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Abstract: The internal pressure of a thin-walled cylindrical structure under axial compression
may improve the buckling stability by relieving loads and reducing initial imperfections. In this
study, the effect of internal pressure on the buckling knockdown factor is investigated for axially
compressed thin-walled composite cylinders with different shell thickness ratios and slenderness
ratios. Various shell thickness ratios and slenderness ratios are considered when the buckling
knockdown factor is derived for the thin-walled composite cylinders under both axial compression
and internal pressure. Nonlinear post-buckling analyses are conducted using the nonlinear finite
element analysis program, ABAQUS. The single perturbation load approach is used to represent
the geometric initial imperfection of thin-walled composite cylinders. For cases with the axial
compressive force only, the buckling knockdown factor decreases as the shell thickness ratio increases
or as the slenderness ratio increases. When the internal pressure is considered simultaneously
with the axial compressive force, the buckling knockdown factor decreases as the slenderness ratio
increases but increases as the shell thickness ratio increases. The buckling knockdown factors
considering the internal pressure and axial compressions are higher by 2.67% to 38.98% compared
with the knockdown factors considering the axial compressive force only. The results show the
significant effect of the internal pressure, particularly for thinner composite cylinders, and that the
buckling knockdown factors may be enhanced for all the shell thickness ratios and slenderness ratios
considered in this study when the internal pressure is applied to the cylinder.

Keywords: thin-walled composite cylinder; knockdown factor (KDF); internal pressure; shell thick-
ness ratio; slenderness ratio; post-buckling analysis

1. Introduction

Recently, composite cylindrical shells with excellent specific strength and stiffness have
been widely applied to the launch vehicle’s thin-walled structures. This is to accommodate
the higher requirements of lightweight design for space launch vehicles in the new space
era [1] such that launch costs can be reduced and payload increased. Although these
structures are designed to withstand various loads, they are prone to buckling under axial
compression. Therefore, the buckling load is important when thin-walled cylinders are
designed for space launch vehicle structures.

The initial imperfection of shell structures in buckling tests reduces the global buckling
load, which is based on the linear buckling analysis of a perfect cylinder. Hence, the
buckling knockdown factor is used to consider the reduction in the buckling load due to
the initial imperfection. The buckling knockdown factor is defined as the ratio of global
buckling loads with and without the initial imperfection of a shell structure, and it is used
as the buckling design criterion for thin-walled shell structures. The lower the value of the
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buckling knockdown factor, the heavier is the thin-walled cylinder; therefore, the buckling
knockdown factor is closely associated with the lightweight design of shell structures under
axial compression. NASA established the lower bound of knockdown factors (Figure 1, [2])
based on experimental data from numerous buckling tests of cylinders conducted between
the 1930s and 1960s. These knockdown factors are expressed in terms of the shell thickness
ratio (radius-to-thickness ratio, R/t ratio) and have been used as the buckling design
criterion for thin-walled cylinders of launch vehicles. However, when NASA’s knockdown
factor [2] is used for modern space launch vehicles, the thin-walled cylinder may be
designed unnecessarily conservative, i.e., over-weighted, because this buckling design
criterion [2] cannot account for the high precision of advanced manufacturing technologies
and modern composite materials for space launch vehicles in recent. Furthermore, this
empirical knockdown factor [2] assumed that the effect of slenderness ratio (length-to-
radius ratio, L/R ratio) was negligible on the buckling knockdown factor, although the
slenderness ratio may have an influence on the buckling behavior of cylinders.
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Figure 1. NASA’s lower bound of knockdown factors [2].

Therefore, the researches [3-12] were conducted to improve and update the buckling
knockdown factors of shell structures under compression for the lightweight design of
launch vehicle structures. In NASA'’s Shell Buckling Knockdown Factor (SBKE, [3]) project,
orthogrid-stiffened metallic cylinders [4,5] were used, and it was demonstrated that the
knockdown factors could be improved (which implies higher values of knockdown factors)
compared with NASA's previous buckling design criteria [2]. In Europe, a new robust DE-
Sign guideline for Imperfection sensitive Composite launcher Structures (DESICOS, [6,7])
project was performed, in which new knockdown factors were proposed for unstiffened
composite shell structures. In the studies from China [8-12], numerical analysis-based
knockdown factors of stiffened cylinders were presented, and the minimization of struc-
tural weight for the cylinders with the grid-stiffened systems, such as hierarchical grid-,
orthogrid-, and isogrid-stiffened systems, was investigated through the optimization. In the
reference [13], the imperfection sensitivity was investigated numerically for the thin-walled
composite cylinders with small and large cutouts. In addition, the experimental study
was performed for the composite cylinders using static and dynamic buckling tests under
axial compression [14]. The statistical knockdown factors for composite cylinders based
on experimental data were derived in the work [15], and two constant knockdown factors
were defined based on the probability and confidence levels. These above-mentioned
studies successfully demonstrated that state-of-the-art computational analyses could be
used to establish new buckling knockdown factors along with the least buckling tests.

The different numerical initial imperfection models in these works [3-13,16-19] were
used, such as not only the geometric imperfection models with Single Perturbation Load
Approach (SPLA, [16]), Worst Multiple Perturbation Load Approach (WMPLA, [8]), and
eigenmode shape imperfection but also the loading (or boundary) imperfection with
Single Boundary Perturbation Approach (SBPA, [17]). Therefore, their effects on the
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knockdown factor were investigated comprehensively. Especially for the thin-walled
composite cylinders, the derivation of knockdown factors based on the numerical analyses
was intensively carried out by DLR [6,7]. Furthermore, unlike NASA’s previous buckling
design criteria [2], variations in geometric properties such as the thickness ratio (R/t ratio)
and slenderness ratio (L/R ratio) were considered for axially loaded composite cylinders
without maintaining the elastic coupling effect of the composite laminate.

However, it is considered that the following should be studied for the derivation of
meaningful knockdown factors of thin-walled composite cylinders. First, various thin-
walled composite cylinders were studied with different R/t ratios and L/R ratios in the
previous works; however, the lay-up condition or elastic coupling effect of the composite
laminate was not maintained, although the axial buckling behavior of the composite
cylinder is significantly affected by the lay-up conditions [20] as well as the geometric
properties of the cylinder. Recent space launch vehicles, such as Falcon 9/Heavy [21]
and Ariane [22], have the variants to extend or reduce the geometric dimensions of thin-
walled cylindrical structures, resulting in the operation of a wide range of missions and
increasing payload capability with high reliability and reduced costs. Therefore, in order to
consider only the effect of the geometric properties of composite cylinders on the buckling
knockdown factors, it is necessary to maintain the elastic coupling effect of the composite
laminate. Second, there have not been many works to consider the internal pressure
together with the axially compressive force for the thin-walled composite cylinders. The
propellant tank structure has an internal pressure (P) to operate the propulsion system
of liquid propellant launch vehicles. The internal pressure inside a thin-walled cylinder
may increase the buckling stability under axial compression by relieving loads using
tensile pressurization and reducing the effect of initial imperfections [23,24]. Therefore, the
knockdown factor can be increased when the internal pressure is additionally considered
for its derivation. Although the effect of internal pressure on the knockdown factor of
an orthogrid-stiffened metallic cylinder [25] and an isogrid-stiffened cylinder [26] was
investigated, not much research has been conducted on the thin-walled composite cylinders
as mentioned above. The amount of increase in buckling knockdown factors due to
the internal pressure may vary depending on the magnitude of internal pressure, but it
is necessary to qualitatively and quantitatively verify how much buckling knockdown
factors of thin-walled composite cylinders can be increased when the internal pressure
is considered with the axial compressive force. Third, the techniques for modeling and
analyses considering the internal pressure and axially compressive force for the thin-walled
composite cylinders have not been described comprehensively.

The purpose of this study is to investigate the effect of internal pressure on the
buckling knockdown factors of thin-walled composite cylinders with various geometries.
The elastic coupling effect of the composite laminate is maintained when the geometry
of the composite cylinders changes to consider only the change in buckling knockdown
factors due to the change in geometry of the composite cylinders.

2. Simulation Methods

The magnitude of the internal pressure is determined as 10 kPa in this paper since this
value may change clearly the buckling knockdown factor of the present composite cylinder
models when the internal pressure is applied. Various shell thickness ratios (R/t = 125, 250,
and 500) and slenderness ratios (L/R =1, 2.04, and 3) of the thin-walled composite cylinders
are considered while the elastic coupling of laminates is maintained. For post-buckling
analyses with the Newton-Raphson method, a nonlinear finite element analysis program,
ABAQUES, is used, and the single perturbation load approach (SPLA) is applied to represent
the geometric initial imperfection of the thin-walled composite cylinder. Using the global
buckling loads with and without the geometric initial imperfection, the knockdown factors
are derived numerically when various geometric properties (R/t ratios and L/R ratios) of
the thin-walled composite cylinder are considered with or without the internal pressure.
The knockdown factors obtained show that the buckling knockdown factors of the axially
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compressed thin-walled composite cylinder may be improved when the internal pressure
is considered.

2.1. Thin-Walled Composite Cylinder Models

The present study uses Z07 thin-walled composite cylinder from DLR [16] as a baseline
model to validate the techniques for nonlinear post-buckling analysis and derivation of
knockdown factors. The properties of the Z07 cylinder are listed in Table 1.

Table 1. Properties of the Z07 thin-walled composite cylinder [16].

Property Value
Radius, R (m) 0.25
Length, L (m) 0.51
Thickness, t (m) 0.0005
Ply thickness, t,,, (m) 0.000125
Poisson’s ratio, vyt 0.271
Elastic modulus, E; (MPa) 125,774
Elastic modulus, E (MPa) 10,030
Shear modulus, G;1 (MPa) 5555
Lay-up condition (deg) (+24/—-24/+41/—-41)

Based on the Z07 thin-walled composite cylinder model [16], the cylinder radius (R) is
fixed for all the examples in this work, but the thickness (t) and length (L) are changed to
design various R/t ratios and L/R ratios of the cylinders. The dimensions of the thin-walled
composite cylinders used in this study are listed in Table 2. As shown in the table, only
the number of plies (1) is changed to maintain the elastic coupling effect of the composite
laminates when the cylinder’s thickness (t) is varied. The laminate stacking sequence is
defined from the inner ply to the outer ply.

Table 2. Properties of the composite cylinders with various thickness ratios and slenderness ratios.

Lay-Up Condition (+24,,/—24,/+41,/—41,,)
Thickness ratio, R/t 125 250 500
Thickness, t (m) 0.002 0.001 0.0005
Number of plies, n 4 2 1
Slenderness ratio, L/R 1 2.04 3
Length, L (m) 0.25 0.51 0.75

In this study, a nonlinear finite element analysis code, ABAQUS, is used for the
finite element modeling and post-buckling analyses of thin-walled composite cylinders
under axial compression and internal pressure. The four-node shell elements with reduced
integration (S4R) are applied, and as illustrated in Figure 2, the normal direction of the
cylinder skin is consistent with the normal direction of the element. The composite fiber
orientation is defined from the axial direction (Z-axis) of the thin-walled composite cylinder.
Convergence studies are conducted using linear buckling analyses under compression only
to determine the number of finite elements used in the present analysis. The obtained mesh
size is 0.0056 m for both cases of L/R =1 and 2.04, whereas it is 0.007 m for the cylinder
with L/R = 3.



Aerospace 2021, 8, 346

50f17

Axial load, N

Boundary conditions
Upper edge :
Tx=Ty=0
Rx=Ry=R,;=0

Lower edge :
Tx=Ty=T;=0 2} o-=—-f=-== .
Rx=Ry=R;=0 20 }—.\

X
+24°
-24°

+41°
—41°

Figure 2. Schematic diagram of the thin-walled composite cylinder.

2.2. Modeling Techniques for Compressive Force and Internal Pressure

In this study, nonlinear post-buckling analyses are performed using the Newton-
Raphson method along with the displacement control method in ABAQUS to analyze the
buckling behavior of the composite cylinder under axial compression. The displacement
control method uses the axial displacement instead of the axial compressive force. The
enforced axial displacement is applied to the control nodes located at the center of the
top and bottom surfaces of the cylinder. The control nodes are connected rigidly to the
edge of the thin-walled composite cylinder (Figure 3); therefore, the applied displacement
is transmitted to the edge of the cylinder with a uniform magnitude [26]. Furthermore,
artificial damping of 5% is applied for numerical stabilization to dissipate the released strain
energy using an artificial velocity for each node in the nonlinear static analysis when local
instabilities occur [26-30]. The internal pressure on the curved side surfaces of a cylinder
is represented by distributed pressure loads. The top and bottom surfaces of a propellant
tank are usually designed in various shapes, such as spheres or ellipses; however, for
simplicity, rigid circular plates are used for the top and bottom surfaces in this study. Thus,
the internal pressure on the top and bottom surfaces of the thin-walled composite cylinder
is modeled with the equivalent concentrated forces, which are represented as F = P-7t-R?
and applied to the control nodes (Figure 3). The magnitude of the internal pressure is
maintained while axial compression is applied to the cylinder for post-buckling analyses.

Enforced axial displacement

Upper slave nodes _gny——§ .. ‘
// ............. ; ,ﬂ. Control node
//
| -
..... Rig'i'('l link -
Lower slave nodes e ::""."';"";‘ Control node

B.C. at the control nodes
Figure 3. Applications of loads and boundary conditions.

2.3. Initial Imperfection Modeling and Post-Buckling Analysis

The geometric initial imperfection of a thin shell structure is defined as the deviation
from its idealized geometry and is known as one of the primary sources, which reduces
the buckling load from the linear buckling analysis [31-33]. Therefore, in this study, the
geometric initial imperfection only is considered for simplicity, although other types of
initial imperfections such as loading and boundary initial imperfections are also impor-
tant for the derivation of knockdown factors. Since the geometric initial imperfection is
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unknown before measuring it and the measured imperfection data for the Z07 composite
thin-walled composite cylinder are not available in the public domain, the SPLA [16] is
applied to model the geometric initial imperfection of the thin-walled composite cylinder
in this study. As the SPLA can appropriately model the geometric initial imperfection of
thin-walled cylinders, it was used intensively for post-buckling analyses in the SBKF [3]
and DESICOS [6,7] projects. There is a limit to obtaining the lower bound of buckling
knockdown factors for thin-walled composite cylinders when considering the geometric
initial imperfection only because the buckling load can be reduced significantly when
other initial imperfections, such as loading and boundary initial imperfections, are also
considered. In other words, the geometric initial imperfection does not necessarily provide
the lower bound of the buckling knockdown factors in all cases [34]; however, it is assumed
that the geometric initial imperfection modeling is sufficient only when the effect of internal
pressure on the knockdown factor is investigated for thin-walled composite cylinders. In
addition, since the geometric initial imperfection of a thin-walled shell structure is inde-
pendent of loading conditions, the SPLA is enough to study the trend of the amount of
increment in the buckling knockdown factors due to internal pressure when the geometric
initial imperfection only is considered. The procedures of nonlinear post-buckling analysis
using the SPLA [26-30] used in this study are as follows.

First, the perturbation load (Q) of the SPLA is applied in the centripetal direction of
a perfect cylinder (without the geometric initial imperfection) at the middle of the length
of the cylinder (Figure 4a) to represent the geometric initial imperfection of a cylinder.
A nonlinear static analysis is conducted in this step to obtain the deformed shape under
a specified Q. This deformed cylinder represents the cylinder with the geometric initial
imperfection. The deformed configuration of a cylinder is used in the following procedure
in a stress-free state by adjusting the nodal coordinates of the finite element model to
represent the geometric initial imperfection [35]. The range of Q values is dependent on
the cylinder’s stiffness. Since the length and thickness of a cylinder have an influence on
the cylinder’s stiffness, the value of Q considered in the SPLA may be different for the
thin-walled composite cylinders with various geometric properties. Second, the internal
pressure is applied to the cylinder using the method described in Section 2.2. If the internal
pressure is not considered, this procedure is not required. Third, the axial displacement is
applied to the cylinder for the post-buckling analysis using the Newton-Raphson method
explained in Section 2.2. It is noteworthy that the internal pressure is still applied with
a constant magnitude in this step. Finally, the entire analysis is repeated until the global
buckling load ((Ner)imperfect) converges with increasing the Q, as shown in Figure 4b. When
the Q exceeds a certain value of perturbation load (Q;, Figure 4b), The global buckling load
((Ner)imperfect) does not decrease but is almost constant.

=
3
=
2
Sl e
v
=
=
=
=
2
&)
(N cr)lmperl'ecl
|
1
Pert '
|
load; '
|
|

Q;  Perturbation load (Q)
@) (b)

Figure 4. Geometric initial imperfection and convergence of global buckling load in SPLA [16]. (a) A
perturbation load (Q), (b) Global buckling load vs. perturbation load.
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Using the converged (Ner)imperfect and the global buckling load without the geometric
initial imperfection ((Ner)perfect), the buckling knockdown factor, v, is derived as

_ (NCI‘ ) imperfect

Y= 1)

(Ncr)perfect

3. Results
3.1. Nonlinear Post-Buckling Analyses without Internal Pressure

First, the modeling and analysis techniques are validated for the composite cylin-
der under axial compressive force only. For this validation, a Z07 thin-walled composite
cylinder [16] is considered, as shown in Table 1. Figure 5 shows the results of the nonlin-
ear post-buckling analyses for the Z07 thin-walled composite cylinder. As illustrated in
Figure 5a, the (Ner)perfect is predicted to be 33.57 kN. As Q increases, the global buckling
load decreases and then converges. Ata Q; of 4N, local buckling (A) occurs. After the local
buckling, (Ner)imperfect (B) is converged to 19.66 kN. The global buckling load from the pre-
vious analysis using SPLA is 19.00 kN [36]. The difference of the (Ner)imperfect between the
present and previous [36] analyses is 3.47%. The measured global buckling load from the
buckling test is reported as the value of 21.80 kN [16]. The relative error of the (Ner)imperfect
between the present analysis and buckling test [16] is 9.82%, and the error may have been
caused by various uncertainties such as material properties, boundary conditions, and
loading conditions in the buckling test. Therefore, based on the comparison between
the present analysis and the previous prediction [36] and test [16], it is believed that the
finite element modeling and post-buckling analysis methods for thin-walled composite
cylinders under axial compression are validated appropriately. The buckling shapes at a
Qg are plotted in Figure 5b. In the figure, the local buckling (A) is caused by the Q, and
the global buckling (B) waves spread in the circumferential direction at the side where
the perturbation load is applied as the axial compressive load increases. After the global
buckling, the buckling waves spread in the circumferential direction on the curved side
surfaces of the cylinder, and post-buckling (C) is observed.

x10° R/t =500 and L/R = 2.04

S

A': Local buckling

[}
(o3

Axial load (N)
a8

B : Global buckling

1010

Axial displacement (m) x1074 C : Post-buckling
(a) (b)

Figure 5. Post-buckling analysis results for Z07 composite cylinder. (a) Load-displacement curves,

—
(=}

W

(b) Buckling shapes.

Using the present analysis methods, thin-walled composite cylinders with various
shell thickness ratios (R/t = 125, 250, and 500) and slenderness ratios (L/R =1, 2.04, and
3) are considered when only axial compression is applied without the internal pressure
(Figures 6-8). Figure 6a illustrates the load-displacement curves for the cylinders with
R/t =125. For the perfect cylinders with L/R =1, 2.04, and 3, the (Ncr)perfect Values are
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calculated to be 555.71, 546.85, and 543.89 kN, respectively. The global buckling loads for
L/R =2.04 and 3 are lower by 1.59% and 2.13%, respectively, compared with the result of
L/R =1. However, when the geometric initial imperfection is considered, the (Ner)imperfect
of the cylinders with L/R =1, 2.04, and 3 are calculated to be 418.12, 346.40, and 312.53 kN,
respectively. The results for L/R = 2.04 and 3 are lower by 17.15% and 25.25%, respectively,
than the value for L/R = 1. As shown in Figure 6b, in all cases, the local buckling (A),
global buckling (B), and post-buckling (C) are quite similar to one another.
(]xlO‘ R/t=125and P=0 kPa
. i ol
5 $ ,"‘E L/R=1(Q,=270N)
J s 8 'l 1
§ i 4 !
~4 A i J/ 1
3 A
3 [ |
; 3 L/R =2.04 (Q, =250 N)
2 [
«==:L/R=1 (perfect cylinder)
=L/R=1(Q,=270 N)
1 = =L/R=2.04 (perfect cylinder)
—L/R=2.04 (Q,=250 N)
++++L/R=3 (perfect cylinder)
——L/R=3 (Q,=285 N)
% 05 1 15 2 25 3 L/R=3(Q,=285N)
Axial displacement (m) %1073 A : Local buckling B : Global buckling C : Post-buckling
(a) (b)
Figure 6. Post-buckling analyses results under axial compression for the cylinders R/t = 125. (a) Load-displacement curves,
(b) Buckling shapes.
The nonlinear post-buckling analysis results for the cylinders with R/t = 250 are
presented in Figure 7. As shown in Figure 7a, the (Ner)perfect values with L/R =1, 2.04,
and 3 are predicted to be 139.09, 136.76, and 133.54 kN, respectively. These loads with
L/R =2.04 and 3 are lower by 1.68% and 3.99%, respectively, compared with the value
for L/R = 1. Meanwhile, the (Ncr)imperfect values are 99.81, 81.37, and 75.81 kN for the
cylinders with L/R =1, 2.04, and 3, respectively. The global buckling loads for L/R =2.04
and 3 are lower than the value for L/R = 1 by 18.48% and 24.05%, respectively. The local
buckling (A), global buckling (B), and post-buckling (C) shapes are shown in Figure 7b.
The deformed configurations at local buckling (A) and global buckling (B) are similar to
the previously reported results (Figure 6b).
1410 R/t =250 and P=0 kPa
12 _,’: ',/" E L/R=1(Q,=30N)
A :_.' /’I i
Al(J B ",I }
é /4 :
8 Y .
z V0 P
go A i
< c :
. L C
**+*L/R=1 (perfect cylinder) »
—L/R=1(Q,=30 N)
2 ==L/R=2.04 (pu'fucl cylmdur)
=—L/R=2.04 (Q,=4
L/R=3 (perfec lLylmdLr)
—L/R=3 (Q,=50 N)
00 0.2 0.4 0.6 0.8 1 1.2 1.4 L/R=3(Q,=50N)
Axial displacement (m) x10-3 A : Local buckling B : Global buckling C : Post-buckling
(a) (b)

Figure 7. Post-buckling analyses results under axial compression for the cylinders R/t = 250. (a) Load-displacement curves,

(b) Buckling shapes.
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For the cylinders with R/t = 500 (Figure 8a), the (Ner)perfect with L/R =1,2.04, and
3 are 35.36, 33.57, and 33.01 kN, respectively. The global buckling loads ((Ncr)perfect) for
L/R =2.04 and 3 are lower by 5.06% and 6.65%, respectively, compared with the global
buckling load of the cylinder with L/R = 1. Furthermore, the global buckling loads of
imperfect cylinders ((Ner)imperfect) With L/R =1, 2.04, and 3 are calculated as 22.86, 19.66,
and 19.13 kN, respectively. The results for L/R = 2.04, and 3 are lower than the value for
L/R =1 by 14% and 16.32%, respectively. The deformed shapes in the local buckling (A),
global buckling (B), and post-buckling (C) states considering different L/R ratios are shown
in Figure 8b.

hIo16

LR=1(Q,=5N)

”
s’
A0
3 S
Py 1
; ! Te
& /2 — v
B / |
i A 3
|
1B B ! L/R=2.04(Q,=4N)
C 1
1
i
C
C L
««a:L/R=1 (perfect cylinder)
=—L/R=1(Q,=5 N)
= =L/R=2.04 (perfect cylinder)
==L/R=2.04 (Q,=4 N)
L/R=3 (perfect cylinder)
~—L/R=3 (Q,=3.8N)
0 1 3 4 5 6 7 L/R=3(Q,=38N)
Axial displacement (m) x104 A : Local buckling B : Global buckling C : Post-buckling
(a) (b)

Figure 8. Post-buckling analyses results under axial compression for the cylinders R/t = 500. (a) Load-displacement curves,

(b) Buckling shapes.

The results obtained from Figures 6-8 can be summarized as follows. As the R/t ratio
of the cylinder increases from 125 to 250 and 500 for a given L/R ratio, while the radius
(R) is fixed, the global buckling loads with and without the geometric initial imperfection
decrease approximately by 75% to 95%. In addition, the global buckling loads with and
without the geometric initial imperfection decrease as the L/R ratio increases for a specified
R/t ratio. However, for both cases with and without geometric initial imperfection, the
reduction rate in the global buckling load with the increase in the R/t ratio is greater than
that with the increase in the L/R ratio. Furthermore, the reduction in (Ner)imperfect 1s higher
than that of (Ner)perfect-

3.2. Nonlinear Post-Buckling Analyses with Internal Pressure

In this section, an internal pressure (P) of 10 kPa is additionally considered to the
model used in Section 3.1. Figures 9-11 show the results of post-buckling analyses of the
thin-walled composite cylinders under both axial compression and internal pressure when
various geometric properties are considered.

In the load-displacement curves for the cylinders with R/t = 125 (Figure 9a), similar
to the previous results with axial compression only, the global buckling loads with and
without the geometric initial imperfection decrease when the L/R ratio increases. For
the cylinders with L/R =1, 2.04, and 3, the (Ncr)perfect are 558.24, 553.58, and 553.33 kN,
respectively. The global buckling loads for L/R = 2.04, and 3 are less than 1% lower than
the result of the cylinder with L/R = 1, implying similar values. By contrast, when the
geometric initial imperfection is taken into account, the (Ner)imperfect for the cylinders
with L/R =1, 2.04, and 3 are predicted to be 429.20, 367.67, and 339.90 kN, respectively.
The calculated global buckling loads for L/R = 2.04 and 3 are lower than the results for
L/R =1 by 14.34% and 20.81%, respectively. However, unlike the results considering only
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compressive forces, axial shortening is observed in the load-displacement curves when the
internal pressure is applied to the cylinder before axial compression. The magnitude of the
axial shortening caused by the internal pressure is greater for the cylinders with a larger
L/R ratio. In Figure 9b, the deformed configurations with L/R =1, 2.04, and 3 are similar
to the results of the cylinders under axial compression, as previously shown in Figure 6b.

i m
Me

(xl()‘ R/t=125 and P=10 kPa
D

N,

o e R

L/R=1(Q,=270N)

Axial load (N)

[*)

--------- erfect cy linder)

v 270N)
rlccl cﬁlmdcr)

erleu cy lmder)

o 0s 1 15 2 25 3 35 L/R=3(Q, = 240 N)
\\I“l dl"l)l“'?'?m('nt (m) x1073 A : Local buckling B : Global buckling C : Post-buckling
(a) (b)

Figure 9. Post-buckling analyses results under axial compression and internal pressure (10 kPa) for the cylinders R/t = 125.
(a) Load-displacement curves, (b) Buckling shapes.

Figure 10 shows the nonlinear post-buckling analyses considering both the inter-
nal pressure and axial compressive force of the cylinders with R/t = 250. As shown in
Figure 10a, the (Ner)perfect values for L/R =1, 2.04, and 3 are calculated to be 142.36, 140.94,
and 142.33 kN, respectively. The (Ncr)perfect values decrease by 1.00% and 0.02% as the L/R
ratio increases from 1 to 2 and 3, respectively. Therefore, the (Ner)perfect is almost constant
when the L/R ratio varies. However, the (Ncr)imperfect for the cylinders with L/R =1, 2.04,
and 3 are 118.66, 103.64, and 100.17 kN, respectively. Meanwhile, the (Ner)imperfect for the
cylinders of L/R = 2.04 and 3 are lower by 12.66% and 15.58%, respectively, compared with
the value for L/R = 1. The axial shortening due to the internal pressure before the axial
compressive force is applied is greater than the result for R/t = 125, as shown in Figure 9a.
The deformed configurations of the cylinders with R/t = 250 are presented in Figure 10b.
As shown in the figure, local buckling (B) is not observed for the case with L/R =2.04. The
buckling shapes for the cases with L/R =1 and 3 show local buckling (A), global buckling
(B), and post-buckling (C). However, the post-buckling shape with L/R = 3 shows two
half-waves in the axial direction, which is different from the results without the internal
pressure (one half-wave in the axial direction) given previously in Figure 7b.
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Figure 10. Post-buckling analyses results under axial compression and internal pressure (10 kPa) for the cylinders R/t = 250.
(a) Load-displacement curves, (b) Buckling shapes.

For the cylinders with R/t = 500 shown in Figure 11a, the (Ncr)perfect is 37.91 kN for
L/R =1 and 37.86 kN for both cases with L/R = 2.04 and 3; hence, the (Ncr)perfect With
L/R =2.04 and 3 are reduced identically to 0.13% compared with the result for L/R = 1.
The (Ner)imperfect for L/R =1, 2.04, and 3 are predicted to be 34.14, 31.20, and 30.22 kN,
respectively. The global buckling loads for L/R = 2.04 and 3 are lower by 8.61% and 11.48%,
respectively, compared with the result of the cylinder for L/R = 1. Ata given L/R ratio,
the magnitude of axial shortening is significantly larger compared with the results for the
previous cases with R/t = 125 and 250. As shown, the magnitude of axial shortening due
to internal pressure increases with the increase in R/t ratio (Figures 9-11), and the effect
of the internal pressure becomes more prominent when the thickness of the composite
cylinder is reduced. Moreover, it is guessed that the elastic coupling behavior of composite
laminates and Poisson’s effect of composite laminates result in the axial shortening from
the internal pressure before axial compression. This is because the cylinder is compressed
in the axial direction by the internal pressure, although the tensile pressurized load in the
cylinder’s top, bottom, and curved side surfaces is applied simultaneously. As shown in
Figure 11b, no local buckling (A) occurs for L/R = 3, and the post-buckling states (C) for
L/R =1, 2.04, and 3 show two half-waves in the axial direction.
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Figure 11. Post-buckling analyses results under axial compression and internal pressure (10 kPa) for the cylinders R/# = 500.
(a) Load-displacement curves, (b) Buckling shapes.
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3.3. Effect of Internal Pressure on Global Buckling Load

Figure 12 shows a summary of the global buckling loads with and without the internal
pressure, shown in Figures 6—11. For a specified R/t ratio, the global buckling loads with
and without the geometric initial imperfection decrease as the L/R ratio increases (i.e.,
the length (L) of the cylinder increases, while the radius (R) of the cylinder is fixed) for
the cylinders with and without the internal pressure. Furthermore, the reduction in the
(Ner)imperfect for L/R =2.04 and 3 compared with the result for L/R =1 is greater than that
of the perfect cylinder for both cases with and without the internal pressure. As shown in
Figure 12, the internal pressure improves the global buckling loads for both cases with and
without the geometric initial imperfection. In addition, compared with the global buckling
load with the axial compressive force only, the increase in the global buckling load due
to the internal pressure is clearly observed for the larger L/R ratio or R/t ratio. For the
perfect cylinders, the thinnest and longest model (R/¢ = 500 and L/R = 3) shows the highest
increase in the global buckling load (14.69%), and the lowest increase of 0.46% is observed
for the thickest and shortest model (R/t = 125 and L/R = 1) compared with the results
without the internal pressure. However, for the geometrically imperfect cylinders with the
internal pressure, the global buckling load increases by 57.97% for the thinnest and longest
model (R/t =500 and L/R = 3) and by 2.65% for the thickest and shortest model (R/t =125
and L/R = 1) compared with the global buckling loads without the internal pressure. The
highest increase in the (Ner)imperfect due to the internal pressure is not observed for the
thinnest and longest model (R/t = 500 and L/R = 3) but is observed for the cylinder with
R/t =500 and L/R = 2.04. Nevertheless, the difference in the increase in the global buckling
load (Ner)imperfect due to the internal pressure between the two cylinder models (L/R = 2.04
and 3 with R/t = 500) is less than 1%. This difference may be caused by the numerical
error because a nonlinear analysis is conducted using the iterative method with different Q
values in this study. Therefore, for the cylinders with R/t = 500, it can be considered that the
change in the global buckling load due to the internal pressure is almost identical for cases
with L/R =2.04 and 3. Consequently, it is concluded that the effect of the internal pressure
on the thin-walled composite cylinder with or without the initial imperfection is greater for
cylinders with higher R/t and L/R ratios. In addition, the increase in (Ner)imperfect because
the internal pressure is higher than that in (Ner)perfect- For example, for the model with
R/t =500 and L/R =2.04, the (Ncr)perfect With an internal pressure (P) of 10 kPa is 37.86 kN,
which is a 12.78% increase compared with the result considering only the compressive force.
The (Ner)imperfect with an internal pressure (P) of 10 kPa is 31.20 kN, which is 58.70% higher
compared with the result considering only compression. The increase in (Ner)imperfect due
to internal pressure is more than about four times higher than that in (Ner)perfect- As one
can see, the internal pressure of the thin-walled composite cylinder reduces the effect of
the geometric initial imperfection.
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Figure 12. Global buckling loads of the thin-walled composite tank models with and without the internal pressure.
(a) R/t =125, (b) R/t =250, (c) R/t = 500.

3.4. Effect of Internal Pressure on Buckling Knockdown Factor

Figure 13 shows the derived buckling knockdown factors of the thin-walled composite
cylinders using the previous results for global buckling loads. The red circles represent
the knockdown factors considering only the axial compressive forces. The blue trian-
gles represent the buckling knockdown factors with both axial compressive forces and
internal pressure.

First, the knockdown factors derived in this study and NASA’s results [2] are com-
pared. For both cases with and without the internal pressure, the difference in the buckling
knockdown factors between this study and NASA'’s result [2] increases as the cylinder’s
thickness become thinner for a specified L/R ratio. This is because NASA’s design cri-
teria [2] are based on buckling tests from the 1930s to 1960s; therefore, state-of-the-art
manufacturing processes and advanced materials for modern thin-walled cylinders are not
included, and the geometric initial imperfection becomes more severe when the thickness
of the cylinder decreases (i.e., thinner cylinders). Similarly, as the L/R ratio decreases
with and without the internal pressure, the difference in the buckling knockdown factors
between this study and NASA's buckling criteria [2] increases for the given R/t ratio. It
is observed that NASA'’s buckling criteria [2] are overly conservative for cylinders with
lower L/R ratios because they assumed that the effect of the length of the cylinder on the
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buckling knockdown factors is negligible [37], although the length of the cylinder affects
the buckling behavior of the thin-walled cylinder.
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Figure 13. Buckling knockdown factors of the thin-walled composite tank models considering various geometric properties
with and without the internal pressure. (a) L/R=1,(b) L/R=2.04, (c) L/R =3.

Next, the effect of the R/t ratio or L/R ratio on the buckling knockdown factor derived
in this study is summarized. When the L/R ratio increases for a given R/t ratio, the
buckling knockdown factors derived from this study decrease for both cases with and
without the internal pressure; hence, the sensitivity of the thin-walled composite cylinders
to the geometric initial imperfection increases. This is because, as previously described,
(Ner)imperfect decreases more than (Ner)perfect When the L/R ratio increases. By contrast,
when the R/t ratio increases for a given L/R ratio, the knockdown factor trends with
and without the internal pressure are different. The buckling knockdown factors with
compressive forces only decrease as the R/t ratio increases. In particular, for the case
of L/R =1, the reduction in the buckling knockdown factor is approximately 13.33% as
the R/t ratio increases from 125 to 500. The buckling knockdown factor for L/R = 2.04
decreases by 6.35% when the R/ ratio increases from 125 to 500. For the case with L/R =3,
the buckling knockdown factor is nearly constant as the R/t ratio increases from 125 to 500.
When only axial compression is considered, the decrease in the buckling knockdown factor
with an increase in the R/¢ ratio is greater for a cylinder with a smaller L/R ratio than that
for a cylinder with a larger L/R ratio. However, considering both the axial compression and
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the internal pressure, it is observed that the buckling knockdown factor does not decrease
but increases when the R/t ratio increases for a specified L/R ratio. This is because a
thinner cylinder (higher R/t ratio) is more sensitive to the internal pressure than a thicker
cylinder (lower R/t ratio); therefore, the effect of the internal pressure, which reduces the
geometric initial imperfection, is more prominent for the thinner cylinder. Furthermore,
the rate of increase in the buckling knockdown factor due to internal pressure is higher
for the longer cylinder (higher L/R ratio). Considering the internal pressure, when the
R/t ratio increases from 125 to 500, the buckling knockdown factor increases by 16.88%
for the cylinder with L/R =1, by 24.24% for the cylinder with L/R = 2.04, and by 31.15%
for the cylinder with L/R = 3. This is because the effect of the internal pressure on the
thin-walled composite cylinder is greater when the cylinder is longer (higher L/R ratio),
as previously described in Section 3.3. The buckling knockdown factors considering both
the compressive force and the internal pressure are derived to be higher than the buckling
knockdown factors considering only compressive force for all the R/t and L/R ratios
considered. The results show that the buckling knockdown factors may be improved when
the internal pressure of the thin-walled composite cylinder is considered simultaneously
with the compressive force.

4. Conclusions

The buckling knockdown factors of thin-walled composite cylinders under both axial
compressive force and internal pressure were numerically derived in this study. Thin-
walled composite cylinders with R/t = 125, 250, and 500 and L/R =1, 2.04, and 3 were used
to consider the various geometric properties of the cylinder. Post-buckling analyses were
conducted using a nonlinear finite element analysis program, ABAQUS, for thin-walled
composite cylinders. The SPLA was applied to represent the geometric initial imperfection
since the measured imperfection data of the present thin-walled composite cylinders were
not available in the public domain. In the case involving only the axial compressive force,
both the buckling knockdown factors and global buckling loads decreased as the R/t ratio
increased for a specified L/R ratio or as the L/R ratio increased for a given R/t ratio. When
the axial compressive force and the internal pressure (10 kPa) were simultaneously applied
to the thin-walled composite cylinder, the global buckling loads decreased when the R/t
ratio increased or the L/R ratio increased. The buckling knockdown factor decreased as
the L/R ratio increased for a given R/t ratio; however, it increased when the R/t ratio
increased for a specified L/R ratio.

The buckling knockdown factors obtained for the different R/t and L/R ratios under
both axial compression and internal pressure were higher by 2.67% to 38.98% compared
with the values with axial compression only. These results indicate that the buckling
knockdown factors may be enhanced by considering the internal pressure for thin-walled
composite cylinders; hence, it is believed that a much higher level of lightweight design for
thin-walled composite propellant tanks is possible.

This study investigated for the first time the amount of increase in buckling knock-
down factors due to the internal pressure thoroughly for thin-walled composite cylinders
with various geometric properties while the elastic coupling effect of composite laminates
was maintained, and it demonstrated the possibility of improving the buckling knockdown
factors when considering the internal pressure of axially compressed thin-walled composite
cylinders; however other types of imperfection such as loading or boundary imperfection
should be considered for the derivation of the buckling knockdown factors in the future.
In addition, not the maximum internal pressure but the minimum internal pressure to
operate the propellant tanks should be used when the internal pressure is considered for
the derivation of the buckling knockdown factor since the maximum internal pressure may
give unrealistic high knockdown factors. Furthermore, the buckling tests of thin-walled
composite cylinders under both axial compression and internal pressure will be conducted
in the near future. Using the measured imperfection data of the thin-walled composite
cylinders and the global buckling loads obtained from the test, it will be investigated
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that the SPLA can be used to derive the buckling knockdown factor under both axial
compression and internal pressure.
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