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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 forming is
investigated numerically. The basis for the analysis is an integrated approach for modelling the entire spray forming process. This model
includes the droplet atomisation taking thermal coupling into consideration and the deposition of material at the surface of the billet taking
geometrical aspects such as shading into account. The coupling between these two models is accomplished by ensuring that the total drople
size distribution of the spray is the summation of “local” droplet size distributions along-&éxés of the spray cone. The criterion for
a successful process has been a predefined process window characterised by a desired fraction solid range at a certain distance from tl
atomizer. Inside this process window, the gas and melt flows have been varied and the influence of the gas and metal flow rates on the
surface temperature of the billet has been analysed. Based on this, a relationship for the surface temperature as function of the GMR has bee
suggested for the spray forming of a 100Cr6 billet.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction tribution do interact with each other via the gas and therefore
a model that is able to reflect that, is desirable.

Despite a continuous attempt towards fundamental un-  As for the deposition, the models proposed in literature
derstanding of the spray forming process, many important can be divided into two principally different approaches, i.e.
features remain unexplored. An enhanced understanding ofpurely geometrical models [3—-7] and models, which take
the process should permit development of predictive mod- both the thermal and the geometrical effect into consider-
els elucidating the interrelationships between the process/ation [8,9].
structure/properties and performance. Recently, a new integrated model for both atomization

The spray forming process has been continuously mod-and deposition in the spray forming process taking into ac-
elled and described in literature. The models are often di- count the interaction between the atomization gas and the
vided into two parts namely: atomization and deposition. different droplet sizes has been developed for a Gaussian
A major part of the models for atomization are based on the shape [10-12] and billet shape [13] geometries.
idea that the continuous phase affects the properties of the \when spray forming in industry, the surface temperature
dispersed phase but not vice versa [1,2]. However, in a realjs an important process controlling parameter. The surface
system the droplets, which are represented by their size distemperature is very much dependent on the energy contained

in the droplets arriving to the surface of the preform, i.e. the
* Corresponding author. Tel.: +45 4525 4710, fax: +45 4593 4570, temperature and size of the droplets. Moreover, the droplet
E-mail address: jh@ipl.dtu.dk (J.H. Hattel). size distribution as well as the temperature of the droplets
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Nomenclature
a experimentally determined temperature.. . . .. K r radius ......... m
asp spray distribution parameter . ... .. kgl-m—2 S sticking efficiency
A =Y D m ¢ tME K
Ag area of gas delivery nozzles .............. 2m T temperature .......... K
b experimentally determined exponent Tk eutectic temperature ... K
bsp spray distribution parameter............. ~fn Tiiq liquidus temperature ..................... K
C%as specific heat capacity ofgas ... .. ._kg—l.K—l Tm solyent melt temperature .................. I
lig ific h ity of | Tsol solidustemperature ...................... I
Cp I?pe_(é: Ic heat capacity of steel, LK1 Tsurface Surface temperature of billet .............. K
<ol Iqui 'f'. h """"" e f """ I. g v withdrawal velocity of billet .......... st
“p speg Ic heat capacity of steel, - Vo initial gas velocity ................... wl
solid ... g~ K” Vg gas velocity .............oooeiiiin.... At
c, adjusted specific heat capacity of We Weber number
steel oot k1Kt X0 reference value of the GMR
d diameter of droplets ..................... pm  x space co-ordinate on surface of preform .... m
dy mass mean diameter of droplets .......... pm y space co-ordinate on surface of preform .... m
do liquid stream diameter .................. um 2 space co-ordinate on surface of preform .... m
dsok mass mean diameter of droplets in local Z distance from atomizer along the spray line . m
d?stribution .......... SEEEREERRERRERERS HM  Greek symbols
Do distance from the atomizer to the surface of the experimental constant
billet along the spray axis ................. m ¢ P
L2 e parameter for SE
fi fraction liquid . o .
. . Ng kinematic viscosity ofgas .............. Ba
fs fraction solid . L . iy
o n kinematic viscosity of liquid ............ Pa
Fy fraction liquid on preform surface .
. 1 A increment
G mass flowofgas .................... kg N displacement of surface point during an
GMR Gas to Melt Ratio incfement P 9 m
GMRuign higher limit of the GMR range AHYM remaining latent heat after droplet flight kg2
GMRow lower limit of the GMR range # f spray angle o
. . -1 -1 ¢ oIy Ayt ... s
k thermg | conductivity . S vih==-K Ay decay constant for gas velocity ............ m
K, experimental constant in Eq. (1) o density of gas P
le eccentric distance from intersection point pg density of steel ... kg3
) . ) s densityofsteel .....................
be;c)w;ae? line from atomizer at time0 and Ok standard deviation ...................... um
‘ substrate ... ; m 4 angle in cylindrical co-ordinate system in
i mass flow of droplets ................ e preform o
. 1 opreform oS
M mass_flow of melt R R P RREERTE kg £ shading function
n experimental constant in Eq. (4)
Pl ocal droplet size distribution along Others
. FoAXIS i wi—3 i droplet group
Ogen  source term in heat conduction k control volume index in--direction
equation ....... i wi—3 e UNItVECTOr ... n

are dependent on the ratio between the gas flow and the mel2. Model description
flow and on the gas velocity. A way to control the surface

temperature during the process, is to control the ratio be-

gas to melt ratio (GMR).

for the 100Cr6 sprayed billet.

The model used in this work includes the droplet atom-
tween the flow rates of the gas and the melt known as theisation taking thermal coupling into account and the depo-
sition of material at the surface of the billet taking geo-
In the present work, the recent developed integrated nu-metrical considerations such as shading into account. The
merical model for the spray forming process [12,13] has coupling between these two models is accomplished by en-
been used to study the influence of the GMR on the surfacesuring that the total droplet size distribution of the spray is
temperature. On the basis of the calculations, a relationshipthe summation of “local” droplet size distributions along the
between the GMR and the surface temperature is suggested-axis. The atomisation model is based on a 1-dimensional,
guasi-steady formulation of the spray cone [10] whereas
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the thermal analysis of the preform in the deposition model Atomizer EEE=
is based on a finite volume solution of the 3-dimensional N ..
heat conduction equation in cylindrical coordinates [12,13]. o Xian-
The atomisation model involves only thermal coupling, i.e. '.'.-f-‘.
the droplets interact with each other via the gas, whereas = EAY
they do not interact “momentum-wise”, i.e. the droplet ve- Preform e
locity is affected by the gas only and hence not by other S
droplets. The details of the different sub-models and vali-
dations against analytical and numerical solutions as well - z
as experimental observations have been extensively pub- ({g_’:f
lished and can be found elsewhere, e.g. [9-13]. However, \ §
some of the basic assumptions of the models are shortly pre- %
sented. Q}J ~

N
2.1. Atomization model % 0

During at(_)m'zat'on' a bulk II_QUId 1S d!smtegrate_d Into Fig. 1. Integrated model of the spray forming process consisting of a 1-D
droplets of different sizes. Looking at a given atomizer de- model of the atomization in the spray cone and a 3-D model of the deposi-
sign and melt composition, several variables influence the tion process.
droplet size distribution which in turn is decisive for the ther-
mal state of the arriving droplets at the preform and hence yass median diameter has been used [14];
the surface temperature. These variables include process re- .05
lated variables such as: Melt superheat, nozzle geometry,dm _ X [ ul (1+ ﬂ)] '
melt flow rate, gas flow rate, gas velocity, gas temperature, dg neWe ;

G
and chemlcql and physical properties of the liquid metal and whered,, is the mass median diameter of the dropléésis
the atomization gas [1].

the liquid stream diametek, is a constant depending on the
n .order to solve correctly th? two—phase flow prop— experimental conditions and andG are mass flow rates of
lem, i.e. t_he gas phase and the liquid metal phase, dunngthe liquid and gas, respectively, akid is the Weber num-
the atomisation process, a fully coupled momentum and ber. From this expression it is readily seen that increasing the

energy formulation should be applied in general. In. the GMR decreases the mass median diameter and thereby the
present model, the momentum and energy conservation Ofdroplet size. The temperature of the arriving particles at the

the d“?p'?ts 9'“”99 f!ight are coupled together. The droplet deposit surface depend both on the particle size, i.e. smaller
size _dlstrlbutlon is dlscretlzeq by a numbgr of size groups groplets cool faster than large ones, as well as on the po-
ranging from 1 up to 600 um in diameter with a constant in- gjion of the deposit substrate along the axis of symmetry.

crement ofAd. The upper limit is chosen as the maximal This leads to an enthalpy of the spray cone, which is posi-

possible size of the droplets in the distribution. Each group’s 45, gependent and influences the surface temperature of the
contribution to the overall heat balance is given by its mass ot

flow, i.e. its probability times the total mass flow of metal, In order to achieve a good homogeneous and dense bil-
M, see Eq. (3). let, the desirable fraction solid of the particles on impact
The heat balance between the droplets and the surroundghgid be around 0.5-0.7 [1]. This criterion defines the de-

ing gas is set up by assuming a 1-D Eulerian frame, i.e. fixed gj oq process window used later on in the analysis.
finite control volumes along the centreline of the spray cone,

assuming that the injected gas is only slightly expanded 5 » Deposition model
along the radial direction. This assumption enables to sim-

ulate the process in one dl_menS|on, see F|_g. 1.1t shquld The deposition model is based on a 3-D cylindrical geom-
be noted that thermal coupling was present in the atomlza-etry, (6, 2), see Fig. 1. The temperatures in the spray de-
tion model, because of the fact that the gas temperature Waﬁ)osit material are thus governed by

not assumed to be known a priori, but calculated together
with the droplet temperatures in a coupled manner. Amore 397 _ 9 {kaT } 10T

comprehensive description of the atomization model is given “*» 57 = 8, |~ ar * ;ka_r

in [10-13]. 19 (ar) o 0T .

The mean diameter of the droplet size distribution is di- + r_zﬁ{ %} + P {kg} +0gen (2
rectly affected by the GMR and several suggestions for this

relationship have been given in literature. In the present In the present cangenarises from the phase change. Note
model, the following empirical equation representing the that the release of the remaining latent heat after droplet

@
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flight, AH'f-.e“, in the preform, is accomplished by introduc-
ing an adjusted value for the specific hegt, according to

inm% _ S0l Left afs fs i
the expression), = c¢;” — AH " 57, where the ternd is

given by the Clyne—Kurz model. The derivationdjfis eas-
ily obtained by settingQgen equal to the released heat per
unit volume from solidification in Eqg. (2). Combining this
temperature dependenf-value with an algorithm “push-
ing” the temperature back to the liquidus temperature when
entering the solidification interval, no iterations are needed
for this non-linearity in order to ensure consistency between
temperatures and material data.

The numerical solution of Eq. (2) is based on the finite
volume method, in which the governing differential equation
is integrated over each of the control volumes. This way, the

conservation principle, i.e. energy balance is expressed for

the control volume. Further details on the choice of bound-
ary conditions and heat transfer coefficients are given else-
where [13].

2.3. Coupling of the models

The coupling of the atomization and the deposition model
is achieved through the droplet size distribution. The to-
tal size distribution of the spray is in fact the summation
of a number of “local” distributions along theaxis. The
mesh along the-axis is divided into control volumes each
of which contains a droplet size distributioR,°*?(d;), i.e.

a “local” distribution. The overall mass distribution can be
expressed as

n\de|d; Ad'a’~+Ad
m i 2 i 2
In(d;+4¢)
=M PP d;)d(Ind;)
i - 40)
~M Z PP g And;)
k
. 1 —(logd; — logdsg,, )?
Y exp( (logd; 09 50,k))
. okV2m 20kj

®)

x (lo d»+}Ad —lo d-—}Ad
o\ di > o\ di >

where the local dispersion is assumed to depend on the lo-

cal mass mean similarly to the global distribution, &g~

3/ dsg,
vV ok [12].

The local size distribution, i.e. in each control volume, is
then used to calculate the average enthalpy of each contro

volume. The major advantage of the atomization model is A

that it enables a calculation of the enthalpy for each group
of similar droplet size, based on the interaction of this size

of Thermal Sciences 44 (2005) 587-597

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

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

E(T) = (fsos + frop)e (4)
where
oy =1-075-(1—-Fr) and o; ~0.98 (5)

and the parametervaries from 0 to 1 and is consistent with
the variation in the viscosity as a function Bf .

2.4. Billet shape model

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

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

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

XneW=X+Ah BCTRESN
Ynew=Y + Ah-€,-€

Znew=2+Ah-6,-€ (6)
where
| t+dt

hz/s('x7yaxat)M(raz)'enefdt (7)

group with the whole range of sizes and the surrounding gas. M (r, z) is the mass flux ané(x, y, z, t) is the shading func-
The enthalpy of the different droplet sizes is then contribut- tion which is designed in such a way thatis equal to 0
ing to the overall enthalpy of the specific control volume. when shading is present, otherwise it is 1.
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A, Atomizer Table 1
Material properties for the 100Cr16 steel
Solidus temperaturésg [K] 1570
Liquidus temperaturdjig [K] 1724
Solvent melt temperaturgy, [K] 1811
Eutectic temperaturég [K] 1419
Density ps [kg-m™3] 7810
Specific heat of solid$°! [Jkg~1-K 1] 640
Specific heat of solid'},q [Fkg~tK=1 724
Table 2
Material properties of the Ngas
Density o [kg-m™3] 1.5
Viscosity g [Ns-m~?] 0.000032
i gas —1—1

Fig. 2. Vectors describing the evolution of the billet surface. Specific heat;, " [J-kg™~-K™7] 1000

Thermal conductivitye [W-m~1.K—1] 0.026

In order to calculate the surface evolution, ik, the
four terms,ef, e,, M and& must be obtained. The vectors The geometrical process parameters are given in Table 3. In
er ande, are obtained from relatively straightforward vector order to investigate the influence of the GMR on the surface
calculus, see [13]. The mass flow at any point at the surfacetemperature of the billet, different parameters were varied
of the preform can be found from the mass distribution in during the study. A basic atomizer geometry was chosen
the spray cone in combination with the actual positions of according to a melt stream diameterdf= 3700 um and

the atomizer and the point under consideration [13]. an area of gas delivery nozzles #f = 0.0003 nt. Using

The mass distribution used in the present model is an axisthis geometry the melt flow was varied between the val-
symmetrical Gaussian expression ues of 0.05, 0.1 and 0.2 kg!, see Table 3, for the three
v studied cases 1, 2.1 and 3.1, respectively. Assuming a mass
" =aspexp(—bspr2) (8) distribution parametebs, of 1000 nT2, the other parame-

ter, asp can be found from Eq. (9) as 15.915-kgt-m~2,
wherer is the shortest distance from a point to the symmetry 31.83 kgs—1-m~2 and 63.66 kes~1-m~2 for the three cases
axis line (spray axis) andsp [kg-s~1-m~2] and bsp [N~ of 1, 2.1 and 3.1, respectively, see Table 3. The GMR was
are spray distribution parameters which depend on the totalthen varied between a fixed lower limit of 1.0 and a varying
mass flow, the design of the atomizer and the distance fromupper limit, i.e. GMR of 2.0, 2.5 and 3.0 for the three cases,
the nearest point on the spray axis to the atomizer (the sprayrespectively. This results in a range of gas flows of 0.05-0.1,

distance). 0.1-0.25 and 0.2-0.6 kgy 1, for the three cases, see Table 3.
Integration of Eq. (8) yields the total mass flow in the Note that since the area of the gas delivery nozzieg (s
spray cone kept constant for cases 2.1 and 3.1 as compared to case 1,

00 21 the gas velocity increases proportionally to the increasing

M /‘ [ aspexp(—bsprz)r 40 dr — T[basp ©) gas flow for these cases according to Eg. (10).
sp s
00 vg = exp(—z/Ay) (10)
This expression is used later on when establishing the dif- Pg g
ferent calculation cases. wherev, is the gas velocity and the decay constant varies

The determination of the shading functian, calls for approximately with the initial gas velocity as [15]
a rather complex algorithm. This has recently been pub- P 11
lished [13]. v=avp (11)
and the two constantg, andn, have been experimentally
determined as & 10~ and 1.24-1.25, respectively [15].
3. Calculation cases This procedure of keeping the nozzle geometry constant
while increasing the melt flow means that the gas velocity
One of the important control parameters for achieving in especially case 3.1 becomes very high at the exit of the
a good billet is the fraction solid of the spray. In order to nozzle, ranging from 444 to 1333-871. In the upper end
achieve a good homogeneous and dense billet, the desirablef this interval the velocities become unrealistically high.
fraction solid on impact should be around 0.5-0.7 [1]. The Bearing this in mind, the next step of the calculations was
material chosen for the present analysis was a steel 100Cr16c¢arried out with changed nozzle geometry. Thus, two new
see Table 1 and the atomization gas was Nitrogen, Table 2.calculation cases were established in which the melt stream
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Table 3

The process parameters used for the calculations

Calculation case 1 21 2.2 3.1 3.2

Melt flow M [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 1.0-3.0
Gas flowG [kg-s~1]2 0.05-0.1 0.1-0.25 0.1-0.25 0.2-0.6 0.2-0.6
Mass distribution parametegp [kg-s~t-m=2] 15.915 31.83 31.83 63.66 63.66
Mass distribution parametér[m‘z) 1000 1000 1000 1000 1000
Change in atomizer geometry No No Yes No Yes
Liquid stream diametefy [um] 3700 3700 5232 3700 7400
Area of gas delivery nozzles, [m?] 0.0003 0.0003 0.0006 0.0003 0.0012
Rotation velocityw [rot-min]b 116 116 116 116 116
Spray anglep [deg] 35 35 35 35 35
Eccentric distance from intersection point between 0.02 0.02 0.02 0.02 0.02

line from atomizer at time= 0 and substraté, [m]

Distance from atomizer to rotation axis along the 0.5 0.5 0.5 0.5 0.5

spray axis,Dg [m]
Withdrawal velocityv
Constantin Eq. (1)K, 50 50 50 50 50

& 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 shown gas
flows.

P The rotation velocity is chosen to be 116-roin~1 since literature suggests that this should be high enough to ensure rotational symmetry [6].

¢ The withdrawal velocity is chosen in such a way that the distdigés maintained at 0.5 m at all times. This is done in order to keep the solid fraction of
the droplets arriving to the surface of the deposit as constant as possible.

C Cc Cc c C

diameter and the area of gas delivery nozzles were varied.is also marked with two lines—one at a distance of 0.5 m
These cases that are based on cases 2.1 and 3.1 are nameadd one at a distance of 0.6 m—typical distances used in the
2.2 and 3.2 and are referred to as the modified geometry. Thendustry [16].
variation was made in such a way to ensure that the gas ve- As seen from Fig. 3(a)—(c), increasing the melt mass flow
locity at the exit of the atomizer was the same as in case 1rate causes an increase in the fraction solid for the non-
and the GMR variation range remained unchanged as com-modified case. On the other hand for the modified case in-
pared to cases 2.1 and 3.1. Hence, the names 2.2 and 3.2. creasing the melt mass flow rate causes a decrease in the
From Eq. (10), it is readily seen that enforcing a constant fraction solid. However, this decrease is not as pronounced
gas velocity results in the gas area being proportional to the as was the increase in the non-modified case. Moreover, it is
gas flow. Thus, using a metal flow rate of 0.05%d and a seen that, if the atomizer geometry is kept constant, i.e. with-
nozzle area of 0.0003%as reference, i.e. case 1 (and keep- out modifying the nozzle dimensions, the fraction solid of
ing in mind that the GMR range should remain unchanged the spray for a mass flow of 0.1 kg is above the desirable
as compared to cases 2.1 and 3.1), melt flow rates of 0.1 andraction solid for aGMR = 1.5 (Fig. 3(b)) and &MR = 2.0
0.2 kgs~! resultin a nozzle area of 0.0006 and 0.002im  (Fig. 3(c)). In the case of a mass flow of 0.2-«g" in the
cases 2.2 and 3.2, respectively. Since the gas velocity is ashon-modified case, the fraction solid already exceeds the
sumed to be the same as in case 1, the increase in melt floWiMmits at a GMR = 1.0 (Fig. 3(a)) and for &GMR = 1.5
is accounted for by increasing the melt flow diameter. This (Fig. 3(b)) itis far above the limit and approaching a fraction
was then adjusted to 5232 and 7400 pm for the metal flow Solid of 1.

rates of 0.1 and 0.2 kg1 in cases 2.2 and 3.2, respectively, Modifying the nozzle geometry improves the process
see Table 3. with respect to staying inside the process window. Only in

Fig. 3(a) for a GMR of 1.0, the modified case of a mass flow
of 0.2 kgs ! is below the desirable fraction. This indicates
that modifying the nozzle geometry the proposed way makes
the process less sensitive to changes in the GMR as com-
pared to the original nozzle geometry.

Fig. 3(a)—(c) show the calculated solid fraction as a func-  Fig. 4 shows the fraction solid at a distance of 0.5 m
tion of distance from the atomizer. In these figures, the four as a function of the different GMRs. The fraction solid in-
vertical and horizontal lines correspond to the distance from creases with increasing GMR. For the non-modified cases,
the atomiser and the solid fraction of the spray, respectively. increasing the mass flow rate causes an increase in the frac-
These lines represent the limit values of the process para-tion solid. Already after a GMR of 1.5, the desirable fraction
meters. The fraction solid is marked with two lines, 0.45 is solid for the spray is exceeded for mass flow rates of 0.1 and
set as the lower limit and 0.75 is set as the upper limit. The 0.2 kgs~1. However, for the modified cases the solid frac-
distance from the atomizer in which the substrate is situatedtion decreases slightly with increasing mass flow, as men-

4. Numerical results
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Fig. 3. Average fraction solid of the spray as function of distance from at-
omizer and mass flow for: (MR =1, (b)) GMR= 1.5 and (C\GMR = 2.

tioned before, but it remains within the predefined process

window when the GMR is in the range of 1.5-2.

Fig. 5(a)—(c) show the fraction solid as a function of the
distance from the atomizer for different values of the GMR
and constant mass flow rates of 0.05, 0.1 and 0.8 Rgre-

0.1kgs ™" modified
0.2 kgs 'modified
0.0 : . T T

1.8 20

GMR

Fig. 4. Average fraction solid at a distance of 0.5 m from the atomizer as a
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 Egs. (13)—(15)

Calculation case 1 2.2 3.2
GMRgw 1 1 15
GMRhigh 2 25 3

a from Eq. (13) [K] 1588 1619 1636
b from Eq. (14) 7.48 6.23 4.9
xo from Eq. (15) 3 4 6

calculations were made in order to evaluate which values of
the GMR fit the process window, hence the incremental step-
ping of 0.25 in the figures. As seen in Fig. 5(a) for a mass
flow of 0.05 kgs~! and a GMR varying from 1 to 2, the frac-
tion solid of the spray is within the desirable range, whereas
for a mass flow of 0.1 kg1, the fraction solid is in the de-
sirable range foGMR = 1-2.5 (Fig. 5(b)). For a mass flow
of 0.2 kgs~! the range of GMR is varying from 1.5 to 3
within the desirable process window (Fig. 5(c)). These GMR
ranges define the ternBMRqyw and GMRygh, see Table 5.
These terms are explained further in the discussion.

It is seen from Fig. 5(a)—(c), that the range of acceptable
GMRs, in which the solid fraction has the desirable value,
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 surface
temperature, it was decided to investigate the top surface

spectively. Fig. 5(a) represents case 1, i.e. non-modified databillet temperature only. This is due to the fact that the numer-

with a flow rate of 0.05 kg~ L. Fig. 5(b) and (c) represent the

ical calculations, not surprisingly, show that the billet surface

modified nozzle data, i.e. cases 2.2 and 3.2 in Table 3. Thetemperature is affected at the top surface only by the arriv-
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(c) Fig. 6. Shape of the surface and the temperature of the surface after 40 s.
(a) GMR = 1.5 and mass flow of 0.05 kg1, non-modified nozzle data,
‘ calculation case 1; (bBMR = 1.5 and mass flow of 0.1 kgfl, modi-
06 07 fied nozzle data, calculation case 2.2; @yIR= 1.5 and mass flow of

Distance from the atomizer (m) 0.2 kgsfl, modified nozzle data, calculation case 3.2.
Fig. 5. Average fraction solid of the spray as function of distance from
atomizer and GMR. (a) Mass flow of 0.05 -tsgl. Non-modified nozzle
data, calculation case 1; (b) Mass flow of 0.1%kd. Modified nozzle data,
calculation case 2.2; (c) Mass flow of 0.2-kgl. Modified nozzle data,
calculation case 3.2.

hence it is not taken into account when defining the term
“surface temperature” for the purpose of the present work.
Since the temperatures of the top surface affect the
growth rate of the billet, the thermal field within the bil-
let, and as a consequence of those, the microstructure and
ing particles, whereas the surface temperature on the sidethe properties of the billet, these phenomena will be closely
of the billet is almost unaffected by a varying GMR. This related to the choice of GMR.
means that even though, the side temperature of the billet The shapes of the billets after 40 s are shown in Fig. 6(a)—
is of course accounted for in the model because it is a full (c)for a constant GMR of 1.5 and varying the melt mass flow
3-dimensional analysis, it has no relevance for the successonly. The deposition time was chosen to be 40 s since above
of the deposition that takes place at the top of the billet and 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 yielded

results within the desired process window for all the three

values of melt flow, i.e. 0.05, 0.1 and 0.2-kg'. Fig. 6(a)— 1600 P ¢ ¢ I
(c) are presented in order to show why, when calculating the f D S S S SR

average surface temperature; only the surface within the ra- 2 4&\\0

dial distance of 0.03 m is used. Looking at the temperature § 1550 Z\\\o |
distribution in all three figures, it is realized that the tem- 5 | LN
perature is approximately constant up to a radial distanceg \i
of 0.03 m from the billet centre line. The surface teMpPera- 3 ., | o s oot st 200 I
ture has a value of approximately 1600 K at the top surface [Y Suace ;Zggzggz afer 30

and it decreases along the radial distance, i.e. above a dis- | ——— Equation (12), Table 4, case 1

tance of 0.03 m, to a value of about 800 K at a distance of . | , . ' '

0.09 m from the centre. Since the top surface temperature of 10 12 14 16 18 20
the billet, i.e. up to a distance of 0.03 m from the centre, is GMR

found to be relatively constant, the surface temperature was_. ) ) )
defined as the average value of the temperatures at the tOFlPing. Surface temperature asfunctloqofGMR.The equ_at|on forthe best fit
o the surface temperature, Eq. (12) using the constants in Table 4, is marked
surface within a radius of 0.03 m. with the curved line. Mass flow of 0.05 kgy1. Non-modified nozzle data,
It can also be observed from Fig. 6(a)—(c) that the shape calculation case 1.
of the billets continuously changes from a Gaussian to a 5o,
cylindrical like shape. The reason for this change is a re-
sult of differences in the mass flow rate, e.g. the mass flow
in Fig. 6(c) is 4 times as large as in Fig. 6(a). 1660 1
As seen in Fig. 6(a), the temperature profile indicates that < 1640 4
the change of the temperature with distance is not smooth. ) hé__%__g__}}__é
These jumps in temperature are due to the discrete nature w0 f

1680

e

turs

mpera

\é\\‘g‘\\o
-~

of the numerical method where a control volume is filled at £ 6001 o
S ) . g ~
a certain time step. The jumps in the tempgratures rgpresent;:; 180 | @ suface temperature affer 105 §\\ N
control volumes, which have recently beenfilled. In Fig. 6(c) & O surface temperature after 20 8
. . .. 1560 v surface temperature after 30s
no such jumps are seen. The explanation for this is that the A surface temperature after 40
outer areas of the billet in this case are so far away from 15401 ——— FEauaton(12) Table4, case 2.2
the atomizer, that practically no melt is deposited; hence no 1520 : , , . , ,
control volumes are filled. 10 12 14 18 8 20 22 24

GMR

Fig. 8. Surface temperature as function of GMR. The equation for the best
6. Discussion 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!. Modified nozzle
The droplet size distribution depends on the GMR, so data calculation case 2.2.
that increasing the GMR, the mean diameter of the over- 1700
all droplet distribution decreases. This is seen from Eq. (1).
It was therefore expected that the surface temperature de-
creases with increasing GMRs since the fraction solid of
the spray increases with increasing GMR, see Fig. 5(a)—(c).
Figs. 7-9 show the surface temperatures as a function of the
GMR at different mass flow rates and times. The surface
temperature decreases with increasing GMR, although the
rate of changes is very small in the lower end of the GMR
range.
The correlation between the GMR and the surface tem-
perature in all three cases is assumed to follow an equation

1650

1600 -

1550 A rF

Surface temperature after 10s
Surface temperature after 20s
Surface temperature after 30s
Surface temperature after 40s
—— Equation (12), Table 4, case 3.2

Surface temperature (K)

1500 A

D40 @

of the following form 1450 . ; . . . . . (
1.2 1.4 1.6 1.8 2.0 22 24 26 2.8 3.0
a
T - 12 GMR
surface 1+ (GMR/xo)b) ( )

. Fig. 9. Surface temperature as function of GMR. The equation for the best
wherea, b andxo are constants depending on the process fi; 4 the surface temperature, Eq. (12) using the constants in Table 4, is

parametersa is a temperature [K] andp corresponds t0 @  marked with the curved line. Mass flow of 0.2-kgl. Modified nozzle
reference value of the GMR.is a dimensionless exponent. data, calculation case 3.2.
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In each of the three calculation cases, i.e. case 1, 2.2 and

3.2, the parameters, b andxg which result in the best fit of
Eq. (12) with the calculated data points are given in Table 4.

The three investigated cases are too few to draw real solid _ :

and general conclusions from regarding the behaviour of
the surface temperature with the GMR in general, i.e. for a
wide range of alloys and spraying conditions. However, the

present work can be considered as a first attempt to estab

lish a correlation from which at least the tendencies can be

drawn for the particular case under consideration, i.e. spray

forming a billet of 100Cr6 within a harrow process window.
The numerical simulations performed with the model in-

dicate that for the present case, the simple relationship be-

-8

1650
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1550 A

mperature (K

1500

o

1450

Equation (12), Table 4, case 1
Equation (12), Table 5, case 1
Avarage surface temperature

0.05 Kgs™'

1.0

T T T

1.2 1.4 16

20

tween the GMR and the surface temperature as given by GMR

Eq. (12) Sh_OU|d mVOIVe_ knOWIe(_jge about _the m_terval _Of Fig. 10. Surface temperature as function of GMR. Both Eq. (12) using Ta-
GMR for which the atomizer provides a fraction solid within - pje 4, £q. (12) using Table 5 and the average surface temperature are shown.
the desirable range of 0.45-0.75. The limits of this GMR- Mass flow of 0.05 kgs—. Non-modified nozzle data, calculation case 1.
interval are denoteMRyo, and GMRyigh. For the calcu-
lation cases considered in the present work, the values of
these limits are found from Fig. 5(a)—(c) for the cases 1, 2.2
and 3.2, respectively. This results in the GMR-intervals of =
1.0-2.0, 1.0-2.5 and 1.5-3.0. These values are also given in 1600 -
Table 5. Moreover, the simulations indicated that the numer- &
ically predicted surface temperature as defined in the previ-
ous section for a GMR equal to both the lower limit and the
higher limit of the GMR in the range should be contained in
the relationship as well. These are dencf&EMR,o,,) and
T (GMRhigh).

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

1650

0.1Kgs"'

1550 A

Temperature (K

1500 A

Equation (12), Table 4, case 2.2
— —— Equation (12), Table 5, case 2.2
u] Avarage temperature

a =T (GMRow) (13)

1450

1.8 20 22 24

GMR

16
whereT (GMRypy) is the surface temperature for the GMR
equal to the lower limit of the range, as mentioned before. ] )
In Table 5, the constant based on Eq. (13) is shown. The E;g 11. Surface _temperature as function of GMR. Both Eq. (12) using Ta-

A . e 4, Eq. (12) using Table 5 and the average surface temperature are shown.
surface temperature is found by taking an average over theyass fiow of 0.1 kes~L. Modified nozzle data, calculation case 2.2.
4 temperatures representing the different times. Comparing
thea-values in Table 5 with the ones in Table 4 shows that
Eq. (13) approximates the best curve-fit of Eq. (12) quite
well for the constant.

For the exponent, the following relationship is found:

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

x0=GM thﬂgh — (GMRhyjigh + GMRiow)

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

In Figs. 10-12, the best fits for Eq. (12) using the con-
Here T(GMRyign) is the surface temperature for a GMR stants in Table 4 are shown together with results from Egs.
equal to the higher limit of the rang&MRhigh. (13)-(15) as shown in Table 5. The average surface temper-

The exponent is a measure of how the surface tempera-ature is shown as well. The average temperature plotted in
ture decreases with increasing GMR, so it makes sense tathese figures is found from taking the average temperature at
assume that the exponent is dependent on the range of GMRour different deposition times 10, 20, 30 and 40 s.
and the temperature difference betweE(GMR\,,) and In Figs. 10 and 11, it is seen that the shapes of the curves
T (GMRyign). Different attempts of combining these were with the modified equation are similar to the original; the
made and Eq. (14) was found to give the best results, seedifferences seem to be the level of the curves, which is re-
Tables 5 and 4 for comparison with the best-fit values re- lated toa. In Fig. 12 the level also seems to be too low in the
garding the exponerit lower range of the GMR, whereas the curvature is different

_ T(GMRow) — T(GMRhigh) (15)

~ 10. (GMRhigh — GMRiow)
+ (GMRyigh — GMRiow)

(14)
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100Cr6 within a narrow process window, can be drawn from

the proposed correlation. In this sense, the present work con-
stitutes a first example of using a comprehensive integrated
numerical model involving both atomization and deposition
for the purpose of quantitatively analysing the very impor-
tant relationship between GMR and surface temperature in
spray forming.

1600 -
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Temperature (K)
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