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Abstract The study on moisture transport characteristics of shales is critical, which is not only helpful to understand
the physical and chemical properties in shales, but also to evaluate the adsorfiismmiand flow ability of shale gas.

In this study, the experimental device of moisture transport in shales was designed and the shale samples from Woodfor
in USA and Longmaxi Formation in Southern China were used. The moisture transport in shales was carried out at
different temperatures and humidities, and the transport characteristics arféthe ia shales were investigated. The
results indicate that moisture adsorption isotherms of shales belong to type Il curve, including the monolayer, multilayer
adsorption and capillary condensation, and the GAB model can be used to describe the moisture adsorption process
shale rocks. With the increasing of relative pressure, the moisture adsorption of shales increases. The content of organ
carbon and temperature strengthen the moisture adsorption in shales while calcite will inhibit the process. The moisture
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diffusion coefiiient in shales initially increases, then decreases and finally increases with relative pressure, and the value
ranges between 8.73x10m?/s and 5.95x1® m?/s. The isothermal heat of moisture adsorption in Woodford shale is

higher than that of Longmaxi Formation, which is related to shale maturity. These results provide some reference basis
for understanding the physical and chemical properties in shales and evaluating the adsorption and flow capacity of shal

gas.
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Fig.1 Types of isothermal adsorption curves
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Table 1 Mineral composition of shale samples

Shale O¢ Surfaceared
sample % (Mg
S1 2.68 3.03

Mineral
composition

quartz,illite, calcite

S2 5.54 0.91 quartz, illite

S3 7.11 0.21 quartz, illite

S4 1.60 16.16 quartz, plagioclase, calcite, pyrite
S5 4.50 23.72 quartz, plagioclase, pyrite, calcite
S6 6.30 29.38 quartz, plagioclase, pyrite
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Table 2 Saturated salt solutions iffdrent humidities

. Relatve humidity%
Saturated salt solution y%

30°C 50°C

LiCl 11.28 11.10
MgCl, 32.44 30.54
NaBr 56.03 50.93
NaNQO3 73.14 69.04
NaCl 75.09 74.43
KCI 83.62 81.10
K2SOy 97.00 95.82
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i £k HAT AU AR AR RAE . ARSI Tien81 (4325, By
A UUE BIK AR R 0 TR, 3 2K o W il 2
R AEAE TS FLARYE TR N 0 2 AL A B AR )
p/po < 0.8, /KAt £k 2 tg b, Rl
WK, XK AR ET Ry TIE 2
I W . B AR s ) I gR Tt s, K S
JRE R, R B iz de K T B B A, IO R R K
O TAETUA LB R KRR, KRBT BB
G, NI 51 T2 7K 70 W o o 2 488K
3.2 IRMER&IE

FRAE 92560 30°C, 50° CATL 4 42 51 45 F1 2
BRUUA 7KW B 25 2R, SR GAB 7K 73 W B A 8 3k
TRLA, Wik 4 PR, i 4 v LLGE H, ZE3EANH
1A, GAB 7K 73 W B A5 4005 R R L. GAB T
PSSR AE BET SRS (13 mli 1R ek, o AT
R K EIE TR « AKIEI R RTEEA 55 2 LA

x1073
35
S1 experiment (30°C)
301 Sl fitting by GAB (30°C)
S1 experiment (50°C)
S1 fitting by GAB (50°C)
- 25+ S2 experiment (30°C)
§ S2 fitting by GAB (30°C)
g 20+ S2 experiment (50°C)
o S2 fitting by GAB (50°C)
g 15k S3 experiment (30°C)
2 S3 fitting by GAB (30°C)
) 10 S3 experiment (50°C)
=) r S3 fitting by GAB (501C)
5k
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
relative pressure (p/p;)
(a) HFEAETETTA GAB BIRILG
(a) GAB model fitting in Woodford shale
x1073
30
S4 experiment (30°C)
S4 fitting by GAB (30°C)
25+ S4 experiment (50°C)
L $4 fitting by GAB (50°C)
= 2L S5 experiment (30°C)
§ S5 fitting by GAB (30°C)
g r S5 experiment (50°C)
o 15t S5 fitting by GAB (50°C)
E S6 experiment (30°C)
2 S6 fitting by GAB (30°C)
g 10 - S6 experiment (50°C)
L S6 fitting by GAB (50°C)
5k
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

relative pressure (p/py)
(b) B HETUE GAB HiEIE
(b) GAB model fitting in Longmaxi shale
Kl 4 GAB BTN % 5 550 %] LE

Fig. 4 Comparison of GAB model fitting and experiment



% 3 3

VA A8 e TR I B 10 T K A ks AR 5 937

WS B ik i 291, BET REA A A 28— 27K 431 WS B [l
W A EAR R, NS 2 T UR38 K 73 ¥ Tal (Al
HAEM. GAB BIRIZEILEERE b, 51N 2 2 W B %
Ky DA R B 7K 231 2 TR AR A T A K 901
Z IalfF4E . Guggenheifd? BF57 K B, GAB W} #5
A58 F B9 AR 5 H) (0.05~0.95)z8 16 K T BET Wit
R (0.05~0.35), fgfE B HER L5 K TEZ AL
AT I FE. R, GAB BE AL ml H] T4
SRR T 1 7K W B 3ok
3.3 FELRE T Y5337k 53 0% B B 52 1

AN TR AEAR A 5T R TR TUA {E 30°C, 50°C
WEE N BIK A b 2k, Wil 5 s, tiEl 5 AT L
B, W AN U T K 28 B R AR A AR ABL.
FERXS ) /NT 0.8 1, BEAG IS 1T, BUA K

x1073
35
L Shale S1(30°C, OC=2.68%)
30| Shale S1(50°C, OC=2.68%)
Shale S2(30°C, OC=5.54%)
I Shale S2(50°C, OC=5.54%)
= 25F Shale S3(30°C, OC=7.11%)
g b Shale S3(50°C, OC=7.11%)
S 20
2 -
215t
Z I
g 0}
5L
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
relative pressure (p/p,)
(a) A [RIREE N AR AR DU 7K 53 W
(a) Moisture adsorption of Woodford shale in
different temperatures
x1073
35 -
L Shale S4(30°C, OC=1.60%)
30k Shale S4(50°C, OC=1.60%)
Shale S5(30°C, OC=4.50%)
I Shale S5(50°C, OC=4.50%)
2 25F  Shale S6(30°C, OC=6.30%)
% 3 Shale S6(50°C, OC=6.30%)
S 20F
8 L
2 15}
3 L
£ 1o}
51
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

relative pressure (p/p,)
(b) NIRRT e T BT 7K 43 B
(b) Moisture adsorption of Longmaxi shale in

different temperatures

5 AN T A He 93 55 7K 2 W b e R

Fig.5 Relationshifppetween relative pressure and moisture adsorption

capacity in different temperatures

IR B AR A LGRS B AN R T (4R SEE K, i
FEXT U (R 7K 43 W B B M AR R, U (R 7K 708 i
L it U8 TR T v T K

GUE 2 EH A LRI DRI ), & S A MU,
WA E I, BE AT, K0 A2 Y.
M 5 T LUE Y, 76 i AR R g I, T A Bk
TrElE, KW RBR AR SRS
K FUBR, AU & X T U0 K W B 2 1
WEERT, Th il BEA R T 00E B K 7B ek, T
B K5 W B 3 5 AT W 20 B3 DIAH O, 6 THATLA
FEAE TR, FE S ST R A R Hb DX U 5 7K 7 I B
AR R R A R b S T A, TR R
A e LR TR 59 256 K PESSRAE, PRUA S A T A
(R L5 5 7K 23 W B e A%, X ] DAE— 2D 7E e %
TR PRI, MR TUE Se AN A, H
IR WS B 8 77 B[] s DX 5 A 5 A DA 7K 53 W
e 7700, HHETT UL, U R K 0 W B 5 1 0 4 B 3
YIAHIG, W0 2H 1 T 5 Wi A H 7K 43 W B e
3.4 KD BARE

7R (7) W40, XFF My/Mo /M F 051, /K
SR BB LA Y2 F MM SRR TRER
6(D/nr?)2 THEIRAT. DMIAEARAE v ST iR
T S4 41, K M/Mo, /DT 0.5 (1) 5256 Bt il
A Y2 F M/ Moo K 5895 BN [FAR Hs ) FTK 53
PHAREWE 6 fros. I 6 il LG H, TURIIK
AR BOKEAE 8.73x10° ~5.95x108 m?/s 2 i
A, AR S TS K BURECR T 5% 0L
KDY BRE, X5 TUE YT ALBR Z5 4 5
K. HE 6 nfgn, BRI BE O, TR K
ikl & ey s N AN VSR DN A =R

—_
=3
4

Woodford Shale S1
Longmaxi Shale S4

10%F

moisture diffusion coefficient/(m?/s™)

1 1 1 1 1
0.2 0.4 0.6 0.8 1.0

—_
=
b

(=)

relative pressure (p/pg)
6 30°CAAF FHIN 1 5K i BUREOC R
Fig.6 Relationship between relative pressure and moistufesion

coefficient at the condition of 30°C



s

938 F

)i

2 i 2019 4 % 51 &

PUJE SR GUE A, EMINT R 77 0~0.322 0K 434
HUORHE R, RUDK TN ERILFIRIL [ bl
JE K TY RGNS, KRR T RAT
IR s AN I A 0.8 2L A I, KBRS
B FNEARM, R T L Z KD PR T H;
BJa/Ka Y iR E BT, K2 E0mAL et
K53 ¥ 1. Cossaruttdd BT FIA N 7R 5 —
AR, KRR FREE KD T H, Wkt
FERAL M, AT 2K T AL R AR T B4k
RIN%.
3.5 ZiR R Mk

HTRE (7) WA, 0T K AR W
In(p/po) 5 YT REMICR, HELRRIHE
PR s SRR R AR FEEE R In(p/po)
FIK oW B w B A TP, 438 In(p/po) ~ w K
Fa R HCE T e K R w, H In(p/po) ~ w
KA AT A 2IAR R K In(p/po) i, A1 il Wt
1 In(p/po) 5 YT KARKE, X HBATLEMEA, HH
LR ] T SR BB KA B B A
S PR AR K W PR AR R, W 7 Fos. i
Kl 7 T LA Y, A A 0 B i 1) 55 R B 3
KT e D3R 0T 2 R B A, 35 L0 1
JE A K. Zhang® B8 RIFTUN R, BEAG T B
bl NI S Ry AU Lo | A LS
A, AT IR A K

10
Shale S1
—~ T Shale S2
% 9L Shale S3
g Shale S4
;— r Shale S5
< gL Shale S6
[=
K=} |
5 7l
%
<
S L
o
= 6L
=
5 1 1 1 1 1
0 1 2 3 4 5 6

. . . x1073
moisture adsorption capacity

7 BUE KOS S I RS R
Fig. 7 Relationshippetween moisture adsorption capacity and heat of

adsorption in shale

X PSR TS, BAE 7K 20 WP S 36K, 45
TG OR ;. LAOUA S1 oW, MRk
2.0 mg/h, 2R B K 7.98 kd/mol, 4% F-& k4.0
mg/h, SF IR BT 8.36 kd/mol 1% By T

A B KRR AR, A5 RS R AR,
A A 2 PR R A KT P U O 3R
T e H 0 A IO AN ST A R AN R P B 4597,
IR IP TAEIR R A AR BRI, 7 A B R O A
[, 5 ZEMIBER AN, RO AR PR PRt AN ).

4 45 ®

VU 17K A3 W BRI 1 110 FROIR B il 2. AT e
71 p/po < 0.8, /KWt s 2248 T, Btk
WK ZERXS R T p/po > 0.815F, 7K 73 W B 2 J] 184
K. BB AHRT Hs 7 (P3G K, S BT 02 (R 7K 73 W B 5
MV AR K, 7K W Bt i 5 L P 1 T o 1T 14K GAB A
RUR] ] DA DU (R 7K 23 W B oo 2.

TR 7KW B S A B &5 5 A ez )
FHOR. BEAE VU A WU & B K, 7K 7 B 0K
A B B0 U 7K 53 W BB A G s A 1 g i
FAFAE LI GLE B 7K 53 W B

TUA TR 1R EL 1 8.73x10° ~5.95x10°8
m?/s Z (824K, BEAEAHXS R T8 K, TUA 7K 4y
T HCR B B K5 N B S R Ry, X
DU TR AEAR SR R AR T R AN 41 SR
G ATLEAR B8 U 1) 5 B W BOR T e SR DA
(A5 SR B A, X 5 L TUA PP R SR G

£ x

1 5824, IR0, 2285, TUERL TN~ B TR & S5 S R
iR, J122224R, 2015, 47(6): 916-922 (Guo Wei, Hu Zhiming, Zuo

%

=

Luo, et al. Gas desorption-diffusion-seepage coupled experiment of

shale matrix and mathematic mod€hinese Journal of Theoretical
and Applied Mechani¢2015, 47(6): 916-922 (in Chinese))

2 ZREGES, SRYRAR, DA, o RO R 2 R 2 R RO R SR
. A Eh R 5 T &, 2018, 45(1): 111-118 (Li Xizhe, Guo Zhen-
hua, Hu Yong, et al. Efficient development strategies for large ultra-
deep structural gas fields in ChinBetroleum Exploration and De-
velopment, 2018, 45(1): 111-118 (in Chinese))

3 Guo W, Shen WJ, Zhou SW, et al. Shale favorable area optimization
in coal-bearing series: A case study from the Shanxi Formation in
Northern Ordos Basin, Chin&nergy Exploration& Exploitation,
2017, 36(5): 1295-1309

4 Shen WJ, Zheng LG, Oldenberg CM, et al. Methane adsorption
and diffusion in shale rocks-A numerical study using the dusty gas
model in ToughZEOS7C-ECBMTransport in Porous Medig2018,
123(3): 521-531

5 Wit ar, PR, dPREAE. TUASBOT RN )% nl U5 Bk )
2p2E4R, 2017, 49(3): 507-516 (Liu Zhanli, Zhuang Zhuo, Meng

Qingguo, et al. Problems and challenges of mechanics in shale gas

efficient exploitation.Chinese Journal of Theoretical and Applied
Mechanic$2017, 49(3): 507-516 (in Chinese)



% 3 VAR 7SS BT A5 B

I U K A% 939

6 Shen WJXu YM, Li XZ, et al. Numerical simulation of gas and wa-
ter flow mechanism in hydraulically fractured shale gas reservoirs.
Journal of Natural Gas Science and Engineerif16, 35: 726-735
Shen WJ, Li XZ, Xu YM, et al. Gas flow behavior of nanoscale
pores in shale gas reservoiEnergies, 2017, 10(6): 1-12

[ee]

International Energy Agency (IEA). World Energy Outlook 2015.
IEA/OECD, Paris. www.iea.org, 2015

FLE, X, #OURAE, b E R A DS s O R R
S0 AR 59T &, 2013, 40(5): 574-579 (Wang Hongyan,
Liu Yuzhang, Dong Dazhong, et al. Scientific issues on effective
development of marine shale gas in southern Chiteroleum Ex-
ploration and Development, 2013, 40(5): 574-579 (in Chinese))
Engelder T, Cathles L, Bryndzia LT. The fate of residual treatment
water in gas shalelournal of Unconventional O8& Gas Resources
2014, 1: 33-48

10

11
their diffusion-limited equilibration in gas shale: Implications for
gas flow in unconventional reservoirgVater Resources Research,
2017,53: 1-14

KN, 3, U, TUASGRALBEAN A KRR T,
2004, 24(7): 15-18(Zhang Jinchuan, Jin Zhijun, Yuan Mingsheng.
Reservoiring mechanism of shale gas and its distribut®ei. Sin-
Phys Mech Astron, 2004, 24(7): 15-18 (in Chinese))

Shen WJ, Wan JM, Kim Y, et al. Porosity calculation, pore size

12

13

distribution and mineral analysis within shale rocks: Application of

scanning electron microscop¥lec. J. Geotech. Eng2015, 20:

11477-11490

LiJ, Li X, Wu K, et al. Thickness and stability of water film confined

inside nanoslits and nanocapillaries of shale and dtagrnational

Journal of Coal Geology, 2017, 179: 253-268

15 Boyer C, Kieschnick J, Suarez-Rivera R, et al. Producing gas from
its source QOilfield Review, 2006, 18(3): 36-49

16 Chenevert ME. Shale control with balanced-activity oil-continuous
muds.JPT Trans AIME, 1970, 249: 1309-1316

17 Wu QH, Bai BJ, Ma YF, et al. Optic imaging of two-phase-flow
behavior in 1D nanoscale channe®RE Journal2014, 19(5): 793-
802

18 Chalmers G, Bustin M. Theffects and distribution of moisture in
gas shale reservoir systendsAPG ACE 2010

19 Chang MJ, Zhou J, Chenevert ME, et al. The impact of shale preser-
vation on the petrophysical properties of organic-rich shales. SPE
166419, 2013

20 A=, AT, RS, TUA R L AL S KA B A S H RS
FRSE I B PRI S0 ) 22441, 2016, 48(5): 1217-1228 (Li Jing, Li
Xiangfang, Wang Xiangzeng, et al.ffEct of water distribution on
methane adsorption capacity in shale cl@jinese Journal of The-
oretical and Applied Mechanic016, 48(5): 1217-1228 (in Chi-
nese))

21 FEORIE, TIEAR, FIREE. F KRR I T K A AR
B, rp R BARLS:, 2018, 48(5): 524-536 (Qi Rongrong, Ning
Zhengfu, Wang Qing, et al. Sorption measurements of moisture-

14

equilibrated shale with the consideration of water vapor pressure.
Scientia Sinica Technologica, 2018, 48(5): 524-536 (in Chinese))

Tokunaga T, Shen WJ, Wan JM, et al. Water saturation relations and 2

22 Josh M, Esteban L, Piane CD, et al. Laboratory characterisation
of shale propertiesJournal of Petroleum Scienc®& Engineering,
2012, 88-89(2): 107-124

AR, BT, SRONAE. TUA UK R IE S IR AR T . KRR

Tk, 2013, 33(12): 71-76 (Gao Shusheng, Hu Zhiming, Guo Wei,
et al. Water absorption characteristics of gas shale and the fracturing
fluid flowback capacityNatural Gas Industry2013, 33(12): 71-76

(in Chinese))

Makhanov K, Habibi A, Dehghanpour H, et al. Liquid uptake of
gas shales: A workflow to estimate water loss during shut-in periods
after fracturing operationsJournal of Unconventional Oi& Gas
Resources2014, 7: 22-32

Yang L, Ge H, Shi X, etal. Thefect of microstructure and rock nin-
eralogy on water imbibition characteristics in tight reservalur-

nal of Natural Gas Scienc& Engineering, 2016, 34: 1461-1471
RATRL, 5K, B/NGAE. K U BUETE TP (F TCA B IR
KABWEEAE. o ERME BRI, 2016, 46(2): 120-126 (Song
Fuquan, Zhang Xiang, Huang Xiaohe, et al. The flow characteris-

23

24

25

6

tics of shale gas through shale rock matrix in nano-scale and water
imbibition on shale sheetsSci Sin Tech2016, 46(2): 120-126 (in
Chinese))

27 WORU, EHRL, T IDAE. SUE U Z B BN g AR K
AR g vp R )RR ) % R 0%, 2017, 47: 114609 (Shen
Yinghao, Ge Hongkui, Su Shuai, et al. Imbibition characteristic of
shale gas formation and water-block removal capabilBgi Sin-
Phys Mech Astron, 2017, 47: 114609 (in Chinese))

28 Tien C. Adsorption Calculations and Modeling. Boston: Butter-
worth-Heinemann, 1994

29 Chenevert ME. Adsorptive pore pressures of argillaceous rocks//
The 11th US Symposium on Rock Mechanics (USRMS), Berkeley,
California, 16-19 June, 1969

30 Tandanand S. Moisture adsorption rate and strength degradation of
lllinois shales//The 26th US Symposium on Rock Mechanics (US-
RMS), Rapid, SD, 26-28 June, 1985

31 Shen WJ, Li XZ, Lu XB, et al. Experimental study and isotherm
models of water vapor adsorption in shale roclaurnal of Natural
Gas Science and Engineering, 2018, 52: 484-491

32 Guggenheim EA. Application of Statistical Mechanics. Oxford:
Clarendon Press, 1966

33 Charriere D, Behra P. Water sorption on codtsirnal of Colloid&
Interface Science, 2010, 344(2): 460-467

34 Crank J. The Mathematics of fision, 2nd ed. New York: Oxford
University Press, 1975

35 Myers AL. Thermodynamics of adsorption in porous materials.
AIChE J, 2002, 48(1): 145-159

36 Greenspan L. Humidity fixed-points of binary saturated aqueous so-
lutions. Journal of Research of the National Bureau of Standards, A,
Physics and Chemistry, 1977, 81(1): 89-96

37 Cossarutto L, Zimny T, Kaczmarczyk J, et al. Transport and sorp-
tion of water vapour in activated carborSarbon, 2001, 39(15):
2339-2346

38 Zhang T, Ellis GS, Ruppel SC, et al. Effect of organic-matter type
and thermal maturity on methane adsorption in shale-gas systems.
Organic Geochemistr\2012, 47(6): 120-131



