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Riblet Drag at Flight Conditions

Michael J. Walsh,* William L. Sellers III,t and Catherine B. McGinleyt
NASA Langley Research Center, Hampton, Virginia

This paper describes perforated and nonperforated riblet tests on the fuselage of a modified Learjet model
28/29 twin-engine business jet at Reynolds numbers of 1.0-2.75 x 106/ft and Mach numbers of 0.3-0.7. Drag
reductions of the order of 6% at nondimensional wall spacings of 12 were obtained using boundary-layer rakes
and direct drag balances. At the measurement locations, the Reynolds number based on distance was
12-46 xlO6. The nondimensional wall spacing for maximum drag reduction was well predicted by low-speed
wind-tunnel data, but the maximum drag reduction was lower. The low drag is tentatively ascribed to various
instrumentation difficulties and the flowfield on the aircraft. Riblets with 0.010-in. perforations at center
spacings of 0.25 in. were found to give the same drag reduction as nonperforated riblets.

Nomenclature
Cf = skin-friction coefficient
D = drag of test surface
Ds = drag of a smooth reference surface
hp - pressure altitude
M - Mach number
Re = unit Reynolds number per ft
s = physical spacing of riblets, in.
s + = spacing of riblets in law of the wall variables
x - distance from the virtual origin of the turbulent

boundary layer
a = angle of attack, deg
/3 = angle of sideslip, deg
6 = momentum thickness, in.

Introduction

ENERGY conservation and the need to maximize aerody-
namic efficiency are driving forces behind research into

methods of reducing turbulent skin-friction drag on transport
aircraft fuselages. Skin-friction reductions as small as 10%
can translate into fuel savings of $250 million per year for the
airline industry. A passive, retrofittable, easy-to-apply
method of skin-friction reduction is to cover the surface with
flow-aligned grooves. These grooves, termed "riblets," have
heights and spacings that are on the order of the turbulent wall
streak and burst dimensions.1'5 In Ref. 4, symmetric v-groove
riblets with spacings and heights of 12-15 wall units were
shown to yield drag reductions of 8%. These drag reductions
were shown to be relatively insensitive to yaw angles of up to
15 deg, but to vanish for angles of 30 deg.

The work initiated in Ref. 1 has developed into a worldwide
research effort as demonstrated by the large number of papers
concerning riblets that were presented at a recent conference
entitled "Turbulent Drag Reduction by Passive Means" held
in London in September 1987.6 To date, verification of the
riblet drag reduction has been reported by Coustols et al.,7
Sawyer and Winter,8 Bechert,9 arid Enyutin et al.*° However,
most of the studies have been in low-speed ground facilities
and, therefore, have not tested the riblets in one of the envi-
ronments in which they will be applied - transonic flight con-
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ditions. There are currently only two research groups that
have reported results for riblet drag reduction at Reynolds and
Mach numbers high enough to be directly applicable to trans-
port aircraft. Using boundary-layer rakes to measure changes
in the momentum thickness, McLean et al.11 tested riblets on
the wing of a T-33 aircraft. They measured momentum-thick-
ness reductions that were related to skin-friction reductions of
approximately 6.5%. Their tests confirmed previous low-
speed wind-tunnel tests. The only other transonic work is that
of Squire and Saville,12 who evaluated riblet performance at
transonic conditions in a ground facility. They found a 3%
drag reduction for riblet sizes on the order of 20 wall units and
determined that the drag reduction was a function of the
length of the riblet. These results are contradictory to previous
low-speed riblet tests. With only one experiment providing
data on the performance of riblets in a flight environment, the
need for further tests at these conditions was quite obvious.

The purpose of the present investigation was to provide data
on riblet performance applicable to transport aircraft fuse-
lages using direct drag and boundary-layer rake measure-
ments. The aircraft fuselage provided a test surface with
nearly zero pressure gradient and flow angularity. The present
investigation was initiated to provide an independent verifica-
tion of riblet performance at flight conditions and to clarify
the optimum riblet scaling at high Reynolds numbers.

Aircraft, Instrumentation, and Test Surfaces
The test aircraft was a modified Gates Learjet model 28/29

twin-engine business jet. Figure 1 indicates the overall dimen-
sions of the aircraft. The aircraft was flown by NASA Langley
Research Center pilots.

An onboard instrumentation system was mounted on a
pallet in the airplane baggage compartment area. The data
system consisted of both PCM (104 kilobits/s; 217 channels)
and FM (narrow and wide band) recording systems. The FM
recording system was not used for the present tests. The PGM
digital data system was capable of recording 192 pressure
measurements and 25 basic airplane performance measure-
ments.

The riblet test surfaces were vinyl sheets with adhesive back-
ing. The individual riblet sheets, which were 12-in. wide and
36-in. long, were overlapped, cut, and butted together to make
as long a test panel as required. The riblet sheets were applied
to the aircraft by wetting the adhesive side of the riblet with a
soapy water solution. The soap solution essentially neutralized
the adhesive, allowing the film to be placed on a surface and
moved to the proper position. A squeegee was then used to
remove the water trapped between the riblet sheet and the
surface. Since air bubbles would explode when the aircraft was
taken to altitude, extreme care was used to remove them. The
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Fig. 1 Overall dimensions of the test aircraft.

riblet sheets were initially applied to a smooth plastic film and
then the combined film was applied to the side of the aircraft.
This procedure was required so that the test film could be
easily removed from the aircraft surface after testing. A paint-
type sealer was used at the leading edge of the riblet sheets to
insure that the leading edges would not delaminate during the
flight and to provide a gradual ramp for the flow at the
surface rather than a sudden step.

The riblet geometries tested were symmetric v-grooves with
relatively sharp peaks and valleys: one having a spacing and
height of 0.0013 in. and one having a spacing and height of
0.003 in. These were the same geometries tested by McLean et
al.11 Since pressurized aircraft cabins leak, porous riblets that
diffuse the leakage from joints and rivets will be required for
future applications on transport aircraft. Therefore, several
porous riblets were also examined in the present tests to deter-
mine the effects of perforations on the riblet drag reduction.
The effect of leakage through the holes was not examined. The
present tests examined riblets with 0.020- and 0.010-in. perfo-
rations on center spacings of 0.25 in.

For the majority of the flights, the leading edge of the riblet
test panel was aligned with the forward part of the aircraft
wind screen, approximately 6.2 ft aft of the aircraft nose. The
length of the front test panel was 5.83 ft and the width was 1.0
ft. There were two test-panel locations (upper and lower) on
the aircraft, one directly above the other. One of the test-panel
locations was always used as a clean or smooth reference
surface. To insure that the riblet performance was not depen-
dent on the panel location, the drag-reduction performance
was evaluated for riblets in both the upper and lower panel
locations.

The drag-reduction performance was determined by
boundary-layer rake and direct drag measurements. Two 24-
tube boundary-layer rakes were mounted so that the probe tips
were located 3.25 in. downstream of the trailing edges of the
upper and lower test panels. In the front rake location, the
lower and upper rakes were 10.75 and 22.75 in. above the zero
waterline. The zero waterline for the aircraft is indicated in
Fig. 1. The probe tips were approximately 12 ft from the nose
of the aircraft. The resulting velocity profiles were integrated
to determine the momentum thickness measured by the rakes.
Lower momentum thickness at the rake location was an indi-
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cation of drag reduction. A momentum balance over the riblet
test panel was then used to estimate skin-friction reductions.

The drag balances used in this test were self-nulling devices.
Details of their general design can be found in Ref. 13. Specif-
ically for this test, the 2-in.-diam, flush-mounted sensing ele-
ment was shaped to match the fuselage curvature. When riblet
film was applied to the balances, a surgical knife was used to
cut out the film around the circular sensing element so that the
sensing area was free floating. The full-scale range of the drag
balances was set at 10 g. Two drag balances were mounted on
the aircraft fuselage 17 ft from the nose of the aircraft, 3.6 ft
in front of the wing fuselage junction, and 5.0 ft behind the
front rakes. The lower drag balance was 12 in. above the zero
waterline, and the upper drag balance was 21 in. above the
zero waterline. When the drag balances were mounted on the
aircraft, the boundary-layer rakes were installed in the front
fuselage location. For several of the flights, the boundary-
layer rakes were interchanged with the drag balances to mea-
sure the boundary-layer profile at the aft location. Limitations
on the penetration of the aircraft fuselage did not permit the
use of the drag balances at the front rake locations.

Test Conditions
The flight envelope for the test aircraft is shown in Fig. 2.

During the tests, the aircraft was operated at pressure altitudes
of 10,000-42,000 ft and Mach numbers ranging from 0.3-0.7.
The two riblet geometries tested were selected to provide opti-
mum drag reduction at two different locations in the aircraft's
flight envelope. The optimum drag reduction areas for each
geometry are indicated by the dashed lines in Fig. 2. Figure 3
shows the drag-reduction performance of a symmetric v-
groove riblet as determined in low-speed wind-tunnel tests.4
The optimum drag reduction found in Ref. 4 was approx-
imately 8% and occurred for a nondimensional riblet height



572 WALSH, SELLERS III, AND McGINLEY J. AIRCRAFT

and spacing of 12-15 wall units. The nondimensional spacing
is determined by the following equation:

(1)

The skin-friction coefficient can be estimated from the follow-
ing equation from Ref. 14:

(2)

where x is the distance from the origin of the turbulent
boundary layer, assumed to be at the aircraft nose for these
initial computations. Equations (1) and (2) were used to pre-
dict where the 0.0013- and 0.003-in. riblets would given an 8%
drag reduction in the aircraft flight envelope. A total of 12
Reynolds and Mach number conditions were selected to cover
the aircraft flight envelope. The aircraft could not carry
enough fuel to complete the 12 test conditions in one flight.
Therefore, the test conditions were divided into two flight
profiles (A and B). To verify repeatability, several of the
conditions from profile A were retested in profile B. The
Reynolds and Mach number for each test condition are shown
in Fig. 2. Each profile contained nine different altitude and
speed combinations. Since the expected changes in skin fric-
tion were small, special emphasis was placed on repeatability.
Therefore, as well as having some duplicate flight conditions
between the profiles, certain important points were duplicated
during each flight. Data were taken at each test condition for
a period of 2 min once the flight parameters had stabilized.

Discussion of Results
As was discussed earlier, two measurement techniques were

used to evaluate riblet drag-reduction performance: direct
drag and boundary-layer rake pitot measurements. The mo-
mentum thickness was calculated from the velocity profiles
measured by the boundary-layer rakes. Since the forces mea-
sured on the drag balance were less than 4 g and the momen-
tum-thickness changes corresponding to an 8% skin-friction
reduction were approximately 3%, extreme care in instrumen-
tation calibration and utmost repeatability of the aircraft
flight parameters were required to produce precision data. An
analysis of the drag-balance data indicated that the drag-bal-
ance output was sensitive to the angle of attack a, the Mach
number M of the aircraft, and the drag-balance temperature.
The drag-balance temperature was measured using a tempera-
ture sensor mounted inside the drag balance. Figure 4 shows
the drag-balance output for a typical test condition as a func-
tion of a, M, and the temperature-sensor voltage of the drag
balance. The data shown in Fig. 4 indicate that a. varied by 0.6
deg, M varied by 0.005, and the temperature-sensor voltage
varied by 0.005 V (1 deg). These changes in flight parameters
corresponded to a 5.3% variation in the output of the drag
balance.

To reduce the scatter and error in the determination of the
net drag, a least-squares fit was made of each data set in Fig.
4 so that the drag could be evaluated at selected a, M, and
drag-balance temperature. The solid lines in Fig. 4 are the
least-squares fit the drag data as a function of the single
variable shown on the x axis. There is a considerable amount
of scatter about each fit. The scatter indicates that the drag-
balance output is sensitive to other parameters in addition to
the parameter indicated on the x axis.

A multiple regression analysis (MRA) procedure was devel-
oped to better fit the data of Fig. 4. The MRA technique uses
conventional matrix methods15 to fit a regression model of the
form

(3)

where r;/, i=0, 3, are the regression coefficients. Figure 5
compares the difference between the actual drag data with the
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Fig. 4 Comparison of drag-balance data with least-squares fit: a)
angle of attack; b) Mach number; and c) drag-balance temperature.

least-squares fit of Fig. 4 and the MRA fit using the same
data. Figure 5 indicates that the multiple linear regression
provides a better fit of the measured data and reduces the
scatter about the fit by one-half. The MRA fits were then used
to determine the drag-balance output at a nominal value of a,
M, and drag-balance temperature. This is the value of drag
that was used to compare the different flight conditions. The
nominal values of a, M, and drag-balance temperature were
always selected to be within the data range for each flight
condition, i.e., the nominal Mach number was always between
the minimum and the maximum Mach number obtained for
each data set. The drag data obtained at identical test condi-
tions but during different flights were repeatable within 1-2%
when reduced using the above procedure.

Figure 6 presents the flight drag data from the present tests
in terms of D/DS, where D is the drag of a riblet surfce and Ds
is the drag of the clean aircraft fuselage. The riblet drag data
were obtained for the case where the riblet film was placed on
the drag balance only. This test procedure could be used
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because the riblets modify the near-wall structure of the turbu-
lent boundary layer, affecting eddies on the order of 100 wall
units. It is estimated that the riblets on the aircraft became
effective within one boundary layer or approximately 2 in.
The edge of the sensing area of the drag balance is 2.75 in.
from the start of the riblet film. Therefore, the riblets are
effective over the sensing element of the drag balance. Figure
6 also shows the flight data of McLean et al.11 and a band
representing the low-speed riblet data of Ref. 4. The present
0.0013 riblet film data seem to agree with the data of Ref. 11,
but the drag for the 0.003 riblet data are slightly higher. The
level of drag reduction and the agreement with previous data
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Fig. 6 Riblet flight drag-balance data.

will be discussed further after the presentation of the
boundary-layer rake data.

There are two problems in using boundary-layer rake data
to indicate changes in drag: 1) relating changes in the mea-
sured velocity profile to skin friction, and 2) the repeatability
of the data. The initial test plan was to place the riblet test
panels between the two longitudinal rake positions and to
measure the profile at the front and aft locations. Then,
differences in the boundary-layer properties between the for-
ward and aft rake locations could be related to skin-friction
changes by the following equation

c/=1/2(d(9/djc) (4)

Equation (4) is valid for a two-dimensional, zero pressure-gra-
dient flow. The initial flight data indicated that the data for
the front rake were repeatable, and there was no reason to
suspect any unusual flow angularity at this location. However,
problems with data repeatability at the back rake location led
to a suspicion that the flow at this location was slightly three-
dimensional, probably due to the flowfield characteristics of
the wing/fuselage junction. Therefore, the proposed test-
panel location was moved forward to a fuselage location
ahead of the forward rakes where the flow was nominally
two-dimensional.

Because of limitations on fuselage penetrations and test
time, a new rake location could not be made ahead of the new
test-panel location. The momentum thickness ahead of the test
panel was estimated so that changes in the momentum thick-
ness at the front rake position could be related to changes in
skin friction. The procedure used to estimate the momentum
thickness ahead of the test panel required the determination of
the most probable location for boundary-layer transition.
Seven inches from the nose of the aircraft was a junction
between the nose cap and the fuselage. This junction had a
mismatch between the nose cap and the fuselage that resulted
in a 1/16-in. back ward-facing step. Calculations estimated
that the roughness Reynolds number was 5.8xl03 and the
momentum-thickness Reynolds number was 4.5 xlO2. It is
generally accepted that a roughness Reynolds number of
4 x 102 will trip the boundary layer and a momentum-thickness
Reynolds number greater than 2x 102 will maintain turbulent
flow. Therefore, there was sufficient evidence that the
boundary layer was turbulent after the nose-cap junction. This
junction was then used as the virtual origin for the turbulent
boundary layer. The following equation from Ref. 14 relates
the momentum thickness to the distance from the virtual
origin for a two-dimensional turbulent boundary layer:

(5)

The momentum thickness at the leading edge of the test panel
was estimated by using the growth rate of 6 as determined by
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Eq. (5) and extrapolating from the measured momentum
thickness at the forward rake location. Then Eq. (4) was used
to relate the momentum-thickness changes to changes in skin
friction. It was estimated that a ±7 in. uncertainty in the
virtual origin would relate to a ±0.5% change in the calcu-
lated drag reduction.

The momentum thickness obtained from integration of the
velocity profiles was found to be sensitive to the flight parame-
ters a, 0, and M, where /3 is the side-slip angle of the aircraft
in degrees. A multiple least-squares-fit procedure, similar to
the one presented earlier in the interpretation of the drag-bal-
ance data, was used to adjust the measured velocities of the
rake pitot tubes to nominal values of the flight parameters a,
0, and M. The ratio of the upper and lower panel momentum
thickness for identical test conditions but different flights were
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then found to be repeatable within 1-1.5%. Therefore, the
drag-reduction performance of the riblets was interpreted in
terms of changes in the ratio of the momentum thickness of
the two test panels where one panel was always a clean refer-
ence.

Figure 7 presents the riblet drag-reduction performance de-
termined using the above interpretation of the measured veloc-
ity data. The solid line is the least-squares fit of the data, and
the hatched area represents the error band. The band of
scatter is approximately ±2%, and the maximum drag reduc-
tion is approximately 6%. Figure 8 compares the riblet drag-
reduction performance measured by the drag balances in the
aft fuselage location to that measured by the boundary-layer
rakes in the front fuselage location. The drag balance and
boundary-layer rake data are in fair agreement; however, the
drag-balance data for the 0.003-in. riblet indicate slightly
lower drag reduction than the rake data. Figure 9 compares
the present data for riblet drag reduction to the data of
McLean et al.,11 who found a 6.5% drag reduction at approx-
imately the same s + as the present tests.

The pitot and drag-balance data are both sensitive to flow
angularity and pressure gradient. Since the two sets of instru-
mentation are in different locations on the fuselage, the mea-
surements will be affected by different flow angles and pres-
sure gradients. The VSAERO (Vortex Separation Aerodynam-
ics Program) computer code was used to examine the flow
angularity and the pressure distribution on the aircraft. This
code is a surface singularity panel method, which uses quadri-
lateral panels to represent arbitrary three-dimensional configu-
rations. The code can calculate streamlines and pressure distri-
butions. Reference 16 contains the details of VSAERO. The
computations indicated that the pressure variation along the
fuselage was small. Figure 10 shows the fuselage of the Learjet
and the calculated streamlines for an a = 4.9 deg and a Mach
number of 0.5. The test panel and the instrumentation loca-
tions are marked on the figure. At the front rake location, the
streamlines are essentially parallel to the waterline of the air-
craft; however, at the aft drag balance and rake location the
flow angles are 6 and 9 deg at the lower and upper balance
locations, respectively. McLean et al.,11 found that a deliber-
ate yaw angle of 15 deg decreased the riblet drag reduction
from 6.5% to aproximately to 3%.

location

Fig. 8 Comparison of drag balance and pitot rake data.
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Fig. 10 Streamlines calculated using the VASERO panel method.
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Based on the effect of yaw, one would expect the indicated
drag-reduction performance determined by the drag balances
to be somewhat low. Therefore, it is reasonable that the flow
angularity at the aft station could explain any reduction in
riblet performance as indicated by the drag-balance data.

Film applied to the pressurized fuselages of transport air-
craft must be perforated so that the fuselage leakage through
rivet holes can be released. McLean et al.11 tested porous riblet
film with 0.020-in. perforations spaced 0.25 in. and found that
the drag reduction was one-half that of nonperforated film.
Figure 11 shows that the present data obtained for 0.0013-in.
riblets with 0.020-in. perforations confirmed the results of
Ref. 11. Figure 12 indicates the results for a 0.010-in. laser-
perforated riblet film. The perforations are spaced at 0.25 in.
Both the 0.0013- and 0.003-in. riblet films were tested with the
0.010-in. perforations. The data in Fig. 12 indicate that the
0.010-in. perforations are small enough not to degrade the
riblet drag reduction. The small increase in drag reduction at
s'+ = 5 is felt to be within the scatter of the data.

Concluding Remarks
The present test confirmed riblet drag reduction at flight

conditions. The present drag reductions are estimated to be
about 6%, approximately the same level as found in earlier
flight tests. The present riblet performance levels were mea-
sured by boundary-layer rakes in the front portion of the
aircraft fuselage and drag balances in the aft portion of the
fuselage. The drag-balance location had flow angles that may
have degraded the riblet performance. The front rake data had
to be extrapolated forward of the rake position to convert
reduced momentum-thickness measurements to reductions in
skin friction. This extrapolation procedure may vary some-
what according to the actual location of boundary-layer tran-
sition. If the virtual origin of the turbulent boundary layer was
actually closer to the nose, the present estimates of riblet
performance will be low. Porous riblets with perforations of

0.010 in. and center spacings of 0.25 in. were found to have
the same reduction as the nonperforated riblet film.
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