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　　摘　要　空间圆弧作为一种典型的井眼轨道模型 ,广泛应用于多目标井、分支井、侧钻井等三维井眼轨道设

计 ,以及定向井、水平井和大位移井的调整轨道设计。由于三维井眼轨道的设计与计算通常都是在垂直剖面图和

水平投影图上进行的 ,而空间圆弧在这两个平面上又都不是像圆弧那样的简单的曲线形式 ,所以增加了问题的复

杂性。由于这种原因 ,目前对空间圆弧轨道的计算多采用近似公式。文章结合井眼轨道的设计要求和空间圆弧的

特点 ,提出了空间圆弧轨道上的坐标、井斜角、方位角、井斜变化率、方位变化率和装置角的计算公式。这些计算公

式在理论上是精确解 ,具有普遍适用性 ,从而为空间圆弧轨道模型的进一步应用和三维井眼轨道设计奠定了基础。

所有公式都通过算例进行了验证。

　　主题词　钻井理论　定向井　水平井　轨道设计　数学模型　井眼轨迹

理 论 研 究

通常 ,空间圆弧是三维井眼轨道的一个组件。

在进行井眼轨道设计时 ,由于设计目的和设计条件

不同 ,因此已知条件和所需求解的参数也存在一定

的差异。本文的计算公式将以如下参数作为已知条

件 :①起始点的井斜角 (α1)和方位角 ( <1) ; ②起始点

的坐标 ( X1 , Y1 , Z1 ) 及水平位移 ( S 1 ) ; ③造斜率

( K) ; ④初始装置角 (ω) (以下简称装置角) 。

在进行空间圆弧轨道的设计与计算时 ,上述参

数一般都作为已知条件给出。即使有的参数是未知

的 ,利用一些基本关系式 ,也是不难求得的。

1.空间坐标

首先 ,建立整体坐标系 O —X Y Z和局部坐标系

1—ξηζ。整体坐标系的 X 轴和 Y 轴分别指向北、东

方向 , Z 轴铅垂向下指向地心。通常 ,坐标原点 O

选在井口 ,当然也可以选在其它位置上。局部坐标

系的原点选在圆弧段的起始点上 ,ξ轴指向轨道的

前进方向 ,η轴在斜平面内垂直于ξ轴且指向圆弧段

的结束点一侧 ,ζ轴为斜平面Ω的法线方向。可见 ,

它们均为右手坐标系。如图 1所示。

图 1　空间圆弧及坐标系示意图

　　根据几何关系 ,可以建立整体坐标系和局部坐

标系之间的转换关系。由于空间圆弧位于某个斜平

面Ω内 ,且过圆弧段的起始点及其切线 ,所以如果给

定该圆弧段的装置角 (ω) ,则坐标转换关系可表示

为〔1〕:

{ X - X1 , Y - Y1 , Z - Z1} T = [ T ]{ξ,η,ζ} T

(1)
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其中

T11 = sinα1cos <1

T12 = cosα1cos <1cosω - sin <1sinω

T13 = - cosα1cos <1sinω - sin <1cosω

T21 = sinα1sin <1

T22 = cosα1sin <1cosω + cos <1sinω

T23 = - cosα1sin <1sinω + cos <1cosω

T31 = cosα1

T32 = - sinα1cosω

T33 = sinα1sinω

　　通过坐标变换 ,就把空间问题转化成了平面问

题 ,如图 2所示。

图 2　斜平面上的圆弧轨道

　　在局部坐标系 1—ξηζ中 ,不难得出 :

ξ = Rsinθ

η = R (1 - cosθ)

ζ = 0

(2)

其中

R =
180 C K

πK
　　θ =

180
π ·

L - L 1

R
=

K ( L - L 1)

C K

　　当造斜率 ( K) 的单位分别为°/ 10m、°/ 25m、

°/ 30m、°/ 100m时 ,单位换算系数 ( C K)的取值分别

为 10、25、30和 100。

这样 ,便可以计算出空间圆弧轨道上任意井深

L 处的空间坐标 ( X , Y , Z) 。

2.井斜角和方位角

井斜角和方位角反映了井眼轨道切线的方向。

在局部坐标系下 ,空间圆弧轨道上单位切线矢量 ( t )

可表示为 :

t = cosθeξ + sinθeη (3)

　　而由单位矢量的坐标变换〔2〕,知

eξ =

5ξ
5 X

i +
5ξ
5 Y

j +
5ξ
5 Z

k

5ξ
5 X

2

+
5ξ
5 Y

2

+
5ξ
5 Z

2

eη =

5η
5 X

i +
5η
5 Y

j +
5η
5 Z

k

5η
5 X

2

+
5η
5 Y

2

+
5η
5 Z

2

(4)

所以 , t 在整体坐标系下的表达形式为 :

t = ( T11cosθ+ T12sinθ) i + ( T21cosθ+ T22sinθ) j

+ ( T31cosθ+ T32sinθ) k

(5)

　　进而 ,可以得出任意井深下的井斜角和方位角 :

cosα = T31cosθ+ T32sinθ (6)

tg < =
T21 + T22tgθ
T11 + T12tgθ

(7)

　　3.井斜变化率和方位变化率

井斜变化率和方位变化率是空间圆弧轨道计算

的又一个难点 ,这是因为空间圆弧在井斜平面和方

位平面内都不是简单的曲线形式。所以 ,目前对它

们的研究几乎是空白。

根据井斜变化率 ( Kα)和方位变化率 ( K<)的定

义以及式 (6)和式 (7) ,得 :

Kα =
K

sinα
( T31sinθ - T32cosθ) (8)

K< = K
cos <
cosθ

2 T22 - T12tg <
T11 + T12tgθ

(9)

　　可以验证 ,它们满足关系式 :

K = K2
α + K2

<sin2α (10)

　　4.装置角

尽管目前已有两个空间圆弧井段装置角的计算

公式〔1〕,但在井眼轨道设计与计算中使用不便。本

文提出的装置角计算公式 ,具有形式简单、使用方便

等特点 ,可以根据空间圆弧起始点和结束点的井斜

角和方位角直接计算出装置角。

对于空间圆弧轨道 ,存在如下关系式〔1〕:

sinω =
sinα2sin ( <2 - <1)

sinε
(11)

sinα2 =
sinα1cosε+ cosα1sinεcosω

cos ( <2 - <1)
(12)

cosε = cosα1cosα2 + sinα1sinα2cos ( <2 - <1)

(13)

式中 :α2、<2、ε分别为圆弧段结束点的井斜角、方位

角以及圆弧段的弯曲角。

联立式 (11)～ (13) ,经整理可得 :
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tgω =
sin ( <2 - <1)

cosα1 cos ( <2 - <1) -
tgα1

tgα2

(14)

算 例 验 证

某水平井钻至井深 1 370 m 时 ,井斜角α1 =

42°,方位角 <1 = 135°。如果工具的造斜能力 K =

8°/ 30m ,要求当井斜角α2 = 50°时 ,方位角 <2 = 120°,

试设计该调整轨道。

(1)计算曲率半径和装置角

R =
180 ×30
π×8

= 214 . 86 m

ω = tg - 1
sin (120°- 135°)

cos42°cos (120°- 135°) -
tg42°
tg50°

= 301 . 14°

　　然后 ,便可利用本文的方法 ,逐点计算出该空间

圆弧轨道上的参数。下面以圆弧段的结束点为例给

出计算步骤。

(2)求坐标转换矩阵

T11 = sin42°cos135°= - 0 . 473 15

T12 = cos42°cos135°cos301 . 14°- sin135°sin301 . 14°

= 0 . 333 47

T13 = - cos42°cos135°sin301 . 14°- sin135°cos301 . 14°

= - 0 . 815 43

T21 = sin42°sin135°= 0 . 473 15

T22 = cos42°sin135°cos301 . 14°+ cos135°sin301 . 14°

= 0 . 876 96

T23 = - cos42°sin135°sin301 . 14°+ cos135°cos301 . 14°

= 0 . 084 10

T31 = cos42°= 0 . 743 15

T32 = - sin42°cos301 . 14°= - 0 . 346 03

T33 = sin42°sin301 . 14°= - 0 . 572 71

　　(3)圆弧段的弯曲角

ε = cos- 1 [cos42°cos50°+ sin42°sin50°cos (120°- 135°) ]

= 13 . 39°

　　(4)圆弧段的段长

ΔL =
30 ×13 . 39

8
= 50 . 21 m

　　(5)圆弧段结束点在局部坐标系下的坐标

ξ2 = 214 . 86sin13 . 39°= 49 . 76 m

η2 = 214 . 86 ×(1 - cos13 . 39°) = 5 . 84 m

ζ2 = 0

　　(6)圆弧段的坐标增量

ΔX = - 0 . 473 15 ×49 . 76 + 0 . 333 47 ×5 . 84

= - 21 . 59 m

ΔY = 0 . 473 15 ×49 . 76 + 0 . 876 96 ×5 . 84

= 28 . 66 m

ΔZ = 0 . 743 15 ×49 . 76 - 0 . 346 03 ×5 . 84

= 34 . 96 m

　　(7)圆弧段结束点的井斜角和方位角

α2 = cos - 1 (cos42°cos13 . 39°- sin42°cos301 . 14°sin13 . 39°)

= 50 . 00°

<2 = tg - 1 sin42°sin135°+ (cos42°sin135°cos301 . 14°+ cos135°sin301 . 14°) tg13 . 39°
sin42°cos135°+ (cos42°cos135°cos301 . 14°- sin135°sin301 . 14°) tg13 . 39°

= tg - 1 0 . 681 907
- 0 . 393 764

= 120 . 00°

　　(8)圆弧段结束点的井斜变化率和方位变化率

Kα =
8

sin50°
(0 . 743 15sin13 . 39°+ 0 . 346 03cos13 . 39°)

= 5 . 31°/ 30m

K< = 8 × cos120°
cos13 . 39°

2

0 . 876 96 - 0 . 333 47tg120°
- 0 . 473 15 + 0 . 333 47tg13 . 39° = - 7 . 81°/ 30m

　　由于

K = 5 . 312 + ( - 7 . 81) 2sin250°= 8 . 00°/ 30m

所以 ,井斜变化率和方位变化率的计算结果是正确

的。其它参数的计算结果可以通过最小曲率法得到

验证〔1〕。该调整轨道的设计结果 ,见表 1。

表 1　调整轨道的设计与计算结果

段长
(m)
井斜角

(°)
方位角

(°)
北坐标增量

(m)
东坐标增量

(m)
垂深增量

(m)
井斜变化率

(°/ 30m)
方位变化率

(°/ 30m)

0. 00 42. 00 135. 00 0. 00 0. 00 0. 00 4. 14 - 10. 23

10. 00 43. 43 131. 68 - 4. 65 4. 93 7. 35 4. 42 - 9. 70

20. 00 44. 95 128. 53 - 9. 14 10. 26 14. 52 4. 68 - 9. 18

30. 00 46. 55 125. 56 - 13. 45 15. 98 21. 50 4. 92 - 8. 69

40. 00 48. 22 122. 73 - 17. 58 22. 07 28. 27 5. 12 - 8. 24

50. 00 49. 96 120. 06 - 21. 51 28. 52 34. 82 5. 31 - 7. 82

50. 21 50. 00 120. 00 - 21. 59 28. 66 34. 96 5. 31 - 7. 81

结　　论
(1)本文对空间圆弧轨道的描述与计算进行了

较为系统的研究 ,所得出的计算公式均为精确解 ,具

有普遍适用性。

(2)本文的研究内容可广泛应用于多目标井、分

支井和侧钻井的设计 ,以及定向井、水平井和大位移

井的调整轨道设计。
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　　摘　要　文章首先指出泡沫具有低失水、低伤害 ,在井下和地层产出天然气混合后不易发生爆炸的特点 ,因此

气藏泡沫欠平衡钻井技术安全可靠、保护储层效果好 ,其具有广泛的应用前景。然后 ,利用质量守恒与动量守恒方

程以及流变方程建立了泡沫流经钻柱内、钻头、环空不同位置的数学模型 ,采用数值迭代方法对数学模型进行了求

解。最后给出了计算实例 ,并在实例的计算结果中讨论了地层产出气体、注入气量、回压等对井内流动参数与地面

施工参数的影响规律。得到了回压的增加 ,井底压力不总是升高 ,而回压的降低 ,地层产出气速度也不总增加等结

论。本文建立的模型可以用于泡沫欠平衡钻井修井理论设计、施工参数优化。

　　主题词　气藏　泡沫　欠平衡钻井　数学模型

　　泡沫是一种分散的均匀流体 ,自身独特的结构

特点决定了泡沫流体具有许多优点 ,如 :低滤失 ,对

储层伤害小以及强携岩携水等性能。目前 ,泡沫流

体在石油工业的钻井、完井、采油以及压裂酸化等领

域都显示出很大的应用潜力。尤其欠平衡钻井时 ,

采用泡沫流体打开气层 ,更是理想的选择。这是因

为 :一方面 ,气藏原始含水饱和度往往低于其束缚水

饱和度 ,当用水基钻井液打开气藏时 ,在毛细管压力

的作用下 ,钻井液中的水容易渗吸到地层 ,形成水锁

或液相圈闭 ,造成储层伤害。所以 ,气层的特点是

“怕”水。泡沫流体的自由水含量很低 ,加之泡沫对

地层的孔隙或裂缝具有封堵作用 ,其侵入地层的水

是极少的。另一方面 ,欠平衡钻井时 ,地层不断地产

出气 ,在井内是否会爆炸 ,值得认真考虑。泡沫流体

在钻气藏时 ,不用担心井内燃烧爆炸 ,这是由泡沫自

身的结构特点决定的。基于这种认识 ,作者相信泡

沫在气藏欠平衡钻井中会得到广泛的应用。因此 ,

了解泡沫在井内的流动规律 ,建立正确合理的泡沫

欠平衡钻井数学模型是十分必要的。

泡沫欠平衡钻井的物理模型

如图 1所示 ,欠平衡钻井时 ,泡沫钻井液由钻柱

井口注入 ,流经钻柱 ,钻头 ,在井底携带钻头破碎的

岩屑与地层产出流体后 ,由环空返出地面。泡沫在

井内属多相流动 ,要精确描述其流动特征 ,计算井内

的流动参数 ,优化钻井作业 ,问题既复杂 ,但又必需。

图 1　欠平衡钻井物理模型示意图

·74·

第 20卷第 5期　　　　　　　　　　　　　　　　天　然　气　工　业　　　　　　　　　　　　　　　　钻井工程



ways engaged in the works of production technique and manage2
ment. Add : No. 1 , Xizang Road ,Nanchong , Sichuan (637000) ,

China　　Tel : (0817) 2220188 - 552336

⋯⋯⋯⋯⋯⋯⋯⋯

SEISMIC RESPONSE CHARACTERISTICS
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( Geological Research Institute of Southwest Petroleum

Bureau) . N A TU R . GA S IN D. v. 20 , no. 5 ,pp . 39～

41 ,9/ 25/ 2000. ( ISSN 1000 - 0976 ; In Chinese)
ABSTRACT :In recent years ,the shallow natural gas explo2

ration and development in Sichuan Basin have entered into a new

stage and its reserves and production are rapidly increased ,which

plays an important role in these respects as evaluation explo2
ration ,detailed 22D and 32D seismic interpretation ,detailed reser2
voir description , reserve estimation and making up development

plan ,etc. In light of the practice of the shallow natural gas explo2
ration and development and the detailed processing and interpre2
tation of seismic data ,it is shown that the geophysical response

characteristics of shallow gas2bearing sandbodies are the major

bases of interpreting and calibrating gas2bearing sandbodies. The

method of differentiating the gas potential of the sandbodies may

be determined by use of multivariable comprehensive analysis

technique on the basis of a change in its amplitude. In this re2
gion ,while the wave impedance of gas2bearing sandbody is small2
er than its up2and2down sourrounding rocks ,the reflection of its

top2and2bottom interfaces shows the characteristics as a negative

at top and a positive at bottom , relatively low (apparent ) fre2
quency and relatively strong amplitude ,i. e ,the larger the wave

impedance difference between the gas2bearing sandbody and its

overlying formation , the stronger the amplitude of reflection

wave trough ; the larger the wave impedance difference between

the gas2bearing sandbody and its underlying bed ,the stronger the

amplitude of reflection wave crest .

SUBJECT HEADINGS :Sichuan Basin , West , Shallow gas ,

Seismic data processing , Seismic interpretation , Sand body ,Lat2
eral prediction
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Bin (Research Institute of Oil Production Technology ,

Xinjiang Petroleum Administ ration) . N A TU R . GA S

IN D. v. 20 , no. 5 , pp . 42～ 43 , 9/ 25/ 2000. ( ISSN

1000 - 0976 ; In Chinese)
ABSTRACT:The research works on the structural charac2

ters , working mechanism and structure emulation of a drilling2
workover dual2purpose top drive device which is driven by full2
hydraulic way and can satisfy the operations in slim2hole drilling ,

directional drilling , side2tracking and well workover ,etc. is pre2
sented in this paper. The emulation research on the structure of

DQ230 Y drilling2workover dual2purpose top drive device has

been realized by adopting the automatic design software ( Pro/

engineer) in the process of developing this device and through

setting up the 32D solid model of each parts and component ,the

structure assemblage , the interference inspection and the me2
chanics analysis. The existent problems in the design and assem2
blage of this device′s parts and component have been found out ,

the design proposal has been promptly altered and the found

problems and the proposals for modification have been informed

to the developmental unit ,shortening ,thus ,the development cy2
cle of this product ,reducing the development cost and raising the

realiability of this product and its competitive power in the mar2
ket .
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Drilling Company of Daqing Petroleum Administ ra2
tion) . N A TU R . GA S IN D . v. 20 ,no. 5 ,pp . 44～47 ,

9/ 25/ 2000. ( ISSN 1000 - 0976 ; In Chinese)
ABSTRACT:Spatial arc , as a typical model to plan a 3D

well path ,is widely applied in planning the path of multiple tar2
gets well ,branch well ,sidetrack well and in rectifying the path of

directional well , horizontal well and extended2reach well. The

problem becomes even more complicated for two reasons :A 3D

well path is usually planned and calculated in the vertical plot

and the horizontal plot ;on the other hand the spatial arc is not a

simple curve as arcs in these two plots. As a result ,approximation

formulae have been used to calculate a spatial arc. According to

the plan demand of well path and the feature of spatial arc ,a se2
ries of formulae ,including coordinate ,inclination ,azimuth ,rate of

inclination change ,rate of azimuth change and tool face angle ,are

presented in this paper for spatial arc model. All of these formu2
lae ,testified by many examples ,provided such exact solutions ab2
stractly that they lay a foundation for the further application of

spatial arc model and the path plan improvement of 3D wells.

SUBJECT HEADINGS : Drilling theory , Directional well ,

Horizontal well ,Mathematical model ,Hole trajectory
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A STUDY OF MATHEMATICAL MODEL OF

FOAM UNDERBALANCED D RILL ING IN

GAS RESERVOIR

　　Luo Shiying ,Meng Yingfeng and Li Yun (South2
west Petroleum Institute) and Zhao Bin ( Henan Oil

Field) . N A TU R . GA S IN D . v. 20 ,no. 5 ,pp . 47～50 ,

9/ 25/ 2000. ( ISSN 1000 - 0976 ; In Chinese)

ABSTRACT :The paper first indicates that foam has low fil2

tration and low damage to formation and explosion is not easy to

happen when it is mixed with the natural gas from reservoir in

well ,which shows that the foam underbalanced drilling technique

for gas reservoir is safe and reliable ,has a good effect in reservoir

protection and is of a broad prospects for its application. Then ,

the mathematical models of foam flowing through different posi2

tions (drilling string ,bit and annulus) are set up based on the

mass conservative equation , momentum conservative equation

and rheological equation and an iterative method is used to solve

for the mathematical model. Finally ,a calculation example is giv2

en out and the law of the influence of the gas produced from

reservoir ,the injected gas rate and the back pressure on the foam

flow parameters in the well and on the surface operation parame2

ters is discussed in the calculation result of the example ,conclud2

ing that the bottom pressure does not always increase with the

increase in the back pressure and the rate of the gas produced

from reservoir does not always increase with the decrease in the

back pressure. The models developed in this paper can be used

for the theoretical design of foam underbalanced drilling and

workover and for the optimization of the operation parameters.

SUBJECT HEADINGS : Gas pool , Foam , Underbalanced

drilling ,Mathematical model
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DETERMINATION OF THE ACID VOL UME

IN ACIDIZING AND FRACTURINGOPERA2
TIONS BY EXPERIMENTIZING DY NAMIC

FILTER LOSS OF ACIDIZING FL UID
　　Duan Guobin ( Research Institute of Gas Produc2

tion Technology , Southwest Oil and Gas Field

Branch) . N A TU R . GA S IN D. v. 20 , no. 5 ,pp . 50～

52 ,9/ 25/ 2000. ( ISSN 1000 - 0976 ; In Chinese)

ABSTRACT :The effective action radius of acidizing fluid is

mainly controlled by its filter loss for the low2permeability car2

bonate reservoirs with relatively developed microfractures and se2

rious fluid loss. However ,the filter loss of acidizing fluid is much

complex as compared with the fracturing fluid due to its specific

reaction property ,and a perfect model of the filter loss of acidiz2

ing fluid is not set up yet to this day ,making the acid volume dif2

ficult to determine scientifically in drawing up an operation plan.

In this paper ,an experimental method for the dynamic filter loss

of acidizing fluid is presented ,the characteristics of the filter loss
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