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Abstract: The interaction of twin round free-surface watés jenpinging vertically
on a horizontal moving surface is numerically stadiJets flow rate (15, 22, 30
L/min) and substrate velocity (0.6, 1.0, 1.5 m/srev systematically changed
relevant to steel cooling process. Realizabtglrbulent model and volume-of-fluid
method were used to obtain the impingement flowrasttaristics that occur over
moving surface during the simulations such as wgftiont and wall jets interaction.
Different types of twin jets interaction were cattl depends to plate-to-jet velocity
ratio. As the jets flow rate increase and/or théase speed decreases, the wall jets
arrive earlier to the interaction zone with highesmentum and up-wash fountain
created. But, a thick calm dome-shape interacyipe tvas occurred in case of low
flow rate and slow plate speed where the wall malide together with low
momentum. Different flow velocity distributions afeund respect to the jets
interaction type. The numerical results were agreid the experiments.
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1 Introduction

Due to the distinguishable ability of water jetgpimgements in removing high heat load, it has been
widely used in industrial cooling. For example, lbog by water jets is utilized in paper producing,
turbine blade manufacturing and metal making preee$1-3]. Arrays of water jets are also used in
rapid cooling hot metal strips (run-out table, R@Tinetal making processes. In steel productionT RO
cooling plays a crucial role in managing the meatelnand metallurgical properties of the final
product. However, most of steel making industrtékrely on trial and error method in controlliihe
cooling process of the red hot strip due to theperity of both heat transfer and fluid fields ovast
moving surface. Generally, most published studieseviocused on the heat transfer aspect and the
associated hydrodynamics part received little &itteanin addition, many researchers conducted their
experiments within small scale in accordance tol#imratories’ condition e.g. studying the heat
transfer of single water jet impingement over éictary surface; see for example [1, 4-5].

When a single round water jet impinges on a fixedage, the impingement water spreads radially
symmetrical around stagnation point and createéscalar wetting zone. The impingement flow may
experience a sudden rising of film thickness i€glar hydraulic jump (CHJ) occurred at the wetting
front (WF). At impingement zone, the jet normalligshthe horizontal plate surface at impingement
point. The incoming jet stream becomes stagnantdafiécted and then, the radially start linearly
spreading parallel to the surface until the radigocity reach to impingement velocity. Further
downstream in parallel region, water flow velodgysteadily decreasing due to surface drag antlyfina



retarded impingement flow is accumulated at theeestgd WF is developed and established similar to
a CHJ. However, the circularity phenomenon is eensat upstream and downstream of impingement
point over moving solid wall due to the differenbtion directions of water stream respect to the
moving substrate. Wetting zone is restricted atreps by moving surface where wetting front (WF)
demarking wetted and dry zones but water flow izlrated by surface motion downstream. Over
moving surface, impingement flow momentum is oppdsg the shear frictions due to surface drag
which decelerates the flow velocity upstream ofrfgtingement. The majority of computational studies
of liquid jets mainly investigate a single submerget impingement over a fixed wall while the free-
surface jet type receives little attention (seeefample Fujimoto et al. [6, 7] and Tong [8]). Fogito

et al. [9] experimentally and numerically studiea flow structure of single round liquid jet over a
moving surface that is covered by a film of watgu(ging jets). They observed three types of flow
structures, namely, steady flow, transition, ansteady flow, depends on the experimental conditions
Nevertheless, a single jet is not enough in rengsginch high and uniform amount of heat from large
surface and, in turn, sets of water jets arraysiaoessary to cover entire plate width and imptbee
overall cooling rate. When extra jet is placedfedént flow structure is seen due to jets inteoacti
Figure 2 shows the flow structures of twin watérifepinging on a stationary surface in in jet-tb-je
plane. Five fundamental regions are free jet, im@ment region, inner wall region, outer wall region
and interaction zone (Int-Z). Basically, regiond Bre same as for single jet case but region 5 is a
unique feature of twin jets case which happenedidwellision of the inner wall jets and creating a
upwash fountain. This causes complexity and mdkegansient and unsteady flow problem (i.e. fully
turbulent). Hence, the flow structures over movdagface is totally different from fixed surface asd
more complex.

The studying of hydrodynamics of water jets impinggon unheated moving surface can be considered
as the first step to study the overall flow chagsgstics in the cooling process. Despite the imgare

of multiple water jets impingement on a moving auad to the industrial problem, a few studies taok i
on their considerations particularly various flstductures happened. Among those little studiete Ka
et al. [10] experimentally studied the flow inteian of two impinging water circular jets over ftke
plate and found types of interaction by varyingcépg between the two jets. The two identical water
jets meet at midway distance and upwash interagtemcreated. Fujimoto et al. [11] studied the flow
structure due to twin circular water jets over asing surface that is covered by a water film (plimgg
jets case). The experiments captured that the latewas stable and very thin at the vicinity ragi
near to the jet impact points. The flow transfetietransient mode and subsequently to unstablemod
when the two HJs meet each other and form a fauatai the flow becomes fully unsteady eventually.
Both heat transfer and hydrodynamics aspects gfaultiple water jets impinging over heated [2, 12-
14] and unheated [15-16], were studied by UBC R@lp at a pilot-scale ROT facility as an ongoing
project during years. In terms of examining theadfltield relevant to ROT problem, they studied
impingement of single water jet (10 - 45 L/min) different plate speeds (0.3 - 1.5 m/s) to
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Figure 1: Schematic of twin water jets impingemaver a stationary plate
replicate somehow the situation of moving longps{ti7-18]. The experiments were recorded by
camcorders using high speed mode. By systematimgehaf jet and moving surface parameters, they
illustrated main characteristics of flow structueesl regions over a moving long test plate: distort




of the circular wetting front into the noncircukdrape, delineation of upstream surface into nomedet
and wetted regions and different flow structurdatnstream. In addition, effect of jet-to-plateoaity

ratio on place and width of WF (HJ) was explored arcorrelation was proposed for maximum radius
of wetting zone. in addition, Seraj [15] testedhand triple jets impingement on moving long sudistr
through extensive experiments. The number of no@d)ejets flow rates (Q) and nozzle spacing (s)
were varied to create variety of flow interactionlint-Z. The type of wall jets interaction deperuhs

the velocity ratio which includes calm thick domeape and very chaotic and unsteady fountain like as
the unique feature for multiple jets. Numericabgraj et al. [16] investigated the impingement flafw
single and twin circular long water free-surfaces jever a stationary plate and single jet on moving
surface [17]. Two different turbulent models i.eealizable ke model (RKE) and the shear-stress
transport ke model (SST) were utilized and the numerical resu#lidated with their experimental
data. Both turbulent models showed good performdmuten case of SST model, near wall region
required extra mesh refinement which, in turn,@ases the number of cells and makes the computation
so lengthy. Thus, in case of twin jets, they us&ERurbulent model in order to control the huge
number of cells. As such, the objective of thigdgtis to numerically study the fluid field aspeft
impinging twin water jets of flow rates of 15, 2&) L/min over a moving surface with speeds of 0.6,
1.0, 1.5 m/s.

2 Numerical Simulation

The hydrodynamics of twin water jets impingemenéroa moving surface was modelled using the
volume-of-fluid (VOF) method [19]. It is a well-kmmn multi-phase method to trace the interface of
two immiscible fluids in a mixture. VOF method waslized in all these simulations to capture the
free-surface of water jet before impingement aratking the wetting front propagation after
impingement. Basically, a volume fraction scalaiapaeter f is assigned to each phase inside eviry ce
and then located them into the domain where emgityicfull of air. In each control volume or cell,
the total volume of fraction for both phases istyiniherefore, the continuity equation for volume-
fraction of one phase, water, for example, candael tio track the interface and then each phaséevill
located accordingly:

= (fubu) + V. (fupuU) = 0 1)

in which the subscript w indicates water phaselanefers to the velocity vector that is shared leetmv
the two phases so then one momentum equation neddssolved for the entire domain. Properties
such as density and viscosity i are defined based on the voluamti@m of each phase.

In case of incompressible turbulent flow, both e@pand pressure variables are not constant avel ha
fluctuation part (e.gU; = U, + i, whereU, is the mean part anf is the fluctuating part). Therefore,
the Reynolds-Average Navier-Stokes (RANS) equatiwitts constant properties will be [20-21]:
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where p refers to pressure, g indicates the graeityor,p and i are density and viscosity, respectively.

The term terms wit{ ) indicate their mean magnitude part and terms \@ith refer to their
fluctuation part. The 3-D twin water jets were smlvnumerically through transient RANS equations
using finite volume method besides the VOF methpdCBD package ANSYS FLUENT 14.5. The
Realizable ke (RKE) model was utilized among all of the availilrbulent models since it
sufficiently predict the spreading rate of planed aound jets [22]. In addition, the non-equilibriu
wall function [23] was used to enhance the modgltihwater layer near the moving surface and saving
the computational time. Actually the wall functigreatment is adequate for this high-Reynolds
industrial flow problem instead of studying the hdary layer. All governing PDE’s were replaced by



a set of discrete algebraic equation and were liated over the entire domain. The Pressure-Implicit
with Splitting of Operators (PISO) scheme was uf@dvelocity and pressure equations in these
transient simulations. The time was discretizedliaitly using first order scheme. But, a seconderrd
upwind method was selected for both momentum artzlkence equations. The VOF equation was
discretized using a geo-reconstruction scheme. Biggbraic equation was iteratively solved until
converged solution was obtained. Generally, thenatized residual for continuity equation was set as
order of (10-4) and velocity and turbulent parameteere set as order of (10-6). The constant
properties for both air and water were considetedraospheric condition: for the primary phasepair
=1.225 kg/mand p = 1.7894e-05 kg/m.s and for the secondargephveatep = 998.2 kg/mand p =
1.003e-03 kg/m.s and finally the surface tensidwben the two phasesds= 0.0728 N/m. For more
details on setting up the solution procedures refdhe program user’s guide [24]. Overall, all the
simulations were run at a small time step in orde(10°) to ensure solution stability and until
unchanged results were established.

21 DOMAIN, BOUNDARY CONDITIONSAND MESH

There are mainly four boundary conditions: inleggsure outlet, symmetry plane, and wall (Figure
2a). The half of jet and Int-Z planes were assuaedymmetry planes in order to control the huge
number of total cells. Otherwise, powerful compiotaal facility is required. The target surface is a
moving wall with different speed in the negativali¥ection and no-slip condition (Figure 2b). At the
inlet, the fully developed profiles of axial veltes and turbulent profiles were implemented frém t
previous 2-D simulations of each flow rate at 50 meight above the plate [17]. The pressure outlet
B.C. was assigned to the domain’s boundaries wherkow can exit the domain but no water backflow
is allowed.

The UBC ROT experiments conditions [15] were usedize the 3D computational domains for twin
water jets simulations. To find appropriate dimensaf the domain, the upper region (in +Y direcfion
was carefully designed based on parameters (jotriibe and plate speed) of each case (Table 1). The
main purpose was to minimize the domain as mugboasible in order to reduce the total number of
cells generated during meshing process. In allsgdke downstream region was fixed at 50 mm in -Y
direction. Table 1 summarizes the dimensions ferccttmputation domain for all the cases of flowsate
over three different plate speeds. The total hedfithe jet inlet is considered as 50 mm (h1+ h2).

The twin jets domain was meshed with non-unifornucttiral grids of rectangular cells which is
clustered towards the plate surface and also esfyeati the impingement and the interaction zoires.
each case, the original number of cells was sét egtsideration of simulation time and required CPU
memory, and then the mesh was refined progressaedprding to the wall y+ requirement (y+=
V(pt_w ) zh wheretw is the wall shear stress). Basically, in all loé simulations, the wall y+ was
maintained in the range of 5 < y+ < 10. Also, eathulation was monitored and checked out
continuously to ensure the proper spreading ofrigganent flow over moving substrate especially for
the lower flow rates 15 and 22 L/min jets overdashoving plate. The mesh adaptation had to avoid
the water layer intermittency and so the mesh wastljnperformed in the wall bounded region that
included impingement water layer and the adjaciritaav. Therefore, this dramatically increases the
number of cells and made the simulations so lengtiy memory consuming. The final meshed
computational domain included at least 800,000itboms of cells. The computations were conducted
on powerful workstation and a 32-core workstatiopérallel processing mode. Mesh dependency was
studied after ensuring that the impingement wates & continuous development over the moving
substrate. More details about mesh refinement aty ®f mesh independency are
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Figure 2: Three dimensional computational domaihppundary conditions (b) domain

Table 1 Model Dimensions for Three Flow Rates and ThretePpeeds

Diaﬂr?etzter Plate Speed Flow Rate, Inlet (mm) Length | Height s | Width W | Int-Z thickness
di | Vp(m/s) Q (L/min) L (mm) (mm) (mm) t (mm)
j (mm)
0.6 15 20x10 185 30
19 1.0 22 25x12.5 220 40 101.6 30
15 30 30x15 260 40

* The total length (upstream + downstream zones)riity 1.0 and 1.5 m/s cases

presented in [24].Then, appropriate meshes were inseach case to optimize the computation time
and the numerical outcomes are considered gricharent.

In total, nine distinct cases were considered of2P5 and 30 L/min jets flow rates impinging on the
moving surfaces with speeds of 0.6, 1.0, and 14 fithe simulations were usually continued until
steady impingement flow and jets interaction sétdewn over moving surface. Thus, all the results
are presented here are of unchanged conditions.

3 Resultsand Discussions

First, wetting front propagation over the movingfaoe is considered at the upstream region where it
encounters the restrictions exerted by the platgeement. From the top view one can monitor the
wetting front propagation as well as its shapeurag represents the water flow propagation of 30
L/min on a moving wall of 1.0 m/s, for example.the very beginning, the impingement water spreads
similar to L/min on a moving wall of 1.0 m/s, foxample. At the very beginning, the impingement
water spreads similar to impingement on a fixedeplaircular shape) in impingement zone and nearby.
However, the wetting front is gradually deformedd ashanged to non-circular shape as propagate
radially in parallel zone (after 0.025 sec). Asevdayer covered larger area over the plate tojfasar

its velocity decreased due to the frictional dnagnf the moving surface and the water front thicklene
Also, the impingement water as inner wall jets hegtto the interaction zone and produced created
thick interaction water layer and then a bulge afex a head of Int-Z was formed. Figure 5 illugsat
the experiment of this case (30 L/min on 1.0 m@s)erall, the numerical result of VOF contours of
water flow development and start of wall jets iat#ion is in good timing with the experiments. Digyi

the experiments splashing and splattering of watteplets were observed which were not reproduced
much in these simulations. This can be mainlytaitad to the
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Figure 5: Sample of top view images for water flon@pagation of 30 I/min over 1.0 m/s

turbulent model that being used as an averagedib&&BlS model and also different surface condition
of test surface and wall surface in the computalidomain.

At the jet symmetry plane, not only the wettingnirgpropagation but also the hydraulic jump (HJ)
location and configuration can be detected. As shiowFigure 6, when the jets flow rate increase (Q
=15, 22, and 30 L/min) at same velocity movingglsuch as 0.6 m/s, for example, the wetting front
propagates further distant from the impingemennipand the HJ is getting unstable and takes place
accordingly with different structures. When the amioof impingement water was set to 15 L/min, the
HJ location is at about 4.5dj but when the wateowm is doubled to 30 L/min, the HJ settles at the
double distance about 9dj. This is because theniggmhent waters are flowing on the moving plate
with same speed and surface condition but the rjeimentum is doubled. In addition, Figure 6
illustrates thin or very thin computed water layeparallel zone outside the impingement zoneakec

of 15 L/min, the water has the thinnest layer dralftee-surface stands almost at z = 0.2-0.5 mm
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Figure 6: Wetting front over moving platg = 0.6 m/s, (ald = 15 L/min (b)Q = 22 L/min (c)Q = 30
L/min

In case of 22 L/min, the water film has a modethiekness where the free-surface is as high astabou
0.5-1.0 mm. The 30 L/min twin jets developed netay thin impingement water layer and the free-
surface becomes higher, z = 1.0-3.0 mm. Oppositgsdream, the thin water layer became thinner
radially in downstream. In fact, moving substraté ghearing effect under flow layer in flow direxti
Therefore, the accelerated flow should experieheeaeduction in thickness. Basically, in case lggh
flow rate Q = 30 L/min, the impingement water caviarger area of the wall surface in comparison to
the lower flow rates 15 and 22 L/min. When the ing@ment water has higher momentum, it spreads
out faster over the moving surface and better @vant the confinement effect of the frictional drag
force on the wetting front propagation and thereags more toward the upstream zone (in +Y
direction).

At Int-Z symmetry plane, the Y-component velocit{&y), in surface motion direction, at different
elevation were obtained in order to examine thectfdf moving plate on the two wall jets interantio
The velocity profiles along with jets interactioase shown in Figure 7. At downstream zone in all
cases, the velocity grows in direction of wall moti(negative values) and continues to increase at
upstream zone until 3.5dj or beyond where velatifgnitude became zero. Although a sharp increase
in velocity magnitude is seen but the velocity ewlow positive velocity, Vy/Vimp~ 0.04-0.05
(Figure 7a, b). Actually, the inner wall jets haxexy low flow velocity when enter the Int-Z whilbd
effect of plate motion is same everywhere inY direction. Sharp velocity reduction specifies
occurrence of wetting front and, in turn, changemater phase to air phase consistent with water
contours in Int-Z. Smooth curves for velocity dfetient depth in Int-Z are evidence of calm intéi@at

of 15 L/min wall jets represented by the dome-shiafaction type (Figure 7a). In cases of 22 ahd 3
L/min, the velocity was fluctuating at the downsairezone as a sign for chaotic flow structure due to
collision of higher momentum wall jets. For 30 Limets (Figure 7c), a higher water layer shows the
up-wash fountain kind of interaction that producdifferent velocity variation. Higher velocity pisk
(Vy/Vimp = 0.1) and high rise accumulated water layer andtexsfrom stronger flow stream of wall
jets due to 30 L/min jets while the plate veloddgysame as before, 0.6 m/s Again, sharp velocity



reduction marks the place of wetting front. Thealimn of the wetting front at the Int-Z symmetrapé

is less distant from inter-jet line in both casé4® and 22 L/min respect to the WF location atjéte
symmetry plane (see Figure 6). This is due to thpesority of motion of plate respect to the flow
stream at Int-Z that alters the circular shape @mges it to non-circular form. In case of 30 L/min
nevertheless, the WF has extended further upstdéstance at Int-Z symmetry plane compared to jet
symmetry plane, different scenario compare to Xb2hlL/min jets. Actually after wall jets interaati
takes place, a bulge of water a head of Int-Zrémted which pushes the WF even further away in
upstream zone (r/diz 11). This bulge also was observed in the expetiatiem.
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Figure 7: Y-direction velocity and jet interactioatsint-z symmetry plane on moving plate=
0.6m/s, (aQ =15 L/min (b)Q = 22 L/min (c)Q = 30 L/min

Depends on the flow rate of parent jets and platiase speed in the simulations, different intecact
types produced after the water wall jets collidedhie Int-Z. Figure 8 presents various interactiohs
twin water jets through set of simulations withefikplate speed such as 0.6 m/s, for example, Agrsho
in inter-jet plane, a thick dome-shape interactygre was captured in case of low flow rate 15 L/min
jets, a thin tilted fountain like interaction inseaof 22 L/min jets and a thin up-wash fountaigiacttion
type in case of the high flow rate of 30 L/min. §h§ in a good agreement with the UBC ROT
experimental observations [15]. The flow velocigctors were also plotted at the jets interactich an
nearby region (highlighted by a dotted-yellow recualar) to evaluate the behavior of resulted
interaction. These velocity vectors clearly illas& the behavior of flow such as circulation. Whien
flow rate was low as 15 L/min (Figure 8a), the feiiinteraction was thick dome-shaped and velocity
vector are small with smooth change in the direcsignifying calm interaction type. This interactio
type introduces weak circulation in adjacent aowfl In fact, the water stream from very thin
impingement layer has reduced momentum when reaahifnpingement zone to the Int-Z due to the
dominating effect of drag force of the moving wailcases of 22 and 30 L/min (Figure 8b, c), howeve
the velocity vectors are larger and have sharp giém the direction showing the chaotic flow and
strong circulatory behavior which transferred te g#urrounding air as well. Actually in these cases,
more water and faster moving stream within the yeadl increases the water flow
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Figure 8: Different interaction types of twin wateall jets and velocity vectors on a moving plate
Vp=0.6m/s



momentum which could survive the frictional effe€imoving substrate all the way down to the Int-Z.
Resulted strong wall jets could create the thinemergetic and so high-rise interaction type wihyv
unstable structure and big induced circulationegggaed in Figure 8 for 30 L/min case.

3 Conclusion and Future Work

The hydrodynamic of twin circular free-surface wajets impinging over moving surface was
numerically investigated. The RKE turbulent modeéthwthe aid of non-equilibrium wall function
treatment was used along with VOF method to traettimg front propagation, hydraulic jump location
and contour, and the wall jets interaction. The mrefinement was crucial to resolve the water flow
intermittency above the moving surface and to maaintontinuous spread of wall jets. Faster moving
surface confined more the wall jets and wettingfrand hydraulic jump happened closer to the inter-
jet-line all over the surface. According to diffetglate-to-jet velocity ratios, three distinctardction
types were captured namely, thick dome-shape,tittéral fountain-like, and thin up-wash fountain
presenting different velocity variations within én&ction flow. Generally, the numerical outcomes
agree well with the UBC ROT experimental observatio
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