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Flight Test Measurement  
Techniques for Laminar Flow 

(RTO AG-300 Vol. 23 / SCI-040) 

Executive Summary 

The advantages of laminar flow technology have been well known for decades. Experiments in Germany, 
the United Kingdom, and the United States date back to the 1930’s. One application of some of the early 
research was the use of a laminar flow airfoil on the P-51 fighter aircraft.  

Laminar flow can be obtained on an aircraft by shaping the airfoil and creating a favorable pressure 
gradient resulting in “Natural Laminar Flow,” (NLF). Another method, “laminar flow control,” (LFC) is to 
apply active suction through a porous surface, removing the local turbulence disturbances. A third method 
is to combine the two, using LFC near the leading edge and NLF on the aft portion of the airfoil. This is 
referred to as “Hybrid Laminar Flow Control.” 

Laminar flow technology is one that requires flight testing to obtain the proper noise environment, 
Reynolds number, scale, and environmental conditions. One of the most extensive laminar flow flight tests 
was performed on the X-21A in the 1960’s by Northrop and the U.S. Air Force. Those tests used LFC in 
which small portions of the boundary layer near the surface were removed with suction through narrow 
slots in the skin. That technology was not adopted by the transport aircraft manufacturers because of the 
added weight and complexity of manufacturing and operating the systems, the low cost and availability of 
fuel at the time, and the lack of a good solution for the insect contamination problem. 

However, the capability of manufacturing close tolerances today with computer-controlled milling 
machines, materials such as perforated titanium, and insect contamination alleviation techniques makes a 
laminar flow on a transport aircraft a closer reality. 

This AGARDograph addresses proven flight test techniques that have been tested and applied over the last 
several decades. It illustrates the problems required to overcome, suggests equipment and instrumentation 
that might be used, and discusses environmental effects and flight test procedures. It provides options for 
obtaining good results using different flight test techniques, from very simple to more complex. 
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Les techniques de mesure en vol  
des écoulements laminaires 

(RTO AG-300 Vol. 23 / SCI-040) 

Synthèse 

Les avantages des technologies de l’écoulement laminaire sont connus depuis des décennies.  
Les expériences réalisées en Allemagne, au Royaume-Uni et aux Etats-Unis datent des années 1930. 
L’une des applications de ces premiers travaux de recherche a été l’adoption d’un profil de voilure à 
écoulement laminaire sur l’avion de combat P-51.  

En aéronautique, l’écoulement laminaire peut être obtenu en façonnant le profil de telle manière à créer un 
gradient de pression qui produit un « écoulement laminaire naturel » (NLF). Une autre méthode, appelée  
« contrôle de l’écoulement laminaire » (LFC) consiste à créer une dépression active à travers une surface 
poreuse, éliminant ainsi les perturbations locales occasionnées par les tourbillons. Une troisième méthode 
représente une combinaison des deux premières, et applique le LFC à une zone proche du bord d’attaque 
et le NLF à la partie arrière du profil de voilure. Cette méthode s’appelle « contrôle hybride de 
l’écoulement laminaire ». 

La mise au point des technologies de l’écoulement laminaire nécessite la réalisation d’essais en vol afin 
d’obtenir les conditions de milieu sonore, de nombre Reynolds, d’échelle et d’environnement appropriées. 
L’un des essais en vol de l’écoulement laminaire le plus coûteux a été réalisé sur le X-21A dans les années 
soixante par Northrop et l’US Air Force. Ces essais ont fait appel au LFC. En l’occurrence, des petits 
morceaux de la couche limite proche de la surface ont été enlevés par la technique de dépression active  
à travers des fentes étroites pratiquées dans le revêtement. Cette technique n’était pas adoptée par les 
constructeurs d’avions de transport en raison du poids supplémentaire et de la complexité de la fabrication 
et de l’exploitation des systèmes, ainsi que du coût modéré du carburant et de sa grande disponibilité  
à l’époque, et du problème de contamination par les insectes.  

Cependant, aujourd’hui, avec les tolérances serrées autorisées par les fraiseuses numériques, les matériaux 
tels que le titane perforé, et les techniques d’atténuation de la contamination causée par les insectes, 
l’application du concept d’écoulement laminaire aux avions de transport paraît de plus en plus faisable. 

Cette AGARDographie examine des techniques d’essais en vol éprouvées, qui ont été essayées et mises en 
œuvre au cours des dernières décennies. Elle fait ressortir les problèmes qui sont à résoudre, propose 
différents équipements et de l’instrumentation susceptibles d’être mis en œuvre, et examine les effets sur 
l’environnement, ainsi que les procédures d’essais en vol. Elle présente différentes options de techniques 
d’essais en vol, permettant d’obtenir de bons résultats, allant du très simple au plus complexe. 
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E  Anemometer output bridge voltage 

Eac Aircraft electrical power voltage 

E Output voltage 

E   Output voltage mean value 

e'  Fluctuating value of output voltage 

ƒ Frequency 

Gx(ƒ) Power spectral density function 

g Standard gravitational constant 
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H  Harmonic frequency 

H, h Altitude 

h  Disturbance or step height, 0.06 mm 

hp Pressure altitude 

I Current amperage 

k Thermal conductivity of the air 

kcrit Critical disturbance height 

L  Lift 

M  Mach number 

Ma Free-stream flight Mach number 

N1 Engine fan speed, percent of maximum 

N1C Corrected engine fan speed 

n Amplification factor exponent, exponent in King’s Law 

ppr /pt Traversing probe pressure normalized by free-stream total pressure 

p Pressure 

p' Fluctuating pressure 

p t,  Free-stream total pressure 

pt,probe Probe total pressure 

q, q Free-stream dynamic pressure 

R Resistance 

Rec Reynolds number based on chord length, c 

Rek, crit Reynolds number based on critical disturbance height 

ReTr Reynolds number based on end of transition 

Retr  Reynolds number based on beginning or onset of transition 

Rew Reynolds number based on sensor wire diameter, w 

Rex Reynolds number based on longitudinal coordinate, x 

ReΘ Reynolds number based on attachment line momentum thickness, Θ 

ta Temperature of the airflow 

Trƒ Boundary layer transition front location = (x
tr ⁄ c + x

Tr
 ⁄ c) ⁄ 2 

tw Nacelle wall temperature, temperatures of the hot-wire sensor 

tt Free-stream total temperature 

Tu Turbulence intensity 

Tu (u') Turbulence intensity based on velocity fluctuation, u' 

Tu (v') Turbulence intensity based on velocity fluctuation, v' 

t Temperature 

 Shear stress velocity 

U Local velocity 

U  Flow velocity, velocity near edge of boundary layer 

U Free-stream velocity, true airspeed 

uk
*

∞

∞

∞

∞

∞

∞
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Uk Velocity within the boundary layer at the disturbance height 

u/U Local to free-stream velocity ratio 

u, v, w Velocity components in the direction of the axes of the rectangular Cartesian system x, y, z 

u', v', w' Velocity fluctuations associated with u, v, w respectively 

V Aircraft velocity 

Vc Calibrated velocity 

xTr Location at end of boundary layer transition 

xtr Location at onset of boundary layer transition 

x Longitudinal coordinate measured from fan cowl leading edge 

x, y, z Rectangular Cartesian coordinates 

x/c Normalized longitudinal coordinate 

x/L Distance from cone apex normalized by cone length 

α Angle of attack 

αh Heat transfer coefficient 

β Yaw angle 

∆ cl Lift coefficient increment 

∆ p Differential pressure 

∆ t Temperature error 

εφ Directional radiation 

ηF Flap angle 

θ Circumferential angle 

Θ Momentum thickness 

λ Heat conductivity of the fluid 

ρ Density 

 Normalized mass flow fluctuations 

σ Sea level density ratio of the air, root-mean-square (RMS) gust velocity 

τ0k Wall shear stress at the disturbance location 

τw Wall shear stress 

 Mean shear stress 

τ'w Fluctuating value of shear stress 

ν Kinematic viscosity 

φ Wing leading edge sweep angle, circumferential angle 

Ω Resistance, Ohms 

Subscripts 
IAS Indicated airspeed 

 Free-stream conditions 

ρ Density 

 

ρu( )' ρU∞( )⁄

τw

∞
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AGARDograph Series 160 and 300 

The Systems Concepts and Integration (SCI) Panel has a mission to distribute knowledge concerning 
advanced systems, concepts, integration, engineering techniques, and technologies across the spectrum of 
platforms and operating environments to assure cost-effective mission area capabilities. Integrated defence 
systems, including air, land, sea, and space systems (manned and unmanned) and associated weapon and 
countermeasure integration are covered. Panel activities focus on NATO and national mid- to long-term 
system level operational needs. The scope of the Panel covers a multidisciplinary range of theoretical 
concepts, design, development, and evaluation methods applied to integrated defence systems. 

One of the technical teams formed under the SCI Panel is dedicated to Flight Test Technology. Its mission 
is to disseminate information through publication of monographs on flight test technology derived from 
best practices which support the development of concepts and systems critical to maintaining NATO’s 
technological and operational superiority. It also serves as the focal point for flight test subjects and issues 
within the SCI Panel and ensures continued vitality of the network of flight test experts within NATO. 

These tasks were recognized and addressed by the former AGARD organization of NATO in the form of 
two AGARDograph series. The team continues this important activity by adding to the series described 
below. 

In 1968, as a result of developments in the field of flight test instrumentation, it was decided that 
monographs should be published to document best practices in the NATO community. The monographs in 
this series are being published as individually numbered volumes of the AGARDograph 160 Flight Test 
Instrumentation Series. 

In 1981, it was further decided that specialist monographs should be published covering aspects of 
Volume 1 and 2 of the original Flight Test Manual, including the flight testing of aircraft systems.  
The monographs in this series (with the exception of AG 237, which was separately numbered) are being 
published as individually numbered volumes of the AGARDograph 300 Flight Test Techniques Series. 

At the end of each AGARDograph 160 Flight Test Instrumentation Series and AGARDograph 300 Flight 
Test Techniques Series volume is an annex listing all of the monographs published in both series. 
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