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The osmotic effect on water imbibition in saturated shale formation

LENG Jingyi, WANG Linlin

College of Safety and Ocean Engineering, China University of Petroleum-Beijing, Beijing 102249, China

Abstract Field statistics have shown that most fracturing fluid would be lost in shale formations after hydraulic fracturing treat-
ment. This fracturing fluid retention in formations has led to some production and environmental issues. Some scholars suspected
that the water with chemical additives might migrate to drinking water formations and contaminate them. Some also assumed
that this imbibed water might lead to the swelling of shales, which may damage the permeability in the near wellbore area and, in
turn, harm the production of the shale gas and oil wells in the long term. But some field studies showed that with a relatively long
shut-in time period, the water leakage would benefit the production by enhancing the flow rate of shale gas at the early stage. To
further explain the phenomena observed in fields and to end those debates, many scholars have paid attention to a special water
imbibition mechanism working in shale formations: osmosis. The existence of osmosis makes the water imbibition process in
shales not only related to the injection pressure, but also the concentration distribution in the porous medium, and accordingly
Darcy’s law no longer holds in shale formations. So in this paper, in order to analyse the water flux influenced by osmosis in
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saturated shale formations, a mathematical model established by adding an additional term in the conventional Darcy’s law is
employed. An analytical solution of the corresponding 1-D model is given under typical initial and boundary conditions, and
the evolution of pressure and concentration distribution of the pore fluid in shales during the process are obtained. According to
the solution, the existence of the osmotic effect will influence the hydraulic pressure propagation, which means that the osmotic
effect couples with the Darcy flow. That is to say, it would cause additional water flux not only because of the concentration
difference, but also because it can disturb the evolution of hydraulic pressure and thus influence the water imbibition. What
is more, since these two types of water flux occur in opposite directions and compensate for each other to a great extent, the
contribution of osmosis to the amount of water accumulation is very limited. Besides, the result shows that the early-stage water
flux is generated by the initial hydraulic pressure difference, while the late water imbibition period is dominated by the osmotic
effect. So, due to the generally low rate of the concentration diffusion compared to that of the pressure propagation, the existence

of the osmotic effect will prolong the water imbibition process significantly.
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Fig. 1 The micro mechanism of osmotic effect and surface hydration
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Table 1 Values of parameters used in analysis
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Fig.2 Concentration distribution at different time

0 05 1 15 2 25 3
I &/cm

AR K R B U R T, TR 2 1
(AnFE 3 (b) Bz o R T S DM T B 3 KA R A AR
X2, AT e = 0, T3 A H ALK PR 5)
A0 T B9 R AR B ARG AE A AT LUK BE,
TEWK BV A2 AT O 5 o = 0.01 IR, HE
TEWA G, IRPU RSB K R IL-F % it nl LA
B, SRR TR th T8 BT R T 1Y
BRIV S AR W BE AR A Z [ AE — RE IR K AR [l
Mf e AT LGSR, R oK e 2 2R gk 22 15 R
(9, T S B K B v R TR Ay — S i BTk, H
HSe s g iAot th T8 B KA A7 A T A 1
BOEE UL EN D E XIS ER NS 3viov G e

Pl 4 ZWOK BRI R A AL G AR, AT AR W]
97 K He S oK S R I T AR, (S R A I K
it 5B EK TR EAR IR K. BARBEKIL
ERMBOK ML Z TR/, HRRFZ R R
X RS BRI H o AT B T S RARAT &
BB RAAE PR OR RS AR, SR il
TE LT e BE Y O BE AR T A5 g, A b
e T R A R BGH W /N TR R OR
o BOh, BHER AR B WK Y D kAT
PR P TR 2 S O K LA Kl THOG e S A
Wi T S B A WK S AR Al . X PRI A S A I K R 7R
WITIEAREL, B KA B K BRI A ]
WRIGTHRER, R Z Gk B, PIAEH]
75 G R A OK AT AR, BB @K e R E
S I X B K R TC R

900
b) ;-
a0l @ t=20h
—t=50h

700 f t=100 h

600 | —¢t=400h
©
Q 500t
+
X 400 |

300 |

200 |

100 +

0 1 1 1 1
0 05 1 2 2.5 3

15
I &/cm

3 KESTREE EHELE (B () RORBRER BRAKESHRELE, B D) RTERKFEINKEHELERL)

Fig. 3 Hydraulic pressure distribution at different time (Fig (a) indicates the hydraulic pressure distribution within early stage,

Fig (b) indicates hydraulic distribution during the late period)



B KA AN T K B 5 565

-15

B4
Fig. 4

MR 7k & Rl A 18] A 2R 4L 5K 2R B

th A IR BRI, SUR oK R 2
AR, A SO {5 kP A T
_/ — KESRHNEKE BIE, @7 T TUA oK I ECARRY  [FRF, &
BRI BT T St T RN T
s BB KA ST KL BT S 5 BT E
[ TR AT LA B (1) 1B K A A S LB £
AS XTI KL T TR, IR 2K PR £
AR, VL TR I B K A A AT A A
KR (DAETUE BB W ALE T . TR 54
S A0 0 I 5280 U253 A0 35 40 1 B
N Ko (3) K2 FLAE SR UK 1091V BE T 6] A 2 )
SR YRI5 T 3K A AE DTS K B 9 Sk
. . . . RN ARSI L RFEE AR IR K R ] e
’ ’ C e T ERIGHEN NPT RO R T

PRIy AR . BRI . 66T 6 A,
HOB B KA K AR, BB 8K A1
22 AT WK OT M T F 8 54 K it
TR

Water uptake variation with time

3 45

ARICEZHIE T 5 BB BRI IS oK.

RPN

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

U. S. Energy Information Administration (EIA). Future U. S. tight oil and shale gas production depends on resources, technology,
markets[EB/OL]. [2016—08—22]. https: //www. eia. gov/todayinenergy/detail. cfm?id=27612#.

U. S. Energy Information Administration (EIA). Annual energy outlook 2016 with projections to 2040[R/OL]. [2016—09—15]. https: //
www. eia. gov/forecasts/aeo/pdf/0383(2016). pdf.

I . 35 [ DA A BRI R R RS2 M 5 R 7 [T]. 2O 5 %, 2014, 30(06): 123—128. [HOU M Y. The influence and enlightenment
of American shale oil & gas development[J]. Reformation & Strategy, 2014, 30(06): 123—128.]

U. S. Energy Information Administration (EIA). Shale gas production drives world natural gas production growth[EB/OL]. [2016—08—
15]. https: //www. eia. gov/todayinenergy/detail. php?id=27512.

ERBEER . TUA R ERLK (2016—2020 4F)[EB/OL]. [2016—09—14]. http: //zfxxgk. nea. gov. cn/auto86/201609/t20160930 2306.
htm?keywords. [National Energy Administration. Shale gas development planning(2016—2020)[EB/OL]. [2016—09—14]. http: //zfxxgk.
nea. gov. cn/auto86/201609/t20160930 2306. htm?keywords].

EE. TUE R PEIF R RS RTE [1]. R T, 2017, 37(06): 115—130. [WANG S Q. Shale gas exploitation: Status,
issues and prospects[J]. Natural Gas Industry, 2017, 37(06): 115-130.]

Ak, S, mrpes ) A5 il ORI R LA E A 1A E [T, A ilARRAE R, 2019, 03: 223-232. [SHI L, SHI C, TIAN Z
L, et al. Several rock mechanics problems in the development of shale gas in PetroChina [J]. Petroleum Science Bulletin, 2019, 03: 223—
232.]

AN, AT, R, AF . TUARIZ RS T RIS B A (1], AR, 2018, 02: 167-182 [LI J, LI X F, CHEN
Z X, et al. Permeability model for gas transport though shale nanopores with irreducible water saturation[J]. Petroleum Science Bulletin,
2018, 02: 167—182.]

BOHGE . TUAEZ K R SSEA B AR FHMLEERTST [D]. P52 : PEZ Al RK2%, 2017. [ZHAO C N. Mechanism research of hydraulic
fracture interaction in shale reservoir[D]. Xi’an: Xi’an Shiyou University, 2017]

T . TUAE)Z K T AL R RLAEIFSE [D]. B : PR, 2015. [YANG C. Study on hydraulic fracture network propagation
rule of shale reservoir[D]. Chongqing: Chongging University, 2015]



566

AiMBlEER 20204E 12 H S5 EF 4

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

REAGAN M T, MORIDIS G J, KEEN N D, et al. Numerical simulation of the environmental impact of hydraulic fracturing of tight/
shale gas reservoirs on near-surface groundwater: background, base cases, shallow reservoirs, short-term gas, and water transport[J].
Water Resources Research, 2015, 51(4): 2543—-2573.

WANG L, BORNERT M , HERIPRE E, et al. Microscale insight into the influence of humidity on the mechanical behavior of
mudstones[J]. Journal of Geophysical Research Solid Earth, 2015, 120(5): 3173—3186.

WANG L L, TANG C S, SHI B, et al. Nucleation and propagation mechanisms of soil desiccation cracks[J]. Engineering Geology, 2018,
238:27-35.

GUPTA A, XU M, DEHGHANPOUR H, et al. Experimental investigation for microscale stimulation of shales by water imbibition
during the shut-in periods[C]//Society of Petroleum Engineers. SPE Unconventional Resources Conference. Texas: Society of Petroleum
Engineers, 2017.

CHENEVERT M E. Shale alteration by water adsorption[J]. Journal of Petroleum Technology, 1970, 22(09): 1141-1148.

TAKEDA M, HIRATSUKA T, MANAKA M, et al. Experimental examination of the relationships among chemico-osmotic, hydraulic,
and diffusion parameters of Wakkanai mudstones[J]. Journal of Geophysical Research: Solid Earth, 2014, 119(5): 4178—4201.

WANG L L, ZHANG G Q, HALLALIS S, et al. Swelling of shales: a multiscale experimental investigation[J]. Energy & Fuels, 2017,
31(10): 10442—10451.

WANG L. Micromechanical experimental investigation and modelling of strain and damage of argillaceous rocks under combined
hydric and mechanical loads[J]. Bibliographie Réf, 2012.

LAIRD D A, SHANG C, THOMPSON M L. Hysteresis in crystalline swelling of smectites[J]. Journal of Colloid & Interface Science,
1995, 171(1): 240—-245.

FAKCHAROENPHOL P, KAZEMI H, CHAROENWONGSA S, et al. The effect of osmotic pressure on improve oil recovery from
fractured shale formations[C]//Society of Petroleum Engineers. SPE Unconventional Resource Conference. Texas: Society of Petroleum
Engineers, 2014.

GARAVITO A M, KOOI H, NEUZIL C E. Numerical modeling of a long-term in situ chemical osmosis experiment in the Pierre Shale,
South Dakota[J]. Advances in Water Resources, 2006, 29(3): 481—492.

KATCHALSKY A, CURRAN P F. Nonequilibrium thermodynamics in biophysics[M]. Cambridge, Mass: Harvard University Press,
2013.

BADER S, KOOI H. Modelling of solute and water transport in semi-permeable clay membranes: comparison with experiments[J].
Advances in Water Resources, 2005, 28(3): 203—-214.

BEAR J. Dynamics of fluids in porous media[M]. New York: American Elsevier Company, 1972.

(AL S FHim 5K DHE)



