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PREFACE 

The work reported herein was conducted at the Arnold Engineering Development Center 
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ter (ASCNFT), AEDC Project Number 0675. The ASCNFFIT Project Manager was Mr. Pete 
Amstutz. The results were obtained by Calspan Corporation/AEDC Operations, operating con- 
tractor during the period when the work was conducted for the Aerospace Flight Dynamics effort 
at the AEDC, AFMC, Arnold Air Force Base, TN. The work was conducted during the period 
June 1992 through June 1993, and the manuscript was submitted for publication on February 6, 
1997. 
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1.0 INTRODUCTION 

The information contained herein was developed to assist planning for a technology demon- 
stration program in which the capability to instrument a free-falling model in the wind tunnel and 
transmit the measured data out of the model was demonstrated. Prior to the demonstration effort, 
an analytic study (the subject of the current report) was conducted to evaluate anticipated ranges 
and required accuracies for onboard linear acceleration and angular rate (or acceleration) mea- 
surement equipment which was to be mounted within the dynamically scaled wind tunnel drop 
models. Generic simulations of the separation motion of a tumbling fuel tank store both at full 
scale and at a 1115th wind tunnel model scale were generated using an analytic trajectory simula- 
tion program coupled with a prescribed aerodynamic database. The simulations were also used as 
test cases to demonstrate extraction of aerodynamic information from drop data positions and ori- 
entations as read from film records via an inverse solution of the store equations of motion. The 
studies also aid identification and evaluation of inaccuracies associated with the basic dynamic 
scaling laws and standard film-based data reduction techniques. The current report only discusses 
the analytical aspects of the study. The current report also provides an Appendix detailing the der- 
ivation and compromises associated with the various wind tunnel dynamic scaling laws. An 
overview of results of the follow-on experimental effort using both instrumented telemetry mod- 
els and standard film reduction techniques is available in Ref. 1. 

Normally free-drop data are comprised of store model positions and orientations relative to 
the aircraft reduced from high-speed film records of the drop events. Typically only the final 
motion parameters from the experimental drops are measured (i.e., only the 'effects' are defined). 
In many cases the accuracy of the data reduction is limited by lack of visual access to the model 
and human error associated with 'reading' the film. Similar data reduction problems (but on a 
much larger scale) are associated with full-scale flight tests because cameras on the flight-test air- 
craft, chase aircraft, and ground-based cinetheodolite cameras are often the only instrumentation 
available to record flight events. Onboard instrumentation would, however, allow direct measure- 
ment of the rates and accelerations that are directly related to the aerodynamic 'causes' of the 
store motion in both the wind tunnel and flight cases and, therefore, provide much more useful 
information for simulation verification, flight-test and wind tunnel data reduction, and similar 
purposes. 

An opportunity for wind tunnel demonstration of instrumented-model technology was identi- 
fied in association with the first in a series of wind tunnel drop tests of fuel tank releases from the 
F-22 aircraft which was conducted in 1994. The F-22 was selected as the aircraft of choice for 
several reasons: (1) Lockheed - Martin Tactical Aircraft Systems (LMTAS), which maintains 
responsibility for F-22 weapons integration, has industry's largest experience base in free-drop 
model design, (2) extracted data from F-22 tank releases were highly desired for validation of 
analytical trajectory-prediction methods which were to form a large part of the F-22 store-separa- 
tion program, (3) the F-22 tank at 1115th-scale represents one of the largest bodies ever used in a 
wind tunnel free-drop test program and is thus ideal for first demonstration of the miniaturized 
instrumentation, and (4) a large database of trajectory data for a similar fuel tank from the F-16 
aircraft at the same scale is available. No F-22 results are actually presented in this document (F- 
22 results are available in Ref. 1). Instead, only results from the generic pre-test analytical stud- 



ies, which were so fundamental to the understanding that led to the ultimate success of the F-22 
experimental program, are presented. 

2.0 TRAJECTORY MODELING 

Two types of techniques are available for modeling flight drops in a ground-simulation envi- 
ronment. Either a repetitive solution of the six-degree-of-freedom (6-DOF) equations of motion 
of the separating store can be generated on a computer (using either predicted aerodynamic 
forces and moments or sub-scale wind tunnel measurements) or a dynamically similar scale 
model can actually be dropped in the tunnel and its motion recorded. One intent of the current 
analytic study was to use a computer simulation to emulate both full-scale drops and drops of 
dynamically scaled wind tunnel models. The analytical simulations are free from data-reduction 
"noise" of most experiments and allow direct evaluation of the compromises involved in simulat- 
ing full-scale drops at wind tunnel scale. The simulated analytical trajectories also provide the 
source data for determining the ranges of accelerations and rates that the instrumentation package 
must be designed to measure. 

2.1 COMPUTER SOLUTION OF EQUATIONS OF MOTION 

A simulation program known as the Flow-field/Loads Influence Prediction Trajectory Gen- 
eration Program (or FLIP TGP) (Ref. 2) was used for the analytical tank release simulations. 
(The FLIP TGP was selected because it was intended to be a primary tool in the generation of 
tank trajectories for the production F-22 test program.) For the current effort, only limited capa- 
bilities of the FLIP TGP were used to generate the simple analytical drop trajectories. Pitch plane 
motion (3-DOF) trajectories for a tumbling tank were generated using a simple aerodynamic 
model of the standard F-15 tank without tail fins. Slosh of the fuel within the tank was assumed 
not to occur, and the tank moments of inertia were held constant. The tank was oriented at an ini- 
tial release angle relative to the gravity vector of 8 deg nose up. Mass properties corresponding to 
a quarter-full fuel tank were used for most simulations. 

The free-stream aerodynamic data on the tank used in the computer simulations were based 
on data for a similar configuration. The free-stream data were obtained over an angle-of-attack 
range of 12 to -40 deg and were used in an aeroballistic form for the simulations. The free-stream 
data were extended to extreme angles of attack (0 to 360) using mirroring techniques involving 
trig functions and by a semi-empirical prediction code known as the Missile Distributed Airloads 
(MDA) program, which is also an integral component of the FLIP TGP. Rotational aerodynamic 
damping was simulated using an input damping derivative (Cmq) value of -15.0, which was con- 
verted to a full-scale damping moment increment based on the pitch rates from the equation-of- 
motion solutions. The dynamic rotational damping increment was added to the static moments 
obtained from the free-stream database before each evaluation of the equations of motion. The F- 
22 tank is being designed for jettison from the aircraft with its pylon attached. Mass properties of 
the combined pylonhank assembly were used in the computer simulations but no aerodynamic 
effects of the pylon were included in the simple aerodynamics model. 



2.2 DYNAMICALLY SCALED DROP TESTING 

The motion of a full-scale store separating during flight and a small-scale model released in 
a wind tunnel can be dynamically similar provided two basic criteria are met. First, the aerody- 
namic forces and moments on the model store must directly scale to flight forces and moments. 
Second, the inertial motion responses of the wind tunnel model to the applied forces and 
moments must be directly scalable to flight motion responses. Unfortunately, it is physically 
impossible to fully satisfy both criteria at the same time for a sub-scale model, and some compro- 
mise in selected aspects of the dynamic simulation must be accepted. Of the three major 
compromised scaling laws available, the so-called "heavy-scaling" laws are generally the most 
often used for larger wind tunnel models (generally 1120th scale or greater) and have been 
selected for the F-22 tank effort. Complete derivations of the scaling laws are provided in Appen- 
dix A. The heavy-scaling laws from Appendix A are reproduced below. 

gravitational acceleration: 

time: 

free-stream velocity: 
Mach number: 
linear dimensions: 
mass or weight: 
inertias: 
ejector forces: 

linear translations: 

PHYSICAL PROPERTIES 
g ' = g  
t ' = t  &Tj 
Vm1 = v,* 4-1 
M,' = M, 
(model coords)' = A *(full-scale coords) 
m' = m*(Q,'/Q,)*A2 
IYY' = IYY *(Qco'/Qce)*A4 
FEZ = FEZ*(Qm'/Qoo)*A2 

MOTION PROPERTIES 
XFBF' = XFBF *A [X'=X *A] 

linear velocities (except free stream): UBBI' = UBBI* &Tj [ul=u* &Tj ] 
linear accelerations (or velocity derivatives): 

DUBBI' = DUBBI [udot'=udot] 
angles: THABF' = THABF [@'=@I 

angular rates: QBBI' = QBBY a) [ql=s/ m) ] 
angular accelerations (or velocity derivatives): 

QBBI' = DQBBIIA [qdotl=qdot/A] 

where the primed terms indicate reduced-scale model quantities, and A is the scale factor for 
model linear dimensions. Each of the three major scaling laws involves built-in compromises and 
errors as described in Appendix A. The major compromise of heavy scaling, for instance, is that 
the free-stream flow velocity and the motion velocities are scaled in a somewhat inconsistent 
manner. By performing analytical simulations before the actual test, using both full-scale proper- 
ties and the dynamically scaled model-scale properties for the wind tunnel experiment, it is 
possible to evaluate the effects of the scaling compromises on the accuracy of the experimental 
wind tunnel motions. 



The experimental heavy-scaled free-drop models are primarily designed according to the 
scaling criteria for mass and pitch moment of inertia. A design mass for the model is selected so 
that the test dynamic pressure, QooT, which appears in the mass scaling law, is within the operat- 
ing limits of the wind tunnel. This requirement often necessitates that free-drop models be built 
from exotic metals and alloys (such as gold or kinertium) in order to achieve the desired mass 
density. (Even then, for smaller wind tunnels which necessitate that models significantly smaller 
than 1120th scale be used, it is sometimes impossible to find a material dense enough to satisfy 
the heavy mass scaling, and some other scaling law must be used.) In contrast, non-dense stores 
such as empty or partially filled fuel tanks necessitate use of light-weight materials such as balsa 
wood or plastic. The mass must be distributed within the model in such a way as to achieve the 
scaled moments and products of inertia. Unfortunately, when physically building the wind tunnel 
drop models, it is often extremely difficult to match mass and all the moments and products of 
inertia simultaneously. Most often, the cross-products of inertia and the moments of inertia about 
the roll and yaw axes are not rigorously matched, and only the pitch moment of inertia (which is 
the dominant inertial term for tumbling tank motion) is considered in the dynamic model design. 
For the analytical simulations, of course, exact correct scaling can be easily applied to all proper- 
ties. Packaging of instrumentation within a drop model can be greatly impacted by the locations 
of the distributed masses within the model, and the contributions of the package itself to the total 
store mass and moments of inertia must be considered in the model design and mass balancing. 

Although scaling relationships have been developed for external ejector forces, these rela- 
tionships are rarely used in the actual design of an experimental drop model. Normally the full- 
scale ejector forces are imparted by some type of pyrotechnic device so that the forces are non- 
linear functions of time or ejector piston stroke length. It is typically very difficult to mechani- 
cally simulate the scaled ejector forces as a function of scaled time in the drop test. Instead, an 
alternate simulation of the ejector is performed in which the spring coefficient of a spring, model- 
ing the ejector, is tuned until the store demonstrates the desired scaled vertical velocity and pitch 
rate at a position corresponding to the end of the ejector stroke. The exact time history of the ejec- 
tor force during the stroke is, thus, not simulated but the integrated area (impulse) of the ejector 
forces as a function of time is properly modeled. For analytical simulations, as is the case with 
mass properties, the scaling laws can, in contrast, be applied directly and rigorously to the full- 
scale ejector curves. 

Many stores (including fuel tanks) are constrained by some type of rail system or ball-in- 
socket pivot mechanism during the initial portions of the trajectory. Such mechanisms must be 
simulated in hardware for drop testing and in software for the analytical simulations. The numeri- 
cal model of the pivot restraint device used for the analytical study is described in Section 4.3.6 
of Ref. 3. 

Dynamic models have been mounted on the aircraft in various ways. One of the most com- 
mon techniques is to hold the store on the aircraft (with the constraint mechanism engaged and 
the ejector spring compressed) using a small screw known as a "bum bolt." The screw is 
machined locally to a small diameter at one point and is connected to a high-amperage current 
source. When store release is commanded, a current of approximately 1,200 amp instantly vapor- 
izes the reduced-diameter portion of the screw, releasing the store and allowing it to respond to 



the spring forces. The burn-bolt technique has been used for most dynamic tank drop tests. A typ- 
ical burn-bolt installation is shown in Fig. 1. It should be noted that on occasion during drop 
testing, the high-amperage current has been known to "arc" across the grounding pads between 
the aircraft and store models without vaporizing the bum bolt. Such "misfires" could potentially 
have disastrous consequences on instrumentation contained within the free-drop model if not 
properly grounded, and survival of the telemetry package and the transmitted signals during burn- 
bolt event must be a prime consideration for instrumented model design. 

Physical size constraints can also be imposed on the size and placement of instrumentation 
within wind tunnel drop models as part of the drop model design. To illustrate this point, several 
models designed and developed by LMTAS (formerly General Dynamics) for an F-16 version of 
the standard 600-gal tank will be described. The basic contour of the tank is presented in the I/ 
15th-scale drawing of Fig. 2. Note that the tank has identical nose and tail sections. One proposal 
for an F-22 version of the tank is illustrated in Fig 3. The aft end of the tank shown in Fig. 3 has 
been modified to allow entrance of the model support sting for CTS wind tunnel testing. One pre- 
viously tested design of a heavy-scaled F-16 tank configuration representing a tank fully loaded 
with fuel is presented in Fig. 4. The forward and aft sections of the tank are made of balsa wood 
with a solid steel centerbody. The 1115th-scale model was designed for a tunnel-to-flight 
dynamic pressure ratio of 0.352 resulting in a scaled model weight of 7.027 lb. The small "J" 
hook for the pivot mechanism can also be seen. Later designs for drop models of empty tanks 
with truncated bases at different body lengths are shown in Fig. 5. These models were designed 
for a somewhat higher dynamic pressure ratio of 0.788 but resulted in low total weights of 
around 1.22 lb because of the lack of fuel mass. Design weight would be proportionally reduced 
for lower design dynamic pressure ratios. It is important to point out that it would be highly unde- 
sirable from the standpoints of model design and mass balancing for the weight of an 
instrumentation package to be a significant percentage of the total design weight of an empty- 
tank drop model. The empty tank models consist of smaller centerbody sections made of alumi- 
num, balsa nose and tail sections, fins, and a ballast-weighted nose tip made of mallory alloy to 
satisfy pitchlyaw moment-of-inertia constraints. A dynamically scaled model of a tank with par- 
tial fuel located in a center tank compartment is shown in Fig. 6. As a further aid to illustrating 
masstinertia constraints on the instrumentation, LMTAS model designers developed a prototype 
design for a minimum-mass (worst-case) empty-tank configuration with generic instrumentation 
assemblies, shown in Fig. 7. For this generic light-weight design, the tank is molded from plastic, 
and seven sensorbattery packages are used to distribute the mass within the model. The figure is 
presented for illustrative purposes only and was not used in wind tunnel testing. 

Free-drop events in the wind tunnel are recorded using 16-mm motion-picture cameras with 
frame rates of 400 frames per second. The cameras are mounted in the tunnel side and bottom 
walls and provide orthogonal views of the drop event. In some cases the film records themselves 
are treated as the final test data (if a store hits the aircraft during drop testing, it is considered 
unsafe for flight testing and no other analysis is performed). In most cases, however, a data- 
reduction procedure involving "reading" the film records, quantifying the positions and orienta- 
tions, and re-scaling the data to full-scale flight conditions at full-scale time is performed. Film 
data are read by projecting each frame of film from each camera on a film reader screen. 
Crosshairs are manually positioned on each projected frame of film to identify three store-fixed 



reference points relative to a common fixed point on the film frame. Two reference points are 
located at the extreme nose and tail of the store to define the store yaw and pitch angles, and the 
third reference at a point on the store offset from the line between nose and tail for use in deter- 
mining store roll angle. If, as is often the case, one or more of the three reference points is 
visually obstructed by intervening portions of the aircraft or store geometric configuration, the 
crosshairs are placed according to the best judgment of the film-reader operator. Visual access 
and the difficulty involved in resolving out-of-camera plane motions (especially roll motion), 
because of inconsistencies in merging the independently measured reference point positions as 
identified in the separate side and bottom views, limit the accuracy of the film reading in many 
cases. Once each frame of data from both cameras and timing marks encoded on the film are 
read, a data reduction program is used to calculate the position coordinates and angles of the 
store and to re-scale to full-scale positions and time according to the inverse scaling relations: 

XFBF=XFBF'IA [X=X'/A] 
YFBF=YFBF'IA [Y=Y '/A] 
ZFBF=ZFBF'IA [Z=Z'lA] 
PSIBF = PSIBF' [Y=Y '1 
THABF =THABF' [9=eV] 
PHIBF = PHIBF' [@=@'I 
t=t'l m) 

Uncertainties in film-reduced drop model data are obtained by the simple (and very non-sta- 
tistical) technique of having two separate film-reader operators manually read the same trajectory 
film. Standard deviations in time on each of the six position and rotation parameters, as well as 
maximum individual errors at any one time, are quoted as the film data uncertainties. Uncertain- 
ties associated with the inability to rigorously scale all of the mass properties directly and those 
associated with the differences between true flight motions and the re-scaled dynamic drop 
model motions (which are attributable to the compromises in the scaling laws themselves) are 
not quoted. 

Note that one consequence of the time scaling in Eq. (2) is that the 400-frame-per-sec rate 
of the camera data (trajectory data defined at a time step of 11400 = 0.0025 sec model scale) actu- 
ally corresponds to a full-scale trajectory time increment of 0 . 0 0 2 5 l r n )  or almost 0.01 sec for 
a 1115th-scale model. This rather large full-scale time step has important implications on the abil- 
ity to extract aerodynamic information from tank free-drop data (as described in the next section) 
because it is close to the characteristic frequencies of the tumbling tank pitch motions. Film 
frame-rate limitations on free-drop data extraction will be discussed later in Section 3.3. First, a 
description of the free-drop data extraction process will be provided in the next section. 

2.3 DYNAMIC DROP DATA EXTRACTION 

Given the positions and orientations of a store as a function of time, it is possible to extract 
the aerodynamic forces and moments necessary to cause that motion by an inverse solution of the 
store equations of motion. A computer program to implement such a solution had previously 
been developed by the third author of the current report for another effort and was extensively 



modified for the current effort. The equation-of-motion package used is identical to that used in 
forward solutions of the equations as implemented in Ref. 3 and the AEDC captive trajectory tun- 
nel software (Ref. 4). However, rather than integrating the accelerations resulting from the 
equation-of-motion solutions in order to get the store positions and velocities, the positions from 
the film-data reduction are instead differentiated to get the velocities and accelerations which are 
then substituted into the equations of motion to extract the causing forces and moments. 

The extraction program is limited to extraction of forces and moments during only the free- 
falling portion of a trajectory. It is not possible to extract aerodynamics during that portion of a 
trajectory when the store is constrained by some additional rail or pivot device (although it is pos- 
sible to extract the velocities and accelerations) because there is no way to determine which 
portions of the extracted total accelerations of the store are attributable to reaction loads at the 
restraint and which are attributable to aerodynamics. 

The very first step in the free-drop data extraction is to re-scale the reduced film data back 
to drop scale. As noted in the previous section, the last step of the film reduction program is to 
scale the drop positions and time to full scale using the relations of Eq. (2). If the extraction pro- 
cess is applied to the scaled-up full-scale positions, however, the extracted properties will 
represent the aerodynamics and motion properties necessary to generate the full-scale trajectory - 
not the properties that actually ge~erated the drop trajectory in the tunnel. There are differences 
between (I) extracting the motion and aerodynamic properties from a scaled-up full-scale drop 
simulation and (2) extracting all the motion properties from the drop-scale simulation and then 
scaling them up to full scale. The differences exist because not all motion properties are rigor- 
ously scaled in the drop model because of the compromises inherent in the scaling laws. The 
differences will be illustrated by one of the analytical studies in Section 3.3. 

Because the aircraft is always in non-maneuvering flight in a wind tunnel drop test, any air- 
craft-fixed axis system can be used as an inertial frame of reference for the inverse equation-of- 
motion solution for free-drop data extraction. Flight-axis positions and orientations from free- 
drop or flight data have been selected as the primary inputs to the program. Flight axes are the 
system of choice for the extraction because flight axes are aligned with the wind tunnel axes and, 
thus, with the axes of tunnel camera systems. Also, flight axes and inertial axes are identical for 
an aircraft in non-maneuvering flight (always the case for tunnel drop installations). Finally, 
flight axes are the primary output system for the film data reduction program. Sometimes a film- 
reading manual error may cause a spike in the reduced flight-axis film position and orientation 
data; such errors are removed by testing for slope discontinuities and fairing over the suspect 
points. 

The position and orientation data from the wind tunnel drops must, on occasion, be 
smoothed before being differentiated to get velocities and accelerations. Measurement precision 
errors in the film readings are greatly exaggerated when the data are twice differentiated and may 
lead to totally erroneous accelerations if smoothing is not employed. On the other hand, smooth- 
ing without destroying some important features such as sharp peaks in the data is also difficult 
and may also lead to erroneous accelerations. Smoothing is most effective when the store motion 
amplitudes and frequencies are relatively small (which is, of course, not the case for a tumbling 



fuel tank). Smoothing is accomplished in the data extraction program by least-squares curve fits. 
No smoothing, of course, was necessary for the analytical simulations and, as it turns out, 
smoothing was also unnecessary for the actual experimental effort (Ref. I). 

The derivatives of the flight-axis linear positions (DXFBF, DYFBF, and DZFBF) are calcu- 
lated by an Akima spline (Ref. 5) interpolation of the film-reduced flight-axis linear position data 
(XFBF, YFBF, and ZFBF) as a function of time. The Akima spline represents a localized mathe- 
matical spline fit that has several important and useful features. The Akima spline, unlike curve 
fits, passes through every data point and closely approximates the curves that would be created 
by an analyst connecting the data points by hand on a plot using a 'French curve' or similar draft- 
ing device. Also, the mathematical derivative of the Akima spline is smooth and continuous 
(unlike finite-difference derivative approximations) and, thus, helps limit the exaggeration of pre- 
cision errors characteristic of the differentiation process. The flight-axis position derivatives are 
then projected through a matrix rotation into velocity components (UBBI, VBBI, and WBBI) in 
the store body-axis directions for actual use in the equation-of-motion evaluations. Advantage is 
taken of the fact that flight and inertial axes are identical for non-maneuvering drops when pro- 
jecting the flight-axis derivatives to velocities relative to the inertial system. Linear velocity 
derivatives (DUBBI, DVBBI, and DWBBI) are then calculated by another call to the Akima rou- 
tine with the velocity data. 

Angular velocities are calculated by a slightly more complicated process. Although it is pos- 
sible either to take derivatives of the pitch, yaw, and roll angle values directly or to create 3-by-3 
direction-cosine matrices from the angles which can then be differentiated for the terms needed 
to calculate the angular velocities, both processes are fraught with mathematical singularities at 
pitch, yaw, and roll angles which are multiples of 90 deg. An alternate way of defining rotations 
using Euler parameters or quaternions (Ref. 3), which avoids mathematical singularities, has 
been implemented. Euler parameters are first calculated from the smoothed Euler angles at each 
time step according to: 

where Eq. (3) is derived as Eq. (4.2.3.5.4.2) in Ref. 3. Derivatives of the fouf Euler parameters as 
a function of time (DEOBI, DElBI, DE2B1, and DE3BI) are then obtained using the Akima rou- 
tine, and the body-axis components of the rotation rates are obtained from: 

PBBI = 2(-E1BI DEOBI + EOBI DElBI + E3BI DE2BI - E2BI DE3BI) 
QBBI = 2(-E2BI DEOBI - E3BI DElBI + EOBI DE2BI + ElBI DE3BI) 
RBBI = 2(-E3BI DEOBI + E2BI DElBI - ElBI DE2BI + EOBI DE3BI) 



where Eq. (4) is derived as Eq. (4.2.3.5.5.15) in Ref. 3. Rotational velocity derivatives (DPBBI, . DQBBI, and DRBBI) are calculated by taking the Akima derivatives of PBBI, QBBI, and RBBI 
with respect to time. 

. The total forces and moments acting on the store (aerodynamic and otherwise) are obtained 
by solving the equations of motion for free-falling bodies using the derived velocities and 
accelerations. 

FXB 
FYB 
FZB 

where Eq. (5) is derived as Eq. (4.1.1.11) and Eq. (6) as Eq. (4.2.1.33) in Ref. 3, [ I ]BB repre- 
sents the moment of inertia tensor of the body [(defined in Eqs. (4.2.1.23) and (4.2.1.19) of Ref. 
3)], and [GBBI] represents the skew-symmetric rotational velocity cross-product operator 
defined by: 

MXB 
MYB 
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The expressions of Eqs. (5) and (6) allow determination of the total forces and moments of 
the store. These totals consist of restraint-reaction, weight, ejector-force, and aerodynamic load 
contributions which can be expressed as follows: 
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where the {RXB} and {RLB} vectors denote reaction forces and moments at the restraint point, 
{WXB} is the store weight vector, the { IAERO vectors denote the store aerodynamic forces and 
moments, .and the {FEXB} and {MEXB} vectors denote forces and moments imparted to the 
store by the ejector [thrust forces and moments are not included in Eqs. (8) and (9)]. Provided the 
weight and ejector forces are known and given the totals from Eqs. (5) and (6), the combined 
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sum of the aerodynamic and reaction forces and moments can be determined from Eqs. (8) and 
(9). Unfortunately it is impossible to separate the aerodynamic and reaction terms from one 
another (except to realize that reaction terms go to zero and only aerodynamic forces remain after 
pivot release). The weight components are determined from: 

where [TRNIE] is the direction cosine matrix describing the orientation of inertial axes relative 
to earth gravity axes (which is almost always an identity for free-drop experiments in the wind 
tunnel), and [TRNBI] is the body-axis-relative-to-inertial-axis direction cosine matrix which cor- 
responds to the Euler parameters (EOBI, EIBI, E2B1, and E3BI) or the sequential rotation angles 
(\VBI, BBI, and @BI ). The ejector forces and moments that are subtracted out of the totals of Eqs. 
(8) and (9) are determined by an analytical input model of the ejector force as a function of ejec- 
tor stroke or ejector displacement. For drop models using springs to simulate the ejector, the 
model may be as simple as specifying a simple linear function of ejector stroke according to 
Hook's law. The equations used to calculate the ejector stroke at each time in the film-data trajec- 
tory are described in Section 4.3.8.1 of Ref. 3. After subtracting the ejector and weight terms 
from the totals in Eqs. (8) and (9), the remainder represents pure aerodynamic forces and 
moments only after the reaction forces from pivot or rail restrained-motion devices go away. A 
test to see when restrained motion is ended is to calculate the movement of the rail hook point 
downrail or to calculate the movement of a pivot device out of its socket. These parameters are 
calculated from the reduced film position and orientation data using equations derived in Section 
4.3 of Ref. 3. For instance, Eqs. (4.3.6.18) and (4.3.6.19) were used to determine the pivot 
release point of the analytical and experimental tank drop simulations for the F-22 data analysis. 

Aerodynamic forces and moments after pivot release may be reduced directly to non-dimen- 
sional coefficients based on store flight conditions and the appropriate full-scale or model-scale 
reference lengths and areas. The forces and moments are reduced to coefficients based on the 
dynamic pressure experienced by the store (dynamic pressure, defined by 1/2 *p, *VW2, is a 
measure of the energy in the flow that can be imparted to the store). The free-stream density is 
specified by the tunnel operating conditions for dynamic drops and is usually supplied by a stan- 
dard atmosphere model or balloon data for full-scale flight. There is an added complication for 
the velocity term in store separation, however, in that the store velocity in both the full-scale 
flight simulations and in dynamic tunnel drops is different from the velocity of the aircraft 
because of the relative motion between store and aircraft. It is necessary to determine the store 
velocity relative to the wind mass in both the tunnel and flight cases to determine the true store 
velocity and store dynamic pressure. First, the body-axis components of the velocity of the iner- 
tial axis system relative to the moving air mass in the tunnel or the relatively fixed air mass 
(neglecting winds) in flight are calculated according to: 
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where UIIW is the free-stream flight velocity, V,, of the aircraft at the instant of release (i.e., the 
tunnel free-stream velocity for the dynamic drop case). The body-axis components of the "ideal- 
ized" velocity of the body-axis system relative to the air mass are then: 

The {UBBW] vector is "idealized" in the sense that it represents the total velocity of the store rel- 
ative to the undisturbed air mass far away from the aircraft. (The local velocity disturbances 
caused by the near-field presence of the parent aircraft are ignored.) The idealized aerodynamic 
angles of attack and sideslip of the store body relative to the wind mass are then: 

ALPHAS = Tan-' {WBBWNBBW] (13) 
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and 

BETAS = sin-' {VBBWNTOTBW] (14) 

= 

where VTOTBW represents the total magnitude of the velocity of the store body axes relative to 
the wind mass: 

VTOTBW = SQRT(UBBW + VBBW + WBBW 2 ,  (15) 
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Using the total resultant store velocity and the wind tunnel or flight free-stream density, as appro- 
priate, the dynamic pressure for non-dimensionalizing the aerodynamic forces and moments is: 

+ 

The reduced aerodynamic force coefficients are: 

where the negative signs are necessary because, by convention, positive normal force is directed 
up and positive axial force is directed aft, whereas the corresponding ZB and XB directions are 
down and forward, respectively. 

An effort is made to remove some of the effects of store rotational motion in the flow field 
from the aerodynamic moment coefficients based on constant input damping coefficient deriva- 
tives. Only the primary rotational moment damping terms are removed because other dynamic 
rotational terms, such as forces caused by rotational rates and moments about one axis caused by 
rotations about another axis, are typically negligible. Use of constant damping derivatives results 
in good agreement for the extracted data from the generic analytical simulations in this study and 



would also agree well with wind tunnel captive trajectory simulations since the rotational effects 
are added into such simulations in the first place based on constant damping derivatives. (More 
advanced options in the FLIP TGP simulation program that calculate rotational dynamic effects 
directly without assuming constant damping will be used in production F-22 simulations.) 

Cl = MXBAERd(QA*S*XLL ) - CLP *{(PBBI*XLL )/(~*VTOTBW* m) ) ]  
Cm = MYBAE~o/(QA*S*XLM) - CMQ* {(QBBI*XLM)l(2*VTOTBW* m )  ) ] 
Cn = MZBAERo/(QA*S*XLN) - CNR* {(RBBI*XLN)l(2*VTOTBW" ) ] (18) 

The 1 l m )  factor is included only for the one analytical test case described in Section 3.3 when 
reduced data, obtained by taking a free-drop simulation and re-scaling the results according to 
the inverse scaling laws, are used as input to the extraction program. The factor is necessary to 
account for the heavy-scaling ratio between the rotational rates for the small-scale model and the 
rates obtained from differentiating the re-scaled film data. 

3.0 RESULTS AND DISCUSSION 

Results of various phases of the numerical experiment are discussed in the next several sec- 
tions. Simulations using full-scale inertial and mass properties and using dynamically scaled 
properties according to the heavy-scaling laws are described in Section 3.1. The simulations pro- 
vide a basis for determining the range of measurements that onboard sensors would have to be 
capable of providing for a tumbling fuel tank. The accuracy with which dynamically scaled sub- 
scale models can emulate flight for a tumbling fuel tank is discussed in Section 3.2. Section 3.3 
describes the extraction of aerodynamic forcing functions from the simulated drops using the 
inverse solutions of the equations of motion; this section also illustrates some of the limitations 
associated with the framing rates of current camera systems. 

3.1 COMPARISON OF FULL-SCALE SIMULATIONS WITH RAW DATA FROM 
1/15TH-SCALE DYNAMICALLY SCALED MODEL SIMULATIONS 

The trajectory simulations at full and model scales were generated for a pivoted tank release 
at a Mach number of 0.9 for an aircraft in an 11.4-deg climb relative to the earth horizontal and a 
2-deg angle of attack relative to the air mass. The initial pitch incidence of the tank was -3.4 deg 
nose down relative to the aircraft at its installed position. As a result, the initial orientation of the 
tank relative to earth horizontal was 8.0 deg nose up. The design release angle of the tank pivot 
mechanism was -15 deg pitched down from its carriage attitude. Each of the trajectories was gen- 
erated for a 114th-full fuel load and an aft tank center-of-gravity position without any sloshing 
fuel effects. 

Only free-stream aerodynamics of the tank were included. No interference aerodynamic 
effects associated with the presence of the aircraft were included. Identical aerodynamic coeffi- 
cients were used for the full-scale and sub-scale simulations. Aerodynamic contributions of the 
pylon attached to the tank were not included, but the mass and inertia properties and the slight 
vertical offset of the tank center of gravity were modeled. Cross products of inertia associated 



with the off-center mass of the pylon were set to zero because only pitch-plane motion was 
simulated. 

The baseline trajectory (identified as run 101), which was used as a standard of comparison 
for all other simulations, was generated using the full-scale mass, inertia, and ejector properties 
presented in Table 1. The trajectory was generated using an equation-of-motion time step of 
0.00125 sec, and digital data were output to the plot file at every 0.01 sec. 

Two different dynamically scaled model designs were developed to emulate the motion of 
the baseline full-scale run at drop scale by applying the heavy scaling ratios, Eq. (I), to the full- 
scale properties for run 101. One-fifteenth-scale models were designed using a tunnel static tem- 
perature to flight temperature ratio of 1.0 and tunnel to flight dynamic pressure ratios of 1.0 and 
0.3 which bound the range of most drop tests. The scaled properties for the two dynamic model 
designs are identified as runs 201 and 202 in Table 1. The simulated trajectories for the dynamic 
drop models were generated using equation-of-motion time steps of 0.00032275 sec, and digital 
data were output to the plot files at intervals of 0.002582. The time steps were obtained by apply- 
ing the time scaling laws to the time steps used for the full-scale simulation. Plotted comparisons 
of the motion parameters from the baseline full-scale run and the two dynamically scaled runs 
are provided in Fig. 8. Before getting into detailed discussion of the individual parameters, it 
should be noted that the dynamically scaled models, based on the two different dynamic pressure 
ratios, show identical trajectory motions. Each of the motion parameters is shown plotted versus 
time from release, and the compression of time in the dynamic scaling process is readily appar- 
ent. Discussions of the comparisons between full-scale and dynamically scaled motion 
parameters from Fig. 8 are provided in the next several paragraphs. 

The basic position and orientation parameters as they would be read from film records 
before being re-scaled through the film data-reduction software are presented in Figs. 8a and b. 
Pylon-axis parameters are presented. Positive values of the tank linear positions (XPBP, YPBP, 
and ZPBP) represent tank motion forward of, to the right of, and down from the initial carriage 
position, respectively. Likewise, the pylon-axis pitch angle (yaw and roll are zero for the simple 
pitch-plane analytical trajectories) represents an angle relative to the initial tank-installed orienta- 
tion. A pitch angle, NUBP, defined in the pitch-yaw-roll sequence is shown rather than the yaw- 
pitch-roll sequence angle, THABP. Differences between the two sequences are described in Sec- 
tion 1.3 of Ref. 3, although the sequence has no bearing on the present study because yaw and 
roll are zero. 

Body-axis components of the linear and angular velocities from the baseline full-scale simu- 
lation and the simulated dynamic drops are presented in Figs. 8c and d. The linear velocities, 
UBBI and WBBI, represent the body-axis projections of the inertial velocity of the tank center- 
of-gravity relative to an inertially fixed point. Linear velocities at points other than the store cg 
must include additional contributions to account for the cross products of the tank angular veloci- 
ties with the distance from the point to the cg. The pitch rate, QBBI, represents the body-axis 
projection of the inertial rotation rate of the store. The projected body-axis pitch rate is the prop- 
erty that would normally be measured by orthogonally mounted rate gyro instrumentation within 
the body if that type of instrumentation is selected. Note that the value of the pitch rate of the 



dynamically scaled model is much larger in magnitude than the corresponding full-scale prop- 
erty. Based on Fig. 8d, a range of at least 150 radlsec will be required of angular rate 
instrumentation for 1115th-scale tank drops. 

The linear and angular accelerations of the full-scale and model-scale tanks are indicated in 
Figs. 8e and f. The linear accelerations of the tank body-axis system are actually defined in terms 
of the derivatives of the body-axis projected velocities and rates to be more consistent with the 
manner in which the equations of motion are posed. These velocity derivatives are the result of 
the solutions of the tank equations of motion at each time step. The velocity derivatives of Figs. 
8e and fa re  the properties that are integrated over time in the simulations to produce the veloci- 
ties and positions previously shown in Figs. 8a through d. The parameter, DQBBI, is related to 
the angular acceleration that would be measured by an onboard angular accelerometer if that 
form of instrumentation is selected over the rate-gyro alternative. Some adjustment of the angu- 
lar acceleration terms would have to be accomplished, however, to account for rotating reference 
frames before direct comparisons with angular accelerometer readouts can be obtained. In gen- 
eral, it can be seen that the angular acceleration range required for the 1115th-scale model 
reaches almost 6000 rad/sec2, whereas much smaller rotational accelerations occur in full-scale 
flight. 

Linear accelerometers typically do not measure all components of the full acceleration of 
the body relative to an inertially fixed point because they do not respond to the acceleration of 
gravity as noted in Section 2.0 of Ref. 3. Accelerometers also measure accelerations directly and 
do not measure the derivative-of-body-velocity term which appears in the store equations of 
motion [Eq. (5)]. Accelerometers are also often calibrated to measure accelerations in units of g's 
(acceleration in ft/sec2 divided by the nominal value of the earth gravitational acceleration, 
32.174 ft/sec2). The relationship between true acceleration and the derivative-of-body-velocity at 
the store center of gravity is expressed by: 

which is derived as Eq. (4.1.1.12) of Ref. 3. The {GAXMBBI) vector in Eq. (19) is the accelera- 
tion in g's that would be measured by onboard three-axis accelerometers. The right-most term is 
the component of gravitational acceleration that would not be sensed by the accelerometer (GG 
is the actual value of gravitational acceleration at the particular point of measurement on the 
earth). The velocity derivatives (measured in ft/sec2) from Fig. 8e are converted (by subtracting 
out the inertial coupling and gravitational contributions) to body-measured accelerations at the 
tank center of gravity (measured in g's) in Fig. 8g. Accelerations of up to 50 g's at the cg are indi- 
cated. The body-measured linear accelerations and angular accelerations correlate well with the 
aerodynamic forces and moments (when not dominated by the ejector forces) as can be seen by 
comparing Fig. 8g with 8h and Fig. 8f with 8i. 
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If the body-axis accelerometers are mounted at positions other than the store center-of-grav- 
ity (which will probably be the rule rather than the exception for free-drop models), then body- 
axis accelerations must include rotational coupling terms to account for the offset. The accelera- 
tion transfer equations to transfer measured accelerations from the cg point, B, to an off-cg point, 
N, are: 

which is derived as Eq. (3.0.9) of Ref. 3. [DGBBI] in Eq. (20) is another skew-symmetric matrix 
of the form of Eq. (7) but using the angular velocity derivatives rather than the angular velocities 
to form the terms in the matrix. To illustrate the magnitude of the difference that accelerometer 
location can make on measured accelerations, Fig. 9 presents a plotted comparison of the acceler- 
ation at the cg previously shown in Fig. 8 and the measured acceleration at a point axially offset 
to the tank nose. As can be seen, the axial component of measured acceleration increases from a 
maximum of about 4 negative g's to slightly over 500 g's because of the offset accelerometer 
location. Based on Fig. 9, a range of at least 500 g's will be required of linear accelerometers for 
1115th-scale tank drops. Slightly higher ranges would be necessary for nose-mounted accelerome- 
ters on a lower-mass empty tank; however, a requirement to offset the accelerometer all the way 
to the tank nose is not anticipated. 
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The 114th-full aft center-of-gravity tank case exhibits rather extreme pitch motions. Another 
case was generated for a full 600-gal tank to demonstrate the motions for a more benign condi- 
tion that does not result in tank tumble. The full- and model-scale simulations for the full tank 
were generated with the parameters listed for runs 104 and 206 in Table 1 and are plotted in Fig. 
10. The range of the velocities and accelerations for the full tank are greatly reduced from the 11 
4th-full case. Instrumentation range requirements of plus to minus 30 radlsec on rotation rates, 
600 rad/sec2 on angular accelerations, and 20 g's on linear accelerations are indicated. This 
reduced range of instrument requirements (up to 6000 rad/sec2 for the 114th-full tank as opposed 
to 600 rad/sec2 for the full tank) may have large implications on accuracy of the measurements. 
Typically, the accuracy of an instrument is quoted in terms of a percentage of the total range that 
it is designed to cover. As a consequence, the instrumentation required for a tumbling tank may 
not be as accurate as that for the full, non-tumbling tank. If so, separate instrumentation packages 
with different range specifications may be necessary, depending on the expected severity of the 
motion, in order to obtain the best possible measurements. 
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3.2 COMPARISON OF FULL-SCALE SIMULATIONS WITH FINAL DATA REDUCED 
FROM 1/1STH-SCALE DYNAMICALLY SCALED MODEL SIMULATIONS 

Final data from dynamically scaled drop tests usually consist of positions and orientations 
read from the film records and re-scaled to flight scale according to the inverse scaling laws [Eq. 
(2)]. The same scaling laws can be applied to the simulations of dynamically scaled drops 
described in the previous section with the exception that no film-reading errors are introduced. 
The re-scaled versions of the dynamically scaled simulations, therefore, represent "perfect" drop 
data with no data reduction errors and illustrate how well-reduced dynamic data can reproduce 
flight under the best of circumstances. The information presented in this section is relevant to the 
subject of instrumented free-drop models in the sense that the proposed "more-perfect" onboard 
instrumentation will actually be used within a dynamically scaled model which only approxi- 
mately emulates the motion of the full-scale flight store. 

The simulation for the heavy-scaled model at a dynamic pressure ratio of 0.3 (curve 3 of 
Fig. 8) was re-scaled according to the inverse heavy-scaling laws and is compared with the base- 
line full-scale simulation in Fig. 11. Although normally only the linear and angular positions read 
from the film are re-scaled for final drop data, inverse scaling was done for all available parame- 
ters from the simulated heavy drop, including velocities and accelerations. The scaled vertical 
drop position is in almost perfect agreement with the full-scale simulation in Fig. l l a ,  whereas 
the rearward tank movement is somewhat over-simulated. Pitch angle is also generally over-sim- 
ulated, as shown in Fig. 1 lb. 

Disagreements of this nature are typical of dynamically scaled drop testing and are a conse- 
quence of the compromises inherent in the derivation of the scaling laws. The compromises, as 
mentioned in Section 2.2, are caused by the inability to simultaneously satisfy requirements to 
match flight and model aerodynamics and requirements to match the responses of the flight store 
and the model to the applied aerodynamic loads. The heavy-scaling approximation allows the 
rotational velocities to be underdamped (indicated by the larger amplitudes of the scaled pitch 
angles in Fig. 1 lb) but does not properly account for the dynamic or "induced" angles of attack 
associated with the linear velocities of the tank as it moves through the flow field. Beyond the 
expected differences attributable to the factors of non-simulation in the derivation of the heavy- 
scaling laws, the heavy-scaled model qualitatively reproduces the full-scaled simulation fairly 
well. The accuracy of the scaled comparisons shown in Fig. 11 represents the upper bound on 
"goodness" of a scaled tank simulation - in this case, an error in axial position grows to as much 
as 5 ft, and average over-rotations in pitch of about 15 deg are indicated. Barring fortuitous favor- 
able data-reduction errors in the film data reduction, no better reproductions of flight should be 
possible in an actual drop test of the heavy-scaled tank. 

Given the pitch angle differences indicated in Fig. l l b ,  a philosophy about how free-drop 
data would be used in the overall integrated experimentaVcomputationa1 procedure that was then 
being developed for the F-22 store clearance effort (Ref. 1) was developed. It was decided that 
the computational trajectory-simulation capabilities such as FLIP TGP, which were proposed as 
tools in the F-22 effort, would be validated and verified against drop data using only simulations 
at drop scale without first re-scaling the drop data positions and time according to the inverse 



scaling laws. After verification, the trajectory simulations could then be regenerated at full scale 
with higher confidence factors than would be possible using re-scaled dynamic drop data alone. 

3.3 EXTRACTION OF AERODYNAMIC DATA FROM LINEAR AND ANGULAR 
POSITION DATA 

Extraction of aerodynamic data using differentiation of trajectory position and orientation 
data as a function of time followed by inverse solutions of the store equations of motion was per- 
formed on both the full-scale and model-scale generic analytical trajectories. Because the 
original trajectories were numerically generated based on the defined aerodynamic model, it 
should be anticipated that extracted aerodynamics using the positions and angles from the analyti- 
cal trajectories as input would be identical to the input aerodynamics used to generate the 
original trajectories. Smoothing was turned off in the extraction because the input motion histo- 
ries were assumed to be perfect data with no errors, and loss of information due to smoothing of 
sharp peaks was not desirable for the numerical experiment. 

The baseline full-scale trajectory positions and orientations versus time were input to the 
extraction program as a first test case. Extracted linear and angular velocities obtained by differ- 
entiating the positions and orientations are compared with the velocities from the original 
simulation in Figs. 12a and b. Note a small "glitch" in the pitch rate around the 0.30-sec mark. 
The linear and angular velocity derivatives obtained by differentiating the velocities are com- 
pared with the same properties from the original simulation in Figs. 12c and d. Note again small 
glitches in the pitch velocity derivative, DQBBI. The extracted coefficients from the inverse 
equation-of-motion solutions are presented in Figs. 12e and f. Disregarding the first 0.15 sec over 
which the ejector and pivot reaction forces are acting, note that the desired near-exact agreement 
is not obtained in any of the coefficients. Axial-force coefficient, especially, is in rather poor 
agreement. An effort to identify possible causes for the inability to exactly extract the aerody- 
namic coefficients was initiated. It was soon realized that although an integration time step of 
0.0025 sec had been used in the actual generation of the baseline trajectory, motion parameters at 
only every 4th integration step (corresponding to a time step of 0.01 sec) had actually been trans- 
ferred to the output data files. The data extraction had been attempted using the 0.01-sec time- 
step positions and orientations as input to the extraction program. To investigate sensitivity of 
the extractions to the "sampling rate" of the position and orientation data, the baseline trajectory 
simulation was regenerated without changes except that the output parameters at every integra- 
tion step were output to the file. The extraction program was then exercised against the higher 
sampling-rate position and orientation data, resulting in the accuracy shown in Fig. 13. The 
extracted coefficients are in the desired near-perfect agreement with the original data. Three 
small glitches appear in the extracted axial-force coefficients (Fig. 13e) and pitching-moment 
coefficients (Fig. 13f) at time values of 0.25, 0.35, and 0.57, which can be correlated with similar 
glitches in the numerical derivative for DQBBI (Fig 13d) and pitch angles near 90 and -90 deg. 
Otherwise, agreement is excellent. 

The inability to adequately extract aerodynamics from the full-scale run using input data at a 
time-step of 0.01 has serious implications on the ability to extract aerodynamic data from free- 
drop testing because of the compression of time involved in drop scaling. The full-scale time 



increment of 0.01 sec for which the extraction was not fully successful corresponds to a dynami- 
cally scaled time increment of 0.002582 sec for a 1115th-scale model, which is virtually identical 
to the 0.0025-sec framing rate of the cameras currently used for drop data recording. This implies 
that even if the drop film were read with 100-percent accuracy, data samples are not available at 
a frequency necessary to adequately extract drop aerodynamics for a tumbling tank. On this 
basis, faster film frame rates should be investigated and onboard instrumentation should be 
designed for sampling rates much faster than current film frame rates. (Eventually the experimen- 
tal telemetry systems were designed with a sampling rate of 10,000 sampleslsec but this high rate 
introduced other problems such as extremely large data volumes, which were hard to store and 
reduce - in retrospect, a compromise in the neighborhood of 2000 sampleslsec seems optimal.) 

The data extraction program was next run on the re-scaled-to-full-scale data from the 
dynamically scaled drop simulation (again using every available time increment). The extracted 
data are shown in Fig. 14. Note that the extracted aerodynamics from the re-scaled simulation 
represent the aerodynamics required to cause a full-scale store to have the same motion as that 
derived from scaling motions which actually occurred for a reduced-scale model. Because 
dynamic simulations cannot exactly reproduce full-scale simulations in the areas of velocities 
and pitch rates (see Section 3.2), the aerodynamics extracted from the re-scaled simulation are 
not in exact agreement with the aerodynamics from either the model-scale simulation or the 
flight simulation. This again illustrates the point that the data-extraction procedure should be 
applied to drop-scale data, after which all of the drop data, including the extracted velocities and 
accelerations, can be scaled up to full scale. 

The data extraction program was next run on the un-scaled position and orientation data 
from the 1115th-scale drop simulation to illustrate the extraction of aerodynamic data from raw 
film data as suggested in the previous paragraph. The extracted data are shown in Fig. 15. The 
extracted coefficients are in excellent agreement with the original simulation after the point of 
release from the tank pivot mechanism. 

4.0 CONCLUDING REMARKS 

Instrumentation for a heavy-scaled 1115th-scale tumbling drop tank should be capable of 
accurate measurements of linear accelerations of up to 50 g's (up to 500 g's if the accelerom- 
eters are mounted at the nose and tail away from the tank center of gravity), angular 
velocities of up to 150 radsec, and angular accelerations of up to 6000 rad/sec2. Instrumen- 
tation ranges for full-scale flight tanks should cover the rotational acceleration range from 
minus to plus 400 rad/sec2 or the rotational rate range of -40 to 40 radsec. Full-scale linear 
acceleration range at the cg is the same as model scale. Instrumentation requirements for 
non-tumbling full tanks are greatly reduced: plus to minus 30 radsec on rotation rates, 600 
rad/sec2 on angular accelerations, and 20 g's on linear accelerations. 

2. Because moment coefficients are directly related to rotational accelerations and force coeffi- 
cients are directly related to body-measured linear accelerations at the cg, a 1-percent error 
in any measured acceleration should result in a 1-percent error in the corresponding 
extracted aerodynamic coefficient. After discussion with various vendors, such accuracies 



seem to be within reach of the current state-of-the-art. It is important to emphasize, how- 
ever, that the accuracy of an instrument is typically quoted in terms of a percentage of the 
total range that it is designed to cover. As a consequence, the instrumentation required for a 
partially full tumbling tank may not be as accurate as that for a full, non-tumbling tank. If 
so, separate instrumentation packages with different range specifications may be necessary, 
depending on the expected severity of the motion, in order to obtain the best possible mea- 
surements. At this point the tendency to expend a large amount of resources or time in an 
effort to overly define instrumentation accuracy requirements (such as specifying a desire 
for some magical criteria such as measurements within 1 percent of actual values) should be 
avoided. Such efforts tend to cloud the fact that even the less accurate instrumentation 
would seem to be orders-of-magnitude better than the film systems currently used. There- 
fore, it is recommended that most emphasis be placed on reducing the mass and size of the 
package (or packages) and increasing usability and flexibility of the telemetry system. 

3. Where convenient, it is desirable to place linear accelerometers as close to the store center- 
of-gravity as possible because the magnitudes of the accelerations are smallest at that point 
(there are no additional acceleration components arising from the cross products of the store 
angular velocities with the positions of the accelerometers relative to the store rotation cen- 
ter). As a result, instrumentation with smaller ranges and corresponding higher accuracies 
can be used. 

4. The mass of the entire model-scale instrument package should be manageable relative to a 
design weight of approximately 1 lb for an empty tank model. 

5 .  For the high rotational rates typical of dynamic drops of fuel tank models in the wind tun- 
nel, even if the positions and orientations are reduced without error from the film data, the 
400 frame per second framing rate of current cameras is not adequate to define data at a 
small enough frequency to allow unbiased extraction of all force and moment coefficients. 
Errors in extracted coefficients are most evident in the coefficient of least interest (axial 
force) and appear to be driven by inertial-coupling considerations associated with high rota- 
tion rates. Four hundred frameslsec may be more acceptable for stable stores which do not 
exhibit such extreme motion at such small frequencies and for stores at larger scales which 
do not involve as much time compression from the dynamic-scaling. 

6. Onboard instrumentation should have sampling rates faster than current film rates to resolve 
the high-frequency motions characteristic of tumbling tanks especially at scaled model time 
(2000 sampleslsec is recommended). 

7. The potential for use of high-resolutionlhigh-speed video equipment has been under consid- 
eration for some time at the AEDC. Film (or video) frame rates should be increased beyond 
the current 400 framelsec in any future upgrades to the wind tunnel optical systems. 

8. If drop simulations are to be used to validate analytical prediction methods, the predictions 
should be run at drop scale, and no direct comparisons should be made between full-scale 



predictions and drop data that have been scaled up to full-scale using the inverse scaling 
laws. 

9. The free-drop data extraction process should only be applied to drop data at drop scale and 
not to scaled-up data. 
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Figure 2.1115th-scale 600-gal tank dimensions. 
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Figure 7. Generic design for F-22 instrumented drop tank (pylon omitted). 



MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK Wl AFT CG 
RUN 201: DROP SIM FOR HEAVY 1M5TH-SCALE 114TH-FULL TANK; Q'IQ=1.0 
RUN 202: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; Q'IQ=0.3 

RUN 
101. 

0 201. 
A 202. 

Time 

a. Axial and vertical positions 
Figure 8.114th-full tank simulations at full scale and 1115th scale. 



MACHzO.9; .ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101 : SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 201: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; Q'/Q=1.0 
RUN 202: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; Q1IQ=0.3 

RUN 
101. 

0 201. 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 
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b. Pitch orientation 
Figure 8. Continued. 





MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK W1 AFT CG 
RUN 201 : DROP SIM FOR HEAVY 111 5TH-SCALE 114TH-FULL TANK; Q'/Q=1.0 
RUN 202: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; QY/Q=0.3 

-r--- 

Time 

d. Pitch angular velocity 
Figure 8. Continued. 
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0 201. 
A 202. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 

RUN 
101. 

0 201. 
A 202. 

Time 

e. Axial and vertical linear velocity derivatives 
Figure 8. Continued. 



MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 201 : DROP SIM FOR HEAVY 111 5TH-SCALE 114TH-FULL TANK; Q'lQ4.0 
RUN 202: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; Q'lQ=0.3 

RUN 

101. 

0 201. 

A 202. 

. . . 

0.0 0,1 0.2 0.3 0.4 0.5 0.6 

Time 

f. Pitch angular velocity derivative 
Figure 8. Continued. 



MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 201: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; Q'/Q=1.0 
RUN 202: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK; QY/Q=0.3 
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g. Body-measured accelerations at the cg 
Figure 8. Continued. 



MACH=0.9; ALPHA=2.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101 : SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 201 : DROP SIM FOR HEAVY 111 5TH-SCALE 114TH-FULL TANK; Q'/Q=1.0 
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h. Normal and axial force coefficients 
Figure 8. Continued. 





d
 

lri 
Z
o
o
 

3
(

U
(

U
 

'
=
o
 

0
 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK W/ CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; Q1/Q=0.3 

RUN 
n 104. 
0 206. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Time 

a. Axial and vertical positions 
Figure 10. Full-tank simulations at full scale and 1/15 scale. 



MACH=0.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK WI CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; Q'/Q=0.3 
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b. Pitch orientation 
Figure 10. Continued. 



MACH=0.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK W1 CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; Q'/Q=0.3 
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c. Axial and vertical linear velocities 
Figure 10. Continued. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK W/ CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; QY/Q=0.3 

Time 

d. Pitch angular velocity 
Figure 10. Continued. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK WI CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1M5TH-SCALE FULL TANK; Q'IQ=0.3 
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e. Axial and vertical linear velocity derivatives 
Figure 10. Continued. 



MACH=0.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK W1 CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; QY/Q=0.3 
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f. Pitch angular velocity derivative 
Figure 10. Continued. 



MACH=0.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK WI CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1115TH-SCALE FULL TANK; QyIQ=0.3 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Time 

g. Body-measured accelerations at the cg 
Figure 10. Continued. 



MACH=0.9; ALPHAz2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK Wl CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1M5TH-SCALE FULL TANK; Q'/Q=0.3 
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h. Normal and axial force coefficients 
Figure 10. Continued. 



MACH=0.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 104: SIM FOR FULL-SCALE FULL TANK W/ CENTER CG 
RUN 206: DROP SIM FOR HEAVY 1/15TH-SCALE FULL TANK; Q'/Q=0.3 
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i. Pitching moment coefficient 
Figure 10. Concluded. 



MACH=O.9; ALPHAz2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM; Q'/Q=0.3 

25i. . / 
. - . 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Time 

a. Axial and vertical positions 
Figure 11. Comparison of full-scale simulation and re-scaled 1115th-scale simulation. 
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MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM; Q'/Q=0.3 
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c. Axial and vertical linear velocities 
Figure 11. Continued. 



MACH=O.9: ALPHAz2.0: CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101 : SIM FOR FULL-SCALE 114~~-FULL TANK Wl AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY l/lSTH-SCALE DROP SIM; Q'IQz0.3 
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d. Pitch angular velocity 
Figure 11. Continued. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101 : SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM; Q'/Q=0.3 

4000 
RUN 

3000 101. 

-4ood I I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 

Time 

e. Axial and vertical linear velocity derivatives 
Figure 11. Continued. 





MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM; Q1/Q=0.3 
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g. Body-measured accelerations at the cg 
Figure 11. Continued. 
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MACH=O.9; ALPHA=2.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG 
RUN 302: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM; QY/Q=0.3 

1 RUN 

Time 

i. Pitching moment coefficient 
Figure 11. Continued. 





MACH=0.9; ALPHAz2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (EVERY 4TH TIME STEP) 
RUN 1101 : EXTRACTED DATA FROM RUN 101 POSITIONS AND ORIENTATIONS 
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a. Axial and vertical linear velocities 
Figure 12. Extracted information from full-scale 114th-full tank simulation. 





MACH=O.9; ALPHA=2.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 1NTH-FULL TANK W1 AFT CG (EVERY 4TH TIME STEP) 
RUN 1101 : EXTRACTED DATA FROM RUN 101 POSITIONS AND ORIENTATIONS 
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c. Axial and vertical linear velocity derivatives 
Figure 12. Continued. 



MACH=0.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (EVERY 4TH TIME STEP) 

d. Pitch angular velocity derivative 
Figure 12. Continued. 



MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (EVERY 4TH TIME STEP) 

Time 

e. Normal and axial force coefficients 
Figure 12. Continued. 



MACHzO.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 101 : SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (EVERY 4TH TIME STEP) 
RUN 1101 : EXTRACTED DATA FROM RUN 101 POSITIONS AND ORIENTATIONS 

1 I I 1 1 I RUN 

Time 

E Pitching moment coefficient 
Figure 12. Concluded. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 103: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (ALL TIME STEPS) 
RUN 1103: EXTRACTED DATA FROM RUN 103 POSITIONS AND ORIENTATIONS 

Time 

a. Axial and vertical linear velocities 
Figure 13. Extracted information from full-scale simulation at finer time step. 
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c. Axial and vertical linear velocity derivatives 
Figure 13. Continued. 





MACH=0.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
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e. Normal and axial force coefficients 
Figure 13. Continued. 



MACH=O.9; ALPHA=P.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 103: SIM FOR FULL-SCALE 114TH-FULL TANK WI AFT CG (ALL TIME STEPS) 
RUN 1103: EXTRACTED DATA FROM RUN 103 POSITIONS AND ORIENTATIONS 

- 

Time 

f. Pitching moment coefficient 
Figure 13. Concluded. 



MACH=O.9; ALPHA=2.O; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 103: SIM FOR FULL-SCALE 1MTH-FULL TANK Wl AFT CG (ALL TlME STEPS) 
RUN 304: RE-SCALED DATA FROM HEAVY 1115TH-SCALE DROP SIM (ALL TlME STEPS) 
RUN 1304: EXTRACTED DATA FROM RESCALED RUN 304 POSITIONS AND ORIENTATIONS 

- - . . .. . - - 
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Time 

a. Axial and vertical linear velocities 
Figure 14. Extracted information from re-scaled 1115th-scale dynamic simulation. 
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b. Pitch angular velocity 
Figure 14. Continued. 
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c. Axial and vertical linear velocity derivatives 
Figure 14. Continued. 



Time 

d. Pitch angular velocity derivative 
Figure 14. Continued. 
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Figure 14. Continued. 
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f. Pitching moment coefficient 

Figure 14. Concluded. 



MACH=O.9; ALPHA=2.0; CMQ=-15; IP=-3.4; NO FLOW-FIELD EFFECTS 
RUN 204: DROP SIM FOR HEAVY 1115TH-SCALE 114TH-FULL TANK WI AFT CG 
RUN 1204: EXTRACTED DATA FROM RUN 204 POSITIONS AND ORIENTATIONS 

1 RUN 

Time 

a. Axial and vertical linear velocities 
Figure 15. Extracted information from 1115th-scale dynamic simulation. 
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b. Pitch angular velocity 
Figure 15. Continued. 
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c. Axial and vertical linear velocity derivatives 
Figure 15. Continued. 
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d. Pitch angular velocity derivative 
Figure 15. Continued. 
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e. Normal and axial force coefficients 
Figure 15. Continued. 
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Figure 15. Concluded. 



Table 1. Simulation Mass and Inertial Properties 

Run 
No. 

101 

102 

301 - 306 are the same as 201 - 206, but are re-scaled to full scale using inverse scaling laws. 

Scale 
Factor 

Full 

Full 

Run 
No. 

101 

102 

103 

104 

201 

202 

203 

204 

205 

206 

T'infminf 

NA 

NA 

N A 

N A 

1 .O 

1 .O 

1 .O 

1 .O 

1 .O 

1 .O 

Integration 
Time Step, 

sec 

0.00125 

0.00125 

Ejector Force 
First half-stroke, lb 

8700 - 1400 (stroke) 

8700 - 1400 (stroke) 

8700 - 1400 (stroke) 

8700 - 1400 (stroke) 

38.667 - 933.30 (stroke) 

11.6 - 280 (stroke) 

11.6 - 280 (stroke) 

11.6 - 280 (stroke) 

1 1.6 - 280 (stroke) 

1 1.6 - 280 (stroke) 

Accelerometer 
Location 

CG 

CG 

CG 

CG 

CG 

CG 

CG 

CG 

NOSE 

CG 

Output 
Time Step, 

sec 

0.01 

0.01 

Ejector Force 
Second half-stroke, lb 

6250 - 4200 (stroke) 

6250 - 4200 (stroke) 

6250 - 4200 (stroke) 

6250 - 4200 (stroke) 

27.778 - 2800 (stroke) 

8.33 - 84 (stroke) 

8.33 - 84 (stroke) 

8.33 - 84 (stroke) 

8.33 - 84 (stroke) 

8.33 - 84 (stroke) 

Notes 

Baseline, 114th-full Tank, Full scale 

Same as 101 but Crnq x 10 

Same as 101 but output every time step. 

Full Tank, Full Scale. 

Same as 101 but for heavy-scaled model: T'infminf = 1. Q'inflQinf = 1.0 

Same as 101 but for heavy-scaled model: Tfinf/Tinf = 1. Q'inflQinf = 0.3 

Same as 202 but Cmq x 10 

Same as 202 but output every time step. 

Same as 204 but accelerometers at nose instead of CG. 

Same as 104 but for heavy-scaled model: T'infminf = 1. Q'inflQinf = 0.3 

Q'inflQinf 

NA 

NA 

NA 

NA 

1.0 

0.3 

0.3 

0.3 

0.3 

0.3 

S 
ftA2 

5.796 

5.796 

XLL, XLM, 
XLN 

ft 

2.717 

2.717 

WT, 
lb 

1611 

1611 

ZCG, 
ft 

-0.1 

-0.1 

XCG, 
ft 

14.458 

14.458 

IYY 
slug-ftA2 

680 

680 

Cmq 

-15 

-150 

Altitude, 
ft 

5000 

5000 

XBBH 
[XOl, 

ft 

4.85 

4.85 

ZBBH 
[ZOI, 

ft 

2.183 

2.183 

ft 

12.338 

12.338 

Ejector 
Stroke, 

ft 

0.5 

0.5 



APPENDIX A 

OVERVIEW OF DYNAMIC SCALING LAWS 

The motion of a model freely dropped in a wind tunnel and an actual store released from an 
aircraft in flight will be .dynamically similar provided two criteria are met. First, the aerodynamic 
forces and moments on the model store must directly scale to flight forces and moments. Second, 
the motion responses of the wind tunnel model to the applied forces and moments must be 
directly scalable to flight motion responses. 

A-1.0 AERODYNAMIC FORCE AND MOMENT SCALING 

Scaling of forces and moments on a wind tunnel model to the full-scale flight vehicle (the 
first criteron) is a fundamental requirement of any kind of wind tunnel testing. Aerodynamic scal- 
ing is accomplished by exactly reducing the linear dimensions of both the store and the parent 
aircraft by a constant scale factor (A), by exactly matching the angular orientations of the flight 
store relative to the flow, and by reducing the forces and moments to non-dimensional coefficient 
form based on the flow dynamic pressure (a measure of the energy available in the flow defined 
by Q, = 1/2p,V,2) and appropriate reference areas and lengths. Force and moment scaling 
laws take the following forms (using normal force and pitching moment as examples): 

CN = -FZBAERo'/(Qml*S') = -FZBAERO/(Qm*S) (A-1) 

and 

where the primed quantities denote model parameters at wind tunnel conditions. Different refer- 
ence lengths may be used for pitch-plane or yaw/roll'plane moments although forornost stores the 
maximum body diameter and cross-sectional area are usually'used. 

Force/moment scaling via reduction to coefficients as in Eqs. (A-1) and (A-2) can be accom- 
plished under the condition that flow similarity must be maintained between the tunnel flow and 
flight flow. Such flow similarity exists when compressibility effects and viscous fluid effects of 
the wind tunnel and flight flow are identical. Compressibility is quantified by the Mach number, 
which is defined as the ratio of the free-stream velocity of the flow to the speed of sound in the 
flow (M, = V,/a,). Viscous effects are quantified by the Reynolds number, a ratio of flow den- 
sity, velocity, coefficient of viscosity, and a reference length (Re, = 1 V,p,/p,). As long as the 
Mach number and Reynolds number of the flight condition are reproduced in the tunnel, the aero- 
dynamic coefficients of the model will reproduce the flight coefficients if both are placed at the 
same 'orientation relative to the flow. In actual practice, however, it is extremely difficult to 
exactly reproduce flight Reynolds numbers in a wind tunnel while maintaining the Mach number 
and, therefore, flight Reynolds numbers are not exactly matched in most wind tunnels. (Strict 
enforcement of the Reynolds number requirement is typically only accomplished in facilities 
using cryogenic fluids instead of air to simulate the flow.) Fortunately, store aerodynamic proper- 



ties are not nearly as dependent on Reynolds number as on Mach number, and some relaxation of 
the Reynolds number criterion is generally acceptable. In summary, aerodynamic force and 
moment scaling by dynamic pressure and physical reference length ratios is possible if the fol- 
lowing conditions are met: 

linear dimensions: (model coords)' = A * (full-scale coords) 
orientation relative to flow: as'  = as 
Mach number: M,' = M, 
Reynolds number: Reoo' = Re, 

with the caveat that the last condition can only be strictly enforced in specialized wind tunnel 
facilities. 

A-2.0 DYNAMIC MOTION SCALING 

The second criterion for dynamic scaling is that the motion of the store model be directly 
scalable to the flight motion. This implies that the flight positions and angles scale so that the 
store model separation path emulates the flight separation: 

Two approaches may be used to derive the appropriate scaling laws. One commonly used 
approach is based on the principles of dimensional analysis (Refs. A-1 and A-2). A second and 
somewhat more rigorous method for deriving the scaling laws (Ref. A-3) involves studying the 
equations of motion of the separating store. Using this second approach, a clearer understanding 
of certain aspects of dynamic scaling can be obtained based on studying the motion as a whole. 
The basic scaling laws arise in the second approach from an examination of the store equations 
of motion at drop and full scales to determine dynamic simulation relationships between model 
and full-scale parameters which will satisfy Eq. (A-4). Examining the motions for two simple 
test cases allows the derivation of the complete scaling laws. The full derivations are presented in 
the following sections. 

A-2.1 ONE-DEGREE-OF-FREEDOM DERIVATION CASE 

The first test case for deriving dynamic scaling laws is the classical "drop-a-cannonball-in-a- 
vacuum" case which is used to derive the basic scaling law for time and which can also be used 
to illustrate a fundamental contradiction in scaling law development. For this first test case, only 
gravitational acceleration acts on the store. The position equation-of-motion for vertical fall in a 
gravity-oriented coordinate system is then: 



Z = 1/2*g*t2 

so that the scaled vertical position equation from Eq. (A-4) becomes: 

Z' = Z*A = 1/2*g'*t02 = 1/2*g*t2 *A 

Solving for t', the scaling relationship for time is obtained: 

This very important relationship indicates that events that occur in certain time intervals in flight 
will occur in greatly compressed time spans in a scaled drop test. The time compression can have 
significant implications on the data rates necessary for both camera and onboard instrumentation 
for sub-scale drop tests, as outlined in Section 3.3 of the main body of the report. 

An examination of the velocity relations from the "cannonball-in-a-vacuum" derivation for a 
more realistic situation where the vacuum is replaced by air serves to illustrate a major contradic- 
tion in the development of dynamic motion scaling laws. The vertical velocity equation-of- 
motion of the cannonball (ignoring air friction) is given by: 

so that: 

or by substituting Eq. (A-7) and solving for z ': 

(A- 10) 

Assuming (for derivation purposes only) that it is possible to actually drop a cannonball in air 
without generating aerodynamic loads to resist the gravitational acceleration, Z' represents the 
total free-stream fall velocity for the model-scale cannonball, V,'. The free-stream velocity scal- 
ing law is then: 

V,' = v, *m) (A- 1 1) 

A Mach number for the falling cannonball can be defined as: 

M, = V,/a, (A- 12) 

where the speed of sound, a,, is defined in fluid dynamics as: 

(A- 13) 



with R representing a universal gas constant, y the ratio of the specific heats of air, and T, the 
static free-stream temperature of the air. 

Combining Eqs. (A-1 1), (A-12), and (A-13), the dynamic motion scaling ratio for Mach 
number becomes: 

(A- 14) 

which is in direct contradiction of the requirement identified in Eq. (A-3) that M,' = M, for 
proper force and moment scaling. This major inconsistency means that it is not possible to simul- 
taneously satisfy aerodynamic scaling and motion scaling. Compromise scaling laws have, 
therefore, been developed which satisfy certain aspects of scaling at the expense of certain other 
aspects. The compromise methods will be discussed in Section A-3. 

A-2.2 THREE-DEGREE-OF-FREEDOM DERIVATION CASE 

The second test case for derivation of the motion scaling laws is for simple planar motion in 
the pitch plane. The three-degree-of-freedom (3-DOF) equations of motion are posed in a gravity- 
oriented coordinate system with origin at the store center-of-gravity at its release position as 
shown in Fig. A-1. The 3-DOF equations are: 

r n ~  = -[CA cos0 + CN sin01 Q,S + FEZ sin0 (A- 15) 

mi' = -[CN cos0 - CA sin01 Q,S + FEZ cos0 + WT (A- 16) 

I Y Y ~  = [Cm + Cms (XLM 8 /2V,)] QwS XLM +  ME^ (A- 17) 

For small angular motions, the aerodynamic terms can be expanded in Taylor series form as: 

CN = CNa (8 + ZN,) + ACN (A- 18) 

cm=Cma(0+ZNw)+ACm (A- 19) 

where 0 represents the geometric angle of the store, ACN and ACm represent the incremental 
loading effects attributable to the aircraft interference flow field, and z N, represents the small- 
angle approximation of the so-called "induced" aerodynamic angle resulting from the store 
dynamic translational motion. The geometric and induced angles combine to make up the total 
store (idealized) aerodynamic angles of attack and sideslip (as and Ps). For small angles the coef- 
ficient slope terms may be considered to be constants. After the coefficient relationships are 
substituted, and with some rearrangement, the motion equations become: 

x /g = - [CA cose + (CNa (0 + zN,) + ACN) sine] Q,S/mg 
+ (F~Z/mg)sin0 

z /g = 1 - [(CNa (8 + z N,) + ACN) cose - CA sine] Q,S/mg 
+ (FEZ/mg) C O S ~  



0 = [(Cma (0 + z ~ m )  + ACm + Cmq (XLM 8 /2Vm] QmS XLM f i y y  
- M E Y ~ Y Y  

From an examination of the three previous equations, the dynamic simulation relationships 
that will produce comparable motion on the model and full-scale stores can be deduced. From 
Eq. (A-4): 

Taking model-scale time derivatives of both sides of Eq. (A-4) and substituting in the relation 
between model-scale and full-scale time [Eq. (A-7)]: 

Similarly, for Z' = Z*A: 

and, for 0' = 0: 

After evaluating Eqs. (A-20), (A-21), and (A-22) for model and full-scale properties and substi- 
tuting into (A-23), (A-24), and (A-25), dynamic similitude is maintained if each term on the left 
side of the equations is matched by the corresponding term on the right side: 

XLM' 8 '/2Vw' = XLM 8 /2Vm 

Qoo'A1 XLM' f i y y '  = Q,A XLM /[ Iyy(g/g')A ] 



Equation (A-26) is satisfied by the aerodynamic force and moment scaling of Section A-1. The 
relations of Eqs. (A-27) through (A-32) can be used to define the physical properties of the 
dynamic model needed to emulate the motion of the full-scale store as outlined in the remainder 
of this section. 

Either Eq. (A-27) or Eq. (A-30) can be used to re-derive the free-stream velocity scaling law 
which was previously derived for the one-degree-of-freedom case in Section A-2.1 Beginning by 
taking model-scale time derivatives of both sides of the position equation, for example, and sub- 
stituting in the relation between model-scale and full-scale time [Eq. (A-7)] yields: 

Substituting Eq. (A-33) into (A-27) then results in the same free-stream velocity relationship 
deduced earlier for the one-degree-of-freedom case (Eq. (A-1 1): 

Alternately, the velocity relationship can also be derived beginning with time derivatives of the 
pitch orientation relation: 

Substituting Eq. (A-34) into (A-30) again results in the free-stream velocity relationship of Eq. 
(A-1 1). 

The scaling relation for mass can be obtained by solving Eq. (A-28) for m' using (A-1 1): 

m' = m Qoo'SVg /Q-S g' = m 0.5 p, Vmo2 S'g / 0.5 pooVm2 S g' = 
m (pml/pm) (V,'Nm)2 (glg')A2 

The scaling relation for pitch moment-of-inertia can be obtained by solving Eq. (A-31) for I y y '  
using (A-1 1): 

The scaling relation for ejector force can be obtained by solving Eq. (A-29) for FEZ' using (A- 
1 I): 

Equation (A-32) provides no additional information beyond that derivable from Eqs. (A-29) and 
(A-3 1) because the moment from the ejector is directly related to the ejector force   ME^ = FEZ * 
X E ~ ) .  This completes the derivation of the aerodynamic force and moment and dynamic motion 



scaling laws. The only remaining issue is the resolution of the conflict between the Mach number 
required for aerodynamic scaling, Eq. (A-3), and the Mach number required for motion scaling, Eq. 
(A-14). 

A-3.0 COMPROMISE SCALING LAWS 

Because the Mach number required for proper scaling of aerodynamic forces and moments 
differs from the Mach number required for proper scaling of dynamic motions, some form of 
compromise must be introduced into the scaling laws. Three primary types of compromise scal- 
ing laws are generally available and are described in the next sections. 

A-3.1 FROUDE SCALING 

One possible compromise to the scaling laws is simply to set the reduced Mach number 
required for motion scaling, Eq. (A-14), and accept the errors in the model aerodynamics that 
result from the improperly-simulated compressibility effects through Eq. (A-3). This compro- 
mise, of course, is only valid if the compressibility effects are small or, in other words, the 
simulation is only valid at low subsonic Mach numbers. As such, the Froude scaling laws are not 
very useful for store separations from high-performance fighteribomber aircraft, but are often 
selected for releases from slow-moving aircraft such as helicopters and cargo planes. Froude scal- 
ing is also often used by hobbyists for radio-controlled model aircraft. The complete Froude 
relations may be obtained by assuming g' = g, evaluating the velocity relation, Eq. (A-11), and 
substituting the free-stream velocity relation into the other relations for the physical properties of 
the dynamic model: 

Gravitational acceleration: 
g ' = g  
Time from Eq. (A-7): 
t '=  t * m )  
Free-stream velocity from (A-1 1): 
V,l = v,* ,&ij 
Mach number from (A- 14): 
M,' = M,* J(A(T,'/T) ) 
Mass from A35 and (A-40): 
m' = m*(pm'lpm)*A3 
or (since WT = m*g): 
WT' = WT*(p,'lp,)*A3 
Moments of inertia from (A-36) and (A-40): 
I y y '  = Iyy*(p,'lp,)*A5 
Ejector forces from (A-37) and (A-40): 
FEZ' = F ~ z * ( p ~ ' / p ~ ) * A ~  

Froude scaling maintains the ratio of store mass density (rnlF)  to air density (p,) as can be seen 
by an examination of Eq. (A-42). Because Froude-scaled stores maintain the same mass per unit 
volume as the full-scale store (at unity air density ratio), the Froude store may be comprised of 



the same materials as the full-scale store in the same proportions by volume. If, for example, p,' 
and p, are identical and the full-scale store is comprised of 1000 cubic inches of solid steel, then 
a 1110th-scale Froude model would be comprised of 1 cubic inch of the same type of steel. 
Froude scaling is so named because the Froude number (a property defined by VW2/g 1, which is 
used most often in hydrodynamic studies to relate bouyancy forces to inertial forces) remains 
constant. 

If the physical properties of the dynamic model are set by the relations of Eqs. (A-38) 
through (A-44), then the dynamic motion properties of the model are related to those of the full- 
scale store by the relations: 

Linear translations from Eq. (A-4): 
Z '=  Z*A 
Linear velocities from (A-33): 

z t = z  *,lcn) 
Linear accelerations or velocity derivatives from (A-23): 
i ; t = i '  

Angles from (A-4): 

8' = 8 
Angular rates from (A-34): 

e l =  e l m )  

Angular accelerations or velocity derivatives from (A-25): 
e l =  e / ~  

and the drop event will be in error relative to the full-scale flight event to the extent that the store 
aerodynamics are influenced by the improperly simulated Mach number. 

A-3.2 "HEAVY" MACH SCALING 

The second compromise scaling law again assumes g' = g but involves setting the Mach 
number required for aerodynamic scaling, Eq. (A-3), at the expense of compromises to the Mach- 
number requirements for dynamic motion scaling, Eq. (A-14). Arbitrarily setting the Mach num- 
ber for aerodynamic scaling results [through Eq. (A-12)] in a free-stream velocity that is too 
large for proper motion scaling by a factor approximately equal to the square root of the scale fac- 
tor [compare Eq. (A-40) with (A-49)]. The dynamic motion simulation is, therefore, 
compromised in each of the motion terms involving free-stream velocity, particularly the induced 
angles, Eq. (A-27), and the non-dimensional rotational rates, Eq. (A-30). Equations (A-27) and 
(A-30) are essentially removed from the development of the dynamic scaling laws. The heavy- 
scaled simulation will be in error to the extent that the aerodynamic forces and moments (which 
ultimately drive the store motion) are sensitive to the small induced angle errors, and will also 
tend to over-rotate (angular motion amplitudes will be too large) because of the reduction in 
damping moments brought about by the larger value of free-stream velocity in the denominator 
of the non-dimensional angular rate term of Eq. (A-30). The larger amplitudes of the angular 



oscillations will also have secondary effects on store positions in the aircraft flow field because 
4 of the dependence on the store aerodynamic angles of the store aerodynamic coefficients which 

drive the store motion. Typical errors for a tumbling fuel tank model are presented in Section 3.2 
of the main body of the current report. Fortunately, however, the errors involved in heavy scaling 
are usually conservative in that the under-damped rotational motions observed on a scaled model 

, would be expected to be somewhat more severe than would actually occur in flight, and the 
induced angle errors for transoniclsupersonic flight usually represent small errors in small angles. 
The heavy scaling laws are: 

Gravitational acceleration: 
g' = g 
Time from Eq. (A-7) (unchanged): 
t l = t *  
Mach number: 
M,' = M, 
Free-stream velocity from (A-48), (A- 12), and (A- 13): 
v,' = v,* J(T,'/(T,)) 
Mass from (A-35), (A-49), (A- 12), and (A- 13): 
m' = m*(Qw'lQ,)*A2 
or (since WT = m * g): 
WT' = WT*(Qoo'lQw)*A2 
Moments of inertia from (A-36), (A-49), (A- 12), and (A- 13): 
Iyy '  = Iyy*(Q,'1Q,)*A4 
Ejector forces from (A-37), (A-49), (A-12), and (A-13): 
FEZ' = FEZ*(Q,'IQ~)*A~ 

The connotation "heavy scaling" is a consequence of the mass relationship [Eq. (A-50) compared 
to Eq. (A-42)]. All else being equal, the mass of heavy-scaled models will be larger than that for 
Froude-scaled models by a factor of 1/11 because of the choice to match the Mach number 
required for aerodynamic scaling at the expense of the Mach number for motion scaling. In other 
words, if the Q ratio is unity in Eq. (A-50) and the full-scale store is made up of 1000 cubic 
inches of solid steel, then the heavy-scaled store must consist of 1 cubic inch of something ten 
times denser than steel. It can easily be realized that it might not even be possible to find an ade- 
quate model-construction material to allow '"heavy" scaling of models at the small scales 
necessary for smaller wind tunnels. For example, a small 1130th-scale drop model would have to 
be constructed of a super-dense material 30 times more dense than the full-scale item. (The 
unavailable super-dense material is often referred to as "unobtainium" in free-drop circles.) For 
this reason, "light" scaling, as outlined in the next section, is almost universally used in smaller 
wind tunnels. Heavy scaling tends to be used primarily in larger tunnels where scale factors of 
about 1120th scale or larger are possible. 

If the physical properties of the dynamic model are set by the heavy scaling relations of Eqs. 
(A-46) through (A-52), then the dynamic motion properties of the model are related to those of 
the full-scale store by relations identical to those for Froude scaling: 



Linear translations from Eq. (A-4): 

Z ' = Z * A  

Linear velocities from (A-33): 

z l = z  * m) 
Linear accelerations or velocity derivatives from (A-23): 
Z l = Z  
Angles from (A-4): 

8'=8 

Angular rates from (A-34): 

e l = e / m )  

Angular accelerations or velocity derivatives from (A-25): 
k j 1 = ( j  /A 

and the drop event will be in error relative to the full-scale flight event to the extent that the store 
aerodynamics are influenced by the improperly simulated non-dimensional rotational rates and 
induced angles. 

The scaling laws are derived in this appendix from the viewpoint of the total store motion 
and are derived by comparing terms in the store equations of motion at full and drop scale. It is 
also possible to derive similar scaling laws using the principles of dimensional analysis. Several 
such derivations are available in published literature (for example, Refs. A-1 and A-2). In some 
published derivations (not the ones cited above) of the scaling laws from the dimensional analy- 
sis viewpoint, however, the heavy laws are (somewhat prematurely) declared to be inferior to 
other laws (such as light scaling which will be described in the next section). The perceived con- 
flict arises because different scaling laws are developed for linear motion velocities than are 
developed for free-stream velocity. This, rightly, seems a violation of dimensional analysis con- 
siderations, and the heavy laws have, on occasion, been declared to be mathematically invalid. 
Such (almost religious) convictions ignore the fact that light scaling laws also involve compro- 
mises to the simulated store motion. It happens that dimensional analysis principles are not 
violated by the particular set of compromises used in the light scaling derivation as will be 
shown in the next section. (All the terms in light scaling, for instance, have correct and consistent 
units - the light-scaling compromise is that the magnitudes of gravitational terms are incorrect by 
the scale factor.) Any dogmatic statement that one scaling law is better than another should be 
viewed as a fundamental non-understanding that all scaling laws are the result of compromises to 
full-scale flight 'truth'. 

A-3.3 "LIGHT" MACH SCALING 

Both Froude and heavy scaling assume that g' = g, as it is not yet possible to change gravita- 
tional acceleration for a model in a ground test facility. If such an artificial gravity field were 
possible, however, the gravity ratio of Eq. (A-14) could be adjusted so that the Mach numbers for 
aerodynamic and motion scaling could be achieved simultaneously. The required artificial gravi- 



tational acceleration is derived by beginning with Eq. (A-14) and substituting in (A-12) and (A- 
13): 

and then solving for g': 

Given that V,'N, is typically near unity, the gravitational acceleration needed for proper light 
scaling from Eq. (A-54) is directly related to the scale factor. Thus, for a 1130th-scale model, the 
acceleration of gravity needed would have to be thirty times the nominal 1 "gee" value available 
on the earth. The so-called "light" scaling laws can then be derived by substituting Eq. (A-54) 
into (A-7), (A-1 I), and (A-35) through (A-37). 

Time from Eq. (A-7): 
t' = t*(A / (Vw'Nw)) 
Mach number from (A- 14), (A- 12), and (A- 13): 

M,' = M, 
Free-stream velocity from (A-56), (A- 12), and (A- 13): 
vml = v,* J(T,'/(T,)) 

Mass from (A-35), (A-57), (A- 12), and (A- 13): 

m' = m*(p,'/p,)*A3 
Moments of inertia from (A-36), (A-52), (A- 12), and (A- 13): 

I y y '  = Iyy*(p~'/pm)*A5 
Ejector forces from (A-37), (A-58), (A- 12), and (A- 13): 

FEZ' = FEZ*(Q,'/Q,)*A~ 

Light scaling like Froude scaling maintains the ratio of store mass density (m/13) to air density 
(p,) as can be seen by an examination of Eq. (A-58). 

The difficulty with light scaling is, of course, how to simulate the required model-scale grav- 
itational acceleration. Three approaches have been proposed and to some extent demonstrated in 
various test environments. All but one of the approaches involve great complexity or mechanical 
difficulty, however. The first approach is to simply run the experiment at normal gravity and 
either accept the errors arising from the improper gravity simulation or make some attempt to 
add correction factors for vertical acceleration errors. If the errors are simply accepted, it must be 
realized that the error in vertical acceleration of the store away from the aircraft because of the 
missing artificial gravity component will lead to a velocity error that linearly grows in time and a 
quadratically growing error in the vertical position of the store relative to the aircraft in the flow 
field. The light-scaled store typically matches full-scale angular orientations better but may also 
result in premature collisions with the aircraft because the store does not accelerate away from 
the aircraft properly in the vertical direction. The drop simulation will then also be in error to the 



extent that the aircraft flow-field effects on store aerodynamics are a strong function of the incor- 
rect vertical position relative to the aircraft. The correction factors developed to correct for the 
lack of the increased gravitational acceleration generally involve some additional force in the 
ejector model (Ref. A-3) so that the combination of adjusted ejector acceleration and the actual 1- 
gee earth gravitational acceleration matches the sum of g' and the acceleration derived from the 
properly scaled ejector forces, Eq. (A-60). The second approach to simulating artificial gravity is 
an approach used by the British in which the aircraft model is mounted on a separate support and 
is vertically accelerated upward relative to the store at release so that the relative acceleration 
between store and aircraft emulates g'. For a 1130th-scale model, the aircraft must be accelerated 
upwards at approximately 29 g's. Such a vertical plunging motion of the aircraft can, however, 
greatly effect the aircraft flow field which, in turn, effects the aerodynamic loads on the store 
model within the flow field and the resulting motion of the store. The plunging aircraft flow-field 
effects are sometimes partially corrected for by dynamically changing the aircraft pitch angle dur- 
ing its vertical plunging motion. There are, however, obvious logistical difficulties involved in 
coordinating the aircraft model pitching and plunging to such an extent that the resulting aircraft 
flow environment is "equivalent" to that of a steady-state flight condition. A third approach to 
simulating artificial gravity involves attempting to generate a magnetic field around the wind tun- 
nel test section which emulates g' on a magnetically balanced store model. This third approach 
requires a magnetically non-conductive wind tunnel and very sophisticated magnets. 

If the physical properties of the dynamic model are set by the light scaling relations of Eqs. 
(A-5.4) through (A-60), then the dynamic motion properties of the model are related to those of 
the full-scale store by relations identical to those for Froude and heavy scaling: 

Linear translations from Eq. (A-4): 

Z '=  Z*A 

Linear velocities from (A-33): 

z 9  = z*m) 
Linear accelerations or velocity derivatives from (A-23): 
Z ' =  Z 
Angles from (A-4): 

8' = 8 
Angular rates from (A-34): 

e l = e / m )  

Angular accelerations or velocity derivatives from (A-25): 
e l=  e / ~  

and either (1) the drop event will be in error relative to the full-scale flight event to the extent 
that the store aerodynamics are influenced by the improperly simulated position of the store rela- 
tive to the aircraft which results from the improperly simulated gravitational acceleration if 
uncorrected light scaling is used, or (2) the drop event will be in error relative to the full-scale 
flight event to the extent that the store aerodynamics are influenced by the improperly simulated 
plunging aircraft flow-field environment if the vertically accelerated aircraft approach is used, or 



(3) light scaling would not be compromised at all relative to full scale if a true artificial gravity 
simulation were available (magnetic or otherwise). 
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NOMENCLATURE 

The superscript prime (8) when applied to any of the following parameter names indicates that a 
parameter normally defined at full scale is defined at model scale (e.g., XLM1=A*XLM). This 
nomenclature makes use of an extended variable-naming convention developed in Ref. 4 - when- 
ever possible, however, the more-traditional but less-descriptive names commonly used in wind 
tunnel testing are also indicated in square brackets. 

ALPHA, a ,  ap Parent aircraft angle of attack relative to the aircraft free-stream flight velocity 
vector, positive when the aircraft nose is raised relative to the free-stream ve- 
locity vector, angle between the projection of the free-stream velocity on the 
aircraft horizontal reference plane and the aircraft longitudinal axis, deg 

ALPHAS, as Store aerodynamic angle of attack relative to the idealized store flight velocity 
vector (vector sum of the aircraft flight velocity and the separation velocity of 
the store relative to the aircraft), positive when the store nose is raised relative 
to the idealized flight velocity, angle between the projection of the idealized 
flight velocity on the store XB-ZB plane and the XB axis, deg 

BETA, P Parent aircraft angle of sideslip relative to the aircraft free-stream flight veloc- 
ity vector, positive when the aircraft nose is rotated to the left relative to the 
free-stream velocity vector, angle between the free-stream velocity vector and 
the projection of the velocity vector on the aircraft horizontal reference plane, 

deg 

BETAS, ps Store aerodynamic angle of sideslip relative to idealized store flight velocity 
vector, positive when the store nose is rotated to the left relative to the ideal- 
ized flight velocity, angle between the idealized flight velocity vector and the 
projection of the vector on the store XB-ZB plane, deg 

cg 

CAT, CA 

CLL, C] 

CLM, Cm 

CLN, Cn 

Store center of gravity (moment center) 

Store axial-force coefficient, positive in the negative XB direction; = aerody- 
namic axial force/(Q,*S) 

Store rolling-moment coefficient, positive rotation vector in the positive XB 
direction; = aerodynamic rolling moment/(Q,*S*XLL) 

Store pitching-moment coefficient, positive rotation vector in the positive YB 
direction; = aerodynamic pitching moment/(Q,*S*XLM) 

Store yawing-moment coefficient, positive rotation vector in the positive ZB 
direction; = aerodynamic yawing moment/(Qoo*S*XLN) 



DEOBI - DE3BI 

DPBBI [pdot] 

DQBBI [qdot] 

DRBBI [rdot] 

DUBBI [udot] 

DVBBI [vdot } 

DWBBI [wdot] 

DXFBF 

Dynamic stability derivative in rolling moment caused by rolling velocity, 
roll-damping coefficient, per rad; = dCLL/d( (PBBI*XLL)/(2*V,) ] 

Dynamic stability derivative in pitching moment caused by pitching velocity, 
pitch-damping coefficient, per rad; = dCLM/d{ (QBBI*XLM)/(2*Vm) ] 

Static stability derivative in pitching moment with respect to aerodynamic an- 
gle of attack, per rad: = dCLMldas 

Store normal-force coefficient, positive in the negative ZB direction; = aero- 
dynamic normal force/(Q,*S) 

Dynamic stability derivative in yawing moment caused by yawing velocity, 
yaw-damping coefficient, per rad; = dCLN/d{ (RBBI*XLN)/(2*Vm) ] 

Store side-force coefficient, positive in the positive YB direction; = aerody- 
namic side force/(Q,*S) 

Derivatives of the Euler parameters describing the orientation of the body axis 
system relative to the inertial axis system 

Derivative of the XB component of the rotational velocity of the store body 
axis system relative to the inertial axis system, rad/sec2 

Derivative of the YB component of the rotational velocity of the store body 
axis system relative to the inertial axis system, rad/sec2 

Derivative of the ZB component of the rotational velocity of the store body 
axis system relative to the inertial axis system, rad/sec2 

Derivative of the XB component of the velocity of the store body axis system 
relative to the inertial axis system, ft/sec2 

Derivative of the YB component of the velocity of the store body axis system 
relative to the inertial axis system, ft/sec2 

Derivative of the ZB component of the velocity of the store body axis system 
relative to the inertial axis system, ft/sec2 

Derivative of the axial separation distance of the store cg from the trajectory 
origin in the XF direction, derivative of the XF component of the position of 
the store body-axis system relative to the flight axis system, positive forward 
as seen by the pilot, ft/sec 



DYFBF 

DZFBF 

EOBI - E3BI 

FEXB [FEX] 

FEYB [FEY] 

FEZB [FEZ] 

FXB [FX] 

FYB [FYI 

FZB [FZ] 

g 

GAXMBBI 

GAYMBBI 

GAZMBBI 

GAXMBNI 

Derivative of the lateral separation distance of the store cg from the trajectory 
origin in the YF direction, derivative of the YF component of the position of 
the store body axis system relative to the flight axis system, positive to the 
right as seen by the pilot, ft/sec 

Derivative of the vertical separation distance of the store cg from the trajecto- 
ry origin in the ZF direction, derivative of the ZF component of the position 
of the store body axis system relative to the flight axis system, positive down- 
ward as seen by the pilot, ft/sec 

Euler parameters describing the orientation of the body axis system relative to 
the inertial axis system 

XB -component of sum of external applied ejector forces on store, lb (ejector 
contribution to FXB) 

YB -component of sum of external applied ejector forces on store, lb (ejector 
contribution to FYB)' 

ZB -component of sum of external applied ejector forces on store, lb (ejector 
contribution to FZB) 

XB -component of sum of external applied forces on store, lb (subscript 
AERO denotes aerodynamic only contribution) 

YB -component of sum of external applied forces on store, lb (subscript 
AERO denotes aerodynamic only contribution) 

ZB -component of sum of external applied forces on store, lb (subscript 
AERO denotes aerodynamic only contribution) 

gravitational acceleration, ft/sec2 (nominally 32.174 ft/sec2) 

body-axis XB-component of the measured portion of the acceleration of the 
body axis system relative to the inertial axis system, g's 

body-axis YB-component of the measured portion of the acceleration of the 
body axis system relative to the inertial axis system, g's 

body-axis Z~-component of the measured portion of the acceleration of the 
body axis system relative to the inertial axis system, g's 

body-axis XB-component of the measured portion of the acceleration of the 
nose point (nose axis system) relative to the inertial axis system, g's 
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GAYMBNI 

GAZMBNI 

IYY 

[ I IBB 

LAMBDA, A 

M,, M 

m 

MEXB [MEX] 

MEYB [MEY] 

MEZB [MEZ] 

MXB [MX] 

body-axis YB-component of the measured portion of the acceleration of the 
nose point (nose axis system) relative to the inertial axis system, g's 

body-axis ZB-component of the measured portion of the acceleration of the 
nose point (nose axis system) relative to the inertial axis system, g's 

Simulated pressure altitude at store release, ft 

Pitch incidence angle of active store at carriage relative to the aircraft, angle 
between the store longitudinal body axis (XB) at carriage and its projection in 
the XA-YA plane, positive when the store nose is raised relative to the air- 

craft, deg 

Roll incidence angle of active store at carriage relative to the aircraft, angle 
between the store lateral body axis (YB) at carriage and the intersection of the 
YB-ZB and XA-YA planes, positive for clockwise rotation relative to the 
aircraft when looking forward, deg 

Yaw incidence angle of active store at carriage relative to the aircraft, angle 
between the projection of the store longitudinal axis (XB) at carriage in the 
XA-YA plane and the XA axis, positive when the store nose is rotated to the 
right relative to the aircraft, deg 

Moment of inertia about the store YB axis, slug-ft2 

Tensor matrix of inertias about the store body axes 

Model linear scale factor 

Free-stream Mach number 

Store mass, slugs 

XB -component of resultant moment about the store center of gravity of ap- 
plied ejector forces on store, ft-lb (ejector contribution to MXB) 

YB - component of resultant moment about the store center of gravity of ap- 
plied ejector forces on store, ft-lb (ejector contribution to MYB) 

ZB - component of resultant moment about the store center of gravity of ap- 
plied ejector forces on store, ft-lb (ejector contribution to MZB) 

XB -component of sum of external applied moments about the store center of 
gravity, ft-lb (subscript AERO denotes aerodynamic only contribution) 



MYB [MY] 

MZB [MZI 

RBBI [r] 

RXB [RX] 

RYB [RY] 

RZB [RZ] 

I-UB [RLI 

RMB [RM] 

RUN 

t, T, TIME 

Too 

YB -component of sum of external applied moments about the store center of 
gravity, ft-lb (subscript AERO denotes aerodynamic only contribution) 

ZB -component of sum of external applied moments about the store center of 
gravity, ft-lb (subscript AERO denotes aerodynamic only contribution) 

Store roll rate, XB component of the rotational velocity of the store body axis 
system relative to the inertial axis system, radsec 

Free-stream dynamic pressure, 1b/ft2 ; = 1/2pw(Vw)2 

Idealized store flight dynamic pressure, lb/ft2 ; =1/2pw (VTOTBW)2 

Store pitch rate, YB component of the rotational velocity of the store body 
axis system relative to the inertial axis system, radsec 

Store yaw rate, ZB component of the rotational velocity of the store body axis 
system relative to the inertial axis system, radsec 

XB -component of external applied reaction force at restraint point on store, Ib 

YB -component of external applied reaction force at restraint point on store, lb 

ZB -component of external applied reaction force at restraint point on store, lb 

XB -component of external applied reaction moment at restraint point on 
store, ft-lb 

YB -component of external applied reaction moment at restraint point on 
store, ft-lb 

ZB -component of external applied reaction moment at restraint point on 
store, ft-lb 

Sequential indexing number for referencing data. A constant for each trajec- 
tory, free-stream, grid, or flow-field probe sweep 

Free-stream air density, slug/ft3 

Store reference area, ft2 

Time from first store motion, sec 

Free-stream static temperature, "R 



UBBI [u] 

UBB W [VX] 

UBIW 

UIIW 

VBBI [v] 

VBBW [VY] 

VBIW 

vm 

VTOTB W [UR] 

WBBI [w] 

WBBW [VZ] 

WBIW 

WL 

Three-by-three direction cosine matrix describing the orientation of the body- 
axis system relative to inertial axes (projects inertial-axis quantities to body- 
axis quantities) 

Three-by-three direction cosine matrix describing the orientation of the iner- 
tial-axis system relative to earth axes (projects earth-axis quantities to inertial- 
axis quantities) 

Store separation velocity in the XB direction, XB component of the velocity 
of the store body axis system relative to the inertial axis system, ftlsec 

XB component of the velocity of the store body axis system relative to the 
wind mass, ft/sec 

XB component of the velocity of the inertial axis system relative to the wind 
mass, ft/sec 

XI component of the velocity of the inertial axis system relative to the wind 
mass, aircraft flight velocity at release instant, ft/sec 

Store separation velocity in the YB direction, YB component of the velocity 
of the store body axis system relative to the inertial axis system, ft/sec 

YB component of the velocity of the store body axis system relative to the 
wind mass, ft/sec 

YB component of the velocity of the inertial axis system relative to the wind 
mass, ft/sec 

Free-stream velocity, ft/sec (= UIIW for the aircraft; = VTOTBW for the 
store) 

Idealized store flight velocity (vector sum of UIIW, UBBI, VBBI, and WB- 
BI), ft/sec 

Store separation velocity in the ZB direction, ZB component of the velocity 
of the store body axis system relative to the inertial axis system, ft/sec 

ZB component of the velocity of the store body axis system relative to the 
wind mass, ft/sec 

ZB component of the velocity of the inertial axis system relative to the wind 
mass, ft/sec 

Manufacturer-defined aircraft vertical coordinate (waterline), positive up 
when the aircraft is at zero pitch and roll angles, in. 



WT 

WXB 

WYB 

WZB 

XBBH [XO] 

XBNB 

XLL 

XLM 

XLN 

YBBH [YO] 

YBNB 

ZBBH [ZO] 

ZBNB 

Store weight, lb 

Body-axis XB-component of the store weight, lb 

Body-axis YB-component of the store weight, lb 

Body-axis ZB-component of the store weight, lb 

Body-axis XB-component of the position of the store body-axis system rela- 
tive to the hook/hanger/pivot axis system for restrained motion, ft 

Body-axis XB-component of the position of the nose point (nose-axis system) 
relative to the body axis system, ft 

Store reference length for rolling moment coefficient, ft 

Store reference length for pitching moment coefficient, ft 

Store reference length for yawing moment coefficient, ft 

Body-axis YB-component of the position of the store body-axis system rela- 
tive to the hook/hanger/pivot axis system for restrained motion, ft 

Body-axis YB-component of the position of the nose point (nose-axis system) 
relative to the body axis system, ft 

Body-axis ZB-component of the position of the store body-axis system rela- 
tive to the hook/hanger/pivot axis system for restrained motion, ft 

Body-axis ZB-component of the position of the nose point (nose-axis system) 
relative to the body axis system, ft 



BODY-AXIS-SY STEM DEFINITIONS 

Coordinate Directions 

XB Parallel to the store longitudinal axis defined by the store manufacturer, pos- 
itive upstream at store release 

YB Perpendicular to the XB and ZB directions, positive to the right looking up- 
stream when the store is at zero yaw and roll angles 

ZB Perpendicular to the XB direction and parallel to the aircraft plane of symme- 
try when the store and aircraft are at zero yaw and roll angles, positive down- 
ward as seen by the pilot when the store is at zero pitch and roll angles 

Origin 

The store body-axis-system origin is coincident with the store center of gravity at all times. The XB, 
YB, and ZB coordinate axes rotate with the store in pitch, yaw, and roll so that mass moments-of- 
inertia about the three axes are not time-varying quantities. 



INERTIAL-AXIS-SYSTEM DEFINITIONS 

Coordinate Directions 

XI Parallel to the aircraft flight path direction at the instant of release, positive 
forward as seen by the pilot 

YI Perpendicular to the XI and ZI directions, positive to the right as seen by the 
pilot 

Parallel to the aircraft plane of symmetry and perpendicular to the aircraft 
flight path direction at the instant of release, positive downward as seen by the 
pilot 

Origin 

The inertial-axis-system origin is coincident with the store center-of-gravity location at the instant 
of release. The origin translates parallel to the aircraft flight path direction at the instant of release 
at the aircraft free-stream flight velocity at the instant of release. The origin is not fixed with respect 
to either the aircraft or the stote (both of which may be in motion relative to the inertial system). 
The coordinate axes do not rotate during aircraft maneuvers. 

Store Positions 

XIBI [XI] Axial separation distance of the store cg from the inertial-axis origin in the XI 
direction, XI component of the position of the store body-axis system relative 
to the inertial axis system, positive forward as seen by the pilot, ft 

YIBI [YI] Lateral separation distance of the store cg from the inertial-axis origin in the 
YI direction, YI component of the position of the store body axis system rel- 
ative to the inertial axis system, positive to the right as seen by the pilot, ft 

ZIBI [ZI] Vertical separation distance of the store cg from the inertial-axis origin in the 
ZI direction, ZI component of the position of the store body axis system rela- 
tive to the inertial axis system, positive downward as seen by the pilot, ft 

Store Attitudes (Yaw-Pitch-Roll Sequence) 

PSIBI, YBI [PSII, VI] Yaw angle of the store body axis system relative to the inertial axis 
system, angle between the projection of the store longitudinal (XB) 
axis in the XI-YI plane and the XI-axis, positive for store nose to 
the right as seen by the pilot, deg 



THABI, 8 ~ 1  [THAI, 811 Pitch angle of the store body axis system relative to the inertial axis 
system, angle between the store longitudinal (XB) axis and its pro- 
jection in the XI-YI plane, positive when the store nose is raised as 
seen by the pilot, deg 

PHIBI, $BI [PHII, $11 Roll angle of the store body axis system relative to the inertial axis 
system, angle between the store lateral (YB) axis and the intersec- 
tion of the YB-ZB and XI-YI planes, positive for clockwise rota- 
tion when looking upstream, deg 

Store Attitudes (Pitch-Yaw-Roll Sequence) 

NUBI, VBI [NUI, VI] Pitch angle of the store body axis system relative to the inertial axis 
system, angle between the projection of the store longitudinal (XB) 
axis in the XI-ZI plane and the XI-axis, positive when the store 
nose is raised as seen by the pilot, deg 

Yaw angle of the store body axis system relative to the inertial axis 
system, angle between the store longitudinal (XB) axis and its pro- 
jection in the XI-ZI plane, positive when the store nose is raised as 
seen by the pilot, deg 

OMGBI, OBI [OMEGAI, 011 Roll angle of the store body axis system relative to the inertial axis 
system, angle between the store vertical (ZB) axis and the intersec- 
tion of the YB-ZB and XI-ZI planes, positive for clockwise rota- 
tion when looking upstream, deg 



FLIGHT-AXIS-SYSTEM DEFINITIONS 

Coordinate Directions 

Parallel to the current aircraft flight path direction, positive forward as seen 
by the pilot 

YF Perpendicular to the XF and ZF directions, positive to the right as seen by the 
pilot 

ZF Parallel to the aircraft plane of symmetry and perpendicular to the current air- 
craft flight path direction, positive downward as seen by the pilot 

Origin 

The flight-axis-system origin is coincident with the store center-of-gravity location at the instant 
of release. The origin is fixed with respect to the aircraft (not the store) and, thus, translates paral- 
lel to the current aircraft flight path at the aircraft free-stream flight velocity. The coordinate axes 
rotate during an aircraft maneuver to maintain alignment of the XF axis with the current aircraft 
flight path direction. Inertial and flight axes are coincident at the instant of release but flight axes 
may, thereafter, translate and rotate with the aircraft relative to inertial axes if the aircraft is 
maneuvering. 

Store Positions 

XFBF [XI Axial separation distance of the store cg from the flight-axis origin in the XF 

direction, XF component of the position of the store body-axis system relative 
to the flight axis system, positive forward as seen by the pilot, ft 

YFBF [Y] Lateral separation distance of the store cg from the flight-axis origin in the YF 
direction, YF component of the position of the store body axis system relative 
to the flight axis system, positive to the right as seen by the pilot, ft 

ZFBF [Z] Vertical separation distance of the store cg from the flight-axis origin in the 
ZF direction, ZF component of the position of the store body axis system rel- 
ative to the flight axis system, positive downward as seen by the pilot, ft 



Store Attitudes (Yaw-Pitch-Roll Sequence) 

PSIBF, VBF [PSI, ~1 Yaw angle of the store body axis system relative to the flight axis 
system, angle between the projection of the store longitudinal (XB) 
axis in the XF-YF plane and the XF-axis, positive for store nose to 
the right as seen by the pilot, deg 

THABF, €93~  [THA, 01 Pitch angle of the store body axis system relative to the flight axis 
system, angle between the store longitudinal (XB) axis and its pro- 
jection in the XF-YF plane, positive when the store nose is raised 
as seen by the pilot, deg 

PHIBF, oBF [PHI, $1 Roll angle of the store body axis system relative to the flight axis 
system, angle between the store lateral (YB) axis and the intersec- 

tion of the YB-ZB and XF-YF planes, positive for clockwise rota- 
tion when looking upstream, deg 

Store Attitudes (Pitch-Yaw-Roll Sequence) 

W B F ,  VBF [NU, V] Pitch angle of the store body axis system relative to the flight axis 
system, angle between the projection of the store longitudinal (XB) 
axis in the XF-ZF plane and the Xpaxis ,  positive when the store 
nose is raised as seen by the pilot, deg 

ETABF, TBF [ETA, TI Yaw angle of the store body axis system relative to the flight axis 
system, angle between the store longitudinal (XB) axis and its pro- 
jection in the XF-ZF plane, positive when the store nose is raised as 
seen by the pilot, deg 

OMGBF, aBF [OMEGA, a] Roll angle of the store body axis system relative to the flight axis 
system, angle between the store vertical (ZB) axis and the intersec- 
tion of the YB-ZB and XF-ZF planes, positive for clockwise rota- 
tion when looking upstream, deg 



AIRCRAFT-AXIS-SY STEM DEFINITIONS 

Coordinate Directions 

x A Parallel to the aircraft manufacturer-defined longitudinal reference (fuselage 
station) axis, positive forward as seen by the pilot 

YA Parallel to the aircraft manufacturer-defined lateral reference (buttock line) 
axis, positive to the right as seen by the pilot 

z A Parallel to the aircraft manufacturer-defined vertical reference (waterline) ax- 
is, positive downward as seen by the pilot 

Origin 

The aircraft-axis-system origin is coincident with the store center-of-gravity location at the 
instant of release and is coincident with the flight-axis-system origin at all times. The origin is 
fixed with respect to the aircraft and, thus, translates parallel to the current aircraft flight path at 
the aircraft free-stream flight velocity. The coordinate axes rotate with the aircraft during a 
maneuver to maintain constant angular orientation relative to the aircraft. 

Store Positions 

XAB A [XA] Axial separation distance of the store cg from the flight-axis origin in the XA 
direction, XA component of the position of the store body axis system relative 
to the aircraft axis system, positive forward as seen by the pilot, ft 

YABA [YA] Lateral separation distance of the store cg from the flight-axis origin in the YA 
direction, YA component of the position of the store body axis system relative 
to the aircraft axis system, positive to the right as seen by the pilot, ft 

ZABA [ZA] Vertical separation distance of the store cg from the flight-axis origin in the 
ZA direction, ZA component of the position of the store body axis system rel- 
ative to the aircraft axis system, positive downward as seen by the pilot, ft 



Store Attitudes (Yaw-Pitch-Roll Sequence) 

PSIBA, WBA [DPSIA, AVAI Yaw angle of the store body axis system relative to the air- 
craft axis system, angle between the projection of the store 
longitudinal (XB) axis in the XA-YA plane and the XA- 
axis, positive for store nose to the right as seen by the pilot, 
deg 

THAAP, ~ B A  [DTHAA, A ~ A ]  

PHIBA, @BA [DPHIA, A@A] 

Pitch angle of the store body axis system relative to the air- 
craft axis system, angle between the store longitudinal (XB) 
axis and its projection in the XA-YA plane, positive when 
the store nose is raised as seen by the pilot, deg 

Roll angle of the store body axis system relative to the air- 
craft axis system, angle between the store lateral (YB) axis 
and the intersection of the YB-ZB and XA-YA planes, 
positive for clockwise rotation when looking upstream, deg 

Store Attitudes (Pitch-Yaw-Roll Sequence) 

NUBA, v g ~  [DNUA, AVA] Pitch angle of the store body axis system relative to the air- 
craft axis system, angle between the projection of the store 
longitudinal (XB) axis in the XA-ZA plane and the XA- 
axis, positive when the store nose is raised as seen by the pi- 
lot, deg 

ETABA, ~ B A  [DETAA, A ~ A ]  Yaw angle of the store body axis system relative to the air- 
craft axis system, angle between the store longitudinal (XB) 
axis and its projection in the XA-ZA plane, positive when 
the store nose is raised as seen by the pilot, deg 

OMGBA, %A [DOMEGAA, A ~ A ]  Roll angle of the store body axis system relative to the air- 
craft axis system, angle between the store vertical (ZB) axis 
and the intersection of the YB-ZB and XA-ZA planes, 
positive for clockwise rotation when looking upstream, deg 



PYLON-AXIS-SY STEM DEFINITIONS 

Coordinate Directions 

Parallel to the store longitudinal (XB) axis at the instant of release and at con- 
stant angular orientation with respect to the aircraft, positive forward as seen 
by the pilot 

YP Perpendicular to the Xp direction and parallel to the XA-YA plane, positive 
to the right as seen by the pilot 

ZP Perpendicular to the Xp and Yp directions, positive downward as seen by the 
pilot 

Origin 

The pylon-axis-system origin is coincident with the store center-of-gravity location at the instant of 
release and is coincident with the flight-axis-system origin at all times. The origin is fixed with re- 
spect to the aircraft and, thus, translates parallel to the current aircraft flight path at the aircraft free- 
stream flight velocity. The coordinate axes rotate with the aircraft during a maneuver to maintain 
constant angular orientation relative to the aircraft. 

Store Positions 

XPBP [XP] 

YPBP [YP] 

ZPBP [ZP] 

Axial separation distance of the store cg from the flight-axis origin in the Xp 
direction, Xp component of the position of the store body axis system relative 
to the pylon axis system, positive forward as seen by the pilot, ft 

Lateral separation distance of the store cg from the flight-axis origin in the Yp 
direction, Yp component of the position of the store body axis system relative 
to the pylon axis system, positive to the right as seen by the pilot, ft 

Vertical separation distance of the store cg from the flight-axis origin in the 
Zp  direction, Zp component of the position of the store body axis system rel- 
ative to the pylon axis system, positive downward as seen by the pilot, ft 



Store Attitudes (Yaw-Pitch-Roll Sequence) 

PSIBP, VBP [DPSI, Aw] Yaw angle of the store body axis system relative to the pylon 
axis system, angle between the projection of the store longitudi- 
nal (XB) axis in the Xp-Yp plane and the Xp-axis, positive for 
store nose to the right as seen by the pilot, deg 

THABP, 8gp [DTHA, A81 Pitch angle of the store body axis system relative to the pylon 
axis system, angle between the store longitudinal (XB) axis and 
its projection in the Xp-Yp plane, positive when the store nose 
is raised as seen by the pilot, deg 

PHIBP, $Bp [DPHI, A$] Roll angle of the store body axis system relative to the pylon axis 
system, angle between the store lateral (YB) axis and the inter- 
section of the YB-ZB and X p Y p  planes, positive for clockwise 
rotation when looking upstream, deg 

Store Attitudes (Pitch-Yaw-Roll Sequence) 

NUBP, v ~ p  [DNU, Av] Pitch angle of the store body axis system relative to the pylon 
axis system, angle between the projection of the store longitudi- 
nal (XB) axis in the Xp-Zp plane and the Xp-axis, positive 
when the store nose is raised as seen by the pilot, deg 

ETABP, qgp [DETA, Aq] Yaw angle of the store body axis system relative to the pylon 
axis system, angle between the store longitudinal (XB) axis and 
its projection in the Xp-Zp plane, positive when the store nose 
is raised as seen by the pilot, deg 

OMGBP, mBp [DOMEGA, Am] Roll angle of the store body axis system relative to the pylon axis 
system, angle between the store vertical (ZB) axis and the inter- 
section of the YB-ZB and Xp-Zp planes, positive for clockwise 
rotation when looking upstream, deg 




