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Impact of semi-elliptical cracks on risk assessment for rocket
nozzle structural integrity using a fluid-solid interaction
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Rocket propulsion systems rely on efficient fluid dynamics within their nozzles to achieve optimal performance. However, rocket nozzles
can be susceptible to various failure modes that significantly impact their performances. The aim of this study was to investigate the
interaction between fluid flow and rocket nozzle structure to identify critical position prone to failure. It was performed in two steps. In
the CFD section, Mach number, static pressure, wall Yplus and axial wall shear stress were predicted. In the FEA section, semi-elliptical
cracks were intentionally created at the critical position where the maximum hoop stress was located, provided by the CFD analysis. To
comprehensively analyze the nozzle’s failure potential, stress intensity factor was numerically carried out and Failure Assessment Diagram
(FAD) was employed, as an analytical tool. Each defect depth ratio was evaluated based on its corresponding position within the assessmer
diagram, while considering factors such as material properties and operating conditions. The main results obtained show that the CFD
analysis demonstrated good agreement with the experimental data, with a predicted separation location deviatirig39y.ofhe error

between the numerical results and the local measurements on the nozzledn&iPis which is quite satisfactory. Additionally, the failure
assessment indicated that crack depth rgtigé > 0.5) in the critical position of the nozzle lead to failure, while rat{agt < 0.5) remain

within the safe region.

Keywords: Overexpanded nozzle; shock wave; fluid-solid interaction; semi-elliptical crack; failure assessment diagram; risk assessment;
FEA.
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1. Introduction tentially lead to wall rupture in the convergent section. Gain-
ing a deeper understanding of the dynamic phenomena oc-
. . . curring within the nozzle area will be crucial for the de-
The nozzle is con5|d¢red one of the most. essential .Comp_Q/'elopment of future propulsion systems. This understand-
neqts of a rocket as I conyerts t.he potential energy Into kl"lng specifically pertains to the unsteady side-loads caused by
netic energy. Additionally, it provides the rocket with thrust, the interplay between flow separation in the launcher wake

enhancing its performz_ince. Res_earchers and (_engineers haé’ﬁd the nozzle structure. The knowledge of these phenom-
developed several designs for this part of the missile to makgna will play a vital role in advancing the design of upcom-

it more streamlined and to prevent various problems and d hg propulsion systems [3-7]. Experiments on rocket nozzles

: A : bre considered complex and challenging due to the extreme
high pressures to generate significant thrust, which can po-
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conditions they face during operation, including high tem-

eratures, pressures, and dynamic loads. Additionally, fac-
fors such a§cost consideratigns, environmental selecti())/n, and aiU 8£ larG ) - S (U)7 (1)
other service conditions contribute to the complexity. Fur- ot Or r  Or r
thermore, predicting and preventing nozzle wall rupture angynere
understanding its effects on the rocket engine remain ongoing
challenges, and comprehensive literature in this regard is still p pU
limited [7-11]. Load determination poses several challenges, U= | P = U +p+Tys
such as simulating the intricate interactions among multiple pv PUVHTyr
components, addressing diverse loading conditions, and ac- pE (PE4p+022)utTraV—Gz
curately assessing the combined effects of various load types.
Finite element analysis (FEA) and computational fluid dy-
namics (CFD) have become more achievable for conducting G =
failure analysis of structures [12-20]. The concentration of
pressure in the critical zones may lead to a damage taking into
account the temperatures and geometry of non-uniform struc-
ture of rocket nozzle. The crack is one of the principal indi-
cators to detect the state of rocket nozzle through the man-
ner of propagation of crack along the critical zones. In this
content, the interaction between internal pressure and rocket
nozzle structure was investigated using numerical methodd.he stress and heat transfer components are the combined re-
This technique was used in the pipeline components, gas tusult of both viscous and turbulent contributions. Finally, the
bine blade, and rockets [12-15]. Muthanetaal. [12] have  source term for the flow is given by
studied the semi-elliptical cracks in the critical positions of
API X52 pipe elbows using fluid-structure interaction (FSI) Sy =p+ogs. 3
technique. Moreover, they have proved that this method is
more reliable for conducting fracture analysis on gas turbine The pressure is obtained by the equation of state:
blades using real operating service conditions [13]. However,
the current rocket nozzle analysis was performed in German b _ T, (4)
Aerospace Center (DLR) using dry gaseous nitrogen as flow P
fluid [21,22]. A comprehensive study on the rocket nozzle,here-
using CFD analysis was conducted by Nedprial [23]. R
This work considers a continuation and further advancement Tm = M, ®)
for previous work which investigated by Nedjat al. [23].
In the first part of this paper, the fluid interaction of a rocket
nozzle was simulated using CFD. The internal pressure dis-
tribution obtained from CFD was compared with the exper-
imental measurements conducted by the DLR and showed
a good agreement. The CFD analyses were combined a g
exported into FE software in order to study the fracture phef’md constant volume, respectively. ,
nomenon. Semi-elliptical cracks were created at critical posi- 1 he turbulence model chosen for the present study is the
tions on the rocket nozzle based on the maximum value of thePalart-Allmaras one-equation model, which solves a partial
hoop stress along the nozzle structure [12,24]. Furthermordlifférential equation throughout the entire flow field [25].
the Stress Intensity Factor (SIF) and Failure Assessment Di- The Reynolds stress is given by:
agram (FAD) were used to evaluate and predict the integrity

v
PUV + Tyr
pqu +p+ o
(pE +p+ Urr)v + Tor — Gr

and S = (2

onoo

The gas constant is given by:
R=C,—-C,,

ereC, andC, are the specific heats at constant pressure

and lifetime of the rocket nozzle. Tij = 241155, (6)
. . wheresS;; is the strain-rate tensor, and the eddy viscogity
The fluid within the computational domain possesses uniform — i f
physical properties (molar mass, heat capacities) and is con- e = pvJot,
sidered non-reactive (gaseous nitrogen, N). The mathemat- B X3 v
ical representation of the conservation principles for mass, for = X3 +c3) X=2

momentum, and energy, along with the physical properties
of a compressible, 2D axisymmetric, viscous fluid, is formu-  Here,v is the molecular viscosity, and is the working
lated as follows: variable that obeys the transport equation [25].
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FIGURE 3. Grid refining impact on the nozzle a) wall shear stress,

FIGURE 2. Nozzle and computational domain mesh with boundary and b) Centreline Mach number.

conditions. 270 K, respectively. Based on the experiments, the nozzle

walls are assumed to be adiabatic. At the outflow bound-

aries, all variables, including static pressure, are extrapolated
3. Boundary conditions and grid generation to match the ambient conditions. The nozzle centerline is

treated as a symmetry axis. Different mesh with finer grids on
The fluid flow in the internal surface of nozzle has an influ-nozzle wall were extensively analyzed as indicated in Fig. 2.
ence on its structure taking into account the variation of presFigures 3a) and 3b) show the impact of mesh with four differ-
sure, temperature, velocity and others. Nozzles are regardeuht cells ¢0x 103, 90x 103, 150 x 103 and200x 103 cells) on
as critical pressurized components within the rocket systerwall shear stress and Mach number. Wall Yplus distribution
due to their stress intensification and the impact of irregulaat the nearest to the wall grid point is illustrated in Fig. 4.
sections. However, in this section, the distribution of static  Figures 3a), 3b) represent the obtained results of wall
pressure is investigated by CFD software. Fig. 1 shows thehear stress and axial Mach number along the nozzle with
geometry design of nozzle structure used in this work. change of mesh elements (considered as key parameters in

The computational domain in this study was basicallydetached supersonic compressible flows). It is well ob-
depended on the operating conditions which performed oserved that the mesh df x 103 was not the same with
DLR nozzle with real dimensions [21,22]. In a previous CFDthe three other meshes. On the other hand, the results of
study, a free shock separation (FSS) in an over-expanded no29 x 103,150 x 103 and200 x 103 are almost identical as
zle was conducted [23]. The fluid used in this study was dryexhibited in Fig. 3. In the following work, the mesh with
gaseous nitrogen @Y. 150, 000 cells was retained to perform CFD analysis.

Total pressure and total temperature were introduced in  In CFD analysis, itis a necessary to study y+ parameter in
the inlet of nozzle wit25.25 bar and temperatures of 283 K. order to assess the quality of the mesh near the nozzle walls.
The nitrogen flow accelerates to supersonic velocities withinl his function is defined as follows:
a convergent-divergent nozzle and exits into the ambient en- + Ay [1,
vironment, where the pressure and temperature are 1 bar and vy == \/:’

()
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FIGURE 4. Walls y+ distribution. FIGURE 6. General view of static pressure distribution in the inter-

nal flow.
16
24 = Experimental data [21,22]
1 Present modsl e T T . T T T
224 # FExperimental separation location [21]
18 1 5 3500 : ]

EEGE G R GE

Static pressure (MPa)
B

Axial wall shear stress, 7., (Pa)
1

0 M 2 e ez oed 885 08 [Nl ]
Axial distance (m)

Axial distance (m)

FIGURE 5. Static pressure evolution along the nozzle walls.

. . . . FIGURE 7. Axial wall shear stress vs. axial distance.
where, p, v, y, andr,, are fluid density, flow velocity, dis-

tance from the nozzle wall, and wall shear stress of the fluidpear the exit section. A distinct shear region is observed in the
respectively. For a turbulent flow, it is desirable to have a Ypost.separation zone, where intense recirculation takes place.
plus value withinY'+ < 1, as exhibited by Fig. 4. This rep- The predicted wall static pressure shows a slight recompres-
resents a good resolution of the turbulent boundary layer angion ypstream of the nozzle exit, which indicates a localized
the boundary layer separation in supersonic overexpandeghy separation. This phenomenon can lead to increase the
Nozzles [34]. _ _ velocity supersonic in CD nozzle. On the other hand, the
In a rocket nozzle with a convergent-divergent (CD) static pressure and temperature decrease into 1 bar and 270 K
structure, the static pressure plays a significant _role in_ the pefespectively as shown in Fig. 5. Therefore, the comparison
formance of the rocket engine. The CD nozzle is designed tgetween the numerical results and the local measurements on
accelerate the exhaust gases to supersonic speeds by takifig nozzle wall is quite satisfactory, with an error of no more

advantage of the expansion of high-pressure gas through thgan3 84%. The error percentage can be calculated using the
divergent section of the nozzle. Figure 5 shows the results gp|jowing expression:

static pressure distribution along the nozzle obtained by CFD

and compared with DLR experiments [21,22]. As indicated |Experimental value Numerical valug¢
in Fig. 5, CFD results almost the same with experiments of Experimental value

DLR data with an average error of 3.84. (8)

Due to irregular sections, the nozzle can be divided intdn Fig. 7 illustrates the distribution of wall shear stress with
three zones; (i) high pressure, (ii) throat pressure, and (|||pX|aI distance in the nozzle. The separation location was de-
low pressure, as indicated in Fig. 6. Flow separation is chartermined based on the wall shear stress obtained by CFD. It
acterized by an oblique shock followed by a normal shockwas numerically found to be & = 0.0658 m, with an error

Error % =

x 100,
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TaBLE |. Comparison between experiments of DLR data and CFD analysis.

Axial distance Experimental wall pressure(MPa) [21,22] Numerical wall pressure (MPa) BError (
0 0.967096463 0.9352 3.298167632
0.00285 0.356904647 0.385 7.871949369
0.0047 0.326203172 0.32016 1.852579135
0.0093 0.222329848 0.2217 0.283294441
0.0139 0.168346421 0.16568 1.583889506
0.0165 0.144296933 0.14836 2.81576845
0.0187 0.13099296 0.12676 3.231440835
0.0207 0.115130531 0.11564 0.442513983
0.0234 0.104896706 0.10201 2.751951326
0.0281 0.088266741 0.082919 6.058613462
0.0326 0.071636775 0.070156 2.067059831
0.0375 0.06140295 0.059856 2.519341497
0.0424 0.051680816 0.050338 2.598287619
0.0472 0.044261293 0.044226 0.079738136
0.052 0.039144381 0.03915 0.014355496
0.0568 0.035050851 0.035033 0.050927808
0.0617 0.031213166 0.031524 0.995841779
0.0641 0.030189784 0.028788 4.643238791
0.0665 0.042214528 0.057001 35.02697418
0.069 0.071636775 0.080008 11.68565307
0.071 0.080847218 0.084778 4.861988602
0.074 0.086475821 0.087887 1.631876667
0.0763 0.09005766 0.089269 0.875727839
0.0789 0.091592734 0.090444 1.254175635
0.0812 0.093127808 0.091214 2.055033348
0.0836 0.094407036 0.09248 2.041199172
0.0862 0.095430418 0.094164 1.327059186

of 0.3% compared to the DLR experiments, = 0.066 [21]  4.1. Effect of semi-elliptical cracks on the nozzle struc-
as shown in Fig. 7. ture

The rocket nozzle was subjected to an irregular internal pres-
sure as mentioned above. The FSl results are shown in Fig. 9.
Obviously, the distribution of pressure around the structure of

The distribution of internal pressure (Fig. 7) was imported
: : nozzle effects on the value of stress. Furthermore, the hoop
to the into the nozzle body using structural ANSYS software R I :
! . . stress distribution is shown in Fig. 9. The maximum hoop
[26]. However, the rocket nozzle was defined using elastic- e . .
stress which indicates by red colour is located in the conver-

plastic behaviour low. The mechanical properties were Se'fence zone. According to this observation, semi elliptical

lected based on the nonlinear true stress-strain behaviour 8 L
. A : . cracks were supposed to be created in this critical zone [12,
the steel material used, as shown in Fig. 8. The engineerin

. . 93, 28] in order to study the behaviour of stress intensity fac-
stress-strain curve was converted to a true stress-strain curye . . ;

. o . or and failure assessment diagram on nozzle structure with
using logarithmic equations [27].

real pressure distribution [21-23].

4. Nozzle structure and finite element analysis

L1 The rocket nozzle is subjected to various stresses due to

€& = /L Edl, its structure and irregular surface. As an essential compo-
0 nent of a rocket engine, the nozzle experiences significant

oy = P _ PL _ Ue£ = o0 +1). 9) mechanical, thermal, and aerodynamic loads during opera-
A Aol Ly tion. Moreover, the nozzle experiences high-pressure loads

Rev. Mex. Fis72020602
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e
s 4.2. Impact of semi-elliptical cracks on hoop stress and
oo stress intensity factor
14800
s The stress intensity factor (SIF) is a critical parameter used
445 Min . to assess the severity of stress concentration at the crack tip
b) in a structural component. It is used to assess the criticality
FIGURE 9. a) Mesh, b) hoop stress distribution along nozzle struc- of cracks and predict their growth behavior. The specific SIF
ture using FSI. values for a rocket nozzle would depend on the geometry,

material properties, and loading conditions. Stress intensity
due to the combustion gases. As the gases expand and acdeéictor of mode | at any point along the semi-elliptical surface
erate through the nozzle, they exert significant pressure on tigack can be calculated using the following relation:
inner surface of the nozzle walls. This pressure can induce _ [0
stress within the material. Additionally, the irregular surface Kr = opF'v2ma, (10)
of the nozzle can result in stress concentrations, where thehere the parametersy, F, and a are the hoop stress, the
stress is amplified at specific locations. Irregularities may ocgeometry correction factor, and crack depth, respectively. In
cur due to manufacturing imperfections, surface defects, othe current case of a nozzle structure, the SIFs can provide
erosion over time. These stress concentrations can weakealuable information about the crack propagation tendency.
the material and potentially lead to structural failure [29-32].Fig. 11 shows the maximum values of hoop stress and mode
On the other hand, the combustion gases and patrticles preséras a function of semi-elliptical crack depth rati@g. The
in the exhaust stream can cause erosion and corrosion on thelative crack depth ratio (a/t) is defined as the crack depth di-
inner surface of the nozzle. This erosion and corrosion camided by the nozzle wall thickness. The distribution of mode
weaken the material and affect its structural integrity, leading/ (K;) around the angles of semi-elliptical cracks is shown in
to additional stresses [33]. Fig. 12.

Rev. Mex. Fis72020602
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FIGURE 13. Failure assessment diagram for different relative crack

depth ratioga/t = 0.1 — 0.8).

Hoop stresses and.SIF.s in mode | genera!ly increase W'tgbove50%(a/t = 0.5 — 0.8) of thickness degradation, the

relative crack depth ratios in rocket nozzles (Fig. 11). When a . ; : o

) ' . rocket nozzle can be placed with the failure region which is

crack is present, the stress field around the crack tip becomes -
. . . ) . considered as a dangerous zone.

highly concentrated, leading to increased stress intensity fac-

tors. As the relative crack depth ratio increases, the crack

becomes deeper in proportion to the thickness of the nozzlb. Conclusions

wall. The maximum value of(; is located at the deepest ) )

p0|nt Of the Crack fronb — 900 Th|s means that a |arger por_ The f|UId ﬂOW and faI|UI’e assessment Of the nOZZ|e structure

tion of the wall thickness is affected by the crack, leading toVere investigated based on the internal pressure distribution.

a more significant stress concentration at the crack tip. Conlhe pressure distribution obtained from CFD was applied to

sequently, the stress intensity factor in mode | increases witie FE model. It was noted that the maximum hoop stress

the relative crack depth ratio. The increase in stress interPCCUrs in the throat of the convergent nozzle, which can be

FIGURE 12. Stress intensity factor vs. crack-tip angle.

sity factors with higher relative crack depth ratios indicates ddentified as the critical position. Semi-elliptical cracks with
higher potential for crack propagation and structural failure different depth ratioga/¢) were introduced at this critical
Therefore, it is crucial to carefully assess and monitor craci0sition. The main conclusions and findings are as follows:

depths in rocket nozzles to ensure the structural integrity and
safety of the system.

4.3. Failure assessment diagram

Failure assessment diagram (FAD) is a tool used to assess the
structural integrity and failure risk of a component subjected
to a combination of stress and strain. It provides a graphi-
cal representation of the combination of stress intensity fac-
tor (K) and fracture toughness (Kc) parameters, which helps
determine if a crack within a component will propagate or
remain stable. The FAD presents three regions; (i) a secure
region where the crack is not expected to propagate, (ii) a fail
region where rapid crack propagation is likely, and (iii) a safe
region between these two regions. On the other hand, in a
rocket nozzle, the interaction between high-velocity exhaust
gases and the nozzle structure can lead to stresses and defor-
mation. Figure 13 illustrates the FAD for different relative
depth ratios(a/t = 0.1 — 0.8). The assessment points for
rocket nozzle are located in the plastic collapse zone of the
FAD as indicated in Fig. 13. The assessment pojitt= 0.1

is almost located at the security region while the points of
a/t = 0.2 — 0.4 are located in the safety region. However,

In a rocket nozzle with a convergent-divergent
(CD) structure, static pressure plays a critical role in
performance. CFD results for static pressure distri-
bution closely match DLR experimental data, demon-
strating the effectiveness of the CD nozzle in acceler-
ating exhaust gases to supersonic speeds through pres-
sure expansion.

The nozzle is divided into three zones: high
pressure, throat pressure, and low pressure. These
pressure variations contribute to the acceleration of ex-
haust gases and the reduction of static pressure and
temperature towards the nozzle’s exit.

Wall shear stress distribution was analyzed, and
the separation location in the nozzle was determined to
be atX = 0.0658m, with only a0.3% error compared
to experimental results.

Hoop stresses and stress intensity factors (SIFs)
in Mode | increase with the relative crack depth ra-
tio in the nozzle. As cracks deepen, stress concentra-
tions grow, raising the potential for crack propagation
and structural failure. Larger crack depths cause more

Rev. Mex. Fis72020602
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significant stress at the crack tip, highlighting the im-
portance of monitoring crack depths for structural in-
tegrity.

The Failure Assessment Diagram (FAD) was
used to assess the structural integrity of the nozzle
under stress. The FAD identified regions based on
crack depth ratioga/t). Smaller crack depthg:/t =

u;  Axial velocity

u,.  Radial velocity
X  Axial coordinate
Y+ Wwall Yplus

Kinematic viscosity
Viscous stress tensor

0.1—0.4) are in the safe or secure regions, while crackGreek Symbols

depths abové0%(a/t = 0.5 — 0.8)place the nozzle in

the failure region, posing a significant risk of structural H BZ}EZ‘EC viscosity
failure. ~  Specific heat ratio
Nomenclature Subscripts
Symbols a  Ambient
A Cross-sectional area ch  Chamber
Cy  Thrust coefficient e  Exit
D Diameter th  Throat
e Strain (%) w  Wall
F Nozzle thrust
K Stress intensity factqr Abbreviations
K;  Mode | stress intensity factor (MRa®-%)
Kc  Fracture toughness (MRa’-) API American Petroleum Institute
l Flatness coefficient CFD Computational Fluid Dynamics
L Final length (mm) Cv Convergent Nozzle
Ly Initial length (mm) CV-DV  Convergent-Divergent Nozzle
L., Convergentlength DLR German Aerospace Center
Lg;, Divergent length DV Divergent Nozzle
M Mach number
P Static pressure
q Crack-tip angle{) Acknowledgements
R Radius
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¢ Thickness (mm) port of the DGRSDT, the General Direction for Scientific Re-
T Static temperature search and Technological Development, Algeria.
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