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High-speed droplet impact during hydraulic descaliry process

A. Horak® J. Boh&ek”

Summary: The steel hot rolling process is inseparably cote@¢o the oxidation
of a rolled material at increased temperatures. Hydic descaling of rolled
material is a part of all rolling trains. Surfaceuglity after descaling is
fundamental for the total surface quality of a notbduct. The process itself is not
theoretically well described; various different appches were used to clarify the
descaling problem. This paper describes the dymanoic high-speed impact
between compressible water droplet and steel slesler. The purpose of this
study is to verify the fact that impact stress ¢@na significant factor during
descaling process. Considering high droplet impageed (100-300 it}
inferential extremely short time intervals (0.1-548) and complicated scale
structure model presents only qualitative illusivat This model uses the finite
element method and applies boundary conditionsdasewater-hammer effect,
needed for the evaluation of tensile stress inyeHdaof scales and in the basic
steel material.

1. Introduction

Descaling occurs through the application of energyorce by the descaling systems. There
are several mechanisms suggested for the activehanisen of descaling. Two major
approaches can be found in the literature “meclaomncept and thermal concept”.

The mechanical theory says that the force of theemapplied to the steel is sufficient to
pulverize the scale into small particles and trermave it from the steel substrate. A similar
water-impact concept is that the scale is removedabmechanical force applied to its
through-thickness face [1]. This theory leads te tonclusion that the oblique jet impact
provides a better performance than the perpendioulipact. The tests of the surface quality
after descaling were conducted at the Brno laboyafthe impact angles of 0°, 8°, 15°and
30°were applied. These tests do not show bettattsefor a large inclination of the angles.

The thermal theory is mostly based on the thermpaesion mismatch between scale and
steel that causes a large mechanical shear fotabe @cale-steel interface during chilling.
Thermal inducted force can reach two order of mage higher forces than the measured
mechanical force applied by water [2].
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Another mechanism is that of vapour explosion ®hter can infiltrate the cracks in the
scale and evaporate almost instantly due to a mmglterial temperature. The rapid
evaporationcreates an instant increase in vapoesspre producing a high shear stress
between scale and substrate or among the scals.laye
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ectron microscope photo of steel-scale position layer.

The descaling process can be also explained bligfevelocity impact of water drops or
jets. The theory of a so-called Water-Hammer Effsays that high speed liquid-solid
collision causes extremely height of stress witkinsolid body resulting in structure
disintegration. This effect is known from e.g. oujt technology [4] and also it is
experimentally studied at the n Heat Transfer ahddFFlow Laboratory (Fig. 2). For
understanding of this phenomenon, spatial and teshpoessure distribution acting on target
surface must be known. With this knowledge usebloasmdary conditions, the transient stress
within solid (both in steel and scale layer) canch&ulated. The most important values to
know are the pressure maximum and the moment wleacurs. There are different theories
describing jet or droplet impacts. The most valaabk described below.

Considering a stable jet of ideal liquid (non coegsible and non viscose), with
perpendicular impact onto a rigid surface, the iopaessure gs equal to [5]:
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wherep is the liquid density andovis impact velocity. These assumptions oversimpiify
problem too much and the liquid compressibility imlps taken into account. In such a case
the impact pressure for jet (2a) and for sphertrablet (2b) given by the water-hammer
effect is given by [6]:

1
P, = VyCy, (2a) andP; :E,OVOCO , (2b)

wherec, is the sonic velocity (1500 misfor water). The mechanism of the water-hammer
effect, shown in Fig 3 (on the left), is based bock wave propagation. Impact shock wave
propagation occurs with sonic velocity immediataRer the impact and therefore a rapid
initial pressure increase is observed. At the same a relax wave arising from the edges to
the middle of the jet starts to move. Maximum pues$ (2a) is reached after the relax wave
arrives to the midpoint and timeat this moment is equal to:
r

t =— 3
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where r is droplet radius. Considering water jeinteter (e.g. 1 mm), the ultimate process is
extremely short and impact pressure maximum oci@s33us. Since the relax wave arrives



into the dropl/jet center impact pressure is deangadsom maximum pto steady statespnd
lateral jet-spreading begin.
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Fig.2: Detailed photo of the pressure sensor (leftyl the typical measured pressure
distribution for the descaling nozzle (right), wéteeding pressure of 200 Bars.
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Fig.3: Water-hammer effect during water jet (l@fitd spherical droplet (right) impact.

In [7] Huang discovered a non-constant shock wanapamation velocity, which is in
addition higher than sonic velocity and depends on jet impact velocity For water shock
wave velocity is given by the following formula:

2
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a maximum pressure value becomes equal to:

P = AC (5.
A similar conclusion, presented by Heyman [8], vehanitial contact area is at one point,
and then the contact area grows during the impaciegs, and is expressed by:

V
Y :,O\IOCO[1+|((C—O)] ,  (6)
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where kis a constant specific to each liquid[9h Heyman with analogical assumptions
using a limiting contact anglé. creates an impact model for a spherical droplée T
mechanism is the following: in the initial stagdsying which liquid is entirely compressible
and no lateral outflow occurs; the liquid-solid tact area is growing faster than shock wave
propagation velocity. At this moment high pressarea inside droplet (Fig. 3 right) exists,
which is bordered by a rigid surface and a shockeweont. When the shock wave overtakes



the interface perimeter lateral outflow occurs. Tihmting contact angle at which shock front
becomes detached is given by:

. V,
- Vo
Sin CDC - ? (7)
As long as contact angle do not reach approximdtalfy of &. contact pressure is almost
equal to 1-D model. Afterwards, the impact pressgn@vs with increasing velocity to a
maximum culminating in the equation:

P =30V,C, (8) |, forimpact velocities between 0.084 < 0.3,

_ Vo
and Pi = VG (2+ 3C_) for higher impact velocities. (9)
0

Fig.4: Short time photo of the spray fan from acaéisg nozzle, feeding pressure 200 bar,
distance from orifice 50 mm, image size 30x50 mm.

Although measured impact pressure is considered laighly demanding research topic,
particularly because of the extremely high pressaeies measurable during a very short
time period, several studies have been publishegtoB in [10] determines by experiment
that average impact pressure values for a watev§e?31.7 ms; r =2.15 mm) reach 924
MPa (formula (2a) gives 1080 MPa) in a time intéfal ps (1.43us by formula (3)). In a
time interval of 3us the impact pressure decreases to the steadyataéep,

Smith & Kinslow present in [6] results for watet jeont diameter of 6,6 mm and impact
velocity of 640 m&, where maximum the impact pressure on the impaet midpoint was
observed as 863 MPa (=945 MPa by formula (2) ). Impact pressure maxinagours at
time interval 3 pus (formula (3) gives 218) and after 5-6 ps, pressure decrease to steady st
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=—Formula (1) =—Formula ( 2a) Formula (2b) Formula (5)
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Fig.5: Impact pressure as function of impact veiofor different formulas.

All presented models and equations for maximum ohpaessure are compared in Fig.5,
where experimental data from [6] and [7] are alsduded. Previous data agrees with the
aforementioned formulas [2a] and [5]. With regandtite accuracy of experiment data it is
important to consider the size of the pressurememsgh pressure during only a short time
period must be taken in account, since it is otie¥wot clear enough if the maximum or the
average values were measured. Fig. 5 shows tleahitfes among maximum pressures in the
formulas (2a), (2b), (5), (6) and (8 + 9), whicle aeveral times higher than steady state
pressure given by (1).

2. Numerical models

Maximum impact pressure values arising from theewhtmmer theory are sufficient for
breaking scale layer. In addition to our modellanmgd computation pressure history must be
known as well. Numerical simulations of 2-dimensibdroplet impingement were treated by
Huang ([13], [18]) using mathematical model based @ompressible-Cell-and Marker
Method (ComCAM). Considering a compressible norcase liquid, the solution for collision
with a rigid plane surface was performed for cytiodl, spherical and cylindrical-spherical
composite droplet. Shape of high-droplet geometsyas it is shown in Fig.4 very
heterogeneous. Huang’'s results show a suppose@rgcehuge pressure increased after
initial collision from 0 to the maximum and the arhtion to steady state pressure in an
expected time slot. These pressure distributioasuaed for design of boundary conditions
into steel-scale layers stress analysis. The dtegt of this study must be the confirmation of
the results presented in [13] and [18], especiglhgssure time history and droplet impact
disintegration. The impact pressure maximum anck tirave to be acknowledged to make
sure that our boundary conditions based on liteed+20] are correct. On contrast Huang, 3-
dimensional model using LS-Dyna solver, the Fisitement Method (FEM) was used. This
3D model allows studying the droplet impact disgnégion, pressure distribution within a
single water droplet and time histories. Our analyd computation focus on the single
water droplet of 3 mm diameter, assuming a draphgiact velocity of 300 niSand a total
rigid surface.



Fig.6: Single water droplet disintegration in tiperiod: 1, 2, 3, 4, 5 and 6 us; 300 hasd 3
mm diameter, maximum pressure occurs in time ialelv2 ps.
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Fig.7: Pressure history within droplet along droplemeter (left - red line (A) surface, green
(B) ¥ radius and blue (C) droplet centre) and aldmogplet surface (right - red line (A) axis of
symmetry, green (B) 0.125 mm and blue (C) 0.25 momfdroplet axis).

3. 2D model with scale layer

The model presented in this paper focuses on stnesielling of a scale-steel body hit by a
high-speed water drop. Settings of droplet veloanyg a diameter value defines stress within
scale-steel system and time duration of processiniform circular water jet distribution
alongy axis is assumed, which simplifies the model frastving 3-Dimension to 2-D task
and makes the modelling much faster,. The Finigsr€int Method Model contains two layers
of given thickness — scale layer (50 and 500 pnewenulated) and whole model (10 mm).
For a superior understanding of the scale behgvieny heterogeneous structure) under the
stress two models were performed (Fig. 8), modelih no crack and model B with 50 um
crack in the centre. Proper scale geometry, showmiig.1, is difficult to be set because of a
very random structure. The model width is 5 mm &otdl simulated time is 10 ps. It is



important to know the material properties of stmedl scale layer. Especially for the scales,
considering heterogeneous structure, precise prepesire hard to acquire. The presented
model applies the properties of scales and cartem €©.4 % C), taken from [21]. The force
distribution along time and x coordinates re-coredutom droplet impact pressure (based on
Huang’s 2D and our 3D model) was used as boundamgiton for the computation. Fig.8
(right) shows the typical pressure distribution rapid pressure increase up to the maximum
during a very early/initial time period followingyka pressure falling and propagation from
the centre to the edges. Varying with boundary gmrddifferent parameters of liquid-solid
collision can be simulated. The model was alsoexblisy LS Dyna solver, which is an
extension of the FEM solver ANSYS, used for dynasimulations. For our purposes 2D
elements method of type Plane 162 was chosen.
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Fig.8: Impact pressure as boundary condition fodehé (without crack) and B (with central
50 or 500 um crack) and typical boundary condiaipplied on 2d model (right).

4. Results

Calculations and results received from 3D modelcdlesd above show a very good
agreement with those obtained by Huang. The dra@eimetry disintegration presented in
Fig.6 corresponds with the spherical droplet in][BBd [18]. There is no significant
difference between these two models (3D and 20y.6Fand Fig.7 show a huge pressure
increase during a few initial microseconds follogviby the pressure declension to static
pressure connected with a droplet spilling. In timterval after 10 ps there is no considerable
pressure value and the droplet is totally disirdtggt and starts to form a water film on the
rigid surface. The maximum almost of 300 MPa occasspredicted, on droplet surface axis
of symmetry, while the pressure peaks (Fig.7) desgen the outwards direction.

2D model containing the scale layer and the steéylin addition focus on the computation
of stresses within both, scale layer and steel béddyoundary line between these two
materials and place where a crack is located wsxs déeply studied. The knowledge of the
shear stress in such potentially “dangerous” plaomgd give us information about the
descaling process mechanism. Fig. 9 presents eatygy-Stress field, asymmetric along the
central axis. The left-hand side of the samplexjgosed to negative stress, while the right-
hand side is strained positively. Maximum or minimatress reached + 450 MPa within 1-2
ps, while the axis of symmetry was free of str@$se graphs in Fig.12 show XY-Stress in
several points along the scale-steel boundary Sngnificant stress curve differences within
the frontier can cause the shearing and the sayde Enapping.
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Fig.9: XY-Stress in time interval 0 — 2.5 ps; 500 gcale layer sample, no crack.

Von Mises Stress field shown in Fig.10 documentgpécal time progress during the droplet
impact loading. The point of maximum v-m stresstowrally transfers from the place near by
the scale surface deeper to the steel body and affeeted by v-m stress propagates
symmetrically in all direction. In time intervalSLps v-m stress enhances the maximum value
of 1 045 MPa within the steel body. The graphsimlA show v-m stress along the axis of
symmetry. Almost identical maxima on the scale aeefand within the steel body are
observed, while scale-steel boundary shows thélatsmn on a lower level.
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Fig.10: Von Mises Stress in time interval 0 — 285 500 pum scale layer sample, no crack.
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Fig.11: Von Mises Stress history along axis of sygtmy) red line (A) scale surface, green (B)
scale-steel boundary line and blue (C) within sbeely; 500 um scale layer sample, no crack.
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Fig. 12: XY Stress history along boundary line; heg (A) axis of symmetry, green (B) 0.5

mm, blue (C) 1 mm and cyan (D) 1.5 mm from axissgihmetry; 500 um scale layer, no
crack.

Considering the fact of the very heterogeneousesstcture full of micro-cracks realistic
modelling of this phase is very difficult. The inpnt thing to know is how these
dislocations change the stress distribution witkieel-scale composition. Figs. 13 and 14
compare the time stress histories in the area ttodee model crack. The differences between
the models with and without crack must be takeadoount. Inserting of crack to the model
cause increase of stresses maximum (10-times highestress and 20 times higher for x-y
stress) and the changes in stress curve shapes{ress oscillation for a non-crack case and
opposite x-y stress loading).
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Fig.13: Von Mises Stress history in place of cragld line (A) scales surface and green (B)
steel surface; left sample with central crack agltrsample with no crack (C); 500 um scale
layer.
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Fig.14: XY Stress history in place of crack; redeli(A) scales surface and green (B) steel
surface; left sample with central crack and righmple with no crack (C); 500 um scale

layer.

5. Conclusions

The models presented in this paper confirm the tihgsis of the extremely high and very fast
impact pressure caused by the high-speed singler wlabplets. This pressure is transferred
into the impacting material (in this case of steadle composition) and is transformed to
extremely high stress within the sample. Scaleasertiuring descaling process is loaded not
only by the single drop, but by the whole waterffjetving from the nozzle atomized into a
very high number of drops of different diameterd aalocities. Usually, some mean diameter
and impact velocity can be determined, but totatling is very random and full of pressure
shock waves. Actually as shown in Fig.4 the drogiimetry cannot be easily described, but
still the impact pressure is in order of hundrefdsiBa and duration in us (Fig.7).

There are at least two proofs that the high presgaaks really occur. The first one is an in-
direct but easily repeatable test. If a piezoeiegressure sensor with the maximum allowed
the pressure of 20 MPa for the measurement pregsunepact area of a descaling nozzle
where pressure of 2 MPa is expected then it willdestroyed by overloading soon. The
second test can be done with the samples of theriaatvith different strengths. Jet from the
descaling nozzle with impact pressure of 2 MPaeaasily make cutting in materials such as
aluminum, brass and even steel during several esndthis would not be possible if there is
a pressure not exciting 2 MPa. Huge differencesvéen the measured and real impact
pressure are due to the size of the pressure séffsmmnon-zero size sensors (Fig.2) provide
lower and wider pressure maximum.

The droplet impact creates mostly XY and Von Mistess. Such a loading is very similar
to the rail loading made by wheel known as the Hpréssure. XY stress is axially symmetric
with the maximum = 450 MPa within 1-2 ps, while VMises Stress takes the maximum
value of 1 045 MPa in the central part of the modélese intensive stresses may play an
important role during the scale snapping. A verpamant role plays the scale morphology,
e.g. in the place of the crack v-m stress is 1@simnd xy-stress is even 20 times higher. On
the other hand the scale thickness influences xonbtress (50% fall), but v-m stress remains



almost constant. A weak point of this model carabessumption of homogenous properties
of scales, because their random structure cannptdperly modeled.

The study confirms that high velocity of the watkoplet has due to the water-hammer
effect sufficient kinetic energy to break the schklger and can be considered as one of
mechanisms explaining descaling processes. Thestagdé must be the combination of
mechanical, thermal and vapour explosion approachas question is how significant are
these descaling theories in the light of new oletérnus.
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