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Abstract

A numerical investigation of heat transfer dynamics between gas and solid surfaces during droplet spray impingement is pre-
sented. Aim of the work is to derive knowledge for control of spray deposition processes like spray painting or spray forming, ana-
lysing how the heat exchanged from the surface to the flowing gas is affected by the presence of impinging droplets.

The investigation is carried on a macro- and a micro-scale, analysing velocity and temperature profiles close to a surface cooled
by a spray on a scale of the whole spray and on a scale comparable to the droplet diameter, respectively. In the former case an Euler—
Lagrange approach is used to reproduce the multiphase jet/spray for different nozzle geometries, gas conditions and droplets prop-
erties, as drop diameter and concentration. In the latter case, the gas flow close to the surface is studied during the collision of single
and multiple droplets for different impact velocities superposed by different perpendicular gas boundary layer configurations. The
“volume of fluid”’ (VOF) technique is utilized for the determination of the transient shape of the gas-liquid interface during droplet
impact. From the data of the numerical case studies, a quantitative consideration about the global increase of surface/gas heat trans-

fer in impinging dilute sprays as a function of the number flux of particles approaching the wall is derived.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Impinging sprays are utilized for cooling and/or coat-
ing of solid surfaces and preforms. In spray cooling, e.g.,
for glass tempering or metallic specimen quenching
applications, the main portion of the heat from the hot
solid surface where the spray impinges is transferred to
the liquid droplets or the liquid film on the surface.
Within spray quenching, several investigations have
derived correlations for the heat transfer coefficient in
different flow regimes, depending on atomizer type, spray
conditions, and surface conditions. Among them for
example Brimacombe et al. (1980), Bolle and Moureau
(1982), Mudawar and Valentine (1989), Choi and Yao
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(1987), Viskanta and Incropera (1992), and Choi and
Kang (1993) summarized the results of previous studies
for steady-state and transient conditions in liquid- and
spray-jets. In spray coating applications, heat transfer
between impinging droplets and surfaces has been stud-
ied in several studies, e.g., by Armster et al. (2002), Pas-
andideh-Fard et al. (2001, 2002), Haferl and Poulikakos
(2002), and Butty et al. (2002). In these investigations,
the liquid/surface heat transfer is by orders of magni-
tudes larger than the gas/surface heat transfer.
However, especially in processes where the impinging
droplets have more or less the same temperature as the
underlying solid surface, the total heat flux from the wall
may be governed by the heat transfer from the solid sur-
face to the gas in the spray. Prediction of gas/solid heat
transfer in impinging sprays has attracted special atten-
tion connected with the development of new spray appli-
cations such as spray forming of metallic preforms,
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Nomenclature

a, b coefficients

B correlation parameter

Cq drop concentration

cp specific heat capacity

D jet/nozzle diameter

d droplet diameter

h heat transfer coefficient

H total enthalpy

H nozzle to surface distance
k conductivity

K droplet splashing criterion
n number of droplets

ip number flux of droplets
Nu Nusselt number, hD/k

Oh Ohnesorge number u/(pda)*>
Pr Prandtl number

Gy wall heat flux

r radius

Rp surface roughness

Re gas Reynolds number, pDU/u

Re, particle Reynolds number, pdU,/u
t time

T temperature

Ty wall temperature

Ty fluid temperature

i gas velocity (vector)

U, gas velocity (scalar)

U, droplet velocity

We Weber number, delz3 /o
X, y, z coordinates

Vi mass fraction of species i

o liquid volume fraction

) mass loading

u viscosity

p density

T dimensionless time, tU,/d
a surface tension

spray painting, and metallization coatings, e.g., for
micro-electronic components. The physical phenomena
controlling the deposition process are of great impor-
tance for the improvement of these applications. Here,
typically the properties and characteristics of the
sprayed product or coating are in focus of process con-
trol investigations. However, theoretical knowledge is
difficult to be achieved due to the large amount of
strictly connected parameters that have to be analysed.

Numerical investigation of spray processes is an
important tool for the analysis and understanding of
the governing phenomena since it can give useful infor-
mation about the local temperature, velocity and pres-
sure fields, which are not easily accessible in
experiments due to the simultaneously small time and
spatial scales of the phenomena of interest.

In order to achieve accurate predictions of the resulting
deposit morphology and micro-structure within spray
impingement, it is essential to understand the fluid dynam-
ics of the gas and of the droplets during both their flight
towards the surface and their impact phase, as well as heat
and mass transfer between droplets, gas and surface.

As an important parameter, the heat transfer coeffi-
cient between gas and solid surface in two-phase flow
applications is in the focus of the present investigation.
In two-phase impinging jets with solid particles, Yoko-
mine et al. (2002) and Sun and Chen (1998) studied
the global effect of the presence of the particles in the
flow onto the heat transfer. In these studies the solid
particles are impacting and rebouncing from the surface,
thereby altering the gas flow field in the vicinity of the

wall. Based on these studies, in the present contribution
the dynamics of the gas/surface heat transfer during
droplet spray impact will be analyzed. Here, the effect
of depositing liquid droplets on the gas flow field and
the resulting gas/wall heat transfer mechanism is in
focus. The effect of depositing droplets in a spray is stud-
ied from a micro- and macro-modelling point of view.
On the macro-scale, the interaction between particle tra-
jectories and gas flow has been considered for an
impinging gas/particle (two-phase) jet without particle
rebounce. The heat transfer coefficient is calculated with
and without particles for different particle loadings, jet
velocities, nozzle diameters, and nozzle to wall distances.
The Euler—Lagrange approach for dispersed two-phase
flow simulations has been adopted for this case.

While the macro-scale analysis concerns the effects on
the flow field at the scale of the gas—solid boundary layer
thickness, the micro-scale analysis investigates the dis-
turbances originated by each droplet on the gas temper-
ature and velocity profiles at the spatial scale of the
droplet. A fully developed boundary layer profile has
been assumed as the undisturbed boundary condition
for the gas and the liquid spread on to a smooth surface
has been simulated for single and multiple droplet
impacts and for different droplet and gas velocities.
The numerical analysis has been performed by means
of a VOF (volume of fluid) method.

From the derived results of the combined macro- and
micro-scale simulations, a global estimation of the gas/
solid heat transfer increase due to the droplets in the
spray has been achieved.
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2. Macro-scale analysis
2.1. Modelling of the jet

The impinging jet of gas and droplets has been simu-
lated based on the Euler—Lagrange approach using the
CFD code FLUENT. The prediction of the gas flow
has been obtained by solving the RANS-equations (see
Launder and Spalding, 1974), coupled with an appropri-
ate model for turbulence. Results from different closure
models (standard k—e, k—w, realizable k—¢, RNG k—¢)
have been compared to literature data for the single-
phase jet flow from a round nozzle in a quiescent gas-
eous environment. Among all turbulence model
adopted, the best result have been obtained by the real-
izable k—¢ (Shih et al., 1995) and by the RNG k—¢ model
(Yakhot and Orszag, 1986). The RNG model has shown
better prediction of the velocity decay, while the realiz-
able model showed better estimation of the global shape
of the jet, where finally the RNG k—¢ model has been
chosen (Garbero, 2004). For accurate prediction of gas
velocity and thermal profiles near the wall, a wall treat-
ment method that combines a two-layer model (Chen
and Patel, 1988) with enhanced wall functions (Kader,
1993) has been used.

The dispersed phase is treated by the Lagrangian
approach, where a large number of droplet parcels, rep-
resenting a number of real droplets with the same prop-
erties, are traced through the flow field. The
representation of droplets by parcels makes it possible
to consider the particle size distribution and to simulate
the measured liquid mass flow rate at the injection loca-
tions by a reasonable number of computational drop-
lets. The trajectory of each droplet parcel is calculated
solving the equation of motion for a single droplet
(Crowe et al., 1997) neglecting the forces due to virtual
mass and history terms. In the spray process, the drop-
lets are considered as spherical and the standard drag
correlation for solid spherical particles is used. In order
to model the droplet dispersion in the turbulent flow and
to obtain a representation of the local velocity, the eddy
lifetime concept is applied (Crowe et al., 1997) where the
droplet interacts with a sequence of gas eddies with ran-
domly sampled fluctuations.

As a boundary condition during particle impact, the
particles are assumed as sticking on the wall in any case.
No rebouncing is assumed in order to simulate the case
of a completely depositing spray impact.

The steady-state solution of the flow field for both
phases is obtained by an iterative calculation. Initially
a solution of the gas field is computed without consider-
ing the dispersed phase. Afterwards, a large number of
discrete parcels are tracked through the flow field and
averaged values of momentum source terms for the con-
tinuous phase are calculated, see Riiger et al. (2000). At
this point, the gas flow field is recalculated considering

the influence of droplets by means of the source terms
just computed. Then the discrete phase trajectories are
calculated again in the modified continuous phase flow
field and new source terms are obtained. These steps
are repeated until convergence is achieved.

Considering the axial symmetry of the jet, 2D config-
urations have been used and a mesh with a total number
of about 20,000 cells has been adopted. The mesh con-
figuration has been tested to be sufficient to provide grid
independent solutions. The regions close to the spray
centreline and at the impinged surface have been locally
refined for enhanced resolution. This refinement is nec-
essary when the two-layer model is solved with the
enhanced wall functions. Even if the enhanced wall
treatment is designed to extend the validity of near-wall
modelling beyond the viscous sublayer, a mesh that will
fully resolve the viscosity-affected near-wall region is
recommended. For this reason a sub-grid with at least
10 cells within the viscosity-affected near-wall region
(Re* <200) has been generated to be able to resolve
the mean velocity and turbulent quantities in that
region.

2.2. Results for the macro-modelling

A gas flow exiting a circular nozzle (as in Fig. 1) of
diameter D with an average velocity U and cooling a flat
surface at a distance H from the nozzle has been consid-
ered. The droplets in the jet are assumed to have the
same temperature as the impacting surface/wall because
here only the gas/wall heat transfer is studied and the
heat transfer due to the droplet liquid should not be

i >

Fig. 1. Impinging jet configuration.
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considered by definition. In order to keep the analysis as
simple as possible in terms of boundary conditions, the
effect of variable gas properties (as density, conductivity,
etc.), changing, e.g., with gas temperature has been
neglected. Therefore, a rather small temperature differ-
ence between gas and droplets/wall of 20 K has been
selected. The effect to be studied in this investigation is
not changed in this way, because the heat transfer coef-
ficient (or Nusselt number) does not depend on temper-
ature difference, but only on gas flow behaviour and
geometry.

The integral averaged Nusselt number within a circu-
lar area at different values of the radius has been calcu-
lated for the case of gas flow without particles and for
different droplet loadings @ (mass flow ratio of droplets
to gas).

The particle size distribution is assumed as Rosin—
Rammler type distribution, with different mean particle
diameters and a constant span value of 2.11. The param-
eter settings are summarized in Table 1. A number of
combinations of these parameters has been performed
in the simulation runs. Comparison with the heat trans-
fer coefficient correlation of Schliinder and Gnielinski
(as cited in: Verein Deutscher Ingenieure (2002)) has
been done for the case of the impinging gas jet without
droplets.

Fig. 2(a) shows good agreement between simulations
and correlation for the single-phase jet. An increase of
the Nusselt number is to be observed due to the macro-
scopic change of the jet structure by means of the parti-

Table 1

Test cases of jet simulations

Ug’() = Upy() [m/s] 10/20/50
H/D [-] 5/10/20

D [mm] 2.5/5/10

w [-] 0/0.5/1/2

d [um] 25/50/100/200

2.29 % 10°/4.58 x 10°/9.17
x 10%/2.29 x 10°/3.67 x 10°

Drop number concentration Cy [m ]

140 —#—S. G. Correlation
120 === o0=0
100 \ — —o=l
S 80 fma N 0=2
4
0 1 2 3 4 5 6 7
a r/D [-]

Gas velocity [m/s]

cles in the core region of the jet. All curves of this figure
have a maximum on the centreline of the jet. Introduc-
ing particles, the inertia of droplets affects the gas flow
increasing the heat flux. The effect of the particles is
restricted to a small area within a radius /D ~ | near
the core of the spray, where the droplets impact the sur-
face. In the remaining part of the surface no droplets are
found since a condition of trapping at the wall has been
assumed for the impinging droplets and therefore the
heat transfer does not change significantly in this area.

The increase of jet inertia is well represented in
Fig. 2(b). As it can be seen, the velocity on the centreline
of the spray increases by increasing the number of par-
ticles in the spray. The impact surface in this case is
located in a distance of 0.1 m from the nozzle.

Fig. 3 regards the influence of the jet velocity on heat
transfer. The heat transfer at the surface increases with
the gas velocity. Actually when the gas velocity is in
the range from 10 m/s to 50 m/s, the Nusselt number
appears proportional to U*®, provided that drop diam-
eter and mass loading are kept constant. The relation-
ship is confirmed by the work of Huang and El-Genk
(1994), who investigated experimentally the heat trans-
fer dynamics of an unconfined jet impinging on a flat
plate at low Reynolds numbers and found that the aver-
age Nusselt number was proportional to Re®’®. This
result has been also observed for high mass loadings.
The droplet number concentrations for the cases relative
to jet velocities of 10m/s, 20m/s and 50 m/s are
4.58 x 10%, 9.17 x 10° and 2.29 x 10%, respectively. The
unloaded (pure gas flow) jet result for heat transfer is
indicated by the solid symbols in Fig. 3(a). For increas-
ing droplet diameters the behaviour of the two-phase jet
approaches the single-phase jet case.

In another series of simulations, the droplet number
flux has been kept constant (therefore the loading is
changed) while all other boundary conditions are not
changed compared to Fig. 3(a). From this result in
Fig. 3(b) it can be observed that the gas/surface heat
transfer is directly proportional to the droplet diameter

20
16 E
12
0=0
8 El —o=1
s f| —o=2
0:|||I|||I|||I|||I|||

0 0.02 004 0.06 0.08 0.1

Axial coordinate [m]

Fig. 2. (a) Integral average of Nusselt number as a function of dimensionless radius and (b) gas velocity decay along the spray axis for an impinging
jet with and without droplets; S.G. = data from Schliinder and Gnielinski (as cited in: Verein Deutscher Ingenieure (2002)).
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Fig. 3. Influence of jet velocity on the integral Nusselt number as a function of droplet diameter. (a) For different mass loading over a surface of r/
D = 1. Symbols indicate jet without particles. (b) For constant drop concentration over a surface of /D = 1 (dotted lines) and /D = 5 (continuous

lines).

for constant droplet concentration and it shows only a
small increase for the surface area of /D = 5. The range
of drop diameter considered, from 25 um to 200 pm,
corresponds to a significant variation of diameter in typ-
ical spray applications. This means that the influence of
the particle diameter for gas heat transfer is not well
pronounced. The gas/surface heat transfer mostly
depends on the number flux of particles in the spray
rather than on their diameter or particle mass loading.

In Fig. 4, the Nusselt number distributions for differ-
ent nozzle diameters are shown. For a surface area of r/
D =1, the variation of the Nusselt number is ambigu-
ous. Obviously, the heat transfer increases with the noz-
zle diameter since a greater amount of gas is pushed
towards the surface. Nevertheless, when comparing the
increase of Nusselt number far from the jet, the influence
of the nozzle diameter seems equal to that of gas veloc-
ity. This behaviour is confirmed by Holloworth and
Gero (1985), who analysed the diameter dependency
on heat transfer for a jet impinging on a isothermal
plate, concluding that the jet diameter has no effect on
the Nusselt number for H/D > 10. However, some
authors as San et al. (1994) have also found that, for

the same Reynolds number, smaller jet diameters result
in lower values of Nusselt numbers.

Regarding the presence of droplets, in this case, the
increase of the integral Nusselt number seems to be
more pronounced for smaller diameters, but at smaller
areas considered. For the curves relative to »/D =5 of
Fig. 4(b), relatively to a constant number flux of parti-
cles, the same consideration done before about the
velocity influence can be done.

When increasing the distance between wall and noz-
zle, the heat transfer decreases (Fig. 5) because of the
jet velocity decay that results in a reduction of the
impingement velocity close to the surface as well as in
lower turbulence intensity in the flow field. From the fig-
ure it appears that for higher distances the curves of the
integral Nusselt number have a different behaviour.
Here the spray cone widely spreads and the droplets
cover a larger surface area. Actually the spray for the
case of 25 um droplets impinges on a surface area larger
than r/D = 1. Considering a larger area, from /D =1 to
r/D =5, the behaviour of the heat transfer increment
becomes almost the same for all the curves, as is to be
seen in Fig. 5(b).

a

2.5 mm load 1

2.5 mm load 2
== = 5mmload 1
5 mm load 2
== = 10 mm load 1

10 mm load 2

3OE
0 PR S T R T W T T N T N T B Y M

0 50 100
Droplet diameter

150 200
[um]

F P
100 f -
r - -
80 F — ==
= 60 F T
5" F ——
40 F
20 F
0 :l N T T N N T TN T [N TN T TN TR [N T T N 1
0 50 100 150 200
b Droplet diameter [um]

Fig. 4. Influence of nozzle diameter on the integral Nusselt number as a function of droplet diameter. (a) For different mass loading over a surface of
r/D = 1. Symbols indicate jet without particles. (b) For constant drop concentration over a surface of /D = 1 (dotted lines) and /D = 5 (continuous

lines).
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Fig. 5. Influence of wall/nozzle distance on the integral Nusselt number as a function of droplet diameter. Symbols indicate jet without particles. (a)
For different mass loading over a surface of /D = 1. (b) For constant drop concentration over a surface of r/D =1 (dotted lines) and /D =135

(continuous lines).

The decrease of heat transport with the distance
between wall and nozzle can be described by a power
law of the type:

Nu = ae 5. (1)

From the simulation results, the coefficients are derived
as a =214 and b = 0.26.

The increase of the integral surface Nusselt number
can be explained in terms of the inertia of the jet: for
constant values of drop diameter and mass loading it
can be expressed as a function of the Reynolds number
as

Nu o< Re". (2)

This correlation is in agreement with the results avail-
able in the literature for heat transfer dynamics of
impinging jets without particles (Goldstein et al.,
1986). When droplets are present, due to the momentum
transfer of the faster moving droplets, the gas acquires
more inertia close to the wall and, as a consequence,
heat transfer increases. The increase of the integral Nus-

selt number can be considered at first as linear with
droplet diameter. Also the effect of the droplet number
flux impacting the surface (Fig. 6) can be regarded as

Nu = Nu® + Bn,, (3)

where Nu® is the Nusselt number without droplets and B
is a parameter depending on the drop diameter. The de-
rived distribution of B is plotted in Fig. 7.

In order to evidence the importance of studying the
spray also on a micro-scale, the overall heat transfer
coefficient found by the simulations is compared with
the experiments of Yokomine et al. (2002). These
authors investigated experimentally and numerically
the heat transfer mechanism during the impingement
of a jet with different types of gas—solid suspensions.
In the case of graphite particles suspended, a significant
increase of the heat transfer coefficient with respect to
single phase flow was found all over the heat transfer
surface, while in the case of a glass beads suspension
the heat transfer coefficient decreased compared to sin-
gle phase flow. Yokomine et al. (2002) concluded that

100 [
90
30 E — (=25 pm
- - ——— =50 um
= 70
z - d =100 um
60 ; d =200 pm
50 F
40 L 1 1111l 1 11111l 1 11111l 1 111111
LE+08 1.E+09 1.E+10 1E+11  1E+12

Surface drop impact number flux [m™s]

Fig. 6. Variation of the integral Nusselt number over a surface of r/D = 1 as function of the number of impacts per unit surface and unit of time.
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Fig. 7. Variation of the parameter B as a function of the droplet
diameter.

in the case of fine and light particles like graphite, the
impingement momentum of the gas phase increases
because the particle incident to the boundary layer in
the vicinity of the wall promotes the renewal of the
boundary layer, in addition to the eddy attachment,
and reduces its thickness. As a consequence, the heat
transfer is enhanced more effectively. On the other side
for particles with larger inertia, like glass beads, the par-
ticles rebounce or fly away from the surface acting like
obstacles for the incoming gas from the nozzle, decreas-
ing turbulence intensity and thus heat transfer.

In order to calculate heat transfer coefficients between
gas and wall, one should consider in the modelling how
droplets perturb the gas boundary layer close to the sur-
face. Obviously, due to the point source assumption, the
Euler-Lagrange approach does not directly take into
account the influence of droplet wakes and boundary
layers on the gas flow immediately at the wall and thus
cannot predict in detail the droplet-surface—gas interac-
tion that originates the increase of the heat transfer.
Thus, it is necessary to study the heat transfer dynamics
on the micro-scale separately and then to implement
droplet effects in the adopted wall functions.

3. Micro-scale analysis
3.1. Modelling of the impact

Within the micro-scale analysis, the effect of impact-
ing droplets on surface heat transfer has been investi-
gated, simulating the interaction between a laminar
boundary layer and perpendicularly impacting droplets.
A number of influencing factors and different occurring
physical phenomena are controlling the liquid drop
impact as well as the gas/surface and liquid/surface heat
exchange process during impact. In order to limit the
number of influencing parameters for clarity of the

gas/surface heat transfer investigation, some rigid
boundary conditions for the impact process have been
assumed.

The outcome of the impact of an individual droplet
may be either deposition on the surface (spreading),
fragmentation (secondary atomization into smaller
droplets) with partial mass deposition, or rebouncing
of the droplet. In spray deposition processes complete
deposition of droplets is desired and therefore it has
been assumed as the standard case for the present study.
That no splashing occurs during impact for the param-
eters under investigation has been verified by applying
the splashing criteria proposed by Mundo et al. (1998)
and Bussmann et al. (2000) for droplets impacting on
dry surfaces:

Keit = We Oh™"* = 649 + 3.76R "%, (4)

The standard liquid in this study is a paint with New-
tonian behaviour as it is used in industrial applications,
its properties are given in Table 2. For this liquid prop-
erties the splashing criterion Eq. (4) is met by all drop-
lets impacting in the present study (K < K,;). In this
investigation only the impact on dry surfaces is studied,
where Cossali et al. (1997) has also given splashing limit
correlation for wetted surfaces.

The spreading of a droplet during impact may be fol-
lowed by its partial recoiling driven by surface tension
and contact forces. The extent of recoiling is negligible
if the liquid has high viscosity and low surface tension
since viscosity dissipates rapidly the inertia of the drop-
let and the typically small surface tension does not pro-
vide enough elastic energy to retract the lamella (Rein,
1993). A liquid with these characteristics has been con-
sidered in this part of the work in order to simplify
the mechanical interaction between drop and wall and
to focus on heat transfer effects. Therefore, a constant
value for the solid-liquid contact angle of 70° is
assumed, without considering hysteresis effects for the
advancing and receding liquid front (Garbero et al.,
2004).

Drop impact has been simulated with the FLUENT
simulation code by means of the VOF model with the
geometric reconstruction scheme for the gas-liquid
interphase. The VOF model adopts the concept of liquid
volume fraction, whose value is unity at any point occu-
pied by liquid and zero otherwise. In order to compute
the evolution of the volume fraction field a suitable

Table 2

Droplet liquid properties

Density [kg/m’] 1225
Viscosity [Pa s] 1.78 x 1073
Heat capacity [J/kg K] 1x10°
Heat conductivity [W/m K] 0.6x1073
Surface tension [N/m°] 0.03

Static contact angle [deg] 70
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continuity equation is solved. The volume fraction f
moves with the two fluids, in this case droplet and sur-
rounding gas, and depends on the fluid dynamics of
the whole systems that is described by the equation of
conservation of mass and momentum. The liquid inter-
phase is characterized by values of volume fraction
between zero and one. The geometric reconstruction
scheme (Youngs, 1982) calculates the orientation of
the interface using a piecewise-linear approach. This
scheme assumes that the interface between two fluids
has a linear slope within each cell and uses this linear
shape for calculation of the advection of fluid through
the cell faces. Surface tension effects are taken into
account as a body force, adding a source term in the
momentum equation (Brackbill et al., 1992). The wetta-
bility of the surface is summarized by the static contact
angle and results in an adjustment of the surface curva-
ture near the wall.

A 3D-mesh composed of 300,000 cubic cells with cell
size of about 20 um has been used. The computed
domain is 1.5 mm in height and includes the complete
boundary layer thickness of velocity and temperature
under investigation. The surface of the domain is 2 mm
in width and 0.8 mm in depth, corresponding to an area
of 1.6 mm?. This size of the computational domain has
been derived from sensitivity studies for evaluation of
the portion of surface affected by the increment of heat
transfer during the collision of a single drop.

A time step of 10~%s has been adopted in all the
cases. Such a small time step is required because of the
large velocity difference between gas and droplet that
may reduce the quality of the prediction near the inter-
face. In order to compute the heat transfer flux between
gas and surface, the total enthalpy equation from the
energy balance shared among liquid and gas has been
solved:

%( ﬁ)+v-(pﬁﬁ)_v¢<£vﬁ>. (5)

Conduction and species diffusion terms combine to
give the first term on the right hand side of the above
equation. The total enthalpy per unit mass H is defined
as

[/—\I:Zyii_\]i? (6>

where Y is the mass fraction of species i and
~ ~0 ~0 .

Hi - frref.i Cp.,i dT + Hi (Trefj)' Hi (Tref,i) 1S the enthalpy
per unit mass of species i at the reference temperature
Trer,i. Neglecting the heat flux due to species diffusion
and considering the specific heat capacity c, independent
from temperature, Eq. (5) can be written in terms of
temperature:

oT -
Pep o T pc,V - (dT) =V - (kVT), )

where the values of k, p, ¢, depend on the local liquid
volume fraction «; for instance k= ok + (1 — 0)k,.
From Eq. (7) the temperature field can be obtained in
the entire computational domain.
The heat transfer coefficient is computed using Fou-
rier’s law applied to the wall:
—k (5

on

h = ;
Tw_Tf

(8)
where the heat flux to the wall from a fluid cell is defined
as

Gy = h(Tw - Tf)- (9)

For accurate estimation of the local heat transfer
coefficient in the impingement area during drop impact,
the upper liquid surface after drop spreading has been
considered as part of the total heat exchange surface.

3.2. Results: impact of a single droplet

In order to simulate the interaction between droplets
and gas flow, velocity and temperature profiles occur-
ring in a boundary layer flow over a flat plate at a dis-
tance of 10 cm from the beginning of the plate have
been used as undisturbed gas flow and thermal fields.
Two cases have been considered, with free stream gas
velocity U of 20 m/s and 40 m/s corresponding to gas
Reynolds numbers of 1.38 x 10° and 2.75 x 10°, respec-
tively. These values are below the laminar-turbulent
transition of 5x 10°, thus indicating a laminar gas
boundary layer situation. The thickness of the tempera-
ture profile is slightly larger than that of the velocity
profile as the Prandtl number for the gas is 0.713. The
boundary layer thickness is smaller than the height of
the considered computational domain in both test cases.
The maximum temperature difference between gas and
wall in the test cases is again 20 K, the same as in the
macro-model.

Droplets are inserted in the computational domain at
a distance H of 1.1 mm above the surface and
X =0.5mm downstream from the gas inlet section, as
shown in Fig. 8. The droplets have a diameter
d = 200 pm, initial velocity U, and a direction perpen-
dicular to the solid surface. A summary of the data
regarding the used initial conditions of droplets and
gas are reported in Tables 3 and 4, respectively.

A sequence of the droplet deformation and spreading
process during impact of a 200 um droplet at 10 m/s
impact velocity is shown in Fig. 9. The dynamics of
the droplet deformation process during impact for vari-
ous boundary conditions has been correlated with exist-
ing literature data (Garbero, 2004) and shows excellent
agreement.

Fig. 10 shows the dynamics of the instantaneous wall
heat flow increase, related to droplet diameter and gas
conductivity, averaged over the considered wall surface,
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Fig. 8. Representation of the initial condition regarding the impact of
a single droplet.

just before drop impact in terms of ((TinVTW) %’), as a

function of the inertial dimensionless time (r =t- %)

By definition, the impact takes place at 1 = 0.

The increase of heat transfer depends on the differ-
ence of velocity magnitude between gas and droplet.
The droplet acts like an obstacle to overpass for the
gas flow: if it falls down at a speed much larger than
the gas velocity of the undisturbed boundary layer, the
gas flow underneath the droplet is displaced by the drop-
let to its sides and a wake may occur on top of the drop-
let. As a consequence, there is only a small heat flux
increase at the impact surface. On the contrary, at lower
droplet velocities (compared to the gas velocity of the
boundary layer), the sidewise flowing boundary layer
is changed and a larger amount of gas is flowing below
the droplet. Here, the gas stream is more compressed in
the gap between droplet and wall and as a results the

Table 3

Initial droplet characteristics

Up [m/s] Re,, We
5 27 117
10 53 709
20 106 2835
Table 4

Initial gas flow characteristics (air)

Um/s] Re[-] Pr[-] Ty— T, [K] Velocity Thermal
boundary  boundary
layer [mm] layer [mm]

20 1.38x10° 0.713 20 1.3 1.44

40 2.75%x10° 0.713 20 0.95 1.01

temperature gradient and therefore also the heat trans-
fer rate becomes larger.

For the same difference of velocity magnitude, the
increase of heat flux is remarkably larger in the case of
higher gas velocities. For low droplet impingement
velocities, U, =5 m/s, the increment of heat flux before
collision is sensibly larger than for the higher velocity
cases. Actually, for droplet velocity of 20 m/s, the max-
imum increment of the heat flux is less relevant than in
the other cases with lower velocities and it also affects a
smaller portion of the surface. For all the cases the
curves show a maximum immediately before collision
at t=0.

Fig. 11 reports the variation of heat flux after droplet
impact (t > 0). The diagram shows a much larger incre-
ment in heat flux in comparison to Fig. 10, both in mag-
nitude and in duration, due to the stronger droplet
influence on velocity and temperature profile after
impact.

1= 0.004 ms t=10.014 ms
1=0.008 ms t=0.018 ms
1=0.010 ms t=0.026 ms

Fig. 9. Droplet deformation (spreading) during impact (dj, = 200 pm, U, = 10 m/s).
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Fig. 10. Instantaneous increase of wall heat flux before impact.
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Fig. 11. Instantaneous increase of wall heat flux after impact.

The falling drop leaves a wake on its backside, which
persists for some time after the impact, as highlighted in
Fig. 12(a) where the instantaneous gas velocity distribu-
tion is illustrated. The gas in the wake dragged by the
droplet is cooler than the gas close to the surface
(Fig. 12(b): instantaneous temperature distribution) and
increases the temperature gradient and therefore the local
heat transfer significantly. Fig. 12(c) illustrates the heat
transfer coefficient distribution on the surface and con-
firms this mechanism: the local increment of the heat
transfer reaches a significantly larger value immediately
after the spread, when the cold gas from the droplet wake
reaches the surface. Subsequently the low temperature
region expands on the surface under the influence of the
main gas flow field. Due to this reason, in the curves of
Fig. 11 at the largest impact velocity a bimodal effect is
to be seen. The first maximum is due to a peak in the local
heat transfer; while the second one is the result of a smal-
ler heat flux increment spread on a larger part of the sur-
face. Increasing the drop impact velocity, the heat flux
sensibly increases and affects a larger area.

Apart from the case with impact velocity of 10 m/s
and gas velocity of 40 m/s, where the maximum value

of heat transfer due to the local increment and the max-
imum due to the effect of gas spreading occurs at the
same time, the increment of heat flux in the first part
of the curve is directly proportional to Re_ '3

The different duration of the phenomenon can be
explained by considering the role of the droplet wake.
For large difference of velocities between gas and drop-
let, the wake of the droplet is transported by the gas flow
behind the droplet in horizontal direction, while for
small difference of velocities the wake follows the drop-
let along the vertical direction of impact, as in Fig. 12. In
this case, since the wake is aligned nearly vertically, the
increase of heat transfer lasts for a longer time. On the
contrary, at small impact velocity, the interaction
between droplet and gas reduces the wake practically
to a stagnation zone in the region not directly exposed
to the gas flow. Also here some cool gas can reach the
surface, but in a lower quantity and for a smaller time.

Obviously, the boundary layer profile returns to its
initial condition in a short time after droplet impact
and with a dynamics dependent only on the gas velocity
and not on droplet speed. To be noted is the case regard-
ing the smallest impact velocity and the maximum gas
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Fig. 12. Impact of a single droplet with a diameter of 200 pm, an impact velocity of 20 m/s and a maximum gas stream velocity of 20 m/s. (a)
Contours of velocity (side view), (b) contours of temperature (side view), (c) contours of total surface heat flux (seen from below).

flow velocity. Here the stagnation zone interacts with
the air compressed by the droplet before impact forming
a stagnant gas layer on the surface. As a consequence,
the gas flow takes more time to blow away the cooler
gas entrapped in the wake and to reduce the increase
of the heat flux. This is shown in Fig. 11, where the
curve regarding the impact velocity of 5m/s and the
gas velocity of 40 m/s has the slowest behaviour com-
pared to all the others cases.

The increment in the heat flow rate due to a single
droplet disappears in an interval of time shorter than
1 ms for all the cases analysed. However, depending
on the interparticle distance within a spray, the interac-
tion between droplets needs to be considered in
addition.

3.3. Results: impact of multiple droplets

So far, attention has been focussed on the study of a
single droplet impact, but real sprays are composed by
swarms of droplets. For example, considering a typical
spray process with a liquid mass flow rate of 0.1 kg/s,
at a distance of 50 cm from the nozzle, a typical figure
for the number flux of particles impacting the wall per
unit time is 3x10°m2s~!. That is in average one
impact every 0.2 ms on the previously considered sur-
face of 1.6 mm?.

If the interaction among particles is neglected, one
can argue that every droplet adds its contribution AQ
to the total heat flow transferred between gas and solid.
Therefore, by time averaging the heat flow rate over a
cycle of 0.2ms, an effective heat transfer coefficient
may be calculated. For example, analysing the case of
drop impact velocity of 10 m/s and maximum gas veloc-
ity of 20 m/s, the effective heat transfer coefficient eval-
uated by this procedure assumes a value of about
43 W/m” K, as shown in Fig. 13, a value sensibly higher
than that without droplets: 27 W/m> K. This evidences
that also the micro-scale effect of droplets on gas—solid
heat transfer needs to be considered and that not only
the macro-scale influence is significant.

The results from individual droplet impacts may be
regarded as an approximation, valid for dilute sprays
only. Proceeding in such a way, the interaction among
the wakes behind droplets is neglected, which could
change the increase of heat transfer with respect to the
situation computed as before. This effect could be
important especially at increased droplet concentration,
when the distance between particles becomes small. In
order to evaluate the influence of such an interaction,
three different multiple drop configurations have been
simulated. Two of these regard the impact of three drop-
lets with different initial positions, while the other one
refers to a five droplet collision.
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Fig. 13. Instantaneous heat transfer coefficient during the impact of a
single droplet every 0.2 ms. Drop diameter =200 um, drop veloc-
ity = 10 m/s, maximum boundary layer velocity = 20 m/s.

The same grid configuration and computational
domain as used for the single droplet case have been
adopted with the target surface of 1.6 mm?. Information
about initial conditions of the droplets and of the gas
profile is reported in Table 5.

The initial liquid droplet characteristics (physical
properties, dimension and velocity) and the boundary
layer profile of the gas are identical to those of the single
droplet case with initial droplet speed of 20 m/s and
maximum gas velocity of 20 m/s.

Fig. 14 exhibits the velocity vectors for the three-
droplet case 1. It appears that the first two drops
fall down in an undisturbed gas flow field while the last
drop interacts during its motion with the wakes of the
precedent two droplets. The picture shows that the
wake of the left droplet covers the right one. As a
consequence, the droplet on the right contrasts the
circulation of the cool gas moved by the left droplet,
reducing heat transfer. But the drop in the right seems
also to enhance the circulation of the gas dragged by
the droplet in the middle. This should result in an
increase of surface heat transfer. Actually, the latter
effect prevails. In order to better understand how multi-
ple drop impacts affect the surface heat transfer, a
sequence of the instantaneous heat flux exchanged at
the wall (a) with the relative gas temperature profile
(b) is depicted in Fig. 15, for the three-drop case 2. As
it can be seen from the contours of heat flux, the first

Table 5
Initial conditions of multiple drop impact simulation
Drop centre distance [mm] Re,, [-] U, [m/s] We [-] Re [-] U [m/s] Tw — T [K]
Three droplets case 1 0.79 53 709 1.38 x 10° 20 20
Three droplets case 2 0.65
Five droplets case 0.58

Fig. 14. Velocity vectors during the impact of three droplets: three-droplet case 1.
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drop affects heat transfer in the same way as the single
droplet case. The main difference appears when the
other two droplets approach the surface. The second
droplet acts as an obstacle for the wake of the first drop-
let. Indeed the moving front of cool gas dragged by the
first droplet is contrasted and a stagnation zone is
formed between the two formed lamellae. This reduces
the area affected by the increment of heat transfer rela-
tively to the first droplet, but makes the effect of the sec-
ond droplet last longer, since in this zone the velocity of
gas is lower than before. When the last droplet
approaches the surface, instead, the circulation of the
gas near the wall is incremented. The stagnation zone

rapidly disappears and the local increment of heat trans-
fer sensibly increases.

The simulation of the five-droplet case also confirms
this dynamics. Here periodic boundary conditions have
been used for gas inlet and exit sections. The effect due
to the interaction between droplets is apparent in
Fig. 16, where the contours of temperature at different
times of impact are reported. When the first two drop-
lets are colliding the surface, the gas flow is compressed
by the droplets and bends over them. The local velocity
and temperature gradients are higher and the heat flux
increases in the same way as for the single droplet case.
At 0.07 ms the third droplet begins to influence the gas

t=0.08 ms t =0.03 ms
u
t=0.10 ms h
0.08 ms
]
[W/m?] (K]
-
8.50e+03 308e+02
8.08e+03 t=0.12ms P8 207=02 g Sl
7.650+03 3068402 0.11 ms
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Fig. 15. (a) Contours of surface heat flux (on the left, bottom view) and (b) contours of temperature magnitude (on the right, side view). Three

droplet configuration case 2.
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Fig. 16. Temperature contours, during the five droplet cases. Droplet diameter = 200 um, droplet velocity = 10 m/s, maximum gas velocity = 20 m/s.
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Fig. 17. Instantaneous increase of wall heat flux for the three droplet cases.

flow below it, but acts as an obstacle for the circulation
of the warmer gas established by the first droplet on its
left, reducing the local heat flux. When the last two
droplets arrive close to the surface, the zones with small
temperature are compressed between droplet and wall
and a larger gas circulation is achieved. After that, the
gas dragged by the last two droplets interacts with the
circulation phenomena established by the other drop-
lets, before achieving the unperturbed condition under
the influence of the boundary layer gas flow.

In order to make a quantitative analysis, the increase
of surface heat transfer is reported in Figs. 17 and 18 for

the three and five-droplet cases, respectively. The curves
indicated as “single case’” have been computed summing
the increase of heat flux found during the single droplet
case study (no interaction between droplets is consid-
ered) for every droplet at a time correspondent to the
multiple droplet case dynamics. At the beginning, all
the curves present the same trend. As expected, the main
difference is shown after the first impact when the sec-
ond and third droplets are approaching the surface.
The curves relative to the real multiple impact present
similar profiles in spite of the different dynamics. This
outlines that every falling droplet moving in a disturbed
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Fig. 18. Instantaneous increase of wall heat flux for the five droplet cases.

gas flow field increases heat transfer simply because a
larger quantity of cooler gas from the outside is dragged
towards the surface with the droplet. Actually, the sec-
ond droplets, that are approaching the surface after-
wards, are able to drag more cool gas to the wall due
to the circulation established by the first droplets and
as a consequence they increase sensibly the heat flux.
The other possible interactions between wakes and
droplets appear of minor importance and do not affect
heat transfer significantly.

In Fig. 18, the heat transfer increase for the five-drop-
let case is obviously larger than for the three-droplet
configuration, but the maximum increase takes again
place at the same time as in the other cases. Further-
more, the magnitude of the heat transfer increase results
the double of the three droplet cases. Indeed here, the
number of droplets colliding the surface in the disturbed
flow field can be regarded as the double of the three-
droplet cases. This confirms that the further increase
of heat transfer is influenced essentially by the number
of droplets colliding the surface in a region where the
boundary layer has been just disturbed. This makes it
possible to take into account the influence on heat trans-
fer due to multiple drop impacts by means of a further
increment of the heat exchanged immediately after the
collision of the second droplets. However, the increase
seems of lower significance as expected. Furthermore,
this increase happens only when droplets collide in a
very small interval of time and onto a small area. All
considerations so far have been done for droplets
approaching a surface of 1.6 mm? and with an inter-col-
lision time as small as 0.05 ms. This value of inter-arrival
time and distance of droplets is typical for a dense spray
condition where the number flux of impacting droplets is
larger than 7, =2 x 10" [m2s7']. In some applica-
tions, the time between collisions and the mean distance
between droplets may be larger and the effect due to
droplet and interactions are sensibly lower. For such

dilute sprays, the effect of drop-drop interaction may
be neglected and the results obtained during the single
droplet case study are sufficient to take into account
the micro-scale influence onto the gas/surface heat
transfer.

4. Global effect

In this section, by expansion of the micro-scale anal-
ysis and combination with the macro-scale analysis, the
overall increment of heat gas/surface transfer that takes
into account the presence of droplets in a dilute spray
will be derived.

The increase of the gas/wall heat transfer due to a
swarm of impacting droplets, as it occurs in spray depo-
sition, may be evaluated by multiplying the increase of
exchanged heat per single droplet (reported in Figs. 11
and 12):

20, = [ 80,4 (10)

by the number flux 7, of particles impinging the surface
per unit time and per unit surface:

Ag = AQy ity = h(To — Th). (11)

As an example, if the spray is generated by a nozzle of
diameter D = 5 mm, the behaviour of the increase of
the resulting Nusselt number (Nu = “2) normalized by
the droplet number flux for the condition adopted previ-
ously, is reported in Fig. 19. The figure confirms that for
increasing the impact velocity of the droplet the heat
transfer increases, but shows also a similar trend for
the two curves at different boundary layer velocities.
The increase of heat transfer found considering a
boundary layer profile with a maximum velocity of

20 m/s is about the same order as that found for a
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Fig. 19. Increase of local Nusselt number for a nozzle diameter of 5 mm.

boundary layer relatively of 40 m/s. Higher values of
heat transfer have been found for the case with higher
gas velocity, but since they are more rapidly dumped
by the gas the resulting values of average during time
are not so different.

Therefore, an average curve is derived to represent
both cases. The dotted line in Fig. 19 represents this
curve that can be correlated as

ANu

np

=5x10"U -4 x 10U, +9x 107" (12)
Fig. 20 represents the increase of Nusselt number for the
impact velocities studied in the micro-scale analysis.
Finally, micro- and macro-scale effects are combined
and the overall increment of the surface heat transfer
can be calculated for an impinging jet or spray as a func-
tion of droplet concentration. By summing Egs. (3) and

(12), a relationship describing the global increment of
Nusselt number as function of impact velocity and drop-
let concentration can be obtained. As an example, for
droplets with diameter of 200 um, it results in

Nu=Na® - [5x 107102 = 4 x 1070, + 9 x 10 -y
(13)

Fig. 21 reports the overall effect of surface heat transfer
due to an impinging dilute spray with an exit velocity of
20 m/s and composed by droplets of mean diameter
200 pum, colliding the surface at a velocity of 10 m/s.
The figure outlines the significance of the micro-scale
effect that appears even more pronounced than the
macro-scale influence. Considering together micro- and
macro-scale effects, the heat transfer may increase by
more than 100%.
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Fig. 20. Micro-scale increase of Nusselt number as a function of the droplet number flux of impinging droplets.
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Fig. 21. Overall increase of Nusselt number during an impinging spray. Drop diameter = 200 um, drop impact velocity = 10 m/s, jet velocity =
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5. Conclusions

The influence of droplet impact within spray impinge-
ment on gas/surface heat transfer has been analysed by
numerical simulation from a macro- and a micro-scale
point of view. Gas/surface heat transfer during spray
impingement becomes important when the droplets
and the surface have nearly the same temperature as,
e.g., in spray coating and spray forming applications.

On the macro-scale, a two-phase jet impingement
case has been studied by means of an Euler—Lagrange
approach. The roles of nozzle diameter, gas velocity
and nozzle/wall distance have been analysed for differ-
ent values of mass loading, particle size and droplet con-
centration. Here, the droplets momentum transfer to the
gas increases the overall jet inertia. The larger inertia
creates higher velocities near the wall and increases the
temperature gradients.

On a micro-scale, the fluid dynamics influence of
droplet impact within a laminar boundary layer has
been simulated by means of a VOF technique. The effect
of the gas flow field close to the surface has been evalu-
ated for a single-droplet impact, in order to derive the
basic mechanism of the disturbance, and for the case
of multiple droplet impacts, to evaluate the interaction
among droplets. It has been shown that the droplets that
are approaching the surface act as vortex generators,
establishing a circulation of gas near the wall that
increases the surface heat transfer considerably.

The study has outlined that the presence of droplets
can enhance the gas/wall heat transfer considerably.
The heat transfer enhancement on the macro-scale has
been evaluated to about 20-40%, while that due to the
micro-scale to 150%.

From these results the relevance of the perturbations
of the gas boundary layer close to the surface due to the
impact of droplets on heat transfer in spray application
becomes obvious. Conventional prediction of the gas/

surface heat transfer coefficient obtained by standard
wall treatment may be inaccurate in spray applica-
tions because of its inability to describe in detail the
actual surface layer of two-phase flow during spray
impingement.
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