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Abstract

The flow patterns created by a coherent horizontal liquid jet impinging on a vertical wall at
moderate flow rates (jet flowrates 0.5-4.0 L min, jet velocities 2.6-21 m s™) are studied with
water on glass, polypropylene and polymethylmethacrylate (acrylic, Perspex®) using a novel
particle image velicometry (PIV) technique employing nearly opaque liquid doped with
artificial pearlescence to track surface velocity. Flow patterns similar to those reported in
previous studies are observed on each substrate: their dimensions differed owing to the
influence of wall material on contact angle. The dimensions are compared with models for (i)
the radial flow zone, reported by Wang et al. (2013b), and (ii) the part of the draining film
below the jet impingement point where it narrows to a node. For (ii), the model presented by
Mertens et al. (2005) is revised to include a simpler assumed draining film shape and an
alternative boundary condition accounting for surface tension effects acting at the film edge.
This revised model gives equally good or better fits to the experimental data as compared with
the Mertens et al. model. The effective contact angle which gives good agreement with the data
is found to lie between the measured quasi-static advancing and receding contact angles, at
approximately half the advancing value. The PIV measurements confirmed the existence of a
thin, fast moving film with radial flow surrounding the point of impingement, and a wide
draining film bounded by ropes of liquid below the impingement point. While these
measurements generally support the predictions of existing models, these models assume that
the flow is steady. In contrast, surface waves were evident in both regions and this partly
explains the difference between the measured surface velocity and the values estimated from

the models.
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Highlights

Substrate nature affects the dimensions of the wetted regions and flow behaviour
Surface velocity in the radial flow zone and falling film measured using PIV technique
Liquid spreading upwards forms ropes of liquid bounding the falling film

Dimensions of wetted region on 3 substrates predicted reasonably well by models
Narrowing of falling film region modelled by modified Mertens et al. (2005) model

Surface waves of different types are evident.



1. Introduction

Impinging liquid jets are widely used in cleaning operations for removing soiling layers on
process vessels (Jenssen et al., 2011), walls (Birch et al., 2008) and in dishwashers (Pérez-
Mohedano et al., 2015). The liquid is usually water or an aqueous solution of surfactants and
other detergent species. When a coherent jet impinges on a surface, liquid flows away from the
point of impingement in a radial pattern until a point where the fast moving thin film changes
to a deeper, slower moving state. When a vertical jet impinges downwards on a horizontal plate
this gives rise to a circular hydraulic jump, which has been studied extensively since the initial
work of Watson (1964) (see, for example, Craik et al., 1981; Bohr et al., 1993; Bush et al.,
2006). When the jet impinges at an angle, the hydraulic jump is elliptical and this has been
modelled successfully by Kate et al. (2007) and Blyth and Pozrikidis (2005).

When a jet impinges on a vertical wall the flow pattern is no longer cylindrically axisymmetric,
owing to gravity, and the liquid falls downwards to give a range of wetting patterns determined
by the flow rate, the fluid properties and the surface-liquid interaction manifested in the contact
angle, B. Knowledge of this wetting behaviour is important for cleaning operations involving
walls and inclined surfaces, as the removal of soiling layers or contaminants is determined by a
combination of shear stress, material transport, and soaking (time spent in contact with

cleaning solution) (Wilson, 2005).

This paper follows on from a series of studies of the flow behaviour and cleaning performance
associated with liquid jets impinging on vertical and inclined walls (Wilson et al., 2012; Wang
et al., 2013a, 2013b; Wilson et al., 2014; Wang et al., 2015). The series builds on a model
presented in Wilson et al. (2012) which uses a relatively simple momentum balance to describe
the geometry and velocity field of the radial flow zone surrounding the impingement point (see
below). In the present study, our aim is to study experimentally the geometry and, where
possible, the velocity field of the different regions of the flow produced by a horizontal

coherent jet impinging on a vertical surface.

This is the first time that detailed experimental measurements of the velocity field of a thin
falling film produced by an impinging jet are presented. The novel particle imaging
velocimetry technique of Landel et al. (2015) can capture, at high time and space resolutions,

the two-dimensional velocity field at the surface of a thin film that is not constrained in a



channel. In our experiments, it is essential that the film remains unconstrained at the edges, and
flows freely on a planar surface. Indeed, the force due to surface tension, acting at the edges of
the film, is key to understand the physics of the flow produced by an impinging jet. As
modelled by Wilson et al. (2012), the size of the radial flow zone is controlled primarily by
surface tension acting at the film boundary. In the model of Mertens et al. (2005), the
narrowing and subsequent braiding pattern observed in the draining flow downstream of the

radial flow zone is also controlled by surface tension forces acting at the edges.

1.1 Anatomy of the impingement pattern

Figure 1 shows photographs and a schematic identifying the characteristic features of a
horizontal jet impinging at point O on an otherwise dry vertical wall. The terminology which
follows is that employed in our previous studies (Wilson et al., 2012; Wang et al., 2013a).
Short videos of the impingement region and the draining film are provided as supplementary

material V1 and V2, respectively.

AA is the horizontal line passing through O. At and above AA, the liquid flows radially
outwards from O until the change in depth, which we term the film jump in order to distinguish
it from the hydraulic jump on horizontal surfaces. This radial flow zone (RFZ) is labelled Zone
I and has radial dimension R along AA (where € = 90°), and extends to height R, directly
above O. Beyond this radius R, the liquid flows circumferentially downwards in a rope, in
Zone |1, with outer radial dimension R. along plane AA (Figure 1(b)). The rope is typically
much thicker than the film in the RFZ. Symmetry suggests that the volumetric flow rate in each
rope crossing AA between R and Rq, if there is no splashing (i.e. loss as droplets of spray), is
close to Q/4, where Q is the flow rate in the jet. As the flow in the RFZ will be influenced by
gravity, the flow will be slightly less than Q/4. Above AA we employ cylindrical co-ordinates
based on point O.

Below AA, liquid still flows radially away from O within the RFZ but the film jump is less
pronounced and is not evident in much of this region. In these experiments the additional
sideways momentum provided by the remaining liquid from the jet causes the wetted region to
expand until it reaches a maximum at plane BB, of width 2w,. The zone between the horizontal
lines AA and BB is labelled Zone I1l. The photographs (Figure 1(b,c)) indicate that ropes of

similar width still exist in this region and there are many surface waves forming a circular



pattern. Wang et al. (2013a) found that the vertical extent of Zone Ill (from AA to BB) is
greater than or equal to R. In Zone 111 the flow out from the impingement point still provides a
source of horizontal momentum, acting against the surface tension trying to narrow the film.
The net result is a slight increase in the width of the film. Below Zone Il there is no longer
significant addition of horizontal momentum and surface tension causes the film to narrow,
giving Zone V. (If low flow rates are used, surface tension will cause the wetted region to
contract below AA, see Wilson et al. (2012)). Between AA and BB we employ Cartesian co-
ordinates; z is the distance downstream from AA.

Zone 1V is marked by a number of features: the continuation of the rope on each boundary, of
significant width and with a thickness much larger than in the interior of the flow (see darker
edges in Figure 1(c)); the interior region bounded by the ropes in which almost horizontal
crests of surface waves of varying wavelength move downwards, which we term the film
region; and nodes where the two ropes meet and create a knot of liquid which then spreads out
again further downstream. On a tall plate, multiple generations of nodes can be observed (see
Mertens et al., 2005), and, under certain flow conditions, the flow can form several streams
(termed ‘braiding’ by Mertens et al., 2004). Cartesian co-ordinates are again used in Zone 1V: x
is the distance downstream from plane BB; y is the lateral co-ordinate, directed to the right; the

local half-width of the film is w.

1.2 Structure

The objective of this study is to analyse experimentally the different flow regions produced by
a steady horizontal coherent jet impinging on a vertical flat plate. We compare predictions of
different models, including a new model (based on that of Mertens et al., 2005) proposed in
this paper, with our experimental measurements for the geometry and the velocity field of the
flow. The experimental investigation of the velocity field of the thin film flow is made possible

for the first time thanks to the novel technique of Landel et al. (2015).

The models are described in section 2. In section 3 we present our experimental procedure and
apparatus. We also describe briefly the velocity measurement technique of Landel et al. (2015).
In section 4, we compare the predictions of the models of Wilson et al. (2012), Wang et al.
(2013b), Mertens et al. (2005) and our new model, with our experimental data for the four
different flow zones described in Figure 1. The predictions and hypotheses of these different

models are discussed. We draw conclusions in section 5.
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2 Modelling
The following models describe the flow patterns arising when a horizontal jet impinges
perpendicularly against a vertical wall. Models for Zone |, where the jet does not impinge

perpendicularly, are reported in Wang et al. (2013b, 2015).

2.1. Zone |, predicting R

In the absence of gravity/body forces, Wilson et al. (2012) modelled the radial flow outwards
from the point of impingement in the radial flow zone as a thin film with a parabolic velocity
profile, i.e. a laminar Nusselt film. The assumption of a laminar film flow in the RFZ will be
discussed further in Section 4.1, when presenting the experimental measurements for the
velocity field in the RFZ. The mean radial velocity, U, at radius r, is given by

1 1 10z°%v [r3—r3]

U U, 3Q H

where v is the liquid kinematic viscosity; r, and U, are the radius and mean velocity of the

(cylindrical) jet, respectively. Wang et al. (2013b) modified this to include gravity, giving

2 2
i(Q—Uj=—5ﬂ'VU r _§Qgcos¢9, 2]

dr\ 27 Q 6 27U
where g is the acceleration due to gravity and & is the angle at which the streamline is inclined

to the vertical. For horizontal flow along AA, 8= £90° and the solution of [2] is simply [1].

This model does not account for the distance required to develop the parabolic velocity profile
in the thin film, which was determined for the laminar case by Watson (1964). This distance
scales with r, and is of order 2-3r, for the tests reported here. Equations [1] and [2] are
therefore not expected to be accurate for low flow rates, when the RFZ is small. The model
also assumes steady flow in the expanding film, which precludes the formation of surface
waves that are evident in the photograph (Figure 1(b)). The assumption of the parabolic
velocity profile will be investigated briefly in Section 4.1 by comparing the surface velocity,
Us, measured by the PIV technique with that predicted by the models: for a parabolic film, U =
3U/2.

In the above models, the location of the film jump, at r = R along AA, Figure 1(a) - and at r =

Ro when vertically above O - is determined by a momentum balance in which the momentum



flux associated with the flow outwards is balanced by the surface tension force acting inwards,

as shown in Figure 2, viz.
6 .2
= PURNR = y(1—cos ). [3]

Substituting this result into [1], and assuming that r,> and 1/U, are small, yields:

Y4 Y4
R= 9p°Q° oot PO | [4]
5072 11y (1 - cos j3) y(L—cos )

A similar result is obtained for Ry, but the presence of the gravitational term requires numerical
integration of equation [2] in order to obtain U(r) to substitute into equation [3]. The value of

the angle S used is not straightforward, and is discussed later.

2.2. Zone |1, estimating R, and Zone |11

The rope region extends beyond Ry to reach the maximum height, R,, directly above the
impingement point (see Figure 1(a)). Wang et al. (2013b) presented a simple model for the
width of the rope region (Zone I1), which varies with angular coordinate 6. In this model, the
flow rate of liquid in the rope is proportional to #. The model is derived from a momentum
balance on an element of rope, assuming negligible wall shear. A detailed description is given
in Wang et al. (2013b). The rope is assumed to have a semi-circular cross-section of diameter

D, given by

2[Q 0
o) | ngRmepew)' o

where @ is in radians and
cosf—1) 2sin@

i + —C
As 6 —0, frope = 0°14 - 0*136 and the asymptotic limit of [5] is

2 / 2
Do:; Q\/g_; [7]

R, is then calculated from:

R, =R, +D,. [8]

fo0) =2 036, [6)



The flow in the rope is complex. At higher flow rates the rope edge is often unsteady so that
the rigid substrate is subject to random wetting and dewetting. Contact angles measured under
quiescent conditions, whether retreating or advancing, are unlikely to give a full description of
the contact line. Wang et al. (2013b) presented a first order model for the width of the rope
which underestimated the measured values. The complexity of the physics at the contact line
renders a full computational simulation, including the free surface, a demanding task. In the
absence of a reliable predictive model, Wang et al. demonstrated that the width of the wetted
region at the AA plane, R. in Figure 1(a), was related to R by the empirical relationship 4/3 <
R/R < 2, the constant of proportionality varying with substrate nature (and contact angle) and

flow rate.

Zone 111 is similarly complex and the finding that the length of this region is approximately
equal to R has been stated above. Wang et al. (2013a) found that the maximum width, 2wy,
depended on the substrate nature and presence of surfactants, which is expected as these
determine the wetting behaviour. Their study also showed that surfactants had little effect on R,
as the time taken for the liquid to transit the RFZ was short and there was insufficient time for
mass transfer of surfactant to reach its equilibrium concentration on the freshly formed surface.

A quantitative model for Zone 111 has yet to be developed.

2.3 Zone IV
The model for the evolution of the width of a finite stream of liquid flowing down an inclined
plane presented by Mertens et al. (2005) is adapted here to describe the narrowing of the film
in Zone IV. Symmetry allows the flow to be modelled in terms of Q/2 in each half of the
domain as shown in Figure 3: x is the distance downstream from line BB and the local half-
width of the film is w. Mertens et al. postulated that the height of the film, h(y), could be
described by a quartic of the form

h=(w? - y? a—by?), [9]
Parameters a and b can be evaluated by relating the gradient at the edge to that given by the
contact angle, which yields

SIS [10]
2w

a

Several assumptions about the flow in the film (see Mertens et al., 2005) allow b to be obtained

from the flow rate, Q, via



2 o

b=1—i§2- w tanb_:l [11]
8w’ 2u 3 ¢

in which u is the local average velocity in the falling film. Mertens et al. combined the

equations of motion and continuity to give a pair of coupled ordinary differential equations. In

dimensionless form these are:

d u*% =F " —TLu’w? aw. , [12]
dx. dx. dx.
u, 2% —1-TT,uiw2. [13]
The dimensionless variables are
Velocity u.=u % [14]
2
Length (I=x,yorh) I, = |%. [15]

For a jet of water at 20°C with flow rate 1 L min™, representative of the experiments reported

here, the characteristic scaling velocity (pQg/2y) is 1.04 m s and the length scale (

p°Q?g/4y%)is 0.11 m. The constants /7 and /7, in [12] and [13] are defined as

m, =328 [16]
2y
QY up°g

m, ng #g [17]
2) 7y

In dimensionless form, Mertens et al.’s narrowing force F~ in Equation [12] is given by
« 1 I, 1 n, 1
F'=—|156—1% —~5tan B | 15—+ —tan g |. 18
16[ 1, u,w? ﬁj( 1, u,w? ﬁj [l

The pair of ODEs [12-13] has initial conditions: u. (0), which is estimated by setting as u(0) to
be a fraction of the jet velocity, Uo; w.(0)= wy/(p?Q%g/4y?) taken from experiments (see

Figure 3); and du../dx. (0), which is set at zero along BB.

Equations [12] and [13], with F* given by Equation [18], are referred to here as the Mertens
Model. The equations were integrated numerically using Matlab™ on a desk-top PC. Initial

calculations established that the flow pattern and narrowing behaviour were relatively
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insensitive to u(0), and a value of u(0) = Uy/5 was used in the calculations presented here. The

effect of different values of u(0) is discussed in Section 3.3.

Mertens et al. reported very good agreement between their experimental results and the above
model. However, inspection of the quartic relationship in Equation [9] reveals that it can
predict negative film heights, which is physically infeasible. Indeed, tests reproducing the
results reported in their paper (Figure 3) indicated regions of negative film thickness. For the
experimental conditions employed in the tests reported here, Equation [9] gave negative film

thicknesses in the central part of the film for much of the region upstream of the node.

The Mertens film profile was therefore discarded and the flow modelled as the simplest case,
i.e. a Nusselt falling film of uniform height, h(x), except at the edges where the gradient was
given by the contact angle (solid line in Figure 3(b)). This is in effect the simplest limiting
case, as it ignores the presence of the ropes and, as such, does not require any assumptions
about their shape or the velocity profile within them. It cannot predict the existence of the
nodes and braiding, which is one of the strengths of the Mertens et al. model. These
shortcomings of the simpler film profile are not important for cleaning applications, which

motivate this study.

This uniform film model depends upon the alternative boundary condition

F'=cosf-1. [19]
Equations [12] and [13], with F~ given by Equation [19], is termed the Revised Model. This
model only applies until the first node is reached. Other, explicit, models for the rope could be

introduced but would require calibration and would not change the essence of the physics in the

domain of interest.

Contact angles

At BB (see Figure 3), the nature of the contact line switches. In Zones Il and Ill, above BB,
surface tension acts to stop the liquid expanding outwards, while below BB, in Zone 1V,
surface tension acts to narrow the flow. To a first approximation, the advancing contact angle,
., might be expected to describe the behaviour above BB, and the receding contact angle, /5,
expected to be relevant below BB. Both these parameters, however, are normally measured

using quasi-static tests (as described in the Experimental section 3). In the present films the
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contact line is not moving, but the fluid moves parallel to it. The contact line maintains a steady
position, but the dynamic pressure forces on the fluid side are unsteady (due to turbulent
fluctuations or simply periodic waves). This is treated here by employing an effective contact
angle, which is obtained by fitting the data to the model predictions for Zones | and IV. The

effective contact angle is compared with the measured values of £, and £, and lessons drawn.
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3. Experimental Procedures

3.1 Apparatus

Liquid, either softened tap water or a dye solution in the case of the PIV tests, was pumped
from a 20 L holding tank through a rotameter and a 500 mm long tube of internal diameter 4
mm before entering the nozzle. The tube, with length of 125 diameters, gave a well-developed
flow upstream of the nozzle. Two stainless steel nozzles, with inner convergent angle 45° and
orifice diameters of 2 mm and 3 mm, were used. The pressure upstream of the entry section
was measured to monitor the flow rate. Both pressure and rotameter readings were calibrated in
separate catch-and-weigh tests. The distance from the nozzle to the target plate was set at 5 cm
in order to ensure that the jet was coherent. The angle of inclination of the substrate was
checked regularly using an electronic inclinometer to maintain a vertical plane (within £0.2°).
The flow rates employed in tests reported here varied from 0.48 L min™ to 4.0 L min™ at 20 °C,
corresponding to jet Reynolds numbers, defined as Rejer = Uoro/ v, 0f 2,600 to 21,200 for the 2

mm diameter nozzle.

The target plates were 300 mm wide x 300 mm long x 5 mm thick sheets of borosilicate glass,
polypropylene or Perspex® (polymethylmethacrylate) mounted on an aluminium frame. The
plates were colourless so that the flow patterns could be photographed from behind as well as
in front. Liquid draining from the plate was recycled back to the feed tank. Still photographs
were taken with a Canon Digital 1XUS 75 camera. The surface roughness of the plates was
measured using a contact profilometer which gave average roughness (Ra) values of
approximately 0.008 um for the glass and 0.02 um for the Perspex and polypropylene sheets.
Between tests the target was cleaned with soap and distilled water, washed with isopropanol

and then dried in air at room temperature.

3.2 Particle image velocimetry

PIV measurements employed solutions of 6.5 g L™ methylene blue dye (Fisher Scientific) in
softened tap water with 0.17 volume % artificial pearlescence (Iriodin 120 pigment, Merck,)
added as tracer particles. These are flat, titanium dioxide coated mica particles with size 5-25
um: they exhibit a silver-pearl colour when mixed with water. The dye concentration was
chosen so that the solution was opaque and only particles on or very near the surface of the

flow would be imaged, so that the PIV captured only surface velocities (see Landel et al., 2015,
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for more details). The steady shear rheology of this dilute suspension was measured in a
smooth-walled Couette cell on an ARES controlled strain rheometer (Rheometric Scientific)
and found to be Newtonian with a viscosity similar to that of water. The shapes of the flow
patterns obtained with the test rig for the suspension were similar to those obtained with water

under the same conditions.

PIV images were captured using a high-speed greyscale camera (Photron-Fastcam SA1.1)
fitted with a 60 mm focal length AF Micro-Nikkor lens. We fitted a UV/IR blocking filter on
the lens because the camera was sensitive to the infrared part of the spectrum, which was not
absorbed by the solution of methylene blue dye. The flow was illuminated using two 300 W
xenon arc lamps. A lens aperture of f/4.0D and shutter speed of 1/30,000 s provided sufficient
resolution without too much light, thus limiting the amount of over-illumination due to the
light being reflected on the unsteady surface waves. Images of Zone | of size 6x6 cm (512x512
pixels) were recorded at 20,000 frames s, while 12x12 cm (1024x1024) images of Zone IV
were captured at 5400 frames s™. Images were analysed using the DigiFlow software tool
(Dalziel et al., 2007).

3.3 Contact angle determination

Sessile drop measurements for determining advancing and receding contact angles were
performed on glass, polypropylene and Perspex substrates using a DataPhysics OCA system
running OCA 20 software. An automated syringe fed liquid through a needle into a sessile drop
and the shape was captured and analysed after various levels of liquid addition or withdrawal.
The results obtained with up to 10 repeat measurements are summarised in Table 1. Large
differences between advancing and receding contact angles are evident, indicating significant
contact angle hysteresis. The values for Perspex are close to those reported by Zografi and
Johnson (1984), who also reported noticeable differences between rough and smooth surfaces.
The £, value for polypropylene is similar to that reported by Chibowski (2007), whereas the f;
value of 32° is quite different from his value of 79.7°. The £, value for glass is similar to that
reported by Wang et al. (2013a), of 39 £5°. Measurements of contact angle are sensitive to the
presence of surface imperfections (which can be introduced by manufacture) as well as
adsorbed material (and thus cleaning regime and surface history), so the above comparisons are
offered as a guide. The values measured on the test materials reported in Table 1 are used in the

calculations.
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4. Results and Discussion

4.1 Zones | and 1I: flow patterns and substrates

The effect of flow rate on the size of the radial flow zone, R, was studied for different nozzle
sizes and substrates. Although the natural interpretation of £ in Equation [4] is the advancing
contact angle, we find that it gives poor agreement with our experimental observations. Indeed,
whereas the contact angle varied between our substrates, we found that R was independent of

the contact angle and taking = 90° in [4] provides the best match across all substrates.

The results are compared with the model predictions (Equation [4]) using an effective contact
angle of 90° in Figure 4. There was poor agreement with the model for glass when the
measured static advancing contact angle from Table 1 was used to calculate R. For Perspex, the
measured contact angle of 70° gave reasonable agreement at some flow rates: at others, 90°
gave better agreement, and the latter results are plotted in Figure 4(b). The measured contact
angle for polypropylene is 90° and Figure 4(c) again gives good agreement with the model. An
effective contact angle of 90° was used in subsequent RFZ calculations.

This result is consistent with that of Wang et al. (2013b) for similar flow rates to those used
here. Wang et al. attributed this to fluctuations in the rope, which was evident in videos of
these experiments on glass (see Supplementary Video 1). If § = 90° is the best fitting angle for
our model described in [4], this suggests that the contact angle at the contact line of the ropes
has no effect on the location of the film jump. This further suggests that the location of the film
jump in our experiments is simply governed by a local balance of forces between the
combination of viscous drag and inward-directed surface tension and the momentum flux.
Processes within the ropes do not appear to have any impact at the flow rates studied here. This
result is also consistent with the work on hydraulic jumps by Bush and Aristoff (2006), who

considered only a local balance of forces to determine the location of the jump.

Figure 5 shows that the Zone | model (Equations [2] and [3]) is able to describe the effect of
gravity on the shape of the RFZ. The effect of flow rate on the height of the RFZ above the
impingement point, Ry, as well as the extent of the rope, R, (Equation [8]), are predicted
reasonably well for all three surfaces. The Perspex R, data are compared with predictions for g

= 70° and 90°; the latter gives better agreement. Similarly good agreement for Perspex and
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glass were reported by Wang et al. (2013b): they did not study polypropylene so the current

results extend the validity of their model, again with £ = 90°giving the best comparison.

Although the location of the film jump defining the edge of Zone | appears to be best modelled
using £ = 90°, independent of the measured static contact angle, the same is not true for Zone
I1. The width of the rope is strongly affected by the nature of the substrate, with the half-width
of the wetted region at the impingement point, R., tending to be larger on glass, which water
wets more readily than Perspex and polypropylene. When the data were plotted in the form R
vs. the measured value of R, Rmeasured, @S reported by Wang et al. (2013b), the Perspex and
polypropylene fitted the relationship R; = 4Rmeasured/3 reasonably well, while the glass data
followed R = 2Rmeasured More closely. When the R. data are plotted against 4Rpregicted/3, Where
Roredicted 1S the value calculated using Equation [4] using the measured advancing contact angle
and which includes the contribution from the substrate via the advancing contact angle, Figure
6 shows that all three data sets are in good agreement. The model (Equation [4])
fundamentally applies to the rope edge, not the film jump as the radial velocity is not zero at
the jump. Since the rope is thicker than the film in the RFZ, the viscous drag within it is less

than that used in the model, hence the reason its radius exceeds Rpredicted-

The PIV measurements allow us to compute the time average of the surface velocity field.
Figure 7 shows two images of the flow above the impingement point for a flow rate of
approximately 0.7 L min™ (Rejer = 3700) on Perspex (a) and on glass (b). The background is a
snapshot of the flow at a particular instant in time. The presence of surface waves in Zone | is
evident. The time-averaged velocity field (plotted with white arrows) shows that the
assumption of radial flow in the RFZ is reasonable. The velocity tends to curve slightly
circumferentially downwards as the film jump merges into the rope, due to gravity. In contrast,

the flow in the rope (Zone I1) is almost completely circumferential.

We have studied qualitatively the waves observed at the surface of the RFZ. Surface waves
appear in the RFZ above a certain jet flow rate. For both Perspex and glass, surface waves were
observed for flow rates greater than or equal to 5.7 cm®s™, corresponding to a jet velocity of
1.8 m s (jet Reynolds number 3600). We believe these nonlinear capillary waves are due to a
jet instability at the impingement point. It was noticeable that these waves tend to accumulate

at the film jump, as revealed in video V1. Some waves are also seen to overtake previous
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waves before reaching the film jump. It also appears that these waves can perturb the flow
downstream of the film jump, thus provoking the characteristic long wave instability (see e.g.
Kalliadasis et al. (2011) for more details). The different stages of the long wave instability
could be observed in these experiments as the jet flow rate increased: firstly there was the onset
of the two-dimensional long waves (for flow rates of order 5.7 cm®s™, jet velocity 1.8 m s%);
then there was the development of lateral instability (occurring further downstream or at larger
flow rates), and a fully unsteady perturbed surface (for flow rates > 8.2 cm®s™ corresponding

to a jet velocity of 2.6 m s™ and jet Reynolds number 5200).

Figure 8 shows examples of the time-averaged surface velocity profiles obtained from PIV
measurements, for the experiment on Perspex in Figure 7(a). All the velocity profiles presented
in this paper, unless otherwise stated, are averaged in time over a duration of approximately 1
s, which is much longer than the longest time scale in the flow (the period of long surface
waves). Data are not available for r < 1 cm as the camera view is obscured by the nozzle (see
Figure 7). Data are presented for the vertical (Figure 8(a)) and horizontal (Figure 8(b))
directions. Plotted alongside the PIV measurements are the jet velocity, U,, and the estimated
surface velocity, U, calculated from Equation [2], which assumes that there is a parabolic
velocity profile in the film in Zone 1. The relationship between Us and the depth-averaged
velocity in the film, U, is Us = 3U/2; hence at r = 0, Us = 3U,/2

The measured values differ noticeably from the model predictions in both cases. In the
horizontal direction (Figure 8(b)) the measured values are consistently larger, decreasing as r
increases in a similar manner to the model. In the vertical direction (Figure 8(a)), the measured
values decrease more strongly with r, and cross the predicted trend as r approaches R,. As the
measurement of the surface velocity is affected by the presence of the surface waves, evident in
Figure 7, it is not surprising that the values do not agree with the theoretical predictions. Moran
et al. (2002) reported that in laminar films, the velocity profile at the troughs or crests of waves

could depart from the well-known semi-parabolic profile.

We also note that the model shown in Figure 8 assumes a laminar film flow (see Section 2.1).
We can estimate the local Reynolds number in Zone I. A rough estimation by eye of the local
film thickness is of the order of 50 to 300 um (this is consistent with the measurements of

Craik et al. (1981) for similar experimental parameters). If we consider the characteristic film

18



velocity to lie in the range 1 to 5 m s, as suggested by our measurements, then the local film
Reynolds number, based on the film thickness, varies from 50 to 1800. Thus, the local film
Reynolds number in Zone I is of the order of magnitude of the critical Reynolds number for the
transition to turbulence in a film flow over a flat substrate (Re. ~ 450; Bejan, 2013). The flow
is likely to be turbulent or at the transition to turbulence in some of our experiments. This could
also explain the discrepancies observed between the model predictions, assuming laminar flow,
and our experimental measurements in Figure 8. Further work is required with the PIV
technique in order to identify the contribution from waves and understand the source of the
discrepancy between the model and the measurements in Figure 8.

4.2 Zone 111 Transition to draining film

Wide draining films which subsequently narrowed, as shown in Figure 1(b), were obtained
with all three substrates at the flow rates studied. The width of the film was recorded at various
positions below the impingement level: the results for zone 111, i.e. the region extending from
the impingement level to the position of maximum film width, are presented in Figure 9; this
diagram shows the ratio of w to R, R; being half the wetted width along AA (see Figure 1).
The streamwise co-ordinates are scaled against R, as z/R, following the example of Wang et al.
(2013a), who found that the film stopped spreading horizontally after the radial flow region
below the midplane finished; thus R represents a sensible scaling distance.

On Perspex and polypropylene substrates the film widens only slightly below z/R = 1
(indicated with a horizontal dotted line), reaching its widest point at z/R ~ 1.3-1.5, see Figure
9(b),(c). Thereafter the film starts to narrow. On glass, however, where water is more strongly
wetting (see contact angle values in Table 1), the film continues to spread outwards until z/R =
3 to 5, see Figure 9(a). Similar effects on Zone Ill behaviour were reported by Wang et al.
(2013a), where they modified the contact angle on glass and Perspex by the addition of Tween

20, an aqueous surfactant, to make the liquid more strongly wetting.

There is no clearly observable film jump below the point of jet impingement in Figure 1(b),
apart from the relative accumulation of nonlinear capillary waves, which appear at sufficiently
large jet flow rates. This is because gravity accelerates the flow downwards in this region.

Figure 1(b) features an area just below O where the flow is marked by circular surface waves,
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suggesting that the liquid is flowing radially away from the point of impingement, in a manner
similar to the RFZ (Zone 1). Comparisons of the surface velocity extracted from PIV
measurements with that estimated using the RFZ model for Zone I, (Equation [2], with 8 =
180°) showed similar features to Figure 8: contributions from surface waves were again

important (data not reported).

4.3 Zone IV Narrowing draining film

Both flow rate and substrate nature affect the flow behaviour in this region. The sections above
have demonstrated how these parameters affect the initial half-width of the draining film, w,
measured at BB Figure 1(a)): in Zone 1V the nature of the substrate determines the magnitude
of the surface tension force causing the film to narrow, i.e. F*, while the flow rate quantifies the
mass to be accelerated and thus the time (and length) scale over which narrowing occurs. The
shape of the narrowing film was measured at various locations between the point of maximum
width, marked BB on Figure 1(a), at which x was set to zero, and the next node in the film or
the base of the plate, whichever was reached first. It should be noted that the location of
maximum width also depended on the flow rate, moving further down the plate as Q increased.
Mertens et al. (2004, 2005) used a long plate to be able to capture the distance to the node: as
the primary interest of the present study is on cleaning and the area contacted by the liquid in
the jet, this is not considered essential here.

Flow pattern

Figure 10 shows the effect of mass flow rate on the film flow behaviour on Perspex substrates.
The initial half-width, wo, and the distance from x = 0 (BB) to the first node increase with flow
rate. For the lower flow rates (Figure 10 (a,b)) the node is reached before the end of the plate,
at about x = 5wy. Plotted alongside the experimental data with different lines are the predictions
of the Mertens Model (using Equation [18] as the boundary condition for F), and the Revised
Model (which uses our proposed F~ described in Equation [19]). The results obtained with
three values of the contact angle are presented in Figure 10(a), namely (i) the measured (static)
receding contact angle, g (Table 1, 25°, plotted with light grey lines), (ii) the advancing
contact angle, g, (Table 1, 70°, plotted with dark grey lines), and (iii) the value which gave the
best fit to the model across all the data sets, the effective contact angle, S (plotted with black

lines). For Perspex, St was found to be 35°, which is half the measured £, value.
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The plots show that the measured receding contact angle gives rise to less rapid narrowing,
whereas the fitted value gives a reasonably good description of the flow pattern, and one that

would be sufficiently accurate for design purposes.

The finding that the measured static receding contact angle overestimates the wetting on the
substrate can be interpreted in terms of dynamic phenomena as noted in section 1.1,
particularly at large flow rates where the dynamic pressure forces increase. It is evident that the
static contact angle does not give an accurate description of this semi-static flow, where the
contact line is static but the liquid flows parallel to it with possible fluctuations in speed. With
a stationary contact line, one would expect S to be intermediate. In the presence of macroscopic
flow fluctuations, the instantaneous value of £ (or more precisely, cosp) is likely to depend on
flow conditions. The empirical relationship, it = 0.5 S. was also found to apply to the other
surfaces tested, as shown by the results on glass (which water wets more strongly) and
polypropylene (which is neutral in terms of wetting) in Figure 11. For all three substrates, we
find S < it < Fa. A rough estimation by eye of the thickness of the rope is approximately hrgpe
~ 4 to 5 mm for the experiments on Perspex and hrpe = 2 to 3 mm for the experiments on glass.
Then, using the data in Table 2 to estimate the typical width of the ropes, Wy, We can
compute a rough estimation of the experimental contact angle at the edge of the rope, such that
Brope = atan(2h,.ope /Wrope) . For Perspex we find that f,.,,. ~ 30 to 40° and for glass
Brope = 15 to 20° for the different experiments. Although these estimations have a large
uncertainty they show that the values of Sf;, (18° and 35° for glass and Perspex, respectively)

used in Figures 10 to 13 are consistent with the experiments.

Comparison of PIV with model

The governing equations in Zone IV (Equations [12, 13]) evaluate u, the superficial velocity in
the film (i.e. the volumetric flow rate per unit width divided by the film depth). This is also a
time-averaged velocity as the analysis assumes steady flow. An estimate of the surface
velocity, us, which we also measured by PIV, can be generated by assuming that the velocity
distribution in the film is parabolic, giving a theoretical estimate us = 3u/2. The Revised Model
is used in these calculations: the Mertens et al. model yields qualitatively similar results. The
local thickness of the film, &, can also be estimated from the Nusselt film model (Nusselt,
1916),
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This expression assumes that the flow in the film is fully developed, non-wavy and laminar: the

u

S

reliability of these assumptions and this result is discussed later. Figure 12 compares the
theoretical velocity in the falling film, us, with experimental values measured along the falling
film centreline (y = 0) near the point of maximum width for two substrates at similar flow rates.
The two plots in Figure 12(b) show the values estimated from the model prediction of u(x) with
contact angle S, for different initial starting velocities: (i) u(0) = 0.2U, (plotted using a solid
line) and (ii) u(0) = 0.5U, or u(0) = 0.14U, (plotted using a dashed line). The velocity U, is
estimated from Q = nry"U,. In both cases there is little influence of the value of u(0) after 2 cm,
and there is good agreement between the model and the measured values within the range of

experimental variation.

With Perspex, the experimental surface velocities in the initial few centimetres (Figure 12(b,i))
are noticeably larger than that predicted by the model and that measured on glass. Inspection of
the photographs in Figure 12(a) provides a plausible explanation of this difference, in that there
are many well-defined surface waves (with correspondingly higher values of us) on the
Perspex. The falling film on the glass is wider, and the periodicity of the surface waves
consequently different.

The photographs in Figure 12(a) also show that the rope, formed in Zone I, persists in Zone
IV. Its width, which can be gauged from the shadow pattern and the measurements in Figure
10, does not change noticeably as the film flows downwards. For all four flow rates in Figure
10, the rope width is approximately 1 cm. The presence of the rope is also evident in the
surface velocity distributions presented in Figure 13. The film region is evident near the
centreline (y < 1.4 cm on Perspex, Figure 13(a); y < 2.5 cm on glass. For y < 2.5 cm, Figure
13(b)) with uniform us, suggests, from Equation [20], that the flow is of uniform depth. At
larger lateral distance y, us increases with y before decreasing to zero at the contact line,
consistent with the presence of a thicker rope of curved cross-section. Moreover, in both cases
the measured us values agree with those predicted by the model in the central part of the film,
within the rope. This provides some support for the use of the fitted contact angle as this has

been shown to give reasonable estimates of both the film width (an overall measure) and the
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value of the local uniform velocity, us(x),) assumed uniform along lateral distance y. The

contact angle does not influence the velocity in the uniform region.

The presence of the ropes in both the photographs and velocity profiles is a reminder that our
proposed Revised Model does not capture all the physical phenomena present, as we neglected
the ropes in the height profile of the film. The PIV results can be used to estimate the flow in
the rope region by assuming that the local volumetric flow rate per unit width, 7; (also known
as the wetting rate) is given by the Nusselt analysis (1916) for a stable, wide, falling film of
thickness o:
) 12
=90 _ o.943(iJ TR [21]
3u 9

This equation gives only a very rough estimate of the real flow rate since the flow in the

experiments is unsteady and highly perturbed. The flow in each region, i.e. the rope and
uniform film, can then be estimated by integrating along the lateral direction, [7tly, using
measured values of us from Figure 13, to get the rope flow, Qg, and the film flow, Qr. This
approximation ignores secondary flows and other phenomena, which present a challenging
problem (illustrated by the work by Perazzo and Gratton (2004) on the flow of a stable rivulet

down an inclined plane).

Table 2 presents Qg and Qf data obtained for different cases, one on glass and a second on
Perspex, where Qg, and Qf, were evaluated by the integration described above and are
compared with the total flow, Q. There is a noticeable difference between Qgr + Qr and Q, up
to 36% error, which indicates the degree of approximation involved in these calculations as
well as the likely influence of waves. On Perspex Qr ~ Q/2 while on glass Qr ~ Q/2. Wang et
al. (2013b) proposed that the flow in the two ropes can be estimated as the fraction of the liquid
in the impinging jet that passes upwards after striking the target. They found that this simple
geometric model gave a reasonable prediction of the flow rate in the falling film for different
jet impingement angles, and the tendency for the falling film to form dry patches. This
geometric model suggests the tests leading to the results in Table 2 should give Qg = Qf. Given
the large uncertainty involved, the data show Qr ~ Qr. We believe that the experimental
velocity measurements could be improved by reducing the over-illumination occurring

particularly in the ropes, due to the highly unstable surface waves.
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Knowledge of the wetting rate (or mean velocity) allows the Reynolds number in the film
region to be evaluated. The film Reynolds numbers for the tests reported in Table 2, estimated

from Resim = uh/v, all lie in the range 130-170.

More detailed investigation, including methods to determine instantaneous film thickness, are
required in order to be able to predict the flow behaviour a priori. The value of the Mertens
Model is that it allows the complex flow pattern in Zone 1V to be written in the form of an
ODE which can be solved relatively quickly using standard tools. The Revised Model
presented here shows that a simplified flow cross-section (see Figure 3(b)) yields a reasonably
good description of the observed behaviour. The Revised Model offers a method for estimating
wetted areas for cleaning applications, but it does not describe braiding. Both models highlight
the inadequacy of static contact angle measurements to describe the contact line forces.
Resolving the role of momentum in these quasi-static contact lines, and the nature of the
effective contact angle, requires further analysis. Detailed computational simulations
employing volume of fluid approaches such as reported by Gunjal et al. (2005) could also be

employed for these systems.

5. Conclusions

The flow patterns created by liquid jets impinging on vertical surfaces were investigated using
water and a number of different transparent substrate materials: glass, polypropylene and
Perspex. The surface velocities were measured using a novel PIV technique based on artificial
pearlescence particles in water dyed opaque so that only particles located at the flow surface
were tracked (Landel et al., 2015). The jet velocities studied were relatively low compared to

industrial cleaning jet flows, as this gave stable films and little splashing.

The observed flow behaviour matched that reported by previous workers (Wilson et al., 2012;
Wang et al., 2013a, 2013b; Wilson et al., 2014; Wang et al., 2015): (i) Zone I, Figure 1, the
formation of a rapid and thin radial film near the point of impingement; (ii) Zone Il, above the
impingement point where gravity caused the liquid to turn and flow downwards as ropes; (iii)
below the impingement point, a region labelled Zone 111 with a central falling film bounded by

the ropes which widened until the outward momentum was balanced by the surface tension at
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the contact line acting inwards, and (iv) Zone IV, a narrowing region similar to Zone 111 which

terminated in a node, after which the film widened again.

The PIV studies highlighted the presence of surface waves in Zones I, II, Il and IV. Time-
averaged surface velocity measurements confirmed that the flow field in Zones I and Il was
radial. The magnitudes of the surface velocity changed significantly with distance from the
source and was generally larger than the predicted values (which did not consider waves). The
distribution of surface velocities in Zone IV indicated that the falling film between the ropes
was almost uniform in thickness, and that about half the flow remained in the ropes, as
predicted by Wang et al. (2013b).

The dimensions of the different zones were compared with the predictive models reported by
Wilson and co-workers (Zones | and 1lI; see above) and Mertens et al. (Zone 1V). In both cases,
better quantitative agreement with the experimental data was obtained when the contact angle
employed in the calculations was allowed to vary from the measured advancing or receding
contact angles. In Zone 1, the diameter of the RFZ could be predicted reliably using the
measured advancing contact angle until higher flow rates, when a value of 90° gave good
agreement. The difference between this effective contact angle and the measured static angle
indicates that the balance that determines the location of the film jump does not depend on the
contact angle. In contrast, an effective contact angle is required in Zones 11, I1l and IV, where
there are pressure fluctuations perturbing the balance of forces at the contact line. This is
illustrated by the finding that R ~ 4Rpredictea/3. In Zone 1V, the effective contact angle S,

obtained by fitting, was approximately half that of the measured advancing contact angle, with

ﬂr < ,Bfit < ﬂa-

The surface velocity measured by PIV in Zones | and IV was consistently larger than that
estimated from the models. This is attributed to the prevalence of surface waves, noticeable in

many of the experiments.

Two versions of the Mertens et al. model were compared with the experimental data: the
original, which features a film depth profile which can give unphysical results, and our revised
model where the film depth profile is assumed to be uniform across most of the width of the

falling film; of course the film thickness must fall to zero at each edge. The revised model
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assumes a simplified force boundary condition. We found that the revised model gave equally
good or better agreement with the experimental data. Therefore, it is suitable for predicting the
shape of the draining film, to the first node, which is very important in applications such as

cleaning.
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Nomenclature

Roman

a Constant in the height function, h(x, y), Equation [9] m*
Constant in the height function, h(x, y), Equation [9] 3

D Rope width

dn Nozzle diameter mm
Capillary force acting on the half-braid Nm?

Dimensionless form of the capillary force, F'= F/y -

Gravitational acceleration ms’

h Height of the film m

hr Height of the film at the film jump m

I Characteristic length m

Q Total flow rate m®s?t
Qr Flow rate in the central region of the falling film m3s?t
Qr Flow rate in the rope region of the falling film m®s?t
R Radius of film jump at mid plane m

R. Outer radius of flow at mid plane m

Ro Radius of film jump, vertically above O, #=0 m

R, Outer radius of film jump, vertically above O, 6=0 m

Io Jet radius m

r Radial co-ordinate m
Re, Critical film Reynolds number, defined Re, = uh/v -
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Rejet

Jet Reynolds number, defined Rejet =Uoro/ v

Re Falling film Reynolds number

U Mean velocity in RFZ film

Uo Initial mean velocity in RFZ film

Ur Film mean velocity at R

Us Surface velocity in RFZ film

u Downwards velocity of the draining film

U, Dimensionless form of uy

Us Surface velocity of the draining film

\Y Characteristic velocity

W, Wo Local half width, half widthat x =0

W Dimensionless half width

X Distance downstream from plane BB, in Zone IV
X Dimensionless distance downstream from plane BB
y Lateral distance from centreline, in Zone IV

z Distance downstream from plane AA, in Zone IlI
Acronyms

PIV Particle image velocimetry

RFZ Radial flow zone

Greek

B Contact angle

S Advancing contact angle

Bt Contact angle derived from data fitting, Figure 11
B Receding contact angle

1) Thickness of the falling film

0 Angle from vertical

y Surface tension

r Wetting rate
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N m?

m°s



Dimensionless group in Equation [12], defined in [16]

Dimensionless group in Equation [13] , defined in [17]

Dynamic viscosity
Kinematic viscosity

Liquid density
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Pas

m°s

kg m™
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Tables

Table 1 Measured contact angles. The precision stated is the standard error from at least 10 repeated
measurements.

Hysteresis
Material JiA i Ba- b
Glass 36+3° 12+6° ~ 25°
Perspex 71+2° 25+6° ~ 45°
Polypropylene 90+4° 3245° ~ 58°
Table 2 Partitioning of flow between rope and falling film in Zone 1V.
Substrate Q X  2w(x)  Width of QHQ Qr/Q (Qr +Qp)/Q
film region
/Lmint /em  Jem® fem' 1% 1% 1%
Perspex 0.48 2.3 4.4 2.1 42-47 69 111-116
0.63 3.2 59 3.4 52-58 78 130-136
0.72 41 5.7 3.4 45-51 35 80-86
Glass 0.56 5.9 7.6 4.6 70 53 123
0.72 3.4 9.8 6.0 71 56 127

"The precision of the technique is estimated as +0.5 mm: an uncertainty of £0.5 mm is used here.
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List of Figure captions

Figure

Figure

1 Flow pattern generated by a horizontal liquid jet impinging normally on a vertical
wall: (a) Schematic, and photographs from PIV testing of (b) region around
impingement point (shadow of jet and nozzle visible), and (c) draining film and node.
Zones and dimensions are described in the text. Experimental conditions: water on
Perspex, 20°C, Q = 0.5 L min™ (s = 8.33 g s), O is the point of jet impingement.
Dashed line in (a) represents the film jump.

2 Schematic of a slice through the flow in Zones I and 11 showing elements in the film
jump.

Figure 3. Geometry and dimensions of Zone 1V, below BB. (a) Coordinates: CC is an arbitrary

Figure

Figure

Figure

Figure

plane distance x downstream of the widest point (BB, Figure 1): the local width at CC is
2w. (b) Schematic of film thickness profiles. The dashed line is a sketch of the Mertens
et al. quartic function (Equation [9]). The solid line represents the simple thin film flow
advocated in this work, where the flow is assumed to fall as a Nusselt film. Not to scale.

4 Comparison of predicted film jump radius from Equation [4] with g = 90° for (a)
glass, (b) Perspex, and (c) polypropylene surfaces. Legend indicates flow rate and
nozzle size. dy = 4 mm indicates no nozzle (open pipe).

5 Comparison of measured and predicted extent of the radial flow zone directly above
the point of impingement for (a) glass, (b) Perspex, and (c) polypropylene using an
effective contact angle of 90°. R, for Perspex with g = 70° also shown. The nozzle
diameter, dy, is 3 mm. The predicted values of Ry were obtained from Equations [2]
and [3]; R, was estimated using Equation [8].

6 Measured half-width of wetted region on level AA (Figure 1), R, plotted against R,
estimated = 4/3Rpredicted, Where Ryprediced IS Calculated using Equation [4], using the
advancing contact angle, for (a) glass; (b) Perspex; and (c) polypropylene. dy = 4 mm
indicates no nozzle (open pipe).

7 PIV images of the upper part of the RFZ for (a) Perspex, Q = 0.73 L min™, and (b)
glass, Q = 0.71 L min™. dy = 2 mm. Nozzle obscures point of impingement O. Dashed
lines show boundary of rope (Zone II). White loci with arrows show instantaneous
streamlines identified by PIV.

Figure 8 Comparison between the predicted surface velocity and measured values for the flow

pattern in Figure 7(a), Q = 0.73 L min™ on Perspex, with a 2 mm nozzle: (a) vertical
direction; (b) horizontal direction. Error bars on PIV measurements show fluctuations
about the mean (standard deviation) for selected positions. Dashed horizontal line
shows jet velocity, U,.
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Figure

9 Shape of draining film in zone Il for water on (a) glass; (b) Perspex; (c)
polypropylene. 3 mm nozzle, flow rates shown in legends. Co-ordinates presented in
dimensionless form, z/R and w/R., where R and R are experimental measurements. The
horizontal dotted line indicates the location where z = R.

Figure 10 Comparison of wetted region half width, w, including rope, in Zone IV on Perspex,

dn = 3 mm. The three diagrams show the effect of flow rate: (a) Q = 2.3 L min™; (b) Q
=15 L minY; (c) Q = 4.0 L min™. The data points show measurements of film half
width () and half width to inside of rope (0). Loci predicted by the (i) Mertens Model
and (i) Revised Model, with S = 35° shown on (a-c): (a) also shows the predictions
for = p=25°and = B, =70°.

Figure 11 Width of the draining film in Zone IV for (a) glass, (i) Q = 0.8 L min™; (i) Q = 1.5 L

Figure

Figure

min™; and (b) polypropylene, (i) Q = 2.3 L min™, (ii) Q = 2.1 L min™. The nozzle
diameter is dy = 3 mm. Also plotted are the loci predicted by the Mertens and Revised
models for the contact angle St.

12 Comparison of zone IV behaviour: (a) photographs and (b) surface velocity, us, at
centreline (y = 0) for (i) Perspex, Q = 0.63 L min™, and (ii) glass, Q = 0.56 L min™.
Plots in (b) show predictions for the Revised Model with different initial starting
velocity, u(x = 0) and effective contact angle, g, of (i) 35° and (ii) 18°.

13 Comparison of measured downward surface velocity distribution, us, with value
predicted by the Revised Model in Zone IV (horizontal locus) for (a) Perspex, Q = 0.63
L min™, x = 3.23 cm, B = 35°; (b) glass, Q = 0.56 L min™, x =5.93 cm, By, = 18°.

Supplementary material

Video V1

Video V2
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Figure 1 Flow pattern generated by a horizontal liquid jet impinging normally on a vertical wall: (a) Schematic, and photographs from PIV testing of (b)
region around impingement point (shadow of jet and nozzle visible), and (c) draining film and node. Zones and dimensions are described in the text.
Experimental conditions: water on Perspex, 20°C, Q = 0.5 L min™ (h = 8.33 g s), O is the point of jet impingement. Dashed line in (a) represents
the film jump.
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(b)

Figure 1 Flow pattern generated by a horizontal liquid jet impinging normally on a vertical wall: (a) Schematic, and photographs from PIV testing of (b)
region around impingement point (shadow of jet and nozzle visible), and (c) draining film and node. Zones and dimensions are described in the text.
Experimental conditions: water on Perspex, 20°C, Q = 0.5 L min™ (m = 8.33 g s), O is the point of jet impingement. Dashed line in (a) represents
the film jump.
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Figure 2 Schematic of a slice through the flow in Zones | and 1l showing elements in the film

jump.
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(@)

(b)

Figure 3. Geometry and dimensions of Zone 1V, below BB. (a) Coordinates: CC is an arbitrary
plane distance x downstream of the widest point (BB, Figure 1): the local width at CC is
2w. (b) Schematic of film thickness profiles. The dashed line is a sketch of the Mertens
et al. quartic function (Equation [9]). The solid line represents the simple thin film flow

advocated in this work, where the flow is assumed to fall as a Nusselt film. Not to scale.
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Figure 4 Comparison of predicted film jump radius from Equation [4] with g = 90° for (a)
glass, (b) Perspex, and (c) polypropylene surfaces. Legend indicates flow rate and
nozzle size. dy =4 mm indicates no nozzle (open pipe).
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Figure 5 Comparison of measured and predicted extent of the radial flow zone directly above
the point of impingement for (a) glass, (b) Perspex, and (c) polypropylene using an
effective contact angle of 90°. R, for Perspex with g = 70° also shown. The nozzle
diameter, dy, is 3 mm. The predicted values of Ry were obtained from Equations [2]
and [3]; R, was estimated using Equation [8].
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Figure 6 Measured half-width of wetted region on level AA (Figure 1), R, plotted against R,
estimated = 4/3Rpredicted, Where Rpredicted 1S Calculated using Equation [4], using the advancing
contact angle, for (a) glass; (b) Perspex; and (c) polypropylene. dy = 4 mm indicates no nozzle
(open pipe).
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Figure 7 PIV images of the upper part of the RFZ for (a) Perspex, Q = 0.73 L min™, and (b)
glass, Q = 0.71 L min™. dy = 2 mm. Nozzle obscures point of impingement O. Dashed
lines show boundary of rope (Zone II). White arrows show the time-averaged velocity
measured by PIV.
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Figure 8 Comparison between the predicted surface velocity and measured values for the flow
pattern in Figure 7(a), Q = 0.73 L min™ on Perspex, with a 2 mm nozzle: (a) vertical
direction; (b) horizontal direction. Error bars on PIV measurements show fluctuations
about the mean (standard deviation) for selected positions. Dashed horizontal line
shows jet velocity, U,.
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Figure 9 Shape of draining film in zone Il for water on (a) glass; (b) Perspex; (c)
polypropylene. 3 mm nozzle, flow rates shown in legends. Co-ordinates presented in
dimensionless form, z/R and w/R., where R and R are experimental measurements. The
horizontal dotted line indicates the location where z =R.
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Figure 10 Comparison of wetted region half width, w, including rope, in Zone 1V on Perspex,
dn = 3 mm. The three diagrams show the effect of flow rate: (a) Q = 2.3 L min™; (b) Q
=15 L min; (c) Q = 4.0 L min™. The data points show measurements of film half
width (*) and half width to inside of rope (0). Loci predicted by the (i) Mertens Model
and (ii) Revised Model, with S = 35° shown on (a-c): (a) also shows the predictions
for = f,=25°and = B, =70°.
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Figure 10 Comparison of wetted region half width, w, including rope, in Zone 1V on Perspex,
dn = 3 mm. The three diagrams show the effect of flow rate: () Q = 2.3 L min™; (b) Q
= 1.5 L min®; (c) Q = 4.0 L min™. The data points show measurements of film half
width (*) and half width to inside of rope (0). Loci predicted by the (i) Mertens Model
and (ii) Revised Model, with S = 35° shown on (a-c): (a) also shows the predictions
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Figure 11 Width of the draining film in Zone 1V for (a) glass, (i) Q = 0.8 L min™*; (ii) Q = 1.5 L min™; and (b) polypropylene, (i) Q = 2.3 L min’
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Figure 12 Comparison of zone IV behaviour: (a) photographs and (b) surface velocity, us, at
centreline (y = 0) for (i) Perspex, Q = 0.63 L min™, and (ii) glass, Q = 0.56 L min™. Plots in
(b) show predictions for the Revised Model with different initial starting velocity, u(x = 0)
and effective contact angle, g, of (i) 35° and (ii) 18°. PIV measurements of time averaged

surface velocity are also given.
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Figure 13 Comparison of measured downward surface velocity distribution, us, with value predicted
by the Revised Model in Zone IV (horizontal locus) for (a) Perspex, Q = 0.63 L min™, x =
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