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A novel Crossflow Attenuated Natural Laminar Flow (CATNLF) design method has been
developed to achieve laminar flow on aircraft empennage at transonic flight conditions. This
approach has been applied to the design of a nonlifting vertical tail using CDISC, a knowledge-
based aerodynamic design tool developed at the NASA Langley Research Center. A horizontal
tail was also designed using an enhanced CATNLF design approach for low-lift components.
CDISC was coupled with USM3D-ME, a Navier-Stokes computational fluid dynamics solver.
Stability and transition software was used to determine the laminar extent on the surfaces.
Results indicate laminar flow can be sustained at midcruise conditions to about x/c=0.40 on
the vertical tail and as much as x/c=0.65 on the horizontal tail lower surface. Transonic
longitudinal off-design analysis indicates minimal change in the laminar extent. However,
nonzero sideslip angles at transonic conditions can cause premature transition relative to the
midcruise condition.

Nomenclature
surface curvature (nondimensionalized by local chord)
skin friction coefficient oriented in the x axis
sectional chord length times sectional coefficient of lift (ft)
sectional coefficient of lift
coeflicient of lift
sectional pitching moment coefficient
coefficient of pressure
N factor
leading-edge radius (nondimensionalized by local chord)
Reynolds number (based on the sectional chord length)
Reynolds number based on the attachment-line boundary-layer momentum thickness
arc length (nondimensionalized by local chord)
nondimensional thickness-to-chord ratio
Cartesian coordinate aligned down the body centerline
x-location at which pressure recovery begins, nondimensionalized by local chord
x-location nondimensionalized by local chord
Cartesian coordinate pointed out the starboard side of the vehicle
y-location nondimensionalized by local chord
Cartesian coordinate pointed up from the ground (completes right hand rule)
z-location nondimensionalized by local chord

angle of attack, wind axis coordinate system (deg)

sideslip angle, wind axis coordinate system (deg)

a difference

semispan location nondimensionalized by semispan length
sectional twist angle (deg)

leading-edge sweep (deg)

an angle (deg)
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Acronyms

BLSTA3D = Boundary Layer code for Stability Analysis
CATNLF = Crossflow Attenuated Natural Laminar Flow
CDISC = Constrained Direct Iterative Surface Curvature
CF = Crossflow

HLFC = Hybrid Laminar Flow Control

LASTRAC = Langley Stability and Transition Analysis Code
LFC = Laminar Flow Control

NASA = National Aeronautics and Space Administration
NLF = Natural Laminar Flow

RANS = Reynolds-averaged Navier-Stokes equations
SUSAN = SUbsonic Single Aft eNgine

N = Tollmien—Schlichting

USM3D-ME = Unstructured Mesh Three Dimensional-Mixed Element
Subscripts

max = amaximum value

I. Introduction

With increasing awareness of the impact of the aviation industry upon the environment, significant efforts have been
invested in new technology to reduce aircraft emissions. Research indicates that, in 2018, carbon dioxide emissions
from aviation accounted for more than 2.5% of all global carbon dioxide emissions [[1]. Consequently, the United
Nations International Civil Aviation Organization has challenged the global aviation industry to achieve net-zero
emissions by 2050. Technology improvements to reach these goals include, but are not limited to, advanced propulsion
systems, cutting-edge materials coupled with novel manufacturing techniques, optimized city-pair mission profiles, and
aerodynamic improvements. Improved aerodynamic performance can be realized through drag reduction, which may
involve the use of laminar flow over some of the aircraft.

It is known that a laminar boundary layer causes decreased skin friction relative to a turbulent boundary layer, thus
yielding drag savings. In addition to decreased viscous drag, laminar flow can also result in a reduction of profile drag,
which yields additional efficiency improvements. Laminar flow can be achieved with active laminar flow control (LFC),
hybrid laminar flow control (HLFC), passive flow control, or natural laminar flow (NLF). Relative to a flow-control
method, the lack of control systems to implement NLF results in decreased system complexity, cost, and weight, all are
desirable characteristics. Laminar flow is of interest to industry as production aircraft have been designed and delivered
with laminar flow. NLF has been implemented on the HondalJet (NLF wing and fuselage nose), Boeing 787 (NLF
nacelle), and Boeing 737 MAX (NLF winglet). An HLFC horizontal and vertical tail were implemented on the Boeing
787-9. The three NLF applications involve either low Reynolds number or low-sweep components. In general, NLF
on the wing is a challenge due to rapid growth of crossflow instabilities, which grow quickly on components with an
elevated Reynolds number and/or high sweep. Consequently, advanced design techniques are needed to control the
crossflow growth for high-sweep and/or high-Reynolds-number components.

New design methods have been developed such that NLF can be sustained on transonic, swept-wing configurations.
In particular, the Crossflow Attenuated Natural Laminar Flow (CATNLF) design method has been developed at the NASA
Langley to achieve NLF on such components [2}13]. This CATNLF method has been validated in the National Transonic
Facility, and work is actively underway to support a transonic, high-Reynolds-number flight-test campaign [4H6]. This
technique relies upon tailoring the suction surface pressure distribution of lifting components to control both crossflow
and Tollmien—Schlichting instabilities that cause transition. In general, favorable pressure gradients, such as those near
the leading edge of an airfoil or wing, promote crossflow growth while adverse pressure gradients result in increased
Tollmien—Schlichting instabilities. Because instabilities can grow in both favorable and adverse pressure gradients,
surface pressure distributions must be crafted to balance instability growth while still achieving desirable aerodynamic
performance.

In general, the crossflow challenge exists on swept surfaces, which has resulted in the development of design
efforts for wings. However, NLF is also of interest on other components, such as the vertical and horizontal tails. As
previously mentioned, the Boeing 787-9 contains an HLFC system on both the horizontal and vertical tails, which



results in a reduction in drag [7]. Efforts in this paper are motivated by the desire to achieve tail drag reduction without
a flow-control system. Relative to a wing, tails have unique challenges and benefits that must be considered. These
challenges include low lift, a wide range of off-design certification requirements, and large control surfaces. Advantages
of tails include the lack of leading-edge high-lift devices and minimal access panels. Even with some challenges,
achieving drag reduction on the tails due to laminar flow is of interest.

The CATNLF design approach was originally developed for the NLF design of the suction surface on lifting
components, for which the pressure surface shape is unconstrained to meet geometry constraints. For vertical tail design,
NLF is desired on a nonlifting component, which has a symmetric airfoil geometry. In this case, a target pressure
distribution must be achieved on both airfoil surfaces and geometry constraints cannot be directly enforced without over
constraining the design. A novel CATNLF design approach was required for the NLF design of symmetric, nonlifting
airfoils. A target pressure architecture was developed for symmetric NLF airfoils that implicitly satisfies geometry
constraints while suppressing crossflow and Tollmien—Schlichting boundary layer instabilities.

This paper discusses the design of horizontal and vertical tails with the CATNLF technique. An overview of design
and analysis tools is followed by a summary of the newly-developed design philosophy. Implementation of these new
methods on a technology-development T-tail transport aircraft is then presented. A final section outlining conclusions
and future work finishes the paper.

I1. Analysis and Design Approach

This technology-development study utilized a suite of computational tools including geometry and grid generation
programs, a flow solver, a design code, and transition prediction software. All these tools supported the aforementioned
CATNLF design method and will be herein discussed. A discussion of key characteristics and design criteria of the
design method closes this section.

Geometry and grid generation were performed with a closely-coupled suite of tools from Helden Aerospace.
Initial geometry preparation was performed with HeldenTool, a computer aided drawing tool that was used to prepare
surfaces for subsequent grid generation [8]. A grid was then generated on the prepared geometry using HeldenMesh, a
three-dimensional, mixed-element (prisms in the boundary layer), unstructured grid generator. The viscous region is
generated with the advancing-layer method, and the outer volume is created with the advancing-front technique [9]].
Computational analysis and design was then performed on this resulting volume grid.

A flowchart depicting the analysis and design process is shown in Fig.[T(a). These methods include the analysis/design
loop on the right side of the schematic, as well as an external transition prediction loop shown on the left side of
the image. The flowfield was computed with Unstructured Mesh Three Dimensional Mixed Element (USM3D-ME)
flow solver [10}[11]]. This cell-centered, finite-volume, unstructured, mixed-element solver was used with the Spalart-
Allmaras (SA) turbulence model with rotation curvature correction and the 2000 model of the quadratic constitutive
relation. The USM3D-ME flow solver was coupled with the aerodynamic design program, the Constrained Direct
Iterative Surface Curvature (CDISC) code [3l [12]. CDISC is a knowledge-based design program in which a three-
dimensional surface is determined from user-specified flow targets (e.g., sectional pressure distribution), integrated
forces and moments, and geometric constraints. The design loop is repeated until the flow and geometry changes between
successive design cycles are small and stable, typically requiring about 50 to 100 cycles. A companion paper at the 2024
SciTech Forum entitled “History and Status of the CDISC Aerodynamic Design Method” provides a detailed discussion
of CDISC [12]]. After convergence was achieved, the Boundary Layer Stability Three Dimensional (BLSTA3D) program
was used to calculate both velocity and temperature profiles from the computed final pressures at each design station [[13]].
These data were subsequently analyzed with the Langley Stability and Transition Analysis Codes (LASTRAC) program,
which was used to calculate the growth of Tollmien—Schlichting and crossflow instabilities [[14]. Stability data were
calculated with the linear stability theory e’V method including compressibility effects and no curvature effects.
Transition was assumed to occur when either crossflow or Tollmien—Schlichting growth exceeded a user-prescribed
critical N factor (N.,;;) of 9, which is representative of a cruise flight condition.

A CATNLF target pressure coeflicient (C},) distribution is quite different than traditional turbulent C), distribution,
as seen in Fig.[T[b). As annotated, the CATNLF method relies upon rapid acceleration of the flow around the leading
edge to mitigate the crossflow growth in this region. Due to the sweep angle and Reynolds number, crossflow growth
occurs at the leading edge. However, the rapid acceleration controls the growth rate such that the associated N factors
do not exceed the critical N factor. After this acceleration, a mild favorable pressure gradient exists up to the shock
location, which is used to help control the crossflow and Tollmien—Schlichting growth. Contrary to a laminar design, a
turbulent design may contain an adverse pressure gradient up to the shock such that the shock strength can be reduced.
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Fig. 1 Depiction of CATNLF design method including (a) workflow and (b) resulting C,, distributions.

As a favorable gradient exists on a CATNLF-designed wing, the shock strength of a laminar wing is often greater than
that of a comparable turbulent design. Despite the stronger shock relative to a turbulent wing, the viscous and profile
drag savings for a laminar design are typically larger than the increased wave drag.

III. Design Philosophy
As discussed in Sec.[[} development of NLF on an aircraft empennage includes unique considerations relative to
a wing. A typical wing has a stagnation point on the lower surface, seen as a red line in Fig.[2] Seen in green, a
horizontal tail, which includes less lift than a wing, has decreased arc length from the attachment line (corresponding
to the sectional stagnation point) to the leading edge of the airfoil section. While a typical horizontal tail produces
negative lift, an inverted stagnation streamline is shown in the figure for ease of visualization. Shown as a blue line, the
stagnation point on an ideal vertical tail is coincident with the leading edge, thus yielding no arc length between the
stagnation point and leading edge. As the previously-developed CATNLF technique leverages the high curvature at
the leading edge to accelerate the flow from the stagnation point to the upper surface, the CATNLF method in CDISC
required some modifications to achieve NLF over a low-lift tail surfaces.

No Lift
(Vertical)

Low Lift
(Inverted Horizontal)

Moderate Lift
(Wing)

Fig. 2 Stagnation streamlines for no-, low-, and moderate-lift airfoil sections.

In this section, the design approach to achieve NLF horizontal and vertical tails at flight Reynolds numbers and
moderately-high sweep is presented. Material in the remainder of this section includes a discussion of the design
challenges and also the novel design methods to achieve NLF on such surfaces. These methods are discussed first for a
horizontal tail and second for a vertical tail.



A. Horizontal Tail Design Philosophy

The design of a new horizontal tail must yield aerodynamic improvements relative to a baseline geometry while also
satisfying a multitude of multidisciplinary design criteria. For instance, during transonic cruise, it is desirable for the
horizontal tail to contain limited aft loading, especially over the elevator. This is desired for two main reasons. First,
the aircraft maintains the stick-control feel for the pilot or control system such that the aircraft pitches up and down
at approximately the same rate. Second, reduced loading on the elevator also results in smaller actuator size than for
a heavily-loaded elevator near cruise. These design criteria were considered when developing the new NLF design
methodology.

The CATNLF design methodology was applied to a horizontal tail, and key features are labeled in Fig. [3(a). Overall,
the existing CATNLF design method could be implemented on a horizontal tail, but some of the constraints required
special tailoring for this low-lift surface. Seen in the figure, three C,, curves are presented at a constant sectional lift
coefficient for different laminar extents. A design parameter, denoted as x,., is the x/c location for the end of the laminar
run. This point nominally coincides with the point at which the pressure recovery begins. Aerodynamic efficiency
is improved by ensuring the lower and upper surface C, curves do not cross. The resulting reduction in lift in the
downstream region counteracts the lift generated in the forward portion of the airfoil, which is not desirable. This
adverse effect led to the modification of the basic target pressure generation constraint in CDISC such that the pressure
curves do not cross. Returning to the figure, the pressure gradients over the airfoil were carefully crafted to control
instability growth and promote laminar flow over much of the surface. With decreasing x,-, the amount of aft loading
decreases and forward loading increases. Consequently, increased forward loading for x,,=0.50 results in an adverse
pressure gradient until x, is reached. This adverse pressure gradient increases Tollmien—Schlichting faster for smaller x,
than larger x,.. Ultimately, the selection of x, yielded transition points of 0.49, 0.55, and 0.65 for the three pressure
distributions, thus confirming the effectiveness of using x, as a design parameter.
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Fig.3 Effect of x, on horizontal tail designs including (a) C,, and (b) Cy,,.

Sectional cuts of skin friction in the streamwise direction (Cr,x) is plotted for the three curves in Fig. Ekb). A
reduction in Cr, . is realized over the laminar flow region of the lower surface relative to the upper surface for all three
cases. After the transition point, where the skin friction returns to similar levels as turbulent flow, a gradual reduction
in Cy « is seen until the trailing edge, a trend that is readily seen for all three x,.. On the lower surface, Cy,, does not
approach 0 at any points, which suggests adequate boundary-layer health. It is noted that small values of C,  are seen
near the upper-surface trailing edge for x,=0.70. This reduced Cy, indicates the airfoil may be approaching separation
on the upper surface. Based on these data, it was decided to use x,=0.60 for further design work as this maximizes the
laminar run while protecting the section from trailing-edge separation.

Figure [] shows the stability and transition results for the three x, cases. The characteristic rapid leading-edge
acceleration has yielded controlled growth of the crossflow N factor (Ncr). For these cases, Ncr remains sufficiently
below the critical N factor of 9. Further growth in crossflow aft of the leading edge is suppressed by a subsequent C),
gradient, evidenced by a reduction in crossflow downstream of the leading edge. Consistent with Fig. [3[(a), the adverse
pressure gradient associated with x,=0.50 yields faster Tollmein-Schlichting growth than the other two cases. It is
observed that none of the N factors in Fig. [d]exceed N,,;=9 across the analyzed range of x/c. Stability analysis was
executed for the three cases up to the start of the pressure recovery region, where the adverse pressure gradient terminated
the laminar boundary layer computation in BLSTA3D, presumably marking the transition point.
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Fig.4 Stability and transition results including crossflow (left column) and Tollmien—Schlichting (right column)
for three x,.

B. Vertical Tail Design Philosophy

While the horizontal tail generates limited lift, a vertical tail in an ideal midcruise condition generates no lift
(side force). Consequently, the CATNLF method must be further extended to achieve NLF on such surfaces. The
symmetric nonlifting airfoils used on the vertical tail have the attachment line at the leading edge and thus cannot
take advantage of the flow around the leading edge to achieve the rapid acceleration needed for crossflow suppression.
However, the crossflow peak level is affected by not only the rapid acceleration, but also the C,, value at the end of
the acceleration, i.e., how long the boundary layer is exposed to the acceleration. Since the airfoil does not generate
lift at cruise conditions with zero sideslip, it was proposed to try to stop the acceleration at decreased levels of C),
magnitude than the horizontal tail. Figure[5|shows computed and target pressures at the first and final design cycle. As
shown in Fig. [5[a), the new target pressures (symbols) are the same as the initial analysis pressures (line) in the initial
acceleration and pressure recovery regions. Significant differences are observed between x/c¢=0.005 (selected to control
the crossflow growth) and the minimum pressure location. In this favorable pressure gradient region, the target pressures
are prescribed as a line connecting the pressures at these two end points. The points represent the desired chordwise
location to end the rapid acceleration and approximately the location of the maximum airfoil thickness, respectively. As
the design progresses and the analysis pressures shift toward the target pressures in the linear region, the geometry
changes cause the pressure coefficients near the nose to show a more rapid acceleration ahead of x/c=0.005, with a
subsequent flattening of the linear region ahead of the minimum pressure point. By the final design cycle shown in
Fig.[5[b), the process has stabilized with a slight overshoot of the targets giving the desired rapid acceleration changing
quickly to a nearly constant pressure region before growing linearly to the minimum pressure near midchord.
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Fig.5 Symmetric airfoil NLF target pressure development for (a) initial design cycle and (b) final design cycle.

An NLF airfoil was designed using this new CDISC constraint, and stability and transition data for this vertical
tail section are shown in Fig.[6] A significant increase in Ncr is observed at the leading edge, which is subsequently
suppressed by the sharp turn to a near-zero pressure gradient at x/c~0.005. The subsequent favorable pressure gradient
until Cj, i, does cause significant regrowth of the crossflow instabilities in the midchord region, leading to transition at
x/¢=0.37. No significant Tollmien—Schlichting growth is observed for x/cz0.1, which is immediately downstream of
the C}, overshoot.
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Fig. 6 Vertical tail stability and transition results including (a) crossflow and (b) Tollmien—Schlichting .

Figure[7]shows the airfoil that was developed to satisfy the design constraints. For this study, no specific requirement
was defined for the maximum airfoil thickness, thus allowing the NLF design space to be freely explored. Early
technology-development work was performed with airfoils as thin as #/c;,,,=0.06. Because structural constraints
require thicknesses larger than t/c,,,,=0.06, the airfoil thickness was progressively increased to maximize laminar run
and aerodynamic efficiency. As the crossflow growth is affected by the length of the acceleration region, decreased Cp,
at the end of the acceleration region will yield increased values of Ncr. With increasing thickness, the magnitude of
Cp,min Will increase, which subsequently causes increased crossflow growth. The airfoil shown in Fig. E]corresponds
to a maximum ¢/c of 0.095. A very-blunt leading-edge is observed in the geometry. Despite this blunt nature, the
leading-edge radius is approximately 0.0052, which is a typical number for transonic airfoils [2]. Surface curvature of
the airfoil (C) near the leading edge of the airfoil is plotted in Fig.[7(b), as defined by

_ds

C—d—¢.

ey
In this equation, s is the nondimensional airfoil arc length and ¢ is the angle relative to the x axis. As seen, Cj,4x Occurs
slightly downstream of the leading edge, which is atypical of transonic airfoils in which C,,,,, usually occurs at the
leading edge.
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Fig. 7 Vertical tail airfoil section with (a) blown-up airfoil coordinates and (b) surface curvature.

IV. Empennage Design and Results
The developed design philosophy and tools discussed in Sec. [[Tl] were applied to an aircraft configuration and
subsequently analyzed at transonic conditions. Analysis of this geometry, at both midcruise and transonic off-design
conditions, is discussed in this section.

A. Aircraft Configuration and Design Setup

While technology development can be applied to many different aircraft, the work in this paper was performed in
direct support of the SUbsonic Single Aft eNgine (SUSAN) electrofan aircraft, as visualized in Fig.[8(a). This vehicle is
a 180-passenger T-tail regional aircraft with a design range of 750 miles, maximum range of 2,500 miles, midcruise
altitude of 37,000 ft, design Cr, of 0.50, and a cruise Mach number of 0.785 [[15)]. It contains a distributed electric
propulsion system and an aft-mounted turbofan engine. Empennage design and analysis in this project was performed
on a simplified SUSAN configuration, seen in Fig.[§[b,c). As shown, no wing-mounted propulsion system was included
to reduce computational complexity. This assumption is acceptable as the flow around the T-tail is minimally affected
by such a propulsion system. A semispan aircraft was used for vehicle design and midcruise analysis. Off-design
conditions with a nonzero sideslip angle were analyzed with a full-span aircraft.

i

(@ (b)

Fig. 8 SUSAN configuration including (a) graphical depiction, (b) semispan computational loft, and (c) full-
span computational loft.

Figure [0 shows the regions of the tails that were designed. The black lines depict the six design stations on both
tails. For the horizontal tail, the design was extrapolated from Station 1 to the root and Station 6 to the tip. The
case of the vertical is slightly more nuanced. For this component, design was performed at Stations 2 through 5 with
unchanged sectional geometry at Stations 1 and 6. Stations 1 and 6 on the vertical tail were held constant such that the
NLF-designed region could smoothly integrate with the preexisting loft. Extrapolation was applied to transition from
the design region to these outermost design stations. Table[T]presents physical characteristics of the tails including the
leading-edge sweep and the Re. based on the sectional chord length at the midcruise design point for all design stations.

B. Horizontal Tail Midcruise Performance
An NLF horizontal tail was designed using the methods and best practices as documented in Fig.[3] Implementation
of these procedures and tools yielded the C,, curves plotted in Fig. @I, one at each design station. To aid in visualization



Station 6 ———

|
. Station 6

Station 5 Station 5
Station 4
Station 4 Station 3
Station 2
Station 3 Station 1
T
Station 2 —

Station 1 ——

() (b)

Fig. 9 Design region and stations for (a) horizontal and (b) vertical tail surfaces.

Table 1 Tail Characteristics at Midcruise Design Point.

Ree. x10° Re.x10° Re.x10° Re.x10° Re.x10° Re. x 10°
Argp | Station 1 Station 2 Station 3 Station 4 Station 5 Station 6

Horizontal | 35.0 16.3 13.9 11.5 9.07 6.66 4.25
Vertical 39.9 22.2 21.8 21.3 20.9 20.4 20.0
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Fig. 10 Horizontal tail pressure cuts promoting NLF at three (a) inboard and (b) outboard design stations.

and avoid excessive clutter, data are split between two different plots. In general, the previously-developed technology
highlighted in Sec. MCould be readily applied to all six design stations on the horizontal tail. Extremely similar C,, data
are seen for the four middle design stations with slight deviations at the root and tip. Modifications to the Station 1 Cp,
distribution were necessary due to close proximity of the vertical tail. At Station 6, tip effects resulted in some minor
differences in the aft loading relative to the inboard stations. All stations exhibit the aggressive leading-edge pressure
gradient to attenuate crossflow and a subsequent shallow pressure gradient to control Tollmien—Schlichting growth until
nearly x,, which was defined as 0.60. Downstream of x,., pressure is recovered toward the freestream values.
Spanwise characteristics of the horizontal tail are shown in Fig. [TT} which include sectional cc; (in which ¢ is the
local chord length in feet and ¢; is the sectional lift coefficient), sectional pitching moment (c,,), leading-edge radius
(rLE), and twist angle (0) in degrees. For the given planform, c¢; values were selected to achieve a desired spanwise
lift distribution. This lift distribution [Fig. |'1;1'ka)] was selected such that the sectional cc; would yield a nominally
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Fig. 11 Spanwise data for horizontal tail including (a) cc; (ft), (b) c,,, (c) leading-edge radius, and (d) twist.

elliptic load distribution to reduce drag. While an elliptic load distribution minimizes induced drag for subsonic and
incompressible flow conditions, compressibility effects and wave drag generated at transonic conditions cause the
minimum drag spanload to be different than an elliptic load distribution. However, as no strong shocks exist at any of
the six stations on the tail, the effect of wave drag was deemed to be significantly less than that of induced drag, thus
resulting in the desire for a nominally-elliptic load distribution. Sectional ¢, data are shown in Fig. [TT[b). The minimal
aft loading on the sections results in decreased pitching moment magnitude relative to a traditional wing design, which
can be in excess of 0.10 in magnitude [16]. The leading-edge radius, presented in Fig.[TT]c), was free to change during
the design process to help generate the desired pressure distribution. These small radii, all less than 0.01, are similar to
radii previously seen on CATNLF-designed wings [[16]. Figure[TT(d) shows the spanwise twist distribution 6. Some
smoothing was applied during the design process to avoid abrupt changes in twist.

Both crossflow and Tollmien—Schlichting instabilities were calculated at all six design stations, and these data are
shown in Fig. As desired, the crossflow instabilities are attenuated at the leading edge with a maximum N factor
of approximately 7.5 at Station 1. These crossflow instabilities at all stations are subsequently suppressed over the
rooftop region during which the Tollmien—Schlichting instabilities grow. Progressive growth of Nt over the rooftop is
observed with transition occurring close to where pressure begins to be recovered. Decreased peak N instabilities are
observed at outboard stations, which contain a shorter chord and lower sectional Reynolds number, relative to the root.

Previous research has suggested that the Reynolds number based on the attachment line boundary layer momentum
thickness (Reg) can be used to classify the state of a boundary layer at the attachment line [[17,[18]. Attachment-line
contamination occurs when the turbulent fuselage boundary layer impinges on a surface (e.g., vertical tail) and causes
turbulent flow at the leading edge. In this case, a total loss of laminar flow may be realized. However, relaminarization
of the fuselage turbulent boundary layer is possible if Reg is less than 100. After relaminarization occurs, the desired
laminar flow can be retained at outboard stations as long as Re <235 for each of these stations. These Regy results
are plotted in Fig. Seen in the image, the inboard-most station yields an Reg of approximately 100, the value
needed to relaminarize the boundary layer. However, it is difficult to conclusively establish whether the flow sufficiently
relaminarizes at this station or not. First, the value is very close to 100, which is not a definitive threshold. Second,
the boundary layer impinging on the T-tail horizontal tail is significantly smaller than a fuselage boundary layer that
intersects with a wing. It has been estimated that it is necessary to contain Re <100 for approximately 50 boundary
layer heights to maintain laminar flow. Overall, the impact of this thin, turbulent boundary layer on the horizontal tail is
not conclusively known. The laminar front, shown in Fig.[I3] is plotted on the lower surface of the horizontal tail and is
a pictorial representation of the previously-tabulated transition points.
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Fig. 12 Stability and transition data for designed horizontal tail at midcruise condition including (a) Ncr at
all stations and (b) Ny at all stations.
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Fig. 13 Laminar flow horizontal tail (a) spanwise variation of Rey and (b) laminar front.

C. Vertical Tail Midcruise Performance

The aforementioned methods that were developed to yield NLF on a transonic vertical tail were applied to the
SUSAN aircraft. Both C,, distributions and airfoil geometry cuts for the four design stations [see Fig. Ekb)] are plotted in
Fig.[I4] Consistent with Fig.[5[a), the rapid leading-edge acceleration is followed by a favorable pressure gradient until
the minimum C,, point. The C,, distributions at all four stations are quite similar for x/c$0.45 with some differences
observed throughout the pressure recovery. The four airfoil shapes that resulted in these C,, distributions are shown in
Fig.[14|b) and are nearly coincident. Per the earlier discussion, #/¢;,4 for the designed airfoils was selected to be 0.095.
However, the baseline airfoils are defined by #/c,4,,=0.12, which required careful blending between the design regions
and the rest of the vertical tail.

0.6
04 = 0.04 —=
0.2 = ~ -
o O Station 2 S 0 e
0.2 Station 3 S \\
0.4 —  Station4 -
’ Station 5 -0.04 —
0.64 02 04 06 08 1 0 02 04 06 08 1
x/c x/c

(@ (b)

Fig. 14 Vertical tail cuts promoting NLF including (a) C,, and (b) airfoil geometry.
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A composite of stability and transition data at the four design stations is plotted in Fig.[I5] In these characteristic
plots, it is seen that Ncp grows near the leading edge and then is immediately suppressed downstream of x/c~0.02. The
early crossflow attenuation is evident following the leading-edge flow acceleration, which coincides with an increase in
Tollmien—Schlichting instabilities downstream of the acceleration but still in the forward portion of the airfoil. The
maximum N¢p near the leading edge is approximately 7.1, which is sufficiently below N.,;,;. After this point, midchord
crossflow regrowth and minimal Tollmien—Schlichting growth are observed. Transition is caused by the crossflow
instabilities at all stations as Nt is sufficiently below N,,;; at all four of the designed stations. The pressure gradient
was carefully crafted to balance both the crossflow and Tollmien—Schlichting instabilities.

15 / 15 x/c,
Station 2 - 0.37
, 10 % , 10 Station 3 - 0.38
z |f A Station2| Z Station 4 - 0.38
St==A4 Station 3 51— 41 Station 5 - 0.35
Station 4
0 Station 5 0 /
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
x/c x/c

(a) (b)

Fig. 15 Stability and transition data for vertical tail design stations at midcruise condition including (a) Ncr
and (b) NT Se

Results in Fig.[I6[a) show Rey as a function of nondimensional span station 7. As seen, the inboard-most stations are
close to 100, which may promote relaminarization of the boundary layer. In addition to satisfying Re 9<100, attachment
line protection could be realized through a device that diverts the turbulent flow away from the tail leading edge. A
detailed examination of such behavior and applicability of Re <100 to vertical tails is warranted. Figure [T6[b) shows
the laminar front for the tail for the previously-tabulated values. The turbulent flow at Stations 1 and 6 is evident with
laminar extent at the four interior design stations.

Fig. 16 Laminar flow vertical tail inner four design stations (a) spanwise variation of Rey and (b) laminar
front.

It is difficult to quantify drag savings for the laminar design due to the absence of a well-designed baseline turbulent
empennage. Consequently, the best metric was deemed to be the drag difference for the designed tails with and without
laminar flow. Such comparisons must be performed at the same Cy, between the two simulations, taken at the design
point to be 0.50. In addition to the full aircraft, the component lift from the horizontal tail must also be matched for
the two simulations, found to be Cy, g7 =-0.0248 at midcruise. In this case, a laminar flow on/off drag benefit of 3.0
and 1.4 counts was realized for the horizontal and vertical tails, respectively. The drag savings on the horizontal is
greater than the vertical for two reasons. First, the laminar flow wetted area is larger on the horizontal. In addition, the
horizontal tail has higher velocity flow over the lower surface than that seen on the vertical tail. This higher velocity
flow produces increased skin friction levels, creating a greater potential for drag reduction when laminar flow is present.
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D. Off-Design Longitudinal Performance

While aerodynamic performance at the midcruise design condition is of great interest, the performance of the tails
must be ensured in off-design conditions. Such analysis for a tail is quite complex as the effectiveness of the empennage
must be ensured at a wide range of Mach number (M), angle of attack (), sideslip angle (8), and control-surface
deflection angles. This subsection investigates off-design performance at near-cruise transonic conditions.

1. Lift Effect

The midcruise condition for M=0.785, C;=0.50, and A=37,000 ft with the baseline tail deflection angle results
in @ of 2.27 deg. An angle-of-attack sweep centered around this angle was performed, resulting in Cy, values of 0.32
through 0.67. Laminar fronts for seven of these simulations are plotted in Fig.[I7} In general, a loss of laminar flow
on the horizontal tail is observed with decreasing a. Due to the downward-pointing lift vector on a horizontal tail, a
decrease in « results in increased loading on the horizontal tail. Increased flow acceleration results in earlier transition,
caused by excessive Tollmien—Schlichting growth, for decreased a cases relative to higher-lift cases. No significant
changes are observed in the vertical tail laminar region.

(a) (b)

Fig. 17 Effect of o on laminar front for (a) horizontal and (b) vertical tails.

2. Mach Effect

In addition to deviations in Cy, it is desired for the vehicle to perform well across a range of Mach numbers. Data
presented in Fig.[T8 were calculated with a fixed tail incidence angle at C;=0.50 for 0.70<M <0.86 in which laminar
fronts are shown on both tail surfaces. Overall, minimal effect on the laminar front is observed, which is encouraging.
At the inboard stations on the horizontal tail, an increase in M results in a reduction of the laminar extent, seen as
an upstream movement of the front. However, insignificant differences are observed outboard on the horizontal tail
and vertical tail. The lack of a shock on the vertical tail, even at Mach 0.85, yields less impact due to Mach number
variations on the laminar extent than for a traditional transonic design.

E. Off-Design Lateral Performance

During transonic cruise, the aircraft is subjected to nonzero sideslip angles. In general, 3 is between 0 and 1.0 deg
during steady, level transonic flight, and the associated data are shown in Fig.[T9] Consequently, analysis of a full-span
aircraft was performed at 0, 0.5, and 1.0 deg for @=2.27 deg, which yields the midcruise target of C;=0.50. Pressure
cuts on the windward and leeward surfaces of the horizontal tail for these three angles are shown in Fig.[T9} The leeward
surface is shown in the left column of plots, and the windward surface is the right column. Each row of plots corresponds
to a given design station. For both the windward and leeward sides, Station 1 is defined to be closest to the aircraft
centerline and Station 6 is the furthest outboard station. When considering the leeward C,, distributions [Fig @a,c,e)],
the largest C), differences due to S are observed at Station 1. With increasing 3, the vertical tail generates increased side
force, which will result in more aerodynamic interference to the horizontal tail than the no-sideslip condition. Stations 1
and 2 of the horizontal tail depict the effect of the lifting vertical tail on the horizontal tail. Increased acceleration
(corresponding to a peak in C,,) around the leading edge is observed for larger values of 5. The effect of 5 decreases at
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Fig. 18 Effect of M on laminar front for (a) horizontal and (b) vertical tails.
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Fig. 19 Surface pressure cuts on leeward and windward horizontal tail surfaces at three design stations.

outboard span stations as the effect of the vertical tail is less pronounced at these stations. Inconsequential differences
are observed for Station 6. For simplicity and brevity, Stations 3 through 5 are not presented as C), trends are very

similar to Station 6 in which no significant differences were observed.
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Windward data on the horizontal tail are shown in the right column of plots, or Fig. @Kb,d,f). Similar to the
leeward surface, the largest deviations in C), are seen at the inboard stations with decreasing spread toward the tip. With
increasing 3, the stagnation point on the vertical tail shifts from the leading edge to the windward surface (not shown).
The flow on the windward surface experiences less leading-edge acceleration, which in turn decreases the acceleration
over the horizontal tail. This trend is particularly pronounced at Station 1 in Fig.[T9(b). As the leading-edge acceleration
is key to controlling the crossflow instabilities, reduced acceleration may inhibit laminar flow at these design stations.

Both crossflow and Tollmien—Schlichting instabilities are plotted in Fig.[20/on the windward and leeward surfaces at
Stations 1 and 2. As the crossflow growth is particularly sensitive to the leading-edge acceleration and the resulting C),
peak, the similar behavior of crossflow near the leading edge of the section brings confidence to the methods used to
attenuate the crossflow growth. While the crossflow data are nearly the same for all simulations, some differences are
observed with the Tollmien—Schlichting instabilities. Notably, increased  results in increased Tollmien—Schlichting
growth on the leeward surface and decreased Tollmien—Schlichting instabilities on the windward surface. The increased
windward Tollmien—Schlichting growth is attributed to the differences in the leading-edge pressure gradient shown
in Fig. Overall, similar trends are observed in the instability behavior between the different sideslip angles and
windward/leeward side of the vehicle, and this observation indicates that the laminar extent on the horizontal tail is
dependent upon S near transonic cruise. Stations 3 through 6 are omitted as results are very similar to the two presented
stations.
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Fig. 20 Crossflow and Tollmien—Schlichting instabilities on leeward and windward horizontal tail surfaces for
Stations 1 and 2.

Laminar fronts on the leeward and windward horizontal tail surfaces for all three 3 values are plotted in Fig. 2T} As
previously discussed, decreased laminar flow is realized on the inboard portion of the leeward surface at 5=1.0 deg
relative to the other cases. As the flow over the vertical tail accelerates, a decrease in laminar run on the horizontal tail
is expected due to excessive Tollmien—Schlichting growth [Fig.[20(a,b)]. The effect of the vertical tail on the horizontal
tail is less pronounced at outboard stations in which an inconsequential change in the laminar run is seen. Contrary to
the leeward surface, minimal changes in laminar extent occur on the windward surface. It is evidenced that the change
in C), on the pressure (windward) surface of the vertical tail has minimal effect upon the horizontal, thus indicating
that 8 has a significant effect upon the leeward laminar front relative to the windward surface.

Figure@] shows vertical tail waterline cuts of C), at Stations 2 and 5. Both windward and leeward pressures are
shown for nonzero sideslip angles, and one curve is presented for the symmetric S=0 condition. At the midcruise
condition of =0, the stagnation point of the flow is coincident with the leading edge of the vertical tail. With increasing
B, the stagnation point progressively shifts onto the windward (pressure) surface. This behavior results in larger
leading-edge acceleration onto the leeward surface and decreased acceleration for the windward surface. The differences
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Fig. 21 Laminar flow for different crossflow angles on horizontal tail (a) leeward and (b) windward surfaces.
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Fig. 22 Surface pressure cuts on vertical tail at (a) Station 2 and (b) Station 5.

are quite dramatic, and they affect the C,, distribution all the way until x/c=0.6, well downstream of the predicted
laminar run for =0 of x/c~0.4. The pronounced differences in leading-edge C,, distribution is concerning as this
adversely affects the instability results, plotted in Fig.[23] Pressure cuts at Stations 3 and 4 are not presented for brevity
as the results are similar to those shown in the figure below.

The instability data for the windward and leeward side of the vertical tail at Stations 2 and 5 are presented in Fig. 23]
Similar to the horizontal tail, large differences in the N factor behavior are observed for the three 8 simulations. There
are differences in both crossflow and Tollmien—Schlichting growth amongst the simulations. As shown in Fig. 22]
the leeward side of the vertical tail contains a sharp peak in C, and a following favorable pressure gradient at the
off-design sideslip angle cases analyzed. This behavior results in a significant decrease in laminar run, especially for S=1
deg. While transition is caused by midchord crossflow regrowth for S=0 deg, the large Tollmien—Schlichting growth
downstream of the leading edge causes transition at §=1.0 deg. On the windward surface, a stronger favorable pressure
gradient is observed for larger sideslip angles, which causes increased midchord crossflow regrowth. Consequently, an
upstream movement of the transition location is observed.

Figure 24] depicts the laminar extent for both surfaces of the vertical tail. Consistent with the previously-discussed
instabilities, a marked reduction in laminar extent is seen on the leeward surface at §=1.0 deg. This early transition is
caused by excessive Tollmien—Schlichting growth immediately downstream of the leading-edge C,, peak (see pressures
in Fig.[2Z). While a slight increase in laminar run is seen at 0.50 deg, a marked loss of laminar flow at 8=1.0 deg is
observed. Consequently, to maintain laminar flow, the aircraft must operate at |8]<0.50 deg. Relative to the leeward
surface, the windward surface indicates 8 has a decreased effect on laminar extent. The increased crossflow growth at
larger sideslip angles results in decreased laminar extent for larger (5 relative to =0 deg.
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Fig. 23 Crossflow and Tollmien—Schlichting instabilities on leeward and windward vertical tail surfaces for
Stations 2 and 5.
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Fig. 24 Laminar flow for different crossflow angles on vertical tail (a) leeward and (b) windward surfaces.

V. Conclusions

Design methods to promote natural laminar flow (NLF) at transonic conditions have been developed and subsequently
applied to the SUbsonic Single Aft eNgine (SUSAN) T-tail aircraft. The previously-developed Crossflow Attenuated
Natural Laminar Flow (CATNLF) design method was employed and extended to facilitate NLF on the empennage.
The CATNLF method relies heavily upon rapid leading-edge acceleration to attenuate crossflow growth at the leading
edge. This acceleration is caused by both careful tailoring of the geometry and leveraging additional acceleration of
the flow from the stagnation point to the suction surface. Horizontal and vertical tails, which contribute low or no
lift in midcruise conditions, do not generate the same leading-edge acceleration due to the stagnation point location.
Consequently, novel techniques were developed to control both the crossflow and Tollmien—Schlichting growth without
significant distance from the stagnation point to the leading edge. This paper presents the development of computational
and design efforts to enable this technology.

A philosophical approach to develop empennage pressure distributions is presented. These efforts included leveraging
the CATNLF design techniques as well as the development of new constraints for both the horizontal and vertical
surfaces. Multidisciplinary design considerations require minimal loading over the aft portion of the horizontal tail,
especially over the elevator. Consequently, the majority of the lift is carried by the forward part of an airfoil section. A
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rooftop pressure gradient is sustained immediately downstream of the leading edge, and NLF is maintained in this region.
Ultimately, methods were implemented to yield NLF on much of the surface, and best-practices were defined to seek
NLF over 50-60% of the airfoil section, which resulted in a drag savings of about 3.0 counts at midcruise. The vertical
tail, which generates no lift at the midcruise condition with =0 deg, required additional technology development. The
resulting C,, distributions are markedly different than conventional transonic airfoils, whether turbulent or laminar. For
this case, rapid leading-edge acceleration is followed by a gradual favorable pressure gradient. Midchord crossflow
regrowth causes transition at approximately 40% of the chord. These new methods yielded drag savings of approximately
1.4 counts.

The high-fidelity design and computational analysis presented in this paper presents new design methods for
empennage NLF and a transonic off-design analysis. Many design constraints and certification criteria must be
satisfied for horizontal and vertical tails, both in the high- and low-speed flight regimes. This paper concerns cruise
at transonic flight conditions. Future work should examine low-speed stability and control characteristics and ensure
adequate performance and effectiveness of the surfaces outside of cruise. Additional considerations could be made for
structural considerations, such as the maximum thickness required for sufficient structure. While designs in this paper
were performed on a T-tail geometry, the performance of both the horizontal and vertical tails may be different for a
conventional-tail configuration. The herein-developed design methods may need additional enhancements for such a
configuration.
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