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Abstract

The relationship between the gas to melt ratio (GMR) and the surface temperature of an evolving billet surface in spray fo
investigated numerically. The basis for the analysis is an integrated approach for modelling the entire spray forming process. T
includes the droplet atomisation taking thermal coupling into consideration and the deposition of material at the surface of the bil
geometrical aspects such as shading into account. The coupling between these two models is accomplished by ensuring that the
size distribution of the spray is the summation of “local” droplet size distributions along ther-axis of the spray cone. The criterion f
a successful process has been a predefined process window characterised by a desired fraction solid range at a certain dista
atomizer. Inside this process window, the gas and melt flows have been varied and the influence of the gas and metal flow ra
surface temperature of the billet has been analysed. Based on this, a relationship for the surface temperature as function of the GM
suggested for the spray forming of a 100Cr6 billet.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Despite a continuous attempt towards fundamental
derstanding of the spray forming process, many impor
features remain unexplored. An enhanced understandin
the process should permit development of predictive m
els elucidating the interrelationships between the proc
structure/properties and performance.

The spray forming process has been continuously m
elled and described in literature. The models are often
vided into two parts namely: atomization and depositi
A major part of the models for atomization are based on
idea that the continuous phase affects the properties o
dispersed phase but not vice versa [1,2]. However, in a
system the droplets, which are represented by their size
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tribution do interact with each other via the gas and there
a model that is able to reflect that, is desirable.

As for the deposition, the models proposed in literat
can be divided into two principally different approaches,
purely geometrical models [3–7] and models, which ta
both the thermal and the geometrical effect into consid
ation [8,9].

Recently, a new integrated model for both atomizat
and deposition in the spray forming process taking into
count the interaction between the atomization gas and
different droplet sizes has been developed for a Gaus
shape [10–12] and billet shape [13] geometries.

When spray forming in industry, the surface temperat
is an important process controlling parameter. The sur
temperature is very much dependent on the energy conta
in the droplets arriving to the surface of the preform, i.e.
temperature and size of the droplets. Moreover, the dro

size distribution as well as the temperature of the droplets
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Nomenclature

a experimentally determined temperature . . . . . K
asp spray distribution parameter . . . . . . kg·s−1·m−2

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Ag area of gas delivery nozzles . . . . . . . . . . . . . . m2

b experimentally determined exponent
bsp spray distribution parameter . . . . . . . . . . . . . m−2

c
gas
p specific heat capacity of gas . . . . . . J·kg−1·K−1

c
liq
p specific heat capacity of steel,

liquid . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

csol
p specific heat capacity of steel,

solid . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

c∗
p adjusted specific heat capacity of

steel . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

d diameter of droplets . . . . . . . . . . . . . . . . . . . . . µm
dm mass mean diameter of droplets . . . . . . . . . . µm
d0 liquid stream diameter . . . . . . . . . . . . . . . . . . µm
d50,k mass mean diameter of droplets in local

distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . µm
D0 distance from the atomizer to the surface of the

billet along the spray axis . . . . . . . . . . . . . . . . . m
fl fraction liquid
fs fraction solid
Fl fraction liquid on preform surface
Ġ mass flow of gas . . . . . . . . . . . . . . . . . . . . kg·s−1

GMR Gas to Melt Ratio
GMRhigh higher limit of the GMR range
GMRlow lower limit of the GMR range
k thermal conductivity . . . . . . . . . . . W·m−1·K−1

Ka experimental constant in Eq. (1)
le eccentric distance from intersection point

between line from atomizer at time= 0 and
substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

ṁ mass flow of droplets . . . . . . . . . . . . . . . . kg·s−1

Ṁ mass flow of melt . . . . . . . . . . . . . . . . . . . kg·s−1

n experimental constant in Eq. (4)
P local

k local droplet size distribution along
r-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−3

Q̇gen source term in heat conduction
equation . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−3

r radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
SE sticking efficiency
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
TE eutectic temperature . . . . . . . . . . . . . . . . . . . . . . K
Tliq liquidus temperature . . . . . . . . . . . . . . . . . . . . . K
TM solvent melt temperature . . . . . . . . . . . . . . . . . . K
Tsol solidus temperature . . . . . . . . . . . . . . . . . . . . . . K
Tsurface surface temperature of billet . . . . . . . . . . . . . . K
v withdrawal velocity of billet . . . . . . . . . . m·s−1

v0 initial gas velocity . . . . . . . . . . . . . . . . . . . m·s−1

vg gas velocity . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

We Weber number
x0 reference value of the GMR
x space co-ordinate on surface of preform . . . . m
y space co-ordinate on surface of preform . . . . m
z space co-ordinate on surface of preform . . . . m
z distance from atomizer along the spray line . m

Greek symbols

α experimental constant
ε parameter for SE
ηg kinematic viscosity of gas . . . . . . . . . . . . . . Pa·s
ηl kinematic viscosity of liquid . . . . . . . . . . . . Pa·s
� increment
�h displacement of surface point during an

increment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
�H Left

f remaining latent heat after droplet flight J·kg−1

φ spray angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦
λv decay constant for gas velocity . . . . . . . . . . . . m
ρg density of gas . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ρs density of steel . . . . . . . . . . . . . . . . . . . . . kg·m−3

σk standard deviation . . . . . . . . . . . . . . . . . . . . . . µm
θ angle in cylindrical co-ordinate system in

preform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦
ξ shading function

Others

i droplet group
k control volume index inr-direction
e unit vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
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are dependent on the ratio between the gas flow and the
flow and on the gas velocity. A way to control the surfa
temperature during the process, is to control the ratio
tween the flow rates of the gas and the melt known as
gas to melt ratio (GMR).

In the present work, the recent developed integrated
merical model for the spray forming process [12,13] h
been used to study the influence of the GMR on the sur
temperature. On the basis of the calculations, a relation
between the GMR and the surface temperature is sugg

for the 100Cr6 sprayed billet.
t

d

2. Model description

The model used in this work includes the droplet ato
isation taking thermal coupling into account and the de
sition of material at the surface of the billet taking ge
metrical considerations such as shading into account.
coupling between these two models is accomplished by
suring that the total droplet size distribution of the spray
the summation of “local” droplet size distributions along t
r-axis. The atomisation model is based on a 1-dimensio

quasi-steady formulation of the spray cone [10] whereas
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the thermal analysis of the preform in the deposition mo
is based on a finite volume solution of the 3-dimensio
heat conduction equation in cylindrical coordinates [12,1
The atomisation model involves only thermal coupling,
the droplets interact with each other via the gas, whe
they do not interact “momentum-wise”, i.e. the droplet
locity is affected by the gas only and hence not by ot
droplets. The details of the different sub-models and v
dations against analytical and numerical solutions as
as experimental observations have been extensively
lished and can be found elsewhere, e.g. [9–13]. Howe
some of the basic assumptions of the models are shortly
sented.

2.1. Atomization model

During atomization, a bulk liquid is disintegrated in
droplets of different sizes. Looking at a given atomizer
sign and melt composition, several variables influence
droplet size distribution which in turn is decisive for the th
mal state of the arriving droplets at the preform and he
the surface temperature. These variables include proce
lated variables such as: Melt superheat, nozzle geom
melt flow rate, gas flow rate, gas velocity, gas temperat
and chemical and physical properties of the liquid metal
the atomization gas [1].

In order to solve correctly the two-phase flow pro
lem, i.e. the gas phase and the liquid metal phase, du
the atomisation process, a fully coupled momentum
energy formulation should be applied in general. In
present model, the momentum and energy conservatio
the droplets during flight are coupled together. The dro
size distribution is discretized by a number of size gro
ranging from 1 up to 600 µm in diameter with a constant
crement of�d . The upper limit is chosen as the maxim
possible size of the droplets in the distribution. Each grou
contribution to the overall heat balance is given by its m
flow, i.e. its probability times the total mass flow of met
Ṁ , see Eq. (3).

The heat balance between the droplets and the surro
ing gas is set up by assuming a 1-D Eulerian frame, i.e. fi
finite control volumes along the centreline of the spray co
assuming that the injected gas is only slightly expan
along the radial direction. This assumption enables to s
ulate the process in one dimension, see Fig. 1. It sh
be noted that thermal coupling was present in the atom
tion model, because of the fact that the gas temperature
not assumed to be known a priori, but calculated toge
with the droplet temperatures in a coupled manner. A m
comprehensive description of the atomization model is g
in [10–13].

The mean diameter of the droplet size distribution is
rectly affected by the GMR and several suggestions for
relationship have been given in literature. In the pres

model, the following empirical equation representing the
-

-

-
,

f

-

s

Fig. 1. Integrated model of the spray forming process consisting of a
model of the atomization in the spray cone and a 3-D model of the de
tion process.

mass median diameter has been used [14]:

dm

d0
= Ka

[
ηl

ηgWe

(
1+ Ṁ

Ġ

)]0.5

(1)

wheredm is the mass median diameter of the droplets,d0 is
the liquid stream diameter,Ka is a constant depending on th
experimental conditions anḋM andĠ are mass flow rates o
the liquid and gas, respectively, andWe is the Weber num
ber. From this expression it is readily seen that increasing
GMR decreases the mass median diameter and thereb
droplet size. The temperature of the arriving particles at
deposit surface depend both on the particle size, i.e. sm
droplets cool faster than large ones, as well as on the
sition of the deposit substrate along the axis of symme
This leads to an enthalpy of the spray cone, which is p
tion dependent and influences the surface temperature o
billet.

In order to achieve a good homogeneous and dense
let, the desirable fraction solid of the particles on imp
should be around 0.5–0.7 [1]. This criterion defines the
sired process window used later on in the analysis.

2.2. Deposition model

The deposition model is based on a 3-D cylindrical geo
etry, (r, θ, z), see Fig. 1. The temperatures in the spray
posit material are thus governed by

ρsc
sol
p

∂T

∂t
= ∂

∂r

{
k
∂T

∂r

}
+ 1

r
k
∂T

∂r

+ 1

r2

∂

∂θ

{
k
∂T

∂θ

}
+ ∂

∂z

{
k
∂T

∂z

}
+ Q̇gen (2)

In the present casėQgen arises from the phase change. No

that the release of the remaining latent heat after droplet
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flight, �H Left
f , in the preform, is accomplished by introdu

ing an adjusted value for the specific heat,c∗
p, according to

the expressionc∗
p = csol

p − �H Left
f

∂fs

∂T
, where the term∂fs

∂T
is

given by the Clyne–Kurz model. The derivation ofc∗
p is eas-

ily obtained by settingQ̇gen equal to the released heat p
unit volume from solidification in Eq. (2). Combining th
temperature dependentc∗

p-value with an algorithm “push
ing” the temperature back to the liquidus temperature w
entering the solidification interval, no iterations are nee
for this non-linearity in order to ensure consistency betw
temperatures and material data.

The numerical solution of Eq. (2) is based on the fin
volume method, in which the governing differential equat
is integrated over each of the control volumes. This way,
conservation principle, i.e. energy balance is expressed
the control volume. Further details on the choice of bou
ary conditions and heat transfer coefficients are given e
where [13].

2.3. Coupling of the models

The coupling of the atomization and the deposition mo
is achieved through the droplet size distribution. The
tal size distribution of the spray is in fact the summat
of a number of “local” distributions along ther-axis. The
mesh along ther-axis is divided into control volumes eac
of which contains a droplet size distribution,P local

k (di), i.e.
a “local” distribution. The overall mass distribution can
expressed as

ṁ

(
d ∈

[
di − �d

2
;di + �d

2

])

= Ṁ
∑

k

ln(di+ �d
2 )∫

ln(di− �d
2 )

P local
k (di)d(lndi)

≈ Ṁ
∑

k

P local
k (di)�(lndi)

= Ṁ
∑

k

1

σk

√
2π

exp

(−(logdi − logd50,k )
2

2σ 2
kj

)

×
(

log

(
di + 1

2
�d

)
− log

(
di − 1

2
�d

))
(3)

where the local dispersion is assumed to depend on th
cal mass mean similarly to the global distribution, i.e.σk =
3
√

d50,k
13 [12].
The local size distribution, i.e. in each control volume

then used to calculate the average enthalpy of each co
volume. The major advantage of the atomization mode
that it enables a calculation of the enthalpy for each gr
of similar droplet size, based on the interaction of this s
group with the whole range of sizes and the surrounding
The enthalpy of the different droplet sizes is then contrib

ing to the overall enthalpy of the specific control volume.
l

Subsequently, the enthalpy is converted into temperature
used to describe the temperature of the specific cell.
more details on this procedure see [13].

A key parameter, which determines the yield and
shape of the deposited material, is the sticking efficien
SE of the droplets to the surface. The sticking efficien
describes how good the droplets “stick” to the already
posited material. The model proposed by Mathur [8] w
applied for the numerical procedure. ThisSE model is based
on two macroscopic components: (a) a geometrical com
nent which depends on the angle of incident between
spray direction and the surface normal and (b) a ther
component which depends upon the fraction liquid in
spray and the fraction liquid in the deposited surface.
thermalSE(T ) is given by

SE(T ) = (fsαs + flαL)ε (4)

where

αs = 1− 0.75· (1− FL) and αl ≈ 0.98 (5)

and the parameterε varies from 0 to 1 and is consistent wi
the variation in the viscosity as a function ofFL.

2.4. Billet shape model

The spray forming process in the industry is used ma
for the production of billet shape products. The final b
let shape and its properties are strongly influenced by
process parameters and therefore the ability to contro
final shape is very important.

The billet model in the present work describes the e
lution of a 3D deposit surface in Cartesian coordinates.
important effect of shading has to be incorporated into
model in order to simulate the correct shape of the billet,
Fig. 1.

The billet shape model is initiated by assigning a num
of grid points to the substrate surface and thereby defi
a mesh, composed of triangles. The position of these
points is then advanced with time. In each time step of
calculation, the new position of all the points on the surf
is calculated using the mass flow distribution and geom
rical considerations. The new position is found as [7],
Fig. 2

xnew= x + �h · en · ex

ynew= y + �h · en · ey

znew= z + �h · en · ez (6)

where

�h =
t+dt∫
t

ξ(x, y, x, t) · Ṁ(r, z) · en · ef dt (7)

Ṁ(r, z) is the mass flux andξ(x, y, z, t) is the shading func
tion which is designed in such a way thatξ is equal to 0

when shading is present, otherwise it is 1.
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Fig. 2. Vectors describing the evolution of the billet surface.

In order to calculate the surface evolution, i.e.�h, the
four terms,ef , en, Ṁ andξ must be obtained. The vecto
ef anden are obtained from relatively straightforward vec
calculus, see [13]. The mass flow at any point at the sur
of the preform can be found from the mass distribution
the spray cone in combination with the actual positions
the atomizer and the point under consideration [13].

The mass distribution used in the present model is an
symmetrical Gaussian expression

Ṁ

A
= aspexp

(−bspr
2) (8)

wherer is the shortest distance from a point to the symme
axis line (spray axis) andasp [kg·s−1·m−2] and bsp [m−2]
are spray distribution parameters which depend on the
mass flow, the design of the atomizer and the distance f
the nearest point on the spray axis to the atomizer (the s
distance).

Integration of Eq. (8) yields the total mass flow in t
spray cone

Ṁ =
∞∫

0

2π∫
0

aspexp
(−bspr

2)r dθ dr = πasp

bsp
(9)

This expression is used later on when establishing the
ferent calculation cases.

The determination of the shading function,ξ , calls for
a rather complex algorithm. This has recently been p
lished [13].

3. Calculation cases

One of the important control parameters for achiev
a good billet is the fraction solid of the spray. In order
achieve a good homogeneous and dense billet, the des
fraction solid on impact should be around 0.5–0.7 [1]. T
material chosen for the present analysis was a steel 100C

see Table 1 and the atomization gas was Nitrogen, Table 2
e

,

Table 1
Material properties for the 100Cr16 steel

Solidus temperatureTsol [K] 1570
Liquidus temperatureTliq [K] 1724
Solvent melt temperatureTM [K] 1811
Eutectic temperatureTE [K] 1419
Densityρs [kg·m−3] 7810
Specific heat of solidcsol

p [J·kg−1·K−1] 640

Specific heat of solidcliq
p [J·kg−1·K−1] 724

Table 2
Material properties of the N2 gas

Densityρg [kg·m−3] 1.5
Viscosityηg [Ns·m−2] 0.000032

Specific heatcgas
p [J·kg−1·K−1] 1000

Thermal conductivityk [W·m−1·K−1] 0.026

The geometrical process parameters are given in Table
order to investigate the influence of the GMR on the surf
temperature of the billet, different parameters were va
during the study. A basic atomizer geometry was cho
according to a melt stream diameter ofd0 = 3700 µm and
an area of gas delivery nozzles ofAg = 0.0003 m2. Using
this geometry the melt flow was varied between the v
ues of 0.05, 0.1 and 0.2 kg·s−1, see Table 3, for the thre
studied cases 1, 2.1 and 3.1, respectively. Assuming a
distribution parameterbsp of 1000 m−2, the other parame
ter, asp can be found from Eq. (9) as 15.915 kg·s−1·m−2,
31.83 kg·s−1·m−2 and 63.66 kg·s−1·m−2 for the three case
of 1, 2.1 and 3.1, respectively, see Table 3. The GMR
then varied between a fixed lower limit of 1.0 and a vary
upper limit, i.e. GMR of 2.0, 2.5 and 3.0 for the three cas
respectively. This results in a range of gas flows of 0.05–
0.1–0.25 and 0.2–0.6 kg·s−1, for the three cases, see Table
Note that since the area of the gas delivery nozzles (Ag) is
kept constant for cases 2.1 and 3.1 as compared to ca
the gas velocity increases proportionally to the increas
gas flow for these cases according to Eq. (10).

vg = Ġ

ρgAg

exp(−z/λv) (10)

wherevg is the gas velocity and the decay constant va
approximately with the initial gas velocity as [15]

λv = αvn
0 (11)

and the two constants,α andn, have been experimental
determined as 3× 10−4 and 1.24–1.25, respectively [15].

This procedure of keeping the nozzle geometry cons
while increasing the melt flow means that the gas velo
in especially case 3.1 becomes very high at the exit of
nozzle, ranging from 444 to 1333 m·s−1. In the upper end
of this interval the velocities become unrealistically hig
Bearing this in mind, the next step of the calculations w
carried out with changed nozzle geometry. Thus, two n

.calculation cases were established in which the melt stream
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3.0
0.6

2

shown gas

on of
Table 3
The process parameters used for the calculations

Calculation case 1 2.1 2.2 3.1 3.2

Melt flow Ṁ [kg·s−1] 0.05 0.1 0.1 0.2 0.2
Gas to Melt Ratio GMR 1.0–2.0 1.0–2.5 1.0–2.5 1.0–3.0 1.0–
Gas flowĠ [kg·s−1]a 0.05–0.1 0.1–0.25 0.1–0.25 0.2–0.6 0.2–
Mass distribution parameterasp [kg·s−1·m−2] 15.915 31.83 31.83 63.66 63.66
Mass distribution parameterb [m−2) 1000 1000 1000 1000 1000
Change in atomizer geometry No No Yes No Yes
Liquid stream diameterd0 [µm] 3700 3700 5232 3700 7400
Area of gas delivery nozzlesAg [m2] 0.0003 0.0003 0.0006 0.0003 0.001
Rotation velocityω [rot·min]b 116 116 116 116 116
Spray angleφ [deg] 35 35 35 35 35
Eccentric distance from intersection point between
line from atomizer at time= 0 and substrate,le [m]

0.02 0.02 0.02 0.02 0.02

Distance from atomizer to rotation axis along the
spray axis,D0 [m]

0.5 0.5 0.5 0.5 0.5

Withdrawal velocityv c c c c c

Constant in Eq. (1),Ka 50 50 50 50 50

a As shown, the GMR was varied between 1–2, 1–2.5 and 1–3 in the three cases, respectively. For the prescribed melt flows this results in the
flows.

b The rotation velocity is chosen to be 116 rot·min−1 since literature suggests that this should be high enough to ensure rotational symmetry [6].
c The withdrawal velocity is chosen in such a way that the distanceD0 is maintained at 0.5 m at all times. This is done in order to keep the solid fracti

the droplets arriving to the surface of the deposit as constant as possible.
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diameter and the area of gas delivery nozzles were va
These cases that are based on cases 2.1 and 3.1 are
2.2 and 3.2 and are referred to as the modified geometry
variation was made in such a way to ensure that the ga
locity at the exit of the atomizer was the same as in ca
and the GMR variation range remained unchanged as c
pared to cases 2.1 and 3.1. Hence, the names 2.2 and 3

From Eq. (10), it is readily seen that enforcing a cons
gas velocity results in the gas area being proportional to
gas flow. Thus, using a metal flow rate of 0.05 kg·s−1 and a
nozzle area of 0.0003 m2 as reference, i.e. case 1 (and ke
ing in mind that the GMR range should remain unchan
as compared to cases 2.1 and 3.1), melt flow rates of 0.1
0.2 kg·s−1 result in a nozzle area of 0.0006 and 0.0012 m2 in
cases 2.2 and 3.2, respectively. Since the gas velocity i
sumed to be the same as in case 1, the increase in mel
is accounted for by increasing the melt flow diameter. T
was then adjusted to 5232 and 7400 µm for the metal
rates of 0.1 and 0.2 kg·s−1 in cases 2.2 and 3.2, respective
see Table 3.

4. Numerical results

Fig. 3(a)–(c) show the calculated solid fraction as a fu
tion of distance from the atomizer. In these figures, the f
vertical and horizontal lines correspond to the distance f
the atomiser and the solid fraction of the spray, respectiv
These lines represent the limit values of the process p
meters. The fraction solid is marked with two lines, 0.45
set as the lower limit and 0.75 is set as the upper limit.

distance from the atomizer in which the substrate is situated
.
ed

-

-

is also marked with two lines—one at a distance of 0.5
and one at a distance of 0.6 m—typical distances used in
industry [16].

As seen from Fig. 3(a)–(c), increasing the melt mass fl
rate causes an increase in the fraction solid for the n
modified case. On the other hand for the modified case
creasing the melt mass flow rate causes a decrease i
fraction solid. However, this decrease is not as pronoun
as was the increase in the non-modified case. Moreover
seen that, if the atomizer geometry is kept constant, i.e. w
out modifying the nozzle dimensions, the fraction solid
the spray for a mass flow of 0.1 kg·s−1 is above the desirabl
fraction solid for aGMR = 1.5 (Fig. 3(b)) and aGMR = 2.0
(Fig. 3(c)). In the case of a mass flow of 0.2 kg·s−1 in the
non-modified case, the fraction solid already exceeds
limits at a GMR = 1.0 (Fig. 3(a)) and for aGMR = 1.5
(Fig. 3(b)) it is far above the limit and approaching a fract
solid of 1.

Modifying the nozzle geometry improves the proce
with respect to staying inside the process window. Only
Fig. 3(a) for a GMR of 1.0, the modified case of a mass fl
of 0.2 kg·s−1 is below the desirable fraction. This indicat
that modifying the nozzle geometry the proposed way ma
the process less sensitive to changes in the GMR as
pared to the original nozzle geometry.

Fig. 4 shows the fraction solid at a distance of 0.5
as a function of the different GMRs. The fraction solid
creases with increasing GMR. For the non-modified ca
increasing the mass flow rate causes an increase in the
tion solid. Already after a GMR of 1.5, the desirable fracti
solid for the spray is exceeded for mass flow rates of 0.1
0.2 kg·s−1. However, for the modified cases the solid fra

tion decreases slightly with increasing mass flow, as men-
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Fig. 3. Average fraction solid of the spray as function of distance from
omizer and mass flow for: (a)GMR = 1, (b)GMR = 1.5 and (c)GMR = 2.

tioned before, but it remains within the predefined proc
window when the GMR is in the range of 1.5–2.

Fig. 5(a)–(c) show the fraction solid as a function of t
distance from the atomizer for different values of the GM
and constant mass flow rates of 0.05, 0.1 and 0.2 kg·s−1, re-
spectively. Fig. 5(a) represents case 1, i.e. non-modified
with a flow rate of 0.05 kg·s−1. Fig. 5(b) and (c) represent th

modified nozzle data, i.e. cases 2.2 and 3.2 in Table 3. The
Fig. 4. Average fraction solid at a distance of 0.5 m from the atomizer
function of GMR for the different mass flows.

Table 4
Constants in Eq. (12) obtained as best curve-fit

Calculation case 1 2.2 3.2
a [K] 1597.32 1627.30 1644.57
b 7.09 6.37 4.51
x0 3.04 3.97 6.02

Table 5
Constants in Eq. (12) obtained from Eqs. (13)–(15)

Calculation case 1 2.2 3.2
GMRlow 1 1 1.5
GMRhigh 2 2.5 3
a from Eq. (13) [K] 1588 1619 1636
b from Eq. (14) 7.48 6.23 4.9
x0 from Eq. (15) 3 4 6

calculations were made in order to evaluate which value
the GMR fit the process window, hence the incremental s
ping of 0.25 in the figures. As seen in Fig. 5(a) for a m
flow of 0.05 kg·s−1 and a GMR varying from 1 to 2, the frac
tion solid of the spray is within the desirable range, wher
for a mass flow of 0.1 kg·s−1, the fraction solid is in the de
sirable range forGMR = 1–2.5 (Fig. 5(b)). For a mass flo
of 0.2 kg·s−1 the range of GMR is varying from 1.5 to
within the desirable process window (Fig. 5(c)). These G
ranges define the termsGMRlow andGMRhigh, see Table 5
These terms are explained further in the discussion.

It is seen from Fig. 5(a)–(c), that the range of accepta
GMRs, in which the solid fraction has the desirable val
i.e. 0.45–0.75, is larger with an increasing mass flow.

5. Definition of the billet surface temperature

In order to determine the effect of the GMR on the surf
temperature, it was decided to investigate the top sur
billet temperature only. This is due to the fact that the num
ical calculations, not surprisingly, show that the billet surfa

temperature is affected at the top surface only by the arriv-
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Fig. 5. Average fraction solid of the spray as function of distance fr
atomizer and GMR. (a) Mass flow of 0.05 kg·s−1. Non-modified nozzle
data, calculation case 1; (b) Mass flow of 0.1 kg·s−1. Modified nozzle data
calculation case 2.2; (c) Mass flow of 0.2 kg·s−1. Modified nozzle data
calculation case 3.2.

ing particles, whereas the surface temperature on the
of the billet is almost unaffected by a varying GMR. Th
means that even though, the side temperature of the b
is of course accounted for in the model because it is a
3-dimensional analysis, it has no relevance for the suc

of the deposition that takes place at the top of the billet and
Fig. 6. Shape of the surface and the temperature of the surface after
(a) GMR = 1.5 and mass flow of 0.05 kg·s−1, non-modified nozzle data
calculation case 1; (b)GMR = 1.5 and mass flow of 0.1 kg·s−1, modi-
fied nozzle data, calculation case 2.2; (c)GMR = 1.5 and mass flow of
0.2 kg·s−1, modified nozzle data, calculation case 3.2.

hence it is not taken into account when defining the te
“surface temperature” for the purpose of the present wor

Since the temperatures of the top surface affect
growth rate of the billet, the thermal field within the b
let, and as a consequence of those, the microstructure
the properties of the billet, these phenomena will be clos
related to the choice of GMR.

The shapes of the billets after 40 s are shown in Fig. 6
(c) for a constant GMR of 1.5 and varying the melt mass fl
only. The deposition time was chosen to be 40 s since a

this time, a quasi-stationary state is reached in all the calcu-
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lation cases. A GMR of 1.5 was chosen as this value yie
results within the desired process window for all the th
values of melt flow, i.e. 0.05, 0.1 and 0.2 kg·s−1. Fig. 6(a)–
(c) are presented in order to show why, when calculating
average surface temperature; only the surface within th
dial distance of 0.03 m is used. Looking at the tempera
distribution in all three figures, it is realized that the te
perature is approximately constant up to a radial dista
of 0.03 m from the billet centre line. The surface tempe
ture has a value of approximately 1600 K at the top surf
and it decreases along the radial distance, i.e. above a
tance of 0.03 m, to a value of about 800 K at a distanc
0.09 m from the centre. Since the top surface temperatu
the billet, i.e. up to a distance of 0.03 m from the centre
found to be relatively constant, the surface temperature
defined as the average value of the temperatures at th
surface within a radius of 0.03 m.

It can also be observed from Fig. 6(a)–(c) that the sh
of the billets continuously changes from a Gaussian t
cylindrical like shape. The reason for this change is a
sult of differences in the mass flow rate, e.g. the mass
in Fig. 6(c) is 4 times as large as in Fig. 6(a).

As seen in Fig. 6(a), the temperature profile indicates
the change of the temperature with distance is not smo
These jumps in temperature are due to the discrete n
of the numerical method where a control volume is filled
a certain time step. The jumps in the temperatures repre
control volumes, which have recently been filled. In Fig. 6
no such jumps are seen. The explanation for this is tha
outer areas of the billet in this case are so far away f
the atomizer, that practically no melt is deposited; hence
control volumes are filled.

6. Discussion

The droplet size distribution depends on the GMR,
that increasing the GMR, the mean diameter of the o
all droplet distribution decreases. This is seen from Eq.
It was therefore expected that the surface temperature
creases with increasing GMRs since the fraction solid
the spray increases with increasing GMR, see Fig. 5(a)–
Figs. 7–9 show the surface temperatures as a function o
GMR at different mass flow rates and times. The surf
temperature decreases with increasing GMR, although
rate of changes is very small in the lower end of the GM
range.

The correlation between the GMR and the surface t
perature in all three cases is assumed to follow an equa
of the following form

Tsurface= a

(1+ (GMR/x0)b)
(12)

wherea, b andx0 are constants depending on the proc
parameters.a is a temperature [K] andx0 corresponds to a

reference value of the GMR.b is a dimensionless exponent.
-

p

t

-

Fig. 7. Surface temperature as function of GMR. The equation for the best fit
to the surface temperature, Eq. (12) using the constants in Table 4, is marked
with the curved line. Mass flow of 0.05 kg·s−1. Non-modified nozzle data,
calculation case 1.

Fig. 8. Surface temperature as function of GMR. The equation for the best
fit to the surface temperature, Eq. (12) using the constants in Table 4, is
marked with the curved line. Mass flow of 0.1 kg·s−1. Modified nozzle
data, calculation case 2.2.

Fig. 9. Surface temperature as function of GMR. The equation for the best
fit to the surface temperature, Eq. (12) using the constants in Table 4, is
marked with the curved line. Mass flow of 0.2 kg·s−1. Modified nozzle

data, calculation case 3.2.
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In each of the three calculation cases, i.e. case 1, 2.2
3.2, the parameters,a, b andx0 which result in the best fit o
Eq. (12) with the calculated data points are given in Tabl

The three investigated cases are too few to draw real s
and general conclusions from regarding the behaviou
the surface temperature with the GMR in general, i.e. fo
wide range of alloys and spraying conditions. However,
present work can be considered as a first attempt to e
lish a correlation from which at least the tendencies can
drawn for the particular case under consideration, i.e. s
forming a billet of 100Cr6 within a narrow process windo

The numerical simulations performed with the model
dicate that for the present case, the simple relationship
tween the GMR and the surface temperature as given
Eq. (12) should involve knowledge about the interval
GMR for which the atomizer provides a fraction solid with
the desirable range of 0.45–0.75. The limits of this GM
interval are denotedGMRlow and GMRhigh. For the calcu-
lation cases considered in the present work, the value
these limits are found from Fig. 5(a)–(c) for the cases 1,
and 3.2, respectively. This results in the GMR-intervals
1.0–2.0, 1.0–2.5 and 1.5–3.0. These values are also giv
Table 5. Moreover, the simulations indicated that the num
ically predicted surface temperature as defined in the pr
ous section for a GMR equal to both the lower limit and
higher limit of the GMR in the range should be contained
the relationship as well. These are denotedT (GMRlow) and
T (GMRhigh).

For the constanta in Eq. (12), the following is found

a = T (GMRlow) (13)

whereT (GMRlow) is the surface temperature for the GM
equal to the lower limit of the range, as mentioned befo
In Table 5, the constanta based on Eq. (13) is shown. Th
surface temperature is found by taking an average ove
4 temperatures representing the different times. Compa
thea-values in Table 5 with the ones in Table 4 shows t
Eq. (13) approximates the best curve-fit of Eq. (12) qu
well for the constanta.

For the exponent,b, the following relationship is found:

b = T (GMRlow) − T (GMRhigh)

10· (GMRhigh − GMRlow)

+ (GMRhigh − GMRlow) (14)

Here T (GMRhigh) is the surface temperature for a GM
equal to the higher limit of the range,GMRhigh.

The exponent is a measure of how the surface temp
ture decreases with increasing GMR, so it makes sens
assume that the exponent is dependent on the range of
and the temperature difference betweenT (GMRlow) and
T (GMRhigh). Different attempts of combining these we
made and Eq. (14) was found to give the best results,
Tables 5 and 4 for comparison with the best-fit values

garding the exponentb.
-

Fig. 10. Surface temperature as function of GMR. Both Eq. (12) using
ble 4, Eq. (12) using Table 5 and the average surface temperature are s
Mass flow of 0.05 kg·s−1. Non-modified nozzle data, calculation case 1

Fig. 11. Surface temperature as function of GMR. Both Eq. (12) using
ble 4, Eq. (12) using Table 5 and the average surface temperature are s
Mass flow of 0.1 kg·s−1. Modified nozzle data, calculation case 2.2.

In Eq. (12)x0 can be interpreted as a constant describ
a reference GMR.x0 is assumed to depend on the GMR a
the following is found from the numerical calculations:

x0 = GMR2
high − (GMRhigh + GMRlow) (15)

The results forx0 obtained from Eq. (15) are listed in Ta
ble 5.

In Figs. 10–12, the best fits for Eq. (12) using the c
stants in Table 4 are shown together with results from E
(13)–(15) as shown in Table 5. The average surface tem
ature is shown as well. The average temperature plotte
these figures is found from taking the average temperatu
four different deposition times 10, 20, 30 and 40 s.

In Figs. 10 and 11, it is seen that the shapes of the cu
with the modified equation are similar to the original; t
differences seem to be the level of the curves, which is
lated toa. In Fig. 12 the level also seems to be too low in

lower range of the GMR, whereas the curvature is different
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Fig. 12. Surface temperature as function of GMR. Both Eq. (12) using
ble 4, Eq. (12) using Table 5 and the average surface temperature are s
Mass flow of 0.2 kg·s−1. Modified nozzle data, calculation case 3.2.

and the two curves intersect each other. This is related to
value ofb.

The found correlations are strictly valid only for the cas
under consideration; however, one could expect that
structure of the equations will be similar for other materia
The actual values of the constants in the equations woul
the other hand be expected to be different. The propose
proach for the derivation of the correlations, however, is
valuable, because it is more generic in the sense that it c
certainly be used for other cases of spray forming also.

7. Conclusion

In the present work, the relationship between the ga
melt ratio (GMR) and the surface temperature of an evolv
billet surface in the spray forming process has been in
tigated numerically. This has been done with an integra
approach, which models the entire process taking both a
isation and deposition into account. A correlation betw
the GMR and the surface temperature has been propos
which three constants depending on process conditions
been introduced. The correlation is found from only th
cases, which generally speaking are too few to draw g
eral conclusions from, however, at least the tendencies
the case under consideration, i.e. spray forming billets
.

-

n

100Cr6 within a narrow process window, can be drawn fr
the proposed correlation. In this sense, the present work
stitutes a first example of using a comprehensive integr
numerical model involving both atomization and deposit
for the purpose of quantitatively analysing the very imp
tant relationship between GMR and surface temperatur
spray forming.
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