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摘要　提出了以防砂产能比作为防砂措施对气井产能造成影响的评价指标。高压砾石充填防砂后在井筒附

近形成管外砾石层、孔眼砾石层、筛套环空砾石层等附加阻力区域。考虑气体紊流特征 ,计算上述附加区域中的单

向流和径向流压降方程 ,推导出各种情况下防砂后产能比的计算方法 ;结合防砂前气井流入动态 ,根据防砂产能比

可预测防砂后气井流入动态。形成一套简单实用的高压砾石充填防砂气井产能评价与预测方法。该方法计算简

单 ,需要的基础数据少且易于提供 ,计算结果可靠。
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　　高压砾石充填是目前最有效也是最常用的气井

防砂方法。砾石充填气井的产能预测与评价是进行

防砂工艺参数设计以及经济效果评价的基础。目前

关于防砂气井产能预测的研究主要集中在根据渗流

理论直接使用地层参数计算砾石层压降和产量等方

面 ,这种预测方法比较复杂且要求地层渗透率、孔隙

度等基础参数准确。但对于疏松砂岩地层 ,由于长

期开采、出砂严重等原因 ,井筒附近地层参数较开发

初期可能已经发生了较大的变化 ,提供这些参数的

准确值存在很大困难。因此 ,目前尚没有简单实用、

结果可靠的防砂气井产能评价与预测方法。

针对高压充填防砂气井 ,研究防砂措施造成的

附加阻力区域及其流动压降 ,推导防砂产能比的计

算方法 ,根据防砂前气井生产资料预测防砂后的流

入动态 ,形成一套简单可靠的高压砾石充填气井产

能评价与预测方法。

1　砾石充填附加阻力区域及其压降计算

如图 1所示 ,气井进行高压砾石充填后造成的

附加流动区域由外到内分别为管外砾石充填层、射

孔孔眼砾石层和管内环空砾石层。管外砾石层和管

内环空砾石层中的流动均为径向流 ,射孔炮眼砾石

层中的流动为单向流。

图 1　高压砾石充填气井流动区域示意图

设厚度为 h的圆柱形油藏 ,内外边界的半径分

别为 ri、ro ,内外边界压力分别为 pi、po。根据考虑非

达西流的 Forchherier方程得到径向流压力分布方

程 [ 1 ]
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充填有砾石的射孔孔眼中为单向流 ,同样根据

Forchherier方程可得到单向气流的压力方程 [ 2 ]
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利用方程 (1)和方程 (2) ,给定流量和一个边界

的压力 ,可计算另一个边界的压力和压力差。

2　高压砾石充填防砂产能比计算

防砂产能比表示气井防砂后的产能与不防砂情

况下产能的比值 [ 3 ] ,表示防砂措施对气井产量的影

响 ;产能比大于 1表示防砂后气井增产 ,小于 1则表

示减产。已知产能比后可以根据防砂前流入动态计

算得到防砂后的流入动态曲线。

2. 1　未防砂情况下的产量计算

设油藏压力为 pr、井筒流压为 pwf。未防砂情况

下的地层流动分为 2部分。

(1)地层边界 re到污染半径 rd处的径向流 ,根

据方程 (1) ,有
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(2) 污染半径 rd到井筒半径 rw之间的径向流 ,

根据方程 (1) ,有
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将方程 (3)与方程 (4)的压降方程相加得到
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解方程得到压差 ( pr - pwf )下的产气量为
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2. 2　砾石充填防砂情况下的气井产量计算

假设污染半径 rd大于管外充填半径 rg ,如图 1

所示。则整个流动分为 5个区域。

(1)地层边界 re到污染半径 rd处的径向流 ,与

方程 (3)相同

A11 =A01 , B 11 =B 01
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(2)污染半径 rd到管外充填半径 rg的径向流 ,

根据方程 (1) ,有
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(3)管外充填半径 rg到井筒半径 rw的径向流 ,

根据方程 (1) ,有
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(4)井筒半径 rw到套管内径 rci的射孔炮眼中的

线性流 ,根据方程 (2) ,有
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(5)套管与筛管环空中的径向流 ,根据方程

(1) ,有
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将方程 (7)～ (11)的压降方程相加得到砾石充

填气井的产能方程

A1 =A11 +A12 +A13 +A14 +A15

B 1 =B 11 +B 12 +B 13 +B 14 +B 15
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2 - pwf
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求解方程 (12)得到防砂后压差 ( pr - pwf )下的

产气量为

q1 =
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2
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如果管外充填半径 rg大于污染半径 rd ,整个流

动分为 4个区域。地层边界 re到管外充填半径 rg

的流动为径向流动 ,根据方程 (1) ,有
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该情况下方程 (12)、(13)中系数 A1、A2分别为

A1 =A11 +A13 +A14 +A15

B 1 =B 11 +B 13 +B 14 +B 15 (15)

2. 3　砾石充填防砂产能比

根据产能比的概念 [ 3 ]
,给定地层压力 pr、井底

流压 pwf下高压砾石充填气井的防砂产能比为

R ( pwf ) =
q1 ( pwf )

q0 ( pwf )
(16)

3　砾石充填气井的流入动态预测

对于常规气藏 ,描述气井流入动态关系的二项

式方程为 [ 1 ]
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方程 (17)线性化后得到
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使用气井防砂前正常生产时的一组井底流压

pwf与产量 qsc数据 ,对方程 (18)使用最小二乘法进行

线性回归可得到系数 A和 B ,之后便可绘制防砂前

气井的流入动态曲线。

根据砾石充填施工参数确定管外充填半径和充

填砾石层的渗透率 ,使用方程 ( 16)可计算防砂产能

比 R。则相同的井底流压下 ,防砂后的气井产量为

q’= qR (19)

计算得到各井底流压下防砂后气井产量后 ,便

可绘制防砂后气井的流入动态曲线。

根据上述分析 ,砾石充填气井产能预测的核心

是评价防砂措施对气井产能造成的影响 ,归结为防

砂产能比的计算。这样 ,只要知道气井防砂前的生

产情况 ,便可准确预测防砂后的生产动态。高压充

填气井产能评价的基本思路和程序如图 2所示。

图 2　砾石充填防砂气井产能预测程序

需要注意的是 ,文中方法虽然在计算防砂产能

比时也使用到地层渗透率参数 ,但结果对其依赖性

并不大 ,计算防砂前的产量和防砂后的产量中都使

用了该参数 ,使用方程 (16)计算产能比时对地层渗

透率具有一定的约去效应。另外 ,方程 ( 16)的计算

结果反映砾石充填防砂措施对气井产能的影响 ,而

真正防砂后流入动态预测是以防砂前的实际生产数

据作为依据的 ,所以文中的方法具有更高的可靠性。

4　实例分析

青海涩北气田涩 4 - 9为一口出砂气井 ,井深

1508 m ,套管外径 177. 8 mm,射孔直径约 12 mm ,孔

密 30孔 /m。生产层总厚度约 9. 2 m ,地层静压平均

13. 35 MPa。该井于 2003年 9月进行高压砾石充填

防砂施工 ,砾石尺寸范围 0. 4～0. 8 mm ,砾石总用量

16. 0 m
3

,施工井段 37. 5 m,根据井身结构估计管外

充填半径 1. 25 m,预测管外砾石层经充填压实并与

部分地层粉细砂混合后的渗透率 1. 67μm2。该井

防砂前 8月份的试气数据如表 1。

表 1　涩 4 - 9井防砂前试气数据

日期
气嘴直径

/mm

流压

/MPa

静压

/MPa

生产压差

/MPa

产量

/m3·d - 1

产气指数

/104m3· ( d·MPa) - 1

12日 4. 0 12. 98 13. 38 0. 403 5 21 744 5. 388 8

13日 5. 0 12. 82 13. 36 0. 532 0 41 472 7. 795 5

14日 5. 5 12. 73 13. 33 0. 604 0 48 480 8. 026 5

15日 6. 0 12. 64 13. 31 0. 665 0 52 728 7. 929 0

16 - 19日 6. 5 12. 31 13. 37 1. 060 0 63 911 6. 029 3

　　使用文中产能预测方法对高压充填防砂后的产

能进行了预测 ,气井的防砂产能比随井底流压发生

变化 ,平均值为 0. 59,平均产气指数 4. 14 ×104 m3 /

( d·MPa)。利用表 1的数据回归得到防砂前流入

动态曲线 ,根据防砂产能比可计算得到该井防砂后

的流入动态曲线 ,如图 3所示。为了验证计算结果 ,

收集了该井防砂后 2003年 10月到 2004年 5月的

每月平均生产数据 ,实际平均产气指数 3. 68 ×
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104 m3 / ( d·MPa) ,实际防砂产能比为 0. 52,预测值

的相对误差 11. 8%。使用防砂后的实际生产数据

回归得到了防砂后的实际 IPR曲线。

图 3　防砂后 IPR预测与实际结果的对比

预测得到的防砂后 IPR曲线与实际 IPR曲线在

高井底流压下吻合得较好 ,在低井底流压下误差较

大 ,最大误差为 11. 76% ,平均误差约 5. 5%。高流

压下吻合较好的部分原因是回归防砂后实际 IPR曲

线时使用的生产数据均为高井底流压下的数据。气

井实际均在较高的流压下生产 ,因此低流压时的较

大误差并不影响该方法的应用。

该井防砂后产能比偏低 ,原因主要是涩北气田

为极疏松砂岩 ,地层出砂为粉细砂 ,粒度中值 0. 02

～0. 03 mm,高压充填防砂使用的砾石尺寸为 0. 4～

0. 8 mm。砾石尺寸偏大 ,地层粉细砂极易侵入砾石

层 ,造成砾石层的渗透率急剧降低 ,对防砂后产能造

成较大的影响。不过由于采取了防砂措施 ,该井能

以更大的生产压差生产 ,所以产量降幅并不大。

5　结论

(1)高压砾石充填防砂措施对气井产能的影响

主要体现在其井底附近产生的附加阻力区域 ,包括

管内环空砾石层、炮眼砾石层和管外砾石充填层 ;管

内及炮眼充填对产能不利 ,而管外充填砾石则对产

能有利。防砂措施对产能的影响取决于这 2个方面

的相对作用大小。

(2)提出了以防砂产能比作为防砂措施对气井

产能造成影响的评价指标。考虑气体紊流特征 ,计

算各区域中的压降 ,推导出各种情况下防砂后产能

比的计算方法 ;结合防砂前气井流入动态曲线和防

砂产能比可计算防砂后的流入动态曲线 ,形成了一

套简单实用的高压砾石充填防砂气井产能评价与预

测方法。该方法计算简单 ,需要的基础数据少 ,便于

现场应用。计算结果与实际值平均误差 5. 5% ,方

法和结果基本可靠。

符　号　说　明

h 地层厚度 , m;

Hp 射孔段厚度 , m;

k、kf、kd、kg 渗流介质、地层、污染带、砾石层渗

透率 , m2 ;

L 射孔孔眼长度 , m;

po、pi 圆柱形地层和射孔孔眼的外边界与内边

界压力 , Pa;

pd 污染半径处压力 , Pa;

pwf、pr 井底流压、地层压力 , Pa;

pg、pw、pci 分别为管外充填半径处、射孔孔眼外

端和射孔孔眼内端的压力 , Pa;

q0 不防砂情况下的气井产量 , m
3

/ s;

q0 ( pwf )、q1 ( pwf ) 井底流压为 pwf时不防砂和防砂

情况下的气井产量 , m
3

/ s;

q1 气井砾石充填防砂后的产量 , m
3

/ s;

R 防砂产能比 ,无量纲 ;

R ( pwf ) 井底流压为 pwf条件下的防砂产能比 ;

ro、ri 圆柱形油藏的外、内边界半径 , m;

re、rd 气藏半径、污染半径 , m;

rw、rp 井眼、射孔孔眼半径 , m;

rg、rci、rso 管外充填半径、套管内半径、筛管外半

径 , m;

SD 射孔密度 ,孔 /m;

T 温度 , K;

Z 天然气压缩因子 ,无量纲 ;

μg 天然气地下黏度 , Pa·s;

βg 紊流速度系数 , m
- 1

;

βgg 砾石充填层中的气体紊流速度系数 , m
- 1

;

γg 天然气相对密度 ,无量纲。

下标 sc表示标准状况。
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Abstract　To solve the difference of polymer flooding in interlam i2
nation or in - layer, studied the technology of downhole separate injec2
tion of polymer solution, developed injection tool of low shearing, et al,
and necessary running and pulling test instrument, realized downhole
separate layer injection of polymer solution with single - string. Injecting
polymer in 3 layers at the same time, and the drawdown reach 3. 6 MPa
at the flow rate of 180 m3 / d, the rate of shear degradation less than
6% , layered sealing p ressure reached to 25 MPa, running and pulling
loading smaller than 4 kN. App lications achieved effectively, and con2
trol the polymer solution flowing along high permeability reservoir in high
speed, imp rove the development effect of polymer flooding.
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STUDY O F V ISCO S ITY STAB IL IZER FO R POLYM ER FLOOD 2
ING

W u M ingm ing, Zhao Xiutai, Q iu Guangm in ( China University of
Petroleum, DongYing 257061, Shandong) , Zhang Guorong, L iu Gaoyou

Abstract　The viscosity loss of polymer solution will affect the
effect of the polymer flooding severely. bases on the characteristics and
factors of polymer flooding, two kinds of stabilizers were designed, And
evaluated its p roperties on imp roving and stabilizing of viscosity in labo2
ratory, shows that the stabilizers not only imp roved the viscosity of the
polymer solution but also stabilized the viscosity. W hen the concentra2
tion of stabilizers is between 800 and 1200 mg/L, the viscosity of poly2
mer solution may be increased by two to five times and this can keep s
stable more than 60 days. The rate of the viscosity loss of polymer solu2
tion is less than 15%. The stabilizers may be used in polymer flooding
and dep th p rofile control because they can compatibility well with the
HPAM solution confected by tap water and brine.
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D ETERM INAT IO N O F PARAFF IN D EPO S IT IO N AND RA2
T IO NAL THERM AL - W ASH C IRCL E IN PROD UCER D UR ING
POLYM ER FLOOD ING

Zhang J iam in (No. 3 O il Production Plant, Daqing O ilfield, Daqing
163000, Heilongjiang) , Han Dong, Zheng Junde

Abstract　For the serious p roblem of paraffin deposition during
polymer flooding in Daqing O ilfield, analyzed the composition of p ro2
duced crude oil and paraffin, and tested gas chromatogram of satisfied
hydrocarbon, compared the results to water flooding, the content of satu2
rated hydrocarbon in oil samp le is lower, while the content of aromatic
hydrocarbon and asphaltum is higher, but the difference is small; the
content of saturated hydrocarbon and aromatic hydrocarbon in paraffin
samp le is apparently lower, while the content of asphaltum is much high2
er. Simulation experiment of dynam ic p ipe - flow shows that polyarylam2
ide ( PAM) has effect on inhibiting paraffin crystal form ing and deposi2
tion. Analysis results of numerical simulation show that paraffin deposit
rate is higher in p roducer during polymer flooding, generally, the paraf2
fin deposit point is at about 400～600 m, and Rational thermal - wash
circle should be less than 30 days.
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Abstract　To investigate physical chem ical condition, composition
of m icrobial population, rates of sulfate reduction and methanogenesis in
formation water of the block 1 of Kongdian O ilfield to study potential of
m icrobial enhanced oil recovery. The amount of thermophilic aerobic sa2
p rotrophs, hydrocarbon - oxidizing bacteria , anaerobic fermentative bac2
teria, sulfate - reducing and methanogenic bacteria in injection and for2
mation water were determ ined by most - p robable - number (MPN )
method. the sulfate reduction and the rate of methanogenesis p rocesses
were analyzed by radioisotop ic method. The results show vary m icroflora
inhabited in the block 1 of Kongdian O ilfield. The numbers of thermoph2
ilic aerobic sap rotrophs and hydrocarbon - oxidizing bacteria in the injec2
tion water reached to 105 cells/mL and 103 cells/mL respectively. The

population density of anaerobic fermentative bacteria in the injection wa2
ter reached to 107 cells/mL, and sulfate - reducing bacteria reached to
102 cells/mL Methanogenic bacteria were range from 1 to 10 cell /mL.
Five kinds of bacteria above were also p resented in p roduction wells. So
it is possible to enhance oil recovery by activating indigenous m icrobial
of hydrocarbon oxidizing, fermentative bacteria and methanogenic bacte2
ria in this area.

Key words　Dagang O ilfield　 indigenous m icroorganism　oil re2
covery

STUDY O F RECO VERY RATE O F HO R IZO NTAL W ELL S IN
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TER RESERVO IR
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Abstract　 In order to reasonably develop the unusual low - perme2
ability and high p ressure dual - porosity reservoir of Pre - salt carbon2
atite in Kenkiyak oil field, In this paper takes into account the factors
such as p ressure sensitization and bottom aquifer drive and studies the
p roduction characteristics of horizontal well and reasonable oil recovery
rates by the numerical simulation of single well with dual - porosity mod2
el. The results show that the effective factors include the formation p res2
sure, the energy of basal water, the p ressure sensitivity and etc. In the
natural dep letion development, small bottom aquifer can imp rove recov2
ery, and more sensitivity the stress of the reservoir is and less the degree
of reserve recovery will be, and there is a maximum degree of reserve re2
covery in various p roducing rates. Therefore, account for recovery ratio,
formation p ressure and water cut, the p roper oil recovery rate of Pre -
salt carbonate reservoir of Kenkiyak field is 2% - 3%.
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　oil p roduction rate　basal water

PRED ICT REM A IN ING L IFET IM E O F PUM P ROD BY UL TRA2
SO N IC S IGNAL
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fang

Abstract　No research theory of remaining lifetime of pump rod
can be used to in - situ, and can not diagnose it remaining lifetime by
engineering exam ine at p resent. From endurance testing of pump rod,
fined change rules of leading edge of cracking, obtained relationship be2
tween dep th and area of crack and relationship of crack area and remai2
ning life, use Paris formula, established relation of ultrasonic inspection
and crack dep th, and relation of crack detection signal and crack sp read
law, p roposed p redictmethod of remaining lifetime of pump rod by ultra2
sonic inspection. Compared results of remaining lifetime by simulated
test and theory p redict, indicate it was coincide more than 84%.
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INTEGRATED PROD UCT IV ITY MOD EL FO R GAS W ELL
W ITH H IGH - PRESSURE GRAVEL - PACK SAND CO NTROL

Dong Changyin ( College of Petroleum Engineering, University of
Petroleum, Dongying 257061, Shandong) , Rao Peng, Feng Shengli,
Zhang Q i

Abstract　Productivity Ratio ( PR) is firstly put forward to evaluate
the effect of gravel - packing sand control measure on gaswell p roductiv2
ity. After high - p ressure gravel packing, there will form an additional
flow resistance areas composed of gravel inside casing, perforation filled
with gravel and the packed area outside the wellbore. Considering the
non - Darcy flow, the p ressure drop of radial and linear flow across the
areas are calculated and the calculation method of PR is established.
Combined with performance relationship ( IPR) before sand control, the
IPR curve after sand controlling could be obtained by PR. The app lica2
tion results indicate that this simp lified model needs only fewer data but
its results are very reliable.

Key words　gas well　 sand control　high - p ressure　gravel -
pack　p roductivity p rediction　 IPR
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