice crystals during the melting process, are directly
incorporated into the hydrate structures. This is proved by the fact, that the condenser was dry at
the first run at +5°C, while a typical white-grey cover has been observed at -15°C/ 15 bar and at
point "b". Furthermore it may be concluded, that in the first run at +5°C/ (40-100 bar), hydrate
was solely present, by all means. This statement is supported by the heavy water release after
leaving the hydrate region. The importance of the conditions inside the condenser (besides the
cooling coil) can be derived from the second-run results. In the case, if a humid atmosphere is
present inside the condenser (recognisable by multiple droplets on the sapphire window), so the
{essentially higher) water content above the metastable liquid phase will be measured. Due to the
high differences in water contents for +5°C measurements, the presence of a possibly coexisting
hydrate phase is of subordinate importance to the water content. From this follows, that the liquid
phase plays a decisive role on the equilibrium phase composition, if the formation of droplets is
observed on the sapphire window.

The comparison of water contents of the first and second run shows that measuring points at -5°C
and -15°C differ only slightly. The measured values in the second run were higher, as well as
lower than the values in the first run, respectively. An influence of pressure was not observed.
Because of the negligible deviations between the two runs in the hydrate region (on an average
<2 pg), the existence of a metastable liquid water phase can be excluded. In the case of a
metastable liquid water phase, the differences between first and second run might have been
substantially higher, corresponding to Makogon (sce. table 3.5).

A comparison of measuring points "c” and "e" inside the ice region shows, that "e" has a slightly
higher water content (1.7 mg/Nm?®). A distinct statement, if this observation can be atiributed to
the existence of a subcooled liquid aquecus phase is not possible, since the deviations are within
the uncertainties.

E.! Empirical Correlations 129

Annex E

Methods for Water Content - Dew Point

Conversion

For the user the knowledge of the dew point or the water content, respectively, is of interest
depending on the application. The dew point directly gives the information at which temperature
water starts to condense at isobaric temperature decrease; the water content is needed for
balancing of water amounts. As in practice, however, either the dew point or the water content is
estimated depending on the procedure applied it is necessary to convert the properties into one
another, Due to the sirong non-ideal behaviour of most mixtures there is no simple
thenmodynamic interrelation between both properties. In the literature several procedures for
recalculations can be found. Up to now no exclusive method exists. Sometimes large differences
in water content / dew point are estimated with different methods {148].

In this chapter selected methods are presented in more detail. Here methods which are used in
practice are considered. The existing methods can be classified into procedures

+ which are based on mainly empirical comelation (sometimes some input parameters have to be
read from diagrams or tables),

& which merely are based on diagrams (nomograms) and

s which apply equations of state.

A strict separation of the methods is not possible. Often correlations also are available in diagram

form or corvelations were developed on the basis of diagrams.

E.1 Empirical Correlations

The correlation of Bukacek [155] which is an equation developed according to Raoult’s law is
one of the most used correlations in the natural gas industry. It is listed as the standard method for
calculating the water content WC from the dew point in ASTM D1142-95 [95]:

A(T,.)
P

+Ea..; £uzo _ (EN)

WG, A.c. u...lv = o
Gas bumid

In addition to the pressure a constant A proportional to the vapour pressure of pure water and a
temperature dependent constant B which is fitted to experiments is used®!. Gas composition has
been taken into consideration indirectly when setting up the correlation as the data base for

M Constants A and B are listed in tables in [59] and [155] for a temperature range of -40 to +460 °F (<40°C to
+238°C) (reference state: 14.7 psia, 60 °F).
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132 Methods for Water Content - Dew Point Conversion Annex E

estimated with the help of equation (E.4). Numerical values for vy that are taken from water
vapour tables ([159] [160]) are listed for a temperature range of 0 to 100°F (-18 to +38°C).

1n addition to these ,,simple™ methods which are based on the assumption of ideal gas behaviour
and do not take into account the gas composition the literature contains numerous, sometimes
very complicated, equations of state which were especially fitied or developed by the authors to
the application of hydrocarbon - water systems and which, in principle, allow to calculate the
water content or the dew point, An evaluation of these methods revealed that no calculation
procedure can be recommended without restrictions for the aims of this work - the calculation of
water contents and dew points into each other for multicomponent systems, for a pressure range
of 1 to 300 bar and at temperatures of -50 to +40°C. The results of this evaluation are
summarised hereafter.

The evaluation of the literature revealed that the equations of state in most cases were developed
or fitted to describe the phase equilibria at comparatively high temperatures. The conseguence is
that the equations either do not cover the temperature range of this work (-50 to +40°C) (Eubank
[161]) or cover only the high temperature side (for instance, Victorov [165], Peng, Robinson
[166], Soreide [168], Lovland {170}, Kabadi [181]). With a few exceptions the recommended
application range of the equations of state starts only at temperatures above +25°C. By doing so
the authors exclude the region of a possible solid phase (ice or hydrate) [165]. Some authors
explicitly do not recommend an extrapolation of the equations of state beyond the application
range indicated [181]. When extrapolating the equations of state beyond the range of properties
used for establishing the method in general one has to expect an increase in ermrors. Test
calculations with selected equations of state revealed that the water contents were predicted
increasingly worse in a temperature range below +25 °C. One of the main reasons is the inexact
representation of the water vapour pressure of pure water in this temperature region.

As the water content in the vapour phase of hydrocarbon mixtures can be represented sufficiently
well by modified equations of state above ambient temperature and from low to high pressures,
during the last years further developments of equations of state for hydrocarbon-water mixtures
aimed at a good reproduction of the concentrations of all phases with one calculation procedure.
Especially the description of the liquid liquid equilibria (water and hydrocarbon rich phases) and
the representation of the gas solubility in the liquid water phase pose high demands on the quality
of an equation of state (or the mixing rules, respectively).

In addition one tries to take into account effects of association occurring at extreme high
pressures and in the presence of salts in water hydrocarbon mixtures when developing the
equations of state [172] [173], This also includes trying to take into account the influence of
hydrogen bounds on the interactions of the molecules in more detail [175]. By developing
procedures based to a great extent on theoretical foundation the complexity of the equations rise
more and more up to now, representing the phase behaviour only partly with sufficient accuracy
{171] [174]. When representing the water selubility in the hydrocarbon rich vapour in general
these equations show a nearly identical behaviour leading to the fact that the more complex
equations are not superior to the simple ones, in most cases cubic equations [171] [176].

E.3 Equations of State 133

The calculation procedures which include the temperature range below the water triple point
mainly were developed to predict the hydrate formation conditions as accurately as possible (for
instance Sloan [28] [29], Anderson [162), Du [167), Wu [171]). In these cases the gas phase is
described with help of a cubic equation of state. For description of the solid phase models
describing the occupancy of the hydrate cages with gas molecules analogous to an adsorption are
used (model of van der Waals and Platteeuw). The intermolecular interactions between the water
molecules forming the cages are described using intermolecular potentials (for instance the Kihara
potential [31] [163]). With the help of these comparatively complex methods the equilibrium
water content above a solid hydrate phase can be calculated. However, the known calculation
procedures were not developed for an exact representation of the water content in the vapour
phase. The calculation procedure of Sloan et al. is available under the name ,,CSMHYD.EXE*"
as a computer program for DOS and is included in the books of Sloan [28] and [29] on a disk,
respectively. For the new edition the program has been revised, too. According to the year of
publication the different versions of the program hereafier will be called CSMHYD90 [28] and
CSMHYD98 [29]. However, as the computer code of the programs is not available, a detailed
description of the calculation procedure is not possible.

3 CSMHYD =Colorado School of Mines HYDrate Prediction Program
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136 Supplements io the Model Design Annex F
Argon-Water Year | Number| MNo. exp. points | Measured | Temperatures | Pressure range
Author of points] <40°C u. 300bar | variables in°C in bar
_Emw«. Prausnitz [205] | 1968 12 12 Yw 25,50,75,100 20+93
_zo&%% [201) 1978] 22 22 Yw 40 +0 10+ 101

Table F.2: Overview about uncertainties of measured quantities from literature (see Table F.1)
(hatched fields = quantity not measured;* : estimated)

Methane-Water Uncertainty

Authar T P Yw

Olds et al. 006 K 0.2 bar 2%

Rigby, Prausnitz 003K 0.3% =1%

Gillespie, Wilson void void void

Yarym-Agaev* 01K 0.5 bar 0.04%*

Y okoyama 003K 10 mbar 5% 5%

Kosyakav 01K 0.4% 0.2 ppm )

Ethane-Water Uncertainty

Author T P Yw

Song, Kobayashi 0.06 K 0.2 bar 6%

Reamer et al 0.06 K 0.2 bar =3%

Antony, McKetta 0.12K 35mbar/0.2% 4.6%

Antony, McKetta 012K 35mbar/0.2% 4.6%

Coan, King 005K void void
Propane-Water Uncertainty

Author T P Yw

Song, Kobayashi 0.06 K 0.2 bar 6%

Kobayashi, Katz 04K 1% void

F.2 Survey of Literature Data 137
Butane-Water Uncertainty
Author T P Yw
Reamer, Olds 0.06 K 0.1% 0.001
Wehe 0.12K 35mbar/0.2% 4.5%
Antony 0.12K 35mbar/0.2% 4.6%
Reamer 0.06 K 0.1% 0.001
Nitrogen-Water Uncenainty
Author T p
—Emg‘. Prausnitz 003K 0.3%
__Aaﬁ_s,\ 01K 0.4%
Carbon dioxide-Water Uncertainty
Author T P Yw
Giliespie, Wilson void void void
(Coan, King 0.05K void void
Song, Kobayashi (RR #99) 006K 0.2 bar 4%
Argon-Water Uncertainty
Author T P Yw
Rigby, Prausnitz 003K 0.3% =1%
__nSEn% 01K 0.4% 0.2 ppm
Table F.3: Survey of phase equilibrium data for selected binary mixtures containing water,
available in literature (condensed phase according to the authors: hydrate).
Author Year |No.exp. System Measured | Temperature |Pressure range
points quantities in°C in bar
Aoyagi et at. [218] 1979] 12 | Methane - Water Yw -33,-23,-13,-3| 34.5, 69, 103
Sloan et al. [219] 1976 12 " Yw 24++7 | ca.70,ca.103
Song,Kobayashi [220] 119941 3 Ethane - Water Yw 3+105 248
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F.4 Influence of Mixture Compounds on Dew Points and
Water Contents

The objective of the preliminary investigations, described in this section, was to find out the
minimum extent of the gas analysis required. The prescribed accuracy of the dew point prediction
(at given pressure, temperature and water content) was to be at least 2 K (see chapter 4.5).

To determine the influence of each gas compound on the dew point, or the water content
respectively, the extent of the input data base was reduced gradually, starting at the detailed gas
analysis according to 1SO 6974-3,

Typical compositions of natural gases were selected for the investigations, The calculations have
been carried out using the calculation program developed within this work (GERGWATER
(GW), see chapter 4). Binary interaction parameters according to chapter 4.4 have been applied.

In a first run, the complete extent of the natural gas analysis according to ISO 6974-3 (Water +
24 naturai gas compounds) was used as input data base. Table 4.2 contains a list of the complete
initial composition. The gas composition was normalised prior to the first run. After each
calcujation run, the component with the highest number was removed from the input data base.
The remaining mole fraction of this component was added to the methane composition. Due to
this procedure, the input composition of the second run was free of oxygen (component number
25) and of the third run free of oxygen and hydrogen. In the last calculation run (N=2) only two
mixture components remained (methane-water). In the following presentation of the results, only
the compound numbers are used, because of cleamness.

'pical Calculation Re

Figure F.] presents some typical results of the calculation runs with respect to the dew point at
four temperatures for the 100 bar isobar of natural gas NG6. Additionally, the dew point
caleulated with the initial composition (ISO 6974-4, see table 4.2, column A), has been plotted on
the ordinate axis. Figure F.2 represents the corresponding results with respect to the water
content. In figure F.2, the water content calculated with the initial composition has been plotted
on the ordinate axis analogous to figure F.1.

One may conclude from the figures, that only the main compounds of natural gas (No. ] to 8)
significantly influence the dew point and water content. In these examples the dew point can be
reproduced within the prescribed uncertainty of 32 K, if natural gas is treated as pure methane.
But the figures clearly indicate, that at least the first five components (besides water: methane,
ethane, nitrogen and carbon dioxide) are required to represent the mixture composition
sufficiently. The fact, that differences between the calculated and measured dew points are
independent from temperature indicates, that the water content (as input parameter for the dew
point calculation) has a strong influence on the calculation results, too. Since the water content
usually is an experimental value, it implies an experimental uncertainty, which should be
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considered (see remarks in annex D). A comparison of the calculation results obtained with a
150 6974-4 composition (points at the ordinate axis) and with the 1SO 6973-3 composition
(=No. 25) shows, that the reduction of the input data base from 24 to 11 compounds and the
lumping of higher hydrocarbons to the Cq. pseudo component leads to nearly the same values,
The larger information content of the extended gas analysis does not lead to more accurate results
compared to the "small” analysis, if dew points and water contents are regarded.

Based on these findings, the extent of the standard natural gas analysis according to ISO 6974-4
has been considered as being sufficient to predict dew points within an accuracy of £2 K,

Based on the diagrams, furthermore, the behaviour of dew point and water content may be
predicted, if compounds are added to a given mixture. It should be taken in mind, however, that
the presented results do not correspond exactly to a gradually adding of further compounds, as in
the calculation procedure the remaining amocunt of the removed components was added to
methane. However, the calculations showed, that the water content decreases slightly (and the
dew point increases) if ethane is added to methane. But own experiments did not prove this
behaviour clearly. Also a comparison of experimental water content data for the binary methane-
water mixture and the ternary methane-ethane-water mixture gives no final evidence. Higher
water contents (or ower dew points respectively) are calculated, if nitrogen and carbon dioxide
are added to methane. By adding higher hydrocarbons in the range of 100 to some 1000 ppm
(according to the content in natural gases), only a negligible influence is observed. In some cases,
however, already small amounts of high molecular hydrocarbens may lead to a hydrocarbon dew
point, which occurs prior to the water dew point. An accurate dew point measurement or
calculation is impossible in this case.
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gas composition 2(i),
pressure p, temperature T

“pure compound ﬂ|q| 1/ binary interaction
properties % input T ! parameter /
._.xau _u_ﬁrs o S Y _r

-mms,ﬂsn io_oﬂ_ds,o:mx|3. iﬂ
VE=V/F
K(i) = y(® / (i)

¥

¥
Kotd i) = K(i}
calculation of new K-Factors
| K(i}= PhiL(i) / PhiV(i) with EOS
frr————————
i iterative calculation of VF
' objective function:
=_o | Z= ZUKG 1Y 2(HKL)-1)(VF+1)]
e L
¥
x(i) = z{i) F [1+VFK(-1)])
i) = A_a * K{i)
¥
_ (i) = x(i) / Ix()
_ y(i) = % ! Zy())
h J

e

< ABSIK() / Kot} 1)< 0982 =

yes
—_—
result:

(i} y

Figure F.4: Flow sheet for the calculation of water contents [228]

G.1 Figures

Annex G - Figures and Tables

G.1 Figures

small cage large cage
Structure | N @ + m @
m_» ma m»
Structure 11 ._ m @ + m @
m_» m_» m;
Structure H
5" 4'5%°

Structure I: 2 small cages with 12 pentagonal surfaces (notation: 5, Dodecahedron)
+ 6 large cages with 12 pentagonal and 2 hexagonal surfaces

(notation: 567, Tetrakaidecahedron)

Struktur II: 16 small cages with 12 pentagonal surfaces (notation: 5'%, Dodecahedron)
+ 8 large cages with 12 pentagonal and 4 hexagonal surfaces

(notation: 5'°6*, Hexakaidecahedron)

Struktur H: 3 cages (5%, Dodecahedron)

+ 2 cages (4*5%")

+ 1cage (5'%%

Figure G.1: Composition of the hydrate structures [31]
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Figure G.6: Comparison of the courses of experimental water content data for the natural gases NG1
until NG7, and the binary systems methane-water and nitrogen water. (60 bar see figure 3.9)
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G.2 Experimental Data and Results of the Model Validation

The following tables contain resuts of the water content measurements and results of the model
validation (see chapter 5). The data were sorted by the states investigated. The headings of the
columns and rows contain the equilibrium conditions during the measurement (pressure PIR4 and
temperature TIR4 at the outlet of condenser K2).

All values are given in *mg/Nm® " and refer to the dry gas mixture.
G.2.1 Binary Mixtures

Table G.1: Experimental water contents determined in this work, for the binary systems
methane-, ethane-, nitrogen- and argon-water.

methane N35.3, mg/Nm?*
bareC] -25 | -20 -10 | 0. 10 20
171.3] 246.6] 421.0] 667.2] 993.6] 1412.3
15 58.0] 89.5] 1499 225.3| 3425} 49s5.5] 684.2] 9480
40 222] 32.8] 526 90.0] 131.0] 2006| 2870] 3903] 5350
60 16.6] 24.1{ 390 6300 949] 1408] 201.4] 281.5] 3779
80 150  202] 308 471 759] n12.3] 169.6] 2282] 3105
100 122] 174] 259 422 60.1] 899 141.6] 196.2] 2663

ethane N3.3, mg/Nm®

bareCl <28 | 20 | <15 | -10 { -5 0. 5 10 15 20

5 148.5) 232.3] 390.0] 616.1] 971.6] 1411.8] 19679

15 112.9] 183.8] 311.3] 467.7] 651.4] 903.7] 1245.6
20 237.0] 3289] 480.38| 669.7] 9508
25 " 271.6] 387.0] 3338 7379
30 603.0

nitrogen N5.0, mg/Nm’

bareC]l -25 | 20 | -15 | -10 -5 0. | & 10 15 20
5 101.6] 166.8 427.] 1002.0] 1433.2] 2017.5

15 384] 606 151.7] 233.6f 343.0] 483.1] 6741 1313.6
40 64.2 137.3 284.8 525.6
60 1.5 17.9] 279 450 e684] 1019 142.7] 1995 375.7
80 16.7] 24.8| 383 5971 s8s54] 1215 1644 301.7
100 14.5] 19.8] 33.4] 475 729[ 981 1412 262.5
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152 Figures and Tables Annex G

G.2.2 Ternary Mixture (Methane-Ethane-Water)

Table G.4: Experimental water contents determined in this work, for the methane-ethane-water
ternary system (dry gas composition: 96,94 mol% methane; 3,06 mol% ethane).

methane-ethane (97/3), mg/Nm’
bar/°CY -25 -20 -15 =10 -5 0. 5 10 15 20
15 93.5 238.8 491.9
40 36.5 88.2 205.2 396.9
60 25.1 62.6 145.6 283.0
80 20.5 48.6 117.0 229.8
140 20.1 44.1 102.0 199.1

Table G.5: Deviations in the water content (WG, -WGey ) for the methane-ethane-water
temnary system. Calculated with the GERGWATER-method (see chapter 4),

Methane-Ethane (97/3), AWC [mg/Nm’| — -
bar/°C] 25 20 .15 -10 5 0. 5 10
5 - 3.5 21805 5.9
40 227 -1.62 ~11.46 7.81
60 217 3.15 9.99 ~6.81
80 3.29 2.80 210,36 528
100 636 -6.49 12,55 _11.37

Table G.6: Deviations in the dew points (T w,cax.~Teew,mra). Calculated with the
GERGWATER-method (see chapter 4). TIR4 = outlet temperature of condenser
K2. The indented values indicate that deviations are above 2 K.

methane-ethane (9773}, A DP [K,
ar/oC) 28
™ — 041 091
20 0.66 0.79 030
0.91 0.57 0.36
80 0.64 %5
100 365 1.70 0.34

R T

. g

e

e
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G.2.3 Multicomponent Mixtures (Natural Gases)
Table G.7: Experimental water contents determined in this work,
for the natural gases NGI-NG7
patitral gag NG, me/Nm®
I8 =20 -15 =10 = = 5 10 15 24
262.6] 4205] 646.0] 940.3] 1350.5
15 9111 15021 2338! 34241 4864| 677.6] 9333
40 3511 552] 894] 1309| 2078
60 26.1 397 63.1 9921 14221 2019] 2860
|80 22.2 339 51.5 774] 1155
100 1761 2 4221 6711 9821 14421 2006
naiural gas NG2, mg/Nm?
bar”C| -25 -20 -15 -10 -5 0. 5 10 15 20
5 260.4] 409.3 957.5] 1355.8
81.9] 139.0 340.1f 481.9 937.2
40 19.4] 303 78.9] 121.1 269.4] 376.0
21.71 337 8521 1314 286.3] 374.!
186] 29.5 722 106.8 218.9
100 26.1] 389 88.8] 139.8 262.0
natural gas NG3, mg/Nm*
bar/°C§ -25 -20 -15 -10 -5 9. 5 10 15 20
5 260.9 411.4| 639.6] 968.5] 13846
18 77.8] 126.9 204.4| 316.1] 473.7] 664.1] 9224
40 28.1] 464 75.0] 116.1| 1823
60 21.6| 352] 52.3; 80.7] 124.0] 187.4] 2624
80 17.1 27.0] 417 67.4] 103.0
100 154 232] 368] 5670 84.9] 127.8] 1848
natural gas NG4, mg/Nm?®
bar/°C| -25 -20 -15 -10 -5 0. 5 10 15 20
5 100.6 265.5| 409.71 635.6] 9573} 1376.0
15 76.11 129.1] 204.7] 315.8] 475.3] 683.5] 9428
40 3001 494| 759] 1194] 183.2] 265.1] 3899
60 7.1 11.9] 197] 340} 529 83.2] 126.7] 190.8] 2800 3779
80 65| 104] 17.3] 269 41.6] e63.6] 1019 291.2
100 1421 221 38.5] 56.9] 857 127.7] 1365
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156 Figures and Tables Annex G
natural gas NG7, A WC fmg/Nm’|
bar/°C nml.uw =20 -m’ -10 -5 0. 5 10 —i.q. 20

5 -1.73 11.57,

15 2.88

40 -0.97 293 -9.77
-3.31 -3.84 -9.99

80 -4.89 -8.91
-9.92 -9.85

Table G.9: Deviations in the dew points (Tuew.eue.~Toewme). Calculated with the

GERGWATER-method (see chapter 4). TIR4 = outlet temperature of condenser
K2. The indented values indicate that deviations are above 2 K.

natural gos NGI, ADP K]
bar/°C} -28 -20 -5 -10 =5 0. | § 10 13 20
5 -0.22 -0.05 -0.14 -0.68 0.75
15 .12 0.57 0.61 0.14 .00 -0.23 -0.43
40 0.21 0.01 0.33 -0.27 0.93
60 1.25 0.57 0.61 (.82 0.60 0.45 0.48
&0 .39 1.72 1.19 0.80 099
100 221 190 _rool 128 L13]  127] 050
natural gas NG2, ADP [K}
par/°C] -2 s [ 10 A 5 ] 20
-0.32 -0.36 -0.38 .47 -0.70)
i5 -1.05 -0.32 -0.51 0.03 -0.15 -0.23 (.38
40 0.83 -0.82 -1.35 -1.28 -1.13 -1.23 -0.21 -0.45 -0.58,
60 -1.32 -0.68 -1.20 -0.48 -1.08 -0.54 (.28 0.44 'o.uw-
30 -1.32 -1.25 0.58 0,19 -0.22 .17 -0.14 0.74 -0.24
100 1.45 1.01 (.12 .22 -0,30 0,72 0.50! -0.32
natural gas NG3, ADP [K|
bar /°C -25 =20 .m"m’ -10 -5 IP 5 10 mu 20
5 .28 -0.29 -0.25 -0.32 -0.39
15 -1.52 -1.27 -0.92 -0.81 -0.34 0,49 -0.58
40 -1.94 -1.74 -1.55 -1,59) -0.79)
60 -0.40 -0.47 -1,28 -1.48) -1.10 -0.48 -0.68)
B0 0.27 (.27 -0.82) -0.63 -0,32
100 1.42 0.35 -0.02 ~0.44 -0.52 -0.1% -0.13
natural gas NG4, ADP [K|
bar / °C -5 .Nb nmum-’ -10 -5 P 5 10 15 mel
5 -0.12 -0.11 -0.35 -0.34 047 -0.49)
15 -1.82 ~1.13 -0.94) -0.36 -.33 -0.10) -0.28
40 -1.45 -1.22 -1.54 -1.38 -0.83 -0).65 0.01
60 -1.24 -1.45 -1.64 -1,10 -1.37 -1.18 -0.99 .37 0.16! 40,32
80 0.97) 0.4 -0.05 -0.69 -1.15 -1.18 -0.70 -0.96!
100 0.18 £.57 0.09) -0.71 £).68 -0.43 -0.18

e

R ——————

T ———

G.2 Experimental Data and Results of the Model Validation
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_ watural gas NG5, A DP [K]

barrocl 25 | 20 | as | o ] 0. 5 10 15 20
5 080 -0.73]  -0.76] 081 -0.65 ]
15 06| 124] 133 131 0.56]  -034] 033
a0 SLsa] a7 Lis| 128 0.93

50 007 028 015 -124] 098] 04| 042
80 322 1.27] _ 034]  062] 0.85

100 385 J210 096] 032|026 018 oas

natural gas NG6, ADP [K]

baricc] 25 | 30 | 15 | 10 5 0. 5 10 15 20
5 0.19]  015)  0.14] 0.3  -0.40

15 86| 053 018 011 02| 007 044
40 056] 073 099 097  -0.26

60 SRS I T S N I
80 026]  0.09]  -050] -1.0)] 0.8

100 073 003 001 058 0.09] 0.16] 043

matral gas NG7, ADP K,

bar/°C] 25 | 20 | a5 | -19 S 0, L s 10 15 20
s 0.07 0.21 0.26 B

15 033|040

20 0.25]  0.2i]  -0.35 0.63

0 10| 086 094 0.84

80 13 1.26] 154

100 3.83 1.85 0.67

Table G.10: Zo_..uoc_w_. weight, compressibility factor (calculated with the AGAS-DC92
¢quation of state [246]), specific gravity and the Wobbe number of the natural gases

investigated in this work.
Natural Gas NG1 NG2 | NG3 | NG4 | NG5 | NGé6 | NG7
Molecular Weight, g/mol | 16.3448 | 17.2809 | 18.1434 | 18.2972| 19.272 | 18.4856 | 23.8347
Compressibility Factor Zu| 0.99758|0.99737{ 0.9969 ]0.99715]0.996590.99755[0.99672
Specific Gravity 0.5654 | 0.598 | 0.628 | 0.6326 | 0.6672 | 0.6395 | 0.8107
Wobbe Number, MVm* | 52.94 | 52.19 | 55.17 | 51.91 | 54.45 | 46.23
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