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Centrifugal spray deposition, the atomisation of a liquid metal by centrifugal force and the
subsequent collection of the atomised droplets on a reciprocating collector, is currently
being developed for the production of high performance Fe, Ni and Ti based ring-shaped
components for use in aerospace and gas turbine containment applications. The process
combines the technical, economic and metallurgical benefits of more conventional
gas-assisted spray forming techniques with the advantage that it can easily operate under
vacuum, reducing potential problems from gas entrapment and thermally induced
porosity. In order to aid process development, understanding and optimisation, a transient
numerical heat and mass transfer model has been developed that is capable of predicting
the evolution of the deposit temperature distribution during spraying. The model has been
validated experimentally using thermocouple measurements obtained during the
production of 35 kg (340 mm diameter) IN718 rings and qualitative correlations have been
observed between the predicted data and the type/distribution of porosity and second
phase precipitates in the deposit. The model is currently being further developed and
integrated with droplet size distribution and cooling models to provide a better insight into
the physics and operational parameters which control deposit shape and microstructure.
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1. Introduction
Centrifugal Spray Deposition (CSD) converts liquid
metal into a near net-shaped preform via centrifu-
gal atomisation and deposition, and offers unique
opportunities for producing both powders and axi-
symmetric ring shaped components, for example for use
in aerospace and gas turbine containment applications.

Metal is melted in a crucible and poured through a
nozzle onto a rapidly rotating disk. At the edge of the
disk it is atomised to form a spray that travels out-
wards onto a substrate where it solidifies to form a
fine-grained solid deposit. The process combines the
cost and metallurgical benefits of conventional gas as-
sisted spray forming operations with the additional ad-
vantage that the process can operate under vacuum or
reduced pressure. Thus the costs of gas delivery, storage
and recycling are reduced, and potential metallurgical
problems deriving from gas entrapment are virtually
eliminated. More details are available in [1]. Rings of
IN718 have been succesfully produced by CSD (Fig. 1)
andring-rolled to produce properties equivalent to those
achieved by conventional routes [2].

Whilst considerable effort has been directed world-
wide at modelling spray forming, much of the focus
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has been on gas-assisted deposition techniques such
as Osprey™. A good fundamental understanding of
gas-assisted deposition processes has evolved from this
(e.g. [3-5]), and droplet based deposition models have
started to emerge linking microstructure to the state
of the spray at the point of impact [6]. Less atten-
tion has been directed at the CSD process, and where
work has been undertaken it has tended to be concen-
trated on the atomisation process itself and on under-
standing the liquid metal flow on the disc up to the
point of atomisation. The principal aim of the current
modelling work was to extend these studies so as to
provide a predictive tool which would aid process un-
derstanding, and facilitate the selection and optimisa-
tion of the key operational parameters which influence
microstructure and shape evolution during deposition.
On this basis it was decided to focus mainly on the
macroscopic and thermal aspects of deposition, recog-
nising that (subject to slight modifications) droplet
cooling and impact models developed for the Osprey
process are becoming increasingly well established and
transferable, and that work on modelling the fluid dy-
namic aspects of centrifugal atomisation is continuing
elsewhere.

7259



PROCEEDINGS OF THE 2003 INTERNATIONAL SYMPOSIUM ON LIQUID METALS

Induction-heated
cold wall or

Split substrate . .
ceramic crucible

(0.25-1.1m diameter)

and nozzle

d

b4

Cup drive )
(0-18,000 rpm) Actuation
system

Figure I The CSD process.

2. Aspects of centrifugal spray deposition

If a solid deposit is produced, its structure and shape
are controlled by a number of inter-related parame-
ters. The product quality can be viewed as being ulti-
mately dependent on: deposit temperature history on a
macroscale; droplet splatting, solidification and consol-
idation; deposit shape history; and the properties of the
material being sprayed. Factors that link these together
include the spray/substrate motion and the cooling of
the deposit, and it is useful to examine these relation-
ships in more detail.

2.1. Spray/substrate motion

For given average rates of deposition of mass and en-
thalpy, a number of choices for substrate or spray mo-
tion are possible:

1. No reciprocation. The substrate or spray moves
continuously in one direction. At the point of deposi-
tion, the additions of mass and enthalpy are locally high.
A given region in the deposit is unlikely to be remelted
once it has solidified.

2. Some reciprocation. The spray reciprocates rela-
tive to the substrate, so that a given point in the deposit
undergoes repeated heating and cooling. The local ad-
dition of mass and enthalpy is not as high as in (1), but
macroscopic regions of the deposit may be remelted as
fresh layers of spray are deposited.

3. Very fast reciprocation. The relative reciprocation
of the spray and substrate is rapid enough that a given
point in the deposit does not (except at the droplet scale)
undergo repeated heating and cooling. The local rates
of addition of mass and enthalpy now equal the average
rates.

In practice, both options 1 and 3 present particular
challenges. In option 1, the deposit would be produced
with a significant axial temperature gradient, possibly
leading to problems of shrinkage or distortion as spray-
ing and subsequent cooling progressed. Option 3 is dif-
ficult to achieve practically because of the high forces
which would be necessary to rapidly accelerate the
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TABLE I Deposition conditions during CSD of IN718 ring

Deposit Thickness Macro
thickness (mm) per pass (mm) Thermocouples? sample?
14 0.47 VA

17 0.57 Substrate

22 0.73 N

34 1.13 Deposit Vv

substrate. In the experimental work to be presented
here, a reciprocating pattern of substrate motion rel-
ative to the spray was used so that the deposit was built
up from 30 layers of spray droplets.

2.2. Deposit cooling

Particularly when CSD is undertaken at low pressure,
the predominant heat loss from the deposit occurs
through different mechanisms to those in conventional
gas-assisted spray deposition. As convective cooling
plays less of a role under vacuum, radiation to the sur-
roundings and conduction to the substrate become rel-
atively more important for cooling the deposit. Deposit
cooling can be considered in terms of a feedback path
which includes the current shape of the deposit and its
contact with the substrate, the history of its shape and
temperature, the development of stress and strain, and
the efficiency of droplet sticking. The effects of this
complexity may compromise the accuracy of simple
models, and this will be discussed later.

3. Experimental and numerical details

Aring of IN718 encompassing four spraying conditions
will be considered in this paper, consisting of 30 layers
of material (spray passes) each taking 11.5 s (345 s total
spraying time) as shown in Table 1.

The ring was produced with a slight variation in its
thickness as function of angle around the centreline.
This was achieved by pouring the stream of liquid metal
onto the cup slightly away from its axis of rotation,
shown in Fig. 2, producing a spray with a slight az-
imuthal variation in its mass flux.

'«— Axis of rotation

Stream of liquid metal

! \Deposit

Figure 2 Production of samples.
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Figure 3 Thermocouple placement.

While the authors accept that this could have also
lead to azimuthal variations in particle size distribu-
tion and residence time on the disk (and hence spray
temperature), it was thought to be the best way of
producing a consistent set of experimental samples
with as many other important process variables kept
constant.

The temperature of the liquid metal in the melting
crucible was monitored using a two-colour pyrometer,
subsequently calibrated against dip thermocouple read-
ings. However the temperature of the spray itself (in free
flight, after leaving the cup) was not measured, due to
the physical difficulty in doing so. However based on
the measured liquid temperature, a spray temperature
of 1450°C was used in this simulation.

Thermocouples were mounted in the substrate in
pairs as shown in Fig. 3a at a number of heights in
aregion where the deposit was 17 mm thick. Two were
also mounted through the substrate as shown in Fig. 3b
so as to protrude into the deposit (initially into empty
space) in a region of 34 mm deposit thickness. How-
ever it was observed that spray particles deposited on
their tips before the deposit surface had reached them.
This caused the thermocouples to read a high tempera-
ture unexpectedly early in the experiment, as shown in
Fig. 3(i), and may have lead to slight errors later on, as
shown in Fig. 3(ii). Samples were cut from the deposit
at locations at which the deposit thicknesses were 14,
22 and 34 mm.

The amount of material deposited per pass can in
principle be estimated a-priori from the estimated spray
parameters and the substrate dimensions and motion,
but in these examples it was calculated after the ex-
periments from the measured deposit thickness and the
known number of spray passes occurring.

As discussed previously the heat transfer between
the deposit and the substrate was represented by a
heat transfer coefficient (HTC), dependent on the tem-
perature of the deposit outer surface (next to the
substrate). Values were initially chosen based on experi-
ence from casting and plasma melting [7] and other au-

thors’ investigations [6], and these were then iteratively
refined.

A 2d transient numerical approach was used in the
model to account for experimentally observed axial
variations in microstructure, edge effects, and heat flow
in both the axial and radial directions, and also to pro-
vide predictive capability for modelling the substrate
motion necessary for producing deposits with inter-
nal and external shape. It is recognised that the heat
flow will in reality have been 3 dimensional, due to the
azimuthal variation in the deposit thickness, however
by inspection of the thermocouple readings and model
predictions (admittedly a somewhat circular argument)
the azimuthal temperature gradient was likely to have
been below 4°C/cm. Due to the vertical reciprocation
of the spray, however, the vertical temperature gradient
near the point of spray deposition was likely to have
been around 50—100°C/cm, and the radial gradient over
100°C/cm. Fluid flow was deliberately not modelled,
on the basis that for effective control of the deposition
process solidification must be confined to a relatively
thin mushy layer at the surface of the deposit (in or-
der to avoid slumping), and that the onset of fluid flow
can be predicted from temperature. The spray was also
modelled as discrete blocks of material at a single tem-
perature, rather than a population of droplets with indi-
vidual sizes and temperatures; again this was to simplify
the model computationally, because of the emphasis on
macroscopic phenomena. A finite-volume heat-transfer
approach was adopted, using as a basis the standard par-
tial differential equation (PDE) for transient heat flow
analysis:

aT
’OdCP(T)E = V(K(T)VT) &)

pa = density; C,, = specific heat capacity; T = tem-
perature; t = time; K = thermal conductivity.

Heat transfer was assumed to involve conduction (ax-
ial and radial) within the deposit and substrate, and
radiative losses from the deposit to the substrate and
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chamber walls, and from the substrate to the chamber.
Grey body radiative exchange was assumed between
the deposit (emissivity = 0.27) and substrate (emissiv-
ity = 0.45), with view factors of 1.

The complexity of the cooling of the deposit by the
substrate mentioned previously was handled by a sim-
ple approximation. A temperature dependent heat trans-
fer coefficient (HTC) was used as the interface between
the deposit and the substrate, to account for the vary-
ing contact conditions as the rear surface of the deposit
cools and contracts away from the substrate. In reality
the nature of the contact between these two surfaces is
complex and will be influenced by a number of factors
including the thermal history and associated temper-
ature dependent property variations (elastic modulus,
thermal expansion coefficient, flow stress) in the sub-
strate and the deposit, and the development of tem-
perature and transformation induced residual stresses.
To properly accommodate these effects would have re-
quired a much more computationally intensive model,
and in this case it was assumed that the temperature
dependent heat transfer coefficient would give reason-
able approximations. The validity of this assumption
can be checked by comparing the model predictions
with experimental results under a range of operating
conditions.

Temperature dependent material properties (density,
thermal conductivity and enthalpy) were used for the
mild steel collector and the deposit [8]. Phase transi-
tions were accounted for by including their latent heat
into a modified specific heat capacity over appropriate
temperature ranges. Owing to the additional computa-
tional complexity, non-equilibrium thermal properties
were not used in this simple simulation, although it is
recognised that they would be relevant because of the
fairly short solidification times investigated here. Fol-
lowing [8] it was also chosen to consider that 100% frac-
tion solid was present above the Laves phase temper-
ature, so the solidus temperature was taken as 1260°C
[also 9]; the implications of the choice of solidus tem-
perature are discussed later. The PDE was discretised
on the chosen geometry with explicit boundary con-
ditions into a set of nonlinear ordinary differential
equations which were solved using Matlab’s ODE15S
to predict temperature as a function of time. Using
a 1.2 GHz PC it was possible to simulate the spray
forming process at between 0.25 and 4x real time
depending on how finely the spray was represented.
Once spray was no longer being added to the mesh,
because deposition had finished, much quicker simula-
tion was possible—of the order of 100 to 1000 x faster
than real time. Further information of the construc-
tion of the model and example simulations is available
from http://www.irc.bham.ac.uk/themel/atomisation/
research.htm.

4. Comparison of model predictions

with experimental results
The model was used to predict the temperature distribu-
tion in the deposit as a function of time. Thermocouple
measurements will be presented first in Fig. 4, and com-
pared with the predicted temperatures in Fig. 5.
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Figure 5 Predicted temperatures in the substrate and deposit.

Sample macrostructures are also presented and dis-
cussed along with predictions of local solidification
time, surface temperature during spraying, time of final
solidification and of remelting.

With reference to Fig. 4, for curves labelled ‘inner’
in the legend, the subsequent number represents the
distance from the top of the substrate to the measure-
ment point. For curves labelled ‘deposit’ the subse-
quent number represents the depth of penetration of
the thermcouple into the deposit. It should be noted
that, as discussed previously, the thermocouples in the
deposit registered a high temperature before the bulk of
the deposit had reached them.

As the simulation assumes measurements by perfect
‘virtual” thermocouples, there is no buildup of spray
particles on their tips in the deposit. Hence the deposit
temperature histories only start at the time when the
deposit reaches their tip locations. This is the reason
that the two highest temperature curves in Fig. 5 do
not start at O s, but rather at the times that the deposit
reaches 10 and 15 mm thickness.

A direct comparison between the model predictions
and the measured values is shown in Fig. 6. Slight differ-
ences (up to approximately 50°C) can be seen between
the measured and predicted deposit temperatures af-
ter spraying has finished, possibly suggesting that the
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Figure 6 Temperatures in the deposit (>600°C) and substrate
(<600°C). Predicted (pale/patterned line) and measured (solid line). The
approximate time at which spraying finished is shown by the vertical line.

HTC’s have underestimated the changes in the contact
conditions as the deposit contracts away from the sub-
strate during cooling.

Samples were taken from deposits produced at 0.47,
0.73 and 1.13 mm per spray pass. The samples were
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prepared using a Struers Plano 220 grinding disc and
were then fine polished using Struers MD cloths and
9 um to 1 um diamond suspensions. After optical mi-
croscopy in the as-polished condition the samples were
then immersion etched in Kallings No. 2 reagent.

Typical images are shown in Fig. 7. The material pro-
duced at 0.47 mm/pass (7a) can be seen to contain fairly
coarse porosity, likely to have been produced during the
splatting of spray droplets. The material produced at
0.73 mm per pass (7b) shows comparatively little poros-
ity (and that which is present should be vacuum-filled).
The material produced at 1.13 mm per pass, however,
shows a high level of porosity (7¢) (likely to have been
created by solidification shrinkage) and Laves phase
(7d). Although not shown here, there was significant ra-
dial and axial variation in the distribution of this poros-
ity within the deposit produced at 1.1 mm/pass. Most
of the porosity was found in approximately the middle
75% of the deposit’s height, from the surface down to
50-60% of the depth towards the substrate.

A post processor was then used on the predicted time-
temperature data to estimate important solidification
parameters such as local solidification time (LST) etc.,
to better understand the development of the macrostruc-
tures shown above. The distribution of predicted local
solidification times in the deposit under different spray-
ing conditions will be considered first, and these are

(d) 1.1 mm / pass, etched sample

. h
= P Lb A ‘eiai

Figure 7 Sample microstructures from deposits produced under different conditions: (a) 0.47 mm/pass, (b) 0.73 mm/pass, (c) 1.1 mm/pass, and

(d) 1.1 mm/pass, etched sample.
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Figure 8 Local solidification time for samples produced at 0.47, 0.73 and 1.13 mm per spray pass respectively. The grey scale on each plot indicates
time in seconds. The horizontal and vertical axes on each plot indicate distance in m. On the vertical axis, —0.02 m is at the top of the deposit, and
—0.20 m is at the bottom. On the horizontal axis, the centre of the axisymmetric geometry is at 0 m, and the deposit outer surface is at 0.17 m.

presented in Fig. 8. In each case the deposition con-
ditions presented are, from left to right, 0.47, 0.73 and
1.13 mm per spray pass respectively, and the grey value
at a given point in the deposit indicates its LST accord-
ing to the scale on the right.

A number of vertical lines can be seen in the predicted
maps of LST values—these are due to the reciprocation
of the spray over the substrate (or rather of the substrate
against the spray). The LST of fresh spray hitting the
deposit will be affected by the time interval since ma-
terial was last deposited there. At the top and bottom
of the deposit’s height, the spray will hit twice in quick
succession due to the reciprocation, followed by a long
time interval. At the middle of the deposit’s height, the
spray will hit with evenly spaced intervals. It is impor-
tant to note that the predicted /ast LST values are shown
here. Due to the reciprocation it is possible that some
points may be remelted as the next layer of spray is de-
posited on them (see Fig. 11). Fig. 8 shows the LST for
the last solidification (i.e., the last time while between
the solidus and liquidus temperatures) of a given point.

For deposition at 0.47 mm/pass, the predicted local
solidification times are short (typically <100 ms). Even
though these predictions must be treated as rough ap-
proximations, given the porosity found in the deposit
produced under these conditions, this may suggest that
arriving spray droplets did not have sufficient time to
flow and completely fill any voids before solidification.
For deposition at 0.73 mm/pass, solidification times in
the order of 1-3 s are typically predicted, varying in ra-
dial bands (as at 0.47 mm/pass) due to the substrate
motion described previously. For deposition at 1.13
mm/pass, however, very different solidification condi-
tions are predicted. In this case times of over 200 s are
predicted in some areas with the following results:

e phases different from those found in the two pre-
vious spraying conditions may form (e.g., approx-
imately 1% vol. fraction Laves phase was found
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in 718 samples solidified with an LST of approxi-
mately 200 s in [10])

e there may be significant flow of mushy material
during solidification leading to shrinkage porosity

It can also be seen that at 1.13 mm/pass the local
solidification times now form a much smoother distri-
bution radially, indicating that the deposit is no longer
solidifying completely in discrete layers but rather as a
continuous process.

Close inspection of Fig. 8 shows that for deposits
produced at 0.47 and 0.73 mm/pass the predicted LST
values of the first few layers are somewhat higher than
for further layers. As stated previously, the HTC val-
ues used include mechanical effects such as the slight
shrinkage of the deposit away from the substrate that is
believed to occur as spraying proceeds in this geome-
try (a ring-shaped component inside a substrate). The
HTC values should therefore be time-varying, but in
the interests of simplicity this model uses best-fit time-
averaged values. This may have had an effect when pre-
dicting the temperature history of the first few layers of
material to hit the substrate, as the HTC may in reality
have been initially higher before there had been any
contraction. This effect would become less important
as spraying progressed, and indeed the model predic-
tions of temperatures in the substrate and deposit are
fairly accurate.

The temperature of the surface of the deposit onto
which fresh spray arrives was also predicted through-
out the deposition process, as surface temperature will
strongly influence the dynamics of splatting and cool-
ing experienced by spray droplets on impact. In Fig. 9,
the grey value at a given point in deposit gives the tem-
perature at the time at which fresh spray was deposited
onto it, according to the scale on the right.

The surface temperature of the material produced at
0.47 mm/pass is predicted to be approximately 140°C
below the alloy solidus, so droplets that impinge on it
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Figure 9 Temperature of material onto which fresh spray arrives, for deposits produced at 0.47, 0.73 and 1.13 mm per spray pass respectively. The
grey scale indicates temperature in degrees centigrade. The horizontal and vertical axes indicate distance in m.

will solidify quickly, leading to porosity. The surface
temperature at 0.73 mm/pass is predicted to be approxi-
mately 30-50°C below the solidus, allowing more time
for spray droplets to fill holes before solidification. The
surface surface temperature at 1.13 mm/pass is how-
ever predicted to be approximately halfway between
the solidus and liquidus. This would allow droplets to
flow more on impact, but would also allow the deposit as
awhole to flow due to solidification shrinkage and grav-
ity. Evidence of flow in the whole deposit can be seen
in Fig. 7: the sample of 1.13 mm/pass material from
the bottom of the deposit (Fig. 9b) is thicker than that
from the middle (Fig. 9a). For the material produced
at the other deposition rates, however, the bottom and
mid-height thicknesses are approximately equal.

The observation that the least amount of porosity was
produced when the surface temperature was initially
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02}

-0.22
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approximately 40°C below the solidus temperature
might, at first sight, conflict with [3] in which it was
argued that the best conditions were when the deposit
surface and the spray droplets were both mushy. How-
ever in the experiments modelled here, as the spray
moves successive droplets will be deposited onto a sur-
face that has already been heated by the droplets de-
posited momentarily before. In this case although the
temperature of the surface before spraying was initially
e.g.,40°C below the solidus, this will rise rapidly as the
spray passes so that a percentage of the spray will im-
pact onto a surface above the solidus.

Predictions of the time for final solidification
throughout the deposit (i.e., the time at which a given
point solidifies for the last time, if there is any remelting
during spraying) for the different spraying conditions
are shown in Fig. 10, below. Material produced at both
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2
0.140.16 0.18

-0.18

2
0.14 0.16 0.18

Figure 10 The predicted times of final solidification throughout the deposit, as produced at 0.47, 0.73 and 1.13 mm per spray pass respectively. The
contours indicate time in seconds. The horizontal and vertical axes indicate distance in m.
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Figure 11 The predicted number of times that a given point will be remelted during deposition, at 0.47, 0.73 and 1.13 mm per spray pass respectively.
The grey values indicate number of remelts. The horizontal and vertical axes indicate distance in m.

0.47 and 0.73 mm/pass is predicted to solidify incre-
mentally from the outer face of the ring towards the in-
ner face as spraying progresses. The material produced
at 1.13 mm/pass, however, is predicted to solidify not
in layers but more as a whole, like a traditional casting,
and significant axial variation is also predicted. The ma-
terial predicted to solidify last (indicated by the ‘400s’
contour in Fig. 10c) is below the deposit surface by
approximately one third of the total thickness, which
can lead to the formation of shrinkage porosity. Rea-
sonable qualitative agreement was observed between
the region of material predicted to solidify almost last
(e.g., the ‘380s’ contour in Fig. 10c) and the areas of
greatest shrinkage porosity in the deposit.

Finally, the model was also used to predict the num-
ber of times that a given point in the deposit would be
remelted during deposition as shown in Fig. 11.

It is interesting to note that under deposition at 0.47
mm/pass most of the material is not predicted to remelt
once it has been sprayed. This might mean that the fresh
spray is unable to satisfactorily bond to it, hence lead-
ing to porosity. In the main, the material produced at
1.1 mm/pass is also not predicted to remelt, but in this
case it is because it stays mushy throughout most of the
spraying time (i.e., it does not ever fully solidify until
spraying has finished, leading to problems of shrinkage
porosity as described previously). Most of the mate-
rial produced at 0.73 mm/pass, however, is predicted to
remelt once. (In fact a fine-scaled pattern of zero, single
and double remelting is predicted, but the average over
a couple of layers of elements is close to 1). It is pos-
sible that the limited remelting of the surface as spray
arrives will allow the spray to satisfactorily bond to the
surface, without leading to significant shrinkage poros-
ity. This corresponds qualitatively with experimental
observations—the material produced at 0.73 mm/pass
in Fig. 7 shows the lowest porosity.

As a note, when considering these predicted esti-
mates of solidification parameters it must be remem-
bered that the results are sensitive to the solidus and
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liquidus temperatures used. From the literature it can
be found that different values for the INCONEL 718
solidus and liquidus temperatures have been used by
different organisations, and at different times. In this
study the solidus temperature did not affect the calcu-
lation of predicted temperatures, as temperature depen-
dent (equilibrium) properties were used for enthalpy,
density and thermal conductivity throughout; instead
the solidus temperature was only used in the subse-
quent analysis of the predicted temperatures to derive
LST, time of final solidification, and number of times
remelted. Nonetheless for example the predicted local
solidification times are sensitive to the exact solidus
temperature used; reducing the solidus temperature
value from 1260 to 1250°C was found to increase the
maximum LST in Fig. 8c from approximately 220 to
250 s.

Despite the approximations inherent in the model,
it has proved to be helpful for designing experiments,
and for analysing the measurements obtained. It should
also be helpful to aid research into scaling the process
to industrial sizes.

5. Conclusions
The numerical heat flow model predicted deposit tem-
perature distributions during CSD close to those mea-
sured experimentally, and was useful in understanding
the development of macro- and micro-structure. The
model prediction of the onset of non-incremental so-
lidification was consistent with the observation of sig-
nificant shrinkage porosity and Laves Phase. The lowest
porosity was produced under conditions in which the
surface temperature of the growing deposit was pre-
dicted to be approximately 30-50°C below the alloy
solidus, and in which the material was remelted once
during deposition.

A useful addition to the model would be to include
stress/strain during solidification, to allow predictions
of the transient deposit shape. This would reduce the
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reliance on experimentally determined boundary con-
ditions, but at the cost of greater complexity and com-
putational requirements.
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