
 

 
 
 

 
 

Aerodynamics & Flight Mechanics 
Research Group 

 
 
 
 

 
 
 
 
 
 
 

The Induced Velocity of a Vortex 
Ring Filament 

 

S. J. Newman 

 

Technical Report AFM-11/03 

 

January 2011 



 

 
 1 

 

  

 

UNIVERSITY OF SOUTHAMPTON 

 

 

SCHOOL OF ENGINEERING SCIENCES 

 

 

AERODYNAMICS AND FLIGHT MECHANICS RESEARCH GROUP 

 

 

 

The Induced Velocity of a Vortex Ring Filament 

 

 

 

 

by 

 

 

 

 

S. J. Newman 

 

 

 

 

AFM Report No. AFM 11/03 

 

 

 

 

 

January 2011 

 

 

 

 

 

 

© School of Engineering Sciences, Aerodynamics and Flight Mechanics Research Group  



 

 
 2 

 

  

 

COPYRIGHT NOTICE 

(c) SES University of Southampton All rights reserved. 

SES authorises you to view and download this document for your personal, non-commercial 

use. This authorization is not a transfer of title in the document and copies of the document 

and is subject to the following restrictions: 1) you must retain, on all copies of the document 

downloaded, all copyright and other proprietary notices contained in the Materials; 2) you 

may not modify the document in any way or reproduce or publicly display, perform, or 

distribute or otherwise use it for any public or commercial purpose; and 3) you must not 

transfer the document to any other person unless you give them notice of, and they agree to 

accept, the obligations arising under these terms and conditions of use. This document, is 

protected by worldwide copyright laws and treaty provisions. 

 

  



 

 
 3 

 

  

Introduction 

This report derives the induced velocity of a vortex ring filament using the Biot Savart Law. 

Biot Savart Law 

The basic formula for evaluating the induced velocity of a vortex ring is the Biot-Savart law. 

 

 

Figure 1 

Figure 1 shows the geometry, the vortex element is positioned at V and the vortex strength 

is Г.  The induced velocity at point P is dq, which is given by: 

 

 

𝑞 =
𝑟 ∧ Γ

4𝜋𝑟3
 

(1.) 
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Induced Velocity of a Vortex Ring 

The vortex ring has radius R, is placed in the XOY plane with the centre at the origin, O. The 

control point, P, without loss of generality, can be considered as lying in the XOZ plane with 

coordinates (r,0,h). In order to evaluate the overall induced velocity, we need to consider a 

vortex element at azimuth, . 

This is shown in Figure 2. 

 

Figure 2 

The vortex filament is given by: 

The vector of the vortex filament location is: 

 

 

 
Γ = Γ − sin 𝜓, cos 𝜓, 0 𝑅𝑑𝜓 (2.) 

 
𝑉 = 𝑅 cos 𝜓, sin 𝜓, 0  (3.) 
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The vector of the control point location is: 

The vector representing the vortex relative to the control point is given by: 

Invoking the Biot Savart law, the induced velocity at P due to the vortex filament is given by: 

which becomes: 

The distance between the vortex filament and the control point is given by: 

Therefore, the overall induced velocity due to the complete ring is: 

Because the integrand consists of even functions, except the sine, the following conclusions 

can be made, namely: 

 

𝑃 =  𝑟, 0, ℎ = 𝑅 𝑥, 0, ℎ  
(4.) 

 
𝑟 = 𝑉 − 𝑃 = 𝑅 cos 𝜓 − 𝑥, sin 𝜓 , −ℎ  (5.) 

 

𝑑𝑞 =
Γ𝑅

4𝜋𝑟3
 

𝑖 𝑗 𝑘

cos 𝜓 sin 𝜓 −ℎ
− sin 𝜓 cos 𝜓 0

 𝑅𝑑𝜓 (6.) 

 

𝑑𝑞 =
Γ𝑅

4𝜋𝑟3
 ℎ cos 𝜓, −ℎ sin 𝜓, 1 − 𝑥 cos 𝜓 𝑅𝑑𝜓 (7.) 

 

𝑟2 = 𝑅2   cos 𝜓 − 𝑥 2 +  sin 𝜓 2 +  −ℎ 
2
 

= 𝑅2  1 + 𝑥2 + ℎ
2
− 2𝑥 cos 𝜓  

(8.) 

 

𝑞 =
Γ

4𝜋𝑅
 

 ℎ cos 𝜓, −ℎ sin 𝜓, 1 − 𝑥 cos 𝜓 

 1 + 𝑥2 + ℎ
2

− 2𝑥 cos 𝜓 

3
2 

𝑑𝜓

π

−π

 (9.) 

 𝑞𝑦 = 0 (10.) 
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and 

Which becomes: 

 

 

This integral can be evaluated using substitutions and standard results. The first substitution 

is: 

 𝜓 = 2𝜃 

𝑑𝜓 = 2𝑑𝜃 

cos 𝜓 = 2 cos2 𝜃 − 1 

(13.) 

Form which (12) becomes: 

 

  

 

 𝑞𝑥 , 𝑞𝑧 =
Γ

4𝜋𝑅
 

 ℎ cos 𝜓, 1 − 𝑥 cos 𝜓 

 1 + 𝑥2 + ℎ
2
− 2𝑥 cos 𝜓 

3
2 
𝑑𝜓

π

−π

 (11.) 

 

  𝑞𝑥 , 𝑞𝑧 =
Γ

2𝜋𝑅
 

 ℎ cos 𝜓, 1 − 𝑥 cos 𝜓 

 1 + 𝑥2 + ℎ
2
− 2𝑥 cos 𝜓 

3
2 
𝑑𝜓

π

0

 (12.) 

 

 𝑞𝑥 , 𝑞𝑧 =
Γ

𝜋𝑅
 

 ℎ 2 𝑐𝑜𝑠2 𝜃 − 1 , 1 − 2𝑥 𝑐𝑜𝑠2 𝜃 + 𝑥 

 1 + 𝑥2 + ℎ
2

+ 2𝑥 − 4𝑥 cos2 𝜃 
3

2 
𝑑𝜃

π
2

0

 (14.) 
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The second substitution is given by: 

From which we obtain: 

 

Which can be rearranged to: 

 

(17) can be simplified to: 

Where: 

 

𝜃 =
𝜋

2
− 𝜙 

cos 𝜃 = sin 𝜙 

𝑑𝜃 = −𝑑𝜙 

(15.) 

 

 𝑞𝑥 , 𝑞𝑧 =
Γ

𝜋𝑅
 

 ℎ 2 sin2 𝜙 − 1 , 1 − 2𝑥 sin2 𝜙 + 𝑥 

 1 + 𝑥2 + ℎ
2

+ 2𝑥 − 4𝑥 sin2 𝜙 
3

2 
𝑑𝜙

π
2

0

 (16.) 

 

 𝑞𝑥 , 𝑞𝑧 =
Γ

𝜋𝑅
 

 ℎ 2 sin2 𝜙 − 1 , 1 + 𝑥 − 2𝑥 sin2 𝜙 

  1 + 𝑥 2 + ℎ
2
− 4𝑥 sin2 𝜙 

3
2 

𝑑𝜙

π
2

0

 (17.) 

  𝑞𝑥 , 𝑞𝑧 

=
Γ

𝜋𝑅   1 + 𝑥 2 + ℎ
2
 

3
2 
 

 ℎ 2 sin2 𝜙 − 1 , 1 + 𝑥 − 2𝑥 sin2 𝜙 

 1 − 𝑘2 sin2 𝜙 
3

2 
𝑑𝜙

π
2

0

 (18.) 

 

𝑘2 =
4𝑥

 1 + 𝑥 2 + ℎ
2 (19.) 
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This will become the modulus of elliptic integrals. 

 

 

Elliptic Integrals 

 

The standard elliptic integrals are given by: 

The complementary modulus is defined by: 

The following results will be used in the solution: 

 

𝐾 =  
𝑑𝜙

 1 − 𝑘2 sin2 𝜙

𝜋
2

0

𝐸 =   1 − 𝑘2 sin2 𝜙 𝑑𝜙

𝜋
2

0

𝐷 =  
sin2 𝜙 𝑑𝜙

 1 − 𝑘2 sin2 𝜙

𝜋
2

0

=
𝐾 − 𝐸

𝑘2

 (20.) 

 𝑘′2 = 1 − 𝑘2 (21.) 

 

 
𝑑𝜙

 1 − 𝑘2 sin2 𝜙 
3
2

=
𝐸

𝑘′2

𝜋
2

0

 
sin2 𝜙 𝑑𝜙

 1 − 𝑘2 sin2 𝜙 
3
2

=
 𝐾 − 𝐷 

𝑘′2

𝜋
2

0

 (22.) 
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Final Solution 

 

The above results mean that the induced velocity can be expressed in terms of elliptic 

integrals, namely: 

Which with some rearrangement becomes: 

 

Generalisation 

 

The above analysis can be extended to a general problem by noting that the control point 

and vortex ring centre will define the XOZ plane. The two velocity components, qx & qz, can 

then be obtained using the above results.  These can then be expressed in terms of an 

arbitrary axes system by resolution. 

 

  

 
 
𝑞𝑥

𝑞𝑧
 =

Γ

𝜋𝑅 ∙ 𝑘′
2
  1 + 𝑥 2 + ℎ

2
 

3
2 
 

ℎ 2 𝐾 − 𝐷 − 𝐸 
 1 + 𝑥 𝐸 − 2𝑥 𝐾 − 𝐷 

  
(23.) 

 
 
𝑞𝑥

𝑞𝑧
 =

Γ

𝜋𝑅 ∙ 𝑘′
2
  1 + 𝑥 2 + ℎ

2
 

3
2 
 

ℎ 2𝐾 − 𝐸 − 2𝐷 

𝐸 − 𝑥 2𝐾 − 𝐸 − 2𝐷 
  

(24.) 
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Special Case – qz at Ring Centre 

To scale the circulation, we can use the velocity at the ring centre normal to the ring plane. 

If we denote this to qz0, we have the following simplifications: 

 𝑘 = 0 (25.) 

 

From which the elliptic integrals become: 

Whence the centre velocity becomes: 

Which simplifies to: 

From which the induced velocity of the vortex ring in terms of the centre velocity is goven 

by: 

 
𝐾 =

𝜋

2

𝐸 =
𝜋

2

𝐷 =
𝜋

4

 
(26.) 

 
𝑞𝑧0 =

Γ

𝜋𝑅
∙
π

2
=

Γ

2𝑅
 (27.

) 

 
𝑞𝑧0 =

Γ

2𝑅
 (28.

) 

 
 
𝑞𝑥

𝑞𝑧
 = 𝑞𝑧0

2

𝜋 ∙ 𝑘′
2
  1 + 𝑥 2 + ℎ

2
 

3
2 
 

ℎ 2𝐾 − 𝐸 − 2𝐷 

𝐸 − 𝑥 2𝐾 − 𝐸 − 2𝐷 
  

(29.) 
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