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A flight-test technique has been developed under NASA Dryden sponsorship NSG 4028 to predict aircraft
cruise performance characteristics. The technique used acceleration and deceleration maneuvers to define
baseline aerodynamic and propulsion system characteristics, which were then input to a performance modeling
prediction program. Conventional stabilized ‘‘speed power”’ tests, which are normally used for cruise perfor-
mance definition, can comprise a large portion of the flight time in a program. A significant reduction in flight
time was estimated using the performance modeling approach with associated savings in cost and schedule. A 20
h verification flight-test program was accomplished using a Learjet Model 35 aircraft.

Nomenclature

a =speed of sound

a..a, =acceleration along x and z wind axes, respectively

Cp =drag coefficient

Cpy =drag coefficient standardized for skin friction

C, =lift coefficient »

Crg =lift coefficient corrected for thrust moment effect
and nonstandard center of gravity

Cr, =lift coefficient corrected for thrust moment effect

D =drag

F, =gross thrust

F, =ram drag

F,.,F, =forces along x and z wind axes, respectively

g =acceleration of gravity

L =lift

M =Mach number

m =aircraft mass

N =power of &, required to eliminate altitude
dependency 0% corrected fuel flow

N, =low-pressure fan rpm

n,,n, =x and z wind axes load factors, respectively

P =ambient pressure

S =wing reference area

S.L. =sea level

t =total property at the engine compressor face

| 4 =true velocity

/4 =aircraft weight

W, W; =air and fuel flows, respectively

X2 =longitudinal and normal axes, respectively

o =angle of attack

% =flight-path angle

v’ =ratio of specific heat for air

o =pressure ratio

] =correction parameter for actual vs deck thrust
specific fuel consumption

0 =temperature ratio

A =thrust inclination angle

0 =air density
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Introduction

LARGE number of flight-test hours are required to de-

fine the performance characteristics of modern aircraft
using classical flight-test techniques. Typically, cruise perfor-
mance is defined by generating extensive speed-power data,
whereas specific excess power and flight trajectory perfor-
mance is defined from acceleration, climb, and descent tests
throughout the flight envelope. A flight-test approach has
been developed that requires a limited amount of accelera-
tion/deceleration (quasisteady-state maneuvering) data to pre-
dict the overall 1 g cruise performance characteristics of an
aircraft. A substantial savings in flight hours was realized
when compared with the stabilized point method. In addition,
this approach resulted in definition of baseline aircraft and
engine performance characteristics allowing flexible applica-
tions to a variety of situations such as aircraft simulation.

Concept

The first step in developing an overall aircraft performance
model was the definition of baseline aerodynamic and pro-
pulsion system characteristics. Baseline aerodynamic charac-
teristics consisted primarily of the lift and drag models,
whereas baseline engine characteristics included the gross
thrust, fuel flow, and airflow models. Development of lift and
drag characteristics from quasisteady-state maneuvers began
with consideration of the forces acting on the aircraft. The air-
craft force balance equations, resolved parallel and perpen-
dicular to the flight path (assuming zero sideslip, wings level,
and constant mass) are, from Fig. 1:

LF . =ma,
LF, =ma,
Fycos(a+N) —F,—D=W(a,/g+siny)

L +F,sin(a+N)=W(a,/g+cosy)

As discussed in Ref. 1, the flight-path load factors resolved
along the x and z wind axes are

n,=a,/g+siny

n,=a,/g+cosy
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Fig. 1 Aircraft force diagram.
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Fig. 2 Lift coefficient characteristics, M =<0.65.

The force balance equations may then be expressed as
F,cos(a+N)—F,—D=Wn,

L+F,sin{a+N)=Wn,

These equations can easily be used to express lift and drag
coefficients in terms of wind axis accelerations, the engine
parameters of gross thrust and ram drag, and normally
recorded flight-test parameters such as angle of attack, am-
bient pressure, weight, and Mach number.

Wn,—F, sin(a+\)

C,= 1
L Vay’ PM2S M

F, cos(a+y)—F,—Wn,
Vay’ PM2S

Cp= 2

The equations are compatible with quasisteady-state
maneuvers where excess thrust is not equal to zero and flight-
path accelerations are present. Wind axis accelerations were
determined from accelerometers mounted along the body axis
of the aircraft using the appropriate angular transformations.
A complete development of these relationships is presented in
Ref. 2, including corrections to lift coefficient for elevator
trim effects resulting from 1) the thrust moment about the
center of gravity (c.g.), and 2) a nonstandard c.g. and a cot-
rection to drag coefficient fot skin friction variation as a func-
tion of Reynolds number.

A new dimension of this program concerned in-flight defini-
tion of the aerodynamic effect of thrust level on lift and drag
characteristics. Normally, lift and drag measurements are ac-
complished using a series of stabilized points throughout the
aircraft flight envelope. A wide range of engine power settings
are used to achieve the stabilized conditions from which lift
and drag may be determined, given an in-flight thrust and
airflow model along with normally instrumented aircraft
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parameters such as weight and angle of attack. Unfortunately,
the flowfield around the aircraft may be significantly altered
by the airflow through the engine(s), which will result in the
lift and drag characteristics béeing directly dependent on engine
power. If the stabilized point method is used on an aircraft
where power effects are significant, use of the resulting data to
predict nonstabilized (i.e., excess thrust not equal to zero) per-
formance characteristics will be susceptible to significant er-
ror. As a result, a technique was developed to evaluate the ef-
fect of engine power setting on lift and drag characteristics. A
complete development of this technique is presented in Ref. 3.

Level acceleration and deceleration maneuvers at various
power settings were performed across the Mach range of the
aircraft to define lift coefficient and drag coefficient data as a
function of power setting and Mach number. The needed lift
coefficierit range was obtained through a variation of the
weight-pressure ratio (W/6). The power-dependent effects
were defined by comparing data for the same Mach number
and angle of attack. Significant power effects were identified
for both lift and drag using this technique on the Learjet 35,
which should be anticipated for any aircraft with jet engines
mounted on the aft fuselage above the inboard wing section.
An example of lift coefficient results from the low Mach
regime is presented in Fig. 2, showing the power effect as a
function of engine fan rpm (NV,).

The in-flight engine model consisted of 1) corrected thrust
(F,/8,), 2) corrected fuel flow (W;/\6,8%), and 3) cor-
rected airflow airflow (W0, /8., which were calculated
and plotted vs corrected rpm (NI\/_ ) at constant Mach
number. A unique in-flight thrust and airflow prediction
technique, termed ‘‘thrust modeling,”” was developed to
define these parameters. This technique provided several ad-
vantages over other methods, including: 1) easy implementa-
tion into on-line data reduction software, 2) relatively limited
and easily installed engine instrumentation, and 3) improved
accuracy over methods that rely completely on engine deck
prediction. The technique comsisted of correcting the engine
deck piedictions of thrust and airflow to match the perfor-
mance of the actiial engines installed in the aircraft using a
three-step approach: 1) simplified representation of engine
deck predicted thrust, fuel flow, and airflow in corrected
form, 2) correction of the engine deck model, developed in
step 1, to the individual characteristics of each engine based on
a stafic thrust run, and 3) in-flight correction of thrust and
airflow predictions based on actual test fuel flow, ari accurate
specific fuel consumption prediction and balance of the thrust
momentum equation.

The final equations in simplified form for thrust and
airflow are

_ Wfin-mng 8deck
F, Sin-flight nw, 3
deck
w, 1
_ deck
W”in»flight - me-mgm [ W, +T_ 1] @
deck

where 7 is the ratio of static thrust run specific fuel consump-
tion to engine deck specific fuel consumption, defined as a
function of corrected rpm. A complete development of this
technique is presented in Ref. 4. Thrust and airflow prediction
accuracies were believed to be 3-5% or better based on data
obtained from past flight-test programs. F, and W, were then
put in corrected form and input to the in-flight engine model.

The baseline aircraft/engine characteristics formed the
basis for predicting aircraft criise performance. These
characteristics were utilized in a prediction program for this
purpose. The program calculated steady-state cruise perfor-
mance in terms of corrected rpm, range factor (RF), specific
range (SR), and specific range parameter (SRP) vs Mach for

~ constant values of W/6. Since steady-state performance

parameters could not be explicitly solved for, an iterative
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routine was developed that would converge upon the steady-
state solution. This routine iterated on lift coefficient to ob-
tain steady-state values of Cp, C,, F,, F,, a, SR, SRP, RF,
and NV, at a constant W/6 for the entlre Mach envelope.

The routlne normally started with desired steady-state
values of W/8, altitude, fan rpm (N,), and Mach number.
The iteration first approximated lift coefficient with the
equation

2
w2 )
L Pg, v M2S

(5)
However, this value of lift coefficient did not take into ac-
count thrust or thrust moment effects and was, therefore, not
a steady-state value, The iteration routine next calculated air-
craft angle of attack based on the last approximation of lift
coefficient. This was accomplished with a table lookup of the
baseline C; _ vs a characteristics.

With ang ie of attack defined, the drag coefficient could be
determined. Drag over delta was then calculated with

A table lookup for test engine airflow was performed, using
corrected rpm and Mach number. Corrected ram drag was
calculated with

F, WJV/g_ [Wa@/B;ZMa}
o, 6‘2 vo,.8

pa

where a is the local speed of sound, and W8, / 0, is the cor-
rected airflow from the table lookup. The af)ove ram drag
calculation was for one engine and was multiplied by 2 to
represent the combined total of both engines for the Lear 35.
At the same time, the total pressure correction was multiplied
out, yielding F,/8, which was used to calculate gross thrust in
the next step. With the values of drag over delta and ram drag
over delta defined, the gross thrust over delta could then be
calculated:

s DISHE/S
&7 cos(a+N)

and the corrected thrust was

~ F,/§
27 (1+0.2M?)35xPRF

F,/8

where PREF is the engine inlet pressure recovery factor. Next, a
new power level N, was defined. This was accompllshed using
the baseline gross thrust model F,/§, y VS N,;/NG,, and
M.

Finally, the lift coefficient was updated

W/6— (F,/8) sin(a+\)

C, =
£ Vay' Py, SM?

and corrected for thrust moment effect and c.g. position

CLT =C,

* ACLthrust moment
CLS = CLT + ACLC.g.

With two lift coefficients defined, a test for convergence was
performed. For the first iteration, a comparison of the ap-
proximated C; [Eq. (5)] to the value of C, s computed with
the above equation was made. If convergence was not
achieved, C, was set equal to C; _, and the iteration continued
with a new calculation of angle of attack. Agreement between
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the last iteration and the present iteration was required to be
within +0.00001 for convergence. When the lift coefficient
did converge, the new steady-state values of Cpg, CL s Fo, F,
range factor, specific range, specific range parameter, and
N/ 0, 1, Were stored. Mach number was then incremented and
the iteration performed again. The process continued until the
entire Mach envelope had been defined. A typical number of
iterations for convergence was three. The range parameters
were defined as:

Range factor (RF) = VW/W,
Specific range (SR) = V/ W,

Specific range paramter (SRP) = V&/ W,

Test Procedure

Quasisteady-state acceleration/deceleration maneuvers pro-
vided the necessary data to define aerodynamic and propul-
sion characteristics. These maneuvers were conducted at near-
ly constant altitude using the altitude-hold mode of the
autopilot. Normally, less than a 60 ft excursion from the start
altitude was experienced during a maneuver. Eight “‘cardinal”’
power settings were evaluated consisting of 95, 90, 85, 80, 75,
70, 60, and 50% N,. The N, was chosen as the variable to
represent power because of the relatively high bypass ratio of
the engines and the resulting high correlation to engine
airflow. An acceleration/deceleration was conducted at a
cardinal power setting by holding N, to within + 0.5% during
a maneuver. A range of the weight-pressure ratio parameter
(W/§) within the aircraft envelope was designated to provide
a lift coefficient variation for a given Mach number so that
Mach effects could be defined. Eight values of W/§ were
evaluated, as shown in Table 1. These eight values of W/6
provided eight evenly spaced points on a constant Mach drag
polar in the mid-Mach range. At each value of W/§, an ac-
celeration/deceleration sequence was performed that included

Table 1 Performance modeling maneuvering sequences

w/s Nominal

(Ib) altitude, ft
22,000 10,000
40,000 23,000
47,000 26,000
53,000 29,000
60,000 32,000
67,000 35,000
73,000 38,000
80,000 40.000

Table 2 Maneuvering sequence

Power Data
Sequence setting Maneuver recorded
1 95 Accel Yes
2 90 Decel Yes
3 70 Decel Yes
4 90 Accel Yes
5 95 Accel No
6 85 Decel Yes
7 70 Decel Yes
8 85 Accel Yes
9 95 Accel No
10 80 Decel Yes
11 70 Decel Yes
12 80 Accel Yes
13 95 Accel No
14 75 Decel Yes
15 70 Decel Yes
16 75 Accel Yes
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polar in the midMach range. At each value of W/3, an ac-
celeration/deceleration sequence was performed that included
maneuvers at all cardinal power settings above idle. As W /8
increased, the number of available power settings decreased
because the idle rpm increases with altitude. For example, at
40,000 ft only the 95, 90, and 85% power settings could be
evaluated. As a result, the largest amount of data was
obtained for the higher power settings.

A typical maneuvering sequence is illustrated in Fig. 3,
which assumes the drag curve and engine idle level are as
shown for a particular /8 configuration. A sequence began
by slowing the aircraft to an acceptable minimum speed (for
the Lear 35 this was an airspeed slightly above stick shaker
speed) at an altitude based on the target value of W /6. A 95%
acceleration was then performed. When the acceleration had
slowed to approximately 0.25 knots/s, the throttles were
retarded to 90% and a deceleration performed until a stabi-
lized point was approached. The sequence then continued, as
shown in Fig. 3 and Table 2. Altitude adjustments were made
at convenient times in the sequence to maintain W/ within
approximately 1% as weight decreased. Although not specifi-
cally shown in Fig. 3, a high-power setting for sequence 9 was
used to accelerate past the stabilized condition so that the
deceleration as shown in sequence 10 could be obtained (Table
2). Although a stabilized speed-power point was generally not
obtained, the Mach number for which the drag and net thrust
curves intersected could easily be estimated based on Mach
region where the acceleration and deceleration for a particlar
power setting were terminated. The general guideline used was
to accelerate far enough past the last stabilized condition so
that the engine rpm would achieve stabilization on the sub-
sequent deceleration before reaching the Mach number of the
last stabilized point. Data were taken periodically throughout
an acceleration/deceleration rather than continually to keep
the volume of data to a manageable level.

Ideally, approximately a 20-s burst of data was recorded as
the aircraft passed through each 0.05 Mach increment. The ac-
tual test sequence performed at each W/6 condition depended
directly on the location of the drag curve with respect to the
net thrust levels. For example, if two cardinal power settings
were located between engine idle and the bottom of the drag
curve, then at least one deceleration would be performed at
each of these power settings. The maneuver sequence was
designed to acquire the needed data in a time-efficient manner
and also be easily accomplished by the flight crew. It clearly
met these objectives. For planning purposes, approximately 45
min were required to accomplish a maneuvering sequence at
one value of W/$ for this aircraft. Additional flight-time sav-
ings could easily have been achieved by reducing the number
of cardinal power settings. Although slighly less resolution of
power effects would result, the flight-time savings appear to
more than justify the alternative.

&
= 95% N] 1 V]
=
g 90% : é
¢
= N 85% .
2 80% 12 9
= 10
75% 1 >
14
70% LWRINI
mmim et emm = .=~ ENGINE_IDLE _
MACH

Fig. 3 Typical maneuvering sequence.
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Results

A 20 h flight-test program was accomplished using a Learjet
Model 35 aircraft to verify the technique. As a basis for com-
parison and evaluation of the modeling predictions, a total of
22 stabilized points were flown at four target values of W/5
(22,000, 40,000, 60,000, and 80,000 1b). The range factor data
from the stabilized point tests were standardized using conven-
tional techniques. The same four W/§ cases were evaluated
with the modeling program. Figures 4-11 present the corrected
rpm and range factor predictions generated as a function of
Mach number. The stabilized point data is presented for com-
parison. Modeling prediction error bands of 5 and 10% are
also included. The corrected rpm predictions generally were
within 5% of the stabilized point data. Exceptions to this were
in the low-speed region, where stabilized conditions are more
difficult to achieve and cruise performance characteristics are
of relatively low interest. For standardized range factor, the
predictions were generally within 10% of the stabilized point
data, with the lower W/§ cases experiencing better prediction
correlation than the higher W/5 cases. For the 60,000 W/5
case, where approximately twice as many stabilized points
were available, considerable scatter in the stabilized point data
can be observed, which indicates that a significant error band
is associated with definition of range factor when using ex-
clusively stabilized point data, the currently accepted practice.
Similar results were obtained for SR and SRP.

When evaluating the agreement between the predictions and
stabilized point data, the error band associated with definition
of the cruise characteristics using exclusively stabilized point
data must be considered. This error band was estimated to be
at least 5%, which was generally the same magnitude of error
experienced when comparing the predictions and stabilized
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2 \'\ //,
= 19000 AR g
— K M o
=
H
Z 17000
]
@
-3
= 15000
8 1 \ .
&\ - © STABILIZED POINT DATA
W L - PREDICTION
13000 N7 —— —— 5 PERCENT BAND
D A, 10 PERCENT BAND
02 03 04 05 o085 07 08 09
MACH
Fig. 4 Corrected rpm prediction, W/6=22,000 Ib.
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Fig. 5 Corrected rpm prediction, W/5=40,000 1b.
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Table 3 Sensitivity analysis summary
Baseline Instrumentation Max relative Max absolute
parameters Error source accuracy error (%) error
CL My s +0.005 g 0.525 0.4x1072
d Dynamic pressure +0.002 psi 0.364 0.291x 102
Wy +10 Ib/h 112 0.051x10~2
od +0.001 g o126 0.056x 102
Cp, Mgy +0.005 g 0.818 0.063x 10~2
o 7 +0.1 deg 1.86 0.14x 1072
Dynamic pressure +0.002 psi 0.355 0.027x 102
N, +0.2% 0.448 16.56 1b
Fg/8,, W, +10 Ib/h 1.97 73.6 b
Static pressure +0.00075 psi 0.012 2.11 b
Dynamic pressure +0.002 psi 0.07 1.74 b
N, +0.2% 0.665 0.85 Ib/s
W, +10 1b/h 2.01 2.37 Ib/s
W,,x/f),2 /8, Static pressure +0.00075 psi 0.12 0.015 1b/s
Dynamic pressure +0.001 psi 0.07 0.096 1b/s
N, +0.2% 0.308 8.421b
F, W +10 lb/h 2.05 403 1b
Static pressure +0.00075 psi 0.007 0.139 1b
Dynamic pressure +0.002 psi 0.098 224 1b
N, +0.2% 0.297 0.505 1b/s
W, 14 +10 Ib/h 2.01 2.16 Ib/s
Static pressure +0.00075 psi 0.007 0.0077 lb/s
Dynamic pressure +0.002 psi 0.082 0.104 1b/s
23000 4 23000 4
. 21000 21000
3
< 19000 1 190001
z
E 17000 17000 4
g 15000 O STABILIZED POINT DATA 15000 -
PREDICTION A STABILIZED POINT DATA
———— 5 PERCENT BAND PREDICTION
104 0 |- 10 PERCENT BAND 13000 4 ——~— 5 PERCENT BAND
—— 10 PERCENT BAND

T u v T —r—

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
MACH

Fig. 6 Corrected rpm prediction, W/5=60,000 1b.

point data. In view of this, the prediction correlation achieved
was considered acceptable.

A sensitivity analysis was accomplished to identify the most
critical instrumentation parameters affecting definition of
baseline aerodynamic and engine characteristics. The actual
accuracies of instrumentation transducers used during the pro-
gram formed the basis for the analysis. The accuracy of each
transducer was at or near state-of-the-art values. Table 3
presents the results of this analysis. The maximum absolute
and relative error was determined for each of the baseline
parameters listed as a function of critical instrumentation

8.2 0.3 04 0.5 0.6 0.7 0.8 0‘.9
MACH

Fig. 7 Corrected rpm prediction, #/5=280,000 Ib.

transducers. The maximum induced error for each instrumen-
tation parameter was based on its associated accuracy. The
body accelerations, angle of attack, and fuel flow were iden-
tified as having the largest error contributions for the
aerodynamic characteristics. Fuel flow was the primary source
of error for the engine characteristics. Fuel flow was identified
as a critical prameter for both the aerodynamic and engine
characteristics due to its direct relationship to gross thrust and
airflow prediction used in the thrust modeling approach. [cf.
Eq. (3) and (4)]. Since the instrumentation accuracies of the
body accelerations, angle of attack, and fuel flow were at or
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Fig. 8 Range factor prediction, W/ =22,000 Ib.
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Fig. 9 Range factor prediction, /5 =40,000 lb.
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Fig. 10 Range factor prediction, /6 =60,000 1b.
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Fig. 11 Range factor prediction, W/5=80,000 Ib.

near state-of-the-art values, these parameters will have a
significant influence on the errors associated with any perfor-
mance modeling flight-test effort. Special attention should be
given to obtaining state-of-the-art accuracies for these para-
meters if the performance modeling approach is used.

A significant reduction in flight-test time was projected us-
ing the performance modeling approach when compared to
the more conventional stabilized point method. estimates for
the Learjet 35 showed a savings in flight time of between 22
and 60% with the associated savings in cost and schedule. In
addition, considerably more information was obtained along
with the ability to predict performance characteristics for a
wide variety of flight conditions.

Conclusions

A flight-test approach was developed to predict aircraft
cruise performance using acceleration and deceleration
maneuvers. Baseline aerodynamic and engine characteristics
were defined and then input into a steady-state performance
prediction program to estimate cruise characteristics such as
RF, SR, SRP, and cruise engine rpm. A verification flight-test
program using the Learjet 35 aircraft showed agreement
generally to within 5% between the performance modeling
predictions and stabilized point flight-test data. A significant
savings in flight-test time was estimated using this approach.
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