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THE EFFECT OF SALINE MUDS AND BRINES ON THE PERMEABILITY OF GAS BEARING
SANDSTONES — A LABORATORY REPORT

WPLYW PLUCZEK WIERTNICZYCH ZASOLONYCH 1 SOLANEK NA ZMIANY
PRZEPUSZCZALNOSCI PIASKOWCOW GAZONOSNYCH W SWIETLE BADAN
LABORATORYJNYCH

The authors mcasured the permeability of gas bearing sandstones which were exposcd to saline
muds and brines. The tests were carried out using a special test stand. The permeability/ time curves and
the digital images of cores arc shown in figures accompanying the paper.
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W publikacji zamieszczono wyniki badan laboratoryjnych dotyczacych wptywu filtratu pluczek
zasolonych oraz solanck na przepuszczalnosé piaskowcow gazonosnych. Badania prowadzone byly
w Instytucic Gérnictwa Naftowcgo i Gazownictwa w Krakowic, na przygotowanym do tego cclu,
stanowisku badawczym (rys. 1). Wyniki badafi przedstawiono w formic zalcznosci zmian przepusz-
czalnoéci prébek piaskowcow w funkcji czasu oraz zdjgé cyfrowych o wysokicj rozdzielczos$ci.

Pomiary laboratoryjnc utraty przepuszczalno$ci rdzeni prowadzono przy tych samych strumie-
niach objgtosci przeptywu gazu (azotu) przez rdzen. W picrwszym cyklu badan przez rdzenie pias-
kowcowe prowadzono filtracj¢ ptuczki polimerowcej zasoloncj KCl. Uzyte w do$wiadczeniach pias-
kowce mioceniskic mialy przed nasaczanicm przcpuszezalno$é poczatkowa wynoszaca od 150 do
800 mD, natomiast piaskowce czerwonego spagowca od 10 do 100 mD.

Stan ustalony procesu odzysku przepuszczalno$ci rdzeni wyznaczano mctodg przewidywania
(predykceji) na podstawic analizy wiclkosci i tempa zmian przepuszczalnosci w picrwszym ctapic
trwania proccsu (Such, Falkowicz1998). Obliczenia realizowanc byty przez programy komputerowe
(PRZEPUSZALNOSC i PREDYKCIJA), ktore danc wejsciowe poprzez system pomiarowy 1 program
sterujacy GENIE, otrzymuja w formic analogowcj bezposdrednio ze stanowiska pomiarowego w sys-
temic ,.on-linc”.

Analizujgc picrwsze fragmenty krzywych otrzymanych w picrwszym cyklu badan zauwazono, zc
w nicktorych przypadkach proces ten sklada si¢ z kilku taz rézniacych si¢ dynamika przebicgu.
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Picrwszym najbardzicj widocznym wskaznikicm tego taktu byty intensywne zmiany w przebicgu
krzywej predykeji. W wiclu przypadkach wartos¢ predykeji osiagata zbyt rozniace si¢ wiclkosci
(rys. 2).

Na rysunkach 3 i 4 przedstawiono przyktadowe krzywe odzysku przcpuszczalno$ci rdzeni pias-
kowcowych, na ktérc oddziatywano ptuczkami wicrtniczymi. Wida¢, ze krzywe te nic osiagaja stanu
ustaloncgo jednoctapowo.

Na podstawic wynikéw pierwszego cyklu badan sformutowano tezg, zc zaburzenia w przcbiegu
krzywych odzysku przepuszczalnosci rdzeni mozna przede wszystkim ttumaczy¢ wytrqcaniem sig
krysztatkéw soli z solanki nasycajaccj rdzen oraz wysuszenicm rdzenia przez przeptywajacy gaz.
W cclu udowodnicnia postawiongj tezy i ograniczenia liczby czynnikéw wplywajacych na przebicg
cksperymentow odzysku przepuszezalnosci rdzeni, nastgpny ctap do$wiadczen przeprowadzono na
rdzeniach nasyconych czystymi solankami. Do tego celu stosowano S, 15 1 20% wodnc roztwory KCL
oraz nawilzacz gazu

W nicktorych cksperymentach picrwszego cyklu, gdzic stosowano solanki o wysokim stopniu
zasolcnia, rckrystalizowata sig tak duza ilo$¢ soli, zc powodowato to czasami catkowita blokadg
przeptywu gazu (rys. 5 a—d). Zastosowanic nawilzacza likwidowato zjawisko catkowitcj blokady
umozliwiajac pomiary.

Stwicrdzono takze, zc zc wzglgdu na zachodzace w testowanych piaskowcach zjawiska: unoszenia
czastecczek mincratéw: ilastych (tzw. predkosé krytyczna), zjawiska inercji przeptywajacego plynu
(Forchheimerowskic), pomiary nalczy prowadzi¢ z minimalnymi micrzalnymi predko$ciami prze-
ptywu (Core Lab. 1997).

Przeptywajacy gaz ulega ochtodzeniu (Dulinski i in. 1962; Siemek 1969; Kalcta i in. 1970). Spadck
temperatury zalezy od réznicy ci$nicfi w rdzeniu i poza nim oraz wiclko$ci wspotczynnika Joulc’a-
-Thompsona, ktory jest migdzy innymi tunkcjq ci$nicnia. Im cisnienic jest wyzsze, tym jego wplyw na
zmiany tempceratury jest mnicjszy. Oba te postulaty: minimalizowania predkosci przeplywu i zwigk-
szania cisnicnia gazu w trakcic pomiaru zrealizowano prowadzac pomiar w warunkach dtawicnia
wyptywajacego gazu. W takich warunkach przeprowadzono doswiadczenia Il grupy o numerach: 20,
24,20, 29, 33, 38, 39.

W przypadku rdzeni nasyconych solanka o st¢zeniu 5% KCI, w wigkszosci przypadkow krzywe
odzysku przepuszczalno$ci przyjmowaty typowe ksztatty zmicrzajac mnicj lub bardzicj szybko do
stanu ustaloncgo (rys. 6). Wspomnianc krzywe, zc wzgledu na ctekt skali, zamicszczono na cztercch
odrgbnych wykresach (a—d) w celu zachowania ich ksztattu. Pomiary prowadzono bowiem w szerokim
przedziale warto$ci poczatkowej przepuszczalnosci rdzeni wynoszacej od 8 do' 400 mD.

Na rysunkach 7 i 8 zamicszczono zdjgcia rdzeni z do§wiadczen 24, 25, 28 i 29 oraz odpowicdnic
krzywe odzysku przcpuszczalno$ci. Rdzenic oznaczone symbolem ,,W" to rdzenic wzorcowe. Za-
micszczono je w cclu poréwnania wygladu rdzenia przed i po pomiarze. Rysunki 7 i 8 reprezentuja
wyniki cksperymentéw, w ktorych rdzenic nasaczano 15% roztworem KCI. Wystepuja na ich czotowcj
powicrzchni krysztatki soli. Szczegdlnic duze ilosci soli zauwazono na rdzeniach [ grupy o numerach:
20, 24, 26, 29, 33, 38, 39.

Iloraz koncowcj i poczatkowej warto$ci przepuszczalnosci jest wskaznikiem ilosciowym okre-
$lajacym stopicn zmnicjszenia przepuszcezalno$ci badanych piaskowcow. Wiclkos¢ zmnicjszenia prze-
puszczalno$ci w opisywanych cksperymentach byta znaczna i zawicrata si¢ w przedziale od 52 do 98%.
(tabl. 1).

Odmiennic przebicgat proces odzysku przepuszcezalnosci w przypadku II grupy rdzeni o numerach:
21, 25, 27, 28, 32, 34, 35. Przepuszczalno$¢ w picrwszym ctapic procesu zdecydowanic rosta, by po
pewnym czasic ustabilizowac sig (rys. 7).

Stwicrdzono, zc ilo$¢ 1 wiclko$é krysztatlow wykrystalizowancj soli zalezy od wiasciwosci
petrofizycznych rdzeni (rys. 9). Wykrystalizowanc na czolc rdzenia nr 33 krysztatki soli sq o wicle
mnicjszc niz na czolc rdzenia oznaczoncgo numerem 29. Poczatkowa przepuszczalnosé rdzenia
nr 33 byta okoto 10 razy mnicjsza niz rdzenia nr 29. Zjawisko wytracania si¢ soli szczegdlnic
intensywnic zachodzi w nicwiclkicj koncowej czgéci rdzenia. Nasaczony 15% roztworcm KCl
rdzen o przcepuszczalnosci poczatkowej ky = 555 mD uzyskat przepuszczalno$¢ koncowa rowna
21 mD. Zmnicjszenic przepuszezalnos$ci wynosito zatem 96%. Po usunigeiu 2 mm warstwy koficowe;j
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rdzenia przepuszezalnosé¢ wzrosta do 128 mD, czyli zmnicjszenic przepuszezalnosci wyniosto 77%
(rys. 10).

Na rdzeniu nr 29 widaé szeroki na 2-3 mm wyraznic roézniacy si¢ od reszty rdzenia pasck
wykrystalizowancj soli (rys. 1 1). Za zjawisko to odpowiada istnicjaca w tym micjscu przektadka, ktora
powoduje lokalne zmiany predkosci i cisnicnia przeptywajaccgo gazu.

Stowa kluczowe: wicrtnictwo, ptuczki wicrtnicze, krystalizacja soli, przepuszczalno$é skat zbior-
nikowych

1. Introduction

Laboratory and field tests indicate that permeability usually decreases if, the pay
zone is exposed to fresh water muds (Such et al. 1998; Falkowicz 1998; Deltour 1968;
Dubiel 1989). The mud filtrate migrates through the bore-well zone causing the che-
mical and physical reactions which decrease the permeability of rocks. These reactions
include:

1) swelling of clay minerals,

2) displacement of hydrocarbons from the bore-well zone by invading filtrate,

3) increase of relative permeability to water,

4) creation of high viscosity oil & water emulsions,

5) precipitation of salts due to ionic unconformity between formation water and
filtrate.

That is why the drilling engineers use other muds for sealing oil and gas reservoirs
including oil muds emulsion muds, polymer muds or pure brines. Saline muds usually
contain 2—6 percent of salt by weight but completely salt-saturated muds are also used
(Krilov et al. 1989). If the salt water muds are used, the mud filtrate penetrates the
bore-well zone. The expansion of gas and accompanying cooling effect causes the
precipitation of salts and plugging of the pore throats.

The precipitation of salts and the gas cooling effect are particularly intensive
in the bore-well zone during gas production or drill stem testing (DST) due to the
high differential pressure. Sometimes the passages of the DST tool may get plugged
with the mixture of salts, rust and solids. The differential pressure is usually
10-20 MPa (Dubiel 1989). The gas flow rate during the second DST flow period is
usually lower, which indicates a decrease of the bore-well zone permeability. The
authors try to explain this by analyzing the effect of saline muds on the permeability of
sandstones.

2. Initial laboratory experiments
Polymer mud with KCI was pumped through the Miocene and Rotliegendes sand-

stone cores with an initial permeability 150-800 mD and 10-100 mD respectively.
The pore-throat diameters (evaluated using porozymetric methods; the threshold pore
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diameter means the diameter which enable a continuous flow of mercury through the
pore system) were different for each sandstone.

The threshold pore diameters of Rotliegendes and Miocene sandstones were equal to
10 pum and 10-30 pm respectively.

The decrease of permeability was evaluated at the same flow rate using the nitrogen
and the special test stand constructed in the Oil & Gas Institute (see Fig. 1). The design of
the test stand allows the downhole conditions to be simulated by controlling the
confining pressure and the pressure at the core outflow face. The process of core
cleaning (called the permeability-recovery process) is time consuming and expensive
and the authors tried to find alternate methods to evaluate the permeability recovery
process.

In the authors opinion, future permeability values may be predicted using the actual
value of permeability and the rate of permeability change during the first stage of
the recovery process (Such et al., 1989). The computers programs PERMEABILITY
and PREDICTION aided by the GENIE® control program are used to compute the
permeability trends. The input data are obtained directly from the measuring stand using
the “on-line” system, which allows the permeability values to be displayed on the
monitor. The real time permeability values are shown with a frequency set by the

L
.l
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Fig. 1. Test stand (designed by Oil & Gas Institute)
I — differential pressure transducer, 2 — sample of the porous rock, 3 — back pressure system,

4 — gas mass — flow meter controller, 5 — injection pressure transducer, 6 — amplifier,
7 — A/C converter, 8 — PC computer, 9 — programs GENIE and PREDICTION,
10 — results exposition

Rys. 1. Schemat stanowiska do pomiaru przepuszczalnosci gazem wedlug konstrukeji IGNiG
| — przetwornik ci$nienia réznicowego, 2 — probka skaty porowatej, 3 — system dtawienia wyplywu,
4 — wskaznik ci$nienia, 5 — przetwornik ci$nienia tloczenia, 6 — wzmacniacz, 7 — przetwornik A/C,
8 — komputer PC, 9 — programy: GENIE, PREDYKCIJA, 10 — ekspozycja wynikow
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operator. This allows us the permeability vs. time curve to be shown. The PREDICTION
program computes the anticipated final value of permeability (steady state value), which
indicates the end of the computation cycle. The permeability recovery process is shown
as the permeability/time curve. Such a graphical presentation of the permeability-
-recovery process facilitates the laboratory work.

3. Preliminary results

Initially it was anticipated that the permeability/time line would approximate an
asymptotic curve. The measuring system described above allowed the unexpected
trends in permeability vs. time curve to be observed. Such behaviour remained
unnoticed when the measuring data were collected without an aid of the computer.
The permeability recovery curve seems to be composed of separate segments, which
represents different phases of the recovery process. The permeability values may
increase or decrease when approaching the steady state, which is indicated by changes in
the shape of the predicted curve. (see Fig. 2). In some cases the predicted values were too
large. This indicates that the properties of the “object” being analyzed are changing in
time. The measuring data are analyzed by the PREDICTION program, which selects
those coefficients which are best fitted to the mathematical model describing the
permeability recovery process. All perturbations of this process cause a disturbance of
the trajectory of the permeability recovery curve. To account for this, the program
automatically selects new coefficients which are again best fitted to the model.
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Fig. 2. The predicted permeability recovery curve vs. the experimental curve

Rys. 2. Przebieg krzywej rzeczywistej 1 prognostycznej charakteryzujacych zmiany wspotczynnika
przepuszczalno$ci rdzenia podczas procesu odzysku przepuszcezalnosci
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Examples of the permeability recovery curves for sandstone cores exposed to the
drilling muds are shown in Fig. 3 and 4. The curves for high permeability Miocene sands
(shown in Fig. 3) seem to be composed of several segments characterized by various
intensities of the recovery process i.e. both rapid and slow changes of permeability are

observed. Fig. 3 shows how the different values of permeability may be erroneously
interpreted as the final values.
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Fig. 3. The permeability recovery curve for Miocene sandstones exposed to drilling mud

Rys. 3. Krzywe odzysku przepuszczalno$ci piaskowcow miocenskich po przeptywie ptuczki zasolonej

Permeability [mD]

00:00 00:14 00:28 00:43 00:57 01:12
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Fig. 4. The permeability recovery curve for Rotliegendes sandstones exposed to drilling mud

Rys. 4. Krzywe odzysku przepuszczalno$ci piaskowcoéw czerwonego spagowca po przepltywie ptuczki
zasolonej
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The irregularities of the permeability recovery process are even more pronounced for
the low permeability Rotliengendes cores. The curves constructed by the PREDICTION
program are not shown in Fig. 3 and 4 for reasons of clarity. Additional investigations
are needed to explain the characteristic behaviour of these curves.

In our opinion, the disturbances of the permeability recovery process are caused by
the precipitation of salts and the drying effect of the gas. The average velocity of the
gas flow is greater for Miocene sandstones than for Rotliengendes sandstones. This
is caused by differences between the permeabilities of these sandstones. The rapid
decrease of permeability at the core outflow face may be attributed to the cooling
effect of gas expansion and the accompanying precipitation of salts. The laboratory
experiments on the permeability recovery process were continued in a second part of the
project using alternative methods.

4. Methods used in the second cycle of laboratory experiments

Cores saturated with an aqueous solution of KCI (concentration equal to 5,15 and
20%) were used in the second phase of laboratory experiments in order to restrict the
number of factors which influence the permeability recovery process. The laboratory
stand was modified to improve the simulation of downhole conditions. The high
pressure humidifier was used to simulate the gas humidity. The gas was humidified by
passing it through a water-immersed coil pipe with holes drilled in it. The hole diameters
were chosen by the trial and error method. This gas humidifier has improved
the reliability of measurements. Initially the experiments were unrealizable for salt
concentrations approaching 35% by weight, due to core plugging by salt crystals and the
complete blockage of gas flow. Sometimes, only some minutes were needed to observe
the advent of this pore blocking effect (Fig. 5a—d). Actually, complete flow blockage
was not observed for wet gas.

The greater the gas velocity in the core, the greater the gas drying effect. The
measurements were carried out using a low gas velocity, to avoid the removal of clay
minerals and gas inertia effects (Core Lab 1997).

It is believed that the temperature drop caused by the gas flow depends on the value of
the Joule-Thompson coefficient (Dulinski et al. 1962; Siemek 1969; Kaleta et al. 1970):

7 1)
AT =T, T = [u(p,T)dp

Py

where:
T'—-T, — temperature within the core and the temperature at the core
outflow face,
pi; p2  — pressure within the core and the pressure at the core outflow face,

It — Joule-Thompson coefficient.
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Fig. 5. The permeability recovery curves, test carried out without humidifier; time [hr:min] and permeability [mD] are indicated on the X and Y axes

Rys. 5. Krzywe odzysku przepuszczalno$ci. Pomiary bez nawilzacza gazu (azotu). O§ X — czas [h:min], 0§ Y — przepuszczalno$é [mD]



365

A high gas pressure should be maintained during experiments, because the Joule-
-Thompson effect on temperature drop is negligible for high pressures. This was
achieved by the installation of a back-pressure regulator at the core outflow face.
The gas flow velocity is in inversely proportional to the average pressure within
the core 1.e.:

Vi P (2)
Va2 Pz
where:
v) — average gas velocity at pressure py,
v, — average gas velocity at pressure p,.

In the second cycle of investigations, high-pressure gas flow was used in tests Nos.
20, 24, 26, 29, 33, 38 and 39 for a better simulation of downhole conditions. As
mentioned before, the decrease of permeability and volume of precipitated salts were
lower for the second group of experiments. Additionally, the permeability recovery
curves were smooth and convergent towards the steady state values.

5. Results of the second cycle experiments

The permeability recovery curves were smooth and convergent towards the steady
state values (see Fig. 6, curves a—d). The initial permeabilities were within the range
8—400 mD. The images of cores used in experiments no 24, 25, 28 and 29 and the
permeability recovery curves are shown in figures 7 and 8 respectively. The cores
denoted with subscript “W” are the cores before the gas flow test was made — they are
shown for comparison proposes. The results of tests for cores saturated with 15% KCl
solution are shown in Figs. 7 and 8 (note the crystals of salt at the core outflow face). The
salt precipitation is particularly evident for cores nos. 20, 24, 26, 29, 33, 38 and 39. The
permeability recovery curves for these cores are not typical (see the upper portion of
curve shown in Fig. §).

As shown in Fig. 8, the permeability increases at the beginning of the test, due to
the removal of the salt water from the pore space. Next, the permeability achieves
a maximum value, (which stay constant for some time) and shows the sudden
drop afterwards, due to the intense precipitation of salts. The ratio of final to initial
permeability is indicative of the permeability damage. The data on permeability damage
are shown in Table 1.

The permeability recovery curves for the second cycle of experiments (cores no. 21,
25,27,28,32,34 and 35) show a distinct increase of permeability at the beginning of the
test and stabilisation afterwards (see the lower curve in Fig. 7). There are no visible
traces of salt crystals at the outflow face of the core and the permeability damage is
generally lower. Fig. 9 shows that the number and the magnitude of the salt crystals
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Fig. 6. The permeability recovery curves for cores exposed to 5% KCl solution; time [hr:min] and permeability [mD] are indicated on X and Y axes

Rys. 6. Krzywe odzysku przepuszczalnosci po 5% KC1. O$ X — czas [h:min], 0§ Y — przepuszczalnoéé [mD]
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TABLE |

The quantity of permeability demage on investigation core

TABLICA |

Wielko$¢ zmniejszenia przepuszczalno$ci badanych rdzeni

Sample k, [mD] k;, [mD] Damage ratio [%]
20 1100 280 74.55
21 1 050 502 52.19
24 150 8 94.67
25 155 43 72.26
26 156 3.5 97.76
27 150 | 12 92.0
28 155 ‘ 29 81.29
29 455 10 98.0
32 25 4 84.0
33 41 3.5 91.46
34 42 2 95.24
35 42 8 80.95
38 40 0.8 98.0
39 17 3 82.35

depend on the petrographic properties of the cores (the salt crystals for core no. 33 are
smaller than for core no. 29 and the initial permeability of core no. 33 is about 10% of
permeability of the core no. 29). The pore space geometry seems to be the only factor
which affects the size of the salt crystals, since the same gas flow rate was maintained for
cores no. 33 and 29 and no backpressure was applied.

The experiments indicate that the non-typical shape of the permeability recovery
curve and large permeability damage arc caused by the precipitation of salts, which is
particularly intense at the outtlow face of the core. To check for this, the downstream
portions of the cores were cut off (about 2 mm) and the permeability was re-measured
(see Fig. 10). For example: the core with initial permeability 555 mD saturated with 15%
solution of KClI has a final permeability of 21 mD which corresponds to 96 % damage.
After the end segment 1s cut off, the final permeability was 128 mD, which corresponds
to 77% damage. Some interesting observations can be made for cores no. 14 and 26,
which are shown in Fig. 11. The path of salt crystals in core 29 is probably caused by
a thin layer of highly permeable sand, which causes the local fluctuations in of the gas
velocity and pressure. The reasons of such phenomena will be discussed in a subsequent

paper.
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Fig. 7. The permeability recovery curves plus photographs of the core outflow face after the gas flow

Rys. 7. Krzywe odzysku przepuszczalno$ci 1 widok powierzchni czotowych rdzeni po przeptywie azotu
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Fig. 8. The permeability recovery curves plus photographs of the core outflow face after the gas flow

Rys. 8. Krzywe odzysku przepuszczalno$ci 1 widok powierzchni czotowych rdzeni po przeptywie azotu
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