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Introduction

Carbonates hold a significant portion of the
hydrocarbon reserves in the world. In the Middle East,
the majority of these reservoirs are naturally fractured
carbonate reservoirs (NFRs), which makes their
management and exploitation a challenging task [1].
Gas and oil can be moved toward the wellbore using
a reservoir's inherent energy. These energy sources are
known as driving mechanisms when they are utilized
in this way. A higher final hydrocarbon recovery
may be possible if the drive mechanism(s) within a
reservoir are identified and characterized early on [2].
The modeling of NFRs is based on the dual-continuum
concept; in this approach, properties such as porosity,
permeability, pore volume, and capillary pressure
are defined and assigned for the matrix and fracture
continuums [3]. Furthermore, NFRs have most of
their pore volume located in the matrix section, which
usually has a low permeability. On the other hand,
fractures in NFRs have high permeability but low
pore volume. In addition, as a result, in NFRs, the
matrix acts as a source or sink of fluids to or from the
fractures [4]. Moreover, the most common approach
to capture fluid exchange between matrix and fracture
is the warren and root transfer function based on an
idealized sugar-cub model of fractured porous rock
[5]. Moreover, this approach calculates the transfer
function using capillary, gravitational, and viscous
forces based on matrix-block shape, rock and fluid
properties. Commercial reservoir simulators consider
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all these properties and driving forces when studying
NFRs.

Rahmati and Rasaei were the first to introduce the
MB equation for volumetric NFRs which it takes
into account the impact of gravity drainage and re-
imbibition phenomena as a complementary driving
mechanism of oil production [6].

Despite the numerous studies conducted on the
material balance of fractured reservoirs, the imbibition
mechanism is not considered in MBE and needs
to be incorporated as a separate mechanism in the
material balance model. Imbibition is the process of
an immiscible displacement where the wetting phase,
usually water, spontaneously enters the porous media
and displaces the non-wetting phase, usually oil, from
the matrix. The fluids and the pore walls have distinct
attraction forces, which causes these phenomena.
Moreover, in NFRs, in the presence of an active
aquifer or during water flooding process, imbibition
is crucial to the recovery of oil from the matrix blocks
that are inaccessible to external pressure gradients
during waterflood [7].

In this article, we extend the MBE and reformulate it
to consider the water imbibition as a separate driving
mechanism for oil production alongside the other
driving mechanisms in NFRs.

Materials and Methods
The herein-introduced 1-D material balance for NFRs
is derived with the following assumptions:



* The reservoir exhibits consistent porosity and
permeability over its entirety.

* The reservoir fluids are in hydrostatic equilibrium
throughout all reservoir units; the matrix unit contains
oil with connate water, and the fracture unit contains
oil only at the initial time above OWC level.

* The reservoir can be considered as an isothermal
system.

* Reservoir has no initial gas cap, and it remains
undersaturated during production.

* Production occurs via the fracture unit.

» Complete phase segregation is considered in the
fracture unit, i.e., only oil and water saturation in the
fracture can be 1 or 0.

* The oil-water contact exhibits uniformity over the
whole reservoir.

* The following matrix-recovery mechanisms are
taken into consideration:

... The topic of discussion is depletion, specifically
focusing on single-phase expansion and solution gas
drive. The drive mechanism exhibits activity across
the entirety of the model. The subsequent discussion
refers to sections of the model-driven solely by
depletion, referred to as oil zones.

... The phenomenon of water displacement; the water
drive mechanism is exclusively operational in matrix
sections where the neighboring fractures contain
water. The water zone subsequently denoted as a
water-invaded zone, is situated beneath the dynamic
oil-water contact (OWC).

* The horizontal pressure within the reservoir remains
consistent, whereas there exists a vertical pressure
gradient resulting in pressure variations in the vertical
direction. Consequently, as a departure from the
conventional MBE method, the employed approach
can be described as a one-dimensional (1-D) model.

* The average field pressure across the entire reservoir
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Fig. 1 Predicted the movement of the oil-water contact.
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is utilized to determine the pressure within its sub-
units. This pressure can be determined from the
individual well

Results and Discussion

A FORTRAN code was developed to examine our
proposed 1-D material balance method in a dual
porosity reservoir in Iran (KHZ_A field).

The KHZ A field is a fractured carbonate oil reservoir
in southwest Iran and has been produced for over 30
years. The KHZ A field has a 44 km length and 7 km
width, and its original oil in-place (OOIP) is estimated
to be 3.9 MMM STB. Production started in 2000, and
more than 130 MM STB of oil has been produced
through 14 vertical wells, corresponding to a field
recovery factor of 3.3 %. The bubble point pressure
is 987 psia at 221 oF, the initial pressure is 4111 psia,
and the current pressure is 3720 psia. During the entire
production history, the oil remains undersaturated. The
crest and initial oil-water contact are placed at 6733 ft
and 8411 ft, below sea level respectively, which gives
the initial oil column thickness of 1678 ft.

Fig. 1 depicts the movement of oil-water contact during
the historical period and predicted time. Again, the oil-
water contacts calculated by MB and the simulation
model show a very good agreement. The depth of the
oil-water contact changed from 8024 ft to 7350 ft. The
field produced about 750 million STB at the end of the
simulation period, corresponding to a field recovery
factor of 19%. Fig. 2 demonstrates the energy plots for
the KHZ_A field. This plot is based on the calculated
driving indexes by MB. We can analyze the impact of
each drive mechanism on production referring to Fig.
2. Moreover, it is evident from the MB plot that the
imbibition drive is the dominant recovery mechanism
throughout the production period for the KHZ_A field.
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Fig. 2 Comparison of the driving indexes during field production by energy plot.

Conclusions

Material Balance (MB) computation is an efficient and
simple evaluation method of reservoir performance
which can facilitates subsequent production planning.
The conventional MB equation suffers from negligence
of some major production mechanisms in Naturally
Fractured Reservoirs (NFRs) such as water imbibition
in water invaded zone.

Here we developed a new MB equation to determine
the impact of the water imbibition mechanism on oil
production from undersaturated fractured reservoirs
with active aquifers. Furthermore, real field data from
the KHZ A field in southwest Iran was used to test
and validate this method, demonstrating its accuracy,
robustness, and performance. Based on this study, the
following conclusions can be drawn:

* A successful 1-D MB was developed to calculate
pressure and fluid properties in a vertically oriented
dual porosity reservoir.

* For the first time, we explicitly quantified the water
imbibition as one of the main mechanisms driving the
production of NFRs, in addition to other conventional
mechanisms of solution gas drive, rock and water
expansion drive and aquifer water drive.

e This method requires additional data, including
oil-water contact history and pore and hydrocarbon
volumes vs. depth, compared to the conventional MB
approach.

* Aronofsky model is used to quantify the water
imbibition mechanism of water invaded zone in the
new 1-D MB equation. Oil-water contact observed
data are needed to adjust the parameters of Aronofsky
model.

* Close agreement of the results of the 1-D MB model
and detail numerical simulation of KHZ A field
validated the reliability and accuracy of the new 1-D
MB model.

* The 1-D MB approach can determine the oil-water

contact, a crucial parameter in NFRs management,
just by using history matching and without the need
for data on rock properties.

References

1. Alcantara, R.,J. Ham, and J. Paredes. Applications
of Material Balance for Determining the Dynamic
Performance of Fractures in a Dual-Porosity
System in HP-HT Reservoirs. in SPE Russian
Petroleum  Technology  Conference. 2017.
OnePetro DOI: https://doi.org/10.2118/187694-
MS.

2. Pletcher, J., Improvements to reservoir material-
balance methods. SPE Reservoir Evaluation &
Engineering, 2002. 5(01): p. 49-59.

3. Mittermeir, G.M., Material-balance method for
dual-porosity reservoirs with recovery curves to
model the matrix/fracture transfer. SPE Reservoir
Evaluation & Engineering, 2015. 18(02): p. 171-
186.

4. Pirker, B., G.M. Mittermeir, and Z.E. Heinemann.
Numerically Derived Type Curves for Assessing
Matrix Recovery Factors. in EUROPEC/EAGE
Conference and Exhibition. 2007. OnePetro DOI:
https://doi.org/10.2118/107074-MS.

5. Warren, J. and P.J. Root, The behavior of naturally
fractured reservoirs. Society of Petroleum
Engineers Journal, 1963. 3(03): p. 245-255.

6. Rahmati, N., et al., Incorporating Gravity
Drainage and Reimbibition Mechanisms in
Traditional Material Balance Equation for
Fractured Oil Reservoirs: Mathematical Modeling
and Simulation Analysis. Journal of Porous
Media, 2019. 22(3).

7. Huapaya Lopez, C.A., The imbibition process of
waterflooding in naturally fractured reservoirs.
2005, Texas A&M University.



T ot H 4t
(g3 dllio &M{_ YA-FY amiuo AFF 551 50 3 01550 AFY o,les

G O g 45 jlge 45158195 Juo &
2 (bl S 5 O3S ST =
SOl Lol gl yasls 9o L Ll

TSRS A WY SRV RS NS
Ol ey ool s oBils (B S b god owidigee 00Kl (S i duge )

Ol old olnl 5B g el o8 08 o )bg i -Y

VEYNAN iy gu,l VESYVIY sl s gl

EXVOCS

ool sl oy L], laas L e oy pe Sy 40 3 5 i Ayl o st (gl yms Likes (MB) olgs 4ilse s,
iy dile (Sl adg lap il wiS o (i g B g lw cai ) (e 0y Shes 9 095 o0
2 omone Sl aiflye ST s S Al (i el (ilae 5o e g lep il ailsi o S plsl g J B
Pl 88 ;I 50 L sum S by 4 Slge ajlge Jolaie (B9, angi aalllae ol Bue g b ed a8 S LS
sl b sl L GLE S5 gltl 5 a0 sl S ()3l50 50 5550 0 o3 ilile S st 4 o pli]
= g Sk - ol el o slodalin (slaosls asy 5Ls Jooxe dlgs asjlee g, (sloosls ;o ogdle 4l an i o,
Jome ool e 90 ST plal (il el (o8 e (rpizmon 5 i = O ulad gl a0y Jlows 5 S
Bl as coul ol Jae ool ol cosgame .conl g slo Jow 4 Cod adlin ol jo 0ol alljl slg o aijlse
T 9y 9 03l dagi (Gan S 3lge Al i gy elol i (38 0 S il 58 ST s (sl ooliiu
S 89y edge Ly oS ol el adg il sl sl 5 (5t (meSibe jlid i - Ol uled s 05T
eyl KHZ A Glaces (6l (g90e (g5l gl Ly acglio L alban g Joo mols ol Jlasl (2 8ly 05
Ly il i = o olod gelaas slools (sl s +JAAY Ly iy s Lasgie 5t sLimonls (gl (R2) (ympen oy 5 -0
L izmad ol (5350 v a5 0lg0 asles Joe ol n o s ol simslis 4 S el Cwsay +/QY
piilSn aswgs Sk adgi (sl (y3Sre (65,5051 TP e 5l e 0b et (nin 0990 Lk o (65,1 Jloged 4 amrgs

U)Uu (S—r t.i_l 3‘5_9 4_’)‘5.0 ciat_wi U“b") uaél_w ‘4_3159.5 JJ’M’ &&W :‘_5.\_315 Olols
B Ry @i IS

. o R
mrasaei@ut.ac.ir g Sl ol
(DOI: 10.22078/pr.2025.5558.3465) : Jluzus awlis




YA-FY axieo NFF 50 50 9 01350 IFY 0les -u_/”;!",}
k4

9 ol DBl Blge A lge g adolee o
adsles a1y Lo 3uilSo oyl L5 ailon S 06 e
Lo s <B0 L oS aslal olgo (y3les ciw
ol Al B el (ks ojlse ol LaJudos
lodelos 5 ol ilasdoe 5l ealiil Ly Lay)]
Lo ilSe ol 2l 3B ol 4 sjlanes
] s e w55 5, Slae 5 y5ve L,
s OlsSsn ey 0jls adslee o izl g LB
Cwd o y3lse slo Judo jo (6 iin i Bs
vl eosl

lr 1) solos asjlge adolas )L ol (sl e e
sla soua 5l ol 50 aS ols dn g ol y5Ls
5 ciir ol el mh a s gl il
Jlasl U yslo e ooymizman s oolit sl coi 55
=y O3 SS9y 99 Slgo asjlge adolee
low cdlsl slo sove ool ula s ols lis
O Jl ol Blgsioe (295 40 S5 5 0l Jose
Iv] oS Jooe |, GBS 5 s o

Slgo asjlee 8,90 10 4S5 goaxie Slalhe g, Je
plal o5l il oo plsgl oIS 55
g ol i a8 )3 a3 5 ol djlee adolee yo
ailas Jae jo aslSlas o3 ule S lgmie 4wl
@l b anls S el o sasluS ol
T Vgamo 5 55 o1 o a8 el LIS L6,
= 38 9 05-b o JFiie Lazwe 8)lg 953 4 095
LS o Loralr e (i Vsons) |, 5
a3l slwg s glylo A8l slao les g YL
Loty oyl jg o dcba S o ax s
Jlsd Ol oy S 5o 0 LaNFR ;0 .05 5 e
3l 6l el ( Siodlm wn T (b s Ly

I el v s oo jile sLaSTol 5l s
5ol S ol 1) fe—sse oyl (5l Slallas

ol pizmon [a] cols 5 ke aalllas 4 lox

Sl Lo il Sen 5 (59—

FENTIpUES

doddo

=Sl ey B S sl S il
I ] syl LBl o 1) Gl S Seyeee
G100 14 9 Sy ppdo 45 i (NFRs) b
il ailg SO Gt pawdige sl |, Lyt
L olasien |y cais 58 N oS o Joaws 5551,
ol_> Ceow 4y 550 S ‘Sglo 6))—" )‘ oolar_ul
oly o=l o as Slooj (65,51 amlio ) 0,5 Jdise
il Ly, Olsme a0 S 58 eoliiul 550
S o sl Glep il ST Wb o Al

Iv] asl ol 6 ,=YL ol csbsb

‘@‘5‘)4 ‘J_’xl.’?u —ile 6@‘9_‘> ‘LJ:"3) U_" 5o ]

6l_¢e.]a.._>m 6‘)—.' u_{ i g0 )1 W) P N SO
wH@oé‘bwgw}udK_ﬂ:swao
Cood o ddle gz iy LaNFR Lo Y]
s S alel s Ve ane 45 0o 8 ey ke
Y 2lgl— lls LaNFR ;o B S50 &3, b
MQYWQMQHQIHA_,M)SLA
oL_%ﬁ Q’*—’J"lﬁ U'—’")k_é‘bl”—*")‘ o‘) JLK_AABA_JLSA
Ol JUEST el (Bl g s Slo (o Jw Jols
JTOA_.{‘ u_:SA J..\_A u_i_: uwl_u‘).: as u_....v| Qﬁj 9
Sl 00 0010 dawgi HloB S Jsdiie S
g 5l ool ul L 1y JLisl anl g, ! 0]
B bl Sy 5 (2 (S
dibe Jlow 9 Siw (23> 9 e Sle S
o= plod 2 ()l slajlwad 0 S o

L7l 0 8 oo L yo

2323k g (FE (B (G ot S 90 plsol



Ol g Lis s pue

Al (ol plis 090 acles STV e+ adgy sl
S L o S5 olye asslee JVF] el a g
uo|9_> dile ‘5>Lﬁb oalo -] )L..: QB‘A—’ 4_")515.: ‘5....»9)
s U5 i 5 3l oLl L s 5 S

g 031> iy |, (MBE) olg—o asjlge cadlin ool jo
lamie as |y OT plaT U oS o g 3 Ioazma |, o]
K8 e ca a g gl aslBlas il 05l S
e 550 LaNFR o (il slep il b
—e MBE L (Jg—ose (350 Joo )15 (5] 5o
A ools b S (gamy S MBE S a o
aon (sl Lad g Jlow els elal Ol pis S
it gl A ilbne Z S jo £ ,8 slaasly
sanlewony mols Ly S0y gollas L by, o]
i (Bl lae S (T s39s (53larss ||
Oy=tee g 45 Sl , S5 an p3Y ol al
G S dlye asjlge amae S L asly oo
s T T o3 il e e S5 L
5 o ) oy it slag )l (05T D90
e o ol et il et ld S e
Py dilate ;5 ey pile ay BT 5Ol g 095
S A i 953 dngi A Eadge (il el O
5 yaS b bl el elad e S
Oy )0 Ci &bl ey mliSl A o

ol plif oy
S slaanl B o St 5 S ol plsl sanyy
el s as coul oa ilow awaige )0
Oabme 5l a8bib o gudST neai aol,d ol
b 35w )8 05 mgds g 0 o Ll ol s
()Bre o=l yo osle Slol 8 Canl (NFRs) locslsy

o &5lge al gl Jow SO

y ceis Bl 5b e o plil ol 51 00 e
2 Gl )Kes g ame elelone [V ] ass S iy o
plal 00ay cwyym 4 casols plosl S glaalllas
J—dow L caslaizlo ol o e b (g0g-Fa095
Glog s asS> aS ol o lid Laocols sy 4
Zo> 9ol wix ccely Jolls 5l o (Snge
[ A_S‘oé; ) ‘) le_».w ua|5_> 9 Lol
i |y alil e 5 o alge ol 3T
D] ass

wosly pldil a5 glasllas jo il S o Ll
Ol G5 oS5 ol g ol plal oy i
)_M.su 4_>9§.> as ..\_§1oo)5 = ‘_QUT \.x_,lwa
Syt Sl (- So LS9 (S5 g5
dolio ol oS oloul s e8bl o g i
=5 slpodls 5 (Giodhw Lo iolel 5 b
Dyl el eas sl

sl oy gy gy dm Ao g o >
b B 3B A Ol G Jeb o
ao,S bl ola bl Loyl aslasls,,
Ao Bt e Jolod () 5Fee (o Bly Ll )t a S
Gl [ DY Dl g oy Sle Dlogas
ol a8 aS aeo o s Lol IS ol oS
Lo Cae s S (o0 39 Gy il 4y LSS
aslol L LaanTp ol ol i g e ola 4
o—izen Lagl el Oy oz a0l 55
B Al awiie 4568 4 S wles ST ) o
5 @bl — el lly b5 e ile (6,2 0358

DY oS a8 o 5T O sl ooy cae yu

G d G rio 5o gy Mo 5l S Ol o

L§“\—‘J3-’ ol_? J_._QS.» 099 s )_ﬂ ol r‘,_e(o)L..w.a



YA-FY amio AF+F 90 100 9 319 50 IFY 0 ke o-u_,ﬁd",}
k4

P g SOV S U B SRR S )Lx_?),_,b ol
S—ge $9 idbe g 0 4l slag s
©63)lgme ;o Ll aiS dgama ) (S sla oo
Soii Lo Jl2d (9,0 4 g 00,5 ade a3l (59,
S

Sige L

0920 S g ol G jlad ol Sdee s
. N 4—{[—’)—3)” Q—" O ‘ x/, ‘5u e
Dgl oo ydS e Yl 9 S 6).:&.’8[,_..;‘
S50 §9 0 il A yomie YUy (SiSge Ll
s (29l

T S ol Skl s s ol
A l® )0 08 e dipogi |y 00 Sl jya> )0
OA_MSU.HJU P 9 &_)] Go_mJ ‘5»‘9‘)_: “_J ‘sl_.,;T
el s o gl S (i 358 e
il pdin Ci A Cas O s Sl S
oSl g 9ol oo il S Sl 4 O 3k
095 Jlom gl lie eti Ly (ol ool 5
Dl (S o i S gL 5o

PUT Cdl b gl o
bk slagiorie el o MB asse by, Jol
J Jold as il oy ile slanSsl pL]
3leolaiwl oS co i 1) e yile g B
Sl JLil aslys sla <8l gl e
s @iz IS g, 5 Syl JLil als asile
oS ol els 5 eSSl ) sl sl
O 5o ol il plsl o5 il a8 2>
aolas 4 iile Lo gl Sy 5 s ae e
Ot Jlmm JLES 09,5 Jome sl (S|
5 Sy oy a5 Jlo 50 Ss  m SLe

gy Allio

Oz Sl ol sl s Gl LSS
S o il 45T (Lo 0 S (o0 Joe VL
5l gl VL s il s oy
i 5oy T LT s 0o e 1, YL
P N 5 QO SO I POV [

Dol s )is -

pll (S50 e 5ile

sloanlp Jols of plosl So5d slap il
J3san Ol dg a5 ay o 4§ sl s o LS
(s o i ol (S e S
S 3l 5 paman an Lae il ol 0g b oo
S gle ao La an algi oo 15 0l Conl
alol jo oS S8 ol edll g el yo g
(g o0 0310 byl ol ob 4 L il (2
S 595

Sl plaloanay jo Jsle o Finte (Simge 59,5
Oy P S o Sglas 1 Sl g0 ol ol
5 el 3o i slaJoxlss (45,0 cii 5 o
Sgis s el S iuse (g9, (JSbe lalae
9= ol 09 easS LaJslss J 3 4 OT a4 s
S

5SS L 55 o0l iz o L el o5l e
o i ol g Cal 1 5es8 (Stnge (59, il
Sy oo i i L3

b 5 S s (o oled gl smles 4l
S 15 5)I8 (Stuse 55— 50l U
250§ § Sl yaS ulad Aygly g
g dple> ;668

90 o P S Ol sl (2 iSTe
Srge S35 2 i 3 (S 5 O) Jls
) g $9— aw GitS Gl ol
DB o il

Al (glag i

(e e slabaze ;5 adlr Loy
bl ol 1 o tlg oo i 3l 40 05sa;



Ol g Lis s pue

(V adolae) am (900 ol sl oolaiwl Ly 093 o0
plesloa s wlode doe S o la Jovis 4 on
0 SF i ay jeSung o ¥ alaly 10 0ie-d o
o 5,0l Sl ka (s 5, 36S1 5 00 (S

ol 0 gl oy o

SF k,
= t =t ¥)

o= (puc,)

axdy ;U gyl
GolS a1 8 SO i w50 Az b ol

1*[.9 9 o (8D a aS el

Gk Sl p ol asS oo S8 (55 sla o
S3lting Bl s (gl IS g ity
Al g Glles GlasSur, Aol w g
304 Jae 0 0S8 s el 1) olaidl (690 s
Cwddy gl Cl 00l 0010 A gl asllas ol
ooliiwl amsu b ol 5 calise sla b 40 4]

Cwdds ] e L2 )15 51 (S a S 5y i o
Slasoo 1y plal Jloges .l Ol pLis Jlogas (40
o)Ll lan Y o as Sla g, 5l 5l plas o 3
9y o0l 5 e o 2l Sy 0,5
S 55 sl bs) 4y Sl iy b 5ol
J—ol5 Joe (g5lmans 5 a8 iolosl slaools ay
S e Sy Joao g 05)ls Jolow Lagygles L (loe
o i ool e i (09 P Seal e 4
Sl ol 0,08 g olazel B oo oo
am adlie aslol jo asllas ol )0 ool ul 0,50 g,

5 oha,
03— ‘59)_&,@ Go—= \ 0‘9_,4 4\_’)‘5,4 JA_A e u_:‘ )o
! OA_AT Cwddy )_>) uL»aj),O.o l_’ L2 NFR Ls‘)—’
Jolss jo 5o slaasly slas o 5t YL o
)_JYL: 9 La..b‘ uLA) 5o Sl Q_>‘9 9 S| o|)_o.® s_j

o &5lge al gl Jow SO

coizmen ] 5, S oli il o sS4y il S
5 V] sl VP o el alas 5l 6,50 (Lo
ot Jlme JU (50,5 Jae (59, 2 DAL Gls (50
3Lk sl (o 5l sl Ly SS 5 e 5o
plal el e algie 1 sl b,
S e ) el slaSoh

&35y = il slagiale] oy b ay e
1] K565 ojin slndiges

o ile 8y Sols Jow jleslazwl Lo

Ol o5 (g30e (il a0

azsu )b Gillas o

S295 0500 (Sladiges

O slodised s, el glagiles]
oAl Sy slasSsl sl pldl o5l 4o
s.)uj__m ool u)_;w

u_:ls 9 g}"—iJL‘ .la_wy 03— ‘Buo‘ ULMJLA)] d_».la
a5 ,S el [Va] gols il g Lol (o bls 4]
aS yebles ( gloi adolan S 3l g5 g0 4 S
Sl [V el oot slopiy Sudgis,] g
solaiwl Ol sl o3 lSe bl v i
0 el oyt adols oyl o (V adolee) o, 5
Sy (t):Swmax(l_e(_at)) (\)
s ol i

So y0 Sl o gl cdlb sla pouie Al
g Lo ol ) edbsl gla gz a5 5,
Gl 555 9 Sb e p2 sl 5 4y
L ol yo—0 (59, y— <Lk i sl >, 5
03ld Fdad Vo adolas 3l ¢ wladie oy 3l oolai il



YA-FY amio AF+F jg b g 01050 IFY oo -u_/”;!",}
k4

ads) i 5l olil b ey glaasly Lib puans -
Lo Gos 5o

= sbazly aen sl Jlow (oloS (e T

slap sl ploie o Dl oo | ci oy slop il
10,5 Ganain jLid 4y atuly b gloil 4wl
plad an eldl au arwly wdy slapsile -f
O Yl ] by a5 8- o b slaan]
Lo 05l Jdo an el JLad L Bt 5 e Sile
O JUl (ol g oo e (Singe sl
=2 sbeazly 5 e ple Siw (o8 slaoaly
Sl g Jlo ml b ams e ) jolome SIS
adhie jolome slaoaly o5 G YL JLissl 6l
B by el oais azd 5 el o s yile
Ll g e (gogee Jolwy jo aiien OV
el SO L s dien SIS o asly ) s
Folds 93 F oo )8 5l (nl oo a8 loan b
el SOl 8 ) g a0l Ll
SRS eltl ppe ()3l ) s adgs Jobo 0 -0
bl adex 3l jLas an aly slaosssy ¢ anb
58 LLacl) el e i bl ol o T 5 Si
s gy wlgice plsl i Ol pgze g (Jsdono
JoB ok an e 5le slaSsly aSTos 0l adlaie o
i o a bl OT 51 oy slacslss Uy Sy Uy
Ay ol il a5l g s jile glaS'sls S
Q,,.) pls] p3slSe Lo g 00 adgs bl g o
i los Sows gy adole L

PV (sv’v"k " —sfk )

Bo, ,

QimwnJrl :Qimwn + Z k

9]
Sles 5k (oo 78 0y o et i 5 4 Lamgi 2
Lw ol 3g85 oo adlaie gm s lo ami plisl
g oo daalire gLl i b aS ol Ol gl S|
tn Gle; ok axly o5 ol gl Suen ) adolee)

Al jo e bl p 300 lawgy sods adgi s

g o

ol o gl lass cai- Ol el o

adg Jobo j0 gyl 35 aJgl SCaMS 3o @
aleee Sl gl

55 e plasl G5 oy 5ok 5y o

as,s b o BlS asly o s s Sy e
bo8s BI s o ol g o gl bl om we b o
S Blgss pie JS 0 olen s wlma e
O95° )8 el gl 5P JS lawgie jLid e
‘) )Lwﬁ u_»‘ .)9_») ) oola ol Gc)_9 ‘_g‘_QA}‘s

vy ] O, S erS o = A

P'q.
p:—zz'qq’ )
oLz e B 5 e q 5 ols JLitd p cadobeo ool 4o

Gry SG 893 JSdS L oo 4ijlge @ade

a glgel 5l Ol 3g 8 el ol b o35 jLad oals
gLl g )Lid Sl i 05500 OWC al3l 5 ()55
o m Bl o1, (50 bl Ladls adss b o
Gl2o ) S0g, dad 020 o s LS (o s Slo
poie 5l HloBd 5 (Joene (y5L5w (sl Slgs ajloe
g 055 Slasbono (sl 5 0iS o o0l l SOU Jus
O Jae I8 ol jo aiive  Site Lo jLid a
axly ol ool LSis azlg g0 lailEge jlo B
slaxly an Lol axlg g ol GBS axlg 5 e Slo
ie L5 5 A5 A4S Wi o gl (G390 o8 b
Sl gl s - olad el Coaas &)
— s agdg) s o 4y by e ML (k=1,2, ..., M)
Das oo Hlii |y it b So o)l g ol O
el 5 Oyg0 4 @Sl SVolae g g3l 5] b,
sl olyea Ol eldl g ddlio pon> (Gae (s )
BBl g il sloazlg s 4o



Ol g Lis s pue

0y ol il prilSe Jawgh sa i o gy o i

s k) Gk 51Q) St amly s lysel

f f ol
PVk,n(Sw,{'nH ka‘n) (\’)
Bok’n

QWan+I - wfw Zk

olid ol an a g Lo Gloj adspe 0 50
09— 2ol aly ol pen Of 5 S o>
PV, =PV, (1-c,AP) oy
S,  =sw,(-c,AP) v
o Ll o35 sload oy i JS ) adoles
|, i lisen sloap plSo jl oo o gi S di 3, S
ey oo ol
O =0k s + Qoo Tt T T Qi +O,sis
QAY;
b e Gl il iz a S el 8 e
o ®S 0l 09 >9 LaNFR o L o5
Sl Sl adsi )0 ol g 5 a5l 0 e g e
osbae ol sl ol Jloye S (ot 63,208
E¥olae jl eolial U 1, il peilSle gz oLt
oS (o0 A )
ol &S > LasLs-WDI
WDI = Qg OF)
alal i, LasLa-IDI
DI :QQ (\0)
s bl il asLsEDI
EDI :Qemo +Q0e TO0so %)
ol yor O g Ko ng.,.;l ily a>Le=RDI

ol — a9 (\Y)

S sl = ) ol as el S5 a6y
5 a3l LaNFR ¢l |, of slsl iz il, a3l o
S oo iy 5

) Ss—e am g landlan Gl S [ VY adoles
12,5 ol

DI +EDI +RDI +WDI =1 A
Se b ple adeen (1) o atls ggane

o &5lge al gl Jow SO

Ao 05 Oyg0 4o Q) e le 9y b

~>5—-J‘54

. 1 !
Qemaml :Qemon t z k Py ko (1 _SW% ” )[ - ]

Bo,, Bo,,,

)

q_>|5 —) Ls‘)—‘ olj_o.ﬁ u‘ &La_..u‘ oMéQl_.i.J SWC o
Y JS Ll .l a® ‘SSLA)' f’lf 5 Kt uoL&
0,5 a8l U O palys aihie oYU a5 aibie

Slid gl 2ol leeasaS o 30 sly e bl
o0 p] e bl pysilSie Ly oy sle s aigs
J_"LSQ Méd_‘)_b) aJolso ‘OQLCLA_MJ‘l_I(Q

cmw

. o
-8 Weg n _SWL‘A 2]l B - B
’ ' Ok,n 0k,n+l

*)
A=l 10 Q) i blowil o535l Ly s o Jgs
D9 oo duuolis y dlail ) 3, 5l B

Qe.fa,HJ = Qefon + z k PV jl; n 1 1 (V)

Qemwml =Qemw,, +z k PV k. (1

Bo,, Boy,,

Lyl o0l ailaie ol o GBS T gl
i bl aihate 5l 45 ol wl S

S,la 0g>y
ol ot O g Ko blwasl g s jlo cts 0Jgs
4 s atal, Q) ooyl 5 sidi aihio g0 40

JJ]L;O Cwd

PV (Swd‘ ¢, +c,)AP
B0n+l

QRmHl :QRmn + Z k

M)

§ S baagp SIS i 4y e 5 b 4y
Q) 035l g i adlaie g0 ;2 il ol,en ol bl
355 a5 dolan oo 5l olyise )

O, =0, + 34 g8 @
6)—“-”05‘)4 sl il L,Cf5C A g A Yol so o
aslg 0 aS el ;58 p3Y i ad Sow g ol

Dy sed 48,5 L ol an O SIS



YA-FY axieo NFF 50 50 9 01350 IFY 0les -u_/”;!",}
k4

oy g b

=ly Oliee SQ (595 2 038 il Je (g 5Lwodly

Sy Sly—s 453lge b3, (sl y—s FORTRAN oS S,
el 50l 00ld dx g sol a Sl su
s JH55 L 5 S 9, 2 adlllae mols
drwgs 05 loolaiwl L (KHZ_A o) o, 5o
A aales al il oa s eols

OIS assly,S i e S KHZ A e
Sl JLo Yol G g Sl Gl (208 C9m 50
KHZ A o 05— oo plosl o) 5l cas aJgi oS
Ol sl e g (oo Y km g Jobo FF km (glls
0a—ds 331, (STB) 8, Lo s aSii o,Le A/Y
W sl Gt g o 5lel Yoo e v ;o adg .ol
VE Gl 5 (STB) 8, aie Co i a5y ypseo
oty Ly Jolne 45 ol oa oy g3gae oLz
F glod yo wlo alaii ,Lid el I¥Y il
g Sl TV psi aJgl L8 .ol AAY psi YY)
g gyl S Jsbs ,o ol YYY - psi e L
ol gl 9 g5 asleoe (S eldl o) ok
2 ATV g VYT ft o o an Ol - ccas a
Al cd gt Cslis a S oSy 8 L o e
Aees o LS [ VPVA ft

V Slo asslae o) = Lt 0,5 639)9 sLaosly
19— o0 4N 1) b 4o eolpiiy o
PVT ool @

(oS L dg e

Olde Lawgia JLad e

S ool s azen )5 o

B D oz g ()5 5,000 o> A Slo o> o
sl JBs sl i an 518 i e 3os o
ol g i o bl

S A 0 90 Ay (Yl o | Slgs alge aalllas
o e g 4z )b Gl ad> e i, S
S y9—e el dy gom Glotad o Jmlye

g3, alie

9 Olyme a5 0,5 olonl y5sre sl m (65, log—es
NN ‘-*—*-’T)-" 30 =5 50 Gl lap il cous

Ao e s 35 Sladgi o)l ol o5 se jleas

oleal Jse

ol b, glwans o [YY] lesel Jos
addobie ol 10 (VY adolas) 09— o ool ol 520
An o9 ol dg i ()l e WeD 5 lssul e U B
O Sy Jad jo Llid Ol ss ol (goasine
o,ls

W o Hurst :BZApWeD ()
sloosls Godai a1 )8 10 La el b awloe 5l s
Slasion 1y it dm ol (599,9 0dib somliw i
0,5 dwlos Vo alayl, 5l

PV (s —s/ )
[ 7 k’n wk,n Wk,n
We, =Wey +3 2
Wion
m m m
PVk,n(ka!nH _ka,") (Y’)
Bwk,n

o D50 d sl s O oy Ve adola
o, Slae jo blas 5l glai s olass 3l ool wl Lo |,
a8 S (oo dalone (S 9,008 () See AL B3S
BL ) 5 5 ol a gl olas el o
ol a3 aales 8 solaiwl 55 gl
adolae il JS8las an L e g Laools (0l
(Y asbin ol ;) Sl e JBlas S5
adobes pl o oy lise oy plsel G Sy
204 Sl y3Be 4 (639,59 © e erf (W M
699,9 We, 5 995 oo i MB Sllons Jo-bo
Sy 5 S35l 0 Syl Joe Sl as el O

Dl g Sy

e}f _ Zinjl (We;al _We:-lmst )2 (Y \)



Ol g Lis s pue

ol ol ), 8, NP_ NP, [>e| b, s , S1-%

Sasp Valssean g oes ;i l)) adoles
g0l 5l gl el aJol o> g0 al> 0y

Db on fg 1V 1ol glal , ST
el 1) (Swdgig,l adoleo sloziall (3, o
les <ol KHZ_ A oo gl () adolas) 0S5 o
el Coy +JF (T gl Sl g« [+ Y0 adolas
Jo—e sl )y a8 el s s ad> o o
0y Ol 3985 IS il (gl gt e S0
st Ve adolbie 3l al 5 4 Bl
Gk 3l plesul Jae slm ol )y o 0]
Vg Wb oo (2l TV adolee (g5l 4t
LKHZ A Gloe olesol sois awlxe sl il b

o &5lge al gl Jow SO

4 ,)b gl dls yo

o Ll 55 (slm) Smbin,] Joo slm 2ol
&l 9l plssel Jae 5 (G le slaSsl 4
Gl (s g aalme ool slo i
il 5 Jo e ot amso B

lools (il Sl L8 gL nosls 59,9 -)
ol - et wloi iz w

adsbes slolil l— eyl oas S Y
(V adoles) (Sdgig)l

Vol ulal gl covie il -V
ool o (NP ) (o8 S 0 Jg5 a il -F
VY aJoles

cal

od odalive grod Cdi 0 i NP a s lie -0

DB oo i (obsNP)
olsel Jae sla el ) Jgur
gl O Gl | e gl | S g pdueSTy . e .
ve. I P) au; D) . ol
¥ ) XK VYoo e OA -JFEq Iy oA
w‘)s‘ g_;" — s U,ul_o.i C.'a_w ‘WeHurst>WeMB )j‘ -7 ‘ﬂew 41#).0

Sgis oo LS p B Al o 4y g 09 g0 00l

oalS Ol - ecss uled maw We,  <We, ., 51-Y
Dgs g0 CiS 1 O Al 1o dy g 39— o 00l0

adoles ulowl ;o NPMB) s caazd 0dgi -A
S oo dnuilone VY

ools il oo ,L_28 NPMB>NP -, S1-9
Sg—tge St Voo o ay g 35O oe

ools i als luse s NPMB<NP,  , S1-)-
Sy oo LS p ¥l po a9 095 o0

o) 4k 4y x5, NPMB-NP,_[<e| ,-51-1
S

bl mp a5 Sl oo 4SS ol A 2y
Sy Weyy 5 ol = okl ol o o (o
ol = cts wlod i nd gl ol ol L las

St 00 423 )8 5ol Joo 1 eslaiul Lo
odg oyl S sloml L 35 sa T Sles
S T R
et ddgi a0 Jw b LLKHZ A oo
Ol i« iy ad> 1o 0 0l aalgs a sl
7250 &S5 g, So Lol - ek pules mha
139-b(s8 (e ) T A Sz ol

(NP

Sgu g0 005w e wya jLid Y

target) d"\@ Ma" "\'“'Ij" Q“""" _\
Slesel Jos jleslawl Ly (We,, ) ol pg—=a =Y

e 035 oo o i sy i s F
Soay 5 eslawl Loy (Wey ) o pgox e wloes -0



*? o 5
Ya-FY axio NF-F 59 ol o JFY oylois (= o T fdgs allio
29 ke g 010 yo 3 u&"-/;{, P93

plosl Jdo ool an )15 ol il oo sgame Ol solaiwl a5l 8 0 SVolae Sz Jdo 4
Sy oz Sy asjlge slaJoe a5 0 VS e VLS Y el )0 6,55 s,
o=l A 6099 Qlyie am e JS 0 dg by olel ) (g G L8 S e (S50 oy
Olde IS oy, bl> e 4 090 00lo Lo Jow Sl djlae Joo an (539,5 00ls Cdi aJgi ey 0
899,58 Ol 4y ga b a8 g, jlwand Sl oo ool Las ¥ ISCi j0 4 S s dailen ol
A o3ld Blgs aSilge Joo 4y cews b s oleo asilee Joo gl (gode css

oo L aS el o (il d o o gods

A e (el
NP ) i

S ) adg) s
5

WeHurst s M8

ot B 550 laged ) S

—— e an)lpe 55 L 023 dsdaa

—

— ) 22

o

—— bl e

— -

(A1) A4Sy & alae) aan (sl 55

1944 Yous Yol YoYs Yov Yogs Yioo Yot Yove YoAs

(dw) 8



Ol g Lis s pue

A Vo Ve Jlw sl b (G 0398 )0 O35
ool mhaw C S > S s 4T i ol wall
S o s o S ooy sl azdly iyl
2l 5l s bl 055 &5 Ly ol el
ol 5 ke sLaysgame 4y 4z oy
oo ol d ;oie 4 S 09 LSl gla 55 4

Dy (g slpelr

63)—3‘ 6l_aa)|o9,a.$ a0 sl i ] O“)‘—.‘.‘A AR

L loged ol aes o LS Iy KHZ A o 6l o

Og—de YO 290> (g5lwand 0y90 (LG jo loae

L 00 deaile il o as L ulowl 4y
s Silwderd Jame 9 (MB) slg—s asjlge Jos
Sy il il o 53T oS e ilon
CsdS Ly, S o 0 S aarle Lo,
Ay o pldl ol 5l o g g9, )l
I R e B
Sy Sl O 501 ) e e (2
pimlSe ALt o Gl L oS o el |
o sl il s il oy ilSs 4 S oL 5]
M 28y iy 45 5 K00 slapilSe 4y
e T e e R
st o)LL B A8 jbolen o 5 95-bin dys
ool o) Shas ol jat 4y 5l () oy ;5 b
@l Jlw oy o jLad sl eel (55

el 00l ooy

YVeo

YYer

Ve

(Pam) Ll

Y

YV

Youu

o &5lge al gl Jow SO

0,99 Jo—b ;0o KHZ A jlo—wo Lud ¥ S
RGO I Wy CO B % S SPE I ST S e 2 S 6
)Lmﬁ )_:»)LM l_) 03— du_wL?M (Rz) O \_A_’)&é
JA_A 9 0‘9_4: 4_>)‘9.4 ui’ﬁj Ja_wy O\.\_Ai C s
psi a YV&- psi jl Glawo )Lid o ao o olozi |y
0,99 ;0 .l a8l ials JLw B¢ Job ;0 VYO
oleoe (Sl bl o pligren (75 (S
a4 g oiboe 98 ool Gl IsKHZ A o
alsi o plsl p5ilsle 15l e Jsbo yo asCul ey
Hlid an aily slee 5ilSe an SLs 0gd ooyt
b e A 050 o S i bl ol
Jlas G po 1)yl cdl 0sS e loy Co )8 00
bl e 4 020 oS Sn s 090 SLL
OF0 Lid VeV L Y-0r bl fm ol o
0,99 4O ‘)M—uiwu@a_wu_{)}\c L}S_w
e pd e oo i (G Ol g Azl
u,uLo.t C.la_w )_pLa.o l_t RN [GPEEVWAT Y R?») O
JA.A 9 O‘H 4...))‘9»0 h..wj.: oA d.o....a.uL?u C«..n.:—g_j
OadS YYD ftas ATV ft 5l o Jgs o5l S Jebo
] 00 oo)'_ﬂ Oyt S g VEVA ft 5
5 adliey ades Gialdl an az g Ly o) S amgi ool

3l a3 e (355 L 023 dndas

San T Ava

(2l a8y () galaa) (et gl gl

ol Ban e F 5 L odd o yien o5 HLad ¥ S



.’ FA &
YAa-fY axao NF-F g 310 g0 NFY o Lo 2 w29 o
29 ke 9 910 5o °) sy ,4 et

——lge ) g By Lord idas
e

—— s a

Lk LR AREE) Tola YoXw YoV Yot Yiou Yol YoV YA
(dw)

e Goled plaw o8 > F S

S oS sl

@ ~ 3 0 > o ~ 3 0 > o ~ 3 0 > o -~ 3 0 > o - 3 0 > o — }+ Q o« ~ 3 0 > o -~
D e > > > > > 3+ 3 3 b 3w ow ow w w0 0 0 0 0 3 o o o o

D T
D i e e e e e i i i e e e e e e i o e e e e e e e e T e

MB o) 5550 Jog03 b ylose 0dss o3b o (2l slojaslis anlie & S0

ol A

VAR
A
AR
Vax
Jon
VN
AR
Y

QA a3 mala

(G5l Joo) 555 Jlogai b Slae adgi o5l o0 (23l sla anli anslie £ S8



Ol g Lis s pue

Pl p5ilSe (55l oS (sl (Smnsi,l Jas e
Slg—o d53lee asaz aJoleo o 0030l adlie o O
0 sddliwe glmosls .o solaiwl o S
Joe sl ey gl (sl o - Ol el el

ol L5 850 Sy
bed s ilgie (gan S Slgs alse g, 0
O3B e o Sl el S aS e - O
Gl 3l ool Uy b ) xS0l asilsy S

S olez lmosls a5l g g doe b
o S 9y ajlye Joos mols Sop ol e
5 )Lel KHZ A (o 335 (o0 (55lmand
sl ) (o S dlse aijlge asr Jae oo
o, S

Slwdncd Joe L oo all)] Jue Oglay (s yioge @
5 Ol S5 Jos 5l il jo a S el ()
Sl 5 e Sle G Oz Silwdoe Gl s,
Al ol ol oy sLga S 0g 5 o oola
Logas a5 o)l Jow g K plo3 L gl )|
e e Sy sl L el ol s s
03591 Camwdds 4z b ol L3 0 asl g Cencs
Sog—ai jloas a ) Jow o a S Jlo> j0 s
o ple g SBd e sl e l— el
Gl loolaiwl L Jlogad ol 48 050 o oolaiul
Dl e a3 5

Sl Gyl Jomo ] ol slacgsgasws 51 (S e
Sl oolaiwl o slil 15 y5lowe lm addas
oolaiwl (6318 S gl,ls y5lse sl s o
= ol lm Jome ol Sl ple asil (6l 09
B A il wnl og B esliiul v ()5l 5
Dol a Lol vg s Jas a5 990 (55l e

S 535w sl el Joo ol il amgi anle
5 Sl dle JB Lyl o cii-Ol lod o
B oo 052y cdi - O Gulad sl (slazesy b
g diwd gl 4 S S5l 5w gl g cl oolaiul
sy Ll o e - Of b sla wled mha s

o &5lge al gl Jow SO

G5 g3 (gilwand 7ol L i) slogasls
Al Slead e dan P IS o ead ool s
Oodly e ls 4 crul et i slge djlae loges
Ay 0)98 Jyb yo e cdbjh o5l Of pls]
sk el ol S W KHZ A (o (6l
S il sais gl oS IS s s iy o
PP S R e
o=l algs pod oS e ul et slo Jow l—

WS ol (oS Do | 5l

S5 4
a5 byl (g, S (MB) olss aijlse S5
Al p aslgie a5 el 3te o ) Shoe (gl m 0ol g
(o Olge ajlge adoles S Lgd | 0dgs (5=
ol slap sl 5l (S 585 0ol Jdo
a—sle (NFRs) jlocdli& cabo 5l 5ee 0 0 Jgs

ol S e jLzs o jl adhaie o Ol plil

03y dewgi dlgs dijlee uaz adolee S adlie yo
5o oy o ol alal il 5t L as
et JLb Ll Ly bl s IS 5o
e o=z WKHZ A o 23ly sloosls 0s i
odliil (g (il (i lizel g Gimalesl gl ]
ol i |y ol o, Shae g Lael e Boa S o
el s 4 1) 7l aallas ool Lol

Sl 3890 (un S Blgo dlgs adolee S @
Jo Pls 5 il Gulod gl Ltd 4 lns
A 00ld da gl (g0gae A g0 o e S 0
lop sl 5l S as Ol plsl L o Jgl sl @
e ISt 4l S il e s
oily aile ciw slap sl w1 ogdle
iy 3 oyad ol 5 S bl 2, o Jrlone 515
DB (55l oS e b a GlsSl 0 O
(s Ol asijlye by, Lo aalie )5 (g, (2l e
g a o a4 Lo 51 Bl slsosls ay 5L
S st 5 R slapme 5 cii - Ol el

S, as S



YA-FY axieo NFF 50 50 9 01350 IFY 0les -u_/”;!",}
k4

gLl 5 =Under-saturated
gl o yhm Ol il a3l =WDI
L3 ¢STB o pga =We

ax g ol pozee =WeD

Ug

1 /te 1/ day ¢y o whide o po =A
M/Lte P ey j55n g =

m/L’ Ibm/ft? J&> =p

515 =

1 /te I/day ‘L}"\"‘"" G LJ»L..Q.A u.:fo =0

By ol

MB asles Ja.,..:j_; W) Ml_?u )..\.3.@ —cal
SIS =f

B k=g

ol> 05 lous =i

Sg—d oo (6 S ojlal

a2 (oo Glis |y e ilo =m

@Lo) ‘nlf o..\.i)l.o.,.'b =n

<& e =0

Slodalie slaosls =obs

Ly YU

MB dolre lawgs 00l dwloes Lok =cal
SIS =f

o yile =m

MB g, b oo dpslxe jlaie =MB

o, lastew! =std

35 4 Sblee Cuws =CGR
b HBE wly S 5l =NFRs
olcd wles mlaw =OWC

FENTIpUES

s 002zl BB 5lgal laws ale o ls

LALG g N

psia/l, /L2 m « e (g pdy 51,5 =CF

psia/l, /LE m ol (5 pdy o515 =Cw

Uas U5 =erf

e blawsl il jasLls =EDI

imbibition i), azLs =IDI

D8 L cdasiin v =L

m/L* «psia ¢ Lis =P

psia «;lgull oy 35e Lol jo Lad BMlis| =PA

psia «soges slaaxly ;o jLad=p

L3 RB Wil g =PV

L?¢STB w2 algs S =Q

L/t «STB/day «l> céi o8 &, =q

bl pyile L GBS axly jo cai aJg =Q
L3«STB s

i bl 030l lawgs ool adgi <3 =Q

efo

emo

L3 STB ( juss jlo azly ais a >l (o
13 <STB ‘uﬂ__,flﬁ Q,__>‘5 ao}__gi a_glaie
003l acdlate o alsl o5 ilse Ly cds 0 =Q

emw

imw

L? ¢STB ¢ oy il a1

30 ol en Ol g Ko blowas! Ly css o Jg5 =QRF
L3, STB ,Bl8__s

1ol e Ol g S blwasl L ecss o Jes =QRm
L%, STB « s ,ilo

ol il piilSe g oo oJgs cas =Qwiw
L3, STB IS axly jo lesul 0,h

ol yor O g Ko blucs! [idl, jasLs =RDI

L3/L? ¢scf/STB ¢ Jgloxe i 4y 518 Cd =Rs

ol glesl =sw

connate ! gLl =swe

ol Ssb o ol ol glsl =swmax

day Lo =t

dx 9 ole; =tD



OlySen 9 Lis i oy e 53lge 4l 5le Joe Sy

&l
[1]. Alcantara, R., Ham, J., & Paredes, J. (2017). Applications of material balance for determining the dynamic
performance of fractures in a dual-porosity system in HP-HT reservoirs. SPE Russian Petroleum Technology
Conference, DOI: https://doi.org/10.2118/187694-MS.
[2]. Pletcher, J. (2002). Improvements to reservoir material-balance methods. SPE Reservoir Evaluation & Engi-
neering, 5(01), 49-59. doi.org/10.2118/75354-P.
[3]. Mittermeir, G. M. (2015). Material-balance method for dual-porosity reservoirs with recovery curves to model
the matrix/fracture transfer. SPE Reservoir Evaluation & Engineering, 18(02), 171-186.. doi.org/10.2118/174082-
PA.
[4]. Pirker, B., Mittermeir, G. M., & Heinemann, Z. E. (2007). Numerically Derived type curves for assessing
matrix recovery factors. EUROPEC/EAGE Conference and Exhibition, doi: https://doi.org/10.2118/107074-
MS.
[5]. Warren, J., & Root, P. J. (1963). The behavior of naturally fractured reservoirs. Society of Petroleum Engi-
neers Journal, 3(03), 245-255. doi.org/10.2118/426-PA.
[6] Rashid, M. M. U., & Hossain, M. E. (2021). A critical review on material balance equation. Energy and Ther-
mofluids Engineering, 1, 11-28. doi.org/10.38208/ete.v1il.7 .
[7]. Rahmati, N., Rasaei, M.-R., Torabi, F., & Dabir, B. (2019). Incorporating Gravity Drainage and Reimbibition
Mechanisms in Traditional Material Balance Equation for Fractured Oil Reservoirs: Mathematical Modeling and
Simulation Analysis. Journal of Porous Media, 22(3). . doi: 10.1615/JPorMedia.2019019718.
[8]. Huapaya Lopez, C. A. (2005). The imbibition process of waterflooding in naturally fractured reservoirs Tex-
as A&M University. hdl.handle.net/1969.1/1632.
[9]. Mattax, C. C., & Kyte, J. (1962). Imbibition oil recovery from fractured, water-drive reservoir. Society of
Petroleum Engineers Journal, 2(02), 177-184. doi.org/10.2118/187-PA.

So yo ol ogsusgs sl a8 soae g5lwJoe (YY) o cgmanw 9.0« J90,L4> o) (59 Dl
o iils &.i.yl.ia (S0 A s RG-S R_A_QL’)L’)_J Lz Sy JaJ‘J_w )_." = 5)|J3l5_w u,_?bo J}.L

.doi.org/10.22034/jmeut.2022.10922 .0\ 5 15
[11]. Abd, A. S., Elhafyan, E., Siddiqui, A. R., Alnoush, W., Blunt, M. J., & Alyafei, N. (2019). A review of the
phenomenon of counter-current spontaneous imbibition: Analysis and data interpretation. Journal of Petroleum
Science and Engineering, 180, 456-470. doi.org/10.1016/j.petrol.2019.05.066
[12]. Belhaj, A. F., Fakir, S. H., Singh, N., & Sarma, H. K. (2023). A comparative enhanced oil recovery study
between low-salinity water and hybrid surfactant process for a carbonate reservoir. SPE Western Regional Meet-
ing. doi.org/10.2118/212959-MS.
[13]. .Harimi, B., Masihi, M., Mirzaei-Paiaman, A., & Hamidpour, E. (2019). Experimental study of dynamic
imbibition during water flooding of naturally fractured reservoirs. Journal of Petroleum Science and Engineering,
174, 1-13. doi.org/10.1016/j.petrol.2018.11.008.
[14]. Abdurrahman, M., Shin, B. D. A. H., & Novriansyah, A. (2020). Predicting of Oil Water Contact Level
using Material Balance Modeling of a Multi-tank Reservoir. I[CoSET.
[15]. Tian, W., Wu, K., Gao, Y., Chen, Z., Gao, Y., & Li, J. (2021). A critical review of enhanced oil recovery by
imbibition: Theory and practice. Energy & Fuels, 35(7), 5643-5670. doi.org/10.1021/acs.energyfuels.1c00199.
[16]. Amiry, M. T. (2014). Modeling Flow Behavior in Naturally Fractured Reservoirs University of Leoben
[17]. Steiner, C. (2018). A Recovery Curve Based Method for Calculation of the Matrix-Fracture Mass Transfer
in Naturally Fractured Petroleum Reservoirs.
[18] de Swaan, A. (1978). Theory of waterflooding in fractured reservoirs. Society of Petroleum Engineers Jour-
nal, 18(02), 117-122. doi.org/10.2118/5892-PA
[19]. Kazemi, H., Gilman, J., & Elsharkawy, A. (1992). Analytical and numerical solution of oil recovery
from fractured reservoirs with empirical transfer functions. SPE Reservoir Engineering, 7(02), 219-227. doi.
org/10.2118/19849-PA.
[20]. Aronofsky, J. S., Masse, L., & Natanson, S. G. (1958). A model for the mechanism of oil recovery from
the porous matrix due to water invasion in fractured reservoirs. Transactions of the AIME, 213(01), 17-19. doi.
org/10.2118/932-G.
[21]. Tarek, A., & Nathan, M. (2012). Advanced Reservoir management and engineering. Amsterdam, Gulf Pro-
fessional Pub.
[22]. Van Everdingen, A., & Hurst, W. (1949). The application of the Laplace transformation to flow problems in
reservoirs. Journal of Petroleum Technology, 1(12), 305-324. doi.org/10.2118/949305-G.



