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A flight investigation has been conducted using a modified Cessna T210R to evaluate the performance, stabil-
ity, and control characteristics of a general aviation airplane with significant natural laminar flow (NLF). Devel-
opment of NLF technology for application to general-aviation-type aircraft requires an examination of the ade-
quacy of existing certification requirements. The study focused on the aircraft's ability to meet certification re-
quirements with significant NLF and also with the boundary-layer transition fixed near the leading edge. The
investigation showed that large regions of NLF on the airplane's surfaces significantly enhanced cruise perfor-
mance. Loss of laminar flow did not produce significant changes in the stability and control characteristics of
this conventional configuration because of the well-designed NLF sections used. The research airplane met the
Federal Aviation Regulations Part 23 certification requirements even though it was not intended to be certified.

Nomenclature
bhp = engine brake horsepower, ft-lb/s
F = force
kcas = calibrated airspeed, kt
L =left
R = right
STD = standard day condition
V = speed, ft/s
ysl = stalling speed if obtainable, or minimum speed at

which the airplane is controllable with the engine
idling and propeller in takeoff position, kt

W = gross weight, Ib
j8 = angle of sideslip, deg
</> = angle of bank, positive for right wing down, deg
da = aileron deflection, positive trailing-edge down, deg
de = elevator deflection, positive tr ailing-edge down, deg
det = elevator tab deflection, positive trailing-edge down,

deg
5r = rudder deflection, positive trailing-edge left, deg

Introduction

FOR the past decade, the NASA Langley Research Center
has contributed to the development of natural laminar

flow (NLF) technology for application to business, commuter,
and transport aircraft.1'4 The technology has been achievable
in part through advanced NLF airfoil design and modern con-
struction techniques using composites and milled or bonded
aluminum skins. Airfoil design has emphasized development
of airfoils with extensive NLF to reduce cruise drag without
incurring a reduction in maximum lift or a change in pitching
moment with the loss of NLF.

Application of NLF technology to new airplane designs has
raised questions as to the adequacy of the existing Federal
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Aviation Regulations (FAR) Part 23 for certification of light
airplanes having extensive laminar flow. In particular, both
the Federal Aviation Administration (FAA) and the general
aviation industry are concerned whether the existing criteria
adequately address any stability and control problems that
could occur in the event of partial or total loss of laminar
flow.

During 1989, flight experiments were conducted under a
joint NASA, Cessna Aircraft, and FAA program to address
the applicability of existing procedures and standards for cer-
tification of airplanes with extensive regions of NLF. These

Fig. 1 Modified research airplane.

Fig. 2 Photograph of the artificial boundary-layer transition
method using trip disks.
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tests utilized a modified Cessna T210R airplane having a wing
with a NASA-designed NLF(1)-0414F airfoil section, an NLF
horizontal stabilizer, and a smoothed vertical stabilizer (Fig.
1). Flight tests simulated FAR Part 23 certification tests,
which evaluate performance and stability and control charac-
teristics. Tests and parameters, which could be affected by the
loss of laminar flow, were chosen to allow quantitative com-
parison of the airplane's ability to meet certification require-
ments. Several combinations of laminar and turbulent
boundary-layer configurations on the airplane's wing and tail
surfaces were explored. Results are presented for the following
airplane boundary-layer configurations: 1) natural transition
on all surfaces, 2) fixed transition at 5% chord on upper and
lower surfaces of the wing and horizontal stabilizer and both
sides of the vertical stabilizer, and 3) fixed transition at 5%
chord on the upper and lower surfaces of the left wing and the
remaining surfaces with natural transition.

Airplane Description
The single-engine conventional configuration was evaluated

in the study. A photograph of the research airplane is pre-
sented in Fig. 1. The airplane's production engine was re-
placed with a TSIO-520-CE rated at 325 bhp at 2700 rpm,
which allowed for the installation of dual alternators to pro-
vide for the additional electrical needs of the instrumentation
package.

The airplane was modified for research by incorporating an
NLF wing and horizontal stabilizer, and a smoothed vertical
stabilizer. The modified wing had zero twist, a span of 42 ft
and an aspect ratio of 11. The wing incorporated a natural
laminar flow NLF(1)-0414F airfoil section3'5 and incor-
porated a 12.5% chord trailing-edge cruise flap that was fixed
in the cruise position during this investigation. To obtain the
desired airfoil section contours, a polyester resin filler material
was used over an aluminum wing skin. The NLF airfoil section
was designed to achieve low drag at a cruise Reynolds number
of 10 x 106 by maintaining NLF to about 10% chord on both
the upper and lower surfaces. Earlier full-scale wind-tunnel
and flight tests of this airplane were reported in Refs. 6 and 7,
respectively.

The horizontal and vertical stabilizers were modified from
the production configuration. The production horizontal sta-
bilizer used NACA 0012 and NACA 0010 airfoil sections at
the root and tip, respectively. The design goal of this modifi-
cation was to create a laminar flow section with a wide drag
bucket and provide a large range of useful lift coefficients.
The horizontal stabilizer was recontoured to a cambered air-
foil section by adding a 12.5% chord extension forward of the
production leading edge. Foam filler was wrapped around the
leading edge and was contoured using a polyester resin filler
material. This method allowed the production elevator to be
retained. The production vertical stabilizer and dorsal fin pro-
duction airfoil sections were smoothed by recessing rivets
below the surface and filling imperfections from the leading
edge to the 50% chord location. The waviness of the horizon-
tal and vertical stabilizer surfaces when measured in a chord-
wise direction was maintained within ± 0.003 in. per 2 in. of
wavelength.

Since the horizontal and vertical stabilizer modifications
created additional weight in the empennage area, all research
flights were conducted beyond the production aft e.g. limit.
Airframe modifications, instrumentation, and ballast resulted
in a test gross weight of 4100 Ib, which is greater than that of
the production T210R.

Onboard instrumentation recorded airspeed and flow angles
ahead of each wing tip, altitude, control forces, control sur-
face positions, engine speed and power output, and linear ac-
celerations and angular rates along and about the body axes,
respectively. Wing and horizontal-stabilizer surface pressures
and hot-film sensor outputs were recorded to assist in verifica-
tion of the extent of NLF on these surfaces.
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Fig. 3 Effect of transition location on takeoff performance.
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Fig. 4 Effect of transition location on rate of climb at 100 kcas.

Test Matrix and Data Standardization
The flight-test maneuvers performed followed a typical

FA A certification flight-test matrix. The matrix addressed
performance, stability, controllability, and trim characteris-
tics as required by the FAA, and was repeated for each of the
airplane transition configurations.8

Engine power was corrected to standard day and sea level
conditions, using methods outlined in Ref. 9. Airspeed was
corrected to standard weight for takeoff and climbs by the fol-
lowing relationship:

^STD = TEST ^STD/^TEST

The propeller slipstream has a rotational component that
changes the angle of attack of the vertical tail and creates
sideslip if uncorrected by the rudder. Slipstream rotation is
most significant for high power at low speed. To account for
this effect in the directional trim tests, rudder deflection re-
quired for steady heading was plotted against power divided
by airspeed.10

Flight-Test Results
Transition Location

The extent of NLF on all modified surfaces was verified us-
ing two different techniques. The sublimating-chemical-
boundary-layer-flow visualization technique and hot-film sen-
sors were used to determine the chordwise location at which
the laminar boundary layer transitioned to a turbulent bound-
ary layer on the wing and the horizontal stabilizer.

Laminar flow was maintained on both the upper and lower
surfaces of the wing from the leading edge aft to about 70%
chord at and above 100 kcas. On the horizontal stabilizer,
laminar flow was achieved from the leading edge aft to 10%
chord on the upper surface at and above 100 kcas, 50% chord
on the lower surface at 100 kcas, and about 35% chord on the
lower surface at 150 kcas. On the vertical stabilizer, laminar
flow was maintained from the leading edge aft to 50% chord
on the lower half of the stabilizer at and above 100 kcas and
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Table 1 Transition effects on airspeed

Airspeed, kcas
Configuration 15% MCP 100% MCP
Natural transition
Asymmetric transition
5% transition

155
152
150

178
167
162

30% chord on the upper half of the stabilizer at and above 100
kcas.

The sublimating chemical technique was also used to deter-
mine the effectiveness of a new method of fixing transition using
trip disks. For this technique, tape with evenly spaced circular
holes was secured span wise along the 5% chord location. The
holes were filled with polyester resin filler material and were
allowed to dry. When the tape was removed, the trip disks re-
mained secured to the leading-edge surface. The trip disks mea-
sured 0.013 in. high, 0.070 in. diam, and were spaced 0.125 in.
center to center, as shown in Fig. 2. All fixed transition tests
were conducted with the trip disks located at 5% chord of the
upper and lower surfaces of the wing, horizontal tail, and both
sides of the vertical tin. Flow visualization research flights to
verify transition location showed the trip disks were effective
at fixing transition at the 5% chord location.

Performance
Takeoff

Takeoff distance, as outlined in FAR 23.51, is the distance
required to take off and clear a 50-ft obstacle. Takeoff tests
were performed with takeoff power and with flaps retracted.
Average winds at 6 ft above ground level were below 10 kt for
all tests. Takeoff distance was recorded from standing start to
50-ft altitude using radar and a microwave distance measuring
unit system. The approximate climb airspeed was 1.3 Vsl9
which equaled 87.2 kcas. All data were corrected to a standard
weight of 4100 Ib, power was corrected to standard day, and
distance through the air was corrected to zero wind. Takeoff
and rate-of-climb data are presented for the 5% and natural
transition configurations only.

Takeoff performance data are presented in Fig. 3. At 87.2
kcas, takeoff distance increased from approximately 2160 ft
with natural transition to approximately 2760 ft with transi-
tion fixed at 5% chord. Most of the increase occurred in the
distance through the air. This increase was greater than ex-
pected, even considering that the airplane was accelerating.

Climb
Similar to the takeoff performance data, climb rates and

gradients for the two different airplane transition configura-
tions were acceptable under FAR Part 23. Requirements for
minimum climb rates and gradients are presented in FAR
23.65. When comparing boundary-layer transition location ef-
fects, changes in climb rates and gradients are of more interest
than individual magnitudes. Thus, continuous climbs were
performed from 7000 to 13,000 ft density altitude at 100 kcas
with maximum continuous power. To correct for wind effects,
each climb was repeated with the opposite heading and always
perpendicular to the reported winds. Tests were performed in
smooth air with standard lapse rates to avoid rising or sinking
air masses. Climb data were corrected for a standard weight of
4100 Ib, and power was corrected for standard temperatures.
Climb rate was determined from the slope of the plots of cor-
rected density altitude vs time. Results for each pair of oppo-
site headings were averaged to obtain final climb rates.

Rate-of-climb data corrected for standard day conditions
are presented in Fig. 4. At 10,000 ft density altitude, rate of
climb decreased from 1013 ft/min for natural transition to 912
ft/min for transition at 5% chord. This represented a 10%
rate of climb degradation.

Cruise
Although cruise speed is not addressed by FAR Part 23,

large cruise performance changes were realized with the loss of
NLF as seen in Table 1. At 100% maximum continuous power
(MCP), natural laminar flow from the leading edge aft to 70%
chord improved cruise speed approximately 10% compared to
the configuration with transition at 5% chord.

Stability and Control
Unlike the performance data that showed a degradation

with the loss of NLF, all static lateral-directional and longitu-
dinal stability and control maneuvers showed negligible differ-
ences among the three different transition configurations.
FAR 23.177 outlines the stability and control requirements.
Flight maneuvers were designed to determine the airplane's
ability to meet the specified certification requirements with
boundary-layer changes.

For stability tests, the pilot maintained steady heading side-
slips at several aileron deflections from full left to full right at
two different power/speed conditions: idle power at 100 kcas
to minimize power effects on the data, and cruise at 75%
MCP. For the idle power condition, altitude varied; for the
cruise condition, airspeed varied among the configurations
due to changes in drag.

Lateral/Directional
Figure 5 presents a quantitative comparison among the tran-

sition configurations for the lateral/directional stability flight
maneuvers by comparing control deflections and bank angle
with sideslip angle. The control surface deflections required
for steady heading sideslip at idle power did not change signif-
icantly among transition configurations. There was no appre-
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ciable difference in the relationship between bank and sideslip
angle.

Figure 6 shows that the control surface deflections required
for steady heading sideslip at MCP did not change signifi-
cantly between the natural and 5% transition configurations.
For the asymmetric transition configuration at negative side-
slip angles, less aileron input is required to hold a steady head-
ing. This result may have been caused by the additional drag
of the tripped left wing.

Like the stability results, the airplane control characteristics
remained within FAR 23.177, paragraph 3 certification re-
quirements with negligible change among the transition con-
figurations. As seen in Fig. 7, the aileron and rudder control
forces required for steady heading sideslip with idle power for
all three configurations were indistinguishable. As required,
the aileron and rudder forces increased steadily with increased
sideslip angle.

Figure 8 shows that for the MCP condition, more aileron
force was required with the asymmetric configuration for
steady heading sideslip in comparison to the other configura-
tions. The required aileron force difference is less than 10 Ib.
Also, the rudder force for the asymmetric transition configu-
ration showed a trend toward less force for positive sideslip
angles and more force for negative angles. This is attributed to
the asymmetric drag of the wing.

Trim
Longitudinal trim requirements are specified in FAR 23.161

(c). For a quantitative comparison, elevator trim tab deflec-
tion required to trim the airplane longitudinally from the mini-
mum trimmable airspeed to the maximum allowable flight
speed was measured for the different configurations. Figure 9
shows there were no major differences between the elevator
trim tab deflections required for the different configurations.
However, there was a slight increase in elevator trim tab
deflection with 5% transition over that required for the other
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transition configurations. This deflection increase of about 4
deg may have been due to a thicker boundary layer at the trail-
ing edge of the horizontal stabilizer with the 5% transition
configuration.

Directional trim requirements, which are specified in FAR
23.161(b), state that the airplane must be trimmable in level
flight. Flight maneuvers compared the potential changes in the
airplane's ability to meet this requirement with changes in the
boundary layer by investigating the rudder deflection required
to directionally trim the aircraft. Rudder deflection required
to trim the airplane was measured during steady heading flight
over a range of speeds and was plotted against engine brake
horsepower divided by calibrated airspeed for the tests.

The natural and 5% transition airplane configurations
showed no appreciable difference in rudder required for trim,
as seen in Fig. 10. In contrast, the asymmetric configuration
showed more rudder was required at high speed in comparison
to the other configurations. The amount of rudder required at
high speed was still less than that required in all configurations
for low-speed and high-power conditions. Thus, a rudder
sized for takeoff conditions would suffice for all other flight
regimes.

Summary of Results
A flight investigation has been conducted using a modified

Cessna T210R to evaluate the performance, stability, and con-
trol characteristics of a general aviation airplane with signifi-
cant natural laminar flow (NLF). Development of NLF tech-
nology for application to general aviation type aircraft has
resulted in an examination of the adequacy of the existing cer-
tification requirements. The study focused on potential
changes in the aircraft's ability to meet certification require-
ments with significant NLF and with the boundary-layer tran-
sition fixed near the leading edge. The most significant results
of this study to evaluate the research airplane's aerodynamic
changes with the loss of NLF and its compliance with FAR
Part 23 can be summarized as follows:

1) The loss of natural laminar flow, both symmetrically and
asymmetrically, did not produce significant lateral-directional
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stability and control changes. The airplane exhibited no stabil-
ity and control behavior that was unacceptable under FAR
Part 23 requirements.

2) Climb performance decreased 10% wjien the boundary
layer was tripped and laminar flow was restricted to the first
5% of the laminar flow surfaces. These losses were consistent
with the expected drag increase associated with the tripped
bpundary layer.
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