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Liquid Spray Impact onto Flat and Rigid Walls:
Formation and Spreading of Accumulated Wall Film

Davood Kalantari1 and Cameron Tropea2

Abstract: This study presents a combined experimental and theoretical investi-
gation on the formation and spreading of a liquid film on a flat and rigid wall due
to spray impact. A dual-mode phase Doppler instrument is used to characterise
the spray while the average film thickness is measured using a high-speed CCD
camera. The experimental results are complemented with theoretical expression-
s derived under the assumption that the spray is stationary. A new model for the
prediction of the average wall film thickness is formulated taking into account the
mean Reynolds number of the impacting drops, the flux density of the impacting
droplets, and the average drop diameter. The theoretically determined average film
thickness exhibits a good agreement with the measured data when the film can be
considered thin.
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Nomenclature

Ad Area of the impacting drop
Awall Area of the wall cell
C Constant coefficient
Pdyn Dynamic pressure of the impacting drop
ub Velocity normal to the wall before impact
ua Velocity normal to the wall after impact
vb Velocity parallel to the wall before impact
va Velocity parallel to the wall after impact
Ω Volume of boundary layer of the spreading droplet
Wenb Weber number before impact_normal component
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Wetb Weber number before impact_tangential component
Oh Ohnesorge number

√
We/Re

We Weber number
Re Reynolds number
x Spatial coordinate perpendicular to wall
t time
q Flux of impinging or ejecting droplets
KCr Non- dimensional splashing threshold
d Drop diameter
D Target diameter
Dspray Spray diameter at the target height
ε Surface roughness
θ Trajectory angle, void fraction
µ Dynamic viscosity
ρ density
σ Surface tension

character

A - Area, coefficient
a - Coefficient
C - Coefficient
d m Drop diameter
D m Target diameter
f 1/s Frequency
F N Force acting on a drop or bubble
g m/s2 Acceleration of gravity
h m Film thickness
K - Non- dimensional splashing threshold
L m Length scale
m kg Mass
N - Number of droplets
Oh

√
We/Re - Ohnesorge number

P N/m2 Pressure
q Flux of impinging or ejecting droplets
Re ρudb/µ - Reynolds number
t s Time
u m/s Velocity normal to the wall
v m/s Velocity parallel to the wall
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We ρu2db/σ - Weber number
X m Spatial coordinate perpendicular to wall
Z m Spatial coordinate parallel to wall

Greek character

α - Coefficient
β - Non-dimensional maximum droplet spreading diameter
δ m Film thickness
ε m Surface roughness
θ ˚ Trajectory angle
µ Kg/ms Dynamic viscosity
ξ - Maximum dimensionless diameter
ρ Kg/m3 Density
σ N/m Surface tension
τ - offset parameter for a splashing crown
Ω m3 Volume of boundary layer of the spreading droplet

Subscript

0 Before the impact, initial value
10 Mean diameter
30 Sauter mean diameter
a After impact
adv Advancing
b Before impact
B Crown base
C Crown
D Drag
dep Deposition
diss Dissipation
g Gas phase
H Crown height
l Liquid phase
max Maximum
MV Measurement volume
n Normal component
sp Spreading
t Tangential component
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Symbol

* Dimensionless
− Average, mean
′

Fluctuation of the mean value
∑ Sum
∆ Second order of gradient operator

1 Introduction

With regard to the process of spray/wall interaction, it has become evident in recent
years that the liquid film formed on the wall plays an important role in determin-
ing the velocity and size of ejected droplets as well as the deposited mass fraction,
see e.g., Bai et al. (2002), Cossali et al. (1999). Nevertheless, the formation of
a wall film is often neglected in spray impact models, although the prediction of
average film thickness and average velocity is very important for many industrial
applications (especially for those involving spray cooling systems or for fuel injec-
tion sprays onto heated walls, since the wall film significantly affects the efficiency
of heat transfer on the surface). In some applications, it is desirable to eliminate the
deposited film on the wall as far as possible (e.g. in internal combustion engines),
whereas in other cases a maximum deposition is required (e.g. in spray coating,
spray painting or agricultural sprayers). On the other hand, the induced fluctuation-
s in the liquid layer formed on the rigid walls may decrease the quality of coated or
painted surfaces.

The average film thickness can also affect the properties of the secondary spray,
splashing threshold, ejected mass and number of secondary droplets. Results ob-
tained by Rioboo et al. (2003) indicate that in the case of a thin liquid film, the
splashing threshold depends only on the impact Weber or non-dimensional splash
parameter (K-number) which is independent of the dimensionless film thickness,
see below for further details. Also it is shown by Cossali et al. (1997) that in
the case of a single drop impact onto a stationary liquid film, the number of sec-
ondary droplets decreases as the depth of liquid layer is increased. For purposes
of indicating the influence of the average liquid film thickness on the splash lim-
iting criterion, several expressions have been introduced in the past, for example
KCr = 2100+5880 ·h∗ (h

∗
= h/db , where h is the average film thickness and db is

the drop diameter before impact) by Cossali et al. (1997), or KCr = 1304+5032h
∗

for 0.1 < h
∗ ≤ 1 by Kalantari and Tropea (2006b). In these criteria, splashing oc-

curs if K is above the critical value, where K = Oh ·Re1.25 > KCr, and Oh is the
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Ohnesorge number defined as Oh =
√

We/Re. (We = ρLu2
bdb/σ , where ρL is the

density of the liquid, ub is the drop velocity upon impact and σ is the surface ten-
sion, Re = ρLubdb/µ where µ is the dynamic viscosity of the liquid)

A classification of film thickness formed on the wall due to a single drop or spray
impact is proposed by Kalantari and Tropea (2006b) and summarized in Table 1
based on the measurement data obtained by Wang and Chen (2002).

Table 1: Classification of film thickness formed on the wall due to spray impact
based on experimental data from Wang and Chen, (2002).

Dimensionless film
thickness (h

∗
)

Wall film
condition

Variation of KCr KCr correlation (for 70%
glyc./water droplets)

h
∗ ≤ 0.1 wetted wall constant ≈ 1770−1840

0.1 < h
∗ ≤ 1 thin liquid

film
increasing 5032h

∗
+1304

1 < h
∗ ≤ 2 shallow

liquid film
decreasing ≈ 6100h

∗−0.54

h
∗
> 2 deep liquid

layer
constant

(asymptotic
value)

≈ 4050

Furthermore, it appears that the velocity fluctuations inside the accumulated wall
film have a significant influence on the splashing phenomenon, since in a spray
impact the crown base radius exhibits a growth rate proportional to (t∗− τR)

nR;
0.2≤ nR≤ 0.32, significantly different than that of a single droplet or train of single
droplets impacting onto an undisturbed liquid layer, ∼ (t∗− τR)

0.5, as investigated
theoretically by Yarin and Weiss (1995). (t∗ is non-dimensional time t*=tub/db
and τR is an offset parameter).

Numerous models exist regarding the formation of the wall film generated by an
impacting liquid spray, see e.g., Stanton and Rutland (1996), Lee et al. (2001),
and Bai and Gosman (1996), Ahmadi-Befuri et al. (1996), Kalantari and Tropea
(2006e).

The model of Stanton and Rutland (1996) solves the continuity and momentum e-
quations for a 2-D film flow over an arbitrary solid surface using the Euler method.
This model considers many physical effects such as shear forces and dynamic pres-
sure of impacting droplets, but neglects the Laplace (capillary) pressure arising
from curvature of the air-liquid film interface. In this model the dynamic pressure
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of impacting droplets is given as

Pdyn = ρL

Nb

∑
i=1

(
u2

b (Ad/Awall)
)

i (1)

where ub is the normal velocity component of the impacting droplet, Ad and Awall
are the area of the impacting droplet and wall cell area respectively.

The model of Lee et al (2001) propose another expression for the dynamic pressure
of the impacting droplets

Pdyn =
[
(1−θ)ρLu2

b
]

ξ (2)

where θ is the void fraction and ξ is a random number between zero and one; ξ =
rnd (0,1).

In the present study, experimental results are complemented by theoretical expres-
sions regarding the hydrodynamics of liquid films under sprays, and preliminary
models for the average wall film thickness are formulated.

2 Experimental methods and materials

The water spray was created using two different full-cone nozzles from Spraying
System Co., operated at pressures between 3 and 7 bars. Two different, flat stainless
steel targets with diameters of 5mm and 15mm (D=5 and 15mm) have been used
in this study, using the end face of the cylinders, see Fig.1a. The entire target
surfaces were covered by impacting spray in all experiments. The nozzles were
placed at different positions above the target surface varying from 20 mm to 50 mm,
e.g., x=-20. To characterise the spray, a dual-mode phase Doppler instrument from
Dantec Dynamics was used, comprising a transmitting optics with a 400mm focal
length, a receiving optics with a 310mm focal length, and an “A” type mask at a 34˚
scattering (off-axis) angle. The impacting and ejecting droplets were measured 1
mm above each target. The in-going and out-going droplets are distinguished using
the sign of the velocity component normal to the target, i.e. positive u denotes an
impacting droplet and a negative u denotes a secondary droplet, see Fig.1b.

Experimentally the wall film thickness has been characterised using a high-speed
CCD camera. An example of this visualization and its evaluation are pictured in
Fig. 2. The average film thickness was calculated by averaging many randomly
chosen images obtained by the high-speed CCD camera.

For a flat and rigid target with diameter D under a symmetric spray, the general
expression for computing the average film thickness across a diameter becomes
h = 1

D

∫ D/2
−D/2 h(r)dr (coordinate system given in Figure 1a).
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 Figure 1: a) Coordinate system and b) nomenclature for impinging and ejecting
droplets.

 
Figure 2: Thin liquid film formed under spray impact: original image of CCD
camera with interface contour added.

In the present experiments the film thickness varied in the range 8µm≤ h≤ 107µm
and the standard deviation varied in the range (5µm≤ σh ≤22.34µm) for impinge-
ment Weber numbers in the range 10 < Wenb < 160. (Wenb is the Weber num-
ber based on the normal component of the impact velocityub, defined by Wenb =
ρLu2

bdb/σ) and normal impact condition, i.e., λWeb = Wetb/Wenb << 1. (Wetb is
the Weber number based on the tangential component of the impact velocityvb, de-
fined by Wetb = ρLv2

bdb/σ , see Fig. 1b. Note that these definitions are for a single
droplet in a spray. For many droplets in spray, we compute the average of this
quantity, e.g.,Wenb =

(
∑

N
i=1 ρLiu2

bidbi/σ
)
/N. In the conducted experiments, this

ratio falls in the range λWeb ≤ 0.023, indicating that the tangential component of
the impact velocity is negligible in this study.

An exemplary variation of the standard deviation of the film height fluctuations,
σh, as a function of the measured average film thickness is illustrated in Fig. 3. It
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is apparent from this data that the standard deviation of the measured film thickness
does not correlate strongly with the measured average film thickness.

Figure 3: Example variation of the standard deviation σh as a function of the mea-
sured average film thickness.

The surface roughness of the rigid targets has been characterized by means of a
mechanical profile meter from Hommelwerke Co., type TK300. Mean roughness
(Ra or ε) of the target surfaces used in this study (Ra =

1
lr

∫ lr
0 |x(r)|dr, where lr is the

measured length on the target surface) varied in the range 0.2 µm<Ra <0.67µm,
whereas mean peak-to-valley roughness (RZ) of the targets varied in the range 1.3
µm<RZ <6.6 µm, see Fig.4. In this study, the relative surface roughness, either
mean or peak-to-valley, in comparison to the mean measured drop size or average
accumulated wall film thickness was negligible. More details of the measurement
facilities and conditions used in collecting the experimental data can be found in
Kalantari and Tropea (2007).

  

a b 

 
Figure 4: a) Mean roughness (Ra or ε), and b) mean peak-to-valley roughness (RZ)
of the target surface.)
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3 Formation of the wall liquid film

In general, spray impingement on walls can be described by characterizing two
aspects:

1. the generated secondary spray, and

2. the accumulated liquid wall film

The thickness of the accumulated wall film varies between microns to millimetres,
depending on the condition of impacting spray and the boundary conditions on the
target. Experimentally it is equally important to also capture the prevailing bound-
ary conditions for any particular film, which in this case comprises the physical
boundaries of the rigid surface (e.g. spherical target, flat plate, deep pool etc.,)
and the characteristics of the impacting spray in terms of velocity, size and number
density of impacting droplets.

Generally formation of the liquid film on a rigid-flat wall due to spray impact can
be divided into the two different regions (Fig. 5);

1. The impingement region which is under influence of the impacting droplets
and has a lower thickness, and

2. The outer region that is free of any impact phenomena. The film flow in this
region depends on the film Reynolds numberRe f = ρurh/µ and can be either
laminar or turbulent.

 

a 

 

b 

 Figure 5: a) photograph of a spray impinging onto a large flat target, b) impinge-
ment and outer region of a liquid film formed under spray impact.

Practically measurement of the wall film thickness in the condition shown in Fig.5,
where the target diameter is larger than the spray diameter is very difficult, since
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the impingement region with lower film thickness is surrounded by the outer re-
gion, making observation of the impingement region impossible with high-speed
camera; therefore we had to use targets with smaller diameter in compare to the
spray diameter (Dspray > D) as illustrated in Fig.1a.

The measurement condition shown in Fig.1a has one more advantage: wall film
flow in the impingement region is not influenced by the resistance of the film flow
in the out region; therefore only the dynamic pressure created by the impinging
droplets will be important for the liquid removal from the target surface.

Characterization of the accumulated wall liquid film under the spray impact can be
achieved using:

• average film thickness (h)

• average spreading film velocity (ur)

• velocity fluctuations inside the accumulated liquid film (u′r)

In the impingement region of an inertial spray, the average film thickness created
on the wall depends on the several parameters of the impacting spray ; normal and
tangential component of impact velocity ub and vb, volume flux density of impact-
ing spray (q̇ = q/A ; “q” and “A” to be volume flux of the impacting spray(m3/s)
and the reference area over which flux is measured), volume-averaged diameter

of impacting droplets (d30b) defined by d30b =

(
N
∑

i=1
d3

i /N
)1/3

, density (ρLρ) and

dynamic viscosity of the liquid (µ), as well as the boundary condition of the tar-
get (e.g., flat or curved target surface or target surface completely covering with
spray); average target surface roughness (ε∗, where ε

∗ = ε/d10b) and target size
(D). A general expression for the average film thickness can be written as

h = ψ (ub,vb,d30b, q̇,ρL,µ,ε
∗,Dspray/D) (3)

where, Dspray is the diameter of the effective impinging spray on the target defined
as: Dspray = 2xNozzle · tan(α/2), α is the spray cone angle. The parameters ub, vb,
d30b, q̇ and Dspray vary with nozzle pressure and nozzle height above the target. The
three first parameters can be combined into an impact Reynolds or Weber number
depending on the dimensional analysis output. Volume flux of impacting spray
(q) depends on the atomizing pressure (P) with a power law; q ∝ P0.5 (Bernoulli’s
equation).

Two exemplary images of the thin liquid film formed on the rigid surface are p-
resented in Fig. 6 for a relative sparse spray and for a relative dense spray. It is
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apparent from these sample images (wavy form of the liquid film interface) that in
describing the hydrodynamics of the film, e.g. velocity fluctuations inside the film,
the capillary pressure will be non-negligible. Capillary pressure arising from the
film interface curvature is described in section 3.1. Furthermore, the local film ve-
locity will be an important parameter determining the outcome of any single drop
impact event.

 

a 

 

b 

 

Figure 6: Sample images of the liquid film interface formed under spray impact: a)
relatively sparse spray, b) relatively dense spray.

Assuming that the spray and the liquid film formed on the wall are isotropic in the
Y −Z plane, the conservation of mass equation for the control volume (CV) shown
in Fig.7 yields

∑ ṁin−∑ ṁout =
dmCV

dt
(4)

In this equation ṁin is the mass flux entering the control volume, i.e., mass flux of
the impacting spray (ṁb), ṁout is the mass flux leaving the control volume (mass
flux of the secondary spray ṁa in addition mass flux of the wall film leaving the
control volume ρlA f ur; where A f is the area that the accumulated wall film leaves
the target surface, defined by A f = 2πRh).

Since the spray and therefore the film flow are steady with time (i.e., dmCV /dt=0);
mass of the accumulated wall film and therefore the film thickness dose not change
with time. In this case, conservation of mass equation (4) can be reduced to

ṁb− (ṁa +ρlA f ur) = 0 (5)

Rearranging this equation yields

ṁb− ṁa = ρlA f ur (6)
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Figure 7: Control volume (CV) indicating impinging and ejecting droplet and wall
film flow.

In the above equation, the value ṁb− ṁa is the mass flux (m3/s) into the film from
the spray (i.e., deposited mass flux into the film), and the right-hand-side indicates
mass flux of the wall film leaving the target surface. In this equation the values ur

and ṁb− ṁa must be estimated. The radial spreading velocity of the wall film (ur)
can be obtained from the Navier-Stokes (momentum) equation, and mass source
term of the wall film will be presented in section 3.2.

The momentum equation for radial direction in the cylindrical coordinate is

ρ

(
ur

∂ur

∂ r
+

uθ

r
∂ur

∂θ
−

u2
θ

r
+ux

∂ur

∂x

)
=−∂P

∂ r
+µ

[
∂

∂ r

(
1
r

∂ (rur)

∂ r

)
+

1
r2

∂ 2ur

∂θ 2 −
2
r2

∂uθ

∂θ
+

∂ 2ur

∂x2

]
+ρgr

(7)

where ur and uθ are radial and peripheral spreading velocity of the wall film,
respectively−→u f ilm = ur

−→e r +uθ
−→e t , see Fig. 8b.

In the following sections, different sources of the pressure term (P) will be dis-
cussed in detail.

3.1 Hydrodynamic pressure source in the wall liquid film

The source of the pressure term for the liquid film is

P = Pσ +P0 +Pdyn (8)

where Pσ is the Laplace pressure due to the curvature of the air-liquid film interface,
P0 is the pressure exerted by the ambient gas (air flow) onto the air-liquid interface
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a  

b 

 Figure 8: a) 3D-view of a liquid film on the target surface, b) top view of the target
surface indicating radial spread of the accumulated film.

and Pdyn is the dynamic pressure exerted from impacting droplets, which is the
main source responsible for spreading out and thinning of the liquid wall film in
the impingement region.

On the other hand, the non-continuous nature of the impacting droplets causes the
wavy form of the spreading liquid film interface, therefore the capillary pressure
gradient (Pσ ) arises from film interface curvature either in the inner or in the first
part of the outer zone, expressed by

Pσ =− σ

(1+(dh/dr)2)3/2

d2h
dr2 (9)

To a first approximation, we neglect the nonlinear terms involving the slope of the
liquid-air interface (dh/dr<<1) to have a simpler and linear set of conditions at the
interface, yielding

Pσ
∼=−σ

d2h
dr2 (10)

In the outer region (Fig. 5), the Laplace pressure induced by the curvature of the
air-liquid film interface is significantly smaller and fluctuations are negligible, since
the surface is no longer wavy. With such assumptions the velocity profile across
the film in the outer region can be considered in a quasi-steady-state form.

The main factor responsible for the spreading and thinning of the liquid film in
the impingement region is the dynamic impingement pressure generated by the
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impacting droplets. Introduction of the dynamic pressure arising from impacting
droplets on a rigid wall is already given by Stanton and Rutland (1996) and Stanton
and Rutland (1998). The normal component of the dynamic force exerted on the
wall by an impacting drop is given by

Fdyn = (mbub−maua)/∆t (11)

where subscripts a and b refer to after and before impact, respectively.

Defining the volume flow rate of the impacting drop byq = ∆V/∆t, Eq. (11) can be
rewritten as

Fdyn = ρL (qbub−qaua) (12)

Considering the definition of dynamic pressure (Pdyn = Fdyn/A) and flux density of

impacting droplets
·
q [m/s] = q/A, (12) yields

Pdyn = ρL (q̇bub− q̇aua) = ρLq̇bub

(
1− maua

mbub

)
(13)

The coefficient β = 1−maua/(mbub) in Eq. (13) takes into account the generated
secondary droplets by an inertial impacting spray. By considering that ua and ub
have different signs, a useful form of the coefficient β can be expressed in the form
of

β ≈min{2,1+λm |ua/ub|} (14)

Another simple approach for estimating the dynamic pressure of an impacting spray
can be obtained by assuming that the rebounding drop has the same size and ve-
locity as that of the primary drop, i.e. da = db and ua = −ub; then the dynamic
pressure exerted on the wall by a rebounding drop is

Pdyn−reb = 2ρLq̇bub (15)

The same procedure for a deposited droplet yields

Pdyn−dep = ρLq̇bub (16)

Some droplets rebound, some deposit, and some splash, therefore a constant factor
β depending on the number of rebounding or depositing droplets can be considered
for the hydrodynamic pressure exerted on the wall as

Pdyn = βρLq̇bub; 1 < β < 2 (17)
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For a spray, the coefficient β can be estimated based on the number of ejected
droplets from the wall in comparison to all the primary droplets, defined as

β ≈min
{

2,
(
1+ Ṅa/Ṅb

)}
(18)

As an asymptotic condition, if all of the impacting droplets rebound from the wall
or deposit on the wall, then the expression (18) gives β =2 or β =1, respectively.
A value between 1 and 2 accounts implicitly also for those droplets which result in
partial deposition. In the case of a normal impact condition (λWeb < 0.1), the ratio
Ṅa/Ṅb is estimated as (Kalantari and Tropea, 2007) , see Fig. 9.

λN =
(
Ṅa/Ṅb

)
= 2.16×10−3Wenb +8.96×10−2 (19)

Figure 9: Total secondary-to-incident number ratio as a function of impact Weber
number based on the normal velocity component.

Note that the ratio Ṅa/Ṅb and Na/Nb are identical in the spray/wall interaction,
since the acquisition time for measuring the impinging and ejecting droplets from

the wall is the same, i.e., λN = Ṅa
Ṅb

= Na/∆Ta
Nb/∆Tb

= Na
Nb

=
Na

∑
i=1

Ni

/
Nb

∑
j=1

N j; since ∆Ta =∆Tb.

3.2 Mass source term of the wall liquid film

Mass source term of the wall liquid film in the conservation of mass equation (6)
can be expressed as

ṁ f = ṁb− ṁa =
(
1− ṁa

/
ṁb
)

ṁb = (1−λm)ṁb = (1−λm)ρlAspq̇b (20)
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where λm is the secondary-to-incident mass ratio and Asp is the cross section of the
spray covering the target surface. In the case of a target surface exposing complete-
ly under the spray; Asp = πR2 .

Results obtained by Kalantari and Tropea (2007) indicate that in the case of a nor-
mal spray impact, i.e., negligible tangential energy of impacting drops (λWeb < 0.1),
the secondary-to-incident mass ratio (λm) lies in the range [0.002, 0.85], whereas
this ratio moves to the range [0.016, 1.12] for oblique impact conditions (λm≥ 0.1).
The results also indicate that in the case of a normal impact condition (λWeb < 0.1),
the secondary-to-incident mass and number ratio, λm and λN , increase linearly with
the impact Weber number based on the normal component of the impact velocity
(Wenb).

λm = (ṁa/ṁb) = 6.74×10−3Wenb−0.204 (21)

The correlations (19) and (21) were derived from numerous measurements con-
ducted in the range 35≤Wenb ≤ 165 and λWep < 0.08, as illustrated in Fig. 9 and
Fig. 10.

Figure 10: Total secondary-to-incident mass ratio as a function of impact Weber
number based on the normal velocity component.

4 Approximate solution for the wall film thickness

Here an approximate solution (where the spray and spreading wall film are steady,
∂/∂ t = 0) for the wall film thickness is presented, valid for the assumptions given
in section 2.
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In the impingement region of a sparse, symmetric and stationary spray, we may
assume that the frequency of the impacting drops is low enough, that the velocity
fluctuations inside the film and also the air-liquid film interface fluctuations are
damped (λ >> h or δh << h, see Fig.11a) between the impact of two neighbor
droplets. Under these conditions, the Laplace pressure arising from air-liquid film
interface can be neglected. We may assume that the accumulated wall film only
radially spread out (i.e., uθ = 0) and therefore the mean velocity inside the liquid
film has only a radial component (ur), computed by

ur =
1
∀ f

∫ −h

0

∫ 2π

0

∫ R

0
ur(r,θ ,x)rdrdθdx (22)

which ∀ f is the volume of fluid in the control volume, i.e., volume of the spreading
film on the target surface under the stationary impacting spray.

The velocity profile inside the film ur(r,θ ,z) can be obtained from the momen-
tum equation (7). considering the assumptions mentioned above, the momentum
equation can be simplified into (uθ = 0and gr=0)

−∂P
∂ r

+µ

(
∂ 2ur

∂x2

)
= 0 (23)

One possible solution for this differential equation (23) can be derived by consider-
ing that the first term in (23) is constant in integrating over the x-component. After
inserting the boundary condition (x= 0,ur = 0) and (x=−h∼=−h,τyz = µ

∂ur
∂x = 0),

the following expression for the radial spreading velocity of the wall film can be
obtained.

ur =
1
µ

∂P
∂ r

(
x2/2+hx

)
(24)

where ur = ur +u′r
Substituting the obtained value for the radial velocity of the spreading film (24) into
(22), and changing the integral limits, one achieves

ur =
1

(πR2h)

∫ 2π

0

∫ R

0

∫ −h

0

1
µ
(
∂ p
∂ r

)r(x2/2+hx)dxdrdθ (25)

However this expression is again difficult to solve for estimating the average radial
spreading velocity of the accumulated wall film, because the values of ∂P/∂ rmust
first be estimated. Neglecting the pressure term associated with the ambient gas
flow and from the Laplace pressure, and assuming that dP associated by impacting
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Figure 11: a) Curvature of the liquid film-air interface, and b) Control volume (CV)
for a spreading wall liquid film.

droplet vanishes linearly in the radial direction; a simple form of ∂P/∂ rcan be
considered as, see Fig.12.

dP
dr

=
P2−P1

r2− r1
=

C′1P1−P1

C”
1R

=−(1−C′1)
C”

1

P1

R
=−C1Pdyn/R (26)

Note that the value p1 in (26) is dynamic pressure exerted from the impacting drop
pdyn (see Fig.12 ). Substituting (26) in (25) and integrating yields

ur =−
C1h

2
pdyn

3µR
(27)

Combining the conservation of mass equation (6) with mass source term of the wall
film (20), we obtain

(1−λm)ρlAspq̇b = ρlA f ur (28)
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Figure 12: Variation of the dynamic pressure due to the impinging droplets in a
spray.

Substituting the average spreading velocity of the wall film (27) into (28) yields

h =−
[

3µ(1−λm)q̇bR2

2C1Pdyn

]1/3

(29)

Note that the minus sign of the film thickness is due to the vertical coordinate
choosed downward. Considering again the dynamic pressure of the impacting
spray (17) and substituting into (29), one obtains after simplifications and non-
dimensionalizing the average film thickness by average impacting droplet diameter
(d10b).

h/d10b =CRe−1/3
b

[
3β
−1(1−λm)d−2

10bD2]1/3
(30)

In this expression, C(C = - (2C1)
−1/3) is a constant coefficient. The coefficient C

depends on the surface roughness, wall temperature and maybe the surface mate-
rial, and is found to be equal to 32 for the measurements reported in this study
based on the target diameter (D) in mm and d10b in micron. The Reb given in (30)
is average Reynolds number of impacting droplets. At a given measurement point,
this value can be computed by Reb =

(
∑

N
i=1 ρLiubidbi/µ

)
/N for a normal impact

condition.

5 Results and discussion

Two exemplary results of the average film thickness (h) together with the impact
Weber number (Wenb), mass ratio (λm) and flux density (q̇) are illustrated in Figs.
13a and 13b as a function of nozzle height (x) for two different nozzle pressures (3
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and 6 bar) for a stainless steel target with diameter of 5mm (D= 5mm). It should be
noted that both impact Weber number and flux density of impacting drops decrease
with the nozzle height. It is shown in this figure that decreasing the impact Weber
number yields an increase in the accumulated wall film thickness but a decrease
of the secondary-to-incident mass ratio (λm). The same behaviour was observed
for the secondary-to-incident number ratio (λN). Note that in the experiments, the
entire target surface was exposed to the impacting spray, i.e., Dspray/D > 1.
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Figure 13: Variation of the impact Weber number (Wenb), average film thickness
(h), mass ratio(λm) and flux density (q̇) with the nozzle height (x) for two exemplary
nozzle pressures: (a) 3 bar, and (b) 6 bar; for a stainless steel target with diameter
of 5mm (D = 5mm).

The dimensionless average film thickness accumulated on the flat-rigid wall as a
function of Reynolds number before the impact is presented in Fig.14 together with
the predictions obtained from Eq. 30. Results in this figure indicate that the dimen-
sionless average film thickness decreases significantly with the impact Reynolds
number. Results presented in this figure also indicate that the theoretical prediction
presented in this study (Eq. 30) yields good agreement with the experimental data,
mostly for the thin or shallow liquid film conditions, Kalantari and Tropea (2007).

In the experiments presented in this figure (Fig. 14), the normal velocity component
varies in the range 8 m/s ≤ ub ≤18 m/s, the flux density of the impacting spray
varies in the range 0.5 m/s ≤ q̇b ≤16 m/s, and the volume averaged droplet size
varies in the range 53 µm≤ d30b ≤75 µm.

The theoretical expression obtained for estimating the average film thickness on
the wall (30) has been derived based on the laminar boundary-layer type film flow,
i.e. Re f ilm <500, and also examined for the lower mean Reynolds numbers in
this study (Renb <700). Therefore validity of this expression remains consistent
for Re f ilm <500. The dependency of the film thickness on the impact Reynolds
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Figure 14: Average dimensionless film thickness accumulated on the flat-rigid wall
as a function of Reynolds number before the impact.

Figure 15: Variation of the non-dimensional thickness of the spreading lamella as
a function of impact Reynolds number at the instant of d0/u0

number in this expression, i.e., h/d10b ∼ Re−1/3, is consistent with the results of
Roisman et al. (2006) which is valid for low impact Reynolds numbers (Re<1000),
see Fig.15.

The only important condition in estimation of the film thickness is that the entire
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target surface should be exposed to the impacting spray (Dspray/D > 1).

6 Conclusions

This paper presents a new theoretical model for predicting the average film thick-
ness as a function of mean Reynolds number of the impacting drops, flux density of
the impacting droplets, and the average drop diameter. The theoretical derivation
for the average film thickness exhibits good agreement with the measured data in
the thin film condition, i.e. h

∗
= h/d10b ≤ 1. Results obtained in this study indi-

cate a significant influence of the Reynolds number on the average film thickness
accumulated on the wall due to liquid spray impact.

As illustrated above, the mean film thickness varied in the range 8µm < h <
107µm, corresponding to an impingement Weber number in the range 10 < Wenb <
165, based on the normal velocity component. In the case of constant impact Weber
numbers, the average film thickness has a complex and non-predictable influence
on the total secondary-to-incident mass ratio for the conducted measurements in
this study, despite the fact that the dimensionless average film thickness falls in the
thin liquid film condition h

∗ ≤ 1.
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