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Attention in this work is focused on aerodynamic heating and aero-thermo-mechan-
ical analysis of fin type structures on the missile at supersonic flight. At high Mach
number the heat due to friction between body and flow, i. e. viscous heating must be
taken into account because the velocity field is coupled with the temperature field.
The flow field around the fins of the missile and especially the temperature distribu-
tion on its surface, as well as aerodynamic-thermal-structural analyses are numer-
ically modelled in ANSYS Workbench environment. The investigation was carried
out for two Mach numbers (M =2.3 and M =3.7). Own available structural exper-
imental results have been used for computational structural mechanics validation
and verification, in order to assure credibility of numerical fluid-thermal-structure
interaction. Conducted simulations were carried out to better understand the flu-
id-thermal-structure interaction of the missile fin during supersonic flight.

Key words: missile fins, supersonic flight, aerodynamic heating,

fluid-thermal-structure interaction

Introduction

Aerodynamic heating is the heating of an aerospace vehicle which is occurring in
very high speed exploitation regimes due to compression and friction within the boundary layer
around the vehicle. Aerodynamic heating of supersonic and hypersonic flights has been under
intensive consideration in recent years [1-12]. As a result of very high missile flight speeds,
aerodynamic heating arises as a major problem to be considered in the missile design. This
problem is larger near the stagnation regions, such as those existing at the missile fin leading
edge [7-9, 12]. Also, one of the major issues, at supersonic flight conditions with higher Mach
numbers, is that the fins can be subjected to substantial damage due to excessive heating and
structural loading. So, investigation of aerodynamic heating coupled with aerodynamic force
acting on the fin structure represents one of the major challenges in the design of supersonic and
hypersonic vehicles, such as missile.

The approach to determine the missile acrodynamic characteristics may range from
simple approximate, empirical, or semi-empirical analyses to detailed CFD solutions. Studies
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that have improved numerical simulations enabled the solutions of complex multidisciplinary
problems associated with projectile, missile and fin aerodynamics [10, 13-19].

Aerodynamic-thermal-structural analysis methods have an important role in the de-
sign of high speed flight vehicles and modelling of computational aerothermoelasticity phe-
nomena, so they represent the necessary tool in aerospace design and optimization. Numerical
prediction of thermally induced deformations and stresses [20] has been accomplished as a
crucial sequence of spacecraft analysis [21].

It is obvious that the aero-heating problem requires acrothermoelastic analysis, which
is based on multidisciplinary interaction between the elastic structure, heating and the aero-
dynamic and inertial forces acting on it, and its resulting behaviour and response during the
exploitation. In order to provide the best possible design, opposite requirements imposed by
aerothermoelasticity, i. e. acrodynamic, thermal and structural analyses have to be met.

In this multidisciplinary study numerical aerodynamic-structural and aerodynam-
ic-thermal-structural analyses were carried out on a short range ballistic missile fin model,
which was developed for scientific and internal experimental, CFD and computational struc-
tural mechanics (CSM) testing and calibration purposes. The design process of the ballistic
missile fin model in question included primarily static structural experimental analyses, in or-
der to achieve the maximal strength and safeness. Results of those experiments were used for
validation and verification of CFD and CSM analyses of the missile fin model. Validation and
verification procedures for numerical aerodynamic-structural analyses based on static structural
experiments were a part of necessary routine, so that numerical acrodynamic-thermal-structural
analyses could be carried out with acceptable accuracy.

The aim of this paper is to present a numerical aecrodynamic-thermal-structural analy-
ses of ballistic missile fin configuration during supersonic flight conditions, within a multipoint
and multidisciplinary framework for aecrodynamic-thermal-structural analyses, based on one
multi-module software, in order to investigate thermal effects on fin structure, regarding safety
and reliability in critical exploitation conditions and to improve and quicken the overall design
processes with proposed numerical environment.

It should be noted that this study addresses a relevant aspect in missile aerothermoe-
lasticity, because, as it can be seen from the presented literature survey, this kind of complex and
robust analysis was never conducted on missile structures, since cited studies employ entirely differ-
ent approaches. They use either custom made codes which generate acrodynamic databases based on
__________ . curve fits of experimental data, 2-D sim-
Aerodynamic . . . ..
environment Aerodynamic-thermal/structural plifications or semi-empirical methods, re-
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The algorithm of multimodular environment [15], for the purposes of computational
aerodynamic-structural analysis and aerodynamic-thermal-structural analysis as well, is pre-
sented in fig. 1. This algorithm shows data flows and order of activities in given automated
framework.

Geomnetrical module and mesh generator

The 3-D parametric fin configuration and appropriate computational fluid domain were
created in the DESIGN MODELER environment [22]. The fluid domain was modelled to be a
part of paraboloid with 30 fin root chord lengths upstream and downstream from the tip of the
model and with semi-axis of the paraboloid base with 30 fin root chord lengths, too. Boundary
conditions for CFD analyses are defined as wall, symmetry and pressure-far-field. Boundary con-
ditions for CSM analyses are defined as Fluid Solid Interface and Fixed Support or Displacement.
These geometries delivered by DESIGN MODELER are discretized by MESH module [23].
These highly automated tools have been used for meshing structural and fluid domain.

Aerodynamic (CFD) and structural (CSM) analyses

For the air flow prediction the Navier-Stokes equations have to be solved. The 3-D,
time-dependent, Reynolds averaged Navier-Stokes equations are discretized using a cell-centred
finite volume approach. The entire system of governing equations in conservation form is as giv-
en in [24]. The flow solver, based on finite volume method, used in this study was the ANSYS
FLUENT [25, 26]. Pressure-based type solver with coupled scheme was used to compute the flow
field. The implicit formulation (coupled scheme) with advection upstream splitting method flux
type was selected for solution method. The Least square cell based for gradient, second order for
pressure and the second order Upwind scheme for density, momentum, turbulent kinetic energy,
specific dissipation rate and energy were selected for spatial discretization. Static temperature and
static pressure were calculated with respect to their appropriate total values according to flow field
Mach number. All surfaces of the models were defined as a stationary no-slip adiabatic wall con-
ditions. Menter’s [27-30] shear stress transport k- model was selected for the numerical calcula-
tion of the turbulent flow in the computational domain. The main control over the time-stepping
scheme is the Courant number which was defined to be up to 200. Hybrid initialization method is
used for each acrodynamic simulation initialization and represents the collection of instructions
and boundary interpolation methods.

The structural solver, based on finite element method, used in this study was the AN-
SYS MECHANICAL (STATIC STRUCTURAL). Equilibrium equation for three dimensional
static analysis problem was derived from the minimum potential energy principle [31]. The
Sparse direct solver was used for the solutions of linear system of equations. This solver is
primarily based on Gaussian elimination method used for obtaining unknown nodal displace-
ments. For the lower-upper decomposition of quadratic global stiffness matrix Cholesky meth-
od was used, because sparse direct solver uses only non-zero matrix inputs.

System coupling

The SYSTEM COUPLING [32] module represents a special feature of multimodular
environment which couples, controls and synchronizes selected solvers (modules) in order to
complete all required coupled field analyses, which subsequently enables simulation of phe-
nomena based on fluid-structure interaction. This feature enables transfer of properties and
behaviours of analysed fields in both directions, simulating two-way fluid-structure interaction
(FSI) analysis, also two-way FTSI analysis, between two participants. To be more specific,
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closely coupling FSI and FTSI mechanisms in this research were conducted [10, 33]. For the
applied explicit model of analysis this iterative procedure is carried out only within the ana-
lysed field loop of and the coupling field loop. This kind of analyses requires determination of
the number of steps, which was defined to be 25, and number of iterations or convergence crite-
ria in separate modules. For this kind of simulation model the equations which define fluid and
structure are solved separately within the selected fluid and structural codes. Those equations are
coupled in unique module which controls data transfer, creating realistic computational aerody-
namic-structural and aerodynamic-thermal-structural procedure models, regarding the simulated
phenomenon. After defining the type of simulation execution, it is necessary to couple solvers,
define interacting regions and transfer variables. Next, it is necessary to select input/output var-
iables (force, incremental displacement, temperature, heat flow rate, heat transfer coefficient, or
near wall temperatures). This provides data transfer in both directions between solvers.

This kind of simulation required coupling of FLUENT and STATIC STRUCTURAL
modules. The transfer variables which are being exchanged between defined regions and which
correspond to the boundary conditions of wall (fluid domain) and fluid solid interface (structure
domain) are displacement increment, aerodynamic forces and temperature. Based on previously
mentioned, it is necessary, within the FLUENT code, to provide remeshing of fluid domain in
the moment of delivering calculated deformation from structural solver. In order to achieve men-
tioned condition, it was necessary for mesh moving/deforming of fluid domain technique to be
employed within the two-way analysis. The dynamic mesh model, which is a part of FLUENT,
has being used for simulations in cases when fluid domain mesh moving/deforming is caused by
moving boundaries of other (structural) domain, which the fluid domain is in contact with.

Data transfer algorithms are combinations of mapping and interpolation algorithms that
are used by the SYSTEM COUPLING module. Two mapping algorithms are in use for executing
data transfer procedures (fig. 1). Data transfer procedure could be executed by profile preserving
algorithm, when transferring non-conserved quantities (displacements or temperatures), and by
conservative profile preserving, when transferring conserved quantities (mass, momentum, forces
or energy flows). Within profile preserving algorithm the Bucket surface mapping algorithm is
used to generate mapping weights [34], while within conservative profile preserving algorithm the
general grid interface mapping algorithm is used to generate mapping weights [35].

Numerical and experimental static structural analysis

Aerodynamic loads are defined for two cases (tabs. 1 and 2). The static structural anal-
ysis of the fin was experimentally tested for targeting flight condition (tab. 2).

Table 1. Aerodynamic input data

Load case H [m] T[K] M AoA [] a,[ms?] a,[ms=] g [ms?]
Case 1 10200 221.7 2.3 5 36.11 2.3 9.81
Case 2 18880 216.5 3.7 5 53.81 3.85 9.81

Table 2. Summary of CFD generated aerodynamic responses
. Load case
Aerodynamic output data ool Cas2
Nominal aerodynamic force F;=3508.0N F;,=1418.0N
Location of aerodynamic force (X-axis) 0.4408 m 0.4516 m
Location of aerodynamic force (Z-axis) 0.2276 m 0.2196 m
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Based on the maximum aerodynamic lift force aspect one critical load case (case 1,
tab. 2) is used in stress and strength analysis. Geometrical characteristics and material (Perunal
205-T6) properties for fin model are presented in tab. 3 [36-38]:

Table 3. Geometrical characteristics and material properties for fin

Fin span: 0.500 m Density 2780 kgm3
Root chord length: 0.715m Poisson coefficient 0.33

Tip chord length: 0.285m Young’s modulus 740 GPa
Angle between 1. e. and z-axis: 40.69 ° Ultimate Tensile strength 450 MPa
Root thickness: 0.0143 m Yield strength 300 MPa
Tip thickness: 0.0057 m Coefficient of thermal expansion 2.4-10° 1/K
Fin area: 0.5024 m? Thermal conductivity 156 W/mK
Mass: 6.79 kg Specific heat 963 J/kgK

Experimental installation for static tests of fin

Static structural experimental analysis of fin [36, 37] was carried out at Military Tech-
nical Institute in Belgrade. The experimental installation for static structural analysis of fin
with analysed model is shown in fig. 2(a). Same figure presents the manner in which the load is
applied, and the transducers locations distribution fig. 2(b). Analysed fin geometry is presented
in fig. 2(c).

Figure 2. The experimental installation for static test of; fin model (a), transducers displacements
distribution presented in millimetres (b), and analysed fin geometry (c)

For both case 1 and case 2 flight conditions, defined with the same critical angle
of attack (4oA) value, the aerodynamic load of the fin (lift force) was obtained by panel
method and verified by CFD code, and the agreement between those results was very good.
After a well-conducted CFD validation/verification this result was accepted as credible.
Calculated maximal load was applied on the model and the deformation was experimen-
tally determined. The maximal displacement values were measured on locations 3 and 7 in
fig. 2(b), and they are u;=0.01815 m and u,= 0.01925 m. These displacements correspond
to the load case of maximal lift component ' = 3508 N (case 1) and were used for the
purpose of CSM validation. The lift component value of = 1418 N represents the second
aerodynamic load case (case 2).

In order to achieve as accurate results as possible, previous analysis included inde-
pendently conducted static structural experiments of the analysed missile fin model. These ex-
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perimental results, supported by panel and CFD analyses, were, in fact, the only available
results, because the used experimental installation was not equipped with the devices for behav-
iour monitoring of aero elastic structure, nor for aerothermal load analysis of any kind.

Verification, validation and numerical efficiency of CFD and CSM

The fin geometry was used for both CFD and CSM solver verification/validation. Ver-
ification of numerical aerodynamic results prediction, for five different mesh resolutions, was
conducted for load case defined with Mach number 2.3 (tab. 4). As it can be seen from tab. 2,
this load case delivered greater value of the lift force component, so based on the test demand
this load case was used for static structural experiment. For all mesh resolutions the boundary
layer was modelled with 20 layers and 1.2 growth rate and the height of the first cell was chosen
to give y* value of about 1.0.

Table 4. Comparative review of aerodynamic responses with respect
to five different discretizations of fluid domain

Number of cells Calculated lift Calcula?ed location of Durgtion qf .
force [N] aerodynamic force (X/Z) [m] conducted simulation [min]
153195 3600.8 0.4289/0.2206 14
368634 3600.0 0.4268/0.2206 19
726948 3601.1 0.4247/0.2202 25
1413121 3605.4 0.4253/0.2203 40
3378599 3610.3 0.4258/0.2206 75

It is clearly to conclude that discrepancies between values of aerodynamic responses
for case 1 (tab. 2) and obtained numerical values are small and acceptable. These numerical val-
ues are very similar among each other, so one can conclude that CFD results are more credible
than panel method ones. Also, differences between CFD computing times are evident (tab. 4).
For the purpose of aerodynamic-structural simulation, number of cells of 368634 was chosen
as optimal number of cells for fluid domain discretization, since in this case calculated lift force
is the closest to the result obtained by CFD generated value used for structural experimental
analysis (tab. 2).

Results of conducted validation procedure of structural solver, based on experimen-
tally obtained displacements on locationes 3 and 7, are presented in tab. 5. This table represents
the differences between values of generated displacements at mentioned locations and the cal-
culation times for four mesh resolutions of structural domain.

Table 5. Comparative review of calculated displacements with respect
to four different discretizations of structural domain

Number of nodes Calgulated displacement on Durgtion qf :
locations 3 and 7 (us/u;) [mm] conducted simulation [min]
61783 17.11/19.23 14
110267 17.15/19.27 19
393850 17.25/19.40 75
673471 17.29/19.43 160

The discrepancies between obtained structural responses are acceptable with respect
to experimentally obtained ones, but calculating times are considerably different. Based on
calculated displacement values (tab. 5), for the purpose of aerodynamic-structural simulation,
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number of elements of 66194 (110267 nodes) was chosen as optimal number of elements for
structural domain discretization. This locally conducted multidisciplinary study for fin geom-
etry clearly suggests that in case when fluid domain was discretized with 368634 cells, and
structural domain with 110267 nodes, time needed for static aero elastic numerical calculations
is optimal, with well-established numerical calculations accuracy. For the purpose of aerody-
namic-structural simulations, structural domain was modelled with SOLID187 structural ele-
ment. The difference regarding the lift calculated with panel method was 2.62%, which leads to
conclusion that numerical aecrodynamic-structural model is very acceptable.

It should be noted that the differences between experimentally and numerically ob-
tained displacements on positions 7 and 3 are 0.1 %, and 5.5 %, respectively. The difference on
position 3 can be explained with coarse approximation of fin-body attachment.

Results and discussion

In this section, results of numerical aerodynamic-structural, aerodynamic-thermal-
-structural and thermal-structural analyses are presented. Aerodynamic and structural respons-
es, together with simulations execution times, are presented in tables, while the equivalent
von-Mises stress distributions and temperature distributions are presented in figures.

Aerodynamic-structural analyses

In accordance with results of conducted numerical verification and validation proce-
dures based on the fin static structural experiment for M = 2.3 and 404 = 5°, it can be concluded
that with identical settings for numerical structural analyses of fin for M = 3.7 and 4o4 = 5°,
for which static structural experiment was not conducted, provide results that are reliable and
accurate enough. Aerodynamic-structural numerical responses for both exploitation regimes
(cases 1 and 2) are presented in tab. 6.

Table 6. Aerodynamic-structural numerical responses for M = 2.3 and M = 3.7 exploitation regimes

dod Calculated Calculated loca- Calculated displacement Duration of
M ] lift force [N] tion of aerodynamic on locations 3 and 7 conducted
force (X/Z) [m] (us/uy) [mm] simulation [min]
2.3 5 3600.0 0.4268/0.2206 17.15/19.27 19
3.7 5 1522.3 0.4261/0.2171 7.02/7.96 19

For aerodynamic-structural analysis, equivalent von-Mises (averaged) stress distri-
butions for both exploitation regimes are shown in fig. 3. As it can be seen figs. 3(a) and 3(c),
region of maximal stress was occurred on the third support. Numerical calculations of aerody-
namic-structural behaviour consumed up to 6.63 GB RAM.

Aerodynamic-thermal-structural analyses

Based on conducted studies, the optimal settings of numerical calculations have been
adopted. The strategy is based on the assumption that if the validation/verification of aerody-
namic-structural model (static aero elastic) was very good, the acrodynamic-thermal-structural
results of the analysed fin model are credible as well. So, the settings for acrodynamic-ther-
mal-structural model are the same as the ones of static aero elastic numerical model and with
the same dicretizations of fluid and structural domain. For the purpose of aecrodynamic-ther-
mal-structural simulations, structural domain was modelled with SOLID227 coupled field ele-
ment [39], which takes significantly longer to solve. The results of aerodynamic-thermal-struc-
tural analysis of fin for cases 1 and 2 are shown in tab. 7.
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Figure 3. Stress distribution without thermal influence for M = 2.3 (a) and
(b), and for M = 3.7 (¢) and (d) (for color image see journal web site)

Table 7. Aerodynamic-thermal-structural numerical responses
for M =2.3 and M = 3.7 exploitation regimes

oA Calculated Calculated location of Calculated displacement Duration of
M ] T T [IN] aerodynamic force on locationes 3 and 7 conducted
(X/Z) [m] (us/u;) [mm] simulation [min]
2.3 5 3581.4 0.4151/0.2199 20.78/24.09 31
3.7 5 1501.5 0.4125/0.2125 14.17/17.46 26

For aerodynamic-thermal-structural analysis, equivalent von-Mises (averaged) stress
distributions for both exploitation regimes are shown in fig. 4. As it can be seen, figs. 4(a) and
4(c), region of maximal stress was occurred on the first support. Numerical calculations of aer-
odynamic-thermal-structural behaviour consumed up to 8.43 GB RAM.

Thermal-structural analyses

Thermal-structural analysis takes into consideration only thermal influences. To be
more specific, acrodynamic forces were excluded from transfer data within system coupling
module, which means that the lift force was calculated in aerodynamic module but not deliv-
ered to structural module. Only calculated temperatures were exported.

The aim of thermal-structural analysis was to point out the influence of temperature
on structural behaviour of analysed exploitation regimes. The results of thermal-structural anal-
ysis of fin for cases 1 and 2 are shown in tab. 8.
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Figure 4. Stress distribution with thermal influnce for M = 2.3 (a) and (b), and for M = 3.7 (c) and (d)
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Table 8. Thermal-structural numerical responses for M = 2.3 and M = 3.7 exploitation regimes

Aod Calculated Calculated location of | Calculated displacement Duration of
M °] Tift force [N] aerodynamic force on locationes 3 and 7 conducted
(X/Z) [m] (us/u;) [mm] simulation [min]
2.3 5 3758.1 0.4179/0.2223 4.59/6.35 19
3.7 5 1531.7 0.4129/0.2161 7.63/10.25 19

For thermal-structural analysis, equivalent von-Mises (averaged) stress distributions
for both exploitation regimes are shown in figs. 5(a) and 5(b). Surrounding temperature fields
for both regimes are presented in figs. 5(c) and 5(d). Numerical calculations of thermal-struc-
tural behaviour consumed up to 8.25 GB RAM.

The static temperature distribution for M = 2.3 on fin surface is represent in figs. 6(a)
and 6(b). The temperature change on whole fin surface is almost 124 K. As expected, tempera-
tures are higher at the lower fin surface where is recorded the highest temperature of 380.412 K,
which occurs directly beside the leading edge, fig. 6(a). The temperatures are slightly lower at the
upper fin surface, fig. 6 (b). Obviously, this temperature difference emanates from 4oA, which
is 5°, because the flow travels faster over the upper fin surface and the less heat is generated.

The static temperature distribution is also presented for M = 3.7 in figs. 6(c) and
6(d). In this case, the temperature change on whole fin surface is slightly above 243 K. Again,
temperatures are higher at the lower fin surface, where is recorded the highest temperature of
597.469 K which occurs at the leading edge, fig. 6(c), while the temperatures are slightly lower
at the upper fin surface, fig. 6(d), for the same reason as in previous case.
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Figure 5. Stress distribution with solely thermal influence for M = 2.3 (a) and for M = 3.7 (b), and
surrounding temperature fields for M = 2.3 (¢) and M = 3.7 (d) (for color image see journal web site)

Temperaurs The displacements caused by aerody-
namic heating are, obviously, greater than ones
when aerodynamic heating is not taken into
consideration. The maximum displacements
in both cases occur at the same positions as
the displacements without aerodynamic heat-
ing (tabs. 6 and 7). In case of M = 2.3 dis-
placements are 21% and 25% greater for the
location 3 and 7, respectively. But, those dif-
ferences are much higher in case of M = 3.7
displacements are 201% and 219% greater for
the location 3 and 7, respectively. Also, it is
evident that increase in Mach number largely
affects the increase in displacements.

It has to be noted, that due to coarse ap-
Figure 6. Static temperature distribution for proximation of fin-body attachment, obtained
M =2.3 on lower (a) and upper (b) fin surface equivalent stress values must be taken with
and static temperature distribution for M = 3.7 great reserve. Never the less, these results can
on lower (¢) and upper (d) fin surface give the general picture of stress distributions
(for color image see journal web site) <

in conducted analyses.
Similarly as displacements, the equivalent stresses are greater in case with aero-
dynamic heating taken into consideration, with the equivalent stress distributions near-
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ly the same for both Mach numbers, but as it is shown in tab. 8, the influence of thermal
stresses is greater for M = 3.7 than for M = 2.3. The maximum equivalent stresses appear
on the first support from leading edge. In case without influence of aerodynamic heating,
the equivalent stress distributions are different, whereby, as expected due to exploitation re-
gimes, the maximum and minimum equivalent stresses are higher for M = 2.3 than for
M = 3.7, with equivalent maximum stresses appear on the third support from leading edge.

It should be noted that in case when aerodynamic heating is taken into consideration,
there is an increase in maximum stresses: 3 times for M = 2.3, and around 7 times for M = 3.7,
while increase in minimum stresses is significantly higher: several hundred times for M = 2.3
and over one thousand times for M = 3.7.

Conclusions

In this paper a multidisciplinary framework for numerical aerodynamic-ther-
mal-structural analyses, based on only one multi-module software, was used to analyse ther-
mal effects on fin structure during supersonic flights conditions. The analysis was conducted
for two Mach numbers (M = 2.3 and M = 3.7). The obtained results showed evident influence
of the Mach number on aerodynamic heating and stresses/displacements. The displacements
and stresses in presence of acrodynamic heat were increased, but what was particularly inter-
esting was the substantial increase in minimum stresses. Furthermore, the conducted analyses
delivered qualitative results which can be used for fin material selection and improvement of
fin support assembly.

The conduction of static structural experiments was a necessary condition to begin
with creating well established numerical environment for aecrodynamic-thermal-structural sim-
ulation, because they were used for validation and verification of CFD and CSM analyses of
the missile fin model. Validation and verification enabled that the use of this numerical environ-
ment makes a significant upgrade of the overall fluid-thermal-structure interaction modelling
and in quickening of the overall conceptual design process. The proposed well-established en-
vironment integrated with existing experimentally generated database represents powerful tool
for numerical aerotermoelastic prediction in aerospace science and demonstrates high quality
of modelled responses with acceptable calculation times.

So, this work describes the approach which can be adopted to estimate the aerodynamic
heating effects on any aerodynamic configuration in spacecraft design, and hence to provide better
general understanding of aerothermoelastic behaviour during supersonic flight conditions.

Nomenclature

a,, —acceleration components, [ms?] Greek symbol

g — gravitational acceleration, [ms~] 3 . N o
)7 _ altitude, [m] o specific dissipation rate, [s™']
k — turbulence kinetic energy, [m?s 2] Acronyms

];[ :}[\:;Chegﬂﬁzer[é? v/e) [ AoA - angle of attack, [°]

di P ’ . CFD — computational fluid mechanics
uy;  — displacement on locations 3 and 7, [mm] CSM  — computational structural mechanics
v ~ dimensionless length parameter, [] FSI  —fluid structure interaction

FTSI - fluid thermal structure interaction
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