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摘要: 水平井水平段的流动为变径入流量的变质量流动, 根据动量守恒方程建立了水平段流动的压力

梯度基本方程; 通过不同位置的采液指数变化, 表征水平井筒中的流动与油藏渗流的耦合, 考虑孔眼

入流情况下的管壁摩阻系数, 建立了一套系统的水平井水平段压降计算模型及方法。水平段压力损失

由摩阻压力损失、加速压力损失、混合压力损失以及势能压力损失等四部分组成。对肇州油田州 62-

平 61井水平段压降进行了计算, 并在相同生产条件下进行了测试, 计算值与实测值误差 6%。计算

表明, 肇州油田 9口水平井的水平段总压降大约在 01048~ 0126 MPa。
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  大庆外围肇州油田为低渗透油层, 主要采用水平

井开发。为了解水平段压降对生产动态的影响, 需要

对水平段压降进行计算。水平井筒中的流动是一种变

质量流动, 其流动压降的计算与常规管道流动有很大

的区别。笔者将从变质量条件下的质量和动量守恒方

程出发, 建立水平井段的变质量流动基本模型; 研究

水平井筒流动与油藏渗流的耦合, 建立水平段压降梯

度计算模型。

1 水平井段流动特征

水平井水平段井筒内的流动具有如下特征: ①存

在主流与径向入流两种流动。主流即水平井筒内从指

端到根端的轴向流动, 流量逐渐增大; 径向入流即在

生产压差驱动下油藏流体通过射孔孔眼向水平井筒的

入流; ②水平井筒内的流动存在压力损失, 导致沿井

筒的压力分布不均。压力损失除了摩擦损失外, 还包

括加速损失、流体混合损失以及势能损失; ③水平井

筒内的流动与油藏渗流存在流动耦合。正是由于水平

井筒的压力分布不均, 导致在各点上油藏压力与井筒

压力之差即生产压差分布不均, 因此沿井筒方向各位

置的径向入流量也是变化的。

2 水平井筒流动压降计算

211 流动基本方程
图 1为水平井段流动微元段示意图, 流体受表面

力和质量力的作用。质量力在 x 方向上的合力为

Qg sinHdx; 表面力包括: 微元段上游端压力 p ( x ),

下游端压力 p ( x+ dx ), 套管表面摩擦剪切阻力 Sc。

由于径向流入, 微元体上、下游的流量发生变

化使动量也发生变化; 径向入流和主流流体的混合作

用伴随着能量的损失。微元段流体的动量守恒方程为

Ap ( x ) - Ap ( x + dx ) = PD cSc dx +

AQg sinHdx + d(m v) + dpm ( 1)

式中  p ( x ) 为 x位置水平井段流动压力, Pa; D c

为套管内径或裸眼井壁直径, m; Sc为流体与套管内

壁摩擦剪切应力, Pa; H为水平井筒的倾角, 弧度;

A为水平井段流通截面积, m
2
; dpm为微元段由于流

体混合造成的压力损失, Pa。

d (mv ) 为由于流体流量发生变化而引起的动量

变化项
[ 1]

d(m v) = d( QAM
2
) = 2QAMdM ( 2)

将方程 ( 2) 代入方程 ( 1) 得到

-
dp

dx
=
PD cSc

A
+ Qg sinH+ 2QM

dM
dx

+
dpm

dx
( 3)
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水平井段中流体流量的变化可用下式表示

d

dx
Q (x ) = q( x ) ( 4)

则有

QM
dM
dx

= Q
Q ( x )

A

dQ (x )

A dx
=
Q
A

2Q ( x ) # q ( x ) ( 5)

当微元段长度 dx趋近于零时, 单元体内流体与

井筒管壁的平均摩擦剪切应力为

Sc =
1

2
Qf c

Q
2
( x )

A
2 ( 6)

式中  f c为流体与井筒管壁的摩擦系数; v为流体流

速, m /s; Q (x ) 为 x位置的流量, m
3

/ s; Q为流体

密度, kg /m
3
。

将方程 ( 5)、 ( 6) 代入方程 ( 3) 得到

-
dp

dx
= f x #

PD cQ

2A
3 # Q

2
( x ) +

Qg sinH+
2Q
A

2Q ( x ) # q ( x ) +
dpm

dx
( 7)

  方程 ( 7) 即水平井段流动的压力梯度方程。压

力梯度主要由摩阻压降、势能压降、加速度压降与流

体混合压降四部分组成。

212 井筒流动与油藏渗流的耦合

水平段内各点的压力不均匀, 会造成各位置井筒

压力与油藏压力的差值即生产压差不同, 用 J s ( x )

表示沿井筒方向变化的单位井段长度采油指数, 则 x

位置单位长度上的入流量和压力为

q ( x ) =
dQ (x )

dx
= J s ( x ) # [p r - p ( x ) ] ,

p ( x ) = p r -
q ( x )
J s ( x )

( 8)

则有

dp ( x )

dx
= -

d

dx
q( x )

J s ( x )
=

-
1

J s ( x )

dq ( x )

dx
-

q (x )

J
2
s (x )

dJs ( x )

dx
( 9)

将 A = Pr
2
c以及方程 ( 4)、 ( 8 ) 代入方程 ( 7 ),

得到

1
Js ( x )

# d
2
Q ( x )

dx
2 -

dQ ( x )
dx

# 1

J
2
s (x )

#
dJ s ( x )

dx
=

f c # Q
P

2
r
5
c

# Q
2
( x ) + Qg sinH+

Q
P

2
r
4
c

# d
2
Q ( x )

dx
2 +

dpm

dx
( 10)

将单位长度上的采油指数视为常数, 则有

d
2
Q (x )

dx
2 =

J s (x )Q

P
2
r
5
c

# f cQ
2
( x ) + J s ( x ) Qg sinH+

J s ( x ) Q

P
2
r
4

c

# d
2
Q (x )

dx
2 + J s ( x )

dpm

dx
( 11)

方程 ( 11) 即考虑油藏渗流与水平段流动耦合

后的水平段压力计算模型。

213 混合压降与管壁摩阻系数计算

( 1) 伴有孔眼入流的管壁摩阻系数

用管壁粗糙度表示由于射孔孔眼存在造成的附加

管壁粗糙度, 用孔眼摩阻系数表示孔眼当量粗糙度造

成的附加摩阻, 其计算公式如下
[ 2, 3]

8
fMR

= 215 ln NR e

2

fMR

8
+ A - 3175 -

$u
u

* ( 12)

常数 A根据常规摩阻系数 f计算

A =
8
f

- 215 ln
NR e

2
f
8

+ 3175 ( 13)

液相与管壁总的摩擦系数为

fT = f + fMR ( 14)

式中  fMR为射孔孔眼粗糙度产生的管壁摩擦系数; A

为常数; f为常规管壁摩阻系数; fT 为射孔套管总摩

阻系数。

( 2) 入流与主流混合压降梯度

周生田等通过室内实验研究了孔眼入流与主流混

合造成的压力损失
[ 4]
。根据不同的孔眼流速与主流

流速比, 对混合压力损失随孔眼流速与主流流速比的

关系进行多项式回归。得到如下相关式
[ 4 ]

$pm = - 1953148 + 1838147v - 432155v
2
+

487108
u

v
- 3712858 u

v

2

( 15)

式中  $pm 为单孔眼段混合压力损失, Pa; v为管段

入口主流流速, m /s; u为孔眼入流流速, m /s。方程

( 15) 中的 $pm 为单孔眼管段的混合压力损失, 因此

实际混合压力损失梯度为

dpm

dx
=
$pm

$Lp

( 16)

式中  $Lp为射孔套管的孔沿轴向间距, m。

3 压降测试结果及与计算结果的对比

311 水平段压降测试

肇州油田州 62-平 61井水平段垂深 1 397 m, 水

平段长 59412 m, 射孔密度 12孔 /m。为了真实掌握

水平段流动压降并于计算结果进行对比, 于 2003年

9月对该井水平段压降进行了实际测试。测试时产量

219 t /d, 含水 715%。压力计放置如图 2所示。

放置好测压管柱后, 开井正常生产, 压力计记录

各点的压力随生产时间的变化。测试结果组合曲线如

图 3所示, 选取 a、 b、 c、 d四个时间点的压力进行

比较, 如表 1所示。

经过分析, 特征点 c表示正常生产阶段, 能较真
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实地反映测试井段 L1、L2、L3的压力。压力计 L1与

L3之间的差值为整个水平段的总压降。实际测量得

到的产量 219 t/d的情况下, 州 62-平 61井的水平段

总压降为 0109 M Pa左右。
表 1 州 62-平 61井水平段压降测试结果

时间 点 L1 L2 L3

L2 - L1

压力差

L3 - L2

压力差

L3 - L1

压力差

a点压力 /MPa 5103 5109 5112 0106 0103 0109

b点压力 /M Pa 0142 0147 0152 0105 0105 0110

c点压力 /MPa 0137 0143 0146 0106 0103 0109

d点压力 /M Pa 4189 5123 5127 0134 0107 0141

312 水平段压降的计算结果

图 4为该水平井在产量 219 t /d生产条件下水平

段的压力分布计算结果, 水平段根端压力 01368 9

M Pa, 指端压力 01453 2 M Pa, 整个水平段总压降

01084 3 MPa, 与实测值 0109 M Pa的相对误差为

613%。各测试点的压力与计算值也基本符合。

对州 62-平 61井的水平段总压降进行了产量敏感

性分析, 如图 5所示。当产量在 1137~ 10161 t /d之

间变化时, 水平段总压降从 01083 7 M Pa变化到

01091 6M Pa。

使用上述方法对肇州油田的其它 8口水平井的水

平段压降进行了计算, 大约在 01048 ~ 0126 M Pa之

间。由于肇州油田葡萄花油层为低渗透薄油层, 水平

井产量较低, 因此 9口水平井的水平段压降均较低。

4 结  论

( 1) 水平井水平段的流动为变径入流量的变质

量流动, 其流动总压力损失由摩阻压力损失、加速度

压力损失、流体混合压力损失和势能压力损失组成;

考虑射孔孔眼入流情况下的摩阻系数以及井筒流动与

油藏渗流的耦合特征, 建立了一套系统的水平井水平

段压降计算模型及方法。

( 2) 对肇州油田州 62-平 61井的水平段压降进

行了实际测量, 并对同条件下的压降进行了计算, 计

算值与实测值吻合较好, 相对误差为 6% , 这表明本

文的水平井段压降计算方法是可靠的; 另外, 肇州油

田其它 8口水平井的水平段总压降在各自生产条件下

大约在 01048~ 0126 MPa之间。
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ance on flu ids product ion and variat ion o f wa ter cut after
the change o f wo rk ing param eters can be obtained. This

w ill be usefu l fo r the optim izat ion o f work ing system of

producers at the late period of high w ater cut stage.
Key words: mu lt ilayer pay zone; inflow perform ance;

opt im izat ion; work ing param eters
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Establishm ent ofM easure-Benefit EvaluationM ethod
ofP roducers and Its Application

X IE Yan-yan ( Exploration and Developm ent E co-

nom ic Evaluat ion Center, L iaoheO ilfield Com pany, Pan-
jin 124010, China)

Abstract: In them iddle and later period o f o ilfie ld deve-l

opm en,t decrease o f product ion and enlargem ent of inves-t
m ent in m easures m ake it m ore d ifficu lt to contro l the

cost. In order to raise the repay of investm ent in m easures

and increase the econom ic benef it of the enterprise, L iao-
he o ilf ie ld improved the eva luation system s and som e

m ethods o f st imu lation evaluation in 2004, wh ich had
m ade them m ore accordantw ith the re lated industry stand-

ards. They had ach ieved the ir aim s of strengthening the

argum ent o f investm ent in m easures and increasing the
level o f decision-m aking by the app lication of o il w ell

m easures eva luation system and by forecast ing and est im a-

t ing the benef its from them easures.
Key words: m easures o f producers; evaluat ion system;

inpu-t output ratio; econom ic lim it

Artic le ID: 1000-3754 ( 2005) 04-0035-02

Analysis of Influential Factors for Producing Low
Permeability O ilLayers in Lasax ing O ilfield

TANG Q ing-jin, et al. ( Exp loration and Deve lop-

m ent Research Institute o fDaq ing O ilfield Com pany Ltd. ,
Daqing 163712, Ch ina)

Abstract: Based on layered d issection of low perm eability

o il layers from 32 pressure coring inspection w ells and
succedent analysis, it is believed that under current w ell

pattern the flushed produc ing perform ance of low perm ea-
b ility o il layers is poor. The e ffect of som e factors, such

as physica l propert ies of o il layers, th ickness, indiv idual

layer coefficien,t o i-l bearing features, connect iv ity types,
w e ll sites, producer- injector d istance, etc. , on flushed

producing perform ance o f low perm eab ility oil layers are

analyzed. It w ill be usefu l for latter deve lopm ent of low
perm eab ility o il layers.

Key words: low perm eab ility o il layers; pressure coring;

producing perform ance; influent ia l factors

Artic le ID: 1000-3754 ( 2005) 04-0037-03
Rema ining O il D istr ibution and Techniques for Fur-

ther Developm ent A fter Polymer F looding

SUN J ian-y ing, et al. (N o11 O il Production Compa-
ny o f Daqing O ilfie ld C ompany Ltd. , Daqing 163001,

China)

Abstract: A fter polym er f lood ing, producing perform ance
of o il layers is great ly im proved, but there st ill ex ist som e

rem aining o il after po lym er flood ing. In order to effective-
ly develop rem a in ing oi,l distribution o f different types o f

rem aining oil is established accord ing to laboratory tests

and num erica l sim ulation results. E ffective developm ent
m easures and m atch ing technology shou ld be app lied to

d ifferent types of rem a ining o i.l Therefore, the m atching

techn iques for further developm ent of rem aining o il in PuI
Form ation are form ed. These m atching techniques wo rk

w ell in practice. So, the rem aining o il in Pu I Form ation
after po lym er flooding can be produced. Th is paper sug-

gests a new m ethod to further im prove o il recovery after

po lym er flood ing.
Key words: after polym er flood ing; d istribut ion o f rem a-i

n ing oi;l techniques for further developm ent

Article ID: 1000-3754 ( 2005) 04-0040-02

Establishment ofM athematicalM odel for Horizontal

W ell SAG F looding and Its SolutionM ethod
ZHAO T ian, et al. ( Gudao O il Production Plan t o f

Sheng liO ilfield Com pany Ltd. , Dongying 257231, Ch-i
na)

Abstract: This paper is abou t solution m e thod of m athe-

m aticalm odel for SAG flood ing w ith o il reservo ir coupling
ho rizon talw e ll section. Based on th is m ethod, 1D m u lt-i

phase condu it f low m athem atica lm ode l along the direction

o fw ell bore o f horizontal w ell can be established. If the
correspond ing o il reservoir simu lation so ftw are can be de-

veloped, the dynam ic changes for the size and shape o f
steam com partm en t during ho rizon tal SAG flooding can be

pred icted, and the effect o f cap illary force, steam dryness

and form at ion depth on the steam com partm ent can be
sim u lated and calcu lated.

Key words: SAG flood ing; mu lt iphase flow ing; ho rizon-

ta lw el;l steam com partm ent

Article ID: 1000-3754 ( 2005) 04-0042-03

Calculation and M easurement of Pressure Drop of
Horizontal of H or izontal IntervalW e lls in Zhaozhou

O ilfield
DONG Chang-y in, et al. ( Ch ina Petro leum Un iver-

sity, Dongy ing 257061, China)

Abstract: The flow in horizonta l interva l o f horizonta l
w ells is characterized by variab le m ass flow w ith variable

inflow through perforat ions. In th is wo rk, the basic equa-

tions o f flow pressure grad ient in ho rizon tal interva l are e-
volved from the m om entum conservation equation. Con-

sidering the flow coupling betw een w e ll bore f low and res-

ervo ir filtering flow by variable located flu id productiv ity
index a long the horizontal interva,l an integrated m ode l

for pressure drop in horizonta l w e ll bo re is established,
wh ich concerns the friction factor of perforated p ipe w ith

inflow. The pressure loss in horizontal w ell bore includes

frictiona l loss, accelerat ion loss, flu id m ix ing loss and po-
tent ial energy loss. The m odel has been used to pred ict

the pressure drop in horizontalw e ll bore ofW e ll Zhou66-

61 in Zhaozhou o ilfield, and the result ofw hich has a re-l
a tive d iscrepancy o f 6% com par ing to the real tested va-l
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ue. The tota l pressure loss of these 9 horizonta l w ells in
Zhaozhou field varies from 01048M Pa to 0126MPa.

Key words: horizonta lw e lls; pressure drop ca lculation;

var iab le m ass flow; flow coup ling; pressure grad ien;t
Zhaozhou o ilfie ld

Artic le ID: 1000-3754 ( 2005) 04-0045-02
Unstable W ater F lood Improves the Developm ent

Effect of Heterogeneous O il Reservoir
JIANG B i-wu, et al. ( China Petro leum Un iversity,

Be ijing 102249, Ch ina)

Abstract: Pressure conductivity rate is different in m ed ia
w ith d ifferent seepage features in heterogeneous form a-

t ion. In ject ion w ater rate variably changed triggers a pres-

sure d ifference betw een h igh and low perm eab le form a-
t ions. Bo th of them can change the elastic ity of reservo ir

rock and fluids. Pressure d ifference m akes o il and w ater

inter- flow and o il be replaced by elastic ity. There fo re, o il
recovery factor can be im proved. F ield product ion reflects

that w ater cut of conventional w ater injection is h igher
than that o f unstable w ater in ject ion at the sam e recovery

facto r. The u lt im ate recovery factor of unstable in ject ion is

higher than that of conventional in jection.
Key words: unstablew ater flood; heterogeneity; m echa-

n ism; deve lopm ent effect

Artic le ID: 1000-3754 ( 2005) 04-0047-02

Discussion aboutW ell and Layer Selection for Refrac-
turing atLate Period ofH ighW ater Cut Stage

YU F eng-lin, et al. (No14 O il Production Company

of Daq ing O ilfield Com pany Ltd. , D aqing 163511, Ch-i
na)

Abstract: The proportion o f refractured w e lls in north

X ingshugang area is h igher, the potent ial of re fracturing
becom es less, and it is m ore difficult to select w ells and

layers. Based on analysis o f refractured w e lls since the

nin th f ive-year-plan, the principles of optim al w ell and
layer selection for refracturing in north X ingshugang area

and the tim e for refracturing are summ arized. The app l-i
ca tion results are fairly good in practice.

Key words: producers; refracturing; w ell and layer se-

lect ion; tim e for fracturing
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Discussion aboutSand ControlTechnology after Frac-
turing During Polym er F looding in X ingbei O ilfield

WANG Zhong-guo, et al. ( N o14 O il Product ion

Com pany of Daq ing O ilfie ld Com pany Ltd. , Daq ing
163511, Ch ina)

Abstract: A ccord ing to research and experim en tal resu lts
of X ingbei o ilfie ld, reasons fo r sand production of produc-

ers after fracturing during po lym er flooding are ana lyzed in

th is paper. The reasons concerned include consolidat ion
streng th, produc ing condit ions, characteristics of frac-

ture, and so on. Based on fie ld tests, proppan,t sand

contro l techno logy, sand d ischarge techno logy, and the
m ethod to ad just production param eters are eva luated.

The m easures su itable for sand contro l in X ingbei o ilfie ld
are d iscussed in this paper.

Key words: po lym er flood ing; fracturing; sand contro l
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Laboratory Evaluation and Application Results Ana-l

ysis of Deep Slow ly Ac id iz ing Technique
RENGH uai-feng, et al. (No17 O il Production Com-

pany o fD aqing O ilfield Com pany Ltd. , Daqing 163517,
Ch ina)

Abstract: B ased on laboratory eva luation of deep slow ly

ac id izing techn ique, various perform ance indexes of th is
techn ique are fully validated. According to flow ing simu-

lat ion tests of cores, the app lication resu lts in Putaohua

o ilf ie ld, asw e ll as techn ica l predom inance of seep slow ly
ac id izing technique com par ing to convent iona l ac id izing

techn ique, are analyzed. This technique m ay provide a

new m ethod for acidizing and dep lugg ing of injectors.
Key words: deep slow ly ac id izing; technical eva luation;

application results
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Further Understanding about Features of Case Dam-
age in Faulted LayerArea of Central Saertu Develop-

mentRegion

HUANG Yan-zhong, et al. ( No11 O il Production
C ompany o f D aqing O ilfield Com pany Ltd. , D aqing

163001, China)
Abstract: In recent years, w ith the developm ent in th in

layers and poor qua lity layers, number of w ells w ith case

dam age in central Saertu area increased one year after an-
o ther. By now, 2449 w ells w ith case dam age have been

found and there are 9 reg ions w ith certain sca le of case

dam age. According to d istribut ion features of reg ions w ith
case dam age and horizons w ith case dam age, it can be

concluded that there are certain relations betw een case

dam age and fault structure. Based on ex isted resu lts, th is
paper analyzes potential relat ion betw een case dam age and

geo log ical structure in centra l Saertu area w ith respect to
geo log ic structure and form ation stress. The necessity and

feasibility o f injection-production adjustm ent for case dam-

age control in fau lted layer reg ions is also d iscussed in th is
paper.

Key words: fault in reservoir; fau lt barrier; centra liza-

tion o f form ation stress; expansion trend o f case dam age;
injection-production system ad justm ent in fau lted layer re-

g ion
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Profile Contro l and W ater Shut-off Techniques for
H eavy O ilReservoirs in M enggulin O ilfield

CHEN Fu-you, et al. ( Erlian Branch Com pany o f

North China O ilfield Com pany, X ilinhao te 026017, Ch-i
na)

Abstract: M enggulin o ilfield is com posed of conven tiona l

heavy o il sand reservoirs and convent iona l heavy oil bo-t
tom w ater conglom erate reservo irs. O il layers are sim ple
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