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Flight Test M easurement
Techniquesfor 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 alaminar flow airfoil on the P-51 fighter aircraft.

Laminar flow can be abtained 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) isto
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. Thisis
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
dlots 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 agood 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 atransport 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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L estechniques de mesure en vol
des écoulements laminaires

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

Synthese

Les avantages des technologies de I'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 I’adoption d'un profil de voilure a
écoulement laminaire sur |’ avion de combat P-51.

En aéronautique, I’ écoulement laminaire peut étre obtenu en fagconnant le profil de telle maniere a créer un
gradient de pression qui produit un « écoulement laminaire naturel » (NLF). Une autre méthode, appelée
« contrdle de I’ écoulement laminaire » (LFC) consiste a créer une dépression active a travers une surface
poreuse, éliminant ainsi les perturbations locales occasionnées par les tourbillons. Une troisiéme méthode
représente une combinaison des deux premieres, et applique le LFC a une zone proche du bord d’ attaque
et le NLF a la partie arriére du profil de voilure. Cette méthode s appelle « contréle hybride de
I’ écoulement laminaire ».

La mise au point des technologies de I’ 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 |’ écoulement laminaire le plus colteux a été réalisé sur le X-21A dans les années
soixante par Northrop et I'US Air Force. Ces essais ont fait appel au LFC. En I’ occurrence, des petits
morceaux de la couche limite proche de la surface ont été enlevés par la technique de dépression active
a travers des fentes étroites pratiquées dans le revétement. 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 I'exploitation des systémes, ainsi que du colt modéré du carburant et de sa grande disponibilité
al’époque, et du probléme de contamination par les insectes.

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

Cette AGARDographie examine des techniques d' essais en vol éprouvées, qui ont été essayées et mises en
cauvre au cours des dernieres décennies. Elle fait ressortir les problémes qui sont a résoudre, propose
différents équipements et de I’ instrumentation susceptibles d’ étre mis en cauvre, et examine les effets sur
I"environnement, ainsi que les procédures d'essais en vol. Elle présente différentes options de techniques
d sen vol, permettant d' obtenir de bons résultats, allant du trés simple au plus complexe.
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Lift coefficient increment

Differential pressure

Temperature error

Directional radiation

Flap angle

Circumferential angle

Momentum thickness

Heat conductivity of the fluid

Density

Normalized mass flow fluctuations
Sealevel density ratio of the air, root-mean-square (RMS) gust velocity
Wall shear stress at the disturbance location

Wall shear stress

Mean shear stress

Fluctuating value of shear stress

Kinematic viscosity

Wing leading edge sweep angle, circumferential angle
Resistance, Ohms

Indicated airspeed
Free-stream conditions
Density
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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 eval uation 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 monographsin
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 origina 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.

XVi RTO-AG-300-V23



Acknowledgements

The authors would like to thank the following for their contributions to this AGARDograph: Mr. Richard E.
Davis, NASA Langley Research Center, Hampton, VA USA, for Chapter 3.3, Atmospheric particulates and
Chapter 4.6, Atmospheric particulate instrumentation; Dr. Stan Miley, Old Dominion University, Norfolk,
VA USA and Harry Chiles, NASA Dryden Fight Research Center, Edwards, CA USA, for Chapter 4.2.3,
Hot-film and hot-wire anemometry; and Mr. Clifford J. Obara, NASA Langley Research Center, Hampton,
VA USA, for Chapter 4.2.8, Sublimating chemicals technique.

The authors would also like to thank Graphic Artist Justine Mack for the many figures and illustrations,
and Editorial Assistants Angela Hammons and Anna Grayson for the final layout. The authors are especialy
grateful to Editor Muriel Khachooni for her helpful comments, hard work and persistence in seeing this
AGARDograph to completion. All work at the NASA Dryden Flight Research Center, Edwards, CA USA.

The authors would dso like to recogni ze the patience and support of the NATO Research Technology Agency
Flight Test Technology Team, champions Mr. Hans Galethner, DLR, Institute of Flight Research,
Oberpfaffenhofen, Wesdling, Germany and Mr. Glenn Bever, NASA Dryden Flight Research Center,
Edwards, CA USA; LTC Scott Campbell, RTA/SCI Panel Executive, Neuilly-sur-Seine Cedex, France;
members Prof. N. Alemdaroglu, Middle East Technical University, Ankara, Turkey, Prof. L.M.B. da Costa
Campos, Ingtituto Superior Tecnico, Lishoa Codex, Portugal, Mr. Roger Crane, 412th Test Wing, Edwards
AFB, CA USA, Mr. R. Detrick, Naval Test Wing Atlantic, Patuxent River, MD USA, Mr. J. Dumoulin,
Centre d' Essais en Vol Base d’ Essais d' I stres, Istres Air, France, Mr. R. Erdos, National Research Council of
Canada, Ottawa, Ontario, Canada, Mr. Ir. R. Krijn, National Aerospace Laboratory (NLR), Amsterdam,
The Netherlands, Mr. D. Morley, BAE SY STEMS, Warton, Preston, England, Capt. Roberto Sabatini, Pratica
di Mare, Pomezia(Roma), Italy, and Mrs. B. A. Wood, MoD Boscombe Down, Salisbury, Wiltshire, U.K.

RTO-AG-300-V23 XVii



This page has been deliberately left blank

Page intentionnellement blanche

Xviii RTO-AG-300-V23



ORGANIZATION

REPORT DOCUMENTATION PAGE

1. Recipient’s Reference | 2. Originator’s References 3. Further Reference 4. Security Classification
of Document
RTO-AG-300 ISBN 92-837-1107-6 UNCLASSIFIED/
AC/323(SCI-040)TP/45 UNLIMITED
Volume 23
5. Originator

Research and Technology Organisation
North Atlantic Treaty Organisation
BP 25, F-92201 Neuilly-sur-Seine Cedex, France

6. Title
Flight Test Measurement Techniques for Laminar Flow

7. Presented at/Sponsored by

the Flight Test Technology Team (FT3) of the Systems Concepts and
Integration Panel (SCI) of RTO.

8. Author (s)/Editor (s) 9. Date
Multiple October 2003
10. Author’ gEditor’s Address 11. Pages
Multiple 130

12. Distribution Statement  Thera are no restrictions on the distribution of this document.

Information about the availability of thisand other RTO
unclassified publicationsis given on the back cover.

13. Keywords/Descriptors

Aerodynamic characteristics Hot-wire Separation
ATTAS Hybrid laminar flow control Sublimating chemicals
Boundary layer flow Infrared imaging Surface properties
Boundary layer transition JetStar Surface temperatures
Data acquisition Laminar flow control Test facilities
Emitted fluid Liquid crystal Transonic characteristics
Flight maneuvers Qil flow Traversing pitot
Flight tests Raised-pitot X-21
Hot-film

14. Abstract

This AGARDograph provides information on flight test techniques, instrumentation, environmental
effects, and flight procedures that have been used successfully in laminar flow research. Many
techniques are described for measuring the location of boundary layer transition in-flight, from the
very simple to the more complex. References to previous works are included for readers to explore.
Specific instrumentation for flight is described and the unique environmental effects of flight noted.
Procedures for flight test maneuvers are also included.

Techniques discussed cover both local and global measurements. Some of the local flow techniques
include surface temperatures, hot-film and hot-wire anemometry, raised-pitot, and traversing surface
pitot. Globa flow techniques include the infrared imaging, oil flow, liquid crystal, sublimating
chemicals, and emitted fluid techniques. Some of the environmental concerns discussed include
atmospheric particulate (ice crystals) and turbulence. Flight test procedures for infrared imaging and
for insect contamination avoidance are described.

RTO-AG-300-V23



This page has been deliberately left blank

Page intentionnellement blanche

RTO-AG-300-V23



NORTH ATLANTIC TREATY ORGANISATION

BP 25
F-92201 NEUILLY-SUR-SEINE CEDEX * FRANCE
Télécopie 0(1)55.61.22.99 « E-mail mailbox@rta.nato.int

RESEARCH AND TECHNOLOGY ORGANISATION

1

DIFFUSION DES PUBLICATIONS

RTO NON CLASSIFIEES

Les publications de 'AGARD et de la RTO peuvent parfois ébtenues auprés des centres nationaux de distribution indigdésscius. Si vou
souhaitez recevoir toutes les publicationdal®TO, ou simplement celles qui conuent certains Panels, vous pouvez demadtre inclus soit
titre personnel, soit au nom de votre organisation, sur la liste d’envoi.
Les publications de la RTO et de 'AGARD sont égalementegite auprés des agences de vente indiquées ci-dessous.

Les demandes de documents RTO ou AGARD doieeniporter la dénomination « RTO » ou « AGARDBelon le cas, suivi du numéro de s¢
Des informations analogues, telles que le &stla date de publication sont souhaitables.
Si vous souhaitez recevoir une naotificatiélectronique de la disponibilities rapports de la RTO au fur etasure de leur publication, vous pou
consulter notre site Welwvw.rta.nato.int et vous abonner a ce service.

ALLEMAGNE
Streitkrafteamt / Abteilung Il
Fachinformationszentrum der
Bundeswehr (FIZBw)
Friedrich-Ebert-Allee 34, D-53113 Bonn

BELGIQUE
Etat-Major de la Défense
Département d’Etat-Major Stratégie
ACOS-STRAT - Coord. RTO
Quatrtier Reine Elisabeth
Rue d’Evére, B-1140 Bruxelles

CANADA
DSIGRD2
Bibliothécaire des ressources du savoir
R et D pour la défense Canada
Ministére de la Défense nationale
305, rue Rideau,*®tage
Ottawa, Ontario K1A 0K2

DANEMARK
Danish Defence Research Establishment
Ryvangs Allé 1, P.O. Box 2715
DK-2100 Copenhagen @

ESPAGNE
SDG TECEN / DGAM
C/ Arturo Soria 289
Madrid 28033

ETATS-UNIS
NASA Center for AeroSpace
Information (CASI)
Parkway Center, 7121 Standard Drive
Hanover, MD 21076-1320

NASA Center for AeroSpace
Information (CASI)

Parkway Center, 7121 Standard Drive

Hanover, MD 21076-1320

ETATS-UNIS

CENTRESDE DIFFUSION NATIONAUX

FRANCE
O.N.E.R.A. (ISP)
29, Avenue de la Division Leclerc
BP 72, 92322 Chatillon Cedex

GRECE (Correspondant)
Defence Industry & Research
General Directorate, Research Directorate
Fakinos Base Camp, S.T.G. 1020
Holargos, Athens

HONGRIE
Department for Scientific Analysis
Institute of Military Technology
Ministry of Defence
H-1525 Budapest P O Box 26

ISLANDE
Director of Aviation
c/o Flugrad
Reykjavik

ITALIE
Centro di Documentazione
Tecnico-Scientifica della Difesa
Via XX Settembre 123
00187 Roma

LUXEMBOURG
Voir Belgique

NORVEGE

Norwegian Defence Research Establishment

Attn: Biblioteket
P.O. Box 25, NO-2007 Kjeller

AGENCESDE VENTE

TheBritish Library Document
Supply Centre
Boston Spa, Wetherby
West Yorkshire LS23 7BQ
ROYAUME-UNI

PAYSBAS
Royal Netherlands Military
Academy Library
P.O. Box 90.002
4800 PA Breda

POLOGNE
Armament Policy Department
218 Niepodleglosci Av.
00-911 Warsaw

PORTUGAL
Estado Maior da Forca Aérea
SDFA — Centro de Documentagao
Alfragide
P-2720 Amadora

REPUBLIQUE TCHEQUE
DIC Czech Republic-NATO RTO
VTUL a PVO Praha
Mladoboleslavska ul.
Praha 9, 197 06
Ceska republika

ROYAUME-UNI
Dstl Knowledge Services
Kentigern House
Room 2246
65 Brown Street
Glasgow G2 8EX

TURQUIE
Milli Savunma Bakanfii (MSB)
ARGE ve Teknoloji Dairesi Bkanligi
06650 Bakanliklar — Ankara

Canada Institute for Scientific and
Technical Information (CISTI)

National Research Council

Acquisitions, Montreal Road, Building M-55

Ottawa K1A 0S2, CANADA

Les demandes de documents RTO ou AGARD doigentporter la dénomination « RTO » ou « AGARDBselon le cas, suivie du numéro de ¢
(par exemple AGARD-A@®15). Des informations analogues, telles que le titre etla® de publication sont souhaitables. Des référ
bibliographiques complétes ainsi que des résumés des pigblscBRTO et AGARD figurent dans les journaux suivants :

Scientific and Technical Aerospace Reports (STAR)
STAR peut étre consulté en ligne au localisateur de

ressources uniformes (URL) suivant:

http://www.sti.nasa.gov/Pubs/star/Star.html
STAR est édité par CASI dans le cadre du programme
NASA d'information scientifique et technique (STI)

STI Program Office, MS 157A
NASA Langley Research Center
Hampton, Virginia 23681-0001
ETATS-UNIS

Springfield
Virginia 2216
ETATS-UNIS

Government Reports Announcements & Index (GRA&I)
publié par le National Technical Information Service

(assble également en mode interactif dans la base de

données bibliographiques en ligne du NTIS, et sur CD-ROM)



RESEARCH AND TECHNOLOGY ORGANISATION

BP 25 DISTRIBUTION OF UNCLASSIFIED
F-92201 NEUILLY-SUR-SEINE CEDEX * FRANCE
Télécopie 0(1)55.61.22.99 « E-mail mailbox@rta.nato.int RTO PUBLICATIONS
AGARD & RTO publications are sometimes available from the Naltibigtribution Centres listed below. If you wish to receiveRITO reports,
or just those relating to one or more specific RTO Panelstlagybe willing to include you (or your Organisation) in théstribution.
RTO and AGARD reports may also be purchased from the Sales Agencies listed below.
Requests for RTO or AGARD documents should include the word *RFOAGARD’, as appropriate, followed by the serial numberli&@eral
information such as title and publication date is desirable.
If you wish to receive electronic notification of RTO refgoas they are published, please visit our websitew(rta.nato.int from where you ca
register for this service.

NORTH ATLANTIC TREATY ORGANISATION

NATIONAL DISTRIBUTION CENTRES

BELGIUM
Etat-Major de la Défense

Département d’Etat-Major Stratégie

ACOS-STRAT - Coord. RTO
Quartier Reine Elisabeth
Rue d’Evere

B-1140 Bruxelles

CANADA
DRDKIM2
Knowledge Resources Librarian
Defence R&D Canada
Department of National Defence
305 Rideau Street
9" Floor
Ottawa, Ontario K1A 0K2

CZECH REPUBLIC
DIC Czech Republic-NATO RTO
VTUL a PVO Praha
Mladoboleslavska ul.
Praha 9, 197 06
Ceska republika

DENMARK
Danish Defence Research
Establishment
Ryvangs Allé 1
P.O. Box 2715
DK-2100 Copenhagen @

FRANCE
O.N.E.R.A. (ISP)
29, Avenue de la Division Leclerc
BP 72
92322 Chatillon Cedex

NASA Center for AeroSpace
Information (CASI)

Parkway Center

7121 Standard Drive

Hanover, MD 21076-1320

UNITED STATES

GERMANY
Streitkrafteamt / Abteilung Ill
Fachinformationszentrum der
Bundeswehr (FIZBw)
Friedrich-Ebert-Allee 34
D-53113 Bonn

GREECE (Poaint of Contact)
Defence Industry & Research

General Directorate, Research Directorate

Fakinos Base Camp, S.T.G. 1020
Holargos, Athens

HUNGARY
Department for Scientific Analysis
Institute of Military Technology
Ministry of Defence
H-1525 Budapest P O Box 26

ICELAND
Director of Aviation
c/o Flugrad, Reykjavik

ITALY
Centro di Documentazione
Tecnico-Scientifica della Difesa
Via XX Settembre 123
00187 Roma

LUXEMBOURG
See Belgium

NETHERLANDS
Royal tRerlands Military
Academy Library
P.O. Box 90.002
4800 PA Breda

SALESAGENCIES

TheBritish Library Document
Supply Centre
Boston Spa, Wetherby
West Yorkshire LS23 7BQ
UNITED KINGDOM

NORWAY
Norwegian Defence Research
Establishment
Attn: Biblioteket
P.O. Box 25, NO-2007 Kjeller

POLAND
Armament Policy Department
218 Niepodleglosci Av.
00-911 Warsaw

PORTUGAL
Estado Maior da Forca Aérea
SDFA - Centro de Documentacao
Alfragide, P-2720 Amadora

SPAIN
SDG TECEN / DGAM
C/ Arturo Soria 289
Madrid 28033

TURKEY
Milli Savunma Bakagil(MSB)
ARGE ve Teknoloji Dairesi B&anlig
06650 Bakanliklar — Ankara

UNITED KINGDOM
Dstl Knowledge Services
Kentigern House, Room 2246
65 Brown Street
Glasgow G2 8EX

UNITED STATES
NASA Center for AeroSpace
Information (CASI)
Parkway Center, 7121 Standard Drive
Hanover, MD 21076-1320

Canada Institute for Scientific and
Technical Information (CISTI)

National Research Council

Acquisitions

Montreal Road, Building M-55

Ottawa K1A 0S2, CANADA

Requests for RTO or AGARD documents should include the word *RFCAGARD’, as appropriate, followed by the serial number @aamjpe
AGARD-AG-315). Collateral information such as title and publication date&rable. Full bibliographical references and abstracRT@ anc
AGARD publications are given in the following journals:
Scientific and Technical Aerospace Reports (STAR)
STAR is available on-line at the following uniform
resource locator:
http://www.sti.nasa.gov/Pubs/star/Star.html
STAR is published by CASI for the NASA Scientific
and Technical Information (STI) Program
STI Program Office, MS 157A
NASA Langley Research Center
Hampton, Virginia 23681-0001
UNITED STATES

Government Reports Announcements & Index (GRA&I)
published by the National Technical Information Service
Springfield
Virginia 2216
UNITED STATES
(also available online in the NTIS Bibliographic
Database or on CD-ROM)

ISBN 92-837-1107-6





