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VALIDATION METHODS OF INTRINSIC AERODYNAMIC 
FORCE FORMULATIONS 

Alexandru FILIP1 

Exista doua metode de evaluare experimentala a fortelor aerodinamice 
exercitate de un curent asupra unui corp scufundat in fluid: metoda extrinseca si 
cea intrinseca. Formualarea intrinseca a fortelor aerodinamice este obtinuta prin 
observarea si evaluarea schimbarilor din fluid in urma interactiunii fluid-corp. 
Articolul se concentreaza asupra curgerilor incompresibile plane si prezinta trei 
metodologii de validare pentru ecuatia”flux”, aceasta fiind una din formularile 
intrinseci cele mai uzitate. 

  
There are two methods of evaluating experimentally the aerodynamic loads 

exerted by the flow on a submerged body: extrinsic and intrinsic. The intrinsic 
formulations of the aerodynamic forces are obtained by observing and evaluating 
the changes in the fluid due to the fluid-body interaction. The article concentrates on 
the two dimensional incompressible flows and presents three validation 
methodologies for the “flux” equation which is one of the most used intrinsic 
methods. 

Keywords: experimental aerodynamics, intrinsic methods, particle image 
velocimetry 

1. Introduction 

There are two methods of evaluating experimentally the loads exerted by 
the flow on a submerged body: extrinsic and intrinsic. The extrinsic methods are 
easier to formulate and apply but they have the disadvantage of not being capable 
of examining local effects and the body-fluid interaction. The intrinsic methods 
however require a more complex experimental set-up and also have the 
constraints of the difficulty to measure the pressure field without influencing the 
real flow.  This difficulty was surmounted by the development of the Particle 
Image Velocimetry technique [1][2][3] and the theoretical formalism developed 
by Noca [4][5]. This study aims at detailing the mathematical formulation of the 
“flux” equation and to describe the methods of validation. The derivation starts 
from writing the momentum equation in it’s integral form for a general state of the 
fluid, compressible and viscid, emphasizing the creation of several “flows”. 
Furthermore, a simplification is made, considering an incompressible flow. The 
article will also emphasize on the limitations of each method and will recommend 
future directions of research. 
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2. Intrinsic formulations of the aerodynamic forces 

The intrinsic formulations of the aerodynamic forces acting on a 
submerged body in fluid are obtained by observing and evaluating the changes in 
the fluid due to the fluid-body interaction. In opposition, extrinsic formulations 
observe and evaluate the changes in the body behavior due to the same fluid-body 
interaction. All the intrinsic formulations are based on the momentum equation 
over a control volume which leads to the equation below: 

dS

dSpdV
dt
dF

tS

tStV

b
uuun

T)u)uuI(-nu

s

s

)(

(

)(

)()(

−⋅−

+−−⋅+−=

∫

∫∫ ρρ  
(1)

 )Tuu(u)I(T ∇+∇+⋅∇= μλ  
(2)

where n  is the unit vector normal to the surface S(t)  as shown in Fig. 1, u  is the 
flow velocity, su is the body wall velocity, p  is the pressure, I is the unit tensor, 
T is the viscous stress tensor and μ is the coefficient of dynamic viscosity. 

 
Fig. 1. Control volume analysis 

 
For an incompressible flow ( 0u =⋅∇ ) the tensor equation becomes: 

 )Tuu(T ∇+∇= μ  
(3)

Equation (1) requires the knowledge of the pressure field and the velocity 
field. While the velocity field can be evaluated experimentally using the Particle 
Image Velocimetry method, the pressure field is the unknown. For this, different 
formulations where derived with different constraints [4]. 

The “impulse equation”: 
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is a very general formulation and it is valid for rotational and viscous flows; the 
body does not have to be rigid or solid, the control volume is arbitrary as long as it 
contains the body. N is the space dimension. The downside of this formulation 
comes from the fact that the volume integrals involve not only the velocity field 
but also derivatives of this velocity field, namely the vorticity, ω . The Particle 
Image Velocimetry method provides an under-resolved set of data in the vicinity 
of the body. This is because, the experiment set-up is based on the flow velocity 
but the velocity decreases near the body and the data is not good enough in this 
vicinity. 

Another formulation is the ”momentum” equation: 
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This is also a very general equation. The difference is that the volume 
integral assumes only the knowledge of the velocity field which should lead to 
lower errors than the volume integral in equation (4). 

In order to eliminate volume integrals, the “flux” equation was derived but 
with the constraint of incompressible flows: 
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Where 
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3. Two dimensional flux equation formulation 

From this point forward we will focus on the incompressible two 
dimensional flows (N=2). In this chapter we will explicit the flux equation terms 
into more detail. We will note the term equation as follows: 
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Thus, the control volume surface integral becomes: 
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The third term becomes: 

( )

 

)(

)(

)()(

∫

∫∫

⎥
⎦

⎤
⎢
⎣

⎡
⋅=

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=⎟

⎠
⎞

⎜
⎝
⎛ ⋅

tS

tSIIItS

b

bb

dS
vyvx
uyux

n
dt
d

dSyx
v
u

n
dt
ddSx

dt
d un

 

(24)

4. Validation of the two dimensional flux equation using analytical 
methods 

In order to validate the equation analytically, we need to use two 
dimensional incompressible flows for which we have analytical formulations of 
the force and velocity fields.  

The first validation example is the potential flow fixed vortex. The 
conditions for this case are: steady flow, inviscid, incompressible and irrotational. 

This leads to equation (10) to become: 
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For this case we know the equation for the velocity field [6]: 
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Γ  is the vortex circulation and θ is the angle between the x axis and the 
position vector r. 

Thus (25) further becomes: 
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The result above is in line with the result using the Kutta-Joukowski 
theorem [7]: 

0=×Γ= ∞UF
ρ

 (28)

This case can be validated also using different other contour integrals and 
also using numeric integration. 

More complex potential flow cases can be used such as moving vortex or 
combination of vorteces. 

5. Validation of the two dimensional flux equation using CFD 

In order to validate the formulation for even more complex flow 
conditions. For this, the process is as follows. We use the CFD code in order to 
obtain the velocity field, along with the vorticity field along a chosen contour 
around a wing profile. Using an extrapolation technique, we export these data to a 
Matlab application which introduces them in the flux equation in order to compute 
the force exerted on the body. 

On the other hand we use the CFD code to directly calculate the loads on 
the body and compare the results to the ones previously obtained.  
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This validation was performed by Marelli [8] for a steady flow, viscous, 
incompressible and rotational, using a NACA0015 airfoil using the procedure 
already described. 

 
Fig. 2. Validation procedure using CFD code 

 
This method is very sensitive to the interpolation method use to extract 

data from an unstructured grid to a structures one. Different computations can be 
performed also for various contours. 

6. Experimental validation method  

So far, the methods presented validate the flux equation against other 
theoretical results obtained either analytically or numerically. In addition, the 
validation domain was limited due to analytic or numeric constraints. For these 
reasons but also because these formulations were developed in order to be used 
experimentally, a powerful validation method is the experiment in itself 
[9][10][11]. 

The procedure consists in setting-up an experiment in which we can 
impose various degrees of liberty so that the flow could be steady, unsteady or 
quasi-steady. Also the flow should be in the limitations of incompressibility so 
that the flux equation applies. Naturally, the flow will be rotational and viscous. 
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Special attention has to be paid to ensuring and checking that the flow is as close 
to the two-dimensional hypothesis. Corrections can be applied to the results in 
order to allow for model, by CFD codes simulations. 

Once the experimental design is performed, two different experimental 
measurements should be performed, for the same experimental conditions.  One 
type of measurements will rely on sensor readings regarding strain gauges, loads 
applied by the flow on the whole body (wing) and will be used to calculate the 
global aerodynamic forces. This method is also named the extrinsic method. 
These results will have to be corrected in order to obtain the 2D flow case results. 

The second type of measurement will be based on the Particle Image 
Velocimetry which will extract the velocity and its derivatives field around the 
body at a particular section. These results will be used in the flux equation and the 
section loads will be computed. These sectional loads will then be integrated over 
the entire wing span, considering a 2D case.  

 
Fig. 3. Validation procedure using the experimental method 

7. Conclusions 

The article described several methods of validation for the flux equation 
that evaluates the loads applied by a flowing incompressible fluid on a submerged 
body. The general assumptions was that of a two dimensional flow. 
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The conclusion is that the formulation can be easily validated through the 
analytical methods but with big constraints of the flow conditions domain. A more 
broad validation is expected by using the CFD codes on its own or even better in 
symbiosis with the experimental method. The recommendation is to design 
experiments that will allow the flow domain conditions to be as varied as possible. 

As future work, two directions of research can be identified. One is to 
further validate the two dimensional formulations through the experimental set-
up, and the latter is to develop the three dimensional formulation and validate this 
as well. This also implies a significantly more complex experimental set-up and 
procedure due to the difficulties of the three dimensional PIV method. 
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