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RELATIONSHIP OF POROSITY AND PERMEABILITY TO
MERCURY INJECTION DERIVED PARAMETERS FOR
SANDSTONES OF THE TORTEL FORMATION, HUNGARY

Abdel Moktader A. EL-SAYED

Mercury injection-capillary pressure tests are expensive and, therefore, are not extensively
used. However various petrophysical parameters derived from them are valuable with regard to both
reservoir geology and engineering. Pore aperture size estimated from mercury injection tests has
been used to evaluate seals for stratigraphic hydrocarbon bearing traps. Mercury injection-capillary
pressure curves of 45 sandstone core samples obtained from the Tortei Formation (Algyé oil and
gas field) were investigated.

This paper develops empirical equations for estimating pore aperture size and some important
reservoir parameters from routine core analysis (porosity and/or permeability). Pore aperture sizes
r¥and 7j0 were estimated. Size rS0seems to be critical and the most effective pore size for delineating
hydrocarbon traps in the Tortei Formation. In addition, the mercury recovery efficiency could be
estimated.
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1. Introduction

The Tortei Formation (Pannonian s.l.) is mainly composed of bedded
sandstones intercalated with siltstones, marls, lignites and carbonified plant
fragments. Sandstone bodies were interpreted as distributaty channel, barrier
and mouth bars, and deltaic fringe deposits [EL-SAYED 1981, BAN, EL-SAYED
1987, JUHASZ 1991]. Limonitic concretions are common in the stratified
laminated and cross-laminated medium of fine grained sandstones and silt-
stones. The environment of deposition of the Tértei Formation varies from
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shallow lake and fluvial marsh to terrestrial and fluvially dominated delta
[MUCSI, REVESZ 1975, EL-SAYED 1981, BERCZI, PHILLIPS 1985].

The Tortei Formation in the Great Hungarian Plane is underlain by the
Algy6 Formation and overlain by the Zagyva Formation. In the Algy6 field it
is penetrated by more than 900 drilled holes. Five superimposed hydrocarbon
bearing reservoirs were attributed to the Tortei Formation. They are, from
bottom to top: Algy6-1, Algy6-2, Szeged-1, Szeged-2 and Szeged-3. The
Algy6-2 reservoir sequence was petrophysically studied by EL-SAYED [1981
and 1983], and classified into three deltaic rock genetic types. The previously
mentioned reserviors are considered as the most important oil producing
sequences in the Algy6 field. The reservoir characteristics of them are available
in the literature [EL-SAYED 1991, EL-SAYED, VOLL 1992].

Petrophysicists are interested in how porosity and permeability relate to
pore throat size distribution especially in reservoir rocks. However, exploration
geologists are interested rather in using pore aperture size derived from mercury
injection-capillary pressure tests to evaluate the sealing capacity of cap rocks
[BERG 1975, MAGARA 1978]. Hydrocarbon migration problems have been
discussed by number of authors [e.g. SOMFAI 1976, WARDLAW, CASSAN
1979, SCHOWALTER 1979, SWANSON 1981]. Hydrocarbon migration and
entrapment result from the interaction between buoyant pressures and capillary
forces.

In reservoir rocks, the minimum pressure necessary to force the oil (usually
the non-wetting phase) to enter the rock pores is known as displacement
pressure [SCHOWALTER 1979]. It is defined as the pressure at 10 % mercury
saturation onthe mercury injection-capillary pressure curve. However, the pore
aperture size corresponding to it can be determined. It is used for both reservoir
and sealing capacity evaluation. Therefore a readily available estimation of
displacement pressure from routine core analysis would be helpful.

Another parameter of interest is the pore aperture size that corresponds to
the apex of a hyperbola on the mercury injection-capillary pressure plot
[THOMEER 1960]. This parameter has the potential for depicting stratigraphic
oil bearing traps [SWANSON 1977, PITTMAN 1989 and 1992]. PITTMAN [1992]
showed that the net thickness ofsandstone reservoirs having the 36th percentile
of mercury saturation, which corresponds to a pore aperture size greater than
0.5 pm (5000 A), was useful for delineating the charged stratigraphic traps. He
introduced useful empirical equations for estimating various reservoir parame-
ters especially for sandstones.

The pore/throat size ratio is a parameter thought to be related to the
microscopic recovery efficiency of the non-wetting phase in sandstone reser-
VOirs [Wardiaw 1980, Kopaska-Merkel, Friedman 1989, Moraes
1991]. The oil recovery efficiency decreases while the pore/throat size ratio
increases. On the other hand, the opposite regime is obtained for the recovery
efficiency of the rock-saturating wetting phase. The purposes of this study are
(1) to detect which percentile of cumulative mercury saturation is able to give
reliable results in trap delineation for the sandstones of the Tortei Formation,
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(2) to present empirical relationships between porosity (®), permeability (k)
and capillary pressure derived parameters.

2. Methodology

Forty five porosity and nitrogen permeability analyses were available in
Hungarian Hydrocarbon Institute (SZKFI) files on plugs that had also been
used for mercury injection tests of sandstone samples obtained from the Tortei
Formation. The porosities and permeabilities of the data set ranged from 8.1%
to 30 % and from 0.03 md to 3000 md respectively. The studied samples were
mainly of calcareous and argillaceous sandstones and siltstones.

The displacement pressure is determined graphically from the mercury
injection curves, whereas the corresponding pore aperture radii were calculated
by using the equation adapted from WASHBURN [1921]:

Pc=-2ycos0/r (1)

where Pcis capillary pressure (dynes/cmz2), y is the surface tension of mercury
(480 dynes/cm), 0 is the contact angle of mercury in air (140 °C) and r is the
radius of pore aperture for a cylindrical pore. Thus, r (pm) = 107/PC(psia).

The mercury recovery efficiency (Re) is calculated in accordance with the
equation introduced by HUTCHEON and OLDERSHAW [1985]:

Re =(S - SN)/S )

where S is the volume of mercury injected at maximum pressure (cc) and Sris
the volume of mercury retained in the pore system at minimum pressure (cc).
Both S and Srare measured on capillary curves. However, the microscopic oil
recovery efficiency (Re0) was calculated by MORAES [1991] for oil-saturated
samples as:

**o  (50omax 50rm;n)/5 o0 max 3)

where Somex is the maximum oil saturation and Sorminis the minimum residual
oil saturation.

The apex of the curves of Fig. 1A was calculated graphically by using
SWANSON’s method [1977]. He determined that the 45° line is tangential to
the hyperbola of a log-log plot at the apex. Consequently, the average apex of
the sandstone samples of the Tortei Formation is calculated by plotting the
mercury saturation at the defined apex divided by the mercury saturation
pressure on the y axis against the mercury saturation on the X axis for each
mercury injection curve (Fig. IB). A regression analysis program [STOQDLEY
1984] was used to establish various empirical relationships.
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Fig. 1L A—Log-log hyperbolic plot of mercury injection data. ®=13.07 %, fte=98.43 %,
[=12.981 md, mean pore throat size= 14.15 phi; B—Plot of mercury saturation/capillary pressure
Versus mercury saturation
1 abra. A—A higanyinjekciés adatok log-log hiperbolikus dbrazolasa ®=13,07 %, fte=98,43 %
£=12,981 md, atlagos pérusnyilas méret=14,15 phi; B—A higanytelitettség/kapillaris nyomas
abrézolasa a higanytelitettség fliggvényében
Puc.l. A—T'mnep6onnyeckoe N306paxxeHne JaHHbIX HarHeTaHUsa PTYTU B IOrapumMUUecKoM
MaclwTabe. ®=13,07 % Re =98,43 % £=12,981 md, cpegHuii pasmep O0TBepCTUSA
nop=14,15pbl; B—3aBUCUMOCTb OTHOLLUEHWUSA HACbILWEHHOCTU PTYTLIO U KanunasapHoro
[aBNeHNA OT HACbILWEHHOCTU PTYTbiO

3. Analysis of apex

The distribution of mercury saturation (Fig. 1B) reveals two major apexes
(r36 and r50) that are generally present and characterize the sandstones of the
Tortei Formation. The most predominant apex is the r50. These apexes are
defined as the pore aperture sizes corresponding to the mercury saturation of
36 % and 50 % respectively. Although PITTMAN [1992] pointed out that the
mean apex calculated for 196 sandstone samples had a mercury saturation of
36 % (r36), the calculated apex (r50) proves that this latter is appropriate and
convenient for sandstones of the Tdrtei Formation. This is confirmed by the
relationships between the pore aperture radii (r36, r50) and the rock porosity
(Figs. 2A and 2B).

Based on regression analysis with r (apex) as the dependant variable, the
relationship between the pore aperture size corresponding to the apex (r36in A)
and porosity (® in %) is:

r36 = 466.82 eor o (4)
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Fig. 2. Pore aperture radii versus porosity. A—rsii; B—TI50
2. abra. Pérusnyilas sugarak a porozitas fliggvényében. A—7s0; B—rs0
Puc. 2. 3aBucumMocTb paguyca 0TBEPCTUS Mop OT nopuctTocTn. A —r 36, B— 30

This equation yields a correlation coefficient of 0.901. On the other hand, the
relationship (Fig. 2B) considering r50 as the mean apex characterizing the
sandstone of the Tortei Formation is:

r50 = 203.97 e0207h (5)

This equation is characterized by a high correlation coefficient (0.96).

Uncorrected gas permeability is plotted against both of r36 and r50
(Figs. 3A and 3B). These relationships were characterized by slightly low
correlation coefficients (0.54 and 0.62 respectively). The regression equations
representing these relations are:

r36- 22775 (6)

r50 - 993.5 K° 6* @

where K is the gas permeability (md).

Results showed that there is a favourable comparison with either r36or r50.
However, results obtained with r36are somewhat optimistic (Fig. 4) especially
in sandstones of the Tértei Formation. An examination of 12 nonproductive
wells in the Algyé6 field using both r36and r50gave complete agreement for 10
dry wells (83.3 %), while they have a pore aperture size <0.5 pm (5000 A).
Another examination of 33 producing wells in the Algyé field indicated that
r50 gives 100 % reliable results; r36 gave 95 % reliable results. Therefore r50
could be considered as the most effective tool for distinguishing nonproductive
from productive wells in respect of the lithological traps ofthe Tortei Formation
in the Great Hungarian Plane.
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Fig. 3. Pore aperture radii versus gas permeability. A—O6; B—rso
3. abra. Pérusnyilés sugarak a gaz permeabilitas fliggvényében. A—I36; B—1I50
Puc. 3. 3aBMcnmocTb paguyca 0TBEPCTMA MOP OT NpoHMLaeMocTu rasa. A —r36; B—9

Fig. 4. Semilog mercury injection
plot with pore aperture size plotted
on the logarithmic axis. $=12.38 %
k=6.38 md
4. abra. Higanyinjektalas abrazolasa
féllogaritmikus rendszerben, a
pérusnyilas méret a logaritmikus
tengelyen abrazolva. ®=12,38 %,
k=6,38 md
Puc.4. N3o06paxeHne HarHeTaHUs
pTYTU B NOyN0rapu@mMmyeckom
MaclwTabe. Pasmep nop n3obpaxeH
B I0rapugpmmyeckom macLuTabe.
»=12,38 % /c=6,38 md
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4. Displacement pressure

A relationship between the displacement pressure measured graphically
on the capillary pressure-mercury injection curve [SCHOWALTER 1979] and
porosity isshown in Fig. 5A. The relationship is represented by regression line
equation:

® =30.5 Par0312 8)
where Pd is the displacement pressure (psia).

Fig. 5. Porosity (A) and irreducible water saturation (B) versus displacement pressure
5. abra. Porozitas (A) és nem redukalhat6 viztelitettség (B) az elmozdulasi nyomas fliggvényében

Puc.5. 3aBrucrmocTb nopuctocTu (A) U oCcTaTOYHOW BogoHachlWeHHOCTM (B) oT gaBneHus
cMmeLeHuns

This equation has a correlation coefficient of -0.85. Fig. 5B exhibits a
relationship berween the irreducible water saturation calculated from capillary
pressure curves and the displacement pressure. This relationship is provided
with a reliable correlation coefficient (0.81) governing the equation:

S,.Ir- 3.99 Pd (9)
where Swir is the irreducible water saturation (%).

Hence, the displacement pressure could be estimated from the measured
rock porosity which usually obtained during the conventional core analysis.
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5. Recovery efficiency

EL-SAYED [1988] studied the recovery efficiency of 27 sandstone core
samples obtained from the Algy6-2 reservoir formation of the Algy6 field. He
concluded that the recovery efficiency of these deposits is influenced mainly
by tortuosity and matrix conductivity, or tortuosity and permeability per
porosity ratio.

Figure 6A reveals a negative relationship between mercury recovery
efficiency and rock porosity of sandstones of the Tdrtei Formation. In some
cases — especially in carbonate reservoirs (e.g. limestones and dolomites) —
positive relations have been recorded in dolostones [WARDLAW 1976 and
1980] and in oolitic limestones ofJurassic age [MELAS, FRIEDMAN 1992]. This
phenomenon depends mainly on the wettability of mineral grains forming the
rock-pore network. The obtained relationship (Fig. 6A) is presented by the
regression line equation:

Re= 106.86 -1.62® (10)

where Re is the mercury recovery efficiency (%) and @ is the porosity (%).
This equation is characterized by a correlation coefficient of -0.7. It is

worth mentioning that an insignificant correlation coefficient has been obtained

for the relation between mercury recovery efficiency and gas permeability.

porosity (%)

Fig. 6. Mercury recovery efficiency versus porosity (A) and pore/throat size ratio (B)
6. abra. Higany visszanyerési hatékonysag a porozitas (A) és pérus/nyilasméret arany
figgvényében
Puc. 6. 3aBcUMOCTb 3(P(heKTUBHOCTU U3BJIEUEHMSA PTYTU OT nopucTocTn (A) n oT
OTHOLLEHMA pa3Mepa nop u oTBepcTuii (B)
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Therefore, rock porosity from routine core analysis could be used for delin-
eating the oil recovery efficiency in the sandstones of the Tértei Formation.

The calculated mercury recovery efficiency is plotted against the
pore/throat size ratio (Fig. 6B). The graph displays a negative relationship,
while recovery efficiency decreases with increasing pore/throat size ratio. This
is completely consistent with the relations introduced by wWARDLAW and
CASSAN [1979]. The calculated average pore/throat size ratio for the sandstones
of the Tortei Formation was found to be 2.7, while the mean pore throat size
was measured by phi units. This average value, when plotted on the graph of
Fig. 6B, gives a mercury recovery efficiency of around 70 %.

6. Conclusions

Porosity and permeability of sandstones of the Tértei Formation, from
routine core analysis could be used to estimate various reservoir parameters
derived from mercury injection.

Among 45 sandstone core samples, the mean apex of log-log mercury
injection plots was at a mercury saturation of 50 %.

The apex of mercury saturation distribution exhibits bimodal type (r36and
r50). The empirically derived relationships between porosity and the pore
aperture radii of r36and rS0are presented by Egs. (4) and (5). They are reliable
enough for estimating the apexes and then for delineating the productive and
nonproductive welk in this trap.

Displacement pressure derived from mercury injection tests could be
estimated from either porosity or irreducible water saturation data by using
empirical equations (Egs. 8 and 9). Although mercury recovery efficiency
reveals negative relationships with both porosity and pore/throat ratio, it could
be estimated from rock porosity using the calculated empirical equation
(Eq. 10).
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S| Metric conversion factors:
psim 6.894 575 E+03 =MPa
dyn- 1.0E-05 =N
md- 9.869 233 E-04 =mm2
phi Unit =-logz S, where S is diameter in mm

POROZITAS ES PERMEABILITAS KAPCSOLATA
HIGANYINJEKTALASBOL SZARMAZTATOTT PARAMETEREKKEL,
ATORTEL FORMACIO HOMOKKOVEIRE

Abdel Moktader A. EL-SAYED

A higanyinjektalas-kapillaris nyomas vizsgalatok koltségesek, ezért alkalmazasuknem terjedt
el széles korben, bar a bel6lik levezetett paraméterek mind tarozé-geoldgiai, mind mérnoki
szempontbdl értékesek. A higanyinjektalasos tesztekbdl becsiilt pérusnyilas méret adatokat a
sztratigréafiai szénhidrogén csapdak zarorétegeinek kiértékelésére hasznaltuk. A Tortei formaciobol
szarmazé (Algy6 gaz- és olajmez6), 45 homokk6é magminta higanyinjektalas-kapillaris nyomas
gorbéit vizsgaltuk.

A tanulmany empirikus egyenleteket vezet le a pérusnyilas méretre és néhany fontos tarozé
paraméterre mindennapos magminta-analizis eljarasokbdél (porozitas és/vagy permeabilitas). Az r¥%
és r50 porusnyilas méreteket becsiltik, mely alapjan az r50 méret tiinik a legjelent6sebbnek és
leghatékonyabbnak a Tértei formacié homokkdveiben 1évé szénhidrogén csapdak leirasara. Ezen
kivul a higanyvisszanyerési egyitthat6 becslését is elvégeztik.
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CBA3b MOPUNCTOCTUN N MPOHNLUAEMOCTW C MAPAMETPAMA
BbIBEAEHHbLIMW MO HATHETAHUWIO PTYTW ANA MECHAHWKOB
TEPTE/IbCKOWN ®OPMALINN

Abnen MokTtagep A. 3N1b-CAE/[

WccnepoBaHue KanuANApHOro fJaBfieHWss MPU HarHeTaHWU pTyTW siBNsieTcs
[LOPOrocTosIL MM MeTOAO0M, NMO3TOMY OH He MOMyUYWUs LUIMPOKOFO MPUMEHEHUS, HECMOTPS Ha
LLleHHOCTb MOJlyYaeMblX AaHHbIX KaK W 4151 reofiorMmn pe3epByapoB, TaK U C MHXEeHePHOR ToUKM
3peHns. PasMep OTBEpPCTMS MOP, OLEHEHHbIV MO TaKWM MUCCNEA0BaHUSIM, NPUMEHSNN NS
onucaHWsa 3aKpbiBalOWUX NAacTOB CTpaTUrpauyeckUx pesepByapoB. bBbiau
NnpoaHanM3nMpoBaHbl KpKBble HarHeTaHWe PTYTU-KanuanspHoe fAaBfieHWe MO 45 KIPHOBbLIM
npo6am necyaHWKOB TepTeNbCKoli dopMaL M MecTOPOoXAeHUs HedTy 1 rasa Afnbje.

B cTaTbe BbIBefeHbl IMNUPMYECKUE YPaBHEHUS AN pacyeTa pasmepa OTBEPCTUSINOD U
HEKOTOPbIX BaXHbIX NapamMeTpoB pe3epByapoB Mo AaHHbIM CTaHAAPTHOrO aHann3a KapHoOBbIX
npo6 (NopMcTOCTb U/MAK NPOHULAEMOCTL). Pasmepbl 0TBepcTUS Nop 16 1 rnonyueHsbl NyTem
oueHKU. CaMbIM 3HauYUTe/NbHbIM sIBAsieTcA pasmep 50, KoTopblli Haubonee 3hPeKTUBHO
NpYMeHsIeTCs ANA OnucaHWs pe3epBYapoB TepTeNbCKoi opmauuu. Takxke BblNONHeHa
oLeHKa KoapuLmeHTa U3BeYeHUs pTyTu.



