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Fig. 6 Variation of wall heat � ux.

Crawford5 at L / D =2.0 is found to be about 20%. The accuracyof
the measured data is not available.

Figures 5 and 6 show the computed variation of surface skin-
friction coef� cient Cf and wall heat � ux q along the spike blunt
body. Negative skin friction can be seen on the spike, which is due
to � ow separation. The separationzone is found to be a function of
the spike length. A sharp and sudden rise of skin friction and heat
transfer is found very close to the spike tip, which is due to � ow
stagnation. The secondary peak heat � ux is observed at about the
reattachment point. This secondary peak heat � ux decreases with
increasing spike length.

Conclusions
The � ow� eld around a forward facing spike attached to a

hemisphere–cylinder nosetip has been calculated at a freestream
Mach number of 6.8 for different spike lengths. The � ow features
around the spiked blunt body are characterized by a conical shock
wave emanating from the spike tip, a separatedregion in front of the
blunt body, and the resulting reattachment shock wave for various
freestream Mach numbers. The peak in local pressure and the heat
� ux are observed on the blunt-body region at the same position.
The shear layer created by the spike passes through the reattach-
ment shock wave giving the peak wall pressure and heat � ux on the
blunt body, which is in� uenced by the conical–shock reattachment
interaction.
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Nomenclature
[C ] = damping matrix
[Dp ], [D f ] = in-plane and bending stress–strain matrix
E = Young’s modulus
f (t ) = forcing function
h = thickness of the plate
[K ] = assembled global stiffness matrix
L1, L2, L3 = area coordinates
[M] = assembled global mass matrix
{u, v , w} = nodal displacements
a , b = constants
{d p}, {d f } = in-plane and bending nodal displacement vector
{e } = total strain
{e p}, {e f } = in-plane and bending strain
{h x , h y , h z} = nodal rotations of plate and shell element
t = Poisson’s ratio
u , } , h = nodal rotations of beam elements
x = natural frequency, rad/s

Introduction

T HE main structuralpurposeof thepayloadfairing in any launch
vehicle is to protect the payload from aerodynamic loading,

heating,acousticvibration,and other environmentalconditionsdur-
ing the ascentphaseand to providean aerodynamicforward surface.
The payload fairing is no longer requiredonce the vehicle clears the
atmosphere. Hence, it is jettisoned as soon as its purpose is served,
to save weight and to allow for the separation of the satellite. A
payload fairing is made in two or more sectors. The Atlas fairing is
made in two 180-deg halves, and explosive bolts are used to begin
separation. Spring-loaded actuators at the top of the cone section
push the halves apart, while the aft end of each fairing half be-
gins to rotate on hinges on a structure called the stub adaptor.1 The
Japanese H-ll rocket satellite fairing is also made in two halves, and
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pyrotechnic is used for the separation.2 The Titan 4 payload fairing
(25.8 m long) is constructed in trisectors and uses, along the longi-
tudinal edges, a Nomex covered elastomeric bellows that contains
the explosives to provide the separation force.3 The indian Polar
Satellite Launch Vehicle (PSLV) uses a zip-cord-basedmechanism
to jettisonthe two halvesof the payloadfairing.4 The successfultest-
ing of the Titan 4 payload fairing and the analysis used to predict
the structural response are described in Ref. 5. Cheng6 presented
an analytical procedure to simulate the separation dynamics based
on a coupled gas/structure model validated through testing. This
procedure provides an inexpensive tool for studying Titan 4 pay-
load fairings of different lengths.The dynamics associatedwith the
Indian PSLV is presented in Ref. 7, which explains an analytical
procedure for computation of the minimum impulse needed for the
safe separation of any physically realizable combination of design
parameters.The signi� cance of the elastic movements in separation
studies is broughtout in Ref. 8. Different con� gurations of payload
fairing, with and without a boat tail, being used are based on the
mission requirements and payload size. In this work, detailed � nite
element studies are carried out to study the effect of the boat tail
angle of a typical payload fairing on the displacement response due
to a separation force.

Payload Fairing Con� guration
The payload fairing consists of the followingbasic structural ele-

ments: 1) boat tail, 2) cylinder, 3) nose cone and 4) nose cap. These
structural members have end rings for interfacing, longitudinal/
circumferential stiffeners, bulk heads, and edge beams.

Typical payload fairing con� gurationdetails and the boat tail an-
gle h measurement convention used in this analysis are shown in
Fig. 1. The overall height and the diameter of the payload fairing
structure are kept constant in the present work. The structural prop-
erties of the beam members of the fairing are given in Table 1.

Table 1 Sectional properties of beam members

Moment of inertia, mm4
Area,

Description mm2 Ix x Iyy Izz

Nose cone forward end ring 402 61,225 97,380 3,565
Nose cone bulk head 128 11,166 33,333 119
Cylinder bulk head 757 238,782 128,553 10,390
Boat tail forward end ring 1,108 371,131 272,033 25,065
Boat tail aft end ring 1,212 664,364 160,271 41,483
Boat tail stiffeners 202 91,467 30,695 185
Nose cone aft end ring 895 293,014 136,454 12,606
Nose cap ring + nose cone 718 201,436 155,217 5,336

forward end ring
Piston beam 1,362 279,300 955,800 6,865
Nose cone edge beam 1,289 469,824 608,174 3,938
Boat tail edge beam 841 91,841 374,713 7,959

Fig. 1 Typical payload fairing con� guration (one-half, for µ = 45 deg).

Finite Element Formulation
Plate and Shell Element

A three-nodedtriangularplate and shell element with six degrees
of freedom per node is used for modeling the shells. A typical � nite
element and the nodal degrees of freedom are shown in Fig. 2. The
details of the formulation of this element are as follows.

The in-plane displacements are given by

{d p} = [u1 v1 u2 v2 u3 v3]T (1)

The bending displacements are given by

{d f } = [w1 h x1 h y1 w2 h x2 h y2 w3 h x3 h y3]T (2)

For plate bending problems, the strains are

{e } =
e p

e f

(3)

where

{e p} =

e x

e y

c xy

=

@u

@x

@v

@y

@u

@y
+

@v

@x

(4)

{e f } =
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@2w
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¡
@2w
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2@2w

@x @y

(5)

Fig. 2 Three-noded plate and shell element.
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Fig. 3 Two-noded three-dimensional beam element.

The stress–strain relationship is given by

{r } = [D]{e } (6)

that is,

r p

r f
=

Dp 0

0 D f
{e } (7)

where

[Dp] =
Eh

(1 ¡ m 2)

1 m 0

m 1 0

0 0 (1 ¡ m ) / 2

(8)

[D f ] =
Eh3

12(1 ¡ m 2)

1 m 0

m 1 0

0 0 (1 ¡ m ) /2

(9)

where r p is the in-plane stress resultant and r f is the stress due to
the bending and twisting moment.

Linear polynomials for in-plane displacements u and v and cu-
bic polynomials for bending displacements9 w used for the shape
functions are given by

u = b 1 L1 + b 2L2 + b 3 L3 (10)

v = b 4 L1 + b 5L2 + b 6 L3 (11)

w = a 1 L1 + a 2 L2 + a 3 L3 + a 4 L2
2L1 + 1

2
L1L2 L3

+ a 5 L2
1L2 + 1

2
L1L2L3 + a 6 L2

3 L2 + 1
2
L1 L2L3

+ a 7 L2
2L3 + 1

2
L1L2L3 + a 8 L2

3 L1 + 1
2
L1 L2L3

+ a 9 L2
1L3 + 1

2
L1L2L3 (12)

Three-Dimensional Beam Element
The three-dimensionalbeam elementwith two nodesper element

and six degrees of freedom with the following displacement vector
is used for modeling the stiffeners,end rings, edge beams, and bulk-
heads:

{d } = [u1 v1 w1 u 1 } 1 h 1 u2 v2 w2 u 2 } 2 h 2]T

(13)

The element details are shown in Fig. 3.
Linearvariationis used for the axial displacementand cubicpoly-

nomials for the lateral displacements.10

Analysis
Eigenvalue Problem

The equation of motion of a free vibration problem is given by

[M]{¨d } + [K ]{d } = 0 (14)

Table 2 Maximum displacements in the +ve, X direction
(boat tail angle 55 deg)

Displacement, mm

Location MSC NASTRAN Present study % Deviation

Boat tail forward end 213 203 4.7
Cylinder middle 566 535 5.5
Near cylinder top 605 572 5.5

Fig. 4 Typical separation force details.

A harmonic motion of displacement in the form d = d 0ei x t is as-
sumed.

The Lanczos method is used to tridiagonalize the matrix, and an
inverse iterationmethod is used10 to solve for the lowest eigenvalues
and correspondingeigenvectors.

Free–free vibration studies are carried out for the piston side
of the payload fairing. The symmetry condition is made use of,
and a half model of the piston side fairing is used for the analysis.
The symmetry boundary condition is used at the symmetric plane.
Analysis is carriedout for differentboat tail angles from 10 to 80 deg
varying in steps of 5 deg. Additionally,a con� gurationwithout boat
tail is also considered, which in effect means 0-deg boat tail angle.

Response Analysis
For a system with damping, the governing differential equation

is given by

[M]{¨d } + [C]{ Çd } + [K ]{d } = { f (t )} (15)

Damping is assumed as 1% and constant for all of the modes.
A mode superposition technique10 is used to decouple the equa-

tions, and they are solved for the displacementresponse.Separation
force details given in Fig. 4 are used to determine the displacement
response in X (in the direction perpendicular to the direction of
force application) and Z (along the direction of force application)
directions(Fig. 1) for all of the con� gurations.The separationforces
are acting along the edges of the fairing as shown in Fig. 1.

Results and Discussion
This formulation is validated with the results obtained using the

Macneal–Schwendler Corporation (MSC) NASTRAN � nite ele-
ment package.CTRIA3 and CBEAM elements are used for model-
ing the shell and beam elements. A brief outline of the comparison
is presented in Table 2 for the con� guration with boat tail angle
55 deg.

The � rst � ve � exible mode frequencies are plotted against dif-
ferent boat tail angles in Fig. 5. Frequencies increase from the con-
� guration without boat tail to the 80-deg boat tail angle con� gu-
ration. The fundamental frequency is the lowest (1.31 Hz) for the
con� gurationwithout boat tail. The highest value (3.0 Hz) is for the
boat tail angle of 80 deg. The � rst 25 elastic modes are used for the
response studies.

The X direction displacement response at four critical locations
along the length of the force acting edge of the fairing, namely, boat
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tail aft end, boat tail forward end, cylindermiddle, and near cylinder
top, for boat tail angles of 10, 45, and 80 deg and the without boat
tail con� guration are given in Fig. 6.

Large displacements are observed in all of the boat tail con� g-
urations in the direction perpendicular to the force to the extent of
788 mm in the +ve direction and 900 mm in the ¡ ve direction.
For boat tail angles up to 25 deg, the maximum displacement is
observed at the boat tail aft/forward end. For boat tail angles be-
tween 30 and 40 deg, the maximum displacement is at the cylinder
middle, whereas for boat tail angles 45–80 deg, the maximum dis-
placement is near the cylinder top. With the increase in boat tail
angle, the displacement reduces in the boat tail structural element,
indicatinghigh local stiffness. The con� guration without a boat tail
displays very large elastic displacements (1206 mm) at the cylinder
aft end.

Fig. 5 Eigenvalues for different boat tail angles.

Fig. 6 Displacements in X and Z directions.

The displacementsalong the direction of the forces (Z direction)
are much lower compared to those in the perpendicular direction.
For the without boat tail con� guration, the maximum displacement
(369 mm) is at the cylinder aft end. For boat tail angles between 10
and 25 deg, the maximum displacement (300 mm) is at the boat tail
aft/forward end, and for the rest of the cases, it is near the cylin-
der top. All of the con� gurations, other than the without boat tail
case, have small initial movements in the direction opposite to the
direction of the force at boat tail aft end. This tendency increases
gradually from 10-deg boat tail angle to 65 deg, and thereafter it
gradually reduces. When the boat tail height becomes smaller, cor-
responding to the increase in boat tail angle, the tendency covers a
greater length of the boat tail structural element, and, for example,
at an 80-deg angle, the entire boat tail starts initial movements in
the direction opposite to the force direction.

Conclusions
A three-noded triangular plate and shell element and three-

dimensional beam element are used for the free vibration analysis
of a typical 4-m-diam payload fairing for different boat tail angles.
The con� guration without the boat tail is found to be very � exible
compared to the con� gurations with a boat tail structural element.
Boat tail angle has an increasing effect on the natural frequencies.
A mode superposition method is used to study the effect of boat
tail angle on the elastic displacement response due to a typical sep-
aration force, and the con� guration without a boat tail is found to
be display much larger movements compared to the con� gurations
with boat tail. The displacementsgenerally reduce with an increase
in the boat tail angle. These studies provide very useful inputs for
assessing the suitability of different boat tail con� gurations.
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Introduction

A SMALL satellite is planned to be launched as a piggyback
payload on a Japanese H-II vehicle to further investigate the

cold-weldingphenomenonthat is observedwhen welding two metal
rods together without heating in the ultrahigh-vacuum wake pro-
duced behind an orbiting spacecraft. Satellites that utilize the same
concept have � own on the space shuttle several times before.1 Be-
cause the allowable volume for the satellite is 50 £ 50 £ 50 cm3 and
its maximum weight is 50 kg, a 2-m-diam wake shield disk must be
folded at launch and deployed in space. An in� atable tube and disk
were adoptedfor this purpose.The advantagesof an in� atable struc-
ture can be seen in the weight reduction, small packaging volume,
low production cost, and high reliability of deployment compared
with a conventional mechanically erectable structure.2,3 However,
at the NASA-sponsored In-Space TechnologyExperiment Program
(In-STEP) � ightexperimenton theSpartan207satellitein 1996, two
supporting in� atable struts doubled during the deployment.Even if
doubled tubes were � nally solved by adding gas into the tube, it
was indicated that care must be taken regarding the behavior of the
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tube during its deployment. In the case of an in� atable wake shield,
its behavior must be cleared before launch. Figure 1 shows the test
satellite, and Fig. 2 shows the deployment scheme of the in� atable
disk. The structure is a membrane disk supported by an in� atable
tube that is placed at the center of the disk extending in the radial
direction and continuing around the peripheral of the disk. Before
launch, the disk is folded multiple times, and it is deployed on orbit
by introducing nitrogen gas into the in� atable tube, as in Fig. 2.
The disk and its tube are constructed of heat-resistant polyimide
resin.Because it is an extremely small outgassingmaterial, pressure
around the satellite will be below 10 ¡ 9 Pa, and, just after the orbit
insertion, the wake shield surface will be directed toward the sun to
degas the sticking gas on the disk and tube. This Note describes the
behavior during deployment of the in� atable disk and tube.

Fig. 1 Cold-welding test sat-
ellite.

Fig. 2 Scheme of deployment of in� atable disk.

Fig. 3 Deployment of in� atable disk on � oor.


