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Abstract 

Phil c behavior model i ng in crude oi l  i nc ludes pred iction of thermodynamic 

properties (such as saturation pressure, density, viscosity, thermal conductivity, 

etc. ) for the vapor and l i qu id phases. The aim of phase behavior model ing is to 

e tabl ish the accuracy and rel iab i l i ty of the developed equation of state model to 

predict various other flu id  phase behavior properties at h igh pressure and 

temperature condit ions .  

In the fi rst part of th i s  work, a new and rel iab le phase behavior apparatus designed 

in  Brazi l  was used for the two-stage recombination process and phase behavior 

measurements. The recombination of the surface sample fl uids (fi rst-stage 

separator gas and stock-tan k  o i l )  was used i n  th is work i n  order to reproduce the 

origi na l  o i l  composition .  I n it ia l ly, a precise amount of stock-tank o i l  is introduced 

in to the PVT cel l ,  and then a pre-calculated amount of the gas from the fi rst-stage 

separator was i nj ected to the PVT cel l .  The test was started at a pressure wel l  

above the bubble point  u nt i l  gett ing a monophasic fl uid, and  then it  was reduced 

stepwise unt i l  the fi rst bubb le  was observed. The observed bubble point pressure 

was a lmost the same as that of the fie ld  reservoir pressu re (2277  psia for wel l  

A#2 2  and 2 3 77 psia for wel l  # 3 3, U nited Arab Emirates). B ut the composit ion of 

the recombined flu id  was found  a l i tt le far from the requ i red reservoi r  flu id  

composit ion; therefore, the  vapor molar ratio was varied u nt i l  a monophasic flu id  

was obta ined with a fl u id  compos it ion of min imum deviation from the  u nder test 

reservoir flu id  compos i tion .  The optim ized vapor molar ratio was 0.5 183  and 

0.5603 for wel l s  A#2 2  and A#33, respectively, which are a l most the same values 

given by the service provider. A lso the val ue of the vapor molar ratio with 

m in imum deviation in the methane concentration was found  to be about 0.42 for 

each wel l when compared to that of the reservo ir  methane.  

In the second part of th is  work, another experi mental setup for both 

recomb ination and phase behavior of C02 measurements is described. After 

recombination process, a precise amount of C02 was i nj ected i nto the PVT cell and 

then the mixture satu rat ion pressure and the swe l l i ng factor were measu red .  The 

i nfluence of C02 addit ion on crude o i l  properties was i nvestigated us ing several 

molar ratios of C02/crude o i l  at condit ions close to the o i l  wel l  m ixture conditions. 
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The static-synthetic principles method, which consists of preparing a m ixture of  

known overal l  composition, was used to observe the flu id  phase behavior by 

changing the pressure of the PVT cel l  at constant temperatu re. A vapor- l iqu id­

l i qu id  trans ition was observed at C02 mass fractions above 0 .3 .  For C02 mass 

fractions between 0.0 and 0 .6, the swel l i ng factor ranged from 1 .0 to 1 .74. All the 

measu rements in the above mentioned tests were performed us ing an i n frared 

d vice which a l lows phase trans ition detection with a precis ion of less than 1 bar 

and 3-4 % error. 

Lastly, a phase behavior mode l ing was carried out us ing the PVTi [ 1 ]  and PVTpro 

[2J modu les from commercial (Schl umberger) s imu lators. The recombination 

process was s imu lated using the Soave -Red l ich -Kwong (S RK) and Peng- Robinson 

(PR) equations of  state i nc lud ing b inary- i n te raction coefficient and volume-shift 

correct ions .  The flu id  composit ion and the reservoi r  satu ration pressure and 

temperature are the main inputs to the phase behavior s imulators. The s imu lation 

task for composit ional analysis was performed and resu l ts compared to ava i lable 

fie ld data .  After conversion to the bubble point pressure (to be the same as that of 

fie ld data),  and by comparing the resu l ts of  both EOS, the P R  EOS was selected 

s ince it gives more accurate resu l ts when compared to the experimental resu l ts 

and fie ld  data. The other fl u id  properties such Z-factor, speci fic volume, dens ity, 

viscos i ty, o i l  formation volume factor, etc., were found  to match wel l  with 

exper imenta l  data, except the saturated l i q u id  molar density, therefore, the Rackett 

equation  was used to estimate the l i qu id  satu rated volume and gave very close 

va lues when compared to the correspond ing  fie ld  val ues. 

The PVTpro s imulator was also used to recombine  the surface flu ids (fi rst-stage 

separator gas and stock-tank oi l )  at the reservo i r  cond it ions. The pred icted 

recombi ned fl uid  composit ion from the PVTpro was found  in very good agreement 

with the reservo ir  flu id  composit ion; with an absol ute error of  0. 1 7% and 3 . 1 1 % 

for wel l s  A#2 2  and A#33, respectively. The PVTpro s imu lator was a lso used to 

perform the swel l ing test by i njecti ng C02 gas to the recombined flu id  (to 

investigate how much o i l  i s  going to swe l l  and  to estab l i sh the relation between 

C02 concentration and saturation pressure) . The error in the predicted saturation 

pressu re relative to the exper imental val ues was 8.4% for wel l  A#22 and 6.3% for 

wel l  A# 33 .  
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Cha pter One 

Background and Literature Review 

1.1 [ntroduction 

In order to perform flow s imulation in the reservo ir  and o i l  product ion systems, 

one requ i res knowledge of several physical properties of the flu id  system .  Fi rstly, 

what phases are present: gas, oi l ,  or water? What are the comparative q uant ities of 

these phases? What are the common phase properties, i .e., density, vi scos ity, 

thermal conductivity, etc.? [3] 

I n  princ ip le, we can take samples of the reservo ir  flu id  and measu re the q uantities 

of interest at certa i n  pressure and tem peratu re. H owever, these experiments are 

both d i fficu lt  and costly and cannot hope to cover the range of  p ressures, 

temperatu res and composit ions l i kely to encounter [4) . A schematic d iagram of the 

total p rod uction system is shown in F igure 1 . 1 .  

duction Pro 
W ells 

� 

I I I 
I Gas J I I I Facilities 

I 
I 

Gas-Lifts 

Reservoir 

, Inflm.'I.' 

.. Gas Sales -

I ... Oil Sales 
I -

.... Water Dump -

Gas Rerycle 

Figure 1 . 1 : A schematic diagram of the total oil  production system 

I n  matu re areas of petroleum accumulations i t  i s  now common to find  reservo i rs at 

20,000 ft (6,096 m) or more. At such depths, pressures can approach 1 6,000 psia 

(-109 M Pa) and temperatures are close to 400 of (477.6 K) . Pressure can take any 

va lue  between reservoir i n it ial  static pressure and one atmosphere in  the stock 
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tank, i f  one exi sts. Temperatu re wi l l  a lso vary between reservoir tem peratu re and 

standard temperature (60 OF) . 

I f  the flu id  com posit ion is fixed, a set of pre-defi ned look-u p  tables could handle 

temperatur e  and pressure variabi l i ty. General ly, the flu i d  composit ion with i n  the 

production system is not fixed for a variety of reasons [5 ] .  

( i )  With in  the reservoi r, the  fol lowing changes can take p lace: 

• CompOSit ion varies with depth and areal location .  The presence of h igh 

permeabi l i ty streaks can then a l low d i fferent fl uids  to mix .  

• As fluid drops below its satu ration pressure, one phase, genera l ly the gas 

wi l l  flow i n  favorite to the o i l  so the produced wel l  composit ion changes 

with t ime.  This effect i s  main ly i mportant for near crit ical flu ids .  

• Gas injection for pressure maintenance or miscib i l ity processes. 

( i i )  With in  the product ion system :  

• Flu ids from d i fferent parts of  the reservoir or reservoi rs can mix. 

• Gas i njection for gas- l i ft. 

• Changes i n  surface separation .  

A l l  these cases, and more, point  to the need for a composit ional  treatment of the 

flu id  system.  These methods are computationa l ly expensive. H owever, with the 

prompt i ncrease in computer power at reducing cost, they a re al l  now poss ib le on 

a h igh-end personal computer. 

1.2 Literature Review 

The study and understand ing  of phase behavior i n  crude o i l  systems p lay a central 

role in predict ing composit ional  changes under varying temperatures and 

pressures in  reservoi rs, surface separations, and production and transportation 

fac i l it i es. In particular, they are critical for rel iable and successful  compositional 

reservoir s imulation. H ow the flu ids behave with i n  the reservoi r, with in  the wel ls, 

at surface conditions, i n  the netw ork, and at the refinery i s  a complex question 

usua l ly made i n  the ambient  of  exploration, production and refi n i ng [6] . 

The flu id  properties must be know n  over a wide range of temperatures and 

pressures. When a gas is i nj ected in to the reservoi r, i t  is  also i mportant to know 
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how the properties of the origina l  reservo ir  flu id  wi l l  change as the composition of 

the mixture changes. The PVT properties are also needed to pred ict : -

a) The composit ion of  the wel l  stream as a function of t ime, 

b) completion design, wh ich depends on the properties of wel l - bore l iqu ids, 

c) The effect of i njecting or re- i njecting  gas, 

d) The amount and composit ion of the l i quid  left beh ind in the reservo i r  and 

their  properties (dens ity, su rface tens ion, viscosity, etc.), 

e) Equ i l ibr ium ratios, more com monly known as k-va lues; (= vapor p hase 

mole fract ion to l i qu id  phase mole fraction) at equ i l i brium.  

Several artic les have addressed the proced ures for eva luating and improving the k­

va lues. I n  a flu id m ixture cons isti ng  of d i fferent chemical species at  high pressure, 

k-val ues are dependent on the pressure, temperatu re, and composition of the 

mixture. This extra dependency on the flu id  composition, for h igh -pressure 

systems compared to low-pressure systems, has l im i ted the abi l i ty to predict h igh 

pressure k-va lues emp irica l ly and sh ifted the emphasis for preferred methods to 

us ing the more sophisti cated equations of state approach such as those based on 

perturbat ion thermodynam ics theory l ike the statistical  associating flu id  theory 

(SAFT) fram ework models [7 ) .  H owever, i n  contrast to the cubic equations of state, 

these models over pred ict the m ixture critica l  cond i tions, s ince they do not i nc lude 

in  the ir  pure com ponent parameters, any crit ical  point  i n formation.  

Almehaideb et a!. [6] present an accurate k-va lue correlation  for the UAE crude oi l  

components at h igh pressu res us ing PVT laboratory data. Materia l  balance 

techn iques are used to extract the k-values of  the crude o i l  and gas components 

from the constant vo lume  dep let ion and d i fferential l i beration (OL) tests for the o i l  

and gas samples, respectively. When plott ing the log k-value vs. pressure, the 

curves should p lot in a para l le l - l i ke trend .  The upper curve should correspond to 

n i trogen, the l ightest component, fol lowed by the curves of methane and C02. 

Then, e i ther ethane or hyd rogen su l fide (depend i ng on the fl u id composit ion) 

fol lowed by the rest of the com ponents. 
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1.3 Research Objectives 

The com mercial service provider col lected two bottom -hole samples A#2 2  and 

A#3 3  from Field A in  UAE and provided the fol lowi ng information for both wel ls :  

reservoir i n it ial  static pressu re, bottom-hole temperature, bubble poi nt pressure, 

and compositional analyses of the reservoir  flu ids .  

S ince bottom-hole samp l ing is real ly d i fficult  and costly and the vol u me col l ected 

by the down-hole flu id  sampl ing  is smal l  compared to that of the su rface-fluid 

sam pl ing. The fi rst objective of th is  work is to have surface sam ples from the stock­

ta nk o i l  and gas l eaving the fi rst separator to perform recombi nation process us ing 

h igh -pressure PVT cel l  i n  order  to obta in  the same saturation pressure at the 

reservoir temperature and flu i d  composit ion c lose to the or ig inal  reservo ir  

composit ion. The second objective i s  to  s im ulate the phase behavior i n  crude oi l  

system at h igh p ressure usi ng the com mercial Ecl i pse S imu lator [ 1 ] .  In  particular, 

the effect of  C02 i njection on  reservo ir  flu id  wi l l  be investigated us ing two major 

cubic equation of state (Soave-Red l ich-Kwong and Peng-Robinson) .  Further, 

swel l ing tests w i l l  be ca rried out to determine  the volumes or moles of a specified 

gas composit ion added to the reservoi r  fluid in a number of stages. Prior to and 

after each addit ion, the flu id  wi l l  be  brought to its satu ration pressure and th e 

relative change i n  vol ume (swe l l i ng  factor) i s  determi ned. 
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Chapter Two 

Theory and Methodol ogy 

2.1 Phase Behavior of Hydrocarbon Flu ids 

In a petro leum m ixtu re of known composit ion one can ask how the m ixture 

components d istri bute themselves at some specified pressure and temperature 

conditions. I n  particular, is the flu id  a gas, o i l  or a m ixture of  both? 

L im it ing our in terest i n  hydrocarbon mixtures, up to 2-phases (gas and oi l )  

present at  su rface condit ions and are cal l ed vapor and l i qu id  under reservoi r  

and/or production cond it ions .  

Wherever hydrocarbons are found,  water is usual ly found .  Hydrocarbons and 

water should be  cons idered together when fluid properties are studied .  However, 

the i r  related solub i l i ty i s  common ly very low and for most purposes, water is 

i ndependently cons idered.  An i mportant except ion is gas-water m ixtures in 

production systems. At low flow rates or shut- i ns, the gas-water m ixture is capable 

of formi ng gas hydrate at temperatures above 0 0c. Once the gas hydrate is formed, 

i t  is  d i fficu lt  to be  cleared. The operators req u i re add ing an expens ive flu id  (e.g., 

methanol) i n  the fl ow l ine  to overcome the hydrate formation [8] . 

Petro leum o i l s  conta in ing  very heavy hydrocarbon molecules, cal led resins and 

Asphaltenes, can also be found .  These materia l s  cause most problems in  the 

production system but they can also be a prob lem in the near wel l  bore region 

where they can d rop out as pressure fa l l s  and effectively reduce the porosity. 

Aga i n, expensive chemical treatments may be needed to remove them if they occur 

[9] . 

Carbon d ioxide i nj ection is famous for many old o i l  fie lds .  Large C02 reservoirs 

mean there is more supply of material for i njection and u nder the right condit ions 

i t  can sign i ficantly enha nce o i l  production. At relatively low pressures and 

tem peratures, say 150 OF (338 .7  K) and 1500  psia ( 1 0.3  M Pa) ;  a four-phase system 

is seen conSist ing of an aqueous phase, a hydrocarbon vapor, a hydrocarbon l iqu id  

and a C02- rich l i qu id. G iven the narrow range of cond i tions under wh ich th is effect 

occu rs, it is genera l ly not modeled i n  reservo ir  s imu lation a lthough i t  i:; studied as 

a PVT prob lem [ 1 0]. 
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Any analys is  of reservo ir  behavior depends on the PVT relat ionships for the co­

existi ng flu ids .  I t  is usual ly to represent the phase behavior of hydrocarbon 

reservoir flu ids on the P- T plane showing the l im its over wh ich the fl u id exi sts as a 

s ingle phase and the proportions of  the o i l  and gas in  equ i l ibr ium over the two­

phase P- T range. 

2.1.1 Phase Behavior of S ingle-Component Systems 

S ingle-component hydrocarbons are not found  in nature; however it  is  beneficial 

to observe the behavior of a pure hydrocarbon substance under vary ing pressures 

and temperatu res to gai n i nsight i n to more complex hydrocarbon systems u nder 

s im i lar  conditions. To study the behavior of  a pure hydrocarbon substance, the 

PVT ce l l  is  charged, for example, with ethane at 60 of (288 .7 K)  and  1000 psia 

(6.89 M PaJ. Under these condit ions, ethane i s  in l i qu id  state. If the cel l  vol ume is 

increased, wh i le  ho ld ing the temperature constant at 60 of th roughout, i t  wi l l  be 

found  that the pressure fal l s  rap id ly u nt i l  the fi rst bubb le  of the gas appears. Th is  is 

cal led bubble  poi nt. Further i ncrease of cyl i nder volume does n ot reduce the 

pressu re p rovided, temperature i s  he ld  at 60 of a l though heat m ust be added to 

the system to mainta in  a constant temperature. The gas volume i ncreases at thi s  

constant  pressure u nti l  the  po int  i s  reached where a l l  of the  l i qu id  i s  vaporized. 

Th is is cal l ed  the dew point. The ethane gas expands with fu rther  i ncrease of 

cyl inder  vol ume at 60 of as pressu re decreases hyperbol ically [11] . 

2 .1.2 Phase Behavior of M ulti-Component Systems 

Consider the phase behavior of  a 50 : 50  m ixtu re of two pure hydrocarbon 

components on the P-T plane as s hown in Figure 2 . 1 .  The vapor pressure and 

bubble point  l i nes do not coincide but form an envelope enclos ing a broad range of 

temperatures and pressures at wh ich two phases (gas and oi l) exi st in  equ i l ibr ium. 

The dew point and the bubble poi nt  curves meet at the critical po int, wh ich i s  

defi ned as that temperature and pressure at  wh ich l i qu id  and vapor phases have 

identi cal  i n tensive flu id  properties.  The flu id  above the bubble point  is i n  the l i qu id 

state, the flu id below the dew point  l i ne is vapor, and the fl u id iT'. the space 

1 5  



enveloped between the two l i nes is a two-phase mixture ( l iqu id  and vapor) in  

equ i l i br ium [12] . 

Critical Point 
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� Dew Pint Curve 
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0. 
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", 
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", 

Temperature 
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2S / 

;.a::: 

/ 

Pure Heavy Component 

~ 
Figure 2 . 1 : P- T curves for a b inary equ i molal  m ixture [12] 

2 . 1.3 Phase Behavior of Low Shrinkage Reservoir Fluid 

Gas 

The chem ical composit ion and amount of each constituent present determine the 

shape of the two-phase envelope and i ts posit ion on the P-T d iagram. Each 

reservoir fl u id has a un i que  phase d iagram. Figure 2 . 2  is a phase d iagram typical of 

a low shri n kage oi l  of  a reservoi r. F lu id  at reservoir temperature and pressu re at 

poi nt A I exists as under-satu rated l i qu id .  If a sample of  th is  flu id  is expanded in a 

PVT cel l  at a reservoi r  temperature Tresl the bubble point  pressure wi l l  be reached 

at A. This  is approxi mately the path that flu ids fol low in moving horizontal ly 

through the reservo ir  to the wel l  bore [13]. 

2 . 1.4 Phase Behavior of Retrograde Condensate Reservoir Gas 

The phase d iagram shown in Figure 2 . 3  represents the behavior of a retrograde 

condensate gas of a reservo ir. The flu id  at point A I i s  above the crit ica l  temperature 

and is therefore class i fied as gas. On reduction of pressure at constant temperature 
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from point A', the dew point l ine  is crossed atA and l i qu id begi ns to condense from 

the reservo ir  gas. I f  the pressure and temperatu re are reduced from A along the 

dashed path to separator condition, the d iagram shows that 25 % of l i qu id  is 

recovered at th is point. On further reduction to atmospheric pressu re, only 2 % of 

the l i qu id  wi l l  remain .  

PVT Cell 

A' __ 1-__ L�iq�U _id--------------- , 

I 
I 

/ 

I 
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, 

I �:: ::�:�.--I----F--StO -Ck T-ank-. ---"'I" 

7S % Liquid Tatm Tru 

Critical Point 

Gas 

Temperature ----------__ .. � 

Figure 2 . 2 :  P -T phase d iagram of low-shr inkage reservoir fl u id  [ 1 3J 
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Figu re 2.3: P- T phase d iagram of retrograde condensate reservo ir  gas 
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2. 1.5 Phase Behavior of Dry Gas Reservoir Fluid 

The phase diagram on the P-T plane represents the behavior of a dry gas reservoir 

flu id .  I f  the pressure and te mperature are reduced from the original reservoir 

cond i tions at poi nt to standard stock tank condit ions (60 of and 14.7  psia), there is 

no l iqu id  recovery and the reservoi r  flu id remains completely in the gaseous phase 

d u ri ng the process as shown in Figure 2.4. 
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Temperature 
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, 
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/ 
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Orignal • Reservoir 
/ Conditions 

Gas 

Tres 

Figure 2 .4 :  P-T phase d iagram of d ry gas reservoir fl u id  

2. 1.6. Phase Behavior of Wet Gas Reservoir Flu id  

A fl u id  that exists above i ts cr it ical  temperature as  gas at reservoir condit ions, but 

produces a smal l  q uantity of  l iq u id condensate on reduction to the separator/stock 

ta nk cond it ions, may be te rmed wet gas (see Figure 2 .5) .  

2 .1 .  7 Phase Behavior of Cru de Oi l  System 

As the d i fference between the reservoir temperature and the crit ical temperature 

i ncreases, with Tres = Te, the l i nes of  constant vapor fraction spread out. Therefore, 

as the p ressure fa l l s  down from the bubble point, the amount of vapor l i berated 

fa l l s. I n  addit ion, the l iq u id  content of the l iberated vapor is reduced. I f  the 
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as umption that the l iberated vapor can be treated as dry gas is acceptable, then 

the fluid can be treated as a crude o i l .  

Liquid 

100 % LIQuid 

- .... ,., , 

/ 
/ 

\ 

, \", 
I 

I 
I 

;\ 

A 0r18ID�1 
", r I R .. ,rn olr 

", Condition, 

B 

Trts 

Temperature ------------1 .... 

Figure 2 . 5 :  Phase d iagram of wet gas reservoi r  flu id  

Gas 

At pressures i n  excess of  the bubble point, the crude  o i l  wi l l  be referred to as being 

u nder-satu rated, that i s, more vapor could be d issolved i f  i t  were present. At the 

bubble poi nt, the crude i s  cal led saturated, i .e . ,  i t  ho lds as much vapor as i t  can. 

Strictly, at al l  pressures l ess than the bubble point pressure the l iqu id  wHl be 

satu rated, as vapor wi l l  continue  to grow. 

The relative s impl i ci ty of the crude o i l  phase behavior has given rise to nu merous 

correlations to describe  their behavior. These consist of  expressions to calcu late: 

• Bubble  point  pressure (Ph) 

• Oi l  formation vol ume factor (FVFo) 

• Solut ion Gas-to-Oi l  Ratio (GOR) at any cond it ion (Rs) 

• Oi l  viscosity (�o) 

• Gas viscosity (�g) 
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These correlations generally use the fol lowing set of parameters: 

• Oil  API gravity (YAP!) 
• Gas speci fic  gravi ty (Yg); Yair = 1 .0  

• Solution GOR at i n it ia l  cond it ions (Rs;) 

• Reduced temperatu re, (Tr) 

The correlations are therefore of the form 

Pb = [(YAPt' Yg' Tr) (2 . 1 )  

The more commonly known correlations are d u e  to Stand ing a n d  Katz [ 14] . 

2 .3 The Corresponding States Theorem 

The phys ical  properties of hydrocarbons vary with molecular weight and shape. 

Therefore, resu l t ing properties such as dens ity, viscosity, thermal conductivity, 

etc., cannot be easi ly comprehended for one species based on measurements of 

those properties for another species. However, i t  was observed that this works i n  

terms o f  reduced properties such a s  reduced temperature, Tr, and pressure, Pr, 

defi ned by 

(2 .2 )  

In  particu lar, the correspond ing  sta tes theorem says a l l  pure gases wi l l  have the 

same Z-factor at the same Pr and Tr. 

Figure 2 .6  (usua l ly known as the S tand ing- Katz Z-factor chart [ 1 5] ) ,  s hows the 

variation of  the Z-factor with pseudo-reduced pressure, Ppr = PIPpc and pseudo­

reduced temperature, Tpr = TITpc, both calculated at the pseudo-critical properties 

of the mixtu re. A l l  hyd rocarbon gases (up to C6) and the inorgan ic  gases N 2, C02 

and H2S obey th is  chart to with i n  a few percen t. M ixtu res of  these components can 

also have the ir  Z-factors computed from this chart instead of the pure component 

crit ical  pressure and tem perature in Eq .  ( 2 . 2) .  

I n  th is  work, the pseudo-critical pressure, Ppc, and pseudo-critical temperature, Tpc, 

are used as defi ned below: 

(2 .3 )  
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where y, is the mole fraction of the ith component i n  the mixture. In the absence of 

compos it ional  analysis, the pseudo-crit ica l  propert ies can be esti mated from 

correlat ions based on gas speci fic gravity [ 1 6 ] .  
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Figure 2 .6 :  Compress ib i l i ty of natu ral gases as a function of reduced pressure and 
temperatu re ( Based on Stand ing and Katz, 1 942) .  

In  the eq uations of  s tate models  both pressure and temperature ff�p laces the 

critical terms in Eq.  (2 .3)  as  reduced quantities. Other models apply the 
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corresponding states theorem for esti mating viscos i ty and thermal conductivity of 

hydrocarbon mixtu res [ 1 7] .  

2.4 Z-factor correlation 

One of s implest correlations for esti mating the Z-factors is due to Br i l l  and Beggs 

[18]: 

wh ere 

Z = A + ( 1 - A)e-B + Cp:r 

( )0.5 A = 1 .39 Tpr - 0.92 - 0.36Tpr - 0. 1 0 1  

_ ( ) 2 ( 0.066 ) 
B - Ppr 0.62 - 0 .23 Tpr + Ppr ( ) - 0.037  

Tpr - 0.86 

C = 0 . 1 3 2  - 0.3 2  * l og Tpr 

(2 .4) 

(2 .5) 

Correlation (2 .5) is  adequate (±2% error) provided that the temperature l ies 

between 80 and 340 of (299.8 and 444.2 K) and the pressure is below 10,000 psia 

(68.9 M Pa). The main advantage of th is  correlation is being expl icit i n  z .  The phase 

behaviors and correlations  d iscussed above can be used i n  assessing the 

experimental  calculat ions.  

In the next chapters we wi l l  d i scuss samp l ing and i ts types, condit ions,  and 

procedu res as wel l  as  l aboratory analyses (such as satu ration pressure, separator 

and swe l l i ng  test procedure) which wi l l  be conducted in th is  work. The Kay's ru le, 

Z-factor correlations, and reduced properties wi l l  be used i n  the calculations of the 

recombination process in the PVT cel l .  
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Chapter Three 

Sampling and Laboratory Analysis 

3.1 Sa m pling 

Mathematical models encapsulated with in  software packages are increasingly used 

to pred ict the behavior of  hydrocarbon reservoirs and their re lated p roduction 

systems. These models requ ire i nput, i n i tia l ization and cal ibration data. For fluid 

property determ ination this requ i res to take samples of the fluids of i n terest, 

determine their composition, and fi na l ly, perform a set of standard tests to 

prod uce data to cal ibrate these models [ 1 9 ] .  

Before conducting any test, samples of  t h e  flu id  o f  interest should be taken as 

part of the in itial wel l  testing program.  There are usua l ly confl icts i n  the wel l  

test program with the need to obta in  reservoir  parameters versus the col l ection of 

representative samples .  Proper design and  carefu l  p lanning is  the key to 

min imiz ing these confl icts [20 ] .  

3.1.1 Well Testing 

The main problems i n  the wel l  test des ign for sampl ing i s  concerned with the 

production  interval and the tub ing size. I n  large hydrocarbon colu mns, a 

s ign i ficant variation in  compos i tion with depth is possible. I n  th is  case, it is 

p referable to sample only a l imited in terval by restricting the perforations. I t  

suggested that  the i n tervals be restricted to 30 -ft col um n. This then requ ires 

several tests to be performed over large (over 300-ft) columns, and a m in imum of 

three separate tests [ 2 1 ] .  

When consideri ng wel l  condit ioning, the sample col l ection i s  best served by low 

flow rates (us ing smal l  d iameter tubing) s ince low rate production i n  large 

d iameter tu bing gives rise to an unstab le flow regi me cal l ed sluggi ng. However, the 

rate must be h igh enough to ensure that l iq u ids are produced to surface [ 22 ] .  

Technological advances i n  recent years have hel ped here si nce i t  may be 

poss ib le to run smal l  d iameter coi led tu b ing d ur ing the sampl i ng phase, retu rn ing 

back to the large d iameter tubing for the other aspects of the wel l  test. 
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3.1.2 Conditioning 

There are two ways of sampl i ng: ( 1 )  down-hole and (2)  surface sampl ing  as 

i l l ustrated in Figure 3 . 1 .  

lsoklnellc Sampling POint 
Separator Gas -----:...amPllng POInt 

Choke '" 
/ 

------ Wellhead 
Sampling POInt 

Surface Sampling 

D Separator LJqUld Samplmg POInt 

Subsurface (DownHole) Sampling 

DownHole Sampling Tool Stnng 

EXothermal. SPS and/or PDS Samplers 

Figu re 3 . 1 :  Reservoi r  fl ui d  and sampl ing  [23 ]  

I n  both methods, proper condit ion i ng of the  wel l  prior to  tak ing the sample is 

necessary: 

1 .  Samp l i ng shou ld  be done as soon as poss ib le  after the wel l  i s  completed .  

2 .  The p rocess of  dr i l l ing and completion usual ly resu l ts in  near-wel l bore 

damage and con tamination, which must be cleaned-up before the sample 

can be taken. Th is  is  best achieved by a h igh flow rate. However, th is  may 

cause a large p ressure draw down that m ight cause the bottom-hole 

pressure to fal l  below the saturation pressure. Then, depend ing on the 

relative permeab i l i ty effects, the flu id  flowing i nto the wel l  may be 

unrepresentative of  the reservoir  fl u id .  

Once the balance i s  ach ieved between maximiz ing clean-up t ime and m in im iz ing 

pressure draw down, the main a im of which is to ach ieve 
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• Un i form flow rate, 

• Un i form gas-to-oi l  ratio, GOR, 

• Stable top hole pressure (PTH) 

• Stable bottom hole pressure (PBH) 

• Stable bottom hole dens i ty, (PBH) (to ensure no l i qu id  bu i ld  up) 

• Stable wel l head temperatu re, (TwH) 
The stab i l i ty cond it ions are satisfied for at least 6 hours p rior  to the sample being 

taken [24] .  

3.1.3 The Down-Hole Sampling 

In th i s  tech nique, a bott le is lowered down hole on a wi re l i ne  and placed as close 

as possible to the open i n terval .  At some pre-arranged t ime or on a command from 

the surface, the bottle is opened to the flu i d  flowing around it upon which some of 

that flu id  is a l lowed to enter the bottle. Un l i ke surface sampl i ng, the volume of 

fl u id that can be col lected is relatively smal l, typ ical ly 1 l i ter or so. 

The sample  bottle is returned to the laboratory and the flu id  i s  flashed to 

atmospheric condit ions. The normal ized mass fractions of  the gas (Wg;) and the oil 

(WOI) in the stock tank sample are found  by gas chromatography. The molar weight 

(Mo) and density (po) of the o i l  sample are then measured. 

The flash gas-to-oi l  ratio (GOR or Rs) i n  consistent un i ts ( ft3/ft3 or  m3/m3) is given 

by 

(3 . 1 )  

where Vgm and Yom are respectively the  gas and o i l  mo lar  volumes ( i n  field un i ts, 

ft3 lib- mol) and ng and no are the correspond ing number of moles .  I f  the number of 

moles of the feed is assumed un i ty, then no = 1 .0 - ng. The molar volume of the 

oil, by defi n it ion, equals its molar weight d ivided by dens ity, i .e .  

\I, = Mo om Po 
(3 .2)  

Comb in i ng these results a l lows calculation of  the number of moles of the gas as 

(3 .3)  
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Meanwhi le, the o i l  and gas mass fractions are converted to mole fractions (XI and 

YI) us ing the oi l  and gas molar weights, Mo and Mg): 

(3.4) 

(3 .5)  

Final ly, with the gas and oi l  samples' mole fractions (Xi and YI) and the number of 

moles of the gas, the feed composition, ZFI, i s  calcu lated from 

(3 .6) 

The measurement of  molar weights is extremely d i ffi cu l t  and can be subj ect to an 

error (as large as ±lO%); which wi l l  clearly affect the determination of the wel l 

stream molar composit ion [25 ] .  

3.1.4 The Surface Sampling 

The wel l  i s  permitted to flow to the surface where a fraction of the wel l stream 

flu id  is re-d i rected to a test separator he ld  at  some pre-determ i ned pressure and 

temperature. After ensur ing the stab i l i ty cond it ions being met, samples of the 

separator vapor and l iqu id are col l ected i n  a number  of bottles, which are then 

sent to regional laboratories for analysis .  

The main  advantage of su rface sampl ing over the down-hole sampl i ng is the ab i l i ty 

to col lect large volu mes of flu id . However, there are a n umber of i ssues to be 

cons idered : 

• Lifting a l l  the produced flu ids, 

• Ensur ing a representative m ix i s  taken from the flow l ine, 

• Accu rate metering with the consequent problem of recombin ing the vapor 

and l iqu id  streams  to reconstitu te the wel l stream flu id .  

Most su rface samples are taken through a test separator. Ideal ly, the i n let of the 

test separator shou ld  be i nserted i nto the main  flow l i ne  from the wel l  head 

man i fo ld .  The probe should be preceded by a baffl e  arrangement to ensure the 

flu id  i s  wel l  m ixed. 

26 



A number of analysis tech n iq ues can be employed to ensure any recombined 

sample i s  representative. Fi rstly, when the l iqu id bottle is opened back in  the 

laboratory, the bubble point  pressure should be the same as the separator 

pressure at which it was sampled and should be corrected for temperature. 

Second ly, s i nce a l l  the components of the vapor and l i qu id  phases are in  

eq u i l i br ium, then the k-va lues for each component i n  the m ixtu re can be 

calcu lated. 

(3 .7) 

Stand ing suggested that the measured Kvalues should obey the fol lowi ng equation 

[ 26J 

(3 .8) 

where Psep i s  the separator p ressu re ( in  psia) and F,  is  given by 

(3 .9) 

Where Tbl, TC/, and Pc; are respectively the normal  boi l i ng temperatu re, the critical 

temperature and the criti cal pressure of component i in the m ixture. Pst is  the 

standard pressure ( in  cons i stent un i ts) .  The constants Ao and  Al are calcu lated 

from [2 6J: 

(3 . 1 0) 

(3. 1 1) 

Eq .  (3 .8) i s  general ly assumed val i d  for hydrocarbon mixtures at pressures up  to 

1000 psia (68 bar) and tem peratures up  to 200 OF (366.4 K) . 

3.2 Laboratory Analysis 

After obta in i ng one or more rep resentative samples, the next task is to analyze 

them to fi nd  which components are present  and i n  what proportions. Then a set of 

sta ndard experiments shou ld be performed to determine a set of important 

parameters. The parameters measured depend on the nature of the rese:-voir flu id, 

i .e. l i q u id  and/or vapor. 
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3.2.1 Composition Determination 

The workhorse in  th is  area i s  the gas ch romatograph (see Figure 3 .2) ,  wh ich 

u sual ly comes in one of two types, packed colu m n  or cap i l l ary col umn .  The packed 

column  consi sts of a glass or sta in less steel coi l ,  typica l ly 1 - 5  m in length and 5 m m  

i nner d iameter. The cap i l l ary columns  are th i n  fused s i l i ca, typ ica l ly 1 0 - 1 00 m i n  

length  with an i n ner d iameter o f  250  11m [27] .  

gas 
supply 
@ 1 996 B . M .  Ti ssu e  
wvvwscim edia com 

oven 

injection port 

colnnln 

recorder 
Figu re 3 . 2 :  A schematic of  a gas chromatograph ic  system [28]  

The samp le  i s  i n jected i n to the col umn, which i s  housed in  a tem perature­

contro l led oven .  As the temperature is i ncreased on some pre-programmed 

schedule, the components wi l l  boi l  depend i ng on their volati l i ty. 

An i nert carrier gas s uch  as hel i um or argon then carries the components a long the 

tube to a detector. The effl uent from the GC m ixes with an a i r/hydrogen m ixture 

and passes through a flame. The resu l t ing ions are col lected between the 

electrodes to produce an  e lectrical s ignal .  

The most popu lar types of  detectors are the Flame Ion ization  Detector (FID) and 

the Thermal Conductiv i ty Detector (TCD) .  The FID is very sens itive but it  destroys 

the sample. The TCD consi sts of an electrical ly-heated wire whose res istance is 

affected by the thermal conductivity of the surround ing gas. The change in  

resi stan ce can be correlated to  the  nature of the  surrou nd ing gas. The TCD i s  not  as  

accurate as the  F I D  but i t  i s  non- destruct ive. 
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3.2.2 Saturation Pressure Determination 

The bubble  po int p ressu re for a reservoi r  l i qu id  or the dew point  pressu re for a 

reservoir vapor i s  one of the i mportant measurements performed at saturation 

cond it ions .  The exact mechan ics of  the measurement depend on the fl u id  type but 

in  both cases i t  begins by load ing  a vol u me of the reservo ir  flu id  in to a PVT cel l 

(discussed i n  Chapter 4) . Th is  cel l  i s  p laced i n  a chamber whose temperature can 

be set as that of  the reservoi r  temperatu re. Pistons can rai se and lower the 

pressure and valves a l low flu id  to be i njected and removed from the top and 

bottom of the cel l .  Some cel l s  conta in  a window, located near the bottom of the cel l 

to a l low visual  i nspection of the contents [ 29] . 

For a l i qu i d, the pressure i s  raised to some h igh pressure, genera l ly s l ightly i n  

excess of  the i n i tia l  reservoi r  pressure. Then, the pressure is reduced i n  a series of 

stages and the correspond ing  vol ume  of the flu i d  is recorded at each stage [30) .  I n  

th is  case, the relative volume-pressu re behavior p resented i n  Figure 3 .3  has been 

observed. 

Vol u n1e for Cru d e  O i l vs . Pressure 
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Figure 3 . 3 :  Expected Vrel - P curves of crude o i l  a rou nd the bubble point  for wel l  

A#33 .  
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3.2.3 The Constant Mass Study (CMS) Test 

The CMS test i s  a test performed with a known quanti ty of representative reservoi r  

flu id  sample, wh ich remains constant throughout the test. I t  i s  also known as 

Constant Composit ion Expans ion eCCE) test or Constant Mass Expansion (CM E) 

test. The CMS test is a flash l iberation process, s ince the sample composit ion 

remains constant  and as the gas is l iberated from sol ution, i t  remains in  contact 

with the l i qu id  and  eq u i l i bri um is attained wi th a l l  components sti l l  present [ 3 1 ) .  

The fol lowi ng can b e  determi ned from the C M S  test: 

• Reservoir temperatu re at saturation pressure 

• Ambient  temperature at saturation p ressure 

• Relative volume-pressure relationsh ip  

• Compress ib i l i ty factor 

• Thermal  Expans ion 

A fixed vol ume of  the reservoi r  flu i d  i s  charged i n to a h igh pressure PVT ce l l  wel l 

above the saturat ion pressure of the flu id. The cel l  vol ume i s  i ncreased in  smal l 

i ncrements, with the pressure being recorded a fter each volume i ncrement and 

after i t  reaches equ i l i br ium.  When the cel l  reaches the sample bubble point, the 

fi rst bubble of  the gas evolves. The compressib i l i ty of the two phases p resent in the 

cel l  d rastica l ly i ncreases due to the gas compress ib i l i ty being much larger than 

that of  the l i qu id . This can be seen when the sample volume is plotted against the 

cel l  pressure as i l l u strated in Figure 3 .4. The test can be described step by step as 

fol lows [32 ] : 

• The cel l  s tarts at a pressure wel l  above the bubble point pressure Figure 

3 .4-A. 

• The pump is backed off to increase the cel l  volu me and the new cel l  

pressure is recorded. I n  Figure 3 .4- B the bubble po int  pressu re (Pb) i s  

reached and  the  first bubb le  of  the  gas i s  formed. Looking at the  V-P plot 

under each cel l ,  the s ingle-phase part of the curve i s  qu i te l i near. 

• I n  Figure 3 .4-C the cel l  vol u me i s  further i ncreased, such that the cel l 

p ressure is now P3, which is less than Pb. More gas has come out of the 

30 



41 e ::I 
'0 > 

solution; as a result  the sample compress ib i l i ty changes s ign i ficantly. This is 

i l l ustrated in  the V-P plot by the deviation from l i nearity. 

• I n  Figu re 3 .4-0 the cel l  vol ume is fu rther expanded and the pressure 

conti nues to decrease, however, it decreases less with step i ncrease in  the 

sample volume. 
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Figu re 3 .4 :  Schematic representa tion  of the Constant M ass Study (CMS) test and 

the  corresponding V-P curves [3 1 ] .  

3.2.4 The Separator Test (SEP) 

The wel l stream fl u id arriving at the surface i s  usual ly put through two or more 

stages of separation .  A schematic of  a 2 -stage separator test is presented in  Figu re 

3 . 5 .  A separator i s  effectively a large tank hel d at some pre-determ i ned pressure 

and temperatu re, which a l lows the flu id  to separate i nto vapor, l i qu id  and 

optional ly aqueous phases. Usua l ly, the l i qu id  from a fi rst stage separator is taken 

as the feed for the second stage separator, and so on. Theoretical ly at l east, the last 

stage is at standard cond i tions (Pst = 14.7  psi a and Tst = 60 of) and the l i qu id  

arriv ing here i s  the  stock-tank o i l .  I n  practice, especia l ly in  an  offshore 

environ ment, the l i qu id  wi l l  be put i n to a sales l i ne  at some pressu re i n  excess of 

the standard pressu re. The vapor produ ced from each stage is col l ected together 
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and reported as i f  it had been taken to standard cond it ions .  Again,  in practice, the 

vapor wi l l  rarely be taken down to standard condit ions although the vol umes are 

corrected to these cond it ions [ 33 ] .  

Well Stream 

Stage GOR = Vgi / Vo2 
Total GOR = (Vg1+Vg2) / Vo2 
Stage FVF = Voj / Vo2 
Total FVF'" = Voh / Vo2 
"' .  O i l  Volume at Pbub [Vob} 

Sepa rator Test 

Vgl Stock 

(Pst, Tst) 

Vg2 

Vol 

Vo2 

Figure 3 .5 :  A schematic d iagram of a 2-stage separator test [33) . 

The set of  separator stages i s  somet imes referred to as separator sequence, which 

represents an approximation to the process ing plant used in practice. The key 

parameters to determine  are 

• Gas-to-o i l  ratio (GOR) at each stage (= Vgi/Vo2) and hence the total GOR =(Vgl 
+Vg2)/Vo2 

• Oi l  formation vol ume factor (FVFo) at each stage (= Vo;fVo2), the total FVFo 
(= Vob jVo2), where Vob i s  the o i l  vol ume at saturation pressure (Pb) 

• Densit ies of l i berated fl u ids  (o i l  and gas) at each stage. 

The GOR is usual ly reported as the gas volume per o i l  vol u me both at stock tank 

standard condi tions (Pst, Tst) . The volume of the gas l iberated at each stage, Vg; is  at 

some elevated pressure and temperatu re (Pi, T;) at wh ich its Z-factor, Z;, is  

measured. Then from the real  gas law 
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PV = ZRT (3. 1 2) 

One ca n compute the volume the gas wi l l  occupy at standard condit ions from 

(3. 1 3) 

By defin i tion,  the standard Z-factor at sta ndard condi tions, Zst = 1 .0 .  I t  is sometimes 

poss ib le  to adj ust the pressure and tem perature of the stages, usual ly the fi rst­

stage pressure, to maxi mize l i qu id produ ction .  

In  addit ion to the above mentioned laboratory analysis and procedu res, Chapter 4 

is devoted to the determi nation of the saturation pressure by a recombination 

process at the reservo ir  pressure and temperatu re, and then swel l ing tests are 

conducted to investigate how much the C02 i nject ion is going to swel l  the o i l .  Th is 

wi l l  he lp in enhancing the o i l  recovery. 
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Chapter Four 

Expe rimenta l Setup and Procedures 

4. 1 Experimental Setup 

The experi menta l setup used in  this work consists of  a h igh-pressure variable­

volume PVT cel l  (made in Brazil ) ,  a syringe pump ( ISCO 2 60 D) and a heating 

device with magnetic stirrer (Stuart Magnetic Stirrer CC 1 62 /SC1 62) (see Figure 

4. 1 ) .  The view cel l has two sapph i re windows for visual observations, an absolute 

pressure transd ucer (Smar, LD 3 0 1 )  with a precis ion of  ±0.3 1 bar, and a portable 

p rogrammer (Smar, HT 2 0 1) for pressure data acqu is i tion .  

The equ i l ibr ium cel l  i nc ludes a movable p iston, which permits the control of  

pressure inside the cel l .  Phase transit ions are recorded through pressure 

man ipu lation us i ng the syringe pump and a solvent (C02) as a pressuriz ing flu id .  A 

set of  valves used i n  the u n it (see Figure 4. 1 )  and their objectives are as outl i ned 

below: 

V 1 :  Needle valve ( H I P, Model  l S - 1 2AF2) .  When opened a l lows the flow of C02 

(or gas) from the first-stage separator to the chamber of the syringe 

pump. 

V2 : Two-way valve ( H I P, M odel  1 S -AF1 ) .  Th is valve i s  used to i nj ect C02 or the 

gas from the fi rst-stage separator through the syringe pump in to the 

process l i ne. 

V3 and VS : Needle valves (Autoclave Engineers, M odel  MVE 100 1) .  The 

function of these valves is to cut or a l low the flow in a given l i ne. V3 i s  

used to i solate t h e  un i t  from the pressu re p u m p  dur ing assembly and 

d isassembly of the equ il i br ium ce l l ,  and  thus  avoid gas or C02  loss. VS 

function is to avoid any flu id  flow to the piston during gas or C02 in jection 

into the cel l .  When VS is opened the pressu rization or depressurization of 

the sample takes p lace th rough the p iston d isplacement .  

V4:  F lush needle valve ( H I P  Model  1 5 1 1AF1) .  Used for fl ush ing the system and 

the ce l l  depressurizat ion.  V4 i s  also used for gas removal duri ng the two 

stage recom bination process. 
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Figure 4. 1 :  A schematic drawing of the exper imenta l  setup used i n  th is  work. 

V6:  Need le  valve (Autoclave Engineers, M ode l  M VE 1 00 1) .  Th is valve is used 

as a feed ing valve to i nj ect a compressed fl u id  i nto the cell and is su i table 

for rigorous  fl ow control of the fluid be ing i nj ected. 

V7: One-way valve ( H I P  Model 15 -41AF1) .  This valve al lows the flow in one 

d i rection  and i s  used together with V4 to remove the gas from the 

p ressurized system to ambient atmosphere dur ing the recombination 

process. 

The eq u i l i b ri um PVT ce l l  consi sts of a 3 1 6  sta i n less steel cyl inder, with an internal 

d iameter of 1 7. 2  mm and a length of 176 mm. The cel l  is  equ ipped with a piston for 

vol ume and system pressure variation. 
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Figu re 4 .2 presents the eq u i l ibr ium cel l  which has three top holes :  for thermocouple 

connection, for feed valve (V6) con nection and for gas remova l  during the recombi nation 

process. The equ i l ib rium cel l  has also a rear hole, l ateral and front windows for piston 

d i sp lacement, l ight sou rce and i n frared device to detect and record phase transit ions.  

The pi ston has two B U NA N90 O- ri ngs that a l low a smooth s l ip inside the cel l  for 

pressuriz ing or depressuriz ing. The O - ri ngs ensure the sea l ing ( insu lation of the sample) .  

Deta i l s  of  the piston components are shown in Figure 4 .3 and the PVT cel l  a long with the 

syringe pumps shown in Figu re 4.4. 

For phase equ i l ibri um measurements through the static-synthetic method, a su itable 

device for quantifying the amount i njected i n to the equ i l ibr ium cel l and also for hand l ing 

the system pressure is  requ ired. Syringe-type pumps are ideal ly designed for this purpose 

and they have an inner  cyl i nder con nected to an automatic flow and a pressure i nd icator 

contro l ler  (COE L  K484P) .  I n  this work, two syringe pumps ( lSCO Brand, M odel  2 600)  with 

an inner  cyl inder of 266  m l, and a p ressu re up to 500 bar are used. The pump chamber 

cyl inder is  j acketed, to keep its temperature constant using a water circulating bath.  

The equ i l ibr ium assembly of the cel l  begins  with the adj ustment of the p iston O-ri ngs 

tightness. This  step requ i res specia l  care, because p iston tighten ing should not be weak; 

th is wi l l  a l low flu id  passage in to the cell and  changing the overal l  composit ion, and at the 

same ti me shou ld not be too strong to avoid pressure drop between the sample and the 

p rocess l i ne.  

Figure 4.2:  The equ i l i bri u m  cel l  used in this work. 
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O � ... o 
Figure 4 .3 :  Deta i l s  of  the p iston components 

Figure 4 .4 :  The PVT cel l  experimenta l  setup used i n  this work 

Once assembled, the eq u i l ibri u m  cel l  with the magnetic sti rrer is p laced in to the heating 

device .  A given amount of  stock-tan k  oi l  i s  weighed and then in jected i nto the cel l  us ing 

the syringe. The cel l  is  then connected to the process l ine which has a temperature 
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control ler and a pressure transd ucer for mon itoring the sample temperature a n d  

pressu re, re pectively. 

4. 2 Experimental  Procedure for Phase Equi l ibr ium Measurement 

The experi mental  procedure for phase equ i l i bri um measurement, us ing th is type o f  

experi mental  apparatus, begi ns with loading  the gas from the fi rst-stage separator into the  

syri nge pump cham ber. Si nce the  gas from the fi rst stage separator is a mixture o f  

hydrocarbons up to C7+, i ts average vapor pressure i s  relatively low. Thus, the open ing  o f  

the valve on the cyl i nder conta i n i ng this gas might not be suffic ient t o  move a reasonab le  

amount  of  solvent (gas) into the  syr inge pump chamber. Usual ly, with the  gas cyl i nder  

valve Vl opened for about th i rty m i n utes and V2  closed, the tem perature o f  the syri nge 

pump chamber i s  kept at  283 . 1 5  K. This  arrangement a l lows a natural  flow from a n  

ambient temperature zone (the gas cyl i nder) to a reduced temperature zone (the syringe 

pump chamber) .  Whi le  the syr inge pump chamber is being fi l l ed,  the equ i l ibr ium cel l  

assembly can be started. A typica l  recombination process starts b y  i nsertion of a precise  

amount of  stock- tan k  o i l  i nto the  ce l l  together with the magneti c sti rrer on .  The cel l  i s  then  

closed and con nected to the process l i ne, keeping valves V4, V5  and  V6 closed, and  val ves 

V2 and V3 opened .  With valve V l  closed, the ent ire l i ne  i s  kept pressurized using the  

syringe pump and stab i l ized at  a p ressure of 100  bar  and 283 . 1 5  K .  The stab i l i zation of the 

system (zero pump flow) requ i res about 10 to 1 5  m inutes, and shou ld  be done carefu l l y  

because any  trace of flow may l ead to systematic errors i n  the vol ume  of the gas in jected .  

Once the  system i s  stabi l ized the  volume of the gas i nside the  syr inge pump chamber i s  

recorded and a given vol ume of the  gas i s  i njected into the cel l  through the  micrometric 

valve V6. For a mass of stock-tan k  oi l  of  9 g, a 10 ml  of gas is i n jected at 100 bar and  

283 . 1 5  K. After the  fi rst gas i nj ection the process i s  concluded, then  the  pressure o f  the 

system is lowered to (68 bar for wel l  A# 2 2  and 74 bar for wel l  A#33) and valve V5 is 

opened (keeping valves Vl ,  V4, and V6 closed and valves V2 and V3 opened). The 

recombination process is carried out at am bient tem peratu re of 2 2.85  DC, so during th i s  

step no heati ng i s  req uired. For saturat ion pressure measurements, the l ight source from 

the latera l  window of the equ i l i b r i um cel l  i s  turned on and an i n frared device (wh ich 

a l lows p recIse phase transit ion detect ion even at low or without v i s ib i l i ty) is  used to 

record the phase transitions. A seq uence of procedures a iming to obta in  a monophasic 

system is then started. By means  of the magnetic sti rrer, the system i s  conti nuously sti rred 
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and the pressu re ins ide the cel l  is gradual ly increased until the condition of a s i ngle-phase  

system is estab l ished .  The  pressure is then lowered to  the  saturation pressure of  the wel l  

sample at 22 .85 ° C  ( i . e. ,  6 8  bar for wel l  A# 22 and 74 bar for wel l  A# 33)  and the resu l ti n g  

vapor phase i s  removed by opening valves V6, V4 and V7. 

Th e second stage for the recombination test is made by inj ecting fresh gas and repeating 

the above described procedure. Once the recombi nation process is completed, the  

saturation pressure of the  recombined oil is measu red at reservoi r  temperatu res of wel l s  

A# 2 2  and A# 33 ( 2 3 5  of and 257  of, respectively), and the result  is compared to th e 

experimental data of the wel l  sample .  For th is purpose the heating device is turned on a n d  

the pressure is mon i tored by the pressure ind icator control l er. 

For COz i njection, the same procedure employed for the recombination process is u sed ,  

rep lacing the gas fro m  the  fi rst-stage separator by COz .  I n  th is case the  COz  gas is i nj ected 

at 2 24 bar and at rese rvoi r  temperature of 2 3 5  of and 257 of for wel l s  A#22 & A# 3 3  

respectively. 

4.3 Experimental Procedure for Swel l ing Measurement 

A schematic of the swel l i ng  test apparatus i s  s hown in Figure 4.5 .  For vol u m e  

measurements o f  both l ive o i l  and  COz/ l ive o i l  m ixture, the syringe pump along with the  

COz  material balance i s  used .  The saturation pressure o f  the  l ive o i l  is fi rst measured then  

the  pressure i s  lowered down to  about 60 bar i n  order to  leave the  p iston at  i ts max i m u m  

posit ion a t  the backside o f  the PVT cel l .  Valve V 5  i s  then closed a n d  the pressure o f  the 

syringe pump i s  i ncreased up  to the previously measured saturation pressure. The 

temperature of the syri nge pump chamber is kept constant  at 283 . 1 5  K (one has to wait u p  

to complete stabi l ization o f  the system (zero fl o w  i n  the syringe pump control ler) .  The 

in itia l  volume of the syr inge pu mp, Vi, is  recorded and whi le  keep ing the pressu re 

constant, valve V5 is opened, to a l low the movement of  the p iston. The final  posit ion of the 

p i ston keeps the l ive o i l  at satu ration conditions (con stant pressure and temperature) . 

After stab i l ization the fina l  saturation vo l ume, V[, is recorded. The d isplaced volume ins ide 

the syri nge pump, Vso, i s  then computed as Vso = Vi - Vr Using the COz chart [34] ,  the 

dens i ty of COz at  the given temperature and pressure i s  calculated and the d i splaced COz 

mass ins ide the syr inge pump, m O, is  determi ned .  This mass i s  the same as the mass 

d isplaced in the cel l .  S ince the cell temperature is known (257 of), the vol ume at the 

backs ide of the p iston, Veo, can be computed. The volume  of saturated l ive oil ,  VO, can be 
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obta i ned by the d i fference between the overal l  avai lable cel l  vol u me and the displaced 

volume i ns ide the syringe pump, i .e. VO = 26 .22  - Vso ml.  A given amount of C02 is then 

injected into the cel l  and the procedure described above is used to compute the d isplaced 

volume, VsO l, the displaced C02 mass, m O l, ins ide the syri nge pump, the vol ume at the 

backs ide of  the piston, VeO l, and the vol ume of the mixture, VOl.  
The swel l i ng  factor is defi ned as  the ratio between the vol ume of a saturated mixture o f  

C02/l ive o i l  and  the vol ume of satu rated l ive o i l  a t  the reservoir temperature [34] .  The  

amount of  swel l i ng experienced by a crude o i l  and the increase i n  the saturation pressure 

as a result  of C02 i njection is determ ined by the swel l ing  factor wh ich i s  the relative total 

volu me or relative swol len vol ume, VSW (= new saturation volume, VOl, at each i ncrementa l  

addit ion of  C02, d iv ided by the origi na l  saturation volume, VO). 
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Figure 4 .5 :  A schematic d iagram of the swel l i ng  test procedure [ 3 1 ] .  

The resu l ts and  d i scussion o f  the above experimenta l  works wi l l  b e  shown i n  the next 

chapter. 
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4.4 Recombination of the Reservoir Fluid 

Recombination of the stock-tank oi l  with the gas from the separator is the fi rst a n d  

fundamental step for PVT study i n  petroleum systems. S ince the gas composition fro m t h e  

fi rst-stage separator i s  d i fferent from that obtained b y  fl ash ing the monophasic wel l  flu i d  

d i rectly to standard cond i tions, the recombi nation process us ing the gas from the fi rst ­

stage separator can lead to  l ive o i l  d i fferent from the  wel l  o i l .  The surface separatio n  

process can be i l l ustrated i n  the schematic d iagram shown i n  Figure 4.6. 

Gas Meter 

.-----------�� : : : : : : : : : : : : : :  : : : : : : : : : : : : : :  

W�lI Streanl 

Oil M eter 

Gas Sample 
Bottle Cs)¢ GC 

Test S e parato r 
(Ps�p. T sep) 

Gas  M eter 
--------------� G C  

Oil Samole 
Bottle (s) C::> 
Flash to STC 

L..-. __ ......... --. GC 
Oi l  M ete r 

Figu re 4 .6 :  A schematic d iagram of the surface separator metering and sampl ing [35] . 
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Cha pter Five 

Fie ld Data and R e lated Calculations 

5. 1 Field Data 

Two bottom-hole samples were col l ected from Field A in  UAE, denoted as wel l s  A# 2 2  & 
A#33 .  For wel l  A#2 2, the reservoir  i n i tia l  static pressure was 4687 psia (32 .32  M Pa) and  

the bottom-hole temperature was 235  of (385 .9 K) whi le the bubble point pressure was 

2277  psia ( 1 5 . 70 M Pa) .  For wel l  A# 3 3, the reservoi r i n it ial  static pressure was 2820  psia 

(19 .4 M Pa) and the bottom-hole temperature was 257 of (398. 1 5  K) , whi le the bubb le  

point pressure was 2377 ps ia  ( 1 6.39 M Pa) .  

The composit ional  ana lysi s  of the reservoi r  fluid was made through us ing a combinat ion 

of d isti l l at ion and chromatographic techn i ques. It shou ld be noted that the Katz and  

Firoozabadi  data [36] has  been used dur ing the  calculation of the compositiona l  analysi s .  

Exact values for the molar mass and dens ities of the heavier s ingle carbon n u m ber  

fractions were obta i ned us ing Gas  Chromatography-M ass  Spectrometry (GC-M S) a nalysis 

and these can be used for optim ized pred ictions us ing equations of state. 

The avai lab le  reservo i r  flu i d  composi t ions for flashed l i qu id ,  flashed gas and monophasic 

flu id  from wel l s  A# 2 2  and A#33 are shown in Tab le  5 .1  and the phase properties (molar 

mass and density) of C20+ and flu i d  fractions  are given i n  Table 5 . 2 .  

5.2 Compositional Analysis 

Due to the d i fficul ty and costs of bottom-hole samples measurements this work (project) 

is  seeki ng to synthesize a reservoir flu ids  sample whose composit ion and bubble  po int  is 

consistent with the ava i lab le  PVT data (wel l s  A# 2 2  and A#33) making these viable as 

representative of the reservo i r  oi l .  Thus, recombi nation i s  needed to reproduce as close as 

possib le the reservoi r  flu id  composition needed for the PVT studies us i ng gas samples 

from the fi rst-stage separator and stock-ta nk o i l  whose composit ion was performed by a 

commercia l  service p rovider. 

The global composit ion of  component i i n  the monophasic flu id  is obta i ned th rough a 

global material  balance: 

Zi = f3 Yi + ( 1 - f3) Xi (5 . 1 )  
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Table 5. 1 :  Reservo ir  Fluid Composit ions from Service Provider. -
Composit ions 

Components 

Nz 
CO2 
HzS 
CH4  
C2 H 6 
C3HS  
i -C4H 10 
n-C4 H 10 
i -CsH 12 
n-CS H 12 
Pseudo C6H 14 
Pseudo C7H 16 
Pseudo C8 H 18 
Pseudo C9H zo 
Pseudo C10H22 
Pseudo Cll H 24 
Pseudo C12H 26 
Pseudo C 13 H Z8 
Pseudo C1 4H30 
Pseudo C 1s H3 2  
Pseudo C16H34  
Pseudo C 1 7 H 36 
Pseudo C 1 8H38 
Pseudo C 1 9H40 
Czo+ 
L 
Molar Ratio 

Flashed 
Liquid 

(mol %) 
0.00 
0.0 1  
0 .00 
0 .06 
0. 1 5  
0 .60 
0 . 3 7  
1 .3 8  
1 .3 6  
2 .27  
5 . 5 1 
7 . 3 1 
8 .08  
7 . 42 
6 .96 
5 . 73 
4 .92 
4 . 7 7  
4 .94 
4 .42  
4 .0 1 
3 .49 
3 .05 
2 . 8 1  

20 . 3 8  
1 00 .00 
0 .48 1 7  

Well  A# 2 2  
Flashed M onophasic Flashed 

Gas Fluid Liquid 
(mol %) (mol %) (mol %) 

0.23 0. 1 1 9 0 .00 
3 . 5 8  1 . 860 0 .03 
0.00 0.000 0.00 

6 1 .09 3 1 .692 0.08 
1 1 . 80 6 . 1 8 8 0 .25  
1 0. 5 4  5 . 752  1 .05 
2 .24 1 .3 3 9  0 . 5 7  
5 .23  3 .3 7 5  2 .06 
1 .65  1 . 5 1 0  1 . 73 
1 .92 2.089 2.90 
1 . 1 4  3 .245 6 . 5 6  
0.46 3 .760 8 .42 
0. 1 1  3 .949 9 .33  
0 .0 1 3 . 5 7 9  8 .49 
0.00 3 . 3 5 3  7 .6 1 
0.00 2 . 760 6 . 1 3  
0.00 2 . 3 70 5 .00 
0.00 2 .298 4 . 50 
0.00 2 .3 80 3 . 74 
0.00 2 . 1 29 3 .4 1  
0.00 1 .932 2 . 7 9  
0.00 1 .68 1 2 .42 
0.00 1 .469 2 . 1 5  
0.00 1 . 3 54 2 .04 
0.00 9 .8 1 7  1 8 . 7 5  

1 00.00 1 00 .00 1 00.0 1 
0 .5 1 83 1 .00 0 .4397 

Well  A#33 
Flashed Monophasic 

Gas Fluid 
(mol %1 (mol %) 

0. 1 8  0 . 1 0 1 
4 . 86 2 .738  
0.00 0.000 

5 8 . 5 8  32 .858  
1 1 . 73 6.682 
1 0.72  6.468 
2 .39  1 . 590 
5 .62 4 .055 
1 . 8 8  1 . 8 1 4  
2 .24 2 .530 
1 .27  3 . 596 
0 .43 3 .943 
0.09 4 . 1 5 3 
0 .0 1 3 . 739 
0.00 3 .346 
0 .00 2 .695 
0 .00 2 . 1 99 
0.00 1 .979 
0.00 1 .644 
0.00 1 .499 
0.00 1 .227 
0.00 1 .064 
0.00 0.945 
0.00 0.897 
0.00 8 .244 

1 00.00 1 00.00 
0 .5603 1 .00 

Table 5 .2 :  Phase propert ies of C20+ and fluid for flashed and monophasic fluids from wells 
A#22 and A#33.  

Well  A # 2 2  Well  A # 3 3  
Phase Flashed Flashed M onophasic Flashed Flashed Monophasic 

Properties liquid Gas Fluid liquid Gas Fluid 

Molar mass (g/mol) (g/mol) (g/mol) (gjmol) (g/mol) (gJmoIT 
C20+ 403 .78 - - 403 .78 424.48 - - 424.48 
Fluid 200 .25 28.08 1 1 1 .02 1 90 .79 29.06 100 . 18  

Density (g/cm3) (g/cm3) (g/cm3) (g/cm3) (gJcm3) (gjcm3) 
C20+ 0.909 -- 0.909 0.9 1 6  -- 0.9 1 6  
Fluid 0.83 2 0.00 1 1 85 - - 0.828 0.00 1 2 2 7  --

Relative density 
(Air  - 1) - - 0.97 0  - - - - 1 .003 - -
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Where P is the vapor molar ratio, y, is the mole fraction of component i i n  the vapor phase, 

and x,  I S the mole fraction of component i i n  the l iqu id  phase. The values of P, y, and Xi for 

wel ls A# 2 2  and A#33 were obtained by flash i ng the monophasic fluid  from the wel l  

condition to the standard condit ions (60 o f  and 14.7  psia) .  The result ing gas and l i q u i d  

phases were then ana lyzed by gas chromatography. For the project chart, the va lues o f  y, 

and x, were obta i ned by chromatography analysis of  the gas from the first-stage separator 

and the stock-tank o i l .  

With  the obj ective to  obta in  a monophasic flu i d  with  a composition close to that  of the  

reservoir fl u id, a s imu lation us ing  PVTi modu le  was  performed at  the  saturation pressure 

of reservoi r  flu id  on the recombined l ive o i l  obta ined from the fi rst-stage separator gas 

and the stock-tan k  o i l .  Not ing that the fie ld  vapor molar ratios for wel l s  A#22 and A # 3 3  

were 0 . 5 1 8 3  a n d  0 .5603 ,  respectively. 

By tu n ing the PVTi, the saturation pressure has been obta ined for each wel l  at the 

reservoir  cond i tions  but  the PVTi d id  not succeed i n  getti ng the requ i red vapor phase 

composit ion, especia l ly for the methane, which has the h ighest percentage in the reservo i r  

fl u id, as  shown i n  Figures 5 . 1  and 5 .2 .  Th is  m ight be attr ibuted to the  fact that we are us ing  

the  gas avai lab le  from the  fi rst-stage separator rather than a non-avai lab le late-stage 

separator gas. I n  order to solve such a problem, the monophasic flu id has been reproduced 

by recom b in ing the result ing gas phase from the PVTi s imulator with the stock-tank o i l .  

The average absol ute errors i n  composition between the origina l  and the reprod uced 

monophasic flu ids  were 0.68% and 0.99% for wel l s  A# 2 2  and A# 33 ,  respectively. But sti l l  

there was a h igh deviat ion error i n  the methane composit ion; 7.4% and 1 1% for wel l s  

A#2 2  a n d  A# 3 3, respectively. I n  order to m i n i m ize the deviation error in  the methane 

composition, the vapor molar ratio was varied in  th is  work unti l a lmost s imi lar  methane 

composition was obta i ned for each reservoi r monophasic flu id. The fi nal trial values of the 

vapor molar ratios were 0 .4 199 and 0.4 196  for we l l s  A# 2 2  and A#33, respectively, as 

shown in  Figu res 5 . 1  and 5.2. The result ing average absolute errors in composition after 

these trial runs were 0 .79% and 1 .09% for wel l s  A# 2 2  and A#3 3, respectively. 
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Figu re 5 . 1 :  Composit ional ana lysis of  wel l  A# 2 2  fl u id, recombined oi l  at f3 = 0.5 183  and 
recombined o i l  at f3 = 0.4 199  (0% deviation in  methane composi tion) .  
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Figu re 5 . 2 :  Compositiona l  ana lysis of wel l  A#33 flu id, recom bined o i l  at f3 = 0.5603 and 

recombined o i l  at f3 = 0 .4196 (0% deviation i n  methane composit ion) .  
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5.3 Calcu lations for the Recombination Process 

i nce the two-stage recombi nat ion process is performed by i njecting the gas into t he  

stock- tank  o i l , for the phase behavior measurement o f  the l ive oi \ ,  t he  overal l  composition 

of the mixtu re has to be computed .  S ince the mass of the dead o i l  i s  known, the mass of the  

gas injected has to be  estimated in  order to  obta in the  mass of  the  l ive o i l .  For these 

purpose the same molar ratio of the p roject was used : 
v 

� = 0.42 nt & 
L 

� = 0.58 nt  (5 .2)  

where n v and nL are the number of mo les in  the vapor and l iquid phases, respectively, and  

nl is  t he  tota l number o f  moles i n  both phases. Since 

(5 .3)  

where pL, VL and ML are respectively, the density, the volume and the average mo lar  

weight of  the  stock-tank o i l .  Thus, 

nL 
n - ­

t - 0.42 

For non- ideal gas, 

& 

Substituting Eq.  (5 .4) i nto Eq. (5 .5 )  

VV = 0.724 [p:�L] [ZVpRT] = 0 .724  [:�] [ZVpRT] 

(5 .4) 

(5 .5)  

(5.6) 

I n  order  to calculate VV, the compressib i l i ty factor of the gas m ixture has to be determined 

us ing, for example, the theory of corresponding state which requ i res the reduced 

temperature, T rm l  and reduced p ressure, Prm, of the gas m ixture; which requ i res the 

esti mation of the mixture critical temperature, Tern, and critical  pressure, Pem, for example, 

usi ng the Kay's rul e  (Eq. 5 .7)  and  the composit ion and the critical properties of the pure 

com ponents of the gas mixture p resented i n  Table  5 .3 .  

(5 .7) 
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Table  5 .3 :  Crit ical propert ies and compos it ion of the gas m ixture of we l l s  A# 22 and A#3 3 .  

Critical Properties Mole fraction, Yi 
Component Pc, bar Tc, K A#22 A#33 
N2 3 3.9 1 26.2 0 .0049 0 .0035 
CO2 73.9 304.7 0 .0396 0 .0426 
C 1 46.0 190.6 0 .7539 0 .7820 
C2 48.8 305 .4 0 .0824 0 .0672 
C3 42 .5  369.8 0 .0543 0 .03 18 
i - C4 36 .5  408. 1 0 .0 1 7 3  0 .0193 
n -C4 38 .0 425 .2  0 .0 143 0.0089 
i -Cs 33 .9 460.4 0 .0082 0 .0070 
n -Cs 33 .7  469.6 0.00 6 1  0.0090 
C6 30 . 1  507 .5 0 .00 5 1  0 .0087 
C7+ 16 . 8  733 .7  0.0 140 0 . 0 199 

I n  th is  work, the gas i s  i njected at 283 . 1 5  K and 1 00 bar w�ich correspond to the Trm a n d  

Prm values shown i n  Tab le  5 .4 for wel l s  A# 2 2  A#33.  Assum ing the gas used to b e  a natura l 

gas [ 1 6] ,  then after estimation of the Z-factor as a function of the mixture red uced 

properties, Eq. (5 .6) gives the volume of the gas, VV, to be i nj ected in to the PVT cel l .  

Tabl e  5 .4 :  Calcu lated Z and VV of the  gas i nj ected i n to the  PVT cel l  for wel l s  A#22  a n d  

A#33.  

Property A#22 A#33 
Vapor molar ratio, {3 0 .42 0 .42 
P, bar 100 100  
T, K 283 . 1 5  283 . 1 5  
Pem, bar 46.324 46.862 
Tem, K 2 3 1 . 66 223 . 25  
Prm 2 . 159  2 . 1 339 
Trm 1 . 2 2 2  1 .2683 
ZV (Us ing Eq. 2 .4) 0 .5804 0 .57 1 2  
pL, glcc (Fie ld data) 0 .825 0 .8 1 6  
mL, g (oi l  i njected) 5 .70 5 .70 
ML, gig-mol (F ie ld  data) 200 .04 190.74 
0', cclg (Us ing Eq. 5 .6) 0 .6936 0 .7 1 6 1  

For s imu lation  pu rposes, a modified Peng- Robinson equation o f  state wi l l  b e  used to 

improve the accuracy of the calculated crude o i l  dens i ty. 
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5.4 The Modified Peng-Robinson Model 

Su itable description of the PVT relationsh ip  and phase properties of real hydrocarbon s i s  

essential to get a n  accu rate pred iction o f  the reservoir performance, o i l  recovery and the 

performance of surface processing equ ipment. 

I n  design ing gas i njection schemes and i n  many reservoir engineeri ng situations, a rel iab le 

method to predict the crude oi l  dens ity which i s  requ i red for the calculat ion of the oi l 

swel l ing and formation vol ume factors. This  has led to many prediction methods a n d  

correlat ions which are genera l ly app l icab le  t o  speci fic cases and often requ i re knowledge 

of molar vo l u me and sol ubi l i ty of the gas i n  the l ive oil at the reservoir condit ions.  These 

correlations  are empirical by their nature and thus can lead to large errors when 

extrapolated beyond the existing range of the variables. 

Equations of  state are used for generat ing the fl u id model which helps in predicting the 

properties of  the reservoi r  flu id  at d i fferent p ressu res and composit ions and also helps i n  

material balance and flash calculations .  The use o f  a n  EOS at certa in  temperature and 

pressure wi th  known overa l l  composit ion, a l lows to  determi ne whether the  flu id is a 

s i ngle or  mu l ti -phase and to estimate the dens i ty and composition of the exist ing phases. 

Equat ion of state has been proven to be usefu l  tool s  in the petroleum industry, a l lowing  

the  improvement of the performance of equ i l ibri u m-based equipment, us ing a relatively 

smal l  amount  of input  data. Calculation  of phase behavior of mu l ticomponent systems i s  

the fi rst and fundamental step i n  reservoir  composit ion analysis .  

Given a flu i d  of known composition at a certa i n  temperature and p ressure, the use of an 

equation of s tate a l lows to determine whether the flu id is a s ingle phase and to estimate 

the dens ity and compos it ion of the existi ng phases. Density calculations can be performed 

us ing the approach of ideal  solution, part ia l  molar vol ume, correspond ing state theory, 

and equat ions of state (EOS) [37] . 

Two cub ic  equations of state with three parameters (critical temperature, cri tical pressure 

and acentric factor) are widely used in the petroleum industry for phase properties 

ca lculat ions;  the Soave-Redl ich-Kwong (SR K) and the Peng- Robinson (PR) equations of 

state. 
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The SRK eq uation of state i s  given by 

p = RT _ aCT) 

where 

v-b v(v+b) 

a CT) = ac . a CT) 

(5.8) 

(5.9) 

For pure components, Qc and b can be calculated using the cap /av) and ca 2 p /a V 2 )  at the  

criti cal  poi nt; and from which  

a c  = 0.42748 
R 2 Tl 

Pc 

b = 0.08664 
RTc 
Pc 

(5. 10) 

(5 . 1 1) 

Soave [38]  suggested that Qc is a function of the acentric factor (w) and the reduced  

temperature (Tr) and  cal cu lated values of Q at  a series of  tem peratures for a large number  

of pure hydrocarbons, us ing the  iso-fugacity criteria for equ i l i br ium along the  saturat ion 

pressure curve. Resu l ts show that aO·5 i s  a l i near function of TrO.5 with a negative s lope, th u s  

where m i s  fitt ing funct ion o f  the acentri c  factor (w) of various compounds, 

m = 0.480 + 1 .5 74w - 0. 1 7 6w2 

and the acentric factor can be obta ined us ing the Pitzer et a l .  [ 39 ]  defin i tion :  (psat) 
W = - l - log -Pc Tr =O.7 

(5 . 1 2) 

(5 . 1 3) 

(5. 14) 

The maj or fai l u re of the S RK eq uation of state i s  the h igh predicted critical compressib i l i ty 

factor (Zc = 0 .333)  and consequently a poor pred iction  of  the l iqu i d  density. 

A modification of the S R K  equat ion of state was done by Peng and Robinson [40] , where 

Eq. (5 .8) through Eq. (5 . 14) a re re- formu lated as fol lows : 

where 

p = RT _ a 
v-b v(v + b ) + b (v - b )  

b = 0 .07780 
RTc 
Pc 

For components with w :5' 0.49, the fol lowing function is used : 
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m = 0 .3 79642 + 1 .5422w - 0.2699w2 

and for components with w > 0.49, the fol lowing function is used [40] : 

m = 0 .3 79642 + 1 .48502w - 0. 1 6442 3w2 - 0.0 16666w3 

(5 . 1 8) 

(5 . 1 9) 

The predicted criti ca l  compress ib i l i ty factor from the PR EOS (Zc = 0.307) i s  a sign i ficant 

improvement over that of the S RK equat ion of state, and consequently, the PR EOS 

pred icts the l i qu id  dens i ty better than the S RK EOS.  However, the experimenta l  values o f  

Zc for hydrocarbons are general ly less than 0 . 29 .  

Mod i ficat ion of  the equations of state us ing a volume shift correction leads to reduction o f  

the Z- factor and  i s  used to  improve dens ity esti mation, especia l ly that for l i qu ids. Thus  a 

fou rth parameter usua l ly referred to as volume-sh ift parameter, Ci, is i n troduced through 

the fol lowi ng relat ion [41 ] :  

V(3 ) = V(2) 
- " N z . e ­L.. l=l  1 1 (5 .20) 

V(3) is cal led the corrected th i rd-parameter molar vol ume, V(2) is the molar volume 

pred icted by  the  two-parameter equation  of state, and Zi i s  the  l i qu id  or  vapor mole 

fraction (Xl or YI) of component i .  The va lues of Ci ( i  = 1 ,  N), are com monly cal cu lated by 

compari ng the observed l iqu id molar volume (vOBS) at standard cond i tions (rst and Pst) 

with that obta ined by the three-parameter equation of state (vE0S) at the same cond it ions 

[42 ] .  The d i fference between them determ ines the value  of Ci for that spec i fied component. 

(5 . 2 1 )  

The sh ift para meters are usual ly defi ned a s  a ratio between the values o f  Ci a n d  hi 

(5 .22)  

where hi i s  the  p u re component volume parameter defi ned by the equation state, e.g., Eq .  

(5. 1 6) for the P R  EOS. 

The vol ume-s h i ft correction has no effect on the iso-fugacity cond it ion and th us the other  

pred icted val ues l ike the saturation p ressure and k-values sti l l  unchanged [42 ] .  

App l i cation o f  equations o f  state for fl u i d  mixtures requ i res the use o f  mixing rules to 

obta in  the m ixtu re paramete rs from the pure components ones. For hydrocarbon system 

the mod i fied van der Waals  mixing rules are commonly used [43] . 
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(5 .23) 

(5.24) 

(5 .25) 

The k,; parameters are usual ly referred to as b inary in teraction parameters and usua l ly 

calculated by tun ing the equation of state with experimental K values [34] . The ki; for 

hydrocarbon systems are com monly set to zero, except for i n teraction between non ­

hydrocarbons and  hydrocarbons and  between l ight and  heavy hyd rocarbons, for kij 

between methane and heavy hydrocarbons the Katz- Fi roozabadi equation is widely u sed  

[ 36 ]  : 

k[J 
= 0. 14Yj - 0.06 (5 .26) 

where y, i s  the specific gravity of  componentj. 

Esti mation of klJ for non-polar pa irs usual ly involves critical vol u mes. For example, the 

relationship of Chueh and Prausn i tz [44] has been recon fi rmed for non-polar pai rs which 

i s  apparently rel iable to with i n  ±0.02 [45 ] .  An al ternative method for evaluating kij had 

been proposed [45 ] .  

(5 .27) 

where Vel is the critical molar vol u me of component i. The physical mean ing of the Chueh 

and Prausnitz correlation i s  based on the fact that the cubic  root of the vol ume is the 

rad ius  and therefore the k;/s are functions of a weighted average of the proximity with i n  

which two u nequal species can come i n  contact. 

I n  th is work the kij values were calcu lated by the Chueh and Prausn itz correlation for the 

H e- H C  components by tu n i ng the Peng-Robi nson eq uation of state with the avai lable 

experi mental saturation p ressure data from the fie ld wel ls A# 2 2  and A#3 3. The results 

obta i ned from the SRK and PR equations of state have been obtained through the PVTi 

Ecl ipse S imu lator and the resu l ts are presented in the next chapter. 
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Chapter Six 

Results and Discussion 

6.1 Simulation Results 

The Sch lum berger phase behavior ( PVTi) package, a long with the Soave- Redl ich-Kwon g  

a n d  Peng- Robi nson eq uations o f  state were used. The comparison between SRK & P R  

equations of  state a t  saturation pressure of both wel l s  A# 2 2  and A#33 are shown i n  Tab l e  

6. 1 .  The procedure o f  the PVTi s imu lator and  the  s imu lation resu l ts for the saturat ion 

pressure, CCE, D L, P-T flash ,  and separator tests are presented in  Appendix A. 

Table 6 . 1 :  Com parison between SRK and PR EOS predictions (using the PVTi S imulator) 
for (a) wel l  A#2 2  and (b) wel l  A#33 .  

Ca) Well A#22 at 235  of and converged psat = 2277  psia 
3-parameter SRK EOS 3-parameter PR EOS 

Calculated Properties Field Data Value Relative Error (%J Value Relative Error C%) 
Vapor MW, gjmol 28.080 22.797 1 8.81 4  22.629 19 .4 1 2  
Liquid Viscosity, cP 0.460 0.366 20.435 0.352 23 .478 
Liquid MW, g/mol 1 1 1 .020 1 1 0.940 0.072 1 1 0.940 0.072  
Liqu id  Density, lbjft3 4 1 .880 43.460 3 .773 43.200 3 . 1 52  

(b) Well A#33 at 257  of and converged psat = 2377 psia 
3-parameter SRK EOS 3-parameter PR EOS 

Calculated Properties Field Data Value Relative Error C%) Value Relative Error C%) 
Vapor MW, g/mol 29.060 24.996 13 .984 24.840 1 4.522  
Liquid MW, g/mol 1 00 . 180 100. 1 40 0.040 100.140 0.040 
Liqu id Viscosity, cP 0.320 0.255 20 .3 13  0.247 22 .8 1 3  
Liquid Density, Ib/ft3 40.827 40.979 0 .372 40.830 0.007 

The PR EOS general ly gives better resu l ts than the SRK EOS when compared with the fie ld  

data, as  shown i n  Tab le  6 . 1 .  The PR EOS i s  selected to  be used in  experimental work us ing  

the  PVTi S imu lator. 

In both the 2 -parameter EOS (a & b) and the 3-parameter EOS (a) b and w) the volume  

sh i ft  and  b inary i nteract ion coeffic ients were used as  correction parameters. Table 6 . 2  

shows a comparison between 2 - and 3 -parameter PR  EOS  along with/without correct ions 

for wel ls  A# 2 2  and  A#33 .  
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Table 6.2 :  Comparison between 2 - & 3 -parameter PR EOS (using PVTi S imulator) for (a)  
wel l  A# 2 2  and (b)  wel l A# 33 .  

fa) Well A#22 at 2 3 5  of and converged PSO( = 2277 psia 
2 -parameter PR EOS 3 -parameter PR EOS 

Calculated Propertie Field Data Before After Before After 
Correction correction correction Correction 

Vapor MW, g/mol 28.08 22 .6806 22.68 1 5  22 .6806 22.6286 
LIquid MW, g/mol 1 1 1 .02  1 1 0.9404 1 1 0.9404 1 1 0.9404 1 1 0.9404 
Liqu id  Viscosity, cP 0.46 0.0750 0 . 1 900 0.3464 0.3 5 1 7  
liquId Density, Ib/ft3 4 1 .889 3 1 .0023 39. 3745 43.2239 43.2033 

(b) Well A#33 at 2 5 7  of and converged psal = 2377 psia 
2 -parameter PR EOS 3-parameter PR EOS 

Calculated Properties Field Data Before After Before After 
Correction correction Correction Correction 

Vapor MW, g/mol 29.06 24.83 7 1  24.8398 24.9 1 64 24.8398 
Liquid MW, g/mol 1 00. 1 8  1 00. 1 4 1 0  1 00. 1 4 1 0  1 00. 14 10  100. 1 4 1 0  
Liqu id  Viscosity, cP 0.32 0. 1 445 0. 1 487 0.2446 0.2474 
Liqu id  Density, Ib/ft3 40.828 37.0567 36. 1 1 08 40.8283 40.8309 

The PVTpro (Oi lphase-DBR) is a lso works as PVTi in calculat ing the PVT properties of the 

reservoir fl u ids .  Results of  both s imu lators were used to be compared with field data and  

to know the accu racy of each s imulator. The procedure of the  PVTpro s imulator i s  

presented i n  the Appendix B which conta ins  the resu l ts of  s imu lation tests such as  

satu rat ion pressure, CCE, DL, P-T Flash,  Swel l ing  and  Separator Tests. The comparison 

resu l ts of  both wel l s  A# 2 2  and A#3 3  flu ids  properties us ing PVTi and PVTpro are shown 

in Table 6 .3  and 6.4 respectively. The vapor molar volume were seams good but the both 

s imulators gave inaccurate resu l ts for saturated l i qu id  molar volume for both wells, so, 

Rackett equation as expla ined below i n  deta i l , was used to calculate saturated l iqu id mola r  

vol u me a s  shown i n  Tables 6.6 and 6 .7 .  

The recombi nation flash s imu lation was performed at the reservoir temperature of 235  o f  

for wel l A# 2 2  and 257 of for wel l  A#3 3  and saturation pressure of 2277 ps ia  for wel l  

A# 2 2  a n d  2 3 77 psia for wel l  A#3 3  u si ng the monophasic flu id. The resu lt ing gas phase 

was then removed th rough d i fferential l i beration. Th is step constitutes the first-stage of 

the recombi nation process. 

The second-stage of the recom bination flash s imu lation was performed at the reservoi r  

cond it ions us ing numerical ly recombi ned monophasic flu id  by using the l iqu id phase from 

the fi rst-stage recombi nation process (stock-tank oi l) and fresh gas from the fi rst-stage 

separator and repeati ng the procedure used i n  the fi rst stage. The result ing l iqu id phase 

was taken to represent the origina l  reservoi r  l ive o i l .  The ind ividual component 
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composit ions from the s imu lated two-stage recombi ned fl u id, s imu lated l St- and 2nd-stage 

flash vs. fie ld  ind iv idua l  component composit ions are shown in Figu res 6. 1 and 6.2 for 

wel l s  A#2 2  and A#33 ,  respectively. 

45.0 

40.0 

35.0 
A#22 ( Experimental) 

� 30.0 0 
Stock tank oil +Gas from first sepalCltor 

Q/ (5 Liquid from flash (stage 1)  
:::E 25.0 • Liquid from flash (stage 2) 

20.0 

1 5.0 

10.0 

5.0 

0.0 

Figure 6. 1 :  S imul ated 2 -stage recombined flu id,  i -stage flash, and 2-stage flash vs. fie ld 
i ndiv idual  component composit ions for wel l A#2 2. 

45.0 

40.0 

35.0 
A#33 (Experimental) 

� 30.0 Stock tank oil +Gas from first separator 

", Liquid from flash (stage 1)  
0 :::E 25.0 • Liquid from flash (stage 2) 

20.0 

15.0 

1 0.0 

5.0 

0.0 

Figu re 6 .2 :  S im u lated 2 -stage recombi ned flu id,  i -stage flash, and 2-stage flash vs. fie ld 

i nd iv idua l  component composit ions for wel l  A#33 .  
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I t  is clear that the two-stage recombination process can lead to a crude o i l  with a 

composition close enough to that of the reservoi r flu id  when compared to the one-stage 

recombination process. 

Table 6 .3 :  Comparison between PVTi & PVTpro in calculating flu id properties of wel l  
A# 22 .  

Saturation pressure test at 2 3 5 of and converged psal = 2 2 77 psia 

Calculated Properties Field PVTi (Eclipse Simulator) PVTpro Oilphase-DBRJ 
Data Value ReI. Error (%) Value ReI. Error (%) 

Liquid MW, g/mol 1 1 1 .02 1 1 0.94 0.072 1 1 0.96 0.054 
Vapor MW, g/mol 28.08 22 .63 1 9.42 23 .03 1 7.98 
Liquid Density, Ib/ft3 4 1 .89 43.20 3 . 1 27 44.29 5. 729 
Vapor Density, IbJft3 -- - 7.923 --- 8 . 100 ---
Liquid Z-factor - - - 0.7843 -- - 0.7652 ---
Vapor Z-factor - -- 0.7843 --- 0.8685 ---
Liqu id Molar Vol, ft3/lb-mol - - - 2.570 --- 2.5 1 0  ---

Vapor Molar Vol, ft3/lb-mol --- 2.856 - -- 2.840 ---

Flash to standard conditions (60 of & 1 4. 7  llsial for Well A#22 
Field PVTi (Eclipse Simulator) PVTpro Oilphase-DBR) 

Calculated Properties Data Value ReI . Error (%) Value ReI. Error (%) 

Flashed Liquid MW, g/mol 200 .250 193.61 0  3 .3 1 6  -- - ---
Flashed Vapor MW, g/mol 28.080 26.730 4.808 --- ---
Flashed Liquid Density, Ib/ft3 5 1 .940 5 1 .860 0 . 1 54  53 .200 2.426 
Flashed Vapor Dens ity, IbJft3 0.074 0.0708 4.324 0.071 0  4.054 

Constant Composition Expansion Test for Well A # 2 2  

Calculated Properties 
Field PVTi (Ecl ipse Simulator) PVTpro (Oilphase-DBR) 
Data Value ReI. Error (%) Value ReI. Error (%) 

Compressib i l ity P" psia- 1  1 . 1 0 E-05  --- 1 .09E-05 0.909 

Reservoir Oi l  Density, Ib/ft3 43 .262 43.203 0 . 1 37  45.800 5.865 

Oil Viscosity at P" cP 0 .520 0.475 8.654 0.465 1 0.577 

Oil Viscosity at Pb , cP 0.460 0.3 7 1  1 9.348 0.378 1 7.826 

Differential Liberation Test for Well A # 2 2  

Calculated Properties 
Field PVTi (Eclipse Simulator) PVTpro (Oilphase-DBR) 

Data Value ReI. Error (%} Value ReI. Error (%) 

Oi l  Volume Factor 1 .502  1 . 336  1 1 .079 1 .480 1 .465 

Solution GOR, ft3 Lbbl 67 1 .000 - -- --- 7 10 .300 5.857 

Reservoir Oi l  Density, Ib/ft3 43.262 43.203 0. 1 3 7  44.300 2.398 

Residual Oi l  Relative Density 0.840 0 .781 7.0 1 2  0.867 3 . 167 

Separator Test for Well A#22 
Field PVTi (Eclipse Simulator) PVTpro Oilphase- DBR) 

Calculated Properties Data Value ReI. Error (%) Value ReI. Error (%} 

Separator GOR @ 265 psia, ft3/bbl 395 373.479 5.448 400 1 .266 

Separator GOR @ 60 psia, ft3/bbl 69 155.599 1 25 .506 7 1 .7  3.9 1 3  

Separator GOR @ 15 psia, ft3 Jbbl 36 1 0 1 . 1 62 18 1 .006 22 .9 36.389 

Oil Volume Factor 1 . 361  1 .075  2 1 .0 1 4  1 .3 1 1  3.674 

Stock-tank oil density, Ib/ft3 5 1 .503 5 1 .438 0 . 1 26 52.602 2. 1 33 
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Ta ble 6.4: Comparison between PVTi & PVTpro I n  calcu lating flu id properties of wel l  
A#3 3. 

Saturation pressure test at 2 5 7  of and converged PSO! = 2 377 psia 
Field PVTi (Eclipse Simulator) PVTpro Oilphase-DBR) 

Calculated Properties Data Value ReI .  Error (DI� Value ReI .  Error (% ) 
Liqu id MW, g/mol 1 00. 18  1 00. 14 1  0.0389 1 02.93 2.745 
Vapor MW, g/mol 29.06 24.839  14.525 25.430 12 .49 1 
Liquid Density, Ibjft3 40.83 40.832 0.005 42.8 1 0  4.849 
Vapor Density, I b/ft3 - -- 8.907 - -- 9 . 122  ---
Liquid Z-factor --- 0 .758 --- 0.755 ---
Vapor Z-factor -- - 0.758 --- 0.859 ---
Liquid Molar Vo lume, ft3jlb-mol --- 2 .45 --- 2.44 ---
Vapor Molar Volume, ft3jlb-mol - -- 2 .79 - - - 2.78 ---

Flash to standard conditions (60 of & 1 4.7 psia) for Well A#33 

Calculated Properties 
Field PVTi (Eclipse Simulator) PVTpro Oi lphase-DBR) 
Data Value ReI . Error (%) Value ReI. Error(%) 

Flashed Liquid MW, gjmol 1 90.790 1 85 .677 2 .680 - -- - - -
Flashed Vapor MW, gjmol 29.060 28. 1 3 3  3 . 1 90 - -- ---
Flashed Liquid  Density, Ib/ft3 5 1 .692 5 1 .428 0.5 1 1  52.800 2.143 
Flashed Vapor Density, Ib/ft3 0 .077 0 .0745 2.742 0 .0750 2.089 

Constant Composition Expansion Test for Well  A#3 3  

Calcu lated Properties 
Field pVTdEclipse Simulator) PVTpro (Oilphase-DBR) 
Data Value ReI .  Error (%) Value ReI .  Error (%) 

Compressibi l ity at PI , psia·1  1 .82E-05 - - - --- 1 .88E-OS 3.242 
Reservoir oi l  density, I b/ft3 4 1 .202  4 1 .283 0. 1 95 43. 1 99 4.847 
Oil Viscosity at PI ' cP 0.340 0.267 2 1 .382 0 .333 2.059 

Oi l  Viscosity at Pb , cP 0 .320 0 .247 22.688 0 .3 19  0.3 1 3  

Differentia l Liberation Test for Well A#3 3  
Field PVTi (Eclipse Simulator) PVTpro Oilphase-DBR) 

Calculated Properties Data Value ReI .  Error (%) Value ReI. Error 
-
(%) 

Oi l  Volume Factor 1 .645 1 .458 1 1 .368 1 .670 1 .520 

Solution GaR, ft3jbbl 893 .000 --- --- 9 14 . 100 2 .363 

Reservoir O i l  Density, Ib/ft3 40.828 40 .8 3 1  0 .008 42.800 4.830 

Residual O i l  Relative Density 0.841 0 .857 1 .902 0 .870 3.448 

Separator Test for Well A # 3 3  
Field PVTi (Eclipse PVTpro 

Calculated Properties Data Simulator) (Oilphase-DBR) 

Value ReI .  Error (%) Value ReI. Error (%) 

Separator GaR @ 265 psia, ft3jbbl 487.00 450.290 7 .538 437.500 10 . 164 

Separator GaR @ 60 psi a, ft3/bbl 90.000 1 7 3.770 93 .078 80.200 1 0.889 

Separator GaR @ 15 psi a, ft3/bbl 50 .000 1 26.520 1 5 3.040 27.500 45.000 

Oi l  Volume Factor 1 .422 1 . 0 1 9  28.340 1 . 364 4.079 

Stock-tank oi l  density, Ib/ft3 50.941 50.873 0. 1 34 52. 1 00 2 .275 

56 



The flu id  of each wel l  was also recombined us ing the PVTpro s imu lator. The i nputs to the 
s Imu lator were the fi rst-stage separator gas and the stack-tank o i l ,  which were 
recombined based on the reservoir saturation temperature and pressure. The 
composit ions of  the reservo i r  fl u id and the result ing recombined flu id (as obtai ned by 
PVTpro) are shown in F igures 6.3 and 6.4 for wel ls  A# 22 and A#33, respectively. 

These resu l ts are also shown i n  Table 6 .5  along with the relative errors for each 

component with an average relative error of 0 . 17% for wel l A#2 2  and 3 . 1 1% for wel l  

A#33, respectively. 

Table 6 .5 :  Experimenta l  composit ion (reservoi r  flu id) vs. predicted (recombi ned flu i d  

us ing PVTpro) composi t ion for wel l s  A#22  and  A#33.  

Wel l  A#22 Well A#33 
Reservoir Reco m bi ned Fluid Relative Reservoir Recom bined Fluid Relative 

Compo Fluid,  mol% ( PVTpro), mol% Error, % Compo Fluid, mol% (PVTpro), mol% Error, % 

N 2  0 .1 192 0. 1 190 0. 1 753  N2  0 . 1000 0.0977 2 .2602 

CO2 1 .8603 1 .8568 0 . 1898 CO2 2 .7397 2.6523 3. 1 90 1  

C l  3 1 .69 18 3 1 .63 1 3  0. 1 9 1 1  C l  32.8567 31 .8413  3.0904 
C2 6 .1 882 6 .1 766 0. 1874 C2  6.6793 6.4828 2.9 4 1 9  
C3 5 .7519 5 .7420 0. 1 722 C3 6.4694 6.3001  2.6 169 
iC4 1 .3392 1 .3375 0 .1 285 iC4 1 .5898 1 .5581 1 .9940 
nC4 3.3755 3 .3 7 1 7  0.1 1 12 nC4 4.0496 3.9927 1 .40 5 1  
iC5 1 . 5103  1 .5 1 0 1  0.0 1 3 7  iC5 1 .8098 1 .8 1 1 4  0.0884 

nC5 2.0886 2.0889 0.0 146 nC5 2 .5297 2.5415  0.4665 
C6 3.2450 3.2494 0. 1 347 C6 3.5996 3.6876 2.4447 

C7 3.7596 3.7664 0. 1 797 C7 3.9396 4.0816 3.6044 

C8 3.949 1 3 .9 5 7 1  0.2013  C8 4. 1 496 4.3 1 29 3 .9353 

C9 3.5794 3 .5867 0.2040 C9 3.7396 3.8856 3.9042 

C l O  3 .3526 3 .3595 0.2049 C l O  3.3497 3.4780 3.8302 

C 1 1  2 .760 1  2.7658 0.2050 C l l 2.6997 2.80 16  3.7745 

C l 2  2.3700 2 .3748 0.2041 C l 2  2 . 1998 2.285 1 3 .8776 

C 1 3  2 .2977 2 .3024 0 .2042 C13  1 .9798 2.0566 3.8792 

C l 4  2 .3796 2 .3845 0.2060 C14 1 .6398 1.7093 4.2383 

C 1 5  2 . 1291  2 . 1335  0.2060 C15  1 .4999 1 .5585 3.9069 

C l 6  1 . 9316  1 .9356 0.2062 C l 6  1 .2299 1 .275 1 3.675 1 

C 1 7  1 .68 1 1  1 .6846 0.2062 C l 7  1 .0599 1 . 1060 4.3495 

C l 8  1 .4692 1 .4722 0.2052 C l 8  0.9499 0.9826 3.4425 

C 1 9  1 .3536 1 .3564 0.2086 C19  0.8999 0.9323 3.6004 

C20+ 9.8 1 70 9.8372  0.2053 C20+ 8.2392 8.5692 4.0052 

Average ARE = 0.1 735 Average ARE - 3. 1051  
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Liquid Dens ity 

The PVTi s imu lator was used in  cal culati ng the bubble point p ressure at reservoi r  

temperatu res o f  both wel ls (235  o f  for wel l  A# 2 2  and 2 5 7  of for wel l A#33) ,  the i nputs i n  

PVTi s imu lator was the monophasic flu id  mole percent as feed for l i qu id  phase to calculate 

the vapor phase mole percent. So, compari ng the results of PVTi s imu lator using PR a n d  

S R K  EOS with experi menta l  fie ld data a s  shown i n  "Appendix A", one can real ize that Peng­

Robi nson EOS gave more accurate and better resu l ts than Soave-Red l ich -Kwong EOS. 

The PR eq uation of state was selected to be used in  calculating the flu id  properties at  

bubble point p ressu re, but some error was found whi le  calculating the molar volume and 

Z-factor for the  l i qu id phase which i s  used as  feed phase i n  the  PVTi s imulator, the error i n  

the l iqu id  molar volume was about 32% when compared to the experimental  field data. I t  

was then decided to  use  the  fol lowi ng Rackett equation [45, p .  4.35 ]  to  calculate the  

satu rated l i qu id  volume as  a function of the mixture pseudo-condi tions.  Thus the 

assumption i n  applying  corresponding states to mixtures i s  that the PVT behavior wi l l  b e  

the same as that of  a p ure component whose Te a n d  Pe are equal to the pseudo-critical 

temperature, Tern, and pseudo-crit ical pressure of the mixture, Pem, and other  

correspond ing states pr inc ip le  (CS P) parameters such as  acentric factor can a l so  be made 

composit ion dependent adequately for rel iab le  estimation purposes [45, p .  5 .5] . 

Ze = 0 .29056 - 0.08775 w 

The mixtu re acentric factor i s  approximated by 

where Vsm = m ixture saturated l i qu id vol ume, 

. . . ( ZcmRTcm) 
Vem = m lxtu re cntlcal vol ume, Vern = , Pcm 

(6. 1 )  

(6.2) 

(6.3) 

Tem = mixture pseudo-crit ica l  temperature us ing the Kay's rule (Tern = Lr=l xi Ted 

Pem = m ixture pseudo-crit ica l  pressure using the Kay's rule (Pern = L:r=l  Xi Pci,). 

The m ixture crit ica l  compressib i l i ty factor, Zem, was then determ ined us ing the pseudo­

reduced p ropert ies (Prm and Trm) and the Stand i ng- Katz chart. 
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The input data used in  the above calculations and the resu lts obtained from the Rackett 

eq uation are sum marized i n  Tables 6 .5 and 6 .6 for wel ls A#2 2  and A#33,  respectively. 

Thus using the Rackett equation i n  calculating the saturated l iqu id  vol ume, Vsm, the relative 

error was reduced to about 6 . 25% for wel l  A# 22 and 6.74% for wel l  A# 33 when 

compared to the reservoir flu id  values. 

Tab le  6 .6 :  Calcu lated saturated l i qu id vol ume and dens i ty using the Rackett equation for 
wel l  A# 2 2  at 2 2 77 psia and 2 3 5  OF. (See Table A i  for pure component properties) 

Component Xi Xi Pci Xi Tei Xi M/ 
N2  0.0000 0 .00 0 .00 0 .00 

CO2 0.000 1 0. 1 1  0 .05 0.00 

C1 0.0006 0.40 0 .21  0.0 1 

C2 0.0 0 1 5  1 .06 0 .83 0 .05 

C3 0.0060 3.70 4.00 0.26 

iC4 0.0037 1 .96 2 .72  0.22 

nC4 0.0 1 3 8  7.60 1 0.58  0.80 

iC5 0.0 136 6.67 1 1 .29 0.98 

nC5 0.0227 1 1 . 1 0  19 . 22  1.64 

C6 0 .0551  27.32 50.8 1 4.68 

C7 0.073 1 32 .61 72.04 7 .02 

C8 0 .0808 32.89 84.02 8.61 

C9 0.0742 27.84 80 .71  8.89 

C l O  0.0696 24.26 78 .70 9 .31 

C1 1 0 .0573 1 8.67 67.04 8.49 

C 1 2  0.0492 1 5.06 59.35 8.00 

C 1 3  0.0477 13 .77  59. 1 4  8.40 

C 1 4  0.0494 13 .50 62.79 9.48 

C I S  0.0442 1 1 .47 57.48 9. 1 2  

C l 6  0.040 1 9.9 1 53 .25 8.84 

C l 7  0.0349 8.23 47 .25 8. 19  

C l 8  0.0305 6.882 42.043 7.574 

C l 9  0.0281  6.077 39 .387 7 .359 

C20+ 0 .2038 23.900 41 9 .685 82. 1 3 1  

M ixture 1 .00 305.00 1 3 22 .61 200.04 

Field data 

Av. AR.E. (%) 

Pressu re 2277  Psia 
Temperature 695 oR 
Pem 305 Psia 
Tem 1 322 .61  oR 
Prm 7.47 

Trm 0 .525 

Vsw 
Wi X/ ft3/lb-mol Vsl, ft3 lIb 

0.0000 - -

0.0000 - -

0.0000 - -

0.0001  - -

0.0009 - -

0.0007 2.33 0.040 

0.0028 2. 1 1  0.036 

0.0031  2.26 0.03 1  

0 .0057 2 .23 0.031  

0 .0143 2.2 1 0 .026 

0 .0204 2.48 0.026 

0 .0249 2.73 0.026 

0.0253 2.97 0.025 

0.0262 3. 19  0.024 

0.0236 3.40 0.023 

0.0221  3.60 0.022 

0.023 1 3 .79 0 .022 

0 .0257 3.98 0.02 1 

0.0245 4. 1 6  0.020 

0.0235 4.33 0.020 

0.0 2 1 5  4.50 0.0 19  

0.0 1 9 7  4.666 0.0 19 

0.0 190  4.827 0.0 18 

0 .2032 9.273 0.023 

0.5303 3.632 0.0 180 

0.0 192 

6.25 

60 

pw Ib/ft3 
-

-

-

-

-

24.928 

27.556 

3 1 .962 

32 .322 

38.435 

38.739 

39.037 

40.372 

41 .924 

43.547 

45.16 1  

46.379 

48.205 

49.601 

50.904 

52. 1 1 2  

53 .227 

54.253 

43.459 

55.082 

52.000 

5.926 

Pw kg/m3 
-

-

-

-

-

399 .31  

441 .4 1  

5 1 1 .99 

5 17 .76  

61 5.68 

620.55 

625.33 

646.70 

671 .58 

697.57 

723.42 

742.94 

772 . 19  

794.54 

8 1 5 .41 

834.76 

852.632 

869.061 

696. 1 65 

882.35 

833.00 

5.924 



Table 6.7 :  Ca lcu lated satu rated l i qu id  vol ume and dens ity using the Rackett equation for 

wel l  A#33 at 2377  psia and 257  of. (See Table A. l for pure component properties) 

VsJ..., 
Component Xj X; Pci Xj Tci Xj Mj Wj X; ft3jlb-mol VsL, ft3 lIb pL, lbjft3 PL, kgjm3 
N2 0.0000  0 .00 0.00 0.00 0.000 - - - -

CO2 0 .0003 0 .36 0 . 19  0.0 1 0.000 - - - -

C 1  0 .0008 0 .53 0.28 0 .01 0 .000 - - - -

C2 0 .0025 1 .77 1 .38 0 .08 0 .000 - - - -

C3 0.0 1 0 5  6.47 7.00 0.46 0.002 - - - -

i C4 0 .0057 3.02 4.20 0.33 0.00 1 2 .60 0.045 22.344 357 .93 
nC4 0 .0206 1 1 .34 15 .79 1 .20 0 .004 2.25 0.039 25.832 4 1 3 .80 

iC5 0.0 1 73 8.48 14.36 1 .25 0.004 2.34 0.032 30.773 492 .95 

nC5 0 .0290 1 4. 1 7  24.56 2.09 0 .007 2.3 1 0.032 31 .221  500 . 1 3  

C6 0.0656 32 .53 60 .50 5 .57 0 .0 1 7  2 .27 0 .027 37.489 600. 5 2  

C7 0.0842 37.56 82.98 8.08 0 .024 2 .53 0 .026 37.954 607 .98 

C8 0.0933 37.98 97 .02 9.94 0 .029 2 .78 0.026 38.346 6 1 4.2 5 

C9 0.0849 3 1 .86 92 .35 1 0. 1 7  0 .029 3 .02 0 .025 39.724 636. 3 3  

C l 0  0 .0761 26.53 86.05 10 . 18  0 .029 3.24 0.024 41 .302 661 . 6 1  

C 1 1  0.06 1 3  1 9.97 7 1 . 73 9.08 0 .025 3.45 0.023 42.941 687.86 

C 1 2  0.0500  15 .3 1 60. 3 1  8. 1 3  0 .022 3.65 0.022 44.564 7 1 3.86 

C13  0 .0450 1 2.99 55 .79 7.92 0 .022 3.84 0.022 45.794 733 .56  

C14  0 .0374 1 0.22 47 .54 7 . 18  0 .019  4.03 0.02 1 47.620 762 .8 1 

C 1 5  0.0341  8.85 44.34 7.03 0 .019  4.2 1  0 .020 49.018  785. 2 1  

C 16  0 .0279 6.90 37.05 6. 1 5  0 .0 1 6  4.38 0.020 50.323 806. 1 2  

C 1 7  0 .0242 5 .71 32 .77 5.68 0 .015  4.55 0 .0 19  51 . 533 825 .50  

C18  0.0 2 1 5  4.85 29 .64 5.34 0.0 1 4  4.72 0.0 1 9  52.650 843.39 

C 1 9  0 .0204 4.4 1 28.59 5 .34 0 .014  4.88 0 .019  53.677 859 .84 

C20+ 0 . 1875  2 1 .99 386. 1 2  79.50 0 . 1 87 9 .33 0 .022 45.429 727 .72  

M ixtu re 1 .00 323.8 1 1 280.52 190.74 0.499 3.46 0 .0180 55 . 102 882.66 

Fie ld data 0.0 193  5 1 .690 828 .00 

Av. AR.E. (%) 6.735 6.600 6.6 0 1 4  

Pressure 2377  Psia 
Temperature 7 1 6.67 oR 
Pem 323 .81  Psia 
Tern 1 280 .52 oR 
Prm 7 .34 

Trm 0 .56 
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6.2 Experimental Results 

Typical resu l ts of the synthetic static method are bubble point  and dew point curves. I t  i s  

im portant  to emphasize that for a system with known global composit ion, at a given 

temperatu re and pressu re, th is tech n ique can only determi ne whether the system i s  

com posed by one, two or th ree phases. These respective phase composi tion are st i l l  

unknown (dead oi l )  as i n  Figure 6.5 a n d  6.6, respective ly, show the photography o f  s ing le  

and in i tia l  phase formation in  l ive o i l  system, wh i le Figure 6.7 and 6.8, respectively, show 

the monophasic flu id  and  phase transit ion for the system C02/Live o i l  system with 50% o f  

C02 i n  mass. 

F igure 6.5: M onophasic l ive o i l  at 257 of for wel l  A#33.  

Figure 6.6:  I n i tia l  phase formation in  l ive o i l  at 257 of for wel l A#33 .  
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Figu re 6 .7 :  M onophas ic  flu id  of  the system C02/l ive o i l  at 257  of for wel l  A#33 .  

F igu re 6 .8 :  Phase transit ion i n  the  C02/l ive o i l  system at 257  of for wel l  A#33 .  

I njection  of C02 i n to the o i l  reservoi r  resu l ts i n  reduced interfacial tens ion and viscosi ty 

wh ich improves mobi l i ty. A lso C02 can d issolve i n  the o i l  l ead i ng to o i l  swel l i ng. Swe l l i ng 

tests were performed to determine  the relationsh ip between saturation pressure, swel l i ng  

factor and C02 mass  fraction  i nj ected. Tables 6 .8  & 6 .9  present a l l  experimental  resu lts of  

th is  work for both wel l s  A# 2 2  and A#3 3  respectively. There were more than 2 0  ru ns for 

exper imental work a l l  were performed at the reservoir temperatu re, T (235  of for wel l  

A# 2 2  a n d  2 5 7  of  for wel l  A#33) .  At the first stage the recombination process (gas from 

fi rst stage separator and o i l  from stock tank) were performed, obta in ing  the same 
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saturation pressure at which it was sampled, psata (bar) . Then the i n itial vol ume for the  

swe l l i ng test, VO (m l )  was observed by stabi l iz ing the  syringe pump .  The COz  was then 

in jected into the l ive o i l  ( recombined oi l )  to  observe a two-phase system psat(LV), and 

sometimes in  a narrow ra nge the  observation was a three-phase system psat(LLV), 

depending on the p ressure and the mass fraction of COz.  Then the final volume for the 

swe l l i ng test, VOl  (ml )  was noted by stabi l iz ing the syri nge pump.  The relative swel l i n g  

vol ume, Vsw, was defined earl ier by Eg.  (4. 1 ) as VSW = VOl/VO. 

Tab le  6.8: Saturation p ressure and swel l i ng data for the COz/l ive oi l  system for wel l  A# 2 2  
at 235  of. 

psatO VO psat(LVJ psat(LLV) VOl 
Run (bar) (m!) We02 (bar) (bar) (ml) Vsw= V01LVO 

1 1 5 7.3  6.3 1  0 .05 1 67.2 - 6.43 1 .02 
2 157.8 6 .97 0. 1 0  192 .6  - 7.90 1 . 1 3  
3 157.4 7.9 1 0. 1 5  205 .9 - 9.03 1 . 14  
4 158.0 6.60 0.20 230.4 - 8.30 1 .26  
5 157.9 7. 1 3  0 .25  242.6 - 9.29 1 .30 
6 157.2  6 .73 0 .30 253.4 2 5 5.9 9 .61 1 .43 
7 1 5 6.9 7 .74 0 .35 267.0 270.9 1 1 .50 1 .49 
8 1 5 7.6 7 .32  0.40 287.3 292 .0  12 .30 1 .68 
9 157 . 1  7 . 58  0 .50 3 1 7. 1 323 .3  13 . 10  1 .73 

1 0  1 5 7.5  - 0.60 357.4 - - -

Table  6.9 : Saturation p ressure and swel l ing data for the COz/l ive oi l system for wel l  A#33 
at 257  of. 

psatO VO 
Run (bar) (m!) We02 

1 165 .2  7 .36  0 .05  
2 1 64.7 8.40 0. 1 0  

3 164.5 9 .44 0 . 1 5  

4 1 63.8 8 .30  0 .20 

5 1 64.6 8.5 6  0 .25  

6 1 63.9 8. 1 4  0 .30 

7 1 64.2 9 .20  0 .35  

8 163.4 9 . 22  0.40 

9 1 65.0 8 .07 0 .50  

1 0  1 64 .1  - 0.60 

psat (LV) 
(bar) 

1 78.0 
195 .5  
2 1 2.0 
235 .2  
248.3 
2 6 1 . 1  
277.3 
289. 1 
324.0 
400.0 

psat (LLV) 
(bar) 

-
-
-
-
-

265 . 1 
280.5 
293.2 
330 .0 

-

VOl 
(m!} Vsw= V01LVO 

8.68 1 .00 
8.82 1 .05 

1 0.86 1 . 1 5  

1 0.04 1 .2 1 

10 .79 1 .26 

1 1 .07 1 .36 

1 2.97 1 .41 

14.48 1 .57 

1 5 . 1 4  1 .74 
- -

Swel l ing tests were conducted on the reservo ir  flu id  with C02 gas. I t  was found that the 

COz caused the saturation  pressure to increase. Figures 6.9 and 6. 10  show the swel l ing 
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factor (relative volu me) for the COz/l ive o i l  system as function of satu ration pressure at 

2 3 5  of for wel l  A#22 and at 2 5 7  of for wel l  A#33.  
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Figu re 6.9 :  Swe l l i ng factor of  COz/l ive o i l  system as function of saturation pressure at 235  
of  for wel l  A#22 .  
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Figure 6. 1 0 :  Swe l l i ng factor of COz/ l ive o i l  system as function of satu ration p ressure at 

2 5 7  of for wel l  A#33 .  
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Figu res 6. 1 1  and 6. 1 2  show the effect of  C02 mass fraction on the saturation pressure for 

wel l s  A# 2 2  and A#33, at the corresponding reservoir temperatures. At C02 mass fractions 

lower than 0.3, the i n teraction between the hydrocarbon molecules is  not affected enough 

by the presence of C02 and on ly conventional  vapor- l i qu id  transit ion i s  observed wh i le a 

three-phase system (vapor- l i qu id- l iq u id) exists at C02 mass fractions h igher than 0.30.  

The real observations of  the three-phase system are shown in  Figure 6. 1 3  where the l ive 

o i l  is divided in to three phase fractions :  the l ight phase (gas), the intermediate phase 

( l iq u id)  and the heavy o i l  phase ( l iqu id) .  A proposed mechan ism of the phase formation at 

low C02 mass fractions as a fu nct ion of saturation pressure is  presented in Figu re 6. 1 4. 

The behavior of b inary m ixtures of  C02 and crude o i l  depends on the C02 concentration 

and the pressure. For instance, the orig inal  oi l (before i nj ecti ng C02) is a l i qu id  at 

pressures above 1 64 bar, but sp l i ts i nto l i qu id  and vapor below that pressu re. A m ixtu re 

conta in ing  30% C02 mass fraction  forms a s ingle l i qu id  phase above 340 bar and a l i qu id  

and a vapor at lower p ressures. At  h igh C02 concentrat ions, the  phase behavior i s  more 

complex. At low p ressu res l i qu id and vapor p hases form. As the pressure is increased, the 

vapor phase, wh ich conta ins  C02 and the l ight hydrocarbon gases, condenses in to a second 

l i qu id  phase. There i s  a narrow p ressure range over wh i ch two l iqu ids  (a C02-rich l i qu id  

and an  o i l -r ich l i qu id) and a vapor coexists .  

psat VS. We02 
400 

• 
3 50 

"i:' • co Vap or- Liqu id A#22 e 
c:,) 3 00 • L- • Vap or-Liqu ld-Liquid A#2 2 :l '" '" • c:,) L-

0.. 
c: 250 • 0 

.. • co L-
:l .... • co 2 00 (J') • 

• 
1 50 

0 0.05 0 .1  0 .15  0 .2 0.2 5 0.3 0 .3 5 0.4 0.45 0.5 0.55 0 .6 

C02 mass fraction 

Figure 6. 1 1 :  M easured saturat ion p ressure vs. C02 mass fraction at 235  of for well A#22 .  
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Figure 6. 1 2 :  Measured satu rat ion p ressure vs. C02 mass fraction at 257  of for wel l  A#33.  

Gas Phase 

Intermediate 
Phase ( liquid)  

Heavy Oi l  
Phase (liqu id)  

Figu re 6. 1 3 :  Experimenta l ly observed vapor- l iqu id - l iqu id  transit ion at 257 of  for wel l  
A# 33 .  
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Low CO2 concentration (WC02 < 0 .30) 

Live o i l  WC02 < 0.30  

Two phases P < 1 64.5 bar l\'vo phases P< 1 99 bar 

- Light fraction - l ntermed iate fraction - Heavy fraction - CO2 

F igu re 6. 14 :  Proposed mechan ism of phase formation at  l ow C02 mass fractions as a 
funct ion of saturat ion pressu re. 

As the C02 mass fraction i s  i ncreased above 0.3, the i n teraction between the hydrocarbon 

molecules i s  affected in such a way that a heavy phase i s  segregated when the pressure is 

l owered, fol l owing a vapor phase formation, essential ly formed by the l ight hydrocarbon 

fraction (see F igu re 6. 1 5) 

The swe l l i ng test was then performed usi ng the PVTpro s imulator and the calculated 

saturation pressures were compared with those obta ined experi mental ly. The average 

relative errors were 8.44% and 6.33 %  for wel l s  A# 2 2  and A# 3 3, respective ly, as shown i n  

Tab le  6. 1 0  and Figures 6. 1 6 and 6. 1 7. 
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H igh CO2 concentrat ion (O)C02 > 0 .30)  

Three phases: P<330  bar Two phases : P< 300 bar 

- Light fraction - I ntermediate fraction - H eavy fraction - CO, 

Figure 6. 1 5 :  Proposed mechan ism of phase formation at  h igh C02 mass fractions as a 
function of satu rat ion p ressu re. 

Tabl e  6. 1 0 :  Comparison between experi mental and s imu lated (us ing PVTpro) swe l l i ng test 
resu l ts for wel l s  A#2 2  and A#33 .  

Wel l A#22 Wel l A#33 
psat , psat ARE, psat , psat ARE, 

Wcoz (Exp.), (PVTpro), % Weoz (Exp.), (PVTpro), % 
bar bar bar bar 

0.05 1 6 7. 2  1 65 . 2  l . 196  0 .05 1 78.0 1 74 2 .247 
0 . 10  192 .6  1 77.0 8. 100  0 . 10  195 .5  185  5 .371  
0. 1 5  205 .9  1 86.7 9 .32 5  0. 1 5  2 1 2.0 196  7.547 
0 .20 2 30 .4  198.4 1 3.889 0 .20 235 .2  209 1 l . 1 39 
0 .25  242 .6  2 1 l .4  1 2 .861 0 .25  248.3 224 9.948 
0 .30 2 53 .4  2 26.0 1 0.8 1 3  0 .30 2 6 l . 1  240 8.08 1 
0 .35 2 67.0 242.8 9.064 0 .35 277.3 259 6.599 
0.40 287.3 262 .8 8 .528 0.40 289. 1 282 2 .456 

0 .50 3 1 7. 1 3 16 .0 0 .347 0 .50 3 24.0 340 4.938 
0 60 3 5 7.4  394.0 10 .241  0 .60 400.0 420 5 .000 

Average ARE = 8.436 Average ARE = 6.333 
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Figure 6. 1 7 :  Exper imental vs. s imu lated (using PVTpro) swel l i ng  test resu lts for wel l  
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Chapter Seven 

Conclusions and Recommendations 

7. 1 Conclusions 

Much of the petroleum engineering work involved in  the development and exp loitation o f  

o i l  reservoirs world -wide depends on the representative flu id  samples wh ich are requ ired  

in  the  measurement of PVT properties and/or assessment of enhanced o i l  recovery (EO R) 

strategies. Also it is known that su rface sampl ing is advantageous over down -ho le  

sampl i ng in  the abi l i ty to col lect large volumes of flu id  and avoid ing the cost and t ime of 

losing p roduction.  The recombination process of the su rface flu id  samples is considered 

successfu l  if the same bubble pressure (at wh ich the down-hole flu id  sample was taken) is 

obta ined at reservoir  temperature. 

The recombination of  the surface flu id  samples (first-stage separator gas and stock-tan k  

oi l )  performed i n  th is work to regenerate the original o i l  composition shows that the 

composit ion of the recombined fluid does not match the reservoir  fl u id composit ion. The 

vapor molar rat io was varied in  steps unti l  the flu ids with compositions s imi lar to those of 

wel ls  A#22  and A#33 fl u ids, with an  average deviation error 0.77% and 1 .09%, 

respectively, were obtained.  The trial (corrected to optimize the error of methane) vapor 

molar rat io was found  to be about 0 .42 for both wel ls .  

The swel l i ng  test performed to determine  the relationsh ip  between saturation pressure, 

swel l ing  factor and the mass fraction of the C02 in jected ind icated that the saturat ion 

pressure tends to i ncrease with the addit ion of C02 to the crude oi l .  At a critical C02 mass 

fraction of  0 .3 a l iqu id - l iquid -vapor trans i tion was observed. The swel l ing factor has 

changed from 1 to 1 .74 u pon the i ncrease of  the injected C02 from 0.0 to 0.6 mass 

fractions. [n general ,  the h igher the swel l ing factor the better the enhanced oi l  recovery 

(EOR) .  

I n  order to  get mea n ingful and  accu rate esti mates of  flu id  properties and  phase behavior, 

some kind of  tuning on the (20+ critical temperature or pressure was made to reproduce 

the origi nal fie ld VLE data using S R K  EOS or PR  EOS bu i lt i n  the PVTi S imulator. General ly, 

the PR EOS p redicts Zc and l iqu id  density better than the SRK EOS, but neither of these EOS 

pred icted accu rate l i qu id  densi ties. 
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It was noticed that the PVTi s imulator gives al most the same value of the Z-factor and the 

molar vo lume for the l iqu id and vapor phases at  saturation cond itions. The PVTpro 

s im ulator gives a l i ttle better answer than the PVTi for the Z-factor. However, neither o f  

the two of s imu lators succeeded i n  pred icting accu rate saturated l iquid molar volumes; 

the relative error was 29 . 1% for wel l  A# 22 and 28.9% for wel l  A# 33 .  When the Rackett 

equation was used for pred iction of the saturated l iqu id  molar volume the error was 6.2 %  

for wel l  A# 22 and 6.7% for wel l  A#33, when compared with the corresponding fie l d  

values. 

On the other hand, when the reservoir flu id  of either wel l  was recombined using the 

PVTpro s imu lator, the error i n  pred icted composit ion was 0 .3% for we l l  A# 22 and 1 .7% 

for wel l  A#33 compared to that of  the corresponding reservoi r  flu id .  

Swel l ing test us ing PVTpro s imu lator the  average ARE i n  the pred icted satu ratio n  

pressures were 8.4% for wel l  A# 2 2  a n d  6 .3% for wel l  A# 33 compared to those values 

obtai ned from the swel l ing test experiments. 

7.2 Recommendations 

I t  i s  recommended to perform the two-stage recombination process for the d i fferent 

reservoir flu ids at the ir  reservoi r  temperatures. The flu ids were used in this work are free 

of water and future work requ i res cons idering water with hydrocarbons together whe n  

the fl u i d  properties are stud ied. Also further work is  needed to b e  done to achieve 

m in imum miscib i l i ty pressure test ( M M P) using sl i m  tube exper iments. 
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Appendix A 

The PVTi Simulator 

The PVT1 s imu lator is  a composit ional PVT equation-of-state based program used for 

characterizing a set of fl u id samples for use i n  the Sch lumberger ECL I PSE  s imulators. The 

PVTi is  needed because i t  i s  v ita l  to have a real istic physical model of the reservoir fl u id  

sample(s) before trying to use it  i n  a reservoi r  s imulation. PVTi can be used to s imu late 

experiments that have been performed i n  the lab on a set of flu id  samples and then 

theoretical p redict ions can be made of any observations that were performed during a lab 

exper iment, in order to test the accuracy of the flu id  model .  

Any d i fferences between the measured and calculated data are m in im ized using a 

regression faci l i ty which adjusts various equation-of-state parameters. This 'tuned' model 

is  then exported in a form su i tab le  for one of the ECLI PS E  s imulators. 

To open a new p roject start the Schlumberger S imu lator launcher, run the PVTi and 

choose a fi lename to save you r  data (as shown in  Figures A- i ,  A-2 and A-3).  

Figure A- l :  Sch lumberger S imulat ion Launcher on a PC 

77 



[ 81e Configuration 

Simulators 
ECUPSE 

ts...lndow 

E300 

FRONTSIM 

ECLIPSE Pre/Post 
.:::. AoGnd 

• Ao IZ 
.uol GAAF 

o OffICe • PVTI�---��--

= \FPI 

Manuals 
• ECUPSE manual 

Utilities 

. PVTi  

Recent Plac5 

llb'�r'6 
Documents 

MuSIc 
Pictures 
tJ,d�s 

.. (ampul,,-r 

Local DI5� 1(:) 
'-" Documents 1 0 )  

Help 

Summary � __ _ 

Select Data Directory 

C ecl BrOWSE , 

Select 'erslon 

Latest 

O .emde Default Ex., 

Run 32blt �erslon of program 

Figure A-2 :  Select PVTi and cl ick on RUN ,  
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Figu re A-3 :  Create a project fi lename in  any d irectory 
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PVTI starts; recognizes that i t  has a new project and immed iately opens the Fundamentals 

Panel (shown in Figure A-4). Th is  panel has been speci fical ly designed to make setting up 

a new project as easy as possible .  S imply fi l l  i n  the components and Z I  columns with the 

components' names and mole fractions, respectively, which is the min imum requ irement 

to have a project with in  PVTi . 

• PVT, 

lC 

(h.nge unrU 

Undo 

Delee 

T.bte lmpoft 

l.bl� Uport_ 

Pnnt T.ble 

OK 

" % 

• 

_ o  

If l 

�.--:P:-:-::vr�, --�-�----r-..., ,---"-- ---p-

From File.. 

From C1lpbo.lrd. 

"THES'S 

Documents 

MUSK 

• Compute, 

local Disk (C ) 

Oo<ume.nn 10:) 

Figu re A-4: Fundamentals  Panel .  

• All F,les ( 0) 

,tiS RE..\D 

C.nc� 

To fi l l  i n  the components' names s imply type the standard shorthand names for the 

components in  your fl u id ,  for example, Cl ,  N 2, C02, H 2S, iC5, etc. The mole fractions can be 

entered as fractions or percentages by selecting the appropriate option on the panel .  Also, 

weight fract ions/percentages can be entered for the components instead of mole 

fractions/percentages (as shown in  Figure A-S for wel l  A# 2 2  and Figure A-6 for wel l  

A#33) .  

Once the Fundamentals Panel i s  completed you wi l l  see a sample cal led Z I on the tree view 

on the left-hand s ide o f  the main  window. This is  the fu ndamental sample for the project 

and the name Z I  cannot be changed. 
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Once at least one flu id  sample (the Z I  sample) has been defined then any experiment 

supported with i n  PVTi can be s im ulated as wel l  as operations such as phase plots, 

fi ngerp ri nt pl ots and sp l i tt ing. But before ru nn ing any experiment one need to set PVTi 

un i t  defi n it ions (Figu re A-7) . 

1 

• PVTi 
r--'"'--F II � Edrt Vi,"", Run (UtIlitIes OptIons WIndow Help 

� � � � m  UnIts. 
I 

� � �  dI � Standard CondItIons 
S�t PVT, Un t D� Program n_lIons 

� THESIS 

I u,�.:: - � Zl Text EdItor 

JS. - 1----1 • Fleld - ... 
� Sat pressure 1 I 

Tem�ure Un� T)'Pe 
Kelvin CelsIUs 

Mole fractIon or Percentage 

fraction • Percentage 

Absolute or Gauge Pressure 

• Absolute Gauge 

I OK I Cancel 

.-

I: :i@l 

I=�. 
--� 

lab PVT Metne 

RanIone • Fahrenheot 

IMIII 

Help 

-
� . I . r1 , I Read 1 ng I n d 1 v 1 dua l OBServa t. 1 0n IJe 1 g h  s . 

Rea d 1 ng RUNSPEc/MODSPEC 
Read 1 ng SYSTEM/HODSYS 
Read 1 ng RUNSPEC/MODSPEC 
Read 1 ng SYSTEM/HODSYS -

LI THE S I S  Peng-Roblnson ¢hree-pasameter) 

Figu re A-7 :  Set PVTi un its 

M ult ip le  flu i d  samples can be defi ned by speci fying the components as one of  three types: 

1 .  User  defined .  

2 .  L ibrary components requ i re on ly  that the  appropriate component mnemonic be 

entered. 

3. Characterized components defined properties of plus fractions from a l im ited 

set of  i n formation as in Figure A-8 for wel l  A#2 2  and Figure A-9 for wel l  A#33.  

F i nal ly a l l  the p roperties of  a component can be defined;  a fac i l i ty wh ich can be used 

selectively to ed it  the properties of  existi ng components. 
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The F lu id  P roperties Estimation ( FPE) fac i l i ty i n  the PVTj is designed so that it can be used 

when you have m i n i mal data at your d isposal, at the wel l -s ite for example. In this scenario, 

a ful l  lab analysis of  mu lt ip le  flu id  samples from the reservoi r  has not yet been performed. 

Typ ical ly, j ust a s ingle sample  would be avai lable and min imal flu id behavior known, for 

example, saturation p ressure at a particular temperature. Speci fical ly, the FPE fac i l i ty 

assumes that a s ingle flu id  sample  with composit ional information is avai lable which 

includes a s ingle p lus  fraction (for example C7+) component for which the weight fraction 

is  known. Typi ca l ly, this weight fraction  data is  fai rly accurate but the molar weight, wh ich 

is  used to characterize the cri tical properties of  the plus fraction, i s  not The FPE 

functional ity al lows you to perform a qu ick l ook s im ulation that regresses on the mole 

weight of the p lus fraction, and keep the weight fraction constant, in  order to fit to a 

saturation pressu re observation at  a part icular temperature. 

Experiments may be performed on the flu id  systems defined us ing the equation of state 

model ( Figure A- lO  for wel l  A# 2 2  and Figu re A- l l  for wel l  A#33) .  Poss ib i l i ties are: 

- Flash ca lculations Saturation p ressures 

Pressure deplet ion - M ul ti -stage separator s imulations. 
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Figure A- l O :  Adding flu id  properties estimation for wel l  A#22 
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A s imu lation report i s  shown i n  Figu re A- 1 2  for wel l  A#22 and Figure A- 1 3  for wel l  A# 33 

indi cating that the observed saturation pressu re is not the same as that calculated by the 

PVTj s imulator. The PVTi conti nues regression u nti l  the observed saturation pressure is 

obtai ned. 
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The flu id  sam ples that the PVTi performs regression on every experiments even i f  there 

are mUlti ple  flu id  samples, each with their own experiments. The reason for this is that, 

the equation of  state i s  fitted to the observation data to produce a better representation of 

the fl u id .  

A Sensitivity analysis is  used to establ ish which flu id  properties most affect the d i fference 

between the observed and s imu lated values and to determine which attributes of the flu id  

components improve the solut ion by the  smal lest change. The most sensitive attributes 

are calcul ated for crit ical temperature and pressure for each experi ment, for both 

regression variables. 

F ina l ly the most sens i tive p roperties wil l  be selected for use in  the regression to improve 

the eq uation  of state model of the fl u id  (Figure A- 14) .  
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Figu re A- 1 4: Select EOS parameters for regression. 
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I n  th is  work, Tc for C20+ was first selected as a sensitive attr ibute but  the calculated 

saturat ion p ressure was not accurate then Pc for C20+ was selected to accurately fit the 

requ i red saturat ion pressure (see Figu re A- i S  for wel l  A# 22 and Figure A- 1 6  for wel l 

A#33)  
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F igure A- i S :  Regression observed vs. calculated saturation pressure for wel l  A# 22 
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Figure A- 16 :  Regression observed vs. calculated saturation pressure for wel l  A#33 

Table  A i  M olecu lar we ights and  critical properties of the  components used in  th i s  study. 

Component MW PCI psia To oR w 
N 2 2 8.0 1 492 .26 228 .31  0.0403 
CO 2  44.0 1 1 070.67 548.87 0 .2276 
C 1  1 6 .04 667.03 344.34 0.0 1 1 5  
C2 30.07 706.62 550.9 1 0.0995 
C3 44. 1 0  6 1 6. 1 2  667.02 0 . 1523  
i -C4 58. 1 2  529. 1 0  735.98 0 . 1770  
n-C4 58. 1 2  550.56 766.55 0.2002 
i -Cs 7 2 . 1 5  490.37 830. 1 0  0 .2275 
n -Cs 7 2 . 1 5  488.78 846.79 0.25 1 5  
C6 84.98 495.88 922.20 0.2586 
C7 96 .00 446. 1 3  985.53 0.2794 
Cs 1 0 6. 59 407.05 1 039.83 0.3081 
C9 1 19 .79 375 .22  1 087.72 0.341 1 

C 10 1 3 3.75 348.59 1 1 30.79 0.3764 

C l l  148. 1 2  3 25.85 1 1 70.07 0.4 1 2 6  

C 12 1 62.69 306. 1 2  1 2 06.24 0.4489 

C 13 1 76.00 288.77 1 2 39.80 0.4847 

C 14 1 9 1 .85 273 .37 1 2 7 1 . 1 0  0.5 196  

CIS 206 .27 259.58 1 300.43 0.5534 

C 16 2 2 0.52  247. 1 5  1 327 .99 0.5860 

C 17 234.55 2 35.88 1 353.96 0.6 1 72 

CIS 248.34 225 .63 1 3 78.48 0.6469 

C19 2 6 1 .89 2 1 6.25  1401 .66 0 .6752 

C20 +  for A#22  403.00 234.4 1 555.37  1 . 1675 

C20+ for A#33 424.00 2 29.0 1 584.87 1 . 1 882 
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The final report after regression shows the fitti ng of the observed and calcu lated 

saturation pressures (Figure A- 1 2  for wel l  A# 22) .  The results of PVTi experiments such 

flash, CCE, DL and Separator tests for wel l  A#22 shown below 

Expt PSATl S a t ura t i o n  P r e s s u re C a l c u l a t i on 

P e ng - Ro b i n s on ( 3 - P a rm ) on Z 1  w i t h  P R  c o r r . 
Lohr e n z - B r a y - C l a r k  v i s cos i t y Co r r e l a tion 

Spe c i f i e d  t empe r a t u r e  Deg F 
C a l c u l a t e d  bubb l e  p o i n t  p re s s ure PS 1 A  

Ob s e rve d bubb l e  p o i n t  p r e s s ure PS 1 A  

Flui d p rope r t i e s 

- - - - - - - - - - - - - - - - - - -

�Io l e  We i ght 

Z - f a c t o r 

V i s c o s i t y  

Dens i t y  LB / F T 3  

Mo l a r  V o l  C F/ L B - ML 

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - -

Mo l a r  D i s t r ibut i o n s  

Comp o n e n t s  

Mnemoni c Numb e r  

- - - - - - - - - - - - - - - - - - -

N2 1 
co2 2 
c 1  3 
c2 4 
C3 5 
1 C 4  6 
Nc4 7 
1 c 5  8 
NC5 9 
c 6  1 0  
c7 1 1  
C8 1 2  
c 9  1 3  
C 1 0  1 4  
C l l  1 5  
C 1 2  1 6  
c 1 3  1 7  
C 1 4  1 8  
C 1 5  1 9  
c 1 6  2 0  
C 1 7  2 1  
c 1 8  2 2  
C 1 9  2 3  
C 2 0 +  2 4  
- - - - - - - - - - - - - - - - - - -

Comp o s i t i on Tot a l  

- - - - - - - - - - - - - - - - - - -

L i qu i d  
- - - - - - - - - - - -

C a l c u l a t e d  

- - - - - - - - - - - -

1 1 0 . 9 4 0 4  
0 . 7 8 4 3  
0 . 3 5 1 7  

4 3 . 2 0 33 
2 . 5 6 7 9  

- - - - - - - - - - - -
- - - - - - - - - - - -

Tot a l ,  Z 

- - - - - - - - - - - -

Me a s u re d 

- - - - - - - - - - - -

o . 1 l 90 
1 .  8 6 0 0  

3 1 . 6 92 0  
6 . 1 8 8 0  
5 . 7 5 2 0  
1 .  3 3 90 
3 . 3 7 5 0  
1 .  5 1 0 0  
2 . 0 8 90 
3 . 2 4 5 0  
3 . 7 6 0 0  
3 . 9 4 90 
3 . 5 7 90 
3 . 3 5 3 0  
2 . 7 6 0 0  
2 . 3 7 0 0  
2 . 2 9 8 0  
2 . 3 8 0 0  
2 . 1 2 90 
1 . 9 3 2 0  
1 . 6 8 1 0  
1 . 4 6 90 
1 . 3 5 4 0  
9 . 8 1 7 0  

- - - - - - - - - - - -

1 0 0 . 0 0 0 0  
- - - - - - - - - - - -

Vap o u r  

- - - - - - - - - - - -

C a l cul a t e d 

- - - - - - - - - - - -

2 2 . 62 8 6 
0 . 7 8 4 3 
0 . 0 1 8 3 
7 . 92 2 8  
2 . 8 5 6 1  

- - - - - - - - - - - -

- - - - - - - - - - - -

L i qui d , X 

- - - - - - - - - - - -

Ca l cu l a t e d  

- - - - - - - - - - - -

0 . 1 1 9 0 
1 . 8 6 0 0  

3 1 . 6 9 2 0  
6 . 1 8 8 0 
5 . 7 5 2 0  
1 .  3 3 9 0 
3 . 37 5 0 
1 . 5 1 0 0 
2 . 0 8 90 
3 . 2 4 5 0 
3 . 7 6 0 0 
3 . 9 4 90 
3 . 5 7 9 0 
3 . 3 5 3 0 
2 . 7 6 0 0 
2 . 37 0 0 
2 . 2 9 8 0 
2 . 3 8 0 0 
2 . 1 2 9 0 
1 . 9 3 2 0  
1 . 6 8 1 0 
1 . 4 6 9 0 
1 . 3 5 4 0  
9 . 8 1 7 0  

- - - - - - - - - - - -

1 0 0 . 0 0 0 0 
- - - - - - - - - - - -

2 3 5 . 0 0 0 0  
2 2 7 6 . 9 90 6  
2 2 7 7 . 0 0 0 0  

- - - - - - - - - - - -

Vapour , Y  

- - - - - - - - - - - -

C a l cula t e d  

- - - - - - - - - - - -
0 . 4 8 5 2  
2 . 9 6 4 5  

7 9 . 5 4 0 9  
7 . 3 3 97 
4 . 3 0 2 7  
0 . 7 0 0 6  
1 . 5 1 4 8  
0 . 4 8 9 8 
0 . 6 1 2 2  
0 . 6 1 1 6  
0 . 4 6 07 
0 . 3 5 4 1  
0 . 2 2 0 9  
0 . 1 4 8 0  
0 . 0 8 7 6  
0 . 0 5 4 4  
0 . 0 3 8 6 
0 . 02 8 1  
0 . 0 1 7 7  
0 . 0 1 1 7  
0 . 0 0 7 4 
0 . 0 0 5 0  
0 . 0 0 3 5  

6 . 5 2 7 2 E- 0 5  
- - - - - - - - - - - -

1 0 0 . 0 0 0 0  
- - - - - - - - - - - -

- - - - - - - - - - - -

K-Va lue s 

- - - - - - - - - - - -

C a l c u l a t e d  

- - - - - - - - - - - -

4 . 0 7 7 3  
1 .  5 9 3 8  
2 . 5 0 9 8  
1 . 1 8 6 1  
0 . 7 4 8 0  
0 . 5 2 3 2  
0 . 4 4 8 8  
0 . 3 2 4 4  
0 . 2 9 3 1  
0 . 1 8 8 5  
0 . 1 2 2 5  
0 . 0 8 9 7 
0 . 0 6 1 7  
0 . 0 4 4 1  
0 . 0 3 1 7  
0 . 0 2 3 0  
0 . 0 1 6 8  
0 . 0 1 1 8  
0 . 0 0 8 3  
0 . 0 0 6 1  
0 . 0 0 4 4  
0 . 0 0 3 4  
0 . 0 0 2 6  

6 . 6 4 8 9E - 0 6  
- - - - - - - - - - - -

- - - - - - - - - - - -

Figu re A- 1 2 :  Satu rat ion pressure calculation report after regression for wel l  A#22 .  
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Expt E"LAS H 1  F l a s h  Ca l cul a t i o n  

Peng -Robi n s o n  ( 3 - Pa rrn )  o n  Z I  w i t h  P R  c o r r . 
Lohr e n z -Bra y-Cl a r k  vi s co s i t y  Corr e l a t i on 

Two pha s e  s ta t e  

Spe c i f i e d  t empe rat ure 

Spe c i f i e d  p re s s ur e  

Mole Pe r c e n t a g e  in vapour 
C a l c u l a t e d  GOR 

Li quid 

Flui d p rope rt i e s  

C a l c ul a t e d  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Mol e  We i ght 1 9 3 . 6 0 5 1  

Z - fa ct o r 0 . 0 0 9 8  
vi s c o s i t y  1 . 4 1 9 4  

Den s i t y  LB/ F T 3  5 1 . 8 5 8 7  
Mol a r  V o l  CF/L B-ML 3 . 7 3 3 3  

Mol a r  D i s t r ibut i o n s  Tot a l , Z 

Deg F 

P S I A  

MSC F/BBL 

Vapour 

Ca l cul ate d 

- - - - - - - - - - - -

2 6 . 7 3 3 9  

0 . 9 9 3 8 
0 . 0 1 0 0 

o . 0 7 0 8  

3 7 7 . 7 9 1 7 

6 0 . 0 0 0 0  
1 4 . 6 7 0 0  

4 9 . 5 3 8 0  
0 . 5 6 02 

L i qui d , X Vapour , Y  K-Va lue s 
Compone n t s  

Mnemon i c Numb e r  Mea s u r e d Ca l cul ate d Cal cul a t e d  c a l c u l a t e d  

2 1 0 . 1 1 9 0  

CO2 2 1 .  8 6 0 0  

C 1  3 3 1 . 6 92 0  

C2 4 6 . 1 8 8 0  

C 3  5 5 . 7 52 0  

r C 4  6 1 .  3 3 9 0  

NC4 7 3 . 3 7 5 0  

r C 5  8 1 . 5 1 0 0  

Nc5 9 2 . 0 8 9 0 

C 6  1 0  3 . 2 4 5 0  

C7 1 1  3 . 7 6 0 0  

C 8  1 2  3 . 9 4 9 0 

C 9  1 3  3 . 5 7 9 0 

C 1 0  1 4  3 . 3 5 3 0  

C l l  1 5  2 . 7 6 0 0  

C 1 2  1 6  2 . 3 7 0 0  

C 1 3  1 7  2 . 2 9 8 0  

C 1 4  1 8  2 . 3 8 0 0  

C 1 5  1 9  2 . 1 2 9 0 

C 1 6  2 0  1 .  9 3 2 0  

C 1 7  2 1  1 . 6 8 1 0  

C 1 8  2 2  1 .  4 6 9 0  

C 1 9  2 3  1 .  3 5 4 0  

C2 0 +  2 4  9 . 8 1 7 0  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

comp o s i t i on T o t a l  1 0 0 . 0 0 0 0  

o . 0 0 0 4  
0 . 0 6 0 9  

0 . 3 0 6 6 
0 . 4 2 6 3 

1 .  3 7  6 6  
0 . 7 5 0 7 

2 . 4 5 8 7  
1 . 8 1 5 2 

2 . 8 0 5 7 
5 . 6 6 1 4 

7 . 1 2 9 1 
7 . 67 3 7 

7 . 0 4 7 5 
6 . 6 2 9 9  

5 . 4 6 5 2 
4 . 6 9 5 3 

4 . 5 5 3 5 

4 . 7 1 63 
4 . 2 1 9 0 

3 . 8 2 8 6 
3 . 3 3 1 2 

2 . 9 1 1 1 
2 . 6 8 32 

1 9 . 4 5 4 2 
- - - - - - - - - - - -

1 0 0 . 0 0 0 0  

0 . 2 3 9 9  
3 . 6 9 2 6  

6 3 . 6 6 2 9 
1 2 . 0 5 7 2  

1 0 . 2 0 9 1  

1 . 9 3 8 3  

4 . 3 0 8 4  
1 . 1 9 9 1  

1 .  3 5 8 9  
0 . 7 8 3 6  

0 . 3 2 8 1  
0 . 1 5 4 9  

0 . 0 4 5 8  
0 . 0 1 5 0  

0 . 0 0 4 3  
0 . 0 0 1 3  

0 . 0 0 0 5  

0 . 0 0 0 2  

� .  8 9 1 4 E- 0 5  

1 . 5 6 0 9 E - 0 5  
4 . 8 4 6 4 E - 0 6  

1 .  8 0 3 l E- 0 6  
7 . 3 1 0 0 E - 0 7  

1 . 0 4 7 1 E- 1 3  

- -- - - - - - - - - -

1 0 0 . 0 0 0 0  

6 7 4 . 0 2 7 3  
6 0 . 5 9 0 3  

2 0 7 . 6 7 1 6  
2 8 . 2 8 5 9  

7 . 4 1 6 4  
2 . 5 8 1 9  

1 .  7 5 2 3  
0 . 6 60 6  

0 . 4 8 4 3  
0 . 1 3 8 4  

0 . 0 4 6 0 
0 . 0 2 02 

0 . 0 0 6 5  
0 . 0 02 3  

0 . 0 0 0 8  
0 . 0 0 03 

0 . 0 0 0 1  

3 . 4 9 5 0 E - 0 5  
1 . 1 5 9 4 E - 0 5  

4 . 07 6 8 E - 0 6  
1 . 4 5 4 8 E - 0 6  

6 . 1 9 3 8 E - 0 7  
2 . 7 2 4 3E - 0 7  

5 . 3 8 2 5 E - 1 5  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -- - -

Figu re A- 1 3 :  Flash calculation report for wel l  A#22 
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Expt S E P S l  S e p a r a t o r "  

P e n g - Ro b � n � o n  
Lo h r e n z - Br a y - C l a r k 

( 3 - P a rm )  o n  Z I  w i t h  P R  ca r r . 
V i � co � i t y  Co r r e l a t i o n  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S t a g e  D umbe r 1 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Spe c i f � e d p r e � � u r e  P S I A  

Spe c i f � e d t empe r a t u r e  D e g  F 

GOR c a l c .  i �  G a � V o l  a t  S TC / S t a ge oi l V o l 

F ee d 1 �  we l l � t r e am o n l y 

OUt p u t  1 �  1 0 0 . 0  o f  l i qu i d  t o  
1 0 0 . 0 � o f  v a p o u r t o  

� t a g e  2 
c umu l a t i v e 

T o t a l  n umbe r m o l e �  o u t p u t  to l i qu i d  � t r e am 

T o t a l  n umbe r m o l e s  o u t put t o  vapo u r  � t r e am 

To t a l  l i qui d v o l um e  ou tpu t B B L  
To t a l  v ap o u r  v o l um e  ou tpu t MB C F  

S t a g e  G a � - o i l  r a t i o ( C a l c u l a t e d )  �rn C F / B B L  

Vapo u r  mo l e  f r a c t i o n  ( C a l c u l a t e d )  

S t a g e  o i l  F V F  ( C a l c u l a t e d )  RB / S T B  

L i qu i d  
F l u i d p r op e r t i e s  

Ob " e r v e d C a l cu l a t e d  

n umb e r  m o l e �  
n umb e r  m o .l e �  

V a p our 

2 3 9 . 9 6 9 6  

9 6 . 0 0 0 0  

0 . 6 3 5 3 
0 . 3 6 4 7  

0 . 6 3 5 3  

0 . 3 6 4 7  

o . 3 6 8 7  
0 . 1 3 8 4  

0 . 3 7 5 3 

3 6 . 4 6 7 6  

1 .  0 6 5 0  

Ob " e r v e d C a l cu l a t e d  

Mo l e  We i gh t  
Z - f a c t:. o r  

v i. !5 C O !5 .i t y  
D e n � .i t y  

t� l a r  V o l  

1 6 2 . 3 7 7 3  2 1 . 3 2 9 1  

LB / F T 3  

C F / L B - M L  

M o l a r  D i s t r i b u t i o n s  

Comp o n e n t s  
Mnem o n i c 

N2  

C02 
C 1  

C 2  
C 3  

I C 4  
NC 4 

I C 5  
N C 5  

C 6  
C7 

C8 
C 9  

C l 0  
C l l  

C 1 2  
C 1 3  

C 1 4 
C 1 5  

C 1 6  
C 1 7  

c 1 8  
C 1 9  

C 2 0 +  

Numb e r  

1 

2 
3 

4 
5 

6 
7 

8 
9 

1 0  
1 1  

1 2  
1 3  

1 4  
1 5  

1 6  
1 7  

1 8  
1 9  

2 0  
2 1  

2 2  
2 3  

2 4  

Comp o s i t i on T o t a l  

F l u i d ,  Z 

C a l c u l a t e d  

0 . 1 1 9 0  

1 . 8 6 0 0  
3 1 . 6 9 2 0  

6 . 1 8 8 0  
5 . 7 5 2 0  

1 . 3 3 9 0  
3 . 3 7 5 0  

1 . 5 1 0 0  
2 . 0 8 9 0  

3 . 2 4 5 0  
3 . 7 6 0 0  

3 . 9 4 9 0  
3 . 5 7 9 0 

3 . 3 5 3 0  
2 . 7 6 0 0  

2 . 3 7 0 0  
2 . 2 9 8 0  

2 . 3 8 0 0  
2 . 1 2 9 0  

1 .  9 3 2 0  
1 . 6 8 1 0  

1 .  4 6 9 0  
1 . 3 5 4 0  

9 . 8 1 7 0  

1 0 0 . 0 0 0 0  

0 . 1 3 1 1 0 . 9 4 9 2  

1 . 0 4 3 8 0 . 0 1 1 4  
4 9 . 8 3 4 1  

3 . 2 5 8 4  

K - Va l ue "  

c a l cu l a t e d  

4 1 . 3 1 8 5  

5 . 2 4 9 5 
1 4 . 7 3 3 5 

2 . 6 9 4 6  
0 . 8 6 6 1  

0 . 3 5 5 8  
0 . 2 5 5 2 

0 . 1 1 1 8 
o . 0 8  6 3  

0 . 0 3 0 0 
0 . 0 1 1 6  

0 . 0 0 5 7 
0 . 0 0 2 2  

0 . 0 0 0 9  
0 . 0 0 0 4  

0 . 0 0 0 2 
6 . 9 2 2 4 E - 0 5  

2 . 7 5 3 7 E - 0 5  
1 . 0 9 3 3 E - 0 5  

4 . 5 7 3 0 E - 0 6  
1 . 9 3 0 5 E - 0 6  

9 . 4 6 0 9 E - 0 7  
4 . 7 6 2 3 E - 0 7  

1 . 6 2 8 8 E - 1 3  

L i qui d , X  

C a l cu l a t e d  

0 . 0 0 7 6  

0 . 7 2 9 5  
5 . 2 7 4 7  

3 . 8 2 4 6  
6 . 0 4 7 2  

1 . 7 5 0 1  
4 . 6 3 3 6  

2 . 2 3 3 4  
3 . 1 3 2 9  

5 . 0 2 1 2  
5 . 8 7 9 1  

6 . � 9 5 4  
5 . 6 2 6 2  

5 . 2 7 4 9  
4 . 3 4 3 3  

3 . 7 3 0 0  
3 . 6 1 6 9  

3 . 7 4 6 1 
3 . 3 5 1 0  

3 . 0 4 1 0  
2 . 6 4 5 9  

2 . 3 1 2 2  
2 . 1 3 1 2  

1 5 . 4 5 1 9  

1 0 0 . 0 0 0 0  

0 . 9 0 4 3  

2 3 . 5 8 6 5  

Vapo ur , Y. 

C a l cu l a t e d  

0 . 3 1 3 1  

3 . 8 2 9 5  
7 7 . 7 1 5 2  

1 0 . 3 0 5 5  
5 . 2 3 7 7  

0 . 6 2 2 7  
1 . 1 8 2 3  

0 . 2 4 9 7 
0 . 2 7 0 4  

0 . 1 5 0 5  
0 . 0 6 8 1  

0 . 0 3 5 4  
0 . 0 1 2 4  

0 . 0 0 4 8  
0 . 0 0 1 6  

0 . 0 0 0 6  
0 . 0 0 0 3  

0 . 0 0 0 1  
3 . 6 6 3 7 1:: - 0 5  

1 . 3 9 0 6 E - 0 5  
5 . � 0 7 9 E - 0 6  

2 . 1 8 7 5 E - 0 6  
1 . 0 1 4 9 E - 0 6  

2 . 5 1 6 9 E - 1 2  

1 0 0 . 0 0 0 0  

Figu re A- 14 :  Fist Stage Separator test report for wel l  A#2 2 . 

90 



Expt S E PS 1  S e p a r a t o r !!J 

P e n 9 - Ro b .i n � o n 
Lo h r e n z - Br a y - C l a r k  

( 3 - P a rm )  o n  Z I  w i. t h  P R  c o r r . 
V i � c o � i t y  C o r r e l a t i o n 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S t a g e  n umb e r 2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Spe c i f i e d p re � � u r e  PS I A  
S p e c i f i e d t empe r a t u r e  D e q  r 

GOR ca l c .  i �  Ga � V o l  a t  S T C/ S t a g e  O i l Vo l 

F e e d  i �  1 0 0 . 0 ' o f  l i qu i d  f r om e t a g e  1 

Outp u t  i s  1 0 0 . 0 ' o f  l i qu i d  t o  

1 0 0 . 0 % o f  v a pou r t o  
c umu l. a t i v e 

c umu l. a t i v e 

T o � a l n umbe r  mo l e �  o u t pu t  to l. i qu i d  � t re am 
T o t a l. n umbe r  mo l. e �  o u t pu t  to v ap o u r  � t r e am 

To t a l l i qui d vo l um e  o u t pu t  B B L  

T o t a l v apou r v o l. um e  o u tpu t MS C F  

S t a g e  G a s - o i l  r a t i o  ( C a l c u l a t e d )  MSC F / B B L  

V a p o u r  mo l. e  f r a c t i on ( C a l cu l. a t e d )  

S t a g e  o i l  F V F  ( C a l c ul a t e d )  RB / B T B  

L i qu i d 
F l u i d  p rope r t i e ."  

Ob ." e r v e d  C a l c ul a t e d 

n umb e r  m o l e �  

n umb e r  mol e �  

n umb e r  m o l. e �  

V a p o u r  

1 4 . 6 9 5 9  
6 0 . 0 0 0 0  

0 . 6 3 5 3  

0 . 5 4 2 5  

0 . 0 9 2 8  

0 . 5 4 2 5  
0 . 0 9 2 8  

0 . 3 4 6 2  

0 . 0 3 5 2  

0 . 1 0 1 7  

1 4 . 6 1 0 5  

1 . 0 0 0 0  

Ob s e r v e d  C a l c u l a t e d  

Mo l e  W e i gh t  1 8 4 . 2 9 8 1  3 4 . 2 6 2 7  

Z - f a c t o r  
V i s c o s i t y  

De n s i t y  
Mo l a r  V o l  

LB / F T 3  
<::/ L B - M L  

Mo l a r  D i s t r i b u t i o n s 
Comp on e n t s  

�mem o n i c Numb e r  

N2 
C02 

C 1  
C 2  

C 3  
I C 4  

NC 4 
I C 5  

NCS 
C 6  

C 7  

C 8  

C 9  
C 1 0  

C 1 �  
C 1 2  

C 1 3  
C 1 4 

C 1 S  

C 1 6  

C 1 7  
C 1 8  

C 1 9  
C 2 0 +  

1 
2 

3 
4 

5 
6 

7 
8 

9 
1 0  

1 1  
1 2  

1 3  

� 4  

� 5  
� 6  

1 7  
� 8  

1 9  
2 0  

2 1  
2 2  

2 3  
2 4  

Comp o s i t i on To t a l 

F.l u i d ,  Z 

0 . 0 0 9 4  
1 . 3 4 4 9 

5 1 . 4 3 7 9  
3 . 5 8 2 9 

K - Va l ue ."  L i qu i d , X 

0 . 9 8 9 7  
0 . 0 0 9 3  

0 . 0 9 1 2  
3 7 5 . 5 7 4 3  

Vapo u r , Y 

C a l c ul a t e d  C a l c u l a t e d  C a l c u l a t ed C a l cu l a t ed 

0 . 0 0 7 6  
0 . 7 2 9 5 

5 . 2 7 4 7 
3 . 8 2 4 6  

6 . 0 4 7 2  
1 . 7 5 0 1  

4 . 6 3 3 6  
2 . 2 3 3 4  

3 . 1 3 2 9  
5 . 0 2 1 2  

5 . 8 7 9 1  
6 . 1 9 5 4  

5 . 6 2 6 2 
5 . 2 7 4 9  

4 . 3 4 3 3  
3 . 7 3 0 0  

3 . 6 1 6 9  
3 . 7 4 6 1 

3 . 3 5 � 0  
3 . 0 4 1 0 

2 . 6 4 5 9  
2 . 3 1 2 2  

2 . 1 3 1 2  
1 5 . 4 5 1 9  

1 0 0 . 0 0 0 0  

6 6 7 . 8 1 0 9  
6 0 . 2 8 4 4  

2 0 5 . 3 7 3 3 
2 8 . 1 3 7 2  

7 . 3 8 8 7 
2 • 5 8  0 4  

1 . 7 5 2 5 
0 . 6 6 1 6 

0 . 4 8 5 3 
0 . 1 3 9 1 

o . 0 4  6 3  
0 . 0 2 0 3 

0 . 0 0 6 6  
0 . 0 0 2 3  

0 . 0 0 0 8 
0 . 0 0 0 3 

0 . 0 0 0 1  
3 . 5 5 6 1 E - 0 5  

1 . 1 8 1 6 E - 0 5  
4 . 1 6 1 2 E - 0 6  

1 . 4 8 7 2 E - 0 6  
6 . 3 3 9 6 E - 0 7  

2 . 7 9 1 8 E - 0 7  
5 . 6 8 0 2 E - 1 5  

7 . 6 9 9 4 E - 0 5  
0 . 0 7 5 5  

0 . 1 7 0 9  
0 . 7 7 0 3  

3 . 1 2 7 7  
1 . 4 2 1 8  

4 . 1 7 4 7  
2 . 3 4 9 6 

3 . 3 8 7 6  
5 . 7 4 3 7 

6 . 8 3 0 9  
7 . 2 3 0 3  

6 . 5 8 1 5  
6 . 1 7 5 0  

5 . 0 8 5 8  
4 . 3 6 8 0  

4 . 2 3 5 7  
4 . 3 8 7 0  

3 . 9 2 4 4  
3 . 5 6 1 3  

3 . 0 9 8 6  
2 . 7 0 7 8  

2 . 4 9 5 8  
1 8 . 0 9 5 8  

1 0 0 . 0 0 0 0  

0 . 0 5 1 4  
4 . 5 5 1 7  

3 5 . 1 0 3 4  
2 1 . 6 7 4 7  

2 3 . 1 0 9 9  
3 . 6 6 8 9  

7 . 3 1 6 0  
1 . 5 5 4 5  

1 . 6 4 4 0 
0 . 7 9 8 7  

0 . 3 1 6 4  
O .  � 4 7 1  

0 . 0 4 3 2  
0 . 0 1 4 1  

0 . 0 0 4 1  
0 . 0 0 1 2  

0 . 0 0 0 5  
0 . 0 0 0 2  

4 . 6 3 7 0 E - 0 5  
1 . 4 8 1 9 E - 0 5  

4 . 6 0 8 3 E - 0 6  
1 . 7 1 6 7 E - 0 6  

6 . 9 6 8 0 E - 0 7 
1 . 0 2 7 9 E - 1 3  

1 0 0 . 0 0 0 0  

Figure A- 1 5 :  Second Stage Separator test report for wel l  A#22 
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Expt S E P S 1 S e p a r a t o r s  

Peng - Ro b i n s on ( 3 - P a rm ) o n  20 r  

Loh r e n z - Br a y - C l a r k v i s co s i t y  Cor r e l a t i o n  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

wi t h  P R  co r r . 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Cumu l a t i ve s  f o r  S e p a r a t o r  T r a i n  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

S t a n d a r d  p r e s s u r e Ps r A  

S t a n da r d  t e mp e r a t u r e  D e g  F 

umu l a t i ve l i qu i d  mo l e  f r a c t i on 
Cumu l a t i ve vapo ur mo l e  f r a c t i o n  

Cumu l a t i ve S u r f a ce v o l ume o i l BBL 

Cumu l a t i ve S u r f a ce vo l ume gag MS C F  

umu l a t i ve GOR ( C a l cu l a t e d )  M S C F / BBL 

- - - - - - - - - - - - - - - - - - -

F l u i d p rope r t i e s 

- - - - - - - - - - - - - - - - - - -
Mo l e  We i gh t  

2o - fa c t o r 

V i s c o s i t y 

Dens i t y  LB / F T 3 

Mo l a r  V o l  C F/ L B -ML 

- - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - -
Mol a r  D i s t r ib u t i o n s 

Comp o ne n t s  

Mnemoni c  Numb e r  

- - - - - - - - - - - - - - - - - - -
N2 1 

CO2 2 

C 1  3 

C2 4 

C 3  5 

r C 4  6 

NC 4 7 

r c 5  8 

NC5 9 

C 6  1 0  

c 7  1 1  

C 8  1 2  

C 9  1 3  

C I 0 1 4  

C l l 1 5  

C 1 2  1 6  

C 1 3  1 7  

C 1 4  1 8  

C I S  1 9  

C 1 6  2 0  

c 1 7  2 1  

c 1 8  2 2  

c 1 9  2 3  

c2 0 +  2 4 

- - - - - - - - - - - - - - - - - - -
Comp o � � t i on Tot a l  

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - -
L i qu i d  

- - - - - - - - - - - -
C a l c u l a t e d  

- - - - - - - - - - - -
1 8 4 . 2 9 8 1  

0 . 0 0 9 4  

1 . 3 4 4 9  

5 1 . 4 3 7 9  

3 . 5 8 2 9  

- - - - - - - - - - - -
- - - - - - - - - - - -

T o t a l , 20 
- - - - - - - - - - - -

Me a s ure d 

- - - - - - - - - - - -
0 . 1 1 9 0  

1 . 8 6 0 0  

3 1 . 6 9 2 0  

6 . 1 8 8 0  

5 . 7 5 2 0  

1 . 3 3 9 0  

3 . 3 7 5 0  

1 . 5 1 0 0  

2 . 0 8 9 0  

3 . 2 4 5 0  

3 . 7 6 0 0  

3 . 9 4 9 0  

3 . 5 7 9 0 

3 . 3 5 3 0  

2 . 7 6 0 0  

2 . 3 7 0 0  

2 . 2 9 8 0  

2 . 3 8 0 0  

2 . 1 2 9 0  

1 . 9 3 2 0  

1 . 6 8 1 0  

1 .  4 6 9 0  

1 . 3 5 4 0  

9 . 8 1 7 0  

- - - - - - - - - - - -
1 0 0 . 0 0 0 0  

- - - - - - - - - - - -

- - - - - - - - - - - -
V a p o u r  

- - - - - - - - - - - -
Ca l cu l a t e d  

- - - - - - - - - - - -
2 3 . 9 5 3 2 

0 . 9 9 5 0  

o . 0 1 0 3 

0 . 0 6 3 4  

3 7 7 . 5 9 6 8 

- - - - - - - - - - - -
- - - - - - - - - - - -

L i qui d ,  X 

- - - - - - - - - - - -
Ca l cu l a t e d  

- - - - - - - - - - - -
7 . 6 9 9 4 E - 0 5  

o . 0 7 5 5 

0 . 1 7 0 9 

0 . 7 7 0 3 

3 . 1 2 7 7  

1 .  4 2 1 8  

4 . 1 7 4 7 

2 . 3 4 9 6 

3 . 3 8 7 6  

5 . 7 4 3 7 

6 . 8 3 0 9 

7 . 2 3 0 3 

6 . 5 8 1 5 

6 . 1 7 5 0 

5 . 0 8 5 8 

4 . 3 6 8 0  

4 .  2 3 5 7  

4 . 3 8 7 0  

3 . 9 2 4 4  

3 . 5 6 1 3 

3 . 0 9 8 6  

2 . 7 0 7 8  

2 . 4 9 5 8  

1 8 . 0 9 5 8  

- - - - - - - - - - - -
1 0 0 . 0 0 0 0  

- - - - - - - - - - - -

- - - - - - - - - - - -
Va p o u r , Y  

- - - - - - - - - - - -
Ca l cul a t e d  

- - - - - - - - - - - -

0 . 2 6 0 0  

3 .  9 7 6 0  

6 9 . 0 6 9 5  

1 2 . 6 1 2 3  

8 . 8 6 3 8  

1 . 2 4 0 8 

2 . 4 2 6 8 

0 . 5 1 4 5  

0 . 5 4 9 1  

0 . 2 8 2 0  

0 . 1 1 8 5  

0 . 0 5 8 1  

0 . 0 1 8 6  

O .  0 0 6 7 

0 . 0 0 2 1  

0 . 0 0 0 7  

0 . 0 0 0 3  

0 . 0 0 0 1  

3 . 8 6 1 2 E - 0 5  

1 . 4 0 9 1 E - 0 5  

5 . 0 0 6 5 E - 0 6  

2 . 0 9 2 0 E - 0 6  

9 . 5 0 3 9 E - 0 7  

2 . 0 2 7 1 E - 1 2  

- - - - - - - - - - - -
1 0 0 . 0 0 0 0  

- - - - - - - - - - - -

1 4 . 6 9 5 9  

6 0 . 0 0 0 0  

0 . 5 4 2 5  

0 . 4 5 7 5  

0 . 3 4 6 2  

0 . 1 7 3 6  

0 . 5 0 1 5  

- - - - - - - - - - - -
K-Va lue s 

- - - - - - - - - - - -
C a l cu l a t e d  

- - - - - - - - - - - -
3 3 7 7 . 1 1 7 3  

5 2 . 6 5 9 9  

4 0 4 . 0 9 3 1  

1 6 . 3 7 2 7  

2 . 8 3 4 0  

0 . 8 7 2 7  

0 . 5 8 1 3  

0 . 2 1 9 0  

0 . 1 6 2 1  

0 . 0 4 9 1 

0 . 0 1 7 3  

0 . 0 0 8 0  

0 . 0 0 2 8  

0 . 0 0 1 1  

0 . 0 0 0 4  

0 . 0 0 0 2  

6 . 8 7 3 6 E - 0 5  

2 . 5 9 5 9 E - 0 5  

9 . 8 3 9 0 E - 0 6  

3 . 9 5 6 9 E - 0 6  

1 .  6 1 5 7 E - 0 6  

7 . 7 2 5 8 E - 0 7  

3 . 8 0 7 9 E - 0 7  

1 . 1 2 0 2 E - 1 3  

- - - - - - - - - - - -

- - - - - - - - - - - -

Figure A- I S :  Cum ulative for Separator tra in  report for wel l  A#22 
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Expt CC E 1  Con s t a n t  c ompo s i t i on Expa n s i on 

Peng - Ro b i n s on ( 3 - Pann ) o n  Z I  
Lohr e n z - B ra y - C l a r k  v i s c os i t y  Corr e l a t i o n 

De n s i t y  uni t s  a re LB/ FT3 

S p e c i f i c  vo l ume un i t s  are 
V i s c o s i t y u n i t s  a r e  

S u r f a c e  Te n s i o n  u n i t �  are 

CF/ LB-ML 
C PO I S E  

DYN E S / C M 

wi t h  PR c o r r . 

Spe c i f i e d t empe rat ure Deg F 2 3 5 . 0 0 0 0  

L i q  S a t  cal c .  i s  V o l  o i l / Vol Flui d a t  Sa t .  V o l  

- - - - - - - - - - - - - - - - - - -

Pr e .9 :5 u r e  I n s e r t e d  
Ps r A  Po i n t  
- - - - - - - -- - - - - - - - - - -

4 6 8 7 . 0 0 0  

4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  

3 9 6 3 . 9 9 7  

3 7 2 2 . 9 9 6  

3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  

2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2 

2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - P " a t  

2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  

1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  

1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  

6 9 3 . 3 8 4  

4 6 7 . 1 5 4  

2 4 0 . 9 2 5  

- - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - -

Pr e s s u r e  I n s e r t e d  
P S I A  Poi n t  
- - - - - - - - - - - - - - - - - - -

4 6 8 7 . 0 0 0  

4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  

3 9 6 3 . 9 9 7  

3 7 2 2 . 9 9 6  

3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  

2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2 

2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - P a a t  

2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  

1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  

1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  

6 9 3 . 3 8 4  

4 6 7 . 1 5 4  

2 4 0 . 9 2 5  

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - -

Re l V o l um e  

- - - - - - - - - - - -

C a l c ul a t e d  

- - - - - - - - - - - -
0 . 9 6 4 1  

0 . 9 6 7 0  

0 . 9 7 0 0  

0 . 9 7 3 1  

0 . 9 7 6 4  

0 . 9 7 9 9  

0 . 9 8 3 5  

0 . 9 8 7 3  

0 . 9 9 1 3  

0 . 9 9 5 5  

1 . 0 0 0 0  

1 . 0 4 2 4  

1 .  0 9 9 2  

1 . 1 7 6 9  

1 . 2 8 6 8  

1 . 4 4 9 6  

1 . 7 0 7 0  

2 . 1 5 8 4  

3 . 1 0 7 3  

6 . 0 7 7 1  

- - - - - - - - - - - -

- - - - - - -- - - - -

L i q Z - Fac 

- - - - - - - - - - - -
C a l c ul a t e d  

- - - - - - - - - - - -

1 . 5 5 6 6  

1 .  4 8 0 9  

1 .  4 0 5 0  

1 . 3 2 8 8  

1 . 2 5 2 2  

1 . 1 7 5 3  

1 .  0 9 8 0  

1 . 0 2 0 2 

0 . 9 4 2 1  

0 . 8 6 3 5  

0 . 7 8 4 3  

0 . 7 2 9 0 

0 . 6 7 0 1  

0 . 6 0 7 3  

0 . 5 4 0 2  

0 . 4 6 8 6  

0 . 3 9 1 7  

0 . 3 0 9 0  

0 . 2 1 9 5  

0 . 1 2 1 4  

- - - - - - - - - - - -

- - - - - - - - - - - -

Vap Mo l e  F r n  

- - - - - - - - - - - -
Ca l cul a t e d 

- - - - - - - - - - - -

0 . 0 5 1 0  

0 . 1 0 0 2 

0 . 1 4 8 0 

0 . 1 9 4 9  

0 . 2 4 1 3 

0 . 2 8 8 2 

0 . 3 3 6 8 

0 . 3 9 0 2 

0 . 4 5 7 1  

- - - - - - - - - - - -

- - - - - - - - - - - -
Vap Z - F a c  

- - - - - - - - - - - -
Ca l cu l a t e d 

- - - - - - - - - - - -

0 . 8 7 2 4  

0 . 8 7 3 8 

0 . 8 7 7 0 

0 . 8 8 2 0  

0 . 8 8 8 9  

0 . 8 9 7 8  

0 . 9 0 8 8  

0 . 9 2 2 1  

0 . 9 3 8 4  

0 . 9 5 9 2 

- - - - - - - - -- - -

- - - - - - -- - - - -
L i q  Dens i t y  
- - - - - - - - - - - -

Cal cul a t e d  

- - - - -- - - - - - -

4 4 . 8 1 0 9  

i 4 . 6 7 7 6 

4 4 . 5 3 9 3  

4 4 . 3 9 5 6  

4 4 . 2 4 6 3  

4 4 . 0 9 0 8  

4 3 . 9 2 8 8  

4 3 . 7 5 9 7 

4 3 . 5 8 2 8  

4 3 . 3 9 7 6  

4 3 . 2 0 3 3  

4 3 . 6 5 9 2 

4 4 . 1 2 2 0  

4 4 . 5 9 4 4 

4 5 . 0 8 0 2 

4 5 . 5 8 5 4  

4 6 . 1 2 0 0  

4 6 . 7 0 3 0  

4 7 . 3 7 6 9  

4 8 . 2 7 1 7 

- - - - - - - - - - - -

- - - - - - - - - - - -
S u r f  T e n s i o n  

- - - - - - - - -- - -
Ca l cu l a t e d  

- - - - - - - - - - - -

4 .  6 5 8 2  

5 . 5 5 3 4  

6 . 5 6 9 1  

7 . 7 1 4 3  

8 . 9 9 8 5  

1 0 . 4 3 3 1  

1 2 . 0 3 3 8  

1 3 . 8 2 7 8  

1 5 . 8 7 2 0  

1 8 . 3 2 4 7  

- - - - - - - - - - - -

- - - - - - - - - - - -

Vap De n " i  ty 

- - - - - - -- - - - -

C a l c u l a t e d  
- - --- - - - - - - -

7 . 9 2 2 8  

7 . 0 8 8 7  

6 . 2 6 9 8  

5 . 4 6 6 6  

4 . 6 7 9 0 

3 . 9 0 7 0  

3 . 1 4 9 7 

2 . 4 0 4 7  

1 .  6 6 6 4  

0 . 9 1 9 8  

- - -- - - - - - - - -

- - - - - - --- - - -
L i q  S a t  

- - - -- - - - - - - -

C a l cu l a t e d  

-- - --- - - - - - -

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

1 . 0 0 0 0  

0 . 9 7 9 3 

0 . 9 5 9 3  

0 . 9 3 97 

0 . 9 2 0 3 

0 . 9 0 0 7  

0 . 8 8 0 3  

0 . 8 5 8 1  

0 . 8 3 1 9  

0 . 7 9 4 3  

- - - - - - - - - - - -

Figu re A- 1 6 :  Constant composition expansion test report for wel l  A# 22 (continue . . . . ) 
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Expt C C E 1  Con � c an C C ompo � i t i on Exp a n � i on 

Peng - Robi n s o n ( 3 - Pa rm )  o n  Z 1  w i t h  P R  c o r r . 
Lohr enz - Bra y -C l a r k  v i s cos i c y  Cor r e l a t i on 

De ns i t y  uni t s  a r e LB/ FT3 

Spec i f i c  vo l ume un i t �  are CF/ LB-ML 

V i s c o s i c y  u n i t s  a r e  

S u r f ace Te n � ion un i c �  a r e  

Spec i f i e d  c empe rat ure 

C P0 1 S E  

DYN ES / C M 

Deg F 

L i q  S a t  cal c .  i �  Vol o i l / Vo l  Flui d a t  Sa t .  Vol 

2 3 5 . 0 0 0 0  

L i q  v i s c  V a p  v i s c  L i q  Mo l e  Wt V ap Mole W t  
P r e s � u r e  

PS1A 
1 nse rce d - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Po i n t  C a l c u l a t e d  Ca lcu l ace d Ca l cu l a t e d  

4 6 8 7 . 0 0 0  

4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  

3 9 6 3 . 9 9 7 

3 7 2 2 . 9 9 6  

3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  

2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  

2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  

2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  

1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  

1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  

6 9 3 . 3 8 4  

4 6 7 . 1 5 4  

2 4 0 . 9 2 5  

- P s at 

0 . 4 7 4 5  

0 . 4 6 2 4  

0 . 4 5 0 4  

0 . 4 3 8 2  

0 . 4 2 6 0  

0 . 4 1 3 8  

0 . 4 0 1 5  

0 . 3 8 9 1  

0 . 3 7 6 7  

0 . 3 6 4 2  

0 . 3 5 1 7  

0 . 3 7 3 8  

0 . 3 9 7 7  

0 . 4 2 3 8  

0 . 4 5 2 6  

0 . 4 8 4 6  

0 . 5 2 0 9  

0 . 5 6 3 4  

0 . 6 1 6 5  

0 . 6 9 4 4  

0 . 0 1 8 3 

0 . 0 1 7 4  

0 . 0 1 6 6 

0 . 0 1 5 9  

0 . 0 1 5 3 

0 . 0 1 4 7 

0 . 0 1 4 3 

0 . 0 1 3 8  

0 . 0 1 3 4 

0 . 0 1 2 8  

P r e s s u r e  

PS 1A 

L i q  Mol Vol Vap Mo l V o l  

1 n s e r c e d  - - - - - - - - - - - - - - - - - - - - - - - -

P o i n t  C a l c u l a t e d  Ca lcul a t e d  

4 6 8 7 . 0 0 0  

4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  

3 9 6 3 . 9 9 7 

3 7 2 2 . 9 9 6  

3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  

2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  

2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - P s a t  

2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  

1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  

1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  

6 9 3 . 3 8 4  

4 6 7 . 1 5 4  

2 4 0 . 9 2 5  

2 . 4 7 5 7  

2 . 4 8 3 1  

2 . 4 9 0 8  

2 . 4 9 8 9  

2 . 5 0 7 3  

2 . 5 1 6 2 

2 . 5 2 5 5  

2 . 5 3 5 2  

2 . 5 4 5 5  

2 . 5 5 6 4  

2 . 5 6 7 9  

2 . 6 5 0 0  

2 . 7 3 7 8  

2 . 8 3 2 4  

2 . 9 3 5 3  

3 . 0 4 8 5  

3 . 1 7 5 6  

3 . 3 2 2 6  

3 . 5 0 3 0  

3 . 7 5 7 0  

2 . 8 5 6 1 

3 . 1 7 6 4 

3 . 5 8 3 3 

4 . 1 1 3 9  

4 . 8 2 9 6 

5 . 8 4 0 8 

7 . 3 6 6 7 

9 . 9 1 3 7 

1 4 . 9 7 4 7 

2 9 . 6 7 8 4 

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  

1 1 5 . 6 9 5 2  

1 2 0 . 7 9 6 7  

1 2 6 . 3 0 9 6  

1 3 2 . 3 2 3 0  

1 3 8 . 9 6 8 6 

1 4 6 . 4 5 8 1  

1 5 5 . 1 7 6 1  

1 6 5 . 9 5 9 1  

1 8 1 .  3 5 7 4  

C a l cu l a t e d  

2 2 . 6 2 8 6  

2 2 . 5 1 6 5  

2 2 . 4 6 6 8  

2 2 . 4 8 8 9  

2 2 . 5 9 7 9  

2 2 . 8 2 0 1  

2 3 . 2 0 2 7  

2 3 . 8 3 9 8  

2 4 . 9 5 4 4  

2 7 . 2 9 8 3  

F igu re A- 1 7 :  Constant composit ion expansion test report for we ll A# 22 .  
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Expt DL l D i f f e re n t i a l  L i b e r a t i o n  

Peng - Ro b i n � o n  

Loh r e n z - Br a y - C l a r k  
De n � i t y  uni t �  a re 

( 3 - Pa rm )  o n  Z I  wi t h  P R  c a r r . 
v i � co� i t y  C o r r e l a t i o n  

LB/ FT 3 

Spec i f i c  v o l ume un i t �  a r e  
V i � c o � i t y u n i t �  a r e  

S u r f a c e  T e n � i o n  un i t �  a re 
G a s - Oi l Rat i o  u n i t �  a r e  

Re l a t i v e  Vo l ume un i t �  a r e  

G a �  FV F  uni t �  a r e  
Ext r a c t e d  G a �  V o l ume u n i t �  a r e  

o i l  Re l a t i v e  Vo l ume un i t �  a r e  

Spe c i f i e d t empe r a t ure 

C F/ LB-ML 
C P O I S E  

DYN E S / C M  
MS C F / S T B  

RB / S TB 

RB / MS C F  
FT3 

B BL / S TB 

Deg F 

Re l a t i v e  oi l S a t u r a t e d  v o l ume ( B o ( Pb ub ) ) 

GOR c a l c .  i �  Ga � V o l  a t  S TC / S t o c k  T a n k  o i l  Vol 

2 3 5 . 0 0 0 0  

1 .  3 3 5 6  

oi l Re l Vol c a l c .  i �  S t a g e  Vo l o i l / S t oc k Ta n k  o i l  Vol 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

G OR 

P r e !!l :sur e I n � e r t e d  - - - - - - - - - - - -

P S IA P o i n t  C a l c ul a t e d 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
4 6 8 7  . 0 0 0  0 . 5 1 7 8  

4 � 4 5 . 9 9 9  0 . 5 1 7 8  
4 2 0 4 . 9 9 8  0 . 5 1 7 8  

3 9 6 3 . 9 9 7  0 . 5 1 7 8  
3 7 2 2 . 9 9 6  0 . 5 1 7 8  

3 4 8 1 . 9 9 5  0 . 5 1 7 8  
3 2 4 0 . 9 9 4  0 . 5 1 7 8  

2 9 9 9 . 9 9 3  0 . 5 1 7 8  
2 7 5 8 . 9 9 2  0 . 5 1 7 8  

2 5 1 7 . 9 9 1  0 . 5 1 7 8  
2 2 7 6 . 9 9 0  - P 3 a t  0 . 5 1 7 8  

2 0 5 0 . 7 6 1  0 . 4 6 1 2  
1 8 2 4 . 5 3 1  0 . 4 0 6 9  

1 5 9 8 . 3 0 2 0 . 3 5 4 5  
1 3 7 2 . 0 7 2  0 . 3 0 3 9  

1 1 4 5 . 8 4 3  0 . 2 5 4 7  
9 1 9 . 6 1 3  0 . 2 0 6 6  

6 9 3 . 3 8 4  0 . 1 5 8 9  
4 6 7 . 1 5 4  0 . 1 1 0 2  

2 4 0 . 9 2 5  @ T r e s  0 . 0 5 4 8  

1 4 . 6 9 5  @ T ", t d  6 . 2 3 1 9 E - 1 7  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Vap Den .!!! 

P re s s ur e I n s e r t e d - - - - - - - - - - - -

I?S IA P o i n t  C a l c u l a t e d  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

4 6 8 7 . 0 0 0  
4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  
3 9 6 3 . 9 9 7  

3 7 2 2 . 9 9 6  
3 4 8 1 . 9 9 5  

3 2 � 0 . 9 9 �  
2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  
2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - I? s a t  7 . 9 2 2 8  

2 0 5 0 . 7 6 1  7 . 0 8 8 7  

1 8 2 4 . 5 3 1  6 . 2 7 2 5  

1 5 9 8 . 3 0 2  5 . 4 7 5 0  

1 3 7 2 . 0 7 2  4 . 6 9 7 0  

1 1 4 5 . 8 4 3  3 . 9 3 9 1  

9 1 9 . 6 1 3  3 . 2 0 1 1  

6 9 3 . 3 8 4  2 . 4 8 1 6  

4 6 7 . 1 5 4  1 . 7 7 5 3  

2 4 0 . 9 2 5  @ T r e s  1 . 0 6 1 0  

1 4 . 6 9 5  @ T s t d  0 . 0 9 3 2  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - -
T o t a l  R e l V o l  o i l  Re l Vo l  
- - - - - - - - - - - - - - - - - - - - - - - -

Ca l cul a t e d C a l cu l a t e d  

- - - - - - - - - - - - - - - - - - - - - - - -
1 . 2 8 7 7  1 . 2 8 7 7  

1 . 2 9 1 5  1 . 2 9 1 5  
1 . 2 9 5 5  1 . 2 9 5 5  

1 . 2 9 9 7 1 . 2 9 9 7  
1 . 3 0 4 1  1 . 3 0 4 1  

1 . 3 0 8 7 1 . 3 0 8 7  
1 . 3 1 3 5 1 . 3 1 3 5  

1 . 3 1 8 6  1 . 3 1 8 6  
1 . 3 2 3 9 1 . 3 2 3 9  

1 . 3 2 9 6 1 . 3 2 9 6  

1 . 3 3 5 6 1 . 3 3 5 6  

1 . 3 9 2 2  1 . 3 0 7 9  

1 . 4 6 7 8  1 . 2 8 1 3  

1 . 5 7 0 6 1 . 2 5 5 5  

1 . 7 1 4 7 1 . 2 3 0 4  

l . 9 2 5 5 1 . 2 0 5 8  

2 . 2 5 3 6 1 . 1 8 1 3 

2 . 8 1 7 1  1 . 1 5 6 6  

3 . 9 6 9 4 1 . 1 3 0 5  

7 . 4 5 3 1  1 . 0 9 8 2  

92 . 2 3 2 2  1 . 0 0 0 0  

- - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - -

G a ",  G ra v  Vap Z - E' a c  

- - - - - - - - - - - - - - - - - - - - - - - -

Ca l cu l a t e d C a l cu l a t e d  

- - - - - - - - - - - - - - - - - - - - - - - -

0 . 7 8 1 1  0 . 8 7 2 4  

0 . 7 7 7 2  0 . 8 7 3 8  

0 . 7 7 5 7 0 . 8 7 6 9  

0 . 7 7 7 1  0 . 8 8 1 6  

0 . 7 8 2 3  0 . 8 8 8 0  

0 . 7 9 2 7  0 . 8 9 6 1  

0 . 8 1 1 3  0 . 9 0 5 7  

0 . 8 4 4 5 0 . 9 1 7 0  

o . 9 0 9 4 0 . 9 3 0 0  

1 . 0 7 1 0 0 . 9 4 5 1  

1 . 2 0 7 4  0 . 9 8 9 3  

- - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - -

L i q  De n !5  
- - - - - - - - - - - -

C a l c u l a t e d  

- - - - - - - - - - - -
4 4 . 8 1 0 9  

4 4 . 6 7 7 6  
4 4 . 5 3 9 3 

4 4 . 3 9 5 6  
4 4 . 2 4 6 3 

4 4 . 0 9 0 8  
4 3 . 9 2 8 8  

4 3 . 7 5 9 7  
4 3 . 5 8 2 8  

4 3 . 3 9 7 6  
4 3 . 2 0 3 3  

4 3 . 6 5 92 
4 4 . 1 1 9 9  

4 4 . 5 8 5 9  
4 5 . 0 5 8 2  

4 5 . 5 3 8 7  
4 6 . 0 3 0 3  

4 6 . 5 3 9 8  
4 7 . 0 8 4 2 

4 7 . 7 3 4 3  
5 1 . 5 2 1 1  

- - - - - - - - - - - -

- - - - - - - - - - - -

L i q  Z - Fa c 
- - - - - - - - - - - -

C a l c u l a t e d  
- - - - - - - - - - - -

1 .  5 5 6 6  
1 .  4 8 0 9  

1 . 4 0 5 0  
1 . 3 2 8 8  

1 . 2 5 2 2  
1 . 1 7 5 3  

1 .  0 9 8 0  
1 . 0 2 0 2  

0 . 9 4 2 1  
0 . 8 6 3 5  

0 . 7 8 4 3  
0 . 7 2 9 0 

0 . 6 7 0 0  
0 . 6 0 7 0  

0 . 5 3 9 5  
0 . 4 6 7 3  

0 . 3 8 9 6  
0 . 3 0 5 9  

0 . 2 1 5 5  
0 . 1 1 7 2  

0 . 0 0 9 5  

- - - - - - - - - - - -

Figu re A- 1 8 :  D i fferential L iberation test report for wen A#2 2  (Continued . . .  ) 
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Expt DL l D i f f e r e n t i a l  L i b e ra t i o n  

( 3 - Parm ) on Z I  Pe ng - Ro b i n .s on 

Lohr e n z - Br a y - Cl a r k vi � co .s i t y  
D e n � i t y  uni t .s  a r e 

Co r r e l a t i on 
LBI f'T3 

Spec i f i c  v o l ume u n � t �  a r e  
V i � c o � i t y  u n i t s  a r e  

S u r f ace T e n � i on un i t �  a r e  
Ga � - Oi l  Ra t i o  u n i t .s a r e  

Re l a t i v e  V o l ume u n i t s  a r e  
G a .s  FV F  u n i t �  a r e  
E x t r a c t e d  G a .s  V o l ume u n i t �  a r e  
o i 1  Re l a t i v e  Vo l um e  un i t .s  a r e  

CF/ LB-ML 
C Po r S E 

D YN I!: S / C M  
M.9 C f'/ S T B 

RB I S TB 

RB/ MSC F  
FT 3 

BBL / s T B  

w i. t h  P R  co r r . 

Spec i f i e d t empe r a t ure Deg F 2 3 5 . 0 0 0 0  

Re l a t i v e  oi l S a t u r a te d  Vo l ume ( B o ( Pbub »  1 . 3 3 5 6  

GOR c a l c .  i 3  Ga 5 V o l  a t  S TC / S t o c k  T a n k  O i l  Vol 
oil  R e I  vo� c a l c .  i �  S ta g e  Vo l o i l / S tock Tank O i l  Vol 

- - - - - - - - - - - - - - - - - - -

P r e s s u r e  I n .5 e r t e d  
p s rA Poi. n t  
- - - - - - - - - - - - - - - - - - -

4 6 8 7 . 0 0 0  
4 4 4 5 . 9 9 9  
4 2 0 4 . 9 9 8  
3 9 6 3 . 9 9 7 
3 7 2 2 . 9 9 6  
3 4 8 1 . 9 9 5  
3 2 4 0 . 9 9 4  
2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  
2 5 � 7 . 9 9 �  
2 2 7 6 . 9 9 0  - P s a. t  
2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  
1 5 9 8 . 3 0 2  
1 3 7 2 . 0 7 2  
1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  
6 9 3 . 3 8 4  

4 6 7 . 1 5 4  
2 4 0 . 9 2 5  @ T re !5  

1 4 . 6 9 5  @ T 5 t d 
- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - -

P r e 3 .9 U r e  I n s e r t e d  
P S I A  P o i n t  

- - - - - - - - - - - - - - - - - - -
4 6 8 7 . 0 0 0  

4 4 4 5 . 9 9 9  
4 2 0 4 . 9 9 8  

3 9 6 3 . 9 9 7  
3 7 2 2 . 9 9 6  

3 4 8 1 . 9 9 5  
3 2 4 0 . 9 9 4  

2 9 9 9 . 9 9 3  
2 7 5 8 . 9 9 2  

2 5 1 7 . 9 9 1  
2 2 7 6 . 9 9 0  - P s a t  

2 0 5 0 . 7 6 1 
1 8 2 4 . 5 3 1  

1 5 9 8 . 3 0 2  
1 3 7 2 . 0 7 2  

1 � 4 5 . 8 4 3  
9 � 9 . 6 1 3  

6 9 3 . 3 8 4  
4 6 7 . 1 5 4  

2 4 0 . 9 2 5  @ T re s  

1 4 . 6 9 5  @ T ... t d  

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - -

S u r f  T e n s i on 
- - - - - - - - - - - -

C a l c u l a t e d  
- - - - - - - - - - - -

4 . 6 5 8 2  
5 . 5 5 3 4  

6 . 5 6 5 7  
7 . 7 0 1 5  

8 . 9 6 6 3  
1 0 . 3 6 5 2  

1 1 . 9 0 4 2  
1 3 . 5 9 3 5  

1 5 . 4 5 8 9  
1 7 . 6 0 7 0  
2 6 . 1 6 9 6  

- - - - - - - - - - - -

- - - - - - - - - - - -

Mo l e "  E x t r a c  

- - - - - - - - - - - -
C a 1 c u1 a t e d 

- - - - - - - - - - - -

0 . 0 5 1 0  
0 . 1 0 0 1  
0 . 1 4 7 3  
0 . 1 9 3 0  

0 . 2 3 7 4  
0 . 2 8 0 8  
0 . 3 2 3 8  
0 . 3 6 7 8  

0 . 4 1 7 8  
0 . 4 6 7 3  

- - - - - - - - - - - -

- - - - - - - - - - - -

G a 5  FVF 
- - - - - - - - - - - -

C a l cu l a t e d 
- - - - - - - - - - - -

0 . 7 3 2 2 
0 . 7 5 9 1  
0 . 7 8 9 6 
0 . 8 2 4 7 

0 . 8 6 5 2 
0 . 9 1 2 6  

0 . 9 6 8 6  
1 . 0 3 5 4  

1 . 1 1 6 4 
1 . 2 1 6 0 
1 . 3 4 0 5 
1 . 4 9 0 8 

1 . 6 8 1 6 
1 . 9 3 0 0  
2 . 2 6 4 6  
2 . 7 3 6 2 

3 . 4 4 6 1 
4 . 6 2 7 4  

6 . 9 6 5 2 
1 3 . 7 2 5 8 

1 7 6 . 1 9 7 5  
- - - - - - - - - - - -

- - - - - - - - - - - -

Ga ... Vol Ext r c  
- - - - - - - - - - - -

Ca l c u l a t e d  
- - - - - - - - - - - -

4 2 . 6 9 0 5  
8 3 . 7 1 5 2 

1 2 3 . 2 4 9 0 
1 6 1 . 4 7 3 3  

1 9 8 . 5 9 9 2 
2 3 4 . 9 1 5 2 
2 7 0 . 9 1 1 9 
3 0 7 . 7 1 1 1  

3 4 9 . 5 4 1 7 
3 9 0 . 9 0 5 2  

- - - - - - - - - - - -

- - - - - - - - - - - -

Liq Vi s e  
- - - - - - - - - - - -

C a l cul a t e d  
- - - - - - - - - - - -

0 . 4 7 4 5  
0 . 4 6 2 4  

0 . 4 5 0 4  
0 . 4 3 8 2  

0 . 4 2 6 0  
0 . 4 � 3 8 

0 . 4 0 � 5  
0 . 3 8 9 � 

0 . 3 7 6 7 
0 . 3 6 4 2  
0 . 3 5 1 7  
0 . 3 7 3 8  
0 . 3 9 7 5  
0 . 4 2 3 2  
0 . 4 5 1 0  
0 . 4 8 1 2  

0 . 5 1 3 9  
0 . 5 4 9 8 

0 . 5 9 0 5  
0 . 6 4 2 1  
1 . 3 6 4 1  

- - - - - - - - - - - -

- - - - - - - - - - - -

L i qu i d  S a t  

- - - - - - - - - - - -

C a l cul a ted 
- - - - - - - - - - - -

1 . 0 0 0 0  

1 . 0 0 0 0  
1 . 0 0 0 0  

1 . 0 0 0 0  
1 . 0 0 0 0  

1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  
1 . 0 0 0 0  

1 . 0 0 0 0  
1 . 0 0 0 0  

0 . 9 3 9 4  
0 . 9 3 3 4  
0 . 9 2 5 5  
0 . 9 1 4 8  

0 . 8 9 9 6  
0 . 8 7 6 9  
0 . 8 3 9 8  
0 . 7 6 9 0  

0 . 5 9 0 8  
0 . 0 9 3 9  

- - - - - - - - - - - -

- - - - - - - - - - - -

Vap v i. � c  
- - - - - - - - - - - -

C a l c u l a t ed 
- - - - - - - - - - - -

0 . 0 1 8 3  
0 . 0 1 7 4  
0 . 0 1 6 6  
0 . 0 1 5 9  
O .  0 � 5 3  
0 . 0 1 4 8  

0 . 0 1 4 3  
0 . 0 1 3 8  
0 . 0 1 3 3  
0 . 0 1 2 6  
0 . 0 0 9 3  

- - - - - - - - - - - -

- - - - - - - - - - - -
V a pour S a t  

- - - - - - - - - - - -

C a l c u l a t e d 
- - - - - - - - - - - -

0 . 0 6 0 6  
0 . 0 6 6 6  
0 . 0 7 4 5  
0 . 0 8 5 2  
0 . 1 0 0 4  
0 . 1 2 3 1  
0 . 1 6 02 
0 . 2 3 1 0  

0 . 4 0 92 
0 . 9 0 6 1  

- - - - - - - - - - - -

Figure A- 1 9 :  D i fferential L iberation test report for well A# 22 (Cont inued . . .  ) 
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Expt DL 1 D i f f e r e n t � a l L i b e r a t i o n  

P e ng - R o b i n .!l on 

Loh r e n z - Br a y- C l a r k 
( 3 - Parm ) o n  z r  w i t h  P R  c a r r . 

v i s c o !S i t y  

a r e  

Den� i t y  un� t �  a r e 

spe c i f i c  v o l ume un i t �  
Vi � c o � i ty u n i t �  a r e  

S u r f ace Te n � i on un i t �  a r e  
Ga � - Oi l  Rat � o  u n i t s  a r e  

Re l a t i v e  vo l ume un i t .!l  a r e 

Ga" F'VF uni t s  a re 

C o r r e l a t i o n 
LB/ FT3 

CF/ LB-ML 
cpo r SE 

DYN E S / C M  
MS C F / ST B 

RB / S TB 

E x � r act e d Gas V o l u me u n i t s  a r e  

O i l  Re l a t i v e  Vo l um e  un i t �  a r e  

RB/ MS C F  
FT3 

BBL / S TB 

Sp e c i f i e d  t empe r a t u r e  Deg F 

Re l a t i v e  oi l Sa t u r a t e d  Vo l ume ( Bo ( Pb ub »  

GOR c a l c .  i "  G .. " v o l  a t  S TC / S t o c k  T a n k  o i l  Vol 
Oi l Re l Vol c a l c .  i" S t a g e  V o l  o i l / S t o c k  T a n k  O i l  V o l  

2 3 5 . 0 0 0 0  

L 3 3 5 6  

Li q M o l  W t  Vap Mol W t  Vap v i " c  
P re s .!I u r e  

P s r A  
I n .!l e rt e d  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Po i n t  C a l c u l a t ed Ca l c ul a t e d  C a l c u l a t e d  C a l cu l a t e d 

4 6 8 7 . 0 0 0  
4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  
3 9 6 3 . 9 9 7  

3 7 2 2 . 9 9 6  
3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  
2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  
2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - P :o a t  
2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  
1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  
1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  
6 9 3 . 3 8 4  

4 6 7 . 1 5 4  
2 4 0 . 9 2 5  @ T r e s  

1 4 . 6 9 5  @ T s t d  

1 1 0 . 9 4 0 4  
1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  
1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  
1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  
1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  
1 1 0 . 9 4 0 4  

1 1 0 . 9 4 0 4  
1 1 5 . 6 9 52 

1 2 0 . 7 7 4 8  
1 2 6 . 2 2 0 4  

1 3 2 . 0 8 3 6  
1 3 8 . 4 3 3 4  

1 4 5 . 3 7 0 2  
1 5 3 . 0 6 37 

1 6 1 . 8 8 0 6  
1 7 3 . 1 1 8 8  

1 8 5 . 9 3 9 0 

L i q M o l  V o l  

2 2 . 6 2 8 6  
2 2 . 5 1 6 5 

2 2 . 4 7 35 
2 2 . 5 1 4 0 

2 2 . 6 6 2 7  
2 2 . 9 6 4 0  

2 3 . 5 0 3 2 
2 4 . 4 6 6 1 

2 6 . 3 4 5 2 
3 1 . 0 2 6 6  

3 4 . 9 7 9 1  

Vap Mo l Vo l 

P re s s u r e  I n s e r t e d  - - - - - - - - - - - - - - - - - - - - - - - -

P S I A  Po i n t  C a l c u l a t ed Ca l cu l a t e d  

4 6 8 7 . 0 0 0  
4 4 4 5 . 9 9 9  

4 2 0 4 . 9 9 8  
3 9 6 3 . 9 9 7  

3 7 2 2 . 9 9 6  
3 4 8 1 . 9 9 5  

3 2 4 0 . 9 9 4  
2 9 9 9 . 9 9 3  

2 7 5 8 . 9 9 2  
2 5 1 7 . 9 9 1  

2 2 7 6 . 9 9 0  - P s a t  
2 0 5 0 . 7 6 1  

1 8 2 4 . 5 3 1  
1 5 9 8 . 3 0 2  

1 3 7 2 . 0 7 2  
1 1 4 5 . 8 4 3  

9 1 9 . 6 1 3  
6 9 3 . 3 8 4  

4 6 7 . 1 5 4  
2 4 0 . 9 2 5  @ T r e "  

1 4 . 6 9 5  @ T " t d  

2 . 4 7 5 7  
2 . 4 8 3 1  

2 . 4 9 0 8  
2 . 4 9 8 9  

2 . 5 0 7 3  
2 . 5 1 62 

2 . 5 2 5 5  
2 . 5 3 52 

2 . 5 4 5 5  
2 . 5 5 6 4  

2 . 5 6 7 9  
2 . 6 5 0 0  

2 . 7 3 7 4  
2 . 8 3 1 0  

2 . 9 3 1 4  
3 . 0 3 9 9  

3 . 1 5 8 1  
3 . 2 8 8 9  

3 . 4 3 8 1  
3 . 6 2 6 7 

3 . 6 0 9 0  

2 . 8 5 6 1 
3 . 1 7 6 4 

3 . 5 8 2 9  
4 . 1 1 2 1  

4 . 8 2 4 9  
5 . 8 2 9 8 

7 . 3 4 2 3 
9 . 8 5 9 1 

1 4 . 8 4 0 0 
2 9 . 2 4 4 1  

3 7 5 . 4 0 7 0  

0 . 4 7 4 5  
0 . 4 6 2 4  

0 . 4 5 0 4  
0 . 4 3 8 2  
0 . 4 2 6 0  
0 . 4 1 3 8  

0 . 4 0 1 5  
0 . 3 8 9 1  

0 . 37 6 7  
0 . 3 6 4 2  

0 . 3 5 1 7  
0 . 3 7 3 8  

0 . 3 9 7 5  
0 . 4 2 3 2  

0 . 4 5 1 0  
0 . 4 8 1 2  

0 . 5 1 3 9  
0 . 5 4 9 8  

0 . 5 9 0 5  
0 . 6 4 2 1  

1 . 3 6 4 1  

Figu re A- 20 :  D i fferential L iberation test report for well A#22.  
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0 . 0 1 8 3  
0 . 0 1 7 4  

0 . 0 1 6 6  
0 . 0 1 5 9  

0 . 0 1 5 3  
0 . 0 1 4 8  

0 . 0 1 4 3 
0 . 0 1 3 8  

0 . 0 1 3 3  
0 . 0 1 2 6  

0 . 0 0 9 3  



The experi ment resu lts for wel l A#33 as shown be low: 

E.xpt PSAT1 Satura �� on Pr e s s ur e  C a l cul at ion 

Pe ng- Rob� n s o n  ( 3 -Pa rrn )  on 21 w � t h  P R  corr . 
�ohre nz -Br ay-Cl ar k V� s co s � t y  Cor relation 

Spec� f � ed tempe rature Deg F 
Ca cu la ted bubble po�t pre s s ure P S IA 
Ob served bubble po�n� pre s s ure P S IA 

-- --- -- --- -- --- -- -- -- -- --- -- --- - --- - - -- - -- -
L�qu�d Vapour 

Fhud p roper c�es -- - - -- - -- --- - --- -- - -- -- -

C a l cul at ed Cal culat ed 
- - --- - - -- - -- -- - - - - - - - - - --- -- --- - - -- - - -- - -- -
Mo le We �gh t  100 . 1 4 10 2 5 . 6 0 2 0  
Z- fac�or 0 . 7 602 0 . 7 60 2  
Vl. s co ! n t y  0 . 2 42 8  0 . 0 1 9 9  
�e ns� �y �B/FT3 40 . 7 13 0  9 . 3 0 4 0  
l-1o l ar Vol C F/�B-l-G 2 . 4 5 97 2 . 7 51 7  
- - - -- -- --- - - -- - - - - - -- - - -- - -- - -- - - -- - - --- -- -

-- - - - - - --- - - - -- -- -- - - -- --- -- --- - - - - - - -- - -- -
fo lar Dist r � but �ons Total , Z Li quid, X 

Compo ne nts -- -- --- - - --- - -- - - - --- - - -
l-in erno fil. C Number Ue asured Cal culated 
- - - - - - - -- - - - -- - -- -- -- -- --- -- - - - - --- - - -- - - - -
7.\"2 1 0 . 1 01 0  0 . 1 0 1 0  
CO2 2 2 . 7 37 8  2 . 7 37 8  

c1 3 32 . 8 560 3 2 . 8 5 6 0  
C2 4 6 . 6 8 1 6  6 . 6 8 1 6  

C3 5 6 . 4 67 6  6 . 4 67 6  

1 C 4  6 1 . 5 8 9 9  1 . 5 8 9 9  

NC 4 7 4 . 0 5 4 8  4 . 0 5 4 8 

1 C 5  8 1 . 8 13 9  1 .  8 1 3 9  

'C 5  9 2 . 5 2 9 8  2 . 5 2 9 8  

C 6  1 0  3 . 5 958 3 . 5 95 8  
C7 1 1  3 . 9 4 2 8  3 . 9 4 2 8  

C8 1 2  4 . 1 52 8  4 . 1 52 8  

C 9  1 3  3 . 7 3 88 3 . 7 3 8 8  

C 1 0 1 4  3 . 3 4 58 3 . 3 4 5 8  

C 1 1 5  2 . 6 94 8  2 . 6 9 4 8  

C 1 2  1 6  2 . 1 98 9  2 . 1 98 9  

C1 3 1 7  1 .  9 7 8 9  1 . 9 7 8 9  

C 1 4 1 8  1 . 6 4 3 9  1 . 6 4 3 9  

C 1 5 1 9  1 . 4 98 9  1 .  4 98 9 

C1 6 2 0  1 . 2 2 6 9  1 .  2 2 6 9  

C::' 7 2 1  1 . 0 63 9  1 .  0 63 9 

C 1 8 2 2  0 . 9 4 4 9  0 . 9 4 4 9  

C 1 9 2 3  0 . 8 96 9  0 . 8 9 6 9  

c2 0- 2 4  8 . 2 4 35 8 . 2 4 3 5  

- - - - - -- -- - -- - - - - - -- -- -- -- - -- - -- - - - - - - --- - - -

2 57 . 00 00 
2 3 7 7 . 00 63 
2 3 7 7 . 00 00 

- -- --- -- -- -- - - --- -- -- - --
Vapour , Y  K-Values 

- -- --- - - - - -- -- --- -- --- - -
Calculated Calcul ated 

- -- -- - - - ---- -- --- -- -- - --

0 . 3 3 5 4  3 . 32 1 1  
4 . 17 98 1 .  52 67 

7 2 . 93 94 2 . 22 00 
8 . 4 94 0  1 . 27 13 

5 . 5 1 88 0 . 85 3 3  

1 .  02 0 8  0 . 64 2 1 

2 . 3 1 03 0 . 5 6 98 

0 . 7 7 2 6 0 . 4 2 5 9  

0 . 9 9 1 8  0 . 3 9 20 

0 . 9922 0 . 27 5 9 
0 . 7 5 2 9  0 . 1 9 1 0  

0 . 60 4 8  0 . 1 4 5 6  

0 . 3 9 3 3  0 . 10 5 2  

0 . 2 6 2 2  0 . 07 84 

0 . 1 5 7 9  0 . 05 8 6 

0 . 0 9 7 0  0 . 04 4 1 

0 . 0 6 64 0 . 03 35 
0 . 0 4 0 6  0 . 02 4 7 

0 . 02 7 4  0 . 01 83 

0 . 0 1 7 0  0 . 0 1 3 9 

0 . 0 1 12 0 . 01 05 

0 . 00 7 9  0 . 00 8 4  

0 . 00 60 0 . 00 67 

0 . 0003 3 . 4 9 8 5E- 05 
- -- --- -- -- -- -- - - - -- --- --

Figu re A-2 1 :  Satu ration pressure calculation report after regression for wel l  A#33. 

Other experi mental works also performed us ing PVTi such:  Flash calculatio!1, Separator 

test, Constant  composition expansion and D i fferential l i beration. The results report for 

we l l  A#3 3  i s  shown below: 
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Expt E'LASH l  E' l a s h  Ca l c u l a t i o n  

Peng - Rob i n s o n  ( 3- Pa rm )  on Z 1  w i t h  P R  c o r r . 
Lohre n z - B ray-C l a r k  vi s c os i t y  Co r r e l a t ion 

Two p h a s e  s t a t e  

Spec i f i e d  tempe r a t u r e  

Spe c i f ie d  pre s sure 

Mo l e  P e r c e n t a ge i n  v a pour 

C a l cu l a te d  GOR 

Liqu i d  

F l u i d  prope r t i e s  

Ca l c u l a t e d  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Mo l e  W e i gh t  1 8 5 . 4 0 2 6  

Z - f a c t o r  0 . 0 0 9 7  

V i s c o s i t y  1 . 3 6 9 6  

Den s i t y  LB / FT 3 5 1 . 4 1 4 5  

Mo l a r  V o l  C F/ LB-ML 3 . 6 0 6 0  

- - - - - - - - - - - - - - - - - - - - - - -- - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Mo l a r  D i s t r ib u t i o n s  Tot a l ,  Z 

Comp o n e n t s - - - -- - - - - - - -

Mnemo n i c  Numb e r  Mea s u r e d  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

N2 1 0 . 1 0 1 0  

CO2 2 2 . 7 3 7 8  

C l  3 3 2 . 8 5 6 0  

C 2  4 6 . 6 8 1 6  

C 3  5 6 . 4 6 7 6  

1 C 4  6 1 .  5 8 9 9  

NC 4 7 4 . 0 5 4 8  

1 C 5  8 1 . 8 1 3 9 

NC 5 9 2 . 5 2 9 8  

C 6  1 0  3 . 5 9 5 8  

C 7  1 1  3 . 9 4 2 8  

C 8  1 2  4 . 1 5 2 8  

C 9  1 3  3 . 7 3 8 8  

C 1 0  1 4  3 . 3 4 5 8  

C 1 1  1 5  2 . 6 9 4 8  

C 1 2  1 6  2 . 1 9 8 9  

C 1 3  1 7  1 . 9 7 8 9  

C 1 4  1 8  1 . 6 4 3 9  

C 1 5  1 9  1 . 4 9 8 9  

C 1 6  2 0  1 . 2 2 6 9  

C 1 7  2 1  1 .  0 6 3 9  

C 1 8  2 2  0 . 9 4 4 9  

C 1 9  2 3  0 . 8 9 6 9  

C 2 0 +  2 4  8 . 2 4 3 5  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

compo s i t i o n  T o t a l  1 0 0 . 0 0 0 0  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Deg F 

P S 1A 

M S C F/ BBL 

Vapour 

C a l cu l at e d  

- - - - - - - - - - - -

2 8 . 0 6 6 7  

0 . 9 9 3 1  

0 . 0 0 9 9  

0 . 0 7 6 0 

3 6 9 . 2 3 5 4  

- - - - - - - - - - - -

- - - - - - - - - - - -

Liquid, X 

- - - - - - - - - - - -

C a l cu l at e d  

- - - - - - - - - - - -

0 . 0 0 0 3  

0 . 0 8 6 0 

0 . 3 1 5 7  

0 . 4 4 4 1  

1 . 4 9 8 1  

0 . 8 8 1 8  

2 . 9 3 5 3  

2 . 2 5 0 7  

3 . 5 4 1 5 

6 . 7 6 6 9  

8 . 1 6 7 9  

8 . 8 5 4 9  

8 . 0 9 9 9  

7 . 2 8 4 5  

5 . 8 7 7 4  

4 . 7 9 8 5  

4 . 3 1 9 3  

3 . 5 8 8 4  

3 . 2 7 2 0  

2 . 6 7 8 3  

2 . 3 2 2 5  

2 . 0 6 2 8  

1 .  9 5 8 0  

1 7 . 9 9 5 3  

- - - - - - - - - - - -

1 0 0 . 0 0 0 0  

- - - - - - - -- - - -

6 0 . 0 0 0 0  

1 5 . 0 0 0 0  

5 4 . 1 9 0 8  

0 . 6 9 8 9  

- - - - - - - - - - - - - - - - - - - - - - - -

Vapour , Y  K-Va l u e s  

- - - - - - - - - - - - - - - - - - - - - - - -

C a l c u l a t e d  Ca l c u l a t e d  

- - - - - - - - - - -- - - - - - - - - - - - -

0 . 1 8 61 6 0 2 . 6 5 1 2  

4 . 9 7 95 5 7 . 9 1 1 1  

6 0 . 3 6 3 4 1 9 1 . 2 1 1 7  

1 1 . 9 5 4 4  2 6 . 9 1 7 6  

1 0 . 6 6 8 5  7 . 1 2 1 6  

2 . 1 8 8 5  2 . 4 8 1 9  

5 . 0 0 10 1 . 7 0 3 7  

1 . 4 4 4 6 0 . 6 4 1 9  

1 . 6 7 4 7  0 . 4 7 2 9  

0 . 9 1 52 0 . 1 3 5 2  

0 . 3 7 12 0 . 0 4 5 4  

0 . 1 7 7 9 0 . 0 2 0 1  

0 . 0 5 22 0 . 0 0 6 4  

0 . 0 1 63 0 . 0 0 2 2  

0 . 0 0 4 6  0 . 0 0 0 8  

0 . 0 0 1 3 0 . 0 0 0 3  

0 . 0 0 04 0 . 0 0 0 1  

0 . 0 0 0 1  3 . 3 5 8 4 E - 0 5  

3 . 6 2 0 0 E - 05 1 . 1 0 6 4 E - 0 5  

1 . 0 2 9 6 E - 0 5  3 . 8 4 4 1 E - 0 6  

3 . 1 6 8 2 E - 06 1 . 3 6 4 1 E - 0 6  

1 . 1 8 9 0 E - 0 6  5 . 7 6 3 9E - 0 7  

4 . 9 3 5 2 E - 07 2 . 5 2 0 5 E - 0 7  

8 . 4 1 8 2 E - 1 5  4 . 6 7 8 0 E- 1 6  

- - - - - - - - - - - - - - - - - - - - - - - -

1 0 0 . 0 0 0 0  

- - - - - - - - - - -- - - - - - - - - - - - -

Figure A- 2 2 :  F lash calculation report for wel l  A#33 
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E xp t  SE PS l Sepa raeors 

P en g- Rob� n.s on ( 3 - P cu:m) on 21 w i  th PR co r r . 
L oh r e nz - B r a y- C l a r k  Vis co s i ty C o r r el at io n  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S ea ge n umbe r  1 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Spe ci f i ed p r e s sure P S 1 A  

Spe ci f i ed e emp e r a e ur e  De g  F 
GOR c al c .  i s  Gas Vol at SIC/ Se age Oil Vo 
Fee d is we_ l s t re am  onl y 

Ouepue is 1 00 . 0\ o f  l i qu id e o  

1 00 . 0\ o f  vapour t o  
s ea ge 2 

c umulative 

:- oe a.:. numbe r mo::' e s  oueput eo ': ': quid s t r eam 
T ot a.:. numbe r mol es outpue eo vapour s t r eam 

T oe a.:. ::' iqui d vo!. ume ouepue S3L 
T oe a.:. vapour vo::' ume ouepue HSCF 

S ea ge Gas -o i l  r a e i o  ( C � cu ::' a ee d )  HSCF/S3L 

Vapour mo le f r ac t � on ( Ca l c u.c.. at e d) 

S ta ge Oi': FVF (Calculate d )  RB / S T3  

L i qu id 
F::'u':'d p rope r t ':' es 

Ob s e rved Cal. cu 1.a t e d  
- - - - - - - -- - - - - - -- - - - - - - - - - - - - - - -- - - -- -- - - - - - -

M o::' e  We � g ht 1 5 1 . 21 33 
2 - f a c t o r  0 . 1 2 4 2  
V':'s co s i ty 0 . 93 08 

De:l s i t y  L3 / IT 3  4 8 . 9 8 03 
Mo::' ar V 0::' CF/ LB -t-1L 3 . 08 72 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - -- - - -- - - - -
- -- - - -- - - - - - - - -- - - - - - - - -- - - - - - - - - -- - - - - - - - -

Ho::' cu: D i s t r  ib u t i on s  F_uid, Z K-Va _ u es 

Compo ne nt s - - - - - - - - - - - - - - - - - - - - - - - -

Mnemo::l.i c Numbe r C aJ. cu la ted C � cu l a t e d  

- -- -- - - -- - - - - - - - - - - - - - - - - - - -- - - -- - - - - - - - - - -

N2 1 0 . 10 1 0  3 7 . 8 1 33 

CO2 2 2 . 7 3 7 8  5 . 10 98 

C l  3 3 2 . 85 6 0  1 3 . 8 4 1 4 

C 2  4 6 . 68 1 6  2 . 61 8 4  

C 3  5 6 . 4 6 7 6 0 . 8 5 0 6  

= C4 6 1 .  58 9 9  0 . 3 5 0 9  

NC4 7 4 . 05 4 8  0 . 2 5 4 3  

= CS 8 1 .  8 1 3 9  0 . 1 1 1 6  

NCS 9 2 . 52 9 8  0 . 08 66 

C 6  10 3 . 5 9 5 8  0 . 0 3 02 

C 7  1 1  3 . 94 2 8  0 . 0 1 1 8  

C S  12 4 . 1 5 2 8  0 . 0 0 5 9  

C 9  1 3  3 . 73 8 8  0 . 0 0 2 3  

C l 0  1 4  3 . 34 5 8  0 . 0 0 0 9  

C l 1  1 5  2 . 69 4 8  0 . 00 04 

C 1 2  1 6  2 . 1 9 8 9 0 . 0 0 02 

C 1 3  1 7  1 .  97 8 9  7 . 02 5 0 E - 0 5  

C 1 4 1 8  1 .  64 3 9  2 .  7 9 4 0 E- 05 

C 1 5  1 9  1 .  4 9 8 9  1 .  10 58 E- 05 

C 1 6  20 1 .  22 6 9  4 .  5 9 0 3 E- 0 6 

c n  21 1 .  06 3 9  1 .  9 3 3 5 E - 0 6  

C 1 3  22 0 . 94 4 9  9 .  4 3 4 9 E- 07 

C 1 9  23 0 . 8 9 6 9  4 . 7 3 5 3 E- 07 

C 2 0  ... 24 S . 24 3 5  2 .  54 98 E- 1 4  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

C=po s i- t i o!1 T o t a 2.  1 0 0 . 0 0 0 0  

- - - - - - - - - - - - - - - - - - - - - - - - - -- -- - - - - - - - - - - - - - -

numb er mol es 

numb er mol es 

23 9 . 9 6 9 6  

9 6 . 00 00 

0 . 60 4 0  
0 . 3 9 60 

0 . 60 4 0  
0 . 3 9 60 

0 . 33 2 1  
0 . 1 5 03 

0 . 4 5 2 5  

3 9 . 5 9 8 8  

1 . 08 28 

Vapour 

Ob se rved Ca l cu a t e d  
- - - - -- -- - - -- - - - - - -- - - - - - -

2 2 . 23 90 
0 . 94 58 

0 . 0 1 1 4  

0 . 94 62 
2 3 . 5 0 32 

- - - - - - - - - - - - - - -- - - - - - - - - -
- - - - - - - - -- - - - - - - -- - - - - - -

U qu id , X  Vapour , Y  

- - - - - - - - - - - - - -- - - - - - - - --

C aJ. cu l a t e d  Ca l cu  a t e d  

- - - - - - -- - - - - - - - - -- -- - - --

0 . 00 65 0 . 24 52 

1 .  04 20 5 . 3 2 4 5  

5 . 3 9 95 7 4 . 7 3 63 

4 . 07 2 0  1 0 . 6622 

6 . 8 7 4 3  5 . 8 4 7 3  

2 . 1 3 9 9  0 . 7 5 0 9  

5 . 7 5 38 1 .  4 6 32 

2 . 7 9 8 3 0 . 3 1 24 

3 . 9 6 3 5  0 . 3 4 3 1  

5 . 8 3 7 6  0 . 17 63 

6 . 4 7 7 5  0 . 07 65 

6 . 84 8 9  0 . 04 03 

6 . 1 8 07 0 . 0 1 4 0  

5 . 5 3 5 9  0 . 0 0 5 2  

4 . 4 6 04 0 . 00 1 7  

3 . 64 01 0 . 00 0 6  

3 . 27 61 0 . 00 02 

2 . 72 1 6  7 . 6040E-05 

2 . 4 8 1 6  2 . 7 4 4 1 E- 0 5  

2 . 03 13 9 . 32 4 3 E- 0 6  

1 .  7 6 1 4  3 . 4 0 5 7 E- 06 

1 . 5 6 4 4  1 . 47 60E- 06 

1 . 4 8 50 7 . 03 1 9E-07 

1 3 . 64 7 9  3 . 4 7 9 9 E- 13 

- - - - - - - - - - - - - -- - -- - - - - - -

10 0 . 00 00 10 0 . 00 00 

- - - - -- - - - - - - - - - - - - - - - - - -

Figu re A-23 :  Fist Stage Separator test report for wel l  A# 33 
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E xpt SEPS l Sepa ra t o r !S  

P e n g- Robi ll!5 on ( 3 - P arm) on ZI w i �h PR = r r . 
� oh r e n z - B r a y- C l a r k  V i !S co !Si �y C o r r e l at ion 

- -- - - - - - - - - -- - -- - - - - - - - - - - - - - - - - - - - -- -- -- -- - - - -- -- - - - - - - - - -- - - - - - - - -- --
S �a ge numbe r 2 

- - - - - - - -- -- - - - - - - - -- -- - - - - - - - - - -- -- - - - - ---- - - - - - - - - - - - - - - - - - - - - -- - - -- - -

S pe c� I� ed p r e s !Su r e  P S I A  

Spe ci f i ed t emp e r at ur e  De g  F 

GOR c al c .  i !S  Ga!S Vol a t  STC/ S t a qe O i l  Vol 

Feed i!S 1 00 . 0' of li qu id f rom !S ta ge 1 

Output �!S 1 0 0 . 0% of l 1 qu i d  t o  

1 00 . 0% o f  vapour t o  
c umul at ive 

cumulat ive 

:- o t a:.. numbe r mol es outpu t  t o  1. !. quid s tr eam 
:- Ot a.:.. numbe r mo1. e!S outpu t  t o  vapour !S t r eam 

I ot a:" :. i.quid volume output BBL 
Tot a':' vapour volume output HSCF 

S t a ge G a s - o i. l  r a t i. o  ( C al cu l a te d )  HSCF/BBL 

Vapour mo:'e f r ac t i. on ( Ca _cul at e d ) 

n umbe r mo l e !S 

numb er mo1 es 
numb er mol es 

1 .g . 6 9 5 9  

6 0 . 0000 

0 . 6 04 0  

0 . 50 1.g 
0 . 1 0 2 6  

0 . 5 0 H  
0 . 1 0 2 6  

0 . 30 67 
0 . 03 90 

0 . 1270 

1 6 . 9 9 4 3  

S t a ge O � :'  FVF ( C al cu l a te d )  RB / S TB  1 . 0 0 00 

L i qu id Vapour 
F:'u�d p rope rt i. es 

Ob s e rved C al cu l.a t e d  Ob s e rved Ca l cu l a t e d  
- -- - - - - - - - - -- - -- -- - - - - - - - - - -- - - - - - - - -- -- - - - - - - -- -- -- -- -- - - -- - -- -- - - --
Mo:' e "' e � q hl:- 17 4 . 7 4 7 9  3 6 . 2 6 2 .g  
Z - I aC l:- O r  0 . 00 91 0 . 98 8 6  

V i. s co s::. t y  1 .  2 6 96 0 . 00 93 
De.� !S� t y  IB / IT 3  5 0 . 87 33 0 . 0 9 67 
Mo:' ar Vo:' CF/ IB -ML 3 . .g 3 50 37 5 . 1 6 94 

- - - - - - - - - -- -- - -- - - - - - -- -- - - - - - - - -- - - - - -- - - -- - - - - - - - - -- -- -- -- - -- - - - - --
- - - - - - - -- -- - - - -- -- - -- - - - - -- - - - - - - - - - - - - -- -- - - - - -- -- - - - - - - - - - - - - -- --
Mo:' ar Di.s t r  i.b u ti. on s  F_ ui. d, Z K-Values Li qu id , X  Vapour . Y  

Campo:le :lt s - - -- - - -- -- - - -- - - -- -- -- -- - - - - - - - - - - - - - - - - -- -- -- --
l<1nemo:li. c Number C a..!. cu J. a te d  Cal cu l a t e d  C al cul a t e d  Ca l cu la t e d  

- -- - - - - - - -- - - - - - - - - -- - - - - - - - - - - -- - - -- -- - - -- - - -- - - - - -- - - - - - - -- -- -- --
N2 1 0 . 00 6 5 6 1 1 . 04 4 6  6 . 1 9 3 9 E- 0 5  0 . 0 3 7 8  

CO2 2 .1. 04 2 0  5 8 . 8 9 63 0 . 0 9 6 1  5 . 6 6 2 0  

C l  3 5 . 3 9 9 5  1 9 3 . 2 3 2 9  0 . 1 6 04 3 0 . 98 8 9  

C 2  4 4 . 07 2 0  2 7 . 3 6 5 9  0 . 7 4 30 2 0 . 3 3 1 9  

C 3  5 6 . 8 7 4 3  7 . 2 .g 99 3 . 3 3 3 6  2 4 . 1 6 8 3 

= C4 6 2 . 1 3 9 9  2 . 5 3 5 8  1 . 6 9 7 0  4 . 3 0 3 3  

NC"I 7 5 . 7 5 3 8  1 . 7 .g 1 6 5 . 1 0 98 8 . 8 9 92 

:;: C5 8 2 . 7 9 8 3  0 . 6 5 7 1  2 . 97 1 4  1 . 9 5 2 4  

NCS 9 3 . 9 6 3 5  0 . 4 8 4 3  4 . 34 4 2 2 . 1 0 3 8  

C 6  1 0  5 . 8 3 7 6  0 . 1 3 8 9  6 . 8 3 8 3  0 . 9.g 98 

C 7  1 1  6 . 4 7 7 5  0 . 0.g 67 7 . 72 96 0 . 3 6 1 4  

C S  1 2  6 . 8 4 8 9  0 . 0 2 07 8 . 2 1 63 0 . 17 00 

C 9  1 3  6 . 1 8 0 7  0 . 00 67 7 . 4 3 60 0 . 0.g 95 

C 1 0  1 4  5 . 5 3 5 9  0 . 0 0 2 3  6 . 6 6 6 1  0 . 0 1 5 4  

C 1 1  1 5  4 • .g 6 0 4  0 . 0 0 0 8  5 . 3 7 2 8  0 . 00 4 3  

C 12 1 6  3 . 64 0 1  0 . 00 03 4 . 38 50 0 . 00 12 

C 1 3  1 7  3 . 27 6 1  0 . 0 0 0 1  3 . 94 67 0 . 0004 

C 1 .g  1 8  2 . 72 1 6  3 . 4 9 67 E- 05 3 . 27 8 8  0 . 0 0 0 1  

C 1 5  1 9  2 . 4 8 1 6  1 . 1 5 4 1 E- 05 2 . 98 9 6  3 . 4 5 0 3 E - 0 5  

C 1 6  2 0  2 . 0 3 1 3  .g . 01 7 2 E- 0 6  2 . 4 4 7 2 9 . 8 3 0 9 E- 0 6  

C 1 7  2 1  1 .  7 6 1 4  1 .  4 2 8 1 E - 0 6  2 . 1 2 2 1  3 . 0 3 05 E- 0 6  

C )'!! 22 1 .  5 6 4 4  6 . 0.g 30E- 07 1 .  8 8 .g 7  1 . 1 3 90 E- 0 6  

C 1 9  23 1 .  .g 8 5 0  2 . 6.g 63E- 07 1 .  7 8 9 0  <9 . 7 3 4 2 E- 07 

C 2 0 +  2 4  1 3 . 64 7 9  5 . 07 .g 5 E- 1 6 1 6 . 4 4 2 1 8 . 34 35E- 15 

- -- - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - -- - - - - -- -- - - -- -- - -- - - - -- -- --
C =po s:. t :" on :- o l:- a ':  1 0 0 . 00 0 0  1 0 0 . 0 0 0 0  1 0 0 . 0 0 00 

- - - - - - - - - -- - - - -- - - - -- - - - - -- - - - - -- -- -- -- - - - - - - - - - - - - -- - - - -- - -- -- -- --

Figu re A-24:  Second Stage Separator test report for wel l  A#33 
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E xp t SE PS 1 Sepa ra to r g  

P��g-Robin3 on ( 3 - P arm) o n  21 wi th PR co rr . 
Lohrenz - B r a y- C : a r k  Vi3C0 3ity C o r r el at io n  

- -- -- -- - - -- -- - -- -- -- -- -- -- ---- - -- -- ---- - - - - - - - -- -- -- - - -- - - -- ---- - ------
Cumul at ive3 f o r  Sepa ra t o r  Tr ai n  
- -- -- - - -- - - - - - -- -- -- -- - - -- - - -- - -- -------- - - -- - -- -- -- -- -- ------ - -- -- -- --
Standar d p r e 3 3 ur e  PS IA 
S t a ndar d t e mp e r a t u re Deg F 

Cumu2.. at ive ': i qui d mo le f ra ct ion 
Cumlll at ':'ve vap ou r  mo l e  f ra ct ion 

Cumu:.. at :"'ve Sur face volume oi ':" B3L 
Cumu:.. at :"'ve Su r face vo_ume ga 3 MSCF 

Cumu2.. at :"'ve GOR ( Ca :::"cul at ed )  MS C F/ lli3 L  

F':"uid p rope rc i e3 

Mo:::" e We ':'ght 
2 - f ac c o r  
V:"3C0 3i t y  
D�"l 3i t y  
Mo:::" ar Vo':" 

LB / IT 3  
CF/ L3 -11L 

- ---- - - -- - - -- - -- - - -
Mo:::" ar Di3 tr ib u t i on 3  
Camponent 3 

M::iemo:1.i c Numbe r 
- - - - - - - -- - - - - - -- -- -
N 2  1 

CO2 2 

C 1  3 

C 2  4 

C 3  5 

1 C4 6 

NC4 7 

: CS e 
NC5 9 

C 6  1 0  

C 7  1 1  

C S  1 2  

C 9  1 3  

C 10 1 4  

C l l  1. 5  

C 1. 2  1 6  

C 1 3  1.7 

C14 1e 

C1S 19 

C16 20 

cn 21 

C 1 S 2 2  

C l 9  23 

C 2() .... 2 4  

- -- -- -- -- - - -- - -- -- -
C =po 3i t i O-"l -: o t a :'  

- -- -- -- -- - - -- - -- -- -

L i qui d 

17 4 . 74 7 9  

0 . 00 9 1  

1 .  26 9 6  

5 0 . 8 7 3 3  

3 . 4 3 5 0  

- - - - -- -- - - - -
To t a � ,  Z 

-- -- -- - - -- - -
Me a3 ur ed 

---- -- - - -- - -
0 . 10 1 0  

2 . 7 3 7 8  

3 2 . 8 5 6 0  

6 . 68 1 6  

6 . 4 6 7 6 

1 . 58 9 9  

4 . 05 4 8  

1 . 8 1 3 9  

2 . 52 9 8  

3 . 5 9 5 8  

3 . 94 2 8  

4 . 15 2 8  

3 . 7 3 8 8  

3 . 34 5 8  

2 . 6 9 4 8 

2 . 1 9 8 9 

1 . 97 8 9  

1 .  64 3 9  

1 . 4 9 8 9  

1 . 22 6 9  

1 .  0 6 3 9 

0 . 94 4 9  

0 . 8 9 6 9  

8 . 24 3 5  

------ ---- - -
10 0 . 00 0 0  

- -- -- -- - -- - -

Vap ou r  

C al cu lated 

2 5 . 1 2 5 8  

0 . 9 9 4 7  

0 . 0 1 03 

0 . 0 6 6 6  

37 7 . 4 5 25 

---- - - -- -- --
Li qu i d ,  X 

-- ---- - - -- --
C al cu l a t e d  

-- -- -- - - -- --
6 .  1 9 3 9 E - 0 5  

0 . 0 9 61 

0 . 1 6 04 

0 . 7 4 30 

3 . 3 3 3 6  

1 . 6 9 7 0  

5 . 10 98 

2 . 97 14 

4 . 34 4 2 

6 . 8 3 8 3  

7 . 7 2 9 6  

8 . 21 63 

7 . 4 3 60 

6 . 6 6 61 

5 . 37 28 

4 . 3 8 50 

3 . 94 67 

3 . 27 8 8  

2 . 98 9 6  

2 . 4 4 72 

2 . 1 2 2 1  

1 .  8 8 4 7 

1 .  7 8 90 

1 6 . 4 4 2 1 

-- -- -- -- -- --
1 0 0 . 0 0 0 0  

- - - - -- -- - - --

------ -- -- --

Vapour Y 
---- -- -- -- --

C a.L cu_a t e d  
---- ---- - - --

0 . 2 0 25 

5 . 3 9 4 0  

6 5 . 7 3 0 6  

1 2 . 65 27 

9 . 61 8 8  

1 .  4 8 22 

2 . 9 9 4 0  

0 . 65 00 

0 . 7 0 5 6  

0 . 3 3 55 

0 . 1 3 52 

0 . 0 6 7 0  

0 . 02 1 3 

0 . 0 0 7 3  

0 . 0 0 2 3  

0 . 0 0 07 

0 . 0 0 0 3  

8 . 3 9 8 8 E- 05 

2 . 88 95 E- 05 

9. 4 2 86 E- 0 6  

3 .  32 85E- 0 6  

1 .  4 0 67 E- 0 6 

6 . 5 5 8 9 E- 07 

2 . 7 8 07 E- 13 

-- -- -- -- -- --
10 0 . 0 0 0 0  

-- -- -- -- -- - -

1 4 . 6 9 5 9  

6 0 . 00 00 

0 . 50 14 

0 . 4 9 8 6  

0 . 30 67 

0 . 1 8 92 

0 . 6 1 6 9  

- -- - -- -- -- --
?<-Value3 

- -- - -- -- -- --
Ca l cu l a ted 

- -- - -- -- -- --
3 2 6 9 . 02 09 

5 6 . 1 0 8 4  

4 0 9 . 8 6 64 

1 7 . 0301 

2 . 8 8 5 4 

0 . 87 34 

0 . 58 59 

0 . 21 88 

0 . 1 6 2 4  

0 . 04 91 

0 . 0175 

0 . 00 8 2  

0 . 0029 

0 . 00 11 

0 . 00 04 

0 . 00 02 

6 . 7 9 4 6 E- 05 

2 . 5 6 1 6E- 05 

9 .  6 6 4 9 E- 0 6  

3 . 8 5 2 8 E- 0 6  

1 . 5 6 8 5 E- 0 6 

7' . 4 6 34 E- 07 

3 . 6 6 62 E- 07 

1 . 69 1 2 E- 1 4  

- -- - -- ------

- -- - -- -- -- --

Figu re A- 2 5 :  Cum ulative for Separator train  report for wel l  A#33 
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=: xp t:  CC=:l Const: ant: Compos i t: i on E xp an si on 

Peng- Rob � Il3 on 
L oh r e nz -B r a y- C l a r k  

( 3 - P arm) on Z1 wi th P R  co rr . 
Vis co s i t: y  C o r r e l at ion 

Dens::. t:y uni t s ar e 
S pe ci. f i c  vo _ume un i t s  a r e  
V ::. s co s � t y  u � t s  ar e 

S ur f a ce T �� s i o n  un i t s ar e 

Spe c::. f i ed t emp er at: ur e  

LB / IT3 
CF/LB- ML 
CP01 SE 

DYNE S / CM  

De g F 

� �q S at: c a: c .  is Vol o i l /Vol F l ui d  at S at: . Vo l 

2 57 . 0 00 0  

Re i Vo lume Yap Mole Fro Li q Dens i t y  Yap De Il3 it: y 
P r e s s ur e  
P S : A  

2 a 2 0  . 0 00 

2 7 7 5 . 6 97 

27 3 1 . 3 909 

2 6 87 . 0 91 

2 6 09 2 . 7 88 

2 5 98 . o9 a 5 

� s e r t e d  
Po i :1t 

2 5 509 . 1 8 2  

2 5 0 9 . 8 8 0  

209 65 . 5 7 7  

2 09 21 . 2 7 4  

2 3 7 6 . 9 7 1  - Ps at 
2 1 '1 0 . 7 09 3 

1 9 009 . 5 1 6  

1 6 68 . 2 8 8 

1 09. 32 . 0 61 

1 1 95 . 8 33 

9 5 9 . 6 0 6  

7 23 . 3 7 8  

4 87 . 1 51 

2 50 . 9 2 3  

C a  cu l a t: e d  

0 . 98 9 0 

0 . 9 9 0 0  

0 . 9 9 1 1  

0 . 9 9 2 2  

0 . 9 9 3 2  

0 . 9 9 4 3  

0 . 9 9 5 '1  

0 . 9 9 6 6  

0 . 9 9 7 7  

0 . 9 9 8 8  

1 . 0 0 0 0  

1 .  0 '1 8 6  

1 . 1 1 3 7  

1 .  2 0 2 9  

1 . 32 9 5  

1 . 5 1 7 1  

1 . 8 1 4 6  

2 . 33 8 0  

3 . 09 4 3 3  

6 . 93 0 1  

k q  Z- Fa c 

0 . 0 6 08 

0 . 1 1 8 09  

0 . 1 7 3 3  

0 . 22 64 

0 . 27 8 6  

0 . 33 08 

0 . 38 09 9  

0 . 4 4 4 6  

0 . 52 0 4  

Yap Z- Fa c 

C a.!. cu l a t e d  

'1 1 .  28 51 

4 1 . 2 4 17 

4 1 . 1 9 7 8  

4 1 . 1 5 36 

4 1 . 1 0 8 9  

4 1 .  0 6 37 

4 1 .  0 1 8 1  

4 0 . 97 2 0  

4 0 . 92 55 

4 0 . 8 7 85 

4 0 . 8 3 0 9  

4 1 . 3 9 09 1  

4 1 .  9 6 33 

4 2 . 54 31 

4 3 . 1 3 94 

4 3 . 7 6 10 

4 4 . 4 2 27 

4 5 . 1 5 1 9  

4 6 . 00 9 9 

4 7 . 1 8 4 3  

8 . 9070 

7 . 94 68 

7 . 01 24 

6 . 1 0 2 7  

5 . 2 1 65 

09 . 3 5 2 4  

3 . 5 0 8 2  

2 . 68 00 

1 .  8 6 00 

1 .  02 9 6  

Su rf Tension Li q S at 
P re ss ur e  
P S :;: A  

�� 3 e r t e d  - - -- - - - - -- - - - - - - - - - - -- -- - - - - - - -- ---- - -- - -- -- - - --

Po i nt: C al cu l a t e d  C a  cu l a t e d  C al cu l a t e d  Ca l cu l a t e d  

2 8 2 0 . 0 0 0  

2 7 7 5 . 6 97 

27 3 1 . 3 94 

2 6 8 7 . 0 91 

2 6 4 2 . 7 8 8 

25 98 . 4 8 5 

2 5 5 4 . 1 8 2  

25 0 9 . 8 8 0 

2 4 65 . 5 7 7  

2 4 2 1 . 2 7 09  

2 3 7 6 . 9 7 1  - P 3 at 
2 1 09 0 . 7 4 3 

1 9 04 . 5 1 6  

1 6 68 . 2 8 8  

H 32 . 0 61 

1 1 95 . 8 3 3  

9 5 9 . 6 0 6  

7 23 . 3 7 9  

4 8 7 . 1 5 1 

2 50 . 9 2 3  

0 . 8 8 9 4  

0 . 8 7 6 3  

0 . 8 6 3 3  

0 . 8 5 0 2  

0 . 8 3 7 1  

0 . 82 4 0  

0 . 8 1 0 8  

0 . 7 9 7 6  

0 . 7 8 4 4  

0 . 7 7 1 2 

0 . 7 5 8 0  

0 . 7 0 6 3  

0 . 65 0 9  

0 . 5 9 1 '1  

0 . 52 7 7  

0 . 4 5 9 1  

0 . 38 5 2  

0 . 30 5 2  

0 . 2 1 8 1  

0 . 12 1 8  

0 . 8 6 1 9  

0 . 8 6 32 

0 . 8 6 65 

0 . 8 7 1 6 

0 . 8 7 87 

0 . 88 7 9  

0 . 8 9 93 

0 . 9 1 3 4  

0 . 9 3 0 8  

0 . 95 33 

3 . 2 8 7 5  

4 . 08 94 

5 . 02 17 

6 . 0 9 65 

7 . 32 7 5  

8 . 7 3 1 3  

1 0 . 3 3 1 6  

1 2 . 1 6 8 3 

1 09 . 3 2 3 0  

1 7 . 0 1 7 6  

1 . 0 0 0 0  

1 . 00 00 

1 . 0 0 0 0  

1 . 00 00 

1 . 00 0 0  

1 .  00 0 0  

1 .  0 0 0 0  

1 .  0 0 0 0  

1 .  0 0 0 0  

1 . 0 0 0 0  

1 .  0 0 00 

0 . 97 1 6  

0 . 94 09 8  

0 . 91 90 

0 . 8 9 38 

0 . 8 6 8 5 

0 . 8 4 2 09  

0 . 8 1 38 

0 . 7 7 98 

0 . 7 3 0 1  

Figu re A-26: Constant  composit ion expansion test report for wel l  A# 33 (cOl lt inue . . . . ) 
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E xp t  CC E I  C on �t an t  Comp o� i t i on E xp an 3i on 

P en g - Robi � on 
L oh re n z -B r a y- C : a r k  

( 3 - P arm) on 2I with P R  corr . 
V i � C0 3i ty C o r r el at io n  

Den 3i ty u n i  t 3  ar e 
S pe c':' f i c  volume un i t 3 ar e 
V�3 C0 3 i  ty un.:. t 3  ar e 
S ur face Ten 3 i o n  un i t 3 ar e 

Spe ci f i ed t emp e r at ur e  

LB / FT3 
C F / L B-ML 
CPOI SE 
DYNE S / CM  

De g F 

L i q  S at c al c .  1. 3  Vo_ o � l !Vol F l ui d at S at . Vo l 

P r e 3 3 ur e  
P S : A  

L :"q V i 3 C  
�� 3 e r t e d  - - -- -- -- -- - -

Po :" nt C a: cu l a t e d  

2 8 2 0 . 0 00 

2 7 7 5 . 6 97 

2 7 31 . 3 9"l 

2 6 8 7 . 0 91 

2 6 "l 2 . 7 8 8  

2 5 98 . "l 8 5  

2 5 5"l . 1 8 2 

2 5 0 9 . 8 8 0  

2 "1 6 5 . 5 7 7  

2 "l 2 1 . 2 7 1  

2 3 7 6 . 9 7 1  - P s a t  
2 1 4 0 . 7 4 3  

1 9 01 . 5 1 6  

1 6 6 8 . 2 8 8  

1 4 32 . 0 61 

1 1 95 . 8 33 

9 5 9 . 6 0 6 

7 23 . 3 7 8  

4 87 . 1 5 1 

2 50 . 9 2 3  

0 . 2 6 6 4  

0 . 2 6 4 5  

0 . 2 6 2 6  

0 . 2 6 0 7  

0 . 25 8 8  

0 . 25 6 9  

0 . 25 5 0  

0 . 2 5 3 1  

0 . 25 1 2  

0 . 24 9 3 

0 . 24 7 "1  

0 . 2 6 5 9  

0 . 28 6 3 

0 . 30 9 0  

0 . 33 4 5  

0 . 3 6 3 8  

0 . 3 9 8 0  

0 . "l 3 9 8  

0 . '! 9 5 1  

0 . 58 3 "1  

Yap V i 3 c  

C a l cu l a t e d  

0 . 0 1 95 

0 . 0 1 8 "1 

0 . 0 1 7 "1 

0 . 0 1 6 6  

0 . 0 1 5 9  

0 . 0 1 52 

0 . 0 1 "1 7  

0 . 0 1 "1 2  

0 . 0 1 3 6  

0 . 0 1 30 

!.iq 110_ Yo : Yap Mol Vo l 
�, s e r t e d  - - - - -- -- -- - - - - - - - - - - -- --

Po i nt C a::' cu l a t e d  C al cu l a t e d  

2 8 2 0 . 0 00 

27 7 5 . 6 97 

27 3 1 . 3 9"1 

2 6 8 7 . 0 91 

2 6 "l 2 . 7 8 8 

2 5 93 . "l 8 5 

2 5 5 1 . 1 82 

2 5 0 9 . 8 8 0  

2 '! 6 5 . 5 7 7  

2 4 2 1 . 2 7 "1  

2 3 7 6 . 9 7 1  - P s at 
2 1 "1 0 . 7 "l 3 

1 9 01 . 5 1 6  

1 6 68 . 2 8 8  

1 4 32 . :J  6 1  

1 1 95 . 8 33 

9 5 9 . 6 0 6  

7 23 . 3 7 8  

4 8 7 . 1 5 1 

2 50 . 9 2 3  

2 . 4 2 5 6  

2 . 4 2 8 2  

2 . "1 3 0 7  

2 . 4 3 3 3  

2 . 4 3 6 0  

2 . 1 3 8 7  

2 . '! 4 H  

2 . 4 4 4 1  

2 . 4 1 6 9  

2 . 1 4 9 7 

2 . ,! 5 2 6 

2 . 53 7 '! 

2 . 62 8 3  

2 . 7 2 6 5  

2 . 8 3 3 8  

2 . 9 5 2 7  

3 . 0 8 7 3  

3 . 2 4 5 2  

3 . 4 4 3 1  

3 . 7 3 3 4  

2 . 7 8 8 8  

3 . 1 0 1 3  

3 . 4 9 8 9  

'! . 0 1 8 0  

4 . 7 1 90 

5 . 7 1 03 

7 . 2 0 7 8  

9 . 7 1 1 0  

1 4 . 6 9 4 2  

2 9 . 2 1 9 9 

2 57 . 0 0 0 0  

L i q  Mole Wt Yap 11 0l e Wt 

C al cu l a t e d  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 14 10 

1 0 0 . 1 4 10 

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 0 . 1 4 1 0  

1 0 5 . 0 3 2 5  

1 1 0 . 2 9 0 9  

1 1 5 . 9 9 37 

1 2 2 . 2 "l 7 6  

1 2 9 . 2 1 17 

1 3 7 . 1 4 53 

1 4 6 . 52 6 3  

1 5 8 . 4 1 57 

1 7 6 . 1 5 7 9  

Ca l cu ::' a t e d  

2 4 . 8 3 9 8  

2 4 . 6 4 5 5  

2 4 . 53 5 9  

2 4 . 5 2 07 

2 "l . 6 1 67 

2 4 . 8 5 3 8  

2 5 . 2 8 68 

2 6 . 0 2 57 

2 7 . 3 3 20 

3 0 . 0 8 4 8  

Figure A-27 :  Constant  composition expansion test report for wel l  A#33.  

1 04 



E xp t  DL 1 Di ��er en t i a� L ib e r a t i on 

P e n g- RobiJl3 on 
Loh r e n z -Sra y- C l a r k  
Den s i  t y  u ni t s  ar e 
Spe ci �i c vo ume un i t !J  
ViS CO si t y  u ni t s  ar e 

( 3 -Par m )  o n  Z I  wi th P R  co rr . 
V i s co s i t y  C o r r e l at io n  

ar e 

S ur �a ce T en s i o n  un it s  ar e 
Gas -o i l  Rat io un i t s  ar e 
R e l at iv e  Vo lume un i t s  ar e 
G as FVF uni t s  a r e  
E xt ra ct ed Gas Volume uni t s  

O i �  R e l at ive Volume un i t s  

S pe ci �i ed t emp e r at ur e  

a r e  

ar e 

LB / FT3 
C F / L S - ML  
CPOI SE 

DYNE S/ CM 
MS CF / S TB 
RB / S TB 
RB /MSC F 
FT 3  

BBL/ ST B 

De g F 

Re� at ive O i �  S at ur at ed Vo ume ( Bo ( Pbub » 

GaR c a2. c .  i s  Gas Vol at STC/ St o c k  T an k  Oi l Vo l. 

2 57 . 0 0 0 0  

1 . "1 5 8 0  

0 - ' Re� Vo_ c a �c . i s  S t a ge Vol oi _ / S t oc k Tank Oi l Vo l 

- - - - - -- - - - - - - - -- -- - - - -- -- -- -- - - - - - - - - - - -- -- - - -- -- -- -- -- - -- - -- - - -- --
GOR To t a l.  Re Vol O i l.  R e l Vo l  L i q  D<!! � 

P r e ss ur e  In s er te d  -- -- -- - - - - - - - - - - - - - - - - -- -- -- - - -- -- -- - -- - -- -- -- --
P S ::::: A Po i �t C al cu l a t e d  C a � cu l a t e d  C al. cu _ a t e d  Ca l cu la t e d  
- - - - - -- -- -- - - - -- -- - - - -- -- - - -- - - - - - - - - -- -- -- - - - - -- -- -- -- - - - - -- -- -- - -

2 8 20 . 0 00 0 . 65 6 1  1 .  "1 "1 20 1 . "1 "1 20 "1 1 .  28 51 
2 7 7 5 . 6 97 0 . 65 6 1  1 .  "1 "1 35 1 . "1 "1 35 "1 1 . 2"1 17 
27 3 1 . 3 9"1 0 . 65 6 1  1 .  "1 "1 50 1 .  "1 "1 50 "1 1 .  1 9 7 8  
2 6 8 7 . 0 9 1 0 . 65 6 1  1 .  "1 4 6 6  1 .  "1 "1 6 6  4 1 .  1 5 3 6  
2 6 4 2 . 7 88 0 . 65 6 1  1 .  "1 "1 82 1 . 4 4 8 2  "1 1 .  10 8 9  

2 5 98 . "1 8 5 0 . 65 6 1  1 . 4 4 98 1 .  4 "1 98 4 1 . 0 6 37 
2 5 5 "1 . 1 8 2  0 . 65 6 1  1 . 4 5 1 4  1 . 4 5 1 4 4 1 . 01 8 1 
2 5 0 9 . 8 8 0 0 . 65 6 1  1 .  4 5 30 1 . "1 5 30 4 0 . 97 20 
2 4 6 5 . 5 7 7  0 . 65 6 1  1 . 4 5 4 7  1 . 4 5 4 7  "1 0 . 92 55 
2 4 2 2 . 2 7 "1  0 . 65 6 1  1 .  4 5 63 1 . 4 5 63 4 0 . 8 7 85 

2 3 7 6 . 9 7 1  - Ps at 0 . 65 6 1  1 . "1 5 80 1 .  4 5 8 0  4 0 . 8 3 0 9  

2 1 "1 0 . 7 "1 3  0 . 57 9 0  1 . 52 8 8  1 . 4 1 6 6 4 1 . 3 9 "1 1  

1 9 04 . 5 1 6 0 . 50 6 3  1 . 62 34 1 .  37 7 6  4 1 .  9 6 0 9  
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Figure A-28:  D i fferential Li beration test report for wel l  A#33 (Continued . . .  ) 
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Figu re A-29 :  D i fferential L iberation test report for wel l  A#33 (Continued . . .  ) 
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F igure A-3D :  D i fferentia l  Liberat ion test report for wel l  A#33.  
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Appendix B 

The PVTpro Sim ulato r  

Bottom-hole flu id  samples from wel ls A# 2 2  and  A#33  were collected and  analyzed by the 
Commercial Service Provider. Provided surface flu id  samples were flashed and 
recombined at reservo ir  cond it ions. A final  mole GaR of 1 .07 1 6  (Gas : Oil = 5 1 .73 : 48.27) 
for wel l  A#2 2  and 1 . 1 4 (Gas : Oil  = 53 .27 : 46.73) for wel l  A#33 were obtained using the 
PVTpro s imulator [2] as shown in Figures 8. 1 and 8.2, respectively. 

11 0Jl) 
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00100 
filJ1( ! 
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" . 0. . 4 &j)) PU ftr1 �--- --� - . 

• Ill Aucj U  

Figure 8. 1 :  Recomb ination calculation and fi nal mo le  GOR for wel l  A# 2 2  

The PVTpro s im ulator a lso generates the wel l  stream compositions which consist of  24  

components with C20+ as the  characterized component. 

Tables B. 1 and  8 .2  show the wel l  stream flu id  composition for well A#22 and A#3 3, 

respectively. For generation of  the flu id  thermodynamic and equi l ibrium properties (flu id  

model) an  equation of  state was used. 

In this work the flu id model was generated using a 3-parameter Peng-Robinson Equation 

of State (PR EOS) .  The volume-shift parameters were calculated us ing temperatu re­

dependent correlations. 
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The l iqu id  and vapor viscosities were predicted using the Lohrenz-Bray-Clark (LBC) 

correlation. The b inary interaction coefficients (kij) were regressed to obta in a good match 

between experimenta l  and calculated data. 
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Figure B .2 :  Recombination calculation and final mole GOR for wel l  A#3 3  
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The O i lphase-D B R  module of  the PVTpro s imu lator was used to generate the phase 

envelop of the reservo i r  flu ids  ( Figu res 8 .3 and for wel ls  A#22 and A#33, respectively). 

These are P-T p lots with gas fraction as a parameter. The bubble and dew point curves are 

shown at gas fractions of  0 .0  and 1 .0, respectively. 
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Table 8.1: Reservoi r  fl u id  vs. stream compositions of the recombi ned flu id  for wel l  A# 2 2 .  
Reservoir  F lu id, Separator Gas, Separator Oi l, Recombined Fluid, 

Component MW, J!/mol mole % mole % mole % mole % 
N2  28.0 14  0 . 1 200 0 .23 0 0. 1 190  
CO2 44.0 1 1 .8597 3 .58 0 .01  1 .8568 
C l  16.043 3 1 .687 6 1 .09 6.00E-02 3 1 .63 1 3  
C2 30.07 6. 1895 1 1 .8 0. 1 5  6. 1 766 
C3 44.096 5.7495 1 0.54 0.6 5 .742 
i-C4 58 . 123  1 . 3398 2 .24 0 .3702 1 .3375  
n-C4 58 . 1 2 3  3 .3797 5 .23 1 .3801  3.37 1 7  
i -C5 72. 1 5  1 . 5098 1 .65 1 .360 1 1 .5 1 0 1  
n-C5 72. 1 5  2 .0898 1 .92 2.2699 2.0889 
C6 84 3.2496 1 . 1 4  5 .5 1 3.2494 
C7 96 3 .7596 0.46 7 .3099 3.7664 
C8 107  3.9496 0. 1 1  8 .080 1 3.957 1 
C9 1 2 1  3 .5796 0 .01 7.4 199  3.5867 
C 1 0  134 3 .3497 0 6.9599 3 .3595 
C 1 1 147  2 .7597 0 5.73 2.7658 
C 1 2  1 6 1  2.3698 0 4.92 2.3748 
C 1 3  1 75 2 .2998 0 4.77 2 .3024 
C 14  1 90 2 .3798 0 4.94 2.3845 
C 15  206  2. 1 298 0 4.42 2. 1 335  
C l6  222  1 .9298 0 4.0 1 1 .9356 
C 1 7  237  1 .6798 0 3.49 1 .6846 
C l 8  2 5 1  1 .4699 0 3.05 1 .4722 
C l 9  263 1 .3499 0 2.8 1 1 .3564 
C20+ 403.25 9.8 190  0 20.3799 9.8372 

Tab le  8. 2 :  Reservoi r  fl u id vs. stream compositions of the recombined flu id  for wel l  A#33.  

Reservoi r  Fluid, Separator Gas, Separator Oil, Recombined Fluid, 
Component M W, g/mol mole % mole % mole % mole % 
N z  28.0 1 4  0.09940 0. 1 8  0 0.0959 
CO2 44.0 1 2.6984 4.86 0.0300 2.6030 
C 1  16.043 32.3987 58.58 0.0800 3 1 .2441 
C2 3 0.07  6 .5922 1 1 .73 0.25 6.3656 
C3 44.096 6 .3922 1 0.72 1 .0499 6.2 0 1 4  
i -C4 58. 1 23  1 . 5754 2 .39 0.5699 1 .5395 
n-C4 58. 1 23  4.0267 5.62 2 .0598 3.9563 

i-C5 72 . 15  1 .8 1 28 1 .88 1 .7298 1.8098 

n-C5 72 . 1 5  2 .5352 2.24 2.8997 2.5483 

C6 84 3 .6372 1 .27 6.5593 3.74 16  

C7 96 4 .0055 0 .43 8.4 192  4. 1 632 

C8 107  4.2249 0.09 9.329 1 4.4072 

C9 1 2 1  3.8048 0.01 8.4892 3.9722 

C l O  1 3 4  3 .4055 0 7.6092 3.5556 

C 1 1  147  2 .7432 0 6. 1 294 2.8641 

C 1 2  16 1  2 .2375 0 4.9995 2.3361 

C 1 3  175  2 .0 1 37 0 4.4996 2. 1 025 

C 1 4  1 9 0  1 .6736 0 3 .7396 1 . 7474 

C I S  206 1 .526 0 3.4097 1 .5933 

C 1 6  2 2 2  1 .2485 0 2 .7897 1 .3036 

C 1 7  237  1 .0829 0 2.4 198  1 . 1 307 

C l 8  2 5 1  0 .962 1 0 2 . 1498  1 .0046 

C 1 9  263 0.9 1 29 0 2.0398 0.9532 

C20+ 424 8 .3906 0 18 .748 1  8. 7606 
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The Constant Composition Expansion (CCE) Test 

The main a im  of the CCE is  test ( Figure 8 .5)  is to determine the i n itial flu id  satu ration 

pressure. The fluid is  in it ial ly held in  a cel l  in  a s i ngle phase. At pressures above the 

satu rat ion pressure only the s ingle-phase volume is measured . The pressure reduction has 

to be made in several steps and at each step the l iqu id  and vapor volumes are measured. 

The relative volume is calculated as the ratio of  flu id  volume at any p ressure to the flu id  

volume at saturation p ressure. The relative volume is then p lotted against pressure to 

yie ld the volume-pressure relationsh ip. 

Constant Composition Expansion (CCE) Test Procedure 

Figu re 8 .5 :  CCE Test Procedure 

The CCE test was performed at P = 2277  psia and T = 2 3 5  of for wel l  A# 2 2  and at P = 2377 

ps ia  and T = 2 5 7  of  for wel l A#33.  The calculated p roperties are shown i n  Table B .3 for 

wel l  A#22  flu id, as an  example. Several p lots can be generated from the resu lts shown in  

Table 8 .3 for the  various properties of the  reservoi r  fl u id  as a fu nction of  p ressu re. 

Among these p roperties are: relative total l i qu id  volume ( VliqjVtot), relative saturated 

l iqu id  volume ( VliqjVsarJ, relative volume ( Vrel), l i qu id  density, l i qu id  viscosity, gas molar 

weight, gas speci fi c  gravity, gas viscosi ty, Z-factor, Y -function, compressib i l i ty, bu lk 

dens i ty, 1 FT, and  gas density. 
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Table 8 .3 :  Resu lts of  the CCE test for wel l  A# 2 2  fl u id  

c c c- c- " 0 £ 0 ,;< G:  t.: c <- .- :.. c ;,;; '" � 'v c- ';';; ... .� � ';';; Co 
... 0 0 => g- CO C 0 'v - .;;; a- ., .- u ... . . u ;:j c 
, ... .:::1 0. >  '" u ... � ;; c: 
, :J C  Q .. c ... 
... - ;.. '" Vl " :> ... Q ... 0 
... � 

3 " ... '"" :: ... ... .• Q 
c.. � IX a- u � (,)  '" '"" 0. � - '" '" 0 " " >- E " c c '" 

'- v; ;:s u (,) 0 = - �  u U 
1 '/ ., I '  1 .. " glem' dyne/ PSla , eP glmol AIr= 1 eP PVIRT glem1 I "" / "Jill I ,ll' 10/ps13 em glcm] 

65 1 '  100 95 I 0 95 746 0 1  0 528 8 44E-06 746 007 
5975 100 95 6 0 96 742 49 0 5 10  9 06E-06 742.492 
53Q6 1 00 96 I 0 96 738 45 0 490 9 83E-06 738 .448 
4687 100 <lO 8 0 97 733 04 0 465 1 09E-05 733043 
4341  100 en :. 0 97 730 20 0 453 l i SE-OS 730 200 
3833 100 97 8 0 98 725 74 0 435 1 .26E-05 725 744 
3369 100 98 4 0.98 72 1 34 0 4 1 8  1 37E-05 72 1342 
2922 100 99 0 0 99 7 1 6 76 0 402 1 .49E-05 7 16 757 
2481 100 1 00  1 00 7 1 1. 85 0386 1 .63E-05 7 1 1 85 1  
2277 1 00 100 1 00 709 44 0 378 23 04 0 7952 0.0 195 0 8685 1 70E-05 709 435 0.005 1 29 757 
2255 99 4 99 8 1 00 7 1 0.23 0.380 23 02 0.0 194 0.0 1 94 0 8686 2 554 706 733 0.005 1 28 . 388 
2224 98 5 99 5 1 0 1 7 1 1 36 0383 22 99 0.0 193 0 0 193 0 8688 2.542 702 844 0 005 1 26 .465 

12 1 67 97 0 98 9 1 02 7 1 3  42 0389 22 95 0.0 1 9 1  0 0 1 9 1  0 8692 2.5 19 695 4 1 9  0.005 1 22 . 948 
1207 1 94 2 98 0 1 04 7 1 6 90 0399 22 89 0.0 1 87 0 0 1 87 0.8702 2 .48 1  682 085 0 005 1 1 7 .074 
1 9 1 0  89 .. 96 5 1 08 722 74 0 .4 1 7  22 82 0.0 1 8 1  0.0 1 8 1  0 8725 2.4 1 7  657 1 85 0 006 1 07.358 
1 688 82 1 94 .4 I 1 5  730 85 0.444 22.79 0.0 1 73 0 0 1 73 0 877 1 2328 6 1 6 970 0 007 94.233 
1 3 86 7 1 0 9 1 7 1 29 742 07 0 485 22 88 0.0 164 0 0 164 0 8862 2.206 549 36 1 0.008 76. 866 
104 1 56 :. 88 6 1 58 75546 0.546 23 23 0.0 1 56 0.0 1 56 0.9009 2 06 1  450. 1 38  0.0 10  57.677 
728 40 6 85.6 2 . 1 1  768 72 0.589 23.96 0.0 1 48 0.0 148 0.9 1 86 1 9 1 7  336.264 0.0 1 2  40.794 
265 14 I 79 4 5 65 794 8 1  0.709 27. 16  0.0 1 37 0.0 1 37 0.9560 1 633 1 25 .582 0.0 16  16 . 1 76 
1 00  462 74 2 16 .2 8 1 2 84 0.837 3 1 48 0.0 1 30 0.0 1 30 0.9763 1 .445 44. 1 56 0 0 1 8  6.927 

1 60 2.54 71 " 28 . 1 82 1 .23 0.9 1 7  34 22 0.0 127 0.0 1 27 0.9829 1 364 25.252 0.0 1 8  4 488 
1 4 7 0 .47 62 5 1 32  I 844 1 7  1 236 43.5 1  0.0 1 20 0.0 1 20 0 993 1 1 . 1 74 53692 0.020 1 .3 84 

Table B.4 Results of  the CCE test for wel l  A#3 3  flu id  
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pSla Vl�  v,,� ),;o( glcm3 cP glmol Air=1 cP PV/RT lIPsia glcm1 
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J�')t V'Ol ]/'dl em 

65 1 5  100 94.3 0 94 72720 0 443 9 90E-06 727 1 96 

55 1 5  100 95 3 0 95 7 1 9 50 0 4 14  1. 1 4E-05 7 1 9.50 I 
45 1 5  100 96 5 0 97 7 10.63 0 385 1 35E-05 7 10.632 

3 5 1 5  1 00  97 9 0 98 700.22 0.355 1 .62E-05 700.2 1 8  

2820 100 99 I 0 99 69 1 78 0 333 1 .88E-05 69 1 78 1  

25 1 5  100 99 7 1 00  687 69 0 323 2.02E-05 687 685 

24 1 5  100 99 9 100 686.28 0.32 2.07E-05 686.284 

2386 100 100 1 00 685 .87 0.3 1 9  2 08E-05 685 870 

2377 100 100 1. 00 685 .74 0.3 1 9  25 36 0.8755 0 0209 0 8592 2.09E-05 685 742 0.004 146. 1 22 

2372 99 9 99 9 1 .00 685 .94 03 19  25 35 0.0209 0 0209 0.8592 2 .44 1 685 1 5 3  0.004 1 45.77 1 

2370 99 8 99 9 1 00 686.02 0 3 19  25 35 0.0209 0.0209 0 8592 2.44 1 684 9 16  0.004 145 .63 1 

2359 99 5 99 8 1 00 686 44 032 25 34 0 0208 0.0208 0 8593 2 436 683 604 0.004 144.859 

2346 99 I 99 6 1 0 1 686 95 0.322 25 32 0.0208 0.0208 0 8594 2 .43 1  682.037 0.004 1 43 .949 

2323 98 4 99 4 1 0 1 687.84 0 324 25 29 0.0207 0.0207 0.8595 2 .422 679.226 0.004 1 42.345 

2277 97 I 98 8 1 02 689.63 0 328 25.23 0 0204 0.0204 0 8599 2 .404 673443 0.004 1 39. 1 55 

2 1 00  9 1  7 96 9 1 06 69648 0344 25 05 0.0 196 0.0 196 0. 86 1 9  2336 649 090 0 004 1 27. 1 22 

2039 89 8 96 2 1 07 698 84 0349 25 00 0 0 193 0.0 193 0 8628 23 12  639 873 0 005 1 23 .057 

1 400 67 I 89 7 I 34 723 92 0 .4 1 9  24 93 0 0 1 70 0.0 1 70 0 8795 2.066 5 1 2 6 1 8  0 007 82.666 

793 39 7 83 4 2 1 0  750 29 0.5 1 8  26 0 1  0.0 1 53 0.0 1 53 0.9089 1. 8 1 2  326.2 1 9  0 0 1 1  47.27 1 

265 1 1 9 75 I 6 32 783 73 0 639 30 2 1  0.0 1 39 0.0 1 39  0.95 1 3  1 . 499 108.546 0.0 1 5  1 7.525 

100 3 70 68 3 1 8 .43 806 62 0. 776 35 .58 0.0 1 3 1  0.0 1 3  1 0 9728 1 .306 37 2(10 0 0 1 7  7 6 17  

60 1 98 644 32.60 8 1 8 05 0 872 38 97 0.0 128 0.0 128 0 980 1 1 222 2 1 035 0 0 1 8  4 969 

1 4 7 0 34 52.6 1 56 0  850 72 1 344 49 64 0.0 1 1 9 0 0 1 1 9 0.99 19  1 .037 4.394 0.020 1 .532 
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Tota l Liquid Volume, (VliqfVtoc) % 

Figure 8.6 shows the ratio between l iqu id  volume (at P and Tres) to the flu id  ( i .e., l iqu id ad 

gas) tota l vol ume (at P and Tres) presented as ( VIiqj'Vtot) % vs. pressure. The l iqu id volume 

remains a lmost constant at pressures wel l  above the bubble p ressu re (Pb) due to the 

p resence of a s ingle l iqu id  phase (i ncompressib le) unti l  the pressure reaches Pb where the 

gas starts to escape from the l iqu id  caus ing a reduction in the l iqu id volume as the 

p ressure goes below Pb. 

Saturated Liquid Volume,  (VIiqj'Vsat) % 

Figure B .7 shows the ratio between l iqu id  volume (at P and Tres) to saturated l iqu id 

volume (at  Pb and Tres) presented as ( Vliq/'Vsat) % vs. pressu re. At pressures above the 

bubble point, the l i qu id volume i ncreases as p ressure decreases due to l iqu id  expansion 

u nt i l  the pressure reaches the bubble point where the gas starts to escape from the l iqu id  

causing reduction i n  l i qu id volume as  the pressure goes down below the bubb le  point. 
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Figure 8 .6 :  ( Vliq/'Vtot) % vs. pressure for wel l  A# 2 2  at 235  of (from the CCE test) . 
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Figure B .7 :  ( VliqfVsat) % vs. pressure for wel l  A# 2 2  at 2 3 5  of (from the CCE test) . 

Relative Vol ume, (Vrel): 
The vol ume-pressure relationsh ip  obta ined from the CCE test can be stud ied at the 

reservoir temperature, or at any other specified temperature, starting from a pressure 

wel l  above the i n itial static reservoir  pressure, Pi, down to a relative volume ( Vrel) of at 

least 2 :  

v - Total volume @ given P & Tres - v: 
IV reL -

Volume @ Pb & Tres 
- tot sat (E. 1 )  

Figure E.8 shows the relative volume as a function of  pressure. I t  can b e  seen that Vrel 
substantial ly increases at pressures < Pb, compared to that at pressures > Pb. 

Liquid Density 

Figure E.9 shows that the l iqu id  density s lowly decreases as the pressure is decreased 

u ntH it reaches Pb (slow expansion of a compressed l iq uid)  then starts to increase sharply 
as the pressure fal ls  below Pb down to near atmospheric pressure (where the l ight fraction 

escapes from the l iqu id  phase m ixture leaving the heavy fraction behind) .  
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Figure B.8:  Relative volume vs. pressure for wel l  A#22 at 2 3 5  of (from the CCE test) . 
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Figu re B .9 :  L iquid density vs. pressure for wel l  A# 2 2  at 2 3 5  of (from the CCE test) . 
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Liquid Viscosity 

Figu re 8 . 1 0  shows that the l iqu id  (oi l )  viscosity decreases with the decrease of pressure 

from P to Pb (due to the sl ight decrease in  the density of the l iqu id) whi le the oi l  viscos ity 

starts to increase sharply when the pressure fal l s  below Pb down to atmospheric (due to 

the release of l ight fractions with lower viscosities (and densities) from the l iqu id  phase) . 
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Figu re 8. 10 :  l iqu id  viscosity vs. p ressure at 2 3 5  of for wel l  A#2 2  from the CCE test. 

Gas Molecular Weight 

The molecular weight of the gas m ixture i s  i nversely proportional to pressure (MW = 

RTfPV).  As pressure is decreased below Pb, gases and l ight hydrocarbons start to escape 

from the l iqu id phase fol lowed by convers ion of heavier hydrocarbons to vapor. Thus the 

molecular weight of the generated gas (vapor) phase increases as i l lustrated in Figure 

8 . 1 1 .  

Gas specific gravity 

The specific gravity of the gas is defi ned as the ratio between the density of the actual gas 

and  the density of a ir  at standard conditions. At a given temperature (here 235  of for wel l  

A#2 2), the density (and the gas specific gravity) o f  the gas decreases a s  pressure i s  

decreased from Pb down to near atmospheric  pressure. Such behavior is i l lustrated in  

Figure B . 1 2. 
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Figu re B. l l :  Gas MW vs. p ressure at 2 3 5  of for wel l  A# 2 2  from the CCE test. 
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Figure 8. 1 2 :  Gas specific gravity vs. pressure at T= 2 3 5  of from the CCE test for wel l  A# 2 2. 
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Gas Density 

As the p ressure is decreased from Pb down to near atmospheric pressure (at a flXed 

temperature), more gas/vapor is generated from the l iqu id  phase mixture, the actual 

specific vol ume of the gas (v =V/m) wi l l  i ncrease, and the result ing density of the gas (p = 

l/v  = P/R7) wi l l  decrease. Figure B . 1 3  shows the resulting gas density vs. pressure. For 

wel l  A#22 .  
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Figure B. 1 3 :  Gas density vs. p ressure at 2 3 5  of for wel l  A#22 from the CCE test. 

Gas Z-factor 

As the p ressure is decreased (from Pb down to near atmospheric pressure at a fixed 
temperature) the speci fic volume of the gas wi l l  i ncrease (as ind icated above) and the net 
result  i s  an i ncrease in  the Z- factor of  the gas/va por phase (Z = P v / RT) as shown in Figure 
B . 14.  

The V-function 

The value of  the V-function, defined by Eq.  (B.2), is  made to smoothen the relative volume 

data below the saturation pressure: 

(Pb ) -- 1 
Y - Function = _P_-(:b 1) 

(B .2)  

When p lotted, the V-fu nction usual ly forms a straight l ine or has only a smail  curvature. 

Figure 8. 1 5  i l l ustrates the erratic behavior of  the wel l  A#22 data near the bubble-point 
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pressure down to near atmospheric pressure; as the pressure is  decreased the Y -function 
wi l l  decrease as wel l .  
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Figu re 8 . 14 :  The gas Z-factor vs. p ressure at 2 3 5  of for wel l  A#22 from the CCE test. 
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Figure 8 . 1 5 :  The V-fu nction vs. pressure at 2 3 5  of for wel l  A#2 2  from the CCE test. 
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I sothermal compressibil ity of  Liquid Phase 

The l iqu id  phase isothermal compress ib i l i ty, defined by Eq. (8 .3), i s  appl icable only at 

pressu res above the bubble point pressure, Pb: 

C - _1_ 0Vrel 
0 - Vrel oP (8 .3)  

Figure 8. 1 6  shows that the i sothermal compress ib i l i ty is inversely proportional to 

p ressure; as pressure is decreased the i sothermal compressi b i l i ty wi l l  i ncrease. 
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Figure B. 16 :  Isothermal compress ib i l i ty vs. pressure at 2 3 5  of for wel l  A#2 2  from the CCE 

test. 

Bulk Density 

Bulk density is defined as the mass of a bu lk  material d ivided by the volume occupied by 

that material .  As shown in Figure B. 1 7, the bu lk  density of the reservoi r  fl uid (compressed 

l iqu id)  sl ightly decreases as the pressure is  decreased from P down to Pb. When the 

p ressure fal ls  below Pb down to near atmospheric pressure, the gas (and hydrocarbons) 

starts to be released from the l iqu id  phase causing a substantial reduction in bu lk density 

of  the flu id.  
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Figure B . 17 :  Bu lk  Density vs. Pressure at T= 2 3 5  of for wel l  A# 2 2  from the CCE test. 

I nterfacial Tension, ( 1FT): 

1 FT is  a measure of  the i m balance of  molecu lar forces at the in terface between two phases 

caused by physical attraction between molecules. 1 FT is function of density whi le density 

is  d irectly p roportional  to p ressure. S ugden ( 1924) ,  suggested a relationshi p  that 

correlates the surface tension of  a pure l iqu id  in equ i l ibr ium with i ts own vapor [46] . 

(B.4) 

where a i s  the surface tension, M i s  molecular weight of  pure component and Pch i s  a 

temperature- independent parameter and is  caned the "Parachor". Katz et al .  ( 1943) 

employed the Sugden correlation ( 1 9 24) for m ixtures by i ntroducing the compositions of 

the two phases as fol lows [46] : 

n 
0'1/4 = L[(PCh) i (AXi - Byc) ]  i= l 

(B.5) 

A = � & 62.4 Mo B = �  62.4Mg 

where p and M are the density and apparent molecular weight of  the o i l  phase (0) and gas 
phase (g), respectively. Xi and Yi are the mole fractions of  component i i n  the oi l  p hase and 
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gas phase, respectively. n is total number of components in  the system.  So as the pressure 
is  decreased, the 1 FT wil l  i ncrease as shown in  Figu re R 18. 
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Figu re R 18: 1 FT vs. pressure at 2 3 5  of for wel l A#22  from the CCE test. 

The Differential Liberation (DL) Test 

The d i fferential l i beration  test, schematical ly shown in Figure B . 19, is considered better i n  

describ ing the separation process tak ing p lace i n  the reservo i r  and s imulating the flow 

behavior of hydrocarbon systems above the critical gas saturation  conditions. Dur ing this 

test, the reservoir  flu id  i s  depleted by 6 to 16 steps from the saturation pressure to 

atmospheric  pressure and the solution gas l iberated at each step i s  continuously removed 

from contact with i ts equ i l ib rium oi l .  

When the p ressure of  the cel l  is  reduced to a value below Pb,  the formed gas cap is  pushed 

out from the cel l  to a gasometer. The remain ing l iqu id  is  subseq uently depleted down to 

the next pressure step. The l iberated gas is ana lyzed by gas chromatography for molecular 

composition. The gas speci fic gravity and viscosity are calculated based on the measured 

composition. Tables 8.5 and R6 show the calcu lated p roperties of the gas and l iqu id 

phases of the D L  test for wel l s  A# 2 2  and A#33, respectively as a fu nction of  pressure. 

These properties inc lude l i qu id  volu me, l iqu id  density, l iqu id  viscosity, o i l  formation 

volume factor (FVFo), solution gas-to-oi l  ratio (GORS), l i berated gas-to-oil r�tio (GORL) ,  

gas molar mass, gas viscosity, gas Z-factor, gas formation volume factor (FVFg), gas 

gravity, and gas density as wel l as interfacial tension ( 1 FT) . 
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Figu re 8. 19 :  Schematic d iagram of the d i fferential l i beration (DL) test (Note: V I = Vb at Pb) 

Table  8.5 Results of D i fferential  L iberatio n  (DL) test for wel l  A#2 2  flu id .  
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Table 8 .6 Results of D i fferential L iberation (DL) test for wel l  A#33 flu id  
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1 . 3 5 3  3 1 9.2 630.7 
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Oil  Formation Volume Factor (FVFo) 

The o i l  formation  factor i s  defined as 

� Co ... 0 
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FV F. = Volume of oi l  at P & Tres o Volume of residual oi l  at standard conditions 
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6. 1 5  9 1 .43 0.097 

6.8 1 89.90 0.088 

7.52 88 .42 0.078 

8.27 86.97 0.070 

9.06 85 .55  0.06 1 

9.90 84. 1 4  0.053 

1 0.78 82.72 0.044 

1 1 .7 1 8 1 .26 0.036 

1 2 .72 79.69 0.028 

1 3 .85 77.77 0.020 

1 5 .39 74.08 0.0 1 0  
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(B.6) 

FVFo (bbljSTB) is general ly greater than 1 .0  at standard pressure ( 1 4.7 psia) because the 

reservoir  temperature (Tres) is greater than the standard reference temperature (60 of) ; 

o i l  expands with temperature i ncrease at constant pressure. As shown in  Figure B.20, FVFo 
decreases with pressure decrease as a result of the decrease in  the gas solubi l i ty and i ts 

release from the flu id  (Le. ,  the volume of the o i l  phase decreases) . 

Gas-to-Oi l  Ratio (GaR or Rs) of Liberated Gas 

The gas-to-oi l  ratio of the solution is defi ned as 

R = Volume of l iberted gas at standard conditions 
s Volume of residual oi l  at standard conditions (8.7) 

The volume of the d issolved gas in the o i l  decreases from an i n it ia l  solut ion GOR, Rs;, at the 

bubble point press ure Pb, to zero at atmospheric p ressure as shown in  Figure 8 .2 1 .  At 

pressures above Pb the gas i n  the solution remains constant at Rsi. 
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Figu re B .20 :  O i l  FVF vs. pressure at 2 3 5  of for wel l  A#2 2  from the D L  test. 
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Figu re B.2 1 :  Solution GOR vs. pressu re at for wel l  A#2 2  fl u id  solution from the DL test. 
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Liq uid Density 

Starti ng from the  saturation  p ressure, Pb, the  density increases as  the pressure i s  

decreased due to  the l iberation of  the  solution gas. Th is behavior is  clearly noticed in  the 

d i fferential l i beration test and is shown in Figure B .22 .  Th is k ind of behavior is  due to the 

sh rinkage of  the volume associated with the l iberation of the solution gas with the 

decrease of  the reservoi r  pressure or the swel l ing of  the oil with re-pressuriz ing the 

reservoi r  flu id  and re-d i ssolvi ng the solut ion gas . 
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Figure 8.2 2 :  L iqu id density vs. pressure at 2 3 5  o f  for wel l  A#2 2  from the D L  test. 

Gas Z-Factor: 

As pressure is decreased, the flu id  approaches ideal gas behavior and the Z-factor reaches 

u n ity as shown in Figure B .23 .  

Gas Specific Gravity 

As the pressure is  decreased, the l ight gases are l iberated from the reservoi r  flu id  fol lowed 

by heavier hydrocarbons thus the i r  content i n  the gas phase wi l l  i ncrease. Th is wi l l  be 

reflected in an increase in the gas specific gravity as i l l ustrated in Figure B .24.  
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Figure B .23 :  Gas Z-factor vs. pressure at 2 3 5  of from the D L  test for wel l  A#22 .  
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Figu re B .24 :  Gas speci fic gravity vs. pressu re at 235  of for wel l  A# 2 2  from the D L  test. 
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Gas Viscosity 

The gas viscosity is usual ly calcu lated by correlations or by the correspond ing states 
theory. The gas viscosity decreases as the reservoir  pressure is decreased (at constant 
temperature); the molecules are s imply farther apart and move more easily past each 
other at lower p ressures. This effect of pressure on the gas viscosity is shown in Figure 
8 .25 .  
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Figure 8 .25 :  Gas viscosity vs. pressure at 2 3 5  of for well A#22 from the D L  test. 

Gas Formation Volume Factor (FVFg) 

The formation volume factor for a gas is defi ned as the volume occupied by the gas at the 

reservoir temperatu re and p ressure (Vres) d ivided by the volume occupied by the same 

mass of gas at standard conditions (Vst) : 

FVE = Vres 
9 Vst 

nZRT 
where !'res = -­p (B.8) 

Si nce the gas is  compress ib le, as the p ressure i s  decreased Vres defi ned in Eq.  (B.6) wi l l  

increase as a result  o f  the decrease in  pressu re a n d  the i ncrease in  both n and Z. Since Vst is 

constant; the result  wi l l  be an increase in  FVFg as i l l ustrated in  Figure 8 .26. 
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Figure 8 .26 :  Gas FVT vs. p ressure at 2 3 5  of for wel l  A# 2 2  from the DL test. 

The Separation Test (ST) 

The separation test is performed to s imulate the separation process of the reservoi r  flu id  

when it i s  produced at  the  surface. The  data obta ined from th is  test he lp i n  the design of  

the  optimal separator condit ions for maxim u m  amount  of  stock-tank  o i l  recovery. With 

the O i lphase- O B R  PVT cel l ,  the procedu re for perform i ng the separation test is s imi lar  to 

that for the OL test except that the temperature in the separation  test may vary from stage 

to stage. 

A sample of the reservoi r  flu id  measured for volume at the reservoi r temperatu re and 

saturation pressure is charged into the PVT cel l .  Then the cel l  pressure and temperatu re 

are set to the fi rst specified stage cond itions, at which the sample is  eq u i l ibrated. After the 

vapor and l iqu id  volumes are quantifi ed, the vapor is completely pushed out from the cel l 

for composition and volumetric measurements. The remain i ng l iqu id i n  the cel l  i s  then 

flashed to the next specified separator cond itions and the measurements and analyses are 

repeated t i l l  the last stage, typica l ly at atmospheric p ressure. 

Tab les 8.7 and B.8 present the m ultistage separation test data and the results obta ined for 

wel ls A#2 2  and A#33, respectively. The defi n it ions for GOR and oi l  formation volume 

factor are the same as those mentioned in  the D L  test. Table B .7 :  Separator after-stage 

properties of the gas and l iqu id  phases for wel l  A#22 .  
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Table B .7 :  Separator after-stage properties of the gas and l iquid phases for well A#22 (at  
saturat IOn pressure :  tota l G O R  = 494.6 scfjSTB and FVF = 1 .3 1 1 ) 

Property Units Stage 1 Stage 2 Stage 3 
Pressure psi a 265 60 14. 7  
Temperature of 100  100  60  
GOR scf/STB 400.0 7 1 . 7  22 .9 
Liquid Density Ib/ft3 5 1 .0 5 1 .8 52.6 
Liqu id Viscosity cP 1 .275  1 .545 2.461 
Oi l  FVF bbl/STB 1 .059 1 .024 1 .000 
Gas  Viscosity cP 0.0 12  0 .0 1 1  0.009 
Gas Z -Factor PV/RT 0.946 0.976 0.987 
Gas FVF ft3 jscf 0 .057 0 .259 0.980 
Separator GOR scf/STB 377.8 70.0 22 .9 
Gas MW lb/lb-mol 2 1 .36 29. 1 7  37.43 
Gas Gravity Air  = 1 0 .737 1 .007 1 .292 
1 FT dyne/cm 1 8.606 20.692 22.29 1 
Heating Value BTUjscf 1 192.9 1 596.8 2064.6 
Gas Density Ibjft3 1 .00  0 .30 0 . 1 0  

Table 8.8: Separator  after-stage properties o f  the gas and l iqu id phases for wel l  A#33 (at  
saturation pressure :  total G O R  = 545 .1  scfjSTB and FVF = 1 . 3 64) . 

ProI>erty Units Stage 1 Stage 2 Stage 3 
Pressure psia 265 60 1 4.7  
Temperature of 100  100  60  
GOR scfjSTB 437.4 80.2 27 .5  
Liqu id  Density Ib/ft3 50 .4 5 1 .2 52 . 1  
Liqu id Viscosity cP 1 . 1 57 1 .402 2. 1 99 
Oi l  FVF bbl/STB 1 .067 1 .028 1 .000 
Gas  Viscosity cP 0.0 1 2  0 .0 1 1  0 .009 
Gas Z -Factor PVjRT 0.943 0.974 0.986 
Gas FVF ft3/scf 0 .057 0 .259 1 .000 
Separator GOR scf/STB 409.9 78 .1  27 .5 
Gas MW I b/lb-mol 22. 1 7  30.74 39.54 
Gas Gravity Air = 1 0.765 1 .061  1 .365 
1 FT dynejcm 1 7.908 1 9.998 2 1 .640 
Heating Value BTU/scf 1 1 99.8 1 642.9 2 1 58.3 
Gas Density Ib/ft3 1 . 0  0.3 0 . 1  

Gas Heating Value 

The heating value of the gas is  the quantity of heat produced when the gas is  burned 

completely; usual ly expressed as kJ/m3 or (BTU/set). Although the vol ume of the gas 

i ncreases with the decrease i n  pressure, the net result  wi l l  be an i ncrease in the heating 

va lue  of the gas. The increase in the heating value may be due to the release of heavier 

hydrocarbons from the l iqu id  p hase to the gas phase. Figure B .27  shows the resultant 

heating value vs. pressure. 
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Figu re B .27 :  H eating val ue vs. pressure at 2 3 5  of for wel l  A# 22 from the separation test. 

VLE Detai ls  

The flu id  equ i l i bri u m  p roperties obta ined from the PVTpro s imu lator at the bubble point 

condit ions were compared with the experi mental data as shown in Tables B.9 and B . l0  for 

wel l s  A#2 2  and A#33, respectively. The results of  the VLE are d i scussed i n  Chapter 6. 

Table  B .9 :  F lu id  properties for wel l  A#2 2  at saturation condit ion (T = 235  of  & P = 2277 

psia) from VLE calcu lations 

Property Unit Liquid Vapor 
Z-Factor Z = PVjRT 0.7652 0.8685 
Viscosity cP 0 .3778 0.0 195  
MW IbJlb-mol 1 1 0.96 23 .03 
Volume ft3Jlb-mol 2 .51  2.84 
Density IbJft3 44.29 8. 10 
Volume % 100 0 
Mole % 100  0 
Light Tc 5 88 of 0.3367 0.8244 
I ntermediate 88 of < Tc < 460 o f  0.2 3 5 1  0 . 1601  
Heavy Tc > 460 °F 0.4283 0.0 1 55 
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Ta ble B. I 0 :  F lu id  properties for wel l  A# 33 at saturation cond i tion (T  = 2 5 7  o f & P = 2 3 7 7  

psia) from V L E  calcu lations. 

Property Unit  Liquid Vapor 
Z-Factor Z oo  PVjRT 0.7482 0.8559 
Viscosity cP 0.3033  0 .021 
MW IbJlb-mol 1 02.93 25.43 
Volume ft3jlb-mol 2.42 2 .77 
Density kgjm3 42.81  9 .12  
Volume % 100  0 
Mole % 100  0 
Light Tc � 88 of 0.346 0.7864 
I ntermediate 88 o f  <Tc 5 460 of 0.2638 0 . 1895 
Heavy Tc > 460 °F  0 .3903 0.024 1 

p-T Flash Calculation for the Reservoir Flu id  

The P-T flash was performed at various comb inations o f  constant  pressure and  
temperatu re. The  fl u i d  properties obtained from PVTpro at these condit ions are shown i n  
Tables 8 . 1 1  and  B. 1 2  

Table B. l 1 : Resu l ts of  P-T flash calculation for reservoir fl u i d  of  wel l  A#22 .  

P, T, Liquid Liquid Liquid Liquid Vapor Vapor Vapor Vapor 
psia of Volu me, Density, Viscosity, Z-Factor Volu me, Density, Viscosity, Z-Factor 

% Ib/ft3 cP 0/0 Ibjft3 cP 

4687 2 3 5  1 0 0  45.8 0.465 1 .5244 - - - -

3650 2 3 5  1 0 0  4 5 . 2  0.428 1 . 2 0 1 9  - - - -

2 2 77 2 3 5  1 0 0  44.3 0.378 0.7652 - 8. 1 1 .95E-02 0.8685 

1800 2 3 5  85 .85 45.4 0.430 0.6478 1 4 . 1 5  6.3 1 . 7 7 E-02 0.8745 

700 235 39.09 48. 1 0.593 0.3042 60.9 1 2 . 5  1 .48E-02 0.9205 

265 1 0 0  2 0.76 5 1 .0 1 . 2 75 0. 1 3 9 6  79.24 1 . 0  1 . 1 9 E-02 0.9456 

60 1 0 0  4.03 5 2 . 2  1 .744 0.0353 95.97 0.3 1 . 1 2 E-02 0.9824 

14.7 60 0.97 53.2 3.0 8 1  0.0096 99.03 0.0 7 1  1 .02 E- 02 0.9938 

Table 8. 1 2 :  Resu l ts of P-T flash calcu lation for reservoir  flu id  of wel l  A#33.  

P, T, Liquid Liquid Liquid Liquid Vapor Vapor Vapor Vapor 

psia of Volu me, Density, Viscosity, Z·Factor Volu me, Density, Viscosity, Z·Factor 

% Ibjft3 cP % Ibjft3 cP 

2820 257 1 0 0  43.2 0 .333 0.8880 . -

2500 257 100 42.9 0.3 23 0.7922 . - - -

2377 257 100 42.8 0.3 1 9  0.7 5 5 1  - . -

1600 257 74.74 44.7 0.395 0.5685 25.26 5.9 1 .76E-02 0.8728 

7 0 0  2 5 7  34.95 4 7 . 1  0.5 3 1  0 .29 1 6  65.05 2.6 1 . 5 1 E-02 0.9 148 

265 1 0 0  1 9.49 50.4 1 . 1 5 7  0 . 1 337 80.5 1 1 .0 1 . 1 9 E-02 0.943 1 

60 1 0 0  3.65 5 1 .8 1 .602 0.0340 96.35 0.3 1 . 1 2 E-02 0.98 1 2  

14.7 60 0.89 5 2 .8 2.798 0.0095 99. 1 1  0.076 1.02E-02 0.9933 
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The Swel l ing Test 

COz is in jected in the recombined fl u id (Oi l  from stock-tank oil and gas from fi rst-stage 

separator) to investigate how much oil is going to swel l by COz. Th is process helps i n  

enhanced oi l  recovery i n  the heavy o i l  reservoi rs. The fol lowing table 8 . 1 3  was obta ined 

fro m PVTpro whi le  perform ing swel l ing test for wel l A# 22 and A#33 .  

Table 8 . 1 3 . Resu lts of the s imulated swel l ing test (using PVTpro) for wells A#22  and  

A#33.  

A#22 Fluid at 235 of A#33 Fluid at 2 5 7  of 
We02 injected Pbub, ,�sia Pdew,�sia WC02 injected Pbub, , psia Pdew, psia 

0.00 2277.0 0.00 2377.0 
0 .05 2410.4 0.05 2522 .2  
0 . 10  2553.6 0. 1 0  2678.3 
0. 1 5  2708.5 0. 1 5  2848.0 
0.20 2877.9 0 .20 3034.6 
0.25 3065 .7 0 .25 3243.5 
0 .30 3277.9 0 .30 3482 . 1  
0 .35 3522 .7  0 .35  3760.8 
0.40 3812 .0  0.40 4090.7 
0.45 4 1 60.2 0.45 4481 .2 
0.50 4582.5 0.50 4939.5 
0 .55 5094.0 0 .55 5474.7 
0.60 57 1 3 .8 0.60 6 1 0 1 .4 
0.65 6572.2 0 .65 6843.0 
0 .70 7422 . 1  0 .70 7738.3 
0 .75 8666. 1 0.75 8853.6 
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Nomenclature 

BHP Stable bottom hole pressu re 
Bo Oi l  formation volume factor, bbl/STB 
C Critical point 
c, The shift parameter 
K, Vapor- l iqu id equi l ibr ium ratio 

Mo Molecular weight of the oi l  sample, gig-mol 
rno Displaced C02 mass, defined in swel l ing test 
IIg Number of moles in the gas sample 

no Number of  moles in the oil sample 
Pc Critical pressure 
Ppr Pseudo-reduced pressu re, d i mensionless 
Pr Reduced pressure, d imensionless 
psat Saturation pressure 
Pst. Pressure at standard condition 
Tc Critical temperatu re 
Tet Cricondentherm temperature 
THP Stable top hole temperature 
Tpr Pseudo-reduced temperatu re, d imensionless 
Tres Reservoir temperatu re 
Tr Reduced temperature, d imensionless 
Tst Temperature at standard cond ition 
TWH Stable wel lhead temperature 
Vc Specific critical volume 
Vi I n itial vol ume i n  swel l i ng test, m l  
Vr Final  volume in  swel l ing test, m !  

Vq Specific volume of  gas in  stock tank 
Va Speci fic  volume of oi l  i n  stock tank  
Vgm Molar volume of gas in  stock tank, m3/g-mol  
Yom Molar volume of o i l  i n  stock tank, m3/g-mol 
Vso Displaced volume i ns ide the syringe pump, m l  
VeO Volume at backside of  the piston, ml  
VO Volume of saturated l ive oi l ,  ml 
V, Valve n umber i i n  the PVT Cel l  
Vrel Relative volume 
Vsw Swel l i ng volume or Swel l ing factor 
WC02 Mass fraction o f  CO2 

Wg/, Normalized weight fraction of the gas sample in  the stock tank 

WOJ Normal ized weight fraction of the oi l  sample in  the stock tank 
x, Liqu id mole fraction of  component i 

y, Vapor mole fraction of component i 
Z Gas compressib i l ity factor 
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Greek Symbols: 

B Vapor molar ratio 

r Speci fic gravity 

k'J Binary interaction parameter between components i and } 

PBH Stable bottom hole density 

po Oi l  sample  density 

[2 Acentric factor 

Subscripts: 

C Critical 

F Fi nal  

G Gas 

i, } Component i or} 

I I n it ia l  

0 Oi l  

R Reduced 

Res Reservoi r  

St Standard condit ions 

Abbreviations: 

ARE Absolute Relative Error 

CCE Constant Compos i tion Expansion 

C M E  Constant Mass Expansion 

E C  Equ i l ibri u m  Cel l  

E O R  Enhanced O i l  Recovery 

F lO  Flame I on ization Detector 

FPE F lu id  Properties Esti mation 

FVF Formation Volume Factor 

GC Gas Chromatograph 

GOR Gas-to-O i l  Ratio 

PR  Peng- Rob i nson 

SAFT Statistica l  Associating F lu id  Theory 

S R K  Soave- Redl ich-Kwong 

STB Stock Tank Barrel 

TCD Thermal Conductivity Detector 
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