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　　摘 　要 　青海涩北气田出砂严重 , 由于钻井取心困难 , 难以通过岩石力学实验获得足够的岩石力学参

数进行系统全面的出砂预测 , 通过测井获得的声波、密度、自然伽马等资料 , 研究了求取泊松比、弹性模

量、内聚强度、内摩擦角等岩石力学参数的经验方法 , 建立了涩北 1号气田气井出砂和控砂预测模型。根

据涩北 1号气田 20口气井开发储层出砂指数、临界生产压差预测结果统计 , 预测结果与现场观测结果基

本吻合 , 从而为涩北气田出砂预测、合理选择生产压差以及优化配产提出了一种适用的理论研究方法。

关键词 　涩北气田 　临界压力 　出砂 　预测

　　涩北气田储气层为滨浅湖相砂泥岩互层沉积 ,

气层岩性以粉砂岩和泥质粉砂岩为主 , 储层具有埋

藏浅、胶结疏松、含气井段长、气层多、气水界面

复杂等特点 , 属于第四系生物成因疏松砂岩边底水

气藏。气藏欠压实、胶结差、岩性疏松 , 胶结物以

泥质为主 , 泥质含量占 40%左右 , 平均孔隙度

31177% , 平均渗透率 571172 ×10
- 3μm

2
, 岩石粒

度为粉砂级 —细砂级 , 粒径 (0101～014) mm。

气井生产过程中出砂严重 , 大部分气井需要控

制生产压差进行生产。气田不同构造及区域、不同

开发层系和井区的气井临界出砂生产压差存在较大

差异 , 目前尚未找到气田明显的出砂规律。由于 ,

涩北气田岩芯取芯和保存困难 , 难以通过岩石力学

实验获得足够的岩石力学参数进而进行系统全面的

出砂预测 , 因此需寻求根据测井资料 , 求取岩石力

学参数 , 进而进行出砂预测的理论与方法。

1　临界生产压差预测

考虑厚度为 h的圆性气藏径向流 , 根据非达西

流动 Forchheier方程 , 得到气藏地层孔隙中的流体

压力梯度方程 :
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+
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r
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式中 　p —压力 , MPa;

r —任一点的半径 , m;

A、B —中间变量符号。

考虑孔隙压力影响 , 弹性地层岩石材料的形变

u为 :
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将地层流体压力梯度方程 (1) 代入方程 (2)

并整理后得到 :
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方程 (3) 为欧拉形式的二阶非线性常微分方

程 , 其通解为 :

u = C1 + C2 ·
1
r

+
a
2
·r·ln r - b

a = -
β
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·A

P0

, b = -
β

λ + 2G
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式中 　λ—L am e常数 ;

u—形变 ;

β—B iot常数 ;

C1、C2 —积分常数。

假设只有初始径向应变 , 则有 :

εe
r =

du
d r

, 　εe
θ =

u
r

, 　εe
z =εze (5)

将方程 (4) 代入方程 ( 5) 得到各有效应变

为 :
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弹性材料的应力 —应变方程为 :

σr =λΔe
+ 2Gεe

r +β·P

σθ =λΔe
+ 2Gεe

θ +β·P

σz =λΔe
+ 2Gεe

z +β·P

Δe
=εe

r +εe
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z (7)

将方程 (6) 代入方程 ( 7) 便可得到气藏弹

性岩石的应力解。根据油藏的内外边界条件 σr

| r = rw = Pw f ,σr | r = re =σre ,可确定积分常数 C1、C2 ,

经简化后得到弹性应力解。

σr = b (λ + G) ln r - 2GC2
1
r
2 + 2 (λ + G) C1 +

b
2

(λ + 2G) +
λ

λ + 2G
(σze - βpr ) +βP

σθ = b (λ + G) ln r + 2GC2
1
r
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b
2
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λ
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σz = bλln r + 2λC1 +
b
2
λ + (σze - βpr) +βP

式中 　εr
e、εθ

e、εz
e —分别为径向、切向和垂向弹性应变 ;

σr、σθ、σz —径向、切向和垂向应力 , M Pa;

re、rw —油藏和井筒半径 , m;

Pr、Pw f —分别为油藏边界压力和井底流压 , M Pa;

σze —远处地层垂向应力 , M Pa;

σre —远处地层径向应力 , M Pa。

使用方程 (8) 计算表明 , 在井壁上切向应力

最大 , 径向应力最小。将 r = rw 代入切应力方程可

得到井壁的切应力 σθw , 孔壁上的径向应力

σrw = pw f。岩石的破坏判据采用考虑地层孔隙流体

压力的莫尔 —库仑破坏准则 :

σ1 - β·p = 2S0 tanα + (σ3 - β·p) tan
2α

(9)

将σ1 用σθw ,替换 ,σ3 用σrw 替换可得到关于井

底流压 Pw f 的临界平衡方程 , 认为 re µ rw , 求解可

得到出砂临界生产压差模型 :

ΔPc = Pr -
2C0 tanα -

2μ
1 - μ

σze -
2μ

1 - μ
βPr

2μ
1 - μ

β - 2

(10)

式中 　σ1、σ3 —莫尔 -库仑准则中的最大、最小应力 ,

MPa;

σθw、σrw —井壁上的切向、径向应力 , MPa;

△Pc —出砂临界生产压差 , MPa。

2　经验出砂预测方法

经验方法是定性出砂预测 , 通过测井资料分

析、室内岩心试验、现场资料统计分析和必要的计

算来预测地层是否可能出砂和出砂的程度。这些方

法主要包括声波时差法、出砂指数法、斯伦贝谢法

和组合模量法。

211　声波时差法

利用纵波时差预测地层出砂情况 : 当 Δtv <

312μs /m 时 ,地层稳定不出砂 ;当 312μs /m ≤Δtv ≤

345μs /m 时 , 地层可能出砂 ; 当Δtv ≥ 345μs /m 时 ,

地层砂岩不稳定 , 极易出砂。

212　组合模量法

组合模量法是根据声波测井和密度测井资料 ,

计算岩石的弹性组合模量 , 进而进行出砂预测 , 地

层岩石的组合模量为 :

Ec =
9194 ×105 ×ρr

△t
2
v

(11)

当 Ec ≥210 ×10
4
MPa时 , 地层不出砂 ; 当 115

×104MPa≤Ec ≤210 ×104MPa时 , 地层轻微出砂 ;

当 Ec ≤115 ×104MPa时 , 地层严重出砂。

213　出砂指数法

出砂指数 B反映岩石体积弹性模量 K和切变

弹性模量 G之和 , 出砂指数越大 , 地层越不易出

砂。

B = K +
4
3

G (12)

根据现场经验 , 当 B≥210 ×10
4
MPa时地层不

出砂或出砂轻微 ; 当 210 ×10
4
MPa > B > 114 ×

10
4
MPa时 , 地层出砂 ; 当 B ≤114 ×10

4
MPa 时 ,

地层严重出砂。

214　斯伦贝谢法

斯伦贝谢法主要考察岩石剪切模量与体积模量

的乘积 , R值越大岩石强度越大 , 地层稳定性越

好 , 越不易出砂。当 R < 519 ×10
7
MPa

2 时 , 地层

可能出砂。

R = K·G (13)

式中 　Ec —岩石弹性组合模量 , MPa;

K、G —岩石体积和切变切变弹性模量 , MPa;

R —斯伦贝谢比 , MPa2 ;

B —出砂指数 , MPa。
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3　出砂预测结果及分析

311　单井预测结果分析

涩北气田的层系划分为 : 零层组 410m ～

630m, I层组 630m～930m , II层组 946m～1114m,

III层组 1142m～1397m, IV层组 1423m～1599m,

采用上述方法对涩 3 - 8井进行了各层组的出砂预

测。将预测点取平均值后可以得到不同开发层系的

经验出砂预测平均结果 , 如表 1所示。通过预测可

知 , 涩 3 - 8井不同开发层系的出砂可能性均较大 ,

但随着井深加深 , 出砂趋势略有减弱。

根据涩 3 - 8井临界生产压差纵向分布预测结

表 1　涩 3 - 8井不同开发层系经验法出砂预测结果

开发

层系

纵波时差

us/m

判断

结论

出砂指数

104MPa
判断结论

组合模量

104MPa
判断结论

斯伦贝

107MPa2
判断结论

零 505138 易出砂 0134 严重出砂 01888 严重出砂 01219 出砂

I 467137 易出砂 01398 严重出砂 11064 严重出砂 01294 出砂

II 422111 易出砂 01482 严重出砂 11328 严重出砂 01432 出砂

III 395141 易出砂 01538 严重出砂 11508 轻微出砂 01536 出砂

IV 37218 易出砂 01589 严重出砂 11672 轻微出砂 01633 出砂

果 , 对预测结果曲线取 “主线 ”, 反应临界压差的

变化趋势 : 随着埋藏深度的增加 , 出砂趋势减弱 ,

临界生产压差逐渐变大。对各开发层系的预测结果

取平均值 , 得到从上到下 5个不同开发层系的平均

临 界 生 产 压 差 分 别 为 1116MPa; 1139MPa;

1172MPa; 1197MPa; 2117MPa。

312　预测结果分析

采用涩 3—8井同样方法 , 共研究了涩北 1号

气田 20口气井的出砂预测资料 , 如表 2所示。通

过对 20口气井不同开发层系临界生产压差取平均

值后 , 得到涩北一号气田平均临界生产压差分别为

零层系 11086MPa; I层系约 1135MPa; II层系约

1171MPa; III 层 系 约 1193MPa; IV 层 系 约

2114MPa。

涩北 1号气田目前投入生产的气井 , 主力开发

层系为 III、 IV开发层系。根据气井的生产测试资

料 , 经过涩北 1号气田 14口生产气井 III开发层系

的实际临界出砂生产压差的统计 , 求得平均值为

1189MPa, 而预测值为 1193MPa, 相对误差仅 2% ,

预测结果与实际值基本吻合。

4　结论与建议

(1) 针对涩北气田特征及出砂预测存在的问

题 , 研究出一套使用测井资料估算岩石力学参数进

而进行出砂和临界生产压差预测的方法 , 通过涩北

1号气田部分气井的计算 , 预测结果与现场实际观

测结果对比表明 , 该方法用于涩北气田的出砂预测

是可行的。

表 2 　20口井临界生产压差统计平均值

井号
临界生产压差 (MPa)

零 I II III IV

涩 2 - 5 1111 1143 1184 2100

涩 2 - 9 1133 1168 1196

涩 2 - 14 0192 1135 1159 1181

涩 3 - 2 - 4 0184 1116 115 1179

涩 3 - 3 1109 1137 1177 2 1195

涩 3 - 7 1114 1133 1169 1194 211

涩 3 - 8 1116 1139 1172 1197 2117

涩 3 - 13 1185 1147 1192 2111 2138

涩 3 - 15 0183 1116 1163 1182 2105

涩 3 - 21 1 1136 1168 1188 2109

涩 4 - 8 1112 1126 1165 2105 2119

涩 4 - 9 1192 1169 1198 2117 2135

涩 4 - 16 1109 1143 1188 211 2144

涩 23 1156 118 2111

涩 25 0185 1117 1156 1195

涩 26 1101 1139 1127 1125 1155

涩 30 1121 1148 1191 2114 2131

涩试 2 0177 1146 1168 2101 2127

新涩试 3 0192 1123 2 1179 1198

新涩试 4 0171 1113 116 1186 2112

平均值 110856 113468 117055 11925 211382

(2) 计算结果表明 , 随着气层深度的增加 , 岩

石压实强度增大 , 出砂临界生产压差增大 , 即对于

较深的开发层系气井 , 可以适当放大生产压差进行

优化生产。根据涩北 1号气田 20口 (下转第 53页 )
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新统岩心反向实验渗透率开始时下降明显 , 后下降

趋缓 , 显示流体反向流动时有微粒运移现象 , 但很

快形成了较坚实的桥堵 , 正向流动时渗透率变化

小 , 显示无明显的微粒运移。阳新统岩心正反向岩

心渗透率差别大 , 岩心存在有较明显的不均质性。

以上分析结果与表 1中速敏实验评价结果对比

可以看出 , 二者一致性良好。

3　地质分析辅助判断

在流体作用下 , 易运移的储层微粒一般是储层

岩样中 , 被胶结的粘土矿物微粒或依附于孔隙内表

面的松散颗粒。因此用储层岩心的相关地质资料 ,

主要是岩心矿物成分、胶结状态的观察分析结果 ,

可以辅助判断 , 岩心有无易运移的地层微粒及微粒

运移发生的难易程度。

一般来讲 , 碎屑含量高 , 胶结弱的储层岩心 ,

易产生微粒运移 , 导致岩心速敏损害 ; 含泥质重的

岩心 , 由于粘土含量相对较高 , 胶结弱 , 也易产生

微粒运移现象 ; 酸不溶物含量大的岩心 , 在酸化后

返排时发生微粒运移可能影响酸化效果。

表 1中 , 川中大安寨岩心与其它储层相同渗透

率级岩心相比速敏性明显较强 , 就可能与其矿粒及

酸不溶物含量较高有关 , 其矿粒及酸不溶物含量分

别为 2155% ～36147%、 4116% ～42148% , 平均

9178%、1217%。而川东石炭系只有 0126% ～

719% , 平均 216%
〔4〕。

4　结论

(1) 速敏评价实验 , 是判断储层岩心有无微粒

运移现象的基本方法。速敏实验中 , 岩心渗透率只

要随流体流速增加发生明显变化 (降低或增加 )

均可认为 , 岩心存在不同状态的微粒运移现象 , 并

可确定由于微粒运移而导致岩心渗透率明显变化的

临界流速。

(2) 正反向流动评价实验 , 是判断岩心在一定

流速下 , 是否产生微粒运移的有效方法。根据正反

向流动实验曲线中 , 渗透率的变化 , 可以判断微粒

运移状况。交叉型曲线意味着岩心有明显的微粒运

移 ; 渗透率的波动 , 显示了岩心中细小微粒运移

时 , 喉道处堵塞与解堵频频发生的过程。

(3) 可利用储层岩矿成分分析及胶结状态下观

察的结果等地质分析资料 , 来预测或验证岩心微粒

运移现象的发生状况。
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井单井纵向临界压差预测结果的统计分析 , 涩北 1

号气田零、 I、 II、 III、 IV层系的平均临界生产压

差 分 别 为 11086MPa; 1135MPa; 1171MPa;

1193MPa和 2114MPa。

(3) 为了得到更具有普遍意义的预测结果 , 应

该进一步扩大预测井号范围 , 研究不同开发层系临

界生产压差的平面分布特征。
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D ISCUSS IO N O N O IL - GAS O R IG IN IN

D IX I REG IO N, JUNGGAR BAS IN 1)

Luo L ichong 1 , L iao J iande 2 , Cheng

Xiansheng 2 , Xiang Baoli 2 and L iu Cuim in 2
(1.

Zhun Dong Production Factory, PetroChina Xinjiang O ilfield

Company; 2. Research Institute of Exp loration and Develop2

ment, PetroChina Xinjiang O ilfield Company ). NATURAL

GAS EXPLORATION & DEVELOPMENT. v. 28, no. 2,

pp. 18～19, 6 /25 /2005

ABSTRACT: Through the evaluation on Carboniferous,

Perm ian and Jurassic source rock in D ixi region of Junggar Basin

, and the analysis on the oil & gas geochem ical characteristics ,

the oil and gas origin and their distribution in this region are

clarified so as to p rovide advantageous guidance for further ex2
p loration. By adop ting the method of oil - rock and oil - oil cor2
relation and app lying carbon isotope and biomarker combining

with data of physical p roperty etc, the oil and gas of this region

are classified and their origins are also app roached. The oil and

gas source correlation shows that the crude oil of this region may

be divided into 2 types with the first one originating from Perm i2
an Pindiquan formation source rock of north Dongdaohaizi sag

and Shinan sag, and the second one from Carboniferous source

rock of these sags. The gas in the region can be classified into 2

types : the first one is the same source as the first type crude

oil; the second one originated from Carboniferous and Jurassic

source rock of north Dongdaohaizi as well as Shinan sags and is

dom inated by the former.

KEY WO RD S: Junggar Basin, crude oil, gas, origin

GAS - W ATER D ISCERNM ENT O F FE IX2
IANGUAN FO RM AT IO N OOL IT IC BANK

GAS RESERVO IR IN NO RTHEAST S I2
CHUAN REG IO N 1)

Sun Q iaoling ( Exp loration ServicesDepartment, Pet2

roChina Southwest O il and Gasfield Company). NATURAL

GAS EXPLORATION & DEVELOPMENT. v. 28, no. 2 ,

pp. 20～26, 6 /25 /2005

ABSTRACT: The technique of COBEN p restack reservoir

inversion and gas reservoir hydrocarbon detection is based on

discrete media geophysical model p roposed by Russian scientist

В. П. Сибиряков. The greatest peculiarity of this technique is

that the p restack seism ic data is specially p rocessed under the

p rerequisite of no well constraint, from which the porosity, AVD

and DR anomaly etc. capably reflecting parameters of reservoir

physical p roperty and oil - gas - bearing nature, are inversed;

and again the reservoir physical p roperty p rediction research ef2
fectively launched by using the above parameters. This tech2
nique is utilized to conduct reservoir p rediction and gas - water

discernment for survey lines of northeast Sichuan areas as Duk2
ouhe, Q ilixia, Pusadian, W ubaochang, Yangjiap ing, Luojiaba

and Dongsheng etc. fairly corresponding to the well circum2
stances, and the regional p rediction has been confirmed in north

Q ili area. This technique is an effectual method in gas - bearing

formation p rediction.

KEY WO RD S: reservoir, parameter, inversion, detec2
tion, technique

D ISCUSS IO N O N CO2 FRACTUR ING

ST IM ULAT IO N O F ZHO NGY UAN O IL

F IELD 2)

ZengYuchen (Down - hole Service Department of Si2

nopec Zhongyuan Petroleum Exp loration Bureau). NATURAL

GAS EXPLORATION & DEVELOPMENT. v. 28, no. 2,

pp. 27～31, 6 /25 /2005

ABSTRACT: Hydraulic fracturing is the major measure of

exp loration and p roduction for low permeable reservoirs, which

is decided by the geological characteristics of Zhongyuan oil

field. The p roduction increasing is not ideal for the low - p res2
sure and water - sensitive reservoirs and the deep condensate gas

reservoirs to use the conventional fracturing techniques and the

water - base fracturing fluid for stimulation. To solve the p rob2
lem s, new ways are exp lored. Zhongyuan oil field imports the

CO2 tank truck and CO2 boosting pump s made by American SS

Com. . Cooperating with Schlumberger, it is comp leted to equip

the surface workflow of CO2 fracturing and modify the fracturing

trucks of CO2 injected by pump s. Under the guide of Schlum2
berger technicians, the jobs of CO2 fracturing are conducted for

5 wells. On basis of the jobs, we sum the experiences and les2
sons of the p revious jobs, comp lete the design and operation of

CO2 foam fracturing for 5 wells independently and achieve p re2
lim inary success.

KEY WO RD S: fracturing, low - permeable reservoir,

foam, CO2

SEBE I GAS F IELD SAND ING PRED IC2
T IO N BY CR IT ICAL PROD UC ING PRES2
SURE D RO P 1)
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Rao Peng 1 , Tang Gang 2 , Dong Changyin
3 , She Chaoyi 4 and Pu Yongsong 5

( 1. D rilling and

Production Institute, Q inghai O ilfield Company; 2. Research In2
stitute of Exp loration and Development, PetroChina Southwest

O il and Gasfield Company; 3. Petroleum Engineoring Institute,

Petroleum University( East China) ; 4. Gas Production Institute,

PetroChina Southwest O il and Gasfield Company; 5. D rilling and

Production Institute, CNPC Sichuan Petroleum ). NATURAL

GAS EXPLORATION & DEVELOPMENT. v. 28, no.

2, pp. 32～34, 6 /25 /2005

ABSTRACT: Q inghai Sebei gas field is severely sanded.

Because of hard drill - coring, it is difficult to obtain sufficient

rock - mechanical parameters by this experiment conducting sys2
tematical and overall p rediction. Through such data as sonic

wave, density, and natural gamma etc obtained by well logging,

the emp irical method of finding such rock - mechanical parame2
ters as Poisson ratio, elastic modulus, cohesion strength, inter2
nal - friction angle etc. has been studied, and the sanding and

sand - controlling p rediction model of no. 1 Sebei gas field wells

established. Based on the p rediction result statistics of sanding

index and critical p roducing p ressure drop of the develop ing res2
ervoir in no. 1 Sebei gas field 20 wells, the p rediction result is

basically coincident with that of on - site observation, thus an

app licable method of theoretical research on sanding p rediction,

reasonable selecting the p roducing p ressure drop, and op tim izing

the allocation is p roposed for Sebei gas field.

KEY WO RD S: Sebei gas field, critical p ressure, san2
ding, p rediction

PARAM ETER D ES IGN O F‘GAS RECO V2
ERY BY L IQU ID D RA INAGE ’TECH2
N IQUE W ITH GAS L IFT BY GAS - L IFT

VAL VE FO R GAS W ELL S 2)

W ang Hai 1 , Bao Zhiqiang 1 , Luan Yan2
chun 1 , Geng Xinzhong 1 and Yang Peng 2

( 1.

Gas Producing/Selling Factory of Sinopec Zhongyuan O il/gas

New H i - Tech. L td; 2. W ell Logging Company of Sinopec

Zhongyuan Petroleum Exp loration Bureau). NATURAL GAS

EXPLORATION & DEVELOPMENT. v. 28, no. 2 , pp.

35～38, 6 /25 /2005

ABSTRACT: The liquid drainage by induced flow of gas

wells with gas lift by gas - lift valve is different from the oil re2
covery of oil wells with gas lift by gas - lift valve because they

have different flow states in the bore - holes. It is difficult for in2
duced flow of gas wells to achieve success if simp ly following the

design mode of oil recovery of oil wells with gas lift by gas - lift

valve. Based on the working p rincip le of gas - lift valve, the

characteristics and the affecting factors of‘gas recovery by liq2
uid drainage’technique with gas lift are described. The parame2
ters of‘gas recovery by liquid drainage’technique with induced

flow by gas - lift valve are designed. And the corresponding p ro2
gram is made. Good results of app lication have been achieved.

KEY WO RD S: gas - lift valve, gas recovery by liquid

drainage, technique parameter

MO VABL E W ATER EXPER IM ENTS O F

Q IAO - BA I GAS RESERVO IRS 2)

Huang W eigang 1 , Guo Ping 1 , J iang Yi2
wei 2 and B i J ianxia 2

( 1. State Key Lab. of Reservoir

Geology and Exp loitation of Southwest Petroleum Institute; 2.

Sinopec Zhongyuan O ilfield Company). NATURAL GAS EX2
PLORATION & DEVELOPMENT. v. 28, no. 2 , pp. 39

～42, 6 /25 /2005

ABSTRACT: Tight gas reservoirs usually have high con2
tent of irreducible water, but some gas wells also p roduce water.

It is difficult to exp lain the phenomena. The centrifugal cap illary

p ressure method, the performance method of gas - drive water,

and the nuclear magnetic resonance method are used to deter2
m ine the irreducible water saturation of the gas reservoir. The

well logging method is used to determ ine the original water satu2
ration. Then, the movable water saturation can be determ ined.

According to the percolation experiments with the typ ical cores

acquired from Q iaokou and Baim iao tight gas reservoirs of

Zhongyuan O ilfield, the water saturation of the cores decreases

and the effective permeability of gas phase increases gradually as

the gas flow rate increases. Therefore, the water saturation is not

a constant for a gas reservoir that has big original water satura2
tion, which exp lains the reason why the gas wells in the tight gas

reservoirs p roduce water.

KEY WO RD S: irreducible water, low permeable gas res2
ervoir, cap illary p ressure, fluid, nuclear magnetic resonance

O PT IM IZAT IO N M ETHOD O F FOAM ING

AGENT AND ITS INJECT ING CO NCEN2
TRAT IO N BASED O N M IN IM UM FLOW
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