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U\/\A KNDS Introduction: Industrial context

Manage the loading/unloading cycle of the artillery projectile:

Chamber Cone Rifling
< > < > < >

~— Gun loaded:

1 | o T
/

Fig. 1. Gun barrel.
Driving band
Projectile

Fig. 3. Loaded projectile.

Fig. 2. Projectile.

Objective: Focus on shrink fit assembly > Conical shrink fit assembly

Non-linearities to take into account:

Elastic-plastic Complex
material geometries

Corltact Finite strain
Friction (= 30% locally)
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Laboratoire de Mécanique et d'Acoustique

Cone to cone interaction with no strain:

Principles of statics:

. Ep=PS(tanp(L%+1)

. Eex=—P5(mrﬁ%—1)

“Reaction” factor:

O —Eex — Pex—tan(a/2)
rigid E, ppt+tan(a/2)

Extraction force is lower than penetration force.

l.a) Analytical model — Rigid cone

P : uniform contact pressure
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Fig. 5. r response.
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Laboratoire de Mécanique et d'Acoustique

Adding an elastic behaviour:

Obtaining a 3 steps model:
penetration: push into cone ;
springback: partial relief of stress ;
extraction: pull until contact loss.

1. Fyp _ 1-pp tan(a/2) ot3 D Fyex _ LHpex tan(a/2)
. Fyp ppttan(a/2) . Fyex —Hexttan(a/2)
—Eex 1-pp tan(a/2)

Leads t0: Tejastic = E, | rigid T Tan(a/2)

« Inversion » factor :

finv —

1-u, tan(a/2)
1+ e tan(a/2)

|.b) Analytical model — Elastic cone

X

Fig. 7. finv response surface.  1CCCM 2023-5/17



Il.a) Finite element models — Quasi-statics

Axisymmetric numerical model:

Gun barrel cone (fixed, rigid) Driving band (elastic-plastic) I

q

BC jco apply: Contact cone-banql & bano_l-body: Projectile body
* Displacement; * Normal behaviour: strict ; (translation only, rigid)
* Force. e Tangential behaviour: Coulomb. Y, e

Fig. 8. Quasi-static model formulation.
Simulation in three steps :

1) Penetration 2) Springback 3) Extraction

ICCCM 2023 -6/ 17



UV\A KNDS Il.a) Finite element models — Quasi-statics

von Mises stress during the three steps:

Step: Penetrat Frame: 0O

Total Time: 0.000000

Fig. 11. von Mises stress
color map.

I First contact I I Maximal stress axis I Bottom of groove

Stress distribution at
the end of the
penetration phase

: . : _ —E
Typical stress repartition due to geometry. | obtain: T'simulated =
P ICCCM 2023 -7 /17



U\/\/\ KNDS Il.a) Finite element models — Quasi-statics

Mesh optimisation on extraction force:

14,00 - 0,7%
0,1 Mesh parameter

12,00 - 0,6%

= 10,00 - 0,5%
:: —
€ X
= 8,00 - 04% T
S S
O fw
=} (7]
£ 6,00 - 03% &
£ w

S 400 - 0,2%

2,00 Error - 0,1%

0,02
- - 0,0%
50 000 100 000 150 000 200 000 250 000 300 000

Number of elements
Fig. 12. Performances of an homogeneously meshed band.
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U\/\A KNDS Il.a) Finite element models — Quasi-statics

Pressure — Overclosure (P — o) relationships for normal contact:

Strict : “hard contact”
B VP, o<O0: 15

Linear : =Hard contact Pressure (MPa)
B P=Ky*o0; - ===Linear Pressure (MPa)
i a
Exponentlal . S  =—Exponential Pressure (MPa) 10 K
o 0
—_Po o o _ o
m pr= exp(1)—-1 (CO + 1) (exp (Co + 1) 1)' = ,_
&
o
hd
(8]
S
c
o
o
-1 -0,5 0 0,5

Overclosure (mm)

Fig. 14. Normal contact laws.
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UV\A KNDS Il.a) Finite element models — Quasi-statics

gomparison of soft and hard contact laws:

@ KO = 20k
7%

KO = 40k
0
6%
= PO =60
PO = 400 e = PO = 30
PO =15

5% KO = 80k X
— n Co=0,01 mm
\o KO = 100k SELNs
S = S PO =15
N~ 4% PO =200 ROSI00 O

X P0=400 Co = 0,005 mm
= QP
< 3% KO = 200k S - P-0 strict
X XK S = IC
s ATX Co =0,0025 mm
2;0 ;43?** - P-0 linear
KO:;OO“ P-O exponential C0=0,01mm
1% KO =800k P-O exponential C0=0,005mm
O

% P-O exponential C0=0,0025mm

0% <
Goal 0,01 0,02

Surface penetration (mm)
Fig. 15. Comparison of normal contact strategies accuracies.

Bias can be reduced by “hardening” the law.
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U’v\\/\ KNDS Il.a) Finite element models — Quasi-statics

Plotting the external forces:

Fig. 16. Nodal force___rx
evolution. /
./
[
At the end of Step: Penetrat Frame: 0
each Step we Total Time: 0.000000
plot the pressure
distribution. | | c— 1
| : 400 __ -
\ I < |
\ | 300 2 |
Fig. 17. Pressure  \. | _ 200 5 |
evolution at the interface.\. | ——End of penetration a |
N -=—End of springback 100 5 |
! —e—End of extraction 0 E :
I g |
- o -
| o |
| |

Heterogeneous contact pressure evolving with loading.
ICCCM 2023 -11/17



M KNDS Il.a) Finite element models — Quasi-statics

Input parameters sensitivity:

1 1
P : uniform contact pressure
BN
A P NN \\\\\'
O . %
0'8 <A> ______ é _________________ A A N AS A 0’8 o A A A E ,Eex
A—a-——g & 2 AN p
...... <><>“<> & VA A = >
>O'6 N o000 0o -0 g >0'6 ‘J‘,<> 0 1 r _ Hex — tan(a/Z)
N o rigid — t ( /2)
0,4 0,4 Rigid hypothesis
4
)
0,2 0,2 :’; _ —Eex
’ ’ :.-" T'simulated — E
] p
0
0 0 | T'simulated
2,6 2,8 3 3,2 3,4 0 0,2 0,4 0,6 0,8 1 finv = r
a/2 (%) u rigid
O-rrigid O rsimulated 4 finv O-rrigid O rsimulated 4 finv

Fig. 18. Influence of cone angle a and friction coefficient u on r and fi,y-
For typical cone angles, u is more impactful than «. ICCCM 2023 - 12 /17



UV\A KNDS Il.a) Finite element models — Quasi-statics

Comparison between FEM and analytical model. Temporals of the elastic model:

Cone axial force Normal force
150 300
100 220 8-0:0:9-0-0-0-0-0-0¢ Discrepancies in the evolution
= 200 '
- z of normal force.
£ 50 o 150
o L
S 2 100
S
0 0,5 1 1,5 2 25 50
Phase 1. penetration _5p
——Phase 2. springback 100 0 0,5 1 1,5 2 2,5
Phase 3. extraction Time Time
FEM Displacement projectile Tangential force
__ 3,0E-03 100
£ 25603 "\‘\
< 50
s 2,0E-03 _
© 1,56-03 g Analytical/FEM error
2 o
'EJ' (8
£ 5,0E-04 50
- o/ _ (V) 9/ _ANS,
& 08400 0,05%-0,6% 20%-40%
0 0,5 1 1,5 2 2,5
-100
Time Time

Fig. 19. Comparison between FEM and elastic model for interface variables.

Elastic model qualitatively describes the phenomena. ICCCM 2023 -13 /17



Il.b) Finite element models — Dynamics

Axisymmetric numerical model:

Gun barrel cone (fixed, rigid) Driving band (elastic-plastic) I

<[ |

Contact cone-band & band-body:
* Normal behaviour: strict ;
* Tangential behaviour: Coulomb with p(vgip).

Projectile body
(translation only, rigid) applied to:

Initial velocity

Simulation in two steps : Fig. 20. Dynamic model formulation.

1) & 2) Penetration & springback c) Extraction

Using same mesh than quasi-statics.
ICCCM 2023 -14 /17



UV\A KNDS Il.b) Finite element models — Dynamics

Laboratoire de Mécanique et d'Acoustique

Dynamic implicit results for v;,;; = 1 m.s™1:

Viewport: 1  ODB: C:/Users/U9102975/Documen...plicit/ICCCM2023_dyna.odb Viewport: 2  Plot: XYPlot-2
ciiciavincisadh il BPEY =
+2.500e+04 20-1f )
E +2.292e+04 /
+2.083e+04 I \
+1.875e+04
+1.667e+04 H -
+1.458e+04 _
+1.250e+04 .
+1.042e+04 o
+8.333e+03 7} |
+6.250e+03 5
+4.167e+03
+2.083e+03
+0.000e+00
. { y I “
0.8 1.0 [x1.E-3]
— Kinetic energy
X — Friction dissipation
ODB: ICCCM2023_dyna.odb Abaqus/Standard 2020.HF17 ——  Elastic strain energy
¥ < 1 Step: Penetration&Springback : ;
Increment 0: Step Time = 0.000 Fiastie Strin Snsngy
Symbol Var: FREEBODY — Total energy
. . 1 000aL00
Fig. 21. Nodal forces evolution. Fig. 22. Energies evolution.

The elastic wave is quite costly in terms of computation time.

Loss of energy
due to the
iImplicit scheme

Springback
effect

ICCCM 2023 -15/17



M KNDS Il.b) Finite element models — Dynamics

Extraction force comparison for static and dynamic implicit simulations:

700
7 m/s 8,5m/s 9m/s
600 5 m/s L e—— —e 10m/s
\./

500 8m/s
= 400
=3
5I

300 = ==
- The « id » of the shrinking fit assembly

200

100

0 60,1 m/s
0 0,5 1 1,5 2 2,5 3 3,5

Penetration depth (mm)
—e—Static —e—Dynamic
Fig. 23. Eo« (penetration depth) for quasi-statics and dynamics implicit models.

Good tendency adequation but oscillations have to be managed.
ICCCM 2023 -16 /17



M KNDS Conclusion

FEM as a tool for research in difficult access area.

No large discrepancy between analytical or FEM model identified ;
Theoretical demonstration of —Eq,< E, ;

u is the most important parameter in a conical shrink fit assembly ;

Further developments:
Experimental campaign to validate the numerical results ;

Analytical model have to be enhanced.

ICCCM 2023 -17 /17



M KNDS The end

THANK YOU FOR LISTENING !

Now It Is time for questions !



M KNDS Appendix: Evolution of Uapparent

Looking at some nodes at the interface (dynamic implicit simulation):

0,4
1
0,3 h

0,2 e \,

\

-0,3
0,00E+00 2,00E-04 4,00E-04 6,00E-04 8,00E-04 1,00E-03
Time (s)
—e—node 289 u_apparent —=—node 306 y_apparent node 346 |_apparent node 380 u_apparent
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UV\A KNDS Appendix: FEM parameters

True stress (MPa)

Main simulation parameters:

M materials: M interface:
1600
035
1400 _
\ . Static value

1200 9\ 030
O
S I

1000 c ;
.g 025

800 = %
el I

600 £ 0 L
3 \ Dynamic stabilised value

> = R T

200 = = e 'H"H'LI'l’*H'fh‘“‘w*”\*”m“h‘-‘#.*%ﬂhuh“w ARPAA
010
0 0 80,00 160,00 240,00
0% 2% 4% 6% 8% 10% t: Experimental time (s)
True strain
——Copper =——Steel . L. .
Fig. 10. Friction coefficient steel-copper
Fig. 9. Copper and steel stress-strain curves. on pin-disk tribometer.
=>» The copper band will take most of the strain. =>» 1 depends on materials and contact conditions.

Characterisation campaign to obtain inputs for simulation.
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M KNDS Appendix: Implicit scheme instability

Energy loss is due to the implicit scheme instability for contact pairs:
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