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This paper examines the in-flight oxidation of aluminum sprayed in air using the twin-wire electric arc
(TWEA) thermal spray process. Aerodynamic shear at the droplet surface increases the amount of in-flight
oxidation by promoting entrainment of the surface oxides within the molten droplet and continually exposing
fresh fluid available for oxidation. Mathematical predictions herein confirm experimental measurements
that reveal an elevated, nearly constant surface temperature (∼2273 K) of the droplets during flight. The
calculated oxide volume fraction of a “typical” droplet with internal circulation compares favorably to the
experimentally determined oxide content (3.3-12.7%) for a typical TWEA-sprayed aluminum coating
sprayed onto a room temperature substrate. It is concluded that internal circulation within the molten alu-
minum droplet is a significant source of oxidation. This effect produces an oxide content nearly two orders of
magnitude larger than that of a droplet without continual oxidation.

Keywords aluminum coatings, oxidation, twin-wire electric arc
process

1. Introduction

The oxidation behavior of an in-flight molten aluminum
droplet produced by the twin-wire electric arc (TWEA) thermal
spray process is examined by comparing experimental data with
theory. In-flight oxidation of aluminum droplets is accompanied
by two effects: (a) a fluid dynamic effect, which promotes en-
trainment and mixing of the surface oxides within the droplet,
and (b) a heat transfer effect, which causes an increase in droplet
temperature over that of a solid particle (i.e., no internal circu-
lation). It has been shown that the fluid dynamic effects cause a
toroidal flow within the droplet (Ref 1), continually exposing
fresh fluid available for oxidation. This continuous oxidation
produces the effects of an elevated temperature during droplet
flight to the substrate and an increase in the final oxidation per-
centage of a typical coating, as compared with a droplet without
internal circulation.

2. Description of a “Typical” Droplet

A Praxair Tafa Inc. (Concord, NH) Model 9000 TWEA spray
system was operated at a voltage of 28 V with spray gun amper-
age and pressure settings varied from 100 to 300 A and 40 to 75
psi, respectively. Praxair Tafa 01T aluminum wire (1⁄16 in. [1.59
mm] diameter) was sprayed in air using a spray gun equipped
with a blue nozzle cap (0.375 in. [9.525 mm] orifice) and a short-
cross wire positioner. Real-time, nonintrusive spray plume data
obtained using phase Doppler anemometry, in-flight particle py-
rometry, and Pitot tube measurements were used as the basis for

defining a “typical” droplet. These experiments, described in de-
tail in Ref 2, yielded average diameter, velocity, and temperature
of the melted, atomized droplets, along with relative droplet
number density and air stream velocity data. The data show that
the aluminum droplets remain in a liquid state throughout their
flight to the substrate, as the temperatures are well above the
melting temperature (933 K) yet below the boiling point (2723
K) (Ref 3).

The goal of this analysis is to devise a model that is simple,
yet accurate enough to make valid predictions of the underlying
physical processes. A “typical” droplet in the spray plume is
defined as a 39 µm aluminum droplet traveling through air at 164
m s−1 with a mean relative velocity of 140 m s−1, a temperature
of 2273 K, and a Reynolds number (based on diameter) of 300.
These values were obtained by averaging the experimentally
measured data for the 100 A/75 psi setting along the plume cen-
terline from the gun exit to 178 mm. The relative droplet number
density data show that the highest concentration of droplets is
along the plume centerline, therefore this region contains the
droplets that make up the bulk of the coating. The “typical”
droplet temperature was used only to specify material properties
for the calculations.

3. Aluminum Oxidation Reaction

Aluminum is a reactive metal with a strong affinity for oxy-
gen (Ref 4). The oxidation reaction is highly exothermic and the
small droplet sizes offer a large surface area to volume ratio
available for oxidation. Electrons pass from the metal via the
quantum mechanical tunnel effect to the oxygen adsorbed on the
surface of the film. Cations form at the metal-oxide interface and
oxygen anions form at the oxide-air interface. The strong elec-
tric field established across the thin oxide film pulls the ions
through the film (Ref 5). In-flight oxidation of a “typical” drop-
let occurs during the time (ts = 1.08 ms) when the droplet travels
from its origin at the wire tips (x = 0.84 mm) to the substrate
location (x = 178 mm). For very short times (i.e., much less than
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several minutes [Ref 6]), a thin oxide film is formed that obeys a
linear rate law. On the basis of the theory established by Cabrera
and Mott (Ref 7), Dai et al. (Ref 8) expressed the growth of the
oxide layer as:

d�

dt
= 2A0 exp�−

Qe

kbTd
� exp�ke

PO2

1�2

kbTd
� (Eq 1)

where the oxidation equation constants for aluminum were de-
termined experimentally as A0 = 2.5 × 106 Å s−1, Qe = 1.6 eV,
ke = 0.139 eV/torr, and kb is Boltzmann’s constant (J K−1), Td is

droplet temperature (K), and PO2
is the oxygen partial pressure

(torr). From Eq 1, the rate of oxide growth is more sensitive to
the oxygen content of the atomizing air stream than to droplet
temperature.

As the airflow exits the nozzle, the pressure in the jet adjusts
through a series of expansions and shocks until it reaches the
ambient pressure. In reality, the pressure distribution around the
droplet varies, but for the purposes of this analysis it is approxi-
mated as a constant value (i.e., the ambient atmospheric pres-
sure). The atmospheric pressure at the laboratory altitude of
4500 ft (1372 m) during the acquisition of in-flight droplet data
was 12.43 psia (Ref 2). Because standard air is composed of
20.95 vol.% oxygen, the partial pressure of oxygen in air, PO2

, is
134 torr. Using Eq 1, the estimated rate of growth of the surface
oxide layer during droplet flight for a “typical” droplet is 5.24 ×
10−4 m s−1.

4. Fluid Dynamic Effect

It is well known that aerodynamic shear induces internal cir-
culation in droplets, such as fuel sprays and raindrops (Ref 1).
The resulting convective effect within a liquid droplet, also
known as Hill’s spherical vortex, was described over a century
ago (Ref 9). Such convective motions were also described by
Batchelor (Ref 10), Harper and Moore (Ref 11), and Prakash and
Sirignano (Ref 12). LeClair et al. (Ref 13) observed flow pat-
terns within a water droplet falling at terminal velocity in air by
experiments performed in a wind tunnel where the water drop-
lets were seeded with carbon or aluminum tracer particles and
the internal circulation was recorded using streak photography.
More recently, Melton (Ref 14) used droplet exciplex (e.g., ex-
cited complex) fluorescence to experimentally verify internal
circulation in liquid droplets. The existence of such phenomena
in droplets produced by thermal spray processes was suggested
by Neiser et al. (Ref 15).

The presence of a two-dimensional toroidal flow field within
a molten aluminum droplet produced by TWEA spraying is
stimulated by shear forces due to high-velocity airflow around
the droplet (Fig. 1). Sirignano (Ref 1) describes four major re-
gions of flow around and within a liquid droplet in a spray. Re-
gion 1 is the inviscid freestream airflow over the droplet far
away from the air-droplet interface and outside the wake. Re-
gion 2 includes the viscous boundary layer external to the drop-
let and the near wake. Region 3 contains the liquid internal
boundary layer and wake (e.g., region along the axis of symme-
try through which the liquid circulating out of the boundary layer
passes). Region 4 consists of the rotational, nearly shear free
flow that comprises the toroidal core and can be described by
Hill’s spherical vortex.

The liquid motion of the in-flight molten aluminum droplets
in the TWEA spray process continually sweeps fresh fluid to the
surface of the droplet where it then oxidizes. The oxidation re-
action occurs as long as there is a velocity difference between the
liquid droplet and the freestream air, which creates aerodynamic
shear and drives the internal circulation inside the droplet. In the
following subsections, it will be shown that the sustained high
droplet temperatures that keep the droplet in a liquid state are
caused by continual oxidation reaction of the molten aluminum
with air. The oxide that forms at the droplet surface is entrained

Nomenclature

A droplet surface area m2

A0 coefficient in Eq 1 Å s−1

Aox oxidation area m2

Bi Biot number
cp specific heat at constant pressure J kg−1 K−1

D droplet diameter µm
Ėin rate of energy entering the system W

through the control volume
Ėg rate of energy generation within the W

control volume
Ėout rate of energy leaving the system W

through the control volume
Ėst rate of energy storage within the control W

volume
h length of spherical cap µm
htot total heat transfer coefficient W m−2 K−1

kb Boltzmann constant J K−1

L latent heat kJ mol−1

m
.

mass reacting kg s−1

N number of oxide entrainment cycles
P coefficient in Eq 36 m−1

PO2
oxygen partial pressure torr

Qe energy of formation of the ion eV
R droplet radius µm
ReD Reynolds number based upon droplet

diameter
s wetted length m
t time s
Td droplet temperature K
Tdi droplet initial temperature K
T� ambient air temperature �

vs average droplet surface velocity m s−1

v� droplet surface velocity along m s−1

circumference of droplet
Vrel relative velocity between droplet and m s−1

air stream
Vd droplet velocity m s−1

–Vd volume of the spherical droplet m3

–Vox volume of the oxide shell m3

� oxide thickness Å
µ dynamic viscosity cp or N s m−2

� density kg m−3

� angle degrees
� volume fraction of oxide in droplet
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into the particle and mixed with the liquid aluminum by convec-
tive motion within the droplet. The internal circulation affects
the amount of oxide in the droplets and, as a result, the as-
sprayed coating. In contrast, a droplet without internal circula-
tion (i.e., a solid particle) would form a continuous, self-limiting
oxidation film on the droplet surface and the droplet would have
a much lower oxide content.

4.1 Estimation of Droplet Surface Velocity

Numerical computations of the vortical flow within a rain-
drop falling at terminal velocity have been tabulated as a func-
tion of angle (position on the droplet surface) and flow Reynolds
number by LeClair et al. (Ref 13). By comparing the results of
the analyses to experimental data, they concluded that the vis-
cous nature of the flow internal and external to the droplet played
a significant role in the circulation patterns within the droplet.
The internal circulation velocity is dependent upon the Reynolds
number, relative velocity, and the viscosity ratio of the droplet
and the freestream fluid. These data can be applied to the case of
a molten metal droplet carried by an air stream to estimate the
amount of aluminum oxide produced on the droplet surface and
entrained into the droplet using an approach proposed by Neiser
et al. (Ref 15).

From a boundary layer analysis, the droplet surface velocity
is proportional to the dynamic viscosity ratio between the fluid
external and internal to the droplet. To apply LeClair’s data for
the air/water system to the aluminum/air system, the nondimen-
sional surface velocity for the air/water system is multiplied by
the dynamic viscosity ratio for water and aluminum:

� v�

Vrel
�

Al

= � v�

V�
�

w
��w

�Al
� (Eq 2)

LeClair’s calculated variation of droplet surface velocity with
angle, �, over the surface of the droplet, v�, is nondimensional-
ized by the freestream velocity, V�, as the tabulated data consid-

ers raindrops falling through quiescent air in the reference frame
of the moving droplet. However, the variation of droplet surface
velocity with angle over the surface of the droplet, v�, for a ther-
mal spray droplet is nondimensionalized by the relative velocity,
Vrel, between the droplets and the air, as in the thermal spray
problem considered here the droplets and air are both moving.

For water and air at standard conditions, the dynamic viscos-
ity ratio is approximately 55, whereas for molten aluminum and
air, the dynamic viscosity ratio is approximately 20. Using the
principle of fluid dynamic similarity (Ref 16) and Eq 2, the ve-
locities at the surface of the droplets are a factor of 2.75 larger for
the liquid aluminum/air system. LeClair’s numerical calculation
of the variation of velocity at the surface of the droplet for a
Reynolds number of 300 for a water/air system were scaled by
this factor to account for the different dynamic viscosity ratio of
the liquid aluminum/air system. Using LeClair’s data for a
Reynolds number of 300, which is applicable for a “typical”
droplet under investigation, the flow reverses direction in the aft
quadrant of the sphere. The nondimensionalized droplet surface
velocity changes from a positive to negative at � ≈ 157.5°. The
flow reversal entrains fluid into the core of the droplet via the
main vortex, while oxide accumulates in the secondary vortex
near the rear stagnation point of the liquid droplet where it is
essentially trapped. The trapped oxides form an entrained oxide
cap that has been reported at the tail of thermal sprayed particles
(Ref 17).

Equation 2 was integrated to yield the average (rather than
local) droplet surface velocity. The average droplet surface ve-
locity, vs, is a function of the relative velocity, Vrel, between the
droplet and the air stream and the Reynolds number. The aver-
age droplet surface velocity and relative velocity are functions of
axial distance along the spray plume, and thus also of time. How-
ever, for the “typical” droplet considered here, the average drop-
let surface velocity will be assumed constant throughout the
droplet’s flight. For a “typical” droplet traveling at a relative
velocity of 140 m s−1 and with a Reynolds number of 300, the
average droplet surface velocity, vs, is 8.4 m s−1.

Fig. 1 Internal circulation within a fully molten droplet caused by shear forces from the high-velocity airflow around the droplet at a Reynolds number
of 300
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4.2 Oxidation Mass Flow Rate Calculation

The rate of aluminum reacting at the surface of the aluminum
droplet is analogous to a mass flow rate and can be calculated by
the following expression:

ṁ = � �d

d�

dt
� dAox (Eq 3)

where �d is the droplet material density, d�/dt is the rate of
growth of the oxide layer, and Aox is the oxidation area of the
spherical droplet.

The surface area of the spherical droplet that oxidizes is de-
pendent upon the droplet surface velocity. The oxide layer on the
droplet surface builds until it reaches a maximum value, �max,

which is dependent upon the size of the droplet (Ref 18). The
oxidation reaction ceases when the insulating oxide layer be-
comes sufficiently thick to restrict the further tunneling of elec-
trons from the metallic core (Ref 19). The time it takes for the
oxidation layer to reach its maximum value, t�max

, for a given
droplet diameter can be calculated from the following expres-
sion:

t�max
=

�max

�d�

dt �
(Eq 4)

For a 39 µm droplet, �max is approximately 79 Å (Ref 18). There-
fore, applying Eq 1 and 4 to a “typical” aluminum droplet, t�max

=
1.51 × 10−5 s. The time for one circulation cycle of oxide en-
trainment, tcycle, is:

tcycle =
s

vs
=

	D

2vs
= 7.293 × 10−6 s (Eq 5)

where s is the wetted length along the droplet surface and D is the
droplet diameter. The time for one circulation cycle is defined
here as the time for an oxide particle at the forward stagnation
point of a “typical” droplet to travel along the droplet surface to
the rear stagnation point. Note that t�max

and tcycle are much less
than the droplet time of flight, ts.

The value of the droplet surface velocity at which the oxide
layer will reach its limiting thickness at the rear stagnation point
may be calculated as:

vs�max
=

s

t�max

=
	D

2t�max

(Eq 6)

For a “typical” droplet, vs�max
= 4.1 m s−1. Three cases are

possible depending upon the relative values of vs and vs�max
:

• Case a. If vs < vs�max
, then the oxide layer thickness will

reach its limiting value at a location along the droplet sur-
face between the forward and rear stagnation points.

• Case b. If vs = vs�max
, then the oxide thickness will reach its

maximum value at the rearward stagnation point.

• Case c. If vs > vs�max
, then the oxide layer will not reach its

maximum value along the droplet surface.

The surface area available for oxidization, Aox, is that of a
spherical cap (Ref 20):

dAox = 2	R �
0

h

dh (Eq 7)

where h is the depth of the spherical cap and R is the droplet
radius.

Integrating Eq 7 yields an expression for oxidation area as a
function of droplet radius and internal circulation velocity:

Aox = 2	R2�1 − cos�vst�max

R �� for t�max

 tcycle (Eq 8)

Aox = A for t�max
� tcycle (Eq 9)

where A is total droplet surface area. Equation 8 is applicable for
the oxidation over a portion of the droplet surface and corre-
sponds to Case a. Equation 9 corresponds to Cases b and c,
where the entire surface area of the droplet oxidizes.

A “typical” droplet corresponds to Case c, because t�max
>

tcycle. The oxide thickness at the rear stagnation point will grow
to a thickness of 38 Å in one circulation cycle, as can be calcu-
lated by the following expression:

�cycle = �d�

dt �tcycle (Eq 10)

This oxide thickness is less than the limiting value of 79 Å for
a 39 µm droplet. This calculated value is within the expected
range of oxide thicknesses of one to a few hundred angstroms
(Ref 21).

For a given droplet size, temperature, and freestream oxygen
content, the oxidation area is the only variable in Eq 3 that
changes. This analysis shows that the rate of mass reacting is
dependent upon oxidation area, which is a function of both drop-
let diameter and surface velocity. It was shown in the previous
subsection that droplet surface velocity is a function of the rela-
tive velocity between the droplet and the air stream and the
Reynolds number.

5. Oxide Content Calculation

Consider the oxide layer build up on the surface of the drop-
let, the growth of which is limited similar to that of a solid par-
ticle. A solid particle forms a continuous, self-limiting oxidation
film that serves as a barrier to further oxidation of the droplet
surface. The oxide volume fraction for a solid spherical particle
with an oxide shell, �solid, can be calculated by:

�solid =
Vox

Vd

(Eq 11)

where –Vd is the volume of a sphere and –Vox is the volume of an
oxide shell on the outer surface of the sphere.

For a droplet with internal circulation, the volume fraction,
�circ, is expressed as:

�circ =
VoxN

Vd

(Eq 12)

66—Volume 15(1) March 2006 Journal of Thermal Spray Technology

P
ee

r
R

ev
ie

w
ed



The number of circulation cycles, N, is defined as the time of
flight for a droplet divided by the time required for one circula-
tion cycle:

N =
ts

tcycle
(Eq 13)

5.1 Oxide Content in a “Typical” Droplet

The oxide content in a solid spherical particle will be esti-
mated first and then be compared to that of a droplet with inter-
nal circulation. For aluminum powder formed by atomization in
air, the mean oxide thickness, �, on the surface of a 39 µm par-
ticle grows until it reaches a maximum thickness, �max, of 79 Å
(Ref 18). From Eq 11, the volume fraction of oxide for a solid
spherical particle, �solid, is 0.0012 or 0.12%. This calculated ox-
ide volume fraction correlates well to the oxygen content of
0.116% for commercially produced aluminum powders (Ref
18). When aluminum powders are manufactured, the powder
particles are typically quenched immediately to minimize the
formation of aluminum oxide so that the powder will be as pure
as possible.

For a “typical” droplet with internal circulation, there are ap-
proximately 148 cycles of oxide build up and entrainment into
the droplet. From Eq 10, the oxide thickness at the rear stagna-
tion point will build up to a thickness, �cycle, of 38 Å in each
cycle. Using Eq 12, the volume fraction of oxide produced dur-
ing the entire flight for a “typical” droplet with internal circula-
tion, �circ, is calculated to be 0.087 or 8.7%. In contrast to a solid
particle, the oxide volume fraction computed for a droplet with
internal circulation is nearly two orders of magnitude larger.
This dramatic difference in oxide volume fraction reinforces the
hypothesis that internal circulation is a significant mechanism
for oxide production within the droplet.

5.2 Effect of Altitude on Oxide Content

From Eq 1, it can be seen that the rate of growth of the oxide
layer is highly sensitive to the oxygen content of the ambient air.
Therefore, the altitude at which the spraying is performed affects
the amount of oxide produced in the droplet. It is important to
point out that the spray plume experiments and the coating fab-
rication were conducted at laboratories at the same elevation.
The oxide content of the coating could be increased by perform-
ing the spraying operations at a lower altitude, where the atmo-
spheric pressure (and thus the oxygen partial pressure) is higher.
Conversely, the oxide content of the coating could be decreased
by performing the spraying at a higher altitude. The theoretical
maximum oxide content in a “typical” droplet at a pressure of 1
atm may be calculated assuming that the oxide layer thickness
reaches a maximum of 79 Å per circulation cycle. The theoret-
ical maximum oxide content of a “typical” droplet sprayed at sea
level is therefore approximately 18.0%. This calculated maxi-
mum oxide content is more than double the oxide content pro-
duced at the laboratory elevation of 4500 ft (1372 m) above sea
level.

5.3 Relationship Between Droplet and Coating
Oxide Content

Calculations of oxide content in a “typical” droplet can be
compared with experimental data on the oxide content in a typi-

cal thermal spray coating. The thermal spray flowfield consists
of a polydisperse distribution of droplets. A “typical” droplet is
representative of all droplets in the flowfield, because a coating
is effectively created by an ensemble of droplets impacting on a
substrate. Thus, the “typical” droplet oxide volume fraction can
be related to the oxide content of the coating measured at mul-
tiple cross sections and then averaged. Because oxides are
formed both during droplet flight and during deposition on a
substrate, the amount of oxides in the droplets must be less than
the oxide content of the coating. The oxide content calculated for
a “typical” droplet correlates well with the experimentally de-
termined oxide content in TWEA-sprayed aluminum coatings
obtained by Varacalle et al. (Ref 22), which ranges from 3.3 to
12.7%.

Experiments by Varacalle et al. (Ref 22 and 23) showed that
coatings with the minimum oxide content were produced at the
shortest standoff distance. This can be explained since at shorter
standoff distances there is less time available for the continual
oxidation caused by internal circulation in the droplets during
flight. A key factor to determining the amount of oxide produced
within the liquid droplets is the number of circulation cycles.
Varacalle’s coatings were produced on room temperature sub-
strates rather than heated substrates, which minimized the time
for oxidation after impact. The calculations of droplet oxide con-
tent compare favorably to the experimentally measured oxide
content in these coatings. This result supports the hypothesis that
internal circulation within the droplets during flight is a major
contributor to the oxide content of the coating. This conclusion
is also supported by experimental data in the literature. Auger
spectroscopy and ion milling data of solidified iron and alumi-
num splats reveal that most of the oxidation occurs prior to im-
pact (Ref 15 and 24).

6. Heat Transfer Effect

Computational fluid dynamic predictions by other research-
ers showed that the droplets would initially oxidize and then
form a protective oxide layer that would serve as a barrier to
further oxidation. Their results indicated that the droplets would
then cool throughout their flight through the air and could even
solidify prior to impact (Ref 25). This is contrary to the in-flight
experimental observations that revealed highly superheated
droplets with nearly constant temperature throughout their
flight. Thus, a mathematical explanation for this discrepancy
was sought.

The energy balance at the surface of the in-flight droplet is
given by the following equation representing conservation of
energy for a control volume:

Ėin − Ėout + Ėg = Ėst (Eq 14)

where Ėin is the rate of energy entering the system through the
control volume, Ėout is the rate of energy leaving the system
through the control volume, Ėg is the rate of energy generation
within the control volume, and Ėst is the rate of energy storage
within the control volume. In this problem, the energy entering
the system, Ėin, is set to zero.

The energy generation term due to the combined effects of
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the surface oxidation reaction and the latent heat release due to
solidification of the aluminum oxide layer is represented as:

Ėg = ṁ��Hf + L� (Eq 15)

where �Hf is the heat of formation of aluminum oxide and L is
the latent heat release due to solidification of aluminum oxide.
Because the temperature of a “typical” droplet is slightly below
the solidification temperature of aluminum oxide, the latent heat
term is accounted for in Eq 15. However, the latent heat contri-
bution is only 6.2% of the total heat generation.

The rate of energy leaving the control volume, Ėout, is com-
posed of convection and a radiation term. Newton’s law of cool-
ing is used to estimate the heat convected from the molten drop-
let (Ref 26), with the convection heat transfer coefficient
calculated using the Ranz-Marshall correlation (Ref 27). The ra-
diation term is expressed using Stefan’s law (Ref 28) with the
emissivity of aluminum oxide at the average surface tempera-
ture. The sum of the convection and radiation heat transfer co-
efficients is expressed as a total heat transfer coefficient, htot.
Using an emissivity value, , of 0.16 for aluminum oxide at 2273
K (Ref 29), the magnitude of the radiation heat transfer coeffi-
cient is only 1.2% of the total heat transfer coefficient. Convec-
tion is the dominant mode of heat loss from the system.

The rate of energy storage within the control volume is giv-
en by:

Ėst = �dcpVd

dTd

dt
(Eq 16)

where �d is the droplet material density, cp is the specific heat of
droplet material, and dTd/dt is the time rate of change of tem-
perature of the droplet. The lumped capacitance assumption was
used to calculate the transient droplet temperature because the
Biot number, Bi, is small (i.e., Bi < 0.1), which means that the
temperature distribution within the molten droplet can be con-
sidered uniform (Ref 26). The rate of change of droplet tempera-
ture is obtained by solving for dTd/dt.

Because droplet temperature data are available as a function
of axial distance along the spray plume, rather than time, it is
desirable to integrate with respect to x rather than t. This can be
accomplished by expressing (Ref 30):

dTd

dt
=

dTd

dx
�

dx

dt
(Eq 17)

and making the following substitution

dx

dt
= Vd (Eq 18)

where Vd is the droplet velocity.
The solution of the resulting first-order differential equation

is (Ref 31):

Td�x� = e−Px�Tdi +
Q

P
�ePx −1�� (Eq 19)

where

P =
htotA

�dcpVdVd

Q =
1

�dcpVdVd

Ėg +
htotAT�

�dcpVdVd

In Eq 19, Tdi is the initial droplet temperature and T� is the am-
bient air temperature. P and Q were evaluated using air proper-
ties at a film temperature of 1285.5 K, aluminum properties at
2273 K, an ambient air temperature of 293 K, and the kinematic
viscosity for air at the laboratory elevation. To match the experi-
mental data, an initial droplet temperature of 2336 K was cho-
sen. Temperature predictions using Eq 19 for a “typical” droplet
with heat generation closely match the experimental data. From
the axial location of 22 to 177 mm, the calculated temperature
drop is 100 K versus a measured temperature drop of 92 K.

If the energy generation term is neglected, a simplified dif-
ferential equation is obtained. The solution of the governing dif-
ferential equation becomes:

Td�x� = T� + �Tdi − T��e−Px (Eq 20)

To calculate the value of P in Eq 20, a new value of the convec-
tion heat transfer coefficient was computed using air properties
at a film temperature of 1088 K. Aluminum and aluminum oxide
properties at an average droplet temperature, Td, of 1878 K were
used to specify material properties. If the energy generation term
is neglected in the surface energy balance equation, the tempera-
ture of a “typical” droplet is calculated to decrease by approxi-
mately 1045 K over a distance of 178 mm (5 in.).

Numerical calculations by Varacalle et al. (Ref 25) using a
computer code in the TEACH family of codes developed by
Zhou and Yao (Ref 32) predict that the smaller droplets may
actually solidify before impact (depending upon standoff dis-
tance). Varacalle’s computational fluid dynamic results show
the droplet temperature for a 39 µm molten aluminum droplet
decreases by approximately 1450 K from an initial temperature
of 2400 K over a distance of 178 mm. Varacalle et al. (Ref 25)
accounted for the initial oxidation of the molten aluminum drop-
lets in the initial droplet temperature but did not consider the
continual generation of heat due to the oxidation reaction caused
by the internal circulation within the molten droplet.

Figure 2 compares the transient temperature profiles of the
experimental measurements, the predicted droplet temperature
with and without the continual heat generation term, and Vara-
calle’s results. The importance of including the heat generation
from the oxidation reaction as a continual source term in the
energy balance is clearly demonstrated.

The analysis performed using the first order linear differen-
tial equations given by Eq 19 and 20 considered a “typical” drop-
let traveling along the plume centerline. Droplet temperatures
predicted by Varacalle et al. (Ref 25) are lower than the predic-
tions obtained using Eq 20. This is attributed to the fact that the
droplet clusters used in the computations did not remain along
the plume centerline during flight. As the droplets move radially
outward from the plume centerline, they reside in the plume
longer, which provides more time for convective cooling to oc-
cur.
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7. Uncertainty Analysis

An uncertainty analysis was performed to estimate the rela-
tive contribution of relative errors from various sources in the
analyses (Ref 33). The total combined uncertainty of the calcu-
lated droplet temperature is 395 K or 17.4%. The uncertainty of
the measurements and calculations are indicated by error bars in
Fig. 2. In Fig. 2, the uncertainties overlap between the experi-
mentally measured droplet temperatures and the droplet tem-
peratures calculated using the governing differential equation
for a droplet with internal circulation.

The Pareto chart shown in Fig. 3 displays a bar chart that
ranks the relative contribution of individual uncertainties to the
total combined uncertainty. The most effective approach to de-
crease the error in the overall analysis is to reduce the uncer-

tainty contributions from the terms with the largest relative con-
tribution. In the calculation of droplet temperature, reducing the
error in the heat transfer coefficient, heat generation rate, and
droplet surface area, respectively, would have the greatest ef-
fect. The uncertainty contribution of the other variables is neg-
ligible.

The uncertainty of the oxide content calculation is ±0.0496.
Because the calculated value for oxide content of a “typical”
droplet is calculated to be 0.087, the range of estimated oxide
content is therefore 0.0370-0.1362 or 3.7-13.6%. This correlates
well to the measured coating oxide content of 3.3-12.7%.

Figure 4 compares the relative uncertainty contributions
from the calculated oxide volume, number of circulation cycles,
and the droplet volume. The Pareto chart shows that improving
the uncertainty in droplet volume (i.e., droplet diameter) will

Fig. 3 Pareto chart for uncertainty in temperature calculation

Fig. 2 Comparison of droplet temperatures along spray plume centerline, with and without internal heat generation
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have the greatest effect on the uncertainty. As the number of
circulation cycles and the oxide volume are also significant con-
tributors to total combined uncertainty, and these quantities are
also dependent upon droplet diameter, reducing the uncertainty
in droplet diameter would serve to reduce the uncertainty in the
calculated oxide content of the droplet.

8. Summary and Conclusions

The effects of toroidal flow within a “typical” TWEA-
sprayed aluminum droplet on the droplet temperature and oxide
content were evaluated mathematically and compared with ex-
perimental data. The fluid dynamics and heat transfer of the
droplet are driven by the relative velocity between the droplets
and the air stream. Aerodynamic shear serves as the driving
mechanism to continually sweep fresh fluid to the droplet sur-
face, where it is then available for oxidation. The oxidation re-
action takes place during the flight of the droplet to the substrate
due to the continual resupply of liquid aluminum to the droplet
surface. This phenomenon explains the fact that the experimen-
tally measured droplet temperatures (∼2273 K) were much
higher than the melting point for aluminum (933 K) and re-
mained near this temperature throughout their flight to the sub-
strate. Results of the transient heat transfer analysis incorporat-
ing continual heat generation predict a temperature drop of 100
K, which is in excellent agreement with the experimentally mea-
sured temperature drop of 92 K.

To estimate droplet oxide content of the aluminum droplets
in the TWEA process, data on the internal circulation within
raindrops falling at terminal velocity tabulated by LeClair et al.
(Ref 13) was scaled to estimate droplet surface velocity. A 39
µm aluminum droplet traveling with a relative velocity of 140 m
s−1 and a constant temperature of 2273 K was used to represent
a “typical” droplet. Oxide entrainment in a “typical” droplet due
to internal circulation was found to produce an oxide volume
fraction nearly two orders of magnitude greater than that of a
solid particle. The estimated oxide volume fraction of 8.7% for a
droplet with internal circulation correlates well with the experi-
mentally measured average oxide content in a typical TWEA-
sprayed aluminum coating microstructure, which ranges from
3.3 to 12.7%. By operating the TWEA process at sea level, rather
than at the 4500 ft (1372 m) laboratory altitude, the oxide con-
tent of a “typical” droplet could theoretically be nearly doubled.

Conversely, it is expected that spraying operations conducted at
higher altitudes will result in a lower coating oxide content.
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