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Two new methods have been developed to approximate pitch damping as a function of both angle of attack and

Mach number. The newmethods can be used over theMach number (0–20) and angle-of-attack range (0–90 deg) of

the Aeroprediction Code. The first method is based on the static nonlinear loads on the body and lifting surfaces that

are available in the AeropredictionCode. The secondmethod is based on the improved linear value of pitch damping

that was recently developed for the Aeroprediction Code. Recent improvements to the linear value include accuracy

improvements for configurationswith long boattails and double counting of the body length beneath a lifting surface.

Amethodwas derived to relate the zero angle-of-attack value of the pitch damping to a nonlinear value at an angle of

attack. Comparison of the two newmethods to experimental data shows that both methods give results which follow

the trends of experimental data, but neither method is superior for all cases at all angles of attack. As a result, results

for both methods will be computed and available to the user of the Aeroprediction Code. The new methods will be a

part of the 2009 version of the Aeroprediction Code, the AP09.

Nomenclature

Aref = reference area (maximum cross-sectional
area of body, if a body is present, or
planform area of wing, if wing alone), ft2

AW = wing planform area, ft2

CM = pitching moment coefficient (based on
reference area and body diameter, if body
present, or mean aerodynamic chord, if
wing alone)

CMB
, CMT

= pitching moment coefficient of body or tail
alone, respectively

CMq
� CM _�

= pitch damping moment coefficient
bCM�q�=�qd=2V1� � CM� _��=� _�d=2V1�c

CM�
= pitching moment coefficient derivative

(per radian)
CN = normal-force coefficient
CNB = normal-force coefficient of body alone
CNW = normal-force coefficient of wing alone
CNC�B� , CNW�B� ,
CNT�B�

= normal-force coefficient of canard, wing,
or tail in presence of body

CNT�V� = normal-force coefficient on tail as a result
of wing shed vortices

CN� = normal-force coefficient derivative (per
radian)

CP = pressure coefficient
dref = reference body diameter, ft
Iy = moment of inertia about the pitch plane,

lb � ft2
KW�B�, kW�B� = ratio of normal-force coefficient of wing or

tail in presence of body to that of wing or
tail alone at �� 0 deg or �� 0 deg,
respectively

M,M� = pitching moment and pitching moment
slope, respectively, ft � lb

ML,M1 = local or freestream Mach number,
respectively

NB = normal force of body alone, lb
NB�C�, NB�W� = additional normal force on body as a result

of canard or wings, respectively, lb
NC�B�, NW�B� = normal force on canard or wing,

respectively, in presence of body, lb
NCW = normal force on wing or tail due to

canards, lb
PL, P1 = local and freestream pressure, respectively
QL, Q1 = local or freestream dynamic pressure,

lb=ft2

q = pitch rate, rad=s
RN = Reynolds number
r = local body radius
s = local body radius plus wing semispan
TL, T1 = local and freestream temperature,

respectively
V1, VL = freestream and local velocity, respectively
W = running load, lb=ft
X = distance from nose tip, ft
XCG = distance to center of gravity, ft
XCP = center of pressure (in feet or calibers from

some reference point that can be specified)
in x direction

XCP=d = center of pressure (calibers from some
reference point)

XLE, XAFT = distance from nose tip to wing leading
edge or afterbody, respectively, (in ft or
calibers from point that can be specified)

� = angle of attack, deg
� = ratio of specific heats
�CNB�C� , �CNB�W� ,
�CNB�T�

= additional normal-force coefficient on
body in presence of canard, wing, or tail

� = damping constant, lb � ft2=s
�1 = freestream density, lb=ft3

� = roll position of missile fins [�� 0 deg
corresponds to fins in the plus (�)
orientation. �� 45 deg corresponds to
fins rolled to the cross (�) orientation]

Introduction

O NE area that has basically remained the same since the 1977
version of the Aeroprediction Code (AP77) is the linearity of

the dynamic derivatives. Nonlinear static aerodynamics were first
incorporated into the code in 1993 up to angle of attack (AOA) of
30 deg. The nonlinear static aerodynamics were extended to 90 deg
AOA in 1995 and to the roll position of 45 deg in 1998. The nonlinear
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static aerodynamics were then improved upon with the AP02 based
on a new wind-tunnel database that varied r=s. The static
aerodynamic nonlinearities are well documented in [1,2].

Unfortunately, no such generic wind-tunnel databases exist for
dynamic derivatives as exist for static aerodynamics. In researching
the literature, several pieces of dynamic derivative wind-tunnel data
were available for various configurations. These wind-tunnel and
ballistic range data ([3–18]) are all for a specific configuration at a
limited number of Mach numbers and AOAs. References [3–12] are
all open literature whereas [13–18] are unclassified, but limited
distribution.

The wind-tunnel data of [3–18] were generally taken by one of
three methods. The first approach (pioneered in the late 1950s and
early 1960s) at the then Naval Ordnance Laboratory (NOL), White
Oak, Maryland [now part of Arnold Engineering Development
Center (AEDC)],was to place a steel rod through the center of gravity
(CG) of the model and attach it to the wind-tunnel walls. The model
was then deflected to a certain AOA and the damping motion was
recorded in both time and AOA. This type of testing was referred to
as “free oscillation” and required themodel to be statically stable. For
large AOA, the damping derivatives were measured in increments of
AOA decay (see [3], for example), and the pitch damping moment
was determined from the linearized equation:

Iy ��� � _��M��� 0 (1)

Equation (1), while linear, was assumed to apply over increments in
AOA, even though the CM�

and � (the damping constant) may be
different from increment to increment. That is, for the increment of
interest, CM�

and � were assumed constant.
A second type of pitch damping test for small to moderate AOAs

was performed at AEDC [17], where a sting was attached to the
model and the model was forced to oscillate about 3 deg AOA range.
This type of mechanism could determine pitch damping for stable or
unstable configurations. The sting andmodelweremoved to a certain
AOA and a forced oscillation of�3 deg in AOAwas performed by
the sting on the model and the decay of the model measured. This
type of testing is referred to as “forced oscillation testing.”

A third type of pitch damping test for high AOA was also
performed at AEDC where a strut was mounted to the leeward plane
of the model [4]. A similar forced oscillation system was used to
record the damping derivatives as in method 2 discussed previously.
However, here due to the strut mounting technique, AOAs to 90 deg
can be achieved.

Fundamentally, the first and third types of testing have issues of
wind-tunnel wall or model installation interference issues or both.
The pitch damping tests performed in the late 1950s and early 1960s
at NOLwere in a small test section with a model that had a rod going
through the center of gravity. Thus wall interference and rod
interference on the damping characteristics are both issues. The strut
used in the high AOA testing is quite thick and definitely will
influence aerodynamics behind the strut. The second type of pitch
damping testing is similar to static aerodynamic testing and should
have minimal wind-tunnel interference. Unfortunately, most of the
databases at AOA in the open literature have used either test
technique 1 or 3. As a result, development of a nonlinear semi-
empirical pitch damping model will be based on a meager amount of
data that unfortunately has more wind-tunnel interference issues
associated with the data than is desired. Ballistic range data help to
validate wind-tunnel data at low AOA but are of no help at moderate
to high AOA.

New Improvements for AP09

The literature survey ([3–18]) did not produce any analytical
methods to predict nonlinear pitch damping. This is not surprising
given the meager amount of nonlinear data. Hence, the methods
discussed in this paper are, to the authors’ knowledge, the first
attempt to predict nonlinear pitch damping moments.

Three methods will be investigated for predicting nonlinear pitch
damping moments. Two of the methods are either new or improved

upon state-of-the-art methods. Also, two of the methods are based
strictly on the static aerodynamics whereas the third method is based
on the improved zero AOA pitch damping method of the AP09
discussed in [19]. Each of the three different methods will now be
discussed individually.

The first two methods are based on more generalized methods of
[20], Chapter 9. The total normal force for a wing–body–tail
configuration can be defined by

CN � CNB � CNW�B� ��CNB�W� � CNT�B� ��CNB�T� � CNT�V� (2)

Using the Ref. [20] analogy, the pitch damping moment is thus

CMq
�CM _�

��CN��B
�
XCP�XCG

d

�
2

B

��CN��W�B�
�
XCP�XCG

d

�
2

W�B�
���CN��B�W�

�
XCP�XCG

d

�
2

B�W�

��CN��T�B�
�
XCP�XCG

d

�
2

T�B�
���CN��B�T�

�
XCP�XCG

d

�
2

B�T�

��CN��T�V�
�
XCP�XCG

d

�
2

T�V�
(3)

Before proceeding to use Eq. (3), discussion of the nonlinearities in
the Aeroprediction Code (APC) to predict each of the static
aerodynamic terms of Eq. (3) is appropriate. As an example, consider
the term CNW�B� of Eq. (2) which can be expanded as follows:

CNW�B� � bKW�B� sin�� kW�B� sin �c�CN��W (4)

Each of the terms in Eq. (4),KW�B�, kW�B�, and �CN��W , are nonlinear
in AOA or control deflection and Mach number. The nonlinearities
were based on several large wind-tunnel databases in addition to
othermissile data [1,2]. As an example of the nonlinearities, consider
the wing–body interference term KW�B�. KW�B� is typically close to
the slender body theory value at zero AOA and at all Mach numbers.
However, at low Mach number, as � increases, KW�B� will typically
decrease to a value of 1.0 at high AOA. On the other hand, as Mach
number increases, KW�B� will approach 1 at fairly low AOAs.

Not only are the normal-force coefficient terms of Eq. (2) all
nonlinear, but the center of pressure terms of Eq. (3) as well. For a
complete description of the static aerodynamic nonlinearities in the
Aeroprediction Code, [1,2] should be consulted.

The first approach taken to predict nonlinear pitch damping
moments was to use Eq. (3) directly where all the terms in Eq. (3) are
the nonlinear aerodynamic terms computed in the AP09. Figure 1
compares the results of method 1 to experimental data for the Army–
Navy–Finner (ANF) of [3,4,12]. Note that method 1 compares quite
well to data at low AOA but actually decreases with AOA versus
increases as the data suggest. In investigating why method 1
decreaseswith increasingAOA, it was found that the body–wing and
wing–body interference terms decreased with AOA, which tended to
somewhat compensate for the increase in wing alone normal force.
Secondly, it was found that when treating the body as a point source,
the body center of pressure moved toward the center of gravity as
AOA increased, thus causing the term 	�XCP � XCG�=d
2B to decrease.
As a result of the disappointing results of method 1 in Fig. 1, it will
not be considered any further and other approacheswill be attempted.

A logical extension of method 1 is to distribute the load along the
body, as opposed to treating the body as a point source. The structural
load methodology [21] of the AP09 code will be used to perform this
task. To illustrate the structural loadmethodology of theAP09, Fig. 2
shows the AP09 loads atM1 � 2:87,�� 45 deg, and �� 10 deg
compared to Navier–Stokes computations for a wing–body–tail
configuration. There are two aeroprediction results in Fig. 2, original
and adjusted. The adjusted curve takes part of the nose
overprediction on load and redistributes it while still maintaining
accuracy of normal-force and pitchingmoments. The increase in load
on the mid- and aftbody areas of Fig. 2 is the wing–body carryover
normal-force distribution. Themajor point of Fig. 2 is to illustrate the
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accuracy of the Aeroprediction Code in calculating loads on a body,
which can be important in predicting pitch damping moments.

Figure 3 now illustrates the local loads on two more relevant
configurations where nonlinear pitch damping moment data are
available, the ANF and the (MK 82) general purpose low drag bomb
(GPLDB) [8,9]. The ANF is shown on the left of Fig. 3 along with
local loads at �� 0, M � 2:16, and �� 5 and 35 deg and the
GPLDB is on the right of Fig. 3 along with local loads at �� 0,
M � 1:5, and � of 5 and 35 deg. Note that load distributions of the
ANF are similar at 5 and 35 deg as are the loads on the GPLDB at 5
and 35 deg. Of course, the loads at 35 deg aremuch higher than those
at 5 deg. It is also worth noting the negative load on the boattail area
of the GPLDB. Returning to Eq. (3), it is seen that as the center of
pressure of the overall normal-force load of Figs. 2 and 3 moves
toward the center of gravity, the moment arm gets smaller and thus
according to Eq. (3), the pitch damping term of the body goes down
substantially. This is a prime reason formethod 1 of Fig. 1 decreasing
as � increases as opposed to increasing as the experimental data
suggest.

Robinson in [15], on the other hand, obtains body-alone pitch
damping through a summation of local normal force on a body
componentwhere the body is divided into 20 parts. In viewing Figs. 2
and 3, it is clearly seen that using an average of center of pressure is
not acceptable because the average is a linear average, whereas
Eq. (3) has a square of the distance to each of the body parts, whether
the body is 20 or more parts. It is also seen in viewing the GPLDB of
Fig. 3 that the boattail will decrease the pitch damping moment
because the CN� of the local body normal-force component in the
boattail region is negative. In other words, one cannot use the overall

nonlinear body center of pressure to compute body pitch damping as
AOA increases, as was done in method 1 of Fig. 1.

Method 2 of Fig. 1 uses the summation approach of [15] to
compute the pitch damping moment. Using the local load W�X� of
Fig. 3, the pitch damping moment for a body–tail configuration is

CMq
� CM�

� �2
sin�

�XN
i�1

W�Xi��Xi
Q1Aref

�
Xi � XCG

dref

�
2

B

� CNW�B�
�
XCP � XCG

dref

�
2

W�B�

�
(5)

Equation (5) was used to compute pitch damping on the ANF at
M1 � 2:0, where W�Xi�, CNW�B� and �XCP�W�B� were all nonlinear

values from the AP09. Also, body–wing interference is included in
the body pitch damping integration since it is included in the body
loads. As seen in Fig. 1, method 2 is much better than method 1 and
agrees with the NOL and Ballistics Research Laboratory (BRL) data
quite well but falls below the AEDC data. A couple of points need to
be made about the method 2 results of Fig. 1. First, it was found that
the AP09 code needed to be modified to compute local values ofCN�
versus the secant slope of CN� , which is what the AP05 does.
Secondly, it was found the overall configuration CN� gave slightly
improved results compared to using individual CN� values of CNW�B�
andCNB . Thirdly, Eq. (5) assumes the lifting surface is a point source
as opposed to distributing the load analogous to the body. In
checking out the validity of treating the wing or canards as a point
source, it was found that when the root chord was small compared to
the body length, small errors typically occurred for the pitch damping
term of the lifting surface. However, when the root chord was large
compared to the body length, errors in pitch damping could be fairly
large. As a result, the load on both the forward and aft lifting surfaces
will be divided into 100 equal chordwise intervals. Equation (5) then
becomes for a body–tail case:

CMq
� CM�

� �2
sin�

�XN
i�1

W�Xi��Xi
Q1Aref

�
Xi � XCG

dref

�
2

B

� 2CNW�B�

X100
i�1

�
�XCP�i � XCG

dref

�
2

W�B�

�AW�i
AW

�
(5a)

Equation (5) is, of course, generalized in the APC for a wing–body
tail in a similar fashion as Eq. (3). Also �AW�i of Eq. (5a) is the area of
the individual wing panel compared to thewing area of a singlewing,
AW=2 and thus the factor of 2 for the wing–body term.

The thirdmethod shown inFig. 1 uses the improved pitch damping
moment improvements discussed in [19] and relates the improved
zero AOA pitch damping to the local conditions at a higher AOA. In
reviewing [20] in more detail, the pitch damping moment was
derived based on the assumption that the local velocity and dynamic
pressure at a point on the body or tail fin was the same as the
freestream values so that the dynamic pressure Q would cancel out
when nondimensionalizing the moment equation to obtain the
pitching moment. That is, the pitching moment for a wing–body–tail
configuration about some reference point is

M��	NB�XCP � Xref�B � �NC�B� � NB�C���XCP � Xref�C
� �NW�B� � NB�W���XCP � Xref�W � NCW�XCP � Xref�W 


(6)

Equation (6) can be rewritten in coefficient form as

CM ��
QL

Q1

�
CNB

�
XCP � Xref

dref

�
B

� �CNC�B� � CNB�C� �
�
XCP � Xref

dref

�
C

� �CNW�B� ��CNB�W� � CNCW �
�
XCP � Xref

dref

�
W

�
(7)

Fig. 1 Comparison of various theoretical approaches to predict

nonlinear pitch damping moment to experimental data for the ANF.
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Equation (7) assumes all normal-force coefficient terms have been
referenced to the appropriate reference areas for simplicity.

Furthermore, putting Eq. (7) in slope form on the right side and
using only the tail term for simplicity we have

CMT
�� QL

Q1
	�CN��W�B� � ��CN��B�W�

� �CN��CW 

�
XCP � Xref

dref

�
T

��T (8)

where

��T �
q

VL

�
XCP � Xref

dref

�
T

(9)

Now CMQ
� @CM=@�qd=2V1�, so Eq. (8) becomes, after

substituting in Eq. (9) and taking the derivative,

�CMQ
�T ��2	�CN��W�B� � ��CN��B�W�

� �CN��CW 

�
XCP � Xref

dref

�
2 QL

Q1

V1
VL

(10)

Equation (10) applies only to the tail term but the factor

QLV1
Q1VL

(11)

would multiply all terms of Eq. (7) if expanded similarly to Eq. (10).
We will now look at defining the Eq. (11) term.

Now

QL

Q1
�

1
2
�LV

2
L

1
2
�1V

2
1
�
�
PL
TL

��
V2
L

V2
1

��
T1
P1

�
(12)

But

Cp �
PL � P1
1
2
�1V

2
1

(13)

So that

PL � 1
2
�1V

2
1Cp � P1 (14)

Using Eq. (14) into (12) we have

QL

Q1
�
�
VL
V1

�
2
�
T1
TL

��
�M2

1
2

Cp � 1

�
(15)

Now we will make a couple of approximations where

VL � V1 cos� (16)

Cp � 2sin2� (17)

Equation (17) is the Newtonian flow approximation which in
principal is derived based on infinite Mach numbers. In practice, the

Fig. 2 Illustration of local load on a wing–body–tail configuration.
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author has found success in using Eq. (17) down to low supersonic
Mach numbers. Also

T1
TL
�

1� ��1
2
M2
L

1� ��1
2
M2
1

(18)

Substituting Eqs. (10), (17), and (18) into Eq. (15), Eq. (11) becomes

QL

Q1

V1
VL
� cos�

�
1� ��1

2
M2
1cos

2�

1� ��1
2
M2
1

�h
1� �M2

1sin
2�
i

(19)

One approach is thus to use Eq. (19) to multiply the pitch damping
moment at near 0-degAOA for a given freestreamMach number and
AOA to get the nonlinear value of pitch damping moment. This
method is referred to as method 3 of Fig. 1. The zero AOA values of
CMq
� CM _�

come from the AP09 code as modified by the Ref. [19]

methods and these values are multiplied by the factors of Eq. (19).
In viewing method 3 of Fig. 1 it is clear it agrees with the AEDC

data better than either methods 1 or 2. It is also clear that the reason
such a simple formula works so well is the similarity of the nose

loading in Fig. 3 in going from low to high AOA. Method 3 tends to
average out a lot of the data in Fig. 1, but it follows the general trends
of the data. Although not shown, the data of [4] actually go to 85-deg
AOA with a maximum in pitch damping occurring around 45-deg
AOA and then declining. Equation (19) follows this trend as well.
Hence, it is believed Eq. (19) does in fact capturemuch of the physics
of why pitching damping increases with AOA.

Themajor limitation of Eq. (19) is the use of the Newtonian theory
to predict the pressure coefficient. Unfortunately, there are no local
slope pressure predictors for low Mach number. As a result, to use
method 3 in a robust sense with respect to Mach number, we must
find a complimentary factor for lower Mach numbers, which is
primarily AOA dependent. To do this, Fig. 4 shows a plot of Eq. (19)
versus Mach number for various AOAs. As seen in Fig. 4, Eq. (19)
decreases significantly with Mach number. Equation (19) is used
down to a Mach number of 1.5, where it is believed the Newtonian
theory becomes questionable. FromM1 � 1:5 to 0, it is assumed the
value of Eq. (19) goes to 1 in a linear sense. Also of note in Fig. 4 is
the fact that Eq. (19) reaches amaximum at �� 45 deg and declines
to zero at �� 90 deg.

Fig. 3 Local loads on two body–tail configurations at small and large angles of attack.
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Both methods 2 and 3 are new or improved methods to predict
nonlinear pitch damping. It is unclear, based on the Fig. 1
comparison to wind-tunnel data, which method is best. As a result,
both methods will be compared to available wind-tunnel data on
other configurations in the Results and Discussion sections before

Fig. 4 Approximate relationship to allow pitch damping nonlinearities
to be estimated based on CMq

� CM _�
at zero AOA.

Fig. 5 Summary of methods 2 and 3 approaches to predict nonlinear
pitch damping moments.

Fig. 6 Comparison of theory and experiment for pitch damping on ANF.
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any conclusions are drawn. However, it is worthwhile to point out
some of the strengths of both methods 2 and 3.

Method 2 is very robust in the sense it will handle all AOAs (0–
90 deg) and Mach numbers (0–20) and roll orientations (0, 45 deg),
control deflections and multifin options that the AP09 code allows.
Method 2 also calculates local body pitch damping moments. It has
much less empiricism than method 3 does. On the other hand, it was
much more involved and difficult to implement than method 3, even
though the AP09 code already had all the nonlinear static
aerodynamics and structures loads available forM1 � 1:2.

Method 3 uses the original time-dependent linear solution forCM ��

and rotational pitching rate CMq
from linear theory. Method 3 uses

the improvements in pitch damping due to long boattails derived for

the AP09 [19]. Method 3 was also much easier to implement than
method 2. Figure 5 summarizes the approaches of methods 2 and 3.

Results and Discussion

Figure 1 showed the results of methods 2 and 3 compared to
experimental data for theANF at aboutMach 2.0. Figure 1 illustrated
the fact thatmethod 2 compared closer to one set of experimental data
than method 3, whereas nethod 3 compared closer to the other set of
experimental data than method 2. Both methods 2 and 3 will
therefore be compared to the remaining sets of open literature data
that the authors were able to find to see if onemethod can be found to
be superior in general to the other method.

Figure 6 compares methods 2 and 3 to the ANF data [3] at
M1 � 1:58, 2.48, 2.88, and 3.24 as a function of AOA. Also shown
in the figure are the AP05 results, which are independent of AOA.
Note, first of all, the ANF pitch damping data, while varying with
AOA, are not highly nonlinear. The reason for the small nonlinearity
is the fact the body pitch damping increases with AOA but the wing
term decreases with AOA due to the aspect ratio and the fact CN� of
the wing decreases with increasing AOA. The two pitch damping
terms tend to offset giving a small increase with AOA for the CG
selected. In comparing the AP05 andmethods 2 and 3 of the AP09 to
experimental data, it is seen that both methods 2 and 3 follow the

Fig. 7 Comparison of theory and experiment for pitch damping on

ANF with various center of gravity locations (M1 � 2:1, �� 0 deg).

Fig. 8 Comparison of theory and experiment for extended length ANF

(M � 1:96).
Fig. 9 Comparison of theory and experiment for MK82 low drag

bomb.
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general trends of the data and the AP05 also gives reasonable values
compared to experiment due to the relatively small nonlinearity.
Method 2 is probably slightly superior to method 3 in general,
particularly at highM1 and AOA.

Figure 7 compares the three theoretical approaches to
experimental data [3] for the ANF at M1 � 2:1 and AOA near
zero as a function of the CG location. Here it is seen that method 3 is
slightly superior to both the AP05 and method 2 compared to
experiment [3].

The next case considered is an extended length (15 calibers versus
10 calibers) ANF (see Fig. 8). Experimental data are taken from [4] at
M1 � 1:96. By extending the length of the ANF by 5 calibers, it is
seen the pitch damping increases greatly with AOA due to the large
body term. It is also seen that method 2, which includes all the
nonlinear body loads from the AP09, is clearly superior to method 3
and the AP05.

The third configuration considered is the MK 82 low drag bomb
with data taken from [9]. Results are shown in Fig. 9 forM1 � 2:16,
1.56, and 0.8 toAOAof 40 deg.Heremethods 2 and 3 are far superior
to theAP05, due in part to the large boattail. Alsomethod 2 is slightly
better than method 3 atM1 � 2:16 and 0.8 and method 3 is slightly
better than method 2 atM1 � 1:56.

The fourth and final configuration where open literature data were
found is the M823 research store with data given in [10,22]. Data for
the M1 � 0:7 and 0.75 are shown in Fig. 10 at AOA up to 20 deg
whereas Fig. 11 has data at AOA of about 3 deg for Mach numbers
0.6 to 1.1. In Fig. 10, method 2 is clearly superior tomethod 3 and the
AP05. Note the large nonlinearity in pitch damping. The large
nonlinearity comes primarily from the tail term where CN� increases
with AOA. Figure 11 clearly shows both methods 2 and 3 are
superior to the AP05 and fairly close to experimental data at allMach
numbers. Figure 11 also illustrates the fact that method 2 is roll
dependent whereas method 3 is roll independent. The roll
dependence of method 2 comes from the difference in body–wing
carryover normal force at �� 0 versus �� 45 deg roll.

Conclusions

Two newmethods have been developed to estimate pitch damping
at AOA. The first method (method 2) is based on using the nonlinear
static aerodynamic loads available in the Aeroprediction Code and
the second method (method 3) is based on a new formula derived to
relate the zero AOA pitch damping available in the APC to a new
AOA. It was found that while method 2was more robust and slightly

Fig. 10 M823 research store comparisons of theory and experiment for pitch damping.

502 MOORE AND MOORE



superior to method 3 when compared to experimental data in most
cases, method 3 was superior to method 2 in some cases. Therefore,
both methods 2 and 3 will be available in the tabular output of the
next version of the APC, the AP09.Method 2 will be available in the
plots since it was better than method 3 in most cases.

One of the main issues encountered in assessing the two new
methods was the small amount of true pitch damping data and the
concerns aboutwind-tunnel interference effects for the data that were
available. A good “truth” set of pitch damping data is clearly needed
that has a minimum of wind-tunnel interference issues associated
with it. This truth model should be backed up with Navier–Stokes
computations so as to minimize any wind-tunnel interference issues.
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