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Buckling of Open Cylindrical Shells with Torsionally Stiff
Rectangular Edge Stiffeners

G. KRISHNAMOORTHY*
San Diego State University, San Diego, Calif.

The bifurcation strength of open cylindrical shells with torsionally very stiff edge stiffeners of rectangular cross
section subject to uniform axial load is determined analytically using Donnell’s simplified equations. A deflection
function with arbitrary undetermined coefficients satisfying the end conditions is assumed. The stress resultants
are derived in terms of these coefficients. These stress resultants and the deflections of the shell are made to satisfy
the assumed boundary conditions along the longitudinal edges. The resulting determinant of the equations is set
equal to zero in order to obtain the critical buckling stress. The limited resuits obtained in this paper indicates an
interesting phenomena that the critical buckling stress of a shell with a shallow edge stiffener is well above the
critical buckling stress of a shell with free edges, whereas the buckling of a shell with moderate depth edge
stiffeners in a narrow region is only slightly above the critical buckling stress of a shell with free edges.

Nomenclature
ArA4} .
= arbitrary constants
ay-dg
Ag = area of cross section of the edge stiffener
B = half-width of the shell
b, d = width and depth of edge stiffener, see Fig. 3
Ci; =i,j =110 4 matrix and determinant elements, see Eq. (24)
=see Eq. (2)
E = modulus of elasticity
Fy = axial force of the edge stiffener
Iy = moment of inertia of the edge stiffener
K, = sec Eq. (2)
L = length of the shell
My = bending moment of the edge stiffener
M, M, =bending moment per unit width of a strip in the x and y
directions, respectively
m = mode number = 1,2,3,...
N,, N, =normal forces per unit width of a strip in the x and y
directions, respectively
Ny, N, = shear force per unit length x and y directions, respectively
p = see Eq. (10)
R = radius to the middle surface of the cylindrical shell
Ry = horizontal reaction of the shell
r = see Eq. (11)
u,v,w = displacement in the x, y, z direction respectively
i, 7, w = displacement in the X, y, Z direction respectively
ug = longitudinal displacement at the upper face of the edge
stiffener, see Eq. (20)
Vi = shearing force of the edge stiffener
V..V, = transverse reactions per unit width of a strip in the x and
y directions, respectively
|4 =see Eq. (17)
x,y,z = coordinate axes defined in Fig. 1
X, y,Z = coordinate axes defined in Fig. 5
Z = see Eq. (2)
o = mn/L, see Eq. (5)
dy = vertical displacement at the edge of the shell and the edge
stiffener, see Eq. (16)
u = Poisson’s ratio
T = buckling strength of a moderate length of cylindrical tube
g, = normal stress in the axial ~ direction
¢ = see Eq. (7)
¢y—¢ps = indicial roots, see Egs. (9) and (10)
Yo = half subtended angle at the center of the arc of the shell, see
Fig. 1
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Introduction

HERE is a vast amount of literature on the buckling of thin

shells. A review of literature up to 1958 can be found in an
article by Fung and Sechler.! A summary of the available solu-
tions can be found in the Handbook of Engineering Mechanics®
and the Handbook of Structural Stability.*** Most of the
literature 1s concerned with the buckling of a cylindrical tube.

For open cylindrical shells with edge stiffeners acting like edge
beams, neither theoretical solutions nor experimental results are
available. So far classical solutions based on the small deflection
theory have been obtained only for curved panels with simply
supported or clamped longitudinal edges subjected to shear
and/or uniform axial compression.*>-® These solutions cannot be
directly applied to the structures described, since the edge con-
ditions satisfied by these solutions are unrealistic. An exact
solution of the buckling stress of cylindrical shells with free
longitudinal edges subjected to uniform axial compression can
be found in a paper by Chu and Krishnamoorthy.”

The buckling stress of an open cylindrical shell simply sup-
ported along ends with torsionally stiff edge stiffeners subject to
uniform axial load is determined based on Donnell’s equations.®
A general type of deflection function with undetermined coeffi-
cients will be assumed similar to that used for investigating the
buckling of cylindrical shells with free edges.” This type of
fuction may be made to satisfy any prescribed boundary condi-
tions along the longitudinal edges. Hence, this will yield an
exact solution to the governing differential equation.

General Equations

Coordinates and Displacements

Figure 1 shows the segment of a cylindrical shell with positive
direction of coordinates x, y, and z. The displacements in the
positive directions of x, y, and z are referred to as u, v, and w,
respectively. The dimensions of the shell are given by length L,
thickness ¢, radius to the middle surface R, half-width B, and
half-subtended angle v,

General Equations

The Donnell’s equations for a cylindrical shell subjected to an
axial compression stress o, can be written as

12264, 2 82'
Vow o+ - —“+“v4[1< ”J:o (1)
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Fig. 1 Coordinates and displacements of a cylindrical shell.
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Solution for Shells Subjected to Uniform Compressive Stress
The shell is assumed to be simply supported at the ends x =0
and x = L. Then along these ends
M, = —D[0*w/ox*+ pnd*w/oy*] =0 3
The following expression for w which satisfies the preceding
two conditions is assumed in order to solve Eq. (1).

w = [ae?] sin ax {4)

w=0;

where
o = mn/L, m=1,2,3,... (5

Substituting Eq. (4) into Eq. (1), the following indicial
equation is obtained

K. 2K,
(b8‘4a2¢6* <6 - ’;;l§'>“4¢4 + <‘4 + 7;5) 9(6¢2 +

B K, 1222 s
m mn

Indicial Roots and Symmetrical and Antisymmetrical Deflection
Patterns

The eight roots of Eq. (6) can be explicitly written as four
sets of complex conjugates.

¢ = (prxidr)o, (—ditidy)o (Ppstids)a and
(—stids)a @)

where

qbl‘ - I ) 1/2 1 1/2732

s *(5{/‘2’ﬂi[l+l’(q+") 1+ {[1+plg+r)'"* P+
[p(ﬁqﬁ‘r)]/Z]Z}l,’Zﬂl/z (8)

‘153}2 sl T pla+ 2T {1 —plg ) 2]+

6 "
[p(=q+n" 2T 212 )
—_ I/ZL 2. _70;" — L,_,M
14 (3) mnt(l U ) s 4= E > r= (3)1/2R(1_ﬂ2)1/2 (10)
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Fig. 2 Cylindrical shell with identical edge stiffeners.

If the value ¢ is equal to r, it may be seen that ¢, and ¢, are
equal to zero and therefore the differential equation will have
repeated roots. In this paper, open shells having buckling stress
less than or equal to classical value

_ | Et i
T @I R (v
are examined. Hence, the form of roots given previously are
valid for such cases.

w = [e®1™ (ay sin ¢,y + a, cos o)+

2% (az sin @,ay + a4 COS Paoy) +

e~ 1 (as sin oy + ag €os ¢ay)+

e %y (a, sin gpaoy+ ag COs P, ay)] sin ax (12)
The expressions for u and v can be obtained from the uncoupled
Donnell’s equations.

For a shell with symmetrical boundary conditions and load-
ings, the shell may buckle either into a symmetrical or into an
antisymmetrical deflection pattern. Hence it will be desirable to
separate the symmetrical and antisymmetrical parts for u, v, w
and the required stress resultants for numerical calculations.
These are given in the Appendix.

O,

Boundary Conditions

The two rectangular edge stiffeners located along the edges of
the shell y = + B (or ¥ =), are assumed to be of identical
crosssectionb x dand oriented as shown in Fig. 2. The following
boundary conditions are assumed for the stiffeners.

a) Twisting of the stiffeners is assumed to be negligible. This
means that at = +f,, the rotation of the tangent to the arc
of the shell will be equal to zero, or

v Ow
Op = | — — —— =0 13
? [R ay:,lﬁ=illlo ( )

As the torsional rotation is assumed to be negligible, horizontal
and vertical deflections at any point on the upper face of the
edge beam, vy and wy, respectively, will be equal to horizontal
and vertical deflections at the centroid of the beams ¢ and w,
respectively, as shown in Fig. 3. Since energy due to torsional

Wg Wy Wg wg
T__.vs LVB Lvs LVE
% w W w W
%
, Y% b4
Ny Qy Ny, Qy Ny Qy
, o
Y My
+ = ~{- + e:—j? = <‘»
% neglected

Fig. 3 Effect of neglecting the twisting of edge stiffeners.
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Fig. 4 Forces and displacement components at the longitudinal edges
of a cylindrical shell with edge stiffeners.

moment is neglected, the solution for critical load will be valid,
no matter whether the shell is connected at the midpoint or at
any other point along the upper edge of the stiffener cross section.
Therefore, in the following discussions, the shell will be assumed
to be connected at the centerline of the upper face of the stiffener.

b) The edge stiffener is assumed to offer no lateral resistance,
which implies that at ¥ = 1, the horizontal reaction of the
shell will be equal to zero. Then, from Fig. 4

[RII]-I/:iWo = [NyCOSl//+ V,vSin l//]w:rwozo (14)
¢) The longitudinal displacement u of the shell at = +,

is equal to the longitudinal displacement at the upper face of the
edge stiffener uy, or

[uly- Vo —[usly=s4, =0 (15)

d) The vertical displacement §, of the shell at ¥ = 4+, is

equal to the vertical displacement of the edge stiflener

wg = wor, from Fig. 4

[0odu= sv0 = [Waly= syo = [WeosY —vsiny], - .y, —

[W]-v:two:() (16)

Other assumptions may be made with regard to the boundary

conditions which will result in different expressions. However,

the same procedure illustrated here can be followed for obtaining
the critical buckling stress for other boundary conditions.

Coordinate Systems, Displacements, and Forces in the Edge Stiffeners

Referring to Fig. 5, the coordinate axis X coincides with the
centroidal axis of the edge stiffener and is parallel to the x axis

Fig.5 Coordinate systems, displacement, and forces in shell and edge
stiffeners.
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of the shell. The coordinate axis y passing through the centroid
is horizontal and positive towards the right. The coordinate axis
z, passing through the centroid, is vertical and positive upward.
The displacements along X, y, and Z axis are 4, §, and W, respec-
tively, and the corresponding displacements at the top of the
stiffeners are ug, vy, and wy, respectively. The resisting forces
acting on the edge stiffeners are: axial force F, (positive when
it is in tension), shearing force Vj (positive when it is upward
on the front face), and bending moment M, (positive when it
causes upward deflections). The loads acting on the stiffeners
are forces opposite to the shell forces along the edges. Forces
shown in Fig. 4 are for the right-side stiffener only. Loads on
the left-side stiffener will be in the opposite directions.

Edge Stiffener Equations
Expressing
V, = V,/sinax;

Nye= Njccosax; Ny= Njsinax (17)

and using the equilibrium equations

YF,=0, YF:=0 and Y M;=0 (18)
the following edge equations for edge stiffeners can be derived:
[Fsly=two = FL/ONsinax]y - 2 yo (19)

[Mply= syo =
1 ad . .
T [ (5 W/ cosyr — - Niy—Nisinyg |sinax (20)
o 2 W= tyo
[w]w= o =

1 od
o I 7 — 22N - N si inox 21
+ [oc“EIB( |/ cosy 5 N »sml//>smoz\l/:w0 (21)

_ 4 d
[uply= 2o = + Eo? A, Nix — 2%CEI, V) cosy+

d
——— N, si SIn orx
KL y§1n111>s ac\l/:wo 22)

where
Ag=bd and I=bhd?*/12 (23)

Final Boundary Equations

Substituting Egs. (19-22) and equations for u, v, and w from
the Appendix, using the symmetric and antisymmetric require-
ments on u, v, w, N, and ¥, two sets of four boundary equations
are obtained. These are listed in the Appendix.

Calculation of Buckling Stress

The boundary equations (A10-A13) in the Appendix contain
the 4 undetermined constants 4; to A,. These equations may
be written in the following matrix form

Cia C1,2 Cys C1,4 Ay
C2,1 CZ,Z C2,3 C2,4 AZ
Csy Ciz GCs3 Gog Az
Csy Cuz Can Cua| [ As 0

The critical values of compressive stress will be found by setting
the determinant of matrix C of Eq. (24) to zero. In order to avoid
large numbers, coefficients of A; and A, are multiplied by
e~ 8 and coefficients of A3 and A, are multiplied by ¢ ¢3*%.
This will not have any effect on the final results.

As the compressive stress is implicitly involved in all the
determinant elements, any direct algebraic calculations for the
critical stress is impossible. The critical stress is therefore
obtained by numerical methods using an electronic computer.

For a given mode of buckling (symmetrical or antisymmetrical)
and a given value of m, the sign of the value of the determinant
may be obtained for any particular stress value. Starting from
zero, the stress is progressively increased in small increments
until the sign of the value of the determinant is changed. The
change in sign indicates the presence of a buckling value between
the previous value and the present value of stress. The interval
of search is then narrowed until the desired degree of accuracy is

oo O

(24)
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obtained. Buckling stresses for various values of m are determined
for a given mode of buckling. The smallest buckling value for
various values of m is the buckling stress for the given mode.
The critical buckling stress is given by the smaller value of the
buckling stress of the symmetrical mode and that for the anti-
symmetrical mode.

The validity of this approach is demonstrated by examining
a shell with the following properties:

L/R =10,t/R = 1/1000, b/t =02, ,=45°
The buckling stress vs the t/d ratio is plotted in Fig. 5. In the
case of antisymmetric buckling, m = 1 governs, whereas in the
case of symmetric buckling, m = 2 governs. The critical buckling
stress is given by the antisymmetric buckling case. The mode of
buckling and the governing values of m for critical buckling
stress agree with the values for a shell with free edges.”

Figure 6 shows that for a shell with deep edge stiffeners the
buckling value can be as high as or higher than the cylinder
value. Since the size of the edge stiffener required to give the
cylinder buckling value is usually of primary interest, buckling
values above the cylinder value are not investigated. However,
it should be pointed out that there is no difficulty in determining
the buckling values above the cylinder value, although their
determination will involve changes of the characteristic roots
given in Eq. ( ).

Figure 6 also shows that the critical buckling stress for a shell
with very shallow edge stiffeners is well above the critical buckling
stress of the shell with free edges. This may be because of the
assumption that rotation is prevented along the longitudinal
edges. The buckling stress for a shell with edge stiffeners of
medium depth is only slightly above the buckling stress for the
shell with free edges and is below the buckling stress for the
shell with shallow edge stiffeners. It is surmised that a shell with
edge stiffeners of moderate depth may behave like a shell with
free longitudinal edges but with a larger central angle, the
buckling stress of which may be equal to or slightly lower than
the one with a smaller central angle.”

Appendix
Solutions for w, u, and v

With the subscript S referring to the symmetric part and the
subscript A referring to the antisymmetric part, the final solutions
for w, u, and v are given by the following equations:

w .
S} = [A(e* te™ "1¥)sin dpray+ Ax(e?™ L e *1 ) cos ¢ray+
Wy
A3(e?™ Fe™ ®3%)sin oy +
Ay e ) cos Paoy]sinax  (Al)
u .
S} = {As[s:(e* ™ Fe #1)sin ppay+
Uy
sy(e?1” +e” *1*) cos dyay ]+
Ay[s1(e®™ e 91} cos oy —
s2(e®1® Fe~ "1*%)sin ¢ ay] +
As[5:1(e*** Fe™ ) sin uay +
5,(e%™ +e” ) cos paay] +
Au[51(e? +e™ ™) cos yay —
5,(e?3™ Fe ®3®)sin paoy]} py cOs X (A2)
v .
S} = {A[s{/ ("™ +e™ *?)sin $ray+
Uy
s2(€®1 ¥ Fe” 1) cos pray]+
Az[[s,'(e”™ Fe™ 71 cos oy —
5,/ (e? ™ e M1 sin dyay ]+
A3[51(e®¥ + e %) sin paay+
5,(eP¥ Fe™ *3™)cos paay]+
A4[§1’(e¢31y Fe~ ¢3ﬂ)’) cos 4)40()1 —
5,/ (e L e” ™Y sin aay]} py Sinox (A3)
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Fig. 6 Critical buckling load for a shell with edge stiffeners.

where
Sz = p1Pa+p2P3
Sy = P1Pa+PaP3
2" = p1Pe+ papPs
5{ = PpiPs—DaPs 5, = P1Pe+ P2Ps
pi=1-2(¢1"— ¢2)) +($1* —6¢17 2" + d2*) = 2p’q
P1=1-2(¢3" — 47 +(P3* —6¢3°¢s* + $s*) = 2p’q = p;
P2 =4¢10,(1— ¢ 2+ 22 = —2p°(— " +rH)?
P2 = 463041 — 3%+ ¢ = 2pH(— > +r)? = —p, (A4)
ps = p+(p1 7~ ¢2%) = (L+p)+plg+n)'?
Py = p+(d3*~$a*) = (1 +p)—plg+n)'?
pa =212 = p(—q+1)"?
Pa = 2¢3¢s = p(—q+1)"* = p,
= $ [+ — (91> —30,7)]
= $3[2+u) —(¢3>—3¢4)]
Pe = 02[2+1w)—(3d:%— 7))
= ¢4[2+ 1) — (3" — ¢47)]

_ 1 1
Pr= oR 4p*r?
12(1—42) (L\? (LY
dp*2 = p 2 2 _ 2 _ Ly L
p*rt = py i +p° = i’ 4D l—— R

Solution of M, N,,, N,, and V,
Using the equations for u, v, and w, the solution of M,, N,
N,, and ¥, can be written as follows:

(My)s} = {A[ps(e®™ Fe~ *?)sin dpay+

(My)4
pa(e? ™ £e®1®) cos pray]+
A, [pr(e?™ Le” "?)cos pyoy —
pa(e” ™ Fe~ M)sin ¢pray]+
As[po(e?® Fe™ #®)sin gy +
Pale®™ L e” ™) cos gpaay]+
A4[p7(e¢3“y +e ™) cos puoy—
Pale®™ Fe™ ") sin pay]}p, sinax (AS)
Ef]:z;j} = {A[g,(e” £ e~ *1®)sin pyoy+
ga(e® ™ Fe™ 1) cos oy +
Ax[gy(e™ Fe™ ™) cos proy—
ga(e®™ e ") sin proy] +
A3[q (e te™ #)sin oy +
Ga(e® Fe™ *™)cos pyay] +
A4[q1(e¢31y Fe ™ #7)cos daoy—
Ga(e?® L e ) sin ay]} p3 cos ax (A6)
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N
(NV;S} = {A;[pi(e”™ Fe  *™)sin ¢pray +

v
pa(e® ™ +e®1®) cos oy ]+
Az[py(e®™ +e ™1 ™)cos pyay —
paleh ™ Fe ) sin yy] +
As[py(e®* Fe” #)sin oy +
pae”™ +e™ #3*)cos pyay ]+
Au[pr(e® Le” ™) cos pioy —

Pa(e?™ Fe™ #7)sin ¢aoy]} ps sinox (A7)
|4 .
EVY))S } = {Ai[ps(e”® £e™ ) sin pray+
yJA
pole?™ Te” #17)cos oy ]+
A [psle® ™ Fe™ 1) cos ¢ray —
pole?™ +e”?1?)sin ¢roy]+
As[ (€™ +e™ %) sing oy +
Po(e”>™ F e #3%) cos paay] +
Au[Pg(e®™ Fe *3%)cos paay—
Pole?>™ + e~ #3™Ysin daay]}op, sin ax (A8)
where
= (l512 - ¢22 —H
=3 — ¢ —n
Ps = $1( 7 —3d° —2+p)
= ¢3(P3’ —3ha>—2+p)
Do = ¢2(3¢1 ¢22 2+p) (A9)
Po = 0a(303% — s> —2+p)
_ a*Et? _Er 1
P2= T - P2~ R apir?
q1 = p1®d1—pa2d2 d1 = P13 —P2a
4z = P1P2+ P20, 4z = P1Pa+pats
(0s) _ , .
,:93 s = <(e?*P L e 1B)[ps," — b, ] sin pray+
( B)A pr= Lo
_ - ’ A s
(e"™ Fe~117B)[psy' — 5] cos d’ZOW} Al
14
{(eq&‘w Fe M) ps, — 1] cos oy —
(e +e™ ") psy' — ¢, ] sin ¢’2OW} A
23
{(34,313 te *P)[psy —pa]sin ooy +
. . 4
(e#3* Fe™ "*8)[ p5,' — ¢p4] cos ¢40€y} Ah
34
{(e‘»}w Fe ") [ps,' — 3] cos gaay—
. A
(e te™ #"®)[p3,' — 4] sin ¢40€)’} AAS =0 (A10)
44

|:E§H;Sj| B I:(ed)‘w?ei%w)(“RPl CO$ Yo Sin praB—
HJ/A W= *yo

Pg Sin g cos ¢p,aB)

A
(2R p 5 cOs g COS hoaB — pg sin g sin qbzocB):l AIS +

14

(e 4o #1B) x

‘V(e“"“gie""lw)(aRp] COS Yo COS B+
P Sin o sin ¢ aB)— (e F e~ 9198)

. . Aq,
(xR p, cos g sin ¢paB+ pg sin sy cos </>2aB)} Azb +
24
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[(e"’”” Fe %*B)(aRp; cosyg sin pyaB—
Po Sin Yo cos paaB) +(e?3 e~ %38 x

. . A;,
(R, cO8 Y cOs 4B — Pg sin g sin ¢>4aB)} A% +

34
[(e"’ﬂB +e” P*B)(wR g, cos g cos PaaB+
Pg Sin g sin pa0B)—(e?3* e~ 9378) x

A
(R p; cos g sin paaB + po sin g cos d)mB)} A4S =0

4,

(A1)

us’(uB)S:I _ [e“"“Bie"”l“B] «
s —(ttp)4 V= tyo

[(K 151+ K4py)sin ¢raB+(K g, + K3pg) cos ¢paB] +
[e?1® +e” #°F] [(K,q, + K3ps) sin paB+

Agg
(K 1524 K4p,) cos ¢,aB] 4

14
{[e¢lwie'“¢lw] [(K,s;+Kg4pi)cos paB—
(K2g2+ K3po)sin ¢,aB] +[e?1*F Fe~ #1#] x

. A
[(K2q1+ K3pg)cos paB—(K 5, + K, py) sin ¢2°‘B]} A25 +
24

{[e%w Fe "] [(K 5, + Kap,)sin ¢p,aB+
(K242 + K3ps)cos paaB]+ [ +e™ ¢3°8] x

[(K,q,+ Kspg)sin ¢p,aB+(K,5,+ K,4p,) cos qhocB]} n St

34
{[e%w e PF[(K 5+ Kapy) cos paaB—
(K232 + K3po)sin g aB]+[e?3*® Fe~ 3287 x
. A
[(K2d: + K3ps)cos psaB—(K 5, + K, py)sin ¢4°‘B]} A4S =0

44

(A12)

us‘wsj| - [e""“‘3$e7¢‘w]><
vld = WA _Ly= 2yo

[(Ks+ Kopy)sin ¢p,0B+(Kes, + K-q2+ Kspo) cos ¢raB] +
[e”"®xe” "] [(Kes, +K1q;+ Kgpg)sin proB +

Kgp, cos qbzocB]}A
14

{[e""“Bie""’l“B] [(Ks+Kgp;)cos ¢paB—
(K82’ + K7q3+ Kgpg) sin paB] + [e?1 F e~ #:145] x

[(Kgs, +Kqq,+ Kgpg) cos ¢p,aB— Kop, sin d)zocB]}A
24

{[e% Te ] [(K s+ Kopy)sin B+
(K 652"+ K2+ Kgpo) cos pyaB]+ [ e~ #3987 x

. A
[(K651 + K4G1 4 Kgps) sin paaB+ Kop, cos ¢4°‘B]}A33
34

{[e%w +e”#*P][(Ks+ Kopy)cos paaB—
(K65, + K45+ KgPo) sin p4oB] + [#27® o™ #375] x

[(K631' + Kq1 + Kgpg) cos ¢psaB— Kop, sin ¢4°‘B]}A =0
3.

(A13)
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where

(mm)® t\?/R (mm)? [t\?
K=ot () (7)) p= (s
12(1—u L) (L 12(0—u )<L>

e

Ku = 1 t\ [t
: 2<1—u2)<5> E>C°S‘/’°
K, = 2((;"12) G) <%> >sin Vo K5 =cosy,
(mm)®  [t\? (A14)
Ke=—na-m\L <>Sin‘/’°
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Flowfield Measurements in an Asymmetric Axial Corner at
M =125

JaMEes R. CooPER* AND WILBUR L. HANKEY JR.T
Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio

A detailed study of shock-wave boundary-layer interaction and interference heating of an axial corner typical of
vehicle junctions has been made. Extensive impact pressure profiles were obtained in addition to static pressure
information and oil flow studies. Measurements revealed two large vortices within the boundary layer responsible for
high local heating. A complex inviscid shock pattern dominated by a triple point structure was also determined.

Nomenclature

h = heat-transfer coefficient (Btu/ft?-sec-°F)
M = Mach number
p = static pressure

p; = impact pressure

R = flow reattachment location

S = flow separation location

Y = conical y value normalized with respect to x
Z = conical z value normalized with respect to x
& = static pressure ratio

Subscripts

¢ = cross flow component

T = values related to triple point
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Introduction

N the design of an aerodynamic body subject to hypersonic

flow it is important to understand the nature of the flowfield
that will develop around the body. One of the most important
reasons for understanding the flow is due to its high heating
potential, not only in stagnation regions, but near flow interfer-
ence regions as well. Often in hypersonic flow bow shocks
generated by various portions of a configuration will trigger
boundary-layer flow separation. The separated flow, after
negotiating the adverse pressure gradient presented by the shock,
will attach itself to the surface and cause heating rates at
reattachment which can sometimes exceed those at the leading
edge stagnation regions. Without adequate knowledge of this
three-dimensional separation and reattachment phenomena and
its associated heating capability, a design may not properly
account for the higher heating rates and subsequent structural
failure could occur.

One of the more common configurations that cause shock-
induced boundary-layer separation is the axial corner, typically
occurring on a vehicle at such locations as the wing body, body
tail, or inlet junctions. Strong bow shocks are generated by the
surfaces of an axial corner. The bow shock generated by one
surface impinges on the boundary layer of the second surface



