a0 Brasileira de Engen e Ciéncias

@I_\BI}MI

COBEM2ois O Secember 6 11, 2015, Rio de Janeir, R0, e
DYNAMIC SIMULATION OF A PEEN FORMING JET BLAST

Ricardo Augusto de Barros L eite
Universidade de Sao Paulo — Av. Prof. Mello Mor2231, Sao Paulo
Ricardoab.leite@gmail.com

Flavius Portella Ribas M artins
Universidade de Sao Paulo — Av. Prof. Mello Mor2231, Sao Paulo
flavius.martins@usp.br

Agenor de Toledo Fleury

Centro Universitario da FEI Av. Humberto de Alencar Castelo Branco, 3972, Sédo Baordw Campo
agfleury@fei.edu.br

Universidade de Sao Paulo — Av. Prof. Mello Mor2231, Sao Paulo

agenor.fleury@usp.br

Abstract. Peen forming is a plastic cold work process ofpshg a metallic sheet or panel through the impatao
regulated blast of small round steel shots on it§aze, in order to produce a previously desiredveature. The
application of the shot peening as a forming prackas been a well known technique in the indusirytife last
decades, but even in the recent years a good anafuesearch has been done in order to improveéien forming
process planning requires the measurement and abofrseveral variables concerning the dynamicstioé shot jet
and its interaction with the piece to be shapedpreviously shown by several authors, impact véfasi one of the
variables that most contribute to the developméntiee residual stress field that causes the makéo bend. In this
article we present a simplified dynamical modelatiééng the motion of a large number of small s shot)
impelled by a steady air flow and suffering mdétigollisions with each other and with the pieceb® shaped.
Computer simulations of this model permitted teniify correlations between the shot field velocityd the
parameters of the process, a first step to furthddsign controlled systems for peen forming nraashi
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1. INTRODUCTION

Peen forming is a plastic cold work process of sitap metallic sheet or panel through the impaa oégulated
blast of small round steel shots on its surfacas Thpingent flow of shots gives rise to a thin quessive residual
stress which, in turn, produces a permanent eldsfiormation in the worked surface (Stotsko amde®ibvych, 2010).
If properly controled, local previously desiredvatures can be produced over the whole surface.

In order to design suitable peen forming procgs#eis necessary to measure and control severgbles
encompassing the shot characteristics (diamegmaaterial properties), the nozzle operation (massot flow, jet
speed and angle), the part characteristics (diimesismaterial properties, and boundary conditi@ms) the interaction
between shots and part (impact velocity and exmosione) (Fleury et al., 2011). As previously shotwn several
authors (Al-Hassahi, 1981; lida, 1984; Guagliancakt 1999), impact velocity is one of the variablhat most
contribute to the induced residual stress fielder€fore, methods for either measuring or estimatisgmpact velocity
distribution over the shaped part surface areacdimount importance for peen forming processespign

Lecoffre et al. (1992) developed an optical dewbée to continuously measure the velocity of indiil shots on a
small control volume of approximately 4 mnThe modulated signal of light due to the passs#ge particle through
the illuminated volume is captured by a calibratgltbtosensor and, after being properly conditiondis
postprocessed and transformed in the shot tempetatity signal. Linneman et al. (1996) used twatolelectric
barriers separated by a defined distance to estithatmean shot velocity, a process that requiessifying the paired
signal peaks showing the passage of a particlaigiiréhose barriers and calculating the respectiterval time. The
device proposed by Clausen and Stagenberg (2G@2)two rotating parallel linked disks — one withnaall hole at
certain distance of its center, the other (knowrregistration disk’) provided with an angular sedbr registration;
using such a device, shot mean velocity can beesgpd as a function of the arc linking the cedtafithe shotted
zone and the trace of the central line of the halethe registration disk. Barker et al. (2005)ontp a series of
experiments to measure the shot velocity at theodx shot peening nozzle, for different input@iessures and nozzle
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geometries, using an instrument that determinegpltase-shift of the signals arising from two eleaptical sensors
that probe the shot flow.

A large number of articles concerning the simolatf granular flows and fluidized beds have beeblished in
the literature (Valle, 2012; Berres et al., 2003t only a few of them focuses shot peening psE®sSriram and
Kosel (1987) implemented a mathematical computedehable to predict both the path through the heédle target
material as well as the rebound velocities of sighéshots during the complete event of a collisiath the target.
The recently published article by Nguyen et al. 180 addresses the implementation of a three diropaki
mathematical model for the shot blast dynamicses€hauthors used a CFD commercial tool to desthnibair flow
while computed the individual trajectory of shotzardingly to a Lagrangian point of view. The résyiroduced by
the implemented computational model encompassesdiiribution of shot velocities around the pand ahe
correspondingly coverage (% of area impacted byhus).

In the present article we propose a simplified timensional mathematical model for describing thevmastream
velocity field of the solid particulate ejected ayenturi nozzle during the application of shoempieg processes to
shape flat plates. Both the referred model as aglihe results given by the computer simulatioespaesented and
discussed in the next sections.

2. PHYSICAL MODELING

In a typical pneumatic shot peening machine, ewigt describes a relatively complex path startinthea shot
warehouse, passing through a pressurized chamldegder valve and a long pipeline, to ultimatedynly expelled
through a Venturi nozzle towards the surface efghrt to be shaped. Clearly, the region compriding exit section
of the nozzle and the surface of the plate (Figs yhere the dynamic events that most contribut@duce a residual
stress field take place. Therefore, only suchgiorewill be focused in the present article.

To simplify even more the model, it is assumed Bwth the air flow and the shot motion are two-disienal; in
other words, that the shot flow is radially symriuel. Moreover, it is admitted that the shot maotiioes not affect the
air flow and that this have been achieved the gtetate, following the typical pattern of a Gaussiapinging jet over
a flat surface. The effect of friction impulsiverées during the collisions are neglected sinceersilse, a very
thorough analysis would be required (Brossard, 1 984reasing significantly the complexity of theodel. It is also
assumed that collisions between shots are perfelztstic, while those between shots and the platel@pendent on an
empirical coefficient of restitution. The local defnations and global deflection of the plate wals® neglected, as a
way to simplify the model.

As the flow upstream the nozzle exit section i takien into account in this model, the followiagsumptions
regarding the shot flow at the exit section wereleaf) shots are randomly distributed along the diam the
velocity magnitude of a shot coincides with thathe# air flow at the same locatiord®3velocity magnitude of the shots
(and also of the air) is normally distributed, itgximum being at the centre of the exit sectid); the orientation
angle of the shot's velocity follows a Gaussiarstriiution with mean 0 at the center of the exittiom (i.e., it is
assumed that shots on the center of the nozzlenare likely to go straightly forward when leavitlte nozzle than
shots near the borders of the nozzle).

The reference data encompassing the relevant geoaheind operational parameters of the shot jed. 1 are
presented in Tab. 1.

|
]
0 -
ol,p H/——d N
QP D

VI~ // fo] N

/ N
/ N

e

Figure 1. Reference geometry adopted in the simouigt
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Parameter Reference Value
Shot diameter (d) 1.18 mm

Nozzle diameter (D) 9.5 mm

Distance between plate and exit nozzle section (h) 120mm
Coefficient of restitution for collisions between plate and shot (Cr) 0.5

Mean particle velocity at the nozzle exit (V) 28 m/s
Nozzle opening angle (a) 450
Table 1. Reference parameters

3. MATHEMATICAL MODELING

In order to describe the motion of the shot

thiouge air jet, the Basset-Boussinesg-Oseen equdtion
incompressible fluids (Hrybt al, 2009) was adopted:
dvP 3pf o' dvP
Pl—|=(pP-p" Jg+===C (v =VP)|v' =VvP |-E——— (1)
p(dtJ( pla+ s Eoc, v - -2
where

pP and p' represent the particle and the fluid densitieseetyely,

vP andv' are the instantaneous velocities of the partiotéthe fluid, respectively,
g is the gravitational acceleration,

DP is the shot's diameter,
Cq is the drag coefficient

Equation 1 takes into account all the relevantdsracting on the shots. Considering only the rsgie terms, the
first represents the net gravitational force (weiginus buoyancy), the second corresponds to the firce and the
last corresponds to the added mass force.

The drag coefficient is supposed to depend onlyhenparticle's Reynolds numbé&d). According to Perry and
Green (1973), the following empirical equations barused to determin€y :

Ca = 241f1/ReP)

ReP <01
Ca = 24{i/ReP )L+ 014Re%7P ) 01<ReP <1000
Cy = 0,445

1000< ReP < 35000
By making explicit the particle acceleration tebmEq. (1), one gets:

dvP 2 3 p* f f
—= 1-p)g+=—Dg(v' -vP)|v' -vP
- 2+p*[< DI

)

It can be noticed that if the air flow were knowrpriori, the numerical integration of the above equatmmeiach
shot would generate the temporal description soféocity and position.

In this work, the analytical model of a Gaussiampimging jet, presented by Xu et al. (2012) is addp#ccording
to those authors, the stream function and thearaaid axial components of the velocity are givespectively, by:

_ k[ AN 2r? | (B
Y= E@ e k)+rze k;CnLﬁ[T]e( )

3)
u(r, z)=re" i Cn Lln( 2rk2 ](\/Sn/ kel
n=1

(4)

wr, 2)= re e+ 2(1_%]e_r2/k i caln (ZLkZJe_(‘/m)Z +re”r i Cn e_(Jm)Z J—)al'l” 2r*/k
n=1

)
n=2 al’
where



Ricardo Leite, Flavius Martins, Agenor Fleury
Dynamics simulation of a peen forming jet blast

r=r'/R
*/ . (6)
z=z/H
H *
k= 2.2[ 007+ 0.294j @)
R

In the above equations and z are the dimensionless coordinates of the flowand z" their respectively actual
values, R" is the nozzle radius anHl”™ is the distance between the nozzle exit sectiwh the plate . LY and
oL} /ar are, respectively, Laguerre polynomials and thediial partial derivatives, both of which can b@rximated
by recursive formulas presented in the same artiKl et al., 2012).

For the reference parameters of Table 1, equaBdo 5 give rise to the air velocity streamliskstched at Fig.2.
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Figure 2. Air velocity field.

As mentioned above, sinoe’ be known, the iterative numerical integration ofiatipn (2) provides at timethe
estimations for\7p(t+dt) and (xp(t +dt), yp(t +dt)) . However, it is necessary to verify, at each stie@ ocurrence of

an eventual between the considered shot and dhbeplate or another shot. This can be done by Igitgsting if
another shot belongs to a small neighborhood ofdabesed one or if this is very close to the pkigace. In the case
where collision between shots occurs, the velacibiethe shots immediately after the collision giren by

_ m-m;j | 2m; .
Vig=| ——— Vju *| ——— [Vja
m;j +m; m +m;

= mj—m |_ 2 =
Vig =| ——— jp + RCALE 2
m;j +m; m; +m;

where the indicesi and j are the labels of the colliding shots and theicesl 1 and 2 account to the states
immediately before and after the occurrence oflsaan between particles and j .

(8)

On the other hand, since the collisions with tketepare assumed as inelastic and frictionlesssiiog velocity
immediately after the collision with the plate isen by:

vy =-v§*C, 0<C, <1 9)
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4. RESULTSAND ANALYSIS

Using MatlaB¥, the mathematical model presented before wadyfisitnulated for the reference state. Then, a
design of experiments was implemented based oneT2pwhere typical values are assigned for thieviing
parameters: coefficient of restitutio©g ), shot diameterd ), exit nozzle diameterl) ), distance between nozzle and

plate (H" ) and mean velocity at the nozzle exit sectigp) Combining these values according to a fractidaetorial

design, suitable data (histograms for shots pasiti@locity, number of impacts and kinetic energfgr sensibility
analysis has been generated.

Parameter Values Unit

d 0.5 0.85 1.18 2 3.35 [mm]
D 6.4 7.9 9.5 12.7 15.9 [mm]
H 60 90 120 150 180 [mm]
Cr 0.1 0.3 0.5 0.7 0.9

Vn 7.78 17.78 27.78 37.78 47.78 [m/s]

Table 2. Parameters used to analyze sensibility.

As shown in Fig. 3, a simulation based on the eafee parameters allowed to identify the trajecsoof the first
100 shots expelled by the nozzle.
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Figure 3. Trajectories of the shots.

Using also the reference values and consideringntbgon of 250 shots, the spatial distribution @flisions
between shots, several other distributions coal@bntified.

Figure 4a. shows that collisions between two shotsir mostly on the regions far from the nozzlegmehmost of
the shots that rebound after hitting the plateidelith the incoming ones. This region is also khghots with minor
velocities continue to shock with others, sinceséhdo not have enough speed to leave this regidhdmselves, and
are dependent on the fluid to get dragged out botatly. In order to reach and collide in positioresar the nozzle, the
shots must overcome the barrier of incoming onééclwmakes this path harder to get through. Assaltethe number
of collisions decreases on regions closest to tizzla.

Figure 4b. shows a binormal distribution of velgaitith a bigger peak in the interval comprisinge thegative
velocities. This behavior occurs because almostyaneident shot will shock with a rebounding, Iepeed one, so it is
reasonable that the number of incoming shots thifitle will not be greater than the number of refiing shots. The
left peaks gets bigger as these slower shots eollith each other. The two peaks seen in this jragpresent the
mean velocity of the impingent shots and the vé&joai shots just after hitting the plate.
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Spatial distribution of collisions between shots Velocity distribution in collisions between shots
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Figure 4. Collisions between shots. (a) Spatiatitistion; (b) Velocity distribution.

Fig. 5a suggests that the distribution descrilihwy collisions with the plate is Gaussian. Simpattern can be
observed in the histogram of Fig. 5b, concernirggpatial distribution of the kinetic energy trarséd to the plate.
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Figure 5. Collisions with the plate: (a) Spatiadtdbution (b) Transferred kinetic energy distribat

Simulations of the model for several combinatiofithe parameters values from Table 2 gave risenfoortant
results.

In Figs. 6a-b it can be observed that the use ofsswith different diameters leads to significahtiages in the
number of collisions between shots and in the dtyaot kinetic energy transferred to the plate. the shot diameter
increases, the average free space between shatsstiies; so, the number of collisions increaseswvéler, as shown
in Fig.7, increase in the number of collisions doet change the binormal characteristic of therithistion of
velocities.

Kinetic Energy Number of collisions between shots

.

Kinetic energy [J]
kR NWEGON®O S
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0 0,5 1 15 2 2,5 3 35 4 0 0,5 1 15 2 2,5 3 3,5 4
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Figure 6. Effects of shot diameter: (a) kineticrgyaransferred to the plate; (b) collisions betwégo shots.
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Histogram of Velocity of colliding shots
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Figure 7. Velocity of shots during collisions.

Concerning the coefficient of restitution, as ittEases the same occurs with the velocity of retimgnshots,
forcing them to stay near the plate and increafiegnumber of collisions between shots and betvgbets and plate
(see Figs. 8a-b). However, no relevant changethdrdistribution of the transferred kinetic enermgn be observed,
since these new collisions with the plate are aél tb slow shots. On the other hand, both the apatid the velocity
distributions are altered. The first one gets shred to the left, meaning that most collisions lappear the plate
(Fig-9a) while the latter has the left side of peak increased and moved to values near zero fig.9
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Figure 8. Coefficient of restitution effects. (a@llisions with the plate (b) collisions between tafots.
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Figure 9. Coefficient of restitution effects onlebns: (a) spatial distribution (b) velocity digtution.

The variation in the air velocity at the nozzleteséction has a smaller impact on the kinetic gnéransferred to
the plate when compared to the shot diameter'sanfle (Fig 10a). Although the kinetic energy vagesadratically
with the velocity, the mass increases with the cabthe shot diameter. As it can be seen at Fifp, When the air
velocity at the nozzle exit section is reducedrehis an increase in the number of collisions betwshots. It is also
noted that as the mean velocity decreases, thendistbetween peaks in Fig.9.b decreases, but #neatéristics of the
velocity distribution of collisions continue thensa.
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Figure 10. (a) total kinetic energy applied to ptete (b) number of collisions between two shots

The influence of the nozzle diameter and the desdretween nozzle and plate are not much notice@hke only
facts that can be observed are that the areaabbyrthe jet increases slightly and the kinetiergy of the shots gets
more dispersed in both cases. The number of aoiéswith the plate and between shots is not sicanifily altered, and
nor is the number of shots that never reachesléte.p

5. CONCLUSIONS

Despite the simplifying assumptions adopted to tansthe mathematical model of a shot peeninginginging
on a flat plate, the first results provided by nuice simulations of this model, encompassing e on the values
of four design parameters of the process (shanelier, exit nozzle diameter, air velocity at thét section of the
nozzle, distance between the exit nozzle and the)pand an operational one (coefficient of restiy dependent on
the materials of the shots and the plate), indittaeit is possible to identify a proper combinatof process parameter
values that generate a shot blast able to tratsfédre plate the necessary kinetic energy to pregueviously known
local deformations.

The essential outcome variable to be calculatedtiwis the plate's residual stress field, has motgen introduced
in the analysis, but will be investigated in fattstudies. By calculating this variable, it wikk ipossible to estimate
local deformations on the plate. This will be anportant result to design controlled systems foenpérming
machines.
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