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Preparation of Manuscripts for Submission toTechnical Soaring

Technical Soaring(TS) seeks to document recent advances in the sci-
ence, technology and operations of motorless aviation.TSwelcomes
original contributions from all sources.
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for public release. The work must not infringe on copyrights, and must
not have been published or be under consideration for publication else-
where. Authors must sign and submit a copyright form at time of sub-
mission. The form is available atwww.ostiv.org.

Layout Submit manuscripts insingle-column, double line-spacing
format. This is not a “camera-ready” layout but facilitatesreview and
typesetting. Set up margins so the pages will print on both USLetter
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Language All manuscripts submitted toTSmust be in English. Sub-
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Abstract All papers require a summary-type abstract. Abstracts must
consist of a single, self-contained paragraph. Suggest 100to 150 words.
Acronyms may be introduced in the abstract, but do not cite references,
figures, tables, or footnotes.

Nomenclature If the paper uses more than a few symbols, list and de-
fine them in a table in a separate section following the abstract. Define
acronyms in the text following first use in text — not in the Nomencla-
ture list.

Introduction The Introduction should state the purpose of the work
and its significance with respect to prior literature, and should enable
the paper to be understood without undue reference to other sources.

Conclusions Although the Conclusions section may review the main
points of the paper, it must not replicate the abstract. Do not cite refer-
ences, figures, or tables in the Conclusions section as all points should
have been made in the body of the paper.

Acknowledgments This section may be used to acknowledge techni-
cal assistance, organizational sponsorship, or financial or other support.
Inclusion of support and/or sponsorship acknowledgments is strongly
encouraged.
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From the Editor

Our pipeline of papers “in process” is looking better so I’m opti-
mistic about catching up over the next several months.

As always, I thank our authors, reviewers, and Associate Editors for
doing all the really hard work. Appreciative thanks to Mark Maughmer,
who oversaw the review of the Hansen paper in this issue.

Color Graphics in Technical Soaring
TS submissions in recent years have increasingly relied on color

graphics, in particular because of papers documenting results of Com-
putational Fluid Dynamics (CFD) studies. This issue includes an ex-
ample of a CFD paper with numerous color graphics.

To date, we have not been able to printTSin color within our avail-
able budget. However, the PDF (electronic) version provided on theTS
website is set in full color, and readers are urged to refer tothis version
when color graphics are useful for a full understandings of the material.
We hope that this situation can evolve in the near future. Your input
either to OSTIV or to the Editor will be crucial in making the required
decisions.

OSTIV Meteorology Panel Meeting
Prof. Dr. Zafer Aslan, Chair of the OSTIV Scientific Section and

the OSTIV Meteorological Panel Chair, writes:
“The next OSTIV Met Panel will be held in Zurich between 6 and 7

February, 2015. The Panel addresses all scientific and technical as-
pects of soaring flight including motor-gliding, hang-gliding, paraglid-
ing, ultra-light sailplanes and aero-modeling.

“Opportunity for presentation and discussion of papers is given in
Meteorology, Climatology, Atmospheric Physics, and related areas.

“Deadline for Abstracts is January 9, 2015. There is no registration
fee for the Panel.”

If you wish to participate in this meeting, please contact Prof. Aslan
atzaslan@aydin.edu.tr

OSTIV Congress XXXII
OSTIV Congress XXXII was held in conjunction with the 33rd

World Gliding Championships in Leszno, Poland, 21 July – 10 August,
2014. An agenda and summary of the sessions may be found online
at the new OSTIV website. The new site is very nice, by the way,and
has the same URL as our previous site:www.ostiv.org. Kudos to our
webmaster, Jannes Neumann!

The History of Glue?
One of our readers is researching the history of glues and adhe-

sives as employed in wooden sailplanes and is looking for articles on
the chemistry and testing of Aerolite and Kaurit (also knownin Eng-
land after 1940 as “Beetle Cement W”). He’s especially interested in a
report cited in a 1965Sport Aviationarticle as “Aircraft Research Lab-
oratories: Technical Notes No. 183.” If you have any information to
contribute, or have a lead on a copy of the ARL report, please con-
tact Henry Clayton atHclayhton@niar.wichita.edu, or via the TS
editor. Thank you!

Mountain Wave Project
Dr. René Heise writes:
“With the flight with the DLR MACS over the glaciers of the

Mt. Everest in January, 2014, we completed the latest OSTIV
Mountain Wave Project (MWP) expedition. Information aboutthe

MWP Nepal measurement campaign can be found on our website:
http://www.mountain-wave-project.com/index-2.html.

“Videos and the press release of the Mt. Everest flight of the MWP-
team may be found on the DLR website,

http://www.dlr.de/dlr/presse/en/desktopdefault.aspx/

tabid-10172/213 read-9415/year-all/#gallery/13541

“Among the most important aims was completion of the scientific
measurement flights (aerosol, physiological measurementsand glacier
monitoring with DLR-MACS) in a small time window per our official
proposal.

“It was not simple to fly in Nepal without an engine — no electrical
power for transponder, radio and measurement instruments.It can be
difficult to restart the engine at high altitude because of issues related
to the turbocharger. There are no no outlanding fields and thealternate
fields are busy national/international airports. This is why soaring there
is such a challenge.

“For a time it was possible to fly in high waves (above 7,000m),
but up to this altitude it was very turbulent due to strong upper winds.
I flew in waves over the Kali Gandaki Valley and Annapurna too,but
the altitude band above 6,000m is still difficult to handle with air traf-
fic control. With the long distance flights with a (motor-) glider over
the Himalayas we extended the pioneering 1985 (motor-) glider flights
over the Kali Gandaki Valley (OSTIV Publication XVIII). Theflights
of Klaus Ohlmann over the area in the vicinity of Mt. Everest were
exceptions (strong turbulence and air traffic control), butwith the skills
and confidence we have acquired, we may have another chance inthe
future.

“After the first OSTIV Himalayan Soaring Expedition of Alvaro
de Orleans-Borbon, Bruno Neininger, Joachim Kuettner and Manfred
Reinhardt in 1985 this was yet another important step in exploring the
atmosphere and soaring conditions on the roof of the world.”

Jona Keimer and René Heise test fly D-KNFH with DLR-camera over
the Kali Gandaki Valley. Mountain Wave Project, with permission.

Reminder to Authors
Before reviews can commence,TSrequires a completed copyright

form for every submitted paper. The form is available at the OSTIV
website, or contact the Editor.

Respectfully,

Judah Milgram
Editor-in-Chief,Technical Soaring
milgram@cgpp.com

VOL. 38, NO. 1 January–March 2014 1 TECHNICAL SOARING



Book Review

Atmospheric Gravity Waves and Soaring Flight:
Physical principles and practical applications

by Dieter Etling
118 pages, DIN A4
Photos, diagrams, bibliography
Published by the author, January, 2014
Available at no charge atwww.schwerewelle.de/literatur

Reviewed by Ward Hindman

If you want to recognize, understand and predict the atmospheric
waves that enable soaring flight, then Dieter Etling’s book is for you.
It is written in an approachable manner with just the right amount of
mathematical foundation and with numerous illustrative examples. I
learned of the book from Jörg Dummann, the force behind the atmo-
spheric gravity wave forum at www.schwerewelle.de and a force be-
hind the book. I think Dummann’s forum is worth visiting, as well as
studying the book. Unabashedly, I present my reviewer qualification
with our flight and theoretical study of the most common atmospheric
gravity wave used by glider pilots — the mountain wave [1].

Emeritus Prof. Dr. Etling is not a glider pilot but has participated
regularly in Dummann’s forums. He is a theoretical meteorologist with
the Leibniz University of Hannover, Germany and a successful au-
thor [2, 3]. Dieter is an authority on wave physics and, by osmosis,
knowledgeable about the characteristics of the mountain wave.

The book begins with an introduction to soaring and mountain
waves in Chapter 1 and ends with a short history of soaring flight in

Chapter 11. Etling initially planned to provide a popular treatment of
gravity waves without mathematical formulas. But during the early
stages, he writes, it turned out that some formal treatment of wave
physics was necessary in order to understand the wave properties as
experienced by glider pilots. These wave principles are provided in
Chapters 2 through 6. Gravity waves suitable for soaring flight are pre-
sented in Chapters 7 through 10, which contain little formaltreatment.

The mathematical formulas are presented step-by-step suchthat a
reader with basic mathematical and physical knowledge can follow the
explanations. For example, the math and physics he employs nicely de-
scribes the main features of the mountain wave: the verticaloscillations
(the Brunt-Vaisala frequency) and the stationarity (schematic of a sta-
tionary gravity wave with a phase speed equal but opposite tothe wind
speed in Fig. 5.9).

As a meteorologist, I found the “rules of thumb” on Page 85 help-
ful. Thus, when I’m asked how to forecast mountain waves, I’ll refer
the person to this portion of his book.

The ability to search the downloadable PDF file for key words is an
important feature.

The graphics are complementary to the text, clear and often in color.
They are nicely nested near the text so the reader does not have to
scramble about to connect text with a referenced figure or table.

The book’s references, in print and online, contain the important
gravity wave studies both past and present. Thus, the book iscomplete
in its scholarship. It fits nicely between a thorough text book [4] and a
primer written by a three-Diamond glider pilot and theoretical meteo-
rologist [5].

In summary, the book should satisfy readers from those who want to
thoroughly understand atmospheric gravity waves associated with soar-
ing flight to the pilot who just wants to determine the next daythey can
fly in a mountain wave.

Bravo, Dieter!

References
[1] Hindman, E. E., McAnelly, R. A., Cotton, W. R., Pattist, T., and

Worthington, R. M., “An unusually high summertime wave flight,”
Technical Soaring, Vol. 28, No. 4, 2004, pp. 7–23, Winner of
2004 Soaring Society of America Tuntland Award and the OSTIV
Diploma for the best meteorological paper at the 27th Congress,
2006.

[2] Etling, D., Theoretische Meteorologie: Eine Einführung, Springer,
2008.

[3] Ortel, H., editor, Prandtl — Essentials of Fluid Mechanics,
Springer, 3rd ed., 2010, D. Etling et al. (contributors).

[4] Nappo, C., editor,Introduction to Atmospheric Gravity Waves,
Academic Press, 3rd ed., 2012.

[5] Hertenstein, R.,Riding on Air, Ridge, Wave and Convergence Lift,
Bob Wander, Minneapolis, 2011.
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Book Review

Locomotive to Aeromotive:
Octave Chanute and the Transportation Revolution

by Simine Short
341 pages, 15x23 cm
Photos, diagrams, extensive footnotes, bibliography, index
University of Illinois Press, 2011
Urbana, Illinois, USA

Reviewed by Judah Milgram

One day, many years ago, your editor found himself in the company
of fellow airplane enthusiasts pondering the question: what did people
do before airplanes? There must always have been people likeus, so
what did they do before there were gliders and airplanes to tinker with?

Simine Short’s biography of Octave Chanute presents one fascinat-
ing answer to this question. Chanute, a well-known aviationpioneer of
the late 1800’s, actually came to aeronautics late in life, after a long and
successful career as a railroad surveyor, developer, and line manager;
civil engineer, bridge builder, and manufacturer. While some accounts
encapsulate Chanute’s pre-aeronautical life with “Chanute, a success-
ful railway engineer...”, Short’s biography presents Chanute’s life as
a complete story, beginning with his childhood in early 19thcentury
Louisiana, through his life as a civil engineer and entrepreneur, and
concluding with his involvement with aviation.

Chanute, born in Paris, France in 1832, came to the United States
at the age of six with his father. With a high school education, he ap-
prenticed himself to the Hudson River Railroad, working with a party
of surveyors laying out the first rail connection between NewYork City
and Albany, New York (completed in 1851). From there he gradually
worked his way up to engineer and was active during a criticalperiod in
American railway history when the first lines were built fromthe East
Coast into the interior. At the time, railroad building was tightly cou-
pled with real estate development, and Chanute did well for himself in
side investments in land along rail lines that he worked on. Chanute

then went on to building bridges, including a railway bridgeacross
the Illinois River in Peoria, Illinois (completed 1857) anda combined
railway/vehicle bridge across the Missouri River at KansasCity (com-
pleted 1869 and the first rail bridge over the Missouri). Interestingly,
Chanute served as an expert witness in a famous legal case involving
the first railway bridge across the Mississippi at Rock Island, Illinois
(destroyed in a steamboat accident in 1856). The attorney inthat case
was Abraham Lincoln, and the two men apparently became acquainted.
Other Chanute contributions include the Chicago stockyards (1865), the
Kansas City stockyards (1871), advances in the chemical treatment of
railway ties and the introduction of the date-nail in American railroads.

Especially interesting are the threads drawn from his life as engi-
neer to his foray, late in life, into the world of aeronautics. Chanute’s
aeronautical career was very productive but was really justone chapter
(well, two in this book) in a long and interesting life. Short’s account
captures the excitement of this latter period in ample detail without
overwhelming the rest of the biography. This is a service to the reader
because the story of his aeronautical contributions is in fact engaging
enough to fill a book by itself, with the distinguished engineering career
leading up to it relegated to an introductory chapter.

Rather than succumbing to this temptation, Short describeshow
Chanute’s early experiences contributed to an interest in aviation that
blossomed towards the end of his life. According to Short, Chanute
probably witnessed a hot-air balloon flight in Peoria, Illinois in 1856.
An 1852 French-language pamphlet on flying machines, thought to
have been sent to Chanute by his father (who had returned to France
two years earlier, when Chanute was 18), survives to this dayin the
Chanute Collection at the University of Chicago Library.

Chanute’s civil engineering experience informed his glider designs.
The braced-truss biplane, ubiquitous in early 20th centuryaircraft, was
a Chanute innovation informed directly by his bridge-building experi-
ence. It is telling that Chanute’s celebrated 1894 volume,Progress in
Flying Machines, had its origins in a series of articles Chanute pub-
lished in a railway engineering journal.

Of equal significance, Chanute was a man devoid of jealousy when
it came to aeronautical innovation and knowledge. Motivated by gen-
uine interest in the topic rather than a desire for fame, and far from
secretive, he corresponded with the likes of Lilienthal, Langley, and
Zahm, and was more than happy to share what information he had
with other aeronautical pioneers, including the Wright Brothers (who,
it seems, did not always reciprocate with the same generosity of spirit).
Chanute became a clearinghouse of sorts for technical information and
habitually encouraged the progress of other pioneers, while at the same
time pursuing his own efforts. Chanute’s willingness to share techni-
cal information did not however originate with his interestin aviation.
Rather, it echoed earlier periods in his life when he became accustomed
to exchanging data with colleagues on (for example) the besttreatments
for wooden railroad ties and the most favorable rail geometries. Surely
his innate character played a part as well.

With this book, Simine Short has done us all a great service.Loco-
motive to Aeromotiveis a well written, serious work with an attention to
detail that will appeal to historians. It’s a good read for nonspecialists
as well. Although she doesn’t say it in so many words, one thing comes
through quite clearly: Octave Chanute was a guy we all would liked to
have met.
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Reader Comment

”Swarm Data Mining for the Fine Structure
of Thermals” (TS 36(4))

Technical Soaring welcomes correspondence on articles appearing in the journal. Comments may be submitted for publication provided that
the article or note appeared within the previous two years. The author is afforded an opportunity to respond. Guidelinesfor preparing comments
and details of the author response procedure are available at the OSTIV website. With this issue, we present the first suchReader Comment.

Alfred Ultsch is to be commended for his novel and ambitious at-
tempt to derive real-world structural models for thermals from flight
recorder data (“Swarm Data Mining for the Fine Structure of Ther-
mals,” Technical Soaring 36(4), October, 2012). The concept of using
readily available GPS flight recorder data from world class pilots ther-
malling in the same sailplanes in a standard thermal during acontest is
a valuable tool to gain insight into thermal profiles.

However, difficulties with the underlying assumptions, data reduc-
tion, and data analysis need to be recognized.

The basic data source is the statistical summary of the achieved
climb rates of world class pilots competing at the World Gliding Cham-
pionship 2012 in Uvalde thermalling in “standard” Uvalde thermals in
the same sailplanes. These pilots can be assumed to achieve iteratively
and intuitively the best climb rates at the optimum radius, as illustrated
in the following schematic:

The underlying premise for the data reduction seems to be that
the radial distribution of achieved climb rates in Uvalde adjusted for
sailplane sink rates represents a Uvalde thermal profile. However, if the
“achieved climb rates” shown in Fig. 3 (of the article) are based on one
standard thermal (as implied throughout the article) thereshould only
be a single value (with some statistical scatter) at an optimum radius. If
they were based on a variety of thermals they would describe alimited
curve (but certainly not all the way to zero turn radius). More impor-
tantly however, these data provide no information about thethermal
profile except for the value of the thermal profile at this optimum radius
and the associated gradient (i.e. the negative of the sink rate gradient)
for a given thermal!

The captions for Figs. 3 to 5 are misleading. Figure 3 obviously
shows “Achieved Climb Rates”; Fig. 4 should say “Estimated Vertical

Updraft Velocities”; and Fig. 5 should say something like “Updraft data
adjusted to match expected results.”

Regarding the data analysis, the apparent application of a uniform
sailplane sink rate of about 1.05 m/s (the step from Fig. 3 to Fig. 4)
from the center to the largest radii, rather than bank angle (or radius)
adjusted sink rates (standard text book approach) is puzzling. Even
more so considering the statement in the text: “Using the L/Dof the
particular aircraft the sink rate in the turn was estimated.”

Particularly concerning is the “rescaling” of the updraft data in
Figs. 4 and 5 by a factor of almost three, which is then used forthe
following analysis. It appears, that this was done to ensurethat the
method predicts zero updraft velocity at large radii. However, the fact
that this would even be required raises serious questions about the data
reduction.

In summary, the derivation of a typical Uvalde thermal profile is
based on questionable assumptions and questionable interpretations of
the measured data. The data reduction is suspect, the effects of density
altitude and bank are inadequately addressed, and the results are ma-
nipulated for convenience. Hence, the proposed GTB model cannot be
considered to be adequately supported by the experimental data, and as
such, remains an interesting hypothesis.

That having been said, the effort was laudable and will hopefully
stimulate further research to model thermal profiles.

Sincerely,

Fred Hermanspann
Seattle, Washington, USA

The Author Replies:
Data from flights not specifically made for the purpose of meteo-

rological research were analyzed by techniques and methodsthat are
state-of-the-art in knowledge discovery by an expert who has published
experience in data analysis.

The results of the analysis are: as many pilots report, the vertical
speed in the center of the thermal is much lower than the standard
models (Gaussian) predict. Furthermore a Kelvin-Helmholtz type wave
could be isolated at the outer rim.

A model that can explain the distribution of the vertical velocities
consistently — the GTB model — was proposed. It is consistentwith
the data and has a plausible interpretation in atmospheric physics.

The IGC flight recorder files are publicly available. It wouldbe
interesting to see Fred Hermanspann’s analysis of these data.

Prof. Dr. Alfred Ultsch
Marburg, Germany
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Abstract

The performance of the Standard Cirrus glider is simulated using a Computational Fluid Dynamics code, solving the
incompressible Navier-Stokes equations for steady flow. Tocalculate the transitional boundary layer flow a correlation-
based transition model is used. It is found that the numerical model is able to predict the performance of the Standard
Cirrus well. The simulations using the transition model arefound to improve the results compared to fully turbulent
simulations, except for the region of the stall. The best in-flight measured glide ratio for the Standard Cirrus is 36.5 at
94.5 km/h. The simulations using the transition model predict a best glide ratio of 38.5 at 95 km/h.

Introduction
The development of modern computer tools has led to a revolution

in the design and construction of high-performance gliders. Today,
the aerodynamic and the structural potential of new designscan be
investigated and refined using computers to produce gliderswith per-
formance and handling qualities inconceivable just a few decades ago.
The JS1, ASG29 and the Diana 2 are examples of modern gliders de-
veloped by using the latest computational tools in combination with
experience and experimental testing. Glide ratios above 50:1 and max-
imum speeds higher than 280 km/h are today normal for glidershav-
ing 15 and 18 meter of wing span. However, modern numerical tools
stand in sharp contrast to the methods applied for the designof the first
high-performance gliders. Some 30 years ago the tools available con-
sisted almost entirely of analytic approximation methods,wind tunnel
experiments and flight testing. The materials and the accuracy of the
production methods available at the time were also limitingfactors in
the quest to develop high-performance gliders.

In this paper, the Standard Cirrus glider is simulated by solving the
Reynolds-Averaged Navier-Stokes (RANS) equations in the commer-
cial computational fluid dynamics (CFD) software STAR-CCM+[1].
The main purpose of the study is to create a validated reference model
for the performance of the glider in steady level flight. To predict the
important boundary layer flows, the correlation-basedγ–Reθ transition
model is used [2,3]. The results obtained in this work shouldenable fu-
ture investigations regarding possible performance and handling quality
enhancements for the glider. The design of new winglets, theinstalla-
tion of an electrical engine and research on new turbulator technology
are examples of studies that could benefit from using a validated RANS
model. The model of the Standard Cirrus is also intended to bea refer-
ence model for investigating and refining the results from other numer-
ical simulation tools. The abilities and limitations of less computation-
ally expensive tools such as lifting line methods, vortex-lattice codes,
and potential flow solvers can all be evaluated better by comparing the
results to a validated Navier-Stokes model.

To perform the simulations, the geometry of the specific Standard
Cirrus named LN-GTH is first measured using a digitizing arm and a
surface model is created. Then, the performance of the airfoil used at
the outer part of the Cirrus wing is analyzed using a two dimensional

Fig. 1: The Standard Cirrus. Lennart Batenburg, with permission

mesh. The simulations are performed to investigate the accuracy of the
γ–Reθ transition model in detail. The two dimensional computations
are validated by comparing the results to experimental values from the
low-turbulence pressure wind tunnel at NASA Langley. Finally, the
three dimensional model of the Standard Cirrus is simulatedin steady
level flight for velocities from 90 km/h to 160 km/h. The threedimen-
sional CFD simulations are validated by comparing the results to flight
tests performed with a Standard Cirrus at the Idaflieg summermeeting
in 2011.

The Standard Cirrus
The Standard Cirrus (Fig. 1) was designed by Dipl.-Ing. Klaus

Holighaus at the Schempp-Hirth factory and flew for the first time in
March 1969. The glider is a 15-m design without flaps and was orig-
inally built to compete in the Standard Class. The glider uses an all-
moving tailplane, is equipped with air brakes on the upper surface of
the wings, and can carry 80 kg of water ballast to increase theflight
performance. The wing of the glider is designed using two different
airfoils, where the root airfoil blends linearly into the airfoil that is used
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Fig. 2: Microscribe digitizing arm.

at the outer part of the wing. This outer airfoil is kept constant from the
start of the aileron to the tip of the wing. The best glide ratio for the
glider is about 37:1 and the maximum speed is 220 km/h. The glider is
known for its good handling qualities, large cockpit and ability to climb
well in turbulent thermals. Today, the Standard Cirrus is considered to
be one of the best gliders for participating in club class competitions.

Method
In the following, the methods used to perform the simulations of the

Standard Cirrus are presented. First, the approach used to perform the
measurements of the glider geometry is explained. Then, thenumerical
approach used to investigate the performance of the Standard Cirrus in
both two and three dimensions is given.

Measurements of the glider geometry
To perform a qualitative analysis of the flight performance for the

Standard Cirrus the ’as built’ geometry is measured on a specific Stan-
dard Cirrus named LN-GTH. To reproduce the glider geometry,the air-
foil on both the wing, elevator and rudder is measured using adigitizing
arm. The wing is measured at the root, the start of the aileron, and at
the tip of the wing. Tail-section measurements are performed at the
largest and smallest chord, respectively. By fixing stainless steel shims
to the surface of the wing and tail at the measurement stations a straight
edge is created and used to guide the digitizing arm. In Fig. 2, the
digitizing arm used for the measurements is depicted. The digitizing
arm is operated in combination with a surface Computer AidedDesign
(CAD) tool [4] and about 200 points are captured for each measure-
ment. To increase the accuracy, five measurement series are taken for
each airfoil geometry. Then, final splines of the airfoils are created in a
two dimensional panel code [5] using the averaged measured data. The
chord lengths of the wing and tail at the chosen stations are also mea-
sured using a 1-m digital caliper gauge. All other measurements of the
glider, such as the position of the wing to fuselage fairing,height of the
tail, etc., are taken using a handheld laser. Factory drawings are used
as reference. The fuselage, however, is defined by modifyinga CAD
model which has been used to perform a similar CFD simulationof the
Standard Cirrus using the TAU code at the German Aerospace Center
(DLR) [6].

Laminar 

attached �ow

Separation

bubble Turbulent

attached �ow

Fig. 3: Laminar separation bubble.

Navier Stokes solver
The simulations of the Standard Cirrus are performed using the par-

allelized flow solver STAR-CCM+. The program is designed to take
on all aspects of the CFD process, and tools enabling both CADdesign
and post-processing of the results are implemented. The meshing tech-
nology is automated and is capable of creating both a tetrahedral, poly-
hedral and trimmed hexahedral mesh in a Cartesian coordinate system.
A wide range of turbulence models is available, including thek–ω SST
turbulence model of Menter [7] which is a prerequisite for applying the
γ–Reθ transition model [1]. To solve the RANS equation for the sim-
ulations of the Standard Cirrus, the segregated solver in STAR-CCM+
is used. The flow field is modeled using a constant density model and
the air is considered to be steady and incompressible. The turbulent
flow is modeled with thek–ω SST turbulence model, and the transition
locations are predicted using theγ–Reθ transition model. All simula-
tions are performed on a Dell power blade cluster running 36 CPUs in
parallel.

The γ–Reθ transition model
The laminar-turbulent transition process is important when predict-

ing the performance of gliders. For Reynolds numbers below 3mil-
lion, this transition process often takes the form of a laminar separation
bubble. When this occurs, the separating laminar layer is followed by
turbulent reattachment, just behind a recirculation region. In Fig. 3 an
illustration of the transition process on the upper side of an airfoil is
shown. Theγ–Reθ transition model used in this study is a correlation-
based transition model that solves two extra transport equations, one
for intermittency,γ, and one for the local transition onset momentum
thickness Reynolds number,Reθt

. The model relates the local momen-
tum thickness Reynolds number,Reθ , to the critical value,Reθc

, and
switches on the intermittency production whenReθ is larger than the
local critical value. The only input the model requires is the definition
of the location for the free-stream edge. This means that a distance from
the wall of the geometry has to be estimated to ensure that theentire
boundary layer is captured [1]. A high-quality, refined, low-Reynolds
number mesh is required for using theγ–Reθ transition model. One
important parameter defining the mesh quality is the distance from the
wall boundary to the first cell centroid in the mesh. This distance deter-
mines how the boundary layer is resolved by the turbulence model, and
is defined by they+ value

y+ =
yu∗

ν
(1)

wherey is the normal distance from the wall to the first cell-centroid,u∗

is the frictional velocity at the nearest wall andν is the kinematic vis-
cosity. To enable theγ–Reθ transition model to converge, they+ values
need to be in the region 0.1 to 1, and the growth rate and stream-wise
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Fig. 4: Hyperbolic extruded O-mesh.

mesh spacing in the transition area needs to be fine enough to capture
the laminar separation bubble [3]. By performing the simulations as
fully turbulent, the transition process is ignored and onlyturbulent air-
flow is present in the boundary layer.

Two dimensional calculations

To investigate the accuracy of theγ–Reθ transition model, the per-
formance of the airfoil used on the outer part of the StandardCirrus
wing is investigated in two dimensions. The simulations arevalidated
by comparing the results to experimental data from the low-turbulence,
pressure wind tunnel at NASA Langley [8]. The simulated airfoil ge-
ometry is obtained from the NASA experiment performed in 1977, and
is believed to be from a Standard Cirrus wing. Hence, the performance
of the newly refinished LN-GTH airfoil can be compared to measure-
ments of the original airfoil geometry. The mesh quality required to ob-
tain a mesh independent solution using theγ–Reθ model is taken from
previous work, where a mesh dependency study was performed [9].
The interesting angles of attack,α , are calculated using an O-mesh that
is constructed with a hyperbolic extrusion method using a structured
mesh tool [10]. To create a pressure outlet boundary the downstream
far-field edge is cut at 40 and 110 degrees. Upstream, a velocity inlet
boundary is used. In Fig. 4 an example of the O-mesh is shown.

To reproduce the flow condition in the test section of the NASAwind
tunnel, the turbulent intensity and turbulent viscosity ratio is defined.
The value for the turbulent intensity is found from [11] to be0.02%
and a turbulent viscosity ratio of 10 is used. The correct values applied
to the inlet boundary are calculated using the turbulence decay laws
for thek–ω SST turbulence model [1]. All simulations are performed
for a Reynolds number of 1.5 million. To ensure a converged solution
a drop in accuracy to the fourth decimal is used as stopping criterion
for all residuals. In addition, an asymptotic stopping criterion for the
monitored coefficients,Cl andCd is used to ensure a bounded accuracy
on the fifth decimal for the last 50 iterations. For all calculations the
free-stream edge definition for theγ–Reθ model is put at 25 mm from
the airfoil surface. Fully turbulent simulations are also performed and
used as reference to the transition model investigations. The mesh cri-
teria for the fully turbulent simulations are taken from previous work
performed on wind turbine blades [9]. The results from the two dimen-
sional simulations are also compared to calculations performed using
the panel codes XFOIL [12] and RFOIL [13]. To match the turbulence
level, an Ncrit value of 12 is used in the panel codes.

Three dimensional calculations
In steady level flight the lift produced by an aircraft needs to equal

the weight. For a glider this situation occurs at a steady, unaccelerated
descent, whereθ is the equilibrium descent glide angle. The lift force
in coefficient form is given by

CL =
L

q∞S
=

mg
q∞S

(2)

and the drag coefficient is given by

CD =
D

q∞S
(3)

Here,m is the mass of the glider,g is the gravitational constant andS is
the reference area. The dynamic pressureq∞ is denoted

q∞ =
1
2

ρ∞V2
∞ (4)

whereρ∞ is the density of air andV∞ is the free-stream velocity. Since
the change in Reynolds number due to difference in density atdifferent
altitudes is small, the descent glide angleθ can be found from

tan(θ) =
1

CL/CD
(5)

Hence, the descent glide angleθ is only a function of the lift-to-drag
ratio,CL/CD, and does not depend on altitude or wing loading. How-
ever, to achieve a givenCL/CD at a given altitude, the glider must fly at
a specific velocityV∞ called the equilibrium glide velocity. The value
of V∞ is dependent on both altitude and wing loading [14].

To evaluate the performance of the Standard Cirrus the speedpolar
is calculated. The polar shows the rate of sink at different free-stream
velocities and is found from

h = V∞ sin(θ) (6)

To validate the three dimensional simulations the speed polar is com-
pared to flight measurements performed for the Standard Cirrus at the
Idaflieg summer meeting [15]. The flight data from Idaflieg arepro-
vided as calibrated air speed (CAS) usingρ0 = 1.225 kg/m3 as ref-
erence density, and the simulations are therefore also performed us-
ing this density. The performance of the glider is investigated at flight
speeds between 90 km/h and 160 km/h. These are the steady level flight
speeds normally used for the glider. At lower speeds, the glider should
normally be circling in thermals, and not be in steady level flight. At
higher speeds than 160 km/h, the large increase in sink rate deteriorates
the performance of the glider. Hence, it is not preferable tofly at these
speeds except when having over-predicted the altitude needed for the
final glide.

To simulate the performance of the Standard Cirrus, two CFD models
are constructed and calculated. One model is created to simulate the lift
and drag coefficients of the wing and fuselage, where the wing, the wing
fairing and the fuselage is included. To find the correct angles of attack
that produce the needed lift coefficient at the specific velocities, two
simulations at different angles of attack are performed. The expected
linearity of the lift slope is then used to find the angle of attack that
produces the required lift for the glider. To calculate the drag coefficient
of the tail section another model is created. This model is constructed
with both the fuselage and the tail section present, and has the elevator
positioned at zero degrees angle of attack. To account for Reynolds
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Fig. 5: Trimmed hexahedral mesh.

number effects, the drag coefficient of the tail section is simulated for
all investigated velocities.

The discretization of the two models is created using an isotropic,
trimmed hexahedral mesh in STAR-CCM+. To reduce the number of
cells in the mesh, symmetry conditions are applied. Hence, only half
the glider is present in the models. The required quality forthe three di-
mensional grids when using theγ–Reθ transition model is investigated
for the different flight conditions. To capture the boundarylayer flows,
a 20-layer, 30-mm thick body-fitted hyperbolic extruded prism layer is
created from the surface of the glider. The mesh outside the prism layer
has a growth rate of 1.1. In Figure 5, the wing and fuselage mesh is
shown. The outer boundary of the flow domain is constructed asa half-
sphere, and is positioned 50 m from the glider surface. The domain is
split and has a velocity inlet and pressure outlet boundary upstream and
downstream of the glider, respectively. A turbulence intensity of 0.1%
and a turbulent viscosity ratio of 10, initiated at the inletboundary,
is applied to specify the turbulence in the air-flow for all simulations.
Convergence is assumed to be reached when a drop in accuracy to the
third decimal is obtained. In addition, an asymptotic criterion is used
to ensure that the monitored coefficientsCl andCd are asymptotically
bounded on the fourth decimal for the last 50 iterations. Thefree-stream
edge definition for the simulations with theγ–Reθ model activated is
set to 50 mm. Fully turbulent simulations are also performedand the
results are compared to the transition model predictions. To better in-
vestigate the difference between the two CFD methods the mesh used
for the fully turbulent simulations is the same as for the calculations
performed with theγ–Reθ transition model.

Results
In the following, the results from the investigations of theStandard

Cirrus glider are presented. First, the measurement of the airfoil geom-
etry from the outer wing of the LN-GTH glider is shown and compared
to the original coordinates. Then the results for the two andthree di-
mensional simulations are given.

Geometry measurement results
The airfoil used at the outer part of the Standard Cirrus wingis found

in [16] to be the FX 66-17 A II-182. This airfoil was designed by Dr.
F.X. Wortmann at the University of Stuttgart and the original coordi-
nates are obtained from the Stuttgart airfoil catalogue [17]. To inves-
tigate the quality of the airfoil on LN-GTH, comparison to both the
original airfoil coordinates and to the measurements obtained from the
NASA experiment are performed. In Fig. 6, the airfoil comparison is
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Fig. 6: Comparison of FX 66-17 A II-182 airfoils.

shown. The figure is scaled to better visualize the differences between
the airfoils. As seen in the figure, the three airfoils do not match ex-
actly. The difference between the original Stuttgart coordinates and the
NASA measurements are discussed in [8] and is believed to be due to
the fiberglass construction techniques available at the time of produc-
tion. The airfoil geometry from the LN-GTH measurements canbe seen
to fit the NASA airfoil better than the Stuttgart coordinates. The largest
difference between the LN-GTH and the NASA airfoil is found at the
thickest part of the airfoil geometry. This difference is believed to be
caused by refinishing the gelcoat on the 34-year-old LN-GTH glider.

Two dimensional results
The O-mesh with the smallest number of cells that enables theγ–Reθ

model to converge for all investigated angles of attack is taken from a
mesh dependency study performed in previous work [9]. This mesh
has 600 cells wrapped around the airfoil, a growth rate of 1.05 and
y+ values below 1 for all simulated angles of attack. By reducing the
number of cells on the airfoil it is found that the range of angles of
attack possible to simulate is also reduced. In Fig. 7, the results for
the lift and drag coefficient from the two dimensional investigations
are given. The top figure shows the lift coefficient versus theangle
of attack. Here, the predictions from the CFD simulations using the
transition model can be seen to compare well to the experimental data.
The results using the transition model predict the lift coefficient equally
well as the panel codes XFOIL and RFOIL for the angles of attack
between−5 and+5 degrees. For higher angles of attack the transition
model compares better to the experimental data than to the results from
the panel codes. However, the transition model is unable to simulate the
occurrence of the stall and the lift coefficient is over-predicted in this
region. The fully turbulent CFD model can be seen to underestimate the
lift coefficient for all positive angles of attack. Interestingly, the RFOIL
calculations can be seen to capture the occurrence of the stall better than
the XFOIL simulations. The bottom figure shows the lift coefficientCl
versus the drag coefficientCd. Here, the predictions from the CFD
simulations using the transition model can be seen to compare well to
the experimental data. The transition model performs equally well as
the panel codes for predicting the drag coefficient atCl values from zero
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Fig. 7: Comparison of lift coefficient versus angle of attack(top) and versus
drag coefficient (bottom), respectively.

to 0.6. For higherCl values, the drag predictions using the transition
model compares better to the experimental data than the XFOIL and
RFOIL results. The fully turbulent CFD model can be seen to over-
predict the drag coefficient heavily for all values ofCl .

In Fig. 8, the pressure coefficient for the airfoil at angles of at-
tack 0 and 8.05 degrees is given. By comparing the predictions from
the k–ω SST model, theγ–Reθ transition model and the XFOIL and
RFOIL codes to experimental values, the performance of the different
methods can be investigated in detail. In the top figure the pressure
coefficients forα = 0 degrees is depicted. At this low angle of attack
only a small difference in pressure can be observed between the fully
turbulent and the transition model compared to the experimental val-
ues. However, the transition model predicts the pressure slightly better
on the front part of the airfoil suction side, and is also ableto predict
the position of the laminar separation bubbles with good accuracy. The
turbulent CFD model only models the air-flow around the airfoil as tur-
bulent and no transition is predicted. Compared to the panelcodes the
transition model predicts the pressure on the airfoil equally well. How-
ever, a small difference can be seen after the location of thelaminar
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Fig. 8: Pressure coefficient distribution comparison,α = 0degrees (top) and
α = 8.05 degrees (bottom).

separation bubbles, which are predicted to be both larger insize and
slightly further back on the airfoil for the panel codes. In the bottom
figure the pressure coefficients forα = 8.05 degrees are compared. As
can be seen, the pressure on the airfoil is under-predicted using the tur-
bulent CFD model. Specially, in the laminar region on the front part on
the suction side of the airfoil the pressure is too low. It is found that
by not accounting for the laminar flow present on the airfoil,this error
in predicting the pressure increases for higher angles of attack. This
is the reason for the lift being increasingly under-predicted at higher
angles of attack in Fig. 7. The transition model, on the otherhand, is
able to predict the laminar air-flow in this region and the pressure com-
pares well to the experimental data. The transition model predicts the
position of the laminar separation bubbles accurately alsofor this flow
condition. Compared to the panel codes the transition modelcalculates
the pressure on the airfoil slightly better. The panel codescan be seen
to over-predict the pressure in the region on the front part on the suction
side of the airfoil. For the investigated flow conditions, the only differ-
ence between the XFOIL and the RFOIL code is the small deviation
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Fig. 9: Turbulent kinetic energy prediction at α = 0 degrees for turbulent
model (top) and transition model (bottom).

Fig. 10: Turbulent kinetic energy prediction at α = 8.05 degrees for turbu-
lent model (top) and transition model (bottom).

found in the transition predictions.
In Fig. 9, the difference in production of turbulent kineticenergy at

zero angle of attack using thek–ω SST model and theγ–Reθ transition
model is visualized. As can be seen in the top figure, no laminar flow
exists when simulating the airfoil using the fully turbulent model. The
production of turbulent kinetic energy is initiated at the leading edge
of the geometry and increases in size along the length of the airfoil. In
the bottom figure the equivalent transition model simulation is depicted.
Here, the region of laminar air-flow that exists on the front part of the
airfoil is captured and the production of turbulent kineticenergy begins
at the reattachment point, after the laminar separation bubble.

In Fig. 10, the production of turbulent kinetic energy atα = 8.05 de-
grees is visualized. Here, the difference in production of turbulent ki-
netic energy between the fully turbulent (top) and the transition model
(bottom) simulation is much larger compared to the zero angle of attack
simulations. Hence, by performing the simulations using the fully tur-
bulent model, the over-production of turbulent kinetic energy increases
for higher angles of attack. This is the cause of the increased over-
prediction in drag for high lift coefficients in Fig. 7. For the transition
model simulation, the production of turbulent kinetic energy is smaller.
By including the laminar flow region on the airfoil, the transition model
predicts the flow condition more correctly, which enables better drag
predictions.
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Fig. 11: Airfoil transition position.
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Fig. 12: Performance comparison LN-GTH and NASA airfoil.

In Fig. 11, the results for the position of the transition aregiven. As
can be seen in the figure, the position of the laminar separation bubble
using theγ–Reθ transition model compares well to the experimental
data. The prediction using the XFOIL and RFOIL codes can be seen to
be slightly further back on the airfoil on both the suction and pressure
side. The transition location for both theγ–Reθ model and the panel
codes are compared to the experimental data at the reattachment point
where transition to turbulent flow occurs.

Finally, a comparison of the lift-to-drag ratio for the NASAairfoil
measured in 1977 and the LN-GTH airfoil is depicted in Fig. 12. Here,
both results are obtained using the RFOIL code and indicate aslightly
better performance for the LN-GTH airfoil at angles of attack below 8
degrees for the investigated flow condition.

Three dimensional results
In Fig. 13, the constrained streamlines and the production of turbu-

lent kinetic energy on the top side of the Standard Cirrus arevisualized.
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Fig. 13: Top side transition, left 95 km/h, right 160 km/h.

Fig. 14: Bottom side transition, left 95 km/h, right 160 km/h.

As can be seen in the figure, the transition model is able to predict
both the occurrence of the laminar separation bubble and thetransition
from laminar to turbulent air-flow on both the wings and the fuselage
of the glider. To the left in the figure a free-stream velocityof 95 km/h
is applied. At this velocity the transition process starts approximately
at the mid-chord along the span of the wing. The laminar separation
bubble can be seen as the region where the streamlines are halted and
the turbulent reattachment region, followed by turbulent attached flow
is predicted by the production of turbulent kinetic energy.To the right
in the figure the 160 km/h simulation is depicted. At this velocity the
position of the transition is moved slightly backwards compared to the

95 km/h simulation. Due to the higher Reynolds number on the in-
board part of the wing no laminar separation bubble is visible in this
region and the transition process forms directly to turbulent flow. On
the outer part of the wing the Reynolds number is gradually decreased
and a linearly growing laminar separation bubble is formed towards the
tip. The amount of turbulent kinetic energy is also increased for this
flight velocity due to the increase in profile drag.

In Fig. 14, the constrained streamlines and the production of turbu-
lent kinetic energy on the bottom side of the Standard Cirrusis shown.
For the 95 km/h simulation (left in figure) the transition from lami-
nar to turbulent flow on the bottom side starts slightly behind the mid-
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Fig. 15: Fuselage transition, top 95 km/h, bottom 160 km/h.

Fig. 16: Elevator transition, left 95 km/h, right 160 km/h.

chord along the span of the wing. A large laminar separation bubble is
predicted and the production of turbulent kinetic energy islower than
on the suction side. For the 160 km/h simulation (right in figure) the
position of the transition is moved slightly forward compared to the
95 km/h simulation. Again, most of the transition forms directly to tur-
bulent flow, and only on the outboard part of the wing a linearly growing
laminar separation bubble is predicted due to the decrease in Reynolds
number. The higher profile drag compared to the 95 km/h simulation
can be seen by the larger production of turbulent kinetic energy for
this simulated velocity. Interestingly, the transition model predicts little
production of turbulent kinetic energy in the region of the vortex at the
tip of the wing for both simulated velocities.

The constrained streamlines and the production of turbulent kinetic
energy on the fuselage of the Standard Cirrus is visualized in Fig. 15.
In the top figure the transition position for the 95 km/h simulation is

shown. Here, the transition from laminar to turbulent can beseen to
occur slightly before the wing-fuselage fairing. In the bottom figure the
production of turbulent kinetic energy for the 160 km/h simulation is
shown. Due to the higher velocity and smaller angle of attackat this
flight condition the transition has moved forward on the lower side of
the fuselage. Hence, both the fuselage shape, the angle of attack and the
velocity determines how the transition process develops onthe fuselage.
It is known that sailplane cockpit ventilation is affected by internal flow
resistance within the fuselage, causing air to escape between the canopy
frame and the cockpit edge. Depending on the amount of leakage this
might trip the laminar boundary layer on the cockpit edge to turbulent
flow and increase the profile drag for the fuselage [18]. This phenomena
is not captured by the simulations performed in this work. However,
the position of the boundary layer transition line for the simulations are
found to compare well to measurements found in [16].

In Fig. 16, the constrained streamlines and the production of turbu-
lent kinetic energy on the top of the elevator is shown. Again, the trends
from the simulations performed on the wings of the glider canbe ob-
served. For the 95 km/h simulation, to the left in the figure, the pro-
duction of turbulent kinetic energy is small and the laminarseparation
bubble is large. The position of the transition for the 160 km/h simula-
tion to the right in the figure, has moved forward and the production of
turbulent kinetic energy is increased due to the increase inprofile drag.
As for the wing at 160 km/h, the transition bubble is only present at the
outer part where the Reynolds number is lower.

The constrained streamlines and the production of turbulent kinetic
energy on the lower side of the elevator and the tail section is shown in
Fig. 17. To the left in the figure the result from the 95 km/h simulation is
depicted and to the right the 160 km/h simulation is visualized. It can be
seen that the presence of the fuselage has an impact on the production
of turbulent kinetic energy on the tail section, since the turbulent flow
condition from the fuselage initiates the transition process almost on
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Fig. 17: Tail section transition, left 95 km/h, right 160 km/h.

the leading edge for the lower part of the fin. Higher up on the fin the
inflow condition is less turbulent and the transition occurslater. Also,
in the connection between the elevator and fin more turbulentkinetic
energy is produced due to increased interference drag, and the transition
point is moved slightly forward. For the 95 km/h simulation alaminar
separation bubble can be seen to form about half way up the fin and
continues on the lower side of the elevator. For the 160 km/h simulation,
however, the laminar separation bubble is only visible on the lower side
of the elevator and the transition forms directly to turbulent flow on
the fin section. The drag coefficient for the tail section is found to be
Reynolds number dependent and a reduction inCd of about 10% is
found for the 160 km/h simulation compared to the 95 km/h simulation.

To obtain converged solutions for the simulations using theγ–Reθ
model the calculated grids are adjusted to fulfil the mesh criteria due to
differences in simulated velocities and angles of attack. Since they+

value for the mesh scales with the velocity, the grids at highvelocities
are adjusted using a smaller distance to the first cell centroid. At angles
of attack where the flow is less attached, more cells on the wing are
also needed to obtain a converged solution. The number of cells in the
mesh for the 90 km/h to the 160 km/h simulation is therefore gradually
increased from 28 million to about 42 million cells, respectively. The
simulations of the fuselage and tail section mesh have about7.8 million
cells.

In Fig.18, the calculated speed polar for the Standard Cirrus is com-
pared to flight measurements from Idaflieg. The simulations performed
using theγ–Reθ transition model can be seen to compare well to the real
flight data. For velocities below 100 km/h the simulations are closely
matched to the in-flight measurements. At higher velocities, the sink
rates are slightly under-predicted. The measured best glide ratio for
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Fig. 18: Standard Cirrus speed polar comparison.

the Standard Cirrus from the Idaflieg flight tests is found to be 36.51 at
94.47 km/h. The best glide ratio for the simulations performed using
the γ–Reθ model is found to be 38.51 at 95 km/h. The turbulent cal-
culations of the Standard Cirrus can be seen to heavily over-estimate
the drag and consequently the sink rates for all investigated velocities.
The difference between the simulated results and the flight measure-
ments also increase at higher flight speeds. This is because the friction
drag on the glider is increasingly over-predicted since no laminar flow
is present in the model. The best glide ratio for the fully turbulent sim-
ulations is found to be 28.96 at 90 km/h.

In Table 1 the angles of attack for the Standard Cirrus simulations
are given. The zero angle of attack position for the CFD models of
the glider is referenced to the weighing position as found inthe flight
and service manual [19]. As can be seen in the table, higher angles of
attack are required to sustain steady level flight when performing the
simulations as fully turbulent compared to using theγ–Reθ transition
model.

Conclusions
In this study the performance of the Standard Cirrus glider is simu-

lated using the computational fluid dynamics code STAR-CCM+. The
turbulent flow is modelled using thek–ω SST turbulence model and the
transition locations are automatically predicted using theγ–Reθ transi-
tion model. To investigate the performance of theγ–Reθ model, calcu-
lations on a Cirrus airfoil are first performed using a two dimensional
grid. The final three dimensional simulations of the glider are validated
by comparing the results to recent flight measurements from Idaflieg. It
is found that the numerical model is able to predict the performance of

Table 1: Input data for CFD simulations.

V∞ [km/h] 90 95 100 110 120 140 160

CL [-] 0.911 0.818 0.738 0.610 0.512 0.376 0.288

αtransition [deg] 2.663 1.770 1.013 -0.207 -1.128 -2.396 -3.220

αturbulent [deg] 3.265 2.274 1.472 0.169 -0.805 -2.133 -2.992
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the glider well. For low angles of attack, theγ–Reθ transition model im-
proves the results for the lift and drag prediction of the glider compared
to fully turbulent calculations. For high angles of attack theγ–Reθ tran-
sition model is unable to converge. The best glide ratio for the Standard
Cirrus from the flight tests is measured to be 36.51 at 94.47 km/h. For
the simulation using theγ–Reθ transition model the best glide ratio is
calculated to be 38.51 at 95 km/h. For the fully turbulent simulations
the best glide ratio is predicted to be 28.96 at 90 km/h. The large devi-
ations in the prediction of the performance when using fullyturbulent
simulations are due to the absence of laminar flow in the boundary layer
of the glider.

By accounting for the drag due to air leakage from the cockpitedges,
as well as the drag from the tail-skid and wing tip skids, the results
from the simulations using theγ–Reθ transition model could be further
improved. In particular, the drag of the tail in this work is simulated
using a simplified model where the elevator is positioned at zero angle
of attack. By accounting for the extra induced drag due to theelevator
deflection needed to sustain steady level flight, the resultsshould be
improved. Future studies should investigate the drag production from
the glider in more detail and focus on applying theγ–Reθ transition
model for high angles of attack.
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