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ABSTRACT 

Although many sophisticated stability models of parachutes 
have appeared, advances are concentrated in the simulation of dynamics 
of the solid body components of multibody systems. For the complex 
canopy aerodynamics it is routine to quote several standard simplifying 
assumptions, few of which can be factually justified since none of the 
models has convincingly demonstrated its validity by detailed compari- 
son with experimental data. Such demonstrations are essential for 
confident prediction. 

This study investigates a fundamental three-dimensional parachute 
model. Fluid accelerative reactions are represented by an idealised 
added mass tensor, and it is shown that the equations of motion in previous 
treatments are either inadequately or incorrectly derived and/or implemen- 
ted. Nonlinear solutions of the six degree-of-freedom equations for a 
rigid axisymmetric system are obtained, and a parameter sensitivity analysis 
for dynamic stability of a typical personnel parachute indicates that the 
most important aerodynamic parameters are the added mass components and 
the pitch damping derivative, not one of which has been adequately estima- 
ted. 

A systematic validation method is outlined. The kinematics of 
four free-falling parachute scale models, with canopy flight diameters 
from 1.4 m to 5.8 m, have been acquired from a strapdown inertial measure- 
ment system. Spectral analysis of the transducer signals reveals 
sharply defined frequencies of oscillation. Comparisons of simulation 
and experiment demonstrate that satisfactory agreement in frequencies and 
mean amplitudes of oscillation can be extracted. However, no inherent 
influence is evident in the model to enable the observed, apparently 
random amplitude modulation to be reproduced. Sources of the random 
motion are discussed, one significant and hitherto ignored source being 
self-excited unsteadiness of the separated flow around the canopy. 
Measurements of unsteady aerodynamic forces on parachute canopies are 
needed, also improved estimates of fluid accelerative reactions and aero- 
dynamic damping. 
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SECTION 1 

INTRODUCTION 

1.1 General 

From humble beginnings as a device for 18th century exhibitionists, 

the parachute now enjoys unchallenged employment in a variety of demanding 

roles. The widespread use of the parachute is by virtue of its unequalled 

capacity as a reliable aerodynamic decelerator which can be stored in a 

minimal volume prior to rapid deployment. Application categories [1] for 

parachutes currently include: Emergency Recovery - bailout, ejection seats 

and capsules, etc.; Vehicle Recovery - such as spacecraft, drones and 

sounding rockets; Airdrop of material and personnel - e. g. paratroops; 

Ordnance Stabilization and Delivery - bombs, torpedoes, etc.; Aircraft 

Deceleration and Stall/Spin Recovery; and many other special uses such as 

in air-to-air retrieval systems and in skyjumping. A considerable amount 

of development [1] has been necessary to bring parachute technology to its 

present state. 

Next to reliability, stability is one of the main criteria used in the 

selection of parachutes for many applications. A typical, unconstrained 

personnel parachute might exhibit any or all of three principal descent 

modes: a pendulum oscillation, a glide - vertical or oblique - or a spiral 

(coning) motion. Several other modes, both continuous and transient, are 

also possible depending on the stability of the particular configuration 

and the degree of external disturbances. 

Parachute stability, or rather the lack of it, has been of concern 

from the very beginning. Indeed, the first types oscillated so violently 

that they caused the parachutists to be sick [2] . In many applications 

use of a particular descent mode is specified, and it may be essential that 
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the system retain a sufficient margin of stability in this mode under all 

likely operating conditions. A system designed to follow a ballistic 

trajectory, for example, would be useless if a sudden gust could send it 

into an off-course glide. The state of motion at landing is often 

critical: many types of store, including spacecraft and the paratrooper, 

are not stressed to cope with landings far off the vertical, so that an 

oscillating descent must be avoided; likewise, torpedoes are designed to 

enter the water at a precisely controlled attitude. 

Because of the considerable costs, difficulties and risks that can be 

involved in full-scale testing it is desirable that these be reduced where 

possible, hence the need for the development of reliable mathematical 

methods for optimum design and performance prediction. 

1.2 The Present Study 

This work forms part of a research programme which was initiated in 

1972 with the aim of developing a design package for parachute systems 

operating at subsonic speeds. . The programme, conducted by the Parachute 

Group at the University of Leicester under the supervision of 

Dr. D. J. Cockrell, is concentrated on the dynamics of systems in the post 

full-inflation phase of operation; a complete package would also cater for 

the deployment phase. The design procedure requires the ability to 

confidently predict the stability and dynamic characteristics of parachute 

configurations, and to this end work at Leicester produced a lumped- 

parameter digital computer model [3,4] which simulated the descent behaviour 

in three-dimensional space of a single, rigid-body parachute. 

The-current study deals with analytical and experimental steps taken to 

assess the validity of the Leicester computer model in its predictions of 

the dynamic behaviour of parachutes. 

The predictions will depend on how adequately the complete physical 

system has been analysed and reproduced in conceptual form. Several funda- 

mental aspects of parachute modelling, the canopy aerodynamics in particular, 

are considered here. Under present conditions, where our understanding and 
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knowledge of the physical system is limited, the validity of the model 

predictions can only be judged by comparison with the behaviour of the real 

system. The acquisition of data suitable for this purpose is also treated. 

1.3 Review of Previous Work 

With a few exceptions, principally of UK origin, scientific invest- 

igation of the parachute, as opposed to the empirical cut-and-try approach, 

dates from the exigencies of World War 2. More recent impetus to 

parachute research has been provided by the various space projects, where 

the highest reliability and weight-effectiveness are demanded. 

A conservative survey of conceptual dynamic models of parachute systems 

will reveal about 40 versions published to date in the open literature. 

About half of these supply numerical solutions to the equations of motion, 

and of this set two-thirds provide solutions in 3D space for systems-with a 

variety of degrees of sophistication - ranging from single 5 DoF bodies to 

multiply-connected nonlinear viscoelastic systems with stochastic wind 

inputs. Some of the more significant contributions are mentioned here 

along with the sources of input data on which they rely. 

De6init on o6 Added F. &zLd Mau 

One fluiddynamic concept which frequently appears in the treatment of 

parachute dynamics is that of added fluid mass. This is now briefly 

defined and assessed for significance. 

Consider the general motion of a solid body B in an infinite fluid 

region R (Fig. l. l). The fluid is assumed to be at rest at infinity, with 

respect to an inertial co-ordinate system I, and we specify a Cartesian 

mean body co-ordinate system Oxyz. Describing by the co-ordinates 

xl, ...., x6 the six degrees of freedom of motion in I, the kinetic energy 

of the fluid TF may then be conveniently written in terms of the body 

origin velocities ui in the form 
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TF(t) _ TF (u, P) =2A.. (u, P) u°. (t) uz(t) (1.1) 

where Aij(u, p) = 

= (1/u°(t) u? (t)) JJ1 P(xi, x2, x3, t)ui(xl, x2, x3, t)ui(xl, x2, x3, t)dR (1.2) 

The Aid, having the dimensions of mass, first and second moments 

and products of inertia in Eqn. (1.1), are called the components of the 

added mass tensor [A]. 

In accelerating the body via external forces and moments the fluid 

kinetic energy also changes, e. g. take A 
ij 

= const. #0 in Eqn. (1.1). 

To achieve a particular change in velocity uo of the body the external 

forces and moments may therefore be divided into two sets, those required 

to accelerate the body and those needed to accelerate the Aid. We may 

thus state that in general, rigid body motion the added mass will be of 

dynamical significance when any combination of the ratio 

TF.. /TB.. ? 0(1); i. J = 1, ..., 6 
13 iJ 

where 
1 

TB 2 Bid u. uý is significant, 

rigid body inertia tensor. 

(1.3) 

Bid being components of the 

Define a mean fluid density p(p = p«(Z), say), a mean solid body 

density pB - m/VBt, and using Eqn. (1.3) we find that any Aid will be 

significant when its inertia or mass ratio 

iý - Aid/Bid - (P/PB) (Aid/B'ij) > 0(1) 

where 

(1.4) 

A'.. = Al /P, B. = B. j/PB. 

t For a parachute canopy the solid body volume may be very small; in this 
case VB is taken as the projected volume enclosed by the canopy. 
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As a rough guide, for a sphere in ideal flow [5], A11/-11 = 0.5, 

suggesting that added mass will be important when the mean fluid and 

body densities are comparable. This statement must be treated as a 

very first order approximation; in particular, the added mass A33 

(Fig. 1.2) of parachute canopies has been shown to decrease rapidly with 

increasing geometric porosity [6]. Exprn. (1.4) holds for parachute 

systems with low terminal descent speeds and/or low porosity canopies, as 

typified by the personnel parachute. 

For a given body shape, each of the 36 components of [A1 will depend 

at any instant t on a large number of parameters; 

A.. (t) -f (ul, ..., u6,61' ..., n6 000' 1400, Re) (1.5) 

Experiments in real fluids [7,8], mostly in the 

confirm the considerable extent of the problem; 

shape as a sphere, results indicate that variat 

magnitude in the non-dimensionalised added mass 

are possible [9,10]. 

range Re - 103 to 105, 

even for such a regular 

ions of about two orders of 

component Aii/Bii (i -1,2,3) 

Full analytical evaluation of the Äiß (see Eqn. (1.2) amounts to 

solution of the parachute canopy flowfield problem, and is beyond the 

current state of the art of computational fluid mechanics: the general 

flow may be classified as compressible, turbulent, separated, three 

dimensional, and most significantly, unsteady [11]; the typical canopy is 

porous, has holes and is a flexible, tensile structure patt exceUe. nce. 

Comprehensive flowfield modelling would in any case seem to be 

premature, at least until minimal real flow data are available for 

validation. At present, experimental data of one form or another offer 

the best prospect for progress in estimating the Aid. 
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1.3.1 Single-Body Models (Table 1.1) 

In 1918 Brodetsky [12] of Bristol treated the stability of a parachute 

descending vertically at terminal velocity. He assumed the parachute 

to be axisymmetric and rigid ("the passenger ... being supposed to hold on 

tight so that he has no independent oscillation"), and using the Euler 

angle notation [13] to specify the orientation in space of a body-fixed 

axis set located at the centre of gravity, he obtained the six equations of 

motion. Following the linear aerodynamic force and moment velocity- 

derivative assumption due to Bryan [13], Brodetsky considered the effects 

of small perturbations on the motion. His solutions were necessarily 

limited by lack of information on the aerodynamic derivatives, but he 

found in general that longitudinal motion (along and about the axis of 

symmetry) was stable. He pointed out that because of (axi)symmetry the 

general theory of the lateral stability of-the parachute is only a two- 

dimensional problem. Using the Routh criteria, he arrived at conditions 

on the disposition of the masses ("umbrella" and "passenger") to ensure 

lateral stability. 

Nayler a at. [14] in 1919 considered the rigid 6 DoF parachute as a 

particular case of a system comprising a rigid canopy attached with 

elastic-lines to a point-mass store. To solve the linearised equations 

for lateral motion they calculated the necessary aerodynamic derivatives 

from static forces and moments measured on model canopies in a wind- 

tunnel [15]. Lacking experimental data for aerodynamic damping of the 

pitching motion, they suggested how this could be measured using the free 

oscillation technique. They also described, though did not implement, 

how acceleration effects could be represented by introducing an added mass 

and an added moment of inertia. 

Jones [16] reported in 1943 on a comprehensive series of investigations 

undertaken to study the effect of porosity on the stability of a parachute. 

He conducted experiments to obtain data which could be applied in the 
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equations of motion: rigid canopy models were perforated to simulate 

porosity, and three-component balance measurements were made on a variety 

of complete parachute models consisting of a forebody (store), rigging 

lines and canopy. Jones also carried out experiments to measure the 

pitch damping and the added mass, and calculated that a reasonable value 

for the added mass would be 1.4 times the mass of air "contained" in the 

canopy. Jones was the first to implement added mass in the parachute 

equations of motion. Using the linearised planar form of Nayler's 

equations, he treated it as a single point mass located at the canopy 

centroid. His solutions to the linearised equations, for a variety of 

canopy-store combinations with ull(- 1122 a 1133) from 0.7 to 6.0, showed 

that the inclusion of added mass greatly increased the period of oscillation 

and reduced the damping to zero. 

Henn [17] in 1944 was the second to take added mass into account 

in a planar, 3 DoF study of parachute stability. To obtain input values 

for the added mass components Henn and others turned to classical hydro- 

dynamic theory [18,19], where it has been shown that by idealizing the 

body-fluid system it is analytically possible to reduce the number of 

different added mass components needed, and also to calculate their values, 

which are constants for a given shape. For the basic stability modelling 

of a parachute with a fully deployed canopy conventional practice has hence 

been to assume the fluid to be inviscid, irrotational and incompressible, and 

the canopy to be rigid and axisymmetric [20-24] . Further reductions in 

the added mass terms may be obtained by additionally confining the canopy 

shape to have an extra plane of symmetry, as with an ellipsoid [17,4] or, 

most simply, a sphere [25-28]. Assuming the canopy to be replaced with 

an ellipsoidal, air-filled body, Henn's added mass components comprised 

contributions from the fluid regions interior (these he called "included 

mass" and "included moments of inertia") and exterior ("additional apparent" 

masses and moment of inertia) to the body. In the present notation 

(see Eqn. (1.1) and Fig. 1.2) his added mass components were A11, A33 and 
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A55. By analytical solution of the 3 linearised equations of motion, 

Henn demonstrated strong influences on the damping and frequency of 

lateral oscillations (of a mass-geometrically typical personnel parachute) 

due to individual variations of A11 and A33 withing the ranges 

ull = 0.0 to 0.6, U33 = 0.0 to 1.0, around baseline values ull = U33 = 0.5. 

Henn's rather arbitrary rationale in choosing the baseline added mass 

values is exemplary: the canopy was replaced by an ellipsoid of axis 

ratio 0.43, for which analysis [19] gave U11 - 0.545,1133 m 1.000; 

because the canopy underside is in reality open, he then chose 

1133 ull = 0.545. Henn's equations were widely used until 1962, when 

Lester [20] showed that they were erroneous; in uncritically applying to 

the added mass components the rigid-dynamical equations, rather than the 

fundamental Kirchhof f equations [18], Henn had violated the concept of 

added mass. Following Kirchhoff, Lester carefully derived the planar 

motion equations for an axisymmetric parachute, showing that, in general, 

four added mass components (A11, A33' A55 and A15 in the present notation) 

should be considered. The author [24] has found that Lester's 

imp1ementat%on of added mass is fundamentally inconsistent, and that the 

same errors appear in other works [21,22,23,29] (Section 2). Lester did 

not solve the linearised equations of motion because of lack of reliable 

values for both the aerodynamic force and moment coefficients and for the 

added mass components. He pointed out the known limitations [8] of 

applying ideal flow analysis to real flow phenomena, and the need for 

experimental investigation of the added mass concept in relation to the 

parachute. 

Ludwig and Heins [25], again for planar 3 DoF motion, confined their 

added mass implementation to Henn's two isotropic "included" terms, but 

solved the nonlinear equations of motion using both analogue and digital 

techniques. They treated large-amplitude lateral oscillations of the 

personnel guide surface parachute, obtaining input data from aerodynamic 
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force coefficient measurementst by Heinrich and Haak 1962 [30]. 

Using values of ull ( u33) in the range 0.6 to 1.4, they concluded that 

the added mass mainly affected oscillation amplitude and damping, had a 

minor effect on frequency, and overall was not very important. 

Both Jones and Henn found that typical parachutes could not fall 

vertically because of the shape of the normal (sideforce) coefficient 

curves at zero angle of attack. A small deflection in a gives a normal 

force away from the axis of symmetry, so that the system is statically 

unstable. Their small-disturbance results indicated that one possible 

descent mode was an unsteady oblique glide with the parachute axis 

oscillating about the vertical. Their analyses were limited to consider- 

ation of angles of attack up to about 300 - Henn's because of a lack 

of confidence in the input data and Jones by a belief that equilibrium 

conditions could only be satisfied at a=0. Heinrich [32] later pointed 

out that equilibrium does not necessarily require a-0: the conditions 

are met at an a= ag for which both (i) the normal force is zero and 

(ii) the tangential (axial) force balances the weight. For static 

stability around ag it is also necessary that any perturbation to a be 

resisted by a restoring moment. Heinrich called ag the stable glide 

point, since at this angle the parachute will glide with its axis vertical. 

Note'that although the conditions described are neced4ahy for both static 

and dynamic stability, they may not be du66iaent for dynamic stability. 

The value of ag varies widely from one canopy shape to another; 

measurements by Heinrich and Haak [31] and others [33] indicate that it 

may be 450 or more. 

Wolf [26] and White and Wolf [34] dealt with the in-plane and out-of- 

plane dynamic stability of a steady gliding motion in a3 dimensional, 

5 DoF computer model of a single rigid body parachute. The obtained 

solutions to both the linearised and nonlinearised equations of motion, and 

f These were later found to be incorrect [31], so Ludwig and Heins' results 
must be treated with reserve, also other results [34] which rely on the same data. 
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presented a criterion for glide stability. Employing the same scalar 

added mass components as Ludwig and Heins, they referred for input data 

to experimental and theoretical investigations of added mass by Ibrahim 

[35,36], also to the (incorrect) measurements of Heinrich and Haak. 

For a system which satisfied their criterion for dynamic stability 

("glide-stable") at the glide point, they found that small in-plane 

disturbances were damped and that neutral stability was shown for small 

out-of-plane perturbations. A system which was glide-unstable was found 

to diverge to a large angle pitching oscillation for an in-plane disturb- 

ance and to a vertical, large angle coning motion for an out-of-plane 

disturbance. 

One exception to the trend of reducing the representations of added 

mass was the 6 DoF model introduced in 1972 by Tory and Ayres [3,4,37], 

where, on the basis of the dubious assumption of a real (physical) 

distinction between "included" and "apparent" mass [38,39] they reverted 

to Henn's original collection of components. Three-component data were 

obtained from measurements on rigid canopy models [33,39]. As part of 

the overall model validation [40] the author carried out a sensitivity 

analysis [41] for a typical personnel parachute system. This indicated 

that A33 and A55 were not important as regards lateral dynamic stability, 

but that the magnitude of A11 and its location had a significant effect 

on damping. Damping increased with increasing store mass, as found by 

White and Wolf, but was unaffected by A33. Baseline mass ratio values 

used were uli( 122) = 0.5,433 = 0.9, and the ranges covered were 

ull ° 0.0 to 6.7 and U33 = 0.0 to 6.5. 

Byushgens and Shilov [22], in a purely theoretical 3 DoF study, 

pointed out inadequacies of added mass modelling in previous models 

[25,42,43,27] 
. Linearising their equations, and carrying out a root 

locus analysis for the particular case of single DoF angular motion about 

the store, they showed strong effects of All and A44 on the stability. 
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They suggested dynamic wind tunnel tests using a frequency response 

technique to find the added mass components. Using the same planar 3 DoF 

equations of motion, Shilov also investigated the stability boundary for 

lateral oscillation [21] and the damping of the same motion [23). In 

the latter study [23] he suggests that his damping model be used in 

parameter identification analysis from flight test experiments. These 

equations implement added mass in a manner similar to that of Lester, 

whose work they appear to be unaware of, and, as will be seen, are 

similarly inconsistent. 

Discovery of Refs. [21,22,231 in early 1980 prompted the author to 

check the added mass. terms in Tory and Ayres' model; their equations of 

motion were found to be erroneous, having suffered, to a greater degree 

than Henn's, from application of the rigid dynamical equations. Following 

the added mass expressions of Kirchhof f, Lester and Ibrahim [361, the 

author was the first both to derive the full 6 DoF equations from 

fundamentals, and to obtain nonlinear solutions [44- 46,241 . In all 

known previous treatments of parachute stability, the full significance of 

added mass has yet to be appreciated due to inadequate or incorrect 

derivation and/or implementation of the added mass tensor. It is shown 

here (Section 2) that added mass effects are more significant than hitherto 

predicted. 

Schulz and Hamel [27] used harmonic describing functions to model the 

normal force coefficient in a simple planar 3 DoF model, and hence obtained 

approximate nonlinear analytical solutions for limit-cycle type lateral 

oscillations. Comparison of their nonlinear analytical solutions with 

"exact" solutions by numerical integration gave good agreement in 

estimates for amplitude and frequency. Churkin and Kosarchuk [47] 

modelled a similar system using the same techniques, and also demonstrated 

good agreement with a numerical solution. 

Goodrick [48,49] has been developing a three-dimensional model of a 
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gliding parachute. In this case the canopy is plane-symmetric (rather 

than axisymmetric), so that the aerodynamic force and moment coefficient 

inputs are more complex. Although Goodrick models the steady-state 

aerodynamic forces in a three-dimensional form, he treats the added mass 

as a rigid-body "included" mass (cf. Henn). It is shown in Section 2 

that for the motion of a plane-symmetric rigid body in an . det fluid 

there are at least 12 unique non-zero added mass components. 

1.3.2 Multi-Body Models (Table 1.2) 

As early as 1919 Nayler e-t at. [141 studied the dynamics of a two- 

body system consisting of a point mass connected via elastic lines to a 

rigid canopy. They concluded that for longitudinal (axisymmetric) motion 

the system was stable under all conditions. 

Many of the more recent works on multi-body (or "non-rigid" [43] ) 

models have been concerned with dynamic stability investigations of 

particular major projects, for which steady-state aerodynamic input data 

are usually individually determined. Thus Neustadt 2t aL. 1421 considered 

the planar dynamics of a model applicable to the Apollo crew module. 

Vaughn and Matejka [50] analysed the structural failue of a very high 

altitude (100-225,000 ft) nuclear debris sampler as being due to dynamic 

instability of the parachute-load system. Talay et at. [51] 
, following 

a mathematical model developed by Gamble [52] 
, modelled the Viking 

parachute system which was to be used for soft-landing on Mars. Doyle 

and Burbrick [29] and Ibrahim and Engdahl [53] both analysed the proposed 

recovery system for the Space Shuttle Solid Rocket Booster (SRB). Bolton 

[54] and Schatzle and Curry [55] both simulated lifting parachute systems 

for laydown delivery of the B-77 nuclear bomb [1]. 

Wolf [43] was one of the first to study the three-dimensional motion 

of a nonrigid parachute and payload system. Both the parachute and pay- 

load were assumed to be rigid bodies, each with 5 DoF (no roll (spin) 
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about the axis of symmetry ), and were coupled together with a fixed- 

length riser (connecting tieline). - Orientations of the 3 body axes 

systems were described by three sets of Euler angle sequences: the 

rigid-body equations were obtained for the parachute and payload 

individually, and then the velocity constraint (coupling) equations for 

the riser. This gave a total of 21 first-order ordinary differential 

equations, which were then solved numerically. The steady aerodynamic 

forces acting on the canopy and on the store were assumed to be functions 

only of the instantaneous angle of attack, and aerodynamic damping was 

not considered. Wolf and Spahr [56,57] extended the analysis to cover 

a6 DoF forebody coupled via viscoelastic risers to a cluster of rigid 

5 DoF canopies. This analysis assumed the canopy added mass components 

normal to and along the parachute axis to be different (All, A33, A55 in 

the present notation), as opposed to the spherical "included mass" type 

components in Wolf's previous analyses [34,43]: the present work finds 

Wolf and Spahr's added mass derivations to be inconsistent (Section 2). 

Wolf's models do not contain aerodynamic angular damping coefficient 

terms. 

Doyle and Burbrick [29) modelled a6 DoF forebody connected by 

viscoelastic tether to a5 DoF (no spin) parachute. Treating added mass 

components All, A33, A55 (present notation), they used the Hamilton- 

Lagrange equation to derive the equations of motion. In implementing 

their equations of motion, they incorporate inconsistencies similar to 

those of Lester and Shilov. 

Ibrahim and Engdahl's SRB recovery system model permits 6 DoF to both 

the SRB and the parachute, and includes viscoelastic representation for the 

rigging lines and riser. Although they claimed a "more general 

representation of apparent mass effects", inspection of their equations 

of motion for the parachute (Ref. [53], Egns. 4c and 5c) reveals that they 

treated added mass in effectively the same manner as Tory and Ayres 
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(see Section 1.3.1 above and Section 2), i. e. more or less as a rigid 

body. Ibrahim and Engdahl's model is advanced in other respects, 

however: a numerical technique allows the system's equations of motion 

to be linearized at selected points of the descent trajectory and the 

calculation of the eigenvalues describing the principal motions, hence root 

locus plots giving the variation in stability characteristics as a 

function of time can be obtained. An input option allowing the system 

to be subjected to specified wind and gust profiles, in order to assess 

their effects on the stability of the recovery system, was also used. 

Other models have also catered for a wind input [4,24,28,48,491 

The recent models of Bolton and of Schatzle and Curry used a hybrid 

(analogue/digital) computer technique, for a quick turnaround between 

consecutive simulation runs, -during design studies of a lifting non- 

rigid parachute system. Six-component aerodynamic coefficient data were 

obtained for input [54] 
, and, these were represented by polynomial curve 

fits for speed of computation. Both models appear to omit added mass 

effects altogether, seemingly because of the high-porosity canopies under 

consideration. 

1.3.3 Comparisons with Flight Tests 

It is remarkable how very few of the conceptual models have been 

tested against any experimental results whatsoever. Neustadt et at., 

Bolton and Schatzle and Curry compare time histories of quantities such as 

total velocity, descent speed, dynamic pressure, axial deceleration and 

riser tension and obtain excellent agreement (only one experimental flight 

was considered in each case). However, as pointed out in Ref. 55, this 

is to be expected since these quantities depend primarily on the inflation 

characteristics of the parachute system, and representative inflation 

histories were supplied as inputs in each case. In effect, these 

quantities show only that the drag has realistically been accounted for. 
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For their planar non-rigid model, Neustadt 2t ae. also obtained 

good agreement for the period and peak angles of oscillation of the 

store, and the store angular velocity was close to the estimated bounds. 

White and Wolf found good agreement in coning rate for two cases of 

coning motion; in a third case their calculated coning rate was about 

half the observed rate. 

Talay et at. also supplied an inflation history as in input to their 

2x6 DoF model. Although their model (from [52] ) caters for a large 

number of aerodynamic coefficients due to angular rate inputs, none of 

these was known, so all but three were set equal to zero. Values for the 

pitch/yaw moment angular rate damping coefficients of the parachute (equal 

by axisymmetry) and the roll (spin) moment angular rate damping coefficient 

of the vehicle were found from iterative matching of simulation with a 

single flight test. Other input parameters which were also obtained by 

iterative simulations were the initial angular rates of the parachute 

(i. e. inLtfa. Conti tior ), and the suspension line elasticity and damping 

(the line damping was assumed to be a function of strain only, and not of 

strain 'tote). They presented the pitch, yaw-and roll-rate results of the 

vehicle to illustrate the agreement between simulation and experiment, 

and it can be seen that the envelope of the oscillation amplitude agrees 

reasonably well for yaw-rate (over an interval of 50s), but the simulated 

pitch rate is too large. The simulated roll rate curve matches the flight 

test data well in average value, but it must be remembered that the vehicle 

roll-rate damping coefficient was chosen to give a good fit. Likewise, 

the overall pitch- and yaw-rate histories match well initially because both 

the initial angular rates and the damping of the parachute were specified 

to give good fits to the low-frequency modulation of the vehicle angular 

rate histories. The simulated and flight test derived aerodynamic angles 

at the vehicle do not agree very well, but the flight-derived data were 

subject to Euler angle errors of about 1100, and to wind data errors. It 
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may be noted that the "terminal" descent speed of the system considered 

by Telay c-t aL. was about 170 ± 20 ms-1 (Mach 0.5); observed winds at 

the deployment altitude of 45,000 m (147,000 ft) were about 50 ms-1 

(160 ft s-1) throughout the test. 

Telay a at. observe that the simulation programme "appears to give 

similar general trends and magnitudes in the simulation of the vehicle 

attitude rates but has difficulty in matching flight-test results point- 

for-point". They conclude that "significant voids in the knowledge of 

decelerator technology, particularly with regard to parachute aerodynamic 

characteristics and suspension-system physical properties, appear to be a 

major obstacle to obtaining very accurate simulations and to the use of 

the analytical model in a predictive mode". 

Before it can be hoped that the detailed dynamic behaviour of a 

complex, multi-body parachute system can be accurately simulated, it is 

reasonable to expect that the ability to simulate the motion of the 

simplest, single-body form of parachute will have been demonstrated to a 

corresponding degree. Previous works have not achieved this, primarily 

because of lack (26,4] of 4u tabte flight test data. A major difficulty 

with flight tests is the-unknown extent of atmospheric air movements. 

Thus, although Tory and Ayres [4] compare simuated trajectories with 

experimental trajectories that have been "corrected" [58] for a steady 

wind, the unknown influences of the accompanying turbulence and gusts are 

not accounted for, so that large uncertainties exist both in the 

experimental data and in the simulations. Still-air conditions are ideal 

for testing, for obvious reasons; Stimler and Ross [59] carried out 

hundreds of drop tests in an airship hanger, but they used non-rigid 

parachute models, where the parachute had at least 2 angular degrees of 

freedom about the store, so that their data are of limited value for 

validating rigid-body models. 



17 

1.4 Aim of the Present Study 

The ability to formulate and to solve the equations of motion of 

quite sophisticated parachute systems appears to have been demonstrated. 

Because of the complexity of the canopy aerodynamics, the majority of 

models incorporate a number of similar simplifications regarding these 

components - the fluid acceleration effects in particular. These 

simplifications are difficult to justify in the absence of experimental 

verification, so that uncertainties to an unknown degree exist in both the 

input data and in the simulations. 

The present study has the primary aim of assessing the simulation 

ability of a fundamental, three-dimensional model of a parachute, with 

particular respect to the detailed oscillatory motion. 

Subordinate objectives are as follows: 

1. To critically review the computer model [4] and its input data. 

The assumptions regarding fluid inertia effects are frequently used 

uncritically, and the implementation of the effects varies widely 

from one model to another. As outlined in Section 1.3 above, the 

effects are likely to be significant in many cases, and hence are 

worthy of closer investigation (Section 2). 

2. To identify the important parameters in the present computer model 

[241. In this way resources will not be wasted in overspecifying 

unimportant parameters, and the need for improved measurements can 

be judged (Section 2). 

3. To obtain a variety of experimental flight test data suitable for 

simulation comparisons of the oscillatory motion (Section 3). 

4. To compare the simulations of the present computer model with the 

flight test data, and hence to assess its capabilities and 

limitations (Section 4). 
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SECTION 2 

THE COMPUTER MODEL 

2.1. Historical Note 

The original Leicester computer model was written by Dr. A. C. Tory 

and issued as an internal report in 1972 [3]. Although a number of para- 

chute simulation models were already in existence (Section 1.3) the only 

one referred to by Tory was the White and Wolf model [34]. The objective 

appears to have been to improve on some of the apparent shortcomings of 

White and Wolf's model - the restriction to 5 DoF and the confusing non- 

dimensionalised notation. Another useful feature was the introduction of 

a wind input option, which allowed simulation of the system response to a 

steady or turbulent wind. It was assumed that the "hydrodynamic" mass 

(Wolf's terminology [26]) and moment of inertia could be approximated by 

single scalar values (cf. also [26]); other simplifying assumptions were 

the same as currently prevailed for single, rigid-body models - axi- 

sytmnetric"canopy, quasistatic aerodynamic force/moment coefficient curves 

and a flat Earth for trajectory calculation. 

The model was intended to reproduce as simply as possible the full 

three-dimensional behaviour of a parachute. The sixth (roll/spin) degree 

of freedom permitted the simulation of a "steerable" system. The computer 

programme was written in FORTRAN and arranged in a subroutine form which 

allowed easy modification of specific operations. Parallel work at 

Leicester was aimed at supplying the aerodynamic inputs to the programme 

[33]. Modelling added mass as a sphere in ideal flow, it was found that 

the stability of the system was extremely sensitive to small variations in 

the slope 2CN/äa of the normal force coefficient [3]. The three 

principal descent modes - glide, pendulum oscillation, coning - were 

observed; a lateral (out of plane) perturbation to a steady glide produced 
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either a lateral oscillation or coning, depending on the size of the dis- 

turbance, as found by White and Wolf [34]. 

One of the modifications to the programme was to replace the iso- 

tropic added mass with an anisotropic system, modelled on the values for a 

prolate spheroid in ideal flow [38,33,39]. This idea was proposed by 

Henn [17] in 1944, and Henn's "included" fluid components were also adopted. 

After investigation of this form of the model, the authors concluded that 

added mass was not very important [4,33,39]. Subsequently, however, a 

more detailed parameter sensitivity analysis [41] by the present author 

disagreed with this, finding that the All component had a strong effect 

on damping. 

Later analysis by the author [24] has shown that the equations of 

motion derived by Tory and Ayres [4] were incorrect in respect of their 

derivation of the added mass terms. The correct (for the adopted assump- 

tions) form of the equations was implemented in the computer model, and 

was found to significantly alter the response to inputs. The author and 

others also carried out pilot experiments to assess the degree of pitch 

damping due to angular rates [60,61); these were found to be important, and 

were therefore incorporated in the model. 

2.2. The Equations of Motion 

The detailed derivations of the equations of motion for an axi- 

symmetric parachute are presented in Appendix Bl. The equivalent external 

forces and moments due to the fluid inertia terms are also given for bodies 

with planar and two-fold symmetries, which may be useful when these con- 

figurations are being considered. 
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2.2.1. Discussion of the Equations of Motion 

In deriving the equations of motion (Appendix B1, Eqns. (Bl. 22), 

(B1.23)) the assumptions were: 

1. The fluid is incompressible, inviscid and irrotational. 

2. The fluid region is infinite. 

3. The solid components of the parachute form a single rigid body. 

4. The body external shape has rotational symmetry. 

5. The canopy is imporous. 

6. Body axes are chosen specifically so that the only non- 

vanishing components of the added mass tensor are 

Alls A22 (=A11), A33, A44, A55 (=A44), A15, A24 (= -A15). 

7. Body axes are chosen to be parallel to the principal solid 

body axes. 

To implement these equations we must consider the external forces 

and moments which give rise to the motion: for an unconstrained parachute 

these will comprise components due to gravity, aerodynamic lift and drag 

forces, etc. First, let us consider what the added mass expressions in 

Eqns. (B1.22) and (B1.23) represent: the added mass components have been 

grouped together with the solid body inertia components on the RHS of the 

equations, as is conventional. Superficially, this might suggest that 

the added mass tensor can be regarded (and treated) as simply providing 

additional, passive inertia quantities which form a composite body with 

generalised inertia components (Bid + Aid); this viewpoint is inadequate, 

because it masks important properties of the added mass. 

Arising from motion of the solid body, the fluid inertia effects 

(as generally expressed in Eqns. (Bl. 9) and (Bl. 10)) are manifest as a 

pressure distribution on the surface of the solid body, and ought properly 

to be regarded as fluid reactions, and therefore placed on the LHS (with 
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the appropriate change of sign) in Eqns. (Bl. 22) and (Bl. 23). 

The motion of the body need not be unsteady to give rise to fluid 

inertia effects. Note the couple terms (A33-A11)vw and -(A33-A11)uw in 

Egns. (Bl. 23); these are non-zero for any dteady translational motion 

(V = const., w= 0) which is not directed along the principal axes -[18] of 

added mass, since in general A33 will be different from All . The 

corresponding steady moment for two-dimensional ideal flow is discussed by 

Sedov [62], who uses it to demonstrate, inter alia, the classical aerofoil 

theory result of the quarter-chord location of the aerodynamic centre. 

Moments may also arise due to steady rotation (w = const. ) about the body 

axes, cf. the fluid moment equations for the plane- and two-fold-symmetric 

shapes (Eqns. (Bl. 12) and (B1.14)). 

In the present computer model aerodynamic forces and moments on 

the canopy are obtained from the instantaneous angle of attack, the 

necessary quasi-static functions - e. g. lift, drag and moment - being 

derived from wind-tunnel measurements. The steady-state added mass 

couples (henceforth: "[A] couples") will also be contained in the pitch 

and yaw moments measured in the wind-tunnel. 
t In all previous implemen- 

tations of the parachute equations of motion this fact appears to have 

gone unnoticed, either because the terms did not arise at all (due to in- 

adequate (A33=A11) or incorrect (Henn, Tory and Ayres) derivations of the 

equations of motion), or because their physical significance was overlooked, 

e. g. Lester, Shilov, Doyle and Burbrick. To avoid duplication of the 

steady-state moments, the following approaches are suggested for their 

implementation: 

(i) Specify the steady-state forces and moments fully from 3- or 

6-component measurements, and omit the [A] couples. 

tSequee: 
If, for bodies with two-fold- or axisymmetry, one of A11, A22, A33 

is known (e. g. A33 from [6)), the other two can easily be estimated from 
a. tat.. c 3-component measurements. 
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(ii) Take the body axes origin (0) to be the aerodynamic centre: 

the steady-state moments then disappear, by definition. 

(iii) Assume 0 is not the aerodynamic centre, and use the [A] 

couples only. 

The first approach is to be preferred, since it is realistic. The second 

requires nearly the same amount of effort: Doherr [63] has estimated the 

axial location of the aerodynamic centre for some flexible canopy models 

from 3-component measurements, and Ayres [33] has estimated its planar 

location from the surface pressure distributions on small rigid canopy 

models; in both cases the centres, averaged over a=± 30° or so, were 

calculated to lie within about t O. 2 DP of the canopy base. 

The [A] couples are easily expressed in non-dimensional (coeffic- 

ient) form: in the usual notation for moment coefficient about 0 we have 

CM (a) = Mo (a)/(PVr2 iiD3/8) (2.1) 
0 

with Vr = u2 + w2 ,a= tan-1 (u/w) (2.2) 

The [A] reaction couple for the Oxz (pitching) plane is (Eqn. Bl. 23) 

Mo = (A33-A11)uw (2.3) 

The added mass coefficients Kid are defined to scale on appropriate 

inertia components of a reference sphere of fluid: thus 

K.. = A.. /p(6 r D3) 
' 

for i=1,2,3 (2.4) 
11 11 p 

Hence, from Eqns. (2.1) to (2.4) 

CM (a) =2 (K33-Kll)sin2a (2.5) 
0 

Note that CM is stabilizing (aCr1 /aa > 0) around 0 at a=0 only 
00 
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if K33 > K11 ; also the stiffness of the pitching moment coefficient 

(IBCM /aaj) is proportional to the difference (K33-K11). 
0 

The values of the Aid depend on the location of 0, so that a 

shift of origin along the axis of symmetry will change the values 

(constants) of A55 and A15 (axisymmetric case) [18]; All (=A22) and 

A33 are invariant under this transformation. If the location of the 

centre of added mass is known, the values of All, A33, and A55 can be 

used [18,21-23,62] to derive the equations of motion referred to any other 

body origin on the axis of symmetry, thus retaining only 3 different com- 

ponents. Wolf and Spahr [56] adopted this approach for the 5 DoF (no 

spin) equations of motion for the canopies in their multibody model. 

They assumed that the canopy centre of pressure (taken to lie on the axis 

of symmetry) for the unsteady (acceleration) forces coincided with that for 

the quasi-steady forces, which permits the [A] couples to be dropped. 

Examination of their equations of motion ([56],. p. 3, Eqns. (4)) indicates 

however that added mass terms are missing from their expressions for FZ, 

Mx and My. The missing terms are (in Wolf and Spahr's notation): 

-maxza (P 2 
+Q 2) from Fz ; maxza PW from Mx ; and maxza QW from My. This 

may be confirmed by transforming the added mass components in Eqns. (Bl. 15), 

(Bl. 16) as follows (e. g. Ref. 22, Eqns. (2)), with r=0: 

All = A11 

A33 = A33 
(2.6) 

2 A55 =A 55 + All a 

C A15 = All a 

where the c superscript refers to centralized values of A. , and 

a= za is the distance between the centre of added mass and the origin. 

Wolf and Spahr's equations are therefore incorrect for the assumptions 

adopted. 
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2.2.2. The Added Mass/Included Mass Dichotomy 

The concept of added mass, as a means of accounting for accelera- 

Lion forces and moments, has been misrepresented and misunderstood since 

its first associations with parachute stability studies. Much of the 

problem may be founded in a general attitude, brought about by the predica- 

ment of being forced, through lack of data, to conjecture real fluid 

effects with unreal assumptions; e. g. "pending experimental evidence, one 

guess is as good as another". 

It is asserted from Section 2.1.1. above that misrepresentation, 

even on the remote basis of ideal flow assumptions (in effect, constant 

Aij values), follows when A33 is taken to be the same as All (= A22). 

It is suggested that part of the misunderstanding lies in semantics: what 

was defined in Section 1.3 as added mass has been variously, and simultan- 

eously, referred to in other. parachute studies as apparent mass, apparent 

additional (or vice versa) mass, co-accelerated mass, hydrodynamic mass, 

hydraulic inertia, induced mass, virtual mass; to be readily confused with 

"included mass". 

"Included mass" was introduced in 1944 by Henn [17). The idea 

was to simulate the mass of air which was believed to be "contained at 

rest" within the canopy. Henn assumed this mass to take the rigid shape 

of an ellipsoid, with which he then associated the added mass components 

appropriate to ideal flow [191. The dichotomy arises when the "included 

mass" is then treated as a (weightless) Rigid body, with isotropic mass 

qualities (A11 = A22 = A33) , and lumped with the solid body Bi. compon- 

ents ; the idealized added mass tensor, which is anisotropic, in general, 

ought to be treated as in Appendix B1. 

The "included mass" idea has been perpetuated by Heinrich [6], the 

various editions of the authoritative Parachute Handbook [64,1], and, not 

least, by members of the Parachute Group at Leicester [38,39,33]. 
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Inconsistency and confusion arise when both added and included mass are 

treated as interchangeable. For example, despite Ibrahim's excellent 

doctoral thesis on added mass [36], in his stability model [53] he claims 

a "more general representation of apparent mass effects", yet ultimately 

implements included mass. Similarly, the Parachute Group at Leicester 

protested a physical distinction between the two concepts, yet treated 

both in the same, rigid-body manner. Since it is the more general case, 

it is suggested here that the added mass approach be adopted as standard, 

at least until better data are available. 

2.3. The Current Simulation Model 

The current simulation model retains the subroutine structure of 

Tory's original version. A number of inconsistencies have been amended, 

and the input/output routines have been rewritten to improve communication 

and to provide more information. Major changes were made to the equa- 

tions of motion, as described above, and in providing pitch/yaw rate damp- 

ing moments. The model has been converted to SI units, and a routine 

added to calculate the instantaneous and mean frequencies and damping 

ratios of selected variables from their time histories. The output point 

in the system, used in tracking the trajectory and velocity, may be speci- 

fied; Tory and Ayres referred to the trajectory of the body origin only. 

Graphical routines were written by the author to display the outputs along 

with the input parameters, so that an easily assimilable hardcopy of the 

results can be obtained. 

2.3.1. Damics 

The centralized form of the equations of motion (B1.22), (Bl. 23) 

are solved here, that is, the body origin is transformed to the point on 
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the axis of symmetry at which A15 disappears. As discussed above 

(Section 2.2.1) all the Aid terms ought in principle to be placed on the 

left-hand-side of the equations, since they are in fact external (reaction) 

force and moment quantities. This remark is academic at this stage 

because the equations have to be rearranged to solve for u, v, w, p, q 

and r in any case. The external gravitational forces and moments are 

straightforward, the one point to note is that the equations of motion 

refer to body axes, so the gravity vector must be transformed to the same 

co-ordinate frame (see Section 2.3.4). 

2.3.2. Aerodynamics 

2.3.2.1. Canopy 

Sxi . mead Tun 

For the axisymmetric parachute the aerodynamic force and moment 

coefficients are assumed to be functions of the resultant angle of attack 

only. As discussed above (Section 2.2.1) the point of action of the 

forces needs to be considered carefully if the [A] couples are used; this 

aspect is dealt with in more detail in Section 2.4.4. 

Two different angles of attack are used in the programme. The 

first, av , is only used internally to obtain the angle of attack at 
rcp 

the canopy centre of pressure in the plane containing Oz and the resul- 

tant airspeed, V 
rcp 

222 1/2 
Vrcp = (ucp + vcp + wcp) (2.7) 

a= tan-1 ((u2 + v2 )'2/Vrcp) (2.8) 
Vrcp 

and hence to determine the usual quasistatic aerodynamic stiffness terms 
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N(av )= CN(aV ) (1/2PV2 ) (7TD2/4) 
rcp rcp 

T(cz )= CT(a\, ) (1/2PVrcp) (ýDp/4) (2.9) 
rep rep 

23 
M (aV )= CM (aV ) (1/2PVrcp) (TrDp/4) 

rep rep 

N and M are then appropriately resolved along the body x and y axes. 

The second angle of attack, and a sideslip angle ß, are defined in the 

conventional aeroplane notation to give the aerodynamic angles in the 

Oxz, Oxy planes, viz, for a fixed point P on the axis of symmetry: 

aP = tan 
1 (up/wp) (2.10) 

0p = tan-1 (vp/up) (2.11) 

and these quantities are used for output. 

The aerodynamic stiffness functions are input in discrete form 

and interpolated to obtain intermediate values. 

Damping Moment TeAms 

The simple form of the damping moment implementation is dictated 

by lack of data, so that all damping sources are lumped into a single 

linearised term. The body co-ordinate origin is taken to be arbitrarily 

close to the canopy centre of pressure so that pitch/yaw damping due to 

aerodynamic angle rate may be assumed negligible [611. Thus only purely 

rotational pitch damping due to linear velocity variation over the canopy 

is considered: this is defined by the moment derivatives LP = aL/ap 

(= Mq from symmetry) so that in the usual linearised form 

L= BL P, M =äßq (2.12) 

The derivatives are input in the nondimensionalised form: 
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4 
ýý = Lp/(PVrcplrDp/4) (2.13) 

Roll damping moment is defined in a similar manner, but is assumed zero here. 

M", s Tehm, 6 

The added mass components are assumed to be constants, determined 

only by the canopy shape and size and by the fluid density, as in ideal flow. 

Input values of the added mass components are defined in coefficient form, 

and scale on the inertia components of a reference sphere of fluid of 

diameter D as follows: 
p 

K.. = Aii/(iTQD3/6) i=1,2,3 
11 P 

= A.. /(7rpD5/60) i=4,5,6 (2.14) 

Kij = Aid/(7rPD4/6) iJ 

2.. 3.2.2. Store 

In the present study the store aerodynamics are of secondary 

importance compared to those of the canopy. It is assumed that the store 

size is small, both so that the interference effect of its wake on the 

canopy is negligible, and so that aerodynamic forces and moments on the 

store are small. 

A simple representation is used, which is only approximate: the 

tangential and normal forces (Ts, Ns) on the store are estimated from the 

axial (w and cross flow (us, vs) velocity components at the store mass 

centre S, and are also assumed to act at S 

2 
T=-C (7tpd2 /8)w 

sTss Zs 
s (2.15) 

Ns =- CN (pds1s/2) (U2 + V2 
s 
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Ns is resolved to give the normal force components Xs'Ys' 

X=N cosß 

where 

sss (2.16) 
Y=N sine sss 

ßs = tan-1 (-v/-us) 

and to give moment components about 0: 

L=-zY 
sss (2.17) 

MX 
sss 

2.3.3. Mass-Geometric Quantities 

The solid body inertia components are derived by modelling the 

parachute as a rigid body of idealised shape and mass distribution. It 

should be noted that for present applications of the model (Section 3) 

by far the largest of the solid body components of IXX, IyY about the 

chosen body origin are the mszs terms (typically about 98% or more of 

the total), so that mass-geometric modelling of the other components is 

not critical. 

The system is considered in three parts - canopy, rigging lines 

and store. 

Canopy 

The canopy is approximated by a homogeneous hemispherical shell of 

mass me , diameter DP . Its mass centre C is assumed to lie at 0.2 Dp 

from the base. Thus 

=I%O. otm D2 
xxc yyc cp 

(2.18) 

IZZ = mcDP 
c 
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Rigging Ltne% 

These are assumed to form a conical frustum shell, of length kL , 

mass mL at L and constant mass/unit length: 

2 
IXXL = IyyL = MLQL/12 

(2.19) 

IZZL = nL(D2 +4 Dpds - 2d2)/12 

Stone 

This is taken to comprise a homogeneous circular cylinder, mass 

ms at S, diameter ds , length Rs : 

xx =I= mSE2/12 ss YYS 
(2.20) 

2 IZZS = msdS/8 

2.3.4. Kinematics 

The kinematics of the current model are the same as those of Tory, 

with the exception that the input and output kinematic states are 

referred to an arbitrary point P on the axis of symmetry, not necessarily 

the origin, as used by Tory, which was restrictive. 

The orientation of the parachute with respect to an inertial 

reference frame is described by the conventional Euler angle method. The 

body frame to inertial frame (Fig. 1.2) transformation consists of a non- 

commutative sequence of three rotations: 0 about the body Ox axis, 

6 about the subsequent body Oy axis, then i about the body Oz axis. 

Details of the derivations of these transformations may be found in any 

standard text on flight mechanics, e. g. Etkin [65]. 

The Euler angle rates are obtained from the body axis angular rate 

by the transformation: 
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$ 1 sinftan8 cosotan6 p 
8 = 0 coso -sinO Il q (2.21) 

0 singsece cosýsec6 
I 
r 

and the Euler angles are found by integrating c, 83 1; the values of 

p, q, r are found by rearranging the equations of motion (B1.22), (B1.23) 

to give p, q, r , and then integrating (see Section 2.3.5). 

An arbitrary vector r, defined in Oxyz as r0 , is transformed 

into rI in Ixyz by the transformation [L 01; 

rI = [Lio]r° 

where 

cosOcosv 

[LIO] = cos8sinp 

-sine 

sin0sinOcosP 

-cos4sinn 

sin4sin8sinP 
+cos4cosIP 

sin4cose 

cososinecos* 
+sin4sin* 

cosOsinesin1P 
-sin4cosP 
cosocose 

(2.22) 

(2.23) 

From the orthogonality conditions on direction cosine matrices (DCMs), the 

inverse transformation r0 = [LO1]rI is easily obtained, since 

[LIO] _1 = [LI0]T = [L01] (2.24) 

Consider a point P in the parachute, position vector rP0 with 

respect to 0, and rPI wrt I. Then 

rpI = 1po + ? pI (2.25) 

VPI = VDI + rp0 +wxr PO (2.26) 

and if P is fixed wrt 0, rP0 =0 and 

VPI = VDI +wx rP0 (2.27) 
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Now the body axis components of V0I = (u, v, w) are obtained from the 

equations of motion (B1.22), (Bl. 23); integration of VOI gives V01 

and application of Eqn. (2.27) gives VDT . The space trajectory of P 

is found by transforming VPI to inertial frame components using 

Egn. (2.23), and then integrating to give rpl . 

The parachute attitude is defined as the angle between the para- 

chute axis of symmetry and the space-fixed vertical IZ 

I attitude l=cos' (k0 . kI )= cos 
1 (LIO ) 
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= COS-1(cos co sO) 

(2.28) 

The direction of the parachute axis in the IXY plane is here defined by 

the clockwise orientation angle Y from IX : 

I= tan -1 (-sinýcot6) (2.29) 

The angular velocity of the parachute in inertial frame components is 

wv 
x 

wv wvY 

wv 
z 

P 

[LI0] q 

r 

(2.30) 

The angular velocity resultant in the IXY frame may be of interest: 

WAX 

ý_ (2.31) 
^ýXY 

V 
Y 

the magnitude of which is 

l wV I_ (w2 + w2 )112 (2.32) 
XY vxvY 

and the angle between the resultant and the IX axis is 

6= tan-1 (WV 
Y 

/wV 
X) 

(2.33) 

The phase angle between wv 
XY 

and the attitude is (Y-d). 
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2.3.5. Solution 

Given the initial conditions ýe V) , up, vp, w p, q, r, X, 

Yp, Zp the 12 linear ODEs for the variables U, 

v, w are integrated numerically by means of the same implementation of 

the Adams-Bashforth algorithm employed by Tory. This implementation 

allows error control to be specified on either a single variable or a sum 

of all the variables. The error is obtained from the difference between 

forward and backward difference expressions, and is controlled by adjusting 

the integration step length. In the present implementation the error 

control is applied to the sum of errors over all the variables and is set 

to give 4 figure accuracy at the end of a flight of 40 s. There is little 

point in tightening the error beyond this, since it greatly increases the 

execution time. Execution time also depends strongly on the input para- 

meter mix: for the baseline case (Section 2.4.2) execution takes about 

30 s on the University of Leicester's CDC CYBER 73, though for other con- 

figurations more than 120 s was possible. 

The time interval for output may also be specified, and was set at 

0.1 s for all runs. This allows good definition for straight-line plotting 

between output points. 

2.3.6. Inputs 

Inputs quantities required are (MKS units unless specified): 

(i) Mass/geometric parameters of the canopy, lines and store. 

(ii) Added mass coefficients K11, K33, K55 

(iii) Aerodynamics force /(moment) function coefficients CN(a), CT(a), C? 4(a) 

(iv) Damping moment coefficient tp 

(v) Initial (body-axis) velocity components of P: up, vp, wp 

(vi) Initial (Earth-axis) position components of P: Xp, Yp, Zp 
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(vii) Initial Euler angles (deg. ) 

(viii) Initial angular rates (rad s-1) 

(ix) Ambient constants (gravity, fluid density) 

(x) Start time, printout interval, stop time. 

(xi) Integration routine error control constants. 

(xii) Identifiers (Run No., A/D coefficient curves etc. ). 

2.3.7. Outputs 

The output file is copied onto magnetic disc, from where it may be 

printed or selectively plotted as required. As a check, the printout 

first lists all the input. parameters exactly as read, and then tabulates 

them more descriptively and completely. The predicted time histories of 

a limited number of selected variables are then listed. 

If estimates of frequency and damping are requested for a parti-. 

cular variable an additional routine is used to detect and record the 

occurrence of peak values in the time history. The damping between 

successive peaks of similar sign is calculated by the logarithmic decre- 

ment method ([41], p. 15), and output along with the corresponding period. 

Average values are also supplied. To reduce the effect of any initial 

asymmetry the second peak following initiation is counted as the starting 

point. 

2.4. Parameter Sensitivity Analysis 

The present conceptual model of a parachute is only an approxi- 

mation to the real, physical system, and must be appreciated as such. 

Further, its predictions depend on input data which are themselves sub- 

ject to uncertainty. Since a large number of parameters are used in 

the modelling, it is desirable to use some systematic method to maximise 

the rate of progress towards a reliable model. It is valuable to know 
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the sensitivity of the model behaviour to variations in the input parameters: 

if it is insensitive to variation in a certain parameter, then there is 

little point in either measuring or specifying the parameter to a high deg- 

ree of accuracy, indeed it may be acceptable to omit it altogether from the 

model. Equally, if a particular parameter is critical, but an accurate 

measure is not available, then confidence in the model predictions must be 

reduced accordingly. 

Clearly, one is working on the premise that what is important in 

the model will also be important in reality, which is not necessarily true, 

since the model may not be adequately representative. It is also possible 

that factors which are important in the physical system have been misrepre- 

sented or overlooked completely - this cannot be detected by sensitivity 

analysis. It is important to appreciate that the sensitivity analysis can 

only indicate what is significant in the px"ent impZelQi tatt-on ob the 

model. A shift in the baseline state may alter priorities by uncovering 

new sensitivities and masking others. 

Once (if) all the input data can be accurately specified, and yet 

model predictions do not adequately match behaviour of the physical system, 

the fault may lie in the model itself - in the modelling assumptions, in 

the way they have been implemented, or because of oversight or lack of 

understanding of the physical system. 

2.4.1. Reduction of Results 

The function of the present sensitivity analysis is to identify, 

as much qualitatively as quantitatively, the effect of variation in parti- 

cular parameters on the stability characteristics. 

The stability characteristics are assessed by measuring the res- 

ponse of the model to a fixed initial perturbation. The model is con- 

strained to planar motion in the IXZ plane, so that angular oscillation 
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with respect to Earth axes is uniquely specified by the Euler angle e 

for 6=0 the parachute axis is vertical. The equations of planar 

motion are solved exactly, i. e. in full nonlinear form, for a flight time 

of 40 s. In a previous study [41] it was found that the pendulum-type 

oscillation in 6 of the parachute bore a close resemblance to a simple 

second-order system. Soon after the initial perturbation the period and 

damping ratio remain relatively steady with ±5% and ±10% variation, 

respectively, about mean values wN, C 

Use of the mean period and mean damping ratio gives a good recon- 

struction of the response, but ought to be treated critically. When the 

damping ratio is large (ý > 0.3) few data points will be available for 

calculating a mean damping, so the reconstruction of the response using 

time-averaged values may differ considerably in detail from the predicted 

nonlinear response. When the system enters a limit cycle mode, where 

the frequency is constant and damping is zero, the time-averaged frequency 

and damping will differ slightly from the long term (limit cycle) values. 

As a check on behaviour, for most of the results to be presented here 

graphical outputs have also been obtained and inspected. 

2.4.2. Baseline Case 

The baseline case was chosen to be representative of a 28 ft. Do 

circular flat personnel parachute with a store mass of 100 kg (Figure 2.1). 

The same initial conditions were used for each run: 

0= 30 deg. 

q=0 

u=-3.0 ms-1 P 
w=5.0 ms-P 
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The baseline values for the various aerodynamic parameters are discussed 

below under the appropriate headings. Figures 2.2 and 2.3 show the 

results for the baseline run. The oscillation is symmetric, lightly damped 

and appears to approach a limit cycle amplitude of about 19 deg. with a mean 

frequency of 0.184 Hz. 

2.4.3. Mass-Geometric Parameters 

It is useful to be able to predict the likely effect of changes in 

configuration on stability. Unlike many of the aerodynamic parameters, 

the values of the important mass-geometric parameters (rigging line length, 

store mass, canopy diameter) can readily be measured or calculated to an 

acceptable degree of accuracy. 

Mi. gLn .. to Stone Length zs 

Figure 2.4 shows that both Z and Wn decrease with increasing 

zs. effectively falls to zero, while the limit cycle amplitude 

increases rapidly to a plateau of about ±38 deg. before decreasing again 

for zý/Z 
s>3. 

The damping increases rapidly with decreasing zs ; 

for zs/zS < 0.4 , the Z curve should be treated as qualitative. The 

curve for wn peaks at about zs/zs = 0.3 

Stone Ata44 m s 

In varying the store mass it has been assumed that only the density 

changes, and the moments of inertia have been scaled accordingly. Figure 

2.5 shows that wn increases monotonically with ms , while the limit 

cycle mode is retained. The damping increases with decreasing ms , and 

the trajectory plots show a tendency to glide, which accords qualitatively 

with observation for this type of canopy [591. 
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Figure 2.6 shows that, as the canopy loading is reduced, damping 

increases and frequency decreases. As Dp is reduced the limit cycle 

amplitude increases. The frequency appears to peak at about Dp/DP = 0.75. 

2.4.4. Aerodynamic Parameters 

2.4.4.1. Force/Moment Coefficient Curves CN(a), CT(a), CN(a) 

Attention has here been confined to data for circular flat canopies 

in the very low porosity [32] range Xe=0 -4.21o . Only two sources of 

data [30-31,33] were found, both of which are unsatisfactory in several 

respects. 

Heinrich and Haak [30] used the 38" x 54" wind tunnel at the Uni- 

versity of Minnesota to obtain measurements of the normal and tangential 

forces acting on a large number of rigid and flexible, porous and imporous 

model canopies of different shapes, including the circular flat. The 

canopy diameters were a nominal 12 in. Most of the tests were run at a 

tunnel speed of about 31 ms-1, though "strong model vibrations" forced 

some (including the Xe = 1% circular flat) to be run at 20 ms-1. Although 

their apparatus was set up to measure three force-components, only two 

components were actually used in deriving and presenting the data. 

Figure 2.7 is reproduced from Figure 1 of their report: the tangent force 

T at the apex, and the normal forces N2 at the apex and N1 at the 

store were measured. However measurement "over a wide range" of angle of 

attack (a) indicated that N1 was much smaller than N2 , so N1 was 

neglected and the force system was assumed to be that of Figure 2.7b, with 

T and N2 acting at the canopy apex. Thus the moment coefficient curves 

that Heinrich and Haak present are redundant, since they have simply been 

calculated from N2 and an arbitrary reference length. 
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Subsequent to publication of their original (1961) report, it was 

discovered that their reference dynamic pressure q (used to reduce each 

measurement) was in error, so that all of the original results were suspect. 

In presenting the revised data [31] (submitted for publication in 1968) it 

is not at all clear whether all of the measurements have been repeated 

(45 models, 30 +a values, 2 readings; 4 runs apiece), or if some form of 

correction factor(s) has been found from spot checks, and then applied 

globally. 

The data of Ref. 31 refer to canopies with different "effective" 

porosity (Xe), a nondimensional term introduced by Heinrich [32] to 

express the permeability of the cloth under different flow conditions. 

The effective porosity is calculated from the average flow speed U 

through the cloth, the differential pressure Lp across the material and 

the fluid density p: 

ae = U/ (2AP/p)1/2 (2.34) 

Geometric porosity (AG) is simply the ratio (area of holes)/(total 

surface area). For the very low Mach numbers, dynamic pressures and 

porosities encountered throughout the present study the effective and geo- 

metric porosities will be treated as interchangeable [33]. 

Heinrich and Haak found, as did mostother workers in the same 

field [15,16,63], a considerable aerodynamic interference due to the wake 

from the model mounting support system. To minimize the interference 

they used a wire suspension system, and tried a number of different config- 

urations. They noted that the final arrangement was less than optimal in 

its effect on the normal force, but the effects on the tangential force 

were barely detectable. The mounting constraint at the apex also causes 

flexible canopies to distort gradually with increasing a, and ultimately 

leads to collapse. It is not known to what extent the distortion and its 

effects on the quasistatic forces differ from those experienced under 
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flight conditions. Heinrich and Haak's measurements were repeatable to 

0 ±20. 

The diameter of the rigging lines (0.096 in. ) used on their 

flexible models was about 16 times the scale diameter (0.006 in. ) ; 

comparing tests with 0.096 in. and 0.020 in. lines, they found that the 

tangent force coefficient was increased by about 2% with the thicker lines. 

This contrasts with observations by Jones [16], whose work consistently 

shows that the addition of 0.020 in. lines to an otherwise broadly compar- 

able base canopy neduce4 the drag coefficient by about 5% (Ref. 16, p. 12, 

Table II, Case II). 

It would appear that the circular flat models used in Ref. 31 did 

not possess apex vents, as used on full size parachutes. If measure- 

ments made by Ayres [33] (on a rigid model of a hemispherical canopy) are 

to be accepted (see below), the addition of an apex vent, of diameter 

Dv = 0.085 Dp (Sv/Sp = 0.007), reduces the drag coefficient CD at 
p 

a=0 from 1.7 to 1.5 ([33], Fig. 4.11), i. e. by about 12% on this shape, 

so a similar reduction might be expected for the circular flat canopy. 

It may be noted that the canopies in Ref. 31 had 28 gores (and rigging 

lines) compared to the 24 gores on Ayres' and the drop test models 

(Section 3). 

The results of Ref. 31 (given in graphical form only) were non- 

dimensionalised with respect to the reference area -So - the flat (opened) 

cloth area: in reducing their measurements, Heinrich and Haak calculated 

the force coefficients CT = T/qS0 , CN = N2/qS . Before implemen- 
to 

ting these data in the present computer model they were tabulated and non- 

dimensionalised with respect to the projected (flight) area Sp , denoted 

here by coefficients CT, CN , using the values of So, Sp supplied in 

Ref. 31. Most of their results are for angles of attack of not more 

than 40 deg., because their flexible canopies collapsed at about this 

angle. For input to the computer model the data are used in discrete 
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form at 5 deg. intervals up to 90 deg. (Table 2.1(a)-(d)), so the data 

of Ref. 31 were extrapolated and interpolated graphically as required. 

The extrapolations at large a were faired to match the curves produced 

by Ayres, which was the only other source (Figures 2.8 - 2.11). As will 

be seen from the simulation results, this extrapolation is not as drastic 

a solution as might seem, since in all cases the greatest instantaneous 

a predicted lies within the range of measurement. 

Ayres [33] carried out his measurements in the University of 

Leicester's 30in. diameter, open working section wind tunnel on small (6 in. 

Dp) rigid canopy models. Ayres' experiments are poorly documented, and 

again the results are presented in graphical form only. He makes no 

mention of mounting interference corrections, which could have been signi- 

ficant judging from the substantial support structure used ([33], Fig. 4.7) 

which was very close to the canopy. He does not specify if rigging lines 

were fitted, though an axial support sting extends well forward from the 

canopy apex; aerodynamic forces on the sting will have contributed to 

the lift, drag and moment (all three were measured at the apex) and will 

also have caused interference. It is not clear whether these forces have 

been accounted for in the tare corrections. Ayres' circular flat models 

did not have apex vents; he did however investigate the effect of increas- 

ing vent diameter on a hemispherical canopy model of similar size ([33], 

Fig. 4.11), but must have used a different support arrangement to that 

shown in Fig. 4.7 [33], where the canopy is supported at the apex. In all 

his experiments the freestream speed was about 21.0 ms-1, giving a test 

Reynolds Number of about 2.5 x 105, which is approximately 1/lothat of a 

full scale personnel parachute. 

Ayres simulated geometric porosity in the same way as Jones [16], 

i. e. by drilling a large number of uniformly distributed holes in the 

canopy surface. Porosity was increased simply by enlarging the holes. 
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The tabulated data used as inputs to the simulation model were scaled 

from Fig. 4.13 of Ref. 33 aG values of 0,2, and 4% were considered 

(Figures 2.8 - 2.11, Table 2.2(a)-(c)). 

In implementing the aerodynamic stiffness coefficient data the 

following methods were tested: 

(i) The baseline data were chosen as Ayres' aý =0 curves, with CT 

and CN both considered to act at the origin 0, which was taken to lie 

at a point one quarter of the distance between the canopy base and apex. 

The only steady-state aerodynamic moments allowed were those of the [A] 

couples. The centre of pressure was assumed to lie arbitrarily close to, 

but not coincident with (cf. Section 2.2.1), the origin. Figure 2.2 

shows the results of the baseline run. 

Figure 2.12 compares the effective steady-state moments about 0 

as obtained both experimentally - by transforming Ayres' (AG = 0) CM ICN 
A 

data from the apex to 0- and analytically, from the [A] couple (Eqn. 

(2.5)): both curves agree well up to a= 30 deg. The results of 

running the experimental CýM (Figure 2.13) are nearly identical 
0 

(wn = 0.180 Hz, j9( fi 20 deg. ) to the baseline results. 

All of Heinrich and Haak's and Ayres' data were then run using only 

the [A] couples. The effects of using the different sets of CN, CT curves 

can thus be compared directly, since the moment curve was the same in each 

case. The results are shown in Figure 2.14. Ayres' curves for AC = 8% 

([33], Fig. 4.13) were also run to see if any trend developed, which proved 

to be the case. For Ayres' data the frequency decreases with increasing 

porosity; the damping decreases up to aG 2 4ä , accompanied by an increase 

in'limit cycle amplitude to 26 deg., and then begins to increase again. 

The results for Heinrich and Haak's data are less consistent; for the two 

zero porosity cases (near identical results) the motion converges within 

-3 deg. (Figures 2.15,2.16). 2 or 3 cycles to a glide mode with 69-~ 
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For Xe = 0.3% the tendency to glide remains, but convergence is slower 

(Figures 2.17,2.18), while for Xe = 1% and 4.2% the mode is symmetric; 

the Xe = 1% case appears to approach a 161 of about 21 deg. (Figure 

2.19,2.20), and the ae=4.2% case a 161 of about 12 deg. The esti- 

mated C (Figure 2.14) for Heinrich and Haak's Xe = 0,0.3% cases should 

be treated only as qualitative. 

Note that in implementing these data the added mass quantities were 

left unchanged (though it has been found that the Aid depend strongly on 

porosity [6,35]). This was done to isolate the individual effect of the 

aerodynamic stiffness curves from those of the Aid . Overall and indi- 

vidual scaling of the AiJ . are treated separately later. 

(ii) For the baseline case the effect of. individually scaling the CN, CT 

curves throughout the range a= [0,90] deg. was tested. This simulates 

errors in the derivation of the curves, such as those incurred by neglec- 

ting blockage corrections to the reference dynamic pressure. Results 

are shown in Figure 2.21: even for large changes (±30o) the effects of 

scaling errors in CN, and to a lesser extent in CT, are negligible. In 

the earlier sensitivity analysis [41] of the Tory-Ayres model similar 

tests were carried out on the CL, CD curves (which may be obtained by 

applying a rotation of (-a) to the CN, CT data pairs) and indicated that 

changes of ±5% strongly affected the damping ([41], Fig-10). It must be 

remembered that in the present case the scaling does not affect the steady- 

state moment, which depends only on All, A33 and a. 

(iii) As a measure of the error introduced by using both experimentally 

derived and analytically assumed (from. [A] couples) steady-state moment 

terms - as perpetrated by Lester, Byushgens and Shilov, Doyle and Burbrick 

- the baseline case was run with both sets implemented simultaneously. 
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The effect was small, but noticeable: the mean damping increased from 

0.008 to 0.016, the mode changed from limit cycle to convergent, and wn 

increased from 0.184 Hz to 0.195 Hz (T reduced from 5.4 s to 5.1 s) . 

The magnitude of the error clearly depends on the relative stiffness 

(aCM /8a) of the two moment terms; in the present case both moments are 
0 

quite weak, as evidenced by the small incremental effect. 

2.4.4.2. Damping Moment Derivative Rp 

The author and others carried out experiments [60,61] using both 

free- and forced-oscillation techniques to determine the magnitude of the 

pitch/yaw damping moment derivative .P for a model canopy of aeroconical 

shape. The results must be treated as approximate on account of the 

erratic behaviour of the model: Jones [16] reported similar behaviour in 

"not very successful" experiments in attempting to find the damping 

moment derivatives for the NPL canopy shape. In Ref. 61 the value of kp 

was estimated at -0.08, with an experimental uncertainty of 20%, which 

compares reasonably with an analytical estimate of -0.13 , based on the 

assumption of a uniform pressure distribution over the canopy. 

As a first approximation it was assumed that the damping coeffic- 

ient for the circular flat shape is the same as that for the aeroconical, 

so a baseline value of kP= -0.08 was used. Figure 2.22 shows the 

effect of variation of £P between 0 and -0.15 . Note that the 

assumption of a constant kp (nondimensional) implies a damping moment 

proportional to the descent speed (cf. Section 2.3.2.1. ). 
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2.4,4.3, Added Mass Components 

Since the centralised form of [A] is used, we deal only with the 

components All, A33 and A55, and seek representative baseline values for 

a circular flat canopy. 

Jones [16] carried out experiments on 10 in. Dp porous and imporous 

models of the NPL shape ([15], p. 20), for which he/Dp = 0.47. Jones' 

experiments were done by swinging canopy models as a simple pendulum in 

air and water, on the assumption that the added mass in air would be small 

in relation to the mass of the model, whereas in water the two would be 

comparable. He does not make it clear which way the canopies were orien- 

tated, though since he is treating the lateral equations of motion, and 

also refers to "the plane of the periphery" being "finished smooth in each 

case" (solid canopy models), it seems likely to be All. His results show 

that All reduces with porosity, and found K11 = 0.74 (zero porosity), 

K11 = 0.56 (AG = 18%). In conclusion he suggested that an added mass 

of about 1.4 times the mass of air "contained" in the canopy, with a 

corresponding additional moment of inertia. Ibrahim [35] measured 

K11 = 0.31 for a hemispherical model canopy (hc/Dp = 0.50). 

Deceleration experiments to measure A33 were carried out on para- 

chutes following a suggestion by Von Kärmän [66]. The results of these 

experiments, the only ones of this type known to the author, were 

sketchily described by Heinrich [6]. The technique employed was to 

measure the instantaneous deceleration of a parachute after release of a 

known weight. The tests were carried out using different canopy shapes 

with effective porosities of 0,5 and 11%, from which Heinrich produced 

two curves, one for results obtained from steady, non-oscillatory descents, 

the other from oscillatory descents. The curve for oscillatory tests is 

of questionable value because Heinrich appears to have constructed a hyper- 

bola through two points. No mention is made of the test conditions, nor 
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the parachute sizes, parachute construction, store masses or descent 

speeds, nor is it stated how repeatable the results were. 

The most obvious conclusion from Heinrich's curves is that A33 

falls off very rapidly with increasing porosity; at Xe = 5%, A33 is only 

about 1/lo its value of A=0 (non-oscillatory curve). Here a baseline 

A33 value appropriate to a circular flat canopy of ae z 3% will be 

employed, since this is the porosity used in the free-flight models 

(Section 3). From Heinrich's oscillatory curve ([6], Fig. 4) we find for 

Xe = 0.02,0.04 that the quantity "apparent mass/enclosed mass" = 1.0,0.5. 

Reducing these values to a convenient form is vexing since Heinrich based 

the enclosed mass on a reference volume in the shape of a hemisphere of 

diameter = (2/3)Do. The current experiments (Section 3) yielded 

Dp = (0.80 ± 0.02)Do for a wide range of circular flat canopy sizes. 

Standardizing the reference volume as a sphere of diameter Dp, K33 is 

estimated at 0.2 - 0.4. This may be compared with Ibrahim's analytical 

value [36] of K33 = 1.07 for potential flow about an imporous hemispherical 

cup. 

The only experimental estimates of K11 and K55 for the circular 

flat canopy are those of Ibrahim [35]. These were derived from the 

difference in frequencies of oscillation of rigid canopies in air and 

water. A torsional pendulum was used at very small amplitudes (± 2 deg. ), 

and hence very low mean Reynolds Numbers (about 140 in air, 1600 in water), 

by which Ibrahim justified the assumption that the results were equivalent 

to potential flow data. These experiments confirmed that K11 and K55 fall 

off rapidly with increasing porosity. For the imporous canopy Ibrahim 

gives K11 = 0.252, K55 = 0.223 (about an axis 0.165 Dp from the base plane). 

The chosen baseline Kid values were K11 = 0.25, K33 = 0.40, 

K55 = 0.22. Note that the values of Aid are very sensitive to Dp 

All, A33 = f(D3) and A55 = f(DP). The added mass components were then 

tested as follows: 
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(i) For the baseline case (i. e. using[A] couples) both All and A33 were 

varied individually. The results are given in Figures 2.23,2.24, with 

both expressed in mass ratio form. All of the stability parameters 

- wn and , e, 
- depend strongly on All and A33. When All > A33 

the sign of KM /au (Eqn. 2.5) at a=0 changes from stabilizing 
0 

(8CM /8a > 0) to destabilizing: this effect is reflected in both plots for 
0 

The inclination (9g) in the glide mode appears to be a function of 

the difference (A33-A11), and 

K11= 2.5 (p11 = 4.2) we find 

is increased the frequency ri: 

tude decreases (Figure 2.27); 

K33 = 8.0 (1133 = 8.3). 

hence of the steady-state moment: for 

e9 = 45 deg. (Figures 2.25,2.26). As K33 

; es monotonically, and the limit cycle ampli- 

Figures 2.28,2.29 show the output plots for 

(ii) In this series of runs only the experimentally-derived moment was 

implemented, and All, A33 were again varied (Figures 2.30,2.31). The 

effect of variation in All is now stronger on damping, but weaker on wn 

The frequency is also less affected by A33. Note that eg is now 

independent of (A11-A33), and that 161 grows monotonically with A33" 

For K33 = 1.0, J61 = 87 deg., and for K33 = 1.2, e is divergent. 

In the first series of runs ((i) above) the pitching moment 

stiffness 19CM /Dal was a function of (K33-K11), hence the strong effect 
0 

on frequency. In this series it is the same for each run. In general, 

variations in the added mass components will in practice be accompanied 

by variations in the steady-state forces and moments. 

/60)/ (1 +mz (iii) The baseline magnitude of p55 = A55/B55 = (K55'TpD 
5 

Yy 
) 

i. 
0.026 is small. Figure 2.32 indicates that even at this value its 

effect is detectable, principally on the frequency. For larger 1155 all 
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of the stability parameters are affected: wn decreases monotonically, 

along with C, and 161 grows monotonically. 

(iv) The result of scaling all of the baseline Aid components simultan- 

eously is shown in Figures 2.33,2.34. Such a scaling might simulate 

the effect of porosity. Note again that the pitching moment stiffness 

is proportional to the scale IAiiI/IAiJ 
"I° 

The limit cycle mode is 

retained up to about 1A.. j/IA.. I° =4, above which the mode appears to 

be divergent. Note that wn changes little between IAij I/IAijI0 =2 

and 5, indicating that the increase in the inertia components is balanced 

by the stiffness. If the pitching moment stiffness were decoupled from [A], 

we might expect the frequency to decrease in this region, and 161 to 

increase more rapidly. 

Since the baseline values of the A l. j . were chosen to be represen-. 

tative of a very low porosity canopy (XG = 3%), the region IAii I/IAijI° 

=0 to 1 may be considered as indicative of the (added mass) effects of 

reducing porosity from 100% to zero. The discontiniity in wn and C 

around IAij I/IAij1 0=0.5 
accompany a change in sign of the preferred 

6g . Qualitatively, damping increases with increasing porosity, and 

frequency decreases. Figures 2.35,2.36 show results for IAij I=0 

and Figures 2.37,2.38 for IAij I/jAijI° = O. S. 

2.4.4.4. Store CN 'CT 
ss 

For a hemisphere-cylinder body of length/diameter = 2.0, the axial 

and normal drag coefficients (based on the respective projected areas) are 

estimated at 0.36 and 0.86, respectively ([67], pp. 312,317). These values 

were rounded to 0.4,0.9 to give baseline values for CT , CN . 
ss 
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The results of varying CT between 0 and 2.0 indicated that 
s 

the influence of this component is negligible over this range. Likewise, 

CN has little effect; doubling the baseline value brought a very slight 
s 

decrease in wn (0.002 Hz) and in 161 (-1.5 deg. ). The approximate 

representation of the aerodynamic forces on the store (Section 2.3.2.2. ) 

is reasonable in the light of these results. 

2.4.5. Fluid Density 

Parachutes are used to recover payloads at very high altitudes, e. g. 

250 - 300,000 ft. (cf. AIAA Aöt'w. and Am., April 1981, p. 51), where the 

fluid density ratio a= p/p 0 may be very small. The baseline magnitude 

for p0 was taken as 1.225 Kgm-3, which is the sea level ISA value. The 

effects of variation in a between 0.05 (-75,000 ft. ASL, ISA) and 10.. 0 

are shown in Figures. 2.39,2.40. With a reducing from 1.0, both 161 

and wn increase; 161 apears to peak at ßx0.2 (45,000 ft. ASL). 

Stability increases with a. 

Since the magnitude of the Aid are proportional to a, the 

qualitative effect of variation of o may be explained in terms of the 

shift in location, with increasing altitude, of the mass centre towards 

the store. To a first approximation, the magnitude of the steady-state 

aerodynamic forces and moments will be unchanged, since the dynamic 

pressure q= ýIpw2 will be maintained constant by an adjustment in 

descent speed. If the store is regarded as performing a simple pendulum 

motion about the mass centre, the frequency will increase as the mass 

centre is moved towards the store. The damping couple due to £p 

which scales with pw , will be reduced, though, to a lesser extent, this 

will be offset by the increase in frequency. 
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2.4.6. Summary of Results 

For the baseline case tested here, i. e. a typical personnel para- 

chute, the most sensitive parameters as regards stability are the two 

added mass components All, A33 and the damping moment derivative k 
P 

Unfortunately, these are also the most difficult parameters to specify. 

The fact that the magnitude of All will not, in general, be the same as 

that of A33 is significant; this applies whether the steady-state 

pitching moment is specified experimentally or accounted for by the [A] 

couples. In contrast with results of a previous study [41], scaling 

of the CN, CT curves does not have much effect. The reason is most 

likely because in the present baseline implementation neither force com- 

ponent exerted a moment about the origin, the (weak) moment being 

supplied by the [A] couple. With Heinrich and Haak's data'for the low 

porosity flexible canopies, where the CN -a curves differ considerably 

from those obtained by Ayres from rigid canopy tests, the computer model 

tends to glide; with Ayres' data the oscillations remain symmetric. 

Neither Heinrich and Haak's nor Ayres' data are of sufficient quality or 

completeness to allow them to be used with confidence. 

2.5. Conclusions 

The concept of added mass and its significance have been discussed. 

Its representation in parachute stability studies has been reviewed, and in 

this respect it has been shown that the equations of motion used in all 

known previous treatments have been either inadequate or incorrect in their 

derivation, or else incorrectly implemented. A general method for 

expressing the fluid reactions due to the idealized added mass tensor was 

given, and illustrated by application to rigid bodies with planar and two- 

fold symmetries. The correct form of the added mass tensor for a rigid 
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axisymmetric parachute in ideal flow has been implemented in a six degree- 

of-freedom computer model. The model has been described, and by a para- 

meter sensitivity analysis it has been shown that added mass effects are 

more significant than hitherto predicted. In particular, the component 

of added mass along the axis of symmetry has a strong influence on stabil- 

ity. The most important aerodynamic parameters are the added mass 

components and the aerodynamic damping moment derivative, and these quan- 

tities are also the least well evaluated. 
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SECTION 3 

FREE-FLIGHT EXPERIMENTS 

3.1. Introduction 

3.1.1. Defining an Optimal Flight Test Programme 

The present research programme is concerned with all aspects of 

parachute stability and performance in the fully-developed subsonic phase 

of flight. The principal aim of the experiments described here is to 

provide well-defined, quantitative kinematic data for validating conceptual 

models of parachutes. A secondary goal, treatment of which is outside the 

scope of the current study, is to gain understanding of scaling effects in 

physical models of parachutes. 

A great number of, in the main, isolated drop test experiments 

has been carried out by different groups of workers (e. g. [1,64,68]), using 

measurement and assessment techniques of varying degrees of sophistication, 

but almost invariably on an ad hoc basis in support of particular projects. 

The results of these trials are equally particular and fragmentary, and no 

evident attempt has been made to consolidate them into a general unified 

form from which any underlying laws or order might be traced and benefited 

from. For example, the identification of scaling laws - geometric, mass, 

stiffness, speed - on stability behaviour would be of great value as a 

design tool; little useful information is available to date on Reynolds 

number, flexibility and porosity scaling of canopies. 

In contrast with wind tunnel work, drop tests allow fully uncon- 

strained dynamic behaviour and the achievement of higher working Reynolds 

numbers. Extra complicating factors may enter however, the principal 

problem for open-air tests, in the low subsonic regime especially, is that 

the system inputs - mean wind speed, direction and turbulence - are generally 

unknown. These inputs are functions of space and time, and their 
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measurement poses a considerable difficulty. Even if they can be 

measured, such complex stochastic functions serve only to amplify the 

already formidable primary task of analysing the parachute system. A 

typical parachute has a large number of degrees of freedom, and full 

instrumentation to measure the behaviour of such a system, in response to 

even the most basic input functions, would be involved, expensive and time 

consuming; data processing and reduction into assimilable form would also 

require much work, and because of the number of parameters, nonlinearities 

and interactions within the system it is unlikely that our understanding of 

it would be much improved. 

Quicker and more genuine progress can be made, it is suggested, by 

carrying out an experimental programme in a more systematic, scientific 

manner under still-air conditions. What is required is a rigorous series 

of tests designed to isolate, and to quant6y, the influences of individual 

parameters on the dynamic behaviour of a 6undamentai phy4Lc. aL model. 

This will allow scaling laws to be developed, and the performance of num- 

erical models of the same basic system to then be assessed and appropriate 

adjustments incorporated. Once the fundamental configuration has been 

analysed, the next stage is to progressively relax the isolating con- 

straints to permit possible interactions to develop and be measured, thus 

building up a solid conceptual framework of the system. A set of iden- 

tifiable parameters which need to be isolated is shown in Table (3.1). 

Geometric/mass Shape Structural Fluid Dynamic 

Canopy size Canopy shape Canopy stiffness Fluid density 
Line length Store shape Line end fixity Reynolds number 
Store mass Line number Line stiffness 
Store size Line thickness Line damping 

Table (3.1) Basic parachute stability and performance parameters 
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3.1.2. Implementation of the Physical Model Concept 

It was decided therefore to intitiate such a programme, using 

free flight models for the tests. To provide a starting point for a 

scaling law investigation it seemed advisable to decide upon a particular 

canopy shape - the canopy shape parameter is taken here to include porosity, 

cut-outs, asymmetries as well as profile and is thus potentially the most 

variable of the above set. Canopy shape has a dominant influence on the 

external forces and on the mass distribution, in both steady and unsteady 

states, so it is more practical, for a first approximation, to detail in- 

fluences directly from continuous-running wind-tunnel experiments rather 

than infer them stochastically from multi-degree-of-freedom flight trials. 

The ubiquitous circular flat canopy was chosen as the baseline 

shape. This is arguably the simplest practical axisymmetric shape for a 

canopy, and it can also be constructed imporously. It is known to exhibit 

a broad range of stability characteristics [59], which makes it of parti- 

cular interest, and a number of wind-tunnel tests have been carried out on 

it by various workers, thus providing sources of aerodynamic data as needed 

for simulation work. 

Since the results of the proposed drop test experiments were to be 

compared with the existing computer model, it was decided to begin by re- 

producing as far as possible the current constraints of the conceptual 

model in physical form. These constraints reduce essentially to the single, 

six-degree-of-freedom body and negligible wake interference assumptions. 

The first (rigid body) constraint demands that the store should not 

move out of alignment with the canopy as the parachute oscillates. This 

is easy to arrange with a rigid canopy and flexurally stiff rigging lines, 

but the solution for a flexible, tensile canopy and lines was not so 

obvious and required an amount of preliminary experimentation. A number 

of proving trials were carried out in one of the airship hangers at 
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Cardington, Beds., with ultimate success. This development work is 

described in Appendix Cl. Satisfactory rigid body behaviour was achieved 

within 3 to 10 s, depending on the scale of the parachute, from a static 

release. The nett cost was that two sets of rigging lines were required, 

making 48 lines in all. 

The second constraint requires the wake from the store to have a 

negligible effect on the aerodynamics of the canopy, and, for a given 

canopy-store separation distance, is approximated by minimizing the store 

size. For the experiments under consideration, minimum store volume is 

dictated by the measurement technique and choice of instrumentation. A 

self-contained measurement system was used, and was fixed inside the store. 

The instrumented store was of hemisphere-cylindrical form, of diameter 

ds = 0.240 m, and length kS = 0.480 m (CD = 0.36 at a=0 [67]), and a 

dummy store of twice this size was also used. For the worst case canopy/ 

store configuration reported here the ratio Dp/ds = 5.9'and the ratio 

(base separation distance/d5) = 4.4; empirical data indicate ([1], p. 280) 

that this causes a reduction in canopy drag coefficient of less than 5% 

at a=0 

3.2. Instrumentation 

Since it was anticipated that opportunities for carrying out the 

proposed drop tests could be limited by weather and schedule constraints, 

it was desirable to obtain as much information as possible from each experi- 

ment. Much consideration was given to the choice of suitable instrumen- 

tation, and the drop-test environment and required end-product data influen- 

ced thinking on this to a large extent. To enable simulation comparisons 

it was essential, whatever the end-product data, that the full kinematic 

state (i. e. initial conditions) at some point in the parachute be known at 

some instant during the rigid-body phase of flight. The drop-tests were 
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to take place either from tethered balloons under dead-calm weather condi- 

tions, or within the Cardington airship hangars. 

A strapdown inertial measurement unit (IMU) located in the store 

was finally opted for, since this would give, either by direct measurement 

or by calculation, the angular velocity and Euler angles, the accelera- 

tion, linear velocity and trajectory of any point in the store: once rigid- 

body motion was established, the local incident airspeeds and aerodynamic 

angles at any other point - the canopy centre of pressure, for example - 

could also be estimated. In addition to the IMU, a specially developed 

Pitot-static type sensor [11,69] was used to provide a back-up measure- 

ment of the airspeed. A solid-state, microprocessor-controlled digital 

data acquisition unit [69-73] was also designed and developed for onboard 

recording, thus making the complete measurement system self-contained and 

suitable for use either outdoors or in the hangar. 

3.3. Kinematic Analysis 

The IMU supplies continuous signals from six inertial sensors: a 

mutually orthogonal triad of angular rate sensors, and a similar mutually 

orthogonal triad of linear accelerometers. The sensitive axes of the 

sensor triads are parallel, but not coincident. Given the initial orien- 

tation of the store with respect to an inertial reference frame, as speci- 

fied by the Euler angle method, say, along with the outputs from the angu- 

lar rate sensors, the orientation of the store at any subsequent instant 

can be calculated. This information allows vectors to be transformed from 

the body frame to the inertial frame, and vice-versa. Thus, knowing the 

orientation of the local gravity field, the gravity field components can 

be eliminated from the accelerometer readings, after which the accelero- 

meter signals can be successively integrated to provide the velocity and 

displacement vectors. 
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The kinematic analysis for performing these operations has been 

arranged to allow direct comparison of drop-test and simulation results, 

and is presented in Appendix C2. The principal assumption is that 

Earth-fixed and inertial space-fixed reference frames are identical, which 

implies that the Earth's angular rate (7.3 x 10-5 rad s-1) is negligible: 

for the short flight time (<50 s) and very low velocity ( <15 ms-1) data 

considered here the errors incurred are insignificant [74]. Note that 

the same assumption (the "flat Earth" approximation) has been used in the 

simulation model. 

Numerical solution of the equations developed in the analysis is 

outlined in Section 3.8.5. 

3.4. Experimental Apparatus 

The experimental apparatus comprised the model parachutes, the 

data acquisition and storage system, also ancillary support equipment 

needed for power supply, hoisting, control and recovery. Most of the 

apparatus had to be purpose-designed and developed. Details of the 

considerable amount of development work have been reported elsewhere [69]; 

to preserve continuity only outline information is presented here. 

The parachutes consisted of specially commissioned scale fabric 

models of the circular flat canopy, with nominal flat diameters of 6ft. 

(quarter-scale), 12ft. (half-scale) along with a 24ft. full-scale version. 

The canopy fabric material was nominally the same in each case, but the 

rigging line diameters were scaled. 

Two identically shaped flight test bodies were used. The first, 

smaller body carried the full instrumentation and could be nested in the 

second, which was a twice-scale container. Initial drop testing, which 

successfully proved the feasibility of the experimental technique and of 

the instrumentation/data acquisition system, was performed in the airship 
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hangar, and demonstrated that little useful data could be obtained therein 

because of the short drop duration. To enable outdoor testing of a 

sufficient duration, much of the apparatus had to be modified and redevel- 

oped, both to allow an increase in the data storage capacity and to with- 

stand ground impact (a large catchnet had been used indoors). 

3.4.1. Instrumented Body 

A layout drawing of the instrumented test body (SB) is shown in 

Figure 3.1, and a photograph in Figure 3.2. The main components to be 

accommodated in the test body were the instrument block, a static inverter 

for the gyros, and batteries. 

To enable the best range of store mass ratios it was desirable 

that the store be as light as possible in its basic form. Using initial 

mass estimates, preliminary calculations indicated that the inertial gyro 

torque reactions could have a noticeable effect on the motion of the 

store. The task of rendering the gyro-induced angular acceleration 

negligible suggested using a body of elongated shape to increase the mom- 

ents of inertia - this would also be convenient for maintaining a narrow 

wake. 

The instrument block and inverter were arranged to be mounted 

inside a rigid rectangular spine, and a cylindrical skin was fitted around 

the spine. A hemispherical nose was selected for simplicity of construc- 

tion, also so that aerodynamic data for the complete store could easily be 

obtained if required. Care was taken at all stages with the disposition 

of mass in the stores; components were located so that the mass centre lay 

on the axis of symmetry, and also in such a way that the distribution of 

mass along the axis was as near symmetrical as possible. The latter is 

necessary to avoid whirling of the store due to dynamic inbalance [50]. 
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With the transducers located in the central spine, the various 

circuit boards associated with voltage regulation, data acquisition, 

control and storage were fitted in the compartments between the spine 

and the skin, thus providing mutual protection from electromagnetic and 

thermal interference. The rechargeable battery packs were contained in 

a rigid plastic foam in the nose cone, and interchangeable packs were made 

up to save recharging during a trials session. 

Landing impact attenuators had to be provided to prevent damage to 

the SB and its instrumentation. Where the SB comprised the full payload, 

a set of three legs was used for this purpose. The legs protruded beyond 

the store nose on landing and absorbed the kinetic energy by plastic, flex- 

ural deformation at a number of predetermined "hinge" points, thus reducing 

the shock loading to about 45 g for the highest descent speed tested. 

During flight the legs were folded back to avoid interfering with the 

Pitot-static system, and were deployed by telecommand at an altitude of 

almost 30 m AGL. Figures 3.3,3.4 show the SB along with a dummy subgti- 

tute body used for test purposes. The detachable support frame and legs 

used on the SB are seen in the foreground of Figure 3.4. The functioning 

of the impact attenuators was an ever-present worry, since failure to 

deploy correctly would have meant the end of the programme. Also, there 

was always the risk that the parachute would land at too oblique an atti- 

tude for the attenuators to be effective, with equally disastrous possi- 

bilities. A commercial radio-control system, as used with model aircrAft, 

was used to release the shock absorbing legs. The system operated in the 

interference-prone 27 MHz waveband, but no alternative set was available 

at the time. Onboard units consisted of an integral receiver/decoder 

and an electro-mechanical servo, along with an independent battery pack. 

Checks were made for evidence of any mutual interference between the 

radio set and measurement system, but nothing detectable was found, even 

at maximum range. 
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3.4.2. Large Flight Test Body 

A sectional sketch of the large test body (BB) is shown in Figure 

3.5. The SB was centrally located in an aluminium guide tube which was 

lined with Tufnol rails to give a sliding fit. At the top the SB was 

pretensioned to a rigid frame with a bungee cord system, and this together 

with the guide tube prevented relative motion in flight. 

Upon impact, the bungees extended to absorb kinetic energy from 

the SB; once an appointed tension was reached (corresponding to a pre- 

determined reduction in SB energy) the bungee and SB were separated via 

shear pins, and the remainder of the SB energy was dissipated by a foam 

rubber compression block and sliding friction. Foam plastic pads were 

fitted to the frame to avoid rebound damage. Lateral shocks due to 

inclined landings, and toppling over after landing, were cushioned by 

inflated rubber tubes surrounding the guide tube. The nosecone contained 

the shrouded Pitot and static tappings, and was connected to the pressure 

transducer in the instrumented body with 3 mm bore PVC tubing. 

3.4.3. The Data Acquisition System 

A self-contained microprocessor-controlled data acquisition system 

using semiconductor memory as a data storage medium was specially designed 

and developed for inflight recording of the parachute kinematics [69-73]; 

a schematic of the system is shown in Figure 3.6. The microprocessor 

unit (MPU), operating in accordance with preprogrammed instructions, 

controls the selection of the analogue sensor signals, their digitization 

and their storage in random-access memory (RAM). A major advantage of 

this type of system is its flexibility in dealing with changes in input 

configurations: the number of input channels can easily be expanded and 

different sampling rates accommodated by software modifications, with mini- 

mal changes in hardware. 
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With each of eight input channels being sampled at 10 Hz, the 

memory capacity of the prototype system (about 4900 8-bit bytes) provided 

for a run of 40.5 s (at 12-bit precision), which was estimated to be suffic- 

ient to cover about 8 oscillations of the largest parachute to be tested. 

This was reckoned to be more than sufficient for simulation matching pur- 

poses, and the 5.0 Hz Nyquist frequency gave a reasonable factor over the 

first few harmonics of the expected 0.2 Hz fundamental mode. The 

smallest parachute to be tested was estimated to have a fundamental mode 

at less than 1.0 Hz, thus even allowing for quadrupling of the sampling 

rate to maintain the aliasing margin, 5K of memory provided adequate 

coverage to give a kinematic record similar to that of the largest para- 

chute. 

The 'data acquisition and conversion' block in Figure 3.6 consists 

of a single integrated package. A 14-bit analogue to digital converter 

(ADC) would have brought the quantization level down to the nominal 

quiescent noise level of the sensors, but would not have been convenient 

to implement. The integrated 12-bit ADC was chosen because it allowed 

easy packing of the data without an excessive demand on programming space 

and execution time. The integrated data acquisition system, a Burr- 

Brown SDM853 unit, incorporates a low drift, high speed instrumentation 

amplifier and is used at unity gain; the transducer outputs are arranged 

to give ±2.5 V full-scale output (iSO). The analogue input multiplexer 

is a sixteen channel device, and the input signals were set up so that the 

signals, in filtered and unfiltered form, could be selected as required 

(Figure 3.6). This was necessary because it became apparent that it 

would-not be possible to realise the individual low-pass filters for cost 

reasons (an individual filter is required on each line to avoid filter 

settling time delays due to the high-speed channel switching). An alter- 

native, though not completely satisfactory solution, is to use numerical 
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filtering instead of electronic conditioning; strictly speaking, this can 

only be applied to frequencies up to the Nyquist frequency, so to minimize 

aliasing errors the Nyquist frequency must encompass as much as possible of 

the energy spectrum of the signal. In the event the bank of active low- 

pass filters was not used in the drop tests. Provision had been made in 

the programming to sample at 10 or 20 Hz/channel, but an opportunity did not 

arise to try the higher rate. It will be seen from the results, however, 

that the 10 Hz rate appears to have given an adequate aliasing margin for 

all the drop test configurations tried. 

The programme controlling the MPU is loaded from digital magnetic 

cassette tape into RAM via a Texas Instruments Silent 700ASR communica- 

tions terminal, and an external interrupt command to the MPU will then 

initiate the data sampling. Once sampling has finished the data are dumped 

onto magnetic tape, again via the terminal, from where they are transferred 

to a mainframe computer for processing. 

The choice of MPU was not critical since it was used simply as a 

control device, rather than as a processor per se. A Fairchild F8 MPU 

system was used in the current application. This has a set of about 70 

different instructions, the majority of which can be executed in 2 us. A 

useful feature is the large number, 32 in all, of bidirectional input/ 

output (I/0) lines which are arranged as four I/O "ports", each 8 bits wide. 

A quartz crystal reference clock was added to the basic F8 system to ensure 

precise timing, and the memory was expanded from 1K to 5K 8-bit bytes. 

All programming on the F8 had to be carried out at the most funda- 

mental level, using machine code. The data acquisition programme was 

arranged to scan, at fixed time-intervals, a sequence of 8 input channels 

as quickly as possible; only 7 of the channels were actually used, and 

these were scanned in 528 is. Thus, if the 4th channel is taken as a 

reference, say, the other channels are sampled with a lead/lag of not more 

than 26S . is, which, for current computational purposes, is assumed to be 
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negligible in the context of 100,000 us time steps. The first reading 

of channel 4 occurs in the time interval (320,330) us, and again, for 

practical purposes, is taken as instantaneous. The MPU data acquisition 

programme and its actuation are described in Appendix C3. 

For the power supplies (Figure 3.6) several different DC voltage 

levels were necessary: 26V for the gyros and demodulators, ±15 V for the 

multiplexer, amplifier and ADC, 12 V for the MPU, 6V for the accelero- 

meters, 5V for the memory and TTL logic circuitry, an independent 26V 

for the speed sensor, and the majority of these also required voltage regu- 

lation. To make the complete system self-contained in flight, all power 

was provided by rechargeable nickel-cadmium battery packs. For weight 

reasons it was not feasible to size the packs for the recommended 10 hr. 

discharge rate, so it was decided to run them at the limiting safe discharge 

rate and to accept a reduced battery life. The most critical packs were 

the two supplying the rate gyros and the RAM, each of which gave a running 

time of about 5 minutes from a full charge. 

To improve the 7.5 W heat dissipation of the 5V regulator it was 

fixed directly on to the outer skin of the test body, which made a good 

heatsink. Dissipation from the four main bays - transducers, regulators, 

data acquisition and MPU/memory - was assisted by cooling vents in the nose, 

side and base of the test body. The bays had purposely been separated 

from one another to minimize thermal and electromagnetic interference (EMI). 

Apart from the 5V regulator and the 4K memory board, both of 

which were fitted close to the skin, the other main heat sources were the 

solid-state inverter and the gyros. These were located close together 

within the central spine, along with the other transducers and demodulators. 

Under typical (static) field conditions it took about 10 minutes for the 

gyros to reach the calibration temperature of 25°C, so as a rule ground 

running times for the gyros were limited in order to give an in-flight 
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temperature of about this level. The temperature in the filter/data 

acquisition bay stabilized within a few minutes of powering up, so pro- 

longed ground running of this and the MPU/memory was acceptable. 

3.4.4. Support Equipment 

For the outdoor experiments the parachutes were attached to a 

bomb-bar which was suspended under a barrage balloon. The balloon was 

allowed to rise to the desired altitude by means of a mobile winch. A 

telecommand link to the bomb-release mechanism allowed the parachute to 

fall. All of the drop tests were recorded on high-speed movie film, and 

to enable synchronization of the movie records and sensor signals a 

powerful flash bulb, which was fixed to the bomb-bar, was fired at the 

instant of receipt of the 'release' command. Upon landing, the parachute 

was recovered as quickly as possible by a Land Rover or similar vehicle, 

and returned to a mobile caravan for extraction of the data on to magnetic 

tape. Since all of the activity took place in the field, a mobile mains 

voltage generator was also supplied. 

To preserve the batteries during ground running an external mains 

driven power supply unit (GPSU) was designed and constructed. This con- 

tained constant current voltage regulator circuits, which were trimmed to 

simultaneously power the test vehicle systems and to trickle-charge the 

batteries. For both utility and safety accurate and stable outputs from 

the GPSU were essential: the memory/logic supply line, for example, required 

1410 mA at 10.80 V with tolerances of (+ 0, - 10)mA. 

Since it was not practicable to fix this mains driven GPSU to the 

winched bomb-release rig, an alternative self-contained power supply system 

was also needed to maintain the batteries while the test body was on the 

winch and away from ground support. For this system power was provided 

by a pair of 24 V aircraft batteries, regulated by Zener diode and 
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transistor switching, but supplying only the two most heavily loaded 

lines - those for the gyros and the memory/logic circuits. 

3.5. Calibration 

Full details of the calibration techniques and results may be 

found in Appendix C4. 

3.6. Experimental Technique 

All of the drop tests were carried out near the airship hangars at 

the Royal Aircraft Establishment, Cardington. The parachutes were dropped 

from tethered barrage balloons from altitudes of up 1400 feet, and each 

drop was subject to stringent weather constraints. 

most of the test bodies, parachutes, measurement, communications 

and ancillary apparatus had to be transported from Leicester to Cardington 

on each occasion, and to make the most of potential periods of suitable 

" weather conditions a start had to be made early in the day. Short and 

medium term meteorological forecasts for the Cardington area were there- 

fore obtained at 7 a. m. on each prospective (dry, low wind) day: a maximum 

predicted steady wind speed of less than 2.5 ms- 
1 (5 kt) at 150 m (500 ft. ) 

AGL was the (travel/no travel) criterion for experimental purposes, but 

official clearance to deploy a balloon also depended on the lightning risk 

being acceptable. It is remarkable how frequently low-wind conditions are 

accompanied by a high lightning risk. 

Once in site; every effort was made to ensure that drops took place 

in intervals of relative calm. The release altitude was selected to give 

about 40 s of flight time, and varied between nominal values of 180 m 

(600 ft. ) and 430 m (1400 ft. ) depending on the store/canopy combination. 

At release altitude, the store and canopy were scrutinized through bino- 

culars, and release was not initiated until both wind conditions on the 
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ground and as evidenced at the parachute were observed as having been 

minimal for a period of 20 s or so. A note was made of the time of 

release (to nearest minute) to enable the windspeed to be checked from 

anemometer recordings at the on-site meteorological station. The anemo- 

meter was located on top of a 40 m mast, about 200 m distant from the drop 

zone; this instrument needed a gust of 2.5 ms-1 (5 kt) to overcome static 

friction in the bearings, and then gave horizontal wind readings down to 

0.5 -1.0 ms-1. The wind quantities noted in the following results are 

the worst case values recorded from the anemometer in the ± 60 s around 

release time, and may therefore be regarded as upper bounds on the influences 

of horizontal atmospheric air movements (at 40 m AGL) on the tests. 

Assistance during the experiments was provided by a number of 

R. A. F. and R. A. E. personnel, and an R. A. F. cameraman gave movie coverage 

to each drop. A base for loading and unloading the MPU system was set 

up in the caravan; this was located close to the balloon and winch so 

that the SB could be continuously maintained on external power. The drop 

test procedures followed for each canopy/store configuration are listed 

in detail in Tables 3.2(a) - (d). 

Although rigid canopy models had been prepared, for time reasons 

it was not possible to carry out drop tests on these configurations. This 

is unfortunate, however as will be appreciated the necessary experimental 

techniques, the technology, the data processing, etc., have been developed 

and demonstrated for the most difficult extreme of the proposed programme 

for single body type, free-flight experiments. Little technical risk or 

physical effort will now be needed to fill in the primary and intermediate 

stages. 
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3.7. Summary and Results of Experiments 

3.7.1. Summary of Experiments 

A total of 32 production drops was conducted using four different 

canopy/store configurations: the SB on quarter-scale (SB06) and half-scale 

(SB12), and the BB on half-scale (BB12) and full-scale (BB24) canopies. 

These are sketched to scale in Figure 3.7, and inflight photographs are 

shown in Figures 3.8 -3.14. Outline details of the production drop tests 

are given in Table 3.3. 

3.7.2. Observations 

The primary constraint on all operations, apart from the weather, 

was the fact that internal battery supplies to the MPU were only good for 

about five minutes running time. The RAM/TTL and gyro lines drew currents 

of 1400 mA and 960 mA, respectively, as opposed to the 60 mA (10 hr. ) dis- 

charge rate recommended for their NiCd battery packs. It was antici- 

pated that two or three drops could be obtained from each battery pack 

before recharging, but to ensure results it proved necessary to charge 

the RA}. i/TTL pack after each flight. 

The battery difficulty also meant that the test body had to be 

recovered as quickly as possible after landing, before the data stored in 

the memory was lost, so a Landrover was commissioned for this task. The 

Landrover usually arrived at the touchdown point at the same time as the 

parachute, whereupon the test body and canopy were bundled into the back 

of the vehicle, resting on a shock-absorbing mattress during the speedy 

return to base. This method was not without its difficulties - on one 

occasion (Drop 3) the 12 ft. parachute inflated suddenly en route and 

extracted the large store from the Landrover, resulting in loss of the 

data because of the delay. 
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Sequencing of the tests was arranged to minimize the risk of catas- 

trophic damage to the instrumentation. Fortunately, the impact attenuators 

functioned as required in that the equipment survived to the end, though 

the landing after Drop 12 was heavy, and caused a couple of the printed 

circuit boards to damage their mountings. While the radio-controlled legs 

had functioned faultlessly for the preliminary test-drops with the dummy 

store, during the production trials they were released prematurely on 

several occasions owing to radio-interference. This at least was fail- 

safe, and the source of the interference was suspected as other operators 

on the range using the same frequency, also noise from the diesel generator, 

since the problem disappeared when both of these factors were eliminated. 

On one occasion it was failed to actuate the legs in time, so that the 

store hit the ground with the legs still in the folded position; this was 

on Drop 29 (SB12 combination), and, since no damage had been done, the legs 

were dispensed with for further drops of the same configuration (Figure 

3.15). 

As anticipated, the circular flat parachutes exhibited a broad 

range of flight behaviour. Steady modes observed included non-oscillatory 

vertical and glide descents; near-planar oscillation, both vertical and 

glide; coning motion; and breathing (canopy inflation/deflation). On 

some drops (e. g. BB24 configuration) a particular mode predominated; on 

others (e. g. SB06) many or all of the above modes were observed. The 

durations of the modes appeared to be random, particularly for the BB12 

and SB06 configurations, where the descent speeds were about 2-3 times 

those of the BB24 and SB12 configurations. When the amplitude of oscilla- 

tion was large, luffing (partial collapse) of the canopy edge was occasion- 

ally observed; this can be seen in Figure 3.14. 

Not all of the drops were successful in yielding data, the major 

culprit being run-down batteries: although there were programme options 

in the MPU for selecting filtered data and/or a sampling rate per channel 
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of 20 Hz, for time reasons neither of these options were exercised. All 

measurements were of unconditioned signals sampled at 10 Hz. 

For the drops which were successful the ratios of mean descent 

speeds to peak mean wind speeds are shown in Table 3.4. 

3.8. Reduction of Data 

The raw data from the drop tests were recorded in two forms - in 

hexadecimal-coded binary on magnetic cassette tape and on 24 frames s-i movie 

film. The binary data from the transducers were comprehensively analysed 

and processed on a mainframe computer, and then obtained in numerical listing 

and graphical forms. Both movie and still analyses of the films were 

carried out. The stills were analysed with the aid of a film digitizer to 

provide both the initial conditions for the computations and the inflight 

geometries of the parachutes, while the movies, by means of the 0.01 sfilm 

timing marks, were used to correlate transient events, such as canopy edge 

luffing, with the inertial sensor signals. 

Processing of the transducer signal data was carried out in pro- 

gressive stages by a suite of FORTRAN programmes, a graphical output and/or 

numerical listing being obtained after each stage as a check for sensible 

results. 

3.8.1. Transducer Signals 

The first stage was to reconstruct the seven transducer signals, in 

MKS units, from the raw coded data. This process is shown in flow diagram 

form in Figure 3.16. Following the heavy landing of Drop 12, a sporadic 

fault appeared in all subsequent drops, but was confined to the r, ax and aZ 

data stored in the memory area H0800-HOAOO. The exact source of the fault 

was not traced, but its effect, which was to add a binary 000010000000 

(256 bits) to the afflicted locations, was easily remedied by applying a 
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binary filter with a threshold of 160 bits. 

To convert the data from voltage form to kinematic units the full 

calibration hysteresis curves were interpolated. The data point in 

question was tested against the previous point in the same time series to 

detect if it was increasing or decreasing, and the appropriate calibration 

curve was then selected. This technique was used for the rate gyro and 

accelerometer signals, though in the case of the accelerometer data the 

advantage was probably marginal, because of the mutual proximity of the 

calibration curves. Error propagation is considered in Section 3.8.6. 

For the airspeed sensor the zero offset, as determined individually for 

each drop, was first subtracted from each reading; a simple scale factor 

(linear least-squares fit) was applied to convert the voltage to mm of 

water gauge. 

The interpolation routine (TRPLV) used-a cubic polynomial, and 

employed a slope averaging subroutine (TRPLS) to obviate the inclusion of 

extraneous maxima. Before interpolation, each data point was tested to ensure 

that it was valid: the calibration curve arrays were tested for monotonicity, 

and the data point was tested to see if it was within the calibration range; 

a warning flag was output if any of the tests failed. Plots of the recon- 

structed signals are presented in Figures 3.17 - 3.38; the plots are drawn 

with straight line segments connecting the discrete data points. 

3.8.2. Fourier Analysis 

The second stage was to Fourier-analyse the discrete signal time 

histories, both to determine the frequency power density spectra and for 

numerical filtering purposes. The frequency density spectra were obtained 

primarily as a check on the adequacy of the 10 Hz sampling rate, with the 

secondary objective of identifying any predominant modes of oscillation of 

the body. Numerical lowpass filtering was particularly required for the 
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Pitot-static signal on low descent speed drops, since here the individual 

or combined effects of high angles of attack and atmospheric turbulence 

occasionally gave a negative (pressure difference) signal (cf. Figure 3.18), 

which could not be converted into an air speed. Time derivatives of the 

rate gyro signals were also needed (Appendix C2), and since these were to be 

obtained numerically, optional lowpass filtering was made available in case 

the extra order of unsteadiness proved either excessive or intractable for 

computational purposes. 

Ampt Lude and Powet Spec ca 

A program was written around a NAG Library Fast Fourier Transform 

(FFT) ([82], C06ADF); the data flow diagram is outlined in Figure 3.39. 

For each signal time history a record partition is defined, within which 

the data points are uniformly weighted. These data are then Fourier trans- 

formed, and the real (Ak) and imaginary (Bk) Fourier components are calcu- 

lated. In Figures 3.40 - 3.45 the spectral amplitude components 

Fk = (Ak + 
1/2 

for the inertial sensors are plotted as a function of 

frequency; to emphasise the peaks, the maximum (non-zero frequency) Fk 

value has been used as a normalizing factor on each plot (the power spectral 

density is proportional to Ft). The mean value of the signal is obtained 

from the zero-frequency component (A0), and can be used to detect any bias 

(see below). Note that in Figures 3.40 - 3.45 for each individual drop 

the record length analysed consists of the full interval (t = 0, t= touch- 

down), and hence also includes the initial transients. 

VVgitat Fittehing [831 

where lowpass filtering is needed the series of Fourier components 

(Ak, Bk) is truncated (rectangular window) to remove any frequency content 

at and above the specified cut-off frequency. The truncated series is 
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then inverse-FFT transformed to reconstitute the filtered signal. Only 

the record within the window is filtered. 

&th. E4timaLion 

The signal bias can be estimated, within a specified (time) window, 

by means of the FFT. For bias compensation, however, a constant correc- 

tion is applied to all data points within the full time record. 

Programme options exist which allow either a fixed value to be applied, or 

for the measured bias to be adjusted to a preferred value (e. g. zero). 

3.8.3. Angular Rate Derivatives 

After preconditioning by numerical filtering, if applied, the time 

derivatives of the angular rate signals p, q and r are estimated at the 

sampling points by means of the routine TRPLS. This calculates the back- 

ward and forward slopes at the data point: if the slopes are monotonic the 

mean value is taken; if not monotonic, the slope (derivative) is set at 

zero. The same technique is used in estimating the time derivative of 

the airspeed HN. 

Figures 3.46 - 3.49 show the calculated time derivatives of p, q and 

r for four drops representative of the configurations tested. The 

signals have been lowpass filtered at 5.00 Hz throughout the record. Also 

shown is the time derivative of the airspeed, wN , compared with the fil- 

tered z-accelerometer signal. 

3.8.4. Pitot-Static Signal 

As noted above, and as evident from the unconditioned signal plots 

(cf. Drops 2-7,28-32), the output from the Pitot-static sensor is 

occasionally negative. The likely causes are excessive angles of attack 
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at the store nose (cf. Figures C4.18, C4.21) and atmospheric turbulence. 

For analysis purposes, all of the Pitot-static records were lowpass filtered 

at 2.50 Hz, and this removed the negative values in all cases, Figures 

3.46- 3.49 show the frequency amplitude spectra of the Pitot-static signal 

for the different drops. 

Using outside air temperature and barometric pressure measurements 

obtained from the on-site meteorological station, a value for the air 

density at field elevation was calculated for each drop. This value was 

taken as the constant effective air density during the flight, and was also 

used for simulation purposes. 

In converting the indicated Pitot-static reading to airspeed units 

two scale correction factors were applied. The first factor was derived 

from the calibration curves for the sensor, and was applied as a constant 

throughout the flight. For the SB, where Ui/U. is effectively independent 

of Reynolds Number (Figure C4.18), a single value of U. /Ui = 0.949 was 

estimated; this was obtained from a linear least squares fit (s. d. = 0.9%) 

for all points in the range a= ±15 deg. For the BB, this scale factor 

was obtained from a plot of Ui/Um (a = 0) vd U. (Figure 3.50); the value 

was estimated as U,, /Ui = 1.11 ± 0.01 for the BB24 configuration, and 

1.00 ± 0.01 for the BB12 configuration. 

The second factor was applied to compensate for the error introduced 

by the presence of the canopy, which causes the airspeed to be underestima- 

ted. Two different ideal flow models were used for calculating the effect: 

I am grateful to Dr. J. S. Lingard of the RAE for suggesting both of these 

models, also for supplying a numerical solution to the first. In the first, 

the canopy was treated as a hemispherical cup in uniform axisymmetric poten- 

tial flow: in the second, the canopy was modelled as a ring vortex in uni- 

form flow with a boundary condition of zero axial velocity at the centre 

([84], p. 93). The solutions are plotted on Figure 3.51 in the form of the 

velocity ratio along the axis of symmetry as a function of distance from 
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the canopy mouth plane; in both cases the presence of the store has been 

ignored. The hemispherical cup solution is treated as exact for present 

purposes, with x (Figure 3.51) taken to be the distance from the canopy 

mouth plane to the tip of the store nose, as estimated from photographs. 

The values used for the second factor were: 

Configuration U. /U 

BB24 1.022 
SB12 1.046 
BB12 1.031 
SB06 1.036 

The second factor was implemented as a unity-ramp-constant gain function 

(see Figure 3.52). 

3.8.5. Integration and Synthesis 

Final integration and synthesis of the processed data were executed 

by programme KIN, a high-level flow diagram of which is shown in Figure 

3.53. Integration of ;, s, ;, 
uoI' oI' oI' uPI, v, 1 and w, 1 (see 

Appendix C2) is carried out by the same predictor-corrector routine, based 

on the Adams-Bashforth algorithm, as used in the simulation model. Geome- 

tric constants and initial Euler angles, as determined from photographs., are 

read by INTKIN and used to specify the initial conditions and initial 

transformation matrices. Data values for instants between sampling points 

are interpolated by the subroutines TRPLV and TRPLS. An output time step 

of 0.1 swas used for all runs. OUTKIN calculates instantaneous resultant 

velocities, aerodynamic angles, etc. The results can be presented as a 

listing or in a variety of plot formats. Output is terminated 0.2 s before 

the final input data point. 

The initial Euler angles were obtained by using an angular digitizer 

on a film analyser rig. The movie camera was distantly located from the 

drop zone so that a good side-view of the parachute was obtained from 
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release to touchdown. Using the built-in bubble level, the camera was 

accurately levelled before each series of trials, and a suitable telescopic 

lens was fitted so that the picture frame was filled by the parachute. 

Since only one camera view was available it was necessary to assume that 

the misalignment in the orthogonal plane was zero; for the majority of 

drops analysed the initial deviation from the vertical was less than ideg., 

so this assumption is reasonable. Using the chequered markings for iden- 

tification, the initial orientation and the projections of the vertical 

deviation angle were then employed to give ýo and 60 , The angle ýo 

which is arbitrary for the axisymmetric parachute, was set to zero in each 

case. 

3.8.6. Error Propagation due to Noise 

Several tests were carried out as an overall check on error propa- 

gation due to signal noise, the sources of which might be real (EMI) or 

induced during the data decalibration process (Section 3.8.1). The noise 

source data were obtained by performing two 'dummy' trials (CH01 and CH02) 

in which the SB was placed upright, as judged by eye, on a table and the 

sensor outputs were recorded by the onboard data acquisition system. 

The trials were performed in a warm office, after a warm-up run of 30 min.; 

the GPSU and the T1700 terminal, both mains powered, were plugged into the 

SB. Under these conditions the effects of thermal and EMI-generated 

noise may be regarded as extreme compared to the effects encountered under 

flight conditions. Similar data, though unsolicited, were obtained from 

a run under field conditions; these data were logged during a test trial 

('Drop' 6) in the caravan, and for this case it may also be assumed that 

background shocks and vibration were also picked up. 

The power spectra from trials UF06 and CH01 are shown in Figures 

3.54,3.55; no windowing has been applied, i. e. the full record lengths 
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have been used. Also plotted are the unfiltered source signals, with 

their bias errors removed (the preferred bias values and the measured 

bias errors are listed in the right-hand column, viz. for az the preferred 

value is -9. $1 25 ms-2, and the measured error is -0.1674 ms-2). The sources 

of the spectral peaks at around 1.5 Hz and 4.3 Hz have not been identified, 

but since no well-defined peaks at these frequencies appear in the actual 

flight data (Figures 3.40 - 3.45), they may be associated with mains inter- 

ference. 

The unfiltered, but bias-corrected signals, along with the associa- 

ted angular rate derivatives (e. g. Figure 3.56), were then run in programme 

KIN to check the overall effect of background noise: Figures 3.57,3.58 

show the results for the Euler angles and attitude errors. Figures 

3.59,3.60 show the effects on the velocities and space trajectoriesof the 

virtual origin of the IHU; az was corrected to zero bias before entering 

KIN, hence the peculiar trajectory plots. In the above runs, all initial 

values of the integration variables were zero. Figure 3.61 shows a run 

for UF06 data with ýo = 80 = 30 deg. 

Bearing in mind that these are extreme, coloured-noise trials the 

results are taken to represent upper-bound error values for signal noise 

in the raw data. It is reasonable to assume that the Euler angles will 

not be affected by more than about ±1 deg. 

3.8.7. Bias Corrections 

Initial results of KIN runs were disappoin ing. Using unfiltered 

data from Drop 2 the calculated Euler angles at t= 37.0 s were (0, e, p) _ 

(-186.0, -5.59, -0.75) deg. The angles ý and 6 give the inclinations 

of the parachute axis of symmetry from the vertical, and for the present 

experiments did not exceed 60 deg. Inspection of the plot of 0 revealed 

it to be oscillating about a monotonically increasing mean value, the cause 
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of which is a bias in the rate signal. The most likely source of this 

bias is thermal drift in the gyro and/or measurement chain. The angle $ 

is derived primarily from the p-gyro signal (Eqns. 2.21), which has a 

quantization level (QL) of 3.6 x 10-3 rad s-1. The estimated signal 

bias on p is about -7.0 x 10-2 rad s-1, or nearly 20 times the QL. 

Similar, though smaller, biases exist on the other signals. 

The measurement of and compensation for errors in inertial measure- 

ment systems is a comprehensive science in itself, and this study must of 

necessity be limited to a first order treatment. This is also justified 

on the grounds that the measurement interval was very short - so that am- 

bient conditions and drift levels may be assumed to change little over 

this interval - and because it gives sufficient accuracy. 

Determination of the bias corrections is described in Appendix Cs. 

The corrections for p, q, r and aZ gave excellent results when implemen- 

ted. Those for ax and ay did not: residual biases in az and ay 

are detected directly as divergences in up, vp and V 
rcp , and indirectly 

as an oscillatory divergence in wp . Fortunately, using the Pitot-static 

derived speed wN as a guide, the bias corrections in ax and ay can be 

finely adjusted by trial and error to give a good fit of wP with wN . 

The integrity of wP is checked against the distance fallen, for which the 

release altitude is an upper bound (since the nominal release altitude was 

taken as the length of balloon cable paid out). 

3.8.8. Results 

It was found that the optimum bias adjustments were uniquely iden- 

tifiable for each of the several drops analysed (with the exception of Drop 

25; see below) - only one combination of ax and ay corrections would 

both give a good fit of wp with wN , and remove the monotonic divergences 

from the time histories of up, vp and V 
rcp - and were well defined, i. e. 
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to within ±0.01 ms `. The trial and error process, though effective, 

was time consuming because the adjustments required were best judged 

graphically. For this reason only one fully-synthesized set of results 

for each canopy/store configuration is presented here; these are for Drops 

2,10,25 and 29 (Figures 3.62 - 3.70). In these cases the bias correc- 

tions used were: 

Bias correStion Bias correction 
Drop No. 

I 
for ax (ms ) for a (ms ) 

2 -0.76 -0.86 
10 -1.16 0.04 
25 -0.41 -0.31 
29 -0.88 -1.01 

For Drop 25 the estimated corrections (Appendix CS) were used since the 

spin made it difficult to identify the optimum values. 

It has been confirmed that all of the remaining drops give accep- 

table Euler angle results; however these will be held over pending identifi- 

cation of the optimum accelerometer corrections. The results given here 

may be regarded as representative of the range of configurations tested. 

In Figures 3.62 - 3.70, values of * and ßcp which exceed ±180 

deg. have been wrapped around to limit the plot space used. Note also 

that the point P is the virtual origin of the IMU and lies in the store: 

mass/geometric parameters of the parachutes are treated in Section 4.2. 

3.9. Discussion of Results 

Figure 3.17 shows the transducer signals for Drop 0, which was a 

development trial. Note in particular the torsional oscillation about 

the axis of symmetry (r signal) and its effects on the x- and y- gyros; 

also the clipping of the r-waveform due to topping/bottoming out of the 

gyro. Following this trial the rigging configuration was altered 

(Appendix Cl) and the gyro exchanged for one with a larger range. The 
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new rigging configuration was successful in quickly damping out the initial 

torsional perturbation, as can be confirmed from the p and q gyro plots 

(Figure 3.18). 

From inspection of the frequency amplitude spectra the 5 Hz aliasing 

frequency appears to have been more than sufficient for the majority of 

trials. Drops 19-27 (SB06 configuration) show distinct peaks at about 

3.9 Hz in several instances (cf. Figure 3.44, Drop 25, p and ay), but 

there is little energy content above this, least of all in the gyro signals. 

The only way of substantiating the sufficiency, or otherwise, of the 10 Hz 

sampling rate used would be to sample at a much higher rate and then check 

the power spectra. The z-accelerometer signal would have benefited from 

a higher sampling rate during the first 5s after release, where large 

initial transients need to be defined. Fortunately the information re- 

quired was available from the Pitot-static signal (Appendix C2). 

The transducer signals - especially the p and q rate gyro 

signals (Figures 3.18 - 3.38) - corroborate visual observations of the 

different types of oscillatory motion (Section 3.7.2). Drops with the 

BB24 configuration (Figures 3.18 - 3.20) behave fairly regularly after 

the initial perturbations, with apparently little change in oscillation 

frequency or amplitude. Few of the other drops show any lasting sign 

of steadiness; Drops 8-18 (BB12; Figures 3.21 - 3.27) display intervals 

of calm punctuated by bursts of strong oscillation. These are particu- 

larly clear in Drop 13 (Figure 3.24): note the amplitude correlation 

between the p and q signals. Similar random oscillations are seen in 

Drops 19-27 (SB06, Figures 3.28 - 3.34); they are quite distinct in Drops 

26 and 27. In contrast, the SB12 configuration performs swings around 

alternate x and y body axes, so that large swings around one axis tend 

to be accompanied by little motion in the orthogonal plane (cf. Drops 28 and 

32, Figures 3.35,3.38). Note that in these, and in many of the other 

drops, the time dependence of the signals appears to comprise amplitude 
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modulation of a single, predominant background frequency. 

Comparison of the amplitude spectra for groups of trials of the 

one configuration confirms the existence of predominant frequencies of 

oscillation. These are quite distinct, particularly in the p- and q- 

gyro spectra for the BB24, BB12 and SB12 configurations. As a test for 

stationarity, also of efficacy of the rigging method, the signal records 

for Drop 2 were partitioned and Fourier analysed. Attention was con- 

centrated on the interval after t= 10 s, since prior to this effects of 

the initial transients are noticeable. The power spectra for over- 

lapping partition lengths of 12.5 s (125 sample points) are shown in 

Figures 3.71(a)-(c) along with their peak values: they are practically 

identical in shape and in peak magnitudes. Note that there is negli- 

gible energy content in r at the torsional frequency seen in Figure 

3.40(a) (Drop 0). Note also that the ay signal, though apparently 

much noisier than the other accelerometer signals, is in fact plotted 

to a scale an order of magnitude smaller. 

All of the SB06 drops show a spin bias in the same direction, 

with a constant clockwise spin rate of about 3 rpm. Because of the 

small size of this parachute, and also the low spin rate, the spin was not 

detected until after completion of the tests, when the movies were devel- 

oped and analysed. The source of the spin is not known, but is probably 

due to z-axis asymmetry of the parachute: possible causes are a canopy 

rigging asymmetry or a torque induced by the impact attenuator legs. The 

latter seems unlikely since the spin exists whether the legs are up 

(Figure 3.27) or down (Figure 3.32). The computer model can cope with an 

initial spin rate, so simulation is not a problem. In this context also, 

the fact that the impact attenuator legs deployed prematurely on some 

flights does not render these drops unusable; on the contrary, since the 

different mass distributions can easily be simulated, as step functions, 

say, the perturbation might well prove useful in determining the system 
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transfer function characteristics. The effects of the wakes from the 

deployed impact attenuator legs on the Pitot-static system are not signi- 

ficant; they show up as a sudden dropout in the signal (e. g. Figures 3.17 - 

3.29), but after filtering the signal content is more than sufficient for 

completing the integration and synthesis. 

In all of the final results presented (Figures 3.62 - 3.70) the 

inertial transducer signals are unfiltered since any lowpass filtering 

was found to attenuate the integral values. Thus the full information 

content of the signals (other than the transducer bias) has been retained. 

Features of the results are discussed in Section 4 in conjunction with 

simulation matching. 

In considering the uncertainty in the final results, the primary 

source is seen as that due to transducer bias. Note that the frequency 

content of the results, which are important for simulation matching, are 

unaffected by bias errors. The three rate gyro and the az bias 

corrections have been satisfactorily estimated by elementary analysis of 

flight trial and stationary trial data, which gave agreement in mean 

values to within an order of the individual quantization levels (Appendix 

CS). On the basis of the differences in mean bias values (op = 0.0026 rad 

s-1, Lq = 0.0047 rad s- Ar = 0.0038 rad s-1), the final direct deviations 

(i. e. ignoring the mutual interactions, which are small for small angles, 

Eqns. 3.21) in Euler angles after a 40 s flight would be (A4, i6, M) = 

(6.0,10.8,8.7)deg. Even these seem rather large, but the deviations are 

linear in time so that for t between 5s and 10s, where initial condi- 

tions for simulation are obtained, the uncertainties are correspondingly 

smaller. The attitude adopted to the final results is that, with the 

simple bias correction estimates used, they are sufficiently well defined 

at t= 40 s for the bias uncertainties in the Euler angles, for simulation 

starting at t; 8s, to be about ± 2.5 deg; the bias uncertainty (at 

t=8 s) for the speed wp (using wN (± 3% overall uncertainty 
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(@1 OLN < 15 deg), say) and flat =±0.015 ms-2 for a At of 5 s)' } 0.5 ms- 

and for up, vp =±0.8 ms^1 (from wp (± 0.5 ms- 
l) 

and La , Day = 

± 0.01 ms-2 for 8s). There ought to be scope for improving the bias 

corrections by applying a more sophisticated statistical analysis technique 

to the individual trials. This would also give proper confidence interval 

estimates. For present purposes, i. e. as a first step in the direction 

of acquiring data suitable for validation, and particularly in view of the 

constraints of the equipment and measurement system used - 12 bit accuracy 

on a strapdown IMU, in conjunction with a 10 Hz sampling rate - the current 

results are felt to be more than acceptable. In Section 4 these data are 

discussed further in respect of their use and usefulness for validation. 

3.10. Conclusions 

A systematic method for validating conceptual models of parachutes 

has been outlined. An experimental technique has been developed which 

causes a parachute system comprising a flexible canopy attached to a store 

to oscillate as a single rigid body, thus enabling its simulation by a 

fundamental six degree-of-freedom computer model. Experimental apparatus, 

structured around a strapdown inertial measurement unit, has been developed 

to acquire the kinematic behaviour of free-falling parachutes. The kine- 

matics of four parachutes of different scales, with canopy flight diameters 

from 1.4 m to 5.8 m, have been recorded in 21 drop tests under optimal 

atmospheric conditions. The experiments demonstrated a considerable 

degree of random flight behaviour, but spectral analysis of the transducer 

signals revealed sharply defined frequencies of oscillation for each physi- 

cal configuration. The drop test results have been comprehensively 

analysed and synthesised to provde data both for initiating simulation and 

for subsequent comparison purposes. 
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SECTION 4 

COMPARISON OF EXPERIMENTS WITH THE CURRENT SIMULATION MODEL 

4.1. Method 

The full unconstrained, three-dimensional descent behaviour of four 

different canopy/store configurations has been simulated using the current 

computer model. Since the computer model assumes rigid body motion, the 

simulations were initiated as soon as this condition was judged to hold, 

which for most trials was between 3s and 10s after the release (the 

calculated aerodynamic angles at the canopy provide a good measure of stead- 

iness because fluctuations in the body angular rates are amplified in these 

quantities). 

Since a large number of input parameters are used to specify the 

computer model, and because the experimental results exhibit much apparently 

random behaviour, the tactic adopted was to hold all parameters other than 

the most sensitive (Section 2.4.6) fixed while attempting to improve overall 

agreement, as assessed by visually matching output plots from simulation 

and experiment. The alternative approach would be to apply multivariate 

optimal estimation techniques [86], but in the light of the tentative (though 

conventional) assumptions used in the model - regarding the added mass ten- 

sor, for example - this would seem to be premature, at least until better 

(i. e. order of magnitude) measures of the added mass components and of their 

variability are available for the canopy. 

The Euler angles and body-axis speeds are presented here for compari- 

son purposes. It might appear easier to use the computer model to simu- 

late the rate gyro and accelerometer signals, but this would then require 

(visually) matching time histories with an additional degree of unsteadiness, 

which was felt to be impractical. Also, the Euler angles and speeds must 

in any case be calculated from the experimental data to provide initial 



84 

conditions for simulation. 

4.2. Input Parameters 

The inflight parachute dimensions were obtained by measurement 

using the movie film digitiser. Where canopy breathing (axisymmetric 

inflation-contraction mode of oscillation) was occurring care was taken 

that measurements were only recorded midway between breathing extremes. 

The derived displacements were scaled on the known store dimensions and 

were then averaged. Variations around the average were in all cases 

within ±t% in projected diameter and in store/canopy separation distance. 

The store masses were measured to within ±0.01 Kg, and the store centre 

of gravity locations to within ±0.002 m. The solid body moments of 

inertia were calculated as described in Section 2.3.3. 

To determine the appropriate aerodynamic input parameters the 

canopy porosities were tested on a U. K. standard porosity measurement rig 

[87]; this gave volumetric flow rate values of 9.0,8.7 and 10.6 ft3/ft2 sec, 

at a pressure difference of 10 in water pressure, for the 24 ft., 12 ft. 

and 6 ft. canopy materials respectively, with a variation of less than 

±1.0 ft3/ft2 sec in each case. Heinrich and Haak's force coefficient 

data [31] refer to porosity values measured to the U. S. standard, which 

uses a pressure difference of 0.5 in water pressure. For the necessary 

conversion from the U. K. standard to the U. S. standard, it was assumed 

that the material behaves similarly to one tested by Lingard [88]: this 

then gives effective porosity [32] estimates of Ae = 2.6,2.5 and 3.0% for 

the three canopies (using the pressure differences to provide a straight 

velocity ratio of (10.0/0.5)'2gives upper bound [89] estimates of 

Xe = 4.3,4.2 and 5.1%). As a starting point for simulation purposes, 

the force coefficient curves presented by Heinrich and Haak for a flexible, 

circular flat canopy with Xe = 1% were used. Since Heinrich and Haak did 
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not measure the pitching moment, this was implemented in the added mass 

couple terms only, with the body coordinate origin taken to lie at 0.25 he 

(Section 2.4.4.1). Baseline added mass coeff 

as derived in Section 2, viz. K11 - 0.25, K33 

and the damping moment derivative coefficient 

Initial conditions were taken directly 

programme KIN (Section 3.8.5). 

4.3. Results 

icient values were the same 

= 0.40, K55 = 0.27, K15 =0 

£p was taken as -0.08 

from the output listing of 

Drop 2 (BB24 configuration) was arbitrarily chosen as the test case. 

The first run, using the baseline added mass values, indicated that the 

frequency of oscillation was underestimated. The ratio K33/K11 was 

increased to raise the frequency, and 2. was also increased slowly to 

contain the amplitudes, as seen in the attitude angle. A combination of 

K33/K11 =2, with K11 = 0.3 and ip = -0.1 was found to give good 

agreement: the results of this run are shown in Figures 4.1 and 4.2. 

The speeds along the axis of symmetry agree well, and this is 

confirmed by the vertical distance fallen (Z): for Drop 2 the release 

altitude was a nominal 183 m (600 ft. ) above ground level, and experimental 

results give a distance fallen of 179.3 m at 0.2s before impact; simulation 

predicts 177.4 m for the same instant, which is remarkably close. 

The same added mass and damping moment coefficient values were 

therefore applied to Drops 10,25 and 29. The frequency and amplitude 

results for Drop 29 (SB12) (Figures 4.3,4.4,4.5) were acceptable, but 

Drop 10 (BB12) (Figures 4.6,4.7,4.8) and Drop 25 (SB06) (Figures 4.9, 

4.10) needed increases in damping moment coefficient of about 50% to limit 

the attitude. 

It is beyond the scope and means of the present study to take the 

simulation matching any further. Clearly, there are areas which need to 



86 

treated - the effects of different initial conditions need to be examined, 

for example. This has been looked at briefly, simply by choosing differ- 

ent start times from the output listing of programme KIN: the indications 

are that the detailed oscillatory response does depend to a large extent on 

initial conditions, but that the global behaviour - viz, frequency and atti- 

tude peaks - does not. 

4.4. Discussion 

4.4.1. Drop Distance 

As an overall check on performance the estimated distances fallen 

at impact were compared with the nominal release altitude (Table 4.1). 

Recall that the release altitude is assumed to be the same as the balloon 

cable length, which is therefore an overestimate if anything. The cable 

is light and under tension, and hence, to a first approximation, may be 

considered a straight line; under these conditions, for a (large) cable 

slant angle of 100 the slant length is only. 1.5% greater than the vertical 

distance. 

Drop No. 
Nominal Release Calculated Distance Fallen 

Altitude Z Experiment Simulation 

(m) (m) AZ% (m) Az% 

2 183 180 -2 178 -3 
29 213 225 +6 211 -1 
10 335 381 +14 326 -3 
25 427 458 +7 377 -12 

Table 4.1 Comparison of calculated distances fallen with release altitude 

It is not clear why the experimental results overestimate to such 

an extent. Since the Pitot-static derived speed wN was used as a guide 

for wp , one reason may be the over-simplification of the calibration 

curves for the Pitot-static sensor: an iterative interpolation procedure 

would be more appropriate where incidence at the store nose exceeds 15° or 
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so. This was not investigated for time reasons. For Drop 25, which was 

subject to a spin, the Pitot-static speed was used throughout integration 

of the experimental data because the inertially-derived speed wp was 

found to be unstable. 

If the percentage differences for simulation are based on the com- 

parison interval, rather than total distance, the values are slightly 

greater, by 10% (of 12%) for Drop 25 to 26% for Drop 2. However, the 

simulations of Drops 2,29 and 10 provide excellent estimates of Drop 

distance. 

4.4.2. Drag Accounting 

In each case the simulations underestimate the distance, and hence 

overestimate the drag. Aerodynamic force coefficient curves of Ref. 31 

for Xe = 1% were used, compared with an estimated Xe = 3%. Use of the 

Ae=4.2% curves may be expected to increase the drop distance by less 

than 2% (Section 2.4.4.1) - linear interpolation suggests only 1.3% at 

most. Now descent distance/speed is inversely proportional to (CD 

so fairly large errors in drag coefficient are implied: estimates for 

possible sources of the shortfall are tabulated below as percentages of 

CD (a = 0) (Table 4.2) : 

Forebody 
Estimated Porosity Extra Apex Wake Legs 

Drop Drag Error Rigging Vent Interfer- Interfer- 
Shortfall [31] Lines ence ence 

[16] [1] 

2 7 2 3 ? «5 NA 
29 2 2 3 ? «5 NA 
10 9 2.5 3 ? <5 NA 
25 27 2 4 ? <5 ? 

Table 4.2 Sources and estimates of errors (%) in CD (a = 0) 

On this basis, the results for Drops 2,29 and 10 can be accounted 

for. It seems improbable that the impact attenuator legs would reduce 



88 

the overall drag by as much as 20%: since only three measurements were 

used to average the canopy diameter for the SB06 configuration, an inaccur- 

acy in Dp is more likely. 

4.4.3. Descent Mode 

Whereas the physical models display glide motion, especially the 

lightly loaded BB24 and SB12 configurations, all of the simulation results 

show a vertical descent. As implemented here, the aerodynamic pitch 

stiffness stabilises (for K33 > K11) the system around acp =0 by a 

moment which is proportional to (K33 K11) (although K33 was arbitrarily 

increased to raise the frequency, an alternative and no less valid move 

would be to reduce K11 to give the same effect). The sensitivity analysis 

showed that (K33 K11) = (0.40 - 0.25) = 0.15 is a reasonable approximat- 

ion to the rough experimental data; here a value of (K33 K11) = (0.60 - 

0.30) = 0.30 is used, which is too large by a factor of 2. Better data 

are needed for progress: either the (A33 A11) moment terms ought to be 

replaced with good steady-state measurements, or the aerodynamic centre of 

the canopy should be determined to allow these moments to be eliminated 

altogether. 

4.4.4. Euler Angles 

The experimental results for 0 and e show an apparently random 

amplitude modulation which is not matched at all by the simulations. 

The effect can clearly be seen by comparing the attitude angle, which 

oscillates as a limit cycle in each of the simulations. In Drop 25 

(Figure 4.9) there is amplitude modulation of $ and A, but this is 

periodic and due to the z-axis spin. For the last few seconds of the 

Drop 10 simulation (Figure 4.6) a motion combining a steady spin with 

coning is incipient. 
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The spin observed during Drop 25 (Figure 4.9) is simulated very 

accurately up to deployment of the impact attenuator legs. No attempt has 

been made to simulate the deployment. Note the reversal of spin rate at 

deployment, and the resumption of the original rate once deployment is com- 

plete at t= 36.2 s. 

The cause of the reversals in Euler angle P (Figures 4.3,4.6) in 

the simulations may be puzzling at first sight since the model generates no 

external forces about the body z-axis. The source must lie in the deriva- 

tion of the Euler angles from the body rates: in Egns. 2.21 it can be seen 

that 

;= (q sin ý+r cos ý) sec 6, 

hence ý is a function of ý, e, q and r. Some angular rate damping 

about the body z-axis would help curb the divergence in W seen in the 

simulation for Drop 2 (Figure 4.1), but here again experimental data are 

needed. 

4.4.5. Speeds and Aerodynamic Angles 

There is little to be drawn from detailed comparison of the u, v 

body-axis speeds at P, both because of the bias uncertainty in the 

acceleration quantities from which they are derived and because the Euler 

angles do not match sufficiently closely in detail. It may be noted, 

however, that the peak u, v values at P compare satisfactorily between 

experiment and simulation (cf. Figures 4.2,4.4,4.7). The same may be 

said about the angle of attack at the canopy centre of pressure (cf. 

Figures 4.1,4.3,4.6). 

In the light of these comparisons of speeds at opposite ends of 

the parachute, it is instructive to consider the mass distribution used 

in the simulations (K11 = 0.3, K33 = 0.6): 
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Drop 
No. 

2 
29 

10 
25 

Configuration D Zm. A A33 u1 u33 
p 11 1 

(m) (Kg) (Kg) (Kg) 

BB24 5.82 40.78 37.9 75.87 0.93 1.86 
SB12 2.92 9.4 4.79 9.58 0.51 1.02 
BB12 2.84 36.28 4.41 8.82 0.12 0.24 
SB06 1.41 11.13 0.54 1.08 0.05 0.10 

Table 4.3 Estimated mass ratios for canopy/store configurations tested 

Thus a mass ratio range of about 20 to l has been covered, with reasonable 

agreement in speeds demonstrated over a mass ratio of about 8 to 1. 

4.5. Remarks 

The computer model does not reproduce the apparently random oscilla- 

tion amplitude modulation seen in the experiments. Two possible sources 

of this effect are atmospheric disturbances and self-excited unsteady flow 

over the canopy. For time reasons neither has been tested. 

4.5.1. Atmospheric Effects 

There is provision in the model for input of a wind as a function of 

space and time; this could be implemented in various ways, to simulate 

either a uniform isotropic turbulence or a turbulent atmospheric boundary 

layer profile, for example. The former is suggested as a start. 

4.5.2. Self-Excited Unsteady Flow 

Several original and fundamental aspects of the three-dimensional 

self-excited unsteady flow over the canopy were first conjectured by the 

author [11,90], and verified initially by a literature survey and subse- 

quently by experiment [91]. 

While it has long been known that two-dimensional flow over bluff 

body shapes can give rise to significant unsteady and periodic forces, the 
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likelihood of analogous effects in the three-dimensional flow over parachute 

canopies has been overlooked, despite all the evidence of their existence. 

We find in virtually every report on wind-tunnel tests of parachute canopies 

that the model "vibrated violently" at or above certain wind-speeds [15,16, 

31,63]. The possible cause is either ignored completely [31] or else 

vaguely mooted as support interference [63] or lack of support rigidity of 

some sort; the cure is invariably to reduce the wind-speed until the vibra- 

tions disappear [31], or to filter the force signals [63]. The author 

postulated the source as a three-dimensional vortex shedding type effect on 

the canopy, using the two-dimensional periodic flow over the circular cylin- 

der as an analogue. The emergence, for example, from coherence in the 3D 

flow structure of a Strouhal number could also explain other parachute 

phenomena [11] such as breathing [92] and the marked change of canopy sta- 

bility behaviour within a small range of canopy, loading values [59]. 

A literature survey, e. g. [93-103] revealed much evidence of the 

existence of periodic wake phenomena and wake similarity laws for three 

dimensional bluff shapes such as circular discs [93-99], square plates 

[94], cones [99] and even spheres [96,97,100-103]. Indeed, in 1726 

Isaac Newton [100] remarked on the fluttering motion and random trajec- 

tories of spheres (moulded from inflated hogs' bladders) which were 

dropped from the 272 ft. high cupola, of St. Paul's Cathedral. The ob- 

served erratic motion of ascending meteorological balloons in clear air 

is a similar manifestation of the unsteady wake effect. 

For purposes of determining the magnitudes and frequency content of 

unsteady forces it is essential that the measurement systems have a good 

dynamic response, so that the high-inertia weighbeam type of balance is 

unsuitable. The author, therefore, proposed carrying out a spectral 

analysis [90] of Doherr's strain gauge balance signals from measurements 

on flexible model canopies [63], but this proved impossible because the 
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signals had been lowpass filtered at source. Doherr subsequently repeated 

some of the experiments [91] and, analysing the results as suggested, tested 

the effect of the measured unsteady normal force on a constrained two-body 

model (4 DoF, rotary motion only). He concluded that the unsteady forces 

were of considerable significance in determining the detailed dynamic be- 

haviour. 

It is suggested therefore that the present computer model be tested 

for sensitivity to time-dependent aerodynamic forces and moments. If 

these prove to be important, the unsteady forces and moments ought to be 

measured for the circular flat canopy. In reducing the results, and in 

implementing them in the model, care must be taken with the time-scaling. 

Tests should also be made to detect any physical similarity laws, such as 

Reynolds number effects [11]. 

4.6. Conclusions 

Good agreement can be obtained between the mean frequency and mean 

peak amplitude of oscillation for a wide range of parachute configurations 

using the current simulation model. Uncertainties and voids in the 

input parameters do not yet allow the detailed behaviour to be predicted 

with confidence. Input data which need to be improved or supplied are 

the steady-state and time-dependent aerodynamic forces and moments, the 

added mass components (or acceleration-dependent aerodynamic forces and 

moments) and the aerodynamic damping. 
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CONCLUSIONS 

1. 

2 

3. 

4. 

Under the usual ideal flow assumption, the derivations and/or 

implementations of the added mass tensor [A] (Section 1.3), used 

to represent the fluid reactions to solid body accelerations, are, 

in all known previous treatments, either incorrect or inadequate to 

demonstrate the effects of the individual Aii components on the 

dynamic-stability of parachutes (Section 2.2). 

Using the added mass concept, the equations of motion for the fluid 

components of some typical parachute canopy shapes - plane-symmetric, 

bilaterally-symmetric, axisymmetric - have been presented 

(Appendix B1). 

The general equations of motion for the axisymmetric parachute 

contain dteady-state (w =0, V= const. # 0) couples when the 

added mass components A11(=A22) ý A33; the stiffness and the sign 

of the pitching moment coefficient around a =0 depend directly on 

the difference (K93-K11). These couple terms will also be 

contained in the static moment measurements carried out in a wind 

tunnel so care must be taken to avoid their duplication (Section 

2.2.1. ). 

A parameter sensitivity analysis for dynamic stability of a funda- 

mental three-dimensional 6 DoF, rigid-body computer model has been 

carried out around a baseline configuration representative of a 

circular-flat, personnel type parachute (Section 2.4). The 

results indicate that of the aerodynamic input parameters the most 

important are the added mass components and the angular rate 

damping derivative (Section 2.4.4). These quantities are also 
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subject to the greatest experimental uncertainty. The fact that 

the components of added mass along (A33) and normal to (A11, A22) 

the axis of symmetry, are, in general, different, is significant 

as regards dynamic stability (Section 2.4.4.3). 

5. A systematic method for validating conceptual models against 

experimental data has been suggested (Section 3.1.1). As part of 

a proposed programme of free-flight experiments, a technique has 

been developed which enables a parachute system with a flexible 

canopy and lines to behave as a single rigid body (Section 3.1.2). 

6. Experimental apparatus, based on a strapdown inertial measurement 

system, has been developed to sense and store the kinematic 

behaviour of free-falling parachutes (Section 3.4). The kine- 

matics of four parachutes of different scales, with canopy flight 

diameters from 1.4 m to 5.8 m, have been recorded in 21 drop tests 

under optimal atmospheric conditions (Section 3.7). 

7. Spectral analysis of the inertial transducer signals reveals 

sharply defined frequencies of oscillation for the four individual 

configurations (Section 3.9), despite the considerable degree of 

random flight behaviour. The drop test results have been compre- 

hensively analysed and synthesised to provide data suitable both 

for initiating simulation and for subsequent comparison of the 

three-dimensional oscillatory motion (Section 3.8). 

8. Using the current simulation model, good agreement with experiment can 

be extracted for the mean frequency and mean amplitude of oscilla- 

tion for a wide range of parachute configurations (Section 4.3). 
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Uncertainties and voids in the input parameters do ndt yet allow 

the detailed oscillatory motion to be matched. 

9. One source of the observed, apparently random flight behaviour 

may be self-excited unsteadiness of the flow around the canopy 

(Section 4.5.2. ). Measurements of unsteady aerodynamic forces 

on parachute canopies are needed, also improved estimates of fluid 

acceleration reactions and aerodynamic damping. 
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Appendix Bi : Derivation of the Equations of Motion 

Bl. 1. The General Equations of Motion 

Using Hamilton's principle, Kirchhoff [18] showed in detail how, for 

motion of a rigid body in an ideal fluid, the external forces and moments 

on the body due to the fluid inertia may be derived from the added mass 

tensor and the generalised velocities of the body co-ordinate origin. He 

also considers the effect of body shape and deduces how, with appropriate 

choice of body axes, the number of different added mass components can be 

greatly reduced when there are planes of geometric symmetry. Analogous to 

the solid body inertia tensor [B], principal axes and mass centre, there 

exist an added inertia tensor [A], principal axes and a centre of added mass. 

Ibrahim [36] has also given the added mass tensors for a large variety of 

body shapes. 

Consider a dynamic system consisting of an arbitrary body moving in 

an arbitrary (real or ideal) fluid. Choose an orthogonal Cartesian body 

axis set Oxyz , and let Pi , H. (i = 1,2,3) be the component linear 

momenta and the component angular momenta of the system referred to Oxyz 
. 

The origin inertial velocity and angular velocity components are V. and 

wi , and the external forces and moments acting on the system are Fi and 

Mi The general form of the Euler equations of motion for the complete 

system may then be written as 

F= aP/at+w xP (B1.1) 

M= aH/ at +wxH+VxP (B1.2) 

Or, in more convenient tensor notation (Ibrahim [36], Eqns. (3.38)) 

F. = Pi + ei}k w. Pk (B1.3) 

M. = Hi + ijk V. pk + El k w. Hk (B1.4) 
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If the fluid motion is irrotational and inviscid, P. and Hi can be 

determined from the total kinetic energy T from the relations: 

P. aT H. 
aT 

av. aw. 
(B1.5) 

Substituting (B1.5) into (B1.4) and (B1.3) we obtain Kirchhoff's equations: 

Fi dd 
9T 

t aVi Eijk wj 
9Vk (B1.6) 

mi = dt 
aw! 
T- Ei 

ljk 
Vj a"n 

DT 

k ijk wj wk (B1.7) 

Again following Ibrahim, we separate T into its two components, TB and 

TF , and isolate the forces and moments due to the fluid. Expressing 

Egn. (1.1) in the present notation 

2TF = Aij V. V. + 2Ai, j+3 
V. (j + Ai+3, j+3wi w. (B1.8) 

by substituting from (Bl. 8) into (B1.7), we find that the equivalent 

external forces and moments exerted on the fluid are 

FF. Aia Va + Eijk wj Aka Va " (B1.9) 
1 

r4Fi ° Ai+3, 
a 

bra + Eijk Vj Aka Va + Eijk Wj Ak+3, 
a 

Va (B1.10) 

where 

Aia Va Aij Vj + Ai, j+3 ý. , (a = 1,..., 6; i, j=1,2,3) 

Aka Va Akn Vn + Akn+3 wn ' (k, n = 1,2,3) 
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B1.2. Plane -Symmetric Bodv 

To illustrate the value of Eqns. (B1.9) and (Bl. 10), we now derive 

the FF and MF for some general body shapes moving in an ideal fluid. 

By separating the fluid and solid body terms in this way, these expressions 

should be useful for amending the added mass terms incorrectly derived and 

used in previous treatments; the corrections are applicable to both single- 

and multi-body models. 

Gliding parachutes, such as the Parafoil and other ram-air varieties, 

and many other lightweight fluid dynamic structures - the Rogallo wing and 

similar types - have a single plane of symmetry. If we choose the body co- 

ordinates so that 0xz 
, say, lies in this plane, we find 12 unique non-zero 

added mass components [18]. These are (Figure B1.1) All, A22' A33' A44, 

A55, A66, A13 (=A31, by symmetry), A15(=A51), A24(=A42), A26(=A62), A35(=A53) 

and A46 (=A64). Expanding Eqns. (B1.9) and (B1.10) gives 

All A22 yr + A33 wq + A13 (w + uq) + A15 q- A24 pr - 

- A26 r2 + A35 q2 

AA+ A13 (wr - up) + A15 qr + A24 p+ 

+ A26 T- A35 pq 

-All uq + A22 Vp + A33 w+ A13 (u - wq) - A15 q2 + A24 p2 + 

+A26pr+A356 

(A33 A22) vw + A44 + (A 
66 - A55) qr + A13 uv - A15 ur + 

+ A24 (v - wp) + (A26 + A35) (vq - wr) + A46 (r + pq) 

(All - A33) uw - (A66 - A44) pr + A55 q+ A13 (w2 - u2) + 

+ A15 (u + wq) + A24 yr - A26 vp + A35 (w - uq) + A46 (r2 - p2) 

(B1.11) 

(B1.12) 

(A22 - A11) uv + (A55 - A44) pq + A66 r- A13 vW + 

+ (A15 + A24) (up - vq) + A26 (v + ur) + A35 wp + A46 (P - qr) 
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B1.3. Twofold-Symmetric Body 

Where the body has two planes of symmetry, e. g. rectangular, 

square or cruciform canopies, by taking Oxyz to coincide with the planes 

and their lines of intersection (Figure B1.2) only 8 unique added mass 

components remain: A, A, A33, A, A, A66, A (=A,, ) and A (=A ). 
11 22 44 55 15 24 42 

The resulting force and moment equations are 

A11 u- A22 yr + A33 wq +A 15 q- A24pr 

PF = All ur + A22 V- A33 wp + A15 qr + A24 (Bl. 13) 

-A11 uq + A22 Vp + A33 w- A15 q2 + A24 p2 

(A33 - A22) vw + A44 p+ (A66 - A55) qr - A15 ur + A24 (v - wp) 

b1F - 
(A11 - A33) uw - (A66 - A44) pr + A55 q+ A15 (ii + wq) + A24 yr (B1.14) 

(A22 -A11) uv + (A55 -A44) pq + A66 (A15 +A24) (up -vq) 

B1.4. Axisymmetric Body 

The majority of canopy types are of axisymmetric shape. In this 

case, with the body origin 0 located at some point on the axis of symmetry, 

only four different added mass components are obtained (Fig. 1.2). These 

are A11, A33' A55 and A15, since from symmetry A22 = A11, A44= A55' 

A51 = A15, A42 A24, A24= - A15 ; also, by shifting the body origin along 

Oz by a distance a=- A15/A11 , the components A15 A24 =0, and 

only three unique components remain (Ref. 18, p. 251). 

Using these, from Eqns. (B1.9) and (B1.10) we find: 

A11 (u - vr) + A33 wq + A15 (q + rp) 

FF = All (v + ur) - A33 wp - A15 (p - qr) (B1.15) 

A33 w- A11 (uq - vp) - A15 (P2 + q2) 
) 
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IA55 
P- A15 (v - wp + ur) - A55 qr + (A33 -A11) vw 

P_fý = A55 q+ A15 (u + wq - vr) + A55 pr - (A33 -A11) uw (B1.16) 

0 

and if the body origin is centralised on [A], at A, say: 

1A11 (u - vr) + A33 wq 

Fý = All (v + ur) - A33 wp (B1.17) 

A33 A11 (uq - vp) 

A55 (P qr) + (A33 - A11) vw' 

MF 

1A55 

(q + Pr) (A33 - A11) uw (B1.18) 

0 

We now treat the remainder of the particular case of a rigid para- 

chute of axisymmetric shape. Body axes are chosen so that Ox is on the 

axis of symmetry and Ox, Oy are parallel to the two other principal body 

axes. The body mass m comprises the canopy, rigging lines and store 

masses (mi) with mass centres located at C, L and S (zi) , respec- 

tively. For the solid body components, e. g. the store, we have 

1ms (u + qzs) P1 mu + K1q 

p=mv= 
Im 

(v - pz thus P= P* = my -Kp S. S. S. ss -B 21 

Mwp mw 
S3 

B 

and from Eqn. (B1.3) 

P1+P3q-P2r m (ü-vr+wq) +K1 Cq+rp) 

F$ = P2 
- Pap + Plr =m (v - wp + ur) - K1 (p - qr) (B1.19) 

P3-P2p-P1qm (w-uq+vp) -K1 (P2+q2) 

Similarly, for the store angular momentum, 
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Hs 
.= 

Ei jk rS, msk 

Thus 

mz s s 

v mz s = s s k 
I 

zz 
s 

2p 
- ms zs v+ IXX p 

s 
2q+m z u+ Iq 

ss yys 

Ixxp K1 
3 

H$ = Iyy q+ KIU 
, where Ixx =L (Ixx + mizi2) , etc. 

i=1 1 
Ir 

zz 

Applying Eqn. (Bl. 4) to Eqn. (B1.20) we find 

IXXp-K1 (v-wp+ur) - (Iyy - Izz)gr 

MB= I 
yY 

q+ K1 (u+wq -vr) + (I 
xx -I zz 

) pr 

Izz + (Iy - IXX) pq 

(B1.20) 

(B1.21) 

(note that FB could also have been found from Eqn. (Bl. 9) by substituting 
1 

Bid's for Aid's ; likewise MB from Eqn. (Bl. 10) : the calculations 

involved are the same. ) 

Combining Eqns. (B1.19) and (B1.15), (B1.21) and (B1.16), the full 

equations of motion for the axisymmetric system are 

(m+ A11) (u - vr) + (m+A33) wq + (K1 +A15) (q+rP) 

F= (m + A11) (v + ur) - (m + A33) WP - (K1 + A15) (P - qr) (B1.22) 

(m + A33) w- (m + A11) (uq - vp) - (K1 + A15) (p2 + q2) 

(Ixx +A 55)P- 
(K1 +A 15) 

(v - wp +ur) - (I 
yy 

+A 55 -I ZZ)gr 
+ (A33 - A11)vw' 

M (Iyy +A55)q+(K1 +A 15) +wq - vr) + (I +A55 "I ZZ)Pr - (A33 - All)uw 

Ixx + (Iyy - Ixx) pq 
(B1.23) 

Tory and Ayres assumed the added mass to be made up of an "included" 

air mass in the shape of an ellipsoid along with an "apparent mass" and 
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"apparent moment of inertia" external to the ellipsoid. The mass of the 

ellipsoid was mE , with moments of inertia IxxE = IyyE, IZZE ; the 

apparent masses were KxmE along x and y, KZmE along z; the 

apparent moments of inertia were K'Ixx about x and y. For an 
E 

ellipsoid in an ideal fluid A15 = A24 =0 

Thus, they had in effect: 

A11 = (1 + KX) mE = A22 

A33 = (1 + KZ) mE 

A55 = (1 + K') I= A44 
E 

A66 =1 ZZE 

from which they derived: 

All (u - yr + wq) 

Fý = A11 (v - wp + ur) (B1.24) 

A33 (w - uq + vp) 

A55 (p - qr) + A66 qr 

Mý = A55 (q + pr) - A66 pr (B1.25) 

Ar 
66 

Comparing Eqns. (Bl. 17) and (Bl. 24) it is clear that the Tory-Ayres force 

equations do not contain A33 in F1 or F2 , nor All in F3 . Note also 

the azeady-etaie couples (A33-A11) vw and -(A33-A11) uw in Eqns. (Bl. 18): 

in the full Tory-Ayres equations for M, as in other treatments, these two 

terms are concealed (though unwittingly) in the LHS expression, i. e. along 

with the "other" external moments. They must not be duplicated, as occurs 

in the implementations of Lester and Byushgens and Shilov. 
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Appendix Cl : Development of the Rigging Line Arrangement to produce a 

Rigid Body System 

The usual practice is for the rigging lines to be divided into 

sets, each of which ends in a confluence point which in turn is fixed to 

the store with one or more straps (risers) (Figure C1.1). Personnel 

parachutes usually have two pairs of risers, so the man is free to swing 

with respect to the canopy in the plane perpendicular to the line containing 

the two confluence points. Any tendency for relative rotation in the plane 

containing the confluence points causes the lines and risers to slacken on 

one side, and the resulting gravitational moment of the store about the 

other side acts in the sense of restoring the line tension. Thus the ten- 

sile structure can be capable of resisting flexure if appropriately 

connected. This suggested connecting the rigging lines in a ring around 

the periphery of the body to provide a uniform "stiffness" in all directions 

(Figure C1.2). The wider the ring the better the stiffness, but there is 

evidence to suggest that the aerodynamic characteristics of the canopy are 

significantly influenced by the shape of the leading edge [64], which in 

turn is affected by the confluence angle of the rigging lines. 

To prove the feasibility of this rigging method some proving trials 

were carried out in one of the Cardington airship hangars. A simple store 

was quickly prepared: it consisted of a strong aluminium canister which 

could be ballasted with lead shot or sand; the 24 rigging lines were tied to 

a circular ring which was bolted to the canister. To reduce the canopy 

opening time it was held with clips in a spread position to a large tubular 

ring (Figure C1.3). The store was supported by a tie which ran to a 

remotely actuated bomb release mechanism, and the entire assembly was mounted 

on a beam which could be raised to the roof by means of a balloon winch. 

Provision was made for dropping both quarter and half-scale canopies; the 

half scale canopy is seen in Figure C1.3, and the rig for the smaller canopy 

is also visible. 
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To prevent landing damage to the instrumented body a large net 

(30 mx 30 m) had been constructed which was suspended 5m from the concrete 

floor (Figure C1.4). The net was connected to a block and tackle system in 

the roof, and could be raised and lowered quickly by a second winch. Since 

the mesh size was about the same as the store diameter, the net was covered 

in old parachute fabric to stop the store from falling through. The net 

worked well in practice, but for the lower descent speeds the parachutes 

tended to glide a considerable distance laterally and land outside it. 

Ballast was added to give nominal descent speeds of 5 and 10 ms- 

and several trials were performed for each configuration. The drops were 

recorded on high speed film. Inspection of the films showed that, following 

the initial transients, the store remained aligned with the canopy. With the 

half scale canopy falling at 5 ms-1 there was evidence of breathing and of 

luffing of the lower edges of the canopy when at peak swing. Continuous 

breathing also occurred on some drops with the same canopy, whereas the quar- 

ter-scale canopy exhibited only sporadic breathing and random glide excur- 

sions. Though the smaller canopy also oscillated vigorously at the higher 

descent speeds., even so it was not possible to discern any compound pendulum type 

motion. 
Although the rigging method appeared on film to be completely succ- 

essful in overcoming the relative pitch/yaw motion, fully instrumented drops 

with the full-scale canopy later revealed the same configuration to be prone 

to torsional oscillations about the axis of symmetry. With the rigging lines 

forming the generators of a narrow-angled conical frustum, torsional stiff- 

ness is vanishingly small for small torsional deflections. The solution was 

to arrange a pair of opposed symmetric "pre-torques" to the store by means 

of two sets of rigging lines (Figure C1.5). The first set was connected as 

before, the store then rotated by 900 relative to the canopy, and the second 

set next tied in to give a relative twist of 90° in the opposite direction. 

This arrangement was flight tested, and, proving to be satisfactory, was 

therefore adopted as standard for the programme. Although this solution was 

discovered independently, it was later found that a similar rigging tech- 

nique had previously been used to stabilize heavy weapons. 
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Appendix C2 : Kinematic Analysis of the IMU Signals 

C2.1. Co-ordinate Systems 

The same inertial reference frame is used in the analysis of the 

experimental data as in the computer model, but the body-fixed frame 

differs in that it is located in the store. 

A Cartesian body-fixed axis system Oxyz is chosen so that Oz 

points downwards along the axis of symmetry (Figure C2.1), and Oxyz are 

aligned with the sensitive axes of the sensors. An inertial co-ordinate 

system IXYZ is specified with I coincident with 0 at time t=0, 

and IZ pointing downwards along the local vertical. For short flight- 

time (<50 s) and low velocity tests (< 15 ms_ 
1) 

the assumption that 

Earth-fixed and space-fixed reference frames are the same will give rise 

to negligible errors [65,74]. 

C2.2. Angular Rate Sensor Signals 

Body-TnettLci Sydxem T=n66mmatLono 

An Euler angle sequence identical to that employed in the simula- 

tion model is specified. 

Thus the transformation of a vector from body to inertial co- 

ordinates is given by Eqn. (2.22) (the superscript on vector quantities is 

used here to denote the co-ordinate frame (if any) to which the vector is 

referred). 

Similarly, the Euler angle rates are found from the body axis rates 

by the transformation of Egn. (2.21). The variables p, q, r are measured 

directly by the body-fixed angular rate sensors, which in the present case 

are single DoF rate gyroscopes. To allow integration of Eqns. (2.21), the 

only further information required are the initial values of these 
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are obtained from the movie film records. . 
Once the Euler angles are 

known, the attitude angle (Egn. (2.28)) and phase angles Y, 6 (Eqns. (2.29), 

(2.33)) can be calculated, likewise the resultant angular velocity vector 

wv (Egn. (2.31)). 
xy 

C2.3. Accelerometer Signals 

An accelerometer, which consists essentially of a seismic mass on 

a spring, measures the specific force at a point and cannot distinguish 

between kinematic accelerations and gravity. To reduce the outputs of the 

triad of accelerometers to give the true kinematic acceleration vector at 

a point in the store, 0 say, we must therefore make corrections for the 

individual displacements of the accelerometers from the point in question, 

and also remove the gravity field components. 

Consider a point P in the parachute, position vector rp0 with 

respect to 0, and EP, wrt I (Figure C2.1). Then, from textbook [75] 

mechanics 

'PI rP0+r0I (C2.1) 

-0I +. 1pp+x1pC (C2.2) 

=aOI 
-po 

+jxPO +2wxPO +wx (wx rPO) (C2.3) 
-PI ----- 

Now, if P corresponds to the location of an accelerometer centre in the 

store, rp0 =0, and the accelerometer will sense a quantity MI , where 

41I apI+wxrýp+x (wxrýC +S (C2.4) 

and £ is the gravity vector, here assumed constant. Since 

V+wxV roi -: -oi - -: -0 1, 

we find 
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0I 411 -wx40-cox (wxrPC) -g-cýxYo l 
(C2.5) 

We assume the accelerometers are located at hr 
ax 

Lr 
ay 

Lx 
az wrt 0. The 

- -- -- 

point 0 is taken to lie on the axis of symmetry, and the Oxy plane 

through 0 contains the centre of the z-direction accelerometer. Hence 

0 will be referred to as the virtual origin of the II. M. 

To expand Egn. (C2.5) in the body-axis system we first need 

I0g sine 
o= [LCI] 0= -g sind cos8 (C2.6) ý-g. 

-g cos4 cosh 

Thus, the body-axis components of the kinematic acceleration of point 0 

are 

uO 
I +exax (q2+r2)-oY 

ax 
(pq-r)-Az 

ax(rP+q)-S ý4Ix 

vw1 aWy+6yay(r2+p2)-6zay(gr-p)-Axay(Pq+r)+g 

w0I a, 4Iz+Azaz(p2+q2)-Axaz(rp-q)-Ay, z(gr+p)+S 

sine - (gw0l-rv01) 

sin4cosO + (Pw0I-ru0I) (C2.7) 

cosccos8 - (pv0I-qu0I) 

VeLacy 
Integration of Egns. (C2.7), to find the body-axiskcomponents of 

point 0 wrt the inertial frame, requires that the initial value 

v0I = (u, v, w)01 be known. This was obtained by assuming that the store 

was swinging as a simple pendulum about a stationary suspension point 

(Figure C2.2). Thus 

0 
Vpo =wxr= (P, q, Y) x0 (C2.8) 

-z 0ý 

Also needed are the angular accelerations which in the 

present case were obtained by differentiating the rate sensor signals. 

Note that the angular acceleration terms in Eqns. (C2.7) disappear if the 

accelerometers lie along the co-ordinate axes; equally, the complete 

accelerometer size terms can be neglected if the displacements of the 
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accelerometers from 0 are small. For the current system it was found 

that the differences in final (after 40 s) velocity and displacement com- 

ponents caused by omission of all of these terms were less than 0.4%. In 

all results presented here, however, the accelerometer size terms and 

angular acceleration terms have been retained. 

Once -0I is known the velocity of any other point in the system 

can be found using the rigid-body assumption. Thus, for any point P 

fixed in the parachute wrt 0, 

VPI YOI +w x2: p0 (C2.9) 

The aerodynamic angles acp, ßcp at the canopy centre of pressure 

then follow as in Egns. (2.10), (2.11), likewise the resultant angle of 

attack at the store nose, as'in Egns. (2.7), (2.8). 

Integration of Eqn. (C2.9) gives the position vector of P wrt the 

initial position of Oxyz , i. e. the body-axis components. Transformation 

of these components into inertial components would then give the spatial 

trajectory of P, but this method is unsatisfactory as regards error 

accumulation: the magnitudes of the displacement components increase with 

time, thus small errors in the Euler angles will give rise to increasingly 

larger errors in the space trajectory components. In practice, it is 

preferable to first transform, viz. 

ýI OL] C2.10) IO1I 

and then to integrate VDI to obtain T. 

C2.4 Airspeed Sensor. 

The airspeed sensor measured the relative airspeed along the axis 

of symmetry at the store nose (wN) , and was used as a check on the value of 

w0I as obtained from integration of Eqns. (C2.7). It was found that the 

integration of w0I underestimated w01 for the first few seconds after 
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release, due to the combination of a rapidly changing signal (free-fall/ 

opening shock) and a low (10 Hz) sampling rate, therefore wN was used to 

replace w0l in Eqns. (C2.7) and elsewhere during this interval. 
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Appendix C3 : The MPU Data Acquisition Programme 

Because of the peculiar way memory was allocated in the Fairchild 

F8 MPU evaluation system, specific regions of memory were reserved for 

"housekeeping" data, and provision had to be made for avoiding these 

locations during programming and data logging. A block diagram of the 

data acquisition programme is shown in Figures C3.1 - C3.4. After initia- 

tion of the programme it enters into an idle looping mode, from which it may 

be interrupted at any instant by an externally supplied signal (see below). 

The interrupt is serviced within 10us, and data sampling begins 55us later. 

Analogue to digital conversion takes about 35 is, and the 12-bit reading is 

fed into MPU I/O ports 0 and 1. The memory destination address for 

the readings are held in the Data Counter (DCO), and a buffer counter keeps 

a check that the destination address is a valid region. Transfer of the 

12-bit readings from the I/O ports to memory is accomplished by a choice of 

two subprogrammes (Figures C3.3, C3.4), depending on whether the reading is 

to be the first or second to be packed into two contiguous memory bytes. 

Channel selection is kept track of by a multiplexer address counter; the 

eight channels are read sequentially as quickly as possible (616 , is), and 

this is followed by a pause before the procedure is repeated. The 

sampling rate is determined by the duration of this pause, and may be 

adjusted simply by changing the contents of four memory locations; simi- 

larly, the choice of filtered or unfiltered data is determined by the 

numbers in three memory locations. Although these changes could easily be 

made in the field, to preclude any possibility of error under such condi- 

tions a copy of each programme configuration was held on tape, to be input 

as required. 

Actuation of the external interrupt, used to initiate data sampling, 

was by telecommand. One of the spare timer outputs on the balloon bomb- 

bar was adjusted to give a "high" output upon receipt of the "release" 
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signal from a VHF transmitter on the ground. The same timer output 

triggered a high-intensity flash bulb which was used to synchronize movie 

film observations with the data records. To connect the floating level 

(24 'supply) output from the timer to the TTL-compatible MPU input, a 

current-switched optical coupler/isolater buffer circuit was made up. 

Connection to the interrupt was made via the external power supplies umbi- 

lical lead; this plugged into a DIN socket on top of the SB, and dis- 

connection was arranged to occur under gravity after release of the store. 

It was found that the interrupt might be tripped upon connection of the 

external lead, so an arm/disarm switch was incorporated. A ground test 

switch was also fitted to the interrupt to facilite preliminary check runs. 
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Appendix C4 : Calibration 

C4.1 Alignment 

C4.1.1. Test body and IMU block alignment 

The single degree of freedom rate gyros and accelerometers were 

mounted on a single machined aluminium block. Mounting hole alignment 

and surface orthogonality tolerances were within 20 minutes of arc, and 

the sensitive axes of the individual gyros were easily set to within 20 

seconds of arc by using a dial gauge on the mounting flanges. The gyro 

block was fixed to a 12 g L72 aluminium plate which in turn was bolted to 

the test body. Alignment of the mounting plate with respect to the datum 

base of the SB was measured using a dial gauge in conjunction with a sur- 

face table; the plate was-found to be very slightly twisted about a dia- 

gonal axis, with angular deflections of Lý = 0.122 deg. and oe =+ 0.072 deg. 

about the body x and y axes, respectively. Since the gyro block is 

significantly stiffer than the mounting plate, it is to be expected that 

it will not have been deflected to the same extent under pull-down by the 

mounting bolts, so these angles may be taken as upper bounds on misalign- 

ment of the IMU with respect to the SB. 

C4.1.2. Alignment of the Instrumented Body within the Large Body 

The parallelism of the SB within the BB was determined by laying the 

BB on a horizontal table (without the SB inside), and measuring the angular 

deviation of the guide tube using a sensitive machine level. The measure- 

ments were taken at different points around the circumference, and were 

accurate to within ±0.05 deg; for a number of different readings the re- 

peatable mean angular deviation was 0.30 ± 0.15 deg. 
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C4.2 Rate Gyros 

The rate gyros were on loan from EP Department at RAE Farnborough, 

and, because of the shared usage, needed to be calibrated on a number of 

occasions during the project. It was not possible to fit the complete 

drop test body on to any of the variety of different rate tables employed 

at RAE, so dismantling of the transducer block was necessary each time a 

calibration was undertaken. The most convenient facility was found to be 

that kindly provided by the Radio and Navigation Department, RAE, where an 

automated system for determining the rate transfer characteristics had 

been assembled. This was the system used for both pre-test and post-test 

calibration of the "production" drop tests, and hence will be the only 

system referred to here. 

In principle, because of the severe shock environment which the 

sensors-underwent during the trials, it would have been advisable to re- 

calibrate before each trial. This was not possible because of funding 

and time constraints: it took about a day to disassemble, 

reassemble and test the system; calibration further involved travelling 

from Leicester to Farnborough, taking a full day, and also it was usually 

necessary to wait for a free space on one of the calibration rigs. 

Details of the automated rate sensor test facility and techniques 

are given in [76] and [77]. The gyro is mounted on a rate table which can 

be rotated in either direction at accurately defined angular rates as pre- 

determined by a programme punched on paper tape. An environmental chamber 

surrounds the table, but for the current application tests were run under 

(measured) ambient conditions. Rates are applied in the form of a hyster- 

esis loop in set increments, beginning at zero. The input sequence follows 

the pattern of one increment negative increasing up to maximum positive, plus 

one beyond, reducing to maximum negative, one increment beyond, and back to 

zero. In estimating the linear least-square fit to this data, the first 
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negative increment is ignored, also those values in excess of the maximum 

positive and negative rates. Positive input rate follows the right hand 

screw convention. 

The gyros used were Smiths 400 Series sub-miniature type, with 

integral thermistor temperature compensation. Electrical supplies were 

26 V 400 Hz 3 phase, 3.9% being required for each motor and inductive 

pickoff. The additional demodulator unit gave a bipolar DC signal which 

was a linear function of the input rate. Experience showed that the 

full scale output from a particular gyro-demodulator combination could vary 

between 2V and 7.5 V, even when using the same power supply, zero atten- 

uation, and measured under similar conditions across a high impedance 

(10 Mn) load. This is a generous manufacturing tolerance by any standard, 

and underlined the need to calibrate as a unit as much of the sensor system 

as possible. 

The manufacturer's tolerance for orthogonality of the sensitive 

axis of the gyro with respect to the mounting face is a nominal ± 15 minutes 

of arc, with a typical value of ±3 minutes of arc. Alignment of the gyro 

on the calibration rate table was achieved by adjusting its attitude to give 

a null output, then rotating it on the kinematic mounts by 90 deg: this 

gave an angular tolerance of better than 0.050 deg. 

The sensor output was transferred from the rate table via slip- 

rings and fed into a voltage to current amplifier, and ran from there into 

a digital integrating milliammeter; an integrating time of 6s was used 

for all tests. During the tests the gyro rotor power, ambient tempera- 

ture, rate table tachogenerator output and time were also measured, and 

all of the outputs were digitized, serialised and punched on paper tape. 

The tapes were analysed [76] on an off-line minicomputer and the results 

were presented in printed and graphical form. The automated form of the 

test facility allowed the entire process to be repeated with minimal human 

intervention. Once set up, a measurement run took about 10 minutes to 

complete. 
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Pre-trial and post-trial calibration results for the three rate 

gyros are presented in Tables C4.1-6, Figures C4.1-6. Two or more conse- 

cutive calibration runs were carried out for each sensor on each occasion; 

repeatability between runs was good, typically ±0.07% in the scale factor. 

A systematic difference of about 2.50, in scale factor, between tests carried 

out pre- and post-trials was observed, however, although the error plots 

matched closely. This discrepancy was suspected, and subsequently confirmed, 

as having been due to loading of the gyro outputs by the voltage to current 

amplifier during the earlier session. The post-trial calibration curves 

were therefore taken as representative for analysis purposes, and selection 

from the various runs was made by choosing the smoothest error curves. 

Equivalent full scale outputs for the gyros work out at 430,350, 

and 700 deg s-1 for the x, y and z axes, respectively, with corresponding 

quantization levels of 0.21,0.17 and 0.34 deg s-1. 

C4.3 Accelerometers 

The linear accelerometers used were the miniature Smiths 503 ADA 

sensors. These consist of a spring-restrained seismic mass with inductive 

displacement pickoffs, and supply a linear DC signal which is proportional 

to the excitation voltage. The accelerometers had been comprehensively cal- 

ibrated [78] at the factory with an excitation of 6.00 V, and had not been 

used previous to the present trials. For the trials a nominal regulated 

excitation of 5V (5.044 F actual) was being supplied, so to derive pre-trial 

calibration curves the factory values were scaled accordingly. The plots 

of the output deviations of the accelerometers from their reference (ideal) 

values are shown in Figures C4.7 to C4.9, and the derived calibration data 

are tabulated in Table C4.7. 

Following the trials session Smiths Aerospace Industries Ltd. kindly 

offered to recalibrate the accelerometers, using both SV and 6V excitation 

values. The output deviation curves (6 V input) are shown in Figures C4.10 to C4.12, 

and the derived calibration data for the actual excitation are given in Table 

C4.8. Comparing Figures C4.7 and C4.10, it can be seen that within the ±1 grange 
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of interest there has been a negligible change in calibration in the 

x-direction accelerometer. The y- and z-direction accelerometers 

show zero shifts of 18 mV and l2 mV , respectively, with corresponding 

-2 acceleration shifts of 0.212 ms and 0.283 m s^? Digitization levels 

for the accelerometers are 0.014 m/s2 for the x- and y-directions , and 

0.029 ms-2 for the z-direction. 

C4.4 Pressure Transducers 

The pressure transducer used for velocity measurement was a differ- 

ential type Setra Model 239E with an undirectional full scale range of 0 

to 0.02 psi. A similar transducer with an FSR of 0.2 psi was employed 

in the calibration of the large test body. Both transducers were calibra- 

ted against a standard vernier micromanometer with a resolution of ±0.02 mm 

water-gauge; and the DC output voltage readings were read to within ±0.005 V. 

One of the transducers was found to have a scale factor very differ- 

ent from that supplied by the manufacturer, so a number of calibrations was 

made to check for repeatability of results. It was proposed to run the 

flight transducer straight off a pack of three small NiCd batteries, 

without intermediate regulation, therefore additional calibrations were 

carried out over the expected range of input excitation to verify operation 

of the manufacturer's claimed internal regulation circuit. 

Results of the different calibration tests are plotted in Figures 

C4.13 to C4.15. It was found that the zero-shift on warm-up could be as 

much as SO mV , so a five to ten minute warm-up time was always allowed, 

during both calibration and drop trials; before and after readings of the 

zero value were also taken to check for any interim drift, Figure C4.15 

shows the excellent insensitivity to excitation voltage, but it should be 

noted that all of these runs were carried out over a short period; the 

evidence of Figure C4.13 suggests that the long-term calibration of this 
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transducer is time-dependent and ought to be checked at regular intervals. 

C4. S Pitot-Static Sensors 

Note that both Pitot-static sensors were calibrated in the absence 

of a parachute. In practice, the finite dimensions of the canopy distorts 

the flowfield and subjects the airspeed measurement to an error which depends 

on the location of the sensor with respect to the canopy. This position 

error correction is considered in the main text (Section 3.8.4). 

C4.5.1. Small Test Body 

Initial development and calibration runs of the special Pitot-static 

type sensor for the instrumented body (SB) were carried out-in the large 

wind-tunnel at the University of Leicester (Figure C4.16). The tunnel flow 

was non-uniform and unsteady however, due to unsatisfactory inlet conditions, 

and the final calibration trials took place in the 7x5 ft. wind tunnel at 

the University of Bristol (Figure C4.17). 

A full scale model of the SB was employed for the calibration. 

This was supported by a stiff sting made up of 50 mm gun barrel tubing, and 

the complete assembly was held to the floor of the working section by two 

50 lb weights. Variation in angle of attack was achieved by pivoting the 

assembly about the nose of the SB; in this way the tip of the Pitot-static 

sensor remained at the same point throughout the calibration, i. e. in the 

centre of the working section. The yaw-angle could be selected by clamp- 

ing the SB at different roll settings on the horizontal sting. Tunnel 

speed was set with a Betz manometer, and the Pitot-static output was measured 

by using the actual pressure transducer assigned for flight trials in con- 

junction with a DVM. 

It was found that the DVM output fluctuated continuously during the 

calibration, but this appeared to be caused by electrical noise rather than 
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flow unsteadiness. By using the integration facility on the DVM all of the 

readings were repeatable to ± 50 mV. Since the tunnel had to be stopped 

before the model incidence could be changed, the adopted test procedure was 

to set the incidence and then take readings at different speeds. An inci- 

dence range of ± 45° was covered. 

The results are plotted in Figure C4.18. A constant area block- 

age correction has been applied in calculating the derived speed ratio. 

This correction was based on the projected model/support area at zero inci- 

dence, which gives an area blockage ratio of 1.6%; at 45° incidence the 

area blockage ratio is about 4.8%, but the direct application of such a 

factor would be difficult to justify. Strictly, what is needed is a solid 

blockage factor which corrects for the perturbation to the local flow about 

the nose of the SB: the effect of a boundary constraint will be to displace 

streamlines far away from the model more than those on the centre line. 

In the absence of this information, the calibration is assumed to be as in 

Figure C4.18. At the lowest tunnel speed used (3.0 ms-1) the plot for 

incidences greater than 15° deviates from those obtained for higher speeds. 

There is little apparent Reynolds number dependence other than in this reg- 

ion of the calibration. Values for yaw angles of ±45" coincide with the 

curves shown, confirming operation of the true-mean reading static system. 

For the drop trials the nose of the tunnel model was transferred 

to the instrumented body. The interference effect of the stowed impact 

attenuator legs was not measured. 

C4.5.2. Large Test Body 

It was not possible to find a date to calibrate the large test 

body (BB) until after the drop trials were completed, with the result 

that the BB was tunnel tested in a somewhat battered state. Care had 

been taken during the drop tests that any dents or cracks in the nose of 
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the BB were repaired and made good with Plasticene, but small roughnesses 

were simply scraped smooth. The cylindrical and base sections of the 

BB also suffered from dents, and these were knocked out where accessible. 

For the tunnel measurements the nose of the BB was tested in both rough 

and smooth surface states and the remainder of the body was left as it was. 

Calibration of the BB was carried out in the 18 x8 ft. return 

section of the 7x5 ft. wind tunnel at the University of Bristol. There 

is a degree of non-uniformity in the mean velocity distribution in this 

section [79], but as can be seen from Figure C4.19 the BB and the monitoring 

Pitot-static probe were set up in the centre of a constant velocity contour. 

The BB was supported on a frame of steel tubing; it was arranged to pivot 

about a point directly under the nose, and provision was made for setting 

the incidence from outside the working section. A photograph of the BB 

in the wind tunnel is shown in Figure C4.20. 

Tunnel speed and Pitot-static pressure difference were measured 

in the same way as the SB calibration, but a maximum tunnel speed of only 

9.5 ms-1 was available. An incidence range of ±500 was covered in most 

runs, with some spot measurements at higher incidences. Yaw angle could 

be adjusted in a similar manner to that used in the SB tests, and the body 

was aligned with the tunnel floor by using a bubble level. 

The results are plotted in Figure C4.21. It can be seen that the 

useful working range of this sensor is for an incidence cone of half-angle 

of about 35°. There is evidence of a Reynolds Number dependence around 

the lowest speeds tests (2.7 ms-1), and also of some asymmetry. There is 

also a difference in plots for the rough and smooth noses (plots 4 and 5) 

but these had been run at slightly different speeds. Comparing plots 2 

and 10, for example, suggests that this asymmetry may be due to a model 

deviation rather than to a flow or rigging asymmetry; the most likely 

source of the discrepancy is a partly blocked static tapping or pinched 

connection tube, which would have been difficult to detect without 
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disassembling the complete system.. It is not known where or when the 

asymmetry arose, since all pre-flight checks had included tests for blockage 

and leakage of the system. 

Some further development work would have been desirable, both to 

ascertain the source of asymmetry and to remove the Reynolds Number depen- 

dence, but because of other demands this was not feasible. The fall-off 

in output with incidence is due to flow separation on the leeward side of 

the nose [80], and the location of the separation line has been shown to 

move downstream at a Reynolds Number of about 1.7 x 105. Conventional 

aerodynamic "fixes" should cure this problem, but for the purposes of the 

drop tests the integral Pitot-static sensors fulfil their designed function. 

C4.6 Data Acquisition System 

The specifications of the Burr-Brown SDM 853 data acquisition system 

are detailed in the manufacturer's user manual [81]. The overall root-sum- 

square accuracy, at 30 kHz throughout, gain =1 and at 25°C is quoted as 

± 0.025% FSR; system linearity and quantizing error, under the same condi- 

tions, are ±1/2 LSB (least significant bit). With an FSR of ±2.5000 V 

the LSB value for the present application was 1.22 mV. Static calibration 

of the system was straightforward; a calibration voltage was applied to each 

multiplexer input in turn, and the corresponding instrumentation amplifier 

and ADC input values were measured, and the ADC digital output was recorded. 

For channels 0 to 7 calibration voltages were applied to the active filter 

inputs; channels 6 and 14 used a potential divider to attenuate the 5V 

FSO of the pressure transducer, and here again the complete channels were 

dealt with. From these measurements the individual and overall zero off- 

sets and scale factors for the 16 channels were determined, and these are 

presented in Table C4.9. The pre- and post-trial values were the same 

in each case. 
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Noise levels within the system were very low. The complete data 

acquisition system was contained in an EDMI-shielded package, and all the 

supplies were decoupled on the board to minimize ripple. With the test 

transducers on-line, input signal noise levels to the ADC were 3 mV peak 

to peak for the gyros and accelerometers, and 9mV peak to peak for the 

pressure transducer; the difference in noise level between filtered and 

unfiltered channels was negligible. 

Dynamic checks of the data acquisition system were carried out by 

applying constant ±FSR voltages to adjacent channels and then sequentially 

scanning the channels to determine the minimum overall delay time required 

for the MPU programme. The specified settling time for the multiplexer/ 

amplifier (unity gain)/sample-hold (aperture = 30 ns) chain is 9 us, and 

the ADC conversion time is quoted as 24 
. is, all for 12-bit resolution at 

30 kHz throughput; the system was found to be well within specification. 

To make sure of full resolution readings, the actual settling time 

allowed in the programme was 53 us. 
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Appendix C5: Estimation of the Bias Corrections 

C5.1 Sources of the Biases 

Hardware sources of bias could be supply current drop or drift, 

transducer offset drift and/or ADC offset drift. Supply current errors 

may be discounted, since there was always more than sufficient power for 

the gyros: gyro supply voltage was measured before and after each drop, 

and in any case the motor, pickoff and demodulator use AC excitation, and 

are stabilized to be independent of supply voltage over a wide input range. 

It is conceivable, though unlikely, that supply energy indirectly affected 

the gyro offsets, because of the variation in thermal dissipation from the 

PSU with the slow decrease in supply voltage. This would have tended to 

reduce the rate of any thermal drift. 

Transducer offset drift is the most likely source. The gyros were 

calibrated in every instance at IHU block temperatures of 24-25 deg. C, hence 

their temperature characteristics are not known from these tests. They 

were not enclosed during calibration, so that cooling was by free convection 

and by conduction via the IMU block to a massive metal baseplate. As 

determined by their overall performance specifications [85], these gyros are 

by no means of inertial navigation quality [70]: from the manufacturer's 

introductory literature[85] a scale factor shift, for temperature compensated 

models, of ±5% is quoted for the range -45 deg. C to +85 deg. C (re 20 deg. C, 

presumably). For present purposes, let us assume that the transducers have 

reached an equilibrium temperature before the drop, and that this temperature 

changes negligibly during the 40 s flight. Ignoring the scale factor var- 

iation with temperature, let us assume that the magnitude of the zero offset 

drift. rate is comparable to that of the scale factor, which gives a drift 

rate of about 0.083% FSO per deg. C. With a calibration temperature of 

25 deg. C, and an inflight temperature of 35 deg. C, say, this gives an esti- 

mated offset drift of 0.83% FSO; measured drift is about 0.95% FSO, which is 
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of the right order. 

By comparison with the estimated transducer drift the data acquisi- 

tion system offset drift is negligible. For the SDM853 the worst case drift 

error occurs at FSO, and is specified as ±30 ppm/deg. C. [81] re 25 deg. C; 

assuming an operating temperature in the SDM853 bay of not more than 30 deg. C. 

above ambient (ambient range encountered: 2 deg. C. to 15 deg. C. ), this gives 

a very worst case (i. e. at FSO) bias error of 1.5 mV , or about 1 LSB, whereas 

the observed bias is around 25 mV. 

Software sources of bias could be due to a numerical error in the 

calibration data, so these were carefully checked to obviate this possibility. 

Note that the zero values of the data acquisition system are specified to 

± 1/2LSB, which sets a lower bound on all bias errors. 

C5.2. Estimation of the Corrections 

Corrections must be made to compensate for the bias, whatever the 

source. All of the drop test data, other than those from Drops 20,21 and 

23, which were not to hand, were therefore analysed to measure the observed 

bias. Four processing runs were made for each drop - using pre- and post- 

trial calibration curves applied to unwindowed (t = [0.0, tmax}s, where 

tmax = min (tland'40.0)s) and windowed (t = [10.0, tmaxIs) records. The 

results, presented as corrections (additive) to a preferred value, are 

shown in Figures C5. l to C5.6; these include the results for the stationary 

trials UF06, CH01, CH02 (Section 3.8.6). The individual quantization levels 

(QL) are also indicated. 

C5.2.1. Rate Gyro Biases 

Only the results for the post-trial gyro data are treated here, 

since during the pre-trial gyro calibrations the outputs were loaded 

(Appendix C4). In Drops 19 to 27 the parachute rotated slowly (about 
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3 rpm) around the axis of symmetry; this was confirmed from movie film. 

p-ditectLon gyno 

The results were grouped according to drop configuration (cf. 

Figure C5.1), with trials UF06, CH01 and CH02 treated separately. Average 

group bias corrections (wrt a preferred value of zero) were (rad s-1): 

Group Mean of Mean of UF06 
Run T A B C D A, B, C, D A, B, D 

Windowed 0.0646 0.0715 0.0833 0.0676 0.0728 0.0686 0.0708 

Unwindowed 0.0618 0.0652 0.0757 0.0729 0.0692 0.0668 0.0702 

Results from CH01, CH02 are omitted because the ambient test conditions 

were extreme. The unwindowed correction for UF06 was taken as the most 

representative value, since this was obtained for a stationary trial under 

field conditions. Note that this value is within 0.7 QL 

(QLp = 0.0036 rad s-1) of the windowed means, 0.0728 and 0.0686 rads-1 

Note also that the uncertainty in the zero value of the data acquisition 

system (± 1/2LSB) is included in the above analysis. 

q-dihecti, on g yno 

Similar results for the q-corrections were: 

Mean of 
roue UF06 UF06, CH01, 

Run T A B C D A, B, C, D A, BD CH02 

Windowed 00109 0.0202 0.0125 0.0198i. 0164 0.0180.0256 
-0.0261 

Unwindowed 
10: 

0056 0.0201 0.0079 0.0331-0.0172 0.0207 0.0254 -0.0257 

Here again, the unwindowed value for UF06 was taken as representative. 

This value is within 2.6 QL (QLq = 0.0028 rad s-1) of the-windowed mean of 

groups A, B, D, and within 1.7 QL of the unwindowed mean. 
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n-d Aectc; on gynw 

For the axisymmetric parachute there is no preferred flight orien- 

tation, also the Euler angle ' is unbounded, hence there is little to be 

gained by considering the flight data. Accordingly, only the stationary 

bias measurements are considered. The unwindowed values give a better 

estimate, since the records are longer: 

Trial 
UF06 CH01 CH02 

Unwindowed 0.0254 0.0216 0.0266 
Bias measurement 

The mean of these three values is 0.0254 rad s-l , which is the same as the 

UF06 value (the deviation from the mean is less than 0.5 QL) and this was 

taken as representative. 

C5.2.2. Accelerometer Biases 

The flight data are of little use for determining the accelerometer 

biases since the measured values are affected to an unknown extent by the 

orientation of the body to the vertical. For the stationary trials the 

body was aligned to within 5 deg. of the vertical, hence the gravity 

component error along az was less than 0.004 g (0.04 ms-2) , and less 
n 

than 0.087 gn (0.854 ms -2 ) along ax and ay. These values may be compared 

to the QLs : 0.029 ms-2 for z, and 0.014 ms-2 for x and y; hence the 

estimate of the aZ bias (due to thermal drift) from the stationary trials 

should be good to within about 1QL - this was therefore taken from the 

unwindowed mean of trials UF06, CHO1 and CH02, and estimated as a correction 

of -0.169 ± 0.002 ms-2 (pre-trial calibration curve). 

To estimate the ax and ay biases the SR was accurately 

(± 0.1 deg. ) set up on a horizontal (± 0.04 deg. ) surface table; x- and y- 

accelerometer readings were measured for a sequence of 16 mutually orthogo- 

nal body-axis orientations, thus averaging out any alignment errors. After 
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allowing for offset in the data acquisition chain, the estimated bias 

corrections were 0.41 ms-2 for ax , 0.31 ms-2 for ay (both 

±0.02 ms-2 , pre-trial calibration curves). Note that for most 

instances these fall short of those shown in Figures C4.5, C5.5. As 

illustrated above, the x- and y-accelerometers are much more sensitive 

than the z-accelerometer to misalignment with the vertical, which may be 

the cause of shortfall, if such is the case; it is remarkable, however, 

that in all of the trials the measured corrections are of the same sign, 

which would not be the case for (random) misalignment. 
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ALpU" CN CT CN Cr 

0. oc 0.000 1. Z- 10 0. coo 1 . HOC S. OC . 042 '. 7? 6 . 056 1.42tß 
10.00 "058 '" 72 . 065 1ßk51 
15.0111, . 082 1.4 2S . 067 . 474 

0.0 . 1Z7 1.440 . 09v 1.561 
' ." AL A 1: - . 149 1.519 

[ C ' 1 . . 107 09 1. . 00 1.519 
4C. 0 . 055 1.7'8 . 031 1.580 
45.0C -. 020 1 '9: -. 086 1.510 
"O. OC -. 115 . 1.789 -. 195 1.4+0 
55.00 -. 227 1.719 -. 268 1.3017 
50.00 -. 324 1. _5 22 -. 324 1.160 

. 0c -. 351 1.200 351 1.010 
70. OC -. 330 . 919 -. 330 . P40 
75.00 -. 286 .6 . 12 -. 286 . 652 
90.00 -. 293 . 418 -. 293 041.8 A5.0C -. 290 . 201 -. 290 . 2C1 
CO. Oc -. 295 0 C56 -. 295 . 056 

? =O (rigid model) ýý0 (flexible model) 

AL°HUU CN CT 

00 00 0.000 1.3Z! ? 
5.00 . 028 '' . 344 

10.00 . 0? 9 1.380 
15.00 . 057 1.319 
? 0.00 . 094 1.502 
? S. 00 lil 
? 0.00 . 085 1.526 

5.0C . 050 1.466 
40.00 0.000 1.435 
45.00 -. 071 1.363 

13 1 1.29 5 
55.00 -. 227 1.1g 
E0. DC -324 1.0-10 
1.5.00 -. 351 4970 7 . . 830 5.00 

- 286 . 6>2 
80.00 -. 293 . 418 

. 201 
Q0.00 -. 295 "056 

A=0.3% (flex. ) 

TABLE 2.1(a1 CN, CT curve coordinates from Heinrich and Haak 
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ALaF 
. 

CN CT 

0.00 0.000 1.2,24 0P . 02A 1.31 
0. GC . 040 1.2ýß 
5.0C. . 064 '_. 32 6 ý G. OC . 092 '. 391 

? 5.0c . 069 1.401 
0. OC . 032 1.34? 

0.000 1.308 
-. 060 1.260 

45. GO -. 137 1.200 
: O. OC -. 234 1.127 
X5.00 -. 295 1.0' 
; 0.0C -. 355 . 97.0 
65.00 -. 326 . 800 
70. C', -. 3261 . 650 
75.00 -. 305 "473 P0.0G -. 298 . 2'B 
85.0c -. 2R4 . 176 
. 0.00 -. 295 0 0-ý+ 

A=1. O%(flex. ) 

ALOHA CN CT 

0.00 0.000 1.224 
5.00 . 018 1.229 

10.00 
15.00 . 018 

. 009 
1. '3q 
1.253 

20.00 0.000 1.227 
25.00 -. 007 1.223 
'0.0C -. 008 1. iß3 
'5.00 -. 012 1.110 
40.0i -. 024 1.040 
45.00 -. 065 . 955 

0 7 0 
55. -. 

2 0 . 770 
60.00 -. 336 . 670 
6.00 -. 348 . 570 
70.00 -. 347 . 470 
75.00 -. 330 . 360 
80.00 
85.00 -. 29' 

-. 267 . 250 
. 1413 

90.00 -. 237 . 070 

A=4.20 (flex. ) 

TABLE 2.1(b) CN, CT curve coordinates from Heinrich and Haak 



CA 19 Y . E2. OtYNAMIC COFFFS. (M ' S'Jc. ' AT 4p-Y) 
--------------------------------------------- 

AL04! CN CT Cy 

0.00 0.000 1.453 0.000 
5.00 . 026 1.461 . 014 

10.00 . 035 1.482 . 028 
15.00 . 024 1.522 . 039 
20.00 . 021 1.569 . 055 
25.00 . 013 1.616 . 069 30.00 -. 012 1.661 . 085 
35.00 -. 017 1.697 . 102 
40.00 -. 033 1.743 . 119 
45.00 -. 063 1.792 . 124 
50.00 -. 131 1.789 . 110 
55.00 -. 227 1.719 . 069 
60.00 -. 324 1.522 . 028 
65.00 -. 351 1.200 -. 014 
70.00 -. 330 . 919 -. 057 
75. OD -. 286 . 652 -. 093 
80.00 -. 293 . 418 -. 093 
85.00 290 . 201 -. 086 
90.00 -. 295 . 056 -. 069 

X=O(rigid) 

AL''HA CN CT C"1 

0.00 . 0.000 1.403 0.00t1 
5.00 . G30 1.417 . 014 

10.00 . 043 1.438 . 022 
15.00 . 036 '±. 477 . 031 
20.00 . 040 :. 516 . 043 
25.00 . 043 1.553 . 059 
30.00 . 032 1.534 . 072 
35.00 . 024 A. 638 . [! ä0 
40.00 -. 041 1.648 . 099 
45. OC -. 137 1.571 . 085 
50.00 -. 234 1.554 . 04 
55.00 -. 295 1.444 -. 008 
50.00 -. 355 1.248 -. 048 
65.00 -. 326 1.010 -. 092 
70.00 -. 326 . 770 -"0-? 
75.00 -. 305 . 473 -. 107 
80.00 -. 298 . 2'8 -. 130 
85.00 -. 284 . 136 -. 086 
90.00 -. 295 . 056 -1169 

A=2.0% 

AL"HA CN CT CM 

0.00 0.000 1.375 0.000 
5.00 . 032 1.395 . 014 

10.00 . 041 1.40 P. . 019 
13.00 . 046 '. 439 . ^2R 
20.00 . 053 1.480 . 040 
25.00 . 066 1.503 

. 052 
30.00 . 05? 1.548 . 065 
35.00 -. 005 1.557 . 079 
40.00 -. 070 1.5'3 . 08' 
1+5.00 -. 15R 1.552 . 062 
50.00 - 253 1 . 471 D1 

5.00 - 308 - " 60.00 -. 341 1.159 -"072 65.00 -. 337 , 923 -. 210 
70.00 -. 320 . 664 -. 112 
75.00 -. 311 . 452 11 
80.00 -. 301 .2 35 _ý 
85.00 -. 42 84 . 136 -. n86 
90.00 -. 295 . 056 -. 069 

A_4. o% 
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TABLE 2.2 CN, CT curve coordinates from Ayres 
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0 BEFORE ALL TESTS: Check External Battery Volts ON LOAD: should be -32.0V, 11.4 V 

I Lame Body (35 kg) on 12 foot or 24 foot 124 capo 

A) Rigging Zone Checks 

1. Nose clean. Pressure holes clear. Dents filled. 

2. Plastic pressure leads clear (blow through using pump). 
Leak test both leads if they appear damaged. 

3. Inner tube pressures all 5 p. s. i. 

4. Aluminium guide tube lined up with mark and at correct depth. 
Pressure leads up inside of tube. 

5. Rigging lines not tangled. Attachment clips all free. 

6. Bomb bar battery supplies switched on. Flash bulb renewed. 
Release cables attached. Power lead secured. 

7. Bring external per lead down through apex vent. 

8. Suspend canopy by apex ring. 

9. Hoist until just clear of ground. Check length of power lead o. k. 
Wait for instrumented body. 

10. Fit instrumented body. Check orientation (see I C). 

B) Caravan: Instr rented Body Preparation 

1. Check body and pressure leads undamaged; components, wires etc. 
inside all o. k. Replace lid and mounting brackets. 

2. Check battery voltages off load. Replace'pack if necessary. Have 
old pack put on charge immediately. 

3. Attach supporting frame correct way around. 
Shear pin sizes: 0.070" ali for 12 foot; 19g copper for 24 foot. 

4. Mains power supply (PSU) plugged in and leads free. Outputs off. 

5. Connect external power and Silent 700. Read program tape and blank 
tape with leader. Use only FSU + 20V and + 10V lines. 

6. Load program. ALLOW 5 minute warm-up time for pressure transducer (AP). 

7. Power up gyros on PSU. 

8. Check MO - 20 . Read EO - 100. 

9. Run program using interrupt switch. Record readings EO - 100 and 
13D0 - 1400 for AP zero value. 

10. Switch off + 30 and - 20 psu. Switch off gyros and A P. Disable INTERRUPT. 

11. Restart program using RESET. 

12. Check rigging zone people ready (See I A). 

Cý Rigging Zone: Final Assembl 

1. Bring body to rigging zone, still connected to external PSU. 

2. Start gyros and 'NP. 

3. Switch on mains + 30 and - 20 on PSU. 

4. Check Ext. Int. switch disabled; reset indicator lights on side. 
Check Rx off. 

5. Attach pressure leads. 

Table 3.2 Drop test procedures 
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6. Change over power leads. Switch off mains on PSU. Enable INTERRUPT. 

7. Fit release plug. 
8. Fit instrument body to large body; check pressure leads free. 
9. Screw down butterfuly nuts. 

10. (heck rigging line attachment clips all free on large body. Check 
lines all o. k. again. 

NG READY FOR HOISTING 

D) Release and Recovery Procedure 

1. Hoist to release altitutde. 

2. Release control by JAE - cal. 1s: - 

READY ! CAMERA ON ! EYES UP 

TWO ........ ONE ......... GO 

- Release pressed when body vertical. Slight swinging 
acceptable. Note orientation of large body. 

3. On GO, stop watch times required are: 

a) GO to fully inflated 

b) GO to behaviour of system as a rigid body. 

c) GO to touchdown. 
d) GO to reconnection of PSU. 

Flash bulb operates on GO. Test body emits high pitched 
tone while program runs. 

4. Drop body recovered as quickly as possible by fast vehicle with a 
shock-proof carrier. Returns to caravan. 

5. Butterfly nuts removed as quickly as possible (en route) to allow 
instrumented body to be reconnected to PSU. 

6. Switch gyros and AP off as soon as possible. Take care not to 
touch any other switches. 

7. Instrumented body removed from large body. Pressure leads 
disconnected. Place in 3 legged stand. 

8. Reconnect Silent 700. 

9. Check MO - 20 ; EO - 100 ; 13D0 - 1400 ; M3BO-420. 
10. Complete leaders on recording tape. Dump 1E0 - 1400 onto tape: 

use timer to check when dumping finished. 

11. Take copy dump of EO - 1400. 

12. Switch off PSU and disconnect all leads. Remove cover from 
instrumented body and inspect for damage. 

Table 3.2 Drop test procedures (contd. ) 
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II Instrumented Body (10 kg) on 6 foot or 12 foot 124 canopy 

A) Caravan : Preparation 

1. Check body and nose undamaged; components wires etc. inside all 
o. k. Replace lid and mounting brackets. 

2. Check battery voltages off load. Replace pack if necessary. 
Check pressure leads free when replacing nose. Put old pack 
on immediate charge. 

3. Replace bent legs with a straightened set. 

4. Check radio control operative. 
5. Store legs in retracted position. Switch off Rx, then Tx. 

6. Rigging crew ensure canopy lines and mounting ring o. k. 
Attach mounting ring. 

7. Mains power supply unit (pSU) plugged in and leads free. 
Outputs off. 

8. Connect pSU and Silent 700 to body. Ready program tape and blank 
tape with leader. Use only PS'U + 20V and + 10V lines. 

9. Load program. Allow 5 minute warm up time for AP. 
10. Power up gyros on PSU. 

11. Check MO - 20 ; EO - 100. 
12. Run program using interrupt switch. Record EO - 100 and 13D0 - 1400. 
13. Switch off +30 and -20 PSU lines. Switch off gyros and AP. 

14. Restart program using RESET. 
15. Check bomb bar people ready. 

B) Rigging : Final Assembly 

1. Bring body to bomb bar, still connected to PSU. 
2. Start gyros and 6P. 

3. Switch on +30V and -20V on PSU. 

4. Check Ext. Int. switch enabled ; reset indicator lights on side. 
5. Bomb bar battery supplies switched on. Flash bulb renewed. 

Release cables attached. Power lead secured. 
6. Bring power lead down through apex vent.. 
7. Suspend canopy by apex ring. 

7. Hoist until just clear of ground. Check length of power lead o. k. 
9. Change over power leads. Switch off mains on. PSU. 
10. Fit release plug. Attach Rx aerial to a rigging line. 
11. Check all lines free and untangled. 

12. Switch on Rx. 
NOW READY FOR HOISTING 

Table 3.2 Drop test procedures (contd. ) 
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C) Release and Recovery 

1. Hoist to release alt'_tutde (+100 ft. included). 

2. Switch, on legs release Tx. Handle carefully. CHECK ON. 

3. Observe body with binoculars (JAE). 

4. Release control by JAE - calls: - 

READY 

CAMERA ON ! EYES UP 

SIWO ... ONE ...... co 
- release pressure when body vertical. Slight swinging 

acceptable. Note orientation of body. 

5. On GO, stop watch times required are : 

a) GO to fully inflated. 

b) GO to behaviour as a rigid body. 

c) GO to touchdown. 

d) GO to reconnection of PSU. 

6. IMPORTANT: Legs - release to be operated when body 100 feet 
from ground. Legs actuated by pressing right hand lever cn Tx 
fully forward and hol . 

7. Drop body recovered as quickly as possible by fast recovery 
vehicle. Switch gyros off as soon as possible. Take care not 
to touch any other switches etc. Vehicle'retums to caravan. 

8. Reconnect PSU +20V and +10V as soon as possible. 

Same as in I from 8 on. Canopy may be removed along with lid 
for disentangling. 

Table 3.2 Drop test procedures (contd) 
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Remarks 

01 021079 1150 24 BB 2.0 14.0 600 4.21 41.75 NO Data lost en route 
in Landrover. 

02 1330 2.0 18.2 3.67 37.35 YES 

03 1430 3.0 18.5 4.66* 39.74* NO BB LAPESed from 
Landrover. 

04 1533 4.0 18.6 3.82* 49.76* NO Data lost on rec- 
onnecting 5V supply 

05 051079 1155 1.0 14.1 3.96 56.37* YES Lines slightly 
twisted. 

06 1357 3.5 15.8 3.95* 43.29* NO Ext. power/control 
cable torn off on 
release. MPU not 
triggered. Dud data. 

07 1533 3.0 16.1 3.67 40.96 YES Generator failed 
during data extra- 
ction. 

08 111079 1148 12 BB 5.5 16.41100 3.75 

09 1337 5.0 16.9 2.20* 

10 1403 3.5 16.9 3.67 

11 1435 5.0 17.9 3.33 

12 1500 - - 1250 2.38* 

1 13 161079 1203 4.5 13.6 3.00 

14 1230 --3.65* 
15 1319 2.62* 

1 16 1350 3.0 14.3 3.21 

1 17 1412 --2.57* 

118 1437 4.0 13.8 2.60* 

35.14* YES 

36.62* NO Landing heavy. Data 
lost on reconnecting 
5V. 

36.33 YES 

39.13 YES 

42.36v NO Heavy landing. Data 
lost on reconnecting 
5V. SE dented $ PCBs 
moved. 

40.71 YES Ext. power cable 
torn on release. 

40.44* NO 5V level too low. 

38.04* NO Lines twisted. Dud 
data - cause unknown. 

40.75 YES Lines slightly 
twisted. 

41.61* NO Bomb-bar problems. 
Data lost en route 
in Landrover. 

40.68* YES Bomb-bar problems. 
3 attempts needed 
for release. 

* Stop-watch measurement 

Table 3.3. Production Drop Tests from Balloon Rig 

continued/ .. "" 
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Remarks 

19 171079 1157 6 SB 6.0 13.2 1400 2.50 0.00 40. 26* YES Legs deployed prem-1 
aturely. Nose dam- 
aged. 

20 1406 5.5 15.0 1.75 11.75 39. 29* YES Legs deployed 
prematurely. Nose 
damaged. 

21 1502 6.5 14.8 2.50 21.13 38. 89* YES Windy. Legs 
deployed premat- 
urely. 

22 291079 1336 - - 1.87 - 40. 54* NO Data lost on 
reconnecting 5V. 
Heavy landing. 
Internal damage. 

23 021179 1111 3.5 9.5 1.75 12.92 40. 48* YES Legs deployed 
prematurely. 

24 1157 2.5 11.2 1.83 4.25 39. 89* YES Legs deployed 
prematurely. 

25 1345 3.0 12.3 1.67 36.20 40. 55* YES Very good. 

26 1432 3.0 12.0 1.63 36.46 41. 76* YES Very good. 
27 1515 2.5 9.3 1.92* 4.75 40. 61* YES Legs deployed 

prematurely. 

28 131179 1203 12 SB 1.0 2.6 700 2.25 - 42. 29 YES Legs failed to 
release - Tx 
switched off. 

29 1343 3.5 5.3 1.83 - 44. 05* YES Legs deployed 
after landing. 
Movie camera 
failed. 

30 1430 4.0 4.3 1.84* - 57. 48* YES Legs not fitted. 

31 1511 - - 600 1.81* - 44. 43* NO Legs not fitted. 
Premature release. 
5V level run down. 

32 1536 3.0 2.2 2.29* - 41. 73* YES Bounced on landing. 

* Stopwatch measurement. 

Table 3.3. Production Drop Tests from Balloon Rig (Cont'd) 
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Peak mean horizontal Mean descent 
wind speed \'w,, at speed WN N/V 

Drop No. p 
- (ms 1) H 40m AGL(ms 1±0.5) 

2 2.0 4.0 2.0 

5 1.0 4.0 4.0 

7 3.0 4.0 1.3 

8 5.5 10.5 1.9 

10 3.5 10.5 3.0 

11 5.0 10.5 2.1 

13 4.5 10.0 2.2 

16 3.0 10.5 3.5 

18 4.0 10.5 2.6 

19 6.0 11.0 1.8 

20 5.5 11.0 2.0 

21 6.5 11.0 1.7 

23 3.5 11.0 3.1 

24 1.5 11.5 7.7 

25 3.0 11.5 3.8 

26 3.0 11.5 3.8 

27 2.5 11.0 4.4 

28 1.0 4.5 4.5 

29 3.5 5.0 1.4. 
30 4.0 5.0 1.3 

32 3.0 4.5 1.5 

Table 3.4. Ratios of mean descent speeds to peak mean wind speeds 
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ST T TRANSFER TEST NO. 2 TYPE 401 GYRO 024 11 Sent 79 

TABLE A-0.339 

S; A TCH ON 12 55 HOURS 

RUN UP TIME 0.0 SECS 

'-lAX rE 4? 24.67 DEG C 

R. T. S. F 82.78 '1V/DEG/SEC 

SWITCH OFF 1317 HOURS 

RUN DO 70.1 N TIME 0.0 SECS 

'-1I. 4 I'L"4P 24.31 DE3 C 

TAC90 TA3L5 R tTE 3YRO OUTPUT GYRO ERRORS 
P; V DEC/SEC '''1V DEG/SEA 

%; GE ERRORS 

-7.00 -0.33 5.33 -1.4519 0.0000 
2644.00 31.94 -133.30 -0.5144 -1.9236 
5236.00 53.85 -373.20 0.2972 0.4655 
7949.30 96.03 -561.30 0.7304 0.7607 

10599.30 123.04 -749.30 1.1305 0.3333 
13254.00 153.11 -934.70 1.1072 0.5915 
15917.00 192.23 -1119.50 0.3835 0.4595 
13556.00 224.23 -1332.00 0.4314 0.1923 
21193.00 255.02 -1432.70 -0.0662 -0.0253 
23864.00 233.23 -1660.00 -1.6330 -0.5833 
26527.00 323.45 -1333.30 -3.3082 -1.1894 
26523.00 323.40 -1335.70 -3.4315 -1.0710 
23857.00 233.20 -1664.50 -0.3205 -0.2847 
21205.00 255.15 -1439.40 0.9471 0.3697 
13560.00 224.21 =1311.30 2.1115 0.9418 
15907.00 132.15 -1129.40 2.7157 1.4133 
13254.00 150.11 -947.70 3.3545 2.0951 
10603.00 123.09 -764.00 3.6234 2.8238 

7950.00 95.04 -577.40 3.4151 3.55'60 
5234.00 53.33 -390.00 3.2256 5.0532 
2647.00 31.99 -201.30 2.4610 7.6962 

-5.00 -0.06 -11.40 1.6702 0.0000 
-2683.00 -32.47 182.40 0.5796 -1.7350 
-5342.00 -54.53 372.30 -0.1870 0.2998 
-7973.00 -95.38 560.30 -0.9291 0.9641 

-10646.00 -123.51 749.90 -1.3384 1.0796 
-13297.00 -150.63 935.30 -1.4993 0.9337 
-15951.00 -192.69 1120.90 -1.4367 0.7456 
-13599.00 -224.63 1303.90 -1.0831 0.4820 
-21256.00 -256.73 1490.20 0.5375 -0.2093 
-23913.00 -239.37 1656.90 2.1062 -0.7291 
-26559.00 -320.84 1325.40 4.7521 -1.4812 
-26553.00 -320.77 1327.00 4.5759 -1.4256 
-23918.00 -233.93 1653.30 1.3209 -0.6302 
-21268.00 -255.92 1435.10 -0.1646 0.0641 
-18603.00 -224.79 1303.40 -1.7522 0.7795 
-15943.00 -192.66 1127.50 -2.6312 1.3657 
-13239.00 -160.53 949.30 -3.9302 2.4432 
-10540.30 -123.53 766.50 -4.3305 3.3691 

-8001.00 -95.65 579.30 -3.3493 3.9825 

-5337.03 -34.47 383.90 -3.1173 4.9347 
-2686.00 -32.45 231.20 -2.6944 8.3040 

-7.03 -0.08 7.70 -1.6075 3.0000 

TABLE C4.1 x-direction gyro, pre-trial calibration 
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RATE TRANSFER TOST 1 TYPE 406 SYPO #066 11 Sent 79 

TABLE NO. 339 R. T. S. F 062.79 ''IV/DE! '/SEC 

SWITCi U'4 1140 HOURS SWITCH OFF 1150 HOURS 

RUN UP TI ME 0.0 SEU3 RU 4 DD'JN TI'dE 0.0 SECS 

? IAX TE 4? 24.16 DCG ^ 4IN TF'iP 24.02 DES C 

TA2.17 T213LE PATE SYRO 0ý3TPUT GYRO ERRORS %1\! E ERRORS 
'4V DES/SEC 4V DEG/SEC 

27.00 3.33 11.0) -0.0739 0.0000 
4670.00 55.41 -453.20 4.0439 7.1681 
9325.00 112.55 -903.90 5.9142 6.1379 

13943.00 153.49 -1359.50 9.5097 5.6439 
13536.00 224.52 -1802.70 10.9642 4.. 3333 
23227.90 230.59 -2235.60 11.0466 3.9370 
27369.00 336.65 -2656.50 9.5734 2.8436 
32507.00 392.69 -3052.30 5.1642 1.5697 
37157.00 443.78 -3447.50 0.0488 0.0109 
41757.00 504.43 -3803.40 -8.3094 -1.7464 
46402.00 560.55 -4141.30 -21.6804 -3.3577 
46423.00 563.30 -4145.20 -21.4931. -3.8326 
41759.00 504.45 -3814.30 . -: 8.0684 -1.5994 
37154.00 443.33 -3456.30 1.1238 0.2515 
32493.30 392.52 -3072.90 7.7092 1.9533 
27354.30 336.6) -2668.90 11.2291 3.3350 
23225.00 230.53 -2249.50 12.3615 4.5840 
13 53 2.00 22 4.4 7 -1817.30 12.90 51 5.7495 
13949.0.0 153.51 -1375.10 11.5209 5.8371 

9304.00 112.39 -924.30 9.1653 8.1546 
4669.00 53.40 -458.00 5.9755 10.5944 

25.00 J. 31 -2.50 1.6391 0.0000 
-4634.30 -55.93 465.70 -2.7421 4.3934 
-9244.00 -111.57 924.40 -5.5452 5.8512 

-13923.00 -153.19 1375.90 -8.7106 5.17? 9 
-18553.00 -224.1? 1420.20 -10.2143 4.5552 
-23192.00 -230.15 2255.00 -10.6275 3.7934 
-27903.00 -337.13 2577.70 -8.4810 2.5156 
-32464.00 -392.17 3096.60 -5.4775 1.6517 
-37137.00 -443.62 3477.40 -0.7129 0.1539 
-41773.90 -504.69 3344.20 7.7773 -1.5411 
-45333.00 -559.71 1,134.70 19.6407 -3.3304 
-46424.00 -560.31 ? 139.101 19.1593 -3.4191 
-41790.00 --504.33 3352.30 5.3722 -1.3513 
-37153.00 -443.94 3493.50 -1.3515 J. 4124 
-32523. )0 -392.95 3100.30 -7.5460 1.9204 
-27843.00 -336.41 2593.50 -11.2551 3.3457 
-23137.00 -230.10 2270.90 -12.7502 4.5520 
-13543.00 -224.00 1335.10 -12.4577 5.5614 

-1339;. 00 -157.90 1392.10 -10.9719 6.5347 
-9259.00 -111.85 940.50 -3.4521 7.5555 
-4626.00 -55.33 430.70 -4.7442 3.5611 

25.00 J. 31 12.13 -0.2045 0.0000 

TABLE C4.2 y-direction gyro, pre-trial calibration 
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tnrE TRANSFER TEST NO. 4 TYPE 401 GYRO #025 11 Seflt 79 

TASLE "J0.339 R. T. S. F 82.7ß iV/rE'/SEO 

S'ti'ITO9 0: 4 1420 HOURS SWITCH OFF 1450 HOURS 

RU`s UP TI'lE 0.0 SECS RUN DO. IA TIME 0.0 SECS 

SAX TS`1P 24.72 DES 0 ! I; ý? TýýP 24.50 D E3 C 

I Th3LE r.: YR0 OUT? ýU'ý : YYPD ERRORS 
. ý. ýý ERRORS 

iJ 1D T ý/S Y HIV DE G/SEC 

-9.03 -0.11 11.20 -0.4399 0.0000 
3296.00 39.82 -133.30 0.4319 1.0845 
6501.00 79.74 -273.40 1.1910 1.4936 
9953.00 120.23 -422.00 1.1011 0.9153 

13249.00 153.05 -564.90 1.49D7 0.9314 
15563.30 200.03 -705.30 1.3315 0.6905 
19335.03 240.23 -343.10 0.9943 0.4141 
23203.00 230.30 -983.60 0.4555 0.1625 
26505.013 320.19 -1127.30 -0.2684 -0.0338 
29335.13 360.41 -1265.99 -1.6400 -0.4550 
33113.35 433.01 -1402.10 -2.9180 -0.7295 
33124.03 403.14 -1403.30 -2.7133 -0.6731 
29317.00 360.20 -1267.60 -0.9443 -0.2621 
25513.30 320.23 -1130.00 0.2540 0.0793 
23193.00 235.18 -991.20 1.3073 0.4568 
1)376.00' 240.11 -851.30 . 2.0160 0.8395 
16562.00 200.07 -710.30 2.3734 1.18: 38 
13252.00 "150.21 -563.50 2.3466 1.4647 

9939.03 120.07 -425.30 2.3394 1.9434 
6639.03 79.34 -282.30 2.1917 2.7451 
3303.03 39.90 -137.70 1.4445 3.6203 

-4.00 -3.55 7.00 0.6314 3.0000 
-3364.00 -40.64 153.90 -0.0605 0.1490 
-5503.00 -79.33 293.50 -1.5567 1.9501 
-9975.33 -120.50 442.73 -1.4543 1.206) 

-13295.03 -155.61 535.30 -1.6103 1.0326 

-16613.0 -200.75 727.40 -1.4205 0.7073 

-19935.0.0 -240.32 369.00 -1.0732 0.4477 

-23245.00 -230.30 1009.01) -0.4327 0.1719 
-25571.00 -325.93 1143.10 0.5592 -0.1742 
-29373.00 -360.93 1235.30 1.7555 -0.4892 
-33112.00 -A )0 . 97 1422.30 3.3940 -0.9465 
-33195.00 -401.30 1423.50 3.0645 -0.7542 
-29373.00 -350.37 1238.10 1.0530 -0.2932 
-25564.00 -320.90 1150.90 -0.3132 0.0 975 
-23243.05 -230.34 1012.20 -1.3463 0.4795 
-19944.00 -240.93 372.50 -1.9542 0.8111 
-16617.00 -200.74 731.70 -2.5299 1.2603 
-13297.00 -160.63 599.40 -2.599.0 1.6180 

-9979.00 -120.55 446.40 -2.4471 2.0299 
-6565.00 -30.51 302.30 -2.0779 2.5808 
-3353.00 -40.50 153.20 -1.4033 3.4645 

-6.00 -0.07 11.60 -0.5337 0.0000 

TABLE C4.3 z-direction gyro, pre-trial calibration 
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A AXIS R. T. NO. 4 TYPE 401 GYRO #024 29 Jan 80 

TABLE NO. 339 R. T. S. F 82.78 MV/DEG/SEC 

SWITCH ON 1100 HOURS 

RUN UP TIME 0.0 SECS 

MAX TEMP 24.56 DEG C 

TACHO TABLE RATE 
MV DEG/SEC 

SWITCH OFF 1433 HOURS 

RUN DOWN TIME 0.0 SECS 

MIN TEMP 24.22 DEG C 

GYRO OUTPUT GYRO ERRORS 
MV DEG/SEC 

%AGE ERRORS 

52.00 0.63 6.90 -1.2940 0.0000 
2734.00 32.66 -187.90 -0.5358 -1.6404 
5350.00 64.63 -382.50 0.2612 0.4041 
8003.00 96.74 -575.40 0.6270 0.6482 

10662.00 128.80 -767.30 0.8728 0.6777 
13306.00 160.74 -957.80 1.0038 0.6245 
15964.00 192.85 -1147.60 0.8477 0.4396 
18614.00 224.86 -1335.00 0.3843 0.1709 
21262.00 256.85 -1519.70 -0.5095 -0.1984 
23916.00 288.91 -1701.70 -1.9304 -0.6682 
26566.00 320.92 -1880.60 -3.8248 -1.1918 
26568.00 320.95 -1880.20 -3.9163 -1.2202 
23916.00 288.91 -1705.80 -1.2402 -0.4293 
21264.00 256.87 -1526.70 0.6448 0.2510 
18612.00 224.84 -1344.90 2.07.51 0.9230 
15962.00 192.82 -1159.80 2.9258 1.5173 
13310.00 160.79 -971.80 3.3124 2.0601 
10662.00 128.80 -783.20 3.5496 2.7559 

8012.03 96.79 -592.50 3.4575 3.5723 
5352.00 64.65 -400.40 3.2505 5.0276 
2706.00 32.69 -207.40 2.7229 8.3296 

54.00 0.65 -11.90 1.8468 0.0000 
- 2668.03 -32.23 190.10 0.7221 -2.2404 
-5314.00 -64.19 384.70 -0.0749 0.1167 
-7970.00 -96.28 579.30 -0.7511 0.7802 

-10624.00 -128.34 772.20 -1.1653 0.9080 
-13268.00 -160.28 963.30 -1.3973 0.8718 
-15926.00 -192.39 1153.00 -1.2244 0.6364 
-18576.00 -224.40 1340.80 -0.8283 0.3691 
-21226.03 -256.41 1525.90 0.0224 -0.0087 
-23884.00 -288.52 1708.00 1.4747 -0.5111 
-26532.00 -320.51 1886.10 3.4797 -1.0857 
-26534.00 -320.54 1883.90 3.8742 -1.2087 
-23884.00 -288.52 1708.90 1.3232 -0.4586 
-21226.00 -256.41 1529.10 -0.5164 0.2014 
-18576.00 -224.40 1346.70 -1.8216 0.8117 
-15926.00 -192.39 1161.00 -2.5712 1.3365 
-13268.00 -160.28 972.80 -2.9966 1.8696 
-10624.00 -128.34 784.00 -3.1519 2.4559 

-7970.00 -96.28 592.80 -3.0239 3.1407 
-5312.00 -64.17 399.90 -2.6580 4.1422 
-2666.00 -32.21 206.60 -2.0799 6.4581 

54.00 0.65 6.00 -1.1667 0.0000 

TABLE C4.4 x-direction gyro, post-trial calibration 



143 

A AXIS R. T. NO. 4 

TABLE NO. 339 

SWITCH ON 

RUN UP TIME 

MAX TEMP 

1715 HOURS 

TYPE 406 GYRO #066 29 Jan 80 

R. T. S. F 82.78 MV/DEG/SEC 

0.0 SECS 

24.50 DEG C 

SWITCH OFF 1815 HOURS 

RUN DOWN TIME 0.0 SECS 

MIN TEMP 24.16 DEG C 

TACHO TABLE RATE GYRO OUTPUT GYRO ERRORS %AGE ERRORS 
MV DEG/SEC MV DEG/SEC 

106.00 1.28 14.20 1.1541 90.1315 
4754.00 57.43 -463.80 5.1082 8.8948 
9384.00 113.36 -932.40 8.0978 7.1434 

14028.00 169.46 -1395.90 10.2769 6.0645 
18664.00 225.47 -1850.60 11.4463 5.0767 
23308.00 281.57 -2294.80 11.1987 3.9773 
27946.00 337.59 -2727.50 9.5776 2.8370 
32590.00 393.69 -3143.40 5.7716 1.4660 
37226.00 449.70 -3537.60 -0.6662 -0.1481 
41862.00 505.70 -3906.50 -10.2852 -2.0338 
46506.00 561.80 -4247.60 -23.4964 -4.1823 
46506.00 561.80 -4252.00 -22.9432 -4.0838 
41864.00 505.73 -3914.00 -9.3663 -1.8521 
37228.00 449.72 -3547.30 0.5293 0.1177 
32590.00 393.69 -3154.60 7.1799 1.8237 
27948.00 337.62 -2740.20 11.1503 3.3026 
23310.00 281.59 -2309.40 . 

13.0103 4.6203 
18668.00 225.51 -1864.20 13.1080 5.8125 
14030.00 169.49 -1410.30 12.0634 7.1177 

9390.00 113.43 -946.80 9.8359 8.6711 
4758.00 57.48 -478.20 6.8705 11.9534 

114.00 1.38 0.10 2.8304 205.5271 
-4632.00 -55.96 491.30 -1.5995 2.8586 
-9262.00 -111.89 963.50 -5.0418 4.5061 

-13906.00 -167.99 1433.50 -8.0382 4.7850 
-18542.00 -223.99 1894.20 -9.9620 4.4475 
-23186.00 -280.09 2347.70 -10.8838 3.8858 
-27826.00 -336.14 2787.70 -10.1564 3.0215 
-32472.00 -392.27 3211.90 -7.3699 1.8788 
-37110.00 -448.30 3615.30 -2.0647 0.4606 
-41750.00 -504.35 3993.80 6.3955 -1.2681 
-46400.00 -560.52 4343.60 18.5853 -3.3157 
-46400.00 -560.52 4346.70 18.1955 -3.2462 
-41750.00 -504.35 3999.10 5.7291 -1.1359 
-37112.00 -448.32 3623.50 -3.0716 0.6851 
-32472.00 -392.27 3221.8 6147 2.1961 
-27r: 226. i; t; -33i. 14 2798.60 -11.5270 3.4292 
-23186.00 -280.09 2360.00 -12.4304 4.4380 
-18540.00 -223.97 1908.50 -11.7842 5.2616 
-13904.00 -167.96 1447.00 -9.7599 5.8107 
-9260.00 -111.86 977.60 -6.8388 6.1136 
-4628.00 -55.91 504.50 -3.3076 5.9162 

110.00 1.33 14.30 1.0932 82.2714 

TABLE C4.5 y-direction gyro, post-trial calibration 
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A AXIS R. T. NO. 5 TYPE 401 GYRO #025 29 Jan 80 

TABLE NO. 33 9 R. T. S. F 82.78 MV/DEG/SEC 

SWITCd ON 1 550 HOURS SWITCH OFF 1642 HOURS 

RUN UP TIME 0.0 SECS RUN DOWN TIME 0.0 SECS 

MAX TEMP 24.29 DEG C MIN TEMP 23.99 DEG C 

TACHO TABLE RATE GYRO OUTPUT GYRO ERRORS %AGE ERRORS 
MV DEG/SEC MV DEG/SEC 

54.00 0.65 . 9.50 0.6634 0.0000 
3363.00 40.69 -140.20 1.7051 4.1909 
6682.00 80.72 -287.40 2.0608 2.5531 
9998.00 120.78 -432.50 1.8162 1.5038 

13308.00 160.76 -577.80 1.6990 1.0568 
16622.00 200.80 -722.80 1.4511 0.7226 
19938.00 240.86 -866.50 0.8223 0.3414 
23254.00 280.91 -1010.00 0.1387 0.0494 
26568.00 320.95 -1152.60 -0.7678 -0.2392 
29878.00 360.93 -1293.60 -2.0649 -0.5721 
33180.00 400.82 -1433.40 -3.5946 -0.8968 
33180.00 400.82 -1434.40 -3.3203 -0.8284 
29876.00 360.91 -1295.70 -1.4645 -0.4058 
26570.00 320.97 -1154.90 -0.1609 -0.0501 
23254.00 280.91 -1012.20 0.7423 _ 0.2642 
19940.00 240.88 -869.30 1.5664 0.6503 
16624.00 200.82 -725.30 2.1129 1.0521 
13310.00 160.79 -579.70 2.1961 1.3659 
10000.00 120.80 -434.30 2.2860 1.8923 

6684.00 80.74 -289.30 2.5580 3.1681 
3370.00 40.71 -141.60 2.0651 5.0726 

56.00 0.68 7.00 1.3252 0.0000 

-3332.00 -40.25 158.90 0.5738 -1.4255 
-6646.00 -80.29 308.30 -0.3856 0.4803 

-9960.00 -120.32 455.40 -0.7139 0.5934 

-13270.00 -160.30 601.60 -0.8436 0.5263 

-16584.00 -200.34 747.90 -0.9524 0.4754 

-19904.00 -240.44 893.50 -0.7967 0.3313 

-23220.00 -280.50 1038.50 -0.5246 0.1870 

-26536.00 -320.56 1182.40 0.0493 -0.0154 
-29848.00 -360.57 1324.70 1.0139 -0.2812 
-33152.00 -400.48 1465.40 2.3208 -0.5795 
-33152.00 -400.48 1466.20 2.1013 -0.5247 
-29848.00 -360.57 1326.90 0.4102 -0.1138 
-26536.00 -320.56 1185.40 -0.7739 0.2414 

-23218.00 -280.48 1042.40 -1.6189 0.5772 

-19904.00 -240.44 898.80 -2.2509 0.9361 

-16584.00 -200.34 753.80 -2.5713 1.2835 

-13270.00 -160.30 608.00 -2.5997 1.6217 

-9958.00 -120.29 461.80 -2.4942 2.0734 

-6644.00 -80.26 314.70 -2.1659 2.6985 

-3330.00 -40.23 165.30 -1.2065 2.9991 
54.00 0.65 13.40 -0.4067 0.0000 

TABLE C4.6 z-direction gyro, post-trial calibration 
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Output (Volts) 

Input (Gn ) Inc re as i. ns Decreasin 

Output (Volts) 

Trºcreasirºg Iiecreasirºq 

-3.00000 -2.57580 -2.57244 -2+43793 . -. . 8625 
-2.70000 -2.32234 -2.31604 -2#18910 

7 
-2.18657 

-2.40000 -2.06174 -2.05501 9 -1.94110 1.9 -1.93942 
-2.10000 -1.80533 -1.79987 -1.69478 -1.69310 
-1.80000 -1.55061 -1.54473 --1.45015 -1.44763 
-1.50000 -1.29715 -1.29210 -1.20552 -1.20300 
-1.20000 -1.0432? -1.03822 -. 96088 -. 95836 

-. 90000 "-. 79023 -. 78560 -. 71625 -. 71373 
-. 60000 -. 53635 -. 53130 -. 47077 -. 46909 
-. 30000 -. 28162 -. 27868 -. 22614 _ 22C 30 0.00000 -. 02606 -. 02438 . 01934 . ýý 

. 01892 
. 30000 . 22698 . 23034 

. 26313 060 
. 60000 . 48044 . 48464 . 50230 +50608 . 90000 . 73306 . 73811 

. 74525 
. 74903 1.20000 . 98694 . 99241 

. 99199 
. 98736 1.50000 1.23998 1.24713 1.3410 1.22948 1.80000 1.49471 1.50185 1.47621 1.47201 2.10000 1.75111 1.75867 1.71874 1.71496 2.40000 2.00877 2.01760 1.96296 1.95959 2.70000 2.26896 2.27737 2.20801 2#20591 3.00000 2.53125 2.53965 2.45517 2.. 
4517 7 

x-direction accelerometer y-direction accelerometer 

output (Volts) 

Input(Gn) Increasinsq Uecreasiriz 

-6.00000 -2.56361 -2.56235 
-5.40000 -2.30847. -2.30343 
-4.80000 -2.05165 -2.04702 
-4.20000 -1.79693 -1.79188 
-3.60000 -1.54262 -1.53842 
-3.00000 -1.28958 -1.28538- 
-2.40000 -1.03528 -1.03150 
-1.80000 -. 78098 -. 77762 
-1.20000 -. 52584 -. 52289 

-. 60000 -. 26985 -. 26733 
0.00000 -. 01009 -. 00757 

. 60000 . 24590 . 24968 
1.20000 . 50020 . 50440 
1.80000 . 75324 . 75660 
2.40000 1.00544 1.00754 
3.00000 1.25680 1.25932 
3.60000 1.50816 1.51152 
4.20000 1.76036 1.76372 
4.80000 2.01256 2.01760 
5.40000 2.26602 2.27106 
6.00000 2.52200 2.52620 

z-direction accelerometer 

TABLE C4.7 Accelerometer pre-trial calibrations 
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output (Volts) output (Volts) 

Input(Gn) Incrcasins Iiecreasin5 Increasir1s Decreasin-, j 

-3.00000 --2.57748 -2.57244 -2.48165 734 1 -2.47660 
-2.70000 -2.31923 -2.31116 -2.22440 -2+21734 
-2.40000 -2.05997 -2.05190 -1.96817 -"1.9660110 
-2.10000 -1.80172 -1.79264 -1.71294 -1.70790 
-1.80000 -1.54548 -1.53842 --1.45973 -1.45671 
-1.50000 -1.29126 -1.28420 -1.20854 -1.20552 
-1.20000 -1.03503 -1.02898 -. 95836 -. 95432 

-. 90000 -. 78182 -. 77577 -. 70717 -. 70515 
-. 60000 -. 52760 -. 52054 -"45699 -. 45497 
-. 30000 -. 27238 -. 26733 -. 20680 -. 20680 
0.00000 -. 01513 -. 01513 . 04237 

. 04237 
. 30000 . 23707 . 24211 . 28953 . 28953 
. 60000 . 49129 . 49835 . 53870 . 53870 
. 90000 . 74651 . 75256 . 78686 . 78686 

1.20000 1.00073 1.00678 1.03402 1.03402 1.50000 1.25495 1.26100 1.28319 1.28319 
1.80000 1.51219 1.51824 1.53237 1.53539 
2.10000 1.76944 1.77549 1.78255 1.78860 2.40000 2.02971 2.03576 2.03475 2.04181 2.70000 2,28695 2.29300 2.28897 2 3.00000 2.55731 2.56235 2#54722 2+55126 

x-direction accelerometer y-direction accelerometer 

Output (Volts) 

Input(On) Increasing Decreasing 

-6.00000 -2.52805 -2.52503 
-5.40000 -2.27283 -2#26778 
-4.80000 -2.01760 -2.01356 
-4.20000 -1.76388 -1.76036 
-3.60000 -1.51118 -1.50916 
-3.00000 -1.25797 -1.25797 
-2.40000 -1.00880 -1.00779 
-1.80000 -. 75660 -. 75660 
-1.20000 -. 50440 -. 50440 

-. 60000 -. 25422 -. 25321 
0.00000 -. 00202 -. 00101 

. 60000 . 25119 . 25220 
1.20000 . 49936 . 50036 
1.80000 . 75055 . 75156 
2.40000 . 99972 1.00073 
3.00000 1.24990 1.25091 
3.60000 1.50109 1.50109 
4.20000 1.75128 1.75229 
4.80000 2.00247 2.00449 
5.40000 2.25467 2.25769 
6.00000 2.50989 2.50989 

z-direction accelerometer 

TABLE C4.8 Accelerometer post-trial calibrations 
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Channel Zero offset 
LSB ± 1/2 

Scale Factor 
mV/LSB 

0 2063 1.2469 

1 2060 1.2571 

2 2052 1.2508 

3 2070 1.2453 

4 2055 1.2407 

5 2069 1.2555 

6 2065 2.6631 

7 2064 3.2949 

8 2064 1.2180 

9 2064 1.2180 

10 2064 1.2180 

11 2064 1.2180 
12 2064 1.2180 
13 2064 1.2180 

14 2058 2.5221 

15 2065 3.2895 

Table C4.9 Data acquisition system calibration 
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FIGURE 3.2 The instrumented drop test body 
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FIGURE 3.4 SB, dummy and BB drop test bodies 
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FIGURE 3.16 High-level flow diagram of programme CSPT 
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FIGURE 3.53 High-level flow diagram of programme KIN 
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FIGURE C3.1 Memory map for the MPU data acquisition programme 

START 
, 

I IDLE LOOP 

EXTERNAL -}ý EXT. 
INTERRUPT 

ýI 
ý°ý INTERRUPT no 

to 

yes 
to + 10us 

DISABLE INTERRUPTS 

OUfPUT FLAG 
SOUNDER 

- to + 65us 
* SAMPLING 

1OUTPUT FLAG 
SOUNDER 

* SEE Figure C3.3 

. FINISH 
. 

FIGURE C3.2 Flow diagram of the MPU data acquisition programme 



INITIALISE: 
BUFST 1 
DELAY COUNTERS (2) 
DATA COUNTERS U Fr L 
BRANCH ADDRESSES 

SET READ TEST REGISTER 

(RE)LOAD MUX COUNTER 

ADDRESS MUX 

STROBE ADC 

DECREMENT LOWER 
DATA COUNTER (DCL) 

00,194 
DCL =0 DECREMENT UPPER 

? DATA COUNTER (DCU) 

MUX CNTR yes RELOAD MUX \ 

no 

SHORT DELAY LONG DELAY 

REoll AD 1 OR 22 

* READ MACRO * READ MACRO 2 

SET TEST READ REG. RESET READ TEST REG. 

Im 
I-= 

-1 

DECREMENT MUX CNTR 

* SEE Figure C3.4 

DCU = 

/ 1ST. 2ND-mw- OR 2ND TIME 

1ST 

RESYNC DELAY 

ALTER BRANCH ADDRESSI 
TO EXIT 

RELOAD: 

BUSFT 2 
DCU $ DCL 

EXIT 

FIGURE C3.3 Flow diagram of the sampling routine 



Read Macro 1 

Operation Register/ Contents Register/ 'Contents 
Port Port 7- 4 3- 0 

Clear I/O 0 0 00 
Clear I/O 1 1 00 
Input from 1/0 0 A al a2 DCo M1 Ml 
Store M1 al a2 DCo M2 M2 
Input from I/O 1 A 0 a3 
Shift left 4 A a3 0 
Store M2 a3 0 DCo M3 M3 
Decrement DCo DCo M2 M2 
Set READ test bit SR4 01 

Read Macro 2 

Clear I/O 0 0 0 0 
Clear I/O 1 1 0 0 
Input from I/O 0 A bi b2 
Store in scratchpad 1 SR1 bi b2 
Shift right 4 A 0 bi 
OR with memory A a3 bl DCo M3 M3 
Store in scratchpad 3 SR3 a3 "bl 
Decrement DCo DCo M2 M2 
Load from scratchpad 3 A a3 bl 
Store in memory M2 a3 bl. DCo M3 M3 
Load from scratchpad 1 A bl b2 
Shift left 4 A b2 0 
Store in memory M3 b2 0 DCo M4 M4 
Decrement DCo DCo M3 M3 
Input from I/O 1 A 0 b3 
OR with memory A b2 b3 DCo M4 M4 
Store in scratchpad 3 SR3 b2 b3 
Decrement DCo DCo M3 M3 
Load from scratchpad 3 A b2 b3 
Store in memory M3 b2 b3 DCo M4 M4 
Reset READ test bit SR4 0 0 

Port 0 Port 1 

Reading No. 1 

-I I 12 a3 -al- 

Reading No. 2 --ý 

1 b2 

Memory Contents 

N1 M2 M3 

al 1a2 a3 bl b2 b3 

Figure C3.4 READ macros for packing 12-bit data into 8-bit memory bytes 
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? J.? JP TIME 0.0 "S S RUN DONN TIME 0.0 SECS 

'wX US 24 
. 57 ;?: 7 C VIA TE: P 24.31 Dc" C 

11 33 Dt 7t= 

=rrý "rrDr 
/Rn`") 

4.. )10 

3.300) . "ý 

2.103 
"* 

-320 -253 
": -192 -123 -54 :,, )4 123 192 25rr . 320 

Innut Rate 
-1.001 (dea/sec) 

"""*.... 
*. I.. * "" 

-2.000 

*3.000 ";: 

-4.000 

-5.000 

:; yPJ SCALF FACTOR (SLOPE) 
S0 OF NO' LI3EARITIES 

LINEARITY 
r 'rFRCEPT ^. F 3! 3T ST LI iF: 
ZF r, 1 
Z ~'iJ -"y3r -313 
±ý {I W "1 iY3rE. ýýSI J 

-5.7343 4 V/D E/;, C 
2.4355 DL I/SEC 
4.7521 DES/SFC 
0.3509 DE. /STo 
0.4312 D13/SEC 
3.1993 D /3 2 
3.2741 CC /; LC 

FIGURE C4.1 x-direction gyro, pre-trial calibration 

%A-3-C ̀ t XI MU" RATE 
= 1.4350 

(with zero co-no. ) 

- A3Lr RATE 

- -32.00 
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" 
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" X 
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1 
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r 
1 

4-12C7 O 11 5.0 ! -Durls 

0.0 SECS 

II°, i TEiJ 

Th(r-) Error 
(^_-CT /z 9c) 

25.30"0 

20.000 

15.000 

24.02 LE; C 

*ý 
. *. . k, "*. 

"" . 10.000 

5.000 

.* 

-5t30 -44 -336 -224 -112 112 224 336 443.560 

'' "ý: Inaut Pate :" 
-ý.. ýJ00 (de^/sec) ": 
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-10.000 " 

-15.000 

-20.000 
S 

* 

3YRJ SCALE FACTOR (SLOPE) 
SD OF NON LI'JEARITIES 
"AXI 40,, ' NO A LINEARITY 
INTERCEPT OF !? EST ST LIIE 
ZERO OFFSET 
Zc?. J -iYSrERESI S 
d; xi J1 : iY3f RESIS 

-25.000 

-7.7102 '4V/DEG/SEC 
10.3304 DEG/SEC 

-21.6304 DEG/SEC 
-1.6790 DEG/SEC 
-0.9040 DEEY3/SE' 

1.828 3 DES/SEL 
2.7741 DE3/SU 

%3, --- '-IA XI'"? UM RATE 
_ -3.8715 

(with zero co'np. ) 

TABLE RATE 
=-337.03 DE /3E: 

FIGURE C4.2 y-direction gyro, pre-trial calibration 



TYPE 431 YýD -x-027 11 sent -fl-- 
T4')LC 339 

S 'I rci 3 1421) imJTýs 

FJý UP TI"Ic 0.0 3'C5 

11 -, E "P 21.72 C 

2.73 

: 'ITC- OFF 1450 "17[JR3 

RUN DO 7. J TI'S E 0.0 SECS 

"I 1 TF"2a 24.50 DF,, C 

,, 7r: ß Error 
("'e- Sec 

5.000, E 

4.000 

3.000 

" '. 2.000 '"*. 
:k 

'ý '" 1.000 *' "'x. 

-400 -32J : 240 -160 -30 ." 80 150 240 32 
, 
': 400 

"" 
" Input Rate :" 

" (dec/sec) . 
't opo 

*"" ßr2.000 ".; 

-3.000 

-4.000 

GYRO SCkLE FACTOR (SLOPE) 
SD OF NON LI. IEARITIES 
'lAXIMU"-l ON LINEARITY 
INTERCEPT OF REST ST LI1E 
ZERO OFFSET 
ZERJ ciYSrERi; SIS 
" XI-4UA iy3rERESIS 

-5.000 

-3.5542 : HIV/DEG/ 
1.7475 DES/SEC 
3.3940 DEG/SEC 

-2.6025 DEG/SEC 
-2.5190 DEG/SEC 

1.1957 OE , /SE2 
1.3427 ow/SEL 

SEC 

%A37"E ̀ kNIMUM RATE 
=0.8485 

(with zero co-na. ) 

TABLE RATE 

- -41.00 D? 3/3EC 

FIGURE C4.3 z-direction gyro, pre-trial calibration 



A AXIS R. T. NO. 4 TYPE 

TABLE NO. 339 

SWITCH ON 1100 HOURS 

RUN UP TIME 0.0 SECS 

MAX TEMP 24.56 DEG C 

401 GYRO #024 29 Jan 80 

R. T. S. F 82.78 MV/DEG/SEC 

SWITCH OFF 1433 HOURS 

RUN DOWN TIME 0.0 SECS 

MIN TEMP 24.22 DEG C 

Gyro Error 
(deg /sec) 

5.0001 

4.000 

3.000 "" ý"* 

2.000 ' 

;; 1.4'00 
. *"... 

*. ".. : 

-320 -23$. -192 -128 -64 y"0 
64 128 192 25.6 *. 320 

-. 

0* 
." 

tr 

** Input Rate 
"" "., 

*. "ý.. 
-1.000 " (deg /sec) :" 

"*: ý'" 
-2.900 ". 

ti "'ý... 
",... *"ý" -3.000 

-4.000 

-5.000 

GYRO SCALE FACTOR (SLOPE) 
SD OF NON LINEARITIES 
MAXIMUM NON LINEARITY 
INTERCEPT OF BEST ST LINE 
ZERO OFFSET 
ZERO HYSTERESIS 
MAXIMUM HYSTERESIS 

-5.9399 MV/DEG/SEC 
2.2052 DEG/SEC 

-3.9163 DEG/SEC %AGE MAXIMUM RATE 
-0.4958 DEG/SEC =-1.2239 
-0.1875 DEG/SEC (with zero comp. ) 

3.0772 DEG/SEC 
3.2587 DEG/SEC TABLE RATE 

= 33.00 DEG/SEC 

FIGURE C4.4 x-direction gyro, post-trial calibration 



A AXIS R. T. NO. 4 TYPE 406 GYRO #066 29 Jan 80 

TABLE NO. 339 R. T. S. F 82.78 MV/DEG/SEC 

SNITCH ON 1715 HOURS SWITCH OFF 1815 HOURS 

RUN UP TIME 0.0 SECS RUN DOWN TIME U. 0 SECS 

MAX TEMP 24.50 DEG C MIN TEMP 24.16 DEC C 

Gyro Error 
(deg /sec) 

25.000 

20.000 

15.000 

10.000 

5.000 * '. " 
r ." 

-560 -44k -336 -224 -112 *. 112 224 336 448ý, 560 
ý:: "ý * Input Rate % ti ý:. 45'. 000 (deg /sec) 

""*. 

ý'. '*.. ... 
'ý". ýý -10.000 

7 

-15.000 

-20.000 

-25.00 

GYRO SCALE FACTOR (SLOPE) 
SD OF NON LINEARITIES 
MAXIMUM NON LINEARITY 
INTERCEPT OF BEST ST LINE 
ZERO OFFSET 
ZERO HYSTERESIS 
MAXIMUM iiYSTERESIS 

-7.9530 MV/DEG/SEC 
10.5386 DEG/SEC 

-23.4964 DEG/SEC %AGE MAXIMUM RATE 
-4.2201 DEG/SEC =-4.1958 
-2.2431 DEG/SEC (with zero comp. ) 

1.7067 DEG/SEC 
1.8222 DEG/SEC TABLE RATE 

=-224.00 DEG/SEC 
FIGURE C4.5 y-direction gyro, post-trial calibration 



A AXIS R. T. NO. 5 TYPE 401 GYRO #025 29 Jan 80 

TABLE NO. 339 R. T. S. F 82.78 MV/DEG/SEC 

SWITCH ON 1550 HOURS SWITCH OFF 1642 HOURS 

RUN UP TIME -0.0 SECS RUN DOWN TIME 0.0 SECS 

MAX TEMP 24.29 DEG C MIN TEMP 23.99 DEG C 

Gyro Error 
(deg/sec) 

5.0001 

4.000 

3.000 

2.000 """*"'"" 
"ý*'" 

-400 -30'" -24O -160 80 160 240 3.2 400 
"' *' "",, "''ý Input Rate "" '" 
+" "*"S". *.. ""*""" 
" -1. (IDO 

(deg/sec) 

, * "- * 

"*2.000 

-3.000 = 

-4.000 

-5.000 

GYRO SCALE FACTOR (SLOPE) 
SD OF NON L INEARITI ES 
MAXIMUM NON LINEARITY 
INTERCEPT OF BEST ST LINE 
ZERO OFFSET 
ZERO HYSTERESIS 
MAXI MUM H YST ERESI S 

-3.6445 MV/DEG/SEC 
1.7554 DEG/SEC 

-3.5946 DEG/SEC %AGE MAXIMUM RATE 
-3.9224 DEG/SEC =. -0.8987 
-3.1956 DEG/SEC (with *zero comp. ) 

1.1969 DEG/SEC 
1.7802 DEG/SEC TABLE RATE 

=-40.00 DEG/SEC 

FIGURE C4.6 z-direction gyro, post-trial calibration 
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BB Pitot-static wind-tunnel tests 
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FIGURE C4.16 SB Pitot-static sensor test rig in the Leicester 

University 2.5m x 1.8m wind-tunnel 

FIGURE C4.17 SB Pitot-static sensor calibration test rig in 

the Bristol University 7ft x 5ft wind-tunnel 
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FIGURE C5.1 Measured bias, p-gyro 
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FIGURE C5.3 Measured bias, r-gyro 
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FIGURE C5.5 Measured bias, y-direction accelerometer 



OL 

-t- r ic, 

-t- -' 

no winaw, 

post-trial calibration 

H - , 
n -. J - - -- 

FIGURE C5.6 Measured bias, z-direction accelerometer 


