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Abstract: Rocket engine thrust chambers withstand very high temperatures and thermal gradients
during service that induce multiple damaging phenomena such as plasticity, low-cycle-fatigue (LCF)
and creep. Numerical models can be used during the design of these mechanical components in order
to simulate the main mechanical damaging processes, accounting for complex material behavior as
due to non-linear hardening phenomena and viscoplasticity. This work represents an improvement
upon previous research by the authors, with particular reference to the addition of the Wang—-Brown
fatigue criterion, to consider the effects of multiaxiality and non-proportionality of loads, and the
Voce model to account for non-linear isotropic hardening. A precipitation hardened copper alloy
has been considered as the material of the thrust chamber internal structure. The most critical areas
resulted to be on the internal surface of the chamber and in particular in correspondence of the
throat region, consistently with experimental tests available in the literature conducted on similar
geometries. Results demonstrated that low cycle fatigue and thermal ratcheting (plastic instability)
are the dominant damaging phenomena for the considered test case.
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1. Introduction

A liquid-propellant rocket, or liquid rocket, utilizes a rocket engine that uses liquid
propellants. In a liquid rocket engine, stored fuel and stored oxidizer are pumped into a
combustion chamber where they are mixed and burned. The hot exhaust passes through a
nozzle which accelerates the flow, and thrust is produced according to Newton's third law
of motion. The combustion produces great amounts of exhaust gases at high temperature
and pressure, with consequent heavy thermal loads acting on the structure. In the latest
applications, liquid rocket engines generally use a mixture of oxygen and methane in liquid
form as propellant, in order to achieve the requests in terms of thrust.

Active cooling is one of the latest advances that allows to avoid excessive temperatures
by using methane as coolant, to reduce temperature in the structure, before it is injected
in the chamber. At the same time, this technology requires pressure inside the cooling
channels that surround the engine higher than that occurring in the chamber itself. There-
fore, bending is induced in the inner wall that separates the hot gases from the coolant.
Furthermore, especially during transients, compressive hoop stresses are generated in
the inner wall that is restrained by the colder outer structure. This phenomenon causes
thermal-stresses that can potentially exceed the yield stress of the material generating
plastic deformations in the walls that can, in turn, affect the overall structural safety.

The possible failure mechanisms of a thrust chamber were analyzed in numerous
experimental campaigns. Hannum et al. [1] studied the thermo-mechanical behavior of

Metals 2023, 13, 470. https:/ /doi.org/10.3390/met13030470

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13030470
https://doi.org/10.3390/met13030470
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3200-321X
https://orcid.org/0000-0002-4410-9484
https://orcid.org/0000-0002-3511-6121
https://orcid.org/0000-0003-3167-019X
https://doi.org/10.3390/met13030470
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13030470?type=check_update&version=1

Metals 2023, 13, 470

20f16

cooling channels made of NArloy-Z copper alloy and OFHC (Oxygen Free High Conduc-
tivity copper) from an experimental point of view; they found that ratcheting was the
dominant damaging phenomenon leading to the rupture of the cooling channel.

Quentmeyer [2] extended the investigations to the AMZIRC copper alloy and found
that a thinning of the ligament was detected during the experimental tests.

More recently, Gernoth et al. [3] conducted several thermo-mechanical fatigue (TMF)
tests on panels to validate thermo-fluid-dynamic analyses and to assess state-of-the-art
viscoplastic models. From a numerical point of view, several studies have been conducted
to develop viscoplastic models capable of reproducing the actual deformation of the cooling
channel [4].

The present paper can be considered as a continuation of previous works [5,6]; in
particular, one of the aims was to improve the isotropic hardening model from a linear to a
non-linear one (through the Voce model), and to provide more insights in the low cycle
fatigue evaluations by employing the Wang-Brown model.

The thrust chamber structure under examination is made of a precipitation-hardened
copper alloy (C18150), exposed to the combustion chamber gases, and electrodeposited
layers made of copper and nickel on the outside. Combined non-linear hardening models
(isotropic and kinematic hardening) were considered for the simulation of the thermo-
mechanical behavior [7-9]. More accurate modelling, with respect to literature works, was
preferred to model creep, considering both primary and secondary creep stages, obtained
by means of the combined time hardening rule (creep is usually modelled with Norton’s
law, i.e., with allowance for secondary creep only).

Regarding the investigation of typical thrust chamber failure mechanisms, creep,
Low-Cycle Fatigue (LCF) and ratcheting have been identified as the most likely causes of
failure [10-12]. Typically, a “dog-house” effect with ligament thinning is recorded between
the cooling channels as a result of a combination of those failure mechanisms.

Previous works adopted the Manson-Coffin law for LCF evaluations [8,11,12]. How-
ever, no studies can be found on the investigation of the effects of multiaxial and non-
proportional loading on the fatigue life of the thrust chamber. Hence, a significant effort
was made in the present study to fill this gap, so as to gain a better understanding regarding
the relevance of their effects. In the present work, in addition to Smith Watson and Topper
(SWT), the Wang-Brown (WB) criterion has been used to evaluate the service life of the
thrust chamber. In particular, the WB method is very versatile since it allows to estimate,
besides the effects of multiaxiality (modelled by the SWT method too), the non-proportional
loading consequences on the service life of the component.

In previous works [5,6], the authors have studied the thermomechanical behavior of
the HYPROB thrust chamber cooling channel adopting an annealing softened copper alloy
(CuCrZr), whereas a precipitation hardened copper alloy is considered in the current work.

In more details the new feature implemented and tested in this work are:

e  Non-linear isotropic hardening model (VOCE) instead of the multilinear isotropic one;
in such a way a saturation yield stress is considered;

e  Wang-Brown fatigue criterion, using the commercial code ncode DesignLife. Fatigue
results are compared with those obtained with the SWT fatigue criterion; multiaxiality
non-proportional loading effects are considered.

Since a precipitation hardened alloy is considered for the inner layer of the thrust
chamber, softening behavior is expected when the thrust chamber is thermo-mechanically
cyclically loaded. The finite element code adopted to solve the thermostructural analyses is
ANSYS 2021 R1.

The work is organized in the following manner: a description of the adopted numerical
models (hardening, creep and fatigue) is given in the next section; then the numerical results
are analyzed and summarized; finally, conclusions and future perspectives are described in
the Section 6.
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2. Structural Model

An illustration of a rocket engine thrust chamber is shown in Figure 1. Being the throat
region the most critical zone of the whole component, this was the core of the analyses
reported in this document. Figure 2 shows the throat region highlighting the thermo-
mechanical boundary conditions set up in the framework of a submodelling approach.
Namely, an axis-symmetric FEM (Finite Element Method) model of the whole chamber was
used as global model, whereas only the local submodel of the throat area shown in Figure 2
was extracted and used for the detailed analyses of this critical zone.

Cooling flow
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G

Oxygen ==

Hot gas

|

njector head
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N

Cooling flow

Figure 1. Rocket engine thrust chamber and related functional scheme [5].
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Figure 2. Thermo-mechanical boundary conditions [5].

Plasticity was modelled with the von Mises yield criterion, Prandtl-Reuss flow rule,
and both non-linear isotropic and kinematic hardening laws, as respectively proposed
by Voce [13] and Chaboche [14-16]. Creep effects are simulated considering primary and
secondary creep models (combined time hardening) [17,18]. Such a choice has been driven
by literature results, such as [17], where the authors have demonstrated that the adoption
of a comprehensive creep model including primary and secondary creep effects ensure a
more reliable solution.

Plastic instability, fatigue and creep damage mechanisms are taken into account in a
cumulative damage model. A weak coupling has been considered between the thermal and
the displacement field, namely the temperature field influences the strain—stress response,
and not vice versa. Several papers from literature demonstrated that such an approximation
provided accurate results [19].

The transient thermal behavior of cooling channels was investigated by non-linear
FEM analyses, considering the dependence of material properties with temperature.

2.1. Creep

The creep effect was modeled by a combined time hardening relationship. The com-
bined time hardening model can be described through Equation (1), whose calibration
parameters are shown in Table 1 as obtained from [20]:

D,
DyoP2 D317 D
£or = — D;+1 + Dsoote™ T 1

where Dy, D, ... Dy are material constants retrieved by one-dimensional creep tests.
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Table 1. Material parameters for combined time hardening equation, where temperature is expressed
in K, time in s, and stress in MPa.

Dy D, Ds Dy Ds Ds Dy,
6.05 x 1010 3 —0.92 23,695 2.82 x 10722 14 23,695

A more extensive discussion on the adopted viscoplastic model and a comparison
among different approaches are described in [21].

2.2. Plasticity

Plasticity can be considered as one of the primary mechanisms of failure of the engine
and has to be modelled in the most accurate way. To this aim, a combined isotropic-
kinematic hardening model was set up in this work to model the material behavior. The
Chaboche kinematic hardening law comprising three back stresses (these latter defined
by Armstrong-Frederick models) was adopted to account for the kinematic hardening
phenomenon [8]. A detailed explanation of this plasticity hardening model was reported
in [5,6] where also the related calibration parameters can be found.

The Voce hardening model is adopted to represent the non-linear isotropic hardening
behavior. It is described by the following equation:

0y 00 + Roépr + Reo (1 - e*’“w) )

where:

0y is the current yield stress,
0p is the initial yield stress,
Ro, Reo and h are material parameters characterizing the isotropic hardening behavior
of materials,
e ¢, isthe equivalent plastic strain.

In the present case, the term Ry is equal to zero, then, a saturation yield stress is
present, namely (0p+ Re). Voce model hardening parameters are summarized in Table 2.

Table 2. Voce model parameters for CuCrZr [9].

Temperature [°C] oo [MPa] Ry [MPa] Re [MPa] h
20 273 0 —43
200 275 0 —60 8
400 238 0 —68 10
550 170 0 —80 12

The material parameters of the Voce law are calibrated by the fitting method using
the stabilized (saturated) loops obtained from a series of strain-controlled uni-axial cyclic
tension/compression tests for precipitation-hardened CuCrZr alloy (Figure 3) [9].

2.3. Low Cycle Fatigue
2.3.1. Smith Watson Topper Method
The Smith-Watson—Topper criterion was considered in this work to account for the

LCF phenomenon. Among the various possible options, this model was chosen because
accounting for the mean stress effect through following equation:

2
/
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where the exponent b and the fatigue strength coefficient (Tj/[ are the Basquin law coefficients,
the exponent ¢ and the fatigue ductility coefficient 8} are the Manson—Coffin parameters,
finally 2Nf is the number of reversals to failure. SWT calibration parameters can be found
in [6]. Equation (3) was therefore solved for the assessment of damage produced by loads
or for the life prediction directly. Furthermore, the effect produced by the multiaxiality of
the local stresses are considered by means of the biaxiality ratio B;:
02
B, = = 4

=2 @
where 0, and o7 are the second and the first principal stress respectively. In what follows,
the SWT calibration parameter values are summarized:

° 0'} = 760 MPa

b=-0.12
c=—-0.6
400
-7
- - == 20°C s
———— 200°C LT ey
———— 400°C G
200k | === 550°C //’// /.
L e A
/-%//// /(/ !
= 5 ‘[ A
a /¢ /7 J 7/
= / V4 /// 7
o - ZA V7 J
@ 0 // v //./‘///
@ Loy Lo
- A % 7y s
'(b' , p oA
Lo 74
. I AT
W
- i A< S
200 / /'/ /////
L ol 3
_/ — ‘/'/
X .~ <
/_ -
0 1 1 1 1 1 J
-06 04  -02 0 02 04 06
strain

Figure 3. Precipitation-hardened CuCrZr-Saturated loops at different temperatures [14].

2.3.2. Wang-Brown Fatigue Method

The Wang-Brown (WB) fatigue criterion is made of two parts: a multiaxial rainflow
cycle counting algorithm, and a path-independent multiaxial fatigue damage parameter.
The multiaxial cycle counting method is based on strain hardening behavior under non-
proportional variable amplitude loading. The concept of relative stresses and strains is
introduced so that a pair of turning points define the start and end points of a reversal,
where the equivalent relative strain rises monotonically to a peak value. Since plastic
deformation generates the driving force for small fatigue cracks, hardening provides a
physical parameter for cycle counting analogous to rainflow counting in the uniaxial case.

Then, the input for the present method is the elastic-plastic strain and stress his-
tory, coming from the finite element solution. Unlike critical plane methods where crack
initiation is assumed to occur along a single plane, the Wang-Brown approach consid-
ers that crack initiation may occur in several planes depending on the direction of the
principal strains.
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The path-independent damage parameter Py proposed by Wang and Brown has
been shown to provide good correlation for several materials under proportional and
non-proportional loading [22]:

! —

_ Ymax + Sben Y 201, mean b, c
T 1+v+S(1-v) E (ZNf) +€f(2Nf) (5)

Pwp

where:

- Ymax is the maximum shear strain amplitude on critical plane;

- gy isthe normal strain excursion between two turning points of the maximum shear
strain (that is the range of the normal strain experienced on the maximum shear plane
over the interval from start to end of the reversal);

- Onmean 1S the mean stress normal to the maximum shear plane;

- — S is a material constant determined from a multiaxial test (default = 1);

-V is the effective Poisson’s ratio;

- 0} and b are parameters from Basquin law;

- s} and c are parameters from Coffin-Manson law.

In general, the Wang—Brown method’s main features can be summarized as follows:

The method adopts of a complex recursive multi-axial rainflow counting method,
a mean stress correction method can be considered,

the method can be adopted for proportional and non-proportional loadings,

it may be slow for long loading histories,

evaluates a different critical plane for each rainflow reversal.

w

. Description of Numerical Model

A local model of the throat region, where maximum heat fluxes and temperature
gradients are expected, was analyzed by a submodelling approach (Figure 4), in order to
reduce the computational burden related to an accurate investigation involving the whole
chamber. In particular, a global model with a coarse mesh in the throat region, was built
to evaluate the displacement and thermal boundary conditions to be applied on the cut
surfaces of the local model [23]. Considerable computational savings can be achieved, since
a full model with a refined mesh, useful to rigorously capture local stress gradients, would
ask for a computation time that is one order of magnitude higher than that needed with a
sub-modelling approach.

I Region of interest

Figure 4. Global model (up), submodel with highlight of the region of interest where to focus the
analysis of numerical results (down) [5].

In general, sub-modelling approaches allow to restrict the mesh refinement to the
zones where plastic strains are envisaged. In particular, FEM analyses on a global model
with a coarse mesh and a local model with a fine mesh are sequentially conducted. The
displacements and temperatures, obtained by a FEM analysis of the global model, calcu-
lated on the interface between the global and local models, are transferred to the local
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refined model as boundary conditions for each time step. As demonstrated in [5,6], only
a few cycles, need to be simulated with a global model to provide appropriate boundary
conditions to the local model, because after 3—4 cycles such boundary conditions become
stabilized, without any more significant variations (the variations are restricted to the
submodelled volume where high plastic strains are expected). Only half-cooling channel
was modeled (Figure 5), taking advantage of the symmetry of the chamber, with related
boundary conditions (Figure 6).

Simmetry

Plane 1 \

Chamber —\

/

Simmetry
Plane 2

Chamber c
Jacket e 5

BN Nickel
B OFHC
Coolant mm C.C,Z,

Channel

(a) (b)
a: ligament thickness
b: channel height
c: electrodeposited OFHC thickness
d: electrodeposited Nickel thickness
e: half rib length
f: half channel length

Figure 5. Highlight of symmetry conditions (a) and cooling channel section (b) [5].
a)
Kinematic Constraints: Structural loads: Natural convection

Cyclic Simmetry
Pehanner = 12 MPa

¢ Pehamper =5 MPa
Tcootan
J’* .'Peimmul * Body temperature ﬁ‘ : hc(.,:;,.:.

N b
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: : —a’ Engine axis [m]
0 i
0.00 0.10 0.20 0.30 0.40

Engine axis [m]
Figure 6. (a) Thermal and structural boundary conditions; (b) Convective boundary conditions [5,6].
The combustion chamber was realized with three different materials, as shown in
Figure 5:

e  CuCrZr alloy, in the zone in contact with the hot gases and the coolant;
e athinlayer of electrodeposited oxygen-free high-thermal conductivity copper (OFHC Cu);
e alayer of electrodeposited nickel to afford adequate chamber stiffness.
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Tables 3-8, also reported in [5,6], summarize the mechanical, physical and thermal
properties of the copper alloy CuCrZr, the electrodeposited OFHC Cu material, and
nickel [5,6,24].

Table 3. Thermal and physical properties of CuCrZr alloy [5].

Temperature Mass Density Therm.al. Specific Heat Thermal ]?x.panswn
3 Conductivity Coefficient
(K] lkg/m”] [W/mK] [J/kgK] [1/K]
300 8933 320 390 15.7 x 1076
600 8933 290 390 17.9 x 1076
900 8933 255 400 18.7 x 107©

Table 4. Mechanical properties of CuCrZr alloy [5].

Temperature Young's Modulus E Poisson’s Yield Stress Ultimate Tensile
K] [GPal Ratio v [MPa] Strength [MPa]
300 130 0.3 433.9 477.9
500 106 0.3 383.3 4029
700 87 0.3 313 3294
900 44 0.3 156.3 174.5

Table 5. Physical properties of electrodeposited OFHC Cu [24].

Temperature Mass Density Therm.al. Specific Heat Thermal I?X.Pansmn
3 Conductivity Coefficient
[kl lleg/m”] [W/mK] [/kgk] [1/K]
300 8913 390 385 172 x 107°

Table 6. Mechanical properties of the electrodeposited OFHC Cu [24].

Temperature Young's Modulus E Poisson’s Yield Stress Ultimate Tensile
K] [GPa] Ratio v [MPa] Strength [MPa]
28 118 0.34 68 413
294 114 0.34 60 208
533 65 0.34 50 145
755 40 0.34 38 80

Table 7. Physical properties of the electrodeposited nickel as reported in [24].

Temperature Mass Density Therm.al. Specific Thermal ]?x.pansmn
K] [kg/m®] Conductivity Heat [J/kgK] Coefficient
[W/mK] [1/K]
300 8913 90 444 122 x 1076

Table 8. Mechanical properties of the electrodeposited nickel as reported in [24].

Temperature  Young's Modulus E Poisson’s Yield Stress Ultimate Tensile
K] [GPa] Ratio v [MPal Strength [MPa]
300 193 0.3 344 551

The active cooling procedure requires the presence of different pressure levels in the
cooling channels and the combustion chambers. In this work, 5 MPa and 12 MPa were
considered for the hot gas region and the cooling region respectively. Although variations
of these values are expected during the actual operating conditions, these values were
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considered as constant during time and spatially uniform, in a conservative perspective.
Figure 6 shows the FEM boundary conditions considered thermally and structurally. Com-
bustion gases pressure, coolant temperature and their respective heat transfer coefficients
(considered as variable along the chamber axis) were carried out by computational fluid
dynamics (CFD) analyses [25,26]. Dashed lines in Figure 6b represent the heat transfer
coefficients and temperatures applied as local model boundary conditions for the thermal
analyses. Natural convection was assumed for the closeout structure external surface. Dis-
placement and temperature boundary conditions applied to the cut surfaces were retrieved
according to the results of thermal and structural analyses performed on the global model.
Initial temperature was set to 293 K.

Heat transfer coefficients and temperatures considered for purging and relaxation
phases are listed in Table 9, according to the literature [27].

Table 9. Input data for the thermal analysis.

Relaxation Phase Purging Phase
Bulk temperature (K) 300 173
Heat transfer coefficient (W/m?K) 50,000 5

FEM model used for both thermal and structural analyses (Figure 7) was set up after
conducting a grid convergence analysis, reported in previous works [5,6].

Global model mesh

Submodel mesh
Method: Hex dominant

Element type: 20 nodes Hexahedron
Element size

+ Minimum: 6.9-10"5 m

= Maximum: 3.0-10"*m

Total Nodes: 66,446

Figure 7. Adopted FEM mesh, as obtained from convergence analysis [5,6].

4. Thermostructural Cycle Description

Each operative cycle of the liquid rocket engine can be considered as a single ther-
mostructural loading-unloading cycle. This latter can be broadly subdivided into four
consecutive steps (Figure 8):

e  anignition transient phase elapsing 3 s in which the activation of the thermal combus-
tion occurs,
a hot phase with duration of 100 s corresponding to the combustion,
a purging phase with duration of 3 s, during which liquid oxygen is injected inside
the channels to eliminate any waste produced during the combustion process,

e arelaxation phase, lasting around 4000 s, to recover the chamber temperature back to
room temperature and consisting of natural convection only.

Appropriate time step sizes were defined. After that, a preliminary convergence
analysis was carried out in [5].

Creep can be considered as of relevance during ignition and hot phases only, namely
those events where the maximum values of temperature are expected. With reference to
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previous research [5,6], this represented a further refinement if considering that creep was
considered as activated during the hot phase only.

Thermo-structural cycle description:

ransient

3s 100s 3s 3894 s

Descripion of steps:

Number
tmin [S] | tmax [5] teoe [5] Phase
of ﬂ*r.ps

0.05 Ignition Transient and Hot Phase
0.003 - 0.2 Purging

0003 2 28 Purging
400 - 3894 Relaxation Phase

Figure 8. Thermo-structural cycle description [5].

In Figure 8, the phases composing the simulated thermo-mechanical load cycle are
reported.

Heat convective transfer coefficients and pressures were considered as null in the
thrust chamber during the purging and relaxation phases, because there is no combustion.
When the combustion occurs, i.e., during the ignition and hot phase, chamber pressures
and convective heat fluxes are considered on the inner surfaces.

In order to account for the different damaging phenomena involved the linear uncou-
pled cumulative life prediction model adopted is the same as in [5,6]. In summary, a total
usage factor is evaluated summing the effects of creep, fatigue and ratcheting.

The computation time requested to perform a thermostructural global-local analysis
with 25 loading cycles was 16 h, using an Intel Xeon Gold processor with 4 cores (the re-
maining 18 cores available were not active during the calculation due to license restrictions)
and 3 GHz, RAM of 190 GB and an SSD storage system of 1 TB.

5. Results and Discussions

The main results of the thermal-mechanical analyses conducted on the throat region
are summarized in this Section. Figure 9 shows the location of the node where the maximum
equivalent plastic strains after 16 cycles were detected.

Point of interest
(maximum plastic
strain)

Figure 9. Location of the node with the maximum equivalent plastic strain value.

Figure 10 shows temperature variations during the first cycle for two points, A and B;
the former lies in the internal surfaces of the thrust chamber (nearby the point of interest),
directly in contact with combustion gases, the latter lies in the same tangential and axial
position of the former point, but it is in contact with cooling fluid. It is clear that transient
phases are very short and steady-state temperature values (550 K for the point of interest)
are reached in less than a tenth of a second; moreover, the temperature difference during
the hot phase between point A and point B is about 160 K, generating, then, a significant
thermal gradient in the ligament, whose thickness is equal to 0.9 mm. On the contrary, the
temperature difference during the purging phase rapidly tends to very small values since
combustion heat fluxes are switched off.
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Figure 10. Temperature evolution during the thermomechanical cycle for point A and point B.

Temperature contour plots of the most interesting portion of the cooling channel,
namely the copper alloy part, which encounters highest thermal gradients and plastic
strains, are shown in Figure 11, together with the corresponding Von Mises stresses. It is
clear that the steady state temperatures are reached only 0.3 s after the beginning of the

ignition phase. A similar result is obtained in the purging phase since the associated heat
transfer coefficients are very high.

03s
3-103 s 4000 s
Unit: K 3
548 Max Unit: K Unit: K
s el 262 Max
- 522 -
268 4% &
a 6 %2
a1 “ o
388 45 262
361 38 %2
35 36 62
308 Min s 261
308 Min 261Min
03s 3s 103 s 103.1s 106 s 4000 s
Unit: MPa Unit: MPa Unit: MPa Unit: MPa Unit: MPa Unit: MPa
37955 Max 377.03 Max 37327 Ma: 42401 Max 41323 Max
1.6 N4 = e 36825 e
33342 384
0.0 20845 e w27
e 29356 “ i
. 25916 . 29 7
s 2987 537 2925 ma 4
18995 18058 3.8 192.06 1833 by
1856
m:n byoped 173.99 14687 14335 1299
. 102 13413 10069 92365
76182 7 s 94201
by 90 62.700 942 5138 48502
23419 Min 54419 83074 Min 8.4055 Min
2.8024Min
14563 Min

Figure 11. Temperature and von Mises contour plots at the most significant time instants of the
first cycle.

Figure 12 shows the evolution of the circumferential stresses vs. the circumferen-
tial plastic strain for the first three cycles, highlighting with different colors the thermo-
mechanical loading cycle phases. It is worth noting that, during the relaxation phase,
the increase in the circumferential stresses and plastic strain continues. Furthermore, the
ligament circumferential stresses in the hot phase remain compressive up to the end of the
creep period. Then, temperature and stress values during the hot phase, are such that creep
damage can be considered as negligible, as demonstrated in [28], where stress-time curves
are reported for temperature values higher than those encountered in the present test case.
Therefore, no creep failure predictions were needed for the life assessment. On the contrary,
creep failure can become dominant when higher thrust levels are required. From Figure 12
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it is also evident that the hysteresis cycle becomes stabilized after the first cycle, apart from
a continuous drift related to the ratcheting phenomenon.
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Figure 12. Circumferential stress vs. circumferential plastic strain for the point of interest along the
first three loading cycles.

Another interesting result can be detected in Figure 13 where the circumferential stress
at the beginning and at the end of the creep phase, namely at the start of the ignition phase
and at the end of the hot stage, are shown: it is clear that the effects of material softening
cause a decrease of the circumferential stress at the beginning of the ignition stage, while
the effects of creep remain almost constant especially from the 6th cycle up to the 36th
cycles as the circumferential stress difference between the beginning and the end of the
creep stage remain quite the same (see blue and orange curves in Figure 13).

Circumferential stress vs cycles ooty
0
600
400 | eeece— —a—%
© 200 34398
% ~393.12 Min
= 0
200 *=
‘“****04—{— r———o °
—400
0 5 10 15 20 25 30 35 40
—e—beginning of ignition phase o—end of hot phase

Figure 13. Circumferential stress at the end and beginning of the hot phase (left). Circumferential
stress contour plot at the end of the hot phase (right).

As demonstrated in previous works, the circumferential stresses and strain are the most
critical for the present application [5,6]. Figure 14 shows the evolution of the circumferential
stresses with respect to the circumferential plastic strain for the selected point of interest
for all the simulated cycles. As expected, peak tensile stress values, occurring during the
purging phase, decrease cycle after cycle as a consequence of the softening occurring on
the precipitation hardened copper alloy. Then, the CuCrZr softening is responsible for the
ratcheting behavior of the cooling channel since the tensile yield stress decreases with the
number of cycles.
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Figure 14. Circumferential stress vs. circumferential plastic strain (35 cycles).

Thermal ratcheting behavior can also be detected observing the equivalent plastic
strain variation with time (see Figure 15); In fact, it is clear that after 25-30 cycles the
slope of the equivalent plastic strain curve remain constant, then a couple of different
extrapolations are attempted to forecast the number of cycles needed to reach a plastic
strain equal to 2.5%.

3.00%

2.50%

2.00%

1.50%
—+—Sub-modeling

1.00%

Equivalent plastic strain

----- Exponential trend line

————— Linear trend line (based on the
last three points)

0.50%

0.00%
0 10 20 30 40

Number of cycles

Figure 15. Equivalent plastic strain vs. number of cycles (10 cycles extrapolation).

Finally, fatigue evaluations have been conducted using the commercial code ncode
DesignLife, which works in the post-processing phase, namely after the solution of the
non-linear structural analyses, by processing the calculated stress and strain field adopting
the SWT and WB methods.

Using both SWT and WB methods, an evaluation of the cumulative fatigue damage D3
for the first three cycles was carried out (Figure 16), by means of the following relationship:

Ds = Nil + Niz + Ni;; 6)
where Nj, N> and N3 represent the number of cycles to failure corresponding to the first,
the second or the third cycle, respectively.

The corresponding thrust chamber fatigue life Ny, evaluated considering only the
first three cycles (Equation (7)), adopting the SWT and the WB methods, are respectively
3984 and 2475 cycles:

@)
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Figure 16. Cumulated damage for the SWT method (a), and for the WB method (b).

Figure 17 shows the service life contour plot obtained with the SWT and WB methods.
It is clear that the WB method is more conservative. Non-proportional loading effects, con-
sidered in the WB method, turn out to be negligible. In fact, a very small non-proportional
loading factor, equal to 0.002, was estimated (usually non-proportional loading becomes
significant for a factor greater than 0.25). This result is consistent with the results obtained
in [5,6], where it was demonstrated that the curve representing the variation in the cir-
cumferential stress vs. the axial stress (load path) was very close to a straight line passing
through the origin. The definition of the non-proportional loading factor can be found in
the ncode Design Life theory guide [29]. On the other hand, since the biaxiality ratio B, is
equal to 0.45, multiaxiality has significant effects on the thrust chamber service life.
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Figure 17. Service life for the SWT (left) and WB methods (right): (a) first cycle (Ny), (b) second cycle
(N3p), (c) third cycle (N3).



Metals 2023, 13, 470 15 of 16

6. Conclusions

A numerical simulation of the thrust chamber of a liquid rocket engine adopting state
of the art plasticity and creep numerical models was reported in this work. Global/local
sub-modelling approaches were employed to focus on the most critical part of the chamber,
i.e., the throat region where the maximum heat fluxes generated by the combustion gases
were recorded.

With respect to previous works by the authors, a precipitation hardened copper alloy
was considered; furthermore, the Voce non-linear isotropic hardening model and the WB
fatigue criterion were used to evaluate the thrust chamber service life.

Results have shown that thermal ratcheting represents the main cause of failure of
the chamber, as plastic strains in the cooling channel made of the copper alloy do not stop
increasing. LCF can be considered as a secondary cause of failure, with the WB results
more conservative than those of the SWT, i.e., 3984 and 2475 cycles respectively.

Although no experimental fire tests were conducted on the examined thrust chamber
at the present time, the numerical results can be considered as consistent with the results
and the experimental tests carried out on very similar thrust chambers. As a matter of
fact, location and extension of the most damaged areas observed experimentally were very
similar to those numerically obtained here.

As a future activity, the authors are implementing a damage model considering ductile,
creep and damage effects.
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