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Abstract

The corrugated core sandwich structure is being 

considered for the Integrated Thermal Protec�on 

System (ITPS) of Reusable Launch Vehicles (RLVs) since 

it is thermally insula�ve and has a be�er specific load-

carrying capability than conven�onal TPS. However, 

the analyses of the RLVs components such as wings, 

fuselage, etc., along with the ITPS panel may become 

computa�onally infeasible. This can be resolved by 

cons ider ing  the  corrugated  st ructure  as  a 

homogenized orthotropic plate for performing the 

structural simula�ons of such components. However, 

a thicknesswise temperature gradient can exist in the 

ITPS during flight condi�ons (such as ascent and re-

entry phase) and can have significantly different 

temperature distribu�on depending on their posi�on 

on the vehicle, which if not incorporated during 

homogeniza�on may render the orthotropic plate 

proper�es inaccurate and the results from analysis 

erroneous. In this work, the homogeniza�on method 

with a thicknesswise temperature gradient is 

developed to predict the temperature-dependent 

homogenized proper�es of the ITPS panel. The novelty 

of this work is the incorpora�on of spa�ally varying 

temperature gradient in the homogenous model. The 

comparisons show that the homogenized plate 

representa�on derived in this work is useful for an 

accurate and efficient structural analysis.
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Introduction

The low-cost space access can be achieved by the 

development of the fully Reusable Launch Vehicles 

(RLVs) by increasing the operational extensibility for 

multiple regular missions (Bekey et al., 1994). RLVs are 

subjected to varying loads during flight operation from 

ascent to re-entry phase. Thermal Protection Systems 

(TPSs) are being used on the exterior surface of RLVs to 

prevent heat into the vehicle interior during the 

aerodynamic re-entry. However, one of the major 

drawbacks of TPSs is their low load-carrying capacity 

(Martinez et al., 2007; Sharma et al., 2010). 

Furthermore, TPSs accounts for the major part of 

launch weight must be lightweight to keep the minimal 

launch  cost .  To  address  these  drawbacks , 

multifunctional ITPSs are currently being developed, 

which combines the TPSs functions and load carrying 

capabilities into a single structure. Additionally, ITPSs 

should be reusable, operable, have high stiffness to 

weight ratio, good energy absorbing and thermal 

insulation capabilities (Satish et al., 2006; Sharma et 

al., 2010).

The core geometry of the ITPS panel can be chosen 

from foam, honeycomb, truss, or corrugated core 

geometries. The honeycomb core has high specific 

stiffness as compared to the foam core (Yang et al., 

2019). However, debonding may occur at the interface 

of the core and face sheets due to a small adhesive 

area. This issue can be sorted out by the corrugated 

core sandwich structure, which can resist bending and 

twisting in addition to vertical shear (Chang et al., 

2005). The truss core sandwich structure is even 

lighter and more competent to carry the compressive 

and bending load as compared to the corrugated core. 

However, forces generated by large thermal gradient 

cannot withstand by truss core geometry. Thus, it 

makes them unsuitable for ITPS applications 

(Bapanapalli et al., 2007). The previous studies 

(Bapanapalli et al., 2007; Martinez et al., 2007; Sharma 

et al., 2010) have been proved that the corrugated core 

sandwich structure has better specific load-bearing 

capabilities than conventional TPS. Hence, the 

corrugated core sandwich structure is one such ITPS 

design that is currently being explored. 

The ITPS panel is composed of several unit-cells as 

shown in Figure 1. It consists of two stiff face sheets 

separated by a lightweight thick core. The corrugated 

core keeps the face sheets apart and facilitates the 

sandwich panel as a thick plate by resisting the vertical 

deformation, shear strain and curvature in the 

longitudinal direction (Chang et al., 2005).  The empty 

space in the corrugated core is filled with insulating 

material to obstruct the heat transfer from the top face 

sheet (TFS) to the bottom face sheet (BFS) (Bapanapalli 

et al., 2007). 

Figure 1: Corrugated Core Sandwich Panel for ITPS
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Structural analysis of RLVs with ITPS can be a very 

challenging task as the length scale of the structural 

components of the RLV (such as wings, fuselage, etc.) 

are significantly larger than the length scale of the 

core. Thus, the incorporation of the core geometry in 

the analysis may lead to an exorbitant computational 

cost. This necessitates the derivation of the 

homogenous representation of corrugated sandwich 

structure such that Finite Element Analysis (FEA) of 

structural components is computationally feasible. 

The homogenization of the corrugated core sandwich 

structure as a thick plate was first proposed by Libove 

and Hubka (1951). They determined the equivalent 

extensional, bending, and transverse shear stiffnesses 

using force and distortion relationship and conducted 

the experimental study to compare the bending, 

transverse and twisting stiffnesses with good accuracy. 

A  s i m i l a r  te c h n i q u e  wa s  a d o p te d  fo r  t h e 

homogenization of c-core, z- core and truss-core 

sandwich plate (Fung et al., 1993; Fung et al., 1994; Lok 

et al., 2000). A comparison of maximum deflection 

under uniform distributed load was done with 

numerical analyses and analytical results.  Nordstrand 

et al. (1994) derived the analytical expression for shear 

moduli and showed the variation with the corrugation 

shape. The shear modulus along the corrugation is 

determined by considering both rigid as well as 

deformable face-sheets and quantified the reduction 

due to elastic facing. The shear modulus across the 

corrugation is  determined by assuming the 

deformation of the core only. The comparison was 

done using FEA and previous analytical solution 

(Libove and Hubka) with reasonable accuracy and 

concluded that shear modulus is very sensitive to the 

corrugation shape. Carlsson et al. (2001) enhanced the 

previous analytical models using the First Order Shear 

Deformation Theory (FSDT). The equivalent stiffness 

properties were evaluated and compared with the 

experimental results, and concluded that extensional 

and bending stiffness properties are dominated by 

face-sheets. While the transverse shear stiffness 

properties across the corrugation are highly 

dependent on the corrugation shape. Chang et al. 

(2005) derived the closed-form solution to represent 

the bending behavior of the 3D corrugated core 

sandwich structure as a homogenous thick plate with 

var ious boundary condit ions based on the 

Mindlin–Reissner plate theory. The comparison of 

maximum deflection and moments was done with the 

experimental results obtained by Tan et al. (1989).  

Martinez et al. (2007) analytically determined the 

equivalent stiffness properties using the strain energy 

approach and homogenized the ITPS panel as an 

orthotropic plate. The predicted stiffness properties 

were verified with FE unit-cell analysis by imposing six 

linearly independent strains. The computed maximum 

deflection of the three-dimensional (3D) ITPS panel 

was in good agreement with the homogenized plate 

model under simply supported boundary conditions 

subjected to uniform pressure load. Sharma et al. 

(2010) determined the equivalent stiffness properties 

of the ITPS panel by imposing the six linearly 

independent deformations using the periodic 

boundary conditions and verified these properties of a 

homogenized plate subjected to uniform pressure 

load. Li et al. (2019) determined Poisson's ratios and 

elastic modulus in thickness directions in addition to 

the in-plane elastic constants of the balanced 

corrugated core structure. However, the predicted 

elastic constants were determined by the stretching 

and shearing of unit-cell without considering the 

bending effect, which can yield inaccurate results 

under bending load. They homogenized the 

corrugated structure as a continuous 3D plate and 

validated the detailed and equivalent model under 

displacement control stretching. 

The homogenization methods as discussed above 

were considered the constant temperature 

throughout the thickness that makes them unusable 

for RLV analysis. Typically TFS is subjected to severe 

aerodynamic heating during re-entry. Most of the 

incident heat of the TFS is radiated out to the ambient 

and some of the heat is conducted to BFS, resulting in 

th icknesswise  temperature  var iat ion.  Th is 

necessitates the incorporation of temperature-

dependent homogenized properties into the 

homogenous model for accurate analysis. To address 

this issue, Collier et al. (1993) and Craig (1994) 

analytically determined the equivalent properties of 

the stiffened panel assuming constant temperature 

gradient across the thickness by considering each 

constituent of the panel as a lamina based on classical 

laminated plate theory (CLPT). The equivalent 

properties were validated using finite element unit-

cell analysis with good agreement. However, the shear 

deformation effect was not considered in their work, 

which is significant due to the low transverse rigidity of 

the core. Also, the incompatibility of the deformation 

of face sheets and core can miscalculate the 

equivalent properties.

Typically thicknesswise temperature gradient in the 

ITPS may vary with the spatial position in the vehicle 

and operating conditions. Thus, it is desirable to 

incorporate the through-thickness temperature 

variations and their effect on the properties in the 

plate theory. In this work, the extension of the plate 

theory has been proposed by representing the 

thicknesswise temperature variation in terms of a 

polynomial. Once, the highest order of temperature 

polynomial is known, the constants to be calibrated for 

chosen geometry and material properties can be 

obtained by unit-cell and Finite Element Method 

(FEM) based beam analyses. The calibrated plate 

model can be applied to perform structural analysis for 

any temperature variation within the maximum 

polynomial order. Thus, the proposed methodology 

can be used for the mechanical analysis of the ITPS 

panel as a homogenous plate model for accurate and 

efficient analysis.

Micromechanical Analysis

The corrugated core sandwich structure can be 

idealized as a homogenized thick plate to perform 

mechanical analysis (Martinez et al., 2007; Sharma et 

al., 2010). The plate representation replaces the actual 

model of the ITPS panel by incorporating the 

temperature-dependent A-B-D and shear stiffness 

properties. This representation reduces the number of 

degree of freedom signif icantly to perform 

computationally efficient analysis. The in-plane 

extensional ([A]), coupling ([B]), bending ([D) stiffness 

matrices and transverse shear  stiffness properties (A  44

and A ) of an orthotropic panel are governed by the 55

following constitutive relations:

where, N N and N  are the in-plane forces per unit x, y xy

length, M M and M  are the mid-plane moments per x, y xy

unit length, Q and Q are the transverse shear forces,              x y 

                              and      are the mid-plane strain 

components,         and      are the mid-plane 

curvatures, and         and          are the transverse shear 

strains.

In this work, the methodology described by Sharma et 

al. (2010) is used to evaluate the homogenized 

stiffness properties. The smallest repetitive unit of the 

sandwich structure as shown in Figure 2a is considered 

for the analysis with chosen geometric and material 

properties. In this figure, 2p is the length of the unit-

cell, 

are enforced to unit-cell FE model shown in Figure 2b 

to get resultant nodal forces and moments. From these 

resultant reac�on forces and moments as shown in 

Equa�on 1, s�ffness components were computed as 

follow: N  = A , N  = A  and M  = B , M  = B . Other x 11 y 12 x 11 y 12

components of s�ffness matrices were computed 

similarly by imposing other macroscopic deforma�on.
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Figure 2: Periodic unit-cell: (a) Geometry, and (b)Edges on which boundary conditions are applied

The transverse shear stiffness properties (A and A ) 55 44

shown in Equation 2 cannot be obtained from unit-cell 

analyses because it violates the anti-periodicity of 

moments. These properties are determined by FEM 

beam analysis subjected to uniform pressure load as 

shown in Figure 3a and 3b by comparing the transverse 

deflection with an analytical solution (Sharma et al., 

2010). The expressions of A and A  as shown in 55 44

Equations 3 and 4 were obtained by homogenous 

cantilever beam using the First Order Shear 

Deformation Theory (FSDT).

Figure 3: FEM model to determine (a) A , and (b) A . Faces y = 0 and y = 2p in (a), and 55 44

faces x = 0 and x = 2p in (b), are under plane strain states.

Where, and

Temperature-dependent Homogenized Stiffness 

Properties

The homogenization method presented in Sharma et 

al. (2010)  donot consider the effect of temperature 

variation on the homogenized properties. However, 

the ITPS panel can experience a thicknesswise 

temperature gradient which can vary with location on 

the vehicle. This may require repeating the 

homogenization procedure for the various possible 

temperature gradients for the chosen geometric and 

material properties of the constituents. In the 

proposed method, the homogenized stiffness 

properties with thicknesswise temperature variation 

are represented in terms of unknown constants. These 

constants can be calibrated from few FEM-based unit 

cell and beam analyses.

In the modified plate model proposed in this work, the 

temperature-dependent elasticity matrix was 

assumed to be linearly dependent on temperature as

where, [Q ] is the in-plane stress elasticity stiffness R

matrix at a reference temperature, [Q ] is the slope of T

in-plane stress stiffness matrix with temperature, T is 

some temperature and T  is a reference temperature. R

The through thickness strain distribution in the plate 

theory is given by

The resultant mid-plane forces and moments can be 

obtained using Equations 1 and 7

The expansion of Equation 8 yield

where,

The temperature field can be any order of polynomial 

depending upon the shape and trajectory of the 
2vehicle such as T = a (x, y) + a (x, y) z + a (x, y) z +…….a0 1 2 n 

n(x, y) z , where n is the order of temperature profile. 

The proposed method has been demonstrated by 

considering the linear temperature variation along 

thickness.  The homogenized properties [A], [B] and 

[D] can be obtained by substituting T = a (x, y) + a (x, y) 0 1

z in Equation 10, as shown below.

where,

and

are various constants that have to be calibrated. It is 

clear from Equation 11 that the temperature-

dependent stiffness properties ([A], [B] and [D]) are 

related to these constants. These constants were 

determined by performing the unit-cell analyses using 

three temperature field such that: and               

                                                               and and Using 

calibrated constants seen in Equation 12, the [A], [B] 

and [D] can easily be obtained by substituting a  and a  ₀ ₁

for any linear temperature field as can be seen from 

Equation 11.
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The expressions of the temperature-dependent transverse shear stiffness properties                             were 

derived for linear thicknesswise temperature field (T = a  + a  z) 0 1

FEM based cantilever beam analyses were performed 

as described earlier using                  and               

and                             and                to evaluate calibrated 

properties                      . It can be observed from 

Equation 13 that              are required for the 

evaluation of the transverse shear stiffness properties 

(A  and A ) for any linear thicknesswise temperature 55 44

field by substituting the value of a  and a .0 1

The methodology proposed in this work can be 

extended to any thicknesswise temperature 

polynomial to predict the homogenized properties. 

Some additional constants were required to calibrate 

depending upon the order of the polynomial. In 

general, the number of FE simulations on unit-cell is    

to determine [A], [B] and [D], and (4 + 2n) for 

transverse shear s�ffnesses (A and A ), where          is 55 44

Macaulay bracket and n is the order of temperature 

polynomial. 

Calibration and Verification of Homogenized Properties

The homogenization method described in Section 2 was verified for a corrugated core sandwich structure with the 

geometrical parameters as shown in Table 1.

Table 1: Geometrical Proper�es of Unit-cell (Sharma, Shankar, & Ha�ka, 2010)

The material of the TFS and core was chosen to be

                                                                  and the BFS to 

be Beryllium alloy                                                    . All 

these geometric and material proper�es were based 

on the study performed by Sharma et al. (2010). The 

temperature-dependent Young's modulus of Ti-6Al-

4V and Beryllium alloy given in Sharma et al. (2010), 

were linearly fi�ed to obtain T , E , and E  for the two R R T

materials as shown in Figure 4. In the ITPS sandwich 

panel, the TFS, BFS and the corrugated core are usually 

made from different materials. Thus, T , E , and E  need R R T

not be the same for the different sec�ons. For the 

homogeniza�on procedure, T  was considered equal R

value for each material associated with unit-cell and 

obtained by interpola�on.

Figure 4: Variation of Young's Modulus with Temperature

Furthermore, the temperature distribution through 

the thickness of the ITPS panel need not be a single 

monotonic function. Rather, it is expected to have 

different monotonic profiles in the three sections with 

continuity of temperature and discontinuous 

gradients at their interfaces. Since the thickness of the 

corrugated core is very large as compared to the face 

sheets. Hence, it is assumed, the cross-section of the 

ITPS has single monotonic temperature distribution 

across the thickness. The linear fitted constants for 

Titanium and Beryllium-alloy are shown in Table 2.

Table 2: Linearly Fitted Material Parameters

Material T , K ER, 10⁹ N/mm² ET, 10⁹ N/mm²-KR

Ti6Al4V 288 110 -0.067

Beryllium alloy 288 300 -0.138

Calibration of Homogenized Properties

Using these fitted constants as shown in Table 2, the 

calibrated properties ([A ], [B ], [D ], [A ], [B ], [D ], and R R R T T T

[E ]) were evaluated as discussed in Section 2.1. The T

thicknesswise temperature fields in the unit cell and FE 

beam analyses were constructed considering a = 288 0 

and a  = 0; a  = 500 and a  = 0; a  = 500 and a  = 5. Since 1 0 1 0 1

the TFS and web of this panel are of the same material, 

the temperature gradients are expected to be 

continuous between the sections, justifying the 

evaluation of their constants together. The values of 

these constants for the core and face sheets (TFS and 

BFS) together are shown in Tables 3 and 4.

Table 3: Calibrated Properties at the Reference Temperature
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ITPS has single monotonic temperature distribution 
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Using these fitted constants as shown in Table 2, the 

calibrated properties ([A ], [B ], [D ], [A ], [B ], [D ], and R R R T T T

[E ]) were evaluated as discussed in Section 2.1. The T

thicknesswise temperature fields in the unit cell and FE 

beam analyses were constructed considering a = 288 0 

and a  = 0; a  = 500 and a  = 0; a  = 500 and a  = 5. Since 1 0 1 0 1

the TFS and web of this panel are of the same material, 

the temperature gradients are expected to be 

continuous between the sections, justifying the 

evaluation of their constants together. The values of 

these constants for the core and face sheets (TFS and 

BFS) together are shown in Tables 3 and 4.
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Figure 4: Variation of Young's Modulus with Temperature

The constants associated with the transverse shear 

properties are obtained by procedure described 

earlier in Section 2.1. The temperature fields, a = 288  0 

and a  = 0; a  = 500 and a  = 0; a  = 500 and a  = 5 were 1 0 1 0 1

used to evaluate and and and                                            

      respec�vely. The FEM based beam simula�ons 

were performed at reference temperature (T ) to R

calculate the transverse shear s�ffnesses (A  and A ) 55 44

as shown in Figures 5 and 6. It can be observed that A  55

and A  are changing with the length of the beam. The 44

value of A first increases reaches maximum and then 55 

gradually decreases with the length of the beam. The 

maximum value is obtained corresponding to a length 

of approximately 500 mm. The same length was 

chosen to evaluate                             In contrast, the  and

value of A  is decreasing with the length of the beam 44

and is saturated approximately at 1500 mm.  For the 

other simula�ons to predict                      and             the

same length of beam was also chosen. The values are 

shown in Table 5.

Figure 5: Varia�on of Transverse Shear S�ffness (A ) with the Length of the Can�lever Beam55

Figure 6: Varia�on of Transverse Shear S�ffness (A ) with the Length of the Can�lever Beam44

Table 5: Calibrated Transverse Shear Proper�es at Constant and 
Linear Temperature Distribu�on

Verification of Homogenized Properties with FE 

Homogenization

For the verification of calibrated constants, as shown in 

Tables 3 and 4, a thicknesswise temperature field, a  = 0

800 and a = 8 was considered to compute [A], [B] and 1 

[D] stiffness properties. The method used to compute 

the homogenized properties from Equation 11 is 

termed as “Calibration Method” as shown in Table 6. 

The unit-cell analyses as discussed earlier were 

performed to compare with analytically computed 

stiffness properties and marked out as “Unit-cell 

Analysis”. The accuracy of the proposed method is very 

close to the unit-cell analysis as shown below in 

“Error” with the maximum error of 0.36%.

Table 6: Comparison of [A], [B] and [D] with Linear Temperature Varia�on, T = 800+ 8z.

The transverse shear properties (A  and A ) were 44 55

calculated with the different thicknesswise 

temperature profiles using the calibrated constants 

(Table 5) and compared with the FE beam analyses as 

shown in   The computed properties from Table 7.

Equation 13 and cantilever beam analyses are termed 

as “Calibration Method” and “FE Beam Analysis”, 

respectively as shown in  . The relative errors of Table 7

computed properties are shown below in “Error” with 

a maximum error of 5.20%.
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Table 7:  Comparison of Homogenized Transverse Shear Proper�es with T = a  + a  z0 1

Verification of Homogenized Properties with Full-

scale Model

Additionally, verification of homogenized properties 

using the calibrated constants was carried out to 

compare the response of the homogenized plate 

model with the full-scale model of ITPS panel having 

the dimension of a =1000 mm and b = 1000 mm, where 

a and b are the length along and across the 

corrugation. The full-scale model of ITPS and 

homogenized plate were discretized with eight-node 

shell element (S8R) having 54000 and 400 elements, 

respectively. The Simply supported boundary 

conditions (SS2) as shown in 7a and 7b were applied 

such that edges are free to move in the horizontal 

plane as follow: 

Figure: 7FE model and Boundary Condi�ons for (a) ITPS panel, 
(b) Homogenized plate model

A uniform and spatially varying temperature field were 

considered to verify the homogenized properties 

under uniform transverse pressure load applied on the 

TFS of the ITPS panel and homogenized plate model 

without consideration of thermal strain. For the 

spatially varying temperature field, the TFS and BFS are 

subjected to quadratic distribution as follow:

The temperature field for the full-scale model of the 

ITPS panel was assigned as T(x, y, z) = a  (x, y) + a  (x, y) z, 0 1

where a and a were determined from the TFS and BFS 0 1 

temperature varia�on. For the homogenized plate 

model, a and a  were calculated at the centroid of the 0 1

corresponding element. The homogenized proper�es 

were computed for each element based on the 

temperature field and assigned using *Shell general 

Sec�on property card (ABAQUS, 2017).

Mechanical Analyses

To compare the response of the homogenized plate 

model with the full-scale model of the ITPS panel, the 

mechanical analyses were performed under uniform 

and non-uniform temperature filed. The first pair of 

analyses were carried at a uniform temperature field 

of T(x, y, z) = 800 K. The second pair of analyses were 

carried out at a spatially varying temperature field as 

mentioned before. The contours of the transverse 

deflection (u ) at uniform and non-uniform 3

temperature field subjected to a uniform pressure of 

101 kPa are shown in Figures 8 and 9. It can be seen 

from figures that the contours of u  of the full-scale 3

model of the ITPS panel and homogenized plate are in 

good agreement. However, the local deflection can be 

seen in the full-scale model of the ITPS panel due to the 

corrugation but these effects are not present in the 

homogenized plate. 

Figure 8: Contour of Transverse Deflec�on(u ) of (a) ITPS Panel, and (b)Homogenized Plate at T=800 K3

Figure 9: Contour of Transverse Deflec�on of (a) ITPS Panel, and
(b) Homogenized Plate at Spa�ally Varying Temperature Field

The variation of displacement components of the full-

scale model and homogenized plates along x = a/2 and 

y = b/2 subjected to uniform transverse pressure and 

temperature of 101 kPa and 800 K, respectively are 

shown in Figures 10 to 13. 

For the comparison with the homogenized plate, the 

mid-plane of the full-scale model is considered. It can 

be seen from Figures 10 and 11 that the discrepancy in 

the error of u  and u  along the corrugation occurs near 3 2

the simply supported boundary. The variation in 

displacement components converges approximately 

at 200 mm and 800 mm away from the simply 

supported boundary. From the comparison, it can be 

seen that boundary oscillations and error in u  are 2

larger as compare to u . These errors may be attributed 3

to the loss of periodicity creating a localized effect. In 

contrast, variation in u  and u  across the corrugation 3 1

as shown in Figures 12 and 13 matches well near as 

well as away from the boundary. From these figures, it 

is clear that boundary oscillations are absent in the 

full-scale model in contrast to Figures 10 and 12 along 

the corrugation.
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The variation of displacement components of the full-

scale model and homogenized plates along x = a/2 and 

y = b/2 subjected to uniform transverse pressure and 

temperature of 101 kPa and 800 K, respectively are 

shown in Figures 10 to 13. 

For the comparison with the homogenized plate, the 

mid-plane of the full-scale model is considered. It can 

be seen from Figures 10 and 11 that the discrepancy in 

the error of u  and u  along the corrugation occurs near 3 2

the simply supported boundary. The variation in 

displacement components converges approximately 

at 200 mm and 800 mm away from the simply 

supported boundary. From the comparison, it can be 

seen that boundary oscillations and error in u  are 2

larger as compare to u . These errors may be attributed 3

to the loss of periodicity creating a localized effect. In 

contrast, variation in u  and u  across the corrugation 3 1

as shown in Figures 12 and 13 matches well near as 

well as away from the boundary. From these figures, it 
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full-scale model in contrast to Figures 10 and 12 along 
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Figure 10: Comparison of u₃ along the Corruga�on of Homogenized plate and ITPS Panel

Figure 11: Comparison of u₂ along the Corruga�on of Homogenized plate and ITPS Panel

Figure 12: Comparison of u₃ across the Corruga�on of Homogenized plate and ITPS Panel

Figure 13: Comparison of u₁ across the Corruga�on of Homogenized plate and ITPS Panel

The deviation in error seen along and across the 

corrugation is due to the sectional geometries in these 

directions. The plane section remains plane is not an 

appropriate assumption along the corrugation due to 

non-uniform geometry. Due to this plate assumption, a 

large error can be seen along the corrugation. While 

sectional geometry along y = b/2 is uniform along the 

length. Thus, error in displacement components is 

smaller than along the corrugation and acts nearly as a 

homogenized plate.

Furthermore, the comparison of displacement 

components between the full-scale model of the ITPS 

panel and homogenized plate subjected to the non-

uniform temperature field and uniform pressure are 

shown in Figures 14 to 17. It can be observed from 

Figures 14 and 15 that the variation of displacement 

components under a non-uniform temperature field is 

asymmetric in contrast to uniform temperature 

(Figures 10 and 11). This asymmetry exists due to 

spatially varying temperature field along the x-

direction. However, significant deviations can be seen 

near the boundary at the location of the applied large 

temperature field. This inaccuracy can be associated 

with the error appeared in the transverse shear 

properties with increasing the temperature. The larger 

fluctuations in u  as shown in Figure 15 can be seen as 2

compared to the previous case of  uniform 

temperature field due to increasing the compliant 

behavior at higher temperatures, which induced the 

local bending effect to a greater extent. However, u  2

converges away from the boundary. The magnitude of 

fluctuations decreases along the corrugation because 

of the reduction in the applied temperature field.

Figure 14: Comparison of u₃ along the Corruga�on of Homogenized plate and ITPS Panel
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Figure 15: Comparison of u  along the Corruga�on of Homogenized plate and ITPS Panel2

However, a qualitatively similar trend can be seen in 

the variation of displacement components (u and u ) 3 1

along y = b/2 as compared to the previous case of 

uniform temperature. The variation of u and u  are 3 1

symmetric as shown in Figures 15 and 16 due to the 

constant temperature field. From the comparison, it 

can be observed that variation of u and u  converges 3 1

with good accuracy at both near as well as away from 

the boundary. As discussed earlier, the plate 

representation across the corrugation is more 

accurate in contrast to along the corrugation.

Figure 16: Comparison of u  across the Corruga�on of Homogenized plate and ITPS Panel3

Figure 17: Comparison of u  along the Corruga�on of Homogenized Plate and ITPS Panel1

Further, the variations of the strain components of the 

face-sheets were obtained from the homogenized 

plate solutions and compared with the full-scale 

model of ITPS panel. The normal strain components of 

the TFS and BFS can be evaluated from the plate 

solution using the kinematic relations as follow:

Where             and       are mid-plane strain 

components and           and        are mid-plane 

curvatures.

The comparison of strain components (       and       ) of 

the TFS and BFS along at x = a/2 and y = b/2 under the 

non-uniform temperature field subjected to uniform 

pressure as shown in Figures 18 to 21 are compared 

with the solu�on obtained from the homogenized 

plate as described earlier.

The in-plane strain components of TFS and BFS 

obtained from the plate solu�ons along x = a/2 are 

compared with the full-scale model. It can be seen 

from Figure 18, varia�on in     of the BFS is more 

accurately predicted by the homogenized plate as 

compared to the TFS. This may be due to the localized 

bending effect, which is increasing significantly with 

temperature. The applied high-temperature field on 

the TFS enhances the localized effect as compared to 

the BFS, thus crea�ng large devia�ons between the 

plate solu�ons and the full-scale model. As seen in 

Figure 19, oscilla�ons in         are present for the TFS of 

the full-scale model due to the web effect and matches 

with the plate solu�on in an average sense. However, 

these oscilla�ons are absent in the BFS due to highly 

s�ff material as compared to the TFS. 

It is evident from the comparison along y = b/2 as 

shown in Figure 20 that the varia�ons in are    

accurately predicted by the homogenized plate. 

However, it can be observed from Figure 21 that 

devia�on in of TFS is more as compare to the BFS.         

These large devia�ons are due to localized effects as 

discussed earlier, which are significantly large for the 

TFS. However, it can be observed from Figures 18 to 21 

that strain component in the transverse direc�on   (      ) 

to the corruga�on is more accurate than These     . 

devia�ons may be the localized effect, which becomes 

significant due to the flexible nature of the web.

Figure 18: Comparison of Strain component (       ) of Homogenized plate and ITPS Panel
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constant temperature field. From the comparison, it 

can be observed that variation of u and u  converges 3 1

with good accuracy at both near as well as away from 

the boundary. As discussed earlier, the plate 

representation across the corrugation is more 

accurate in contrast to along the corrugation.

Figure 16: Comparison of u  across the Corruga�on of Homogenized plate and ITPS Panel3

Figure 17: Comparison of u  along the Corruga�on of Homogenized Plate and ITPS Panel1

Further, the variations of the strain components of the 

face-sheets were obtained from the homogenized 

plate solutions and compared with the full-scale 

model of ITPS panel. The normal strain components of 

the TFS and BFS can be evaluated from the plate 

solution using the kinematic relations as follow:

Where             and       are mid-plane strain 

components and           and        are mid-plane 

curvatures.

The comparison of strain components (       and       ) of 

the TFS and BFS along at x = a/2 and y = b/2 under the 

non-uniform temperature field subjected to uniform 

pressure as shown in Figures 18 to 21 are compared 

with the solu�on obtained from the homogenized 

plate as described earlier.

The in-plane strain components of TFS and BFS 

obtained from the plate solu�ons along x = a/2 are 

compared with the full-scale model. It can be seen 

from Figure 18, varia�on in     of the BFS is more 

accurately predicted by the homogenized plate as 

compared to the TFS. This may be due to the localized 

bending effect, which is increasing significantly with 

temperature. The applied high-temperature field on 

the TFS enhances the localized effect as compared to 

the BFS, thus crea�ng large devia�ons between the 

plate solu�ons and the full-scale model. As seen in 

Figure 19, oscilla�ons in         are present for the TFS of 

the full-scale model due to the web effect and matches 

with the plate solu�on in an average sense. However, 

these oscilla�ons are absent in the BFS due to highly 

s�ff material as compared to the TFS. 

It is evident from the comparison along y = b/2 as 

shown in Figure 20 that the varia�ons in are    

accurately predicted by the homogenized plate. 

However, it can be observed from Figure 21 that 

devia�on in of TFS is more as compare to the BFS.         

These large devia�ons are due to localized effects as 

discussed earlier, which are significantly large for the 

TFS. However, it can be observed from Figures 18 to 21 

that strain component in the transverse direc�on   (      ) 

to the corruga�on is more accurate than These     . 

devia�ons may be the localized effect, which becomes 

significant due to the flexible nature of the web.

Figure 18: Comparison of Strain component (       ) of Homogenized plate and ITPS Panel
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Figure 19: Comparison of Strain component (       ) of Homogenized plate and ITPS Panel 

Figure 20: Comparison of Strain component (        ) of Homogenized plate and ITPS Panel

Figure 21: Comparison of Strain component (        ) of Homogenized plate and ITPS Panel

Conclusion

In this paper, the homogenization of ITPS panel as an 

orthotropic thick plate has been derived with a 

thicknesswise temperature gradient. The plate 

representation requires the prediction of the 

homogenized properties using unit-cell and FEM 

based beam analyses. The homogenized properties 

are obtained by calibrating the properties depending 

upon the thicknesswise temperature variation. The 

calibration step requires twelve unit cell simulations 

for extensional ([A]), coupling ([B]) and bending ([D]) 

matrices, and six FEM based beam analyses for 

transverse shear (A  and A ) stiffness properties 44 55

considering constant and linear thicknesswise 

temperature variation. Once calibrated, any linear 

thicknesswise variation of temperature can be 

considered for the homogenous plate model to 

capture the response of the actual ITPS panel. The 

homogenized procedure derived in this work can be 

amplified for a higher order of temperature 

polynomial, which will require some additional 

constant be calibrated.

The efficacy of the calibrating procedure has been 

verified by comparing the homogenized properties 

with FE homogenization. The in-plane, coupling and 

bending stiffness properties are approximately the 

same as micro-mechanical analysis, and the transverse 

shear stiffness properties have been obtained with a 

maximum error of 5.20% to exemplify the accuracy of 

the proposed method.

Furthermore, the response of the homogenized plate 

model has been verified with the full-scale model of 

the ITPS panel under both uniform and non-uniform 

temperature field subjected to uniform transverse 

pressure. The comparisons of displacement and strain 

components clearly show that the homogenized plate 

model yields the results with reasonable accuracy. The 

full-scale model of ITPS panel and homogenized plate 

consists of 155452 and 1281 nodes, respectively. 

Therefore, the total number of degrees of freedom of 

the ITPS panel is 121 times larger than the 

homogenous model. Thus, it can be concluded that the 

homogenization method derived in this work provides 

computationally efficient solutions and hence can be 

used in the structural analysis of RLVs. 

Future Work

The spatially varying temperature field in ITPS panel 

necessitates the incorporation of the thermal 

expansion in the homogenous model. In future, 

thermomechanical study will be conducted for the 

corrugated core sandwich structure represented as a 

homogenized plate model.
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Figure 19: Comparison of Strain component (       ) of Homogenized plate and ITPS Panel 

Figure 20: Comparison of Strain component (        ) of Homogenized plate and ITPS Panel

Figure 21: Comparison of Strain component (        ) of Homogenized plate and ITPS Panel

Conclusion

In this paper, the homogenization of ITPS panel as an 

orthotropic thick plate has been derived with a 

thicknesswise temperature gradient. The plate 

representation requires the prediction of the 

homogenized properties using unit-cell and FEM 

based beam analyses. The homogenized properties 

are obtained by calibrating the properties depending 

upon the thicknesswise temperature variation. The 

calibration step requires twelve unit cell simulations 

for extensional ([A]), coupling ([B]) and bending ([D]) 

matrices, and six FEM based beam analyses for 

transverse shear (A  and A ) stiffness properties 44 55

considering constant and linear thicknesswise 

temperature variation. Once calibrated, any linear 

thicknesswise variation of temperature can be 

considered for the homogenous plate model to 

capture the response of the actual ITPS panel. The 

homogenized procedure derived in this work can be 

amplified for a higher order of temperature 

polynomial, which will require some additional 

constant be calibrated.

The efficacy of the calibrating procedure has been 

verified by comparing the homogenized properties 

with FE homogenization. The in-plane, coupling and 

bending stiffness properties are approximately the 

same as micro-mechanical analysis, and the transverse 

shear stiffness properties have been obtained with a 

maximum error of 5.20% to exemplify the accuracy of 

the proposed method.

Furthermore, the response of the homogenized plate 

model has been verified with the full-scale model of 

the ITPS panel under both uniform and non-uniform 

temperature field subjected to uniform transverse 

pressure. The comparisons of displacement and strain 

components clearly show that the homogenized plate 

model yields the results with reasonable accuracy. The 

full-scale model of ITPS panel and homogenized plate 

consists of 155452 and 1281 nodes, respectively. 

Therefore, the total number of degrees of freedom of 

the ITPS panel is 121 times larger than the 

homogenous model. Thus, it can be concluded that the 

homogenization method derived in this work provides 

computationally efficient solutions and hence can be 

used in the structural analysis of RLVs. 

Future Work

The spatially varying temperature field in ITPS panel 

necessitates the incorporation of the thermal 

expansion in the homogenous model. In future, 

thermomechanical study will be conducted for the 

corrugated core sandwich structure represented as a 

homogenized plate model.
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