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Flying Qualities for a Twin-Jet Transport in Severe
Atmospheric Turbulence
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Atmospheric turbulence is the leading cause of serious personal injuries in nonfatal accidents of commercial
aircraft. One main type of motion that causes flight injuries in atmospheric turbulence is the sudden plunging motion
with an abrupt change in altitude. To assess the possibility of designing a control system to mitigate such plunging
motion, the dynamic stability characteristics must be known. The main objective of the present paper is to evaluate
the dynamic stability characteristics and, more generally, the flying qualities of a twin-jet transport aircraft
encountering severe atmospheric turbulence through digital six-degree-of-freedom flight simulations in transonic
flight. The fuzzy-logic thrust model and unsteady aerodynamic models are used to estimate the nonlinear unsteady
aerodynamics while performing numerical integration of flight dynamic equations. The flying qualities are based on
the instantaneous eigenvalues of all flight modes obtained during time integration. It is shown that the real part of
eigenvalues for the plunging mode (i.e., damping characteristics) is largely positive and can be used as a key
parameter in describing the flying qualities in plunging.

Nomenclature

a, = normal accelerations, g

b = wing span, m

C., C,C, = longitudinal aerodynamic force and moment
coefficients

C,,C,,C, = lateral-directional aecrodynamic force and moment
coefficients

c = mean aerodynamic chord, m

h = altitude, m

I, 1,1, = moments of inertia about the x, y, and z axes,

B kg - m?

I, 1.1, = products of inertia, kg - m>

ki, k, = longitudinal and lateral-directional reduced
frequencies

L, M,N = moments acting along the (x, y, z)-body axes of
the aircraft, N - m

L/D = lift-to-drag ratio

M = Mach number

m = aircraft mass, kg

iy = fuel flow rate, kg/hr

N, = the rpm of the compressor, rpm

P, q,r = body axis roll rate, pitch rate, and yaw rate,
deg./s

q = dynamic pressure, kpa
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N = wing reference area, m*

T, W = thrust and aircraft weight in flight, N

T/W = thrust-to-weight ratio

T, = time to double or halve the amplitude, s

t = time,s

X, Y, Z = forces acting on the aircraft body-fixed axes
about the x, y, and z axes, N

o, @ = angle of attack, deg and time rate of angle of
attack, deg/s

Qpyy A = angles of attack due to motion only and the total

. angle of attack, deg

B, B = sideslip angle, deg and time rate of sideslip angle,

deg/s
= climb angle, deg

845 8., 6, = control deflection angles of aileron, elevator and
rudder, deg

¢ = damping ratio

A A = eigenvalue in real (i.e., in phase) and imaginary
(i.e., out-of-phase) parts

o, 0, ¥ = Euler angles in roll, pitch, and yaw, deg

w, = natural frequency

L

NE of the objectives in NASA’s flight safety program, which
was initiated in 1997, has been establishing hazard indices for
flight in atmospheric turbulence. So far, the proposed hazard index
has been all related to structural loads. In [1], the turbulence hazard
is quantified in terms of the root-mean-square (rms) normal loads
over a moving 5 s interval to define the severity of turbulence. The
correlation coefficient of the rms normal loads to the peak loads is
determined to be 0.89 in 102 cases. The estimation was based on the
assumption of continuous turbulence. However, experience indicates
that most flight injuries in atmospheric turbulence have been caused
by sudden plunging motion with a localized region of strong
turbulence.
To predict the hazard levels for any aircraft, the effects of altitude,
aircraft type, weight, airspeed, etc., must be considered. Therefore,
flight dynamic equations should be employed. There have been
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several studies in this regard in the literature. For example, in [2], the
atmospheric turbulence severity was estimated in real time from
in situ aircraft measurements. The purpose was to calculate the
eddy dissipation rate from the measurement of the aircraft normal
acceleration based on the assumption of a homogeneous, continuous,
linear von Karman turbulence model coupled with a linear transfer
function of the aircraft dynamics. This model of the National Center
of Atmospheric Research is intended for continuous-turbulence
environments. Another approach of a normal-force in situ turbulence
algorithm for aircraft [3] was toward skipping the measure of
turbulence itself (i.e., eddy dissipation rate) and directly reporting
(or deriving) the aircraft response (hazard) instead, still based on
steady linear aerodynamics. Similarly, Buck et al. [4] calculated the
distributed loads across the cabin based on small perturbations about
the trim in pitch-plunge motions. An issue here is whether peak loads
can represent the characteristics of stability and controllability of an
airplane is uncertain. Stability and controllability are certainly the
focus of flight safety.

In reality, an airplane’s aerodynamics and flight characteristics can
vary rapidly when subject to atmospheric turbulence. These fast-
varying characteristics not only pose threats to flight safety, but also
may cause structural damages and reduce fatigue life. To effectively
analyze the performance degradation, structural response, and vari-
ations in stability and controllability of the aircraft encountering
turbulence, the nonlinear unsteady aerodynamic models would be
needed [5,6]. In all existing simulations, the imposed external wind
field may be turbulent, but the response aerodynamics has been
mostly steady. This may explain why stability and control analysis of
an airplane in severe atmospheric turbulence has been scarce.

In this paper, a modeling method based on a fuzzy-logic algorithm
to estimate unsteady aerodynamic models [7,8], including thrust
models, for a twin-jet transport by using the data from the quick-
access recorder (QAR) and flight manual will be presented. Flying
qualities are used to define how well an airplane can be flown to
achieve the mission requirements with flight safety assurance and
are described by the interaction between the control inputs and
airplane response within the operational flight envelope. Of course,
the magnitude of control forces and the control gradients are relevant,
as they affect the pilot ratings. For airplanes with irreversible control
systems, the flying qualities related to the control forces cannot be
evaluated by the present approach and therefore will not be con-
sidered further. Specifically, the instantaneous eigenvalues of all
flight modes will be evaluated while time integration of flight
dynamic equations incorporating with realistic dynamic aerodyna-
mics is performed.

II. Theoretical Development

The present approach is to evaluate the dynamic stability
characteristics and flying qualities while integrating the flight
dynamics equations of motion. In a numerical flight simulation,
models in thrust, aerodynamics, and moments of inertia are needed.
For the moments of inertia, fuzzy-logic models based on dimen-
sionless radii of gyration for some existing transport airplanes [9] are
developed for interpolation and extrapolation. The parameters in the
models are weight, span, overall airplane length, and the number
of engines. Although the models are somewhat rough, they are
consistent with those used in setting up the aerodynamic models.
Establishments of thrust and aerodynamic models, as well as
numerical simulation, are described in the following.

A. Fuzzy-Logic Thrust Model

In general, the thrust terms may appear in the equations of motion
as three-axis forces and moments. For a transport airplane, only the
axial force and the pitching moment are assumed to be affected by
thrust. However, the effect of severe clear-air turbulence on the
engine parameters and the thrust magnitude are not known and are
therefore ignored.

In developing a fuzzy-logic thrust model, data from the flight
manual for the fuel flow rates 7z, at various altitudes i, weights W,

Mach numbers M, calibrated airspeed (CAS), and engine pressure
ratios (EPRs) in cruise flight are used. The corresponding magnitude
of thrust is calculated by assuming a lift-to-drag ratio L/D of 17.5.
This value of lift to drag in cruise is assumed based on the past
design experience for twin-jet transports [10]. Additional data are
supplemented from the QAR data in the climbing and descending
phases in which the climb or descent rates are known. For the Pratt &
Whitney engines, thrust 7" is defined by EPR, and so the thrust model
is set up as

T = f(h, W, M,CAS, EPR, rir,) (1)

For General Electric Company engines, the rpm of the low-
pressure compressor N, is used to set the level of thrust, and so the
thrust model is set up as

T = f(h, W,M,CAS, N,, i) 2)

In the present study, the Pratt & Whitney engines powering one twin-
jet transport will be illustrated.

The QAR data in climb and descent are also used, in addition to the
cruise data, in thrust model development. The following climb
equations are to be satisfied in the least-squares sense over a 5 s
interval:

W dv
?EzT—D—Wsiny 3)

and

D D
WL cos y “4)

All these equations are still valid in descent with negative climb
angles y. Thrust is estimated from the preceding equations with the
drag- and lift-coefficient models preestimated from the same set of
data in cruise at a lower Mach number.

Once the thrust model is generated as a function of 1, W, M, CAS,
EPR, and m 2 with the flight conditions of climbing, cruise, and
descent, we can estimate the thrust magnitude by inserting these
flight variables from the QAR into the model.

B. Fuzzy-Logic Unsteady Aerodynamic Model

In this model, more complete influencing flight variables can be
included to capture all possible effects on an aircraft encountering
hazardous weather. For longitudinal aerodynamics, these variables
include [7,8]

C..C..C,, = fla.c.q. k. .8.. M. p.8,.q) ®)

The coefficients on the left-hand side of Eq. (5) represent the
coefficients of axial force C,, normal force C_, and pitching moment
C,,. The variables on the right-hand side of Eq. (5) denote the angle
of attack «, time rate of angle of attack dua/dt or &, pitch rate g,
longitudinal reduced frequency k;, sideslip angle B, control
deflection angle of elevator §,, Mach number M, roll rate p, stabilizer
angle §,, and dynamic pressure g. These variables are called the
influencing variables. The roll rate is included here because it is
known that an aircraft encountering hazardous weather tends to
develop rolling that may affect longitudinal stability. The inclusion of
dynamic pressure is for estimation of the significance in structural
deformation effects.

For the lateral-directional aerodynamics [7,8],

C,.C..C, = f(@.p.§.p.r. ks 8,8, Ma.f) (6

The coefficients on the left-hand side of Eq. (6) represent the
coefficients of side force C, rolling moment C,, and yawing moment
C,. The variables on the right-hand side of Eq. (6) denote the angle of
attack «, sideslip angle B, roll angle ¢, roll rate p, yaw rate r, lateral-
directional reduced frequency k,, control deflection angle of aileron
3,, control deflection angle of rudder §,, Mach number M, time rate of
angle of attack ¢, and time rate of sideslip angle S .
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C. Flight Simulation

In civil airplane design, there are no numerical guidelines for
flying quality. On the other hand, the guidelines are expressed in
damping ratios and natural frequencies and the time to double or
halve the amplitude of initial disturbances in the military airplane
design, which are described in [11]. The latter is defined as

(02

—Cw,

T2 = (7)

where ¢ is the damping ratio and w,, is the natural frequency. Note that
—{w, is the real part of the eigenvalues. If it is positive, the system is
unstable and T, is also positive, representing the time to double the
amplitude. On the other hand, if it is negative, the system is stable and
T, is negative, representing the time to halve the amplitude. In this
latter case, T, is replaced by T/, and 2 in Eq. (7) is replaced by half.
For simplicity in the computer output, 7, will be used in all cases,
with the understanding that if it is negative, it should be the time to
halve the amplitude.

As can be seen from the preceding considerations, the first step in
evaluating the flying qualities is to determine the eigenvalues of an
airplane along the flight trajectory. In the present approach, we will
numerically integrate the 6-DOF dynamic equations of motion and
determine the eigenmodes of motion at the same time at every instant.
The matrix for the eigenvalues consists of the first derivatives
evaluated at the instant under consideration, not about the trim points
as done conventionally. Note that in abnormal flight conditions, there
may not be trim points.

Itis easier to extract the stability characteristics by formulating the
equations in the stability axes. Therefore, the general equations of
motion in the following are integrated:

d—azf1 = {|:(—§+gsin0)/V—rsin,B] sino
dt m
+ [(%+gcos€cos¢)/V—psin/3j| cosa}/cosﬁ-‘rq

®)
dﬂ —fz [_(%_gsine) sin8/V — r:| cos o
+ (Z—Fgcostin(p)
m

xcos,B/V[—(%—Fgcos@cosd)) sinﬂ/V+p:| sine (9)

xv I _]vy
—=f3= L+ +1,, 1+17’ rq

A

d

T =fe=M+ 107 = )+ (= Lrpl/L, (D
dr_f . I.sz+N+ 1 _1_1%1
dt_ 5= Ixx xx yy Ixx rq

Ivy B Izz
+ ; —1|)I.qr| /AL, (12)

%e—f6_qcos¢—rsm¢ 13)
do . .
- = f; = p + tan (g sin ¢ + rcos ¢) (14)

dv X
=y = (——gSinQ) cosacos 8
dt m

Y
+ —|—gc0§ 9§1n¢) sin B

+ (%—l—gcos@cosd)) sina cos 8 (15)

where A=1— (I%/I,.1..),and X, Y, Z, L, M, N are the forces and
moments acting on the transport and are estimated from the fuzzy-
logic aerodynamic models.

To determine the flying qualities, we need the eigenvalues of the
linearized equations. Instead of using an average linearized system,
linearization is done at every time instant (i.e., the so-called time
linearization, as indicated earlier). In other words, a system of matrix
Aconsistingof df;/dx;(i=1,...,8andj = 1,...,8)is determined
while the time integration of the dynamic equation is performed,
where x; stands for o, B, p, ¢, 7, 0, ¢,and V, for j=1,..., 8. Note
that the inertial effects from the moments of inertia are incorporated.
The inertial effects could become essential in recovering a flight
vehicle from stall or when the conventional control surfaces are
not effective. To determine the eigenvalues of A, Francis’s QR
transformation technique is employed. Unfortunately, it is difficult
to identify the individual modes of motion from these eigenvalues
from one instant to another because of the rapid changes of aero-
dynamic forces and moments in turbulence. One approach to solve
this problem is to use the approximate modes of motion obtained
from decoupled longitudinal and lateral-directional equations as
guidance. About the thrust effects, it is known that atmospheric
turbulence affects the engine performance through its effects on static
and dynamic distortions at the engine face. How to determine its
effects is beyond the scope of this paper. In addition, it is inadequate
to consider only the local momentum reaction effect at the engine
inlet in estimating the thrust effect on stability derivatives, as being
done in most textbooks. The overall effect produced, including the
exhaust, must be considered as well. Previous study seemed to
indicate that the overall effects of power on stability derivatives
were mostly not significant. Therefore, although the thrust effects are
included, their derivatives are not in the following results.

The decoupled linearized longitudinal equations of motion, which
are decoupled from the lateral-directional motions in [10], are given
by

iw=—gblcosb, + X,u+ X,a + X;,8e (16)
Uya—U,0=—gOsin, + Z,u + Zyo + Zgd + Z,0+ Zs, 8¢ (17)

0=M,u+ Mya + Myé + M0 + My, e (18)

where X,,, X,, and X;, are the dimensional variations of force along
the X axis with the speed, angle of attack, and elevator angle,
respectively; the other dimensional derivatives of Z and M are
described and given in [10]. The decoupled lateral-directional
equations of motion are

Ui+ U= ghcos by + YpB + Y, + Y, + Yyba + Y5, 6r
(19)

¢—AW =LgB+L,$+LY+Lgda+Lsdr  (20)

Y — B¢ =NgB+ N, + N+ Ns,8a+ Ny,6r  (21)

where A, = I,,/I,, and B, = I,./I,; the dimensional derivatives of
Y, L, and N are described and given in [10]. The characteristic
equations for Eqs. (16-21) are polynomials of the fourth degree and
their roots are solved with a quadratic factoring method based on the
Lin—Bairstow algorithm in [12].
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III. Results and Discussions
A. Aerodynamic Environment

A twin-jet transport encountered severe atmospheric turbulence in
revenue flight around an altitude of 10,050 m. Several passengers and
crew members sustained injuries in this accident. The present study is
to evaluate the dynamic stability characteristics and flying qualities
in turbulence response. The aerodynamic environment will first be
examined subsequently.

Figure 1 presents the time history of normal acceleration a,,, flight
altitude &, angle of attack o, and Mach number M based on QAR. The
variations of normal acceleration is shown in Fig. la; the highest
normal acceleration a, being 1.75 g at around ¢ = 3930 s and the
lowest being 0.02 g at around ¢ = 3932 s Fig. 1b shows that o is
approximately in phase with a,. When a, is highest positively
(around ¢ = 3930 s), the flight altitude is the lowest, as shown in
Fig. 1c; the largest « is about 6.5 deg in Fig. 1b, and M is around 0.77
in Fig. 1d. Because « reaches a value of about 6.5 deg in transonic
flight, compressibility effect involving shock waves should be
important. Note that the turbulent vertical wind field was not
measured or estimated in the QAR but is included in the total c.

B. Analysis of Data Predictions

In the present study, the accuracy of the established thrust and
aerodynamic models through the fuzzy-logic algorithm is estimated
by the sum of squared errors and the square of multiple correlation
coefficients (R?). These measured data must be checked and
adjusted to satisfy the kinematic equations through the compatibility
analysis [7,8].
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Fig. 1 Time history of flight variables for a twin-jet transport in
atmospheric turbulence at the altitude around 10,050 m.

The biggest problem to set up the thrust model is that the climb
angles or descent angles may not be accurate. As aresult, in plunging
motion when EPR is less than 1.0 but the fuel flow rate is still
significant, thrust may be predicted to be negative by the thrust
model. In this case, thrust is set to zero.

After combining all thrust data in the form of Eq. (1), fuzzy-logic
modeling is applied. This is when the robustness in fuzzy-logic
modeling is the most useful. Those data points with predicted
negative thrust are removed as being not compatible with the cruise
thrust model. When the predicted thrust at those zero-thrust data
points are positive, these positive thrust values are then used in their
places. The second round of filtering is to remove those data points
with large differences between the predicted and data values. The
filtering applies only to those climbing and descending data points.

Applying this thrust model to the data of the present study case
shows no negative thrust even at EPR = 0.740 during severe
turbulence encounter, as shown in Fig. 2. The variations of predicted
thrust-to-weight ratio 7/W, as shown in Fig. 2a, are compatible with
those of altitude # in Fig. 1c and fuel flow rate ri1, in Fig. 2c.

All the required static and dynamic stability derivatives are
generated by the aerodynamic coefficients of forces and moments.
Figure 3 presents the aerodynamic coefficients of normal force C,,
pitching moment C,,, rolling moment C,, and yawing moment C,
predicted by the final models. The predicted data by the final models
have good agreement with the flight data. The C,,-data scattering in
Fig. 3b is most likely caused by turbulence-induced bufteting on the
structure, particularly on the horizontal tail.

C. Analysis of Pilot’s Responses in Operations

Before presenting the eigenvalues, the key flight variables are
presented in Fig. 4 to show the pilot’s possible response in
operations. In Fig. 4a, both & and f are the total values, including the
turbulence effects. It is shown that o exceeds 6.5 deg and reaches
—5.5 deg at transonic speeds. Both the pitch angle 6 and roll angle ¢
vary similarly, particularly the latter, as shown in Fig. 4b. The pitch
angle does not vary as much as the angle of attack. The yaw rate is not
shown because it is small throughout. Note that the pitch and roll

L
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Fig. 2 Predicted thrust-to-weight ratio with the associated thrust
variables for a twin-jet transport encountering severe atmospheric
turbulence at cruise altitudes around 10,050 m.
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Fig. 3 Predicted aerodynamic coefficients in normal force and
moments for a twin-jet transport encountering severe atmospheric
turbulence at cruise altitudes around 10,050 m.

angles usually represent the cues to a pilot in making the control
decision when the autopilot is deactivated. Both the pitch and roll
rates are also significant in Fig. 4c. In normal flight, both typically
should be small, particularly at transonic speeds. It is shown that
there are considerable control surface activities in Fig. 4d, even
though pilots are usually instructed in training to not manually
control the airplane in severe turbulence, unless the autopilot is
automatically deactivated. For the twin-jet transport under study, the
QAR indicated the autopilot disengagement from ¢ = 3929 t0 3938 s
for 9s.

The characteristic modes in flight dynamics depend on not only
mass and moments of inertia, but also the aerodynamic derivatives
and thrust derivatives. In the present analysis, the required derivatives
are all estimated with a central-difference scheme by using the
established aerodynamics models. Here, the thrust derivatives are not
included, because of the uncertainty in the turbulence effects on
thrust. Some main aerodynamic derivatives along the flight path are
presented in Fig. 5. Note that these derivatives are evaluated at the
instantaneous conditions, instead of about the trim conditions as
indicated earlier. Because the autopilot is automatically deactivated
at t = 3929 s and the highest a,, is 1.75 g at around ¢ = 3930 s and
the lowestis 0.02 g ataround ¢ = 3932 s, the evaluations of stability
characteristics between the time segments of 3927-3933 s are
emphasized in the present paper. From the point of view of static
stability, the configuration initially has longitudinal stability
(C,ia <0) in Fig. 3a, stable longitudinal damping (C,,, <0) in
Fig. 5b, lateral stability (C;s3 < 0) in Fig. 3¢, directional stability
(C,p > 0) in Fig. 3¢, small roll damping (C;, < 0) in Fig. 5d, and
insufficient directional damping (C,,, small or positive) in Fig. 5d.
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Fig. 4 Flight and control variables for a twin-jet transport
encountering severe atmospheric turbulence at high altitudes and high
Mach number.

During the plunging motion, in the period of r = 3928.5-3930.5 s,
the static stability tends to get worse. Note that in Fig. 5b, the
oscillatory derivatives are defined as

(Cmq)osc = Cmq + Cmo't (22)
(Czq)osc = C:q + Czd (23)

In Fig. 5d, the oscillatory derivatives [13] are defined as

(Cip)ose = Cip + Cpsine 24)

(Cnr)osc = Cnr - Cnf; cos o (25)

For the present configuration, the dynamic derivatives (i.e., & and
B derivatives) tend to be small. However, the & derivative is to
improve the stability in pitch, and the B derivative is to make the
directional stability more unstable [i.e., (C,, ), more positive].
These results indicate that the turbulent crosswind has a significant
effect on directional stability and damping. The effects of the &
derivative on C,, and the 8 derivative on C,,, are small and therefore
are not plotted. To be stable, (C,;)osc < 0, (Crug)ose <0, (Cp)osc <0,
and (C,,)qs < 0. Physically, if it is unstable, the motion will be
divergent in oscillatory motions. In calculating the eigenmodes,
these oscillatory derivatives are those used in forming the charac-
teristic equations.
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Fig. 5 Variation of main longitudinal and lateral-directional aero-
dynamic derivatives along the flight path.

D. Analysis of Flying Qualities

To evaluate the dynamic stability, we need the eigenvalues of the
characteristic equations, the formulation of which was mentioned
earlier [see the paragraph after Eq. (15)]. The present formulation is
truly a coupled 6-DOF formulation, because the lateral-directional
equations of motion include not only longitudinal variables, such as
6, but some mixed derivatives, suchas C,, p» are included as well. The
results for the short-period mode are compared with the decoupled
formulation in Fig. 6. The eigenvalues are expressed as

A=A, + ik (26)

Figure 6 shows that the short-period mode is stable initially (A,
being negative) but becomes small in damping later. In general, the
agreement between the present 6-D formulation and that of a
decoupled one appears to be good. This implies that the 6-D effects
on the short-period mode are small. On the other hand, the phugoid
mode (or the plunging mode in the present case) is largely affected by
the 6-D effects. In general, the 6-D effects are to make the plunging
less unstable, or more stable. In the 6-D formulation, the natural
frequency is mostly zero throughout, whereas the 3-D decoupled
formulation produces very small, but not zero, frequency.

The lateral-directional eigenvalues are compared in Fig. 7. It is
shown that the results from both the 3-D and 6-D formulations agree
very well. One notable result is that the so-called Dutch roll mode
exhibits frequencies much higher than the short-period mode (Fig. 6)
and hence could very well be mistaken as the short-period mode
without the guidance from the 3-D formulation. The high-frequency
oscillation represents rolling and yawing motions with relatively low
amplitudes but higher frequencies. There are larger discrepancies

E ArG-D) short period
E- 7 MiG-D) i ?
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triangles: \i(6-D)

E O
qo b e O )
392 3928 3929 3930 3931 3932 3933
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Fig. 6 Comparison of eigenvalues of longitudinal modes of motion for a
twin-jet transport in encountering severe atmospheric turbulence.

between the 3-D and 6-D formulations in the roll mode at some
points. The roll mode is mostly stable, except at points corresponding
to those points with high roll rates (Fig. 4c).

The flying quality for the phugoid mode can be examined through
the time to double (77) or to halve (T, ;) the amplitude. In the present
study, we will focus on the plunging (i.e., phugoid) mode with the
corresponding eigenvalues presented in Fig. 8. Only the 6-D results
are presented. In the military specifications, 7, must be greater than
55 s for the phugoid mode in level III in the military specifications.
The flying qualities in civil airplane design have no such numerical
guidelines. They are indicated here for reference only. The real part of
the eigenvalues in Eq. (7) is defined as A,, and so T, can be rewritten
as

T, =n(2)/A, @7

—— X(3-D)
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Fig. 7 Comparison of eigenvalues of lateral-directional modes of
motion for a twin-jet transport in encountering severe atmospheric
turbulence.
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Fig. 8 Flying qualities parameters of the plunging (or phugoid) mode
for a twin-jet transport in encountering severe atmospheric turbulence.

Figure 8 shows large positive A, in the plunging mode when the
airplane is moving downward. It follows that 7, is very small (very
unstable).

It is of interest to examine the control power to determine if
the motion is related to control activities. The dimensional control
powers are presented in Fig. 9. They are defined as

qSCis.
Zs, = = 28
Se mv ( )
gScC
M;, = % (29)

yy

The definition of Eq. (28) is slightly different from that in Eq. (17)
in that there is V in the denominator in Eq. (28) but not in Eq. (17).
Note that C, is positive pointing downward (in the positive z
direction) but should be negative in the normal situation. The loss of
damping tends to coincide with the motion of plunging downward,
as shown in Figs. 8 and 9c. It is shown that during the period of
fast altitude variation, ¢ = 3929-3930.8 s in Fig. 9c, the available
control is ineffective in Figs. 9a and 9b (M;, < 0.0 and Z;, < 0.0 to
be effective). It is called ineffective instead of control reversal,
because the motion is not caused by the control input. Although there
are considerable control deflections around the time of high gravity
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Fig. 9 Variation of dimensional longitudinal control powers for a twin-
jet transport in severe turbulence.
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Fig. 10 Flight environments in plunging mode to determine the hazard
index.

load (Fig. 4d) and there is no control effectiveness before r = 3931, it
may be concluded that the high pitch angle in Fig. 4b must be caused
by the turbulence-induced motion. Conventionally, the elevator
is designed to change the angle of attack to achieve the desirable
control. At a transonic speed, this may not be desirable, as shock-
induced separation may occur if « is increased from the trim value. In
addition, it takes time to increase the angle of attack to produce more
lift because of large moments of inertia /,,,. The conclusion about the
control surface deflections is that they are most likely caused by
turbulence-induced buffeting.

Figure 10a presents the time history of dynamic derivatives (c¢
derivative), where « is do,/dt. In Fig. 10b, o, and o, represent
angles of attack due to motion and the total angle of attack, respec-
tively. The difference between the two, Aa = o, — ,,,, represents
the angle of attack from the turbulence. In Fig. 10c, it is shown that
the peak gravity load in the present case is mainly caused by the
aircraft motion. The fast altitude drop is initiated by the downwind.
Moving downward increases the angle of attack due to motion.
Comparing Fig. 8 with Fig. 10c, the maximum gravity load does not
coincide with the maximum loss of damping. On the other hand, the
atmospheric turbulence that causes safety concerns is one that
involves sudden plunging motions and may not coincide with the
peak load in time. Therefore, if the maximum gravity load, or the
minimum value of the gravity load, is used as the hazard index,
it will not be possible to correlate the severity of plunging motion.
Therefore, the value of damping (i.e., A,) is perhaps the most suitable
parameter. When it is large positive, the amount of altitude change is
expected to be large as well. Note that the maximum value of positive
A, tends to coincide with large positive da,/dt (&) when a,, is
positive (i.e., moving downward) in Fig. 10a. In a way, the effect of
da,/dt can be viewed as that due to vertical windshear.

IV. Conclusions

The main objective in this paper was to evaluate the dynamic
stability characteristics and to demonstrate the flying qualities on a
twin-jet transport in severe atmospheric turbulence with sudden
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plunging motion in transonic flight. Unsteady aerodynamic models
and a thrust model were developed for the purpose of analyzing the
aircraft response. The twin-jet transport under study was shown to
have static instability and unstable damping in the plunging motion.
The results also indicated that the turbulent crosswind had significant
effect on directional stability and damping. The dynamic stability
and flying qualities were examined through digital simulation. The
plunging mode was shown to be very unstable (i.e., large positive real
part of the eigenvalues) when the airplane was moving downward.
The magnitude of the real part of eigenvalues could be related to the
severity of plunging motion. It was shown that the high gravity load
was mainly caused by the aircraft motion.
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