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Abstract
The supplementary material for the paper entitled “Analysis of Radiation Pressure and Aerodynamic
Forces Acting on Powder Grains in Powder-Based Additive Manufacturing” is provided here. Various correlations used for the calculation of the drag and lift forces, procedures for the estimation of velocity profiles,
the generalised Lorenz-Mie theory used for the calculation of the radiation pressure and optical properties
of the Inconel powder are detailed in this document.
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1. Introduction

2. Material

For the representative calculations in this paper
we assume Inconel 718 (IN718) powder. The density
and diameter of an IN718 grain are set to ρp = 8180
3
The correlations used here for the calculation of kg/m and Dp = D50 = 30 µm, respectively [16].
aerodynamic forces are chosen based on the predicted For simplicity, the complex refractive index of nickel
values for Re, Kn and Ma at process conditions. To at 1.14 eV (λ ≈ 1.09 µm), hence nr = 2.65 + 5.93i, is
model the full process, these correlations can be used considered in this paper [17].
in conjunction with a particle-based modeling framework such as the Discrete Element Method (DEM)
[1, 2] and unresolved coupling techniques [3–6] to pre- 3. Calculation of Aerodynamic Forces
dict the collective behaviour of a bed of powder or to
In order to calculate the aerodynamic forces, a
guide the fully resolved simulations [7–11] for applyReynolds number is defined as Re = ρf U Dp /µf ,
ing the appropriate boundary conditions. The rawhere, ρf , U , and µf are the density, a characterdiation pressure is calculated using the generalised
istic velocity, defined as |Uf − Up |, and the viscosity
Lorenz-Mie theory [12–15] which is valid for any parof the fluid, respectively.
ticle diameter to wavelength ratio. Further details
Argon gas is assumed as the inert atmosphere at
are provided in the following sections.
1.0 bar and its density ρf is calculated using the ideal
gas law by assuming a linear variation of the temper∗ Corresponding author
ature with respect to the laser power. As suggested
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in [18], laser intensities in the range of 50 to 200 W

with the corresponding temperatures in the range of
5 × 103 to 7 × 103 are considered in the manuscript.
In Figure 2a of the manuscript, 6 different laser powers between 50 to 100 W and 5 powers between 120
to 200 W are selected in increments of 10 and 20, respectively. The corresponding temperatures between
5 × 103 to 7 × 103 K are then calculated using linear
interpolation.
The viscosity at very high-temperatures is calculated by adding the contributions of the dilute gas
viscosity µ0 (T ) and the residual viscosity µr (τ, σ),
where T denotes the temperature, τ = Tc /T , and
σ = P/Pc with Tc and Pc being the critical temperature and pressure. The correlations for µ0 and µr
depend on Lennard-Jones parameters for argon [19].
By assuming that the particles are small compared
to the curvature of the flow streamlines, the Faxén
terms may be ignored [20]. The maximum calculated
Re ≈ 12 and hence the following Schiller–Naumann
equation is used for the calculation of drag force
(valid for Re < 800):

where, f is given by
f=

p
In Eq. (3), s = Ma γ2 and erf is the error function.
The Saffman and Magnus lift forces also act on the
particles during the process. The Magnus force is not
considered since the particles are micron-size and initially assumed to be at rest resulting in a spin ratio
Ωp = 0.5Dp ωp /|Uf − Up | ≈ 0, where ωp is the particle angular velocity [20]. However, Saffman lift [20],
is considered by assuming that the grains lie on the
surface of the bed and downward lift is assumed positive (z-direction), and thus, the general equation for
Saffman lift is simplified as:
FS = 1.61CS Dp2 (µf ρf ωf )0.5 (Uf − Up ),

(4)

dU

where ωf = dyf . Furthermore, CS is calculated according to [23]:

ρf CD A
(Uf − Up )2 , with
2
24f1 (Kn)
(1 + 0.15Re0.681 )+
=
(1 + Ma4 )Re

FD =
CD

(1 + 2s2 ) exp(−s2 ) (4s4 + 4s2 − 1)erf(s)
√
. (3)
+
2s4
s3 π

CS = (1 − 0.3314β 0.5 ) exp(−
D

Re
) + 0.3314β 0.5 , (5)
10
dU

p
where, β = 2|Uf −U
|ωf |. The velocity gradient, dyf
p|
is calculated using a first order forward difference
Ma4 f2 (Re, Ma)
,
(1) based on the radial velocity data available at different
1 + Ma4
heights from the bed.
where A, Kn and Ma denote the area of the
Even though the compressibility and rarefaction
corss-section, Kundsen and Mach numbers respec- could in fact affect FS , in the absence of reliable cortively [21]. Furthermore, the f1 and f2 functions relations, these effects may be ignored. The maxiare used respectively to correct for the effects of rar- mum error in the calculation of FD before applying
efaction and compressibility.
The maximum Mach the corrections (f1 , f2 and Ma4 factor) is %Err = 27
√
number is Ma =
U
/
γRT
=
0.77
and the Knudsen and therefore, at worst, errors of similar order are
p f
number Kn = πγ/2Ma/Re = 0.11, which suggests expected in the estimated values of FS .
that the rarefaction (via f1 ) and compressibility (via
f2 and the Ma4 factor) effects should be considered.
The correlations for f1 an f2 are given by [22]:
4. Calculation of grain weight and inertia





−1

f1 = 1 + 2.514 + 0.8 exp(−0.55Kn ) Kn

q −1
f

f,
f2 = 1 + ( 1.63 − 1) Re
45

The particle weight is calculated as Wp =
π/6Dp3 ρp g and the buoyancy effects are ignored.
Moreover, the Stokes number is defined as St =
ρp U Dp2 f1 (Kn)/(18µf w0 ), where the laser waist diameter w0 is used as the characteristic length scale.

−1

(2)
2

on the spherical Bessel function [24], and µp and µ
are the permeabilities of the particle and scattering
p
medium. In Eqs. (6) and (7), gn,T
M (T E) are the beam
shape coefficients, which may be accurately and efficiently calculated using a set of twenty finite series
p
p
p
p
[14]. The terms Tn,m
, Sn,m
, Un,m
, and Vn,m
are funcp
tions of gn,T M (T E) , an , bn , and their complex conjugates (represented by a star superscript in Eqs. (6)
and (7)) and are provided in [15]. Furthermore, the
forces FL,x and FL,y are given by <(F) and =(F),
respectively.

5. Radiation Pressure
For various PBAM processes the grain size is at
best one order of magnitude larger than the laser
wavelength λ. Therefore, in order to achieve the most
reliable results generalised Lorenz-Mie theory is employed here. The radiation pressure on a particle,
which is arbitrarily positioned in a Gaussian beam in
longitudinal (normal to the bed) and transverse (tangential to the bed) directions, are respectively given
by [15]:
∞
n
1
(n + 1 + |p|)!
2I λ 2 X X h
(
)
c πr0 n=1 p=−n (n + 1)2 (n − |p|)!

p
p∗
× < (an + a∗n+1 − 2an a∗n+1 )gn,T
M gn+1,T M

p∗
p
+ (bn + b∗n+1 − 2bn b∗n+1 )gn,T
E gn+1,T E

FL,z =

2n + 1 (n + |p|)!
[n(n + 1)]2 (n − |p|)!

i
p
p∗
× < i(2an b∗n − an − b∗n )gn,T
g
M n,T E ,

6. Further particulars
Two different regions are considered in this paper,
the vapour jet region and the radial flow region. It
is assumed that the flow velocity Uf is normal to the
bed's surface (opposite to the laser longitudinal direction) in the vapour jet region and tangential to
the surface in the radial flow region. Without loss
of generality, it is assumed that the laser is circularly polarized. Therefore, a 2D coordinate system
may be used and it may be assumed that the radial
drag is in x-direction, see Figure 1. In the absence
of reliable experimental data, the data presented by
Bidare et al. [18] is used to estimate the fluid velocities. The velocity profiles reported in Bidare et al.
[18] are merely the results of the finite element analysis.

+p

(6)

and
F=

∞
∞ ∞
2I λ 2 X X X (n + p)!
(
)
c πr0 p=1 n=p m=p−1 (n − p)!
m6=0

h
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−p
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−
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) ,
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